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PART I. CHANGES IN MOTOR FUNCTION IN NORMAL HUMAN AGING

Reaction Time, Speed of
Performance, and Age

A. T. WELFORD?

Hadsley House
Guernsey, Channel Islands

Ever since the pioneering days of experimental psychology in the second half of the
last century, reaction times have been studied in the attempt to discover and measure
the mental events that intervene between the receipt of stimuli by the sense organs
and the overt responses to them. If it takes longer to react under some conditions than
others, then it is a fair question to ask how the difference of time is spent. Today, reac-
tion times are probably the most powerful method that we have of relating so-called
mental events to physical measures. They have proved to fit theories of central pro-
cessing in the brain with astonishing precision in 2 number of cases and they provide
a base on. which to build understanding of the timing of movement and of the times
taken by complex activities. Reaction times are of obvious importance in the study
of aging because one of the most pervasive and striking of the changes that come with
age is the slowing of performance.

COMPONENTS OF REACTION TIME

Between the onset of a sensory stimulus and the initiation of a response to it, there
are at least six stages:

(1) Conversion of the stimulus by the sense organ into a signal consisting of a se-
ries of nerve impulses.

(2) Transmission of these to the brain.

(3) Perceptual identification of the signal.

(4) Choice of the response.

(5) Transmission from the brain to the effector muscles making the response.

(6) Activation of these muscles.

Some methods of measuring reaction time also include the time taken to make the
responding movement; however, this is not traditionally included in the definition of
reaction time.

The time taken by all these stages increases with age. The increases of transmission
time in the second and fifth stages make only a small contribution to the lengthening
of the total reaction time (rarely more than about 4 ms per meter of the nerve con-
cerned). However, because the speed of conduction varies with the diameter of netve
fibers, the slowing of conduction in a bundle of mixed diameters will lead to impulse's
arriving at the far end over a longer period and will thus produce fewer impulses witin

7 Current address: 187A High Street, Aldeburgh, Suffolk. England IP1S SAL.
1
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any critical interval for firing the next stage. As regards the first stage, appreciable
slowing with age in the eye has been shown using the technique of backward masking:
when subjects aged 61-76 were compared with those in their 205, the interval over which
a masking stimulus could negate perception of a previous stimulus was found to be
substantially longer, especially if the first stimulus was brief.' The stimulus took longer
in the older than in the younger subjects to generate a signal to the next stage and
thus to avoid interference from a following stimulus.

Slowing is also appreciable at stage 6. For instance, Onishi® found that the time
from the beginning of EMG recording to muscular contraction was some 18% greater
for subjects aged 60-72 than for those in their 20s. Slowing at stage 6 is also implied
by the finding of Travis,” which states that action tends 1o be initiated in phase with
muscular tremor, and of Tiffin and Westhafer,* which states that reaction times are
shorter and less variable when stimuli occur at the top and bottom points of a tremor
cycle. A slowing of finger tremor from 8-10 cycles per second in the late teens, 20,
and 30s to 6-8 cycles in the 60s and 70s* would account for an increase of reaction
time of about 16 ms. The increase should presumably not occur with verbal responses,
and this is perhaps why Nebes® found that the average difference of simple reaction
time between mean ages of 18.7 and 67.7 years was 17 ms less tor vocal than for manual
responses.

The main interest centers in the perception and choice at stages 3 and 4, which
take up by far the largest part of the total reaction time. The two stages are difficult
to separate, although this has been done in a number of studies (e.g., references 7 and
8). There is also controversy about whether perception has to be completed before
choice can begin or whether they can overlap in time. For many purposes, though,
the distinction between the two stages is not important and they can be treated to-
gether. Some indications of the processes involved in identification and choice are
provided by the four experimenial findings below.

(i) Reaction time usually increases with the number of possible signals and responses.
Many studies have shown the increase to be logarithmic. Hick® defined choice reaction
time as ¢ + b log,(NV + 1) and Hyman' defined it :s ¢ + & log,N, where ¢ and b
are intercept and slope, respectively, and N is the number of cquiprobable signals and
responses. In Hick's equation, a represents the delays in the apparatus and should other-
wise be zero. In Hyman’s equation, a represents the simple reaction time. It has be-
come conventional to use logarithms to base 2 so that log N for the simple case =
0, for two choices = 1, for four = 2, and for eight = 3. Sometimes Hick's equation
and sometimes Hyman’s equation will fit the results better for reasons not vet fully
understood.'' Both identification and choice are included in b. When they have been
separated, the logarithmic relation with N has been found to apply to both, with the
slope somewhat less for identification than for choice.'? The magnitude of b rises as
the relationship between signals and their corresponding responses becomes more
complex — for instance, when instead of a row of signal lights corresponding in order
to a row of response keys, signals on the right have to be responded to with the left
hand and vice versa, or when signals are numbers and responses are made on keys.
Presumably, such complications mean that extra processes are required to match re-
sponses to signals.

Results of the many studies that have been made of reaction time in relation 1o
age have been collected elsewhere.'* '* They show that both simple and choice reaction
times shorten from childhood to the 20s, lengthen slowly until the 50s, and thereafter
change more rapidly. The simple reaction tasks and subjects in different studies have
varied to an extent that few are really comparable with ong another, but studies in
which a simple key press or release was required in response to a light or sound showed
rises from the 20s to the 60s of between 0 and 25% and a mean of 14.5%. With choice
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reaction times, increases with age have been found in both the slope / and the inter-
cept @ of Hyman's equation, as shown in TasLE 1. Increases have been greater when
the relationships between signals and responses have been complex than when they
have been straightforward. Examples are given in Tasres 2 and 3.

(i1) If one of the possible signals in a choice reaction task occurs more frequently
than others, reaction to it is, on average, tfaster. The same is true it the signals are equally
frequent, but one tollows another more often than it would by chance. Dramatic short-
ening of reaction time has also been found when the subject is told to react as fast
as possible 1o all signals, but to concentrate especially on one. In this case, the shortel
times for the signal on which the subject has concentrated are balanced by longer times
for other signals, so the overall mean is not changed.® ¥

(i) When the signals are vibrations in keys on which the tips of the subjeci’s fingers
are poised ready to respond, the slope b has been found 1o be virtually zero.'* %
Why this is so is not entirely clear, but the finding suggests that the time e¢xpressed
by b is taken in bridging the gap between the sensory projections and the motor arcas
in the brain. The gap is substantial when the signals are visual or auditory; however,
when they are tactual and the responses are strictly corresponding, the gap is very small
because the sensory and motor areas are adjacent. This view is the more plausible be-
cause if the signals and responses are not strictly corresponding — as, for instance, when
the signals are delivered ro the finger of one hand and the responses are made by the
corresponding finger of the other — b is substantial. When the responses are by non-
corresponding fingers —such as when a stimulus to the right index finger is responded
to by the left little finger. and so on—the rise of b has been greater still.* ' So tar
as | am aware, age trends in this type of task are again unknown.

(iv) Average rcaction times become shorter in the course of practice. The effect
is due almost entirely to a reduction of b, so for various degrees of choire, the short-
ening is proportional.* *' This implies that with sufficient practice (several thousand
reactions), b should become zero and that reacticn times for different degrees of choice
should all be the same. Some evidence that this happens was obtained by Mowbray
and Rhoades, ' who found that, for one subject, two- and four-choice reaction times
became equal after 26,000 trials. Presumably, in the course of practice, some hind of

TABLE 2. Two-Choice Reaction Times by Members of Three Generations — Son or
Daughter, Parent of Same Sex, and Grandparent of Same Sex¥

Responses by Kevs on Responses by Kevs on
Same Side as Signal Opposite Side from Signal
Interval between End of Response and Arrival of Next Signal
Mean Age Percent Percent
(years) 2 0s Difference 2s 05 Difference
19 278 193 41 425 §27 24
46 273 398 46 448 S48 22
73 340 520 53 602 732 n
Percent
Differences
46-19 -2 +1 +5 +3
73-19 +22 +32 +43 + 36

? The signals were lights and the responses wore made by pressing keys under the 1wo index
fingers. Times are in milliseconds. Data are from Welford.?
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TABLE 3. Ten-Choice Reaction Times Showing Effects of Relationships between
Signals and Responses?

Age Group
Percent
Kay#-#* 15-34 65-72 Difference
(A) Keys in corresponding
positions close 1o lights. 0.78 (0) 0.90 (0) 15 (0)
(B) As A, but lights are three
feet away from keys. 1.27 (0.16) 1.58 (0.08) 25 (- 50)
(C) As B, but lights are turned
180 degrees. 2.71 (0.32) 4.22 (0.27) S6 (-17)
(D) Lights related to keys by
number code 2.77 (0.06) 4.24 (0.16) §3 (+248)
(E) The coding of D combined
with the transposition
of B. 4.91 (0.31) 22.27 (2.40) 452 (+773)
Percent
Birren et al.*® 18-33 60-80 Difference

(A) Randomly numbered lights

and keys in corresponding

positions. 0.62 0.77 24
(B) Lights numbered in random

order. Keys numbered

serially. 1.04 1.38 82
(C)  As B, but with letters
instead of numbers. 1.05 1.59 S1

4 Signals were lights. Responses were made by pressing keys. Times are in seconds. Errors
per correct vesponsc are shown in parentheses. The apparatus used by Birren et al. was mod-
¢cled on and closely resembled that used by Kay.

connections between particular signals and their corresponding responses became es-
tablished in the brain — “built in” — so that the processes previously taking place during
the time represented by b were no longer required and the responses were approxi-
mated to reflexes. Similar indications are given by the finding that if signals are digits
or letters of the alphabet that are presented visually and responses are speaking their
names, h is again virtually zero. Thus, again, reaction times are nearly the same for
different numbers of possible signals (e.g., reference 33). Connections between the seen
and spoken letters will have been built up in the course of many repetitions during
the years of childhood. With an untamiliar alphabet, & would be appreciable.

Age trends in the effects of practice on reaction times have in some cases been
proportional. Therefore, although older subjects are slower initially, they improve in
an absolute sense more rapidly than younger subjects, and age differences gradually
diminish. In some cases, indeed, older subjects have improved at a rate that is more
than proportional, thereby suggesting perhaps that they are slowed initially by some
difficulty in comprehending the task rather than by an inability to perform it once
it is understood. In neither case, however, have older groups of subjects been found
to reach equality with younger: some increase of the intercept ¢ with age remains (see
reference 31).
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THEORETICAL MODELS

A number of mathematical models have been formulated to account for the loga-
rithmic relationship between reaction time and the degree of choice, N. Almost all
of these, however, have failed to account for some important evidence. So far, no model
proposed is without difficulties, but one seems promising. It is conceived on two levcls:
one that may be termed “microbehavioral”, which conceives choice reaction time as
involving a series of subdecisions to identify the signal and choose the response, while
the other level is conceived in quasi-neurological terms.

The microbehavioral version is a modification of a model put forward with some
hesitation by Hick.* A subject confronted by a multichoice task is conceived as dividing
the total possibilities into two or three groups. These are inspected serially until the
one containing the signal and the corresponding response is found. This group is then
subdivided and the subdivisions are again inspected serially, and so on, until the signal
and response required are identified. The exact procedure seems to depend on the type
and layout of the display, but the formulation has been found to fit several sets of
choice reaction data with remarkable precision (in some cases to well within 1%) % 27
Each inspection is assumed to take an equal amount of time, so a dichotomizing deci-
sion such as in a two-choice task will sometimz, require one inspection and sometimes
two (an average of 1.5 when the frequencies of the signals are equal). Inspection time
has been found to be about 100 ms for young subjects (calculated by Hyman's equa-
tion from two-, four-, and eight-choice reaction times when the signals were lights
in a row and responses were made by corresponding keys under the subject’s fingers).?
Confirmation was obtained in a two-choice task when subjects were instructed to con-
centrate on one of the signals, which could thereby be reckoned to have always been
reached in one iuspection, while the other signal was reached in two. The difference
of reaction time between the two signals was again about 100 ms. The inspection time
thus defined is, of course, two-thirds of b in Hyman's equation and rises with age.
The model explains the shorter reaction times to more frequent or more predictable
signals by assuming that these tend to be inspected before others.

The figure of 100 ms found for inspection time among voung adults makes it
tempting to suggest a connection with EEG alpha rhythm, which Surwillo* ** and
Woodruff?” have suggested on other grounds as a “*modulus” for choice reaction time
(see also reference 38). However, the question arises of how to account for cases in
which b is much greater than or less than 150 ms, as it is with indirect or speciallv
direct relations between signals and responses. Is it that the figure was a chance coinci-
dence for light-key tasks, or is it that complications in the relationships between signals
and responses increase the number of inspections needed and extreme simplifications
reduce them? At present, evidence on which to decide is lacking, but it is perhaps sig-
nificant that in an eight-choice task in which pairs of light-key relationships were
reversed, the mean reaction time was almost exactly two inspection times longer than
when relationships were straightforward.?’

At the quasi-neurological level, studies of discrimination have pointed to the idea
that for a decision to be made, there must be an accumulation of input data and a
buildup of excitation resulting from it until some critical level is reached at which a
response is triggered. It is becoming generally recognized that incoming sense data
have to be discriminated from a background containing an appreciable amount of
moment-to-moment random variation and that this can cause errors. Part of the vari-
ation is in the stimulus itself —in audition, this appears as noise; in vision, the varia-
tion has been termed “visual noise”. For our present purpose, however, the important
point is that randomness occurs also in the sense organs, pathways, and brain (so-
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called “neural noise”) and affects not only the reception of incoming stimuli, but the
signalling from one part of the brain to another. Neural noise can be regarded as being
averaged out as the sample of incoming data is increased, and the buildup required
to trigger a response represents the attainment of a critical signal-to-noise ratio suffi-
cient to ensure that errors are kept to an acceptable minimum. The principle is the
familiar one underlying tests of statistical significance. Signal-to-noise ratios tend to
be lower in older people, partly because of well-known changes in the sense organs
and nervous system that reduce signal strength and partly because of an increase in
neural noise.?*4!

In studies of the time required to discriminate between two lines of different lengths,
Vickers er af ** were able to measure neural noise and alsc what they termed “inspec-
tion time”. The latter, which interestingly turned out to be approximately 100 ms for
young adults, was the minimum exposure time required to discriminate accurately be-
tween two lines that differed in a ratio of three to two. This inspection time shortens
with the increase of mental age from childhood to young adulthood and lengthens
progressively beyond the age of about 50.**

Vickers et al.*? calculated noise from errors made when lines of closely similar length
were exposed for one inspection time. The authors argued that the effect of the noise
was to produce moment-to-moment variability in the perceived lines so that when the
difference between them was small, the shorter line would sometimes appear the longer,
and vice versa. They were thus able to measure noise in terms of visual angle. They
applied their concepts to aging by reanalyzing data by Botwinick er a/.,** who had
exposed pairs of lines to subjects aged 65-79 and 18-3S for either 0.15 s or 2 5. The
time taken by both groups to discriminate rose as the difference between the lines fell
from 5% to 1%. With the short exposures, the times of the older subjects were longer
than those of the younger ones by a constant amount at all percentage differences,
but the older subjects became progressively less accurate as the differences decreased.
With the two-second exposures, the older subjects were as accurate as the younger,
but they took progressively longer as the differences betweeen the lines decreased. With
the short exposures, Vickers et al.*? calculated from the errors made that the standard
deviation of the random variation in apparent line length was 0.21° of visual angle
for the older subjects and 0.14° for the younger. With the long exposures, it was 0.1°
for both groups. With the longer exposures, the older subjects appeared to be able,
by accumulating data over a longer time, to build up their signal-to-noise ratio to equality
with that of the younger.

The decisions involved in choice reactions, both overall and in component inspec-
tions, can be regarded as decision processes in discriminating signals and responses
corresponding to signals. A model formulated by Smith'! #° in these terms envisages
that the signal is progressively focused down onto the brain area of the response and
builds up activation in it until it reaches a critical level. His model involves three quan-
tities: the signal-to-noise ratio (E£), the critical level of this ratio (C), and the rate of
transfer from signal to response (K) in a revision of Hick's equation. Smith proposcs
that

Reaction Time = Klog(NC/E + 1).

Normally, E is accumulated until it becomes equal to C, in which case the equation
is identical to Hick’s. If the equation is rewritten,

Reaction Time = K[log(C/E) + log(N + E/C)],

then it can be seen that when E is less than C, there will be a constant addition to
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reaction time for all values of N. This might especially happen with brief exposures
of stimuli and among older subjects. In fact, it is also a possible explanation for the
results obtained by Crossman and Szafran®? and by Szafran?' shown in TABLE 1, where
there was a rise in a, but none in & with age. An increase of K would lead to a rise
in both ¢ and b and could account for the other results shown in TarLE L. Any addi-
tions to the mediating processes required to relate signals to responses are likely to
increase K and could thus account for longer reaction times when there are complex
relationships between signals and responses. If K also tends to increase with age, the
effects of age and complication would be multiplicative, as they appear to be in TABLES
2 and 3.

Activation of the motor area to produce a particular response appears to spread
to adjacent areas and the critical buildup can be conceived as that required to differen-
tiate the appropriate area from its neighbors. Evidence for this is that with straightfor-
ward light-key tasks, most errors are made by pressing a key adjacent to the correct
one. Errors in this case imply that the buildup has been insufficient; it is consistent
with this that error reaction times tend to be shorter than correct ones. With straight-
forward relationships between signals and responses, older subjects tend to be more
accurate than younger, and their longer reaction times may, at least in part, be attrib-
uted to this —in other words, they have higher values of C. However, reciprocity be-
tween speed and accuracy tends to break down as relationships between signals and
responses become complicated, so older subjects tend to become less accurate than
younger ones, as is shown by the error figures in TABLE 3. The increased errors with
age are presumably due to the confusion in making the complex-mediating manipula-
tions required.

SERIAL EFFECTS

As mentioned earlier, the shortening of choice reaction times to signals that predict-
ably follow others is an example of how reaction times are affected by previous signals
in a series. Three other examples have attracted research in relation to age.

Maintaining Optimum Speed and Accuracy

Rabbitt***¢ found that over a series of choice reactions, times gradually became
shorter until an error was made, whereupon the next reaction time was much longer.
Over the next few reactions, times again became shorter until another error was made,
and so on. Rabbitt suggested that subjects try to keep their speed within a narrow
band just below that at which errors are liable to occur. He found that the error reac-
tion times of older subjects were no longer than those of younger ones, although their
correct reaction times were longer and also more variable, Because of this variability,
he concluded that older subjects need a greater “margin of safety” (higher value of
O) to avoid errors and that this is part of the reason for their generally longer reaction
times. If so, the result can be regarded as an interesting example of a conscious or
unconscious strategy aimed at overcoming a handicap. Brewer and Smith,*” who found
similar, although more pronounced results when comparing young retarded adults with
normal, suggested that the lack of fine adjustment could be due either to low signal-
to-noise ratio, which would impair ability to observe the speed of response accurately,
or to failure to take account of enough previous responses to distinguish between slow
drifts and occasional larger deviations to which subjects might overreact. Both are
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plausible explanations of age effects. Signal-to-noise ratio has already been noted as
tending to fall with age, and studies of serial performance have shown that older sub-
jects do indeed take account of fewer previous items, presumably due to some defi-
ciency of running short-term memory.****

Effects of Repetition

Reaction times within a series have been found to differ according to whether the
signals and responses are the same as, or difterent from. those immediately preceding.
These “repetition” and “alternation” effects are not fully understood, but Kirby*® (on
the basis of a thorough survey) concluded that a part explanation must be that some
facilitating effect of a signal and response enables a similar reaction to be made more
quickly during the following second or so. Because neural aftereffects tend to last longer
in older people, it seemed reasonable to suppose that the facilitatory effect would be
greater for them.*' However, direct tests of this hypothesis produced the diametrically
opposite result: the reactions of older subjects to repeated signals were, on average,
slower than to alternative ones.?* The results resembled those previously found with
intervals between trials that were too long for neural afteretfects to have operated.*?
Even when repetition effects have been found, they have been less for older than for
younger subjects.®* Repetition and alternation cffects are affected not only by immedi-
ately preceding signals and responses, but by those that are two, three, and four steps
back (see reference 50). Age differences in these more remote effects are not known,
but the evidence noted above, that older people tend to take account of fewer previous
items in a series, suggests that such differences should be less.

Single-Channel Effects

When a stimulus arrives during the reaction time 1o a previous stimulus, response
to the second stimulus is typically delayed. The length of the delay is such as to suggest
that the second stimulus has to wait until the response to the previous stimulus has
begun. The extensive and somewhat controversial evidence in this area has been sur-
veyed elsewhere.®*** The late K. J. W. Craik** pointed to the indication that the brain
can handle only one decision connecting signal to response at a time, and that once
a process of decision has begun, it is protected from interference by subseguent signals
until it has been completed. Such “single-channel™ operation in the brain occurs even
though the decisions do not lead to overt responses. Thus, for example, if a signal
for action is preceded by a warning, this will delay reaction to the signal if the interval
between it and the warning is very short. Insofar as decision processes become slower
with age, the interval has to be onger for older people if delays due to warnings are
to be avoided.”’

Apparent exceptions do not breach the general principle:

(i) When two signals arrive within a period of up to about 100 ms, reaction time
to both is longer than would be expected to either singly. They appear to be
treated together and to lead to a coordinated response to both. A common
example is when a pianist reads a musical phrase from a score and then produces
a coordinated playing by both hands.

(ii) A signal to intensify the response to a previous signal may take effect without
being delayed. In this case, no new decision has to be made.

(iii) While normally it is impossible to do two things at once unless they are coor-
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dinated,*® they can sometimes be done independently if one of the tasks is
relatively simple and thoroughly “built-in” as a result of extensive practice so
that littie moment-to-roment decision is needed. Thus, a woman can knit
a simple pattern while talking. The talking ceases, however, if the pattern is
complex or when points are reached, such as the end of a row, where more
complex action has to be taken.

(iv) There has been a long-standing controversy, when two tasks are being per-
formed simultaneously, about whether attention (or, more correctly, “capacity
for decision”) is divided between them or is applied fully to each in rapid al-
ternation [see references 55 and 59 (p. 708-712)]. The answer appears to de-
pend on the time scale on which the performance is considered. On a scale
of minutes, the former view is obviously correct, but on a scale of fractions
of a second, present evidence points clearly to the latter. Most everyday tasks
do not require continuous attention, so another task can be dealt with during
spare time left by the main task. The amount of spare time can be assessed
from the extent to which the performance of the two tasks together is poorer
than when they are performed separately: for example, the demands of car
driving under various traffic conditions have been studied by measuring the
extent of interference with mental arithmetic carried out while driving. The
longer reaction times shown in TABLE 3 that were found by Szafran?' when
an additional task was added to the choice reaction are atiiibuiavic to similar
interference. It is interesting to note that the effects were, as would be expected
from single-channel delays, entirely upon the intercept @ and not on the slope
b in Hyman’'s equation.

Delays have also been observed when a second signal arrives during or shortly after
the response to a previous signal. Apparently, capacity for decision is engaged (to the
exclusion of dealing with new signals) by the monitoring of “high points™ of the re-
sponse. A new signal arriving shortly after the beginning of a response is delayed by
such monitoring unti! about 150-200 ms after the response has begun; similarly, a
new signal arriving shortly after the end of a response has to wait until about 150-200
ms after the time of ending. Delays due to monitoring seem not to occur when a new
signal is waiting. Thus, they do not occur if the new signal arrives before the response
to a previous signal has begun. Furthermore, if the new signal arrives during the re-
sponse to the previous signal, there is no delay due to monitoring the end of the re-
sponse. Monitoring seems to be important for conscious awareness of what one is doing,
and in experiments where it has been arranged that there is always a new signal waiting
when the response to the previous one begins, subjects tend to have a curious feeling
that their actions are not under voluntary control.®® Much the same feeling occurs
after long practice at some industrial repetition tasks in which action becomes “au-
tomatic”.

There is little evidence about single-channel effects in older subjects, but it has
been found that dual-task performance is adequately accounted for in both older and
younger subjects in terms of performance at each task separately; that is, no extra
time is taken by either older or younger in switching back and forth between the two.
However, insofar as oldcr subjects perform more slowly, interference between tasks
is greater for them when time is limited.®' Older subjects, though, have been found
to monitor more than younger, perhaps because lower signal-to-noise ratios make them
more liable to error unless they take extra care, and such additional monitoring is a
cause of slower performance.?*** Failure to suppress the monitoring of the end of the
previous response was probably the reason why the reaction times shown in TaBLE
2 were higher when there was no gap before the next signal appeared than when two
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seconds elapsed. The effects can be seen to have been greater for older subjects when
relationships between signals and responses were straightforward, but not when they
were reversed. Perhaps, this was because the complexity of the latter condition made
both groups more likely to monitor their responses.

The concept of single-channel operation has two interesting corollaries. First, once
a decision is under way, it cannot be immediately cancelled if the situation suddenly
changes: we all know of occasions on which we have committed ourselves to an action
that we suddenly realize will be wrong, but are powerless to prevent.

The second corollary is that when an error is made, the time taken to correct it
seems to depend upon the stage between input and output where it occurs. Rapid cor-
rection can be taken to imply that the central mechanisms have signalled the correct
response, but the motor mechanisms have carried it out wrongly. A somewhat slower
correction suggests that the signal has been correctly perceived, but an incorrect re-
sponse has been chosen. An even slower correction would result from incorrect per-
ception of the signal. In short, the time taken to correct an error is an indicator of
how much the “work” of reacting has had to be done again.

The longer reaction times and increased monitoring among older people means
that the time between committing themselves to an action and being able to modify
it is longer for them than for those younger. Also, while errors early in the chain from
input to output are likely to take longer for older people to correct, they are able to
correct errors later in the chain relatively quickly.

MOVEMENT TIME AND CONTINUOUS PERFORMANCE

The single-channel concept has opened the way to a new understanding of the timing
of continuous performance. When the muscular effort required is only light, the speed
of performance appears to be limited by the times required for making decisions and
for monitoring movements. The movements themselves are “tailored” to fit those times
and could easily be made much faster if they were not dependent upon them. For ex-
ample, the times merely tc press the row of ten keys used by Birren er af,?* (whose
results are shown in TABLE 3) were about half of those for their most straightforward
reaction time task. Again, the time taken to make movements has been found to be,
within limits, independent of the force required: movement time is governed by the
times required by decisions to start and stop (see reference 54, p. 144). Movement times,
like reaction times, are affected by the context of other movement times; for example,
when in a complex task, one component movement has to be made slowly and deliber-
ately, other movements in the cycle tend to be slower than they would otherwise be
[see references 54 (p. 152-155) and 62 (p. 105)). The effect appears to lessen with age,
perhaps indicating some loss of integration of performance into higher units.

Severai experiments in which decision times and movement times have been mea-
sured separately have shown increases in the former associated with age to be much
greater than increases in the latter (see references 13 and 62). On the other hand, the
time taken to make movements requiring substantial muscular force has been found
to increase substantially (and to do so more than simple reaction times) with age. For
example, Pierson and Montoye,*’ whose subjects had to make a thrust with the whole
arm in response to a light, found an increase of 89% in movement time, but only 31%
in reaction time between 20s and 60s. Again, Onishi,> whose subjects responded to
a signal by jumping with the whole body, found increases between the same ages of
18% in the time from the signal to the first EMG activity and 17% from this to the
beginning of muscular contraction, but 33% for the muscular contraction itself.
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Graded movements aimed to land on a target have been found in several experi-
ments to consist of a series of impulses where each lasts about 100 ms. The first covers
about half the distance from the starting point to the target area, the second covers
half the remaining distance, and so on until the movement can terminate within the
target limits.** In young people, these impulses tend to run into each other to make
a fairly smooth progression. In older people, they show more definite decelerations
and accelerations marking the transition from each impulse to the next.** The figure
of 100 ms lines up with the finding that repetitive tapping movements are made at
a maximum rate of about 10 per second. The series of impulses implies a logarithmic
relationship between movement time, amplitude of movement (A4), and the accuracy
of landing indicated by the scatter of shots on the target (W). The scatter seems to
have two additive causes: randomness in the central control of movement, and tremor
(7). The results of experiments in which subjects have made movements to-and-fro
between targets of various widths and distances apart have been fitted by the equation:

Movement Time: K log (4 + W/2)/(W - 1).

The equation suggests that the subject controls movement so as, in effect, to choose
a landing point within the width of the scatter out of the total distance from the starting
point to the far edge of the scatter. Age effects have shown up as small rises of K
and ¢, and as small shifts in the balance between speed and accuracy (towards specd
from the 20s to the 40s, and towards accuracy from the 50s to the 70s).'?%

The relationships between reaction times and movement times emphasize the im-
portant concept of performance depending on several capacities —sensory, central,
and motor —of which one may be fully loaded and thus limit performance, while the
demands of the task are well within the limits of other capacities involved. This means
that in assessing changes associated with age in any performance, it cannot be as-
sumed that all the capacities involved are important. Overall performance cannot,
therefore, be reliably predicted from measurements of each capacity separately.

SEX DIFFERENCES

Several studies have found girls and women to have, on average, longer reaction
times than boys and men (see reference 14). The most comprehensive results are prob-
ably those of Noble et a/.®” shown in TaBLE 4. Females are slower in every age group
except 10-14 and 70-87. The fast reaction times of girls in the former group, if not
due to an accident of sampling, may perhaps reflect a tendency for girls to mature
earlier than boys. The finding of faster reaction times for women in the 70-87 group
is supported by results obtained by Botwinick and Brinley;*® however, the results are
suspect because their wcmen were, on average, about eight years younger than their
men. The results were not supported by those of Botwinick and Thompson,*® which
showed older women to be slower. The conflict of evidence suggests the need for care
in sampling above the age of about 70. Speed of performance tends to decline rapidly
during the few months before death. This fact, together with the tendency for women
to live longer than men, could mean that in any institutional or strictly representative
sample, the older women would be, on average, fitter than the men and, for that reason,
would be likely to show shorter reaction times. At the same time, in a sample recruited
on the basis of willingness to be tested, men and women would probably be equally
fit because only those reasonably fit would volunteer. The oldest subjects studied by
Noble er al.*” appear to have come from a rest home for the elderly. For all other studies,
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TABLE 4. Four-Choice Reaction Times Showing Differences between Males and
Females?

Age Group Males Females Percenmt Difference
6-9 467 507 +8.6
10-14 386 374 -132
15-19 252 277 +99
20-29 245 287 +17.1
30-39 268 316 +17.9
40-49 296 346 +16.9
50-59 345 388 +12.5
60-69 430 467 + ¥.6
70-87 582 hR? ] 8.2

“ Times are in milliseconds. Data are from Noble er ul.””

subjects appear to have been volunteers and the women were slower, except in that
of Botwinick and Brinley, which has already been noted as suspect.

Why females should tend, on average, to have longer reaction times than males
is not clear. [t could perhaps be due to females tending to be more cautious, and thus
maore accurate, but this is not at present known. Apart from such a possibility, it s
hard to resist the conclusion that the trend is due to some fundamental biological factor
as yet to be identified.

FOR THE FUTURE

Although the study of reaction times came early in the development of experimental
psychology and included ingenious attempts to separate times for identification of
signal and choice of response,’ clear understanding of reaction times and models to
account for them began to develop only with the publication of Hick's classical paper?
on the logarithmic relationship between reaction time and degree of choice. Progress
since then has been rapid and reaction time has come to be used as a measure (or
potential measure) in many other areas such as cognition (e.g., Posner™), memory
(McNicol and Stewart’?), personality (Brebner’®), inteiligence (e.g., Jensen,”
Nettelbeck*?), and various mental disorders (Nettelbeck’). Yet, the more that is done,
the more that opens up as needing to be done. For example, we do not yet fully under-
stand the processes involved in translating from signals to responses, and when and
why different apparent strategies for doing so are used. We do not know why age ef-
fects differ in the ways they do, and why changes with age in choice reaction times
should be in one and sometimes another parameter. Finally, we do not know, for cer-
tain, under what conditions monitoring of responses can be avoided, or just what
happens when performance becomes “automatic”.

Along another perspective, changes of reaction time and speed of performance
with age have been shown to resemble in many ways those associated with brain damage,
cardiovascular disease, and various physiological changes (see references 76 and 77).
These resemblances offer stimulating and potentially valuable leads to understanding
the causes and processes of change association with age; however, if they are to be
established as more than superficial, the mechanisms linking the physical and physio-
logical findings to behavior and performance need to be spelled out.

A special challenge seems to lie in the ubiquitous figure of 100 ms that appears
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not only in alpha rhythm and tremor, but as an apparent modulus in discrimination,
choice, and the control of graded movement. Are the moduli fundamentally the same
for all these functions? If the moduli differ between individuals and within individ-
uals under different conditions of stress, drugs, and other factors, do they all do vo
equally? How far are the effects of age due to the moduli lengthening, and how far
are they due to older people requiring more moduli to achieve decisions? An attempt
to answer these questions would involve a prodigious research effort in which all these
functions would be measured and compared in detail in the same individuals. The
taboriousness would be daunting, but the answers obtained would provide a major
contribution to the understanding of the mechanisms controlling performance.
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DISCUSSION OF THE PAPER

J. MORTIMER (Veterans Administration Medical Center, Minneapolis, MN): Are
the delays you mentioned unique to the visual modality? Could vou talk about other
stimulant modalities where at times this aging process also occurs?

A. T. WELFORD (Aldeburgh, Suffolk, England): One or two studies, not in relation
to the age, of auditory tracking have been carried out and they find the same phenomena
as the visual studies. This is true even to the extent that the difficult points in the track
are where people start blinking. However, if a second signal occurs within about a
tenth of a second of the first signal, it does not get delayed; instead, both signals get
delayed and then they are reacted to together. The thing, though, that | wonder so
much about is why we have this ubiquitous tenth of a second or hundred milliseconds?
Are the cases all linked together? Moreover, how does it relate 10 alpha rhythm and
tremor? Have we got some sort of fundamental modulus there?

M. WooLtacorT (University of Oregon, Fugene, OR): My question concerns your
concept of noise increasing with age and causing increases in reaction time. Could
vou speculate on what that increase of noise really is in the nervous system and what
might contribute to the increase in noise?

WEeLFORD: | would prefer if a neurologist would answer your question. One idea,
though, is tempting and that is that you get a lot more fuzzy activity in EEG recordings.
I consulied a colleague about this, but he said that was not the cause of the noise.
Instead, he reckoned that if there was a slight mistiming of impulses converging cn
cells to trigger their firing, then this would have an effect of introducing randomness
into the operation of the system.
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INTRODUCTION

Although impaired gait has been frequently associated with advancing chronolog-
ical age,'"* we are now just beginning to appreciate the degree to which this impaired
function compromises the ability of the aged to maintain an active, independent life-
style.®® For example, in the absence of specific disease, disturbances in gait produce
disability in approximately 13% of older adults. Moreover, Teresi e7 al.® have recently
shown that there is a close relationship between the degree of mobility and funciional
independence. Because impairments in gait cause serious functional problems, thetr
prevention, delay, and remediation have become principal concerns of geriatricians
and others charged with the care of the aged.'”'' However, approgriate evaluation,
training, and rehabilitation programs can only be achieved with a principled under-
standing of how aging and disease-related processes affect gait. This includes not only
ideniifying age-related and disease-related changes in the gait pattern, but also dis-
covering underlying alterations in musculoskeletal and neuromuscular functions that
precipitate these changes.

CRITICISMS OF EXISTING GAIT LITERATURE
IN GERONTOLOGY

At present, knowledge about the influence of aging and discase processes on gait
is limited. Numerous studies have attempted to describe age-related differences and
impairments in the gait pattern. They have failed. however, to identify the nature and
extent of the differences or impairments in gait that should be expected as a1 normal
concomitant of the aging process and that result because of pathological conditions
affecting the aging motor system. Moreover, few of these rescarch efforts have focused
on the causes of impaired gait in the aged.

The majority of existing studies can be characterized as attempts to describe age-
related differences in temporal/kinematic parameters of waiking, such as velocity, stride
length, stride frequency, stance time, swing tir:, double support time, and stance
width.'*"* The most consistent age-related difference in gait is a decrease in the preferred
or freely chosen speed of walking (e.g., references 13, 16, and 18). A shorter stride
length has also been shown to be characteristic of gait in the aged. as well as an in-
creased stride frequency, stance width, and double support time, and a decreased ratio
of swing to stance time.

18
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Despite the similarity in resuits from many of these studies, several factors limit
the usetfulness of the existing data base. Most studies suffer from a significant methodo-
logical confounding in that subjects have been instructed to walk at their preferred
(freely chosen) speed. Because most temporal/kinematic parameters of gait are speed-
dependent, the difference in freely chosen speed between old and young adults will
affect comparisons of these gait descriptors. For example, at all but very rapid walking
speeds, increased speed is generally accompanied by longer strides.'” Similarly, the
ankle, knee, and hip joints move through a greater range of motion at fast walking
speeds than at slow walking speeds.? The sienificance of this speed dependency is
that valid conclusions about age-related differences in gait are difficult to form when
old and young adults walk at different speeds.

Given the lack of an extensive data base, the descriptive emphasis of the existing
research is both understandable and defensible. Such information provides the frame-
work for establishing baseline descriptions essential in evaluating and rehabilitating
abnormalities of gait.?'"** The focus, however, should not be restricted only to mere
description, nor to the temporal/kinematic type of analysis. Temporal/kinematic
descriptions provide little information about the mechanisms controlling or mediating
gait and, in isolation, they offer little insight into the causes of movement and impair-
ments thereof. In our view, a meaningful assessment of gait in the aged must als:
provide the opportunity to determine the causes of impaired gait, and to do so woulc
require a multidisciplinary tack that combines several types of analyses.

OTHER APPROACHES TO STUDYING GAIT IN THE AGED

Another type of analysis that has been proven useful in gait research, but has re-
ceived little attention in gerontology, deals with the economy of walking. Economy
is operationally defined as the amount of oxygen consumed (per kilogram of body
mass) to walk a given distance. Research from the literature on locomotion has resulted
in a well-established relationship between the speed of walking and metabolic economy.
Simply stated, there is a speed of walking, generally ranging between 1.1 and 1.3 m/s
(2.4-3.0 miles per hour), that is most economical (see FIGURE 1). Deviations below
or above this range result in higher energy costs to walk the same distance (e.g., refer-
ence 17). Moreover, there is evidence to suggest that individuals naturally seek walking
speeds that are most economical (e.g., reference 24). For example, the freely chosen
walking speed is generally a good approximation of an individual’s most economical
speed. Inman er a/.'” and Sparrow?* have even proposed that this relationship is a fun-
damental principle that governs locomotion. There is also evidence that this maximum
economy principle extends beyond human locomotion. Hoyt and Taylor,? for example,
have shown that horses exhibit the typical speed-economy relationship for both walking
and trotting.

Alexander?” and Zarrugh ef al.*® have also argued that one’s basic pattern of gait
is highly related to economy; not only do we tend to select an economical speed of
walking, but we also tend to select movement patterns that contribute to economical
gait. For example, at any given speed of locomotion, there is a stride length that is
most economical.?”** Seemingly spontaneous changes in the mode of locomotion have
also been attributed in part to the maximum economy principle.?*?” More specifically,
if the metabolic cost of sustaining a given speed becomes too great using one mode
of locomotion (e.g., walk), the individual (or animal) will switch to a different mode
of locomotion (e.g., jog or run; trot or gallop) that more economically maintains the
desired speed. The empirical evidence and examples from the foregoing discussion
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FIGURE 1. Schematic represen-
tation of the speed-economy
curve.
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demonstrate that there can be important interactions between various metabolic and
temporal/kinematic factors that govern how we locomote.

An additionally useful, but again rarely used method of studying gait differences
between young and old utilizes a kinetic approach in which forces that initiate and
alter the motions of the body and body segments are studied directly. It is generally
recognized in the biomechanics research literature that kinetic analyses hold more
promise in advancing our understanding of human motion because they focus on the
causes of movement; thereby they reflect how movements are being controlled and
coordinated. Both forces external to the body (e.g., the ground reaction force) and
those internal to the body (e.g., muscle forces and contact forces between the bones)
are of interest in studying gait. Because the expenditure of energy is associaced with
muscular activity, knowledge of the muscular force generation patterns would be es-
pecially insightful in studying the economy of locomotion. Unfortunately, obtaining
valid measures of individual muscle forces remains a challenging task plagued by many
methodological problems. Consequently, the researcher is forced to seek alternative
kinetic parameters that might be associated with economy of motion. One such mea-
sure on a more global level is the ground reaction force because it generally reflects
the integrated actions of the musculature that propel the body forward with each step.

With the foregoing discussion in mind, we will shift the focus of this paper to a
series of experiments that demonstrate the value of using several types of analyses
to study the influence of advancing age on gait. In the initial study, economy of walking
was examined in old and young adults. The second study examined walking in the
aged by combining temporal/kinematic and kinetic analyses.

ECONOMY OF WALKING IN THE AGED

The maximum economy principle is interesting and potentially important from
a gerontological perspective because of the reliable age-related decline in the self-selected
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FIGURE 2. Proposed speed-economy relationships between old and young (see texi for expla-
nation).

speed of walking. Based in part nn the speed-economy relationship, this decline has
led so' .~ (e.g., reference 4) to conciude that older adults pay a greater metabolic cost
per distance walked than do their younger counterparts. This assertion is based on
the premise that a single speed-economy curve governs both old and young and that
the old simply fall on a less economical portion of this curve (see FIGURE 2A). A second,
equally plausible alternative is that the slower freely chosen speed adopted by older
adults is most economizal and represents an adaptation to age-related changes in mus-
culoskeletal and neuromuscular functions. In this latter instance, the shape of the speed-
economy curves may be similar for old and young. It is speculated, however, that the
curve for the old would be offset from that of the young (see FiGurg 2B). 10 our knowl-
edge, neither of these explanations have been addressed empirically. Consequently,
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the purpose of this first experiment was to determine the nature of the speed-economy
relationship in older adults in order 10 test the hypothesis that economy of walking
decreases with advancing chronological age.

To achieve this goal, the economy of treadmill walking was examined in old (M
= 70.5 years, n = 17) and young (M = 25.6 vears, n = 11) adults. None of the older
subjects had a past history of musculoskeletal, neuromuscular, or cardiovascular dis-
ease that could have affected walking economy. Moreover, subjects were engaged in
a regular regimen of physical exercise that included activities such as walking, jogging,
bicycling, aerobic dance, and strength training. This healthy, physically active popuia-
tion of older adults was purposely selected to avoid confounding age-related differ-
ences with those caused by disease processes and hypokinesis (physical inactivity).

Each subject participated in two testing sessions. The first session wus used to de-
termine the range of speeds at which the older adults were capable of walking on the
treadmill. In the second session, the subjects first wuiked at a speed that they perceived
1o be their preferred or freely chosen speed und then they walked at six predetermined
speeds in ascending order: 0.54, 0 81, 1.07, 1.34, 1.61, and 1.88 m/s. (Younger subjects
did not walk at the slowest o1 these speeds; consequently, no age comparisons were
made for this particular speed.) Subjects walked at each speed for approximately five
minutes so tha' an aerobic steady state was achieved. Expired air was collected and
analyzed [or the last two minutes in order to compute a measure of economy (mL/kg/m)
for each speed.

Five aspects of the economy results are worth mentioning. First, the energy cost
per meter walked was lowest for the 1.07- and 1.34-m/s speeds for both age groups
(see TABLE 1). These values are consistent with the economical range of walking speeds
already established in the locomu.ion literature. Second, a regression analysis showed
that there was a significant quadratic relationship between economy and speed for
both old and young subjects. As the speed of walking decreased or increased from
the two most economical speeds, oxygen consumption per distance walked increased.
This finding clearly establishes that the U-shaped speed-economy relationship is char-
acteristic of both old and young alike. Third, it was further found that the freely chosen
speed fell within ihe empirically determined economical range in approximately 82%
of the subjects; the only exceptions were three old and two young adults. Fourth, de-
spite the above noted similarities, the older adults were less economical than the younger
adults. The energy cost was higher for the older adults at each of the common walking
speeds. Finally, and somewhat unexpectedly, the results showed that the preferred (freely
chosen) speed of waiking on the treadmill was equivalent for old and young adults
(1.21 and 1.19 m/s, respectively).

The findings obtained here fail to substantiate either of the two propositions for-
warded earlier. There is no support for the notion that older adults are less economical
because their freely chosen walking speed falls outside the economical range. In addi-

TABLE 1. Means and Standard Deviations for Economy (mL/kg/m) as a Function
of Walking Speed (m/s) and Age

Walking Speed

Age 0.81 1.07 1.34 1.61 1.8%
Old M 0.235 0.206 0.202 0.220 0.251

SD € {2« 0.022 0.022 0.025 0.018
Young M 0.185 0.162 0.162 0.173 0.187

SD 0.015 0.011 0.010 0.015 0.018
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tion, the results do not support the notion that the economical range is altered by ad-
vancing age. The estimated {reely chosen speed and economical range of speeds were
equivalent for both old and young.

Although there is an age-related difference in walking economy, it appears that
age has little influence on the shape of the speed-economy curve and the most eco-
nomical range of walking speeds. Moreover, the current findings suggest that a de-
crease in the freely chosen speed of walking may not be as robust an aging phenomenon
ds currently thought, but may rather be linked to the physical activity patteras ot the
aged. This further indicates the importance of carefully monitoring and controlling
for the physical activity status of subjects studied in aging research.

One of the principal intents of this experiment was to determine whether biolog-
ical aging processes have an effect on the speed-economy relationship for walking.
To minimize the potential for confounding pathological and other age-related condi-
tions [particularly hypokinesis (physical inactivity)], healthy, physically active older
adults were specifically selected for this experiment. It may be possible to completely
isolate the influence of biological aging processes in human behavioral research, but
we and others®'™* believe that an acceptable approximation can be obtained from
older adults who maintain a regular regimen of physical exercise. Therefore, we con-
tend that the diminished economy of the older adults tested here is most likely the
result of biological aging processes and not age-related pathological conditions.

The results from this preliminary study answer the question about whether there
is an age-related difference in economy of walking. At the same time, they raise an-
other perhaps more important question: Why is there an age-related decrease in
economy? One possibility is that the older adults are less economical because of alter-
ations or, perhaps, adaptations in the pattern of gait, which are probably precipitated
by morphological and physiological changes in musculoskeletal and neuromuscular
functions. The second experiment was designed to consider this issue.

TEMPORAL/KINEMATIC AND KINETIC ANALYSES
OF GAIT IN THE AGED

As noted earlier, numerous studies have reported age-related differences in the gait
pattern. These findings, however, fail to provide any direct information about why
the aged are less economical because of the confounding between age and freely chosen
walking speed. As a consequence, the motivation underlying the second experiment
was to determine whether there are age-related differences in selected temporal/kinematic
and kinetic parameters of gait when speed of walking is controlled, and whether differ-
ences in these parameters might explain, at least in part, the age-related decline in
economy. More specifically, the intent of this second study was twofold. One purpose
was to determine how stride length-stride frequency combinations are affected when
old and young adults are required to walk at the same speeds. In addition to decreases
in freely chosen walking speed with old age, it has been frequently concluded that
there is an age-related decrease in stride length. As noted above, however, this latter
conclusion is tenuous because of the speed dependency of stride length and stride fre-
quency. A second purpose was to determine if age-related differences exist in ground
reaction force characteristics and whether such differences may hclp explain the di-
minishcd economy of walking in older adults. The ground reaction force was chosen
because it represents the net effect of all muscle and intersegmental forces acting within
the body and it has been implicated as a parameter that can affect economy of
walking.’* %
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Subjects for the experiment included 13 old (M = 73.5 years) and 15 young (M
= 27.5 years) adults. All older subjects were healthy and free of orthopedic conditions
that could have affected the gait pattern. As a group, though, they were less physically
active than those older adults in the previous experiment. Each subject completed ten
overground walking trials across a force platform under each of three speed condi-
tions: freely chosen, 0.81 m/s, and 1.34 m/s. A timing system consisting of two pho-
tocells (one placed on either side of the force plate) and a digital clock was used to
monitor and control walking speed. For the two experimenter-determined speeds, sub-
jects were required to maintain an average velocity within 3% of the target speeds.
Trials outside this range were repeated. A WATSMARKI motion analysis system was
used to quantify stride length at a sampling frequency of 50 Hz. Infrared markers
were placed on the toe and heel of the right foot. Stride length was determined from
two successive heel contacts, starting with heel contact on the force platform. The force
platform quantifies the vertical, anterior-posterior, and medial-lateral components of
the ground reaction force. Only the first two of these, however, were studied in this
experiment. The vertical component represents the force exerted downward against
the ground and is the principal contributor to the resultant ground reaction force during
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FIGURE 3. Typical patterns for vertical (panel A) and anterior-posterior (panel B) ground reac-
tion forces.
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walking. It is characterized by two major peaks that are generally stightly greater in
magnitude than body weight (see FIGURE 3A). The first occurs when the leg is receiving
the weight of the body shortly after foot contact, whereas the second peak occurs near
the end of the contact phase. These two peaks are separated by a valley that is slightly
lower in magnitude than body weight, which occurs during midstance.

The anterior-posterior component provides information about the forward-back-
ward application of force to the ground (see FIGURE 3B), and reflects breaking (decel-
erating the forward motion) and propulsive (accelerating) phases of the contact period.
The peak forces associated with each of these phases during walking are approximately
15% of body weight in magnitude and nearly coincide temporally with the two peaks
in the vertical ground reaction force component.

Velocity and Stride Length Findings

Analysis of the velocity data showed that for both old and young subjects, the
walking velocities in the 0.81- and 1.34-m/s conditions were very close to the desired
target times. This finding was, of course, essential to ensure the validity of further
age comparisons involving other temporal/kinematic (and kinetic) gait parameters.

Analysis of the stride lengths for the 0.81- and 1.34-m/s conditions showed that
longer strides were taken at the faster of these two speeds (see TABLE 2). An interaction
was also found between age and speed of walking; there was an age-related decrease
in stride length for the 1.34-m/s condition, but not for the 0.81-m/s condition. Other
analyses showed that the freely chosen speed was slower for older subjects than it was
for younger subjects (1.21 and 1.41 m/s, respectively). In addition, the stride of older
adults was shorter than that of the younger adults for the freely chosen condition,
which would be expected given the slower freely chosen speed of the older group.

Two important findings emerged from the velocity and stride length analyses. First,
it appears that age-related differences in stride length depend on the velocity at which
this parameter is measured; this is consistent with data reported by Crowninshield et
al.* In general, stride length differences between old and young are accentuated as
the speed of walking is increased. Second, the strategy by which older adults obtain
fast speeds of walking appears to differ from the strategy used by younger adults. In-
creased walking speed can be achieved via increases in stride length, stride frequency,
or combinations thereof. As a result of a shorter stride length at the 1.34-m/s speed,
older aduits had to compensate by increasing stride frequency to a greater degree than
younger adults. Thus, old and young subjects used different combinations of stride
length and stride frequency to achieve this fast speed of walking. A possible contrib-
utor to the decreased stride length may be a reduction in joint flexibility, particularly

TABLE 2. Means and Standard Deviations for Stride Length? as a Function of Walk-
ing Speed (m/s) and Age

Walking Speed

Age 0.81 1.34 Freely Chosen
Old M 1.31 1.56 1.53

SD 0.15 0.15 0.18
Young M 1.35 1.66 1.70

SD 0.09 0.09 0.10

9 Normalized to leg length.
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at the hip. The interrelationship between flexibility and gait characteristics, though,
has not been tested. Additional implications of the stride length-stride frequency differ-
ence on economy will be discussed later.

Ground Reaction Force Findings

For the vertical component, the two peak forces for the 0.81-m/s condition were
lower than the peak forces for the 1.34-m/s condition (see TaBLE 3). Further analysis
showed that peak vertical force at heel contact in the older adults was lower than in
their younger counterparts for both walking speeds. At toe-off, there was no age-related
difference in peak vertical force for the slower walking speed; however, for the faster
walking speed, the peak force produced by the older adults was lower than that of
the younger adults. The magnitude of the peak vertical force during midstance was
equivalent for both age groups and for both experimenter-defined walking speeds. For
the anterior-posterior component, the absolute peak forces during the deceleration
(braking) and acceleration (propulsion) phases were larger in the 1.34-m/s condition
thanin the 0.81-m/s condition (see TABLE 4). During the deceleration phase, peak force
in the older adults was lower than in the younger adults for both walking speeds. An
interaction between age and walking speed was found in the acceleration phase. For
the slower speed, there was no difference between the peak forces produced by old
and young adults. In contrast, there was an age-related decline in this peak force at
the faster speed of walking.

The ground reaction force data obtained here show that the peak forces at heel
contact experienced by the older adults are lower than those experienced by the vounger
adults at both experimenter-defined speeds of walking. In contrast, age-related differ-
ences in peak force during toe-off depended on walking speed. The peak forces of
old and voung adults were equivalent at the slower speed, but were lower in the older
adults at the faster speed of walking. (This latter result parallels the interaction be-
tween age and speed reported earlier for stride length.) This interaction suggests that
the aging motor system attempts to reduce the forces that must be absorbed during
the braking phase of stance, even at slow speeds of walking. The speed-dependent na-
ture of the ground reaction force during the propulsive phase of stance suggests that
the aging motor system may be unable to produce levels of force comparable to those
of younger adults at fast speeds. Another possibility is that this finding reflects an
attempt to prevent the musculoskeletal system from experiencing levels of force that
are potentially dangerous.

TABLE 3. Means and Standard Deviations for Vertical Ground Reaction ForceY as
a Function of Walking Speed (m/s) and Age

Walking Speed

0.81 1.34
Heel Foot Heel Foot
Age Contact Flat Toe-off Contact Hlat Toc-oft
Old M 1.00 0.92 1.02 1.14 .78 1.06
SD 0.03 0.02 0.02 0.08 (.08 0.04
Young M 1.03 0.92 1.03 1.1%8 .73 1.12
SD 0.02 0.02 0.02 0.08 0.04 (.08

4 Normalized to body weight.
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TABLE 4. Means and Standard Deviations for Anterior-Posterior Ground Reaction
Force? as a Function of Walking Speed (m/s) and Age

Walking Speed

0.81 1.34
Age Braking Propulsion Braking Propulsion
uld M 0.10 0.12 0.17 0.18
SD 0.02 0.02 0.03 0.03
Young M 0.12 0.13 0.20 0.22
SD 0.02 0.02 0.02 0.03

¢ Normalized to body weight.

For the vertical component, the algebraic difference between the peak force at mid-
stance and the peak forces at heel contact and toe-of f further suggests that there may
be an age-related decrease in vertical oscillations of the center of gravity, which results
in a lower vertical acceleration in the center of gravity for the older adults. It is pos-
sible that this latter finding represents an attempt by older adults to improve economy
by minimizing vertical displacements in the center of gravity and by reducing the mus-
cular forces that are required to slow down and speed up the body during walking.
Finally, the fact that peak forces were largest for the fastest speed of walking substan-
tiates the speed-dependent nature of the ground reaction force.

GENERAL DISCUSSION

Two criticisms of the existing gait literature in gerontology have been raised here.
The most significant of these criticisms pertains to the confounding between manipu-
lations of age and walking speed in a vast majority of studies investigating this problem.
Both stride length and ground reaction force data from the present study substantiate
the validity of this criticism. Consequently, it is necessary to reevaluate the current
status of our knowledge of age-related differences in gait. An in-depth reevaluation
of all gait parameters that have been studied is beyond the scope of this paper, but
a number of comments are warranted. As noted earlier, a frequent age-related differ-
ence has been a decrease in the freely chosen speed of walking. Based on the results
from the present study, even this finding can be questioned. For overground walking,
the freely chosen speed of older adults was slower than that of younger adults. With
treadmill walking, however, the freely chosen speed was equivalent for old and young
adults.

One possible explanation for this discrepancy is that treadmill walking may reflect
small differences in the pattern of gait from overground walking. This issue has been
debated in the locomotion literature, but no consensus has yet been achieved.**** A
more likely possibihty is that the difference in the level of physical activity maintained
by the older subjects of the two experiments influenced the freely chosen speed. Sub-
jects tested in the economy experiment (treadmill walking) maintained a regular regimen
of physical exercise. This cannot be said for the majority of subjects tested in the over-
ground walking study. Although the influence of physical activity was not tested in
these experiments, the results imply that regular physical activity may help to inhibit
deterioration of the gait pattern in the aged.

Using a regression analysis, Crowninshield er al.** demonstrated that age-related
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differences in stride length depended upon the speed of walking. This finding was con-
firmed here via direct comparisons at two set speeds of walking. These combined results
indicate that the currently-held view about age-related decreases in stride length must
be qualified. A more accurate conclusion is that age-related decreases in stride length
appear only at fast speeds of walking. Another way to conceptualize such a finding
is to state that certain age-related differences in gait will surface only when the func-
tional capacity of older adults becomes stressed. This idea is further supported by
the interaction of age and speed for the ground reaction force during the toe-off period
of stance. This interaction has important implications for the study of gait in the aged.
The full impact of aging processes on gait may only be realized when gerontologists
begin to examine gait patterns across a variety of walking speeds.

The existing research was also criticized because the analysis of gait patterns in
the aged has been restricted to temporal/kinematic parameters. It was argued that meta-
bolic and kinetic analyses could also further our understanding of the influence that
aging and disease processes have on gait. Although the two experiments reported here
focused on selected issues, the results overwhelmingly demonstrate the significance
of these two additional types of analyses. The metabolic data show that older adults
are less economical than younger adults, irrespective of walking speed (at least for
ranges of speeds between 0.81 and 1.88 m/s). The ground reaction force data demon-
strate that there are age-related differences in at least some kinetic parameters. Crownin-
shield er al.?* have also shown that peak joint moments and contact forces at the hip
are less in older adults than in younger adults. One of the important challenges con-
fronting future work will be to determine the reasons for these differences, as well
as their behavioral significance.

An interesting finding from the overground walking study was the different way
in which old and young subjects manipulated combinations of stride length and stride
frequency to achieve the fastest speed of walking. The question that remains to be
answered is why do older subjects have a shorter stride length —and hence a greater
stride frequency — than do younger adults at fast speeds of walking? Perhaps, the older
adults are forced to take shorter strides because of physical limitations imposed by
tissue changes in the musculoskeletal system (e.g., decreased range of motion and muscle
strength). One result of the shortened stride may be a corresponding decrease in economy.
As noted earlier, not only is economy tied to speed of walking, but, for a given speed,
there is also a most economical stride length. An alternative explanation is that the
difference in strategy represents an attempt by older adults to minimize the energy
cost of walking. Because of changes in the aging motor system, this may be a neces-
sary adaptation in the gait pattern to maintain economy. To empirically substantiate
either of these possibilities, additional experiments must examine both speed and stride
length manipulations on economy.

Although we have proposed that the maximum economy principle may govern the
way in which old adults walk, it must be recognized that there are many measures of
cost that one might choose to economize and that the chosen variable will probably
be determined by the goal that one wishes to achieve.** Based on the known changes
in musculoskeletal and neuromuscular functions, it is quite reasonable to suppose that
the aging motor system opts to economize on other variables; one likely candidate
is the minimization of force.

Aging processes produce changes in the structure of bone (e.g., osteoporosis) and
joint (e.g., osteoarthritis) that make the musculoskeletal system more susceptible to
injury, particularly those caused by undue stresses. As walking speed increases, forces
on the musculoskeletal system increase, and fast speeds of walking may create levels
of force that place the older adult at risk of injury. The likelihood of an injury caused
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by large forces could be reduced by modifying the gait pattern or slowing the walking
speed. The use of these strategies might also depend on the older adult’s level of phys-
ical activity. (Deterioration in musculoskeletal function is less in physically active older
adults than in sedentary older adults.) As noted earlier, the need to limit forces experi-
enced by the musculoskeletal system may be reflected in some aspects of the ground
reaction force data reported here. The stride length findings suggest one way that the
aging motor system might achieve this goal is by limiting the length of stride at fast
speeds. The need to lessen forces may also be one reason why overground walking
studies have found an age-related stowing in the freely chosen speed. Although this
alternative view cannot be evaluated without a more detailed analysis of internal stresses
on the musculoskeletal system during walking, it raises an important issue about how
economy is studied in the aged. Rather than searching for a single variable on which
economy is based, a more meaningful approach may be to determine the criteria for
selecting one variable over another.

SUMMARY

If the influences of aging processes on gait are to be understood, gerontologists
must become better versed in experimental methodology appropriate to locomotion
research. They must also begin to conduct experiments that move beyond mere descrip-
tion. Systematic research efforts that are interdisciplinary in nature and that incor-
porate several types of gait analyses will be needed to discover the causes of adapta-
tions and impairments of gait in the aged. Certainly, this will not be easy to accomplish;
however, we hope that the work reported here demonstrates this approach is possible
and worthwhile.
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DISCUSSION OF THE PAPER

M. WooLtacort (University of Oregon, Eugene, OR): Did you leave out perhaps
one other possibility? Specifically, that the subjects have lost the ability to control
balance in old age and maybe they do not want to put that foot out quite so far and
with quite so much force in front of them because they might lose balance if they did.
Could you comment?

D. LarisH (Arizona State University, Tempe, AZ): Yes, that could very well be
an explanation. However, it is not what we have been looking at and it is not the
whole story. In fact, the evidence shows that when older people walk (particularly
in those with gait disorders), there is an increase in body sway. Therefore, it has been
suggested that the increase in stance width (which is the distance between the two feet
as you walk) is a strategy to compensate for the increased sway. Thus, our view is
that there are a multitude of factors that could come together to modify the gait pat-
tern as one gets older.

We are looking at the pattern or the component that is of most interest to us be-
cause, primarily, that is where our expertise lies. However, what I think your point
raises is the need to study movement behaviors in older people from a muitidisciplinary
perspective. It is a mistake if we just focus on one little corner of the world because
there are so many changes in the neuromuscular and muscular skeletal systems that
could affect the movements that we are able to produce. Hence, if we just focus on
one element, we could miss out on the interaction of other elements.

J. ToBIN (NIA, Bethesda, MD): Can you say anything about the level of fitness
in relationship to this economy curve?

LarisH: That is a very interesting question and one that we are very much con-
cerned with. In the metabolic economy study that we did, we purposely sclected very
physically active older adults because we were interested in trying to get our best esti-
mates of what biological aging was doing to the speed economy relationship. For ex-
ample, one of the individuals in this group was 73 years old and ran four to eight
miles, three to four times a week. Another individual client had recently returned from
climbing Mount Kilimanjaro. We even had a 88-year-old woman who walked one
to two miles a day. The second population of subjects that we tested, though, was
not in quite the same category from a physical activity standpoint. | would not clas-
sify them as sedentary, but I would put them some place in the middle.

One of our plans now is to bring in a population of sedentary older individuals
and to map out the speed economy relationship for them. We need to do this because
it may very well be that the curve is going to shift over to the slower end or it may
shift up again. However, at this point, we do not know of any data. In fact, speed
economy data and the kinematic data are some of the only data that are around in
older peaple.

M. SerBY (New York University Medical Center, New York, NY): Was there any-
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thing unique about the three subjects who did not demonstrate their optimal economy
in the 2.4 miles per hour value?

LarisH: No; in fact, two of them were the younger subjects and they both walked
faster. Actually, though, all three of them walked faster than the most economical range.
Two of the younger subjects walked at around 3.6 miles per hour, and it also turned
out that the 88-year-old woman was the other person that fell outside the range; how-
ever, she fell out on the high side rather than the slow side.
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The focus of this article is on two sets of phenomena in which cognitive factors have
been found to influence motor functioning and that have also been found to have im-
portant implications for the interpretation of the effects of aging on motor perfor-
mance. The approach in each case will be to first discuss the general phenomenon
and then to describe the effects of age on that phenomenon, together with an indica-
tion of the significance of those effects for research on aging.

It is important to begin by indicating the very restricted sense in which the term
motor functioning will be used in this article. Because the phenomena to be discussed
involve simple keypress responses, motor functioning will refer to the speed of executing
finger depressions of response keys — or what is commonly known as manual reaction
time. This is clearly an extremely limited form of motor functioning, but it has had
a long history of investigation in psychology. In part, this is because many researchers
have felt that an individual’s reaction time somehow reflects the integrity of his or
her central nervous system. Some theorists have even speculated that reaction time
measures might be used to provide a culture-fair index of intelligence; indeed, a number
of studies have reported statistically significant correlations between certain reaction
time measures and scores on assorted intellectual tests. However, the concern in this
article is not with manual reaction time as a measure of cognitive performance, but
rather, as the title suggests, on how cognitive factors can influence this very simple
type of motor functioning.

SPEED-ACCURACY TRADE-OFF

The first phenomenon to be discussed is what is known as the speed-accuracy trade-
off. This is a rather esoteric term for what everyone has experienced in a great variety
of activities, such as handwriting, typing, or automobile driving, in which one has
control of the speed at which he or she performs, and where it is possible to evaluate
the quality or accuracy of that performance. In situations such as these, there is often
a point where the quality or accuracy of the performance begins to suffer if one at-
tempts to perform faster. Because, from that point on, speed can be increased only
at the cost of reduced accuracy, this phenomenon is referred 10 as the speed-accuracy
trade-off.

The speed-accuracy trade-off phenomenon has been studied in the laboratory with
a choice reaction time procedure in which the subject’s task is to press one of several
keys as rapidly as possible when the appropriate signal occurs. Typical instructions
in this type of task are inherently ambiguous because the research subject is usually
requested to respond as rapidly and accurately as possible; yet, these are actually con-
tradictory goals when speed and accuracy are reciprocally related. 1t is therefore quite
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possible that the instructions are interpreted differently by different people —some in-
dividuals emphasize speed more than accuracy, while others emphasize accuracy more
than speed.

Recognition of this possibility has led some researchers to advocate nicasurcmcent
of complete speed-accuracy trade-off functions, or what have been referred to as speed-
accuracy operating characteristics. Two basic procedures have been employed to generate
speed-accuracy operating characteristics, but, in both, the intention is to obtain paired
values of speed and accuracy over a range of accuracy from near chance to near per-
fect levels. One procedure for generating speed-accuracy operating characteristics in-
volves manipulations such as payoffs or instructions to induce people to respond at
different levels of speed and accuracy in different sets of trials, and then to use the
average speed and accuracy in each set of trials as data points comprising the speed-
accuracy operating characteristic.

Another technique that has proven to be more efficient in generating speed-accuracy
operating characteristics consists of inducing subjects to perform at many different
levels of accuracy within a single set of trials (perhaps by specifving a new goal or
criterion time before each trial). The resulting distribution of reaction times is then
grouped into discrete time intervals, with the mean speed and accuracy for the trials
in each interval used as the data points for the speed-accuracy operating characteristic,

Regardless of the procedure used, the resulting speed-accuracy operating charac-
teristics generally look like the function illustrated in FiGURE [. [t is not yet known
whether the function is best characterized by a linear, exponential, or some other form
of equation, but it is clear that the optimum reaction time, which is what most re-
searchers employing reaction time procedures are attempting to measure, corresponds
to a very narrow region in the function. Moreover, while it is often possible to deter-
mine when reaction time is faster than the optimum point because accuracy is less
than the maximum, it is much more difficult to determine whether reaction times at
the maximum level of accuracy are truly at the optimum because accuracy asvmptotes
at the optimum point. It is for these reasons that some researchers have argued that
reaction times by themselves are uninterpretable and that they must be placed in the
context of a speed-accuracy operating characteristic in order to be meaningful.

The preceding argument concerning the importance of speed-accuracy operating
characteristics has been generally accepted. However, it has just as generally been ig-
nored because of the greater time and effort required to generate complete speed-
accuracy operating characteristics when compared to that required to obtain a single
average reaction time. The additional effort, though, may be particularly worthwhile
in studies of aging because several interesting questions arise in connection with the
effects of age on the speed-accuracy trade-offs. Two of the most important are: (1)
do people of different ages perform at different speeds because they have distinct speed-
accuracy operating characteristics, or are they simply operating at noncomparable po-
sitions along the same function?; (2) do people of different ages differ in the slopes
of the speed-accuracy function such that there are differential rates of information
acquisition across age groups?

Two studies have recently been reported in which age differences in speed-accuracy
operating characteristics have been examined — one’ employs the procedure with different
instructions or incentives for speed as opposed to accuracy in different sets of trials,
and the other? employs the procedure in which the reaction times within a single set
of trials are partitioned into discrete intervals. The results from both studies were similar
in suggesting that adults of different ages have distinct speed-accuracy operating char-
acteristics, but that the slopes of the functions were relatively invariant between 20
and 70 years of age; that is, with increased age, the functions appear to shift uniformly
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FIGURE 1. Idealized illustration of a speed-accuracy operating characteristic and the position
of the optimum reaction time.

to the right such that reaction time is slowed by nearly a constant amount at each
level of accuracy. These results thus suggest that age differences in speed do exist inde-
pendent of the individual’s particular emphasis on speed or accuracy, but that there
is invariance across age in the rate at which accuracy increases per unit time. However,
this latter conclusion should be considered quite tentative because the precision with
which the slopes of the speed-accuracy operaung characteristics have been assessed
has not been great and, consequently, the power of the available comparisons is not
known.

Another finding in some studies (e.g., references 1 and 3) is that older adults nor-
mally tend to operate with a higher accuracy bias than young adults. Many earlier
investigators have made similar observations, but it was only with the advent of speed-
accuracy operating characteristics that it became possible to establish that this effect
was clearly distinct from the age differences in capacity for speeded responding. There-
fore, as age increases, it appears that not only does the speed-accuracy operating char-
acteristic shift to the right, but the region along the function at which one prefers to
operate also moves from left to right.

The existence of the speed-accuracy trade-off phenomenon is an example of a cog-
nitive influence on motor functioning because an individual’s cognitive emphasis on
speed or accuracy clearly affects the rate and quality of his or her motor periormance.
This particular cognitive aspect of motor functioning is important in research on aging
for two reasons —one is methodological and the other is theoretical.

The methodological importance of the speed-accuracy trade-off phenomenon is
derived from the realization that if speed and accuracy are reciprocally related, then
it may be impossible to derive meaningful interpretations of results from adults of
different ages based on only one of the measures. At the very least, ignoring accuracy
when attempting to analyze time will greatly reduce the precision of measurement be-
cause there is no way of knowing whether or not individuals of different ages are oper-
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ating at comparable positions in their respective speed-accuracy operating characteris-
tics. In this respect, it iay be very micleading to report reaction times in thousandths
or even hundredths of a second when the possible variation across levels of accuracy
could be on the order of tenths of a second. Regardless of the osicnsible temporal
resolution, the precision of reaction time measurement is directly dependent upon the
accompanying level of accuracy and the specific parameters of the operating charac-
teristic relating speed to accuracy. This methodological issue is particularly pertinent
in research on aging because of the evidence that older adults typically operate with
a greater emphasis on accuracy than young adults. This thus suggests that the true
speeds of older adults may be underestimated relative to those of young adults unless
speed-accuracy trade-offs are considered.

Speed-accuracy operating characteristics are also of substantive interest in research
on aging because of a desire to determine the reasons for the apparent shift towards
accuracy and away from speed with increased age. One possibility is that this accuracy
bias is a concomitant of normal aging, but it could also be attributable to the greater
experience associated with increased age. However, before this question can be thor-
oughly investigated, it will first be necessary to identify reliable and easily obtainable
measures of the degree of accuracy bias. At the present time, only very indirect tech-
niques have been employed for making this observation (e.g., references | and 3) and
thus it has been difficult to subject it to systematic investigation.

ANTICIPATORY PROCESSING

The second example of a cognitive influence on motor functioning to be discussed
concerns a phenomenon that can be termed anticipatory processing. In many motor
tasks, there are severe limits on the rate of performance if one were to rely on strict
serial processing in which all of the activity at one postulated stage or level must be
completed before any activity can begin at a later stage or level. To illustrate, some
estimates suggest that it requires about 100 milliseconds to register and detect a visual
stimulus, 50 to 100 milliseconds to interpret the stimulus and decide which response
to make, and about 50 milliseconds to execute the response. These estimates sum to
a total of about 200 to 250 milliseconds for a choice reaction time, which is close to
the value of average choice reaction time for practiced subjects at very high levels of
accuracy. However, this figure implies that the maximum rate of repeiitive responses
should only be about 4 per second, which in the domain of typing would correspond
to a rate of approximately 48 words per minute. Because many professional typists
are considerably faster than this, it is interesting to ask how these apparently fundamental
constraints on processing are circumvented to allow levels of typing performance much
faster than that predicted on the basis of the analyses of choice reaction time.

Considerable research has revealed that a major factor contributing to the rapid
performance of skilled typists is anticipatory processing; this means that the typists
fook beyond the immediate to-be-typed character and are often processing characters
that are several in advance of the one for which the key is currently being pressed.
The strongest support for this inference is derived from research in which the typing
rate is measured when the number o, characters simultaneously visible to the typist
is systematically varied. The typing rate of nearly everyone slows down dramatically
as the number of visible characters decreases. This culminates in the average interkey
interval when only a single character is visible being virtually identical to that of choice
reaction time. FIGURE 2 illustrates typical results with this manipulation.

In a number of recent studies (e.g., references 4-8), I have used this technique of
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FIGURE 2. Median interkey interval as a function of the number of simultaneously visible
characters.

varying the number of visible characters to determine the largest number at which
typists exhitit substantial slowing of their typing relative to their rate with no restric-
tions on the number of visible characters. Because typists are impaired with this number
oi characters, it can be concluded that they rely upon more than this number in their
normal typing. I have referred to this measure as the eye-hand span because it indi-
cates the number of characters intervening between the focus of the eyes and the ac-
tion of the hand. Across several studies involving slightly different procedures, typists
averaging about 60 words per minute have been found to have average eye-hand spans
ranging from about 3.4 to 4.9 characters.

The eye-hand span indicates when the typist begins processing a character in ad-
vance of the keystroke. Another technique that I have employed provides an estimzte
of when the typist finishes processing the character and becomes committed to the
typing of that particular character. This commitment span is measured by requesting
typists ‘o type exactly what appears on a computer monitor and then intermittently
changirig one of the to-be-typed characters at various positions prior to the relevant
keystroke. As FIGURE 3 illustrates, the probability of typing the replaced or second
character decreases dramatically as the replacement occurs closer to the keystroke for
that character. These results suggest that the typist becomes committed (0 a keystroke
for the original character because he or she can no longer abort that preparation and
execute the keystroke corresponding to the replaced character. An individual typist’s
commitment span can be identified by determining the number of characters in ad-
vance of the keystroke corresponding to a 0.5 probability of typing the replaced character.
Results from several studies indicate that typists averaging about 60 words per minute
have commitment spans ranging from about 2.8 to 3.0 characters.

FIGURE 4 summarizes the results from these two procedures. This manner of
representing the results clearly suggests that skilled typists do not rely on strict serial
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processing, but are instead beginning to process characters two to three in advance
while executing the keystroke for a given character. Because these early phases of pro-
cessing reflect an intricate coordination of perceptual and cognitive information, this
anticipatory processing phenomenon is another instance in which cognitive factors
influence motor functioning.

I have also examined the effects of age on these measures of anticipatory processing,
but only in samples for which there was no correlation between age and average typing
speed. Despite this equivalence in overall typing performance, the older typists were
considerably slower than the younger typists in the speed of such basic motor processes
as repetitive finger tapping and choice reaction time. Because these measures tend to
be correlated with speed of typing in the general population, the older individuals would
have been expected to be rather slow typists on the basis of their performance on these
tasks. However, it was discovered that there were statistically significant positive corre-
lations between age and both eye-hand span and commitment span, thus suggesting
that the older typists may have compensated for their slower perceptual-motor pro-
cessing capacity by expanding the extent of their anticipatory processing. In other words,
the older typists apparently began and completed the initial phase of their processing
of a character earlier than younger typists and were thus presumably not handicapped
by their generally slower rate of perceptual-motor processing.

As with the speed-accuracy trade-off phenomenon, this anticipatory processing
phenomencn has two implications for research on aging. The first is methodological
and concerns the importance of ensuring that any groups to be compared are equiva-
lent in amount of experience or level of skill. In my typing studies, it was found that
the experienced typists, many of whom were oldcr, seemed to employ larger degrees
of anticipatory processing than the less experienced, and often younger, typists. Be-
cause of this difference in the manner in which the task is performed, levels of basic
capacities may not impose the same type of constraints on performance among indi-
viduals with different amounts of experience. It is therefore very important that studies
of the effects of age on motor functioning involve groups with comparable amounts
of experience in the activities that are to be compared.

The second important implication of the anticipatory processing phenomenon 1s
that it indicates that researchers should be very careful in attempting to extrapolate
from performance on siniple laboratory tasks to prediction of real-world competence.
In many instances, performance on a laboratory-type task may have little relevance
to functioning in naturally occurring activities, despite the apparent face validity of
the tasks. To illustrate, choice reaction time is a valid predictor of typing skill and thus
one would have expected the older individuals in the studies described to be poor typists
because they tended to have slow reaction times. However, the older individuals had
considerable experience as typists and they performed much better than predicted,
apparently because they were relying upon cognitive factors (such as expanded an-
ticipatory processing) as effective compensatory mechanisms. Therefore, if one is in-
terested in evaluating the competence of experienced individuals in a reasonably com-
plex motor activity, the performance observations should derive from that activity and
not solely from simpler tasks that do not allow the operation of experientially medi-
ated compensatory mechanisms.

To summarize, I have discussed two instances in which cognitive factors influence
the level of motor function - one’s cognitive emphasis on speed versus accuracy and
one’s degree of perceptual-cognitive anticipation in sequential activities like transcrip-
tion typing. Both of these are potentially important to researchers interested in motor
functioning because very misleading interpretations of motoric capacity could result
il researchers fail to consider their impact. The evidence suggests that this is particu-
larly true in comparisons involving individuals of different ages.
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DISCUSSION OF THE PAPER

UNIDENTIFIED DiscussanT: Have you looked at using nonsense types of words and,
if you have, would this show some difference in terms of aging? I am wondering about
whether or not the older subjects who are using lots of anticipatory processing are
essentially chunking possibly more than the younger typists?

T. SALTHOUSE (Georgia Institute of Technology, Atlanta, GA): Yes, there are two
ways that we looked at nonsense material. To begin with, we have to take into account
the compensation that oider typists might employ due to their greater familiarity with
the English language, particularly, the sequential dependencies of different letters in
the English language. Thus, we looked at both nonsense typing independent of this
window manipulation and nonsense typing in the context of it. Our first way of doing
this was by taking the same kinds of sentences and simply turning them around, which
is very easy to do on the computer (you just start from the end of the array in memory
and then go backwards; therefore, the people start with the period that ends the sen-
tence and they end with the capital letter that normally begins the sentence). The ad-
vantage of this particular kind cf nonsense typing is that it has the same letters, fre-
quencies, spaces, and so forth, but it is completely devoid of meaning.

Another way, though, is to take randomly generated letters so that equal frequency
is taken out as well. In both of those cases, the eye-hand spans are greatly reduced;
they are shrunken, but you still get this same kind of phenomenon in that the typing
rate slows down as you reduce the number of visible characters.

However, the problem is that we do not really know if that shrinking of the range
is the cause for the age correlations to go down (which, in fact, they do). Thus, I am
answering your question: the correlations between age and these eye-hand spans or
anticipatory phenomena are about 0.5 with normal words, whereas they go down to
about 0.2 or 0.3 with this nonsense material.

Moreover, though, we do not know whether the attenuation and the correlation
are due to the eye-hand span shrinking for everybody. Therefore, the age effects may
not be as noticeable, or people may just not be as sensitive to the frequencies differen-
tially with age.

G. LoveLace: Could you get around that by making the task easier, that is, not
having a typing task just have a few buttons?
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SaLTHOUSE: That is not easier; typing is highly skilled. We did try to do that with
number keys and having numbers up on the screen. Then, instead of working with
the typewriter keypad, they work with a telephone keypad. However, after 20 sessions
of this, the best of our subjects were not even approaching the novice levels of typing.
Therefore, it would take an inordinate number of hours to do this.

LoveLacCE: You talked about the number of items or characters producing smooth
functions when it moves away from normal typing; it breaks off at about five or six
items in advance. Now, to me, there is the magic number seven, plus or minus two,
which again is a chunk kind of thing. I also wonder if talking in terms of items or
characters is to ignore the psychological reality of lexical items; is it five or six because
that is the average word length? Remember, they are working a word in advance.

SaLTHOUSE: Yes. That is a possibility, but I think that there are a number of factors
to argue against it. One is that we still do get these eye-hand spans with nonsense mate-
rial. They are shrunken, but we still get maybe three to five characters instead of four
to six (perhaps a little bit less than that with nonsense material).

The other factor is that when we use very constrained material (such as a study
where we just use four-letter randomly arranged words with no semantic meaning be-
cause they are just randomly scrambled together) we still get eye-hand spans of about
the same length. This argues against the average length of five due to semantic factors
because we are still getting eye-hand spans in this same category. [ also think that there
is a little bit of contribution from the familiarity of meaningful units of words and
the fact that they are picking those up in a glance. However, we still get the eye-hand
spans with both nonsense material and with words constrained in length of shorter
than average length.

A. T. WELFORD (Aldeburgh, Suffolk, England ): In rapid repetitive movements,
usually the dominant hand is a little bit faster than the nondominant hand. Have vou
separated in terms of your analysis as to which hand is being used and is there a differ-
ence in this situation?

SALTHOUSE: In typing, they are obviously using both hands. In the tapping that
[ used as one of the controls to see what the basic perceptual motor processes were,
they either used one hand repetitively (which [ balanced across left and right) or theyv
used both hands in alternation. Exactly which one did you want to partial out?

WELFORD: My question is more in relation to those letters that are typed with the
right hand and those letters that are typed with the left hand. Can one break up the
anticipatory processing time and is it the same?

SartHOUSE: Typing is very dependent upon hand alternation. Keystrokes are much.
much faster if they were preceded by a keystroke on the opposite hand, presumably
because there is more actual physical preparation for that next keystroke. Because of
factors like this one, I did not try to partial it out.

WELFORD: Presumably, then, alternating fingers are quicker than one finger used
repetitively.

SaLTHOUSE: That is also true, but that varies with skill levels, as does this alterna-
tion effect.
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Two ditferent types of motor abilities are critical for motor coordination at any stage
in life. These can be considered under the categories of voluntary movement control
(e.g., abilities like eye-hand coordination) and automatic balance control or postural
adjustments. Until recently, most of the motor control research on aging has focused
on voluntary control skills. However, it is important to realize that the efficient execu-
tion of a voluntary movement requires either the prior or simultaneous activation of
an appropriate postural set, which is the foundation for accurate movement control,* ?
Many studies on the control of movements in mammals have preseiit~d evidence to
indicate that voluntary movements and postural adjustments are activated ty the same
central command system.® In addition, studies on gait disorders in older adults con-
clude that deterioration of mechanisms underlying balance control is a primary con-
tributor to gait dysfunction.** Recent work on humans has also shown that the ab-
sence of advance (feed-forward) activation of postural muscles before making a
voluntary movement is a problem seen in some varieties of neurological disorders.” ™
It thus might be predicted that deterioration of the postural control system with aging
would influence the speed and accuracy of execution of voluntary movement as well.

The following discussion will focus on age-related changes in motor performance
in two areas: (1) characteristics of motor control in the postural svstem itselt and (2)
characteristics of the interactions between the postural and voluntary control systems
during the execution of voluntary movements, We will give evidence to indicate that
postural muscle response latencies are significantly longer in the aging adult (com-
pared to the young one) when these responses are activated by external threats to bal-
ance. We will also discuss the contribution of visual, proprioceptive, and vestibular
system deterioration to changes in balance control with age. In addition, we will show
that the feed-forward activation of postural responses before a voluntary movement
slows with age. However, this slowing in the activation of postural muscles is smaller
than the slowing in the subsequent activation of voluntary responses.

“ This rescarch was supported by PHS Grant No. AGO S317-02 from the National Instuute
on Aging.

42

_



WOOLLACOTT et al: RESPONSE PREPARATION & POSTURE CONTROL 43

BALANCE CONTROL

Early behavioral research on age-related changes in postural control has demon-
strated significantly larger amplitudes of body sway during quiet stance both in chil-
dren (6-14 years) and in older adults (60-80 years) when compared to young adults
(16-59 years).> ' In order to explore changes in the characteristics of neuromuscular
responses that might underlie this increased sway in the clder adult, recent studies
have examined balance control in a laboratory task similar to that of balancing in
a moving bus or ship, or walking on a slippery surface. [n order to replicate this type
of environmental condition, the position of a movable platform on which the person
stood was momentarily shifted in either the anterior or posterior direction, or rota-
tionally, about the axis of the ankle joints. The muscle responses that were subsequently
activated and that restored the subject’s center of gravity to normal were measured
with surface electromyograms (EMGs) that had been rectified and filtered. The char-
acteristics of timing, amplitude, and organization of responses of muscles in the upper
and lower legs [gastrocnemius (G), tibialis anterior (TA), hamstrings (H), and quad-
riceps (Q)] were compared in healthy older (62-78 years) and younger (19-38 vears)
adults.''™"

In order to explore the relative contribution of visual, proprioceptive, and vestibular
inputs to the control of balance in both older and younger adults, the sensory infor-
mation available to the subject was also varied. In order to reduce sway-related propri-
oceptive information available from the ankle joint and foot, the ankle joint was kept
at a constant angle of 90° by rotating the platform around the ankle joint axis in direct
proportion to body sway. Visual information available to the subject was manipulated
by the use of a visual enclosure that also rotated in direct proportion to body sway.
Trials under these conditions were compared to those with eyes open and eyes closed.
When both sway-related proprioceptive information was eliminated by keeping the
ankle at a constant 90° angle and visual feedback was eliminated with eyes closed,
vestibular inputs were assumed to be the dominant inputs controlling posture.

In young adults, it has been shown that unexpected anterior or posterior platform
movements cause body sway principally at the ankle joint and that the subscquent
stretch of the ankle muscles elicits contractions in the leg that return the center of
mass to its normal position. These responses are stereotypically organized into muscle
response synergies, with the stretched muscles in the lower leg normally showing acti-
vation at about 100 ms, which is followed by the activation of responses in the upper
leg (10-20 ms later) on the same side of the body.'*'* For example, in one study (using
ten young adults), when the platform moved forward and the subject swayed back-
ward, responses were activated in TA and Q at 97 + 13 ms and 118 + 17 ms, respec-
tively."?

Recent studies on postural response characteristics in older adults show significant
differences in certain parameters of these postural responses: (1) a small, but signifi-
cant increase in the latency of responses in the ankle joint musculature, (2) occasional
disruption in the temporal sequencing of the distal and proximal muscles in certain
older adults (5 of 12 adults in one study),'? (3) increased cocontraction of antagonist
muscles, and (4) increased variability in contraction amplitude of proximal and distal
muscles within a postural response synergy.

When the response latencies of the two age groups were compared for platform
movements causing posterior sway, tibialis anterior response latencies were significantly
longer (p < 0.05) in the older adult group. Latencies were 102 + 6 ms and 109 *
9 m, respectively, for the young and older adult groups. However, due to a large inter-
subject variability in the older adult group, this difference was not observed for the
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upper leg. When the responses of individual older adults were examined, two clearly
distinguishable response patterns were noted for the distal-proximal muscle response
synergy. Seven of the 12 older adults who participated in the study showed a normal
temporal response pattern, even though the quadriceps muscle was activated very late
(154 + 15 ms). However, 5 of the older adults showed a reversal of the distal-proximal
muscle response sequencing in 10 of the 20 trials, with the proximal quadriceps muscle
activated at 101 + 9 ms, which is in advance of the tibialis anterior (109 + 9 ms).

In young adults, the absolute amplitude of contraction of muscles varies from trial
to trial. However, within a synergic grouping, the proximal and distal muscle response
amplitudes remain relatively constant with respect to each other.**!” In order to deter-
mine if any change occurred in this synergistic amplitude coupling in older adults,
the correlations between the amplitudes of tibialis and quadriceps muscle responses
(evoked by platform translations causing posterior sway) were calculated and com-
pared for the two age groups. Significant differences (p < 0.001) were observed be-
tween correlations in the two groups: correlations between 0.82 and 1.0 were seen in
all the young adults tested, whereas the older adults showed correlations ranging from
a low of 0.12 to a high of 0.86. The amplitude correlation of only one of the older
subjects fell within the range for the young adults.'?

In order to explore the possibility that aging causes changes in the relative contri-
butions of visual, vestibular, and somatosensory inputs and in the ability to rapidly
adapt the relative weighting of these inputs to changing environmental conditions, ex-
periments were performed that measured body sway during 10 seconds of stance under
the following sensory conditions: (1) somatosensory ankle joint inputs and visual inputs
normal (SnVn), (2) somatosensory ankle joint inputs normal and eyes closed (SnVc),
(3) relevant ankle joint inputs minimized by rotating the platform in direct relation-
ship to body sway, but vision normal (SsVn), (4) somatosensory ankle joint inputs
normal, but relevant visual inputs minimized by rotating a visual enclosure surrounding
the subject in direct relationship to body sway (SnVs), (5) both relevant ankle joint
and visual inputs minimized by rotating both platform and visual enclosure in direct
relation to body sway (SsVs), and (6) relevant ankle joint inputs minimized by plat-
form rotation and eyes closed (SsVc).

In response to the first four conditions, the sway of the older adults was slightly,
but nonsignificantly increased in comparison to the younger adults, and sway was well
within the limits of stability. This observation is in accordance with the minimal in-
crease in latency of somatosensory-mediated postural adjustments mentioned above.
However, the sway of the older adult group deteriorated proportionately more than
the younger adults when both the support surface and the visual enclosure were ro-
tated to eliminate relevant ankle and visual inputs or when ankle joint inputs were
eliminated with eyes closed. Two of the 12 older adults became unstable and lost their
balance under SsVs conditions, while 6 of the 12 older adults lost balance under SsVc
conditions. However, on subsequent trials, only one older adult continued to exceed
the limits of stability. All others adapted the initial responses sufficiently to maintain
balance. No individual in the younger adult group lost balance under any of the condi-
tions tested.'?

There is physiological evidence to suggest that primary vestibular functions are
impaired in the older adult.'®*® The inability of 6 of the 12 older adults to stand using
primarily vesiibular orientation inputs (i.e., with eyes closed and the platform rotated
to keep the ankle at 90°) may be indicative of impaired peripheral vestibular function
or central integrative processes in the aging adult.
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VISION AND POSTURE CONTROL

Previous research on the effects of aging on the visual system show that neural
circuits activated by stimuli in the peripheral visual field lose sensitivity with age.'® **
Peripheral vision is also hypothesized to be important in balance control and locomo-
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FIGURE 1. Comparison of the frequency of occurrence of postural muscle responses in voung
(Y) versus older (O) adults for platform movements causing anterior sway. The numbers 0-3
represent the number of trials in which a response was activated out of a total of three trials.
Part A shows the frequency of response occurrence in the agonist muscles for the two age groups.
Part B shows the frequency of response occurrence in the antagonist muscles.
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tion.?" In order to determine whether there are differential effects of aging »n different
parts of the visual system controlling posture, a second study was perfornied in which
available visual inputs to the subjects were manipulated by the use of special goggles
that limited vision to either (1) central vision only, (2) peripheral vision only, or (3)
visual feedback unrelated to body sway (translucent goggles were worn). Trials under
these conditions were compared to those with eyes open (with full visual information)
and eyes closed. Young adults (mean age of 24 years; n = [3) and older adults (mean
age of 69 years; n = 13) were tested with the same anterior or posterior platform mose-
ments as described above. When comparing the latencies of postural responses of the
leg muscles in the two groups, we found no significant differences between the younge:
and older adults under any of the individual visual conditions, including peripheral
vision. However, when we combined visu:il coaditions, we once again found signifi-
cantly longer postural responses in the older adults compared to the younger adults
for the tibialis anterior in posterior sway ( p < 0.024). In add.tion, we noted that the
aging subjects showed a significant increase in postural responses in the antagonist
leg muscles when compared to the young adults. Whereas agonist muscles in a postural
response synergy were activated with almost equal freauency in old and voung adults
(62% of the voung subjects showed responses on every trial, while 70% of the older
subjects showed responses on every trial), antagonist muscles were activated much more
often in the older adult than in the voung adult (46%%0 of the older adults showed an-
tagonist activity on every trial for forward sway perturbations, while only 22% of voung
adults showed this activity). FIGURE 1 represents this comparison oi the activation fre-
quencies of both the agonist and antagonist muscles for the two age groups tor plat-
form movements causing anterior sway.

When we compared the losses of balance of the two age groups under the different
visual conditions, we found that, overall, 15% of the subjects in the aging adult group
had more than three losses of balance in 60 trials, whereas none of the vounger sub-
jects had lost balance more than three times. In addition, *vhen we compared losses
of balance across visual conditions, we found that the older adults lost batance most
often with eves closed (24%o of the time) and with central vision only (38% of the
time). whereas the younger subjects lost balance equally across visual conditions. This
suggests that older adults rely more on peripheral vision than yvoung adults, and its
absence leads to a greater number of talls.

[n this study, there was also a strong correlation between the subjects that presented
the stronger deficits on a neurological exam (conducted prior to the postural tests)
and the number of times that balance was lost. If the 2 subjects (out of 12} with shight
sensory or motor deficits (diagnosed by the neurologist as clumsiness and slight re-
sidual hemiparesis) were not included in our data analysis, our old and voung popula-
tions would have shown much smaller differences in the nmber of falls and in postural
muscle response latencies.

POSTURAL-VOLUNTARY INTERACTIONS
AND RESPONSE PREPARATION

Studies of voluntary reaction time show a stowing of fast reacticn time movemnents
with age.?' Because postural stability has also been shown to deteriorate, and because
these systems have been shown to be linked together via a com noa command pathway,’
it could be hypothesized that slowing of reaction times in the : .nding adult for volun-
tary responses and postural responses are correlated, and that both are linked to un-
derlying changes in the ability of the older adult to adequately prepare postural con-
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trol systems for movement. In order to determine if the postural control system
deterioration is linked to a slowing in voluntary response time, the following experi-
ments were performed. Two groups of subjects —a young adult group (mean age =
26 + 3;n = 15) and an older adult group (mean age = 71 =4; n = [5)— were asked
to make reaction time arm movements consisting of a push or a pull on a handle placed
in front of them at chest height, while they stood on a platform. Surface EMQ re-
sponses were recorded from the biceps (B) and triceps (Tr) muscles of the arm, in addi-
tion to the muscles ot the leg (G, TA, H, and Q). Two light-emitting diodes (LEDx)
were located on the wall in front of the subject. The illumination of the upper LED
indicated a handle push would be required, while the illumination of the lower LED
indicated that a handle pull would be required. The trials were triggered with a warning
signal that consisted of the illumination (200 ms) of either the upper or lower LED
[simple reaction time (SRT) task] or the simultaneous illumination ot both LEDs [com-
plex reaction time (CRT) task], which instructed (or did not instruct) the subject in
advance about the direction of the arm movement to be performed. The warning signal
started a preparatory period ot 600 ms. At the end of the preparation period, illumina-
tion of one of the LEDs (200 ms), as a response signal, triggered the movement in
the corresponding direction (push: upper LED: pull: lower LED). In a series of 20
trials, there were 5 randomly distributed trials for each of the four conditions: push
SRT, pull SRT, push CRT, and pull CRT.

Earlier studies on young adults?? have indicated that the gastrocnemius muscle in
the leg is activated consistently before the biceps muscle in the arm when a subject
15 asked to pull on a handle while standing. Likewise, the tibialis anterior of the leg
is activated consistently before the triceps of the arm when a subject is asked to push
on a handle while standing. The activation of the gastrocnemius muscle serves 10 com-
pensate in advance for the change in the center of gravity caused by the handle pull.
Response latencies ot G and B show means of 190 + 45 ms and 260 + 97 ms, respec-
tively, in young adults making simple reaction time arm movements consisting of a
handle pull. Those of TA and Tr show latencies of 161 + 35 ms and 248 + 90 ms,
respectively, for movements consisting ot a handle push. When we compared the re-
sponse of old and voung adults for these two movements, we found an increase in
the onset latency of postural muscles for the older adult group (G: 217 + 62 ms for
pull; TA: 234 + 76 mis for push). Thus, there were increases in postural response laten-
cies in older adults of 27 ms for G (nonsignificant) and 73 my for TA (significant:
p < 0.047) for simple reaction time tasks. These data show an interesting bias in aging
cttects on the tlexor (TA) versus the extensor (Gy muscles of the ankle for these postural
adjustments associated with arm movements. This is similar 1o the aging eftect that
we noticed for postural responses to external threats to balance, in which TA also shows
greater response Jatency increases than G. We also tound large increases in the laten-
cies of the older group for activation of the prime mover muscies of the arm (B: 378
+ 133 ms; Tr: 372 + 135 ms) (see FIGURES 2 and 3). The concomitant increases in
latencies for the prime mover muscles in the older adults for the respective push and
pull tasks were 118 ms for B (signiticant: p < 0.000) and [24 m< for Tr (significant:
p < 0.001).

When we compared the differences in onset times between the postural and volun-
tary (prime mover) muscles of the voung and older adults, we noticed an additional
increasc in voluntary response slowing in the older adult that was bevond what was
due to slowing of the activation of postural responses. Thus, for voung adults, difter-
ences between B and G onset latencies were 70 ms, while for older adults, they were
161 ms, for pull tnals. For push trials, Tr-TA latency differences were 87 mis for the
voung and 138 ms for the older adult groups, respectively.




48 ANNALS NEW YORK ACADEMY OF SCIENCES

PULL SIMPLE PULL COMPLEX “
4
600
500 r i
-
£ ]
> 400J
(8]
z
z i
w
A |
-
300+
.
- E |
200 4
. I
4 l l 5 |
0 yowun old young old young old young oid
GASTROC BICEPS GASTROC BICEPS

FIGURE 2. Comparison of the onset latencies of postural and voluntary muscle responses in
young versus older standing adults for simple and complex reaction time movements consisting
of a handle pull.
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FIGURE 3. Comparison of the onset latencies of postural and voluntary muscle responses in
young versus older standing adults for simple and complex reaction time movements consisting
of a handle push.
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For the complex reaction time task, we noticed additional increases in the onset
latencies of both postural and voluntary muscles in the older versus younger adults
(see FIGURES 2 and 3). For pull trials, the young adults showed latencies of 269 +
44 ms for G and 371 + 119 ms for B, while the older adults showed latencies of 33!
+ 78 ms and 543 + 148 ms for G and B, respectively. For push CRT trials, the younger
group showed latencies of 246 + 36 ms for TA and 344 + 104 ms for Tr, while the
older adults showed latencies of 316 + 76 ms and 497 + 141 ms for TA and Tr, respec-
tively. Latency differences for the young versus old groups were highly significant for
both postural (G: p < 0.005; TA; p <0.021) and voluntary (B: p < 0.001; Tr: p < 0.0001)
muscles. However, as in the SRT task, the onset latencies of the voluntary muscles
were slowed to a greater degree than those of the postural muscles.

This suggests that the voluntary control system may be affected to a slightly greater
degree than the postural control system during aging. It also implies that deterioration
of the speed of activation of the postural control system is not the only factor that
limits the speed of voluntary movement onset. It is possible that deterioration of inde-
pendent preparatory processes within the voluntary control system are an additional
cause of slowing in reaction time movements. These results are somewhat different
than those that were found by Mankovskii et a/.?* when they studied postural prepara-
tion for voluntary movements in both young (10-29 years), old (60-69 years), and ex-
tremely old (90-99 vears) adults. They used a paradigm in which they asked the sub-
Jects to voluntarily raise one leg as quickly as possible, by flexion at the knee, in response
to the illumination of a lamp. They recorded EMGs from muscles in both the postural
{support) leg (Q) and the raised leg (H) (the prime mover). They found a slowing in
the postural and voluntary response latencies when comparing their young and old
adult groups. In the extremely old adult group, subjects were unable to activate postural
muscles sufficiently in advance of the prime mover to keep from losing balance in
many of the trials. Instead of showing feed-forward activation of postural muscles,
the postural and voluntary muscles were activated almost simultaneously when the
extremely old subjects were asked to move as quickly as possible. The differences in
the results of our studies and those of Mankovskii and his colleagues may lie either
in the experimental paradigm or in the age of the subjects involved in the study. It
is possible that the link between the postural control system and the prime movers
is different for responses originating totally within the lower limbs than for responses
that consist of interactions between the upper and lower limbs.

Alternatively, it is possible that the extent of neurological dysfunction present in
the old versus the very old would be significant if it were to be quantified. Mankovskii
and his colleagues do not indicate results of neurological examinations ot his two older
age groups, so it is unclear to what extent each of the groups may have been affected
by subclinical sensory or motor problems.

SUMMARY AND CONCLUSIONS

Experiments comparing the characteristics of neuromuscular responses underlying
balance control in young and old adults have shown a number of differences between
the two populations. Postural muscle response latencies of the ankle musculature acti-
vated by external threats to balance are slightly, but significantly, longer in the latter
population. In addition, some aging subjects show a temporal reversal of proximal
and distal muscle response onset in some trials. There is also a breakdown of the corre-
lation of the amplitude of the muscle responses within a synergy in some of the older
subjects tested. Older adults also exhibited cocontraction of agonist and antagonist
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muscles within a response synergy to a greater extent than young adults. This stiffening
of the joints by antagonist cocontraction could be a compensation for the lack of the
ability to fine-tune the postural responses to the same degree as the young adults.

Analysis of sensory integration abilities showed an impairment in balance control
under conditions of reduced or conflicting sensory information. When they were given
inappropriate visual and somatosensory inputs, half of the older adults lost balance
on the first trial. In most instances, however, the older adults were able to maintain
balance during a second trial consisting of the same sensory stimuli.

When visual cues were reduced by restricting the visual field to either central or
peripheral visual cues, we found no difference in postural muscle response latencies.
However, the aging adult group showed more losses of balance than the younger group
with peripheral vision removed or with eyes closed. In addition, there was a strong
correlation between the subjects that showed stronger deficits on an initial neurolog-
ical exam and the number of times that balance was lost.

Studies on changes in the linkage between postural and voluntary muscle interac-
tions during voluntary arm movements in older adults indicate an increase in the latency
of feed-forward activation of postural muscles. However, voluntary muscle response
onset latencies show greater increases in the old compared to the young. This suggests
that deterioration of the speed of activation of the postural control system is not the
only factor that limits the speed of voluntary movement onset. Measurements have
not yet been made on the amplitude regulation of feed-forward responses of postural
muscles during a voluntary task. It may be that the regulation of the speed of activa-
tion of the two systems is less important than the fine tuning of the correlation of
appropriate response amplitudes between the two systems. We are currently in the pro-
cess of analyzing the correlation between the amplitudes of postural and voluntary
muscle responses during this task.
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DISCUSSION OF THE PAPER

UNIDENTIFIED DIscUSSANT: Is there any evidence from the autopsy studies of de-
terioration in the vestibular system (especially, for example, hair cells in the macula
or the canals) with age?

M. WooLLacort (University of Oregon, Eugene, OR): Yes, there have been a number
of studies where they have found that there is a significant decrease. In fact, it may
be up to about 40% in hair cells in autopsy subjects that were in their 70s or 80s.

G. S. RotH (NIA, Baltimore, MD): In addition to the vestibular svstem, | want
to make a connection between the presentations of today and those that are going
to come tomorrow because it will be a bit more biochemical. Could you possibly trace
this back to a primary cause (or causes) in the nigrostriatal system? Have you thought
about it in that way?

WooLLacorT: | certainly have not. I do not know anything about vestibular pathways
into the nigrostriatal system.

RotH: How about apart from the vestibular system? Do you think the vestibular
system is really the central defect?

WooLLacorT: No, I do not. You cannot take away vestibular inputs from humans
without putting them into space, so all I know is what happens when only vestibular
inputs remain. If we had taken away vestibular and visual inputs and had only
somatosensory cues, we still might have seen exactly the same number of falls.

E. Hue (Mount Sinai Hospital, New York, NY ). Would you say that the ankle
joint is the most important proprioceptive receptor in standing and walking?
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Woorracort: That is what a number of studies that have been done in L. Nashner’s
lab in Portland seem to indicate. Out of all the joints that are involved in postural
control, ankle joints appear to be the most important, though this may vary from one
subject to another. In fact, Nashner has shown recently that if you take away a wide
base of support and give the subjects a very narrow base of support, they begin to
start using information more from their hip joint. Thus, they actually start shifting
their weight at the hip instead of at the ankle.

Hug: There are two things that [ would like to point out as a clinician. First, there
are a substantial number of older people who are bilateral amputees (usually the ones
who are going to be walkers are below the knee) and they have been very successful
in learning to walk with bilateral prostheses. Of course, they would have absolutely
no proprioceptive information from anything below the knee.

The other thing is that there was a study done at Mount Sinai Hospital about 15
years ago by Dujong where they anesthetized cervical spine and found that younger
volunteers became ataxic. Thus, I do not know if the ankle is the most important joint
because peopie do walk without ankle joints and without any information from them.

WooLLACOTT: You are very right. A person can adapt very quickly to losses of in-
formation from one area versus another and I have read articles about amputees being
able to balance. Therefore, they can shift with experience to using another sensory
system; of course, they always have vision and vestibular input relevant and available
to them, so people use those when they need to.

One further thing that [ would like to mention is that we did have a neurologist,
Oscar Marin, look at all of our aging subjects before we did the exams on them. In-
terestingly, he noticed that 2 out of our 13 subjects had problems that were somewhat
greater than the others. One had an inordinate amount of clumsiness in motor coordi-
nation, while the second one had slight residual hemiparesis from an accident that
occurred long ago. Now, those were the subjects that showed the most significant differ-
ences from our young adults. If we had taken those subjects out of our population,
we would have found that the older and the young adults would not have been signifi-
cantly different. Therefore, when doing studies on aging, we should have a neurologist
examine the subjects because that can tell us much more about the problems that are
contributing to the loss of movement coordination.

A. CaIp (Mount Sinai Hospital, New York, NY): You seem to have corroborated
Lee and Lishman’s work back in the 70s that vestibular input is much less important
than proprioceptive and visual input in the control of postural sway. They certainly
did not have as much sophisticated equipment as you had. However, did you look
at anticipatory motor activity in the lower extremities and how that might facilitate
or inhibit motor activity after the perturbation?

WooLrLAcorT: Would you clarify that question? What do you mean by anticipatory
activity? Do you mean that they knew in advance that there was going to be a pertur-
bation?

CaIp: Even if they did not know that there was going to be a perturbation, I still
want to know their standing in the instrumentation and what activity might be present
at baseline and in the old versus the young. Furthermore, 1 want to know how that
might facilitate or inhibit the future activity of the muscle.

WooLracort: That is a good point. We did give them certain trials where they had
the same platform perturbation over and over again and we did not find that there
was a specific increase in tonic background activity level of one particular muscle group.
Therefore, it did not appear to be that they were somehow learning and adapting back-
ground activity levels in advance. However, 1 do not know if that was specifically what
you meant by responding in advance. They did not know when the platform was going
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to actually move, so all they could do was increase background activity levels in all
muscles to compensate.

CaIp: There have been some studies where the individuals have been instructed
that there will be a perturbation and then the anticipatory movements (and how they
facilitate) were observed. Is that same type of activity present even without knowledge
of the timing of the perturbation?

WooLLacorT: | have done one study with young adults where we gave them a tone
in advance of the postural perturbation (high tore meaning move one way, low tone
meaning move another way). We found that they were able to shorten their posture
responses by up to about ten milliseconds, but no more than that when they knew
in advance which direction it was moving.
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An actor playing an aged person relies extensively upon the stereotypic changes in motor
function that are usually considered to accompany aging. Foremost among these is
the slowness and hesitancy of movement that characterizes the motor behavior of verv
elderly individuals. Other features that are often included are a stooped posture, shuf-
fling gait, tremor, and diminution of associated movements and facial expression. The
similarities between this stereotype of motor function in the elderly and Parkinson's
disease have encouraged the view that Parkinson's disease may represent a form of
premature or accelerated brain aging.'?

Despite common acceptance of the stereotype of motor impairment in the aged.
systematic studies of motor function in the elderly have been few, and the degree to
which positive extrapyramidal motor signs (such as rigidity) occur is not well
documented. In this paper, the similarities and differences between motor signs in Par-
kinson’s disease and normal aging are explored. In addition, the role of levodopa therapy
in slowing the progression ot Parkinson’s disease is considered in relation to degenera-
tive processes that occur in the dopaminergic system during normal aging.

PATHOLOGICAL AND NEUROCHEMICAL SIMILARITIES
BETWEEN PARKINSON'S DISEASE AND
NORMAL BRAIN AGING

Although several different brain lesions have been identified in Parkinson’s dis-
ease, it is widely believed that the major pathological lesion responsible for the charac-
teristic motor signs in this disease is damage to or loss of cells in the substantia nigra,
pars compacta.** This nucleus, located in the mesencephalon and caudal diencephalon,
is the source of the ascending dopaminergic pathway to the striatum. A strong correla-
tion between loss of cells in the substantia nigra and decreased concentration of dopa-
mine in the striatum has been demonstrated.’ However, the severity of individual motor
signs is not well correlated with dopamine levels in the striatum, with the exception
of akinesia, which is associated with lower levels of dopamine in both the caudate
and putamen.®

Morphological®* and biociiemical® * ® studies of brains from persons without neu-
rologic disease demonstrate a progressive decline in the dopaminergic system with in-
creasing age. For example, from birth through age 75, the number of cells in the sub-
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Stantia nigra, pars compacta declines from about 400,000 to less than 200,000. However,
the degree of cell loss is not as severe as in Parkinson’s disease, where cell counts may
range from 60,000 to 120,000.* Extrapolation of the regression line for normal, age-
related cell loss in the substantia nigra suggests that the degree of neuronal loss re-
quired for manifestation of the clinical syndrome of parkinsonism would not be reached
until well over age 100.

Biochemical studies demonstrate an age-related reduction in the caudate and
putamen of the activity of tyrosine hydroxylase (the rate-limiting enzyme for synthesis
of dopamine),? as well as a reduction of dopamine in the caudate nucleus*® and in the
putamen.® [n each of these cases, the decline follows an exponential pattern, with the
greatest reduction occurring at younger ages. Comparisons of dopamine loss in normal
controls and in Parkinson patients have demonstrated a higher rate of loss in patients
than in normal subjects. Whereas dopamine in the caudate nucleus was found to de-
cline at an average rate of 12.9% per decade in controls, the rate of loss in Parkinson
patients varied from 23.3% to 46.55% per decade.®

Studies of D2 dopaminergic receptors using positron emission tomography in healthy
living subjects have demonstrated a decline in labeled methylspiperone binding with
age.” These findings are consistent with the age-related declines in D2 receptors
documented previously in autopsy material from both animals and humans.®-*®

The fact that both neurologically normal controls and Parkinson patients show
progressive degeneration of the dopaminergic system with increasing age pointsto a
quantitative (rather than a qualitative) difference between Parkinson’s disease and
normal brain aging. If the motor signs of Parkinson’s disease were related solely to
the decline in dopaminergic function, one might expect to see a higher rate of occur-
rence of extrapyramidal motor signs with increased age.

EXTRAPYRAMIDAL MOTOR SIGNS IN NORMAL AGING

Systematic studies of motor signs in normal aging have been few. Based on his
clinical experience, Critchley'' suggested that extrapyramidal motor signs (including
flexed posture, muscular rigidity, general poverty of movement, loss of associated move-
ments, slowness, masked facial expression, and infrequent blinking) are very common
in old age. However, he did not regard tremor as a common feature of this stereotype.
Kokman et al.'? examined 51 socially active normal subjects from 61 to 84 years of
age and found no increase of abnormal gait, posture, or muscle tone. Such findings
were also rare in the study of Greenhouse e al.,'* who examined 64 persons between
60 and 88. Potvin et al.'* utilized a machine-based neurological battery to examine
the associations of tremor, movement speed, and age in 61 males between 20 and 80.
They found no significant difference in arm or hand resting tremor, but they did docu-
ment marked declines in movement speed across the six decades of life.

We studied 74 generally healthy persons aged 45 to 85 with a battery of machine-
administered tests used to evaluate extrapyramidal motor signs in patients with Par-
kinson’s disease.'® The measurement techniques have been described in detail in previous
publications.'* !¢ Briefly, rigidity is measured using a servo-controlled device that ro-
tates the forearm in a horizontal plane through an arc of 100 degrees at a constant
speed of 20 degrees per second. While the arm is being rotated, we measure the torque
with which the patient resists or assists the motion and integrate it over five flexion-
extension cycles to obtain a measure of total work. This measure is our index of the
severity of rigidity. Rigidity measurements are obtained for each arm under two
conditions — with the patient instructed to relax and let his arm be passively rotated
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(resting rigidity), and while the patient performs a pursuit tracking task with the op-
posite arm (activated rigidity). In most normal subjects and in those with mild Par-
kinson’s disease, resting rigidity values are commonly negative (because subjects or
patients assist the motion), thus producing negative work.

We quantify tremor in two different ways. Arm tremor is measured by integrating
the rectified envelope of alternating torque about the elbow joint during a 100-second
period while the patient maintains a fixed arm position. To provide a standard level
of activation, patients are asked to count backwards by twos from 100 during this pro-
cedure. We also measure finger tremor with a two-dimensional miniature accelerom-
eter attached to the index finger of the right or feft hand. This is done under three
different conditions: at rest, while maintaining a posture, and during intentional finger-
10-nose movement.

Bradykinesia or slowness of movement is assessed with three measures. For the
first (pursuit score), the patient holds a photodetector in his outstretched hand and
attempts to cover a bright dot that appears on a CRT screen located in front of him.
As soon as he covers the dot, it jumps to a new unpredictable location and he must
then cover the dot again. We count the number of times that the patient catches the
dot in 50 seconds.

A second measure of upper-limb bradykinesia (pronation/supination rate) assesses
the average total number of degrees swept out by repetitive pronation-supination move-
ments of the forearm during three consecutive 10-second periods separated by 10-second
rests. This measurement is made while the patient grasps a handle attached to an an-
gular displacement transducer. To encourage maximum effort, the patient can mon-
itor his performance on a meter, which reads out a value proportional to the average
rate of pronation and supination.

The last measure of bradykinesia is the walk impairment index, which is obtained
by multiplying the number of seconds taken to walk 30 feet by the number of steps
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FIGURE 1. Linear regressions of right-sided resting rigidity on age for 74 normal subjects (left
panel) and 60 Parkinson patients (right panel). No significant difference was found on any mea-
sure between left and right arms. Therefore, in this and all subsequent figures involving measures
collected for both arms, data only for the right arm are presented. The dashed line in the right
panel corresponds to the regression line for normal subjects in the left panel. (Reprinted with
permission from Mortimer and Webster.'*)
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FIGURE 2. Lincar regressions of activated rigidity on age for normal subjects and Parkinson
patients. Conventions are the same as those in FIGURE 1 {(Reprinted with permission from Mor-
timer and Webster.')
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TABLE 1. Correlations of Positive Motor Signs with Age in Normal Subjects

Sign Correlation Coefficient
Resting rigidity 0.067
Activated rigidity - 0.090
Forearm (remor 0.197
Resting finger tremor 0.136
Postural finger tremor 0.209
Intention finger tremor 0.099

taken with the right foot. As the disease progresses and patients take shorter or slower
steps, the walk index increases in value.

FIGURE | and 2 present data on right-sided resting and activated rigidity from 74
normal subjects and 60 patients with idiopathic Parkinson’s disease. As shown in the
left panel of FIGURE 1, resting rigidity did a0t increase with age in normal subjects.
It is interesting to observe that in the Parkinson patients (FIGURE 1, right panel), there
was also no increase in resting rigidity with age, which is what one might expect if
this were a motor sign that became more severe as a consequence of age-related changes
in the brain. Indeed, what was observed is a decrease in resting rigidity in Parkinson
patients with increasing age. This decrease is unlikely to be due to a progressive de-
crease in rigidity within individual subjects during the disease course. There was, for
example, no significant association between rigidity and disease duration (FIGURE 3).

In previous studies, we have found that activated rigidity is one of the earliest and
most sensitive motor signs of Parkinson’s disease.'” '* The release of rigidity when a
patient is distracted by performance of a motor task with the opposite arm is a
phenomenon that is well known to clinicians. Therefore, it might be predicted that
if aging were associated with extrapvramidal motor impairment. then increases in acti-
vated rigidity might be one of the first signs to be seen. However, as FIGURE 2 shows,
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FIGURE 5. Linear regressions of walk impairment index on age for normal subjects and Par-
kinson patients. Conventions are the same as those in FIGURE 1. (Reprinted with permission from
Mortimer and Webster.**)

there was no age trend in activated rigidity for either normal subjects or for patients
with Parkinson's disease.

TaBLE 1 summarizes the age correlations within normal subjects for the positive
motor signs of Parkinson’s disease, namely, rigidity and tremor. There were no signiti-
cant correlations between age and these positive motor signs.

FIGURE 4 shows the relationship between pursuit score and age when the task was
carried out with the right arm. A strong negative correlation between age and max-
imum motor speed as assessed by this variable is evident. While the scatter of points
is greater among Parkinson patients, it is interesting to observe that the slopes of the
regression lines for normals and Parkinson patients are virtually identical, thus sug-
gesting that the effects of age and disease may be additive.

The walk impairment index (FIGURE 5) increases linearly in the normal subjects,
thus demonstrating progressive slowing of locomotion with increased age. Although
there is a significant age trend in the Parkinson patients on this variable, the scatter
of points is greater; in addition, there appear to be two groups—a group clustered
around the normal control regression line and a group with considerably higher values
on the walk index —indicating greater impairment.

TaBLE 2 summarizes correlations with age in four motor performance tasks. For
all of these tasks, there is a significant decrease in performance with increasing age.

TABLE 2. Correlations of Motor Performance Measures with Age in Normal Subjects

Measure Correlation Coefficient
Pursuit score - 0.542¢
Pronation-su ination rate - 0.423¢
Maximum index-finger tapping rate ~0.2360
Walk impairment index 0.509¢
4 p<0.01.
bp <0.05.
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It is interesting to observe that those movements involving primarily proximal mus-
culature, such as walking and whole-arm reaching movements in the pursuit task, showed
the greatest declines with age, while those movements involving more distal muscula-
ture, such as index-tinger tapping rates, declined less with age.

EFFECTS OF LEVODOPA ON THE RATE OF
DECLINE OF MOTOR SPEED

The initial prediction that levodopa would halt or slow the progression ot Pa -
kinson's disease'® has generally been replaced by the view that [evodopa has only a
symptomatic effect and does not influence the rate of progression of the underlving
disease and its motor signs.?? ?* Recently, the possibility that levodopa may both pro-
vide symptomatic reliet and slow disease progression has been raised again in associa-
tion with new data on the long-term course of this disease.?? **

Since 1962, all patients in our Parkinson’'s disease clinic have been evaluated on
each visit with the battery of machine tests described above. These evaluations provide
longitudinal data on the course of Parkinson’s disease prior to the availability of
levodopa in 196Y. Comparable data are available on patients studied since 1969 who
were treated with this medication.

TaBLE 3 presents data on the mean annual decline in pursuit score for the right
and . ~ft arms for three groups: the 74 normal controls who were evaluated twice (one
year apart), 60 Parkinson patients studied in the 1970<, and 38 Parkinson patients
studied in the 1960s before levodopa became available. The normal controls and Par-
kinson patients studied in the 1970s had approximately the same average rate ot an-
nual decline in the pursuit score. On the other hand, patients studi~d during the 1960
before the advent of levodopa therapy showed about twice the average rate of annual
decline as the other two groups. These data suggest that levodopa may have had some
tvpe of normalizing or stabilizing effect on the disease process.

An alternative explanation for the differeace in the rate of decline of n.otor speed
between Parkinson patients studied in the 1960s and the 1970s is that these groups
may have differed in ways other than the types of medications they were receiving.
In order tou aadress this issue, we have studied the long-term changes in motor pertfor-
mance in 12 patients whose disease spanned the pre- and post-levodopa era and who
were followed for a mean of 6.4 years (3-9 vears) before levodopa and for a mean
of 10.2 (6-14 vears) after this drug was started.

FIGURE 6 shows a 16-year history of the pursuit score in one patient with Parkinson's
diseasc, in whom treatment with levodopa was begun in 1971, Two ettects of this medi-

TABLE 3. Mean Aunnual Rates of Decline of Pursuit Score tur Different Groups

Pursuit Score ("o annual decliney

aroup Right Arm [eft Arm
Normal controls RERN RIRY
Parkinson patients 2,78 4.89

with L-dopa

Parkinson patients - 787 KX
without [ -dopa
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FIGURE 6. Scventeen-veur history of pursuii score i a patient with Parkison’s disease. Lesodopa
therapy was inttiated at the time indwcated by the arrow. [inear regression lines for pre- and post-
levoadopa periods are shown. Dots correspond 1o individual tests o to monthlyv averages when
more thain one test was given in a month. Regressions are based on all test scores. Short-term
mcrease i pursuit score and reduction in stope magnitude are both stastically significant (p
< 0.001). The hine fabeled “Normal Average™ is based on data tfrom the 74 normal contral sub-
Jects, [Reprinted with permission from Mortimer ef af. )

1980

cation can be observed: a short-term steplike improvement in funiction soon atter the
drug was started, and a significant decrease in the absolute value of the slope. thus
indicating slowed progression of the bradvkinetic deficit. Significant slowing in the
progression of bradvkinesia was observed in 7 of the 12 patients.

Two other patients had a pattern of response similar to that in FiGtre 7, which
consisted of a short-term improvement, followed by a plateau that persisted tor two
to tour vears and terminated in an abrupt decline in function. In these patients, the
overall effect of the medication was to accelerate the apparent progression on the disease,

Finally, there was a very interesting group of patients who showed littie symptom-
atic reliet when levodopa was first given, but in whom there was profound slowing
and cven reversal in the progression ot the bradykinctic deticit. In the particular pa-
tiecnt whose data are shown in Fiaure X a decline in the pronation-supination rate
prior to levodopa was reversed and followed by a period of cight vears of slow and
gradual improvement.

Data from another patient, who had both a short-term response to levodopa and
along-term progressive increase in function, are shown in FIGURE 9. A very rapid down
hill course was halted by fevodopa and, over the next 12 vears, the patient progressively
improved. In fact, nine years atter initiation ot levodopa therapy, he was performing
at g tevel aimilar to that of five vears betore levodopa therapy was begun.

One possible explanation for the slowing or reversal ot progression of brady kinesia
might be that the dosage of levodopa was inceeased over 1ime to compensate for dis-
case progression. However, in most of the patients showing long-term slowing or im-
provement, no major changes in the dosage of levodopa were made over the course
of the therapy. For example, in the patient whose data is shown in Fiorre 9, there
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FIGURE 7. Pursuit scores in a patient showing signiticant short-term response {p < 0.01) and

a significant increase in slope magnitude ¢ p < 0.63) ater initiation of levodopa therapy. See the
legend of FIGURE 6 for additional details. (Reprinted with permission from Webster of /.Y
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FIGURE 8. Pronation-supination rates in a patient without a significant short-term response
to levodopa. Rates are given in hundreds of degrees of total motion. The change in slope is statisi-
cally significant (p < 0.001). See the legend of FiGure 6 for additional details. (Reprinted with
permission from Webster er af.?')
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FIGURE 9. Long-term progressive increase in pronation-sypination rate ( p < 0.001) in a patient
with a significant (p < 0.001) short-term increase in function. See the legends of Figures 6 and
] tor additional details. (Reprinted with permission from Webster er al. ")

was no change in the dosage of levodopa frem 1969 until 1978, at which time there
was slight reduction in dosage. The average daily dose from 1969 to 1978 was 2.5 g.

IMPLICATIONS FOR NORMAL MOTOR AGING

The data presented here generally do not support the view that Parkinson's disease
represents premature or accelerated aging of the motor system. Ot the signs of Par-
kinson’s disease, only the negative motor signs appear to be expressed during the aging
process. Rigidity and rest tremor, which are integral features of Parkinson's disease,
are not observed in normal elderly individuals, at least through age 85. In fact, these
positive motor signs appear to lessen in severity with increased age in Parkinson's dis-
ease. On the other hand, reduced motor speed or bradykinesia is strongly correlated
with age in both normal aging and in Parkinson’s disease.

Parkinson’s disease, when it begins in the 40s or 50s, is usually accompanied by
moderate to severe tremor or rigidity (or both). Howcever, when Parkinson’s disease
begins after age 70, these motor signs are often not as prominent in comparison to
the marked slowing in motor behavior. Recent studies of Alzheimer's disease provide
important distinctions between an early onset or presenile form of the disease, which
involves damage to many different neurotransmitter systems, and a late onset form
in which the damage is limited primarily to the cholinergic system.**"** Although age-
related subtypes of Parkinson’s disease have not been as well characterized pathologi-
cally and biochemically, the possibility that early onses cases may differ from those
beginning later in life is suggested by the clinical differences between early and late
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onset disease. Other recent data’’ point to important differences in neuropsycholog-
ical deficits as well — verbal memory impairment being a correlate of carly onset Par-
kinson’s disease, and visuospatial impairment being & characteristic of late onset Par-
kinson’s disease. The fact that the major clinical and neuropsychological features ot
late onset Parkinson’s disease (bradykinesia, visuospatial impairment, gait impairment)
are also fteatures of normal aging suggests that the late onset form of Parkinson’s dis-
ease may result largely from the same type of lesions that occur during normal brain
aging.

Akinesia and bradykinesia appear to be closely associated with damage to the
dopaminergic system; in fact, these are the motor signs in Parkinson's disease that
respond best to dopaminergic medications. On the other hand, rigidity and tremor,
while they seem to have some relationship to the dopaminergic lesions, likely involve
other neurotransmitter systems as well. The tact that the principal change in motor
behavior with age is slowing in the maximum rate of movements may be relaied to
circumscribed damage to the dopaminergic system during aging (as has been demon-
strated both pathologically and biochemically). Relative preservation of other neu-
rotransmitter systems, such as the cholinergic®® and noradrenergic, may prevent the
appearance of positive extrapyramidal signs in normal aging.

The finding that levodopa cannot only provide symptomatic relief, but can also
slow the rate of decline of motor speed that occurs with increasing chronological age
in Parkinson’s disease, suggests a possible role for this medication in ameliorating the
progressive dopaminergic system degeneration that occurs during normal aging.
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DISCUSSION OF THIE PAPER

D. MoRGAN (University of Southern California, Los Angeles, CA): 1 am very in-

trigued by the fact that L-dopa seems to retard the rate of progression of Parkinson's
disease. One hypothesis for the loss of neurons —a burnout hypothesis —is that the
neurons have to work hard; then, if you lose some of them, they have 1o work harder.
thus causing them to degenerate even more rapidly. This is a positive detect system.
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However, the L-dopa might tend to prevent this burnout due to the increased hyperac-
tivity to compensate. Do you think your data will be consistent with that hypothesis?

J. MoORTIMER (Veterans Administration Medical Center, Minneapolis, MN): It would
certainly be consistent with that hypothesis, but there is another possible mechanism
and that is that dopamine is known to scavenge superoxide. 1f superoxide radicals are
scavenged, damage to dopaminergic neurons might be prevented. The ideal situation
is to have dopamine levels in neurons not be too high or too low. Obviously, there
are also situations where too much dopamine will cause damage to the nerve cell.

G. Brooy (Detroit, M1'). What is the measurement index for the pursuit rotor?
When you measured the movement speed, did you look at the accuracy as 10 when
they had hit the target? Did you observe whether they missed the target, how far off,
and so forth? Also, in regard to the discussion earlier on speed accuracy trade-oft,
could the Parkinson’s patients have moved slower because they were focusing more
on accuracy than on motor speed?

MorTIMER: We did not measure accuracy on this task. [t is a very simple task and
the accuracy is determined obviously by being able 1o contact the target. In other ex-
periments, we have observed that Parkinson patients tend to be very conservative and
favor accuracy over speed. This could be an explanation, at least in part, for the re-
duced pursuit speed in Parkinson patients.

Broby: In terms of looking at motor control for pursuit rotor and mavbe some
other kinds of tasks, a proportion of the movement is devoted to a ballistic stage tol-
lowed by a honing-in or error-corrective stage. Have you planned to or have vou done
any looking at acceleration throughout that movement to see whether there is a greater
proportion of time spent in one phase versus the other? This would be of interest to
people who are just looking at motor performance.

MorriMER: We have not done that particular experiment. However, we have done
some related experiments that look at acceleration in movements that require no ac-
curacy versus those that do require accuracy. The general result from that series of
experiments is that Parkinson patients are capable. for thc most part. of fairly high
acceleration movements when vou remove the daccuracy criterion. We have seen mam
patients who were hardly able to walk up a hallway and who had a great deal of diffi-
culty lowering themselves into a chair. However, when we strapped them into our ap-
paratus and had them hit karate bags, their movements were just as fast as age-matched
control subjects. When an accuracy requirement was added, they immediately slowed
down. Therefore, we do not believe that gross motor speed is very compromised in
Parkinson’s disease. What does seem to be compromised is this ability 1o perform ac-
curate movements at high speed.

Bropy: Now that is what | was referring to in terms of error correction. That last
part of movement is the error correction.

MorTiMER: Well, whether this is a problem with error correction or the need to:
visual monitoring in Parkinson's diseasc is not clear.



GENERAL DISCUSSION OF PART |

D. INGrRAM (NIA, Baltimore, MD): There are often very strong statements made
about producing a marked conceptual dichotomy between aging and disease. Now,
with the exception of J. Mortimer, who addressed this issue, the rest of the panel treated
their data as being representative of aging. However, how would the panel respond
to the possible criticism that the responses that they are observing are not what one
would call normal aging, but are instead related to a specific disease or yet unspecified
disease process?

M. WoorLacorT (University of Oregon, Eugene, OR): When we performed neuro-
logical examinations of our subjects, we noticed that our subjects with clinical manifesta-
tions were the ones that had the most significant effects on our motor performance
tasks, What we, as people working in aging and motor control, have to do in all of
our studies is 10 decide what we define as normal aging. If vou look in the literature,
you will find articles that include any adult over 65 years of age in the population
and call that normal aging. Then, there are other researchers who will actually elimi-
nate anybody with any protlem whatsoever. There was one study where they took some-
thing like 13 subjects out of 1,100 (aiid in that case, they found = differences at all
with aging), so I think it is very, very critical to define vourself very carefully when
vou do a particular research study.

J. MorTIMER (Veterans Administration Medical Center, Minneupolis, MN ): | want
1o say that when we are studying people (say, men over age 80), we are looking at a
highly selective survivor population. If the people who died before they were 80 had
lived to longer ages, we might have seen much more of a drop-off in terms of function
than what is seen in survivors. Thus, we are biased by virtue of the survivorship effect:
there is a biasing of the data in the direction of making older people look faster and
more efficient.

M. SerByY (New York University Medical Center, New York, NY ). 1 would like
to add that we might have another conference just on the appropriate cognitive and
neurological exams needed to quantify normal aging.

M. B. SmiTH: | want to comment on J. Mortimer’s presentation. 1 was intrigued
by the results because we went back and looked at long-term exposure to an L-dopa-sup-
plemented diet. What we found was what appeared to be an apparent slowing of motor
decline when we looked at the animals in the longitudinal sample or the cross-sectional
sample.

D. B. CaiwNe (University of British Columbia, Vancouver, British Columbia,
Canada): What about the fluctuations that occur so characteristically in Parkinson’s
disease? How did you, J. Mortimer, take that into account in obtaining vour values
in the treated patients.

MogrTIMER: Some of these treated patients obviously did have fluctuations and we
were not able to measure them several times a day in order to capture them at several
times. This, of course, increased the variability of the data from the Parkinson pa-
tients from time to time. Therefore, it was even somewhat more remarkable that they
showed fairly nice regressions on age given the fact that they did have some variability.
In addition, as you probably are aware, it was a fairly conservative method of treat-
ment of Parkinson patients and the side effects in this particular sample were reasonably
low.

A. T. WeLrorD (Aldeburgh, Suffolk, England ): 1 guess another implication of
my question is that there might be some interest in those patients who are fluctuating
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by looking at them at their worst. Maybe we can even get a better indication of the
pathological substratum without pharmacological interference.

MorTiMER: That is a very important point. All the patients whose data | have shown
were on long-term levodopa. Therefore, | do not think that we are really curing the
disease, but certainly the effect of levodopa on the motor activity is changing it.

J. ToBIN (NIA, Bethesda, MD): What we have heard so far is not only concerned
with normal aging versus disease; in addition, a recurrent theme seems to be adapta-
bility or ways of compensating for things that may be happening — whether it is sway,
risk-taking behavior, or speed and accuracy. How then are we able to separate com-
pensations for something that is going wrong?

WOoOLLACOTT: Are you asking whether the nervous system has enough plasticity
to actually compensate or whether we can shift over to vestibular information accurately
it we lose proprioceptive information?

ToBIN: Yes, you are tearing apart the mechanisms by which we maintain our bal-
ance. Part of the reasons why we lose balance may be due to disease, but they may
also be due to aging changes. This is also true for the speed and accuracy and psy-
chology tests as well.

WooLLacoTT: One set of experiments that we did was on adaptability to changing
environmental conditions. On the first trial, when we took away sensory inputs, half
of our subjects fell when they had no visual input (which was their proprioceptive
input). Thus, when we took away the proprioceptive input, the older subjects on the
first trial tended to fall in 50% of the cases. However, if we gave them five successive
trials, they adapted to the changing conditions just like the young adult would and
they were giving very, very good responses by the fifth trial. Therefore, they can adapt
to changing conditions and their adaptability is very good in that particular task sit-
uation.

W. Spirpuso (University of Texas, Austin, TX): | want to return to a comment
that J. Mortimer made about age differences in reaction time depending upon the
modality. 1 would like you to talk about that in terms of the response expression in-
stead of the stimulus modality. [ am sure that you are all aware of the three or four
papers that show there are no age differences in vocalized reaction time; that is, when
the subject has had to express the reaction time by saying yes or no instead of a manual
responz:e, there are no age differences. We have recently replicated that and, in addi-
tion, set up a situation where we had a manual complexity level and a vocalized com-
plexity level. We found no age interaction with the vocal response whatsoever, but
an age interaction was found with the manual response. Thus, is vocalizing reaction
time being spared in aging?

WELFORD: The point is that if you look in much greater detail than we normally
look at performance in relation to age, you will find that older people are again and
again performing, doing the same tasks, possibly even achieving the same performance,
but doing it in a different way. 1 am afraid that modern research has been so stream-
lined and so hurried that we seldom take the time to look in sufficient detail at these
various subtleties and consider what they mean.

Now I can answer W. Spirduso’s question. There are two points to be made. First,
the verbal responses to auditory stimulation are usually responses that have been very
well practiced. The identification of letters, speaking, is an activity where the relation-
ship between the stimulus and the response have been very thoroughly practiced over
the years.

The second point is that motor responses were shown in (I think) 1928 and since
then to be initiated in phase with tremor. Thus, if you work it out, the effect of a
slowing of tremor from about 10-12 to about 7-8 cvcles is likely to add a very consid-
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erable and appreciable amount to the reaction time of an older person if his or her
responses are initiated in phase with tremor.

D. LARISH (Arizona State University, Tempe, AZ ): There are two other points that
I can think of that might explain the potential difference between arm movements,
for example, and the speech system. 1 do not know that much about the anatomical
structure of the muscles controlling speech, but, for example, in muscles that move
the arm or move the legs, I think it is well established that there is a decrease in the
number of type-2 muscle fibers that one can activate as you get older. Now, the type-2
muscle fibers are your fast twitch muscle fibers, which are the muscle fibers respon-
sible for you being able to produce rapid movements. Hence, in many of the reaction
time-type tasks, they use arm movements in which those muscles would be used, but
I do not know what happens with the speech muscles with age.

The second point from a biomechanical standpoint is that a number of the studies
that look at speeded movements with the arms and legs talk about moving a larger
mass than with the jaw. Therefore, the ability to move that larger mass with not being
able to crank up the type-2 muscle fibers may be part of the explanation.

MorTiMER: Perhaps M. Woollacott wants to answer this question also from the
point of view of whether or not there is a postural preparation for speech mosements
versus those that are carried out by the limbs. where obviously there is a postural prep-
aration. If one could eliminate the postural component, one could probably eliminate
a lot of the differences in reaction time.

Wootrtacort: All 1 can say is that we are beginning to look at studies doing that
type of thing. We have a subject make a reaction time task in which the whole body
is stabilized, except for the specific joint that is moving. Thus, we are attempting to
see whether there are very different types of changes in preparation for movement under
these conditions versus those under conditions where postural responses are needed.

UNIDENTIFIED DISCUSSANT: What percentage of decrement in the reaction time is
accounted for by the postural decrement length?

WoorLacotT: In latency? 1 think [ might have given some of those tigures. The
difference between young and old is 124 milliseconds between tibialis and triceps versus
73 milliseconds, so about 50 milliscconds.
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Incorporated into the gerontological maxim that motor performance manifests an age-
related decline is the hypothetical principle of increased interindividual variability with
increased age. From his extensive survey of research in aging and human skill, Welford'
offered the following observation:

. there is the increasing variability between one individual and another as we go up
the age scale, which means that more often than not we tind a substantial number ot
old people pertorming at a level at least equal 1o that of the average of a group of vounger
subjects (p. 283).

This view of human aging as a highly individual process has been supported by the
results of large-sample studies incorporating both cross-sectional and longitudinal
analyses.?*

The perspective of an age-related increase in motor performance variability is il-
lustrated hypothetically in FiGURE 1. This perspective would be derived from cross-
sectional data on a parameter free of ceiling and floor effects that would tend to dis-
tort estimates of variability across age. The statistical picture is one of an age-related
decrease in mean performance, but with an associated increase in variability. The ap-
parent increase in variability can be expressed in FIGURE 2 with real data that were
derived from age comparisons of motor speed taken from a tracing task.* This presen-
ration depicts an age-related increase in the standard deviation of the performance
variable.

An important assumption derived from FIGURES 1 and 2 (which are based upon
cross-sectional data) is that the age-related increase in variability indicates differential
trajectories of motor aging across the adult life span. This assumption is illustrated
in FIGURE 3A, which is derived from a hypothetical longitudinal analysis of motor
performance. The large variance within older age groups measured cross-sectionalh
presumably results because individuals X, Y. and Z have aged in motor performance
at different rates.

“ This institution is fully accredited by the American Association for the Accreditation of [ ab-
oratory Animal Care.
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FIGURE 1. Hypothetical function illustrating an age-related decline in motor performance
(depicted as means measured cross-sectionally) accompanied by an increase in variability (e.g..
standard deviation).
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FIGURE 2. Standard deviation of motor speed in a tracing task as a function of age in humans.
Data are from Brown,* cited in Welford.'
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FIGURE 3. (A) Hypothetical functions illustrating differential trajectories of motor aging in
individuals, X. Y, Z, as measured longitudinally. (B) Hypothetical functions illustrating differential
trajectories of motor aging in individuals, X, Y, Z, representing three different genotypes in
the same environment. (C) Hypothetical functions illustrating differential trajectories of motor
aging in individuals, X, Y, Z, representing the same genotyvpe interacting with three different
environments. (D) Hypothetical functions illustrating differennat trajectories of motor aging
in individuals, X, Y, Z, representing three different genotypes interacting with three different
cnvironments.

SOURCES OF VARIABILITY

In human studies, individual differences observed in motor performance at ad-
vanced ages represent the sum of contributions to vanance from genetic factors, en-
vironmental factors, and experimental error. The task of assessing the genuine nature
of differential rates of motor aging requires the identification of the unique contribu-
tion from each of these sources.

Genetic factors affecting age-related increases in variability include those thai endow
individuals with different motor abilities initially and that protect them against en-
vironmental insults during aging. These factors are conceptualized in FiGUre 2B, Indi-
viduals X, Y, and Z begin with different levels of performance in the motor task, vet
even when operating within the same environment, the rates of aging are difterent be-
cause of the protection against environmental insults. The protection may be oper-
ating in a totally different physiological sphere from motor performance, but it is
manifested in the reduced negative slope of performance with age.
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Environmental factors affecting age-related increases in variability would be those
due to differential experiences. These experiences may stem from gross influences that
affect the rate of environmental insults to a given genotype or from specific influences
(such as those directed by different nutritional experiences or behavioral conditioning)
that affect motor performance. The impact of environmental factors on the rate of
aging is stylized in FIGURE 3C. Individuals X, Y, and Z, all with identical genetic en-
dowments affecting a motor task, may manifest differential aging in this pertormance
based upon their interactions with different environments.

Error of measurement represents variability that has little inherent scientitic in-
terest regarding the issue of differential rates of motor aging. Yet, it is imperative to
first identify the degree of variance ascribed to this source before the degree (o which
imdividual differences ascribed to genetic and environmental sources ¢an be assessed
Error of measurement may reside in the methods, in the equipment, or within the sub-
Ject (such as time-of-testing effects or fatigue). It may also be manifested in the form
of extraneous variation that confounds the variable of interest, that is, motor per-
formance.

In this light, the influence of disease on the age-related increase in motor pertor-
mance variability must be addressed. This is a very complex issue for gerontology in
general.” The separation of “normal aging” from disease has been extremely problem-
atical. ' First, the question of assigning the influence of disease to genetic or environ-
mental factors would depend upon whether the etiology was viewed as intrinsically
(genetically) or extrinsically (environmentally) linked. 1t one were attempting to mea-
sure “normal aging” exclusively, then variability due 10 disease would be viewed as
a measurement error that must be eliminated.

Overall, at present, it is very difficult in studies of human aging to identity the
various influences of genetic factors, environmental factors, and measurement error
(including disease) on the phenomenon of individual differences in motor aging. The
complexity of this task is illustrated in FiGUurg 3D. Disregarding the issue of measure-
ment error, one sees that variability in motor performance at advanced ages has resulted
because different genotypes have interacted with ditferent environments during aging.

The use of laboratory rodents offers an opportunity to identify components of
this variability. This is not 1o say that variability observed among aged rodents is ho-
molo.ous to that observed among aged humans. What the use of laboratory rodents
does permit is the testing of hypotheses relating to how particular genetic and environ-
mental factors influence the rate of aging to produce individual differences. Drawing
from past investigations from our laboratory,” this discussion will exemplity how
this 1ssue can be addressed. The focus is on the assessment of the reliability and va-
lidity of individual ditferences observed in the motor performance of aged laboraton
rodents.

ADYANTAGES OF RODENT MODELS

Many of the problems inherent in analyzing specific tactors underiving individual
differences in motor performance among aged humans can be alleviated through the
study of inbred strains of laboratory rodents. First, there are the practical advantages
of analyzing individual differences among experimental subjects that possess anly about
3% of the life-span potential of human counterparts. Second, treatments can be used
that ethical considerations might prohibit in human research. Third, it is possible to
specify conditions of morbidity and pathology. Fourth, and most important to the
problem at hand, it is possible to characterize the genetic and environmental condi-
tions of the subjects.
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Speciticatly, the genetic homogeneity provided in inbred rodent strains permits com-
parisons of motor performance between genotypes reared in similar environments.
Similarly, the influence ot ditferent environmental treatiments on motor performance
can be assessed within one genotype. Theretore, it is possible to hold one source ot
variation constant, while manipulanng the other. Such an analysis of genotype-
environment interactions can disengage some of the apparent complexity ot individual
ditferences manifested in motor aging.

PARAMETRIC PERSPECTIVE OF MOTOR AGING IN RODENTS

Numerous studies have documented the parameters of age-related decline in motor
performance in laboratory rodents, including rats, '™ mice,' and hamsiers.' The great
majority of such studies focus on mean comparisons between typically two to three
age groups from one rodent strain. Results focus on the main effects of aging in the
one parameter of interest. The behavioral description ot these tindings suttice tor many
studies, whereas others seek to link the behavioral observations 10 neurobiological mech-
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FIGURE 4. Parametric vigs ot age-related decline in psvchomotor pertormance i maie
CSTBL -6 mice. Functions are based on @ previous regression analvas® with an ostimaied seone
at six months ~et as 100%0. (GS) Grip strength score represents the mean pull (i grams) of front
paws on a strain gauge over three trials. (TR) Tightrope score represents the mean latenay 1o
fall () when suspended by the front paws from a taut sring over three trndds, (ROTOY Roterod
score represents the falls from a plastic rod rotating at 3 rpm during 2min exposure 1o the rod
Regression has been based on the reciprocal of falls: thus, this function is not tear. (NP
Forced exploration represents the number ot quarter-turns in an oval runway duning 4 i0-min
trigt under darkened tlumination. (WHETD) Wheelactiviy wias measured as the mean daly seve
lutions over i 96-h period.
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anisms. Attempt  are made 1o co..¢late various nearomorphological.' ' neurophysio-
logical,* and 1 _arochemical™ paramieters to the behavioral observations. Eapenmental
linkage of psye romotor function to the proposed neurobiological mechanisms is usu-
ally made wic sharmacological manipulations.'* This approach has been fruitiul in
linking motor impairments to specific age-related alterations at neurobiological fevels.
However, this specific approach has been limited in determining the generalization
of the findings. Part of this limitation (which diminishes its relevance to the human
condition) stems from the lack of analysis of the genetic and ensironmental factors
that can impinge on the observations at dage-related motor performance dechne.

At the Gerontology Research Center, we have conducted several studies that pro-
vide a parametric perspectine of psychomotor aging in laboratory rodents For example,
performance in the inbred mouse strain, CS7BL 6], declines as a lineur or near-linear
function of age. This parametric view is presented in FIGURE 4 inseveral psychomotor
tasks that have been described in detail previoushy.” “Psychomotor™ tnstead of “motor™)
Iy the preterred terminology to describe this battery because it implies that pertor-
mance might be influenced by motivational and learnine factors. Correlations vt the
mean pertormances ot different age groups with chronological age for cach task vieided
Pearson cocefficients ranging from 0.78-0.94.

Thus, it is cJear that aging impacts markedlhy upon these measures. Howaever, two
questions are posed: (1) Does this parametric perspective apphy o ather genotypes:
and (2) To what extent can environmental factors aiter this perspective within 4 genotype?

GENETIC INFLUENCES ON PSYCHOMOTOR AGING

Asshown in FIGURE §, thereis a wide range of variability in Irfe span among inbred
mouse strains.' This variability iy indicative of differential aging rates among strains
that might be manitested in differential rates of motor aging.

Although inbred strains of mice vary widely in motor responses. few studies have
been conducted that make strain comparisons of age-retated decline in moter re-
sponses.'**' Examples trom an earlier study from our laboratory illustrate that aging
can differentially affect specific motor performances in inbred mouse strains.'* We
examined three adult life-span representative groups of male A Jand C27BL 6) mice
n a pssctiomotor test battery.

FIGURE 6A provides data on a balance-beam task in which the mouse was placed
on 4 narrow wooden rod and in which the ume spent on the rod betore talling was
recorded and averaged over three trials. The performance of the C3TBL 6 stran was
generally superior to that of the A-J strain: however. the rate of dechne with age was
similar tor hoth strains.

In contrast to this pattern of aging are the data in Frevrr 6B which depict pertor -
mance in a tighaope task. In this test, the ime that the mouse could remam suspended
from a taut string by its front paws was recorded and averaged over three trals. Both
strains appear equally capable in this task at the voungest age. Although we obsenved
an age-related decline in this ability in the C37BL 61 strain, there was no evidence
of a decline in the A/J strain,

What n.ight account for the differential eftects of age on these pavehomotor per-
formances? Clearly, the principal factors contributing to this ditterential pattern ot
aging must be genctic in origin. The mice had been obtmned from the same sendor,
had been reared in similar cages in the same room v ith the same husbandry, had caten
the same dier, and had been tested in the same baitery. Morcover, 1t should be noted
that the ditference was not because the A J strain was longer-tived. Indeed, estimates
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FIGURE 5. Mean lile spans of various inbred strains of male and female mice.””

from our laboratory indicate that the mean life span of A/ I mice is about 22 months,
as compared to 26 months for the CS7BL/6J strain.??

What further use might this strain difference provide bevond this behavioral descrip-
tion? First, the behavioral difference might organize a search for possible neurobio-
logical mechanisms of this differential pattern of aging. Second, further genetic anal-
ysis using conventional Mendelian techniques of hybridization and backerossing or
more modern genetic tools (such as recombinant inbred strains or bilineal congenic
strains) that shortcut this lengthy process could be used to identify the number and
location of genetic loci involved in this strain difference.?’

As regarding neurobiological correlates of strain differences in psvchomotor per-
formance, there has been ample research of this tvpe using young mice from inbred
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FIGURE 6. Age and strain comparisons (15 - 15-29) of male CS7BL 6 mice (A)in a balance-
beam test and (B) in a tightrope test.*”
strains.?* Little investment has been made to compare neurobiological parameters ot
aged mice from different strains.

In the same two inbred strains in which we studied psychomotor performance, the
age and strain ditferences in neurotransmitter synthetic enzyvme activities were also
analyzed.?® FiGure 7 provides examples of patterns of aging that were observed in




78 ANNALS NEW YORK ACADEMY OF SCIENCES

the striatum and hippocampus for choline acetyvltransterase (ChAT), ghitamic acid
decarboxylase (GAD), and tyrosine hvdroxylase (TH), which are the synthetic enzymes
tor the cholinergic, GABA-ergic, and adrenergic svstems, respectively. With respect
to regional ChAT, increases in hippocampal activities with age were observed in both
strains (FIGURE 7A). In the striatum. though, ChAT activity increased in the CS7BL. 6]
strain and decreased in the A/ J strain (FIGURE 783). With respect to GAD, age-related
increases were again observed in hippocampal activities in both strains (Fraure 700
however, an age-related decline in striatal GAD activity was observed in the A J strain,
while an age-related increase of this parameter was observed in the C37BL. 6] strain
{(F1GURE 7D). This pattern paralleled that observed for ChAT activities. The pattern
ot age difterences in TH activities also varied with strain. In the striatun, no age ditfer-
ences were observed in either strain (FIGURE 7F), in the hippocampus, though. TH
activity increased with age in the A J strain, but showed no signiticant age differences
in the CS7BL.6J strain (FiGure 7E).

It should be noted thar strain diftferences have been reported in posisynaptic
parameters as well.* How differential aging patterns in enzvme activities and receptor
concentrations can be linked to strain ditferences in motor aging remains to be deter-
mined. Pharmacoelogical manipulations that probe cach neurotransmitter system 1o
affect a specific motor response (e.g., tightrope performance™ or exploratory activity )
may be helpful in this regard.

There is also the potential for taking the search for mechanisms to genetic levels
of analvsis. Invertebrate models of aging are advanced 1in this direction of investiga-
tion. For example, using recombinant inbred strains, Johnson?™ has identified several
joct involved in motor behavior of nematodes and has calculated the heritability of
these traits. Several loci involved in the heritability of lite span in nematodes have also
been identified, and these appear to exert eftects that are independent of those loci
controlling the motor responses analyzed thus tar.

ENVIRONMENTAL INFLUENCES ON PSYCHOMOTOR AGING

Even within an inbred strain of mice in the same vivarium, individuals die across
a range of ages. Previous estimates from our laboratory placed the degree of herit-
ability of life span among several mouse strains around 509%.2? The questions posed
are: (1) Do the differences in life span within a cohort of inbred mice reflect ditter-
ences in the rate of aging as determined by environmental tactors: and (2) Can psycho-
motor tests measure these differences?

FiGure 4 provided the parametric view of psychomotor aging in male C37Bl 61
mice. FIGUrES 8 and 9 provide the scatter plots for the data shown in Fioure 3.7 When
individual performance data are correlated with chronological age, the resulting coet'ti-
cients are considerably less than those obtained when correlating mean pertormance
tor different age groups with chronological age.

I'here is clearly marked variability in performance. To what degree does this vari-
ability reflect individual differences in the rate of psvehamotor aging? First, it should
be clear that the variability is not genetic in origin. This is an inbred strain. Sceond,
it is assumed that a portion of the variability must be due to experimental error. Thus,
the variability that cannot be attributed to experimental error reflects genuine individual
differences that must be due to environmental factors.

What could be the possible sources of environmental variation within an inbred
strain? Great effort has been made to assure environmaental homogeneity, However,
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FIGURE 7. Age and strain comparisons (#s = 15-29) of neurotransmitter sy nthetic ensyme

activities of choline acetyltransferase (ChAT), glutamic acid decarboxylase IGA D). and tyrosine
hydroxvlase (TH)Y in hippocampus and striatum of CSTBI 63 male mice.*

itis evident that not all elements of the microenvironment can be controlled. Among
possible uncontrolled environmental factors that could produce indisidual difterences
are the following: (1) nutritionaf influences that can begin in wero to affect develop-
ment; (2) social factors that could influence neuroendocrine development; (3) maternal
factors that could influence development; (4) specific environmental experiences that
permit learning; and (5) specific pathological influences. Thus, the search is for reli-
able and valid measures of this behavioral phenotype.
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To assess the degree to which variability reflects expertmental error, one needs to
address the issue of the reliability of the tests. One method of assessing the reliability

of a particular measure is to estimate the retest correlation. The question addressed
is how stable are the individual differences over a short time interval? Will the individ-
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FEGURE 9. Individual pertormance of male CS7B1 61 mice in explorators activity and run-
wheel tests as a function of age™

uals that scored high during the first test session continue to score high, and will those
that scored low continue 10 score low?

TaBLE | provides data on the retest reliability of the psychomotor tests for the age
patterns that were presented in FiGUre 4. Two additional age groups of CSTBL 61
mice (voung: 6-9 months; aged: 26-28 months) were tested in the psychomotor bat-
tery and then retested one week later.” For the young group, it is evident that in the
tightrope, rotorod. and forced exploration tasks, virtually all the variability was due
to experimental error; that iy, the individual ditferences were not stable. Individual
scores in the grip strength and wheel activity tests showed some degree ot stabiliy,
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TABLE 1. Pearson Correlation Coefficients for Retest Reliability of Psychomotor
Tests in Young (6-9 months) and Aged (26-28 months) Male CS7BL 6] Mice

-
All Young Aved
Test (n ~ sy (n ~ 25 (n - 25)
Girip strength 0.67¢ 00.85¢ 0417
Tightrope 0.66¢ 0.16 043¢
Rotorod 0.86¢ 0.10 0.83¢
Forced exploration 0.394 0.12 (.44
Runwheel activity 0.80¢ 0.62¢ 0.63¢

“ Parameters are described in FIGURE 4,
" Sample size.

¢ p < 0008,

4p <000

but in both tests, the majority of variability was still due 10 error —over two-thirds
in fact (estimate obtained by squaring the coetficient). In contrast, among the aged
group, all tests demonstrated significant retest correlations, but again the degree of
variability due to error appeared higher than that which reflected genuine individual
differences. Rotorod was an exception, which indicates that only about a third of the
variance was due to experimental error.

The degree of rehability desired depends upon the expressed objective of the test.
If the objective were 1o separate groups on the basis of test performance. then retest
coefficients on the order of 0.50 might be acceptable. On the other hand. if the objec-
tive were to evaluate individual performance. retest coetficients on the order ot 0.93
would be desired.

Yalidiry

The assessment of validity concerns whether the observed individual ditterences
in psychomotor aging are meaningful retlections of differential rates ol aging in general.
Several different types of validity can be considered. All are important to the overall
assessment of whether a measure is a valid test of aging.

Predictive Validity

Predictive validity refers to the ability to correlate with a criterion measured at some
future time. To the extent that correlation ot present performance with tuture perfor-
mance on a test is an objective, this might be considered a further evaluation of the
retest reliability. However, it the interval is sutficiendy long. then the inference is that
the correlation hetween performances over this interval will reflect differential rates
of psychomotor aging. Such would be the view in FiGURE 10, These data reflect the
correlation coefficients obtained for male CS7BL. 6] mice when comparing pertor-
mances in various psychomotor tasks at 24 months of age and at later ages in the same
tasks.” With the exception of the rotorod task, all other tests show some degree of
predictive validity, albeit not to a high degree. Most coefficients are less than 0.50,
but these are reasonably high estimates when given the moderate retest reliabiliny of
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FIGURE 10. Pearson correlation between test scores obtained at 24 months and rhose obrained
at 26, 28, and 30 months in male CS7B1 6 mice.” The asterisk stands tor p < 0.05; the double
asterisk stands for p < 0.0L.

the tests. The greatest stability of individual differences appears in the tightrope and
exploratory activity tasks.

The correlations for the grip strength test require further explanation. These repre-
sent negative correlations between performance at 24 months and future performance;
that is, those mice scoring high at 24 months scored relatively lower at older ages.
This pattern of correlation indicates confounding by learning, which will be discussed
later.

The preceding analysis assessed predictive validity with respect to the correlation
between scores obtained at different ages. The criterion for prediction was intrinsical-
ly bound within each test. Predictive validity might be further addressed by assessing
the correlation with an external criterion. Life span has been proposed as a suitable
criterion to assess differential rates of aging.” * ** As with the previous comparisons
of strain differences in life spans, the underlying assumption is that variability among
individual rates of aging will correlate with individual differences in life spans. There-
fore, if individual differences in psychomotor performance reflect differences in the
underlying rate of biological aging, then they should be correlated with individual life
spans. Past studies of aged humans have shown significant, but modest correlations
between life span and psvchomotor performance.?

TaBLE 2 provides data from a previous study in our laboratory to illustrate this
possibility.® These data reflect the correlations between psychomotor performance scores
obtained for male C57BL./6J mice at 24 months of age and subsequent life span. With
the exception of the rotorod test, scores in all other tests were significantly correlated
with life span; however, again, the relatively low coefficients indicated that most of
the variability in life spans was not accounted for by individual test scores,
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TABLE 2. Pearson Correlation Coefficients Relating Psychomotor Performance to
Life Span in 24-Month-Old Male CS7BL 6] Mice

JENNE n r

Grip strength 79 0.3%¢
Tightrope 82 0324
Rotorod 75 0.04
Exploratory activity 77 0410
Runwheel activity 76 a.57¢

4 Parameters are described in FlGure 4
" Sample ~ive

Cp <0001

‘/p < 0.005.

A multiple regression analysis revealed that a linear combination of these test scores
could account tor about 40% of the variance in hite <pan. Thus, evidence of the predictive
validity of the battery was provided. An etfort to replicate this vahdity met with mar-
emal success.”

Construct balidity

Evidence of the predictive validity of a particular test would support the construct
validity of the test. Construct validity reters to how well the test measures the hypothetical
construct of aging. The objective of this process would be to determine how well difterent
tests of psychomotor aging reflect the underlving rate of biological aging. Long-term
stability of individual differences and correlation with lite span were used to quantify
predictive validity as the degree to which individual ditterences in pertormance reflected
underlving differences in biological aging.

Construct validity can be assessed by an alternative approach that diminishes the
need for an identifiable, quantitative criterion and that instead assumes a comparative
approach. Specifically, if individual differences in a psychomotor test retfect variability
in the rate of biological aging, then the test should be able to discriminate between
groups of individuals that have undergone a treatment or experience that presumably
has altered the rate of biological aging. Such experimental situations are rare. In the
human realm, the population of the Japanesc atom bomb victims was thought to pro-
vide an opportunity for such an analysis.* In the rodent realm, various regimens ot
dietary restriction have been suggested as a means by which different rates of biolog-
ical aging can be studied.’'

The typical dietary restriction experiment compares survival and various parameters
of biological function between a control group of rodents reared on a comventional
ad libitum diet and an experimental group reared on a diet in which caloric intake
has been restricted 10-50% by various means. The actuarial evidence for difterential
rates of aging between the groups is based upon different slopes of mortality.

Another view of the actuarial evidence is provided in FIGURE 11, These data trom
our laboratoty represent the survival curves of two groups of male C57BL. 6] mice
on two dietary regimens. ' One group was provided an ad libitum (Al ) diet (4.2 keal g).
while the other group was provided the same dict, but given every other dayv (FOD);
this resulted in about a 15-20% reduction in food intake over the life span. It is clear
that the EOD diet enhanced survival because of the evidence of the increased median
and maximum life spans (~H%) of this group when compared to the AL group. In
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eftect, the survival curve ot the FOD group was siutred 1o the vght o1 that ot the
AL group. It one assumes that these difterences in survival indicate that the under
Iving rate of aging has been aliered, then psyehomotor tests that purport to retlect
individual ditferences in the rate of aging should be able to discrimuimate between these
dilterent diet groups.

Farce 3 provides a commpartson of scores between two groups ot 26-month-old male
CS7BL 61 mice in the psvchomotor battery presiously described.” ™ Asnoted, the per-
tormances of the FOD groups were superior to those of the Al group an every o
(except grip Strength, m which there ware o signtficant ditterences). Thus, these data
suggest that several ot the psychomotor tests were capable of discrinimating between
individuals (in this case, groups of individuals) that dittered i the rate ot biological
aging.

TABLE 3. Comparison of Mcans for Psychomotor Performance ot Male CSTBIL. 6l
Mice Fed cither Ad Libitum (A1) or Every Other Day (EOD)

Al FOD
Test (o~ 18" v 1S
Girip strength 79 1 64
Lightrope 182 RIS
Rotorod 7.8 4.9
Forced cxploration 104.4 j22.x
Runwheel activity 1620.3 42179

4 Parameters are described in FiGure 4.
D Sample size.
Cp < 0,05, according to two-tailed 1 test.
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TABLE 4. Age and Diet Eftects (X = SEM) on Payvchomotor Performance ol Adult
(11-15 months) and Aged (31-33 months) Female CIBIORE, Mice

Ihct

Test Age Control (e Restricted ()

Beam tercuptions
Forced C\ploruliun" adult 1028 = 6.2 (15 lody - <X (1<
aged 103.4 « K2 (14 3.2 - 9= 113

Number ot falls
Rotorod® aduht 504 (12 1.7 - 03 (13
aged 69 - 22 (15 (PR (12

W heel revolutons < 1000

Runwheel! uuu\rl)d adul W4 60 (1 S - 62 i
aged 0.0+ 54 (n 9.5 - 487 (1

“ Sample size.

P \easured as the number of beam interruptions by a sertes of four equally spaced nfrared
photocells in an oval runway during a 10-min period under darkened ilumination

¢ Measured as the number of falls during a 3-min placement on a plastic rod rotating at * rpm

4 \easured as the number of wheel revolutions during a T2-h access to an activity wheel

¢ Significant age effect within diet group, p < 0.05, according 1o an £ test of simple main
effects.

! Significant diet effect within age group, p < 0.05, according to an F test of simiple main
etfects.

These tindings have been confirmed partially in a4 recent study ot another mouse
strain — female C3BIORE,. ™ The diet restriction was different and much more restric-
tive (~40% reduction in caloric intake). As shown in Tastt 4, among the aged group
(31-32 months), restricted mice had higher performances in wheel activity and rotorod.
but not in exploratory activity. However, in this case, there was no age difterence noted
in exploratory or in wheel activity, which is an observation that again indicates strain
differences in the pattern of psychomotor aging.

Other environmental manipulations might provide opportunities to examine whether
tests of psychomotor aging have construct validity. These include exercise,** a breeding
regimen,” dietary antioxidants,’” and hypophysectomy. ** All treatments are purported
to affect aging rate, vui noiic arc cstablished as well as diet restriction in this capacity

Extraneous Error

Before accurate conclusions about the validity of psychomotor tests can be draw i,
further consideration must be given to possible sources of extraneous error. Several
extraneous factors ¢an impinge upon the validity of the measurement.

Body Weight

Individual diffcrences in body weight represent a potential source of extrancous
variation. For example, if heavier animals do more poorly in a tightrope task com-
pared to lighter animals, the conclusion regarding individual differences in biological
aging might be confounded by this correlation. As shown in TABLE £, when pertfor-
mance in the psychomotor battery was examined across the life span of male CS7BL. Al
mice, there were significant correlations between body weight and performance in three
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TABLE 5. Pearson Correlation Coefficients and Partial Correlation Coefticients
Reflecting the Relationship between Test Scores and Chronologictt Age (CA) and
Body Weight (BW) in Adult Male CS7BL/6J Mice

Test¥ nh CA BW CA-BW
Grip strength 204 ~0.58¢ 0.02 0.62¢
Tightrope 204 -0.72¢ 0.44¢ - (.68
Rotorod 196 0.52¢ 0.254 0.52¢
Forced exploration 132 0.56¢ 0.04 0.58¢
Runwheel activity 123 —0.40¢ 0.24¢ - 043¢

9 Parameters are described in FIGURE 4.

Sample size.
¢ p <0.00l.
4p < 0.01.

of the five tests —tightrope, rotorod, and wheel activity.” However, when this correla-
tion was statistically controlied by a partial correlational technique, the correlation
between performance and chronological age was virtually unaffected.” This relation-
ship existed despite the correlation between body weight and performance; thus, the
experimenter need not be concerned that body weight is an extraneous variable in this
analysis.

What about individual differences within the same age group? In TABLE 2, we sc¢
that body weight was positively correlated with life span in 24-month-old CS7BL. 6]
mice.® This means that heavier mice at that age might be biologically younger, so mice
with lower body weight would have a steeper trajectory toward death. Thus, tests in
which performance was correlated with body weight might have their correlations with
life span confounded by this extraneous relationship. However, after conducting a partial
correlational analysis controlling for body weight, the correlations between psvcho-
motor performance and life span were observed to be relatively unaffected.”

The assessment of possible confounding by body weight differences is more diffi-
cult in regard to performance differences due to dietary restriction. The use of partial
correlational techniques are more problematical when the covariant (body weight) is
also affected by the treatment (diet). However, regarding the data on the correlation
between hody weight and performance in TABLE §, it is possible that body weight differ-
ences could confound the comparison of rotorod performance in TABLE 4. Thus, this
means that diet-restricted mice might perform bet*er not because they are biologically
vounger than control mice, but because they are lighter. This did not appear to be
the case because an analysis of covariance of the rotornd nertormance data still re-
vealed the significant interaction between age and dietary treatment.™

Motivation

Similar caution must be taken in regard 1o motivational factors. In comparisons
of ad libirum and diet-restricted animals, for example, it mayv be possible that perfor-
mance differences reflect motivational differences to perform. This might be most acute
in a task such as runwheel performance, which is sensitive to the degree of food depri-
vation. Procedural consideration of this potential source of confounding was provided
in producing the data in TaBLE 4 with regard to this issue.’* These had been obtained
after a period of several weeks in which the experimental group (diet-restricted) had
been fed the control diet, which was in fact below an AL level. Again, investigator
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interested in maintaining the reliability and validity of their psychomotor measnures
must be cognizant oi such possibilities. Regarding all the tests depicted in Fiaure 4.
it is difficult to assess whether age differences existed in the motivational tactors re-
quired for optimum performance.

lLearning

The degree to which the task stresses learning to perform ofters us another area
to consider as a possible source of confounding in the analysis of psychomotor aging.
If the test is more heavily weighted on assessing the acquisition of skills necessary to
perform than on assessing skills that already exist or require little learning to pertorm
accurately, then construct validity might be compromised. Agam, to emphastze, the
term “psychomotor aging™ has been used instead of “motor aging™ becuuse of the im-
plicit recognition that motivational and cognitive tactors may be imvolved in the per-
formance of the task. However, what should be considered is whether the test s too
heavily weighted on learning. This could be to such an extent that the individual differ-
ences reflect differences in learning abilities to a greater degree than motor abilities,

One way to assess the influence of this extrancous variation is to perform mulaple
tests over time on the same individuals. This longitudinal perspective might retlect
the extent to which learning factors are involved in age ane adividual differences. 1t
learning is involved, then performance might improve as a function of experience - in
this case, with age. Representative data highlighting this issue are presented in Fiooge
12. These data represent psychomotor performance in male C37BE 6F imvice as mea-
sured in the test battery every two months beginning at 24 months of age.* By assessing
the percentage change in performance across age relative 1o performance at 24 months,
ttis clear that performance declines in all tasks except in the grip strength tost. tnthis
task. mice improved their performance with age, which indicates that fearning is pos-
sibly contounding performance. Thic suggestion is turther supported in Frovry 1o,
which shows the inverse correlation between grip strength at 24 months and at later ases,

Rate of Aging

A longitudinal analvsis can also be utihzed in a different way 1o assess fuither e
construct validity of psychomoror tests. 1t subjects can be measured repeatedls, then
1t is possible te estimate a linear slope of each individual's performance with age. It
psvchomotor performance 1s reflecting the rate of biological aging, then these slopes
should be correlated with life span. This is the analssis presented in Tagie 6. For all
mice that were tested at ieast e times from 24 months ot age in the battery shown
in FIGURE 12, alinear slope was computed and correlated with lite span.* Grip streneth
was not included in this analvsis tor the reasons deseribed above, As observed, the
slope of performance in all tests was positisely correlated with Tife span. This should
have indicated that those mice with less decline in psvchomotor performance Ined
the longest. However, with a sample of only 29 mice, only the coetticient tor the tohi
rope test was statistically signiticant, and then the coefficient retlected only abou 200
of the variance in life span.

Diseuse

A final source of extrancous variation that needs to be conaidered i the mt hienoe
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FIGURE 12, Mean test scores of 26-, 28-, and 30-month-old male C57BL 6] mice exoressed
as the percent of the score obiained at 24 months.”

of disease on psvchomotor performance. The argument can be made that aging per
se has little role in the decline of psychomotor performance observed over the life span
in rodents. Instead. disease, which might atfect function in musculoskeletal. cardio-
vascular, and sensorimotor systems, is the principal cause of the impairment. This
is a very important point that can be interpreted to have far-reaching consequences
to gerontological research and geniatric practice.' * * To our shortcoming, we have not
been able to properly address this issue in our paradiem< due 1o the 12ck of collabora-
tion with pathologists experienced in the assessment of aged rodents. This should be
a very important consideration for all studies in this arca.

In defense, T would assert that many of the age-related declines in psvchomotor
performance that we and others observe begin relatively early after maturity and con-
tinue as linear or log-linear functions with age. This then would diminish the argu-

TABLE 6. Pearson Correlation Coefficients Relating Rate of Psychomotor Decline?
to Life Span in Male C57BL./6J Mice

Test? n r
Tightrope 27 0.554
Rotorod 27 0.2%
Forced cxploration 27 0.22
Wheel activity 26 0.4

9 Individual linear slopes across at least three ages measured two months apart beginning at
24 months.

b parameters are described in FIGURE 4.

¢ Sample size

dp <00l
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ment that overt pathology accounts for these performance decrements. Furthermore,
I would argue that the aging-disease distinction weighs most importantly as a
phenomenological descriptor with medical, social, and political implications. In re-
gard to the scientific issue, a description of a phenomenon as aging (or as pathology
seemingly associated with aging) is only a description until the mechanism(s) that un-
derlie and control the phenomenon are identified. Thus, a more productive view of
this issue might be to deemphasize a dichotomy between aging and disease and to focus
instead on a dimension in which the phenomenon can be graded by the contributions
of both hypothetical constructs ¢ aging and disease.® Further assessment of the con-
struct validity of psychomotor tests used to assess age-related variability will have to
address this issue.

An innovative approach to this issue has been used in hamsters, Ottenweller, Tapp,
and Natelson'? conducted age comparisons of motor performance in two hamster
strains — one that had a specific cardiomyopathology and the other that was presum-
ably normal. Tests were found in which motor aging appeared to be accelerated by
disease. There were other tests in which disease processes distinguished performance
from that related to aging in the healthy strain. These investigators emphasized the
importance of being able 1o identify iests that demonstrated whether the rate of aging
was altered by disease.

DEVELOPING A NEW PSYCHOMOTOR TEST

From the preceding discussion of past results in our laboratory, it should be clear
that no test has met all objectives of reliability and validity to a high degree in regard
1o accuracy in assessing individual differences in psychomotor aging. A strategy for
assessing these features has been established, but modification and expansion of the
test battery is needed.”™".

Over the past several months, we have endeavored to develop a new test that might
improve on several features when compared to the tests examined thus far. The new
test is intended to be a measure of the maximum running speed in mice. Previous re-
search examined maximum running capacity as a function of age in rats and found
an age-related decline.” However, that study emphasized endurance because the mea-
surement involved was the time spent running at a high rate (20 m“min) on a treadmill.
This current study, though, emphasizes capacity to run at the highest speed and at-
tempts to minimize endurance factors.

The test being developed utilizes a commercially made, automated drum exerciser
(DREX, Columbus Instruments, Columbia, Ohio). This apparatus consists of a drum
(30 cm in diameter and 9.5 cm wide) that contains a corrugated. rubber running mat
on its circumference. Through a microprocessor-controlled motor, the drum can be
programmed to rotate at various speeds for various time intervals. The drum is en-
closed within a Plexiglas box with a stainless steel grid shelf (15 cm % 9 ¢m) that is
located at one end of the wheel at a height about one-sixth below its diameter. Pulsed
footshock (0.5 mA at 0.5 s) is delivered through the grid floor. Located two ¢m horizon-
tally above the grid floor are a series of four infrared photocells that can register whether
the animal is present on the grid floor. These photocells thereby permit the
microprocessor to record the number of visits to the grid floor, the time spent o the
grid floor, and the time spent on the drum. All these data can be printed out after
each predesignated trial.

The procedure that is currently being applied has the following features. First, mice
are given a training session on one day and a test session on the following dav. The




INGRAM: INDIVIDUAL DIFFERENCES IN MOTOR AGING 91

training session consists of placing the mouse on the rotodrum while the drum is sta-
tionary. This 2-min trial permits the mouse to discover that the grid floor is efectrified.
Then, the rotodrum is activated to turn at a speed of 1 cm/s for one minute. At this
slow speed, all mice have little trouble staying on the rotodrum aad thus avoid the
electrified grid. Following this trial, there is a 1-min rest trial in which the rotodrum
is not activated. The remainder of the session involves these I-min running trials, sepa-
rated by 1-min rest sessions, with the speed increased in the following increments: 3,
5, 10, 15, 20, 25, 30, 35 cm/s. The upper limit of this range was derived empirically
as being near the highest level of capability on the first day of training. If the mouse
remains on the electrified grid for 45 seconds during any trial, it is removed from fur-
ther testing. This criterion appears stringent, but it is somewhat contaminated at present
because the mouse’'s tail can also activate the infrared photocells. However, if this is
the case, it is usually because the mouse is at the end of the rotodrum and is striving
to run when its tail is activating the photocells. Prior to the trials when this begins
to happen, the mouse is running at the top of the ratodrum with its tail far removed
from the photocells. During the second ses<*on on the following day, the first I-min
trial begins at a speed of 10 cm/s and is increm~nted 2 cm/s for each additional [-min
trial (following a I-min rest trial between each increment in rotodrum speed). The
criterion for cemoval on the second day is two consecutive trials in which the pho-
tocells have recorded 45 seconds on the grid (which again includes deflection by the
tail). The rotodrum is sponged with hot soapy water every day atter the last session
on both days. Mice are run during diurnal hours 9:00 a.M. - 4:00 p.M.

What are the features of this test that have been improved over those of the tests
described previously? Tirst, there is almost no interaction between «iperimenter and
subject. Second, an attempt is made to reduce extraneous vanation due 10 motiva-
tional and learning factors. This is accomplished by having shock-avoidance as the
motivational manipulation. The experimenter is reasonably assured that the subjects
are motivated to perform at their highest ability. Mor:over, because the rotodrum ve-
locity is stowly and gradually incremented, the experimenter is assured that the animals
have the opportunity to learn the relevant features of performance, that is, (o run on
the rotodrum at a speed that permits them to avoid the shock grid. Two sessions are
given to further offset any learning effects. Pilot studies indicated that maximum per-
formance was not enhanced appreciably (< 2 ¢m/'s) when a third session was given
24 hours after the second one to mice of different age groups. The objective is to mea-
sure the mouse’s highest ability with respect to this task, that is, its maximum running
speed.

FIGURE 13A presents our preliminary results with this test in male C57BL /6J mice.
As noted, there was an age-related decline in performance. Between 8 and 25 months,
maximum running speed declined about 22%. As observed, there was no age-related
increase in variability in this case. Perfarmance also appearcd unaffecied by individual
differences in body weight. The correlation between body weight and performance
was positive, 7 = 0.27, but not significant, p 2 0.05. Thus, body weight did not appear
to be an extraneous performance factor.

An additional factor extraneous to the variable of interest might be fatigue. The
initial procedure used to reduce the influence of fatigue was by having short test trials
separated by rest trials. To further offset this possibility, a more recent procedure has
‘been introduced that differs in two ways from that described above. First, to reduce
the total number of trials required during the second session, the speed un the first
trial was changed from 10 to 20 cm/s. Second. beginning at the trial with a rotodrum
velocity of 30 cm/s, the length of the rest trial was increased from 1 to 2 min. FIGURE
13B demonstrates the age comparisons of performance resuiting from this protocol
in mmale CS7TBL/6J mice. TH: results were very similar to those observed in FIGURE
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FIGURE 13. Maximum running speed in male C57BL/6J mice as a function of age

13A. Therefore, fatigue does not appear to be an extraneous factor affecting the age
comparisons. Again, there was no age-related increase in variability. If anything, there
was a decrease, but the measures of variability here are the standard errors of the mean
that were affected by markedly different sample sizes. Again, similar to that found
in the first study of this test, there was no correlation between body weight and perfor-
mance, r = —0.01.

Further analysis is planned to examine the reliability and validity of the running
speed test. Specifically, we will assess the short-term and long-term stabilities of in-
dividual differences and the correlation with life span. In addition, a correlational
analysis will be conducted to determine what relationship the rotodrum test has to
the previous tests examined. Finaily, work is also under way to determine if perfor-
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mance in the rotodrum test is correlated with individual differences in striatal dopa-
mine receptors.

CONCLUSIONS

The objective of this discussion was to document that motor aging may be ana-
lyzed from the perspective of individual differences. By comparing inbred rodent strains,
investigators can analyze genetic influences on the type and rate of age-related perfor-
mance decline. Once reliable strain differences are documented, then further analysis
can be conducted to determine mechanisms at physiological, cellular, and genetic levels.
By analyzing individual differences within inbred strains, investigators can analyze
the effects of environmental manipulations (such as nutrition) on the rate of motor
aging within a particular genotype. By focusing upon the behavioral phenotype within
uniform and different environments, investigators can assess whether parameters of
motor aging reflect the underlying rate of biological aging and thereby link common
mechanisms. With thesc research cbjectives in mind, the task becomes one of developing
reliable and valid measures of motor aging.

Emphasis on individual differences has implications for other areas of geropsy-
chology, including assessment of age-related memory dysfunction.* An important ap-
plication is provided in the assessment of therapeutic interventions. For example, Gage,
Dunnett, and Bjorklund*® first identified a subset of aged rats that were impaired in
a learning task before submitting them to a fetal neural grafting procedure that im-
proved the deficit in this experimental group.

In summary, further research interest in assessing individual differences in inbred
animal models will likely help to elucidate the rich variability that exists in motor per-
formance during human aging. Thus far, interest in this line of research remains at
a threshold.
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DISCUSSION OF THE PAPER

G. LovieLacie: When vou showed the plot with the diverging X, Y, Z curves, pre-
sumably that was conceptually a plot against chronological age of performances of
some sort. [f the abscissa had not been chronological age, but functional age, might
they have then represented three lines of individuals who were simply biologically aging
ai different rates?

D. INGRAM (NIA, Baltimore, MD): The task in a nutshell is: does the variability
observed among individuals of the same chronological age really represent differences
in functional age? [f one makes the assumption, then one has to provide tests that
demonstrate that the individual differences are reliable and that they are meaningful
(in the context that you can predict that the individual differences can predict some-
thing). Therefore, we need to know the criteria for this. Is it going to be how long
the person lives? Is it going to be the age at which he or she develops a chronic disease?
So far, the advocates for measures of biomarkers of aging have yet to come up with
a suitable criterion with which we can measure those things. We demonstrated that
some variability in life span can be predicted by motor performance. What [ failed
to say is that we do not know how much of that is related to disease because we did
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not do specific pathology on the animals; however, you will note that the pattern of
longitudinal decline starts early, thus implying that decline over that long of a period
of time could not be attributed to a specific pathology for most animals.

W. Seirpuso (University of Texas, Austin, TX ): When you establish ai animal’s
performance level at 6 months, 12 months, 24 months of age, ¢tc., do you test that
animal for three, four, five, etc., days and take that as some kind of an estimate of
the best performance of the animal at each age? Or, on the other hand, arc you testing
those animals for one shot and then coming back 12 months later and testing them
again? Therefore, is the age-related decline the capacity of the animal or the change
in variability within the subject consistency of the animal?

INGRAM: All the data I presented today were based on one shot; however, there
is a possibility of confounding of learning. 1 just measured one shot using several trials
(three to five trials) depending upon the task (the tightrope task had five trials, while
the grip strength task had three trials). It is a very short exposure to the test experience,
but that short exposure can have effects two months later; this can be seen in the grip
strength test, where the animals learned to perform better in that task.

Thus, the best design is to put the animals up io their capacity. We get the animal
up at a young age to a capacity (a high level of capacity) and then assess the aging
effects longitudinally. That is the objective, though it is not the current status of the
data | presented.

M. BReNNAN (Revion Health Care, Tuckahoe, NY ): The strain differences present
interesting models to evaluate genetic influence as a source of variance in the effects
of age. Therefore, can we make cross-sectional comparisons between strains that have
slightly different life spans? What is the significance in observing a difference between
the two strains in terms of both behavior and any of the neurochemical or neurobio-
logical markers underlying those differences?

INGRAM: | would defer to my previous comment that we definitely need longitu-
dinal analysis. There are so many factors that can impinge upon that one performance.
It could be motivational in nature and, if one repeatedly tested the animals, some ac-
climation to the test environment might wash out that strain difference altogether.
A well-developed battery that has demonstrated reliability and that is conducted in
longitudinal fashion is the best.

BRENNAN: My question was more in terms of context of differential survivorship
rather than in the same subject population.

INGrRaM: Well, on the tightrope task, you wili notice that the A-J «train that did
not show an age-related decline is actually the shorter-lived strain.
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The ability to adapt to one’s environment and to appropriately react to changes within
it is a prerequisite for the development and preservation of each species. This reciprocal
interrelationship between external stimuli and the internal regulation of all functions
in the homeostatic system varies in stability, capacity, and reserve. The adaptivity must
be subdivided into the acute reactions of an individual (as determined by the current
regulation capacity in each phase of life) and the dynamic processes of adaptive mech-
anisms over a period of time. These processes include not only regeneration and aging,
but also acclimatization and training effects.

The stability of the regulatory systems, as characterized by susceptibility to distur-
bances, can be quantified by the intensity of the stimulus causing the deviation from
the norm. The capacity for compensation and 1its control can be determined by the
extent and speed of a response and can be tested by finding the limits to an overtaxa-
tion of the system (testing the limits). The reserve of functions can be measured by
an improved perforinance after practice.

The homeostasis is maintained by inherent and learned regulation processes that
are multiply ensured, thus allowing partial weaknesses to be covered up and compen-
sated for. These differentiated possibilities of adapting are expressed differently during
the course of ontogeny, thereby resulting in characteristic changes. By taking individual
and species-specific compensation mechanisms into consideration, the aging process
can be demonstrated at different levels — molecular, cellular, endocrinous, at the level
ol the vrgans' “—as well as 1n changes in the tunctions ot the whole organism.

Numerous studies have shown that compensation rcactions become delaved., less
effective, or nonexistent with increasing age.**® This has especially been demonstrated
for reaction to changes in ambient temperature, pressure, and amount of oxveen, or
in increased peripheral resistance in the circulation.” "

Deviations in adaptivity due to increasing age can be especially well demonstrated
at the level ot motoric behavior. Determination of central control is mainh recnon.
sible for reduced performance. Limitations in the periphery are only secondary con-
tributors to the etiology of movement deficits and they only work in a modulatory
way.'**~"* The low stability of unpracticed behavioral reactions, dne mainly to missing
or incorrectly functioning correctional mechanisms, has been observed in man and
animals many times and is. in principle, applicable to all age stages.” ** However, with
increasing chronological age, it has been observed that adaptivity is especially dimin-
ished; in some cases, though, clarification is needed to determine whether reduced
performance represents an exhaustion of effective capacity or a defective use of adap-
tive regulation. A change in the time pattern in which the organization and exccution
of motor processes take place, in the sense of a prolongation, also leads to a reduction
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in effectiveness —an example being the synchronization of reaction processes with the
demands.

The deviations affect the speed as well as the power components ot physiological
reaction patterns, especially those of adaptive reactions to endogenous and exogenous
stimuli. Subdivisions into mainly speed-dependent and speed-independent abilities are
especially important in clinical diagnostics and in the validation of pharmacodynamic
effects.”” In the following, we will proceed with this differentiation despite existing
interactions and relationships.

Many stud’es have confirmed that aging, with respect 1o the speed component ot
motoric processes, 1s rule governed and can be considered a valid and reliable charac-
teristic of the aging process.' ** ¥ Despite great multiplicity, this process tends o be
manifested as a slowing down. In contrast, the aging process of the power component
is not so <lear and must be examined for cach individual guality. The verification ot
reduced abilities is methodically problematic because various adaptation strategies that
can compensate for restrictions in partial functions are developed during the course
of ontogeny. This compensation is constantly produced by many regulatory element..
Thus, the ensurance ot integrative functions is a svstem property of the organism that
gudrantees its survival.*

A difficulty in determining the aging process of behavior mainiy independent of
speed is due to the fact that little-used and seldom-taxed abilities are less routinized
and thereby more susceptible. Therefore, in determining their efficiency, itis necessary
to know how often they have been regularly used and. thus, their availabilits. This
is true to the same degree for the corresponding counterbalancing processes.

The rats used in our experiments were female Wistar rats (Hagemann,
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FIGURE 1. Gompertz curve of 280 female Wistar rais (breeder: Hagemann, Bosingfeld) showing
the age-specific mortality rate.
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FIGURE 2. Survival curve of 280 female Wistar rats. The 0% survival Tt s at 125 weeks

Lippe. Bosingfeld) whose weights were registered weekly., The Gompertz curve indi-
cates that it was an aging population (FIGURE 1) with th> 50¢% survival hmit ar 27
months (F1GURE 2). The data are based on an obhservation period that currently spans
three vears. It is noteworthy that a closer analvsis of the death rates shows character-
istic weight processes tor long-lived rats (older than 27 months) and animals with an
average [ife span, thus confirming Everice’s Y findings with miale Wistar rats (FIGURE 3).

Motor ability was examined by using a battery of motor tests of graduated com-
plexity 1n a cross-sectional analvsis. Compared to a longitudinal analysis, this only
represents a description of the skill profiles of ditferent-aged organisms, but it has
the advantage that comparative examinations can be performed in a relatively short
time period.

The results showed that vital behavior (which includes spentaneous activity in a
tamiliar and unchanged environment) was quantitatively unchanged in voung and old
rats (FiGURE 4).1 There were also no signiticant differences between the age groups
in the swimming test. The positive results of others on this test are probably due to
different methods or to specific breed characteristics. ' '

Supplementary data on food and fluid intake over several weeks ™ underscore
that motility is only slightly impaired by age. All tests have in common a high survival
value and a lack of an immediate time component which, as mentioned before, is respon-
sible for most age differences.™ ** In tests measuring the ability 10 react (passive-
avoidance test: Porsolt-Test),* passivity does not represent a low level of performance,
but a behavior appropriate to the circumstances.*® In addition, during the course of
ontogeny, behavioral stercotypes based cither on experience or heredity can develc
and cause the behavioral repertoire to appear limited, independent of the time factor.
However, the speed companent could be of importance in such a case as when Wilcox*
“uses the reactions of a rat suddenly thrown into water as a measure of its fitness. Test
situations that are untamiliar to an animal could cause a strong stress stimulus that,
for example, could be marked by increased defecation. This reaction is more pronounced
in old rats. On open-fieid tests, it has been observed that cld rats are more strongly
emotionally affected by the new situation.*** 7 e emotional response disappears with
practice, but older rats require considerably more time than voung ones.*
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FIGURE 3. Course of weight-loss in female rats during the last 100 davs of life. & — &2 rats
with average life span; O — O: rats with long life span.

Although there is a definite time component in the climbing test and the chimney
test (FIGURE 4), our experiments were designed to allow the animals to perform the
task without a time constraint. Nevertheless, in both tests, there were considerable differ-
cnces between the age groups with respect to their reactions to the situation and espe-
cially in the manner that the tasks were performed. Old rats climbed more hesitantly,
more tensely, and, in a sense, with more errors (as was determined by the course of
movements of their extremities). Thus, one can exclude the possibility that the com-
paratively longer amount of time they required to complete the task was due to cau-
tious movements and increased precision.

The rotorod test with three rotation speeds tested the coordination capacity of motor
functions. Not only did the rats need to learn a complex pattern of movements (mo-
toric learning), but «fter overcoming initial nervousness. they needed to maintain their
attention and concentration over a specific period of time. Therefore, in addition to
the speed and power components, this test measured other factors such as vigilance.

FiGURE 5 shows the performance on the rotorod test as a function of the number
of starts at the lowest rotation speed (10 rpm). The age difference can be clearly seen
in the time it took to reach the criterion at two-minutes running time. An analysis
of the frequency of starts as a function of the rotation speed revealed that even the
oldest rats demonstrated training effects despite an increase from 10 to 40 rpm. This
observation led to the conclusion that, in contrast to the climbing test, the power com-
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FIGURE 6. Training effect on rotorod test in different aged rats. (Median values; » RIETH
cach group.)

ponent was of secondary importance to the speed component because the coordinated
motoric achievements were determined by speed factors. The effectiveness of training,
however, was limited. This was seen when the 27- and 29-month-old rats exhausted
their allowed 15 starts without being able to complete the task (FIGURE 6); thus, they
approached their limit of performance. Old rats with a low achievement level in the
acquisition phase also generally did not significantly improve during practice. This
observation is only in apparent contradiction to the principle previously delineated
because the experiments were undertaken as a cross-sectional analysis. It has repeat-
edly been shown that exercise in old age is mainly successful when it is started early
and when it is done regularly.**** A displacement to better achievement or the main-
tenance of what exists can obviously only be obtained by strict adherence to the training.
Moreover, when practice is interrupted, motor performance is reduced much faster
in old age than during younger phases.

The strong susceptibility of complex motor performance, as on the rotorod test,
can be demonstrated by the intake of certain drugs. After only a small dosage of d-
amphetamine (2-3 mg/kg/day, orally). the performance of old rats was dramatically
poorer, while young animals showed no effects. in contrast, it 1s in principle possible,
within limits, to improve performance by pharmacological treatment — for example,
with nootropics, as wa. demonstrated with piracetam and pyritinol.*™ *

When motor tasks are performed under more strenuous conditions such as when
the oxygen content of the air is reduced to 10%, the following results occur. While
physiological values for blood gases, hematocrit, and pH showed no significant age-
specific changes under hypoxia, such changes were demonstrated for food and fluid
intake and spontaneous activity. After an almost similar deviation for all rats from
norm values in the sense of attenuation (power component), age groups could be clearly
distinguished in the adaptation phase (speed component). In old rats, the time span
for recovery was clearly longer and the capacity was measurably reduced (FIGURE 7).*?
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Learning the existing spatial setup of a maze, in which motor behavior is impor-
tant, is a task that has frequently been examined in rats. In our experiments, a closed-
pipe system was used. The rats needed to correctly make six right-left decisions in order
to reach the goal and be rewarded with food. The movements of the animals were reg-
istered by infrared light barriers and the impulses were transferred to a computer for
analysis. In addition to more errors (frequency entering cul-de-sacs), the data showed
a preferential changing away from “speed reactions”. This is expressed as a definitely
longer time to complete the task and a longer decision latency at intersections for the
27-month-old rats as compared to the 4-month-old ones.

Initial results with an analogous transparent maze confirmed these results (FIGURE
8). The total running time was a composite parameter that was determined by the number
of time-dependent and time-independent factors. Among the time-dependent factors
are the length of the nonlocomotor behavior and the resulting overall length of orienting
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scenting, which also contains the orienting scenting during decision-making. The run-
ning velocity is also a time-dependent factor in the locomotor phases. Time-independent
factors are the length of the area covered within the maze (distance). Additionally,
the so-called running phase (step) is shown, that is, running activity without interrup-
tion. It was evident that differences existed in a number of factors between the various
age groups. The age-related deviations still remain with time-dependent factors even
if training effects have been obtained. In almost all of the time-independent factors,
the age-related factors are nearly eliminated by training.

Chronic treatment with diazepam (2 mg/kg/day, i.p.) led tc ~ significantly shorter
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running phase in the young rats, whereas the old ones were not affected by the drug.
Thus, in this area, the differences between the age groups were diminished. However,
the total activity of the old rats was simultaneously much morc strongly reduced than
that of young rats. The more frequent and longer periods of inactivity caused them
to remain in the maze much longer. In analyzing age differences for the entire dura-
tion in the maze from start to finish (in addition to other factors such as frequency
of errors, length of running phase, decision-making time, etc.), the total activity must
also be taken into consideration.

Although the activity within the maze was dependent on many other variables (moti-
vation, vigilance, orientation), it could be concluded, with the inclusion of findings
from other researchers, that traversing a maze is also age dependent.®***

In summary, the examples presented demonstrate that differentiated changes occur
in motor behavior in old age. These changes are asynchronous and graduated, depending
on the complexity and conditions presented (treatment with drugs, exposure to hyp-
oxia). They reveal individual differences, but they also show a common tendency for
decline in achievement and adaptivity with increasing age. The variety in which they
are manifested can be found in both intra- and inter-individual variability and in the
increasingly limited modifiability of decline.

As expected, these changes mainly affect the “speed component” of behavior. In
addition, there is a loss of flexibility in the mutual change and the interdependent in-
fluence between environment and an organism’s ability to integratively process stimuli
affecting it from inner and outer milieus, as well as in its ability to maintain its capa-
bility for functioning and being vital. This occurs in terms of reduced capacity, dimin-
ished stability, and a lack of reserve —all of which affect adaptation. However, the
examples also provide possibilities that would allow an old organism to ameliorate
performance loss through practice and/or treatment with medication.
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Aging-dependent Emergence of
Sensorimotor Dysfunction in Rats
Recovered from Dopamine Depletion
Sustained Early in Life”

TIMOTHY SCHALLERT

Department of Psychology
and
Institute for Neurological Science
University of Texas at Austin
Austin, Texas 78712

In the study of aging-related motor decline and its central determinants, it is impor-
tant to consider that older individuals may be subject to sensory impairment or weak-
ness from hypophagia or other events that might influence movement adversely and
thus obscure measurements of the integrity of motor function. In addition, previous
exposure to neurotoxins, minor cerebral insults, or related perturbations of brain func-
tion throughout the life span might affect the operation of motor systems during old
age. Two approaches using animal models are considered in this report.

First, an objective, easy to administer, test of somatosensory function will be de-
scribed, and its value will be illustrated in young versus old rats. This test was devel-
oped to assess sensory function, with high resolution, independently from motor, nutri-
tional, or other aging-related events.'™ The data indicate that most old rats are generally
resistant to somatosensory dysfunction, but many suffer from deficits in movement
initiation that can affect the response segment of orienting behavior and thus can af-
fect measures of responsiveness to sensory stimulation.

Second, the effects of aging in rats that had long since recovered from the behavioral
signs of unilateral dopamine depletion occurring in adulthood are described. Using
a unilateral lesion preparation and neurological tests of sensorimotor asymmetry, selec-
tive aging-lesion interactions were isofated. Specifically, unilateral behavioral signs of
the earlier brain damage reappear during old age a:id can be distinguished from non-
central motor dysfunction or other erosive events of the aging process, which, when
present, act bilaterally. Because the behavioral effects are asymmetric, nonspecific sen-
sory dysfunction, generalized motor slowing or fatigue, illness, and nutritional factors
can be ruled out. The role of aging-related decline in the function of dopaminergic
versus nondopaminergic systems will be discussed.

4 This work was supported by Grant Nos. NS 17274 and NS 23964 10 T. Schallert, and Grant
No. AA 06761 to W. W. Spirduso and T. Schallert.
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FIGURE 1. A rat with adhesive patches on the radial aspect of each forehmb.

INTACT ANIMALS

Sensorimotor function was determined first in male rats with no brain damage.
There were 24 hooded Long-Evans rats — 13 of which were old (28 mo) and 11 of which
were young adults (8 mo). There were 10 albino F-344 rats — 5 of which were old (25
mo) and 5 of which were young (4 mo). As in previous work, a palatablc diet supple-
ment was used when necessary to offset aging-related nutritional requirements, par-
ticularly abnormal weight loss.*

The tests were designed to assess sensory asymmetry reliably. All tests were carried
out in the home cage, which is relatively free from competing stimuli that otherwise
distract the animals and prevent them from orienting toward specific somatosensory
stimuli.'*7 In the first test, two small pieces of adhesive-backed paper patches (of
equal size: 113.1 mm?) were used as bilateral tactile stimuli occupying the distal-radial
region on the wrist of each forclimb (see FiGure 1). The animals were removed from
their cages briefly so that the patches could be firmly attached. The animals were ex-

TABLE 1. Latency? for F-344 Rats to Contact and to Remove Adhesive Patches
from Radial Aspect of Forelimb

Contact
4 mo 1.8s (1.0-2.8)
25 mo 10.5 s (8.5 88.8)
Remove
4 mo 3.6 s (1.6-11.0)
25 mo 16.3 s (8.6-120.0)

9 Median and range of the latency are shown.
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TABLE 2. Percentage of F-344 Rats Removing Patch in Less than 40 s versus 15 s

Remove in Less than 40 s

4 mo 1007
25 mo  80%

Less than 15 s

4 mo 100%
25 mo  40%

tensively handled in this way before testing so that they did not struggle, vocalize, or
show any signs of distress while the patches were being attached, which takes only
a few seconds. After being returned to the home cage, the animals contacted one or
the other patch by lifting a forelimb to the mouth. Soon thereafter, the animals re-
moved the patches one at a time, using the teeth to grasp the edge of the patch, using
simultaneous upward head and downward forelimb movements to pull it off of the
foreliinb, wid using a thrust of the tongue to discard it. The latency to contact each
stimulus with the mouth and the latency to remove each stimulus from the limb were
recorded on five trials,

TasLe | shows the latencies to contact and to remove the adhesive patches tor the
yvoung versus old F-344 rats. The voung rats responded significantly taster than the
old rats (p < 0.05). All of the young F-344 rats, but only 40% of the old rats, remove
an adhesive patchin less than 15 s (Tasrg 2). Of the Long-Evans rats, 91%% of the voung
rats, but only 53% of the old rats, removed a patch within 40 s (TaBLE 3).

Because these data may reflect sensory impairment rather than movement initia-
tion, an additional type of adhesive-removal test was carried out that estimates the
ability to discriminate the relative magnitude of two stimuli that are of slightly ditferent
size. In this test, the size of the stimulus on one limb (i.e., intensity, as defined by the
limb area occupied by the adhesive patch) was systematically increased while the size
ot the other stimulus was decreased by increments of 7.0-14.1 mm? each. The widest
diameter of a given stimulus was oriented transversely (rather than longitudinally)
around the radial aspect of the wrist. When the size of one st mulus is sutficiently
larger than the simultaneously applied stimulus on the opposite limb, a response bias
occurs (as measured by the order of stimulus contact). Rats usually contact the larger
of the two patches first, even if movement initiation (and therefore overall latency)
is impaired.>* In other words, the order (rather than the latency) of patch removal
is the most important outcome in this measure of somatosensory acuity.

The patch sizes were adjusted until a response bias was detected (i.e., the larger
of the two patches was contacted on 80% or more of the trials). Then, 4-5 additional
“bias-contirmation” trials were conducted, alternating with 4-5 “nonbias” trials in which
the sizes of the two patches were made just similar enough that no bias could be reliably
detected (i.e., the larger of the two patches was contacted on 50% or fewer of the trials).
For each rat, the median JND (just noticeable difference) was computed in the fol-
lowing way. The size of the larger patch used in the nonbias trials was subtracted from
the size of the larger patch used in the bias confirmation trials. This difference was
added to the difference between the sizes of the smaller patches used in the nonbias

TABLE 3. Percentage of Long-Evans Rats Removing Patch in Less than 40 s

8mo(n = 11) 91 %
28mo (n = 13) 530
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TABLE 4. Somatosensory Acuity Index (JND) in Young versus Old Rats

4 mo 24.2 mm?
25 mo 19.6 mm?

versus the bias confirmation trials. For most animais, this value was simply the mean
difference in the size of the left versus right patch found in the “bias confirmation™
trials. In cases where a rat initially preferentially contacted the patch on the left or
right limb when the patches were of equal size (endogenous asymmetry), the size of
the preferred patch was decreased and the size of the nonpreferred patch was increased
until the bias was neutralized and again until the bias was reversed. The large patch
size in 4-5 reversal trials was subtracted from the large patch size in 4-5 bias neutral-
ization trials, and this value was added to the difference between the small patch sizes
in 4-5 bias neutralization versus bias reversal trials to obtain the JND (see TaBLE 4).

The above experiments indicate that although old rats are slightly slower than young
rats to react to somatosensory stimulation, their somatosensory acuity (as estimated
by the capacity to discriminate readily between two stimuli of slightly different size)
is comparable to that of young rats. This does not mean that absolute thresholds for
detection of sensory stimuli are unaffected by age. In an additional study, patch sizes
were reduced to 58, 28, 14, 7, or 3.5 mm’ on different trials. The cutoff latency to
respond to a patch on any given trial was five minutes. As shown in FIGURE 2, as patch
size was reduced, the percentage of rats responding to the patch within the five-minute
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FIGURE 2. Threshold test: Cumulative percentage of old versus young rats responding as adhe-
sive patch size is reduced.
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period decreased. Significantly fewer old rats responded to the smallest pa ch size (p
< 0.01). However, because the smallest patches yield relatively longer latencies to re-
spond than the larger patches, this effect could be attributed in part to age differences
in movement initiation.

UNILATERAL DOPAMINE-DEPLETING LESIONS

Animals that have recovered from brain damage show measurable impairment again
during old age. Sensorimotor behavior was examined in 11-month-old rats treated ei-
ther with the catecholaminergic neurotoxin 6-OHDA or unilateral electrolytic lesions
(1 mA for 25 s, anodal) aimed at the far posterolateral hypothalamic area through
which mesotelencephalic dopaminergic neurons (and several other systems) project.
Sham operations were performed in control groups. The rats were tested for their ability
to orient toward somatosensory stimuli (a von Frey hair calibrated to exert 4 g of force)
presented at seven regions on each side of the body, and they were rated as in Marshall
et al.% "

Following surgery, the brain-damaged animals showed deficits in the ability to orient
toward tactile stimulation of the contralateral body surface. The animals with electro-
lytic lesions recovered from this deficit during the first postoperative month and, as
the animals became old (about two years), there was a reappearance of contralateral
sensorimotor impairment.® Twenty-five rats received unilateral microinfusions of 6-
OHDA (4-6 ug of free base in 2 puL of artificial CSF, 0.1%% ascorbic acid) along the
mesotelencephalic dopaminergic projection. All rats were pretrecated with a systemic
injection of desmethylimipramine (15 mg/kg of free base, i.p., 30 min before 6-OHDA)
to provide relative protection of norepinephrine-containing neurons.'' Five days
postoperatively, 17 of these rats showed extensive impairment in contralateral orienta-
tion, with contralateral scores = 4.26 + 1.6 and ipsilateral scores = 27.90 + 0.4. The
remaining rats showed minimal or no contralateral deficits. By threc months, 6 of the
rats with deficits recovered their ability to localize stimuli (contralateral score = 22.6
+ 2.8) and 1! rats failed to recover even after more than a year (contralateral score
= S.11 + L7). This pattern, in which only a small percentage of 6-OHDA-treated
rats showed a deficit followed by recovery, has been typical of previous studies.*'
A narrow range of striatal dopamine depletion (about 75-90%) is needed to produce
this impairment-recovery pattern.

The recovered animals appeared to redevelop significant impairment as they be-
came aged at 25-27 postoperative months (contralateral score = 11.63 + 1.8; surviving
n = 4). However, further behavioral analyses have led us to reevaluate the results.

Based on sensorimotor tests developed in our lab during the course of this experi-
ment, we now hypothesize that asymmetries of movement style and a slowing of re-
sponse speed are precipitated or enhanced by the aging process before (or rather than)
changes in sensory asymmetry magnitude, and that it is primarily these “motor™ ef-
fects that contribute to the initial reappearance of contralateral impairment in the von
Frey hair test during aging.

Briefly, FIGURE 3 shows postoperative orientation scores in unilateral 6-OHDA-
treated rats (maximum rating = 28, using the von Frey hair technique). After surgery,
there was a decicase in the ability to turn toward a tactile stimulus presented at mul-
tiple points on the contralateral side of the body. This was followed by recovery and,
eventually, a reappearance of orienting deficits when the animals became old (about
25 months old). Because this effect is a relatively unilateral one, this indicates that
nonspecific behavioral impairment cannot account for the aging-dependent effect.
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FIGURE 3. Chronic oricntation scores as a function of time following unilateral 6-OHDA
Note that reactivity to contralateral sumulation was impaired, but it recovered soon atter sur
gery. During old age, contralateral impairment reappeared.

A further study revealed more about the nature ot this effect. Response-completion
time seems to be an important tactor in the reappearance of dvsfunction during aging.
As shown in FIGURE 4, relatively “recovered” animals (7 months post-op; 15 months
of age) took an average of 3.5 s to turn toward and contact a von Frey hair brushed
back and forth tonically at the distal aspect of the contralateral vibrissae (versus 0.3«
to turn toward stimulation of the ipsilateral vibrissae). This latency (3.5 s, with an av-
erage range of 2.1-5.3 s) was sufficiently fast that it was not scored as neglect or im-
paired orienting behavior. The contralateral orienting response was accurate in that
the animal contacted the stimulus, but it appeared to be initiated more slowly (the
impression gained from videotape observations is that initiation latency, rather than
response completion time, is most affected; see also references 12 and 13). As the animals
became older (20 months nast-nn: 28 manths of a0ed thev 1ok an average of 13.3
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FIGURE 4. latency for unilateral 6-OHDA-treated rats to respond to ipsilateral versus con-
tralateral perioral stimulation at 7 months and 20 months atter surgery.

s (average range = 4.0-41.2 4) to turn toward and contact a von Frey hair presented
on the contralateral vibrissae versus 1.3 s for the ipsilateral vibrissae. On some con-
tralateral trials, there was no response.

These data may help explain the aging-lesion interaction found previoushy.® It is
important to note that the increased latency to turn contraversively would have been
too long to be scored as a positive response in the standard probe-orientation test in
which the tactile stimuli were presented typically for no more than tive seconds: that
15, a response in the piobe-stimulation test usually would not have been observed be-
cause the experimenter stopped the stimulation from continuing at that particular body
point. Thus, one behavioral component responsible for the age-linked changes in
orienting capacity (illustrated in FIGURE 3) may be a progressive slowing of movement
initiation to tonic tactile stimulation of the contralateral side of the body, and a gradual
decrease in the probability of responding in the contralateral direction toward brietly
presented tactile stimuli.

Although the mechanisms for the aging-dependent phenomenon undoubtedly are
complex, several points seem relevant. [t is well documented that alterations appear
in a variety of neuronal and supporting activities in the aged brain.® '#°#* Nigrostriatal
dopaminergic levels, cell number, turnover, synthesizing enzvimes, axonal transport,
and postsynaptic receptor density can decrease with advanced stages of aging (although
these effects are not universally observed'). These and other potentially important
changes often appear o be present in the absence of obvious behavioral svmptoms
that can be measured by perioral prove-orientation tests. Similariy, compensatory reac-
tions to subtotal brain damage can mediate recovery and maintain function in young
rodents and probably in other mammals including man, especially if the damage occurs
gradually. In contrast, if the initial brain damage is nearly total (i.e., greater than about
95% in the nigrostriatal system), the compensatory reactions are not sufficient to mediate
recovery.?? ** In humans, it is believed that some neuropathology exists long before
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parkinsonian symptoms become clinically evident.**-# Perhaps it occurs perinataily.*®
Like the animals witl. subtotal carly brain damage in the present study, these people
may be at risk for Parkinson’s disease because of this vulnerability in the brain. It
may be that aging provides the additional dopamine deficiency sufficient to precipi-
tate the overt signs,® 262831234

Recently, Hall and Schallert** observed in recovered 6-QOHDA-treated rats that the
type of response made to contralateral perioral stimulation was abnormal. Therefore,
they examined more completely the deficit in movement initiaiion, its recovery, and
its reemergence in old age. Prior to recovery, the typical 6-OHDA-treated rat will re-
spond at first to contralateral stimulation by circling in an ipsiversive direction instead
of making a rapid lateral movement of the head as they do both preoperatively and
ipsilaterally. If the probe is always quickly removed from the cage by the experimenter
before the rat is able to contact it, the rat eventually will learn to inhibit its ipsifateral
turns and respond contralaterally without circling. However, the movement the rat
makes is an unusual rotatory movement, which involves twisting the head and upper
torso such that the teeth engage the probe from underneath. This response can be made
quite rapidly (<1 s) so that contralateral and ipsilateral latencies can reach a point (with
recovery) where they might not differ by very much. At first, this movement only permits
the animal to contact the probe when it is placed a few degrees fro the midline. Over
several weeks of practice, the rat becomes able to orient 1o the probe placed more later-
ally: however, a new movement must be learned. Following the rotatory movement
of the head or entire forequariers, the animal makes a ventral tucking movement of
the trunk. Together, the rotatory movement, followed immediately by the tucking move-
ment, permits contact with the probe. Other animals use a sequence of small back-
ward and forward movements of the head and forequarters to gradually bring the snout
close enough to the mouth so that a positive response can be recorded. Either of these
multiple-movement strategies would have becn considered to be a recovered response
using standard measures. Recovery, though, appears to represent a form of response
substitution.™*” The rat, unable to initiate its usual response, is forced to discover
or develop alternative means of responding to contralateral stimulation.

These data suggest that the aging-lesion intcraction may not be caused by aging-
related decline in nigrostriatal function (at least not exclusively). An afternative possi-
bility is that the interaction is due to a decline in cortical, cerebellar, or other brain
systems***' that might be involved in the mediation of the learned response sequences
that ordinarily are not used by the animal in orienting to perioral stimulation. Per-
haps, as the animals become old, it is more difficult 1o rapidly initiate these particular
movements toward contralateral perioral stimulation (it may also be that the old an-
imal requires more frequent training to maintain the learned response*?).

Other data are consistent with this possibility as well. We administered a relatively
high dose of 6-OHDA (median striatal dopamine depletion = 93.9%, as measured
by HPLC-EC). Using the patch removal test, which does not require lateral head move-
ments,"? we found that there was consistent adhesive-removal bias in every 6-OHDA-
treated rat following surgery. As a group, and individually, the latencies to contact
and to remove the stimulus located on the ipsilateral radial forelimb were shorter than
the latencies to contact and to remove the stimulus on the contralateral radial
forelimb.'2

These same rats failed 10 make lateral head turns directed toward von Frey hair
(probe) stimulation of the contralateral body surface (median coniralateral score =
0). In the probe tests, most rats never recovered. However, in a variation of the patch
removal test, there was progressive recovery of function in the so-called nonrecovered
animals. Gradations of recovery occurred beginning in the first postoperative month.
By adjusting the size of the sensory fields occupied by the contralateral (C) and ip-
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silateral (I) stimuli (specifically, by increasing the C/I ratio), animals with unilateral
nigrostriatal damage can be induced to contact both stimuli with equal frequency.? **
The minimum C/1 ratio that consistently neutralizes the ipsilateral bias may well be
a fairly precise reflection of the magnitude of the perceptual asymmetry caused by
the brain damage. We used this ratio measure over the period of several months in
the rats with severe 6-OHDA depletions that had not yet recovered from their strong
ipsilateral adhesive removal or neglect of contralateral perioral stimulation. We found
that the minimum ratio that neutralizes the sequence of adhesive removal gradually
diminishes in every animal (although at different rates for individual animals). The
adhesive-removal test, perhaps because it works relatively independent of postural biases,
is able to detect behavioral recovery reflecting early postoperative events (such as com-
pensatory increases in dopaminergic receptor density) in otherwise unrecovered animals.
These data are interesting when contrasted with studies showing that behavioral recovery
does not occur following chronic-neglect producing dopamine depletion.

The C/I ratio obtained in the patch removal test, which is sensitive to unilateral
changes in nigrostriatal function, was used to analyze potential interactions of brain
damage and aging. It was surprising to find that there was no aging-lesion interaction
using this measure. The animals were examined through 28 months of age, yet no an-
imal showed an increased asymmetry from its recovery level as it became old (median
C/1 ratio at postoperative day 2 = 2:1; day 7= 5, which was the peak magnitude
of asymmetry; day 30 = 3:1; month 18, or 28 months of age = 2.2'1).

In a previous paper,® it was argued that unilateral dopamine depletion early in life
left the animals asymmetrically vulnerable to aging-related bilateral dopaminergic de-
cline. Although this continues to be a parsimonious explanation for the aging-lesion
interaction, it now seems equally likely that the reappearance of slow contralateral
responses observed in the probe-stimulation (von Frey hair) test might reflect (at least
in part) aging-related problems in the operation of brain functions that are not nor-
mally an integral part of the nigrostriatal dopaminergic system. In preliminary work
consistent with this view, sedative-hypnotic drugs (which might alter brain function
somewhat nonspecifically, as the aging process might do) were given to young adult
rats recovered from unilateral nigrostriatal damage and to intact controls. For example,
diazepam or ethanol, at doses selected to differentially disrupt complex movement
sequences such as those fearned by the rat to compensate for the loss of large lateral
head movements (2-3 mg/kg diazepam, i.p.; 1-2 g/kg intragastric ethanol; versus ve-
hicle control), reinstated the severe probe-orientation asymmetries in the brain-damaged
animals (contralateral, not bilateral, impairment).

It is important to note that the probability of neurological disease may increase
during aging for multiple reasons. For example, in related experiments, dopaminergic
receptor antagonists reinstated behavioral deficits caused by damage to a non-
dopaminergic system in the paramedian pontine reticular formation associated with
head nystagmus and equilibrating functions.**** Moreover, damage to striatal or nigro-
striatal cells can precipitate a novel behavioral effect if there exists previous damage
to neocortical tissue.’® The behavioral effect was qualitatively different from that oc-
curring after damage to either region alone. Thus, in addition to the aging-lesion in-
teractions noted above and in a previous paper,® a decline in striatal function with
age conceivably could interact adversely with focal damage to nondopaminergic brain
areas, with the latter occurring early in life.

To summarize, generally, somatosensory function does not appear to decline ap-
preciably with age in intact animals. In recovered brain-damaged animals, as well as
in neurologically intact animals, behavioral abnormalities may be caused primarily
by deficits in the speed of movement initiation. Finally, although acquired deficits
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in nigrostriatal dopamine function alone clearly can affect response speed, it remains
plausible that aging-lesion interactions and the decline in motor function with normal
aging can be caused by progressive detrimental changes in nondopaminergic brain
systems on a background of dopamine deficiency.

ACKNOWLEDGMENTS

[ very much appreciate the efforts of Margaret Upchurch, Timothy Barth, Waneen
Spirduso, Stuart Hall, and Theresa Jones.

REFERENCES

1. ScHALLERT, T., M. UPCHURCH, N. LOBAUGH, S. B. FARRAR, W. W . SPIRDUSO, P. GiLLiAM,
D. VauGHN & R. E. WiLcox. 1982, Pharmacol. Biochem. Behav. 16: 455-462.

SCHALLERT, T., M. UpCHURCH, R, E. WiLcox & D. M. VavGhn. 1983, Posturc-independent
sensorimotor analysis of interhemispheric receptor asymmetries in necostriatum. Phar-
macol. Biochem. Behav. 18: 753-759.

3. ScHartgrT, T., T. D. HERNANDEZ & T. M. BARTH. 1986. Recovery of function after brain
damage: Severe and chronic disruption by diazepam. Brain Res. 379: 104-111.

4. BartH, T. M. & T. SCHALLERT. 1987. Somatosensory function of the superior colliculus,
somatosensory cortex, and lateral hypothalamus in the rat. Exp. Neurol. 95: 661-678.

S.  ScHALLERT, T. 1983. Sensorimotor impairment and recovery of function in brain-damaged
rats: Reappearance of symptoms during old age. Behav. Neurosci. 97: 159-164.

6. SCHALLERT, T. & . Q. WHisHAw. 1984, Bilateral cutaneous stimulation of the vomatosen-
sory system in hemi-decorticate rats. Behav. Neurosci. 98: S18-540.

7. SCHALLERT, T. & I. Q. WHisHAW. 1985, Neonatal hemidecortication and bilateral cuta-
neous stimulation in rats. Dev. Psychobiol. 18: 501-314.

8. MarsnatL, J. F. 1984, Behavioral consequences of neuronal plasticity following injury
to nigrostriatal dopaminergic neurons. In Aging and Recovery of Function in the Cen-
tral Nervous System. S. W. Scheff, Ed.: 101-128. Plenum. New York.

9. MarsHatL, J. F., B. H. TURNER & P. TEITELBAUM. 1971. Sensory neglect produced by
lateral hypothalamic damage. Scicnce 221: 389-391.

10.  Farrey, P. C. & J. F. MaARsHALL. 1986. Dopamine in the lateral caudate-putamen of the
rat is essential for somatosensory orieniation. Behav. Neurosci. 100: 652-663.

It ScHarLerT, T. & R, E. WiLcox. 1985, Neurotransmitter-selective brain lesions. /n Neu-
romethods: Neurochemistry, General Techniques. Volume 1. A. A. Boulton & G. B.
Baker, Eds.: 343-387. Humana Press. Clifton, New Jersey.

12. Evarts, E. V., H. TERAVAINEN & D. B. CALNE. 1981. Reaction time in Parkinson's dis-
ease. Brain 104: 167-186.

13. SpirpUso, W. W., P. E. GiLLiaM, T. SCHALLERT, M. UpCHURCH, D. M. VAuGHN &
R. E. WiLcox. 1985. Reactive capacity: a sensitive behavioral marker of movement ini-
tiation and nigrostriatal dopamine function. Brain Res. 325: 49-55.

14, MorGan, D. G. & C. E. FINCcH. 1988. Dopaminergic changes in the basal gangha: a gener-
alized phenomenon of aging in mammals. /n Central Determinants of Age-Related Declines
in Motor Function. J. A. Joseph, Ed. Ann. N.Y. Acad. Sci. This volume.

15.  CAaRLssoN, A. 1985. Neurotransmitter changes in the aging brain. Dan. Med. Bull. 32 (suppl.
1): 40-43.

16.  DeMaresT, K. T., G. D. RikGLE & K. E. MooRE. 1980. Characteristics of dopaminergic
neurons in the aged male rat. Neuroendocrinology 31: 222-227,

17, CarissoN, A. & B. WinBLAD. 1976. Influence of age and time interval between age and
autopsy on dopamine and 3-methoxytyramine levels in human basal ganglia. J. Neural
Transm. 38: 271-276.

18.  McGEekR, E. G. 1981. Neurotransmitter systems in aging and scnile dementia. Prog. Neuro-
Psychopharm. §: 435-4485.

[ 9]




40.

41.

42.

ANNALS NEW YORK ACADEMY OF SCIENCES

SaBEL, B. A. & D. G. SteIn. 1981. Extensive loss of subcortical neurons in the aging rat
brain. Exp. Neurol. 73: S07-516.

WiLcox, R. E. 1984, Changes in biogenic amines and their metabolites with aging and
alcoholism. /n Alcoholism and the Elderly. J. T. Hartford & T. Samorajski, Eds.: 85-115.
Raven Press. New York.

RaxpalL, P. K. 1980. Functional aging of the nigrostriaial system. Peptides 1 (suppl.
12): 177-184

ZisMoND, M. J. & E. M. STRICKER. 1977. Behavioral and neurochemical effects of central
catecholamine depletion: A possible model for “subchnical™ brain damage. /n Animal
Models in Psychiatry and Neurology. |. Hanin & E. Usdin, Eds. Pergamon. New York.

LIJUNGBERG, T. & U. UNGERSTEDT. 1976, Sensory inattention produced by 6-hydroxv-
dopamine-induced degeneration of ascending dopamine neurons in the brain. Exp. Neurol.
53: 585-600.

Hornykiewicz, O. 1973, Metabolism of dopamine and I-DOPA in human brain. /n
Frontiers of Catecholamine Research. E. Usdin & S. H. Snyder, Eds. Pergamon. New
York.

Lioyp, K. G. 1977. CNS compensation to dopamine neuron loss in Parkinson’s disease.
In Parkinson's Disease: Neurophysiological, Clinical, and Related Aspects. F. S Mes-
siha & A. D. Kenny, Eds. Plenam. New York.

FincH, C.E., P. K. RANDALL & J. F. MaRsHALL. 1981. Aging and basal ganglia functions.
Annu. Rev. Gerontol. Geriatr. 2: 49-87.

MaRrsDEN, C. D. 1982. Basal ganglia disease. Lancet ii: 1141-1146.

CaLNE, D. B. & J. W_ LanGsTON. 1983. On the aetiology of Parkinson's disease. | ancet
2: 1457-1459.

RIEDERER, P. & S. WUkETICH. 1976. Time course of nigrostriatal degeneration in Par-
kinson's disease. J. Neural. Transm. 38: 277-301.

DE CoURTEN, G. M. & T. RaBivowicz. 1981. Intraventricular hemorrhage in premature
infants: Reappraisal and new hypothesis. Dev. Med, Child Neurol. 23: 389-403.

LancGsTon, J. W. & P. A. BaLLARD. [984. Parkinsonism induced by I-methyl-3-phenyl-
1.2,3,6-tetrahydropyridine: implications for treatment and the pathophvsiology of Par-
kinson’s disease. Can. J. Neurol. Sci. 11: 160-165.

HornykiEwICZ, O. 1982. Brain neurotransmitter changes in Parkinson's disease. /n Neu-
rology 2: Movement and Disorders. C. D. Marsden & S. Fahn, Eds. 41-58. Butterworths.
London.

SNYDER, S. H. & R. J. D'AMmaTto. 1982. MPTP: A neurotoxin relevant 1o the pathophyvsi-
ology of Parkinson's disease. Neurology 36: 250-258.

BarBEAU, A. 1984. Etiology of Parkinson’'s disease: a research strategy. Can. J. Neurol.
Sci. 11; 24-28.

Harr, S. H. & T. ScHALLERT. 1987. Unpublished daia.

GouLpsteN, K. 1930. Die restitution bei schadigungen der hirnrunde. /n Symposium on
Restitution of Function after Lesions of the Nervous Svstem (20th Annual Convention
of the German Neurological Society). Z. Nervenherk, Ed. 116: 2-26.

Foerster, O. 1930. Die restitution bei schadigungen der hirnrunde. /n Symposium on Res-
titution of Function after Lesions of the Nervous System (20th Annual Convention of
the German Neurological Society). Z. Nervenherk, Ed. 116: 2-26.

RoGERs, J. 1988. Neurobiology of cerebellar senescence. /n Central Determinants of Age-
Related Declines in Motor Function. J. A. Joseph, Ed. Ann. N.Y . Acad. Sci. This volume.

RAPOPORT, S. 1., R. DuARA, E. D. LonDON, R. A. MARGOLIN, M. ScHWARTZ, N. R. CUT-
LER, M. PARTANEN & SHINOHARA. 1983. Glucose metabolism of the aging nervous svstem.
In Aging of the Brain. D. Samue!, Ed.: 111-121. Raven Press. New York.

HorrER, B. 1988. Age-related changes in cerebellar noradrenergic function. /n Central De-
terminants of Age-Related Declines in Motor Function. J. A. Joseph, Ed. Ann. N.Y.
Acad. Sci. This volume.

Gace, F. H., P. A T. KErLY & A. BIORKLUND. 1984, Regional changes in brain glucose
metabolism reflect cognitive impairments in aged rats. J. Neurosci. 4; 2856-2865.

JANICKE, B. 1988. Adaptivity as a paradigm for age-dependent changes exemplified in motor



e e ————— e -

SCHALLERT: SENSORIMOTOR DYSFUNCTION 119

behavior. In Central Determinants of Age-Related Declines in Motor Function. J. A.
Joseph, Ed. Ann. N.Y. Acad. Sci. This volume.

43. DunNeTT, S. B, D. M. LaNe & P. WinN. 1985. tbotenic acid lesions of the lateral
hypothalamus: comparison with 6-hydroxydopamine-induced sensorimotor deficits. Neu-
roscience 14: 509-518.

44. Beck, C. H. M. 1980. Normal aging of the human brain potentiates the neuropathologies
of Parkinson’s disease, depression, and Alzheimer’s disease: Behavioral implications.
Can. Counsellor 14: 110-120.

‘45. SIRKIN, D. W, T. SCHALLERT & P. TEITELBAUM. 1980. Involvement of the pontine retic-
ular formation in head movements and labyrinthine righting in the rat. Exp. Neuroi.
69: 435-457.

46. ScHarterT, T. 1985. Unpublished data.

DISCUSSION OF THE PAPER

P. RanDALL (University of Southern California, Los Angeles, CA). Do you have
data on where mediation of the normal lateral head movement is going downstream
from the striatum?

T. ScHaLLERT (University of Texas, Austin, TX ). I do not specifically. However,
there are many areas in the brain that, when damaged with neurotoxins of various
sorts, give lateral head movement deficits. The nigrostriatal system is not unique.

RaNDatLL: That is exactly what I am thinking because the nigrostriatal pathway
leaves the nigra reticulosis straight to the superior colliculus, which would give you
a direct pathway.

SCHALLERT: An interesting thing about unilateral superior colliculus lesions is that
despite the head movement defici;, no change is seen in sensory-motor asymmetry
as measured by this adhesive removal test; the animal looks exactly the same as it did
before surgery. This is not the case following nigrostriatal lesions.

RaNDALL: Can lateral head movement be restored pharmacologically in old animals?
Do dopamine agonists do that?

ScHALLERT: We have been working on that. Some change is seen in the speed of
movement, but the animal gets very, very reactive. My tendency, though, is to say ves.
If dopamine is put back in, the animals respond; the lateral head movement actually
can come back, but there is a lot of variability.

M. SErBY (New York University Medical Center, New York, N~"). When you re-
produce the deficit with sedatives, does it just seem to be a nonspecific effect? Or
can you actually look at some specific pharmacological neurotransmitter?

ScHALLERT: We are looking at the effects of a variety of drugs. A project very ac-
tive in our lab right now is finding what agents can reinstate this deficit and what
agents will not. We started with sedative hypnotics because I thought we should try
something that produces impaired cognitive learning function, and we got it. There
are a number of other drugs that I want to try; for example, I want to try anticholinergics.

UNIDENTIFIED DiscussaNT: Have you looked at any unoperated controls at an ad-
vanced age and seen any evidence of lateralization of any sensory neglect measurement?

ScHALLERT: We always try to look for lateralization, but endogenous asymmetries
are labile. The aging process, though, does not seem to exaggerate an animal's own
natural asymmetry if it is there.

UNIDENTIFIED DISCUSSANT: Are these all male rats?

ScIIALLERT: Yes.
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F. GaGke (University of California, San Diego, CA): Must these lesions be partial
lesions?

SCHALLERT: Yes.

GAGE: If you've got the complete lesion unilaterally, will the animals fail to recover?

ScHALLERT: These are subtotal, but if a complete lesion is done (at least as mea-
sured by our neurochemistry), you must give the animal more time to respond. You
have to be patient with the animal because the animal has a difficult time making
that lateral movement. The animal will orient, but the response substitution is diffi-
cult. It is going to be delayed. If you look at this adhesive removal test, though, vou
will always see some gradual recovery. Hence, it really depends on the task.

GaGe: However, does the group that you are dealing with show recovery by 90 days
after the lesion?

ScHALLERT: Yes, of course.

GAGE: Under those conditions, if you measure dopamine at 90 days under a partial
lesion condition, what percentage retu:.. of dopamine content are you measuring in,
say, the ventral lateral quadrant of the caudate, relative to what it was before?

SCHALLERT: About 70%.

Gace: Thus, it is substantial.

ScHALLERT: Yes, plus or minus 20%. It is variable.

GAGE: Therefore, the behavioral recovery that you are looking at is most likely related
to compensatory or collateral sprouting responses of residual dopaminergic fibers into
the ventral lateral quadrant of the caudate. It is not necessarily some substituting system.

ScHALLERT: That is the leading hypothesis and that is the one we have to go on.
I suggest, though, that there is a possibility that this is not true for recovery in general.
These neurochemical changes may be mediating behavioral recovery only in certain
tests. They might not be mediating all forms of recovery. Furthermore, the aging-
dependent decline of the behavior might be due not to an inability to sustain these
particular compensatory mechanisms, but perhaps due to an erosion of nondopami-
nergic mechanisms that are acting to facilitate recovery via response substitution. How-
ever, the data does not discriminate between the two. I think they raise a hypothesis
and maybe we need to look at both.




Age-related Variability
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The widespread belief that variance of many, or most, physiological and behavioral
variables increases with advancing age is perhaps best summed up in the principle:
“The older people become, the less like each other they become.”™ This principle is
widely held for several reasons:

(1) It seems intuitively obvious, despite equally widespread age stereotyping. We

all know elderly persons who maintain some functional capacities at the ap-

parent level of much younger persons, and others who lose functions at rela-

tively early ages.

Individual differences in genetic dispositions can be magnified by lifetimes of

interaction with the environment.?

(3) Organisms with identical genotypes (e.g., inbred mice or human identical twins)

will show varied responses if raised in different environments.’

The incidence of disease and subsequent pathology varies across individuals,

thus producing significant differences in experience and morbidity.*

(5) Aging processes may differ in various tissues and organs. If the rate of prog-
ress of any of these processes varies between individuals, then individual differ-
ences will grow larger as a cohort ages.®®

(2

—~

4
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While all of these factors could (and probably do) contribute to increased variance
in older individuals, there has been remarkably little empirical research on the magni-
tude and nature of these changes. If, as most investigators believe, variance increases
with advancing age, then the important questions become:

(1) Does variance increase in most or all parameters?

(2) What s the significance of increased variance for gerontological research? For
clinical practice? For prediction of life span functional capacity?

(3) Is the observed increased variance due to performance differences, functional
capacity differences, or both?

Some indication of the presumed importance of increased variance can be votained
from Shock’s discussion of the need for longitudinal studies.” Shock argues that few
individuals are average (the value obtained from a cross-sectional study); that is, few
individuals “follow the pattern of age changes predicted from averages based on mea-
surements made on different subjects.” In a discussion of changes in the endocrine
system, Minaker argues that physiological changes in endocrine function are substan-
tially modified by disease, medications, alcohol, smoking, diet, exercise, social factors,
and experimental conditions: “Failure to consider these variables in study design no
doubt contributes to the increased variance in physiologic performance observed in
many studies of aging, and the clear variability in performance of patients with age
associated disease.” While both of these investigators make important references to
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increased variance with advancing age, neither provides quantification of the variances.
A perusal of the literature of the last decade shows that this is most often the case.

The point to this discussion is not that variance does not increase with advancing
age (it clearly does for many variables), but rather to suggest that the nature and im-
portance of increases in variance are poorly understood. For example, performance
changes in behavior may reflect underlying physiological changes, but they may just
as well reflect variance in motivation or experience.?

Increased variance can often be inferred from data presented in reports of physio-
logical changes in young and old subjects. What cannot be inferred are the causes
or generality of the variance changes. An example of the problems of inferring causa-
tion can be found in the observation that human gestation requires a mean of 280
+ 5 days, the onset of menarche requires a mean of 151.8 + 14.1 months, and the
mean age of menopause is 50 + 8 years.® Each of these variables represents a virtually
universal developmental event for the human female, and variance clearly increases
with advancing age. In addition to the obvious problem of comparing apples and
oranges, this example also illustrates the problem of the “floor effect” contained in
any developmental variable. The amount of variation seen in the average age of onset
of menopause (16 to 18 years) is simply not possible in an early event like gestation,
which has a mean of 280 days.

The opportunity to conduct a systematic assessment ot variance changes in a mam-
malian model system is inherent in a major new initiative of the National Institute
on Aging (NIA). The major purpose of this initiative, which is expected to be ongoing
for the decade 1988 to 1998, is the development of reliable biomarkers of aging. The
concept of biomarkers of aging rests on the assumptions that aging is the result of
one or many basic biological processes and that interventions in these processes could
alter the rate of aging of an organ or an organism. The concept of increased variance
with advancing age rests unon rthe camg assuriptions. .\ change in the rate ot aging
of the organism should be measurable in any nonrenewable cell population of the or-
ganism or in the renewal rate of the remaining cell populations. If individuals within
a species age at different rates, then “biological age™ and “chronological age” are not
interchangeable. Increased variance at older ages would then be a measure of vari-
ability in rates of aging. Biomarkers of aging are measures that reflect differences in
aging rates for tissues, organs, or organisms, and they can be used as better estimates
of remaining life span than chronological age. A number of criteria for validity and
utility are generally agreed upon. They include:

(1) The rate of change of the biomarker must be measurable and predictable.

(2) The biomarker must be related to basic biological processes, not to disease.

(3) The biomarkers should be reproducible within and across laboratories.

(4) The greater the species generality of the biomarker, the greater its utility.

(5) Tc be uscfui fur human clinicar practice and research or for longitudinal re-
search in any species, the biomarker measurement must be obtainable without
altering the underlying biological processes, without altering the later behavior
of the organism, and without the use of invasive procedures.

(6) To be experimentally useful, the biomarker should show significant changes
in relatively short periods of time.

While the biomarker concept has been a topic of discussion, and even debate, for
15 to 20 years, and was specifically addressed by an NIA conference in 1981." progress
has been slow primarily because of variations in animal models, animal husbandry
differences, diet differences, and variations in experimental procedures. In order to
eliminate as many sources of variation as possible in future biomarker research, the
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NIA, in cooperation with the National Center for Toxicological Research (NCTR),
is currently creating a major new colony of aged mice and rats at NCTR facilities in
Jefferson, Arkansas. Four mouse genotypes (C57BL/6NNia, DBA/2NNia, B6D2F1,
B6C3F1) and three rat zenotypes (Fischer 344, Brown-Norway, F344 x BNF1) are being
placed in a closed, specific pathogen free (SPF) barrier colony. Animals in this colony
are fed carefully defined diets either ad libitum or under conditions of dietary restric-
tion. These animals will be made available to investigators nationwide for biomarker
research grants. Among the conditions required for the awarding of these grants will
be the agreement to maintain the animals (once they are received in the investigator's
laboratory) in comparable barrier conditions and to feed the animals the same diets,
which will be provided by the NCTR. Questions about access to animals from this
colony and procedures for appropriate grant applications should be addressed (¢ my-
self [telephone: (301) 496-4996].

While the purpose of this initiative is biomarker development, it s%ould be ob-
vious that it provides an unparalleled opportunity to obtain empirical evidence of the
nature and magnitude of changes in variance with advancing age. The initiative is in-
tended to produce research in all major organ systems and over a broad spectrum oi
behaviors. As a result, the variance data could be obtained for all of the same systems
and behaviors by using common genotypes of animals reared identically. Collection
of the appropriate data over the next ten years should provide definitive answers to
most, if not all, of the questions raised in this presentation.
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Over the past several years, we have worked on a number of problems on striatal
dopaminergic (DA) function that have demanded increased attention to the quantifi-
cation techniques used for behavioral data.'™* Certainly, it is well cstablished that
dopaminergic receptors are altered during aging,*™ and it is probable that their regula-
tion is compromised to some extent.' It is difficult to establish, however, whether these
changes have functional conscquences and, if they do, whether those consequences
are consistent with the type of receptor alterations observed at a biochemical level.
On another level, it is critical to determine whether biochemical observations are con-
sistent with motoric difficulties experienced by the elderly, including the increased risk
for major motoric side effects from neuroleptic drugs.”

It rapidly became apparent from the steadily increasing sophistication in statistical
evaluation of binding models available to our biochemically oriented collaborators
(c.g., LIGAND," ALLFIT"") that the usual techniques for evaluating behavioral data
are painfully inadequate. While it is true that mechanistic models of the behavioral
action of DA agonists and antagonists are still very distant, we are not totally ignorant
of the biochemical and physiological substrates involved. Work on quantitative esti-
mation of drug-receptor parameters in similar, though simpler, pharmacological systems
(systems in which the receptor —response function is unknown) began in the latter
part of the last century with early formulations of receptor occupation theory'? and
is still under active development.'*'* Both the general orientation and the specific "null”
methods developed in that literature are uniquely suited for the analysis of the com
plex response variables in behavioral pharmacology. The nurpose of this presentation
is to show that with methods derived from classical pharmacology and from more
modern nonlinear techniques, many current hypotheses on the relationships between
receptor alteration and behavioral drug response are expressible and testable in dis-
crete quantitative form.

The common aspect of all the methods to be discussed is the focus on the horizontal
behavior of the dose-response curve across the dose axis. In view of the fact that we
are unaware of the properties of the function directly relating receptor occupation and
response, the direct comparison of response magnitude between two groups differing
in receptor properties is nearly meaningless. This orientation was also stressed bv
Trendelenberg'® when describing the tendency to compare response magnitude rather
than horizontal shiffs in early supersensitization experiments as “vertical bias”.

9 Current address: Institute for Neurological Sciences Research, University of Texas, Austin,
Texas 78712.
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The emphasis on shifts along the x-axis rather than differences in response niagni-
tude at ditterent doses is extraordinarily important for behavioral work. Behavioral
variables are typically measured on dimensions that are difficult, if not impossible,
to relate to fundamental biochemical properties; they have a tendency to be highly
variable; and they quite often have a very ambiguous measurement status (e.g., obser-
vational rating scales). Assessment of shifts along the x-axis has the desirable effect
of emphasizing the analysis of an indisputably quantitative scale, that is, dose ad-
ininistered.

DESCRIPTIVE USE OF HORIZONTAL ANALYSIS

The experiment in which we first investigated this type of analysis was an attempt
at the seemingly straightforward task of comparing the sensitivity of different mouse
strains to dopamine agonists.* Because CBA/J and BALB/cJ mice differed in their
density of DA receptors? (defined by D-2 antagonist binding), it was important to de-
termine whether this difference was of functional consequence. We had originally found
that BALB/c) mice showed higher ratings than CBA/J mice given a standard 2.0 mg/kg
dose of apomorphine, and we suggested that this strain had the higher sensitivity 1o
the agonist (as was expected from the higher DA receptor number).? Fink and Reis,'
on the other hand, came to the opposite conclusion. In order to determine the factors
responsible for these opposing results, we decided to reevaluate tiwe yuestion from fun-
damental principles.

Rating Scale Dara

Typically, in the intact rodent, the response to DA agonists is evaluated by an ob-
servational procedure in which the observer employs a rating scale. The subject is as-
sumed to pass through a sequence of recognizable behavioral states as a function of
dose. The states are assigned sequential integer designations such that increasing ratings
are associated with response patterns observed at increasing doses. This tvpe of be-
havioral quantification has a long history in research on the behavioral effocts of dopa-
mine agonists —usually referred to as “stereotypic™ behavior. Although the resulting
data are often used in standard ANOVA analysis,' ? it is clear that the technique does
not provide a ratio (i.e., a rating of 4 is not necessarily iwice as great as a rating of
2) nor an interval (i¢., the interval between 1 and 2 is not necessarily the same as the
interval between 3 and 4) measurement scale.

Though much debated, this criticism of rating scales carries much less weight when
viewed in light of the fact that even seemingly much better behaved scales (e.¢.. loco-
motor activity) have an indeterminant relationship with receptor occupation. While
100 locomotor counts is clearly twice 50 and few would argue the acceptability of para-
metric statistical tests, it is only locomotor activity that is being analyzed, not drug
sensitivity nor receptor occupation. It is clear, however, that if we can determine doses
of an agonist that result in equivalent states in two experimental conditions, then we
should be able to determine the horizontal behavior of dose-response curves based
on rating scale data. In many ways, a reliable rating scale is superior to a univariate,
“quantitative” measure because different drug-induced behavioral states are often more
easily recognized by direct observation. In this respect, we have found that maintaining
the categorical nature of rating <cales will preserve a great deal of information that
is lost when data are used as if they represented a continuous measurement.
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Regardless of the type of measurement done, response magnitude is a dubious mea-
surement on which to base inferences on receptors. The more convincing demonstra-
tion would be that CBA/J and BALB/cJ mice show a similar progression of behaviors
across doses, but that the BALB/cJ mice traverse this progression at lower doses. The
type of data resulting from application of a rating scale is best viewed as the placement
of observations into a set of ordered categories.

Ordered Categorical Data

Rating scale data assign observations to ordered categories. The probability of
meeting or exceeding the thresholds for the different categories defines a series of quantal
dose-response curves; that is, for each category rating, an animal either exceeds the
threshold for that category ur does not. Inherent in this formuiation is that all animals,
regardless of rating, contribute to the analysis of every merber of the set of quantal
curves. For example, an animal receiving a rating of 2 has exceeded the thresholds
for 1 and 2, but has not exceeded the thresholds for 3, 4, or 5. This, of course, results
from the ordered nature of the categories. This formulation also has the advantage
of maintaining an underlying monotonic response function. Counts of individual be-
haviors are often (in fact nearly always) curvolinear with dose, declining at high doses.
This influence of the processes responsible for the subsequent decline on the points
to the left of the maxima is usually not considered.

A number of investigators have suggested interpretations of the processes that give
rise to quantal dose-response curves,'” '* and a number of fields from achievement
testing'” to signal detection?” have also used similar models. All of them have in common
the concept of a stimulus along some internal continuum that will produce a response
if it exceeds a threshold. Although space precludes a detailed analysis here, reasonable
approximations of the distributions of the stimulus (or the threshold) map to a log-
normal distribution aiong the dose-administered axis, which can be compared to a
stationary threshold.

More formally, the extension of these quantal models to the ordered categorical
response (i.e., rating scales as described above) is straightforward. We consider each
of the data points (number in each category at each dose) to be the result of interac-
tions between the underlying curves for probability of a rating being greater than or
equal to x, and that of being greater than or equal to x+ 1. Therefore, the ED.,'s of
the component curves refer to transition doses between categories. The probability
of each rating can be expressed as

Pr(R20) = |,
PriR = x) =Pr(R2x) - P(R2x + 1),
Pr(R 2 n) = 0,
where n = number of categories. For example, in the above model, Pi(rating = 2)

= Pr(rating > 2) — Pr(rating > 3). The EDs,’s and slopes of the curves for Pr(rating
2 x) constitute the parameters of the model.

Logistic Function

In all the work here, we use the logistic function to represent the dose-response
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curve. It is far more tractable mathematically than is the cumulative normal and it
is used extensively for this purpose (i.e., logit or log-logit analysis). In most applica-
tions. we use the forms below to represent the two-, three-, and four-parameter curves,
respectively:

AP or 1
AP + KP | + oPlin (K - 4)

MAP M
AP+ kP 0T 4 PNk - A
M . (D-M

D (A)p or D | + oPln(K  4)
1+
K

where A4 is the agonist dose, K is the EDs, and P is the logistic slope. The parameter
M (maximum response) is added to the second expression and D (minimum response)
is added to the last. The form on the right is most often used internally in the fitting
routines.

The logistic function has the advantage of being used almost identically in the or-
dered categorical and continuous variable problems. Also, as expressed here (Waud?*' **
and Delean er al.'*), it has parameters that are familiar to pharmacologists (e.g., ED«,
logistic slope). Nearly all reasonable dose-response curves can be expressed in at most
four parameters. With the use of weighted nonlinear least squares or maximum likeli-
hood techniques, the problem of inappropriate weights given the least reliable data
points by linearization techniques is circumvented. Finally, by sharing information across
curves and by fitting acress an entire experiment, the problem of a series of nonin-
dependent fits for individual curves does not exist. This is particularly the case with
ordered categorical data where individual data points contribute to all of the curves.

Analysis Technique

Because we can express the probability of an observation falling into each category
as a function of the EDy,’s and slopes of the logistic curves, we can use standard weighted
least-squares algorithms to determine the best-fitting parameters by titting the actual
data, that is, by fitting the number in each category, rather than by a transformation.
In this experiment, values are weighted inversely by the expected frequency to provide
a minimum ¥ fit — for example, determination of those parameter values for the logistic
curves that minimize the x% Alternatively, we have extended Waud's*' methodology
for quantal dose-responsc curves to determine maximum-likelihood parameters. Al-
though, as yet, we have not done extensive simulations comparing these two criteria,
the resulting parameters in this and several other data sets were nearly identical. Similar
to LIGAND,' we can also determine the effect of sharing any set of parameters across
curves or constraining them to a constant value. For example, a significant increase
in the y* resulting from sharing ED,'s across strains relative to a fit where the EDyo's
are allowed to vary independently suggests a difference between strains in that param-
eter. Sharing parameters that are not, in fact, different increases the degrees of freedom
for parameter estimation, along with causing a consequent decrease in the error of
the estimate.
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Strain Analysis

An analysis of this type of the strain experiment described above revealed a differen-
tial effect of strain on different behavioral categories. The ED.,’s for the two lower
ratings that we were able to fit (2 and 3) were similar across strains. The EDs,’s for
the two higher ratings, however, were much greater for the CBA/J mice than for the
BALB/cJ mice (ie., they eventually showed the more highly rated behaviors, but at
much higher doses). in addition, the analysis provided a very compelling explanation
for the divergent findings previously reported. The scale employed by Fink and Reis'®
did not employ climbing behavior. The mice were run in smooth-walled enclosures
tnat not only eliminated climbing behavior, but also failed to provide an appropriate
stimulus to which gnawing behavior might be directed. Climbing behavior is the most
distinguishing feature between a 4 and the lower ratings in our scale. The separation
between the ED;,’s for a 3 and 4 in the CBA/J mice was much grcater than that in
the BALB/cJ’s. Thus, CBA/J mice continue to show continuous sniffing behavior (the
primary indicator of a 3) at doses at which most of the BALB/cJ's would have progressed
on to more highly rated behaviors. We noted during the experiment that CBA/J mice
often show very vigorous sniffing behavior while they move across the floor of the
enclosure. We now view this to be the continuation of 3 behavior, which is relatively
uncontaminated by the intrusion of climbing, biting, etc. Sniffing was the predomi-
nant behavior of the Fink and Reis scale.

FORMAL NULL METHODS

The formalization of the analysis of shifts in dose-response curves is the general
class of null models.?* They rest on the technique of establishing doses ot an agonist
that will result in equal effects under two different conditions.

Pharmacological null methods have the following assumpiions:

(1) The interaction of an agonist with a receptor gives rise to a stimulus inside the
tissue or cell proportional to the receptor occupancy.

(2) The response is an unknown function of the stimulus.

(3) Equal responses imply equal stimuli; that is, the function has an imverse.

Thus, if S and S are stimuli associated with equivalent agonist responses in two
experimental conditions, we can write S = §', which is the null equation of the svstem.
In most cases, these equations are solved for the dose-ratio (DR): the degree of <hift
to the left or right in the dose-response curve resulting from the experimental manipu-
lation.

Null Method For Competitive Antagonists

Competitive antagonists produce parallel shifts in agonist dose-response curves:
that is, the shift in the dose-response curve is not dependent upon agonist concentra-
tion. By assessing the shift in the agonist dose-response curve resulting from pretreat-
ment with an antagonist, the dose of antagonist corresponding to its dissociation con-
stant, Ky, can in theory be calculated. This value should be invariant across agonists
acting at the same receptor.

The basic assumption of the null model 1s that equal responses with and without
the antagonist correspond to equal tissuc stimuli. By simple mass action kinetics, [rac-
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tional receptor occupancy in the control conditions and in the presence of the antagonist
can be represented as

(A]
(4] + Ka
and
() ’
(4] + K41 .~ 1B
Kg

respectively, where K4 is the agonist dissociation constant, [B] is the concentration
of antagonist, and Kp is the dissociation constant of the antagonist. If {4] and [A4]
represent concentrations of the agonist giving equivalent responses withovt and with
the antagonist, respectively, and € is the efficacy of the agonist, then

e[A] _ g[AY

(4] + K4 Al + K4 + (1 + [f]\
B

that is, the null equation. Solving for the dose-ratio, we obtain

(4] _ 18]
(A Kg

+ 1.

The latter relationship is often expressed as
DR - 1 = log ([B]) - log (Kp).

which is the basis of the Schild plot.?* It is important that the dose-ratio is dependent
only upon antagonist characteristics. It is not influenced by agounist distribution as
long as the concentrotion of agonist is a linear function of the dose injected. which
is most likely to be the case at peak response.?* The effective Kg calculated would be
weighted only by a rou » of-administration constant for the antagonist.

Experimentally, the estimation of Kg is best accomplished by estimating several
agonist dose-response curves in the presence of different doses of the antagonist. Al-
though the technique is more time-consuming and costly in animal resources than is
the more common determination of an ICy, at a single agonist dose, the benefits are
substantial. First, determination of an 1Cy, from inhibition under the latter condi-
tions is dependent upon the particular agonist and dose of agonist employed. In well-
behaved receptor binding assay systems, a K4 for an unlabeled ligand can be extrapo-
lated from a single 1C,, against a labeled ligand, provided a good estimate of the Ay
of the labeled ligand is available.?® Theoretically similar calculations are possible for
dose-response data, but the resulting expressions are extremely cumbersome, depending
upon both the affinity and the efficacy of the agonist emploved. In addition, such
calculations require that the assumptions of the null model hold directly in the raw
values of the dependent measure employed. Construction ot several dose-response curves
permits tests of both the parallel shift expected between individual doses of the an-
tagonist and the overall unity slope of the Schild plot. Deviations trom cither of these
expectations suggest that additional factors (c.g., agonist or antagonist acting at more
than one receptor, or interactions between different behavioral components of the drug
response) are operating.
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Analysis Methods

The treatment of data from null experiments has changed enormously over the
past 15 years. If we use the competitive antagonist model as an example, the original
sequence of procedures would be as follows.

First, an estimate of the ED,,’s of the dose-response curves under control condi-
tions and with various concentrations of the antagonists would be obtained. This was
often done by graphical methods or by linear regression on a transformation of the
data (e.g., a log-logit analysis). The dose-ratios would then be estimated; a Schild plot
would be constructed (or linear regression would be performed), usually in the form
log(DR — 1) = log({B]) — log(Kp); and the intercept would be used as an estimate
of the Kp.

Each step has associated error that appears in the final result as a complex combi-
nation of several sources in the Schild plot. The problem is further compounded by
the use of linearized forms of the dose-response curves in the first step, which will
often distort the distribution of doses, thus giving inappropriate weights to data arising
from Jow doses, as well as propagating error in the dose achieved onto both axes. Similar
considerations have been exhaustively discussed with respect to Scatchard analysis of
binding experiments.?’

In the late 1960s, iterative nonlinear fitting routines for families of dose-response
curves began to appear, primarily as a result of the work of Waud.*'** These tech-
niques eliminated the complex weighting problems of linear regressions on transfor-
mations by fitting the raw data directly. Also, they permitted sharing of parameters
across curves and parameter estimation using all of the available data in the experi-
ment. Increases in the precision of parameter estimation can be striking under these
conditions. In addition, this constrained simultaneous curve-fitting approach provided
a reasonably discrete test of hypothesized differences between parameters in the var-
ious curves. Ratios of residual variance from fits constraining parameters 10 be shared
across curves versus fits in which the parameters are permitied to diverge form an ap-
proximate F test with a null hypothesis of equality of parameters. Delean et ¢l de-
scribe the method as testing for differences in parameters by examining the conse-
quences of forcing them to be equal. With this development, the family of dose-response
curves (including the control and those at different antagonist doses) could be ana-
lyzed across the entire experimeni and without linearization techniques. The estimates
of EDs, ratios can be subjected to a Schild regression.

In addition, these techniques provide an initial test of whether the data are consis-
tent with the underlying null method model: sharing the slope parameter across curves
should not significantly degrade the fit, that is, if the curves are parallel as required
by the model.

The final development was to combine the Schild analysis into the initial overalt
fit.?* This can be accomplished by forming a model equation that could represent am
point in the experiment. Because the null model itself is based on shifts away from
the control curve, we simply divide the dose of agonist by the dose-ratio betore subsii-
tution into the logistic equation. The competitive antagonist experiment can then be
expressed as

Mal ‘
|B) ) r

AP+ I\"'(l "
Ag
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where R is the response, and the parameters of the overall model equation can be de-
termined by least squares methods.

Testing the effect of sharing the K across all curves is equivalent to testing the
linearity of the Schild plot, and the resulting estimate of K g will then be based directly
on all of the available information in the model. Comparing fits sharing the Kg with
those allowing divergent values of the same parameter for different classes of behaviors
provides a statistical test for differential sensitivity of behaviors to antagonists known
to differ in affinity for different receptor types in binding experiments.

Null Method For Receptor Occlusion

Because maximal tissue response can occur at less than full receptor occupancy,
the determination of an EDy, in and of itself has little relevance 1o the A4, the dis-
sociation constant of an agonist. A number of experimental designs using null meth-
odology have been proposed for assessing the K4 in pharmacological systems;** one
of which can be readily adapted for the analysis of super- or sub-sensitivity resulting
from changes in receptor density.

Estimates of agonist affinity may be made by comparing control dose-response
curves with those derived after occlusion of a subset of receptors with an irreversible
antagonist. Again, the analysis is done by estimating the doses required to produce
equivalent responses in the two conditions. The basic null equation is

£[A4] elA]
= - w),
[Al+Ka [A} + K1

where [A], [4], and K 4 have their usual meanings and y; is the proportion of receptors
removed from the population.
Solving for the dose-ratio yields

ar o b

(Al a - ) Ky (- v
In contrast to the competitive antagonist null equation, the shift in the dose-response
curve is dependent upon the concentration of the agonist; therefore, the curves will
not, in general, shift in paraliel fashion. Also implicit in the formulation is a depen-
dence upon the efficacy of the drug because this parameter will determine the range
of receptor occupation over which the biological response will occur. For full agonists,
the entire range of tissue response occurs at relatively low fractional receptor occupa-
tion. Because the dose shift is a linear function of the agonist dose, then the higher
the efficacy, the less the shift, extrapolating to an asymptotic value of 1/(1 ~ ) for
example, a shift of 1.43 with a 30% receptor occlusion.

The full model for the experiment can be expressed as

MaP '
AP + KP ] s 1 Yoo 4)f
(- ) Ky (1 - )

R =

Although there are currently no sufficiently specific irreversible antagonists of DA
receptors to be used with any confidence behaviorally, this model does have interesting
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applications to situations with alterations of receptor number (e.g., supersensitivity,
strain differences, etc.). The supersensitivity experiment, for example, is equivalent to
receptor occlusion by either interchanging the roles of the control and treated groups
or by allowing y; to take on negative values. A similar model was suggested by
Seeman?® in an attempt to explain large changes in apparent drug sensitivity associated
with modest elevations in DA receptor number in supersensitization experiments. The
model presented there, however, holds only for partial agonists that require full oc-
cupancy for maximum response.

Time-Course

One of the most straightforward uses of horizontal analysis is the analysis of the
time-course of response. With or without data on the clearance of the drug employed,
it is possible to calculate reasonable descriptions of the disappearance of the drug re-
sponse with time. The added advantage of analyzing time-course is that such analysis
allows the use of the entire data set for the estimation of the ED,, at maximum re-
sponse. For example, with apomorphine-induced stereotypic behavior, we commonly
sample the behavior every six minutes for a total duration of one hour (ten time periods).
With the addition of a single parameter, we gain the use of nine additional data points.

From either a null methodology approach or simply intuitively, it is clear that the
dose of the drug should be modified by an expression representing the degree to which
the drug has been metabolized or eliminated. At a time when half the drug has been
eliminated, the ED,, should be twice the estimate of the ED,, at maximal response.
In the simplest case, this would be a single compartment exponential e/, Thus, the
model equation would be

R - MAF
AP + KP(ekl)P

with substitution into the three-parameter logistic equation. In this case, the upper-
case K is the EDs, of the dose-response curve at a designated time at, or subsequent
to, the time of maximum response. Dose-response curves at later times should be shifted
to the right by a degree defined by this exponential. The superiority of this method
over the typical comparison of response magnitude and pharmacokinetic data should
be restated at this point. We have little idea of the functional relationship between
receptor occupation and response. Clearance rate can be over- or under-estimated de-
pending upon the characteristics of the function mapping tissue stimulus and response.
In particular, if that function is represented as a logistic curve, then cases where the
logistic slope is high would tend to overestimate the rapidity with which the drug clears
and low logistic slopes would tend to underestimate this quantity. In addition, as can
be inferred from the model equation above, the slope should not be altered. These
estimates are on a continuous variate and do not depend on the characteristics of the
scale on which response magnitude is measured. However, they do depend upon the
degree of precision in matching responses at the two times, and the model at present
cannot handle concentration-dependent effects on clearance rate.
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USING THE NULL MODEL TO PREDICT AND
ANALYZE EXPFRIMENTAL RESULTS

Supersensitization

There have been few attempts to explicitly define the expected consequences of
the supersensitization experiment 1n the dopaminergic system, but it has been sug-
gested that physiological and behavioral supersensitivities are greater than that expected
from the modest increases in receptor density (usually 20-40%). Using the null model
described above, it is possible to predict the manner in which the curve should shift
as a result of changes in receptor number given an arbitrary control curve. As is evi-
dent above, the degree of shift is dependent both on the dose of agcnist administered
and the K4 of the agonist. We can express the shift in terms of the ratio of the K4
of the agonist and the EDs, of the behavioral response. A large ratio indicates the
high efficacy of a full agonist and that the entire dose-response curve occurs at low
agonist concentration. Lower ratios define lower efticacies ranging into partial agonists.
FIGURE 1 depicts two experimental outcomes — one with a strong full agonist and one
with a partial agonist.

As can be seen with a full agonist, the shift resulting from a 30% change in receptor
density would be small (approximately 1.4-fold) and indistinguishable from a parallel
shift. Under these conditions with simulated data, we have found that ANOVA tech-
niques would only detect a difference between these curves about 15% of the time
when the variance is at values common in rotational behavio1 experiments. The results
from a partial agonist are shown in the right panel. It is clear that the modest change
in receptor number does result in a substantial increase in response, but the change
has a very characteristic form. Responses at low doses of the agonist are altered to
a much lesser extent than are those at higher doses, with the shift being a linear func-
tion of the agonist dose.

Supersensitization Data

We have used this type of analysis to examine lesion-induced supersensit.zation
in the nigrostriatal DA sysicm.* {n this experiment, rats first received unilateral lesions
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FIGURE 1. Effect of a 30% increase in receptor number on the dose-response curve to a full
tleft panel) and partial (right panel) agonist.
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of the striatonigral pathway. DA agonist-induced rotation in this preparation is thought
to result from action in the contralateral, normosensitive striatum.*” A contro! dose-
response curve for apomorphine-induced rotation was then determined. The same
animals then received a 6-OHDA lesion on the side contralateral to the striatonigral
lesion and a dose-response curve was again determined. Consistent with other investi-
gators using a similar design with rats,’®*' we found in this experiment a 30-fold par-
allel shift to rthe left in the dose-response curve resulting from the 6-OHDA lesion.
This is clearly at odds with the outcome predicted by the null model for the 20-40%
increase in receptor number known to result from the lesion.

A second experiment examining the effect of chronic haloperidol-induced super-
sensitization provided data that were more consistent with theoretical predictions.® Here,
we observed a 1.52-fold shift in the family of quantal dose-response curves defined
by our rating scale. The actual value of the shift and the fact that curves for all ratings
shifted to the same extent are quite compatible with both full agonist action of apomor-
phine and a 30% increase in receptor number resulting from the treatment.

Finally, we have recently performed a more formal experiment® in an attempt to
resolve the discrepancy between tiese two systems that have equivalent effects on receptor
number, but very different effects on agonist response. It is well known that depletion
of nucleus accumbens DA will enhance the locomotor effects of DA agonists and will
probably enhance the rotational behavior in the unilateral preparation.®* It is also pos-
sible that the contribution of nucleus accumbens is responsible for the failure of receptor

ter motati e ;‘,;J
i : ~eTag 2
. . seln
i . -
A lca
sy
B <
«ax
i (]
1. PR e
£ -4 <

[ Ih TN RIS 4 Aa

FIGURE 2. Rotational behavior before and after specific striatal DA depletion. Control curve
{closed squares) was obtained after striatonigral lesion. Supersensitive curve (open squares) was
obtained in the same animals after a depletion of DA on the contralateral side. Curves are de-
rived from the best-fitting parameters of the null model for receptor occlusion. M = maximum
response, P = logistic slope of the control curve, K = ED4, of the supersensitive curve, v, =
proportion of receptors occluded, and K4 is the dose of agonist corresponding 10 the agonist
K. The y; corresponds to a threefold increase in receptor number. The measured increasc in
*H-spiperone binding was 30-35%.
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number to account for the supersensitive dose-response curve. In this experiment, the
same dual lesion technique was employed (striatonigral followed by 6-OHDA), except
that 6-OHDA infusions were directed at different loci to achieve different patterns
of DA depletion with respect to striatum and nucleus accumbens. MFB placements
acpleted both sinidial and wecumbe. . DA, w il a placement in the tail of the caudate™
depleted striatal DA without affecting accumbens. Increases in *H-spiperone binding
were 30-35% in both groups.

The animals receiving both striatal and accumbens depletion (data not shown)
showed a large shift to the left in the dose-response curve that was comparable to previous
experiments and that was much larger than those receiving only striatal depletion. This
suggests that at least a portion of the shift normally seen is due to accumbens deple-
tion. We were then interested in whether the effect of striatal depletion alone was con-
sistent with the measured receptor number increase. These data were fit using the null-
occlusion model described above and they are shown along with the best-fitting curves
in FIGURE 2.

As can be seen, the null equation fits the data relatively well. However, the actual
parameter values obtained are very different from the biochemical values. They are
most consistent with a greater than threefold (300%) increase in receptor density. As
shown previously, the modest alteration in receptor number results in major changes
in the dose-response curve when the agonist in question has low efficacy. Even that
case does not account for the change described here. The shift in the dose-response
curve should be small at low doses and should increase with increases in dose. The
shift at low doses in these data is quite substantial. It would seem more likely that
the shift here is related to failure of the monotonicity assumption of the null model.
At higher doses, competition between behaviors lowers the magnitude of response.
If the dose-response curve for rotation is more affected by denervation than that for
the competing behaviors, we would expect an artificial elevation in the rotation of
the supersensitive group because the effective dose range of the two competing classes
of behavior are further apart. Unfortunately, the resolution of the video technique
used did not permit quantification of the likely competing behaviors,

Time-Course Data

We have preliminary data using this technique on aging C57BL /6] mice. From
the equation above, the ED,, at each time point should be related to that at maximum
response in the following manner:

log (EDso) = log (EDsemax)) — ki,

where EDomax) is the EDy, at maximal response, k is the exponential constant, and
¢ is the time. Thus, the log of the reciprocal of the EDs, should be linearly related
to time. Because this experiment utilized rating scale data and an ED,, was determined
for each rating (see above), we used the geometric mean of the several response EDs,’s
as the overall EDj, indicator. In a more complete analysis, a test would be made to
determine that all component ED,,’s shifted to the same extent as indicated by the
model. The resulting data are shown in FIGURE 3. This figure strongly suggests that
the greatest differences among the four different ages of mice are related to drug clear-
ance. In addition, it suggests that the older mice are slightly less, rather than more
sensitive to the agonist as would be suggested by an examination of the “total” ratings
measures.
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FIGURE 3. Alteration in EDq,
for apomorphine-induced stereo-
- typic behavior as a function of
1.0+ time in CS7BL/6J mice. The
negative log of the composite
ED,, (geometric mean) for
‘I.ST different behavioral caiegories
was used as the EDy, indicator
because it should decline linearly
-2.0- with dose. Diamonds = 4-
' month-old, squares = 8-mouth-
old, triangles = 18-month-old,
and circles = 24-month-old at
-2.54 the start of the experiment.
(Composite ED, = mean of
ED’s of component curves.)
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PROBLEMS AND FUTURE DEVELOPMENTS

We feel that the approach described has already vielded results of sufficient im-
portance to warrant further development. The first experiment described suggests that
a great deal of quantitative information can be obtained using rating scale measure-
ments that allow us to make use of very powerful observational techniques. The ex-
periments on supersensitization are, to our knowledge, the first tests of the DA super-
sensitivity hypothesis in which behavioral results can be directly related to receptor
number. The increase in sensitivity as measured in the rotational model is, in fact,
greater than is predicted by the receptor number increase. Whether the behavioral hy-
pothesis or more sophisticated models at a biochemical level (e.g., agonist affinity states)
explain this discrepancy remains to be seen. Although the experiments have vet to be
done, the methods for dissociating D-1 and D-2 contributions to the effects of non-
specific agonists and antagonists are relatively clear. Finally, the use of horizontal anal-
ysis for behavioral time-course, even in the simple form presented here, provides a much
more rational interpretation than the simple correlation or comparison of drug levels
and response magnitude,

There are several obvious issues that require more work. These will now be listed
below.

(1) Alternative models: Most of the similar techniques that have proven successful
in receptor binding experiments use residual F tests between alternative models (e.g.,
one- and two-site fits). Similarly, in the behavioral context, it is relatively easy o deter-
mine whether different parameters should be shared by examining residuals of fits
where they are forced to be shared versus those in which they are allowed to diverge.
For example, in the strain study described above, we found that sharing ED,,'s across
strains for the curves representing ratings of 2 or greater or 3 or greater made little
difference in the resulting x? value. However, sharing the ED’s for 4 or greater or

L_—_—“
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5 or greater increased the 2 substantially. Similar tests can be used with continuous
variates, utilizing residual variance, rather than a y*. Alternatively, differences in pa-
rameter values may be tested by constructing approximate ¢ tests that utilize the pa-
rameter estimates and their <tandard errors in the dicpersicn marriv,

In some circumstances, alternative models are relatively easy to determine. Testing
whether an antagonist is acting at a single site to influence several behavioral measures
can be accomplished by testing a fit where the Kq4's for all curves are shared versus
one where they are allowed to vary.

The problem, though, can be somewhat more complex. As can be seen in the su-
persensitization experiment, problems in the relationship between biochemical and
behavioral parameters do not necessarily appear as poor fits. One alternative is to fit
the null model with y; being constrained to the constant value determined with the
biochemical data. A similar technique is often used in competition experiments using
LIGAND in which the K, of the labeled ligand is constrained to a predetermined value.
This fit could then be tested against a fit in which the y; is allowed to vary (e.g., a
single versus multiple site fit). Often, the best alternative may be to test the model
fit against a completely unconstrained fit of the empirical curves by using the logistic
function.

(2) Theresidual Ftests with nonlinear least squares techniques are approximate.''
Presumabily, they are reasonably well behaved in binding experiments because of limited
variance. It remains to be seen whether these tests are reasonably valid with the degree
of variance common in behavioral experiments.

(3) The criteria for best fit for the ordered categorical data are not completely clear.
Presumably, for the relatively small sample sizes involved, maximum likelihood would
be preferred over the minimum %2 One reasonable alternative would be to use a modifi-
cation of log-linear analysis that is now highly developed for hypothesis testing. Even
here, Monte Carlo studies on these distributions would be helpful.

(4) The monotonicity assumption is critical for null models. Equal responses must
map to equal stimuli. However, as previously mentioned, this assumption is unlikely
to be met over the long run with behavioral data. This is often the result of competitive
interactions between behaviors arising at different doses of the agonist. Certainly, the
locomotor activity effect of amphetamine is constrained by the appearance of stereo-
typic behavior at higher doses. Diminution of the response by the appearance of com-
peting behaviors not only affects fits of null models, but it can also have drastic effects
on estimation of both the maximum response and EDs, of the underlying dose-response
curve. We are currently investigating two different approaches to this problem — the
use of multiple, interacting logistic curves to describe behavioral response, and the
use of multivariate response functions.

We first consider a drug response comprising behavior 4 and B, where B appears
at higher doses and is incompatible with A (e.g., ambulation and focused stereotypic
activity). We assume that 4 has an underlying dose-response curve, L1(a), representing
the response in the absence of B. Then, the overt behavior, E(a), can be modeled as
E(a) = LI(a) — bL2(a), where L2(a) is the dose-response curve for behavior B and
where b is a constant. Alterations in dose-response curves similar to our interpretation
of the supersensitization experiment might be modeled in this manner. The curve rep-
resented by L1 then may shift according to the null model even though the actual be-
havioral output shifts to a greater extent. This analysis, of course, may be extended
to several behaviors that have different degrees of compatibinty. For example,

EI(A) = Ll(A) + alAsz(A) + al,!L.‘(A) + a, JLJ(A)c
ExA) = LAY + a:.li(A) + a,.l.(A),
E!(A) = Liy(A) + a!,-tLJ(A )
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FIGURE 4. Effect of pretreatment with 0.01 mg-kg spiperone on apomorphine-induced rota-
tion in CSTBL,6J mice with striatonigral lesions. The best-fitting curves are three-parameter logistic
curves calculated with ALLFIT."' ED., and slope parameters were not ditferent and were there-
fore shared in the analysis.

where the E; represent the different behavioral measures, the L, represent the corre-
sponding underlying logistic curves, and the a;,; represent the compatibility constants
between behaviors. These models would not have to be unidirectional (i.e., behaviors
common at lower doses could affect the appearance of higher dose behaviors) nor
would anything prevent the compatibility constants from taking positive values (i.c..
one behavior could increase another).

Alternatively, the strength of the null models for behavioral work could be easily
increased by examining the monotonicity assumption itself. If we deal with a mul-
tivariate response, then the assumption is generalized to one of uniqueness. In the sim-
plest case, linear combinations of the response variables define equivalent responses
rather than equality on a single univariate response. We have experimented with the
construction of dose-response curves with discriminant functions with some success.
However, the wide range of available techniques (e.g.. canonical correlation, profile
analysis) remains to be assessed.

(5) More recent work on null models has focused on physiological or functional
interaction. In these experiments, the action of one drug alters the response to a first
drug by its actions on a second, distinct receptor. These models provide, if nothing
else, a remarkably succinct and precise manner in which to summarize and describe
the types of interaction between, for example, D-1 and D-2 agonists or cholinergic
and dopaminergic agonists. In the former case, we have found that in mice with dis-
crete striatonigral lesions, pretreatment with 0.01 mg/kg spiperone (see FiGURE 4) nearly
doubles the maximum response parameter of the apomorphine-induced rotation dose-
response curve. The ED., was not affected. Interestingly, these results have precisely
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the same pattern as the cyclic-AMP efflux assay of Stoof and Kebabian,’ where DA-
induced ¢-AMP efflux was enhanced by coincubation with sulpiride, another D-2 an-

[Y=REo I e R Y

tagonist, but the molar potency was not altered.
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DISCUSSION OF THE PAPER

G. S. RotH (NIA, Baltimore, MD):. Have you considered the possibility that these

particular motor responses that we have available to us are simply too complicated
to establish a rigorous stoichiometric relationship b tween receptor occupancy?
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P. RanpaLL (University of Southern California, Los Angeles, CAY: No, | have never
considered that.

RorH: If somebody wanted to establish a relationship between dopamine receptor
occupancy and response, they would be much better off trying to do it with something
like adenylate cyclase because vou could get away from possibly other neurotransmitter
cvetems that might be involved.

RaNDALL: However, you do not know the nature of the functiona! output. The
kinds of questions I am interested are concerned with the physiological output. At
a certain level, the cyclase is maybe involved, but we do not know yet. Therefore, it
is not that | consider that less worthwhile, but it is that [ am more interested in that
other question.

One question that is complicated is one that comes up all the time. You have 10
look very carefully at the assumptions of what [ am calling herizontal analysis. The
major assumption is that we can recognize animals in similar behavioral states. That
is the only real assumption for talking about the spread of dose-response curves.
By looking at horizontal shifts, we no longer worry about magnitude at all (there can
be 150 cascade amplifiers in the middie, but they do not make any difference). We
are looking at shifts across the x-axis. If we can equate and match the responses of
these two groups, then we can pull it off. The real problem, though, is the monoto-
nicity assumption: that equal responses imply equal occupancy. This is the assump-
tion that has to be true. In the long run, it is not going to be frue wirth a univariate
measure of behavior; almost any particular single thing that we measure is eventually
nonmonotonic and the response curves eventually come back down.

Almost any behavioral variate is gcing to end up being nonmonotonic. What we
can do in that case (and this is where our next phase is going) is extrapolate from a
univariate model into a multivariate model. Because all we are doing is trying ro match
responses, we can measure that response on any number of different dimensions.
Moreover, we can match responses in terms of a number of different criteria whether
it is least squares or whatever else one wants to use. For instance, we can use profile
analysis; we also have tried using discriminate functions to construct dose-response
curves. The key, though, is the matching of behaviors and we can do that anyway we
w~ant. The main question is can we tell when two animals are in the same state. In
terms of the apomorphine stereotypic behavior example, I think that we are pretty
close.

D. MorGaN (University of Southern California, Los 4ngeles, CA): In the right-
most curve of the data that you showed, the animals never quite achieved the same
maximal response that it did in the leftmost curve. I was also struck by the correlation
with the partial agonist curves that you were showing. Are vou restricting yourself
to looking at apomorphine as a full agonist or as a partial agonist?

RanDpaLL: No, we were uncommitted on that. However, it is quite obvious that it
15 more valuable to have a partial agonist than a full agonist. There is more that you
can do with it.

UnNiDENTIFIED DiscussanT: 1f you had a response that was affected by two receptor
systems, is it possible to add a second receptor site to this and do a two-site analysis
similar to what you can do with the receptor system?

RANDALL: Yes.

UNIDENTIFIED: How many data points would one need to do that adequately with
behavioral data? Are there enough animals?

RaNDALL: You would not want to take the equivalent of an agonist binding curve
and try to do it. We always wondered why we saw so little evidence of discontinuities
in dose-response data when we used to use analysis of variance on it; that is, why they
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behaved so well. We have dose-response curves that explain at least 98% of the between-
group variance. Why did it behave so well? It behaved so well because there are six
of these little transitions that are equivalent to six sites. It you look at binding, those
Ky's have to be really far apart before you can distinguish them. However, you can
deal with multiple sites if you deal with, say, 2 nonspecific agonist and a spectfic an-
tagonist. Then you can either share or let Ky values diverge for different behaviors.
Hopefully, the best circumstance would be it different receptor types were related to
different behavioral measures rather than to the same one.
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D. MorGaN (University of Southern Cuiyorna, Los Angeles, CA): In looking at
the data that D. Ingram showed, [ noticed that the variance was not increasing in the
older animals within a strain. Do you think that this was simply because of the fact
that you controlled environment and genetics so well that there was no longer an in-
crease in variance with age?

D. INGRAM (NIA, Baltimore, MD): It depends on what one uses as a measure of
variability. In fact, we use the coefficient variation because the means are going down
with age. Thus, if you looked at variability as a function of the mean value, you would
get a decrease in variability. However, the whole mathematical issue of how one as-
sesses the hypothetical age-related increase in variability is one that has vet to be ad-
dressed fully.

InGrRaM: What value, if any, is there in the animal literature right now as far as
modeling any aspect of motor aging? Are there possibilities of observing parallel
processes in an animal model and humans?”

B. Tioe TR (University of Colorado Health Science Center, Denver, CO): A very
important aspect is that we really cannot do very invasive things in man. In animals,
when we set the mode of behavior, we can also report on the different parts of the
brain. There are very profound regional differences on how motor behavior is
regulated — histologically, chemically, et¢c. — and so far we cannot make the same kinds
of necessary invasive measurements in man. Therefore, I think that animal research
has a very important aspect to it in terms of aging and in terms of any other problems
associated with changes in motor control.

P. RANDALL (University of Southern Culifornia, Los Angeles, CA): Would vou argue
that the particular animals you are using are good in the sense of being likely host
representatives of what happens in human systems? Is it good for particular species
Or across strains?

INGRAM: Much is known about the biology of the laboratory rodent. There are
pros and cons as to their use. They do not mimic aging in every aspect observed in
humans; for example, their cardiovascular parameters are not particularly what one
associates with cardiovascular aging in humans. They are not perfect models, but we
can do invasive kinds of analyses to determine the mechanisms of phenomena that
we are observing. Then, if it appears to have some relevance to the human condition,
then one has a clinical trial possibility.

Ranpaii: There is something different about the human that makes him respond
differently to, say, a chronic neuroleptic when he is older. Why do old rats not show
tardive dyskinesia? It may have something to do with the oral musculature or tongue,
which is controlled centrally, and that may provide a clue for us as to where to [ook
in the human.

INGRAM: The animal model for aging that is used is an animal that has been hanging
around a cage for a couple years of his life and has not been interacting with his envi-
ronment outside of that cage very much. Therefore, we have not even addressed that
issue of whether we are seeing aging or disuse. W. Spirduso’s presentation will have
some comments in that regard, but we have to take into consideration the validity of
the environment in aftfecting the life span as well.

J. A. JosePH (Armed Forces Radiobiology Research Institute, Bethesda, MD): Re-
garding P. Randall’s very elegant presentation, every time that we have ever tried to
manipulate receptors and look at the change in behavior, we found that it is almost
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like an all or none thing. It seems like receptors reach critical points and then go. It
is almost like u dichotomous thing rather than a continuous thing in our hands. It
may be that what you want to try is to use DA receptor antagonists such as EEDQ.
One of the things that we have been able to do with this is 10 uncouple the behavior
from the receptor concentration; at least what you might call a critical level of dopa-
mine receptor concentration. However, it may be that redundant systems take up the
slack in the young animals and thereby get by with fewer receptors. In addition, DA
receptor concentration could be less tied to behavior in young animals.

F. GaGe (University of California, San Diego, CA): There seems to be a bias here
in terms of what we are calling an animal model. I work with rodents, but | would
like to understand what the objective of this group is in working with rodents. Are
we trying to model human aging by using rodents? 1f that is the case, then I think
that we are missing steps in here. We ought to bring in the primatologists or do some
primate work, unless, of course, our objective is just in looking at aging as a concept
separately from us. Theretore, why is there not more emphasis on primate aging? What
is the objective of the work with the rats? What is the objective in terms of aging?

R. SprROTT (National Institute of Aging, NIH, Bethesda, MD): NIA’s point of view
is that there is no best model and there is no better model; the model is determined
by the research that you want 10 do and in the system that you are interested in. It
may be that many people are interested in aging as a general phenomena within any
particular specics and that is fine. However, in the last tive vears, the pohtical system
has come to decide (to a far greater degree than any of us would care to admit) what
is fundable science. Therefore, this has tended to translate into those things that have
direct human applicability (even though study sections denv it and say that they are
primarily interested in good science only). In fact, that consideration has gotten into
our language and into our discussions of a great many things that we do. Thus, the
bias is a very real one that we are all allowing to creep into the research that we do.

InGram: T would take a difterent attack to the question. For example, we now have
an opportunity to develop an animal model of Parkinson’s disease and we will see
examples ot that given in later sessions. The reason we call it a modet is because ve
have a Parkinson disease entity. Now, even though this does not exist in rodents, we
are still trying to study it to produce a model. Aging is a phenomenon that exists in
virtually all organisms, so 1t 15 a phenomena that at least appears universal; thus, we
do not need to model it because it exists.

Therefore, what we are attempting to understand is whether there are mechanisms
that are shared in common by different species. We mostly {ook at rodents, but we
could look at primates if we wanted to fine-tune the modeling somewhat. Thus, in
regard to our objective, we are trying to understand the basic biology of aging as 1t
exists and to the extent to which it exists as a universal phenonenon shared by many
mammalian species.

UNIDENTIFIED Discuvssant: That is probably a minority viewpoint. Realistically,
most of the models that are going on in experimental rescarch are modeling specific
disease states. The presentation that vou are giving (and that the rest of the panel
presenting) is a purer position ot interest in aging per se as opposed to the discase
or pathology associated with aging. In that case, there really is not a model as vou
say because the models come when vou try to make an analogue to the state in the
human situation.

M. BRENNAN (Revion Health Care, Tuckahoe, NY): 1 ust want to amplhits what
was said about the models. If we move away from the motor svatem and start co.-
sidering animal models of learning and memory disorder in aging (or wath bran damage
or whatever), we realize the problems of tryving to force a model trom one situation
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onto another. I think that the validation of the model in and of itself (rather than
trying to sell it as a model for human aging) is where the merits of the research go.

TATE: Ag i, | think the effort to try to sell the model —to come up with a model
that will fit the bill — causes us to lose sight of what we have in front of us. It is quite
clear that there are a lot of complicated parts ignored in just trying to sell the model
and we have to learn to look at these parts.
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INTRODUCTION

The dopamine svstem in mammalian brain is one of the better understood central
nervous svstem chemical pathways. This status results from the early demonstration
of its anatomic loci by histochemical tluorescence techniques (see Lindvall and Bjork-
lund.' and relerences therein) and its putative involvement in two prevalent neuropsy-
chiatric disorders, namely, schizophrenia? * and Parkinson's disease.*

The major dopamine pathway in mammals originates from cell bodies in the mid-
brain (areas A9 and A10— the substantia nigra and the ventral tegmental area of Tsai.
respectively) and terminates in the basal ganglia, chictly the caudate nucleus, putamen,
and nucleus accumbens, with smaller projections 1o the globus pallidus, olfactory
tubercle, and frontal and entorhinal cortices.' In rodents, the caudate nucleus and
putamen are melded together to form the neostriatum, which combined with the globus
pallidus is called the striatum. Owing to the high concentrations of dopamine in the
striatal regions, most studies of dopamine in aging have fo used on this region; there-
fore, this review will highlight the nigrostriatal dJopamine svstem. Qther regions where
dopamine changes with age have been reported are the hypothalamus® and retina.*

The dopaminergic synapse contains several usetul hiochemical markers (FiGURE
1). Primary among these is the level of dopamine itself. Dopamine levels are thought
to represent the density of dopamine terminals within a region. They are relatively
insensitive to physiological changes in the rate of dopamine (cicase because of the tightly
coupled negative feedback of intraterminal dopamine concentrations on tyrosine hyvdrox-
vlase activity (the rate limiting enzyme for dopamine synthesis).” Thus, although al-
ternate interpretations are feasible, a loss of dopamine levels within a structure is he-
lieved to reflect a loss of dopamine terminals. In addition to dopamine, tvrosine
hydroxylase activity and synaptosomal [*H}dopamine uptake are markers for dopa-
mine terminals. Tyrosine hydroxylase is also found in noradrenergic terminals and i«
not specific for dopamine (although very little noradrenaline is present in striatum).
The metabolites ot dopaimine are more sensitive to changes in the activity of the dopa-
mine system than the parent amine, and while useful for CSF measurements or studies
of dopamine turnover, analysis of metabolic levels are less usetul in determining the
density of dopaminergic innervation.

“ This rescarch was supported by Grant No. AG-05142 10 C. E. Finch. D. G. Morgan was sup-
ported by a fellowship from the John Dougtas French Foundation for Alzheimer's Disease. 1
Finch iv the ARCO William 1. Keischnick Professor in the Neurobialogy of Agmg
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FIGURE 1. Model of the dopaminergic synapse in human striatum. Pre- and post-synaptic ele-
ments are indicated on the center and left of the figure, respectively. This model shows D-1 and
D-2 binding sites on separate postsynaptic elements, but they may be colocalized on the same
neuron in some instances. Tyrosine hydroxylase is located within the dopamine terminal. DA:
dopaminergic terminal; 1: D-1 binding site; +: excitatory G/F protein: AC: adenyvlate cvelase;
2: D-2 binding site: —: inhibitory G protein; U: uptake site

The postsynaptic receptors for dopamine consist of two types: D-1 and D-2 (FIGURE
1). The D-1 receptor is positively linked to adenylate cyclase activity, while the D-2
receptor appears, in at least some loci, to inhibit adenylate cyclase activity.® These op-
posing linkages allow for antagonism between these two receptors when localized on
the same neurons.”'® Most [*H]agonist ligands for dopamine receptors bind to the
high affinity state of both D-1 and D-2 sites.'' Antagonist radioligands are generalls
more selective. The antagonist [*H]spiperone is an excellent ligand for labeling D-2
receptors (although some cautions apply; see Seeman e ¢l.'?) and most studies of D-2
receptors in aging have used this radioligand. Only recently have several D-1 selective
radioligands become commercially available; thus, radioligand studics of D-1 receptors
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in aging brain are few. While examinations of dopamine-stimulated adenylate cyclase
activity give some indication of D-1 receptor density, changes in this marker may also
result from altered high affinity agonist states or receptor-cyclase ccupling.

NONPATHOLOGICAL AGE-RELATED CHANGES IN THE
DOPAMINE SYSTEM OF HUMAN BRAIN

The largest declines in dopamine levels are found in human brain, with a consensus
reduction of “up to 50%” over the life span (TABLE 1). However, several studies'*™**
report no change with age in dopamine levels in human neostriatal structures. One
study'® finds a significant reduction in caudate nucleus, but not in putamen. The ‘ailure
of some studies to report age-related declines in dopamine is not due to small sauiple
sizes and (thus) low statistical power. In most respects, the inconsistencies cannot be
explained.

The human literature on this topic differs in two respects from the rodent data.
First, the individual variability in human dopamine levels is very large as compared
to rodent studies, thereby reducing stausiical power. This variability is not due to differ-
ences in postmortem time, but may be related to premorbid agonal conditions. Humans
frequently die due to illness, whereas unhealthy rodents are usually culled from studies.
A second difference is that human data are generally analyzed by regression analysis,
while rodent data are analyzed by age groups using ANOVA or paired comparison
range tests (f tests, Duncan’s, Newman-Keul's).

The most extensive study of human striatal dopamine levels was done by Carlsson.'”
Carlsson and co-workers analyzed the sum of dopamine plus 3-methoxytyramine (3-
MT) rather than dopamine alone. They have demonstrated that dopamine is catabo-
lized into 3-MT in a time-dependent manner during the postmortem period. Thus,
the sum of these two amines reflects the dopamine concentration at death. However,
because Carlsson'’ claims similar results are obtained if dopamine levels alone are ana-
lyzed, this postmortem autolysis of dopamine is unlikely to explain the negative findings
in the literature. A critical feature of Carlsson’s data is that the rate of dopamine loss
with aging accelerates after age 60. Therefore, an uneven distribution of ages may in-
fluence the analysis of age changes in the dopamine system.

We conclude that dopamine levels do decline with age in human neostriatum, but
that the loss is variable amongst individuals. Moreover, this loss of dopamine may
be secondary to degeneration of dopaminergic neurons in the human substantia nigra,
where a 50% loss has been reported between 20 and 80 years.'® Further support for
reduced dopaminergic innervation of the human neostriatum with age is derived from
a loss of tyrosine hydroxylase activity.’®?* There appears to be a massive ioss (80%)
of tyrosine hydroxylase activity between S and 20 years, and a slower loss after that
period.”® However, one contradictory report has appeared.'*

_ Postsynaptically, four independent studies confirm a loss of D-2 receptors in cau-
date nucleus (TaBLE 1); one of these studies used healthy living subjects and a positron-
emitting radioligand.?' The loss of D-2 receptors, though, does not occur in putamen.
The binding of [*HJagonist ligands to high affinity states of D-1 and D-2 receptors
is also reduced in caudate nucleus, but pot in putamen. We have recently reported a
substantial increase in D-I receptors in caudate nucleus and putamen.?? The increase
in D-1 sites was inversely related to the loss of dopamine in the putamen. However,
a negative report has also appeared.®
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AGE-RELATED DOPAMINERGIC CHANGES IN
RATS, MICE, RABBITS, AND NONHUMAN PRIMATES

The loss of dopamine in rats and mice over the life span is smaller than that found
in humans (TABLE 2). Again. several negative reports have appeared, as have reports
of small, statistically not significant changes. Overall, dopamine levels decline by 20-25%
in rats and aice, with the greatest loss found after mid-life. One report found no change
in dopamine levels in rabbits (TaBLe 2). Two studies in nonhuman primates indicate
slightly greater losses than rodents.

The loss of dopamine in rodents is corroborated by studies of tyrosine hydroxylase
activity (TasLE 3). This marker declines less in rodents than in humans when the entire
ontogenetic spectrum is censidered. However, none of the rodent studies have included
reproductively immature subjects analogous to the age range where the major loss was
reported in humans.

One marker that is consistently reported to change with aging in mice, rats, and
rabbits is the D-2 receptor density (Bmay) measured with {*H]spiperone (TABLE 4Bj).
These losses are typically 30-50% over the life span and they appear to be progressive
with both early and late declines.*"?” The D-2 receptor affinity (Ky) has rarely been
reported to change during aging. Joyce er ¢/..** using in vitro autoradiographic tech-
niques, found the receptor loss to be greatest (up to 60%) in the ventral and lateral
portions of the striatum. While several exceptions to the D-2 loss with aging have been
reported (TABLE 4), these studies used radioligands such as [*'H]haloperidol, ['H]sulpi-
ride, and [*H}domperidone. While these drugs have selectivity for D-2 receptors similar
to [*H]spiperone, they have higher levels of nonspecific binding and the techniques
for their usc are less standardized. The weight of the presently available evidence strongly
favors a substantial loss of D-2 receptors throughout the life span of all mammals
studied.

1 he results of ['H]agonist labeling studies are consistent with those obtained with
["H]spiperone (TABLE 4C). The loss of high affinitv agonist binding sites with age is
samewhnat araqter than the loss of antagonist sites in studies making direct compar-
isons.?*?* Severson and Randall® have recently used dopamine displacement curves
of ["H]spiperonc binding to demonstrate that the high affinity component of the dis-
placement curve is selectively lost with aging in mice.

The data concerning D-1 receptors is mixed. Two studies report no change, while
two studies in press report losses. Obviously, more data are called for.

In rat brain, large reductions of dopamine-stimulated adenvlate cvelase are reported
consistently (with two exceptions; see TasLk S). Generally, these reductions occur in
the absence of changes in basal adenylate cyclase activity. Thus, even if D-1 receptors

TABLE 3. Changes in Striatal Tyrosine Hvdroxvlase with Aging
I

Study Strain¥ Age Range Ditterencet
McGeer et al = Wistar 2-29 (R agew) 0%
Reis et al ™ F344 3:26 20,
CB6FI mice 428 0
Joseph et al. Wistar (GRC) 6-8:24 RGN
Ponzio et al.*? Sprague-Dawley (Canada) 401R:29 L300
tearly)

4 All strains are rats unless indicated.
b Al ages are in months. As in TABLE 1.
CAsin Tasig 2.
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TABLE 5. Changes in Striatal Dopamine-Stimulated Adenylate Cyclase with Aging

Study Strain® Age Range” Difference
Walker & Walker’* Sprague-Dawley 3:24 +709%
Puri & Volicer’™ CD-F (Charles River) 4:12;24.30 75
(early)
Govini et al.® Sprague-Dawley (ltaly) 2-3;20-24 609
Schmidt & Thornberry™ Wistar (Harlar) 3:12:24 +30%
(early)
Govoni er al.*® Wistar 10:30 +60%%
Makman er al.*? New Zealand (Rabbits) 0.5: 8§ vears 450y
Joseph et al.*? Wistar (GRC) 6-8:24 0
Papavasiliou er a/.* Swiss mice (Hale-Stoner) 2:5:17:21 15009
(not significant)
Hirschhorn er af.* F344 4;14:29 0
Cimino et al.*’ rats 3:30 +30%
“ As in TABLE 3.
As in TABLE 2.

“ As in TABLE 2.

do not decline with aging, their coupling to adenylate cyclase is compromised. The
loss of dopamine-stimulated adenylate cvclase activity is an early event in the aging
striatum, with the greatest decline occurring before 12 months of age. The overall ex-
tent of this decline is 50-70% over the life span.

CONCLUSIONS

While certainly no revelation, the major conclusion that we draw from this survey
of the literature is that individual studies of the dopamine system during aging pro-
duce divergent results and conclusions. At least in this field, it is critical 1o derive weighted
averages of all studies before any results can be accepted as truth. Our impression from
other literature surveys that we performed recently on the serotonin system in Alzhei-
mer’s disease®* and on receptor changes in Alzheimer’s disease*? is very much the same.
Two laboratories using the same techniques can obtain one positive and one negative
result.

Fortunatelv, in the literature reviewed here, the positive findings (loss of dopamine,
receptors, or cyclase activation with age) are always in the same direction and out-
number the studics reporting no change. Thus, we conclude that the dopamine system
does degenerate with nonpathological aging in man and, to a lesser extent, in other
mammals. The postsynaptic responsiveness to dopamine also declines as measured
by dopamine-stimulated adenylate cyclase or D-2 receptor density. The end result is
a substantial decrement in dopaminergic tone, which, as described in other chapters
in this volume, will lead to impaired motor performance and reduced sensorimotor
integration.
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DISCUSSION OF THL PAPLR

D. INGRAM (NTA, Baltimore, MD): What do vou mean by dopamine tone, particu-
larly in regard to the tact that the evidence for loss of dopamine per se was not over-
whelming as the {oss of dopamine receptors was?

D. MorcGan (University of Southern California, Los Angeles, CA): Tone is kind
of a general term; however, I think of it in the same sense as muscle tone, that is, ten-
sion in that system. | consider it an integrated aspect of both the input to that svstem
and the number of receptors on the output side. We know that the D-2 receptors are
going dewn. Perhaps the D-1 receptors are going up, but there is contrary evidence
that has not been published yet. Thus, the overall change postsynaptically (at least
for the D-2 receptors) appears to be downward in the dopamine system. In addition,
the dopamine-sensitive adenylate cyclase activity, which should be a measure of D-1
function, declines as an early event in aging (that is, up to about 12 months) and is
stable thereafter.

A. ALTAR (CIBA-GEIGY Corporation, Sunumit, NJ): You mentioned that vou did
not see an age-related decrease in D-1 receptors in the striatum and in mouse brain.
Have you iooked in the substantia nigra? The evidence there is very clear that virtually
all of the D-I sites in the substanuia nigra are on the terminals of nigrostriatal neurons.
It would be iiteresting if there were losses there — not only because of the fact that
they would show the loss of D-1 receptors, but also because it may start implicating
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some of those nigrostriatal neurons that represent the output pathway as contributing
to age-related impairments.

MoRGaN: | would like to do it, but the nigra in a mouse is so small that it would
be rather difficult for us to do that using our in vitro techniques. Certainly, the au-
toradiographic approach might be able to pick up those receptors, at least much easier
than we could. Jim Severson also did some work with D-2 in nigra in Luman brain,
but we just have not looked in nigra at this time for D-1.
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INTRODUCTION

Deterioration of the speed and precision of motor performance is a major attribute
of aging.' Neurochemical and morphological changes in several brain areas, including
the motor cortex,** cerebellum,*” and basal ganglia,* '* may underlie motor deficits
associated with advanced age. However, research has concentrated largely on the basal
ganglia because a variety of neurological disorders involve pathological changes in
these nuclei.'? Basal ganglia pathology is present in at least two major age-associated
disorders — Parkinson’s disease and Huntington's chorea. Less severe symptoms of these
diseases, including senile tremors and chorea, frequently develop in otherwise healthy
older persons.' **'* The elderly also have a greater risk of developing drug -ide effects
involving the basal ganglia. Furthermore, the incidence of drug-induced pariinsonism
and tardive dyskinesia increases with age.’*™'" Interestingly, the age distribution for
drug-induced extrapyramidal disorders overlaps considerably with that of Parkinson's
symptomatology.®'*'* This suggests an interaction between the pathophysiology un-
derlying these conditions and the physiological changes occurring during the normal
aging process.

Present evidence indicates that many of the behavioral abnormalities that occur
during the normal aging process result from a reduced capacity for neurotransmission
in the brain. The deficits in neurotransmission are inferred from decreases in various
presynaptic and postsynaptic neurochemical parameters in a variety of brain
regions.>* 77721121920 Pharmacological studies of the striatum of rodent brain dem-
onstrate that neurochemical deficits may underlie some motor malfunctions associated
with aging.®"'-**2'-2¢ I this regard, the cholinergic and dopaminergic systems scem
particularly susceptible.

Until recently, few studies considered the functional and neurochemical organiza-
tion of the striatum with respect to age-related changes. Numerous reports provide
evidence that discrete regions of the neostriatum are both neurochemically and func-
tionally distinct from each other.?*"*” Neurochemical studies reveal that cholinergic,
dopaminergic, glutamatergic, GA BAergic, serotonergic, and various peptidergic systems
have a heterogeneous distribution in the striatum.?*-** This fact supports the idea that
functionally independent regions exist within the neostriatum. In the following sec-
tions, we will discuss the evidence for functional heterogeneity of the striatum. We
will review the data showing that disruption of neurotransmitter systems within dis-
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crete regions of the striatum produces specific behavioral effects. Then, we will de-
scribe results of experiments carried out in our laboratory that reveal the neurochem-
ical topography of the striatum and how it changes with age. The emphasis in these
experiments is on the cholinergic and dopaminergic systems. We choose these systems
for study because they are particularly vulnerable to the effects of aging. Additionally,
their relationship to basal ganglia function is relatively well known.

Functional Heterogeneity of the Neostriatum

Studies employing pharmacological and behavioral technigues combined with stereo-
taxic methods provide compelling evidence that various parts ot the ncostriatum sub-
serve different functions. These functions may be specifically disrupted by interrup-
tion of neurotransmission within discrete regions. Functional distinctions exist between
the medial and lateral striatum. For example, injection of atropine, a cholinergic an-
tagonist, into the anterior medial striatum produces retrograde amnesia for acquisi-
tion uf spatial alternation performance.** Injections into other regions do not affect
this behavior.”® On the other hand, destruction of cell bodies in the ventral-lateral stri-
atum with kainic acid causes sensorimotor impairment and impaired limb use.™ Le-
sions of other striatal areas are ineffective on these behaviors.™ Disruption of
dopaminergic neurotransmission also has region-dependent behavioral effects. Destruc-
tion of dopaminergic nerve terminals in the lateral striatum with 6-hvdroxydopamine
(6-OHDA) is critical for the occurrence of stress-induced akinesia.’” Lesions of the
central or medial regions of the striatum are ineffective in this behavioral paradigm.
These studies provide evidence that the medial striatum plays a role in the acquisition
of learned performance, while the lateral striatum is necessary for motor tunction.

Functional distinctions also exist between dorsal and ventral neostriatum. Lesions
in the ventral striatum made with 6-OHDA block amphetamine-induced stereotyped
behavior.*® In contrast, lesions with 6-OHDA in the dorsal striatum are without effect. ™
Lesions of the dorsal striatum with kainic acid enhance the stereotypy-inducing effect
of amphetamine withou! affecting apomorphine-induced stereotyped behavior. ™ Al-
ternatively, kainic acid lesions of the ventral striatum do not influence this behavior. '
Functional dissociation of striatal regions is also manifested in other behavioral para-
digms, including the modulation of blood pressure.*” consummatory behavior,* and
active avoidance behavior.*!

Neurochemical Deficits in Striatal Subregions
in Huntington's and Parkinson’s Diseases

Discrete regional deficits in striatal neurotransmitter systems are manitested in Hun-
tington’s and Parkinson’s diseases. The changes in discrete striatal areas may underlie
specific cognitive and motor impairments that are symptomatic of these disorders.
The enzyme marker of striatal cholinergic neurons, choline acetyltransterase (ChAT),
is markedly depleted in Huntington's disease. McGeer and co-workers reported that
loss of ChAT activity was “patchy” in the striatum of individuals who had Huntington’s
chorea.*? ** They also found that the caudate was more vulnerable than the putamen
to loss of ChAT activity.** Aquilonius and co-workers confirmed the uneven loss of
ChAT in Huntington's disease.** Furthermore, they found that the rostromedial part
of the caudate nucleus was the most severely affected area. This is noteworthy because
interruption of cholinergic transmission in the rostromedial striatum interteres with
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memory processes.*s Possibly, the destruction of cholinergic neurons in the rostromedial
striatum contributes to the dementia that develops during this disease.

A few studies also provide evidence that neurochemical deficits in Parkinson’s dis-
ease are not uniform within the striatum. Dopamine and its metabolites are severely
depleted in the substantia nigra and striatum of Parkinson patients.** Associated with
this loss of dopamine is a loss of cells from the pars compacta of the substantia nigra.**
Gaspar and co-workers reported a study of the topographical distribution of tyrosine
hydroxylase (TH) in the caudate and putamen of Parkinson’s patients.* That study
showed that TH was more severely decreased in the putamen than in the caudate nu-
cleus. Additionally, the magnitude of the loss of TH was greatest in the rostral regions
as compared to the caudal regions of the putamen. Because the nigrostriatal projec-
tions are topographically organized,?* ¥7 the patchy decrease in TH may reflect the un-
even regional cell loss found in the substantia nigra of Parkinson’s patients.**

The dopaminergic system is also not the only system to manifest regional differ-
ences in the effects of Parkinson’s disease on the basal ganglia. Decreases in met- and
leu-enkephalin occur in the putamen, but not in the caudate nucleus.** Taken together,
the studies cited above indicate that selected regions of the caudate nucleus are most
vulnerable in Huntington's disease, while the putamen, particularly the rostral region,
is more susceptible to alterations in Parkinson’s disease.

AGE-RELATED CHANGES IN STRIATAL SUBREGIONS

There are functionally discrete regions within the striatum and pathological changes
in the striatum occur in particular subregions. We hypothesized that if some regions
are particularly prone to disease, then discrete areas within the striatum might also
be uniquely susceptible to the effects of aging. Our laboratory initiated studies to dis-
cover possible age-related alterations in the distribution of presynaptic and postsynaptic
“markers” of striatal transmitter systems, with particular emphasis on the cholinergic
and dopaminergic systems.

Cholinergic System

Choline acetyltransferase is the enzyme that synthesizes acetylcholine. It is a very
useful marker of the distribution of the cholinergic system in the brain because it is
restricted to cholinergic neurons.* Many investigators have reported that striatal cho-
line acetyltransferase (ChAT) activity declines with age in several strains of ro-
dents.?''5**2 However, all of these laboratories assayed ChAT in grossly dissected striatal
tissue. To determine if these age-associated changes in ChAT occurred in discrete stri-
atal regions, we measured ChAT in tissue punches taken from medial and lateral stri-
atum in 1! consecutive frozen sections of the brain of Sprague Dawley rats of three
different ages (see FIGURE 1).%

FIGURE 2 demonstrates the fact that the cholinergic system is heterogeneously dis-
tributed in the striatum. In general, ChAT activity was higher in the rostral levels rela-
tive to the caudal levels of the striatum in all age groups. In addition, enzyme activity
was lower in the medial regions (FIGURE 2A) as compared 1o the lateral regions (FIGURE
2B).

Age-related decreases in ChAT were evident in several discrete striatal regions. ChAT
activity was lower in a few medial striatal regions of rats that were 16 months old as
compared to younger rats (FIGURE 2A). No reduction in ChAT occurred in the lateral
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FIGURE 1. Coordinates (according to Konig and Kiippel**} of serial frontal sections through
the neostriatum of Sprague Dawley rats. The light circles represent punches assaved for dopa-
minc and norepinephrine. The dark circles represent punches that were removed for measuring
GAD and ChAT.

aspect of the striatum in this age group (F1GURE 2B). Decreases in ChAT activity were
more extensive in the 26-month-old group, which showed a marked reduction in selected
medial regions, especially at the caudal levels (7470-5910). In contrast, reductions in
ChAT activity were manifesied in only half as many lateral striatal regions (FIGURE
2B). Thus, the age-related changes in the striatum were not ubiquitous, but were con-
fined to discrete regions. FIGURE 3 shows the distribution of glutamic acid decarboxy-
lase (GAD) activity (the enzyme that synthesizes CABA). This figure serves 10 illus-
trate that the pattern of distribution of each neurotransmitter system in the neostriatum
is unique. The distribution of GAD was markedly different from that of ChAT. Fur-
thermore, there were no age-related decreases in GAD. Because both ChAT and GAD
were measured in portions of the same tissue punches, it is unlikely that decrcases
in ChAT were the result of nonspecific factors such as changes in tissue composition.

One explanation for the age-linked decline in ChAT is that the neurochemical change
1s secondary to cell loss. Indeed, reduced numbers of neurons and synapses occur in
the neostriatum of old rats and mice (see references 10 and 54-56; also see McNeill
in this volume). We tested this hypothesis using high-affinity sodium-dependent cho-
line uptake (HACU) as an indirect measure of the number of cholinergic neurons.
Like ChAT, HACU is a specific marker for cholinergic neurons, particularly the axon
terminal.®” In addition, HACU is the rate-limiting step in the formation of acetylcho-
line and, therefore, it may be a better indicator of the functional capacity of the neuron.**
Because the National Institute on Aging discontinued the Sprague Dawley rat strain
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FIGURE 2. ChAT activity in the centromedial (A ) and centrolateral (B) neostriatum of Sprague
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from their contract colonies, we performed thesc experiments with Fischer 344 rats.

We measured HACU in synaptosomes prepared from four regions of the neostriatum

of three age groups of Fischer 344 rats (see FIGURE 4).*° We also assayed ChAT activity

because age differences in this parameter may be strain- and species-dependent.*' ® !

Moreover, if decreases in HACU result from cell loss, then ChAT should be reduced

by the same amount.

The pattern of distribution of HACU and ChAT in the striatum of the Fischer
344 rat (FiIGURrEs 5 and 6) was comparable to that of ChAT in the Sprague Dawley
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FIGURE 3. GAD activity in the centromedial (A) and centrolateral (B) neostriatum of Sprague
Dawley rats. Each value is the mean = SEM of 3-6 rats: a = significantly difterent from 6 ma,
p < 0.05; b = significantly different from 6 mo, p < 0.0l; ¢ = significantly different trom 16
mo. p < 0.05; d = significantly different from 16 mo, p < 0.01.

rat (FIGURE 2). Both cholinergic markers were higher laterally than medially and there
was a rostrocaudal gradient for both markers in the medial regions. Age-related decreases
in HACU were also regionaily dependent. Significant age-correlated decreases in HACU
were restricted to the rostromedial and caudolateral striatum (Tasre | and FiGure S).
However, in contrast to findings in Sprague Dawley rats (FiGure 2). ChAT did not
differ between ag. zroups (FIGURE 6). This is taken as evidence that the decrease in
HACU was not due to the loss of cholinergic neurons. The lack of change in ChAT
in the Fischer 344 rat is in accord with a previous study using this rat strain.* The
difference between the results for Fischer 344 and Sprague Dawley rats agrees with
studies showing that the effect of age on ChAT is species- and strain-dependent.'' ' *!

The changes in HACU in Fischer 344 rats probably retlect regionally selective
decreases in the activity of cholinergic neurons in vivo. It is well established that ex-
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FIGURE 4. The anterior and posterior extent of each of two tresh tissue sections (rostral and
caudal) from wl .ch striatal tissue was dissected from Fischer 344 rats 1o make synaptosomes.
The striatum was bisected (dotted line) into media! and lateral parts and then carefully dissected
from the surrounding tissue.

perimental conditions that affect the activity of cholinergic neurons /n vivo alter HACU
in vitiv. Thus, it was suggested that in vitro HACU is useful as a measure of in vivo
cholinergic activity.®? The age-assoctated decreases in HACU may reflect decreases
in the activity of cholinergic neurons in response to regionally selective changesin af-
ferent neurotransmitter systems.
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FIGURE S. Distribution of sodium-dependent, high-atfinity choline uptake in stnatum ot Fischer
344 rats. Values are the mean ¢+ SEM of 7-8 individua) determinations performed in triplicate
All medial-lateral differences were significant (p < 0.05). All rostrocaudal difterences in the medial
striatum were significant (5 < 0.05), The asterisk stands for signiticantly different from the siv-
month-old group. p < 0.05.
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TABLE 1. Regional Distribution of *H-Dopamine Uptake in Rat Neostriatum

Age
(months)
Vmax Ky
(pmoles/mg protein/min) (nM)
7 17 27 7 17 27
Region Region
Rostral 45.2 53.4 41.4 Rostral 0.105 0.142 0.109
+5.9 +6.3 +S5.5 +0.008 +0.021 -0.013
Caudal 318.00 34.00 282  Caudal 0.115 0.120 0.110
+9.9 x55 +54 +0.004 +0.006 +0.13

9 Each value is the mean + SEM of five determinations.
p < 0.05 as compared 10 rostral neostriatum.

We also measured the density of muscarinic cholinergic receptors in striatal regions
in three age groups of Sprague Dawley rats (FIGURE 7) and in striatal regions of Fischer
344 rats (FIGURE 4).%°** The distribution of receptors was similar for the two rat strains
and corresponded with the other markers of the cholinergic system (FIGURES 8 and
9). Age-related decreases in binding were detected in both strains of rats (TABLE 1 and
FiGUres 8 and 9). However, the two strains differed in the regional distribution of
the age changes. Binding in the oldest Fischer ratc was about 20% less than that in
the youngest group in each region of the striatum (FiGURE 9). In contrast, age differ-
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FIGURE 6. Distribution of choline acetyltransferase activity in striatum of Fischer 344 rats.
Values are the mean + SEM of 7-8 individual determinations performed in duplicate. All medial-
lateral differences were significant (p < 0.05). All rostrocaudal differences in the medial striatum
were significant (p < 0.05).
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FIGURE 7. Coordinates (according to Konig and Klippel®*) of serial frontal sections through
the neostriatum of Sprague Dawley rats. The light circles represent punches removed for tyrosine
hydroxylase assays. The dark circles represent punches that were removed for measuring ['THJQNB
binding. The hatched circles represent sites where tissue was removed tor [*H]spiroperidol binding
assavs.
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FIGURE 8. Regional distribution of cholinergic muscarinic recontor binding in striatum of Sprague
Dawley rats (refer to FiGURE 7 for coordinates). Fach viive represenis the mean « SEMoof 6
individual determinations in duplicate. The concentration of |'HJCNB was 018 n\ L The asterisk
stands for significantly different from the voungest age group, p2 - 0.08
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FIGURE 9. Regional distribution ot cholinergic receptor binding v stnatum ot bischer 344 rais
(refer 1o FIGURE 4 for coordinates). Values are the mean = SEM of “-Xandividual determuna-
vons pertormed intriplicate. Fhe concentration ot ['HIQNB was 1 oM Al medial-Tateral dirrer-
ences were signiticant (p < 0.03) in the caudal striatum. All rostrocaudal ditterences in the maediad
strigtum were steriticant (p < 0.05) ¢« stands tor sigmteantdy Adifterent trom the femonh-old
group, p < 008 == stands tor signiticantly ditierent trom the 6- and IR-month-ol { grops p 2005

enees in binding in Sprague Dawley rats were regionally variable within the striatum
(F1GURE ). Losses of receptor density in the various arcas ranged from 0 1o 5094, This
difference between rat strains again tlustrates that genotvpe may intluence the etffects
of aging.

Dopaminergic System

Dopamine {DA) serves as a specitic marker of the distribution of dopaminergic
neurons in the brain. Several laboratories observed decreases in total ~triatal dopa-
mine content with increased age in rodents.* 7 ™ To determine if the reduction in DA
content was restricted to specific striatal arcas, we measured dopamine i 11 regions
of the striatum of Sprague Dawley rats aged 6, 16, and 26 months (Fiaure 1.7 DA
content was higher in the rostral levels relative to the caudal levels of the neostriatum
in each age group (FIGUrRE 10A). During aging, DA decreased markedly in the caudai
levels of the neostriatum, especially at 26 months of age (F1Gure 10A). The age-related
decrease in dopamine content occurred in the same regions where reductions i Ch Al
activity occurred. One possibility for the simultancous decline in DA and ChATL i«
that there is a nonspecitic loss of neuronal elements in this brain region. \We measured
noradrenaline (NA) in the same tissue punches used to measure dopamine and we tound
that the distribution of NA was more homogencous within the strigtum than dopa
minc (Fioure 10B). NA was slightly, but signiticantly hicher in the three most rostral
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regions as compared to the three most cavdal regions, This agam tllustrates the argae
ness of the neurochemical topography ot each nearotransmuiter svsreny i the stratum
However, contrary to ihe tindings tor DA, NA was aftected by agme primaeiiy an the
four most rostral arcas (Frovre 108y This provided evidence that deceases o0 DYy
did not arise from nonspecitic factors.

A possible cause of age-assoviated decreases in dopamine content s deyenciation
ot dopamnce-containmg axon ternunals. To determine it this explamed our resuli
we used DA aecumulation by synaptosomes as a measure o the funvrionad tnrernin
of dopaminergic anon terminals. High-affinity sodium-dependent DA aptake was mies
sured m synaptosomes prepated from rostral and caudal stnctunt of ras qeed 71T
and 27 months " Datain Taste T show that the apparent number ot DN aprake sies
(N o was greater i the rostral stoatum as compared to the candal sratuni Thos
data are in agreement with the findings on distribution of DA However, netther the
apparent number ot uptake sites (V0 nor the transport atbimin (Ao ditrered e
tween age groups. Those tindimes agree with those ot Thompson ez ol whoreporied
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that the rate and amount of DA accumulation by rat striatal slices remeinc Gnalicicd
by aging. It is unlikely, therefore, that age-related reductions in dopamine content resulted
from fewer axon terminals or reduced capacity for reuptake of released neurotransmitter.

Another possible reason for the age-related loss of dopamine is reduced tyrosine
hydroxylase. Tyrosine hydroxylase (TH) is the rate-limiting enzyme in the metabolic
pathway for dopamine. A decrease in its activity would result in reduced dopamine
content. Therefore, we measured TH in eight striatal regions of Sprague Dawley rats
aged 7, 17, and 27 months (Figure 7).%* The regions chosen corresponded to regions
where we had previously measured DA (FiGUre 1). TH activity was higher in rostral
regions than in caudal regions of the striatum in aii age groups (FiGure ). There
was a trend toward age-related decreases in the caudal regions of the striatum. How-
ever, a significant age difference was detected in only one region (F1Gure 11 [t is
noteworthy that the areas where decreases and trends toward decreases were detected
are the same regions where we found reductions in dopamine content.

An age-related decrease in striatal DA and no change in TH was also reported by
Demarest er al.** They concluded that the lack of change in TH represented a compen-
satory response to reduced dopamine content. Experimentally induced decreases in
catecholamine content are followed vy increasea TH activity relative to catecholamine
content.’ * This phenomenon was first observed in Parkinson’s disease.** Increases
in TH activity may compensate for decreases in striatal dopamine content during aging,
at least to a limited extent.

Dopamine receptor density is affected by aging. Most studies on dopamine
receptors and aging have measured receptors in homogenates prepared from the whole
striatum. We wanted to know it dopamine receptor loss during aging is restricted to
specific striatal subregions. We thus measured butaciamol-displaceable [*H]spiroperidol!
binding in tissue punches from five consecutive frozen sections of striatum (see FIGURE
7).°" As with dopamine content, dopamine receptor density was greatest in the rostral
areas of the striatum (FIGURE 12). However, although trends toward decreases (less
than 25%) were evident in several areas, we found nio significant differences between
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age groups in any area {FIGURE 12). These results are in contrast to many studies car-
ried out on whole striatum. However, one recent aging study used quantitative dopa-
mine receptor autoradiography to search for regional differences in striatum of Fischer
344 rats.®” They found that the age-associated loss (30-60%0) of dopamine receptors
was restricted to the lateral caudal region of the striatum. This region showed the dens-
est binding in young rats. We failed to sample that area using the tissue punch scpeme
in our study. Therefere, it is highly probable that we failed to find evidence for decreases
in dopamine receptors because we did not examine the affected areas.

SUMMARY

Presynaptic and postsynaptic markers of the cholinergic and dopaminergic systems
have characteristic topographical distributions within the striatum. Aside from the
dopamincrgic afferents, several other afferent systems exhibit a heterogeneous distri-
bution in the striatum. The net result is that each part of the striatum receives a spe-
cific and unique combination of afferents. Moreover, the intrinsic striatal svstems also
have unique distributions, so each part of the striatum consists of a unique combina-
tion of afferent and intrinsic neurotransmitter systems. In view of these points, one
may expect that the striatum is functionally very complex. integrating mformation
from a wide variety of brain arcas. One may also assume from these facts that the

behavioral and pharmacological studies show that interruption of neurotransmission
in localized regions of the striatum produces very specific behavioral and physiolog-
ical etfects.

Age-related neurochemical changes are also contined to specific striatal regions.
Which regions are affected will depend on a variety of factory, including the neurochem-
ical paramecter studied and the species or strain of animal. However, we still do not
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know what factors make a particular striatal area vulnerable to the cffects ot aging
or disease. Moreover, a question that remains to be answered is whether the regions
that are aftected by neurodegenerative diseases are the same ones atfected during normal
aging. If 5o, then this may provide a clue as to why neurodegenerative discases of the
basal ganglia increase in frequency with advancing age. Nevertheless, discrete regional
necurochemical alterations may underlie specific symptoms of these diseases. Further
study of this relationship may provide the basis for treatments that better target the
source of the symptoms, Not only would this increase the effectiveness of the treat-
ment, it would help reduce potential side effects. This may be particularly important,
for example, with respect (0 ilie use of tissuc explants in the treatment of diseases of
the basal ganglia.
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DISCUSSION OF THE PAPER

G. S. ROTH (NIA, Baltimore, MD): There are a couple of questions that those of
us who deal with the striatal dopamine receptors have been concerned with —one is
whether the mechanism is by means of cell loss and another one is where exactly are
the D-2 receptors localized; that is, are they on the cholinergic interneurons or are they
on the neurons projected to the cortex? Assuming that a substantial portion of these
receptors are on the chalinergic interneurons, would vou conclude that at least part
of the change in dopamine receptors is not due to cell loss based on vour data?

R. STRONG (Veterans Administration Medical Center, St. Louis. MO): Yes, the
changes in dopamine receptors may be due to other factors. It is well known that there
are changes in membranes with aging. The membrane becomes more rigid (at least
in certain preparations). In addition, the change in the physical state of the membrane
may affect the expression (or the insertion perhaps) of receptors into the membranc.
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INTRODUCTION

Early theoretical studies' ? offered models of receptor action to explain receptor
binding patterns that differed from those expected from mass-action principles. These
models proposed that (a) some receptors and their limited effectors were separate enti-
ties with mobility in the plane of the membrane, and (b) receptor-effector complexes
associated and transduced extracellular signals into intracellular events only when the
receptor was activated by agonist. Such models were confirmed for the hepatic glucagon
receptor’ and the f-adrenergic receptor systems.* Present evidence suggests that all
hormones and neurotransmitters that modulate adenyviate cyclase activity through cell-
surface receptors act through a ternary complex of agonist, receptor, and transducing
element.**

It is known that the transducing effector-associated proteins are guanine nucleo-
tide binding regulatory proteins (G-proteins). G-proteins that regulate adenylate cy-
clase are referred to as Gs and Gi, respectively, for their stimulatory and inhibitory
effects. However, other G-proteins are involved in other signal pathways, such as pho-
totransduction, olfactory transduction, and receptor-mediated phosphatidyvlinositol
hydrolysis.

In addition to regulation of adenylate cyclase activity, Gs and Gi also regulate agonist
binding to receptors. Coupling of a receptor with an appropriate G-protein results in
high-affinity (nM range) agonist tinding. Conversely, in the absence of coupling to
a G-protein, the receptor maintains a low affinity for agonists (uM range) (reviewed
in references 4-6). Physiologic and biochemical studies support the high-affinity agonist
binding complex of agonist, receptor, and G-protein as a physiologically relevant in-
termediate in receptor signal transduction.® ™"

The description of dopamine (DA) receptors as D-1 and D-2 based on coupling
or noncoupling, respectively, to adenylate cyclase'? has been enhanced by a further
subdivision based on the interaction of the receptor with G-proteins'* and the apparent
negative coupling of at least some D-2 receptors to adenylate cyclase.'* ' The ternary
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complex model is consistent with these interactions; D-1 and D-2 DA receptors exist
in either a high- or low-affinity agonist binding configuration that is dependent upon
the presence or absence, respectively, of coupling of the receptor with its respective
G-protein.'” '

Such general mcchanisms imply that (a) the receptor does not dei’ne end-organ
responsiveness exclusively, and (b) a second, membrane-bound factor must also be
considered in biological response production. Thus, new questions must be formu-
lated to address the molecular mechanisms that mediate age-related changes in bio-
logical response. These new questions include:

(1) What is the nature of the coupling mechanism between cell-surface receptors
and the intracellular amplification system?

Transfer of the agonist signal across the membrane is initiated by high-affinity agonist
binding, whick {5 & product of the ternary complex. Age-associated changes in the
interaction of receptor and G-protein could occur that are independent of a change
in receptor number. Thus, investigation of the formation or dissociation of the ter-
nary complex could indicate changes in signal transduction pathways that are not ap-
parent from binding studies alone, particularly from antagonist binding profiles.

(2) How do changes in the signal transduction pathway affect the flow of infor-
mation through the cascade amplifier system?

) If changes in high-affinity agonist binding are observed in aging, functional studies
are important to determine the impact of these changes on physiologic responses medi-
ated by receptor stimulation.

(3) How do age-associated changes in receptor systems with complementary ac-
tions on signal transduction or amplification affect the regulation of physio-
logic function?

Different receptor types may regulate adenylate cyclase,® '* '* so changes in the enzy-
matic regulation by one factor may affect the balanced response of competing systems.
For instar.ce, age-related alterations in the proportion of D-I to D-2 DA receptors are
proposed to result in repetitive jaw movements in rats'® that may be analogous to oral
behaviors observed in humans with either age or long-term treatment with antipsy-
chotics.

(4) What is the brain regional and neurotransmitter system spezificity of age-related
changes in the receptor-effector coupling mechanism?

Characterization of the interaction of receptors and G-proteins with age is the first
step to determine if age-related changes in these mechanisms are a general observation
or if they are restricted to specific neurotransmitter systems.

STRIATAL D-2 DA RECEPTORS

The D-2 DA receptor antagonist {*H]spiperone ([*H]SP) is recognized with equal
affinity by both agonist binding components of the receptor; thus, this defines the
entire ponulation of D-2 receptors.'® ** In contrast, dopaminergic [*H}agonists bind
primarily to the high-affinity agonist binding component of the D-2 receptor and,
under certain assay conditions, to the high-affinity agonist binding component of the
D-1 receptor.?' In addition, [*H]agonist binding to DA receptors is difficult to con-
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trol.2*#* Thus, displacement of labeled antagonist binding by an unlabeled agonist
offers an alternative method to examine high-affinity agonist binding sites, along with
the opportunity for simultaneous analysis of low-affinity sites that cannot be exam-
ined by direct binding methods.**

Displacement of [*H]SP binding by DA was modeled using LIGAND.** This intcr-
active computer program derives least squares estimates of the affinities of binding
sites for ligands and the concentrations of these sites using mass-action tormulae?*
in a nonlinear model.***” LIGAND operates on the assumption that receptor popula-
tions are independent (i.e., noninteractive) and obey Michaelis-Menten kinetics. Agonist
binding configurations of the ternary complex probably do nut conform to this as-
sumption. However, our studies?® and others?® have compared {'HJagonist binding to
high-affinity agonist binding derived by nonlinear regression analysis and they sug-
gest that the data are comparable. [n addition, within the experimental error observed
in our studies, computer simulation studies® suggest that estimatcs obtained from two-
site aunalysis are close approximations of the actual parameters.

DA displacement of {*"H]SP binding to striatal homogenates from CS7BL.6J mice
(ages 3, 12, and 24 months) was best described by a two-site model. There were no
age-related differences in the affinities of either site for DA: DA bound to the high-
affinity site with a dissociation constant (Ky) of approximately 12 nM, while the low-
affinity site had a K; for DA of about 1200 nM (TasLe |, FiGure 1), These atfinitics
are similar to those observed in young adult rat,'**'"*' dog,** and calf** * striatum
using similar assay conditions and data analysis.

The percent of the total D-2 receptor population in the high-affinity agonist binding
complex ("oR;) was less in membranes from 12-month-old mice compared to 3-
month-old mice and did not change between 12 and 24 mounths of age (Taste 2). The
density of R; was also unchanged between 12 and 24 months of age. The density of
R, peaked at 12 months of age: R; was 20% higher than at 3 months of age and
declined between 12 and 24 months of age. The increase in the density ot R; between

TABLE 1. D-2 DA Receptor Affinities from One- and Two-Site Receptor Binding
Analyses

One-Site Two-Site
Age Kda Ky Ny
(months) (nM) (nM) (nM)
3 200+ 10 144 1430 + 260
12 190 £ 10 1022 980 = 100
24 230+ 20 1411 12202 110

¢ Homogenates prepared from striata of two CSTBL/6J) mice were assaved in duplicate for
[*H]SP binding (500 pM) in the presence of 20 concenirations of DA (107 te 107 M), Displace-
ment curves were modeled to one- and 1wo-site models; a two-site model significantly reduced
the sums of squares of the deviations from regression in all curves.

The following parameters were estimated by nonlincar regression analysis:** egu librium dis-
sociation constants of the binding sites for DA (K7 and K1), their respective capacitios (R
and Ry ), and nonspecific binding of the radioligand. Curves were modeled first 1o a one-ite
model and then tn a two-site model. The two-site model was accepted only it addition ot the
second site reduced the residual sums of squares of deviations from regression (as judged by
a significant F-statistic).

Data are the geometric mean + SEM of 13 individual determinations tor 3- and 12-month-
old mice and of 10 individual determinations for 24-month-old mice. Statistical significance
was tested using Newman-Keuls' test for multiple comparisons. No significant ditfferences were
found.
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FIGURE [. Displacement of striatal PHISP binding by DAL Data are the mean ot the deternm
nations summarized in TasLes 1 and 2. These cutves were best deseribed by a twossate mode:
Data are plotted as the percent ot specific binding versus the loganithm of the concentration
of DAL (Republished trom J. Pharmacol. Exp. Ther 233 361 268 (1985) by permissaion of
the American Society for Pharmacology and Faperimental Therapeatios.

3 and 12 months of age may indicate that the relative decline in 90K, that occurred
during this period was more rapid than the dochine in total D-2 receptor density.

The maximum density (B, ) of ['"H]JSP binding to mouse striatal homogenates
declined progressively with age: B,,,,, was less in homogenates from 12-month-old mice
compared to 3-month-old mice, and in homogenates from 24-month-old mice com-
pared to 12-month-old mice (TasLE 3). Total D-2 receptor density, obtained by either
Scatchard analysis (B,,,,) or the displacement analysis (R;; + R, ), was similar (TaBLEs
2 and 3). Similar to our previous data for the aging mouse, ™" there was no change
in the equilibrium dissociation constant (K ;) with age (TABLE 3).

The decline of high-affinity agonist binding (K,;) before mid-life (and changing
little thereafter) is consistent with the DA [*H]agonist binding observed by us? and
others.?” Striatal DA agonist binding declines more rapidly with age than antagonist
binding in mouse, rabbit,*' and human striatum*? and is consistem with apparent in-
dependent loss of the receptor and the Gi (the G-protein that is required for high-
affinity agonist binding to the D-2 receptor). ™+

Two mechanisms may act during aging to decrease apparent D-2 receptor binding:
(a) before mid-life, there is a loss of D-2 receptors and a decline in the functional inter-
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TABLE 2. Density of High- and Low-Affinity Agonist Binding Sites tor Striatai D-2
DA Receptors

Age Ryt Ry YaRpy Ry + Ry
(months) (fmolesmg protein) (fmole /mg protein) (fmole myg protein)
3 319+ 16 270+ 247 ssSu=-2" SH9 4 27
12 240 + 20 324 £ 26 42428 S64 - 37
24 195+ 31¢ 2324 224 $42:50¢ 4272 270

4 Dara are arithmetic mean + SEM of the number ot individual assays given in the legend
1o Ficure 1. The %R was obtained by the following cquation: [Ry-(Ryr + Ry~ 1009,
The density of Ry and R; was obtained as the quotient of the density of each site estimated
by nonlinear regression and the protein content of the sample. ? Statistical signiticance was tested
using Newman-Keuls' test for multiple comparisons.

" p < 0.05 versus 12-month-old mice.

¢ p < 0.01 versus 3-month-old mice.

"p < 0.01 versus 12-month-old mice.

Y p < 0.05 versus 3-month-old mice.

action between the D-2 receptor and Gi, that is, a decline in Ryy; (b) between mid-life
and senescence, there is a loss of D-2 receptors without further change in YoR ;01 Ryy.

DISCUSSION AND CONCLUSIONS

Mechanisms for Impaired Formation of the Ternary Complex

Binding studies such as those described here cannot determine the nature of the
impaired coupling ot D-2 receptor and G-protein in aged mousc striatum. This im-
pairment could be the result of (a) an age-related loss of G-protein or (b) modifica-
tions of the receptor or G-protein that prevent formation of the high-affinity agonist
binding complex.

However, computer modeling studies raise other questions relating 1o formation

TABLE 3. Scatchard Analysis of ['H]SP Binding Isotherms in Aged Mouse Striatal
Membranes?

Age B Ky
(month:) (fmole. mg protein) (pM)
3 608 + 20 R2:1
12 §32: 170 .3
24 459 + 3gh.¢ R4 -4

¢ Binding isotherms were obtainied by incubation of six concentrations of {*H]SP (30-1000
pM) in duplicate for total and nonspecific binding (2 uM d-butaclamob. Data were linearized
by the Scatchard transformation’ and the total binding denstty (#mgy) and the equilibrium dis-
sociation constant (Kg) were determined by least squares hinear regression. Data are the arith-
metic mean + SEM for Bui. and the geometric mean + SEM for Ay of the number of
individual experiments given in the legend to FiGukre 1. Statistical significance was tested using
Newman-Keuls’ test for multiple comparisons.

b p < 0.01 versus 3-month-old mice.

“p < 0.05 versus 12-month-old mice.
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of high-affinity agonist binding complexes: (a) is the concentration of G-protein a
limiting factor in signal transduction?; and (b) are the effects of age on receptor den-
sity greater than the effects on G-protein?

If the concentration of G-protein initially is less than that of the receptor, a de-
crease in receptor concentration without an accompanying change in the concentra-
tion of the G-protein results in a decrease in the s R . * Thus, the decrease in %Ry
that we observe with age (TABLE 2) may reflect primarily a decrease in total receptor
density and, hence, a reduced coupling to Gi rather than an actual decrease in the
concentration of Gi. Alternatively, in reconstitution studies,*¢ G-protein in excess of
the concentration of receptor is required for full expression of high-affinity agonist
binding and the percent of high-affinity agonist binding is directly proportional to
the concentration of G-protein. In that case, the decrease in % R that we observed
with age (TasLE 2) may reflect limiting association kinetics for formation of the ter-
nary complex*’-*® plus the documented decrease in D-2 receptor density (TaBLEs 2 and
3) rather than an actual decrease in G-protein. Finally, our data and those of Haga
et al.*¢ are compatible with either an age-associated reduction in total D-2 receptor
density alone or in combination with a decrease in the concentration of Gi.

The implication that G-protein may be limiting for formation of the ternary com-
plex is surprising given the above-cited papers and findings of a molar excess of G-
proteins in brain.* 3 However, Gi that is accessible 1o D-2 receptors may be limited
by cellular content or by cellular compartmentalization. Cellular content is a plausible
explanation; in some cultured cell lines, Gi may be limiting for formation of high-
affinity agonist binding complexes with receptors.®* An alternative possibility raised
in reconstitution studies is that the receptor activates multiple Gi molecules as part
of the signal amplification system®? so that a molar excess of G-protein is required
for a fully functional response system.

These data suggest that the measurement of total striatal Gi content may quanti-
tate gross changes in Gt with age, but probably would not detect changes in Gi acces-
sible to D-2 receptors. An alternative approach would be to measure high-affinity agonist
binding in homogenates from aged mice after addition of purified Gi. This indirect
approach might determine if additional Gi can increase high-affinity agonist binding
to the level .een in the young. A similar approach reconstituted receptor-effector coupling
to cultured ceils in which Gi had been inactivated.®?

Receptor-Effector Coupling

Coupling of striatal D-1 receptors to adenylate cyclase appears to be enhanced in
postmortem samples of caudate nucleus and nucleus accumbens from schizophrenics.™
However, platelets derived from schizophrenic patients have decreased adenvlate ¢y-
clase response to prostaglandin E, (PGE,),** ** which is a defect that appears to in-
volve signal transduction from the receptor rather than a change in receptor number.
If consonant, these data suggest a disease-associated imbalance of compiementary
modulator systems. Similar deficits in PGE,-stimulated adenylate cyclase activity occur
in platelets from individuals with unipolar depression.*” In addition, a,-adrenergic
receptor inhibition of PGE,-stimulation of adenylate ¢yclase activity is impaired in
unipolar depression even though there is no change in a,-adrenergic receptor density.
Thus, the adenylate cyclase response to receptor stimulation is affected independent
of change in receptor density.

In aged rat heart®® and leukocvtes from aged humans,* the density of B-adrencrgic
receptors does not change with age; however, stimulation of adenvlate cvcelase by -
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receptor agonists is impaired. Complementation of Gs-deficient cyc™ S49 lymphoma
cells with Gs derived from young and aged heart suggests 25% less Gs in this organ
in aged rats.*® Thus, the reduced cardiac cascade with age appears to be due to im-
paired B-adrenergic receptor-effector coupling. In contrast, complementation assays
suggest normal concentrations of Gs in lymphocytes from aged humans, but with im-
paired catalytic unit activity of the adenvlate cyclase enzyme.*®

The $-adrenergic receptor displacement by the agonist isoproterenol indicates fewer
high-affinity agonist binding sites on human lymphocytes during aging without change
in total B-receptor density.*> Muscarinic cholinergic receptors form fewer high-affinity
agonist binding complexes (dependent upon coupling to Gi*t %) in wged heart cven
though there is no change in the density of muscarinic cholinergic receptors with age *?
This is similar to the effects of age on P-adrenergic receptors and the coupling to Gs.
As a result, inhibition of B-adrenergic receptor-stimulated adenylate cyclase activity
by muscarinic agonists is impaired.*?

Inhibition of acetylcholine release from striatal slices bv apomorphine is mediated
by D-2 receptors that are located on striatal nerve terminals.**** The age-refated pat-
tern of that inhibition®® differs from that of D-2 high-affinity agonist binding: de-
creased inhibition of acetyicholine release was found only between mid-life and old
age; no changes were found prior to mid-life. Thus, impaired regulation of neurotrans-
mitter release mediated by the high-affinity agonist binding state of the D-2 dopamine
receptor may occur during aging because of reduced efficiency of receptor-effector
coupling on striatal DA target neurons. However, further studies are required to deter-
mine the extent of age-related changes in receptor responses mediated by the ternary
complex of the D-2 receptor and Gi.

To summarize, changes in signal transduction pathways mediated by Gs and Gi
occur in several psychiatric conditions and in aging. As predicted by modeling studies.
impaired receptor-effector coupling decreases the physiologic responses mediated by
receptor stimulation. The lack of an apparent trend in the available data suggests that
age-related changes in the interaction of G-proteins and receptors may be both tissue-
dependent and receptor-dependent. Alternatively, a similar sequence of age-associated
changes may occur within a number of mediator svstems. but these are masked by
the limited age span typically examined (3 to 24 months). Thus, receptor-effector cou-
pling changes (reflected in decreased functional response and decreased %o R;) mav
always occur prior to detectable decreases in total receptor number.

Localization of Age Changes in Striatal DA Receptors

The decline in high-affinity agonist binding to D-2 receptors (Rj) and other age-
related declines in striatal DA [?H]agonist binding?**™ *#!' *2 may be localized 1o D-2
receptors on neurons with cell bodies intrinsic to the striatum. D-2 receptors are local-
ized to striatal intrinsic neurons and projection neurons, and to the glutamatergic projec-
tion from the cerebral cortex.'”®” The high-affinity component of the DA displace-
ment of striatal [*"H]SP binding was eliminated after striatal kainic acid lesions,** while
agonist binding after frontal cortical deafferentation®®’" was unaltered. These data
suggest that high-affinitv agonist binding to the D-2 receptor on frontal cortical neurons
terminating in the striatum does not occur, even though about 35% of the striatal
[*H]SP B,,,, is localized to this projection in the mouse.”
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Data Analysis

The suggestion arises from this discussion: Why not analyze the data using the
correct biological and mathematical model? This question is reasonable, particularly
because the ternary complex equations would estimate the G-protein that is available
to the receptor. Unfortunately, modeling studies suggest that modeling of receptor
binding displacement curves to the ternary complex cguations does not give reliable
results when only one displacement curve is analyzed.*

Another approach may be lite simultaneous analysis of a family of curves gener-
ated from a single tissue homogenate,*s with the concentration of GTP and age as
variables in the analysis. The combination of multiple curves, and the dissociation
of the ternary complex by increasing concentrations of GTP, would favor more precise
estimation of the dissociation constants for the reactions of the ternary complex. These
experiments are feasible given current technology, but would be five times larger than
the present experiments that were analyzed by the two-site model.

Conclusions

We can return to the questions posed in the introduction:
(I) What is the nature of the ¢oupling mechanism?

High-affinity agonist binding to striatal D-2 DA receptors declines with age. However,
not all receptor systems that act through G-proteins have impaired formation of high-
affinity agonist binding complexes with age.

(2) How do changes in the signal transduction pathway affect the flow of infor-
mation through the cascade?

[nitial reports suggest that changes in high-affinity agonist binding may result in im-
paired response, but more data are required. The regulation of striatal cyclic AMP
production by D-1 and D-2 receptors'*'® would extend the initial studies by inclusion
of the interaction of the two receptor sites.

(3) How do changes in competing receptor systems affect the regulation of physi-
ological function?

Few data are available, but the initia! suggestion is that receptor regulatory patteras
are altered by changes in the ratios of equi-effective agonist concentrations in com-
peting receptor-effector systems. This represents a promising area for continued ex-
perimentation.

(4) What is the specificity of age-related changes in the coupling mechanism?

Examples of impaired coupling are available from a number of receptor systems that
use both Gs and Gi. Thus, receptor coupling to G-proteins is another major factor
to consider in cellular responsiveness with age.
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DISCUSSION OF THE PAPER

A. ALTAR (CIBA-GEIGY Corporation, Summit, NJ): In the last slide, you showed
that treatment ahead of time with an agonist increased the proportion of low-affinity
sites and decreased the proportion of high-affinity sites. What reaction do you think
occurs as a result of the normal age-related loss of the endogenous ligand for the dopa-
mine receptor? How about for dopamine itself? Do you also think that these 20-30%
losses of dopamine could in some way shift the proportion of these sites to a lower
affinity site?

J. SEVERSON (Amersham Corporation, Arlington Heights, IL): The argument would
prebably be in the opposite direction. There is evidence from some in vivo work done
in humans where lymphocytes are obtained from individuals and high-affinity bera-
agonist binding is measured (as well as cyclase itself). The data show that if the in-
dividual is allowed to rest overnight in a clinical ward in a hospital and blood is drawn
before the individual has a chance to get up in the morning, then somewhere around
40% high-affinity beta binding can be obtained, However, if you allow the individual
to stand up and walk around for 30 minutes or so, the plasma norepinephrine doubles
and the percent of beta receptors goes down by half.

In elderly individuals, though, that shift does not occur; you cannot force them
down any farther. Thus, if there is indeed loss of dopamine in the caudate with age,
that loss is occurring in the opposite direction. You might, though, expect a compen-
satory reaction for an increased number of high-affinity agonist binding sites.

ALTAR: I would be surprised if that occurred because you normally need such a
large dopamine loss to induce an increase in the high-affinity component of D-2 binding.

SEVERSON: No one has demonstrated that a loss of dopamine in a lesion paradigm
or even in a chronic drug treatment paradigm increases high-affinity agonist binding.
However, I cannot explain the loss of high-affinity agonist binding to the dopamin~
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receptor on the basis of changes in dopamine concentrations. It is, though, in the op-
posite direction from what we would expect.

L. ANTONIAN (Matrix Research Laboratories, New York, NY): I want to make a
comment about the point you brought up about the loss of coupling of the D-2 receptor
to the Gi protein in the older animals. You mentioned twe possibilities —one is loss
of G-protein, while the other one is membrane fluidity.

Severson: Yes, that is true in a broader category of thermodynamic changes.

ANTONIAN: Exactly. There is thermodynamic evidence showing that the conver-
sion of the hyposensitive state is not completed as the temperature 1s increasing, that
is, as you are polarizing the membrane. We have some evidence that suggests a second
pussibility —that by induction of membrane fluidity, you can induce affinity changes
in the dopamine receptor. This then perhaps could account for the loss of coupling
of the D-2 receptor to the Gi protein.

D. MorGan (University of Southern Califarnia, Los Angeles, CA): There are two
ways to really get at high-affinity agonist states. One way is to do what you have done
with the displacement curves, whereas the other is to do what vou have done
previously — that is, to only use the actual agonist binding itself that wiil bind to high-
affinity agonist conditions. However, have vou ever locked at high-affinity agonist
bindings and then discriminated (much like we did with fluphenazine) to get a handle
on that D-1 high-affinity state?

SEVERSON: We see a very good correspondence between binding of agonists (in
our case, N-propylnorapomorphine) in aging animals and between the high-affinity
agonist binding sites that are stripped out of these displacement curves by the com-
puter program. However, we have not done precise direct comparisons.

MorGaN: Do you think your NPA binding is to both D-1 and D-2 sites under either
of the conditions used?

SEVERSON: | suspect that it is.

MorGan: You also mentioned that assay conditions have some influence on high-
affinity agonist binding. In your aging studies, have vou really tried to maximize as
much as possible these sites? Can you get the same proportion of high-affinity agonist
sites in the old animals?

SEVERsON: That is another line of experimentation and there are a couple of ways
to approach that. I alluded to it when [ talked about preincubation conditions; that
is, if you preincubate tissue before the binding studies in high magnesium buffers,
then you force more receptors (thus forcing the equilibrium) towards the high-affinity
binding site. Therefore, one experimental approach would be to load up a buffer with
magnesium, preincubate the tissue, and then seen how many receptors in the old you
could push into the high-affinity state fur agonists. That is one possibility.

The other possibility (which 1 did not think was possible until [ had seen some
recent experiments) is that you can probably take purified G-protein and incubate it
with the homogenate. Once there, it seems to incorporate. More importantly, though,
it seems to restore high-affinity agonist binding and function in tissues where G-proteins
have been inactivated by treatment with either cholera or pertussis toxin. Therefore,
we may be able to take homogenates from old animals, incubate with Gi, and supple-
ment them to see if we can force the equilibrium that way. | would see those experi-
ments as being complementary to each other.

One other alternative, of course, is to actually use a ternary complex equation to
fit the model. The experiments would probably be five times larger than the experi
ments | mentioned here and they would be more dirficult enterprises, but that is still
another possibility.
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INTRODUCTION

Differential alteration of neurotransmitter function may underlie age-related deficits
in psychomotor performance' and cognition.? The multiple neurotransmitter changes
that likely are involved in the production of age-related deficits in motor performance
were assessed in aged animals and in animal models of hypovia (i.e., diminished ox-
ygen availability) and thiamin deficiency. In the latter two, neurotransmitter systems
can be readily manipulated and their interactions in the production of motor deficits
can be investigated. Normal aging and mild acute hypoxia produce similar alterations
of behavior in man’ and animals; in mice, both reduce open field behavior and tight-
rope test performance. Pharmacological and neurochemical studies suggest that alter-
ations in the synthesis and release of dopamine (DA), acetylcholine (ACh), and gluta-
mate may underlie the psychomotor performance deficits that accompany aging,
hypoxia, and thiamin deficiency. In addition, aged animals are more sensitive to hyp-
oxia and thiamin deficiency. Each aspect of these interactions will be discussed in de-
tail in the following sections.

BEHAVIORAL AND NEUROCHEMUICAL CHANGES
DURING HYPOXIA

Mild acute hypoxia is a useful model of multiple neurotransmitter changes that
lead to deficits in motor performance resembling those of normal aging. Hypoxia dimin-
ishes behavioral performance on a variety of tasks.* Tightrope test performance is a
sensitive indicator of hypoxic-induced deficits of motor behavior. Chemical hypoxia
induced with sodium nitrite impairs tightrope test performance by 20% (37.5 mg/kg),
40% (75 mg/kg), or 78% (150 mg/kg).® Hypoxic-induced decreases in tightrope per-
formance and increased brain lactate are highly correlated.® Because the nature of the
age-related deficits in psychomotor performance may vary between tasks, more than
onc task needs to be used. Open field behavior in an automated activity monitor
decreases in a dose-dependent manner during chemical hypoxia (TABLE 1).

9 Current address: Battelle, Columbus Division, 505 King Avenue, Columbus, Ohio 43201-2693.
b To whom correspondence should be addressed.
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TABLE 1. Open Field Activity? during Chemical Hypoxia

NaNO, Total Distance Vertical
(mg/kg) (inches) Movements
saline 679 + 47 87 + 8
75 444 + 67 57+ 6"
100 237 + 35¢ 3L+ 7€
125 127 + 23¢ 9+ 3
150 7 79 3+14

4 Activity was measured for 10 min after 30 min of sodium nitrite-induced chemical hypoxia.’
® The value differs significantly (p < 0.05) from saline.

¢ The value differs significantly (p < 0.05) from 75 mg/kg.

9 The value differs significantly (p < 0.05) from 100 mg/kg.

The interaction of behavioral deficits and neurotransmitter metabolism can be ex-
amined by pharmacological manipulation and by correlation to rates of neurotrans-
mitter synthesis. The beneficial effects of central and peripheral cholinergic agonists
and antagonists on tightrope behavior suggest a central muscarinic and nicotinic com-
ponent of the hypoxic-induced deficit that is physiologically important. At the appro-
priate dosage, physostigmine (+ 182%), nicotine (+ 175%), and the muscarinic agonist,
arecoline (+116%), improve the tightrope test performance of hypoxic mice.® Altera-
tions in neurotransmitter metabolism during hypoxia are well documented and may
underlie the impaired brain function.® Hypoxia impairs the in vivo synthesis of ACh,>"!
DA and serotonin (5-HT),”!*"** and the amino acids.'' Although the cholinergic system
seems the most sensitive to hypoxia, when expressed as percent of control, this may
not necessarily reflect physiological significance.

If decreased neurotransmitter formation underlies hypoxic-induced decreases in
tightrope performance and open field behavior,*” then stimulation of neurotransmitter
synthesis should ameliorate behavioral deficits. During hypoxia 3,4-diaminopyridine
(3,4-DAP) partially reverses the deficit in ACh synthesis in the striatum and hip-
pocampus and improves tightrope performance.'* However, the behavioral improve-
ment with DAP exceeds the increased ACh turnover in vivo, which suggests that other
neurotransmitters are also important in the production of hypoxic-induced deficits.
The behavioral effects of morphine, sodium nitrite, and their combination closely re-
flect neurochemical changes in DA in the striatum.'” Morphine stimulates DA forma-
tion and behavioral activity, while hypoxia impairs both. Morphine also increases DA
synthesis and activity in hypoxic animals. Thus, open field activity and neurochemical
changes in DA are highly correlated (FiGure 1). Such consistent interactions do not
occur between 5-HT synthesis and behavior.'’

BEHAVIORAL AND NEUROCHEMICAL CHANGES
DURING THIAMIN DEFICIENCY

Thiamin deficiency is a model of age-related disorders that diminish psychomotor
performance. It is thus useful for investigating the interaction between neurochemistry
and behavior. Thiamin-induced behavioral alterations in maze learning ability, avoid-
ance tasks, and motor performance have been extensively investigated in young rats.'®
Other than a few studies that demonstrate gross neurological changes with thiamin
deficiency in mice,'**® behavioral changes in a mouse model of thiamin deficiency
have not been well studied. Thiamin deficiency induced by an injection of pyrithiamin
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FIGURE 1. Mouse striatal dopamine metabolism and open field behavior. Values for estimated
conversion rates are in pmol/mg per minute x 100 and total distance is in inches per 1J-minute
session. The letters denote that the value differs significantly (p < 0.05) from (a) control, (b)
morphine, and (¢) NaNQ,.

hydrobromide and subsequent maintenance on a thiamin-deficient diet alters open
field behavior of CD-I mice (FIGURE 2).*' Total distance declines 37% and 54% by
days 7 and 9, respectively, while the controls show no significant change. The number
of vertical movements (rearing) declined (39%) by day 7 in the thiamin-deficient group
and was further decreased (75%) by the finai day of testing; controls, on the other
hand, were not changed.

Altered neurotransmitter function may underlie the behavioral effects of thiamin
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FIGURE 3. Age-related changes in open field activity of control and thiamin-deficient Balb ¢
mice (3 months, closed circles; 10 months, open circles: 30 months, closed squares). Activity
was monitored for § min each day. The “a” denotes that the value differs from the preceding
odd-day score.

deficiency. Pharmacological studies during chiamin deficiency demonstrate a physio-
logically significant cholinergic muscarinic deficit.22-** Cholinergic drug therapy,** **
in addition to treatment with thiamin,?*-2% partially reverses neurological symptoms
as well as deficits in ACh synthesis. /n vitro and in vivo studies demonstrate that thiamin
deficiency alters ACh metabolism.?*** Catecholamine synthesis is also inhibited in
thiamin-deficient rats.?” Thiamin deficiency reduces whole brain levels of glutamate®® **
and reduces concentrations in some, but not all brain regions.”® Formation of ['*C]gluta-
mate from radioactive glucose decreases in thiamin deficiency,* ** while high-affinity
uptake of glutamate may be enhanced.™

BEHAVIORAL AND NEUROCHEMICAL CHANGES WITH AGING

Both tightrope test performance and open field behavior decline with aging. Age-
related decrements in motor function are task- and time-dependent. Upon initial ex-
posure to an activity monitor, distinct differences between 3-, 10-, and 30-month-old
mice are apparent for both total distance and vertical activity. After nine days of repeated
exposure, the behavior of the 3- and 10-month-old animals overlap, whereas the 30-
month-old mice are strikingly less active (left side of FIGURE 3).?" If the behavioral
task is changed to two prolonged 30-minute observation periods separated by a 15-
minute intersession interval in which the animal is placed in its home cage, behavioral
scores of 10- and 30-month-old mice are similar and they differ from 3-month-old
mice (TABLE 2). In addition, in the older two groups, total distance decreases from
the first observation period to the second, which suggests habituation occurs. The ac-
tivity of 3-month-old mice slightly increases (TaBLE 2). These findings demonstrate
that categorization of normal aged animals in regard to deficits in motor behavior
may vary according to the nature of the task as well as its length. Thus, the determina-
tion of the importance of individual neurochemical variables involved in motor func-
tion and age-related decline is complex.
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TABLE 2. Effect of Age on Locomotor Activity? of Balb/c Mice during Two Pro-
longed Exposures to the Test Apparatus

Total Distance Traveled

Age (mo) First 30 Min Second 30 Min
k) 635 + 75 TIS » 45
10 486 + 116 300 + 1S
30 453 + 51 296 + 62

4 Activity was monitored for two 30-minute sessions separated by a 1S-minute intersession
interval.

Just as witi hypoxia and thiamin deficiency, selective alteration of neurotransmitter
tunction accempanies aging and may underlie age-related decreases in motor and cog-
nitive function. Biochemical and pharmacological evidence supports the hypothesis
that defici.s in the cholinergic system may underlie geriatric cognitive dystunction.*
Nonhuman primates with decreased cognition show improved memory when they are
treated with the acetylcholinesterase inhibitor, physostigmine, or the cholinergic agonist,
arecoline. The synthesis of whole brain ACh is reduced in senescent mice.* [ncorpora-
tion of [U-"*C]glucose into ACh declines 40% at 10 months and approximately 60%
at 30 months (as compared to 3-month-old mice) without a corresponding reduction
in ACh concentration. The depressed ACh synthesis correlates with behavioral deficits
as measured with a string test. Turnover rates of DA decline in aged rats*? and mice,** **
with either decreased** **-* or unchanged levels. ™ ** Studies on the alteration of gluta-
mate metabolism with aging are less conclusive. Decreased glutamate levels have been
reported in aged rats,** but not in aged mice."" ** Synthesis of glutamate in vivo from
radiolabeled glucose either decreases** or remains unchanged'' ** with age.

INTERACTION OF AGING WITH HYPOXIA
AND THIAMIN DEFICIENCY

Few studies have examined the relative susceptibility of the aged brain to metabolic
insults. The synthesis of ACh in aged animals appears to be particularlv vulnerable
to hypoxic insults; the rate in 30-month-old mice is [0% of that in a 3-month-old non-
hypoxic mouse.** Aging alters the biochemical sensitivity of the brain to thiamin defi-
ciency.?* Because, igman, the memory deficits due to thiamin deficiency occur mainly
in the elderly, lh%cienc_\' was examined in mice of various ages. The activity
of 2-oxoglutarate dehydrogenase (KGDH) tn 30-month-old control Balb/c mice was
significantly lower (-16%) than that of 10-month-mice. In addition, KGDH in the
aged brain was more sensitive than in the young brain to thiamin deficiency; KGDH
activity declined 41% (3 month), 57% (10 month), and 74% (30 month).?* These results
suggest that the aged animal is more sensitive to metabolic insults.

Aging also alters the behavioral response of animals to thiamin deficiency. The
large genetic diversity in mice*” makes the mouse model of thiamin deficiency useful
for investigating genetic interactions in the susceptibility to nutritional disorders. These
may be important in the characterization of age-related deficits in motor performance.
In addition, the considerable cost benefit of using aged mice rather than aged rats
further ennances the attractiveness of a mouse model of thiamin deficiency for studies
related to aging. The early changes and patterns of the behavioral response of wiice
to thiamin deficiency varied with age (right side of FiGure 3).*' Total distance decreased
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slightly, but then increased. The time and extent of this rise in total distance ditfered
with age. The activity of 3-month-old mice peaked on day 6 (126% of initial score),
whereas 10- and 30-month-old animals showed their highest activity on dav 7 (1799
and 174% of initial score, respectively). A decline in total distance tollowed. The be-
havioral outcome by the last dav of treatment was similar at all ages. The sensitivity
of the activity measures to thiamin depletion and the use of a repeated measures de-
sign were important in assessment because weight loss curves did not suggest age-re'ated
differences.

MOLECULAR BASIS OF THE NEUROCHEMICAL
AND BEHAVIORAL CHANGES WITH AGING, HYPOXIA,
AND THIAMIN DEFICIENCY

In vivo, similar behavioral and neurochemical deficits are seen in hy poxia, thiamin
deficiency, and aging (decrcased motor activity and decreased turnover). This suggests
that similar molecular mechanisms may be involved. A iarger ¢.crease in synthetis
rates than in levels suggests that release mechanisms may be altered. The striatum is
an attractive area for investigating the se.sitivity of glutamate and ACh as well as DA
metabolism because high concentrations of each are present. ™ Furthermore, the inter-
actions among transmitters in the striatum have been studied extensively. Thus, a sen-
sitive in vitro model in mouse brain striatal slices was developed thart allows determi-
nation of glutamate, ACh, and DA release in a single system.

Anoxia increases the extracellular concentration of DA and glutamate, but decreases
that of ACh.** Hypoxia reduces the calcium-dependent refease of ACh{ - 23%%), and
this impairment may underlie the subsequent decrease of in vivo svnthesis and the
subsequent decline in behavioral performance. Diminished oxyvgen availability during
high K* conditions (31 mM) increases extracelluiar glutamate {2009%) in the striatum.
Anoxia also stimulates DA release and increases DA reuptake, but 1o a lesser extent
than release.™ This combination produces a 487% increase in extracellular DA, Ex-
tracellular DA is also increased during hypoxia in vivo.* The increase in exiracellular
DA may impair subsequent synthesis because striatal DA nerve terminals possess dis-
tinct synthesis- and release-modulating autoreceptors.“*™** The increase in extracellular
dopamine release is difficult to reconcile with the impairment of motor performance
during hypoxia’ because increased dopamine is normally associated with increased
behavioral activity.® Thus, the functional significance of the presynaptic deficit in
relcase to altered behavior and synthesis requires further investigation.

Previous studies suggest that the hypoxic-induced alterations of neurotranswitter
metabolism are related to altered calcium homeostasis. The hypoxic-induced impair-
ment of ACh release and calcium uptake are highly coirelated ** ln addition, omission
of calcium from an anoxic incubation enhances the stimulation of DA and glutamate
release and further depresses ACh release.*® The stimulation of DA and glutamate re-
lease by anoxia would appear to contradict an integral role of diminished caleium up-
take in hypoxic-induced changes. However, nimodipine, a calcium channel antagonist,
enhances DA release and decreases ACh release.*” The inhibition ot ACh release by
nimodipine may be explained by the inhibition of presynaptic calcium influx by nimodi-
pine. Enhancement of DA release, on the other hand, may reflect an unknown mode
of action. The differential effects of anoxia on DA, glutamate, and ACh release in
the same tissue suggest that calcium’s role in the release of these neurotransmitters varies.

The underlying mechanisins that lead to altered neurotransmitter metabolism and
behavior during thiamin deficiency may be similar. The activities of the thiamin
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pyrophosphate (TPP) dependent enzymes — transketolase (TK) and 2-oxoglutarate de-
hydrogenase (KGDH) — decrease during thiamin deficiency.?**%** A lesion in KGDH
is correlated to impaired oxidative metabolism and is thus a form of histoxic hypoxia.
The deficiencies in KGDH are also related to thiamin-induced behavioral deficits and
the impairment of ACh release that accompanies thiamin deficiency.* The relation-
ship between these enzymatic deficiencies and open field activity were examined during
thiamin deficiency in mice. KGDH and TK activities of CD-1 mice decreased with
thiamin deficiency (45% and 54%, respectively).?’ Significant correlations between
various aspecis of open field behavior and KGDH activity in CD-1 mice?' support
the suggestion that the reversible behavioral symptoms of thiamin deficiency are related
to diminished activity of KGDH.**

Altered release mechanisms may also underlie neurochemical and behavioral changes
during aging. The release of DA, glutamate, and ACh in young (3 month) and old
(30 month) Balb/c mice was examined in a single release system. Aging increases the
basal release of glutamate (77%) and DA (29%) in the striatum, but does not alter
the concentration of these neurotransmitters in the media after K* stimulation; how-
cver, the K'-stimulated release of ACh is reduced.* Selective alteration of release in
the striatum strengthens the hypothesis that presynaptic changes in neurotransmitter
metabolism may underlie the motor deficits with aging.

IMPLICATIONS OF ALTERED RELEASE
IN AGING AND NEUROLOGICAL DISEASE

Increased extracellular DA and glutamate may play a role in mediating degenera-
tive changes that occur postsynaptically®' through an excitotoxin mechanism. This has
been proposed for glutamate during hypoxia/ischemia.®* Thus, if the tissue damage
is related to the large increases in DA and glutamate, the ischemic damage may be
ameliorated by treatment of presynaptic deficits. 3,4-DAP, which reverses in vivo
hypoxic-induced deficits in behavior and turnover, significantly reduces the K*-
stimulated release of DA and glutamate (- 20%) during an anoxic incubation.*® There-
fore, decreasing the release of DA and glutamate may be an effective means to amelio-
rate anoxic or ischemic injury.

Age-related differences in the sensitivity to thiamin deficiency and alterations of
glutamate release in normal aged mice may have important implications in the patho-
physiology of age-related neurodegenerative disorders. KGDH and TK activities are
reduced in brain and peripheral tissue in Alzheimer’s disease.®’ Diminished activity
of the thiamin-dependent enzyme KGDH would impair oxidative metabolism and thus
cholinergic activity because cholinergic cells are exquisitely vulncrable to conditions
that impair oxidative metabolism.** Pearce et al.** proposed that glutamate neurotrans-
mission is altered in Alzheimer’s disease. Excessive glutamatergic stimulation may un-
derlie the loss of other cells in Alzheimer’s disease (i.., an excitotoxic lesion), and KGDH
deficiency would impair the metabolic removal of glutamate and would, through histo-
toxic hypoxia, stimulate its release.*® ** Altered glutamate metabolism has also been
implicated in Huntington’s disease, which is a neurodegenerative disorder with severe
motor as well as memory impairments.*”™*°

SUMMARY

Aging, hypoxia, and thiamin deficiency diminish motor performance. Similar al-
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terations of ACh, DA, and glutamare metabolism accompany hypoxia, thiamin defi-
ciency, and aging. Both aging and hypoxia reduce ACh release and stimulate DA and
glutamate release. Presynaptic enhancement of DA and glutamate release may be im-
portant in the production of cell damage that may contribute, in part, to age-related
deficits in motor as well as cognitive function. The decline in ACh release may be im-
portant in the production of the cognitive deficits. An understanding of the interac-
tions of neurotransmitters in hypoxia and thiamin deficiency aids our understanding
of normal aging and increases the possibility of developing better treatments for the
multiple neurotransmitter deficiencies that accompany many metabolic, age-related,
and chronic degenerative disorders.
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DISCUSSION OF THE PAPER

D. MoRGAN (University of Southern California, Los Angeles, CA): One of the major
enzymes that thiamin is regulating (or is a cofactor for) that you have not mentioned
is pyruvate hydrogenase, which is the major enzyme in regulating energy metabolism
in the central nervous systern. Do you have any evidence, one way or the other, as
to how that might be mediating some of these effects that you have actually looked at?

G. FREEMAN (Burke Rehabilitation Center, White Plains, NY): Our laboratory has
looked into PDH, but not in this same context.

Moracan: Have you looked at the energy change in this system to find out if there
were any changes in ATP ratios or anything like that?

FREEMAN: No, 1 have not looked at those yet.

B. Horrer (University of Colorado Health Science Center, Denver, CO): One of
the transmitter systems that is exquisitely sensitive to transient hypoxia is that of
GABAergic interneurons. Have you done anything with GABA release or GABA turn-
over to determine how this might influence your other measurements?

FREEMAN: No, we have just basically looked at these three.

G. S. RotH (NIA, Baltimore, MD): You are probably aware that many individuals
now favor an oxygen-radical damage theory of aging, yet you still have hypoxia cur-
rently mimicking the aging situation. Do you think this argues against the free radical
theory of aging?

FREEMAN: Based on the correlates that I have shown here, it would not seem to
go along with that theory.

RorH: Have you in any way tried to measure whether there is any oxidative damage?
Sometimes, you can induce oxidative damage with low oxygen tension as well as with
high. Have you tried to do any of that?

FREEMAN: No.

1. A. JosePH (Armed Forces Radiobiology Research Institute, Bethesda, MD): In-
dications from the released data on dopamine, etc., are starting to ook about as bad
as the data that David Morgan presented earlier today on striatal DA levels and aging.
Could you discuss a little more of your methodology concerning release from slices
and how release is measured, especially in regard (o how this might account for some
of these differences? I do not see any decrease in DA release with age. In fact, K*-
evoked release is about the same in the young and the old. Didn’t B. Hoffer see this?

HoFreR: We saw two subpopulations and we saw it at 29 months; usually, though,
it is at 24 months when you see clear subpopulations.
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J. SEVERSON (Amersham Corporation, Arlington Heights, [L): Were these Fischer
rats that were used?

HOFFER: Yes.

FREEMAN: We measured the release in an incubation system rather than in a
superfusion-type system. We looked at the endogenous dopamine release after both
the dopamine and our supernatant were put on an HPLC, and we measured the total
endogenous dopamine release induced by potassium stimulation. We did not subtract
the normal K* from the high K*, so we measured the total release after potassium stim-
ulation. In the aging experiment, there was not any difference in the total release. How-
ever, there was a small difference in the basal release that was still statistically signifi-
cant. We are now pursuing that difference and looking at synaptosomes to see if that
is a real presynaptic event.

JosepH: Do you make strialai prisms or slices?

FREEMAN: Prisms.

Hurrer: Are we talking about fractional release in terms ot measuring the totai
amount of dopamine or is this some absolute level of dopamine that is coming out?

FrReeman: When I said low K* and high K*, it was the amount of dopamine under
normal conditions versus the amount of dopamine after potassium stimulation. 1 did
not show it, but when the high is subtracted from the low, that difference is seen.

Horrer: iHowever, are you looking at release as the amount of dopamine that is
in the tissue or is it the absolute amount of dopamine?

FREEMAN: No, it is the absolute.
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INTRODUCTION

Human and animal studies have indicated age-related declines in many behavioral
functions, including motor activity, motivation, learning and short-term memory, sexual
activity, food intake, and sleep.' Aging has also been associated with an increased fre-
guency in the occurrence of Parkinson's disease and senile dementia. [t seems reason-
able that these sequelae of aging have a neurochemical basis. In vitro studies of animal
and human postmortem brains have revealed age differences in several neurotrans-
mitters, in their associated enzymes, and in their receptors.?™ Of particular interest
is the reported age-related decline of D, dopamine receptor density (but not affinity)
in the striatum.s*

The recent advent of specific chemical ligands labeled with positron emitting ra-
dioisotopes has allowed external imaging of some neurochemical markers i~ vivo by
positron emission tomography (PET). PET permits noninvasive in vivo imaging of
ligands specific for neurochemical elements such as receptors (in normal physiological
states) and does this as a function of disease and therapy. We demonstrated the feasi-
bility of in vivo visualization of neuroreceptors'® with the successful imaging of D,
dopamine and S, serotonin receptors in a normal adult using a potent ligand, (3-N-
["'C]-methyl)spiperone ([''CJNMSP). We then began to assess possible age and sex
differences in D, dopamine receptors using this procedure.

RELATIVE D, DOPAMINE RECEPTOR COMPARISON:
THE CAUDATE/CEREBELLUM RATIO INDEX

A preliminary study'” included 22 male and 22 female volunteers who were healthy
as determined by medical, neurological, and neuropsychological examinations. Their
ages ranged from 19 to 73 years in the case of the males and from 19 to 67 years for
the females (mean age + standard deviation was 39 + 17 years for males and 36 +
14 years for females). All subjects gave informed consent in compliance with the Johns
Hopkins Human Investigation Committee. A noncontrast X-ray CT scan was perfc-med
to verify the absence of pathological processes and to determine the appropriate trans-
axial slices for maximum delineation of the caudate, putamen, cerebeltum, and frontal
cortex. The PET scan technique consisted of the intravenous injection of 15-20 mCi
of ['"CINMSP and the subsequent acquisition of multiple PET images for 90 minutes
(FiGureE 1). Binding to the D, dopamine receptor was estimated by the ratio of radio-
activity in the caudate to that in the cerebellum. Binding to the S, serotonin receptor
was estimated by the ratio of radioactivity in the frontal cortex to that in the cerebellum.
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FIGURE 1. PET images of the human brain at various times (3 to 92 min) after intravenous
injection of ["'"CJNMSP at 40 mm above the cantho-meatal line. This middle slice of the PET
scan passes through the frontal horn and permits maximum visualization of the caudate and
putamen. These images show a high accumulation of the tracer in the basal ganglia over time.

In all of the subjects, the caudate/cerebellum ratio increased linearly with time after
the radiotracer injection. This is a finding that has been consistent in further studies
involving 400 normal volunteers and patients. Under certain circumstances, the slope
of caudate/cerebellum ratio was considered (vide infra) to reflect the rate constant of
["'"CINMSP binding to the D, receptor (k). This ratio index had been previously used
by other investigators, specifically in in vivo rodent studies,'®?' to demonstrate the
pharmacokinetics of [*H]spiperone binding and the effects of blocking drugs. Using
this approach, we described an age-related decline in the caudate/cerebellum ratio and
in the frontal/cerebellum ratio.'” In addition, the slope of the caudate/cerebellum ratio
versus time changed with age in a similar manner, but a statistically significant differ-
ence was found between men and women in the distribution of the caudate/cerebellum
ratio as a function of age.

D, DOPAMINE RECEPTOR DENSITY:
THE THREE COMPARTMENT MODEL

In this initial study of aging, using a three compartment model, we argued that
the ratio index reflected receptor binding and was less related to the effect of blood
flow (FIGURE 2). This interpretation depended upon a relatively low value of the rate
constant of binding to the receptor (k,) as compared to the reverse binding from brain
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FIGURE 2. Description of the three
compartment model. {""CINMSP fira
crosses the blood-brain barrier and then
binds to the D, dopamine receptors.
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back to plasma (k,). Such a condition would be the case in low receptor densities.
The lower the receptor density, the more the ratio is representative of k,, which is the
product of B'max (the available number of receptors) and kon (the in vivo rate of as-
sociation to the receptor). Because affinity changes have not been previously demon-
strated during the aging process from in vitro studies, our preliminary interpretation
was that the caudate/cerebellar ratio was related to receptor binding and that the de-
crease in the ratio with age was more representative of receptor number than of af-
finity changes.

The complication that exists with the use of [''"C]NMSP is that its short half-life
(20 minutes) and its high affinity to the D, dopamine receptors do not allow equilib-
rium to occur during the PET scan imaging period; that is, the ratio between the bound
and unbound brain concentrations and that in the blood is not a constant, as it is
in full equilibrium. However, a steady-state analysis can be carried out if the ligand
reaches a steady state between nonspecifically bound ligand in brain and plasma by
measuring the kinetics in the cerebellum, where there are no D, receptors present. Thus,
by using a three compartment analysis,?-** the rate constant of binding to the dopa-
mine receptor from free and nonspecifically bound tissue to receptor bound (k,) tissue
can be directly measured. This approach requires the plasma input function and the
brain time-activity curves, which are recorded over the 90-minute imaging period.

We have calculated the binding rate constant &, in 18 male and 18 female normal
volunteers (FIGURE 3). Their ages ranged from 19 to 67 and from 19 to 71, respectively
(mean age + SD was 37.1 + 16.6 years for males and 34.0 + 13.9 vears for females).
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FIGURE 3. Decrement with age of the binding rate constant &, (per minute x 100) to D, dopa-
mine receptors in the human caudate in 18 males (A) and in 18 females (B). The regression cueffi-
cients were 0.54 and 0.73 and the slopes of the regression line were —0.072 and - 0.141 for males
and females, respectively. A multiple linear regression analysis of the pooled male/female data
(dependent variable: k;; independent variables: age, sex, and product of age and sex) demon-
strated a significant age effect (p < 0.05) for either sex with k,, while the difference in slopes
and intercepts between the sexes did not quite reach the statistical level (p = 0.11).

The results show a significant decrease in k; as a function of age in both sexes. This
decrease is more pronounced in females than in males (but the difference was not sig-
nificant at p = 0.11). This differs somewhat from our initial findings using the cau-
date/cerebellum ratio index,'” where the male ratio fell faster and exponentially. This
apparent difference from previous studies can be partly explained by the fact that the
ratio index may be influenced by cerebral blood flow, especially in young subjects with
higher receptor density. A larger number of subjects (particularly in the middle ages),
the development of multiple PET scans for receptor density (vide infra), and control
for menstral cycle (vide infra) are necessary to further investigate these possible sex
differences.

The recent development of blocking studies with haloperidol — a potent D, dopa-
mine receptor antagonist that reduces the number of receptors available for binding
by [''CINMSP —makes it possible to carry out something analogous to an in vivo
Scatchard plot. A direct computation of the receptor density B'max can be obtained
from the slope of the reciprocal of the receptor binding rate constant (1/k;) plotted
against serum haloperidol levels (FIGURE 4). Brain haloperidol levels are in turn com-
puted from a partition coefficient estimated for serum haloperidol by a procedure that
has undergone other experimental validation (FIGURE 4).2*"*

By using this method, we have now been able to determine receptor densities in
three subjects over the age of 58 and in nine subjects between the ages of 18 and 30.
Each subject received two PET scans, with the second one preceded by oral adminis-
tration of 7.5 mg of haloperido! four hours prior to ["'C]NMSP injection. Multiple
PET images and arterialized biood samples were taken for 90 minutes after injection
of tracer. Haloperidol plasma samples were obtained throughout the PET procedure. 2"
The receptor densities determined by the full kinetic model showed a marked (50%)
decrease in receptor density with age. The Bmax (+ SD) was 18.4 + 8 (pmol/g) in
young subjects as compared to 9 + 1 in old subjects. These results, although prelimi-
nary, are in contrast with our recent findings of elevated D, dopamine receptor density
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FIGURE 4. Schematical representation of the linear relationship between the reciprocal of the
rate constant k, (1-°k,) and the tissue concentration of haloperidol. In our calculation of the ab-
solute receptor density Bmax. the brain haloperidol concentration was estimated from its serum
values using the brain-to-plasma partition coefficient of haloperidol. The latter was determined
both from average values of the A,/k, ratios of [""CJNMSP for normal subjects and by in vitro
experiments. These studies consisted of incubating [*H}haloperidol in human total plasma with
minced prisms of rat cerebellum. The partition coefficient was obtained by measuring the loss
of radioactive haloperidol from the plasma, as well as by measuring the uptake in brain on filters.

(41.7 + 4.6 pmol/g) in the caudate nucleus of drug-naive schizophrenic patients,**
but are in agreement with our previous interpretation of the caudate/cerebellum ratio
data.'”

These preliminary results are in good agreement with those obtained from our sim-
pler ratio approach. T'his decline has been observed also with in vitro experiments in
both animals and humans.®** Possible changes in cerebral blood flow that are associated
with the aging process?**° cannot account for our measured decline in D, dopamine
receptors with age because the model that we employed specifically measures a bindine
rate constant, k,, that is independent of blood flow.

INFLUENCE OF THE MENSTRUAL CYCLE
ON D; DOPAMINE RECEPTORS

In our original aging study,'” we suggested that there was a sex difference in the
distribution of the caudate/cerebellar ratio as a function of age. Some of these changes
might be due in part to effects of male and female hormones. Current research demon-
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strates that gonadal steroid hormones, particularly estrogen, modulate some aspects
of the function of the dopaminergic system.*!"** [n ovariectomized rats, striatal D,
dopamine receptor density (Bmax) is decreased; however, it is increased in nonovariec-
tomized rats and in ovariectomized rats and male rats after long-term estrogen ad-
ministration.3*"%’

To determine whether hormonal effects could be influencing the levels of cerebral
dopamine receptors, we have recently been studying women at different stages of their
menstrual cycle. Every woman received two PET scans, so each one served as their
own control. Six women [mean age: 22.2 + 4.9 (SD)] were selected from a group of
gynecologically healthy young women who had regular uneventful mentrual cycles.
None were taking exogenous estrogens or progesterones. The phase of the menstrual
cycle was assessed by history, basal body temperature, and urine hormonal values. All
of them had no more than one cycle between the two PET scans. In these six subjects,
we computed the receptor binding using the full model. We noted that the binding
rate constant (k;) had a small, but definite trend (all in the same direction) between
the different phases of the menstrual cycle (as illustrated in FIGURE 5). These results
demonstrate that k, fluctuates during the normal menstrual cycle, with it tending to
be lower in the follicular phase and higher in the periovulatory and luteal phases.

16
Abbreviations
"r EF Early Folhcular
12 LF Late Follicutar
PO Pery - Ovulatory
10 p
° EL Early Luteal
8 ML Mid- Luteal
/ LL Late Luteat
LY x 100 6 b
-
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E2 Estrogen
————— Progesterone
—

EF LF PO EL ML LL
Phase of Menstrual Cycle

FIGURE 5. Fluctuations of the binding rate constant &, to the D, dopaminc receptors in the
caudate during the menstrual cycle in six healthy women. Each subject had two PET scans that
were performed at different phases of the cycle. There was a trend 1o a slight increase of k, bc-
tween the follicular and the luteal phase. Depicted in the lower graph is a schemaltic representa-
tion of variations in plasma estrogen and progesterone during a typical menstrual cycle.
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Such a fluctuation of D, dopamine recentor density during the estrous cycle has
been reported in rodent in vitro binding experiments, mainly in the anterior pituitary
gland rather than in the striatum.** ** * The pituitary-gonadal axis (possibl: estrogens)
may play an important role in the reguletion of striatal D, dopamine receptors during
the menstrual cycle and also with aging. Striatal dopaminergic function responds difter-
ently to estrogen in old animals as compared to younger animals.*” Estrogens inhibit
the dopaminergic supersensitivity induced by neuroleptics,** and estrogen therapy has
been proposed to prevent or attenuate neuroleptic-induced tardive dyskinesia in older
patients who are at greater risk for this severe secondary effect.*

In order to verify whether the presently observed fluctuations of the D, dopamine
receptors in the striatum during the menstrual cycle are regulated by gonadal estrogens,
further studies ar- being carried out to correlate these changes with hormone levels
in serum. Also, other PET scans will be performed in postmenopausal women and
in maies in a similar manner.

IMAGING THE D, DOPAMINE RECEPTORS:
PRELIMINARY STUDIES

Another recent development is the imaging of D, dopamine receptors in the living
human brain.”* Using a potent D, receptor ligand, ["'C]-SCH 23390, we have imaged
the D, dopamine receptor in a 23-year-old and a 3-vear-old subject. The comparison
between D, and D, receptors in the same individual is illustrated in F1GURe 6. Recently, ™
it has been suggested that the D,/D, ratio in young subjects at about 20 years ot age
may be on the order of [:f, whereas, in older subjects, the ratio mav be as high as
31 If this finding was confirmed, an explanation could be that the nonchanging (or
perhaps even increased) value in D, receptor bindine vith age (as shown by himan

C-11 NMSP C-11 SCH2339e

22

35-40 "lP.I. 19-24 HoPoIo

FIGURE 6. PET images in a 23-year-old subject pa<-ing through the caudate and puta:nen showing
the uptake of [''CJNMSP (35-40 min postinjection: MPD and of [M'C]SCH 23300 (19-24 MP.
Both figands show a high concentration in the basal ganglia.
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autopsy studies)**-*¢ added to a decline of D, dopamine receptors (as shown above).
Although possible alterations of D, receptors with age are still a preliminary and con-
troversial finding, our ability to measure ['*C}-SCH 23390 in human brain will allow
imaging of the two dopamine receptor subtypes in the same subject {as a {unction
of age) to determine possible D,-D, receptor interaction. Breese er al.*’-** proposed
that the D, receptor function in severe neurodegenerative disorders such as Lesch-Nyhan
syndrome could be modulated in part by D, receptors. Studies on D, and D, receptors
in aging may provide further information about their interrelationship in normal phys-
iological conditions.

CONCLUSIONS

The present data on the in vivo decline of the rate constant of binding of [''CINMSP
to the D, dopamine receptors, k,, as a function of age in men and women further
reflect the likelihood that dopamine receptor densities in human caudate fall with age.
Qur preliminary data on receptor densities Bmay in three old and nine young subjects
also support this hypothesis. Future studies will involve calculation of receptor densi-
ties using varying levels of blocking doses of unlabeled neuroleptics for both D, and
D, receptors.

The sex differences that are suggested from the menstrual cycle data introduce the
novel studies that can be performed essentially by only in vivo techniques such as PET.

Thus, the promising investigations of normal physiological events as aging and
sex differences in neuroreceptor systems will naturally lead to a better understanding
of disease processes.
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DISCUSSION OF THE PAPER

A. ALTAR (CIBA-GEIGY Corporation, Summit, NY): Are you able to detect D,
binding in the substantia nigra? I noticed that the striatum was extremely high Clabeled.

D. WonG (The Johns Hopkins University School of Medicine, Baltimore, MD):
No; unfortunately, the current state of the art allows us only to make definitive com-
ments about the caudata putamen because of the spatial resolution.

D. B. CaLNe (University of British Columbia, Vancouver, Britisit Columbia,
Canada): Have you noticed any differences between cavdaie and putamen in your
studies?

WoNG: So far, we have not because it is very time-consuming to do all these fitting
studies. I was principally looking 2t the caudate and, in our initial ratio studies, we
did not see a difference between caudate and putamen. In general, the residue curves
were almost completely superimposable. However, I do know that there have been some
reported differesces in the putamen and the caudate in different human and animal
studies. ! inink that perhaps with better resolution elements — with better resolution
PET scanners —it may be possible to pick those things up. In addition, we are going
to try to refit all those putamens as well and I will have an answer for you in a few months.

J. ToBIN (NIA, Bethesda, MD): Just a technical question —do you give a PET scan
and then a dose of prelabeling with pretreatment with haloperidol and then another
PET scan?

WonG: That is correct.

TosIN: Do you ever have a dose response of the pretreatment? Does it reaily fall
on that slope if you use smaller doses for your pretreatment?

WonG: First, we do a control PET scan with the labeled compound. Then, four
hours before the second PET scan, we give a dose of haloperidol in order to reduce
the available number of receptors for the second PET scan. Thus, we have been able
to show a dose response with different doses of haloperidol. Of course, we picked the
dose that we have right now because that is the one that seems to be convenient and
that tends to minimize acathexia.

D. INGRAM (NIA, Baitimore, MD): 1 know you used the Lesch-Nyhan data just
for illustrative purposes, but why is there a higher D,/D, ratio?

WonG: That is a good question. I am collaborating now with George Breese, who
feels that there is a very strong D, behavioral response, but not necessarily D, receptor
increases. However, other people have recently suggested D, elevations (perhaps in
Parkinson’s disease and other diseases). In addition, we know that the D, receptor
is extremely important because if you use D, antagonists, you can block the self-injurious
behavior [a animal models; thus, it would not be inconceivable that the D, receptor
would be relatively elevated to D,.
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The existence of important regional differences in the structure and function of the
strtatum has become evident in recent years. Different regions of the striatum con-
tribute to different behaviors; have a different mix of neurotransmitters, their syn-
thetic enzymes, and their receptors; and receive information from widely differing
sources. FIGURE | illustrates the regional specificity within the rat striatum by virtue
of the topographic segregation of cortical inputs. Projections from motor cortex to
the caudaie-putamen (CP) of the rat are most dense in the dorsolateral sector at this
relatively anterior level.' * Projections from the somatic sensory cortex to the rat CP
follow a similar pattern.’ At more caudal levels, the densest projections of motor and
somatosensory cortex are to the ventrolateral CP. In contrast, the more ventral and
medial zone of the anterior striatum (i.e., the ventromedial CP, the nucleus accumbens
septi {NAS], and the olfactory tubercle [OT]) reccives few, if any, direct inputs from
motor/somatosensory cortex. This ventromedial zone receives inputs principally from
nonsensory, nonmotor regions of neocortex, the hippocampus, the entorhinal cortex,
the amygdala, and related “limbic” structures.**

This description of corticostriatal neuroanatomy, although simplified, suggests two
broad domains of information processing in the rodent striatum: one is related to so-
matic sensorimotor integration, while the other is not. Although the functions of the
ventromedial striatum are poorly understood, the integration of information from cor-
tical and subcortical limbic structures in this zone suggests a role in associative processes
or spatial localization (two properties commonly attributed to limbic structures) or
both. From this perspective, the reports of impaired egocentric localization’ and of
poor performance in tasks requiring spatial localization after CP lesions® are intriguing,.

A corollary to this anatomy is that age-related striatal changes relevant to move-
ment abnormalities are likely to occur in the dorsolateral sector of the anterior stri-
atum (aud in the ventrolateral posterior striatum). Although morphoiogical and trans-
mitter changes associated with the aging process may occur throughout the striatum,

9 This research was supported by the following Public Health Service grants to J.F.M.: Nos.
AG 00538, NS 20122, and NS 22698. J.N.J. was supported by Public Health Service Postdoctoral
Fellowship No. IF 32 NS 07674.
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FIGURE 1. Left panel: projections to rat striatum from ventral tegmental area (veitical lines),
amygdala (stipple), and prefrontal cortex (horizontal lines). Rigiic panel: fiber labeling after
injection of tritiated leucine and proline into the medial sensorimotor cortex of rat. (From refer-
ence 2.)

those occurring within the sensorimotor zone probably contribute most directly to
the movement disturbances.

RELATIONSHIP OF DOPAMINERGIC SYNAPSES
TO THE STRIATAL HETEROGENEITY

Much research concerning the role of the basal ganglia in age-related movement
disorders has concentrated on the striatal dopaminergic synapses. The dopamine con-
tent of the striatum declines in the senescent rodent (reviewed in reference 9) and it
declines progressively during the human lifc span.'®'" In humans (but not in rats),
the decline in caudate dopamine appears to be paralleled by a loss in the density of
sites for dopamine uptake, which is a marker for dopamine nerve terminal density,'*'?
Accompanying these alterations in the striatal dopamine-containing elements are in-
dications of lessened postsynaptic action of this transmitter. Decreases in striatal dopa-
mine D, receptor binding are evident in the human and in rodents and are progressive
during the adult life span.'*** A diminished capacity of dopamine to stimulate striatal
adenylate cyclase activity has also been reported in the aged rodent,'” which is a re-
sponse to dopamine mediated through the D, receptor type.

The importance of these age-related alterations in striatal dopamine synapses for
the movement limitations of senescence has been indicated by several experiments using
rats. Specifically, some of the age-related impairments in the movements of aged rats
can be reversed by (i) pharmacological treatment with L-dopa or dirzctly acting dopa-
mine agonists,'® (ii) striatal transplants of fetal nigral dopamine-containing cells,'® or
(iii) manipulations that result in an increase in striatal D, receptors (dietary restriction
or chronic treatment with dopamine receptor antagonists®°).




MARSHALL & JOYCE: BASAL GANGLIA AND MOYEMENT DISORDERS 217

FIGURE 2. Image in horizontal plane of specific [*H]spiroperidol binding through the left stri-
atum of a 5-6-month-old male F344 rat. Top is posterior; bottom is anterior. Medial is to left:
lateral is to right.

In view of the importance of these dopaminergic synapses for movement, one might
speculate that there are differences between the striatal dopaminergic input to the sen-
sorimotor and limbic striatal zones previously described. However, the dopaminergic
innervations of these zones of rodent CP appear very similar. For instance, the con-
centration of dopamine in the lateral CP is indistinguishable from that in the medial
CP; neither do ventral versus dorsal differences in dopamine content exist.?'"?* A ho-
mogeneous distribution of the dopamine inputs along the dorsoventral and mediolateral
CP axes has also been confirmed using semiquantitative fluorescence histochemistry
of the striatal dopamine-containing nerve endings.?*

However, the distribution of the D, class of dopamine receptor corresponds closely
to the sensorimotor versus limbic domains. Using computer-assisted quantitative au-
toradiographic procedures to study the distribution of D, receptors in young adult
rat striatum, we were struck by the marked regional variation in density of this site
(FIGURE 2). The density of this site, labeled by [*H]spiroperidol, is severalfold higher
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in lateral CP than medially.?*2¢ Further analysis shows that the topography of this
receptor site corresponds strikingly to the striatal distribution of axon terminals de-
rived from sensorimotor cortex. In coronal sections through the anterior striatum,
the zone of highest D, binding occurs in dorsolateral CP, whereas at more caudal levels,
this region of highest binding shifts to occupy a more ventrolateral position.?* Equilib-
rium saturation analysis of the [°’H]spiroperidol binding reveals that the D, sites are
more numerous in the lateral than media! CP and that regional variations in affinity
for [*H]spiroperidol do not occur.?

The topographic correspondence between the D, receptor distribution and the in-
nervation by motor/somatosensory cortex axons might indicate that these receptors
are located on the axon terminals of neurons that project to striatum from the motor
or somatosensory cortex. However, abiations of motor cortex, of somatosensory cortex,
or of the entire frontoparietal region leave CP D, receptors unaffected in quantitative
autoradiographs. Instead, the D, sites appear to be located almost entirely on neurons
whose cell bodies reside in the CP. Injections of the axon-sparing neurotoxin, quino-
linic acid, reduces the CP D, binding by 90-95% in the region of complete neuron
loss that surrounds the injection site.?” Furthermore, there is a very close correspon-
dence between the distribution of D; sites and indexes of cholinergic nerve processes
in the rat striatum.?® Because the striatal cholinergic neurons are believed to be in-
trinsic to the striatum (reviewed in reference 29), there may be a preferential associa-
tion of D, receptors with the membranes of these acetylcholine-containing cells.

Thus, the D, receptor appears to mediate dopamine’s postsynaptic actions on stri-
atal neurons (perhaps cholinergic) preferentially in those regions of the striatum that
are most directly associated with somatic sensory/motor cortex. This finding may help
explain the observed high correlations between the potencies of dopamine antagonists
in their in vivo motoric efforts and their affinities for the D, receptor in vitro (reviewed
in reference 30).

AUTORADIOGRAPHY OF STRIATAL D, SITES IN
YOUNG ADULT AND AGED RATS

In light of the marked striatal heterogeneity of D, receptors in young adult rats,
we wished to determine whether the age-related decline in these receptors occurred
uniformly throughout the CP. This issue was readily amenable to study using quan-
titative in vitro film autoradiography and image analysis.*'

Horizontal sections were cut through the forebrain of senescent (26-28-month-old)
and young adult (5-6-month-old) F344 male rats. Slide-mounted sections were incubated
in [*H]spiroperidol (0.7 nM, 100 Ci/mmol; Amersham) for 60 min at 36 °C in 50 mM
TRIS buffer plus ions. Ketanserin (40 nM) was included in the incubation medium
to prevent [*H]spiroperidol binding to serotonin (S,) sites. Alternate sections were in-
cubated in a medium that also contained (+)-butaclamol (1 uM) to define the non-
specific binding of the radioligand. After exposure and development of the autoradio-
graphic film (PH]Ultrofilm, LKB Produkter), the autoradiographic images of the brain
sections were digitized and linearized with the aid of a Spatial Data Systems Model
850 image analyzer. A calibration curve was generated using tritium-containing tissue
standards, and the autoradiograph was transformed according to this curve (i.e., lin-
earized) so that the grey values of each pixel were a linear function of the quantity
of [*H]spiroperidol bound per mg protein. The linearized image of the nonspecific
binding was subtracted from that of the total binding to obtain an image of the spe-
cific binding.
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FIGURE 3. Diagram depicting the percentage reduction in specific ["H]spiroperidol binding
in aged rats relative to young adult controls. Each frame depicts a different horizontal plane.
Open rectangles demarcate zones in which no significant age differences were observed. The
key indicates the percentile loss associated with the zones for which significant age differences
were obtained. Orientation of striatum is the same as for FiGure 2. (From reference 31.)

The aged rats showed an anatomically heterogeneous loss of D, sites. In general,
the age-related decline in D, sites was most extensive in CP regions that showed the
highest density of these receptors in young adult animals. As a result, the aged rats
showed a greatly attenuated gradient of receptor binding. The zone of highest D, binding
(which in young adult rats extends from the anterior dorsolateral CP through the
posterior ventrolateral CP) is greatly diminished in the 26-28-month-old rats. FIGURE
3 depicts the age-related change in D, binding as the percentage decline relative to
5-6-month-old controls. Different regions of the striatum were quite differently af-
fected. In .nany regions (open rectangles), no significant age differences were found.
In others, the loss was as great as 60%. The regions in which substantial (30-60%)
declines of D, binding were evident included the lateral, posterior, and ventral striatum.*!

The finding that age-related synaptic changes in rat striatum can be regionally spe-
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cific has precedent. Strong er al.* reported that the decline in dopamine content of
the senescent (26-month-old) Sprague-Dawley rat occurred primarily in the caudal stri-
atum (the mediolateral and dorsoventral axes were not sampled). This may relate to
the morphological alterations in dopamine-containing cell bodies of the aged
C57Bl/6NNia mouse in which the structural changes occur in the A9 and dorsal A10
cells, but not in ventral A10 neurons.*?

Taken together, these results establish that the neurobiology of striatal aging can
be a regionally selective process. Qur results specifically suggest that the dopaminergic
control of the sensorimotor domain of the striatum is more compromised in senescent
rodents than is the dopaminergic influence over the limbic portion of this basal gan-
gliar structure.

FIGURE 4. Effect of chloroform extraction of lipids on the nonspecific (A and B) and specific
(C and D) binding of ['H]spiroperidoi, and comparison with AChE staining (E and F) in an
adjacent section of patient no. A-185-85. (A) Digitized image of an autoradiograph of nonspecific
binding to a section not treated with chloroform. Note the apparent lower nonspecific binding
of [*H]spiroperidol in white matter (e.g., the internal capsule). (B) Digitized image of an au-
toradiograph of nonspecific binding to the section adjacent to A, but treated with chloroform
after incubation in [’H]spiroperidol. (C) Image of specific binding derived from a tissue section
not treated with chloroform. (D) Image of specific binding derived from an adjacent section
treated with chloroform after radioligand binding. (E) Photograph of an adjacent section that
was stained for AChE. (F) Drawing (derived from E) showing the AChE-poor zones in outlines.
Some AChE-poor zones are marked with arrows and they correspond to the D,-poor 7ones that
are marked in C and D. To assist in depicting the effect of chloroform extraction on the non-
specific binding, the photographic nega