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INTRODUCTION AND RACKGROUND

The modern fighter pilot is primarily an “executive”--an
inforsation-processing and decision—making element of a complex man-
machine system. The slmost overwhelming smount of information to be
processed from displays related to flight-systems status, navigation,
cosmunications, weapons-threat werning, radar, imaging sensory systeams,
and situationsl displays has precipitated the need for improvements in
the enginesring of cockpit displays and in the understanding of the
husen operstor’s informstion—processing characteristics (Reising, 1980;
Turness, 1980) and workload parameters (Moray, 1978). Although the
husen operator is gensrally regarded as the weakest link in man-machine
systems, the human element is critical if systems are to retain the
capability to vesct intelligently and imaginatively to unanticipated
coaditions (Comer et al., 1979).

Because pilot worklosd is now primarily "meantal,” the concepts and
procedures of cogunitive psychology are particularly relevant to the
solution of worklosd prodlems and man-machine interfacing. Cognitive
peychology has undergone s striking revolution within the last quarter
cstitury, involving greater emplasis on concepts such as information-
processing (Simon, 1980) and intention (Jung, 1981; 0'Connor, 1981).
Barly behaviorists generally considered "cognitions” such as thoughts,
feelings, evaluations, and expectancies as epiphenomena that had no
reluvance to the mechanics of sctual behavior, which was conceived to
flow from particular stimsulus events. However, as recently emphasized
by O'Conmor (1981), Jung (1981), and Donchin (1980), intentions and
goals precede and precipitate (rather than result from) perceptual,
atteational, and behavioral strategies.

Although the information-processing revolution has led to a syn~
thesis of saveral dimensions of psychological regearch, there remains a
large gap in explanations of cognition in that little is known about its
neural substrates. A complete understanding of human thinking will
probebly not be possible until the neural processes underlying symbol
sanipulations can be specified (Simon, 1980). Obviously, the more com
plete our knowledge of cognitive processes, the more thorough will be
the solution of problems relating to the efficiency of man—-machine
systems.
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‘¥ olly lli'.et indications of brain function routinely available

o the peychophysiologist are electric fields accompanying “spontaneous”

atd  svent~telated iatracersbrsl activity. The slow-wave (1-20 Hz)

troencephalogran (REG) provides a very general index of the

perning of “activation” across the cerebral mantle. Such measures

o § "2 m io agsessing the extent to which various cortical

S Wﬁor exsuple, the left and right hemispheres—are differentially
. {fvolved u various types of tasks (Rebert, 1980a),

- Bvent-related potentisls (ERPs) are patterns of electric change

:mm with the occurrence of fairly discrete external or internmal
. events—g flash of light, s decision. Various componeants of ERPs

'MM activity ia different regions of the brain and different
% mumm functions, bdut--with few exceptions—-the exact
- soutee of the potentisls amd their precise relationships to cognition,
!!Mt. motivation, and overt behavior are unknown. These potentials
M M ‘the very specific click-evoked, high-frequency burst of waves

“in brainstem suditory structures (volume-conducted to scalp A _“‘"‘”3 "
, et ) to long~lasting direct-current (DC) potentials of the cortex SRR Lan
-uum to anticipatory processes. Although ERPs are composite reflec- o

S ’GM of s myriad of intracerebral transactions and their true form is
. digtorted By tissves betwsen the cortex— and scalp-recording electrodes,
. -+ they sre extremsly useful tools for sssessing the functional integrity
- of the nervous system (Regan, 1972; Aminoff, 1980; Rebert, 1980b). ERPs
lll'u been the focus of interest of many psychophysiologists interested
© " 14 the meursl correlates of cognitive processes (e.g., Donchin, 1969;
< Kovebuber aud Deecke, 1980). Picton and Stuss (1980) have thoroughly
summarised the component structure of the known ERPs, their sensitivi-

ties to various types of experimental manipulations, and their presumed
talationshipe to pesychological processes. The component structure of 1t ¢
EEPs varies as a function of stimulus modsality, recording location, task e
' parameters, and subject state, among many other factors. In a situation 4' el
tequiring the detection of a rare event, a prominent positive wave hewcresort
(P300) occurs, with latency of about 300 msec. This may represent the AT,
R{ vesponse to disconfirmation of expectancy and is influenced by other ’._‘-23‘3." ::
= subjective factors such as decision confidence (Hillyard et al., 1978). 5‘:.;:5.‘;’

In the cued reaction-time (RT) task, one stimulus acts as a warning
that s second stisulus, which has significance for the subject, will
subsaquently appear. During the few seconds of the interstimulus
interval, there sppesrs a slow negative potential shift, called the
contiagent negative variation (CHV). This event is probadly a non-
specific sign of localized cortical activation (Rebert, 1980c). A slow
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abift, the Bereitschaftspotential (BP), which 1s morpho-
§ily m to tlu late portion of the CNV, occurs when a §

el ' Alw studies of human electrocortical activities demonstrate

~ the validity of the "biocybernetic” concept (Donchin, 1980; Rebert,
1980a), s complete knowledge of ERPs using just those procedures is

. preciuvded by & ammber of limitations in human scalp-recording methods.
-* Jor exsmple, scelp potentisls are mot precise reflections of the
«lﬂ.ﬂ.ﬁq corebral activity because of distortions produced by

' jeniing tissues, many cortical events are not apparent in scalp
iings, and ERP components recorded from the scalp are unlikely to
. to m generators, but probably reflect overlapping sources

4

A

L “The !uqom considerations point clurly to the need for studies

dt llu 49 saimale. The sdvantages of using snimal subjects lie, of

' cokzee, in the wide nruty of procedures snd experimental manipulations

- -, eu be emm out—=e.g., iatracerebrsl recording and stimulating
(m alee 1y or pharmscologically), disruption of known neural

8, muumd evalustions, long-term study of a subject, sys-

- Mﬁm of s variety of pharmacological agents, direct manip-

wiition of biclegical drive states by deprivation, and rigorous control
' m eh mriu-ul qcriueu of the subjects.

e
7l
§

ared

A host of experimental peradigms can be employed with animals to
study ERF's. The one selected should coguitively engage the animal and
closely approximate paradigas used in humsn reseerch. Most preferred is
a parsdipn that is sufficiently general to include a variety of psycho-
logical processes snd ERP components, is rigorous in terms of good
control over the behavioral sequences and psychological sets induced in
i the eaingl, and is flexible in terms of the sbility to manipulate a

variety of experimental varisbles while not altering the basic logical
S : strecture of the task. In addition, because homology between animal and
g hunen EXPs is important, advantages should accrue from the use of a
o behavisrsl peradiga for which there already exist data indicating a
. cless homolegy of ERPs elicited by the situation (Rebert, 1972).
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: ' ol y o!’ bfor-pounl:hl (SP) changes is important for several
' m in addition to those mentioned above. Recently, there has been
- - imetessing recognition that interneuronal information can be transmitted
g, - _in ways other than classical synaptic transmission which involves a
aple ) miﬁc m.i tzansmitter that induces a rapid and brief de— or
risation of the postsynaptic membrane. These developments
. involve both efectrotonic and molecular mechanisms. They have been
. saviewed iy Schmitt ot al. (1976) and Dismukes (1979) and elaborately
" kzested ‘by mumerous suthors in the NRP Fourth Study Progrem (Schmitt and
ﬁm. 1’7’). Bccles and McGeer (1979) distinguished the claassical
R m {the ionotropic system, which depends on the opening of
T fente md in uerve membranes for its effects) from what they termed
mtopic systems, which act on neurons by way of intracellular
‘astabolic alterations~-so-called second messenger systems like cyclic
sdapesing monophosphate. The basic thrust of these new concepts is that
‘theire are communication systems that act more slowly, for longer periods
of tise, ad less dhcuuly than do the classical synaptic systems.
Commenication involves modulation of activity in the classical systeas
a8 wmll as direct influences on neural activity. For example, dopamine
ralessed from terminals ascending from the substantia nigra to the
csudate nucleus alters the respousiveness of the caudate to sensory
stimulation (York and Lynch, 1976).

Doth the modes of cellular action and the anatomical configuration
of metasbotropic systems are incompatible with discrete and highly local-
ised sctivity. For example, the raphe system, which contains almost all
of the brain's serotonin-containing cell bodies, is extremely small; yet
its processes ramify to innervate almost all areas of the brain (Eccles
and McGeer, 1979). Chemical modulator substances are not necessarily
released at specific synaptic sites, but may diffuse to multiple distant
targets through the extracellular space. Transaission of slowly varying
® or toaic information is suggested by these arrangements (Dismukes,

1979), and such activities have been suggested as the mechanisms that
may wnderlie many behavioral/psychological processes such as atteation,
affective state (Dismukes, 1979), and other cognitive functions (Schatitt
et al., 1976)=-concepts that are quite in line with the newer views of

cognitive psychology.
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. 0f specific ralevance to the work reported here is that the meta- ‘::;_-"
htmic fuactions are manifested at the cellular level by very slow X% .»
tene potentials (Libet, 1978) that could underlie slow field poten— ).
tm. such as the COV (Rebert, 1978; 1980b). The concept of local e
= mx circuits (Rakic, 1976) is also relevant to studies of SPs. :-i:‘,z
“'Zhegs complex neuronal circuite are composed primarily of short-axon NN
. Golgi type II méurons that iateract in uncouventional ways, such as ,}-I:';:'F*-".:::%
‘theough dendrodesdritic, somstodendritic, dendrosomatic, somatoaxonic, o
and exosxonic synapses and through gap junctions that allow direct ?’\‘T
slectrotronic coupling. Thus, many neurons have only local symaptic PN
commections, in contrast to long "through” neurons, and an emormous RN
amount of bioelectric information is processed locally by demdritic f-“.?;-‘.l':i-“

networks, primarily through graded (slow) potentials rather thsa
vegensrative spikes. The number and proportion of local circuit neurons
incresse phylogenetically and these neurons constitute a pool of modifi-
able cells with highly complex dendritic processes (Schmitt et al.,
1976). The dendritic processes of stellate cells in the superficial
‘ragion of the cortex are more complex than those of deeper asurons, and
it has been suggested (Caspers et al., 1980) that they are a major
source of surface-recorded SPs. Thus, as has been indicated before
(Rebert, 1978), it appears that the study of SP phenomena provides an

. iogcreasingly important method for relating complex psychological
processes to neural events.

- A host of specific issues concerning the electrogenesis of ERPs,
especially the SPs, remain unresolved. These include the following:

¢ Distribution in the brain. In what regions and layers of the
cortex do specific ERP components occur? In what subcortical

ouclei do they appear, and how are they distributed within a
given nucleus or region? Does the distribution of an ERP
compounent like the CNV reveal anything about general cerebral
systemns that mediate behavior in a task?

® Relationship to neuronal activity. Do ERPs occur in close

i3 relationship to neuronal spiking? 1Is this a necessary g
X relationship, or might dendritically mediated SPs appear in the g;:‘}::
. , absence of spikes? How do positive and negative SPs relate to i
neuronal discharge? 1Is that relationship the same throughout R

the brain? What is the best way to study the relationship——by NI

single or wassed unit analysis? How do SP and unit activities 2000
- respond to the manipulation of psychologically relevant ;.'f‘.:‘.{?'_:_:

variables—1i.e., d0 both measures reflect the same neural il




IS prossases, or do they reflect two functional compartments that
m th different psychological processes?

To vhat extent do SPs

: s mu fot interpreting the c:l.gn:l.ficlnce of SPs?
;._h Qﬂl t.httenchip be studied by measuring extracellular
; . 0 ations?

ipsrochontcal trates. What neurotransaitter and neuromodu-
T intoRy lm unlhtlh the production of ERPs? For example,

m m miu pathway from the substantia nigra play a role
pducling or modulating the positive SP in the caudate
mecleus that accompanies the CNV? Are fast and slow components
d Wl mediated separately by ionotropic and metabotropic
:m‘!’ cm systemic injection of pharmacological agents

nesniogful data concerning these issues, or is localized

rel pcttuion of such agents necessary?

g pe]l dynamics. How do ERPs in different brain regions
cotrelsts over th eoutu of trials? Can such relationships
revcal dynsaic interactions among intracerebral nuclei or
. geuersl systems—for exsmple, are the limbic and nonspecific
"’ teticular ucttvum systems reciprocally interactive?

gy actoss gpecies. Do ERPs react to experimental
mhtim fn uiuh in the sams manner as they do in humans?
De potentials of similer configuration occur in the same brain
regions in snissls and humans?
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METHODS

General Test Paradigm

A schematic representation of the logic of the cued RT task is
shown in Figure 1. A trial can be initiated if the animal has
maintained a specified hand posture (holding on to a round knob attached
to the primate chair for at least 5 sec). After a period of training,
the position is usually maintained throughout the intertrial interval
(ITI). This contingency assures a greater homogeneity of RT because the
instrumental respouse is slways made from the same starting position.
Tone bursts (1000 or 3000 Hx) of 100~msec duration constitute warning or
discriminative stimuli (WS and DS, respectively). The WS is followed by
an imperative stimulus (IS), a light, which indicates to the monkey that
it can obtain reinforcement by making the appropriate operant response
(a bar-press in this case). The interstimulus interval is typically 1.5
sec, but can be manipulated feor experimental reasons. If the monkey
releases the "hold” position any time before onset of the IS, the trial
is aborted and no reward is available. Correct performance allows the
monkey to receive 1 cc of an orange-flavored drink (Tang®) for each bar-
press msde during the 12 sec that the IS remains on (usually 15-20 cc).

The DS occurs in isolation—i.e., it is not paired with any other
cus—and provides a comparison for assessing ERP components related to
the associative responses elicited by the WS. Typically, CNVs are
evoked by both the WS and DS early in the training period, but iater
only by the WS. Thus, this paradigm permits assessment of the develop-
msent of associative and discriminative events in several regions of the
brain (Rebert, 1977).

The general procedures used to bring the monkeys up to a good level
of performance entails, first, training them to press the bar reliably
for juice reward, contingent on the presence of the IS. The monkeys can
be trained to emit relatively short-latency responses to the IS by
having the IZ (and the availability of reinforcement) terminate after
300 msec if the bar has not been etruck by that time., This training is
followed by the introduction of the WS or the WS and DS on different
trials.
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pemmeemef 0,5 = 1,5 femmeememeegme-HOLD (5 sec)

min, ITI
TONE (100 msec)
/N /N
- NO RESPONSE RESPONSE NO RESPONSE
(1.5 sec)
i s ABORT LAMP (IS)
(12 sec)
o NO RESPONSE RESPONSE
? S REINFORCEMENT
(12 sec)

FIGURE 1 Schematic illustrating techniques used to establish
a cued discriminative reaction time task in the monkey.
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""" During testing sessions, an animal is placed in a Plexiglas primate

chair that is housed in an electrically shielded, sound-attenuating
chimber. Pressure on a small bar mounted on the “~ont of the chair
activates a metering pusp through which the liquid reinforcement is
delivered to a drinking tube placed in front of the monkey's mouth. A
lamp in front of the monkey comstitutes the IS when 1it. Head restraint
is accomplished by placing an inverted U-shaped tube over the monkey's
saout. Vertical eye movements are recorded through an electrode above
ose eys. These recordings are primarily precautionary because it
appears that eye movement artifacts are not picked up by intracerebral

_alectrodes when sn intrscerebral reference is used. That possibility

wes alluded to by Low (1969) and was shown in a demonstration of human
intracerebral recording at the Burden Neurological Institute in 1973.
Our recordings from anesthetized monkeys indicate that when the eyeball
is mechanically rotated, an artifact appears between intracerebral

. electrodes and s scalp reference, but it does not appear with intra-

cerebral references in anterior or posterior white matter.

During the previous contract period, an LSI-11/23 computer systea
was installed and software was written to implement the CNV paradigm.
The configuration of this system is schematized in FPigure 2. It con-
sists of an L8SI-11/23 processor with extended memory (256 KB), clock
board, snalog-to-digital converter and associated direct memory access
board, a digital-to—analog converter, contact closure detector, latched
open—collector board for operating external devices, s 30-MB Winchester
disk with associated 1-MB floppy, a 9-track digital tape recorder, and
VI640 grephics terminal. Associated devices include solid-state tone
generators under computer control, a circuit interface between the
computer and 1liquid delivery system (A Valcor S5P94R-7 metering pump), a
gain and DC-offset control pamel, indicator penel, H-P model 7034A X-Y
plotter, and TTY Model 43 printer.

The Winchester disk is used to store programs and, temporarily,
single~trial data during testing. At the end of the test session, the
single—trisl data are transferred to digital tape. The floppy disks are
used to store wavefora averages and summary statistics of behavioral
data for the session. The summary statistics are printed on the TTY-43
priater at the end of the session, and wavefora averages are plotted on
the HP plotter.
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LS1-1/23 (P
WITH FLOATING POINT

256 K-BYTE MEMORY

DISK CONTROLLER

[0 waviE

WINCHESTER

REAL-TINE
CLOCK

TAPE CONTAOLLER

1 M-BYTE
FLOPPY

DIGITAL
TAPE

CONTACT CLOSURE |
INPUTS

OPEN-COLLECTOR
LATCHED OUTPUTS

12-BIT DA

DIRECT MEMORY

I;.mu
NRTTON |

BAR PRESS

—> NP

.wCAL PULSER
‘ JUICE

X-Y PLOTTER

FIGURE 2 SCHEMATIC OF COMPUTER SYSTEM

The central processing unit is » digitsl equipment
ocorporstion Model LSI1-11/23 with extended memory
and flosting point enhancement. It's Q-Bus back-
plans hoids an array of specisi-purpose hardwere

e bosrds to operate periphersl devices.
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ation

In preparation for surgery, the monkey is given a 15-mg/kg intra-
ssecular (im) dose of ketamine hydrochloride, a rapid and short-acting
anesthetic. The animal is then placed in a stereotaxic device; the
scalp is shaved and cleansed. Halothane gas is used as necessary to
maintain anesthesia after metabolism of the ketamine. A small dose of
stropine is given to control mucous membrane secretions. Aseptic
surgical procedures are used throughout.

After the scalp has been reflected, the skull is thoroughly cleaned
and the sites for burr holes (to bde drilled for insertion of electrodes)
are sarked. Holes are drilled in accordance with coordinates deteramined
from an appropriate stereotaxic atlas. After the glass pipette
electrodes are lowered to the proper depth and cemented to the skull,
they are cut approximately 5 mm above the surface of the skull and the
electrode cell is attached and cemented in place. Depth electrodes
consist of sharpened O.7-mm O.D. glass pipettes attached to a larger
glass cell containing a sintered Ag-AgCl pellet, as described by Rebert
and Irwin (1973). These can be used to simultaneously record SP and
massed-unit responses (Rebert, 1973a, 1973b). Epidural electrodes are
placed into small saline-filled wells of acrylic built up around the
burr holes and are cemented into place by floating a thin layer of
scrylic on top of the saline. Following attachment of electrode wvires
to a self-locking multipin connector, the whole assembly is encased in
an acrylic plug. A wide—spectrum antibiotic is administered postopera-
tively, and triple antibiotic salve is placed on the skin around the
scrylic head plug.
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k "  Preliminary Results

8ix adult male cynomolgus monkeys (Macaca fascicularis) were
implanted with electrodes following an extensive period of training to
bar—-press only during the presence of s light and to hold onto a ball
prior to onset of the light (Rebert et al., 1983). Electrodes were
placed bilaterally over pramotor (arcuate region), motor, and parietal
cortices, in the CAl region of the hippocampus, and in the caudate
nucleus, substantia nigra, midbrain reticular formation, and nucleus
ventralis anterior of the thalamus. Reference electrodes were placed in
anterior and posterior white matter. An eslectrode was also implanted in
the superior bony orbit to record the electrooculogram (EOG).

These monkeys were more difficult to train than the stump-tailed
macaques used in previous work (Rebert, 1972, 1977). They were very
persistent in making anticipatory movements and reluctant to maintain a
fixed hand position during the intertrial intervals. In addition, they
were very difficult to motivate, requiring a consistent regimen of
testing and receipt of their total daily fluid intake during testing in
order to maintain performance. Currently, the monkeys are being trained
under & more rigorous and automated procedure for detecting anticipatory
respouses. This training is important because premature movement from
the restigg position changes the nature of the task; i.e., the tone
becomes a cue to respond rather than a cue to "wait"™ (Donchin et al.,
1971).

Several performance parameters are summarized for five monkeys (one
noakey, No. 6, wvas an excessively erratic performer) in Table 1 for two
training conditfons. Scores obtained when only the light cue——the
imperative stimulus—was presented are in the upper portion of the
table. Scores obtained during tone~light pairing are in the lower part
of the table. The latter scores are those for the period of 23
September through 19 October 1983 following one month of tone-light
tt.llliug.

The moukeys would work for 250 to 300 ml of juice each day. The

percentags of bar-presses made during ITIs was low, averaging about 10,
which reflects the previous training to respond only during the presence
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the 18. Most of the intertrial responses reflected the continuation

Miﬁ after the light terminsted (usually two or three

: ¥» The rate of pressing by the several monkeys varied from 0.7

2.5/sec and was characteristic of a monkey's performance, being

: ‘over -the course of training. Reaction time averaged 1417 msec

- viieh @0 tone cus was present and 945 msec after tone-light pairing.
Yhis shortened BT indicates that the monkeys learned to associate the

. tons and light. ~The current sverage RT value is, however, contaminated
by premature responses because automatic detection of such responses had
oot yet been implemented during these tests. The percentage of trials

- aborted reflects several factors--excessively slow RTs, experimenter
-sborts, aud——especially--premature responses. Trial rejects due to
elsctropliysiological artifacts can also be iancluded in this score, bdut
‘thet pro«duu has not been employed to date.

: Ia geasral, performance was brought to & stable point under two
eoulittm, aod the main factors affected by introducing the tonal
vn-uu cus wre the nmmber of anticipatory responses and the RT. The
tendency to.make premsturs movements was more prevalent in some monkeys
then in others, but RT was shorter in 311 cases vhen the tone cue was
present then when it was not.

' lloctrophyuologlcd recordings were obtained from the left pre-
msotor and motor cortical placements, all of the subcortical electrodes,
snd the superior orbit. Examples of responses obtained from one monkey
(Bo. 3) are shown in Figure 3. The EOC indicated the occurrence of a
tiink shortly after tone onset, with a dommward excursion of the eyes
reflected by elevation of the DC level during the interstimulus inter-
val. A wavefora similar in shape to the EOC was recorded from the
arcuats gyrus in the left premotor cortex (LPMC). Correspondence
between these two records was sufficient to suggest that the arcuate
recording was primarily a passive reflection of the EOG. However,

‘ becsuse the arcuate region is intimately involved in the control of eye

' sovement (Akert, 1964), the premotor response might still be generated
? ' ia the cortex. Becordings from regions anterior and lateral to the
arcuate sulcus would help clarify this issue. In addition, once soft-
ware is completed, wea plan to capture epochs time~locked to spontaneous
: Slisks to more thoroughly determine the effects of blinks and eye move-

msents on brain recordings. Although the left motor cortex (LMC) wave-
" form was aleo similar to the EOG record, the initial negative pesk was
cemparatively smsll and occurred later in time than the blink, and the
slow megative shift in LMC persisted throughout the recording epoch
uhile the BOC returned to deseline.

14 RN

B NN LN, G R \'\.‘C\'.\'C\f\



-50 uv SN
NVA
ML
HIPP
MRF CN
W ﬂH AN N

| b - b
Tone Light Tone Light

LA-4373-1

FIGURE3 EXAMPLES OF EVENT-RELATED POTENTIALS RECORDED FROM SEVERAL
BRAIN REGIONS OF MONKEY NUMBER 3

EOG = Electrooculogram, LMPC = Left Premotor Cortex (arcuate gyrus),
LMC = Left Mator Cortex, MRF = Midbrain Reticular Formation,

SN = Substantia Nigra, NVA = Nucleus Ventralis Anterior (thalamus),
HIPP = hippocampus, (CAI region), CN = Caudate Nucleus. In this and
other figures, averaged waveforms are usually based on fifteen trials and
0.01 0 40 Hz recording bandpass.
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A dupid change occurred in the midbrain reticular formation (MRF)
"oniset of the WS. A 50—V negative shift, peaking with a latency
' mege, petsisted throughout the interstimulus interval and
fn smplitude after onset of the light. This pattern was very
' ‘snt then the 20C and could not ba considered an artifact of eys
; ‘M or blinks. An almost identical response was obtained from the
" odbetentis nigrs (SN). A similarly shaped, but smaller, change occurred
#a the maclews ventrslis anterior (NVA). A slight positive shift
i m ia the Wppocampus following a brief, transient negative poten-
't4al. A transient positive~negative component appeared in the caudate
mclews (CN) of this monkey without sny definite SP occurring during the
e ,memu interval on this recording session. On the average, how-
- ovek, this monksy exhibited s small negative shift in the CN.

'The cloes correspoudence of the E0G and arcuate gyrus waveforms was
evideat in other moukeys as well, but there were a sufficient number of
differences in waveforms, in both latencies and polarity (e.g., Figure
4), to require csution in attributing the arcuate response exclusively
to ocular sctivity.

Evoked-potential waveforss from other regions varied moderately
among the monkeys [records from the behaviorally erratic monkey (No. 6)
are mot considered]. Negative SPs were obtained from the IMC, and this
rvespoass was imvariably emaller than that observed in the LPMC. In one
woukey (No. 4), the INC response was sometimes sbsent or even positive
rather them negative. The variety of waveshapes obtained from the LMC
is enmmplified in Pigure 5. All five monkeys exhibited negative SPs in
the MY, ead four of the respouses (except from No. 4) started with a
fast-rising magativity like that shown in Pigure 3. The ssme consis-
tanty was trwe of respounses in the SN, with all but one response (from
Bo. 4) startiag with s fast negativity. In three of the four monkeys
with goed SN responses, amplitudes were about 50 uV. In one monkey (No.
2), howaver, the response reached 100 WV during the interstimulus
iaterval end 150 uV shortly after the light appeared.

Incoasistent waveforms were obtained from the NVA. A negative
shift with a fast rise, and about 30 uV, was seen in three monkeys, and
the other two showed little or no response. In contrast, small positive
$Ps, with amplitudes of sbout 12 uV, occurred in the hippocampus of five
sonheys. Slow-rising negative shifts of 10 to 40 uV, preceded by a
brief positive component, were observed in the caudate nucleus in four
of the five monkeys.

Pully developed 8Ps ware rarely observed in the interstimulus
iaterval when the tone was first paired with the light. An example of
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LA-4373-2
. FIGURE 4 DISSOCIATIONS BETWEEN SLOW POTENTIALS (SPS) IN PREMOTOR
CORTEX AND THE EOG

Upper two traces from monkey 2 showing esrlier development of SP than
EOG. Lower two traces from monkey 3 show normal potarity SP but
reversed polarity of EOG after atropine administration. The last two
tracings compars with the EOG and premotor recordings, which are alike
in Figure 3, without drug.
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FIGURE 8 LEFT MOTOR CORTEX RECORDINGS FROM FIVE MONKEYS
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fn Figure 6. On the first day of

mtive shift was observed in the SN at
Wt siatisr, response occurred to the
wiight peiring. There was not, however, a
™ the eighth day of pairing, the esrly
® and more mouuut. By Day 15 the SP

f’lﬂl . uuuuu 32N RMS meter. The

_mhu-h-onkoyuo. 2. It is
’tnp Mm in upntudn more

ite. Ia %be other areas, the ceno
‘ tos suall to have an impact on
‘S0 ‘uay hive refiected either glial depolariza-

s not l!mu_tod with neuronal firing.
: m of mml sctivity, rather

teh et al., 1983; Marcsynski, 1983). Although

dt to interpret (Rebert, 1980b), there is considersble

) _v ‘- awuu dose to use n later, more systematic
. ﬁl&nmlﬁwtﬂdhhdomof 0.1, 0.2, and 0.3
m Bach dose hes besa tested only once so far. Because the
‘ - 4086 was wkaowt, drugs ware given ouce per day for three
diixtng ot wask, starting with the lowest dose. Dilation of the
& Wie apperent at 0,3 ag/kg snd——to a lesser extent--at 0.2
; e 453ation wes doted st 0.1 ag/kg.
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® FIGURE 6 CHANGES IN SUBSTANTIA NIGRA OF ONE MONKEY

AS A FUNCTION OF DAYS OF TRAINING
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FIGURE 7 SLOW FIELD POTENTIALS AND MASSED UNIT ACTIVITY IN THE SUBSTANTIA NIGRA
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Following atropine administration, behavioral performance deterio-

rvated. This effect was clearest in terams of the number of acceptable

“ telials pex testing session. On days during which no drug was adminis-
‘tered, the subject almost always met criteria for an acceptable trial

. {wo saticipatory responses, RT below cutoff criterion, etc.) on at least
13 trisls per session. In contrast, during drug tests, 15 acceptable

_ trials were recorded for ounly 2 of 15 sessions (5 monkeys x 3 dose
‘Jevels). Overall, the mean number of acceptable trials per session for
drug trials was 9.3. There was no effect of dose level on this
measure. In saddition, during some of the drug trials judged acceptable,
the subjects would cease responding prior to offset of the imperative
stimulus. This was particularly true of one monkey (No. 5), who stopped
_ responding prematurely om 11 of 15 acceptable trials at the 0.3-mg/kg

" dose.

The percentage of bar-presses during the ITI increased from a
predrug mean of 8.6 to an average of 16.5 over all drug doses, being
largest (19.6) in the high~dose condition. Reaction time was not
clearly affected. The percentage of trials aborted increased from the
; predrug level of 31 to an average of 62 during atropine treatment, the
4 ~ effect being comparable for the three doses. The number of reinforce-
- ments was 290 and 141 per session in the baseline and drug conditions,
respectively.

Four of the five monkeys exhibited unusual behavior during testing
- on days of drug administration, particularly at higher doses. This

.- consisted of seemingly nondirected waving of the limbs, especially the
arms. Movements were usually rapid and "jerky.” The monkeys appeared
to be sgitated and would grab the loose end of their restraining collar
and ewing it rapidly back and forth, or push outward against the
chair. Subjectively, this gave the impression that there had been some
release of behavior from normal inhibitory control following atropine
administration, which was consistent with the increased number of inter-
trial responses and aborted trials.

The electrophysiological effects of atropine were highly variable,
depending on dose, placement, and monkey. Because of the very prelim—
inary nature of these results (this was basically a dose-findingz study),
only qualitative descriptions of the effects are given. Atropine caused
a slight increase in the premotor—cortex SP of three monkeys at the
medium and high doses, had no effect in one animal, and produced a
noderate decrease in the SP of the fifth monkey at the high dose. 1In
this same monkey (No. 3), the medium dose enhanced the SP in the motor
cortex. SPs in motor cortex were also slightly enhanced in three
sdditional monkeys, with no effect in the fifth (No. 1). Monkey No. 5
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amhibited a clear dose-response function, shown in Pigure 8. Ome effect 'x-::a'
o d m on the substantia nigrs and reticular formation was to ACEr
.- iestense the sizse of the response to light ouset. This occurred clearly .
in three monkeys. Examples are showmn in Figure 9. BRI
Senerear:

: DR

The potentisls evoked by the light and those developing in the X6
iaterstimulus interval in both the SN and MRF appear to be indepen- R

dent. In Pigure 6 the post-imperative response is well developed before
the iaterstimulus potential becomes sustained, and appears to be
“covered up” by the interstimulus SP. In contrast, as shown in Figure

9, stropine appesrs to “"uncover” the post-imperative respounse by atten

uatiag the interstimulus negativity. No consistent effects of atropine
- 'ware svideat in recordings from the NVA or on the EOG. In one monkey,

» " howsver (Wo. 3—normal records shown in FPigure 3), the REOG pattern was
reversed from downward to upward movements by the high dose of atropine,
dut the pramotor recording remained essentially normal--a dissociation
indicating independence of the cortical recording from eye movements

In the above described work we have developed an almost fully
sutomated systea for studying event-related potentials in wonkeys,
porformned surgery on and trained six monkeys over the course of about 18
months, and recorded enticipatory SPs and related transient responses.
‘Vety preliminary attempts were slso made to record massed-unit activity
and o study the effects of the cholinergic blocking agent atropine.

" Some outcomes ware similar to, and some different from, those obtained
* in earlier related research. For example, the waveform elicited from
. the MRP-—a fast-rising response—was like that observed previously
(Rebert, 1972). In contrast, the positive SPs expected in the caudate
mucleus were not observed. The prediction (Rebert, 1980b) that negative
8Ps would be recorded from the substantia nigra was confirmeq. In
general, as was observed before, SPs in the premotor cortex were larger
than those in the motor cortex. However, in the present monkeys, there
® was not a sharp decline in the response upon occurrence of the impera-
tive stimulus. This might be related to general deficiency in inhibi-
tory capability——perhaps similar to the perseverative tendencies of
humen schizophrenics, who also exhibit prolonged SP changes following
the imperative stimulus (Timsit-Berthier et al., 1976).

@
' Other rimental Msnipulations
'
During the last part of Year 2 and the initial month of Year 3 of
g this coatract, seversl experimental manipulations were undertaken to
@ deternine their effects on the potentials being recorded in the standard
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SUBSTANTIA NIGRA MIDBRAIN RETICULAR FORMATION
{(Monkey No. 3) (Monkey No. 4)
mg/kg
00
50 4V -50 uv [\/\/\,\_
W W
0.1

Pa

0.2

03

} - ! b o
Tone Light Tone Light

LA-4373-7

FIGURE @ EFFECTS OF ATROPINE ON SUBSTANTIA NIGRA AND RETICULAR
FORMATION RESPONSES DURING THE INTERSTIMULUS INTERVAL
AND TO ONSET OF THE IMPERATIVE STIMULUS

The interstimulus slow potential wes reduced and the post-imperative
pesk-to-pesk amplitude wes enhanced a3 a function of the dose of atropine.
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scrimination training. The neutral or discriminative stimulus

ticn. 7o fscilitate this development, the proportion of the DS was
facreased to 80X, which eventually led to the development of discrimins-
tion in the other monkeys. The discrimination appears to have occurred
first in the subcortical structures, as was observed in a previous
experiment (Rebert, 1972). This paradigm, with varying proportions of
stimuli, is similar to the oddball task, and we plan to compare the

: waveforms obtained with the 50 vs 80X DS conditions, with the aim of

' {dentifying a P300 analogus.

- : Yaristion of the interstimulus interval. Because the monkeys had

LA
(D8) was added to the paradigm. We expected to observe SP responses to “.::‘_
this tone during a few days of testing, with subsequent extinction ‘_Z:-:_'
bacasuse the stimulus is not paired with the light that indicates avail- ';j::-::.:
shility of reward. Our bright monkey exhibited this distinction almost —
ismediately, wvhereas the others showed only minor or no discrimina- !f."\*‘

been trained for a long time on the same interstimulus interval, it was ¥ oen

changed from 1500 msec to 1000 and 2000 msec on alternate days (all ey

‘ thres intervals were used). This added uncertainty about the temporal g';':%

. relaticaship between stimuli appeared to enhance the SP responses, but SE
quantification of the responses will be required to confirm this '

impression. 3.5

| el

Aduinistration of atropine. Because the cholinergic projection __J’,;

E from the n. basalis to cortex has been implicated in the genesis of T

N cortical potentisls (Pirch et al., 1983), the cholinergic antagonist kel

stropine sulfate was injected im at 0.2 or 0.3 mg/kg on Tuesday and

Friday for two weeks. Saline was administered on Thursday. Monday was
considered s retraining day following the weekend, and Wednesday a post-
drug recovery sassion. Recordings were obtained on all weekdays.
Because atropine severely disrupted behavioral performance, there were
® few trials on which to base evoked-potential averages, so we are in the
process of developing a program to average across test sessions. In
addition, methyl stropine, which does not readily cross the blood-brain
barrier, is now being administered to determine the extent to which the
behavioral disruption was some consequence of peripheral mechanisas

® (e.g., alteration of the taste of the reinforcement).
.

26

(3

- -
»,

SRR SRR Lo 50

R AEPRIS R b )
P S

< Al Tiat S - ™ 33 R C s A A Bl
e l_;,x,_,‘s‘ L ﬂ‘ -1&,;:5 N ,'{.‘1,3.'

5
5




STUDIES AT STANFORD UNIVERSITY

This section is divided into two parts. The first part deals with
studies that were in progress at Stanford University (SU) vhen Air Force
Coantract F49620-82-X-0016 to SRI became effective, studies that could be
completed because of funds provided to SU from that contract. The
second part describes new studies undertaken with the aid of the SRI
contract in conjunction with subsequent funding to SU from the Office of
Naval Research. Both parts describe experiments undertaken as an aid in
understanding brain function in cognition by analyzing the electrical
potentisls evoked in monkeys while they are solving probdlems.

Part I: Automatic vs. Controlled Processing

Four monkeys were trained to respond in a variety of cognitive
tasks in a computerized testing device, the Discrimination Apparatus for
Discrete Trial Anslysis (DADTA). Various forms of this device have been
successfully used since 1960 to train monkeys to solve prodblems (e.g.,
Cutcomb ot al., 1971). The current version consists of an Apple II
color graphics microprocessor-controlled television display fromted by
aine individual translucent panels and a ligquid-reinforcement delivery
system. This version sllows the recording, by & PDP 11/34, of event-
related brain electrical potentials to be collated with the recording of
presses of a panel and with the presence or absence of a reinforcing

event,

Three different displays were presented to the monkeys. Oune
display consisted of a green square appearing in pseudorandomized
positions among eight red dismonds. Rewarding the presses of the panel
on which the green square appears constitutes a simple task readily
learned by the monkeys. This display (matched for identical luminance
and contour among cues) is “disjunctive” because none of the features
that differentiate correct from incorrect cues are present in the
incorrect cues. Problem solution appears to be independent of the
number of background cues, suggesting that solution proceeds by virtue
of pasrallel processing in a fairly automatic fashion.

A second display consisted of a green square appearing in
peeudorandomnised positions among green and red diamonds and red
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. Seates. Agaia, the displays were matched for luminance and conmtour.
. howaver, the features that distinguish the correct cue are also
mt ‘4n the incortect cuss. Raward is determined by the “"conjoining”
xt‘ both greemness and squareness in the green square. Solution of this

) _ u ‘sensitive to the number of background cues and is more

than in the disjunctive task. Reaction times are longer,

'nu monkeys were tested daily with a trial~to-trial mix of the

 ased ive and conjunctive displays. Each monkey had implanted some

fjmlu bipolar electrodes, which recorded the electrical activity evoked
by the displays and the monkeys' responses to those displays. Electrode
sites were: primary visual cortex, prestriste cortex, posterior infero~
temporal eortex, anterior inferotemporal cortex, parietal cortex,
precentral motor cortex, and far frontal cortex. Recordings were
~ bipolar from surface to depth (approximately 2 mm).

' Because the variables "disjunctive” and "conjunctive” were
coafounded with task difficulty, a third display set was devised in
which the number of features defining the background cues was increased
without, however, replicating the features that defined the correct cue,
which vemained the green square. Thus, the background cues consisted of
white circles, red dismonds, and blue triangles. The task consisting of
this ¢isjunctive display did prove to be more difficult than the
original disjwnctive task and the difficulty, as measured by number of
trials to learn, was approximately the same as that of the conjunctive
task.

On some days, the more difficult disjunctive task was presented to
the monkeys in & aix with the easier disjunctive task, and on other days
iz & uix of trials with the conjunctive task. Brain electrical
recordings were again mede and collated with the record of the
behavioral datas.

A preliminary snalysis of the data was beased on dividing the
recorded epoch of one second into 4-msec bins and performing an analysis
of variance for repeated measures with latency din and cortical location
as the independent variables.

This preliminary anslysis showed that when the festures that
characterise the displays are matched for color, luminance, and contour,
20 differences are obtained between the disjunctive and conjunctive task
porformances in the potentials evoked in the primary visual cortex.
Bifferences sre recorded, however, in both inferotemporal and far
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1 Jocations aad these differences appear in the later (300 to 500
m of the recorded potential changes.

; 'lh saalyeis aleo showed that increases in the difficulty of the

ﬂf produted by incresses in the number of features in the display

$emmlited ia differences in the potentials evoked in the primary visual

sten - 48 well as these recorded from the inferotemporal and the far
sfreatil cortex. Thus, the preliminary pass through the data suggest

-‘M thl nuaber of features being processed is reflected in the

. elmcteical activity of the primary visual cortex, vhereas processing of
‘tasMs more difficult involves the inferotemporal and far frontal
fatrinsic portions of the brain.

~ More sophisticated analyses were not possible at the conclusion of
these experiments because of limited funds and facilities. On the basis
of ‘thess praliminary results, however, support for further research was
obtained from the Office of Naval Research.

Part II: Subcortical Events Related to P300

- @f the several transient potentials of the brain associated with

. the ‘petception and processing of envirommental events, the P300
“componsnt™ (s complex of late positive waves) is the most clearly

* sseociated with cognitive events. This “component” seems to reflect
only the genersl-information properties of stimuli and is uninfluenced

- by informationslly irrelevant physical characteristics or by specific
behavioral response requirements (Pritchard, 1981). These characteris-
tics have made the P300 complex particularly relevant to the evaluation
of worklosd, to the general field of biocybernetics (e.g., Donchin et
al., 1982), and to clinical research on cognitive disorders (Hillyard
and Rutas, 1983). Consequently, an interest in obtaining a more com—
plete understanding of the intracerebral sources of the P300 complex has
developed (Galambos and Hillyard, 1981). However, to date the results
of research provide only hints about the electrogenesis of the P300.
Yor exsmple, Halgren et al. (1980) recorded P300-1ike activity in
anygdala and hippocampal gyrus, Wood et al. (1980) noted the lack of
polarity reversals of P300-1ike events in depth recordings above the
hippocanpues, and Okade et al. (1983) concluded from magnetic field

recovdings that the P300 is generated in saterior hippocampus. Oun the O N N
other hand, Johnson (NIMH, personal communication) has recorded the P300 ;\::}{v
cosplex from human patients with hippocampal lesions, and Yingling and ;'-:fi-g'{ QX
Boscbuchi (31984) presented evidence for a dorsal thalsmic generator. Fa
Ao,
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o) 1 . theta is little concrete evidence localizing the sources of the
| phancnenon, snd invasive studies in animals are necessary to

i m-. m were subjected to surgical procedures for this
dy. .Obts wonkey wes used to explore the use of Bowden's technique
) msauscript) to improve the accuracy of placing deep
Two monkeys were implanted with an array of electrodes

‘M Um Bowden's corrections. In Macacs fascicularis the

m&m’ between internsl brain nuclel and the bony structures used

L M ﬁl m coordinate systes are highly varisble. Internal

sttuctures can deviate as much a8 1/2 ca from the locations
mﬂ ia su atlas. Bowden noted that the accuracy of electrode
placemants could be greatly improved by injecting an X-ray opaque dye
Suth the lsteral ventricle sad visuslizing the suterior and posterior
m Mmm could then be derivad for each animal.

!

: m. procedure was attempted in one monkey. The monkey was given
katenine NC1 (15 mg/kg) as a presnesthetic; the head was shaved and

‘eletned snd placed in the stereotaxic freme. Halothane was given to

« The skin was incised and retracted. The underlying fascia was
] and retrscted to axpose the top of the skull. The periostewm
the asres to be drilled was removed, anterior 17.0 mm from Horsley-
O. At this locatfon & small hole was drilled through the bone,

- later al to the midline. The dura was exposed and incised and a
c—nh was introduced through this hole into the brain. At 16 mm
iauto the Braia, ceredrsl spinal fluid was seen to flow from the cannula
with slight negative pressure. A portable X-ray machine was positioned
30 isches from the monkey. Matrizamide, s water—-soluble X-ray dye, was
injected into the veatricles through the implanted cannula and the X-ray
shots were taken as the dye wes being injected.

iﬁ

:ag

The resultasut X-ray film clesrly outlined the lateral and third
ventricles. The anterior commissure was visible as a protrusion near
the base of the third ventricle, anterior and dorsal to the pituitary
stalk. The posterior commissure was msuch harder to visualize. The
contrast outlining the skull was not sharp, demonstrating some movement

of the X-ray gun. A better system of fixing the X-ray source will have

to b found., An XI-ray exposure 30 inches from source to film gives a
-un sagnification of 1.2. A slightly higher magnification of the
skull can be gained by moving the source of the X~-ray further from the
skull. This unight help to increase the visibility of the posterior
commissure. An exposure time of 1/2 second longer would also help to
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' vhseslise this structure. This is especially true for small monkeys (3
-7 3 o¢ less). However, this emphasizes the need for a better arrangement
- -of Wolding the X-ray source. A ruled grating should be placed between
~ the fila and the skull such that the X-ray film would have imposed on
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. the exposwrs an accurate grating to measure distance of the nuclei from I
. the cannula and the anterior commissure. A pair of proportional E.;:;:M};:‘
dividers would then allow an accurate representation of the scale of the R

1,

ﬁlﬂ ‘to the sectioms in Ssmantha and Bourne's atlas. More pilot work
. was desmed necessary for use of this technique, which was not used as a
" guide for implanting electrodes in the two monkeys currently in the

program. |

~ Two monkeys were prepsred for implantation of a bilateral
symmetrical array of electrodes in deep structures of the brain across
.. the coxtical swrface. BRach animal was prepared for sterile surgery with
AR a presmasthetic dose of ketamine hydrochloride (15 mg/kg); the head was
A shaved aad clesned, and the monkey was intubated. Halothane was given

, ' to effect, and the wonkey wes placed in a Kopf stereotaxic frame.
. Trasscortical electrodes were placed in the prefrontal, premotor,
v temporal, psrietal, and occipital sress. A vertical bundle of four

electrodes esch wvas placed in the head of the caudate, smygdala, lateral
thalamns, and hippocampus. The electrodes were cemented in place with
dental cement. On hardening of the cement, the electrodes were crimped
to & 30-pia comnector (ome counnector for esch hemisphere). Two of the
vertical electrode arrays, in smygdala and hippocampus, surrounded a
contral cannula, and these cannulas were brought out to small metal
holders cemented to the skull. (These chemodes are used to infuse
pharaacologic agents.) The electrode connectors and chemode holders
wite then embedded in dental cement. When the dental cement was dry,
the scalp wound wes freshened and dental debris was removed. The wound
wes clesned snd a topical dactericide was applied. Where necessary, two
sutures were placed to close portions of the skin wound. The monkey was
then returned to its cage for recovery. A regimen of antibiotic

3 (chloramphenacol, 50 mg/kg) was given the monkey for a 10-day period

2 after surgery.

Procedures sad Results

Your monkeys have been placed in a training regimen. All monkeys
will accomplish a two—part program-~a pretraining or shaping phase and
an experimental phase. Two monkeys have been trained in the general

co shaping phase and have proceeded to the general experimental phase. The
o other two sre nearing the completion of the general shaping phase and
should be ready for surgery during July 1984. REach monkey is considered
shaped when the monkey can generate 851 correct responses over ten
oconsecutive days.The monkeys respond to s green square, which changes
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wﬁﬂ my- During a "pessive” oddball paradigm, the square will
e Nel %W ‘peoportions of the trials. Subsequently, an active
‘ L on task will be implemented. The monkey is under a 24-hr
Mmm regimen. The moukey receives 1 ml of liquid Tang® per
m: m and is given one hour of water after completion of the
W and food ad 11b. Behavioral parameters are printed after the
cd of the session.

The two unhyq that have had surgery are currently being run in
the standard experimental program, which calls for the monkey to make
100 correst responses over a day's rua. The location of the stimulus 1s
* a Gellerssn series and is sufficieatly long that the monkey cannot
ledtn the sequance. The Gellerman series is changed daily. A variable
o , istertrial interval is used to ensure that the monkey cannot anticipate
O mmio- of a trial. A é-gecond EEG epoch 1is obtained; each trial
starts 250 ssec before the stimulus appears and lasts through the 4

o seconds.

»

L Significant difficulty was encountered in the amount of 60-cycle

;- noiee present in the REG sigual, and it is likely that a set of high~
' impedance amplifiers will be required as interface between the animal

e and Grass smplifiers.
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PLANS POR THE COMING YEAR

" e five -nu cyoomolgus lonkcya now being studied will be further
- m with respect to the effects of other pharmacologic agents—
'“((.'wg dopenine sgonists and antagonists) to determine whether we can

- glfele the udcu positive slow potentisl previously observed.

ltt-ruihd macaques now in quarantine will also be
1itate their treining while the other monkeys are being
mmodore VIC-20 microcomputer is being programmed to present
ﬂ mi behavioral responses. Becsuse of problems encoun—
I&lh ﬁu ues o! llnrpoud pipettes for electrodes, we plan to use
i 2 stisd design in the stump-tailed macaques to insure
) “ttoq ‘are comparsble to urua' studies wherein extremely

- _’M i-puum supported by the opinions of several
fans, is that the cynomolgus monkey is mot as intelligent as
' as of mlqm. We expect to observe the caudate response
ﬁ“wr .Wuud macaques, sod this rTeplication might imply that the
m species (or sex) difference in performance/intelligeace is
.. pelated to mivuy in the striatal systea.
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