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FREE RADICALS ACCELERATE THE DECAY OF
LONG-TERM POTENTIATION IN FIELD CAl OF
GUINEA-PIG HIPPOCAMPUS

T. C PerLMar,*t G. E HOLLINDEN*] and J. M, SARVEY§

*Physiology Department, Armed Forces R

Dokl R Bathecd:

h Institute,

MD 20889-5145, U.S A.
{§Department of Pharmacology. Umiformed Services University of the Health Sciences, Bethesda,
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Absmct—Frec mdmls have been implicated in 2 number of pathof 1 cond: To eval the

of free radical exposure, slices of hippocampus isolated from guinea-pigs

were exposed o hydrogcn pcroudc which reacts \mh tissue 1ron (o generate hydroxyl free radicals

Long: d increase in sy

nses, was ehaited in field CAl by high

l'rcqucncy stimulation ol‘an afferent palhway We I'ound that 0 002% peroxide did not directly affect the
responses evoked by stimuliuon of i afferent pathway bux did prevent maintenance of long-term
potentiation  Shawi-orm and paired-p were not affected by peroude
treatment Peroxide was kess effective if ed follow g high fr 1 and was
1f apphed only after hugh frequency sumulation lnpul/oulpul analysxs showed that the increase 1n synaptic
efficacy was reduced with peroxide treatment Changes in the enhanced ability of the synapuic potential
10 generate & spihe were less apparent

These data show that the interference of free radicals with long-t may bute to
pathological deficats It 1s possible that Tlular calcium 1 1sd d by p de treatment
A number of seccond messenger systems involved with long- term potentiation arc potential targets for free

radical attack

Long-term p (LTP)isap :nt Increase
in monosynaptic ¢fficacy following a high frequency
train Because the potentiation can last for hours or
even days m 1o’ this electrophystological phenom-
enon has been considered to be a correlate of memory
and learning. The biochemical changes that underlie
LTP arc complex, possibly involving a number of
second messenger systems |73 0Y

a4

reactive frec radical Hydroxyl radicals attack
membranc hipids and cellular protens, winch dis-
rupts cell function Exposurc of a hippocampal
shee to peroxide (20005%) decreases synaptic
responses, decreascs orthodromic spihe generation™
and increases spike frequency adaptation ¥ Free rad-
ical scavengers (dimethylsulfoxide, Trolox-C) and an
iwon chelator (deferoxaming) prevent most of the

Free radicals and active oxygen )
(¢ g peroxide, superoxide and hydroxyl radicals) are
normally generated with cellular metabolism but
arc well controlled by intnnsic cnzyme systems
and antiovidants 7% Under certam pathologcal
conditions, this delicate balance can be disrupted
Free radicals are thought to contribute to a number
of discases such as ischemic mury, alununum
toxicity, Alzhemmer’'s disease and Down's syn.
drome,”® 218334 411 of which affect cognitive pro-
cesses

Previous studies have shown that frec radicals
can interfere with neuronal clectrophysiology ¥ ¥
Hydroxyl radicals can be generated m turo
through the Fenton reaction, peroxude reacts with
ron Intrmsic to the tissuc to produce this very

+To whom correspondence should be addressed

$Present address Patent and Trademark Office, Group 120,
2011 Jefferson Davis Highway, Arlington, VA 22202,
USA

Abbrevsanons  aCSF, artificial cerebrospinal flnd, HFS,
high frequency sumulation, 1/0. mput/output, LTP,
long-term  potentiation, PSP, p plic potental,

peroxide damage, ™ suggesting that hydroxyl radicals,
and not the peroxide tself, are the reactive oxygen
species Colton et 6! ® used a similar moedel and found
that peroxide reduced the potentiation occurring
15 min after hugh frequency stimulation

This paper examines the actions of free radicals
on LTP

EXPERIMENTAL PROCEDURES

Male Hartley (Haclan Sprague-Dawlky, Inc, Indiana-
pohs IN) guinea-, PIgs (250-300 g) were anesthetized with
and d by cervical das} The brain

was rcmovcd and chilied by submersion 1n ice cold artificial
cerebrospmal fluid (@CSF NaCl 124 mM, KC13 mM. CaCl,
24mM, MgSO, 1 3mM, K,PO, 124, NaHCQ, 26 mM,
glucose 10 mM, equilibrated with 95% 0,/5% CO,) Hippo-
campt were dissected out, sheed on a Mellwain tissue
chopper to a nominal thickness of 415 um and incubated
a holding chamber at room temperature for at ieast 90 min
Peroxide solutions were made fresh daily from 50%
concentrate (Fisher) Most expenments used a peroxide
concentration of 0 002% (720 uM) Previous studies’” ** on
hppocampal shices used concentrations between 0 005%
{1 8mM) and 001% (3 6mM} The 0002% concentration
was chosen for the present study because at this level

STP, short-term potentration
383

had no direct ¢flects on electrophysiologi.al poten-
trals 1n the brain shiece These concentrations of perovide
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are comparabdle to those used as 2 model of free radical
damage to ekctrophysiological events m cardiac tissue
(100 xM-10mM) 1198
For clectrophysiological recording, a shice was placed
a laminar flow submerston chamber (Zbicz design)® and
perfused with aCSF at 30 C. A bipolar sumulaung electrode
was positioned 1 the stratum radatum of ficld CAl to
late afferent path Glass ! des @N

age of the first population spike h was evaluated
mn normal aCSF and 30nun :mer petfusion with 001%
peroxide

Data are expressed as riean values 3 standard errors
Student's -test was used for compansons of two predeter-
nuned sets of data Analysis of varrance was used to evaluate
differences ameng more than two treatment groups For ail

NaCl) were placed inthe's radiatum of field CA¥ to record
the afferent voliey and the population postsynaptic poten.
tial (population PSP) and 1n the s pyramidale to record
the population spike The magmitude of the population
spike was cakulated from the mean of the carly and fate
nunus the 1 y. The pop

PSP was quantified from the maximum negative stope
early 1n the synaptic response Signals from the micro-
electrodes were recorded with WPI hugh gaind ¢ amplifiers
and then digiized, stored and analysed on an LS1 11/23
numcomputer.

For 30mn, baseline recordings were made to ensure
stability of the ussue If the recordings dcualed substannally

analyses, a probability level of P <005 was
d to reflect

RESULTS

Peroxide at a concentratton of 0002% had no
direct effect on the amphitude of the population spike,
even after a 50 min exposure (Flg Din =4) Yet, this
[ of p d ly d the
ability of HFS lo produce LTP In unlrcalcd shees
{n = 17), HFS caused an immediate ncrease i the

from the mitial values or developed
spikes, the expenment was termunated, The shoc was stimu-
fated (02 Hz) st an intensity sufficient to produce a half
maximal response Averages of four responses wete stored
at S-pun ntervals

In most exp perfusion of [ de was started
after this equilib penoa and d for the dur-
ation of the expenment After 30 min, a high frequency
sumutus {HFS, 100Hz, 15) was delivered at the half
maximal stimulus amphitude Following HFS, data collec-
uon continued for another 60min In most expenments,
data continued to be stored every Smin In expenments used
for the exponential curve fiting, data were collecterd more
frequently and were not averaged. 1n order to allow accurare
representation of the ime course In some expenments, the
perfuston of peroxide was either delayed te follow HFS
or termmated immedrately after HFS Some shoes were
untreated (1 ¢ never exposad to peroxide) In control exper-
ments, no HFS was delivered and the actions of peroxide
alone were folloned The timing of the expenments was
identical 1n all other respects In two of the 78 shices, HFS
farled to cause even short teria potentation (STP, 1¢
potentiation that develops smmediately and decays within
151mn), these two expeniments were not ncluded in the
analysis

Input/output (1;0) curves were generated before and after
HFS in peroxide-treated and untreated shices using a range
of sumulus itensities (00 0 SmA, 200 us) Three relas
tionships were examuned using the averages from cight
expeniments population sprke vs afferent volley, population
PSP vs afferent volley and population spike vs popu
lation PSP The third relationship (population spihe vs
population PSP) was also evaluated for each individual
expenment 1O curves were generated 30 min pror to HFS
and 60min following HFS Thc tming was dmgncd to
prevent any infl of § d by
generating the 1/O cunve, on lhc LTP evoked by HFS Since
the pre-HFS ume pomt comnaded with the apphcation of
P de, the p d was not at its peak
This 1s not a coneern since peroxide at the concentration
used does not change the 1,0 curves (data not shown) Data
for the 1;O curves were analysed as previously described ¥
In brief, best-fit sigmoid curves were determined for both
pre- and post-HFS data For each curve, a parameter was
computed from the maximal y-value divided by the x-value
at half maximal y Changes in this parameter have been
effective in evaluating changes 1n 1/0 curves

Paired pulse faciitation was studied by using two sdentr-
cal sumuls (200us) separated by intervals from 10 to
200ms The stimulus strength was adjusted to produce
approumately a half maximal population sptke Amphtude
of the second population spike was expressed as a percent-

spihe to 285 + 14% of control amplitude
Wllhm 15 mun, this amphtude fell to 238 + 13% of
control and sustatned that level for the remainder of
the experiment All 17 shices showed potentiation of
at least 130% of control 60 min following HFS In
slices treated with peroxide (i = 16), there was also
an carly enhancement of the amplitude (270 £ 15%)
which was not significantly different from poten.
t1ation 1 untreated shces (2-test, P >005) In con.
trast to untreated ussue, however, by 30mmn the
amphtudc was only 185 1 13% and by 60 min only
124 £ 14% The amphtude of population spihes in
peroxide-treated shices did not establish a plateau
but slowly fell throughout the measurement period
(Fig 1A) Oniy five of 16 shices showed population
spihe amplitudes of 130% of control or greater at
60min post-HFS At 60min post-HFS, the popu-
lation spike amplntudes of treated and untreated shees
were significantly different from one another (2-test,
P <005). The insct 1n Fig 1A shows sample traces
from treated and untreated shices The population
spihe 1n untreated sltices showed a substantial increase
i amphtude that was d for 60 min, Poten-
tation was not sustained 1n peroxide-treated shces
and the population spihes before and 60 min after
HFS arc ncarly the same size

A stmular pattern was evident with the population
PSP (Fig 1B) In untreated shices the magatude of
the carly slope of the population PSP was increased
to 284 £ 26% of control with a dechne to 203 + 20%
of control within about 15min The wcrease was
sustamed  for the remamder of the experment
(202 1 28% at 60 min post-HFS) At 60mun after
HFS, 1 13 of 17 shees the population PSP was at
least 130% of control amplitude Sample traces
before and 60 min following HES 1n untreated shces
show a d ent of the p
response Treatment with 0 002% peroxide prevented
the maintamned increase 1n the PSP By 60 min post.
HFS the populanon PSP was ncarly the same as
during the control penod  The minal marcase was
261 1 30% and dechned to 129 + 17% after 60 min
Only five of 16 shces showed population PSPs that
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Fig 1 Hydrogen g d (0002%), the t
ance of LTP (A) Ampl of spike exp 3

as percentage of contro! plol:ed vs time Error bars show
standard error of the mean for each time point Open aircles
population spike 1n tissue treated with peroxide but not
stimulated with HFS (1 = 4) Open squares peroxide pre-
sent, HFS appled at 30mun time pomnt (7 = 16} Closed
arcles untreated nssue, HFS at 1 = 30min (7 = 17) Insets
show sample traces from individual expenments Light trace
15 from before HFS while bold trace occurred 60 min after
HFS (1 = 90 min) Calbration | mV, 2mrs (B) Changes in
populatron PSP with ume Symbols same as in A Insets
show sample population PSPs from same expenments 45 in
A light trace from befcre HFS, bold trace from 60nun
post-HFS Same calibration as 1n A

were at least 130% of control Sample traces show
very little difference between synaptic responses
recorded prior to HFS and responses 60 mun follow-
g HFS i peroxide-treated shices At 60 min post.
HFS, treated and untreated population PSPs were
statistically different from onc another (¢-test,
P <005)

A higher concentration of peroxide (0.005%) was
tested with HFS on three shices. As previously
observed, this concentration had a direct effect to

at an i imulus interval of 30ms,
3024 50% in untreated shees and 297 4:28%
peroxide-treated slices In agreement with Colton
et al b faciitation was unaffected by peroxide at
all mnters**mulus intervals tested (10-200 ms)

Perox..¢ might prevent LTP by mtcrfenng withats

d or its ¢xp To
these possibilities, peroxide was apphcd at different
times during the process Table 1 illustrates the
change 1n population spike 60 min after HFS with
four expenimental treatments. (1) untreated (7 = 17),
(2) treated with peroxide throughout the experimens
tal peniod (n = 16), (3) treated with peroxide before
and up to 16 mn after HFS (n = 16) and (4) treated
with peroxide only after HFS (5~60 min post-HFS,
n =9} Analysis of vartance showed that potentiation
in slices treated with peroxide throughout (treats
ment 2) was significantly less than 1n untrcated shees
(treatment 1, P <0 05) When peroxide was removed
after HFS ( 3), popul spihe amphtud
was not maintained at the level of untreated shices but
decayed more slowly than mn shoes with continued
exposure to p de ( 2. p was
not slansucally different from that i either of the
first two treatments When peroxide was applied only
after HFS (treatment 4), potentiation of the popu.
lation spike was sustained as wn untreated shices
Analysis of synaptic potentials at 60 min post-HFS
showed a sirmlar pattern (data not shown) per-
oxide following HFS was effective while peroxide
removed after HFS was only partly effecive in
reduang LTP,

In the previous series of eapeniments, the poten-
taton following HFS was cvaluated at only onc
stimulus ntenstty, kept constant throughout the
expenment In an cffort to cvaluate the change
i the response to a range of stimulus strengths,
1,0 curves were generated 30min prior to HFS
and 60 min after HFS, As scenin Fig 2,10 untreated
shices (n = 8), HFS increased the ability of the afferent
volley to chait a popul spike throughout the

Table 1 Timing of pcroxnde ;\pphca.lon affects .«mounl of
g from hugh fi Y

Perccmagc mnerease in

Treatment populauon spthe (£SEM)

(1) Untreared 1375t 145
d both the synapts p and the popu.  (2) Peroxide throughout 2401136*
latior spike HFS chicited carly potentiation of both  (3) Peroxide before and
P sprke 1oy );:: 1 PSP dunng HFS 8551168
i 4) Peroxide after H 36 164
slope Within about 30min, h , the resp 5_) roxde after HFS 261t -
were back to control level and continued to decline show p 1ncrease in pop spike

Population spike potentiauon fell to only 105 + 28%
of control within 30 min At 45 min post-HFS, the
average population spike was 58 1 33% of control
The synaptic response was similarly reduced very
quickly

Paired-pulse facilitation was evaluated with 6 01%
peroxide (7 = 3; data not shown) Faal was

60 rmin after HFS compared to control "The population
spike from untreated tssue shows sigmficant poten-
tation Treatment with pcroxldc (0002%) through-
out the experment p
*Anatysis of vanaree, P <005 l\pphcauon of peroxide
before and during HES but washed out within Smin
prevented some but not all potentiatton (P < 005)
Application of peroxide only after HFS did not affect

p (P <005

e
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Fig 2 1/O curves obtained from tissue treated with 0 002% peroxide (7 = 8, night) and untreated (n = 8,
left) Curves obtained 30 min pnor to HFS (open squares) and 60mm aﬂcr HFS (cioscd circles) i both

conditions (A) Plot of population spihe vs volley shows

spike

following HFS 1n untreated ussue which 15 not evident 1n peroxide- lrcalcd tissue (B) Piox of populanon

PSP vs volley shows

tn d tissue which 1s less dramatic with

of
peroxide treatment. (C) Plot of population spxkc vs population PSP stows only mimimal changes in E/S
couphng both in treated and untreated tissue

range of stimulus ntensities (166 £9%) In tissue

ous change 1n this relationship following LTP in the

treated with 0 602% ¢ (n = 8), this enh

7 of eight d shces (109 + 5%),

ment 15 greatly reduced (112 3 7%). HFS also in-
creased the ability of the afferent volley to evoke a
synaptic potential 1 unteeated shices (134 £ 13%)
(Fig 2B) Peroxide d d this p

(105 £ 11%) (Fig. 2B). The third set of graphs (plot
of popul sprke vs popul PSP) provides an

yet four of eight of these slices did show enhanced E/S
coupling (1¢. greater than 20% tncrease) n agree-
ment with Andersen et al ? [n peroxide-treated shees,
there 1s also no E/S enhancement n the averaged
curves (94 + 4%) and only two of eight treated shices
showed enhancement,

mdication of the ability of the synaptic p to
evoke a spike, also called E/S coupling Other
authors™** have shown that E/S coupling 1s some-
times enhanced with LTP Andersen et al? reported
that only 50% of their shoes showed this phenom-
enon In the present expeniment. here was no obwi-

P following HFS can be resolved into
components by cvaluating the time constants of
decay of the response back to baseline * In cach of
the eight treated and eight uatreated shoes in the
experiment above, data at ».ddiwonal time pomnts
were collected to provide a more accurate represen-
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Fig 3 Curves descnbing the sum of two exponential
processes wee fitted to the data for the decay of potens
tiation of the population sprke (A) and the population Psp
(B) both wath (open squares) and without {open circles)
peroxide treatment HFS given at tme = 0 Calculated time
constants (msn) shown 1n insets Details of curve fitimg 10
text Poumnts represent averages from eight expenments One
representative errof bar s shown for cach curve

tauon of changes in the amphtude of the population
spike and the population PSP with time The per-

tag in resp was plotted vs time,
with time = 0 at the ume of HFS (Fig 3) The four

Mant cutves (popul spike and popul
PSP, with and without peroxide treatment) ar¢
descnbed by the cquation for the sum of iwo
exponentials

% change = aexp( — 1/1,) +b expl — /1),

where a, b, 1, and 1, arc cvaluated for the
best fit to the expenmental data with a routine
(FITFUNCTION) in the analytical package RS/t
(BBN Software Product, Cambndge, MA). 1, and %
are the tme constants for the slow and fast com-
ponents of the curve, respectively. a and b are weights
g constants for the two exponentials and were
Insensitive to peroxide White the computed values
seem to fit the data vary well, we do not assume
that they are neoessanly unique solutions to the

and 4,16 min i p de-treated shees. It 1s
that the slower time cc nstant 1s decreased by peroxide
treatment, whereas (he faster time constant 1s not
much affected. The time t for the pli

response showed a simular effect, In untreated shees
the calculated vme constants were 158 x 10'* and
5.55min and in peroxide-treated shoes they were
61.83 and 4.82mun Again, the slow time constant is
greatly decreased by treatment with peroxide while
the faster time constant is not. Thus. the late phase
of LTP appears to be sclectively altered by peroxide,

DISCUSSION

The electrophysiological effects of peroxide on field
potentials n hippocampal shices have been shown to
be mediated by free radicals.?” In the present study,
we demonstrate that peroxide interferes with LTP at
concentrations that do not affect unpotentiated
synapuc transmusston. The §/0 curves show that frec

dical 1

p ly impair p of the
synaptic response and have much less effect on spike
(E/S coupling) This with higher

concentrations of peroxide, which sigmficantly
reduced both synapuc cfficacy and E/S couphng ¥
The d d synaptic p Is 1 pi studies
wete hypothesized to be a consequence of reduced
transmutter release.® Free radical effects on LTP,
a complex neuronal process, may mvolve other
mgechanisms

HFS induces at least two phases of potenuiation,
the fater one being LTP. The carly phase has been
referred to as STP.*¥3 Qur results in untreated
tissuie suggest that LTP docs not decrement measur-
ably. While the calculated time constant may not be
an accurate assessment of the extended time course,
1t does make the point that 1n untreated tissue, LTP
1s a sustancd process. [n contiast, m peroxide-treated
ussue, decay of LTP has a ume constant of only
about 1h On the other hand, the carher component
of potentiation, with a time constant of 5-6mm, 1s
not very senstive to peroxide This component is
Iikely to correspond to what McNaughton™ called
potenttation, which has a time constant around
I 5 mun i rivo. Temperature sensitivity can account
for much of the quanutative difference 1n the tme
constant between is expenments and the present
results,

Analysis of the ime constants of decay revealed
that only the fate phase of potentiation was affected
by peroxide while the carly decay was unchanged
Previous studies have shown that STP and LTP
have very different mechanisms Several authors®
have suggested that STP reflects an increase 1n the
probabulity of transmatter release, most hikely duc to

an n presynap | Sinilanly, paired-
pulse facitation 15 caused by an incizase m the
probability of release In contrast, it has

qQ The ime of decay of
of the population spikes of the best fit curves were
249 x 10 and 6.16 mun in untreated tissuc and 58 52

been suggested that enhanced calaum entry at
presynaptic terminals 3s not the mechanusm  for
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LTP.*# LTP does not appear to entail an increase
m the probability of transmitter release, instead
McNaughton®* hypothesized that the presynap

remove the blockers after injection, which comph-
cates comparison with our experiments in which

p of ptic enh in LTP could
reflect an in the of quanta availabl
for release or an tncrease n the number of binding
sites for vesicles Since STP and paired-pulse facili-

1 of p de was fess effective than continued

p It 1s possible that p 15 1nterfenng

with one of the several second messenger systems
thought to be involved with LTP.

Recent studies™* suggest that the oxidation/

tation are unaffected by peroxide exp L 1t 1S
unlikely that free radicals are interfering with presyn-
aptic calcium entry In fact, voltage clamp studies
in hippocampal pyramidal cells have shown that

d hugh threshold calcium currents” and tran-
sient low threshold cal currents (unpublished
data) are insensitive to peroxide Other steps 1n the

d stale of thc N-methyl-D-aspartate affects its

l Ina ber of neur-

onal preparauons. dllhlolhrcllol a sulthydryl reduc-

g agent, caused long-term enhancement of the

response to N-methyl-p-aspartate.” Tms echcl could
be reversed by oxid with dithio-bis-m

acd Tauck and Ashbeck® reported that dithiothrer-

that had no direct effects on
the synaptic potential, was able to enhance LTP. It

release process need to be idered as possible  tol, at a
peroxide-sensitive sites
Induction of LTP also req I 15 possibl

aptically,*' but only within 5min of HFS » l( 1
possible that peroxide is nterfening with a postsyn.
aptic calﬂum-dependcnt process Remolc calcium
spikes in h p show an d
hreshold vath p to peroxide’” and call
dependent processes 1 a number of cell types are
reportedly sensitive to free radical damage 4341415
Peroxide must be present during induction of LTP
to be effective. Yet its action 1s to prevent

that the free radicals formed in the pres-
ent study oxidize the N-methyl-p-aspartate receptor,
decrease 1ts contribution to the synaptic response
even with HFS and thereby reduce the expression of
LTP.

Hydrogen peroxide reacts with tissue 1ron to gener-
ate hydroxyl free radicals While free radicals are
constantly formed n healthy ussue, the mtnnsic
antioxidant systems keep them in check. However,

ance of the potentiation This suggests that peroxide
15 interfening wath some process duning the induction
phase of LTP required to fully express the poten-
uation, Recent reports!™ 3% show that a number of
second messenger systems must simifarly be available
during HFS for LTP to occur, Blocking postsynaptic
protein kinase C or calmodulin If kinase prevents the
nduction of LTP, STP 1s cwvident, but by 30min
post-HFS the responses are back to control levels, ®#
As with peroxide, the tme of apphcation of kinase

under pathol i condit frec radical generation
can cxcccd thc tissuc’s ability to control them Our
study suggests that under such conditions, LTP, and
perhaps memory processes, can be distupted
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