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Long-term potentiation of synaptic efficiency is regarded as a major candidate for the role of the physio-
logical mechanism of long-term memory. However, the limited development of concepts of the cellular
and subcellular characteristics of the induction of long-term potentiation in animals in conditions of free
behavior does not correspond to the importance of this question. The present study was undertaken to
determine whether the characteristics of potentiation in the cingulate cortex in response to stimulation of
fibers of the subiculo-cingulate tract are truly long-term, i.e., develop through all known phases and last
at least 24 h, in freely moving animals. In addition, the study aims included identification of the effects of
application of blockers of different types of glutamate receptors on the development of long-term poten-
tiation and identification of the characteristics of spike responses of single cingulate cortex neurons to
stimulation of the subiculo-cingulate tract. Long-term potentiation, lasting more than 24 h, was obtained
in freely moving adult rats not treated with GABA blockers. Injection of glutamate NMDA synapse block-
ers led to significant decreases in evoked cingulate cortex potentials in response to test stimulation. Acti-
vatory short-latency spike responses were characterized by a low probability of spike generation, and this
increased with increases in the stimulation current. These data demonstrated that it is methodologically
possible to compare, in freely moving rats, the involvement of individual neurons in the mechanisms
involved in learning one or another type of adaptive behavior and the dynamics of their evoked spike activ-
ity during the formation of long-term potentiation.
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Long-term potentiation (LTP) of synaptic efficiency, ic synapses are known to be subject to modification;
observed as long ago as the 1970s, which is induced bghanges in responses allow the effects of added substances
tetanic stimulation of conducting pathways, especially in on these synapses to be assessed.
the hippocampus, remains the main contender for the role  Study of the mechanisms of monosynaptic potentia-
of the elementary physiological mechanism of long-term tion revealed synapses able to undergo changes in synaptic
memory. It is also regarded as an experimental model forefficiency in conditions of simultaneous activation of the
activity-dependent plasticity. pre- and postsynaptic membranes, i.e., those corresponding

Potentials in monosynaptic pathways are of particularto the theoretically predicted type of synapse whose modi-
importance for identifying evoked changes in synaptic effi- fication might serve as the basis of long-term memory [14].
ciency of biochemical processes, as in this situation specif-These are excitatory synapses in which the transmitter is

glutamate. While the phenomenon of LTP of glutamate
I synapses can be demonstrated reproducibly in various parts
1Laboratory for the Neurophysiological Basis of the Psyche, Insti- of the hippocampus, until recently monosynaptic LTP in the
tute of Psychology, Russian Academy of Sciences, Moscow.cerebral cortex could only be obtained at the early stages of

E-mail: nagork@psychol.ras.ru. ontogenesis or in conditions of simultaneous blockade of
2Neuropharmacology Group, Leibnitz Institute of Neurobiology, inhibitory intracortical connections [7, 18]. However, recent
Magdeburg, Germany. investigations have revealed two areas of the cortex in
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which monosyngtic long-tem potentiéion develops with
out piior blockade of inhibitoy circuits. These a& two
areas of the assodige cotex to which axons of the output
patts of the hippocampalofmation project. This type of
long-tem potentigion was frst obseved in the pefrontal
cortex in response to tetanic stidation of the entral hip-
pocampus (éld CA1 and the subiculum) [12,9, 22].
Some time lter, monosynatic LTP of glutamée syngses
was demonstted in cingulée cotex neuons in esponse to
tetanic stinulation of the subiculo-cinguta tract (SCT),
which runs fiom the subiculum to the limbic dex [15, 16].
However, the authos of these lger studies obtained limit
ed daa because thexpeiments vere perbrmed under
anesthesiaand contusions elaing to the long-ten naure
of potentidion ae made on the basis of obgtions of
responseswer peiods of sgeral hous.

The pesent stugwas perbrmed to detenine whether
potentidion in the cingulte cotex in response to stiola
tion of fibers of the SCT met the iterion of being tuly
long-tem, i.e., developing though all the knan phases
[28] and lasting taleast 24 h,in free-mwing animals;
another aim s to identify the éécts of aplying blockers
of various types of glutanta receptors on the deslopment
of long-tem potentidion induced in thesexpeimental
conditions.

This model vas useddr developing concpts of the
stages of memoy consoliddéion and the neat mehanisms
of behaior. The concpt of “functional locdion,” which
was peviously the basis of these comts, is curently
being eplaced ly the idea of‘functional specializaon”
[21]. It is well known tha the brmaion and ealizdion of
behaior depends on the irolvement of goups of newns
which play significantly different ioles in this pocess
[17, 35, and othes], these oles d@ending on the special
ization of the neusn goups [1,30]; neuons of the cingu
late cotex are actvely involved in orming behaior in
adult animals [56, 10, 26]. It is also knwn tha potentia
tion of the esponses of indidual neuons to electcal
stimulation inducing OP of the goked potential onl
occuss in some cells [3jven if these a cells of the same
type lying adjacent to e&cother [8]; the infiences of stim
ulating a dven input on the asfity of neuons is also
known to dgend on theltaracterstics of their imolvement
in information processing (X andr cells of the lgeral
geniculde bod [9]). In this connectionit is logical to sug
gest tha compaison of the bamacteistics of LTP in neu
rons plaing different ioles in suppding the brmation and
realizaion of behaior and identifcation of the efects of
LTP on the actity of these neums in behaor (which is
regarded as an>dremel important tut pooty developed
direction of irvestigation [13, 23]) could fcilitate the fur
ther deelopment of congas of the newd medanisms of
behaior. One of the most imptant conditions suppting
the view tha sud compaisons can be made using cingala
cortex neuons is the obseation of responsesespecialy
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shot-lateng/ responsesto stinulation of those ibers

which, when tetanied, induce TP. Thus,the aims of the
present vark included identifcation of the daracterstics of

the spile responses of indidual cingulde cotex neuons

to stinulation of the SCT

METHODS

Studies vere perbrmed on 79 mal@Vistar iats weigh
ing 250-350 gaged eight veeks &the time of electde
implantaion sugelry. LTP was induced in the cingutacor
tex using a potocol based on sing tetanic stimlation of
the SCTwhich consisted of sixlbcks of bipolar (100 Hz)
stimulations, ead of duetion 600 msecinterdock inter-
vals were 10 secDuiing sugery under pentobarbital anes
thesia,animals vere scalped and openingsem dilled in
the skull br electode inseiion and #tachment of ixing
screws. The bipolar stimlating electode (two plainum-
iridium wires inTeflon insuldion, diameter 75.m, cut &
the tips with a cutter and gluedgther) vas insetied into
the subiculum (P = 6.1, = 4.5,D = 2.5-3.5Paxinos and
Watson dlas [24]). The electode br recoding esoked
potentials (EP) (a pleaum-iridium wire, diameter 10qum,
cut with a cutter) w&s inseied into the postésr cingulde
cortex (P =5.5L = 0.5,D = 1-2).The position of the stim
ulating electode duing sugery was dangd until the max
imal EP to stimlation of the SCT s eadied with a dear
eatiest EP componentyith peaks with lgent peiods of
about 3 msecElectiodes vere then ixed to the skull with
Paladur esin.

EP were recoded duing free behwior stating after
a one-veek post-opetive recovery petiod. In experi-
ments deeloping ERrats receved test bcks of stinmuli
every 15 min,blocks consisting of nine bipolar stiri of
duration 100 usec and intensity 100—4Q0A, with inter
stimulus intewals of 15 secCurents br test stinli were
detemined after peliminary measuement of cwes shov-
ing the elaionship betveen EP amplitude and stithation
current; test stiralus curents vere 40% of the cuent
inducing the maximm EP Stimulus amplitude dr goplica
tion of tetanic stimlation was douked as compad with
test stinuli. Signals fom the implanted electdes, after
amplification, were passed to an angho-digtal corverter
model M-1401 (England) and then to enlum-based per
sonal computerComputer d@ accurnlation and pocess
ing were perbrmed using the jpgram Intacell. After
removal of atefacts,EP from stimulus Bocks were aver-
aged and EP pametes were measuwgd for tha point in the
expeiiment. EP pametes (leading font rise ates,ampli
tude of the ngative component) are compaged stéistical
ly in tems of theWilcoxon ciiteria for small déa sets and
in tems of Studenst test br lage (moe than 20 obsea
tions) sets. Dferences beteen paametes were regarded
as signifcant @ p < 0.05.
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Spike actvity from cingulde cotex neuions was
recoded in anothermup of |ts (h = 18) under pentobar
bital anesthesia ding sugery and then after a oneegk
recovery petiod in conditions of fee behaior in the cage.
Tungsten electides vere obtained fom World Precision
Instruments (USA) and befe insetion were coded elee
trolytically with gold. These electdes vere glued to the
slide Hock of a micomanipulaor atached with esin glue
to the et’s skull. Duing sugety, the iecoding electode
was inseted into the upper ieers of the catex, as identifed
by the gpeaance of naltineuron actvity in the signal fom
the electode which after ampliication was displged on an
oscilloscope In the net four rats, this pocedue was bl-
lowed ty smooth insdion into the caiex under anesthesia,
with recoding of actvity evoked ky stimulation of the SCT
at every 50 um of insetion depth.

After the ecovery peiiod, spike responsesveked by
stimulation of the SCT wre recoded in conditions of &e
behaior and after amplifcation with a peamplifer loca-
ed on the anima’ head and ftiner amplifcation, were
passed to an M1401 angho-digtal corverter (England)
and then to a computeunnning the Spi&-2 pogram. Test
stimulation was @plied with pais of bipolar stimli with
interstimulus intevals of 50 msecdr detection of the pes
sible efects of the mrsyngtic medanisms of LP. In most
animals @ = 14), recoding of nultineuron actvity at one
site was bllowed ly use of the mi@manipulaor to moe
the recoding electode; multineuon actvity was measd
at the nev microelectpde position on the ®e or subse
quent dgs. Dda stoed on computer are processed to
extract spile trains flom indvidual neuons in tems of
shae and amplitudeusing the Spik-2 pogram; the mean
frequeng of cell actvity was measwd for the ensenib
being studied and pistimulus histgrams of spik respons
es to SCT stimlation were constucted The stéistical cii-
terion for the pesence of aesponse @as thex? test, Fish-
er's eact test being usedif small \alues (Epistapro-
gram). Stéistically significant iesponses are identifed by
compaing specifed histgram bins with the bin tich in
baseline conditions had the mogtreme \alue of the same
sign (the bin with thergaest \alue was useddr actiation;
the bin with the smallestlue was useddr inhibition). Dif-
ferences \ere regarded as signi€ant & p < 0.05.

In a setes of &peliments based onldxckade of syng
tic glutamae receptors, suigery in 29 iats involved implan
tation of a canala into the Igeral ventiicle (P = 0.8L = 1.6,
V = 4.0 accoding to dlas [24]) adlitional to the stimlat-
ing and ecoding electodes. Duing expeiiments,the can
nula was used to administer thellbwing blockers: D-2-
amino-5-phosphonaleiic acid (AP-5) to lbock N-methyl-
D-aspatate (NMDA) receptors, 6-cyano-2,3,-dilydroxy-7-
nitroquinoxaline (CNQX) br bockade of a-amino-3-
hydroxy-5-mettyl-4-isoxazlepropionde (AMPA) recep-
tors, and (R,S)a-methyl-4-carboaypherylglycine
(MCPG) for blockade of methotropic receptors. Solutions
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were instilled into the leeral ventiicle & a rate of 1pul/min

at concentations which, taking the wlume of the at brain
as dout 2 ml,gave tissue conditions of 50M AP-5, 1 uM
CNQX, and 500uM MCPG. Studies of the hippocampus
have demonstted tha these concerdtions eliably block
the coresponding &ceptor types,blocking respectiely
responses to test stith (CNQX) or different phases of
LTP [18].

After expeliments, animals vere anestheted with
halothane; kains were removed and iiked for 2 h in a mix
ture of acetic acigformaldelyde and ethanol. Bains were
then stoed in 70% ethanolafter which the ethanol as
replaced with bloroform and bains were embeded in
paraffin. Sections of paffin-embeded bains were pe-
pared on a miastome (seal sections of thikness 2Qum) to
identify electode locéions.Visually selected sectionsese
stained with aesyl violet br accuate detemination of the
positions of electrde tips ly microscopic &aminaion.

RESULTS

In the frst seies of epeliments,performed using 32
rats in free behaior, recodings were made of cingute
cortex EP poduced in esponse to stiolation of the SCT
before and after tetanic stungtion of this tact. The shae
of EP poduced in esponse to test stifation was similar
to tha previously recoded in the dgelayers of the cingu
late cotex by Hedbeg and Stanton im vivo andin vitro
expeiiments [15] We obseved potentition of synatic effi-
ciengy, which lasted mag than 24 h (ig. 1, A) and wvhich
can theefore be egarded as tne long-tem potentigion, the
development of vhich passed tlmugh all phases kmm to
date [28]. Inceases in the stpress of theising ed@ of the
EP to its peak @re by up to 40-50% and p&isted to the
following day at a level of 20—-30%7This diggram shas the
dynamics of the amplitude of thé&dt component of EP
which had a leent peiod of dbout 3 msec andhich reped-
ed with a fequeng of 100 Hz in conditions of tetanic stim
ulation; these a signs thiathis response as monosyna
tic in naure. Thus,the long-tem potentidion recoded in
the cingulde cotex in these gpeiments vas monosyna
tic. Later components are moe \variable and potentigon
of these componentsas seen oglin some as and also
lasted obr different peiods of time

The efects of intaventicular administation of Hock-
ers of diferent types of symatic glutaméae recetors were
studied in a fuher 29 ats. Injections of NMIA receotor
blockers led to signitant ¢ < 0.05 ly Wilcoxon’s test)
deceases in the amplitude @faponses to test stih (about
20%) 15-30 min after mplicaion, while injection of the
AMPA receptor Hocker had vitually no efect on these
responses (§. 1, B). The efect was identical in mgnitude
for the edy component of EP with peaki¢angy of 3.5 msec
and pr the ldae component with a peaktésmg/ of 7 msec
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Fig. 1. Changs in @oked potentials after tetanic stitation and @plication of glutamée receptor Hockers. A) Long-tem potenti¢ion of EP in the cingu
late cotex after tetanic stimlation of the subiculo-cingute tract. The odinate shavs the EPise e, % of initial, and the bBscissa shas time h. The time
during which post-tetanic EP &s signifcantly (t test,p < 0.05) diferent from initial is noted # the line and astisks. The moment of tetanic stinfetion
is maked ty the arow. The rumber of ets is identifed asN. B) The efects of gplicaion of glutamé#e recetor Hockers on EP poduced in esponse to
test stinuli. The intewal duing which the EP ise rate after gplicaion of AP-5 was signiicantly less than baseline and EP after CNQX iskadrwith a
line and astasks (Wilcoxon testp < 0.05).The time duing which bockers were gplied is maked with the barFuither details as in4).
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Fig. 2. Responses in the cingidaotex to electical stimulation of the subiculo-cingute tract under Nemigal anesthesiad, C) EP and newmnogram of
responses to stintetion of the SCT with a cuent of 400pA in rat No. 29;B, D) in rat No. 37.The moment of eledtral stinulation coresponded to the
1-msec mde on the ascissa. Edtcuve was obtained ypaveraging responses to nine sequential stim
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Fig. 3. Reristimulus histgrams of the actity of individual neuons in esponse to pad stimulation of the subiculo-cinguta tract. A) Histogram of the
spike actvity of an ensemle of neuons of the cingule cotex of rat No. 36 duing stimulation of the SCT with a cuent of 400nA. B-G) Histagrams of
the spile actvity of individual neuons etracted fom this ensenib. Plots to theight of the histgrams shw the aeraged spile shaes br eat neupn.
The odinate shavs the mmber of spiks duing the ecoding time; the bscissa shas time sec Calibration of spile shpe is gven to theight of the his
togram shaving ensemle actvity. The moments of eledtal stirmulation corespond to the 0- and 0.05-sec points on beeiasa. Histgram bins signif
cantly different fom baseline & maked with astesks (2, p < 0.05).The rumber of stinulus pais pesented is identéd asN.
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Fig. 4. Reldionship betveen &oked spile actvity of an ensenle of cingulde cotex neuons in et No. 36 and the stngth of electcal stinulation of the
SCT. A) Histogram of actvity at a curent stength of 100-20QtA; B) histagram of actvity at a curent stength of 200-30QLA; C) histagram of actvity
at a curent stength of 300-40QA; D) histagram of actvity at a curent stength of 400-60QtA. The odinae shevs the mimber of spiks; the hscissa
shawvs time sec The moments of stimlation corespond to the 0- and 0.05-sec points on tiseiasa; asteks identify bins with actity significantly
greder than pestinulation actiity (x2, p < 0.05).E-F) microphotaraphs of bain sections fsm rat No. 36 in the @a of the stialating electode €) and
recoding electode §). Electode tip positions coespond to the leer bounday of the dak spot in the subiculum and gekyers of the cingulte cotex
respeciiely. Electode taces on the phatoephs ae adlitionally contasted
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Fig. 5. Lae spile responses to eleatal stimulation of the SCT in the cingula cotex. A) Histogram of ensenik actvity in rat No. 55;B—C) inhibitory
pauses in histgrams of the spik actvity of ensemkes in mts No. 37 and No. 40he odinae shavs the mimber of spiks; the bscissas shes time sec
Bars and astésks dove histgrams shw intervals duing which activity was signifcantly different fom baselingx2, p < 0.05.The rumber of stinulus

pairs pesented is ident#d asN.

These esults ae evidence br a diference in the ales of
AMPA and NMDA receptors in the opation of glutamée
synases in the sticture of the neocoex as compad with
the hippocampus (see [11]). Considgrthis damacter of
the efects on testasponsesye did not stud the efects of
treament with the NMIA receptor Hocker on the induction
of long-tem potentigion. Applicaion of the methotropic
receptor Hocker MCPG had no &ct on the amplitude of
responses to test stiation, while in six its treament with
this Hocker was bllowed 15 min lger by tetanizéion of the
subiculo-cingulée tract with paametes leading to long-
tem potentiéion in contol animals.We hae peviously
descibed the esult of this gpeliment [11],which was tha
applicaion of MCPG did not lock long-tem potentigion.
Expeiments ivolving recoding of neuon actvity in
the cingulde cotex in conditions of stimalation of the SCT

were perbrmed in 18 ats. Mophological monitoing
shaved tha the stinulating electodes vere locded in the
subiculum and theecoding electodes in the cingute cor
tex. In four rats, neuon responses to stintetion of the SCT
during sugety were recoded on the computednder anes
thesia,amival of the stinulating electode into the subicu
lum was assoctad with the detection of cellular spik
responses to test stitation a& 100—-200pA, with latent
peiiods of dout 3 and 10 msec it 2). After reading a
defined stimulation intensity (@neally 150-20QuA), these
responses are seen with a pbaility of 100%; Hg. 2
shavs responseswaraged from nine perdrmancesApait
from the &ct tha spikes gpeaed with a pobability of
100%, they were also barmacteized by a constant k@nt
petiod, which alloved us to sum gate perbrmances.
When the stimlation amplitude vas inceased to a el
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greder than the theshold shot-lateng/ responses psisted
at all electical stimulation intensities used (up to 6Q@),
while long-ldeng/ responses in some cases pigzaed; we
believe tha this is assoctaed with actvation of inhibitory
circuits by electical stirrulation.

After the ecovery petiod, these and theemaining 14
rats were used dr recoding nmultineuron responses to stim
ulation of the SCT in fee behwaior. Activity was ecoded
from 45 neunn ensemles. The mean ensen®spile fre-
queny was 21.6 spiks/sec Consideing the fict tha 6-8
neuons could be disgninated in an ensenié the mean
dischaige frequenyg of the cingulée cotex cells ecoded
was ony 3 spiles/secStimulation of the SCT eoked either
increases or inhibition of spékactvity in different neuons,
or had no signi€ant efect on spik frequeng. Shot-laten
cy (with time paametes coresponding to the potentig
monosynatic component of EP)veked spiles were
recoded in ony two rats & six recoding points. kgure 3,A
shaws perstimulus histgrams of nultineuron responses in
rat No. 36 duing stinulation of the SCT with pag of
bipolar impulses with a ctent intensity of 40QA. Both
stimuli in the pair induced spés with a lt&eng of about
3 mseg these &lling into the frst histgram bin, which
means thiathese can beegarded as monosympéically
evoked spiles (see laove). Hawvever, the pobability that
spikes would gpear vas less than 50% in totadrfspikes
from all cells ecoded sinultaneous} by the electode (the
Spike-2 pogram disciminated six diferent neuons in this
spike actvity). All individual neuons in the ensenfd
recoded ly the electode were actvated in esponse to
stimulation, though sharlateng/ spikes (actiity in the frst
histogram bin after the ifst stinulus was signiicantly
greder than baseling(? criterion, p < 0.05) vere recoded
in three cells; the adtity peak of the emaining cells ws
obseved laer (in the thid bin,10-15 msec)The pobabil-
ity that a paticular cell would pioduce a spi& response to
quite stong (400uA) stimulation varied from 3% to 27%.
Plots of the elaionship betveen the spik response in one
rat and the stimlation curent ae shevn in Hg. 4, A-D.
These plots shw tha increases in stimlation curent were
accompaniedypincreases in the pbability of spike gener
ation. However, this inciease vas not monotonous in tuae,
but rather was darmacteized by a theshold after which the
mariked spile response@peaed In adlition, changes in the
ratio of the amplitude of theesponse to thért stinulus to
the amplitude of theessponse to the second stilons in the
pair were seen.Thus, at low stimulus intensities,the
response to the second gtils was signifcantly greaer
than the esponse to thérft, while this @tio was irverted a
high intensitiesThe sameifjure (E-F) shavs photgraphs
of brain sections ’m rat No. 36 shwing the positions of
electode tips.

Seven ecoding points in éur rats yielded long-lgen
cy (7-50 msec) wked actvatory responses. Stiatation
with cuments of diferent intensity gve maximum spile
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responsestanean stiralation intensities of 150-300A in
different animals. Faher inceases in the stintetion cur
rent led to supm@ssion of the spkresponseAn example of
long-laeng/ activation of a neuon ensemle is shavn in
Fig. 5,A.

Four rats also shared inhibitoy responses to stinte-
tion of the SCT teight ecoding points. kgure 5,B-C
shavs examples of fear inhibition of long-léeng/ changes
in spike actvity after stinulation of the SCT

DISCUSSION

The obsevation of long-tem potentidion of syn@s
es in tacts connecting the hippocampus withustures of
the neocaex is very important from the point of vier of
the possite role of changes in synptic eficiengy in the
formation of long-tem memoy. The potentition of EP
demonstated hee, lasting a dg is evidence or the
involvement of potein synthesis méanismswhich can
lead to long-lasting ltanges in cell function. In atition,
paticular a&tention should be paid to thadt thd the LTP
demonstated hee was ecoded in consciousfreely
mobile animals without Ibckade of inhibitoy circuits.
This is impotant,as these arthe conditions in tich ank
mals ae seen to learto sole behaioral tasks. Gien tha
the special gle of neocdtical stuctures in stoing long-
term memoy is well recggnized [31],the demons#tion
tha LTP can bedrmed in these stictures can beegard-
ed as indiect suppdr for the irvolvement of pocesses
involving threshold dangs in synatic eficiency in the
formation of memoy.

Hedbeg and Stanton [16] useddaokers of different
types of glutami@ receptors to identify the same sypses
as those studied herthough their gpeiments vere per
formedin vitro, which does not all the lde stges of TP
to be studiegthese being iggered seeral hous after tetan
ic stimulation. Unlike dda obtained in [16]which shaved
tha metdotropic receptors need to be agtted for poten
tiation of the monosyraic component of ERIse of hock-
ers of these eceptors in our studies had nofe€t on the
development of TP This difference mg be associtad
with the fact tha different actve ayents vere usedThe pe-
sent studies are based on theldcker MCPG while Hed
belg and Stanton used the less specblocker DL-2-
amino-3-phosphonoppionic acid (DL-AP3)The eficagy
of MCPG as a spedif blocker of the lte stges of TP has
been demonsdted in the case of hippocampal nes [20].
At the same timedaa hae been obtained siing the
effects of MCPG on hippocampal sys&s [29],which
include the diferent efects of MCPG lmckade of eceptors
on the cowse of potentition after weak and sting tetanic
stimulation of the hippocampus [34]This difference in
effects mg be assoctad with the diferent oles of difer-
ent types of mettropic recetors in maintaining TP,
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these diferent ieceptor types beinglbcked by the Hockers
mentioned bove; differences in tetaniz@mn conditions
may also hae a ple.

Intraventicular administation of AMPA receptor
blockers in the pesent stug did not poduce ag grea
chang in responses to test stifation. This unepected
result my be assoctad with the poor dffision of ajents
to the synpses under wrestigation or with lov concenta-
tions of AMPA receptors in SCT synpsesWe did not use
higher concenttions because of thesk of very severe
consequence®f the animals —&n the intaceebral fluid
concentations used her were much greder than those
needed dr blockade of glutami receptors of hippocam
pal syng@sesin vitro. Patticular atention should be paid to
the stong efects of hockade of NMDA receptors on EP
produced in esponse to test stiretion in the pesent
study, which supassed the &dcts of aplicaion of the
blocker of AMPA receptors, which ae knawvn to be
responsile for up to 95% of the amplitude of ERopluced
in response to test stiration in hippocampal cells [18].
Hedbeg and Stantonyho tetanied in conditions of ga-
ment withAP-5, demonstated Hockade of the induction
of LTP in bmin slices.Their illustrations shav some
decease in theasponse to test stirtation after gplica
tion of this Bocker bebre tetanic stimlation. In our viev,
the fact of eleated sensitiity of neuonal synases in the
cingulae cotex to Hockade of NMDA receptors mgy be
associted with their specialale in the brmaion of long-
term memoy. The literature indudes deséptions of so-
called silent syngses,characteized by the pesence of
only potential-dpendent NMIA receptors, AMPA rece-
tors being &asent [25].As noted ly the authos of [25],
these synpses a& numeious a the ealy stagges of ontge-
nesis, though thg accunulate AMPA receptors duing
development. Other authei{17] hae noted thaprocess
es similar to long-ten potentigion play a decisie rle in
converting silent synpses into functional sypaes dung
ealty postnaal onta@enesis inats. It can be sugested tha
at the functional leel, this coresponds to the pcess of
specializéion of neupns in the caesponding strctures,
which occus both duing the brmaion of behaior dur
ing eaty development and in adult imdduals duing
training.

The iesults obtained herrepresent a signifant st@
on the pth to direct compason of the cowse of the po-
cesses of neon specializion duling leaning with
changes in synptic eficiengy in the same cells dimg the
induction of OTP. They shav tha in stuctures whose neu
rons become speciatid duing opeant leaning in relaion
to forming behsioral acts [24], these newns canin con
ditions of free behwior, develop long-tem potentigion in
conditions of electeal stimulation of the output strcture
of the hippocampalofmation. This sugests the possibility
tha the same symdic mehanisms a involved both in
processes of moddation of hippocampal celldinked in
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the literture with forming medium-tem memoy, and in
rearangements of cdical neuons, which coresponds to
the formaion of “pure long-tem memoy” [31].

From the methodolgical point of viay, it is also \ery
important to note thiaexcitatory spike responses dimg
stimulation of the subiculo-cinguta tract occur & low
probability, as this vitually excludes theisk tha the spiles
of neighboing neupbns ecoded with a single lronic
microelectode will be supémposed which allows all
spikes poduced in esponse to stiaiation to be identied
using standar methods of dracting spiles flom a specit
neupon in tems of spile shgpe and amplituddor example
using the Spik-2 pogram.

An atempt to mak a diect compason of the spik
responses of hippocampal nens with the érmation of
LTP in the same pbof the hippocampus shed tha mary
neuons not orny did not incease their spik actvity in
response to the test stihas after tetanizeon, but also tha
deceases occued in conditions oflear LTP as meased
in terms of the usual eledphysiological measwes [32].
The arability of the spile responses of an enselmlbf cin
gulae cotex neuons to stinulation of the SCTseen in our
studiesmay be associad with the mgsholagical feaures
of this tact and the distrution of syn@ses on neons
[33]. This tract is hamlcteized by a toparaphical pojec
tion whereby a defned locus of the subiculumgjects to a
defined locus of the cingula cotex. In combindion with
lateral inhibition developing in coftical stuuctures,this may
explain the lage rumber of inhibitoy responses hich we
recoded as vell as the #&ct tha shot-lateng/ excitatory
responses &re recoded ony in two rats. Consideng tha
the syngses of this aict ae locded on the pical dendites
of cingulae cote pyramidal cells andaccoding to Hed
berg and Stanton [15have only “modulaory effects” on
their actvity (unlike, for example the “leading influence”
of transcallosal connections)he pobaility of precise
coincidence of the stinlated goup of fbers in the pojec
tion is ety low, which explains the small mmber of ani
mals in which we were &le to recod shot-lateng/ respons
es. In this sensédt is very useful to ecod responses on a
computer dung sugery for mutual positioning of the
microelectodes vhich, unfortunaely, we commenced owl
in expeliments on the k&@r rats.

Summaizing the d#a, we note in pdicular: a) we
recoded sharlateng responses @M cingulde cotex neu
rons to stinulation of the SCT in feely mobile &ts; b) these
responses are seen in a majity of individual cells
extracted fom the coresponding enserfd The dada
obtained hex demonstte the fundamental methodgloal
possibilities of compamg the irvolvement of parcular
individual cells in feely mobile &ts in leaning one or
another adative behaior and the ginamics of their eoked
spike actvity during the brmation of long-tem potentia
tion. At the same timeour dda also demonsite the difi-
culties of perbrming sut expeliments.
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CONCLUSIONS

1. Tetanic stinulation of the subiculo-cinguta tract

leads to thedrmation of long-tem potentigion in the cin
gulae cotex of freely moving adult ets without the use of
GABA blockers.

2. The potentible component of theveked potential

can be egarded as monosyp#c.

3. Injection of both symatic AMPA and glutamte

GABA blockers leads to signifant deceases in wked
potentials to test stintation in the cingulte cotex.

4. Stinulation of the subiculo-cinguta tract leads to

recoding of actvatory and inhibitoy spike responses with
different laent peiods in the populdon of neuons locéed
in the cingulée cotex in freely moving rats.

5. The actvatory shot-lateng/ spike responsesecod-

ed hee were characteized ly a lov probability of spike
genestion, which increased with in@ases in the stiole-
tion curent.

Reseath (Grants Nos. 99-04-48821 and No. 00-15-98838)

This work was suppded ty the Russian Funef Basic

and the Ganan Reseah Society (Gant No. SFB 426).

REFERENCES

10.

11.

12.

Yu. I. Aleksandov, The Psyboplysiolagical Signifcance of the
Activity of Cental and Reripheral Neuons in Behwior [in Russian],
Nauka,Moscov (1989).

Yu. I.Aleksandov, T. N. Grechenlo, V. V. Garrilov, et al.,“T he for-
maion and ealizdion of indvidual expeiience” Zh. Vyssh. Ner.
Deyat., 47, No. 2,243 (1997).

L. L. Voronin and I. E. Kidiyasha, “Responses of hippocampal
neuons duing long-tem post-tetanic potenti@n,” Zh.Vyssh. Ner.
Deyat., 29, No. 1,141 (1979).

A. G. Gokin, “Behavioral specializéon of cotical neupns & dif-
ferent stges of leaning,” in: The EEG and Neonal Activity in Psy
choplysiolagical Studieqin Russian],V. B. Shvykov et al. (eds.),
Nauka,Moscav (1987).

A. G. Gokin and D G. Sherchenlo, “Dif ferences in the astity of
limbic cottex neuons in ebbits with diferent behsioral stetegies;
Zh.Vyssh. Ner. Deyat., 45, No. 1,90 (1995).

Yu. I. Aleksandov, Yu. V. Giinchenlo, D. G. Sherchenlo, et al.,
“A subset of cinguta cotical neuons is spedéally actvated duing
alcohol-acquisition belvér,” Acta Plysiol. Scand 171, 87 (2001).
A. Artola andW. Singer, “Long-tem potentiéion and NMDA recep-
tors in @t visual cotex,” Nature, 330, 649 (1987).

G. Buzsaki,“Hippocampal shar waves: their oigin and signif-
canceg’ Brain Res.398 242 (1986).

K. Funke and UT. Eysel,"Phamacolaical inactvation of pretectal
nudei reveals diferent moduléory effects on etino-geniculde trans
mission ly X andY cells in the cg’ Visual Neuosci, 12, 21 (1995).
M. Gabriel, “Training-st@e related neuonal plasticity in limbic tha
lamus and cingul@ cotex during leaning: a possike key to
mnemonic etrieval,” Behav. Brain Res,. 46, 175 (1991).

A. Gokkin, Yu. Alexandov, and K. Rgmann,“LTP in cingulae cor
tex of freely moving rats: duration and mGIuR indeendencg Neu
rosci. Res. Comum,, 21, 119 (1997).

T. Jy, F. Burette and S Laroche, “NMD A receptor-dependent long-
tem potentigion in the hippocampal fdrent ibre system to the pr
frontal cotex in the &t,” Eur. J. Neupsci, 7, 247 (1995).

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Gorkin, Reymann, and Aleksandrov

K. Jeffery, “LTP and spial leaning — where to net?” Hippocam
pus 7, 95 (1997).

D. O. Hebb, The Oganizaion of Behaior. A Neuppsytological
Theory, JohnWiley and SonsNew York (1949).

T. G. Hedbeg and P K. Stanton,“Long-term potentiéion and
depression of synatic transmission inat posteior cingulae cor
tex,” Brain Res.670 181 (1995).

T. G. Hedbeg and PK. Stanton,Long-tem plasticity in cingulée
cortex requires both NMIA and metaotropic glutamée receptor
actiation,” Eur. J. Phamacol, 310, 19 (1996).

J. T. Isaak,M. C. Cnir, R. A. Nicoll, and R. C. Malenk&;Silent
syngses dung development of thalamoctical inputs; Neuwon,
18, 269 (1997).

I. Izquiedo, “Long-tem potentidion and mebanisms of memgy’
Drug. Dev. Res,. 30, 1 (1993).

S. Laroche T. M. Jay, andA. M. Thiery, “Long-tem potentidion in
the pefrontal cotex following stinulation of the hippocampal
CAl/subicular egion,” Neuiosci. Lett, 114, 184 (1990).

D. Manahan-¥ughan and K. GReymann,‘Metabotropic glutamée
recetor subtype gonists fcilitate long-tem potentigion within a
distinct time windev in the denti gyrus in vivo,” Neuosci, 74,
723 (1996).

V. Mountcastle“T he eolution of ideas concaing the function of
the neocaex,” Cerebral Cortex, 5, 289 (1995).

A. B. Mulder, M. P. Arts, and F H. Lopes da Sik, “Long-tem
potentidion sirmultaneous} elicited in hippocampusnucleus
accumbens and @irontal cotex,” Neuwosci. Res. Comam,, 13,
Suppl. 1,511 (1993).

S. M. O'Mara, “Spdially selectve firing propeties of hippocampal
formation neuons in odents and pmates; Prog. Neuobiol., 45,
253 (1995).

G. Paxinos and CWatson, The Ra Brain in Steeotaxic Coodi-
nates Academic Pess,Orlando,Florida (1986).

R. S Petralia, J. A. Estéban,Y. X. Wang et al.,“Selective acquisi
tion of AMPA receptors over postntal development sugests a
molecular basisdr silent synpses, Nat. Neupsci, 2, 31 (1999).
E. Pogyk, Y. L. Tanakaand J P Joseph, “Anterior cingulde actvi-
ty during routine and nonautine sequential beh®rs in
macaque$,Nature Neuosci, 3, No. 5,502 (2000).

J. B. Rang, “Studies on single neanes in dasal hippocampaldf-
mation and sptum in unestained &ts: |. Behavioral corelaes and
firing repettoires; Exptl. Neuol., 41, 461 (1973).

K. G. Rggmann and SStaak,“Molecular me&ianisms undéying
long-tem potentigion: postsynatic glutamae receptors and potein
kinase C) in: Protein Kinase C in the CNSocus on Neumal Plas
ticity, P L. Canonico et al. (eds)asson Ress Milan (1994),p. 7.
D. K. Selig H. K. Lee M. F. Bear and R. C. MalenkdReexami
naion of the efects of MCPG on hippocampalB LTD and deo-
tentigion,” J. Neuophysiol,, 74, 1075 (1995).

V. B. Shvykov, “Behavioral specializéion of neuons and the sys
tem-selection ypothesis of learing,” in: Human Memoy and Cag-
nitive Capabilities, F. Klix and H. Ha@endorf (eds.)Elsevier, Ams-
terdam (1986)p. 599.

L. R. Squie, Memory and Bain, Oxford University PressNew York
(1987).

A. Uzwiak and |. Blak, “Evidence br plasticity & the single neu
ron level in freely behaing rats; Abstt Soc Neupsci.,29th Anru-
al Meeting Miami Bead, Florida (199),Vol. 25,p. 462.

B. A. Vogt, “Cingulate cotex,” in: Cerbral Cortex, A. Petess and
E. C. Dnes (eds.Plerum Pess,New York (1985),Vol. 4,p. 89.

V. W. Wilsch, T. Behnist, T. Jager, et al., “When ae dass 1
metaotropic glutamée receptors necessgrfor long-tem potentia
tion?” J. Neuposci, 18, 6071 (1998).

S. |. Winer, “Spdial, behaioral and sensgr corelaes of hip
pocampal CA1 compiespike cell actvity: implications for infor-
maion processing functionsProgr. Neuobiol., 49, 335 (1996).



