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Neuroscience and Behavioral Physiology, Vol. 35, No. 4, 2005

Three-Dimensional Reconstruction of Synapses and Dendritic
Spines in the Rat and Ground Squirrel Hippocampus:
New Structural-Functional Paradigms for Synaptic Function

V. I. Popov! A. A. Deev2 O. A. Klimenko,?! UDC 591.543.42+612.821.2+151
l. V. Kraev,1 S. B. Kuz’'minykh,1 N. I. Medvedev?3

l. V. Patrushev}! R. V. Popov! V. V. Rogachevskiil

S. S. Khutsiyan! M. G. Stewart,* and E. E. Fesenkd

Translated from Zhurnal Vysshei Nervnoi Deyatel'nosti, Vol. 54, No. 1, pp, 120-129, January—February,
2004. Original article submitted October 17, 2002, accepted October 28, 2002.

Published data are reviewed along with our own data on synaptic plasticity and rearrangements of synap-
tic organelles in the central nervous system. Contemporary laser scanning and confocal microscopy tech-
niques are discussed, along with the use of serial ultrathin sections for in vivo and in vitro studies of den-
dritic spines, including those addressing relationships between morphological changes and the efficiency
of synaptic transmission, especially in conditions of the long-term potentiation model. Different categories
of dendritic spines and postsynaptic densities are analyzed, as are the roles of filopodia in originating
spines. The role of serial ultrathin sections for unbiased quantitative stereological analysis and three-
dimensional reconstruction is assessed. The authors’ data on the formation of more than two synapses on
single mushroom spines on neurons in hippocampal field CA1 are discussed. Analysis of these data pro-
vides evidence for new paradigms in both the organization and functioning of synapses.

KEY WORDS: hippocampus, neuron, glial cell, synapse, gap junction, dendritic spine, postsynaptic density, serial
ultrathin sections, three-dimensional reconstruction.

Vinogradova has published a review [1] addressing Traditionally, the questions of learning, memory, and
the state of neuroscience at the change of one of millenniforgetting are linked to neuronal plasticity, which is based
um to the next and the paradigm shift in relation to theon changes in synapses. The term “synapse” (from the
interactions both between neurons and between neuron&reek synapsis meaning junction) was introduced by
and glial cells. We believe there is a need to supplemenfoster and Sherrington at the end of the 19th century [22]
this information with further data on synapses, which and means “connection.” The term subsequently acquired
underlie the operation of the mammalian brain, and this iswide use in the contemporary sense to identify connections
the aim of the present article, which reviews recently pub-between neurons [47]. According to [5, 6], plasticity can
lished data and our own work. arbitrarily be divided into two categories: 1) changes in
already-existing synapses without changes in neuronal
connections [71] and 2) changes in interneuronal connec-
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Denditic spines vere discowered moe than 100 gais
ago. Wha is the function of the denite? Why is thee
such a wide \aiety of dendites?Why do dendites hae
such comple shgpes?Why do dendite surfaces bear
spines of compbeshgpe? Ramon-y-Cajal [52] &g the if st
investicator to tiy to adiress these and other questiorise
use of a aiiety of light and electrn micioscofy methods
over the last 100 sass has led to the accudation of
extensive dda on dendtic spinesthough mawp aspects of
the oganizdion, genesis,and diect functions of spines
thus fr emain untear

In recent yars, denditic spines hae receved ever
increasing #ention [2,3,11,13-19,23-25,27-31,33-35,
38,41,45-50,55,56,61-70,72, 74-77].

At the end of the 1970Petes and Kaisenan-
Abramof [47] eviewed dada obtained ¥ light and electin
microscopy and sugested aelatively simple ¢assifcation
of spinesjdentifying thiee main ctegories: 1) fine spines,
in which the spine length as geaer than spine diameter;
2) mushioom spinesyith a long or shdr“stem” with a lage
head; 3) stuly spinesjn which the length and diameterear
virtually identical. May studies based on thitassifcation
identify four cdegories of synpses:1) fine; 2) nushioom;
3) stukby; and 4) shaft symeseswere the pesynatic bou
ton males diect contact with the denitic stem A fifth cat-
egory was subsequentlproposed [58]so-called banded
spinesgconsisting of tw fine spines bare by a single stem.
A simpler dassifcation is sometimes used [353dentifying
only two caegories: 1) spines without stems (sessile spines),
comesponding to sty spines,and 2) spines bae on a
stem (peduncutad spines)which corespond toihe and
mushioom spinesTemms sut as“axodenditic” syngses
(comesponding to stem sypses) andaxospinous’synas
es ae often usetbecause the CNS contains rens vhose
dendites form unique spinedor example the dendtes of
pyramidal neunns in hippocampaldlds CA3/CA4 and par
ticulaly CA2, along with the usual ¢egories of spines,
form so-called thawy excrescences [134].

The dendtes of ceebellar Pukinje cells contain a
populdion of spines \wich is relaively homageneous in
shae and these can arhdtily be identifed as nushioom
spines [67].

Spine surdces often hea fine outgowths of the post
syngtic membane so-called spinles, which penetate
deeply into the pesynatic bouton. Dta have been obtained
[61,62] shaving tha thes€e'spinules” can be pesent both in
the aea of the postsypéic densities (PSD) andamd the
peliphely of the heads of spineghe possike functions of
“spinules”are usualy assessed in tas of their contbution
to the eficiengy of synaotic transmission due to ingases in
the aeas of contacts beten the pg- and postsyrmmic
membanes,especiay when n& spines érm [23, 25],
though epeimental déa suppaing this ole for “spinules”
in synatic transmission ha yet to beobtained[61]. We
note tha in the stée of cold-induced tqor in the gound
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squirrel, when bain electical actvity is minimal, “spin-
ules” penetating into the pesynatic bouton can also be
found on the suaices of dendlic stems [23].

“Filopodia” represent a special sirture, these con
sisting of fne, actin micofilament-flled outgowths of the
denditic membine up to 1@um long [58]. Hopodia ply
an impotant iole in forming nev spines [1518,21,41,55,
56,60,76,77]. In hippocampali€éld CAL of the &, in vivo
studies hee demonstted [18] tha filopodia form on the
surfaces of dendgtes in the ifr st two weeks of the postial
petiod and thathey suppot the seathing for presynatic
boutons érming nev PSD with subsequent oggrsion of
filopodia into “protospines, ultimately leading to érma
tion of nev fine spines. Studies Y& sugested [1836, 39,
68] tha the gtoskeleton,whose major component is actin
[20, 60], plays an actie mle in the gowth and etraction of
filopodia dummg their conersion into spines. Detailed elec
tron-microscopic anafsis of flopodia dung the postnil
development of syrnases inield CAL of the a hippocam
pus [18] shwed tha filopodia ae an intemedide staye in
the formation of nev (de nwo) denditic spines in theifst
two weeks after bth. In this egard, the main paadigm of
neupobiology — the actre seath by axons (dferent fbers)
for “targets” — is supplementedybthe nev proposal tha
dendites can alsdseek” axons. Isolted cases of otant
mouse stins ae knavn, with spines with PSD on the den
drites of ceebellar Pukinje cells in the bsence of thergn
ule cells vihich nomally form presynatic boutons [64].
Data have also been obtained [7] shiog tha injection of
substance P into the ebral ventiicles had no ééct on the
denditic spines of PuWinje cells, which contained PSD
without making contacts with the ggynatic boutons of
parllel fibers of garule cells. Hopodia ae geneally
rarely seen on the denites of maure neuons in nomal
brains, though in oganotypic cultues and cultwes of ise
lated neuons thg are easy identified by electon and con
focal micoscopy [16, 41,55, 56, 76]. Daa hare also been
obtained [4] on thekhdlity of axons to 6érm stuctures sim
ilar to denditic spines.

We note thtary modification or formation of nev
syngses is dectly associted with both poteins in the
postsynatic density [32,36, 40, 55] and ecetors and
channels \kich suppor synatic transmission and need
constant eplenishment; the thimess of the base of the
spine plgs an impotant ole in this [68].

Changs in the gtoskeleton of the dendic spine ae
directly associted with dhangs in PSD mteins, whose
existence is the soleeliable criterion for identifying
syngses athe electon-microscopic leel. There ae two
main types of PSD1) asymmeical and 2) symmeital,
symmetical PSD ae thinner than asymmétal. Round
presynatic vesides, usually 30-50 nm in diameteare
geneally locaed near asymmaetal PSD in the msynatic
patts of synpses; symmeital PSD a¢ dhamacteized by
being associad with fattened (@al) vesides. It has been
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suggested [8,12,48] tha presynatic vesides locaed dose
to asymmeical PSD gnearlly contain the xcitatory neu
rotransmitter/medier glutamae, while vesides locaed
close to symmeital PSD contain inhibitgrneuotransmit
ters — gamma-aminobtyric acid (GABA) or glycine as
well as neunmoduldor peptides.

Analysis of thee-dimensional (3D)econstuctions of
PSD on seal ultrathin sections usuall identifies thee
main caegories: 1) “macular’ PSD; 2) perfrated PSD; and
3) sgmented PSD [1216, 17, 22-24,37, 56, 59-61,63,
64]. Macular PSD & usual locaed on elaively small
spines, are round and do not contain pefations.
Seggmented PSDepresent a special case of peded PSD
which on thee-dimensionaletonstuctions usuajl consist
of several densitiespf which & least one is pesfated

Winter hibenation of theYakutsk gound squirel
Citellus undulaéus provides a unique modebf studging
syngses. Bioelecital actvity in hibemating animals in,
for example the neocdex, is suppessed \Wwen bain tem
perture is belav 20°C; stuctures of the limbic complein
dee sle@ a brain tempeatures of less than°C shav reg-
ular actvity. The hippocampusa key structure of the lim
bic comple, plays a specialale in hibenaion processes,
constituting d'guard stdion” for contolling the CNS dur
ing sleg@. Mutual inhibition of the hippocampus and the
reticular actvatory system functions on the poséi feed
bad principle, acceleating enty into sle@ and it from
this stde [9, 32,40, 59]. Hibenation of ground squirels is
not an uninteupted pocesshut consists of a sequence of
cycles (bouts) lasting ém one to 3—4 weks,with relaive-
ly shot — up to one da— peiodic wakings. Bouts inxper
imental conditions & quite simple to monitor [51].

In vivo, the pocess of hiberaion can yield narous
tissue in tw altenaive functional stees:1) nomothemia,
when the functioning of thergund squirel nervous system
is little different from tha in other mammalsior example
rats; 2) cold-induced t@or, when bain tempeature in the
animals can amp to 1-8C, which is associed with vitu-
ally complete supmssion of synatic actvity [2, 25, 32,
48-50]. Gound squirels eEmoved from their nests in the
stae of cold-induced tqror wake & room tempeature,
making it possile to obtain a complete set of t&s of
syngse actiation duing waming of the bain. The stde of
cold-induced tguor is assoctad with tansition of neule-
oli into an inactie stae, degraddion of free and memlne-
bound pojribosomes to indidual sulunits, break-up of
the Golg appastus,and etraction of dendtic spines.The
protein-synthesizing@pairtus and dendlic spines ecover
by 2.5 h after the onset ofaking [2,26, 49-51]. Unlile
estiogen-regulated etraction of dendtic spines in estrs in
rats [74,75], reversible spine etraction in gound squirels
is associted with other asst pooty studied melsanisms.
A suiprising feaure of hibenating animals is the Ige scale
of oscillaions in the functioning of vital bgdsystems —
making these animals a unique modelstud/ing plastict

335

ty, for example of the cendit nervous systemespecialy in
relaion to leaning, memoy, and brgetting [43].

Previous studies ha&e demonstted [26,49-51] tha
the enty of ground squirels fom nomothemia to the sti
of hypothemic topor is accompaniedytretraction of the
denditic spines of gramidal neuons in feld CA3. Spine
recovery stats by 2.5 h after the onset ofaking from
hibemaion. These esults povided the irst demonsation
of the mtes of these prcesses in vb [49-51].

Three types of dende ae usual identified in the
cental nevous systeml) dendites caoered with spines
(spiry dendites); 2) dendtes with @are spines (spaely
spiry dendites); and 3) dendes without spines or smooth
dendites (non-spiy dendites) [47,48]. It is often dificult
to distinguish dendtes of types 1 and 2 ¢he light mico-
scopic leel because of the small siof the spines and
because of therga vaiiability in the rumbes of spines on
different pats of long dendtes.

The dendoplasm and spines erknavn to contain
polyribosomes [28-3145, 63, 65, 69]. Two possilee vari-
ants of the énaval and egycling of synatic “membrane”
proteins hae receved extensve discussion in thescent lit
erature. According to [69],the synthesis ofytoskeletal po-
teins of postsynaic densities occsrdirectly on the pori-
bosomes in the dentlc spines; newns hae a mebanism
whereby newly synthesied mRM undegoes contlled
“movement”to actve syngseswhere it suppats the local
synthesis of syn#tic proteins.The ole of the“ealy” gene
“Arc” (actiity-regulated grtoskeleton-assoctad piotein)
has been discussed;dilother‘ealy” genes [69]this pio-
tein contols the actiity of neuons; epression of théArc”
gene transpot of MRNA to dendites,and synthesis of pr
teins occur dung the seeral hous after tetanic stiola
tion, virtually simultaneoust with the synthesis of both
synagtic proteins and synaic modifcations, mostly of
PSD poteins.These dta ae in good ayreement with the
possibility tha cytosol-solulle PSD poteins,which do not
require mugh endoplasmiceticulum,subsequernttmatura-
tion,” or release fom the tans compament of the Golg
appaketus,are synthesiad on fee poyribosomes [42].

Special methods ha been decloped @er recent
yeas for studying denditic spines in Ning tissues. One
method is theof local superfusion ofiéld CA1 pyramidal
neuons in oganotypic cultues of the hippocampus using
the fuorescent stain calceiroflowed by genestion of
three-dimensional inges using tw-photon laser scanning
confocal micoscopy [16]. Expements of this type sheed
tha induction of long-tem potentidion [10], unlike its
blockade induces signitant inceases in theumbes of
new spines [16]Another in vivo method 6ér studiing the
behaior of denditic spines is based on thepeession of
the GFP potein in neuons. Expements eported in [41]
used the newotropic recombinant cdad RNA-containing
Sindbis vius as a ector to cay the GFP gne; this vas
used to inéct CA1 pramidal neunns in oganotypic cu
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Fig. 1. Eight sdal sections aftefsmoothing” demonstating the ultastucture of the newpil of ground squirel hippocampal
field CAl 2.5 h after wking from the stee of hypothemic topor. The method is destred in detail in [1951]. A1, A2, A3, and
A4 shav presyngtic boutons of dur indgendent axons; DD2, D3, D4, and D5 shw denditic spines; Mit = mitobondia;

PSD = postsynatic densities; ambes identify the sequence of mighotaraphs of this sees.The scale bar is im.

tures of hippocampal slice$he vius concenttion was
selected to irdct from one to 10 neons per sliceThese
expeliments shwed tha infected newns etained actiity
for & least thee dgs. Hippocampi wre collected fom rats
on postntal day 7, as the swival rate of neuons obtained
from adult ets was etremely low. Two-photon scanning
laser conbcal micoscoly was used to angte the thee-
dimensional aganizaion of denditic spines & depth of
50-200um in hippocampal slices.ilBpodia were found to
afise on dendtes onl/ when the stiralating electode was
locaed d a distance oflzout 30um from the nne contain
ing the stugt dendites. The author intgreted the prsence

of “heads”on these strctures as suppting the brmaion
of new maure denditic spines in esponse to post-tetanic
stimulation and actiation of ionotopic NMDA receptors.
These esults corelae directly with daa reported in [16]
from superfusion of neans usinglfiorescent stains.
Along with undoubted adntages sub as the hility
to investigate subcellular strctures in lving tissues.all
light microscopic tehniques hee the disadantage of rela
tively low resolving dility, which cannot theatically be
greder than half the avelength of the light usedeven in
the best casaise of special computerggrams and tw-
photon laser cownftal micoscopy, resolution cannoteeed
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300—400 nm. In eleatn micioscopy, use of ultethin see
tions geneanlly gives esolution of better than 2-3 nm.
Possible atefacts esulting fom chemical fxation of brain
specimens can bevaided ly pallel use of cyofixation
and cyoultramicrotomy of rapidly frozen neve tissue

It should be noted thahe les plged by synapses of
the four types and langes in their magohology remain
undear [55, 56]. This question pplies equall to PSD
Because of their small gzthese ag virtually inaccessilte
to study by light microscopic methods. In dion, along
with purely technical poblems,studies of bothiing tissue
and cultued slices § one- and tw-photon scanning laser
confocal micoscopy usualy involve anaysis of dendtic
spines ont in the surlce lger of the hippocampus to a
depth of 25-75um, which is dose to the ane of damge
occuring duing preparation [76]. Thus,the neuons whose
denditic spines ag being ®amined a¢ subjected to the
actions of newtransmittes and arious enzymeseleased
from cells damged duing slice pepartion. The situgion
is no less complidad when cultued neuons ae used:
firstly, neuon cultues ae made fom nevbom animals,n
which synatogenesis is still incomplete; secopdheuons
lose axons and deriths duing isolaion of cells fom
intact tissuesand these cells becomeunded in cultue
medium.Although synases érm between neighbadng
neuons duing the frst week in cultue, it is extremely dif-
ficult to identify the oigin of the neuon being studied
Both in oganotypic cultues of the hippocampus and inul
tures of isoléed neuons,de nwo syngtogenesis anddf-
mation of filopodia occus virtually constany, and thg
may read lengths of up to 1@ [15, 60, 77]. Daa hae
been obtained skdng tha the hippocampus slices usyall
used also shw synagtogenesis [2838, 55, 56,61-63,76].
As demonstited, compastive anaysis of dendtic spines
of cultured neuons and intact hippocampus slea tha
about half the gcitatory syngses in vito ae locded on
dendites, while in vivo most ae locded on spines [11]. In
addition, the rumber of spines on gab of cultivation was
found to be signi€antly greaer than the ceesponding
measue in vivo, on postntal day 5. Thus, it is difficult to
relae dda on tangs in synpses obtained in vitr to
events occuting in vivo.

Our dda allov us to assess plastibanges occuting in
the spine ppaktus in vivo, using the gnealized earange-
ments in the k@ins of hibenaing animals as anxample
Analysis was based on dat ultrathin sections (mar than
100 sections per des), which were studied § electon
microscoly with subsequent pcessing of theesulting
microphotaraphs ty computetbased methods.idgure 1
shavs a sees of eight miaophota@raphs of synpses in
hippocampalitld CA1 in a gound squirel 2.5 h after the
onset of vaking (bain tempesture had eadhed 32—-34C)
from hibenaion (brain tempeature 1-6C). This stde was
not selectedandomy, as «it of ground squirels from
hypothemic tompor involves actiation of virtually all brain
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processesThus, this stde represents a model dfactive
syngses. Only the seial section method alles detection
of the actual disposition and &&-dimensional ganizdion
of different synatic stiuctures and glial pycessesThus,
anaysis of seial microphotaraphs,individual sggments of
which ae shevn in Hg. 1, identifies ive spines qmated
by distances of no merthan 15 nmThese spinesofm
syngses with éur axons,separmted by distances of no
more than 15 nmThis fact cannot bexplained fom the
classical point of vier based on the eleatal propeties of
the axon memlang as these picesses garated by these
distances shouldxpelience nutual infuences,while the
passve popeties of the dendie membanes do not impose
ary limits on their tosenessThe dose locéion of axons
and dendtic spines mg also be impdant fom the point
of view of the“spillover” hypothesis — \wich is when an
“excess”of neuptransmitter is Ble to difuse acoss the
intercellular space and actte neighbang syngses [53].
Analysis of the seal sections in k. 1 shevs tha astoglial
processes arlocded dose to dendtic spines and axons.

Recent pas have seen aote discussion of thele of
presyngtic boutons in the méanisms of memgr these
forming synases with tv or moe denditic spines,i.e.,
so-called nultiple-syngse boutons [24,58,72]. It would
be Iaical to suppose thactivation of synatic transmis
sion on &it from the stee of hypothemic tompor would be
accompanied Yo the formation of multiple syngses on
presynatic boutons. Havever, compagtive anaysis of
three-dimensional econstuctions of axons and deritile
spines in gound squirels in the sties of nomothemia and
hypothemic tompor sheved tha these maltiple syngses on
axons vere seen in all stas of the hibarating animal. In
addition, our anaysis demonséted tha multiple syngses
could also be detected on deitelspines (k. 2).

Figure 2a shawvs eight sdal sections of a mshoom
spine and tw axons making contact with ithree-dimen
sional econstuction of these tav axons and the deritic
spines making contact with them is ahmin Hg. 2b. This
shovs thda axon 1 brms synases with thee dendtic
spines,two mushoom and oneitfie. Axon 2 forms two
syngses,one with a mshioom spine and one with mé
spine The thee-dimensional ganizaions of all these
spines a& shovn searately in FHg. 2c. Fgure 2 shows tha
the pesynatic boutons contain a poptilen of isolded
mitochondia. It is knavn [58] tha mitochondia do not
necessary have to be pesent in pesynatic boutons.
Figure 22 shaws the thee-dimensional ganizdion of thiee
types of PSDperforated segmentegdand macularHgure 2 f
shavs a stezoscopic pair of inges of a mshioom spine
forming two syngses with tw axons.

These esults povide direct evidence tha both the
denditic spine and the axon camrm mormr than one
syngse [2,3]. In other vords, the one spine-one sypse
concept is replaced ly a nav pamdigm — thaone spine can
form several syngses.
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Fig. 2. Three-dimensionaleconstuction of a nushioom spine inield CA1 of the gound squirel hippocampusThe spine simltaneous
ly forms symptoms with tev axons. Edt of the axons alsmfms nultiple syngses with dendlic spines.a) Eight micophotaraphs of
a seies consisting of 74 sections used three-dimensionalactonstuction; Al andA2 are axons; D shes the dendte beaing the nush
room spine (MS1) with peofated and sgmented postsypéic densities (PSD1 and PSD&spectiely); SA identifes the spinegpae-
tus; b) three-dimensionaleconstuction of axons and deritic spines;c) three-dimensionaleconstuction of dendtic spines érming
syngses with tw axons;d) three-dimensionaleconstuction of axons and mitbondia; €) three-dimensionaleconstuction of thee
types of postsymatic densities; f) stenscopic pair of imges of a mshoom spine with postsypéc densitiesThe scale bar she 1um.
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The two main components of the weus system —
neuons and glial cells — intact via @p junctions,so-
called electical syngpsesand other metanisms imolved
in the contol of behaior, memoy, and brgetting, and
including thought pocesses. In thisegard, neuoinfor-
matics piovides a sdes of contempary information
technologies for stud/ing different levels of opeation of
the nevous systemThis indudes a set of computerr
grams allaving quantitéive steeological anaysis of
synatic stuctures and their econstuction. Unbrtu-
nately, quantitdive anaysis and modeling ofarous sub
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areas.Three types of densitieseavalid makers for syngps
es:maculay perforated and sgmentedand these can also
change their shpes.

The“one spine-one symase” paradigm is na, thanks
to the use of s@&l ultrathin sections and tee-dimensional
reconstuction, refuted ly the possile presence of seral
syngses on one aushoom spineWe hae also obseed
examples of contacts of weral (up to fve) presynatic
mossy tber boutons oftthorny excrescencesbdf pyramidal
neuon dendites in hippocampalidlds CA2, CA3, and
CA4 [2]. The adiantagge of haiing several syngses on one

cellular stuctures on the basis of single sections lead to spine mg be associad with the Aility to process incom

misundestandings because thentroduce lage erors
[14]. A number of studies [1419, 28, 61-63,73] have
provided detailed gunds br the impotance of both an
unbiased quantiteve steeological anaysis and the need
for 3D reconstuction. Recent gais have seen the del-
opment of elaively simple and thusvailable programs
for 3D reconstuction using IBM pesonal computes,
which can be used to pduce thee-dimensional models
along with sinultaneous assessment of their quatitiea
parametes, suc as the sudce aeas and @lumes of stug
structures [19].

Preparation of seral images flom an identied aea of
the hippocampus is onlone of the intenedide staes in
producing thee-dimensionaleconstuctions.The net step
is alignment of the inges.The“Alignment” computer po-
gram is used to align eleomm micoscope imges talen
from a gven pat of a dendte on diferent sections; 3D
images ae ¢eneated in the wiivrml format by constucting
outlines br ead stucture using theTrace” program [19],
followed ly transbrmation into the aw forma and the
commecial program “3D View Actify” to geneste the
overall model #emplified in Hg. 2.

We have also deeloped our wn set of pograms br
aligning and consticting smoothed 3D objectnd also ér
quantitdive anaysis of the stud stuctures and the dis
tances beteen themThis set of ppgrams is eldively sim
ple to use anduns on IBM pesonal computer with
Pentium 2 and laove. This set hasmgaer caabilities than
programs used @wiously for 3D reconstuction.

CONCLUSION

Chemical synpses plg an impotant ole in brin
function and consist of psynatic boutons containing neu
rotransmittes and postsynic zones compsing denditic
spines.The lagest spines in the hippocampug arush
room spineswhich contain fee poyribosomes mbably
involved in synase eneaval. It is signifcant tha fine spines
can etract to become sty spines and then shaft syisa
es.This piocess of @nsition is eversible and ma be a eal
mecdanism of syngtic plasticity In adlition, all caegories
of spines can hang their shpes,volumes,and surce

ing information & the level of a small aga of the dendte —
an indvidual spine Our studies shwotha the popottion of
these mltiple syngses on mshoom spines amounts to no
more than 0.1% of all sshoom spineswhile the popor
tion of mushoom spines inat and gound squirel hip-
pocampalield CA1 is usuajl about 12-14% of the kole
syngse populaon.

This stug was suppded by the Russian Funaf Basic
Researh (Grants Nos. 02-04-488902-04-48877and 03-
04-48747) and the herhulmeTrust (Gant No. FO0269G).
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