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Abst r act — Üéåãà1èãå data and our own data on the synaptic plastici ty and remodel ing of synaptic
organelles in the central nervous system were general ized. M odern techniques of confocal laser scanning
microscopy and serial thin sectioning for i n vi vo and in vi tro studies of dendri tic spines were discussed, in-
cluding the relationship between morphological changes and the synaptic transmission ef f iciency, in partic-

ular, using à model of long-term potentiation. Various categories of dendri tic spines and postsynaptic
densi ti es, and also the role of f i lopodia in spine genesis were analyzed. The serial thin sectioning technique
was shown to be most efficient for unbiased quantitative stereological analysis and three-dimensional recon-

structions. Using à ref ined technique of serial thin sectioning and à computer program, giant mitochondria
in dendr ites of neurons in various regions of the hippocampus were demonstrated. Smooth endoplasmic re-
ticulum was shown to form à continuum with the outer membrane of the mitochondrial envelope. I t was as-

sumed that çèñï à continuum ensures calcium þ ï tunnel ing, thus favoring the functioning of the
intracellul ar signal transduction system during synaptic transmission. Data were presented on the existence
of gap j unctions ("å1åñ~ï ñ synapses" ) at mammalian brain synapses, and also between glial processes and

gl ial cel ls and neurons. Using our own and li terature data, we showed that gl ial cell processes form à gl ial
network, which could modulate the functioning of the neuronal network. The connection of dendri tic spines
with the glial network was shown by the example of three-dimensional reconstructions of neuropi l volumes
in the ÑÀ 1 area of the hippocampus of ground squirrels in three functional states: in the normothermia, in
2.5 h after the beginning î 1 awakening from hibernation, and in cold torpor at à brain temperature below
6' Ñ. Our own data were discussed on the formation of more than f ive synapses both on mushroom dendritic

spines of ÑÀ 1 neurons and on thorny excrescences of CA 3 neurons. The results of the analysis of the data
presented suggest new paradigms organization and functioning of synapses.

Êåó words: hippocampus, neuron, gl ial cel l , synapse, gap j unction, dendritic spine, pqstsynaptic densi ty , se-

rial thin sectioning, three-dimensional reconstructions

ships both between neurons and between neurons and
glial cells. We considered it necessary to supplement
this information with recent data on synapses ensur-

ing the functioning of the mammalian brain and on
the role of glial cells in these processes, which was
the purpose of this paper.

In 2000, V inogradova published à review [1] re-

garding the status of neural science at the turn of the
millennium and à change of paradigms of the relation-

A b b r ev i a t i o n s : G F P , g r een fl u o r esc en c e p r o tei n ; A r c , ac t i v i t y -r eg -

u l a ted cy to sk e l e to n- asso c i at ed p ro tei n ; Ñ À Â À , 'ó-am i n o b u ty r i c ac i d .
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2 7 33D ORGANIZATION OF SYNAPSES AND ASTROGLIA

l ight and electron microscopy techniques, an enor-
mous body of data on dendritic spines was obtained;
however, many aspects of the organization, genesis,
and functioning of spines remain unclear. In the Rus-
sian l iterature, publications on this subj ect are now
few; therefore, we considered it important to fill this
gap using literature data and our own data.

The hippocampus, which is the most convenient
brain structure for studying spines, belongs to the
archecortex (old cortex), where the organization of
interneuronal connections and the functioning of syn-
apses, in principle, differs l ittle from those in the neo-
cortex (new cortex). As electrophysiological and bio-
chemical studies showed, this is the best studied brain
structure, all regions of which are readily identified at
the morphological level . Long-term hippocampal sec-
tions (slices) are widely used models in neuro-
biological studies. The hippocampus can be ãàðêÍ ó
and easily isolated from the brain, and the identified
region can further be used for organotypic cultures
[20] and cultures of isolated neurons [21].

In the central nervous system, three types of
dendrites are usually divided: spiny dendrites, spar-
sely spiny dendrites, and smooth or nonspiny den-
drites [22]. Dendrites of the first and second types are
often difficult to distinguish Úó light microscopy be-
cause of both à small size of spines and à high vari-
ability of their number in various regions of extended
dendrites.

In recent years, dendritic spines have been in-
vestigated in more and ò î ãå works [8, 11, 23 — 31] ;
å.g., in 2000, the entire issue of the j ournal Hippo-
campus (vol . 10, ï î . 5) was devoted to reviews of
studies of dendritic spines in the hippocampus.

In many works, dendritic spines are sti ll ana-
lyzed by the silver or chromium method for neuron
staining by the Golgi technique and its modifications
[26]. In the late seventies, Peters and Kaiserman-
Abramof [32] generalized light and electron micro-
scopic data and proposed à relatively simple classifi-
cation of spines, which includes three inain catego-
ries: (1) thin spines, whose length exceeds their diam-
eter; (2) mushroom spines, which have à long or short
stem and à large head; and (3) stubby spines, whose
length and diameter virtually coincide. In ò àï ó stud-
ies, simi larly to this classi ficati on, four categories of
synapses are distinguished: (1) thin spines; (2) mush-

ãî î ò spines; (3) stubby spines; and (4) shaft spines,
where the presynaptic bouton directly contacts the
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dendritic shaf t . L ater, one ï þ ðå category was pro-

posed, which was cal led the branched spines: two thin
spines at the âàò å stem [33] . Sometimes, à simple
classif ication is used [34] , which distinguishes only
two categories: sessi le spines, which correspond to
stubby spines; and pedunculated spines, which in-

clude thin and mushr oom spines. Such terms as
axodendritic synapses (corresponding to shaft synap-
ses) and axospine synapses are often used. This is be-

cause the central nervous system contains neurons
whose dendrites form unique spines, å.g., dendrites of
ÑÀ Ç/ÑÀ4 and, par tial ly , ÑÀ2 hippocampal pyramidal
neurons, along with spines of ordinary categories,
form the âî -called thorny excrescences or simply
thorns. According to Chicurel and Harris [3] , about
90% of dendritic spines in the proximal region of api-

cal dendrites of pyramidal neurons in the ÑÀ Ç area of
the rat hippocampus are thorny excrescences. Our
produced three-dimensional reconstructions of such
spines in the ÑÀÇ/ÑÀ4 areas of the ground squirrel
hippocampus, these thorny excrescences are short
branches of an apical dendrite with ordinary spines on
these branches. The fact that they are branches of an
apical dendrite is confirmed by the presence of mito-

chondria in them, whereas mitochondria are always
absent f rom spines of neurons from î ë åã regions of
the mammalian hippocampus. Owing to such an orga-
nization, à large number of spines gather within à l im-

i ted volume and simultaneously contact several , å.g.,
f ive, presynaptic boutons formed by various inoss fi-

bers going from dentate fascia neurons (as determined
by our own observations using three-dimensional re-

constructions of thorny excrescences on the basi s of
thin sections [35]). Such à specif ic organization of
synapses in the ÑÀ Ç/ÑÀ4 areas is consistent wi th the
concept [35] that it is these areas that provide the
comparator properties of the hippocampus and the
possibi l ity of information processing also at the level
of à smal l part of à dendrite.

often found, which penetrate deep into the presynaptic
bouton. Our own data and l iterature data [39] suggest
that such spinules can be both in postsynaptic densi-

ties and at the periphery of spine heads. The possible
function of spinules is usually discussed from the
standpoint of their contribution to the synaptic trans-

mission eff iciency owing to an increase in the area of
contact between the pre- and postsynaptic mem-

branes, in particular, in the formation of new spines
[40] ; however, ï î experimental facts have hitherto
been presented that would conf irm this role of spi-

nules in the synaptic transmission [39] . Note that, in
ground squirrel in cold torpor, when the electrical ac-

tivity of the brain is virtual ly undetectable, spinules
penetrating into the presynaptic bouton can be encoun-

tered even on the surface of the dendritic shaf t [35] .

Specially interesting structures are fi lopodia,
thin processes of the dendritic membrane, which are
up to 10 pm long and are fi lled with actin microf i la-

ments [41] . Fi lopodia play an important role in the
f ormat i on of new spines [41- 44] . It was shown [43]

that, in the ÑÀ 1 area of the rat hippocampus i n vi vo,
fi lopodia form on the surface of dendrites in the f irst
two weeks of the postnatal period and ensure the
search for presynaptic boutons to form new post-

synaptic densities with the subsequent transi tion of
fi lopodia into protospines to eventually form new thin
spines. It was assumed [41, 43, 45, 46] that, in the
growth and retraction of f i lopodia in their transiti on
into spines, the cytoskeleton actively participates,
whose main component i s actin. À detai led electron
microscopic analysis of f i lopodia in the postnatal de-
velopment of synapses in the ÑÀ 1 area of the rat hip-
pocampus [43] showed that, in the f irst two weeks af-
ter birth, f ilopodia are an intermediate in the forma-

tion of new dendriti c spines. In this context, the main
paradigm of neurobiology, which is the active search
for à target by the axon (ef ferent f ibers), i s supple-

mented with à new provision, namely, the concept
that dendri tes are also capable of searching for axons.
Unique cases are known where inutant mouse strains
were characterized by spines with postsynaptic densi-
ties on dendri tes of cerebellar Purkinj e cel ls in the àÜ-

sence of granular cel ls, which, in the norm, form
presynaptic boutons [47, 48] . Note also that the intro-

duction of substance P into the cerebral ventricles was
reported [49] to have ï î ef fect on dendri ti c spines of
Purkinj e cel ls, which contained postsynaptic densities
in the absence of contacts with presynaptic boutons of
paral lel f ibers of granular cells. Fi lopodia are usual ly

Note that the ñåãåÜå11ø ï also contains small
neurons, on whose dendrites the so-cal led coral line

excrescences form, which are spines in the shape of
numerous and often long processes [37] . On dendrites
of cerebellar Purkinj e cells, there is à population of
spines, which is relati vely homogeneous in shape;
spines of this population can conventionally be as-

signed to mushroom spines [38] .

On the surface of spines, thin processes of the
postsynaptic membrane, the so-called spinules, are
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3D ORGANIZATION OF SYNAPSES AND ASTROGLIA 2 7 5

rarely seen on dendrites of mature neurons in the nor-
mal brain; however, in organotypic cultures and cul-

tures of i solated neurons, they are easi ly identif iable
by electron and confocal microscopy [27, 28, 31,
50 — 56] . Surpri singly, there is evidence that the axon
is also capable of forming structures similar to den-

dri tic spines [57] .

aspartate, amino-3-hydroxy-5-methyl-4-isoazole, and
kainate, are divided into NMDA, AMPA, and kainate
receptors, respectively. Between glutamate receptors,
there is complex cooperation [60] .

Note that any modifications or formation of new
synapses is directly related both to postsynaptic den-
sity proteins [25, 61 — 63], and to receptors and chan-
nels that ensure synaptic transmission and require
continuous renewal ; an important role in it is played
by the spine stem thickness [64] (Figs. 1, 2). One can
distinguish three main pathways in which the renewal
of the key proteins is possible: (1) synthesis on
mRNA located near à synapse [30, 59]; (2) synthesis
in the neuronal soma, relatively uniform distribution
over all dendrites, and introduction into synapses us-
ing special capture mechanisms [65] ; and (3) synthe-
sis in the neuronal êî ò à and introduction into special-
ized organelles — endosomes, which are selectively
transported toward synapses [66].

The main paradigm in studying memory mecha-
nisms is related to the phenomenon of long-term
potentiation, which was discovered in the late sixties
of the ÕÕ century by Bliss and Lomo [58] for neu-
rons of dentate fascia of the rabbit hippocainpus i n
vivo. The long-term potentiation model is interesting
in the context of memor y storage: (1) after brief elec-
trical tetanic stimulation of perforant pathway axons,
the increased synaptic transmission efficiency at gran-
ular cell synapses persists for several days; (2) the
long-term potentiation simultaneously requires both
the presynaptic activation and the sufficient post-
synaptic depolarization; (3) late long-term potenti-
ation also manifest itself in several hours in inducing
protein synthesis and are likely to require the tran-
scription of new gene products [30, 59). Cellular and
molecular mechanisms of long-term potentiation are
as yet unclear. Currently, three mai n mechanisms of
the induction of long-term potentiation are consid-
ered: (1) changes in the state of already existing mole-
cules at the synapse, å.g., changes in the state of
phosphorylation of synaptic proteins; however, in this
ñàçå, it is unclear how posttranslational modifications
of synaptic proteins persists for many hours and days;
(2) in the induction of long-term potentiation, there
can be changes in the molecular composition of al-
ready existing synapses; å.g., there is evidence that
some receptors are involved in the induction of
long-term potentiation, but not in the induction of
long-term depression; (3) the induction of long-term
potentiation can be related to changes in the morphol-
ogy of synapses, å.g., caused by changes in the size
and shape of dendritic spines, or by the retraction or
formation of new dendritic spines.

In the induction of long-term potentiation, à
crucial role is played by the neurotransmitter gluta-
mate. Glutamate receptors are usually divided into
two basic groups: (1) metabotropic receptors, which
are coupled through GTP-binding proteins to the
intracellular signal transduction system; and (2) iono-
tropic receptors l igand-controlled cation channels,
which, according to their main agonists N-methyl-D-

All these pathways do not rule out one another
and require special transport systems. For vertebrate
cells, two such systems are widely known: (1) move-
ment along actin microfi laments (F-actin) of motor

proteins, å.g., dynactin; and (2) movement along
tubulin rnicrotubules using such motor proteins as
kinesins and dyneins. It is known that motor proteins
move owing to ÀÒÐ or GTP hydrolysis and can trans-
port various proteins packaged into membrane vesi-
cles (the âî -cal led vesicular transport). Both actin
microfi laments and tubulin microtubules are charac-
terized by "polarity," according to which the ends of

these fi lamentous structures are divided into ï í óâ
ends and plus ends. Typical ly, the plus end corre-

sponds to the growth zone of these structures. The
growth of microtubules is initiated by proteins located
at microtubule-organizing centers (centrioles) . The

microtubule end attached to à centriole is cal led the
minus end, and the opposite end, where the micro-

tubule is assembled, is referred to as the plus end.
There i s evidence that motor proteins of the dynein
fami ly usually move from the plus end to the minus
end of microtubules, whereas kinesins move in the
opposite direction [67] . The third candidate for à
transport system can be intermediate fi laments (neu-

rofi laments). However, the role of neurof i laments in
the neuronal transport has hitherto been studied
poorly.

The next aspect of renewal of synapses is related
to the organization of protein-synthesizing systems in
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s y n a p t i c p r o t e i n s a n d t h e s y n a p t i c m o d i f i c a t i o n o f

m a i n l y p o s t s y n a p t i c d e n s i t y p r o t e i n s . T h e s e d a t a a r e

w e l l c o n s i s t e n t w i t h t h e p o s s i b i l i t y o f t h e s y n t h e s i s o f

c y t o s o l - s o l u b l e p o s t s y n a p t i c d e n s i t y p r o t e i n s o n f r e e

p o l y r i b o s o m e s , w h o s e s y n t h e s i s r e q u i r e s n e i t h e r r o u g h

e n d o p l a s m i c r e t i c u l u m , n o r s u b s e q u e n t m a t u r a t i o n i n

t h e G o l g i a p p a r a t u s , n o r d e p a r t u r e f r o m t h e t r a n s

c o m p a r t m e n t o f t h e G o l g i a p p a r a t u s [ 5 4 ] .

L o n g - t e r m p o t e n t i a t i o n l a s t i n g m a n y h o u r s r e -

q u i r e s t h a t , t o t h e p o s t s y n a p t i c m e m b r a n e o f t h e s y n -

a p s e , b o t h i n t e g r a l a n d s e c r e t o r y p r o t e i n s s h o u l d b e

d e l i v e r e d [ 7 8 ] . A n e l e c t r o n m i c r o s c o p i c a n a l y s i s o f

t h e o r g a n i z a t i o n o f v a r i o u s m a m m a l i a n n e u r o n s

s h o w e d t h e s m o o t h e n d o p l a s m i c r e t i c u l u m e x t e n d s

f r o m t h e â î ò à b o t h t o d e n d r i t e s a n d t o s p i n e s [ 8 , 1 2 ,

2 3 , 2 4 , 6 6 , 7 9 , 8 0 ] . T h e r e i s e v i d e n c e t h a t t h e s m o o t h

e n d o p l a s m i c r e t i c u l u m f o r m s à s i n g l e c o n t i n u o u s n e t -

w o r k [ 7 9 ] . A p p a r e n t l y , t h e r o u g h a n d s m o o t h e n d o -

p l a s m i c r e t i c u l a f o r m à s i n g l e c o n t i n u o u s i n t r a c e l l u l a r

n e t w o r k , a t l e a s t , b e t w e e n t h e s o m a a n d d e n d r i t e s ,

w h i c h i s e x t r e m e l y i m p o r t a n t t o i n t r a c e l l u l a r c a l c i u m

r e g u l a t i o n [ 8 1 ] . I n s u c h à c o n t i n u o u s n e t w o r k , o w i n g

t o t h e l a t e r a l m o b i l i t y , i n t e g r a l p r o t e i n s c a n l o c a l l y

m i g r a t e a l o n g à d e n d r i t e i n t o s p i n e s a n d , e v e n t u a l l y ,

c a n d i r e c t l y c o n t a c t p o s t s y n a p t i c d e n s i t i e s [ 6 5 ] .

T h e q u e s t i o n o f t h e t r a n s p o r t o f i n t e g r a l p r o -

t e i n s , w h i c h a r e n e w l y s y n t h e s i z e d i n t h e â î ò à , f r o m

t h e t r a n s c o m p a r t m e n t o f t h e G o l g i a p p a r a t u s a s à

p a r t o f e n d o s o m e s a l o n g à d e n d r i t e t o w a r d s y n a p s e s

r e m a i n s o p e n . I n t h e d e n d r o p l a s m n e a r s p i n e s , t h e

r o u g h e n d o p l a s m i c r e t i c u l u m a n d c o a t e d v e s i c l e s c a n

o f t e n b e f o u n d , w h i c h a l s o o c c u r i n d e n d r i t i c s p i n e s

[ 6 6 ] , w h i c h h y p o t h e t i c a l l y d o e s n o t r u l e o u t t h e s y n -

t h e s i s o f i n t e g r a l p r o t e i n s i n t h e d e n d r o p l a s m w i t h t h e

s u b s e q u e n t m a t u r a t i o n o f t h e m i n t h e s p i n e a p p a r a t u s

a s à c e r t a i n a n a l o g o f t h e G o l g i a p p a r a t u s [ 8 2 ] . H o w -

e v e r , t h e r e h a s h i t h e r t o b e e n ï î d a t a o n t h e n a t u r e a n d

f u n c t i o n o f t h e s p i n e a p p a r a t u s , w h i c h i s l o c a t e d p r i -

m a r i l y i n m u s h r o o m s p i n e s .

A n o t h e r p o s s i b i l i t y t h e r e n e w a l o f r e c e p t o r s ,

w h i c h d o e s n o t r e q u i r e t h e i r s y n t h e s i s d e n o v o , i s r e -

l a t e d t o r e c y c l i n g . T h e p r e s e n c e o f c o a t e d v e s i c l e s

a n d o m e g a - s h a p e d p r o f i l e s o n t h e i n e m b r a n e s o f d e n -

d r i t e s a n d s p i n e s h a v e l a t e l y b e e n d i s c u s s e d i n t h e

c o n t e x t o f t h e r e c y c l i n g o f p o s t s y n a p t i c r e c e p t o r s i n

t h e a c t i v a t i o n o f s y n a p s e s [ 6 6 ] . T h e o m e g a - s h a p e d

p r o f i l e s a r e i n d i c a t i v e o f e n d o - a n d e x o c y t o s i s . F o r

e x a m p l e , t h e p o s t s y n a p t i c e n d o - a n d e x o c y t o s i s a r e

k n o w n t o p l a y a n i m p o r t a n t r o l e i n t h e i n d u c t i o n o f b o t h l o n g - t e r m p o t e n t i a t i o n a n d l o n g - t e r m d e p r e s s i o n

[ 8 3 — 8 8 ] ; b l o c k o f e x o c y t o s i s p r e v e n t s t h e i n d u c t i o n o f

l o n g - t e r m p o t e n t i a t i o n , w h e r e a s b l o c k o f e n d o c y t o s i s

p r e v e n t s t h e i n d u c t i o n o f l o n g - t e r m d e p r e s s i o n . A c -

c o r d i n g t o t h e a v a i l a b l e d a t a o n t h e m e c h a n i s m o f t h e

s y n a p t i c p l a s t i c i t y a f t e r s t i m u l a t i o n o f s y n a p s e s [ 8 4 ] ,

g l u t a m a t e r e c e p t o r s c a n , f o r s e v e r a l m i n u t e s , b o t h e n -

t e r a n d l e a v e t h e p o s t s y n a p t i c m e m b r a n e , w h i c h s u g -

g e s t s t h a t , n e a r s y n a p s e s , t h e r e a r e o r g a n e l l e s s e r v i n g

a s s t o r a g e f o r g l u t a m a t e r e c e p t o r s . T h e r e c y c l i n g o f

g l u t a m a t e r e c e p t o r s i n v o l v e s s u c h o r g a n e l l e s a s e n d o -

s o m e s , t h e s m o o t h e n d o p l a s m i c r e t i c u l u m , c o a t e d

v e s i c l e s , o m e g a - s h a p e d p r o f i l e s , v e s i c l e s , t u b u l a r

m e m b r a n e c o m p a r t m e n t s , m u l t i v e s i c u l a r b o d i e s a n d

t u b u l a r m e t n b r a n e c o m p l e x e s b o u n d t o m u l t i v e s i -

c u l a r b o d i e s [ 6 6 ] . À m o d e l o f t h e r e l a t i o n s h i p b e -

t w e e n e n d o s o m e s a n d t h e r e c y c l i n g o f g l u t a m a t e r e -

c e p t o r s w a s p r o p o s e d , a c c o r d i n g t o w h i c h c o a t e d v e s -

i c l e s a n d t h e s p i n e a p p a r a t u s a r e u n c o u p l e d a n d t h e

â ð î å a p p a r a t u s i s r e g a r d e d a s à s y s t e m o f s m o o t h

e n d o p l a s m i c r e t i c u l u m m e m b r a n e s , w h i c h e n s u r e s

c a l c i u m r e g u l a t i o n .

S t u d i e s o f t h e m o l e c u l a r m e c h a n i s m s o f l o n g -

t e r m p o t e n t i a t i o n r e v e a l e d à c e r t a i n s e q u e n c e o f

e v e n t s : t h e c a l c i u m | î ï i n f l u x i n t o à s p i n e a c t i v a t e s à

ï ø ï Ü å ã o f p r o t e i n k i n a s e s a n d t h e s u b s e q u e n t p h o s -

p h o r y l a t i o n o f s y n a p t i c p r o t e i n s a c t i v a t e s à c a s c a d e o f

p r o c e s s e s i n t h e n e u r o n a l n u c l e u s , w h i c h t r i g g e r s t h e

s y n t h e s i s o f n e w s y n a p t i c p r o t e i n s [ 7 8 , 8 3 , 8 6 , 8 9 ]

a n d , e v e n t u a l l y , l e a d s t o c h a n g e s i n t h e s h a p e a n d

d e n s i t y o f d e n d r i t i c s p i n e s [ 2 7 , 2 8 ] . À n u m b e r o f

s t u d i e s s h o w e d t h a t t h e i n a i n c o m p o n e n t s o f t h e d e n -

d r i t i c s p i n e c y t o s k e l e t o n a r e a c t i n a n d p o s t s y n a p t i c

d e n s i t y p r o t e i n s [ 2 5 , 4 5 , 6 1 — 6 3 , 8 7 , 9 0 ] . I t i s k n o w n

t h a t d e n d r i t i c s p i n e s c o n t a i n n e i t h e r n e u r o f i l a m e n t s

n o r t u b u l i n m i c r o t u b u l e s [ 9 , 4 5 , 9 1 ] . K a e c h e t a l . [ 9 2 ]

u s i n g h i g h - s p e e d c o n f o c a l m i c r o s c o p y d i r e c t l y d e m -

o n s t r a t e d t h e a c t i n d y n a m i c s u s i n g G F P i n à c u l t u r e o f

i s o l a t e d n e u r o n s . I t i s a l s o s i g n i f i c a n t t h a t i n t e n s e

s t i m u l a t i o n o f g l u t a m a t e r e c e p t o r s c a u s e s d i s a s s e m b l y

o f f i l a m e n t o u s a c t i n [ 4 5 ] . À d e t a i l e d a n a l y s i s o f t h e

o r g a n i z a t i o n o f t h e a c t i n c y t o s k e l e t o n i s a v a i l a b l e i n

t h e l i t e r a t u r e [ 2 5 , 4 5 , 6 3 , 8 7 ] .

C h a n g e s i n t h e a c t i n c y t o s k e l e t o n a r e d i r e c t l y r e -

l a t e d t o c h a n g e s i n p o s t s y n a p t i c d e n s i t y p r o t e i n s ,

w h i c h a r e t h e o n l y r e l i a b l e c r i t e r i o n f o r i d e n t i f i c a t i o n

o f s y n a p s e s a t t h e e l e c t r o n m i c r o s c o p i c l e v e l . T h e r e

a r e t w o m a i n t y p e s o f p o s t s y n a p t i c d e n s i t i e s : a s y m -

m e t r i c a n d s y m m e t r i c ; s y m m e t r i c p o s t s y n a p t i c
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d e n s i t i e s a r e t h i n n e r t h a n a s y m m e t r i c p o s t s y n a p t i c

d e n s i t i e s . N e a r a s y m m e t r i c p o s t s y n a p t i c d e n s i t i e s i n

t h e p r e s y n a p t i c p a r t o f t h e s y n a p s e , t h e r e a r e p r e -

s y n a p t i c v e s i c l e s , w h i c h a r e r o u n d a n d a r e u s u a l l y

a b o u t 3 0 t o 5 0 n m i n d i a m e t e r ; a n d n e a r s y m m e t r i c

p o s t s y n a p t i c d e n s i t i e s , t h e r e a r e fl a t t e n e d o v a l v e s i -

c l e s . I t w a s a s s u m e d [ 9 3 ] t h a t p r e s y n a p t i c v e s i c l e s

n e a r a s y m m e t r i c p o s t s y n a p t i c d e n s i t i e s u s u a l l y c o n -

t a i n t h e e x c i t a t o r y n e u r o t r a n s m i t t e r g l u t a m a t e , w h e -

r e a s v e s i c l e s n e a r s y m m e t r i c p o s t s y n a p t i c d e n s i t i e s

c o n t a i n t h e i n h i b i t o r y n e u r o t r a n s m i t t e r ' ó - a m i n o b u t y -

r i c a c i d ( G A B A ) o r g l y c i n e a n d a l s o n e u r o m o d u l a t o r y

p e p t i d e s . T h e r e i s e v i d e n c e t h a t , i n t h e v i s u a l r e g i o n

o f t h e c a t b r a i n c o r t e x , 8 4 % o f s y n a p s e s a r e a s y m m e t -

r i c a n d o n l y 1 4 % o f t h e m a r e s y m m e t r i c . M o s t ( a b o u t

7 9 % ) o f a s y m m e t r i c p o s t s y n a p t i c d e n s i t i e s a r e l o c a t e d

o n d e n d r i t i c s p i n e s ; f e w e r ( 2 1 % ) o f t h e m , i m m e d i -

a t e l y o n d e n d r i t i c s h a f t s ; a n d o n l y a b o u t 0 . 1 % o f

t h e m , o n n e u r o n a l s o m a t a . M o s t ( 6 2 % ) o f s y m m e t r i c

p o s t s y n a p t i c d e n s i t i e s a r e l o c a t e d o n d e n d r i t i c s h a f t s ;

3 1 % o f t h e m , i n d e n d r i t i c s p i n e s ; a n d o n l y 7 % o f

t h e m , o n n e u r o n a l s o m a t a . T h u s , o n l y 7 % o f s y m m e t -

r i c p o s t s y n a p t i c d e n s i t i e s a r e l o c a t e d , o n d e n d r i t i c

s p i n e s , w h e r e a s 9 3 % o f t h e m a r e l o c a t e d o n t h e

s o i n a t a o f n e u r o n s o f t h e c a t v i s u a l c o r t e x [ 9 4 ] .

W h e n a n a l y z i n g t h r e e - d i m e n s i o n a l r e c o n s t r u c -

t i o n s o f p o s t s y n a p t i c d e n s i t i e s , o n s e r i a l t h i n s e c t i o n s ,

m a c u l a r , p e r f o r a t e d , a n d s e g m e n t e d p o s t s y n a p t i c d e n -

s i t i e s a r e u s u a l l y d i s t i n g u i s h e d [ 3 , 8 , 9 , 1 1 , 1 3 , 2 9 , 4 0 ,

4 3 , 8 0 , 9 5 — 9 9 ] . M a c u l a r p o s t s y n a p t i c d e n s i t i e s a r e

t y p i c a l l y l o c a t e d o n r e l a t i v e l y s m a l l s p i n e s , a r e r o u n d ,

a n d , u n l i k e p e r f o r a t e d p o s t s y n a p t i c d e n s i t i e s , c o n t a i n

ï î p e r f o r a t i o n s . À p a r t i c u l a r ñ à ç å o f p e r f o r a t e d

p o s t s y n a p t i c d e n s i t i e s i s s e g m e n t e d p o s t s y n a p t i c d e n -

s i t i e s , w h i c h i n t h r e e - d i m e n s i o n a l r e c o n s t r u c t i o n s

u s u a l l y c o n s i s t o f s e v e r a l d e n s i t i e s , a t l e a s t o n e o f

w h i c h i s p e r f o r a t e d .

T h e a b o v e r e s u l t s o f s t u d i e s o f d e n d r i t i c s p i n e s

a r e s c h e m a t i c a l l y g e n e r a l i z e d i n F i g . 1 .

I t i s k n o w n t h a t s o m e d e n d r i t i c s p i n e s o f ð ó ã à ò -

i d a l n e u r o n s o f t h e m a m m a l i a n h i p p o c a m p u s a r e c o n -

n e c t e d t o t h e p r e s y n a p t i c p a r t b y d e s m o s o m e s [ 1 2 , 1 3 ,

3 8 ] , w h o s e m a i n f u n c t i o n i n v a r i o u s t y p e s o f c e l l s i s

l i k e l y t o e n s u r e t h e m e c h a n i c a l s t r e n g t h o f t h e t i s s u e .

I n m a n y t y p e s o f t i s s u e s , i n c l u d i n g t h e b r a i n , t h e r e a r e

a l s o e l e c t r i c a l s y n a p s e s o r g a p j u n c t i o n s ,

w h i c h e n -

s u r e t h e d i r e c t i n t e r c e l l u l a r e x c h a n g e o f i o n s a n d c o m -

p o u n d s w i t h à m o l e c u l a r w e i g h t t o 1 0 0 0 D a [ 4 7 , 4 8 ] .

E l e c t r i c a l s y n a p s e s h a v e l a t e l y b e e n d i s c o v e r e d n o t o n l y i n , å . g . , a t G A B A e r g i c s y n a p s e s o f i n t e r n e u r o n s [ 1 0 0 ] , b u t a l s o o n d e n d r i t i c s p i n e s o f p y r a m i d a l n e u - r o n s [ 1 0 1 — 1 0 3 ] . A c c o r d i n g t o t h e d a t a [ 1 0 1 — 1 0 3 ] o b - t a i n e d b y t h e Ã ã å å ê å 4 ã à ñ ã è ã å — e t c h i n g t e c h n i q u e , a t m a m m a l i a n b r a i n s y n a p s e s , e a c h g a p j u n c t i o n u s u a l l y d o e s n o t e x c e e d 1 0 0 n m a n d c o n t a i n s o n l y f e w c o n n e x o n s ( c h a n n e l s ) . T h e s i z e o f g a p j u n c t i o n s i s c o m p a r a b l e t o t h e t h i c k n e s s ( 7 0 — 1 0 0 n m ) o f t y p i c a l t h i n s e c t i o n s , w h i c h ï ï ò å ï ç ~ c o m p l i c a t e s t h e i r i d e n - t i f i c a t i o n . T o i d e n t i f y g a p j u n c t i o n s i n t h e d e n t a t e f a s - c i a a n d t h e Ñ À 1 a r e a o f t h e r a t h i p p o c a m p u s , w e u s e d t h i n n e r ( 1 0 - t o 2 0 - n m - t h i c k ) s e c t i o n s ; t h e d a t a o b - t a i n e d i n d i c a t e d t h a t e l e c t r i c a l s y n a p s e s a r e l o c a t e d o n l y o n m u s h r o o m s p i n e s [ 3 5 ] . I t i s k n o w n t h a t c o n n e x i n s ( c o n n e x o n p r o t e i n s ) i n g a p j u n c t i o n s b e t w e e n g l i a l c e l l s a r e i m m u n o l o g i c a l l y d i f f e r e n t f r o m t h o s e o n d e n d r i t i c s p i n e s [ 1 0 1 — 1 0 3 ] . T h e s p e c i a l r o l e o f e l e c t r i c a l s y n a p s e s i n t h e f u n c t i o n - i n g o f n e u r o n a l n e t w o r k s i s a s y e t u n c l e a r . I n r e c e n t y e a r s , u n i q u e m e t h o d s o f i n t r a v i t a l a n a l y s i s o f d e n d r i t i c s p i n e s h a v e b e e n d e v e l o p e d . O n e â è ñ Ü m e t h o d i s t h e l o c a l s u p e r f u s i o n o f t h e fl u o r e s - c e n t d y e c a l c e i n i n t o Ñ À 1 p y r a m i d a l n e u r o n s i n o r g a n o t y p i c h i p p o c a m p a l c u l t u r e s w i t h t h e s u b s e - q u e n t p r o d u c t i o n o f t h r e e - d i m e n s i o n a l i m a g e s u s i n g à t w o - p h o t o n c o n f o c a l l a s e r s c a n n i n g m i c r o s c o p e [ 5 1 ] . I t w a s s h o w n t h a t t h e i n d u c t i o n o f l o n g - t e r m p o t e n t i - a t i o n , u n l i k e i t s b l o c k , c a u s e s à r e l i a b l e i n c r e a s e i n t h e n u m b e r o f n e w s p i n e s [ 5 1 ] . A n o t h e r m e t h o d o f i n t r a v i t a l a n a l y s i s o f d e n d r i t i c s p i n e s i s G F P e x p r e s - s i o n i n n e u r o n s . A s à v e c t o r c a r r y i n g G F P g e n e , M a l e t i c - S a v a t i c e t a l . [ 5 4 ] u s e d t h e S i n d b i s v i r u s , à n e u r o t r o p i c r e c o m b i n a n t e n v e l o p e R N A v i r u s . Ñ À 1 p y r a m i d a l n e u r o n s i n a n o r g a n o t y p i c c u l t u r e o f h i p p o c a m p a l s e c t i o n s w e r e i n f e c t e d w i t h t h e S i n d b i s v i r u s , w h o s e c o n c e n t r a t i o n w a s c h o s e n s o t h a t o n e t o t e n n e u r o n s p e r s l i c e w e r e i n f e c t e d [ 5 4 ] . I t w a s f o u n d t h a t t h e i n f e c t e d n e u r o n s r e m a i n e d a c t i v e f o r a t l e a s t t h r e e d a y s . I n t h e e x p e r i m e n t s , t h e h i p p o c a m p i o f r a t s o n t h e s e v e n t h p o s t n a t a l d a y w e r e u s e d , s i n c e a d u l t r a t n e u r o n s s u r v i v e d v e r y p o o r l y . U s i n g t w o - p h o t o n c o n - f o c a l l a s e r s c a n n i n g m i c r o s c o p y , t h e t h r e e - d i m e n s - i o n a l o r g a n i z a t i o n o f d e n d r i t i c s p i n e s a t d e p t h s o f 5 0 ã î 2 0 0 @ m i n h i p p o c a m p a l s e c t i o n s w a s a

n a l y z e d . I t

w a s f o u n d t h a t , o n d e n d r i t e s , f i l o p o d i a e m e r g e o n l y

w h e n à s t i m u l a t i n g e l e c t r o d e w a s a t à d i s t a n c e o f

a b o u t 3 0 p m o f t h e r e g i o n s o f d e n d r i t e s u n d e r i n v e s t i -

g a t i o n . T h e p r e s e n c e o f h e a d s o n t h e s e s t r u c t u r e s w a s

i n t e r p r e t e d i n f a v o r o f t h e f o r m a t i o n o f n e w m a t u r e
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d e n d r i t i c s p i n e s i n r e sp o n se t o t h e p o s t s y n a p t i c s t i m u -

l a t i o n a n d a c t i v a t i o n o f i o n o t r o p i c N M D A r e c e p t o r s .

T h e s e r e s u l t s d i r e c t l y c o r r e l a t e w i t h t h e d a t a [ 5 1 ] o n

t h e s u p e r f u s i o n o f fl u o r e sc e n t d y e s i n t o n e u r o n s .

A l t h o u g h l i g h t m i c r o s c o p y h a s t h e u n d o u b t e d

a d v a n t a g e o f t h e p o s s i b i l i t y o f i n t r a v i t a l s t u d y o f

i n t r a c e l l u l a r s t r u c t u r e s , a n e s s e n t i a l d i s a d v a n t a g e o f

a n y l i g h t ï è ñ ãî ç ñ î ð ó t e c h n i q u e i s t h e r e l a t i v e l y l o w

r e s o l u t i o n , w h i c h t h e o r e t i c a l l y c a n n o t b e b e t t e r t h a n

t h e h a l f o f t h e w a v e l e n g t h o f t h e v i s i b l e l i g h t u s e d .

E v e n a t b e s t , u s i n g sp e c i a l c o m p u t e r p r o g r a m s , i n

t w o - p h o t o n c o n f o c a l l a s e r s c a n n i n g m i c r o sc o p y , t h e

r e s o l u t i o n i s ï î b e t t e r t h a n 3 0 0 — 4 0 0 n m , w h e r e a s i n

e l e c t r o n m i c r o s c o p y , u s i n g t h e t h i n s e c t i o n m e t h o d ,

t h e r e s o l u t i o n i s u su a l l y b e t t e r t h a n 2 — 3 n m . P o s s i b l e

a r t i f a c t s i n t h e c h e m i c a l f i x a t i o n o f b r a i n s a mp l e s c a n

b e o b v i a t e d w h e n s i mu l t a n e o u s l y u s i n g t h e c r y o f i x -

a t i o n a n d c r y o u l t r a t o m y o f t h e r a p i d l y f r o z e n n e r v e

t i s s u e .

F i g u r e 2 p r e s e n t s o u r d a t a o n t h e u l t r a s t r u c t u r e

o f m u s h r o o m sp i n e s ( F i g s . 2 à , 2 Ü ) a n d t h i n sp i n e s

( F i g s . 2 c , 2 d ) b y t h e e x a m p l e o f t h r e e - d i m e n s i o n a l r e -

c o n s t r u c t i o n s o f d e n d r i t e s o f p y r a m i d a l n e u r o n s i n t h e

Ñ À 1 a r e a o f t h e h i p p o c a m p u s o f g r o u n d s q u i r r e l s i n

t h r e e f u n c t i o n a l s t a t e s : i n t h e n o r m o t h e r m i a ( a c t i v e

w i n t e r g r o u n d s q u i r r e l s w i t h t h e b r a i n t e m p e r a t u r e

t > = 3 5 — 3 6 ' Ñ ) , i n 2 .5 h a f t e r t h e b e g i n n i n g o f a w a k e n -

i n g f r o m h i b e r n a t i o n ( o n c e r ~ = 3 2 — 3 4 ' Ñ i s a t t a i n e d )

a n d i n d e e p c o l d t o r p o r ( ã~ = 1 — á ' Ñ ) . I t w a s p r e v i -

o u s l y s h o w n t h a t t h e t r a n si t i o n o f g r o u n d s q u i r r e l

f r o m n o r m o t h e r m i a t o c o l d t o r p o r i s a c c o m p a n i e d b y

r e t r a c t i o n o f d e n d r i t i c s p i n e s o f Ñ À Ç p y r a m i d a l n e u -

r o n s [ 7 6 , 7 8 , 1 0 4 — 1 0 6 ] . I n 2 .5 h a f t e r t h e b e g i n n i n g o f

a w a k e n i n g , sp i n e s a r e r e s t o r e d . T h e se r e su l t s w e r e t h e

f i r s t t o d e m o n s t r a t e t h e r a t e o f i n v i v o p r o c e s s e s [ 7 6 ,

10 4 — 1 0 6 ] . H i b e r n a t i o n o f g r o u n d sq u i r r e l s i s n o t à

c o n t i n u o u s p r o c e s s b u t à se q u e n c e o f c y c l e s ( b o u t s )

l a s t i n g o n e t o t h r e e o r f o u r w e e k s a n d r e l a t i v e l y b r i e f ,

u p t o à d a y , p e r i o d i c a w a k e n i n g s . B o u t s u n d e r e x p e r i -

m e n t a l c o n d i t i o n s a r e q u i t e e a s y t o c o n t r o l [ 1 0 6 ] .

I n h i b e r n a t i n g a n i m a l s , t h e b i o e l e c t r i c a l a c t i v i t y

o f , å .g . , t h e n e o c o r t e x , i s s u p p r e s s e d e v e n a t r > b e l o w

2 0 ' Ñ , w h e r e a s i n t h e l i m b i c c o m p l e x , t h e r e g u l a r a c -

t i v i t y i s d e t e c t e d e v e n i n d e e p t o r p o r a t t ~ b e l o w 7 ' Ñ .

T h e h i p p o c a m p u s , w h i c h i s t h e k e y s t r u c t u r e o f t h e

l i m b i c c o m p l e x , p l a y s à sp e c i a l ãî l å i n h i b e r n a t i o n ,

b e i n g à p a r t i c u l a r k i n d o f à p o i n t o f c o n t r o l o f h i b e r -

n a t i o n b y t h e c e n t r a l n e r v o u s s y s t e m . T h e m u t u a l i n -

h i b i t i o n o f t h e h i p p o c a m p u s a n d t h e r e t i c u l a r a c t i v a t i n g sy s t e m f u n c t i o n s a s à p o s i t i v e f e e d b a c k ,

t h u s a c c e l e r a t i n g t h e p r o c e s s o f g o i n g i n t o h i b e r n a t i o n

a n d a w a k e n i n g f r o m h i b e r n a t i o n ( S t a r k , 1 9 7 3 ; H e l l e r ,

19 7 9 ; B e c k m a n e t a l . , 1 9 8 2 ; c i t e d f r o m [ 1 0 4 — 1 0 6 ] ) .

T h e p r o c e s s o f g o i n g i n t o h i b e r n a t i o n e n a b l e s

o n e t o t r a c k i n v i v o t w o a l t e r n a t i v e f u n c t i o n a l s t a t e s o f

t h e n e r v e t i s s u e : ( 1 ) i n t h e ï î ï ï î é å ï ï | à , w h e r e t h e

f u n c t i o n i n g o f t h e n e r v o u s s y s t e m o f g r o u n d s q u i r r e l s

d i f f e r s l i t t l e f r o m t h a t i n o r d i n a r y w a r m - b l o o d e d à ø -

m a l s , å .g . , r a t s ; a n d ( 2 ) a n d i n c o l d t o r p o r , w h e r e t > o f

a n i m a l s c a n d e c r e a s e d o w n t o 1 — á ' Ñ , w h i c h i s r e l a t e d

t o t h e a l m o s t c o m p l e t e s u p p r e s s i o n o f t h e s y n a p t i c a c -

t i v i t y [ 7 6 , 1 0 4 — 1 0 6 ] . G r o u n d s q u i r r e l , w h i c h i s r e -

m o v e d f r o m i t s b u r r o w i n c o l d t o r p o r , a t ãî î ò t e m -

p e r a t u r e w a k e s u p , a n d i n t h i s p e r i o d , i t i s p o s s i b l e t o

d e t e c t à c o m p l e t e s e t o f s t a t e s o f a c t i v a t i o n o f s y n a p -

se s d u r i n g t h e b r a i n w a r m - u p [ 7 3 , 7 6 , 1 0 4 — 1 0 6 ] . I n

c o l d t o r p o r , t h e n u c l e o l u s b e c o m e s i n a c t i v e , f r e e a n d

m e m b r a n e - b o u n d p o l y r i b o s o m e s b r e a k u p i n t o m o n o -

s o m e s , t h e G o l g i a p p a r a t u s i s d i s a s s e m b l e d , a n d d e n -

d r i t i c s p i n e s a r e r e t r a c t e d . A n d i n a s l i t t l e a s 2 .5 h a f -

t e r t h e b e g i n n i n g o f a w a k e n i n g , t h e p r o t e i n - s y n t h e s -

i z i n g a p p a r a t u s a n d d e n d r i t i c sp i n e s a r e r e s t o r e d [ 7 3 ,

7 6 , 1 0 4 — 1 0 6 ] . U n l i k e t h e e s t r o g e n - r e g u l a t e d r e t r a c -

t i o n o f d e n d r i t i c sp i n e s i n t h e e s t r u s i n r a t s [ 1 0 7 — 1 0 9 ] ,

t h e r e v e r s i b l e sp i n e r e t r a c t i o n i n g r o u n d s q u i r r e l s o c -

c u r s b y î á æå ã , a s y e t u n k n o w n m e c h a n i s m s . À s u r p r i s -

i n g p e c u l i a r i t y o f h i b e r n a t i n g a n i m a l s — à l a r g e a m p l i -

t u d e o f o sc i l l a t i o n s o f t h e f u n c t i o n i n g o f t h e b o d y ' s

s y s t e m s a l l o w s o n e t o u s e t h e s e a n i m a l s a s à u n i q u e

m o d e l f o r s t u d y i n g t h e p l a s t i c i t y o f , å .g . , t h e c e n t r a l

n e r v o u s s y s t e m , i n p a r t i c u l a r , t r a i n i n g a n d m e m o r y

[ 1 1 0 ] . W e h o p e t h a t , w i t h t i m e , t h i s l i n e o f i n v e s t i g a -

t i o n w i l l b e d u l y d e v e l o p e d .

F i g u r e 2 p r e s e n t s t y p i c a l e x a m p l e s o f m u s h r o o m

( F i g . 2 à ) a n d t h i n ( F i g . 2 c ) sp i n e s o n d e n d r i t e s o f p y -

r a m i d a l n e u r o n s i n t h e Ñ À 1 a r e a o f t h e g r o u n d s q u i r -

r e l h i p p o c a m p u s . M u s h r o o m sp i n e s g e n e r a l l y h a v e à

s t e m a n d à h e a d , o n w h i c h t h e r e a r e p e r f o r a t e d a n d

se g m e n t e d p o s t sy n a p t i c d e n s i t i e s . I n p a r t i c u l a r , a s

F i g . 2 Ü s h o w s , i n h i b e r n a t i n g g r o u n d s q u i r r e l s a t t h e

c e n t e r o f à p e r f o r a t e d p o s t s y n ap t i c d e n s i t y , t h e r e i s à
sp i n u l e . A l o n g w i t h " b u l k " m u s h r o o m s p i n e s , " p l a n e "

m u s h r o o m sp i n e s c a n a l s o b e d e t e c t e d i n a l l t h e f u n c -

t i o n a l s t a t e s o f g r o u n d sq u i r r e l ( F i g . 2 b ) . À s i m i l a r s i t -

u a t i o n a l s o t a k e s p l a c e f o r t h i n s p i n e s : a l o n g w i t h
" b u l k " sp i n e s ( F i g . 2 c ) , t h e r e a r e a l s o " p l a n e " s p i n e s

( F i g . 2 d ) ; o n t h i n sp i n e s , w e o b s e r v e d o n l y m a c u l a r

p o s t s y n a p t i c d e n s i t i e s . L i t e r a t u r e d a t a o n t h e p r e s e n c e

BIOPHYSICS × î !. 48 No. 2 2003





282 ÐÎ ÐÎ × et al.

o f p l a n e m u s h r o o m a n d t h i n d e n d r i t i c s p i n e s i n t h e r a t

h i p p o c a m p u s a r e a s y e t u n a v a i l a b l e . T h e r e s u l t s o f o u r

è v i v o s t u d i e s o f d e n d r i t i c s p i n e s i n v a r i o u s f u n c t i o n a l

s t a t e s o f t h e h i p p o c a m p i o f g r o u n d s q u i r r e l ( h i b e m a -

t i o n ) a n d r a t ( l o n g - t e r m p o t e n t i a t i o n ) s u g g e s t t h a t t h e

r e v e r s i b l e s p i n e r e t r a c t i o n i s c h a r a c t e r i s t i c o n l y o f p o p -

u l a t i o n s o f t h i n , s t u b b y , a n d s h a f t s y n a p s e s c o n t a i n i n g

o n l y a s y m m e t r i c p o s t s y n a p t i c d e n s i t i e s [ 3 5 ] .

T h e d a t a i n F i g . 2 v i v i d l y d e m o n s t r a t e a d v a n -

t a g e s o f t h r e e - d i m e n s i o n a l r e c o n s t r u c t i o n s o n t h e Ü à -

s i s o f s e r i a l t h i n s e c t i o n s f o r r e v e a l i n g t h e f i n e m o r -

p h o l o g y o f s p i n e s o v e r l i g h t m i c r o s c o p y t e c h n i q u e s .

N o t e t h a t t h e r o l e s t h a t s y n a p s e s o f e a c h o f t h e f o u r

c a t e g o r i e s a n d c h a n g e s i n t h e i r m o r p h o l o g y p l a y i n

t h e s y n a p t i c t r a n s m i s s i o n a r e a s y e t u n c l e a r [ 2 7 , 2 8 ] .

T h i s q u e s t i o n a l s o e q u a l l y a p p l i e s t o p o s t s y n a p t i c

d e n s i t i e s . B e c a u s e o f t h e i r s m a l l s i z e , p o s t s y n a p t i c

d e n s i t i e s a r e v i r t u a l l y i m p o s s i b l e t o b e s t u d i e d b y

l i g h t m i c r o s c o p y t e c h n i q u e s . M o r e o v e r , a l o n g w i t h

p u r e l y t e c h n i c a l p r o b l e m s , i n o n e - a n d t w o - p h o t o n l a -

s e r s c a n n i n g m i c r o s c o p y s t u d i e s o f b o t h l o n g - t e r m

a n d c u l t i v a t e d s l i c e s , d e n d r i t i c s p i n e s a r e u s u a l l y a n a -

l y z e d o n l y i n t h e s u r f a c e l a y e r o f t h e h i p p o c a m p u s a t

à d e p t h o f 2 5 t o 7 5 p m , w h i c h i s n e a r t h e z o n e o f

d a m a g e s c a u s e d b y t h e p r e p a r a t i o n o f t h e s l i c e s [ 3 1 ] .

C o n s e q u e n t l y , n e u r o n s w h o s e d e n d r i t i c s p i n e s a r e e x -

a m i n e d a r e s u b j e c t t o n o n s p e c i f i c a c t i o n s , å . g . , o f

n e u r o t r a n s m i t t e r s a n d v a r i o u s e n z y m e s r e l e a s e d f r o m

c e l l s d e s t r o y e d i n t h e p r e p a r a t i o n o f t h e s l i c e s . T h e

ñ à ç å o f c u l t i v a t e d n e u r o n s i s ï î l e s s c o m p l e x : f i r s t l y ,

à c u l t u r e o f n e u r o n s i s i s o l a t e d f r o m n e w b o r n a n i -

m a l s , i n w h i c h t h e s y n a p t o g e n e s i s h a s n o t y e t b e e n

c o m p l e t e d [ 4 3 ] ; s e c o n d l y , w h e n c e l l s a r e i s o l a t e d

f r o m t h e i n t a c t t i s s u e , ï å è ã î ï ç l î ç å à õ î ï ç à ï ä É å ï -

d r i t e s , a n d s u c h c e l l s i n à c u l t u r a l m e d i u m a r e r o u n d .

A l t h o u g h f o r t h e f i r s t w e e k o f c u l t i v a t i o n , s y n a p s e s

b e t w e e n n e i g h b o r i n g n e u r o n s f o r m , i t i s e x t r e m e l y

d i f f i c u l t t o d e t e r m i n e t h e o r i g i n o f à n e u r o n u n d e r i n -

v e s t i g a t i o n [ 2 1 ] . B o t h i n o r g a n o t y p i c h i p p o c a m p a l

c u l t u r e s a n d i n à c u l t u r e o f i s o l a t e d n e u r o n s , t h e r e a r e

v i r t u a l l y c o n t i n u o u s d e n o v o s y n a p t o g e n e s i s a n d f o r -

m a t i o n o f f i l o p o d i a , w h o s e l e n g t h c a n r e a c h 1 0 ð ò

[ 4 1 , 4 2 , 4 4 , 5 0 ] . T h e r e i s e v i d e n c e t h a t , i n c o m m o n l y

è ç å é l o n g - t e r m h i p p o c a m p a l s l i c e s , t h e r e i s a l s o

s y n a p t o g e n e s i s [ 8 , 9 , 2 7 — 2 9 , 3 1 , 9 8 , 9 9 ] . À c o m p a r a -

t i v e a n a l y s i s o f d e n d r i t i c s p i n

e s o f c u l t i v a t e d n e u r o n s

a n d t h e i n t a c t h i p p o c a m p u s s h o w e d t h a t , i n v i t r o , a p -

p r o x i m a t e l y h a l f o f e x c i t a t o r y s y n a p s e s w e r e l o c a t e d

o n d e n d r i t e s , w h e r e a s i n v i v o , m o s t o f t h e m w e r e l o -

c a t e d o n s p i n e s [ 1 1 1 ] . F u r t h e r m o r e , i t p r o v e d t h a t t h e v o l u m e o f s p i n e s o n t h e f i f t h d a y o f c u l t i v a t i o n c o n - s i d e r a b l y e x c e e d e d t h e c o r r e s p o n d i n g i n v i v o p a r a m e - t e r o n t h e f i f t h p o s t n a t a l d a y . T h u s , i t i s d i f f i c u l t t o c o l l a t e t h e r e s u l t s o f t h e i n v i t r o s t u d i e s o f c h a n g e s i n s y n a p s e s w i t h t h e i n v i v o d a t a . A n i l l u s t r a t i v e e x a m p l e o f u s i n g s e r i a l s e c t i o n s f o r a n a l y z i n g n e u r o n a l s u b s t r u c t u r e s m a y b e g i v e n b y t h e t h r e e - d i m e n s i o n a l r e c o n s t r u c t i o n s o f m i t o c h o n d r i a i n a x o n s a n d d e n d r i t e s . I n t h i s c o n t e x t , m i t o c h o n d r i a a r e o f p a r t i c u l a r i n t e r e s t , s i n c e t h e y p l a y à k e y r o l e i n t h e p a t h w a y s o f a p o p t o s i s s i g n a l i n g a n d m a i n t e n a n c e o f c a l c i u m h o m e o s t a s i s i n n e u r o n a l c e l l s [ 8 , 2 3 , 5 3 , 5 5 , 5 6 , 7 9 , 8 1 , 1 1 2 — 1 1 5 ] . T h e q u e s t i o n o f w h e t h e r c e l l s c o n t a i n à s i n g l e m i t o c h o n d r i o n o r w h e t h e r t h e y c o n t a i n s e v e r a l m i t o c h o n d r i a r e m a i n s t o p i c a l [ 1 1 3 ] . I t w a s a s s u m e d t h a t t h e r e i s à g i a n t m i t o c h o n d r i o n , w h o s e i n n e r m e m b r a n e c o u l d s e r v e a s a n " e l e c t r i c a l c a b l e , " a l o n g w h i c h t h e r e c o u l d b e " e n e r g y t r a n s f e r " t o w a r d v a r i o u s c e l l u l a r c o m p a r t m e n t s [ 1 1 6 ] . À ï î l e s s i m p o r t a n t f u n c t i o n o f s u c h à g i a n t m i t o c h o n d r i o n c o u l d b e " c a l c i u m | î ï t u n n e l i n g " w i t h i n t h e c e l l [ 8 , 1 1 2 , 1 1 3 ] . P r e s y n a p t i c b o u t o n s o f a x o n s a r e k n o w n t o c o n t a i n s m a l l m i t o c h o n d r i a . F r o m s o m e p r e s y n a p s e s , t h e y c a n e v e n b e a b s e n t [ 8 0 ] . O u r s t u d i e s c o n f i r m e d t h e d a t a t h a t t h e u s u a l l e n g t h o f m i t o c h o n d r i a d o e s n o t e x c e e d 2 — 3 p m [ 1 1 3 ] . I n s o m e c a s e s , m i t o c h o n d r i a t o 4 — 5 î ò i n l e n g t h c a n b e e n c o u n t e r e d . T h e o r g a n i z a t i o n o f r n i t o c h o n d r i a i n d e n d r i t e s h a s b e e n s t u d i e d l e s s t h o r o u g h l y . U s i n g à c o n f o c a l l a - s e r s c a n n i n g m i c r o s c o p e a n d s p e c i f i c fl u o r e s c e n t d y e s , C o l l i n s e t a l . [ 1 1 3 ] p r o d u c e d t h r e e - d i m e n s i o n a l r e c o n s t r u c t i o n s o f m i t o c h o n d r i a i n n e r v e c e l l c u l t u r e s . I t w a s s h o w n t h a t b o t h n e u r o n s a n d î á æ å ã t y p e s o f c e l l s c o n t a i n h e t e r o g e n e o u s p o p u l a t i o n s o f n u m e r o u s m i t o c h o n d r i a , w h o s e ï è õ è ï à 1 l e n g t h d o e s n o t e x c e e d 5 p m [ 1 1 3 ] . O u r s t u d i e s o f t h e t h r e e - d i m e n s i o n a l o r - g a n i z a t i o n o f m i t o c h o n d r i a i n d e n d r i t e s o f v a r i o u s n e u r o n s o f t h e g r o u n d s q u i r r e l a n d r a t h i p p o c a m p i u s - i n g s e r i a l t h i n s e c t i o n s ( e a c h s e r i e s c o n s i s t i n g o f m o r e t h a n 1 0 0 s e c t i o n s ) g a v e q u i t e d i f f e r e n t r e s u l t s . T h e m a i n c o n c l u s i o n i s t h e f a c t t h a t a l l a p i c a l d e n d r i t e s o f p y r a m i d a l n e u r o n s i n t h e C A Ç a n d Ñ À 1 a r e a s a n d t h e d e

n t a t e f a s c i a o f t h e h i p p o c a m p u s c o n t a i n g i a n t

b r a n c h e d m i t o c h o n d r i a ï î l e s s t h a n 2 0 — 2 5 p m i n

l e n g t h . F i g u r e s 3 a n d 4 e x e m p l i f y t h e u s e o f s e r i a l

s e c t i o n s f o r p r o d u c i n g t h r e e - d i m e n s i o n a l r e c o n s t r u c -

t i o n s o f r n i t o c h o n d r i a . F i g u r e Ç à p r e s e n t s 4 0 s e r i a l

p h o t o g r a p h s o f c r o s s s e c t i o n s o f à d e n d r i t e o f Ñ À 1

n e u r o n o f t h e g r o u n d s q u i r r e l h i p p o c a m p u s . A t t h e
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s e c t i o n s c a n n o t b e o b t a i n e d b y l i g h t mi c r o s c o p y t e c h -

n i q u e s . M o r e o v e r , t h e s e r e s u l t s sh o w e d t h a t t h e n u m -

b e r o f m i t o c h o n d r i a l c r o s s se c t i o n s p e r d e n d r i t i c c r o s s

s e c t i o n v a r i e s f r o m t w o ( F i g . Ç à , i m a g e s 3 8 — 4 0 ) t o s i x

( F i g . Ç à , i m a g e s 1 6 — 2 3 ) , w h e r e a s t h i s d e n d r i t i c se g -

m e n t c o n t a i n s o n l y à s i n g l e m i t o c h o n d r i o n . O u r s t u d -

i e s o f m o r e t h a n 1 0 0 p r o x i m a l a n d d i s t a l d e n d r i t i c

s e g m e n t s i n à se r i e s c o n t a i n i n g 7 0 t o 1 3 0 s e r i a l s e c -

t i o n s , b y a n d l a r g e , c o n f i r m e d t h e p o s s i b i l i t y o f t h e m

e x i s t e n c e o f g i a n t m i t o c h o n d r i a i n a l l t y p e s o f

h i p p o c a m p a l d e n d r i t e s . A x o n s a n d t h e i r p r e sy n a p t i c

b o u t o n s c o n t a i n à l a r g e n u m b e r o f s m a l l m i t o c h o n -

d r i a , w h o se m a x i m a l l e n g t h d o e s n o t e x c e e d 5 l I ,m .

A c c o r d i n g t o o u r h y p o t h e s i s , t h e c o n t i n u i t y o f

t h e m i t o c h o n d r i a l s y s t e m i s e n s u r e d b y t h e s m o o t h

e n d o p l a s m i c r e t i c u l u m , w h i c h i s d i r e c t l y c o n n e c t e d t o

t h e o u t e r m i t o c h o n d r i a l m e m b r a n e ( s e e t h e s c h e m e i n

F i g . 1 ) . I t i s n o t q u i t e c l e a r h o w s i g n a l s f r o m h u n d r e d s

o f s y n a p s e s a r e t r a n s m i t t e d i n t o t h e â î ò à t o g e n e r a t e à

s i n g l e a c t i o n p o t e n t i a l ; t h e c o u p l e d a n d c o n t i n u o u s

c o m p a r t m e n t a l i z a t i o n o f m i t o c h o n d r i a w i t h t h e c o n t i n -

u o u s s m o o t h e n d o p l a s m i c r e t i c u l u m s y s t e m [ 1 1 5 ]

c o u l d e n s u r e t h e d i r e c t e d " e n e r g y t r a n s f e r " t h r o u g h t h e

i n n e r m i t o c h o n d r i a l m e m b r a n e , w h i c h w o u l d s e r v e a s
a n " e l e c t r i c a l c a b l e " [ 1 1 6 ] , a n d a l s o p r o v i d e d " t u n n e l -

i n g o f c a l c i u m þ ï â " a s t h e m a i n l i n k i n t h e i n t r a -

c e l l u l a r s i g n a l t r a n s d u c t i o n s y s t e m [ 8 1 , 1 1 2 ] .

I t i s c o n v e n t i o n a l l y c o n s i d e r e d t h a t a p p r o x i -

m a t e l y 5 0 % o f b r a i n c e l l s a r e n e u r o n s , w h e r e a s t h e

o t h e r s a r e m a i n l y g l i a l a n d e p e n d y m a l c e l l s [ 1 1 7 ] .

A s t r o c y t e s a r e k n o w n t o f o r m à f u n c t i o n a l s y n c y t i u m ,

i n w h i c h c e l l s a r e c o n n e c t e d b y g a p j u n c t i o n s [ 1 1 8 ] .

E a r l i e r s t u d i e s s h o w e d t h a t , o n a s t r o g l i a l c e l l s , d e p o -

l a r i z a t i o n e m e r g e s i n r e s p o n s e t o a n i n c r e a s e i n t h e

e x t r a c e l l u l a r p o t a s s i u m c o n c e n t r a t i o n i n t h e f u n c t i o n -

i n g o f s y n a p s e s [ 1 1 9 , 1 2 0 ] . T h e i n v i v o i n v e s t i g a t i o n

o f a s t r o c y t e s i n t h e Ñ À 1 a r e a o f t h e h i p p o c a m p u s d e -

t e c t e d t h a t , d u r i n g e l e c t r i c a l s t i m u l a t i o n o f S c h a ff e r

c o l l a t e r a l s , t h e g l u t a m a t e r e l e a s e f r o m sy n a p se s c a u s e s

a n i n c r e a s e i n t h e c a l c i u m c o n c e n t r a t i o n i n a s t r o c y t e s

o w i n g t o s t i m u l a t i o n o f m e t a b o t r o p i c g l u t a m a t e r e c e p -

t o r s l o c a t e d i n t h e a s t r o c y t i c p l a s m a m e m b r a n e [ 12 1 ] .

T h e d a t a t h a t t h e p l a s m a m e m b r a n e c o n t a i n s g l u t a -

m a t e r e c e p t o r s r e sp o n d i n g t o e x t r a c e l l u l a r g l u t a m a t e

i n l o n g - t e r m p o t e n t i a t i o n a r e a l s o a v a i l a b l e f o r c e r e -

Ü å Ï à ã P u r k i n j e c e l l s [ 1 2 2 ] . I t h a s r e c e n t l y b e e n s h o w n

t h a t m a t u r e h i p p o c a m p a l a s t r o c y t e s c o n t a i n b o t h ò å -

t a b o t r o p i c a n d i o n o t r o p i c g l u t a m a t e r e c e p t o r s [ 1 2 3 ] . I t

w a s a l s o f o u n d t h a t v a r i a t i o n o f t h e c a l c i u m þ ï c o n c e n t r a t i o n w i t h i n t h e p h y s i o l o g i c a l r a n g e o f 8 4 t o

14 0 n M s t i m u l a t e s g l u t a m a t e r e l e a s e f r o m a s t r o c y t e s ,

w h i c h m o d u l a t e s i n t e r n e u r o n a l s y n a p t i c t r a n s m i s s i o n

[ 1 2 4 ] . O f p a r t i c u l a r i n t e r e s t a r e s t u d i e s [ 1 2 5 — 1 2 8 ] t h a t

d e m o n s t r a t e d t h e e x i s t e n c e o f g a p j u n c t i o n s b e t w e e n

g l i a l c e l l s a n d n e u r o n s . A t t h e p r e s e n t t i m e , t h i s l i n e

o f i n v e s t i g a t i o n i s b e i n g i n t e n s e l y d e v e l o p e d b y

e l e c t r o p h y s i o l o g i c a l a n d m o d e r n m o l e c u l a r b i o l o g i c a l

m e t h o d s u s i n g b o t h c u l t u r e s o f g l i a l c e l l s a n d n e u -

r o n s , a n d t h e i n t a c t b r a i n , i n c l u d i n g t h e h i p p o c a m p u s .

T h e e x p e d i e n c e o f t h e p r e s e n c e o f e l e c t r i c a l s y n a p s e s

b e t w e e n g l i a l c e l l s a n d n e u r o n s i s p r o b a b l y d u e t o t h e

f a c t t h a t m e m b r a n e p o t e n t i a l o s c i l l a t i o n s a t g l i a l c e l l s

c a n p l a y a n i m p o r t a n t r o l e i n t h e m o d u l a t i o n o f s y n -

a p t i c t r a n s m i s s i o n i n n e u r o n a l n e t w o r k s [ 1 2 6 , 1 2 7 ] . I t

w a s a s s u m e d t h a t a s t r o c y t e s a r e i n v o l v e d i n t h e m o d -

u l a t i o n o f t h e n e u r o n a l a c t i v i t y i n o n t o g e n y [ 1 2 8 , 1 2 9 ]

i n v a r i o u s b r a i n p a t h o l o g i e s [ 1 2 6 , 1 2 7 ] , i n c l u d i n g

e p i l e p s i e s [ 1 3 0 ] a n d b r a i n i sc h e m i a [ 1 2 6 ] .

T h e l o c a t i o n o f g l i a l c e l l s a n d t h e i r p r o c e s s e s i n

t h e i n t e r n e u r o n a l sp a c e i s v e r y i m p o r t a n t t o u n d e r -

s t a n d h o w i n t e r n e u r o n a l a n d a s t r o c y t e — n e u r o n i n t e r -

a c t i o n s p a r t i c i p a t e i n s y n a p t i c t r a n s m i s s i o n m e c h a -

n i s m s . T h e i d e a i s b e i n g a c t i v e l y d e v e l o p e d t h a t t h e

sp i l l o v e r o f g l u t a m a t e r e l e a se d f r o m à s y n a p s e c a n

m i g r a t e o v e r t h e e x t r a c e l l u l a r s p a c e a n d a c t i v a t e

n e i g h b o r i n g s y n a p s e s [ 1 3 1 , 1 3 2 ] , b e c a u s e o f w h i c h i t

i s s i g n i f i c a n t t o d e t e r m i n e t h e d i s t a n c e b e t w e e n

n e i g h b o r i n g sy n a p se s a n d t h e i r r e l a t i o n s h i p w i t h

a s t r o c y t e s [ 1 1 7 , 1 3 2 ] . T h r e e - d i m e n s i o n a l r e c o n s t r u c -

t i o n s o f à m o l e c u l a r l a y e r i n t h e Ñ À 1 a r e a o f t h e r a t

h i p p o c a m p u s a l l o w e d V e n t u r a a n d H a r r i s [ 1 1 7 ] t o e s -

t i m a t e t h e a v e r a g e d i s t a n c e b e t w e e n s y n a p s e s a t

0 .6 5 p m . C l o s e v a l u e s w e r e o b t a i n e d b y H o s o k a w a

e t a l . [ 1 3 1 ] , w h o e s t i m a t e d t h e l i n e a r d i s t a n c e b e -

t w e e n sy n a p s e s a t 0 .4 3 6 p m ; i f a c c o u n t w a s t a k e n o f

t h e i r i n t r o d u c e d t o r t u o s i t y f a c t o r o f t h e e x t r a c e l l u l a r

sp a c e , w h i c h w a s t a k e n t o b e 1 .3 4 , t h e a v e r a g e d i s -

t a n c e w a s e s t i m a t e d a t 0 .5 8 4 ð ò .

R e a d y t h r e e - d i m e n s i o n a l r e c o n s t r u c t i o n s h a v e

e x a c t c o o r d i n a t e s Õ , Y , a n d Z f o r e a c h s t r u c t u r e , u s i n g

w h i c h m a n y p r o g r a m s , å .g . , T r a c e ( h t t p : / / s y n a p s e .

b u .e d u ) o r 3 D V i e w A c t i f y ( h t t p : / / w w w . à ñ ü .c o m /

÷ 2 / i n d e x .h t m ) , c a n q u a n t i t a t i v e l y e s t i m a t e , å .g . , t h e

s u r f a c e a r e a , t h e v o l u m e , a n d t h e d i s t a n c e s b e t w e e n

t h e s e s t r u c t u r e s . F i g u r e 5 p r e s e n t s t h r e e - d i m e n s i o n a l

r e c o n s t r u c t i o n s o f g l i a l p r o c e s se s a n d t h e i r c o n t a c t i n g

t h i n a n d m u sh r o o m s p i n e s o f d e n d r i t e s i n t h e Ñ À 1

a r e a o f t h e h i p p o c a m p u s o f g r o u n d s q u i r r e l s i n t h r e e
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M i n i m a l a n d a v e r a g e d i s t a n c e s b e t w e e n t h i n a n d m u s h r o o m d e n d r i t i c s p i n e s t h a t d i r e c t l y c o n t a c t t h e s u r f a c e o f a s t r o c y t i c p r o -

c e s s e s i n à m o l e c u l a r l a y e r i n t h e Ñ À 1 a r e a o f t h e h i p p o c a m p u s o f g r o u n d s q u i r r e l i n t h r e e f u n c t i o n a l s t a t e s

D e n d r i t i c sp i n e s P o st sy n a p t i c d e n s i t i e s

F u n c t i o n a l st a t e

N o r m o ther m i a

A w ak en i n g

H i b e r n a t i o n m i n i m a l d i s t a n c e , ñññð

1.0 5 2 + 0 .0 7 1

0 .8 2 2 + 0 .0 6 3

0 . 9 4 0 + 0 . 0 6 4 a v e r a g e d i s t a n c e b e t w e e n

a l l s p i n e s , ñ ñ ï ñ

3 . 9 6 8 + 0 . 0 6 8

N = 7 4 l

3 . 4 2 9 + 0 . 0 6 4

N 7 0 3

5 . 1 9 9 + 0 . 0 7 1

N 14 85 m i n i m a l d i s t a n c e , ññï ñ

1 .0 5 2 + 0 .0 7 1

0 .8 6 8 + 0 .0 5 9

0 . 9 9 6 + 0 . 0 5 9 a v e r a g e d i s t a n c e b e t w e e n

a l l s p i n e s , p m

4 . 0 2 9 + 0 . 0 7 0

N = 7 4 1

3 . 4 2 8 + 0 . 0 6 5

N 7 0 3

5 . 3 0 5 + 0 . 0 7 2

N 1 4 8 5

Õ î ñ å : T h e m i n i m a l d i s t a n c e s b o t h b e t w e e n s p i n e s a n d b e t w e e n p o s t s y n a p t i c d e n s i t i e s f o r a l l t h e f u n c t i o n a l s t a t e s w e r e n o t s i g n i f i c a n t l y d i s -

t i n g u i s h a b l e . T h e a v e r a g e d i s t a n c e s b o t h b e t w e e n s p i n e s a n d b e t w e e n p o s t s y n a p t i c d e n s i t i e s f o r a l l t h e f u n c t i o n a l s t a t e s w e r e s i g n i f i -

c a n t l y d i s t i n g u i s h a b l e . p < 1 0 - " . T h e d a t a w e r e s t a t i s t i c a l l y p r o c e s s e d u s i n g t h e S t u d e n t ' s ñ - ñ å ê ñ .

a v e r a g e d i s t a n c e s w e r e d e t e r m i n e d . T h e t a b l e l i s t s

q u a n t i t a t i v e d a t a , w h i c h i m p l y t h a t t h e m i n i m a l d i s -

t a n c e b e t w e e n s p i n e s i s a b o u t 0 . 9 p ñ ï a n d t h i s d i s -

t a n c e i s v i r t u a l l y i n d e p e n d e n t o f t h e f u n c t i o n a l s t a t e

o f t h e n e r v e t i s s u e . T h e d a t a i n F i g . 5 a n d t h e t a b l e d e -

s c r i b e o n l y a p p r o x i m a t e l y 1 0 % o f t h e p o p u l a t i o n o f

s y n a p s e s ( p o s t s y n a p t i c d e n s i t i e s s e r v e a s m a r k e r s ) i n

t h e v o l u m e u n d e r i n v e s t i g a t i o n . T h e o t h e r 9 0 % o f

s y n a p s e s a r e c o n n e c t e d t o t h e a s t r o g l i a l n e t w o r k

t h r o u g h d e n d r i t e s a n d p r e s y n a p t i c b o u t o n s . I i n p o r -

t a n t l y , s t e r e o l o g i c a l a n a l y s i s s h o w e d t h a t t h e d e n s i t y

o f s y n a p s e s / p o s t s y n a p t i c d e n s i t i e s r e m a i n s u n c h a n g e d

a n d , f o r t h e s t u d i e d z o n e i n t h e C A l a r e a , i s a b o u t

1 7 0 s y n a p s e s p e r 1 0 0 l t ï ñ ~ . I t w a s e a r l i e r s h o w n t h a t

t h e p r o c e s s o f g o i n g i n t o h i b e r n a t i o n i s a c c o m p a n i e d

b y t h e r e t r a c t i o n o f d e n d r i t i c s p i n e s , i n p a r t i c u l a r l y ,

d e n d r i t e s i n t h e Ñ À Ç a r e a [ 7 6 , 1 0 4 , 1 0 5 ] . I n a s s h o r t

a s 2 . 5 h a f t e r t h e b e g i n n i n g o f a w a k e n i n g , t h e r e -

t r a c t e d s p i n e s a r e r e s t o r e d [ 7 6 , 1 0 4 , 1 0 5 ] . I t i s s i g n i f i -

c a n t t h a t , i n t h e Ñ À 1 a r e a , t h e s y n a p s e d e n s i t y i s v i r -

t u a l l y i n d e p e n d e n t o f t h e f u n c t i o n a l s t a t e o f t h e n e r v e

t i s s u e . H o w e v e r , t h e p r o c e s s o f g o i n g i n t o h i b e r n a t i o n

i n d u c e d à r e l i a b l e a l m o s t 2 0 % d e c r e a s e i n t h e p r o p o r -

t i o n o f t h i n s p i n e s o w i n g t o a n i n c r e a s e i n t h e p r o p o r -

t i o n s o f s t u b b y a n d s h a f t s y n a p s e s . I n 2 . 5 h , t h e p r o -

p o r t i o n o f t h i n s p i n e s w a s a l m o s t r e s t o r e d t

o i t s v a l u e

i n t h e n o r m o t h e r m i a . T h e p r o p o r t i o n o f m u s h r o o m

s p i n e s r e m a i n e d c o n s t a n t i n a l l t h e t h r e e f u n c t i o n a l

s t a t e o f g r o u n d s q u i r r e l s . I n t h i s c o n t e x t , t h e f a c t t h a t

t h e a v e r a g e d i s t a n c e b e t w e e n t h i n a n d m u s h r o o m

s p i n e s i n c o l d t o r p o r i s c o n s i s t e n t l y l a r g e r t h a n t h a t i n

t h e n o r m o t h e r m i a ( t a b l e ) c a n b e e x p l a i n e d b y t h e r e -

t r a c t i o n o f t h i n s p i n e s , s i n c e s t u b b y a n d s h a f t s y n a p -

s e s i n t h i s s t u d y w e r e n o t f i x e d . T h i s e x p l a n a t i o n i s a l s o c o n f i r m e d b y t h e d a t a o n à r e l i a b l e d e c r e a s e i n t h e a v e r a g e d i s t a n c e b e t w e e n s p i n e s i n 2 . 5 h a f t e r t h e b e g i n n i n g o f a w a k e n i n g , w h e n t h e p r e v i o u s l y r e - t r a c t e d s p i n e s a r e a c t i v e l y b e i n g r e s t o r e d f r o m t h e s t u b b y a n d s h a f t s y n a p s e s . N o t e a l s o t h a t t h e d i s - t a n c e s b e t w e e n t h e c e n t e r s o f m a s s o f s p i n e s f u l l y c o - i n c i d e w i t h t h e d i s t a n c e s b e t w e e n t h e c e n t e r s o f m a s s o f p o s t s y n a p t i c d e n s i t i e s ( t a b l e ) , w h o s e ÷ î 1 ø ï å i s m o r e t h a n a n o r d e r o f m a g n i t u d e s m a l l e r t h a n t h e s p i n e v o l u m e . I t i s a s y e t u n c l e a r h o w t h e r e v e r s i b l e r e t r a c t i o n ( t h e t r a n s i t i o n o f t h i n s y n a p s e s i n t o s t u b b y s y n a p s e s a n d t h e t r a n s i t i o n o f s t u b b y s y n a p s e s i n t o s h a f t s y n a p s e s ) c a n b e r e l a t e d t o t h e a c t i v i t y o f t h e a s t r o g l i a l n e t w o r k a n d h o w t h i s n e t w o r k a f f e c t s t h e e l e c t r i c a l a c t i v i t y o f t h e n e u r o n a l n e t w o r k i n a w a k e n - i n g o f g r o u n d s q u i r r e l f r o m h i b e r n a t i o n , w h e n i n à r e l - a t i v e l y s h o r t t i m e , t h e b r a i n w a r m s u p f r o m 1 — 6 ' Ñ ( c o l d t o r p o r ) t o 3 2 — 3 4 ' Ñ . I n a w a k e n i n g , i n a s s h o r t a s t e n s o f m i n u t e s , t h e p r o t e i n - s y n t h e s i z i n g a p p a r a t u s i s a c t i v a t e d [ 7 3 , 7 5 , 7 6 , 1 0 4 , 1 0 5 ] a n d v a r i o u s c o m - p o u n d s a r e i n t e n s e l y s y n t h e s i z e d . A t t h i s t e m p e r a t u r e , g r o u n d s q u i r r e l r e s p o n d s t o e x t e r n a l s t i m u l i , i . å . , c o r - t i c a l a n d h i p p o c a m p a l s y n a p s e s a r e a c t i v a t e d a n d v a r - i o u s n e u r o t r a n s m i t t e r s a r e l i k e l y t o b e r e l e a s e d i n t o t h e e x t r a c e l l u l a r s p a c e . C O N C L U S I O N T h u s , t h e k e y l i n k i n t h e f u n c t i o n i n g o f t h e b r a i n i s à c h e m i c a l s y n a p s e i n v o l v i n g à p r e s y n a p t i c b o u t o n w i t h n e u r o t r a n s m i t t e r s a n d à p o s t s y n a p t i c p a r t ( d e n d r i t i c s p i n e ) . I n t h e h i p p o c a m p u s , t h e l a r g - e s t s p i n e s a r e m u s h r o o m s p i n e s , w h i c h c o n t a i n f r e e

p o l y r i b o s o m e s , t h e s p i n e a p p a r a t u s , t h e s m o o t h
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e n d o p l a s m i c r e t i c u l u m , a n d c o a t e d v e s i c l e s p a r t i c i -

p a t i n g i n t h e r e c y c l i n g o f r e c e p t o r s . I t i s e s s e n t i a l

t h a t t h e n u m b e r o f m u s h r o o m s p i n e s i s c o n s t a n t ,

w h e r e a s t h i n s p i n e s c a n b e r e t r a c t e d t o f o r m s t u b b y

s p i n e s a n d , f u r t h e r , s h a f t s y n a p s e s . T h i s t r a n s i t i o n i s

r e v e r s i b l e a n d c a n b e à r e a l m e c h a n i s m e n s u r i n g t h e

s y n a p t i c p l a s t i c i t y . M o r e o v e r , a l l c a t e g o r i e s o f s p i n e s

c a n c h a n g e t h e i r s h a p e , v o l u m e , a n d s u r f a c e a r e a . À

v a l i d s y n a p s e m a r k e r i s t h r e e m a i n t y p e s o f p o s t -

s y n a p t i c d e n s i t i e s , n a m e l y , m a c u l a r , p e r f o r a t e d , a n d

s e g m e n t e d p o s t s y n a p t i c d e n s i t i e s , w h i c h a l s o c a n

c h a n g e t h e i r s h a p e .

À p a r t i c u l a r t y p e o f s p i n e i s f o u n d i n t h e

Ñ À 2 - Ñ À Ç - Ñ À 4 a r e a s o f t h e h i p p o c a m p u s . T h i s i s

t h e t h o r n y e x c r e s c e n c e , à s h o r t d e n d r i t i c b r a n c h o n

w h i c h t h e r e a r e n u m e r o u s s p i n e s . P o s s i b l y , s u c h a n

o r g a n i z a t i o n o f s p i n e s i n t h e s e a r e a s i s r e l a t e d t o t h e

c o m p a r a t o r p r o p e r t i e s o f t h e h i p p o c a m p u s [ 3 6 ] , s i n c e

i t i s t h e s e h i p p o c a m p a l r e g i o n s t h a t a r e p o t e n t i a t e d b y

m o s s y n o n m y e l i n a t e d f i b e r s / a x o n s f o r m e d b y g r a n u -

l a r n e u r o n s f r o m t h e d e n t a t e f a s c i a , w h i c h c o n t a i n s

p r e s y n a p t i c b o u t o n s o f a x o n s f r o m v a r i o u s b r a i n

s t r u c t u r e s .

O w i n g t o i n s i g h t s f r o m s e r i a l t h i n s e c t i o n i n g a n d

t h r e e - d i m e n s i o n a l r e c o n s t r u c t i o n s , t h e o n e s p i n e — o n e

s y n a p s e p a r a d i g m i s c u r r e n t l y r e p l a c e d b y e x a m p l e s

t h a t , o n à s i n g l e ï ø ç Ü Ã î î ò s p i n e i n t h e C A I a r e a o f

t h e h i p p o c a m p u s , t h e r e c a n b e u p t o e i g h t i n d e p e n d -

e n t p r e s y n a p t i c b o u t o n s . E x a m p l e s o f c o n t a c t s o f s e v -

e r a l ( u p t o f i v e ) p r e s y n a p t i c b o u t o n s o f m o s s f i b e r s

w e r e a l s o f o u n d o n t h o r n y e x c r e s c e n c e s o f d e n d r i t e s

o f Ñ À 2 - Ñ À Ç - Ñ À 4 p y r a m i d a l n e u r o n s [ 3 5 ] . T h e e x p e -

d i e n c e o f t h e p r e s e n c e o f m u l t i p l e s y n a p s e s o n à s i n -

g l e s p i n e c a n b e d u e t o t h e p o s s i b i l i t y o f p r o c e s s i n g o f

i n c o m i n g i n f o r m a t i o n e v e n a t t h e l e v e l o f à s m a l l p a r t

o f à d e n d r i t a t a n i n d i v i d u a l s p i n e . O u r s t u d i e s

s h o w e d t h a t t h e p r o p o r t i o n o f s u c h m u l t i p l e s y n a p s e s

o n m u s h r o o m s p i n e s d o e s n o t e x c e e d 0 . 1 % o f a l l t h e i r

p o p u l a t i o n , w h e r e a s t h e p r o p o r t i o n o f m u s h r o o m

s p i n e s i n t h e i n t h e Ñ À 1 a r e a o f t h e r a t a n d g r o u n d

s q u i r r e l h i p p o c a m p i i s u s u a l l y a b o u t 1 2 — 1 4 % o f a l l

s y n a p s e p o p u l a t i o n .

O w i n g ( î c h e m i c a l a n d e l e c t r i c a l s y n a p s e s , t h e

n e u r o n a l n e t w o r k s a r e à r e a l f u n c t i o n a l s y n c y t i u m .

T h r e e - d i i n e n s i o n a l r e c o n s t r u c t i o n s s h o w e d t h a t g l i a l

p r o c e s s e s i n v a r i o u s h i p p o c a m p a l r e g i o n s f o r m à s i n -

g l e m o r p h o l o g i c a l l y c o n t i n u o u s n e t w o r k , w h i c h , o w -

i n g t o g a p j u n c t i o n s b e t w e e n g l i a l p r o c e s s e s , i s a l s o à

f u n c t i o n a l s y n c y t i u m . T h u s , a l r e a d y a v a i l a b l e o u r o w n a n d l i t e r a t u r e d a t a s u g g e s t a n i m p o r t a n t e l e c t r o -

p h y s i o l o g i c a l r o l e o f t h e g l i a . I n d e e d , i t i s d i f f i c u l t t o

b e l i e v e t h a t t h e g l i a , w h o s e c e l l s a m o u n t t o a l m o s t

5 0 % o f a l l t h e b r a i n c e l l s , p e r f o r m s o n l y s u p p o r t i n g

f u n c t i o n s . C o n s e q u e n t l y , i n v a r i o u s a r e a s o f t h e h i p -

p o c a m p u s a n d , p r o b a b l y , t h e c o r t e x , t h e r e a r e t w o

c o u p l e d s y s t e m s c a p a b l e o f g e n e r a t i n g e l e c t r i c a l o s -

c i l l a t i o n s : s l o w o s c ii i a t i o n s i n t h e a s t r o g l i a a n d f a s t

o s c i l l a t i o n s i n t h e n e u r o n a l n e t w o r k s .

T h e r e s u l t s w e h a v e p r e s e n t e d s h o w t h a t d e n -

d r i t e s o f a l m o s t a l l n e u r o n s i n t h e i n v i v o h i p p o c a m -

p u s c o n t a i n h i g h l y b r a n c h e d g i a n t m i t o c h o n d r i a b o t h

i n p r o x i m a l a n d d i s t a l r e g i o n s . T h e c o n t i n u o u s c o n -

n e c t i o n o f s m o o t h e n d o p l a s m i c r e t i c u l u m m e m -

b r a n e s t o t h e o u t e r m e m b r a n e o f t h e e n v e l o p e o f

d e n d r i t i c m i t o c h o n d r i a i s l i k e l y t o s u g g e s t t h a t t h e

" ð à ç ç 1÷ å p r o p e r t i e s o f à d e n d r i t e " [ 1 ] , m o r e p r e -

c i s e l y , i t s p l a s m a m e m b r a n e , a r e i m p l e m e n t e d a s a c -

t i v e p r o p e r t i e s t h r o u g h t h e c o n t i n u u m f o r m e d b y t h e

s m o o t h e n d o p l a s i n i c r e t i c u l u m t o t h e o u t e r m e m -

b r a n e o f t h e m i t o c h o n d r i a l e n v e l o p e a n d e n s u r e a t

l e a s t c a l c i u m r e g u l a t i o n [ 8 9 ] . I f t h e ø ï å ã m e m b r a n e

o f à g i a n t m i t o c h o n d r i o n i s c o n t i n u o u s , t h e n , u n d e r

S k u l a c h e v ' s a s s u m p t i o n [ 1 1 6 ] , t h i s i n n e r m e m b r a n e

c a n s e r v e a s a n " e l e c t r i c a l c a b l e , " e n s u r i n g t h e t r a n s -

m i s s i o n o f s i g n a l s f r o m v a r i o u s s p i n e s i n t o t h e s o i n a .

A t t h e ç à ò å t i m e , w e a l r e a d y h a v e e x a m p l e s o f

t h r e e - d i m e n s i o n a l r e c o n s t r u c t i o n s o f m i t o c h o n d r i a i n

w h i c h t h e c o n t i n u i t y o f à g i a n t m i t o c h o n d r i o n i s e n -

s u r e d o n l y b y t h e o u t e r m e i n b r a n e , w i t h w h i c h

s m o o t h e n d o p l a s m i c r e t i c u l u m m e m b r a n e s a r e c o n -

n e c t e d . I n t h i s ñ à ç å , t h e i n n e r m e m b r a n e s o f i n d i v i d -

u a l m i t o c h o n d r i a a r e n o t c o n n e c t e d t o o n e a n o t h e r ;

h o w e v e r , i n s u c h à s y s t e m , t h e e x c i t a t i o n t r a n s m i s -

s i o n f r o m v a r i o u s s p i n e s i n t o t h e s o m a c o u l d t a k e

p l a c e o w i n g t o c a l c i u m c u r r e n t s o n s m o o t h e n d o -

p l a s r n i c r e t i c u l u m m e m b r a n e s .

A C K N O W L E D G M E N T S

T h i s w o r k w a s s u p p o r t e d b y t h e R u s s i a n F o u n -

d a t i o n f o r B a s i c R e s e a r c h , p r o j e c t n o s . 0 2 - 0 4 - 4 8 8 9 0

a n d 0 2 - 0 4 - 4 8 8 7 7 .

M a t e r i a l s o n t h r e e - d i me n s i o n a l r e c o n s t r u c t i o n s

o f s y n a p s e s w e r e d e m o n s t r a t e d o n A p r i l 2 5 , 2 0 0 2 ,

i n A l e k s a n d r G o r d o n ' s P r o g r a i n o n t h e s u b j e c t

" M o r p h o l o g y o f S y n a p s e s " o n t h e N T V C h a n n e l

( h t t p : / w w w . n t v - t v . r u / n t v / ; à ä î ã ä î ï @ ï 1÷ - t v . r u ) .
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