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Abstract. A special type of complex synaptic arrange- Introduction
ment occurs in the ventro-lateral portion of the rat supra-
chiasmatic nucleus. These arrangements are polycentri§zentdgothai (1970) has defined complex synaptic ar-
with about equal numbers of pre- and postsynaptic elelangements (CSAs) as circumscribed accumulations of
ments. Because of an incomplete astroglial coveringgne or several presynaptic and one or several postsynaptic
these synaptic complexes are connected with each othdendritic elements. If such an arrangement is mostly sepa-
and form a continuous reticulum or sponge-like systenmrated from the surrounding neuropile by glial processes
throughout the ventro-lateral region of the nucleus. Irand has a regular round appearance, it is a “glomerular
two partially reconstructed complex synaptic arrangesynaptic complex”. If, however, such separation is less
ments, boutons from retinal afferents could be seen tolear and the appearance of the CSA is irregular, it can be
make up the majority of presynaptic elements. Theyalled a “synaptic complex” or “cluster”. Subsequently,
form asymmetric and symmetric synaptic appositionsNolff and Nemecek (1971) have defined CSAs as local
with dendritic elements. Non-optic axo-dendritic synap-aggregations of synapses between at least three different
ses of unknown origin with asymmetric and symmetrictypes of neurons and distinguish three main groups of
appositions and dendro-dendritic synapses with symme€tSAs: 1) Centro-axonic CSAs have a central presynaptic
ric appositions are also seen in complex synaptic araxonic element innervating several dendrites (divergent
rangements. Within complex synaptic arrangementsielay). 2) Centro-dendritic CSAs have a central dendrite
dendrites often run in bundles, with some dendrites spithat is innervated by several presynaptic elements of dif-
ralling around others. Membranes of neighbouring denferent origin (convergent relay). 3) Polycentric CSAs
drites are closely apposed. These interdendritic apposcomprise an aggregation of several pre- and postsynaptic
tions are possibly ephapses and may, together with inteelements without a recognizable centre. This latter group
somatic contacts, mediate non-synaptic synchronizatiors variable in different regions of the central nervous
of neuronal activity in the suprachiasmatic nucleus, asystem and probably needs to be subdivided further.
described by other authors. The activity of optic and Since the first description of such special synaptic ar-
non-optic synapses in complex synaptic arrangement@angements in the lateral geniculate nucleus (Szentagothai
over a 24 h period may also produce an integrated reet al. 1966), CSAs have been found in many areas of the
sponse that influences the circadian rhythm of neurondrain and spinal cord. CSAs in the lateral geniculate nu-
activity in this nucleus. cleus, with synapses of retinal afferents (optic synapses)
as major components, continue to attract particular inter-
Key words: Suprachiasmatic nucleus — Complex syn-est (Jones and Powell 1969; Famiglietti and Peters 1972;
apse — Synaptic glomerulus — Ephapse — Dendrites Heberman 1974; Spacek and Lieberman 1974; So et al.
Synaptic apposition — Biorhythmicity — Rat (Spraguel1985). CSAs also occur in another optic target area, the
Dawley) suprachiasmatic nucleus (SCN), as described in a prelimi-
nary report by Guldner and Wolff (1977) and later exam-
- ined again by Card and Moore (1991). Special arrange-
This study was initiated at the Max Planck Institute for Biophysi-ments of dendrites in these CSAs may provide an expla-
cal Chemistry, Abt. 11, Géttingen, Germany, and was partly supnation for recent findings that neuronal synchronization

ported by the Deutsche Forschungsgemeinschatft. occurs in this nucleus without calcium-dependent synaptic
* Present addressDepartment of Anatomy, University of Gottin-  transmission (Bouskila and Dudek 1993). Therefore, a
gen, Kreuzbergring 36, D-37073 Géttingen, Germany more detailed study of CSAs within the SCN including 3-

Correspondence td=.H. Gildne: dimensional reconstructions is warranted.
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Materials and methods in Cragg’s fixation, their presynaptic elements (boutons)
are easily recognizable by their striking mitochondria
Conventional fixation with an electron-lucent matrix and tubular formations of

the inner membrane (Figs. 1-3; for boutons 1, 2, 6,
Sprague-Dawley albino rats (5 males and 5 females, young adultg)2—14 in CSA |, see Fig. 6; for boutons 1, 2, 4, 8 in CSA
were anaesthetized with ether and sacrificed by perfusion througn, see Fig. 7). They contain scattered round clear vesi-

the heart with a mixture of 3% glutaraldehyde and 3% paraform- ; ;
aldehyde in 0.05 M cacodylate buffer after a short preperfusio cles (mean diameter 45 nm) and various numbers of

n . . .
with cacodylate buffer. Anaesthesia was continued until perfusiorgense'core V_eS'CIeS (m_ean diameter 80 nm). The majori-
was well under way. Perfusions took place during the late mornty Of Synaptic appositions are asymmetric (eleven in
ing hours (10:00-12:00) in March. The tissue blocks containingCSA | and six in CSA Il). However, four synaptic con-
the SCN were washed in 0.1 M buffer, postfixed in 1% osmiumtacts were found to be symmetric in CSA | (21, 6-K, 12-
tetroxyde and embedded in Epon 812. The entire area of the np 14.Y: Fig. 6; note that boutons are defined by numbers

cleus was examined in a JEOL 100B electron microscope. Fro B . ;
the SCN of one male rat, 45 serial thin sections (estimated thicr%nd dendritic elements are defined by capital letters) and

nesses between 60 and 100 nm) were cut. An area in the ventrgN€ contact in CSA I _(Z'C' Fig. 7), reSPECt.'Ver' One
lateral region of the SCN was chosen and photographed in all sef?Ptic bouton can establish several asymmetric and sym-
al sections (final magnification 60000x). Three to four overlap-metric synaptic appositions with different dendritic
ping photographs were necessary to cover the whole area. Thghafts and spines (Gildner 1978 b; Gildner and Wolff
outlines of all neuronal elements and astroglial processes fromg78). An example is bouton 13 (Fig. 6), which forms
two different CSAs (CSA |, see Fig. 6; CSA II, see Fig. 7) Werefiya gpnositions with different dendrites, two of them

copied from the photo-montages of every 4th to 5th section on .. . : . .
transparent paper, distinguishing between axon terminals (bOl}NIthln CSA | (see also Fig. 3). In CSA 1, six optic bou-

tons), dendritic elements, astroglial processes, asymmetric synafPNs make fifteen appositions with nine dendritic ele-
ses (Colonnier 1968) similar to Gray’s type | (Gray 1959) wherements. In CSA I, four optic boutons form seven apposi-
the main characteristic is a postsynaptic density with a thicknesdions with six dendrites. Appositions of optic synapses
>20 nm (Akert et al. 1972), symmetric synapses similar to Gray'smake up 15 out of a total of 22 contacts in CSA |, and 7

type Il where the postsynaptic density has a thickness <20 nmy ;t of 13 synaptic contacts in CSA I, respectively (see
and attachment plaques. Five types of synapses were dIStmI'able 1) ’

guished. Axonal and dendritic profiles were traced through all se; -
fial sections and identified in the copies by numbers and capitaf) At least one further type of bouton of unknown origin
letters, respectively. The numbers of pre- and postsynaptic eldorms up to three asymmetric contacts with dendrites
ments, and the numbers of asymmetric and symmetric synaptiand spines in CSAs (Figs. 4, 5; bouton 5 in CSA I; bou-
appositions were determined in CSA | and CSA Il (see Table 1). lton 7 in CSA Il). Boutons 21 and 24 forming “single
should be noted that the numbers given for various parameters E§ynapses” outside CSA | are more isolated by astroglial
these two (partly) reconstructed CSAs may not be representativl%_me”ae than are svnapses situated within CSA | and
for the whole network of CSAs in the SCN. ynap . .

other CSAs. The boutons contain clear vesicles of 45-nm

diameter, dense-core-vesicles, and dark mitochondria

Cragg’s procedure for preservation of the extracellular With cristae (see Guldner 1976). In CSA |, one bouton

space

Five male and five female Sprague-Dawley albino rats were an-
aesthetized with ether. Their skulls were quickly opened and the
brains removed. From each brain, a slice of less than 1 mm thicksig. 1. A complex synaptic arrangement (CSA) in the ventro-lat-
ness was cut through the optic chiasm containing the SCN. Theral region of the suprachiasmatic nucleus (SCN) with profiles of
slice was then immersed in 50 ml of a solution of 0.135 M sucrosdive boutons © andB) and at least five dendrite®). An optic

and 0.002 M calcium chloride in 0.135 M sodium phosphate buff-bouton O1) forms a symmetric apposition with the postsynaptic
er at pH 7.3 in a magnetically stirred beaker. After about 100 sdendrite, which has also a symmetric contact with an unidentified
50 ml of a solution of aldehydes (2% glutaraldehyde and 2% parabouton. Note the light mitochondrion @1 compared with the
formaldehyde) was slowly poured into the stirred beaker over alark mitochondria in a non-optic boutddlj and in the dendrites.
period of 3 min. After a 48-h aldehyde fixation, the slices wereThree dendrites form serial dendro-dendritic synafdsege(open
cooled to 4°C, washed, postfixed in 1% osmium tetroxide forarrowhead. An interdendritic apposition is marked bsnall open

24 h, washed, stained in 2% uranyl acetate for 2 h, dehydratedrrowheads The CSA is covered by astroglial processes that are
and embedded in Araldite (see Cragg 1979 for further details angaintedblackin this and the following figures for easier recogni-
reasoning for this procedure). tion of the special structure of CSAs. Openings of the glial cover
(asterisk$ allow continuity between this CSA and neighbouring
CSAs, which are indicated by optic bouto@2 and O3; respec-
tively. The latter form asymmetric contacts. Conventional prepara-
tion (compare Figs. 3—5Rar: 0.5um

Conventional fixation Fig. 2. Cragg’s fixation for the preservation of the extracellular

space. A CSA with profiles of four optic boutons (ofil§ andO2

. . are marked) and five dendrite®)( O1 forms an asymmetric ap-
SynapsesThe CSAs in the ventro-lateral region of the position with the postsynaptic dendrit©2 contains several

SCN contain at least five different types of synapses:  dense-core vesicles. The glial cover of the C8ladK) opens in

. . . two places §sterisk$ allowing continuity with a neighbouring
1) Optic synapses, i.e. synapses formed by the retinohy-saingicated byo3, and access of axonter lefy. Note the

pothalamic tract (Guldner 1976; Guldner 1978a, b), arénterdendritic appositionsnall open arrowheagiswhich is main-
the most prominent components. In the conventional anthined in spite of the enlarged extracellular spBeg. 0.5um

Results
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Fig. 5. Several CSAsX) are seen, one of them containing a non- by astroglial lamellae (single synapserows pointing into inva-
optic asymmetric axo-dendritic synapseng@ll asteriskn bouton) ginating dendritic spinule). Another type of single synapse has nu-
and a symmetric dendro-dendritic synapsgef arrowheall Two merous dense-core vesicles in the bou®§. (Astroglial profiles
“invaginated axo-dendritic synapses” are isolated from the CSAgaintedblack Bar: 1 pm

makes two appositions with two dendrites; in CSA Il, Table 1. Numbers K) of synaptic elements in the 3-dimensionally
one bouton forms one contact. Only 2 out of 22 synapti¢econstructed parts of two complex synaptic arrangements (CSA |
appositions in CSA |, and one out of 13 appositions if"d CSA 1) in the rat SC
CSA 1l belong to this type, respectively.

- CSA|l CSAIll

3) At least one type of bouton of unknown origin forms
usually one (rarely two) symmetric apposition with den-n Presynaptic 12 7
drites in CSAs (Fig. 3; boutons 7, 9, 10, 18, 19 in CSA l;elements (boutons)
boutons 5, 6, 9 in CSA Il). Other boutons of similar nlg;';?]rtglc 12 8
morphological appearance (4, 10, 16 in CSA I) are sepafl Synaptic 99 13

contacts

n Asymmetric 12 7

. . . . synaptic contacts

Fig. 3. CSA with several optic@) and non-opticE) boutonsOl  y'symmetric 10 6

forms three asymmetric appositions with different dendriBds.  synaptic contacts
and B2 form symmetric synapses. Note the incomplete covering
of the CSA with many openings to neighbouring CSRBsar:
0.5um

Fig. 4. The CSA indicated b1 includes a non-optic symmetric rated from the CSAs by glial lamellae and represent sin-
axo-somatic synapse (directly abdseand a non-optic asymmet-  gle synapses. These boutons contain larger clear vesicles

ric axo-dendritic synapsarhall asterisk irbouton). Note the bun- ; ;
dle of five dendritesd) directly apposed to each other and the (mean diameter 50 nm) than those found in the types of

opening &sterish to a neighbouring CSAX) with two non-optic ~ Synapses described above, together with dense-core vesi-
asymmetric axo-dendritic synapsesm@ll asterisks inbouton).  cleés and dark mitochondria with cristae. Treatment with

Astroglial profiles paintedlack SNeuronal somaBar: 1 um sucrose-containing buffer after aldehyde fixation causes
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Fig. 6 (Continued)
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flattening of variable numbers of clear vesicles in mostnd Il are similar. Slightly more asymmetric appositions
of these synapses (Guldner 1976). Symmetric axo-sdhan symmetric contacts were found within the CSAs
matic synapses can also occur in CSAs (Fig. 4). In CSAsee Table 1). Boutons may not necessarily establish
I, five such boutons form five appositions with four den-synaptic appositions with dendrites where both elements
drites. In CSA II, three boutons form four appositionscome into direct contact with each other (e.g. 1 and 6
with four dendrites. with D, 9 and 14 with K in CSA ). Boutons may be true
4) Dendro-dendritic synapses occur in CSAs (Fig. 1, 5)terminals in CSAs or may belong to axons passing
two of them (O-P and P-N) were found in a CSA next tathrough (“en passage”).

and continuous with CSA |. These synapses form sym-

metric appositions, which can be serial (Fig. 1) and reAttachment plaquedhese structures were observed be-
ciprocal (Guldner and Wolff 1974; Gildner 1976). tween boutons and dendrites, mostly close to synaptic
Dendro-somatic and somato-dendritic synapses havappositions (1-A, 5-G, 6-E, 6-K, 9-E in CSA |; 15-N and
also been observed. A small number of round clear vesit7-U in neighbouring CSAs). They rarely occurred be-
cles (mean diameter 50 nm) accumulates at the synaptiween two boutons (1-3 in CSA 1), but were more often
apposition. Sucrose treatment causes flattening in sonmseen between dendrites (C-E, S-R in CSA I and H-X in a
of these vesicles. neighbouring CSA; F-D in CSA II).

5) A fifth type, called “invaginated axo-dendritic synap-

ses” (Glldner 1976), is sometimes found in CSAs, but iDendritic bundles and interdendritic appositiorden-
more often isolated from them by glial lamellae (Fig. 5;drites run characteristically in small or large bundles
boutons 11 and 20 in CSA [). The boutons are typicallythrough CSAs (Fig. 1, 4; CSA Il). Their membranes are
invaginated by one or several dendritic spinules. Most odpposed for various lengths|{in to at least 41m) with-

the boutons contain pleomorphic clear vesicles anaut separation by glial processes. Several dendrites have
dense core vesicles. Some vesicles are flattened evenbeen observed to spiral around one or more neighbour-
conventional preparations, whereas sucrose treatmeirtg dendrites (e.g. C and G around D in CSA Il). Thus,
flattens nearly all of them. The mitochondria are usuallydendrite G comes into direct contact with six other den-
dark with large cristae or tubules, but sometimes lighterdrites in the reconstructed part of CSA Il. Dendrites also
resembling those in optic synapses. Diagnostic errorsross each other at various angles (e.g. P-O and P-N in
can nearly always be avoided because of other distif=SA I). A given dendrite contacts an average number of
guishing features (presence of spinule, pleomorphic ve<.6 further dendrites in CSA |, and 3.4 dendrites in CSA
icles). Their synaptic appositions are symmetric in mostl. The average number of boutons forming synaptic ap-
cases. positions with cross-sectioned dendritic stems (the re-

The numbers of boutons and dendritic elements forminﬁgl:]nsgltjgtgg éeir:]gtchsg‘f Ie:r%] lsti?]mclssAallb?gnrg)5leazyn_

synaptic appositions in the reconstructed parts of CSA épse per 2um of dendritic length. Dendrites may run

away from one bundle to join another, or bundles may be
subdivided by glial processes. Dendrites can be seen en-
tering or leaving CSA | (e.g. C and P, probably also A
Fig. 6. Half-schematic drawings from selected serial sectionsgn( B) connecting it with neighbouring CSAs.

through CSA I. Only the outlines of boutons and some axwbois ( Individual dendrites receive glial cover as soon as

ted, numberefl dendritic elementsahite, capital letterg and as- . . .
troglial profiles plack are depicted. In order to avoid cluttering, they lose contact with boutons (e.g. F, G, Cin CSA|; A

numbersboutons andettersdendrites appear only in evesgcond  IN CSA II) or other dendrites. Some dendrites change
depicted section, except at the levels of synaptic contacts, whetdeir diameters dramatically during their course through
numbersand letters are given throughout. Unidentified profiles the reconstructed parts of the CSAs and may become so
are leftblank Asymmetric synaptic appositions are symbolized small that they can easily be mistaken for axons in ran-

eath i the posteynaptic dendiite) two deteunder thebar . 0O sections (e.g. B, C, F, G in CSAII). Other dendrites
dicate subjunctional bodies. Symmetric synaptic appositions ar«%]alntaln their size (e.g. A, B, G, Fin CSAI; A, D, l'in
represented bgpen trianglesin the presynaptic elemer®). At- SAI). ) ]
tachment plaques are indicated byauble bar(=). Optic boutons The cleft between closely apposed dendrites is about
are filled with large and small dots whereas non-optic boutons 2-10 nm wide in conventional preparations (Fig. 1; see
containsmall dots only. An asteriskindicates non-optic boutons glso Cragg’s fixation, Fig. 2). In some places, it may be
forming asymmetric appositions (type 2). CSA | is defined in sec+jjlad with an electron-dense material of medium opacity

tions 1 and4 by boutonsl-3 and dendrite#\ — F andK. In sec- . . . .
tion 44, CSA | is defined by boutor®,13,14,18,1%nd dendrites and is then slightly wider than in places where no such

D,E,P,R,S,compare sectiod0). Several neighbouring CSAs are Mmaterial is present. Often, the apposed membranes are
also shown to demonstrate their continuity with CSA | via den-Strikingly parallel (Fig. 1). Cisternae of smooth-surfaced
dritic bridges (e.g. dendrite running from CSA | to a CSA con- endoplasmic reticulum are frequently seen under the ap-
taining boutonsl2,15 or more directly (bouto® and dendrites posed membranes. Although the outer leaflets of ap-
connecting CSA | with a CSA containing boutdd). Note the  posed dendritic membranes can sometimes come very
dendro-dendritic synaps€3-P and P-N in section29, and single close to each other and are then frequently connected by

synapses isolated by astroglial processes (see boutbh®0,24. : .
Boutons 11 and 20 form “invaginated axo-dendritic synapses”. thin strands of electron-dense material, no clear morpho-

Bouton 16 cannot be classified because of the absence of a mitdogical signs of electrotonic coupling between neuronal
chondrial profile Bar: 1 um elements have been found in the material studied so far.
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Fig. 7. Half-schematic drawings from serial sections through CSA E,C,D,F,G,K,I,H both bundles unite in sectiddb. DendritesC

Il. Symbols are the same as those used for CSA | in Fig. 6. In thiand G spiral aroundD. Note also the changes in size of several
direction of sectioning, connections between CSA Il and neigh-dendrites (e.gC andF). Bar: 1 um

bouring CSAs cannot be seen. Note dendritic bundljBsaind

Conversely, typical gap junctions are often seen betweemellar. Such multilamellar covering occurs more often
astroglial processes. Attachment plagues between dem albino rats compared with hooded strains (F.H.
drites have often been observed (see above). Guldner, unpublished results).

Astroglia. Astroglial processes separate CSAs in the

SCN in an incomplete fashion. Although, in some secCragg'’s fixation

tions, glial processes seem to cover CSAs completely

(e.g. CSA ), it can be seen that CSAs, when cut in othThe structural characteristics of the neuronal and glial
er directions, continue either directly or via dendritic andelements are similar to those observed after conventional
axonal “bridges” into neighbouring CSAs (CSA |, fixation. However, the larger volume of the extracellular

Fig. 1, 3, 4; see also Cragg's fixation, Fig. 2). Singlespace in Cragg’s preparation (Fig. 2) allows better rec-
synapses are isolated from the surrounding neuropil bggnition of firm membrane adhesions in contrast to

astroglial processes, which can sometimes be multildoose appositions. The coherence of CSAs as special
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glia-covered subunits of a whole network can be clearlafferents to this nucleus and other intrinsic axons (for lit-
seen. The specificity of interdendritic and synaptic adheerature, see Meijer and Rietveld 1989) participate in
sions is also obvious. However, other encounters becSAs, which types form single synapses, and which
tween dendrites, between astroglial processes and desynapses receive multilamellar glial cover. At least some
drites, astroglia and boutons, and between boutons arad the “invaginated axo-dendritic synapses”, which are
dendrites, often look more irregular, with the opposingmostly single symmetric synapses, may be vasopressin-
membranes not being parallel. Nevertheless, membranesgic (Castel et al. 1990). A percentage of boutons with
of neighbouring neuronal and glial elements can still bgpleomorphic vesicles, some dense-core vesicles and dark
seen to be very close to each other for short or long disnitochondria may belong to the geniculo-hypothalamic
tances. tract as they resemble those that display neuropeptide-Y
immunoreactivity (Card and Moore 1991). The latter au-
thors have also observed that synapses of the geniculo-
Discussion hypothalamic tract can be symmetric and asymmetric,
with the majority being asymmetric. However, it is pos-
As they contain about equal numbers of pre- and possible that the non-optic asymmetric and symmetric syn-
synaptic elements, the CSAs in the suprachiasmatic napses in CSAs with dark mitochondria in the boutons are
cleus belong to the polycentric type (Wolff and Neele formed by several afferent and intrinsic systems. Thus,
1971). Because of their continuity with neighbouringthe serotoninergic input from the raphe nuclei to the
CSAs, they appear to form a reticulum or sponge-likesSCN may also participate in the formation of CSAs, as
structure throughout the ventro-lateral portion of theits synapses are found on the same dendrites that are
SCN. The gaps of this “sponge” are filled by blood ves-contacted by neuropeptide-Y-containing boutons (for
sels, neuronal and glial cell bodies, large glial processe$jrther description and literature, see Van den Pol 1991).
axon bundles and single synapses, the latter being coW¥his may hold for the synapses of intrinsic and inter-
ered individually by astroglial lamellae. These characterSCN connections, and for the numergesminobutyric
istics make CSAs in the SCN different from those inacid-containing boutons that display dense-core vesicles
other areas of the central nervous system where CSAmd dark mitochondria, and that mostly form symmetric
have been described as islands within a neuropileontacts, although 3% of the cases show asymmetric ap-
formed by single synapses (Szentagothai et al. 196@ositions (Van den Pol 1991). Further characterization of
Szentagothai 1970; Spacgek and Lieberman 1974). In thihe origin of non-optic synapses in CSAs and of single
SCN, however, single synapses resemble islands bsynapses is therefore needed using tracers or immuno-
tween CSAs. Unfortunately, true single synapses can orcytochemical methods.
ly be recognized with the aid of serial sections, as in ran- Glial processes cover single synapses completely, ex-
dom sections an apparently single synapse might belongept for the access of axons and dendrites. They also
to the periphery of a CSA. It is therefore difficult to esti- contact all pre- and postsynaptic elements within CSAs,
mate the overall proportion of single synapses. Somealbeit to a lesser degree. Dendrites are immediately cov-
times, optic synapses seem to be well isolated by astrered by glia if they do not form synapses or non-synaptic
glia in random sections. However, for the above reasongontacts with other dendrites.
it is unclear whether true single optic synapses exist in Dendritic bundling via extensive appositions between
the SCN, and if so, whether this insulation is a constandendritic membranes in CSAs is of special interest, as it
or a transient phenomenon. Insulation of certain types afuggests functional interaction between dendrites of dif-
synapses, and even “hyperinsulation” by multilamellarferent neurons. It has previously been proposed by
glial wrapping (Guldner and Wolff 1973), appears to beFleischhauer (1974) that dendritic bundles in the cortex
functionally as important as keeping them together irfacilitate the synchronization of neuronal activity (for a
groups, and may result from the special nature of submore recent discussion and literature, see Wyss et al.
stances released and/or from their overall activity. 1995). Recently, Bouskila and Dudek (1993) have found
Optic boutons predominate in CSAs and are the masynchronization of neuronal activity independent from
jor source of divergent excitatory influence. However,synaptic transmission in the rat SCN. The authors dis-
there is morphological and electrophysiological evidenceuss three possible conditions that may account for such
for direct inhibitory action of about 25%-30% of sym- a mechanism: 1) electrotonic coupling of neurons via
metric optic synapses (Guldner 1978 b; Guldner andjap junctions, 2) electrical field effects via ephapses
Ingham 1979; Sawaki 1979). The ratio of asymmetriqBennet and Auerbach 1969; Faber and Korn 1989), and
(excitatory) and symmetric (inhibitory?) synaptic appo-3) changes in extracellular ion concentrations. In agree-
sitions in the SCN, including optic synapses, is sexuallynent with Van den Pol (1980), we have found no con-
dimorphic, with female rats having a greater relativevincing evidence for typical gap junctions between neu-
number of symmetric appositions than male ratgons in our material. Although another type of electro-
(Guldner 1982). After long-term light stimulation, the tonic coupling cannot be completely ruled out at present,
relative number of symmetric optic synapses is greateoptions 2) and/or 3) appear to be the more likely cause
than that observed in SCNs from animals kept in confor non-synaptic synchronization in the SCN.
stant darkness (Guldner and Ingham 1979). The interdendritic appositions in CSAs may indeed
Except for intrinsic dendro-dendritic synapses, it isbe ephaptic. Van den Pol (1980) has previously dis-
still unknown which of the numerous types of non-opticcussed the possible existence of ephaptic contacts be-
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tween chains of neuronal somata in the dorso-mediances in their basic structure between males and fe-
portion of the SCN. Many of these neurons are vasopresnales. Nevertheless, it needs to be morphometrically de-
sinergic (Vandesande et al. 1975); extensive intersomatitermined whether there are any changes in astroglial
and interdendritic appositions have recently been obeovering of neuronal elements during the various phases
served between such vasopressin-containing neurors the oestrous cycle.
(Castel et al. 1990). Intersomatic appositions may there- Interdendritic appositions in CSAs are clearly main-
fore account for the synchronization of neuronal activitytained in Cragg’s preparation (Cragg 1979), which
in the dorso-medial part of the nucleus; however, somatelaims to preserve the true volume of the extracellular
tend to be more separated in the ventro-lateral portiorspace (up to 20% of the total brain volume, see Van
Nevertheless, the numerous, possibly ephaptic contactdarreveld 1972). This method shows that the interden-
between dendrites in CSAs, in addition to the intersodritic appositions are specific and are not just caused by
matic contacts, could connect all neurons concerned to@dendrites being closely pressed together. It also demon-
synchronously firing network. strates that interdendritic contacts have a highly regular
Most of the five major types of neurons in the supra-appearance in some places but are more irregular in oth-
chiasmatic nucleus described by Van den Pol (1980¢rs. This could mean that only a part of the contact area
have only two sparsely branched dendrites, with ondetween two dendrites is specific, and possibly ephaptic.
type (“spiny neuron”) showing numerous spines and CSAs are generally thought to be subcellular inte-
more irregular excrescences. In the same classical studytating units that produce relatively stable responses af-
Van den Pol (1980) measured a mean total dendrititer processing information from various sources (Wolff
length of 432um per neuron, which he considered to beand Nemecek 1971). In the CSAs of the SCN, the
an underestimate. In thepdn depth (approx.) of our re- rhythmic activity of retinal afferents over the 24 h peri-
constructions, one dendrite establishes contacts withd, modified by the activity of non-retinal inputs, influ-
three other dendrites on average. A dendrite runningnces the circadian rhythm of neuronal activity (“pace-
through the reticulum of CSAs may thus form up to 75maker”, see Turek 1985) in this nucleus. This influence
contacts with other dendrites per 106 of its length, is the “Zeitgeber” (=time-giver, Aschoff 1954), which
although a certain percentage of this length would be o@an change the rhythm of the pacemaker according to
cupied by single synapses. A given neuron may thethe relative length and timing of light and darkness, and
have the opportunity to contact about 300 other neuronshe activity of the non-retinal inputs. The “Zeitgeber”
The total number of neurons in one SCN has been estproper may therefore ultimately lie in the CSAs of the
mated to be between 8000 and 13 000 by various autho&CN.
(for literature, see Giildner 1983).The premise of these
morphometrical deliberations is that our reconstructecicknowledgementsthe authors wish to thank Drs. F.E Dudek
CSAs are representative of all CSAs in the SCN; this, ofnd Y. Bouskila for helpful advise and discussion.
course, may not be the case. Nevertheless, the above cal-
culations indicate the orders of magnitude involved and
may be of interest for future electrophysiological stud-References
ies.
Interdendritic and intersomatic appositions togetherAkert K, Pfenniger K, Sandri C, Moor H (1972) Freeze etching
with synchronicity of neuronal activity appear to be a and cytochemistry of vesicles and membrf?me complexes in
.. synapses of the central nervous system. In: Pappas GD, Pur-
,Stable feature of the SCN, although whether t_he den_d”t' pura DP (eds) Structure and function of synapses. Raven, New
ic contact area changes under different functional situa- york, pp 67-86
tions or in aging animals remains to be examined. OxyAschoff J (1954) Zeitgeber der tierischen Tagesperiodik. Natur-
tocin and/or vasopressin release in the supraoptic nucle- wissenschaften 41:49-56
us during parturition, lactation and dehydration has beeRennet MVL, Auerbach AA (1969) Calculation of electrical cou-
shown 10 cause retracton of astioglial processes from, Pind o SIS SERREy S AL ReE Lo E L
the surface of neuronal somata and dend_rltes (Perlmu.tt 'Q calciurﬁ-dependent synaptic transmission in the hypothala-
et al. 1984; Montagnese et al. 1988). This results in in-  nus. Proc Natl Acad Sci USA 90:3207—3210
creased numbers of direct intersomatic and interdendritiCard JP, Moore RY (1991) The organization of visual circuits in-
appositions (dendritic bundles). The phenomenon is re- fluencing the circadian activity of the suprachiasmatic nucle-
versed upon cessation of the above stimuli. The question Us. In: Klein DC, Moore RY, Reppert SM (eds) Suprachias-
arises as to whether there is an increase or decrease of Matic nucleus. The mind's clock. Oxford University Press,
non-synaptic synchronicity in the supraoptic nucleus un; New York Oxford, pp 5176 - N
- - . dCasteI M, Feinstein N, Cohen S, Harari N (199.0) Vasopressinergic
der the above conditions. An electrophysiological and™ jnnervation of the mouse suprachiasmatic nucleus: an im-
morphological examination of the Brattleboro rat supra-  muno-electron microscopic analysis. J Comp Neurol 298:172—
optic nuclei and SCN would also be worthwhile in this 187
respect. Colonnier M (1968) Synaptic patterns on different cell types in
The 3-dimensional reconstructions of CSA | and II  the d'ﬁe_re”: 'gm'gae. OLthegcggg'sgg‘; cortex. An electron mi-
: : : : : Croscopic study. brain rRes 9. —,
were done in a male rat in order to avoid a possible ing ragg B (Fi979) Byrain extracellular space fixed for electron mi-
fluence of the oestrous cycle on the morphology of " croscopy. Neurosci Lett 15:301-306
CSAs in females. Comparisons of a great number ofaber DS, Ko H (1989) Electrical field effects: their relevance
CSAs from random sections did not show any differ- in central neural networks. Physiol Rev 69:821-863



214

Famiglietti EV, Peters A (1972) The synaptic glomerulus and the ergic system in response to physiological stimuli. Brain Res
intrinsic neuron in the dorsal lateral geniculate nucleus of the  Bull 20:681-692
cat. J Comp Neurol 144:285-334 Perlmutter LS, Tweedle CD, Hatton Gl (1984) Neuronal/glial
Fleischhauer K (1974) On different patterns of dendritic bundling  plasticity in the supraoptic dendritic zone: dendritic bundling
in the cerebral cortex of the cat. Z Anat Entwicklungsgesch and double synapse formation at parturition. Neuroscience
143:115-126 13:769-779
Gray EG (1959) Axo-somatic and axo-dendritic synapses of the&Sawaki Y (1979) Suprachiasmatic nucleus neurones: excitation
cerebral cortex: an electron microscopic. J Anat 93:420-433 and inhibition mediated by the direct retino-hypothalamic pro-
Gildner FH (1976) Synaptology of the suprachiasmatic nucleus. jection in female rats. Exp Brain Res 37:336-341
Cell Tissue Res 165:509-544 So KF, Campbell G, Lieberman AR (1985) Synaptic organization
Gildner FH (1978a) Synapses of optic nerve afferents in the rat of the dorsal lateral geniculate nucleus in the adult hamster.
suprachiasmatic nucleus. I. Identification, qualitative descrip-  An electron microscopic study using degeneration and horse-
tion, development and distribution. Cell Tissue Res 194:17— radish peroxidase tracing techniques. Anat Embryol 171:
35 223-234
Glldner FH (1978b) Synapses of optic nerve afferents in the reBpagek J, Lieberman AR (1974) Ultrastructure and three-dimen-
suprachiasmatic nucleus. Il. Structural variability as revealed sional organization of synaptic glomeruli in rat somatosensory
by morphometric examination. Cell Tissue Res 194:37-54 thalamus. J Anat 117:487-516
Gildner FH (1982) Sexual dimorphisms of axo-spine synapseSzentagothai J (1970) Glomerular synapses, complex synaptic ar-
and postsynaptic density material in the suprachiasmatic nu- rangements, and their operational significance. In: Schmitt FO
cleus of the rat. Neurosci Lett 28:145-150 (ed) The neurosciences second study program. Rockefeller
Guldner FH (1983) Numbers of neurons and astroglial cells in the  University Press, New York, pp 427-443
suprachiasmatic nucleus of male and female rats. Exp Braii$zentagothai J, Hamori J, Tombol (1966) Degeneration and elec-
Res 50:373-376 tron microscope analysis of the synaptic glomeruli in the lat-
Gildner FH, Ingham CA (1979) Plasticity in synaptic appositions  eral geniculate body. Exp Brain Res 2:283-301
of optic nerve afferents under different lighting conditions. Turek FW (1985) Circadian neural rhythms in mammals. Annu
Neurosci Lett 14:235-240 Rev Physiol 47:49-64
Guldner FH, Wolff JR (1973) Multilamellar astroglial wrapping of Van den Pol AN (1980) The hypothalamic suprachiasmatic nucle-
neuronal elements in the hypothalamus of rat. Experientia us of rat: intrinsic anatomy. J Comp Neurol 191:666—702

29:1355-1356 Van den Pol AN (1991) The suprachiasmatic nucleus: morpholog-
Gulldner FH, Wolff JR (1974) Dendro-dendritic synapses in the ical and cytochemical substrates for cellular interaction. In:
suprachiasmatic nucleus of the rat. J Neurocytol 3:245-250 Klein DC, Moore RY, Reppert SM (eds) Suprachiasmatic nu-

Gulldner FH, Wolff JR (1977) Complex synaptic arrangements in  cleus. The mind’s clock. Oxford University Press, New York,
the rat suprachiasmatic nucleus. Verh Anat Ges 71:925-926 Oxford, pp 17-50
Guldner FH, Wolff JR (1978) Retinal afferents form Gray-type | Vandesande F, Dierickx K, DeMey J (1975) Identification of vaso-
and type Il synapses in the suprachiasmatic nucleus (rat). Exp pressin-neurophysin producing neurons of the rat suprachias-
Brain Res 32:83-89 matic nucleus. Cell Tissue Res 156:337-342
Jones EG, Powell TPS (1969) Electron microscopy of synaptid/an Harreveld A (1972) The extracellular space in the vertebrate
glomeruli in the thalamic relay nuclei of the cat. Proc R Soc  central nervous system. In: Bourne GH (ed) The structure and
[B] 172:153-171 function of nervous tissue, vol 4. Academic Press, New York,
Liebermann AR (1974) Comments on the fine structural organiza- pp 447-511
tion of the dorsal lateral geniculate nucleus of the mouse. AVolff JR, Nemeek St (1971) Komplexe Synapsenanordnungen
Anat Entwicklungsgesch 145:261-267 (“Komplexsynapsen”) als haufiges Schaltprinzip im Hirn-
Meijer JH, Rietveld WJ (1989) Neurophysiology of the suprachi-  stamm. J Neuro-Visc Rel [Suppl X]:124-134
asmatic circadian pacemaker in rodents. Physiol Rev 69:671Wyss JM, van Groen T, Sripanidkulchai K (1995) Dendritic bun-
707 dling in layer | of granular retrosplenial cortex: intracellular
Montagnese C, Poulain DA, Vincent JD, Theodosis DT (1988) labeling and selectivity of innervation. J Comp Neurol 295:
Synaptic and neuronal-glial plasticity in the adult oxytocin- 33-42



