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Synaptogenesis in the Rat Suprachiasmatic Nucleus Demonstrated
by Electron Microscopy and Synapsin | Inmunoreactivity
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Synaptogenesis was studied in the rat suprachiasmatic nu-
cleus (SCN) using quantitative ultrastructural analysis and
synapsin | immunohistochemistry. SCN neurons are formed
between embryonic days 13 and 17 (E13-E17), and the SCN
is adistinct hypothalamic nucleus by E 18. At E19 the nucleus
is very immature and there are few synapses. Synaptogen-
esis proceeds slowly until P4 but increases rapidly between
P4 and P10. At P10 the number of synapses per unit area
is the same as in the adult SCN and all synaptic types present
in the adult are evident. However, the SCN continues to in-
crease in volume to the adult with approximately 30% of
total synaptic number added between P10 and a young adult
age. The appearance of synapsin | immunoreactivity cor-
relates very precisely with the development of synapses in
the SCN as shown by ultrastructural analysis between E19
and P6. The pattern of appearance of synapsin | immuno-
reactivity demonstrates that synaptogenesis in the SCN is
significantly delayed in comparison to adjacent hypotha-
lamic nuclei. Synapsin | immunohistochemistry is a reliable
marker of synapse formation in the developing SCN. A cor-
relation of these anatomical data with prior functional studies
suggests that SCN neurons are born as individual circadian
oscillators that undergo a rapid development in the first 10
days after birth to form a functional neural network sub-
serving circadian rhythm generation and regulation.

The suprachiasmatic nucleus (SCN) is a circadian pacemaker
in the mammalian brain (Rusak and Zucker, 1979; Moore, 1983;
Turek, 1985; Rosenwasser and Adler, 1986). Although circadian
rhythms typically develop postnatally, the rhythm in glucose
metabolism demonstrated by the 2-deoxyglucose (2-DG) meth-
od (Schwartz and Gainer, 1977; Schwartz et al., 1980; Sokoloff,
1982) develops prenatally (Reppert and Schwartz, 1983, 1984),
shortly after the formation of the SCN from the ventral dien-
cephalic germinal epithelium (Ifft, 1972; Altman and Bayer,
1978, 1986). It has generally been considered that much of the
functional activity demonstrated by the 2-DG method reflects
synaptic activity (Sokoloff, 1982), but prior studies of SCN de-
velopment indicate that the nucleus is immature prenatally and
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that synaptogenesis is predominantly a postnata] event (Lenn
et al., 1977, Koritsanszky, 1981). However, neither of those
studies provided more than a brief, qualitative analysis of SCN
development. For that reason the present study was undertaken
to obtain a detailed, quantitative ultrastructural analysis of syn-
aptogenesis in the SCN and correlate this with the development
of immunoreactivity to a specific synaptic protein, synapsin I
(DeCamilli et al., 1979, 1983a, b).

Materials and Methods

Animals and surgery. Pregnant female albino rats of the Sprague-Dawley
strain were obtained from the dealer (Taconic) at 7-10 d gestation (timed
pregnancy). They were maintained in individual cages under standard
laboratory conditions in diurnal lighting (lights on 0700-1900 hr) with
free access to food and water. In our laboratory these rats typically give
birth on the 22nd day after mating. The day after mating is designated
embryonic day 1 (El). For studies of fetuses, pregnant females were
anesthetized with pentobarbital (80 mg/kg), and fetuses were removed
from the uterus and perfused. Any fetus that showed a response to
stimulation received additional pentobarbital. The age of the fetus was
confirmed by measurement of crown—rump length as described by Seiger
and Olson (1973). The day of birth was designated P1. All postnatal
animals were anesthetized with pentobarbital (80 mg/kg) prior to being
killed. The numbers of animals used are noted below.

Electron microscopy. For the electron microscopic analysis, 26 ani-
mals of both sexes were used at ages E19 (4 animals), E21 (4), P1 (3),
P2 (3), P4 (4), P6 (3), P10 (3), and adult (2). Animals at E19-P4 were
perfused with physiological saline followed by 1% paraformaldehyde—
1.5% glutaraldehyde in 0.1 M Sorenson’s buffer (pH 7.4). The brains
were immersed in 2% paraformaldehyde-2.5% glutaraldehyde with ag-
itation for 4 hr at room temperature, blocked, and refrigerated overnight.
Following a buffer rinse, the tissue was osmicated, dehydrated, and
embedded in Spurr resin. P6, P10, and adult animals were perfused
with saline followed by 2% paraformaldehyde-2.5% glutaraldehyde in
0.1 M Sorenson’s buffer, blocked, and fixed overnight in the same fix-
ative. Blocks were rinsed in buffer, osmicated, dehydrated, and embed-
ded in Epon-Araldite.

Ultrathin coronal sections from middle rostrocaudal levels of the SCN
were mounted on Formvar-coated slot grids, stained with uranyl acetate
and lead citrate, and examined with a JEOL 100CX electron microscope.
Capillary maps from toluidine blue stained, 0.5 um sections adjacent
to each group of thin sections permitted precise localization of each
micrograph. Micrographs for axon terminal counts were chosen non-
systematically from several rostrocaudal levels of the nucleus in each
brain, photographed at 3300 x, enlarged 5 times, and analyzed using a
2x or 3x loupe to give a final magnification of 33,000 or 49,000. Low
magnification was used to reduce bias in area selection, and the micro-
graphs included perikarya, blood vessels, and axon bundles. Thus, the
counts represent numbers of axon terminals in SCN tissue rather than
in neuropil. At older ages, a portion of the SCN is interdigitated with
the dorsal optic chiasm, but this area was not analyzed to maintain
methodological consistency with younger ages. Axon terminals are de-
fined as enlarged components of the axon containing accumulations of
synaptic vesicles. Very few axon terminals are evident at E19-P2, and
those present are often immature. Hence, for E19-P2 an axon terminal
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Figure 1. Development of SCN length and volume. The length and

volume of the nucleus are shown as a function of developmental age.

was counted if there was an evident membrane thickening and 3 or
more synaptic vesicles nearby. At P4-adult the boutons are mature with
typical accumulations of vesicles. In addition to a total synaptic count,
the nucleus was subdivided into 4 quadrants—dorsomedial, ventro-
medial, dorsolateral, and ventrolateral—and counts were made from
each quadrant at each developmental age. This division was made be-
cause visual afferents to the SCN terminate predominantly in the ventral
and lateral quadrants.

Synapsin I immunohistochemistry. Twenty-eight animals of both sexes
at ages E19(4), E21(3), P1(4), P2(3), P4(3), P6(3), P8(3), P10(2), and
adult (1) were perfused transcardially with 0.1 m PBS followed by Bouin’s
fixative. Brains were processed for paraffin embedding and 10 um co-
ronal sections through the hypothalamus were cut. Every 10th section
was mounted for histochemistry and the adjacent section was mounted
for staining with cresyl violet. The histochemical material was prepared
using the peroxidase-antiperoxidase method. Synapsin I antiserum was
generously provided by Drs. Paul Greengard and Charles Ouimet (The
Rockefeller University, New York, NY). It is a well-characterized anti-
serum (DeCamilli et al., 1983a, b), and preliminary data demonstrated
that it provides equally good reactions on frozen and paraffin-embedded
sections. Details of the immunohistochemical methodology have been
provided previously (Card et al., 1981). The cresyl violet-stained series
was used to determine the boundaries of the SCN in the immunohis-
tochemical material and for morphometric analysis. In addition to the
material noted above, 2 brains each from E16 and E17 were sectioned
in the coronal plane and stained with cresyl violet to study the early
development of the SCN. Morphometric analyses of SCN length and
volume were made using a Bioquant image analysis system.

Results
SCN development
General features

The major focus of this study was synaptic development in the
SCN, but it is necessary to put this in a context of the general
development of the nucleus. Nissl-stained material was analyzed
from E16 to P10. At E16 the germinal epithelium in the anterior
hypothalamic area is quite thick with numerous mitotic figures.
No clearly defined SCN is apparent. At EI8 activity in the
germinal epithelium is minimal and the SCN is clearly defined,
containing closely packed small neurons. There are 2 major
changes evident in Nissl-stained material that evolve from E19
to P10. First, the nucleus becomes progressively larger, as does
the rest of the brain. Second, SCN neurons become increasingly
less densely packed with the apparent amount of neuropil in-
creasing. Even so, it is worth noting that the SCN contains the
highest perikaryal density of any hypothalamic nucleus, even
in the adult brain. The increase in size of the nucleus is readily

apparent from measurements of length and volume (Fig. 1).
These gradually increase at a nearly identical rate from E19
through P10. It should be noted that a small increase in length
and a marked increase in volume occurs after P10. This pre-
sumably represents an increase in total neuropil as the number
of synapses per unit area does not increase (see below).

In material prepared for electron microscopy, the general de-
velopment of the SCN conforms to what would be inferred from
the Nissl material. At E19 the SCN contains numerous small,
immature neuronal somata that are closely approximated and
often in strands or rings. The neuropil is sparse and contains
predominantly large and medium-sized dendritic profiles and
dendritic growth cones (Fig. 24). There are occasional bundles
of small, unmyelinated axons and a few glia. A few radial glial
processes with opposed neuronal perikarya are also present.
Perikarya throughout the nucleus are small with sparse cyto-
plasm and only occasional cytoplasmic invaginations into the
nucleus. We do not observe gap junctions between neurons at
E19 or any other age in our material, but we did not make a
systematic search for them. Tight junctions, typical puncta ad-
herens, are present in fetal material (Fig. 2B) and occasionally
found in the postnatal SCN. Between E19 and P10 the major
change in SCN ultrastructure is in the development of the neu-
ropil. Neuronal perikarya become more dispersed, although oc-
casional strands or rings of closely opposed somata are still
present in the adult SCN. At E21 neuronal cytoplasm is no-
ticeably more dense than at E19 because of a marked increase
in the number of ribosomes. Neuronal cytoplasm continues to
mature until P10, when the neurons have an essentially adult
appearance. In the adult, there are 2 types of neurons that have
a preferential distribution in the SCN. The first comprises small
neurons with scant cytoplasm and few, simple nuclear invagina-
tions. These are found predominantly in the dorsomedial part
of the nucleus. The second comprises larger neurons with more
extensive cytoplasm and complex nuclear invaginations, which
are located primarily in the ventrolateral portion of the nucleus.
The distinction is not evident in early development and becomes
clear only between P6 and P10. Neurons at E19-P2 exhibit
perikaryal budding so that formation of primary dendrites is
completed by P4. Cell death occurs in the SCN from E21 through
P6. The number of degenerating perikarya is small at any stage,
and degenerating perikarya are nearly always observed as single
neurons, rarely as members of clusters or strands. Since the time
course over which the changes occur is unknown, the importance
of cell death in the development of the SCN cannot easily be
assessed.

The neuropil becomes progressively more complex between
E21 and P10 (Figs. 3 and 4). The number of dendritic and axonal
profiles increases as does the number of synapses (see below).
More small dendrites and dendritic spines are evident. In ad-
dition, there are increasing numbers of small, unmyelinated
axons, particularly in small fascicles, present in all regions of
the SCN. The development of the neuropil is such that it appears
mature in all parts of the nucleus except at the interface between
the optic chiasm and the SCN by P6. A general feature of SCN
synaptology is that a large proportion of synapses are on small
dendritic branches and dendritic spines. Axosomatic synapses
are present but uncommon. Dendrodendritic synapses are pres-
ent, particularly in the ventral portion of the nucleus, but these
also are not common. A prominent feature of the ventral neu-
ropil in the adult is an arrangement of small dendrites and axons,
particularly those of retinal origin, in a glomerular organization.
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Figure 2. Electron micrographs showing SCN ultrastructure at E19. 4, Neurons and neuropil. The neuronal perikarya are small with a scant
cytoplasm containing few organelles. The neuropil contains dendrites, small axons, and some growth cones. Scale bar, 5 um. B, Two adjacent
neurons with tight junctions. Scale bar, 2 um.
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Figure 3. Electron micrograph showing SCN ultrastructure at P4. There are a number of axon terminals making synaptic contacts with dendritic
profiles (arrows), but the neuropil is immature compared with later developmental stages. Scale bar, 2 pm.

These begin to appear between P6 and P10 but are not present
in large numbers.

Synaptogenesis

At E19 there are only very rare synaptic profiles present, and
these are immature with very few synaptic vesicles. From E21
to P6 there is a gradual increase in synaptic number and synaptic
diversity (Fig. 4). The initial synapses formed are on medium

to large dendritic profiles by small axon terminals containing a
few spherical vesicles clustered near the synaptic contact. Be-
tween E19 and P2, synaptogenesis proceeds slowly and the num-
ber of axon terminals present at P2 is only about 10% of that
in the adult. There is a rapid increase in the number of terminals
between P2 and P6, but the most active period of synaptogenesis
is between P6 and P10, when the number of axon terminals per
unit area of SCN is the same as in the adult (Fig. 8). In addition,
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Figure 4. Electron micrographs showing the ultrastructure of 2 areas of SCN neuropil at P10. The neuropil is very complex, with many small
axons and dendrites and numerous synaptic contacts (arrows). Scale bar, 2 pm.



2156 Moore and Bernstein « Synaptogenesis in the Suprachiasmatic Nucleus

a0r
35
30}
< [ WHOLE SCN |
NE 25t Il DORSOMEDIAL SCN i
a oi V72 VENTROMEDIAL SCN 7
Z5 ] DORSOLATERAL SCN
so YA VENTROLATERAL SCN |
-_— 7%
@ o0l
W o 7
o 5
2z E |
g€
1 = :
3 ® |
Ao @
h
’ 7
10t 7
e
’ Vi
7
7 |
5| / 7
e
9 2 4
Z g 7
Z ’ 7
Z / 4
e ) 1 7 pY 3 7/l
E19 E21 Pf P2 P4 P6 P10 A

DEVELOPMENTAL AGE

Figure 5. Synaptogenesis in the SCN shown by bar graphs of synaptic
counts recorded for whole SCN and for each of 4 SCN quadrants:
dorsomedial, ventromedial, dorsolateral, and ventrolateral.

at P10 all of the types of axon terminal morphology are present;
also, all forms of synaptic contact are evident except axoaxonal
synapses, but these are very rare in the adult. The time course
of development of specific axon terminal types and types of
synaptic contact are shown in Table 1. Only the lucent terminals
with small spherical vesicles and “tubular” mitochondria have
been characterized with absolute certainty at this time. As noted
by Giildner (1978a, b), these are the terminals of the retino-
hypothalamic tract. It is of interest that they go through a phase
of maturation after first appearing at P4, about the time reti-
nohypothalamic projections are noted with light microscopy
(Stanfield and Cowan, 1976; Mason et al., 1977). The first ter-
minals to innervate the SCN, at P4 and P6, are small with fewer
vesicles than in the adult, but by P10 they are nearly all large
with numerous round vesicles. The origin of other terminal
types is not known but many undoubtedly represent intrinsic
innervation. It also seems likely that a particular terminal type
may arise from more than one source.

The quantitative analysis of synaptogenesis shown in Figure
5 not only illustrates the very rapid postnatal synaptogenesis
between P6 and P10 for the whole SCN but shows some inter-
esting regional variation within the nucleus. Early axon terminal
formation is fairly even across the nucleus, but at P4 there is
an abrupt increase in the ventrolateral quadrant that marks the
development of the retinal afferents into that area. From P4 on,
the number of synapses in the 2 medial quadrants is lower than
the number in the 2 lateral quadrants. This reflects the fact that
the neurons in the medial portion of the nucleus are more closely

packed, and the total neuropil in this part of the nucleus, the
“nonvisual” component, is less than in the “visual” component.
The development of the interface between the SCN and the
optic chiasm has several special features. At E19 and E21 there
is a sharp boundary between the chiasm and the ventral border
of the SCN. Numerous growth cones are evident in the chiasm
but no axons enter the SCN. Between P1 and P4 there is a
gradual intercalation of elements of the chiasm with components
of the ventral portion of the SCN. Fascicles of axons are mixed
among neuronal perikarya, and developing pockets of neuropil
appear between P4 and P6. Dendrites extend into the chiasmal
border, and by P6 there is extensive synapse formation. At this
time there is no clear border between the chiasm and the SCN
in electron micrographs. However, at P10 the initiation of mye-
lination of optic chiasm axons permits a good approximation
of the ventral limits of the SCN. It should be noted that the
pockets of neuropil in the dorsal chiasm-SCN interface contain
retinohypothalamic terminals and several of other terminal types.
Dendrodendritic synapses (Giildner and Wolff, 1974) are most
readily found in the zone adjacent to and within the chiasm.
The general pattern of development of synaptic development
shown by the quantitative ultrastructural analysis is confirmed
by the analysis of the development of synapsin I immunoreac-
tivity (SI-IR). The immunohistochemical analysis has the fur-
ther advantage of allowing a comparison of synaptic develop-
ment in the SCN with other hypothalamic nuclei and,
particularly, those immediately adjacent to the SCN. SI-IR ap-
pears as small punctate structures that we interpret to represent
axon terminals (Figs. 6, 7). SI-IR is present at E19 in the lateral
hypothalamic area, the paraventricular nucleus, and the anterior
hypothalamic area adjacent to the SCN, but there are no im-
munoreactive structures within the SCN itself. There appears
to be a general gradient of SI-IR with the lateral hypothalamus
most heavily innervated and medial structures less so. The SI-
IR within the paraventricular nucleus is quite dense, however.
A few SI-IR structures are present in the SCN at E21, but this
is much less than in the surrounding hypothalamus. From E21
and P2, there is a rapid increase in the number of SI-IR struc-
tures in the anterior and lateral hypothalamic areas and only a
modest increase in the number in the SCN (Fig. 7). At P4 there
is a large increase in SI-IR in the ventrolateral quadrant of the
SCN, and between P4 and P10 the innervation of the nucleus
approximates the adult pattern. SI-IR appears identical in P10
and adult material. The dorsomedial division of the nucleus
shows less SI-IR than the ventrolateral division, as is evident
in the quantitative ultrastructural data. Thus, there is almost
complete agreement between the quantitative ultrastructural
analysis and synapsin immunohistochemistry with respect to
the timing of synaptogenesis in the SCN. The only significant
disparity is that the density of innervation appears more nearly
like the adult at P6 in the synapsin material than indicated by
the quantitative analysis. The development of SI-IR in the SCN
lags considerably behind that of adjacent hypothalamic nuclei.
This is not simply an expression of a lateral to medial gradient
of synapse formation, however, as the periventricular nucleus
shows dense SI-IR development prior to the SCN and it is more
medially located. The general pattern of synapse formation as
shown by SI-IR is illustrated diagrammatically in Figure 8.

Discussion

Neurons of the SCN are formed in the third wave of hypotha-
lamic neurons as described in tritiated thymidine material by
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Figure 6. Photomicrographs of synapsin I immunoreactivity at E19. 4, SCN showing very few immunoreactive structures. The border of the
nucleus is outlined by an interrupted line. OC, optic chiasm; 3, third ventricle. B, Lateral hypothalamus showing numerous immunoreactive

structures above and lateral to the optic tract (OT). Scale bar, 100 um.

Altman and Bayer (1986). The lateral hypothalamic area and
related structures are formed in the first wave followed by the
major medial hypothalamic nuclei in the second. The SCN is
formed between E13 and E17, with the majority of neurons
generated on E15-E17, at the same time as the formation of the
periventricular field and the arcuate nucleus. The first neurons
to be formed in the SCN are those of the ventrolateral division,
followed by the dorsomedial division, and then neurons lying
along the ventral surface of the nucleus (Altman and Bayer,
1986). The morphometric data from the present study indicate
that the SCN increases in length and volume at an almost steady
rate from E19 to P10 and continues to increase in size to the
adult. Our measurement of adult volume (0.037 mm?) is within
the general range of recent reports. Giildner (1983) reported a
volume of 0.064 mm?, van den Pol (1980), 0.068 mm?; and

Robinson et al. (1986), 0.029 mm? for the male and 0.023 mm?
for the female. The differences among these studies probably
reflect differences in tissue preparation and slightly different
criteria for defining the boundary of the nucleus.

The general ultrastructural features of the development of the
nucleus are similar to those that have been reported previously
(Lenn et al., 1977; Koritsanszky, 1981). Our study differs from
those in providing a quantitative ultrastructural analysis of syn-
aptogenesis and a correlation of this with the pattern of syn-
aptogenesis demonstrated by synapsin I immunohistochemis-
try. This has been done previously in the cerebellum by Mason
(1986). Synapsin I is a specific neuronal protein that is a sub-
strate for protein kinases (Johnson et al., 1972; Nestler and
Greengard, 1984). It is found throughout the nervous system,
particularly at synapses (Bloom et al., 1979; DeCamilli et al.,

Table 1. Time course of development of axon terminal types and synaptic configurations in the SCN

Developmental age

Terminal type/synaptic configuration E19 E21 Pl P2 P4 P6 P10
Lucent/small spherical * * ok BRE Kk —
Lucent/small pleomorphic with LDCVs ¥ * *k ok ko okokok
Lucent/small pleomorphic *k % ok *okkok
Lucent/large pleomorphic * i
Lucent/small spherical with *“tubular’ mitochondria * ok kR
Dense/small spherical * ok ok ok olowok
Dense/small pleomorphic with LDCVs o
Axodendritic contacts * * ¥ o *kk P
Axospinous contacts * * wk ok e
* ¥ ek

Dendrodentritic contacts
Axosomatic contacts

*k

Terminal type is characterized by the density of terminal cytoplasm (lucent or dense) and the morphology of synaptic
vesicles. Synaptic configuration is specified. The asterisk designations are rough approximations of the number of
structures present at any developmental age, with a single symbol representing scarce and four symbols being equivalent
to the adult pattern. LCDVs are large dense-core vesicles. A terminal was characterized as containing LDCVs if more

than 2 were present in a profile.
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Figure 7. Photomicrographs of synapsin I immunoreactivity: 4, E21; B, PI; C, P4; D, P6. Abbreviations as for Figure 6. Scale bar, 100 um.



Figure 8. Drawings showing the pattern of synapsin I immunoreac-
tivity in the SCN and adjacent hyothalamus at E19, E21, P1, P4, and
P8.
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Figure 9. Synaptogenesis in the SCN is illustrated by plotting total
SCN synapse number at each developmental age. Total synapse number
was estimated by taking the mean values for number of axon terminals
per 1000 um? and calculating a number per 1000 um?® using an estimated

ultra thin section thickness of 80 nm. This was multiplied by the volume
of the nucleus at each age.

1979, 1983a) and appears to be a component of the vesicle
membrane of small synaptic vesicles (Huttner et al., 1983; Na-
vone et al., 1984). Both synapsin I and its mRNA appear during
development at the time synapses are being formed (Lohman
et al., 1979; Haas and DeGennaro, 1988). Thus, it seems likely
that SI-IR would be a reliable marker for synapse development,
but this has not been tested prior to the present study. Qur data
indicate that the development of SI-IR is a very accurate marker
for synapse formation, at least early in the course of synapse
development. When an area has a large complement of synapses,
it is difficult to appreciate any further changes. It is possible that
this could be done by radioimmunoassay, but in doing so the
morphological information provided by immunohistochemis-
try would be lost. Nevertheless, there is a remarkably close
correlation in this study between the number of synapses present
in the ultrastructural material and the synapsin immunoreactive
structures indicating that synapsin immunochistochemistry could
be a valuable method for studying synaptogenesis. It is note-
worthy in our material, for example, that the development of
SI-IR in the hypothalamic areas adjacent to the SCN occurs
much more rapidly than in the SCN. There are differences among
these areas indicating the utility of SI-IR for demonstrating
patterns of synaptogenesis in brain.

Although it is possible to characterize the development of
specific synaptic terminal types and types of synaptic contacts,
this provides relatively little information at the present time
because only the terminals of the retinohypothalamic projection
(Giildner, 1978a, b; Giildner and Wolff, 1978) have been defin-
itively identified among the number of synaptic terminal types
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E19

VISUAL AND OTHER AFFERENTS

Figure 10. Diagrammatic representation of the development of the SCN from E19 to P10. At E19 the neurons are small with few proceses and
essentially no connections. Interaction among neurons must occur by a process that is not known, represented by stippled arrows. At P10 the SCN
is a well-developed neural network with mature neurons having afferent, efferent, and intrinsic connections. The sine wave (~) in the nucleus of
each neuron conveys the hypothesis that SCN neurons are born as circadian oscillators.

present in the SCN (Giildner, 1976, 1984; van den Pol, 1980).
Data from both Golgi analysis (van den Pol, 1980) and im-
munohistochemistry (Card et al., 1981; van den Pol and Tsu-
jimoto, 1985)indicate that SCN neurons produce large numbers
of connections that are intrinsic to the nucleus. This suggests
that many of the synaptic types evident in ultrastructural ma-
terial are from SCN neurons.

The process of SCN development appears to have 3 phases:
neuron formation, neuron growth, and maturation and synapse
formation. All SCN neurons are formed prenatally and, as noted
above, predominantly before E18 (Seress, 1985; Altman and
Bayer, 1986). Our morphometric data and the light and electron
microscopic analysis of SCN development demonstrate that the
general maturation of the nucleus progresses steadily from the
time the neurons are formed to P10 and continues to the adult.
Indeed, even though the number of synapses per unit SCN area
is the same at P10 and in the adult, the volume of the nucleus
is significantly larger in the adult and this can only be explained
by a continuing extension of neuropil, particularly with the de-
velopment of small dendritic processes and their innervation
by intrinsic and extrinsic afferents already present in the nucleus.
Finally, synapse formation progresses very slowly in the late

prenatal and early postnatal periods and then markedly in-
creases from P4 to P10. This is illustrated in Figure 9, which
plots estimated total SCN synapse number against develop-
mental age. The estimates are undoubtedly crude, but there
should not be any inherent inaccuracy that would affect the
estimate at any particular developmental ages. The estimated
synapse number for the adult— 11,000,000 —1is within the range
that would be predicted from Giildner’s work. Giildner (1976)
calculated that each SCN neuron would have 300-1200 synaptic
contacts. The total number of SCN neurons is approximately
10,000 (Riley and Moore, 1977; van den Pol, 1980; Giildner,
1983), so that our estimate of synapse number is within the
range, albeit toward the high end, that would be predicted from
Giildner’s data. Figure 9 clearly illustrates the striking increase
in synapse number occurring between P6 and P10 and dem-
onstrates that approximately 30% of total synapse number is
added after P10. Synaptic density is less in the SCN than has
been described for other areas (Cragg, 1975), probably reflecting
the close neuronal packing of the nucleus and the relative seg-
regation of synapses to small dendrites.

The functional implications of these observations are partic-
ularly interesting. At E19 there are few synapses, and the esti-



mate of total synapses at that age, approximately 9000, is about
one synapse per neuron. Nevertheless, the SCN at E19 exhibits
a rhythm in glucose metabolism (Reppert and Schwartz, 1983,
1984) that is entrained to maternal rhythmicity by a mechanism
not yet fully elucidated (Reppert, 1985; Reppert and Schwartz,
1986). The development of the rhythm is not dependent upon
maternal rhythmicity (Reppert and Schwartz, 1986; Shibata and
Moore, 1988). The earliest rhythms known to be expressed are
within the SCN, the rhythm in glucose metabolism (Fuchs and
Moore, 1980; Reppert and Schwartz, 1983, 1984) and the rhythm
in firing rate of SCN neurons (Shibata and Moore, 1987). The
rhythm in firing rate is present at E22 but is of very low am-
plitude, and its subsequent development correlates well with
SCN development. Like the rhythm in glucose metabolism, it
develops in a very immature nucleus with very few synapses.
These observations indicate that the SCN expresses circadian
function at a time prior to the development of significant in-
trinsic or extrinsic connections. At this stage the SCN is a cir-
cadian oscillator, and we would offer the hypothesis that SCN
neurons are born as individual oscillators that are initially cou-
pled by non-neural signals among themselves and from the
mother (Fig. 10). The SCN becomes a circadian pacemaker
when it develops sufficient afferent, intrinsic and efferent con-
nections to permit it to function as a neural network. This is
accomplished by P4-P6, when a rhythm in the enzyme, sero-
tonin N-acetyltransferase, develops and is entrained to the light-
dark cycle (Klein et al., 1981; Duncan et al., 1986). There is a
continuing maturation of the nucleus thereafter, but it seems
most likely that the long postnatal period during which the
development of circadian rhythms occurs (see Davis, 1981, for
review) reflects the functional development of systems that ex-
press circadian rhythms rather than development of the SCN
and its connections.

In summary, the SCN develops circadian rhythms prenatally,
shortly after its formation, at a time when the nucleus is quite
immature. Its synaptic development is largely a postnatal event
with a spurt of synaptogenesis occurring between P4 and P10.
Synapsin I immunohistochemistry reveals a time course for
synaptogenesis that correlates well with quantitative ultrastruc-
tural analysis. This indicates that the appearance of synapsin I
is a precise indicator of the time of synapse formation and that
synapsin [ immunohistochemistry provides a valuable tool for
the study of synaptogenesis.
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