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Abstract
The hamster suprachiasmatic nucleus (SCN) is anatomically and functionally heterogeneous. A group of cells in the SCN shell, delineated
by vasopressin-ergic neurons, are rhythmic with respect to Period gene expression and electrical activity but do not receive direct retinal
input. In contrast, some cells in the SCN core, marked by neurons containing calbindin-D28k, gastrin-releasing peptide (GRP), substance P
(SP), and vasoactive intestinal polypeptide (VIP), are not rhythmic with respect to Period gene expression and electrical activity but do
receive direct retinal input. Examination of the timing of neurogenesis using bromodeoxyuridine indicates that SCN cells are born between
embryonic day 9.5 and 12.5. Calbindin, GRP, substance P, and VIP cells are born only during early SCN neurogenesis, between embryonic
days 9.5–11.0. Vasopressin cells are born over the whole period of SCN neurogenesis, appearing as late as embryonic day 12.5. Examination
of the ontogeny of peptide expression in these cell types reveals transient expression of calbindin in a cluster of dorsolateral SCN cells on
postnatal days 1–2. The adult pattern of calbindin expression is detected in a different ventrolateral cell cluster starting on postnatal day 2.
GRP and SP expression appear on postnatal day 8 and 10, respectively, after the retinohypothalamic tract has innervated the SCN. In
summary, the present study describes the ontogeny-specific peptidergic phenotypes in the SCN and compares these developmental patterns to
previously identified patterns in the appearance of circadian functions. These comparisons suggest the possibility that these coincident
appearances may be causally related, with the direction of causation to be determined.
D 2005 Elsevier B.V. All rights reserved.
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1. Introduction
The mammalian suprachiasmatic nucleus (SCN) controls circadian rhythmicity of many behavioral and physiological responses and synchronizes these rhythms to daily
environmental cycles. It has been known for quite some
time that the SCN is a heterogeneous structure composed
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of many different peptidergic cell types, each with a
characteristic distribution within the nucleus [48]. Specific
roles are now being assigned to these various cells
[5,16,21,53]. Specifically, cells in the ventrolateral SCN
that contain calbindin (CalB) and/or gastrin-releasing
peptide (GRP) delineate the region in which light can
induce the expression of the clock gene Per1 [16,21].
These cells are not rhythmic in either gene expression [16]
or electrical firing rate [20]. Conversely, cells in the
dorsomedial region, delineated by vasopressin (VP) containing cells, rhythmically express the clock gene Per1 but
do not initially express Per1 following a light pulse
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[16,53]. Recently, we have proposed a formal model
whereby this organization can coordinate self-sustained
rhythmicity of the SCN [4].
Determining interactions among the different SCN
neurons is essential to understanding the overall function
of this brain clock. One approach addressing these
interactions is to compare and contrast the anatomical
development of the SCN with its functional development.
Mapping developmental milestones may help to reveal the
functions served by individual components. Temporal
coincidence between the appearance of a function and a
phenotype suggests the possibility of a direct relationship. It
is possible that the phenotype permits the function, or
alternatively, that the function induces the phenotype.
Similarly, only those phenotypes that appear either prior to
or simultaneously with a function can be necessary for that
function; any phenotypes appearing after a function can, at
the most, only modulate that function. A number of
experimental approaches have demonstrated that the SCN
begins to oscillate prior to birth. In rats, the fetal SCN is
rhythmic in metabolic [36–38] and in vitro electrical activity
[42], although a detectable rhythm in the expression of
various clock genes and their protein products is not
observed until postnatal day 3 (P3; where P0 is the day of
birth) [46]. A similar finding has recently been reported in
hamsters [29]. Mice have rhythmic mPer1, but not mPer2,
expression in the SCN prior to birth [44]. Despite the fact
that rhythmic clock gene expression is not detectable in the
fetal hamster [29], there is functional evidence that the
hamster circadian clock is keeping time prior to birth. Fetal
hamsters can be entrained in utero with injections of
dopamine agonists [49] or melatonin [12,15,49], suggesting
that the circadian clock is functioning prior to birth.
Expression of the immediate early gene c-fos is activated
in the SCN in utero by injections of dopamine agonists in
both hamsters [49] and rats [51,52].
The appearance of light-induced c-fos expression in the
SCN during development is species specific, with hamsters
and mice first exhibiting this response on postnatal day 4
[22,24,33] while rats exhibit this response within a day of
birth [25,51]. The first day during which light-induced c-fos
expression is observed is closely associated with the arrival
of retinal terminals at the SCN around P4-6 in hamsters
[24,31,47] and on P1 in rats [47].
The precise timing of neurogenesis of the rodent SCN is
also species specific and is related to the duration of
gestation, which is shorter in hamsters (i.e., ~15.5 days) than
it is in rats and mice (i.e., ~21–22 days). The cells that form
the hamster SCN are born between embryonic days 9.5 and
13 (E9.5–13) [11,13] whereas cells that form the rat
diencephalon are born between E13–17 [3] or later [1]. In
the hamster, cells are first born in the ventral and caudal
SCN, followed by those in the dorsal and rostral SCN [13].
Whether this pattern results from differences in the neurogenesis among cell phenotypes within the SCN is not
known.
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While nothing is currently known about the neurogenesis
of different peptidergic phenotypes within the hamster SCN,
there is information regarding the ontogeny of some of the
peptide expression. Vasoactive intestinal polypeptide (VIP)
is observed in the hamster SCN as early as E13–14 [8,40]. A
similar pattern is observed in the rat, in that rostral VIP cells
are present before birth, although a large population of midto-caudal VIP cells appear between P10 and P20 [7]. A
rhythm in VIP and GRP content is detectable in rats on the
day of birth [18]. VP is first found in the hamster SCN on
the day of birth [40] while VP content in rats is rhythmic at
or just before birth [18,19,39]. CalB expression is observed
in the SCN of mice at birth but gradually declines reaching
adult expression patterns by P15 [17]. This decline in
expression appears to be dependent upon retinal innervation.
Such a decline has not been described in hamsters.
Calretinin levels increase in the mouse SCN from birth in
a pattern matching, but independent of retinal innervation of
the SCN [17].
The present study examines the development of the SCN,
predicting that functional heterogeneity of the SCN will be
mirrored by developmental heterogeneity. By comparing the
birth dates and ontogenetic appearance of cells of various
peptidergic phenotypes to the appearance of a functional
clock, it may be possible to better understand how
individual cells that make up the SCN contribute to the
generation of a coordinated rhythmic output. To this end, the
present investigation was undertaken to determine the
ontogeny of CalB-containing cells, as well as those bearing
substance P (SP) and GRP, two proteins that are frequently
colocalized with CalB [28]. Also, birthdays of cells that
contain CalB, SP, GRP, VIP, and VP were determined using
a bromodeoxyuridine (BrdU) protocol that labels cells as
they undergo mitosis.

2. Materials and methods
2.1. Animals and housing
To study the ontogeny of SCN cells bearing different
phenotypes, timed pregnant female LVG hamsters (Mesocricetus auratus) obtained from Charles River Breeding
Labs were housed individually in translucent polypropylene
cages (48  27  20 cm), exposed to a light–dark (LD) cycle
of 14:10, and provided with food and water ad libitum. The
room temperature was maintained at 23 F 2 8C.
For studying neurogenesis of the different cell phenotypes, LVG hamsters were also obtained from Charles River
and were similarly housed. Dark onset was defined as
zeitgeber time 12 (ZT12). Starting between 7 and 10 h after
dark onset (ZT19 and 22), females were paired with males
and were left undisturbed for 1 h if both lordosis and
intromission were observed within the first 5 min of pairing.
Embryonic day 1 (E1) for the embryos was defined as
precisely 4 h after dark onset (ZT16) on the night following
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mating. This allowed injections to occur at the same
circadian phase as has been used in other studies [13].
All handling of animals was done in accordance with
Institutional Animal Care and Use Committee guidelines of
Columbia University.
2.2. BrdU Injections
Pregnant hamsters were injected with BrdU (Sigma, MO;
50 mg/kg in saline) once during the morning (ZT4; E9.5,
10.5, 11.5, 12.5, or 13.5) or evening (ZT16; E9.0, 10.0,
11.0, 12.0, 13.0, or 14.0), matching the phases used
elsewhere [13]. BrdU readily crosses the placenta and labels
any cell undergoing the S phase of mitosis within 4 h of the
injection. This approach allows for the immunocytochemical identification in adults of cells born near the time of
injection [41]. Pups born to these mothers were weaned at 3
weeks of age. Brains were examined immunocytochemically at 6 weeks of age.
2.3. Surgery
To enhance detection of SP, GRP, VIP, and VP in the cell
soma, hamsters in the neurogenesis experiment were heavily
anesthetized and given a stereotaxically aimed lateral
ventricle injection of colchicine (Sigma; 200 Ag in 20 Al)
1 day before being euthanized.
2.4. Perfusion
For studying the ontogeny of the various proteins, pups
aged P0–P14 were given an overdose of sodium pentobarbital (0.2 mg/g) and were perfused intracardially with 5–
10 ml 0.9% saline followed by 10–20 ml of Bouin’s
fixative in 0.1 M phosphate buffer, pH 7.3. For examining
ontogeny at time points prior to birth, the pregnant dams
were given an overdose of sodium pentobarbital (200 mg/
kg) and perfused intracardially with 100 ml 0.9% saline
followed by 300 ml of 4% paraformaldehyde. The brains
were removed, postfixed for 24 h in Bouin’s fixative, and
cryoprotected in 30% sucrose in 0.1 M phosphate buffer for
3–5 days. Adult hamsters (6 weeks old), for both the
ontogeny and neurogenesis experiments, were given an
overdose of sodium pentobarbital (200 mg/kg) and were
perfused intracardially with 100 ml 0.9% saline followed by
300 ml of 4% paraformaldehyde. These brains were
postfixed in 4% paraformaldehyde for 24 h at 4 8C,
cryoprotected in 20% sucrose in 0.1 M phosphate buffer for
3–5 days, frozen on crushed dry ice, and stored at 80 8C
until used.
2.5. Immunocytochemistry
Coronal sections either 35 Am (neurogenesis experiment)
or 50 Am (ontogeny experiment) were collected through the
anterior hypothalamus and were processed for free floating

immunocytochemistry. For the neurogenesis study, the
tissue was collected into three alternating series such that
three different cell phenotypes could be examined from
representative sections at every rostrocaudal level of the
SCN.
For the ontogeny experiment, brains were rinsed in 0.5%
H2O2, incubated for 1 h in 1% normal serum, and then
incubated for 48 h in either monoclonal mouse-anti-CalB
(1:20,000, Sigma), polyclonal rabbit-anti-GRP (1:2,000,
Incstar, MN), or polyclonal rabbit-anti-SP (1:10,000,
Incstar). Tissue was then incubated in a secondary antibody,
followed by ABC (Vector Labs, CA), and was stained with
either the Vector SG substrate kit for peroxidase, or with
DAB. Sections were mounted onto gelatin coated slides,
dehydrated with an alcohol series, cleared with Citrasolve,
and coverslipped with Permount.
For the neurogenesis study, sections were subjected to
the following treatments: Tris-buffered saline (TBS, pH 7.4)
washes, 2 h wash in 50% formamide/2 saline-sodium
citrate (SSC) at 65 8C, rinsed in 2 SSC, soaked in 2 N HCl
for 30 min at 37 8C, soaked in 0.1 M borate buffer (pH 8.5),
and blocked in 3% normal donkey serum in TBS with 0.1%
Triton X-100 (TBS-plus). The tissue was incubated for 48 h
at 4 8C in TBS-plus containing monoclonal mouse-antiBrdU IgG (1:1000 Sigma), and one or two of the following
antibodies: rabbit anti-CalB (1:3300, Chemicon), rabbitanti-VIP (1:5000, Peninsula Labs), rabbit-anti-VP (1:5000,
DiaSorin), or guinea pig anti-SP (1:2500, Peninsula Labs).
Following incubation, the tissue was rinsed in phosphatebuffered saline (PBS, pH7.4) containing 0.1% Triton X-100
(0.1% PBT), and incubated in fluorescent secondary antibodies (1:200, CY3 conjugated donkey-anti-mouse; CY2 or
CY5 conjugated donkey-anti-rabbit; and CY2 donkey-antiguinea pig; Jackson Immunochemicals Inc., PA). The tissue
was rinsed in 0.1% PBT, mounted onto gelatin coated slides,
dehydrated through an alcohol series, cleared with xylene,
and coverslipped with Krystalon.
2.6. Data analysis
SG or DAB-labeled tissue was examined on an Olympus
BH-2 microscope. Fluorescently labeled tissue was examined on an epifluorescent-equipped Nikon Eclipse 800
microscope. In each case, images were captured on a cooled
CCD camera mounted on the microscope. Each fluorescent
label was imaged separately, and the channels were merged
to form red-green pseudo-color images.
High magnification images of representative doublelabeled cells were captured using confocal microscopy. The
slides were observed under a Zeiss Axiovert 200 MOT
fluorescence microscope (Carl Zeiss, Thornwood, NY,
USA) with a Zeiss LSM 510META laser scanning confocal
attachment. The sections were excited with an argon–
krypton laser using the excitation wavelengths 488 nm for
Cy2, 543 nm for Cy3, and 633 nm for Cy5. The images
were collected as 2 Am multitract optical sections with
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sequential excitation by each laser to avoid crosstalk
between the three wavelengths. Using the LSM Image
Browser 3.2 software (Zeiss), the images captured from the
Cy3 signal were given a red pseudo-color, while images
captured from the Cy2 or Cy5 signals were given green
pseudo-color. Each cell was examined through its entirety to
verify that it was double labeled.
Cell counts were made of 4–6 sections covering the
rostrocaudal extent of the SCN. Individual cells in each
photomicrograph were identified by examining digitally
captured images with Adobe Photoshop by removing the
color channel corresponding to the BrdU label. Once each
cell was marked, the channel corresponding to the phenotype label was removed, and the channel with the BrdU was
compared to the markers representing individual cell. When
a BrdU-labeled nucleus coincided with a cell marker, the
individual cell was also examined with both channels active
to ensure that the BrdU-labeled nucleus actually corresponded to that particular cell. Total counts were made
through the whole rostrocaudal extent of the SCN for each
of the 5 phenotypic markers. Total counts of double-labeled
cells in a particular animal for a specific cell phenotype were
expressed as a percentage of total number of cells for the
given phenotype in the given animal. One-way ANOVAs
were applied to each phenotype to test for a main effect of
day of BrdU injection, and Fisher’s LSD post hoc tests were
used to examine pairwise differences when a main effect
was detected.
Cell size measurements were made of rostral VP cells
(near the 3rd ventricle in the rostral half of the nucleus),
caudal VP cells (along midline at the rostrocaudal level of
the CalB subregion), and CalB cells labeled with DAB in
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tissue from two colchicine-treated animals. Measurements
(area, perimeter, and diameter) were made using the NIHImage software package. Ten to 12 cells were measured per
animal. T tests were used to compare these measurements.

3. Results
3.1. Ontogeny phenotypic proteins
On E14 and 15, densely stained CalB-immunoreactive
(-ir) cells surrounded the SCN and were present in the
subparaventricular zone, but not in the SCN. A few CalB-ir
fibers were seen in the SCN. These fibers seem to project
from the cells surrounding the SCN, as a few can be traced to
those cell bodies. CalB-ir cells first appeared in the SCN on
P1. A distinct cluster of cells was detected in the dorsolateral
region of the caudal SCN (Fig. 1). Sparse cells were also
present in the rostral, dorsomedial, and ventrolateral SCN. On
P2, in addition to the dorsomedial cells, CalB-containing
cells were apparent in the ventrolateral region of the caudal
SCN. While extra-SCN CalB-ir cells were intensely stained,
those within the SCN were less intensely labeled at this age.
At P3, CalB-ir had disappeared from most of the cells in the
dorsolateral cluster while the ventrolateral cluster of CalB
cells had become more distinct. Over the following days,
CalB was increasingly localized to cells in the ventrolateral
region, reaching the adult pattern by P15.
A few GRP-ir cells were observed in 1 of the 4 animals
examined at P8 (Fig 2). A small group of GRP-ir cells was
distinct in the ventrolateral region of the caudal SCN in all
animals at P10. Denser background staining was seen in all

Fig. 1. Photomicrographs of CalB-ir in the caudal SCN on P0, P1, P2, and P3. The black arrows indicate both the dorsolateral and ventrolateral cluster of CalB
cells (visible on P1–2 and P2–3, respectively) (Scale bar = 100 Am). Inset in P1 photomicrograph shows 3 CalB-IR cells at high power (Scale bar = 10 Am).
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Fig. 2. Photomicrographs of GRP-ir in the caudal SCN on P8, P10, and P12 and in a young adult. The black arrows indicate the location of the GRP-ir cluster
of SCN cells, first visible on P8 (Scale bar = 100 Am). Inset in P8 photomicrograph shows a GRP-ir cell at high power (Scale bar = 10 Am).

4 animals at P10 and P12 in the latero-caudal SCN. At P14,
GRP fibers were detected in this same region of the SCN
(data not shown), suggesting that the background staining
observed on P10 and P12 represented initial GRP-ir fibers.
This pattern of heavy GRP-ir in the dorsolateral SCN is
typical of what is expected in SCN tissue from animals that
have not received colchicine treatment [28]. SP-ir fibers

were seen surrounding the SCN at P3 (the earliest time
processed for SP ICC) and a few fibers were seen entering
the SCN. SP-ir cells were first detected at P10. By P12 a
distinct cell cluster was found in the ventrolateral caudal
SCN (Fig 3). It is possible that these peptides appear earlier,
but at levels that are undetectable using the present
immunocytochemistry protocols.

Fig. 3. Photomicrographs of SP-ir in the caudal SCN on P8, P10, and P12 and in a young adult. The black arrows indicate the location of SP-ir cells, first
visible on P10 (Scale bar = 100 Am). Inset in P10 photomicrograph shows 4 SP-ir cells at high power (Scale bar = 10 Am).
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3.2. Neurogenesis of different cell phenotypes

4. Discussion

BrdU-labeled cells were observed first in the ventral
portion of the mid-caudal SCN. On the final days during
which BrdU was found in the SCN, labeled cells were
located in the dorsomedial SCN along the whole rostrocaudal extent, although in greater numbers in the rostral SCN
(Fig. 4).
The patterns of neurogenesis for CalB, GRP, and SP were
quite similar. The first BrdU-labeled CalB cells were
observed in animals injected on E9.5 (Fig 5), with a
significant increase ( F(7,28) = 23.6, P b 0.001) to the largest
number of double-labeled cells observed on E10.5–11.0 (Fig.
6A), after which there was a significant drop to almost no
double-labeled cells from E11.5 onwards. The first few
BrdU-labeled GRP cells were observed in animals injected on
E9.0, with a significant increase ( F(5,9) = 31.2, P b 0.001) to
the largest number of double-labeled cells observed on
E10.5–11.0 (Fig. 6A), after which there was a significant
drop to almost no double-labeled cells from E11.5 onwards.
The first BrdU-labeled SP cells were observed in animals
injected on E9.5. The number of BrdU-labeled SP cells
increased slightly to a peak on E11.0 (Fig. 6A) after which
there was a significant drop to ( F(5,8) = 7.2, P b 0.01) almost
no double-labeled cells from E11.5 onwards.
The first few BrdU-labeled VIP cells were observed in
animals injected on E9.0. The number of BrdU-labeled VIP
cells increased to a significant peak ( F(6,12) = 12.8, P b
0.001) on E10.5 (Fig. 6A), after which there was a gradual
drop to almost no double-labeled cells from E12.0 onwards.
The most dramatic finding regarding neurogenesis was
observed with VP cells. Unlike all other cell phenotypes
examined, BrdU-labeled VP cells were observed over the
whole range of SCN neurogenesis from E9.0 through to
E12.5. The overall shape of the neurogenesis curve was
more broad and flat than that for the other cell phenotypes.
The peak in the neurogenesis curve was not as prominent as
was observed with the other cell phenotypes, although there
was a significant increasing trend ( F(6,11) = 7.2, P b 0.01)
from E9.0 to a broad peak covering E10.5 to E11.5 (Fig.
6A), after which there was a gradual decline in number to
E13.0, at which point no BrdU-labeled cells were observed
in the SCN. While the neurogenesis curve may suggest a
homogeneous and prolonged pattern or cell birth, regional
examination of BrdU-labeled cell location indicates that the
caudal VP cells predominate early in neurogenesis, while
the rostral VP predominate later in neurogenesis. The cell
size of rostral and caudal VP cells did not differ for any
measurement (area, 50.18 Am2 vs. 47.15 Am2, P N 0.05;
perimeter, 27.44 Am vs. 26.39 Am, P N 0.05; diameter, 9.67
Am vs. 9.09 Am, P N 0.05). By comparison, CalB cells were
significantly larger than both rostral and caudal VP cells on
most measurement (area, 60.28; perimeter, 30.87; diameter,
11.37). Only the area of rostral VP cells was not
significantly smaller than that of CalB cells (one-tailed t
test, P = 0.069).

The present study demonstrates that CalB-, GRP-, SP-,
and VIP-containing cells are born in the first wave of SCN
neurogenesis, while VP-containing cells appear over the
entire period of neurogenesis. These VP-ergic cells are born
in a specific spatiotemporal manner; caudal VP-containing
cells predominate early in neurogenesis, while rostral VPcontaining cells, particularly those close to the third
ventricle, predominate later in neurogenesis. This matches
well the overall general pattern of neurogenesis described
previously [11,13]. These developmental differences
observed in VP cells are not echoed by any known
differences between these cell populations. While the
present study identified VP-containing cells as being the
last born during SCN neurogenesis, a recent report in the rat
detected CalB and VIP cells that were born on E18 [1], well
after the end of the previously identified neurogenesis
period in rats (i.e., E13–17 [3]). In the present study, animals
were injected with BrdU as late as E13.5 and E14.0 (~36–48
h before birth). These animals had no BrdU-labeled cells in
their SCN (data not shown), suggesting that hamsters do not
exhibit additional late neurogenesis such as has been
reported in the rat [1].
Surprisingly, the detection of neurons with various
peptidergic phenotypes occurs over a wide interval; from
E13 for VIP [8], through P0–1 for VP [40] and CalB, to P8–
10 for the first appearance of GRP and SP. It is known that
CalB is often colocalized with GRP or SP [28], yet these
colocalized peptides are detected at different times during
ontogeny. It has been suggested that in the adult, CalB cells
act as gates that maintain phase coherence among SCN
oscillator cells [4]. It is possible that synchrony among
oscillator cells is maintained in utero by a maternal signal.
Pups are normally synchronized to one another at birth. This
is not the case for pups born to SCN lesioned mothers,
suggesting that there is a maternal signal that entrains the
pups [38]. Given that synaptogenesis largely occurs after
birth [30], it is reasonable to suggest that SCN neurons may
be unable to maintain synchrony amongst themselves, and
that the entraining maternal zeitgeber may also control the
phase of the individual SCN oscillator cells, not just the
phase of the fetuses. If the hypothesis that CalB cells
maintain such synchrony in adults is correct, then possibly
CalB cells appearing soon after birth are related to initiation
of this synchronization function. The appearance of GRP
and SP soon after the retinohypothalamic tract (RHT)
innervates the SCN suggests that these peptides may play
a role in photic regulation of rhythmicity, or that retinal
innervation may play a role in their appearance. The
developmental patterns of these various SCN attributes are
summarized in Fig. 6B.
An interesting observation made in the present studies
was that a dorsolateral cluster of neurons within the SCN
contain CalB only between P1 and P2. Transient expression
of CalB has been described in the mouse SCN, where the
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Fig. 4. Photomicrographs depicting BrdU-ir at 4 different rostrocaudal levels of the SCN at half-day intervals throughout the neurogenesis period for the SCN.
Ventral BrdU-ir most prevalent in the early stages of neurogenesis (E10.0–10.5), while dorsal BrdU-ir is more prevalent in the later stages of neurogenesis
(E11.5–12.0). Caudal BrdU-ir is more prevalent in the early stages of neurogenesis (E10.5), while rostral BrdU-ir is more prevalent in the later stages of
neurogenesis (E11.5) (Scale bar = 100 Am).

M.C. Antle et al. / Developmental Brain Research 157 (2005) 8–18

15

Fig. 5. Double-labeled immunofluorescent photomicrographs depicting the pattern of neurogenesis (BrdU-ir cells in red) relative to the spatial distribution of
the various cell phenotype (CalB, GRP, SP, VIP, and VP, in green). Each column represents data from animals injected with BrdU at one of three stages of SCN
neurogenesis: early (E9.5), peak (E10.5), and late (E11.5). Note that BrdU-ir is sparse and ventral on E9.5, more dense on E10.5, and is sparse and dorsal on
E11.5 (Scale bar = 100 Am). The right column shows 2 Am thick optical section obtained using confocal microscopy depicting BrdU and peptidergic-ir
colocalization (Scale bar = 10 Am). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

number of CalB-ir neurons decreases as the RHT innervates
the SCN [17]. This transient dorsolateral cluster of CalB-ir
cells is located in the region expressing phosphorylated
extracellular signal-regulated kinase (P-ERK) at night in the
adult hamster [10,26,34]. Phosphorylation of ERK has been
implicated in photic resetting [9,10,14]. The role served by

the transient expression of CalB early in development in these
dorsolateral SCN cells is unknown. Furthermore, it is not
known whether the disappearance of CalB is due to change in
expression patterns within these cells, or due to cell death.
Soon after neurogenesis, yet before synaptogenesis, the
SCN is endogenously rhythmic [36–38] and can be
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Fig. 6. (A) Plots depicting the neurogenetic pattern of cells that, in adulthood,
contain CalB, GRP, SP, VIP, and VP. The embryonic day of the BrdU
injection is indicated along the abscissa. The ordinate indicates the average
percentage of cells immunoreactive for the peptide of interest that are also
immunoreactive for BrdU. (B) A schematic outlining important developmental milestones of SCN attributes, including those described here
(neurogenesis, and the ontogeny of detectable expression of CalB, GRP and
SP) as well as elsewhere (neurogenesis [11,13]; VIP-ir [8]; SCN rhythmicity
[12,36,49]; GFAP-ir [8]; VP-ir [40]; and RHT innervation [24,31,47]).

synchronized with timed injections of dopamine agonists or
melatonin [49,50]. At this early age, VIP-ergic cells are
already found in the SCN [8], but no CalB-ir can be

detected. In the rat, the earliest expressions of overt
rhythms have been demonstrated in body temperature and
oxygen consumption at P5 [32]. As VIP, VP, CalB, and
glial cells are present prior to P5, these cell types may
contribute to the expression of overt rhythmicity. Indeed,
lesions of the region containing CalB cells in adult
hamsters are sufficient to abolish overt rhythms in
behavioral and physiological responses [23,27]. Transplants
of partial SCN grafts containing CalB cells restore activity
rhythms in SCN lesioned hamsters, while SCN grafts
lacking these cells do not lead to such a recovery [27]. This
arrangement has been incorporated into a model where
CalB cells are triggered to produce a daily signal that
maintains phase coherence amongst individual oscillating
cells of the SCN [4]. It is possible that endogenous signals
from the mother initially produce and maintain phase
coherence of individual rhythmic cells [38]. According to
this hypothesis, following birth, but prior to RHT innervation, the CalB cells would maintain phase coherence as
outlined in the model [4]. Finally, once the RHT innervates
the SCN, daily photic signals would strengthen and
maintain this phase coherence.
GRP and SP-containing cells are detected around at P810, after the RHT has begun to innervate the SCN. Although
it is not known if RHT innervation induces the expression of
the proteins, it has been shown that these peptides serve a
role in light-induced responses. Indeed, administration of
GRP phase shifts locomotor activity with a phase–response
curve similar to light [35]. GRP injections induce Per1 gene
expression in the SCN [2,6] and GRP receptor-deficient
mice show blunted Per1 expression and phase shifts [2]. SP
produces phase shifts in SCN electrical firing rhythms in
vitro with a phase response curve similar to light [43]. This
region containing CalB, GRP, and SP cells expresses lightinduced, but not rhythmic, Per1 and Per2 expression in
adult hamsters [16]. This is also the region expressing most
light-induced c-fos in adult hamsters [45]. Curiously, lightinduced c-fos first appears predominantly in the dorsolateral
hamster SCN on P4, and only later, around P15, is lightinduced c-fos predominantly in the ventrolateral SCN [22].
Therefore, the developmental pattern of light-induced c-fos
expression in the hamster SCN follows, with some delay,
the developmental pattern of CalB-ir.
In conclusion, the ontogeny of GRP- and SP-containing
SCN cells and the pharmacological effects of these peptides
in adults are consistent with a role in photic entrainment and
phase shifting. CalB is frequently colocalized with GRP or
SP in the adult SCN. In development, however, CalB is
detected at an earlier developmental stage than are the latter
peptides. The appearance of CalB soon after birth may be
related to the loss of maternal zeitgebers. It has been
suggested that CalB cells of the SCN maintain phase
coherence among individual oscillator cells in the adult
hamster [4,23]. While maternal zeitgebers may serve this
function prior to birth [38], it is possible that the CalB cells
that appear soon after birth maintain phase coherence in the
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postnatal period. Further investigation will be required to
assess this hypothesis.
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