
Daily Rhythms in PER1 within and Beyond the Suprachiasmatic
Nucleus of Female Grass Rats (Arvicanthis Niloticus)

C. Ramanathana,c, A. A. Nuneza,c, and L. Smalea,b,c,*
aDepartment of Psychology, Michigan State University, East Lansing, MI 48824, USA
bDepartment of Zoology, Michigan State University, East Lansing, MI 48824, USA
cNeuroscience Program, Michigan State University, East Lansing, MI 48824, USA

Abstract
Although circadian rhythms of males and females are different in a variety of ways in many species,
their mechanisms have been primarily studied in males. Furthermore, rhythms are dramatically
different in diurnal and nocturnal animals but have been studied predominantly in nocturnal ones. In
the present study, we examined rhythms in one element of the circadian oscillator, the PER1 protein,
in a variety of cell populations in brains of diurnal female grass rats. Every 4 h five adult female
grass rats kept on a 12-h light/dark (LD) cycle were perfused and their brains were processed for
immunohistochemical detection of PER1. Numbers of PER1-labeled cells were rhythmic not only
within the suprachiasmatic nucleus (SCN), the locus of the primary circadian clock in mammals, but
also in the peri-suprachiasmatic region, the oval nucleus of the bed nucleus of the stria terminalis,
the central amygdala, and the nucleus accumbens. In addition, rhythms were detected within
populations of neuroendocrine cells that contain tyrosine hydroxylase. The phase of the rhythm
within the SCN was advanced compared with that seen previously in male grass rats. Rhythms beyond
the SCN were varied and different from those seen in most nocturnal species, suggesting that signals
originating in the SCN are modified by its direct and/or indirect targets in different ways in nocturnal
and diurnal species.
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In mammals, daily rhythms in a host of physiological and behavioral events are regulated by
a biological clock located in the suprachiasmatic nucleus (SCN) of the anterior hypothalamus.
These rhythms, which are entrained by the light/dark (LD) cycle to a 24 h day, are abolished
by lesions of the SCN and restored by transplantation of fetal SCN back into lesioned animals
(Lehman et al., 1987; Ralph et al., 1990; Klein et al., 1991). The molecular machinery of the
clock itself is contained within single cells and comprises autoregulatory, transcriptional/
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translational feedback loops that have been elucidated in studies of mice (Reppert and Weaver,
2001; Herzog, 2007). The proteins CLOCK and BMAL1 provide positive transcriptional drives
to the loop while negative feedback is mediated by the protein products of the Period (per1–
2) and Cryptochrome genes (cry1–2), PER1/2 and CRY1/2, respectively. Information from
this molecular clock within the SCN is transmitted to effector systems through traditional
axonal outputs as well as diffusible signals (Watts et al., 1987; Silver et al., 1996).

There are now several reports of in vivo rhythms of PER1 and PER2 in brain regions outside
the SCN of mammals. These regions include the oval nucleus of the bed nucleus of the stria
terminalis (BNST-OV), the central amygdala (CEA) and the basolateral amygdala (BLA)
(Amir et al., 2004; Lamont et al., 2005; Angeles-Castellanos et al., 2007), none of which are
direct targets of SCN axonal outputs (Watts et al., 1987). But there is electrophysiological
evidence that the BNST is linked to the SCN and these two brain regions exhibit synchronous
rhythm in neural activity (Yamazaki et al., 1998). In the BNST-OV and the CEA of laboratory
rat, the PER2 rhythms peak early in the dark phase of a 12-h LD cycle, as they do in the SCN.
In the BLA and dentate gyrus (DG), the rhythms peak early in the light phase, and are thus 12
h out of phase relative to that in the SCN. Following lesions of the SCN, rhythms in the
expression of clock genes in these regions damp out over a period of several days (Amir et al.,
2004; Lamont et al., 2005); this is not the case for the olfactory bulbs (Abraham et al., 2005).

The vast majority of studies of clock gene expression within and beyond the SCN have been
conducted with nocturnal male rodents. Although diurnal and nocturnal animals differ with
respect to the temporal patterns of a host of behavioral and physiological rhythms, their basic
circadian clocks appear to be quite similar (Smale et al., 2003). This is seen most directly in
the phase of rhythms in expression of Per genes and their corresponding proteins within the
SCN (reviewed in Smale et al., 2008). Diurnal and nocturnal species are also very similar with
respect to clock outputs that have been examined within the SCN, such as mRNAs for
vasopressin (VP) and prokineticin 2 (Dardente et al., 2004; Lambert et al., 2005). Differences
between nocturnal and diurnal species have, however, been documented in several populations
of neurons beyond the SCN, including cells that may be direct targets of SCN axonal outputs.
These differences have been identified through the examination of Fos in the brains of the
unstriped Nile grass rat (Arvicanthis niloticus), a diurnal rodent from East Africa. In males of
this species, Fos is expressed rhythmically in the lower sub-paraventricular zone (LSPV)
immediately dorsal to the SCN with a pattern quite different from that seen in nocturnal
laboratory rats, and in constant darkness these rhythms persist in the former, but not the latter,
species (Nunez et al., 1999; Schwartz et al., 2004). PER1 rhythms are also apparent in the
LSPV of male grass rats kept in either LD (Ramanathan et al., 2006) or constant dark conditions
(C. Ramanathan et al., unpublished observations). We have suggested previously that cells in
this area, which project to the same regions as the SCN (Watts et al., 1987; Schwartz, 2006),
may play an important role in the generation of diurnality (Nunez et al., 1999; Smale et al.,
2003; Schwartz, 2006). Rhythms in a variety of other targets of the SCN, such as orexin-
containing cells in the perifornical area, have also been compared in grass rats and laboratory
rats (Martinez et al., 2002), as have rhythms in some populations of cells that do not receive
direct input from the SCN (Novak et al., 1999, 2000). These all differ in the two species, though
the nature of those differences varies from one region to another (Nunez et al., 1999; Smale et
al., 2008).

Although females have also been neglected in studies of the neural substrates of circadian
systems, it is clear that the fundamentals of the molecular feedback loops involved are the same
in males and females (Masubuchi et al., 2000; Lincoln et al., 2002; Nakamura et al., 2005).
Nevertheless, there are some sex differences in the basic properties of circadian rhythms and
in how the system is influenced by internal and external variables. In some female rodents for
example, there are changes in the phase and period of rhythms across the estrous cycle that are
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caused by changing patterns of secretion of ovarian hormones (Morin et al., 1977; Albers et
al., 1981; Davis et al., 1983; Labyak and Lee, 1995). Rhythms in a variety of neuroendocrine
and behavioral events are also modulated by pregnancy and lactation (Rosenwasser et al.,
1987; Fewell, 1995; Zhang et al., 1995). At least some of the changes associated with
reproductive state are promoted by secretion of steroids from the ovary (Morin et al., 1977;
Takahashi and Menaker, 1980; Albers, 1981). The one aspect of circadian systems that has
been studied more extensively in females than males involves the regulation of neuroendocrine
events associated with reproduction (van der Beek, 1996; Freeman et al., 2000; de la Iglesia
and Schwartz, 2006). In some species the SCN promotes the ovulatory surge in luteinizing
hormone (LH), most likely through its direct projections from it to some cells containing
gonadotropin releasing hormone (GnRH) and others containing estrogen receptors (de la
Iglesia et al., 1995; van der Beek et al., 1997). Although there is no evidence of a molecular
oscillator within GnRH cells in intact animals, rhythms in clock gene expression have been
seen in GnRH cells in vitro (Gillespie et al., 2003). Prolactin also exhibits a surge around the
time of ovulation that is influenced by circadian mechanisms (Freeman et al., 2000). There is
some evidence that the SCN regulates this surge, and that it may do so at least partly through
direct projections onto hypothalamic cells containing tyrosine hydroxylase (TH), the rate
limiting enzyme in the synthesis of dopamine, an inhibitor of prolactin (Gerhold et al., 2001,
2002); rhythms in dopamine metabolism have been seen in hypothalamic areas containing
these TH cells that are known to regulate prolactin secretion (Sellix and Freeman, 2003). In
female rats and mice, rhythms in clock proteins have been documented in several populations
of these TH cells in the periventricular nucleus and in the arcuate nucleus (Kriegsfeld et al.,
2003; Sellix et al., 2006). Virtually nothing is known about rhythms of clock genes or proteins
within TH cells of diurnal mammals.

The current study was designed to achieve a better understanding of the multioscillator system
of female mammals, as well as to gain insight into basic mechanisms underlying diurnality.
More specifically, one objective was to determine if rhythms in the SCN and peri–
suprachiasmatic nucleus (pSCN) area of female grass rats are the same as those reported earlier
for males (Ramanathan et al., 2006), and a second objective was to characterize extra-SCN
oscillators, including those within TH-containing cells, in these diurnal females. To do this,
we examined rhythms in PER1 in a variety of brain regions and cell populations of female
grass rats killed at different times of day.

Experimental Procedures
Animals and housing

Adult female grass rats (Arvicanthis niloticus) (n=30) obtained from a breeding colony at MSU
were singly housed and provided with access to food and water ad libitum. Animals were
reproductively mature adults but there was no attempt to monitor reproductive condition as
female grass rats in our colony do not show signs of estrous cycles in vaginal smears;
furthermore, ovarian histology and daily tests of mating behavior reveal no evidence of a
spontaneous estrous cycle (T. L. McElhinny and L. Smale, unpublished observations). Animals
were maintained in a 12-h LD cycle (lights on at 06:00 h). The room was entered at irregular
intervals to replenish food and water without disturbing animals. The experiment was
performed in compliance with guidelines established by the Michigan State University All
University Committee on Animal Use and Care, and the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. All efforts were made to prevent the suffering of
the animals and to minimize the number of animals used in these experiments.
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Specimen collection
Animals (n=5/group) were killed with an overdose of sodium pentobarbital and perfused at
zeitgeber time (ZT) 2, 6, 10, 14, 18, and 22 with 0.01 M phosphate-buffered saline (PBS, pH
7.2), followed by 4% paraformaldehyde in 0.1 M phosphate buffer. Animals that were perfused
during the dark phase had their heads covered with light-tight hoods to prevent acute effects
of light. Brains were removed and post fixed in 4% paraformaldehyde for 4 h and then
transferred into 20% sucrose in 0.1 M phosphate buffer and kept overnight. Brains were cut
into three series of 30 μm coronal sections from the medial septum through the arcuate nucleus
with a freezing microtome. Sections were stored in cryoprotectant solution at −20 °C until
further processing.

Immunohistochemistry
The first series of sections was processed for immunohistochemical staining to detect both TH
and PER1 protein. Free floating sections were rinsed in 0.01 M PBS and then incubated in 5%
normal donkey serum (NDS; Jackson Laboratories, West Grove, PA, USA) in PBS with 0.3%
Triton X-100 (TX) for 1 h at room temperature. After a 10 min wash, sections were incubated
with a primary anti-PER1 antibody (mPER1 # 1177, made in rabbit, 1:20,000, a generous gift
from Dr. David Weaver, University of Massachusetts, MA, USA), in 3% NDS and 0.3%
TX-100 in PBS at 4 °C for 24 h and then with a biotinylated secondary antibody (donkey anti-
rabbit; 1:200 in 3% NDS and 0.3% TX-100 in PBS) for 1 h, followed by avidin–biotin
peroxidase complex (ABC; in 0.3% TX-100 with PBS) for 1 h. At this point sections were
rinsed in 0.125 M acetate buffer then reacted with diaminobenzidine (DAB), nickel sulfate and
30% hydrogen peroxide. In order to label TH, the same sections were then rinsed in 0.1 M PBS
followed by 0.2% phosphate-buffered saline with Triton X-100 (PBS-TX), and then incubated
in 5% normal horse serum (NHS, in 0.2% PBS-TX) for 1 h after which they were placed with
a primary antibody directed against TH (made in mouse; 1:20,000; Immunostar, in 3% NHS
and 0.2% PBS-TX) for 24 h at 4 °C. Following a rinse in 0.2% PBS-TX they were incubated
with a biotinylated horse anti-mouse secondary (in 3% NHS with 0.2% PBS-TX) for 1 h at
room temperature and then in an ABC for 1 h at room temperature after which they were placed
in a solution of DAB in Trizma buffer and reacting with 30% hydrogen peroxide. All sections
were mounted on clean slides, dehydrated, and coverslipped.

Cell counts
We counted numbers of single labeled PER1-containing cells in the SCN and the pSCN regions.
We also counted PER1-labeled cells in the shell of the nucleus accumbens (NA), the CEA, the
BLA, and the BNST-OV (Fig. 1). Bilateral cell counts were done in the rostral, middle and
caudal SCN. The same three sections were used to count cells in sampling boxes placed over
three portions of the pSCN area as in Ramanathan et al., 2006: (1) the LSPV immediately dorsal
to the SCN (215×160 μm), (2) the dorsolateral peri–suprachiasmatic nucleus area (dlpSCN)
adjacent to the lateral boundary of the LSPV (160×160 μm), and (3) the ventrolateral peri–
suprachiasmatic nucleus area (vlpSCN) ventral to the dlpSCN and just lateral to the SCN; the
heights of the sampling boxes within the vlpSCN were 126 μm, 164 μm and 170 μm in the
rostral, middle and caudal sections, respectively. PER1 was also counted bilaterally in one
section through the CEA, BLA and NA, respectively, in three sections through the BNST-OV;
the bilateral counts from the BNST-OV were averaged across the sections.

To evaluate PER1 in TH cells, we examined sections from the medial septum through the
arcuate nucleus. We saw PER1 in four populations of TH cells (described in Mahoney et al.,
2007) and in each of these we counted numbers of these cells with and without PER1. One of
these was in a region dorsolateral to the rostral portion of the third ventricle; these cells
represent a subset of the population referred to as periventricular hypothalamic dopaminergic
neurons (PHDA), or A14, cells. The second was in the rostral arcuate nucleus; these cells are
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part of the A12 population and are sometimes referred to as tuberohypophysial dopaminergic
neurons (THDA) cells. The third was in the dorsomedial arcuate nucleus; these cells are
referred to as tuberoinfundibular dopaminergic neurons (TIDA), and are also a subset of the
A12 cells. The last population of TH cells we analyzed was a magnocellular group present in
the lateral hypothalamus and adjacent telencephalon (Mahoney et al., 2007). Counts were done
in one section containing PHDA cells and in three sections containing each of the other
populations of TH cells. All double-labeled cells were confirmed with a high power oil-
immersion 100× objective.

Statistical analysis
Data were analyzed using SPSS 13 software. Numbers of single-labeled PER1+ cells in each
of the three sections through the SCN and the pSCN areas were subjected to a square root
transformation before analysis because of a lack of homogeneity of variance. For all figures
the raw counts without transformation are presented as mean±S.E.M. For the SCN and each
of the three pSCN areas, a two-way analysis of variance (ANOVA) was used to evaluate effects
of 1) ZT and 2) rostro-caudal level of the section (referred to below as “level”). In the CEA,
BLA, NA, and the BNST-OV the numbers of labeled-cells were analyzed with a one-way
ANOVA to evaluate the effect of ZT. The percent of TH cells expressing PER1 was also
analyzed using one-way ANOVAs to examine the effects of ZT; values for the A14 population
were arc sine transformed prior to this analysis due to a lack of homogeneity of variance. We
used the Fisher's least significant difference test for post hoc comparisons of the individual
means. All values were considered significant when the P<0.05.

Results
PER1 in SCN and pSCN areas

Rhythms in PER1 were evident in the SCN as well as in all three regions around it (Fig. 2A).
In the SCN there was a significant main effect of ZT on PER1 expression (F=63.04, df=5,
P<0.001), but there was no effect of level (F=1.51, df=2, P=0.227) and no interaction (F=0.193,
df=10, P=0.996; Fig. 2B). PER1 was lowest at ZT 2, rose progressively to a peak at ZT 14,
and dropped abruptly from ZT 14 to ZT 18.

In the LSPV, there was a significant main effect of ZT on PER1 expression (F=13.55, df=5,
P<0.0001) but there was no effect of level (F=1.86, df=2, P=0.17) and no interaction between
ZT and level (F=0.811, df=10, P=0.62; Fig. 2C). In this region, PER1 expression was highest
at ZT 10 and dropped progressively from then until ZT 18 before rising again to significantly
higher levels at ZT 22, before the lights came on.

In the dlpSCN, there was a significant main effect of time on numbers of PER1-labeled cells
(F=13.08, df=5, P<0.0001) as well as a significant main effect of level (F=9.627, df=2,
P=0.0001) but no significant interaction (F=0.762, df=10, P=0.664; Fig. 2D). Here, PER1
expression was low from ZT 6 through ZT 18, at which point it increased sharply to
significantly higher levels at ZT 22. PER1 expression remained high at ZT 2, with no significant
differences seen between ZTs 22 and 2. For the effect of level, pair-wise comparisons showed
that the rostral sections contained significantly more labeled cells than the other two levels
(data not shown).

In the vlpSCN, there was a significant main effect of ZT (F=4.18, df=5, P<0.002) and of level
(F=6.86, df=2, P<0.01) on PER1 expression, but no significant interaction (F=1.50, df=10,
P=0.152; Fig. 2E). Pair-wise comparisons revealed that PER1 expression was significantly
lower at ZT 18 than at all other ZTs. Pair-wise comparison across levels also revealed that
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PER1 expression in the rostral and middle vlpSCN was significantly higher than in the caudal
level (data not shown).

PER1 in the NA, CEA, BLA and BNST-OV
In the shell of the NA there was a significant main effect of time on PER1 expression (F=4.27,
df=5, P<0.01; Fig. 3A, 3B). PER1 expression was relatively high and unchanging from ZT 2
to ZT 14 and significantly lowers at ZT 18 and ZT 22 than at all other time points except ZT
10 (Fig. 3A). In the CEA there was a significant main effect of ZT on PER1 expression (F=4.66,
df=5, P<0.01; Fig. 3C, 3D). Here, pair-wise comparisons revealed that numbers of PER1
labeled cells declined from ZT 2 to ZT 14 and were lowest and unchanging from ZT 14 through
ZT 22. The BLA contained virtually no labeled cells (maximum=3) in animals from any time
point. There was a significant main effect of ZT on PER1 expression in the BNST-OV
(F=27.57, df=5, P<0.0001). In this region, numbers of labeled cells were highest at ZT 2 and
decreased progressively up to ZT 10 and then remained low through ZT 22 (Fig. 3E, 3F).

PER1 within TH-labeled cells
PER1 was not present in the A13 or A15 populations, but was in the four groups of TH-labeled
cells analyzed here, and in all of these it varied as a function of time of day. First, in the PHDA
cells there was a significant main effect of time on the percent TH-labeled cells expressing
PER1 (F=3.080, df=5, P<0.05) such that double labeling was higher at ZT 22 than at all other
ZTs except ZT 2 (Fig. 4A, 4B). Second, among the THDA neurons there was a significant
main effect of time on the percent of TH-labeled cells expressing PER1 (F=3.92, df=5, P<0.01;
Fig. 4C, 4D). Here, double labeling was low from ZT 18 to ZT 6 and then rose to intermediate
levels at ZT 10 and to a peak at ZT 14. Third, among the TIDA cells there was a significant
main effect of time on the percent TH-labeled cells expressing PER1 (F=21.50, df=5,
P<0.0001; Fig. 4E, 4F). Pairwise comparisons revealed that double labeling was higher in these
cells at ZT 10 and 14 than at all other ZTs. Finally, among the magnocellular cells of the
preoptic area there was a significant main effect of time on the percent of TH-labeled cells
containing PER1 (F=6.533, df=5, P<0.001; Fig. 4G, 4H) such that double labeling was
significantly higher at ZT 10 and ZT 14 than at all other ZTs.

Discussion
Diurnal rhythms in numbers of cells containing the clock protein PER1 were seen within the
SCN and pSCN area, as well as in several populations of TH containing cells and a number of
other regions of the forebrains of female grass rats. These rhythms were quite variable with
respect to their amplitudes, waveforms and phases. For example, from ZT 18 to ZT 22 a rise
in PER1 occurred in all three regions surrounding the SCN (Fig. 2) and in PHDA cells (Fig.
4), but in all other regions, including the SCN, PER1 was low and unchanging during this
interval (Figs. 2–4). Across the light–dark transition from ZT 22 to ZT 2, PER1 went up in
some cell populations (NA, CEA, BNST-OV; Fig. 3), did not change in others (pSCN areas,
THDA and TIDA cells; Fig. 2, Fig. 4) and decreased in others (SCN and the PHDA cells; Fig.
2 and Fig. 4). Such patterns suggest that there are a variety of mechanisms involved in the
coupling of extra-SCN oscillators to the LD cycle. These are likely to involve entraining
influences from the SCN itself, directly or indirectly, but could theoretically include SCN-
independent pathways (e.g. from the retina or the olfactory bulb).

SCN
Results from the current study add to the growing body of evidence that the patterns of coupling
between rhythms in the primary molecular oscillator of the SCN and the LD cycle are very
similar across species, regardless of whether they are diurnal or nocturnal (Field et al., 2000;
Mrosovsky et al., 2001; Lincoln et al., 2002; Caldelas et al., 2003; Lambert et al., 2005; Novak
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et al., 2006). Specifically, expression of PER1 in the SCN rose progressively across the light
phase to peak at the beginning of the dark phase in these female grass rats (Fig. 2B). This
pattern of change in protein suggests that rhythms in mRNA for PER1 are likely to peak toward
the middle of the light phase as they do in other species, both nocturnal and diurnal. These
overall similarities, however, should not be interpreted to mean that more subtle differences
in the molecular oscillator and its coupling to input/output systems do not exist.

Most studies of circadian rhythms in general and of clock genes and proteins in particular have
been done on males, but when females have been examined some differences between the sexes
and influences of ovarian hormones have been revealed (Lee and Smale, 2007). In the case of
grass rats, the rhythm in PER1 of the females seen here is different from that seen previously
in males (Ramanathan et al., 2006) in that it was phase advanced by approximately 4 h, the
rise was more gradual and the fall in numbers of PER1-labeled cells was more precipitous. The
advanced phase seen here raises the possibility that the period of the rhythm, and/or its
responsiveness to light, is somewhat different in males and females. Sex differences in PER1
expression may be promoted, directly or indirectly (de la Iglesia et al., 1999), by the actions
of gonadal hormones on the SCN, either during development or in adulthood. Evidence that
estradiol can affect clock gene expression in the SCN of adults has recently been obtained from
female laboratory rats, in which estradiol advanced the phase and increased the amplitude of
Per2, but not Per1, rhythms in the SCN (Nakamura et al., 2005). However, there is no change
in numbers PER2-containing cells in the SCN of laboratory rats across the estrous cycle (Perrin
et al., 2006).

pSCN
Rhythms in PER1 expression were also seen in cells around the SCN of female grass rats as
is the case for males of this diurnal species (Ramanathan et al., 2006). This pattern of gene
expression has not been reported for nocturnal species. In the LSPV, PER1 rose toward the
end of the dark period to a peak at ZT 10 and returned to trough values at ZT 18. The waveform
of the rhythm was quite different from that seen in the SCN, and the amplitude was considerably
lower (Fig. 2C). However, the phases of the rise and fall were only slightly shifted, both
occurring 4 h earlier in the LSPV than the SCN; specifically, the rise began at ZT 18 in the
LSPV and at ZT 2 in the SCN, and the fall began at ZT 10 in the LSPV and ZT 14 in the SCN.
These differences (Fig. 2B, 2C) suggest that the rhythm in PER1 expression in the LSPV does
not simply reflect PER1 production in displaced SCN cells. These patterns of gene expression
raise the question of how the two rhythms might be coupled to each other. The LSPV rhythm
could reflect an extra-SCN oscillator ultimately dependent on the SCN for maintenance of its
circadian rhythmicity. However, it is also possible that the LSPV of grass rats is a component
of the circadian timing system that can oscillate independently of the SCN. The pattern of the
PER1 rhythm seen here in the LSPV of females was different from that seen previously in
males (Ramanathan et al., 2006). Although the numbers of PER1+ cells peaked at ZT 10 in
both sexes, they were relatively low at all other times of day in males. As with the SCN, the
causes of the sex differences are unclear, but they are likely to be promoted by hormones, acting
either early in development or in adulthood.

Rhythms of PER1 expression were also seen in the lateral portions of the pSCN area. In the
most dorsal of these, the dlpSCN, PER1 expression was high at ZT 22 and ZT 2. This pattern
was different from that seen previously in male grass rats, in which ZT 2 was the only time at
which PER1 was above baseline levels. As with the SCN and LSPV, this pattern suggests a
slight phase advance of the rhythm of females relative to that seen in males (Ramanathan et
al., 2006). In the vlpSCN, lateral to the ventral part of the SCN, the effect of time on PER1
expression involved a drop in numbers of labeled cells at ZT 18 relative to all other time points.
In an earlier study of male grass rats, no rhythm in PER1 expression was seen in this region
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(Ramanathan et al., 2006). Taken together, the present data from female grass rats reveal the
existence of rhythms in PER1 expression in all three portions of the pSCN region, each with
its own temporal pattern, and each of which is different from that seen in the SCN. These
patterns suggest that, in this species at least, a functionally heterogeneous circadian system
extends beyond the boundaries of the SCN into the surrounding regions of the pSCN area.

BNST-OV, CEA, BLA and NA
Clear rhythms of PER1 were seen here in some regions of the forebrain beyond the SCN, but
not others. In the BNST-OV and the CEA, PER1 production rose sharply right after the lights
came on and decreased to baseline levels between ZT 10 and 22. The initial rise could reflect
a response to light, or an endogenous oscillatory process. In the BLA, by contrast, virtually no
cells containing PER1 were seen at any time of day. PER1 rhythms have not been reported in
these regions of females of other species. However, in male laboratory rats PER1 is not
rhythmic in either the BLA or the CEA of animals provided ad libitum food (Angeles-
Castellanos et al., 2007). PER2, by contrast, is rhythmic in both of these regions of both male
and female laboratory rats (Amir et al., 2004; Lamont et al., 2005; Perrin et al., 2006). These
patterns suggest that oscillators in the amygdala may function differently from those in the
SCN with respect to relationships between PER1 and PER2. They also raise the possibility of
differences between grass rats and laboratory rats, in that PER1 rhythms were seen in the grass
rat CEA here, whereas no PER1 rhythms were seen in the CEA of male laboratory rats
(Angeles-Castellanos et al., 2007). In the BNST-OV of female grass rats, the rhythm of PER1
expression showed a peak during the early light phase, whereas peak values occur much later
(i.e. ZT 12–18) in male laboratory rats (Angeles-Castellanos et al., 2007). It is also noteworthy
that rhythms in PER2 in the BNST-OV of female laboratory rats in proestrus and estrus are
180° out of phase relative to those seen here in grass rats (Perrin et al., 2006). Taken together,
these patterns suggest that circadian signals setting the phase of rhythms in the BNST-OV are
different or that the BNST-OV responds to such signals in opposite ways, in laboratory rats
and grass rats. A fourth extra-SCN region of the forebrain in which a distinct cluster of cells
containing PER1 was seen is the NA, a region heavily involved in reinforcement and addiction
(Kelley et al., 2005). Here, PER1 rose when the lights came on and dropped from 2 to 6 h after
the lights went out. In the laboratory rat, by contrast, PER1 rhythms dropped when the lights
came on and rose when the lights went out (Angeles-Castellanos et al., 2007). Overall, the
results of studies of clock protein rhythms in laboratory rats and grass rats suggest intriguing
sex and species differences; there may also be changes as a function of reproductive state
(Perrin et al., 2006), and further work will be needed to fully characterize these patterns and
the factors modulating them. These are important questions, as the NA, BNST-OV, BLA and
CEA are involved in a host of physiological and behavioral functions that fluctuate across the
day (Lamont et al., 2005; Segall et al., 2006; LeDoux, 2007).

TH cells
PER1 rhythms were seen in four populations of cells containing TH. Three of these populations
(TIDA, THDA and PHDA cells), serve neuroendocrine functions while the fourth, in the basal
forebrain, has been less well characterized. Rhythms in the two populations of cells within the
arcuate nucleus (THDA and TIDA cells) were quite similar, with peaks from ZT 10–ZT 14,
and low levels at all other time points (Fig. 4). Interestingly, this pattern differed from that
reported in laboratory rats (ovariectomized), but not mice (ovary intact). In laboratory rats,
PER1 expression was not rhythmic in THDA cells but it did show higher levels at ZT 18 than
at ZT 6 (Sellix et al., 2006). In grass rats, by contrast, levels at ZT 18 were very low, and were
the same as those seen at ZT 6, and the peak occurred between these two time points (Fig. 4C).
The peak of the rhythm was therefore phase advanced by approximately 4 h in grass rats relative
to laboratory rats. A time of day effect on PER1 expression within TH-labeled cells in the
arcuate nucleus has also been reported in transgenic Per1::GFP mice (Kriegsfeld et al., 2003).
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Here, although only two time points were examined, the data suggest a pattern more similar
to that of grass rats than of laboratory rats, with numbers of PER1-labeled TH positive cells
that were approximately fourfold higher at ZT 10 than at ZT 22. The similarities and differences
between these three species therefore reveal variation in rhythms in clock gene expression in
oscillators beyond the SCN, but that this variation does not seem to be related to whether an
animal is diurnal or nocturnal. This is reminiscent of the picture that has emerged from studies
of the SCN, where some peptides are found in some species and not others, but that variation
does not distinguish diurnal from nocturnal animals (Smale et al., 2003).

These findings raise the question of what might cause the similarities and differences among
species. In laboratory rats and grass rats, one pathway through which circadian information is
likely to be transmitted from the SCN to the TH-labeled cells is directly via VIP-containing
cells. In laboratory rats, contacts between VIP fibers and TH positive cells have been seen at
the light level and synapses have been confirmed via electron microscopy (Gerhold et al.,
2001), and in grass rats apparent contacts can be seen at the light level (Mahoney et al.,
2007). Rhythms in VIP mRNA in the SCN are the same in female grass rats and laboratory
rats (Krajnak et al., 1998; M. M. Mahoney, C. Ramanathan et al., unpublished observations).
Taken together, these data suggest that the TH-labeled cells may respond differently to VIP in
the two species, or that other signals converging on these cells promote differences among
species.

The patterns of interspecific variation in PER1 rhythms in TH-labeled cells in the hypothalamus
of mice, laboratory rats and grass rats raise the question of what their functional consequences
might be. These cells are involved in the regulation of prolactin, which, among other things,
exhibits a pre-ovulatory surge that is coincident with that of LH. It seems likely that prolactin
also exhibits a pre-ovulatory surge in grass rats, (though it has not been possible to measure
prolactin in this species). The current data raise the intriguing possibility that the coupling
between PER1 rhythms and downstream intracellular processes varies across species.

TH within magnocellular neurons in the preoptic area has been seen in some species (e.g.
hamsters, Vincent, 1988) but not others (e.g. rats, Mahoney et al., 2007). To our knowledge,
nothing is known about the function of TH in these cells and there are no other reports
suggesting that cells in this region contain elements of a molecular clock. The present data
therefore raise a variety of intriguing questions about whether there is a molecular oscillator
in this area in other species, and about the role that it might play in regulation of behavioral
and/or physiological functions.

General conclusions
Several basic findings bearing on issues of sex and species differences in circadian mechanisms
emerged from this study. First, rhythms within the SCN and pSCN area of female grass rats
were very similar to those of male grass rats, but some differences were apparent. Within the
SCN, PER1 expression rose and fell approximately 4 h earlier in females (current data) than
in males (Ramanathan et al., 2006). Around the SCN, the waveform of the rhythm was
somewhat different in the LSPV of female compared with male grass rats, and a rhythm in the
ventrolateral portion of the pSCN was present in females, but not males of this diurnal species
(Ramanathan et al., 2006). The functional significance of these differences is an important
question for future investigation. Second, rhythms in PER1 expression are present in a variety
of forebrain regions beyond the SCN in these animals, as has been seen in other species. These
data also suggest that there are differences among species in the temporal patterns of PER1
expression over the course of the day. Third, rhythms in PER1 expression are present in four
populations of TH positive cells in the brains of female grass rats. Some of these are phase
shifted by several hours relative to those seen previously in laboratory rats (Sellix et al.,
2006), but species differences in these cells may not be directly related to diurnality, as grass
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rats and mice appear to be more similar to each other along this dimension than are laboratory
rats and mice (Kriegsfeld et al., 2003). In addition, a PER1 rhythm is present in a magnocellular
population of TH-containing cells in the forebrain of female grass rats that has not been reported
previously. Taken together, the data on PER1 rhythms reported here point to the fact that,
although the primary circadian oscillator in the SCN is quite similar (though not identical),
between the sexes and across species, the larger multioscillator system that regulates circadian
rhythms can vary considerably.

With respect to the issue of diurnality, the current data support a model in which the patterns
of rhythmicity in extra-SCN regions of the brain are quite different in day- and night-active
animals, but these patterns of differences vary across regions. In some areas there is a complete
12 h phase inversion of rhythms in PER1 (e.g. BNST-OV), but oscillators in other cell
populations are shifted by only a few hours (e.g. TIDA neurons). Thus, diurnality cannot be
explained by one basic mechanism that creates a simple 12 h shift in phase of rhythms beyond
the SCN. Rather, the patterns suggest that a diurnal brain emerges via different mechanisms
operating at multiple points along intersecting pathways between the SCN and oscillators in
other areas of the forebrain. The challenge for the future will be to determine where, and how,
along these pathways the different patterns come about.
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Abbreviations
ABC  

avidin–biotin peroxidase complex

ANOVA  
analysis of variance

BNST-OV  
oval nucleus of bed nucleus of stria terminalis

BLA  
basolateral amygdala

CEA  
central amygdala

DAB  
diaminobenzidine

dlpSCN  
dorsolateral peri–suprachiasmatic nucleus

GnRH  
gonadotropin releasing hormone

LD  
light/dark

LH  
luteinizing hormone

LSPV  
lower sub-paraventricular zone

NA  

Ramanathan et al. Page 13

Neuroscience. Author manuscript; available in PMC 2009 October 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



nucleus accumbens

NDS  
normal donkey serum

NHS  
normal horse serum

PBS  
phosphate-buffered saline

PBS-TX  
phosphate-buffered saline with Triton X-100

PHDA  
periventricular hypothalamic dopaminergic neurons

pSCN  
peri–suprachiasmatic nucleus

SCN  
suprachiasmatic nucleus

TH  
tyrosine hydroxylase

THDA  
tuberohypophysial dopaminergic neurons

TIDA  
tuberoinfundibular dopaminergic neurons

TX  
Triton X-100

vlpSCN  
ventrolateral peri–suprachiasmatic nucleus

ZT  
zeitgeber time
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Fig. 1.
Sampling areas for the shell of the NA, the CEA and the BNST-OV. Photomicrographs
showing key landmarks and the boundaries of the NA-shell (A), the CEA (B), and the BNST-
OV (C). ac, Anterior commissure; opt, optic tract; LV, lateral ventricle. Scale bar=200 μm.
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Fig. 2.
Daily rhythms of PER1 expression in the SCN and the pSCN regions. Photomicrographs of
coronal sections through the SCN and the pSCN area of representative animals sampled at each
of six times of day (A). Note that numbers of PER1 immunoreactive cells are elevated, and
distributed across the whole SCN, at ZT 10 and ZT 14, and dorsal to it, in the LSPV, at ZT 10.
Sampling boxes for the three areas of the pSCN are indicated in the photo depicting these areas
at ZT 22. Scale bar=100 μm. Mean (±S.E.M.) number of PER1-containing cells in the SCN
(B) and three sub-regions of the pSCN area (C–E) of female A. niloticus kept in a 12-h LD
cycle and killed at 4-h intervals. Significant differences (P<0.05) are noted by different letters.

Ramanathan et al. Page 16

Neuroscience. Author manuscript; available in PMC 2009 October 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
PER1 rhythm in the NA, the CEA, and the BNST-OV. Mean (±S.E.M.) numbers of cells
containing PER1 and representative photomicrographs for the shell of the NA (A, B), the CEA
(C, D), and the BNST-OV (E, F). LV, lateral ventricle; ac, anterior commissure. Scale bar=100
μm. Other symbols as in Fig. 2.

Ramanathan et al. Page 17

Neuroscience. Author manuscript; available in PMC 2009 October 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
PER1 rhythm in four groups of TH-labeled cells. Mean (±S.E.M.) numbers and
photomicrographs of PHDA neurons (A, B), THDA neurons (C, D), TIDA neurons (E, F) and
magnocellular neurons containing TH in the preoptic area (G, H) of female grass rats. On
photomicrographs, cells marked * are double labeled for TH and PER1; arrows indicate
neurons expressing only TH. Dotted lines in the inserts depict areas where cells were sampled.
Scale bar=20 μm for photomicrographs and 500 μm for line drawings. Other symbols as in Fig.
2.
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