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a b s t r a c t

The suprachiasmatic nucleus (SCN) of the hypothalamus is the central pacemaker that controls circadian
rhythms in mammals. In diurnal grass rats (Arvicanthis niloticus), many functional aspects of the SCN
are similar to those of nocturnal rodents, making it likely that the difference in the circadian system of
diurnal and nocturnal animals lies downstream from the SCN. Rhythms in clock genes expression occur in
several brain regions outside the SCN that may function as extra-SCN oscillators. In male grass rats PER1
is expressed in the oval nucleus of the bed nucleus of the stria terminalis (BNST-ov) and in the central and
basolateral amygdala (CEA and BLA, respectively); several features of PER1 expression in these regions of
the grass rat brain differ substantially from those of nocturnal species. Here we describe PER2 rhythms
EA
LA
ER2
rass rat
ircadian

in the same three brain regions of the grass rat. In the BNST-ov and CEA PER2 expression peaked early
in the light period Zeitgeber time (ZT) 2 and was low during the early night, which is the reverse of the
pattern of nocturnal rodents. In the BLA, PER2 expression was relatively low for most of the 24-h cycle,
but showed an acute elevation late in the light period (ZT10). This pattern is also different from that of
nocturnal rodents that show elevated PER2 expression in the mid to late night and into the early day.
These results are consistent with the hypothesis that diurnal behavior is associated with a phase change

ra-SC
between the SCN and ext

n mammals, the suprachiasmatic nucleus of the hypothalamus
SCN) is the primary pacemaker that controls circadian rhythms in
hysiology and behavior. It is entrained to the 24-h day/night cycle
y the light information from melanopsin containing retinal gan-
lion cells that reach the SCN via the retino-hypothalamic tract [18].
t the cellular level, the SCN generates 24 h rhythms via molecu-

ar mechanisms of transcriptional and translational feedback loops
nvolving a set of clock genes, which includes two period genes
nd their protein products (PER1 and PER2 [12]). When behavioral
hythms are entrained to a light–dark cycle, some species are most
ctive during the day, i.e., diurnal species like us, while nocturnal
pecies show the opposite phase preference and are most active at
ight. We have used the diurnal grass rat (Arvicanthis niloticus) to

nvestigate features of the circadian system that may contribute to

iurnality in some mammalian species. One consistent finding of
ur work with grass rats is that many features of the SCN appear to
e very similar when grass rats are compared to nocturnal rodents;
hese similarities extend to the phase of rhythms in PER1 and PER2
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in the SCN with respect to the light–dark cycle [19,25]. Observa-
tions reported by others [13] also support the general principle
that the SCN functions in a similar fashion in diurnal and nocturnal
species. Based on these results we and others have hypothesized
that the fundamental differences in the circadian system of diurnal
and nocturnal mammals reside downstream from the SCN [24,25].

Molecular oscillators are present not only in the SCN, but also
in other brain regions and peripheral tissues (reviewed by [10]).
These extra-SCN oscillators appear to control region specific func-
tions [11] and in most cases depend upon circadian signals from the
SCN in order to sustain their oscillations [1,3]. Several areas of the
mammalian brain that contain extra-SCN oscillators are involved in
the control of behavioral and physiological functions that are tem-
porally inverted in diurnal and nocturnal rodents [4,5,10,20,21].
The central extended amygdala, which includes the oval nucleus
of the bed nucleus of the stria terminalis (BNST-ov), and the cen-
tral amygdala (CEA; [2]), and the basolateral amygdala (BLA) are of
particular interest because they show rhythms in the expression
of PER proteins [5] and play important roles in the control of auto-

nomic functions [22] and emotional learning and memory [16]. We
have identified salient differences in the expression of PER1 in the
BNST-ov, CEA and BLA when male grass rats are compared to males
of nocturnal species [21], and we now extend our observations to
the rhythmic expression of PER2 in these three regions of the brain

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:nunez@msu.edu
dx.doi.org/10.1016/j.neulet.2010.02.051
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ig. 1. Left: bar graphs showing the mean (±standard error of the mean) number o
f the bed nucleus of the stria terminalis (BNST-ov), (D) the central amygdala (CEA)
EA (E, F), and BLA (H, I) of representative animals perfused at times of high and low

f grass rats. Collecting data on PER2 rhythms in our diurnal animal
odel was motivated by our interest in comparing data from grass

ats to those obtained from nocturnal species, and by the facts that
n nocturnal laboratory rats, only PER2 is expressed rhythmically in
he amygdala [5,6] and only PER2 data are available for the BNST-ov
f nocturnal laboratory mice [23].

Adult male grass rats (n = 36) (A. niloticus) were obtained from
ur institution’s breeding colony and were housed individually in
lexiglass cages (34 × 28 × 17 cm), under a 12:12 h light/dark (LD)
ycle [lights on at 06:00 h; Zeitgeber time (ZT) 0]. Animals had free
ccess to food (PMI Nutrition Prolab RMH 2000, Brentwood, MO,
SA) and water. All experiments were performed in compliance
ith guidelines established by the Michigan State University All
niversity Committee on Animal Use and Care, and the National

nstitute of Health guide for the Care and Use of Laboratory Animals.
Animals were perfused at 4-h intervals from Zeitgeber time

ZT) 2-22. At each of the six ZTs, groups of grass rats (n = 6/ZT)
ere deeply anesthetized with sodium pentobarbital and per-

used transcardially with 0.01 M phosphate buffered saline (PBS;
H 7.2) followed by 4% paraformaldehyde in 0.1 M phosphate buffer
Sigma, St Louis, MO USA). Brains were removed and post-fixed for
h and then transferred to 20% sucrose overnight and then the
rains stored in cryoprotectant at −20 ◦C until they were sectioned

30 �m; coronal plane) using a freezing microtome. Immunocyto-
hemical (ICC) procedure for PER2 was performed on every other
ection exactly as previously described [19] using the primary
ntibody against PER2 (made in rabbit, 1:10,000, and graciously
rovided Dr. D. R. Weaver, University of Massachusetts, MA, USA).
2-immunoreactive cells as a function of Zeitgeber time (ZT) in (A) the oval nucleus
G) the basolateral amygdala (BLA). Right: photomicrographs of the BNST-ov (B, C),
expression. Scale bar = 100 �m for the photomicrographs. ac anterior commissure.

For counts of PER2-immunoreactive cells, pictures of the BNST-
ov, CEA, and the BLA regions were obtained using a digital camera
(MBF Bioscience Inc, 2007) attached to a Zeiss light microscope
(Carl Zeiss, Gottingen, Germany). We used NIH ImageJ soft-
ware (National Institute of Health [NIH], Bethesda, MD) to count
immunopositive cells. Cells in the BNST-ov and the CEA were bilat-
erally counted every other section for three sections and average
cell counts from these were used for analysis; one section was used
to count cells bilaterally in the BLA. Cell counts were made by an
individual blind to the times at which animals were perfused. For all
three regions, one-way ANOVAs were used to evaluate the effects
of ZT and significant F ratios were followed by Fisher’s LSD tests for
individual group comparison. In all comparisons, differences were
considered significant when P < 0.05.

The distribution of PER2 positive cells in the BNST-ov, CEA, and
BLA was very similar to that previously seen for PER1 in grass rat.
In the BNST-ov, there was a significant main effect of time on PER2
expression (F = 6.45, df = 5, P < 0.001). In this region, the number of
labeled cells was highest at ZT2 and decreased progressively until
ZT18 and then rose from ZT18 to ZT22 (Fig. 1 top panel). In the
CEA there was a significant main effect of time on PER2 expres-
sion (F = 3.22, df = 5, P = 0.02). Pair-wise comparison revealed that
the number of PER2 labeled cells peaked at ZT2 and declined from

ZT2 to ZT10 and were unchanged from ZT10 to ZT22 (Fig. 1 middle
panel). In the BLA, there was a significant main effect of time on
PER2 expression (F = 12.86, df = 5, P < 0.001). Pair-wise comparison
revealed that ZT10 was significantly different from all other ZTs
(Fig. 1 bottom panel).
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The main finding of this study was that the temporal patterns
f PER2 expression in the extra-SCN oscillators of the extended
mygdala of grass rats were substantially different from those of
octurnal species, as previously reported for the expression of Per2
RNA in the peripheral oscillator of the liver [14]. These results

rovide further evidence for the hypothesis that the fundamen-
al differences in the circadian systems of diurnal and nocturnal
pecies reside in neural circuits downstream from the SCN. More
pecifically, they suggest that a change in phase between the oscil-
ator in the SCN and those that reside in other brain regions may
ontribute to the fundamental differences between chronotypes.

In the BNST-ov of the grass rat, the peak of the PER2 rhythm
ccurred early in the light period, which is similar to the pattern of
ER1 expression of this species [21]. These PER1 and PER2 rhythms
n the BNST-ov of grass rats are 180◦ out of phase with those seen
n the BNST-ov of the laboratory rat, in which PER1 and PER2 both
eak early in the dark period [3,6]. In mice, the pattern of PER2
xpression in this region resembles that seen in laboratory rats,
ut the available data are limited to two sampling times (ZT1 and
T13; [23]); no information about PER1 is available for the BNST-
v of this species. As in the BNST-ov, PER2 peaked early in the light
eriod in the CEA of grass rats, and again, the pattern of PER2 seen
ere resembled that seen earlier for PER1 in this species [21]. In the
EA of laboratory rats, there is a PER2 rhythm that peaks early in
he dark period [15] and is, again, reversed relative to that of grass
ats, but there is no PER1 rhythm [6]. In mice, PER1 and PER2 in
he CEA start to rise early in the night, and while PER1 expression
iminishes over the next few hours, that of PER2 is sustained across
ost of the dark period [9]. In the BLA of the grass rat, there is an

cute increase in PER2 expression late in the light period, whereas
ER1 expression is high throughout the light period in males [21],
ut not females [20], of this species. In the BLA of laboratory rats
15] and mice [9], PER2 production starts to rise mid to late in the
ight and most studies report continued elevated levels into the
arly light period [5]; there is no PER1 rhythm in the BLA of lab rats
6] and no PER1 expression in the BLA of mice [9]. In summary, our
esults and the available literature indicate that the PER2 rhythms
n the central extended amygdala and BLA in diurnal grass rats are
2 h out of phase with those of nocturnal rodents, except the BLA
f mice which is 6 h out of phase with the grass rats.

The BNST-ov, the CEA and the BLA play distinct and important
oles in emotional learning and memory [16,26] and autonomic
egulation [17,22]. It is likely that the phase of oscillators in these
rain regions influences functions that are regulated by neuronal
ircuits that include them. The current data suggest that the daily
hythms of these functions may be quite different in diurnal and
octurnal rodents. For example, species differences in the phase
f oscillators in the BLA could promote differences in the circa-
ian modulation of long term retention of learned fear responses
8]. If that is the case, then rhythms in retention of acquired fear
esponses should differ in grass rats and lab rats in ways that might
e predicted from patterns of clock gene expression seen here in
he BLA and related structures.

Work using nocturnal rodents has shown that most extra-SCN
scillators in the brain and in peripheral tissues depend upon the
CN, and that they dampen in its absence [1,3]. However, other
actors such as hormones and feeding schedules can also affect
xtra-SCN oscillators and change their phase with respect to that
f the SCN [4,5]. These observations suggest at least three potential
echanisms that could account for the differences between grass

ats and nocturnal species with respect to the phase of extra-SCN

scillators. One possibility is that direct or indirect targets of the
CN of diurnal and nocturnal species respond differently to com-
on signals originating in the SCN [25]. A second possibility is that

hese differences are secondary to a reversal in rhythms in hormone
ecretion. The rhythms in PER2 expression in the BNST-ov and the

[

[
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CEA of laboratory rats and mice depend upon circadian rhythms in
circulating glucocorticoids from the adrenal gland [4,23], which are
inverted in diurnal and nocturnal mammals [7]. A phase reversal in
the adrenal gland could thus be responsible for the species differ-
ences in the temporal patterns of PER2 expression in the BNST-ov
and the CEA (present data and [5]). Finally, grass rats eat more fre-
quently during the light period (unpublished observations), while
laboratory rats have larger and more frequent meals at night [27].
Since feeding schedules can shift the phase of extra-SCN oscilla-
tors [5,6,9], including those of the BNST-ov and the amygdala [5], it
is possible that different feeding patterns are responsible for the
differences in phase in the extra-SCN oscillators of diurnal and
nocturnal species.

Acknowledgements

The authors wish to thank Anthony Francis Yuhas for technical
assistance. This work was supported by the National Institute of
Mental Health RO1 MH53433.

References

[1] M. Abe, E.D. Herzog, S. Yamazaki, M. Straume, H. Tei, Y. Sakaki, M. Menaker,
G.D. Block, Circadian rhythms in isolated brain regions, J. Neurosci. 22 (2002)
350–356.

[2] G.F. Alheid, Extended amygdala and basal forebrain, Ann. N. Y. Acad. Sci. 985
(2003) 185–205.

[3] S. Amir, E.W. Lamont, B. Robinson, J. Stewart, A circadian rhythm in the expres-
sion of PERIOD2 protein reveals a novel SCN-controlled oscillator in the oval
nucleus of the bed nucleus of the stria terminalis, J. Neurosci. 24 (2004)
781–790.

[4] S. Amir, J. Stewart, Behavioral and hormonal regulation of expression of the
clock protein, PER2, in the central extended amygdala, Prog. Neuropsychophar-
macol. Biol. Psychiatry 33 (2009) 1321–1328.

[5] S. Amir, J. Stewart, Motivational modulation of rhythms of the expression of the
clock protein PER2 in the limbic forebrain, Biol. Psychiatry 65 (2009) 829–834.

[6] M. Angeles-Castellanos, J. Mendoza, C. Escobar, Restricted feeding schedules
phase shift daily rhythms of c-Fos and protein Per1 immunoreactivity in corti-
colimbic regions in rats, Neuroscience 144 (2007) 344–355.

[7] R.M. Buijs, A. Kalsbeek, Hypothalamic integration of central and peripheral
clocks, Nat. Rev. Neurosci. 2 (2001) 521–526.

[8] K.L. Eckel-Mahan, T. Phan, S. Han, H. Wang, G.C. Chan, Z.S. Scheiner, D.R. Storm,
Circadian oscillation of hippocampal MAPK activity and cAmp: implications for
memory persistence, Nat. Neurosci. 11 (2008) 1074–1082.

[9] C.A. Feillet, J. Mendoza, U. Albrecht, P. Pevet, E. Challet, Forebrain oscillators
ticking with different clock hands, Mol. Cell. Neurosci. 37 (2008) 209–221.

10] C. Guilding, H.D. Piggins, Challenging the omnipotence of the suprachias-
matic timekeeper: are circadian oscillators present throughout the mammalian
brain? Eur. J. Neurosci. 25 (2007) 3195–3216.

11] M.H. Hastings, E.S. Maywood, A.B. Reddy, Two decades of circadian time, J.
Neuroendocrinol. 20 (2008) 812–819.

12] E.D. Herzog, Neurons and networks in daily rhythms, Nat. Rev. Neurosci. 8
(2007) 790–802.

13] A. Kalsbeek, L.A. Verhagen, I. Schalij, E. Foppen, M. Saboureau, B. Bothorel, R.M.
Buijs, P. Pevet, Opposite actions of hypothalamic vasopressin on circadian cor-
ticosterone rhythm in nocturnal versus diurnal species, Eur. J. Neurosci. 27
(2008) 818–827.

14] C.M. Lambert, D.R. Weaver, Peripheral gene expression rhythms in a diurnal
rodent, J. Biol. Rhythms 21 (2006) 77–79.

15] E.W. Lamont, B. Robinson, J. Stewart, S. Amir, The central and basolateral nuclei
of the amygdala exhibit opposite diurnal rhythms of expression of the clock
protein Period2, Proc. Natl. Acad. Sci. U.S.A. 102 (2005) 4180–4184.

16] J. LeDoux, The amygdala, Curr. Biol. 17 (2007) R868–R874.
17] A.D. Loewy, Forebrain nuclei involved in autonomic control, Prog. Brain Res. 87

(1991) 253–268.
18] L.P. Morin, C.N. Allen, The circadian visual system, 2005, Brain Res. Rev. 51

(2006) 1–60.
19] C. Ramanathan, A.A. Nunez, G.S. Martinez, M.D. Schwartz, L. Smale, Tempo-

ral and spatial distribution of immunoreactive PER1 and PER2 proteins in the
suprachiasmatic nucleus and peri-suprachiasmatic region of the diurnal grass
rat (Arvicanthis niloticus), Brain Res. 1073/1074 (2006) 348–358.

20] C. Ramanathan, A.A. Nunez, L. Smale, Daily rhythms in PER1 within and beyond
the suprachiasmatic nucleus of female grass rats (Arvicanthis niloticus), Neuro-

science 156 (2008) 48–58.

21] C. Ramanathan, L. Smale, A.A. Nunez, Rhythms in expression of PER1 protein
in the amygdala and bed nucleus of the stria terminalis of the diurnal grass rat
(Arvicanthis niloticus), Neurosci. Lett. 441 (2008) 86–89.

22] C.B. Saper, Central autonomic system, in: G. Paxinos (Ed.), The Rat Nervous
System, second ed., Academic press, 1995, pp. 107–128.



cience

[

[

[

[26] D.L. Walker, D.J. Toufexis, M. Davis, Role of the bed nucleus of the stria termi-
C. Ramanathan et al. / Neuros

23] L.A. Segall, A. Milet, F. Tronche, S. Amir, Brain glucocorticoid receptors are nec-

essary for the rhythmic expression of the clock protein, PERIOD2, in the central
extended amygdala in mice, Neurosci. Lett. 457 (2009) 58–60.

24] L. Smale, T. Lee, A.A. Nunez, Mammalian diurnality: some facts and gaps, J. Biol.
Rhythms 18 (2003) 356–366.

25] L. Smale, A.A. Nunez, M.D. Schwartz, Rhythms in a diurnal brain, Biol. Rhythm
Res. 39 (2008) 305–318.

[

Letters 473 (2010) 220–223 223
nalis versus the amygdala in fear, stress, and anxiety, Eur. J. Pharmacol. 463
(2003) 199–216.

27] I. Zucker, Light–dark rhythms in rat eating and drinking behavior, Physiol.
Behav. 6 (1971) 115–126.


	PER2 rhythms in the amygdala and bed nucleus of the stria terminalis of the diurnal grass rat (Arvicanthis niloticus)
	Acknowledgements
	References


