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Abstract

Key molecular components of the mammalian circadian clock are expressed 

rhythmically in many brain areas and peripheral tissues in mammals. Here we 

review findings from our work on rhythms of expression of the clock protein, 

Period2 (PER2), in four regions of the limbic forebrain known to be important in 

the regulation of motivational and emotional states.  These regions include the 

oval nucleus of the bed nucleus of the stria terminalis (BNSTov), the central 

nucleus of the amygdala (CEA), the basolateral amygdala (BLA) and the dentate 

gyrus (DG).  Daily rhythms in the expression of PER2 in these regions are 

controlled by the master circadian pacemaker, the suprachiasmatic nucleus 

(SCN) but, importantly, they are also sensitive to homeostatic perturbations and to 

hormonal states that directly influence motivated behavior.  Thus, circadian 

information from the SCN and homeostatic signals are integrated in these regions 

of the limbic forebrain to affect the temporal organization of motivational and 

emotional process.
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An intriguing but poorly appreciated finding is that circadian rhythms are 

modulated by motivational or emotional state.  This involvement is demonstrated 

by experiments in animals (1) and humans (2) showing that stress disrupts 

circadian rhythmicity and by clinical evidence of altered physiological rhythms in 

affective disorders (3).

In our studies of the interface between motivational or emotional state and 

circadian rhythms, we showed, for example, that induction of fear in rats can 

disrupt photic resetting of the circadian clock, the suprachiasmatic nucleus of the 

hypothalamus (SCN).  Specifically, we found that light-induced expression of the 

cellular activity marker, Fos, in the retinorecipient region of the SCN and light-

induced phase shifts in free-running activity rhythms are attenuated in rats 

exposed to light in a context that induced conditioned fear (4).  Such conditioned 

fear also attenuates light-induced suppression of melatonin release (5), 

supporting the view that limbic forebrain mechanisms involved in emotional 

regulation interface with mechanisms that mediate the transmission of light to the 

SCN.  Consistent with this idea, we also found that when light, itself, is made a 

conditioned aversive stimulus, its ability to induce Fos expression in the SCN is 

reduced (6).  The same conditioned aversive stimulus enhanced Fos expression 

in the primary visual pathways (7), pointing to the differential effect of aversive 

emotional events on neural processes underlying visual perception and those 

involved in circadian regulation.



In more recent work we have found that many limbic forebrain nuclei 

implicated in the regulation of motivational or emotional state exhibit daily 

rhythms in expression of the circadian clock protein, Period2 (PER2) (8, 9).  This 

finding, together with evidence that the rhythms in PER2 expression in two 

regions, the oval nucleus of bed nucleus of the stria terminalis (BNSTov) and 

central nucleus of the amygdala (CEA) are regulated by corticosterone, led us to 

propose that motivational events modulate circadian rhythms, not only indirectly 

via light input mechanisms upstream from the SCN, but also by directly 

modulating tissue specific circadian mechanisms located downstream from the 

SCN.  In this paper we describe the nature of PER2 rhythms in the limbic 

forebrain and findings concerning the neural, hormonal and behavioral 

mechanisms that regulate and modulate these rhythms. 

Circadian clocks

Current models of circadian organization in mammals posit a hierarchical 

system in which a light-entrainable master clock located in the SCN synchronizes 

networks of subordinate circadian oscillators in the brain and periphery.  These 

subordinate oscillators are presumed to control, in a tissue-specific manner, the 

daily fluctuations in cellular and metabolic activity and functional output (10).  At 

the cellular level, circadian rhythmicity is based on interlocked negative and 

positive transcription and translation/post-translation feedback loops that involve 

the products of at least 10 clock genes.  These include two genes encoding helix-

loop-helix PAS transcription factors (Clock and Bmal1), three Period genes 



(Per1, Per2 and Per3), two Cryptochrome genes (Cry1 and Cry2), two orphan 

nuclear receptor genes (Rev-erb�, Rora), and a gene encoding casein kinase 

(Tau) (11).  Circadian rhythms in expression of clock genes and proteins have 

been described in the SCN as well as in many brain regions outside the SCN and 

in most peripheral tissues (12-14).  Importantly, in spite of the resemblance in 

molecular composition, the rhythms of the SCN differ from those in other brain 

and peripheral tissues.  In the SCN the rhythms are intrinsically synchronous and 

self-sustaining, whereas circadian rhythms in most other tissues dampen in the 

absence of synchronizing input (12, 14).  

The mechanism whereby the SCN maintains and coordinates circadian 

oscillations in the rest of the brain and periphery is complex.  Neural projections 

and diffusible peptides from the SCN, as well as neural (such as the sympathetic 

nervous systems), endocrine (such as corticosterone, melatonin, epinephrine) 

and behavioral (such as locomotor activity, feeding) processes under SCN 

control have all been proposed as possible mediators (15, 16).  Furthermore, 

multiple intracellular signaling molecules that can reset molecular clocks in the 

brain and periphery have been identified.  These include glucose, cAMP, PKA, 

PKC, and MAPK (17, 18).  Finally, circadian oscillations in clock gene expression 

in the brain and periphery can be modulated directly, downstream from the SCN.  

Thus, exposure to stress or drugs of abuse (19, 20), scheduled restricted feeding 

(21-24), exercise (25), and periodic absence of nursing mothers (26) have all 

been shown to either induce or shift the phase of clock gene expression in a 

number of brain structures and peripheral tissues in rodents.



PER2 rhythms reveal a novel circadian oscillators in the limbic forebrain 

The rhythmic expression of PER2, the protein product of the circadian clock 

gene, Per2, is a defining feature of clock cells in mammals (27).  In mapping 

studies of the expression of PER2 in rat brain, we found daily rhythms in four 

anatomically and functionally related regions of the limbic forebrain: the oval 

nucleus of the bed nucleus of the stria terminalis (BNSTov, located in the dorsal 

lateral BNST), central nucleus of the amygdala (CEA), basolateral amygdala 

(BLA) and dentate gyrus (DG) (8, 9).  This finding was of immediate interest 

because each of these regions is known to participate in the regulation of 

motivational and emotional state and to modulate specific behavioral and 

physiological processes.  These include behavioral, endocrine and neural 

responses to stress and to drugs of abuse, regulation of feeding, anxiety, 

learning and memory, and reproductive and maternal behaviors (28-31).  

Significantly, we found that the PER2 rhythms in these regions follow two 

opposite temporal patterns.  In the BNSTov and CEA, the expression of PER2 is 

maximal around the time of transition from day to night, and is in perfect 

synchrony with the PER2 rhythm of the SCN.  In contrast, the rhythms of PER2 

in BLA and DG peak in the morning in antiphase with the rhythms in the SCN, 

BNSTov and CEA (Fig. 1).  

PER2 rhythms in the limbic forebrain are normally synchronized by the 

SCN



To understand the mechanisms that control the rhythms of PER2 in the 

limbic forebrain, we first assessed the role of the SCN.  We found that bilateral 

SCN lesions, or prolonged housing in constant light (LL), which eliminate PER2 

rhythms in the SCN and disrupt circadian behavioral rhythms, abolished the 

rhythm of PER2 in the BNSTov, CEA, BLA and DG (8, 9).  These experiments 

confirmed the subordinate nature of these rhythms.  In another experiment we 

found that unilateral SCN lesions, which do not affect circadian behavioral 

rhythms, blunted the rhythm of PER2 in the limbic forebrain ipsilateral, but not 

contralateral to the lesioned side, emphasizing the importance of neural 

connections between the SCN and PER2 oscillations in the limbic forebrain (8).  

PER2 rhythms in the BNSTov and CEA depend on a rhythm of 

glucocorticoids

In spite of the importance of the SCN, we found in a series of experiments 

that the rhythms of PER2 in the BNSTov and CEA, but not SCN, BLA or DG, are 

sensitive to changes in circulating hormones. We first examined the involvement 

of glucocorticoid hormone, corticosterone.  The release of corticosterone from 

the adrenal glands follows a circadian rhythm that is under the control of the SCN 

(32) and glucocorticoid hormones have been shown to induce per gene 

expression in mouse liver, in vivo, and in cultured rat-1 fibroblasts (33).  Cells in 

the BNSTov, CEA, BLA and DG express glucocorticoid receptors and exhibit a 

wide range of responses to endogenous and exogenous glucocorticoids (34-36).  

We found that surgical removal of the adrenal glands flattened the rhythm of 



expression of PER2 in the BNSTov and CEA without affecting PER2 rhythmicity 

in BLA and DG, indicating that glucocorticoids play a selective role in the 

regulation of PER2 expression in the BNSTov and CEA (8, 9).  Subsequently, we 

found that in the absence of the adrenals, corticosterone replacement via the 

drinking water, which restores daily fluctuations in corticosterone levels, restores 

the rhythm of PER2 in the BNSTov and CEA (37).  Corticosterone replacement 

via subcutaneous constant-release pellets has no effect, demonstrating the 

importance of circadian glucocorticoid signaling in PER2 rhythms in the BNSTov 

and CEA.  Finally, we found that in a conditional mutant mouse devoid of 

glucocorticoid receptors in the brain (38), PER2 rhythms in the BNSTov and CEA 

are absent, consistent with the idea that the effect of circulating corticosterone on 

PER2 rhythms in these regions is mediated by central glucocorticoid receptors 

(39). 

Role of thyroid hormones

Thyroid hormones have been implicated in the regulation of behavioral and 

physiological circadian rhythms based on the evidence that surgical removal of 

the thyroid and parathyroid glands or chemical induction of hypothyroidism alters 

circadian locomotor activity rhythms and blunts the daily fluctuations in circulating 

corticosterone and prolactin levels in rodents (40, 41).  Furthermore thyroid 

hormones modulate the expression of clock genes in peripheral tissue and recent 

evidence suggests a role for thyroid hormone-sensitive orphan nuclear receptors, 



REV-ERBalpha and RORa in the transcriptional regulation of clock gene 

expression (42).  

We found that surgical removal of the thyroid and parathyroid glands (TPX) 

disrupts PER2 rhythms, again, selectively in the BNSTov and CEA (43).  Thyroid 

hormones such as thyroxine (T4) and triiodothyronine (T3) might affect PER2 

expression by modulating the transcription of the Per2 gene, indirectly,  by 

modulating the transcriptional activity of REV-ERBalpha and RORa.  Indeed, 

both have been implicated in the transcriptional regulation of BMAL1, an 

essential and direct positive regulator of Per2 transcription in mammalian cells 

(42).  However, because this mechanism is likely to be ubiquitous, affecting clock 

gene expression in all tissues, it cannot account for the selective effect of TPX on 

PER2 expression in the BNSTov and CEA.  Other possible mechanisms are their 

effects on the daily rhythm of plasma corticosterone levels (41), or their effect on 

neurotransmitters and peptides such as dopamine (DA) and corticotropin-

releasing hormone (CRF), that appear be involved in the regulation of PER2 

expression in the BNSTov and CEA (44, 45) (see below).

Role of ovarian hormones

The release of gonadal hormones is influenced by the circadian system (46) 

and circulating levels of gonadal hormones influence circadian rhythms (47).  

Because of these interactions and the importance of the limbic forebrain in 

reproductive physiology and behavior, we examined the role of ovarian 

hormones in the rhythms of PER2 in the limbic forebrain of female rats.  We 



found that the rhythms of PER2 in BNSTov and CEA are strongly affected by the 

estrous cycle and by estrogen, whereas rhythms in the SCN, BLA and DG are 

unaffected (48).  In males removal of the gonads blunts the expression of PER2 

in BNSTov and CEA.

These findings on the role gonadal hormones, taken together with those on 

glucocorticoids and thyroid hormones indicate that the oscillations of PER2 

expression in different regions of the limbic forebrain are differentially sensitive 

and can be separately modulated by circulating hormones, underscoring the 

complexity and diversity of mechanisms involved in regulation of PER2 

expression in the brain. Furthermore, they provide an important clue to 

understanding how changes in motivational or emotional state could disrupt 

tissue specific rhythms within the limbic forebrain and thus the synchrony 

between rhythms in different regions and, importantly, uncouple them from the 

rhythm of the SCN.  

Modulation of PER2 expression by dopamine and CRF

We have begun to explore the role of dopamine and corticotropin-releasing 

factor (CRF) on PER2 expression in the BNSTov and CEA.  These two 

structures receive a dense dopaminergic input (49) and share many anatomical, 

morphological and chemical features (50-52) including high concentrations of 

CRF-expressing cells.  Dopamine has been implicated in the effect of stress on 

Fos expression the BNSTov and CEA in rats (53) and has been proposed to play 

a role in the regulation of CRF mRNA in these regions (54).  We found that 



selective unilateral dopamine depletion using microinjections of the neurotoxin, 6-

hydroxydopamine (6-OHDA) into the medial forebrain bundle reduced the levels 

of expression of PER2 in the BNSTov and CEA ipsilateral to the lesion, 

suggesting that dopamine is involved in the regulation of PER2 expression (55).  

We have found as well that such lesions of the dopaminergic input to these 

regions substantially decrease CRF immunoreactivity in both BNSTov and CEA, 

though not in the paraventricular nucleus (PVN) of the hypothalamus (56).  To 

study the role of CRF in the regulation of PER2 expression, we examined the 

effect of targeted silencing of CRF gene using long double-stranded RNA-

mediated RNA interference (57).  We found that suppression of CRF expression 

by microinfusions of dsRNA against CRF into the BNSTov reduces the level of 

PER2, suggesting that CRF containing cells participate in the regulation of PER2 

expression and may indirectly mediate the effects of dopamine as well as of 

stress and possibly of corticosterone on rhythms of PER2 expression in this 

structure (58).  It is of note that we found previously that CRF and PER2 do not 

colocalize in these regions, suggesting that involvement of CRF in the expression 

of PER2 depends on intercellular signally and not the direct action of CRF on 

transcription of the Per2 gene.

Stress-induced changes in PER2 expression

Although stress is known to affect circadian behavioral and physiological rhythms 

(1, 59), there is limited evidence concerning the effects of stress, per se, on clock 

gene expression in the brain.  In one study in mice, both acute restraint and 



systemic immune challenge (lipopolysaccharide, LPS) were found to induce the 

expression of the Per1 gene in the hypothalamic paraventricular nucleus (PVN) 

(19).  Per1 expression in the SCN was not affected and there was no change in 

the expression of Per2 in either the PVN or SCN, suggesting that acute stress-

induced changes in clock genes is both selective and region specific.  In another 

study carried out in neonatal rats, periodic absence of nursing mothers for 

several days altered the expression of Per1 and Per2 in the SCN (26).  We have 

evidence that exposure to chronic intermittent restraint stress can disrupt the 

rhythms of PER2 expression in the limbic forebrain, but we have yet to determine 

which if any of the variables described above is responsible (60).

Synchronization of limbic forebrain PER2 rhythms by restricted feeding.  

Feeding time is a powerful synchronizer of behavioral and physiological 

circadian rhythms and rhythms in expression of clock genes (61).  In nocturnal 

rodents, feeding that is restricted to the daytime has been shown to uncouple the 

molecular rhythms of the SCN from the rhythms in the periphery and in some 

brain regions (21, 22, 62).  Such feeding schedules induce characteristic food 

anticipatory behavioral and physiological rhythms (e.g., rhythms in behavioral 

arousal and locomotor activity, body temperature, circulating corticosterone) that 

are independent of the SCN (63).  Importantly, the anatomical location and 

molecular composition of the oscillators that mediate the effect of restricted 

feeding on anticipatory rhythms remain elusive.  Recent work has focused 

attention on the dorsomedial hypothalamic nucleus (DMH), which participates in 



the dissemination of circadian rhythmicity from the SCN , and on the clock gene 

Per2 (64-67).  

We are using restricted feeding schedules to study how perturbation of 

motivational state and energy balance affect the expression of PER2 in the limbic 

forebrain.  In our recent work on scheduled restricted feeding, we found that the 

rhythmic expression of PER2 in all regions of the limbic forebrain studied is 

critically sensitive to fluctuations in nutritional state.  Specifically, daytime 

restricted feeding synchronizes the rhythms of PER2 in BNSTov, CEA, BLA and 

DG and uncouples them from the rhythm of the SCN (23, 24).  This finding 

stands in contrast to the selective effects of hormonal manipulations, which affect 

only BNSTov and CEA, and points to a critical role for energy balance in the 

maintenance and integration of circadian rhythms in the brain.  Interestingly, we 

found as well that restricted feeding can reverse the effect of adrenalectomy on 

PER2 rhythms in BNSTov and CEA and synchronize them with the rhythms in 

the BLA and DG (68).  

Unlike the effect of scheduled restricted feeding, scheduled restricted 

access to treats such as sucrose, saccharine, or a highly palatable liquid diet, in 

the absence of food deprivation, has no effect on PER2 expression in the limbic 

forebrain (23, 24) although anticipatory behavior changes can be seen.  These 

findings suggest that changes in PER2 rhythms in the regions studied are 

triggered by the daily alleviation of a negative metabolic state associated with 

restricted feeding and are relatively insensitive to incentive properties of the 

substance or to anticipatory behavioral changes associated with such scheduled 



treats (23, 24).  Importantly, because restricted feeding and restricted access to a 

treat induce equally strong patterns of Fos expression in the limbic forebrain, we 

are able to conclude that the absence of the effect of scheduled treat on PER2 

rhythms is not due to failure of the treat-related signals to reach these forebrain 

regions (23).

Summary and conclusions

All aspects of behavior and physiology exhibit some degree of circadian 

rhythmicity under the control of the master circadian clock located in the SCN.  In 

recent years following the discovery of clock genes, it has become evident that 

many brain regions outside the SCN contain circadian oscillators, which, though 

subordinate the SCN, can be influenced by behavioral and physiological 

processes independent of the SCN.  Here we reviewed evidence concerning the 

nature and regulation of such subordinate oscillators in four regions of the limbic 

forebrain known to play roles in the regulation of motivational and emotional 

states.  Using PER2 clock protein as a marker, we found two rhythmic patterns of 

expression, one in BNSTov and CEA that is uniquely in phase with the rhythm in 

the SCN, and the other, as is more common in the brain, in BLA and DG that is 

opposite in phase with that in the SCN.  The uniqueness of the rhythms in the 

BNSTov and CEA is also expressed in their sensitivity to adrenal, gonadal and 

thyroid hormones. These rhythms can be altered or even completely blunted by 

hormonal manipulations that do not in any way affect the PER2 rhythm in the 

SCN.  One manipulation that powerfully affects PER2 rhythms throughout the 

limbic forebrain is a daily restricted-feeding schedule.  Such feeding schedules, 



known to entrain behavioral rhythms, not only entrain the PER2 rhythms in these 

regions, but furthermore synchronizes their phase.  Thus all of these motivational 

manipulations can uncouple tissue-specific subordinate oscillators from the 

master circadian clock.  

A major task that remains is to identify the functions of PER2 and its 

rhythms in the limbic forebrain.  One idea is that PER2, in its capacity as an 

essential clock regulator, plays an important role in the maintenance of the 

functional integrity of these limbic regions.  The fact that the rhythms of PER2 in 

these regions are vulnerable and sensitive to a host of manipulations that do not 

directly affect the SCN clock, suggests further that they can integrate information 

from the primary circadian time-keeper in the SCN with information about 

physiological and motivational state.  Finally, it is also possible that PER2 has 

cellular functions independent of its role in clocks, per se.  For example, evidence 

from Per2 mutant mice indicates that PER2 participates in behavioral processes 

such as sensitization to the behavioral activating effects of cocaine (69) and 

alcohol preference (70).  However, such mutations eradicate PER2 expression 

throughout the brain and body, making it impossible to localize the actions of 

PER2 or to determine whether the effects are due to disruptions of circadian 

rhythms or simply to the lack of the gene.  Whatever the case, uncovering the 

functions of PER2 and its rhythms within specific brain regions will ultimately 

depend on being able to disrupt PER2 and its oscillations in a region-specific 

manner.  Recently, we have begun to use RNAi-mediated knockdown of Per2 to 

address this issue and find that we can disrupt free running locomotor activity 



rhythms in rats using dsRNA to transiently suppress PER2 in the SCN (71).  

Work is now in progress that we hope will shed light on functions of PER2 and its 

rhythms in these motivationally significant regions of the limbic forebrain.
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Figure caption

Figure 1.  

Top: Rhythms of PER2 expression in the suprachiasmatic nucleus (SCN), oval 

nucleus of the bed nucleus of the stria terminalis (OV), central nucleus of the 

amygdala (CEA), basolateral nucleus of the amygdala (BLA) and dentate gyrus 

(DG).  Symbols indicate means of PER2-IR cells in groups of rats killed at 

different Zeitgeber times (n = 4-6 per group).  Figure redrawn from published 

data (8, 9).  Bottom: Photomicrographs showing examples of PER2 expression in 

the SCN, BNSTov, CEA, BLA and DG in rats killed at ZT1 or ZT13.
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