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Abstract

Despite rhythmic expression of clock genes being found throughout the central nervous sys-
tem, very little is known about their function outside of the suprachiasmatic nucleus. Deter-
mining the pattern of clock gene expression across neuronal subpopulations is a key step in
understanding their regulation and how they may influence the functions of various brain
structures. Using immunofluorescence and confocal microscopy, we quantified the co-
expression of the clock proteins BMAL1 and PER2 with two neuropeptides, Substance P
(SubP) and Enkephalin (Enk), expressed in distinct neuronal populations throughout the
forebrain. Regions examined included the limbic forebrain (dorsal striatum, nucleus accum-
bens, amygdala, stria terminalis), thalamus medial habenula of the thalamus, paraventricu-
lar nucleus and arcuate nucleus of the hypothalamus and the olfactory bulb. In most regions
examined, BMAL1 was homogeneously expressed in nearly all neurons (~90%), and PER2
was expressed in a slightly lower proportion of cells. There was no specific correlation to
SubP- or Enk- expressing subpopulations. The olfactory bulb was unique in that PER2 and
BMAL1 were expressed in a much smaller percentage of cells, and Enk was rarely found in
the same cells that expressed the clock proteins (SubP was undetectable). These results
indicate that clock genes are not unique to specific cell types, and further studies will be
required to determine the factors that contribute to the regulation of clock gene expression
throughout the brain.

Introduction

The generation of behavioral and physiological circadian rhythms in animals is governed by
clock genes that mediate cell-autonomous and tissue-level circadian oscillations in gene expres-
sion. In mammals, circadian clock genes are found in most tissues throughout the body, includ-
ing the brain. The interaction between clock genes and neural function is important for
understanding normal behaviour, as well as disease development [1-3]. The suprachiasmatic
nucleus (SCN), located in the ventral hypothalamus, plays a central role in coordinating rhythms
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throughout the body and synchronizing them to the environmental light-dark cycle [3-5].
Clock gene rhythms have been reported in many other brain regions [6-10] and are thought to
play a complementary role in fine-tuning the timing of daily behaviours [3, 11]. In contrast to
the well-studied SCN, very little is known about the mechanisms that regulate clock gene expres-
sion in these downstream regions. One important step in addressing these questions is to deter-
mine the extent to which clock genes are expressed across a variety of neural cell types.

Recent evidence points to daily fluctuations in hormone levels and neurotransmitter secretion
as key entrainment signals outside of the SCN [12-14]. It has been demonstrated that perturba-
tions of specific neurotransmitters or hormones can disrupt clock gene function in discrete brain
areas. For example, blocking glucocorticoid or thyroid hormone signaling blunts peak expression
of the core clock protein PER2 in the oval nucleus of the bed nucleus of the stria terminalis
(BNSTov) and the central nucleus of the amygdala (CEA) [15-17]. In adrenalectomized animals,
replacement of glucocorticoid hormone through timed daily injections or by adding corticoste-
rone to the drinking water is able to re-entrain PER2 rhythms independently of the SCN [18,

19]. Similarly, dopamine depletion via 6-hydroxydopamine lesion impairs PER1 and PER2
rhythms in the dorsal striatum and BNSTov [20, 21]. This effect has been linked to D2-receptor
signalling, as a similar blunting of the PER2 rhythm can be induced by constant infusion of a
D2-receptor antagonist, and timed daily injection of a D2-receptor agonist, though not a D1
receptor agonist, restores and entrains a PER2 rhythm in the dopamine-depleted striatum [20].

These findings suggest that clock gene expression is responsive to specific neurotransmit-
ters or hormones. This has lead us to question whether extra-SCN clock gene expression
might be localized to distinct neuronal subpopulations throughout the forebrain. In order to
study the distribution of clock genes in specific cell types within the CNS, we chose to anatomi-
cally determine the co-expression of PER2 and BMALI with two neuropeptides that have dif-
fering expression patterns throughout the rodent forebrain. For comparison, we chose the
neuropeptides substance P (SubP) and Enkephalin (Enk), since they represent specific cell-
types in our brain regions of interest. Our initial analysis focused on the limbic forebrain
where, in the dorsal striatum and nucleus accumbens, SubP and Enk are markers for D1- and
D2-receptor bearing medium spiny neurons, respectively [22, 23]. Similarly, the two main
neuronal populations of the CEA and BNSTov produce either Enk or corticotropin releasing
hormone (CRH) [24]. Our findings in these limbic areas suggested that clock genes were
found in nearly all neurons and were not restricted to either cell type. The same tissue was
then further analyzed to address if a similar pattern was found in other brain regions. The par-
vocellular region of the paraventricular nucleus of the hypothalamus (PVH) expressed low lev-
els of SubP and moderate levels of Enk. In this region Enk partially overlaps with expression of
CRH, thyrotropin releasing hormone (TRH) and oxytocin [25-27]. Similarly, the arcuate
nucleus (Arc) expresses low levels of SubP and moderate levels of Enk, both of which are
known to be a limited to a specific subset of neurons [28-31]. In the thalamus, the dorsal
medial portion of the medial habenula (HabM) does not express Enk, but has a large popula-
tion of cholinergic neurons that also express SubP [32]. No other thalamic or hypothalamic
regions were identified to strongly express BMAL1 and PER2 with either peptide of interest.
Apart from the olfactory bulb (OB), we found that the trend continued throughout these
regions and most neurons expressed clock genes.

Methods
Animals

All experimental procedures were conducted under the guidelines of the Canadian Council of
Animal Care and approved by the animal care ethics committee at Concordia University,
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Quebec. Concordia University Animal Research Ethics Committee approval number:
30000256. Eight male Wistar rats (Charles River, St-Constant, QC), weighing 300-350 g, were
used for this project. Prior to the start of the experiment, animals were housed individually
under a 12h light/dark cycle for two weeks in lightproof boxes with ad libitum access to food
and water. They also had free access to running wheels, monitored continuously using Vital-
View software (Mini-Mitter, Sunriver, OR). The experiment began after all animals’ activity
entrained to the light/dark cycle.

Colchicine

To enhance cell body visualization, colchicine was injected into the left lateral ventricle 24-36
h prior to perfusions [33]. Animals were anesthetized with a mix of ketamine (Ketaset; 90mg/
kg, i.p.; Ayerst) and xylazine (Rompun, 10 mg/kg, i.p.; Bayer), and then 100 pug of colchicine
(Sigma-Aldrich, Oakville, ON) dissolved into 5 pl of saline was infused at a rate of 0.5 ul/min
over 10 min at the following stereotaxic coordinates: AP -3.0, ML 1.2, DV 3.6 (from the skull
surface) [34].

Tissue preparation and immunofluorescence

In order to image each brain area around the time of its peak PER2 expression, animals were
perfused either one hour (ZT1) or ten hours (ZT10) after lights turned on (Table 1). Rats were
deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and transcardially perfused
with 300 ml of cold saline (0.9% NacCl), followed by 300 ml of cold paraformaldehyde (4% in a
0.1 M phosphate buffer, pH 7.3). Brains were extracted and stored overnight in paraformalde-
hyde at 4°C. Four serial sets of coronal sections were collected, sliced at a thickness of 30 um
using a vibratome and then stored at -20°C in Watson’s cryoprotectant [35] until ready to be
used.

Double labeling was performed using the following four combinations: 1) PER2 with Enk,
2) PER2 with SubP, 3) BMALI with Enk and 4) BMALI with SubP. Only enough tissue that
could be imaged within the next 5 days was processed at one time and therefore anterior and
posterior sections were run at different times (stopping just posterior to the SCN, around -1.80
mm from bregma). In each run, free-floating sections were rinsed once for 10 min in phos-
phate buffered saline (PBS, pH 7.4), followed by 3x10 min rinses in 0.3% Triton-X in PBS
(PBS-TX). Tissue was pre-blocked for 1 h at room temperature with gentle agitation in a solu-
tion of PBS-TX with 3% skim milk powder and 6% normal donkey serum (NDS) then directly
transferred to the primary incubation. Tissue was incubated for 48 h with the primary anti-
body at 4°C with gentle agitation, rinsed 3x10 min in PBS-TX, then incubated with the second-
ary antibody for 1 h at room temperature with gentle agitation. Antibodies were diluted in a
solution of 0.3% PBS-TX with 3% skim milk powder and 2% NDS. The following antibodies
and dilutions were used: PER2 rabbit polyclonal 1:800 (Alpha Diagnostics, PER21-A, San
Antonio, Tx), BMALI rabbit polyclonal 1:800 (Novus Biologicals, NB100-2288 Lot A-2, Little-
ton CO), Leu /Met-enkephalin [NOC1] mouse monoclonal 1:800 (Abcam, Toronto, ON),
Substance P [SP-DE4-21] mouse monoclonal 1:400 (Abcam, Toronto, ON), anti-rabbit sec-
ondary Alexa-488 and anti-mouse secondary Alexa-594 1:500 (Life Technologies, Carlsbad
CA). All antibodies used have been validated elsewhere [20, 36].

Once all incubations were complete, the tissue was rinsed 3x10 min in PBS-TX, then treated
to reduce autofluorescence with Sudan Black B (Sigma-Aldrich, Oakville, ON): 0.1% in 70%
ethanol for 10 minutes [37]. The tissue was rinsed 3x10 min in PBS-TX, and a final 10 min in
PBS before being mounted onto slides, allowed to air dry and coverslipped with ProLong™
Diamond Antifade Mountant with DAPI (Life Technologies, Carlsbad, CA). Slides were left to
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Table 1. Summary of tissue sampled for analysis.

Brain Area

Dorsal striatum, medial and lateral

Nucleus accumbens, core and shell

Olfactory tubercle

Amygdala, central nucleus

Amygdala, basolateral nucleus

Bed nucleus of the stria terminalis, oval nucleus
Bed nucleus of the stria terminalis, principal nucleus
Hippocampus

Suprachiasmatic nucleus

Hypothalamic paraventricular nucleus

Arcuate nucleus

Medial habenula

Olfactory bulb

Each brain region was imaged at either one hour (ZT1) or ten hours (ZT10) following lights on, depending on when its maximum PER2 expression was

expected. n = number of animals used in analysis

https://doi.org/10.1371/journal.pone.0176279.t001

n n n n Time of perfusion
(PER2-Enk) (PER2-SubP) (BMAL1-Enk) (BMAL1-SubP)

3 3 3 3 ZT1
4 3 3 3 ZT1
4 3 3 3 ZT1
3 3 3 3 ZT10
- - - - ZT1
3 4 3 3 ZT10
- 3 - 3 ZT10
- - - - ZT1
- - - - ZT10
3 3 3 3 ZT10
3 - 3 3 ZT10
- 3 - 3 ZT10
3 - 3 - ZT10

cure overnight in the dark, sealed with clear nail polish and imaged over the next 5 days. While
not in use, slides were stored in a slide box kept at 4°C.

Imaging and analysis

Images were captured using the 60x objective on an Olympus FV10i automated confocal laser
scanning microscope at the Centre for Microscopy and Cell Imaging, Concordia University,
Montreal, Canada. Brain regions of interest were determined based on landmarks from “Brain
maps: structure of the rat brain” [38], with the exception of the nucleus accumbens, where
landmarks were identified from “The Rat Brain In Stereotaxic Coordinates” [34]. One image
for each brain area was taken per slice, up to a maximum of seven slices. For most brain
regions, this was sufficient to include all slices containing the area of interest. In larger areas,
such as the dorsal striatum and the olfactory tubercle, slices were selected randomly and the
dorsal-ventral (or medial-lateral) coordinates were shifted from image to image. Images cap-
tured an area of 212 x 212 um, at depth intervals of 0.8 um and a resolution of 1024 x 1024 pix-
els. Laser intensity was set automatically, and then adjusted for each brain area for optimal
visualization of fluorescent labeling.

Images were counted using Image]J freeware (http://imagej.nih.gov). All positive cells
regardless of intensity were manually identified in each channel and marked layer-by-layer;
each marked cell was superimposed onto every layer so as not to re-count cells that appeared
in subsequent layers. A comparison with DAPI was used to define neurons based on the dis-
tinct, large, round shape of their nuclei. A composite of the markings in each channel was cre-
ated, and using the central position of every marking, we were able to extract 1) the total
number of neurons as defined by DAPI-stained nuclei, 2) the number of neurons expressing
either BMALI or PER2, 3) the number of neurons co-expressing Enk or SubP, and 4) the
number of neurons expressing Enk or SubP, but not BMALI or PER2. The numbers of cells
for each image were converted to a percentage of total neurons counted and imported into
Prism (Version 6, GraphPad, San Diego, CA) for descriptive statistics and statistical testing.
Differences were assessed using two-tailed, unpaired t-tests, except when examining all four
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markers, where overall distribution was analyzed with a Fisher’s exact test. Levels of expression
for each neuropeptide were expected to be different and unique to each brain area examined.
Therefore, each brain region was expected to have co-expression levels completely indepen-
dent of other regions examined. For this reason, each brain area was analyzed separately with-
out the need for adjustments for multiple comparisons. Results presented here are displayed as
the mean * standard error of the mean (SEM). Significance was set at p<0.05.

Results

BMALI and PER?2 displayed robust expression in most brain regions imaged. As expected,
BMALLI and PER2 immunoreactivity was mostly nuclear with some cytosolic expression, as
evidenced by colocalization with the nuclear DAPI labeling. Enk and SubP were mostly cyto-
solic and highly enriched in neuronal processes; however only neurons with labeled cell bodies
were counted. BMALI and PER2 were clearly expressed in both Enk- and SubP-positive cells
in brain regions containing these peptides. Moreover, BMAL1 and PER2 were expressed in the
majority of identified neurons in nearly all of the brain regions examined.

The dorsal and ventral striatum

The coexpression of PER2 and BMALL1 with Enk or SubP was first analyzed in the dorsal and
ventral striatum, including the medial and lateral dorsal striatum (StrM and StrL), nucleus
accumbens core and shell (NAcC and NAcSh) and olfactory tubercle (Tub). Example regions
where images were taken are shown in Fig 1. In this area of the brain Enk and SubP corre-
spond to D2- and D1-receptor bearing medium spiny neurons respectively [22, 23].

Fig 1. Outline of regions imaged in the dorsal and ventral striatum. Low-magnification confocal laser
scanning micrographs of sections stained with antibodies against BMAL1/Enk (left panel) and PER2/SubP
(right panel). White dotted lines denote the target sampling regions where images were collected from.
Individual confocal images were stitched together to create the single image. Scale bar: 500 ym. StrM, medial
dorsal striatum; StrL, lateral dorsal striatum; NAcC, nucleus accumbens core; NAcSh, nucleus accumbens
shell; Tub, olfactory tubercle.

https://doi.org/10.1371/journal.pone.0176279.9001
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Between the StrM and StrL, expression patterns of all four proteins were similar (Fig 2).
Both BMALI and PER2 were homogenously expressed throughout the dorsal striatum, though
PER?2 labelled a slightly lower percentage of cells than BMAL1 (StrM: BMALLI 90.1 £0.8%,
PER2 85.0 £1.2%, p = 0.003; StrL: BMAL1 92.4 £0.7%, PER2 89.0 £0.7%, p = 0.002). Enk and
SubP each labelled about a third of the neurons (Enk: StrM 28.8 +1.6%, StrL 34.7 +1.6%, SubP:
StrM 31.3 £1.9%, StrL 34.7 £1.5%) and almost always occurred with PER2 or BMALL1 (Fig 2).
Furthermore, PER2 and BMALI were not preferentially co-expressed with either Enk or SubP
(Fisher’s exact test, p = 0.75 StrL; p = 0.48 StrM).

In the nucleus accumbens, BMALI and PER2 were uniformly expressed in most neurons at
similar levels as the dorsal striatum (NAcC: BMAL1 88.8 +1.6%, PER2 84.9 +1.8%; NAcSh:
BMALL 86.7 £1.7%, PER2 82.9 +1.6%). However, the expression patterns of Enk and SubP dif-
fered slightly. As reported elsewhere for D1- and D2-receptor expression [39], SubP and Enk
appeared rather uniformly in the NAcC, but had a patchier appearance in the NAcSh. Images
were sampled from the medial region of the shell because it had relatively high expression of
both Enk and SubP (see Fig 1). Nearly all Enk and SubP expressing cells also expressed
BMALLI or PER2 in both the core and the shell (Fig 3), with no preference given for either cell
type (Fisher’s exact test, p = 0.06 NAcC, p = 0.10 NAcSh), however, a lower percentage of cell
bodies overall were counted expressing Enk in the shell (Enk 22.7 £1.9%, SubP 36.4 £1.8%,
p<0.001). The pattern of expression from the NAcSh was extended to the Tub (Fig 4), which
also had overall lower expression levels of Enk (Enk 28.6 +1.6%, SubP 41.1 #2.7%, p = 0.001)
and lower expression of PER2 (PER2 82.4 +1.7%, BMAL1 90.1 £1.2%, p = 0.001), however,
PER2 and BMALI were still not preferentially expressed with either Enk or SubP (Fisher’s
exact test, p = 0.73).

Mesocortical dopamine projection regions

The mesocortical dopamine system projects throughout the limbic forebrain to regions that
contribute largely to behaviours including motivation, emotion and long term memory.
Among others, they include the central nucleus of the amygdala (CEA), the basolateral amyg-
dala (BLA), the oval nucleus and the principal nucleus of the bed nucleus of the stria terminalis
(BNSTov and BNSTp) and the hippocampus (Hip) [40]. The CEA and BNSTov share similar
anatomical and functional properties and are often referred to together as the central extended
amygdala [41]. These two nuclei appear to be unique in their clock gene rhythm regulation.
They peak in antiphase to the other limbic forebrain regions [6], and interestingly, the
BNSTov, but not the CEA, is affected by global dopamine depletion [21], suggesting that there
may be different entrainment mechanisms for these two nuclei. The two main neuronal popu-
lations of the CEA and BNSTov produce either Enk or corticotropin-releasing hormone
(CRH) [24].

We found that the CEA and BNSTov had similar expression patterns of Enk, but differed
slightly in their expression levels of SubP. Enk labelled about a third of cells (CEA: 35.3 £1.8%,
BNSTov: 26.7 £1.3%), while in both regions a considerably smaller proportion of cells were
labelled with SubP, with only 8.2% +0.7% showing immunoreactivity in the CEA and 18.8%
+1.8% in the BNSTov. Nonetheless, Enk and SubP were nearly always co-expressed with both
BMALL and PER2, and BMALI and PER2 continued to be expressed in nearly all neurons,
however PER2 was expressed at lower levels that BMAL1 (CEA: BMAL1 90.2 +£0.9%, PER2
86.7 £0.9%, p = 0.013; BNSTov: BMALI1 91.7 £0.8%, PER2 78.1 £1.9%, p = 0.001) (Figs 5 and
6). Neither BMALI nor PER2 showed an association with either peptide (Fisher’s exact test,

p = 0.68). The BNSTp showed a slightly different expression profile than the BNSTov, and had
nearly a third of its cells labelled with SubP (22.3 £1.9%) but no cell bodies were found labelled
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Dorsal Striatum, Lateral | | StrL StrM

56.9% BMALLI
[333.4% Coloc
W 2.0% Enk
7.7% DAPI

[ 52.7% PER2 0.1% PER2

6
[135.7% Coloc 3 23.7% Coloc
B 2.3% SubP B 1.6% SubP
9.3% DAPI [ 14.6% DAPI

9.6% PER2 9.3% PER2

5 5

30.2% Coloc 3 26.3% Coloc
M 1.8% Enk M 1.7% Enk
[ 8.4% DAPI 3 12.7% DAPI

Fig 2. Distribution of proteins in the dorsal striatum. (A) Each combination of antibodies analyzed are shown, sampled from the lateral dorsal striatum
(StrL). Enkephalin (Enk) or Substance P (SubP) in red, DAPI in blue and PER2 or BMAL1 (BMAL) in green. Arrows point to the same cell within each row
and indicate that clock genes are expressed with both Enk and SupP. Scale bar: 50 um. (B) Pie charts representing the proportion of cells labelled with
each double labeling combination in the StrL or medial dorsal striatum (StrM). The proportion of co-expression of clock genes with BMAL1 or PER2 and
SubP or Enk is similar across each possible combination. Green: PER2 or BMAL with DAPI only; Yellow: PER2 or BMAL1 with Enk or SubP (Coloc),
representing cells with co-expression; Red: Enk or SubP with DAPI only; Grey: cells identified with DAPI but not labelled with PER2, BMAL, Enk or SubP.

https://doi.org/10.1371/journal.pone.0176279.g002

PLOS ONE | https://doi.org/10.1371/journal.pone.0176279  April 19, 2017 7/25


https://doi.org/10.1371/journal.pone.0176279.g002
https://doi.org/10.1371/journal.pone.0176279

Co-localization of PER2 and BMAL1 with enkephalin and substance P throughout the rat forebrain

|A. Nucleaus Accumbens, Core B.

9.5% BMALLI = 68.8% BMALIL

6 M 6

[317.5% Coloc 3 24.5% Coloc
W 0.6% Enk M 1.9% SubP
[ 12.4% DAPI [ 4.8% DAPI

[ 56.7% PER2

W6
[328.2% Coloc [ 22.2% Coloc
M 3.1% Enk M 1.0% SubP
[ 12.0% DAPI [ 13.8% DAPI

5% Enk
5.7% DAPI

PER2
+ SubP

7.8% PER2

I 50.0% PER2

5

[ 25.8% Coloc 131.8% Coloc
M 3.9% Enk M 4.3% SubP
[ 12.5% DAPI = 13.9% DAPI

Fig 3. Distribution of proteins in the nucleus accumbens. Immunofluorescent images from the NAcC (A) and NAcSh (C): Enkephalin (Enk) or
Substance P (SubP) are shown in red, DAPI in blue and PER2 or BMAL1 (BMAL) in green. Arrows point to cells labelled with both proteins and indicate
the same cell across the row. Scale bar: 50 um. Pie charts representing the proportion of each labelled cell combination counted in the core (B) and shell
(D). Green: PER2 or BMAL1 with DAPI only, Yellow: proportion co-expressing PER2 or BMAL1 with Enk or SubP (Coloc), Red: Enk or SubP with DAPI
only, Grey: cells identified with DAPI but not labelled with PER2, BMAL1, Enk or SubP.

https://doi.org/10.1371/journal.pone.0176279.9003
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| A. Olfactory Tubercle B.

6.6% BMALI

N
R |
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=
<
N X
=
[
W

(=] =

327.9% Coloc 3 33.1% Coloc
M 4.0% Enk M 2.1% SubP
[ 8.9% DAPI [ 8.2% DAPI

4.4% PER2 4.5% PER2

ms 4

3 23.0% Coloc J 36.2% Coloc
M 3.0% Enk W 4.7% SubP
[ 19.6% DAPI [ 14.6% DAPI

Fig 4. Distribution of proteins in the olfactory tubercle. (A) Localization of proteins in the olfactory tubercle. Enkephalin (Enk) or Substance P (SubP)
are shown in red, DAPI in blue and PER2 or BMAL1 (BMAL) in green. Arrows point to cells labelled with both proteins and indicate the same cell across the
row. Scale bar: 50 um. (B) Pie charts representing the proportion of each labelled cell combination. Green: PER2 or BMAL1 with DAPI only, Yellow: co-
expression of PER2 or BMAL1 with Enk or SubP (Coloc), Red: Enk or SubP with DAPI only, Grey: cells identified with DAPI but not labelled with PER2,
BMAL1, Enk or SubP.

https://doi.org/10.1371/journal.pone.0176279.9004

with Enk. Nonetheless, BMAL1 was still present in the majority of neurons and PER2 trended
to a slightly lower proportion (BMALL 90.5 +2.2%, PER2 78.0 +3.4%, p = 0.059) (Fig 7). In
addition, SubP-positive cells were consistently found with both clock proteins (Fig 7). In the
Hip (Fig 8) and the BLA (Fig 5), Enk and SubP were only occasionally labelled (<1% of cells)
and were thus not analyzed further.

Thalamic and hypothalamic nuclei

The SCN was only occasionally labelled with SubP or Enk (<1%) (Fig 9), as has been reported
elsewhere [42], and was therefore not analyzed further. A major target of the SCN is the hypo-
thalamic paraventricular nucleus (PVH). Neurosecretory cells in the medial and ventral PVH
secrete regulatory hormones such as CRH and TRH to the median eminence where they act
upon the anterior pituitary and regulate the neuroendocrine system [43]. Enk is expressed in a
subset of neurons that partially overlaps with expression of CRH, TRH and oxytocin [25-27].
Another direct target of the SCN is the arcuate nucleus in the hypothalamus (Arc), which regu-
lates nutrient intake and energy balance. There are two populations of neurons in the Arc: 1)
Neuropeptide Y and Agouti-related peptidic (NPY/AgRP) neurons associated with increased
food intake and anabolism and 2) anorexic and catabolic related neurons that express pro-
opiomelanocortin (POMC) [44]. Both Enk and SubP are likely expressed in the NPY/AgRP set
of neurons [45].

In the PVH, BMALI1 and PER2 were well labelled in the medial and ventral parvocellular
region, however at slightly lower proportions than in the limbic forebrain, with PER2 being
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Fig 5. Distribution of proteins in the amygdala. (A) Low magnification images of the sampling regions from the central nucleus of the amygdala (CEA)
and basolateral amygdala (BLA) are denoted by the white dotted line. Scale bar: 500 pm. (B&C) High magnification images showing localization of
proteins in the BLA (B), or the CEA (C) showing PER2 or BMAL1 (green), Enk or SubP (red), DAPI (blue). Arrows point to cells labelled with both proteins
and indicate the same cell across a row. Scale bar: 50 um. (D) Pie charts representing the proportion of cells with each possible labelling combination
counted in the CEA. Green: PER2 or BMAL1 with DAPI only, Yellow: PER2 or BMAL1 co-expressing Enk or SubP (Coloc), Red: Enk or SubP with DAPI
only, Grey: cells identified with DAPI but not labelled with PER2, BMAL1, Enk or SubP.

https://doi.org/10.1371/journal.pone.0176279.9005

expressed in a lower proportion of cells than BMAL1 (BMALI 83.6 £1.6%, PER2 72.6 +2.3%,

p =0.001). In the PVH, SubP was localized more in the ventral region and was almost always
co-expressed with PER2 or BMALL, whereas Enk was located throughout these regions and
had a much higher proportion of cells labelled with Enk independent of BMAL1 and PER2
(Fig 10). Unlike the previous regions analyzed, about one-third of the cells labelled with ENK
were not co-expressed with BMAL1 or PER2. As has been reported elsewhere, SubP and Enk
were relatively sparse in the Arc with 14.5 + 1.4% cells expressing Enk and 15.1 +4.2% express-
ing SubP [45, 46]. However, this nucleus also had a higher proportion of cells that were labelled
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Fig 6. Distribution of proteins in the BNSTov. (A) Outlines of regions imaged in the oval nucleus of the bed nucleus of the
stria terminalis (BNSTov) are shown. Scale bar: 500 um. (B) Localization of proteins in the BNSTov showing PER2 or BMAL1
(green), Enk or SubP (red), DAPI (blue). Arrows point to cells labelled with both proteins and indicate the same cell across the
row. Scale bar: 50 um. (C) Pie charts representing the proportion of each labelled cell combination in the BNSTov. Green:
PER2 or BMAL1 with DAPI only, Yellow: PER2 or BMAL1 co-expressing Enk or SubP (Coloc), Red: Enk or SubP with DAPI

only, Grey: cells identified with DAPI but not labelled with PER2, BMAL1, Enk or SubP.

https://doi.org/10.1371/journal.pone.0176279.9006
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Fig 7. Distribution of proteins in the BNSTp. (A) Outlines of regions imaged in the principal nucleus of the bed nucleus of the
stria terminalis (BNSTp) are shown. Scale bar: 500 ym. (B) Localization of proteins in the BNSTp showing PER2 or BMAL1 in
green, Enk or SubP in red, and DAPI in blue. Arrows point to cells labelled with both proteins and indicate the same cell across a
row. Scale bar: 50 um. (C) Pie charts representing the proportion of each labelled cell combination in the BNSTp. Green: PER2 or
BMAL1 with DAPI only, Yellow: PER2 or BMAL1 co-expressing SubP (Coloc), Red: SubP with DAPI only, Grey: cells identified
with DAPI but not labelled with PER2, BMAL1, Enk or SubP.

https://doi.org/10.1371/journal.pone.0176279.g007

with Enk but lacked PER2 or BMALI immunoreactivity (Fig 11). Still, neither PER2 or
BMALLI were favourably expressed with either SubP or Enk (Fisher’s exact test, p = 0.06). In
this region, PER2 was also expressed in a lower percentage of cells than BMAL1 (BMAL1 85.5
+1.2%, PER2 78.7 £1.2%, p = 0.004).

The habenula is located in the dorsal thalamus and can be divided into two segments, the
lateral habenula (HabL), which is often associated with limbic function, and the medial habe-
nula (HabM), which is associated with motor and neuroendocrine function [32, 47]. No cell
bodies were identified with Enk or SubP in the HabL, and was therefore not examined. The
dorsal region of the HabM is characterized by a high density of cholinergic cells that also
express SubP [32]. Of all the regions we analyzed, this region had the highest levels of BMAL1
and PER coexpression with SubP, owing to 52.7 £5.8% of its cells being identified with SubP, a
proportion that is considerably higher than any other region we assessed (Fig 12). This region
also had only moderate expression levels of PER2 and BMAL1 (PER2 71.4 +1.4%, BMALL 61.6
+6.5%, p = 0.15), with SubP being located in a partially separate neuronal population, given by
the increased proportion of SubP-positive cells lacking either BMAL1 or PER2 (Fig 12C).
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Fig 8. Distribution of proteins in the hippocampus. (A) Subsections of the hippocampus are shown. Top
left, BMALT; top right, PER2; bottom left, Substance P (SubP); bottom right Enkephalin (Enk). Scale bar:
500 um. (B) PER2 (green) and Enk (red) imaged in the dentate gyrus (DG) of the hippocampus. (C) PER2 or
BMALA1 (green) and Enk or SubP (red) in regions CA1, CA2, CA3 and the dentate gyrus. Arrows point to cells
labelled with both proteins. Scale bar: 50 um.

https://doi.org/10.1371/journal.pone.0176279.g008

The olfactory bulb

Along with the retina, the olfactory bulb (OB) is the only neural structure that can autono-
mously sustain clock gene rhythms outside of the SCN [48]. It also possesses its own local cir-
cuity involving locally produced dopamine [49-51]. In the OB, PER2 was expressed at lower
levels than BMALL, however of all the areas we examined, the OB was unique in that it was the
only brain region where BMAL1 and PER2 were only found in a minority of cells (PER2 18.8
+1.3%, BMALI 28.0 £3.3%, p = 0.004). Furthermore, BMAL1- and PER2-expressing subpopu-
lations exhibited differing expression profiles. BMALIL was highly expressed in the granule cell
layer and moderately expressed in the glomerular area, whereas PER2 was expressed in the
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A. SCN

B. SCN

Fig 9. Distribution of proteins in the SCN. (A) Outlines of the region imaged in the SCN are shown. Scale
bar: 500 um. (B) Each combination of protein labelled in the SCN is illustrated, BMAL1 and PER2 in green,
Enk or SubP in red. Arrows point to single cells labelled with both proteins. Scale bar: 50 ym.

https://doi.org/10.1371/journal.pone.0176279.9009

mitral cells and some cells along the inner region of the glomerular layer (Fig 13a). Enk was
expressed to some extent throughout the OB, whereas SubP expression was almost nonexistent
[Fig 13a]. Enk densely labelled fibres in the granular layer, however cell bodies could only be
identified in the glomerular layer, so this was the only region examined for co-expression.
Unlike in the other regions analyzed, Enk was primarily expressed independently of PER2 and
BMALL (Fig 13b and 13c).
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Fig 10. Distribution of proteins in the paraventricular nucleus. (A) Outlines of regions imaged in the paraventricular nucleus of the hypothalamus
(PVH) are shown to the left of the dashed white line. Scale bar: 500 ym. The yellow box represents the region from where the below images were
sampled from. (B) Localization of proteins in the PVH showing PER2 or BMAL1 in green, Enk or SubP in red, and DAPI in blue. Arrows point to cells
labelled with both proteins and indicate the same cell across the row. Scale bar: 50 um. (C) Pie charts representing the proportion of each labelled cell
combination in the PVH. Green: PER2 or BMAL1 with DAPI only, Yellow: PER2 or BMAL1 co-expressing Enk or SubP (Coloc), Red: Enk or SubP with
DAPI only, Grey: the remaining cells identified with DAPI but not labelled with PER2, BMAL1, Enk or SubP.

https://doi.org/10.1371/journal.pone.0176279.g010

Discussion

In this study we have characterized the coexpression of core circadian clock proteins, BMALIL
and PER2, with the neuropeptides SubP and Enk throughout the rodent forebrain. Apart from
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Fig 11. Distribution of proteins in the arcuate nucleus. (A) Outlines of regions imaged in the arcuate
nucleus (Arc). Scale bar: 500 um. (B) Localization of proteins in the Arc showing PER2 or BMAL1 in green,
Enk or SubP in red, and DAPI in blue. Arrows point to cells labelled with both proteins and indicate the same
cell across the row. Scale bar: 50 um. (C) Pie charts representing the proportion of each labelled cell
combination in the Arc. Green: PER2 or BMAL1 with DAPI only, Yellow: PER2 or BMAL1 co-expressing Enk
or SubP (Coloc), Red: Enk or SubP with DAPI only, Grey: cells identified with DAPI but not labelled with
PER2, BMAL1, Enk or SubP.

https://doi.org/10.1371/journal.pone.0176279.g011
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Fig 12. Distribution of proteins in the medial habenula. (A) Outlines of regions imaged in the medial
habenula (HabM). Scale bar: 500 um. (B) Localization of proteins in the dorsal portion on the HabM showing
PER2 or BMALT1 in green, SubP in red, and DAPI in blue. Arrows point to cells labelled with both proteins and
indicate the same cell across the row. Scale bar: 50 pm. Only the region above the dashed line were counted.
(C) Pie charts representing the proportion of each labelled cell combination in the dorsal portion of the HabM.
Green: PER2 or BMAL1 with DAPI only, Yellow: PER2 or BMAL1 co-expressing (Coloc), Red: SubP with
DAPI only, Grey: cells identified with DAPI but not labelled with PER2, BMAL1, or SubP.

https://doi.org/10.1371/journal.pone.0176279.9012

the OB, PER2 and BMAL1 were homogenously expressed in the majority of neurons (up to
90%), despite very different expression profiles of SubP or Enk in each nucleus. In nuclei that
expressed both SubP and Enk, PER2 and BMALL1 were not preferentially co-expressed in one
cell type or the other.

One caveat of this study is that SubP and Enk localize primarily to fibres, and intraventricu-
lar colchicine delivery was thus required to improve their visualization within cell bodies.
Despite this treatment, fibres remained extensively labelled with Enk and SubP in areas such
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Fig 13. Distribution of proteins in the olfactory bulb. (A) Localization of proteins in the olfactory bulb (OB).
Individual confocal images were stitched together to create the single image. Scale bar: 500 ym. Top left,
BMALT; top right, PER2; bottom left, Enkephalin (Enk); bottom right, Substance P (SubP). (B) Localization of
proteins in the glomerular layer of the OB showing PER2 or BMALT1 in green, Enk in red, and DAPI in blue.
Filled arrows point to cells labelled with both proteins, open arrows point to cells labelled with Enk only. Each
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arrow indicates the same cell across the row. Scale bar: 50 ym. (C) Pie charts representing the proportion of
each labelled cell combination in the glomerular layer of the OB. Green: PER2 or BMAL1 with DAPI only,
Yellow: PER2 or BMAL co-expressing Enk (Coloc), Red: Enk with DAPI only, Grey: cells identified with DAPI
but not labelled with PER2, BMAL1 or Enk.

https://doi.org/10.1371/journal.pone.0176279.9013

as the dorsal striatum and nucleus accumbens, sometimes making the identification of cell
bodies difficult. For this reason, we estimate that the actual proportion of cells expressing
either SubP or Enk to be higher than reported here. For example, in the dorsal striatum, it has
been reported that close to 50% of cells express SubP or Enk [52, 53]. Here, we report numbers
between 29% and 35%. Nonetheless, the distributions we saw were similar to those reported
elsewhere [39, 53]. In addition, since SubP and Enk are nearly equally distributed throughout
the dorsal striatum, and since PER2 and BMAL1 were expressed in most cells, we can confi-
dently conclude that these clock proteins are expressed in both cell types.

Colchicine disrupts microtubule polymerization, preventing axonal transport of peptides
and is therefore commonly used to visualize secreted peptides within the cells that manufac-
ture them [33, 54, 55]. To the best of our knowledge, this does not affect endogenous expres-
sion of circadian proteins. Given that secreted peptides play a role in synchronizing circadian
gene expression in the SCN [56], colchicine can render the SCN and many downstream signals
arrhythmic [57]. However, this has only been demonstrated after several days, and given the
short time frame of 24-36 hours used in the present study, it is unlikely that this would have
affected peak expression levels of PER2 or BMALL.

Here, we have only examined the anatomical localization of BMAL1 and PER2 at the time
of peak expression; at the times when we expected the highest number of neurons to have visi-
ble clock protein expression. We did not address rhythmicity within these different cell types,
which leaves open the question of whether their molecular clocks possess similar rhythmic
properties, such as phase and amplitude of clock protein oscillations. Much of what we know
about the dynamics of circadian gene expression has been studied in the SCN, but has yet to be
explored systematically in downstream brain regions. The SCN contains a heterogeneous mix-
ture of neurons that express a variety of different neuropeptides that function together to form
a coherent network [42]. With the advances of genetic and imaging techniques, it is now possi-
ble to follow clock gene expression longitudinally in time at a single cell resolution using fluo-
rescent reporter proteins. At the tissue level, PER2 in the SCN appears to reach a peak around
12-14 hours from the beginning of the light phase (ZT12-ZT14) [58, 59] However, between
individual neurons, a specific spatiotemporal pattern of expression exists, whereby the peak
time of clock gene expression differs slightly from neuron to neuron, creating a wave-like pat-
tern throughout the nucleus over the course of a day [60]. Single neuron imaging techniques
have also shown in-vitro that amplitudes of PER2 oscillations vary throughout the SCN. Some
neurons even remain arrhythmic, expressing near-constant PER2 levels at all times of day
[42]. In studying rhythms in single neurons outside of the SCN, Guilding et al. [61] similarly
discovered heterogeneity between molecular clocks in downstream regions. Specifically, they
found that in the dorsal Arc 89% of neurons identified with a PER2:Luciferase assay were
rhythmic, and even fewer, 67%, were rhythmic in the lateral Arc, while 81.7% were rhythmic
in the dorsal medial hypothalamus. Furthermore, the oscillations within the dorsal Arc had a
greater amplitude than within the ventral Arc. This demonstrates that within individual brain
regions, unique intrinsic properties leading to nuanced circadian gene expression may exist,
and the contribution of distinct neuronal subtypes to this heterogeneity still needs to be
determined.
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In most of the brain areas we studied, BMALI expression was higher than PER2. It is possi-
ble that this can be attributed to differences in the efficiency of the antibodies used. Both anti-
bodies have been verified and used extensively in our lab and by others BMALL [6, 18, 36, 62,
63] and so we are confident in their specificity. Nonetheless the PER2 antibody is a more diffi-
cult antibody to work with and produces higher background, so it is possible that some cells
were missed while counting. It is also possible that PER2 is expressed in a more limited num-
ber of neurons than BMALL. In the SCN, Riddle et al. [64] have found that PER1 and PER2
show regional differences in the intensity of their expression and that not all cells express both
proteins. They also report that only a very small percentage of neurons that express gastrin-
releasing peptide, a marker for SCN neurons in the core region, co-express either PER1 or
PER2 at ZT12, when peak PER expression occurs as a whole in the SCN. This supports the pos-
sibility that PER2 could be expressed in a slightly more distinct set of cells than BMALI. This
phenomenon was most strongly observed in the OB, where we found that PER2 had a much
more limited expression pattern as compared to BMALI. The glomerular layer was the only
subregion to express both proteins, while BMALI was also expressed extensively throughout
the granule layer, PER2 was only additionally expressed at low levels in the mitral cells. A
drawback of this study is that BMAL1 and PER2 were not labelled within the same sets of tis-
sue, so we cannot establish if they were expressed in the same cells or not throughout our
samples.

Another major question that also remains is how coherent rhythmic clock gene expression
is achieved in brain areas receiving a variety of inputs. For example, the dorsal striatum con-
tains two major types of medium spiny neurons, namely neurons that express either the D1-
or the D2-class dopamine receptors. Dopamine has opposing effects on these neurons through
G protein-coupled signaling that activates the PKA pathway in D1-receptor bearing neurons
or inhibits it in neurons with D2-receptors [65]. Hood et al [20] demonstrated that dopamine
was important for producing clock gene rhythms in the dorsal striatum, specifically implicated
D2 receptor activity in PER2 entrainment. The results shown here indicate that differences in
the ability of D1- and D2-receptors to regulate clock gene expression are not due to differences
in these cells” ability to express clock genes. If PER2 rhythms exist is in both cell types, then,
are both cell types entrained to the same signal? Hood et al. [20] may not have examined the
correct conditions to properly implicate D1-receptors in clock gene entrainment in the stria-
tum. This is supported by a recent study by Gallardo et al. [66] who showed that D1-receptor
knock-out impairs Per2 rhythms in the dorsal striatum, and daily injections of a D1-receptor
agonist could cause behavioural entrainment in intact rats. This indicates that like D2-recep-
tors, D1-receptors can contribute to aspects of circadian control. However, this does not
explain how two opposite signaling pathways on separate sets of neurons can lead to cohesive
rhythms within the same tissue.

The OB has its own local circuitry and a variety of neuronal cell types, making it an interest-
ing brain area to study in uncovering the mechanisms of circadian gene expression within
non-SCN brain regions. Unlike most structures studied here, The OB was unique in that it
only expressed PER2 and BMALLI in a minority of the cells counted (PER2 18.8%, BMALL1
28.0%), and were not found in all layers. Similar results have been reported elsewhere [67, 68].
Interestingly, this structure is one of the few, including the SCN, that can generate autono-
mous clock gene rhythms [48], yet much is still to be understood about regulation of clock
gene expression here. The SCN entrains primarily to light, but the main zeitgeber (environ-
mental entrainment cue) in the OB is not yet understood. It receives phase information from
the SCN, yet it will continue to oscillate without SCN input, in behaviourally arrhythmic ani-
mals and in isolated tissue cultures [48, 68]. Circadian output from the mitral cells appears to
influence olfactory responsivity [69, 70], but despite extensive connectivity to limbic centres
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and a potential role in complex behaviours in rodents [71], no one has yet been able to link the
removal of the OB to circadian behaviours such as locomotor activity patterns or food antici-
patory effects [67, 72].

Understanding how circadian gene expression is controlled throughout the brain will be
important for understanding how circadian processes contribute to behavior and disease
development. The findings made here, that many brain areas express clock proteins across a
variety of neural cell types, open the door to more questions. For example, do these different
cell types contribute to variations in phase, amplitude or rhythmicity of circadian protein oscil-
lations, or do different proportions of neurons express each of the clock genes? It is likely that
many of the properties that exist in the SCN can be applied throughout the brain. However,
since each brain region has its own unique inputs, circuitry and neural phenotypes, it is likely
that each brain region will also have its own unique intrinsic signaling properties that allow it
to produce cohesive circadian gene expression patterns at a tissue level.
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