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Postweaning social isolation reduces the amplitude of the daily variation of CLOCK 
protein in the brain and induces lower reproductive activity. Gonadotropin-inhibitory 
hormone (GnIH) acts as an inhibitor in the reproductive system and has been linked to 
stress. Social isolation has been shown to lower neuronal activity of GnIH-expressing 
neurons in the dorsomedial hypothalamus (DMH). The exact mechanism by which social 
isolation may affect GnIH is still unclear. We investigated the impact of social isolation on 
regulatory cellular mechanisms in GnIH neurons. We examined via immunohistochem-
istry the expression of CLOCK protein at four different times throughout the day in GnIH 
cells tagged with enhanced fluorescent green protein (EGFP-GnIH) in 9-week-old adult 
male rats that have been raised for 6 weeks under postweaning social isolation and 
compared them with group-raised control rats of the same age. We also studied the 
expression of β-catenin—which has been shown to be affected by circadian proteins 
such as Bmal1—in EGFP-GnIH neurons to determine whether it could play a role in 
linking CLOCK in GnIH neurons. We found that social isolation modifies the pattern of 
CLOCK expression in GnIH neurons in the DMH. Socially isolated rats displayed greater 
CLOCK expression in the dark phase, while control rats displayed increased CLOCK 
expression in the light phase. Furthermore, β-catenin expression pattern in GnIH cells 
was disrupted by social isolation. This suggests that social isolation triggers changes 
in CLOCK and GnIH expression, which may be associated with an increase in nuclear 
β-catenin during the dark phase.

Keywords: stress, dorsomedial hypothalamus, gonadotropin-releasing hormone, reproduction, diurnal rhythmicity

inTrODUcTiOn

Social isolation is defined as a state of being where individuals are unable to contact or communicate 
other members of their community, whether by choice or by circumstance. Social isolation impacts 
many different species, but detrimental influence is more clearly observed on communal-minded 
organisms such as humans. Indeed, a 50% increase in the mortality rate has been observed in 
socially isolated individuals (1, 2). Severe social withdrawal is a rising phenomenon amongst youths 
(3) who are subsequently diagnosed with mood disorders including depression (4). Physiologically, 
social isolation beginning from the age of 5 in children may lead to greater mental difficulties (5).
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Animal studies have shown the effect of social isolation on 
various neuronal systems in the rat brain, such as a dysregulated 
hypothalamic–pituitary–gonadal (HPG) axis (6–8), which results 
in sexual dysfunction.

In the HPG axis, gonadotropin-inhibitory hormone (GnIH) 
acts as an inhibitor of gonadotropin-releasing hormone (GnRH) 
and gonadotropins in mammals including humans (9–13). 
Discovered from the Japanese quail (14), GnIH is linked to stress-
related disorder via the hypothalamic–pituitary–adrenal (HPA) 
axis. Stressful stimuli would induce GnIH neurons in the dor-
somedial hypothalamus (DMH) to increase expression of c-Fos, 
indicating increased activity within those neurons when exposed 
to stress (15). The presence of glucocorticoid receptors, the major 
actors of the HPA axis, has been shown on GnIH neurons (16). 
Glucocorticoids have been shown to enhance transcription of 
GnIH mRNA (17, 18) and immunostained GnIH cells (19). In 
addition, social isolation impairs negative feedback regulation of 
the HPA axis (20) and fail to suppress corticosterone responses 
under acute stress (21). It is possible that social isolation increases 
sensitivity to stressful stimuli, thus making it easier for height-
ened glucocorticoid levels to induce an increase in GnIH mRNA 
transcription. However, the cellular mechanisms underlying 
social isolation-related changes in GnIH neurons remain to be 
fully elucidated.

In a previous study, alteration of the serotonergic system in 
the dorsal raphe of socially isolated rats caused an increase in 
serotonin receptors in GnIH (22) and serotonin fibers in GnIH 
neurons (23), suggesting serotonergic regulation of GnIH neu-
rons and their possible involvement in the event of serotonergic 
dysfunctions such as major depressive disorder. C-fos expression 
in GnIH neurons was observed to be lower in cases of social iso-
lation, indicating reduced GnIH neuronal activity (23). Socially  
isolated rats were also noted to behave in a more anxious man-
ner while conducting an open field test during the dark phase 
(23). Social isolation can desynchronize diurnal rhythms (24), 
and a disruption of the day/night cycle has been indicated as 
both possible cause and effect of depression in humans (25). 
This disparity in behavior between light and dark phases suggest 
a possible diurnal component involved in the role of GnIH on 
social isolation-induced depressive behavior.

The serotonergic system is related to phase shifts in the 
circadian clock (26, 27), and so it is possible that social isolation-
induced serotonergic dysfunction may result in circadian altera-
tions to GnIH activity. CLOCK is a vital circadian protein that 
forms a heterodimer with another circadian protein, BMAL1, 
before binding to an E-box (CACGTG) site on a gene’s promoter 
region where it acts as a transcription factor (28). CLOCK has 
demonstrated rhythmic circadian oscillation, while BMAL1 does 
not within the DMH (29). This suggests that DMH neurons are 
regulated by circadian rhythm via clock expression. To inves-
tigate the possibility of a diurnal cycle existing within the rat 
GnIH neurons of the DMH, we focused on the CLOCK protein. 
GnIH mRNA expression has been demonstrated to be sensitive 
to photoperiodism in a study involving long-day and short-day 
photoperiods (30, 31). GnIH neurons of female rats have also 
demonstrated positive receptivity to melatonin, an important 
factor in the circadian clock (32, 33).

From a circadian perspective, β-catenin has also been asso-
ciated with the circadian system in several ways, as it can alter 
circadian clock gene expression by inducing PER2 degradation 
(34), which in turn prevents the inhibition of the CLOCK-
BMAL1 complex (35). β-catenin has a dual function as both 
adhesion protein and in gene transcription and is an important 
component of the canonical Wnt signaling pathway (36–38).  
In the cell, β-catenin presence is regulated by Wnt; in the absence 
of Wnt, β-catenin is targeted by GSK-3β for degradation, but the 
activation of the signaling pathway by Wnt reduces β-catenin 
degradation, causing it to accumulate and translocate into the 
nucleus where it activates TCF/LEF1 transcription factors that 
bind to Wnt target genes (39). β-catenin is also a protein that has 
been suggested to play a role in the molecular pathophysiology of 
stress, as sufferers of major depressive disorder exhibit decreased 
β-catenin mRNA levels in the prefrontal cortex (40). More impor-
tantly, the presence of β-catenin in the nucleus accumbens has 
been shown to reduce susceptibility to social isolation-induced 
depression in rodents via mediating an increase in the production 
of microRNAs related to stress resilience (41).

There is an emerging view that GnIH neuronal activity may 
be influenced by social isolation and subsequently play a role 
in the display of social isolation-related sexual dysfunction and 
stress-related physiological changes. This has led us to investigate 
whether a day/night cycle is a component of that role and to seek 
out potential models for GnIH activity that may involve diurnal 
action. First, we asked whether CLOCK protein is present in 
GnIH neurons and whether it exists, whether its expression is 
influenced by the day/night cycle. We then examined the effect 
of social isolation on the expression of CLOCK protein in GnIH 
neurons of the DMH. Next, as a potential link for CLOCK in 
GnIH neurons, we explored whether β-catenin is expressed in 
GnIH neurons and whether both social isolation and diurnal 
phases affect that expression. We also studied the effect of 
β-catenin activity on GnIH neuronal activity.

MaTerials anD MeThODs

animals and housing conditions
EGFP-GnIH transgenic rats (42) were randomly allocated to 
group-housing conditions (2–3 males/cage, n = 32) or isolated 
conditions (1 male/cage, n = 32). The grouped rats were housed 
in standard cages (dimensions: 276 mm × 445 mm × 204 mm, 
CLEA Japan, Inc., Tokyo, Japan), while isolated rats were housed 
in single cages (dimensions: 225  mm  ×  338  mm  ×  140  mm, 
CLEA Japan, Inc., Tokyo, Japan) that were wrapped in aluminum 
foil on all sides to prevent visual contact with other cages. Each 
single cage was placed on a separate shelf of an animal cage shelf 
with a blower unit attached to avoid olfactory social cues from 
other rats. Allocation of the rats was performed postweaning, 
21 days after birth, and the rats were housed up till 9 weeks of 
age. The rats were reared under a 12-h light/dark cycle (lights 
on from 12:00 a.m. till 12:00 p.m.), and the temperature of the 
rooms were maintained at 22 ± 1°C and constant humidity for 
the duration of the housing prior to sampling. Food and water 
was made available ad libitum for the animals. Animal welfare 
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and experimental ethics in BRIMS SPF animal facility were fol-
lowed in line with the authorized guidelines laid out by Monash 
University Animal Ethics Community (MARP/2012/140, 
MARP/2017/021).

immunocytochemistry
Brain samples were collected at four periods in the day: 6:00 a.m. 
(ZT6), 12:00  p.m. (ZT12, commencement of the dark phase), 
6:00 p.m. (ZT18) and 12:00 a.m. (ZT24, commencement of the light 
phase). The process was performed on male adult rats (n = 64, con-
trol: ZT6 n = 6, ZT12 n = 9, ZT18 n = 11, ZT24 n = 6; isolation: ZT6 
n = 6, ZT12 n = 8, ZT18 n = 12, ZT24 n = 6, 9 weeks old) following the 
perfusion and fixation protocol that has been described in a previous 
experiment (42). Immunocytochemistry for CLOCK and β-catenin 
was performed on the DMH sections obtained through sectioning. 
Sectioning of the rat brain took place in a cryostat chamber (Leica 
CM1900, Leica Biosystems, Heidelberg, Germany) with its tempera-
ture set to −20°C. Each section was sliced along the coronal plane at 
a thickness of 30 µm, starting from the beginning till the end of the 
DMH (bregma −0.26 to −4.16 mm), with approximately 80 tissue 
sections obtained per brain. The sections were placed in an antifreeze 
solution (30% ethylene glycol, 20% glycerol in 0.1 M PB solution)  
and stored at −20°C in a 12-well plate. Alternating sections were 
divided and stored in separate wells to provide two sets of samples for 
analysis. The tissue sections were washed twice with ice-cold 0.1 M 
PBS, with each repetition incubated in an incubation chamber for 
10 min at room temperature and gently shaken at 60 rpm. The wash-
ing step would be repeated in between each major incubation step 
of the procedure. The sections were then incubated in a blocking 
solution [40 µL normal goat serum (NGS), 10 µL 0.5% Triton-X and 
1950 µL PBS in 2 mL/well for CLOCK, with the NGS being replaced 
by normal horse serum (NHS) for β-catenin] for 1 h in the same con-
ditions as above. After washing, the sections were incubated with a 
rabbit anti-CLOCK antibody diluted 1:400 [5.0 µL clock antiserum 
(H-276) sc-25361, Santa Cruz Laboratories, USA; 40 µL NGS, 10 µL 
0.5% Triton-X and 1945 µL 0.1 M PBS in 2 mL/well] or with a mouse 
anti-β-catenin antibody diluted 1:400 [beta-catenin antiserum 
(12F7), ab22656, Abcam Inc., MA, USA] for 1 h in the incubation 
chamber before being transferred to 4°C storage for overnight incu-
bation of 24 h. The antibody immunogen sequences can be found in 
the supplementary material (Table S1 in Supplementary Material). 
Subsequently, the sections were incubated in the corresponding 
secondary antibody solution [10 µL biotinylated anti-rabbit immu-
noglobulin-G (IgG) for CLOCK, 40 µL NGS, 1,950 µL 0.1 M PBS 
in 2 mL/well and 10 µL biotinylated anti-mouse IgG for β-catenin, 
40 µL NHS, 1,950 µL 0.1 M PBS in 2 mL/well (Vectastain ABC Elite 
kit, Vector Laboratories, Burlingame, CA, USA)] for 45 min, fol-
lowed by incubation with A-B complex [40 µL avidin–biotinylated 
horseradish peroxidase complex (Vectastain ABC Elite kit, Vector 
Laboratories, Burlingame, CA, USA), 1,960 µL 0.1 M PBS in 2 mL/
well] for 45 min and finally Streptavidin Alexa Fluor 594 [3.5 µL 
(S32356, Invitrogen Corporation, USA), 1,996.5 µL 0.1 M PBS in 
2 mL/well] 30-min incubation for the purposes of visualization. The 
sections were pasted on microscope slides (Superfrost PLUS, Fisher 
Scientific, Pittsburgh, PA, USA) and mounted with VECTASHIELD 
Mount ing Medium (Vector Laboratories, Burlingame, CA, USA) 
for fluorescence preservation before being stored at 4°C.

CLOCK and β-catenin antibody specificity was tested using 
a blank buffer test where one specimen would be incubated with 
primary antibody solution (1:400 clock antiserum or beta-catenin 
antiserum) (in 40 µL NGS, 10 µL 0.5% Triton-X, and 1,945 µL 
0.1 M PBS in 2 mL/well), while the other specimen would have 
the primary antibody omitted (40 µL NGS, 10 µL 0.5% Triton-X, 
and 1,950 µL 0.1 M PBS in 2 mL/well), with the remainder of the 
steps as per the immunocytochemistry procedure detailed above 
(Figure S1 in Supplementary Material). The CLOCK antibody 
utilized in this experiment has been previously used success-
fully for other published papers (43, 44). The specificity of the 
β-catenin antibody was also tested by absorption tests (1:400) 
with human β-catenin peptide (5  µg/mL beta-catenin peptide, 
ab16377, Abcam Inc., MA, USA). Incubation of the β-catenin 
antibody with the β-catenin peptide inhibited the staining in the 
rat hypothalamus (Figure S1 in Supplementary Material).

cell counting and colocalization
The Leica laser-scanning microscope (Leica Microsystems, 
Germany) was used for counting of immunoreactive GnIH cells 
and determining immunoreactive clock and β-catenin activity in 
the fluorescent GnIH neurons. The EGFP and Alexa Fluor 594 
fluorophores were excited by lasers emitting at wavelengths of 488 
and 543.5 nm respectively. By using the Leica Application Suite 
X software, the Z-steps were obtained at an interval of 1.25 µm 
via depth scanning with the use of a 10× objective lens for 
CLOCK immunoreactive specimens and 20× objective lens for 
β-catenin immunoreactive specimens. A higher magnification 
was chosen for the latter to better distinguish the differences in 
β-catenin staining morphology. Maximum intensity projections 
were utilized to portray the full gamut of fluorophore expres-
sion in the sample. Each of the 1.25-µm Z-steps was examined 
carefully to confirm that the neurons counted were fully present 
in the observed section. All EGFP-GnIH neurons in the DMH 
region were counted. The presence of CLOCK or β-catenin (red 
fluorescence) in association with GnIH neurons (green fluores-
cence) were marked as colocalization, appearing yellow on the 
images captured, and the percentage of GnIH neurons expressing 
CLOCK or β-catenin were recorded. For β-catenin, colocalization 
is further divided into nuclear and cytoplasmic depending on 
the primary area of β-catenin localization observed. 51 samples 
were counted for CLOCK immunoreactivity (control: n = 24 and 
isolation: n = 27, n = 6 for each of control at ZT6, ZT12 and ZT18, 
and ZT24, and n = 6 for isolation at ZT6, n = 7 for isolation at 
ZT12, n = 8 for isolation at ZT18, and n = 6 for isolation at ZT24), 
and 30 samples were counted for β-catenin immunoreactivity 
(control: n = 15 and isolation: n = 15, n = 6 for each of control and 
isolation at ZT12, n = 9 for each of control and isolation at ZT18). 
Approximately 30 DMH sections were counted for each brain, 
with the total GnIH cells counted per brain approximating 1,000.

eFgP-gnih intensity in gnih neurons
The intensity of each EGFP-GnIH-expressing neuron was meas-
ured using the inbuilt software of the Leica laser-scanning micro-
scope (Leica Microsystems, Germany), using the same images that 
have been captured for the cell counting procedure above. Each 
EGFP-GnIH neuron was manually designated as a single region 
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FigUre 1 | Expression of CLOCK protein within GnIH neurons in the DMH region. (a) An overview of GnIH-expressing neurons in the DMH at 10× magnification. 
(B) Primary area of GnIH neuron expression mapped out on the rat brain atlas. Bregma of image is at −3.12 mm. Sectioned areas were taken from a bregma of 
−0.26 to −4.16 mm. Scale bar = 100 µm (a) and 200 µm (B). (c) EGFP-GnIH-expressing neurons (green), (D) CLOCK-immunostained neurons (red), and  
(e) combined EGFP-GnIH (green) and CLOCK (red) images at 40× magnification. Scale bar = 20 µm (c–e). White arrows indicate the presence of CLOCK 
localization. DMC, dorsomedial hypothalamic nucleus, compact; DMD, dorsomedial hypothalamic nucleus, dorsal; DMV, dorsomedial hypothalamic nucleus; ventral; 
GnIH, gonadotropin-inhibitory hormone; DMH, dorsomedial hypothalamus.
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using the software. The software would then record the intensity 
value of the fluorescent green expressed by each neuron. The data 
were tabulated and manually analyzed to determine the average 
intensity of the GnIH neuron in the samples. The intensity value 
is measured as a grayscale number ranging from 0 to 255, with 
0 being the darkest (black) and 255 being the brightest (white).  
It is defined as the average brightness of all the pixels in the selected 
region, which would constitute a single neuron. 12 samples were 
measured for EGFP-GnIH intensity (control: n = 6 and isolation: 
n = 6 at ZT18). The total number of GnIH cells counted per brain 
approximated 1,000.

DaPi staining
DAPI staining was carried out to confirm colocalization of 
β-catenin within the nucleus of the GnIH neurons. After comple-
tion of the Alexa Fluor 594 staining following the immunocyto-
chemistry procedure as detailed above, the sections were then 
incubated for 15 min in DAPI dihydrochloride solution [2.5 µL 
DAPI dihydrochloride (28718-90-3, Sigma-Aldrich, MO, USA), 
1,997.5 µL 0.1 M PBS in 2 mL/well] for nuclear staining before 
being pasted on slides as per the aforementioned protocol (DAPI-
stained specimens, n  =  2). The Eclipse 90i Nikon fluorescent 
microscope (Nikon Instruments, Tokyo, Japan) equipped with 
a Nikon DXM 1200C camera and NIS-Element 3.0 software 
was used to capture images of the β-catenin and DAPI-stained 
sections. The EGFP, Alexa Fluor 594, and DAPI fluorophores 
were excited by lasers emitting at wavelengths of 488, 543.5, 

and 358 nm, respectively. Fluorescent microscope images were 
captured at a resolution of 4,116 × 3,072 pixels and at a magni-
fication of 20×. Each fluorophore was captured separately at the 
same focal point before being merged into a single picture using 
NIS-Element 3.0 software.

statistics
Data are presented as means  ±  SEM in all bar graphs. 
Immunohistochemistry and EGFP-GnIH intensity results were 
analyzed using two-way ANOVA to determine the significance of 
the effect of time, housing, and the interaction between the two, 
before applying t-tests for further analysis. The change in CLOCK 
expression across time points was analyzed by a univariate 
repeated measures test using SPSS 20 (IBM, Chicago, IL, USA). 
Significance was set as p < 0.05.

resUlTs

clOcK expression in gnih neurons
To identify any possible effects of social isolation on CLOCK 
rhythms, we selected samples from four different time points; 
ZT6, ZT12 and ZT18, and ZT24 for our measurements. The 
primary focus for the cell counting was the GnIH population of 
the DMH region (Figures 1A,B). All GnIH neurons and GnIH 
neurons expressing CLOCK proteins were counted. CLOCK 
colocalization with GnIH neurons was observed in the nucleus 
of the cells (Figures 1C–E).
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FigUre 2 | The effect of social isolation on CLOCK expression in gonadotropin-inhibitory hormone (GnIH) neurons in the dorsomedial hypothalamus (DMH) region. 
(a) Total GnIH cell numbers aggregated by ZT time, for control and isolated groups in the DMH (control: ZT6 n = 6, ZT12 n = 6, ZT18 n = 6, ZT24 n = 6 and 
isolation: ZT6 n = 6, ZT12 n = 7, ZT18 n = 8, ZT24 n = 6). (B) Average intensity of GnIH neurons of control and isolated rats at ZT12 and ZT18 (control:  
ZT12 n = 6, ZT18 n = 6 and isolation: ZT12 n = 6, ZT18 n = 6). (c) Image of DMH GnIH neurons at 40× magnification for control (ZT12) and (D) isolation  
(ZT12). Scale bar = 50 µm (c,D).
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The number of GnIH cells in the DMH did not vary sig-
nificantly both between control and isolation and between time 
points (Figure  2A). We found that the interaction between 
housing and time was a significant factor in the change of GnIH 
neuronal fluorescent intensity, as was time itself (control: n = 12, 
isolation: n = 12, F[1, 24] = 13.61, p < 0.01). The average intensity 
of GnIH neurons was observed to be higher in socially isolated 
animals at ZT12 in comparison to control rats at the same time 
point [control ZT12: 92.94 ± 8.89 (n = 6) and isolation ZT12: 
125.31 ± 4.61 (n = 6), p < 0.05; Figure 2B]. A significant dif-
ference was also observed comparing the intensity of isolated 
rats at ZT12 to similarly isolated rats at ZT18 [isolation ZT12: 
125.31 ± 4.61 (n = 6) and isolation ZT18: 65.51 ± 12.62 (n = 6), 
p < 0.01; Figure 2B]. This difference in intensity can be observed 
in control (Figure 2C) and isolation groups (Figure 2D) in the 
light phase, with higher intensity for isolation groups. There was 
no significant difference to be found in intensity measurements 
for control rats at both time points.

The expression of CLOCK within the DMH, and its colo-
calization with GnIH neurons, appears to rise and fall as we 
travel across each time point in the control group (Figure 3A), 
starting at ZT6 (Figure 3A, i), peaking at ZT12 (Figure 3A, ii) 
before dropping down at ZT18 (Figure 3A, iii), and beginning 
to rise again by ZT24 (Figure 3A, iv). Within the isolated group, 
the changes in expression levels appear to increase (Figure 3B),  
with ZT6 (Figure 3B, i) and ZT12 demonstrating lower CLOCK 

levels than (Figure  3B, ii) ZT18 (Figure  3B, iii) and ZT24 
(Figure 3B, iv).

The interaction between housing and time was indicated as 
a significant factor for the changes in colocalization of CLOCK 
and GnIH neurons throughout a 24-hour period (control: n = 24, 
isolation: n = 27, F[1, 51] = 4.25, p < 0.01). Using the repeated 
measures test, the percentage of expression of CLOCK protein in 
GnIH neurons for the control group demonstrated a significant 
fluctuation in values when comparing the difference between each 
of the time points (control: F[1,24] = 5.57, p < 0.01; Figure 3C), 
while any difference in CLOCK expression within the GnIH 
neurons from the isolated group was found to be insignificant 
when compared in the same fashion.

Subsequently, we grouped the specimens into light (ZT6 and 
ZT12) and dark (ZT18 and ZT24) phases and compared the 
colocalization between the two groups. We discovered a strong 
correlation between housing and phase interaction with CLOCK 
colocalization (control: n = 24, isolation: n = 27, F[1, 51] = 9.83, 
p < 0.01). CLOCK protein colocalization was significantly higher 
in the light phase compared to the dark phase for control group 
rats, while the reverse was observed by time for the isolation-
housed rats [control ZT6  +  ZT12: 18.09  ±  2.21 (n  =  12) and 
control ZT18 + ZT24: 12.02 ± 1.36 (n = 12), p = 0.029; isolation 
ZT6 + ZT12: 13.49 ± 1.45 (n = 13) and isolation ZT18 + ZT24: 
19.76 ± 2.44 (n = 14), p < 0.05; Figure 3D]. Comparing between 
groups, while we did not observe any significant differences 

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive


FigUre 3 | Colocalization of CLOCK protein within gonadotropin-inhibitory hormone (GnIH) neurons in the dorsomedial hypothalamus (DMH) region across different 
time points. (a) EGFP-GnIH neurons (green) and CLOCK-immunostaining (red) in the DMH of group-housed rats sampled at ZT6 (i), ZT12 (ii), ZT18 (iii), and  
ZT24 (iv). (B) EGFP-GnIH neurons (green) and CLOCK-immunostaining (red) in the DMH of isolation-housed rats sampled at ZT6, ZT12, ZT18, and ZT24. White 
arrows indicate colocalization between GnIH neurons and CLOCK protein. Scale bar = 50 µm. (c) Comparison of CLOCK colocalization percentage in the GnIH 
neurons of control and isolated rats over time (ZT 24 = lights on, ZT 12 = lights off, control: ZT6 n = 6, ZT12 n = 6, ZT18 n = 6, ZT24 n = 6 and isolation: ZT6 
n = 6, ZT12 n = 7, ZT18 n = 8, ZT24 n = 6). (D) Comparison of CLOCK colocalization percentage in the GnIH neurons of control and isolated rats, grouped by light 
(ZT6 and ZT12) and dark (ZT18 and ZT24) phases (control: light n = 12, dark n = 12 and isolation: light n = 13, dark n = 14). Data are presented as means ± SEM 
for each set. Significance was set at p < 0.05.
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between control and isolation in the light phase, isolated animals 
demonstrated higher colocalization for CLOCK in the dark 
phase [control ZT18 + ZT24: 12.02 ± 1.35 (n = 12) and isolation 
ZT18 + ZT24: 19.76 ± 2.45 (n = 14), p < 0.05; Figure 3D].

β-catenin expression in gnih neurons
β-catenin localization could be observed in GnIH neurons. We 
spotted two distinct morphologies; one where colocalization 
staining of β-catenin and nuclear DAPI staining expression of 
β-catenin within the cell demonstrated staining of the cytoplasm 
(Figures 4A,B) and one where β-catenin is localized primarily in 
the nucleus (Figures 4C,D).

To determine whether β-catenin expression in GnIH can be 
influenced by temporal and housing factors, we selected speci-
mens from ZT12 and ZT18, so chosen because they represented 

the highest and lowest points in CLOCK expression as observed 
earlier. We also focused on neurons where β-catenin is co-localized  
in the nucleus as an indicator of the protein’s activity in its role 
as a transcription factor. Analysis of the data of cytoplasmic 
colocalization of β-catenin pointed to time points as the influ-
encing factor (control: n = 15, isolation: n = 15, F[1, 30] = 4.70, 
p  <  0.05). Control-housed specimens demonstrated higher 
cytoplasmic colocalization of β-catenin when comparing ZT12 
to ZT18 [control ZT12: 31.10 ± 2.35 (n = 6) and control ZT18: 
23.83 ± 1.79 (n = 9), p < 0.05; Figure 5A]. We also observed that 
nuclear colocalization was conversely affected by housing and not 
time points (control: n = 15, isolation: n = 15, F[1, 30] = 7.75, 
p < 0.01), and we were able to identify a significant elevation in 
nuclear colocalization for isolated rats in ZT18 compared to the 
control [control ZT18: 6.91 ± 0.99 (n = 9) and isolation ZT18: 
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FigUre 4 | The colocalization of β-catenin immunostaining with DAPI within gonadotropin-inhibitory hormone (GnIH) neurons in the dorsomedial hypothalamus 
(DMH) region. (a) β-catenin immunostaining (red) and DAPI cytoplasmic staining (blue) and (B) colocalization with GnIH neuron (green). (c) β-catenin immunostaining 
(red) in the cytoplasm with DAPI nuclear staining (blue) and (D) colocalization with GnIH neuron (green). Scale bar = 20 µm. White arrows indicate the presence of 
β-catenin colocalization with GnIH neurons.
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12.22 ±  1.98 (n =  9), p <  0.05; Figure 5B]. No difference was 
observed for the GnIH neurons of isolated rats.

Expression of β-catenin within the nuclei of GnIH neurons 
in control rats (Figures 6A,B) was less prevalent than isolated 
rats in ZT18 (Figures 6C,D).

DiscUssiOn

In this study, we observed daily variation of CLOCK expression in 
GnIH neurons. Compared to the control group, which displayed a 
fluctuation in CLOCK levels throughout the day, the isolated ani-
mals did not exhibit significant difference in CLOCK expression. 
CLOCK expression was significantly heightened in the dark phase 
in isolated rats compared to control rats. Looking at β-catenin, we 
found that they displayed a difference between ZT12 and ZT18 in 
both cytoplasmic and overall colocalization, increasing at ZT12 
and decreasing at ZT18. We also observed higher EGFP intensity 
in isolated rats compared to control rats at ZT12.

clOcK expression in gnih neurons
CLOCK protein was observed within GnIH neurons in the 
DMH. Counting only the CLOCK-positive neurons that were 

also co-localized with GnIH expression, CLOCK was found to 
be expressed more highly in the light phase in control animals 
and more highly in the dark phase for isolated animals. Isolated 
animals also saw reduced differences in CLOCK expression 
between each time point measured.

In control rats, the peak of CLOCK expression was in the 
light phase compared to the dark, which supports the findings 
of Wyse and Coogan (29) where they determined the rhythmic 
nature of CLOCK in the DMH. Prior studies have demonstrated 
fluctuations in GnIH peptide and mRNA levels according to 
photoperiods, demonstrating a link between GnIH and the 
diurnal cycle in multiple species (30, 32, 45). A recent study 
performed on Syrian hamsters demonstrated differential action 
of vasointestinal peptide on GnIH cellular activity depending on 
the time of day (33). The same study also observed a rhythmic 
expression of PER1 protein in GnIH neurons (33), supporting our 
findings that GnIH neurons maintain their own internal clock. 
The presence of CLOCK and its rhythmicity suggests that the 
functionality of GnIH neurons in the DMH may be influenced 
by circadian rhythms.

In particular, the observed reduction of differences in CLOCK 
expression across time in GnIH cells in isolated animals leads 
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FigUre 5 | The effect of postweaning social isolation on β-catenin 
colocalization with gonadotropin-inhibitory hormone (GnIH) neurons in the 
dorsomedial hypothalamus region. (a) Comparison of β-catenin nuclear 
colocalization within GnIH neurons of the control and isolated rats at ZT12 
and ZT18 (control: n = 6 and isolation: n = 6 for ZT12 and control: n = 9 and 
isolation: n = 9 for ZT18). (B) Comparison of β-catenin cytoplasmic 
colocalization in GnIH neurons of control and isolated rats in ZT12 and ZT18 
(control: n = 6 and isolation: n = 6 for ZT12 and control: n = 9 and isolation: 
n = 9 for ZT18). Data are presented as means ± SEM for each set. 
Significance was set at p < 0.05.

8

Teo et al. Social Isolation Influences GnIH Neuronal β-Catenin

Frontiers in Endocrinology | www.frontiersin.org September 2017 | Volume 8 | Article 225

us to view the impact of social isolation as weakening the cyclic 
pattern of CLOCK expression. This is similar to a symptom of 
depression that has been observed in humans; a comprehensive 
postmortem study was conducted on patients suffering from 
major depressive disorder, discovering that circadian genes in 
depressed patients displayed a weaker cyclic pattern and that the 
expression of those genes exhibited less synchronicity between 
each other—in the normal scheme of things, the rise of a set of 
cyclic circadian genes would be linked to the fall of another set 
of circadian genes, but in depressed patients, the expression of 
the genes lose that synchronicity (46). In our study, we observed 
that the expression of CLOCK is heightened in the dark phase 
for isolated animals, in relative terms, compared to the regular 
CLOCK expression in control animals. Previous behavior experi-
ments have indicated a more pronounced effect of social isola-
tion on anxiety-like behavior in the dark (23). As those behaviors 
are linked to GnIH activity, the desynchronicity of CLOCK and 

its relative overexpression during the dark phase may be a factor. 
However, the cell counts performed show that GnIH neurons do 
not observably increase in number, which indicates that this link 
may be through the neuronal activity of existing neurons or the 
release of GnIH to related areas to control anxiety, rather than 
proliferation of GnIH neurons.

As EGFP is tagged to the GnIH promoter (42), increased acti-
vation of the promoter would result in a higher intensity value. 
Isolated rats displayed elevated intensity of GnIH neurons at ZT12 
in comparison to their control counterparts. This indicates that 
the isolation process may have introduced a change in the basal 
activity patterns of GnIH neurons in the DMH, with increased 
activity during the light phase and reduced activity during the 
dark. The correlation appears to be inverse to that of the pattern 
observed in CLOCK, whereas social isolation has reduced the 
variation in CLOCK expression in GnIH neurons, it has also 
induced a variation in GnIH promoter activity across light and 
dark phases.

As under social isolation, both GnIH and GnRH expressions 
are reduced (23), it is likely GnIH activity is normally low since 
it acts mainly as a counter measure to GnRH activity. We conjec-
ture that while social isolation may exert a suppressive effect on 
GnIH neurons at a basal level, it also renders them more sensitive 
to stressful stimuli, causing them to react in a pronounced way 
upon exposure to stress (21).

β-catenin expression in gnih neurons
This study is the first to observe the expression of β-catenin 
within GnIH neurons. Between 30 and 40% of GnIH neurons 
counted expressed observable levels of β-catenin, and different 
morphologies of β-catenin staining was observed in the cells, 
where it may be present in the cytoplasm, where the amount of 
β-catenin in the cytoplasm is in the process of increasing until it 
has saturated the binding sites, or the nucleus, where β-catenin 
has translocated from the saturated cytoplasm into the nucleus. 
This appears to match the role of β-catenin in the Wnt signaling 
pathway; namely its accumulation in the cytoplasm and sub-
sequent translocation into the nucleus. β-catenin’s presence in 
the nucleus would indicate its activity as a transcription factor. 
This would further suggest that β-catenin and the Wnt signaling 
pathway is active within GnIH neurons.

Nuclear β-catenin levels in GnIH neurons in the dark phase 
for isolation-raised rats are increased over that of the control 
group. This appears to suggest that social isolation may elevate 
β-catenin activity particularly in its role as a nuclear transcrip-
tion factor. It is also possible that expression of β-catenin, at least 
within the DMH, may change according to the time of the day. 
In accordance with that, we found that in the control group, 
β-catenin expression in the cytoplasm was observed to fluctuate 
according to the phase, with a higher expression at ZT12 com-
pared to ZT18. These time points match the peak and trough of 
CLOCK expression in the control group. In the isolated group, 
this fluctuation appears to be reduced, similarly to CLOCK under 
the same circumstances. This suggests a possible link between 
CLOCK and β-catenin expression. It also suggests that the Wnt 
signaling pathway may be influenced by the circadian cycle, as an 
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FigUre 6 | Colocalization of β-catenin within gonadotropin-inhibitory hormone (GnIH) neurons in the dorsomedial hypothalamus (DMH) region across different time 
points. β-catenin immunostaining (red) was observed within GnIH neurons (green) in (a) control at ZT12, (B) control at ZT18, (c) isolation at ZT12, and (D) isolation 
at ZT18. Scale bar = 25 µm. White arrows indicate cytoplasmic colocalization, while white arrowheads indicate colocalization within or around the nucleus of GnIH 
neurons.
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increase of β-catenin levels in the cytoplasm is a prerequisite step 
for nuclear translocation. It may be possible that the heightened 
nuclear β-catenin levels in isolated rats during the dark phase 

may correspond to the increased CLOCK expression levels that 
we have described in the results section pertaining to CLOCK 
(Figure 3D).

FigUre 7 | Alteration of gonadotropin-inhibitory hormone (GnIH) neuronal activity may involve change in β-catenin activity due to disturbances in CLOCK 
expression stemming from social isolation.
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β-catenin cytoplasmic colocalization varies according to the 
time of day, which points to the presence of a diurnal component 
in the potential interactions of β-catenin in GnIH neurons. The 
altered light/dark phase of CLOCK may affect the expression of 
β-catenin.

The relation between CLOCK and β-catenin in neuronal cells 
has not been elucidated by any other studies. Given that β-catenin 
has been predicted to have an E-box (CACGTG) binding site 
on its promoter, it is certainly possible that CLOCK may drive 
β-catenin expression directly via binding to the E-box in liver 
cells (47). This appears to explain the reduction of β-catenin fluc-
tuations in relation to the reduction of CLOCK fluctuations as 
observed in our results, as well as the increase in CLOCK expres-
sion corresponding to a rise in nuclear β-catenin levels.

The potential link between β-catenin and GnIH neuronal 
activity appears to be clearer. Although the GnIH promoter is 
predicted to express a binding site for TCF/LEF1, the reduced 
neuronal activity in conjunction with increased β-catenin activity 
makes it less likely that β-catenin directly promotes activation 
of the GnIH gene via the Wnt signaling pathway. In their article 
regarding the role of β-catenin in preventing depression, Dias 
et al. (41) made specific mention of β-catenin’s control of Dicer1, 
a gene highly involved in the production of microRNAs as a 
factor in stress resilience. Similarly microRNAs may also play a 
part in β-catenin’s role within GnIH neurons. Two microRNAs, 
mir-155 and mir-7b, in particular, have been shown to decrease 
c-Fos protein levels by suppressing the translation of its mRNA 
transcript into protein (48, 49). Both microRNAs are regulated 
by Dicer1.

It is possible that the increased expression of β-catenin in 
isolated rats is related to decreased GnIH neuronal activity 
through this pathway. Expression of nuclear β-catenin may in 
this way increase the expression of Dicer1, which in turn pro-
motes the production of microRNAs that reduce GnIH neuronal 
activity through the suppression of c-Fos translational activity. 
Alterations of β-catenin activity in the brain in response to 
long-term physiological changes have been observed elsewhere, 
notably in aging, where nuclear β-catenin was increased with 
age and demonstrated a resistive effect against age-related 
neural degeneration (50). These findings indicate that β-catenin 
plays a role in neuro protection. We theorize that the change in 
nuclear β-catenin expression patterns within GnIH neurons in 
the DMH under isolation conditions suggests the presence of a 
possible response mechanism to chronic stress, which promotes 
translocation of β-catenin into the nucleus as a neuroprotective 
measure.

We propose that β-catenin activity can be altered due to changes 
in CLOCK expression stemming from social isolation and that 
this signaling might be regulated by social stress (Figure  7).  
The increase in nuclear β-catenin translocation in the GnIH 
neurons of isolated rats indicates that social isolation may affect 
β-catenin in its capacity as a transcription factor within those 
neurons. To address this, we plan to use luciferase assays to inves-
tigate the changes in β-catenin expression in relation to inducible 
GnIH promoter activity, in the future.

cOnclUsiOn

In this study, we demonstrated the colocalization of CLOCK 
and β-catenin in GnIH neurons of the DMH region. We also 
showed that social isolation appears to invert CLOCK expres-
sion patterns in GnIH neurons across time. Furthermore, we 
also noted the effect of social isolation on modifying the expres-
sion of cytoplasmic β-catenin in GnIH neurons, which could 
be associated with heightened GnIH promoter activity in the 
light phase via measuring EGFP fluorescent intensity. Given 
that we also noted elevated nuclear translocation of β-catenin 
in isolated rodents during the dark phase, it is possible that 
CLOCK, β-catenin, and GnIH are connected in a pathway that 
culminates in the control of GnIH neuronal activity. As GnIH 
has been indicated to have a role in stress, the role of CLOCK 
and β-catenin in concert with GnIH neuronal activity may point 
toward a circadian component in the maintenance of regular 
neuronal activity under chronically stressful conditions, such 
as that induced by social isolation. Our findings continue to 
support the long-held consensus on the negative effects of social 
isolation and provide new insights into circadian regulation of 
GnIH neuronal activity.
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FigUre s1 | Specificity test for CLOCK and β-catenin antibodies. Blank  
buffer test was conducted for CLOCK and β-catenin. (a) Result of CLOCK-
immunostaining. (B) The result of the same immunostaining process with the 
CLOCK antibody absent. (c) Demonstrates β-catenin antibody staining,  
(D) with the antibody absent and (E) with the peptide absorption test. Scale 
bar = 50 µm.
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