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Stress severely disturbs physiological and mental homeostasis which includes adult neurogenesis in
hippocampus. Neurogenesis in hippocampus is a key feature to adapt to environmental changes and
highly regulated by multiple cellular signaling pathways. The primary cilium is a cellular organelle, which
acts as a signaling center during development and neurogenesis in adult mice. However, it is not clear
how the primary cilia are involved in the process of restraint (RST) stress response. Using a mouse
model, we examined the role of primary cilia in repeated and acute RST stress response. Interestingly,
RST stress increased the number of ciliated cells in the adult hippocampal dentate gyrus (DG). In our RST
model, cell proliferation in the DG also increased in a time-dependent manner. Moreover, the analysis of
ciliated cells in the hippocampal DG with cell type markers indicated that cells that were ciliated in
response to acute RST stress are neurons. Taken together, these findings suggest that RST stress response
is closely associated with an increase in the number of ciliated neurons and leads to an increase in cell
proliferation.
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In the adult brain, neurogenesis occurs in limited

regions including the subventricular zone (SVZ) of the

lateral ventricle and the subgranular zone (SGZ) of the

hippocampal dentate gyrus [1]. Neural stem cells

residing in the SGZ regions undergo proliferation,

differentiation, and maturation which result in generation

of new functional and mature granule neurons. These

processes are modulated by multiple external factors

such as learning, exercise, and stress [2]. In addition,

many genetic and molecular programs control neural

stem cell maintenance and maturation processes. For

example, hedgehog signaling in the SGZ region is

responsible for the proliferation and maintenance of

adult neural stem cells [3]. However, how distinct

external factors affect adult neurogenesis at cellular and

molecular levels is unclear.

Stress is a physical or psychological stimulus that

triggers a particular biological response. As the duration

or intensity of stress increases, several temporary and

permanent changes are observed in the hippocampus.

These changes include synaptic plasticity, morphological

changes, and adult neurogenesis [4]. The responses of

the endocrine, nervous, and immune systems to severe

stimuli or stress factors, commonly known as stress

responses, can affect homeostasis [5]. The hypothalamic-

pituitary-adrenal (HPA) axis is a major component of the

neuroendocrine system and is the most well-known

stress response system. Ongoing stress leads to lasting

activation of the HPA axis, resulting in mental disorders

such as anxiety, insomnia, and depression [6].

The adult hippocampus shows remarkable structural

and functional plasticity in response to external stimulus.
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Stress reduces the volume of the dentate gyrus while

physical activity increases it through increased neurogenesis

[7]. Repeated stress in the rat has been shown to result

in a decrease in cell proliferation in the dentate gyrus [8].

Additionally, HPA axis activation by stress increases the

release of glucocorticoids in humans and mice.

Glucocorticoids are involved in the suppression of

neurogenesis leading to the shrinkage of the dentate

gyrus [9]. However, the exact role of glucocorticoids in

hippocampal neurogenesis is controversial since during

sexual experience, the high level of glucocorticoids was

shown to increase neurogenesis [10].

A commonly used animla model of stress is the

repeated restraint stress (RST), a modified form of

immobilization stress. Inevitable physical and mental

stress during RST is induced by placing an animal in a

plastic tube to prevent movement. This is a well-

established method of inducing stress and this type of

stress has both physical and mental effects which occur

simultaneously [11]. Restraint stress can cause several

changes depending on the type of restraint stress and

time in the tube, as reported in a recently published paper

[12].

Primary cilia are non-motile cellular organelles

protruding from the surface of most cells. They play a

crucial role in transducing hedgehog signaling during

development. The primary cilium is critical for the

development of the vertebrate nervous system. It plays

either essential or modulatory roles in specific neural

developmental signaling pathways such as the hedgehog,

Wnt, and platelet-derived growth factor (PDGF) signaling

pathways [13]. Interestingly, recent studies indicate that

the presence of primary cilia in adult neural stem cells

in the DG is essential for the proliferation and establishment

of adult neural stem cells in the hippocampus [1]. It is

involved in Hedgehog signaling activation through the

primary cilia on neural progenitor cells in the DG.

Here, we examined the role of primary cilia in

regulating stress-induced adult neurogenesis in an acute

RST mouse model. We observed an increase in the

number of ciliated cells in the DG region due to repeated

RST. Moreover, acute RST promotes cell proliferation in

the hippocampus, and cell analysis indicated that these

ciliated cells are neurons. These results suggest that

during stress response in animals, ciliogenesis in neural

stem cells may be regulated through adult neural stem

cell maintenance or proliferation.

Materials and Methods

Mice

Adult male C57BL/6N mice (8 weeks old) were

purchased from Orientbio Inc. (Seongnam, Korea). Mice

were allowed to acclimate to the animal facility for at

least one week before experiments were performed.

Mice were given access to food and water ad libitum

under standard conditions (22±2oC, humidity 40-60%)

and a 12-h light-dark cycle (AM 9:00~PM 9:00). All

animal experiments were approved by the Institutional

Animal Ethical Committee of the Dongguk University

prior to the start of the study.

Restraint stress

Mice were subjected to restraint stress for 1, 3, 7, and

14 days using a ventilated 50 mL conical tube (SPL, Cat

No. 50050) that allowed for a close fit to mice (2 hours/

day between 10 a.m. and 12 p.m.). Control mice

remained in the home cage until the behavioral experiment

began.

Tissue preparation and fixation

Mice were anesthetized with CO
2
 and perfused with

1X phosphate buffered saline (PBS) followed by

perfusion with 4% (w/v) paraformaldehyde (PFA).

Collected brains were fixed overnight with 4% PFA and

kept in 30% sucrose solution for 48 hours. After fixation,

coronal sections (30 µm) of the brain samples were

acquired. They were collected in 24-well plates (SPL)

and stored at −20oC in antifreeze solution until they were

collected for staining.

Immunofluorescence staining

For immunostaining, sections were treated with PBS

three times for 10 minutes. The sections were rinsed and

incubated for at least one hour in a blocking buffer (0.3%

Triton X-100 and 0.2% gelatin in PBS). Tissues were

incubated with primary antibodies overnight at 4oC,

followed by incubation in secondary antibodies at 4oC

for two hours. The primary antibodies used were rabbit

anti-AC (polyclonal) (1:1000; Santa Cruz), mouse anti-

GFAP (1:500; Sigma), mouse anti-Nestin (1:400; Abcam),

mouse anti-NeuN (1:500; Millipore), and rabbit anti-

Ki67 (1:500; Abcam). The secondary antibodies used

were conjugated to fluorescent dyes such as Alexa

Fluor-488 and 594 (Jackson Immunoresearch). Images

of stained tissues were obtained using a Nikon confocal
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laser scanning microscope. To analyze the fluorescently

co-stained tissue samples, images were obtained after

merging using the EZ-C1 software. Quantification of

AC+ and Ki67+ cells in the DG of RST mice was

performed in at least three independent sections using

the ImageJ software.

Forced swim test (FST)

The forced swim test was performed as described

previously [14]. Mice were individually forced to swim

by placing them in a cylinder (height: 45 cm and diameter:

20 cm) filled with water (25±1oC) to a height of 15 cm

for six minutes. After 1 min of active swimming, the

total duration of immobility was recorded during the last

5 min of the test. The immobility, swimming, and

climbing behaviors were classified according to the

movement of the mouse, and the immobility time was

defined as the time when the mouse was completely

immobile.

Statistical analysis

Statistical analysis for significance was performed

with the one-tailed Student’s t test for two different

conditions, and comparisons between three or more

conditions were performed with the one-way analysis of

variance (ANOVA) and Tukey’s multiple comparison

test (GraphPrism). A P-value less than 0.05 was considered

to be significant.

Results

Acute restraint stress increased the number of primary

cilia in adult hippocampal dentate gyrus

To examine changes in the primary cilia in the stress-

affected dentate gyrus [1], we established an acute

restraint stress mouse model. C57BL/6N mice were

subjected to repeated restraint stress (RST) two hours a

day for 1, 3, 7, and 14 days, and sacrificed 24 hours after

the end of each experimental period (Figure 1A).

Previous studies have shown that depression-like behavior

occurs after chronic restraint stress [15]. Thus, we

conducted behavioral experiments to confirm that the

RST stress model we established was valid. We

subjected mice to the forced swim test (FST), which is

known to produce depression-like behavior in adult

mice. Accordingly, the duration of immobilization was

Figure 1. Restraint stress increases cilia frequency in the adult hippocampal dentate gyrus. (A) Experimental design for the RST
stress. (B) Total immobility in the FST was measured for five minutes. The total immobilization time was significantly increased in
mice subjected to restraint stress compared to control mice. (CTRL: 165.83±14.55 vs RST: 205.29±10.57, P=0.0422) (P<0.01
using the student’s t-test) (C) Immunofluorescent staining for neuronal cilia with type 3 adenylate cyclase (AC) antibody and DAPI

for nucleus (blue) in the left panel. An increase in ciliated cells stained with ACⅢ antibody was found in RST mice compared to
control mice (CTRL). The cilia frequency in the hippocampal DG in RST stress mice was significantly increased 3, 7, and 14 days
after RST stress. Quantification of primary cilia frequency. *P<0.01 using one-way ANOVA.
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significantly increased to 205.29±10.57 s in the RST

stress group compared to 165.83±14.55 s in the control

group (CTRL: N=12, RST stress: N=14, P=0.0422)

(Figure 1B). This result indicates that the RST stress

animal model we established induces FST-associated

depression-like behavior.

Stress is a known key factor which causes behavioral

change and affects adult neurogenesis [16]. Recently, the

primary cilia have been shown to play an important role

in adult neurogenesis in the hippocampal dentate gyrus

by increasing the number of postnatal hippocampal

progenitors [17]. To examine the changes in primary

cilia due to RST stress, we immunostained brain sections

with the neuronal cilia specific antibody, adenylyl

cyclase 3 (AC) (Figure 2). As a result, the frequency of

cilia in the adult dentate gyrus regions after 3, 7, and 14

days of RST stress in the RST stress group was significantly

increased compared to the control group (CTRL:

56.59±2.42% vs RST 3d: 72.37±2.07%, RST 7d: 73.31±

2.51%, and RST 14d: 75.92±2.28%). No difference in

the number of cilia was found after one day of RST

stress between groups (8.75% of CTRL; 56.59±2.42%

vs 61.54±2.76%, P=0.1973), as shown in Figure 1C-D.

We also performed staining for ADP-ribosylation factor-

like protein 13B (Arl13b), another ciliary marker gene,

in RST mice. Interestingly, the cilia frequency increased

significantly on RST day 1 (data not shown). It might be

due to differences in the extent of interaction between

ARL13B and ACIII antibodies and precursor or

differentiating neurons. The ciliary length in the brain

has also been shown to respond to physiological changes

such as feeding [18]. We also measured the length of

primary cilia in the DG region of the brains of mice

which underwent RST but we did not observe any

significant differences between the RST mice and

control group (data not shown). These results suggest

that ciliated cells in the hippocampal dentate gyrus

region are affected by RST stress and that the extent to

Figure 2. Cell proliferation in the hippocampal SGZ is upregulated by acute restraint stress. (A) To compare the extent of cell
proliferation, sectioned brain samples were immunostained with Ki67 (green) and mature neuronal marker, NeuN, antibodies (red).
(B) Quantification of Ki67-positive cells in acute RST stress mice and the control group. Although extended subjection to restraint
stress did not significantly change the number of proliferating cells, RST stress upregulated the number of Ki67-positive cells in the
SGZ. *P<0.01 using one-way ANOVA.
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which they are affected might be correlated with the

temporal programs of neural stem cell proliferation and

differentiation.

Acute restraint stress increased cell proliferation in

the adult hippocampal dentate gyrus

We observed an increase in cilia frequency in the

hippocampal DG in RST stress mice, as shown in Figure

1. It has been shown that primary cilia contribute to the

increase in number of progenitor cells in the DG region.

Additionally, stress downregulated the proliferation of

neural stem cells in the DG. However, stress might

promote adult neurogenesis in the hippocampus in

certain conditions or species-specific cases [10,19]. To

evaluate how hippocampal neurogenesis is affected in

our mouse model of stress, we examined adult neurogenesis

in the RST stress condition. We immunofluorescently

stained the differentiating neural precursor cells, NeuN+

cells, with the cell proliferation marker, Ki67, antibody.

As a result, significantly more Ki67-positive cells were

observed in the subgranular zone (SGZ) in the brains of

mice who underwent acute RST (RST 1, 3 days)

compared to the control group (RST 1 day: 35.71% of

CTRL, P=0.0090, 3 days: 42.86% of CTRL, P=0.0026),

as shown in Figure 2A-B. In contrast, there was no

significant difference in the number of Ki67-positive

cells observed in the subgranular zone of mice which

underwent RST stress over an extended period of time

(RST 7 days: 10.36% of CTRL, P=0.2303, 14 days:

1.25% of CTRL, P=0.9203) (Figure 3). These findings

suggest that the increase in number of ciliated cells due

to RST stress might be correlated with the upregulation

of proliferating cells in the DG.

The number of ciliated immature neuronal precursor

cells was increased by acute restraint stress

The SGZ, a region in the DG actively involved in adult

neurogenesis, consists of several types of cells, including

neural stem cells (NSCs). It regulates the proliferation,

migration, and differentiation of neurons in this area,

Figure 3. The number of ciliated neuronal progenitor cells is increased in acute restraint stress mice. (A) A schematic of different
neuronal markers specific for the different stages of neurogenesis. (B) Immunostaining for AC (green), GFAP, Tuj1, and NeuN (red).
For nucleus staining, DAPI (blue) was used. We found that the number of ciliated cells labeled with the immature neuronal cell
markers, GFAP and Tuj1, increased in acute RST mice one day after stress, but that of mature NeuN-labeled neurons did not
change. We observed that acute RST stress increased the cilia frequency among neurons during the early stage of differentiation in
the hippocampal DG. *P<0.01 using one-way ANOVA.
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leading to adult neurogenesis [20,21]. Our findings

indicate that an increase in the frequency of primary cilia

might be associated with adult hippocampal neurogenesis

in acute RST stress mice. To investigate the role of

primary cilia in early and late adult neurogenesis, we

immunostained the primary cilia with various cell-

specific markers including the NSC marker Glial

fibrillary acidic protein (GFAP), the immature neuron

marker beta-III-tubulin (Tuj1), and the mature neuronal

marker NeuN (Figure 3A-B). The number of GFAP-

positive NSCs with cilia significantly increased one day

after undergoing RST stress (Figure 3B). An increase in

the number of ciliated cells was also observed in Tuj1-

positive immature neurons in brain samples one day

after stress (Figure 3B). However, the number of mature

neurons stained with the NeuN antibody did not

significantly increase, as shown in Figure 3B. These

results reveal that acute RST stress in mice affects only

the number of ciliated cells among NSCs and immature

neurons but not mature neurons. The increase in

ciliogenesis in immature precursor cells in the DG might

be important for cell maintenance and proliferation.

Discussion

Primary cilia play important roles such as responding

to changes in the environment and relaying various

cellular signals in vertebrates. In the present study, we

examined the role of primary cilia following RST stress

in a mouse model. We have shown a possible association

between primary cilia and neural stem cell proliferation

during RST stress response. In the adult hippocampal

DG of acute RST stress mice, the number of ciliated

cells and Ki67-positive proliferating cells are increased

in the early phase of stress response. However, the stress

response does not induce an increase in the number of

ciliated mature neurons. This suggests that the increase

in ciliogenesis in the DG region after acute RST stress

might regulate the increase in number of precursor cells

in the adult hippocampal DG regions. Furthermore,

primary cilia are important for stress response and

neurogenesis in the mammalian system.

Primary cilia and Hh signaling are essential for adult

stem cell formation and are known to play an important

role in adult neurogenesis in the SGZ of the hippocampus

[17]. Abnormality in or absence of primary cilia is

associated with human diseases which manifest multiple

clinical symptoms such as polydactyly, skeletal abnormalities,

obesity, liver fibrosis, and polycystic kidney, termed

“ciliopathies” [22,23]. A sub-class of ciliopathies, the

Bardet-Biedl syndrome (BBS), has defects in polydactyly,

obesity, and mental retardation. In addition to these

primary symptoms, BBS patients show neurological,

speech, language, and behavioral abnormalities [23].

Moreover, it has been reported that BBS4 null mice

(Bbs4-/-) become obese in a gender-dependent manner.

Behavioral analysis of Bbs4-/- showed that mutant mice

displayed an increase in anxiety/depression behaviors

[24]. However, the exact role of primary cilia in adult

neurogenesis in the hippocampal DG during stress

response is unknown. Here, we observed an increase in

the number of ciliated cells in the hippocampal DG of

RST stress mice. Interestingly, the total number of

ciliated ACIII-positive cells in the DG is gradually and

significantly increased from day 3 to day 14 (Figure 2).

However, the number of cells positive for another ciliary

marker, Arl13b, which is more specific to non-neuronal

cells or precursor cells, was significantly increased on

day 1 after acute stress (data not shown). These results

indicate that different cell types or cells in different

phases of neurogenesis may be more ciliated. Our results

also support the notion that in the nervous system, the

primary cilia might sense and respond to physiological

changes during feeding and stress. Interestingly, previous

studies reported that ACIII-null mice showed no short-

term memory and defect in contextual fear conditioning,

which are related to the hippocampus [25].

Previous studies reported that various types of stresses,

including RST stress, interfere with neurogenesis and

cell proliferation in the hippocampus [26,27]. In contrast,

several lines of evidence from BrdU studies in acute

RST-induced mice models showed an increase in cell

proliferation in the DG and paraventricular nucleus

(PVN) of mice subjected to acute RST stress [19].

Moreover, acute stress and neurogenesis studies in rat

models reported that there was an increase in the

proliferation of dorsal hippocampus neural precursor

cells (NPCs) [28]. We confirmed the increase in cell

proliferation in murine hippocampal DG due to acute

RST stress (Figure 2). Although this controversy in cell

proliferation during stress-related neurogenesis needs to

be investigated further, our findings and previously

reported studies suggest that the RST stress response

might increase the proliferation of NPCs in the acute

restraint stress mouse model.

Previous studies showed that the association between
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the primary cilia and SGZ neurogenesis is Hh signaling

dependent [15]. GFAP+ neurons in Smo-deficient mice

displayed defects in hippocampal neurogenesis [29], and

the specific loss of ciliated genes such as Kif3a and

IFT88 among NPCs results in defective hippocampal

neurons due to premature cell-cycle exit [17,30]. Similarly,

postnatal deletion of cilia in neural stem/progenitor cells

resulted in reduced numbers of proliferating doublecortin

(DCX)-positive neuronal cells and amplifying progenitors

(type 2a cells) without affecting radial NSCs [30].

Additionally, acute stress induces the expression of

genes involved in neurogenesis and neuronal projection

[31]. We observed that the cells which were ciliated in

acute RST stress mice corresponded to immature

progenitor cells positive for GFAP and Tuj1 markers.

None of the ciliated cells were NeuN-positive differentiated

neurons (Figure 3). Thus, these results suggest that acute

RST stress might promote ciliogenesis among precursor

cells in the SGZ and play an important role in

neurogenesis during stress response.

In summary, RST stress increases cell proliferation

and the number of ciliated cells in the adult hippocampal

DG. These ciliated cells might participate in the

proliferation of precursor cells of neural stem cells in

response to stress. Although the physiological importance

and molecular mechanism by which RST stress

regulates ciliogenesis and neurogenesis are unclear, our

study is the first to show that the primary cilia on

neurons during the early phase of neurogenesis might be

important during stress response.
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