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A B S T R A C T

Deep brain stimulation (DBS) has been established as a therapeutically effective method to treat pharmacological
resistant neurological disorders. The molecular and cellular mechanisms underlying the beneficial effects of DBS
on the brain are not yet fully understood. Beside numerous suggested mechanisms, regulation of neurogenesis is
an attractive mechanism through which DBS can affect the cognitive functions. Considering the high expression
of insulin receptors in hippocampus and also impaired neurogenesis in diabetic brain, the present study aimed to
examine the role of insulin receptor signaling in DBS induced neurogenesis. High frequency stimulation was
applied on the entorhinal cortex of rats and then neurogenesis markers in the dentate gyrus region of the hip-
pocampus were examined using molecular and histological methods in the sham, DBS and insulin receptor
antagonist-treated groups. In parallel, the changes in insulin receptor signaling in the hippocampus and spatial
learning and memory performance were also assessed. DBS promoted adult hippocampal neurogenesis and fa-
cilitated the spatial memory concomitant with changes in insulin receptor signaling parameters including IR,
IRS2 and GSK3β. Application of insulin receptor antagonist attenuated the DBS-induced neurogenesis. Our data
emphasize that entorhinal cortex stimulation promotes adult hippocampal neurogenesis and facilitates spatial
learning and memory at least partly through insulin receptors. Notably, GSK3β inhibition can play a major role
in the downstream of insulin receptor signaling in DBS induced neurogenesis.

1. Introduction

Currently, deep brain stimulation (DBS) has been established as a
therapeutic method for the treatment of movement disorders more
specifically Parkinson’s disease with poor response to pharmacological
manipulations (Deuschl et al., 2006). DBS has also been suggested as a
new therapeutic approach for the treatment of disorders of mood and
cognition (Laxton et al., 2010; Stone et al., 2011) and to alleviate de-
pendency in addiction behaviors (Creed et al., 2015). However, in spite
of the progressive application of DBS in neurodegenerative and neu-
rogenic disorders, detailed mechanisms mediating these clinical effects
remain largely unknown. Many lines of mechanisms have been sug-
gested for the pro-cognitive effect of DBS. For example, DBS can
modulate the neural circuit of target regions (Mayberg et al., 2005),
modulate neurotransmitter release in neuron level (Kringelbach et al.,
2007) or restore basal activity within the dysregulated brain region
(Chiken and Nambu, 2016). According to accumulating data, the most

remarkable suggested potential mechanism through which DBS may
improve cognitive functions is activity-dependent regulation of hippo-
campal neurogenesis (Encinas et al., 2011; Stone et al., 2011).

Neurogenesis as a basic phenomenon adds new neurons to some
specific well-known regions of the brain such as the sub-granular zone
(SGZ) of the dentate gyrus (DG) in the adult mammalian hippocampus,
which plays an essential role in memory formation (Ming and Song,
2005; Zhao et al., 2008). While the hippocampus and DG receive many
projections from many regions of the brain, the entorhinal cortex (EC)
provides the main afferent input to the DG (Andersen et al., 2007). It
has been shown that stimulation of specific targets that project into the
hippocampus in rodents, e.g., the anterior thalamic nucleus (Encinas
et al., 2011) and EC/perforant path (Kitamura et al., 2010; Stone et al.,
2011), promotes the proliferation and differentiation of neural pre-
cursor cells and/or survival of adult-generated neurons. However, the
underlying molecular mechanisms and neurotransmitters/modulators
involved are not well known.
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Neuromodulation via insulin signaling has recently gained attention
in different health and disease conditions. Insulin receptors (IRs) have
been found in many regions of the brain, especially with high density in
the hippocampal formation (W.-Q. Zhao and Alkon, 2001). Insulin
binding to the IR leads to autophosphorylation of the receptor which
initiates several signaling cascades. PI3K/Akt/GSK-3β, which is one of
the well-known pathways of IR signal transduction in the brain, has
been shown to be implicated in neurogenesis (Zheng et al., 2017) and
learning and memory functions (van der Heide et al., 2006; Zhao et al.,
2004). Autophosphorylation of the IR is followed by tyrosine phos-
phorylation of the insulin receptor substrate (IRS) protein family.
Phosphorylated IRS binds to several effector molecules such as p85 or
p55 regulatory subunit of phosphatidylinositol 3-kinase (PI3K), and
triggers activation of PI3K, which in turn phosphorylates and activates
protein kinase B/Akt. Akt phosphorylates glycogen synthase kinase 3β
(GSK-3β) at the serine 9 residues and inactivates it (Perluigi et al.,
2014). Another ligand for the IRs is insulin-like growth factor 1 (IGF-1)
which besides its own receptor, can bind to IRs and initiate the same
signaling pathways (Boura‐Halfon and Zick, 2009). The involvement of
insulin signaling in neural stem cell proliferation, differentiation and
homeostasis has been shown in some in vitro studies (Gutiérrez et al.,
2007; Yu et al., 2008; Ziegler et al., 2015). On the other hand, impaired
neurogenesis is reported in the diabetic mouse and rat brains (Noor and
Zahid, 2017; Mishra et al., 2018). However, there is no clear study on
the role of insulin signaling in activity dependent neural proliferation
and differentiation in adult wild-type brain in the literature.

With this background, in this study, we used DBS as an approach to
stimulate the medial EC with a localized targeting precision.
Neurogenesis in the dentate gyrus in parallel to changes in insulin re-
ceptor signaling pathway was assessed through molecular, histological
and behavioral analyses. The role of insulin receptors was also studied
using insulin receptor antagonist.

2. Materials and methods

2.1. Animals

Adult male Wistar rats weighing 250–270 g at the beginning of the
experiments, were used in this study. Animals were housed in groups of
four per cage with free access to water and food under the controlled
laboratory conditions (12 h light/dark cycle with a constant tempera-
ture of 21 ± 2 °C). All experimental procedures were approved by the
Ethics Committee of Shahid Beheshti University of Medical Sciences
(IR.SBMU.SM.REC.1394.147) in accordance with the international

guidelines by the National Institutes of Health (No. 80-23, revised
1996).

2.2. Stereotaxic surgery, electrical stimulation and drug delivery

Rats were anesthetized with chloral hydrate (400mg/kg, i.p.), and
placed in a stereotactic frame. The scalp was incised and skull hole(s)
with coordinates relative to the bregma in the anteroposterior (AP),
mediolateral (ML), and dorsoventral (DV) planes were drilled as follows
(in mm): (1) EC [AP = -6.84, ML=±4.8, DV=8.8] for the stimu-
lating electrode and, (2) DG [AP = -3.84, ML =±2.3, DV=3.3]
(Paxinos and Watson, 2007) for drug delivery. Vehicle (normal saline)
or insulin receptor antagonist (IRA: S961, Phoenix Pharmaceuticals,
Inc, 0.5 nmol in 2 μl normal saline) was administered using a Hamilton
syringe 30min before the DBS or sham operation. Brain electrical sti-
mulation was delivered via a bipolar stainless steel electrode (0.125mm
diameter, Advent, UK), in which the tips were about 0.5 mm apart.
Stimulation was applied with a stimulus isolator (A365R, WPI, Sarasota
FL, USA) with the frequency of 130 Hz, pulse width of 90 μs (square
wave), 50 μA current and duration of 60min. This high-frequency DBS
was chosen according to that usually used in the clinical practice
(Volkmann et al., 2006). Laterality (unilateral or bilateral) of stimula-
tion varied by experiment. Schematic design of the experimental
timeline and protocol was shown in Fig. 1.

2.3. RNA extraction, cDNA synthesis and quantitative polymerase chain
reaction (qPCR)

Seven days after unilateral sham operation or DBS, three to five rats
per sham, DBS and IRA+DBS groups were sacrificed and total RNA
was extracted from the hippocampus using YTzol reagent according to
the manufacturer’s protocol (Yekta Tajhiz Azma, Tehran, Iran). The
sham operation group served as the control which animals were oper-
ated, inserted electrode and received vehicle without stimulation. The
RNA quality was evaluated by determining 18S and 28S ribosomal RNA
bands using electrophoresis, and the ratio of absorbance at 260/
280 nm. Then 2 μg of total RNA was reverse transcribed to cDNA using
TransScript First-Strand cDNA Synthesis Kit (Yekta Tajhiz Azma,
Tehran, Iran) according to the manufacturer’s instructions. Briefly, RNA
template, primer, and DEPC-treated water were mixed and incubated at
70 °C for 5min and chilled on ice. In the next step the prepared mixture
of 5x first-strand buffer 4 μl, dNTPs (10mM) 1 μl, RNasin (40U/μl)
0.5 μl and M-MLV (200U/μl) 1 μl was added to the step one solution and
then incubated for 60min at 42 °C. The reaction was terminated by

Fig. 1. Schematic illustration of the experimental time line. DBS, deep brain stimulation; EC, entorhinal cortex; IRA, insulin receptor antagonist; DG, dentate gyrus.
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heating at 70 °C for 5min. The resulting cDNA was then used for
quantitative measurement of genes expression using SYBR Green Real-
Time PCR Master Mix (Ampliqon) reagents and ABI System by the
following cycling conditions; activation 10min at 95 °C, denaturation
15 s at 95 °C, annealing 30 s at optimum temperature, extension 30 s at
72 °C. The threshold cycles (Ct) were used to quantify the mRNA levels
of the target genes. We used the 2−ΔΔCt method (Xu et al., 2014) to
calculate the relative gene expression, normalized to the β-actin
housekeeping gene and relative to the control group. Primers sequences
have been listed in Table 1.

2.4. Western blotting

To investigate the hippocampal insulin receptor signaling changes
after the unilateral DBS, three to five rats per sham, DBS and IRA+DBS
groups were sacrificed at day seven post-surgery. The brain was rapidly
removed and the hippocampus was dissected on ice and stored at
−80 °C until the western blot analysis. Total tissue was homogenized in
the lysis buffer [50mM Tris−HCl, pH 8.0, 150mM NaCl, 0.1% Triton
X-100, 0.25% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), 1 mM EDTA, 1mM Sodium orthovanadate, 15mM Sodium pyr-
ophosphate, 50mM Sodium fluride and 1mM PMSF]. Protein con-
centration was determined using the BCA method (BCA Protein Assay
Kit, Thermo Scientific, USA) and protein samples (60 μg) were loaded
on the electrophoresis gel. Samples were separated by electrophoresis
on 12% SDS-PAGE, transferred to a polyvinylidene difluoride (PVDF)
membrane (Millipore, Billercia, MA) and blocked with 2% non-fat dry
milk (Amersham, ECL Advance TM) for 1 h at room temperature.
Afterwards, the blots were probed with anti-Akt1/2/3 (H-136) antibody
(1:1000; Santa Cruz, sc-8312), anti-p-Akt1/2/3 (Ser473) antibody
(1:1000; Santa Cruz, sc-101629), anti-GSK3β (27C10) antibody
(1:1000; Cell Signaling, 9315), anti-Phospho-GSK3β (Ser9) antibody
(1:1000; Cell Signaling, 9323) overnight at 4 °C. Next day, the blots
were washed and incubated with HRP-conjugated Goat Anti-Rabbit IgG
H&L (HRP) antibody (1:12000, Abcam, ab6721) for 1 h at room tem-
perature. Subsequent visualization was performed using an enhanced
chemiluminescence system (ECL, BIO RAD, USA). β-Actin expression
was analyzed using anti β-Actin (13E5) rabbit monoclonal antibody
(1:750; Cell signaling, 4970) as an internal control for normalization of
protein amounts. Finally, results were quantified by the scan of X-ray
films and analysis by Image J software.

2.5. Immunohistochemistry

In this study, seven days after the DBS or sham operation, trans-
cardial perfusion of rats with 0.1M PBS and 4% paraformaldehyde
(PFA) was performed and, the removed brains were postfixed in PFA
overnight and then were immersed in 30% sucrose (Merck, Germany)
for 2 days at 4 °C and finally embedded in OCT (optimum cutting
temperature) solution (Sakura, Japan). The immunostaining was car-
ried out on the 20-micrometer coronal sections of cryopreserved brains.
Sections localized to the 3.4–3.9mm posterior to the bregma (Paxinos
and Watson, 2007) were used for staining. At least three rats per group
and three sections per rat were included in the study. Sections were
fixed with acetone (Merck, Germany) for 20min, then were quenched
in the 1% hydrogen peroxide (Merck, Germany) and permeabilized in

the 0.2% Triton X-100 (Merck, Germany).The 10% goat serum (Sigma,
USA, prepared in 0.2% Triton X-100) was used for blocking, and pri-
mary antibody was employed after dilution in blocking buffer and in-
cubated overnight at 4 °C. The following primary antibodies were used:
rabbit anti-Doublecortin (DCX) (1:200, Abcam, ab77450), rabbit anti-
Nestin (1:100, Abcam, ab93157), rabbit- anti Ki67 (1:100, Abcam,
ab66155). In addition, goat anti-rabbit IgG FITC conjugated (1:100,
Sigma, F1262) was employed on the second day of staining and the
cells’ nuclei were counterstained with DAPI (Sigma). Stained sections
were visualized and imaged by fluorescent microscopy Nikon E600
equipped with DS-Ri2 camera, at ×200 magnification.

2.6. Morris water maze (MWM) protocol

Fifty days after bilateral DBS or sham operation, six rats per group
were subjected to spatial learning and memory test. The water maze
was consisted of a black circular pool (150 cm in diameter, 60 cm high,
and 45 cm depth) filled with water around 23°c (Fig. 4A). A black cir-
cular escape platform (11 cm diameter) was submerged about 2 cm
under the water surface. It was positioned in the center of one arbi-
trarily designed quadrant. The room was decorated with dark curtain
and some distinct pictures in the fixed position during the experiment
that served as spatial cues on the walls. A CCD camera (Panasonic Inc.,
Japan) was mounted above the maze and recorded rat’s locomotion.
The camera was connected to a computer which was equipped with the
Ethovision software (version XT7, Netherlands). Animals were trained
with undertraining protocol over 3 days with three trials per day (inter-
trial interval, 30 s). On each trial, rats were released into the pool, fa-
cing the wall, in one of four defined quadrants (the order of each trial
was detected randomly throughout training). Rats were given 60 s to
swim and find the platform. The trial was accomplished once the rats
found the platform and stayed there for 20 s, or 60 s had elapsed that in
this case rats were guided to the platform by the experimenter. Latency
to find the platform and distance moved to find the platform were re-
corded in the training sessions. Qualitative aspects of learning the water
maze task were also analyzed during training trials (Garthe, et al.,
2009; Stone et al., 2011). Briefly, swim path data from Ethovision
(Noldus, NL) were used for classifying the respective predominant
search strategies by visual analysis by an experimenter. Trial tracks
were classified as direct swim, focal search, directed search, chaining,
scanning, random search, perseverance and thigmotaxis as defined in
Fig. 5B, adapted form Stone et al. (2011) and Garthe et al. (2009).

One hour after the last training trial, as the probe session for spatial
memory assessment, the platform was removed and the trained animals
released to the water from the opposite quadrant of the platform site for
the 60 s in a series of three tests with an inter-test interval of 3min. The
time spent in the target quadrant, the number of crossings the platform
location and latency to first cross the removed platform were recorded
in the probe sessions.

2.7. Statistical analysis

In the molecular studies, data analysis was performed by two-way
ANOVA, and Bonferroni multiple range tests were used for post hoc
analyses of significant main effects. Behavioral data in training para-
meters was analyzed using repeated measure two-way ANOVA. Swim
strategy frequencies were compared during trials within groups using
nonparametric Friedman’s test. Parameters in the probe session were
analyzed by using one-way ANOVA followed by Tukey post-test.
GraphPad Prism Software (version 6) was used to carry all statistical
analyses. P value less than 0.05 was considered statistically significant.

Table 1
Primer sequences used for qPCR.

Gene Forward primer (5'-3') Reverse primer (5'-3')

Nestin GGAGCAGGAGAAGCAAGGTC GAGTTCTCAGCCTCCAGCAG
DCX GGAAGGGGAAAGCTATGTCTG TTGCTGCTAGCCAAGGACTG
IR GAGCGGAGGAGTCTTCATT GGTGTAGTGGCTGTCACATT
IRS2 GACTTCTTGTCCCATCACTTGAAA GCTAAGCATCTCCTCAGAATGGA
β- actin TCTATCCTGGCCTCACTGTC AACGCAGCTCAGTAACACTCC
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3. Results

3.1. IRA attenuated the increase of neurogenesis markers in response to EC
stimulation

Seven days after unilateral EC stimulation, DG cell proliferation and
neurogenesis markers were evaluated at the level of mRNA and protein.
Day 7 post stimulation was selected as an optimum time point to track
the initiation of neurogenesis process in SGZ (Kee et al., 2007;
Kempermann et al., 2015).

In qPCR test, two-way ANOVA analysis revealed that mRNA of
Nestin, the well-known neuroprogenitor marker, has been changed
significantly in the hippocampus of animals between the treated groups
[treatment main effect: F (2, 14) = 9.14, P=0.003; side (ipsilateral and
contralateral) main effect: F (1, 14) = 5.47, P=0.034]. Further
Bonferroni post-test analysis showed a significant increase in the mRNA
level of Nestin in the ipsilateral side to the stimulation site in the DBS
group in comparison with the corresponding side of the sham group and
also to the contralateral side to the DBS (P < 0.05). This elevation was
abolished in the IRA+DBS group (P < 0.05) (Fig. 2A).

On the other hand, the level of DCX, known as a neuroblast marker
significantly changed in different treated groups [treatment main effect:
F (2, 12)= 84.7, P= 0.0001]. Bonferroni post-test analysis showed the
significant elevation in mRNA level in the DBS group in both ipsilateral
and contralateral sides in comparison with the corresponding sides in
the sham group (P < 0.001). The DBS-induced DCX mRNA transcrip-
tion were attenuated in the IRA+DBS group (P < 0.001) (Fig. 2B).

In the immunohistochemical analysis as shown in Fig. 3A, expres-
sion of Ki67, as a proliferation marker, in the stimulated animals was
greater than the non-stimulated sham group in ipsilateral to electrode
site. In addition, ectopic Ki67 positive cells also were seen in the hilus
region. Interestingly, this elevation was abolished in the IRA+DBS
group. Nestin expression also followed a same pattern as shown in
Fig. 3B. The expression of this protein was elevated in the DBS group
compared with the sham group. However, in the IRA+DBS group,
comparable elevation of Nestin expression was not observed. In Fig. 3C,
different level of DCX expression in the DG region of animals in all
groups has been shown in both sides. Images have shown elevated
expression of DCX in the DBS group especially in the stimulated side
with ectopic migration, in comparison to the sham group, and this
elevation of expression was attenuated in the IRA+DBS group.

3.2. Entorhinal cortex stimulation affected IR signaling in the hippocampus

After showing the effect of EC stimulation on the promotion of DG
neurogenesis, to examine the effects of EC-DBS on insulin signaling
pathway molecules (IR/IRS2 /Akt/GSK3β), we used qPCR and western
blot analysis. Two-way ANOVA revealed a significant change in the

mRNA level of IR between groups and brain hemispheres [treatment
main effect: F (2, 12)= 5.183, P=0.023; side main effect: F (1,

12)= 5.712, P= 0.0341]. Bonferroni post-test showed a significant
increase in the mRNA level of IR in the ipsilateral side of the DBS group
(P < 0.05). However blocking IR receptors by IRA before the DBS,
inhibited this increase (P < 0.05) (Fig. 4A). The insulin receptor sub-
strate 2, IRS2, showed the similar results using qPCR technique
[treatment main effect; F (2, 16) = 8.523, P=0.003; side main effect: F
(1, 16) = 1.379, P= 0.05]. Post-test showed the significant increase of
IRS2 mRNA level in the DBS group in the ipsilateral side to stimulation
in comparison with the corresponding side in the sham group
(P < 0.05). The IRA has prevented the elevation of IRS2 mRNA that
was induced by DBS (p < 0.05) (Fig. 4B).

In the western blot analysis, the ratio of the phosphorylated/non-
phosphorylated forms of insulin signaling components including Akt
and GSK3β in the animal’s hippocampus in each group were de-
termined. No significant change was found in pAkt/Akt ratio between
the groups (Fig. 4C). However, a significant change in the ratio of
pGSK3β/GSK3β between the groups was found [treatment main effect:
F (2, 12)= 9.935, P= 0.0125]. Further post hoc analysis showed sig-
nificant elevation of pGSK3β/GSK3β in the DBS group at ipsilateral side
(P < 0.05). The DBS-induced GSK3β inactivation was significantly
decreased in the IRA+DBS group (P < 0.05) (Fig. 4D).

3.3. EC stimulation in a delay-dependent manner improved search strategies
and facilitated spatial memory formation in water maze

In the last step of our study, we were interested to know whether the
EC stimulation induced neurogenesis could facilitate learning and
memory processes or not. In order to ensure maximum production of
new functional neurons, we stimulated animals’ EC in both brain sides.
Rats were trained in the water maze form 50 days after the DBS. This
delay is an optimum time course for maturation and functionally in-
tegration of newborn granular cells for spatial learning (Kee et al.,
2007; Kempermann et al., 2015). Latency to find the platform and
distance moved to find the platform, significantly declined in all groups
during training days. As shown in Fig. 5C and D, repeated measures
two-way ANOVA, followed by Bonferroni’s test showed that the effect
of treatments was not statistically significant but the time of escape
latency significantly decreased over training trials, [treatment main
effect: F (2, 17)= 0.135, P= 0.87; time main effect: F (2, 34)= 15.68,
P= 0.0001]. Same statistical results were observed for distance moved
parameter [treatment main effect: F (2, 17)= 0.47, P=0.063; time
main effect: F (2, 34)= 13.13, P=0.0001]. Thus, the expected effect of
EC stimulation on spatial learning was not significantly detected in the
training latency and distance data when analyzed statistically.

Since different strategies may be followed to find the hidden plat-
form during training trials, analyzing the detailed qualitative aspects of

Fig. 2. The effect of unilateral entorhinal
cortex stimulation on mRNA expression of
neurogenesis markers in hippocampus. The
qPCR data analysis of Nestin shows an obvious
increase in mRNA level of this marker in the
ipsilateral (I) side of the DBS group and at-
tenuation in the IRA+DBS group (A). The
qPCR data analysis of DCX shows an obvious
increase in mRNA level of this marker in the
both ipsilateral (I) and contralateral (C) sides
of the DBS group and then attenuation in the
IRA+DBS group (B). Data represent
Mean ± SEM. n= 3-5. *p < 0.05 and
***p < 0.001 vs. corresponding sham group.
#p < 0.05 and ###p < 0.001 vs. DBS group.
†p < 0.05 between two sides in the DBS
group. DBS, deep brain stimulation; DCX,
doublecortin; IRA, insulin receptor antagonist.
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animals’ search patterns may better clarify the spatial learning process.
By using tracking data, search paths were objectively classified into
eight different categories (Fig. 5B). Friedman’s nonparametric analysis
for each group showed following results: sham group (χ2

(7) = 13,
p < 0.05), DBS group (χ2

(7) = 16.39, p < 0.05) and IRA+DBS group
(χ2

(7)= 14.66, p < 0.05). As expected, on the first day of trainings,
direct swim and focal search of platform accounted only for around 25
percent in sham and DBS groups, and even lower in IRA+DBS group
(Fig. 5E). On the other hand, on the last day of trainings, the spatially
imprecise strategies were significantly reduced and replaced by more
precise behavior in all groups. As shown in Fig. 5F, at the day 3 of
trainings, DBS group performed more direct swim and focal search
strategies as compared to the sham group. Interestingly the percentage

of direct swim and focal search were decreased in the IRA+DBS group
when compared to the DBS group and even the sham group (Fig. 5G).

In probe session, one- way ANOVA showed a significant difference
between groups [F (2, 15)= 4.014, P=0.040] at the time spent in target
zone (Fig. 6A). Tukey's multiple comparisons test revealed that animals
in the stimulation group spent significantly more time in the target zone
in comparison with the sham group (p < 0.05), and the IRA+DBS
group significantly spent less time in comparison with the DBS group
(P < 0.05). Moreover, rats in the different groups significantly crossed
the target zone differently [F (2, 17)= 3.817, P=0.042]. Tukey's post
hoc analysis showed the DBS group crossed more time over the target
zone in comparison with the sham group (P < 0.05) (Fig. 6B). Also, in
the probe session, the latency to pass the platform location for the first

Fig. 3. The effect of unilateral entorhinal cortex stimulation on protein expression of neurogenesis markers in the dentate gyrus. Immunohistochemistry of Ki67 (A)
and Nestin (B) are shown in ipsilateral hippocampus and DCX (C) in ipsilateral (I) and contralateral (C) hippocampus. Cell nuclei were counterstained with DAPI.
Scale bar: 200 μm. DBS, deep brain stimulation; DCX, doublecortin; IRA, insulin receptor antagonist.
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time was significantly different between groups [F (2, 16)= 14.9,
P=0.0002]. Animals in the DBS group spent less time to locate the
previous platform location than the sham (P < 0.001). However, this
decrease was reversed in IRA+DBS group (P < 0.0.5) (Fig. 6C).Thus,

in the probe day, the stimulated group showed better memory perfor-
mance in comparison with the sham and the IRA+DBS group.

It is notably that measuring swim speed parameter in different ex-
perimental groups in all trials did not show significant differences (data

Fig. 3. (continued)
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Fig. 4. The effect of unilateral entorhinal
cortex stimulation on the expression of insulin
signaling components in hippocampus. The
qPCR data analysis of IR (A) and IRS2 (B)
shows a significant increase in mRNA level of
this signaling components of insulin receptor
in the ipsilateral (I) hippocampus of the DBS
group and then attenuation in the IRA+DBS
group. Western blot analysis of pAkt/Akt did
not show any significant change between
groups (C). However, western blot analysis
indicated that pGSK3β/GSK3β ratio in the DBS
group was significantly increased in the ipsi-
lateral side. Administration of IRA before DBS
abolished this increase in the IRA+DBS group
(D). The two-way ANOVA followed with
Bonferroni post-test was used. Data represent
Mean ± SEM. n=3-5.*p < 0.05 vs. corre-
sponding sham group. #p < 0.05 vs. corre-
sponding DBS group. †p < 0.05 between two
sides in the DBS group. DBS, deep brain sti-
mulation; IR, insulin receptor; IRS2, insulin
receptor substrate 2; IRA, insulin receptor an-
tagonist.

Fig. 5. Stimulation-induced enhancement of spatial learning. Water maze apparatus (A) and schematics of classified search strategies in the training trials (B) are
shown. Two-way ANOVA analysis of latency to find the hidden platform (C) and distance moved to reach the platform (D) did not show significant difference
between groups. Data represent Mean ± SEM. n=6. The percentage of search strategies in each group (E), and percentage difference in the number of each search
strategy in DBS (F) and IRA+DBS (G) groups relative to sham group are reported across training days. DBS, deep brain stimulation; IRA, insulin receptor antagonist.
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not shown).

4. Discussion

In this study, it was observed that a single DBS treatment of the EC
at adult rats induced neurogenesis in the DG region of hippocampus.
Present finding is consistent with that of Stone et al. (2011) which
showed that EC stimulation with the same pattern, can induce neuro-
genesis in the DG of adult mice (Stone et al., 2011). In another study,
unilateral fimbria-fornix DBS was able to rescue spatial learning and
memory and in parallel, restore hippocampal neurogenesis in a mouse
model of Rett syndrome (Hao et al., 2015). Also, in a previous study,
unilateral stimulation of the anteromedial thalamic nucleus in awake
and unrestrained adult rats showed a significant increase of the cell
proliferation markers in the ipsilateral sub-granular zone of the dentate
gyrus when compared with the contralateral side and sham rats
(Chamaa et al., 2016). In our study, it was interestingly observed that
unilateral EC-DBS increased DCX at the level of mRNA and protein
bilaterally, a phenomenon which has not been reported in studies with
electrical stimulation trends. This is while this bilateral increase was
not observed significantly on Nestin. This difference can be attributed
to the nature of Nestin and DCX expression profile in the transition
process of neural stem cells toward neuroblasts (Kempermann et al.,
2015). It means, if the molecular assessments be performed at earlier
time points than was done herein, day 7 post stimulus, such increase in
Nestin may be also detectable. However, it can be deduced that with
EC, especially layer II, stimulation in rats, the signals can reach to the
contralateral DG through a homoral system and/or anatomical con-
nections (van Groen et al., 2002) which need to be further investigated.
Interestingly, Scharfman et al. have reported significant increase of
neurogenesis in contralateral DG after unilateral infusion of BDNF, as a
member of the neurotrophin family, into the hippocampus of adult rats
without any spread of the infused BDNF to opposite hemisphere
(Scharfman et al., 2005).

Remarkably, in our study in addition to subgranular region, in-
creased neural proliferation and differentiation were seen in hilus re-
gion of DG. These ectopic hilar granular cells have been previously
identified only after severe continuous seizures. However, recent stu-
dies showe that some non-pathogenic stimuli such as BDNF can also
induce new born granular cells in the hilus of DG (Scharfman et al.,
2005). Therefore, not only pathogenic stimuli but also some non-pa-
thogenic factors can induce ectopic neurogenesis. Thus, granule cells
that are formed in the adult brain may be misguided even when pa-
thological condition is absent.

To assess the role of insulin signaling in neurogenesis induced by
DBS, insulin receptor antagonist (IRA) was administered on the DG

before EC stimulation. Most interestingly, administration of IRA atte-
nuated both proliferation and differentiation markers. Several lines of
evidence show that insulin plays a crucial role in neuronal proliferation
and differentiation (Farrar et al., 2005; Roger and Fellows, 1980). There
is some evidence that shows a correlation between insulin receptor
signaling and neurogenesis. During cell proliferation and differentiation
in the developing brain, insulin levels and the number of its receptors
increase (Wozniak et al., 1993). In two detailed studies, it was shown
that endogenous insulin and insulin-like growth factors and the related
signaling promote proliferation and differentiation of neural stem cells
derived from mouse and rat fetus (Schechter and Abboud, 2001;
Vicario-Abejón et al., 2003). To make a link between EC stimulation
and insulin effect on neurogenesis, it has been shown that some neurons
can release insulin as a neuromodulator after the stimulation and fol-
lowing depolarization (Wei et al., 1990). In the present study after
showing involvement of insulin receptor signaling in the EC -stimula-
tion induced proliferation and differentiation in DG, the possible con-
tribution of some component of insulin receptor signaling were as-
sessed. For first step, the increased expression of IR in response to EC
stimulation was observed. It has been shown that insulin receptors are
present in the hippocampus in high density with partly unknown
function (Marks et al., 1990). Insulin receptors in the CNS show dif-
ferent functional and structural properties in comparison with their
peripheral counterpart. For example, IRs in the brain has been shown to
respond differentially to insulin excess in comparison with those lo-
cated peripherally. While peripheral IRs are downregulated in response
to insulin excess, their counterparts in the brain do not show such down
regulation (Ghasemi et al., 2013). There is evidence that new neural
stem cells, which have been produced after neural proliferation, can
express IRs in their membrane. Therefore, the observed elevation in IR
mRNA can also be due to the increase in neural cell proliferation fol-
lowing EC-DBS and insulin release from neurons.

In the next step, to discover the downstream component of insulin
receptor signaling that have been changed after EC stimulation, insulin
receptors’ downstream signaling pathway at mRNA and protein levels
in the DBS group and in the presence of IRA were assessed. Again,
markedly, the results on mRNA level showed IRS2 elevation in the
stimulated group which was not seen in the group that received IRA
before stimulation. In line with the present results, Schubert et al.
showed that neuronal proliferation during development is severely
impaired in mice lacking IRS2, showing that IRS2 signaling plays a
pivotal role in neuronal proliferation during development (Schubert
et al., 2003). Chirivella et al. (2017) indicated that insulin specifically
promotes neurogenesis, through the activation of an IRS2/Akt/Cdk4
pathway on adult neural stem cells culture (Chirivella et al., 2017).

Moreover, to evaluate other downstream events of insulin signaling,

Fig. 6. In the probe trials, one-way ANOVA of the time spent in the target quadrant (A), number of crossings over the previous platform location (B) and the latency
to first cross the platform location (C) are reported. In the all parameters animals in the DBS group showed better memory functions in comparison to the sham and
IRA+DBS groups. Data represent Mean ± SEM. n=6. *p < 0.05 and ***p < 0.001 vs. sham group. #p < 0.05 vs. DBS group. DBS, deep brain stimulation; IRA,
insulin receptor antagonist.
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the Akt/GSK3β pathway assessed. In the EC-DBS group, pGSK3β/
GSK3β ratio was increased and then returned to control level in animals
that received insulin receptor antagonist. It is widely accepted that
phosphorylation of the N-terminal serine 9 residue results in the in-
activation of GSK3β (Hur and Zhou, 2010). Inhibition of GSK3β is
implicated in multiple processes during neural development and in
adult neurogenesis (Seira and Del Río, 2014). GSK3β inhibition has
been shown to be a key regulator in signaling pathways involved in
neurogenesis in neurons triggered by many extracellular molecules
such as Wnt, neural growth factor (NGF), fibroblast growth factor (FGF)
and sonic hedgehog (Shh) (Hur and Zhou, 2010).

Although it is widely accepted that AKT is the major mediator of
serine phosphorylation and subsequent inactivation of GSK3, in our
results pGSK3β/GSK3β ratio increased without any change in the Akt
activity after the elevation of IR and IRS2 level in the hippocampus.
Therefore, it is likely that this increase has been mediated by activation
of atypical PKCs. It has been documented that following insulin binding
to the receptor, in addition to Akt activation, some isoforms of PKC such
as PKCζ and PKMζ can be activated. Activation of these PKC isoforms,
which are called atypical PKC and highly expressed in the brain, results
in GSK3β phosphorylation on Ser9 residue that finally inactivates it
(Callender and Newton, 2017; Siddle, 2011).

In the current study, bilateral stimulation of the EC facilitated
spatial memory formation after around 7 weeks. In the training days
detailed analyses of swim paths revealed that stimulated animals were
more likely to use localized/spatially precise search strategies (e.g.,
direct swim, focal search) and the increased frequency of these more
effective strategies likely accounts for the improved spatial memory
formation. In the probe test after training, stimulated rats searched
more selectively as compared to non-stimulated controls. These results
are consistent with two outstanding studies showing that this stimula-
tion-induced facilitation of spatial learning is mediated by a stimula-
tion-induced enhancement of adult neurogenesis. To confirm this hy-
pothesis, they have shown that application of neurogenesis inhibitor,
temozolomide, prevents spatial learning facilitation (Garthe et al.,
2009; Stone et al., 2011). In the current study, facilitation of spatial
memory formation was prevented after blocking IR by IRA, suggesting
that the pro-cognitive effects of DBS are most likely mediated by insulin
receptor-related mechanisms which might underlay neurogenesis. In-
consistent with the data of the current study, several studies have re-
ported similar spatial learning deficits in animals with impaired insulin
receptors signaling such as in diabetic animal models (Diegues et al.,
2014) and obese animals with impaired insulin receptor signaling
(Liang et al., 2015).

Collectively, the findings showed that adult neurogenesis can be one
possible mechanism by which DBS exerts pro-cognitive effects. On the
other hand, blocking the insulin receptor with pharmacological an-
tagonist, demonstrated that the neurogenic and then pro-cognitive ef-
fects of EC-DBS are at least partly mediated by insulin receptor sig-
naling. Furthermore, GSK3β inhibition might play a major role in the
downstream of insulin receptor signaling in DBS induced neurogenesis.
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