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Abstract
It is well known that the hippocampus is a vital brain region playing a key role in both episodic and spatial memory. Insulin

receptors (InsRs) are densely distributed in the hippocampus and are important for its function. However, the effects of InsRs

on the function of the specific hippocampal cell types remain elusive. In this study, hippocampal InsRs knockout mice had

impaired episodic and spatial memory. GABAergic neurons and glutamatergic neurons in the hippocampus are involved in

the balance between excitatory and inhibitory (E/I) states and participate in the processes of episodic and spatial memory.

InsRs are located mainly at excitatory neurons in the hippocampus, whereas 8.5% of InsRs are glutamic acid decarboxylase

2 (GAD2)::Ai9-positive (GABAergic) neurons. Next, we constructed a transgenic mouse system in which InsR expression

was deleted from GABAergic (glutamate decarboxylase 2::InsRfl/fl, GAD2Cre::InsRfl/fl) or glutamatergic neurons (vesicular glu-

tamate transporter 2::InsRfl/fl,Vglut2Cre::InsRfl/fl). Our results showed that in comparison to the InsRfl/fl mice, both episodic and

spatial memory were lower in GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl. In addition, both GAD2Cre::InsRfl/fl and Vglut2Cre::

InsRfl/fl were associated with more anxiety and lower glucose tolerance. These findings reveal that hippocampal InsRs

might be crucial for episodic and spatial memory through E/I balance hippocampal regulation.
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Introduction
The hippocampus is a crucial region involved in memory, nav-
igation, and cognition (Lisman et al., 2017). It is widely accepted
that the hippocampus is essential for spatial memory processes,
including the representation of environments (Dombeck et al.,
2010) and episodic memory, which involves the ability to
recall specific events (Burgess et al., 2002; Rangel et al.,
2014). Spatial memory refers to the acquisition, storage and
retrieval of information regarding the location of objects, as
well as the recognition of changes in their positions within a
given space (Llana et al., 2022). Episodic memory reflects the
integration of different information recalling past experiences,
such as time, place, and objects (Yonelinas et al., 2019).

Insulin receptors (InsRs) are characterized by high protein
and gene expression in the pyramidal layer of the hippocam-
pus (Havrankova et al., 1978; Marks et al., 1990; Unger et al.,
1989). The structure and function of synapses are the basis of
learning and memory formation (Mansvelder et al., 2019).

Previous studies have shown a strong association among
InsRs, synaptic neuroplasticity, and episodic and spatial
memory (Castellano et al., 2017; Masmudi-Martin et al.,
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2019). Therefore, InsRs might play a role in hippocampal epi-
sodic and spatial memory. However, little is known about the
exact function of the specific cell types of InsRs in the hippo-
campus, particularly regarding their involvement in the pro-
cesses of episodic and spatial memory.

The function of hippocampal network relies on a powerful
excitatory glutamatergic system that is tightly controlled by
inhibitory γ-aminobutyric acidergic (GABAergic) inhibition
(Rombo et al., 2016). Importantly, the balance between excit-
ability (E) and inhibition (I) is the basis of cognitive function
(Mueller-Buehl et al., 2023). Two subtypes of neurons, the
GABAergic and glutamatergic neurons play important roles
in maintaining E/I balance. A healthy E/I balance promotes
hippocampal spatial memory. On the contrary, disruptions
in this balance impair synaptic plasticity and reduce synaptic
number and function, resulting in learning function impair-
ment (Lin et al., 2022; Mossink et al., 2022). Therefore, the
maintenance of E/I balance by both GABAergic neurons
and glutamatergic neurons may be involved in hippocampal
episodic memory and spatial memory.

In this study, based on these considerations, we hypothesized
that InsRs might participate in the formation of episodic and
spatial memory in the hippocampus through regulating E/I
balance. We first specifically knocked out hippocampal InsRs
in the InsRfl/fl mice. Next, the Cre-loxP system was utilized to
selectively delete the InsRs gene from GABAergic or glutama-
tergic neurons in mice (GAD2Cre::InsRfl/fl or Vglut2Cre::InsRfl/

fl) to investigate the effects of InsRs on GABAergic or glutama-
tergic neurons on episodic and spatial memory in mice.

Materials and Methods

Animals
First, C57BL/6 mice and transgenic InsRfl/fl mice of either
gender (weighing 20–35 g and aged 6–8 weeks) were used for
determining the InsRs expression of InsRfl/flmice by comparison
with that of normal C57BL/6 mice. Then, 13 InsRfl/fl mice were
used for exploring the effects of hippocampal knockout of InsRs.
The InsRfl/fl mice were constructed in the Institute of Model
Animals of Nanjing University entrusted by our research
group (Fu et al., 2015). The institute inserted loxP at both
ends of exon 4 of the mouse insulin receptor gene and obtained
homozygous InsRfl/fl after hybridization.

Second, GAD2-IRES-Cre, Vglut2-IRES-Cre mice (pur-
chased from Jackson Laboratory, RRID：IMSR_JAX：
028867, RRID：IMSR_JAX：028863, stock numbers are
019022 and 016963) and B6.Cg-Gt(ROSA)26Sortm9(CAG
−tdTomato)Hze/J mice (Ai9, purchased from Jackson Laboratory,
RRID：IMSR_JAX：007909, stock number is 007909) of
either gender (weighing 20–35 g and aged 8–12weeks) were uti-
lized to study the influence of selective InsRs knockout on glu-
tamatergic or GABAergic neurons.

All mice were housed under a 12 h light/dark cycle with ad
libitum food and water access. Animal care and use strictly

followed institutional guidelines and governmental regula-
tions. All protocols to reduce the suffering of the animal
from the surgical operation were performed in compliance
with the Animal Care and Use Committees’ recommendations
(NO: IACUC-20230079).

Brain Stereotaxic Injection
To specific knockout InsRs in the hippocampus, the InsRfl/fl

mice were injected with recombinant adeno-associated virus
(rAAV)-mediated Cre expression fused with hSyn as pro-
moter of broad-spectrum neurons and enhanced with green
fluorescent protein (rAAV-hSyn-EGFP-CRE) into the bilat-
eral hippocampus. The InsRfl/fl mice received injections
with rAAV-hSyn-EGFP were used as controls (Table 1).

Thirteen InsRfl/fl mice of either gender aged 6–8 weeks were
randomly divided into two groups before the experiment. The
mice were anesthetized by intraperitoneal injection of pentobarbi-
tal sodium (40 mg/kg). After successful anesthesia, the head was
fixed on the brain stereotaxic instrument (RWD Life Science,
Shenzhen, China). According to the brain atlas of mice, the
virus was injected into bilateral hippocampus at two separate
sites for both sides. The injection coordinates were as follows:
bilateral hippocampus: 1.70 mm posterior to bregma, 1.87 mm
lateral from midline, and 1.90 mm below the surface of the
skull; bilateral hippocampus: 2.80 mm posterior to bregma,
3.10 mm lateral from midline, 3.45 mm below the surface of
skull. By connecting the glass microtubule of a 1-μL Hamilton
microsyringe (Hamilton Company, Reno, NV, USA), the glass
microelectrode was loadedwith the virus (0.3 μL) and pushed ver-
tically and slowly to the target area through the foramen of the
skull at a speed of 0.05 μl/min. After the injection of the current
site, the needle was left 15 min in the original position. After
the virus has fully spread, quickly withdraw from the glass micro-
electrode to prevent the virus from leaking along the needle path
as previously reported (Li et al., 2021).

Brain Slice Preparation
After deep anesthesia induced by pentobarbital sodium (40 mg/
kg), mice of either gender for C57BL/6, InsRfl/fl mice, InsRfl/fl,
GAD2Cre::InsRfl/fl, Vglut2Cre::InsRfl/fl mice and GAD2-Cre::
Ai9 mice at an age from 8 to 12 weeks (n=3) were perfused
as described in detail in our previous report (Wu et al., 2023).

During perfusion, 50 mL of 0.01 M phosphate-buffered
saline (PBS, pH 7.4) was used to rinse the blood, followed
by 200 mL of 4% paraformaldehyde in 0.1 M phosphate
buffer (PB, pH 7.4) to fix the tissues. After perfusion, the
brains were removed and placed in the 4% paraformaldehyde
fixed solution for post-fixed 4–6 h. Then the brains were
immersed into 30% sucrose dissolved in 0.1 M PB until
they sunk to the bottom of the containers.

Each brain was cut into 30 μm transverse free-floating sec-
tions and collected sequentially in a 6-well culture plate on a
freezing microtome (Leica CM1950 Cryostat RRID:
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SCR_018061, CM1950; Leica, Wetzlar, Germany). The hip-
pocampal serial sections of all groups were prepared and sub-
jected to immunofluorescence staining, whereas the rest of the
slices were preserved in cryopreservation solution.

Immunofluorescence Staining
The sections prepared for immunofluorescence staining were
blocked with blocking solution (0.3% Triton X-100 and 5%
donkey serum in 0.01 M PBS) for 1 h at room temperature
and then incubated for three days at 4 °C with primary antibod-
ies, including rabbit anti-insulin receptor (Abcam Cat# ab5500,
RRID:AB_2296149, Abcam, 1:200), rabbit anti-CaMKⅡ
(Abcam Cat# ab134041, RRID:AB_2811181, Abcam, 1:600),
mouse anti-synapsin Ιa/b (Santa Cruz Biotechnology Cat#
sc-376623, RRID:AB_11150313, Santa Cruz, 1:50), and
mouse anti-NeuN (Sigma-Aldrich Cat# MAB377, RRID:
AB_2298772, Millipore, 1:500).

After three-fold washing with 0.01 M PBS, the sections were
incubated for one day at 4 °C with secondary antisera, including
Alexa 594 donkey anti-mouse (Thermo Fisher Scientific Cat#
A-21203, RRID:AB_141633, CA, 1:500), Alexa 488 donkey
anti-rabbit (Thermo Fisher Scientific Cat# A-21206, RRID:
AB_2535792, Invitrogen, CA, 1:500), and Alexa 647 donkey
anti-mouse (Thermo Fisher Scientific Cat# A-31571, RRID:
AB_162542, Invitrogen, CA, 1:500).

Finally, the sections were rinsed with PBS three times, mounted
onto clean glass slides, and covered with fluorescent sealing
mixture of 0.05 M PBS containing 50% (v/v) glycerin and 2.5%
(w/v) triethylenediamine (Kou et al., 2013). The slices are observed
and imaged under a confocal microscope (Zeiss LSM 780
Confocal Laser Scanning Microscope RRID:SCR_020922,
Germany). The quantitative statistics of immunofluorescence stain-
ing were examined by ImageJ (RRID:SCR_003070) software.
Quantitative analysis was performed by counting the number of
immunopositive neurons from ten randomly selected three
regions of hippocampus within 10 sections for each group of
mice as specified in our previous publication (Kou et al., 2011).

Western Blotting
After deep anesthesia by pentobarbital sodium, six mice of
either gender in each group (C57BL/6 and InsRfl/fl), aged 6–
8 weeks, were quickly decapitated, and the whole brains
were removed on ice. The brains of the mice were next cut
into two parts (left and right part). The left part was used as
a brain sample for the subsequent detections. The cortex,

cerebellum, and hippocampus were anatomically carefully
dissected from the right half.

Tissues from three C57BL/6 and theree InsRfl/fl mice were
prepared and subjected to Western blotting. RT-qPCR tests
were performed in the other three C57BL/6 and three InsRfl/

fl mice. The hippocampus of the mice in the InsRfl/fl,
GAD2Cre::InsRfl/fl, and Vglut2Cre::InsRfl/fl groups (n= 3)
were harvested by using a previously described protocol
(Van Hoeymissen et al., 2020).

For Western blotting, the freshly removed tissues were lysed
with RIPA lysis buffer (Beyotime Biotechnology Co., Ltd.
P0013B) and PMSF (Beyotime Biotechnology Co., Ltd.
ST2573-5 g, dilution into: 1:100). After full homogenization,
the tissues were centrifuged at 12,000 r/min and 4 °C for
15 min. The supernatant was retained for protein detection and
concentration quantification by a BCA protein quantitative kit
(Beyotime Biotechnology Co., Ltd.) and an FLUOstar Omega
automatic multi-function enzyme labeling instrument (BMG
LABTECH, Germany). The protein was denatured by
SDS-PAGE gel (Bausch Bioengineering Co., Ltd.) electrophore-
sis (Bio-Rad Experion Automated Electrophoresis SystemRRID:
SCR_019691, 164B-5070 Electrophoresis Instrument, Bio-Rad
Co., Ltd.). The upper gel electrophoresis voltage was 80 V and
the time was 40 min; the lower gel electrophoresis voltage was
120 V and the time was 90 min. The constant voltage 100 V
was used for transferring the protein to polyvinylidene fluoride
(PVDF, Millipore, USA) membrane for 90 min.

The PVDF membranes were blocked 5% skim milk at room
temperature for 1 h, followed by overnight incubation with
primary antibodies at 4 °C: rabbit anti α-Tubulin (11H10) anti-
body (Cell Signaling Technology Cat# 2125, RRID:
AB_2619646, Cell Signaling Technology, USA, 1:1000), rabbit
anti InsRβ (4B8) antibody (Cell Signaling Technology Cat#
3025, RRID:AB_2280448, USA, 1:1000), mouse anti-synapsin
Ιa/b antibody (Santa Cruz Biotechnology Cat# sc-376623,
RRID:AB_11150313, Santa Cruz, 1:100). After cleaning with
phosphate buffered saline with Tween 20 (PBST) three times,
the membranes were incubated with the horseradish peroxidase-
labeled second antibody, including goat anti-mouse lgG (H+L)
secondary antibody, HRP (Thermo Fisher Scientific Cat#
31430, RRID:AB_228307, 1:2000), and goat anti-rabbit lgG (H
+L) secondary antibody, HRP (Thermo Fisher Scientific Cat#
31460, RRID:AB_228341, 1:2000) for 1 h at room temperature.
After PBST cleaning, the expressions of target protein were
detected by an OmegaLumC Chemiluminescence Imaging
system (Shanghai Shize Biotechnology Co., Ltd.) and analyzed
the gray value of the band by ImageJ (RRID:SCR_003070)

Table 1. Viral Vectors Used for Anatomical or Behavioral Purposes.

Experimental purposes Viral vectors Target Volume Serotype Serial number

Control rAAV-hSyn-EGFP Bilateral hippocampus 0.3 μl AAV2/9 9-156-K220406

InsR KO rAAV-hSyn-EGFP-CRE Bilateral hippocampus 0.3 μl AAV2/9 9-905-K210501

Note: Viral vectors rAAV-hSyn-EGFP-CRE and rAAV-hSyn-EGFP were provided by Wuhan Brain VTA Co, ltd. KO, knockout.
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software. The relative expression levels of target protein were cal-
culated using tubulin as the reference protein.

RT-qPCR Analysis
The brain, cortex, cerebellum, and hippocampus tissues of
C57BL/6 and InsRfl/fl mice (three in each group of either
gender, aged 6–8 weeks) were harvested and conserved in
enzyme-free EP tube. The total RNA was extracted from the
brain, cortex, cerebellum, and hippocampus of each mouse as
specified in our previous report (Kou et al., 2011). Next, the con-
centrations and purity of RNA were determined (DS-11
Ultra-micro UV-vis spectrophotometer, USA, DeNovix
company). Subsequently, the cDNA reverse transcription was
performed (BioRad T100 Thermal Cycler RRID:SCR_021921,
Bio-Rad, T100, USA). The gene expressions of InsRs were
detected by SYBR Green fluorescence quantitative PCR and
analyzed (Bio-Rad CFX384 Real-Time Detection System
RRID:SCR_018057, Bio-Rad, CFX384 Touch, USA). The
sequences of the primers are presented in Table 2.

Mouse tubulin gene was utilized as the internal reference
gene and the 2−ΔΔCt method was performed for the quantita-
tive PCR detection system as our previous report (Kou et al.,
2011). The relative expression levels of the target gene
mRNA in each sample were calculated.

Behavioral Assays
Mice prepared for behavioral tests were habituated in the
recording chambers for 30 min before the tests. All behavioral
tests were carried out within 8:00 a.m.–12:00 a.m. All behav-
ioral studies were performed under blind conditions.

Open Field Test. Open field test (OFT) was performed follow-
ing the procedure described in the literature (Li et al., 2021).
During the testing period, each mouse was allowed to move
freely in the area (50× 50× 40 cm) for 15 min and video-
taped. An automated analysis system was employed to quan-
tify the total distance traveled, mean speed, distance, and the
time spent in the central zone by each mouse. At the end of
test, the apparatus was cleaned with 75% ethanol before the
next mouse was tested.

Elevated Plus Maze Test. As described in our previous report
(Wu et al., 2023), the elevated plus maze test (EPM) was
made of a white Plexiglas apparatus consisting of two

opposing open arms (30× 5 cm), two opposing closed arms
(30× 5 cm), and a central area (5× 5 cm). The platform was
placed 50 cm above the floor. During the test, each of the
mice were placed alone in the central area of the maze and
explored for 5 min. The time spent in the open arms was
recorded by the automated analysis system. The area was
swabbed with 75% ethanol during the interval time between
each trial.

Novel Object Recognition Test (NOR). The novel object recogni-
tion test (NOR) task evaluates the rodents’ ability to recognize
a novel object in the environment, reflecting episodic memory
ability (Da Cruz et al., 2020).

Briefly, two similar cylinders (A and B) of the identical
volume (4× 4× 5 cm) were fixed at diagonal corner from
the wall for 10 cm. In the training session, each mouse was
allowed to explore the objects for 10 min. After the training,
the mice were returned to their home cages, and the equip-
ment was cleaned with 75% ethanol. After 1 h of the habitu-
ation session, the object (B) was used as an old object and
replaced by a cube with a volume of 4× 4× 4 cm as a new
object (C). Then, the mice were explored for another
10 min. After each test, cleaning and disinfection was per-
formed before tests with the next mouse were initiated.

Morris Water Maze Test. The Morris water maze test (MWM)
test was adopted for the evaluation of spatial cognitive perfor-
mance in the mice. The apparatus utilized and the procedure
of the water maze performed were described earlier (Fan
et al., 2022). The water maze (diameter: 150 cm; height:
60 cm) with four quadrants was filled with warm water
(25 °C) to the level of 1.5 cm over the objective platform.

Mice were trained with four trials daily for four days. For
training, each mouse was put into water randomly in one
quadrant. The latency to the platform was recorded (if the
mouse found the platform within 1 min, it was allowed to
stay on the platform for 5 s and then taken out; if the mouse
could not find the platform within 1 min, it was guided for
learning for 5–10 s). After each mouse finished the training,
it was put into a cage after drying its fur using a suitable tem-
perature of a hot dryer, and left to rest for at least 30 min. On
the fifth day, the platform was removed to allow the mice to
swim freely in the maze for 1 min; the total time spent in
the platform quadrant and the crossing time were recorded.

Intraperitoneal Glucose Tolerance Test
The glucose tolerance of the mice was assessed by intraperi-
toneal glucose tolerance test (IPGTT). Before the test, all mice
were fasted for 16 h. At the baseline, the fasting blood glucose
was recorded. The 20% glucose aqueous solution was injected
intraperitoneally (2 g/kg, body weight) at 0 min. Then the
blood glucose levels were measured (LifeScan, USA) at 15,
30, 90, and 120 min, respectively. The data were recorded
and analyzed.

Table 2. Primer Sequences for RT-qPCR.

Primer Primer sequence (5′-3′)

InsR Upstream GGATGTCCATACCAGGGCAC

Downstream ATGGGCTTCGGGAGAGGAT

Tubulin Upstream GATGACCTCCCAGAACTTGGC

Downstream TTTTCGTCTCTAGCCGCGTG
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Analyses
All behavioral tests, includingOFT, NOR, EPM, andMWM,were
analyzed by the relevant behavioral software (Smartsuper, Spain).

The relevant brain sections were observed by LSM780
laser confocal microscope (ZEISS, Germany) and the
images were collected and analyzed by ImageJ.

All the experimental data were analyzed by Prism 8.0 soft-
ware. The t-test was used to compare the two groups; the
one-way analysis of variance (one-way ANOVA) was used
to compare the three groups; the two-way analysis of variance
(two-way ANOVA) was used to compare the escape latency
of the MWM. The error bars represent standard error of
mean (SEM). p < .05 was considered to indicate a statistically
significant difference, p>.05 was considered to indicate a stat-
istically non-significant difference.

Results

No Difference was Found in the Expression and
Distribution of InsRs Between the InsRfl/fl and C57BL/6
Mice
First, we aimed to determine whether the expression of InsRs
in the brain of InsRfl/fl mice was different from that in the
brain of the C57BL/6 mice. Thus, the whole brain, cortex, cer-
ebellum, and hippocampus were sampled from C57BL/6 and
InsRfl/flmice. Western blotting, immunofluorescence staining,
and RT-qPCR were implemented to detect the protein and
mRNA levels of InsRs and to establish any differences
between the two groups.

Western blotting results showed no significant differences
in the expression levels of the InsRs protein in the whole brain,
cortex, cerebellum, and hippocampus between the C57BL/6 and
InsRfl/fl mice (Figure 1A to C, C57BL/6 vs. InsRfl/fl: brain, p=
.7831; cortex, p= .4989; cerebellum, p= .8338; hippocampus,
p= .9998). Compared with the C57BL/6 mice, there was no sig-
nificant difference in the InsRs mRNA expression (Figure 1A
and D, C57BL/6 vs. InsRfl/fl: brain, p= .9249; cortex, p=
.9958; cerebellum, p= .8948; hippocampus, p= .9294). We
also conducted the double-labeled staining of InsR/NeuN to
observe the distribution of InsR-immunoreactivities in the hippo-
campus. We found that InsR-positive elements were expressed
similarly in the hippocampal areas of the two groups (Figure 1E).

These results indicated that there was no significant differ-
ence in the InsRs expression and distribution between
C57BL/6 mice and InsRfl/fl mice.

Construction of Hippocampal InsRs Knockout Mice
Since the expression of InsR in InsRfl/fl mice are comparable
to the C57BL/6 mice, next we sought to evaluate the relations
between hippocampal InsRs knockout and episodic memory
and spatial memory. The rAAV-hSyn-EGFP-CRE was ster-
eotactically injected into the bilateral hippocampus of InsRfl/

fl mice as hippocampal InsRs knockout, and the injection of
rAAV-hSyn-EGFP in InsRfl/fl mice was used as the control
group (Figure 2A and B). The injection sites are displayed
in Figure 2C.

The knockout efficiency was verified by Western blotting
(Figure 2D). The expression of InsRs decreased significantly in
the hippocampus rAAV-hSyn-EGFP-CRE group (Figure 2D
and E, rAAV-hSyn-EGFP vs. rAAV-hSyn-EGFP-CRE, p=
.0239, n=3). Thus, using stereotaxic approaches, we were able
to significantly reduce the InsRs expression in the hippocampus.

We also employed IPGTT to assess whether the hippocam-
pal knockout of InsRs affected the peripheral glucose toler-
ance. Our results showed no significant difference in the
area under curve, suggesting that peripheral glucose tolerance
was unaffected in the mice with knockout of InsRs in the hip-
pocampus (Figure 2F and G, rAAV-hSyn-EGFP vs.
rAAV-hSyn-EGFP-CRE, area under curve: p= .4400, n= 3).

Behavioral Results of Hippocampal InsRs Knockout
Mice
The Hippocampal InsRs Knockout Mice had Locomotor Ability
and Emotional State Comparable to Those of the Control
Mice. The OFT test was used to evaluate the animals’ locomotor
ability and interests in exploring space (Figure 3). Representative
diagrams of the motion trajectories of the two groups of mice are
displayed in Figure 3B. The results showed no significant differ-
ence in the total distance (cm) and mean speed (cm/s) between the
mice in the rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE
groups (Figure 3C and D), suggesting that the locomotor activity
was comparable.

The distance (cm) and time (s) in the central zone reflect the
degrees to which the mice were interested in exploring space.
The data obtained here indicated that the hippocampal InsRs
knockout mice were normal as those of the controls (Figure 3E
and F, rAAV-hSyn-EGFP vs. rAAV-hSyn-EGFP-CRE, total dis-
tance (cm): p= .9649; mean speed (cm/s): p= .9643; distance in
the central zone (cm): p= .9367; time in the central zone (s): p
= .8330; n=7).

The EPM test was employed to detect the emotional state of the
mice, which was particularly valuable for evaluating anxiety-like
behaviors (Figure 3G). Representative diagrams ofmotion trajecto-
ries of two groups of mice are illustrated in Figure 3H. The results
showed no difference in the percentage of residence time to enter
the open arm or the close arm between the rAAV-hSyn-EGFP and
the rAAV-hSyn-EGFP-CRE groups (Figure 3I and J,
rAAV-hSyn-EGFP vs. rAAV-hSyn-EGFP-CRE, open arm reten-
tion time percentage (%): p= .9001; close-arm retention time per-
centage (%): p= .9001). No difference was observed in the times to
enter the open arm or the close arm between the
rAAV-hSyn-EGFP and the rAAV-hSyn-EGFP-CRE groups
(Figure 3K and L, rAAV-hSyn-EGFP vs. rAAV-hSyn-
EGFP-CRE, open-arm entry times percentage (%): p= .5731;
close arm entry times percentage (%): p= .5731).

Xue et al. 5



No obvious changes in the locomotor ability and emotional
state of the hippocampal InsRs knockout mice were revealed
by the results of the OFT and EPM experiments.

Hippocampal InsRs Knockout Mice Exhibit Impaired Episodic
Memory and Spatial Memory. Further, we sought to evaluate
the episodic memory and spatial memory of the hippocampal
InsRs knockout mice. The NOR test was aimed to observe the
episodic memory ability of mice. The results of the NOR test
showed that the novel object discrimination index (%) of the
rAAV-hSyn-EGFP-CRE group was lower than that of the
rAAV-hSyn-EGFP group (Figure 4A to C, rAAV-hSyn-EGFP
vs. rAAV-hSyn-EGFP-CRE, p= .0093, n=6–7).

The MWM test was used to assess the spatial memory of mice
(Figure 4D). Previous 4-day escape latency (s) results showed that
the rAAV-hSyn-EGFP-CRE group always took longer time to find
the platform location than the rAAV-hSyn-EGFP group
(Figure 4E and F, rAAV-hSyn-EGFP vs. rAAV-hSyn-
EGFP-CRE, 2-day: p= .0421; 3-day: p= .0409, n=6–7). When
the platform was removed, the time of rAAV-hSyn-EGFP-CRE
group staying in the original platform area was less than that of

the rAAV-hSyn-EGFP group (Figure 4G, rAAV-hSyn-EGFP vs.
rAAV-hSyn-EGFP-CRE, p= .0060, n=6–7).

The results of NOR and MWM experiments showed the
deficiency of episodic memory and spatial memory ability
in the hippocampal InsRs knockout mice.

Distribution of CaMKII-Positive Excitatory, GABAergic
Neurons, and InsR-Positive Neurons in the
Hippocampus
To determine the expression of GABAergic or glutamater-
gic neurons in the hippocampus, specimens of the C57BL/
6 mice and GAD2-Cre::Ai9 mice (the tdTomato sequence
was knocked into the specific GAD2 site of GABAergic
neurons, and the mice expressing red fluorescence in
the central nervous system (CNS) were obtained as
GAD2-Cre::Ai9 mice) were subjected to immunofluores-
cence staining.

The GABAergic neurons were observed in the hippo-
campus of mice (Figure 5C). For detecting the

Figure 1. The differences in the InsRs expression between C57BL/6 and InsRfl/fl mice were examined. (A) Schematic diagram of the study

for comparison of InsR expression between C57BL/6 and InsRfl/fl mice. (B) Representative Western blotting and analyses (C) of InsRs

expressions in the brain, cortex, epencephala, hippocampus of C57BL/6 and InsRfl/fl mice (paired t-test, n= 3). (D) RT-qPCR of C57BL/6 and

InsRfl/fl mice (paired t- test, n = 3). (E) Immunofluorescence staining for InsR and NeuN of the hippocampus of C57BL/6 and InsRfl/fl mice.

The values are expressed as mean± SEM. Bar= 20 μm in E.

6 ASN Neuro



distribution pattern of the GAD2-positive GABAergic
neurons in the hippocampus, we carried out immunohis-
tochemistry analysis for GAD2-Cre::Ai9/NeuN/InsR.
The obtained data indicated that GABAergic neurons
were rarely distributed in the hippocampus (Figure 5C
and D, 251/2497, 10.1%).

CaMKII is the most abundant protein in excitatory
neurons and synapses, affecting synaptic plasticity, learn-
ing, and memory (Tao et al., 2021) in the hippocampus.
The double-labeled immunohistochemistry results for
CaMKII/NeuN indicate that glutamatergic neurons are
widely distributed in the hippocampus, which is in accor-
dance with previous report (Figure 5C and D, 1828/
2211, 82.7%).

Immunohistochemistry results demonstrated that InsR/
GABA-positive neurons were account for 8.5% (204/2408) of
InsR-positive neurons in the hippocampus (Figure 5C and D).

Taken together, these results showed that glutamatergic neurons
are highly expressed in the hippocampus than GABAergic neurons
(Figure 5D, the ratios of GABA/NeuN vs. CaMKII/NeuN:
10.1%:82.7%).

The GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl Transgenic
Mice Showed Decreased InsRs Expression, Peripheral
Glucose Tolerance and Hippocampal Synapsin
Reduction
In order to further investigate the roles of InsRs in selective
cell types of neurons in the hippocampus, we constructed
transgenic mice with specific deletion of InsRs on
GABAergic or glutamatergic neurons. In previous research
of our team, we established a reliable homozygous InsRfl/fl

mice through the Cre-loxP system (Fu et al., 2015).
Therefore, in the present study, we hybridized InsRfl/fl mice
with GAD2 or vesicular Vglut2 promoter-driven Cre recom-
binant enzyme to obtain the first generation GAD2Cre+/−::
InsRfl/− or Vglut2Cre+/−::InsRfl/−, to backcross the InsRfl/fl

mice, resulting in homozygous second generation:
GAD2Cre::InsRfl/fl, Vglut2Cre::InsRfl/fl mice or InsRfl/fl for
next investigations (Figure 5A).

The construction efficiency of transgenic mice was verified
by Western blotting (Figure 5E). The results showed that
InsRs in hippocampal GABAergic neurons or glutamatergic

Figure 2. Construction of hippocampal InsRs knockout mice. (A) Schematic diagram of the strategy to knockout InsR in the hippocampus

of InsRfl/fl mice. (B) Schematic diagram showing injection sites of the rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE into bilateral

hippocampus. (C) Representative images of rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE expression in the bilateral hippocampus after

injection for three weeks. (D) Comparison of the InsR expression in the hippocampus of InsRfl/fl mice injected with rAAV-hSyn-EGFP and

rAAV-hSyn-EGFP-CRE in the Western blotting test (paired t-test, n= 3). (E) Analysis of the gray value of the band of InsR from Western

blotting in the hippocampus of InsRfl/fl mice injected with rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE (paired t-test, n= 3). (F) IPGTT curve

of InsRfl/fl mice injected with rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE (two-way ANOVA, n= 3–4). (G) The area under the IPGTT

curve of InsRfl/fl mice injected with rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE (unpaired t-test, n= 3–4). The values are expressed as mean

± SEM, *p< .05. Bar= 1 mm in C.
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Figure 3. Locomotor activities and emotional changes in the OFT and EPM experiments of hippocampal InsR knockout mice. (A)

Schematic diagram of the OFT test. (B) The representative trajectories in the OFT test of the rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE

groups. (C) The total distance (cm), (D) mean speed (cm/s), (E) distance in the central zone (cm), (F) time in the central zone (s) of

rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE groups (paired t-test, n= 7). (G) Schematic diagram of the EPM equipment. (H) The

representative trajectories in the EPM of rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE groups. (I) Open arm retention time percentage (%),

(J) close-arm retention time percentage (%), (K) open-arm entry times percentage (%), (L) close arm entry times percentage (%) of

rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE groups (paired t-test, n= 4). The values are expressed as mean± SEM.
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neurons mice were decreased (Figure 5F, InsRfl/fl vs.
GAD2Cre::InsRfl/fl, p= .034; InsRfl/fl vs. Vglut2Cre::InsRfl/fl,
p= .0007). Moreover, the InsR expression was more obvi-
ously diminished in the Vglut2Cre::InsRfl/fl than that of
GAD2Cre::InsRfl/fl mice (Figure 5F, GAD2Cre::InsRfl/fl vs.
Vglut2Cre::InsRfl/fl, p= .0123, n= 3), indicating that the
InsRs on glutamatergic neurons accounted for higher propor-
tion than GABAergic neurons in the mouse hippocampus.

Next, we aimed to establish whether this transgenic strat-
egy influenced peripheral glucose tolerance. The IPGTT test
results we obtained showed that after glucose injection, the
levels of blood glucose in the GAD2Cre::InsRfl/fl and
Vglut2Cre::InsRfl/fl mice were significantly higher when the
InsRfl/fl group was used as the control group, suggesting
that the GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl mice had
higher glucose levels (Figure 5G and H, 15 min: InsRfl/fl vs.
GAD2Cre::InsRfl/fl, p= .0005; InsRfl/fl vs. Vglut2Cre::InsRfl/fl,
p= .0148; 30 min: InsRfl/fl vs. GAD2Cre::InsRfl/fl, p= .0001;
InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .0486; GAD2Cre::InsRfl/fl

vs. Vglut2Cre::InsRfl/fl, p= .0106, n= 5–8). Furthermore, the
results of the area under the curve showed that the peripheral
glucose tolerance of the GAD2Cre::InsRfl/fl mice was

significantly lower (Figure 5H, InsRfl/fl vs. GAD2Cre::InsRfl/

fl, p= .0039; InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .1944;
GAD2Cre::InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .1900, n= 5–8).

Further, we explored the effects of InsRs reduction on hip-
pocampal synapses. Previous evidence has revealed that the
InsRs deletion specifically downregulates the expression of
the glutamate receptor in synaptosomes from hippocampus,
which is accompanied by multiple metabolic and behavioral
abnormalities (Soto et al., 2019). Therefore, we further exam-
ined the effects of InsRs on hippocampal synapsin expression
in both GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl mice.
Western blotting analysis revealed a decrease in synapsin
expression in the hippocampus (Figure 6A and B, InsRfl/fl

vs. GAD2Cre::InsRfl/fl, p= .0021; InsRfl/fl vs. Vglut2Cre::
InsRfl/fl, p= .0016; GAD2Cre::InsRfl/fl vs. Vglut2Cre::InsRfl/fl,
p= .9616, n= 3). This finding was further confirmed by an
immunofluorescence staining experiment (Figure 6C and
D). Reduced fluorescence intensity of synapsin in the hippo-
campus of the GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl mice
was observed (Figure 6D, InsRfl/fl vs. GAD2Cre::InsRfl/fl,
p= .008; InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .0011;
GAD2Cre::InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .5110, n= 5).

Figure 4. Alternations of the episodic memory and spatial memory ability in the NOR and MWM experiments of hippocampal InsR

knockout mice. (A) Schematic diagram of the novel object recognition (NOR). (B) The NOR representative trajectories of rAAV-hSyn-EGFP

and rAAV-hSyn-EGFP-CRE groups. (C) Novel object recognition discrimination index (%) of rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE

groups (paired t-test, n= 7). (D) Schematic diagram of MWM. (E) The MWM representative trajectories diagrams of rAAV-hSyn-EGFP and

rAAV-hSyn-EGFP-CRE groups during the test period. (F) Escape time (s) of rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE groups during the

training period (two-way ANOVA, n= 7). (G) The total time in the target zone (s) of the rAAV-hSyn-EGFP and rAAV-hSyn-EGFP-CRE

groups during the test period (unpaired t-test, n= 6–7). The values are expressed as mean± SEM, *p< .05, **p< .01.
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Taken together, these results suggested that the decreased
InsRs might influence synapses, which are important for hip-
pocampus function.

Behavioral Results of GAD2Cre::InsRfl/fl and Vglut2Cre::
InsRfl/fl Mice
The GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl Mice had Normal
Locomotor Ability but Decreased Exploratory Behavior and
Increased Anxiety. After the successful construction of the
transgenic mice, OFT and EPM experiments were carried
out. InsRfl/fl mice were used as the control group. The
results of OFT experiments showed no statistical difference
in the comparisons of the InsRfl/fl, GAD2Cre::InsRfl/fl, and

Vglut2Cre::InsRfl/fl mice in the total distance (cm) and mean
speed (cm/s) (Figure 7A to C, total distance (cm): InsRfl/fl vs.
GAD2Cre::InsRfl/fl, p= .0876; InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p
= .0543; GAD2Cre::InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .8913;
mean speed (cm/s): InsRfl/fl vs. GAD2Cre::InsRfl/fl, p= .0899;
InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .0542; GAD2Cre::InsRfl/fl vs.
Vglut2Cre::InsRfl/fl, p= .8850, n= 8–12).

Importantly, the obtained data showed that the distance in
the central zone and the time in the central zone of OFT were
reduced in the GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl

groups, indicating that the mice had anxiety-like and
reduced exploratory behaviors (Figure 7D and E, distance
in the central zone (cm): InsRfl/fl vs. GAD2Cre::InsRfl/fl,
p= .0401; InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .0037;
GAD2Cre::InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .4042; time in

Figure 5. Changes in the specific knockout InsRs on GABAergic or glutamatergic neurons in GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl

transgenic mice, respectively. (A) Construction strategies of GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl mice. (B) Schematic diagram of the

strategy used to compare InsRfl/fl, GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl mice. (C) Immunofluorescence staining of C57BL/6 mice

(CaMKII/NeuN and InsR/NeuN) and immunofluorescence staining of GAD2-Cre::Ai9 mice (GABA/InsR/NeuN). (D) immunofluorescence

staining analyses in the hippocampus of C57BL/6 and GAD2-Cre::Ai9 mice. (E) Western blotting of InsRs expression in the hippocampus of

InsRfl/fl, GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl groups. (F) Western blotting analyses of InsRs expression of InsRfl/fl, GAD2Cre::InsRfl/fl and

Vglut2Cre::InsRfl/fl mice of the hippocampus (one-way ANOVA, n= 3). (G) The blood glucose levels with time in the IPGTT test of InsRfl/fl,

GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl groups (two-way ANOVA, n= 5–8). (H) Area under of IPGTT curve of mice in the InsRfl/fl,

GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl groups (one-way ANOVA, n= 5–8). The values are expressed as mean± SEM, *p< .05，**p< .01,
***p< .001, InsRfl/fl vs. GAD2Cre::InsRfl/fl; #p< .05，##p< .01,###p< .001, InsRfl/fl vs. Vglut2Cre::InsRfl/fl. Bar= 20 μm in C.

10 ASN Neuro



the central zone (s): InsRfl/fl vs. GAD2Cre::InsRfl/fl, p= .0326;
InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .0230; GAD2Cre::InsRfl/fl

vs. Vglut2Cre::InsRfl/fl, p= .9100, n= 8–12).
According to the results of the EPM experiment, there

were notable differences compared with the InsRfl/fl group,
percentage of the residence time in the open arm or the
close arm of GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl, suggest-
ing the anxiety-like behaviors (Figure 7G and H, open arm reten-
tion time percentage (%): InsRfl/fl vs. GAD2Cre::InsRfl/fl, p=
.0009; InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .0091; GAD2Cre::
InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .9050; close-arm retention
time percentage (%): InsRfl/fl vs. GAD2Cre::InsRfl/fl, p= .0025;

InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .0198; GAD2Cre::InsRfl/fl vs.
Vglut2Cre::InsRfl/fl, p= .9138, n= 6–11).

Similarly, the percentage of times to enter the open arm or
the close arm of GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl

groups were prominent differences (Figure 7I and J,
open-arm entry times percentage (%): InsRfl/fl vs.
GAD2Cre::InsRfl/fl, p= .0032; InsRfl/fl vs. Vglut2Cre::InsRfl/fl,
p= .0422; GAD2Cre::InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p=
.6689; close arm entry time percentage (%): InsRfl/fl vs.
GAD2Cre::InsRfl/fl, p= .0032; InsRfl/fl vs. Vglut2Cre::InsRfl/fl,
p= .0422; GAD2Cre::InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p=
.6689, n= 6–11).

Figure 6. Changes in the hippocampal synapsin expression in the GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl transgenic mice, respectively. (A)

Western blotting results of synapsin Ιa/b expression in the hippocampus of InsRfl/fl, GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl groups. (B)

Analyses of the synapsin expression in the hippocampus of InsRfl/fl, GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl groups (one-way ANOVA, n= 3).

(C) Immunofluorescence staining for Synapsin Ιa/b and InsR in the InsRfl/fl, GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl mice. (D) Analyses of the

fluorescence intensity of Synapsin Ιa/b in the hippocampus of InsRfl/fl, GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl mice (one-way ANOVA, n=
3). The values are expressed as mean± SEM, *p< .05，**p< .01, ***p< .001, InsRfl/fl vs. GAD2Cre::InsRfl/fl; #p< .05，##p< .01,###p< .001,
InsRfl/fl vs. Vglut2Cre::InsRfl/fl. Bar= 50 μm in C.
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Figure 7. Locomotor activities and emotional changes in the OFT and EPM tests of GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl mice. (A) The

OFT representative trajectories of the InsRfl/fl, GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl groups (one-way ANOVA, n= 8–12). (B) The total

distance (cm), (C) mean speed (cm/s), (D) distance in the central zone (cm), (E) time in the central zone (s) of InsRfl/fl, GAD2Cre::InsRfl/fl and

Vglut2Cre::InsRfl/fl groups. (F) The EPM representative trajectories of InsRfl/fl, GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl groups (one-way

ANOVA, n= 6–11). (G) The open arm retention time percentage (%), (H) close-arm retention time percentage (%), (I) open-arm entry

times percentage (%), (J) close-arm entry times percentage (%) of InsRfl/fl, GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl groups. The values are

expressed as mean± SEM, *p< .05，**p< .01, ***p< .001, InsRfl/fl vs. GAD2Cre::InsRfl/fl; #p< .05，##p< .01,###p< .001, InsRfl/fl vs.
Vglut2Cre::InsRfl/fl.
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Taken together, the results of OFT and EPM experiments
revealed that the specific deletion of InsRs on the
GABAergic or glutamatergic neurons of transgenic mice did
not affect their locomotor performance but led to decreased
exploratory behaviors and increased anxiety.

The GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl Mice had Impaired
Episodic and Spatial Memory. In the NOR tests, results indi-
cated that the novel object discrimination index (%) of
GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl significantly less-
ened (Figure 8A and B, InsRfl/fl vs. GAD2Cre::InsRfl/fl, p=
.01; InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .0004; GAD2Cre::
InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .2326, n= 6–7).

The escape latency (s) of the first 4-day period of the MWM
showed that the mice needed a longer time to find the plat-
form position for the GAD2Cre::InsRfl/fl and Vglut2Cre::
InsRfl/fl mice (Figure 8C and D, 3-day: InsRfl/fl vs.
GAD2Cre::InsRfl/fl, p= .0033; InsRfl/fl vs. Vglut2Cre::
InsRfl/fl, p= .1141; 4-day: InsRfl/fl vs. GAD2Cre::InsRfl/fl,
p= .0099; InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p= .0413, n=
5–7). After the platform was removed on the test day,
the time of both GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/

fl in the target area were significantly shorter than that of

the control group (Figure 8E, InsRfl/fl vs. GAD2Cre::
InsRfl/fl, p= .0152; InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p=
.0441; GAD2Cre::InsRfl/fl vs. Vglut2Cre::InsRfl/fl, p=
.09508, n= 5–7).

Therefore, the behavioral results from both NOR and MWM
tests indicated that the abilities of episodic memory and spatial
memory were impaired in the transgenic mice with specific dele-
tions of InsR on GABAergic neurons or glutamatergic neurons.

Discussion

Hippocampal InsRs Knockout Might Affect Mainly the
Hippocampal Episodic and Spatial Memory
InsR is widely expressed in neurons in the hippocampus and
have been shown to play a crucial role in the function of hip-
pocampus (Hari Dass et al., 2019). In order to explore the spe-
cific role of InsRs in the hippocampus, we first established a
mouse model of hippocampal InsRs knockout and assessed
the performance in behavioral tests.

We found that knockout InsRs expression in the hippo-
campus resulted in impaired episodic and spatial memory.
However, the OFT and EPM experiments showed that

Figure 8. Alternations in the NOR and MWM experiments of GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl mice. (A) The NOR representative

trajectories of InsRfl/fl, GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl groups. (B) The novel object discrimination index (%) of InsRfl/fl, GAD2Cre::

InsRfl/fl and Vglut2Cre::InsRfl/fl groups (one-way ANOVA, n= 6–7). (C) The MWM representative trajectories of InsRfl/fl, GAD2Cre::InsRfl/fl

and Vglut2Cre::InsRfl/fl groups during the test period. (D) The escape time (s) of the InsRfl/fl, GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl groups

during the training period (two-way ANOVA, n= 5–7). (E) The total time in the target zone (s) during the test period in the InsRfl/fl,

GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl groups (one-way ANOVA, n= 5–7). The values are expressed as mean± SEM, *p< .05，**p< .01,
***p< .001, InsRfl/fl vs. GAD2Cre::InsRfl/fl; #p< .05，##p< .01,###p< .001, InsRfl/fl vs. Vglut2Cre::InsRfl/fl.
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hippocampal InsRs knockout mice did not exhibit anxiety and
reduced exploratory behaviors. These results indicate that hip-
pocampal InsRs play an important role mainly in episodic and
spatial memory.

InsRs on GABAergic Neurons and Glutamatergic
Neurons Might be Involved in the Episodic and Spatial
Memory in the Hippocampus Through E/I Balance
An earlier study has shown that excitatory glutamatergic
neurons are widely distributed in the hippocampus (Di
Maio, 2021). The initiation of memory coding and the forma-
tion of learning and memory acts through the long-term
enhancement of glutamatergic transmission (Cervera-Ferri
et al., 2012). In a recent study, after targeted deletion of
InsRs from the hippocampus of mice, the learning and
memory-related impaired behaviors were combined with
decreased expression of the excitatory glutamate receptor in
the hippocampus (Soto et al., 2019). Interestingly, our
results revealed that the knockout of InsRs in the glutamater-
gic neurons of Vglut2Cre::InsRfl/fl mice led to significant defi-
ciencies in episodic and spatial memory. Based on the above
results, it can be speculated that InsRs on glutamatergic
neurons may be involved in regulating episodic and spatial
memory in the hippocampus.

Notably, glutamatergic neurons in the hippocampus are
outnumbered by GABAergic neurons (Pelkey et al., 2017).
Despite their lower quantity, GABAergic neurons are essen-
tial in regulating local inhibition and E/I balance maintenance
(Bhattacharya et al., 2022). Moreover, GABAergic inhibition
is an important regulator of learning and memory potentiation
(Davies et al., 1991), particularly in the hippocampus, where
GABAergic neurons are also thought to encode spatial

information (Wilent & Nitz, 2007). In the present study,
GABAergic neurons represented only 19% of the neurons
in the hippocampus, which is consistent with previous
reports (Kepecs & Fishell, 2014). However, the behavioral
results showed that GAD2Cre::InsRfl/flmice exhibited a signif-
icant decline in episodic memory and spatial memory as
Vglut2Cre::InsRfl/fl, indicating that InsRs knockout on
GABAergic neurons affected episodic and spatial memory.

Another important feature of hippocampal neural networks
is the synaptic plasticity of neurons, which is the basis of
memory-related processes in the hippocampus (Neves et al.,
2008). InsRs present on the dendrites, soma, and axons of
the hippocampal pyramidal cells could directly influence the
synaptic plasticity and neurotransmitter release (Fetterly
et al., 2021). For example, InsRs on GABAergic neurons
can modify the GABA release and contribute to the regulation
of hippocampal network (Hammoud et al., 2021). Our results
showed that the expressions of synapsin of the hippocampus
of GAD2Cre::InsRfl/fl and Vglut2Cre::InsRfl/fl mice decreased,
suggesting that InsR deletions might affect the morphology
and function of synapses. Nevertheless, further research is
needed to clarify the precise mechanism in details.

The E/I balance is an important part of synaptic plasticity
homeostasis. Studies have shown that the imbalance of E/I
led to the defect in neurotransmitter release, postsynaptic
receptors, and complexity of neural activity (Park et al.,
2023). InsRs and downstream signaling pathway can directly
participate in the regulation of glutamatergic neurons and
GABAegic neurons. E/I balance was found to be disturbed
in autism spectrum disorder (ASD) patients (Rubenstein &
Merzenich, 2003). Interestingly, the potential mechanism
of positive effect in ASD patients is the normalization of
E/I balance by enhancing the InsRs signaling pathway
(Lo & Erzurumlu, 2018).

Table 3. Summary of the Comparisions Among Different Group in InsRs Expression and Behavioral Results.

Analysis C57BL/6 InsRfl/fl

InsRfl/fl

InsRfl/fl (Ctrl) GAD2Cre::InsRfl/fl Vglut2Cre::InsRfl/flrAAV-hSyn- EGFP rAAV-hSyn-EGFP-CRE

WB—InsR-β – – – ↓ – ↓ ↓
WB—Synapsin Ιa/b – ↓ ↓
RT-qPCR—InsR – –

Immunofluorescence

staining—InsR

– –

Immunofluorescence

staining—Synapsin Ιa/b
– ↓ ↓

EPM – – – ↓ ↓
OFT-TD – – – – –

OFT-MS – – – – –

OFT-DICZ – – – ↓ ↓
OFT-TICZ – – – ↓ ↓
NOR – ↓ – ↓ ↓
IPGTT – – – ↑ ↑
MWM – ↓ – ↓ ↓

Note: “–”, no significant difference between groups. “↓”, significant decreased between groups. “↑”, significant increased between groups. Control, total

distance, mean speed, distance in central zone and time in central zone are abbreviated as Ctrl, TD，MS，DICZ，TICZ, respectively.
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Our results revealed that InsRs is distributed mainly in
excitatory neurons, although it could also be observed in
GABAergic neurons. Both GADCre:: InsRfl/fl and Vglut2::
InsRfl/flmice exhibited impaired episodic and spatial memory.

Therefore, InsRs might play an important role in both excit-
atory neurons and inhibitory neurons. The loss of InsRs on
either GABAergic or glutamatergic neurons cannot ensure the
preservation of episodic and spatial memory in the hippocampus.
Both InsRs on the GABAergic neurons and glutamatergic
neurons might be necessary for maintaining hippocampal episodic
memory and spatial memory function by regulating E/I balance.
Therefore, InsRs deficiency on either GABAergic or glutamater-
gic neurons might damage E/I balance, leading to impaired synap-
tic plasticity and network dynamics. Nonetheless, further research
is required to clarify the exact mechanism of action.

Taken together, InsRs might play a vital role in maintain-
ing the E/I balance in the hippocampal circuit by regulating
the activity and interactions of GABAergic and glutamatergic
neurons.

Effects of Deleting InsRs From GABAergic or
Glutamatergic Neurons on Emotional State and
Peripheral Glucose Metabolism
Interestingly, the deletion of InsRs from glutamatergic or
GABAergic neurons seemed not to affect the locomotor
ability of mice. However, there were statistical differences
in the changes of animal anxiety-like and exploratory behav-
iors in the OFT and EPM experiments in both GAD2Cre::
InsRfl/fl and Vglut2Cre::InsRfl/fl mice.

Comparing with hippocampal knockout InsRs mice, there
was no significant anxiety-like and decreased exploratory
behaviors, suggesting that the behavioral changes of specific
hippocampal InsR knockout in InsRfl/fl mice were not fully
consistent with the subtype-specific neuronal InsR deletions
in GADCre:: InsRfl/fl or Vglut2::InsRfl/fl mice. This might be
explained by the InsRs expressions in different regions. The
results of a previous study also showed the widespread local-
ization of InsRs in the hypothalamus (Grillo et al., 2011).
These authors established that the downregulation of hypotha-
lamic InsRs expression increased the anxiety-like behavior in
rodents.

In the exploration of hippocampal InsR knockout, we injected
rAAV-hSyn-EGFP-CRE to specifically delete the InsR in the
hippocampus of the InsRfl/fl mice. Therefore, the changes in
the results of the behavioral tests should be attributed to the dele-
tions of InsRs in the hippocampus alone. However, in the
GADCre:: InsRfl/fl and Vglut2::InsRfl/fl mice, except for hippo-
campal InsRs, other brain or spinal regions where GABAergic
or glutamatergic neurons co-expressed with InsRs might also
be influenced by knockout. In the present study, we focused
mainly on investigations of the roles of InsRs in the hippocam-
pus. As can be seen in Figures 4 and 8, in both the
rAAV-hSyn-EGFP-CRE group and the GADCre:: InsRfl/fl

group, Vglut2::InsRfl/fl mice had impaired episodic and spatial
memory in our NOR and MWM tests.

In the IPGTT experiment, after the administration of a
glucose injection, the glucose levels in the GAD2Cre::InsRfl/

fl and Vglut2Cre::InsRfl/fl mice were higher than those in the
InsRfl/fl mice. However, we did not observe a significant dif-
ference in the IPGTT results in mice with hippocampal InsRs
knockout. This result suggests that the hippocampal specific
downregulation of InsRs may not have an impact on periph-
eral glucose metabolism.

It is important to note that InsRs are widely distributed
throughout the CNS and peripheral nervous system, especially
in areas closely related to metabolism, such as the hypothalamic
paraventricular nucleus (PVN) and the arcuate nucleus
(Cassaglia et al., 2011; Chen et al., 2022). Earlier research has
established the involvement of the hypothalamus in glucose
metabolism; inhibitory GABAergic antagonists or excitability
glutamatergic agonists in the PVN have been shown to induce
hyperglycemia (Kalsbeek et al., 2008). Therefore, the differences
between GAD2Cre::InsRfl/fl, Vglut2Cre::InsRfl/fl mice, and hippo-
campal InsRs knockout mice in the IPGTT tests may be attrib-
uted to the fact that, InsR/GABA or InsR/Vglut2 co-expressed
neurons are distributed not only in the hippocampus, but also
in other areas related to glucose metabolism, which are involved
in the regulation of peripheral blood glucose levels in GAD2Cre::
InsRfl/fl and Vglut2Cre::InsRfl/fl mice.

While the present study has only suggested the role of InsRs
in the hippocampal function, it is important to note that insulin
may also act through the insulin-like growth factor receptor 1
(IGFR1) system in the hippocampus. Therefore, the underlying
mechanism needs to be further studied.

Conclusions
The results of the present work showed that InsRs in the hip-
pocampus are particularly important for episodic and spatial
memory in mice. Furthermore, we also further investigated
the effects of deficiency of InsRs on either GABAergic or glu-
tamatergic neurons, leading to the E/I imbalance and impair-
ments in episodic and spatial memory in the hippocampus. In
addition, the absence of InsRs on GABAergic or glutamater-
gic neurons might result in emotional changes and increased
peripheral glucose tolerance (Table 3).
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