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Abstract

Brain insulin resistance is a major factor leading to impaired cognitive function and it is considered at the
onset of Alzheimer’s disease. Insulin resistance is intimately linked to inflammatory conditions, many
studies have revealed how pro-inflammatory cytokines lead to insulin resistance, by inhibiting IRS1
function. Thus, the dysfunction of insulin signaling is concomitant with inflammatory biomarkers.
However, the specific effect of IRS1 impaired function in otherwise healthy brain has not been dissected
out. So, we decided in our study, to study the specific role of IRS1 in the hippocampus, in the absence of
comorbidities. To that end, sShRNA against rat and human IRS1 was designed and tested in cultured HEK
cells to evaluate mRNA levels and specificity. The best candidate sequence was encapsulated in an AAV
vector (strain DJ8) under the control of the cytomegalovirus promoter and together with the green
fluorescent protein gene as a reporter. AAV-CMV-shIRS1-EGFP and control AAV-CMV-EGFP were
inoculated into the dorsal hippocampus of females and males' Wistar rats. One month later, animals
undertook a battery of behavioral paradigms evaluating spatial and social memory and anxiety. Our
results suggest that females displayed increased susceptibility to AAV-shIRS1 in the novel recognition
object paradigm; whereas both females and males show impaired performance in the T-maze when
infected with AAV-shIRS1 compared to control. Anxiety parameters were not affected by AAV-shiRS1
infection. We observed specific fluorescence within the hilum of the dentate gyrus, in immuno-
characterized parvalbumin and somatostatin neurons. AAV DJ8 did not enter astrocytes. Intense green
fibers were found in the fornix, mammillary bodies, and in the medial septum indicating that hippocampal
efferent had been efficiently targeted by the AAV DJ8 infection. We observed that AAV-shIRS1 reduced
significantly synaptophysin labeling in hippocampal-septal projections compared to controls. These
results support that, small alterations in the insulin/IGF1 pathway in specific hippocampal circuitries can
underlie alterations in synaptic plasticity and affect behavior, in the absence of inflammatory conditions

Keywords: Insulin resistance; IRS2; hippocampal dentate gyrus; social memory; synaptophysin;
immunofluorescence; synaptic plasticity.
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Introduction

Insulin and IGF1 actions are mediated by the insulin and IGF1 receptors that can activate similar
signaling pathways with pleiotropic actions in mammals. In the brain, both peptides have been shown to
modulate cognitive function (Al-Delaimy et al. 2009; Cholerton et al. 2013). The signaling cascades
elicited by insulin and IGF1 are almost identical and both mediated by the scaffolding proteins, the
insulin receptor substrates (IRS) (Kleinridders et al. 2014; Bedse et al. 2015). There are four IRSs known
isoforms, being the IRS1 and IRS2 the most abundant and studied, up to date (Bedse et al. 2015). In spite
the fact that both, IRS1 and 2 have been shown to mediate insulin and IGF1 effects, some reports reveal
that these isoforms may modulate different signaling cascades in the liver and skeletal muscle tissues
(Long et al. 2011; Eckstein et al. 2017). Also, studies using knockout mice suggest that IRS1 and IRS2
modulate different physiological processes (Shirakami et al. 2002; Dong et al. 2006; Guo et al. 2009;
Long et al. 2011; Costello et al. 2012). However, these differences have not been fully established within
the central nervous system, and some paradoxical results indicate that whereas brain insulin resistance is
mediated by dysfunctional IRS1 (Yarchoan et al. 2014) in other systems the reduction of the IGF1/IRS2
pathway is suggestive of a neuroprotective role (Freude et al. 2009; Sadagurski et al. 2011). In optimal
conditions, both IRSs are considered equally activated by the insulin and the IGF1 receptors tyrosine
kinase activity. Once these scaffolding proteins are phosphorylated in Tyr residues, they activate
downstream signaling cascades, ie the PI3K/Akt pathway, Ras/ERK; and soluble tyrosine kinases from
the Fyn family (Rondinone et al. 1997; Yamada et al. 1997; Hanke and Mann 2009; Whelan et al. 2010;
Costa et al. 2012; Hemmings and Restuccia 2012; Machado-Neto et al. 2018). Several physio-
pathological conditions induce resistance to insulin and IGF1. Among others, neuroinflammation feed-
forward inhibition induces IRS1 phosphorylation in serine residues by cytokines like IKKp and JNK. In
hyperinsulinemia, feed-back inhibition via mTOR also phosphorylates IRS1 in Ser residues (Pederson et
al. 2001; Aguirre et al. 2002; Copps and White 2012). Interestingly, both chronic insulin and IGF1
resistance in the brain are associated with the occurrence of Alzheimer's disease (AD) (Moloney et al.
2010; Dineley et al. 2014). Furthermore, reduced responses to IR-IRS1 and IGF1R-IRS2 linked to PI3
kinase (Talbot et al. 2012) have been found in postmortem analysis in AD patients, compared to controls.

The specific and differential role of IRS1 or IRS2 isoforms in distinct brain networks, isolated from other
comorbidities, such as chronic inflammation or AD linked genetic mutations, has not been fully
established. Whether insulin resistance is a primary cause of cognitive dysfunction or it is a consequence
of inflammatory conditions remains elusive. Thus, we aimed to understand the specific role of IRS1 in the
adult healthy brain, in the absence of any other peripheral or central comorbidities. To that end, we made
use of AAV expressing ShRNA targeting IRS1 into the dorsal hippocampus of female and male rats. A rat
model has been extensively used to study brain function with well-accepted methods of behavioral
evaluation. We evaluated the IRS1 silencing effect in specific hippocampal circuitries involved in spatial
memory and the synaptic plasticity of infected neurons. We report for the first time that, downregulation
of IRS1 in dentate gyrus hilar Parvalbumin and Somatostatin neurons impair spatial but not social
memory. In addition, our results suggest that female rats may be more susceptible to brain insulin
resistance than males, which may contribute to explain sex differences in the prevalence of
neurodegenerative diseases.

2. Materials and methods
Design and generation of sShRNA constructs.

Several sequences specifically targeting IRS1 were designed using the provided software on the
Invitrogen webpage (https://rnaidesigner.thermofisher.com/ rnaiexpress/); parameters were modified to fit
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destination plasmid for shRNA cloning (pSM155). Best shIRS1 candidates were synthesized
(ThermoFisher Scientific®). Two shRNA constructs were cloned following the protocol described (Du et
al. 2006). The sequences of the oligonucleotides used in this study were as follows:

sh-1RS1A

Top
5 TGCTGGCAGGCACCATCTCAACAATCGTTTTGGCCACTGACTGACGATTGTTGAGATGGT
GCCTGC 3°

Bottom
5"CCTGGCAGGCACCATCTCAACAATCGTCAGTCAGTGGCCAAAACGATTGTTGAGATGGT
GCCTGCC 37

sh-1RS1B

Top
5 TGCTGGCCTGGAGTATTATGAGAACGGTTTTGGCCACTGACTGACCGTTCTCATAATACT
CCAGGC 3

Bottom
5'CCTGGCCTGGAGTATTATGAGAACGGTCAGTCAGTGGCCAAAACCGTTCTCATAATACTC
CAGGCC3

Construction and purification of recombinant AAV-CMV-shIRS1A-EGFP

In order to generate the expression cassette, a PCR (Supreme NZYProof DNA polymerase, NZYtech,
Lisbon, Portugal) targeting the shIRS1 and the EGFP was performed. Primers were designed with the
Clal and Hindlll restriction sites. The PCR product was cloned into pJET 1.2 according to the
manufacturer's instructions (CloneJET PCR Cloning Kit; ThermoFisher Scientific®, MA, USA). Insert
was cloned by Clal/Hindlll enzyme restriction from the pJET 1.2 constructs and subcloned into the
destination vector pAAV-CMV-GFP (Cell Biolabs INC, CA, USA) by ligation (T4 DNA Ligase; Takara
Bio INC, Kyoto, Japan) overnight. Ligation was transformed into Endura™ competent cells (Lucigen, WI,
USA), and positive colonies evaluated by Mscl and/or EcoRV enzyme digestion. Finally, sequencing
confirmed the absence of point mutations (Servicio Central Soporte Investigacion Experimental (SCSIE)
from the University of Valencia). pAAV-CMV-shIRS1A-EGFP was co-transfected with pHelper and
pAAV2-Dj/8 (Cell Biolabs, INC.) into packaging HEK293 cells to produce recombinant AAV2/DJ8-
CMV-shIRS1A-EGFP. The resulting viral particle was purified by the iodixanol method as described in
Addgene protocols for AAV production and purification. Cell lines were purchased from Cell Biolabs,
INC, and were free from mycoplasma.

Animals and surgical procedures

Female and male Wistar rats (Janvier Labs, Saint-Berthevin, France) between 250 and 5509 were kept at
the animal facility of the University Jaume 1. The procedures followed the directive 86/609/EEC of the
European Community on the protection of animals used for scientific purposes. The experiments were
approved by the Ethics Committee of the University Jaume |I. (scientific procedure
2019/VSC/PEA/0143). The animals were maintained on a 12 h light cycle and provided with food and
water ad libitum. Animals were caged in pairs to reduce single caging -induced stress. Surgeries were
done over one week, approx. 4 surgeries a day. Female and male cohorts were done in different phases to
avoid confounding results.



For surgical procedures rats were first deeply anesthetized with ketamine (Ketamidor 50 mg/kg i.p.;
Merial Laboratories SA, Barcelona, Spain) and xylazine (Xilagesic 10 mg/kg i.p.; Lab Calier, Barcelona,
Spain). Stereotaxic coordinates used to infuse the viral particle into the dorsal hippocampus bilaterally
were AP -4.36 mm, tML 2.5 mm, DV -2.5 mm from bregma (Paxinos and Watson 2013). Bilateral
injections were performed; 2uL of either AAV/DJ8-CMV-EGFP (4.94E+11 GC/mL) or AAV/DJ8-CMV-
shIRS1-EGFP (1.02E+11 GC/mL) per hemisphere. Animals were randomly divided into AAV control
AAV shrIRS1 groups and code labeled by an independent researcher. We used 7-8 rats per group and
gender. This group size has been chosen based on our previous experience and the literature. Animal
welfare was monitored although the procedure according to Ethical committee rules. Table and graph
showing the subject's weight before the surgery and one month later, before behavior tests are shown in
supplementary table S2.

Behavioral procedures

In all the procedures rats were habituated to the testing room two days before performing the behavior
paradigm. Animals were recorded using a video tracking system (Smart 2.5.19, Panlab, Barcelona,
Spain). Behavioral tests were conducted during the day, with a dim light. The researcher was blind to the
group's condition. All animals performed these tests.

Open Field; Rats were placed in the open field facing one of the walls and allowed to freely explore the
arena for 10 min. The latency (time) to cross for the first time the center quadrants with all four legs was
guantified.

Novel Object Recognition (NOR); NOR experiment was conducted as described previously (Sanchez-
Sarasua et al. 2016). Briefly, rats were habituated to the experimental box before the test day. In the test
day, the subjects were left to explore two identical objects, for 3 minutes (familiarization phase). After 1h
interval, the rats were back to the arene, and allowed to explore one of the previous objects (familiar) and
a novel object for 3 min (test phase). "Exploration” is defined as time spent sniffing the object closer than
4 cm, or touching it with the head oriented towards the object. Climbing over the object or running around
it was not considered exploration. Data were expressed as the discrimination Index (DI), defined as the
time spent in the novel object, minus time spent in familiar one, divided by total time exploring. Thus, DI
=0 means the animal spends equal time exploring both objects. DI=1 or DI= -1 would mean that the
subject spends total time exploring the novel or the familiar, respectively.

T-maze; The T-maze test was performed as described by Sanchez-Sarasua et al. 2016. Briefly, the animal
is placed in the starting position, and left to explore for 5 min, with access to two of the three arms
(familiarization phase). The rats were then returned to the home cage for a 2-h inter-trial interval and then
placed back in the starting position, but now with access to all three arms for 5 min (test phase). The arm
that was closed during the familiarization phase is considered the “novel” arm, the arm visited during the
familiarization phase, is considered the “familiar” arm. Data expressed as the DI, as above.

Forced Swim Test; The forced swim test (FST) apparatus consisted of a Plexiglass cylinder with
translucent walls (30 cm in diameter and 50 cm high). The cylinder was filled with tap water at 23 £ 1 °C
and the water depth was adjusted so the rat cannot touch the bottom of the container. In the first session
(pre-test phase), the rats were placed in the water-filled cylinder for 15 min. Twenty-four hours later (test
phase), each rat was returned to the FST apparatus for 5 min (Yankelevitch-Yahav et al. 2015). Once each
session was finished, the animals were placed in a drying cage with a heating pad under it and constant
temperature that did not exceed 37 °C. Both days, the cylinder was placed at the same position in the
room and the water was changed after every test to avoid any influence on the next rat. Three parameters
were measured: "Immobile” was considered when the rat was floating without any movement,



"Climbing" when the limbs were moved quickly breaking the surface of the water, "Swimming" when the
rat moved the limbs in a paddling way.

Immunofluorescence

Immunofluorescence was performed as described previously (Ribes-Navarro et al. 2019). Briefly,
randomly chosen rats were anesthetized and transcardially perfused with saline (0.9% NaCl) followed by
fixative (4% paraformaldehyde in 0.1 M PB, pH 7.4). The other half of the brains were frozen for
biochemical analysis. However, given the specificity of the AAV infection, considering that the
surrounding neurons do express mMRNA IRS1 we did not perform biochemical analysis.

After perfusion, the brains were removed, postfixed overnight and cryoprotected in 30 % sucrose in 0.01
M PBS pH 7.4 for 3 days. The brains were cut in rostrocaudal direction (40 pum) using a sliding
microtome Leica SM2010R (Leica Microsystems, Heidelberg, Germany). The following primary
antibodies were used: goat anti-ChAT (MERCK Millipore, Darmstadt Germany; 1:700); mouse anti-
calbindin (CB) (Swant, Marly, Switzerland; 1:3,000); rabbit anti-calretinin (CR) (Swant; 1:2,000); rabbit
anti-parvalbumin (PV) (Swant; 1:5,000); mouse anti-somatostatin (SOM) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA; 1:50); mouse anti-synaptophysin (Sigma-Aldrich, St Louis, MO, USA; 1:100);
mouse anti-Glial Fibrillary Acidic Protein (GFAP) (Sigma-Aldrich, St Louis, MO, USA,; 1:100); rabbit
anti-IRS1 (Novus Biologicals, Abingdon, UK; 1:100). After overnight incubation, AAV-infected sections
were rinsed and incubated for 2 h at RT with donkey anti-mouse Cy3, donkey anti-goat Cy3, and goat
anti-rabbit Cy3 secondary antibodies (Jackson Immunoresearch, Suffolk, UK). Finally, sections were
mounted on slides and coverslipped using Fluoromount-G mounting medium (Invitrogen, California,
USA). For descriptive immunofluorescence, three animals per condition were done, and one example is
shown in results. For IRS1+EGFP dual-labeling quantifications female rats 3 controls and 4 shIRS1 and
male rats 7 controls and 7 shIRS1 were used and 2 dentate gyri per animal. For CR+AAV, PV+AAV, and
SOM+AAYV dual-labeling quantifications female rats 4 shIRS1 and male rats 7 shIRS1 were used and 1
dentate gyrus per animal. For synaptophysin quantifications female rats 3 controls and 4 shiIRS1 were
used and 10 different axonal fibers per animal.

Imaging and analysis

Fluorescence images were taken with a confocal scan unit with a module TCS SP8 equipped with argon
and helio-neon laser beams attached to a Leica DMi8 inverted microscope (Leica Microsystems).
Excitation and emission wavelengths for Cy3 were 433 and 560-618 nm respectively; Alexa488-labeled
excitation wavelength was 488 nm and its emission at 510-570 nm. Serial 0.2 um scans were obtained in
the Z-plane.

For the quantification of dual-labeling, we used a 20x lens. Image J software combined with loci. tools
plugin (BIO-FORMATS, University of Wisconsin-Madison) was used to count the number of positively
labeled cells in 20-32 Z-plane sections from control and shIRS1 groups of both females and males. For
IRS1+EGFP dual-labeling quantifications, data were expressed as the percentage of double-labeled
neurons (IRS1+AAV), divided by the total number of AAV-positive neurons. 3 AAV controls and 4
AAYV shIRS1 females and 7 AAV controls and 7 shIRS1 males were analyzed by a researcher blind to the
condition (2 dentate gyri per animal). For CR+EGFP, PV+EGFP, and SOM+EGFP dual-labeling
quantifications, data were expressed as the percentage of double-labeled neurons (neuronal marker +
EGFP), divided by the total number of neuronal marker-positive cells. 4 AAV shIRS1 females and 7
AAV shlIRS1 males were analyzed by a researcher blind to the condition (1 dentate gyrus per animal).

For quantification of synaptophysin signal in AAV infected neurons, we used a 63x lens. Image J
software combined with loci. tools plugin was used to count the number of synaptophysin points



(minimum 3 pixels were considered) in one AAV-positive fiber in 10-15 Z-plane sections from control
and shIRS1 groups. Three AAV controls and four AAV shIRS1 female animals, 10 different axons per
animal were analyzed by a researcher blind to the condition. Data is calculated as the number of
synaptophysin positive signals on the AAV-infected fiber, normalized to the area of the fiber.

The experimental outcomes from these procedures were, IRS1 mRNA expression, done in transfected
cells. Behavioral changes in rats inoculated with the virus. And postmortem analysis of AAV tracing,
colocalization quantification studies, and synaptophysin quantification.

Statistical analysis

The analysis was carried out with Graph Pad software (GraphPad Prism V8 software, GraphPad, La Jolla,
CA, USA). Data reported as the mean + SEM and the “n” the number of independent subjects. Data were
subjected to Kolomogorov-Smirnov test for Gaussian distribution. If normality was confirmed, one-tailed
or two-tailed Student's t-test with probability set at a. < 0.05 was used, otherwise the non-parametric
Mann-Withney T-test was applied as indicated. Pearson test was used for correlation analysis. The
correlation coefficient r values (* 0.1 to +0.3) reveal weak, values around (* 0.3 to * 0.5) reveal medium and
higher than + 0.5 reveal a strong correlation. Positive or negative r values mean positive or negative
correlations, respectively.

Results
ShRNA IRS1 knocks down IRS1 mRNA levels in HEK293 cells

To verify the knockdown efficiency of the shRNA against IRS1, we measured IRS1 and IRS2 mMRNA
expression in transfected HEK293. We used two constructs, expressing two different ShARNA sequences
(shIRS1A and shIRS1B) compared to plasmid control. We observed that expression of IRS1 but not IRS2
MRNA was significantly reduced by both sequences (Fig S1). The shRNAs were designed against rat, but
they displayed 98% homology with humans, so we could translate the results from human cells to rat
IRS1.

AAV-shIRS1-EGFP injection in dorsal hippocampus alters spatial memory, especially in females, but not
social memory, nor anxiety or depressive symptoms

AAV-shIRS1 and AAV control (Fig 1A) were generated in HEK293 cells with a titration of 1.02E+11
GC/mL and 4.94E+11 GC/mL, respectively. AAV particles were bilaterally injected by stereotaxis in the
dorsal hippocampus (AP -4.36 mm, £ ML 2.5 mm, DV -2.5 mm from Bregma) (Fig 1B). Control and
shIRS1 injected animals were subjected to behavioral paradigms one month after viral particle injection
(Fig 1C). Both paradigms evaluate the memory in rodents exploiting their innate exploratory preference
for novel stimuli, the NOR test examines the capability of the animal to remember a familiar object. To
quantify it, the discrimination index (DI) is obtained by subtracting the time exploring the familiar object
to the time exploring the novel one; divided by total exploring time. We observed that the shIRS1
injected females animals (DI; 0.24 + 0.13) discriminate both objects significantly less than the AAV
control injected animals (DI; 0.56 + 0.11); whereas we did not see the same effect in males receiving
shlRS1 (DlI; 0.44 + 0.05), compared to controls (DI; 0.47 + 0.06) (Fig 2A). The data is represented by
mean £ SEM and analyzed using unpaired Student's t-test (*p < 0.05).

In the T-maze test, we recorded the number of entries and the time exploring the novel arm. Females in
the shIRS1 group showed reduced DI (-0.03 £ 0.10) in the time spent in novel arms compared to controls
DI (0.23 £ 0.08) Fig 2B. Similarly, in males, shIR1 injected male rats had significantly lower DI value (-
0.00 + 0.04) than controls (DI; 0.16 = 0.07) in the time spent in the novel arm. Females showed



significantly lower DI (0.02 + 0.02) in the number of entries (Fig 2C) to the novel arms compared to the
control group DI (0.14 + 0.06). Also, in males, the number of entries to the novel arm was lower (DI; -
0.02 + 0.03) than controls (DI; 0.09 + 0.04). These results suggested that the downregulation of IRS1
impairs the memory of the familiar arm, both in female and male rats. We evaluated anxiety by the
latency to cross for the first time the open filed and observed lower but not significantly different shIRS1
(43.13+£11.06) compared to control AAV (61.67+22.48) injected females. Nor differences either in
shIRS1 (14.50+4.59) and control AAV (25.86+5.82) injected males (Fig 2E). Finally, we assessed
depressive symptoms in the animals by the forced swimming test. As above, hippocampal injection of
shIRS1 had no effect, since immaobile time was equal between groups, control (111.20+9.15) and shIRS
(140.20+19.21) injected female rats and control (157.80+15.17) and shIRS (184.90+7.18) injected male
rats (Fig 2F). Swimming time and climbing were not different either between groups (data not shown).

AAV DJ8 track dorsal hippocampus efferent connections

Dorsal hippocampus efferent projections reach Medial Septum (MS) and mammillary bodies through the
fimbria-fornix white track (Fig 3A). We inoculated AAV-CMV-shIRS1-EGFP and AAV-CMV-EGFP in
the dorsal hippocampus. We observed fibers and cells in the dorsal subiculum (DS), an area within the
hippocampal formation (Fig 3B), and in the polymorphic area or hilus of the dentate gyrus (PoGD) (Fig
3C). As expected, we found fibers in the fornix (Fig 3D) and consequently in MS (Fig 3E) and
mammillary bodies (Fig 3F).

AAV-shIRS1 —EGFP labels dorsal specific hippocampal neurons

AAYV infected mostly neurons in the hilus of the dentate gyrus (DG), but not the granule layer (Fig 4). To
a lesser extent, the AAV entered the CAL (Fig S2). We observed that astrocytes were not infected by the
AAV tropism (Fig S3). Diverse GABAergic cell types localize in the DG, so we performed
immunostaining of neuronal markers to characterized AAV infected neurons. We found that AAV labels
co-localized with calretinin (CR) (Fig 4B), parvalbumin (PV) (Fig 4C), and somatostatin (SOM) (Fig 4D)
neurons. The quantification of the EGFP-cell marker double labeling revealed that 48.78% =+ 2.97 of
SOM cells and 42.88% = 3.75 of PV had been infected with AAV, whereas the number of infected CR
cells was slightly lower; 32.30% + 3.39, suggesting that the SOM and PV neuronal activity has been more
affected by IRS1 silencing (Fig 4E).

AAV axons in the medial septum reach PV and ChAT occupied areas

We observed that MS was strongly innervated by AAV-labeled axons. The fibers seem to be restricted to
the most medial part. To evaluate the type of neurons potentially regulated by the AAV labeled
projections, we carried out a series of immunolabeling analysis. We observed that AAV projections
colocalized mostly within PV (Fig 5B) and cholinergic (ChAT) (Fig 5C) area. Also, sparse calbindin
(CB) positive neurons fall within the axon labeled areas (Fig 5D). The field where calretinin (CR)
neurons appear is completed devoid of EGFP fibers (Fig 5E).

AAV-shIRS1 results in lower expression of IRS1 in the dorsal hippocampus and correlates with behavior.

To ascertain if AAV-shIRS1 corresponded to reduced IRS1 protein expression, double IRS1
immunofluorescence and EGFP expression were quantified and expressed in relation to total EGPF
positive neurons (Fig 6B). We observed that the AAV-shIRS1 resulted in a reduced number of double
IRS1-EGFP neurons (67.88% + 1.22), compared to control AAV (80.28% + 1.9). This result is indicative
of a knockdown of IRS1 expression in the dentate gyrus were the AAV-shIRS1 was inoculated.



Moreover, to elucidate if the different degrees of reduced expression could account for the behavioral
variability, we performed linear regression and applied the Pearson test, correlating the DI in time spent in
the novel arms (T-maze) with the degree of IRS1 reduction (as shown in Fig 6B). We observed that the
correlation between DI time in novel arms in the T-maze, was positive (Correlation DI time with shIRS1
r=0.63, and DI time vs control (r=-0.15) (Fig S4). These results suggest that in AAV-shIRS1 subjects the
degree of IRS1 reduction correlates better with the behavioral impairment than in control subjects.

AAVshIRS1 infection results in lower synaptophysin positive labels compared to AAV control

To explain the possible mechanism underlying the observed behavioral results we hypothesized that the
reduction in IRS1 signaling could impair synaptic plasticity, based on previous data where insulin
resistance reduced synaptophysin expression (Neves et al. 2018) and reduced plasticity (Spinelli et al.
2017, 2019). To evaluate the effect of shIRS1 in axons in the MS area (Fig 7A), we quantified
synaptophysin labeling normalized by the green-labeled area. We observed that the number of
synaptophysin positive labels in axons was significantly lower in AAV-CMV-shIRS1-EGFP axons
(307.90£20.40) than in controls AAV-CMV-EGFP (444.30+27.13) (Fig 7B). These results suggest that
knocking down IRS1 reduces synaptic plasticity, as measured by synaptic vesicle proteins, used as an
indirect marker of synaptic activity. Representative images are shown for AAV control (Fig 7C) and
AAV-shIRS1 (Fig 7D)

Discussion

In our study, we show that infection of shIRS1 using an AAV2/DJ8 derived virus inoculated in the
hippocampus area affects hippocampal memory formation in female and male rats. It does not alter
anxiety parameters in any gender. Loss of spatial memory is one of the first symptoms in Alzheimer’s
disease (AD), caused by progressive loss of neuronal circuitries. Diabetes, dyslipidemia, and
cardiovascular factors have been demonstrated to play a role in degenerative diseases like AD and
frontotemporal dementias (Golimstok et al. 2014). These pathologies are linked to brain insulin
resistance, which triggers cognitive decline and Alzheimer's (Folch et al. 2019). Most research addressing
insulin resistance in the brain assumes that neuroinflammation causes insulin resistance, and this, in turn,
aggravates neuronal damage, stimulating the neuroinflammatory process. Although neuroinflammation is
a general process affecting the whole brain, in AD patients one of the first clinical symptoms is the loss of
spatial memory. Thus, it is likely that only particular circuitries involved in this memory are affected at
the early stages of the disease before massive neuronal death occurs. Major hippocampal circuitries like
the septo-hippocampal connections (Khakpai et al. 2013) and the circuit of Papez (Aggleton et al. 2016)
are crucial for hippocampal-dependent memory formation.

In this study, we made use of an AAV carrying an shRNA targeting IRS1. We confirmed mRNA
downregulation by PCR in vitro studies and reduced protein expression in vivo by immunofluorescence.
We also confirmed that the shIRS1 did not affect significantly IRS2 expression, so the knocking down is
specific for this isoform. Most studies in the literature have focused on the IRS1 inactivation due to serine
phosphorylation. Serine residues are phosphorylated by inflammatory signals. In this study we have used
shIRS1 to reduce the expression of IRS1, thus IRS1 signaling activity is reduced. This study is not a
knockout, so a residual activity is present, and there are no compensations either which may alter the
specific effect of an IRS1 reduced expression. Importantly, we wanted to isolate the IRS1 effect, since
inflammatory processes affect several pathways, one of the IRS1, we aimed to examine the IRS1
contribution in discrete neuronal pathways in the absence of neuroinflammation. This may indicate a way
to improve brain health in human pathologies where IRS1 signaling is affected.

Females rats inoculated with the AAV-CMV-shIRS1-EGFP performed significantly worse in the novel
object recognition test (NOR), compared to controls inoculated with AAV-CMV-EGFP. The NOR test



evaluates the subject memory by measuring the recognition of familiar objects. When the animal does not
remember having explored an object, it will explore both equally, as they are both equally new to the
subject. Unlike female subjects, males inoculated with shIRS1 remember the familiar object, and they
behaved similarly to control injected males. This result suggests that the female brain may display a
higher susceptibility to insulin resistance, this would agree with the observation that AD is more prevalent
amongst females (Cao et al. 2019). In humans, AD is reported to be more prevalent in women than in men
(Yan et al. 2018). Reports indicate that around 70% of AD patients are women in the United States
(Hebert et al. 2001; Miyawaki 2015) and in Europe (Beam et al. 2018). Several hypotheses have been
proposed to explain that fact. The most evident is that women have a longer life span than men, but even
after normalizing to it, other biological factors have been considered. Amongst others, female higher
sensitivity to the presence of one ApoE4 allele has been proposed (Payami et al. 1994; Ungar et al. 2014),
since this isoform increases the probability to suffer from AD (Uddin et al. 2019). ApoE is the major lipid
transporting molecule in the brain and the isoform ApoE4 has less capacity to shuttle lipids than the
others, thus, given the importance of cholesterol in neuronal function (Marcuzzi et al. 2018), cholesterol
dysregulation is expected to contribute to degenerative pathologies (Jeong et al. 2019). Because
dyslipidemia and insulin resistance act in a vicious cycle to promote pathologic processes contributing to
degenerative diseases; under the light of our results, we proposed that females, even with normal estrogen
levels (in this study female rats were not ovariectomized) may be more susceptible to insulin resistance
(due to reduced IRS1 function) than male. We hypothesize that this could be a major contributing factor
to the higher prevalence of AD in women, however, further studies are required to unveil the underlying
mechanism to this effect.

The T-maze evaluates the spatial navigation capability. Exploration of novel spaces is a hallmark of
rodent, and as expected, female and male subjects inoculated with control AAV explored the new arm
longer time than the familiar one. Both females and males injected with shIRS1 failed to discriminate
between the maze novel and familiar arms, indicating that they do not remember the arm previously
visited. These results agree with former studies reporting that insulin receptor silencing using a lentiviral
derived particle inoculated into the hippocampus impaired spatial memory (Grillo et al. 2015).
Importantly, in this task, we found no difference between male and female subjects. One possible
explanation for this result is that the T-maze can be considered a more difficult task than the NOR task, it
also measures navigation and NOR evaluates recognition. Therefore, we hypothesize that the NOR test
may more sensitive to smaller neurological deficiencies (Sanchez-Sarasta et al. 2016).

We observed no differences in anxiety-like behaviors. This may be in contrast with previous reports
indicating that hippocampus-septal connections may regulate anxiety (Degroot and Treit 2002, 2003).
Because the circuit targeted with the AAV DJ8 virus has been proved very specific, we consider that we
have only affected the hippocampal processing of spatial memories.

In this study, AAV DJ8 inoculated in the hippocampal area is mostly found in neurons within the
Polymorphic area (PoGD) or hilum of the dentate gyrus (DG) and to a lesser extent in the dorsal
subiculum (DS). Sparse neurons were found in the CA1 regions (Fig S3). We observed abundant fibers
via the fimbria-fornix pathway. This pathway is a white track that contains hippocampal efferents (to MS
and mammillary bodies) and afferents (from septal cholinergic projections (Gage and Bjorklund 1986)).
Consistent with hippocampal efferent we observed abundant fibers through the fornix. Following Papez
circuitry we also found fibers in the mamillary bodies. Consistently, no thalamic staining was observed
(data not shown). In addition, we found extensive green fibers in the medial septum (MS). Traditionally,
MS has been considered to receive projections from CAl GABAergic somatostatin (SOM) neurons
(Ujfalussy et al. 2007). However, long-range projection interneurons have been localized in the DG hilum
innervating the MS (Jinno 2009). Recently, these DG long-range projection interneurons have been
characterized as a new type of SOM interneuron and named as hilar interneurons with long axons (HIL).
HIL neurons co-exist with hilar SOM interneurons (the SOM HIPP neurons) (Yuan et al. 2017). Long



axon SOM neurons provide regulation to both nearby Parvalbumin (PV) interneurons and display
collaterals projecting to the MS, where they contact ChAT and PV neurons (Yuan et al. 2017).

We cannot rule out the effect of IRS1 silencing in glutamatergic neurons in the hippocampus. However,
since we have seen a high proportion of AVV infection in the hilum of the dentate gyrus, where most
neurons are GABAergic, for clarity, we decided to focus this study on the GABAergic connections. This
rationale is backed up by the strong green labeling we observed in the PV area within the MS, which
corresponds to hippocampal SOM neurons projecting to the septal area. This, by no means, suggests that
it is the only mechanism underlying the IRS role in neuronal activity. To better understand the role of
IRS1 in Glutamatergic, different AAV serotypes may improve infection in the glutamatergic type of
neurons.

We immunocharacterized the neurons within the DG infected with AAVDJ8 and confirmed the co-
labeling with the SOM antibody. Moreover, AAV fibers were found where the PV and ChAT neurons are
in the MS (Yuan et al. 2017), therefore, we assume that our AAV can be affecting both types of hilar
SOM, the short and long projecting neurons. Both types of hilar SOM interneurons play an important role
in regulating hippocampal function. The DG is the first phase of the classical tri-synaptic circuit
(Eichenbaum 1993; Milenkovic et al. 2013b), defined as the circuit starting from the entorhinal cortex to
the CA3 pyramidal neurons, and from these to the CAL. This circuit is crucial for the formation of new
memories (Burgess et al. 2002; Leutgeb et al. 2005). Thus, information coming from the entorhinal is
regulated with precise timing by the strong inhibitions within the DG, this modulates the output of
granule cells to CA3, where spatial memory forms a spatial pattern. HIPP provides dendritic inhibition
controlling the entrance of spatial information from the entorhinal cortex to the DG. In addition, the
inhibition mediated by HIL cells is proposed to contribute to the temporal coordination of MS and local
rhythmic DG activity (Yuan et al. 2017). Since we do not see soma labeling in the MS, we assume that
AAYV only travels anterogradely through the fimbria-fornix to MS, therefore, we assume that MS neuronal
activity is affected via hilar SOM long projections.

We found that axons from the hippocampus innervating MS (the long projecting SOM) have reduced
synaptophysin labeling, indicative of reduced synaptic plasticity. Even though we cannot rule out other
mechanisms, this result illustrates that the reduction in IRS1 function impairs long projecting SOM
neuronal plasticity with behavioral consequences. Synaptophysin labeling is a marker of presynaptic
activity, together with postsynaptic markers it is considered a measure of the circuit synaptic plasticity.
Presynaptic alterations of synaptophysin labeling have been reported as an early event in Alzheimer's
disease (Yuki et al. 2014).

We speculated that IRS1 silencing may alter neuronal presynaptic activity, and even if we cannot rule out
an alteration at the postsynaptic level, we focused on the connection hippocampus-septum, and we used
synaptophysin labeling as a presynaptic marker of synaptic activity. Indeed, we found that synaptophysin
staining was reduced in shIRS1 infected neurons compared to controls. The mechanism underlying this
observation can be a reduced IRS1-PI3-AKT pathway, that regulates Glut 4 translocation to the
membrane (Grillo et al. 2009), which would hamper glucose availability at the nerve terminals, thus
impairing synaptic activity (Ashrafi et al. 2017). The long-term modulation of synaptic activity is
achieved (amongst others) by regulating the expression of several neurotransmitter vesicle proteins. This
has been shown with a high-fat-diet model that reduced IGF1 and synaptophysin levels. These were
recovered after IGF signaling activation (Li et al. 2019). Also, brain-derived neurotrophic factor (BDNF)
has been shown to modulate synaptic plasticity by regulating synaptophysin expression (Tartaglia et al.
2001; Zhang et al. 2017).

IRS1 has been mostly studied in the context of insulin and IGF1 signaling, however, given their
scaffolding function it is plausible that IRS mediate several neurotrophic factors, including BDNF



(Yamada et al. 1997). This would agree with the fact that even a small reduction in the IRS1 expression
function has resulted in a behavioral defect.

In addition to SOM, we found co-labeling with GABAergic PV interneurons, and to a lesser extent with
CR neurons. Fast spiking PV interneurons regulate network oscillation and synchrony (Milenkovic et al.
2013a). Previous reports demonstrate that PV dysregulation in the DG affects memory and anxiety (Zou
et al. 2016). However, in our present work, we do not see alterations in anxiety nor social behavior or
depressive symptoms, but specifically spatial memory.

Under the light of our results, we hypothesized that IRS1 signaling is required for both SOM and PV
inhibitory action, by reducing synaptic plasticity. We believe that we have affected two pathways by the
AAYV infection; on one hand, there may be disinhibition of the information coming from the entorhinal
cortex, hampering the formation of a clear spatial pattern in CALl. On the other hand, there may be
disinhibition of PV and ChAT neurons in the MS, which in turn may increase PV and cholinergic action
back into the hippocampus, this dysregulation can thus impair the excitatory/inhibitory balance.

Moreover, the Papez circuitry is essential to memory formation (Escobar et al. 2019). Papez circuitry
starts in the subiculum, and it is part of the hippocampal formation. Evidence supports that the sequential
pathway from the subiculum to the mammillary bodies via the fornix, and from there to the anterior
thalamus, is required for spatial memory in rats (Gaffan et al. 2001) and humans (Gaffan and Gaffan
1991). Moreover, this circuitry is found severely affected in AD patients (Zarei et al. 2010). Because
viruses do not "jump" to adjacent neurons, the effect of the IRS1 silencing is confined to the hippocampal
projection to the mamillary bodies via the fornix. Some reports that have specifically disrupted this
efferent projection indicate that it has only a mild effect on memory formation (Vann et al. 2011). Other
studies, while emphasizing mammillary bodies function in memory formation (Vann and Nelson 2015),
indicate that other projections from brain stem nucleus (eg the tegmental nuclei of Gudden), and not the
hippocampal formation, are critical for sustaining mammillary body function (Vann 2010; Vann and
Nelson 2015). Therefore, taking together these findings, we may assume that the effect we have observed
disrupting memory formation in rats inoculated with AAV shIRS1 is most likely due to IRS1 knockdown
in hilar DG GABergic neurons, modulating the incoming flow of information from the entorhinal cortex
and projections to the MS.

Taking together all these findings, our works supports that IRS1 signaling in GABAergic hippocampal
neurons, both interneurons, and MS projecting neurons is required for forming spatial memories. In this
model, we mimic insulin resistance by silencing IRS1 in an otherwise healthy brain (i.e no inflammatory
ambiance). In neurodegenerative diseases, inflammatory conditions induce insulin resistance, and
concomitantly, loss of cognitive function. Our results indicate that insulin resistance, in the absence of
inflammatory conditions, is sufficient to cause memory impairments, suggesting that this could be at the
very onset of neurodegenerative diseases.
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Figure Legends

Figure 1. Experiment design. Bilateral injection of the viral particle (AAV-CMV-GFP, 4.94E+11
GC/mL or AAV-CMV-shIRS1-EGFP,1.02E+10 GC/mL) (A) into the dorsal hippocampus (AP -4.36 mm,
+ML 2.5 mm, DV -2.5 mm from bregma); 2uL of viral particle per hemisphere were injected (B).
Behavioral tests started 33 days post-injection, and the animals were sacrificed at day 38 (C).

Figure 2. AAV shIRS1 impairs spatial memory. Time exploring the novel object in the Novel Object
Recognition test (A). Time exploring the novel arm (B) and the number of entries to the novel arm (C) in
the T maze test. Latency to cross the center of the arena for the first time in the Open Field test (D). Time
spent immobile in the Forced Swim test (E). Data are expressed as discrimination index [(Time exploring
novel — time exploring familiar) / total time exploring], presented as mean + whiskers at maximum and
minimum (n = 7-8 per condition) and analyzed using one-tailed Student t-test *p < 0.05.

Figure 3. AAV DJ8 traces dorsal hippocampus efferents. Schematic representation of the projections
from the dorsal hippocampus, where the viral particle was inoculated (A). Representative images of 3
animals (per condition) and 3 slices each of neuronal somas in the dorsal subiculum (DS) (B), and the
polymorphic layer of the dentate gyrus (C); AAV labeled fibers in the medial septum (MS) (E) and
supramammillary nucleus (SuM) (F) via fornix (f) (D). Scale bar = 200 um (B). Scale bar = 100 um
(C,D,EF).

Figure 4. AAV DJ8 labels dorsal specific hippocampal neurons. Schematic representation of the
dentate gyrus of the dorsal hippocampus (A). Percentage of double-labeled neurons (EGFP + neuronal
marker), relative to the total number of neuronal marker-positive cells. Data are represented as the mean +
SEM (n = 11). Representative images of 4-6 animals (per condition) and 3 slices each of EGFP (green)
co-localizing with calretinin (CR) (C): Parvalbumin (PV) (D); and Somatostatin (SOM) (E) positive
neurons in the polymorphic area (PoDG) of the dentate gyrus. Scale bar=100 um. Scale bar=20 um
(insets).

Figure 5. AAV labeled axons in the Medial Septum. Schematic representation of the Medial Septum
(MS), vertical limb diagonal band (VDB), and horizontal limb diagonal band (HDB) (A). Representative
images of 3 animals (per condition) and 3 slices each of showing AAV infected neuron projections co-
localized with parvalbumin (PV) (B), cholinergic (ChAT) (C) and calbindin (CB) area (D). We observed
no co-localization of AAV green fibers with calretinin (CR) positive neurons field (E). Scale bar=100
pum. Scale bar=20 pum (insets).

Figure 6. Silencing effect of shIRS1 in the dorsal hippocampus. Schematic representation of the
dentate gyrus of the dorsal hippocampus (A). Percentage of double-labeled neurons (IRS1+ EGFP),
relative to the total number of EGFP-positive neurons (B). Representative images of IRS1, EGFP and co-
localization of both labeling (merge) in the polymorphic area (PoDG) of control (C) and shiRS1 (D)
animals. Data are represented as the mean £ SEM (n = 10-11). Data were analyzed using one-tailed
Student t-test ***p <0.0001. Scale bar=100 um. Scale bar=20 pum (insets).

Figure 7. AAV-CMV-shIRS1-EGFP inoculation in the dorsal hippocampus results in lower
synaptophysin positive labels in fibers reaching medial septum. Schematic representation of the
Medial Septum (A). The number of contacts of synaptophysin (Synap) in EGFP-labeled fibers (B).
Representative images of synaptophysin co-localization with AAV control (C) and EGFP-shIRS1 (D)
fibers. Data are represented as the mean + SEM of the number of synaptophysin contacts with the green
AAYV labeling per mm2 of the fiber (n = 3-4; 10 fibers per animal). Data were analyzed using one-tailed
Mann Whitney t test *p < 0.05. Scale bar = 10 pm.






