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A B S T R A C T   

Insulin resistance is a major contributor to the neuroplasticity deficits observed in patients with metabolic dis
orders. However, the relative contribution of peripheral versus central insulin resistance in the development of 
neuroplasticity deficits remains equivocal. To distinguish between peripheral and central insulin resistance, we 
developed a lentiviral vector containing an antisense sequence selective for the insulin receptor (LV-IRAS). We 
previously demonstrated that intra-hippocampal injection of this vector impairs synaptic transmission and 
hippocampal-dependent learning and memory in the absence of peripheral insulin resistance. In view of the 
increased risk for the development of neuropsychiatric disorders in patients with insulin resistance, the current 
study examined depressive and anxiety-like behaviors, as well as hippocampal structural plasticity in rats with 
hippocampal-specific insulin resistance. Following hippocampal administration of either the LV-control virus or 
the LV-IRAS, anhedonia was evaluated by the sucrose preference test, despair behavior was assessed in the forced 
swim test, and anxiety-like behaviors were determined in the elevated plus maze. Hippocampal neuron 
morphology was studied by Golgi-Cox staining. Rats with hippocampal insulin resistance exhibited anxiety-like 
behaviors and behavioral despair without differences in anhedonia, suggesting that some but not all components 
of depressive-like behaviors were affected. Morphologically, hippocampal-specific insulin resistance elicited 
atrophy of the basal dendrites of CA3 pyramidal neurons and dentate gyrus granule neurons, and also reduced 
the expression of immature dentate gyrus granule neurons. In conclusion, hippocampal-specific insulin resistance 
elicits structural deficits that are accompanied by behavioral despair and anxiety-like behaviors, identifying 
hippocampal insulin resistance as a key factor in depressive illness.   

1. Introduction 

Insulin plays a critical role in maintaining peripheral glucose ho
meostasis through activation of insulin receptors expressed in peripheral 
tissues. While glucose homeostasis in the central nervous system (CNS) 
is proposed to be less dependent upon insulin receptor activation, 
neuronal insulin receptor signaling plays a critical role in the develop
ment and maintenance of neuroplasticity beginning at the earliest stages 
of development (Ferrario and Reagan, 2018). In this regard, insulin 
promotes synapse formation (Chiu and Cline, 2010), regulates the 
expression and trafficking of glutamate receptor subunits (Skeberdis 
et al., 2001) and facilitates synaptic transmission (Chen and Leonard, 

2002). Moreover, intracerebroventricular (Park et al., 2000), as well as 
intrahippocampal administration (McNay et al., 2010; Moosavi et al., 
2006) of insulin increases performance on learning and memory tasks in 
rodents. Collectively, these studies support the hypothesis that beyond 
the well-described metabolic effects in the periphery, insulin in the CNS 
promotes synaptic plasticity. 

The neuroplasticity activities of insulin are in stark contrast to the 
impairments in neuroplasticity observed in brain insulin resistance 
associated with metabolic disorders like diabetes and obesity, as well as 
dementia and Alzheimer’s disease (AD) (Biessels and Reagan, 2015). 
Indeed, brain insulin resistance has been identified as a core feature of 
AD (Talbot et al., 2012; Bomfim et al., 2012). Beyond cognitive deficits, 
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epidemiological studies identified brain insulin resistance as a risk factor 
for the development of neuropsychiatric disorders like depressive illness 
(Anderson et al., 2001; Ali et al., 2006; Lustman and Clouse, 2005). 
Similarly, depressive-like behaviors are observed in experimental 
models of type 2 diabetes mellitus (T2DM) and obesity (Collin et al., 
2000; Yamada et al., 2011; Sharma et al., 2010; Grillo et al., 2011a), 
which are characterized by insulin resistance. Collectively, these results 
support the hypothesis that brain insulin resistance impairs synaptic 
plasticity, cognition and mood. However, these studies cannot assess 
whether brain insulin resistance is a cause or a consequence of the 
neuroplasticity deficits associated with metabolic disorders and 
age-related cognitive decline. Moreover, these studies cannot distin
guish between the effects of peripheral versus brain insulin resistance in 
the development of neuroplasticity deficits observed in metabolic dis
orders (Grillo et al., 2019). To address this issue, we have developed and 
characterized a lentiviral vector containing an antisense sequence se
lective for the insulin receptor. We have previously shown that hippo
campal administration of this viral vector elicits impairments in 
hippocampal-dependent learning and memory and hippocampal neu
roplasticity in the absence of changes in peripheral glucose homeostasis 
or insulin sensitivity (Grillo et al., 2015a). As the hippocampus has been 
defined as a CNS epicenter in the pathophysiology of neuropsychiatric 
disorders, the aim of the current studies was to examine morphological 
plasticity and the development of depressive-like and anxiety-like be
haviors in rats with hippocampal-specific insulin resistance. These re
sults provide new insights into the underlying morphological changes 
that contribute to neurobehavioral deficits in brain insulin resistance 
states. 

2. Methods and materials 

2.1. Animal protocols 

Adult male Sprague Dawley rats (CD strain, Envigo) weighing 
200–250 g were individually housed and provided ad libitum access to 
food and water. All procedures were performed in accordance with all 
guidelines and regulations of the Dorn VA Animal Care and Use Com
mittee. Stereotaxic surgery to inject either the control lentivirus (LV- 
Con) or a lentivirus containing an antisense sequence selective for the 
insulin receptor (LV-IRAS) into the hippocampus was performed as 
described in our previous studies (Grillo et al., 2015a). Briefly, rats 
under isoflurane anesthesia were placed in the stereotaxic apparatus and 
lentivirus was injected into the dorsal hippocampus at the following 
coordinates: AP: 4.8 mm, L: ±4.0 mm, and DV: 3.0 mm. Using a 10 μl 
Hamilton syringe driven by a motorized stereotaxic injector (Stoelting 
53310), 5 μl of the viral stock (5 × 106 tu/μl) were injected at a speed of 
0.2 μl/min for 25 min; the needle was left in place for an additional 15 
min. For a detailed map of this viral construct, please see Supplemental 
Figure 1. Two distinct cohorts of rats were used in these studies. For 
behavioral analyses, twenty rats received bilateral intrahippocampal 
injections of either the LV-Con construct (n = 10) or the LV-IRAS 
construct (n = 10). For the Golgi-impregnation studies, a separate 
cohort of five rats received an intrahippocampal injection of the LV-Con 
construct in one hemisphere and an intrahippocampal injection of the 
LV-IRAS construct into the contralateral hemisphere; hemispheres that 
received the LV-IRAS construct were counter-balanced. This design 
allowed each rat to serve as its own control for the morphological an
alyses. Hemispheres that received the LV-Con construct are referred to 
as Hippo-Con; hemispheres that received the LV-IRAS construct are 
referred to as Hippo-IRAS. After surgery, rats were housed in a BSL2 
facility for at least four weeks prior to subsequent analyses. 

2.2. Immunoblot analysis 

Immunoblotting analysis was performed as described in our previous 
studies (Grillo et al., 2015a). Briefly, membrane fractions, prepared from 

the whole hippocampus, were separated by SDS/PAGE (10%), trans
ferred to polyvinylidene difluoride (PVDF) membranes, and blocked in 
TBS plus 10% non-fat dry milk plus 0.05% Tween 20 for 60 min. PVDF 
membranes were incubated with insulin receptor primary antisera (Cell 
Signaling Technologies Cat #3021; 1:1000 dilution) in TBS/5% non-fat 
dry milk/0.05% Tween 20. After overnight incubation at 4 ◦C, blots 
were washed and incubated with peroxidase-labeled species-specific 
secondary antibodies. PVDF membranes were then washed with 
TBS/5% non-fat dry milk/0.05% Tween 20 and developed using 
enhanced chemiluminescence reagents (ECL, Amersham) as described 
by the manufacturer. Normalization for protein loading was performed 
using a mouse monoclonal primary antibody selective for actin (Sigma 
Chemical Cat #A5441; 1:50,000 dilution). Chemiluminescent signals 
were captured on photographic film (Electron Microscopy Sciences, 
Hatfield, PA). Images from the films were captured using an Epson 
Perfection V600 scanner at a resolution of 300 dpi and saved as TIFF 
files. The software Image J (NIH) was used for the quantification of band 
intensities by densitometry (Tanis et al., 2015). 

2.3. Micro CT image acquisition 

CT scans were collected using a Quantum GX microCT Imaging 
System (PerkinElmer) on prone rats anesthetized with isoflurane. Scans 
were collected over 2 min at 90 kV and 88 μA using an aluminum 1.0 X- 
Ray filter. We targeted the L1 to L5 region of the spinal cord during the 
scan with an 86 mm field of view. Caliper Analyze version 12.0 was used 
to analyze the CT scans. The images were first cropped at L1 and L5 to 
ensure fair comparisons between samples. Applying a median filter 3 
and then a low pass filter 3 smoothed the image to show a clear 
abdominal wall that could be delineated from the surrounding adipose 
tissue. The volume edit tool was then used to separate different tissue 
groups based on density thresholding. Thresholding values were set 
based on landmarks for different tissue groups: vertebral column or ribs 
for bone, kidneys for soft tissue, and subcutaneous fat pads for fat. 
Subcutaneous fat was manually separated from the visceral fat using the 
abdominal wall as a separation between the two fat pads. Total volume 
was then automatically measured for the two fat groups. 

2.4. Plasma endocrine analysis 

Enzyme-linked immunosorbent assay (ELISA) analysis was per
formed for corticosterone (Enzo Life Sciences, Farmingdale, NY), leptin 
and insulin (Millipore, Billerica, MA) in plasma isolated from Hippo-Con 
and Hippo-IRAS rats. ELISA plates were analyzed according to the 
manufacturer’s instructions using a Synergy 2 Gen 5 microplate reader 
(BioTek Instruments, Winooski, Vermont). Plasma triglycerides were 
determined using an enzymatic kit (modified Trinder) according to the 
manufacturer’s instructions (Pointe Scientific, Inc., Canton, MI, USA). 
Blood glucose was assessed using a glucometer. 

2.5. Behavioral analyses 

As described in our previous studies, anhedonia was evaluated using 
the sucrose preference test, behavioral despair was evaluated in the 
forced swim test (FST), and anxiety-like behavior was assessed in the 
elevated plus maze (EPM); see (Grillo et al., 2011a; Macht et al., 2017) 
for detailed descriptions of these assays. Data from the two-bottle (water 
versus 1% sucrose solution) anhedonia test were expressed as the ratio of 
sucrose intake/sucrose + water intake (i.e., sucrose preference). Fluid 
intake was measured 1 h after the start of the dark phase on both the 
pre-test (i.e., habituation) day and the test day. Endpoint measures in 
the EPM included time spent in open and closed arms, entries into open 
and closed arms, center time, and distance traveled. In the FST, endpoint 
measures on both the pre-test day and the test day included latency to 
immobility, duration of immobility, swimming and climbing. 
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2.6. Immunohistochemistry for doublecortin 

Rat brains were prepared for immunohistochemical analysis as 
described in our previous studies (Grillo et al., 2015a). Briefly, rat brain 
sections were washed with 0.1 M PBS and then incubated with primary 
antisera raised against doublecortin (DCX, 1:500 dilution; Santa Cruz 
Biotechnology, Inc.). Following an overnight incubation at 4 ◦C, sections 
were washed in PBS and then incubated in biotinylated donkey 
anti-rabbit secondary antibody (1:600) for 90 min at room temperature 
(RT). Following washes with PBS, sections were incubated with horse
radish peroxidase-conjugated streptavidin (Vector Laboratories; 1:100) 
at RT for 1 h. DCX immunoreactivity was developed using dia
minobenzidine as substrate. A blinded operator counted all the 
DCX-positive neurons in the superior and inferior blades of the dentate 
gyrus of six rats per group using two representative sections, at least 280 
μm apart, from similar rostral-caudal planes in the proximity of the virus 
infusion site (4.20–5.00 mm posterior from bregma). 

2.7. Morphological analysis 

Rat brains were processed for a modification of the Golgi-Cox tech
nique using the FD Rapid Golgi Stain Kit protocol (FD Neuro Technol
ogies, Ellicot City, MD) as described in our previous studies (Grillo et al., 
2015b). The three-dimensional analysis of dendritic morphology was 
performed using a computer-based tracing system (Neuro
lucida/Neuroexplorer; MicroBrightField, Inc.). Neurons were selected 
using established criteria for this type of analysis, as described in (Grillo 
et al., 2015b). At least six neurons were randomly selected and analyzed 
from each hippocampal hemisphere in each rat. Five rats were used in 
this study. The neuron summary analysis was performed with Neuro
lucida Explorer (MBF Bioscience) and involved the following measure
ments: (a) total dendritic length, (b) number of dendritic branch points 
and (c) total dendritic volume. Additionally, the Dendritic Complexity 
Index (DCI) was calculated using the Neurolucida software as follows: 
DCI = (Σ branch tip orders + number branch tips) × (total dendritic 
length/total number of primary dendrites). Branch tip order is deter
mined by the number of bifurcations in a particular dendritic segment 
between a particular terminal tip and the cell body (Pillai et al., 2012). 

2.8. Fluoro-Jade histochemistry 

Fluoro-Jade histochemistry was performed as described in our pre
vious studies (Grillo et al., 2007). Briefly, coronal brain sections from 
Hippo-Con and Hippo-IRAS rats were cut at a thickness of 16 μm on a 
cryostat microtome and mounted on gelatin-coated slides; coronal brain 
sections from adrenalectomized (ADX) rats were used as positive con
trols for Fluoro-Jade labeling. Sections were briefly dried and then 
washed and incubated with 0.05% potassium permanganate for 15 min 
at RT. Slides were washed and incubated with 0.001% Fluoro-Jade C 
(Histochem International) in HPLC-grade water. Sections were then 
washed in HPLC-grade water, dried on a slide warmer, dehydrated with 
xylenes, and cover-slipped with Permount. 

2.9. Statistical analysis 

For all endpoint measures, statistical analysis was performed using 
an unpaired t-test with a p < 0.05 as the criterion for statistical 
significance. 

3. Results 

3.1. Validation of lentivirus efficacy 

The efficacy of the LV-IRAS construct to downregulate hippocampal 
insulin receptor signaling was assessed by immunoblot analysis for the 
insulin receptor (IR) in hippocampal total membrane extracts. In 

agreement with our previous studies (Grillo et al., 2015a), insulin re
ceptor expression was significantly decreased in hippocampal extracts 
prepared from rats that received the LV-IRAS construct (Hippo-IRAS) 
compared to rats that received the LV-Con (Hippo-Con) construct 
(Fig. 1A); autoradiographic analysis confirmed this observation 
(Fig. 1B). These decreases in hippocampal insulin receptor expression 
were not accompanied by alterations in plasma endocrine measures 
(Supplementary Table 1), changes in body weight (Fig. 1C) or changes in 
visceral (Fig. 1E) or subcutaneous fat (Fig. 1F). Collectively, these results 
confirm our previous observations that intra-hippocampal administra
tion of the LV-IRAS construct elicits downregulation of hippocampal 
insulin receptors in the absence of changes in body weight, body 
composition, peripheral insulin resistance or plasma endocrine 
measures. 

3.2. Hippocampal-specific insulin resistance elicits behavioral despair and 
anxiety-like behaviors 

To assess the effects of hippocampal-specific insulin resistance on 
behavioral despair and anhedonia, the FST and the sucrose preference 
test were performed in Hippo-Con and Hippo-IRAS rats. On the pre-test 
day of the FST, immobility, swimming and climbing behaviors did not 
differ between Hippo-Con and Hippo-IRAS rats (data not shown). 
However, on the test day of the FST, Hippo-IRAS rats exhibited signifi
cant increases in immobility (Fig. 2A) and decreased latency to float 
(Fig. 2B). Corresponding decreases in active behaviors in the FST were 
selective for climbing; specifically, climbing behaviors were signifi
cantly decreased in Hippo-IRAS rats compared to Hippo-Con rats 
(Fig. 2C), while swimming behaviors were not significantly different 
between the groups (Fig. 2D). In the anhedonia test, total fluid intake 
(Hippo-Con: 6.1 ± 0.5 ml; Hippo-IRAS: 6.9 ± 1.0 ml; p = 0.57) and 
sucrose preference (Hippo-Con: 95.73% ± 0.88; Hippo-IRAS: 93.56% ±
2.08; p = 0.33) did not differ in Hippo-IRAS rats compared to Hippo-Con 
rats. In the EPM, while time spent in the closed arms (Fig. 2E), time spent 
in the maze center (Fig. 2G), and total distance (Fig. 2H) did not differ 
between Hippo-Con and Hippo-IRAS rats, open arm time was signifi
cantly reduced in Hypo-IRAS rats (Fig. 2F). Overall, these results indi
cate that Hippo-IRAS rats exhibit behavioral despair in the FST and 
anxiety-like behaviors in the EPM in the absence of anhedonic 
responses. 

3.3. Hippocampal insulin resistance decreases the density of immature 
granule neurons in the absence of neurodegeneration 

The expression of doublecortin (DCX), a marker of immature granule 
neurons in the dentate gyrus (DG), was examined as a measure of 
morphological plasticity in Hippo-Con and Hippo-IRAS rats. Immuno
histochemical analysis revealed the expected profile for DCX expression 
in the DG in rats that received the LV-Con construct (Fig. 3A and C) or 
the LV-IRAS construct (Fig. 3B and D). Non-biased stereological analysis 
determined that the number of cells expressing DCX was significantly 
reduced in the superior blade (DGs) and the inferior blade (DGi) of the 
DG in Hippo-IRAS rats compared to Hippo-Con rats (Fig. 3E). 
Conversely, Fluoro-Jade histochemical analysis did not identify degen
erating neurons in the hippocampus of Hippo-Con or Hippo-IRAS rats 
(Supplemental Figure 2), indicating that hippocampal-specific insulin 
resistance was not accompanied by hippocampal neurodegeneration. 

3.4. Hippocampal insulin resistance induces hippocampal dendritic 
atrophy 

Since decreases in hippocampal volumes and dendritic architecture 
are observed in metabolic disorders (Biessels and Reagan, 2015), 
morphological analysis of hippocampal pyramidal neurons and DG 
granule neurons was performed using Golgi-Cox impregnation. In this 
study, each rat received the LV-Con construct in one hippocampal 
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hemisphere and the LV-IRAS construct in the contralateral hemisphere. 
Using this design, each rat served as its own control. Fig. 4 provides 
representative examples of a three-dimensional reconstruction of a CA3 
pyramidal neuron from the LV-Con hemisphere (Fig. 4A) and the 
LV-IRAS hemisphere (Fig. 4B) from the same rat. Following recon
struction of Golgi-impregnated CA3 pyramidal neurons, the following 
parameters were evaluated: total dendritic length, total branch points, 
dendritic volume and dendritic complexity index (DCI), as described 
previously (Grillo et al., 2015b). Non-biased stereological analysis 
identified atrophy of the basal dendrites of CA3 pyramidal neurons in 
hemispheres that received the LV-IRAS construct compared to hemi
spheres that received the LV-Con construct. Specifically, LV-IRAS 
hemispheres exhibited significant decreases in total basal dendritic 
length (Fig. 4C), total basal branch points (Fig. 4D), basal dendritic 
volume (Fig. 4E), and basal dendritic complexity index (DCI; Fig. 4F) 
compared to hippocampal hemispheres that received the LV-Con 
construct. Interestingly, these structural changes were restricted to the 
basal dendrites of hemispheres that received the LV-IRAS construct. 
Apical dendrites from LV-IRAS hemispheres did not exhibit changes in 
total dendritic length (Fig. 4G), total branch points (Fig. 4H), dendritic 
volume (Fig. 4I), or dendritic complexity index (DCI; Fig. 4J) compared 
to hippocampal hemispheres that received the LV-Con construct. 

Structural changes were also observed in the DG; representative 
images of impregnated granule neurons from the LV-Con hemisphere 
(Fig. 5A and D) and the LV-IRAS hemisphere (Fig. 5 B and E) from the 
same rat are shown in Fig. 5. DCI was significantly decreased in granule 
neurons of DGs (Fig. 5C) and DGi (Fig. 5F) in hemispheres that received 
the LV-IRAS construct. Additionally, DGi granule neurons exhibited 
significant decreases in total dendritic length, total branch points and 
dendritic volume (Table 1). Dendritic branch points were also signifi
cantly decreased in the DGs. Collectively, these results demonstrate that 
downregulation of hippocampal insulin receptors restricted to a single 
hemisphere elicits dendritic atrophy of CA3 pyramidal neurons and DG 

granule neurons. 

4. Discussion 

While epidemiological data support the concept that patients with 
metabolic disorders, such as T2DM, have an increased risk of developing 
neuropsychiatric disorders, the complex milieu of peripheral and central 
effects from these disorders makes disentangling biological components 
driving this comorbidity a major challenge in the field (Anderson et al., 
2001; Ali et al., 2006). As insulin resistance has been proposed to be a 
mechanistic mediator of co-morbid depression and T2DM (Rasgon and 
Jarvik, 2004), the current study aimed to dissect this comorbidity link 
by testing whether hippocampal-specific insulin resistance directly 
causes hippocampal structural changes and elicits a depressive-like 
phenotype. 

4.1. Hippocampal-specific insulin resistance decreases neurogenesis and 
dendritic complexity of pyramidal neurons and granule neurons 

Clinical studies have highlighted that CNS structural changes are a 
hallmark feature in patients with metabolic disorders. For example, 
Biessels and coworkers reported that hippocampal formation volumes 
are decreased in adult T2DM patients compared to age-matched controls 
(Brundel et al., 2010). Similar decreases in hippocampal formation 
volume have been reported in adolescents with insulin resistance (Urs
ache et al., 2012). Rasgon and coworkers reported that insulin resistance 
had a significant main effect on total hippocampal volumes, and these 
structural changes were associated with impaired cognitive performance 
(Rasgon et al., 2011). A more recent study reported that the duration of 
T2DM, as well as the degree of glycemic control, as assessed by HbA1c 
levels, is correlated with decreases in hippocampal formation volume 
(Schneider et al., 2017). While this study did not identify structural 
changes in the hippocampus of participants defined as pre-diabetic, 

Fig. 1. Hippocampal administration of the LV-IRAS 
construct significantly decreases hippocampal in
sulin receptor expression in the absence of changes 
in body weight or body composition. A: Represen
tative immunoblot for insulin receptor expression in 
hippocampal membrane extracts from rats that 
received bilateral injections of the LV-Con construct 
(Hippo-Con) or the LV-IRAS construct (Hippo- 
IRAS). Normalization for protein loading was per
formed using a monoclonal antibody selective for 
actin. B: Autoradiographic analysis determined that 
hippocampal insulin receptor expression is signifi
cantly decreased in Hippo-IRAS rats compared to 
Hippo-Con rats. (***: p < 0.001). C: Body weight 
following hippocampal virus administration did not 
differ between Hippo-Con and Hippo-IRAS rats (p 
= 0.28). D: Representative microCT image of 
visceral (green) and subcutaneous (blue) fat pads in 
a Hippo-Con rat. E: Volumetric analysis determined 
that visceral fat was not significantly different in 
Hippo-Con and Hippo-IRAS rats (p = 0.76). F: 
Subcutaneous fat is unchanged in Hippo-IRAS rats 
compared to Hippo-Con rats (p = 0.56). Data pre
sented as mean ± SEM based of at least 6 rats/ 
group. (For interpretation of the references to color 
in this figure legend, the reader is referred to the 
web version of this article.)   
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other studies have reported decreases in hippocampal formation volume 
in pre-diabetic patients and T2DM patients (Dong et al., 2019). In spite 
of these differences, a common feature in many of these studies was that 
HbA1c levels were correlated with decreases in hippocampal volume. 

Preclinical studies further support these clinical observations. For 
example, expression of depressive-like and anxiety-like behaviors have 
been reported in experimental models of obesity and T2DM, including 
db/db mice (Sharma et al., 2010), ob/ob mice (Collin et al., 2000; 
Yamada et al., 2011) and rodents provided access to a high fat diet 
(Yamada et al., 2011). Beyond the development of depressive-like and 
anxiety-like behaviors, rodents with metabolic disorders that include 
insulin resistance also exhibit morphological changes in the 

hippocampus. For example, previous studies have reported that mice 
(Park et al., 2010; Hwang et al., 2008; Boitard et al., 2015) and rats 
(Lindqvist et al., 2006) provided access to a high fat diet exhibit de
creases in cell proliferation and neurogenesis in the DG. Similar de
creases in neurogenesis/cell proliferation were reported in db/db mice 
(Stranahan et al., 2008). Interestingly, these same investigators reported 
that db/db mice exhibit significant decreases in spine density in the DG 
in the absence of changes in granule cell length or branch points (Stra
nahan et al., 2009). Our previous studies have also identified alterations 
in synaptic contacts in the hippocampus of obese rodents, morphological 
changes that were not accompanied by neuronal degeneration (Grillo 
et al., 2011b). Collectively, these preclinical studies support clinical 

Fig. 2. Hippocampal-specific insulin resistance 
elicits behavioral despair and anxiety-like behav
iors. A–D: Assessment of behaviors on the test day 
of the forced swim test (FST). A: Immobility was 
significantly increased in Hippo-IRAS rats 
compared to Hippo-Con rats (**: p < 0.01). B: La
tency to float was significantly decreased in Hippo- 
IRAS rats compared to Hippo-Con rats (*: p < 0.05). 
C: Climbing was significantly reduced in Hippo- 
IRAS rats compared to Hippo-Con rats (**: p <

0.01). D: Swimming was similar in Hippo-Con and 
Hippo-IRAS rats (p = 0.25). E: In the elevated plus 
maze (EPM), closed arm time did not differ between 
Hippo-Con and Hippo-IRAS rats (p = 0.84). F: 
Hippo-IRAS rats exhibit anxiety-like behaviors as 
measured by decreases in open arm time, compared 
to Hippo-Con rats (*: p < 0.05). G: Time spent in the 
center part of the EPM did not differ between 
Hippo-Con and Hippo-IRAS rats (p = 0.53). H: Total 
distance traveled in the EPM did not differ between 
Hippo-Con rats and Hippo-IRAS rats (p = 0.73). 
Data presented as mean ± SEM based on at least 10 
rats/group.   
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observations which illustrate that metabolic disorders elicit structural 
changes in the hippocampus that are associated with the development of 
depressive-like behaviors. 

Results from the current study both support and elaborate on these 
clinical and preclinical findings. By using a viral vector to specifically 
down-regulate insulin receptor expression in the hippocampus, we were 
able to disentangle central effects of insulin resistance from the plethora 
of peripheral complications of metabolic disorders. Our results empha
size that hippocampal-insulin resistance specifically contributes to hip
pocampal structural changes evidenced in these disorders. We found 
that hippocampal-specific insulin resistance causes reductions in the 
number of immature neurons suggesting hippocampal neurogenesis is 
decreased, and also reductions in basal but not apical dendritic 

arborization of CA3 hippocampal pyramidal neurons. This decrease of 
neurogenesis and dendritic complexity as a result of hippocampal- 
specific insulin resistance may be underlying some of the global struc
tural changes evidenced in clinical populations with metabolic disor
ders. Collectively, such results support the hypothesis that insulin 
resistance is a common feature associated with structural and functional 
deficits in patients with metabolic disorders (McIntyre et al., 2010). 

Of note, the morphological results from Golgi impregnation repre
sent an interesting contrast from the morphological changes elicited by 
chronic psychosocial stress paradigms. Previous seminal observations by 
McEwen and coworkers determined that chronic restraint stress induced 
atrophy of the apical dendrites of CA3 pyramidal neurons, but not the 
basal dendrites in male rats (Woolley et al., 1990). Additional studies 
from these same investigators demonstrated that chronic exposure to 
stress levels of glucocorticoids elicited similar morphological changes in 
the CA3 region without affecting the structural integrity of DG granule 
neurons (Watanabe et al., 1992). As such, these findings are in stark 
contrast with the current findings that identified dendritic atrophy of DG 
granule neurons and basal dendrites in the CA3 region. It is interesting to 
note that rats with hippocampal-specific insulin resistance do not exhibit 
changes in stress reactivity (Grillo et al., 2015a), thereby providing an 
important distinction between neuroendocrine causes of dendritic at
rophy in psychosocial stress compared to metabolic stressors. More 
simply, these results demonstrate that insulin resistance, independent of 
alterations in HPA axis activity, may be a causative factor driving defi
cits in hippocampal morphological plasticity in both rodent models of 
and patients with metabolic disorders. This suggests that while both 
chronic psychosocial stress and metabolic stress reduce hippocampal 
formation volumes, the mechanisms underlying the structural changes 
which then contribute to these volumetric reductions may be funda
mentally different at the cellular/synaptic level. 

4.2. Hippocampal insulin resistance impacts learning and memory-based 
behaviors 

Results from the current study are consistent with other preclinical 
models which have attempted to disentangle cause from consequence in 
insulin-resistance and its impact on neuroplasticity and behavior. For 
example, several studies have used molecular approaches to more selec
tively target brain insulin receptor populations. Surprisingly, while neuron- 
specific insulin receptor knockout (NIRKO) mice exhibit impairments in 
peripheral glucose homeostasis (Bruning, 2000), these mice do not exhibit 
deficits in spatial learning and memory (Schubert et al., 2004). In contrast, 
restricting the disruption of insulin receptor expression and signaling to the 
hippocampus results in significant reductions in hippocampal synaptic 
plasticity. In this regard, insulin receptor β-subunit haploinsufficient mice 
exhibit behavioral impairments in the novel object recognition test and 
deficits in synaptic transmission (Nisticò et al., 2012). Similarly, we have 
previously demonstrated that lentivirus-mediated induction of 
hippocampal-specific insulin resistance impairs spatial learning and elim
inates stimulus-evoked long term potentiation (LTP) in the hippocampus 
(Grillo et al., 2015a). In both of these studies, hippocampal-specific insulin 
resistance was associated with alterations in the expression and phos
phorylation state of glutamate receptor subunits. The current study aimed 
to expand on these previous findings by establishing whether 
hippocampal-specific insulin resistance induces a depressive-like pheno
type. Interestingly, we found that while hippocampal-specific insulin 
resistance elicits behavioral despair in the test phase of the FST, it does not 
induce anhedonia. The test phase of the FST can be interpreted as a learned 
behavior compared to the pre-test phase which measures innate behaviors 
(West, 1990). Such observations are consistent with our previous studies 

Fig. 3. The density of immature granule neurons is significantly reduced in the 
dentate gyrus (DG) of Hippo-IRAS rats compared to Hippo-Con rats. Repre
sentative images of doublecortin (DCX) immunohistochemistry in the DG of 
Hippo-Con rats (A and C) and Hippo-IRAS rats (B and D). Hippo-IRAS rats 
exhibit decreases in the number of DCX-positive neurons in the DG and DCX- 
positive neurons exhibit less complex dendritic architecture compared to 
Hippo-Con rats. E: Non-biased stereological counting determined that Hippo- 
IRAS rats exhibit significant decreases in DCX-positive cells in the superior 
blade of the DG (DGs; ***: p < 0.001) and the inferior blade of the DG (DGi; **: 
p < 0.01). Data presented as mean ± SEM based on at least 6 rats/group. 
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that illustrated that insulin resistance restricted to the hippocampus elicits 
impairments in hippocampal dependent learning and memory (Grillo et al., 
2015a) and further support the concept that hippocampal insulin receptors 
facilitate hippocampal synaptic plasticity, including learning and memory 
(McNay et al., 2010; Zhao et al., 1999). As depression is a complex disorder, 
impacted by a variety of neurochemical and structural alterations across 
multiple brain regions, the specificity of the effects of hippocampal insulin 
resistance on learning-based behavioral tasks provides valuable insight to 
the underlying molecular causes of the depressive phenotype. In addition, 
given the complex milieu characteristic of metabolic disorders, it is not 
unexpected that insulin resistance restricted to the hippocampus would not 
completely recapitulate the behavioral deficits observed in the experi
mental models of obesity described above. Indeed, it is more likely that a 
variety of factors are responsible for the etiology and progression of 
depressive-like and anxiety-like behaviors in rodents with obesity pheno
types. For example, downregulation of hypothalamic insulin receptors 
elicits a complex metabolic/obesity phenotype that includes decreases in 
brain-derived neurotrophic factor expression, increases in 
pro-inflammatory cytokines and leptin resistance, all of which likely 
contribute to the development of depressive-like and anxiety-like behaviors 
(Grillo et al., 2011a, 2014, 2015a). Interestingly, dietary restriction ap
proaches that normalize obesity-induced endocrine and metabolic param
eters reverse depressive-like behaviors in mice (Yamada et al., 2011) and 
rats (Grillo et al., 2014). Clinical studies also support this concept in that 
obese patients report improved mood/reduced depressive illness symptoms 
following bariatric surgery (Gill et al., 2019). Moreover, intranasal insulin 
administration has been shown to improve mood in human subjects 
(Benedict et al., 2004), presumably through enhancement of brain insulin 
signaling (Benedict and Grillo, 2018). Taken together, these clinical and 
preclinical studies support the notion that it is likely that many different 
metabolic and endocrine factors contribute to the development of depres
sive behaviors but also highlight a critical role of insulin resistance in 
neuroplasticity deficits observed in T2DM, obesity and age-related cogni
tive decline. 

In conclusion, the results of the current study demonstrate that 
hippocampal-specific insulin resistance elicits structural and functional 
deficits in the hippocampus that are highly consistent with those observed 
in patients with metabolic disorders and comorbid depressive illness. As 
such, strategies to enhance brain insulin signaling represent a potential 
therapy for the restoration of neuroplasticity in patients with metabolic 
disorders like obesity and T2DM. 

(caption on next column) 

Fig. 4. Hippocampal-specific insulin resistance elicits atrophy of basal but not 
apical dendrites in hippocampal CA3 pyramidal neurons. Three-dimensional 
reconstruction of a Golgi-impregnated CA3 pyramidal neuron from the 
Hippo-Con hemisphere (A) and a Golgi-impregnated CA3 pyramidal neuron 
from the Hippo-IRAS hemisphere (B) in the same rat. Neuron summary data for 
the basal dendrites (C–F) of CA3 pyramidal neurons. C: Total dendritic length of 
basal dendrites of CA3 pyramidal neurons is decreased in Hippo-IRAS hemi
spheres compared to Hippo-Con hemispheres (**: p < 0.01). D: Basal dendritic 
branch points are reduced in Hippo-IRAS hemispheres compared to Hippo-Con 
hemispheres (*: p < 0.05). E: Total dendritic volume of basal dendrites of CA3 
pyramidal neurons is decreased in Hippo-IRAS hemispheres compared to 
Hippo-Con hemispheres (*: p < 0.05). F: Dendritic complexity index (DCI) of 
basal dendrites of CA3 pyramidal neurons of Hippo-IRAS hemispheres is 
significantly reduced compared to Hippo-Con hemispheres (*: p < 0.05). 
Neuron summary data for the apical dendrites (G–J) of CA3 pyramidal neurons. 
G: Total dendritic length of apical dendrites of CA3 pyramidal neurons are 
unchanged in Hippo-IRAS hemispheres compared to Hippo-Con hemispheres (p 
= 0.91). H: Apical dendritic branch points are similar in in Hippo-IRAS hemi
spheres compared to Hippo-Con hemispheres (p = 0.64). I: Total dendritic 
volume of apical dendrites is similar in Hippo-IRAS hemispheres compared to 
Hippo-Con hemispheres (p = 0.47). J: Dendritic complexity index (DCI) of 
apical dendrites of CA3 pyramidal neurons of Hippo-IRAS hemispheres is not 
different compared to Hippo-Con hemispheres (p = 0.70). Data presented as 
mean ± SEM based on analysis of at least 6 neurons from 5 rats. 
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Fig. 5. Hippocampal-specific insulin resistance elicits atrophy of granule neurons of the dentate gyrus. Representative three-dimensional reconstruction of Golgi- 
impregnated granule neurons from the superior blade of the dentate gyrus (DGs) from a Hippo-Con hemisphere (A) and a Hippo-IRAS hemisphere (B) from the 
same rat. C: Dendritic complexity index (DCI) of DGs granule neurons is significantly reduced in Hippo-IRAS hemispheres compared to Hippo-Con hemispheres (*: p 
< 0.05). Representative three-dimensional reconstruction of Golgi-impregnated granule neurons from the inferior blade of the dentate gyrus (DGi) from a Hippo-Con 
hemisphere (D) and a Hippo-IRAS hemisphere (E) from the same rat. F: Dendritic complexity index (DCI) of DGi granule neurons is significantly reduced in Hippo- 
IRAS hemispheres compared to Hippo-Con hemispheres (**: p < 0.01). Data presented as mean ± SEM based on analysis of at least 6 neurons from 5 rats. 

Table 1 
Morphometric measures of granule neurons in the superior blade of the dentate gyrus (DGs) and the inferior blade of the dentate gyrus (DGi).    

Hippo-Con Hippo-IRAS p value  

DGs 
Dendritic length (μm) 1320.6 ± 143.9 1148.4 ± 157.0 0.44 
Branch points 6.9 ± 0.6 4.6 ± 0.4 0.01 
Dendritic volume (μm3) 2492.0 ± 333.4 2434.0 ± 107.3 0.87 
Dendritic complexity index 27258 ± 2548 16608 ± 2356 0.01    

DGi 
Dendritic length (μm) 1124.2 ± 61.7 837.2 ± 37.2 0.004 
Branch points 6.3 ± 0.5 4.4 ± 0.2 0.008 
Dendritic volume (μm3) 2285.6 ± 231.6 1615.8 ± 164.7 0.04 
Dendritic complexity index 24106 ± 2946 11924 ± 3228 0.006  
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Supplementary data to this article can be found online at https://doi. 
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