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A B S T R A C T

Background: Obesity is a low-grade inflammation condition that facilitates the development of numerous co-
morbidities and the dysregulation of brain homeostasis. Additionally, obesity also causes distinct behavioral
alterations both in humans and rodents. Here, we investigated the effect of inducible genetic deletion of the
cannabinoid type 1 receptor (CB1) in adipocytes (Ati-CB1-KO mice) on obesity-induced memory deficits, de-
pressive-like behavior, neuroinflammation and adult neurogenesis.
Methods: Behavioral, mRNA expression and immunohistochemical studies were performed in Ati-CB1-KO mice
and corresponding wild-type controls under standard and high-fat diet.
Results: Adipocyte-specific CB1 deletion reversed metabolic disturbances associated with an obese condition
confirming previous studies. As compared to obese mice, the metabolic amelioration in Ati-CB1-KO mice was
associated with an improvement of mood-related behavior and recognition memory, concomitantly with an
increase in cell proliferation in metabolic relevant neurogenic niches in hippocampus and hypothalamus. In
mutant mice, these changes were related to an increased neuronal maturation/survival in the hippocampus.
Furthermore, CB1 deletion in adipocytes was sufficient to reduce obesity-induced inflammation, gliosis and
apoptosis in a brain region-specific manner.
Conclusions: Overall our data provide compelling evidence of the physiological relevance of the adipocyte-brain
crosstalk where adipocyte-specific CB1 influences obesity-related cognitive deficits and depression-like beha-
vior, concomitantly with brain remodeling, such as adult neurogenesis and neuroinflammation in the hippo-
campus and hypothalamus.
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1. Introduction

Obesity is defined as a chronic low-grade inflammatory disease
contributing to metabolic syndrome. Its etiology is linked among others
to an immune response and subsequent secretion of pro-inflammatory
cytokines that affects peripheral and central tissues, including hy-
pothalamus and hippocampus (Purkayastha and Cai, 2013a). Recent
investigations have identified that brain inflammation results in im-
pairment of neural stem cell proliferation and differentiation
(Purkayastha and Cai, 2013b).

Obesity is also associated with distinct alterations in brain function,
such as cognitive impairment (Dye et al., 2017) and psychiatric dis-
orders including depression and anxiety (Gariepy et al., 2010;
Hryhorczuk et al., 2013; Capuron et al., 2017). Several processes have
been considered to be responsible for these obesity-related mood dis-
orders such as metabolic signals (Hryhorczuk et al., 2013), inflamma-
tion (Lasselin and Capuron, 2014) and most recently senescence
(Ogrodnik et al., 2019). Nevertheless, the underlying mechanisms still
remain elusive.

In obesity, adipocytes undergo both hyperplasia and hypertrophy,
accompanied by macrophage infiltration and M1 polarization state
(Lumeng et al., 2007). Adipose tissue macrophages are the main source
of cytokines in response to obesity and, therefore, mainly responsible
for inflammation and insulin resistance. Increasing evidence indicate
that hypothalamic inflammation contributes to the development and
progression of obesity and insulin resistance (Jais and Brüning, 2017).
Interestingly, hypothalamic inflammation occurs prior to body weight
gain, simultaneously with microglial activation (Thaler et al., 2012). In
this sense, ablation of microglia abrogates high-fat diet (HFD) induced
hypothalamic inflammation and neuronal stress, and limits diet-in-
duced reduced energy expenditure, hyperphagia and body weight gain
(André et al., 2017; Valdearcos et al., 2014, 2017). Activated hy-
pothalamic microglia produce pro-inflammatory cytokines, such as
TNF-α, IL-6 and IL-1β (Nakanishi et al., 2007; Lambertsen et al., 2009).
In addition, along with the reactive microgliosis, HFD causes astrocyte
activation in the hypothalamus, which persists into later obesity (Thaler
et al., 2012; Buckman et al., 2014). Finally, long-lasting HFD leads to
apoptosis of hypothalamic neurons due to chronic inflammatory re-
sponses (Moraes et al., 2009). Furthermore, obesity-induced in-
flammation has been associated with reduction of adult neurogenesis in
hypothalamic and hippocampal neurogenic niches (Lindqvist et al.,
2006; Boitard et al., 2014; Lee et al., 2012; McNay et al., 2012). Con-
gruently, IL-6 administration or overexpression causes a decrease in
hippocampal neurogenesis and memory formation (Donzis and
Tronson, 2014).

Obesity is associated with an overactive endocannabinoid (eCB)
system which plays a critical role in energy balance (Osei-Hyiaman
et al., 2006; Quarta et al., 2010; Silvestri and Di Marzo, 2013), as well
as other related physiological responses, such as inflammation and
endocrine regulation (Pagotto et al., 2006; Stella, 2010; Cluny et al.,
2012). Emerging evidence suggests that eCB-mediated control of energy
homeostasis results from a crosstalk between central and peripheral
processes (Malcher-Lopes et al., 2006; Ruiz de Azua and Lutz, 2019).
Recently, we reported that adipocyte CB1 plays a crucial role in reg-
ulating energy homeostasis through signaling mechanisms involving
adipocytes, immune cells and sympathetic nervous system (Ruiz de
Azua et al., 2017). Adipocyte-specific CB1 deletion was sufficient to
reduce body weight and fat mass, improve insulin sensitivity, and en-
hance brown adipose tissue thermogenesis. These changes were asso-
ciated with a profound remodeling of adipose tissue, including an in-
crease in alternatively activated macrophages concomitantly with an
enhanced sympathetic tone (Ruiz de Azua et al., 2017).

The eCB system also regulates inflammation and proliferation in the
brain, which may be partly mediated by the presence of CB1 in astro-
cytes (García-Ovejero et al., 2013; Metna-Laurent and Marsicano,
2015). Central immune system-related function is modulated by CB1

activation in resident microglial cells and astrocytes (Stella, 2010).
Thus, in vitro CB1 stimulation inhibits the release of proinflammatory
cytokines from reactive astrocytes (Ortega-Gutiérrez et al., 2005). Be-
sides, CB1 signaling regulates proliferation in specific neurogenic ni-
ches, as well as cell survival (Rivera et al., 2011; Maccarrone et al.,
2014; Zimmermann et al., 2018). Remarkably, pharmacological CB1
blockage in diet-induced obesity (DIO) models resulted in metabolic
improvement and cell proliferation increase in the subgranular zone
(SGZ) of the dentate gyrus, but a decrease in the subventricular zone
(SVZ) of the lateral ventricles and the hypothalamus (Rivera et al.,
2011). Similarly, blocking CB1 responses in HFD models abolished the
diet preference and astrocyte proliferation in the hypothalamus
(Higuchi et al., 2010), indicating that CB1 inhibition protects against
obesity by reducing astrogliosis.

Here, we investigated the effect of adipocyte-specific CB1 deletion
(Ati-CB1-KO) on obesity-induced cognitive decline and depression-like
behaviors. Furthermore, we examined whether these behaviors were
associated with improvements in adult neurogenesis and neuroin-
flammation in the hippocampus and hypothalamus.

2. Material and methods

2.1. Ethics statement

Experimental procedures with animals were carried out following
the recommendations of the European Communities directive 2010/63/
EU regulating the care and use of laboratory animals. The protocols
were approved by the Ethic and Research Committee of Rhineland-
Palatinate (Germany) (AZ.: 23177-07/G10-1-38).

2.2. Animals

Ati-CB1-KO mice (specific deletion of CB1 gene in adipocytes) and
their littermate controls (CB1floxed/floxed, named Ati-CB1-WT) were
generated as described previously (Ruiz de Azua et al., 2017). Male
mice at 6–7 weeks were housed individually and maintained in stan-
dard conditions. Ati-nuGFP and CaMK-nuGFP mice were generated by
crossing AdipoqCreERT2 and CaMKIICre with ROSA26-CAG-LSL-Sun1-
sfGFP-myc mice (Quarta et al., 2010; Ruiz de Azua et al., 2017). See
also Supplementary information.

2.3. Food/caloric intake and body weight

Mice (n=12–16/group) were fed ad libitum for 26 weeks with a
standard diet (SD) containing 12.3 kJ/g (11/36/53% of fat/protein/
carbohydrate; cat. no. V1126-000, Ssniff) and a high-fat diet (HFD)
containing 21.1 kJ/g (60/17/23% of fat/protein/carbohydrate; cat. no.
C1090/60, Altromin). The accumulated food/caloric intake and the
body weight gain were weekly measured for 26 weeks (Fig. 1A).

2.4. Specific induction of conditional CB1 deletion in adipocytes

After 17 weeks on both diets, tamoxifen was intraperitoneally (i.p.)
administered (1mg/day) for 10 days (Fig. 1A) in all mice. Tamoxifen
preparation was described previously (Ruiz de Azua et al., 2017). Thus,
four experimental groups were generated (n=6–8): SD Ati-CB1-WT,
SD Ati-CB1-KO, HFD Ati-CB1-WT and HFD Ati-CB1-KO.

2.5. Behavior

2.5.1. Novel object recognition (NOR) test
The capacity to memorize a previously encountered object was

tested in 2 consecutive steps. During the training phase, mice explored
two identical objects for 5min. One hour later, one of the familiar
objects was substituted by a new object, and mice explored them for
another 5min. The exploration time of both objects was scored and a
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discrimination index was calculated as follows: (time exploring familiar
object/time exploring both objects) x 100.

2.5.2. Forced swim (FS) test
The natural aversion of mice to water was used to evaluate de-

pressive-like behavior. Mice were placed during 6min in a glass beaker

filled with water. The time of swimming and floating was recorded and
used as a proxy of depressive symptoms. Thus, “despair” behavior is
usually characterized by a reduction in swimming accompanied by
increased floating.

Fig. 1. A) Experimental design used for high-fat diet-induced obesity (DIO), induction of conditional adipocyte-specific CB1 gene deletion by tamoxifen adminis-
tration for 10 days and 5′-bromo-2′deoxyuridine (BrdU) injections for 5 days. B–E) Effect of SD and HFD on cumulative caloric intake and bogy weight gain before
tamoxifen treatment, over 16 weeks of feeding (B, C), and after the induction of adipocyte-specific CB1 gene deletion by tamoxifen administration (D, E). F-K) Effect
of SD and HFD on glucose tolerance (F, I), insulin sensitivity (G, J) and percentage of body weight loss (H, K) in 6-h fasted mice 2 weeks before (DIO mice) and 4
weeks after the induction of adipocyte-specific CB1 gene deletion (Ati-CB1-KO mice). The histograms and points indicate the mean ± SEM (12–16 animals per diet
group, 6–8 animals per genotype subgroup). Bonferroni’s test: */**/***P < 0.05/0.01/0.001 vs. SD-fed mice and SD-fed Ati-CB1-WT mice; #/##/###P < 0.05/0.01/
0.001 vs. HFD-fed Ati-CB1-WT mice. Student t-test in H.
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2.6. Glucose and insulin tolerance tests

Two weeks before and 4 weeks after the induction of adipocyte-
specific CB1 deletion, we have performed a glucose and insulin toler-
ance tests. In brief, mice were starved for 6 h previous starting the
glucose tolerance tests. Glucose levels were determined at 0 (basal le-
vels), 15, 30, 45, 60, 90 and 120min after a glucose overload (2 g/kg,
i.p.). Regarding insulin tolerance tests, we used different experimental
conditions before and after tamoxifen treatment. Two weeks before
tamoxifen, the insulin tolerance test was performed using an insulin
administration of 0.75 IU/kg, mice were starved for 4 h, and glucose
levels were measured. Four weeks after the induction of adipocyte-
specific CB1 deletion, we repeated the insulin tolerance test using a low
dose of insulin (0.5 IU/kg, viai.p.) and mice were starved for 6 h.

2.7. BrdU administration

5´-bromo-2´-deoxyuridine (BrdU, cat. no. B5002, Sigma-Aldrich)
was administrated at 70mg/kg (i.p.), twice per day at 10 -hs intervals,
for five consecutive days during the week 26 (Rivera et al., 2011).
Brains were collected 12 h after the last injection (Fig. 1A).

2.8. Sample collection

Mice were sacrificed 8 weeks after tamoxifen administration. Brain,
epididymal white adipose tissue (eWAT) and skeletal muscle were
dissected out and stored at -80 °C for mRNA expression analyses.
Hippocampi (2.4 mm, starting at Bregma -1.6mm) and hypothalami
(1.5 mm, starting at Bregma -0.60 mm) were precisely punched. A
second batch of mice were transcardially perfused (buffered-4% par-
aformaldehyde), and brains were cut into 30-μm-thick coronal sections
for immunohistochemistry.

2.9. RNA isolation and real-time PCR analysis

We performed real-time PCR (Applied Biosystems), as was described
previously (Ruiz de Azua et al., 2017). RNA was extracted following
Trizol method (Sigma; cat. no. 12183-555). After reverse transcriptase
reaction (1 μg RNA), quantitative RT-PCR was performed in an Applied
Biosystems® 7300 Real-Time PCR Detection System and the FAM-dye
label format for the TaqMan® Gene Expression Assays (Applied Bio-
systems) (Table S1 and Supplementary information). Values were nor-
malized to β-glucuronidase (GusB) mRNA expression.

2.10. Immunohistochemistry and double immunofluorescence

Samples (either deparaffinized adipose tissue sections or brain
floating sections) were incubated overnight at 4 °C with rat anti-BrdU
(1:2000; Accurate Chemical & Scientific; OBT0030 F) or a rabbit anti-
GFP (1:500, STRATAGENE; 240142) antibody (Rivera et al., 2011); or
at room temperature with mouse anti-NeuN (1:500, Millipore,
MAB377), mouse anti-GFAP (1:500, Sigma; G3893), rabbit anti-Iba-1
(1:1000, Wako, 019-19741), and mouse anti-β3-tubulin (1:5000; Pro-
mega, G7121) [36]. For fluorescence, sections were incubated in goat
anti-rat IgG labeled with Alexa Fluor® 488 (1:1000; Molecular Probes,
Invitrogen, A11006) and donkey anti-mouse IgG labeled with Alexa
Fluor® 594 (1:1000; Molecular Probes; A21203), and visualized with a
confocal microscope (TCS NT; Leica Microsystems).

2.11. Quantification of BrdU, β3-tubulin and Iba-1-immunoreactive cells

Cells were manually counted from -1.6 to -4.1 mm Bregma levels in
the hippocampus [subgranular zone (SGZ) of the dentate gyrus (DG),
CA3 and CA1 areas], and from -0.6 to -2.1 mm Bregma levels in the
hypothalamus [paraventricular (PVH), ventromedial (VMH) and arc-
uate (ARC) nuclei]. Quantification was expressed as the average

number of BrdU, β3-tubulin and Iba-1-ir cells/area (mm2). The number
of cells with double immunofluorescence staining for BrdU and β3-tu-
bulin was expressed as percentage with respect to total BrdU+ cells.

2.12. Quantification of NeuN and GFAP immunoreactivity

Densitometric quantification of the immunoreactivity of the same
hippocampal and hypothalamic areas was determined using the ana-
lysis software ImageJ 1.38X (NIH, USA). We considered the following
hippocampal layers: strati oriens (SO), pyramidale (SP), radiatum (SR),
lucidum (SL) and lacunosum-moleculare (SL-M), and molecular (ml)
granular (gcl), and polymorphic (pcl) cell layers.

2.13. Statistical analysis

All data are shown as mean ± SEM. Levene normality tests in-
dicated that all data followed a Gaussian distribution (P > 0.1), so we
selected parametric statistical tests. Differences were evaluated using
repeated measures, two and three-way ANOVA being time, diet (SD and
HFD) and genotype (WT and KO) as factors, following multiple com-
parisons by corrected Bonferroni’s or Sidak´s test when appropriate.
Simple effect analysis was systematically performed in case of inter-
action or main effect. Student’s unpaired t-test was only performed
when two single groups were compared. P<0.05 was considered sig-
nificant.

3. Results

3.1. Effect of adipocyte-specific CB1 deletion on caloric intake and body
weight

First, we have analyzed the metabolic effect of adipocyte-specific
CB1 deficiency in lean and HFD-induced obese mice. Before tamoxifen-
induced recombination, significant interactions between diet (SD vs
HFD) and time were found in cumulative caloric intake
(F16,406= 42.16, P < 0.0001) and body weight gain (F16,388= 11.96,
P < 0.0001). A diet effect on cumulative caloric intake
(F1,406= 1968.5, P < 0.0001) and body weight gain (F1,388= 293.08,
P < 0.0001) was also observed. Accordingly, HFD-fed mice consumed
more caloric intake (***P < 0.001; from second week on) and showed
a higher body weight gain (week 8, **P < 0.01; from week 8 on,
***P < 0.001) compared to SD-fed mice (Fig. 1B, C).

After tamoxifen-induced adipocyte-specific CB1 ablation, significant
interactions between diet and genotype were found in body weight gain
(F1,20> 5.03, P < 0.05), but not anymore in caloric intake. A diet ef-
fect was still observed after tamoxifen treatment on cumulative caloric
intake (F1,49= 493.72, P < 0.0001) and body weight gain
(F1,85= 79.2, P < 0.0001), being higher in HFD-fed Ati-CB1-WT mice
than in SD-fed mice. We also detected a genotype effect on cumulative
caloric intake (F1,77= 4.8, P=0.031) and body weight gain
(F1,132= 39.71, P < 0.0001) in HFD-fed mice, but not in SD-fed mice.
When Bonferroni analysis was applied, HFD-fed Ati-CB1-KO mice
showed a reduced body weight gain as compared to HFD-fed Ati-CB1-
WT mice (week 22, #P < 0.05; week 25 and 26, ##P < 0.01) (Fig. 1D,
E), but no significant differences were found in caloric intake.

3.2. Effect of adipocyte-specific CB1 deletion on glucose and insulin
tolerance

Additionally, we have also analyzed the glucose homeostasis in
these mice. Two weeks before tamoxifen treatment, we found a diet
effect on glucose tolerance (F1,112= 60.64, P < 0.0001) and insulin
sensitivity (F1,168= 49.52, P < 0.0001). HFD-fed mice showed in-
creases in the circulating glucose levels during glucose (Fig. 1F) and
insulin tolerance tests (Fig. 1G). This impairment in glucose home-
ostasis was associated with a lower body weight loss in HFD-fed mice
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during fasting (*P < 0.05) (Fig. 1H).
Four weeks after adipocyte-specific CB1 ablation, we repeated the

glucose and insulin tolerance tests. Significant interactions were found
between diet and genotype in blood glucose levels (F1,126> 10.41,
P < 0.01). Diet effects on glucose tolerance (F1,98= 52.84,
P < 0.0001) and insulin tolerance (F1,98= 33.49, P < 0.0001)
showed higher levels of glucose in HFD-fed Ati-CB1-WT mice than in
SD-fed Ati-CB1-WT mice, but not between SD-fed and HFD-fed Ati-CB1-
KO mice. Genotype effects on glucose (F1,98= 22.93, P < 0.0001) and
insulin tolerance (F1,98= 22.54, P < 0.0001) indicated lower levels of
glucose in HFD-fed Ati-CB1-KO mice, but not in SD-fed Ati-CB1-KO
mice. Bonferroni analysis showed that the glucose intolerance and in-
sulin resistance in the HFD-fed Ati-CB1-WT mice (**/***P < 0.01/
0.001 vs SD-fed Ati-CB1-WT mice) were normalized in the HFD-fed Ati-
CB1-KO mice (#/##/###P < 0.05/0.01/0.001 vs HFD-fed Ati-CB1-WT
mice) (Fig. 1I, J). A genotype effect on body weight loss during fasting
was also found (F1,20= 10.5, P=0.004), with Ati-CB1-KO mice
showing increased body weight loss (Fig. 1K).

3.3. Behavioral implications of adipocyte-specific CB1 deletion during DIO

During the training phase of the NOR test, all experimental groups
explored similarly both objects [discrimination index (time exploring
familiar object/total time exploration)= 50] (Fig. 2A). The statistical
analysis of the discrimination index between training and retention
phases revealed an interaction (F3,22= 3.715, P=0.026) and a time
effect (F1,22= 67.14, P < 0.0001). Moreover, a significant interaction
between diet and genotype was observed in the discrimination index
during the retention phase of NOR test (F1,22= 7.80, P < 0.001). In-
terestingly, all experimental groups, except Ati-CB1-WT mice fed with
HFD displayed a significant reduction of the discrimination index in the
retention phase (§§§P < 0.001) (Fig. 2A). This reduction in the dis-
crimination index reveals a proper memory formation, a process that is
affected in Ati-CB1-WT mice fed with HFD. Depressive-like behavior

has been previously linked to obesity and is commonly analyzed by the
FS test, whereby a decreased swimming and increased floating (help-
lessness) is usually associated with a depressive state. A significant in-
teraction between diet and genotype was observed in swimming
(F1,22= 4.74, P=0.005). In HFD-fed Ati-CB1-WT mice, swimming is
significantly reduced (**P < 0.01) (Fig. 2B). Interestingly, Ati-CB1-KO
mice fed with the same diet reversed this phenotype (#P < 0.05)
(Fig. 2B). Thus, adipocyte-specific CB1 deletion after DIO prevents
depressive-like behavior and memory deficit, which can be associated
with obesity.

3.4. CB1, Caspase-3 and IL-6 gene expression in metabolically relevant
tissues

Diet effects on the CB1 mRNA expression were found in eWAT,
skeletal muscle and hippocampus (Table 1). In particular, HFD-fed Ati-
CB1-WT mice showed an increase in CB1 mRNA expression in eWAT
and hippocampus, and a 3-fold decrease in skeletal muscle (Table 1).
Genotype effects on CB1 mRNA expression were observed in eWAT and
hypothalamus. As expected, 8 weeks after tamoxifen administration,
specific induction of CB1 deletion in adipocytes caused a significant
reduction of 70–85% in the CB1 mRNA expression in eWAT in a diet-
independent manner, but not in other non-adipose tissues, such as
skeletal muscle and hippocampus. Strikingly, HFD-fed Ati-CB1-KO mice
also had a reduced CB1 mRNA expression in hypothalamus. We gen-
erated two reporter mouse lines (called Ati- and CaMKII-nuGFP mice,
expressing nuclear membrane-tagged GFP-tagged after Cre-mediated
recombination) to explore whether this reduction is an indirect effect of
weight loss associated with adipocyte-specific CB1 deletion (Supple-
mentary Information). In the Ati-nuGFP mice, we only found GFP-po-
sitive nuclei in adipocytes (eWAT, BAT), but none in the entire brain,
including the hypothalamus (Fig. S1), in contrast to CaMKII-nuGFP
mice. Therefore, the decreased CB1 expression in the hypothalamus is
caused by an indirect effect of CB1 deletion in adipocytes.

Inflammation associated with long-term HFD leads to apoptosis of
hypothalamic neurons (Moraes et al., 2009). Therefore, we assessed the
local inflammatory processes and cell apoptosis in the hypothalamus
and hippocampus by mRNA expression analysis of interleukin-6 (IL-6)
and Caspase-3, respectively (Table 1). We found significant interactions
between diet and genotype in the mRNA expression of Caspase-3 and
IL-6 in the hippocampus. We also found a genotype effect on the hip-
pocampal Caspase-3 mRNA expression. In this regard, the increased
mRNA expression of Caspase-3 and IL-6 in the hippocampus of HFD-fed
Ati-CB1-WT mice (*P < 0.05 vs SD-fed Ati-CB1-WT mice) was com-
pletely reversed after tamoxifen-induced adipocyte-CB1 deletion
(#/##P < 0.05/0.01 vs HFD-fed Ati-CB1-WT mice) (Table 1). In the
hypothalamus, a diet effect was observed on the IL-6 mRNA expression,
with HFD-fed Ati-CB1-KO mice showing a lower IL-6 mRNA expression
(#P < 0.05 vs HFD-fed Ati-CB1-WT mice).

3.5. Cell proliferation and neuronal maturation in the subgranular zone of
dentate gyrus and hypothalamus: BrdU and β3-tubulin

We evaluated the number of newborn cells after 5 days of BrdU
administration in the 8th week after adipocyte-specific CB1 deletion
(Fig. 3). We found a genotype effect on the number of BrdU-ir cells in
the SGZ of DG (F1,22= 9.41, P < 0.01). HFD-fed Ati-CB1-WT mice
showed a decrease in the number of BrdU-ir cells as compared to SD-fed
Ati-CB1-WT mice, while adipocyte-CB1 deficiency increased the
number of BrdU-ir cells in a diet-independent manner (Fig. 3A). In the
hypothalamus, diet effect on the number of BrdU-ir cells (F1,22= 6.73,
P < 0.05) is produced by an increase in the number of BrdU-ir cells in
the ARC of HFD-fed Ati-CB1-WT mice and HFD-fed Ati-CB1-KO mice
(Fig. 3B).

We also measured those BrdU-ir cells expressing β3-tubulin, a
neuron-specific marker, indicating those newly born cells differentiated

Fig. 2. Mice with adipocyte-specific CB1 deletion during DIO were tested for
memory and depressive-like behavior in the NOR test (A) and the FS test (B)
respectively. The histograms represent the mean ± SEM (n=5–9). Sidak’s
test: §§§P < 0.001 vs. training; **P < 0.01 vs. SD-fed Ati-CB1-WT mice;
#P < 0.05 vs. HFD-fed Ati-CB1-WT mice.
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into neurons (Fig. 3C, D). We only detected a genotype effect on the
rate of BrdU-ir cells expressing β3-tubulin in the SGZ (F1,22= 13.69,
P < 0.01), but not in ARC. This effect is produced by an increase in the
rate of BrdU+/β3-tubulin+ cells (relative to total BrdU+ cells) in the
SGZ of HFD-fed Ati-CB1-KO mice (Fig. 3C). It should be noted that a
low rate of newborn neurons (ranging 19.4–40.5% of the total BrdU+

cells) was found in the hypothalamus (Fig. 3D).

3.6. Cell differentiation and neuronal maturation in the hippocampus and
hypothalamus: Bdnf and NeuN

Regarding the hippocampus, we found a diet effect on the Bdnf
mRNA expression (F1,20= 5.14, P < 0.05), with HFD-fed Ati-CB1-KO
mice showing an increased expression (Fig. 3E). A genotype effect on
NeuN mRNA expression in hippocampus (F1,20= 8.94, P < 0.01) is
produced by a decreased expression in HFD-fed Ati-CB1-WT mice and
an increased expression in HFD-fed Ati-CB1-KO mice (Fig. 3E). Re-
garding the hypothalamus, interaction (diet and genotype) was speci-
fically observed in the mRNA expression of Bdnf (F1,20= 8.94,
P < 0.01) and NeuN (F1,20= 22.65, P < 0.001). A genotype effect
was also found in the NeuN mRNA expression in the hypothalamus
(F1,20= 22.65, P < 0.001). Specifically, HFD increased mRNA ex-
pression of Bdnf and NeuN in the hypothalamus of Ati-CB1-WT mice
(Fig. 3F). The adipocyte-specific CB1 deletion was sufficient to reverse
the mRNA expression changes associated with HFD. Thus, HFD-fed Ati-
CB1-KO mice had a decrease in hypothalamic mRNA expression of Bdnf
and NeuN (Fig. 3F).

NeuN immunohistochemistry partially confirmed mRNA expression
data. We found a diet effect on NeuN immunoreactivity (F3,44= 3.14,
P < 0.03) when DG and CA1 were analyzed separately. In particular,
Bonferroni analysis indicated a decreased NeuN immunoreactivity in
the hippocampal CA1 of HFD-fed Ati-CB1-WT mice, which was reversed
in HFD-fed Ati-CB1-KO mice (Fig. 3G, H). In the hypothalamus, there
was also a diet effect on NeuN immunoreactivity when the whole hy-
pothalamus was analyzed (F1,22= 6.32, P < 0.02), and specifically in
ARC (F1,22= 6.48, P < 0.019), where HFD-fed Ati-CB1-WT mice
showed an increased immunolabeling compared to SD-fed Ati-CB1-WT
mice. This significance was almost blunted in HFD-fed Ati-CB1-KO mice
(Fig. 3I, J).

3.7. Effect of adipocyte-specific CB1 deletion on astrogliosis in the
hippocampus and hypothalamus

Astrocytes, as determined by GFAP mRNA and protein expression,

was assessed in the hippocampus and hypothalamus of Ati-CB1-WT and
Ati-CB1-KO mice in SD and HFD (Fig. 4). Interaction between diet and
genotype was detected in the hippocampal GFAP mRNA expression
(F1,20= 5.81, P=0.025). Thus, HFD increased hippocampal GFAP
mRNA expression (*P < 0.05), which was reversed to control levels in
HFD-fed Ati-CB1-KO mice (#P < 0.05) (Fig. 4A). When we evaluated
the three hippocampal areas together, a genotype effect was found
(F1,66= 4.48, P=0.037). We found a decrease in GFAP im-
munoreactivity in the hippocampus, in particular in the DG and CA1 of
HFD-fed Ati-CB1-KO mice as compared to HFD-fed controls
(#P < 0.05) (Fig. 4B, C). Conversely, we did not observe any main
effect on GFAP expression in hypothalamus (Fig. 4D–F).

3.8. Effect of adipocyte-specific CB1 deletion on microgliosis in the
hippocampus and hypothalamus

Microglia cells were also assessed by Iba-1 expression (Fig. 4). In the
hippocampus, we observed a genotype effect on hippocampal Iba-1
mRNA expression (F1,20= 4.16, P=0.05) and Iba-1-ir cell number in
all hippocampal areas (F1,22< 7.86, P < 0.01). In particular, the adi-
pocyte-specific CB1 deletion decreased Iba-1 mRNA expression in the
hippocampus of HFD treated mice (Fig. 4G). This result was confirmed
by immunohistochemical analysis of Iba1+ cells in all hippocampal
regions (Fig. 4H–I); similar reductions of Iba1+ cell number have been
found in Ati-CB1-KO mice compared to their respective controls. In the
hypothalamus, a diet effect (F1,22= 5.77, P=0.025) was associated
with an increase in the number of Iba-1-ir cells in the PVH of HFD-fed
Ati-CB1-WT mice (Fig. 4J–L). Importantly, adipocyte-specific CB1 de-
letion was sufficient to revert this increase in PVH (Fig. 4K).

4. Discussion

In this study, we examined the hypothesis whether the adipocyte-
specific CB1 deletion in obese mice, which were reported to exhibit
metabolic improvements (Ruiz de Azua et al., 2017), also facilitates an
amelioration of obesity-induced short-term memory deficits, depres-
sive-like behaviors, and cellular remodeling in the brain. In fact, we
found that metabolic improvements were accompanied by behavioral
normalizations, increased adult neurogenesis and decreased in-
flammation in hippocampus and hypothalamus (Fig. 5).

Obese individuals have a higher prevalence of depression
(Hryhorczuk et al., 2013; Capuron et al., 2017), anxiety (Gariepy et al.,
2010) and mild cognitive impairments (Dye et al., 2017; Solas et al.,
2017). Conversely, depression can contribute to metabolic disorders,

Table 1
Effects of high-fat diet and adipocyte-specific CB1 gene deletion on the mRNA expression of CB1, Caspase-3 and IL-6 in eWAT, skeletal muscle, hippocampus and/or
hypothalamusa.

SD WT SD KO HFD WT HFD KO Interaction Genotype Diet

CB1 eWAT 1.00± 0.29 0.31± 0.04* 6.44± 2.37** 1.03± 0.27## ns F1,20= 6.42 F1,20=6.55

P= 0.019 P=0.018
Muscle 1.00± 0.05 0.74± 0.15 0.36± 0.03* 0.34± 0.05$ ns ns F1,19= 16.43

P<0.001
HC 1.00± 0.05 1.02± 0.10 1.15± 0.04* 1.13± 0.04 ns ns F1,20= 4.23

P=0.05
HT 1.00± 0.08 0.84± 0.05 1.08± 0.06 0.81± 0.07# ns F1,20= 9.39 ns

P=0.006
Caspase-3 HC 1.00± 0.06 0.99± 0.07 1.19± 0.02* 0.94± 0.06## F1,20= 4.18 F1,20=4.21 ns

P=0.05 P= 0.05
HT 1.00± 0.04 0.98± 0.05 1.13± 0.05 0.97± 0.06 ns ns ns

IL-6 HC 1.00± 0.16 1.37± 0.09 1.47± 0.12* 0.89± 0.21# F1,20= 9.29 ns ns
P=0.006

HT 1.00± 0.14 0.95± 0.05 0.81± 0.09 0.43± 0.11# ns ns F1,20= 10.65
P=0.003

Two-way ANOVA and Bonferroni analysis (in case of interaction or main effect): */**P < 0.05/0.01 vs. SD-fed Ati-CB1-WT mice; $P < 0.05 vs. SD-fed Ati-CB1-KO
mice; #/##P < 0.05/0.01 vs. HFD-fed Ati-CB1-WT mice. Abbreviation: HC, hippocamus; HT, hypothalamus.

a Values represent the mean ± SEM (n=6).
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and correlates to weight gain and obesity (Capuron et al., 2017). Pre-
viously, we demonstrated that Ati-CB1-KO mice reversed anxiety-like
behavior observed in obese mice (Ruiz de Azua et al., 2017). Therefore,
we have further characterized the effect of the genetic inactivation of
adipocyte CB1 in obesity-induced cognitive deficit and depressive-like
behavior, using different behavioral paradigms. Obese mice showed a
significant short-term memory impairment in the NOR test. Besides,
these mice had a depressive-like behavior during FS test. These two
behavioral phenotypes linked to obesity were reversed in HFD-fed Ati-
CB1-KO mice. Therefore, adipocyte-specific CB1 signaling blockade had
a profound impact in the alleviation of cognitive deficit and depressive-
like behavior associated with obese mice.

The improvement in cognition and emotion in Ati-CB1-KO mice was
linked to a metabolic amelioration, as reported previously (Ruiz de
Azua et al., 2017). These results are in agreement with the improved
metabolic functions in obese subjects treated with CB1 receptor an-
tagonists (Scheen, 2008; Tam et al., 2012; Vida et al., 2014) and the
resistance of total CB1-KO mice to develop DIO (Cota et al., 2003). In
our previous study, the metabolic improvement observed in Ati-CB1-KO
mice was consistent with decreases in the plasma levels of leptin and
the inflammatory factors IL-6 and PAI1 (Ruiz de Azua et al., 2017).

Therefore, we further analyzed whether the beneficial effect of
adipocyte CB1 blockade on metabolism and behavior was accompanied
by a cellular brain remodeling in neuroinflammation and/or neuro-
genesis. However, we cannot exclude other potential mechanisms, for
example, cell senescence which has recently been reported to facilitate
obesity-induced anxiety (Ogrodnik et al., 2019). Obesity is also asso-
ciated with a neuroinflammatory state that contributes to neurotoxicity,
neuronal loss and glial activation (Teng et al., 2005; Posey et al., 2009;
Ransohoff and Perry, 2009; Hidalgo et al., 2010). Obesity-associated
brain inflammation has been linked to decreased spatial memory, an-
xiety and depression (Boitard et al., 2014; Dutheil et al., 2016;
Guillemot-Legris and Muccioli, 2017). Nonetheless, cognitive deficit in
obesity can also occur in the absence of neuroinflammation (Guillemot-
Legris and Muccioli, 2017). In this manner, increased hippocampal CB1
gene expression concomitantly with an overactive endocannabinoid
tone in obese mice could also contribute to impaired memory deficit, as
suggested by other studies (Wise et al., 2009; Han et al., 2012). Obesity-
derived neuroinflammation has been well-described in hypothalamus
(Jais and Brüning, 2017) and other brain structures including hippo-
campus (Guillemot-Legris and Muccioli, 2017). Accordingly, we found
that obese mice showed increased expression of pro-inflammatory
(hippocampal IL-6 mRNA), apoptotic (hippocampal caspase-3 mRNA),
astroglial (hippocampal GFAP mRNA), and microglial (Iba-1-ir in PVN)
markers. In hippocampus of obese mice, activated microglial could be
the main responsible of the elevated IL-6 mRNA expression as suggested
by previous findings (Valdearcos et al., 2014), although we cannot
exclude a potential contribution of other cell types (e.g.endothelial
cells) since Iba-1 expression was not modified in these mice as com-
pared to SD-fed Ati-CB1-WT mice. Remarkably, microglial Iba-1 ex-
pression was enhanced locally in the PVH, a brain area largely involved
in obesity and hyperphagia. Regarding genotype effects, HFD-fed Ati-
CB1-KO mice had an overall reduction in the expression of the pro-
inflammatory cytokine IL-6, consistant with a decrease in gliosis mar-
kers (GFAP, Iba-1) in hippocampus, while the hypothalamus showed a
reduced IL-6 mRNA expression that could be consistent with a lower

Iba-1-ir cell number in PVH. In summary, adipocyte-specific CB1 defi-
ciency is associated with an improvement of memory deficit, depres-
sive-related disorders and neuroinflammation as compared to obese
mice.

Furthermore, a single day of HFD is sufficient to increase IL-6, TNF-
α and IL-1β expression as well as microglial cell activation in the hy-
pothalamus, even before body weight changes (Thaler et al., 2012).
This suggests that hypothalamic inflammation may participate in the
onset of weight gain, maybe through central insulin and leptin re-
sistance (Posey et al., 2009; Hidalgo et al., 2010). Therefore, we put
forward the notion that the reduced neuroinflammation in Ati-CB1-KO
mice might be responsible of improved energy balance, and not only as
a consequence of it.

Finally, we evaluated a potential link between improved cognitive
and mood-related behavior and neurogenesis in obese Ati-CB1-KO
mice. Several evidences have suggested that disrupted adult hippo-
campal neurogenesis may result in memory deficit (Deng et al., 2010)
and depression (Eisch and Petrik, 2012). In this study, HFD-induced
obesity also had a strong impact on cell proliferation in the hippo-
campus and hypothalamus, but in an opposite manner. In the hippo-
campus of obese mice, there was a decline in SGZ cell proliferation and
an increase in cell death (apoptotic state assessed by increased caspase-
3 expression) that could result in a lower number of mature neurons
(NeuN), confirming previous studies (Lindqvist et al., 2006; Farr et al.,
2008; Moraes et al., 2009). In contrast, the hypothalamus of obese mice
had an increase in cell proliferation (BrdU) and mature neurons
(NeuN), and no effect on cell death (caspase-3) or on the rate of new-
born neurons (percentage of BrdU+/β3-tubulin+ cells with respect to
total BrdU+ cells), suggesting an imbalance of hypothalamic neuronal
turnover. Further studies should clarify the underlying mechanism of
the increased neuronal survival (NeuN). Remarkably, NeuN+ cells
were increased in ARC, a metabolically relevant hypothalamic region,
where most BrdU-ir cells were found. It has been shown that obesity
inhibits adult hypothalamic neurogenesis (McNay et al., 2012) and
induces neuronal cell death (Moraes et al., 2009; Thaler et al., 2012).
Interestingly, hypothalamic neurogenesis contributes to food intake
regulation in response to leptin and fasting conditions (Pierce and Xu,
2010; Lee et al., 2012). Here, adipocyte-specific CB1 deletion was
linked to an increased cell proliferation rate in both neurogenic niches,
SGZ and ARC. However, exclusively in the hippocampus, the increased
cell proliferation was associated with higher Bdnf and NeuN mRNA
expression (survival) and higher number of BrdU-ir cells expressing β3-
tubulin in the SGZ (neuronal maturation) in HFD-fed Ati-CB1-KO mice
as compared to controls. Accordingly, pharmacological blockade of CB1
specifically increased cell proliferation in the SGZ of HFD-fed rats, but
not in SD-fed rats (Rivera et al., 2011). These results suggest that in-
creased hippocampal neurogenesis was associated with CB1-induced
alleviation of energy imbalance. In agreement, dietary restriction sig-
nificantly decreases the hippocampal levels of AEA and 2-AG (Rivera
et al., 2013), and induced neural proliferation and BDNF expression in
the DG (Lee et al., 2000; Kumar et al., 2009). However, contradictory
evidence was related to neurogenesis in total CB1-KO mice (Wolf et al.,
2010).

In conclusion, the present study demonstrates that adipocyte-spe-
cific CB1 deficiency alleviates obesity-related memory deficits, de-
pressive-like behavior, adult neurogenesis and neuroinflammation.

Fig. 3. Effect of high-fat diet and adipocyte-specific CB1 deletion on cell proliferation and neuronal maturation in the subgranular zone (SGZ) of dentate gyrus and
hypothalamus of mice fed SD and HFD by BrdU immunohistochemistry (A, B), double BrdU/β3-tubulin immunofluorescence (C, D), Bdnf and NeuN mRNA ex-
pression (E, F), and NeuN immunohistochemical expression (G-J). Representative micrographs show low- and high- (insets) magnification views of BrdU im-
munoreactivity and double immunofluorescence of the neuron-specific β3-tubulin (green) and BrdU (red) of the typical clustering of newborn cells in the inner
border of the granular cell layer and the arcuate nucleus (arrows), as well as immunohistochemical expression of the mature neuron-specific NeuN in the principal
cell layers of the hippocampus and the main regions of the hypothalamus. The histograms represent the mean ± SEM (n=6–8). Bonferroni’s test: *P < 0.05 vs. SD-
fed Ati-CB1-WT mice; #/##/###P < 0.05/0.01/0.001 vs. HFD-fed Ati-CB1-WT mice (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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Fig. 4. Effect of high-fat diet and induction of adipocyte-specific CB1 deletion on gliosis in the hippocampus and the hypothalamus of mice fed SD and HFD on Gfap
mRNA expression and GFAP immunohistochemistry (A-F), and Iba-1 mRNA expression and Iba-1 immunohistochemistry (G-L). Representative micrographs show
low- and high- (insets) magnification views of GFAP and Iba-1 immunoreactivity in the hippocampus and the hypothalamus (C, F, I, L). The histograms represent the
mean ± SEM (n=6–8). Bonferroni’s test: */**P < 0.05/0.01 vs. SD-fed Ati-CB1-WT mice; #P < 0.05 vs. HFD-fed Ati-CB1-WT mice.
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These results support the action of an adipocyte-brain crosstalk
whereby adipocyte CB1 plays a critical role in brain remodeling. Future
studies should identify the molecular mechanisms that link how defi-
ciency of adipocyte CB1 leads to normal brain homeostasis despite
high-fat feeding.
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