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N E U R O S C I E N C E

eNAMPT actions through nucleus accumbens NAD+/
SIRT1 link increased adiposity with sociability deficits 
programmed by peripuberty stress
Laia Morató1*, Simone Astori1†, Ioannis Zalachoras1†, Joao Rodrigues1, Sriparna Ghosal1, 
Wei Huang2, Isabelle Guillot de Suduiraut1, Jocelyn Grosse1, Olivia Zanoletti1, Lei Cao2, 
Johan Auwerx3, Carmen Sandi1*

Obesity is frequently associated with impairments in the social domain, and stress at puberty can lead to long-lasting 
changes in visceral fat deposition and in social behaviors. However, whether stress-induced changes in adipose 
tissue can affect fat-to-brain signaling, thereby orchestrating behavioral changes, remains unknown. We found 
that peripubertally stressed male—but not female—mice exhibit concomitant increased adiposity and sociability 
deficits. We show that reduced levels of the adipokine nicotinamide phosphoribosyltransferase (NAMPT) in fat 
and its extracellular form eNAMPT in blood contribute to lifelong reductions in sociability induced by peripubertal 
stress. By using a series of adipose tissue and brain region–specific loss- and gain-of-function approaches, we 
implicate impaired nicotinamide adenine dinucleotide (NAD+)/SIRT1 pathway in the nucleus accumbens. Impair-
ments in sociability and accumbal neuronal excitability are prevented by normalization of eNAMPT levels or treat-
ment with nicotinamide mononucleotide (NMN), a NAD+-boosting compound. We propose NAD+ boosters to 
treat social deficits of early life stress origin.

INTRODUCTION
The period comprising late childhood and puberty (herein, peri-
puberty) is a critical time window of brain development (1) and ad-
ipose tissue maturation (2). Chronic stress during peripuberty is a 
risk factor for adult psychopathology, particularly dysfunctional social 
behavior (3, 4). On the other hand, increased fat mass (5) and obe-
sity (6) have been reported in adults exposed to adverse experiences 
during peripuberty.

Although obesity is frequently associated with impairments in the 
social domain in humans (7, 8), it is difficult to establish whether 
these metabolic and behavioral alterations are independent or causally 
related. Nonbiological explanations such as prejudice or discrimi-
nation (9) have been put forward to explain social withdrawal ob-
served in overweight individuals. However, given the transactional 
character of social behaviors, it is particularly challenging to discern 
to what extent social withdrawal is elicited by the concerned indi-
vidual or by its social environment. In addition, the contribution of 
biological factors to this association is unclear. Animal studies can 
help disentangle both the specific contribution of the overweight indi-
vidual to the behavioral phenotype and the potential biological factors 
underlying the association between obesity and impaired sociability.

In this study, we investigate the molecular mechanisms whereby 
the increase in adiposity induced by peripubertal stress triggers long- 
lasting changes in social behavior. Adipose tissue is an active organ 
that secretes adipokines, endocrine factors capable of coordinating 
responses between the adipose tissue and other organs, including 

the brain (10). Among them, eNAMPT corresponds to the enzy-
matically active extracellular form of nicotinamide phosphoribosyl-
transferase (NAMPT) (11). NAMPT has been involved in the 
pathophysiology of obesity and is a rate-limiting nicotinamide ade-
nine dinucleotide (NAD+) biosynthetic enzyme (11). NAD+ is an 
essential regulator of cellular metabolism and a rate-limiting sub-
strate for the activity of the deacetylase Sirtuin 1 (silent mating type 
information regulation 2 homolog; SIRT1) (12). Notably, eNAMPT is 
secreted from adipocytes to the systemic circulation in extracellular 
vesicles and internalized in the hypothalamus, where it promotes 
NAD+ synthesis and SIRT1 activity (13, 14). In its turn, SIRT1 reg-
ulates a wide range of neurophysiological processes including 
neurodevelopment, synaptic plasticity, and mitochondrial function 
(15). Likewise, peripheral administration of nicotinamide mononu-
cleotide (NMN)—a NAD+ booster compound that corresponds to 
the enzymatic product of NAMPT—has been shown to increase 
NAD+ levels in the brain and rescue the behavioral alterations asso-
ciated with neurodegenerative conditions (16). However, it remains 
unexplored whether early life stress can reprogram adult behavior 
through an impairment of the eNAMPT/NAD+/SIRT1 pathway.

Here, we contribute a novel mouse model—on the basis of expo-
sure to stress during the peripubertal period—that recapitulates con-
comitant increased adiposity and sociability deficits, as frequently 
reported in humans, and investigate the mechanistic underpinnings 
of this association. We show that, in male mice, peripubertal stress–
induced increase in adiposity is accompanied by reduced eNAMPT 
levels and impaired NAD+/SIRT1 pathway in the nucleus accumbens 
(NAc), a brain region known to encode the rewarding properties of 
social behavior (17). Further, we demonstrate that adipose tissue–
specific normalization of NAMPT levels or dietary treatment with 
NMN in peripuberty stressed mice normalizes the alterations in 
sociability and neuronal excitability through an activation of the 
NAD+/SIRT1 pathway in the NAc. Our findings highlight the adi-
pokine eNAMPT as a molecular mediator of the reprogramming 
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effects of early life stress on social behavior and the nexus between 
increased adiposity and this behavioral phenotype.

RESULTS
Peripuberty stressed mice show reduced sociability 
and increased adiposity
We first aimed at identifying a mouse model that recapitulates the 
association between increased adiposity and social deficits, frequently 
observed in humans. To this end, we exposed peripubertal mice to 
chronic unpredictable stress (CUS) (Fig. 1A) and subsequently evaluated 
their metabolic and behavioral phenotypes. At adulthood, stressed 
male mice exhibited reduced sociability (Fig. 1, B and C, and fig. 
S1A), in the absence of changes in general behavior (fig. S1, B to H). 
During the period of stress exposure (i.e., peripubertal period), 
stressed mice showed reduced body weight (fig. S1I). These differ-
ences in body weight were normalized at adulthood (Fig. 1D). 

However, analysis of body composition in adult mice revealed an 
increase in absolute and percentage of fat mass (Fig. 1, E and F) and 
a reduction in absolute and percentage of lean mass (fig. S1, J and K) 
in stressed mice, although no changes in body weight. Percentage of 
fat mass negatively correlated with sociability at adulthood (fig. S1L). 
Abdominal micro–computed tomography (microCT) indicated in-
creased volume of visceral and subcutaneous fat depots (Fig. 1, G and H), 
and hematoxylin and eosin staining of epididymal white adipose 
tissue (eWAT) showed adipocyte hypertrophy (Fig. 1,  I  and  J) in 
stressed mice. These metabolic alterations were observed along with 
reduced food intake (fig. S1M), mild glucose intolerance (fig. S1O), 
normative glucose levels following insulin injection (fig. S1P), and 
lower respiratory exchange ratio (RER) measured by indirect calo-
rimetry (fig. S1, Q to Y). Females exposed to the same protocol of 
stress at peripuberty did not show remarkable differences in behav-
ior or body composition at adulthood (fig. S2). In summary, our 
model of peripubertal stress in male mice triggers a reprogramming 
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Fig. 1. Adult male mice stressed at peripuberty show changes in sociability, adiposity, blood eNAMPT, and NAD+/SIRT1 pathway in the NAc. (A) Representative 
experimental timeline. (B and C) Reduced social preference index in stressed mice (n = 31 Ctr and 28 Stress) and representative heatmaps of mouse position during the 
social preference test. Adult mice stressed during peripuberty showed (D) no differences in body weight despite reduced body weight during the period of stress expo-
sure. Adult stressed mice showed (E) higher absolute and (F) higher percentage of fat mass (n = 36 Ctr and 44 Stress), (G and H) increased visceral white adipose tissue 
(vWAT) and subcutaneous white adipose tissue (scWAT) volume (n = 16 Ctr and 24 Stress), and (I and J) adipocyte hypertrophy in eWAT (n = 6 Ctr and 11 Stress). Stress 
mice showed (K) reduced levels of plasma eNAMPT (n = 13 Ctr and 33 Stress) and (L and M) NAMPT in eWAT (n = 9 Ctr and 12 Stress). (L) A subsection of a full immunoblot 
shown in fig. S3. Scale bars, 50 m. Data are presented as means ± SEM except for (B) and (K) (boxplot: interquartile range with whiskers showing minimum to maximum). 
Statistical significance was assessed by unpaired t test (H, J, K, and M), Mann-Whitney test (B and H), or two-way ANOVA with Holm-Sidak correction (D to F and H). 
*P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. For detailed statistical information, see tables S1 and S2. See also figs. S1 and S2. Ctr, control; ns, not significant.
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of adult metabolism toward energy preservation concomitant with 
a reduction in the interest for social interactions.

Peripuberty stressed mice show decreased eNAMPT levels 
and impaired NAD+/SIRT1 pathway in the NAc
Enlargement of adipocytes has been related to adipose tissue dysfunc-
tion and a shift in the secretory profile of adipokines (10). Therefore, 
to shed light on the mechanisms linking increased adiposity and im-
paired sociability, we measured several plasma adipokines. As com-
pared to controls, stressed mice showed a significant decrease on 
eNAMPT levels (Fig. 1K) but no differences in leptin, adiponectin, 
FGF-21 (Fibroblast growth factor 21), and Growth Differentiation 
Factor 15 (GDF-15) (fig. S3, A to D). Consistent with the substantial 
contribution of adipose tissue to circulating eNAMPT (13), eWAT 
NAMPT protein levels—but not mRNA levels—were reduced in 
stressed mice (Fig. 1, L and M, and fig. S3, E and F). eNAMPT is 
enzymatically active and regulates brain NAD+ biosynthesis and SIRT1 
activity (13). Among several brain regions sensitive to the effects of 
early life stress (18), stressed mice show a specific decline in NAD+ 
in the NAc (Fig. 2A and fig. S3G). Given the involvement of the NAc 
in sociability (17), we assessed mechanism downstream of NAD+/
SIRT1 pathway in this region. In line with the decrease in the levels of 
NAD+ and its critical role regulating cellular metabolism, stressed 
mice showed reduced mitochondrial respiration in the NAc (Fig. 2B).

Because of the capacity of SIRT1 to regulate neuronal structure 
and function (15), we next performed ex vivo patch clamp record-
ings and morphological reconstructions in NAc shell medium spiny 
neurons (MSNs). MSNs from stressed mice displayed reduced in-
trinsic excitability (Fig. 2, C to F) and higher rheobase (i.e., the 

minimal depolarizing current amplitude required to elicit spike dis-
charge) (Fig. 2G), with unaltered threshold potential (Fig. 2H) or 
dendritic arborization (fig. S3, H and I). Last, expression analysis of 
SIRT1 target genes related to mitochondrial biogenesis and antiox-
idant response (19) in young adult animals (8 weeks old, not ex-
posed to behavioral testing) revealed a reduction in the expression 
of Tfam (mitochondrial transcription factor), Nd1 and Nd6 [sub-
units of complex I (CI) of the oxidative phosphorylation (OXPHOS)], 
and Cat and Prx3 (antioxidant enzymes) in the NAc of stressed 
mice (Fig. 2I). Gene expression levels of Sirt1, Parp1 (NAD+ con-
sumption), or Nmnat1, Nmant2, and Nampt (NAD+ biosynthesis) 
(20) were not affected (fig. S3J). Analysis of SIRT1 gene expression 
in older animals (32 weeks old, exposed to behavioral testing) re-
vealed a down-regulation of SIRT1 expression in stressed animals 
(fig. S3K).

The NAD+/SIRT1 pathway in the NAc mediates sociability 
deficits induced by peripubertal stress
Next, we tested the causal contribution of a blunted NAD+/SIRT1 
pathway in the NAc for the sociability changes exhibited by peri-
puberty stressed mice at adulthood. First, bilateral acute intra-NAc 
injection of NMN (Fig. 3, A and B)—a NAD+-boosting compound 
(11, 16)—reverted stress-induced sociability deficits (Fig. 3C and fig. S4A). 
EX-527 (6-Chloro-2,3,4,9-tetrahydro-1H-carbazole-1-carboxamide), 
a specific SIRT1 inhibitor (Fig. 3D) (21), abolished NMN rescue 
of sociability (Fig. 3C and fig. S4A). Second, we used two adeno- 
associated viruses (AAVs) to knock out (Fig. 3, E to H) or overexpress 
(Fig. 3, I to L) SIRT1 in NAc neurons. SIRT1 knockout mice pheno-
copied the reduction in sociability exhibited by peripubertally stressed 
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mice (Fig. 3H and fig. S4B), while overexpression of SIRT1 in stressed 
mice rescued their sociability deficits (Fig. 3L and fig. S4C). These 
results are consistent with the capacity of eNAMPT to activate the 
NAD+/SIRT1 pathway in the brain (13, 14, 16) and support the in-
volvement of this pathway in the NAc mediating the link between 
decreased circulating eNAMPT and reduced sociability observed in 
peripubertally stressed mice. Neither NMN nor AAV targeting of 
SIRT1 in the NAc affected exploratory or anxiety- like behaviors 
(fig. S4, D to I). Overexpression of SIRT1 (Fig. 3L and fig. S4, C, H, 
and I) and intra-NAc injections of NMN in control mice (fig. S4, J 
to M) did not have an impact on sociability or anxiety-like behav-
iors, despite a significative interaction in the novel object test for the 
intra-NAc experiment. None of these interventions (i.e., intra-NAc 
NMN and AAV-mediated SIRT1 overexpression and knockout) 
altered body weight, body composition, or food intake (figs. S4, N 

to U, and S5, A to E). Indirect calorimetry measures were not affected 
in SIRT1 knockout mice either (fig. S5, F to P).

Normalization of eNAMPT levels reduces stress-induced 
adiposity and reverts alterations in brain function 
and behavior induced by peripubertal stress through 
the activation of the NAD+/SIRT1 pathway in the NAc
To cover the full range of peripubertal stress–induced changes from 
NAMPT reductions in fat to changes in brain and behavior, we used 
gene delivery to increase NAMPT expression in adipose tissue 
(Fig. 4, A and B). Control and stressed adult mice received a recom-
binant AAV (AS/Rec2) (fig. S6A) that achieves highly selective 
transduction in visceral fat through intraperitoneal injection 
(fig. S6, B to H). Both control and stressed mice showed a signifi-
cant viral transduction in the eWAT (fig. S6, B and C). However, 
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Fig. 3. The NAD+/SIRT1 pathway in the NAc mediates sociability deficits induced by peripubertal stress in male mice. (A) Control and stressed mice were implant-
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to maximum). Statistical significance was assessed by unpaired t test (D, G, H, and K), one-way ANOVA with Holm-Sidak correction (B and C), or two-way ANOVA with 
Holm-Sidak correction (L). *P ≤ 0.05 and **P ≤ 0.01. For detailed statistical information, see table S4. See also figs. S4 and S5.
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only stressed mice exhibited increased levels of NAMPT gene ex-
pression (mRNA) and protein in eWAT (fig. S6, D to F) and plasma 
eNAMPT (Fig. 4C). Normalization of plasma eNAMPT levels in 
stressed mice (Fig. 4C) was accompanied by restoration of NAD+ 
levels in the NAc (Fig. 4D) and sociability (Fig. 4, E and F), without 
changes in anxiety or exploration (fig. S6, K and L). Intrinsic excit-
ability of MSNs in the NAc was also restored (Fig. 4, G to I). In 
addition, adipose tissue overexpression of NAMPT reduced adiposity— 
absolute and percentage of fat mass—in stressed mice (fig. S7, A to 
K). Overexpression of NAMPT in the adipose tissue did not lead to 
significant differences in gas exchange or energy expenditure during 
indirect calorimetry studies (fig. S7, L to N). A trend toward a sig-
nificant interaction effect between stress and NAMPT overexpres-
sion was found for the RER (fig. S7O). Food intake (fig. S7P) and 

levels of leptin, adiponectin, FGF-21, and GDF-15 (fig. S7, R to T) 
were not affected by the overexpression of NAMPT. Overall, these 
results show that adipose tissue NAMPT is involved in the alter-
ations of both adiposity and sociability triggered by peripubertal 
stress (Fig. 4B).

Next, to evaluate whether overexpression of NAMPT in the adi-
pose tissue activated SIRT1 in the NAc, we investigated concomitant 
changes in the expression of SIRT1 target genes through an orthogonal 
in situ sequencing (Fig. 5, A to C, and fig. S8, A to E) that allows the 
analysis of many transcripts with a cellular resolution in one go. 
Peripubertal stress reduced expression of SIRT1 target genes impli-
cated in mitochondrial biogenesis, dynamics, and respiration—but 
not genes that regulate neuronal activity—in a multicellular man-
ner (Fig. 5C and fig. S8, A and B). Genes encoding mitochondria 
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complex subunits (e.g., Shda, Uqcrb, Nd1, and Atp6) (19) were 
down-regulated in D1- and D2-MSNs, as well as in astrocytes and 
microglia. Other SIRT1 target genes were, however, down-regulated 
in a cell type–specific manner, such as Bnip3 and Cs in D2-MSNs or 
Aco2 (19, 22) in astrocytes. Normalization of eNAMPT levels 
up-regulated the expression of mitochondrial genes that were 
down-regulated by peripubertal stress (Fig. 5C and fig. S8, A and B). 
These findings further support the hypothesis that normalization of 
adipose tissue NAMPT levels and, consequently, eNAMPT plasma 
levels mediates the behavioral improvement in stressed mice via ac-
tivation of the SIRT1 pathway in the NAc.

Dietary supplementation with NMN reverts the alterations 
in brain function and behavior induced by 
peripubertal stress
Last, aiming at a translational application, we evaluated the thera-
peutic potential of systemic treatment with NMN in stressed mice. 
NAD+ levels in the brain have been shown to increase 15 min after 
an intraperitoneal injection of NMN, suggesting that NMN is able 
to cross the blood-brain barrier (BBB) (16). Dietary supplementa-
tion of NMN has been successfully used to correct imbalances in NAD+ 
metabolism and behavior in animal models of ataxia and cerebral 
ischemia (16). In our study, administration of NMN for 2.5 weeks 
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**P ≤ 0.01, and ***P ≤ 0.001. For detailed statistical information, see table S6. See also fig. S8.

D
ow

nloaded from
 https://w

w
w

.science.org at E
PF L

ausanne on M
arch 10, 2022



Morató et al., Sci. Adv. 8, eabj9109 (2022)     2 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 19

in the drinking water (Fig. 6A) mimicked the results obtained when 
normalizing eNAMPT levels in stressed mice on brain function and 
behavior: reverting sociability alterations (Fig. 6, B and C, and fig. 
S9, A to C), as well as the stress-induced decline in NAc NAD+ levels 
(Fig. 6D) and changes in NAc MSNs excitability (Fig. 6, E  to G). 
However, adiposity and food intake were not reverted in stressed 
mice treated with NMN (fig. S9, D to I). These results highlight an 
unexpected potential of dietary supplementation with NMN to re-
vert the alterations induced by peripubertal stress in NAc function 
and social behavior.

DISCUSSION
Here, we identify a critical role for NAMPT as a key effector of an 
adipose-to-brain signaling pathway that sustains the association be-
tween increased adiposity and impaired sociability triggered by early 
life stress. Social interactions are at the core of individuals’ well- 
being and the functioning of societies. In humans, reductions in socia-
bility, e.g., social avoidance or withdrawal, can be manifestations of 
a broad range of psychopathologies (23). Despite the detrimental 
impact of social dysfunctions for both the individual and society, 
the underlying mechanisms are unclear and effective treatments are 
lacking. Here, we contribute a novel mouse model that recapitulates 
the association between increased adiposity and impaired sociability 
and provide a mechanistic understanding of how changes in eNAMPT 
alter NAD+/SIRT1 signaling in the NAc to modify social behavior 
in male mice. We also provide a proof of principle that targeting 
adipose NAMPT levels and systemically administering NMN are 

promising opportunities to revert behavioral deficits of early life 
stress origin.

Obesity, defined as excess accumulation of WAT, is associated 
with increased risk for developing a broad range of health problems 
(2). In humans, obesity and deficits in the social domain are fre-
quently found interrelated (7, 8). However, to what extent obesity- 
associated social withdrawal can be explained by behavioral changes 
in the overweight individual and whether metabolic factors can ex-
plain social deficits are not well understood and difficult to tackle. 
Here, we provide a mouse model that shows in male—but not in 
female—animals an association between increased adiposity and 
sociability deficits frequently reported in humans, allowing us to 
investigate the mechanistic underpinnings of this association. Pre-
vious clinical and preclinical work had shown that stress exposure 
during childhood and adolescence can trigger increased adiposity 
and obesity (5, 6, 24) and reduced sociability (3, 25) over the life 
course. However, each of these independent studies focused on 
their respective domains, and alterations in adiposity and sociabili-
ty were never reported concomitantly. Thus, a key strength of our 
model is that both behavioral and metabolic adaptations are simul-
taneously observed, indicating that this comorbidity can represent a 
common biological embedding triggered by early life adversity.

Similar to humans (26), adipose tissue cellularity in mice is set at 
peripuberty—a critical period of adipose tissue maturation and pro-
liferation (2). Accordingly, foundations for excessive adiposity are 
laid down during the peripubertal period (27). Our findings show 
that adult mice stressed during the peripubertal period exhibit a 
higher percentage of fat mass and adipocyte hypertrophy. Although 
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our mice were maintained under a normal diet, they developed an 
obesogenic phenotype characterized by reduced lean mass and in-
creased fat mass—without changes in body weight—in parallel to 
an enlargement of adipocytes and reduced food intake, mild glucose 
intolerance, and reduced RER. These findings indicate that peripu-
berty stress reprograms adult metabolism toward storage of energy 
in the adipose tissue and is consistent with the view that early life 
stress leads to increased metabolic vulnerability (28). According to 
the cumulative stress hypothesis (29), exposure to a second hit, such 
as high-caloric diets or other environmental stressors, could unrav-
el metabolic abnormalities (e.g., expected reduced energy expendi-
ture in animals that show reduced food intake) or aggravate other 
metabolic parameters (e.g., body weight increase and insulin resist-
ance) that are imperceptible after the first hit.

The modulation of metabolism by adipokines is rather well es-
tablished (10); however, much less is known about their actions in 
brain function and behaviors not directly linked to energy homeo-
stasis. Although a reduction in plasma adiponectin levels was previously 
linked to decreased sociability (30), the brain effector mechanisms 
of this phenomenon were not unveiled. Here, we show that peripu-
bertally stressed mice display a specific decrease in the circulating 
levels of the eNAMPT (levels of leptin, adiponectin, FGF-21, and 
GDF-15 were unchanged), along with diminished NAMPT protein 
levels in adipose tissue. Previous studies reported that obese mice—
as a consequence of consuming a high-fat diet—show decreased 
NAMPT levels in the adipose tissue (31, 32). Our results demon-
strate that this phenomenon is observed in obesity triggered by early 
life stress in mice. To date, studies linking obesity with adipose tis-
sue NAMPT and plasma eNAMPT in humans are inconclusive. Some 
studies in obese populations showed reduced levels of NAMPT in 
the adipose tissue (33) and reduced plasma eNAMPT (34). There is 
also evidence, however, of increased eNAMPT levels in patients 
with obesity (35) and a positive (but weak) correlation between ad-
ipose tissue NAMPT expression and adiposity and eNAMPT (36). 
Nevertheless, in some reports, increased eNAMPT was only observed 
in patients with severe obesity accompanied with an impaired glu-
cose tolerance (37), and a multiple regression analysis determined 
that increased eNAMPT levels in patients with type 2 diabetes is 
independent of obesity and is mainly determined by triglycerides 
and fasting glucose levels (38). Overall, the relationship between 
eNAMPT and obesity in humans is far from being understood, and 
including other mediators to the equation, such as exposure to early 
life stress, might shed some light to this question. Circulating 
eNAMPT can be internalized in the brain, as previously shown for 
the hypothalamus where it promotes the synthesis of NMN/NAD+ 
and the consequent activation of the NAD+-dependent protein 
deacetylase SIRT1 (13, 14, 16). In our study, adult mice submitted to 
peripubertal stress exhibit reduced NAD+ levels specifically in the 
NAc—a brain region critically involved in the regulation of social 
motivation (17)—but not in several other brain regions analyzed 
(i.e., hypothalamic arcuate nucleus, the ventral tegmental area, or 
the basolateral amygdala). Analysis of NAD+ levels in the ventro-
medial nucleus of the hypothalamus—a brain region that regulates 
aggression (39)—did not reveal differences between control and 
stress mice either. These results are aligned with the absence of 
changes in aggressive behavior in peripubertal stress mice and sug-
gest that the stress-induced alterations in eNAMPT have a particu-
lar selectivity for the NAc. The NAc is one of the brain regions 
whose integrity is sensitive to stress exposure (18, 40), and recent 

evidence shows its prominent vulnerability to develop neurovascu-
lar alterations involving increased BBB permeability following stress 
exposure (41). This sensitivity may explain the link between re-
duced plasma eNAMPT and the accumbal NAD+ reduction that we 
observe in peripubertally stressed mice.

In addition, congruent with the accumbal NAD+ reduction, young 
adult mice submitted to peripubertal stress also exhibit reductions 
in the expression of SIRT1 target genes and decreased mitochon-
drial function. Changes in SIRT1 gene expression showed a tempo-
ral pattern: unaltered expression levels in 8-week-old stressed mice 
but decreased expression level in older (32-week-old) stressed mice. 
This time-dependent regulation of SIRT1 expression could be me-
diated by the SIRT1-FOXO positive feedback loop, in which SIRT1 
deacetylates and activates FOXO, leading to a FOXO-dependent 
transcription of SIRT1 (42). Therefore, impaired SIRT1 activity—
triggered by diminished NAD+ levels—would eventually lead to a 
reduced expression of SIRT1. A previous study showed increased 
accumbal SIRT1 expression following chronic social defeat stress in 
adult mice (21), suggesting a differential regulation of this pathway 
by early life and adult stressors. This possibility is in agreement with 
time-dependent SIRT1 regulation under stress conditions described 
in cell lines (43). On the other hand, the reduction in mitochondria 
respiration aligns well with the recent involvement of mitochondrial 
function in the NAc in the regulation of social behaviors (44–46).

We additionally found that the abovementioned alterations are 
accompanied by a decrease in the intrinsic excitability of accumbal 
MSNs. The limited engagement of NAc neurons is consistent with 
the decreased sociability of peripubertally stressed mice, as explora-
tion of a social target is associated with increased NAc neuronal 
spiking (47). Previous studies addressing the impact of chronic so-
cial defeat in mice indicate that D1-MSNs from stress-exposed mice 
exhibit alterations in intrinsic excitability as a result of morpholog-
ical changes that affect cell input resistance (48). As we found no 
morphological changes in MSNs from peripubertally stressed mice, 
the decreased excitability is likely to be caused by ionic mechanisms 
that impinge on action potential generation and repetitive firing. On 
the one hand, neuronal firing is tightly coupled to mitochondrial 
function, as action potential generation depends on adenosine 
5′- triphosphate (ATP) levels and spike threshold is regulated by 
ATP-dependent potassium conductances (49). On the other hand, 
as confirmed by our data, SIRT1 regulates the expression of Kcnmb2 
(50), which encodes for the 2 subunit of the large-conductance 
calcium- and voltage-activated potassium (BK) channels. The 
2 subunit rapidly inactivates BK channels, thereby promoting intrinsic 
excitability. Thus, the decreased excitability found in MSNs from 
peripubertally stressed mice may result from a concomitant decrease 
in ATP levels and increase in potassium conductances.

We implicated the NAD+/SIRT1 pathway in the NAc in the 
sociability deficit induced by peripubertal stress through three 
complementary experiments with targeted accumbal interventions. 
First, we showed that administration of NMN—an NAD+ booster 
that regulates SIRT1 activity (16)—in the NAc reverts the stress- 
induced behavioral phenotype, while coinjection with a SIRT1 in-
hibitor abolishes the effect. These results align with the observation 
that intra-accumbal infusion of nicotinamide, a precursor of NMN, 
prevents the development of a subordinate status in highly anxious 
rats (45), and confirm that NMN in the NAc acts in a SIRT1-dependent 
manner. Then, we showed that virally-mediated down-regulation of 
SIRT1 expression in the NAc leads to social deficits, mimicking the 
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peripubertal stress–induced adult phenotype. Last, we established 
causality of the SIRT1 pathway by showing that viral-induced SIRT1 
overexpression in the NAc rescues the peripubertal stress–induced 
behavioral phenotype.

Furthermore, virally induced overexpression of NAMPT in adi-
pose tissue was a critical approach in our study to causally implicate 
the observed NAMPT reduction on the protracted peripubertal 
stress–related effects at both the behavioral and the accumbal neu-
rometabolic levels. Adipose NAMPT overexpression at adulthood 
normalized peripuberty stress–induced impairments in (i) plasma 
eNAMPT levels, (ii) accumbal NAD+ content, (iii) accumbal MSNs’ 
intrinsic excitability, and (iv) social behavior. These results align 
with previous studies that showed increased NAD+ levels in hypo-
thalamic explants cultured in media supplemented with purified 
eNAMPT and in the hypothalamus of adipose tissue–specific con-
stitutive NAMPT knock-in mice (13, 14). They also expand the 
capacity of circulating eNAMPT to influence NAD+ in the NAc of 
stressed animals. In addition, adipose tissue NAMPT overexpres-
sion decreased stress-induced adiposity. Whereas overexpression of 
NAMPT in the adipose tissue leads to both a reduction in adiposity 
and a complete rescue of the sociability deficits, interventions that 
activate the pathways downstream of adipose tissue NAMPT, such 
as systemic NMN treatment or direct targeting of SIRT1  in the 
NAc, did not have an impact on body composition. These observa-
tions were essential to understand the directionality of the signaling 
pathway: NAMPT in the adipose tissue is the most upstream element 
of the pathway, involved in the stress-induced changes in adiposity 
and sociability; eNAMPT/NMN mediates the communication of 
the adipose tissue with the NAc; and, lastly, SIRT1 in the NAc is the 
downstream effector in this signaling pathway that regulates socia-
bility (Fig. 4B).

Gene expression analyses by CARTANA in situ sequencing re-
vealed that genes of the SIRT1 pathway—particularly genes involved 
in the regulation of mitochondrial function—are down-regulated in 
the NAc of stressed mice and that normalization of eNAMPT was 
sufficient to increase the expression of these genes. Mitochondrial 
function is essential to support neuronal excitability (51) and increasing 
evidence point at mitochondria in the etiology of stress-induced 
psychiatric disorders (52). Particularly in the NAc, variations in mito-
chondrial function (45, 46) and metabolism (53–55) are related to 
differences in anxiety, depression-like behaviors, and social com-
petitiveness. In addition, a previous report suggested an impaired 
SIRT1 pathway in the brain of mice exposed to maternal depriva-
tion (56). We observed that stressed mice show a down-regulation 
in subunits of the OXPHOS system encoded by the nuclear (Shda 
and Uqcrb) and the mitochondrial DNA (Nd1 and Atp6) together 
with genes involved in the tricarboxylic acid (TCA) cycle (Cs), mito-
chondrial fusion (Mfn2), and mitophagy (Bnip3). The expression 
of these genes was increased in stressed mice injected with a viral 
vector system to overexpress NAMPT specifically in adipose tissue. 
NAD+ replenishment and SIRT1 activation also prevent brain aging 
and neurodegenerative disease via activation of mitochondrial func-
tion, mitochondrial biogenesis, and mitophagy (12), and MFN2 in 
the NAc has recently been implicated in the depression-like behavior 
exhibited by highly anxious rats (44). On the other hand, stress 
during peripuberty did not induce changes in other SIRT1 targets 
including mitochondrial unfolded protein response (mtUPR)–related 
genes (12) and genes implicated in neuronal function and plasticity 
such as Hcrtr2 (50), Kcnmb2 (50), and Bdnf (22). We observed, 

however, that overexpression of eNAMPT in stressed mice promotes 
the expression of Kcnmb2, which is also increased in the hypothalamus 
of brain-specific SIRT1-overexpressing transgenic mice (50). The 
cellular resolution provided by our in situ sequencing experiment 
revealed that, while OXPHOS subunits are down-regulated in a 
multicellular manner, the expression of genes related to mitochon-
drial dynamics such as Mfn2 (in the NAc shell) and Bnip3 is signifi-
cantly decreased in D2-MSN. A recent report shows that D2-MSN 
show more frequently shorter mitochondria in dendrites, while 
D1-MSN dendrites exhibit longer mitochondria (57), suggesting 
distinct patterns of mitochondrial dynamics regulation in these 
two types of neurons.

Last, aiming at a translational application, we evaluated the ther-
apeutic potential of a nutritional intervention with NMN to revert 
symptomatology observed at adulthood in peripuberty stressed mice. 
In line with the results obtained with the virally induced overexpression 
of NAMPT in adipose tissue (see above), NMN treatment normal-
ized stress-induced reductions in (i) accumbal NAD+ content, (ii) 
accumbal MSNs’ intrinsic excitability, and (iii) social behavior. NAD 
intermediates, such as NMN and nicotinamide riboside (NR), have 
been used as effective nutraceuticals to mitigate age-related physio-
logical decline and increase body’s resilience to disease in several 
mouse models (16). For instance, a defect in physical activity ob-
served in NAMPT knockout mice was ameliorated by NMN treat-
ment (13). In clinical trials, treatment with EH301 (a derivate of NR) 
significantly slowed disease progression in patients with amyotrophic 
lateral sclerosis (58). Moreover, a recent clinical trial demonstrated 
that oral administration of NMN is safe and effectively metabolized 
in healthy men (59). Small molecules acting as NAMPT activators 
are emerging as promising tools to catalyze NMN production and 
may be interesting for future interventions (60).

An intriguing question is why does increasing NAMPT in adi-
pose tissue or activating SIRT1 pathway in the NAc trigger different 
responses in control and stressed mice, i.e., rescue of sociability 
deficits in stressed mice, while there are no changes found, or even 
the opposite pattern is observed, in control mice. These results sug-
gest that the NAc might have mechanisms that avoid SIRT1 over-
activation, which could lead to excessive mitochondrial respiration 
and, eventually, to oxidative damage. In addition, systemic treat-
ment with NMN for 2.5 weeks led to a reduction in sociability and 
intrinsic excitability. These effects could be explained by time- 
dependent changes on the response to NMN eventually involving the 
activation of poly[adenosine 5´-diphosphate (ADP)–ribose)] poly-
merase (PARP) proteins, NAD+-consuming enzymes that inhibit 
SIRT1 activity and expression (61). Another study showed a similar 
paradoxical response pattern to NMN in the context of cocaine 
treatment (62). Last, in control animals injected with the AS/Rec2-
NAMPT virus, NAMPT expression was not up-regulated at the 
long-term time point at which samples were collected, despite the 
fact that both control and stressed animals showed significant viral 
transduction in the adipose tissue. These results are consistent with 
an early expression of NAMPT followed by an eventual silencing 
mediated by the activation of homeostatic mechanisms such as the 
UPR (63).

Our findings resonate with reports indicating age-related reduc-
tions in both eNAMPT circulating levels (14) and brain NAD+ con-
tent (12), aligning with the view that stress accelerates biological aging 
(64). They may also have implications to understand key features of 
depression. Decreased sociability is a prominent manifestation of 
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depression (65) and depression is consistently reported for individuals 
that experienced adversity around childhood and adolescence (4). 
The odds of developing depression are higher in obese individuals 
and genetic studies indicate a causal relationship between obesity, 
and particularly fat mass increase, and the likelihood to develop 
depression (66). In our study, the use of an inbred mouse strain 
(C57BL/6J), devoid of genetic variability, allows revealing peripu-
bertal stress as an important risk factor for the development of this 
combined metabolic and behavioral phenotype. Compared to the 
CUS protocol, a model classically used to study depression (67, 68), 
our model of unpredictable stress during peripuberty does not show 
anhedonia, in line with our previous work in rats exposed to peri-
pubertal stress (69). These differences can be explained by the dif-
ferent duration of the stress protocol, the type of stressors used, and 
the time window of stress exposure. First, the peripubertal stress 
protocol consists of 7 days of stress exposure scattered over a period 
of 14 days. On the contrary, CUS involves exposure to daily stress-
ors, lasting for at least 4 weeks (up to 8 weeks in some studies) (68). 
Second, the nature of the stressors differs between protocols: While 
only physical and innate stressors are used in the peripubertal stress 
procedure, CUS protocols typically include water and/or food 
deprivation, changes in light-dark cycle, and stressors of social 
nature (e.g., cage crowding and social defeat) (68). Last, CUS is 
generally used in studies that investigate the “immediate” impact of 
stress exposure at adulthood, while our peripubertal stress protocol 
was designed to study the “long-term” consequences of stress expo-
sure at peripuberty (68). Stress exposure during this sensitive early 
time period has been shown to have a profound impact on social 
behavior in both rodents and humans (3).

Because of the long length of each peripubertal stress study with 
analyses at adulthood and the lack of a prominent phenotype in 
stressed female mice, this work has focused on the phenomenon 
and dissection of the mechanisms involved only in males. However, 
a limitation of this study is that we cannot extrapolate whether the 
eNAMPT/SIRT1 pathway has an impact on brain function or in 
other behaviors (e.g., maternal care) not explored in female mice. 
Another question that remains open is the precise molecular mecha-
nisms whereby early life stress induces a reduction in eNAMPT.  
Glucocorticoids—the main hormone from the hypothalamic- 
pituitary-adrenal axis secreted in response to stress—are prominent 
regulators of adipose tissue metabolism (70), and the Nampt gene 
contains several glucocorticoid regulatory elements in its promoter 
(71). In addition, dexamethasone—a synthetic glucocorticoid—
increases NAMPT expression in 3T3-L1 adipocytes (72). Further 
research is thus warranted to elucidate whether stress-induced al-
terations in eNAMPT levels are mediated by glucocorticoids. More-
over, our data point to the NAc as the brain region that drives the 
sociability alterations present in peripuberty stress mice. Although 
we did not find stress-induced NAD+ changes in other brain regions 
analyzed, we cannot completely rule out that impaired eNAMPT 
signaling is affecting other organs, brain regions, or behaviors not 
explored in this work. Last, housing conditions in indirect calorim-
etry cages differ considerably from the standard cages (i.e., single 
housing, smaller cages, absence of nesting and hiding material, new 
feeding, and drinking system). Habituation time and metabolic re-
sponses to this novel environment might diverge between control 
and stressed animals (73).

Overall, our study supports the view that early life stress can lead 
to enduring changes in biological and developmental systems (i.e., 

biological embedding) that affect health and behavior over the life 
course (74). The metabolic and behavioral phenotype displayed by 
peripuberty stressed mice aligns well with an evolutionary develop-
mental perspective that considers that early stress may prompt the 
development of costly but adaptive enduring strategies that promote 
survival and reproduction under stressful conditions (74). The pheno-
typic changes observed in peripuberty stressed mice can be inter-
preted as developmental adaptations in preparation for future demanding 
conditions (74). Different noncompeting mechanisms may operate 
during peripubertal stress exposure toward the programmed phe-
notype: (i) the reduction in body weight induced by the activation 
of physiological stress during the period of unpredictable stress ex-
posure (75) and (ii) the lack of food availability in the threatening 
contexts may reinforce the development of an adaptation to save 
energy resources for potential future scarcity. Natural selection favors 
organisms that schedule developmental activities so as to optimize 
resource allocation (74) and most stressors regulate metabolic 
processes to compensate for stress demands by conserving adipose 
tissue (75).

In conclusion, we uncover a fat-to-brain pathway that mediates 
the association between increased adiposity and sociability deficits 
observed in adult individuals submitted to stress during the peripu-
bertal period. We identify fat NAMPT as a triggering mechanism 
that involves reduced circulating eNAMPT levels and concomitant 
reductions in NAD+/SIRT1 signaling in the NAc, and we implicate 
these changes in protracted effects of stress in social behavior. Last, 
we highlight NAD+ boosters as a promising strategy to revert be-
havioral deficits associated with alterations in fat metabolism, par-
ticularly if triggered by early life stress.

MATERIALS AND METHODS
Animals
Experimental male and female mice were the offspring of C57BL/6J 
mice bred in our animal facility. Breeding pairs were purchased 
from a commercial breeder (Charles River Laboratories, France) 
and acclimated in our animal facility upon arrival. Behavioral test-
ing, metabolic assessment, molecular analysis, and electrophysio-
logical recordings were performed in adult male mice aged 8 to 
16 weeks. Mice from the same home cage were always assigned to 
the same experimental group. Sirt1loxP mice (on a pure C57BL/6J back-
ground) were provided by J.A. (76). Juvenile C57BL/6J male mice 
(3 weeks old) for the social preference test, CD1 male old breeders 
for the social interaction test, and socially experienced adult BALB/c 
male mice for the resident intruder test were purchased from a 
commercial breeder (Charles River Laboratories, France) and accli-
mated in our animal facility upon arrival at least 1 week before the 
behavioral testing. Food and water were available ad libitum. Mice 
were maintained under standard housing conditions on a 12-hour 
light/12-hour dark cycle (lights on at 7:00 a.m.). All experiments 
were performed with the approval of the Cantonal Veterinary 
Authorities (Vaud, Switzerland) and carried out in accordance with 
the European Communities Council Directive of 22 September 2010 
(2010/63/EU).

Peripubertal stress
The peripubertal stress paradigm aims to model exposure to unpre-
dictable stressful experiences of nonsocial nature during late child-
hood and puberty. At postnatal day 21 (PN21), mice were weaned 
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and four male mice from different litters were assigned into a new 
home cage. At PN27, cages were assigned to either the experimental 
group “control” (Ctr) or the experimental group “Stress,” after being 
counterbalanced by body weight and body composition (EchoMRI). 
On seven scattered days between the PN28 and the PN42, animals 
from the Stress group were exposed to innate and physical stressors 
in a repetitive but unpredictable manner. Stressors were applied in 
two sessions—morning (a.m.) and afternoon (p.m.)—separated by 
a resting period of minimum 3  hours. PN28 (a.m.): Mice were 
placed in the open field (a rectangular arena of 50 cm by 50 cm) for 
5 min. Immediately after, animals were transferred to an elevated 
platform (EP) (a 12 cm–by–12 cm platform elevated 95 cm from the 
ground) under direct bright light (470 to 500 lux) for 25 min. After 
the exposure to the EP, a small incision was made on the distal part 
of the tail with the help of a blade. Blood was collected through a 
pre-heparinized capillary immediately after the exposure to EP (t0′) 
and 30 min later (t30′). PN28 (p.m.): Mice were immobilized with a 
restrainer for 30 min. PN29 (a.m.): During 10 min, mice were sub-
jected to the tail suspension test (TST), in which mice were suspended 
by the tail from a tube placed 10 cm away from the ground. PN29 
(p.m.): Mice were placed inside a plastic box (38 cm by 27.5 cm by 
31 cm) for 30 min under a bright light (210 to 250 lux) and exposed 
to the synthetic fox odor 2,4,5-trimethylthiazole (TMT) (Sigma- 
Aldrich, #W332518) through a small cloth. Immediately after, ani-
mals were transferred to the EP for 25 min, and blood was obtained 
at t0′ and t30′ as described above. PN30 (a.m.): Mice were placed in 
the EP for 25 min followed by exposition to TMT for 25 min. Blood 
was obtained at t0′ and t30′. PN30 (p.m.): Mice were immobilized with 
a restrainer for 30 min. PN34 (a.m.): Mice were exposed to TMT for 
25 min. PN34 (p.m.): Mice were subjected to the TST for 10 min 
followed by 30  min of immobilization with a restrainer. PN36 
(a.m.): Mice were immobilized with a restrainer for 30 min. There-
after, mice were subjected to the forced swim test (FST). In this test, 
mice were placed 10 min inside a glass beaker (25 cm tall by 14 cm 
diameter) containing water at 23° to 25°C. PN36 (p.m.): Mice were 
placed on the EP for 25 min. PN40 (a.m.): Mice were placed on the 
EP for 25 min followed by exposition to TMT for 25 min. PN40 (p.m.): 
Mice were subjected to the FST for 10 min. PN42 (a.m.): Mice were 
immobilized with a restrainer for 30 min followed by 10 min of 
FST. PN42 (p.m.): Mice were placed on the EP for 25 min, and blood 
was obtained at t0′ and t30′. Control animals were handled the same 
days that their counterparts were exposed to stress. Body weight 
and food intake by cage were monitored every day of the stress pro-
tocol (Stress group) or during the handling (Ctr group).

Animal behavior
Social preference test
This test assesses animals’ preference to explore either a social con-
specific of the same sex or an inanimate object. The arena consists 
of a rectangular, three-chambered box with a center compartment 
(20 cm by 35 cm by 35 cm) and two side compartments (30 cm by 
35 cm by 35 cm) made of gray polyvinyl chloride. Dividing walls 
with retractable doorways were located between the compartments 
to allow or prevent access to the side chambers. In both side 
chambers, a wire cage (10.16 cm bottom diameter, 11 cm high, bars 
spaced 0.5 cm apart, made of chrome, Kitchen Plus Galaxy Pencil & 
Utility cup) was located to prevent any type of direct physical con-
tact, thereby still allowing olfactory contact and social approach to 
the respective stimulus enclosed in the wire cage. Every experimental 

animal was put in the center compartment with both doors closed 
to habituate to the apparatus for 5 min. The doors were then opened, 
and the animal was allowed to explore the whole apparatus for 
10 min, with the side chambers containing either an object (black 
dummy mouse) or a juvenile C57BL/6J (28 ± 2 days), respectively. 
Light conditions were kept at 2 to 3 lux with homogeneous illumi-
nation in the chambers. The apparatus floor was covered with saw-
dust. Two consecutive days before testing, animals were habituated 
to the apparatus for 10 min, and juvenile mice were habituated to 
the cylinders for a minimum of 30 min. The time spent sniffing each 
wire cage was video-recorded and manually scored by an experi-
enced researcher blinded to the experimental group to evaluate the 
level of preference for the unfamiliar mouse compared with the 
object using an in-house software [Clicker, Ecole Polytechnique 
Fédérale de Lausanne (EPFL)]. The social preference ratio was cal-
culated according to the following formula: (time sniffing the 
juvenile − time sniffing the object)/(total sniffing time). Represent-
ative heatmaps of the mouse position during the three-chamber 
social preference test were obtained with EthoVision (Noldus 
Information Technology).
Elevated plus maze test
The maze consists of two opposite open arms and two opposite 
closed arms (30 cm by 5 cm by 14 cm) arranged at right angles and 
with a common central platform (5 cm by 5 cm) that gave access to 
all arms. Lighting was maintained at 12 to 13 lux on the open arms 
and 3 to 4 lux in the closed arms. The experimental mouse was gen-
tly placed in the center of the maze looking toward a closed arm and 
allowed to move undisturbed for 5 min. After each trial, the arms 
were cleaned with 7% ethanol and dried. Video tracking of the ani-
mal’s location was performed by a camera fixed above the arena. 
EthoVision tracking system was used to calculate the percentage of 
time spent in the open arms, which was taken as an indicator 
of anxiety.
Open field and novel object tests
The experimental mouse was placed in the corner of a rectangular 
arena (50 cm by 50 cm) and left to freely explore for 10 min (open 
field test phase). Afterward, a new object was placed in the center of 
the arena for 5 min (novel object test phase). Lighting was main-
tained at 8 to 10 lux on the center of the arena. After each trial, the 
arena was cleaned with 7% ethanol and dried. Video tracking of the 
animal’s location was performed by a camera fixed above the arena. 
The percentage of time spent in the center of the open field was 
taken as an indicator of anxiety (open field test phase) or reactivity 
upon novelty (novel object test phase).
Saccharin preference test
To evaluate anhedonia, animals were placed individually in the TSE 
PhenoMaster system and habituated for 24 hours to a two-bottle 
choice condition before test. The automatic monitoring of liquid 
intake system was calibrated, and one bottle was filled with drinking 
water and the other with a solution of 0.05% saccharin (Sigma- 
Aldrich, #S1002). The system automatically calculated the liquid 
intake from each bottle for the next 48 hours. Saccharin preference 
was calculated as the percentage of volume of saccharin solution 
intake over the total volume of liquid intake (saccharin + water) 
over the 48 hours of testing.
Resident-intruder test
This test is designed to investigate aggression-related behavior 
toward an intruder. Experimental mice were cohabited with a 
female partner for 10 days before the day of the test, to encourage 
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territoriality. The female was removed 30 min before the onset of 
the test (conducted during the dark cycle) and placed back after-
ward. Mice were confronted with an intruder BALB/c in their home 
cages for 10 min. After an interval of 2 min, the intruders were rein-
troduced to the confrontation cages. Total offensive behaviors were 
manually scored afterward by an experienced researcher blinded to 
the experimental group.
Locomotor activity
Mice were placed individually in the TSE PhenoMaster system (TSE 
Systems), a caging system that contains infrared sensor frames con-
figured to measure locomotor activity in the x, y, and z planes. The 
software records the number of beam interruptions caused by the 
animal’s movement. Animals were habituated 24 hours in the cages 
before recording the locomotor activity for the next 48 hours.
Social interaction test
The social interaction test was used to assess social behavior. This is 
a two-step test, conducted under red light conditions. In the first 
2.5-min session, the experimental mouse was allowed to freely ex-
plore and habituate to an open field arena (40 cm length by 40 cm 
width by 40 cm height). Along one side of the arena, there was a 
circular (7-cm-diameter) wire cage that remained empty during 
the first trial. The experimental mouse was then removed from 
the open field arena, and a novel unfamiliar CD1 male mouse 
was placed into the wire cage. In the second 2.5-min trial, the 
experimental mouse was reintroduced into the arena now contain-
ing a social target (unfamiliar CD1 mouse) within the wire cage. 
The percentage of time spent sniffing the unfamiliar CD1 mouse 
inside the wire cage was video-recorded and manually scored 
(Clicker, EPFL) by an experienced researcher blinded to the experi-
mental group.

Determination of the estrous cycle phases
A noninvasive vaginal cytology was used to determine the phase of 
the estrous cycle in females after behavioral testing. Briefly, 10 l of 
0.9% NaCl (w/v) was softly released on the aperture of the vagina 
with a sterile pipette tip. Liquid was drawn back into the tip and 
slowly loaded again in the vagina for three consecutive times to collect 
enough cells. Next, the cell suspension was spread over a glass slide 
(Huberlab, #10.0230.01), air-dried and stained 5 min with 0.1% cre-
syl violet acetate (w/v) (Sigma-Aldrich, #C5042), and washed for 
1 min in distilled water. Vaginal smears were examined immediately 
under a bright-field microscope (magnification, ×200). Estimation 
of the phase of the estrous cycle (proestrus/estrus or metestrus/
diestrus) was based on the proportion of leucocytes, cornified epi-
thelial cells, and nucleated epithelial cells (77).

Food intake
Food intake per mouse and day was measured as the difference in 
weight between the food added into the cage and that remaining at 
the end of 7 days, divided by 4 (number of mice per cage) and 7 
(number of days).

Body composition
Whole-body composition was determined by nuclear magnetic 
resonance–based technology (EchoMRI, Echo Medical Systems). Each 
mouse was placed briefly (approximately 1 min, no anesthesia re-
quired) in the EchoMRI machine where lean and fat mass were 
recorded. Whole-body fat and lean content are expressed as a per-
centage of total body weight. For experiments including a peripubertal 

stress protocol, body composition was measured at PN27 (to counter-
balance groups before stress exposure), PN43, and week 8. To counter-
balance the experimental groups, another EchoMRI session was done 
between weeks 9 and 12, 2 days before surgery or pharmacological 
treatment (i.e., intracerebral cannulation, SIRT1 overexpression/
knockdown, NAMPT overexpression, or systemic NMN). Animals 
were subjected to a last session of EchoMRI 2 days before behavioral 
testing or indirect calorimetry. Animals with an intracerebral can-
nula were not subjected to EchoMRI because of the incompatibility 
with metallic elements.

X-ray microCT
Abdominal fat volume was determined by x-ray microCT (Quantum 
Fx Micro CT, PerkinElmer), a noninvasive, quantitative technique 
to determine the spatial distribution of specific fat compartments. 
Scan conditions were set as follows: voltage = 90 kV, current = 160 A, 
live = 80 A, field of view = 24 mm, scan mode = fine (2 min), and 
voxel size = 50 m. Anesthesia was maintained by mask inhalation 
of isoflurane vaporized at concentrations of up to 3% in the induction 
phase and at 1.5% during acute imaging procedure. Three- dimensional 
images were reconstructed and quantified using the visualization 
and imaging software Analyze 12.0 (AnalyzeDirect Inc., KS, USA) 
by an experienced researcher blinded to the experimental group. 
The abdominal muscular wall was used to separate visceral adipose 
tissue from subcutaneous adipose tissue. Fat depot volumes were 
normalized to the body weight of the mice (78).

Indirect calorimetry
The Comprehensive Lab Animal Monitoring System (CLAMS, 
Columbus Instruments) is a live-in cage system used for automated, 
noninvasive calorimetry assessment that provides measures of vol-
ume of O2 (VO2) consumed and volume of CO2 (VCO2) produced 
by the animal, energy expenditure (heat), and RER. RER is the ratio 
between VCO2 and VO2 (VCO2/VO2) and is a surrogate of sub-
strate utilization. A value of 0.7 indicates a nearly complete depen-
dence on fatty acid metabolism, while a value of 1.0 indicates primary 
dependence on carbohydrate metabolism. Mice were habituated to 
the cages for 24 hours, and the VO2 and VCO2 were recorded for 
the next 24 consecutive hours.

Morphologic analysis of adipocytes
eWAT was fixed in 4% formalin overnight and dehydrated in 70% 
ethanol. Within 48 hours following fixation, samples were embed-
ded in paraffin, sectioned at 5 m, and stained with hematoxylin 
and eosin. Sections were visualized on an Olympus Slide Scanner 
VS120-L100 (Olympus). Adipocytes were manually drawn and the 
area was quantified with ImageJ by an experienced researcher blinded 
to the experimental group. The adipocyte area of each mouse was 
measured at 8 to 10 random areas (176 m by 176 m) and averaged 
to generate the mean adipocyte area.

Intraperitoneal glucose tolerance test
The intraperitoneal glucose tolerance test measures the clearance of 
an intraperitoneally injected glucose load from the body. After an 
overnight fast, blood glucose concentration was determined with a 
glucometer (Accu-Check Aviva, Roche). Next, mice were injected 
intraperitoneally with a solution of glucose at a dose of 2 g/kg of 
body weight. After the injection, blood glucose was determined at 
different time points during the next 3 hours.
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Insulin tolerance test
The insulin tolerance test is a standard test to determine the insulin 
resistance and the whole-body sensitivity of insulin receptors. After 
6 hours of fast, blood glucose concentration was determined with a 
glucometer (Accu-Check Aviva, Roche). Next, mice were injected intra-
peritoneally with a solution of insulin (Umulin Rapid, Lilly, #HI0219) 
at a dose of 0.3 International unit (IU)/kg of body weight. After the 
injection, blood glucose was determined at different time points 
during the next 2 hours.

Genotyping
All Sirt1loxP mice were genotyped twice, i.e., before weaning (from 
ear punches) and after sacrifice (from tail biopsies), by polymerase 
chain reaction (PCR) and the use of the following primers: 5-′GT-
TACCTATTGAACGCCCTAC-3 (forward) and GCCAACAAAGTT 
TAGATGTATCTAAGG (reverse).

Biochemical analysis of plasma
Enzyme-linked immunosorbent assay kits were used to measure 
plasma levels of eNAMPT (BioAim Scientific, #BA-2020003), 
adiponectin (Crystal Chem Inc., #80569), leptin (Enzo Life Sciences 
Inc., #ADI-900-019A), FGF-21 (R&D Systems, #MF2100), and GDF-15 
(R&D Systems, #MGD150).

SIRT1 activity, SIRT1 gene expression, SIRT1 protein levels, 
and SIRT1 pathway activity
SIRT1 activity was measured with a fluorometric kit (see details in 
the “NAD+ levels and SIRT1 activity assays” section) to validate the 
capacity of EX-527 to inhibit SIRT1 in the intracerebral cannulation 
experiments (see details in the “Intracerebral cannulation surgery” 
section). SIRT1 expression levels were measured either by real-time 
quantitative PCR (qPCR) using brain punches (see details in the 
“Brain punching” and “RNA extraction and quantitative real-time 
PCR” sections) or by in situ sequencing in brain slices (see details in 
the “In situ sequencing” section). SIRT1 protein levels were measured 
by immunofluorescence to validate the efficiency of the AAVs injected 
in the NAc to down-regulate or up-regulate SIRT1 protein levels (see 
details in the “SIRT1 immunofluorescence” section). Activation of the 
SIRT1 pathway was analyzed by measuring the expression levels of 
SIRT1 target genes (see details in the “Brain punching” and “RNA ex-
traction and quantitative real-time PCR” sections) or by in situ se-
quencing in brain slices (see details in the “In situ sequencing” section).

Brain punching
Mice were decapitated, and brain was extracted and snap-frozen in 
isopentane at −45°C and stored at −80°C until further processing. 
The brains were sectioned on a freezing (−20°C) cryostat (Leica) and 
150-m-thick slices were mounted onto SuperFrost Plus Microscope 
Slides (Thermo Fisher Scientific). Different brain areas were dissected 
using 0.5- to 1.5-mm tissue punches (Harris UniCore). Coordinates 
were based on the atlas of Paxinos and Franklin (79) and were taken 
from bregma (in millimeters). NAc (1.5-mm punch): Anterior-Posterior 
(A.P.), 0.74 to 1.94; Medial-Lateral (M.L.), ± 0.25 to 1.75; Dorsal- 
Ventral (D.V.), −3.8 to −5.3; Arc (0.5-mm punch): A.P., −1.46 to −2.06; 
M.L., −0.25 to 0.25; D.V., −5.5 to −5.75 and A.P., −2.06 to −2.54; 
M.L., −0.5 to 0.5; D.V., −5.5 to −5.75; ventromedial hypothalamus 
(VMH) (0.5-mm punch): A.P., −1.34 to −1.94; M.L., ±0.25 to 0.75; 
D.V., −5.25 to −5.75 and A.P., -1.94 to −2.06; M.L., ±0.25 to 0.75; 
D.V., −5.5 to −6.0; BLA (0.5-mm punch): A.P., −0.58 to −1.94; M.L., 

±2.5 to 3.0; D.V., −4.3 to −4.8; and ventral tegmental area (VTA) 
(0.5-mm punch): A.P., −2.92 to −3.64; M.L., ±0.25 to 0.75; D.V., −4.0 
to −4.5. Tissue was collected in ribonuclease-free tubes and main-
tained in a −80°C freezer until further processing.

RNA extraction and quantitative real-time PCR
RNA from NAc punches was extracted using an Ambion RNaqueous- 
micro kit (Thermo Fisher Scientific, #AM1931) according to the 
manufacturer’s recommendations. RNA from eWAT was extracted 
using the RNeasy Lipid Tissue Mini Kit (QIAGEN, #74804). RNA 
amount was quantified using a NanoDrop apparatus (Thermo Fisher 
Scientific). Complementary DNA was synthesized from total RNA 
(200 ng) using the qScript cDNA SuperMix (Quantabio, #95048) ac-
cording to the supplier’s recommendations. For real-time quantita-
tive PCR, reactions were performed in triplicate using the Power 
SYBR Green PCR Master Mix (Thermo Fisher Scientific, #4367659) 
in an ABI Prism 7900 Sequence Detection system (Applied Biosystems, 
Life Technologies). Two genes were used as internal controls: 
TATA box–binding protein (Tbp) and eukaryotic elongation factor-1 
(Eef1) for the NAc and Tbp and -2 microglobulin (B2m) for the 
eWAT. Primers for the genes of interest were designed using National 
Center for Biotechnology Information primer design tool [Tbp 
(NM_013684.3): forward, CTGGAATTGTACCGCAGCTT; reverse, 
CAGTTGTCCGTGGCTCTCTT; Eef1a1 (NM_010106.2): forward, 
TCCACTTGGTCGCTTTGCT; reverse, CTTCTTGTCCA-
CAGCTTTGATGA; B2m (NM_009735.3): forward, GGTCTTTCT-
GGTGCTTGTCTCA; reverse, GTTCGGCTTCCCATTCTCC; 
Sirt1 (NM_019812.3): forward, AAAAGATAATAGTTCTGACT-
GGAGCT; reverse, GGCGAGCATAGATACCGTCT; Tfam 
(NM_009360.4): forward, CCCCTCGTCTATCAGTCTTGTC; reverse, 
TTCTGGTAGCTCCCTCCACA; Nd1 (ENSMUST00000082392.1): 
forward, GGATGAGCCTCAAACTCCAA; reverse, GGTCAG-
GCTGGCAGAAGTAA; Nd6 (ENSMUST00000082419.1): forward, 
GGGGGATGTTGGTTGTGTTT; reverse,  ACCAATCTC-
CCAAACCATCA; Atp6 (ENSMUSG00000064357.1): forward, 
CCTTCCACAAGGAACTCCAA; reverse, GGTAGCTGTTGGTG-
GGCTAA; Cat (NM_009804): forward, TTCGTCCCGAGTCTCTC-
CAT; reverse, ATGCCCTGGTCGGTCTTGTA; Prx3 (NM_007452): 
forward, CCCGGAGTATTTCTGCCTCA; reverse, GTGGAAA-
GAGGAACTGGTGCT; Nampt (NM_021524.2): forward, AAG-
GACCCAGTTGCTGATCC; reverse, ACCGTATGGAGAAG 
ATCATGGC; Parp1 (NM_007415.2): forward, GGGCACAGT-
TATCGGCAGTA; reverse, CTTCGTCCTGGCCATAGTCAA; Nmnat1 
(NM_133435.1): forward, AAACCAACAGGTGTGCCCAA; reverse, 
ATTTCTGAGCGTCACTGCCA; Nmnat2 (NM_175460.3): forward, 
ACTCCTACGGAAAACAGGGC; reverse, GGTCACCCTCTTCAT 
CAGGTC]. Gene expression was analyzed using the comparative 
cycle threshold method.

Western blot
eWAT and liver were removed from euthanized mice and flash-frozen 
in liquid nitrogen. eWAT and liver tissue samples were lysed by me-
chanical homogenization for 1 min with radioimmunoprecipitation 
assay buffer [150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 
0.1% SDS, and 50 mM tris (pH 8.0)] containing 1× protease (cOmplete 
Mini, EDTA-free Protease Inhibitor Cocktail; Roche, #11836170001) 
and 1× phosphatase inhibitors (PhosSTOP; Roche, #4906837001) 
in a pellet pestle (Fisherbrand Pellet Pestle Cordless Motor Adapter, 
Thermo Fisher Scientific, #12-141-362). Homogenates were sonicated 
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for 1 min and then centrifuged for 30 min at 16,000g at 4°C. The 
supernatant was collected for subsequent analysis. For the eWAT, 
the supernatant was collected with a syringe to avoid the upper layer 
of fat and centrifuged again for 30 min at 16,000g at 4°C. Protein 
concentration was analyzed with the DC Protein Assay (Bio-Rad 
Laboratories, #5000111) using bovine serum albumin (BSA) as the 
standard (Merck, #P5369), and samples were boiled for 5 min in 
loading buffer (New England Biolabs Inc., #B7703S). Protein ho-
mogenates (35 g) were separated by SDS–polyacrylamide gel elec-
trophoresis (Mini-PROTEAN Electrophoresis system, Bio-Rad) for 
90 min at 120 mA, followed either by staining with Coomassie 
Brilliant Blue G-250 (EZ Blue Gel staining; Sigma-Aldrich, #G1041) 
or by transfer for 120 min at 200 mA onto 0.45-m–pore size 
nitrocellulose membranes (Thermo Fisher Scientific, #88018). The 
membranes were incubated for 1 hour in Tris-buffered saline with 
0.1% Tween® 20 Detergent (TBS-T) at room temperature [20 mm tris, 
500 mm NaCl (pH 7.4), and 0.05% (v/v) Tween 20] plus 5% (w/v) 
nonfat dry milk (AppliChem GmbH, #A0830), washed with TBS-T, 
and incubated overnight at 4°C in a 1:5000 dilution of rabbit poly-
clonal anti-NAMPT antibody (Bethyl Laboratories Inc., #A300-372A) 
in TBS-T plus 5% (w/v) nonfat dry milk. The day after, membranes 
were washed with TBS-T and then incubated 1 hour at room tem-
perature with a 1:5000 dilution of an horseradish peroxidase–
conjugated goat anti-rabbit antibody (Invitrogen, #G21234) in TBS-T 
plus 5% (w/v) nonfat dry milk. Immunoreactive proteins were 
detected via enhanced chemiluminescence (SuperSignal West Dura 
Extended Duration Substrate, Thermo Fisher Scientific, #34076) and 
imaged using the Molecular Imager ChemiDoc XRS (Bio-Rad Lab-
oratories, #170-8070). Homogeneous loading was monitored using 
the gel stained with Coomassie Brilliant Blue G-250. Pixel intensity 
was quantified using ImageJ software.

Mitochondrial respiration
Mice were euthanized by rapid decapitation and the NAc was rapidly 
dissected out, weighed, and placed in a petri dish on ice with 2 ml of 
relaxing solution [2.8 mM Ca2K2EGTA, 7.2 mM K2EGTA, 5.8 mM 
ATP, 6.6 mM MgCl2, 20 mM taurine, 15 mM sodium phosphocreatine, 
20 mM imidazole, 0.5 mM dithiothreitol (DTT), and 50 mM MES 
(pH 7.1)] until further processing. Tissue samples were then gently 
homogenized in ice-cold respirometry medium [MiR05: 0.5 mM 
EGTA, 3 mM MgCl2, 60 mM potassium lactobionate, 20 mM taurine, 
10 mM KH2PO4, 20 mM Hepes, 110 mM sucrose, and 0.1% (w/v) 
BSA (pH 7.1)] with an eppendorf pestle. Then, 2 mg of tissue was 
used to measure mitochondrial respiration rates at 37°C using high- 
resolution respirometry (Oroboros Oxygraph 2K, Oroboros Instru-
ments), as previously described (45). A substrate- uncoupler-inhibitor 
titration protocol was used to sequentially explore the various com-
ponents of mitochondrial respiratory capacity. A nonphosphorylating 
resting state (Leak) was obtained after adding a mixture of malate 
(2 mM), pyruvate (10 mM), and glutamate (20 mM). To measure 
the respiration due to OXPHOS, we added substrates for the activa-
tion of specific complexes. Thus, oxygen flux due to CI was quanti-
fied by the addition of ADP (5 mM), followed by the addition of 
succinate (10 mM) to subsequently stimulate complex II (CI & CII). 
We then uncoupled respiration to examine the maximal capacity of 
the electron transport system using the protonophore and carbon-
ylcyanide 4 (trifluoromethoxy) phenylhydrazone (successive titra-
tions of 0.2 M until maximal respiration rates were reached). We 
then examined consumption in the uncoupled state due solely to 

the activity of complex II (CII) by inhibiting complex I with the 
addition of rotenone (0.1 M). Last, electron transport through 
complex III was inhibited by adding antimycin (2 M) to obtain the 
level of residual O2 consumption (ROX) due to oxidative side reac-
tions outside of mitochondrial respiration. The O2 flux obtained in 
each step of the protocol was normalized by the wet weight of the 
tissue sample used for the analysis and corrected for ROX.

NAD+ levels and SIRT1 activity assays
NAD+ from brain punches was extracted and measured using the 
EnzyChrom NAD+/NADH Assay Kit (BioAssay Systems, #E2ND-
100) according to the manufacturer’s instructions. NAD+ levels 
were normalized to protein content determined by the Lowry method. 
SIRT1 enzymatic activity was measured using the Fluor de Lys SIRT1 
fluorometric drug discovery assay kit (Enzo Life Sciences Inc., 
#BML-AK555-0001). Briefly, NAc punches were mechanically ho-
mogenized with a pellet pestle in lysis buffer [20 mM Hepes (pH 
7.4), 2 mM EGTA (pH 8), 1 mM DTT, 10% glycerol, 1% Triton 
X-100, 1 mM phenylmethylsulfonyl fluoride, and 1× Mini cOm-
plete Protease Inhibitor Cocktail], rotated end-over-end for 1 hour 
at 4°C, and sonicated. Next, 25 g of protein (diluted in a total volume 
of 35 l of assay buffer) was incubated with substrate solution 
(15 l) for 45 min at room temperature with shaking. Last, develop-
ing solution (50  l) was added and incubated for 30  min at 
37°C. Fluorescence was measured with a microplate reader (exci-
tation, 360 nm; emission, 465 nm; SaFire 2, Tecan).

Systemic NMN treatment
Nine-week-old mice had ad libitum access to NMN (BioVision Inc., 
#2733; purity ≥ 98% by high-performance liquid chromatography) 
dissolved in drinking water. On the basis of previously measured 
water consumption data, we estimated that mice received NMN 
(approximately 100 mg/kg per day). NMN was administered in the 
drinking water for 2.5 weeks. Water bottles were changed twice weekly.

SIRT1 immunofluorescence
Tissue preparation
Mice were deeply anesthetized with an overdose of sodium pento-
barbital (Nembutal; 40 mg/kg, i.p.) and transcardially perfused with 
40 ml of Ringer solution + heparin, followed by 100 ml of 4% para-
formaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4). Brains 
were postfixed in 4% PFA-PB overnight at 4°C and equilibrated in a 
solution of 30% sucrose in phosphate-buffered saline (PBS) for 1 day 
at 4°C Thereafter, brains were snap-frozen in isopentane at −45°C 
and stored at −80°C until further processing. Brains were sliced in 
coronal sections (30 m thick) with a sliding cryostat (CM3050, 
Leica) and collected in cryoprotectant. For immunostaining, sec-
tions were rinsed in PBS, incubated for 5 min with 1% SDS in PBS, 
rinsed in PBS, and incubated for 1 hour with blocking solution [1% 
BSA (Sigma-Aldrich), 0.1% Triton X-100 (Sigma-Aldrich), and 5% 
normal donkey serum (Jackson ImmunoResearch Laboratories) in 
PBS buffer]. Sections were subsequently incubated overnight at 4°C with 
primary antibody (SIRT1 Antibody, Cell Signaling Technology, 1:200, 
#2028) in blocking solution. After rinsing in PBS, sections were in-
cubated for 2 hours at room temperature with secondary antibody 
(donkey anti-rabbit immunoglobulin G Alexa Fluor 568; Thermo 
Fisher Scientific, #A-10042) in blocking solution. After washing with 
PBS, sections were counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI; Sigma-Aldrich, 1:10,000 in PBS), rinsed with PBS, mounted 

D
ow

nloaded from
 https://w

w
w

.science.org at E
PF L

ausanne on M
arch 10, 2022



Morató et al., Sci. Adv. 8, eabj9109 (2022)     2 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

15 of 19

onto SuperFrost Plus Microscope Slides (Thermo Fisher Scientific), 
and coverslipped with Fluoromount-G (SouthernBiotech).
Image acquisition and analysis
Two to three brain sections containing the NAc were captured from 
each mouse. A mosaic of 16 images was captured with a confocal 
microscope (Zeiss LSM-700) using a 20× objective. Immunofluores-
cence laser scanning microscopy (LSM) images were stitched together 
using the grid stitching plug-in for Fiji. The background intensity of 
each channel was measured at five different random areas and aver-
aged to generate a mean background that was subtracted from each 
channel. Cells were delineated using a Huang threshold to label 
only those stained with DAPI within 10 to 200 pixels. The number 
of cells that were colabeled with DAPI and SIRT1 was counted and 
converted to a percentage of the total number of SIRT1-stained cells 
for each section. To determine the efficiency of the viruses, the 
SIRT1 fluorescence intensity was measured in two manually drawn 
regions of interest (ROIs), one delimiting the whole NAc (ROI-1) 
and another delimiting the green fluorescent protein (GFP)–positive 
area within the NAc (ROI-2). The efficiency of the viruses (over-
expression or down- regulation) was determined as the ratio of ROI-1 
to ROI-2. Sections were then averaged to provide one value per animal 
and represented as a fold change with respect to the corresponding 
control virus. Quantification was performed on original, unenhanced 
images only and blind to experimental conditions. For visualization 
purposes, representative regions within specific sections were zoomed 
and enhanced in a linear manner for brightness and contrast using 
Adobe Photoshop.

Intracerebral cannulation surgery
Mice aged 9 to 10 weeks subjected to pharmacological experiments 
were implanted with bilateral guide cannulas aimed at the NAc. 
Before surgery, mice received an injection of analgesic (buprenorphine, 
temgesic at 0.1 mg/kg) and were anesthetized by isoflurane inhala-
tion (induction 4% isoflurane and maintenance 2.5% isoflurane in 
O2 at a flow of 4 liters/min) and placed in a stereotaxic apparatus 
(David Kopf Instruments). Small holes were drilled through the 
skull for bilateral placement of stainless steel 26-gauge guide cannula 
with pedestal (Plastics One, #C235GS-5-2.0) fitted with a removable 
dummy cannula. Coordinates were based on the atlas of Paxinos 
and Franklin (79) and were taken from bregma (in millimeters): 
A.P., +1.5; M.L., ±0,75; D.V., −3.50. Cannulas were fixed to the skull 
with one anchoring screw and dental acrylic (DuraLay Reliance, 
#2244). Mice were single-housed after surgery, treated with 
paracetamol (200 to 300 mg/kg, Dafalgan) via the drinking water 
for 7 days after the surgery, and allowed to recover for at least 10 days. 
For intracerebral infusions, the dummy was removed, and a 33-gauge 
injector (Plastics One, #C235IS-5) that extended 1 mm from the tip 
of the cannula was inserted aiming at the NAc [coordinates taken 
from bregma (in millimeters): A.P., +1.5; M.L., ±0.75; D.V., −4.50)]. 
Behavioral experiments were performed 1 hour after drug ad-
ministration. Animals were randomly assigned to their respective 
treatment, and groups were counterbalanced for body weight. All 
drugs and vehicle were bilaterally infused in a total volume of 0.5 l 
during 2.5 min of constant flow (0.2 l/min). The injector remained 
in place for one additional minute after infusion to allow proper 
diffusion. NMN (Sigma-Aldrich, #N3501) was dissolved in saline 
with 0.5% dimethyl sulfoxide (DMSO) at a concentration of 
25 mM. EX-527 (Sigma-Aldrich, #E7034) was dissolved in saline 
with 0.5% DMSO at a concentration of 0.5 mM. NMN and EX-527 

were dissolved in saline with 0.5% DMSO at a concentration of 25 
and 0.5 mM, respectively. Animals in the vehicle group were bilaterally 
infused with saline with 0.5% DMSO. After behavioral experiments, 
animals were euthanized by decapitation, and correct cannula 
placement was routinely verified with Cresyl violet histology. Images 
were captured using a bright-field slide scanner (Olympus VS120- L100). 
Mice that were not successfully targeted into the NAc were excluded 
from analysis.

Brain surgery and AAV-mediated gene transfer
AAV-mediated gene transfer was performed in mice aged 9 to 10 weeks. 
Groups were counterbalanced for body weight and body composition. 
Before surgery, mice received an injection of analgesic (buprenorphine, 
temgesic at 0.1 mg/kg) and were anesthetized by isoflurane inhala-
tion (induction of 4% isoflurane and maintenance of 2.5% isoflurane 
in O2 at a flow of 4 liters/min) and placed in a stereotaxic apparatus 
(David Kopf Instruments, Tujunga, CA, USA). AAV solution (1 l; 
1:2 dilution of stock AAV solution in saline) was infused at a rate of 
0.1 l/min using a Hamilton syringe (Hamilton Bonanduz AG) fitted 
with a 33-gauge needle aimed at the NAc (coordinates taken from 
bregma in millimeters: A.P., +1.6; M.L., ±1; D.V., −4.8). The needle 
was left in place for an additional 10 min before being slowly with-
drawn. Mice receiving viral injections were treated with paracetamol 
(200 to 300 mg/kg, Dafalgan) for 7 days and allowed to recover for at 
least 3 weeks. For the SIRT1 overexpression experiments, we used 
the virus AAV2-Synapsin–enhanced GFP (eGFP)–2A-mouseSIRT1 
(Vector Biolabs). For the SIRT1 knockout experiments, we used the 
virus AAV2-SYN-eGFP-T2A-iCre-WPRE (woodchuck posttran-
scriptional regulatory element) (Vector Biolabs). Both eGFP and 
SIRT1 (in the AAV2-SYN-eGFP-2A-mouseSIRT1 vector) and eGFP 
and iCre (codon-improved Cre) (in the AAV2-SYN-eGFP-T2A-
iCre-WPRE) were driven by the same synapsin promoter with a 2A 
peptide linker in between for “self-cleavage” coexpression. WPRE 
enhancer was placed between the stop codon and the bGH polyA.  
As control AAV, we used the AAV2-SYN-eGFP-WPRE vector in 
both experiments. Viral injection site was verified in all mice by 
confirming GFP signal in the NAc coronal sections (30 m thick) 
using a slide scanner (Olympus VS120-L100). Mice that were not 
successfully targeted into the NAc were excluded from analysis.

AS/Rec2-NAMPT vector and administration
The dual-cassette adipose-specific vector (AS/Rec2) contains an ex-
pression cassette consisting of the cytomegalovirus enhancer and 
chicken -actin promoter, WPRE, and bovine growth hormone 
poly-A flanked by AAV2-inverted terminal repeats. A second cassette 
encoding a microRNA-WPRE driven by the albumin promoter that 
prevents transgene expression in the liver was cloned to the expres-
sion plasmid to generate the dual-cassette plasmid (fig. S6A). 
Vectors were constructed by Cao’s laboratory as previously described 
(80). Mice at 9 to 12 weeks of age received a single intraperitoneal 
injection of the recombinant AAV AS/Rec2-Empty (same expres-
sion cassette with no transgene) or AS/Rec2 expressing NAMPT 
(AS/Rec2-NAMPT) at a dose of 2.0 × 1010 viral genomes diluted in 
viral dilution buffer to a volume of 100 l. Groups were counter-
balanced for body weight and body composition. Transduction of 
the adipose tissue with the AS/Rec2 virus was checked by the pres-
ence of the regulatory element WPRE by real-time qPCR using the 
following primers: TGGCGTGGTGTGCACTGT (forward) and 
GTTCCGCCGTGGCAATAG (reverse).
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Electrophysiology
Acute coronal brain slices (220 m thick) containing the NAc were 
prepared from control and stressed mice aged between 9 and 14 weeks. 
Animals were anesthetized with isoflurane and decapitated. The 
brain was quickly removed and cut using a vibrating tissue slicer 
(Campden Instruments) in oxygenated (95% O2/5% CO2) ice-cold 
modified artificial cerebrospinal fluid (ACSF), containing 105 mM 
sucrose, 65 mM NaCl, 25 mM NaHCO3, 2.5 mM KCl, 1.25 mM 
NaH2PO4, 7 mM MgCl2, 0.5 mM CaCl2, 25 mM glucose, and 
1.7 mM l(+)-ascorbic acid. Slices recovered for 1 hour at 35°C in 
standard ACSF containing 130 mM NaCl, 25 mM NaHCO3, 2.5 mM 
KCl, 1.25 mM NaH2PO4, 1.2 mM MgCl2, 2 mM CaCl2, 18 mM glu-
cose, and 1.7 mM l(+)-ascorbic acid, and complemented with 2 mM 
Na-pyruvate and 3 mM myo-inositol. In the recording chamber, slices 
were superfused with oxygenated standard ACSF at nearly physio-
logical temperature (30° to 32°C). MSNs in the NAc shell were 
patched in the whole-cell configuration with borosilicate pipettes (2 
to 3 megohms) filled with an intracellular solution containing 
135 mM K-Gluconate, 10 mM KCl, 10 mM Hepes, 0.2 mM EGTA, 
1.5 mM Mg-ATP, 0.2 mM Na-GTP, and 0.1% biocytin (290 to 
300 mosmol, pH 7.2 to 7.3). To elicit neuronal firing, cells were held 
at −60 mV in current clamp configuration with direct current injec-
tions, and depolarization was provided by 2-s-long current steps or 
by 5-s-long current ramps of increasing magnitude. Electrophysio-
logical data were acquired through a Digidata 1550A digitizer. The 
rheobase (minimal current required to elicit spiking) and the firing 
threshold were measured as the level of current and voltage, respec-
tively, that induced the first action potential in the ramp protocol. 
Signals were amplified through a Multiclamp700B amplifier 
(Molecular Devices), sampled at 20 kHz and filtered at 10 kHz 
using Clampex10 (Molecular Devices). At the end of the recording, 
the patch pipette was gently retracted from the cell body to allow for 
membrane resealing. Slices were fixated in 4% PFA overnight and 
subsequently stored in a solution of 30% sucrose in PBS.

Neuronal dendritic arborization
Coronal brain slices used for electrophysiology recordings were 
washed (three times for 5  min at room temperature) in PBS and 
incubated (overnight at 4°C) with streptavidin–Alexa Fluor 488 
(Thermo Fisher Scientific, S-11223, 1:500) in PBS–Triton X-100 
0.05% to visualize the biocytin-filled MSNs. The next day, slices 
were washed (three times for 5 min at room temperature) in PBS and 
mounted in SuperFrost Plus Adhesion Microscope Slides (Thermo 
Fisher Scientific). Images of the biocytin-filled neurons were ob-
tained with a confocal microscope (Zeiss LSM-700) using a 20× ob-
jective. Representative maximal intensity projections of Z-stack 
images were used to count the number of dendritic intersections at 
a fixed distance from the soma in concentric circles using the Sholl 
analysis tool from Fiji software.

In situ sequencing
In situ sequencing (ISS) technology enables the analysis of multiple 
genes with subcellular resolution, at their original location in morpho-
logically preserved tissue sections. ISS was performed by CARTANA 
AB (Solna, Sweden). Briefly, fresh frozen brains were cryosectioned 
coronally into 10-m-thick sections (AP, +1.0 to +1.3) and layered 
onto SuperFrost Plus Adhesion Microscope Slides and further 
stored at −80°C before experiments. A total of 12 mouse brain slices 
[control + AS/Rec2-Empty (n  =  3), control + AS/Rec2-NAMPT 

(n  =  2), Stress + AS/Rec2-Empty (n  =  3), and Stress + AS/Rec2-
NAMPT (n = 4)] were layered in four different glass slides (prepa-
rations). Slices were shipped on dry ice to CARTANA for tissue 
fixation, reverse transcription, barcoded probe hybridization and 
ligation onto target cDNA, rolling cycle amplification, barcode se-
quencing by six cycles of in situ sequencing chemistry, and fluores-
cence imaging by 40× objective and DAPI staining (81, 82). A table 
of spatial coordinates of each read of the 33 genes analyzed together 
with the reference DAPI image per sample and the cell segmenta-
tion were provided by CARTANA. The panel of genes analyzed in-
cluded cell-type markers (10 genes), Sirt1, and SIRT1 target genes 
(23 genes). Cell-type marker genes were selected based on single- 
cell RNA sequencing studies in mice NAc (83, 84) and include Drd1 
and Tac1 for MSN expressing dopamine D1-type receptors (D1-
MSN), Drd2 and Penk for MSN expressing dopamine 2-type recep-
tors (D2-MSN), Aqp4 and Slc1a2 for astrocytes, Plp1 and Mbp for 
oligodendrocytes, and Itgam and Ctss for microglia. SIRT1 target 
genes include genes involved in mitochondrial biogenesis and res-
piration (i.e., Ppargc1a, Tfam, Ndufs4, Shda, Uqcrb, Cox6a2, Nd1, 
Nd6, Atp6, Aco2, and Cs) (85, 86), mitochondrial dynamics (i.e., 
Mfn1, Mfn2, and Bnip3) (22, 87), oxidative stress response (i.e., Cat 
and Gpx4) (85, 88), mtUPR (i.e., Hspd1 and Clpp) (89), and neural 
signaling and activity [i.e., Bdnf and Npy (22), and Hcrtr2 and 
Kcnmb2 (50)]. The DAPI nucleus staining was used to segment in-
dividual cells and assign gene reads by spatial proximity. A read was 
assigned to the closest cell, except when such distance exceeds 
300 pixels (=50 m) from the DAPI centroid. A matrix of cells × gene 
reads corresponding to the NAc (whole), NAc shell, and NAc core 
were extracted using MATLAB (Image Processing Toolbox). To 
test whether a gene of interest was significantly different between 
two conditions, we used a generalized linear mixed-effects model. 
We used the number of reads, in each cell, of each gene as the de-
pendent variable and the experimental and the group comparison 
as the fixed effect. A random intercept variable was used to account 
for the different preparations. Because the number of reads is count 
data, we modeled it with a Poisson distribution and a log link func-
tion. For each gene, three comparisons were performed: control 
versus stress mice receiving the AS/Rec2-Empty (effect of stress in 
animals injected with the empty virus); stressed mice injected either 
with AS/Rec2-Empty or AS/Rec2-NAMPT (effect of “NAMPT” in 
stressed animals); and AS/Rec2-Empty versus AS/Rec2-NAMPT in 
control nonstressed animals (effect of NAMPT in nonstressed ani-
mals). The MATLAB function fitglme was used to fit the count data 
of each gene using the restricted maximum pseudo-likelihood 
method. We used the coefficient estimate for the fixed effect to 
assess the enrichment or depletion of each gene due to each com-
parison. To increase the statistical power, we built seven composite 
scores that cluster genes belonging to the same biological pathway. 
The first composite, named “SIRT1 pathway,” encompasses all the 
SIRT1 target genes analyzed. Two main gene composites were cre-
ated afterward, named “mitochondrial function” (i.e., Ppargc1a, 
Tfam, Ndufs4, Shda, Uqcrb, Cox6a2, Nd1, Nd6, Atp6, Aco2, Cs, 
Mfn1, Mfn2, Bnip3, Cat, Gpx4, Hsp60, and Clpp) and “neuronal ac-
tivity” (i.e., Bdnf, Npy, Hcrtr2, and Kcnmb2). The composite mito-
chondrial function was subdivided into four subcomposites. The 
composite “mitochondrial biogenesis–OXPHOS (nDNA)” encom-
passes Sirt1, Ppargc1a, Ndufs4, Shda, Uqcrb, and Cox6a2 and the 
composite “OXPHOS (mtDNA)” encompasses Tfam, Nd1, Nd6, 
and Atp6, which are transcriptional regulators of the mitochondrial 
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biogenesis and complex subunits of the OXPHOS system encoded 
by the nuclear DNA (nDNA) or the mitochondrial DNA (mtDNA), 
respectively. The composite “mitochondrial dynamics, TCA cycle, 
and antioxidants” includes Mfn1, Mfn2, Bnip3, Aco2, Cs, Cat, and 
Gpx4 and the composite “mtUPR” includes Hspd1 and Clpp. To 
compute the composite, gene reads were scaled to the interval be-
tween 0 and 1 and averaged to create composite scores. To have 
composite scores compatible with count data, these were lastly res-
caled to count units by dividing by the lowest nonzero value and 
rounding to the nearest integer. Fixed-effect estimates of each group 
comparison on each gene/composite and their SEs are plotted in the 
figures. All P values were corrected for multiple comparisons using 
the false discovery rate (FDR) for 30 genes/composites × 3 condi-
tions. Cell-specific analysis was performed for reads belonging to 
D1-MSN, D2-MSN, and MSN expressing both D1- and D2-type 
receptors (D1/D2-MSN), astrocytes, microglia, and oligodendro-
cytes. The same generalized linear mixed-effects model described 
above was used to analyze each cell type. For the cell-specific analy-
sis, only two comparisons were performed: control versus stress 
mice receiving the AS/Rec2-Empty (effect of stress in animals in-
jected with the empty virus) and stress + AS/Rec2-Empty versus 
AS/Rec2-NAMPT (effect of NAMPT in stressed animals). All 
P values were corrected for multiple comparisons using FDR for 30 
genes/composites × 2 conditions × 6 cell types. Only significant 
P values (P < 0.05) are shown in the cell assignment plots.

Statistical analysis
Statistical analyses for the in situ sequencing are described in the “In 
situ sequencing” section. For the other analysis, detailed parameters 
from statistical tests are reported in the corresponding figure legend 
or in tables S1 to S7. Data are presented as means ± SEM, boxplot 
(interquartile range with whiskers showing the minimum to maxi-
mum range), or estimated marginal means ± SEM. No power anal-
ysis was performed to determine the sample size. The sample size in 
each study was based on previous experience in our lab. N rep-
resents the number of independent animals except for electrophys-
iological recordings and analysis of dendritic arborization where N 
represents the number of independent cells and food intake where 
N represents the number of independent cages. All statistical analy-
ses were performed with Prism 8 (GraphPad Software Inc.) except 
for the analysis of covariance (ANCOVA) and linear mixed model 
that was performed with SPSS 22 (IBM). Shapiro-Wilk normality 
test was used to test normality. Unpaired two-tailed t (normally dis-
tributed data) test or Mann-Whitney rank sum test (non-normally 
distributed data) was used to compare two sets of data obtained 
from independent groups of animals. Welch correction was applied 
to normally distributed data when variances among groups were 
unequal. For more than two independent groups, we applied one-
way analysis of variance (ANOVA) to analyze the effect of stress, as 
well as treatment and interaction when applicable. For two-factor 
comparison, two-way ANOVA was used to analyze the effect of stress, 
as well as treatment and interaction when applicable. ANCOVA was used 
for analysis of gas exchange and energy expenditure in calorimetry 
studies (absolute lean mass as covariate) (90) and analysis of body 
composition after injection of AS/Rec2-NAMPT viruses (age as co-
variate). P values were corrected for multiple comparisons using the 
Holm-Sidak method. All P < 0.05 were considered to be significant. 
*P < 0.05; **P ≤ 0.01; ***P ≤ 0.001. For data exclusion, Grubbs’ test 
for outliers was performed in GraphPad with an  level of 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj9109

View/request a protocol for this paper from Bio-protocol.
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