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Mitochondrial function in the brain links anxiety with
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Dominance hierarchies are integral aspects of social groups, yet
whether personality traits may predispose individuals to a particular
rank remains unclear. Here we show that trait anxiety directly
influences social dominance in male outbred rats and identify an
important mediating role for mitochondrial function in the nucleus
accumbens. High-anxious animals that are prone to become sub-
ordinate during a social encounter with a low-anxious rat exhibit
reduced mitochondrial complex | and Il proteins and respiratory
capacity as well as decreased ATP and increased ROS production in
the nucleus accumbens. A causal link for these findings is indicated by
pharmacological approaches. In a dyadic contest between anxiety-
matched animals, microinfusion of specific mitochondrial complex | or
Il inhibitors into the nucleus accumbens reduced social rank, mimick-
ing the low probability to become dominant observed in high-
anxious animals. Conversely, intraaccumbal infusion of nicotinamide,
an amide form of vitamin B3 known to enhance brain energy
metabolism, prevented the development of a subordinate status in
high-anxious individuals. We conclude that mitochondrial function in
the nucleus accumbens is crucial for social hierarchy establishment
and is critically involved in the low social competitiveness associated
with high anxiety. Our findings highlight a key role for brain energy
metabolism in social behavior and point to mitochondrial function in
the nucleus accumbens as a potential marker and avenue of treat-
ment for anxiety-related social disorders.
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In most socially living species, the social rank of an individual is
established during competitive encounters with conspecifics. The
outcome of these encounters determines the allocation of territory,
resources and access to reproduction (1), and greatly influences
physiology and health (2). Winning a social competition is rewarding,
enhances rank in social hierarchies, and increases the probability of
winning future contests (3, 4). In contrast, losing a social encounter
typically undermines one’s social rank. In humans, a low social status
predicts morbidity and survival (5) and has also been linked to the
development of psychopathologies (6). Despite the important con-
sequences of social rank on health, little is known regarding the
mechanisms underlying the establishment of social hierarchies.

One of the main reasons for the paucity of neurobiological
mechanisms determining social hierarchies may be that social com-
petition involves interacting subjects that both need to be taken into
account. The competitors may exhibit different features such as size,
age, gender, as well as previous social experience, all known to in-
fluence social competitiveness. However, when subjects are matched
for these characteristics, the impact of innate personality traits on
social competitiveness may be investigated. One such personality
trait, anxiety, may have important consequences for the outcome of
social competitions. In humans, high-anxious individuals often dis-
play a subordinate status and report feelings of being overlooked and
rejected (7), and their competitive self-confidence becomes under-
mined under stress (8). Thus, interindividual differences in anxiety
could predetermine the outcome of a competitive encounter and,
as such, trait anxiety may have important consequences for social
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status. However, the neural mechanisms whereby anxiety might
affect social hierarchy formation are largely unknown.

We addressed this question by examining social competitiveness
between male rats characterized for trait anxiety. Recent work has
highlighted the potential for individual differences in mitochondrial
function and, more broadly, energy metabolism to influence vul-
nerability to develop psychopathological disorders, such as anxiety
and depression (9-14). Here, we demonstrate that trait anxiety is a
determining factor of social rank that is mediated by brain region-
specific mitochondrial function. We show that manipulation of
mitochondrial function in the nucleus accumbens (NAc) is sufficient
to influence social rank, highlighting a key role for brain mitochondrial
function in social behavior.

Results

High Trait Anxiety Is a Predisposing Factor to Social Subordination.
To establish the relationship between anxiety and the outcome of a
social competition, male outbred rats were first classified as high-,
intermediate-, or low-anxious based on natural variation for anxiety-
like behavior on the elevated plus maze (Fig. 1 A-C and
SI Appendix, Fig. S14). Their anxiety profiles were confirmed in
another validated test for anxiety, the light-dark box (Fig. 1 D and E
and SI Appendix, Fig. S1 B-D). Then, high-anxious and low-anxious
rats were matched for body weight, age, and social experience, and
allowed to compete for a new territory. High-anxious rats exhibited
reduced offensive behavior during the social encounter (Fig. 1F and

Significance

Within a dominance hierarchy, low social status strongly reduces
individual well-being. In socially living species, rank in a hierarchy
is determined through competitive encounters. Despite the nu-
merous health consequences, the ability of personality traits to
predispose individuals to a particular social rank remains largely
unclear. Our work identifies trait anxiety as a predisposing factor
to a subordinate rank. We demonstrate that mitochondrial func-
tion in the nucleus accumbens, a brain region relevant for mo-
tivation and depression, is a critical mediating factor in the
subordinate status displayed by high-anxious rats. These findings
highlight a role for cerebral energy metabolism in social behavior
and point to mitochondrial function in the nucleus accumbens as a
potential marker and avenue of treatment for mood disorders.
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Fig. 1. High anxiety predisposes for social submission. (4) Classification for anxiety-profiles was based on the elevated plus maze (EPM; HA, high-anxious; IA,
intermediate-anxious; LA, low-anxious). Time spent in the open arm of the EPM (B and C) and in the lit compartment of the light-dark test (D and E) was
lower for HA animals, n = 24 per group. When competing against an LA rat, HA rats display reduced offensive behavior (F) and show low social dominance
(G) emerging throughout time (H), n = 24 pairs. (/) Both HA and LA rats display similar levels of social preference. (J) Levels of zif268 were increased following
social competition in the nucleus accumbens (NAc), prefrontal cortex (PFC), and basolateral (BLA), but not central (CeA), amygdala in both groups, n = 10-20
per group. (K) Local inactivation with muscimol in the NAc, but not BLA, reduced social dominance, n = 11-13 pairs. Data are mean + SEM (*P < 0.05,

**P < 0.01, ***P < 0.001, Student'’s t test or one-sample t test against chance, 50%, level).

SI Appendix, Fig. S1 E-G), which is reflected by a social dominance
level below chance (50%, Fig. 1G). Importantly, the subordinate
character of high-anxious rats was not apparent from the onset of the
interaction, but developed throughout the social encounter, in-
dicating no lack of motivation to compete in these animals (Fig. 1H).
The low competitive success of high-anxious rats was also evident
during a subsequent encounter that took place 1 wk later (Fig. 1G),
emphasizing the pervasive impact of anxiety on social rank. To ex-
amine whether this anxiety-related difference in social competitive-
ness was related to “social anxiety,” we performed a follow-up study
of social preference and found that both high- and low-anxious rats
similarly exhibited a preference to explore a juvenile rat over an
inanimate object (Fig. 17). Thus, the differences in social competi-
tiveness are not related to overall differences in social motivation or
sociability. Because self-confidence is affected by stress (8), we in-
vestigated whether differences in the stress response might explain
the low competitive success of high-anxious rats. We examined
corticosterone levels in high- and low-anxious rats under basal
conditions and following social competition. Although social
competition did significantly increase corticosterone compared
with baseline levels, there were no significant differences between
anxiety groups at either time point (SI Appendix, Fig. S1H).

The Nucleus Accumbens Is Critically Involved in the Establishment of a
Social Hierarchy. Several brain regions [e.g., the prefrontal cortex
(15), NAc (16), and the amygdala (17, 18)] have been involved in
the establishment of social hierarchies in rodents, with the ventral
striatum (including the NAc) being consistently highlighted in hu-
man imaging studies of social status (19, 20) and competition (21).
We confirmed the activation of the nucleus accumbens (along with
that of the prefrontal cortex and basolateral, but not central, nu-
cleus of the amygdala) following a social competition test, in both
low- and high-anxious naive animals by comparing the expression of
the immediate early transcription factor gene zif-268 mRNA fol-
lowing the encounter to basal conditions (Fig. 1J). We next
aimed to test the causal involvement of the NAc and BLA in the
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establishment of a dominant rank. For this purpose, we performed
independent experiments in which we pharmacologically inacti-
vated each of these brain areas through microinfusion of muscimol,
a GABA, receptor agonist, 30 min before social competition be-
tween two males matched for equivalent anxiety levels. Upon
muscimol infusion in the NAc, rats exhibited reduced social dom-
inance levels in a confrontation with another anxiety-matched male
that was infused with vehicle (Fig. 1K). Importantly, this treatment
did not induce changes in locomotor activity as evaluated in the
open field (S Appendix, Fig. S1I). On the contrary, inactivation of
the basolateral amygdala (BLA) with muscimol had no impact on
the social hierarchy outcome (Fig. 1K). We validated the effec-
tiveness of our BLA treatment by demonstrating that it drastically
inhibited fear conditioning (SI Appendix, Fig. S2), confirming the
role of the BLA in this type of behavior (22). Given the prominent
role of the NAc in social competition, we performed an additional
experiment to gain insight into the cell types which show activation
in this nucleus following a competitive encounter. Double-labeling
of cFOS with markers for several neuronal types highlighted a
significant activation of substance P-containing cells [known to
represent medium spiny neurons (MSNs) containing the dopami-
nergic receptor D1 (23)] following social competition (Fig. 2.4 and
B) that correlated with the amount of competitive behavior (Fig.
2C). However, no social challenge-induced significant activations
were observed for cholinergic cells, for cells containing enkephalin
[known to represent D2-containing MSNs (23)] or for cells con-
taining the S100 astrocytic marker (SI Appendix, Fig. S3 A-F).
Therefore, these data point to the involvement of accumbal D1-
containing MSNs in social competition.

High-Anxious Rats Exhibit Reduced Mitochondrial Function in the NAc.
As our findings pointed to a prominent role of the NAc in social
competition, we explored potential molecular pathways within the
NAc differing between high- and low-anxious rats. We started by
examining differential basal gene expression between high- and
low-anxious rats in the NAc using microarrays and gene set
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Fig. 2. D1-containing cells are activated by social competition. (A and B)
cFOS activation of substance P (SubP; D1-containing cells), enkephalin (ENK;
D2-containing cells), $100, and vesicular acetylcholine transporter (VAChT) in
the NAc after social competition (SC) was compared with basal levels (B) and
only substance P* cells displayed cFOS activation in response to social com-
petition. (C) cFOS activation in substance P* cells significantly correlated with
the duration of competitive offensive behavior. cFOS activation is presented
as percentage of basal cFOS activation induced by social competition (n = 6
pairs per group) as mean + SEM (*P < 0.05).

enrichment analysis (GSEA). The top regulated biological
processes in high- versus low-anxious rats involved metabolic
functions at various cellular levels (SI Appendix, Fig. S44) and
GSEA analysis on a curated set of mitochondrial genes pointed to
significant differences in genes enriched in categories related to
mitochondrial function (SI Appendix, Fig. S4B and Table S1). Mi-
tochondrial respiratory function is essential for neural processing, as
it plays key roles in many essential functions required for neural
homeostasis and computations (24-26). Thus, we reasoned that the
disadvantage of high-anxious rats to win the competition against low-
anxious rats could reflect a lower mitochondrial activity in the NAc.
We first measured protein levels in the five mitochondrial complexes
that comprise the electron transport chain between high- and low-
anxious rats. In both complexes I and II, starting points for mito-
chondrial respiration, high-anxious rats exhibited lower levels of
protein than low-anxious rats (Fig. 34). We then examined whether
such protein differences might be indicative of a difference in mi-
tochondrial number. However, both PCR analysis of mitochondrial
DNA levels (Fig. 3B), and mitochondrial quantification from im-
ages obtained with transmission electron microscopy (SI Appendix,
Table S2) revealed no significant differences in mitochondrial
number or density in the NAc between high- and low-anxious rats,
indicating that the observed differences in complex I and II
protein content are not due to a sheer difference in mitochondrial
number but to an enrichment in these respiratory complexes per
mitochondria.

Accordingly, we next evaluated whether mitochondrial func-
tion in the NAc differed between high- and low-anxious rats.
Using high-resolution respirometry, we found that when coupled
respiration through complex I was stimulated in NAc homoge-
nates by the addition of ADP, low-anxious rats displayed higher
respiration rates than those of high-anxious rats, a difference
that became more prominent upon complex II stimulation.
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Maximal electron transport system capacity (ETS) was also
markedly higher in the NAc from low-anxious rats. Finally, the
addition of rotenone revealed higher maximal respiration due to
complex II activity (Fig. 3C). Linear regression analysis identi-
fied significant correlations between anxiety-like behavior on the
elevated-plus maze and respiration levels following stimulation
of complex II, ETS, and rotenone addition (SI Appendix, Fig. S5
A-D). The reduced mitochondrial respiratory capacity in the
NAc of high-anxious animals is persistent in life, as it was also
present when measured two months after anxiety characteriza-
tion (Fig. 3D), fitting with the observed differences at the protein
level (Fig. 34). The addition of cytochrome ¢ to the NAc prepa-
rations confirmed that the reported differences are not due to a
differential mitochondrial vulnerability during experimental prepa-
ration (SI Appendix, Fig. S64). Likewise, the anxiety-related effect
on mitochondrial function was not a result of putative differences
in body size, locomotor activity, or food intake, as these were
equivalent for both high- and low-anxious animals (SI Appen-
dix, Fig. S6 B-D). To investigate the specificity of these findings
for the NAc, we examined mitochondrial respiration in the BLA.
Here, unlike the NAc, high- and low-anxious rats displayed com-
parable respiration rates in the BLA (Fig. 3E).

We then examined whether the anxiety-related differences in
NAc mitochondrial respiration had functional consequences for
downstream mitochondrial outputs. First, we found that high-anx-
ious animals exhibited significantly lower ATP concentrations in the
NAc than low-anxious counterparts (Fig. 3F). Then, we measured
the levels of a common ROS product in NAc homogenates,
4-Hydroxynonenal [(4-HNE; an o,p-unsaturated hydroxyalkenal
produced by lipid peroxidation, with high levels suggesting increased
periods of oxidative stress (27)] and found higher levels in high-
anxious animals (Fig. 3G).

We then investigated the cellular specificity of the anxiety-related
differences observed in NAc mitochondrial function. We performed
mitochondrial respiration on synaptoneurosomal and glia-enriched
fractions in three independent experiments (Fig. 3H) and found
lower respiration in high-anxious compared with low-anxious ani-
mals in the synaptoneurosomal fraction only (Fig. 3 I=J). This
finding is consistent with the lack of astrocytic activation induced by
social competition (SI Appendix, Fig. S3C). Taken together, our
results critically link anxiety with NAc mitochondrial function within
the neuronal synaptic compartment (Fig. 3 I-/).

Manipulating Mitochondrial Function in the NAc Affects Social
Dominance. Next, we inquired whether mitochondrial function
in the NAc could per se be causally implicated in the outcome of
a social hierarchy following a dyadic encounter. Given that both
complex I- and complex II-dependent respiration were found to
be associated with the anxiety phenotype (Fig. 3), we micro-
infused specific pharmacological inhibitors for each of these
complexes [for complex I: rotenone (ROT); for complex II: the
competitive inhibitor malonic acid (MA) and the noncompetitive
3-nitroproprionic acid (3NP)] into the NAc of separate groups of
naive animals that were paired to another anxiety-matched male
infused with the corresponding vehicle. Microinfusion of either
ROT, MA, or 3NP reduced the success of treated animals to win
the social contest (Fig. 44). Importantly, these treatments did
not induce side effects on social investigation or auto-grooming
during social competition (SI Appendix, Table S3), or alter lo-
comotor activity (Fig. 4B), anxiety, or sociability (SI Appendix,
Fig. S7 A-D) in additional experiments. Furthermore, these in-
hibitor treatments did not produce neurotoxic effects, as the
drugs were infused at low doses and we confirmed the absence of
lesion and neuronal death (SI Appendix, Fig. S8). The effects of
complex I or complex II inhibition on social competition were
specific for the NAc, as infusions of the same inhibitors into the
BLA had no effect on social dominance and did not affect
general locomotor activity (Fig. 4 C and D). We further showed
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Fig. 3. High-anxious rats (HA) exhibit lower mitochondrial function that is specific to the nucleus accumbens (NAc). HA exhibit lower expression of complex |
and Il protein levels in the NAc than low-anxious rats (LA), n = 5-12 per group (A), but no significant difference in mitochondrial number, n =9 per group (B).
(C) HA display lower mitochondrial respiration in the NAc than LA, n = 6 per group. (D) These differences were also detected two months following anxiety
characterization, n = 8 per group. (E) Mitochondrial respiration in the basolateral amygdala (BLA) does not differ between groups, n = 11 per group. ATP-
levels in the NAc are lower in HA than LA, n = 9-10 per group (F), whereas ROS products are higher in HA, n = 5-6 per group (G). Synaptoneurosomes were
separated from glia (H), and then mitochondrial respiration was measured in three independent experiments. The mitochondrial respiration deficit of HA is
present in synaptoneurosomes (/) but not in glia-enriched fractions (J). Data are mean + SEM. Respiration data are presented as estimated marginal means +

SEM of oxygen flux per mg tissue (*P < 0.05; **P < 0.01, Linear Mixed Model).

that, unlike infusion of muscimol in the BLA (SI Appendix,
Fig. S2) that interferes with BLA-dependent auditory fear con-
ditioning, microinfusion of 3NP did not affect conditioning in
this task (SI Appendix, Fig. S2), discarding that neuronal in-
activation could be a general mechanism whereby impairing
mitochondrial function would affect putative functions from the
affected brain region. Altogether, these data strongly support a
key role for complex I- and II-dependent mitochondrial function
within the NAc in the establishment of social dominance.

We then investigated whether we could reverse the disad-
vantage exhibited by high-anxious animals in the acquisition
of social dominance by boosting NAc mitochondrial function.
Nicotinamide adenine dinucleotide (NAD™) is a metabolic co-
factor present in cells that has been implicated in a wide range of
critical metabolic activities (28). Treatment with the NAD™
precursor nicotinamide (NAM; ref. 28), an amide form of vita-
min Bj; that boosts mitochondrial respiration (29), into the NAc
of high-anxious rats at a time point before the social encounter
and at a dose that increased accumbal mitochondrial respira-
tion (Fig. 54), abolished the disadvantage of high-anxious animals
to become dominant against low-anxious animals (Fig. 5B). Note-
worthy, anxiety, sociability, social investigation and auto-grooming
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Open Field, n = 5-6 per group (B). Intra-BLA infusions of ROT, 3-NP, or MA
had no effect on social dominance, n = 6, 9, or 10 pairs, respectively (C), or
locomotion, n = 5 per group (D). Data are mean + SEM (**P < 0.01, ***P <
0.001, Student’s t test or one-sample t test against chance level).

Hollis et al.

remained unaffected by NAM-treatment (SI Appendix, Fig. S7 E and
F and Table S3). Finally, given the higher levels of the common ROS
product 4HNE observed in high-anxious rats, we investigated whether
treating these animals with the antioxidant Mitoquinone mesylate
(mitoQ; ref. 30) in the NAc might enhance their dominance. Infusion
of MitoQ at a time (3 h before testing) and dose (10 pM) that de-
creases accumbal 4HNE levels (Fig. 5C) had no effect on reversing
the disadvantage of high-anxious rats when competing with vehicle-
infused low-anxious rats (Fig. 5D). These observations suggest that
the impact of mitochondrial function in social competition described
here is not mediated by oxidative stress but is related to mitochondrial
respiratory capacity. Taken together, our results point to a causal link
between NAc mitochondrial function and social rank.

Discussion

In this study, we show that animals’ anxiety trait is predictive of
the outcome of a competitive social encounter and reveal critical
neurobiological mechanisms underlying individual differences in
the predisposition to win or lose a social competition. Our findings
establish a key role for mitochondrial function in the NAc in the
attainment of social dominance. Although mitochondrial involvement
has been demonstrated in different mental health conditions, in-
cluding anxiety disorders, stress and depression (10-12, 31, 32), our
findings go beyond and establish a role for mitochondrial function in
the regulation of individual differences in social behaviors under
normal, nonpathological conditions.

First, following evidence in humans linking interindividual dif-
ferences in anxiety with social status (7) and competitive self-con-
fidence under stress (8), we showed that high-anxious rats tend to
become subordinate when confronted with low-anxious rats. Im-
portantly, the anxiety phenotype was reliably established through
two validated tests for anxiety in rodents, and the pervasive impact
of anxiety on social competition was confirmed through repeated
social encounters (Fig. 1G). As the competing rats were matched
for age, size, gender, and social experience, our findings suggested a
role for intrinsic differences in neural mechanisms involved in social
competition between high- and low-anxious individuals.

In our search for key brain regions involved in social hierarchy
establishment, we obtained evidence for the involvement of the
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NAc. First, we found a prominent activation of the NAc, particularly
D1-containing cells, by social competition as highlighted through the
assessment of the immediate early genes zif-268 and cFOS. Then,
pharmacological inactivation of the NAc indicated the causal in-
volvement of this brain region in social dominance. These findings
are in line with previous evidence from lesion (33), neurochemical
(34), and pharmacological (35) studies in rodents that highlight a
causal involvement of the NAc in the development and/or ex-
pression of social dominance, as well as with data from human
neuroimaging studies that show NAc activation under tasks in-
volving social competition (21) or manipulation of social status
(19, 20). Moreover, our findings are in agreement with current
views that construe a critical role of the NAc in social operations,
ranging from the processing of social information, to learning
about conspecifics and making socially influenced decisions (36).
Additionally, the NAc has been classically implicated in differ-
ent aspects of behavioral activation, including motivation, exertion
of effort during instrumental behavior, reward-seeking and energy
expenditure, as well as “vigor” of behavior (37-41). The NAc in-
volvement seems to be particularly critical when there is ambiguity
and/or uncertainty about which are the appropriate actions to be
taken or under situations of instability and fluidity (42). Neural
computations underlying these processes are all conceivably rele-
vant for the evolving interactions entailed in the establishment of a
social hierarchy. Importantly, a priori differences in motivation to
win the social context cannot explain the outcome of the social
competition between high- and low-anxious rats, as no differences
in competitive behavior were observed during the early stages of
the contest (Fig. 1H). Instead, the divergent ranks emerged pro-
gressively throughout the competition, indicating the potential for
differential underlying metabolic capacity in the NAc.
Specifically, the key role for bioenergetics in the NAc in the
differential predisposition of high- and low-anxious animals to
win a social competition was identified by a number of con-
verging data. Initial evidence in support of this concept was
found in the microarray data indicating enrichment for metabolic
and mitochondrial genes among those differentially expressed in
the NAc between high- and low-anxious rats. Subsequently, data
demonstrating lower complex I and II protein levels, mitochon-
drial respiration and ATP, but higher ROS products in the NAc
of high anxious rats in comparison with low anxious counterparts
further supported a link between variation in NAc bioenergetics
and the attained social rank. The reduction in mitochondrial
function was not simply a result of reduced mitochondrial
number, as both high- and low-anxious rats exhibited similar
mitochondrial number and densities in the NAc. Importantly,
when we pharmacologically manipulated NAc mitochondrial
respiration, we could directly influence social rank, which
strongly supports the causal implication of differential anxiety-
related NAc bioenergetics in the emergence of a dominance
hierarchy. Inhibition of either complex I or complex II in the
NAc markedly reduced social rank, whereas the competitive
disadvantage of high-anxious animals to achieve a dominant rank
against a low anxious male could be overcome by intra-NAc
infusion of the mitochondrial booster vitamin B; (NAM). Con-
trol experiments excluded that the observed differences in social
dominance between animals differing in anxiety and those im-
pinged by the pharmacological treatments were not due to broad
alterations in social behavior or confounded by perturbations in
locomotion or general behavior. Nutritional interventions, such
as vitamin Bs, have previously been proposed as therapeutics for
depression and age-related neurodegenerative diseases (43, 44).
Our results attribute a previously unidentified role for vitamin B;
as a potential target to deal with anxiety-related deficits in
competitiveness. However, pharmacological administration of
the mitochondrial antioxidant MitoQ was ineffective to reverse
the competitive disadvantage of high-anxious animals. Although
these data are not supportive for a role of ROS in the subordinate
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outcome of high-anxious rats, we cannot discard the effective-
ness of other antioxidant administration regimes (i.e., other ad-
ministration timing, doses, and/or chronicity). Interestingly,
although there is increasing evidence linking differences in mi-
tochondrial function and oxidative stress with clinical patholo-
gies such as anxiety disorders (31, 45-47), here we go beyond the
pathological state and show that differences in brain mitochon-
drial function in the NAc can be found in association with
personality differences.

In our study, several control experiments targeting the BLA
suggested that the observed bioenergetic effects on social compe-
tition are specific to the NAc. Although these findings might seem
surprising given the classical view of the BLA as a regulatory center
for anxiety, anxiety modulation by the BLA has now been dem-
onstrated to take place at its outputs, rather than within the BLA
itself (reviewed in ref. 48). Given the proposed roles of the NAc in
the regulation of behavioral vigor and exertion of effort, particu-
larly in appetitively or aversely motivated behaviors (42), it is now
tempting to speculate that the detected differences in mitochon-
drial function in the NAc as a function of anxiety could be critically
involved in the decision-making processes weighing the amount of
effort and/or cost exerted against the tradeoff of the prospect to
win or, more generally, in defining differences in vulnerability to
persist during sustained challenge.

The fact that suboptimal mitochondrial function in high-anxious
rats was found in the NAc and not the BLA, suggests that the
differences in the NAc could be secondary in this brain region and
not a generalized mitochondrial dysfunction. Among the possible
mechanisms involved, it is tempting to consider the participation
of the dopaminergic system as several studies have linked high
dopamine levels with reduced mitochondrial capacity in cells (49,
50). As we found activation of D1-containing cells following social
competition, it is possible that differences in dopamine, as a
function of anxiety, could contribute to the observed differences in
mitochondrial function.

Substantial evidence implicates the NAc in depression (51, 52)
and “anergia,” or lack of energy at the core of depression and
anxiety disorders (53, 54). Furthermore, mitochondrial deficiency is
frequently observed in brain disorders (55), including depression
(13, 14, 26, 31, 56) and anxiety (9). Moreover, individuals with
mitochondrial disorders often express symptoms of depression and
anxiety (10-13). High anxiety trait is a known vulnerability factor to
develop depression, particularly if individuals are exposed to stress
(57, 58), with stress impinging energetically costly neuronal adap-
tations (59, 60). Limited energy production due to reduced mito-
chondrial function may impair adaptive neuronal capacity to life
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Fig. 5. Enhancing nucleus accumbens (NAc) energy stores via nicotinamide
(NAM) infusion abolished the competitive disadvantage in high-anxious (HA)
animals. (A4) Intra-NAc infusion of NAM before social competition increased
mitochondrial respiration in HA rats, n = 7 per group. (B) NAM-treated HA
rats had similar chances to become dominant as low-anxious (LA) rats, n =
9-11 pairs. Intra-NAc infusion of mitoquinone mesylate (mitoQ) reduced local
ROS products (C), n = 5, but did not enhance social competition in HA rats
(D), n = 8 pairs. Data are presented as mean + SEM (*P < 0.05, ***P < 0.001,
one sample t test against baseline or chance level).
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challenges (32) and contribute to the development of psycho-
pathologies (9, 10, 13, 14). Therefore, our results highlight dif-
ferences in mitochondrial function in the NAc as a potential
mechanism underlying the susceptibility or resilience to develop
depression, and may open new prospects for the advancement of
preventive therapeutic approaches to mood disorders.

Materials and Methods

Adult male Wistar rats (Charles River) weighing 250-275 g at the start of ex-
periments were used. All experiments were performed with the approval of
the Cantonal Veterinary Authorities (Vaud, Switzerland) and carried out in
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