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Abstract Emerging evidence suggests that hierarchical status provides vulnerability to develop

stress-induced depression. Energy metabolic changes in the nucleus accumbens (NAc) were

recently related to hierarchical status and vulnerability to develop depression-like behavior. Acetyl-

L-carnitine (LAC), a mitochondria-boosting supplement, has shown promising antidepressant-like

effects opening therapeutic opportunities for restoring energy balance in depressed patients. We

investigated the metabolic impact in the NAc of antidepressant LAC treatment in chronically-

stressed mice using 1H-magnetic resonance spectroscopy (1H-MRS). High rank, but not low rank,

mice, as assessed with the tube test, showed behavioral vulnerability to stress, supporting a higher

susceptibility of high social rank mice to develop depressive-like behaviors. High rank mice also

showed reduced levels of several energy-related metabolites in the NAc that were counteracted by

LAC treatment. Therefore, we reveal a metabolic signature in the NAc for antidepressant-like

effects of LAC in vulnerable mice characterized by restoration of stress-induced neuroenergetics

alterations and lipid function.

Introduction
Depression is among the leading causes of disability worldwide, which reflects the current lack of

understanding of its underlying mechanisms (Friedrich, 2017; Menke, 2018). Metabolic alterations

are emerging as key etiological factors for the development of neuropsychiatric disorders, including

depression (Pei and Wallace, 2018; Andreazza and Nierenberg, 2018; Kim et al., 2019). The

strong reliance of the brain on high energy consumption would make it particularly vulnerable to

metabolic alterations (Pei and Wallace, 2018). In addition, chronic stress has a strong capacity to

trigger and exacerbate depression (de Kloet et al., 2005; Richter-Levin and Xu, 2018) and

impinges metabolic-costly neuronal adaptations in structure and function (Turner and Lloyd, 2004;

de Kloet et al., 2005; McEwen et al., 2015). Accordingly, stress-associated depletion of brain’s

energy resources could lead to impaired neuronal plasticity underlying depression (Morava and

Kozicz, 2013; Picard et al., 2018). Mitochondria, by powering the brain with energy production,

play a central role in the adaptation and response to stress (Picard et al., 2015), and mitochondrial

supplements could provide an efficient means of protecting brain structures that are particularly vul-

nerable to stress (Parikh et al., 2009).

However, not all individuals are equally affected by stress (Duclot and Kabbaj, 2013;

McEwen et al., 2015; Russo et al., 2012); while some individuals show a high vulnerability to
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develop depression, others endure resilience following stress exposure (Russo et al., 2012;

Weger and Sandi, 2018). It remains unclear which factors provide resilience to stress in certain indi-

viduals and what are the underlying mechanisms (Larrieu and Sandi, 2018; Ménard et al., 2017). In

addition to the great predictive power of high anxiety trait in defining stress vulnerability

(Sandi et al., 2008; Castro et al., 2012; for reviews, see Sandi and Richter-Levin (2009);

Russo et al., 2012; Weger and Sandi, 2018), epidemiological, clinical and animal work point to a

link between social hierarchies and depression (Larrieu and Sandi, 2018).

Recently, in the C57BL/6J inbred mouse strain, we found that high rank animals were more sus-

ceptible to display social avoidance following exposure to chronic social defeat stress (CSDS), while

low rank mice were not affected (Larrieu et al., 2017). Data from 1H-magnetic resonance spectros-

copy [1H-MRS; one of the few non-invasive methods that can provide direct information on brain

metabolism in vivo (Duarte et al., 2012)] revealed a relationship between the metabolic profile of

the nucleus accumbens [NAc; a hub brain region for the regulation of motivated behaviors

(Robbins and Everitt, 1996) implicated in the pathophysiology of depression (Francis and Lobo,

2017)], social rank, and vulnerability to stress. Thus, while under basal conditions low rank showed

lower levels of energy-related metabolites than high rank mice, it was only the low rank/resilient

group that displayed increased metabolite levels following CSDS (Larrieu et al., 2017). These obser-

vations suggested that metabolic targeting may be an optimal treatment intervention and confirmed

that NAc is a particularly sensitive structure that might beneficiate from energetic support.

Acetyl-L-carnitine (LAC) has been recently shown to have promising potency to rapidly alleviate

depressive-like symptoms in preclinical studies (Bigio et al., 2016; Lau et al., 2017; Wang et al.,

2015; Nasca et al., 2013) and in humans, where emerging clinical evidence supports its good toler-

ability (Wang et al., 2014; Veronese et al., 2018). LAC is an endogenous short-chain acetyl ester of

free carnitine involved in the transport of long chain fatty acids into the mitochondria for degrada-

tion by beta oxidation thus, contributing to energy metabolism (Ferreira and McKenna, 2017). In

addition, LAC can facilitate the removal of oxidative products, provide acetyl groups for protein

acetylation, be used as a precursor for acetylcholine, or be incorporated into neurotransmitters such

as glutamate, glutamine and GABA (Ferreira and McKenna, 2017). However, it is not known

whether LAC treatment can counteract brain metabolic alterations specifically observed in the con-

text of stress-induced depression.

In this study, we investigated the ability of LAC supplementation to protect vulnerable mice

against stress induced depressive-like behaviors. As indicated above, socially dominant C57BL/6J

mice, were at higher risk of developing depression-like behavior following exposure to CSDS

(Larrieu et al., 2017). Here, in order to exclude that the identified vulnerability is a mere reflect of

the social stressor used (Larrieu and Sandi, 2018), a first aim of this study was to assess the link

between social rank and vulnerability to develop depressive-like behaviors using chronic exposure to

a non-social (e.g., physical) stressor. To this end, and given that lipid peroxidation has been shown

to be increased by restrain stress in the striatum (Atif et al., 2008), we exposed mice to the well-

established 21 day restrain stress protocol (Lau et al., 2017; Nasca et al., 2015). Subsequently, we

studied the impact of LAC treatment coinciding with the last week of stress exposure on the concen-

tration of up to 20 metabolites in the NAc using in vivo 1H-MRS at 14 Tesla (Larrieu et al., 2017;

Duarte et al., 2012; Mlynárik et al., 2008). We also tested mice for depressive-like behaviors,

including motivation to explore social conspecifics and coping responses in the forced swim test

(FST) (Nestler et al., 2002). Besides the evident translational potential of 1H-MRS at 14 T in identify-

ing biomarkers, rodent 1H-MRS studies at ultra-high field bridge a potential pathological indicator

and its associated molecular signature to physiological mechanisms.

Results

High rank mice are vulnerable to chronic restraint stress
First, we confirmed our initial observations (Larrieu et al., 2017) regarding the behavioral phenotype

of high and low rank mice (as assessed by testing the four mice from the same home cage in the

social confrontation tube test; SCTT), under basal conditions (i.e., before any stress was applied).

Specifically, we report here that high (ranks 1 and 2) and low (ranks 3 and 4) rank mice (Figure 1B

and C; time in the tube 1–2 vs 1–4, p<0.001), displayed different profile for anxiety-like behaviors. It
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was reflected by a higher time spent in the open arms of an elevated plus maze (EPM) (Figure 1D;

p<0.05) as well as an increased latency to enter the center of an open field (OF) (Figure 1E, left;

p<0.05) in high rank compared to low rank mice. However, the two groups did not show differences

in the percent time spent in the center of the OF (Figure 1E, center), indicating that their difference

in anxiety-like behaviors depends on the specific threat encountered. Importantly, no difference in

locomotor activity was observed, as the distance travelled by both groups in the OF was similar

(Figure 1E, right; n.s.).

Strikingly, we revealed that the susceptibility to CSDS observed in high rank mice in our previous

study (Larrieu et al., 2017) can be generalized to a non-social, chronic restraint stress (CRS) proto-

col. Indeed, high rank individuals were the ones that, after CRS, showed vulnerability to develop

social avoidance towards an unfamiliar mouse in a social interaction test (SI) (Figure 1F). In contrast,

Figure 1. High rank mice exhibit susceptible behavioral phenotype after 21 days of chronic restraint stress. (A)

Experimental design of the restraint stress protocol. (B) Summary of nine cages representing the SCTT ranks and

winning times as a function of SCTT trials over the 8 days of test. (C) Time spent in tube as a function of rank

pairing (F5,35=18.19, p<0.0001, one-way ANOVA; *p<0.05, ***p<0.001, Bonferroni’s test, n = 7 per rank pairing).

(D) Anxiety-like behaviors measured as the percent time spent in the open arms of an elevated plus maze after

segregation into high rank vs low rank mice (p*<0.05, unpaired t-test, two-tailed, n = 14 per group). (E) Anxiety-

related behaviors measured in the open-field, including latency to first enter the center of the arena (*p<0.05,

unpaired t-test, two-tailed n = 14 per group) and time in center zone (n.s. unpaired t-test, two-tailed n = 14 per

group). Locomotor activity is measured as the distance travelled in the OF (n.s. unpaired t-test, two-tailed n = 14

per group). (F) Social interaction (SI) test measured after chronic restraint stress protocol in high rank vs low rank

animals (Social avoidance score: Interaction: F1,21=7.75, p<0.05; rank effect: F1,21=1.18, p>0.05; stress effect:

F1,21=7.15, p<0.05, two-way ANOVA; p*<0.05, **p<0.01, Bonferroni’s test, n = 6–7 per group/Time in interaction

zone: Interaction: F1,21=12.80, p<0.005; rank effect: F1,21=0.85, p<0.05; stress effect: F1,21=12.21, p<0.005, two-way

ANOVA; p*<0.05, **p<0.005, Bonferroni’s test, n = 6–7 per group/Time in corner zone: Interaction: F1,21=3.29,

p>0.05; rank effect: F1,21=0.28, p<0.05; stress effect: F1,21=2.14, p>0.05, two-way ANOVA, n = 6–7 per group). Data

are displayed as mean ± SEM.
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low rank mice seemed not being affected by stress exposure (social avoidance score: interaction,

F1,21=7.75, p<0.05; time in interaction zone: interaction, F1,21=12.80, p<0.005).

LAC treatment partially abolishes stress-induced behavioral
vulnerability in high rank mice
Given the emerging evidence indicating a potential therapeutic efficiency of LAC, the acetylated

form of carnitine, in the context of depression (see Introduction), we tested whether LAC treatment

could counteract the induction of depressive-like behaviors by CRS in vulnerable (i.e., high rank)

mice. In this experiment, mice were exposed to the CRS protocol and received concomitant adminis-

tration of LAC during the last 7 days of the stress period. Animals exposed to CRS displayed a signif-

icant decrease in cumulative body weight gain, regardless of their social rank, that was not

counteracted by LAC supplementation (Figure 2B; in high rank: Stress effect F2,10 = 45.0, p<0.0001

and Figure 2—figure supplement 1A; in low rank: Stress effect F2,10 = 20.4, p<0.001). Importantly,

whereas stress led to an increase in liquid consumption (+15 ± 12%) in the stressed groups

(Figure 2C and Figure 2—figure supplement 1B), there was no difference in liquid consumption

between the CRS and CRS + LAC groups (Figure 2C).

As we showed in our previous and current studies that CSDS and CRS induce social avoidance

only in high rank mice, we investigated whether LAC supplementation could attenuate the effects of

chronic stress on emotional behavior in this susceptible (i.e., high rank) group. We found that LAC

treatment did not prevent the increase in social avoidance induced CRS in a group of 6 high rank

mice (Figure 2D; n.s.). Since LAC has been shown to be a mitochondria-boosting supplement, we

tested the possibility that LAC would be more efficient in a high energy-demanding test such as the

FST. Indeed, LAC treatment was effective to abolish CRS-induced increase in passive coping behav-

iors in high rank mice in the FST (Figure 2E). Specifically, a significant increase in the immobility time

observed in high rank mice following CRS exposure (Figure 2E; F2,15=5.31, p<0.05), was prevented

by LAC supplementation (p<0.05). In order to obtain an integrated estimation of how stress and

LAC treatments affect emotional behavior more globally, we computed an overall behavioral com-

posite score to integrate deviation from normality considering high rank mice variance in both

behavioral tests. Specifically, the use of this composite score allows considering variation from the

mean in individuals’ behavior across two different behavioral tests, providing a more robust mea-

surement of individuals’ behavior in tests that are typically used to index mice depressive-like behav-

iors. ANOVA of these data indicated a significant effect of treatments (Figure 2F; F2,15=10.31,

p<0.005); specifically, CRS led to increased depressive-like behaviors (p<0.005) that was restored by

LAC (p<0.05). Altogether, our findings support the view that pharmacological enhancement of mito-

chondrial function by LAC supplementation normalizes behavioral changes in stressed-high rank

mice under unescapable adversity.

1H-MRS in NAc reveals stress-responsive metabolites in high rank mice
counteracted by LAC treatment
Using in vivo 1H-MRS, we aimed at revealing the NAc neurochemical and metabolite profile in high

rank mice following CRS and LAC supplementation. Our 1H-MRS acquisitions led to a spectral sig-

nal-to-noise ratio (SNR) of 17.5 ± 0.3 with a linewidth of 16 ± 1 Hz after shimming with FAST(EST)

MAP. The acquired NAc spectra allowed us to quantify up to 20 metabolites with LCModel (Fig-

ure 3). First, we applied an unbiased multivariate factor analysis (FA) that revealed three main factors

that accounted for 31%, 12% and 9% of total variance (Figure 4). Individual metabolites with load-

ings above 0.4 in Factor one included taurine (Tau), glutamate (Glu), phosphocreatine (PCr), N-acety-

laspartate (NAA), g-aminobutyric acid (GABA), creatine (Cr), myo-inositol (Ins), aspartate (Asp),

phosphocholine (PCho), glucose (Glc), glutathione (GSH) and ascorbate (Asc) (Figure 5). Metabolites

with loading above 0.4 for the two other components were PCho, glycerophosphorylcholine (GPC),

and Asc for Factor two, and glutamine (Gln) and lactate (Lac) for Factor three (Figure 6).

Only Factor one was able to discriminate for stress and treatment response between high rank/

vulnerable mice (Figure 4B; F2,13=7.04; p<0.01). Specifically, in high rank mice, CRS led to a reduc-

tion in factor one metabolites as compared to their non-stressed high rank counterparts (p<0.005).

Importantly, LAC treatment reversed the effect of CRS on Factor one metabolic profile (p<0.05).

Interestingly, we further found a significant negative correlation between the behavioral composite
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Figure 2. High rank mice respond to acetyl-L-carnitine treatment after chronic restraint stress. (A) Experimental

design of the restraint stress protocol and treatment procedure. (B) High rank mice show a reduction of cumulative

weight gain during the restraint stress protocol (Interaction: F20,40=11.5, p<0.0001; stress effect: F2,10 = 45.0,

p<0.0001, repeated measures two-way ANOVA; ***p<0.001, ****p<0.0001, Bonferroni’s test, n = 6 per group). The

start of LAC treatment during CRS protocol is indicated with an arrow (day 14). (C) Daily water intake during the

LAC treatment period (given during the last week of the CRS protocol) normalized by total body weight of the

four mice per cage (Group effect: F2,4=17.0, *p<0.05; Interaction: F14,28=0.90, p>0.05; time effect: F7,14=1.24,

p>0.05, repeated measures two-way ANOVA; n = 3 cages per group). Thus, water intake data represent the cage

average value. Liquid consumption during the first days of the CRS protocol is shown in Figure 2—figure

supplement 1B (D) Social avoidance scores measured after chronic restraint stress protocol in high rank mice

(F2,15=12.08, p<0.01, one-way ANOVA; **p<0.01, Bonferroni’s test, n = 6 per group). (E) Behavioral despair

measured with a forced swim test between high rank mice (F2,15=5.31, p<0.05, one-way ANOVA; *p<0.05,

Bonferroni’s test, n = 6 per group). (F) Depressive-like behavior measured as a composite z-score component of

social avoidance and immobility time between high rank mice (F2,15=10.31, p<0.005, one-way ANOVA;

*p<0.05**p<0.005, Bonferroni’s test, n = 6 per group). (G) Locomotor activity measured during the SI test (No

target present: F2,15=2.94, p>0.05, one-way ANOVA; *p<0.05, Bonferroni’s test/Target present: F2,15=2.79, p>0.05,

one-way ANOVA;/Average: F2,15=3.67, p<0.05, one-way ANOVA; *p<0.05, Bonferroni’s test, n = 6 per group).

Effect of LAC on low rank is shown in Figure 2—figure supplement 1.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Physiological and behavioral readouts following CRS and LAC treatment in low rank mice.
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z-score for depressive-like behaviors in high rank

mice and their Factor one metabolite levels

(Figure 4C; R = �0.58, p<0.05). This finding sup-

ports a link between NAc metabolic profile and

depression-like behaviors in stress-vulnerable and

LAC-treated mice.

Then, we selected the metabolites from Factor

one with loadings above 0.4 to perform specific

analyses to assess differences between the three

groups (i.e., controls, CRS and CRS + LAC) of

high rank mice. In metabolites strongly loading in

factor one, we found that the observed stress

effect was mainly carried by changes in Tau

(p<0.05), PCr (p<0.05), Glu (p<0.05), Asp

(p<0.05) and NAA (p<0.05), while the stress-

reversing effects of LAC were driven by Tau

(p<0.05) and PCr (p<0.05) (Figure 5). Among the

rest of metabolites that either loaded below 0.5

in Factor one or loaded in the other two factors

(Figure 6A), we found that Gln and PCho were

similarly reduced by CRS (p<0.05) and reversed

by LAC treatment (p<0.05). Notably, the ratio of

GPC over PCho, that is the level of degradation

product of phospholipids over their precursor,

respectively, was reduced by LAC (p<0.05). In

further correlational analyses addressed to iden-

tify potentially relevant treatment targets, we

found two negative correlations, one between

immobility time in the FST and taurine levels

(R = �0.52, p<0.05) and a second one between

the composite behavioral z-score and GABA

(R = �0.55, p<0.05) (Figure 6B–D).

Discussion
In this study, using in vivo 1H-MRS at 14 T, we

identified a chronic stress-related metabolic sig-

nature in the NAc of high rank mice -identified as

a group of high vulnerability to develop depres-

sive-like behaviors- that was partially restored by

LAC treatment. High rank animals were defined

as those that following cohabitation in groups of

4 males, emerged as ranks 1 and 2 in the social

confrontation tube test. Our results provide an in

vivo metabolic basis for understanding of antide-

pressant-like properties of LAC and its protective

effects against chronic stress.

When exposed to chronic social defeat (i.e., daily exposure and defeat by an aggressive mouse),

high rank C57BL/6J mice living in tetrads are at higher risk of developing social avoidance (i.e., a

depressive-like behavior) than low rank mice (Larrieu et al., 2017). Our results reinforce the view

that social rank in mice predicts vulnerability to stress. In addition, given the non-social character of

the CRS protocol, our results argue against the view that their vulnerability would be solely based

upon loss of social status (Larrieu and Sandi, 2018). It is important to note that, under basal condi-

tions (i.e., before stress application), higher rank is related to higher anxiety-like behaviors as indi-

cated by their exploration of an elevated plus maze (but note that these animals did not differ from

low rank in the time spent in the center of the open field, only in their latency to enter the zone), as

Figure 3. The neurochemical profile of the nucleus

accumbens measured with in vivo 1H-MRS at 14T.

Spectrum fitting and neuroanatomical image of the

NAc with respective voxel position in mouse

brain. Spectrum is decomposed into the total fit, the

individual metabolite components of the fit, the

residual and the baseline, as a result of LCModel

analysis. The fitted neurochemical profile included

following metabolites: taurine (Tau), creatine (Cr),

phosphocreatine (PCr), glutamate (Glu), g-aminobutyric

acid (GABA), aspartate (Asp), glutamine (Gln), N-acetyl-

aspartate (NAA), myo-inositol (Ins), glucose (Glc),

ascorbate (Asc), glutathione (GSH), phosphorylcholine

(PCho), glycerophosphorylcholine (GPC), lactate (Lac),

N-acetylaspartyl-glutamate (NAAG),

phosphoethanolamine (PE), alanine (Ala), glycine (Gly),

as well as macromolecules (Mac).
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high anxiety trait is a well-established risk factor to develop stress-related depressive behaviors

(Sandi et al., 2008; Castro et al., 2012; for reviews, see Sandi and Richter-Levin (2009);

Russo et al., 2012; Weger and Sandi, 2018). However, a note of caution should be added as previ-

ous work suggests that whereas dominant mice tend to display more novelty-related exploratory

behavior than less dominant mice, differences in anxiety-related behaviors seem to be less consistent

(see Varholick et al., 2018, and references herein). We would also like to emphasize that we find a

high reliability and linearity of social rank assessed under our experimental conditions that involve at

Figure 4. Factor analysis identified one main factor that accounts for treatment-related effects in the metabolic

profile of nucleus accumbens in high rank mice. (A) Metabolites in the nucleus accumbens that load into Factor

one, Factor two and Factor three of the factor analysis. The heat map represents the individual loadings of each

metabolite into each factor. Factor one represents a linear combination that summarizes neurochemical changes

including metabolites with strong contribution (above 0.5: Tau, Cr, PCr, Glc, Glu, GABA, Asp, NAA and Ins.) and

moderate (0.4–0.5: GSH and Asc). (B) CRS and LAC treatment in CRS-treated high rank mice impact on Factor one

metabolites (F2,13=7.04, p<0.01, one-way ANOVA; *p<0.05, **p<0.01, Fisher LSD test n = 5–6 per group) (C)

Factor one correlates with the composite emotional (i.e., depressive-like) behavior in high rank animals (R = �0.58;

p<0.05).

Figure 5. Effect of CRS and LAC treatment in CRS-treated mice on the accumbal neurochemical profile of high

rank mice for metabolites with strong loading on Factor one. Metabolites from Factor one with strong loading

(above 0.5) include Tau, Cr, PCr, Glc, Glu, GABA, Asp, NAA and Ins. The ratio of PCr/Cr is shown as well. CRS

induces a drop in Tau, Glu, PCr, Asp and NAA. Only CRS-induced reductions in Tau and PCr are restored by LAC

treatment. The neurochemical profile obtained for low rank mice is reported in Figure 5—figure supplement 1.

One-way ANOVA followed by LSD Fisher post-hoc test, *p<0.05, n = 5–6 per group.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Effect of LAC on the accumbal neurochemical profile of low rank mice after CRS.
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least 5 weeks of cohabitation prior to carrying out the social confrontation tube test (see also

Larrieu et al., 2017). This characterization may determine a different phenotype than studies in

which social hierarchy is established within the first 2–3 weeks of cohabitation. Indeed, a recent study

showed that during early cohabitation, dominance ranks of mice changed with repeated measure-

ment, but became more stable between the 2nd and 3rd week of testing (Varholick et al., 2018).

An additional issue to consider is that, for our analyses, we have grouped ranks 1 and 2 as high rank

mice and ranks 3 and 4 as low rank. Although this grouping allows revealing statistical differences in

the evaluated variables, each of the ranks in a tetrad home cage hierarchy may in fact lead to idio-

syncratic phenotypes. In the future, it would be important to address vulnerability to stress for each

specific rank in the colony.

LAC supplementation during the last week of the 3 week CRS protocol was efficient to protect

high rank/vulnerable mice from the development of enhanced passive coping responses (i.e., higher

Figure 6. Effect of LAC on the accumbal neurochemical profile of high rank mice after CRS for remaining

metabolites and associations between behavior and neurochemistry. (A) Metabolites with moderate loadings (0.4–

0.5) from Factor one and remaining metabolites from Factors two and three included Gln, GSH, Asc, Lac, PCho

and GPC. The ratio of GPC/PCho is also shown. CRS induces a drop in Gln and PCho, which are both restored

after LAC treatment. The GPC/PCho ratio is also lowered after LAC administration. One-way ANOVA followed by

LSD Fisher post-hoc test, *p<0.05, n = 5–6 per group. (B) Correlation matrix between behavioral components and

main metabolic targets of stress in the nucleus accumbens. Behavior included social interaction (SI) test, forced

swim test (FST) and a composite behavior including both behaviors (Composite z-score). Each cell includes the

Pearson’s correlation coefficient with the associated color scaling. (C) Scatter plot of behavioral despair and

accumbal taurine. (D) Scatter plot of depressive-like behavior and accumbal GABA. *p<0.05, n = 16–18 per group.
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floating levels) in the FST. Importantly, LAC levels are markedly reduced in patients with major

depressive disorder, particularly in those with treatment-resistant depression and higher reported

rates of early life stress in the form of childhood trauma (Nasca et al., 2018). Our results in the FST

are in line with previous rodent studies showing the ability of LAC to reduce immobility time in this

test (Wang et al., 2015; Bigio et al., 2016; Lau et al., 2017; Pulvirenti et al., 1990) with several

small clinical trials in humans reporting effectiveness of LAC treatment in amelioration of depressive

symptoms (Martinotti et al., 2011; Pettegrew et al., 2002; Zanardi and Smeraldi, 2006;

Wang et al., 2014; Pettegrew et al., 2000). Growing evidence showed the ability of LAC to amelio-

rate both social interaction and social avoidance at the chronic restraint stress and social defeat

stress paradigms in mice with baseline anxiety-like behavior, increased systemic inflammation and

decreased hippocampal volume (Lau et al., 2017; Nasca et al., 2019). Thus, the lack of LAC effi-

ciency in reversing stress-induced deficits in social avoidance in mice with different social hierarchy

range in the current study pave the way for future research in understading whether the social rank

based on the SCTT relate to a mouse’ behavior in a light-dark test that probably gets at the same

anxiety versus resilient traits. It will be important to study whether social dominance and light dark

traits co-occur in the same mice or whether these traits define distinct susceptible phenotypes that

may show a differential responssivness to treatments. Moreover, the succesful LAC-induced reversal

of increased floating in the FST would fit well with a view that the individual’s NAc metabolic millieu

is critically relevant for the animal’s engagement in energetically-costly behaviors (van der Kooij

et al., 2018b). Accordingly, depressive-like behaviors which are more fundamentally dependent on

resources mobilization would be more likely to be reversed by LAC’s energy support. Restoring nor-

mal metabolic function is, thus, more likely to affect behavior in the context set by the FST – that is

fighting against an inescapable situation. This view fits well with the particular focus of this study on

energy metabolism in the NAc. This postulate is supported by previous studies that showed that

pharmacological manipulations leading to either impaired or boosted mitochondrial function in the

nucleus accumbens were found to boost energetically-costly high rank behaviors during a social

competition test between two male rats (Hollis et al., 2015; van der Kooij et al., 2018a).

Active coping in the FST depends upon dopamine actions in the NAc (Tye et al., 2013; de Kloet

and Molendijk, 2016) and LAC has been shown to increase DA release in vivo (Harsing et al., 1992;

Tolu et al., 2002) and to prevent a chronic stress-induced decrease in DA output in the NAc shell

(Masi et al., 2003). In addition, stress has been shown to induce alterations in the accumbal oxida-

tive stress system (Della et al., 2012; Ignácio et al., 2017), and LAC treatment to exert neuropro-

tective effects by inhibition of glial activation and oxidative stress in the striatum in an animal model

of DAergic neuron damage (Singh et al., 2016). Furthermore, lipid peroxidation has been shown to

be increased by immobilization stress in the rat striatum and L-carnitine to reduce associated striatal

lipid peroxidation (Méndez-Cuesta et al., 2011). Interestingly, both in rodents (Méndez-

Cuesta et al., 2011) and in zebrafish (Marcon et al., 2019), LAC was effective to reverse lipid perox-

idation damage in stressed animals while being devoid of effect in controls.

Our in vivo 1H-MRS at 14 T identified key metabolites implicated in the response to chronic

restrain stress and LAC treatment in the NAc. Among the nine metabolites loading highly in FA Fac-

tor one, five (i.e., taurine, phosphocreatine, glutamate, aspartate and NAA) were reduced by stress

in high rank/vulnerable mice and two of them (i.e., taurine and phosphocreatine) reversed by LAC

treatment. Taurine is a sulfur containing amino acid, with no involvement in protein synthesis, but

with several functions ranging from antioxidant, signaling molecule and osmolyte (Hansen et al.,

2006; Yang et al., 2013; Wang et al., 2016; Jamshidzadeh et al., 2017). Brain taurine concentra-

tions have been shown to be reduced by chronic stress (Barbosa Neto et al., 2012) and hyperglyce-

mic conditions (Malone et al., 2008). Although in our study we did not find stress-related changes

in animals’ glycemic state following CRS, the repeated stress schedule implemented in our CRS pro-

tocol is known to lead to increased blood glucose levels with every daily stress manipulation (e.g.,

van der Kooij et al., 2018b). It will be important to address whether this is the mechanism that

leads to the reduction in accumbal taurine levels observed in our study, as well as exploring how

metabolite changes induced by stress and LAC relate to mitochondrial function. Strikingly, in an

early study, Sershen et al. (1991) specifically observed a reversal by LAC of ageing-induced reduc-

tions in taurine in the striatum, not of any other amino acid in the striatum or of taurine or other

amino acids in any other brain region. Importantly, in our study, we also found that NAc taurine lev-

els were the only ones from the measured metabolites that negatively correlated with passive coping
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responses in the FST, reinforcing the link between levels of this amino acid and energetically-costly

coping responses to adversity. In a recent 7T 1H-MRS in humans, we have recently found a negative

correlation between trait anxiety and NAc taurine content (Strasser et al., 2019). Given the high link

between trait anxiety and vulnerability to depression (Sandi and Richter-Levin, 2009; Weger and

Sandi, 2018), our results support the interest in investigating the causal link between NAc taurine

and its potential antidepressant actions.

Our finding that LAC increased phosphocreatine levels in high rank/vulnerable stressed mice is

consistent with former reports indicating that LAC treatment increases phosphocreatine in the brain

(Castro et al., 2012; Smeland et al., 2012; Aureli et al., 1994; Aureli et al., 1990; Hansen et al.,

2006). Accordingly, LAC treatment likely improves the capacity of the brain to produce high-energy

phosphates, which may be highly beneficial under conditions of disturbed energy metabolism. Sev-

eral mechanisms have been implicated in the energy-boosting effects of LAC, many of them relating

to an increased oxidative capacity of mitochondria through the direct release of oxidable fuel from

LAC itself, or indirectly, in avoiding substrate inhibition of pyruvate dehydrogenase (PDH) by excess

of AcCoA (Smeland et al., 2012; Broderick et al., 1992; Panchal et al., 2015; Virmani et al.,

1995). Our results are in line with the idea of a restored mitochondrial function and support by LAC,

visible through the increase in PCr, as well as taurine.

In addition, we observed that LAC restored levels of PCho and the ratio of GPC/PCho, which are

disrupted by stress as well in high rank mice. PCho serves as a precursor of phosphatidylcholine

(PtdCho), one of the main brain phospholipids, while GPC is its degradation product (Morash et al.,

1988). The GPC/PCho ratio is thus considered to reflect the membrane turnover, typically increased

in the case of neurodegeneration or excitotoxicity (Nitsch et al., 1992; Kristián and Siesjö, 1998).

Increase in GPC can only arise from increased phospholipase activity, which is frequent during exci-

totoxic events and has been proposed to be a consequence of astrocyte activation (Klein, 2000;

Ha et al., 2014). LAC and its deacetylated form L-carnitine (LC) are endogenous metabolites

involved mainly in the transport and beta-oxidation of lipids. Exchange of LC with LAC and other

acylcarnitines trough carnitine-acylcarnitine translocase (CACT) allows a bidirectional flow from cyto-

plasm into the inner mitochondrial matrix membrane for lipid oxidation. LAC supplementation could

thus have a positive effect on phospholipid metabolism, by restoring normal balance between lipid

degradation and synthesis.

A role for astrocytes in the LAC mechanism of action is also suggested by the normalization of

stress-induced decreases in Gln content observed in the LAC-treated high rank group. Gln is mostly

abundant in astrocytes (typically 80% of total concentration) due to their specific expression of gluta-

mine synthetase (GS), which plays a key role in glutamate recycling at the synapse (Norenberg and

Martinez-Hernandez, 1979; Bak et al., 2006). Astrocytic function is fundamental in the resilience to

stress and regulation of extrasynaptic glutamate homeostasis (Pellerin and Magistretti, 1994;

Nasca et al., 2017). For instance, LAC has shown effective control of astroglial cystine-glutamate

exchanger (xCT), which is thought to improve mGlu2 function in hippocampus as a response to

stress. A similar transcriptional response could be expected for glial GS, given its established

responsiveness to glucocorticoids in stress (Rozovsky et al., 1995; Carter et al., 2013), an effect

that could underlie the observed Gln changes. Even though the acetyl moiety of LAC has been

shown to be utilized for the build-up of metabolic neurotransmitters synthesized from the TCA cycle

(Kuratsune et al., 2002), LAC treatment in our study did not restore the stress-induced decrease of

Glu, NAA and Asp observed in the nucleus accumbens of the high rank mice. This would suggest

that LAC effects on these metabolites within the NAc may be secondary and part of an indirect and

slower process. Nevertheless, as NAA, Glu and Asp measured with MRS reflect mainly neuronal

metabolism (Van den Berg et al., 1969; Bhakoo, 2012), we can hypothesize that astrocytes are the

first beneficiary of LAC supplementation. Astrocytes are indeed specifically shaped to uptake blood

fatty acids, ketone bodies and acetate, and presumably LAC (Blázquez et al., 1998;

Valdebenito et al., 2016; Rae et al., 2012).

Altogether, our findings highlight an accumbal metabolic signature for vulnerability to stress and

response treatment. By implying an accumbal energy- and membrane metabolism process underly-

ing the behavioral outcome, our study identifies molecular candidates responding in opposite direc-

tion to chronic stress and LAC treatment, opening possible mechanistic pathways underlying the

anti-depressant-like effect of LAC. In particular, we underscore a strong association between NAc

taurine and coping behaviors in an energetically-costly adversity task as well as antidepressant LAC
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actions. However, it is important to note that our study of LAC effectiveness circumscribed to high

rank mice. In the future, it will be important to establish whether LAC treatment would be effective

to overcome emotional changes induced by a chronic stress regime capable of affecting low rank

individuals and whether LAC treatment could be more effective in the high rank mice because of dif-

ferential endogenous levels of LAC based on social hierarchy.

Materials and methods

Key resources table

Reagent type (species)
or resource Designation Source or reference Identifiers

Additional
information

Strain, strain
background
(Mus musculus)

Mouse: C57BL/6J Charles River
Laboratories

Crl:C57BL6/J Male

Chemical
compound, drug

Acetyl-L-carnitine Sigma Aldrich CAS Number:5080-50-2

Software, algorithm Matlab v.9.6 The MathWorks RRID:SCR_001622

Software, algorithm Observer 11.0 Noldus, Information
Technology

RRID:SCR_004074

Software, algorithm Ethovision 11.0 XT Noldus, Information
Technology

RRID:SCR_000441

Software, algorithm Prism 6 GrahpPad RRID:SCR_002798

Software, algorithm LCModel LCModel RRID:SCR_014455

Software, algorithm SPSS version 21 IBM https://www.ibm.com/analytics
/fr/fr/technology/spss/

Animals
Six-week-old male C57BL/6J mice were purchased from Charles River Laboratories and, upon arrival,

they were housed in groups of four per cage and allowed to acclimate to the animal facility for one

week. Mice were weighed at arrival and monitored throughout the experiments. Cages consisted in

standard Plexiglass filter-top cages in a temperature (23 ± 1˚C) and humidity (40%) controlled envi-

ronment with normal 12 hr day-light cycle. Animals had ad libitum access to water and standard

rodent chow diet. All experiments were performed with the approval of the Cantonal Veterinary

Authorities (Vaud, Switzerland) and carried out in accordance with the European Communities Coun-

cil Directive of 24 November 1986 (86/609EEC).

Experimental design
One week after arrival, mice were tested for their anxiety and locomotor behaviors in an EPM and

OF (Figure 1A). After four weeks of cohabitation, a SCTT was used to reveal individual ranks within

the home cage tetrad (Larrieu et al., 2017). Subsequently, one group of the animals was subjected

to a CRS protocol for 21 days, while the remaining non-stressed animals were submitted to daily

handling and body weighting. The impact of chronic stress on behavior was tested in the SI test

(CRS day 20). The experiment performed to investigate the ability of LAC treatment on behavioral

and metabolic outcomes of CRS, included an additional group treated with LAC from CRS day 15. In

addition to the SI test, animals were tested in FST (CRS day 21). Subsequently, 1H-MRS was per-

formed at the end of the protocol, 24 hr after the FST (day 22).

Elevated plus maze test
Animals were placed into a maze made from black PVC with a white floor. The apparatus consisted

of an elevated central platform (5 � 5 cm2) at 65 cm from the ground, from which four opposing

arms extended. Two of the arms were open (30 � 5 cm2) and lit with 14–15 lx while the two others

were closed (30 � 5 � 14 cm3) with reduced light intensity 3–4 lx. Animals were introduced in the

maze facing the wall at the end of closed arms and left freely moving for 5 min. The mice were

video-recorded from above the arena and tracking analyses performed with the Ethovision 11.0 XT

software (Noldus, Information Technology) to determine the time spent in open and closed arms.
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Open field test
The OF consisted of a rectangular arena (50 � 50 � 40 cm3) illuminated with dimmed light (30 lx).

Mice were introduced near the wall of the arena and allowed to explore for 10 min. Analyses were

performed using a tracking software (Ethovision 11.0 XT, Noldus, Information Technology) by draw-

ing a virtual zone (15 � 15 cm2) in the center of the arena defined as the anxiogenic area. Several

parameters were analyzed, including the total distance travelled and the time spent in the different

zones.

Social confrontation tube test
The SCTT test was performed as previously described (Larrieu et al., 2017; Wang et al., 2011).

Mice were housed together in groups of four during 5 weeks prior to the test to allow enough time

for the social hierarchy to be stabilized in the home cage. First, each mouse was independently

habituated to cross over a plastic tube (Plexiglas of 3 � 30 cm2, diameter x length) on several trials

in two consecutive days. Then, evaluation of social rank took place during eight consecutive days.

Specifically, two mice were smoothly guided by the tail to get into each side of the tube for a pair-

wise confrontation. Once the two mice reached the middle of the tube, the tail was released, and

the time spent was recorded until one the mice (the most subordinate) retracted out from the tube.

The four mice from the same cage were opposed using a round-robin design that led to six face-to-

face trials per day. The tube was cleaned with 70% ethanol and dried after each session. The desig-

nation of a winner after each of the six possible pairs of confrontations per cage allowed to rank

each mouse by its winning times, varying between 0–3. This value was then divided by three and

multiplied by 100 to directly obtain the winning percentage. This percentage was then used to

determine the index of dominance ranging from 1 (highest winning percentage, that is highest rank)

to 4 (lowest winning percentage, that is lowest rank) for each cage. In order to reflect the specificity

of the observed dominant and subordinate behavior to the SCTT (Varholick et al., 2018), animals

with highest index of dominance (ranks 1 and 2) are referred to as ‘high rank’ herein, whilst animals

with lowest index of dominance (ranks 3 and 4) are referred to as ‘low rank’.

Chronic restraint stress
This protocol involved 21 days of chronic retrain stress (CRS) and was adapted from Lau et al.

(2017); Nasca et al. (2015). Animals were introduced head first into a 50 ml Falcon tube (11.5 cm in

length; diameter of 3 cm) in which the cap was removed. Each restrain tube contained 3 0.4 cm air

holes to allow the air to reach the nose of the mouse. Paper was added at the other extremity to

adjust the physical constraint to the mouse body size and allowing the tail to reach the open space.

The mice were subjected to this restrained environment for two consecutive hours every day for a

period of 21 days. Control mice were left undisturbed in their home cage except for handling and

body weighting each day for 21 days.

Social avoidance test (social interaction test)
Each animal was introduced into a 40 � 40 � 30 cm white arena containing an unfamiliar old breeder

CD1 male mouse (social target) confined in a cylindrical drum with wire mesh placed near one of the

arena walls. The test consists in two phases. First, the experimental mouse was allowed to freely

explore for 2.5 min the arena when the social target was absent (the arena contained only the

drum). Then, the target mouse was introduced in the drum for a 2.5 min interaction session. A social

avoidance score was calculated as previously described in Larrieu et al. (2017). The mice were

video-recorded from above the arena and tracking analyses performed with the Ethovision 11.0 XT

software (Noldus, Information Technology).

Forced swim test
Each animal was introduced into a cylinder (15 cm diameter, 28 cm in height) filled with 5 L 25˚C tap

water. The level of water was sufficiently high to avoid any contact of the mouse with the bottom of

the enclosure and low enough to avoid any possible escape. Animal’s motion was tracked with a

camera positioned on top of the setup and recorded for 6 min. Immobility time was quantified using

the Observer XT software (Noldus, Information Technology).
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Composite behavior
Using MATLAB (Version 9.6, The MathsWorks Inc, Natick, MA), a behavioral composite z-score was

calculated by averaging the z-score of the social avoidance score in the SI test and the z-score of the

% time spent immobile in the FST. Both z-scores were calculated with the MATLAB function normal-

ize, using the option argument zscore, which divides the difference between each sample and the

sample average by the sample’s standard deviation.

Acetyl-L-carnitine treatment
LAC was purchased from (Sigma Aldrich). Mice received LAC in the drinking water at a concentration

of 0.3%. The treatment started on day 15 of the 21 day-CRS protocol and continued till the end of

the experiment. Control groups received regular tap water available ad libitum. In order to maximize

the potential therapeutic effects of LAC on the stress-induced depressive-like behavior of mice

(Nasca et al., 2013), a 7 day treatment was preferred over a previously reported 3 day protocol

(Lau et al., 2017; Nasca et al., 2017). One bottle per cage of 4 mice was used during LAC treat-

ment. Liquid consumption was monitored every day and analyzed following normalization according

to the body weight of the four animals in the cage.

1H-magnetic resonance spectroscopy
In vivo spectroscopy experiments targeting the NAc were performed in anesthetized mice as previ-

ously described (Larrieu et al., 2017). Animals were monitored for body temperature (rectal probe

and circulating water bath) and respiration (small animal monitor system: SA Instruments Inc, New

York, NY, USA) under 1.3–1.5% isoflurane anesthesia mixed with 50% air and 50% O2. Physiological

parameters were maintained at 36.5 ± 0.4˚C and breathing rate ranged between 70–100 rpm. Ani-

mals were scanned in a horizontal 14.1T/26 cm Varian magnet (Agilent Inc, USA) with a homemade
1H surface coil. A set of Fast Spin Echo (FSE) images of the brain was acquired for localizing the Vol-

ume of Interest (VOI) of the 1H-MRS scan. Acquisition was done using the spin echo full intensity

acquired localized (SPECIAL) sequence (Mlynárik et al., 2006) in the VOI of 1.4 � 4.1 � 1.2 mm3

(TE/TR = 2.8/4000 ms) including the bilateral NAc after field homogeneity adjustment with FAST

(EST)MAP (Gruetter and Tkác, 2000). The obtained spectra (20 � 16 averages) were then frequency

corrected, summed and quantified using LCModel (Provencher, 2001). Full width at half maximum

(FWHM) was used as the output of the LCModel. Concentrations were referenced to the water sig-

nal and fitting quality assessed using Cramer-Rao lower bounds errors (CRLB) (Cavassila et al.,

2001). A CRLB value below 20% was used as cutoff for high concentration metabolites, while low

concentration metabolites were not considered reliable above a CRLB of 50%.

Statistics
All values are represented as mean ± SEM. Results from EPM and OF were analyzed using unpaired

Student t-tests. Results from the SCTT were analyzed with one-way analysis of variance (ANOVA),

with social rank as fixed factor, followed by a Bonferroni corrected post hoc test when appropriate.

Behaviors in the SI test and FST were analyzed with a two-way ANOVA, using stress and social rank

as fixed factors. In the LAC experiment, behavioral and spectroscopy results were analyzed using

one-way ANOVA. Cumulative weight gain was analyzed using a repeated measure two-way ANOVA

with time and group as fixed factors. Analyses were followed by Bonferroni post hoc correction

when appropriate. Correlations analyses were performed using a Pearson’s correlation coefficient.

All statistical tests were performed with GraphPad Prism (GraphPad software, San Diego, CA, USA)

using a critical probability of p<0.05. Statistical analyses performed for each experiment are summa-

rized in each figure legend indicating the statistical test used, sample size (‘n’), as well as degree of

freedom, F and P values.

Factor analysis
Factor analysis was used as previously described (Larrieu et al., 2017) using IBM SPSS Statistics ver-

sion 21 to allow statistical tests using the metabolite’s latent variables as dependent variables in

NAc. A linear combination of the dependent variables is generated in order to reduce the noise

caused by the high number of variables. Missing values were avoided by using mean value imputa-

tion before the computation of correlation matrices, to ensure positive definiteness. A total of three
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factors was chosen for the NAc after analyzing the scree plots, using principal axis factoring. This

resulted in a total of variance explained of 52% without rotation and omitting coefficients below 0.4.
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École Polytechnique Fédérale
de Lausanne

Jebsen Research Program Carmen Sandi

Center for Biomedical Imaging Rolf Gruetter

The funders had no role in study design, data collection and interpretation, or the

decision to submit the work for publication.

Author contributions

Antoine Cherix, Conceptualization, Formal analysis, Investigation, Visualization; Thomas Larrieu,

Conceptualization, Formal analysis, Supervision, Investigation; Jocelyn Grosse, João Rodrigues, Con-

ceptualization, Formal analysis, Investigation; Bruce McEwen, Carla Nasca, Conceptualization, Super-

vision; Rolf Gruetter, Conceptualization, Supervision, Funding acquisition; Carmen Sandi,

Conceptualization, Supervision, Funding acquisition, Project administration

Author ORCIDs

Antoine Cherix https://orcid.org/0000-0002-4168-8273

Carmen Sandi https://orcid.org/0000-0001-7713-8321

Ethics

Animal experimentation: All experiments were performed with the approval of the Cantonal Veteri-

nary Authorities (Vaud, Switzerland) and carried out in accordance with the European Communities

Council Directive of 24 November 1986 (86/609EEC).

Cherix et al. eLife 2020;9:e50631. DOI: https://doi.org/10.7554/eLife.50631 14 of 19

Research article Neuroscience

https://orcid.org/0000-0002-4168-8273
https://orcid.org/0000-0001-7713-8321
https://doi.org/10.7554/eLife.50631


Decision letter and Author response

Decision letter https://doi.org/10.7554/eLife.50631.sa1

Author response https://doi.org/10.7554/eLife.50631.sa2

Additional files

Supplementary files
. Transparent reporting form

Data availability

All data generated or analysed during this study are included in the manuscript and supporting files.

References
Andreazza AC, Nierenberg AA. 2018. Mitochondrial dysfunction: at the core of psychiatric disorders? Biological
Psychiatry 83:718–719. DOI: https://doi.org/10.1016/j.biopsych.2018.03.004, PMID: 29628041

Atif F, Yousuf S, Agrawal SK. 2008. Restraint stress-induced oxidative damage and its amelioration with
selenium. European Journal of Pharmacology 600:59–63. DOI: https://doi.org/10.1016/j.ejphar.2008.09.029

Aureli T, Miccheli A, Ricciolini R, Di Cocco ME, Ramacci MT, Angelucci L, Ghirardi O, Conti F. 1990. Aging brain:
effect of acetyl-L-carnitine treatment on rat brain energy and phospholipid metabolism. A study by 31P and 1H
NMR spectroscopy. Brain Research 526:108–112. DOI: https://doi.org/10.1016/0006-8993(90)90255-A,
PMID: 2078811

Aureli T, Miccheli A, Di Cocco ME, Ghirardi O, Giuliani A, Ramacci MT, Conti F. 1994. Effect of acetyl-L-carnitine
on recovery of brain phosphorus metabolites and lactic acid level during reperfusion after cerebral ischemia in
the rat–study by 13P- and 1H-NMR spectroscopy. Brain Research 643:92–99. DOI: https://doi.org/10.1016/
0006-8993(94)90013-2, PMID: 8032936

Bak LK, Schousboe A, Waagepetersen HS. 2006. The glutamate/GABA-glutamine cycle: aspects of transport,
neurotransmitter homeostasis and Ammonia transfer. Journal of Neurochemistry 98:641–653. DOI: https://doi.
org/10.1111/j.1471-4159.2006.03913.x, PMID: 16787421

Barbosa Neto JB, Tiba PA, Faturi CB, de Castro-Neto EF, da Graça Naffah-Mazacoratti M, de Jesus Mari J, de
Mello MF, Suchecki D. 2012. Stress during development alters anxiety-like behavior and hippocampal
neurotransmission in male and female rats. Neuropharmacology 62:518–526. DOI: https://doi.org/10.1016/j.
neuropharm.2011.09.011, PMID: 21945413

Bhakoo KK. 2012. N-Acetyl-Aspartate (NAA) Metabolism. In: Choi I. Y, Gruetter R (Eds). Neural Metabolism in
Vivo. Boston: Springer. p. 1075–1093. DOI: https://doi.org/10.1007/978-1-4614-1788-0_38
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de Kloet ER, Joëls M, Holsboer F. 2005. Stress and the brain: from adaptation to disease. Nature Reviews
Neuroscience 6:463–475. DOI: https://doi.org/10.1038/nrn1683, PMID: 15891777

de Kloet ER, Molendijk ML. 2016. Coping with the forced swim stressor: towards understanding an adaptive
mechanism. Neural Plasticity 2016:1–13. DOI: https://doi.org/10.1155/2016/6503162
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Murrough JW, McEwen BS, Rasgon N. 2018. Acetyl-l-carnitine deficiency in patients with major depressive
disorder. PNAS 115:8627–8632. DOI: https://doi.org/10.1073/pnas.1801609115, PMID: 30061399

Nasca C, Menard C, Hodes G, Bigio B, Pena C, Lorsch Z, Zelli D, Ferris A, Kana V, Purushothaman I, Dobbin J,
Nassim M, DeAngelis P, Merad M, Rasgon N, Meaney M, Nestler EJ, McEwen BS, Russo SJ. 2019.
Multidimensional predictors of susceptibility and resilience to social defeat stress. Biological Psychiatry 86:483–
491. DOI: https://doi.org/10.1016/j.biopsych.2019.06.030, PMID: 31466563

Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM. 2002. Neurobiology of depression. Neuron
34:13–25. DOI: https://doi.org/10.1016/S0896-6273(02)00653-0, PMID: 11931738

Nitsch RM, Blusztajn JK, Pittas AG, Slack BE, Growdon JH, Wurtman RJ. 1992. Evidence for a membrane defect
in alzheimer disease brain. PNAS 89:1671–1675. DOI: https://doi.org/10.1073/pnas.89.5.1671

Norenberg MD, Martinez-Hernandez A. 1979. Fine structural localization of glutamine synthetase in astrocytes of
rat brain. Brain Research 161:303–310. DOI: https://doi.org/10.1016/0006-8993(79)90071-4, PMID: 31966

Panchal SK, Poudyal H, Ward LC, Waanders J, Brown L. 2015. Modulation of tissue fatty acids by L-carnitine
attenuates metabolic syndrome in diet-induced obese rats. Food & Function 6:2496–2506. DOI: https://doi.
org/10.1039/C5FO00480B, PMID: 26190559

Parikh S, Saneto R, Falk MJ, Anselm I, Cohen BH, Haas R, Medicine Society TM. 2009. A modern approach to
the treatment of mitochondrial disease. Current Treatment Options in Neurology 11:414–430. DOI: https://doi.
org/10.1007/s11940-009-0046-0, PMID: 19891905

Pei L, Wallace DC. 2018. Mitochondrial etiology of neuropsychiatric disorders. Biological Psychiatry 83:722–730.
DOI: https://doi.org/10.1016/j.biopsych.2017.11.018, PMID: 29290371

Pellerin L, Magistretti PJ. 1994. Glutamate uptake into astrocytes stimulates aerobic glycolysis: a mechanism
coupling neuronal activity to glucose utilization. PNAS 91:10625–10629. DOI: https://doi.org/10.1073/pnas.91.
22.10625, PMID: 7938003

Pettegrew JW, Levine J, McClure RJ. 2000. Acetyl-L-carnitine physical-chemical, metabolic, and therapeutic
properties: relevance for its mode of action in Alzheimer’s disease and geriatric depression. Molecular
Psychiatry 5:616–632. DOI: https://doi.org/10.1038/sj.mp.4000805, PMID: 11126392

Pettegrew JW, Levine J, Gershon S, Stanley JA, Servan-Schreiber D, Panchalingam K, McClure RJ. 2002. 31P-
MRS study of acetyl-L-carnitine treatment in geriatric depression: preliminary results. Bipolar Disorders 4:61–66.
DOI: https://doi.org/10.1034/j.1399-5618.2002.01180.x, PMID: 12047496

Cherix et al. eLife 2020;9:e50631. DOI: https://doi.org/10.7554/eLife.50631 17 of 19

Research article Neuroscience

https://doi.org/10.1038/sj.npp.1300078
https://doi.org/10.1038/sj.npp.1300078
http://www.ncbi.nlm.nih.gov/pubmed/12655313
https://doi.org/10.1038/nn.4086
http://www.ncbi.nlm.nih.gov/pubmed/26404710
https://doi.org/10.1038/npp.2016.90
http://www.ncbi.nlm.nih.gov/pubmed/27291462
http://www.ncbi.nlm.nih.gov/pubmed/27291462
https://doi.org/10.1111/j.1742-7843.2011.00691.x
http://www.ncbi.nlm.nih.gov/pubmed/21371264
https://doi.org/10.2147/PGPM.S146110
https://doi.org/10.2147/PGPM.S146110
http://www.ncbi.nlm.nih.gov/pubmed/30510440
https://doi.org/10.1002/mrm.21043
https://doi.org/10.1002/mrm.21043
http://www.ncbi.nlm.nih.gov/pubmed/16991116
https://doi.org/10.1016/j.jmr.2008.06.019
http://www.ncbi.nlm.nih.gov/pubmed/18703364
https://doi.org/10.1016/0005-2760(88)90114-2
http://www.ncbi.nlm.nih.gov/pubmed/3390456
https://doi.org/10.1016/j.neubiorev.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23415702
https://doi.org/10.1073/pnas.1216100110
https://doi.org/10.1073/pnas.1216100110
http://www.ncbi.nlm.nih.gov/pubmed/23382250
https://doi.org/10.1038/mp.2014.96
http://www.ncbi.nlm.nih.gov/pubmed/25178162
https://doi.org/10.1016/j.neuron.2017.09.020
http://www.ncbi.nlm.nih.gov/pubmed/29024663
https://doi.org/10.1073/pnas.1801609115
http://www.ncbi.nlm.nih.gov/pubmed/30061399
https://doi.org/10.1016/j.biopsych.2019.06.030
http://www.ncbi.nlm.nih.gov/pubmed/31466563
https://doi.org/10.1016/S0896-6273(02)00653-0
http://www.ncbi.nlm.nih.gov/pubmed/11931738
https://doi.org/10.1073/pnas.89.5.1671
https://doi.org/10.1016/0006-8993(79)90071-4
http://www.ncbi.nlm.nih.gov/pubmed/31966
https://doi.org/10.1039/C5FO00480B
https://doi.org/10.1039/C5FO00480B
http://www.ncbi.nlm.nih.gov/pubmed/26190559
https://doi.org/10.1007/s11940-009-0046-0
https://doi.org/10.1007/s11940-009-0046-0
http://www.ncbi.nlm.nih.gov/pubmed/19891905
https://doi.org/10.1016/j.biopsych.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29290371
https://doi.org/10.1073/pnas.91.22.10625
https://doi.org/10.1073/pnas.91.22.10625
http://www.ncbi.nlm.nih.gov/pubmed/7938003
https://doi.org/10.1038/sj.mp.4000805
http://www.ncbi.nlm.nih.gov/pubmed/11126392
https://doi.org/10.1034/j.1399-5618.2002.01180.x
http://www.ncbi.nlm.nih.gov/pubmed/12047496
https://doi.org/10.7554/eLife.50631


Picard M, McManus MJ, Gray JD, Nasca C, Moffat C, Kopinski PK, Seifert EL, McEwen BS, Wallace DC. 2015.
Mitochondrial functions modulate neuroendocrine, metabolic, inflammatory, and transcriptional responses to
acute psychological stress. PNAS 112:E6614–E6623. DOI: https://doi.org/10.1073/pnas.1515733112,
PMID: 26627253

Picard M, McEwen BS, Epel ES, Sandi C. 2018. An energetic view of stress: focus on mitochondria. Frontiers in
Neuroendocrinology 49:72–85. DOI: https://doi.org/10.1016/j.yfrne.2018.01.001

Provencher SW. 2001. Automatic quantitation of localized in vivo 1H spectra with LCModel. NMR in Biomedicine
14:260–264. DOI: https://doi.org/10.1002/nbm.698, PMID: 11410943

Pulvirenti G, Valerio C, Spadaro F, D’Agata V, Freni V, Nardo L, Drago F. 1990. Acetylcarnitine reduces the
immobility of rats in a despair test (constrained swim). Behavioral and Neural Biology 54:110–114. DOI: https://
doi.org/10.1016/0163-1047(90)91296-N, PMID: 2241757
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