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Abstract

Essential amino acids (EAAs) are crucial nutrients, whose levels change in rodents and patients with depression. However, how the
levels of a single EAA affects depressive behaviors remains elusive. Here, we demonstrate that although deprivation of the EAA leu-
cine has no effect in unstressed mice, it remarkably reverses the depression-like behaviors induced by chronic restraint stress (CRS).
This beneficial effect is independent of feeding and is applicable to the dietary deficiency of other EAAs. Furthermore, the effect of
leucine deprivation is suppressed by central injection of leucine or mimicked by central injection of leucinol. Moreover, hypothalamic
agouti-related peptide (AgRP) neural activity changes during CRS and leucine deprivation, and chemogenetically inhibiting AgRP
neurons eliminates the antidepressant effects of leucine deprivation. Finally, the leucine deprivation-regulated behavioral effects are
mediated by amino acid sensor general control non-derepressible 2 (GCN2) in AgRP neurons. Taken together, our results suggest a
new drug target and/or dietary intervention for the reduction of depressive symptoms.
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Introduction General control non-derepressible 2 (GCN2) is a key orchestra-
tor of the stress response, modulating protein synthesis under
conditions of AA starvation [14, 15]. It plays important roles in
various physiological processes, such as angiogenesis, inflamma-
tion, and metabolism [16-18]. However, its involvement in depres-
sion remains elusive.

The hypothalamus is critical for nutrient sensing [19, 20]. The
key region of this sensing network is the arcuate nucleus (ARC) of
the hypothalamus, which contains two sets of important neurons,
including orexigenic agouti-related peptide (AgRP) neurons, as
well as anorexigenic proopiomelanocortin (POMC) neurons [21].
These neurons sense nutrient levels, as well as regulating energy
intake and energy expenditure [22, 23]. Recently, these neurons
have been implicated in depression-related behaviors [24, 25]. For
example, activation of POMC neurons promotes stress-induced
depression, while activation of AgRP neurons reverses stress-in-
duced depressive behaviors [26, 27]. Whether these neurons, such
as AgRP, are involved in AA regulation of depression is unknown.

Herein, we subjected mouse models of depression to a single
EAA-deficient diet, notably, a leucine-deficient diet, which has
been reported to regulate feeding, body weight, as well as glu-
cose and lipid metabolism [28, 29]. We aimed to investigate the
effect of EAA deprivation on depression-like behaviors. We found
that short-term leucine deprivation had no effect under normal
conditions, but it alleviated depressive behaviors in a chronic
restraint stress (CRS)-induced model of depression in mice.

Depression is a commonly diagnosed neuropsychiatric dis-
ease that severely limits psychosocial functioning and dimin-
ishes quality of life [1]. In addition, depression is associated
with the development of serious health concerns, like abnor-
mal food intake, type 2 diabetes, and sleep disorders [1, 2]. Its
pathophysiology is complex and yet to be comprehensively
elucidated [3]. While various antidepressant drugs have been
introduced for clinical use, they are not always effective and
have adverse effects [4, 5]. Hence, further investigation into
the molecular pathophysiology of depression and the identi-
fication and testing of novel therapeutic approaches remain a
necessity.

Nutrition is essential for the maintenance of normal emo-
tional states. Unbalanced nutrition is implicated in the etiology
of depression, potentially hindering treatment [6, 7]. For exam-
ple, total protein intake is inversely associated with the risk
of depressive symptoms [8]. Proteins are composed of amino
acids (AAs), which are divided into essential amino acids (EAAS)
and non-EAAs [9]. According to clinical studies, many EAAs in
serum are changed in patients with depression, such as phe-
nylalanine, methionine, tryptophan, threonine, and branched-
chain amino acids (BCAAs), including leucine, isoleucine, and
valine [10-13]. However, whether alterations in EAA levels con-
tribute to depression and the underlying mechanisms remain
largely unknown.
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Results

Leucine deprivation does not affect behavior in
depression tests under non-stress conditions

To investigate whether lower leucine levels affected behaviors
during depression tests, male C57BL/6] wild-type (WT) mice were
given a control or leucine-deficient diet for 3 days and were then
subjected to a panel of behavioral tests on days 4-7 (Fig. 1a). The
experimental diet resulted in weight loss and decreased food
intake compared with control mice (Supplementary Fig. Sla
and b), as previously reported [29]. The anorexic signal, a-mel-
anocyte-stimulating hormone (a-MSH) [30], increased in mice
with leucine-deficient diet (Supplementary Fig. S1c). The loco-
motor activity measured in an open field test (OFT) was similar
between groups (Fig. 1b). Further, the interest in exploring the
central region in the OFT, the open arm region in the elevated
plus maze test (EPM), as well as the immobility time in the tail
suspension test (TST) and forced swim test (FST) were compa-
rable between groups (Fig. 1b—e). A similar lack of difference in
behaviors during such tests was also observed in female mice
with leucine-deficient diet compared to female mice fed a con-
trol diet (Supplementary Fig. S1d-f). These results indicate that
leucine deprivation has no effect on behavior in various depres-
sion tests under normal conditions.

Leucine deprivation relieves CRS-induced
depression-like behaviors

Because leucine deprivation did not affect any behaviors during
depression testing under normal conditions, we further explored
its effects in a mouse model of depression. First, we employed
CRS to induce depression-related behaviors [31]. Male WT mice
were subjected to a 3-h restraint (13:00-16:00) every day for 18
consecutive days, while the control mice were kept in cages unre-
strained, as normal, but were also not provided food or water
during the same 3-h period (Supplementary Fig. S2a). After 18

days, CRS mice exhibited reduced body weight but no change in
food intake relative to that of control mice (Supplementary Fig.
S2b and c). CRS mice displayed reduced center time and distance
in OFT, decreased time in open arms in the EPM, and increased
immobility time in TST, as well as FST, compared to that of con-
trol mice (Supplementary Fig. S2d-g). Though the hypothalam-
ic-pituitary-adrenal (HPA) axis is related to stress [32], no obvious
changes in the HPA axis were observed after CRS compared to the
unrestrained control mice, as evaluated by examining the mRNA
levels of corticotropin-releasing hormone, and the hormone lev-
els of adrenocorticotropic hormone (ACTH) and corticosterone
[33-35] (Supplementary Fig. S2h-j).

Next, we conducted the leucine deprivation experiments
under CRS. Two days before the end of CRS, the mice were fed a
control diet or leucine-deficient diet, followed by behavioral test-
ing (Fig. 2a). As previously reported [2], CRS mice exhibited a lower
interest in exploring the central region in OFT and the open arm
region in EPM (Fig. 2b and c). Further, we observed greater despair
in CRS mice, as indicated by the increased immobility in TST and
FST (Fig. 2d and e). Surprisingly, CRS mice fed the leucine-defi-
cient diet had increased center time and center distance in OFT,
increased open arm time and entry in the EPM, as well as reduced
immobility time in TST and FST, when compared with CRS mice
fed a control diet (Fig. 2b-e). Leucine deprivation also induced
weight loss and lower food intake during CRS (Supplementary
Fig. S3a and b), in line with previous reports under normal con-
ditions [29]. The alleviation of depression-like behaviors was also
observed in female mice with leucine-deficient diet under CRS
(Supplementary Fig. S3c).

To investigate whether shorter leucine deprivation could also
have beneficial effects, we conducted 1- and 3-day leucine-defi-
cient diet feeding following CRS exposure. One day of leucine-de-
ficient diet feeding had no effects on TST results, while 3 days of
leucine deprivation reduced the immobility time in the TST after
CRS (Supplementary Fig. S3d and e). To investigate how long the
antidepressant effect of leucine deprivation lasts, we returned the
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Figure 1 Short-term leucine deprivation does not cause depression-like behavior. (a) Timeline of the mice fed with control (Cont) or leucine-deficient [(-) Leu]
diet and behavioral tests. (b) Representative tracks of mice in OFT, travel distance, percentage of distance in center area, and percentage of time spent in center.
(c) Representative tracks of mice in EPM, the number of entries into the open arms, and the time spent in the open arms. (d and e) Immobility time of TST and
FST, respectively. Studies were conducted using 8-9-week-old male WT mice fed a Cont or (-) Leu diet for 4-7 days. Data are expressed as the mean + SEM (n
= 14-16 per group, as indicated), with individual data points. Data were analyzed via two-tailed unpaired Student’s t-test.
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Figure 2 Leucine deprivation relieves CRS-induced depressive behaviors. (a) Schematic diagram illustrating the timeline of the restraint or control pro-
tocol and behavioral tests. (b) Representative tracks of mice in the OFT, travel distance, percentage of distance in center area, and percentage of time
spent in center. (c) Representative tracks of mice in the EPM, the number of entries into the open arms, and the time spent in the open arms. (d and e)
Immobility time in the TST and FST, respectively. Studies were conducted using 8-9-week-old male WT mice with or without CRS fed a Cont or (-) Leu
diet for 4-7 days. Data are expressed as the mean + SEM (n = 8 per group, as indicated), with individual data points. Data were analyzed via one-way
ANOVA followed by the Student-Newman-Keuls (SNK) test. *P < 0.05, **P < 0.01, ***P < 0.001.

CRS mice to a control diet after feeding them a leucine-deficient
diet for 7 days. After 3 days or 7 days of returning to a control
diet, the CRS mice that had been treated with a leucine-deficient
diet still exhibited reduced immobility time in TST, but the effect
disappeared after 10 days of returning them to a control diet
(Supplementary Fig. S3f-h).

To determine whether a leucine-deficient diet could attenuate
depressive behaviors during CRS, male WT mice were subjected
to CRS for 18 consecutive days, and the mice were fed with con-
trol or leucine-deficient diet on day 12 of CRS, followed by behav-
ioral tests (Supplementary Fig. S4a). During CRS, the mice fed
a control diet and fed a leucine-deficient diet exhibited similar
behaviors in OFT, EPM, and TST (Supplementary Fig. S4b—f). These
results suggest a leucine-deficient diet cannot attenuate depres-
sive behaviors during CRS.

To determine the contribution of feeding-associated effects
during leucine deprivation, we conducted pair-feeding exper-
iments, which involved feeding CRS mice the same weight of
control diet as the weight eaten by the leucine-deficient diet-fed
group exposed to CRS (Supplementary Fig. S5a). In other words,
the pair-feeding regimen with a control diet mimics the reduced
food intake induced by leucine-deficient diet feeding while avoid-
ing any direct effects of leucine deficiency. We found that the pair-
fed mice had a lower body weight compared to that of CRS mice,
which was still heavier than the leucine-deficient diet-fed group
(Supplementary Fig. S5b). Importantly, the CRS-exposed pair-fed

mice exhibited similar behaviors as CRS mice on the control diet,
with no reversal of the depression-like behaviors, such as those
observed in the leucine-deficient diet-fed mice, as determined via
OFT, EPM, and TST (Supplementary Fig. S5c—e).

To assess whether the beneficial effects against CRS-induced
depression were leucine-specific, we conducted analogous exper-
iments focusing on seven other EAAs, including isoleucine, valine,
lysine, methionine, phenylalanine, threonine, and tryptophan.
Similar to the effects of a leucine-deficient diet, all mice given
different single EAA-deficient diets had increased open arm
time and entry in EPM, and decreased immobility time in TST
(Supplementary Fig. S6). These results show that the beneficial
effects of single AA deprivation can be extended to all EAAs and
that, at least for leucine-deficient diet feeding, the effect is inde-
pendent of feeding behavior.

Intracerebroventricular (ICV) injection of

leucine blocks leucine deprivation-induced
antidepressant behaviors

As previous studies reported that the hypothalamus directly
senses AAs [29, 36], we questioned whether this brain region could
indeed sense AA levels to regulate depression-related behaviors.
Hypothalamic leucine levels were decreased after leucine-defl-
cient diet feeding (data not shown), as previously reported [29].
Hence, we sought to determine whether hypothalamic leucine
supplementation could reverse leucine-deficient diet-induced
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antidepressant effects. After CRS, ICV injection of leucine
decreased center time and center distance in OFT, decreased open
arm time and entry in EPM, and increased the immobility time in
TST when compared to that of control mice under leucine depri-
vation, without affecting body weight or food intake, both in male
and female mice (Fig. 3a-d, Supplementary Fig. S7a—f). However,
ICV injection of leucine had no effect on behavioral tests after
CRS without leucine deprivation (Supplementary Fig. S7g-j).

To investigate whether hypothalamus-specific leucine dep-
rivation could induce antidepressant effects, we injected leu-
cinol to the third cerebral ventricle of mice using a cannula
(Fig. 3e) in order to mimic leucine deprivation in hypothala-
mus [36]. Leucinol is known to increase the intracellular level
of uncharged Leu-tRNA by inhibiting Leucyl-tRNA synthetase,
thus mimicking leucine deprivation [14]. After CRS, ICV injec-
tion of leucinol induced no change of body weight or food
intake (Supplementary Fig. S8a and b). ICV injection of leuci-
nol increased center time and center distance in OFT, increased
open arm time and entry in EPM, and reduced immobility time
in TST compared to that of control mice after CRS, both in male
and female mice (Fig. 3f-h, Supplementary Fig. S8c-f). These
results suggest that hypothalamic leucine is crucial for affecting
CRS-induced depression-like behaviors.

The beneficial role of leucine deprivation on
CRS-induced depression is dependent on AgRP
neurons

As hypothalamic leucine and leucinol are crucial for depres-
sion-like behaviors, we speculated that neurons within the hypo-
thalamus have relevant roles. Previous work has shown that
hypothalamic AgRP neurons are involved in the regulation of
depression-related behaviors under chronic stress [27]. We sought
to determine whether AgRP neurons were involved in the bene-
ficial effect of leucine deprivation on depressive behaviors by
performing immunofluorescence (IF) staining to examine the
change of c-Fos, a signal reflecting neuronal activity [37]. IF stain-
ing revealed that c-Fos expression in AgRP neurons was decreased
under CRS and increased after leucine deprivation, both in male
and female mice (Fig. 4a and Supplementary Fig. S9a). IF staining
of two additional signals reflecting neuronal activity [38, 39], FosB
and phosphorylated extracellular signal-regulated kinase (p-ERK),
resulted in similar changes under leucine deprivation after CRS
(Supplementary Fig. S9b and c). Several animal models related
to CRS and EAA deficiency tested above, including ICV-delivered
leucine and leucinol treatments and feeding with other EAA defi-
cient diets, also had coincident c-Fos changes in AgRP neurons
(Supplementary Fig. S9d-f). In addition, the gene expression of
Agrp and Npy, whose protein products (AgRP and neuropeptide Y
respectively) are secreted from AgRP neurons, also increased after
leucine deficiency under CRS (Supplementary Fig. S9¢ and h). The
c-Fos expression in AgRP neurons also increased in mice after leu-
cine deprivation in non-stressed mice (Supplementary Fig. S9i).
We then investigated the effect of chemogenetic inhibition of
AgRP neural activity on leucine deprivation-induced anti-depres-
sive behaviors in the CRS model. To this end, we employed inhib-
itory hM4Di designer receptors exclusively activated by designer
drugs (DREADDs), which are activated by the inert ligand clo-
zapine N-oxide (CNO) [37]. A Cre-dependent AAV encoding hM4Di
(AAV-DIO-hM4Di-mCherry) or mCherry (AAV-DIO-mCherry) was
injected into the ARC of AgRP-Cre male mice, and all these mice
were then intraperitoneally (i.p.) injected with CNO before exper-
iments (Supplementary Fig. S10a). The inhibition of AgRP neural

activity was then confirmed based on the reduced IF staining of
c-Fos in AgRP neurons in mice injected with hM4Di (Fig. 4b), in
addition to reduced food intake after fasting, as AgRP neurons are
required for the refeeding response [40] (Supplementary Fig. S10b).
Inhibiting the neuronal activity of AgRP neurons largely blocked
leucine deprivation-induced anti-depressive effects under CRS, as
indicated by OFT,EPM, and TST results (Fig. 4c-e), without affecting
body weight or daily food intake (Supplementary Fig. S10c and d).
Similar results were found in female mice with AgRP neuron inhi-
bition (Supplementary Fig. S11). These results show that the ben-
eficial effects of leucine deprivation are mediated via activation
of AgRP neurons.

GCN2 in AgRP neurons mediates leucine
deprivation-induced antidepressant effects
during CRS

As the hypothalamus can directly sense AA levels [29, 36], we
hypothesized that AgRP neurons might be able to sense leucine
deprivation via the AA sensor GCN2 [14, 41] and increase its activ-
ity in response. To assess whether GCN2 was involved in the reg-
ulation of the antidepressant effects of leucine deprivation, we
first assessed depression-like behaviors in global GCN2 knockout
mice [17]. The knockout efficiency was validated based on
GCN2 mRNA and protein levels in the hypothalamus and liver
(Supplementary Fig. S12a and b). The leucine deprivation-in-
duced beneficial behaviors were blocked in global GCN2 knock-
out mice under CRS, as indicated by OFT, EPM, and TST results
(Supplementary Fig. S12c-e). Body weight and food intake were
similar between the two groups (Supplementary Fig. S12f -k).
We then tested whether GCN2 in AgRP neurons also plays a
critical role in the beneficial effects of leucine deprivation on
depressive behaviors in the CRS model. IF staining revealed that
the levels of p-GCN2 in AgRP neurons was unchanged after CRS,
but increased after leucine deprivation (Fig. 5a). We then inves-
tigated whether knockdown of GCN2 in AgRP neurons would
block the leucine deprivation-induced antidepressant effects
during CRS. To this end, Cre-dependent AAVs encoding a short
hairpin RNA directed against GCN2 (AAV-Flex-shGCN2-GFP) or
GFP (AAV-Flex-GFP) were injected into the ARC of AgRP-Cre mice
(Supplementary Fig. S13a), which allows the AAV vector to express
desired genes and GFP proteins only in AgRP neurons, by the Cre-
Flex system [42]. IF staining of GFP (reflecting AgRP neurons) and
GCN2 revealed that GCN2 was colocalized with AgRP neurons in
control mice, but this colocalization was significantly reduced
in AgRP-shGCN2 mice (Supplementary Fig. S13b). The mRNA
expression of Gen2 in the ARC was also lower in AgRP-shGCN2
mice compared to mice on the same diet but without knockdown
of GCN2 (Supplementary Fig. S13c). However, GCN2 expression
remained unchanged outside of AgRP neurons in the ARC for all
mice (Supplementary Fig. S13b). Under leucine deprivation and
CRS, the body weight and food intake of AgRP-shGCN2 mice were
like those of control mice (Supplementary Fig. S13d-i). Moreover,
knockdown of GCN2 in AgRP neurons blocked leucine depriva-
tion-induced antidepressant effects under CRS, as indicated by
changes in OFT, EPM, and TST (Fig. 5b-d). These results suggest
that GCN2 in AgRP neurons is crucial for the beneficial effect of
leucine deprivation on depressive behaviors in the CRS model.

AgRP neuron activation reverses the effects of
GCN2 knockdown

After confirming the role of GCN2 in AgRP neurons in leucine defi-
ciency-induced antidepressant effects under CRS, we speculated
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Figure 3 Effects of ICV injection of leucine and leucinol on depressive behaviors. (a and e) Schematic diagram illustrating the ICV injection of leucine
or leucinol in mice with CRS fed a Cont or a (-) Leu diet. (b and f) Representative tracks of mice in OFT, travel distance, percentage of distance in center
area, and percentage of time spent in center. (c and g) Representative tracks of mice in the EPM, the number of entries into the open arms, and the time
spent in the open arms. (d and h) Immobility time of the TST. Studies for a-d were conducted using 7-8-week-old female WT mice with CRS fed a (-)
Leu diet with ICV of saline (- ICV Leu) or leucine (+ ICV Leu) for 4-7 days; studies for e-h were conducted using 7-8-week-old female WT mice with CRS
fed a Cont diet with ICV of saline (- ICV Leucinol) or leucinol (+ ICV Leucinol) for 4-7 days. Data are expressed as the mean + SEM (n = 8-9 per group, as
indicated), with individual data points. Data were analyzed via two-tailed unpaired Student’s t-test. *P < 0.05, *P < 0.01.
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Figure 4 Inhibition of AgRP neural activity blocks leucine deprivation-induced antidepressant effects. (a) IF staining for tdTomato (red), c-Fos (green),
and merge (yellow) in ARC (left), and quantification of c-Fos and tdTomato colocalized cell numbers (right); 3V, third ventricle. (b) IF staining for mCherry
(red), c-Fos (green), and merge (yellow) in ARC (left), and quantification of c-Fos and mCherry colocalized cell numbers (right). (c) Representative tracks
of mice in the OFT, travel distance, percentage of distance in center area, and percentage of time spent in center. (d) Representative tracks of mice in
the EPM, the number of entries into the open arms, and the time spent in the open arms. (e) Immobility time in the TST. Studies for a were conducted
using 8-9-week-old female AgRP-Ai9 mice with or without CRS fed a Cont or (-) Leu diet for 4-7 days; studies for b-e were conducted using 8-16-week-
old male AgRP-Cre mice receiving AAVs expressing mCherry (- hM4Di) or hM4Di (+ hM4Di) under CRS and fed a Cont or (-) Leu diet for 4-7 days. Data
are expressed as the mean + SEM (n = 6-11 per group, as indicated), with individual data points. Data were analyzed via one-way ANOVA followed by the
SNK test for a, or via two-tailed unpaired Student’s t-test for b, or via two-way ANOVA for c-e. *P < 0.05, *P < 0.01, ***P < 0.0001.
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Figure 5 Knockdown of GCN2 in AgRP neurons disrupts leucine deprivation-induced antidepressant effects. (a) IF staining for tdTomato (red), p-GCN2
(green), and merge (yellow) in ARC (left), and quantification of p-GCN2 and tdTomato colocalized cell numbers (right); 3V, third ventricle. (b) Representative
tracks of mice in the OFT, travel distance, percentage of distance in center area, and percentage of time spent in center. (c) Representative tracks of mice
in the EPM, the number of entries into the open arms, and the time spent in the open arms. (d) Immobility time in the TST. Studies for a were conducted
using 8-9-week-old female AgRP-A19 mice with or without CRS fed a Cont or (-) Leu diet for 4-7 days; studies for b-d were conducted using 10-12-week-
old female AgRP-Cre mice receiving AAVs expressing GFP (- ShGCN2) or shGCN2 (+ shGCN2) with CRS fed a (-) Leu diet for 4-7 days. Data are expressed
as the mean + SEM (n = 6-10 per group, as indicated), with individual data points. Data were analyzed via one-way ANOVA followed by the SNK test for

a, or via two-way ANOVA for b-d. *P < 0.05, *P < 0.01, **P < 0.001.

that the blocking effect of GCN2 might be a result of the inhib-
ited neuronal activity. We assessed AgRP neuronal activity, and
found that the colocalization of GFP (reflecting AgRP neurons)
and c-Fos in AgRP-shGCN2 mice was significantly lower than that
in control mice (Fig. 6a). We then tested whether activation of
AgRP neurons by an excitatory hM3Dq DREADD activated by CNO
would reverse the blocking effect of GCN2 knockdown on leucine
deprivation-induced antidepressant effects. To this end, Cre-
dependent-AAVs encoding hM3Dq (AAV-DIO-hM3Dg-mCherry)

or mCherry (AAV-DIO-mCherry) were injected into the ARC of
AgRP-Cre mice in which GCN2 was knocked down in AgRP neu-
rons (Supplementary Fig. S14a and b). All the mice were then sub-
jected to CRS and given a leucine-deficient diet, with i.p. injection
of CNO, 4 weeks after AAV delivery. The efficiency of activating
AgRP neurons and inhibiting GCN2 in AgRP neurons by AAVs
was validated by IF staining of c-Fos in AgRP neurons and exam-
ining Gen2 mRNA expression in the ARC (Supplementary Fig.
S14c and d). Activation of AgRP neurons increased food intake,
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Figure 6 Activation of AgRP neurons reverses the effects of GCN2 knockdown on depressive behaviors. (a) IF staining for GFP (green), c-Fos (red), and
merge (yellow) in the ARC (left), and quantification of c-Fos and GFP colocalized cell numbers (right); 3V, third ventricle. (b) Representative tracks of mice
in the OFT, travel distance, percentage of distance in center area, and percentage of time spent in center. (c) Representative tracks of mice in the EPM,
the number of entries into the open arms, and the time spent in the open arms. (d) Immobility time in the TST. (e) Summary diagram illustrating that
deprivation of the EAA leucine exhibits antidepressant effects under chronic stress by stimulating GCN2 and neural activity in AgRP neurons. Studies
for a were conducted using 8-9-week-old female AgRP-Cre mice receiving AAV expressing GFP (- shGCN2) or shGCN2 (+ shGCN2) with CRS fed a (-) Leu
diet for 4-7 days; studies for b-d were conducted using 25-30-week-old male AgRP-Cre mice receiving AAVs expressing GFP (— sShGCN2) or shGCN2 (+
shGCN2) and AAVs expressing mCherry (- hM3Dgq) or hM3Dq (+ hM3Dq) with CRS fed a (-) Leu diet for 4-7 days. Data are expressed as the mean + SEM (n
=6-11 per group, as indicated), with individual data points. Data were analyzed via the two-tailed unpaired Student’s t-test for a, or via two-way ANOVA
for b-d. *P < 0.05, *P < 0.01, *P < 0.001, **P < 0.0001.



without acutely influencing body weight (Supplementary Fig.
S14e-1). As expected, activation of AgRP neurons reversed the
blocking effect of GCN2 knockdown in AgRP neurons on leucine
deprivation-induced antidepressant effects, as reflected by the
OFT, EPM, and TST (Fig. 6b—d). Similar blocking effects of GCN2
knockdown and reversal effects of AgRP neuron activation could
be found in female mice, as reflected by the OFT, EPM, and TST
(Supplementary Fig. S14m-q). These results suggest that GCN2
functions via activation of AgRP neurons for leucine deprivation’s
protective effects.

Discussion

The supplementation of a number of EAAs is considered help-
ful in improving depressive behaviors [43, 44]. However, studies
on EAA deficiency in the field of depression are limited. While
the depletion of several AAs, such as tryptophan and tyrosine,
has been reported to aggravate depression [45, 46], whether sin-
gle AA deprivation can cause or relieve depression-like behav-
lors remains unclear. In the current study, we surprisingly found
that leucine deprivation not only has no effect on the depres-
sive behaviors under normal conditions, but it could protect
against CRS-induced depression-like behaviors. The beneficial
effects observed are independent of feeding effects based on
our pair-feeding experiments. Furthermore, deficiencies of other
EAAs exhibit similar antidepressant properties. We then deter-
mined that these beneficial effects are dependent on AgRP neu-
rons activated by the AA sensor GCN2 in those neurons. Our
results demonstrate a novel role for deprivation of an EAA in pro-
tecting from depression induced by CRS. As epidemiological evi-
dence strongly supports the association between depression and
obesity [47], and various antidepressant drugs cause hyperphagia
and obesity [4, 48], using energy restriction to alleviate depression
is particularly appropriate. Though chronic leucine deprivation
could cause malnutrition, our results suggest that acute depriva-
tion or restriction of an EAA, such as leucine, may be an attractive
dietary intervention, especially as it is confirmed to induce weight
loss and improve glycolipid metabolism [17, 28, 29], in parallel to
the relief of CRS-induced depressive behaviors.

During intake of an AA-deficient diet, various organs and
tissues sense AA deficiency. We noticed that central leucine is
crucial for the effect of leucine deprivation, suggesting that the
hypothalamus is involved in the regulation. Interestingly, AgRP
neural activity is increased after leucine deficiency both with
CRS and without CRS. This finding could be partly supported
by a previous study that showed that AAs inhibit Agrp expres-
sion in GT1-7 cells [49]. The role of AgRP neurons in the bene-
ficial effect of leucine deprivation on depressive behaviors was
demonstrated by chemogenetic intervention of AgRP neuron
activity. Though hypothalamic leucine and AgRP are important
for depressive behaviors, ICV injection of leucine in mice fed
a leucine replete diet had no effect on the related behaviors,
which may be due to the already inhibited AgRP neurons activ-
ity. Furthermore, though leucine deficiency activates AgRP neu-
rons, it has no effects on anxiety-related behaviors in unstressed
mice. Thus, in that case, it is possible that the degree of stimula-
tion in AgRP neurons may not be enough to change anxiety-re-
lated behaviors in unstressed mice. Similar phenomena have
been reported in some studies [50-52].

Another interesting finding is that AgRP neurons are activated
by leucine deprivation, but the food intake is reduced. We specu-
late that the activated AgRP neurons could be the compensatory
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response to non-specific feeding inhibition; however, the stimulat-
ing effect on food intake is overcome by other inhibitory signals,
such as a-MSH and signals beyond the hypothalamus [53, 54].
Despite these facts, these results suggest an important role of
AgRP neurons in the protective effects of leucine deprivation
against CRS-induced depression. These results also provide novel
insight for the strategy for stimulating AgRP neurons, which has
been shown to play many critical functions in addition to food
intake [50]. For example, it has been shown that suppressed
AgRP neuron activity contributes to chronic unpredictable stress
(CUMS)- and high-fat-diet (HFD)-induced depression-related
behaviors [24, 27]. Because leucine deprivation-induced antide-
pressant effects under CRS depended on AgRP neural activity,
we suspect that leucine deprivation may help prevent depres-
sion-like behaviors under CUMS and HFD. Dietary restriction and
fasting exerts antidepressant effects in animals, but the mecha-
nism for these effects are currently unclear [55], and our results
may help explain such beneficial effects.

It is well known that GCN2 is activated during AA
deficiency [15]. We demonstrated that the leucine deprivation-in-
duced antidepressant effects depend on GCN2 signaling. The role
of GCN2 in depression remains unclear. Some studies have shown
that acting downstream of GCN2, phosphorylation of a subunit of
eukaryotic initiation factor 2 (p-elF2a) contributes to Alzheimer’s
disease-related memory impairments [56]. However, there have
been discrepancies regarding the effects of GCN2 deletion, which
may be caused by differences in the experimental conditions and
animal models employed [57]. Activating transcription factor 4
(ATF4), a transcription factor acting downstream of GCNZ2, has
important roles in synaptic plasticity and memory [S8], both of
which areimplicated in depression development [59-61]. However,
there are no direct effects of GCN2-elF2a-ATF4 in the regulation
of depression-like behaviors. We determined that GCN?2 is neces-
sary for the antidepressant effects of leucine deprivation. Since
all EAA deprivation has antidepressant effects, we confirmed an
important role of GCNZ2 in this regulation. Further, GCN2 in AgRP
neurons could alter the activity of AgRP neurons and the related
behaviors. However, how GCN2 regulates AgRP neuronal activity
remains unknown. GCN2 also activates ATF4, which is reported
to promote AgRP expression and AgRP neural activity [62]. In
addition, though GCN2 is also expressed in other neurons and
tissues, we did not examine GCN2 levels in other tissues or neu-
rons, and thus the possible involvement of GCN2 in other organs
or neuronal populations cannot be excluded. For instance, POMC
neurons are also located in the ARC and have important roles
in depressive behaviors [26]; however, the GCN2 signal in POMC
neurons has not been investigated. These possibilities need to be
studied in the future. Though the mechanisms underlying GCN2-
mediated regulation of AgRP neuron activity are unknown, we
show here for the first time that GCN2 is involved in depression,
and thus it might be a potential drug target to treat this condition.

There are several questions that remain to be investigated in
the future. In addition to hypothalamic AgRP neurons, other sig-
nals, neurons, or organs may be involved in the beneficial effect of
leucine deprivation. For example, the HPA axis is closely related to
stress and AgRP neurons [33-35]; however, the parameters of the
HPA axis examined were unchanged after CRS in our studies. This
might be due to the fact that the activity of the HPA axis is influ-
enced by many factors, including the rodent strain used, the dura-
tion of the CRS, and the timing of the testing after stress [63, 64].
Recently, BCAA reduction is reported to have antidepressant
effects under a HFD, through the influence on tryptophan
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availability in 5-HT neurons [65], suggesting another interesting
possibility. In addition, previous studies showed that cortical neu-
rons may also sense AAs and alter feeding [14], and the gut can
detect macronutrients, modulating the activity of AgRP neurons
via spinal afferent or vagal signaling [19, 66, 67]. Their possible
involvement in our findings here requires further study.

In addition, though some studies report that ICV injection of leu-
cine or leucinol acutely changes feeding and/or body weight [29, 36],
we observed no effect on feeding or body weight after CRS upon ICV
injection of either molecule, possibly due to differences in experi-
mental design, including treatment and detection timing.

Further, though we exclude a feeding effect on the beneficial
effects of leucine deprivation on CRS-induced depressive behav-
iors, we can not exclude the effect of body weight. As studies have
found that HFD-induced body weight gain or chronic stress-in-
duced body weight loss had no impact on anhedonia-like behav-
ior [68, 69], we suspect that the leucine deprivation-induced
weight loss may not be causally related to the depressive states.

Furthermore, we were surprised to observe that depletion
of other EAAs, especially of tryptophan, also exerts antide-
pressant effects under CRS. Deficiency of some AAs, such as
tryptophan and tyrosine, is considered to worsen depression
in general [70-72]. However, the effect of EAA deficiency is not
always consistent, as reported in some other studies which
showed that tryptophan or tyrosine depletion does not cause
depressive behaviors or even helps to recover depression [73, 74].
Furthermore, the mechanisms underlying the deficiency of AA
on depressive behaviors are also different. For example, tryp-
tophan or tyrosine deficiency induces depressive effects by
decreasing their metabolites, serotonin and catecholamine,
which are neurotransmitters with antidepressant effects [71, 72].
Reduced tryptophan may relieve depression-like behaviors
via lowering kynurenine levels, another tryptophan metabo-
lite leading to depression [75]. The mechanism underlying the
effects of tryptophan depletion may also be mediated via acti-
vation of AgRP neurons, as we observed that AgRP neurons are
stimulated under tryptophan deprivation after CRS. Therefore,
the effect of individual AAs and their depletion on depression,
as well as the underlying mechanisms, could be quite complex
under different treatments and requires further study.

Interestingly, a recent study revealed that leucine supplemen-
tation prevents lipopolysaccharide (LPS)-induced depression [76].
However, the models for inducing depression and the underlying
mechanisms are different between that study [76] and our current
study. In their study, depression is induced via acute LPS adminis-
tration, and leucine functions by competing with kynurenine for
blood-to-brain transport [76]. In our study, depression is induced
via CRS, which may not change kynurenine levels, and the effect
of leucine deprivation is mediated by activating GCN2 signaling
in AgRP neurons. Hence, leucine supplementation and deficiency
may both exert antidepressant effects via distinct mechanisms
under different models. Similarly, both supplementation and defi-
ciency of leucine could improve glucose metabolism and induce
weight loss [28, 29, 77, 78].

In conclusion, we found that deprivation of single EAAs, includ-
ing leucine, has a significant protective effect on CRS-induced
depression-like behaviors in mice, and these beneficial effects
depend on GCN2 and AgRP neural activity (Fig. 6e). Our findings
provide evidence for the efficacy of a new dietary intervention to
relieve depression and establish an important role for GCN2 in
depression-related behaviors, in addition to highlighting the role
of AgRP neurons in AA sensing.

Materials and methods

Animals

All mice were of the C57BL/6] background. AgRP-Cre mice, Ai9
(tdTomato) reporter mice, and global GCN2 knockout mice
(GCN27-) were obtained from the Jackson Laboratory (Bar Harbor,
ME, USA). Food intake and body weight were recorded daily. Mice
were maintained under a 12 h light/12 h dark cycle (lights on at
07:00 a.m./lights off at 07:00 p.m.) and 22°C-25°C, with ad libi-
tum access to water and rodent standard chow diet prior to the
experiments.

Diets

Experimental Control (including all AAs), (-) Leu (leucine-defi-
cient), (-) lle (isoleucine-deficient), (-) Val (valine-deficient), (-) Lys
(Iysine-deficient), (-) Met (methionine-deficient), (-) Phe (pheny-
lalanine-deficient) and (-) Thr (threonine-deficient), and (-) Trp
(tryptophan-deficient) diets were obtained from Trophic Animal
Feed High-Tech Co., Ltd (Nantong, China). Diet formulations are
described in Supplementary Table 1. All diets were isocaloric and
compositionally identical in terms of lipid content, with the cal-
orie reduction in the absence of the AA compensated with car-
bohydrates. At the start of the feeding experiment, mice were
acclimated to the control diet for 3 days and then fed with the
indicated diets.

Stereotaxic surgery and viral injections

Stereotaxic surgery was performed using a stereotaxic frame
(Steolting, IL, USA) [79]. Mice body temperature was maintained
using a heating pad. Ophthalmic ointment was applied to main-
tain eye lubrication. Viruses were injected at a rate of 50 nL/min
using a micro syringe pump connected to glass pipettes. Viruses
were injected into the ARC (coordinates: ML + 0.3 mm, AP
-1.5 mm, DV -5.8 mm from bregma). After injection, the glass
pipettes were left in place for 8 min before withdrawal to allow
for diffusion. The mice were allowed to recover from anesthesia
on a heat blanket and were then i.p. injected with antibiotics (cef-
triaxone sodium, 0.1 g/kg) for 3 days to prevent infection. Mice
were individually housed and allowed to recover for 3—4 weeks
after the surgery.

To knock down GCN2 in AgRP neurons, AgRP-Cre mice were
bilaterally injected with 200 nL of Cre-dependent adeno-asso-
cilated virus (AAV) vector, containing the mir-30-shGCN2 coding
sequence and GFP protein in the opposite orientation flanked by
two inverted loxP sites (AAV2/9-CMV-bGiobin-FLEX -mir-30-shG-
CN2-GFP; 4.9 x 102 Pfu/mL), into the ARC [53]. Alternatively, mice
were injected with an AAV vector, containing the mir-30-scram-
ble and GFP protein in the opposite orientation flanked by two
inverted loxP sites (AAV2/9-CMV-bGiobin-FLEX -mir-30-scramble-
GFP; dilute to 4.9 x 10%? Pfu/mL), as a control. The target sequence
5-TCTGGATGGATTAGCTTATA-3’ for GCN2 was previously vali-
dated [36]. The AAVs would express the target sequence and GFP
only in AgRP neurons 2-3 weeks after AAV delivery, by Cre-Flex
system.

ICV cannulation and drug infusion

For the ICV cannulation, a cannula was placed into the third ven-
tricle (coordinates: ML O mm, AP —-1.5 mm, DP -5.3 mm), and two
screws were placed at the lambdoid structure to aid in supporting
the cannula in the skull with dental cement. After recovery, mice
were infused with 1 pL leucine (1.1 pg/uL), leucinol (10 mmol/L) or
saline, and experiments were conducted 30 min later.
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DREADDs

To inhibit AgRP neural activity using DREADDs, AgRP-Cre mice
were stereotaxically injected with a Cre-dependent AAV encoding
an inhibitory DREADD GPCR (hM4Di) (AAV2/9-Syn-DIO-hM4Di-
mCherry, 3.1 x 102 Pfu/mL) or only encoding mCherry (AAV2/9-
Syn-DIO-mCherry, 3.1 x 10* Pfu/mL) as a control, bilaterally into
the ARC at a volume of 300 nL. Four weeks after AAV delivery, all
mice received i.p. injections of CNO (MedChemExpress, NJ, USA)
at 1 mg/kg of body weight for hM4Di silencing [24].

To assess whether AgRP neuronal activation could reverse the
blocking effect of GCN2 knockdown on leucine deprivation-in-
duced antidepressant effects, we injected the ARC of AgRP-Cre
mice with Cre-dependent AAVs expressing ShGCN2 (AAV2/9-CMV-
bGiobin-FLEX-mir-30-shGCN2-GFP), excitatory DREADD GPCR
(hM3Dq) (AAV2/9-EF1a-DIO-hM3Dg-mcCherry), and control AVVs
expressing GFP (AAV2/9-CMV-bGiobin-FLEX-mir-30-scramble-GFP)
or mCherry (AAV2/9-EFla-DIO-mCherry) as indicated. Thereafter,
mice were fed a leucine-deficient diet. The above AAVs were all
diluted to a concentration of 3 x 102 Pfu/mL, and the two indicated
AAVs were mixed at a 1:1 ratio to yield a total volume of 300 nL.
Four weeks after AAV delivery, all mice received i.p. injections of
CNO at 0.3 mg/kg of body weight for hM3Dq activation [27].

CRS protocol

The experiments were performed after acclimatizing the mice to
the experimental environment for a week. Male WT mice (8-11
weeks old) were divided into three weight-matched groups: con-
trol group, CRS group, and CRS with leucine-deficient diet group
[CRS (-) Leu] (Fig. 2). CRS and CRS (-) Leu mice were exposed to 3-h
restraint (13:00-16:00) daily for 21 days in a 50 mL tube with holes
that permits breathing while restricting limb movement [31].
Mice had no access to food and water during restraint. Control
mice were placed in the home cage at the same time without food
or water. After restraint, the mice were returned to the home cage
and given food and water ad libitum. On CRS day 16, all the mice
were acclimated to control diets for 3 days. On CRS day 19, the
mice in the CRS with leucine-deficient diet group were switched
to a leucine-deficient diet. Before subsequent experiments, mice
were allowed to rest 1 day after CRS to exclude the effects of
acute stress [80]. For mice with DREADDs, the mice were injected
with CNO 30 min before the behavioral tests [27].

Behavioral assays

All behavioral tests were performed during the afternoon. All
animals were brought into the experimental room 1 h before the
start of behavioral tests and remained in the same room through-
out the test.

OFT

Mice were placed in the center of a white plastic open field
arena (50 cm x 50 cm x 50 cm) and allowed to explore freely for
10 min [2]. A video camera positioned directly above the arena
was used to track animal movements, recorded on a computer
with LabState (Anilab) to determine the total distance and the
amount of time spent in the center of the chamber compared to
the edges. The OFT is commonly used for assessing exploratory
behavior and general activity of animals. The area was cleaned
with 75% ethanol after each test to remove olfactory cues.

EPM

The EPM consisted of a central platform (5 x 5 cm?), two closed
arms with walls, and two opposing open arms without walls
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(25 cm x 5 cm). The maze was placed 60 cm above the floor. A
mouse was placed in the central platform facing an open arm
and was allowed to explore the maze for 5 min [2]. The time spent
in the open arms and the number of entries into the open arms,
were analyzed using LabState (Anilab). The area was cleaned
between tests using 75% ethanol.

TST

Mice were individually suspended about 50 cm above the surface
of a table using adhesive tape that was placed roughly 1 cm from
the tip of the tail. Each mouse was tested only once for 6 min [81].
The test was videotaped from the side, and the immobility time
of the animal was measured in the last 5 min. Mice were consid-
ered immobile without initiated movements, and immobility was
considered to include passive swaying. Video tracking data were
analyzed using LabState (AnilLab) software to extract the immo-
bility time.

FST

Mice were subjected to FST for 6 min. The FST was consisted of
a cylindrical container (15 cm diameter, 25 cm height) that was
filled with water (15-18 cm depth) at a temperature of 23 + 1°C as
previously described [82]. Immobility was defined as time when
mice remained floating or motionless with only movements nec-
essary for keeping balance in the water. The results are expressed
as the amount of time (in seconds) that the mice spent immobile
during the last 5-min of the test.

IF staining

Mice were transcardially perfused with saline followed by PBS
buffer containing 4% paraformaldehyde (PFA). Mice brains were
dissected and fixed overnight at 4°C in 4% PFA, followed by cry-
oprotection in PBS containing 20% and 30% sucrose at 4°C. Free-
floating sections (25 um) were prepared with a cryostat. Slices were
blocked for 1 h at room temperature in PBST (0.3% Triton X-100)
with 5% normal donkey serum, followed by incubation with pri-
mary antibodies at 4°C overnight and secondary antibodies at
room temperature for 2 h. Primary antibodies used in IF experi-
ments included anti-GCN2 (1:500, ABclonal, Wuhan, China), anti-
p-GCN2 (1:300, Biorbyt, Cambridge, UK), anti-c-Fos (1:1000, Cell
Signaling Technology, MA, USA), anti-FosB (1:500, Santa Cruz, CA,
USA), and anti-p-ERK (1:1000, Cell Signaling Technology, MA, USA).

ELISA

ACTH levels in the serum of mice were measured using Mouse
ACTH ELISA Kit (E-EL-M0079c, Elabscience, Wuhan, China) accord-
ing to the manufacturer’'s recommendations. Corticosterone lev-
els in the serum of mice were measured using Corticosterone
ELISA kits (ADI-900-097, ENZO Life Sciences, NY, USA).

RNA isolation and RT-PCR

RNA was extracted using TRIzol reagent (Invitrogen, CA, USA).
mRNA was reverse-transcribed using a High-Capacity cDNA
Reverse Transcription Kit (Thermo Scientific, CA, USA) and sub-
jected to quantitative real-time PCR analysis using SYBR Green I
Master Mix reagent on an ABI 7900 system (Applied Biosystems,
CA, USA). The primer sequences used in this study are described
in Supplementary Table 2.

Western blot analysis

Tissues were homogenized in ice-cold lysis buffer (50 mmol/L Tris
HCl, pH 7.5, 0.5% Nonidet P-40, 150 mmol/L NaCl, 2 mmol/L EGTA,
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1 mmol/L Na,VO,, 100 mmol/L NaF, 10 mmol/L Na,P,0,, 1 mmol/L
phenylmethylsulfonyl fluoride, 10 pg/mL aprotinin, 10 pg/mL
leupeptin). Tissue extracts were then immunoblotted with anti-
GCN2 (1:500, ABclonal, Wuhan, China) and anti-g-actin (1:5000,

Sigma, MO, USA) primary antibodies.

Statistical analyses

Statistical analyses were performed using GraphPad Prism, ver-
sion 8.0 (GraphPad Software, San Diego, CA, USA). All values are
presented as the mean + standard error of the mean (SEM). Two
groups were compared using a two-tailed unpaired Student’s
t-test. For experiments involving multiple comparisons, data were
analyzed via one-way analysis of variance (ANOVA) followed by
the Student-Newman-Keuls (SNK) test. The individual data
points on every histogram were shown to reflect the individual
variability of measures. Statistical significance was defined as *P
<0.05,"P < 0.01,™P < 0.001, *P < 0.0001. The sample sizes and P
values can be found in figure legends.

Supplementary data

Supplementary material is available at Life Metabolism online.
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