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monkeys
Teng Teng1,2, Carol A. Shively 3, Xuemei Li1,2, Xiaofeng Jiang4, Gretchen N. Neigh 5, Bangmin Yin1,2,
Yuqing Zhang2,6, Li Fan1,2, Yajie Xiang1,2, Mingyang Wang2, Xueer Liu1,2, Mengchang Qin1,2, Xinyu Zhou2,7 and
Peng Xie 1,2

Abstract
Adolescent depression is a common and serious mental disorder with unique characteristics that are distinct from
adult depression. The adult non-human primate stress-induced model of depressive-like behavior is an excellent
model for the study of mechanisms; however, an adolescent nonhuman primate model is still lacking. Ten male
adolescent cynomolgus monkeys were divided into a chronic unpredictable mild stress (CUMS, n= 5) group and a
control (CON, n= 5) group by age and weight-matched pairs. The CUMS group was exposed to multiple
unpredictable mild stressors for five cycles over 55 days. At baseline, there were no differences between CUMS and
CON groups. At endpoint, the CUMS group demonstrated significantly higher depressive-like behavior (huddle
posture), and significantly lower locomotion compared with the CON group. Furthermore, depressive-like behavior
increased from baseline to endpoint in the CUMS group, but not changed in the CON group. In the attempt for apple
test, the CUMS group made significantly fewer attempts for the apple than the CON group. In the human intruder test,
the CUMS group showed significantly higher anxiety-like behaviors in the stare phase than the CON group. Hair
cortisol level was significantly higher in the CUMS group than the CON group at endpoint, and was also elevated from
baseline to endpoint. Metabolic profiling of plasma at endpoint identified alterations in metabolite pathways which
overlapped with those of adolescent depression patients. CUMS can induce depressive-like and anxiety-like behaviors,
hypercortisolemia, and metabolic perturbations in adolescent cynomolgus monkeys. This is a promising model to
study the mechanisms underlying adolescent depression.

Introduction
Major depressive disorder (MDD) in adolescents is a

growing public health concern worldwide, with an esti-
mated point prevalence of about 7.1%1. The course of
MDD in adolescents is often characterized by undiffer-
entiated symptoms, frequent recurrence, protracted epi-
sodes and comorbid psychiatric disorders2. The first
episode of depression commonly starts in adolescence,
and earlier onset is related to greater risk for recurrence3.
Compared with adults, youth with depression experience

© The Author(s) 2021, corrected publication 2021
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Xinyu Zhou (xinyu973@126.com) or
Peng Xie (xiepeng973@126.com)
1Department of Neurology, The First Affiliated Hospital of Chongqing Medical
University, Chongqing, China
2NHC Key Laboratory of Diagnosis and Treatment on Brain Functional Diseases,
The First Affiliated Hospital of Chongqing Medical University, Chongqing,
China
Full list of author information is available at the end of the article
These authors contributed equally: Teng Teng, Carol A. Shively, Xuemei Li

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://orcid.org/0000-0002-1536-2288
http://orcid.org/0000-0002-1536-2288
http://orcid.org/0000-0002-1536-2288
http://orcid.org/0000-0002-1536-2288
http://orcid.org/0000-0002-1536-2288
http://orcid.org/0000-0003-0955-9161
http://orcid.org/0000-0003-0955-9161
http://orcid.org/0000-0003-0955-9161
http://orcid.org/0000-0003-0955-9161
http://orcid.org/0000-0003-0955-9161
http://orcid.org/0000-0002-0081-6048
http://orcid.org/0000-0002-0081-6048
http://orcid.org/0000-0002-0081-6048
http://orcid.org/0000-0002-0081-6048
http://orcid.org/0000-0002-0081-6048
http://creativecommons.org/licenses/by/4.0/
mailto:xinyu973@126.com
mailto:xiepeng973@126.com


more serious impairments in global functioning, an
increased risk of tobacco smoking and other substance
abuse2. Moreover, suicide is the third leading cause of
death in adolescents; and among depressed youth, 29%
experience suicidal thoughts and 11% attempt suicide4.
However, the underlying molecular mechanisms of MDD
in adolescents appear complex and are poorly understood.
Several studies showed that the pathophysiology, neuro-
biological mechanisms, and treatment response of ado-
lescent depression diverges from adult depression5,6.
Animal models have played an essential role in

exploring the underlying molecular mechanisms of
depression and testing the efficacy of pharmacother-
apeutic interventions7. Rodent models are commonly
used in assessments of depressive-like behaviors; however,
the non-human primate (NHP) stress-induced model of
depressive-like behaviors offers an excellent model to
study mechanisms due to the similarity to humans in the
structure and function of the central nervous system,
neurodevelopment, social behavior, emotion regulation
and stress response8. Our previous studies have estab-
lished two models of depressive-like behavior in adult
monkey, a naturally occurring model of depressive-like
behavior and a social plus visual isolation-induced model
of depressive-like behavior9,10. Unfortunately, these
models do not provide insight to the underlying mole-
cular mechanisms of depression in adolescents. Naturally
occurring depression has not been reported in subadult
monkeys. Early life stress (e.g., physical or sexual abuse,
trauma) is a risk factor for adolescent depression in
humans11. Therefore, we adapted a chronic unpredictable
mild stress (CUMS) paradigm used in rodent models of
depression12 to induce depressive-like behavior in ado-
lescent cynomolgus monkeys.

Materials and methods
Subjects
Ten male adolescent cynomolgus monkeys

(21–52 months old) were selected and divided into two
groups with age and weight-matched pairs: a chronic
unpredictable mild stress group (CUMS, n= 5) and a
control group (CON, n= 5). All the selected subjects were
reared in large stable social groups for the first year of
their life. Age and body weight of the subjects at baseline
are shown in Supplementary Table S1. The living
environment and animal care procedures were detailed
in our previous reports9,10. Briefly, all subjects were
housed in single cages (1.0 m × 1.5 m × 1.5 m, L ×W ×H)
under a 12 h light/dark cycle (≥18 °C, 40–70% relative
humidity), provided water ad libitum, and fed fresh
fruits, vegetables and monkey chow twice daily. The
CUMS group and CON group were housed in two
separate rooms. All husbandry and veterinary care was
provided by the cynomolgus monkey breeding base

(Zhongke Experimental Animal Co., Ltd., located in
Xishan Island, Suzhou, China). Animals were main-
tained under an experiment protocol approved by the
Ethics Committee of Chongqing Medical University
(approval no.: 20180705) in accordance with the
recommendations of ‘The use of non-human primates in
research’13 and ‘Guide for the Care and Use of Labora-
tory Animals’14. We also performed matched pairs
design to minimize the number of subjects, while
maintaining statistical power following the principle of
NC3Rs (National Centre for the Replacement, Reduction
and Refinement, https://www.nc3rs.org.uk/).

Experiment procedures
Before starting the experiment, the ten subjects were

adapted to the housing conditions for seven days, and
then baseline tests were conducted for eight days. The
experimental phase was 55 days in length. The CUMS
group was exposed to seven days of chronic unpredictable
mild stressors followed by a four-day behavior observation
period; this regimen was conducted for five cycles.
Stressors were modified from our previous rodent stu-
dies15–18 and included noise (100 db, 12 h), water depri-
vation (12 h), fasting (24 h), space restriction (4 h), cold
stress (10 °C, 10 min), exposure to stroboscope (12 h) and
inescapable footshocks (6 V, 10–15 s, 3–4 times). We used
two different stressors in one day, and the same stressor
was not scheduled in two adjacent days. The CON group
was handled as usual daily throughout the experiment.
The details of the stressors and special caring for the
monkeys during the interval of stressors are provided in
the Supplementary Table S2. The overall schedule of the
experiment is shown in Fig. 1.

Behavioral observations and tests
Cynomolgus monkeys’ behaviors were videotaped for

one hour between 8:00 and 10:00 a.m., respectively at
baseline and the end of each stress cycle. The SONY HD
cameras were fixed outside the cage with no blind point of
the monkeys and all personnel stayed away from the room
to avoid disturbing the monkeys. Based on our previous
Macaca fascicularis ethogram development19, we defined
nine behaviors of cynomolgus monkeys in a single-cage
environment: huddle posture, locomotion, stereotyped
behaviors, response to environment, climbing, self
grooming, playing with the ball, observation, and sitting.
The definitions and pictures of these behaviors for this
study are shown in Supplementary Table S3. Huddle
posture (self-clasping with head at or below the shoulders
during the waking state) was considered as the core
behavior representing depressed mood in cynomolgus
monkeys7. Decreased time spent in locomotion (walking
in the cage) was also reported in depressed macaques in
previous studies7,20,21.
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We measured body weight and sucrose preference test
(SPT)22 at baseline and the end of each stress cycle. In
addition, the attempt for apple test (AAT)23 and human
intruder test (HIT)24 were conducted at the end of the five
stress cycles. In the AAT, the fewer attempts for apples
than controls was considered as anhedonia, which is a
core symptom of patients with depression23. In the HIT,
the total time spent freezing, scratching, yawning, and
showing a fear grimace were defined as anxious beha-
viors24. In the SPT, monkeys were exposed to pure water
or 5% sucrose water for one hour after 12 h water-
deprivation. The detailed procedures of the above tests
are shown in Supplementary Table S4, and definitions and
pictures of behaviors in the AAT, HIT and SPT are shown
in Supplementary Table S5.

Measurement of hair and blood cortisol
At the baseline and the end of five stress cycles, hair and

blood samples of ten subjects were collected at 8:00–9:00
a.m. before feedings. Hair from posterior vertex region of
scalp was clipped without anesthetic by using a pair of
scissors and stored in a small aluminum foil pouch25.
Blood was collected from the femoral vein into 5 mL
vacutainer tubes containing heparin lithium. All blood
samples were centrifuged at 1500 × g for 15 min, divided
into 150 μL plasma aliquots, and stored at −80 °C. The
method of hair cortisol extraction was described in detail
in a previous study26. Briefly, hair samples were washed in
isopropanol twice (3 min each) and dried at 35 °C (8 h) to
remove surface contaminants. Then, samples were pul-
verized using grinding miller. Powdered hair (500 mg) was
weighed and incubated in 10mL of methanol to extract
cortisol with a slow rotation under room temperature for
24 h. The samples were then centrifuged at 10,000×g for
5 min, and 5mL of the supernatant was pipetted into a
centrifuge tube and dried with nitrogen gas. Finally, the
precipitated extract was reconstituted with 0.5 mL of PBS
and stored at −20 °C until assayed. The cortisol con-
centrations of hair and blood were quantified by radio
immunoassays (RIAs) by using a commercially available
kit (Monkey Cortisol RIA JL21813, China) in a double-

blind procedure. Each sample was tested three times and
the mean of the three cortisol values was used for statis-
tical analysis.

Metabolomic analysis of plasma samples
The procedures for sample preparation and liquid

chromatography-mass spectrometry (LC-MS) analysis
have been published previously6. Briefly, at the end of five
stress cycles, blood sample of ten subjects were collected
at 8:00–9:00 a.m. before feedings. For LC-MS analysis, the
samples were re-dissolved in acetonitrile/water solvent.
Analyses were performed using an ultra-high perfor-
mance liquid chromatography (1290 Infinity LC, Agilent
Technologies) coupled to a quadrupole time-of-flight (AB
SciexTripleTOF 6600). For the hydrophilic interaction
liquid chromatography separation, samples were analyzed
using a 2.1 mm × 100mm ACQUIY UPLC BEH 1.7 µm
column (waters, Ireland). The raw MS data (wiff.scan
files) were converted to MzXML files. For the multivariate
statistical analysis, the soft independent modeling of class
analogy (SIMCA) software (version 14.0, Umea, Sweden)
was used. Principal components analysis (PCA) was used
to observe the distributions of all samples and obtain a
general overview of metabolic pattern changes. Ortho-
gonal partial least squares-discriminate analysis (OPLS-
DA) was used to find variables associated to the separa-
tion and calculate the variable influence on projection
(VIP). The metabolites with VIP > 1 and P-values <0.05
(Wilcoxon Signed Rank Test) were defined as significantly
different metabolites. Then, we compared the metabolic
phenotypes of adolescent CUMS monkeys with adoles-
cent MDD patients.

Statistical analysis
Statistical analyzes were performed by using IBM SPSS

Statistics for Windows, Version 25.0 (IBM Corp.,
Armonk, NY, USA). We matched pairs with age and
weight between CUMS group and CON group. The
results of behaviors and cortisol levels were expressed as
the mean ± SEM. Wilcoxon Signed Rank Test was used
for all statistical analysis. P-values less than 0.05 were

Fig. 1 Overview of the experiment protocol. CUMS paradigm (red) and CON paradigm (gray) were conducted to each group, respectively.
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considered statistically significant. Pearson’s correlation
was used to calculate the relationship between hair and
plasma cortisol levels.

Results
Behavior changes between CUMS group and CON group
The results of huddle posture, locomotion, SPT, and

body weight are shown in Fig. 2 and the detail of all the
observed behaviors in Supplementary Table S6. At base-
line and at the end of three stress cycles (midpoint), there
were no significant differences in behavior, body weight,
or the SPT between CUMS group and CON group. At the
end of five stress cycles (endpoint), compared with the
CON group, the CUMS group demonstrated a sig-
nificantly higher frequency (Z=−2.0226, P= 0.0431;
Fig. 2A) and longer duration of huddle posture (Z=
−2.0226, P= 0.0431; Fig. 2B); and showed a significantly
lower frequency (Z=−2.0226, P= 0.0431; Fig. 2C) and
shorter duration of locomotion (Z=−2.0226, P= 0.0431;
Fig. 2D). However, there were no significant differences of
body weight (Z=−1.8257, P= 0.0679; Fig. 2E), SPT (Z=
−1.4832, P= 0.1380; Fig. 2F) and other defined behaviors
(Supplementary Table S6) between CUMS and CON
groups at endpoint. In addition, the frequency (Z=
−2.0226, P= 0.0431; Fig. 2A) and duration (Z=−2.0226,
P= 0.0431; Fig. 2B) of huddle posture in the CUMS group
was significantly increased from baseline to endpoint,
while these metrics did not change in CON group
(Z=−1.4142, P= 0.1573; Fig. 2A, B).

The results of the AAT and HIT are shown in Fig. 3
(detailed in Supplementary Table S7). In the AAT
(Fig. 3A), compared with the CON group, those in the
CUMS group had significantly shorter durations of
attempts for the apple than the CON group (Z=−2.0226,
P= 0.0431; Fig. 3B); there was no difference between
groups for the frequency of attempts for the apple (Z=
−0.6742, P= 0.5002; Fig. 3C). In the HIT (Fig. 3D),
compared with CON group, the CUMS group had sig-
nificantly longer duration of anxiety-like behaviors in the
stare phase (Z=−2.0226, P= 0.0431; P= 0.0431, Fig.
3E), but not in the other three phases (P-value from
0.1088 to 0.6858; Fig. 3E) or the total duration of all four
phases (Z=−0.4045, P= 0.6858; Fig. 3F).

Cortisol levels in hair and plasma samples
Cortisol levels in hair and plasma samples are shown in

Fig. 4 (detailed in Supplementary Table S8). Hair (Z=
−1.2136, P= 0.2249; Fig. 4A) and plasma (Z=−0.4045,
P= 0.6858; Fig. 4B) cortisol levels were not different
between CUMS and CON groups at baseline. Hair cor-
tisol levels were significantly higher in the CUMS group
compared with the CON group at endpoint (Z=−2.0226,
P= 0.0431; Fig. 4A), but there was no significant differ-
ence in plasma cortisol levels (Z=−0.1348, P= 0.8927;
Fig. 4B). In addition, hair cortisol levels in the CUMS
group rose significantly from baseline to endpoint (Z=
−2.0226, P= 0.0431; Fig. 4A), but not in the CON group
(Z=−1.2136, P= 0.2249; Fig. 4A). Plasma cortisol levels

Fig. 2 The results of the huddle posture, locomotion, body weight and sucrose preference test in CUMS and CON groups at baseline,
midpoint (after three stress cycles) and endpoint (after five stress cycles). A The frequency of huddle posture. B The duration of huddle
posture. C The frequency of locomotion. D The duration of huddle locomotion. E Body weight. F Sucrose preference test. *P < 0.05.
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between baseline and endpoint did not significantly
change in either group (CUMS: Z=−0.9439, P= 0.3452;
CON: Z=−0.9439, P= 0.3452; Fig. 4B). Moreover, there
was no significant correlation between the cortisol values
measured in hair and plasma (r=−0.07, P= 0.7835;
Fig. 4C).

Metabolomic analysis of plasma
Using LC-MS metabolomic profiling of plasma from

CUMS and CON groups, 145 metabolite components
were identified in positive ion mode and 158 were

identified in negative ion mode. Based on OPLS-DA
model (detailed in Supplementary Fig. S1), a total of 30
differential metabolites were identified between the
CUMS group and the CON group using the criteria of
VIP > 1 and p < 0.05 (Supplementary Table S9), including
23 downregulated metabolites and 7 upregulated meta-
bolites. The volcano plot and heat plot for the differential
metabolites in CUMS vs. CON are displayed in Fig. 5A, B.
MetaboAnalyst 4.0 was applied to reveal the potential
biological processes of 30 differential metabolites in
CUMS vs. CON. The pathway analysis indicated that

Fig. 3 The results of attempt for apple test (AAT) and human intruder test (HIT) in CUMS and CON groups. A The schematic of the AAT. B The
duration of attempts for apple for total three days. C The frequency of attempts for apple for total three days. D The schematic of the HIT. E The
duration of the anxiety-like behaviors in each phase. F The total duration of the anxiety-like behaviors in four phases. *P < 0.05. Subject S2 in CUMS
group dropped out of AAT and HIT due to diarrhea, so we imputed the median value for each behavior in CUMS group as the value of S2 in statistical
analysis.

Fig. 4 The level of cortisol. The level of hair (A) and plasma (B) cortisol in CUMS and CON groups at baseline and endpoint (after five stress cycles);
the correlationship between hair and plasma cortisol level (C). *P < 0.05.
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there were significant perturbations in sulfur metabolism,
purine metabolism, and glycerolipid metabolism pathways
in the CUMS group compared to the CON group (Fig.
5C), which can be connected through altered metabolites
(Fig. 5D).
We compared our previous metabolomics data of ado-

lescent MDD patients6 with the current metabolomic data
from adolescent CUMS monkeys. Pathways of adolescent
CUMS monkeys that were significantly different from
those of the CON group and the same pathways in ado-
lescent MDD patients are shown in Supplementary Table
S10. Disturbances of metabolism pathways were com-
bined together in adolescent CUMS monkeys and ado-
lescent MDD patients (Fig. 5E).

Discussion
In this study, for the first time, exposure of adolescent

monkeys to CUMS resulted in depressive-like behavior,
including increased huddle posture, decreased locomo-
tion, and anhedonia as evidenced by decreased attempts
for the apples. Furthermore, hair cortisol levels were

elevated in the CUMS group, and the biomolecular dif-
ferences in plasma of CUMS monkeys compared with
control monkeys were similar to those observed in ado-
lescent depression patients6. Thus, both behavioral and
biological results suggested that the CUMS paradigm in
this study was effective in producing behavioral and
physiological changes in adolescent monkeys that are
consistent with observations in depressed adolescent
humans.
Two core symptoms of patients with MDD are

depressed mood and lack of interest or anhedonia27. In
the rodent model of depressive-like behavior, increased
immobility time in the forced swim test is representative
of depressive-like behavior, and the decreased preference
for sucrose in the SPT is representative of anhedonia28.
Correspondingly, in the monkey model of depressive-like
behavior, increased huddle posture and decreased loco-
motion are the representative of ‘depressed mood’, but
there is no accepted behavioral test for lack of interest or
anhedonia in monkeys7,20,21. Attempts to validate the
sucrose preference test to measure anhedonia have

Fig. 5 Plasma metabolomics analysis in CUMS and CON groups. A The volcano plot for the differential metabolites in CUMS and CON groups;
red nodes= P < 0.05. B The heat plot for the differential metabolites in CUMS and CON groups. C The pathway analysis of differential metabolites of
CUMS and CON groups in MetaboAnalyst; red nodes= P < 0.05. D A simplified interaction diagram of the altered pathways in CUMS and CON
groups. Metabolites in green decreased. E A simplified interaction diagram of altered pathways between adolescent depression monkeys and
patients. Metabolites in green decreased.
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resulted in contradictory results. Less sucrose consump-
tion was observed in adult rhesus macaques following
chronic glucocorticoid exposure29, a model of depressive-
like behavior, while more was observed in adolescent
monkeys that demonstrated depressive-like behaviors
following social isolation30. Recently, Fan et al. reported
that the attempt for apple test (AAT) appeared to reliably
measure anhedonia in cynomolgus monkeys23. In our
study, SPT and AAT were both conducted to examine
anhedonia, but only the AAT differentiated between the
control and stressed groups. It may result from two pos-
sible reasons. First, the monkeys are more sensitive to the
taste of ethanol in ripe apples than rodents, so apples,
with both ethanol and sucrose, are a stronger stimulus
than pure sucrose solutions31. Second, the examination of
anhedonia can work better when increasing the effort of
the monkeys to acquire the sucrose in NHP study32. In
this study, the AAT was a useful test of anhedonia in
depressed monkeys.
Anxious behaviors in macaques manifest as an

increased rate of self-directed behaviors33. The human
intruder test (HIT) is widely used as a challenge test to
elicit anxiety-like behaviors in laboratory monkeys24. The
CUMS group exhibited increased self-directed behaviors
in the HIT suggesting increased anxiety. Thus, adolescent
CUMS monkeys displayed both depressive-like behaviors
and anxiety-like behaviors. This is important because
anxiety and depression are frequently comorbid in chil-
dren and adolescents, and these disorders are likely to
share some commonalities in pathogenesis34.
Dysfunction of the hypothalamic-pituitary-adrenal

(HPA) axis is a characteristic of depressive disorders,
and hypercortisolemia is a common biological marker of
HPA axis dysfunction35. In this study, hair cortisol levels
of adolescent CUMS monkeys were higher than controls
and also elevated from baseline to endpoint, which is
consistent with previous studies of depression in non-
human primates36. However, plasma cortisol levels were
not different between the two groups. It may be that
plasma cortisol is more reactive to external environmental
cues (e.g., sample collection37, food intake38, and circadian
rhythms39), while hair cortisol is relatively stable, repre-
senting the total activity of HPA axis over the preceding
months40. Thus, hair hypercortisolemia in the adolescent
CUMS monkeys represents a biological characteristic of
depression.
We found three altered plasma metabolite pathways

between CUMS and CON groups, including purine
metabolism, sulfur metabolism and glycerolipid metabo-
lism pathways. All of these three metabolism pathways
were reported to be dysregulated in MDD patients41,42.
Comparing with our previous study of plasma metabo-
lomic from adolescent MDD patients6, two of the three
altered metabolism pathways overlapped between

adolescent monkeys that underwent CUMS and depres-
sed patients. The downstream metabolites of triacylgly-
cerol and glycerolipid metabolism pathway were
decreased, and this caused downregulation of metabolic
pathways related to energy (tricarboxylic acid cycle and
glycolysis), which play crucial roles in the mechanisms of
MDD43. Moreover, the antidepressant effects for MDD
patients of the ω-3 polyunsaturated fatty acids, eicosa-
pentaenoic acid (EPA) and docosahexaenoic acid (DHA)
in the triacylglycerol and glycerolipid metabolism path-
ways have been widely verified44,45. In addition, we found
that adenosine triphosphate (ATP), which has been con-
firmed as a key factor involved in the biological
mechanisms of MDD46, was in the center of all altered
metabolites. Our findings suggest that the downregulation
of ATP and its related metabolites is associated with
alterations following chronic bouts of repeated stressors
and the pathology of adolescent depression. However,
there were some differences in altered pathways between
adolescent monkeys exposed to CUMS and depressed
patients, which may result, in part from differences in
diet47.
There are some limitations in this study. First, according

to the requirements of ethics, we chose the smallest
sample size. Second, in order to reduce the effect of sex
hormones on the experiment, we only selected male
adolescent cynomolgus monkeys in this study. However,
it is unknown whether these observations will generalize
to females. Third, although all procedures followed the
experiment protocol were approved by the Ethics Com-
mittee, and were in accordance with the international
guidelines, increased stress was experienced by the sub-
jects in CUMS group. To meet experimental require-
ments set by the institutional animal care and use
committee, additional care was offered daily after the
stressors (e.g., additional fruit and vegetable, social con-
tact, and toys) which may also have influenced the out-
comes of the study. Nevertheless, we recognize the
important contribution of these subjects to our under-
standing of depressive-like behaviors in adolescents.
Fourth, there are many biological constructs suggested so
far in the depression patients. However, in this study, we
only tested the current two most recognized biological
construct validities by HPA-axis activity and metabolic
perturbations in adolescent depression. And, we did not
test the predictive validity in this study. Last but not least,
etiology of depression is a complex process and one
model can only reflect one aspect of the etiology. Thus,
chronic unpredictable mild stress may not sufficiently
reflect all the causes of adolescent depression.
In summary, we observed that CUMS induced

depressive-like behavior, anxiety-like behavior and
hypercortisolemia in adolescent male cynomolgus mon-
keys. The attempt for apple test appeared to be a reliable
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indicator of anhedonia in cynomolgus monkeys. Meta-
bolic changes in CUMS monkeys were mainly con-
centrated in pathways related to sulfur metabolism,
purine metabolism, and glycerolipid metabolism and
these changes were similar to those of adolescent
depression patients. These findings suggest that CUMS
adolescent monkeys may be a useful model to study the
underlying mechanisms of adolescent MDD in humans.

Acknowledgements
This research was supported by the National Basic Research Program of China
(Grant No. 2017YFA0505700 to P.X.), the National Natural Science Foundation
of China (Grant No. 81873800 and 81701342 to X.Z.), the High-level Talents
Special Support Plan of Chongqing (T04040016 to X.Z.).

Author details
1Department of Neurology, The First Affiliated Hospital of Chongqing Medical
University, Chongqing, China. 2NHC Key Laboratory of Diagnosis and
Treatment on Brain Functional Diseases, The First Affiliated Hospital of
Chongqing Medical University, Chongqing, China. 3Section of Comparative
Medicine, Department of Pathology, Wake Forest School of Medicine, Winston-
Salem, NC 27101, USA. 4Department of Psychiatry, Shaoxing Seventh People’s
Hospital, Shaoxing, China. 5Departments of Anatomy and Neurobiology,
Virginia Commonwealth University, Richmond, VA 23284, USA. 6Department of
Neurology, The Second Affiliated Hospital of Chongqing Medical University,
Chongqing, China. 7Department of Psychiatry, The First Affiliated Hospital of
Chongqing Medical University, Chongqing, China

Author contributions
P.X., X.Z., T.T., and X.J. designed research; T.T., X.J., X.M.L,. B.Y., Y.Z., L.F., Y.X., M.W.,
X.E.L., and M.Q. performed research; T.T., J.X., and X.Z. analyzed the data; T.T.,
C.A.S., G.N.N., X.Z., and P.X. wrote the paper. All authors approved the
submission.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41398-020-01132-6).

Received: 21 May 2020 Revised: 5 November 2020 Accepted: 2 December
2020

References
1. Perou, R. et al. Mental health surveillance among children-United States, 2005-

2011. MMWR Suppl. 62, 1–35 (2013).
2. Thapar, A., Collishaw, S., Pine, D. S. & Thapar, A. K. Depression in adolescence.

Lancet 379, 1056–1067 (2012).
3. Burcusa, S. L. & Iacono, W. G. Risk for recurrence in depression. Clin. Psychol.

Rev. 27, 959–985 (2007).
4. Minino, A. Mortality among teenagers aged 12-19 years: United States, 1999-

2006. NCHS Data Brief 37, 1–8 (2010).
5. Cipriani, A. et al. Comparative efficacy and tolerability of antidepressants for

major depressive disorder in children and adolescents: a network meta-
analysis. Lancet 388, 881–890 (2016).

6. Zhou, X. et al. Polyunsaturated fatty acids metabolism, purine metabolism and
inosine as potential independent diagnostic biomarkers for major depressive
disorder in children and adolescents. Mol. Psychiatry 24, 1478–1488 (2019).

7. Shively, C. A. et al. Social stress-associated depression in adult female cyno-
molgus monkeys (Macaca fascicularis). Biol. Psychol. 69, 67–84 (2005).

8. Worlein, J. M. Nonhuman primate models of depression: effects of early
experience and stress. ILAR J. 55, 259–273 (2014).

9. Xu, F. et al. Macaques exhibit a naturally-occurring depression similar to
humans. Sci. Rep. 5, 9220 (2015).

10. Li, X. et al. Depression-like behavioral phenotypes by social and social plus
visual isolation in the adult female Macaca fascicularis. PLoS ONE 8, e73293
(2013).

11. LeMoult, J. et al. Meta-analysis: exposure to early life stress and risk for
depression in childhood and adolescence. J. Am. Acad. Child Adolesc. Psychiatry
59, 842–855 (2019).

12. Hao, Y., Ge, H., Sun, M. & Gao, Y. Selecting an appropriate animal model of
depression. Int J. Mol. Sci. 20, 4827 (2019).

13. Weatherall, D. The Use of Non-human Primates in Research (Academy of
Medical Sciences, London, 2006).

14. National Research Council. Guide for the Care and Use of Laboratory Animals
(National Academies Press, Washington, D.C., 2010).

15. Sun, J. D., Liu, Y., Yuan, Y. H., Li, J. & Chen, N. H. Gap junction dysfunction in the
prefrontal cortex induces depressive-like behaviors in rats. Neuropsycho-
pharmacology 37, 1305–1320 (2012).

16. Shao, W. H. et al. Metabolomic identification of molecular changes associated
with stress resilience in the chronic mild stress rat model of depression.
Metabolomics 9, 433–443 (2013).

17. Yang, D. et al. Reduced neurogenesis and pre-synaptic dysfunction in the
olfactory bulb of a rat model of depression. Neuroscience 192, 609–618
(2011).

18. Liu, L. et al. Hippocampal metabolic differences implicate distinctions between
physical and psychological stress in four rat models of depression. Transl.
Psychiatry 8, 4 (2018).

19. Xu, F. et al. Construction and validation of a systematic ethogram of Macaca
fascicularis in a free enclosure. PLoS ONE 7, e37486 (2012).

20. Zhang, Z. Y. et al. Early adversity contributes to chronic stress induced
depression-like behavior in adolescent male rhesus monkeys. Behav. Brain Res.
306, 154–159 (2016).

21. Qin, D. et al. A spontaneous depressive pattern in adult female rhesus
macaques. Sci. Rep. 5, 11267 (2015).

22. Willner, P., Towell, A., Sampson, D., Sophokleous, S. & Muscat, R. Reduction of
sucrose preference by chronic unpredictable mild stress, and its restoration by
a tricyclic antidepressant. Psychopharmacology 93, 358–364 (1987).

23. Fan, B. S., Sun, Y., Liu, X. & Yu, J. G. Establishment of depression behavioral
criteria in cynomolgus monkeys. CNS Neurosci. Ther. 19, 911–913 (2013).

24. Peterson, E. J. et al. Rhesus macaques (Macaca mulatta) with self-injurious
behavior show less behavioral anxiety during the human intruder test. Am. J.
Primatol. 79, 1–8 (2017).

25. Wennig, R. Potential problems with the interpretation of hair analysis results.
Forensic Sci. Int. 107, 5–12 (2000).

26. Davenport, M. D., Tiefenbacher, S., Lutz, C. K., Novak, M. A. & Meyer, J. S. Analysis
of endogenous cortisol concentrations in the hair of rhesus macaques. Gen.
Comp. Endocrinol. 147, 255–261 (2006).

27. American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders (American Psychiatric Publishing, Arlington, 2013).

28. Wang, Q., Timberlake, M. A. 2nd, Prall, K. & Dwivedi, Y. The recent progress in
animal models of depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 77,
99–109 (2017).

29. Qin, D. et al. Chronic glucocorticoid exposure induces depression-like phe-
notype in Rhesus Macaque (Macaca Mulatta). Front. Neurosci. 13, 188 (2019).

30. Galvao-Coelho, N. L., Galvao, A. C. M., da Silva, F. S. & de Sousa, M. B. C.
Common marmosets: a potential translational animal model of juvenile
depression. Front Psychiatry 8, 175 (2017).

31. Dausch Ibanez, D., Hernandez Salazar, L. T. & Laska, M. Taste responsiveness of
spider monkeys to dietary ethanol. Chem. Senses 44, 631–638 (2019).

32. Felger, J. C. et al. Chronic interferon-alpha decreases dopamine 2 receptor
binding and striatal dopamine release in association with anhedonia-like
behavior in nonhuman primates. Neuropsychopharmacology 38, 2179–2187
(2013).

33. Coleman, K. & Pierre, P. J. Assessing anxiety in nonhuman primates. ILAR J. 55,
333–346 (2014).

34. Angst, J. Depression and anxiety: implications for nosology, course, and
treatment. J. Clin. Psychiatry 58, 3–5 (1997).

35. Mello, A. F., Mello, M. F., Carpenter, L. L. & Price, L. H. Update on stress and
depression: the role of the hypothalamic-pituitary-adrenal (HPA) axis. Braz. J.
Psychiatry 25, 231–238 (2003).

Teng et al. Translational Psychiatry            (2021) 11:9 Page 8 of 9

https://doi.org/10.1038/s41398-020-01132-6
https://doi.org/10.1038/s41398-020-01132-6


36. Qin, D. D. et al. Prolonged secretion of cortisol as a possible mechanism
underlying stress and depressive behavior. Sci. Rep. 6, 30187 (2016).

37. Feng, X. et al. Maternal separation produces lasting changes in cortisol and
behavior in rhesus monkeys. Proc. Natl Acad. Sci. USA 108, 14312–14317
(2011).

38. Gerber, M. et al. Concerns regarding hair cortisol as a biomarker of
chronic stress in exercise and sport science. J. Sports Sci. Med. 11,
571–581 (2012).

39. Raff, H. & Trivedi, H. Circadian rhythm of salivary cortisol, plasma cortisol, and
plasma ACTH in end-stage renal disease. Endocr. Connect 2, 23–31
(2013).

40. Wright, K. D., Hickman, R. & Laudenslager, M. L. Hair cortisol analysis: a pro-
mising biomarker of hpa activation in older adults. Gerontologist 55,
S140–S145 (2015).

41. Folstein, M. et al. The homocysteine hypothesis of depression. Am. J. Psychiatry
164, 861–867 (2007).

42. Muronetz, V. I., Melnikova, A. K., Seferbekova, Z. N., Barinova, K. V. & Schmal-
hausen, E. V. Glycation, glycolysis, and neurodegenerative diseases: is there any
connection? Biochemistry 82, 874–886 (2017).

43. Tsuchimine, S., Saito, M., Kaneko, S. & Yasui-Furukori, N. Decreased serum levels
of polyunsaturated fatty acids and folate, but not brain-derived neurotrophic
factor, in childhood and adolescent females with depression. Psychiatry Res.
225, 187–190 (2015).

44. Guu, T. W. et al. International society for nutritional psychiatry research practice
guidelines for omega-3 fatty acids in the treatment of major depressive dis-
order. Psychother. Psychosom. 88, 263–273 (2019).

45. Liao, Y. et al. Efficacy of omega-3 PUFAs in depression: a meta-analysis. Transl.
Psychiatry 9, 190 (2019).

46. Cao, X. et al. Astrocyte-derived ATP modulates depressive-like behaviors. Nat.
Med. 19, 773–777 (2013).

47. Saccenti, E. et al. Of monkeys and men: a metabolomic analysis of static and
dynamic urinary metabolic phenotypes in two species. PLoS ONE 9, e106077
(2014).

Teng et al. Translational Psychiatry            (2021) 11:9 Page 9 of 9


	Chronic unpredictable mild stress produces depressive-like behavior, hypercortisolemia, and metabolic dysfunction in adolescent cynomolgus monkeys
	Introduction
	Materials and methods
	Subjects
	Experiment procedures
	Behavioral observations and tests
	Measurement of hair and blood cortisol
	Metabolomic analysis of plasma samples
	Statistical analysis

	Results
	Behavior changes between CUMS group and CON group
	Cortisol levels in hair and plasma samples
	Metabolomic analysis of plasma

	Discussion
	Acknowledgements




