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Abstract: Postpartum depression (PPD) is a modified form of major depressive disorders (MDD) that can exert profound negative
effects on both mothers and infants than MDD. Within the postpartum period, both mothers and infants are susceptible; but because
PPD typically occurs for short durations and has moderate symptoms, there exists challenges in exploring and addressing the
underlying cause of the depression. This fact highlights the need for relevant animal models. In the present study, postpartum adult
female cynomolgus monkeys (Macaca fascicularis) living in breeding groups were observed for typical depressive behavior. The
huddle posture behavior was utilized as an indicator of behavioral depression postpartum (BDP) as it has been established as the core
depressive-like behavior in primates. Monkeys were divided into two groups: A BDP group (n=6), which were found to spend more
time huddling over the first two weeks postpartum than other individuals that formed a non-depression control group (n=4). The two
groups were then further analyzed for locomotive activity, stressful events, hair cortisol levels and for maternal interactive behaviors.
No differences were found between the BDP and control groups in locomotive activity, in the frequencies of stressful events
experienced and in hair cortisol levels. These findings suggested that the postpartum depression witnessed in the monkeys was not
related to external factors other than puerperium period. Interestingly, the BDP monkeys displayed an abnormal maternal relationship
consisting of increased infant grooming. Taken together, these findings suggest that the adult female cynomolgus monkeys provide a
natural model of behavioral postpartum depression that holds a number of advantages over commonly used rodent systems in PPD
modeling. The cynomolgus monkeys have a highly-organized social hierarchy and reproductive characteristics without seasonal
restriction—similar to humans—as well as much greater homology to humans than rodents. As such, this model may provide a
greater translational efficiency and research platform for systematically investigating the etiology, treatment, prevention of PPD.
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Postpartum depression (PPD) is commonly identifi-
ed as a subtype of major depressive disorder (MDD) with
the specification of depression onset within two months
after delivery (Friedman & Resnick, 2009). It is
estimated that 15% of mothers overall suffer from PPD,
with symptoms that last at least a few weeks to months
(England, 1994; Flores & Hendrick, 2002; Ghubash &
Abou-Saleh, 1997; O’Hara, 1987; Sit & Wisner, 2009).
In general, PPD primarily exerts profound adverse
effects on mothers and their infants through disturbing
the maternal relationship, which may be a disabling or
life-threatening disruption (Epperson & Ballew, 2004).
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However, the cause of PPD is not understood and the
exact mechanisms remain unclear (O’Hara & McCabe,
2013).

Still, a further confounding factor to understanding
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PPD development is the crucial and susceptible period,
including the time over pregnancy and puerperium,
which affects the mental health of mothers and the
maturation of infants. This limited window is a difficult
period to perform scientific investigation and ultimately
slows down the pace of PPD research. The fact highl-
ights the importance of animal models in studying and
developing treatments for PPD. However, most models
of PPD have been adopted in rodents, and have focused
on exploring only a few biological factors involved in
PPD, such as ovarian hormones withdrawal, stress and
corticosterone exposures, etc. (Brummelte & Galea,
2010). No PPD rodent model fully contains the disorders
full spectrum, as there are large differences in rodent and
human homology (Willner, 1991), and there are, thus,
translational limitations to using rodent models to
investigate PPD. Conversely, non-human primates
possess physiological, behavioral, and genetic character-
istics similar to humans (Sibley & Ahlquist, 1987; Kalin
& Shelton, 2003), which make them potential tools in the
development of natural models of PPD.

In the present study, adult female cynomolgus
monkeys in puerperium were selected as subjects to
investigate their use as a natural model of PPD because
they have very similar reproductive behaviors, without
seasonal restrictions, as humans and a well-organized
hierarchical society similar to humans (Sapolsky, 2005;
Van Esch et al, 2008) in addition to the biologically
similar characteristics between monkeys and humans
mentioned above. Furthermore, depression-associated
behaviors in non-human primates have long been esta-
blished by studying maternal separation (Bowlby, 1962;
Spitz & Wolf, 1946), and are now widely used in the
definition of primate models of mood-related disorders
(Shively et al, 2002, 2005, 2006; Strome et al, 2002). As
such, researchers have observed that primates demon-
strate, along with depressive behaviors, a series of beha-
vioral and neurophysiological abnormalities which are
analogous to relevant changes in patients with MDD and
PPD, including an increased responsiveness in the
sympathetic nervous system (Pryce et al, 2004),
dysfunction of the HPA axis (Shively, 1998; Shively et al,
1997), monoamine transmitter deficits (Shively, 1998;
Willard & Shively, 2012), and anhedonia (Pryce et al,
2004). These characteristics make the adult female
cynomolgus monkey a potentially useful system to
explore the etiology and clinical interventions of PPD.
And the huddle posture behavior, generally considered to
be the core depressive-associated behaviors in non-
human primates (Chilton et al, 2011; Shively et al, 2005),
was accordingly used as the behavioral indicator to
differentiate between monkeys displaying depression
postpartum from monkeys who were not in the study.

Numerous stressors, including stressful life events,
have been identified as the predictors of PPD (Liu &
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Tronick, 2013; O’Hara & Swain, 1996). Therefore, the
monkeys displaying PPD-like behaviors in this study
were then evaluated for stress related indicators. In
primates, most sources of stress originate from two main
types of conflict events: the receipt of aggression and the
display of submission. These stressful events are opposed
by two other conflict events or non-stressful events: the
receipt of submission and the display of aggression
(Koolhaas et al, 1999). Stressful events are often
regarded as alternative strategies of coping with stress
and non-stressful events are ways of alleviating stress
(Folkman et al, 1986; Koolhaas et al, 1999). Therefore,
the numbers of times receipt of aggression and submi-
ssion displays by the monkeys were used to reflect the
intensity of stress the monkeys experienced. Previous
studies have shown that conflict events have a link with
hyperactivity of the HPA axis in both animals and
humans, but that non-stressful events did not (Koolhaas
et al, 1999). The continuous hypersecretions of the
glucocorticoids, such as cortisol, by the HPA axis
provides a crucial link between chronic stress exposure
and mental disorders in humans (Carroll et al, 1976;
McClure, 1966; Parker et al, 2003; Schiile, 2007) and has
been commonly utilized in assessing stress conditions
experienced in other species (Abbott et al, 2003; Burke
et al, 2005; Cattet et al, 2003; Constable et al, 2006;
Keay et al, 2006; Millspaugh et al, 2002; Touma &
Palme, 2005; Whitten et al, 1998). However, the relevant
relationship of stress in PPD patients is still an unclear
issue (Gard et al, 1986; Groer & Morgan, 2007; Harris et
al, 1989, 1996; Jolley et al, 2007; Nierop et al, 2006;
Okano & Nomura, 1992). Therefore, this study further
evaluated hair cortisol levels in the subjects from hair
samples taken on the first day of the third week
postpartum, and were used as an approximate reflection
of the accumulated stress experienced by the monkeys
over last trimester before delivery until sampling
(Russell et al, 2012). A substantial body of evidence
indicates that cortisol in hair provides a functional
instrument in qualifying the degree of long-term stress in
both humans and primates (Davenport et al, 2006; Feng
et al, 2011; Stalder et al, 2012) and that hair cortisol is a
stable biomarker to assess the state of stress over time,
whereas cortisol levels evaluated in plasma, saliva, urine,
or feces only reflect cortisol levels at a single point in
time (Wennig, 2000; Russell et al, 2012).

Monkeys displaying PPD-like behaviors in this
study were then evaluated for the quality of the mother-
infant relationships formed after birth. A poor mother-
infant relationship is the prominent outcome in PPD
patients (Field, 2010). As such, the monkeys displaying
PPD-like behaviors in a breeding group provided a
unique and controlled environment to assess the nature
of the maternal-child relationship as the mother-infant
bond forms the fundamental foundation of well-
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organized social groups. In breeding groups of cynom-
olgus monkeys, there are two predominantly observable
forms of mother-infant interactions: (1) mothers holding
infants and (2) mothers grooming infants (Nakamichi et
al, 1990). Conversely, poor maternal relationships have
been demonstrated where the maternal monkeys abuse
and neglect their babies, which resulted in decreased
times in holding and grooming their infants (Maestripieri
& Carroll, 2000; Nakamichi et al, 1990). Moreover,
grooming interactions have been correlated with levels of
stress. While, rodent studies have shown that grooming
positively correlated with the state of stress (Kalueff &
Tuohimaa, 2005), grooming by maternal primates
paralleled with reduced levels of stress (Nakamichi, 2003;
Shutt et al, 2007). Thus, by observing behavioral
depression postpartum in a breeding group of adult
female cynomolgus monkeys, new knowledge can be
gained into abnormal parental behaviors and
physiological stress states that will provide vital clues for
investigating PPD in the future.

METHODS

Subjects

Ten healthy adult female cynomolgus monkeys
(5.80+0.79 years, mean+SE) were chosen which selected
randomly from 62 healthy adult female cynomolgus
monkeys we observed in the preliminary study, and were
distributing in 8 breeding groups (population numbers
ranked from 22 to 29 in each group, where two males
were included). Each of the subjects was multiparous
with only one infant being reared with their colonies. The
colonies were housed in a cage with a roof, which was
divided equally into three connected quarters (each of the
quarters measured 3.0 mx3.3 mx2.9 m). All the subjects
were provided commercial biscuits twice a day and fruit
& vegetables once daily. The animals had tap water
available ad libitum. All animal procedures were carried
out in accordance with the Kunming Institute of Zoology
Animal Care and Use Committee and with the National
Institute of Health’s (USA) Guide for the Care and Use
of Laboratory Animals.

Group classification and experimental design

All animals were identified for their exhibition of
huddle behavior. The huddle behavior is a typical depre-
ssive-like behavior that is commonly used as an indicator
of behavioral depression (Chilton et al, 2011). Behavior
recordings of all subjects were performed immediately
on the first day after giving birth and then for 14
consecutive days of postpartum observation in order to
calculate the score of the huddling behavior and other
behaviors, e.g., locomotive activity, stressful events,
and parental behaviors. As a result, subjects were
classified into two groups: (1) a behavioral depression
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postpartum (BDP) group (n=6) and (2) a non-behavioral
depression postpartum control (control) group (n=4). On
To evaluate cortisol levels, on the 15th postpartum day,
hair samples were obtained.

Behavior sampling

Behavior data were collected using a high-resolu-
tion portable digital video camera fixed on a tripod. For
habituating the animals to the recording activity, the
observer entered the monkey farm at least two weeks
before recording began; and while videotaping, the
observation site was set up on a platform as far away as
possible from the cage to prevent disturbing the mon-
keys. Two 25-minute recordings were collected on each
day of observation during two separate time windows:
0900h-1230h and 1400h-1730h, respectively. All data
recordings were stored on a hard disk before being
analyzed blindly by two trained technicians; the two
viewers reached a consensus to the behavioral
classification, and all their analyses were done on the
computer.

Behavioral categories and definitions

In the present study, four behavioral categories were
measured in the subjects: huddling, locomotive activity,
stressful events, and parental behavior. First, both depr-
essed macaques and MDD patients have been reported to
exhibit an increased huddle time (Canales et al, 2010;
Harlow and Suomi, 1974) and the huddle behavior, spe-
cifically, predicted behavioral depression in cynomolgus
monkeys. The huddle behavior is characteristic of head
flexion and thoracic kyphosis (Shively et al, 2005).
Second, locomotive activity was appointed to evaluate
general physiological functions of the subjects after child
birth. Lastly, stressful events and parental behavior were
analyzed in both BDP group and control group as
incremental stressful life events and disrupted maternal
relationships have been associated with the onset of PPD
(Field, 2010; Hammen, 2005). In general, stressful eve-
nts were classified as either aggressive behaviors in the
cynomolgus monkeys, which included stare, threat,
open-mouth threat, chase, displace, bite, and slap/grab;
or submissive behaviors, which included lip smack,
grimace, submissive present, move away, scream, scream
threat, crouch, flee (Shively et al, 2005). The maternal
parental relationship was monitored by counting mother
to infant grooming and holding times.

Hair sampling and cortisol RIA assay

Hair sampling was conducted on the first day of the
third postpartum week, following the completion of the
behavioral recording. The animals were captured by an
experienced technician with a net and removed from the
colonies. Then, hair samples were taken from their backs
of the subjects using a pair of scissors under manual
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restraint. The hair samples were placed into a small
punch of aluminum foil for protection and storage (Dav-
enport et al, 2006; Wennig, 2000). As mentioned before,
the cortisol levels in the hair samples would be used to
evaluate approximate amounts of accumulated stress
experienced by the monkeys in the study over last three
months prior to delivery (Russell et al, 2012).

Before being assayed, cortisol was extracted from
the hair sample as detailed previously (Davenport et al,
2006; Feng et al, 2011). In brief, approximately 500 mg
of hair was washed twice in 10 mL isopropanol for 3
minutes to remove surface contaminants, dried at 37 °C
for 8 hours, and then pulverized using a Retsch ball mill
(Retsch M400) at 26 Hz for 2.5 minutes. Afterwards, 400
mg of the powderized hair was weighed precisely and
incubated in 8 mL of methanol at room temperature for
24 h with a slow rotation to extract the cortisol. The
samples were then centrifuged at 8000 rpm for 5 minutes
and 4 mL of the supernatant was pipetted into a
centrifuge tube and dried under a stream of nitrogen gas.
The precipitate was reconstituted in 0.25 mL of PBS and
stored at —20 C.

All measurements of cortisol were performed with a
commercially available radioimmunoassay kit (Cortisol
RIA DSL-2000, America) at the Radioimmuno-
laboratory of Yunnan Second People’s Hospital. The
cortisol extraction and RIA assay were performed under
a double-blind procedure, and each hair sample was
tested three times with the mean of the three hair cortisol
values used to diminish measurement error.

Data analysis

Huddle behavior, locomotive activity, stressful
events, and parental behaviors were all quantified for
duration (in seconds) and/or frequency of occurrence.
The data was analyzed with the Mann-Whitney U (Wilc-
oxon rank-sum) test to compare differences between the
BDP and control group for each behavioral measure. For
all analyses, significance was set at P<0.05 and
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determined via two-tailed tests. All data analysis was
done using SPSS 16.0 (SPSS Inc, Chicago, IL, USA).

RESULTS

Depressive-like behavior

The animals were grouped into a BDP group (n=06)
and control group (n=4) based on their time spent in the
huddle posture during the first two weeks postpartum.
As shown in Figure 1A, the values of huddle time of
the BDP monkeys were higher than the control
monkeys over the first 6 days, but persistently dropped
down over time. Despite this drop, the BDP monkeys
still had higher huddle times than those of the control
monkeys at each time point; until the last two time
points (dayl3—14 postpartum) where the behaviors of
both groups started to match and had relatively low
huddle times (Figure 1A). On average, the BDP
monkeys had significantly higher huddle times in
comparison with the control monkeys (Figure 1B;
108.40+19.14 vs. 11.44+4.57, P<0.001).

Locomotive activity

No significant differences were discovered for both
locomotion duration (Figure 2A; 140.3147.52 vs. 146.85+
9.077, P=0.23) and frequency (Figure 2B; 39.86+2.16 vs.
45.54+£3.26, P=0.49) between BDP and control monkeys,
suggesting that monkeys in the BDP group behaved as
normally as their counterparts in the control group.

Stressful events and stress hormone levels

There were no statistically significant differences
found between the BDP group and the control group for
both stressful events experienced (Figure 3A; 14.71£1.40
vs. 15.56%1.75, P=0.58) and hair cortisol levels (Figure
3B; 28.62+4.66 vs. 32.01+£4.57, P=0.52). This suggests
that the social stress suffered by both the BDP monkeys
and the control monkeys were at similar levels following
child birth and during pregnancy.

Mean huddle time (sec/hour)

Control (n=4)

BDP (n=6)

Figure 1 Time being spent in the huddle posture over the first two weeks postpartum in BDP monkeys (n=6)
and control monkeys (n=4)

A: Time profiles; B: Average durations of huddling in the BDP group and control group; ***: P<0.001.
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Maternal relationship

Two kinds of recognizable behaviors were used to
evaluate the maternal relationship: grooming infants and
holding infants. Observations revealed that there were no
differences in the “holding” between the BPD monkeys
and the control monkeys (Figure 4A; 59.49+0.30 vs.
59.85+£0.09, P=0.50). However, the BPD monkeys
demonstrated a significantly higher amount of time perfo-
rming the “grooming” behavior compared with control
monkeys (Figure 4B; 91.81£12.17 wvs. 65.64+15.56,
P<0.001). Specifically, as shown in Figure 4C, the values of
groom time of both groups stayed even in total before the
third time point (day 5—6 postpartum), and were both
slightly declining over this period. Afterwards, the BDP
monkeys started to spend more time grooming than those of
the control monkeys over the last 8 days, in spite of almost
having the same values of groom time with the control
monkeys at the fifth time point (day 9—10 postpartum)
(Figure 4C). Overall, this suggested there was an abnormal
mother-infant relationship in the BPD monkeys.

DISCUSSION
To the best our knowledge, this report is the first on
a natural model of behavioral postpartum depression in
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non-human primates which is similar to PPD in humans.
The BDP-like patterns in adult female cynomolgus
monkeys reflected a miniature version of PPD (Epperson
& Ballew, 2006) with onset occurring on the first day of
delivery and lasting a two-week duration. This study
used the huddle behavior as the core indicator of
behavioral depression in primates. While this behavior is
not the only candidate depression measure available, due
to the recognition and effectiveness of the huddle posture
measurement provides adequate utilization for measuring
behavioral depression in the development of primate
depression models (Chilton et al, 2011; Shively et al,
2002, 2005, 2006; Strome et al, 2002). Furthermore, the
BDP monkeys demonstrated no differences in locomot-
ive activity in comparison with the control monkeys. The
locomotive activity of animals has been found to be
affected when parturition is accompanied by loss of blood.
The fact that BDP monkeys and control monkeys had
similar locomotive behaviors suggested that blood hemo-
rrhaging during delivery was not a confounding factor in
the occurrence of the behavioral depression in the post-
partum adult female cynomolgus monkeys observed here.
All told, these findings represent the first demonstration of
behavioral postpartum depression in primates.

[\ 3

=4

(S
1

g C - BDP (n=6)

§ 1501 -+ Control (n=4)
2

= 100

g

8

5 S0}

S 0

1-2 34 56 7-8 9-1011-1213-14

Control (n=4) Posto -
ostpartum days

Figure 4 Analyses of the maternal relationship in the BDP monkeys (#=6) and control monkeys (n=4)

A: Holding behavior; B: Grooming behavior; C: time profiles of the grooming behavior over the first two weeks postpartum in the BDP group and control
group; ***: P<0.001.

In a stable society of most macaques, the behavioral
and physiological stress levels of individuals in groups
can be predicted by their social status, meaning that
subordinate animals experience more stressors such as
stressful events and stress hormone responsiveness
(Michopoulos et al, 2012; Sapolsky, 2005). In the present
study, no associations were found in the BDP group with
stressful events and hair cortisol levels, suggesting that
stress played little role in the behavioral postpartum
depression we observed. By extension, if the stressful
events were not an external biological factor in the
development of the BDP-like patterns in the adult female
cynomolgus monkeys, they may instead be an indicator
of a balanced social status in both the BDP and control
groups, which corresponded to no differences in stress
hormone levels as well (Michopoulos et al, 2012;
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Shively et al, 2005). This finding contradicts several
previous studies in which the presumptive manifestation
of behavioral depression in the adult female cynomolgus
monkeys positively correlated with stressful events and
stress hormone responsiveness (Shively et al, 2005).
Therefore, it is plausible that the underlying mechanisms
of the behavioral depression phenomena related to either
postpartum or stress experiences are significantly
different, with wide implications on the elucidation of
the basis of PPD and MDD, respectively (Douma et al,
2005; Hammen, 2005).

In addition, the BDP monkeys in this study were
found to spend more time grooming their infants than the
control monkeys, despite no significant differences being
found in the time spent holding infants in both groups.
These findings may suggest that “grooming” behavior
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was more vulnerable to the occurrence of behavioral
depression in postpartum adult female cynomolgus
monkeys, while the “holding” behavior might reflect a
manner of infant abuse and neglect that is separate from
the BDP. In fact, infant abuse and neglect by the adult
female cynomolgus monkeys is considered a severe form
of maltreatment, where as the “grooming” infant
behavior represents a mild form of maternal behaviors
(Carroll & Maestripieri, 1998; Tsuchida et al, 2008). In a
common sense, “grooming” has been understood as a
socially affiliative behavior, and has been considered in
correlation with lower physiological stress levels
(Nakamichi, 2003; Shutt et al, 2007). However, the
increased “grooming” behavior in the BDP monkeys
does not explicitly correspond to the null differences in
stressful events and stress hormone levels in the
monkeys as referred to above. The “infant grooming”
observed here may be different than the normalized
“social grooming” observed in monkey social hierarchies,
where the “infant grooming” may have reflected a state
of compensation for a certain kind of psychopathological
condition associated with the behavioral postpartum
depression. In any case, the abnormal parenting relation-
ship in the BDP monkey may be an important behavioral
dysfunction in this natural model that may be related to
PPD in humans. Cumulative evidence has shown that
most PPD patients have poor maternal relationships with
their children, which can lead to adverse effects on the
behavioral, cognitive, emotional development of their
infants (Field, 2010; Goodman et al, 2011), such that this
model may be furthered to investigate both physiological
and behavioral changes to infant monkeys in response to
BDP in maternal monkeys.

Furthermore, this natural model to in the adult fem-
ale cynomolgus monkeys can be expanded to examine
other precipitating factors contributing to behavioral
postpartum depression in the monkeys. Previous studies
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