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Abstract

Postpartum depression is a mood disorder with a distinct neurobiological and behavioural profile occurring during and after
the postpartum period. Dopamine pathways in the limbic regions of the brain such as the nucleus accumbens (NAc) have
been shown to be involved in the etiology of depressive disorders. Selective activation of the dopamine D1-D2 receptor
heteromer has been demonsrated to cause depressive- and anxiogenic-like behaviours in rats. The maternal separation model
involving three hour daily maternal separation (MS) from pups on PPD 2-15 on anxiety-, depression- and anhedonia-like
behaviors in the dams was investigated, together with plasma corticosterone, oxytocin and D1-D2 heteromer expression in
the NAc core and shell in non-MS and MS dams. Depression, anxiety and anhedonia-like behaviours were measured using
the forced swim test, elevated plus maze and sucrose preference test, respectively. In comparison to non-MS controls, MS
dams displayed slightly higher depressive and anxiety-like behaviours with no difference in anhedonia-like behaviours. The
MS dams displayed significantly increased care of pups after their retrieval with higher bouts of nursing, lower latency to
nurse, lower bouts of out nest behaviour and decreased self-care. There was no significant alteration in D1-D2 heteromer
expression in NAc core and shell between mothers of either group (MS, non-MS) or between postpartum rats and nonpregnant
female rats, remaining higher than in male rats. This data provides evidence for the maternal separation model in produc-
ing a postpartum depression-like profile, but with maternal resilience able to modify behaviours to counteract any potential
deleterious consequences to the pups.

Keywords Post partum depression - Depression - Dopamine - Dopamine receptors - GPCR - Calcium - Receptor oligomer -
Heteromer

Introduction

Parturition and the postpartum period is a time when many
physiological changes occur in brain and is often associ-
ated with feelings of joy, yet 10 to 15% of new mothers
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experience postpartum depression (PPD) within the first
3 months after delivery [1]. The etiology of PPD is not yet
elucidated but risk factors such as hypo-responsiveness of
the hypothalamic pituitary adrenal (HPA) axis, hormone
withdrawal theories, genetic factors, changes in immune
system mediated inflammatory states or psychological and
other clinical factors have been proposed [2—4]. Strong
to moderate predictive elements of PPD include previous
depression, antenatal depression and anxiety, stressful life
events, marital dissatisfaction, poor social support, unwanted
pregnancy, low self-esteem, negative emotionality, obstetric,
biological and hormonal factors [3, 5, 6]. Current treatments
for PPD focus on psychotherapeutic interventions and phar-
macological agents such as antidepressants or a combination
of the two [7-9].

PPD is often a result of extended “postpartum blues”,
occurring two weeks after delivery consisting of mood
changes and sleep disturbances. The symptomatology of
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PPD makes it difficult to distinguish from other depressive
episodes, though is usually identified by loss of interest in
the infant [10]. Without efficacious treatments, PPD can
result in impaired maternal caretaking behaviour, negative
cognitive and health consequences to the mother and child,
and stress on the family [3]. As mentioned, there are genetic
and environmental components of PPD, though environmen-
tal stressors are much better understood [11]. Rodent models
are used to evaluate the etiology of PPD, by employing a
stress paradigm or biological intervention such as hormone
withdrawal or corticosterone treatment [11]. The maternal
separation model implements psychological and psychoso-
cial stress to both dam and pup by disrupting interactions
during the critical pre-weaning period when mother—pup
contact is essential for the social, behavioural and physi-
ological development of the pups [12—16]. Pups that expe-
rienced early-life stress have impaired HPA axis activity,
increased anxiety, helplessness, anhedonia and reduced
immunity [17-20]. Though this model is largely used with
a focus on pups, the dams are also affected in similar and
significant ways, displaying signs of reduced maternal care,
alterations of neurochemical parameters and accompanied
by higher levels of corticosterone secondary to modulation
of the activity of the HPA axis [18, 21, 22]. This model has
been shown to have sufficient construct and face validity
and has been shown to produce depression-like behaviours
in many studies despite some contradictory results [22]. In
addition, the stressor is social rather than physical which
more closely resembles human depression which typically
involves loss of social relationships [11, 22]. PPD has many
of the same behavioural and neurobiological characteristics
as major depressive disorder (MDD), though there are key
differences in some brain regions, with propensity to develop
co-morbid anxiety and bipolar disorder and a decreased level
of maternal care and parenting [23, 23-25].

Dopamine has been studied with respect to its relation-
ship to MDD and has also been found to metabolize abnor-
mally in PPD [26, 27]. It is involved in cognitive functions
like learning, memory, as well as reward and affect [28, 29].
The mesocorticolimbic dopaminergic projection from the
ventral tegmental area to the nucleus accumbens (NAc) and
prefrontal cortex is a widely studied reward pathway and
evidence has pointed that alterations in these neurons play
some role in depression [30-32]. The dopamine D1-D2
receptor heteromer is a complex formed between D1 and
D2 receptors which in the striatum, is expressed in a discrete
subpopulation of medium spiny neurons present in relatively
higher density in the NAc compared to the caudate putamen
[33, 34]. The D1-D2 complex induces intracellular calcium
release through a Gq/11-dependent pathway by a mechanism
involving phospholipase C, inositol triphosphate receptors
leading to Calcium/calmodulin-dependent protein kinase
type II subunit alpha (CaMKIla) activation and an increase

in brain-derived neurotrophic factor (BDNF) production as
well as an increased GABAergic tone of neurons in the NAc,
both of which are implicated in depressive-like symptoms
[31, 34]. Disrupting the heteromer has been shown to have
antidepressant and anxiolytic-like effects in rodents whereas
stimulation of the receptor heteromer had pro-depressive and
anxiogenic effects [31].

Considering the studies on the D1-D2 heteromer, it is
clear it may have a considerable physiological role in normal
mood function and its dysfunction may potentially be linked
to neuropsychiatric diseases such as depression, including
in the postpartum state. We employed a maternal separation
(MS) paradigm to model postpartum depression in rodents
using a social stressor. Maternal behaviour was recorded to
measure the effects of the MS paradigm on maternal care
in the postpartum period, partially indicative of PPD [35].
Other measurements assessed symptoms associated with
PPD, performed after pup weaning. This included sucrose
preference test to measure anhedonia, elevated plus maze
test to measure anxiety-like behaviour and forced swim test
to determine depressive-like behaviour such as helplessness.
Biochemical data was collected from serum and brain sam-
ples of the dams and the expression of the D1-D2 heteromer
in striatum was evaluated.

Materials and Methods
Animals

Female timed-pregnant Sprague Dawley rats were obtained
from Charles River, 15 days pregnant and maintained on a
12 hr light/dark cycle (lights on at 07:00) in a 25 °C colony
room at 50% humidity. They were singly housed in poly-
ethylene cages with environmental enrichment provided by
corn bedding, a red plastic shelter, a plastic bone toy and
nesting material. Rats were handled regularly for less than
2 min a day and allowed to habituate to the testing room
for 45 min until 3 days prior to parturition. This was done
to remove the stresses of transport, exposure to the testing
room and the experimenter. Standard laboratory chow and
water were available ad libitum. Animals were housed and
tested in compliance with the guidelines described in the
Guide to the Care and the Use of Experimental Animals
(Canadian Council on Animal Care), and protocols were
approved by the Animal Care Ethics Committee of the Uni-
versity of Toronto.

Maternal Separation
The day of delivery was appointed as postpartum day (PPD)

0. Litters were culled to four females and four males per
dam. Dams were left undisturbed after this in the colony
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room till PPD 2. Dams were randomly assigned to a mater-
nal separation group (n=28) and a control group (n=_8).
Maternal separation (MS) consisted of separating MS
group dams from their pups for 3 h daily (09:30 to 12:30)
from PPD 2-15, while dams in control group (n=4) were
exposed to animal rearing facility (ARF) conditions which
comprised of weekly cage changes from PPD 5 onwards
between 12:00 and 13:00. Following the MS protocol, dams
were placed in a separate clean cage for temporary holding
and pups individually picked up and placed in a container
filled with ~2 cm of home cage bedding and nesting kept at
32 + 0.5 °C (PPD 2-5),30 + 00.5 °C (PPD 6-14) and 28
+ 0.5 °C (PPD 15) in a humid incubator. The dams were
returned to the home cage in the colony room for the dura-
tion of the separation. For reunion, the dams were placed in
a clean holding container and pups were placed individu-
ally back in the original nest location in the original cage
and the dam placed immediately after. From PPD 15-21,
both groups were raised in ARF conditions with weekly cage
changes. Cage changes were performed by removing dams
and placing them in a clean holding container. Then some
soiled bedding and nesting from the home cage was added
to the new cage, while making the best effort to maintain
nest location. Pups were then transferred to the new cage,
followed immediately by the dam. Pups were weaned at PPD
21 and placed in group housing, separate from the dams to
be used in another project.

Maternal Behavior

The pup retrieval test was conducted to measure maternal
behaviour. The test was conducted three times on PPD 3
and 9 for 10 min between 11:30 and 13:30. Two 5 cm high,
0.5 cm thick clear plexiglass dividers were used to create
four quadrants in the cage for pup retrieval scoring and to
prevent pups from crawling back to the nest. On test days,
the dam was removed from the cage and placed in a holding
container for less than 2 min. During this time, the litter was
weighed and placed on the opposite quadrant of the original
nest location. The dam was returned in the original nest loca-
tion and maternal behaviour was recorded with a video cam-
era in the testing room. For MS group dams, pup weighing,
and relocating were done immediately before the separation
period ended in the testing room. The following behaviours
were scored every 15 s for the 30 min testing period: pup
retrieval [scored as duration] (defined as dam picking up pup
with mouth and transporting across one quadrant), latency
to first pup contact [scored as duration] (bringing nose close
to pup, sniffing pup), number of pups retrieved in the first
10 min, nursing latency, pup grooming and licking (dam
brings nose near pup to sniff or licks pups with tongue),
arched back nursing (dam positioned herself over the pups
and arching her back allowing reach of mammary region),
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self-grooming (4 phases of self-grooming), out nest (when
the dam was not in her nest) and rearing (dam standing up on
its hind legs). Pup retrieval test ended after 10 min or when
all the pups were returned. Any pups not retrieved by the
dam after 10 min were returned to the nest by the observer.

Sucrose Preference Test

The two-bottle sucrose preference test is a measure of anhe-
donia and was conducted at PPD 22. The rats were taken to
the testing room and were allowed to habituate to the new
wire cage with no access to chow or water prior to the test
for 2 h. Bottles were pre-weighed, one bottle had tap water
and the other had 2% sucrose solution. The bottles were
placed counterbalanced on the left and right sides at 12:00
and after 2 h, the bottles were re-weighed. Sucrose prefer-
ence was calculated by sucrose consumed/total consumed
*100%. Sucrose/water bottle weights were measured with
a balance.

Elevated Plus Maze

The elevated plus maze (EPM) tests anxiety-like behaviour
and was conducted in the test room on PPD 22 from 12:30
to 13:30. The maze is a plus shaped apparatus made of black
plexiglass, resting 50 cm above the floor supported by four
plastic legs. The platform has two 10 cm wide open arms
and two 10 cm wide closed arms with 30 cm high black
plexiglass walls on either side. The rat was placed facing
the same open arm away from the observer. The time spent,
and the number of entries into open and closed arms were
scored for 5 min. An entry is described as the rat having all
four paws within the arm. After testing was complete, the
rat was placed back into its cage and the maze cleaned with
pre-empt and dried prior to the next test. A video camera
was placed above the maze on the ceiling and the analysis
was done through the recording. If a rat fell off the open
arm of the maze, the rat is quickly put back on the maze and
testing continued, however the data was excluded from the
final analysis. Timing and number of arm entries in the EPM
were recorded using a Noldus video camera.

Forced Swim Test

The forced swim test (FST) is a measure of depressive-like
behaviour characterized by immobility in an inescapable
container filled with water. Rats are placed in a black plastic
cylindrical container of height 50 cm, and diameter 30 cm.
Water is filled to 30 cm and kept at room temperature of
25 + 1 °C, ensuring the rats cannot stand with their hind
legs on the bottom while having their nose above water.
Rats were exposed to water for 15 min between 12:30 and
14:30 on PPD 26, to remove the acute stress of immersion
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in water on the test day. The next day on PPD 27, the test
was repeated for 5 min. Behaviours recorded were immobil-
ity (no movement except that necessary to keep head above
water), swimming (movement of limbs in addition to that
necessary to keep head above water) and climbing (scratch-
ing against the wall of the container in an effort to escape).
Each rat was dried with a towel (one towel for control and
one for MS rats) and placed under a heating lamp for 5 min
after the test to prevent hypothermia. Water was replaced
after each rat. Behaviour was recorded with a video camera
placed above and recordings analyzed. Behaviours during
FST were recorded using a Noldus video camera.

Evaluation of Corticosterone and Oxytocin Levels

Rats (non-MS: n=4, MS: n=4) were anaesthetized on PPD
27 between 12:00 and 15:00 by hexafluoride gas, confirmed
by nonreactivity to the toe pinch test. Intravenous perfusion
with 4% paraformaldehyde was done through a right atrial
incision and 1-2 mL blood was collected into ice chilled
2 mL EDTA-coated centrifuge tubes. Within an hour of col-
lection, tubes were centrifuged (5 000 rpm, 4 °C, 10 min),
plasma isolated and stored at —70 °C until used. Plasma
corticosterone and oxytocin were measured using ELISA
(Invitrogen) following the manufacturer’s protocol. The
remaining 8§ rats from both groups were placed in a CO,
chamber until loss of consciousness then decapitated. Trunk
blood was collected in EDTA-coated centrifuge tubes and
the brain was harvested for further analysis.

Estimation of the D1-D2 Heteromer Expression
Using Proximity Ligation Assay (PLA)

After perfusion, the brain was removed and post-fixed in
4% paraformaldehyde for 2 h at 4 °C, then placed in 10%
sucrose overnight. The brains were then transferred to a
30% sucrose solution for 24 h at 4 °C. The brains were
flash-frozen and stored at —70 °C until use. Brain were
sliced from bregma 0.2 to 2.2 (16 um sections) with a cry-
ostat to obtain sections with nucleus accumbens. Sections
adhered to glass microscope slides were stored at —70 °C
until used. PLA probes were created by conjugating a rat
anti-D1R antibody (Sigma, D2944) with a PLUS oligonu-
cleotide (Duolink®In Situ Probemaker PLUS DU092009,
Sigma-Olink) and a rabbit anti-D2R (Millipore, AB5084P)
antibody with a MINUS oligonucleotide (Duolink®
In Situ Probemaker MINUS DUO092010, Sigma-Olink)
with PLA experiments performed as described previously
(Hasbi et al.). Briefly, rat brain slices were incubated for
1 h at 37 °C with blocking solution in a pre-heated humid-
ity chamber, followed by incubation with the above PLA
probes (final concentration of 60 pg/mL) and wash with
buffer A (DUO82047, Sigma-Olink). Duolink II in situ

PLA detection kit (DUO92008, Sigma-Olink) detected
positive PLA signals with cell nuclei labeled with DAPI.
Cells were visualized using confocal Fluoview Olympus
microscope (FV 1000) with 60x/1.2 NA objective and
Z-stacks recorded to verify signals were localized around
cell bodies. Analysis of images was performed through
Imagetool (Duolink®). Negative control assays were car-
ried out in the absence of one of the two PLA probes or
both, or in the absence of the ligase and/or polymerase to
ensure PLA specificity. No PLA signal was observed in
these conditions.

Statistics

All values are reported as mean + S.E.M. Statistical differ-
ences were calculated using the Student # test. Correlations
were calculated using the Pearson’s correlation test, linear
regression was performed to evaluate line of best fit, and p
values calculated significance of correlation using Graph-
Pad Prism 8. p values of less than 0.05 were considered
statistically significant.

Results
Effects of Maternal Separation on Maternal Behavior

On PPD 3 and 9, non-MS and MS dams were observed
and maternal behavior was recorded in order to assess the
amount of pup-directed vs self-directed behaviours. Five
different behaviours were measured along with three dif-
ferent latencies to a specific behaviour. On PPD 3, there
was no significant difference in the number of bouts of
any behaviour including nursing, pup grooming, out nest
and rearing except for self grooming, where MS dams
had significantly fewer bouts (Fig. 1a) (non-MS 24.63 +
5.74, MS 7 + 1.98, p=0.016, t-test). In addition, MS
dams showed a trend to more bouts of nursing (non-MS
38.38 + 12.39, MS 57.13 + 13.83) and lower bouts of out
nest (non-MS 55 + 11.80, MS 29.25 + 9.51) behaviours.
Nursing latency was significantly lower for MS dams on
PPD 3 (Fig. 1b) (non-MS 405.71 + 95.63 s, MS 135.71
+ 52.12 s, p=0.022), with no difference in pup retrieval
or pup grooming latency. These behavioral results were
further supported on PPD 9, as MS dams had a signifi-
cantly higher number of bouts of nursing (non-MS 67.33
+ 16.309, MS 112.6 + 3.140, p=0.007) and a lower num-
ber of bouts of out nest behaviour (Fig. 1¢) (non-MS 37.17
+ 17.03, MS 6.00 + 2.88, p=0.012, t-test). There were
no significant differences observed (p > 0.05, t-test) for
behavioural latencies on PPD 9 (Fig. 1d).

@ Springer



2982

Neurochemical Research (2020) 45:2978-2990

A 12-
I Nursing
100- E& Pup Grooming
* [ Self Grooming
80 ' l 3 Out Nest
g Il Rearing
3 60 .
5 600-
* 20 0 I | Il Nursing Latency
i ]
§ I‘ l Il Pup Grooming Latency
o & 400 1 Pup Retrieval
0
o E
Non-MS MS =
2 200+
c
a
]
-
0- | 1
Non-MS MS
Aok
c | :* Bl Nursing
e I E= Pup Grooming
i E3 Self Grooming
[ Out Nest
Il Rearing
80
2
3
o 60
k3
3*
40
20
o_
Non-MS MS
600
_’.gT Bl Nursing Latency
§ l :|. Bl Pup Grooming Latency
§ 400+ 3 Pup Retrieval
o
E
=
)
c
3
«
o |

Non-MS MS

Fig. 1 Maternal behaviors on PPD 3 and PPD 9 in control dams or
subjected to pup separation. Number of bouts of a given behaviour
measured in 15 s intervals over a 30 min testing window are shown. a
Maternal behaviours on PPD 3 and b latencies on PPD 3. ¢ Maternal
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Table 1 Litter weights of pups on PPD 3, 9 and 15

Group Litter weight Litter weight Litter weight PPD
PPD 3 PPD 9 15

Non-MS 88 +4.451¢g 216 + 10.107g 361 + 15834 g

MS 845 + 2878 ¢ 21825 + 7.615g 3875 + 11.323 g

Pups that did (MS) or did not (non-MS) undergo maternal separa-
tion were weighed together by the litter (n=28 per litter). Results are
expressed as mean+S.E.M
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Fig.2 Sucrose preference and Anxiety-like behaviour. Sucrose pref-
erence test (a) was assessed using a two-bottle choice paradigm
in control dams or those with pups subjected to maternal sepa-
ration. Sucrose preference was expressed as a percentage of 2%
sucrose consumed to total liquid consumed. Results are expressed
as mean+S.E.M. The individual responses are shown as well. Anx-
iety-like behaviour (b—d) was assessed using the elevated plus maze
(EPM) in control dams or those subjected to maternal separation. b
Time (seconds) spent in open arms of the EPM. ¢ Latency (seconds)
to enter closed arms. d Frequency of entries in the open arms. Results
are expressed as mean +S.E.M. *p=0.046245

Effects of Maternal Separation on Litter Weight

Pup litters were weighed to investigate any link between
the amount of milk each litter was receiving and maternal
separation. There were no statistically significant differ-
ences between the two groups on any of the days (Table 1).

Effects of Maternal Separation on Sucrose
Consumption

On PPD 22, dams were left in home cages with no food or
water for two hours, followed by a two bottle choice test
(water and 2% sucrose) for two hours, to measure their
tendency to consume food reward. The sucrose preference
test (Fig. 2a) did not reveal any statistically significant
differences (p > 0.05, t-test) between the two groups (Non-
MS 92.24 + 0.77%, MS 87.23 + 4.24%).

Effects of Maternal Separation on Anxiety-like
Behavior

Dams were tested in the elevated plus maze to investi-
gate anxiety-like behaviours in a novel environment. Rats
have an unconditioned fear of heights/open spaces and a
tendency to prefer enclosed dark places [36]. There were
no differences found between groups in either the time
spent in open arms (Fig. 2b) (Non-MS 68.70 + 17.74 s,
MS 62.95 + 11.69 s, p>0.05, t-test) or the frequency of
entries in the open arms (Fig. 2d) (Non-MS 17.43 + 3.39,
MS 15.25 + 1.48, p>0.05, t-test). However, the latency
time to enter the closed arms was significantly lower in
the MS group (Fig. 2¢) (Non-MS 39.03 + 11.61 s, MS
8.42 + 5.04s,t=2.213, *p=0.045).

Effects of Maternal Separation on Depressive-like
Behavior

The FST was used to investigate depressive-like behaviour
based on climbing, swimming and immobile behaviours.
Behaviour times were recorded over the 5 min duration
of the test and converted to a score. A mobility score of
three was given to climbing behaviour, two for swimming
behaviour and one for immobility. The immobility score
was calculated as the inverse of the mobility score. The
MS dams had a tendency towards a higher immobility
score than non-MS dams except at the fourth minute where
both groups had the same score. Conducting a t-test for
each half-minute interval while assuming every sample
comes from a population with the same standard deviation
reveals the MS dams had significantly higher immobility
(Fig. 3a) at 3.5 min (t=2.557, *p=0.012) and 4.5 min
(t=2.209, *p=0.029) as well as close to significance at
1.5 min (t=1.976, ns. p=0.050) compared to Non-MS.
In addition, taking the first 3.5 min into account, the MS
dams had on average a higher immobility score (t=2.487,
*p=0.014). The latency to immobility was not significant
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Fig.3 Forced swim test. Forced swim test (FST) was used to assess
depressive-like behaviour in control dams or those with pups sub-
jected to maternal separation. a Immobility score for every half
minute. b Latency to first immobile behaviour. ¢ Total time spent
immobile over the 5 min test. Results are expressed as mean+ S.E.M.
*p<0.029
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Fig.4 Effect of maternal separation on dams’ corticosterone and
oxytocin levels. ELISA was used to measure a corticosterone in ng/
mL and b oxytocin in pg/mL in control dams and those subjected to
maternal separation. Results are expressed as mean+S.E.M

(Fig. 3b). Similarly, the total time spent immobile did not
reach significance (Fig. 3c) (Non-MS 60.63 + 8.73 s, MS:
90.00 + 14.14 s, p=0.099, t-test).
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Effects of Maternal Separation on Plasma
Corticosterone and Oxytocin

Upon sacrifice, plasma samples from trunk blood were
obtained. The total corticosterone (free and bound) and oxy-
tocin levels were measured. Non-MS rats displayed higher lev-
els of plasma corticosterone compared to MS rats (Fig. 4a),
but there was no significant difference due to high variability
(non-MS 109.97 + 47.31 ng/mL, MS 49.73 + 16.40 ng/mL,
p>0.05, t-test).

Similarly, the MS dams had lower circulating oxytocin
compared to non-MS (Fig. 4b), but no significant difference
was observed due to the high variability in non-MS group
(non-MS 355.40 + 108.13 pg/mL, MS 223.71 + 50.91 pg/
mL, p>0.05, t-test).

Effects of Maternal Separation on D1-D2 Heteromer
in the Nucleus Accumbens

The nucleus accumbens core and shell of dams were investi-
gated using in situ PLA to detect D1-D2 heteromers. Repre-
sentative images for D1-D2 heteromer PLA from the nucleus
accumbens (NAc) of MS and non-MS groups are shown in
Fig. 5g and Fig. 5h. The analysis of PLA data showed that the
percent of cells expressing D1-D2 heteromer in the whole
nucleus accumbens was similar in both groups (Fig. 5a) (non-
MS 30.39 + 2.97%, MS 31.11 + 4.79%, p>0.05, t-test). Also,
subregion analysis showed that the percent of cells expressing
the heteromer in the NAc core alone (Fig. 5b) (non-MS 31.74
+ 3.36%, MS 28.69 + 4.34%, p>0.05, t-test) and NAc shell
alone (Fig. 5¢) (non-MS 28.88 + 3.22%, MS 28.14 + 4.38%,
p>0.05, t-test) were similar. The PLA signal density count
per cell that expressed D1-D2 heteromer was calculated and
no significant difference was found in both sub compartments
of the NAc or in the NAc overall (Fig. 5d, e, f) (non-MS 1.64
+ 0.18, MS 1.96 + 0.26, p>0.05, t-test). Previous data from
our laboratory on D1-D2 expression levels in nonpregnant
female rats were compared to the pregnant (MS + non-MS)
rats in this study (Supplementary Figure 1a) and we found
no significance between these two groups (p>0.05, t-test). In
addition, we found no significant difference between this group
and each of the two pregnant groups separately (p > 0.05,
t-test), probably due to lower number of nonpregnant female
rats analyzed.

Correlation of Behaviors Irrespective of Separation
Group

All parameters measured were correlated against every
other parameter irrespective of maternal separation sta-
tus to reveal any patterns in the data relating to stress
responses and D1-D2 heteromer expression. Sucrose
preference had a significant negative correlation with
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Fig.5 D1-D2 heteromer
quantification in the nucleus
accumbens of dams. Dopamine
D1-D2 heteromer expression
was quantified using proxim-
ity ligation assay (PLA). Data
shows a the percent of positive
cells in NAc expressing D1—
D2 heteromer, b the percent
of positive cells in NAc core
expressing D1-D2 heteromer,
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plasma corticosterone (Fig. 6a) (R?=0.3911, p=0.022).
It was hypothesized that behaviours that indicate higher
levels of anxiety and depression would be correlated with
D1-D2 heteromer expression in the NAc. However, the
correlations between EPM closed arm latency and FST
performance at 3.5 min with PLA signals per cell were
not significant though an r value of —0.3940 and + 0.4996
suggests weak negative correlations exist. (Fig. 6b, c;
R2=0.1522, R?=0.2496, p> 0.05). There was no sig-
nificant correlation between higher anxiogenic behaviour
on the EPM and plasma corticosterone levels (Fig. 6d)
(R*=0.0513, p>0.05).

Discussion

It has been shown that the application of stress during the
postpartum period in rats may result in a decreased level
of maternal care and reduced attention towards pups [18,
22]. These results may suggest a depressive-like state simi-
lar to human PPD where subjects have been observed to be
disengaged with their child and interact in a less involved,
less affectionate manner in physical, vocal and visual terms
[35]. In the present study, we examined the effects of the
previously studied maternal separation paradigm with a
focus on the D1-D2 heteromer on Sprague Dawley rats [12,
21, 31, 37] to simulate postpartum depression through the
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Fig.6 Correlation between
multiple parameters regardless
of maternal separation status.
Correlation between a plasma
corticosterone and sucrose
preference, b PLA signals

per cell and EPM closed arm
latency, ¢ PLA signals per cell
and FST immobility score @
3.5 min, and d EPM closed arm
latency and corticosterone. The
only significant correlation was
between corticosterone and
sucrose preference (p=0.022)

application of a social stressor, maternal separation. Mater-
nal separation presents a social stress, which is often associ-
ated with human postpartum depression [11]. To keep con-
sistent with testing protocols from previous studies [12, 18,
21, 37], the light—dark cycle was inverted. The dams had no
previous pregnancies to exclude any previous life stressors
that could act as confounding variables. The control group
was raised in regular animal rearing facility (ARF) condi-
tions to create an environment with minimal to no social
stress and only exposed to handling for cage changes and
recording pup weight [18, 22].

the Sprague Dawley rat dams subjected to daily maternal
separation, there was evidence of greater engagement with
their litters right after periods of daily 3 h long maternal
separation. The MS group dams in the present study seem
to engage in more pup-directed behaviour and less in self-
directed behaviour. The MS group dams were also signifi-
cantly quicker to nurse their pups upon reunion of all pups
to the nest and seem to be quicker at pup retrieval. At first
these results were unexpected as it is opposite to what other
studies have shown [18, 22, 38, 39]. However, these results
are in good agreement with some studies in rats and mice,
which have shown that pup-directed maternal behaviours
such as arched-back nursing and pup grooming is increased
upon reunion after a period of maternal separation [40, 41],
and increases over the duration of the stress protocol [40].
These results can be explained by the dam making up for the
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separation period by increasing her care and access, respond-
ing to the ultrasonic vocalization of the pups [42], demon-
strated in the present paradigm with the higher frequency of
nursing, lower nursing latency and lower frequency of being
out of the nest or time spent in self-grooming. The increased
nursing observed may also explain the MS pups’ tendency to
increased weight over the experiment period as the pups had
more access to milk, knowing that the only form of nutrition
they obtain is the mother’s milk during the testing period.
Though the total body weight of the two groups of pups were

not significantly different, and most likely similar in the long
Our results show in contrast that maternal behaviour in term, as seen in previous studies [41].

The MS dams did not display significant stress-induced
depression-like behaviours like anhedonia but did display
certain other features of depressive-like, and anxiogenic
behaviour. The sucrose test provides a measure of reward-
related behaviour, and in stress-induced models of depres-
sion, the stressed rats consume less sucrose solution than
their unstressed counterparts [43, 44]. However, we did
not observe any statistical differences in sucrose prefer-
ence between the MS and non-MS dam groups, in agree-
ment with other reports [45, 46], suggesting that the mater-
nal separation paradigm did not induce overt anhedonia in
these rats. However, in a test of anxiety-like behaviour, the
elevated plus maze, our results showed that MS dams had
significantly lower latency to enter the closed arms than the
non-MS group. This indicates that the dams subjected to
maternal separation preferred the closed arms, were less
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exploratory with a tendency to avoid open spaces/height,
which is indicative of an unconditioned fear. Although there
was no meaningful difference in the ratio of time spent in
open vs closed arms, the shorter latency to go into the safer
appearing area of the maze (closed arms) by the MS dams
could represent an indication of increased anxiety-like
behaviour [36].

Higher immobility in an inescapable situation is inter-
preted as learned helplessness/depressive-like behaviour.
The gold standard for such a test is considered to be the
FST. The MS dams showed a significantly higher immobil-
ity score during two time periods in the test. Although, the
overall total immobility time during the 5 min of the test in
the MS dams was not significantly different from non-MS
dams, the MS dams participated less in active stress-coping
strategies (swimming/climbing) than non-MS dams. Our
results show mild depressive-like behaviours in MS dams
and are in agreement with those of other groups who have
used similar forms of stress [18, 22, 46, 47].

During the postpartum period, there are many hormonal
adaptations, such as an increased level of oxytocin which
correlates with increased maternal behaviour [44, 48, 49]
and oxytocin release is increased from the pituitary dur-
ing breastfeeding for milk letdown. Reduced basal oxytocin
levels are a predictor of postpartum depression and coincide
with increased depressive symptoms [44]. In contrast, we did
not observe any significant difference in plasma oxytocin
levels between the groups, likely due to a high variability
among the non-MS group. HPA-axis dysregulation is often
reported in depressed humans and reports in rats modeling
postpartum depression usually cite higher basal levels of cir-
culating corticosteroid hormones persisting even 4 months
after parturition [21]. It is known that during pregnancy and
after parturition, there are higher basal levels of circulating
corticosterone compared to virgin female rats [50]. Elevated
corticosterone levels are associated with HPA dysfunction
and chronic injections of corticosterone in rats after parturi-
tion can recapitulate depressive-like symptoms in the FST
and decreased maternal care [47]. Unexpectedly, we did not
see any difference in levels of total plasma corticosterone
between the two groups, again likely due to a high variabil-
ity among the non-MS group. To better understand these
results, in a follow up experiment additional plasma sam-
ples in a time course schedule could be collected during the
postpartum period.

The NAc functions as the limbic-motor interface, con-
necting learned associations of rewarding stimuli to behav-
iour directed towards that stimuli [51]. Research is ongoing
on the physiological and functional implications of the sub-
set of medium spiny neurons in the mesolimbic dopaminer-
gic pathways that express the D1-D2 heteromer [52]. It has
been shown that activation of the D1-D2 heteromer resulted

in depressive-like and anxiogenic-like behaviour measured
in the FST and EPM in male rats; conversely, a selective
antagonist that disrupted the complex abolished these effects
[31]. In addition, there are lines of evidence that suggest a
role for the heteromer in regulating brain reward in the NAc
that impacts drug addiction [33, 53]. This is indicative of
a potential role of D1-D2 heteromer in the pathophysiol-
ogy of diseases that affect reward and anxiety pathways like
depression. Our study is novel in that it is the first of its
kind to study the heteromer in parturient rats in a model of
postpartum depression. We demonstrate that the parturient
dams seemed to have no change in overall D1-D2 heteromer
expression in NAc compared to nonpregnant female rats.
We have shown that adult female rats have a higher density
of D1-D2 heteromer and heteromer expressing neurons in
NAc compared to adult male rats [54] and the present study
shows that female rats maintain the density of heteromer
expressing neurons unchanged during pregnancy and the
postpartum period. The NAc core and shell subregions func-
tion in separate ways to regulate active and tonic inhibition
of natural reward mechanisms [37, 55]. We found no main
effect of maternal separation on D1-D2 heteromer expres-
sion or signal count per cell.

The increased depressive-like behaviour being mild,
rather than debilitating such as after much greater stressors,
could have resulted in the observed increased care of pups
by MS dams in this study after their retrieval with higher
bouts of nursing, lower latency to nurse, lower bouts of out
nest behaviour and decreased self-care.

To account for high inter individual variability seen in
EPM and hormonal tests, a multiple correlation test was run
for each parameter against every other parameter measured
for each rat individually, regardless of maternal separa-
tion status, which showed just one significant correlation
between sucrose preference and corticosterone. Higher anx-
iety-like behaviour is also found to be co-morbid with high
corticosterone levels in rodent models of depression [18, 21,
56]. Some conflicting data exist on the anxiogenic effects of
maternal separation determined by the EPM [55, 57] which
could explain why we found no correlation. Interestingly,
we found a weak negative correlation between EPM closed
arm latency and D1-D2 heteromer expression and a weak
positive correlation between immbolity score on the FST
and D1-D2 heteromer expression. It is important to note
statistical significance was not reached on these tests, but
these data show further potential in implicating heteromer
expression to manifestation of depression-like behaviour.

In summary, the maternal separation model produced
mild depression-like and anxiety-like findings in dams sub-
jected to maternal separation with no effect on anhedonic
behaviour. Maternal separation increased maternal care
of the pups, possibly due to the MS dams compensating
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for the absence of care immediately following the separa-
tion with marked reduction in self-grooming. Neuroendo-
crine results did not show any significant effect on HPA
axis activation. This study shows that D1-D2 heteromer
expression in either NAc core or NAc shell was not found
to be statistically different between MS dams and non-
MS dams. Also, only weak correlations were observed
between the depressive and anxiety-like behaviour and
the expression of heteromer in the NAc, probably due to
the relatively mild depressive and anxiety-like effects of
the maternal separation model on the dams. Thus, het-
eromer expression in NAc may be differentially regu-
lated in a model of postpartum depression compared to
stress-induced depression-like behaviour in nonpregnant
female rats or with more significant stressors. Activation
of D1-D2 heteromer in male rats induces anxiogenic-like
and depression-like behavior. In the present study, MS
dams showed only mild anxiogenic-like and depression-
like behaviors. These moderate changes in behavior after
maternal separation were accompanied by a tendency
to higher D1-D2 expression in MS group compared to
non-MS group. In future studies, it would be of interest
to explore the functional differences in heteromer expres-
sion in NAc subregions with more significant stressors and
during gestation. More research is needed to elucidate the
etiology of postpartum depression in relation to dopamin-
ergic pathways that involve the D1-D2 heteromer.
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