
ORIGINAL RESEARCH
published: 08 July 2021

doi: 10.3389/fgwh.2021.694808

Frontiers in Global Women’s Health | www.frontiersin.org 1 July 2021 | Volume 2 | Article 694808

Edited by:

Jodi Pawluski,

University of Rennes 1, France

Reviewed by:

Anne T. M. Konkle,

University of Ottawa, Canada

Vera Mateus,

Mackenzie Presbyterian

University, Brazil

*Correspondence:

Millie Rincón-Cortés

rincon-cortes@pitt.edu

Specialty section:

This article was submitted to

Women’s Mental Health,

a section of the journal

Frontiers in Global Women’s Health

Received: 13 April 2021

Accepted: 08 June 2021

Published: 08 July 2021

Citation:

Rincón-Cortés M and Grace AA

(2021) Early Pup Removal Leads to

Social Dysfunction and Dopamine

Deficit in Late Postpartum Rats:

Prevention by Social Support.

Front. Glob. Womens Health

2:694808.

doi: 10.3389/fgwh.2021.694808

Early Pup Removal Leads to Social
Dysfunction and Dopamine Deficit in
Late Postpartum Rats: Prevention by
Social Support
Millie Rincón-Cortés 1* and Anthony A. Grace 1,2,3

1Department of Neuroscience, University of Pittsburgh, Pittsburgh, PA, United States, 2Department of Psychiatry, University

of Pittsburgh, Pittsburgh, PA, United States, 3Department of Psychology, University of Pittsburgh, Pittsburgh, PA,

United States

Offspring interaction is among the most highly motivated behaviors in maternal mammals

and is mediated by mesolimbic dopamine (DA) system activation. Disruption or loss of

significant social relationships is among the strongest individual predictors of affective

dysregulation and depression onset in humans. However, little is known regarding the

effects of disrupted mother–infant attachment (pup removal) in rat dams. Here, we tested

the effects of permanent pup removal in rat dams, which were assigned to one of

three groups on postpartum day (PD) 1: pups; pups removed, single-housed; or pups

removed, co-housed with another dam who also had pups removed; and underwent

a behavioral test battery during PD 21–23. In vivo electrophysiological recordings of

ventral tegmental area (VTA) DA neurons were performed on PD 22 and 23 in a subset

of animals. Pup removal did not impact sucrose consumption or anxiety-like behavior,

but increased passive forced swim test (FST) coping responses. Pup-removal effects

on social behavior and VTA activity were sensitive to social buffering: only single-housed

dams exhibited reduced social motivation and decreased numbers of active DA neurons.

Dams that had pups removed and were co-housed did not exhibit changes in social

behavior or VTA function. Moreover, no changes in social behavior, FST coping, or VTA

activity were found in socially isolated adult virgin females, indicating that effects observed

in dams are specific to pup loss. This study showed that deprivation of species-expected

social relationships (pups) during the postpartum precipitates an enduring negative affect

state (enhanced passive coping, blunted social motivation) and attenuated VTA DA

function in the dam, and that a subset of these effects is partially ameliorated through

social buffering.

Keywords: pup removal, postpartum, maternal, social, dopamine, ventral tegmental area, depression

INTRODUCTION

The mother–infant attachment bond is among the strongest social attachments formed by
mammals (1). Mother–infant attachment is an adaptive and reciprocal process consisting of
dynamic and complex behavioral and physiological interactions, which are facilitated by sensory
and thermotactile cues embedded within the mother–infant dyad (2, 3). Disruption and/or
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removal of these processes may negatively affect bothmembers in
the dyad (4). Perturbations in mother–infant attachment induce
immediate neurobiological changes in the offspring that shape
subsequent development, lead to neurobehavioral dysregulation
and increased vulnerability to psychopathology during later life
(5, 6). Mothers experiencing infant loss exhibit long-lasting,
elevated levels of anxiety and depression compared with mothers
with a live born child (7). Since human depression often entails
loss of or disruption of significant social relationships (8, 9),
animal models based on depression-like responses to disrupted
mother–infant attachment are useful to study neural correlates
associated with and/or contributing to these outcomes. However,
less is known about the consequences of disrupting mother–
infant attachment in the rat dam.

Although most rodent studies examining the effects of
pup separation have largely focused on the offspring, several
studies have emphasized the behavioral effects in the dam
(10). In rats, brief mother–offspring separations (15min ×

day, postpartum day (PD) 2–14) increase maternal behaviors
toward pups, whereas long separations (3 h × day, PD
2–14; 5 h day, PD 1–17 or PD 1–21) decrease maternal
behavior (11–13), alter maternal aggression and anxiety-like
behavior (11, 14) and increase immobility in the forced swim
test (FST) (14, 15). Similar to long-term pup separations,
permanent pup removal shortly after birth also increases
FST immobility in the dam even when tested 4 weeks later,
and also impairs working memory/cognitive flexibility during
the postpartum period, suggesting coexisting motivational and
cognitive deficits (16–18). Notably, the behavioral alterations
observed in dams following long-term separations or pup
removal resemble those observed in stress-based animal models
relevant to depression characterized by the dopamine(DA)
system malfunction (19, 20). Indeed, increased expression of
depression-related phenotypes is associated with downregulation
(i.e., hypoactivity) of mesolimbic DA system function, specifically
within ventral tegmental area (VTA) DA neurons (20–22).
Importantly, significant shifts occur within this system to
help the dam adapt and cope with her new life role as a
mother (23–25). Within this context, pup presence and contact
are highly rewarding to the dam and, as such, stimulate
DA release and increase reward-related activity within the
dam’s mesolimbic DA system (25, 26). We hypothesized that
removing this source of motivationally salient input (i.e., pups)
likely has adverse effects on mesolimbic DA function in the
dam. However, no studies have examined DA system changes,
particularly within the VTA, in response to deprivation of
species-expected social stimuli (i.e., pup presence) during the
postpartum period.

In women, increased feelings of attachment to their infant are
associated with increased positive mood during the postpartum
(27, 28). In rats, increased licking of pups is associated with
decreased depressive-like behavior in the dam (15). Thus,
the nature and duration of mother–infant attachment is an
important determinant of maternal mood. Based on these
data, we hypothesized that pup removal would induce long-
lasting changes in maternal affect (i.e., increased negative
coping, blunted social behavior) and VTA activity (i.e., reduced

DA activity). Given that the presence of a conspecific can
ameliorate stress effects on behavior and brain in humans and
rodents such that organisms show better recovery from distress
(i.e., social buffering) (29, 30), we also tested whether the
neurobiological sequelae of the dam following pup removal was
sensitive to social buffering. To this end, dams were assigned
to one of three conditions on PD 1: pups present (Pups), pups
removed and dam isolated (No Pups-ISO), pups removed and
dam pair-housed (No Pups-PH). Animals remained in their
assigned conditions until undergoing a behavioral test battery
for anxiety- and depression-related phenotypes from PD 21 to
23 followed by in vivo electrophysiological recordings within
the VTA.

MATERIALS AND METHODS

Animals
Timed-pregnant (gestational day 13) adult female Sprague–
Dawley rats were shipped overnight (Envigo, Indianapolis, IN,
United States) and arrived at our facility the next morning.
Rats were housed individually in a temperature-controlled room
on a 12-h light/dark cycle with food and water available
ad libitum. The day each litter (eight pups minimum) was
born was designated as PD 0. Within 24 h of birth (PD 1),
the litters were culled to five male and five female pups for
dams assigned to the Pups group (total n = 16), in order
to be consistent with the only published study regarding the
effects of pup removal on the dam’s behavior (17), and all
pups were removed from the No Pups groups: pups removed
and single-housed (No Pups-ISO, total n = 17), or pups
removed and dam pair-housed with another dam that had pups
removed (No Pups-PH, n = 19). All animals were assigned
randomly to their condition. Animals of the same condition
(No Pups-PH) were housed together to control for potential
confounds due to different reproductive states. The estrous cycle
was not monitored in dams since the postpartum period is
characterized by persistent diestrus and cessation of ovarian
cycling (31, 32).

As an additional control, separate cohorts of adult virgin
females were subjected to a 3-week isolation period (21–
23 days, to mimic the number of days the dams used in
the experiments above) followed by behavioral testing or
electrophysiological recordings to determine whether similar
isolation effects are observed across reproductive conditions
and to ensure that the effects observed in dams following pup
removal are specific to pup loss and not social isolation (Virgin-
PH: total n = 12, Virgin-ISO: total n = 11). All animals
were kept undisturbed except for routine weekly animal care
by the experimenter. The estrous cycle was not monitored
in these animals given prior reports indicating no impact of
estrous cycle in the FST immobility duration (33, 34) or in
the three-chambered social approach test (35), as well as to
avoid the confound of handling stress required for daily vaginal
swabs. All experiments were performed in accordance with the
guidelines outlined in the National Institutes of Health Guide
for Care and Use of Laboratory Animals and approved by the
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Institutional Animal Care and Use Committee of the University
of Pittsburgh.

Behavioral Testing
Animals received a 1-h habituation to the testing room prior to
testing. Behaviors were recorded and scored by an experimenter
blind to the experimental condition. The FST and elevated
plus maze (EPM) were conducted during the light cycle
(11:00 a.m.−4:00 p.m.); the sucrose preference test (SPT) and
the social approach test (SAT) were conducted shortly after the
onset of the dark cycle (7:00–11:00 p.m.), in accordance with
our prior study on postpartum rats (36). The three groups of
dams (e.g., Pups: n = 8, No Pups-ISO: n = 8, and No Pups-
PH: n = 9) were tested in either the SPT or the FST (Figure 1A,
Experiment 1), but they did not undergo electrophysiological
recordings given our prior work showing that swim stress reduces
VTA population activity, the primary measure upon which we
focus, in female rats (22). Another cohort of dams (Pups: n =

8, No Pups-ISO: n = 8, and No Pups-PH: n = 9) were tested in
the EPM and SAT on PD 20–23, in that order, and underwent
electrophysiological recordings (Figure 2A, Experiment 2).
Dams with pups underwent behavioral testing while they were
still with pups to control for possible confounding effects of
pup weaning on maternal behavior and to be consistent with
our previous study in which late postpartum rats were also kept
with pups throughout behavioral testing (36). Finally, a cohort of
nulliparous rats (randomly assigned to Virgin-PH or Virgin-ISO)
were subjected to the SAT (PD 21) and FST (PD 23) (Virgin-
PH: n = 6, Virgin-ISO: n = 6) or VTA electrophysiological
recordings (Virgin-PH: n = 6, Virgin-ISO: n = 5) during PD
21–23 (Figure 4A, Experiment 3).

Sucrose Preference Test
Dams were exposed to two bottles (water, 1% sucrose solution)
over a 28-h period within the home cage. Bottle location was
switched 2–3× to prevent the formation of location preference
and avoid neophobia during testing (37). Following a 4-h food
and water deprivation, dams were given access to two bottles
(water, 1% sucrose) for 1-h shortly after the onset of the dark
cycle (7–7:30 p.m.) in a clean cage. Fluid intake was measured
immediately post-test. Sucrose consumption was calculated as
the difference in sucrose bottle weight (g). Sucrose preference
was expressed as the percentage of sucrose relative to the
water consumed: (grams sucrose consumed/total grams liquid
consumed)× 100.

Elevated Plus Maze
The EPM is a plus-shaped apparatus (50 cm above the floor)
consisting of two enclosed arms opposed by two open arms as
previously described (36). The rats were placed on the central
platform facing an open arm and movement was recorded for 5-
min with a camera positioned overhead. The percentage of open-
arm entries (open-arm entries/total entries × 100) and open-
arm time (time in open arms/total time × 100), defined as front
two paws and head in the arm, were used as indices of anxiety-
like behavior; the total number of entries was used as an index

of locomotor activity. The EPM was cleaned with 70% ethanol
between animals.

Social Approach Test
A three-chambered apparatus made out of opaque, black
Plexiglas was used to assess social approach behavior (36,
38). Dams were placed in a smaller center chamber adjacent
to two other chambers, each containing a wire cage that
allows the test rat to see and smell its content but prevents
aggression/sexual behaviors (39). After a 5-min habituation
period to the apparatus, a novel, younger, same-sex rat that had
previously been habituated to the wire cage (1 × 15min) was
enclosed inside it and placed in a side chamber. An inanimate
object (toy rat) was placed inside the other wire cage as a novel
object control. The test rat was then allowed to explore the entire
apparatus and the time spent sniffing the receptacle containing
the social stimulus (social sniff time) and the total number
of chamber crossings were recorded for 10min. The SAT was
cleaned with Quatricide between animals.

Forced Swim Test
The FST took place in a clear Plexiglas cylinder (50 cm high) filled
with water (25 ± 1◦C) up to 38 cm in which animals received a
15-min habituation (Day 1) followed by a 5-min test on the next
day (Day 2) (22, 36). On Day 2, immobility behavior, defined
as making only minor necessary movements to maintain head
above water (40), and latency to first immobility bout (>5 s)
were measured. Water was changed between animals and rats
were removed and dried before being placed back in the home
cage. Although there has been some controversy regarding the
interpretation of FST immobility (41, 42), we included this test to
place our findings within the context of prior work regarding the
behavioral effects of permanent pup removal on the dam, which
reported increased FST immobility duration (17).

Electrophysiological Recordings
Surgery
Single-unit extracellular recordings (22, 43) were performed 1–2
days post-behavioral testing. Only dams tested in the EPM/SAT
were used for recordings, since our prior work suggests no impact
of these tests on VTA activity in adult female rats (36, 38).
Rats were anesthetized with 8% chloral hydrate (400 mg/kg,
intraperitoneally), placed in a stereotaxic frame (Kopf, Tujunga,
CA, United States), and maintained at 37◦C using a temperature-
controlled heating pad (Fine Science Tools, Foster City, CA,
United States). Anesthesia level was monitored periodically
(foot-pinch reflex) and adjusted by administering chloral hydrate
as needed. After clearing the skull of skin and fascia, a burr
hole was drilled in the region overlying the VTA [from bregma,
anteroposterior (AP): −5.4mm, mediolateral (ML): +0.6mm]
on the right side of the brain.

VTA Sampling
The DA neurons were sampled by making 6–9 vertical electrode
passes (tracks), each separated by 0.2mm, in a predetermined
pattern spanning the antero-posterior and medio-lateral extent
of the VTA [AP: 5.4–5.7mm; ML: 0.6–1.0mm from bregma, and
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FIGURE 1 | Pup removal did not impact maternal sucrose consumption or preference but increased passive coping in the forced swim test (FST) during the late

postpartum period. (A) Schematic of the experimental timeline. (B,C) No effect of pup removal was found for (B) difference in sucrose bottle weight (p = 0.73) or (C)

percentage of sucrose consumed (p = 0.16) in the sucrose preference test (SPT). (D,E) A main effect or pup removal was detected for (D) immobility duration and (E)

(Continued)
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FIGURE 1 | latency to immobility (one-way ANOVA; p < 0.05, n = 8–10 per group,) in the FST. Both groups of dams that underwent early pup removal [No

pups-isolated (ISO), No pups- pair-housed (PH)] exhibited (D) increased immobility and (E) reduced latency to immobility during the FST compared with the dams with

pups (Tukey’s; p < 0.05). Error bars represent mean ± SEM. Gray bars represent control dams (Pups), dark purple bars represent dams that underwent pup removal

and postpartum isolation (No Pups-ISO), and light purple represents dams that underwent pup removal but were co-housed (No Pups-PH). *p < 0.05, ***p < 0.001,

****p < 0.0001.

FIGURE 2 | Pup removal spared anxiety-like behavior but reduced social motivation only in dams that were isolated during the postpartum period. (A) Schematic of

the experimental timeline. (B–D) No effect of pup removal was found for anxiety-like behavior or locomotor activity in the elevated plus maze (EPM) (one-way ANOVA;

8–9 per group). All dams made (B) comparable number of open-arm entries (p = 0.42), (C) open-arm time (p = 0.26), or (D) total-arm entries (p = 0.47). (E,F) In the

social approach test, late postpartum dams undergoing pup removal and postpartum social isolation (No Pups-ISO) exhibited (D) reduced social sniff time of a younger

same-sex conspecific compared with the control dams (Pups) or dams that had pups removed but were pair-housed (No Pups-PH) (one-way ANOVA; p < 0.05) but

no differences in total locomotor activity, as indexed by comparable numbers of total chamber crossings (p = 0.66). Error bars represent mean ± SEM. *p < 0.05.

dorsoventral (DV): 6.5–9.0mm from dura] using glass electrodes
filled with 2% Chicago Sky Blue (Sigma–Aldrich, St. Louis, MO,
United States) dissolved in 2M saline that was lowered into the

VTA using a hydraulic microdrive (Kopf). This procedure has
been used by our group to sample DA neurons with a variety of
different projection targets (44) in multiple studies (36, 45, 46).
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Signal was acquired using a preamplifier (Dagan, Minneapolis,
MN, United States) and displayed on an oscilloscope (B&K
Precision, Yorba Linda, CA, United States) with a signal fed to
a computer running Lab Chart 7 (AD Instruments, San Diego,
CA, United States).

Dopamine Neuron Identification
The DA neurons were identified with open filter settings
(50Hz low cutoff, 16 kHz cutoff) using well-established
electrophysiological criteria, including the location, slow,
irregular firing pattern, long duration, variable shape biphasic
action potential waveform (>2.2ms), half width (>1.1ms), and
temporary cessation of firing during tail/foot pinch (47–49).
Once identified, the DA neurons were recorded for 3min (1-min
minimum) when the signal-to-noise ratio exceeded 3:1. Three
parameters of the DA neuron firing were measured: (i) number
of spontaneously active DA cells per electrode track (i.e., CPT,
also called population activity and refers to the number of active
DA neurons found in each rat/the total number of tracks), (ii)
basal firing rate, and (iii) proportion of spikes occurring in
bursts, with burst initiation defined as the occurrence of two
spikes with an interspike interval of <80ms and the termination
of burst defined as the occurrence of an interspike interval of
>160 ms (50).

Placement Verification
Electrode placement was marked by electrophoretic ejection
of Chicago Sky Blue dye at the final recording site. The rats
were decapitated and the brains were removed and fixed in 8%
paraformaldehyde for at least 48 h, transferred to 25% sucrose
solution for cryoprotection, sectioned using a cryostat (Cryostar
NX50, ThermoScientific, Waltham, MA, United States) into
60µm coronal slides, mounted onto gelatin–chromalum-coated
glass slides, and stained with cresyl violet and neutral red to
check the recording electrode placement. Only animals with a
minimum of six tracks within 0.4mm of the target coordinates
were included.

Statistical Analyses
Behavioral data in postpartum females were analyzed using one-
way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison post-hoc test when appropriate. Behavioral data in
virgins was analyzed using unpaired t-tests. Electrophysiological
data of the DA neurons were collected with Powerlab Lab Chart
(AD Instruments) to identify spike time courses and exported to
Neuroexplorer (NEX Technologies, NexTech Systems) software
to calculate firing rate and burst firing. Track location data
were analyzed by repeated measures (RM) two-way ANOVA.
Electrophysiological data of three or more groups (postpartum
females) were analyzed using one-way ANOVA or nested one-
way ANOVA (firing rate, burst firing) followed by Tukey’s test
when appropriate; pairwise comparisons (virgins) were analyzed
using unpaired t-tests and nested t-tests (firing rate, burst firing).
Correlation between social sniff time and active VTA DA cells
(i.e., population activity) in postpartum females were assessed by
Pearson’s r correlation analysis. The sample sizes were selected
based on the only published study showing long-term behavioral

alterations in dams following pup removal, and our prior
study showed time-dependent changes in behavior and VTA
activity during the postpartum (17, 36). Statistics were calculated
using GraphPad Prism 9.0 and differences were considered
significant when p < 0.05. Statistical outliers were identified
using QuickCalcs Grubbs test (GraphPad) and excluded from
the analysis.

RESULTS

Experiment 1: Pup Removal Has No Impact
on Sucrose Consumption or Preference
but Increases Passive FST Coping During
the Late Postpartum Period
Dams were tested for sucrose consumption and preference on PD
21 (Figure 1A; n = 8–10 per group). No differences were found
for sucrose consumption, as indexed by the difference in sucrose
bottle weight measured in grams [one-way ANOVA: F(2, 22) =
0.32, p= 0.73, Figure 1B]. No differences were found for sucrose
preference, as indexed by a percentage of sucrose consumed
[one-way ANOVA: F(2, 22) = 1.99, p= 0.16, Figure 1C].

Dams were then tested in the FST on PD 23. A main effect
of pup removal was found for time immobile [one-way ANOVA:
F(2,24) = 29.95, p < 0.0001, Figure 1D]. Compared with control
dams (Pups: n = 8), both groups of dams experiencing pup
removal (No-Pups-ISO: n = 9, No Pups-PH: n = 10) exhibited
greater immobility duration (Tukey’s, p < 0.0001), and No Pups-
ISO dams showed greater immobility than No Pups-PH dams
(Tukey’s, p = 0.03; Pups: 13.88 ± 15.32 s, No Pups-ISO: 109.1
± 24.35 s, No Pups-PH: 77.44 ± 32.38 s). A main effect of pup
removal was found for latency to immobility [one-way ANOVA:
F(2,24) = 17.81, p < 0.0001, Figure 1E]. Compared with control
dams with pups, both groups of dams experiencing pup removal
exhibited reduced latencies to immobility (Tukey’s, Pups vs. No
Pups-ISO: p < 0.0001, Pups vs. No Pups-PH: p = 0.0008; Pups:
186.1 ± 93.39 s, No Pups-ISO: 35.89 ± 20.84 s, No Pups-PH:
82.85± 34.05 s).

Experiment 2.1: Pup Removal Spares
Anxiety-Like Behavior but Reduces Social
Motivation Only in Isolated Dams During
the Late Postpartum Period
Anxiety-like and social approach behavior were tested in the EPM
and the SAT, respectively, in a separate cohort of animals on PD
21 (Figure 2A; Pups: n= 8, No Pups-ISO: n= 8, No Pups-PH: n
= 9). No effect was found for the percentage of open-arm entries
[one-way ANOVA: F(2, 22) = 0.88, p = 0.43, Figure 2B] or time
spent in open arms [one-way ANOVA: F(2, 22) = 1.42, p = 0.26,
Figure 2C]. No differences in locomotor activity, as indexed by
total-arm entries, were found [one-way ANOVA: F(2, 22) = 0.78,
p= 0.47, Figure 2D].

A significant effect of pup removal was found for social
approach [one-way ANOVA: F(2,22) = 4.92, p= 0.02, Figure 2E].
Only dams that experienced pup removal and postpartum social
isolation (No Pups-ISO: 112 ± 27.95 s) spent less time sniffing
the social cage compared with the control dams (Pups: 164.5 ±
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36.19 s; Tukey’s, p = 0.04) or dams that underwent pup removal
and were PH (No Pups-PH: 166.3 ± 50.13 s; Tukey’s, p = 0.03).
No between-group differences were found for locomotor activity
[i.e., total number of chamber crossings; one-way ANOVA: F(2,22)
= 0.42, p= 0.66, Figure 2F].

Experiment 2.2: Social Buffering of
Long-Lasting Effects of Pup Removal on
VTA DA Neuron Activity
Single-unit recordings were conducted in dams 1–2 days after
EPM/SAT, given our prior studies showed no impact of these
tests on VTA activity in female and postpartum rats (36, 38)
(Figure 2A; Pups: n = 8, 61 neurons; No Pups-ISO: n = 8, 28
neurons; No Pups-PH: n = 9, 46 neurons). The main effect of
pup removal was found for CPT [i.e., active cells per track or
population activity; one-wayANOVA: F(2,22) = 11.33, p= 0.0004,
Figure 3A]. Dams experiencing pup removal and postpartum
social isolation exhibited lower numbers of active DA neurons
within the VTA (i.e., attenuated VTA activity) (No Pups-ISO:
0.47± 0.19 CPT) compared with the controls (Pups: 1.00± 0.22
CPT; Tukey’s, p= 0.0003) and dams that underwent pup removal
and pair-housing (No Pups-PH: 0.81 ± 0.26 CPT; Tukey’s, p
= 0.01). No effect of pup removal on VTA population activity
was observed in dams that were PH following pup removal,
as they had similar numbers of active VTA DA neurons to
control dams housed with pups (Pups vs. No Pups-PH, Tukey’s,
p = 0.21). Pearson’s correlation analysis revealed a positive
correlation between social sniff time in the SAT and active VTA
cells/track (r = 0.72, p < 0.05) only in No Pups-ISO dams,
suggesting a link between reduced social sniff time and blunted
VTA activity in these animals. Moreover, the attenuation in
VTA population activity observed in dams that underwent pup
removal and isolation (No Pups-ISO) was driven by a selective
reduction within the central tracks of the VTA [RM two-way
ANOVA: F(2, 15) = 4.21, p = 0.03, Figure 3B]. No differences
were found for firing rate [nested one-way ANOVA: F(2, 21)
= 2.258, p = 0.13, Figure 3C]. A main effect was detected for
burst firing [nested one-way ANOVA: F(2, 21) = 4.317, p =

0.03; Figure 3D]. Dams that underwent pup removal and paired-
housing exhibited an increased percentage of spikes in bursts
compared with control dams with pups (Tukey’s, Pups vs. No
Pups-PH, p= 0.02).

Experiment 3: No Impact of Social Isolation
on Social Motivation, Passive Coping, or
VTA Activity in Adult Virgin Females
To determine whether a 3-week isolation period (the same
amount of time the dams used in experiments 1 and 2 were kept
in their conditions) is sufficient to induce the neurobehavioral
effects observed in No Pups-ISO dams, a separate cohort of
virgins was subjected to 3 weeks of paired housing (Virgins-
PH) or isolation (Virgins-ISO) and tested in the SAT, FST, or
underwent electrophysiological recordings (Figure 4A). There
was no difference in social sniff time (t10 = 1.694, p = 0.1211,
n = 6; Figure 4B) or the number of chamber crossings (t10 =

1.277, p = 0.23; Figure 4C). No impact was found for FST

immobility duration (t10 = 1.751, p= 0.11; Figure 4D) or latency
to immobility (t10 = 1.769, p= 0.11; Figure 4E). In terms of VTA
activity parameters (n = 5–6 animals per group, 32–36 neurons
per group), there was no effect on cells/track (t9 = 1.033, p =

0.33), firing rate (t9 = 0.5146, p = 0.62), or burst firing (t66 =

1.635, p= 0.11; Figures 4F–H).

DISCUSSION

This study tested the impact of pup removal on maternal affect
and VTA activity during the late postpartum period, and whether
these effects could be modulated by social support, as modeled
by co-housing with an age- and experience-matched conspecific.
We showed that pup removal induces long-lasting alterations in
a subset of affect-related behaviors associated with depression-
related phenotypes (passive coping, reduced social motivation)
as well as blunted mesolimbic DA function (decreased VTA
activity). These effects are specific to pup loss from PD 1 to 21,
as 3-week social isolation had no impact on behavior or VTA
activity in virgins. Furthermore, our results suggest that social
buffering via housing with a conspecific can prevent pup-removal
effects on a subset of these behaviors and VTA DA activity.

Pup removal had no effect on maternal sucrose consumption
or preference, as both groups of dams experiencing pup removal
exhibited comparable sucrose bottle weight and percentage of
sucrose consumed as the controls. Our results differ from
those reported earlier following repeated long-term maternal
separations, which reported decreased intake of a 2.5% sucrose
solution at PD 25 (14) and increased intake of a 10% solution 2–4
weeks after pup weaning (51). These data suggest that effects of
pup separation on maternal sucrose consumption/preference are
complex, and likely depend on the concentration of the solution,
testing duration, strains used, as well as the timing of testing
following pup deprivation. Our finding of no impact of pup
removal on these measures may also suggest distinct effects of
permanent pup removal vs. long- or short-term deprivations on
the dam. For instance, the dams experiencing long-term pup
separation (3 h× day, PD 2–14) exhibited reduced sucrose intake
compared with the dams experiencing brief pup separations
(15min × day, PD 2–14) (14), and the dams experiencing a
brief separation showed reduced sucrose consumption compared
with dams kept with pups (52). Thus, both short- and long-
term separations reduce sucrose consumption in the dam, but
there was no impact of permanent pup removal on sucrose
consumption in the late postpartum rats (current study) or the
early postpartum rats (53).

Pup removal increased FST immobility duration and reduced
latency to immobility. This is consistent with studies indicating
that both permanent pup removal and long-term repeated
maternal separations increase FST immobility in dams after
weaning of pups (15, 17), and prior studies showing increased
FST immobility in rodent models relevant to postpartum
depression (PPD) (54–58). Moreover, we showed that pup-
removal effects on the dam’s FST performance emerged prior
to weaning and were resistant to social buffering, as both
No Pups-ISO and No Pups- PH dams showed increased FST
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FIGURE 3 | Pup removal resulted in long-lasting attenuation of ventral tegmental area (VTA) population activity only in dams that were isolated during the postpartum

period. (A) A significant main effect of pup removal was found for VTA DA neuron activity in the late postpartum rats (one-way ANOVA; p < 0.001, n = 7–9 per group).

Dams that underwent pup removal and postpartum isolation (No Pups-ISO) exhibited reduced numbers of spontaneously active DA neurons within the VTA compared

with the control dams (Pups) or dams experiencing pup removal that were PH with another dam (No Pups-PH) (Tukey’s, p < 0.001 and p < 0.05, respectively). (B) No

Pups-ISO dams exhibited a selective attenuation within the central tracks of the VTA (RM two-way ANOVA: p < 0.01). (C) No effect of pup removal was found on

firing rate (nested one-way ANOVA; = 0.13). (D) A main effect was found on burst firing (nested one-way ANOVA; p < 0.05) in which No Pups-PH dams exhibited

increased bursting activity (Tukey’s; p < 0.05) compared with controls (i.e., Pups). Error bars represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

immobility and reduced latency to immobility compared with
controls (Pups). However, No Pups-ISO and No Pups-PH dams
spent different levels of time immobile compared to each other,
which may suggest that increased FST immobility following pup
removal can be partially ameliorated by pair-housing.

Pup removal had no impact on anxiety-related behaviors
in the EPM. These data are in accordance with a prior study
showing no differences in time spent in the open arm following
pup removal compared with the dams with the pups (17), as well
as earlier reports indicating no impact of long-term, repeated pup
separations in the percentage of open-arm time or locomotion

in an open field (11, 59). Interestingly, the behavioral effects of
both pup removal and long-term pup separation are in contrast
with those obtained following brief mother–pup separations,
which have no impact in the FST (60) but increase anxiety-
related behavior in the EPM (11). This suggests that pup removal,
prolonged separations, and brief repeated separations exert
distinct and dissociable effects on depression-like and anxiety-
like behaviors in the dam. In this context, longer separations and
permanent pup removal increase depression-like behavior in the
FST but have no impact on anxiety-like behavior in the EPM,
whereas brief and repeated pup separations have no effect on the
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FIGURE 4 | No impact of adult social isolation on behavior or VTA activity in virgin females. (A) Schematic of experimental timeline. Separate groups of rats were used

for behavior and physiology. (B,C) No differences were found for (B) social sniff time (p = 0.12) or (C) total chamber crossings (p = 0.23) in virgins following 3-week

(Continued)
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FIGURE 4 | isolation compared with the PH virgins (n = 6 per group, t-test). (D,E) Isolated virgins showed no differences in (D) time immobile (p = 0.11) or (E) latency

to immobility during the FST (p = 0.11). (F–H) Social isolation did not impact any of the VTA activity parameters measured (n = 5–6 per group), as no between-group

differences were found for (F) active cells per track (p = 0.33). (G) Firing rate (nested t-test: p = 0.62) or (H) percentage of spikes in bursts (nested t-test: p = 0.11).

Error bars represent mean ± SEM.

FST immobility but increase anxiety-like behaviors in the EPM.
Thus, the duration of the separation appears to determine which
phenotype (i.e., anxiety- vs. depression-like) will emerge during
the late postpartum period.

Pup removal attenuated social approach behavior during the
late postpartum period, as indexed by less time spent sniffing
a cage containing a younger same-sex conspecific. However,
only dams that underwent pup removal and postpartum social
isolation (No Pups-ISO) exhibited lower social sniff time,
interpreted as reduced social motivation (39), suggesting that
social buffering acts against the effects of pup removal on social
motivation in the dam. Importantly, we think the changes in
social approach observed in No Pups-ISO dams are specific to
pup removal and the postpartum period, given that isolation
has no impact on social behavior in rats older than 5 weeks of
age (61), which is consistent with the known sensitive period
in infancy/post-weaning for social isolation effects on adult
behavior (62–65), and studies showing no impact of post-
weaning isolation on the adult social behavior of female rats
(66). In fact, these findings were confirmed in the present study,
as adult virgin female rats that previously underwent a 3-week
isolation period showed no alterations in social approach or FST
coping compared with the pair-housed virgins. Collectively, our
results suggest that dams require postpartum pup exposure to
maintain appropriate levels of social approach and are consistent
with our prior results showing attenuated social motivation in the
early postpartum dams, which also exhibit passive FST coping
(i.e., greater immobility) (36).

This is the first study showing that pup removal induces
long-lasting alterations in the activity of VTA DA neurons in
vivo. Dams that underwent pup removal and postpartum social
isolation (No Pups-ISO) had lower numbers of spontaneously
active VTA DA neurons compared with the control dams
(Pups) and dams that had pups removed but were pair-housed
(No Pups-PH). This reduction in VTA population activity was
correlated with reduced social sniff time only in No Pups-
ISO dams. Moreover, attenuation in active DA neurons was
more pronounced within the central parts of the VTA, which is
similar to our group’s findings following chronic and/or repeated
stress exposure (46, 67). Thus, pup removal induces long-lasting
attenuation of VTA DA activity (i.e., reduced numbers of active
DA CPT) that overlaps with that observed in animal models
relevant to depression (19–21, 68, 69). This is significant given
that phasic responses are the behaviorally salient outputs of
the DA system in response to reward-related stimuli (70), but
only active (i.e., firing) neurons can be triggered to burst in
responses to a stimulus (71). Therefore, the number of active
neurons firing (i.e., CPT, also known as population activity) is
an essential metric in measuring responsivity to reward, as tonic
DA neuron population activity would be the “gain” or the level

of amplification of the phasic signal [i.e., more DA neurons
firing, the bigger the phasic response to stimuli and vice versa
(72, 73)]. Conversely, a decrease in VTA DA neuron population
activity would decrease stimulus-driven DA neuron responses,
leading to diminished mesolimbic DA system activation (20, 21).
Importantly, the VTA effects induced by pup removal appear
to be specific to pup loss during the postpartum period, as no
differences were found between pair-housed and socially isolated
virgins in any parameter of VTA activity.

Finally, the effects of pup removal on VTA DA neuron
activity were prevented by social buffering, as dams that were
co-housed following pup removal (No Pups-PH) did not exhibit
reduced numbers of active VTA DA neurons compared with
the controls. Instead, these dams exhibited increased DA neuron
bursting activity. Notably, DA neuron burst firing is thought to
promote increases in synaptic DA and reflects the functionally
relevant signal sent to postsynaptic sites (72) so that DA bursting
is associated with a greater degree of DA release (74). Given
that increases in burst firing were observed only in dams that
underwent pup removal and paired housing (No Pups-PH),
and increases in burst firing appear to compensate for changes
(i.e., reductions) in the midbrain DA neuron activity (75),
we proposed that these adaptations may reflect compensatory
processes contributing to the resilience against stress-induced
decreases in social motivation and VTA activity resulting from
pup removal, although this remains to be determined.

In sum, pup removal exerts a long-lasting influence on a
subset of affect-related behaviors (FST coping, social motivation)
and VTA activity in the dam, suggesting that offspring exposure
and aspects related to mother–infant attachment (i.e., sensory
cues, lactation, pup contact) are important determinants for
establishing subsequent maternal affect and mesolimbic DA
system activity. We showed that deprivation of salient, species-
expected social relationships (i.e., pups) precipitates an enduring
negative affect state (i.e., passive coping and social anhedonia)
and DA hypofunction (i.e., attenuated VTA activity) in the rat
dam. Thus, maternal mood during postpartum is dependent
on pup exposure, which appears to be important for the
reduction in maternal depression-like behaviors as well as
establishing proper social and mesolimbic DA function during
the late postpartum period. Finally, we demonstrated that a
subset of these effects (i.e., social motivation and VTA activity)
induced by pup removal are prevented by/sensitive to social
buffering. Collectively, these findings highlight the importance
of social relationships during the postpartum period in female
rats and that early pup removal may represent a novel model
for studying adversity-induced changes in the maternal brain
useful for the study of PPD as well as grief after the loss of
a child. Future studies should be conducted to determine the
persistence of pup-removal–induced deficits in social behavior
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and VTA function, including whether these extend into future
pregnancies and influence subsequent maternal behaviors. Since
the mesolimbic DA system provides a link between pup stimuli
and rewarding events (25), long-lasting deficits in DA system
function following pup removal could prevent or interfere with
the normal association between pup and reinforcement, thereby
disrupting mother–infant interactions and impairing motivated
maternal behavior.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee of the University of Pittsburgh.

AUTHOR CONTRIBUTIONS

MR-C: conducted the literature search, designed research,
performed research, collected, analyzed and interpreted the data,
prepared figures, and wrote the paper. AG: provided guidance
with experimental design and data interpretation, reviewed, and
edited the paper. All authors have reviewed the manuscript prior
to submission.

FUNDING

This work was supported by the National Institute of Mental
Health (NIMH) under award number R01-MH057440 to AG and
R01-MH057440S1 to MR-C.

ACKNOWLEDGMENTS

We thank Nicole MacMurdo for technical assistance
with histology.

REFERENCES

1. Bowlby J. Attachment: Attachment and Loss. New York, NY: Basic

Books (1982).

2. Alberts JR, Gubernick D. Reciprocity resource exchange. In: Rosenblum LA.

Howard M, editors. Symbiosis in Parent-Offspring Interactions. Boston, MA:

Springer (1984). p. 7–44. doi: 10.1007/978-1-4684-4565-7_2

3. Okabe S, Nagasawa M, Mogi K, Kikusui T. Importance of mother-infant

communication for social bond formation in mammals. Anim Sci J. (2012)

83:446–52. doi: 10.1111/j.1740-0929.2012.01014.x

4. Hofer MA. On the nature and consequences of early loss. Psychosom Med.

(1996) 58:570–81. doi: 10.1097/00006842-199611000-00005

5. Mogi K, NagasawaM, Kikusui T. Developmental consequences and biological

significance of mother-infant bonding. Prog Neuropsychopharmacol Biol

Psychiatry. (2011) 35:1232–41. doi: 10.1016/j.pnpbp.2010.08.024

6. Rincon-Cortes M, Sullivan RM. Early life trauma and attachment: immediate

and enduring effects on neurobehavioral and stress axis development. Front

Endocrinol. (2014) 5:33. doi: 10.3389/fendo.2014.00033

7. Vance JC, Najman JM, Thearle MJ, Embelton G, Foster WJ, Boyle FM.

Psychological changes in parents eight months after the loss of an infant from

stillbirth, neonatal death, or sudden infant death syndrome–a longitudinal

study. Pediatrics. (1995) 96:933–8.

8. Sloman L, Gilbert P, Hasey G. Evolved mechanisms in depression: the role and

interaction of attachment and social rank in depression. J Affect Disord. (2003)

74:107–21. doi: 10.1016/S0165-0327(02)00116-7

9. Teo AR, Choi H, Valenstein M. Social relationships and depression: ten-

year follow-up from a nationally representative study. PLoS ONE. (2013)

8:e62396. doi: 10.1371/journal.pone.0062396

10. Alves RL, Portugal CC, Summavielle T, Barbosa F, Magalhaes A. Maternal

separation effects onmother rodents’ behaviour: a systematic review.Neurosci

Biobehav Rev. (2019) 117. doi: 10.1016/j.neubiorev.2019.09.008

11. Boccia ML, Pedersen CA. Brief vs. long maternal separations in infancy:

contrasting relationships with adult maternal behavior and lactation

levels of aggression and anxiety. Psychoneuroendocrinology. (2001) 26:657–

72. doi: 10.1016/S0306-4530(01)00019-1

12. Lovic V, Gonzalez A, Fleming AS. Maternally separated rats show

deficits in maternal care in adulthood. Dev Psychobiol. (2001) 39:19–

33. doi: 10.1002/dev.1024

13. Aguggia JP, Suarez MM, Rivarola MA. Early maternal separation:

neurobehavioral consequences in mother rats. Behav Brain Res. (2013)

248:25–31. doi: 10.1016/j.bbr.2013.03.040

14. Maniam J, Morris MJ. Long-term postpartum anxiety and depression-

like behavior in mother rats subjected to maternal separation are

ameliorated by palatable high fat diet. Behav Brain Res. (2010) 208:72–

9. doi: 10.1016/j.bbr.2009.11.005

15. Boccia ML, Razzoli M, Vadlamudi SP, Trumbull W, Caleffie C, Pedersen

CA. Repeated long separations from pups produce depression-

like behavior in rat mothers. Psychoneuroendocrinology. (2007)

32:65–71. doi: 10.1016/j.psyneuen.2006.10.004

16. Pawluski JL, Vanderbyl BL, Ragan K, Galea LA. First reproductive experience

persistently affects spatial reference and working memory in the mother and

these effects are not due to pregnancy or ‘mothering’ alone. Behav Brain Res.

(2006) 175:157–65. doi: 10.1016/j.bbr.2006.08.017

17. Pawluski JL, Lieblich SE, Galea LA. Offspring-exposure reduces depressive-

like behaviour in the parturient female rat. Behav Brain Res. (2009) 197:55–

61. doi: 10.1016/j.bbr.2008.08.001

18. Albin-Brooks C, Nealer C, Sabihi S, Haim A, Leuner B. The influence of

offspring, parity, and oxytocin on cognitive flexibility during the postpartum

period. Horm Behav. (2017) 89:130–6. doi: 10.1016/j.yhbeh.2016.12.015

19. Kaufling J. Alterations and adaptation of ventral tegmental area

dopaminergic neurons in animal models of depression. Cell Tissue Res.

(2019) 377. doi: 10.1007/s00441-019-03007-9

20. Rincon-Cortes M, Grace AA. Antidepressant effects of ketamine on

depression-related phenotypes and dopamine dysfunction in rodent models

of stress. Behav Brain Res. (2020) 379:112367. doi: 10.1016/j.bbr.201

9.112367

21. Belujon P, Grace AA. Dopamine system dysregulation in

major depressive disorders. Int J Neuropsychopharmacol. (2017)

20:1036–46. doi: 10.1093/ijnp/pyx056

22. Rincon-Cortes M, Grace AA. Sex-dependent effects of stress on immobility

behavior and VTA dopamine neuron activity: modulation by ketamine. Int

J Neuropsychopharmacol. (2017) 20:823–32. doi: 10.1093/ijnp/pyx048

23. NumanM.Motivational systems and the neural circuitry of maternal behavior

in the rat. Dev Psychobiol. (2007) 49:12–21. doi: 10.1002/dev.20198

24. Bridges RS. Long-term alterations in neural and endocrine processes

induced by motherhood in mammals. Horm Behav. (2016) 77:193–

203. doi: 10.1016/j.yhbeh.2015.09.001

25. Rincon-Cortes M, Grace AA. Adaptations in reward-related

behaviors and mesolimbic dopamine function during motherhood

and the postpartum period. Front Neuroendocrinol. (2020)

57:100839. doi: 10.1016/j.yfrne.2020.100839

26. Fleming AS, Korsmit M, Deller M. Rat pups are potent reinforcers ot the

maternal animal: effects of experience, parity, hormones and dopamine

function. Psychobiology. (1994) 22:44–53.

27. Fleming AS, Ruble D, Krieger H, Wong PY. Hormonal and

experiential correlates of maternal responsiveness during pregnancy

Frontiers in Global Women’s Health | www.frontiersin.org 11 July 2021 | Volume 2 | Article 694808

https://doi.org/10.1007/978-1-4684-4565-7_2
https://doi.org/10.1111/j.1740-0929.2012.01014.x
https://doi.org/10.1097/00006842-199611000-00005
https://doi.org/10.1016/j.pnpbp.2010.08.024
https://doi.org/10.3389/fendo.2014.00033
https://doi.org/10.1016/S0165-0327(02)00116-7
https://doi.org/10.1371/journal.pone.0062396
https://doi.org/10.1016/j.neubiorev.2019.09.008
https://doi.org/10.1016/S0306-4530(01)00019-1
https://doi.org/10.1002/dev.1024
https://doi.org/10.1016/j.bbr.2013.03.040
https://doi.org/10.1016/j.bbr.2009.11.005
https://doi.org/10.1016/j.psyneuen.2006.10.004
https://doi.org/10.1016/j.bbr.2006.08.017
https://doi.org/10.1016/j.bbr.2008.08.001
https://doi.org/10.1016/j.yhbeh.2016.12.015
https://doi.org/10.1007/s00441-019-03007-9
https://doi.org/10.1016/j.bbr.2019.112367
https://doi.org/10.1093/ijnp/pyx056
https://doi.org/10.1093/ijnp/pyx048
https://doi.org/10.1002/dev.20198
https://doi.org/10.1016/j.yhbeh.2015.09.001
https://doi.org/10.1016/j.yfrne.2020.100839
https://www.frontiersin.org/journals/global-women's-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/global-women's-health#articles


Rincón-Cortés and Grace Pup Removal Effects in Dam

and the puerperium in human mothers. Horm Behav. (1997)

31:145–58. doi: 10.1006/hbeh.1997.1376

28. Feldman R, Weller A, Leckman JF, Kuint J, Eidelman AI. The nature

of the mother’s tie to her infant: maternal bonding under conditions of

proximity, separation, potential loss. J Child Psychol Psychiatry. (1999) 40:929–

39. doi: 10.1017/S0021963099004308

29. Kikusui T, Winslow JT, Mori Y. Social buffering: relief from stress

and anxiety. Philos Trans R Soc Lond B Biol Sci. (2006) 361:2215–

28. doi: 10.1098/rstb.2006.1941

30. Neumann ID. The advantage of social living: brain neuropeptides mediate

the beneficial consequences of sex and motherhood. Front Neuroendocrinol.

(2009) 30:483–96. doi: 10.1016/j.yfrne.2009.04.012

31. Van Der Schoot P, Lankhorst RR, De Roo JA, De Greef WJ. Suckling stimulus,

lactation, and suppression of ovulation in the rat. Endocrinology. (1978)

103:949–56. doi: 10.1210/endo-103-3-949

32. Leuner B, Shors TJ. Learning during motherhood: a resistance to stress.Horm

Behav. (2006) 50:38–51. doi: 10.1016/j.yhbeh.2006.01.002

33. D’aquila PS, Canu S, Sardella M, Spanu C, Serra G, Franconi F. Dopamine

is involved in the antidepressant-like effect of allopregnanolone in the

forced swimming test in female rats. Behav Pharmacol. (2010) 21:21–

8. doi: 10.1097/FBP.0b013e32833470a7

34. Kokras N, Antoniou K, Mikail HG, Kafetzopoulos V, Papadopoulou-Daifoti

Z, Dalla C. Forced swim test: what about females?Neuropharmacology. (2015)

99:408–21. doi: 10.1016/j.neuropharm.2015.03.016

35. Lukas M, Neumann ID. Social preference and maternal defeat-induced

social avoidance in virgin female rats: sex differences in involvement

of brain oxytocin and vasopressin. J Neurosci Methods. (2014) 234:101–

7. doi: 10.1016/j.jneumeth.2014.03.013

36. Rincon-Cortes M, Grace AA. Postpartum changes in affect-related behavior

and VTA dopamine neuron activity in rats. Prog Neuropsychopharmacol Biol

Psychiatry. (2020) 97:109768. doi: 10.1016/j.pnpbp.2019.109768

37. Yan CG, Rincon-Cortes M, Raineki C, Sarro E, Colcombe S, Guilfoyle

DN, et al. Aberrant development of intrinsic brain activity in a rat

model of caregiver maltreatment of offspring. Transl Psychiatry. (2017)

7:e1005. doi: 10.1038/tp.2016.276

38. Klinger K, Gomes FV, Rincon-Cortes M, Grace AA. Female rats

are resistant to the long-lasting neurobehavioral changes induced

by adolescent stress exposure. Eur Neuropsychopharmacol. (2019)

29. doi: 10.1016/j.euroneuro.2019.07.134

39. Sandi C, Haller J. Stress and the social brain: behavioural effects

and neurobiological mechanisms. Nat Rev Neurosci. (2015) 16:290–

304. doi: 10.1038/nrn3918

40. Porsolt RD, Le Pichon M, Jalfre M. Depression: a new animal

model sensitive to antidepressant treatments. Nature. (1977)

266:730–2. doi: 10.1038/266730a0

41. Cryan JF, Valentino RJ, Lucki I. Assessing substrates underlying

the behavioral effects of antidepressants using the modified rat

forced swimming test. Neurosci Biobehav Rev. (2005) 29:547–

69. doi: 10.1016/j.neubiorev.2005.03.008

42. Molendijk ML, De Kloet ER. Immobility in the forced swim test is adaptive

and does not reflect depression. Psychoneuroendocrinology. (2015) 62:389–

91. doi: 10.1016/j.psyneuen.2015.08.028

43. Rincon-Cortes M, Gagnon KG, Dollish HK, Grace AA. Diazepam

reverses increased anxiety-like behavior, social behavior deficit, and

dopamine dysregulation following withdrawal from acute amphetamine.

Neuropsychopharmacology. (2018) 43. doi: 10.1038/s41386-018-0123-8

44. Ikemoto S. Dopamine reward circuitry: two projection systems from the

ventral midbrain to the nucleus accumbens-olfactory tubercle complex. Brain

Res Rev. (2007) 56:27–78. doi: 10.1016/j.brainresrev.2007.05.004

45. Valenti O, Cifelli P, Gill KM, Grace AA. Antipsychotic drugs

rapidly induce dopamine neuron depolarization block in a

developmental rat model of schizophrenia. J Neurosci. (2011)

31:12330–38. doi: 10.1523/JNEUROSCI.2808-11.2011

46. Moreines JL, Owrutsky ZL, Grace AA. Involvement of infralimbic

prefrontal cortex but not lateral habenula in dopamine attenuation

after chronic mild stress. Neuropsychopharmacology. (2017)

42:904–13. doi: 10.1038/npp.2016.249

47. Grace AA, Bunney BS. Intracellular and extracellular electrophysiology

of nigral dopaminergic neurons−1. Identification and characterization.

Neuroscience. (1983) 10:301–15. doi: 10.1016/0306-4522(83)90135-5

48. Grace AA, Bunney BS. The control of firing pattern in nigral

dopamine neurons: single spike firing. J Neurosci. (1984)

4:2866–76. doi: 10.1523/JNEUROSCI.04-11-02866.1984

49. Ungless MA, Grace AA. Are you or aren’t you? Challenges associated

with physiologically identifying dopamine neurons. Trends Neurosci. (2012)

35:422–30. doi: 10.1016/j.tins.2012.02.003

50. Grace AA, Bunney BS. The control of firing pattern in nigral

dopamine neurons: burst firing. J Neurosci. (1984) 4:2877–

90. doi: 10.1523/JNEUROSCI.04-11-02877.1984

51. Michaels CC, Holtzman SG. Neonatal stress and litter composition alter

sucrose intake in both rat dam and offspring. Physiol Behav. (2006) 89:735–

41. doi: 10.1016/j.physbeh.2006.08.015

52. Choi JE, Kim EY, Park Y. N-3 PUFA improved pup separation-induced

postpartum depression via serotonergic pathway regulated by miRNA. J Nutr

Biochem. (2020) 84:108417. doi: 10.1016/j.jnutbio.2020.108417

53. Melnitsky J. (2020) Behavioral effects of early postpartum offspring removal in

rats (B.S.). Albany, NY: University of Albany, State University of New York.

54. Brummelte S, Pawluski JL, Galea LA. High post-partum levels

of corticosterone given to dams influence postnatal hippocampal

cell proliferation and behavior of offspring: a model of post-

partum stress and possible depression. Horm Behav. (2006)

50:370–82. doi: 10.1016/j.yhbeh.2006.04.008

55. Brummelte S, Galea LA. Depression during pregnancy and postpartum:

contribution of stress and ovarian hormones. Prog Neuropsychopharmacol

Biol Psychiatry. (2010) 34:766–76. doi: 10.1016/j.pnpbp.2009.09.006

56. Leuner B, Fredericks PJ, Nealer C, Albin-Brooks C. Chronic gestational stress

leads to depressive-like behavior and compromises medial prefrontal cortex

structure and function during the postpartum period. PLoS ONE. (2014)

9:e89912. doi: 10.1371/journal.pone.0089912

57. Workman JL, Gobinath AR, Kitay NF, Chow C, Brummelte S, Galea L, et al.

Parity modifies the effects of fluoxetine and corticosterone on behavior, stress

reactivity, hippocampal neurogenesis. Neuropharmacology. (2016) 105:443–

53. doi: 10.1016/j.neuropharm.2015.11.027

58. Melon L, Hammond R, Lewis M, Maguire J. A novel, synthetic, neuroactive

steroid is effective at decreasing depression-like behaviors and improving

maternal care in preclinical models of postpartum depression. Front

Endocrinol. (2018) 9:703. doi: 10.3389/fendo.2018.00703

59. Eklund MB, Johansson LM, Uvnas-Moberg K, Arborelius L. Differential

effects of repeated long and brief maternal separation on behaviour and

neuroendocrine parameters in Wistar dams. Behav Brain Res. (2009) 203:69–

75. doi: 10.1016/j.bbr.2009.04.017

60. Silveira PP, Benetti Cda S, Portella AK, Diehl LA, Molle RD, Lucion AB,

et al. Brief daily postpartum separations from the litter alter dam response

to psychostimulants and to stress. Braz J Med Biol Res. (2013) 46:426–

32. doi: 10.1590/1414-431X20132784

61. Hol T, Van Den Berg CL, Van Ree JM, Spruijt BM. Isolation during the play

period in infancy decreases adult social interactions in rats. Behav Brain Res.

(1999) 100:91–7. doi: 10.1016/S0166-4328(98)00116-8

62. Einon DF, Morgan MJ. A critical period for social isolation in the rat. Dev

Psychobiol. (1977) 10:123–32. doi: 10.1002/dev.420100205

63. Einon DF, Humphreys AP, Chivers SM, Field S, Naylor V. Isolation has

permanent effects upon the behavior of the rat, but not the mouse, gerbil,

or guinea pig. Dev Psychobiol. (1981) 14:343–55. doi: 10.1002/dev.420

140407

64. Varlinskaya EI, Spear LP. Social interactions in adolescent and adult Sprague-

Dawley rats: impact of social deprivation and test context familiarity. Behav

Brain Res. (2008) 188:398–405. doi: 10.1016/j.bbr.2007.11.024

65. Walker DM, Cunningham AM, Gregory JK, Nestler EJ. Long-term behavioral

effects of post-weaning social isolation in males and females. Front Behav

Neurosci. (2019) 13:66. doi: 10.3389/fnbeh.2019.00066

66. Ferdman N, Murmu RP, Bock J, Braun K, Leshem M. Weaning age, social

isolation, and gender, interact to determine adult explorative and social

behavior, and dendritic and spine morphology in prefrontal cortex of rats.

Behav Brain Res. (2007) 180:174–82. doi: 10.1016/j.bbr.2007.03.011

Frontiers in Global Women’s Health | www.frontiersin.org 12 July 2021 | Volume 2 | Article 694808

https://doi.org/10.1006/hbeh.1997.1376
https://doi.org/10.1017/S0021963099004308
https://doi.org/10.1098/rstb.2006.1941
https://doi.org/10.1016/j.yfrne.2009.04.012
https://doi.org/10.1210/endo-103-3-949
https://doi.org/10.1016/j.yhbeh.2006.01.002
https://doi.org/10.1097/FBP.0b013e32833470a7
https://doi.org/10.1016/j.neuropharm.2015.03.016
https://doi.org/10.1016/j.jneumeth.2014.03.013
https://doi.org/10.1016/j.pnpbp.2019.109768
https://doi.org/10.1038/tp.2016.276
https://doi.org/10.1016/j.euroneuro.2019.07.134
https://doi.org/10.1038/nrn3918
https://doi.org/10.1038/266730a0
https://doi.org/10.1016/j.neubiorev.2005.03.008
https://doi.org/10.1016/j.psyneuen.2015.08.028
https://doi.org/10.1038/s41386-018-0123-8
https://doi.org/10.1016/j.brainresrev.2007.05.004
https://doi.org/10.1523/JNEUROSCI.2808-11.2011
https://doi.org/10.1038/npp.2016.249
https://doi.org/10.1016/0306-4522(83)90135-5
https://doi.org/10.1523/JNEUROSCI.04-11-02866.1984
https://doi.org/10.1016/j.tins.2012.02.003
https://doi.org/10.1523/JNEUROSCI.04-11-02877.1984
https://doi.org/10.1016/j.physbeh.2006.08.015
https://doi.org/10.1016/j.jnutbio.2020.108417
https://doi.org/10.1016/j.yhbeh.2006.04.008
https://doi.org/10.1016/j.pnpbp.2009.09.006
https://doi.org/10.1371/journal.pone.0089912
https://doi.org/10.1016/j.neuropharm.2015.11.027
https://doi.org/10.3389/fendo.2018.00703
https://doi.org/10.1016/j.bbr.2009.04.017
https://doi.org/10.1590/1414-431X20132784
https://doi.org/10.1016/S0166-4328(98)00116-8
https://doi.org/10.1002/dev.420100205
https://doi.org/10.1002/dev.420140407
https://doi.org/10.1016/j.bbr.2007.11.024
https://doi.org/10.3389/fnbeh.2019.00066
https://doi.org/10.1016/j.bbr.2007.03.011
https://www.frontiersin.org/journals/global-women's-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/global-women's-health#articles


Rincón-Cortés and Grace Pup Removal Effects in Dam

67. Belujon P, Grace AA. Restoring mood balance in depression: ketamine

reverses deficit in dopamine-dependent synaptic plasticity. Biol Psychiatry.

(2014) 76:927–36. doi: 10.1016/j.biopsych.2014.04.014

68. Chang CH, Grace AA. Amygdala-ventral pallidum pathway decreases

dopamine activity after chronic mild stress in rats. Biol Psychiatry. (2014)

76:223–30. doi: 10.1016/j.biopsych.2013.09.020

69. Douma EH, De Kloet ER. Stress-induced plasticity and functioning of

ventral tegmental dopamine neurons. Neurosci Biobehav Rev. (2019) 108:48–

77. doi: 10.1016/j.neubiorev.2019.10.015

70. Schultz W. The phasic reward signal of primate dopamine neurons. Adv

Pharmacol. (1998) 42:686–90. doi: 10.1016/S1054-3589(08)60841-8

71. Lodge DJ, Grace AA. The hippocampus modulates dopamine neuron

responsivity by regulating the intensity of phasic neuron activation.

Neuropsychopharmacology. (2006) 31:1356–1361. doi: 10.1038/sj.npp.

1300963

72. Grace AA, Floresco SB, Goto Y, Lodge DJ. Regulation of firing of

dopaminergic neurons and control of goal-directed behaviors. Trends

Neurosci. (2007) 30:220–227. doi: 10.1016/j.tins.2007.03.003

73. Belujon P, Grace AA. Regulation of dopamine system responsivity and

its adaptive and pathological response to stress. Proc Biol Sci. (2015)

282. doi: 10.1098/rspb.2014.2516

74. Oster A, Faure P, Gutkin BS. Mechanisms for multiple activity

modes of VTA dopamine neurons. Front Comput Neurosci. (2015)

9:95. doi: 10.3389/fncom.2015.00095

75. Hollerman JR, Grace AA. The effects of dopamine-depleting brain lesions on

the electrophysiological activity of rat substantia nigra dopamine neurons.

Brain Res. (1990) 533:203–12. doi: 10.1016/0006-8993(90)91341-D

Conflict of Interest: AG received consultant fees from Lundbeck, Pfizer, Otsuka,

Asubio, Autofony, Alkermes, Concert, and Janssen, and is on the advisory board

for Alkermes, Newron, and Takeda.

The remaining author declares that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2021 Rincón-Cortés and Grace. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Global Women’s Health | www.frontiersin.org 13 July 2021 | Volume 2 | Article 694808

https://doi.org/10.1016/j.biopsych.2014.04.014
https://doi.org/10.1016/j.biopsych.2013.09.020
https://doi.org/10.1016/j.neubiorev.2019.10.015
https://doi.org/10.1016/S1054-3589(08)60841-8
https://doi.org/10.1038/sj.npp.1300963
https://doi.org/10.1016/j.tins.2007.03.003
https://doi.org/10.1098/rspb.2014.2516
https://doi.org/10.3389/fncom.2015.00095
https://doi.org/10.1016/0006-8993(90)91341-D
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/global-women's-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/global-women's-health#articles

	Early Pup Removal Leads to Social Dysfunction and Dopamine Deficit in Late Postpartum Rats: Prevention by Social Support
	Introduction
	Materials and Methods
	Animals
	Behavioral Testing
	Sucrose Preference Test
	Elevated Plus Maze
	Social Approach Test
	Forced Swim Test

	Electrophysiological Recordings
	Surgery
	VTA Sampling
	Dopamine Neuron Identification
	Placement Verification

	Statistical Analyses

	Results
	Experiment 1: Pup Removal Has No Impact on Sucrose Consumption or Preference but Increases Passive FST Coping During the Late Postpartum Period
	Experiment 2.1: Pup Removal Spares Anxiety-Like Behavior but Reduces Social Motivation Only in Isolated Dams During the Late Postpartum Period
	Experiment 2.2: Social Buffering of Long-Lasting Effects of Pup Removal on VTA DA Neuron Activity
	Experiment 3: No Impact of Social Isolation on Social Motivation, Passive Coping, or VTA Activity in Adult Virgin Females

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


