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Postpartum depression is a complex illness that often occurs in genetically predisposed
individuals. Closely related inbred rat strains are a great resource to identify novel
causative genes and mechanisms underlying complex traits such as postpartum
behavior. We report differences in these behaviors between the inbred depression
model, Wistar Kyoto (WKY) More Immobile (WMI), and the isogenic control Wistar
Kyoto Less Immobile (WLI) dams. WMI dams showed significantly lower litter survival
rate and frequency of arched back and blanket nursing, but increased pup-directed
licking, grooming, and retrieval during postpartum days (PPD) 1–10, compared to control
WLIs. This increased pup-directed behavior and the frequency of self-directed behaviors
segregated during selective breeding of the progenitor strain of WKY, which is also a
depression model. These behaviors are manifested in the WMIs in contrast to those
of WLIs. Furthermore, habitual differences in the self-directed behavior between light
and dark cycles present in WLIs were missing in WMI dams. Hypothalamic transcript
levels of the circadian rhythm-related gene Lysine Demethylase 5A (Kdm5a), period 2
(Per2), and the maternal behavior-related oxytocin receptor (Oxtr), vasopressin (Avp),
and vasopressin receptor 1a (Avpr1a) were significantly greater in the post-weaning WMI
dams at PPD 24 compared to those of WLIs, and also to those of WMI dams whose litter
died before PPD 5. Expression correlation amongst genes differed in WLI and WMI dams
and between the two time-points postpartum, suggesting genetic and litter-survival
differences between these strains affect transcript levels. These data demonstrate that
the genetically close, but behaviorally disparate WMI and WLI strains would be suitable
for investigating the underlying genetic basis of postpartum behavior.

Keywords: Wistar Kyoto More Immobile, oxytocin receptor, vasopressin, vasopressin receptor 1a, lysine
demethylase 5A, period 2

INTRODUCTION

Maternal behavior has long-term effects on the brain development of offspring, and depressive
disorders impair maternal behaviors. One of the largest risk factors for depressive episodes
in the perinatal period is depression before pregnancy (Rich-Edwards et al., 2006; Grant
et al., 2008; Topiwala et al., 2012; Perani and Slattery, 2014). While most animal models
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of postpartum depression focus on mirroring the group of
women who are experiencing depression for the first time
in their life during postpartum (Perani and Slattery, 2014;
Putnam et al., 2017; Eid et al., 2019), the present study employs
a genetic model of depression-like behavior and its isogenic
control strain to begin to investigate characteristics of these
dams during postpartum, modeling the risk factor of depression
before pregnancy.

The genetic rat model of depression-like behaviors, the
Wistar Kyoto (WKY) More Immobile (WMI) rat strain,
was bi-directionally selectively bred from the parental WKY
strain. The WKY rat strain is a well-established model
for depression as its behavior mirrors symptoms of human
major depression and anxiety, including despair-like behavior,
excessive anxiety, learned helplessness, disturbed sleep patterns,
and hypoactivity (Paré and Redei, 1993; Paré, 1994a,b; Dugovic
et al., 2000; Redei et al., 2001; Solberg et al., 2001, 2004;
Malkesman et al., 2005; Baum et al., 2006). Chronic treatments
with antidepressants, electroshock administration (model for
electroconvulsive therapy), and deep-brain stimulation can all
reverse these depression-like behaviors (Jeannotte et al., 2008;
Falowski et al., 2011; Kyeremanteng et al., 2012). The WKY
strain was developed as the normotensive control for the
Spontaneously Hypertensive Rat (SHR) strain. Louis and Howes
(Louis and Howes, 1990) demonstrated that the WKY strain was
distributed to different vendors and universities between F12 and
F17 generations of inbreeding.

The fact that the WKY rats showed genetic and behavioral
differences (Kurtz et al., 1989; Paré and Kluczynski, 1997)
motivated the bi-directional selective breeding using FST
immobility as a functional selector (Will et al., 2003). The
WMIs, now at their 44th generation and completely inbred
after >35 generations of full-sib breeding, show despair-like
behaviors and greater sensitivity to stress compared to their
isogenic control counterparts, the WKY Less Immobile (WLI)
rats (Will et al., 2003; Andrus et al., 2012; Lim et al., 2018b).While
the WMIs show higher immobility behavior in the forced swim
test, which was the original functional selector for this strain,
WLI males and females present immobility behavior comparable
to that of other control strains. In our lab, Sprague–Dawley
and Fischer 344 male rats show immobility very similar to
that of WLI males (Solberg et al., 2003; Wilcoxon et al., 2005;
Andrus et al., 2012; Mehta et al., 2013; Mehta-Raghavan et al.,
2016). WLI female immobility is similar to that of Wistar and
F344 females (Kokras et al., 2018). Through the WMI genetic
model of depression and its WLI control strain, any observed
behavioral and transcriptomic differences may be directly or
indirectly related to the identified <5,000 sequence variations
between the two strains (Chen et al., 2017; Bryant et al., 2020).

During the early postnatal period, adaptive changes occur in
the mothers’ (dam) neuroendocrine system, which enables them
to provide appropriate maternal care. These adaptive changes
are pivotal and brought about by the hormonal alterations
due to parturition (Levy, 2016). The decrease in estrogen
and/or progesterone at parturition may directly affect maternal
behaviors (Hauser and Gandelman, 1985; Glynn et al., 2016;
Murakami, 2016). Changes in estrogen levels alter the expression

of its receptors with subsequent effects on the transcription of
their target genes and their receptors. Clinical trials involving
estrogen as a potential treatment for negative maternal behaviors
are ongoing; for example, one study investigated the potential
use of transdermal estradiol as a treatment for postpartum
depression (Wisner et al., 2015). In addition to hormonal
regulation, several genes and their pathways have been shown to
influence maternal behavior, including those related to oxytocin
(Oxt) and vasopressin (Avp). Oxytocin is released within various
brain regions including the paraventricular nucleus (PVN),
supraoptic nucleus, septum, hippocampus, and olfactory bulb
(Bosch and Neumann, 2012). In humans, mothers with higher
oxytocin expression show increased maternal touch and contact
with their children (Pratt et al., 2015). In rats, Oxt release
leads to mothers fostering more positive interactions with their
offspring (Leng et al., 2008), and central administration of
Oxt receptor antagonist can block the onset of maternal care,
and reduce pup-directed behaviors (Champagne et al., 2001;
Pedersen and Boccia, 2003). The medial preoptic area seems to
be a key brain region of vasopressin (Avp) actions on maternal
care. It receives vasopressinergic input from the suprachiasmatic
nucleus, and diurnal changes in local Avp release have been
described (Kalsbeek and Buijs, 2002). Vasopressin regulates
maternal care and it seems to occur via vasopressin receptor
1a (Avpr1a; Pedersen et al., 1994; Bosch et al., 2007, 2010). As
many of the Oxt- and Avp-relevant brain regions are within
the hypothalamus, which is also intimately involved in affecting
maternal behaviors (Fang et al., 2018), we focused on the
expression of these neuropeptides and their receptors in the
whole hypothalamus in this study.

The purpose of this study is to determine whether a genetic
model of depression, the WMI rat, shows alterations in maternal
functioning compared to its isogenic control strain. Here,
we explore postpartum behaviors and expression of relevant
hypothalamic genes in these strains of inbred rats.

MATERIALS AND METHODS

Animals and Behavioral Assessments
All animal procedures were approved by the Institutional Animal
Care and Use Committee of Northwestern University. The
40th generation WLI and WMI inbred strains were housed
under temperature and humidity-control with food and water
ad libitum on a 12:12 LD cycle, lights on at 06:00 h. During the
experiment, red lights were on between 18:00 and 23:00 h to allow
video recording during the dark phase.

Females of both strains (18 for WLI and 28 for WMI) were
mated for this study. Maternal behavior of dams (six WLI and
six WMI) that birthed litters that survived to wean (postpartum
day 24: PPD 24) was monitored and recorded daily. Maternal
behavior was observed for 10 days PPD 1–PPD 10, as described
before (Ahmadiyeh et al., 2004), which was a modification
of previous studies (Myers et al., 1989; Francis et al., 2003).
Behaviors were automatically recorded for an hour under light
(11:00–14:00 h) and dark (18:00–23:00 h) conditions, starting
at PPD 1, the day after birth. Behavioral analyses were scored
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manually. Blind scoring was not feasible as the WMI strain had
manymoremating pairs (to account for litter loss) and, therefore,
the experimenter was aware of which strain was giving birth at
any given time. The following behaviors were scored every 3 min:
arched-back nursing; blanket nursing (mother lies over pups);
proximity to pups, which is either passive nursing (mother is on
the side or back with pups feeding) or just resting with pups very
close by; licking/grooming of pups and pup retrieval; no contact
(mother leaves pup alone more than half a cage length away); or
self-directed behaviors (eating and drinking; Ahmadiyeh et al.,
2004). Arched back nursing and blanket nursing categories were
combined, and also licking/grooming of pups and pup retrieval
behaviors. Behavioral measures were shown as a frequency of
observations for each hour of monitoring.

Litter deaths were observed during a previous 8-month
mating period, and results from this period prompted the
investigation of maternal behavior in this study. Litter death was
also recorded in the current study. Although we have not made
a quantitative assessment, most pups that died before weaning
either died from cannibalism by the mother or showed signs of
undernourishment with no milk in their stomachs.

Dams were euthanized, either before PPD 5 after their litters
died (four WLI and six WMI) or at PPD 24 (six WLI and
six WMI) after the pups were weaned, during lights on at
11:00–14:00 h by fast decapitation.

Brain Dissection and RNA Isolation
Hypothalami were dissected with a brain matrix according
to Paxinos coordinates (anterior-posterior, −0.30 to −4.16;
medial-lateral, 0–2.2; dorsal-ventral, −0.40 to −2.8) and were
temporarily stored in RNAlater (Ambion, Austin, TX, USA)
at −80◦C. Tissue samples were homogenized using a TRIzol
reagent (Ambion, Austin, TX, USA) and total RNA from
each hypothalamic sample was isolated with Direct-zol RNA
MiniPrep Kit (Zymo Research, Irvine, CA, USA) following the
manufacturer’s protocol. Once isolated, 1 µg of the total RNA
was reverse transcribed using the SuperScript VILO cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA).
All of these methods have been described previously (Raghavan
et al., 2017; Lim et al., 2018a,b; Meckes et al., 2018).

Real-Time Reverse
Transcription-Polymerase Chain Reaction
(RT-qPCR)
For each experimental group, RT-qPCR was performed to
compare the hypothalamic target gene expression levels between
strains (WLI vs. WMI). Primers for each target gene were
designed using Applied Biosystems Primer Express software
(version 3.0, PE Applied Biosystems, Foster City, CA, USA); the

primer sequences can be found in Supplementary Table 1. Five
ng of cDNA was amplified in a 20 µl reaction using SYBR Green
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) in
the QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA). Triplicates of reactions were
performed and reached threshold amplification within 34 cycles.
Target transcript levels were quantified relative to Gapdh, a
housekeeping gene previously demonstrated to show similar
expression across strains and conditions, and to a general WLI
male hypothalamic calibrator using the 2(−∆∆CT) method.

Statistical Analysis
Data are presented as mean ± standard error of the mean. All
statistical analyses were performed using GraphPad Prism v8.0
(GraphPad Software, La Jolla, CA, USA). Behavioral observations
were analyzed across postpartum days for the light and the dark
phase by two-way ANOVA with repeated measures or mixed
effect models, followed by Sidak’s post hoc analysis for multiple
comparisons. Cohen’s d values were calculated by using the
Cohen’s d = (M2−M1)/SDpooled equation, whereM1 andM2 are
means of the groups to be compared. Gene expression differences
were analyzed by two-way ANOVA followed by Tukey’s multiple
comparison test. Pearson correlation of the gene expression
data was corrected for multiple comparisons. Technical outliers,
when multiple days of behavioral observations were lost or when
RT-qPCR data were marked by the program as technical outliers,
were omitted from the analysis.

ANOVAs, mixed effect analyses, and Cohen’s d effect sizes
are described in the results, while post hoc analyses are shown
on the figures.

RESULTS

Litter Statistics
Body weights of adult female WLIs were significantly higher
compared to those of same age WMI females before mating
(175.3 ± 2.3 g vs. 134.7 ± 1.6 g; p = 1.9e-15).

WLI and WMI litters differed significantly in their rate of
survival to weaning (p = 0.044; Table 1). While the WLI litters
had a survival rate of 50%, theirWMI counterparts had a survival
rate of less than half, 21.4%. This survival rate is in agreement
with the one observed during a previous 8-month mating period
(13 WLI litters survived out of 22 total litters for a 59% rate
compared to 10 WMI litters survived from a total of 37 litters,
27% survival rate; p = 0.014). Additionally,WMI litters seemed to
be smaller at birth compared to WLI litters, based on the counts
without disturbing the cage. Due to the high pup mortality, the
exact number of pups at birth was not determined since we did
not want to disturb the dams and litters after birth. WMI litters

TABLE 1 | Litter characteristics.

Strain Litters survived/total; %
survival

Days survived by litters
not weaned

Number of pups at
weaning

Male : female ratio at
weaning

WLI 9/18, 50% 5.22 ± 2.17 8.50 ± 0.68 4.41 ± 0.55 : 4.08 ± 0.41
WMI 6/28∗, 21.4% 3.375 ± 0.63 5.92 ± 0.47∗∗ 2.83 ± 0.44∗: 3.08 ± 0.35

Values are mean ± SEM; ∗p < 0.05, ∗∗p < 0.01 strain differences.
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had significantly fewer pups than the WLI litters at weaning
(t(22) = 3.13, p = 0.005; Cohen’s d = 1.28), and the numbers were
uneven between the sexes with less male WMI pups survived
compared to WLI males (males, t(22) = 2.29, p = 0.036; Cohen’s
d = 0.91; females, t(22) = 1.82, p = 0.082; Cohen’s d = 0.74;
Table 1).

Maternal Behavior
Maternal and self-directed behaviors were assessed for 10 days
postpartum and their distribution is shown in Figure 1A. The
figure shows the percentage of different behaviors in both strains,
measured as the average frequency observed during the 1-h
observation period in the light and the dark phase. A significant
strain difference was observed in arched-back and blanket
nursing (strain, F(1,18) = 7.77, p = 0.012), with no differences
between light and dark phases (Figure 1B). Large effect sizes
were detected for the strain comparisons (Cohen’s d, light: 1.23;
dark: 1.28). Similarly, there were strain differences in licking,
grooming, and pup retrieval (F(1,19) = 4.61, p = 0.045; Figure 1B),
with WMIs showing the greater of these pup-directed behaviors.
The effect sizes revealed that this strain difference originated
more from the dark phase comparison (Cohen’s d, light: 0.76;
dark: 1.24). Both strains of dams showed a lower frequency of
these pup-directed behaviors during the dark phase (time of day,
F(1,19) = 8.79, p = 0.008). Self-directed behaviors such as eating,
drinking, and self-grooming, also differed by strain and time of
day (strain, F(1,19) = 6.12, p = 0.023; time of day F(1,19) = 10.29,
p = 0.005; Figure 1B). Interestingly, the diurnal change in this
behavior was only seen in the WLI dams (strain × time of
day, F(1,19) = 6.19, p = 0.022). This is confirmed by the large
effect size in strain comparisons at the dark phase (Cohen’s d,
light: 0.02; dark: 1.59).

Figure 1C shows self-directed behaviors across the 10 days
observation period for both WLI and WMI dams. WLI dams
showed day by day differences in self-directed behaviors across
the observation period, and also between the light and dark
phases (time of day, F(1,3) = 23.42, p = 0.017; days × time of day,
F(9,27) = 2.45, p = 0.035). Specifically, self-directed behaviors were
significantly greater in the dark phase than the light phase on
PPD 5–7 and 10 (PPD 5, t(30) = 3.56, p = 0.013; PPD 6, t(30) = 4.07,
p = 0.003; PPD 7, t(30) = 3.56, p = 0.013, and PPD 10, t(30) = 4.07,
p = 0.003). In contrast, there were no significant differences in
self-directed behaviors across the days of observation in WMIs,
but light, dark phase differences tended to occur postpartum
day 5 (days × time of day, F(9,35) = 2.12, p = 0.054; PPD 5,
t(39) = 3.07, p = 0.038).

Hypothalamic Target Gene Expression
The observation of the lack of circadian rhythm in the
self-directed behaviors of WMI dams prompted us to
examine any potential causative genetic differences in circadian
rhythm-regulating genes between WLI and WMI. The Lysine
Demethylase 5A (Kdm5a or Jumonji/ARID domain-containing
protein1A: JARID1A) is connected to the circadian epigenome
(Masri and Sassone-Corsi, 2013). We first identified the
Arg745Cys variation in the Kdm5a gene between WMI and
WLI strains from whole-genome sequencing data. This was

validated using Sanger Sequencing (Supplementary Figure 1).
Therefore, the hypothalamic expression of Kdm5a and the
transcribed clock genes period 1 and 2 (Per1, Per2) was
measured. Transcript levels of Kdm5a differed significantly
between WLI and WMI females, regardless of postpartum
days (Kdm5a, F(1,15) = 68.77, p < 0.0001), with WMI dams
showing higher expression (Figure 2). Transcript levels of Per1
and Per2 also differed significantly between WLI and WMI
females (Per1, F(1,15) = 4.63, p = 0.048; Per2, F(1,15) = 8.05,
p = 0.013), with WMI dams showing higher expression
(Figure 2).

Hypothalamic transcript levels of target genes are shown
in Figure 3. Interestingly, while Oxt expression tended to
differ significantly between WLI and WMI dams only by litter
survival (litter survival by strain, F(1,11) = 7, 15, p = 0.022),
expression of Oxtr showed both a clear strain and a strain
by litter survival effect (strain, F(1,13) = 4.80, p = 0.047;
litter survival by strain, F(1,13) = 5.38, p = 0.037). The Avp
system showed major differences between the strains and
litter survival. Specifically, expression of both Avp and Avpr1a
showed strain differences (Avp, F(1,12) = 12.54, p = 0.004;
Avpr1a, F(1,15) = 7.01, p = 0.018). However, while there were
no litter survival and strain by litter survival effects for Avp
expression, Avpr1a expression was greater in PPD 24 WMI
hypothalamus compared to all other groups (litter survival,
F(1,15) = 8.64, p = 0.010; strain by litter survival, F(1,15) = 5.62,
p = 0.032). In contrast, hypothalamic transcript levels of Avpr1b
did not differ between the strains but showed a significant
association with litter survival (F(1,13) = 21.56, p = 0.0005).
Expression of Esr1 differed significantly between the WLI
and WMI hypothalamus (F(1,12) = 5.24, p = 0.041), but the
expression of Esr2 only showed a difference by litter survival
(F(1,15) = 7.97, p < 0.013).

Heatmaps of the correlations between hypothalamic gene
expressions are shown in Supplementary Figure 2 for WLIs
and WMIs. The heatmaps illustrate the differential pattern
of correlations between the strains and between the days
postpartum. Unique strain differences in a significant correlation
are present in WLIs regardless of PPD, such as the correlation
between hypothalamic expression of Oxtr and Avpr1a and
Kdm5a and Per2. These correlations are not present in WMIs,
while the Avp, Per1, Kdm5a, and Avpr1b correlations are
unique to PPD 24 WMI hypothalamus. Correlations unique to
postpartum days or litter survival regardless of strain indicate
that in the PPD <5 groups, hypothalamic expression of Oxt
correlated with Avp, while at PPD 24, Avpr1a correlated with
Esr2 expression.

DISCUSSION

The WMI genetic animal model of depression has shown
major differences during postpartum compared to their isogenic
controls, the WLI strain that does not indicate depression-like
behavior.Many of these characteristics segregated from theWKY
parent phenotype during selective breeding with most behavioral
phenotypes of WMIs being the same as the WKYs, while
WLIs being different. Particularly, WMI dams have reduced
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FIGURE 1 | Maternal and self-directed behaviors of Wistar Kyoto Less Immobile (WLI) and Wistar Kyoto More Immobile (WMI) dams as observed during
postpartum day 1–10. (A) Percentage of average frequency/hr of each category of maternal behaviors in the light and the dark phases of the day are shown.
(B) Frequency per hour of observation of arched-back and blanket nursing is greater in WLI dams compared to WMIs, regardless of the time of day. Pup-directed
behaviors, such as licking, grooming, and retrieval are greater in WMI than WLI dams and differ between the light and the dark phases of the day, the latter being
less. Self-directed behaviors do not differ between WLI and WMI dams during the light phase, but during the dark phase (when nocturnal animals are more active),
WMI dams spend significantly less time eating and drinking compared to WLIs. (C) Self-directed behaviors are greater in the dark phase in WLIs across the 10 days
observation, with only one time of day difference in WMIs. Data are presented as mean ± standard error of the mean. *p < 0.05, ∗∗p < 0.01.

litter survival, smaller litter size and decreased arched-back
and blanket nursing, but increased licking, grooming retrieval
behaviors toward their pups than WLI dams over the
first 10 days postpartum. WMIs self-directed behaviors are
decreased and WMIs show no diurnal rhythm in these
behaviors while WLI dams do. This is similar to the biological

rhythm disturbances observed in patients with depression
compared to healthy controls (Mondin et al., 2017; Ozcelik
and Sahbaz, 2020). Hypothalamic expression of Kdm5a, Per1,
and Per2 is greater in WMIs than WLIs, both in dams
whose litter died before postpartum day 5 and in those
whose litter survived to wean. Hypothalamic transcript levels
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FIGURE 2 | Hypothalamic gene expression of Kdm5a, Per1, and Per2 in WLI and WMI dams who lost their litter before postpartum day 5 (PPD < 5) and in those
whose litter were weaned at PPD 24. Hypothalamic transcript levels were measured by quantitative RT-PCR and shown as Relative Quantification (RQ). Data are
presented as mean ± standard error of the mean. N = 4–6 per group. ∗P < 0.05 and ∗∗P < 0.01 represent post hoc comparisons.

of Oxtr, Avp, and Avpr1a are also increased in the WMI
dams compared to their isogenic control WLIs, but only
in dams whose litter survived to wean. Another parallel to
the human condition is that these gene expression increases
are similar to what was found in the hypothalamus of
depressed patients (Meynen et al., 2006; Wang et al., 2008).
Since WMI dams show characteristics similar to depressed
patients and decreased nursing, but increased pup-directed
behaviors, we propose that the dams of the WMI genetic
animal model of depression are a potential animal model of
postpartum depression.

In prior studies, differences in maternal care were not related
to basic measures of reproductive success, such as litter survival
to weaning (Champagne et al., 2003). The parental strain of
the WLI and WMI, the WKY rat, has an average litter size of
8.16 pups which is similar to litter sizes of the control WLI
dams and other rat strains (Gill Iii et al., 1979). However,
after the establishment of these new inbred strains, the litter
size for the WMI dams became close to half of that of the
WLI dams. Furthermore, although WMI litters were birthed
at the same rate as WLI litters, they showed a significantly
lower survival rate than WLI litters. One of the potential
causes of these findings could be aberrant maternal behavior
of the WMI dam, as more nourishment-directed maternal
behaviors are thought to increase litter survival (Weber et al.,
2016). While dams of both strains show limited arched-back
and blanket nursing behaviors during the observation period,
WMI dams spent significantly less time with arched-back and
blanket nursing of the pups than WLIs. In contrast, WMI
dams spent more time licking, grooming, and retrieval of the
pups than WLIs. Although arched-back, blanket nursing and
licking, grooming and retrieval of the pups often co-occur,
previous studies have found them to vary independently. For
example, undernourished pups elicit increased licking, grooming
from dams regardless of the dam’s ability or frequency of
nursing (Lynch, 1976). It has been suggested that these two
behaviors have distinct developmental roles with distinct effects
on offspring biobehavioral outcomes, and also that arched-back
nursing is typically not a significant predictor of offspring
outcomes (Jensen Peña and Champagne, 2013).

Altered maternal-child interactions are reported when
women suffer from postpartum depression and comorbid
anxiety. Decreased breastfeeding, or premature cessation of
it, has been observed in women with depression before or
during pregnancy (Wallenborn et al., 2018; Jordan et al., 2019).
Genetic rodent models with depression-like behavior show
some of the characteristics of these altered interactions, as
seen with the decreased nursing of WMIs compared to WLIs.
Although maternal behavior has been examined in many inbred
and outbred strains of rats and mice (Perani and Slattery,
2014), findings from the Flinders Sensitive Line (FSL) and the
WKY rats, two different genetic animal models of depression
(Lavi-Avnon et al., 2005; Braw et al., 2009), are particularly
relevant to the current study. FSL dams do not differ from
control Sprague Dawley dams in their maternal behavior, while
WKY dams perform more pup-directed activities and fewer
self-directed activities compared to Wistar controls (Braw et al.,
2009). This again implies that the WKY parental phenotype of
pup-directed and self-directed activities are segregated together
and present in the WMI strain, differently from that of
the litter size phenotype. Interestingly, increased pup-directed
behavior could represent the ‘‘helicopter parenting’’ maternal
phenotype observed in mothers with postpartum depression
and anxiety (Perani and Slattery, 2014). Even more specifically,
maternal anxiety is associated with higher maternal control
and intrusiveness in the mother-infant interaction (Stein et al.,
2012; Parfitt et al., 2013; Hakanen et al., 2019). Since both
WKY (Solberg et al., 2003; Baum et al., 2006) and WMI
females show concurrent increased depression and anxiety-like
phenotypes (Mehta et al., 2013) and more pup-directed
activities compared to their respective controls (Wistar and
WLI; Braw et al., 2009), it is feasible that their behavior
is also associated with maternal anxiety. This is similar to
findings in which women with postpartum depression very
often show comorbid anxiety (Farr et al., 2014). The main
predictor for depressive, anxiety, or psychotic diseases after
delivery is an antenatal episode of the illness (Perani and
Slattery, 2014). Thus, WKY and WMI females do have risk
factors for showing characteristics of postpartum depression
after delivery.
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FIGURE 3 | Hypothalamic gene expression of Oxt, Oxtr, Avp, Avpr1a and Avpr1b, and Esr1 and Esr2 in WLI and WMI dams who lost their litter before postpartum
day 5 (PPD < 5) and in those whose litter were weaned at PPD 24. Hypothalamic transcript levels were measured by quantitative RT-PCR and shown as Relative
Quantification (RQ). Data are presented as mean ± standard error of the mean. N = 4–6 per group. #< 0.10, ∗P < 0.05, and ∗∗P < 0.01 represent
post hoc comparisons.

The decreased self-directed behavior of the WMI dams
became very apparent in this study because we observedmaternal
behavior during both the light and the dark phase for 10 days
postpartum. This is in contrast to some other studies in which
spot check observations were conducted on PPD 4 and 9 only
(Braw et al., 2009), or behaviors were examined on PPD
3–4 and 17–18 only in the light phase (Lavi-Avnon et al.,
2005). Nocturnal animals eat and drink more during the dark,
just as the WLI dams did, but the disturbed rhythm of WMIs
recalls a similar phenomenon in the WKYs. The WKY rats were
found to be less responsive to light, which may cause possible
alterations in daily rhythm patterns of this strain (Rosenwasser,
1993; Solberg et al., 2001). Interestingly, the FSL has shown

a similar phenotype, suggesting that it may be a common
phenotype in animal models of depression (Shiromani and
Overstreet, 1994). Some data demonstrate that patients with
depression may have an altered sensitivity to light (Duncan,
1996). Additionally, greater biological rhythm disturbances have
been observed in patients with depression compared to healthy
controls (Mondin et al., 2017; Ozcelik and Sahbaz, 2020). Sleep
disturbances have also been observed in WKYs (Dugovic et al.,
2000; Dasilva et al., 2011), very similar to those described in
depressed patients (Rosenwasser and Wirz-Justice, 1997). Thus,
the lack of diurnal rhythm of self-directed behaviors in the
WMI dams suggests that this phenotype segregated with the
depression-like behavior.
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Because the WLI and WMI strains are isogenic, we could
peruse the sequences for possible causative sequence variations
that may be associated with the lack of diurnal rhythm
observed in the WMI dams. The confirmed nonsynonymous
sequence variation in the coding region of lysine-specific
demethylase 5A (Kdm5a/Jarid1a) elevated this gene to
a possible causative gene, although the single nucleotide
polymorphism (SNP) was in the WLI strain. Kdm5a forms a
complex with transcription factors Clock and Bmal1, which
results in transcriptional activation of the Period genes and
maintenance of circadian oscillations (DiTacchio et al., 2011).
Interestingly, Kdm5a and Per2 expression were increased
in the WMI compared to WLI, regardless of litter survival
or postpartum days. Increased hypothalamic expression of
Kdm5a and Per2 may contribute to the lack of circadian
rhythm seen in the WMI’s behavior. Constitutive expression
of Per2 abolishes diurnal rhythm (Chen et al., 2009), and
Kdm5a is known to activate Per2 expression (DiTacchio et al.,
2011). Thus, the lack of diurnal variation in self-directed
behaviors of the WMI dam could be related to the increased
expression of Per2 in the hypothalamus. Whether the increased
Per2 is also a molecular characterization of the WMI’s
depressive behavior is not known, but antidepressants are
known to reduce Per2 expression in experimental models
(Orozco-Solis et al., 2017).

Alternatively, the SNP in the Kdm5a gene in the WLIs
could have a loss or gain of function effect. The gain of
function could enhance the circadian rhythm of WLI in
their self-directed behavior, and the Kdm5a-induced negative
regulation of transcription by RNA polymerase II could
suppress the expression of the target genes in WLIs, and
not in WMIs. However, there were no correlations between
the expression of Kdm5a and other genes except for Per2
in the WLIs. In contrast, Kdm5a expression correlated with
Avp, but only in the WMIs, suggesting a loss of function
effect of the WLI SNP. These proposed mechanisms do
not explain the lack of diurnal rhythm in the WMIs
self-directed behavior, as no single regulator can. However,
they implicate that genetic manipulations in these strains
could, potentially, identify causative variations affecting
maternal behavior.

The observed increases in the hypothalamic expression of
Oxtr, Avp, and Avp1ra in the WMI dams compared to WLIs and
also to those WMIs whose litter died are difficult to interpret
in the context of their accepted role in maternal behavior. A
large body of literature supports the role of neuroendocrine
processes in the induction and regulation of maternal behavior
(Bridges, 2015). Both neuropeptides, Oxt and Avp, have been
known to have an impact on maternal behavior (Pedersen and
Prange, 1979; Pedersen et al., 1982; Bosch and Neumann, 2008;
Bayerl and Bosch, 2019). Their receptors, Avpr1a and Oxtr,
have also been implicated in maternal behaviors (Donaldson
and Young, 2008) with complementary expression patterns
in the ventromedial hypothalamus (Raggenbass, 2008). Several
rat and mice studies showed a correlation between Oxtr
and Avpr expression, similar to what is seen in the WLI
dams’ hypothalami. However, more maternal care has been

associated with higher levels of oxytocin binding in relevant
brain regions (Champagne et al., 2001; Curley et al., 2012),
including the paraventricular nucleus of the hypothalamus
(Bayerl et al., 2016). Furthermore, the central administration
of an Oxtr antagonist reduces high levels of pup licking,
grooming, and arched-back nursing in dams (Champagne et al.,
2001). Thus, increased pup licking, grooming behavior of the
WMI dam is in concordance with their increased hypothalamic
expression of Oxtr, but not with their decreased arched-back
and blanket nursing compared to that of WLIs. Administration
of Avp increases pup grooming in rats (Caldwell et al., 1986;
Elkabir et al., 1990), while antagonism of Avpr1a does not
affect arched back nursing and pup retrieval, but decreases
other types of nursing (Bayerl et al., 2016). Thus again, the
increased Avp expression in the WMI hypothalamus is as
per a component of the licking, grooming behavior of WMI
dams, but not with the rest of the observed behavior. These
seeming contradictions suggest that discrete components of
maternal behavior are influenced by different neuropeptidergic
mechanisms or differing neurocircuitry (Bosch and Neumann,
2012). The complexity of the association between maternal
behavioral differences and these neuropeptidergic mechanisms
is exaggerated by the findings that the administration of an
Avpr1a antagonist reduces anxiety/depression-like behavior in
preclinical studies (Wigger et al., 2004). Furthermore, AVP and
AVPR1A expressions are higher in the human hypothalamus of
depressed patients compared to that of controls (Meynen et al.,
2006; Wang et al., 2008). Therefore, the increased hypothalamic
expression of Avp and Avpr1a could be the manifestation of the
depression-like behavior of the WMI dams.

The most thought-provoking findings of the present study,
such as the increased licking, grooming, and retrieval but
decreased arched-back and blanket nursing and self-directed
behaviors of the WMI dams, seem to parallel postpartum
behavior of its progenitor, the WKY strain, which is considered
an animal model of depression. In contrast, these behaviors
are very different in the WLIs, where the inbred strain does
not show depression-like behavior. Thus, some postpartum
behaviors segregated together with depression-like behavior
between the two strains during selective breeding. Genetic
studies using the WKY and another strain with phenotypic
differences are possible, but less likely to produce causative
genes due to the nature of these quantitative trait loci
studies (Solberg et al., 2004). In contrast, exploring the
underlying genetic basis of these behaviors in the isogenic
WLI and WMI strains using the reduced complexity cross
approach would be more meaningful, as we described it
recently (Bryant et al., 2020). The loss of diurnal patterns
in self-directed behaviors and increased hypothalamic
Avp and Avpr1a expression are resonant to findings in
human depressed patients. Future studies could investigate
whether attenuating the WMI’s depression-like behavior
before gestation, by antidepressant treatment (Will et al.,
2003) or by environmental enrichment (Mehta-Raghavan
et al., 2016), would equalize litter survival, maternal and
self-directed behaviors, and neuropeptide receptor expression
in the hypothalamus of WMI and WLI dams. Since the
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greatest risk factor for postpartum depression is a history
of depression before pregnancy (Putnam et al., 2017),
the WLI and WMI rat strains could be valuable tools
to investigate the molecular and genetic underpinning of
this disorder.
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