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This study was undertaken to determine whether depression-like behavior can be observed in gonadally
intact females that have experienced normal pregnancy. When tested on the forced swim test (FST) on
postpartum days 1-7, previously pregnant rats spent slightly more time immobile, significantly less time
swimming and diving, and defecated more than virgin controls. Subchronic treatment with nomifensine (DA
reuptake inhibitor, 2.5 mg/kg) but not sertraline (serotonin reuptake inhibitor, 10 mg/kg) or desipramine
(norepinephrine reuptake inhibitor, 10 mg/kg) significantly decreased immobility on postpartum day 2. In

Keywords: X - > ) ; - ! .
Postpartum depression rats pre-exposed to the FST in mid-pregnancy, neither subchronic nor chronic treatment with desipramine
Females or sertraline decreased immobility on postpartum day 2; in contrast, chronic desipramine significantly

decreased immobility in virgin controls. These results indicate that postpartum female rats, compared to
virgin controls, show a reduction in some “active coping behaviors” but no significant increase in immobility
when tested during the early postpartum period, unlike ovariectomized females that have undergone
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Previous studies suggest that hormonal changes that women
undergo around the time of childbirth may trigger postpartum mood
disorders (Moses-Kolko et al., 2009; O'Hara, 2009; Parry et al., 2003).
We and others have shown previously that ovariectomized female
rats that have undergone hormone-simulated pregnancy (HSP) show
depression-like behaviors during the “postpartum” period, suggesting
that HSP followed by hormone withdrawal may be a useful animal
model of postpartum depression (Galea et al., 2001; Green et al., 2009;
Navarre et al., 2010; Stoffel and Craft, 2004). In these studies, the
abrupt hormone withdrawal at the end of the HSP (modeling
parturition) is considered to be the stressor; rats that have undergone
HSP and are tested only once during the “postpartum” period on the
forced swim test (FST) or sucrose preference test show increased
immobility and decreased sucrose preference, respectively, compared
to ovariectomized, vehicle-treated controls.

Although only 10-15% of women experience significant postpar-
tum mood disturbance (Halbreich, 2005), reproductive hormones
change dramatically in all women at parturition, and mild mood
disturbance (“baby blues”) is estimated to occur in 75% of women
within the first week following childbirth (Sit and Wisner, 2009). To

* Corresponding author. PO Box 644820, Department of Psychology, Washington
State University, Pullman, WA 99164-4820, USA. Tel.: +1 509 335 5040; fax: +1 509
335 5043.

E-mail address: craft@wsu.edu (R.M. Craft).

0091-3057/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.pbb.2010.06.012

determine whether this more common but milder mood disturbance
can also be modeled (detected) in animals, we recently compared
actual postpartum female rats with those that had undergone HSP
using the sucrose preference test. Compared to HSP females tested
during the “postpartum” period, actual postpartum females showed
only slightly suppressed sucrose preference in the first week
postpartum (Navarre et al., 2010). In the present study we employed
another common measure of depression-like behavior in the rat, the
FST, to determine whether actual postpartum females show any
depression-like behavior during the early postpartum period. In
keeping with previous studies using the HSP model, parturition itself
was considered the stressor, and rats were initially tested on the FST
only once during the postpartum period (i.e., there was no FST pre-
exposure as commonly used by other investigators: Porsolt et al.,
1978; Borsini and Meli, 1988; Cryan et al.,, 2005). We also
subsequently tested postpartum females using a standard procedure
that included FST pre-exposure, to ensure that they responded
similarly to controls.

A previous study of FST behavior in pregnant/postpartum female
rats reported that postpartum females showed elevated immobility
(and decreased struggling) on postpartum days 3 and 7 compared to
females tested during mid-pregnancy, although immobility was not
elevated above that of ovariectomized controls (Molina-Hernandez
and Téllez-Alcantara, 2001). Another study showed no difference in
immobility between virgin and postpartum females tested on
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postpartum days 8-10 (Walker et al., 1995), whereas a third study
showed increased immobility at 4 weeks postpartum, but only in rats
that had had their pups removed on the first day postpartum
(Pawluski et al., 2009). In the present study, the first goal was to
compare FST behaviors between virgin control and postpartum
females during the first postpartum week; in addition to the standard
measures of “active coping” (swimming and struggling (climbing))
and “passive coping” (immobility), we assessed a third escape-related
behavior, diving, as well as a general measure of emotionality in the
rat, defecation (Broadhurst, 1957). Second, we compared virgin vs.
postpartum females' FST behaviors after administration of standard
antidepressant medications, to determine whether mood-related
changes in postpartum females can be prevented by antidepressant
treatment. Third, we compared FST behaviors and plasma levels of
several hormones in HSP vs. actual postpartum females, to determine
whether increased immobility in HSP but not actual postpartum
females could relate to greater hormonal changes in HSP compared to
actual postpartum females during the postpartum period.

1. Methods

All procedures used in this study adhered to the guidelines of the
NIH Guide for Care and Use of Laboratory Animals (Publication No. 85-
23, revised 1985), and were approved by the Institutional Animal Care
and Use Committee at Washington State University (LARC 3218).

1.1. Subjects

Gonadally intact Sprague-Dawley female rats, approximately 3-
6 months old, were used (bred in-house from Taconic stock, German-
town, NY). Rats were maintained under a 12:12 h light:dark cycle
(lights on at 0600 h), with food and water available ad libitum.

1.2. Apparatus

The FST was conducted using two cylindrical Plexiglas containers
(45 cm highx25 cm diameter) filled with tap water to 30 cm and
maintained at room temperature during testing (25 + 1.0 °C). Female
rats of the age used in this study are unable to touch the bottom of a
tank filled to 30 cm; deeper water, in which rats cannot touch the tank
bottom, has been shown to yield more reliable antidepressant effects
(Detke and Lucki, 1996). The locomotor activity test was conducted
using photobeam chambers (Opto-varimex, Columbus Instruments,
Columbus, OH). The 15 photobeams that cross the width of the cage
were 2.5 cm apart and 8 cm above the cage floor.

1.3. Timed (and untimed) pregnancies

When we did not have to know the first day of pregnancy (i.e., in
the first and third experiments), untimed pregnancies were used:
each female that was intended for the “pregnant” group was simply
paired with a male for a minimum of 2 weeks. Each female intended
for the control group was paired with another female. All females
were briefly handled daily (picked up for a few seconds by the base of
the tail). Beginning 2 weeks after pairing, if a female paired with a
male looked visibly pregnant, the male was removed and the female
was housed alone thereafter. If the female did not look pregnant, the
male was left in the cage for up to one more week; at that point any
females that were not clearly pregnant were paired with a different
male. Control females were separated from each other at approxi-
mately the same time that pregnant females were separated from
males, to ensure that the period of single-housing before testing was
the same in both control and pregnant groups.

For all other experiments, because various treatments needed to
occur on certain days of pregnancy, a timed-pregnancy procedure was
used: vaginal smears were taken daily; as soon as a female was

observed to be in vaginal proestrus, a stud male was placed in her
cage. Vaginal smears continued to be taken daily. As soon as sperm
were observed in the smear, the male was removed from the cage and
that day was designated as pregnancy day 1. A few females did not
show sperm in the smear within approximately 1 week after pairing
with a male; these were re-assigned to the control group. Addition-
ally, a few females were paired with males when the females were in
diestrus, and then the males were removed within 1-2 days so that
females did not become pregnant. This procedure yielded pregnant
and control groups that spent approximately the same number of
days paired with males before being singly housed until testing.

For both untimed and timed pregnancies, females continued to be
handled briefly each day until pups were born. Near the time of
parturition, females were monitored 3 times/day (approximately 7-
9am, 12-2 pm and 5-10 pm) so that time of pup birth could be
accurately estimated for most rats.

1.4. Determination of postpartum day

Postpartum days 1 and 2 testing occurred 244+4h and 48 +4 h,
respectively, after parturition (only females whose pup births were
actually observed were included in these groups). Postpartum days 4
and 7 testing occurred 72412 h and 96412 h, respectively, after
parturition. Females continued to be handled briefly (lifted by the
base of the tail) daily during the postpartum period, until testing.

1.5. Behavioral procedures

In Experiment 1 (time course of FST behavior during the
postpartum period), previously pregnant and control females were
tested on the FST for 5 min on postpartum days 1, 2, 4 or 7 (separate
rats at each time point), between 12 and 3 pm. Behavior was
videotaped for 5 min, and scored later by an observer who was
blind to treatment group assignment. A time sampling technique was
used to score behavior (Detke et al., 1995): at the end of each 5-s
period, the observer recorded the predominant behavior occurring
during that 5-s period: struggling (movements of the forelimbs,
usually directed at the walls of the cylinder, wherein the forepaws
break the surface of the water); swimming (paddling with forelimbs
and hindlimbs causing the rat to move through at least two quadrants
of the cylinder within 5 s); immobility (making only the movements
necessary to keep its head above water, so that the rat stays within a
single quadrant); diving (entire rat submerged under the surface of
the water, paddling toward the bottom of the cylinder); headshaking.
Although it is arguably an “active coping” (escape-related) behavior
just like swimming and struggling, diving is not usually scored by
other investigators because it occurs at a fairly low frequency and has
not been shown to change with antidepressant treatment (Cryan et
al., 2005). However, we noticed in a pilot study that postpartum rats
could be distinguished from controls by their lesser diving behavior,
so we included this measure throughout the study. Defecation (the
number of fecal boli excreted) during the FST also was recorded, as a
measure of emotionality (Broadhurst, 1957).

After forced swim testing, rats were towel-dried and placed under
a heat lamp for 30 min. Vaginal smears were taken, and then females
were returned to their pups. Spontaneous locomotor activity was
assessed for 5 min on the following day (12-3 pm).

Because postpartum females in Experiment 1 were all in diestrus
at the time of testing, and control females were in various stages,
Experiment 2 was conducted to determine whether estrous stage
affects FST behavior in virgin female rats. All rats were housed in
female-female pairs. Vaginal smears were taken daily for 2 weeks.
Females were then separated into individual cages, and vaginal
smears were taken daily until a female was in proestrus, estrus or
diestrus. A 5-min FST was then conducted between 12 and 3 pm. Rats
were towel-dried and placed under a heat lamp for approximately
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15 min. Locomotor activity was then assessed for 5 min. As much as
possible, females were tested in groups of three, one female/stage on a
given day, until all females were tested. A second vaginal smear was
taken immediately after behavioral testing; only those females
remaining in the same stage from before to after testing were
included in analyses.

In Experiment 3 (subchronic antidepressant drug treatment),
vehicle, nomifensine (2.5 mg/kg), desipramine (10 mg/kg), or sertra-
line (10 mg/kg) was administered 24, 5 and 1 h before conducting a 5-
min FST on postpartum day 2. Females were not exposed to the FST
before postpartum day 2. Rats were towel-dried and placed under a
heat lamp for approximately 15 min, and then locomotor activity was
assessed for 5 min.

In Experiment 4 (FST pre-exposure), females were impregnated by
the timed-pregnancy method. On pregnancy day 14 (between 12 and
3 pm), half of the rats were placed into the FST cylinders for 15 min;
after drying, rats were returned to their home cages. The other half of
rats were left undisturbed (except for brief daily handling). On
postpartum day 2, all rats were tested in the FST for 5 min (and, after
approximately 15 min drying, on the locomotor activity test for
5 min). This experiment was conducted to determine if pre-exposure
to the FST at long vs. short intervals would increase immobility during
the postpartum day 2 FST, and to determine whether increases in
immobility from the first to second FST were comparable in control
(virgin) vs. postpartum females.

In Experiment 5 (subchronic vs. chronic antidepressant drug
treatment in FST pre-exposed rats), postpartum and control females
were exposed to the FST for 15 min on pregnancy day 12, to increase
immobility on the postpartum day 2 FST; we hypothesized that
antidepressant-induced changes in postpartum FST behavior might be
more readily observed if females were pre-exposed to the FST. In both
chronic and subchronic treatment groups, drug administration began
after FST pre-exposure, so that rats were drug-free during the first FST.
Thus, immediately after the 15-min FST on pregnancy day 12, vehicle,
desipramine (10 mg/kg) or sertraline (10 mg/kg) was administered.
In the subchronic groups, vehicle was administered once daily from
pregnancy day 12 through postpartum day 1; then vehicle, desipra-
mine (10 mg/kg) or sertraline (10 or 20 mg/kg) was administered 24,
5 and 1 h before the 5-min, postpartum day 2 FST. In the chronic
groups, vehicle, desipramine (10 mg/kg) or sertraline (10 mg/kg) was
administered on pregnancy day 12 and the same treatment was
administered once daily thereafter, with the last injection given on
postpartum day 2, 1 h before the 5-min postpartum FST. Thus, in the
chronic groups, drugs were administered once daily for 13-14 days,
depending on the length of gestation (22-23 days). After approxi-
mately 15 min drying post-FST, locomotor activity was measured for
5 min.

1.6. Vaginal smears

Proestrus was identified by the predominance (approximately 75%
or more of epithelial cells in sample) of nucleated epithelial cells
without leukocytes; estrus was identified by the predominance of
cornified epithelial cells; diestrus (metestrus and diestrus) were
identified by the presence of leukocytes and scattered nucleated and/
or cornified epithelial cells (Freeman, 1988).

1.7. Plasma hormone levels

To compare hormone levels between control and postpartum
females, as well as ovariectomized females that had undergone HSP,
trunk blood was taken from rats in each of these four groups on
postpartum days 1, 2, 4 or 7 (separate rats at each time point). To
determine hormone profiles in the absence of FST “stress”, no
behavioral testing was conducted in these rats. They were euthanized
at approximately the same time of day that behavioral testing was

conducted in other rats. Blood samples were centrifuged for 20 min at
2000 rpm at 4 °C; serum was removed and stored at —80 °C.
Hormone levels were determined via double antibody radioimmu-
noassay kits (estradiol, testosterone and progesterone: Diagnostic
System Laboratories, Webster, TX; corticosterone: ImmuChem, MP
Biomedicals, Orangeburg, NY), or by ELISA (prolactin: 12-MKVRP-1,
Alpco Diagnostics, Boston, MA). Manufacturer's instructions were
followed in each case, except for estradiol, in which samples and
standards were extracted twice using ether (done in duplicate); after
the ether evaporated, the assay reagents were added to the extraction
tubes, which were incubated overnight at 4 °C.

1.8. Drugs

Nomifensine maleate and desipramine hydrochloride were pur-
chased from Sigma-Aldrich, Inc. (St. Louis, MO); these drugs were
dissolved in physiological saline and injected s.c. (nomifensine) or i.p.
(desipramine). Sertraline hydrochloride was generously donated by
Pfizer, Inc. (Groton, CT); it was dissolved in Tween80, which was then
diluted to 5% in saline, and injected i.p. Drugs were administered in
volumes of 1 ml/kg, except the 20 mg/kg dose of sertraline, which was
administered in a volume of 2 ml/kg due to solubility limitations.
Saline served as the control vehicle for nomifensine and desipramine,
and 5% Tween80 served as the control vehicle for sertraline.

1.9. Data analysis

Frequency data for each of the 5 behaviors in the FST were
converted to percent of total test behaviors: (# 5-s periods in which
behavior was predominant/total # 5-s periods)x 100. Headshakes
were not analyzed because they occur at very low frequency and have
never been shown to be an escape-related behavior. Based on a
random sample of 13 rats scored by both J.A.R. and K.T.T., inter-rater
reliability was 0.91 (immobility), 0.86 (swimming), 0.95 (struggling),
0.94 (diving), and 0.98 (defecation). Locomotor activity was analyzed
as the number of photobeam breaks in 5 min. Data from each
experiment were analyzed via ANOVA, with a significance level of
p<0.05. If significant main effects or interactions were observed, the
Student-Newman-Keuls test was used to determine which specific
groups differed from each other. In the drug experiments, Dunnett's
post hoc tests were used to compare multiple drug treatment groups
to the vehicle control group, within postpartum or virgin control
groups. Because no significant differences were found between rats
tested with saline vs. 5% Tween80 vehicle, vehicle groups were pooled
before analysis.

2. Results

2.1. FST behaviors in postpartum vs. control females on postpartum days
1-7

Fig. 1 shows FST behaviors and defecation in postpartum vs. control
females tested on postpartum days 1, 2, 4 or 7. Postpartum females
spent slightly but not significantly more time immobile than control
females (F(1,69) =2.79, p=0.10). Struggling did not differ between
the two groups; however, postpartum females spent significantly less
time swimming (F(1,69)=7.43, p=0.008) and diving (F(1,69)=
4.08, p=0.047) than controls, and also defecated significantly more
during the FST than control females (F(1,69) = 8.36, p=0.005). There
were no differences between postpartum and control females on the
locomotor activity test (data not shown).

2.2. Estrous stage and FST behaviors

One possible confound in the first experiment was the difference
in estrous stages between groups. Whereas all postpartum females
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were in diestrus at the time of testing, the control females were in
various estrous stages. To determine whether this may have affected
the results of the first experiment, a separate experiment was
conducted to compare FST behaviors in control (virgin) females that
were in proestrus, estrus or diestrus, so that similar numbers of
females could be selected in each stage. Fig. 2 shows that no
significant differences were observed between rats in proestrus,
estrus or diestrus in any FST behavior or locomotor activity. When
data from previously pregnant females tested on postpartum day 1
(from Experiment 1) were compared to cycling females in various
stages, postpartum females showed significantly less diving than all
three groups of cycling females (Fig. 2: F(3,35) =5.10, p=0.005), and
significantly more locomotor activity than diestrous females (Fig. 2: F
(3,35)=4.11, p=0.013).

2.3. Subchronic treatment with antidepressant drugs in postpartum vs.
control females on postpartum day 2

Fig. 3 shows the effects of subchronic treatment with nomifensine
(2.5 mg/kg), desipramine (10 mg/kg) and sertraline (10 mg/kg) on
FST behaviors and locomotor activity in postpartum and control
females tested on postpartum day 2. Immobility was significantly
decreased only by nomifensine (F(3,72)=7.67, p=0.001). This
decreased immobility was primarily accounted for by increased
struggling (F(3,72)=6.28, p=0.001), with both nomifensine and
desipramine significantly increasing struggling compared to the
vehicle group. In contrast, sertraline significantly increased swimming
(F(3,72) =6.02,p=0.001). Nomifensine and desipramine also tended
to increase diving, whereas sertraline significantly decreased diving
(F(3,72)=5.56, p=10.002). Similar to Experiment 1, defecation was
significantly greater in postpartum compared to control females (F

(1,60)=5.93, p=0.018); drug pretreatment did not significantly
alter defecation in either group. Locomotor activity was decreased
only by desipramine (F(3,63)=12.55, p<0.001). There were no
significant differences between postpartum and control rats in the
effects of any of the three antidepressants on any behavior.

2.4. Effect of FST pre-exposure on postpartum day 2 FST behaviors

Fig. 4 shows that both control and postpartum rats pre-exposed to
the FST - either at mid-pregnancy or on postpartum day 1 - showed
significantly and similarly elevated immobility scores on the second
FST that was conducted on postpartum day 2 (F(1, 22)=70.88,
p<0.001). The increase in immobility was primarily accounted for by
decreases in struggling behavior, with small decreases in diving
behavior as well (data not shown). There were no significant
differences in any FST behaviors between control and postpartum
females on either the first or second FST.

2.5. Subchronic vs. chronic treatment with antidepressant drugs in FST
pre-exposed postpartum vs. control females on postpartum day 2

Fig. 5 shows the effects of subchronic vs. chronic treatment with
desipramine (10 mg/kg) or sertraline (10 or 20 mg/kg) on FST
behaviors and locomotor activity in control vs. postpartum females
that were pre-exposed to the FST in mid-pregnancy. The only
treatment that significantly decreased immobility was chronic
desipramine (chronicity x drug: F(2,108) =3.47, p=0.035), and this
effect was significant only in control females. Struggling behavior was
also significantly increased by desipramine, given subchronically or
chronically, in the control group only (chronicity x drug: F(2,108) =
7.36, p<0.001; group x chronicity: F(1,108)=6.35, p=0.013). In
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Fig. 3. Effects of the antidepressant drugs nomifensine (nomifen, a DA reuptake inhibitor, 2.5 mg/kg), desipramine (desipr, a NE reuptake inhibitor, 10 mg/kg), and sertraline (sertral,
an SSRI, 10 mg/kg) on FST behaviors in postpartum vs. virgin control female rats tested on postpartum day 2. Rats were not pre-exposed to the FST; parturition served as the
“inescapable stressor.” Vehicle or drug was administered subchronically (24, 5 and 1 h before the FST). Locomotor activity was assessed for 5 min, approximately 15 min after the
FST. Each bar is the mean + 1 S.E.M., N=5-13 control rats or 8-19 postpartum rats. *Significantly different from vehicle-treated group, p <0.05.


image of Fig.�3

R.M. Craft et al. / Pharmacology, Biochemistry and Behavior 96 (2010) 402-412

control pregnant
C— 3 1" FST mid-pregnancy
ZZ1 CZA 1% FST postpartum day 1

Immobility
* %
T * %
80 ; e
26071 M5 L % %
& g
o ]
T 40 A
= L]
- ]
=
20 4 /]
first FST second FST

Fig. 4. Effect of pre-exposure to the FST on subsequent FST behaviors on postpartum day
2, in postpartum vs. virgin control female rats. Rats were exposed to the FST on either
day 14 of pregnancy or day 1 postpartum (“first FST”), and then re-tested on
postpartum day 2 (“second FST”). Each bar is the mean + 1 S.E.M., N=4-6 control rats
or 7-9 postpartum rats. *Significantly different from first FST, p<0.05.

contrast, swimming behavior was increased by the low dose of
sertraline given either subchronically or chronically, to approximately
the same extent in control and postpartum groups (drug: F(3,108) =
21.63, p<0.001). Diving behavior was increased by desipramine
(drug: F(3,108) =6.78, p<0.001), significantly so in control females.
Defecation was significantly decreased by desipramine in most
groups, and subchronic sertraline decreased defecation in the control
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females (drug: F(3,108) =9.43, p<0.001). Finally, locomotion was
significantly decreased only by chronic desipramine in the control
group. In general, locomotor activity was lower in postpartum females
than in controls in this experiment, even after vehicle treatment
(group: F(1,108) =7.60, p=0.007).

Females in the chronic drug-treated groups had prolonged labor
times, and in approximately half of their litters, one or more pups
disappeared from the time of parturition to the time of testing on
postpartum day 2. No pups were lost from litters of subchronic or
chronic vehicle-treated dams, and only one pup was lost from one
litter each in the subchronic drug-treated groups. Thus, chronic drug
treatment significantly decreased litter size: at the time of testing on
postpartum day 2, the vehicle-treated group had a mean litter size of
10.8+ 1.8 pups, whereas the desipramine and sertraline-treated
groups had litter sizes of 5.7+ 1.9 and 5.8 4+ 2.0 pups, respectively;
in contrast, litter sizes in the subchronic treatment groups were not
significantly different from each other, with means of 10.4-12.4 pups/
litter (chronicity: F(1,30)=10.96, p=0.002; drug: F(2,30)=3.36,
p=0.048).

2.6. Plasma hormone levels on postpartum days 1-7 in previously
pregnant vs. hormone-simulated pregnant females

The difference in FST behaviors between postpartum vs. control
females was slight compared to the differences in FST behaviors between
HSP vs. control (ovariectomized) females we have previously tested
(Stoffel and Craft, 2004). Fig. 6 shows a comparison of FST behaviors in
actual postpartum females tested on postpartum day 4 (re-plotted from
Fig. 1) vs. HSP females also tested on “postpartum” day 4. Whereas
immobility was only slightly elevated in actual postpartum females
compared to virgin controls, immobility was significantly elevated in
HSP females compared to their ovariectomized, vehicle-treated controls
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Fig. 5. Effects of subchronic (24-h) vs. chronic (2-week) administration of the antidepressant drugs desipramine (10 mg/kg) or sertraline (10 or 20 mg/kg) on FST behaviors in
postpartum vs. virgin control female rats tested on postpartum day 2. The 10 mg/kg dose of sertraline administered chronically (during pregnancy) caused labor complications and
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(F(1,28)=10.10, p=0.004). This increased immobility was primarily
due to significantly decreased struggling behavior in HSP compared to
vehicle control females (F(1,28) =8.59, p=0.007).

Plasma hormone levels were assessed in separate groups of rats —
those that had not been tested on the FST - to determine whether
hormone differences were smaller between postpartum vs. control
(gonadally intact, virgin) females than between HSP vs. control
(ovariectomized) females. All postpartum females were in diestrus at
the time blood was taken, and control females were in various estrous
stages (12% early proestrus, 29% late proestrus, 17% estrus, and 42%
diestrus). In contrast, ovariectomized females that had undergone
HSP were mostly in proestrus to estrus at the time blood was
taken, whereas their vehicle controls were all in diestrus. Fig. 7 shows
that there were very few significant differences in hormone levels
between postpartum and virgin control rats on postpartum days 1-7.
Both estradiol and testosterone were slightly suppressed in postpar-
tum compared to control rats on postpartum days 1-2, and both of
these hormones as well as progesterone were elevated compared to
controls on day 7. The group differences in progesterone levels were
statistically significant (Progesterone, groupxday: F(3,39)=7.45,
p<0.001; Testosterone, group xday: F(3,39)=2.32, p=0.09; Estra-
diol, group x day: F(3,39)=2.11, p=0.12). Although prolactin levels
were somewhat higher in postpartum females than controls on
postpartum days 1-4, neither prolactin nor corticosterone levels
differed significantly between postpartum and control females on any
postpartum day. A subsequent examination of hormone levels by
estrous stage indicated that prolactin levels were significantly higher
in late proestrous to estrous females than in diestrous females (as
shown previously: Adler, 1981), and thus control females in late
proestrus to estrus probably accounted for the lack of significant
difference in prolactin levels between postpartum and control
females, particularly at postpartum day 7, because that control
group contained no diestrous females (all were late proestrous to
estrous) whereas the postpartum days 1, 2 and 4 control groups each
contained 50-67% diestrous females. Estrous stage differences in

plasma hormone levels did not appear to affect postpartum vs. control
comparisons for any other hormone except prolactin.

In contrast to the modest differences in hormone levels in actual
postpartum females vs. controls, “postpartum” hormone levels
differed substantially between ovariectomized rats that had under-
gone HSP compared to ovariectomized controls. Fig. 8 shows that in
rats that had undergone HSP, plasma estradiol was very high on
“postpartum” day 1 and gradually declined such that it was no
different than that in controls by “postpartum” day 7 (group x day: F
(3,27)=17.24,p<0.001). Progesterone was also higher in HSP than in
control rats (group: F(1,27)=7.34, p=0.012), significantly so on
“postpartum” days 2 and 4. Corticosterone and prolactin levels were
also significantly higher in HSP than in ovariectomized control
females (corticosterone, group: F(1,27)=9.35, p=0.005; prolactin,
group: F(1,26)=9.96, p=0.004), significantly so on “postpartum”
days 2-4.

3. Discussion

Using the FST, a standard rodent model of depression-like behavior
(Borsini and Meli, 1988; Cryan et al., 2005), the present study shows
that postpartum female rats do not spend significantly more time
immobile than virgin controls during the first postpartum week.
However, three behavioral measures differed significantly between
postpartum and virgin controls: postpartum females spent less time
swimming and diving, and defecated more than control females. To
the extent that the first two behaviors reflect active escape attempts
that are primarily observed within the first 5 min in the tank (Porsolt
et al, 1978), and the latter reflects “emotionality” to a novel situation
(Broadhurst, 1957), postpartum females appear to be more stressed
than control females by the FST. It is unlikely that decreased
swimming and diving simply reflect a compromised ability to move,
as struggling (climbing) frequency and locomotor activity did not
differ between postpartum and control females. Furthermore, group
differences (or lack thereof) found in Experiment 1 cannot be
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Fig. 7. Plasma hormone levels in postpartum vs. virgin control female rats on postpartum days 1, 2, 4 and 7. Each point is the mean 4- 1 S.E.M., N =4-6 samples. *Significantly greater

than control group, p <0.05.

attributed to estrous stage differences between postpartum and
control rats, as there were no estrous stage-related differences in FST
behaviors in virgin females (Experiment 2). FST pre-exposure —
whether it occurred 1 day or approximately 2 weeks before the 5-min
FST - produced very similar increases in immobility in postpartum
and control females (Experiment 4), demonstrating that the effect of
FST pre-exposure on behavioral response to a subsequent stressor is
maintained in pregnant/postpartum females, despite their dramati-
cally different hormonal state compared to controls.

It should be noted that several previous studies demonstrate
estrous stage-dependent FST behavior, contrary to our finding of no
estrous stage effect. For example, Contreras and colleagues (2000)
found that the latency to first immobility was significantly longer in
proestrous rats compared to those in diestrus, with a corresponding
lesser (though non-significant) total time spent immobile. Similarly,
proestrous mice showed reduced immobility compared to diestrous
mice (Walf et al., 2009), and estrous rats showed reduced immobility
compared to diestrous rats (Marvan et al., 1996). In contrast, two
studies reported that female rats in proestrus-estrus spent signifi-
cantly more time immobile than those in diestrus (Paré and Redei,
1993; Consoli et al., 2005). Unfortunately, it is impossible to reconcile

these disparate findings given the many procedural differences
among these studies (and the present one), such as the number of
FST pre-exposures, the depth of the tank, the frequency of handling,
and the procedure for categorizing estrous stage.

A few previous studies have examined FST behavior in female rats
during the postpartum period. For example, one study reported no
difference in immobility between virgin and postpartum females
tested on postpartum days 8-10, either on the first FST or on a second
FST conducted 24 h later; no other FST behaviors were reported
(Walker et al., 1995). In two other studies only data from the second
FST were reported. In the first study, immobility in postpartum female
rats did not differ from that in controls (which were ovariectomized)
on postpartum days 3 and 7, although it was elevated compared to
females tested during mid-pregnancy (Molina-Hernandez and Téllez-
Alcantara, 2001). In another study, females tested 4 weeks after
parturition showed elevated immobility if their pups had been
removed on postpartum day 1 (compared to females that had suckled
pups, or virgin females that had been exposed to pups); however,
immobility in postpartum females was not different from virgin
females that had had no pup exposure (Pawluski et al., 2009). Thus, in
terms of the immobility measure, the present study agrees with these
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previous studies in that immobility did not differ significantly
between postpartum and virgin control females during the postpar-
tum period. Thus, based on the immobility measure alone, it cannot be
concluded that postpartum females show depression-like behavior.
Group differences in the three other behaviors during the FST,
however, suggest that postpartum females are more sensitive than
virgin females to this inescapable stressor.

The predictive validity of the FST, as determined by the ability of
antidepressant medications (but not other psychotherapeutic medi-
cations) to decrease immobility, has been tested extensively and
found to be quite robust (Borsini and Meli, 1988). However, nearly all
testing to date has been conducted in male rodents. To test the
predictive validity of the FST in postpartum females, we compared the
effects of several antidepressant medications in postpartum vs. virgin
females. First, we employed the subchronic (sometimes called “acute”
or “subacute”) treatment regimen, in which three doses of a drug are
administered over 24 h before the (second) FST. This treatment
regimen has been shown to prevent increased immobility in the rat
FST using a wide variety of antidepressants (Borsini and Meli, 1988;

Porsolt et al., 1977). In our first experiment, in which rats were not
pre-exposed to the FST, only nomifensine significantly decreased
immobility, an effect that did not differ between postpartum and
control females. Nomifensine, a DA reuptake inhibitor, has been
shown previously at the dose and treatment regimen we used to
prevent increased immobility in the FST in male rats (Borsini et al.,
1981; Porsolt et al., 1978), so it appears to be equally effective in
postpartum and virgin females. In contrast, despite the fact that the
noradrenergic drug desipramine (10 mg/kg) and the SSRI sertraline
(10 mg/kg) significantly increased struggling and swimming, respec-
tively, as previously shown in males (Detke et al, 1995), these
antidepressants did not significantly decrease immobility in postpar-
tum or control females. Furthermore, sertraline completely eliminat-
ed diving, another escape-related behavior, in both groups. It should
be noted that although desipramine and sertraline have been shown
to be effective in males at the doses we used, given subchronically,
higher doses or chronic administration have been more consistently
effective (Borsini et al., 1981; Detke et al., 1997; Harkin et al., 1999;
Porsolt et al., 1977). Rats were also treated before the first FST in our
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first experiment, rather than in between a first and second FST as
more commonly done by other investigators.

Therefore, in our second drug experiment we compared the effects
of desipramine and sertraline given subchronically vs. chronically in
females that were pre-exposed to the FST, to determine whether
antidepressant effects could be detected under these conditions.
Subchronic desipramine was still ineffective, whereas chronic
desipramine significantly decreased immobility — but only in control
females. The only behavior that was significantly altered by
desipramine in postpartum females was defecation. However,
whereas both subchronic and chronic desipramine decreased defeca-
tion in control females, only chronic desipramine did so in postpartum
females. Taken together, these results suggest that desipramine is a
less effective antidepressant in pregnant/postpartum females than in
virgin females, up to a dose that, when given chronically, decreased
pup births.

In contrast to desipramine, sertraline was ineffective in both
control and postpartum females, even when it was administered at a
higher dose (20 mg/kg) subchronically, or when administered
chronically at the 10 mg/kg dose. Similar to the first drug experiment,
sertraline increased swimming but eliminated diving in most groups.
It is possible that a higher dose of sertraline would have been
effective; previous studies in male rats demonstrate effects in the FST
in the range of 5-35 mg/kg given subchronically (Cervo et al., 1991;
Kelly and Leonard, 1994). Given the adverse effects of chronic
administration of 10 mg/kg sertraline on pup births, we chose not
to test higher doses; however, more complete acute dose-effect
functions in each group would clearly provide a more robust
comparison of drug potency/efficacy between control and postpartum
females.

Taken together, our results indicate that postpartum females are
less sensitive than virgin females to the antidepressant effects of
noradrenergic and serotonergic agonists, as measured by the FST. We
are not aware of any previous comparisons of antidepressant drug
effects between postpartum and virgin females; however, serotoner-
gic agonists such as 8-OH-DPAT (though not buspirone) have been
reported to lack anxiolytic activity in postpartum rats (Fernandez-
Guasti et al., 1998, 2001). Additionally, studies in women suggest that
antidepressant doses need to be increased to maintain euthymia
during the second half of pregnancy (Hostetter et al., 2000; Sit et al.,
2008), due to increased drug metabolism (Sit et al., 2008). Similar to
the present findings, there are also previous reports of peri- and
postnatal complications from antidepressant drug treatment during
late pregnancy in rodents (Swerts et al., 2009; Van den Hove et al.,
2008). However, in humans the primary adverse outcome of SSRI
exposure during pregnancy appears to be preterm birth, which may
also result from untreated depression (Bigos et al., 2009; Wisner et al.,
2009).

It is possible that ovarian hormone withdrawal during the early
postpartum period also contributed to postpartum females' insensi-
tivity to antidepressants. The present study shows that ovarian
hormones such as estradiol and testosterone were below levels in
control rats at postpartum days 1-2. A growing number of studies
reports that antidepressant efficacy is diminished in both women and
female rodents under conditions of low ovarian hormones, and
conversely enhanced by hormone replacement or supplementation.
For example, estradiol has been shown to enhance ovariectomized
rats' sensitivity to serotonergic and noradrenergic antidepressants
(Estrada-Camarena et al., 2004, 2008; Sell et al., 2008), Moreover,
testosterone replacement in gonadectomized male rats has been
shown to restore sensitivity to desipramine (but not to serotonergic
antidepressants) on the FST (Martinez-Mota and Fernandez-Guasti,
2004). Women's response to serotonergic antidepressants has also
been shown to be improved when combined with hormone
replacement therapy (Jacobs and Hyland, 2003; Rasgon et al., 2006;
Thase et al., 2005; Zanardi et al.,, 2007). Thus, both increased drug

metabolism during pregnancy and low ovarian hormone levels during
the early postpartum period may contribute to postpartum females'
insensitivity to antidepressants. It would be useful to test the latter
hypothesis by supplementing postpartum females with ovarian
hormones, to determine whether they enhance antidepressant
efficacy in this population as they have been shown to do in
ovariectomized females.

Because the differences in FST behavior between postpartum vs.
virgin females were more subtle than those between the HSP vs.
ovariectomized controls that we and others have studied previously
(Galea et al., 2001; Stoffel and Craft, 2004), we examined plasma
levels of five hormones that change from late pregnancy to the early
postpartum period. Group differences in hormone levels were
substantially greater in the HSP vs. control groups than in the
postpartum vs. control groups. During the first “postpartum” week,
estradiol, progesterone, prolactin and corticosterone were all signif-
icantly higher in rats that had undergone HSP compared to
ovariectomized controls. In contrast, only progesterone was signifi-
cantly higher in postpartum compared to virgin control rats, and this
difference was only significant at the end of the first week
postpartum. The relatively greater differences in hormone levels in
the HSP vs. control compared to the postpartum vs. control groups are
partly due to the fact that the control group in the HSP experiment is
ovariectomized females, which would be expected to have very low
levels of ovarian hormones and prolactin compared to the gonadally
intact, virgin control group. However, some differences between HSP
and control females would have been significant even if the HSP
females had been compared to gonadally intact controls — most
notably estradiol and prolactin, which were very high in HSP females.
Estradiol levels in HSP rats are very high compared to those previously
pregnant rats on postpartum day 1 because HSP rats are injected with
high estradiol doses (50 pg) for the last 6 days of “pregnancy”, which
is necessary for eliciting maternal behaviors rapidly in virgin,
ovariectomized females (Bridges, 1984). High plasma prolactin levels
are known to be induced by high-dose estradiol treatment (Carrillo et
al., 1991). It has been hypothesized that the rapid decline in estradiol
beginning at parturition serves as a trigger for postpartum mood
changes, both in rats (Galea et al., 2001; Green et al., 2009; Navarre et
al., 2010; Stoffel and Craft, 2004) and in women (Bloch et al., 2003;
Parry et al, 2003). The present hormone profiles suggest that
differences in progesterone, prolactin and corticosterone may also
contribute to behavioral differences between HSP and control rats.
Changes in each of these three hormones have been associated with
changes in mood-related behaviors in female rats and/or women (e.g.,
progesterone: Andreen et al., 2009; Mostallino et al., 2009; prolactin:
Sobrinho, 2003; Torner and Neumann, 2002; corticosterone/cortisol:
Taylor et al., 2009; Walf and Frye, 2005), although it is not yet known
how they might function (or dysfunction) in concert to result in
postpartum mood disorder.

In conclusion, the present study demonstrates that postpartum
female rats do not show elevated immobility in the FST compared to
virgin controls in the first postpartum week; however, postpartum
females show significant changes in other behaviors that may reflect
heightened sensitivity to this inescapable stressor — perhaps
modeling the commonly experienced, relatively mild “baby blues”
that occur in a majority of women within the first week postpartum
(Sit and Wisner, 2009). Furthermore, postpartum female rats respond
similarly to controls to FST pre-exposure and to a dopaminergic
antidepressant, but are less sensitive than controls to noradrenergic
and serotonergic antidepressants. The depression-like behaviors
previously observed in ovariectomized females that have undergone
HSP and hormone withdrawal may result from the more dramatic
changes in estradiol, prolactin and corticosterone that occur during
the early “postpartum” period, compared to actual postpartum
females. Further testing that includes manipulation of these other
hormones which are known to affect mood will further determine
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whether the HSP-hormone withdrawal procedure in the female rat is
a good model for postpartum depression in women.
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