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mpact of antenatal selective serotonin reuptake inhibitor
xposure on pregnancy outcomes in mice

amuel Bauer, MD; Catherine Monk, PhD; Mark Ansorge, PhD; Cynthia Gyamfi, MD; Michael Myers, PhD
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BJECTIVE: This study investigates fluoxetine (FLX) exposure as an eti-
logy for altered gestational length and adverse pregnancy outcomes.

TUDY DESIGN: Two experiments were performed exposing mice to
rinking water (H2O) or H2O�FLX. Primary outcomes included gesta-
ional length, litter size, and live birth rate. In experiment 1, time-mated
ams were monitored for spontaneous birth, and gestational length was
alculated. In experiment 2, dams were dissected on day 14 to verify
itter size and qualities of embryo implantation.

ESULTS: There was no difference in gestational length between H2O
bstet Gynecol 2010;203:375.e1-4.
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ours), P � .70. Mean litter size was decreased in H2O�FLX dams
4.1 � 1.3/litter) compared to H2O dams (5.5 � 1.9/litter), P � .04.

2O�FLX dams were less likely to have live births (25.4%) compared to

2O dams (49.3%), P � .01.

ONCLUSION: Antenatal FLX exposure did not statistically alter gesta-
ional length, but did affect litter size and spontaneous loss in mice. This
arrants further investigation.

ey words: birth outcomes, mouse model, pregnancy, preterm birth,

ams (480.7 � 13.2 hours) and H2O�FLX dams (483.5 � 10.1 selective serotonin reuptake inhibitor
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linical depression is a common
condition among women of repro-

uctive age. Between 14-23% of preg-
ant women will experience a depressive
isorder during pregnancy.1 Although
here is no standard screening protocol,
renatal depression is one of the most

requently encountered medical compli-
ations during pregnancy. The trend of
ntidepressant use during pregnancy has
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ontinued to rise over the last decade
argely as a result of the increased use of
elective serotonin reuptake inhibitors
SSRIs).2,3 In 2003, approximately 13%
f women took an antidepressant at
ome point in pregnancy, a rate that has
oubled since 1999.4

While several research studies have fo-
used on the potential maternal and fetal
isks of SSRI use in pregnancy, including
ossible teratogenic effects, other studies
ave suggested that the increase in SSRI
se may also affect prematurity rates.5-7

he rate of preterm birth in the United
tates is approximately 12.7% of live
irths, which is an increase of �15% in
he last decade.8 This study will focus on
he effect of SSRI exposure as an etiology
or preterm birth in a mouse model.

Conflicting data exist linking SSRI use
o an increased risk for preterm birth,
hortened gestational length, or sponta-
eous fetal loss.9-15 While Chambers et
l15 showed that third-trimester SSRI ex-
osure was associated with higher rates
f premature delivery, Malm et al16 pub-

ished a conflicting population-based
tudy of pregnant women exposed to
SRIs vs matched controls finding no in-
reased risk of preterm birth. Two meta-
nalyses have demonstrated that women
xposed to SSRIs in the first trimester
pontaneous abor- e

OCTOBER 2010 Americ
ions when compared to a group of
omen who were not exposed.17,18

Deficiencies within the literature exist
emonstrating an association between
ntenatal fluoxetine (FLX) exposure and
dverse pregnancy outcomes. Histori-
ally, studies have not accounted for ob-
tetric factors relating to preterm birth,
amely, history of a previous preterm
irth or prior preterm premature rup-
ure of membranes; nor have they differ-
ntiated among a spontaneous, indicted,
r elective preterm birth. While these
nd many other factors are difficult
o control in human studies, causal asso-
iations between FLX exposure and
hortened gestational length can be ap-
roached using animal models. Accord-

ngly, this study was initiated to study the
mpact of antenatal FLX exposure in a

ouse model and to begin investigations
f mechanistic pathways if an associa-
ion was confirmed.

ATERIALS AND METHODS
wo prospective, blinded observational
xperiments were performed. In experi-
ent 1, 52 virgin female 129/SvEvTac
ice (Taconic Farms, Germantown,
ew York) were time-mated (2 females

nd 1 male per cage) over 4 hours just
rior to the end of the daily light cycle.
ach female was examined for the pres-

nce of an ejaculatory plug in the vagina.

an Journal of Obstetrics & Gynecology 375.e1
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he plug, composed of coagulated secre-
ions from male accessory sex glands, in-
icated that coitus and ejaculation had
ccurred. Dams were randomly assigned
o 1 of 2 cohorts. Group 1 (n � 29) had
ontinuous access to drinking water
H2O) only, while group 2 (n � 23) had
ccess to H2O�FLX. Dams were moni-
ored every 12 hours for spontaneous
irth and length of gestation, which were
ecorded and analyzed. The individual
ages were monitored for the date and
ime of birth every 4 hours starting on
ay 18. The mouse dams and pups were
tilized in subsequent experiments, in-
ependent of this study, and ultimately
acrificed.

In experiment 2, 76 virgin female 129/
vEvTac mice (Taconic Farms) were
ated (2 females and 1 male per cage)

ust prior to the end of the daily light cy-
le. After plug confirmation, dams were
andomly assigned to 1 of 2 cohorts.
roup 1 (n � 40) had continuous access

o H2O, while group 2 (n � 36) had ac-
ess to H2O�FLX. Plugged dams were
acrificed, dissected, and analyzed on
ay 14 following mating to verify preg-
ancy and assess for litter sizes and qual-

ties of embryo implantation. H2O or

2O�FLX was initiated after plug con-
rmation and continued until the end of
regnancy. FLX was dissolved in H2O at
he dose of 4 mg/50 mL to achieve an
pproximate 10 mg/kg/d dosing. FLX
as freely available in the animal’s H2O

n opaque bottles to protect from light

TABLE
Pregnancy outcomes

Outcome

Experiment 1 (n � 52)

Drinking water
only (n � 29)

Drink
plus
(n �

Length of gestation, h 480.7 � 13.2 483.
...................................................................................................................

Mean weight gain at
gestational day 14, g

6.1 � 2.7 4.

...................................................................................................................

Live birth rate (confirmed
pregnancy/plugged)

44.8% (13/29) 17.

...................................................................................................................

Mean litter size (pups/
litter)

5.8 � 1.7 4.

...................................................................................................................

Missed abortion rate NA NA
...................................................................................................................

NA, not applicable.

Bauer. Antenatal SSRI exposure impact on pregnancy out
nd changed weekly. FLX was chosen C

75.e2 American Journal of Obstetrics & Gynecolo
ecause it is the most commonly pre-
cribed antidepressant during pregnancy
nd because of its extended half-life. The
osing regimen utilized by our labora-
ory and others has repetitively produced
herapeutically relevant blood levels in

ice. FLX and the metabolite levels have
een measured in serum and whole
rain and serum, and it has been previ-
usly shown that steady state for both
LX is achieved by 5 days of receiving
LX in the H2O (10 mg/kg/d), as serum

evels after 5 or 90 days of treatment are
quivalent. FLX levels were determined
y liquid chromatography with fluores-
ence detection.19,20 Detection of a cop-
latory plug designated gestational day
nd time 0. The mated mice were housed
ndividually and were weighed weekly
nd at the time of delivery. The average
ength of gestation of a 129/SvEvTac

ouse is 480 hours, and the average
29/SvEvTac dam produces a litter size
f 6.4 � 0.88 pups (Taconic Farms).
Animals were maintained in a 12-hour

ight and dark cycle in a temperature-
nd humidity-controlled environment.
nlike the animal care technicians, the

ndividuals observing the pup deliveries
ere blinded and unaware of the compo-

ition of the subjects’ H2O. The animals
ere fed with standard food pellets. Ani-
al testing was conducted in accordance
ith the National Institutes of Health lab-
ratory animal care guidelines and with
olumbia University Institutional Animal

Experiment 2 (n � 76)

water
xetine

P
Drinking water
only (n � 40)

Drinking water
plus fluoxetine
(n � 36)

10.1 .70 NA NA
.........................................................................................................................

1.3 .44 6.1 � 2.4 4.9 � 1.0

.........................................................................................................................

4/23) .04 52.5% (21/40) 30.6% (11/36)

.........................................................................................................................

1.7 .22 5.5 � 1.9 4.1 � 1.3

.........................................................................................................................

NA 0.0% (0/21) 18.2% (2/11)
.........................................................................................................................

es in mice. Am J Obstet Gynecol 2010.
are and Use Committee approval. b

gy OCTOBER 2010
Based on pilot data, a power analysis
as performed, with an alpha of 0.05,

nd a beta of 0.80, and it was determined
hat a minimum of 21 dams would be
eeded in each group for each experi-
ent to demonstrate a decrease in gesta-

ional age by 1.1 days or 5%, for a total
ample size of 42 dams. The live birth
ate was calculated as the ratio of preg-
ant dams to the total number of
lugged dams. The data are expressed as
ean � SD. The significance of differ-

nces among the groups was assessed us-
ng 1-way analysis of variance test and
isher’s exact test. The criterion for sig-
ificance for all analyses was P � .05. The
riterion for a trend was .05 � P � .1.

ESULTS
he Table presents the findings from ex-
eriment 1 (length of gestation), includ-

ng differences in mean weight gain at
estational day 14 and mean litter size. In
ll, 52 females showed evidence of vagi-
al plugs following the brief exposure to
ales. Of these, 17 dams ultimately had

ive births. There was no significant dif-
erence in gestational length between

2O dams (n � 13; 480.7 � 13.2 hours)
nd H2O�FLX dams (n � 4; 483.5 �
0.1 hours), P � .70. However, dams ex-
osed to H2O�FLX were less likely to
ave live births, 17.4% (4/23), than dams
xposed to H2O alone, 44.8% (13/29), P

.04.
For experiment 2 (litter size and em-

Total (n � 128)

P
Drinking water
only (n � 69)

Drinking water
plus fluoxetine
(n � 59) P

NA NA NA NA
..................................................................................................................

.12 6.0 � 2.5 5.2 � 1.2 .27

..................................................................................................................

.05 49.3% (34/69) 25.4% (15/59) .01

..................................................................................................................

.02 5.5 � 1.9 4.1 � 1.3 .04

..................................................................................................................

.20 NA NA NA
..................................................................................................................
ing
fluo
23)

5 �
......... .........

9 �

......... .........

4% (

......... .........

5 �

......... .........

......... .........
ryo quality), 76 mice were confirmed to
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e pregnant by presence of a vaginal cop-
latory plug. Mean litter size was de-
reased in H2O�FLX dams (4.1 � 1.3/
itter) compared to H2O dams (5.5 � 1.9/
itter), P � .02. Live birth rates were
ecreased in dams exposed to H2O�FLX,
0.6%(11/36), comparedtodamsexposed
o H2O alone, 52.5% (21/40), P � .05.

hile not statistically significant, uterine
orn dissection to assess for nonviable
regnancy tissue or missed abortion re-
ealed an 18.2% (2/11) rate in H2O�FLX
ams compared to a 0.0% (0/21) rate in

2O dams, P � .20. The mean weight gain
t day 14 in H2O�FLX dams (4.9 � 1.0 g)
ompared to H2O dams (6.1 � 2.4 g) did
ot reach statistical significance, P � .12.
Given the identical experimental de-

ign, data between experiments 1 and 2
ere combined to increase statistical
ower. For the combined dataset, live
irth rates were decreased in dams ex-
osed to H2O�FLX, 25.4% (15/59),
ompared to dams exposed to H2O
lone, 49.3% (34/69), P � .01. Mean lit-
er size was decreased in H2O�FLX
ams (4.1 � 1.3/litter) compared to H2O
ams (5.5 � 1.9/litter), P � .04. The
ean weight gain at day 14 in H2O�FLX

ams (5.2 � 1.2 g) was decreased when
ompared to H2O dams (6.0 � 2.5 g);
owever, this finding was not statistically
ignificant.

OMMENT
ength of gestation, the primary out-
ome, was not affected by FLX exposure
hen compared to H2O alone in a mouse
odel; however, FLX exposure did affect

itter size and spontaneous fetal loss. Sig-
ificant findings within this study in-
lude the decrease in live birth rate and in
he mean litter size in dams receiving
2O�FLX compared to dams receiving
2O. These findings potentially suggest
physiological alteration at the placenta

evel during implantation and warrant
urther investigation. Current available
ata on adverse pregnancy outcomes fol-

owing antenatal exposure to SSRIs, in-
luding spontaneous abortion and pre-
erm birth, in both human beings and
nimals, remain contradictory. Several
uman studies support SSRI exposure as

n etiology for adverse pregnancy out- d
omes. Sparse literature from animal
odels is available for comparison. Bairy

t al21 evaluated FLX exposure in rats
nd concluded that there was no signifi-
ant alteration in the gestation period,
nd reported no significant alterations in
itter size or birthweight.

The serotonin system includes at least
4 receptors, multiple enzymes, and
ransporter proteins that exert influence
n serotonin metabolism, release, and
euptake.22 SSRIs actively pass through
he placenta and their metabolites have
een detected in roughly equivalent val-
es in both umbilical cord blood and
mniotic fluid.23 Three plausible biolog-
cal pathways for adverse pregnancy out-
ome as a result of antenatal SSRI expo-
ure are SSRI-associated increases in
ortisol, increases in estriol levels, and
terine artery vasoconstriction.
The first mechanism involves mater-

al cortisol levels, which have been
hown to predict the rise in corticotrop-
n-releasing hormone (CRH), providing
urther evidence of how stress hormones

ay work in concert to lead to early par-
urition. SSRIs influence the hypotha-
amic pituitary-adrenal axis feedback

echanisms, which also change during
regnancy. Glucocorticoids during preg-
ancy have been shown to cause a progres-
ive 20-fold increase in CRH levels across
he course of pregnancy. Hobel24 demon-
trated that CRH levels increased more
ramatically in women at risk for preterm
elivery. FLX infusion has been associated
ith an additional increase in the magni-

ude of the normal antenatal rise in fetal
lasma CRH, adrenocorticotropic hor-
one, and cortisol concentrations.25

Next, salivary estriol has been shown
o be a marker for preterm birth. Suri et
l26 measured salivary estriol, a hormone
hat increases exponentially in the few
eeks before the onset of spontaneous

erm and preterm labor, in pregnant
omen with and without antidepressant

reatment. Prenatal antidepressant use
as associated with significantly higher

alivary estriol levels in the second half of
regnancy. Whether estriol reflects a
ausal mechanism by which women on
ntidepressants have shorter pregnancy

uration remains to be further studied.27 p

OCTOBER 2010 Americ
A final proposed mechanism relates to
he effect of FLX on plasma serotonin.
LX prolongs exposure to endogenously
eleased serotonin, a known potent uter-
ne vasoconstrictor, thus leading to a
ransient reduction in uterine blood
ow. This, in turn, would reduce the de-

ivery of oxygen and nutrients to the fe-
us, thereby presenting a mechanism for
educing growth and/or eliciting preterm
elivery.28 Following administration of
LX to pregnant ewes, Morrison et al29 re-
orted a transient decrease in uterine ar-
ery blood flow, fetal partial pressure of ox-
gen and oxygen saturation.

One strength of this study includes the
egree of precision to which the timed
ating was performed. Day 0 of gesta-

ion was estimated within 4 hours
hereby providing a robust method for
tudying the antenatal exposure of FLX
s an etiology of adverse pregnancy out-
omes. In addition, by calculating a sam-
le size, statistical significant results can
e confidently reported. This study pro-
ides a novel method for studying the
ntenatal exposure of FLX as an etiology
f adverse pregnancy outcomes. Studies
ave shown that placental transfer of
LX is similar between mouse and hu-
an.30 Despite the advantage of targeted

xperiments in the mouse model and
imilarities in placental cell types be-
ween the mouse and human, the animal

odel might be limiting in understand-
ng all aspects of the effects of antenatal
SRI exposure in the physiology of
ouse and human pregnancies.31 The
ode of implantation differs between
ouse and human; there is shallow de-

idual invasion in mouse compared to
xtensive uterine remodeling by invasive
rophoblasts in human. In addition, the
terine spiral arterioles in mice are re-
odeled by maternal factors rather than

y invasive trophoblasts in human preg-
ancies.32 Moreover, the short gesta-

ional period in mice and incomplete de-
elopment at birth are unlike human
regnancies.
In conclusion, we found that mice ex-

osed to FLX had similar gestational
engths, but FLX exposure did affect lit-
er size and spontaneous loss. Whether
LX exposure induces these results on

regnancy outcome independently re-

an Journal of Obstetrics & Gynecology 375.e3
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ains unclear. These findings warrant
dditional investigation as they point to
significant impact on pregnancy out-

omes associated with antenatal FLX ex-
osure. Studies of the effects of serotonin
t the placental level at the time of preg-
ancy implantation may also provide ev-

dence for some of the clinical outcomes
dentified in this study and seen in the
linical literature. f
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