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Postnatal outcomes in lambs exposed antenatally
and acutely postnatally to fluoxetine
Tuan Anh Nguyen1, Timothy Chow2, Wayne Riggs2 and Dan Rurak1

BACKGROUND: Approximately 1/3 of newborns exposed antenatally to selective serotonin reuptake inhibitors (SSRIs) exhibit poor
neonatal adaptation. Although several potential mechanisms have been proposed, the actual mechanism has not been elucidated.
METHODS: We investigated outcomes in neonatal lambs exposed prenatally or postnatally to fluoxetine (FX). Daily FX injections
(50 mg) were given intravenously (i.v.) to five pregnant ewes via implanted catheters beginning at 131–132 days gestation (term=
147 days) for 2 weeks. In another group, lambs with implanted vascular catheters had sterile water (n= 9) or FX (1 mg/kg, n= 12)
injected i.v. on ~postnatal day (PND) 4.
RESULTS: Prenatal FX-exposed lambs (n= 7) were hyperactive during PND 4 to 14 and their heart rate variability (HRV) was
significantly lower than in control lambs (n= 7) on PND 2. In contrast, arterial pressure, heart rate, electrocardiogram, arterial blood
gases, pH, glucose, lactate, cortisol, and sleep–activity cycles were not altered following postnatal FX injection.
CONCLUSION: This abnormal postnatal hyperactivity with antenatal FX exposure may reflect increased maturity in terms of
locomotory activity. The results suggest that altered brain development may be involved in the poor neonatal adaptation in human
infants exposed to FX in utero.

Pediatric Research (2019) 85:1032–1040; https://doi.org/10.1038/s41390-019-0309-8

INTRODUCTION
Selective serotonin reuptake inhibitors (SSRIs) are widely used for
treatment of depression during pregnancy.1 However, infants
from such pregnancies have higher risks of premature birth, low
birth weight, decreased Apgar scores, increased admission to
special-care nurseries, reduced postnatal weight gain, and poor
neonatal adaptation,2 with the latter being most commonly
reported.3,4 Symptoms include irritability, excessive crying, shiver-
ing, tremor, restlessness, poor feeding, respiratory difficulties,
sleep disturbances, seizures, dehydration, excessive weight loss,
hyperpyrexia, and intubation. These symptoms are transient3 and
observed in 10–30% of exposed newborns.5 Several mechanisms
have been postulated for peptide nucleic acid including an SSRI
withdrawal phenomenon in the postnatal period5 or drug
persistence in the newborn, leading to drug toxicity.3 It could
also involve a SSRI-elicited alteration in fetal brain development
and/or maturation.
In human studies, it is difficult to distinguish between SSRI and

maternal psychiatric illness effects. Moreover, the postnatal social
environment of a depressed mother could have negative
influences on child development.6 Since lambs at birth have very
similar physiological characteristics to the human, it appears to be
a good species to avoid the confounding human factors.
Previously, we have reported that fluoxetine (FX) administration
to pregnant sheep results in transient decreases in uterine blood
flow and fetal vascular pO2, a reduction in fetal REM (rapid eye
movement) sleep and increase in quiet sleep and an increase in
the fetal prepartum cortisol surge.7 However, we collected
minimal data on these fetuses following birth. Thus, in the current
study, we have investigated lambs postnatally that were exposed

to FX during late gestation. In addition to assess whether drug
toxicity is involved in poor neonatal adaptation, we assessed the
effects of acute neonatal FX administration that resulted in plasma
FX concentrations similar to those reported in human newborns
following antenatal FX exposure. We hypothesized that while
antenatal FX exposure would result in newborn physiologic
changes, acute neonatal FX administration would not.

METHODS
This study was approved by the UBC Committee on Animal Care
and conformed to the policies and guidelines of the Canadian
Council on Animal Care.

Prenatal FX exposure protocol
The study involved one group of lambs (n= 7) that were exposed
to FX antenatally and a control group (n= 7) without any perinatal
FX exposure. At 131 ± 1 day gestation, a heparin-bonded 5.0
French polyurethane catheter (Instech Solomon, Plymouth
Meeting, PA, USA) was percutaneously implanted in a maternal
jugular vein under local analgesia in five pregnant ewes. It was
secured to the skin by a 2-0 Nylon suture. The external catheter
opening was closed with a sterile metal pin and kept in a small zip
lock bag in a bandage around the neck. The catheters were
flushed daily with heparinized saline.
Beginning one day after catheter insertion, the pregnant ewes

were given daily injections of 50 mg FX at 10:00–11:00 a.m. for
14 days or until the ewes gave birth, whichever came earlier. Signs
of imminent parturition in the ewe and birth were observed by
digital video recorder (DVR). The lambs’ weight was measured.
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Blood samples were collected following delivery from the ewes
via the jugular vein catheter and lambs via jugular venipuncture
and also from the lambs on postnatal days (PNDs) 2, 5, 10, and 14
for FX measurement. Electrocardiogram (ECG) measurements
were obtained from the lambs for 1 h on PNDs 2, 5, 10, and 14,
using the procedure described below, and tissue spO2 and heart
rate were measured using a pulse oximeter (Nonin Medical Inc.,
Plymouth, MN, USA) clipped to the ear. The values were averaged
at 5 min intervals. In addition, the lamb’s behavior was assessed
using Actiwatch and DVR recordings as described below.

Acute postnatal FX protocol
Pregnant ewes (Dorset/Suffolk) were transported to the BC
Children’s Hospital Research Institute at least 3 weeks prior to
delivery. Ewes were allowed to deliver spontaneously. The study
involved two groups of lambs: a control group (n= 9) and one
that received bolus intravenous (i.v.) dose of FX (n= 12).
Lamb surgeries were conducted on day 2, with anesthesia via

4% isoflurane and 40% NO via a face mask and intubation with a
cuffed endotracheal tube (3.5–5.0 mmO.D). Anesthesia was
maintained with 1.5–2% isoflurane, 40% NO in oxygen, and
ventilation with an appropriate frequency and tidal volume.8

Heparin-bonded 3.5 or 5.0 French polyurethane catheters were
implanted into the carotid artery and jugular vein. The catheters
were tunneled subcutaneously and exteriorized through a dorsal
neck skin incision. Lambs remained in the operating room until
conscious and then returned to their mothers.
On PNDs 3 and 4, the lambs were placed in a cloth sling in the

pen that contained the lamb’s mother. The lambs were suspended
above the floor in the sling and normally lay quietly or slept. They
were only in the sling for the first 2 h and then were returned to
their mothers, so as not to disrupt the suckling regimen.
Each experiment involved a 30-min control period followed by

i.v. administration of sterile water (day 3) or FX (day 4, 1 mg/kg)
followed by serial collection of arterial blood samples (~ 3ml) at
−30, −15, 5, 15, 30, 45, and 60min and 2,4, 6, 9, 12, 24, 36, 48, 60,
and 72 h. The volume of blood collected represents ~8% of the
total blood volume.

Physiologic data acquisition
As noted above, in the antenatal FX administration protocol, tissue
spO2 and heart rate were measured using a pulse oximeter. In
both protocols, the lambs cardiovascular variables were recorded
with a polygraph recorder (model TA-4000, Gould Instrument
Systems Inc., Valley View, OH, USA) and a Powerlab data
acquisition system (AD instrument, Mountain View, CA, USA) This
included electroencephalography recordings obtained from three
ECG snap electrodes that were attached to the skin on the back
and bilaterally on the chest. The raw ECG signal was recorded and
in addition this was processed using the Powerlab HRV module to
obtain measures of heart rate variability. The Powerlab HRV
module measured the beat-to-beat intervals via detection of
successive R waves of the ECG signal. Fast Fourier transformation
of the R–R intervals allowed estimation of the frequency
components: low-frequency (LF) band (0.04–0.15 Hz) and high-
frequency (HF) band (>0.15 Hz). HRV variables were averaged for
30-min intervals at −30, 30, 60, 90, and 120min. For the postnatal
FX administration, the carotid artery catheter was connected to a
disposable pressure transducer (DTXTM Plus TNF-R; Becton
Dickinson, Singapore) to record heart rate and arterial pressure
for the first 2 h. Arterial pressure and heart rate were averaged for
1-min intervals for 15 min before FX injection and for 10 min after
FX injection.

Digital video recording and behavioral evaluation
For both protocols, infrared video cameras were installed on the
wall of each pen of the holding rooms for continuous video
recording and were connected to a computerized digital video

recording system. For the prenatal FX exposure protocol, DVR
monitoring continued for at least 14 days. For the acute postnatal
FX administration protocol, the lamb’s activities were monitored
for the day of the experiment and the next day. On the day of the
acute FX administration, a mobile camera was placed in front of
the sling to record the lambs’ behavior during the first 2 h of the
experiment. The number of daily sleep and suckling bouts were
identified from the DVR observations for each lamb. The total
activity was defined as a sum of suckling bouts and active bouts
without suckling during each 24 h.

Actiwatch rest/activity recording
In both protocols, an Actiwatch Activity Monitor (AW64, Mini
Mitter Inc., Bend, OR, USA) was enclosed in a protective metal case
and secured around the neck of the lamb from the first day after
birth until at least 14 days after birth to measure rest–activity
cycles and sleep patterns.9 The activity data was stored in 15 s
epochs and downloaded every 10 days using an Actiwatch reader
and analyzed using Actiware-Sleep version 3.5 software (Mini
Mitter). The analyzed variables were the same as those collected in
a previous study.9

Blood sampling and analysis
In the acute postnatal FX protocol, blood samples were serially
collected to measure acid–base balance (pH), base excess,
bicarbonate (HCO3

−), arterial blood gases (pO2, pCO2), and
electrolyte (Na+, K+, and iCa2+) using an I-STAT-1 analyzer
(Abbott, ON, Canada) and CG8+ cartridges (Abaxis, Union City,
CA, USA), FX and and its metabolite norfluoxetine, and cortisol.
Body temperature was measured continuously with a thermistor
rectal probe (YSI Instruments, Yellow Springs, OH, USA) over the
first 2 h and the blood gas results were corrected for body
temperature. Hemoglobin concentration and oxygen saturation
were measured with a Radiometer OSM3 Hemoximeter (Radio-
meter, Copenhagen). Glucose and lactate were determined with a
YSI glucose-lactate analyzer (YSI Inc., Yellow Springs, OH, USA).

Drug and hormone assays
Blood samples for hormone and FX measurements were placed in
a 4ml lithium heparin vacutainer tubes (BD Vacutainer, NJ, USA)
and centrifuged. Plasma was then transferred to polyvinyl
Eppendrorf tubes for hormone samples and glass tubes for FX
samples and stored at −20 °C until analysis. FX and its metabolite,
norfluoxetine, were determined by mass spectrometry (liquid
chromatography with tandem mass spectrometry).10 Cortisol was
measured using a sheep cortisol ELISA kit (Calbiotech Inc.). The
sensitivity was 1.38 ng/ml. The intra- and inter-assay coefficients of
variation for the low control were 10.7% and 3.2%, and for the
high control were 7.2% and 6.7%, respectively.

Statistics
Cardiovascular, blood gas, hormone data, and Actiwatch variables
were analyzed using a three-way analysis of variance (ANOVA)
followed by Bonferroni’s correction for pairwise or control
comparisons to determine the effect of treatment, time, and
sex. Two-way general linear models for repeated-measures
ANOVA was used for the HRV variables, O2 saturation, pCO2,
glucose, and hemoglobin (Hb) to determine the effects of
treatment and time. Because plasma cortisol concentrations were
not normally distributed, the non-parametric Mann–Whitney U
test was used. In the antenatal FX exposure experiments, the area
under the curve (AUC) was calculated for daily variables (weight,
spO2, heart rate, DVR variables) by applying the formula described
by Altman.11 Then, the AUC of each variable was compared
between the control and FX group using the unpaired t test. The
effect of FX exposure and sex on gestational age (GA), birth
weight, and the time for the lambs to first stand, walk, and suckle
were determined using two-way ANOVA. Data are presented as

Postnatal outcomes in lambs exposed antenatally and acutely postnatally. . .
TA Nguyen et al.

1033

Pediatric Research (2019) 85:1032 – 1040

1
2
3
4
5
6
7
8
9
0
()
;,:



mean ± SEM. Values were considered to be significantly different
with p < 0.05.

RESULTS
Prenatal FX exposure protocol
In the FX group, ewes were given FX daily for 12 ± 1.3 days.
Table 1 describes the GA, birth weight, and sex of the lambs. There
were no significant differences. There were also no significant
differences in postnatal weight gain between the groups over the
first 14 days (data not shown).
At delivery, the mean maternal FX and NFX levels were 627.9 ±

249 and 66.6 ± 14.4 ng/ml, respectively. The mean plasma FX level
in the lambs averaged 17.3 ± 10.9 ng/ml, decreased progressively
thereafter, and became undetectable after day 5 (Fig. 1a). NFX was
undetectable in the lambs. The relationship between the lamb/
ewe FX concentration ratio and the duration from the last
maternal FX dose is shown in Fig. 1b. The ratio was highest in the
animals with the shortest duration from the last FX dose and it fell
rapidly thereafter.
There were no differences in the daily tissue spO2 and heart rate

values between the control lambs and the FX-exposed lambs
(data not shown). spO2 ranged between 90 and 100% while heart
rate decreased progressively in both control and FX lambs from
234 ± 17 and 230 ± 19 bpm on day 2 to 187 ± 6 and 200 ± 8bpm
on day 14, respectively.
HRV was significantly different on PND 2 (Table 2). The time

domain variables of HRV and LF power were significantly lower in
the FX-exposed lambs than the control lambs at both 30 and
60min of the recording period.
The lambs with prenatal FX exposure were more active than the

control lambs, which was reflected by faster first time activities
(Table 3) and an increase in subsequent activities obtained from
Actiwatch and DRV observations (Figs. 2, 3). Figure 2 shows the
Actiwatch variables from PNDs 2 to 14 in control and FX-exposed
lambs. The lambs’ activity increased with time in both groups, but
it was increasingly greater in the FX group. Total activity score
(Fig. 2a) and active bouts per day (Fig. 2b) were significantly
higher in the FX-exposed group, while they were comparable
between the two groups on PNDs 2 to 3. Mean score in active
periods (Fig. 2c) was significantly higher. Episode duration (Fig. 2d)
was significantly lower in the FX group on PNDs 5, 9, 10, and 12.
Thus, the activity with prenatal FX exposure was more disrupted,
in terms of more active, but shorter active bouts/day. The
percentage of time moving (Fig. 2e) was significantly higher in
the FX group on PNDs 2 to 12, with a reverse situation for the
percentage of time immobile (Fig. 2f).
From the DVR observations, the FX-exposed lambs had a

significantly lower number of suckling bouts on PNDs 2, 5, and 6

(Fig. 3b). However, the AUC of non-suckling activity bouts for the
first 10 PNDs was significantly higher in the FX-exposed lambs
(Fig. 3c). Therefore, the number of total activity bouts (=suckling
bouts+ non-suckling active bouts) was comparable between the
two groups until PND 9 (Fig. 3d) and so was the number of sleep
bouts (Fig. 3a). The non-suckling behavior in the FX-exposed
lambs largely comprised standing still. On PND 10, the number of
total activity bouts was significantly lower in the FX group and so
were sleep bouts, but there were no significant differences in the
number of suckling bouts. In addition, we did not observe any
other abnormal behaviors in the FX-exposed lambs.

Acute postnatal FX exposure protocol
On days 3.3 ± 0.4 and 4.2 ± 0.4 sterile water (0.1 ml/kg, N= 9) or FX
(1 mg/kg, N= 12) were acutely injected. There were five male and
seven females in the FX group and there were no sex differences
in terms of the drug effects.

Plasma FX concentration and weight gain
The plasma FX concentrations over the experiment and in 13
individual human infants sampled at PND 2 following in utero
exposure to the drug12 cover a similar range (~10–100 ng/ml)
(Fig. 4). Norfluoxetine was not detected. There were also no
significant differences in postnatal weight gain on PND 4 between
the control group (0.411 ± 0.056 kg, n= 9), FX group (0.392 ±
0.045 kg, n= 12) and the FX group on the day after FX
administration (0.329 ± 0.043 kg).

Rest–activity cycles
The Actiwatch variables were comparable between the control
group with sterile water injection (n= 9) and the FX group (n=
12). (data not shown) In addition, from the DVR observation there
were no obvious behavioral changes following FX dosing; the
lambs just lay quiet or slept for most of the time.

Cardiovascular variables (heart rate, arterial pressure, HRV)
Arterial pressure was significantly different between the control
and FX group at 1, 2, 3, 4, 5, and 10min post FX (Fig. 5a). The
maximum increase in arterial pressure in the FX group was 8.5 ±
1.1 mmHg at 4 min following FX. Heart rate was lower by 38 ±
9bpm in the FX group than the control group only at 2 min post
FX (Fig. 5b).
The time domain of HRV, which are related to the R–R interval

variability, increased after injection (Fig. 6 a–c). In contrast, the
frequency domain HRV variables, including LF power, HF power,
and LF/HF ratio, which indicate cardiac parasympathetic and
sympathetic influences, were not changed (Fig. 6d–f). There was a
significant inverse relationship between the fall in heart rate and
the increase in SDNN (standard deviation of NN (normal-to-normal

Table 1. Gestational age and birth weight in the control and antenatally FX-exposed lambs

Control lamb GA at birth (days) Birth weight (g) Lamb number FX-exposed lamb GA at birth (days) Birth weight (g) Lamb number

L620F 146 5830 Single L756M1 147 4700 Twin

L371M 148 6250 Single L752M1 148 4400 Twin

L310M1 142 3300 Triplet L752M2 148 5000 Twin

L310M3 142 3500 Triplet L577M 141 4100 Single

L825M1 145 4900 Twin L630F 142 5000 Single

L825M2 145 5300 Twin L756F2 147 3900 Twin

L752F 144 5200 Single L643F 148 7000 Single

Mean 145 4897 146 4871

SEM 1 421 1.1 388

M male, F female. 1, 2, 3 after M, F indicates the order of delivery in twin and triplet lambs
GA gestational age, FX fluoxetine
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intervals)) (Supplemental Fig. 1), with similar relationships with SD
delta NN (standard deviation of differences in the NN interval) and
RMSSD (square root of the mean squared difference of successive
NN intervals) (data not shown).

Arterial blood gases
The mean values for arterial pO2, pCO2, pH, base excess, Hb
concentration, O2 saturation, and glucose and lactate concentra-
tions were 87.1 ± 3.3 mmHg, 40.3 ± 1.0 mmHg, 7.439 ± 0.019, 3.44
± 1.41, 12.4 ± 0.34 g/l, 94.3 ± 0.4%, 5.5 ± 0.23 mm/l, 1.03 ± 0.08 mm
in the control lambs and 88.0 ± 3.8 mmHg, 42.2 ± 1.0 mmHg,
7.385 ± 0.010, 0.27 ± 0.75, 11.2 ± 0.5 g%, 93.3. ± 0.4%, 5.49 ± 0.25
mM and 0.90 ± 0.05mm in the FX group. There were no
differences between the groups and no changes with time.(data
not shown).

Plasma cortisol concentration
No differences were found between the cortisol concentrations in
the control group and FX group. In both groups, the cortisol level
was significantly higher at 30 min, 1 h, and 2 h than that at 12 h
following FX injection (Supplemental Fig. 2).

DISCUSSION
Prenatal FX exposure protocol
The maternal FX level at delivery was higher than that reported in
the human12 and in our previous sheep studies.13 CYP2D6 is a key
enzyme involved in FX metabolism.14 Moreover, FX isomers are
potent inhibitors of CYP2D6,15 so that the elevated maternal FX
might be due to FX-mediated CYP2D6 inhibition.15 One case report
gave a neonatal FX concentration at delivery of 26 ng/ml and
undetectable levels at 96 h thereafter,16 which is similar to the
current results. The FX level in our lambs at birth (17.3 ± 10.9 ng/ml)
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Table 2. Heart rate variability variables (time domain: SDNN, SD Delta
NN, RMSSD; frequency domain: total power, LF power, HF power, LF/
HF) on postnatal day 2 in the control group (n= 8) and the prenatal
FX-exposed lambs (n= 7)

Variable Control group FX-exposed group

Heart rate (bpm) 220 ± 4.3 225 ± 6.0

SDNN (ms) 22.5 ± 2.3 15.5 ± 0.8*

SD Delta NN 18.8 ± 4.8 7.2 ± 4.4*

RMSSD 18.4 ± 4.8 7.2 ± 4.8*

LF power (ms2) 73.8 ± 11.5 37.5 ± 4.7*

HF power (ms2) 51.4 ± 13.4 19.2 ± 4.8

LF/HF 2.2 ± 0.6 2.6 ± 0.5

SDNN standard deviation of NN (normal-to-normal intervals), SD Delta NN
standard deviation of differences in the NN interval, RMSSD square root of
the mean squared difference of successive NN intervals, LF low frequency,
HF high frequency, FX fluoxetine
*significantly different from the corresponding control value

Table 3. First time activities in control newborn lambs and newborn
lamb exposed antenatally to FX

Group (n) Time to stand
(min)

Time to walk
(min)

Time to suckle
(min)

Control (7) 32.2 ± 2 45.0 ± 4 56.0 ± 5

FX (7) 17.0 ± 3* 26.3 ± 4* 29.0 ± 6*

FX fluoxetine
*Significantly different from the control value
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was lower than that measured in the umbilical cord vein at delivery
(41.3 ng/ml), from pregnant women on FX therapy.12 Thus, in this
study, one might expect to see a higher level of FX in the lambs
than was actually the case. However, there is also a relationship
between the ratio of lamb/ewe FX concentration at delivery and
the duration from the maternal last FX dose (Fig. 1b). This suggests
that following the last maternal FX injection, the elimination of FX
from the fetus was largely the result of transfer of the drug back to
the mother and maternal elimination. NFX was undetectable at
birth and afterwards, which suggests that fetal and newborn lambs
are unable to metabolize the drug, similar to findings in the fetal
lamb.13

There were no differences in birth weight or gestation length
between the experimental and control groups (Table 1), although
these results may be have affected by the inclusion of twins and
triplets. However, we have previously reported that lamb number
has no effect on gestation length in sheep, while birth weight is
decreased progressively with increasing lamb number.18 This
latter phenomenon is evident in Table 1, but the similar
distribution of twins and triplets in the two groups likely
minimized the effect on mean birth weights.
The significantly lower time domain variables of HRV and total

power in the prenatally FX-exposed lambs on PND 2 is opposite

from the acute FX injection results where these variables increased
transiently (Fig. 6). Prenatal exposure to SSRIs reduces short- and
long-term HRVs at 36 weeks gestation.19 It seems possible that in
the current study of prenatal FX exposure, fetal HRV was reduced
in utero, which persisted until day 2 when FX was still present. The
current and published results suggest that the reduced postnatal
HRV may originate in the fetal period associated with SSRI
exposure, but further research is needed.
Lambs that are slow to stand and suckle after birth have a lower

survival chance.20 Our finding that FX-exposed lambs were faster
to stand, walk and suckle as compared to the control lambs is
different from a human study in which the times to first sit and
walk were delayed in infants exposed to antidepressants during
the second and third trimesters.21 However, in this study, different
classes of antidepressants were included and the duration of drug
exposure was much greater.
For the first 2 weeks of life, there was a progressive increase in

the level of lambs’ activity in both the FX-exposed and control
groups, which is similar to previous results.9,22 Although the FX-
exposed lambs were more active, it appeared that their move-
ment bouts were shorter, which was reflected by significantly
lower values for episode duration in the FX group on PNDs 5, 9, 10,
and 12. Similar to our findings, a study in human infants found
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prenatally SSRI-exposed infants increase their motor activity
during sleep compared to controls;23 however, the difference in
activities between the groups was attributed to the shorter
gestational age in the SSRI-exposed infants, which was not the
case here. Lambs are more active during the first month of life
than later and this is due to their frequent suckling bouts.22

However, the DVR observations revealed that the increase in the
activity level in FX-exposed lambs was not due to increased
suckling, which is the major activity in normal lambs in the first
month of life.22 Instead, the increased activity level was due to the
higher number of non-suckling bouts and these were largely
comprised of standing still. This is consistent with the lack of a
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significant difference in postnatal weight gain between the two
groups. The increase in activity in the FX-exposed lambs is not
seen in normal lambs, which over the first 2 postnatal weeks
spend the bulk of their time either sleeping or suckling.22

The behavioral differences in the FX-exposed lambs could
represent increased maturation of locomotory activities, which
could be of survival advantage to the animals. We have found that
in normal lambs, total activity recorded by actigraphy increases
progressively until about 15 days following birth,22 and this
appears related to maturation of muscle and bone tissue after
birth.9 Thus, the increased activity in the FX-exposed lambs
suggests that they were more mature at birth in terms of bone
and muscle development and those aspects of brain development
that controls voluntary movements. However, in normal lambs the
increase in activity over the first 15 PNDs largely results from
changes in suckling bouts and suckling duration.22 Given that
greater maturity of lambs than human newborns in terms of
locomotory activity, the hyperactivity in the FX-exposed lambs

may be comparable to the jitteriness, one of the symptoms of
poor neonatal adaptation.3

In addition, from the DVR observations, on PND 10, FX-exposed
lambs had a significantly lower number of sleep bouts, suggesting
that they slept for a longer duration. However, on this day, FX-
exposed lambs had a shorter sleep episode duration from the
Actiwatch measurements. This suggests that sleep in the FX-
exposed lambs was more disrupted than the control, which was
also the case with the active bouts.

Acute postnatal FX exposure cohort study
Previous studies have reported that antenatally SSRI-exposed
infants are at increased risk of being growth restricted2 and having
reduced postnatal weight gain.24 This could be due to the higher
incidence of premature birth in the SSRI group,2 or to reduced
fetal oxygen and nutrient supply via a reduction in uterine blood
flow due to an increased plasma serotonin level25 or to a direct
effect of serotonin on skeleton and bone growth.26 Similarly, there
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is reduced postnatal weight gain in lambs exposed antenatally to
FX.25 However, in this study, the postnatal weight gain was
comparable between the experimental and control groups. The
active bouts per day were also not different between the two
groups. Thus, the decreased postnatal weight gain reported in
antenatally FX-exposed human infants and in postnatal lambs
exposed in FX in late gestation does not appear due to the
persistence of the drug in the newborns, given that the plasma FX
concentrations in the lambs are within the range of that observed
in human infants on PND 2 following antenatal FX exposure.12

SSRIs cause an acute increase in plasma serotonin levels
through inhibiting serotonin reuptake by platelets. In humans,
mice, and sheep, acute FX administration increases plasma
serotonin concentration.25,27–29 Serotonin is a vasoconstrictor
and in sheep causes dose-related increases in blood pressure.29

This agrees with our findings that arterial pressure increased at
2–10min after FX administration. Heart rate also declined at 2 min
post-FX. However, these effects were very transient and were not
of any clinical significance.
The transient bradycardia could be due to either a direct effect

of FX on the cardiomyocytes via 5-HT4 receptors or indirectly via a
baroreflex response to the hypertension.30 Following FX injection,
there were statistically significant, transient changes in HRV time
domain variables, associated with the bradycardia, and there was
a statistically significant inverse relationship between heart rate
and SDNN. We have found a similar relationship between heart
rate and these HRV variables in lambs between birth and 1 year of
age22 and similar findings have been reported in the human fetus,
infant, and child.31–33

As noted previously, FX i.v. infusion in pregnant ewes resulted in
an augmented prepartum rise in fetal cortisol levels.7 In contrast,
in utero SSRI exposure is associated with reduced basal cortisol
levels and an alteration in the HPA stress response in 3-month-old
infants.34 There is also a lower cord blood cortisol level in SSRI-
exposed neonates.26 These results are different from those
obtained in the antenatal FX administration protocol, where the
drug had no effect on plasma cortisol. These conflicting findings
could be due to differences in the timing and duration of SSRI
exposure. Acute administration of SSRIs increases the secretion of
cortisol and ACTH35 while chronic treatment with citalopram
results in a decrease.36

The mechanisms of poor neonatal adaptation in newborns
exposed in utero to SSRIs are still a matter of debate. It is apparent
that the high level of activity in our antenatally FX-exposed lambs
was not due to FX toxicity since acute FX administration on PND 4
resulted in no behavioral effects. It also seems unlikely that it is
due to drug withdrawal, since the high level of activity in the FX-
exposed lambs persisted at least until PND 14, days after
detectable FX. In addition, there is the abnormal phenomenon
of increased body movements during non-REM sleep in SSRI-
exposed human fetuses.37 Similarly, another study found SSRI-
exposed fetuses had a longer umbilical cord than control fetuses,
suggesting that the former group were more active.38 And as
noted previously, we reported that FX administration to late
gestation pregnant sheep led to a persistent decrease in fetal REM
sleep.7 Collectively, these findings support the hypothesis that a
possible underlying mechanism for the high level of activity in the
FX-exposed lambs is SSRI-induced changes in fetal brain devel-
opment, particularly since both sleep and active periods appeared
disrupted. Further evidence for this mechanism comes from
studies showing a lower cord blood level of calcium-binding
protein S100B, a biomarker of early brain development and central
serotonergic function, in SSRI-exposed neonates.39 Overall these
results suggest that poor neonatal adaptation associated with
prenatal SSRI exposure is not due to SSRI toxicity or a withdrawal
effect. Rather, it may result from altered fetal brain development
with SSI exposure.
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