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ABSTRACT: While selective-serotonin reuptake inhibitor (SSRI) antidepressants are commonly prescribed in the treatment of
depression, their use during pregnancy leads to fetal drug exposures. According to recent reports, such exposures could affect fetal
development and long-term offspring health. A central question is how pregnancy-induced physical and physiological changes in
mothers, fetuses, and the placenta influence fetal SSRI exposures during gestation. In this study, we examined the effects of
gestational stage on the maternal pharmacokinetics and fetal disposition of the SSRI (+)-citalopram (CIT) in a mouse model.
We determined the maternal and fetal CIT serum concentration—time profiles following acute maternal administration on
gestational days (GD)14 and GD18, as well as the fetal brain drug disposition. The results show that pregnancy affects the
pharmacokinetics of CIT and that maternal drug clearance increases as gestation progresses. The data further show that CIT and
its primary metabolite desmethylcitalopram (DCIT) readily cross the placenta into the fetal compartment, and fetal exposure to
CIT exceeds that of the mother during gestation 2 h after maternal administration. Enzymatic activity assays revealed that fetal
drug metabolic capacity develops in late gestation, resulting in elevated circulating and brain concentrations of DCIT at
embryonic day (E)18. Fetal exposure to the SSRI CIT in murine pregnancy is therefore influenced by both maternal gestational
stage and embryonic development, suggesting potential time-dependent effects on fetal brain development.
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An increasing number of women are prescribed selective
serotonin (5-HT) reuptake inhibitor (SSRI) antidepres-
sants to treat depression during pregnancy.'~” This pharmaco-
logical intervention presents a well-recognized clinical conun-
drum, namely, the accumulating concerns that developmental
abnormalities in the offspring may arise from fetal exposure to
maternal depression and to SSRIs.”*~''
focused on the consequences of prenatal SSRI exposure on fetal

Few studies have

neurodevelopment, but recent evidence points to increased
risks of autism spectrum disorders and postnatal language
learning deficits.”'>~'* Importantly, developmental outcomes
appear to depend on the type of SSRI used and the pregnancy
stage of SSRI exposure, suggesting the existence of differences
in drug-target interactions and of sensitive time periods for the
fetal programming of specific disorders.”'> These observations
raise questions about the safety of SSRIs during pregnancy and
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how the factors that affect fetal drug exposures influence short-
and long-term offspring health outcomes.

There are highly complex and dynamic maternal physical and
physiological changes taking place during pregnancy, a unique
condition that also involves the progressive development of the
placenta and fetus."*"*° Pregnancy (and its developmental
stage) can thus affect the maternal pharmacokinetics of drug
absorption, distribution, metabolism, and elimination, in
addition to transplacental transfer and the extent of fetal
exposure.”' > Therefore, evaluating the impact of pregnancy
on these pharmacological factors will provide insight into how
they relate to fetal drug exposures potentially leading to
different neonatal outcomes.
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The maternal, placental, fetal, and genetic factors that
determine fetal SSRI exposures in the context of pregnancy
remain largely unknown. Studies in humans have largely
focused on the maternal pharmacokinetics of SSRIs, showing
that maintaining a fixed dose results in low plasma
concentrations™ " in addition to kinetic changes in drug
absorption, distribution, metabolism, and clearance.'®**7° The
present study characterizes pregnancy-induced changes in the
pharmacokinetics of the widely prescribed SSRI ()-citalopram
(CIT) during gestation in mice, and investigates how these
influence fetal drug exposure. We first compared the
pharmacokinetics of CIT in nonpregnant and pregnant mice
at gestational day (GD) 14 and 18. We then investigated the
disposition of CIT to the fetus by quantifying placental drug
transfer and the extent of fetal exposure following maternal
administration. Lastly, we investigated whether the maternal
and fetal metabolism of CIT is dependent on gestational age.
The data reveal important changes in the maternal and fetal
pharmacokinetics of CIT and its major metabolite during
development in mice.

B RESULTS

Pregnancy Affects the Disposition and Pharmacoki-
netics of CIT. To test whether pregnancy affects CIT
pharmacokinetics, we administered a single, fixed dose (FD)
of CIT (0.6 mg) to nonpregnant mice and pregnant mice at
GD18 (termed GD18gp). Blood serum concentrations in both
groups showed biexponential decreases overtime from 3.5 min
to 3.5 h post administration (Figure 1). Pharmacokinetic
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Figure 1. CIT serum concentration—time profiles in pregnant and
nonpregnant female mice. A fixed dose (FD) of CIT (0.6 mg) was
administered ip to nonpregnant mice (@) and pregnant mice at GD18
(GD18gp; O). Mice were sacrificed 3.5 min to 3.5 h following drug
administration and CIT serum concentrations were determined by
HPLC. Data represent means + SD (N = 3 mice per time point). The
inset (upper right) shows a semilogarithmic plot of serum CIT
concentrations over time. Both pregnant and nonpregnant female mice
show biexponential decreases in serum CIT concentrations over time.

analysis revealed that blood serum CIT reached higher peak
concentrations (C,) in nonpregnant female mice than in
pregnant GD18gp, mice (P = 0.0002; Table 1). Consistent with
lower serum CIT concentrations measured throughout the 3.5
h time course (Figure 1), a significant 25% reduction in the
AUC of serum CIT was observed in GD18gy dams compared
to nonpregnant mice [t(4) = 10.97; P = 0.0004; Table 1].
Although time course analyses from both groups showed
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Table 1. Comparison of CIT Pharmacokinetics in
Nonpregnant and Pregnant (GD18g,) Mice”

CIT parameter nonpregnant GD18gp P value
C, (ng/mL) 2050 + 36 1667 + 38 p = 0.0002°
AUC (ng X h/mL) 1233 + 39 927 + 28 p = 0.0004”
t5 (h) 1.06 + 0.04 093 + 006  p = 0.0323"
Vp (mL) 293 +23 36.0 + 2.6 p = 00273"
C, (mL X h) 486 £ 9 647 + 20 p = 0.0002°

“The CIT serum concentration time-courses were fitted to a two-
compartment model to estimate the following pharmacokinetic
parameters: Cy, peak concentration, t,/,, half-life; AUC, area under
the concentration—time curve; Vp,, volume of distribution; Cp,
clearance. Data are reported as the means = SD (N = 3 mice per
time point). Statistical differences were determined by unpaired two-
tailed Student’s t tests. bStatisticaHy significant differences (P < 0.05)
between groups. FD = fixed dose.

similar CIT absorption phases (1.67 vs 1.76; t(4) = 2.16; P =
0.0968; nonpregnant and GD18pp, respectively), the distribu-
tion rate constant () during pregnancy was considerably lower
than in nonpregnant mice (t(4) = 95.4; P < 0.0001; Supporting
Information Table 1), as reflected by an increase in the volume
of distribution (Vp; t(4) = 3.40; P = 0.0273; Table 1).
Additionally, the elimination rate constant () was higher in
pregnant than in nonpregnant mice (t(4) = 5.54; P = 0.0052;
Supporting Information Table 1), consistent with the higher
clearance (C;) measured at GD18gp, (t(4) = 12.9; P = 0.0002;
Table 1). The half-life of CIT measured in pregnant dams was
slightly lower than that in nonpregnant female mice (t(4) =
3.22; P = 0.0323; Table 1).

Dose Affects CIT Distribution and Clearance during
Pregnancy. The results above indicate that pregnancy affects
the pharmacokinetics of CIT in mice. We next investigated
whether CIT pharmacokinetics were different in pregnant dams
when given a weight-adjusted dose. Pregnant mice receiving a
weight adjusted (20 mg/kg of body weight, corresponding on
average to 1.17 & 0.05 mg CIT) dose (GD18) had significantly
higher serum C; than those administered a fixed, non- weight-
adjusted dose (GD18p) (0.6 mg, equivalent to 20 mg/kg dose
given to nonpregnant mice) [t(4) = 23.6; P < 0.0001; Table 2].
Serum CIT concentrations were higher at every time point in
GD18 compared to GD18g, mice (Figure 2A), consistent with
a significant increase in AUC (t(4) = 27.1; P = 0.0004; Table

Table 2. Effect of Weight-Adjusted Dose on
Pharmacokinetic Parameters of CIT in Pregnant Mice”

CIT parameter GD18 GD18gp P value
C, (ng/mL) 2353 + 33 1667 + 38 p < 0.0001"
Coan [(ng/mL/ug] 1.96 + 016  2.57 + 038  p = 00648
AUC (ng X h/mL) 2236 + 79 927 + 28 p = 0.0004"
AUCq, [(ng x h/mL)ug]  1.86 + 020 148 £ 021  p = 0.0937
t, (h) 1.08 + 0.07 093 +£0.06  p = 0.0599
Vp (mL) 50.9 + 2.0 360 +26  p=00014"
C, (mL x h) 537 £ 19 647 + 20 p = 0.0002°

“The CIT concentration—time profiles were fitted to a two-
compartment model to estimate all pharmacokinetic parameters.
Dose-normalized (dn) C, and AUC were also calculated (Cygn;
AUCy,). Data are reported as the means + SD (N = 3 mice per time
point). Statistical differences were determined by an unpaired
Student’s t test. “Indicates statistically significant differences (P <
0.05) between groups. FD = fixed dose.
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Figure 2. Maternal CIT serum concentration—time profiles in GD18 mice. (A) GD18 Pregnant mice received a weight-adjusted dose of CIT (H;
GD18; 20 mg/kg of body weight, ip) or a nonpregnant-equivalent fixed dose ((J; GD18p; 0.6 mg, ip). Maternal serum was collected from 3.5 min
to 3.5 h after administration, and CIT concentration was measured by HPLC (N = 3 dams per time point). (B) Serum concentration—time profiles
were normalized to the dose received by dividing the measured CIT serum concentrations by the injected drug amount. Data are shown as the
means + SD (N = 3 mice per time point). Insets (upper right) show semilogarithmic plots of the data. FD = fixed dose.
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Figure 3. Maternal serum CIT concentration—time profiles in pregnant mice of different gestational stages. (A) Pregnant mice received a weight
adjusted CIT dose (20 mg/kg) at GD14 (O) or GD18 (). Mice were sacrificed 3.5 min to 3.5 h following drug administration and CIT serum
concentrations were measured by HPLC. Data represent the means + SD serum CIT concentration (N = 3 mice per time point). The insert (upper
right) shows a semilogarithmic plot of the data. (B) Serum concentration—time profiles were normalized to the dose received by dividing the
measured CIT serum concentrations by the injected drug amount. Data are shown as the means + SD (N = 3 mice per time point). Inserts (upper

right) show semilogarithmic plots of the data. FD = fixed dose.

2). Since the C, and AUC estimates are representative of peak
CIT concentrations and total drug exposures overtime, we
normalized these parameters to the amount of CIT injected.
The measured serum CIT concentrations were each divided by
injected drug amounts followed by fitting to a two-compart-
ment model. We no longer found significant differences
between groups for the above parameters after dose-normal-
ization (Cyp; t(4) = 2.56 P = 0.0648; AUC; t(4) = 2.30; P =
0.0937) (Figure 2B, Table 2). The CIT half-life was unaffected
by the dose administered (t(4) = 2.65; P = 0.0599; Table 2).
When compared to the GD18g, group, an increase in Vp, (t(4)
= 7.89; P = 0.0014; Table 2), as well as a reduction in CIT C,
(t(4) = 12.9; P = 0.0002; Table 2) was observed in GD18 mice
receiving a weight-adjusted dose. These observations are
consistent with significant differences observed in distribution
and elimination rate constants (a; t(4) = 5.38; P = 0.0057; f3;
t(4) = 4.65; P = 0.0097; Supporting Information Table 1). The
differences in t, 5, Vp, and Cp between the GD18 and GD18gp
groups remained unchanged after dose-normalization.
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Pregnancy Stage Affects Disposition and Pharmaco-
kinetics of CIT. The results thus far show that drug dosage and
pregnancy affect CIT pharmacokinetics in mice. Significant
maternal physical and physiological changes occur progressively
throughout pregnancy, therefore we next investigated if CIT
pharmacokinetics are affected by pregnancy stage.'™'? Mice at
GD14 and GD18 received a single, weight-adjusted CIT dose
(20 mg/kg of body weight). Within each group, maternal
serum CIT concentrations decreased over time in a
biexponential fashion (Figure 3). The GD18 mice had higher
concentrations of CIT at every time point (Figure 3A),
consistent with a significantly higher AUC (t(4) = 15.9; P <
0.0001; Table 3). Similar differences were observed after dose
normalization of these parameters (Table 3). There was a
significant increase (22%) in Vp, as gestation advanced from
GD14 to GDI18 (t(4) = 4.97; P = 0.0076; Table 3). Drug
clearance was also affected by gestational stage, as GD14 mice
had significantly higher C; than GD18 mice (t(4) = 8.58; P =
0.0010; Table 3).
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Table 3. Gestational Age-Dependent Pharmacokinetics of
CIT at GD14 and GD18 in Mice”

CIT parameter GD14 GD18 P value
C, (ng/mL) 2278 + 31 2353 + 33 p = 0.0451°
Coan [(ng/mL)/pug] 227 + 0.16 196 + 016  p = 0.0276"
AUC (ng X h/mL) 1388 + 48 2236 +79  p < 0.0001”
AUC,, 145+ 010 186 +020 p=00329"

[(ng x h/mL)ug]
ti (h) 105 +£003 108 +007 p=04512
Vp (mL) 417 £ 25 509 +20  p=00076"
C, (mL X h) 689 + 15 544 + 39 p = 0.0010"

“Following CIT administration (20 mg/kg ip), concentration—time
profiles were fitted to a two-compartment model to estimate all
pharmacokinetic parameters. Dose-normalized (dn) C, and AUC were
also calculated. Data are reported as the means = SD (N = 3 mice per
time point). Statistical differences were determined by an unpaired
Student’s ¢ test. “Indicates statistically significant differences (P < 0.05)
between groups.

CIT Rapidly Reaches the Fetal Circulation and Brain
after Maternal Administration. The effect of pregnancy
stage on maternal CIT pharmacokinetics may induce differ-
ential exposure of the fetus to the drug over time. Therefore, we
measured the kinetics of CIT concentrations in fetal serum and
brain at embryonic (E) day 14 and E18 after a single weight-
adjusted maternal injection (20 mg/kg, ip). At both embryonic
stages, peak fetal serum CIT concentrations were detected
within similar time frames (1S min following maternal drug
injection (Figure 4A). In addition, fetal serum CIT
concentrations decreased biexponentially over time at both
El14 and E18. The E18 fetal group had consistently higher
serum CIT concentrations than the E14 group (Figure 4A).
The fetal/maternal CIT serum concentration ratios (F:M)
calculated throughout the 3.5 h period, showed that fetal
exposure to CIT exceeded that in mothers 2 h after injection at
both gestational ages (F:M > 1), and that F:M were similar
between the E14 and E18 groups (Fg,, = 1.42; P = 0.2011;
Figure 4B). To test if and how fast the fetal brain is exposed to
maternally administered CIT, fetal brain drug concentrations
were measured over time and normalized to total protein
concentrations. Results show that fetal brain CIT concen-

trations decreased monoexponentially over time at both ages,
with the E18 group having consistently higher brain tissue CIT
concentrations compared to the E14 group (Figure 4C). In all
experiments, fetal sex was determined by SRY genotyping and
embryo positions in the uterine horns were recorded. The
reported pharmacokinetic measures were not affected by either
parameter.

Fetal CIT Disposition Is Independent of Placental/
Fetal SERT Expression. Maternally administered CIT rapidly
reaches the fetal blood and brain. While passing from the
mother to the fetus, the primary binding target for CIT in the
placenta is the serotonin transporter (SERT; Slc6a4), which is
expressed by placental syncytiotrophoblastic cells of fetal
origin.’*"*' Placental SERT could act as a local reservoir that
limits drug transfer to the fetal compartment. Yet, the influence
of binding to placental SERT on the transfer and fetal
disposition of CIT is unknown. Here, SERT heterozygous
(HET) dams were crossed with SERT HET males to generate
SERT wildtype, HET, and knockout (KO) embryos and
placentas. To test whether CIT transfer and fetal disposition are
influenced by placental/fetal SERT expression, HET dams were
injected with CIT (20 mg/kg; ip) at GD18 and CIT
concentrations were measured in the serum and brains of
fetuses of each genotype. Individual fetal blood and brain
collections were performed 1.5 h post maternal drug
administration. The HPLC analyses showed no effect of fetal
genotype on CIT serum or fetal brain tissue concentrations
(serum: F, , = 0.34; P = 0.7100; brain: F,, = 1.03; P = 0.3851;
Figure S).

Fetal Exposure to DCIT is Dependent on Pregnancy
Stage. As uncovered above, fetuses are rapidly exposed to
significant concentrations of maternally administered CIT at
E14 and E18. In adult mice and humans, CIT is metabolized to
the long half-life, SERT-inhibiting metabolite DCIT.* During
pregnancy, CIT metabolism could therefore result in significant
and long-term fetal exposure to this biologically active
metabolite. We quantified concentrations of DCIT in maternal
and fetal serum samples and brains collected after a single
maternal administration of CIT (20 mg/kg; ip). In fetal serum,
peak DCIT concentrations were reached faster at E14 (1 h)
than E18 (2.5 h) (Figure 6A). However, when taking into
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Figure 4. Fetal serum and brain CIT concentration—time profiles during gestation. Pregnant dams at GD14 and GD18 were administered a single ip
injection of CIT (20 mg/kg) and CIT concentrations in fetal serum and brain were measured by HPLC. (A) Data show the means + SD CIT
concentration measured in the fetal serum over time from 3.5 min to 3.5 h (N = 3 dams per time point, S—8 pooled fetal samples per dam). The
inset (upper right) shows a semilogarithmic plot of the data. (B) Fetal/maternal CIT concentration ratios (F:M) were not significantly different
between the GD14 and GD18 groups (Fs,4 = 1.42; P = 0.2011; two-way ANOVA followed by Bonferroni adjustment for multiple comparisons).
(C) Mean =+ SD CIT concentration measured in fetal brain tissue from 15 min to 3.5 h (N = 3 dams per time point, 3 fetal brains per dam). The
CIT concentrations were normalized to total fetal brain protein concentrations.

330

DOI: 10.1021/acschemneuro.5b00287
ACS Chem. Neurosci. 2016, 7, 327—338


http://dx.doi.org/10.1021/acschemneuro.5b00287

ACS Chemical Neuroscience

Research Article

A

1000-
[ ]

I 800-
E -ﬁ*
2 600 °le
§ . ==
& 400
S
S
S 200-

N

=3

o
I

1504

w rk

100+

o
o
1

Citalopram (ng/mg of protein)

T

WT

HET Ko

o

WT

T

HET KO

Figure S. Fetal serum (A) and brain (B) CIT concentrations in wildtype (WT), SERT heterozygous (HET), and SERT knockout (KO) embryos.
The SERT HET dams were crossed with SERT HET males and the former received a single CIT injection (20 mg/kg) at GD18. Individual E18 fetal
samples were collected 1.5 h postadministration and CIT concentrations were measured by HPLC. Data show the means + SD CIT concentration
(N = 2 dams, 8 total fetal collections per dam). Brain CIT concentrations were normalized to total fetal brain protein.

100+ A -=- E18 157B
E14
80+
2
- 2 1.04
d E
60
5 g
= E
5 40+ ,;
a = 0.57
w
20+
0 y T T T T y T 0.0-
00 05 1.0 15 20 25 3.0 3.5 025 05 1
Time (h)

== GD18 407C = E18
GD14 E14
w30
g
Q
s
il o 20
' 2
£
G
Q 104
0 T T T T T T T
15 2 25 35 00 05 10 15 20 25 30 35
Time (h) Time (h)

Figure 6. Fetal serum and brain DCIT concentration—time profiles during gestation. Pregnant dams were administered 20 mg/kg CIT ip. The
DCIT concentrations in maternal serum, and fetal serum and brain were measured by HPLC. (A) Data show the means + SD. The DCIT
concentrations were measured in fetal serum from 3.5 min to 3.5 h (N = 3 dams per time point, S—8 pooled fetal samples per dam) at E14 and E18.
(B) Fetal/maternal (F:M) DCIT serum concentration ratios. Statistical differences in F:M concentration ratios were analyzed by two-way ANOVA
followed by Bonferroni adjustment for multiple comparisons. *P < 0.05; **P < 0.01; ****P < 0.0001. (C) Data show the mean + SD protein-
normalized DCIT concentrations in fetal brain tissue from 15 min to 3.5 h following maternal CIT administration (N = 3 dams per time point, 3

fetal brains per dam).

account DCIT concentrations measured in the maternal serum
(Supporting Information Figure 1), the calculated fetal/
maternal DCIT serum concentration ratios were higher at
E18 vs E14 fetuses 2 h after injection (Fg,, = 13.69; P = 0.0166
to <0.0001) (Figure 6B). In the fetal brain, overall DCIT
concentrations were higher at E18 than E14, consistent with
significantly higher mean AUCs (35.5 ng X h/mL E14 vs 62.8
E18; F,4 = 15.6; P = 0.0159; Figure 6C). Fetal brain DCIT
concentrations started to decrease 2.5 h (at E14 and E18) after
maternal CIT injection (Figure 6C).

Gestational Age Dependent Changes in CIT Metab-
olism. Comparatively higher exposure of fetuses to DCIT at
E18 than E14 occurred and these differences could result from
differential rates of maternal, fetal, and/or placental metabolism
between the two ages. To address these possibilities, we first
tested if the placenta itself metabolizes CIT. Live E18 placentas
were perfused ex vivo with 500 ng/mL CIT continuously
infused through the maternal uterine artery. The CIT and
DCIT concentrations were measured in the fetal eluates
harvested in 10 min intervals through the umbilical vein over a
120 min perfusion period. Here, CIT was detected at every
time point in fetal eluates (Figure 7A), indicating that the
parent drug readily crosses the live placenta (TI = 0.93 + 0.55),
consistent with the in vivo results. Importantly, DCIT was not
detected in the fetal eluate at any time point (Figure 7A). In
addition, in vitro assays showed no significant CIT to DCIT
metabolic capacity of placental microsomes at any age tested

(Figure 7B). In a separate set of experiments, we measured
DCIT transplacental transfer by perfusing live E18 placentas
with a maternal solution containing DCIT only (500 ng/mL).
The results showed that maternal DCIT readily crossed the
placenta (TI = 0.20 + 0.96) (Figure 7C). These findings
indicate that the placenta does not metabolize CIT to DCIT,
but allows rapid maternal—fetal DCIT transfer. The maternal
compartment is therefore the direct source of DCIT to the
fetus.

To test whether maternal CIT metabolism changes during
the course of pregnancy, we measured DCIT generation in
GD14 and GD18 maternal liver microsomal preparations. The
data indicate that the rate of CIT to DCIT metabolism in the
maternal liver was similar at GD14 and GD18 (Figure 7D),
consistent with in vivo measures showing similar maternal
serum DCIT concentrations at both pregnancy stages (AUC;
GD18 = 611 =+ 66.37 ng X h/mL vs GD14 = 417.5 + 52.47)
[t(2) = 3.234; P = 0.0838] (Supporting Information Figure 1).

These results indicate that variations in maternal CIT
metabolism cannot account for the higher DCIT fetal exposure
measured in late pregnancy. The remaining possibility was that
the rate of CIT to DCIT metabolism in the fetus might be
higher at E18 than E14. We compared the rate of DCIT
generation from fetal liver microsomes at E14 and E18. There
was no measurable DCIT generation from E14 fetal liver
microsomes throughout the 2 h incubation period, whereas
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Figure 7. Determination of DCIT sources to the fetal compartment. (A) Placentas were perfused with 500 ng/mL CIT (@) on the maternal side.
Perfusion samples were collected every 10 min over a 2 h time period on the maternal (top trace) and fetal (bottom trace) sides and CIT and DCIT
(M) concentrations were measured by HPLC (N = 2 independent perfusions). (B) Placental microsomes were isolated at E14 and E18 and
incubated with CIT (500 ng/mL). Samples were collected at 20 min intervals over a 2 h period and CIT (left panel; expressed as percent of input)
and DCIT (right panel; GD14 (O), GD18 (M) concentrations were measured by HPLC. (C) The GD18 placentas were perfused ex vivo with 500
ng/mL DCIT in the maternal side. Perfusion samples were collected every 10 min over a 2 h time period on the maternal (top) and fetal (bottom)
sides and DCIT concentrations were measured by HPLC (N = 3 perfusions). (D) Maternal and (E) fetal liver microsomes were isolated at E14 (O)
and E18 (M) and incubated with CIT (500 ng/mL). Data indicate the mean + SD DCIT concentrations measured by HPLC in samples at 20 min
intervals over a 2 h period (N = 2 independent experiments per gestational stage).

there was a signiﬁcant rate of CIT to DCIT conversion from
E18 fetal liver microsomes (Figure 7E).

B DISCUSSION

The purpose of the present study was to determine if
pregnancy induces stage-dependent changes in the pharmaco-
kinetics and fetal disposition of CIT in mice. We found that the
maternal disposition and serum pharmacokinetics of CIT were
affected by pregnancy. The C, and AUC reductions observed in
GD18gp dams are related to the physical changes occurring
during pregnancy, namely, the increases in maternal blood
volume and total body weight as reflected by a higher Vj
(Figure 1, Table 1). Additionally, our results show that drug C;
is increased during pregnancy, which is consistent with
observations made for other therapeutic drugs in clinical and
preclinical studies."***~* The increased C; may also be
explained by pregnancy-induced elevation in cardiac output,
glomerular filtration rate, and heightened activity of the
cytochrome P450 enzymes involved in CIT metabolism during
pregnancy (CYP2D6, CYP3A4, CYP2C19).”'*7*%* Com-
bined with the fetal metabolic capacity emerging in late
pregnancy (Figure 7E), these observations may account for the
reduction in CIT terminal half-life in GD18g, compared to
nonpregnant female mice. All together, these factors lead to the
observed reduction of circulating CIT in the maternal serum at
GD18. In the clinical setting, similar decreases in maternal
plasma concentrations of CIT or other SSRIs have been
suggested to cause reduced therapeutic efficacy of these drugs
during pregnancy.””>**

We next focused on determining whether CIT pharmacoki-
netics were affected by pregnancy status by adjusting CIT doses
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to dam body weights. The weight-adjusted dose administered
to GD18 dams (20 mg/kg) was on average twice the amount
(1.17 + 0.05) received by the GD18p, group (maintained at
0.6 mg). Despite this large difference in the amount of CIT
administered, we found similar dose-normalized C;, and AUC
parameters between groups (Figure 2, Table 2). However,
GD18 dams receiving a CIT dose adjusted to body weight
showed a higher Vj and lower Cy than the GD18gp group.
Given that mice received CIT at the same gestational stage,
these results suggest that a weight-adjusted dosage leads to
saturating CIT serum concentrations at GD18. This is also
suggested by the significant increase in AUC measured in the
GD18 group (141% increase) despite the CIT dose being
increased by only 100% (2-fold) over the GD18;, dams. The
increase in AUC is not linearly correlated to the administered
dose, as expected from systemic drug saturation and consistent
with reduced C| rates.

Similar results were obtained when we investigated the
influence of gestational stage on maternal CIT pharmacoki-
netics with GD14 and GD18 dams receiving CIT adjusted to
body weight. We found similar C, values following dose-
normalization, although AUC remained higher at GD18
(Figure 3, Table 3). In spite of higher serum CIT
concentrations at GDI18, the terminal half-life was similar at
both ages. These results suggest that maternal CIT metabolism
is not affected by pregnancy stage. Interestingly, pregnant mice
had a lower Vp, at GD14 than GD18; this likely results from
significant physical changes taking place throughout gestation,
in particular the increase of blood volume (estimated to be 8%
of body weight and thus corresponding to approximately 3.5 +
0.1 mL at GD14 vs 4.7 + 0.2 mL at GD18), and also an
increase in overall body lipoprotein content as reflected by
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weight gain.*’ In addition, the rapid growth of fetuses from E14
to E18 (average fetal weight increases by 300%) may increase
the contribution of the fetal compartment to the apparent V.

Changes in CIT maternal pharmacokinetics between GD14
and GD18 may lead to differential exposure of the fetus to the
drug over time. Investigation of fetal drug disposition revealed
that maternally administered CIT rapidly reaches the fetal
circulation and brain (Figure 4). Disposition of CIT in the fetal
serum was delayed when compared to the maternal profiles,
with fetal serum CIT concentrations peaking 15 min following
maternal administration at both E14 and E18. Despite the
differences observed in the maternal pharmacokinetics of CIT,
fetal to maternal serum concentration ratios were not different
between gestational stages, and fetal serum CIT concentrations
exceeded maternal concentrations 2 h after maternal admin-
istration. These data suggest that there are no major differences
in placental CIT permeability between ages and that the
kinetics of maternal—fetal transfer through the placenta are
faster than efflux back to the maternal compartment.

The SSRI CIT has a high affinity for SERT (K; = 2.6 nM),
which is highly expressed in the placenta, particularly in late
gestation (GD18)."** We investigated whether CIT binding
to placental SERT could potentially limit transfer to the fetus
using heterozygous crossings to generate wildtype, HET, and
KO embryos and placentas. Results show that maternal—fetal
CIT transport and fetal disposition are completely independent
of fetal or placental SERT expression (Figure S). This result is
not unexpected given the multitude of nonspecific drug
transporters expressed in the placenta, some of which interact
with CIT (e.g, P-gp, BCRP, MDR/ABCB).**~” Interestingly,
the results suggest that SERT genetic polymorphisms, although
studied in clinical populations and correlated to the severity of
developmental effects, may not %uantitatively affect fetal
exposure to CIT during pregnancy.’ 1

Fetal exposure to biologically active metabolites is another
important aspect to consider in the investigation of therapeutic
drug use during pregnancy. In humans, SSRIs are metabolized
to demethylated forms by cytochrome P450 (CYP) 2D6 and
2C19 enzymes, with large interindividual variation in their
respective activities. This leads to important differences in
parent drug and metabolite concentrations among individuals.
In contrast, rodents are generally assumed to correspond to
“extensive-metabolizers” for most d1‘ugs,42’52'53 which con-
stitutes a bias for in vivo pharmacodynamics and drug
disposition studies. Additionally, the mean plasma S/R
enantiomer ratio of racemic CIT is 0.56 and that of DCIT is
0.7 in patients, indicating stereoselective metabolism of CIT.>*
This is possibly due to a higher affinity of S-CIT and S-DCIT
to particular metabolizing isoenzymes, suggesting that the most
active enantiomer (S-) is also preferentially metabolized. The
primary metabolite of CIT, DCIT, is biologically active and also
displays a prolonged half-life.*” Although the inhibitory
constant (K;) of SERT-mediated S-HT uptake is less potent
than its parent drug (DCIT = 14 nM; CIT = 2.6 nM) it is
comparable to that of the commonly used SSRI fluoxetine (K; =
14 nM).* In this light, maternal use of CIT during pregnancy
could result in long-term fetal exposure to a potent SERT-
inhibiting metabolite, besides the parent drug itself.

Our results show that DCIT reaches the fetal circulation and
brain following CIT biotransformation (Figure 6). In vivo
observations were consistent with ex vivo placental perfusion
studies showing that DCIT crosses the placenta (Figure 7).
Furthermore, our data show that F:M ratios of CIT (Figure 4B)
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are consistently higher than DCIT (Figure 6B), suggesting that
DCIT does not cross the placenta as efficiently as CIT. Ex vivo
measures also showed that DCIT is transferred transplacentally
~2-fold less efficiently than CIT (Figure 7A,C), although
different rates of efflux back to the maternal compartment may
also contribute to these differences. These observations are
consistent with the physicochemical properties of CIT vs
DCIT, namely, its higher lipophilicity (CIT partition coefficient
= 0.48; DCIT = 0.28), and intermediate protein binding that
facilitate membrane permeability of CIT over DCIT.””*
Additionally, we did not measure any detectable biotransfor-
mation when placentas were infused with CIT or in placental
microsomal incubations at E14 and E18 (Figure 7). These
results are consistent with previous studies showing an absence
of placental expression of CYP isoenzymes involved in CIT
metabolism and suggest that maternal drug metabolism and
placental drug transport are the major determinants of fetal
DCIT exposure.’® > Importantly, CIT metabolic capacity was
detected in the fetal liver at E18 but not E14 (Figure 7E),
leading to higher fetal serum DCIT concentrations at E18
compared to earlier in pregnancy (E14). These results parallel
observations made in humans where mRNA and protein
expression of CIT metabolizing CYP enzymes were not
detected in the human fetal liver until 20 weeks of gestation.>”
The differences in fetal exposure to CIT metabolites between
E14 and E18 may thus directly reflect changes in fetal CYP
expression.

In summary, we have demonstrated that pregnancy affects
the pharmacokinetics of CIT. Our findings indicate that drug
metabolism and clearance change in a gestational stage-
dependent manner and that fetal metabolism may become a
significant contributor to these changes during late gestation.
These results suggest that in order to account for significant
physical and physiological changes that occur throughout
pregnancy and to maintain therapeutic efficacy, the CIT doses
administered to pregnant mice may need to be adjusted to the
maternal pregnant weight. However, the possibility that a
nonweight-adjusted dose of CIT administered to pregnant mice
still provides an antidepressant effect remains to be tested.
Importantly, although we found no differences in fetal drug
disposition between E14 and E18, our data show that fetal CIT
serum concentrations exceed maternal concentrations 1.5 to 2
h after maternal administration at both ages (Figure 6B).
Combined with elevated DCIT levels resulting from fetal
metabolism at E18, results are suggestive of extensive fetal
exposures to biologically active compounds during late
gestation. The capacity of DCIT for blocking SERT function
may have neurodevelopmental consequences. Hence, SERT
expression starts around midgestation in the fetal brain, a time
when serotonin signaling exerts critical trophic influences, such
as the modulation of thalamocortical axons pathfinding.”’~%° In
particular, if CIT-mediated inhibition of SERT function in the
fetal brain leads to increased extracellular serotonin levels, the
consequent increase in serotonin signaling in thalamic neurons
is expected to induce a dorso-medial shift in the trajectory of
thalamocortical axons as they navigate toward the cortex.’® The
potential impact of CIT and DCIT-mediated inhibition of
SERT function on the development of these neuronal pathways
is currently the subject of investigation. The results provide
novel insights into the pregnancy-specific pharmacokinetics of a
common SSRI, and demonstrate the importance of fetal
metabolism in overall fetal drug exposure. Although the
relevance to human pregnancy will need confirmation, the
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data suggest that developmental toxicology studies in mice
should not only report maternal—fetal drug transport
parameters but also carefully consider the influence of maternal,
placental and fetal drug metabolism.

B METHODS

Animals. Nonpregnant female and timed-pregnant CD-1 mice
were obtained from Charles River Laboratories (Wilmington, MA),
the latter at GD11 (plug date was considered GD1). The B6.129(Cg)-
Slc6a4"™ X! /] serotonin transporter knockout (KO) female mice and
CS7BL/6] male mice were purchased from Jackson Laboratories (Bar
Harbor, ME) to generate nonsibling heterozygous (HET) breeder
mice, which were then bred to generate wildtype (WT), HET, and
knockout (KO) fetal genotypes. All genotyping of serotonin
transporter (SERT)-deficient mice was conducted by Laragen, Inc.
(Culver City, CA). Mice were age-matched (8—10 weeks of age) and
pregnancy stage was confirmed by maternal body weights measured at
GD14 and GD18 prior to drug administration, and fetal body weights
measured at time of harvesting. The GD14 and GD18 stages of mouse
pregnancy (roughly equivalent to the first and second trimesters in
humans)®” take place after the placenta has acquired its definitive
structure. These are also periods of active neurogenesis and axonal
pathway formation in the fetal brain, processes that are modulated by
5-HT and could therefore be impacted directly by maternal—fetal
transfer of SSRIs.**®’ Additionally, the mouse placenta is functional at
these time points, which enabled us to assess potential differences in
transplacental drug transfer. All mice were housed in groups of 2—3
dams in standard animal facility cages, maintained under 12h:12h
light—dark cycles, and with food and water provided ad libitum. All
procedures using mice were approved by the Institutional Animal Care
and Use Committee at the University of Southern California and
Azusa Pacific University (SERT study) and conformed to NIH
guidelines.

Citalopram Administration. Racemic citalopram (CIT) hydro-
bromide (TCI; C2370) was dissolved in 0.9% saline (BD Biosciences)
in a volume of 0.01 mL/g. Nonpregnant and pregnant mice at GD14
and GDI18 received a single weight adjusted intraperitoneal (ip)
injection of 20 mg/kg of body weight CIT. We chose ip administration
to evaluate the acute pharmacokinetic parameters following a single
CIT dose at controlled time intervals. The 20 mg/kg dose was selected
in order to quantify the pharmacokinetic parameters of the CIT dose
most commonly used in neuropharmacolc_)gcal studies and which
provided an antidepressant effect in mice.”””* The mean drug amount
administered to nonpregnant mice (0.6 mg CIT) was also injected to
GD18 mice (GD18p). The weight adjustment in the administered
dose allowed us to take into account the significant maternal physical
changes (i.e., weight gain) that occurs during pregnancy, as pregnant
CD-1 mice show an ~2-fold increase in body weight compared to
nonpregnant mice by late gestation (Supporting Information Table 2).
Dosage of SSRIs during pregnancy is not usually adjusted to changes
in body weight in the clinic."*”*”® Therefore, we performed dose
maintenance studies where the same CIT amount received by
nonpregnant mice was administered to heavier dams in late pregnancy
(GD18gp).

Following CIT administration (N = 3 dams per time point), animals
were euthanized under isofluorane anesthesia (Western Medical
Supply) by cervical dislocation followed by cardiac puncture at various
time intervals (3.5, 5, 7.5, 15, 30 min; 1, 1.5, 2, 2.5, 3, 3.5 h).
Nonpregnant and maternal blood was collected in heparinized tubes
(BD Biosciences; 367812) and centrifuged at 2000g for 20 min at 4 °C
for serum isolation. The uterus was carefully dissected and the
embryos were placed in ice-cold phosphate buffered saline (PBS).
Fetal blood was collected through the carotid and jugular vasculature
at E18 and through the umbilical cord at E14 (N = 5—8 pooled
samples per dam). Fetal blood was centrifuged at 2000g for 10 min at
4 °C for serum isolation. Fetal brain samples at E14 and E18 were also
dissected at every time point (N = 3—5 per dam). All samples were
flash frozen in liquid nitrogen and stored at —80 °C until analysis.
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Ex Vivo Transplacental Transfer of CIT and DCIT. Untreated
dams were euthanized as above, and a single placenta from each dam
was transferred to a thermostated incubation chamber receiving a flow
of oxygenated phosphate-buffered saline (PBS; Mediatech) at 37 °C.
The uterine artery (maternal input) was cannulated with a 150 ym
diameter catheter, and perfused at 20 #L/min with maternal perfusion
media (M199 medium without phenol red (Gibco), 2.9 g/dL bovine
serum albumin (Amresco), 20 IU USP/mL Heparin, 7.5 g/L
Dextran40, 1 g/L glucose, 2.2 g/L sodium bicarbonate, 100 mg/L -
glutamine (Alfa Aesar), 0.001% fast-green dye (Harleco), pH 7.3; all
media components were obtained from Sigma-Aldrich unless noted
otherwise) containing 500 ng/mL CIT or its primary metabolite
desmethylcitalopram (DCIT; Cerilliant; D-047). The uterine vein was
connected to 35S pum inner diameter (LD.) microrenathane tubing
(Braintree Scientific; MRE-033) to collect the maternal output. On the
fetal side, the umbilical artery was cannulated with a 105 pm LD.
catheter and perfused at S pL/min with medium without drugs
(modified from above: 30 g/L Dextran40, 0.5 g/L glucose). The
umbilical vein was connected to a 305 gm LD. microrenathane tubing
to collect the fetal output. The eluate was collected on both the
maternal and fetal sides at 10 min intervals for 120 min and stored at
—80 °C until analysis. The ex vivo placental perfusion system and
protocol are detailed in refs 76—78.

CIT Metabolism in Microsomal Preparations. Liver micro-
somes were prepared from individual nonpregnant and maternal livers
(N =2—4 per group), placentas, and fetal livers at GD/E14 and GD/
E18 (N = 10—14 per dam) by ultracentrifugation as previously
described.”” Briefly, tissues were dissected and flash-frozen in liquid
nitrogen and stored at —80 °C prior to microsomal isolation.
Microsomes were prepared by mincing and cleaning tissues in wash
buffer to remove blood (225 mM mannitol, 7S mM sucrose, 30 mM
Tris-HCl, pH 7.4) and isolated in homogenization buffer (2 mL per 1
g of tissue) with a Teflon pestle (wash buffer + 0.5% (wt/vol) BSA +
0.1 mM EDTA + Roche complete protease inhibitor (Roche;
#04693116001, 1 tablet/10 mL). The crude plasma membrane
fraction of the homogenate was obtained by two centrifugation steps
at 800g for S min (discarding the pellet each time) and an additional
centrifugation at 10000g for 10 min. Microsomal and cytosolic
proteins were isolated by centrifugation of the supernatant at 25 000g
for 20 min followed by 95 000g for 2.5 h. Microsomal proteins present
in the pellet fraction were resuspended in wash buffer and centrifuged
at 95000g for 2.5 h. The pellet containing microsomal proteins was
resuspended in 1 mL of wash buffer with protease inhibitor. All buffers
and centrifugation steps were carried out at 4 °C. Microsomal protein
concentrations were measured using a Bradford Assay Kit (BioRad;
#500-0207). The quality of the isolated CYP enzymes was assessed by
UV spectrum measures at 450 and 420 nm. A peak shifted from 450 to
420 nm indicated that the CYP had undergone degradation.*’

The CIT metabolic reactions in placental and liver microsomes
were prepared as previously described with some modifications.®' ™%
Briefly, reactions contained 0.5 mg/mL microsomal protein and S00
ng/mL CIT in wash buffer. The CIT concentration used encompasses
maternal blood serum levels measured S to 60 min after 20 mg/kg
CIT ip. injections (see Figures 1—3). After preincubation for 2 min in
an incubator shaker set at 37 °C, reactions were initiated by addition of
NADPH (Sigma-Aldrich; #N1630) to a final concentration of 0.85
mg/mL (final reaction volume 500 yL). Incubations without NADPH
served as negative controls and drug stability throughout the assay was
assessed by reactions without liver microsomal proteins. A 25 uL
sample was taken from each incubation in 10 min intervals from 0 to
120 min. Reactions were terminated with the addition of 25 uL ice-
cold HPLC extraction buffer (see sample preparation for HPLC).

Quantification of CIT and DCIT in Biological Samples.
Sample Preparation for HPLC. A liquid—liquid extraction was used
to prepare samples for analysis as previously described.”® Samples were
thawed on ice and extracted with ice-cold extraction buffer (0.2 M
perchloric acid + 500 mM p-mannitol +100 uM EDTA) with
isoproterenol as internal standard. Extraction buffer was added to fetal
serum and microsomal incubations (1:1 v/v) and to maternal serum
samples (1:3 v/v). Brain samples were extracted by addition of buffer
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(E14 = 300 puL; E18 = 325 uL) followed by sonication (Qsonica; 35%
amplification, 15 s). The samples were kept on ice for 30 min before
centrifugation 20 000g for 15 min at 4 °C. The supernatant volume
was measured and a 10 uL aliquot was injected per sample for HPLC
analysis. The resulting pellets were used to measure protein
concentrations in brain samples using a Bradford assay.

Perfusion Sample Preparation. Maternal and fetal perfusion
samples were thawed on ice. Individual sample volumes were
measured (approximately 200 uL for maternal output samples and
50 uL for fetal output samples). Acetonitrile was added to each sample
(1:1 v/v) followed by incubation at room temperature for 10 min.
Samples were centrifuged at 5000g for 10 min at room temperature.
The supernatant volume was measured and evaporated in a SpeedVac
concentrator at room temperature. Evaporated samples were
resuspended in extraction buffer to the original sample volume.
Following HPLC-FLD analysis, the transplacental transfer percentage
(TPT) of each drug and associated metabolite was calculated using the
following equation: TPT = (CsS; X 100)/(C,S,,), where C; is the
concentration in fetal venous outflow, S; is the fetal flow rate (5 uL/
min), C,, is the SSRI concentration in maternal arterial inflow, and S,
is the maternal flow rate (20 uL/min). The transplacental transfer
index (TI) (i.e, the ratio of transfer between SSRI and antipyrine, used
as internal standard) was calculated by dividing the TPT ssp;) by the
TPT(antipyrine).

HPLC Chromatographic Conditions. The measurement of CIT
and DCIT in all samples was carried out by high performance liquid
chromatography coupled to a fluorescence detector (HPLC-FLD).
The analysis was performed using an Eicom 700 system (Eicom
Corporation, Kyoto, Japan) consisting of a Shimatzu RF-20AX
fluorescence detector (Shimadzu, Kyoto, Japan), an Eicom 700 Insight
autosampler, and Envision integration software. An Eicompak SC-
30DS Cg reversed-phase column packed with 3 pm silica particles (3.0
mm LD. X 100 mm) was used as the analytical column.
Chromatographic conditions were set as previously described.”®**
Briefly, 10 uL aliquots of each extracted sample were injected into the
column and eluted with a mobile phase consisting of 10 mM KH,PO,/
acetonitrile (3:1 v/v; EMD Millipore, AX0145P1) (pH 4.0 adjusted
with 1 M phosphoric acid), at a flow rate of 500 yL/min. Detection
wavelengths were set at 250 nm (excitation) and 325 nm (emission).
The retention times were 7.15 and 7.5 min for DCIT and CIT,
respectively. The limit of detection for CIT was 1.5 ng/mL and 500
pg/mL for DCIT.

Pharmacokinetic Analysis of CIT and DCIT. Serum drug
concentrations-time profiles were fitted to a two-compartment model
described by the following equation: C(t) = Ae™ + Be™ (where
C(t) is the serum concentration at time ¢ after dosing, A is the fast
exponential term, B is the slow exponential term, « is the distribution
rate constant, and f is the elimination rate constant (Supporting
Information Table 1)) using the compartmental module of SAAM 11
software (University of Washington, Seattle, WA). The software-
generated system of differential equations was modeled after the in
vivo serum data using a two-stage population PK analysis.**
Equation term values were obtained from fitting the original serum
CIT concentrations obtained in vivo followed by the introduction of a
Bayesian (population) term. Once the data were fit, an additional set
of population terms were introduced and fitted into the model until S0
iterations that cycled through the data were reached. This method
converged to population parameters that reflected an appropriate fit of
the model to the data for each of the groups. The goodness of fit was
evaluated using the residual method and visual comparison of the
actual serum CIT concentration—time profiles to the estimated curve
generated by the model. The volume of distribution (V},), and rates of
elimination, absorption, and transfer between the central and
peripheral compartments were calculated by the SAAM II software.
Other pharmacokinetic parameters were calculated manually as
follows:
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half-life:
b= In(2)
/2= 7 5
p
where
ﬂ _ kz,l + kl,z + ko,l - \/(kz,l + kl,z + k0,1)2 - (4k1,2’ kO,l)

2

and where k_, are rate constants through the different compartments.

peak concentration:

d
C(o) _ dose
Wb
area under the curve:
AUC = dose
DkO,l
clearance:
dose
C =
() AUC

Dose-normalized (dn) parameters (Cyq,y AUCy,) were also calculated
by dividing the measured serum CIT concentrations by injected drug
amounts (E14 = 0.9 + 0.04; E18 = 1.17 + 0.05S mg CIT) followed by
fitting to a two-compartment model. The biexponential equation terms
of the model (Supporting Information Table 1) and the calculated
mean + SD of each pharmacokinetic parameter were transferred to
GraphPad Prism software v6.0 (La Jolla, CA) to generate
concentration—time profile graphs and to perform statistical analyses.

Statistical Analysis. In order to alleviate any potential litter effect,
each data point was obtained from three independent dams for
maternal pharmacokinetic analyses, or three fetuses pooled from three
independent dams for fetal pharmacokinetics analyses. Differences in
pharmacokinetic parameters between any two groups were analyzed
for statistical significance with unpaired two-tailed Student’s ¢ test.
Comparisons between more than two groups or added conditions
were analyzed with one-way ANOVA and adjusted for multiple
comparisons with the Bonferroni correction. Fetal/maternal drug
concentration ratios between E14 and E18 were analyzed using two-
way ANOVA and adjusted for multiple comparisons with the
Bonferroni correction. All statistically significant differences were set
at a level of P < 0.0S.
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