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Abstract
We previously showed that developmental 3,4-methylenedioxymethamphetamine (MDMA) treatment induces
long-term spatial and egocentric learning and memory deﬁcits and serotonin (5-HT) reductions. During brain
development, 5-HT is a neurotrophic factor inﬂuencing neurogenesis, synaptogenesis, migration, and target
ﬁeld organization. MDMA (10 mg/kgr4/d at 2 h intervals) given on post-natal day (PD) 11–20 in rats (a period
of limbic system development that approximates human third trimester brain development) induces 50 %
reductions in 5-HT during treatment and 20 % reductions when assessed as adults. To determine whether the
5-HT reduction is responsible for the cognitive deﬁcits, we used citalopram (Cit) pretreatment to inhibit the
eﬀects of MDMA on 5-HT reuptake in a companion study. Cit attenuated MDMA-induced 5-HT reductions by
50 % (Schaefer et al., 2012). Here we tested whether Cit (5 or 7.5 mg/kgr2/d) pretreatment attenuates the
cognitive eﬀects of MDMA. Within each litter, diﬀerent oﬀspring were treated on PD11–20 with saline
(Sal)+MDMA, Cit+MDMA, Cit+Sal or Sal+Sal. Neither spatial nor egocentric learning/memory was improved by Cit pretreatment. Unexpectedly, Cit+Sal (at both doses) produced spatial and egocentric learning
deﬁcits as severe as those caused by Sal+MDMA. These are the ﬁrst data showing cognitive deﬁcits resulting
from developmental exposure to a selective serotonin reuptake inhibitor. These data indicate the need for further
research on the long-term safety of antidepressants during pregnancy.
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Introduction
Many drugs that target the serotonin (5-HT) system are
taken during pregnancy (Plessinger, 1998 ; Ho et al., 2001 ;
Oberlander et al., 2007) but their long-term eﬀects are
largely unknown. In the adult brain 5-HT is involved in
cognition, anxiety, sleep, aggression and sexual function
(Whitaker-Azmitia et al., 1996). Developmentally, 5-HT is
the ﬁrst neurotransmitter expressed (Lauder and Bloom,
1974 ; Lauder and Krebs, 1978 ; Lauder et al., 1981). At
early stages, 5-HT has neurotrophic eﬀects, regulating
growth and development of target regions, modulates
its own development and is involved in cell division,
diﬀerentiation, migration and synaptogenesis (Lauder,
1993 ; Whitaker-Azmitia et al., 1996 ; Azmitia, 2001 ;
Vitalis and Parnavelas, 2003).
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We showed that post-natal day (PD) 11–20 exposure
to 3,4-methylenedioxymethamphetamine (MDMA) produces reductions in hippocampal, neostriatal and entorhinal cortex 5-HT (Williams et al., 2005 ; Schaefer et al.,
2006, 2008, 2012). It also results in egocentric and allocentric learning and memory deﬁcits (Vorhees et al.,
2004, 2007a ; Skelton et al., 2006). Many areas of the brain
that are serotonergically innervated, including the entorhinal cortex (Bobillier et al., 1975 ; Pazos and Palacios,
1985 ; Pazos et al., 1985 ; Fuhs and Touretzky, 2006 ;
McNaughton et al., 2006 ; Sargolini et al., 2006 ; Witter
and Moser, 2006), neostriatum (Cook and Kesner, 1988 ;
Brown and Molliver, 2000) and hippocampus (Morris
et al., 1982 ; Jacobs and Azmitia, 1992), play roles in
egocentric and allocentric learning and memory. For
example, hippocampal granule cells proliferate well
into the third trimester in humans, a stage equivalent in
rodents to the pre-weaning period (Bayer et al., 1993 ;
Clancy et al., 2007a, b). Recently, a regression-based
algorithm has been developed to compare brain development across species (Clancy et al., 2007b). The comparisons are based primarily on rates of neurogenesis.
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Using this method in which gestation is counted as 21.5 d
in rats and 270 d in humans (38.6 wk), PD 11 rat brain
development approximates human cortical development
on gestation day 181.6 (26 wk, i.e. the very beginning of
third trimester) and human limbic development gestation
day 132.3 (19 wk, i.e. mid-second trimester). The algorithm does not translate beyond rat PD 13.3, which is
equivalent to human cortical development on gestation
day 196.1 (28 wk, or early third trimester) and human
limbic development on day 142.7 (20.4 wk or slightly
beyond mid-second trimester) ; however, by inference the
rat equivalent of human brain development at birth for
some cortical regions and most limbic regions would be
well beyond PD 13.3 in the rat and another review places
it at PD 19 (Bayer et al., 1993).
We hypothesized that preventing MDMA-induced
5-HT reductions by pretreatment with the selective serotonin reuptake inhibitor (SSRI), citalopram (Cit), would
interfere with MDMA binding to the serotonin transporter (SERT) and ameliorate its adverse eﬀects. Cit was
chosen because it is the most selective SSRI with high
aﬃnity for SERT and has the least eﬀect on cytochrome
P450 catabolic enzymes crucial for MDMA metabolism
(Hemeryck and Belpaire, 2002 ; De La Torre et al., 2004).
In a companion study (Schaefer et al., 2012), we developed a Cit dosing regimen that attenuates MDMAinduced 5-HT reductions during treatment by 50 % or
more. The purpose of the present experiment was to use
this Cit regimen to (1) determine if it was neuroprotective
against MDMA-induced learning and memory deﬁcits
and (2) determine the eﬀects of Cit in the absence of
MDMA since the eﬀects of SSRIs on cognitive development are largely unknown, despite studies of their
eﬀects on non-cognitive behaviour (Casper et al., 2003 ;
Hendrick et al., 2003 ; Maciag et al., 2006a, b, c ; Homberg
et al., 2010 ; Croen et al., 2011 ; Darling et al., 2011 ;
Rodriguez-Porcel et al., 2011 ; Zhang et al., 2011).

Method and materials
Animals and housing
Nulliparous female and male Sprague–Dawley CD
rats (International Genetic Standard) were obtained
from Charles River Laboratories (USA) and bred inhouse. Animals were housed in 22¡1 xC rooms at
50¡10 % humidity on 14/10 h light/dark cycle (lights on
06.00 hours). Cages (46r24r20 cm) contained woodchip
bedding, ad libitum NIH-07 diet and ﬁltered water and
were equipped with stainless steel enrichment enclosures
(Vorhees et al., 2008a). The Institutional Animal Care
and Use Committee approved the research protocol
and the vivarium was accredited by the Association for
the Assessment and Accreditation of Laboratory Animal
Care. Birth was designated PD 0 ; on PD 1, litters were
culled to eight males. If a litter did not have eight males,
up to two males were fostered from litters not used in the

experiment born within 24 h. Pups were identiﬁed by ear
punch on PD 7. We have shown no MDMArsex interactions on learning and memory using this treatment
regimen (Broening et al., 2001 ; Williams et al., 2003 ;
Vorhees et al., 2004, 2007a ; Skelton et al., 2006, 2009) and
MDMA causes no sex diﬀerences on corticosterone or
monoamines at these ages (Williams et al., 2005).
Drug treatment
As a prelude to the present experiment we developed
the Cit-MDMA 5-HT attenuating dosing regimen
(Schaefer et al., 2012). Utilizing it for the current study,
20 litters, in a split-litter design, were prepared with individual oﬀspring in each litter receiving diﬀerent treatment combinations. The dose of MDMA was 10 mg/kg
(administered 4r daily with a 2 h interdose interval)
and the doses of Cit were 5 or 7.5 mg/kg (administered
twice daily, 30 min prior to the ﬁrst and fourth MDMA
dose). The following groups were created : Sal+Sal ;
Sal+MDMA ; Cit5+MDMA ; Cit7.5+MDMA ; Cit5+Sal ;
Cit7.5+Sal with two animals/litter not tested to maintain
the same litter size as in past experiments. Each drug
was dissolved in physiological saline (Sal) in a volume of
3 ml/kg and s.c. injected. MDMA was obtained from the
National Institute on Drug Abuse (Bethesda, USA) and
Cit was obtained from Sigma-Aldrich (USA).
The MDMA dose was designed to mimic binge patterns seen in some ecstasy users. The dose of 10 mg/kg
MDMA was based on data that show that a higher dose
is required in rats to achieve the same plasma concentrations as in humans (Green et al., 2009, 2012). For
example, 7 mg/kg MDMA in rats approximates a dose of
2.0 mg/kg in humans (Green et al., 2009). This dose may
not be fully comparable to humans because humans
exhibit auto-inhibition of metabolism (Green et al., 2009),
an eﬀect not found in rats. In addition, it has been suggested that MDMA neurotoxicity in adult rats is attributable to its metabolites and not the parent compound.
Because of their more rapid metabolism, rats create metabolites more rapidly than humans and therefore may
generate more neurotoxic intermediates (Green et al.,
2012). How this may apply to the developing brain remains to be determined since several of the eﬀects of
MDMA are diﬀerent during development. For example,
MDMA induces hyperthermia and 5-HT and dopamine
release in adult rats but in developing rats does not induce hyperthermia or dopamine release. In addition, the
5-HT release is transient during development whereas it
is persistent in adults at equivalent doses (Broening et al.,
1994, 1997). Hence, 10 mg/kg MDMAr4 at 2 h intervals
is neurotoxic in adult rats where it also causes druginduced hyperthermia (Malberg et al., 1996 ; Sabol and
Seiden, 1998). This increase in body temperature does
not emerge until adolescence (Meyer et al., 2008) at
approximately PD 40 (Broening et al., 1995). Similar
age-dependent neurotoxicity has also been found with
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the related substituted phenylethylamine, methamphetamine (Cappon et al., 1997), where pre-weaning rats do
not show the same neurotoxic eﬀects seen in adults
but do show long-term cognitive deﬁcits (Vorhees et al.,
2000, 2007b, 2008b, 2009). Therefore, the doses used here
cannot be directly compared to those used in adult rats.
Cit was given twice daily prior to the ﬁrst and
last MDMA doses in an eﬀort to interfere with MDMA
binding to SERT. The schedule of MDMA administration
was based on the half-life of MDMA in rats at PD 11
(Williams et al., 2004). At this age the elimination half-life
of a higher dose of 20 mg/kg MDMA is under 4 h
(vs. 8–10 h in humans). The elimination half-life of Cit in
rats is 3 h (vs. 35 h in humans) hence the times for Cit
injections were chosen to interfere with all four doses of
MDMA. It should be noted that a Cit dose of 5 mg/kg
administered twice daily from PD 8–21 in rats was shown
to produce plasma drug concentrations comparable to
human therapeutic doses on the ﬁnal day of exposure
(Maciag et al., 2006b).

SW position) ; reversal (platform in NE position) ; shift
(platform in NW position). Rats received four trials daily
for 6 d followed by a 30 s probe trial on the seventh day of
each phase with the platform removed. Each phase used
a platform of a diﬀerent size (10, 7 and 5 cm diameter,
respectively). Following the hidden phases, the cued
version was conducted. For this, the submerged platform
had a plastic ball attached to a brass rod that protruded
above the surface. Curtains were closed around the
pool to minimize extra-maze cues and the animals were
given four trials daily for 2 d with the platform and start
positions changed for every trial such that spatial strategies were ineﬀective. A camera and tracking software
were used to map performance (AnyMaze ; Stoelting
Instruments, USA). On platform trials, latency, cumulative distance, path length, swim speed and average heading error were analysed. On probe trials, average
distance, site crossovers, percent time in the target
quadrant, initial heading error and swim speed were
analysed.

Behavioural methods

Statistical analysis

Straight channel

Body weights were analysed using mixed linear analysis
of variance models (SAS version 9.2, Proc Mixed ;
SAS Institute, USA). Learning data were analysed using
planned comparisons based on prior ﬁndings with
MDMA or for Cit based on the null hypothesis of no improvement. The false discovery rate (FDR) method was
used (Benjamini and Hochberg, 1995 ; Benjamini et al.,
2001) for comparisons between the Sal+Sal group and
each drug group. Signiﬁcance was set at pf0.05. Data are
presented as least square (LS) mean¡LS S.E.M.

On PD 61, animals were tested in a 15r244r51 cm
straight swimming channel with a platform submerged
1.5 cm below the surface at one end. Each rat received
four trials. Rats were placed at one end facing the wall
and timed to reach the platform (limit=2 min). These
trials acclimatize rats to swimming, measure latency
(speed) as an index of performance and teach them that
escape is possible.
Cincinnati water maze
The Cincinnati water maze (CWM), a test of route-based
egocentric learning, began on PD 62. It is a multiple-T
maze (Vorhees, 1987, 1991, 2011) with nine branching Ts
from the main channel (width=15 cm ; walls=51 cm
high and ﬁlled halfway with water). Water was changed
twice weekly and equilibrated to room temperature
overnight (21¡1 xC). Testing was conducted in complete
darkness using infrared LED emitters and camera above
the maze connected to a closed circuit monitor in an
adjacent room. Animals were tested in path-B of the
maze (Vorhees, 1987) and allowed 5 min/trial to ﬁnd the
escape. Rats were given two trials daily for 18 d. Errors
and latency were recorded as described (Vorhees et al.,
2011), i.e. an error was digression into the stem or arm of
a T, or re-entering the start area.

Results
Straight channel
All groups had similar swimming latencies in the straight
channel reﬂecting equal performance and motivation
(Fig. 1 a).
Cincinnati water maze
The Sal+MDMA group made more errors and had longer
latencies compared to the Sal+Sal group (Fig. 1 b, c). In
addition, errors and latencies were increased in both
Cit+Sal groups and the Cit+MDMA groups showed
similar impairments compared with the Sal+MDMA
group indicating that pretreatment with Cit failed to attenuate the cognitive eﬀects of MDMA.

Morris water maze

Morris water maze

Allocentric (spatial) learning and memory were assessed
in the Morris water maze (MWM ; Vorhees and Williams,
2006). Testing began on PD 80 in a 210 cm diameterr51 cm circular tank ﬁlled halfway with water.
Animals were tested in phases : acquisition (platform in

Latency, path length and cumulative distance all showed
comparable eﬀects ; therefore path length is shown.
During all three phases, all drug-treated groups showed
signiﬁcantly increased path lengths compared with the
Sal+Sal group with the exception of the Cit5+MDMA

T. L. Schaefer et al.

1386

(a)
Channel latency (s)

25

Sal+Sal
Sal+MDMA
Cit5+Sal

Cit7.5+Sal
Cit5+MDMA
Cit7.5+MDMA

20
15
10
5

(b)
Maze errors

40

*
*

*

*
*
*

*

*
*

*

*
*

30
20
10

Maze latency (s)

(c)
150

*
*

*
*
*
*

100
50

Fig. 1. Straight swim channel and Cincinnati water maze (CWM).
(a) Pre-maze trials in a 244 cm long straight swimming channel.
There were no diﬀerences in latency to reach the platform during
straight channel trials reﬂecting equivalent motoric ability and
motivation to escape. (b) CWM errors of commission : number
of incorrect stem, arm and start return errors in the maze. Errors
were signiﬁcantly increased in all groups compared to Sal+Sal.
(c) CWM escape latency : time to ﬁnd the escape platform in
the maze. Latency was increased in all groups compared with
Sal+Sal. Group comparisons were by planned false discovery
rate (FDR) comparisons. * p<0.05, ** p<0.01, *** p<0.001
compared to Sal+Sal ; n=16–27 per group (males) from
27 diﬀerent litters ; not more than one rat per group from any
one litter was used to control for litter eﬀects. Cit5, 5 mg/kg
citalopram ; Cit7.5, 7.5 mg/kg citalopram ; MDMA,
3,4-methylenedioxymethamphetamine ; Sal, saline.

group during shift learning (Fig. 2a–c). Swim speed was
slightly increased in the Cit+Sal groups during reversal
and shift and in the Sal+MDMA group during reversal
(Fig. 2d–f). In order to determine if the drug-treated
groups began the test equally, trials on day 1 were analysed separately. Path lengths were comparable among
groups on trial 1, but by trial 2 group diﬀerences emerged
(Fig. 3). In order to ensure that the deﬁcit was spatial,
average heading errors were analysed, i.e. the angle that
each animal’s swim path deviated from a straight line
to the goal. This showed that all drug-treated groups
were more oﬀ-course than Sal+Sal controls during all
test phases (Fig. 4).
The probe trial given 24 h after the last training trial of
each phase assessed reference memory. On the acquisition

probe trial the Cit7.5+Sal and the Cit7.5+MDMA
groups were farther from the platform site than Sal+Sal
controls (Fig. 5 a), indicating that the higher Cit dose had
the greatest adverse eﬀect on memory. In addition, the
Sal+MDMA and Cit5+MDMA groups trended toward
longer distances from the platform site. For acquisition,
platform crossovers conﬁrmed that drug-treated groups
(except the Cit5+Sal group) crossed the site less often
than the Sal+Sal group (Fig. 5 b).
On reversal probe, all drug groups except the Cit5+Sal
group had longer distances to the platform site compared
with the Sal+Sal group (Fig. 5 c). Crossovers were too
infrequent to analyse because of task diﬃculty, but percentage time spent in the target quadrant showed that
drug groups spent signiﬁcantly lower percentages of
their time in the goal quadrant (Fig. 5 d) and did not diﬀer
among themselves.
On shift probe, no signiﬁcant group diﬀerences were
found for average distance (Fig. 5 e), although a trend for
greater distances in the Cit7.5+MDMA was seen.
However, initial heading error, i.e. angle of error at the
start of the trial, showed signiﬁcant diﬀerences with the
Cit7.5+Sal, Cit5+MDMA and Cit7.5+MDMA groups
diﬀering compared with the Sal+Sal group, but not the
Sal+MDMA group (Fig. 5 f).
During cued testing with a visible platform, no signiﬁcant group diﬀerences were observed (p>0.27 ; Fig. 6).
Body weight
Body weight was aﬀected by the drugs during treatment.
There was a signiﬁcant main eﬀect of treatment (p<0.001)
and a signiﬁcant treatmentrday interaction (p<0.001 ;
Fig. 7). Further analyses showed that body weights were
unchanged before the ﬁrst treatment on PD 11. By PD 12,
all treatment groups had reduced body weight except
the Cit5+Sal group compared to the Sal+Sal group.
On PD 13–20, all treatments caused a reduction in body
weight gain compared with the Sal+Sal group. Analysis
of body weight after the end of treatment but before
weaning (PD 21 and PD 28), also showed an eﬀect of
treatment (p<0.001). All drug treatment groups showed
a reduction in body weight compared with the Sal+Sal
group (Fig. 7).
Analysis of body weight after weaning (PD 35–98),
showed a main eﬀect of treatment (p<0.001), but no
treatmentrage interaction (Fig. 7c, d). Cit-treated groups
weighed less than the Sal+Sal group whereas the
weights of the Sal+MDMA-treated group recovered and
were not diﬀerent from the Sal+Sal group by PD 35.

Discussion
In the present study, Cit was used as a tool to test
the hypothesis that Cit mediated attenuation of MDMAinduced 5-HT depletions would be neuroprotective
against the developmental cognitive eﬀects of MDMA.
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Shift

Shift

Fig. 2. Morris water maze. (a, b, c) Path length (m) during each phase of hidden platform spatial learning. (d, e, f) Swim speed on the
phases of panels a, b, c, respectively. (a) and (d) refer to the acquisition phase ; (b) and (e) refer to the reversal phase ; (c) and (f) refer to
the shift phase. Path lengths were signiﬁcantly increased in all groups compared with Sal+Sal with the exception of the Cit5+MDMA
group during the shift phase. Speed was either not diﬀerent or some drug-treated groups swam signiﬁcantly faster than Sal+Sal as
indicated. False discovery rate comparisons : * p<0.05, ** p<0.01, *** p<0.001 compared to Sal+Sal ; n=16–27 per group (males) from
27 diﬀerent litters ; not more than one rat per group from any one litter was used to control for litter eﬀects. Cit5, 5 mg/kg citalopram ;
Cit7.5, 7.5 mg/kg citalopram ; MDMA, 3,4-methylenedioxymethamphetamine ; Sal, saline.
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Fig. 3. Morris water maze acquisition day 1. There were not signiﬁcant diﬀerences on path length on day-1 on trial-1 or trial-4. False
discovery rate comparisons : # p<0.10 (trend), * p<0.05, ** p<0.01, *** p<0.001 compared to Sal+Sal ; n=16–27 per group (males)
from 27 diﬀerent litters ; not more than one rat per group from any one litter was used to control for litter eﬀects. Cit5, 5 mg/kg
citalopram ; Cit7.5, 7.5 mg/kg citalopram ; MDMA, 3,4-methylenedioxymethamphetamine ; Sal, saline.

Exposure was during a period in rat brain development,
which according to recent regression analyses of a large
database of studies most closely resembles third trimester
brain development in humans (Bayer et al., 1993 ; Clancy
et al., 2001, 2007b). Previously, it has been suggested that
rat brain development on PD 10 approximates human
brain development at birth (Dobbing and Sands, 1979 ;

Rodier, 1980 ; West and Pierce, 1987) a view that remains
based on some markers (Rakhade and Jensen, 2009).
However, alternate views have existed simultaneously
suggesting that the rat brain at PD 15–20 is closer to
human brain at birth (Bayer et al., 1993 ; Rice and Barone,
2000 ; Herlenius and Lagercrantz, 2004). Recently, crossspecies comparisons have been improved by the use of
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Fig. 4. Morris water maze average heading error (degrees of deviation from lay line). All drug-treated groups were signiﬁcantly farther
oﬀ-course compared to Sal+Sal on all three phases of hidden platform learning. (a) Acquisition ; (b) reversal ; (c) shift. False discovery
rate comparisons : ** p<0.01, *** p<0.001 compared to Sal+Sal ; n=16–27 per group (males) from 27 diﬀerent litters ; not more than
one rat per group from any one litter was used to control for litter eﬀects. Cit5, 5 mg/kg citalopram ; Cit7.5, 7.5 mg/kg citalopram ;
MDMA, 3,4-methylenedioxymethamphetamine ; Sal, saline.
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Fig. 5. Morris water maze probe. (a, c, e) Average distance from the platform site (m) with the platform removed 24 h after the last
platform trial of each phase. Retention deﬁcits reﬂected by average distance to the site were evident after acquisition and reversal,
but after shift these were diminished. Other measures of retention, however, revealed diﬀerences. (b) Acquisition probe platform site
crossovers ; (d) reversal percentage time in the target quadrant ; (f) shift initial heading error. Initial heading error reﬂects directional
deviation from a line to the goal in the ﬁrst seconds after the start of the trial ; three of the drug-treated experimental groups were
signiﬁcantly (y15x) more oﬀ-course than were Sal+Sal controls. False discovery rate comparisons : # p<0.10 (trend), * p<0.05,
** p<0.01 ; *** p<0.001 compared to Sal+Sal. n=16–27 per group (males) from 27 diﬀerent litters ; not more than one rat per
group from any one litter was used to control for litter eﬀects. Cit5, 5 mg/kg citalopram ; Cit7.5, 7.5 mg/kg citalopram ; MDMA,
3,4-methylenedioxymethamphetamine ; Sal, saline.
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Fig. 6. Morris water maze cued trials. No signiﬁcant diﬀerences
in latency to reach the visibly cued platform were seen ; n=16–27
per group (males) from 27 diﬀerent litters ; not more than one
rat per group from any one litter was used to control for litter
eﬀects. Cit5, 5 mg/kg citalopram ; Cit7.5, 7.5 mg/kg citalopram ;
MDMA, 3,4-methylenedioxymethamphetamine ; Sal, saline.

a large database approach with best-ﬁt regression analyses (Clancy et al., 2001, 2007a, b). The newer comparison
suggests that rodent brain ontogeny extends signiﬁcantly
longer into post-natal development in relation to human
brain development at birth than previous estimates suggested. Our model relied on these newer estimates and
that was why we exposed on PD 11–20. Neither time
window is exact because diﬀerent regions of rat and human brain develop at diﬀerent rates relative to one another and this includes not only neurogenesis, but
migration, synaptogenesis, apoptosis, receptor development and synaptic pruning. Rather than there being a
single window of comparability in rats to each stage of
human in utero brain development, there are many
windows each slightly diﬀerent for each region, neurotransmitter and receptor type. While our exposure period
being analogous to limbic third trimester development is
not absolute, there is more than adequate data to support
its relevance.
The PD 11–20 exposure window results in acute 5-HT
reductions in the hippocampus, neostriatum and entorhinal cortex during drug treatment (Schaefer et al.,
2012). We previously showed that pretreatment with
Cit attenuates the short-term 5-HT reductions caused
by MDMA by o50 %. On this basis we predicted that it
would also attenuate the long-term cognitive eﬀects of
MDMA. This prediction was supported by data showing
a dose-dependent relationship between short-term 5-HT
reductions and later learning deﬁcits and by data with a
related serotonergic drug, fenﬂuramine, that when given
during the same exposure period induced larger 5-HT
reductions than MDMA and greater cognitive deﬁcits
(Morford et al., 2002 ; Schaefer et al., 2006). Yet despite Cit
eﬃcacy at attenuating MDMA eﬀects on 5-HT, it failed to
moderate the eﬀects of MDMA on learning and memory.
In fact the two Cit-treated groups exhibited learning
and memory deﬁcits comparable with those induced by
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MDMA and in one case (acquisition probe), the group
receiving the 7.5 mg/kg Cit dose was the most impaired
making this ﬁnding arguably more signiﬁcant than the
eﬀects of MDMA since antidepressants (ADs) are widely
used during pregnancy.
Thus, the new observation arising unexpectedly from
this experiment was that developmental exposure to Cit
induces learning and memory impairments. These are the
ﬁrst data to ﬁnd signiﬁcant learning and memory deﬁcits
of this type following developmental SSRI exposure. This
warrants further investigation because of its implications
for human use during pregnancy which is increasing in
this vulnerable population as well as in the general
population. The doses of Cit (5 and 7.5 mg/kg) chosen
here were those producing serum and brain drug and
metabolite levels in neonatal rats similar to those observed in adult rats which in turn have been shown to be
comparable to human therapeutic doses (Maciag et al.,
2006b).
The present deﬁcits observed in learning and memory
cannot be accounted for by diﬀerences in swimming
ability for several reasons : (1) in the CWM we found the
same eﬀects on errors and on latency to escape. Had rats
swum slower but not been impaired, they would have
had comparable numbers of errors, which they did not ;
(2) pre-maze straight channel swimming latencies did not
diﬀer across groups ; (3) in the MWM we used path
length and average heading error, both immune to latency diﬀerences, for comparison and found signiﬁcant
learning impairments in the drug treated groups ; (4)
several of the drug groups showed faster swimming
speed in the MWM than controls, which if anything
would be expected to facilitate ﬁnding the platform, increase reinforcement and result in faster learning, but the
exact opposite was observed ; drug-treated groups swam
faster but learned slower ; (5) MWM probe trial performance supports the interpretation that the drug-treated
groups were impaired because they showed impaired
retention for where they had previously found the platform in most phases of this test. Collectively, the two tests
and all the indices of learning vs. performance support
the view that the drug-induced deﬁcits were cognitive
and not linked to sensorimotor deﬁciencies.
Studies on infants and children after prenatal AD exposure have largely ignored cognitive ability and focused
on emotional development and one new study reported
a 2-fold increased association between prenatal SSRI exposure and autism spectrum disorder (ASD ; Croen et al.,
2011). While this has not been replicated, such a ﬁnding
would be consistent with the present data since 62 %
of ASD children exhibit some degree of intellectual impairment (Centers for Disease Control and Prevention,
2012).
In addition to the ﬁnding that developmental Cit exposure reduces hippocampal 5-HT levels by approximately 25 % into adulthood (Schaefer et al., 2012), others
have reported lasting neurochemical changes in rats
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Fig. 7. Body weights. During dosing (a), all groups had comparable weights on post- natal day (PD) 11, but by PD 12 all treated groups
with the exception of the Cit5+Sal group weighed less than Sal+Sal. Throughout the remainder of dosing (PD 13–20), all drug-treated
groups had signiﬁcantly lower body weights compared to Sal+Sal. (b) Body weights on PD 21 and PD 28 remained signiﬁcantly
decreased by the drug treatments with all groups weighing less than Sal+Sal. Body weights taken from PD 35–98 were signiﬁcantly
aﬀected by drug treatment with all groups that received Cit alone or in combination with 3,4-methylenedioxymethamphetamine
(MDMA) weighing less than Sal+Sal. (c) Body weight at PD 56 just prior to the start of behavioural testing. (d) Body weight at PD
98 after completion of behavioural testing. (a) : * p<0.05, all groups were diﬀerent except Cit5+Sal vs. Sal+Sal ; *** p<0.001, all drug
treated groups compared to Sal+Sal. (b, c, d) : ** p<0.01, compared to Sal+Sal ; *** p<0.001 compared to Sal+Sal ; n=16–27 per group
(males) from 27 diﬀerent litters ; not more than one rat per group from any one litter was used to control for litter eﬀects. Cit5, 5 mg/kg
citalopram ; Cit7.5, 7.5 mg/kg citalopram ; Sal, saline.

treated with Cit from PD 8–21 in which they observed
reduced tryptophan hydroxylase immunoreactivity in
the dorsal and medial raphe nuclei and reduced SERT
immunoreactivity in the cortex (Maciag et al., 2006b). A
second study similarly found reduced SERT immunoreactivity in the hippocampus after PD 8–21 Cit
treatment (Weaver et al., 2010). New data indicate that
E7-19, PD 1–7 or PD 7–21 exposure to Cit 10 mg/kg twice
daily causes 5-HT immunoreactivity diﬀerences in ﬁbre
shape and density in the hippocampus, reduced tryptophan hydroxylase immunoﬂuorescence labelling in the
raphe and reduced oligodendrocyte myelin wrapping in
the corpus callosum (Simpson et al., 2011). Together with
our data, these ﬁndings suggest that the observed Citinduced learning deﬁcits are the result of developmental
changes in 5-HT that persist well after developmental

drug exposure has ended suggesting permanent changes
to the serotonergic system and other structures.
Since MDMA and Cit both bind to SERT and interfere
with 5-HT reuptake, it may be that this shared mechanism leads to a transient increase in 5-HT receptor stimulation followed by a long-term 5-HT reduction via
feedback down-regulation of tryptophan hydroxylase by
5-HT pre-synaptic autoreceptors, especially 5-HT1A and
5-HT1D receptors, which are known to mediate this
process in adult brain (McDevitt and Neumaier, 2011 ;
Winterer et al., 2011). This might explain why Cit+Sal
and Sal+MDMA result in comparable cognitive outcomes and long-term hippocampal 5-HT reductions after
developmental exposure if one assumes the same mechanisms are at work. Even if Cit out-competes MDMA
for SERT binding when given in succession (thereby

Early exposure to 5-HT drugs impairs cognition
limiting MDMA-induced 5-HT release and early depletions), synaptic 5-HT in both cases changes 5-HT
receptor stimulation such that receptor function may
be perturbed. While Cit has some ability to stimulate
adult 5-HT release (Ceglia et al., 2004 ; Baumann et al.,
2007) this eﬀect is less pronounced than that caused by
MDMA, which suggests that 5-HT release is not the
critical factor in these drugs ’ long-term cognitive eﬀects.
Developmental MDMA administration also increases
5-HT1A receptor sensitivity (Crawford et al., 2006) and
this too could be a contributing factor. Collectively, such
data suggest that additional study of the eﬀects of serotonergic drugs on 5-HT receptor development will shed
further light on this question.
It appears unlikely that the eﬀects seen here are the
product of MDMA-induced eﬀects on dopamine because
even though MDMA aﬀects dopamine in adult brain
it does not do so in developing brain at ages comparable
to those used in the present experiment (Broening et al.,
1994, 1997 ; Schaefer et al., 2006, 2008).
Both drugs were found to impact growth as reﬂected
by body weight gain. It could be argued that this secondary eﬀect impacted learning, but this is unlikely as
we previously showed that the decrease in body weight
induced by neonatal MDMA can be controlled for without changing the learning and memory deﬁcits caused by
MDMA by using weight-matched controls (Williams
et al., 2003).
Limitations of the study include use of only two doses
for Cit and one dose of MDMA and only one dosing
schedule of the two drugs. It may be that diﬀerent doses,
diﬀerent dose spacing, diﬀerent Cit pretreatment intervals, or diﬀerent exposure ages would have diﬀerent
long-term eﬀects. In addition, we have no data on the
cellular changes in these animals after testing which
might provide correlational support for how the two
drugs alter brain structure or protein expression that
could be linked to the learning and memory deﬁcits. In
addition, both cognitive tests relied on swimming and it
cannot be ruled out that motivation derived from escape
from water might interact in some unknown way with
the drug eﬀects. Future experiments using appetitive
motivation or novelty (as in novel object recognition)
should be conducted to provide convergent evidence.
Finally, it has been shown that swimming mazes induce
larger hypothalamus–pituitary–adrenal axis activation as
reﬂected by plasma corticosterone in mice than does the
Barnes maze (Harrison et al., 2009) and we cannot rule
out drugrstress interaction eﬀects until tests using other
types of motivation are evaluated.
The Cit ﬁndings raise concerns about the long-term
safety of SSRIs after developmental exposure. The most
recent NHANES data show that use of ADs is at an alltime high and rising (Pratt et al., 2011) ; moreover, the rate
of AD use is 2.5 times higher in women (15.4 %) than in
men (6 %). The Food and Drug Administration classiﬁes
all but one AD as category C, stating that no adequate
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data on prenatal use are available but that beneﬁts may
warrant use during pregnancy. The American Psychiatric
Association, American Academy of Pediatrics and the
American College of Obstetrics and Gynecology do
not recommend discontinuation of AD use during pregnancy. The Center for Disease Control and Prevention
ﬁnds that only one-third of those taking ADs have seen
a mental health provider (Pratt et al., 2011) suggesting
that these drugs are regarded as relatively safe, but this
may not apply to the foetal brain. Another consideration
is that 40 % of those taking ADs take more than one at
a time, a pattern trending upwards despite our poor
understanding of how even one of these drugs aﬀect
brain development and later cognitive ability.
In conclusion, Cit attenuated MDMA-induced 5-HT
reductions during brain development did not ameliorate
the cognitive deﬁcits associated with MDMA on either
allocentric or egocentric learning or reference memory.
Moreover, Cit treatment alone produced learning
and memory impairments as severe as those caused by
MDMA. The latter ﬁnding raises new concerns about the
safety of SSRIs during pregnancy. Further studies are
needed assessing the eﬀects of exposure during other
(earlier) stages of brain development, on comparing
diﬀerent SSRIs and comparing SSRIs to non-SSRIs and
mixed reuptake inhibitors, in determining if there
are thresholds below which de minimus risk to cognitive
development can be shown and in assessing whether
other cognitive domains (e.g. working memory, executive
functions, etc.) not tested here are also at risk.
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