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Abstract

Background: Abrupt cessation of therapy with a selective serotonin reuptake inhibitor (SSRI) is associated with a discontinuation syndrome, typified
by numerous disabling symptoms, including anxiety. Surprisingly, little is known of the behavioural effect of SSRI discontinuation in animals.

Aim: Here, the effect of SSRI discontinuation on anxiety-like behaviour was systematically investigated in mice.

Methods: Experiments were based on a three-arm experimental design comprising saline, continued SSRI and discontinued SSRI. Mice were assessed
2days after SSRI discontinuation over a 5-day period using the elevated plus maze (EPM) and other anxiety tests.

Results: An exploratory experiment found cessation of paroxetine (12 days) was associated with decreased open-arm exploration and reduced total
distance travelled, in male but not female mice. Follow-up studies confirmed a discontinuation effect on the EPM in male mice after paroxetine
(12days) and also citalopram (12 days). Mice receiving continued paroxetine (but not citalopram) also showed decreased open-arm exploration but
this was dissociable from the effects of discontinuation. The discontinuation response to paroxetine did not strengthen after 28 days of treatment but
was absent after 7 days of treatment. A discontinuation response was not discernible in other anxiety and fear-learning tests applied 3-5days after
treatment cessation. Finally, discontinuation effects on the EPM were typically associated with decreased locomotion on the test. However, separate
locomotor testing implicated anxiety-provoked behavioural inhibition rather than a general reduction in motor activity.

Conclusion: Overall, this study provides evidence for a short-lasting behavioural discontinuation response to cessation of SSRI treatment in mice.
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Introduction

Selective serotonin (5-hydroxytryptamine; 5-HT) reuptake inhibi-
tors (SSRIs) are currently the first-line pharmacological treatment
for major depression and anxiety disorders. Despite their gener-
ally improved tolerability and side effect profile compared to
older antidepressants (Cipriani et al., 2018), the abrupt cessation
of SSRI treatment, as with other antidepressants, is often associ-
ated with a disabling discontinuation syndrome (Haddad, 1997).
Typical SSRI discontinuation symptoms include heightened anxi-
ety, insomnia, nausea, dizziness, irritability and increases in sui-
cidal thoughts (Delgado, 2006; Horowitz and Taylor, 2019;
Warner et al., 2006). SSRI discontinuation is considered distinct
from depression relapse in that symptoms appear within days of
discontinuation, whereas relapse typically takes several weeks to
manifest. Moreover, discontinuation symptoms are often different
to those evident during the depressive episode and include the
emergence of somatic symptoms (Delgado, 2006). Problematic
effects of SSRI discontinuation are reported by depressed patients
and other patient groups including those with seasonal affective
disorder, social anxiety and panic disorder (Black et al., 1993;
Lader et al., 2004; Montgomery et al., 2005).

SSRI discontinuation has recently risen to prominence fol-
lowing reports that the syndrome may be more common, disa-
bling and longer-lasting than previously recognised (All-Party
Parliamentary Group, 2018; Davies and Read, 2019). Despite its
clinical importance there are few systematic investigations of

SSRI discontinuation and its mechanism remains unknown. As
an example of the problem, we are aware of just two preclinical
studies that directly address the behavioural effects of SSRI dis-
continuation. One study reported an enhanced acoustic startle
response in rats 2 days after discontinuation from repeated treat-
ment with citalopram (Bosker et al., 2010). Another study
reported increased locomotor behaviour 4 h after the first ‘missed
dose’ of repeated fluoxetine in rats, and this effect dissipated
within 4days (Bjork et al., 1998). In addition, although not
reported as an investigation of SSRI discontinuation itself, a
small number of studies report no change in anxiety or locomotor
behaviour in rats 1-3 weeks after the last dose of repeated SSRI
administration (Bouet et al., 2012; Elizalde et al., 2008; Popa
etal., 2010; Strekalova et al., 2013). Taken together, these limited
preclinical findings suggest short-lasting behavioural changes
associated with SSRI discontinuation in rodents, but this requires
systematic investigation.
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It is noteworthy that previous preclinical studies have identi-
fied behavioural correlates of withdrawal from a wide variety of
drugs, including opiates, alcohol and psychostimulants (El Hage
et al., 2012; Emmett-Oglesby et al., 1990; Perez and De Biasi,
2015; Vuong et al., 2010). Much of this work has centred on
behavioural readouts of anxiety, a core feature of many drug
withdrawal states (note that the term ‘withdrawal’ as opposed to
‘discontinuation’ is commonly used for drugs associated with
compulsive drug-seeking behaviour, which is not the case for
SSRIs or other antidepressants). Such work led to novel insights
into drug withdrawal mechanisms and aided the identification of
treatment strategies, as exemplified by the use of clonidine to
manage anxiety and other symptoms of opiate withdrawal
(Gowing et al., 2002; Kosten and Baxter, 2019).

The present study systematically investigated the effect of
SSRI discontinuation on the behaviour of mice, with a focus on
anxiety which is a core symptom of SSRI discontinuation in
patients. Also, both anxiety and fear are well known to be modu-
lated by pharmacological and genetic manipulations of the 5-HT
transporter (Barkus et al., 2014; Handley and McBlane, 1993;
Lima et al., 2019; Line et al., 2011). Paroxetine was selected for
detailed study since discontinuation from this SSRI is considered
particularly problematic in patients (Fava et al., 2015), likely due
in part to its short half-life (Price et al., 1996). Paroxetine treat-
ment duration and frequency were varied to optimise conditions
to detect discontinuation effects. Citalopram was also added for
comparison due to its greater selectivity for the 5-HT transporter
than paroxetine and its short half-life in rodents (Fredricson
Overg, 1982). Anxiety-like behaviours were measured using a
battery of tests, including the elevated plus maze (EPM), which
has proven sensitive in detecting the withdrawal states of other
drugs (El Hage et al., 2012; Emmett-Oglesby et al., 1990; Perez
and De Biasi, 2015; Vuong et al., 2010) and is highly sensitive to
manipulations of the 5-HT system (Briley et al., 1990; Handley
and McBlane, 1993; Ohmura et al., 2020).

Materials and Methods

Animals

Adult mice (C57BL/6J, 8—10 weeks, Charles River) were housed
(21°C on a 12-h light/dark cycle; lights off 19:00-7:00) with lit-
termates in open-top cages (3—6 mice per cage) lined with saw-
dust bedding for at least 1week before the start of treatment.
Food and water were available ad libitum. Cardboard sizzle nests
were used for cage enrichment, and mice were handled using a
cardboard tunnel to minimise stress associated with repeated
injections (Gouveia and Hurst, 2019). Experiments followed the
principles of the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines and were conducted accord-
ing to the UK Animals (Scientific Procedures) Act of 1986 with
appropriate personal and project licence coverage.

Drugs and reagents

Paroxetine hydrochloride (Abcam, ab120069; Apexbio, B2252-
APE) and citalopram hydrobromide (Abcam, ab120133) were
dissolved in saline (1 and 2mg/mL, respectively). Drug dose
(10mg/kg s.c.) was chosen on the basis of both the half-life of

paroxetine (6.3h) and citalopram (1.5h) in rodents (Fredricson
Overe, 1982; Kreilgaard et al., 2008), and previous studies
reporting antidepressant actions of repeated administration of
these drugs in mice (Elizalde et al., 2008). Treatment frequency
(once or twice daily) and duration (7-28 days) were varied in an
attempt to optimise the detection of discontinuation effects.

Experimental design

Mice were allocated to one of the three experimental groups by
stratified randomisation: (1) saline group: saline + saline contin-
uation; (2) continuation group: SSRI+ SSRI continuation and
(3) discontinuation group: SSRI+ saline continuation. Mice
were weighed daily beginning 2days before the start of the
experiment to establish a baseline weight and habituate mice to
handling. Mice received once- or twice-daily injections of parox-
etine, or the equivalent volume of saline, for 7, 12 or 28days,
then treatment was either continued (saline and continuation
groups) or swapped to saline injections (discontinuation group)
for a further Sdays during which behavioural tests were con-
ducted. The effect of twice-daily injections of citalopram or
saline for 12days was also tested using a similar experimental
design. Testing commenced either 18 h (once daily) or 6h (twice
daily) after the last injection. The 5-day discontinuation period
was based on previous rodent experiments reporting discontinu-
ation effects (Bosker et al., 2010; Trouvin et al., 1993) and aimed
to capture the timeframe when paroxetine and citalopram fall to
undetectable levels in the blood plasma (Benmansour et al.,
1999; Cremers et al., 2000). An initial exploratory investigation
of paroxetine used mixed sex groups (six males, six females per
group) and revealed sexually dimorphic effects. Consequently,
all follow-up experiments utilised male mice. Details of this and
all other experiments are summarised in Table 1.

Behavioural tests

Mice were habituated to a holding room (i.e. not their home cage
room) for at least 1h before testing and on the 3 days preceding
behavioural testing. All testing was conducted in the light phase
(10:00-17:00h) by an observer blind to treatment. Other than the
changes in anxiety-related measures reported herein, no overt
behavioural or somatic effects to continued/discontinued SSRI
treatment were observed. Both a novelty-induced hyponeophagia
test (Line et al,, 2011) and novelty-supressed feeding test
(Santarelli et al., 2003) were conducted on Day 3 following dis-
continuation from 12- and 28-day once-daily paroxetine treat-
ment, but results were confounded by an effect of test order, and
hence data were excluded from the study.

EPM. The EPM model assesses approach-avoidance behaviour,
relying on the conflict between the innate aversion of open, ele-
vated spaces and the exploratory drive in mice (Komada et al.,
2008; Pellow et al., 1985). EPM experiments were carried out as
previously described for studies examining the role of altered
5-HT transporter expression on unconditioned anxiety (Line
etal., 2011). The EPM (50 cm off the floor) was placed in a dimly
lit room and comprised two open arms (35 X 6 cm?) perpendicu-
lar to two closed arms (35 X 6cm?, 20 cm walls), with a central
region (6 X 6 cm?). Mice were initially placed facing the walls at
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Table 1. Experimental design.

Drug Dosing period Injection Time since last Group sex and Anxiety tests (day of test post-discontinuation)
duration (days) schedule injection (h) size

Paroxetine* 12 Once-daily CON: 18h Males n=6, EPM (Day 2); 1tNIH, tNSF (Day 3); LMA, AOF (Day 4);
DIS: 48-120h females n=6 LDB (Day 5)

Paroxetinef 12 Once-daily CON: 18h Males n=8 EPM (Day 2)
DIS: 48h

Paroxetine 28 Once-daily CON: 18h Males n=12 EPM (Day 2); 1tNSF, t{NIH (Day 3); LMA, AOF (Day 4);
DIS: 48-120h LDB (Day 5)

Paroxetine 7 Once-daily CON: 18h Males n=12 EPM (Day 2)
DIS: 48h

Paroxetine 12 Twice-daily CON: 6h Males n=12 EPM (Day 2); LMA, AOF (Day 3); FC (Days 4-5)
DIS: 48-120h

Citalopram 12 Twice-daily CON: 6h Males EPM (Day 2); LMA, AOF (Day 3); FC (Days 4-5)
DIS: 48-120h n=10-18

EPM, elevated plus maze; NIH, novelty-induced hyponeophagia; NSF, novelty-suppressed feeding; LMA, locomotor activity; AOF, aversive open field; LDB, light/dark box; FC,
fear conditioning. Time since last injection of SSRI for Continuation (CON) and Discontinuation (DIS) groups; DIS groups receive saline injections on discontinuation days.
*Exploratory experiment, tdata were pooled with the exploratory experiment, tfdata excluded from the study (see Methods for details).

the far end of the closed arm, and movement was automatically
tracked for 300s (ANY-maze software, Stoelting Co.). Key
parameters were the time spent in the open arms, open-arm
entries and latency to enter open arms, with distance travelled
being used as the principal readout of locomotor activity (LMA;
closed-arm entry was also recorded).

LMA. Given the potential confound of changes in locomotion on
anxiety measures, previous studies highlight the value of assess-
ing locomotion in separate low-anxiety environments (Lister,
1990). Here, spontaneous LMA was assessed in a dimly lit room
as previously described (Line et al., 2011). Mice were placed
individually into an unfamiliar plastic cage (42 X22X20cm)
lined with sawdust and covered with a perforated plexiglass lid.
LMA was monitored by horizontal and vertical infrared beams,
and the number of beam breaks was automatically recorded in
Smin bins for 60 min (Photobeam Frame software, San Diego
Instruments).

AOF. The aversive open-field test (AOF) assesses exploration
and behaviour in an anxiogenic environment (Prut and Belzung,
2003). Mice were placed in a brightly lit, white cylindrical cham-
ber (30 cm radius) and movement was automatically tracked for
600s (ANY-maze software). The centre zone was designated as a
central circle of 10cm radius. Key parameters were the time
spent in the centre zone and distance travelled.

LDB. The light/dark box (LDB) assesses approach-avoidance
conflict in rodents based on their innate fear of brightly lit places
(Bourin and Hascoét, 2003). The LDB arena (Pritchett et al.,
2015) was inside a sound-attenuating cubicle and consisted of a
dark, enclosed compartment (21 cm long X 16 cm high X 16cm
wide) separated by a small doorway from a brightly lit, open
compartment (46.5cm long X 21 cm high X 21 cm wide). Mice
were placed in a corner of the dark compartment and their move-
ment was automatically tracked for 600s by horizontal infrared
beams (activity monitor software, Med Associates Inc). Key
parameters were the time spent in light zone and distance
travelled.

Fear conditioning. Assessment of fear learning was performed
as described previously (Line et al., 2014) using conditioning
chambers (Med Associates, Med Associates Inc., USA) with a
floor of metal bars connected to a scrambled-shock generator
(controlled by Med-PC IV software programme). In brief, mice
were placed individually in a covered plastic box for 30min
before each session. Two different conditioning contexts were
used, each associated with a specific scent and distinctive wall
layout (black- and white-striped walls, lavender essential oil vs
grey walls and sandalwood essential oil). Mice were trained in
one context and tested in the other (context was counterbalanced
across training and test days). On the training day, after a 180-s
acclimatisation period, mice received two tone—shock pairings,
each consisting of a 30-s tone (72dB, 2900 Hz) paired with a
shock (0.5ms, 0.3mA) delivered in the final 0.5s of the tone
(180-s inter-trial interval). On the test day, 24h later, mice
received the same tone presentations but did not receive the
shock. Freezing was determined from video recordings (analysed
by NIH Image] with a customised script) and defined as <0.07%
pixel change in two consecutive frames (one frame per second).
Pre-tone freezing was calculated as percentage of freezing in the
30s before the tone, and freezing to tone was calculated as the
percentage of freezing for 30s of tone. The change in freezing
levels (AFreezing) was then calculated (freezing to tone—pre-tone
freezing) and presented as average AFreezing per day.

Statistical analysis

D’Agostino-Pearson test for normality was applied to all data
sets. If data were normally distributed, then one-way analysis of
variance (ANOVA) was used with Fisher’s Least Significant
Difference (LSD) to compare treatments. If data were not nor-
mally distributed, Kruskal-Wallis with Fisher’s LSD was used.
Sex was assessed as a co-factor using two-way ANOVA, and
Kruskal-Wallis used for small sample sizes in within-sex com-
parisons (n<6 per group). For EPM data, the relationship
between open-arm entry and distance travelled was further ana-
lysed by analysis of covariance (ANCOVA). Data were analysed
mainly using GraphPad Prism (v8) and IBM SPSS Statistics
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Figure 1. Performance on the EPM of male mice discontinued from 12 days of once-daily paroxetine: panels show (a) time spent in open arms,
(b) entries to open arms, (c) latency to enter the open arms and (d) distance travelled. SAL, Saline (n=14); CON, Continuation (n=13, one mouse
excluded due to loss of data); DIS, Discontinuation (n=14). Mean = SEM values are shown with individual values indicated by dots. One-way ANOVA

followed by post hoc Fisher's LSD. *p <0.05, **p <0.01.

(v24) (two-way ANOVA). Data are presented as mean = standard
error of the mean (SEM) values. A p value less than 0.05 was
considered statistically significant.

Results

Effect of discontinuation from 12 days of
once-daily paroxetine

An exploratory experiment (6 males, 6 females per group) tested
the effect of discontinuation from 12 days of once-daily paroxe-
tine. On day 2, behaviour was assessed on the EPM. Two-way
ANOVA revealed a main effect of group for the time spent in the
open arms, (F(2,29)=9.050, p=0.0009, although there was also
a significant sex effect, (1, 29)=16.85, p=0.0003, and a treat-
ment X sex interaction, F(2, 29)=6.357, p=0.0051. Further anal-
ysis was conducted on male and female data, separately. For male
mice there were significant main effects of group for time in the
open arms, H(2)=9.789, p=0.0027 (Supplemental Fig. 1A),
open-arms entries, H(2)=11.55, p=0.0005 (Supplemental Fig.
1B), latency for open-arm entry, H(2)=6.327, p=0.0360
(Supplemental Fig. 1C) and distance travelled, H(2)=10.96,
»=0.0009 (Supplemental Fig. 1D). Post hoc tests showed that
both discontinued and continued mice spent less time in the open
arms (p=0.0309 continuation vs saline, p=0.0030 discontinua-
tion vs saline) and made fewer open-arm entries compared to
saline controls (p=0.0285 continuation vs saline, p=0.0009 dis-
continuation vs saline). Notably, discontinued mice had an
increased latency to enter the open arms (p=0.0157 vs saline)
and travelled less distance (p=0.0001 vs saline). In contrast,
female mice that discontinued from paroxetine were not different
from saline controls on any EPM parameter (Supplemental Fig.
1A-D), although those receiving continued paroxetine had
decreased latency to open-arm entry (treatment effect:
H(2)=7.879, p=0.0119; Supplemental Fig. 1C).

On day 4, discontinued male and female mice showed no
changes in spontaneous locomotion in the LMA test (Supplemental
Table 1) and no differences on the AOF (Supplemental Table 1).

On day 5, male discontinued mice spent less time in the light
zone of the LDB, H(2)=8.667, p=0.0069 (Supplemental Fig.
1E), with decreased distance travelled, H(2)=10.15, p=0.0021
(Supplemental Fig. 1F), but these effects were not different from
male mice on continued paroxetine (Supplemental Fig. 1E-F).
In contrast, female mice discontinued from paroxetine actually
spent more time in the light zone, H(2)=6.538, p=0.0304
(Supplemental Fig. 1E).

Overall, results of this exploratory experiment suggest that
paroxetine discontinued mice showed evidence of a behavioural
effect compared to saline controls on the EPM and LDB, but this
effect was not readily distingishable from continuous treatment
and was apparent in males and not females.

To increase the power of this exploratory study, EPM meas-
urements were repeated in a separate group of male mice (n=28/
group additional mice) and the two male data sets were combined
(n=14/group total). The pooled data confirmed that continued
and discontinued mice spent less time in the open-arms com-
pared to saline controls (F(2, 38)=6.830, p=0.0029; post hoc
»=0.0101 saline vs continuation, p=0.0011 vs saline vs discon-
tinuation; Figure 1A). Importantly, on other EPM measures, dis-
continued mice were significantly different to continued
paroxetine and saline controls. Thus, discontinued mice made
fewer open-arms entries (F(2, 38)=13.94, p<0.0001; post hoc
»=0.0349 vs continuation, p <0.0001 vs saline; Figure 1B) and
showed increased latency for open-arm entry (F(2, 38)=7.790,
p=0.0015; post hoc p=0.0201 vs continuation, p=0.0004 vs
saline; Figure 1C). Discontinued mice also demonstrated reduced
distance travelled (F(2, 38)=17.96, p<<0.0001; post hoc
»=0.0006 vs continuation, p <0.0001 vs saline; Figure 1D) and
reduced closed-arm entries (F(2, 38)=8.546, p=0.009;
Supplemental Fig. 2). ANCOVA revealed that changes in open-
arm entry were not statistically significant when co-varied with
distance travelled (F(2, 37)=1.358, p=0.270).

Notably, mice continued on paroxetine also showed decreased
open-arm entries (post hoc p=0.0046 vs saline) and reduced dis-
tance travelled (post hoc p=0.0494 vs saline) but to a lesser
extent than discontinued mice (Figure 1).
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Figure 2. Performance on the EPM and LDB of male mice discontinued from 28 days of once-daily paroxetine: panels show (a) time spent in open
arms, (b) entries to open arms, (c) latency to enter the open arms, (d) distance travelled on the EPM, (e) time spent in the light zone and (f)
distance travelled on the LDB. SAL, Saline (n=10-11); CON, Continuation (n=11); DIS, Discontinuation (n=10-11). Mean = SEM values are shown
with individual values indicated by dots. One-way ANOVA followed by post hoc Fisher’s LSD (a-b, d-e), Kruskal-Wallis followed by post hoc Fisher’s

LSD (c). *p<0.05, **p < 0.01.

Effect of discontinuation from 28 days of
once-daily paroxetine

To test whether increased duration of paroxetine treatment would
produce a stronger discontinuation response, male mice were
treated once-daily with paroxetine for 28 days. On day 2 on the
EPM, discontinued mice spent less time in the open-arms com-
pared to continued paroxetine and saline controls (F(2,
29)=6.649, p=0.0042; post hoc p=0.0495 vs continuation,
p=0.0011 vs saline; Figure 2A). Continued and discontinued
mice had reduced open-arm entries (F(2, 29)=11.19, p=0.0002;
post hoc p=0.0016 continuation vs saline, p <0.0001 discontin-
uation vs saline; Figure 2B) and increased latency for open-arm
entry (H(2)=13.38, p=0.0012; post hoc p=0.0011 continuation
vs saline, p=0.0021 discontinuation vs saline; Figure 2C). These
mice also had reduced distance travelled (F(2, 29)=15.73,

»<0.0001; post hoc p=0.0004 continuation vs saline, p <0.0001
discontinuation vs saline; Figure 2D) and decreased closed-arm
entries (£(2, 29)=12.93, p<0.0001; Supplemental Fig. 2) com-
pared to saline controls. ANCOVA revealed that changes in open-
arm entry were not statistically significant when co-varied with
distance travelled (F(2, 28)=1.113, p=0.343).

On day 4, discontinued mice had reduced activity on the LMA
test compared to saline controls, as did mice on continuous treat-
ment, F(2, 32)=3.872, p=0.032 (Supplemental Table 2). There
was no effect of any treatment on the performance on AOF com-
pared to saline controls (Supplemental Table 2). On day 5, dis-
continued mice spent less time in the light zone of the LDB (#(2,
29)=7.468, p=0.0024; post hoc p=0.0014 vs saline; Figure 2E)
and had decreased the distanced travelled (F(2, 29)=9.782,
»=0.0006; post hoc p=0.0006 vs saline; Figure 2F) compared to
saline controls, but these effects were not different from mice on
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Figure 3. Performance on the EPM of male mice discontinued from 7 days of once-daily paroxetine: panels show (a) time spent in open arms,
(b) entries to open arms, (c) latency to enter the open arms and (d) distance travelled. SAL, Saline (males, n=12); CON, Continuation (males, n=12);
DIS, Discontinuation (males, n=12). Mean = SEM values are shown with individual values indicated by dots. One-way ANOVA followed by post hoc

Fisher's LSD (a-b, d), Kruskal-Wallis followed by post hoc Fisher's LSD (c).

continued paroxetine (time in light zone: post hoc p=0.0045 con-
tinuation vs saline; distance travelled: post hoc p=0.0007 con-
tinuation vs saline; Figure 2).

Overall, these results add evidence that 28-day paroxetine
generates a discontinuation effect on the EPM although this was
not obviously a greater and longer lasting than 12-day paroxetine
treatment.

Effect of discontinuation from 7 days of
once-daily paroxetine

To investigate the duration of treatment with paroxetine required
to produce discontinuation effects, male mice received once-
daily paroxetine injections for 7 days. On day 2 following treat-
ment cessation, discontinued mice did not perform differently on
the EPM compared to saline controls or mice on continuous par-
oxetine in terms of the time spent in the open arms, F(2,
33)=0.1256, p=0.8824, Figure 3A, open-arm entries, F(2,
33)=0.6936, p=0.5069; Figure 3B, latency to open-arm entry,
H(2)=1.610, p=0.4471; Figure 3C, distance travelled, F(2,
33)=1.262, p=0.2964; Figure 3D, or closed-arm entries, F(2,
33)=1.734, p=0.1923 (Supplemental Fig. 2).

These results show that paroxetine treatment for 7days was
not sufficient to induce a discontinuation response on the EPM.

Effect of discontinuation from 12 days of
twice-daily paroxetine

To test whether increasing the frequency of paroxetine treatment
(and hence increasing daily dose) would produce a more pro-
nounced discontinuation effect on the EPM, mice were treated
twice-daily with paroxetine for 12days. This experiment also
tested the possibility that mice continuously treated with parox-
etine may have been experiencing discontinuation effects, in that
up to this point all ‘continuous’ treatment groups were tested 18h
after the last injection. Here, mice were tested 6h after the last

injection so that plasma levels of paroxetine in the ‘continuous’
mice likely remained high. This experiment also examined the
possibility that discontinuation from paroxetine would affect fear
learning, which is reported to be sensitive to manipulations of the
5-HT transporter (e.g. Lima et al., 2019).

On day 2 following treatment cessation, discontinued mice
showed reduced time on the open arms (F(2, 33)=10.83,
»=0.0002; post hoc p <0.0001 vs saline; Figure 4A) and reduced
open-arm entries (F(2,33)=3.482, p=0.0424; post hoc p=0.0141
vs saline; Figure 4B), albeit with unchanged latency for open-
arm entry (F(2, 33)=2.174, p=0.3373; Figure 4C). Discontinued
mice also demonstrated reduced distance travelled (F(2,
33)=7.469, p=0.0021; post hoc p=0.0086 vs continuation,
p=0.0008 vs saline; Figure 4D) and decreased closed-arm entries
(F(2, 33)=8.466, p=0.0011; Supplemental Fig. 2). Again,
ANCOVA revealed that changes in open-arm entry were not sta-
tistically significant when co-varied with distance travelled (F(2,
28)=0.123, p=0.884).

In comparison, mice receiving continued paroxetine also
spent less time in open arms (post hoc p=0.0070 vs saline; Figure
4A) even when tested 6 h after the last injection, suggesting these
changes are not in themselves discontinuation effects.

Importantly, given the above evidence that discontinued mice
had reduced motor activity on the EPM, on day 3 mice were
tested for locomotor changes in a separate LMA test. Neither dis-
continued mice nor mice receiving continued paroxetine were
different from saline controls on the LMA test, F(2, 33)=0.073,
»=0.929. There was also no effect of any treatment on activity on
the AOF (Supplemental Table 3).

On days 4 and 5 following cessation of paroxetine treatment,
mice were assessed for fear conditioning (training on day 4, test-
ing on day 5). All mice exhibited increased freezing with the
onset of the conditioned stimulus. However, neither discontinued
mice nor mice on continued treatment were different from saline
controls in terms of freezing to tone on the training day or in their
response to the conditioned tone during recall on the test day
(Supplemental Table 3).
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Figure 4. Performance on the EPM male mice discontinued from 12 days of twice-daily paroxetine: panels represent (a) time spent in open arms,
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Discontinuation (n=12). Mean = SEM values are shown with individual values indicated by dots. One-way ANOVA followed by post hoc Fisher’s LSD
(a-b, d), Kruskal-Wallis followed by post hoc Fisher's LSD (c). *p <0.05, **p <0.01.
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Figure 5. Performance on the EPM of male mice discontinued from 12 days of twice-daily citalopram: panels represent (a) time spent in open
arms, (b) entries to open arms, (c) latency to enter the open arms and (d) distance travelled. SAL, Saline (n=18); CON, Continuation (n=18); DIS,
Discontinuation (n=18). Mean = SEM values are shown with individual values indicated by dots. One-way ANOVA followed by post hoc Fisher's LSD
(a-b, d), Kruskal-Wallis followed by post hoc Fisher's LSD (c). *p <0.05, **p <0.01.

These results add further evidence that paroxetine-treated
mice produce a discontinuation response on the EPM, but that
increased treatment frequency (and thereby dose) did not lead to
more clear-cut and longer-lasting effects. Furthermore, separate
LMA testing found no evidence of a general reduction in motor
activity in the discontinued mice.

Effect of discontinuation from 12 days of
twice-daily citalopram

A final experiment determined the effects of discontinuation from
12days of twice-daily treatment with another SSRI, citalopram.
On day 2 following treatment cessation, discontinued mice
showed increased latency to enter the open arms (H(2)=7.220,
p=0.0221; post hoc p=0.0078 vs saline; Figure 5C) and a trend
effect for reduced number of open-arm entries (F(2, 51)=1.751,

»=0.1839; post hoc p=0.0862 vs continuation; Figure 5B)
although the time spent in the open arms was not different between
groups (F(2, 51)=0.5349; 0.5890; Figure 5A). Discontinuation
from citalopram had no effect on the distance travelled (F(2,
51)=1.949, p=0.1529; Figure 5D) or closed-arm entries (F(2,
27)=1.323, p=0.2830; Supplemental Fig. 2). Unlike mice treated
continuously with paroxetine, mice on continuous citalopram
(tested 6h after the last injection) were not different from saline
controls on the EPM (Figure 5).

Mice discontinued from citalopram were also not different
from either saline controls or mice maintained on citalopram on
the LMA and AOF tests (day 3 of discontinuation), nor on any
parameter measured during the training (day 4) or recall (day 5)
stages of the fear conditioning paradigm (Supplemental Table 4).

These results suggest that as with paroxetine, citalopram pro-
duced a discontinuation response on the EPM albeit a modest one.
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Discussion

Abrupt cessation of a course of treatment with an SSRI in humans
is often associated with a discontinuation syndrome comprising
unpleasant centrally and peripherally mediated changes, but the
effects of SSRI discontinuation in animals are little studied. This
study determined the effect of SSRI discontinuation in mice with
a focus both on anxiety-like behaviour, which is a common dis-
continuation symptom, and paroxetine which is particularly
problematic in patients. A main finding was that 2 days following
discontinuation from repeated administration of paroxetine mice
showed differences in behaviour on the EPM compared to mice
maintained on drug and saline controls. A modest discontinuation
effect on the EPM was also detected with citalopram. Attempts to
optimise treatment protocols found that paroxetine exposure for
more than a week was required to elicit a discontinuation effect,
and this was not obviously strengthened with increasing duration
or dose of treatment. Data from other anxiety tests showed evi-
dence of persistent behavioural effects in mice up to 5 days after
paroxetine discontinuation; however, these effects were relative
to saline controls and not mice maintained on drug (specifically
paroxetine). Finally, the discontinuation effect of paroxetine was
sexually dimorphic in that, at least under the present conditions,
the response was detected in male and not female mice. Overall,
the current data provide the first evidence for the emergence of a
discontinuation effect in male mice within 2 days of cessation of
SSRI treatment although the experiments were unable to resolve
the duration of this effect.

The EPM is widely used to assess anxiety levels in rodents
and has been previously used to detect increased anxiety evoked
by discontinuation of other drugs, including psychostimulants
and alcohol, and for detecting changes in 5-HT function (see
‘Introduction’). The majority of these studies prioritise two EPM
indices of anxiety: open-arm entries and time spent on the open
arms, which are closely correlated parameters (Lister, 1990).
Here, one or other of these parameters were found to be decreased
in SSRI-discontinued mice compared to those maintained on
treatment. Detection of anxiety-like behaviours on the EPM can
be confounded by non-specific changes in motor activity
(Handley and McBlane, 1993; Lister, 1990; Weiss et al., 1998).
In this study, SSRI discontinuation was often associated with
reduced distance travelled on the EPM which may have impacted
on open-arm exploration. ANCOVA can be used to help deter-
mine the influence of changes in distance travelled on open-arm
exploration parameters, but here these changes could not be
separated by this statistical approach. However, the impact of
ANCOVA in this regard is limited as pointed out elsewhere
(Lister, 1990). Thus, in the context of an anxiogenic environment
a decrease in distance travelled would be consistent with an
increase in anxiety since behavioural inhibition is a key compo-
nent of the anxiety response (Gray, 1982; McNaughton and Gray,
2000). Thus, these EPM parameters are very likely to co-vary.

To further explore the possibility that reduced open-arm
exploration was simply due to decrease in general motor activity,
we carried out separate locomotor assessments in a low anxiety,
home cage-like environment as previously recommended (Lister,
1990). This separate assessment found little evidence that mice
undergoing SSRI discontinuation exhibited a reduction in gen-
eral motor activity (with the exception of the 28-day paroxetine,

see below). Thus, decreased locomotion on the EPM appeared to
be context-specific and plausibly arose from increased anxiety
levels due to exposure to a novel, anxiogenic environment rather
than decreased LMA per se. Nevertheless, without further inves-
tigation, we cannot exclude the possibility that the elevated anxi-
ety measures in discontinued mice is not genuine anxiety but
instead linked to other unpleasant experiences of discontinuation
including somatic changes that feature in the clinical syndrome,
which in itself would be of great interest. Indeed, discontinuation
from 28-day paroxetine were confounded by reduced locomotion
in separate assessments suggesting the emergence of a syndrome
which may be driven by hypolocomotion.

The evidence of altered EPM performance within 2 days of
discontinuation from paroxetine and citalopram is consistent
with the short half-lives of these drugs in rodents (6.3h and
1.5h, respectively) (Fredricson Overe, 1982; Kreilgaard et al.,
2008), and an abrupt fall in brain levels of the drug once drug
administration has stopped. Moreover, a rapid appearance of a
discontinuation effect on the EPM is consistent with earlier evi-
dence of heightened startle responsivity in rats 2 days after dis-
continuation from repeated treatment with citalopram (Bosker
et al., 2010). Our finding also fits with the clinical picture that
SSRIs such as paroxetine, which have a short half-life in
humans, are particularly problematic with patients often experi-
encing discontinuation effects within 2 days of treatment cessa-
tion (Fava et al., 2015; Michelson et al., 2000; Rosenbaum
et al., 1998). Although plasma levels of paroxetine and citalo-
pram were not measured in the present experiments, previous
studies report that the administration of paroxetine or citalo-
pram to rodents at the doses used here produces plasma drugs
levels broadly in the therapeutic range and that falls quickly
once administration ceases. For example, rat plasma levels of
citalopram (121 ng/mL) were reported to fall around eightfold
within 24 h of stopping administration (24 mg/kg per day for
15days) and were at the limits of detection at 48h (Bosker
et al., 2010). Similarly, rat plasma levels of paroxetine (411 ng/
mL) fell by a similar degree 48 h after cessation of paroxetine
(10mg/kg for 21days) and were undetectable after 96h of
washout (Benmansour et al., 1999).

A clinical feature of SSRI discontinuation is that in some
patients the effects can endure for several weeks or even months
(Davies and Read, 2019; Fava et al., 2007). This study applied a
battery of different anxiety tests to determine whether effects of
SSRI discontinuation persist since animals show an adaptive
response following repeated testing on the EPM test and other
anxiety tests (either due to habituation or behavioural changes
from anxiety to acquired fear) (File, 2001). This test battery also
determined the generality of our findings across assays with dif-
ferent sensorimotor and motivational demands. However, results
were somewhat inconclusive. For example, mice discontinued
from paroxetine (eg. once-daily for 12 days) showed evidence of
increased anxiety on the LDB on Day 5 compared to saline con-
trols, but it was not statistically different from mice receiving con-
tinuous paroxetine in this test. These data potentially accord with
a short-lasting anxiogenic effect of SSRI discontinuation in mice
that may dissipate after 48h. However, a previous study found an
enhanced acoustic startle response in rats discontinued from cit-
alopram compared to those still receiving treatment that persisted
for at least 7days after the last dose (Bosker et al., 2010).
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The current data do not preclude the persistence of discontinua-
tion effects as it is possible that the use of a battery of tests over
consecutive days obscured the detection of genuine discontinua-
tion versus continuation effects due to prior test exposure.

Here, a discontinuation response to paroxetine was detected
after 12 and 28 days but not after 7 days of continuous drug treat-
ment, suggesting the involvement of a neuroadaptive mecha-
nism. This timing accords with findings in clinical studies that
taking an SSRI for a week is not sufficient to produce discontinu-
ation symptoms (Yonkers et al., 2015). Furthermore, randomised
control trials show that discontinuation symptoms already
emerge after a few weeks of SSRI treatment (Baldwin et al.,
2006). The nature of the neuroadaptive responses underpinning
SSRI discontinuation is unknown. Although much is established
regarding how the 5-HT systems adapts during a course of SSRI
administration (Artigas, 2013; Sharp, 2013), remarkably few
studies have investigated how 5-HT transmission changes when
chronic SSRI administration is immediately stopped. Two earlier
studies reported decreased 5-HT synthesis and metabolism in
post-mortem rat brain tissue for up to 3days following with-
drawal from citalopram and fluoxetine ((Bosker et al., 2010;
Trouvin et al.,, 1993). On the contrary, SSRI discontinuation
likely leaves 5-HT neurons in a state of reduced 5-HT,, autore-
ceptor sensitivity (desensitisation), which theoretically would
push the 5-HT system in the opposite direction and increase 5-HT
neuron firing and 5-HT release (Richardson-Jones et al., 2010).
Indeed, Trouvin and colleagues (1993) reported an overshoot in
brain 5-HT metabolite levels 7-21days following discontinua-
tion from fluoxetine. Although the delayed timing of this 5-HT
overshoot is out of keeping with the current findings, it is in line
with the other lines of research reporting that increased anxiety is
associated with increased 5-HT (Briley et al., 1990; Handley and
McBlane, 1993; Ohmura et al., 2020).

Neuroadaptive changes in certain postsynaptic 5-HT recep-
tors and the 5-HT transporter itself are also reported following
genetic knockout or pharmacological inhibition of the 5-HT
transporter (Benmansour et al., 1999; Jennings et al., 2012) and
might rebound during discontinuation. Thus, contrary to earlier
speculations of either a hyper- or hyposerotonergic state under-
pinning the symptoms of SSRI discontinuation syndrome (Blier
and Tremblay, 2006; Renoir, 2013), a potentially more complex
and dynamic picture emerges of decreased synaptic availability
of 5-HT, elevated 5-HT cell firing, altered postsynaptic 5-HT
receptors and overall destabilised (and dysfunctional) 5-HT sig-
nalling and related 5-HT-induced changes in neural plasticity.
Although as a drug class SSRIs are pharmacologically selective,
5-HT has multiple interactions with other transmitter systems,
including the co-release of glutamate from 5-HT neurons and the
5-HT regulation of noradrenergic, dopaminergic and GABAergic
circuits (Sharp and Barnes, 2020). Thus, it is plausible that such
transmitters also contribute to the effects of SSRI discontinua-
tion. The key role of noradrenaline in the effects of opiate with-
drawal (eg. Kosten and Baxter, 2019) illustrates the potential link
between discontinuation effects and other neurotransmitter sys-
tems. Finally, numerous studies have reported enhanced neuro-
plasticity and structural changes following repeated SSRI
treatment which are thought to be responsible for their therapeu-
tic effects (Castrén and Hen, 2013; Harmer et al., 2017). For
example, paroxetine induced an adaptive increase in hippocam-
pal neurogenesis following several weeks of treatment in mice

(Elizalde et al., 2010), which plausibly relates to the behavioural
effects of paroxetine discontinuation observed here. However, it
is unlikely that such changes reverse immediately following
SSRI discontinuation. Nonethless, the lack of information on the
timing of changes in plasticity such as neurogenesis during SSRI
discontinuation, means that this possibility cannot currently be
excluded.

Our initial exploratory study did not detect an effect of dis-
continuation from paroxetine (once-daily, 12days) in female
mice. Further investigation of this finding is required as there are
many sexual dimorphisms reported in mice, some of which offer
a plausible explanation for the male—female difference found
here. For example, female mice metabolise fluoxetine more
effectively than males through increased activity of cytochrome
P,s, enzymes (Hodes et al., 2010). Since paroxetine is also
metabolised by these enzymes, the paroxetine dosing regimen
used here may not have been sufficiently high for female mice.
Also, evidence of sexual dimorphism in the 5-HT system is
reported for mice (Renoir et al., 2011), in particular female mice
were found to exhibit lower 5-HT transporter mRNA compared
to males. If this difference translated to the female mice used in
the present study, it would account for their reduced sensitivity to
paroxetine. The stage of the estrous cycle of mice was also found
to influence the behavioural response to fluoxetine treatment on
tests of anxiety, with mice in the diestrus phase of the cycle being
less sensitive to the drug (Yohn et al., 2020). Furthermore, we
cannot exclude the possibility that these differences reflect differ-
ent homecage experiences of male and female mice, particularly
in terms of aggressive behaviours and social dominance hierar-
chies. Nonetheless, there is evidence from clinical studies that
men are more likely to report discontinuation symptoms follow-
ing SSRI cessation (Coupland et al., 1996), so the current find-
ings may reflect this clinical picture rather than pitfalls of the
preclinical model.

Finally, it is interesting to note that in these experiments mice
maintained on paroxetine showed evidence of increased anxiety
on the EPM and LDB. One possible explanation is that discon-
tinuation effects are occurring even in these animals because in
some experiments, mice were tested 18h after the last injection
of paroxetine (see Table 1) when drug levels are likely to have
fallen. However, since mice tested 6 h after the last injection still
showed evidence of increased anxiety, discontinuation is not the
likely cause. Another explanation is that increased anxiety is due
to continuing blockade of the 5-HT transporter and the conse-
quent increase in synaptic 5-HT. In support of this idea, previous
studies with mice reported that continuous treatment with certain
SSRIs is anxiogenic on the EPM (Oh et al., 2009; Turcotte-
Cardin et al., 2019; Venzala et al., 2012). Ourselves and others
have also reported that 5-HT transporter knockout mice show
heightened anxiety on the EPM and other anxiety tests (Ansorge
et al., 2004; Line et al., 2011). However, other findings argue
against this position. First, the high anxiety phenotype of the
S-HT transporter knockout mice may in part involve a neurode-
velopmental mechanism (Ansorge et al., 2004). Second, previous
studies on the effect of repeated administration of paroxetine to
mice on EPM performance do not consistently detect increased
anxiety (Elizalde et al., 2008; Goeldner et al., 2005; Guilloux
et al., 2011; Thoeringer et al., 2010), but mouse strain difference
is one potential confound (Jin et al., 2017). Third, the present
study found that mice continuously treated with citalopram
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(twice-daily for 12 days) did not show an anxiogenic response on
the EPM. Thus, on balance, available data suggest that the anxi-
ogenic effect of continuous paroxetine detected here is not easily
explained by either discontinuation itself or a simple 5-HT-related
mechanism. Alternative explanations include a role for other
pharmacological effects of paroxetine (muscarinic receptor
antagonism and noradrenaline reuptake blockade).

In conclusion, this study reports evidence of a discontinuation
response in mice within 48 h of cessation from a course of SSRI
treatment that likely involves a neuroadaptive mechanism. This
discontinuation response had features consistent with anxiety-
provoked behavioural inhibition rather than a general reduction
in motor activity, which correlates with the findings of increased
anxiety in patients within days of stopping a course of SSRI ther-
apy. SSRI discontinuation in mice may provide a useful model to
aid the investigation of the neurobiological mechanisms involved.

Declaration of conflicting interests

The authors declared no potential conflicts of interest with respect to the
research, authorship and/or publication of this article.

Funding

The authors disclosed receipt of the following financial support for the
research, authorship and/or publication of this article: H.M.C. was funded
by a Wellcome Trust Four-Year PhD Studentship in Basic Science (grant
no. 219982/Z/19/Z). For the purpose of open access, the author has
applied a CC BY-ND public copyright licence to the Author Accepted
Manuscript version arising from this submission.

ORCID iD

Helen M Collins https://orcid.org/0000-0002-4818-5003

Supplemental material

Supplemental material for this article is available online.

References

Ansorge MS, Zhou M, Lira A, et al. (2004) Early-life blockade of the
5-HT transporter alters emotional behavior in adult mice. Science
306(5697): 879-881.

All-Party Parliamentary Group for Prescribed Drug Dependence Anti-
depressant withdrawal: A survey of patients’ experience by the All-
Party Parliamentary Group for Prescribed Drug Dependence (2018).
https://www.prescribeddrug.org/wp-content/uploads/2018/09/
APPG-PDD-Antidepressant-Withdrawal-Patient-Survey.pdf

Artigas F (2013) Serotonin receptors involved in antidepressant effects.
Pharmacology & Therapeutics 137(1): 119-131.

Baldwin DS, Huusom AK and Machlum E (2006) Escitalopram and
paroxetine in the treatment of generalised anxiety disorder: Ran-
domised, placebo-controlled, double-blind study. The British Jour-
nal of Psychiatry: The Journal of Mental Science 189: 264-272

Barkus C, Line SJ, Huber A, et al. (2014) Variation in serotonin trans-
porter expression modulates fear-evoked hemodynamic responses
and theta-frequency neuronal oscillations in the amygdala. Biologi-
cal Psychiatry 75(11): 901-908.

Benmansour S, Cecchi M, Morilak DA, et al. (1999) Effects of chronic
antidepressant treatments on serotonin transporter function, density,
and mRNA level. The Journal of Neuroscience 19(23): 10494—
10501.

Bjork JM, Gaytan O, Patt N, et al. (1998) Behavioral tolerance to and
withdrawal from multiple fluoxetine administration. 7he Interna-
tional Journal of Neuroscience 93(3-4): 163—179.

Black DW, Wesner R, Bowers W, et al. (1993) A comparison of flu-
voxamine, cognitive therapy, and placebo in the treatment of panic
disorder. Archives of General Psychiatry 50(1): 44-50.

Blier P and Tremblay P (2006) Physiologic mechanisms underlying the
antidepressant discontinuation syndrome. The Journal of Clinical
Psychiatry 67(Supp 14): 8-13.

Bosker FJ, Tanke MA, Jongsma ME, et al. (2010) Biochemical and
behavioral effects of long-term citalopram administration and dis-
continuation in rats: Role of serotonin synthesis. Neurochemistry
International 57(8): 948-957.

Bouet V, Klomp A, Freret T, et al. (2012) Age-dependent effects of
chronic fluoxetine treatment on the serotonergic system one week
following treatment. Psychopharmacology 221(2): 329-339.

Bourin M and Hascoét M (2003) The mouse light/dark box test. Euro-
pean Journal Pharmacology 463(1-3): 55-65.

Briley M, Chopin P and Moret C (1990) Effect of serotonergic lesion on
“anxious” behaviour measured in the elevated plus-maze test in the
rat. Psychopharmacology 101(2): 187-189.

Castrén E and Hen R (2013) Neuronal plasticity and antidepressant
actions. Trends in Neurosciences 36(5): 259-267

Cipriani A, Furukawa TA, Salanti G, et al. (2018) Comparative efficacy
and acceptability of 21 antidepressant drugs for the acute treatment
of adults with major depressive disorder: A systematic review and
network meta-analysis. The Lancet 391(10128): 1357—-1366.

Coupland NJ, Bell CJ and Potokar JP (1996) Serotonin reuptake inhibitor
withdrawal. Journal of Clinical Psychopharmacology 16(5): 356-362.

Cremers TI, de Boer P, Liao Y, et al. (2000) Augmentation with a
5-HT(1A), but not a 5-HT(1B) receptor antagonist critically depends
on the dose of citalopram. European Journal of Pharmacology
397(1): 63-74.

Davies J and Read J (2019) A systematic review into the incidence, sever-
ity and duration of antidepressant withdrawal effects: Are guidelines
evidence-based? Addictive Behaviors 97: 111-121.

Delgado PL (2006) Monoamine depletion studies: Implications for anti-
depressant discontinuation syndrome. The Journal of Clinical Psy-
chiatry 67(Supp 14): 22-26.

El Hage C, Rappeneau V, Etievant A, et al. (2012) Enhanced anxiety
observed in cocaine withdrawn rats is associated with altered reac-
tivity of the dorsomedial prefrontal cortex. PLoS One 7(8): e43535.

Elizalde N, Gil-Bea FJ, RamA-rez M1, et al. (2008) Long-lasting behav-
ioral effects and recognition memory deficit induced by chronic mild
stress in mice: Effect of antidepressant treatment. Psychopharmacol-
ogy 199(1): 1-14.

Elizalde N, GarcA-a-GarcA-a AL, Totterdell S, et al. (2010) Sustained
stress-induced changes in mice as a model for chronic depression.
Psychopharmacology 210(3): 393—406.

Emmett-Oglesby MW, Mathis DA, Moon RT, et al. (1990) Animal mod-
els of drug withdrawal symptoms. Psychopharmacology 101(3):
292-3009.

Fava GA, Bernardi M, Tomba E, et al. (2007) Effects of gradual discon-
tinuation of selective serotonin reuptake inhibitors in panic disorder
with agoraphobia. The International Journal of Neuropsychophar-
macology 10(6): 835-838.

Fava GA, Gatti A, Belaise C, et al. (2015) Withdrawal symptoms after
selective serotonin reuptake inhibitor discontinuation: A systematic
review. Psychotherapy and Psychosomatics 84(2): 72-81.

File S (2001) Factors controlling measures of anxiety and responses to
novelty in the mouse. Behavioural Brain Research 125: 151-157.

Fredricson Overg K (1982) Kinetics of citalopram in test animals; drug
exposure in safety studies. Progress in Neuro-Psychopharmacology
& Biological Psychiatry 6(3): 297-309.

Goeldner FO, Pigatto G, Ribeiro AF, et al. (2005) Influence of fluox-
etine and paroxetine in behavioral sensitization induced by ethanol in
mice. Pharmacology, Biochemistry, and Behavior 82(2): 388-396.

Gouveia K and Hurst JL (2019) Improving the practicality of using non-
aversive handling methods to reduce background stress and anxiety
in laboratory mice. Scientific Reports 9(1): 20305.


https://orcid.org/0000-0002-4818-5003
https://www.prescribeddrug.org/wp-content/uploads/2018/09/APPG-PDD-Antidepressant-Withdrawal-Patient-Survey.pdf
https://www.prescribeddrug.org/wp-content/uploads/2018/09/APPG-PDD-Antidepressant-Withdrawal-Patient-Survey.pdf

804

Journal of Psychopharmacology 36(7)

Gowing LR, Farrell M, Ali RL, et al. (2002) Alpha2-adrenergic agonists
in opioid withdrawal. Addiction 97(1): 49-58.

Gray JA (1982) Précis of The neuropsychology of anxiety: An enquiry
into the functions of the septo-hippocampal system. Behavioral and
Brain Sciences 5(3): 469-484.

Guilloux J-P, David DJP, Xia L, et al. (2011) Characterization of
5-HT1A/1B—/— mice: An animal model sensitive to anxiolytic treat-
ments. Neuropharmacology 61(3): 478-488.

Haddad P (1997) Newer antidepressants and the discontinuation syn-
drome. The Journal of Clinical Psychiatry 58(Supp 17): 17-21; dis-
cussion22.

Handley SL and McBlane JW (1993) SHT drugs in animal models of
anxiety. Psychopharmacology 112(1): 13-20.

Harmer CJ, Duman RS and Cowen PJ (2017) How do antidepressants
work? New perspectives for refining future treatment approaches.
The Lancet. Psychiatry 4(5): 409-418.

Hodes GE, Hill-Smith TE, Suckow RF, et al. (2010) Sex-specific effects
of chronic fluoxetine treatment on neuroplasticity and pharmaco-
kinetics in mice. The Journal of Pharmacology and Experimental
Therapeutics 332(1): 266-273

Horowitz MA and Taylor D (2019) Tapering of SSRI treatment to miti-
gate withdrawal symptoms. Lancet Psychiatry 6(6): 538-546.

Jennings KA, Licht CL, Bruce A, et al. (2012) Genetic variation in
S-hydroxytryptamine transporter expression causes adaptive changes
in 5-HT, receptor levels. The International Journal of Neuropsycho-
pharmacology 15(8): 1099-1107.

Jin ZL, Chen XF, Ran YH, et al. (2017) Mouse strain differences in SSRI
sensitivity correlate with serotonin transporter binding and function.
Scientific Reports 7(1): 8631.

Komada M, Takao K and Miyakawa T (2008) Elevated plus maze for
mice. Journal of Visualized Experiments 22: 1088.

Kosten TR and Baxter LE (2019) Review article: Effective management
of opioid withdrawal symptoms: A gateway to opioid dependence
treatment. The American Journal on Addictions 28(2): 55-62.

Kreilgaard M, Smith DG, Brennum LT, et al. (2008) Prediction of clini-
cal response based on pharmacokinetic/pharmacodynamic models of
5-hydroxytryptamine reuptake inhibitors in mice. British Journal of
Pharmacology 155(2): 276-284.

Lader M, Stender K, BAYrger V, et al. (2004) Efficacy and tolerabil-
ity of escitalopram in 12- and 24-week treatment of social anxiety
disorder: Randomised, double-blind, placebo-controlled, fixed-dose
study. Depression and Anxiety 19(4): 241-248.

Lima J, Sharp T, Bannerman DM, et al. (2019) Enhanced discrimina-
tive aversive learning and amygdala responsivity in 5-HT transporter
mutant mice. Translational Psychiatry 9(1): 139.

Line SJ, Barkus C, Coyle C, et al. (2011) Opposing alterations in anxi-
ety and species-typical behaviours in serotonin transporter overex-
pressor and knockout mice. European Neuropsychopharmacology:
The Journal of the European College of Neuropsychopharmacology
21(1): 108-116.

Line SJ, Barkus C, Rawlings N, et al. (2014) Reduced sensitivity to both
positive and negative reinforcement in mice over-expressing the
S-hydroxytryptamine transporter. The European Journal of Neuro-
science 40(12): 3735-3745.

Lister RG (1990) Ethologically-based animal models of anxiety disor-
ders. Pharmacology & Therapeutics 46(3): 321-340.

McNaughton N and Gray JA (2000) Anxiolytic action on the behavioural
inhibition system implies multiple types of arousal contribute to anx-
iety. Journal of Affective Disorders 61(3): 161-176.

Michelson D, Fava M, Amsterdam J, et al. (2000) Interruption of selec-
tive serotonin reuptake inhibitor treatment. Double-blind, placebo-
controlled trial. The British Journal of Psychiatry: The Journal of
Mental Science 176: 363-368.

Montgomery SA, Nil R, Diirr-Pal N, et al. (2005) A 24-week random-
ized, double-blind, placebo-controlled study of escitalopram for the

prevention of generalized social anxiety disorder. The Journal of
Clinical Psychiatry 66(10): 1270-1278.

Oh JE, Zupan B, Gross S, et al. (2009) Paradoxical anxiogenic response
of juvenile mice to fluoxetine. Neuropsychopharmacology: Official
Publication of the American College of Neuropsychopharmacology
34(10): 2197-2207.

Ohmura Y, Tsutsui -Kimura I, Sasamori H, et al. (2020) Different roles
of distinct serotonergic pathways in anxiety-like behavior, antide-
pressant-like, and anti-impulsive effects. Neuropharmacology 167:
107703.

Pellow S, Chopin P, File SE, et al. (1985) Validation of open: Closed arm
entries in an elevated plus-maze as a measure of anxiety in the rat.
Journal of Neuroscience Methods 14(3): 149-167.

Perez EE and De Biasi M (2015) Assessment of affective and somatic
signs of ethanol withdrawal in C57BL/6J mice using a short-term
ethanol treatment. Alcohol (Fayetteville, N.Y.) 49(3): 237-243.

Popa D, Cerdan J, Repérant C, et al. (2010) A longitudinal study of 5-HT
outflow during chronic fluoxetine treatment using a new technique
of chronic microdialysis in a highly emotional mouse strain. Euro-
pean Journal of Pharmacology 628(1-3): 83-90.

Price JS, Waller PC, Wood SM, et al. (1996) A comparison of the post-
marketing safety of four selective serotonin re-uptake inhibitors
including the investigation of symptoms occurring on withdrawal.
British Journal of Clinical Pharmacology 42(6): 757-763

Pritchett D, Hasan S, Tam SK, et al. (2015) d-amino acid oxidase knock-
out (Dao(-/-)) mice show enhanced short-term memory performance
and heightened anxiety, but no sleep or circadian rhythm disruption.
European Journal of Neuroscience 41(9): 1167-1179.

Prut L and Belzung C (2003) The open field as a paradigm to measure the
effects of drugs on anxiety-like behaviors: A review. European Jour-
nal Pharmacology 463(1-3): 3-33.

Renoir T (2013) Selective serotonin reuptake inhibitor antidepressant
treatment discontinuation syndrome: A review of the clinical evi-
dence and the possible mechanisms involved. Frontiers in Pharma-
cology 4: 45.

Renoir T, Zajac MS, Du X, et al. (2011) Sexually dimorphic serotonergic
dysfunction in a mouse model of Huntington’s disease and depres-
sion. PLoS One 6(7): €22133.

Richardson-Jones JW, Craige CP, Guiard BP, et al. (2010) 5-HT1A auto-
receptor levels determine vulnerability to stress and response to anti-
depressants. Neuron 65(1): 40-52.

Rosenbaum JF, Fava M, Hoog SL, et al. (1998) Selective serotonin reup-
take inhibitor discontinuation syndrome: A randomized clinical trial.
Biological Psychiatry 44(2): 77-87.

Santarelli L, Saxe M, Gross C, et al. (2003) Requirement of hippocampal
neurogenesis for the behavioral effects of antidepressants. Science
301(5634): 805-809.

Sharp T (2013) Molecular and cellular mechanisms of antidepressant
action. Current Topics in Behavioral Neurosciences 14: 309-325

Sharp T and Barnes NM (2020) Central 5-HT receptors and their func-
tion; present and future. Neuropharmacology 177: 108155.

Strekalova T, Anthony DC, Dolgov O, et al. (2013) The differential
effects of chronic imipramine or citalopram administration on physi-
ological and behavioral outcomes in naive mice. Behavioural Brain
Research 245: 101-106.

Thoeringer CK, Erhardt A, Sillaber I, et al. (2010) Long-term anxiolytic
and antidepressant-like behavioural effects of tiagabine, a selective
GABA transporter-1 (GAT-1) inhibitor, coincide with a decrease in
HPA system activity in C57BL/6 mice. Journal of Psychopharma-
cology (Oxford, England) 24(5): 733-743.

Trouvin JH, Gardier AM, Chanut E, et al. (1993) Time course of brain
serotonin metabolism after cessation of long-term fluoxetine treat-
ment in the rat. Life Sciences 52(18): P1187-192.

Turcotte-Cardin V, Vahid-Ansari F, Luckhart C, et al. (2019) Loss of
adult 5-HT1A autoreceptors results in a paradoxical anxiogenic



Collins et al.

805

response to antidepressant treatment. 7he Journal of Neuroscience
39(8): 1334-1346.

Venzala E, GarcA-a-GarcA-a AL, Elizalde N, et al. (2012) Chronic
social defeat stress model: Behavioral features, antidepressant
action, and interaction with biological risk factors. Psychopharma-
cology 224(2): 313-325.

Vuong SM, Oliver HA, Scholl JL, et al. (2010) Increased anxiety-like
behavior of rats during amphetamine withdrawal is reversed by
CRF2 receptor antagonism. Behavioural Brain Research 208(1):
278-281.

Warner CH, Bobo W, Warner C, et al. (2006) Antidepressant discontinu-
ation syndrome. American Family Physician 74(3): 449—-456.

Weiss SM, Wadsworth G, Fletcher A, et al. (1998) Utility of ethologi-
cal analysis to overcome locomotor confounds in elevated maze
models of anxiety. Neuroscience and Biobehavioral Reviews 23(2):
265-271.

Yohn CN, Shifman S, Garino A, et al. (2020) Fluoxetine effects
on behavior and adult hippocampal neurogenesis in female
C57BL/6J mice across the estrous cycle. Psychopharmacology
237(5): 1281-1290.

Yonkers KA, Kornstein SG, Gueorguieva R, et al. (2015) Symptom-
onset dosing of sertraline for the treatment of premenstrual dysphoric
disorder: A randomized clinical trial. JAMA Psychiatry 72(10):
1037-1044.



