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Exploring a post-traumatic stress disorder
paradigm in Flinders sensitive line rats to model
treatment-resistant depression I: bio-behavioural
validation and response to imipramine

Brand SJ, Harvey BH. Exploring a post-traumatic stress disorder paradigm
in Flinders sensitive line rats to model treatment-resistant depression I: bio-
behavioural validation and response to imipramine.

Objective: Co-morbid depression with post-traumatic stress disorder
(PTSD) is often treatment resistant. In developing a preclinical model of
treatment-resistant depression (TRD), we combined animal models of
depression and PTSD to produce an animal with more severe as well as
treatment-resistant depressive-like behaviours.

Methods: Male Flinders sensitive line (FSL) rats, a genetic animal model
of depression, were exposed to a stress re-stress model of PTSD [time-
dependent sensitisation (TDS)] and compared with stress-naive controls.
Seven days after TDS stress, depressive-like and coping behaviours as well
as hippocampal and cortical noradrenaline (NA) and 5-hydroxyindoleacetic
acid (SHIAA) levels were analysed. Response to sub-chronic imipramine
treatment (IMI; 10 mg/kg s.c. x 7 days) was subsequently studied.

Results: FSL rats demonstrated bio-behavioural characteristics of
depression. Exposure to TDS stress in FSL rats correlated negatively with
weight gain, while demonstrating reduced swimming behaviour and
increased immobility versus unstressed FSL rats. IMI significantly reversed
depressive-like (immobility) behaviour and enhanced active coping
behaviour (swimming and climbing) in FSL rats. The latter was significantly
attenuated in FSL rats exposed to TDS versus unstressed FSL rats. IMI
reversed reduced SHIAA levels in unstressed FSL rats, whereas exposure to
TDS negated this effect. Lowered NA levels in FSL rats were sustained
after TDS with IMI significantly reversing this in the hippocampus.
Conclusion: Combining a gene-X-environment model of depression with a
PTSD paradigm produces exaggerated depressive-like symptoms that display
an attenuated response to antidepressant treatment. This work confirms
combining FSL rats with TDS exposure as a putative animal model of TRD.
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e Exposure of Flinders sensitive line (FSL) rats to time-dependent sensitisation (TDS) stress reduces active
coping, amplifies depressive-like behaviour and attenuates the antidepressant effects of imipramine

(IMI) in FSL rats.

e The beneficial effects of IMI on limbic monoamine levels in FSL rats are compromised in combined
FSL + TDS-exposed rats, especially its effects on the serotonergic system.

e Post-traumatic stress disorder (PTSD) is highly comorbid with depression and contributes to the
development of treatment-resistant depression (TRD). Combining a genetic animal model of depression
with a PTSD paradigm may represent a putative animal model of TRD.
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Limitations

e The initial (severe) stress sequence and subsequent re-stresses may promote several adaptive changes in
the animals that complicate interpretation of monoaminergic responses. Limiting the procedure to a

single re-stress could be considered.

e Assessment of corticosterone levels immediately post severe stress as well as before and after re-stress
may provide a more comprehensive picture of the bio-behavioural responses observed and their

relevance to TRD.

e Behavioural assessment of anhedonia (sucrose preference test), which has been demonstrated to be an
important symptom of TRD, would be a valuable addition.

e Challenging FSL + TDS animals with first-line antidepressants (SSRIs, NSRI’s) and/or ketamine would
expand predictive validity, and is presented in a companion paper to this manuscript.

e Would this model present with altered biomarkers of TRD that contribute to construct validity?

Introduction

The occurrence of non- or partial response to
antidepressant treatment in the depressed population
creates a major problem in effectively treating and
managing the disorder. Less than two-thirds of patients
respond to drug-centred therapy (1) and up to half of
patients fail to achieve a full response when treated
with first-line antidepressant drugs (2). These initial
observations were confirmed by the Sequenced Treat-
ment Alternatives to Relieve Depression (STAR D)
study, designed to mimic clinical conditions by
incorporating the most commonly used strategies in
treating patients exhibiting drug resistance (3). Even
after applying several treatment strategies in this
population, approximately 30% of these patients still
did not respond to treatment (4).

On-going work has described the underlying biology
of depression as being driven by the presence of
chronic psychosocial stress and associated disturbances
in monoaminergic, Yy-amino-butyric acid (GABA)-
glutamate, neuroendocrine (5) and cardio-metabolic
and immune-inflammatory disturbances (6). However,
the exact cause of TRD remains obscure. As with
depression, TRD is believed to be heterogeneous in
nature (7) and, although most pathophysiological factors
contributing to depression appear to be similar in TRD,
many of these conditions are significantly exaggerated in
the resistant form, resulting in more severe symptoms (8).

The treatment of depression may be further
complicated by the co-occurrence of other underlying
psychiatrc  disorders. The prevalence rate of a
co-existing anxiety disorder is 50-60% (9,10) -
a figure that increases to 72% in TRD (9). With a
prevalence rate of 17.8%, PTSD is one of the more
commonly co-occurring anxiety disorders in patients
with depression, and increases to 22.4% in TRD (9).
Conversely, more than half of patients seeking treatment
for PTSD are diagnosed with comorbid depression (11).
This high comorbidity stems largely from overlapping
symptoms of anhedonia, sleep difficulty, irritability
and poor concentration (Diagnostic and Statistical
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Manual of Mental Disorders, 4th Edition criteria) (12).
Both depression and PTSD require exposure to stressful
events for onset (12), whereas both illnesses exhibit
hippocampal atrophy related to hypothalamic—pituitary—
adrenal (HPA) axis abnormalities (13).

In recent years, it has become widely accepted that
genetic susceptibility plus adverse environmental
situations are an important prodromal event to the
development of depression (14—16). Animal models
that are based on this construct have contributed
significantly to our knowledge of mood and
anxiety disorders (5,17). However, a shortage of
suitable and validated animal models of TRD is a
major contributing factor to our current lack of
understanding of the pathophysiology of TRD.
Recent studies have therefore set out to explore the
processes that underlie treatment resistance in animal
models (18). In their review, Willner and Belzung (19)
emphasise models that incorporate predisposing
factors leading to heightened stress responsiveness.
Chronic mild stress (CMS), a paradigm primarily
identified as a depression model (20), has been
demonstrated to successfully reproduce antidepressant
treatment response rates resembling those observed in
clinical studies, with chronic escitalopram treatment
found to induce response rates of only 50% (21).
However, it being labour intensive and exhibiting poor
cross-laboratory reproducibility is a concern (22,23).

The FSL rat, a genetic animal model of depression,
is a robust and well-studied preclinical model of
depression with good construct, predictive and face
validity (24-27). Furthermore, FSL rats only display
anhedonic responses after exposure to CMS (28,29),
thus tagging the strain as a good candidate for gene-
X-environment studies. Indeed, FSL and Flinders
Resistant Line (FRL) rats display differential
sensitivity to rearing conditions (early-life stress)
and rat strain (genes) that in turn modify treatment
response by altering serotonin transporters (SERT)
(30). This is a valuable quality, seeing that abnormal
SERT function has been implicated in the pathology
of depression (31,32). Interestingly, by exposing FSL


https://doi.org/10.1017/neu.2016.44

Developing an animal model of treatment resistant depression I

rats to maternal separation, Carboni et al. (33)
demonstrated the induction of biological correlates
reminiscent of those observed in human TRD,
prompting them to propose that the gene-
environment paradigm offers important construct
validity in modelling TRD. However, the model
lacked predictive validity due to the inability of
antidepressant treatment to alter immobility time in
maternally separated FSL rats either before or after
treatment when compared with control animals (33).

Considering the strong comorbidity between
depression and PTSD, and that depression in patients
with PTSD is more treatment resistant (34,35), we
have developed an animal model of TRD based on the
premise that exposing animals genetically predisposed
to depressive-like behaviour to a PTSD-related
paradigm would yield animals displaying more
pronounced depressive-like behaviour. Moreover,
such behaviour would be resistant to antidepressant
treatment. To this end we have considered the TDS or
stress re-stress model of PTSD. TDS is based on a
trauma plus contextual reminder principle of PTSD
(36), and has shown good predictive, construct and
face validity for PTSD (37-40). In this study, face,
construct and predictive validity were assessed in the
forced swim test (FST) using a behavioural sampling
method to study serotonergic and noradrenergic-driven
behaviours, assessment of limbic noradrenaline (NA)
and 5-hydroxyindoleacetic acid (SHIAA) levels, and
response to chronic treatment with the tricyclic
antidepressant, IMI.

Materials and methods
Subjects

Animals were bred and housed at the Vivarium
(SAVC reg. number FR15/13458; SANAS GLP
compliance number G0019) of the Pre-Clinical Drug
Development Platform of the North-West University.
Ambient temperature was maintained at 22 +2°C with
a relative humidity of 40-60% and full spectrum of
light in a 12-hour light/dark cycle, with lights switched
on at 06:00 a.m. and off at 06:00 p.m. Food and water
were provided ad libitum. All experiments were
approved by the AnimCare animal research ethics
committee (NHREC reg. number AREC-130913-015)
of the North-West University. Animals were main-
tained and procedures performed in accordance with the
code of ethics in research, training and testing of drugs
in South Africa and complied with national legislation
(ethics approval number: NWU-00111-12-A5).

The original colonies of FSL and FRL rats were
obtained from Dr. David H Overstreet, University of
North Carolina, USA. Subjects were male adult FSL
(n = 48 for behavioural assessment and n = 32 for
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monoamine analysis each) and FRL (n =12 for
behavioural assessment and n = 8 for monoamine
analysis) rats. Table 1 describes the layout of the
experimental groups. Half of the FSL animals in each
of the above groups were subjected to TDS (see below)
at the start of the protocol with behaviour in the open
field test (OFT) and FST assessed at the end of the
protocol (3 weeks following single prolonged stress
(SPS)). Monoamine analysis was performed in animals
naive to behavioural assessment. The animals were
housed four per cage, with the TDS paradigm initiated
at an age of 40 (+1) days in order to conclude the
experiments while the rats were still of an appropriate
weight for the behavioural assessments. Handling of
the animals was initiated 1 week before starting the
experimental procedure by taking bodyweight
measurements daily until the last day of the study to
monitor weight gain and calculate drug dosages.

Time-dependent sensitisation (TDS)

TDS is an animal model of PTSD. Animals exposed
to a severely traumatic situation, and followed by
subsequent but less stressful contextual reminders,
exhibit significant physiological and behavioural
alterations that show a time-dependent sustaining or
worsening in the absence of the initiating stressor
(41,42).

The TDS paradigm used in this study incorporated
an acute SPS sequence comprising a somatosensory
stressor (restraint), a psychological stressor (forced
swimming with brief submersion) and a complex
stress-stimuli (exposure to ether vapours) followed
by re-exposure to restraint stress 7 and 14 days
later (42).

Restraint stress. Rats were placed in Perspex®
restrainers for 2h with the tail-gates adjusted to
keep each animal well-contained without impairing
circulation to the limbs. The same procedure was
followed on days 7 and 14 during the re-stress
phase of the TDS protocol.

Forced swim stress. Rats were placed individually
in cylindrical Perspex® swim tanks containing
40cm of ambient water (25°C) and allowed to
swim for 15 min while being forcefully submerged
for the last 20s. Thereafter animals were removed
from the cylinders, dried and returned to their home
cages to recover for 15min. Forced swimming
was performed 21 days before behavioural testing
(only as part of the SPS procedure and not during
re-stress) in the FST so that any possible condi-
tioned response to swim stress in the FST is
unlikely.
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Table 1. Layout of experimental groups

Group name (text) Group name (figures) Group description Dosage Behaviour Bio-molecular
FRL FRL n/s VEH Treatment-naive unstressed FRL 1 ml/kg 12 8
FSL—TDS + VEH n/s VEH Treatment-naive unstressed FSL 1 ml/kg 12 8
FSL—TDS + IMI n/s IMI IMI-treated unstressed FSL 10 mg/ml/kg 12 8
FSL+ TDS + VEH TDS VEH Treatment-naive stressed FSL 1 ml/kg 12 8
FSL+TDS + IMI TDS IMI IMI-treated stressed FSL 10 mg/ml/kg 12 8

FRL, Flinders resistant line; FSL, Flinders sensitive line; IMI, imipramine; n/s, non-stressed; TDS, time-dependent sensitisation; VEH, vehicle.

Exposure to ether vapours. 15min after swim
stress, rats were exposed to Sml of 100% ether
vapours in a 51 sealed plastic container until loss of
consciousness (+2min). Ether was poured onto a
paper towel at the bottom of the container with the
animal placed on a raised metal platform to avoid
direct contact with the substance. After loss of con-
sciousness, the animals were immediately removed
from the container, returned to their home cage for
observation until regaining full consciousness and
then returned to their holding room. Animals were
left mostly undisturbed, only subjecting them to
routine handling until re-exposure to restraint stress
during the re-stress phase of the TDS protocol.

Open field test (OFT)

This test is generally performed before the FST to
control for locomotor activity. The OFT was
performed half an hour before subjecting animals
to the FST. Rats were individually placed in a
square arena (100 x 100 x 50 cm) facing the centre of
the arena. Behaviour was recorded for 5min using
a ceiling-mounted digital camera. The video files
were subsequently analysed using EthoVision®
XT software (Noldus® Information Technology,
Wageningen, The Netherlands). Total distance
moved was used as a measure of locomotor activity.

Forced swim test (FST)

The FST can reliably predict antidepressant-like
effects after drug treatment and is considered a
model of behavioural despair that is typically
manifest in human depression, and expressed in
rodents as a decrease in escape-driven behaviour,
i.e. increased immobility (43). During behavioural
analysis, rats were placed individually in cylindrical
Perspex® swim tanks containing 30cm of ambient
water (25°C) for 7 min and their behaviour recorded.
The first and last minute of the video files were
discarded and the remaining 5 minutes scored for
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characteristic escape-directed behaviours, including
swimming, climbing (struggling) and immobility.
These sub-scores of the FST provide useful informa-
tion relating to serotonergic (swimming) and nora-
drenergic (climbing) directed behaviours that may
extend whole brain monoamine analyses (44).

Drug administration

After weighing all animals daily (between 09:00 a.m.
and 11:00 a.m.), IMI (Sigma-Aldrich, Kempton Park,
South Africa) was dissolved in physiological saline
(0.9% NaCl) and administered subcutaneously at a
dose of 10mg/kg (45,46) to unstressed animals
(FSL-TDS +IMI) and animals exposed to TDS
(FSL+TDS +1IMI) (Table 1). Treatment started on
day 15 (after completing the TDS protocol on day
14) and persisted for 7 days before behavioural
testing commenced on the evening of day 21. This
duration of treatment is adequate for establishing an
antidepressant response in rats (44,47,48). Stressed
and unstressed control animals (FSL and FRL) were
injected with saline vehicle according to the same
procedure as in IMI-treated animals.

Quantitative analysis of brain NA and 5HIAA

Several wvalid indices of central serotonergic
activity may be applied, including serotonin
(5-hydroxytryptamine; SHT) and SHIAA levels
and the SHIAA/SHT ratio (49). In this regard,
in vivo microdialysis is a more reliable method to
directly measure extracellular levels of SHT, whereas
whole- or regional brain monoamine analysis pro-
vides total levels of SHT — both extracellular and
unreleased from nerve terminals (50). 5SHT is
metabolised primarily to SHIAA, hence SHIAA has
been demonstrated to reflect reliable insights into
time-dependent alterations in SHT response (51).
SHIAA has previously been correlated with SHT
function (49) and was therefore applied as an
indicator of serotonergic function in the current
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study. Following sacrifice of the rats by decapitation,
total hippocampus and frontal cortices were dissected
out on an ice-cooled dissection slab, weighed, snap
frozen in liquid nitrogen and stored at —80°C until the
day of analysis, as described previously (41). Quanti-
fication of NA and SHIAA was performed by high-
performance liquid chromatography (HPLC) coupled
with electrochemical detection (HPLC-EC), as pre-
viously described (42). An Agilent 1200 series HPLC
(Agilent Technologies, California, USA), equipped
with an isocratic pump, auto sampler and coupled to
an ESA Coulochem Electrochemical detector (Dionex,
California, USA), and Chromeleon® Chromatography
Management System software (version 6.8), was used.
NA and SHIAA concentrations in the tissue samples
were determined by comparing the area under the peak
of each monoamine with that of the internal standard,
isoprenaline (range 5—50 ng/ml). Linear standard curves
(regression coefficient >0.99) were found in this
particular range. Monoamine concentrations were
expressed as ng/g wet weight of tissue (mean + SEM).

Bodyweight analysis

Decreased bodyweight and loss of appetite have been
observed in both depressed individuals (20) and FSL
rats (26). Sustained decreases in weight gain have
been reported in rats following chronic stress (52,53)
which may be initiated by increased energy metabo-
lism during stress coupled with acute increases in
stress-related peptides (53). In order to establish the
impact of the applied stressors on the well-being of
the animals, bodyweight was measured daily from
7 days prior to SPS and continued until the final day
of the experiment.

Statistical analysis

Statistical analyses were performed using Graphpad
Prism® 6 and IBM® SPSS® 22 software under the
guidance of the Statistical Consultation Service of the
North-West University. In pairwise comparisons
of the behaviour and neurochemistry between
unstressed FRL and FSL animals, unpaired student’s
t-tests with Welch’s correction (normally distributed
data as indicated by Shapiro—Wilk test for normality
p>0.05) or Mann-Whitney U-tests (data not
distributed normally) were performed. Two-way
repeated measures analysis of variance (RM-
ANOVA) followed by Bonferroni post-hoc analysis
was applied to comparisons of the treatment naive
cumulative weight gain of FRL and stressed and
unstressed FSL animals. Time and cohort was set as
within-subject factors, whereas weight was set as
between-subject factor. Ordinary two-way ANOVA
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was applied in between-group comparisons of
behaviour and neurochemistry in treatment-naive
and IMI-treated unstressed and stressed FSL animals.
In this case, exposure to TDS and treatment was set
as within-subject factors, whereas the respective
behavioural and neurochemical parameters were set
as between-subject factors. Significance was set at
p <0.05 for all comparisons. Where Cohen’s d effect
sizes were calculated, large effect sizes are indicated
by d> 0.8 and very large effect sizes by d > 1.3.

Results
Bodyweight

Data are represented in Fig 1. Two-way RM-ANOVA
revealed a significant interaction between time and
cohort [F(81,1188) = 61.98] with respect to the mean
cumulative weight gain of animals, whereas both time
[F(27,1188) = 13940, p<0.0001] and cohort
[F(3,44) = 102.0, p<0.0001], respectively, also had
significant main effects on weight gain. Although the
mean cumulative daily weight gain of rats between
the respective cohorts demonstrated no significant
differences before SPS (day 0), significant age and
stress-related  differences between FSL and FRL
animals, both within (FSL) and between strain, became
apparent post-SPS. From day 3 post-SPS, unstressed
FSL animals lagged behind the FRL controls (day 3,
45.6+3.2 vs. 514+39g, p=0.004). Moreover
weight gain in stressed FSL rats soon lagged behind
that of unstressed control animals (Table 2). On day 8
post-SPS the difference in weight gain between stressed
and unstressed FSL rats began to reveal significance
(69.8+4.2 vs. 75.6+3.3; p = 0.005). The observed
disparities in the rates of weight gain in the various
groups persisted until the last day of observation. In
addition to the curbed weight gain of TDS-exposed FSL
rats, they were also observed to present with a general
decrease in fur quality and porphyrin staining around the
eyes (visual inspection; data not shown).

Behaviour

In order to establish the translational relevance of the
FSL rat for depression, data and statistics relating to
the behavioural comparisons made between stress and
treatment-naive FRL and FSL animals are provided in
Table 3. The behavioural differences between FSL
versus FRL rats are henceforth described separately
under the OFT and FST sections below.

Open field test (OFT)

Locomotor activity. FSL and FRL rats were similar
with respect to distance travelled in the OFT
(2119 £505.4 vs. 2273 +307 cm, Table 3).
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Fig. 1. Mean cumulative weight gain in FRL and TDS naive and TDS exposed FSL animals. Data are represented as the mean of 12
animals. Descriptive statistics are provided in Table 2. FRL, Flinders resistant line; FSL, Flinders sensitive line; n/s, non-stressed;
SPS, single prolonged stress; TDS, time-dependent sensitisation.

Table 2. Cumulative weight gain over time

Significance of comparison

Mean cumulative weight gained + SD (g) (pvalue)

Days FRL FSL—TDS FSL+TDS FRL vs. FSL—TDS FSL—TDS vs. FSL+TDS
0 (SPS) 304425 293+38 293+17 n/s n/s

2 436+27 403435 373+29 n/s n/s

3 51.4+39 456+3.2 419432 0.0006 n/s

5 675+32 57.3+26 54.4+33 0.0001 n/s

7 (restress) 835+38 68.9+3.3 66.3+3.4 <0.0001 n/s

8 91.1+4.1 756+33 69.8+42 <0.0001 0.0007

14 (restress) 136.9+5.2 116.7 45 104.1+£35 <0.0001 <0.0001

21 (final day) 1955+6.8 162.3+6.2 1452 +6.4 <0.0001 <0.0001

FRL, Flinders resistant line; FSL, Flinders sensitive line; IMI, imipramine; n/s, non-stressed; SPS, single prolonged stress; TDS, time-dependent sensitisation.
Mean cumulative weight gain of rats measured daily from 1 week before commencement of the TDS protocol until the final day of behavioural testing.
Data are provided as mean of matched daily values in each group.

Two-way repeated measures ANOVA with Bonferroni post-hoc.

Data describing the effects of stress and IMI rats  (599+152 vs. 704+148s; p<0.05,

treatment in FSL animals are presented in Fig 2.
Considering the locomotor activity of FSL animals,
two-way ANOVA did not reveal a significant
interaction between TDS-exposure and treatment
[F(1,11) = 0.95, p = 0.35]. However, a main effect
of treatment was observed [F(1,11) = 5.67, p = 0.04]
in the locomotor activity of the TDS-exposed group
with post-hoc analysis revealing a trend towards
decreased locomotor activity in IMI-treated animals
that narrowly missed statistical significance (1640 +
422.8 vs. 2296 +971.7cm, p = 0.07, d = 0.94).

Forced swim test (FST)
Swimming. FSL rats presented with significantly

reduced swimming behaviour compared with FRL
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Table 3).

Data describing the effects of stress and IMI
treatment in FSL animals are presented in Fig 3a.
Although no significant interaction between TDS and
treatment was displayed in the behaviour of FSL
animals [F(1,44) = 1.54, p = 0.2], both factors had
statistically significant main effects on swimming
behaviour [TDS, F(1,44)=118, p =0.001;
treatment, F(1,44) = 5.32, p = 0.03]. As such, post-
hoc analysis demonstrated that treatment-naive FSL
animals exposed to TDS showed an even greater
reduction in the average swimming time compared
with unstressed treatment-naive rats (52.9+15.2 vs.
244+9.8s, p=0.004). Finally, IMI treatment
significantly reversed the reduced swimming time
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Table 3. Open field test, forced swim test and frontal-hippocampal monoamine
data in unstressed Flinders resistant line (FRL) vs. Flinders sensitive line (FSL)

animals
FRL FSL Significance
Open field test
Total distance travelled (cm) 2273 +307.2 2119 +505.4 -
Forced swim test
Swimming (s) 704+148 529+152 p = 0.009**
Climbing (s) 11794380 350+92 p<0.0001;
U = ZXXXX
Immobility (s) 11174337 2121+188 p<0.0007****
Neurochemistry
5HIAA (ng/mg)
Frontal cortex 1704+228 268.4+51.3 p = 0.0007***
Hippocampus 1772372 2441403 p=0021;, U=10%
Noradrenalin (ng/mg)
Frontal cortex AM21+277 1887+715 p<0.0007****
Hippocampus 45194953 2029+784 p<0.0007****
*Unpaired Student's t-test; *Mann—Whitney (-test.
3000 +
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Fig. 2. Comparison between locomotor activity of unstressed and
TDS exposed FSL rats before (white) and after (black) sub-chronic
IMI treatment. TDS VEH versus TDS IMI; d = 0.94. All data
analysed by two-way analysis of variance followed by Bonferroni’s
post-hoc tests and Cohen’s d analysis. Data are represented
as mean + SEM. IMI, imipramine; n/s, non-stressed; TDS, time-
dependent sensitisation; VEH, vehicle.

in TDS-exposed FSL animals (46.0+36.7 vs.
244 +9.8s, p = 0.03), whereas failing to affect the
behaviour of animals in the unstressed group.

Climbing. FSL. rats presented with significantly
reduced climbing behaviour compared with FRL rats
(35.0+£9.2 vs. 117.9+38.0s; p<0.0001, Table 3).
Data describing the effects of stress and IMI
treatment in FSL animals are presented in Fig 3b. A
significant interaction was displayed between TDS and
treatment [F(1,44) = 28.5, p<0.0001], whereas both
treatment [F(1,44) = 49.6, p<0.0001] and stress
[F(1,44) = 57.1, p<0.0001] had significant main
effects on climbing behaviour. Although no difference
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Fig. 3. Comparisons between behavioural parameters measured in
the forced swim test [panel (a) = time swimming, panel (b) =
time climbing, panel (c) = immobility time] in unstressed and
TDS-exposed FSL rats before and after sub-chronic IMI treatment.
(a) Time spent swimming (s). n/s VEH versus TDS VEH,
**p <0.01; TDS VEH versus TDS IMI, *p <0.05. (b) Time spent
climbing (s). n/s VEH versus n/s IMI, **p <0.0001; n/s IMI
versus TDS IMI, ***p < 0.0001. (c) Time spent immobile (s). n/s
VEH versus n/s IMI, ***p <0.0001; n/s IMI versus TDS IMI,
¥%p <0.0001; n/s VEH versus TDS VEH, **p <0.001; TDS
VEH versus TDS IMI, *p <0.05. All the data were analysed by
two-way analysis of variance followed by Bonferroni’s post-hoc
tests and Cohen’s d analysis. Data are represented as mean +
SEM. IMI, imipramine; n/s, non-stressed; TDS, time-dependent
sensitisation; VEH, vehicle.
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between the climbing behaviour of treatment naive
stressed and unstressed FSL  animals  was
demonstrated, post-hoc analysis revealed that IMI
treatment significantly increased climbing in unstressed
FSL animals (96.8 £29.2 vs. 35.0+9.3s, p <0.0001),
but was without effect in FSL+TDS animals
(324+139 vs. 240£79s, nfs). In fact, in
comparing FSL+TDS with non-stressed FSL rats
receiving IMI, exposure to TDS significantly negated
the response to IMI in FSL animals (32.4+13.9 vs.
96.8 +£29.2s, p <0.0001).

Immobility. FSL rats presented with significantly

increased immobility compared to FRL rats
(212.1+18.8 vs. 111.7+33.70s; p<0.0001,
Table 3).

Data describing the effects of stress and IMI
treatment in FSL animals are presented in Fig 3c. As
a significant two-way interaction was revealed
between TDS and treatment with respect to the
immobility scores of FSL animals [F(1,44) = 6.8,
p = 0.01], simple main effects of both factors were
run. Exposure to TDS [F(1,44) = 64.4, p <0.0001]
significantly increased the average immobility score
of treatment naive FSL animals (251.7+14.7 vs.
212.1 +18.8s, p = 0.0008). Although IMI treatment
[F(1,44) = 454, p<0.0001] resulted in significant
reductions in the immobility scores of both unstressed
(143.8+27.1 vs. 212.1 +18.8, p<0001) and stressed
(221.5+35.7 vs. 251.7+14.2, p =0.01) ESL rats,
immobility in IMI-treated FSL+TDS animals
remained significantly greater than that in unstressed
FSL animals receiving IMI (221.5+35.7 vs.
143.8 +27.1, p<0.0001).

Monoamine analysis

In order to establish the translational relevance of the
FSL rat for depression, data and statistics relating to
the neurochemical comparisons made between stress
and treatment-naive FRL and FSL animals are
provided in Table 3. The neurochemical differences
between FSL versus FRL rats are henceforth
described separately below.

SHIAA. FSL rats presented with significantly increased
SHIAA levels in the frontal cortex (268.4+51.3 vs.
1704 +22.8ng/mg; p<0.005) and hippocampus
(244.1 £40.3 vs. 177.2+37.2ng/mg; p <0.05) versus
FRL rats (Table 3).

Data describing the effects of stress and IMI
treatment in FSL animals are presented in Fig 4a.
Two-way ANOVA revealed significant interactions
between TDS and treatment in both brain areas
[frontal cortex, F(1,27) = 7.6, p = 0.01; hippocampus,
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F(1,27) =445, p=0.04] and simple main effects
were r1un. As such, TDS and treatment
significantly influenced the concentrations of SHIAA
measured in both the frontal cortex [TDS,
F(1,27) = 30.8, p<0.0001; treatment, F(1,27) = 6.1,
p = 0.02] and hippocampus [TDS, F(1,27) = 15.72,
p = 0.0005; treatment, F(1,27) = 11.1, p = 0.002].
As such, post-hoc analyses revealed that SHIAA
levels in treatment naive stressed FSL animals
tended to be lower compared with the unstressed

FSL animals (Fig 4ai, 2164+45.6 vs. 2684+
51.3ng/mg, d=1.07;, Fig 4aii, 201.5+59.1 vs.
244.1+40.4ng/mg, d=0.85). Although IMI

treatment significantly increased both frontocortical
(Fig 4ai, 366.0+69.0 vs. 2684+51.3ng/mg,
p =0.007) and hippocampal (Fig 4aii, 369.1+87.3
vs. 244.1 +404ng/mg, p = 0.004) SHIAA levels in
unstressed FSL rats, exposure to TDS negated this
effect (Fig 4ai, frontal cortex, 210.8+324 vs.
2164 +45.6ng/mg, n/s; Fig 4aii, hippocampus,
229.7+58.7 vs. 201.5+59.0ng/mg, n/s) and resulted
in significantly lower levels of S5SHIAA levels
measured in IMI-treated animals after TDS-exposure
relative to stress-naive animals (Fig 4ai, frontal
cortex, 210.8+324  vs.  366.0+69.0ng/mg,
p<0.0001; Fig 4aii, hippocampus, 229.7+58.7 vs.
369.1 +87.3 ng/mg, p = 0.0005).

NA. FSL rats presented with significantly reduced NA
levels in the frontal cortex (188.7+77.5 vs. 412.1 +
27.7ng/mg; p<0.0001) and hippocampus (202.9 +
78.4 vs. 451.9+95.3ng/mg; p<0.0001) versus FRL
rats (Table 3).

Data describing the effects of stress and IMI
treatment in FSL animals are presented in Fig 4b.
No significant two-way interactions between TDS and
treatment were observed in either brain area
[frontal cortex, F(1,27) = 0.01, p = 0.9; hippocampus,
F(126)=13, p=03]. However, treatment
demonstrated a main effect on NA concentrations in
the frontal cortex [F(1,27) =84, p = 0.007] and
hippocampus [F(1,26) = 11.29, p = 0.002]. Although
IMI resulted in trends toward increased NA in both
brain areas of unstressed FSL animals (frontal cortex,
2852+119.1 vs. 188.7+77.5ng/mg, d=0.98;
hippocampus, 308.5 +126.1 vs. 202.9 +78.4 ng/mg,
d =1.03), it significantly increased the hippocampal
NA levels in stressed FSL animals to levels compar-
able with that observed in unstressed animals
(Fig 4bii, 364942128 vs. 151.9+41.4ng/mg,
p = 0.04). Furthermore, although narrowly missing
statistical significance, IMI also tended to increase
NA in the frontal cortex of stressed FSL animals
(Fig 4bi, 243.8+96.2 vs. 154.0+51.1ng/mg,
p=0.054,d=12).
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Fig. 4. Comparisons between frontocortical and hippocampal SHIAA [panel (a)] and NA [panel (b)] in unstressed and TDS-exposed
FSL rats before and after sub-chronic IMI treatment. Panel (ai) Frontal-cortical SHIAA concentrations. n/s VEH versus n/s IMI,
*p<0.01; n/s IMI versus TDS IMI, ***p <0.0001; n/s VEH versus TDS VEH, d = 1.07. Panel (aii) Hippocampal 5HIAA
concentrations. n/s VEH versus n/s IMI, **p <0.01; n/s IMI versus TDS IMI, **p <0.001, n/s VEH versus TDS VEH, d = 0.87.
Panel (bi) Frontal-cortical NA concentrations. n/s VEH versus n/s IMI, d = 0.98; TDS VEH versus TDS IMI, d = 1.22. Panel (bii)
Hippocampal NA concentrations. TDS VEH versus TDS IMI, **p <0.01; n/s VEH versus n/s IMI, d = 1.03. All data analysed by
two-way analysis of variance followed by Bonferroni’s post-hoc tests and Cohen’s d analysis. Data are represented as mean + SEM.
FC, frontal cortex; HC, hippocampus; SHIAA, 5-hydroxyindoleacetic acid; IMI, imipramine; NA, noradrenaline; n/s, non-stressed;

TDS, time-dependent sensitisation; VEH, vehicle.

Discussion

As expected, FSL rats presented with significant
depressive-like manifestations versus their FRL
controls at both the behavioural and neurochemical
level (Table 3), with IMI for the most part reversing
these changes (Figs 3 and 4). Exposure of FSL rats
to TDS profoundly inhibited growth (Fig 1), with
behavioural and neurochemical sequelae (Figs 3 and
4). TDS further reduced active coping (swimming)
behaviour and amplified depressive-like behaviour
(immobility) in FSL rats (Fig 3a, c). Importantly,
the above-noted antidepressant-like effects of IMI in
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FSL rats were significantly attenuated after TDS
exposure. Although IMI altered brain monoamine
levels in unstressed FSL rats, it failed to do so in
combined FSL+TDS rats — especially effects on
SHIAA (Fig 4). As such, combining FSL +TDS
stress may represent a novel animal model of
TRD, a schematic outline of which is depicted
in Fig 5.

Depression is a multifactorial disorder (7) with both
genetics and environmental stress contributing to its
development (14,15). The FSL rat is a well-validated
genetic animal model of depression (27). Considering
the high comorbidity of depression in PTSD and as a
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Fig. 5. Procedural outline of the treatment-resistant depression (TRD) model. The TRD model is a coming together of two
translational animal models, namely exposing a genetic animal model of depression (FSL rats) with the time-dependent sensitisation
(TDS) model of post-traumatic stress disorder (PTSD). Rats are exposed to single prolonged stress (SPS; day 0) — a triple stressor
sequence comprising a somatosensory stressor (restraint), a psychological stressor (forced swimming with brief submersion), and a
complex stress-stimuli (exposure to ether vapours), followed by a less stressful but situational reminder of the original stressor
(restraint stress on days 7 and 14). The latter is to enable consolidation of contextual fear memory to promote the progression from an
acute stress disorder to PTSD. Thereafter, the animals are left undisturbed for another 7 days before being subjected to behavioural
and neurochemical analysis (day 21; two separate cohorts of animals). Drug treatment takes place during the latter 7-day period
immediately prior to bio-behavioural testing. FST, forced swim test; SHIAA, 5-hydroxyindoleacetic acid; FSL, Flinders sensitive

line; NA, noradrenalin; OFT, open field test.

contributing factor in treatment resistance (34,35),
introducing these animals to conditions conducive to
PTSD may serve as a suitable gene-X-environment
model of TRD. The aim of this study was therefore to
explore this notion by studying behaviour and
neurochemistry in such a model and, in so doing, to
aid preclinical research into TRD and developing novel
drug options for the disorder. By using FRL rats as a
control, we demonstrated the depressive phenotype of
the FSL rat, thereafter subjecting this stress-sensitive
animal to a TDS paradigm and assessing its response
to standard antidepressant treatment. The negative
impact of TDS on physical development, as
illustrated by its detrimental effects on growth during
a 4-week period (Fig 1), is indicative of the degree
to which the physical and, no doubt, “psychological”
well-being of these animals were affected by these
interventions. The results of the comparison between
cumulative weight gain in FRL rats and stressed
and unstressed FSL rats provide an accurate portrayal
of the character and resilience of the two strains.
At baseline, FSL rats already displayed decreased
ability to gain weight even before exposure to
environmental stressors. Bearing this in mind,
TDS expectedly proved to further worsen the overall
well-being of these animals.

Rats exposed to CMS have previously been
observed to exhibit impaired locomotor activity
(22), although TDS did not negatively affect
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locomotor activity in the current study (Fig 2).
Although IMI treatment resulted in a trend toward
decreased locomotor activity in TDS exposed
animals, this failed to reach statistical significance.
As such, this finding provides a robust departure
point for interpreting treatment effects in the FST
without having to consider any confounding effects
on locomotor activity.

Immobility time is a characteristic depressive-like
behaviour measured in the FST, whereas the
assessment of swimming and climbing behaviour
allows for generating a more holistic account of
coping behaviour and also aids in understanding the
behavioural effects of drug treatment (54). Results
obtained from the FST showed that FSL rats displayed
significantly less active coping (swimming and
climbing) behaviour as well as being significantly
more immobile than their FRL counterparts (Table 3).
Important to note is that both decreased swimming
behaviour and increased immobility observed in FSL
control animals were augmented to a significant
degree following exposure to TDS (Fig 3a and c).
Of even greater importance is that the antidepressant-
like effect exhibited by IMI treatment in unstressed
FSL animals was negated in TDS-exposed FSL rats in
respect to climbing and immobility (Fig 3b and c)
although not swimming (Fig 3a). Further, the anti-
immobility effects of IMI in FSL animals were also
significantly compromised by TDS compared with
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that in unstressed FSL animals (Fig 3c). Thus TDS
stress  exaggerates depressive-like  (immobility)
behaviour evident in a genetic animal model of
depression and abrogates the antidepressant-like
effects of IMI in these animals. This not only
supports the validity of combining FSL rats with a
PTSD paradigm as a gene-X-environment model of
TRD, but reinforces the clinical presentation of TRD
in depressed patients with a history of severe
psychological trauma.

In spite of diffuse distribution of SHT throughout
the central nervous system, uncertainty still
surrounds the exact function of SHT and its
relationship to other neurochemicals (55,56). TDS
represents a severely traumatic series of events which
prompts the activation of various bio-behavioural
responses geared to maximise the animal’s survival.
Serotonin is crucial in survival behaviour and has
been suggested to play a critical role in adapting to
aversive events (57,58). In fact, stress re-stress has
been demonstrated to alter SHT receptors in limbic
structures that in turn adversely affect memory and
other cognitive processes (37). Further, the changes
in SHT concentration in response to stress vary
between brain regions and also according to the
duration of stress applied (59). FSL rats have
previously been characterised by increased levels of
SHT and SHIAA in limbic regions that are altered in
response to antidepressant treatment (60). Increased
cortical and hippocampal SHIAA levels in FSL rats
compared with FRL controls in the current study
concur with this observation (Table 3) and would
suggest a compromised serotonergic system. SHIAA
levels were decreased in FSL rats 1 week after TDS
(Fig 4a) — this decrease correlating with significantly
reduced swimming activity measured in the FST and
concurs with decreased SHIAA levels measured in
the frontal cortex of Sprague-Dawley rats subjected
to CMS (61). Although TDS may be viewed as a
series of aversive and traumatic events (36), it should
be kept in mind that the current data reflects NA and
SHIAA changes 1 week subsequent to completion of
the TDS procedure, and thus represents a late
emerging event that may be pathological. Previous
data demonstrated that an initial increase in SHT
levels after SPS was followed by decreased levels
after re-stress (42) which may be suggestive of an
adaptive response to stress.

The above-mentioned coping strategies employed
in the FST have been found to present with
significant correlations with altered monoamines
and to be of relevance for the neurochemical basis
of depression (62). Thus, noradrenergic processes
have been demonstrated to be altered in depression,
but also in anxiety and PTSD, such as adrenergic
receptor dysregulation in depression (63), increased
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NA precursors accompanied by a decrease in
adrenergic receptor affinity in patients suffering
from PTSD with comorbid depression (64), the
association between catechol-O-methyl transferase
single nucleotide polymorphisms and suicide risk in
TRD patients (65), and increased 3-methoxy-
4-hydroxyphenylglycol levels measured in patients
suffering from anxiety disorders (66). Furthermore,
uncontrollable stress in animal models is associated
with decreased central levels of NA (67,68) and may
be the result of insufficient synthesis of the
neurotransmitter relative to its utilisation (67).
A general decrease in NA levels were measured in
the frontal cortex and hippocampus of treatment-
naive FSL animals (Table 3). Owing to the premise
that increased climbing and swimming behaviour in
the FST may be a result of enhanced noradrenergic
and serotonergic neurotransmission, respectively
(62), the decreased frontal-hippocampal NA levels
in both stressed and unstressed FSL rats (Fig 4bi and
4bii; Table 3) as well as the trend to raise NA levels
and significantly elevate NA levels in the cortex and
hippocampus, respectively, by IMI in TDS + FSL rats
(Fig 4b) were expected and congruent with the
current thinking on the role of NA in depression (5).
However, it is apparent that TDS-exposure abrogated
the climbing-enhancing effect of IMI in FSL animals
(Fig 3b) as well as sustained lowered NA in the
cortex and hippocampus of untreated animals
(Fig 4bi and bii). Indeed, TDS has been found to
significantly increase NA after SPS, eventually
falling to levels significantly lower than baseline
1 week after re-stress (42). The inability of IMI to
increase climbing behaviour in stressed FSL rats
(Fig 3b), despite its tendency to elevate NA in the
cortex as well as significantly increase NA in the
hippocampus, is of interest but may be a result of a
decrease in adrenergic receptor density and/or affinity
as previously reported in both humans (64,69) and
animals (70,71) exposed to stress.

Given that limbic brain structures are involved in
the stress response, changes in SHT-related responses
may be linked to changes in hippocampal and
cortical SHT neurotransmission (37,39). A general
decrease in SHIAA levels were measured in the
frontal cortex and hippocampus of treatment-
naive FSL animals (Table 3). TDS worsened
swimming deficits as well as duration of
immobility (Fig 3a and c) and sustained reduced
cortical and hippocampal SHIAA levels (Fig 4a).
Although IMI significantly reduced immobility in
unstressed and stressed FSL rats, immobility in the
latter group remained significantly higher than
that of unstressed IMI-treated rats (Fig 3c) and
failed to reverse lowered SHIAA in FSL+TDS
animals (Fig 4a).
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Tricyclic antidepressants such as IMI act by
increasing the extracellular levels of NA and
SHT (72). IMI significantly reversed deficits in
swimming in FSL +TDS animals (Fig 3a), but failed
to reverse lowered limbic SHIAA levels in these
animals (Fig 4a). On the other hand, IMI failed to
reverse suppressed climbing in FSL+TDS animals
(Fig 3b) despite provoking a tendency (in the FC) and
to significantly (in the hippocampus) reverse lowered
NA in these animals (Fig 4b). This paradox with
respect to limbic monoamine levels and coping
strategies may indicate other adaptive changes that
underlie coping responses following sustained
exposure to stress. Furthermore, it cannot be
assumed that the effects of antidepressant drugs are
simply to reverse and/or normalise dysfunctions in the
brain (73), including those of animals. This has been
exemplified by CMS-induced behavioural effects in
mice, demonstrating that while aberrant behavior was
reversed by fluoxetine, the drug failed to alter most of
the underlying stress-induced biological effects (74).

In conclusion, exposing FSL rats to TDS resulted in
either bolstered or sustained reduction in coping and
an increase in depressive-like behaviours, combined
with altered monoaminergic profiles in hippocampal
and frontocortical brain regions. Furthermore, the
addition of TDS to FSL rats significantly abrogated
the antidepressant-like effects of IMI at most
behavioural levels (climbing and immobility) and
with respect to limbic SHT. Data presented here
therefore supports the proposed hypothesis that
exposure of a genetic animal model of depression to
a PTSD-like paradigm results in a more severe
depressive-like profile that is resistant to traditionally
effective antidepressant treatment. The results of the
current study have potential value in the search for a
suitable animal model of TRD and warrants further
investigation. Challenging FSL+TDS animals with
first-line antidepressants (serotonin selective reuptake
inhibitor or SSRI, or noradrenaline serotonin reuptake
inhibitor or NSRI) and/or ketamine would expand
predictive validity, and is presented in a companion
paper to this manuscript (75).
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