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Flinders sensitive line Depression is a debilitating mental illness and two thirds of patients respond insufficiently
rats; to conventional antidepressants. Electroconvulsive therapy (ECT) remains the most effective
Flinders resistant line treatment to alleviate drug-refractory depression, however the neurobiological mechanisms
rats; are mostly unknown. The serotonergic system plays an important role in depression and al-
Serotonin transporter; terations in the serotonin transporter (SERT) are seen both in depression and response to an-
Electroconvulsive tidepressant pharmacotherapies. The first aim of this study was to investigate SERT density in
therapy; a genetic rat model of depression, Flinders Sensitive Line (FSL), compared to control Flinders
Autoradiography; Resistant Line (FRL) and Sprague-Dawley (SD) rats. The second aim was to investigate SERT den-
DASB sity in response to electroconvulsive stimuli (ECS), an animal model of ECT. Female rats of each

strain were treated with ECS or sham (ear-clip placement with no current) for 10 days before
brains were removed, frozen and cut into 20 uwm thick sections. SERT density was measured in
striatal and cortical regions by quantitative in vitro autoradiography using the SERT-radioligand,
[3H]-DASB. Higher SERT density was observed in FSL rats compared to SD rats by 36-48% in motor
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cortex and striatum under sham conditions. In response to ECS, SD rats displayed a significant
effect of treatment, whereas no changes were observed in FRL and FSL rats. Increased SERT
binding in FSL rats compared to SD supports a dysfunction of the serotonergic system in depres-
sion. The increased SERT density after ECS, seen in SD rats but not FSL rats, suggests a different
mechanism of action between depressive-like rats and controls.

© 2019 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

Depression is a complex mental illness that affects more
than 300 million people worldwide (Ferrari et al., 2013; GBD
2015 Disease and Injury Incidence and Prevalence Collabora-
tors, 2016). The lifetime prevalence of depression is 10-15%
and women are affected more often than men (Lepine and
Briley, 2011). Symptoms include low mood, decreased level
of energy, low appetite, fatigue and anhedonia. Depressed
patients have an increased risk of committing suicide com-
pared to the general population; this risk is 21 times higher
for men and 27 times higher for women (Osby et al., 2001).
Despite treatment, around 60% of depressed patients expe-
rience relapse and after each relapse episode this probabil-
ity further increases (Solomon et al., 2000).

The biological mechanisms underlying depression are still
poorly understood. The monoamine hypothesis of depres-
sion states that an imbalance in monoaminergic neurotrans-
mission causes depression (Schildkraut, 1965), which is sup-
ported by the antidepressant efficacy of drugs that increase
extracellular monoamine concentrations. However, it has
now become clear that the pathology is more complex
and may involve other mechanisms such as impaired neu-
roplasticity and hippocampal neurogenesis (Kempermann
and Kronenberg, 2003), hyperactivity of the hypothalamic
stress axis (Binder and Nemeroff, 2010) and neuroinflam-
mation (Maes, 2008). Nevertheless, the importance of the
monoaminergic systems in depression should not be under-
estimated.

Serotonin, a monoamine synthesized from tryptophan, is
produced in several raphe nuclei in the brainstem and pons.
Serotonergic projections cover a wide range of brain areas
and spinal cord. The neurotransmitter is involved in the reg-
ulation of mood, sleep, appetite, memory and social behav-
ior (reviewed in Sghendo and Mifsud, 2012). The “serotonin
hypothesis” of depression is decades old and stems from the
depressogenic effect of drugs such as reserpine, and the
serendipitous observation of the antidepressant effects of
tricyclic and monoamine oxidase inhibitors later found, in
animal studies, to potentiate the synaptic effect of sero-
tonin. This observation is supported by acute tryptophan de-
pletion that leads to lowered mood in patients vulnerable to
depression (Ruhe et al., 2007) but remains unsubstantiated
due to the erratic relationship between serotonin levels and
mood. Serotonin levels are modulated through the control-
ling action of the serotonin transporter (SERT) located in
the membrane of the presynaptic serotonergic neurons and
glia cells. Due to the antidepressant efficacy of drugs that
block serotonin reuptake, i.e. selective serotonin reuptake
inhibitors (SSRIs), many studies have examined the avail-
ability, density and gene expression of SERT in depression.
In vivo imaging studies in depressed humans have produced
inconsistent results (Cannon et al., 2007; Ichimiya et al.,

2002; Joensuu et al., 2007; Meyer et al., 2004; Reimold
et al., 2008; Reivich et al., 2004; Selvaraj et al., 2011).
However, a meta-analysis including 18 studies and a total
of 364 unmedicated depressed patients showed a significant
reduction in SERT binding in midbrain, amygdala, thalamus,
striatum and brainstem (Gryglewski et al., 2014).

The major shortcomings of SSRIs are that they typi-
cally take several weeks to take effect and only about
one third of patients respond sufficiently to treatment
(Tranter et al., 2002). Moreover, one third are entirely drug-
resistant (Tranter et al., 2002). This creates an urgent need
to gain a more detailed understanding of the biological
basis of depression to enable the development of more
effective, faster-acting antidepressants. Electroconvulsive
therapy (ECT) remains the most effective treatment to
alleviate depression and is significantly more effective than
pharmacotherapy (UK ECT Review Group, 2003) despite its
current almost exclusive use in treatment resistant pa-
tients. ECT involves the induction of generalized seizures
by applying an electrical stimulus to the head. According to
a multi-center randomized trial from the Consortium of Re-
search in ECT, 50% of patients had an initial response after
3 ECT treatments (1 week) with a reduction of the Hamilton
Rating Scale for Depression of at least 50%. After an aver-
age of 8 treatments this reduction was achieved in approx-
imately 90% and full remission was attained in 75% of pa-
tients (Husain et al., 2004). Importantly, ECT also markedly
reduces suicidal intent (Kellner et al., 2005).

Despite the robust antidepressant efficacy of ECT, the
neurobiological mechanisms behind the therapeutic effect
are still mostly unknown. Suggested mechanisms include
normalization of the neuroendocrine system (Fosse and
Read, 2013; Haskett, 2014), neurotrophic effects such as
neurogenesis, synaptogenesis and gliogenesis (Bouckaert
et al., 2014; McCall et al., 2014) and alterations in
monoaminergic transmission such as the serotonergic sys-
tem (Baldinger et al., 2014; Fosse and Read, 2013).

There are currently no published studies investigating
the effect of ECT on SERT availability in human brain.
Research investigating the corresponding animal model,
electroconvulsive stimuli (ECS), has shown no difference in
SERT binding after ECS in dorsal raphe and cortex (Burnet
et al., 1999; Gleiter and Nutt, 1988) and upregulation in
frontal cortex (Hayakawa et al., 1995; Shen et al., 2003) in
healthy rats. In the current study, we use the well-validated
Flinders Sensitive Line (FSL) genetic rat model of depression
(Overstreet et al., 2005; Wegener et al., 2012) in order
to study potential changes in SERT-radioligand [*H]-DASB
binding in response to depression and to ECS. FSL rats
were inbred on an SD background for an increased sensi-
tivity to anticholinesterase (Overstreet et al., 1979) and
with behavioral symptoms of reduced activity, anhedonia,
reduced appetite, disturbed rapid eye movement sleep and
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neuroendocrine dysfunction (Wegener et al., 2012). In this
study both outbred SD rats and the inbred Flinders Resistant
Line (FRL) strain, bred for resistance to anticholinesterase
(Overstreet et al., 1979), are used as controls since previ-
ous findings have shown that, despite often being used as
“controls” to FSL, the FRL strain may also display abnor-
malities (Hasegawa et al., 2006; Lillethorup et al., 2015b;
Nishi et al., 2009). The current study has two primary
aims: (1) to investigate the involvement of SERT density in
depression by evaluating differences at baseline, after daily
handling, between female FSL, FRL and SD rats in striatum
and cortex, and (2) to investigate the effects of ECS on SERT
density in the same regions of female FSL, FRL and SD rats.

2. Experimental procedures
2.1. Animals

Adult female Flinders Sensitive Line (FSL) rats (n=18) and
Flinders Resistant Line (FRL) rats (n=16) were bred at the
Translational Neuropsychiatry Unit, Aarhus University Hos-
pital and Sprague-Dawley (SD) rats (n=15) were obtained
from Taconic (Denmark). Animals were pair-housed and kept
on a 12 h light/dark cycle with ad libitum access to food
and water. Animals weighed between 200 and 250 g and
were handled for 10 consecutive days before ECS treat-
ment. All procedures were carried out under the approval
of the Danish Committee on Ethics in Animal Experimenta-
tion (2007/561-1378).

2.2. Treatment

Rats were randomly assigned to receive either sham or ECS
treatment, which was carried out on 10 consecutive days
with ear clips being briefly attached in both cases as previ-
ously described (Lillethorup et al., 2015a, 2015b). In order
to (1) investigate if the individual threshold needed to elicit
a seizure was the same in each strain and (2) if not, deter-
mine each strain threshold, an initial pilot study was con-
ducted to tailor the current necessary to induce adequate
seizures for each animal strain: FSL rats required currents
of 70 mA, FRL rats 55 mA and SD rats 50 mA. Currents were
given for 0.5 s at a frequency of 100 Hz square wave pulses
to induce full tonic-clonic seizures, whereas no current was
applied to the sham animals. Rats were observed to ensure
that the full tonic-clonic seizure lasted for a minimum of
10 s.

2.3. Tissue preparation

Rats were decapitated 48 h after the last treatment to
avoid possible confounds by the acute effects of seizures
on neurotransmitter release, blood flow and metabolic re-
sponses, in accordance with previous studies (Lillethorup
et al., 2015a, 2015b; Strome et al., 2007). Brains were
quickly taken out and flash frozen in isopentane at —40°C.
Samples were stored at —80°C until being cut into 20 um
coronal sections using a cryostat at —20°C (Microm HM 500
OM Cryostat). Sections were thaw-mounted on Polysine ad-

hesion microscope slides (Thermo Scientific, Germany) and
stored at —80°C until the autoradiography experiment.

2.4. Invitro autoradiography

For each rat, sections at the anterior-posterior coordi-
nates of 1 mm (Motor cortex (MCx), Caudate-Putamen dor-
solateral (CP(dl)), ventrolateral (CP(vl)) and ventromedial
(CP(vm)), Nucleus accumbens (ACC) and olfactory tubercle
(OT)) and —3 mm from bregma (Sensory cortex (SCx) and
Insular cortex (ICx)) were selected using a rat brain atlas
(Paxinos and Watson, 1998). Striatal and cortical regions
were selected based on a previous study of SERT binding
in SD, FRL and FSL animals exposed to fluoxetine (Kovacevic
et al., 2010), and our own studies of 5-HT,, binding in a
minipig ECS model (submitted). For each coordinate, three
adjacent slides were used for autoradiography; two for to-
tal binding and one for non-specific binding. Each slide con-
tained 3-4 brain sections. The procedure was carried out
according to Zeng et al. (2006) with slight modifications.
Buffer containing 50 mM Tris-HCl (pH 7.4), 120 mM NacCl,
2 mM KCl, 1 mM MgCl, and 1 mM CaCl, was used. Slides
were thawed at room temperature (22°C) for 15 min and
pre-incubated for 20 min in buffer. Incubation was 60 min in
buffer with 1 nM [3H]-DASB (specific activity: 76 Ci/mmol,
Vitrax) to assess total binding. Non-specific binding was
measured in the presence of 10 pM Citalopram. After in-
cubation, slides were washed for 3 min in cold (4 °C) buffer
ending with a dip in cold (4 °C) distilled water and dried us-
ing a stream of cool air. After overnight storage in a desicca-
tor, blank imaging storage phosphor screens (BAS-IP TR2025
Fuji Imaging Plate, VWR, Denmark) in standard film cas-
settes (BAS-Cassette 2025, Fujifilm) were exposed to slides
and tritium standards (American Radiolabeled Chemicals,
St. Louis) for 7 days. Images were read using a Fujifilm BAS-
5000 Phosphorimager.

2.5. Analysis

The analysis was performed using Image Gauge 4.0 soft-
ware. For total binding we used the average of 6-8 brain
sections per region (2 slides per rat) and for non-specific
binding, we used the average of 3-4 brain sections per re-
gion (1 slide per rat). Sections with tissue damage from ei-
ther the cutting or the autoradiography experiment were
excluded at the level of SCx and ICx (—3 mm from bregma)
for one SD sham rat, one FRL sham rat, two FSL sham rats,
and two FSL ECS rats. For one FSL sham animal, brain sec-
tions (1 mm from bregma) were found damaged only in the
striatum (CP and ACC), while information from OT and MCx
were obtained. Brain regions were drawn manually by a
researcher blinded to the treatment groups. Briefly, pho-
tostimulated luminescence values/mm? were obtained for
each rat in each region after background noise subtraction
and area correction to provide total and non-specific bind-
ing values. Values were calibrated to known tritium stan-
dard concentrations (uCi/g, Amarican Radiolabeled Chem-
icals, St. Louis). Specific binding for each animal was ob-
tained by subtracting the average non-specific binding (3-4
brain sections per region) from average total binding (6-8
brain sections per region).
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Fig. 1 A graphical presentation of the regional means + SEM of [3H]-DASB densities in rats at baseline, after sham handling.

*p < 0.05; **p < 0.01, SD n=6-7, FRL n=7-8, FSL n=8-10.

2.6. Statistics

To examine SERT binding in FSL rats compared to the two
control strains a one-way multivariate analysis of variance
(MANOVA) including all brain regions with strain as a fac-
tor was carried out. Subsequently, independent one-way
ANOVAs were performed in each region followed by post hoc
evaluation with Bonferroni corrections for multiple compar-
isons if the MANOVA was significant.

To examine the effects of ECS on SERT binding in each
of the strains, we performed two-way ANOVAs with treat-
ment and region as factors, and did post hoc evaluation with
Bonferroni correction for multiple comparisons if the ANOVA
was significant.

Normal distribution was evaluated with QQ-plots and
Shapiro-Wilk Test and tests for equal variance were per-
formed using Levene’s test. Significance was obtained with
a probability error of less than 5%. Data was analyzed using
Stata software 13.1 (StataCorp) and Graphpad Prism (ver-
sion 5.0).

3. Results

In the first part of the study comparing SERT binding in
FSL (n=10), FRL (n=8) and SD (n=7) sham-treated rats,
one-way MANOVA with strain as a factor was significant
(p<0.05). Subsequent one-way ANOVAs were significant in
motor cortex, MCx (p<0.01), sensory cortex, SCx (p<0.01),
insular cortex, ICx (p<0.05), dorsolateral caudate putamen,
CP(dl) (p<0.05), ventrolateral caudate putamen, CP(vl)
(p<0.001) and nucleus accumbens, ACC (p<0.05). Post hoc
evaluations with Bonferroni corrections revealed significant
differences between the strains (Fig. 1). FSL rats had signif-
icantly higher binding than control SD rats by 48% in the MCx
and by 36% in the CP(vl). We also observed trends towards
higher binding in FSL vs SD in the OT (16.5%), CP(vm) (26%)
and ACC (23%), which did not reach statistical significance in
our small groups. Surprisingly, the largest strain differences
were observed when comparing the two control groups to
one another (SD and FRL) with significantly higher binding
in FRL animals in the three cortical regions (MCx (60%), SCx
(21%) and ICx (31%)), in the CP(dl) (34%), CP(vl) (64%) and
the ACC (23%). When comparing FSL rats to the second con-

trol group, FRL, we found significantly lower binding in only
the SCx of FSL rats (21%).

In the second part of the study, the effects of ECS were
investigated in each strain. Two way ANOVAs revealed a sig-
nificant effect of region in all three strains, but an effect
of treatment was only observed in the SD animals (p<0.07).
However, none of the regions in the SD animals survived the
Bonferroni correction for multiple comparisons. Although
none of the individual regions reached statistical signifi-
cance in these small samples, we would like to point out
some regions in which large % increases were observed in
SD animals. We found higher binding in the MCx (25%), the
CP(vm) (19%) and the CP(dl) (25%). On the contrary, no re-
markable increase or decrease binding was noted in FSL and
FRL animals (Table 1).

4. Discussion

4.1. Strain differences in SERT density

The first part of the study aimed to investigate the SERT
binding in the FSL rat model of depression. The FRL
animals have routinely been used as “controls” for FSL
data. However, since our previous study of the noradren-
ergic system in these same female animals showed striking
differences between the two commonly used control strains
for FSL animals (Lillethorup et al., 2015b), and studies by
other groups have shown abnormalities in the FRL strain
(Hasegawa et al., 2006; Nishi et al., 2009), both SD and
FRL control groups were included in the current study. FSL
rats exhibited significantly higher SERT densities in MCx and
CP(vl) compared to SD rats. The same trend was seen in the
OT, CP(vm) and ACC but did not reach significance. The up-
regulation in CP is consistent with some findings in positron
emission tomography (PET) studies of depression in humans
(Cannon et al., 2007; Meyer et al., 2004), but in contrast
with others (Selvaraj et al., 2011). Increased SERT binding
in ACC was previously found in FSL rats compared to SD rats
(Kovacevic et al., 2010), which is consistent with the trend
found in this study. Although Kovacevic et al. (2010) also
used SD, FRL and FSL rats, their study showed no signifi-
cant changes in motor cortex or striatum between FSL and
SD rats, but found differences in sensory cortex (Kovacevic
et al., 2010), not observed in the current study. These incon-
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Table 1 Regional values of [3H]-DASB densities and percent changes after ECS.
Regions Mean + SEM (N) Mean + SEM (N) % Change
SD sham SD ECS
MCx 15.43 +1.10 (7) 19.37 + 1.51 (8) 25.5
SCx 13.84 + 0.53 (6) 13.94 + 0.65 (8) 0.2
ICx 35.29 + 2.47 (6) 35.29 +£1.72 (8) 0.0
oT 45.43 + 4.35 (7) 52.20 + 3.99 (8) 14.9
CP(vm) 15.32 + 0.91 (7) 18.19 £ 1.13 (8) 18.8
CP(dl) 9.35 + 0.71 (7) 11.72 + 0.80 (8) 25.4
CP(vl) 17.55 + 1.37 (7) 21.48 +2.02 (8) 22.4
ACC 21.20 + 0.99 (7) 24.35 +1.99 (8) 14.8
FRL sham FRL ECS
MCx 24.73 £2.17 (8) 24.37 + 1.40 (8) -1.4
SCx 16.81 +0.92 (7) 15.88 + 0.55 (8) -1.3
ICx 46.29 +2.84 (7) 39.33 £3.53 (8) -9.9
oT 55.80 + 5.31 (8) 59.49 + 4.58 (8) 6.6
CP(vm) 21.47 +2.14 (8) 24.04 + 1.95 (8) 11.9
CP(dl) 12.53 + 0.81 (8) 12.28 + 0.63 (8) -2.0
CP(vl) 28.70 + 1.89 (8) 27.34 +1.80 (8) —4.8
ACC 29.03 +2.43 (8) 25.88 +2.25 (8) —10.9
FSL sham FSL ECS
MCx 22.80 + 1.07 (10) 22.74 +0.88 (8) -0.3
SCx 13.21 £ 0.62 (8) 14.69 + 0.56 (6) 2.1
ICx 38.34 +£2.34 (8) 39.83 +£1.92 (6) 2.1
oT 52.91 £+ 3.42 (10) 47.96 + 4.06 (8) —-9.4
CP(vm) 19.29 + 1.47 9) 17.38 + 1.04 (8) -9.9
CP(dl) 9.80 +0.77 ) 9.98 + 0.64 (8) 1.9
CP(vl) 23.91 +1.27 9) 22.45 +1.39 (8) —6.1
ACC 26.05 + 1.35 9) 23.20 +1.94 (8) -11.0

Data are represented as Mean [jLCi/g] & Standard Error of the Mean (N: number of measurements).

sistencies may be explained by a combination of differences
in handling: sham electrode placement vs. saline injections,
and thereby stress exposure, as well as the origin of the an-
imals (commercial supplier for the SD vs. in house breeding
for FSL and FRL). Sex may also have played a role: in hu-
mans, differences in depressive features are known to exist
between males and females (reviewed in Altemus et al.,
2014), and female rats were selected in the current study
since depression is more prevalent and more severe in fe-
males than in males.

A possible explanation for the increase in SERT densities
in the FSL rat model of depression found in this study as
well as in a number of other pre-clinical and human studies
(Cannon et al., 2007; Ichimiya et al., 2002; Reivich et al.,
2004; Sato et al., 2010), may be due to an increase in SERT
density in the raphe nucleus, leading to higher clearance
of serotonin, which would decrease activation of 5-HT;, au-
toreceptors on the cell bodies. This would lead to increased
raphe cell firing, higher serotonin levels in projection ar-
eas and a compensatory increase in SERT in those areas
(Hahn et al., 2014). Hahn and colleagues have shown a pos-
itive association between the density of SERT in the raphe
nucleus and projection areas (Hahn et al., 2014). Unfortu-
nately, brainstem sections were not available in this study,
and it was therefore not possible to investigate this corre-
lation.

Both SD and FRL are commonly used as control strains
for FSL rats and therefore would be expected to exhibit the

same properties. In most regions investigated here, FRL rats
had significantly higher SERT binding compared to SD rats,
and were even higher than FSL rats. Other serotonergic dif-
ferences have also been found between FRL and SD rats
in other studies, namely in serotonin synthesis (Hasegawa
et al., 2006) and 5-HT1, and 5-HTg receptor densities (Nishi
et al., 2009). Therefore, although FRL rats have been used
as a single control strain for FSL rats in many studies, the
results from this and other studies underline the necessity
of also using SD rats as controls in future studies until a con-
sensus is reached in the scientific community. In this study,
trends towards higher SERT binding, some of which are sig-
nificant, are observed in both FSL and FRL rats compared
to SD rats. Thus, it appears that the two inbred Flinders
strains possess similar properties when compared to outbred
SD rats. Additionally, it seems that SERT binding is higher in
FRL compared to FSL rats, which could suggest an abnor-
mal functioning of the serotonergic system in both strains,
which is even more pronounced in FRL rats.

It is important to note that this experiment was per-
formed in female rats while most published studies have
previously used male rats. Thus, direct comparisons of the
differences found between SD and FRL rats in different stud-
ies should be made with caution. The differences between
the two sexes of these strains have not yet been thor-
oughly investigated. Additionally, the SD rats used in this
study were bred at a different location than the FRL and
FSL rats. Differences in early life experiences can therefore
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not be excluded and could potentially have led to the dif-
ferences observed between the two control strains. Finally,
the rats used to compare baseline differences, were in fact
sham-treated as part of the ECS study. Therefore, their han-
dling over 10 consecutive days and the resulting mild stress
may have exacerbated the differences observed between
the three groups. Previous studies have demonstrated that
stressful situations can lead to larger differences between
FRL and FSL rats (Pucilowski et al., 1993; Wegener et al.,
2010). Therefore, the differences in DASB density may have
been a result of the combination of strain and mild stress.

4.2. Effects of ECS on SERT binding

The second part of the study aimed to investigate the ef-
fect of ECS on SERT binding in the FSL rat model of depres-
sion and in FRL and SD rats. We found a significant effect of
treatment in the SD animals, with no effect in the FSL or FRL
animals. Although none of the regions survived testing for
multiple corrections in our small samples, increased SERT
density of 15-25% was found in a number of regions in re-
sponse to ECS. The majority of animal studies point towards
enhanced neurotransmission after ECS treatment and an up-
regulation in SERT density is hypothesized to be a compen-
satory mechanism to maintain regulation of synaptic sero-
tonin levels (Baldinger et al., 2014). This may explain the
effect of ECS in SD rats in this study.

In contrast, the same effect was not observed after ECS
treatment in the FRL or FSL rats, suggesting that the effect
of ECS on SD rats is different from FRL and FSL rats. Both
FRL and FSL rats display no changes in SERT binding after
ECS, although a trend of 11% decrease in SERT binding was
found in the ACC in both FRL and FSL groups. No previous
studies have investigated SERT binding in animal models of
depression after ECS. Since the pathophysiology of depres-
sion involves many different neuronal systems including the
serotonergic system, the brains of depressed subjects may
function differently than those of healthy subjects. Indeed,
previous studies have shown a differential antidepressant-
like effect of running in FSL vs. control animals (Bjornebekk
et al., 2005, 2006). It is therefore possible that the effects
and mechanisms of action of ECS also differ between normal
and depressive-like rats. As discussed earlier, FRL rats seem
to have different properties compared to SD rats and this
could explain the different SERT binding responses of FRL
and SD rats to ECS.

Studies in humans and non-human primates have found
downregulation of cortical serotonergic receptors after ECT
(Lanzenberger et al., 2013; Strome et al., 2005; Yatham
et al., 2010), opposing most rodent ECS findings (Baldinger
etal., 2014; Burnet et al., 1999; Green et al., 1983; Vetulani
et al., 1981) and our own study in Gottingen minipig
(Landau et al., 2019). Thus, there appears to be species dif-
ferences in the serotonergic pathways between rodents and
primates regarding the effects of ECT/ECS with depressed
human and healthy non-human primates showing similar re-
sponse to a course of ECT. In this study, increased SERT bind-
ing in SD rats and no change or decreased SERT binding in
FRL and FSL rats were observed after ECS. This suggests
that one mechanism of action could be present in the SD
rats with “normal” brain function and a different mecha-

nism in inbred FSL and FRL rats with altered neurocircuitry.
Thus, the increased SERT in FSL baseline may reflect a max-
imized endogenous compensatory increase that precludes
further increases in response to treatment. Yatham et al.
(2010) has proposed a similar mechanism in depressed indi-
viduals to justify the poor response to antidepressants ex-
hibited by some individuals (Yatham et al., 2010).

FSL rats were bred to express a particular biochemical
phenotype and presented with a depressive behavioral phe-
notype (Overstreet et al., 2005). Phenotypic expression of
depression may be a result of varied alterations in circuitry
and biochemical interactions and it is well known that there
are multiple presentations of depression in animal models
of depression. It is also biologically heterogeneous in the
human condition. FSL animals may only represent the bio-
chemical make up of a small type of human depression,
and various biochemical background underlying a general
similar phenotype may also explain the variability in ther-
apeutic response to treatments, such as ECS. A final point
to consider is that the measured differential response to
ECS in the different groups may not stem only from the ECS
effects, but also represent the mild-stress induced by the
sham treatment, which may have been more pronounced in
the rats with a depressive phenotype or altered brain cir-
cuitry. Due to ECS-induced memory disturbances, the ECS
groups may have forgotten the handling from the previous
day, and experienced less stress than the sham groups. We
cannot exclude the possibility that if the ECS effects on
SERT binding had been considered against non-handled, non
stressed baseline animals, significant differences may have
been found.

4.3. Conclusion

In conclusion, this study supports an involvement of the
serotonergic system in the pathophysiology of depression
with indications of higher SERT density in the FSL rat model
of depression compared to control SD rats. Furthermore, it
appears that ECS has a different effect in depressed FSL rats
compared to SD rats. Future studies in animal models of de-
pression are required to further investigate the effects of
ECS. Finally, our findings underline the necessity of having
both FRL and SD rats as controls for the FSL rat model of
depression in future studies.
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