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Abstract

Objectives: Treatment-resistance to antidepressants is a major problem in the pharmacotherapy of
major depressive disorder (MDD). Unfortunately, only a few animal models are suitable for study-
ing treatment-resistant depression, among them repeated treatment with Adrenocorticotropic
hormone (ACTH) appears to be useful to mimic treatment-resistance to monoaminergic anti-
depressants. Therefore, the present work aimed to investigate the effectiveness of s-ketamine
and rapastinel (formerly GLYX13), modulators of the glutamatergic N-methyl-D-aspartate recep-
tor in ACTH-treated animals. Methods: Naive male Sprague Dawley rats were subjected to
repeated subcutaneous injections with ACTH (100 pg/0.1 ml/rat/day) for 14 days and drug treat-
ment on the test day (open field and forced swim test) with imipramine, s-ketamine or rapastinel.
In addition, assessment of plasma levels of corticosterone and ACTH was carried out. Results: We
found that rats repeatedly treated with ACTH for 14 days responded to single injections with
s-ketamine (15 mg/kg) and rapastinel (10 mg/kg), but failed to respond to imipramine
(15 mg/kg). In the plasma, the levels of corticosterone and ACTH were increased after 14 days
of daily treatment with ACTH, independently of the treatment. Conclusion: The present data con-
firm development of a resistance to treatment following chronic ACTH administration. In addition,
the study confirms the possible effectiveness of s-ketamine and rapastinel as treatment options in
treatment-resistant depression. Moreover, it highlights the importance of the glutamatergic system
in the neurobiology of depression. Further studies are necessary to evaluate how repeated treatment
with ACTH leads to a depressed condition resistant to monoaminergic antidepressants.

Significant outcomes

 Repeated subcutaneous treatment with ACTH (100 pg/0.1 ml/rat/day) for 14 days display
a treatment-resistant depressive-like phenotype

o The behavioural phenotype was reversed following administration with s-ketamine
(15 mg/kg) and rapastinel (10 mg/kg), but was unaffected following treatment with imipra-
mine (15 mg/kg)

o In the plasma, the levels of corticosterone and ACTH were increased after 14 days of daily
treatment with ACTH, independently of the treatment.

Limitations

o The study was conducted only in male Wistar rats with only single doses of the drugs used,
and no measurement of rapastinel following intraperitoneal administration was carried out.

o ACTH and corticosterone was not measured following s-ketamine treatment.

o The resistance to treatment was seen only to Imipramine — and no other monoaminergic
antidepressants were investigated.

Introduction

Depression is a severe and debilitating disease that affects millions of people around the world
and it is considered the leading cause of disability worldwide (WHO, 2018). Currently available
antidepressants mainly target brain monoaminergic neurotransmission, and they require
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repeated treatment for at least 2—4 weeks to induce effects that are
clinically significant (Hindmarch, 2002; Browne & Lucki, 2013).
Despite that many treatment options are available, 15-30% of
depressed individuals do not respond to pharmacological treat-
ment even after months of continuous drug administration, which
makes resistance to treatment one of the main problems associated
with major depression (Kessler et al., 2003; Trevino ef al., 2014;
Zorumski et al., 2015). These aspects increase the individual’s suf-
fering before efficacy is evident, and may also contribute to reduced
patient adherence to the treatment and impair achievement of
optimal results regarding remission rates (Hindmarch, 2002;
Browne & Lucki, 2013). Therefore, the need for new and better
drugs for the treatment of depression is urgent. In this context, ani-
mal models that help to identify drugs that can potentially over-
come resistance to treatment and induce a rapid antidepressant
response are of special importance.

Ketamine, an N-methyl-D-aspartate (NMDA) receptor antag-
onist originally developed as an anaesthetic drug, has revealed
potential avenues for the development of new and better anti-
depressant drugs (Machado-Vieira et al, 2009; Browne &
Lucki, 2013; Sanacora & Schatzberg, 2015). Several studies have
shown that a single injection of a low dose of ketamine induces
fast and long-lasting antidepressant effects (Berman et al., 2000;
Zarate et al., 2006; Browne & Lucki, 2013; Ballard et al., 2014),
with remarkable effects in treatment-resistant patients (Zarate
et al., 2006, 2013). Recent work with intranasal administration
of s-ketamine (Canuso et al, 2018; Daly et al., 2018) has paved
the way for its registration by the Federal Drug Administration
(FDA) for use as a therapeutic option in treatment-resistant
depression (TRD) (FDA, 2019). Importantly, the clinical
data are supported by data from animal studies demonstrating
ketamine and other NMDA modulators to show robust
antidepressant-like effects (Li et al, 2010, 2011; Autry et al,
2011; Zanos et al., 2016). The mechanism underlying ketamine’s
action has been the focus of intense research and prompted the
development of more selective drugs, with fewer pharmacological
actions than ketamine. The most prominent of these drugs is
rapastinel, formerly GLYX-13, a partial agonist of the glycine site
at the NMDA receptor (Burgdorf et al., 2011, 2013, 2015a, b).
Through this mechanism, rapastinel is proposed to act by reduc-
ing the activation of NMDA receptors and it was shown that it
induces several beneficial behavioural effects similar to ketamine,
but without the psychostimulant effects (Burgdorf et al., 2011,
2013, 2015a, b). Rapastinel is already in advanced clinical trials
(NCT03560518, 2019; Ragguett et al., 2019).

One of the main problems in the search for better antidepres-
sant drugs, mainly for treatment-resistant cases, is the lack of
appropriate animal models for such a condition (Samuels et al.,
2011; Willner & Belzung, 2015). Important in developing such
as model is its translational validity for TRD. Willner and
Belzung (Willner and Belzung 2015) emphasise models that incor-
porate predisposing factors leading to heightened stress respon-
siveness, and Brand and Harvey (2017a, b) considered the
construct of high comorbidity of TRD in patients suffering from
posttraumatic stress syndrome (PTSD). It is well known that dys-
regulation of the HPA axis in depression is considered a core fea-
ture in depression (McAllister-Williams et al., 1998; Cowen, 2010),
and early studies from the 1950s show higher peripheral concen-
trations of cortisol in emerging depression, with a return to normal
in remitted patients (Quarton et al., 1955). The volume of pituitary
and adrenal glands have been reported to be increased in patients
with depression (Kessing et al., 2011) and evidence of an impaired
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ACTH response to Corticotrophin-releasing hormone (CRH), and
of an elevated cortisol response to ACTH in depression has been
observed (Kellner ef al., 1983). Importantly, HPA-axis abnormal-
ities may not only be associated with the pathogenesis of depres-
sion but also with poor outcome in patients with depression, since
dysregulation of the HPA axis can be linked to with an impaired
response to antidepressants (Zobel et al., 2000; Young et al., 2004),
and relapse following successful treatment (Appelhof et al., 2006;
Aubry et al., 2007). These findings highlight the role of ACTH as an
important hormone in the hypothalamic-pituitary—adrenal
(HPA) stress axis, which plays a crucial role in the neurobiology
of depression (Sorrells et al, 2009). In line with these studies,
recent evidence suggests that chronic treatment with ACTH
may abrogate the antidepressant effect of monoaminergic drugs
in different animal behavioural tests, such as the forced swim test
(FST) (Kitamura et al., 2002, 2008; Walker et al., 2013) and the
novelty suppressed feeding test (Antunes et al., 2015), thus being
proposed as a model to study TRD. However, in order to be con-
sidered an appropriate TRD model, in addition to resistance to
chronic treatment with conventional antidepressants, the model
should positively identify novel antidepressants that are effective
in TRD, such as ketamine and rapastinel.

Considering the aforementioned data, the present work aimed
to (i) confirm that 14 days of ACTH treatment induces resistance
to a conventional monoaminergic antidepressant, (ii) examine the
effectiveness of s-ketamine and rapastinel in rats repeatedly treated
with ACTH and exposed to the FST, (iii) estimate the plasma levels
of corticosterone (CORT) and ACTH in order to validate the
causal role of a disordered HPA axis in the model. Through such
an approach, this study provides new information on the effects of
s-ketamine and rapastinel in antidepressant treatment-resistance
in animal models, and provides further predictive confirmation
for chronic ACTH exposure as a model of TRD.

Material and methods
Animals

Male Sprague Dawley rats weighing 270-300 g (8 weeks, Taconic
A/S, Copenhagen, Denmark) at the beginning of each experiment
were housed in pairs in cages (Cage 1291H Eurostandard Type III
H, 425 mm X 266 mm X 185 mm, Techniplast, Italy) at 20 = 2 °C
and 60 + 5% relative humidity on a 12-h light/dark cycle (lights on
at 06:00 a.m.) with free access to food and tap water. All animals
were kept in the same room with the conditions for at least 1 week
before the start of each experiment. Each cage had bedding
material made of wooden chips along with access to a tunnel shel-
ter, nesting material, and a wooden stick. The animal colony and all
experimental facilities were protected from outside noise. The
behavioural procedures were carried out in specially equipped
rooms in the animal facility between 08:00 a.m. and 12:00 p.m.
All animals were randomly assigned to the test groups and all
experimental analysis were performed by an evaluator blinded
to the groups. Procedures were conducted in conformity with
ARRIVE guidelines (Kilkenny et al., 2010) for the care and use
of laboratory animals, which comply with international laws and
politics. Additional information about the experimental proce-
dures accordingly to the ARRIVE guidelines is given in
Supplementary Material. All animal procedures were carried out
under the approval of the Danish National Committee for
Ethics in Animal Experimentation (Protocol no. 2012-15-2934-
00254). All efforts were made to minimise animal suffering.
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Drugs

The following drugs were used: s-ketamine (Pfizer), NMDA recep-
tor antagonist; raspastinel (WuXi AppTec, China), partial agonist
of glycine site on the NMDA receptor; imipramine (Sigma-
Aldrich); Adrenocorticotropic Hormone 1-24 (ACTH, China
Peptides, China). All drugs were diluted in sterile saline immedi-
ately before use.

Animal model of treatment-resistance to antidepressant
treatment

The protocol to induce an antidepressant treatment-resistance
consists of a single daily subcutaneous injection of adrenocortico-
tropic hormone 1-24 (ACTH) (100 pg/0.1 ml/rat) for 14 days. The
ACTH injections were performed between 09:00 and 11:00 am.
This protocol has been used to successfully induce resistance to
monoaminergic antidepressants in rodents (Kitamura et al,
2002, 2008; Walker et al., 2013; Antunes et al., 2015).

Forced swim test

The FST was developed accordingly to previous works (Porsolt
et al., 1977). First, animals were placed individually to swim in
acrylic cylinders (24 cm diameter by 60 cm height containing 40
cm of water at 24 = 1 °C) for 15 min (pre-test) (Fischer et al.,
2015; Pereira et al., 2015). After 24 h, the animals were exposed
to a 5-min session in the open-field test (OFT) immediately fol-
lowed by a 5-min FST session. The water of the cylinders was
changed after each trial to avoid the influence of alarm substances
(Abel & Bilitzke, 1990). The test session was recorded digitally, and
the immobility time was measured afterwards, thus allowing
detailed blinded analysis of the behaviour by an independent
person.

Open-field test

The OFT was developed in a squared arena (100 cm X 100 cm X
50 cm, 10 lux) as previously described (Liebenberg et al., 2015; du
Jardin et al., 2016a). All animals received vehicle or drug injection
and after 50 min they were placed in the centre of the arena. All
animals were recorded digitally, and the travelled distance
was measured during the 5 min of the test through software
tracking (Noldus Ethovision XT version 14, Waacheningen, The
Netherlands).

Measurement of CORT and ACTH in plasma by Luminex

Right after the test session in the FST, animals were euthanised
without anaesthesia, and blood collected from the neck wound into
tubes containing Ethylenediaminetetraacetic acid (EDTA). The
tubes were manually mixed by slightly shaking them four times.
After mixing, the samples were centrifuged at 1500 X g at 4 °C
for 10 min. Thus, the plasma samples were collected and frozen
at —80 °C until use. CORT and ACTH were assayed with the
MILLIPLEX® MAP kit Rat Stress Hormone Magnetic Bead
Panel (RSHMAG-69K) on a Luminex 200 instrument
(BIORAD). The determination was processed according to the
manufacturer’s specifications (http://www.millipore.com). The
standard curve was run in duplicate and the samples in single.
Two internal quality controls were included on the plate. They
were all within the expected ranges for the given analyte.
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Statistical analysis

All statistical analyses were performed with GraphPad Prism
version 5.01 for Windows (GraphPad software, San Diego, CA,
USA). The results of Experiments 1 and 3 were analysed as group
means by two-way ANOVA, followed by the Bonferroni post-hoc
test, with comparisons to the vehicle group, where appropriate.
Experiment 2 was analysed with a one-way ANOVA, followed
by Dunnett’s post-hoc test. The results of Experiment 4 regarding
CORT measurements were analysed as group means by two-way
ANOVA. Then the data were pooled and analysed as group means
by Mann-Whitney test. Bartlett’s test for equal variances was
applied to verify normality and homogeneity of variances. The data
were analysed as nonparametric measurements when significantly
different variances were found. Mann-Whitney tests were used for
nonparametric analyses. In order to detect outliers, Grubb’s test
was carried out. Differences with p < 0.05 were considered
significant.

Experimental design

Experiment 1: Effects of s-ketamine and imipramine in animals
exposed to chronic ACTH and tested in the open field and
forced swim:

Experimentally naive animals received a single daily injection
of ACTH (100 pg/0.1 ml/rat) or vehicle for 14 days. The last
ACTH injection was given right after the pre-test session of
the FST on the 14™ day of treatment. On the next day, the animals
received an intraperitoneal (i.p.) injection of vehicle, s-ketamine
or imipramine and after 50 min they were exposed to the OFT.
Right after the OFT, the animals were exposed to the test session
of the FST. The group treated with imipramine received three
injections at 0, 5 and 23 h after the pre-test session of FST.
The dose chosen for s-ketamine (15 mg/kg) and imipramine
(15 mg/kg) were based on previously published papers (Joca &
Guimaraes, 2006; Li et al., 2010; Sales et al., 2011; Liebenberg
et al., 2015)

Experiment 2: Effects of different doses of rapastinel in rats
exposed to the OFT and forced swim:

In order to obtain possible effective doses of rapastinel, intra-
peritoneal injection of s-ketamine (15 mg/kg) and rapastinel
(3, 10 and 30 mg/kg) was carried out. Fifty minutes following the
injections the animals were exposed to the OFT. Right after the
OFT, the animals were exposed to the test session of the FST.

Experiment 3: Effects of rapastinel in animals exposed to chronic
ACTH and tested in the open field and forced swim:

Experimentally naive animals received a single daily injection of
ACTH (100 pg/0.1 ml/rat) or vehicle for 14 days. The last ACTH
injection was given right after the pre-test session of the FST on the
14" day of treatment. On the next day, the animals received an
injection of vehicle, rapastinel (10 mg/kg), or imipramine
(15 mg/kg) and after 50 min they were exposed to the OFT.
Right after the OFT, the animals were exposed to the test session
of the FST. The group treated with imipramine received three i.p.
injections at 0, 5 and 23 h after the pre-test session of FST.
Rapastinel’s dose was based on the literature (Burgdorf et al., 2013).

Experiment 4: Effects of ACTH repeated treatment on the levels
of CORT and ACTH

The animals from Experiment 2 were euthanised right after the
exposure to the FST and plasma was collected as described above.
The plasma samples were used for analysis of the levels of CORT,
and ACTH by a Luminex 200 instrument.
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Fig. 1. (A) Effects of s-ketamine or imipramine in rats repeatedly treated with vehicle
or ACTH for 14 days and exposed to the FST; n = 12-14. (B) Effects of s-ketamine or
imipramine in rats repeatedly treated with vehicle or ACTH for 14 days and exposed to
the open-field test; n = 11-14. *p < 0.05, **p < 0.01 and ***p < 0.001 compared to the
vehicle + vehicle group; #p < 0.05 compared to the ACTH + vehicle group; Bonferroni
posttest. Data represent Mean + SEM.

Results

Experiment 1: Effects of s-ketamine and imipramine in animals
exposed to chronic ACTH and tested on the open field and
forced swim:

A two-way ANOVA analysis of the FST data revealed no
significant interaction between ACTH/no-ACTH and treatment
[F (2,71) =2.702, p=0.0739], but a significant effect of ACTH/
no-ACTH [F (1,71)=1693, p < 0.0001] or treatment
[F(2,71) =12.22, p < 0.0001] alone (Fig. 1A). Post-hoc tests using
the Bonferroni correction showed that in the non-ACTH, treat-
ment with imipramine (0, 5 and 23 h after pre-test, p = 0,0013)
or s-ketamine (1 h before test, p = 0,0002) reduced the immobility
time of the animals compared to vehicle (Fig. 1A). However, in the
group of animals repeatedly treated with ACTH, only the animals
receiving s-ketamine showed a reduction in the immobility time
(p = 0,0143, Fig. 1A).

Similarly, a two-way ANOVA analysis of the Open-Field data
revealed no significant interaction between ACTH/no-ACTH and
treatment [F (2,66) =2.85, p=0.0650], no significant effect of
ACTH/no-ACTH [F (1,66) =0.7714, p < 0.383] but a significant
effect of treatment [F (2,66) =5.715, p < 0.0051] (Fig. 1B). Post-
hoc tests using the Bonferroni correction showed that in the
non-ACTH, treatment with imipramine (0, 5 and 23 h after
pre-test, p = 0,0428) or s-ketamine (1 h before test, p = 0,0185)
reduced the exploration time of the animals compared to vehicle
(Fig. 1B). However, in the group of animals repeatedly treated with
ACTH, only the animals receiving imipramine showed a reduction
in the exploration time (p = 0,0361, Fig. 1B).
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Fig. 2. (A) Effects of s-ketamine or rapastinel in rats exposed to the FST; n=5-7.
(B) Effects of s-ketamine or rapastinel in rats exposed to the OF; n=5-7. *p < 0.05
compared to the vehicle group. Dunnett’s post-hoc test. Data represent Mean + SEM.

Experiment 2: Effects of different doses of rapastinel in rats
exposed to the OFT and FST:

Intraperitoneal injection of s-ketamine (15 mg/kg) and rapas-
tinel (3, 10 and 30 mg/kg) was carried out. We found that rapas-
tinel at 10 mg/kg and s-ketamine at 15 mg/kg reduced the
immobility time of animals exposed to the test session of
EST (Fig. 2A). However, rapastinel at 3 and 30 mg/kg did
not induced any changes on the immobility time during the FST
(F (4,29) =7.612; p < 0.05; Dunnett).

The OFT results show that none of the treatments induced
hyper locomotion effects when comparted to controls
(F (4,29) =12.67; p < 0.05; Dunnett, Fig. 2B).

Experiment 3: Effects of rapastinel in animals exposed to chronic
ACTH and tested on the open field and forced swim:

A two-way ANOVA analysis of the FST data revealed a
significant interaction between ACTH/no-ACTH and treatment
[F (2, 31) =4.022, p=0.0280], a significant effect of treatment
[F (2,31) =9.291, p < 0.0007], but no effect of ACTH/no-ACTH
[F(1,31) =0.7339, p < 0.3982] alone (Fig. 3A). Post-hoc tests using
the Bonferroni correction showed that in the non-ACTH, treat-
ment with imipramine (0, 5 and 23 h after pre-test, p =0.0388)
or rapastinel (1 h before test, p =0.0366) reduced the immobility
time of the animals compared to vehicle (Fig. 3A). However, in the
group of animals repeatedly treated with ACTH, only the animals
receiving rapastinel showed a reduction in the immobility time
(p =0.0026, Fig. 3A).

Similar analysis of the open-field data revealed no
significant interaction between ACTH/no-ACTH and treatment
[F (2,42) =0.082, p=0.9213], no significant effect of ACTH/
no-ACTH [F (1,42) =2.507, p < 0.1209] but a significant effect
of treatment [F (2,42) = 9.665, p < 0.0004] (Fig. 3B). Post-hoc tests
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Fig. 3. (A) Effects of imipramine or rapastinel in rats repeatedly treated with vehicle
or ACTH for 14 days and exposed to the FST; n = 5-7. (B) Effects of imipramine or rapas-
tinel in rats repeatedly treated with vehicle or ACTH for 14 days and exposed to the
open-field test; n =5-7. *p < 0.05 compared to the vehicle + vehicle group; ##p < 0.01
compared to the ACTH + vehicle group; Bonferroni posttest. Data represent Mean +
SEM.

using the Bonferroni correction did not show any difference in
exploration time of the animals compared to vehicle (Fig. 3B).

Experiment 4: Effects of repeated ACTH treatment on plasma
CORT and ACTH levels

A two-way ANOVA analyses of plasma levels of CORT
revealed is an effect of the first treatment (vehicle or ACTH)
while there is no effect of any of the drugs given as second
treatment  (vehicle, imipramine, rapastinel, Interaction:
F(2,42) =0.3695; First Treatment: F(1,42)=4.783%; Second
Treatment: F (2,42) = 1.106; *p < 0.05 — Fig. 4A). Thus, all animals
pre-treated with vehicle or ACTH were pooled appropriately to be
analysed. The pooled analyses showed that animals pre-treated
with ACTH presented higher levels of CORT when compared to
vehicle (U= 181.0%, *p < 0.05 - Mann-Whitney’s test — Fig. 4B).

Regarding the analyses of the plasma levels of ACTH, several
samples did not reach detectable levels, which led to undesirable
variances between the numbers of samples in each group.
Therefore, to run appropriate statistical analyses the pooled data
based on the pre-treatment with vehicle or ACTH was analysed.
The analyses show that ACTH levels were higher in the animals
pre-treated with ACTH as compared to the group pre-treated with
vehicle (U=78.50%, *p < 0.05 - Mann-Whitney’s test — Fig. 4C).

Discussion

The main finding in the present paper is that repeated ACTH treat-
ment resulted in animals mimicking a treatment-resistant state of
depression, without response to imipramine, but with a clear effect
of both s-ketamine and rapastinel. Both drugs have been shown to

https://doi.org/10.1017/neu.2019.25 Published online by Cambridge University Press

Pereira et al.

(A) Corticosterone
3 -
= *
g *
=) * *
= 2 1
°©
>
K
©
£ 1 1 T
[}
K}
n- I
0- - .
Veh Imi Rps | Veh Imi Rps
Vehicle ACTH
(B) Corticosterone
25 - Pooled
? *
£ 2.0
2 '
3 15 1
3 I
= 1.0
&
© 0.5 1
o
0.0 -
Vehicle ACTH
() ACTH
30 - Pooled
= *
£ —I—
=)
£ 20
°©
®
- — —
g 10 -
(2]
8
o
0 -
Vehicle ACTH

Fig. 4. (A) Effects of vehicle, imipramine or rapastinel on the plasma levels of CORT of
rats repeatedly treated with vehicle or ACTH for 14 days and exposed to the FST. Two-
way ANOVA, p > 0.05. (B) Effects of repeated treatment with vehicle or ACTH for 14 days
on the plasma levels of CORT of rats exposed to the FST - Mann-Whitney, *p < 0.05.
(C) Effects of repeated treatment with vehicle or ACTH for 14 days on the plasma levels
of ACTH of rats exposed to the FST - Mann-Whitney, *p < 0.05. Data represent Mean +
SEM. n=5-T.

be clinically effective in human TRD, with intranasal s-ketamine
recently approved for clinical use in MDD by FDA (FDA, 2019)
and rapastinel in fast track FDA clinical phase-III trial
(NCT03560518, 2019; Ragguett et al, 2019). Our results are in
accordance with previous studies showing that repeated treatment
with ACTH for 14 days induced a behavioural phenotype in the
animals which is insensitive to treatment with conventional anti-
depressants and mood-stabilisers, such as desipramine, amitripty-
line and lithium, when assessed in the FST or novelty suppressed
feeding (Kitamura et al., 2002, 2008; Walker et al., 2013; Antunes
et al., 2015).

Importantly, we demonstrate that the rapid-acting antidepres-
sant drugs, s-ketamine and phase-III drug candidate rapastinel,
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induced antidepressant-like effects in animals following repeated
administration with ACTH. This finding is in accordance with
the literature where it was demonstrated that ketamine induces
antidepressant effects in individuals with TRD (Zarate et al.,
2006, 2013). The antidepressant-like effects of ketamine has been
demonstrated in a variety of animal models, including stress based
and genetic models of depression, for example the chronic unpre-
dictable stress model (Li et al., 2011; Jiang et al., 2017; Zhu et al.,
2017), flinders sensitive line (FSL) rats (Ardalan et al, 2016;
Eskelund et al., 2016; du Jardin et al, 2016a, b, 2017; Ardalan
et al., 2017a, b; Silva Pereira et al., 2017), and more recently in a
novel gene X environment (stress) model of TRD (Brand &
Harvey, 2017b). In a previous study, it was attempted to examine
the effect of 10 mg/kg racemic ketamine in a similar treatment-
resistance condition (Walker et al., 2015). Although that study
reported positive effects of ketamine, it was only following a
median split into responders and non-responders. Apart from
the afore noted study by Brand and Harvey using a gene X stress
model of TRD (Brand & Harvey, 2017b), the present study repre-
sents the first demonstration of an antidepressant-like effect of
s-ketamine in a condition mimicking treatment-resistance,
induced by repeated exposure to ACTH. It is nonetheless of inter-
est that Willner and Belzung (2015) have emphasised the impor-
tance of a heightened stress response when developing a TRD
model. In fact, Brand and Harvey (2017a, b) combined a PTSD
paradigm with a stress-sensitive genetic model of depression,
the FSL rat, to successfully model TRD, while the ACTH model
presented here is based on a construct of a disordered HPA axis.
The latter is a deeply entrenched pathological feature of depression
and TRD (Baumeister et al., 2016).

There has been great interest in the development of anti-
depressants targeting the glutamatergic system in the last years.
Rapastinel has also shown promising results in animal models
(Burgdorf et al., 2013; Moskal et al., 2016). The present results
add to the previous studies, demonstrating rapastinel is capable
of inducing an antidepressant-like effect in a treatment-resistance
condition in animals. This is particularly noteworthy as the route
of administration used here (viz. i.p. injection) was different from
the majority of previous studies that have used intravenous (i.v.)
administration, although other studies have also successfully used
intraperitoneal administration (Yang et al., 2016). As we did not
assess the bioavailability and brain content of rapastinel, the behav-
ioural findings must be interpreted with care. Future studies should
perform such bioavailability studies in both i.p. and iv. treated
cohorts for comparative reasons. In addition, we also note that,
although not statistically confirmed, rapastinel in some, but not
all, of our experiments may have a stimulatory effect on locomo-
tion, which may positively bias an antidepressant-like effect in
the FST. Given these limitations, it remains objectives of future
work to confirm these findings by using more comprehensive
bio-behavioural testing, as noted.

Importantly, the analyses of plasma samples confirm that
ACTH treatment for 14 days increased the activity of the HPA axis
of the animals, as reflected in the increased CORT and ACTH level.
Neither imipramine nor rapastinel were able to reduce the plasma
CORT and ACTH levels, unfortunately such levels were not per-
formed in s-ketamine-treated animals. Whether this may be rel-
evant for the observed phenotype remains to be clarified, but it
is noteworthy that previous studies on alterations in CORT levels
after repeated treatment of ACTH are contradictory. For instance,
one study showed that CORT levels were unaltered after 14 days of
daily ACTH treatment (Walker et al., 2013), whereas another study
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supports our findings, showing that repeated treatment with
ACTH increase CORT levels (Kitamura et al., 2002). As HPA-axis
hyperactivation and maladaptation to stress is a common feature of
major depression (Nestler et al., 2002; McEwen, 2004; Bale, 2006),
our findings are valid with regard to the use of repeated treatment
with ACTH as a model for TRD. It is speculated that this associ-
ation successfully translates abnormal features of stress adaptation
and clinical depression. Finally, while this study specifically exam-
ined treatment response in a TRD model, future work should also
consider time to onset of action, as well as bolstering the anti-
depressant response of a traditional antidepressant (Brand &
Harvey, 2017b). Indeed, ketamine first came to prominence as
an adjunctive treatment to hasten antidepressant response (Li
et al., 2010, 2011; Autry et al., 2011; Zanos et al., 2016).

The mechanism whereby ACTH induces a treatment-resistant
state and how this may be reversed by modulating the glutamater-
gic system is particularly interesting, and several explanations
could be proposed. Within the context of this paper and the drugs
used, it seems to hypothesise the involvement of a dysfunctional
prefrontal cortical circuitry, combined with GABAergic deficits
following chronic stress and the state of TRD (Ghosal et al.,
2017). However, further studies are warranted to test this
hypothesis.

In conclusion, the present work reinforces the role of the glu-
tamatergic system in the neurobiology of depression as it corrob-
orates that s-ketamine and rapastinel are antidepressant drugs that
deserve further investigation. The study also re-affirms and estab-
lishes s-ketamine and rapastinel as effective pharmacotherapy for a
treatment-resistant state. The experimental protocol used here is
suggested to be a useful future tool in the study of TRD.
Nonetheless, further studies are necessary to elucidate the mecha-
nism through which the repeated exposition to ACTH leads to
resistance to a classical antidepressant, and how this is amenable
to treatment with an NMDA receptor modulator.
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