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Abstract

Background Major depressive disorder (MDD) is defined as a complex mental disorder which is characterized by a pervasive
low mood and aversion to activity. Several types of neurotransmitter systems e.g. serotonergic, glutamatergic and noradrenergic
systems have been suggested to play an important role in the origination of depression, but neurotrophins such as brain derived
neurotrophic factor (BDNF) have also been implicated in the disease process.

Objectives The purpose of this study was to examine the effects of a newly developed class of molecules, characterized as
positive allosteric modulators of neurotrophin/Trk receptor mediated signaling (Trk-PAM), on neurotransmitter release and
depression-like behavior in vivo.

Methods The effect of and possible interaction of neurotrophin/Trk signaling pathways with serotonergic and glutamatergic systems
in the modulation of depression-related responses was studied using newly developed Trk-PAM compounds (ACD855, ACD856
and AC26845), as well as ketamine and fluoxetine in the forced swim test (FST) in rodents. Moreover, in vivo microdialysis in
freely moving rats was used to assess changes in neurotransmitter levels in the rat.

Results The results from the study show that several different compounds, which all potentiate Trk-receptor mediated signaling,
display antidepressant-like activity in the FST. Moreover, the data also indicate that the effects of bothfluoxetine and ketamine
in the FST, both used in clinical practice, are mediated via BDNF/TrkB signaling, which could have implications for novel
therapies in MDD.

Conclusions Trk-PAMs could provide an interesting avenue for the development of novel therapeutics in this area.
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Introduction

Clinical depression or Major depressive disorder, MDD, is
one of several psychiatric disorders affecting mood, along
with mania, hypomania, and bipolar disorder. Depression is
defined as a common complex mental illness which is char-
acterized by a pervasive low and sustained depressive mood,
diminished interest and suicidal ideation. Depression is a
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life-threatening psychiatric disorder and a major public
health concern worldwide with an incidence of 5% and a life-
time prevalence of 15-20% (Kessler et al. 2005). Moreover,
depression is associated with disability, decreased quality of
life, increased health-related costs and is considered a major
risk factor for many diseases, including cardiovascular, met-
abolic and neuropsychiatric disorders (Cryan and Holmes
2005; Thase 2006). Although the currently available antide-
pressants provide a measurable degree of therapeutic relief,
approximately 50% of individuals diagnosed with MDD do
not respond adequately to first-line treatment (treatment-
resistant MDD patients) with conventional antidepressants
(Trivedi et al. 2006; Fava et al. 2008). Current pharmaco-
therapeutic treatments have limited efficacy and are associ-
ated with many deleterious side effects (Dording, et al. 2002;
Lam and Kennedy 2004). Moreover, the 3—4-week delay in
the onset of therapeutic efficacy is particularly difficult for

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00213-023-06410-x&domain=pdf
http://orcid.org/0000-0001-8385-456X

1790

Psychopharmacology (2023) 240:1789-1804

patients with persistent suicidal ideation. Therefore, there
is a pressing medical need to develop rapidly acting anti-
depressants that are capable of immediately relieving the
depressive symptomology, and persisting in their action as
an antidepressant, for treatment of resistant patients unable
to respond to conventional therapies. A better understanding
of the pathophysiology of this disorder alongside with the
development of innovative and improved treatments remains
crucial. Hence, animal models are essential for advancing
research in this field and screening of novel antidepressants
is an important practice in modern research due to the lim-
ited efficacy and large number of side effects of existing
treatments (Kessler et al. 2003; Licinio and Wong 2005).

One prevailing hypothesis in the pathogenesis of depres-
sion has been the monoamine hypothesis, which predicts that
the underlying pathophysiologic basis of depression is a deple-
tion in the levels of the monoamines (serotonin, noradrenaline,
dopamine) in the central nervous system. However, more recent
data rather suggest that imbalances in the levels of biogenic
amines, such as dopamine (DA) and serotonin (5-HT), are
involved in the etiology of psychiatric disorders like schizophre-
nia and depression (Sanchez et al. 2010; Sghendo and Mifsud
2012; Czéh et al. 2016). These imbalances in dopaminergic
and serotonergic systems are, in turn, likely to affect the chemi-
cal balance within the entire neurotransmitter system (Qi et al.
2013; 2016). Furthermore, many studies have shown that this
hypothesized pathophysiology appears to be supported by the
mechanism of action of antidepressants: agents that alter the
levels of the monoamines in the brain have all been shown to
be effective in the alleviation of depressive symptoms. Accord-
ingly, therapies for treating depression were derived to target the
monoaminergic systems, with a majority of them specifically
targeting the serotonin system, with increased serotonin concen-
trations as a common effect. Although several lines of evidence
suggest that alterations in the serotonergic system in the central
nervous system may underlie the pathophysiology of depres-
sion (Mann 1999; Mikael et al. 2018) half of the MDD patients
fail to respond to treatment with a selective serotonin reuptake
inhibitor (SSRI), the first line of pharmacological treatment.
Furthermore, with antidepressants such as SSRI’s there is a lag
time of weeks between initiation of treatment and significant
antidepressant effect (Gelenberg and Chesen 2000).

Accumulating evidence have also suggested that gluta-
matergic neurotransmission plays an important role in the
neurobiology and treatment of MDD (Berman et al. 2000;
Zarate et al. 2006; Mathew et al. 2012). In fact, clinical stud-
ies have demonstrated that the non-competitive N-methyl-d-
aspartate (NMDA) receptor antagonist ketamine has rapid
antidepressant effects in treatment-resistant patients with
MDD (Diazgranados et al. 2010). However, due to prob-
lematic side-effects including dissociative effects, sedation
and nausea, it is used in some countries only as third line
treatment.
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Among the alternative mechanisms and therapeutics that
have generated increased attention are the neurotrophins, brain
derived neurotrophic factor (BDNF) and nerve growth factor
(NGF). Neurotrophins are a closely related family of proteins
in the brain that contributes to the survival, growth, and main-
tenance of neurons (Cowansage et al. 2010) and participate in
a variety of brain functions such as depression, learning and
memory (Ahlskog et al. 2011; Lee and Kim 2010). The mam-
malian neurotrophins include BDNF, nerve growth factor, neu-
rotrophin 3, and neurotrophins 4/5. Undoubtedly, the majority
of the literature linking neurotrophins with depression involves
the study of BDNF, and there is in fact a well-established body
of clinical evidence implicating the involvement of BDNF in
the pathobiology of depression (Lee and Kim 2010). Periph-
eral reductions in mature BDNF in serum and plasma have
been noted in persons with depression (Lee et al. 2007; Yoshida
et al. 2012) and in cases of suicide (Birkenhager et al. 2012;
Kim et al. 2007). Findings from a meta-analysis and systematic
review showed significantly lower levels of serum BDNF in
antidepressant-free patients with MDD as compared to healthy
controls (Molendijk et al. 2014). Moreover, serum levels of
BDNF tend to normalize in response to several treatments with
antidepressants, such as sertraline, escitalopram, or venlafaxine
(Matrisciano et al. 2009), electroconvulsive therapy (Brunoni
et al. 2014), and physical activity (Engesser-Cesar et al. 2007).

Interestingly, several lines of evidence have also indicated
that BDNF is required for the antidepressant response to
ketamine and SSRI’s, such as fluoxetine. Preclinical studies
have found that an infusion of a BDNF- neutralizing anti-
body into the mPFC abolishes ketamine's antidepressant-like
effects, also suggesting that BDNF in the mPFC may be an
important site of action (Lepack et al. 2014). Mice express-
ing the human BDNF val66met polymorphism (resulting in
lowered BDNF secretion; Egan et al. 2003) have been exam-
ined following acute ketamine administration and shown to
have an attenuated antidepressant response (Liu et al. 2012),
suggesting that functional BDNF is required for the rapid
antidepressant action of ketamine. Essentially all antide-
pressants, including ketamine and SSRI’s, also increase the
expression and signaling of brain-derived neurotrophic fac-
tor (BDNF) through its receptor, the tyrosine kinase receptor
B (TrkB) (Autry and Monteggia 2012; Castrén and Antila
2017; Duman and Monteggia 2006). Moreover, BDNF mim-
ics the effects of antidepressants in rodents and inhibiting
TrkB signaling have been shown to prevent their behavio-
ral effects (Duman and Monteggia 2006; Saarelainen et al.
2003). The effects of SSRIs and ketamine on BDNF signal-
ing have been considered to be indirect, through inhibition
of the serotonin transporter (SHTT) and NMDA receptors,
respectively. However, recent data have shown that both
ketamine and SSRI’s such as fluoxetine can bind directly
to the TrkB-receptor to mediate their antidepressant effects
(Casarotto et al. 2021).
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Treatment with small molecules that directly enhance neu-
rotrophin signaling is a mechanism that is less likely to suffer
from the inherent drawbacks of using neurotrophic proteins per
se, including costly and sometimes complicated treatments, a
short half-life in plasma, local adverse events at the site of injec-
tion, and inability to pass the blood brain barrier [27]. Several
attempts to identify and develop small molecule activators of
neurotrophin signaling have been made, including peptidomet-
ics [28-35], small molecules with agonistic properties such as
7,8-dihydroxyflavone [36], gambogic amide [37], amitriptyline
[38], LM22A [39] AIT-082 [40,41], L-783,281 and its ana-
logues [42,43], MT-2 [44], macrocyclic compounds such as
NG-011 and NG-012 [45], various natural products [46], and
several both natural and synthetic substances containing a ster-
oid backbone [47—49]. Howeyver, very few compounds have so
far reached the stage of clinical development.

In our attempts to identify small molecules that can affect
the signaling of neurotrophins, we have identified a novel class
of compounds acting as positive allosteric modulators (PAM’s)
of the Trk-receptors, enhancing the signaling of the endogenous
ligands such as BDNF and NGF. These compounds have been
shown to enhance synaptic plasticity as well as attenuate cogni-
tive dysfunction in a TrkB-receptor dependent manner in several
different behavioral animal models, including the passive avoid-
ance model, water maze and object recognition task (Dahlstrom
et al. 2021). The first molecule to be developed in this novel
chemical class was ACD855, which was discontinued due to
a long half-life in man. The subsequent compound, ACDS856,
recently completed the phase I clinical trials and AC-0026845 is a
discovery compound in research phase. Although the compounds
are structurally and pharmacologically very similar in the in vitro
assays, the use of multiple Trk-PAM compounds with slightly
different physicochemical and pharmacokinetic properties was
deemed appropriate to better profile this new class of molecules
with respect to their potential antidepressant-like effects.

This study aimed to examine the effect of different PAM’s
of Trk-receptors in FST-induced depression-like behavior
in rodents. Here, we used several Trk-PAM’s compounds,
ACD855, ACD856, AC26845 as well as ANA-12, a TrkB
antagonist (Cazorla et al. 2011), as pharmacological tools.
We examined the effects of these compounds on depression-
like behavior and brain neurotransmitter levels, using in vivo
microdialysis. Moreover, the potential interaction between
a Trk-PAM compound and ketamine or fluoxetine in the
modulation of depressive-like behaviors was also assessed.

Materials and methods

Animals

Adult male C57BL/6 J mice (Charles River, Germany)
were used in all experiments. The mice were 7-8 weeks

of age and weighed 25-30 g at the time of testing. The
animals were housed in groups of 4-6 mice in standard
Macrolon® cages (A3, 42X 26x20 cm) in a temperature-
and humidity-controlled room (21 + 1°C and 60 +5%
humidity), with a 12-h light/dark cycle (lights on at 6.00
am), with free access to standard lab chow (Ewos R36,
Ewos AB, Sodertilje, Sweden) and tap water were pro-
vided at libitum. The animals were allowed to habituate
to the maintenance facilities for a period of at least seven
days before the experiments. The animals were transferred
to the experimental room one hour prior to the experi-
ment for habituation and all animals were handled and
tested by a single researcher. All experiments were con-
ducted in experimentally naive animals during the light
phase (between 9 am and 3 pm), with all efforts made to
minimize suffering and the number of animals used. The
cages were changed once a week. Animal housing and
experimental procedures followed the protocols and rec-
ommendations of the Swedish animal protection legisla-
tion. The experimental procedures were approved by the
local Animal Ethics Committees (ID 1640) conformed to
the European Council Directive (2010/63/EU).

To study the effect in rats, male Flinders sensitive line
(FSL) rats was chosen. This selectively bred rat strain is
derived from the Sprague—Dawley strain and associated
with distinct behavioral and neurochemical features of
major depression, including some which have face valid-
ity, e.g. psychomotor retardation and increased rapid eye
movement sleep. FSL rats display a genetic vulnerabil-
ity to environmental stressors and have been successfully
used for validation of antidepressant effects (Overstreet
et al. 2005). These animals were bred at the Department
of Physiology and Pharmacology at Karolinska Institute
and were tested at 2—4 months of age. Rats were kept in
standard cages (TypelV Macrolon, Bayer Material Sci-
ence, Leverkusen, Germany, 26 X42 X 15 cm) at room tem-
perature and relative humidity (45-55%) under a constant
light/dark cycle (lights on at 06.00 h). Water and food
pellets (LactaminR36, Stockholm, Sweden) were available
ad libitum. FSL rats were randomly assigned to groups
given either fluoxetine, ACD855, ACD856 or vehicle.

The microdialysis experiments were conducted at
Pronexus AB, Bromma, Sweden (ethical permit N24/14)
in awake, freely moving male Sprague Dawley rats (n =6,
7-8 weeks old from Janvier Labs, Le Genest-Saint-Isle,
France). Rats were maintained in a controlled environment
(22+1 °C; 45-50% rel. humidity) on a 12 h dark/12 h light
(40 Lux) cycle. The rats had free access to standard lab
chow (RM1A(P), SDS, Scanbur, Sweden) and tap water
during the entire housing period and during the microdi-
alysis experiments. The rats were examined and weighed
prior to initiation of the study to assure adequate health
and suitability.
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Drugs and drug administration

ACDB855, ACD856 and AC-0026845 were supplied by Alze-
Cure Pharma and, like ANA 12 (Tocris), dissolved in 20%
dimethylsulfoxide (DMSO) in 0.1 M phosphate-buffered
(PBS). s-Ketamine (Sigma-Aldrich, Stockholm, Sweden)
and fluoxetine hydrochloride (Sigma-Aldrich, Stockholm,
Sweden) were dissolved in saline. For background data of
ACDB855 and ACDS856, please see Dahlstrom et al. (2021).
AC-0026845 displays an IC50 of 106 nM on TrkB, 196 nM
on TrkA and 150 nM on TrkC in the same primary assay as
used with ACD855 and ACD856. The doses chosen were
based on the known pharmacokinetics of the compounds.
All drugs were injected at a volume of 8 ml/kg intraperito-
neally (i.p.) or subcutaneously (s.c.) in the scruff of the neck.
All drugs were administered either acutely (single dose) or
repeated doses (once daily) for 4 or 28 consecutive days
with the last injection performed 30-60 min prior to the
experiment.

Forced swim test (FST)

The FST is the most frequently used behavioral test for
measuring depressive-like behavior in rodents (Porsolt et al.
1977, 1978). Animals placed in cylinders containing water
rapidly become immobile, demonstrated by floating pas-
sively or making only movements necessary to remain afloat.
Based on an immobility response induced by inescapable
exposure to stress, the FST also has strong predictive validity
because short-term administration of antidepressant com-
pounds from a variety of pharmacological classes reduces
immobility time in the FST. These drugs include tricyclic
antidepressants, MAO inhibitors, atypical antidepressants,
and SSRIs (Cryan et al. 2005a, b).

Depression-like behavior was assessed in both mice and
rats, using a modified version of the FST, as described previ-
ously (Kuteeva et al. 2005). This included a two day protocol
test, with pre-exposure to water 24 h prior to the test (day
one of FST), which seems to be a more accurate and sensi-
tive technique in detecting depression-like behavior in mice
than the standard method of a single exposure (one day test)
(Kuteeva et al. 2005; Porsolt et al. 1977; Dalvi and Lucki
1999). Animals were individually placed in a vertical glass
cylinder (50 cm high, 20 cm in diameter, CMA) filled with
tap water up to 35 cm (25+0.5 °C). Two swimming sessions
were conducted: a 10 min pre-test (day one) followed 24 h
later (day two) by a 6 min test session. The total duration of
immobility as well as latency to the first immobility were
recorded during the 6 min test. After each swimming ses-
sion, the mice were gently removed and placed in the home
cage together with dry napkins. Immobility was defined as
floating passively in an upright position in the water, with
only small movements necessary to keep the head above the
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water surface. The floating time was considered as an index
of depression-like behavior. The glass cylinder was cleaned
thoroughly between each animal.

In vivo microdialysis

The microdialysis experiments were conducted at Pronexus
AB, Bromma, Sweden (ethical permit N24/14) in awake,
freely moving male Sprague Dawley rats as previously
described (Kehr et al. 1998; Yoshitake et al. 2004).

Briefly, rats were anesthetized with isoflurane, placed in a
stereotaxic frame and a guide cannula (Eicom Corp., Kyoto,
Japan) was implanted into the hippocampus at the following
coordinates: AP—5.2 mm, L+ 5.0 mm, V—2.8 mm, provid-
ing the final -6.8 mm for the tip of the microdialysis probe.
The guide cannula was fixed firmly to the skull surface using
dental cement (Dentalon Plus, Heraeus Instruments, Hanau,
Germany) and the scalp incision was closed with sutures
after which the animals were allowed to recover for a week.

On the day of the microdialysis experiment, the rat in its
home cage was placed into the frame of a Rotating animal
cage system, RACS (Microbiotech/se, Arsta, Sweden). The
RACS allows a swivel-free connection of the microdialysis
tubing to each respective syringe pump and to the fraction
collector and at the same time, brief recording of locomo-
tor activation. A microdialysis probe (Eicom A-I: 0.22 mm
0.D., 4 mm membrane length with cut-off 50 kDa) was
inserted into the guide cannula of the awake rat. The probe
was connected with fluorinated ethylene propylene (FEP) tub-
ing (0.1 mm L.D.) to the balancing arm of the RACS system.
The probe was perfused at a constant flow-rate of 1 pl/min
with artificial cerebrospinal solution (aCSF: 148 mM NaCl,
4 mM KCl, 0.8 mM MgCl2, 1.4 CaCl2, 1.2 mM Na2HPO4,
0.3 mM NaH2PO4, pH 7.2). Each rat was allowed to habitu-
ate to the new environment for 120 to 150 min. Following
this stabilization period, the microdialysis samples were
collected in 30-min intervals. The first 3 samples were col-
lected for determination of basal extracellular levels of neu-
rotransmitters. Thereafter, ACD856 or vehicle formulation
was administered s.c. and the samples were collected for an
additional 24 h. After finalizing the experiment, the animals
were sacrificed by an overdose of isoflurane and dislocation
of the neck. The brains were rapidly removed, flash-frozen on
dry ice and stored at -80 °C for additional analysis of tissue
biomarkers and histological verification of the microdialysis
probe placement.

Concentrations of acetylcholine (ACh) and glutamate
(Glu) in the microdialysis samples were measured using
ultra-high performance liquid chromatography tandem
mass spectrometry (UHPLC-MS/MS), whereas the lev-
els of the monoamines dopamine (DA), noradrenaline
(NA), and 5-serotonin (5-HT) in the microdialysates were
measured using ion-exchange narrow bore column liquid
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chromatography with electrochemical detection as described
elsewhere (Kehr et al. 1998, 2007; Yoshitake et al. 2004).

Data analysis

The results were analyzed using a one-way analysis of
variance (ANOVA) with treatment as between group fac-
tors. If significant, Tukey’s multiple comparison test was
performed to assess statistical difference between the
groups. Unpaired student t-test was used in experiments
with only two groups. The level of significance was set
at 0.05. The study was designed as a between subjects
(independent groups) experiment (i.e. each animal was
used only once). Where relevant, a two-way ANOVA was
used to assess potential synergistic effects of combinato-
rial treatments. All statistics and corresponding graphs
were made using Graph Pad Prism. Data are reported as
mean values + standard error of the mean (SEM).

Results
Single and repeated administration of ACD855

The effect of single, and repeated injections of the Trk-
PAM ACDS855 on depression-like behaviors in mice is

shown in Fig. 1. An overall statistically significant effect
of a single treatment was observed with respect to immo-
bility time (considered as an index of depression) using
one-way ANOVA (F(2,15)=13.93; p<0.001). Post hoc
analysis revealed that mice receiving a single injection
of 3 mg/kg of ACD855 displayed a significantly shorter
immobility time compared with control mice (Fig. 1a,
p<0.01). The average immobility time for control mice
was 304 s compared with an average immobility time of
234 s for the ACD855 treated mice. Similar results were
shown for mice treated with a single dose of the selective
serotonin reuptake inhibitor (SSRI), fluoxetine at 20 mg/
kg, with a significantly lower immobility time (197 s)
than the control mice (Fig. la, p<0.001).

The effect of repeated administration of ACD855 for
4 days or 28 days showed an overall statistically signifi-
cant effect of treatment regarding immobility time using
one-way ANOVA (F (3, 23)=17.90; p<0.0001 and
P <0.0001, unpaired t-test). Post hoc analysis revealed
that mice receiving daily injections for 4 consecutive
days with 3 mg/kg/day of ACD855, or 3 mg/kg/day for
28 days displayed a significantly shorter immobility
time compared with control mice (Fig. 1b; p <0.0001,
after 3 mg/kg for 4 days respectively; and p < 0.0001
after 3 mg/kg/day for 28 days, Fig. 1c¢).
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Fig. 1 Antidepressant-like effects in the forced swim test after
ACD855 administration. The forced swim test was conducted using
a 10 min pre-test (day 1) followed 24 h later (day 2) by a 6 min test
session where the immobility was recorded. Mice were injected either
with a single dose of ACD855 (3 mg/kg, s.c.; panel a) on day 2 prior
to behavioral test or repeated administration (once daily; 3 mg/kg/
day, s.c.) for 4 or 28 consecutive days (panel b and c respectively)
before behavioral testing, and were compared with mice receiving

vehicle or mice treated with a single dose of 20 mg/kg fluoxetine on
day 2 prior to behavioral test. Both fluoxetine and ACD855 (p<0.01;
p<0.001; p<0.0001) significantly reduced the immobility time in
the forced swim test compared with vehicle treated mice. The bars
represent the immobility time (seconds), mean +SEM (n=6-8 mice
per group). The statistical analysis was performed using one-way
ANOVA followed by Tukey's test (panel A and B), or unpaired t-test
(0). #*p<0.01; ***p<0.001; ****p <0.0001 vs control group
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Single and repeated administration of ACD856

The effect of single and repeated injections of the Trk-PAM
ACDS856 on depression-like behaviors in mice is shown in
(Fig. 2). An overall statistically significant effect of single
treatment was observed regarding immobility time using
one-way ANOVA (F(4, 25)=19.30; p<0.0001). Post hoc
analysis revealed that mice receiving a single injection of
1 mg/kg of ACD856 displayed a significantly shorter immo-
bility time compared with control mice (Fig. 2a, p <0.001).
The average immobility time for control mice was 305 s
compared with an average immobility time of 245 s for the
ACDS856 (1 mg/kg) treated mice. Similar results were also
seen in mice treated with higher doses of ACD856 (10 and
50 mg/kg; p<0.001; data not shown). The selective sero-
tonin reuptake inhibitor (SSRI), fluoxetine at 20 mg/kg,
i.p. induced a highly significant decreased immobility time
(209 s) compared to the control mice (Fig. 2a, p <0.0001).
The effect of repeated administration of ACD856 (1 mg/
kg) for 4 days or 28 days injection was also evaluated in the
mouse FST. An overall statistically significant effect of treat-
ment was observed regarding immobility time using one-
way ANOVA (F (2, 20)=25.93; p<0.0001 and P <0.0001,
unpaired t-test) after 4 or 28 days of injections respectively.
Post hoc analysis revealed that mice receiving daily injections

of ACD856 for 4 or 28 consecutive days at a dose of 1 mg/
kg/day displayed a significantly shorter immobility time com-
pared with control mice (Fig. 2b; p<0.0001; after 1 mg/kg for
4 days) and (Fig. 2c; p<0.001 after 1 mg/kg/day for 28 days,).

Effect of repeated (4 days) injections of ACD855
and ACD856 in Flinders sensitive line (FSL) rats, a rat
model of depression

FSL rats were randomly assigned to groups given either a
single injection of fluoxetine (20 mg/kg, i.p.), a repeated
once daily injection for 4 days of ACD855 (3 mg/kg,
s.c.) or ACD856 (1 mg/kg, s.c.) or vehicle. An overall
statistically significant effect of treatment was observed
regarding immobility time using one-way ANOVA (F (3,
27)=3.91; p=0.0194). Post hoc analysis revealed that
rats receiving daily injections of ACD855 for 4 consecu-
tive days at a dose of 3 mg/kg/day and of ACD856 at
a dose of 1 mg/kg/day displayed a significantly shorter
immobility time compared with control animals (p < 0.05;
Fig. 3). A single injection of fluoxetine (20 mg/kg, i.p.)
administered 30 min before test failed to induce any
significant (p=0.312, n.s.) effect on immobility in the
forced-swim test in FSL rats (Fig. 3).
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Fig.2 Antidepressant-like effects in the forced swim test after
ACDB856 administration. The forced swim test was conducted using
a 10 min pre-test (day 1) followed 24 h later (day 2) by a 6 min test
session where the immobility was recorded. Mice were injected either
with a single dose of ACD856 (0.1, 0.3 and 1 mg/kg, s.c.; panel a)
on day 2 prior to behavioral test or repeated administration (once
daily; 1 mg/kg/day, s.c.) for 4 and 28 days (panel b and c respectively)
before behavioral testing, and were compared with vehicle treated
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mice or mice treated with a single dose of 20 mg/kg fluoxetine on day
2 prior to behavioral test. Both fluoxetine (p<0.0001) and ACD856
(p<0.001; 0.0001) significantly reduced the immobility time in the
forced swim test compared with vehicle treated mice. The bars rep-
resent the immobility time (seconds), mean+SEM (n=6-8 mice
per group). The statistical analysis was performed using one-way
ANOVA followed by Tukey's test (panel A and B), or unpaired t-test
(panel C). ***p <0.001; ****p <0.0001 vs control group
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Fig.3 Antidepressant-like effects in the forced swim test after admin-
istration of ACD855, ACD856 and fluoxetine. The forced swim test
was conducted using a 10 min pre-test (day 1) followed 24 h later
(day 2) by a 6 min test session where the immobility was recorded.
FSL rats were repeatedly (4 days) administered a dose of ACD856
(1 mg/kg/day, s.c.), ACD855 (3 mg/kg/day, s.c.) before behavioral
testing, or a single dose of fluoxetine (20 mg/kg, i.p.) on day 2 prior
to behavioral test and were compared with vehicle treated animals.
ACD855 and ACDB856 significantly reduced (p<0.05) the immo-
bility time in the forced swim test compared with control rats. The
bars represent the immobility time (seconds), mean+SEM (n=7-8
rats per group). The statistical analysis was performed using one-way
ANOVA followed by Tukey's test. *p<0.05 vs control group

Single administration of AC-0026845 alone
or in combination with a selective TrKB receptor
antagonist ANA-12

The effect of a single injection of the Trk-PAM AC-0026845
(0.3 and 1 mg/kg, s.c.) alone or in combination with a low
dose of ANA-12 (0.5 mg/kg, s.c.) on depression-like behav-
iors in mice is shown in Fig. 4a. An overall statistically
significant effect of a single administration was observed
regarding immobility time using two-way ANOVA (F(3,
28)=7.135; p<0.01). Post hoc analysis revealed that mice
receiving a single injection of AC-0026845 (1 mg/kg) dis-
played a significantly shorter immobility time compared
with control mice (p < 0.01; Fig. 4). Mice treated with acute
single dose of ANA-12, 30 min prior to AC-0026845 (1 mg/
kg) significantly blocked the antidepressant-like effect of
AC-0026845 (p<0.05; Fig. 4a). The two-way ANOVA also
revealed a significant interaction of the two treatments (F(1,
28)=15.08; p<0.01).

Acute single injection of different doses of ANA-12 (0.5
and 1 mg/kg) failed to induce any significant effect on immo-
bility time (p=0.139, ns; Fig. 4b).

Effect of a single administration of different
doses of fluoxetine alone or in combination
with AC-0026845

The effect of an single injection of the SSRI fluoxetine
(5, 10 and 20 mg/kg, i.p.) alone or in combination with
a subthreshold dose of AC-0026845 (0.1 mg/kg, s.c.) on
depression-like behaviors in mice is shown in Fig. 5. An
overall statistically significant effect of acute treatment
was observed regarding immobility time using one-way
ANOVA (F(3, 20) =15.45; p<0.0001). Post hoc analysis
revealed that mice receiving a single injection of fluoxetine
displayed a significantly shorter immobility time compared
with control mice (p <0.05; 0.000, after 10 and 20 mg/kg
respectively; Fig. 5a). The combined effect of fluoxetine
(10 mg/kg) and AC-0026845 (0.1 mg/kg) on depression-
like behaviors in mice is shown in Fig. 5b. An overall sta-
tistically significant effect of acute treatment was observed
regarding immobility time using two-way ANOVA (F(3,
26)=11.24; p<0.0001). Post hoc analysis revealed that
mice receiving a single injection of fluoxetine (10 mg/kg)
displayed a significantly shorter immobility time com-
pared with control mice (p <0.05; Fig. 5b). Interestingly,
combined administration of fluoxetine (10 mg/kg) and a
sub-threshold dose of AC-0026845 (0.1 mg/kg) induced a
marked decrease in immobility time compared with control
mice, fluoxetine and AC-0026845 (p <0.001 vs control;
p <0.05 vs fluoxetine and p < 0.05 vs AC-0026845, respec-
tively). The two-way ANOVA did not however reveal a
significant interaction (F(1, 26) = 1.6; ns).

Effect of a single administration of different
doses of ketamine alone or in combination
with AC-0026845

The effect of an acute injection of the NMDA receptor
antagonist ketamine (2.5, 5 and 10 mg/kg, i.p.) and its com-
bination with AC-0026845 (0.1 mg/kg, s.c.) on depression-
like behaviors in mice is shown in (Fig. 6). An overall sta-
tistically significant effect of acute treatment was observed
regarding immobility time using one-way ANOVA (F(3,
26)=5.98; p<0.01). Post hoc analysis revealed that mice
receiving a single injection of ketamine displayed a signifi-
cantly shorter immobility time compared with control mice
(p<0.01, after 10 mg/kg; Fig. 6a). The combined effect of
sub-threshold dose of ketamine (5 mg/kg) and AC-0026845
(0.1 mg/kg) on depression-like behaviors in mice is shown
in Fig. 6b. An overall statistically significant effect of acute
treatment was observed regarding immobility time using
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Fig.4 Antidepressant-like effects of AC-0026845 and ANA-12 in the
forced swim test. The forced swim test was conducted using a 10 min
pre-test (day 1) followed 24 h later (day 2) by a 6 min test session
where the immobility was recorded. Mice were injected day 2 prior
to behavioral test either with a single dose of AC-0026845 (0.3 and
1 mg/kg, s.c.) or AC-0026845 (1 mg/kg, s.c.) and ANA-12 (0.5 mg/
kg, s.c., panel a) or with different doses of ANA-12 (0.5 and 1 mg/
kg, s.c., panel b) and were compared with control mice or mice
treated with a single dose of 1 mg/kg of AC-0026845. AC-0026845
induced a significant decrease in immobility time at 0.3 and 1 mg/kg

two-way ANOVA (F(3, 28)=5.29; p<0.01). Post hoc anal-
ysis revealed that neither mice receiving a single injection
of ketamine (5 mg/kg) alone nor AC-0026845 (0.1 mg/kg)
induced any significant effect on immobility time (p=0.807;
0.993, n.s., respectively). Interestingly, combined admin-
istration of non-effective dose of ketamine (5 mg/kg) and
AC-0026845 (0.1 mg/kg) induced a significantly decrease
in immobility time compared with control and AC-0026845
treated mice (p <0.05 vs control, p<0.05 vs AC-0026845
treated mice Fig. 6b). The two-way ANOVA did not however
reveal a significant interaction (F(1, 28)=2.8; ns).

Effect of a single administration of fluoxetine
or ketamine alone or in combination with ANA-12

The effect of acute injection of ketamine (10 mg/kg, i.p.)
or fluoxetine (20 mg/kg, i.p.) and their co-administration
with ANA-12 (0.5 mg/kg, s.c.) on depression-like behaviors
in mice is shown in Fig. 7. An overall statistically signifi-
cant effect of acute treatment of ANA-12 and ketamine was
observed regarding immobility time using one-way ANOVA
(F(2,19)=9.222; p<0.01). Post hoc analysis revealed that
mice receiving a single injection of ketamine (10 mg/kg)
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(p<0.05; 0.01, respectively) compared with control mice. Adminis-
tration of ANA-12 (0.5 mg/kg) 30 min prior to AC-0026845 (1 mg/
kg) completely blocked its antidepressant-like activity (P<0.05).
ANA-12 at the above mentioned doses, failed to induce any signifi-
cant decrease in immobility time (p=0.139, ns). The bars represent
the immobility time (seconds), mean+SEM (n=8 mice per group).
The statistical analysis was performed using a two-way ANOVA
(Fig. 4a) and one-way ANOVA (Fig. 4b) respectively, followed by
Tukey's test. *P<0.05 and **p<0.01vs control; #p<0.05 vs AC-
0026845-treated mice

displayed a significantly shorter immobility time compared
with control mice (p <0.01; Fig. 7a). Mice treated with an
acute single dose of ANA-12, 30 min prior to ketamine sig-
nificantly blocked the antidepressant-like effect of ketamine
(10 mg/kg) (p <0.05; Fig. 7a). An acute injection of ANA-
12 (0.5 mg/kg) 30 min prior to fluoxetine (20 mg/kg) on
depression-like behaviors in mice is shown in (Fig. 7b). An
overall statistically significant effect of acute treatment was
observed regarding immobility time using one-way ANOVA
(F (2,21)=8.324; p<0.01). Post hoc analysis revealed that
mice receiving a single injection of fluoxetine (20 mg/kg)
displayed a significantly shorter immobility time compared
with control mice (p <0.01; Fig. 7b). Mice treated with
ANA-12, 30 min before fluoxetine significantly blocked the
antidepressant-like effect of fluoxetine (10 mg/kg) (p <0.05;
Fig. 7B).

Effect of a single administration of ACD856
on neurotransmitter release as measured by in vivo
microdialysis in the rat hippocampus

The effects of acute administration of ACD856 on extra-
cellular concentrations of NA, DA, 5-HT, Glu and ACh as
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Fig.5 Antidepressant-like effects of different doses of fluoxetine in
the forced swim test. The forced swim test was conducted using a
10 min pre-test (day 1) followed 24 h later (day 2) by a 6 min test
session where the immobility was recorded. Mice were injected day
2 prior to behavioral test either with acute single doses of fluoxetine
(5, 10 and 20 mg/kg, i.p.) or administered both fluoxetine (10 mg/kg,
i.p.) and AC-0026845 (0.1 mg/kg, s.c.) and were compared with vehi-
cle treated mice or mice given a single dose of fluoxetine (10 mg/kg)
or AC-0026845 (0.1 mg/kg). Fluoxetine at doses 5, 10 and 20 mg/kg
induced a significant decrease in immobility time at 10 and 20 mg/
kg (Fig. 5a, p<0.05; p<0.0001, respectively) compared with control

measured in the microdialysates are shown in Fig. 8a and 8b.
The results show a clear trend of ACD856 to increase rela-
tive AUC(0-120 min) values for the different monoamines,
with 5-HT levels being significantly (P <0.05) higher than
the vehicle group during the first 2 h post-treatment. The
effect on 5-HT release was rapid as the levels increased to
184% (P <0.001) already in the first 30-min samples. The
maximum increase (139%) in the NA levels was observed
at 60 min, whereas the increase in DA levels was somewhat
slower, the peak effect of 151% occurred at 90 min. The
effects of ACD856 were transient and the levels of all three
monoamines returned to the basal levels 2 h post-dose. No
significant effect of ACD856 on the extracellular levels of
acetylcholine or glutamate was seen.

Discussion

The primary symptom of clinical depression is changes in
mood, which makes it difficult to develop animal models
of clinical depression (Fazer and Morilak 2005). However,
various tests of different depression-like behaviors based on
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mice. Administration of a subthreshold dose of AC-0026845 (0.1 mg/
kg) in combination with fluoxetine (10 mg/kg) induced a significant
decrease in immobility time as compared to control, AC-0026845
(0.1 mg/kg) or fluoxetine (10 mg/kg) alone (Fig. 5b, p<0.01,
p<0.05; p<0.05, respectively). The bars represent the immobil-
ity time (seconds), mean+SEM (n=6 mice per group). The statis-
tical analysis was performed using one-way ANOVA (Fig. 5a) and
two-way ANOVA (Fig. 5b) respectively, followed by Tukey's test.
*p<0.05; ****¥p<0.001vs control; #p<0.05 vs fluoxetine treated
mice; §p <0.05vs AC-0026845 treated mice

exposure to stressful stimuli have been developed, includ-
ing the learned helplessness model (Seligman et al. 1980),
the FST (Porsolt et al. 1977) and the tail suspension test
(Steru et al. 1985) to be used with different animal models
of depression, e.g. rodents subjected to chronic mild stress
(Willner 1997) or FSL rats. The forced swim test is the
most widely used test of behavioral despair, i.e. the despair
elicited by the exposure to animals to an inescapable situ-
ation, and it is based on assumption that rodents will try to
escape an aversive stimulus. During the test, animals are
under stress from which they cannot escape. After an initial
period of struggling, they would become immobile, resem-
bling a state of despair and mental depression. This test is
easy, reliable across different laboratories and it has been
shown to be sensitive to various factors which are known to
influence the development of depression in humans, includ-
ing genetic predisposition, changes in food intake, altera-
tions in sleep, as well as previous exposure to stress (Cryan
et al. 2005a, b). Moreover, FST has a high degree of predic-
tive validity, since it is sensitive to all types of antidepres-
sant treatments, including tricyclic antidepressant (TCA),
monoamine oxidase inhibitors (MAOI), selective serotonin

@ Springer
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Fig.6 Antidepressant-like effects of different doses of Ketamine in
the forced swim test. The forced swim test was conducted using a
10 min pre-test (day 1) followed 24 h later (day 2) by a 6 min test
session where the immobility was recorded. Mice were injected day
2 prior to behavioral test either with acute single doses of ketamine
(2.5, 5, and 10 mg/kg, i.p.) or administered both a sub-threshold dose
of ketamine (5 mg/kg, i.p.) and AC-0026845 (0.1 mg/kg, s.c.) and
were compared with vehicle treated mice and mice treated with a sin-
gle dose of ketamine (5 mg/kg) or AC-0026845 (0.1 mg/kg). Keta-
mine at doses 2.5, 5, and 10 mg/kg induced a significant decrease in

reuptake inhibitors (SSRIs), nor-epinephrin reuptake inhibi-
tors (NRIs), NMDA antagonists and electroconvulsive ther-
apy (Borsini and Meli 1988; Berman et al. 2000; Zarata
et al. 2006; Petryshen et al. 2016; Khakpai et al. 2019). It
has therefore been suggested that there is a functional rela-
tionship between this behavioral model and some behaviors
elicited by clinical depression (Lucki et al. 2001). However,
it is also important to consider the limitations of only using
one behavioral model, the FST, in the assessment of depres-
sion-like behaviors (Reardon et al. 2019). Complementing
behavioral models, such as the sucrose preference test, could
add further valuable information on the effects of these com-
pounds in future studies.

An interesting finding of the present study is the
decreased time of immobility in the Porsolt forced swim
test both in mice and in Flinders sensitive line of rats (FSL)
which display a genetic vulnerability to environmental
stressors and have been successfully used for validation of
antidepressant effects (Overstreet et al. 2005). Interestingly,
acute and chronic administration of the positive allosteric
modulators (PAMs) of Trk-receptors, ACD855, ACD856
and AC-0026845 displayed reduced immobility time as
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immobility time at 10 mg/kg (Fig. 6a, p<0.01) compared with con-
trol mice. Administration of AC-0026845 (0.1 mg/kg) in combination
with ketamine (5 mg/kg) induced a significant decrease in immobility
time as compared to control and AC-0026845 treated mice (Fig. 6b,
P <0.05; p<0.05, respectively). The bars represent the immobility
time (seconds), mean+SEM (n=7-8 mice per group). The statisti-
cal analysis was performed using one-way ANOVA (Fig. 6a) and
two-way ANOVA (Fig. 6b) respectively, followed by Tukey's test.
*p<0.05 vs control; #p <0.05 vs AC-0026845 treated mice

compared to control group. Given the structural and phar-
macological similarities of the compounds, this effect is
likely mediated by activation of TrkB receptors, since the
anti-depressant effect of AC-0026845 was blocked by pre-
administration of the selective TrkB receptor antagonist,
ANA-12. In this context, it is interesting to note that we have
previously shown that the pro-cognitive effects seen with
ACDS855 and ACD856 was also blocked by ANA-12 (Dahl-
strom et al. 2021), suggesting that TrkB is a key mediator
of both of these in vivo effects for this class of compounds.
In our experiments, we did not observe any antidepressant
effect of ANA-12 itself, as some other studies have reported
previously (Cazorla et al. 2011; Zhang et al. 2014). Based on
local microinjection studies, it has been suggested that the
site of action for the antidepressant effects of agonists and
antagonists differ (Zhang et al. 2014). While stimulation of
TrkB in the hippocampus and in the prefrontal cortex con-
ferred antidepressant effects, so did blockade of TrkB in the
nucleus accumbens. The discrepancy between these studies
and our experiments could be related to the doses used and
the subsequent exposure of ANA-12 required to block TrkB-
receptors in the nucleus accumbens. In fact, the immobility
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Fig. 7 Effect of ANA-12 on Antidepressant-like activity of Ketamine
and fluoxetine in the forced swim test. The forced swim test was con-
ducted using a 10 min pre-test (day 1) followed 24 h later (day 2) by
a 6 min test session where the immobility was recorded. Mice were
injected day 2 prior to behavioral test with a single dose of ketamine
(10 mg/kg, i.p.) or fluoxetine (20 mg/kg, i.p.), or in combination with
ANA-12 (0.5 mg/kg, s.c.) and were compared with vehicle treated
mice or mice treated with a single dose of ketamine (10 mg/kg) or
fluoxetine (20 mg/kg) alone. Ketamine induced a significant decrease
in immobility time at 10 mg/kg (Fig. 7a, p<0.01) compared with
control mice. Administration of ANA-12 (0.5 mg/kg) 30 min prior to

time starts to decrease with the higher dose of ANA-12 in
our experiments, albeit not reaching significance.

The selective serotonin reuptake inhibitor (SSRI) fluox-
etine and the non-competitive antagonist of the N-methyl-
D-aspartic acid (NMDA) glutamate receptor ketamine
decreased the immobility time in agreement with previous
studies (Detke and Lucki 1996; Maeng, et al. 2008; Koike,
etal. 2011). The differences found between mouse and rat in
the response to the effects of the selective serotonin reuptake
blocker, fluoxetine could be due to species/strain-specific
responses to the 5-HT transmission in the brain. In a study
examining the effects of acute administration of fluoxetine
on a physiological measure of anxiety, stress-induced hyper-
thermia, in rats and mice (Conley and Hutson 2007), acute
fluoxetine elicited clear species-specific effects. Thus in
mice, stress-induced hyperthermia and activity were unaf-
fected by fluoxetine. In contrast, in rats, fluoxetine caused
a significant baseline hypothermia in the absence of stress,
confounding further interpretation. Moreover, slight differ-
ences in the pharmacokinetics and pharmacodynamics of
fluoxetine in mice and rats could also be an influencing fac-
tor (Anelli et al. 1992).
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ketamine (10 mg/kg) completely blocked its antidepressant-like activ-
ity (Fig. 7a, P<0.05). Fluoxetine (20 mg/kg) induced a significant
decrease in immobility time as compared to control mice (Fig. 7b,
p<0.01). Similarly, administration of ANA-12 (0.5 mg/kg) 30 min
prior to fluoxetine, completely blocked its antidepressant like activ-
ity (Fig. 7b, p<0.05). The bars represent the immobility time (sec-
onds), mean+SEM (n=7-8 mice per group). The statistical analy-
sis was performed using one-way ANOVA followed by Tukey's test.
**p<0.01vs control; #p<0.05 vs ketamine- or fluoxetine-treated
mice

In line with some earlier studies, the results of the pre-
sent study also indicate that the effects of both ketamine
and fluoxetine are, at least partly, mediated by BDNF/TrkB
pathways since the antidepressant-like effect (i.e. decrease
in immobility time in FST) of both ketamine and fluoxetine
was significantly blocked by pre-treatment with the selec-
tive TrkB receptor antagonist ANA-12. Moreover, combined
administration of a sub-threshold dose of the TrkB PAM
AC-0026845 with ketamine or fluoxetine induced a signifi-
cant additive or synergistic effect, suggesting a potential
for mutual or linked pathways and possible co-treatment
options.

Multiple lines of evidence show that brain-derived neu-
rotrophic factor (BDNF), its specific receptor, TrkB, and
subsequent mammalian target of rapamycin complex 1
(mTORC1) signaling play an important role in the patho-
physiology of major depressive disorder (MDD), as well as
in the therapeutic mechanisms of antidepressants (Nestler
et al. 2002; Hashimoto et al. 2004; Duman and Monttegia
2006; Martinowich et al. 2007; Hashimoto 2010; Castren
2014; Lindholm and Castren 2014, Casarotto et al. 2021). In
learned helplessness models of depression, a single infusion
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Fig.8 Effects of ACD856 on neurotransmitter release in the hip- »

pocampus. Rats were injected with a single dose of ACD856 (10 mg/
kg) s.c. and serotonin (5-HT), noradrenaline (NA), dopamine (DA),
acetylcholine (ACh) and glutamate (Glu) release were continuously
measured by microdialysis. There was a significant increase in the
amount of serotonin as measured by a) AUC(0-120 min) values,
while a more detailed analysis in b) showed a rapid and transient
effect. Noradrenaline and dopamine did not reach significance in
AUC (a) but showed significant increases at the 60-90 min timepoint
(b). No significant effects of ACD856 on the extracellular levels of
acetylcholine or glutamate were seen (data not shown). The statisti-
cal analysis was performed using a one-way (Fig. 8a) and two-way
repeated measures ANOVA (Fig. 8b) respectively, followed by Bon-
ferroni’s multiple comparison test.

of BDNF into the dentate gyrus (DG) and CA3 pyramidal
cell layers of the hippocampus results in long-lasting anti-
depressant effects (Shirayama et al. 2002). A viral-mediated
gene transfer approach found that BDNF in the DG might
be essential for mediating the therapeutic effect of antide-
pressants (Adachi et al. 2008). Another study showed that
heterozygous BDNF™™ mice, carrying the human BDNF
Val66Met polymorphism, exhibited decreased BDNF levels
and apical dendritic spine density in the prefrontal cortex
(PFC) after stress, which caused depression-like behavior
(Yu et al. 2012). Furthermore, loss of BDNF in the fore-
brain attenuated the actions of an antidepressant (Monteg-
gia et al. 2004), and responses elicited by antidepressants
were lost in mice with either reduced brain BDNF levels or
inhibited TrkB signaling (Saarelainen et al. 2003; Monteg-
gia et al. 2007). These findings suggest that brain BDNF
produces antidepressant-like effects in the hippocampus and
PFC (Nestler et al. 2002; Shirayama et al. 2002; Duman and
Monteggia 2006). Thus, the beneficial effects on depression-
like behavior observed with Trk-PAM compounds in mice
in the forced swim test may be related to activation of the
BDNF/TrkB pathways, which has been suggested to play an
important role in major depressive disorder.

Although several mechanisms may underlie the decrease
of immobility time (considered as an index of antidepres-
sant-like activity) following administration of the different
Trk-PAM compounds in the FST, one plausible mecha-
nism is the potentiation or enhancement of BDNF medi-
ated signaling, a finding that was confirmed by our finding
that pre-treatment of mice with the selective TrkB receptor
antagonist ANA-12 completely blocked the antidepressant-
like activity.

An additional mechanism behind the antidepressant-like
effect of different positive allosteric modulators of BDNF/
TrkB signaling in FST might be related to potential interac-
tion of BDNF with the indoleamine, serotonin (5-HT) and/or
monoamine, noradrenaline and dopamine systems. The mono-
amine theory of depression states that depression is associated
with a decrease in monoamine levels in the synaptic cleft. The
main neurotransmitter systems implicated in depression are the
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serotonin, noradrenaline and dopaminergic systems (Mongeau
et al. 1997; Harro and Oreland 2001). However, an involvement
of glutamatergic system in depression has also been strongly
proposed (Duman and Aghajanian 2012; Mathew et al. 2012;
Dolgin 2013; Browne and Lucki 2013). Our results indicate
that there is a significant interaction between BDNF, serotonin
and glutamatergic systems in FST. Acute administration of the
non-competitive NMDA receptor antagonist, ketamine and the
selective serotonin reuptake inhibitor, fluoxetine displayed a
significantly shorter immobility time compared with control
mice in FST, probably partly mediated by BDNF/TrkB signal-
ing pathway, since the antidepressant-like effect of ketamine
and fluoxetine was blocked by the selective TrkB receptor
antagonist, ANA-12. Furthermore, combined administration of
non-effective dose of Trk-PAM, AC-0026845 with ketamine or
fluoxetine induced a significant additive or synergistic effect (a
marked decrease in immobility time) compared with control
group, fluoxetine- and AC-0026845-treated groups. Moreover,
in vivo microdialysis data showed that ACD856 was able to sig-
nificantly increase the amount of serotonin levels in the ventral
hippocampus of freely moving rats, while noradrenaline and
dopamine were less affected (Fig. 8).

The role of serotonin in depression is well known. Anti-
depressants, including the selective serotonin reuptake inhib-
itors (SSRIs) have been widely used as therapeutic drugs for
MDD, although up to two thirds of patients fail to response
to initial treatment. Interestingly, chronic administration of
SSRIs have been reported to increase BDNF levels in the
hippocampus and prefrontal cortex (PFC) (Hashimoto et al.
2004; Duman and Monteggia 2006; Martinowich et al. 2007,
Hashimoto 2010; Duman and Aghajanian 2012), suggesting
that BDNF/TrkB signaling is a part of the therapeutic antide-
pressant effects. Moreover, the TrkB receptor are expressed
in the region of raphe nuclei (Madhav et al. 2001) where
BDNF controls the survival and maintenance of develop-
ing serotonin neurons (Galter and Unsicker 2000). Previous
studies have demonstrated that deletion of TrkB receptors
from neurons in the median raphe region (serotonergic neu-
rons) resulted in a loss of antidepressant efficacy and height-
ened aggression (Adachi et al. 2017).

Considering the emerging role of glutamate in the patho-
physiology of MDD (Sanacora et al. 2008; Hashimoto 2009;
Zarate et al. 2010; Krystal et al. 2013), it seems that the glu-
tamatergic systems are integral to the emergence of depres-
sion-like behaviors in the FST. Interestingly, it was reported
that the NMDA receptor antagonist, ketamine, showed
a rapid antidepressant effect via increased BDNF levels
(Autry et al. 2011), suggesting a role for BDNF-TrkB sign-
aling in ketamine’s rapid antidepressant response. Recently,
Casarotto, reported that Ketamine displays direct binding
to TrkB and that allosteric facilitation of BDNF signaling
is a common mechanism for antidepressant action, which
may explain why typical antidepressant act slowly and how

molecular effects of antidepressants are translated into clini-
cal mood recovery (Casarotto et al. 2021). Therefore, it is
likely that a potential interaction between BDNF signaling
with glutamatergic and/or serotonergic systems are critical
to the development of antidepressant-like behavior in FST,
although further detailed studies are needed to confirm this.

We have previously reported on the positive effects of
Trk-PAM compounds e.g. ACD856 on cognition. Cognitive
dysfunction is also an integral part of the symptomatology
in MDD. Currently, Vortioxetine, a compound with a broad
effect on the serotonergic system, is the only approved treat-
ment for MDD that has show positive cognitive effect in
multiple domains (Perini et al. 2019). Therefore, Trk-PAM
compounds such as ACD856 could provide a novel thera-
peutic avenue for MDD with potential for effects on multiple
affected functions.

In conclusion, our study shows that several different com-
pounds within the same structural series from Trk-PAM’s
have antidepressant-like activity. It seems also that potential
interaction between BDNF/TrkB signaling with glutamater-
gic and/or serotonergic systems may modulate the depres-
sion-related behavior. Hence, Trk-PAM’s may provide a new
therapeutic modality for the treatment of Major depressive
disorders.
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