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Abstract

The kappa opioid receptor (KOR) and its endogenous ligands dynorphins (DYN)
have been implicated in the development or symptomatology of a variety of
neuropsychiatric disorders. This review covers a brief history of the development
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of KOR agonists and antagonists, their effects in healthy volunteers, and the
potential role of DYN/KOR dysfunction in schizophrenia and major depressive
disorder from a translational perspective. The potential role of DYN/KOR dys-
function in schizophrenia is based on several lines of evidence. Selective KOR
agonists induce affective states in healthy volunteers with similarities to the
symptoms of schizophrenia. Studies have shown increased DYN in patients
with schizophrenia, although the data have been mixed. Finally, meta-analytic
data have shown that opioid antagonists are associated with reductions in the
symptoms of schizophrenia. The potential role of DYN/KOR dysfunction in
major depressive disorder is also based on a combination of preclinical and
clinical data. Selective KOR agonists have shown pro-depressive effects in
human volunteers, while selective KOR antagonists have shown robust efficacy
in several preclinical models of antidepressant activity. Small studies have shown
that nonselective KOR antagonists may have efficacy in treatment-resistant
depression. Additionally, recent clinical data have shown that the KOR may be
an effective target for treating anhedonia, a finding relevant to both schizophrenia
and depression. Finally, recommendations are provided for translating preclinical
models for schizophrenia and major depressive disorder into the clinic.

Keywords
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1 Introduction

The kappa opioid receptor (KOR) and its endogenous ligands dynorphins (DYN)
(Chavkin and Goldstein 1981; Chavkin et al. 1982) have been implicated in the
development or symptomatology of a variety of neuropsychiatric disorders including
schizophrenia, depression, anxiety, and substance use disorders (cocaine, alcohol,
opiate, and nicotine) (Browne and Lucki 2019; Callaghan et al. 2018; Clark and
Abi-Dargham 2019; Jacobson et al. 2020; Koob and Volkow 2010; Li et al. 2016;
Lutz and Kieffer 2013; Zhang et al. 2007). Indeed, there is already a large body of
supporting clinical evidence for an effect of nonselective KOR antagonists on these
disorders although the evidence is mixed. Despite strong preclinical evidence for a
therapeutic effect of targeting KORs, there have been a number of failed attempts at
translating preclinical models into clinical results and there are currently no United
States Food and Drug Administration (FDA) or European Medicines Agency (EMA)
approved therapeutics that selectively target the KOR.

In this review I will cover the evidence for involvement of DYN and KOR in two
neuropsychiatric disorders: schizophrenia and major depressive disorder (MDD).
This review will take a translational perspective and will cover the different clinical
successes and failures of targeting the KOR with a focus on potential clinical
strategies for translating preclinical evidence into the clinic.
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2 KOR Agonists in Preclinical Models and Healthy Volunteers

In preclinical models selective KOR agonists including U50488 (Vonvoigtlander
et al. 1983) and U69593 (Lahti et al. 1985) have been shown to produce depressive-
like and anxiogenic effects on a number of behavioral screening tests for depression.
Historically, it was during the development of new analgesics when the first selective
KOR agonists were tested in humans. During this time, the selective KOR agonist
spiradoline was also advanced into clinical trials for Parkinson’s disease (Giuffra
et al. 1993). Selective KOR agonists were shown to produce negative affective states
including cognitive deficits, confusion, dysphoria, anxiety (Pfeiffer et al. 1986), and
psychotomimetic side effects that included visual hallucinations, auditory
disturbances (hearing real voices as distorted (Walsh et al. 2001)), full auditory
hallucinations (hearing voices that were not present (Resnick et al. 1971)), and
paranoid delusions of persecution (Walsh et al. 2001). In one notable example,
10 min after an acute injection of the selective KOR agonist enadoline a healthy
volunteer became aggressive during a delusion that the staff were attempting to harm
him by conspiring to “ruin his mind” (Walsh et al. 2001). These side effects have
been reported across a number of clinical trials of synthetic selective KOR agonists
including MR 2033/2034 (Pfeiffer et al. 1986), enadoline (Hunter et al. 1990; Reece
et al. 1994; Walsh et al. 2001), niravoline (Gadano et al. 2000), bremazocine
(Dortch-Carnes and Potter 2005), and spiradoline (Giuffra et al. 1993; Wadenberg
2003). Salvinorin A, a naturally occurring selective KOR agonist isolated from the
psychoactive sage plant Salvia divinorum (Roth et al. 2002), produced psychotomi-
metic effects in both open label (Addy 2012) and double-blind placebo-controlled
studies (MacLean et al. 2013; Maqueda et al. 2016). One such study also reported
cognitive disruption (difficulty concentrating) (Addy 2012). Additionally, less selec-
tive KOR agonist/mu opioid receptor (MOR) antagonists cyclazocine (4.0 mg daily)
and ketocyclazocine (0.6–1.2 mg daily) produce cognitive deficits, detachment, and
paranoia including multiple reports of feelings of being watched, visual
hallucinations which included seeing “monsters,” and auditory hallucinations of
voices (Hanlon et al. 1975; Kumor et al. 1986; Resnick et al. 1971).

There are some exceptions to the dysphoric and psychotomimetic effects of KOR
agonists in healthy volunteers using low dosages. Fink and colleagues (Fink et al.
1970) described two studies of a range of doses of cyclazocine (0.2–3.0 mg daily) to
treat depressive symptoms. In 10 patients with depressive symptoms, cyclazocine
produced an antidepressant effect over 3–8 months. In a second group, 19 patients,
who had treatment-resistant symptoms of depression from a variety of different
primary psychiatric diagnoses, were treated with cyclazocine for 1–34 weeks.
Over this time period, 10 patients showed improvements in depressive symptoms
although the authors note a narrow therapeutic index. Side effects included dyspho-
ria, visual hallucinations, and auditory hallucinations in some patients (Fink et al.
1970). In most cases the side effects occurred with dosages above 1.4 mg, however,
two patients experienced side effects at the lowest dosages.

Additionally, salvinorin A has a long history of medicinal and religious use by the
indigenous Mazatec people (Maqueda 2018). Low dose salvinorin A from Salvia
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divinorum tea has been reported to have an antidepressant effect in a case report
(Hanes 2001). Consistent with this, preclinical studies have shown that low dosages
of salvinorin A produce anxiolytic effects (Braida et al. 2009) and conditioned place
preference in mice (Braida et al. 2008).

2.1 Selective KOR Antagonists

KOR antagonists fit into two categories broadly: long-acting noncompetitive
antagonists, also referred to as receptor inactivating, which cause permanent inacti-
vation of the KOR and also activate c-Jun terminal kinase (JNK) (Bruchas et al.
2007; Schattauer et al. 2017); and short-acting competitive antagonists which cause
temporary blockade of the KOR and do not activate JNK. One proposed mechanism
for their long duration of effect is their very long half-life in the brain (Kishioka et al.
2013; Patkar et al. 2013). However, their effects can be blocked by pretreatment with
a rapidly cleared short-acting competitive KOR antagonist indicating that the long
duration of effects may not be due to their long half-lives in the brain (Bruchas et al.
2007). Béguin and Cohen (2009) provide a thorough review of the history of KOR
antagonist development. Unlike KOR agonists, which exert acute effects within
minutes, KOR antagonists have not shown acute effects on baseline mood when
administered to healthy volunteers (Reed et al. 2018). Preclinical studies have shown
that KOR antagonists do not have inherently rewarding effects as shown by a lack of
effect on intracranial self-stimulation (Mague et al. 2003; Todtenkopf et al. 2004).

The first long-acting KOR antagonist, norbinaltorphimine (norBNI) was ratio-
nally designed from two naltrexone derived pharmacophores linked with a spacer
(Portoghese et al. 1987). It displays unusual pharmacokinetics and KOR blockade.
norBNI levels have been shown to last 21 days from a single injection (Horan et al.
1992; Jones and Holtzman 1992; Kishioka et al. 2013; Patkar et al. 2013). NorBNI
was never administered to humans although it remains among the most widely used
KOR antagonist for preclinical research. Interestingly, one recent study has shown
that small dosages approximately 100-fold less than a typical dosage can build up to
a cumulative effective dose over a 1-month period of daily administration (Chavkin
et al. 2019). As the effects of a full dosage of receptor inactivating KOR antagonists
cannot be rapidly reversed, this may represent a safer dosing protocol for antagonists
in this class.

The second long acting KOR antagonist, 50-guanidinonaltrindole (5’-GNTI) was
developed as a more potent and selective norBNI derivative (Jones et al. 1998),
although it has low bioavailability through oral administration. Its analogue 5-
0-acetamidinoethylnaltrindole (ANTI) has improved lipophilicity and is orally active
(Stevens et al. 2000). 5’-GNTI and ANTI were also never developed beyond use in
preclinical models and have not been administered to humans.

Finally, (3R)-7-hydroxy-N-((1S)-1-[[(3R,4R)-4-(3-hydroxyphenyl)-3,4-
dimethyl-1-piperidinyl]methyl]-2-methylpropyl)-1,2,3,4-tetrahydro-3-
isoquinolinecarboxamide (JDTic), a long acting receptor inactivating small mole-
cule, was developed at the Research Triangle Institute (Thomas et al. 2001). The first
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selective KOR antagonist to enter the clinic, it also showed unusual pharmacokinet-
ics with a long half-life of ~9 days (Munro et al. 2012). Unfortunately, it was
discontinued in phase 1 when two participants exhibited several beats of ventricular
tachycardia, a finding that was also observed in non-human primates (Buda et al.
2015). However, questions remained as to whether JDTic was responsible for these
effects (Chavkin and Martinez 2015).

JNJ-67953964/LY2456302 (Rorick-Kehn et al. 2014) is the first short-acting
selective KOR antagonist to show efficacy in a clinical trial in humans (Krystal
et al. 2019). The compound was formerly known as LY2456302, CERC-501, and
OpraKappa. Two related compounds, LY2444296 and LY2795050, are in preclini-
cal use, but were not advanced into the clinic (Butelman et al. 2019; Valenza et al.
2017). A second clinical stage short-acting KOR antagonist is BTRX-140 (Guerrero
et al. 2019). Other small molecule antagonists include AZ-MTAB, for which
development was discontinued due to hERG liability (Brugel et al. 2010), and
PF-04455242 (Grimwood et al. 2011), which was discontinued in phase 1 when
toxicity issues in preclinical animal models were discovered (Urbano et al. 2014).
There are also a number of preclinical short-acting peptide KOR antagonists includ-
ing zyklophin (Aldrich et al. 2009) and [d-Trp]CJ-15,208 (Eans et al. 2013), a
derivative of CJ-15,208 which was discovered by Pfizer Japan from the fungus,
Ctenomyces serratus (Saito et al. 2002).

2.2 Nonselective Opioid Antagonists

Naloxone, naltrexone, nalmefene, and buprenorphine are nonselective opioid
antagonists that have shown efficacy in a variety of psychiatric conditions in
humans. Naloxone, naltrexone, and nalmefene have historically been thought to be
pan-opioid antagonists at the KOR, MOR, and delta opioid receptor (DOR), while
buprenorphine has been shown to be a KOR antagonist and MOR partial agonist
(Toll et al. 1998). However, some studies have shown evidence for partial KOR
agonist effects of nalmefene and naltrexone (Butelman et al. 2020). Of note, neither
naltrexone nor nalmefene has been shown to produce psychotomimetic effects,
indicating that any partial agonism of the KOR is too weak to trigger this mecha-
nism. Importantly, the psychotomimetic effects induced by KOR agonists can be
blocked, and rapidly be reversed by treatment with naloxone (Jasinski et al. 1968;
Watson et al. 1978) and naltrexone (Maqueda et al. 2016).

3 Therapeutic Targeting of the DYN/KOR System
in Schizophrenia

Schizophrenia, a debilitating illness with a prevalence of 0.749% worldwide
(Moreno-Kustner et al. 2018), is characterized by positive, negative, and cognitive
symptoms. The positive symptoms comprise hallucinations, delusions, and disorga-
nization in speech and behavior, and the negative symptoms comprise flattened
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affect and social withdrawal. The cognitive symptoms comprise deficits in memory
and cognitive function (Association 2013; Nuechterlein et al. 2004).

There are a large number of FDA- and EMA-approved antipsychotics, and a
meta-analysis has revealed some variability in efficacy and tolerability (Huhn et al.
2019), however, these only treat the positive symptoms of schizophrenia and there
are currently no FDA- or EMA-approved drugs for the treatment of negative or
cognitive symptoms. Additionally, approximately 30% of patients do not respond to
first line antipsychotic therapy (Kane et al. 1988), representing an enormous unmet
medical need.

3.1 Evidence for Abnormal DYN Signaling in Schizophrenia

There is some evidence for disruption of DYN signaling in schizophrenia with at
least three studies examining DYN levels, and a number of other studies looking at
other opioid peptides in the cerebrospinal fluid (CSF) of patients with schizophrenia.
In the first study of DYN levels in schizophrenia, Zhang et al. (1985) measured DYN
(type unspecified) in the CSF of 35 first-break medication-free patients with schizo-
phrenia and 35 neurological patients with a wide variety of neurological diseases
including tumors. They found that the DYN levels in patients with schizophrenia
were significantly lower than the patients with neurological diseases, however this
study did not include a healthy control group. In contrast, the second study by
Heikkilä et al. (1990) examined DYN A levels from the CSF of 10 unmedicated
patients with schizophrenia, 10 patients with other psychiatric conditions, and
10 healthy controls. They found significantly higher DYN A levels in the unmedi-
cated patients with schizophrenia, compared to the healthy control group and a trend
effect when compared with the patients with other psychiatric illnesses. The average
DYN A levels in the patients with schizophrenia showed a decrease after 1 month of
treatment with antipsychotics but this did not reach statistical significance. Interest-
ingly, there was a significant correlation between the level of DYN A and symptoms
assessed via the Brief Psychiatric Rating Scale (BPRS) with higher levels of DYN A
associated with worse psychopathology. Following this study, Lindtrom (1996)
performed a 5-year longitudinal study of 120 patients with schizophrenia. This
study measured CSF DYN A levels in medication-free patients upon admission
(including 66 patients who had never been treated). After biomarker collection
antipsychotic therapy was initiated and patients were followed for 5 years. Outcomes
were assessed at 1, 3, and 5 years via the Strauss-Carpenter outcome scale. Lindtrom
reported that higher DYN A levels at admission were significantly associated with
worse outcomes at 5 years. He also found that negative symptom severity at
admission, but not positive symptom severity was also associated with worse
5-year outcomes. Finally, regarding other opioid peptides that have been shown to
interact with the KOR (Fricker et al. 2020), a number of studies in the late 1970s
have found increased beta-endorphin and other unspecified opioid peptides referred
to as “endorphins” in patients with schizophrenia compared to healthy volunteers
(Domschke et al. 1979; Lindström et al. 1986; Lindtröm et al. 1978), although
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the data have been mixed with at least one study finding no differences (Ross
et al. 1979).

3.2 Preclinical Evidence from Selective KOR Agonists

As covered previously, in healthy volunteers KOR agonists produce acute psychoto-
mimetic effects including paranoid delusions and auditory hallucinations that have
similarities to the positive symptoms of schizophrenia. They also produce negative
affective states, including dysphoria and cognitive disruption, which may have
similarities to the negative and cognitive symptoms of schizophrenia.

While the positive symptoms of schizophrenia are not clearly able to be modeled
in rodents, KOR agonists produce depressive-like symptoms in rodents that may
have translational relevance to the negative symptoms of schizophrenia. KOR
agonists are aversive to rodents as measured by conditioned place aversion (Bals-
Kubik et al. 1993). Acute administration of U50488 (Dogra et al. 2016) or salvinorin
A (Butelman et al. 2019) has both been shown to produce depressive-like effects on
rodent measures of anhedonia. Further testing with salvinorin A shows that these
measures can be reversed by treatment with short-acting KOR antagonists
LY2444296 and LY2795050 (Butelman et al. 2019). U69593 has been shown to
reduce rewarding effects of positive stimuli as measured by an increase in the
intracranial self-stimulation (ICSS) threshold in rats, an effect that can be blocked
by KOR antagonist ANTI (Todtenkopf et al. 2004). Selective KOR antagonist
JNJ-67953964/LY2456302 has also shown efficacy at reducing anhedonia in
patients with clinically significant anhedonia, suggesting a potential role for KOR
antagonists in treating anhedonia in the context of the negative symptoms of
schizophrenia (Krystal et al. 2019).

Finally, KOR agonists produce disruptions in cognition in both rodents and
non-human primates that may have translational relevance to the cognitive
symptoms of schizophrenia. Acute administration of U50,488 has been shown to
disrupt cognition measured via prepulse inhibition (PPI) (Bortolato et al. 2005), the
5-choice serial reaction time task (5CSRTT) in rats (Shannon et al. 2007), and the
differential reinforcement of low response rate task (DRL) in mice (Abraham et al.
2018). Salvinorin A has also been shown to disrupt PPI in mice (Yan et al. 2009).
However, one study found that U50,488, U69,593, and salvinorin A did not have
any effect on PPI in rats (Tejeda et al. 2010). Additionally, U69593 and GR89,696
(Shannon et al. 2007) and salvinorin A (Braida et al. 2011) have also been shown to
disrupt performance on the 5CSRTT in rats. In non-human primates, enadoline
causes disruption in cognition measured with the cognitive performance task
(Davis et al. 1992). Finally, naltrexone (Shannon et al. 2007) was shown to reverse,
and JDTic (Nemeth et al. 2010) and norBNI (Abraham et al. 2018) have all been
shown to block the cognitive deficits induced by acute administration of KOR
agonists in rodents.
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3.3 Treatment with Nonselective Opioid Antagonists Is
Significantly Associated with Reductions in the Symptoms
of Schizophrenia

To date, there have been more clinical trials of nonselective opioid antagonists for
schizophrenia than any other mood disorder, with over 50 clinical trials as well as a
number of case reports spanning 4 nonselective opioid antagonists: buprenorphine,
nalmefene, naloxone, and naltrexone (Clark et al. 2020). The premise for these
studies was based on an initial study performed by Gunne and colleagues in 1977
who reported an acute antipsychotic effect of naloxone injection in 4 out of 6 patients
with schizophrenia (Gunne et al. 1977). This high-profile finding set off a number of
clinical trials attempting to replicate the results with a variety of different designs,
drugs, and clinical endpoints.

The findings from these studies included acute antipsychotic effects reported in
short trials and effects on negative symptoms in longer trials. Despite these interest-
ing findings from a relatively large number of trials, many of them had very small
sample sizes, and did not contain placebo controls. Overall, approximately half of
these trials did not find any significant effect which makes it difficult to derive any
definitive results from any individual trial (Clark and Abi-Dargham 2019). To
address this, a recent meta-analysis was conducted on the double-blind placebo-
controlled trials of opioid antagonists in patients with schizophrenia (Clark et al.
2020). Pooling the trials together resulted in a dataset of 434 patients from 30 trials.
When combining the data from the four different opioid antagonists (buprenorphine,
nalmefene, naloxone, and naltrexone) they found a significant effect of all drugs
combined on the symptoms of schizophrenia combined across all clinical scales
(comprising positive, negative, and general). Additionally, a significant effect of all
drugs on the positive symptoms (measured by pooling results from scales that only
measured positive symptoms such as hallucinations or delusions) was found.
Finally, significant effects on hallucinations and delusions individually were found
suggesting a potential antipsychotic effect. Unfortunately, there were not enough
trials to power the analysis on negative symptoms, and while a large effect size was
found using Hedge’s g (Hedges and Olkin 1985) (g ¼ 0.66) it did not reach
significance due to underpowering.

Most of the trials assessed (22 out of 30) utilized opioid antagonists as adjunctive
therapy which suggests they may have efficacy in this setting. However, a moderator
analysis of trials that reported information where chlorpromazine equivalents could
be calculated suggested that the effect size was reduced when combined with higher
dosages of antipsychotics. Since the average dose was quite high (avg 773 mg per
patient) it remains to be seen whether optimal efficacy would be achieved through
adjunctive therapy or monotherapy. It is hypothesized that the potential efficacy of
nonselective opioid antagonists for treating schizophrenia is due to their ability to
reduce signaling through the KOR. However, effects on the MOR and DOR cannot
be ruled out and one recent positron emission tomography (PET) study has reported
changes in the MOR system in patients with schizophrenia (Ashok et al. 2019).

While this meta-analysis shows a significant association between opioid
antagonists and reductions in the symptoms of schizophrenia, definitive conclusions
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cannot be drawn until opioid antagonists have been trialed in large randomized
double-blind placebo-controlled trials.

3.4 Conclusions and Recommendations for Translating
Preclinical Findings to the Clinic

Based on the entirety of these data discussed here, there is strong rationale for
advancing nonselective opioid antagonists into well-powered randomized double-
blind placebo-controlled trials in patients with schizophrenia. However, it is pro-
posed that selective KOR antagonists could be more effective, as off- target effects
on the MOR may limit the efficacy of nonselective KOR antagonists in treating the
negative symptoms. Future trials will be necessary to examine the appropriate
duration of treatment and whether monotherapy or adjunctive therapy with standard
of care antipsychotics would be more effective. Many of the clinical trials of
nonselective opioid antagonists suggest there may be an acute antipsychotic effect,
but due to the mixed data no definitive conclusions can be drawn.

As schizophrenia is a heterogeneous disorder, it is possible that DYN/KOR
dysfunction affects a subpopulation of patients who might benefit most from thera-
peutic targeting of this system. Genetic studies have been limited with one study
finding a significant interaction between a polymorphism of pDYN gene and a
polymorphism of the dopamine receptor 3 gene DRD3 in 114 patients with schizo-
phrenia compared to 138 healthy controls (Ventriglia et al. 2002). Another study in
250 patients with schizophrenia found a significant association of a pDYN polymor-
phism with population susceptibility to schizophrenia (Zhang et al. 2004). PET
imaging with KOR selective radiotracers may help determine whether there is
overactivation of the KOR system in patients with schizophrenia. Additional future
studies should also re-examine whether there is elevated DYN in the CSF of patients
with schizophrenia as this may provide a potential biomarker.

There are a number of preclinical studies that could provide important transla-
tional information. It has been hypothesized that DYN/KOR dysfunction may play a
role in the symptoms of schizophrenia through modulating dopamine signaling and
potentiating D2 receptor super-sensitivity (Clark and Abi-Dargham 2019). For
review of the potential circuitry involved, please see (Shekhar 2019). It would be
useful to perform preclinical studies combining KOR antagonists with different
standard of care antipsychotics and measure effects on behavior as well as on cortical
and striatal dopamine levels via in vivo microdialysis. Additionally, for preclinical
modeling of the effects of overactive DYN/KOR, chronic administration of selective
KOR agonists may provide a more useful picture of effects on dopamine than studies
utilizing a single administration paradigm.
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4 Therapeutic Targeting of the DYN/KOR System in Major
Depressive Disorder

Major depressive disorder (MDD) is a neuropsychiatric illness with a lifetime
prevalence of 20.6% in the USA (Hasin et al. 2018). Approximately 35% of patients
experience a recurrent disease course (Eaton et al. 2008). Symptoms defined in the
DSM-5 include depressed mood, anhedonia, appetite changes, sleep disturbances,
fatigue, and cognitive dysfunction such as problems with memory, psychomotor
changes, feelings of worthlessness or excessive guilt, and suicidal ideation or
behavior (Association 2013).

Current first line pharmacotherapy is often selective serotonin reuptake inhibitors
(SSRIs) (Marcus and Olfson 2010), however SSRIs have a slow onset of action and
efficacy is often achieved over several weeks to months (Nierenberg et al. 2000). The
DYN/KOR system has been shown to be an attractive target for the treatment of
MDD (Browne and Lucki 2019; Callaghan et al. 2018; Jacobson et al. 2020; Li et al.
2016; Lutz and Kieffer 2013; Zhang et al. 2007). Here I will review the clinical and
preclinical evidence for potential DYN/KOR dysfunction in MDD from a transla-
tional perspective.

4.1 Preclinical Evidence for KOR Antidepressant Activity

As previously mentioned, KOR agonists produce negative affective states in healthy
volunteers that may have similarities to the symptoms that occur in MDD. There is
also a wealth of preclinical data supporting a potential antidepressant effect of KOR
antagonists. Much of the preclinical evidence comes from studies utilizing the forced
swim test (FST) developed in rodent models (Porsolt et al. 1977). Both tricyclic and
SSRI antidepressants reduce immobility on the FST (Detke et al. 1995).

Consistent with their depressive-like effects in humans, selective KOR agonists
increase depressive-like behavior on the FST and reduce time to immobility and total
immobility time as shown by U69593 in rats (Mague et al. 2003), U50488 in mice
(Dogra et al. 2016), and salvinorin A in rats (Carlezon et al. 2006).

A link between stressful conditions and increased DYN/KOR signaling has been
demonstrated as stress via exposure to the FST increases pDYN mRNA levels
(Chartoff et al. 2009; Reed et al. 2012). pDYN knock out (KO) mice exposed to
the repeated FST do not show increased immobility whereas wild type (WT) mice
show increased immobility on repeated exposure (McLaughlin et al. 2003). Rats
exposed to the FST, the learned helplessness (LH) model of depression, or immobi-
lization stress showed increased dynorphin A and B in different brain regions
including the hippocampus and the nucleus accumbens core (NAc) (Shirayama
et al. 2004). DYN signaling may be necessary for negative associations with
stressful aversive conditions as norBNI and pDYN KO both blocked conditioned
aversion to a neutral odorant cue paired with stress via the FST (Land et al. 2008).
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4.2 KOR Antagonists Show Efficacy in the FST Anti-depressant
Screening Test

Both long- and short-acting KOR antagonists have been shown to reduce depressive-
like behavior in the FST as measured by increased latency to immobility or reduced
total immobility time. Studies have shown that intracerebroventricular (ICV) infu-
sion of either norBNI (Mague et al. 2003; Pliakas et al. 2001) or 5’-GNTI (Mague
et al. 2003) decreased immobility in the FST in a dose-dependent manner in rats.
Additionally, systemic norBNI reduces immobility in the FST in mice (Falcon et al.
2016; Laman-Maharg et al. 2018; McLaughlin et al. 2003) and rats (Reed et al.
2012). Similarly, JDTic reduced immobility at higher dosages tested in the FST in
rats; however, in this specific experiment, both norBNI and desipramine had no
effect (Beardsley et al. 2005). Systemic ANTI decreases immobility in the FST in
rats while systemic 5’-GNTI had no effect likely due to its poor bioavailability
(Mague et al. 2003).

Short-acting KOR antagonists have shown similar effects to long-acting KOR
antagonists in the FST, suggesting that this paradigm is not dependent on the
receptor inactivating effects of long-acting KOR antagonists. PF-04455242
(Grimwood et al. 2011), JNJ-67953964 / LY2456302 (Rorick-Kehn et al. 2014;
Wang et al. 2017), LY2444296 (Butelman et al. 2019; Huang et al. 2016a), and
LY2795050 (Butelman et al. 2019) all reduce immobility in the FST. Additionally,
the reduced time to immobility produced by JNJ-67953964/LY2456302 was shown
to be of a similar magnitude to a therapeutic dosage of tricyclic antidepressant
imipramine (Rorick-Kehn et al. 2014). Although there are some conflicting data,
one study found that LY2444296 did not alter immobility time in the FST in rats
(Valenza et al. 2017).

4.3 Other Preclinical Models of Depression and Anxiety

In addition to the robust effects observed in the FST, both competitive and noncom-
petitive KOR antagonists have shown efficacy in other preclinical models of depres-
sion and anxiety. Two tests of anxiety include the elevated plus maze (EPM) (Pellow
et al. 1985) and the open field (OF) test (Hall 1934). In the EPM the evidence is
mixed. Both short-acting JNJ-67953964/LY2456302 (Wang et al. 2017) and long-
acting norBNI (Huang et al. 2016b; Knoll et al. 2007) and JDTic (Knoll et al. 2007)
increased entries into the open arms and time spent in the open arms in mice (Wang
et al. 2017), while zyklophin had no effect in mice (Huang et al. 2016b) and
LY2444296 had no effect in either mice (Huang et al. 2016b) or rats (Valenza
et al. 2017). In the novelty-induced hypophagia test of anxiety in mice LY2444296,
zyklophin, and norBNI all decreased latency to palatable food consumption in novel,
but not training, cages (Huang et al. 2016b). Pretreatment with norBNI and JDTic
reduced learned fear in the fear-potentiated startle paradigm (Knoll et al. 2007) and
norBNI infusion into hippocampus and NAc reduced escape failure on the LH
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paradigm (Shirayama et al. 2004). Additionally, both norBNI and pDYN KO
blocked conditioned aversion to foot shock (Land et al. 2008).

4.4 Nonselective KOR Antagonists as Antidepressants: Evidence
from Buprenorphine and ALKS-5461

Buprenorphine has been hypothesized to exert its antidepressant activity primarily
through blocking the KOR. Chronic mild stress induces changes in pDYN mRNA
and KOR (Oprk1) mRNA that are normalized with 7 days of buprenorphine (Falcon
et al. 2016). Studies in rodent models of WT mice and opioid receptor KO have
shown that the antidepressant effects of buprenorphine in the FST and unpredictable
chronic mild stress (UCMS) are mediated through the KOR in mice (Falcon et al.
2016). The ability of buprenorphine to reduce measures of anhedonia and anxiety is
blocked in KOR KO mice, but not in MOR KO or DOR KO mice. Additionally,
buprenorphine did not produce additional antidepressant effects beyond those
already achieved by pretreatment with the selective KOR antagonist norBNI. In
contrast, pretreatment with MOR antagonist clocinnamox did not affect the antide-
pressant effects of a dose of buprenorphine indicating that the antidepressant effects
of buprenorphine are mediated through the KOR (Falcon et al. 2016).

While these studies suggest that antidepressant activity of buprenorphine may be
mediated through the KOR, other preclinical studies have identified some different
effects between buprenorphine and selective KOR antagonists. The KOR antagonist
DIPPA reduces anxiety-like behaviors in both Wistar Kyoto and Sprague Dawley
(SD) rat strains (Carr and Lucki 2010), while buprenorphine reduces immobility in
the FST only in the Wistar Kyoto rats, but not SD rats (Browne et al. 2015),
suggesting that selective KOR antagonists may have advantages over nonselective
KOR antagonists. However, in mice exposed to chronic social defeat as a model for
post-traumatic stress disorder (PTSD), 7-day treatment with either buprenorphine or
the SSRI fluoxetine reversed social deficits, while JNJ-67953964/LY2456302 had
no effect (Browne et al. 2018). However, this finding may be limited to this specific
KOR antagonist, or other factors related to the experimental paradigm, since other
studies have shown that norBNI (McLaughlin et al. 2006), JDTic (Wells et al. 2017),
and PF-04455242 (Grimwood et al. 2011) all reduce stress-like behaviors induced
by exposures to chronic social defeat stress.

It is important to consider the antidepressant effects of buprenorphine in humans
although the dataset is small. The first trial of 0.2 mg sublingual buprenorphine
(Emrich et al. 1982) utilized a double-blind crossover design with a variable time
period of 1–2 weeks in 10 patients diagnosed with depression. The symptoms of
patients significantly improved on buprenorphine and became worse again during
the second placebo period. There were also several open label studies that showed
efficacy as an antidepressant (Bodkin et al. 1995; Kosten et al. 1990), including
patients with treatment-resistant depression (Karp et al. 2014; Nyhuis et al. 2008).

As buprenorphine is a MOR partial agonist, it has potential to form dependence in
patients (Lewis 1985). The functional KOR antagonist ALKS 5461, a combination
of buprenorphine and the MOR antagonist samidorphan was created to harness the
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antidepressant potential of buprenorphine without the potential for dependence
(Ehrich et al. 2015). ALKS 5461 ultimately completed five trials FORWARD1–5,
which have been systematically reviewed (Peckham et al. 2018). While ALKS 5461
initially showed efficacy in phase 2, the large effect size observed in phase 2 did not
translate to phase 3. Out of three phase 3 trials, one failed (ClinicalTrials.gov
Identifier: NCT02158546), and the effect sizes in the largest phase 3 trial were small
(ClinicalTrials.gov Identifier: NCT02218008). Ultimately the FDA rejected the
application to approve the drug. However, due to the lack of selectivity for the
KOR, limited conclusions can be drawn from ALKS-5461 to the potential efficacy
of selective KOR antagonists in MDD.

4.5 KOR Antagonists Treatment of Anhedonia

Anhedonia, the inability to experience pleasure, is a symptom that occurs across
multiple psychiatric disorders including MDD and schizophrenia. On two preclinical
models of anhedonia, the sucrose preference test and the social interaction test,
U50488 increased measures of anhedonia that were resistant to treatment with
SSRIs (Dogra et al. 2016). U69,593 increases the ICSS threshold in rats, indicating
a reduction in the ability to experience pleasurable stimulation (Todtenkopf et al.
2004). Similarly, salvinorin A has been shown to produce anhedonic effects in mice
such as reduced self-grooming, an effect that is reversed by short-acting KOR
antagonists LY244296 and LY2795050 (Butelman et al. 2019).

JNJ-67953964/LY2456302 was advanced into the NIMH Fast-Fail Trials in
Mood and Anxiety Spectrum Disorders (FAST-MAS) program for the treatment
of anhedonia. It was trialed in 89 patients with clinically significant anhedonia
measured via the Snaith–Hamilton Pleasure Scale (SHAPS) score. Approximately
80% of the patients had a primary diagnosis of MDD with 20% having other mood
disorders. Patients were randomized to either JNJ-67953964/LY2456302 or placebo
(Krystal et al. 2019). The primary outcome measure was the mean fMRI ventral
striatal activation, an imaging biomarker relevant to anhedonia, measured during a
reward anticipation task. The drug produced statistically significant activation of the
ventral striatum on fMRI and improved clinical measures of anhedonia measured by
a significant reduction on the SHAPS (secondary endpoint). There were no signifi-
cant effects on the Hamilton Depression Rating Scale (HAM-D) or the Hamilton
Anxiety Rating Scale (HAM-A) (exploratory endpoints). Although this was a
relatively small trial, the effects on the SHAPS score for anhedonia are consistent
with preclinical models predicting efficacy in this symptom domain and support a
potential role for KOR antagonists as targeted treatments for anhedonia. Finally,
while there were no effects shown on HAM-D, only 80% of patients had major
depressive disorder and there was no specified minimum HAM-D score for enroll-
ment, and so no conclusions can be drawn on potential efficacy in MDD from this
study.
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4.6 KOR Antagonists as Monotherapy vs Adjunctive Therapy

There is evidence that SSRIs and KOR antagonists may exert their antidepressant
effects through distinct pathways. In mice, deficits induced by U50488 on preclinical
models of anhedonia in the sucrose preference and social interaction tests could be
blocked by norBNI and the tricyclic antidepressant imipramine, but not by SSRIs
fluoxetine or citalopram, suggesting that KOR agonists induce symptoms of anhe-
donia that are mediated through different pathways than those acted on by SSRIs
(Dogra et al. 2016). Similarly, in one experiment, both norBNI and JDTic reduced
anxiety-like behavior on the EPM while SSRIs had no effect, however, SSRIs were
found to be effective in the OF model while both norBNI and JDTic had no effect in
this paradigm (Knoll et al. 2007). This suggests that SSRIs may modulate different
depressive-like and anxiety-like symptomatology than KOR antagonists and that
KOR antagonists may help patients who do not fully respond to SSRIs.

Additionally, synergistic antidepressant-like effects were found in the FST in
mice when a subtherapeutic dosage of JNJ-67953964/LY2456302 was administered
with a subtherapeutic dosage of either SSRI citalopram or the tricyclic antidepressant
imipramine (Rorick-Kehn et al. 2014). This suggests the possibility that KOR
antagonists may show optimal efficacy when used as adjunctive treatments with
current standard of care SSRIs.

KOR antagonists JNJ-67953964/LY2456302 and BTRX-140 are currently being
investigated in two ongoing clinical trials in MDD. JNJ-67953964 / LY2456302 is
being trialed as an adjunctive treatment for patients who have had an incomplete
response to current serotonin-norepinephrine reuptake inhibitor (SNRI) or SSRI
therapy. In this case, 10 mg JNJ-67953964/LY2456302, a KOR selective dosage
(Rorick-Kehn et al. 2015) that was previously shown on PET imaging to provide
94% occupancy at the KOR at 2.5 h and 72% at 24 h from a single dosage
(Naganawa et al. 2016), is added to the patient’s baseline SSRI or SNRI for
6 weeks following a placebo run-in period. The primary endpoint is the change on
the Montgomery–Åsberg Depression Rating Scale (MADRS) (ClinicalTrials.gov
Identifier: NCT03559192). In contrast, BTRX-140 is being trialed as a monotherapy
for 8 weeks with a primary endpoint as the HAM-D (ClinicalTrials.gov Identifier:
NCT04221230).

4.7 Sex Differences

One potential issue that may impact the ability to translate preclinical findings to the
clinic is the observed sex differences in response to KOR antagonists in rodents.
Female rats have been shown to be less sensitive than male rats to the depressive-like
effects of KOR agonists (Russell et al. 2014) and female guinea pigs are less
sensitive than male guinea pigs to the effects on pain (Wang et al. 2011). One
experiment found that the antidepressant effects of norBNI on the FST in two
different strains of male mice were not found in females (Laman-Maharg et al.
2018). Interestingly, one PET imaging study of naltrexone in humans reported a
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higher KOR availability in men than in women (Vijay et al. 2016). Whether any of
the sex differences observed in animals will translate humans will need to be
addressed in larger trials.

4.8 Conclusions and Recommendations for Translation

The preclinical data reviewed here show that both long- and short-acting KOR
antagonists have shown efficacy across a variety of preclinical antidepressant
screening tests as monotherapies. Furthermore, they have also been shown to have
synergistic efficacy when combined with tricyclic and SSRI antidepressants,
suggesting that additional efficacy may be achieved as adjunctive therapies.

While the data with nonselective KOR antagonist buprenorphine are relatively
small and many of the studies were open label, significant efficacy was found in
treatment-resistant populations, including those resistant to both pharmacotherapy
and electroconvulsive therapy (ECT) (Nyhuis et al. 2008). This is consistent with the
preclinical data showing that KOR agonists induce depressive-like phenotypes that
are resistant to treatment with SSRIs, and it is conceivable that KOR antagonists may
represent a potential treatment for patients with treatment-resistant depression.
While ALKS 5461 showed mixed results in phase 3 ranging from low effect sizes
to lack of effect, this may be due to the MOR antagonist activity of samidorphan.

Finally, KOR antagonists may have specific efficacy on anhedonia, a symptom
present in multiple different neuropsychiatric disorders, including MDD and the
negative symptoms of schizophrenia. KOR agonists have been shown to induce
anhedonic behavioral phenotypes in rodent models that can be reversed by KOR
antagonists and this effect has been successfully translated in one trial in humans.
The results of ongoing phase 2 trials of KOR antagonists may help answer outstand-
ing questions, such as whether effects on anhedonia will hold up in larger trials,
whether there are specific patient populations with DYN/KOR dysfunction, whether
efficacy will vary between in men and women, and whether differences will be seen
between monotherapy and adjunctive therapy.
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