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A B S T R A C T

Phencyclidine (PCP) is a dissociative anesthetic that induces psychotic symptoms and neurocognitive deficits in
rodents similar to those observed in schizophrenia patients. PCP administration in healthy human subjects in-
duces schizophrenia-like symptoms such as positive and negative symptoms, and a range of cognitive deficits. It
has been reported that PCP, ketamine, and related drugs such as N-methyl-D-aspartate-type (NMDA) glutamate
receptor antagonists, induce behavioral effects by blocking neurotransmission at NMDA receptors. Further,
NMDA receptor antagonists reproduce specific aspects of the symptoms of schizophrenia. Neurochemical models
based on the actions of PCP are well established, with increased focus on glutamatergic dysfunction as a basis for
both symptoms and cognitive dysfunction in schizophrenia. On the other hand, the endogenous NMDA receptor
antagonist, kynurenic acid (KYNA), which is a product of tryptophan-kynurenine pathway (KP) metabolism, is
involved in schizophrenia pathogenesis. KYNA concentrations are elevated in the prefrontal cortex and cere-
brospinal fluid of patients with schizophrenia. KYNA elevation affects neurotransmitter release in a similar
manner to that of psychotomimetic agents such as PCP, underscoring a molecular basis of its involvement in
schizophrenia pathophysiology. This review will highlight the relationship between PCP and KP metabolites
based on evidence that both exogenous and endogenous NMDA receptor antagonists are involved in the pa-
thogenesis of schizophrenia, and discuss our current understanding of the mechanisms underlying dysfunctional
glutamatergic signaling as potential therapeutic targets for schizophrenia.

1. Introduction

The symptoms of schizophrenia are complex and are commonly
divided into three different clusters (Andreasen, 1995). The positive
symptoms of schizophrenia include hallucinations, delusions, bizarre
behaviors, and perceptual distortions, whereas the negative symptoms
are characterized by anhedonia and lack of interest. Schizophrenia

patients have impairments in various cognitive functions, such as def-
icits in memory and attention, as well as lack of insight, judgment, and
executive functions (Andreasen, 1995; Green et al., 2000).

Phencyclidine (PCP) was originally developed as a dissociative an-
esthetic in the 1950s. PCP was initially used as a surgical anesthetic, but
due to its side effects (e.g., post-operative psychosis, severe anxiety, and
dysphoria), its use in clinical studies was discontinued in 1965, and PCP
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was later utilized by veterinarians as an animal tranquilizer. PCP is
addictive, and its use often leads to psychological dependence. Despite
its adverse side effects, PCP became a popular drug of abuse known as
“angel dust” in the 1970s. Although the demand for PCP decreased in
the early 1990s, the estimated number of PCP-related emergency de-
partment visits increased by more than 400% between 2005 and 2011
(from 14,825 to 75,538 visits) in the USA (Bush, 2013). PCP induces a
psychotomimetic state that closely resembles that of schizophrenia.
Interestingly, PCP-induced psychosis incorporates both positive and
negative symptoms as well as cognitive dysfunction resembling that of
schizophrenia; thus, PCP has been widely used in animal models of
schizophrenia (Javitt and Zukin, 1991; Mouri et al., 2007).

The etiology of schizophrenia has not been fully elucidated, but
several theories have been proposed. The dopamine hypothesis of
schizophrenia was first proposed in the 1960s. Patients with schizo-
phrenia have increased dopaminergic activity that can be normalized
with dopamine antagonists, particularly dopamine D2 receptor an-
tagonists (Matthysse, 1974; Yang and Tsai, 2017). However, subsequent
findings suggested that the dopamine hypothesis only partly explains
the symptoms of schizophrenia, as dopamine receptor antagonists are
not clinically effective for treating cortical-related symptoms of schi-
zophrenia, such as negative symptoms and cognitive deficits (Yang and
Tsai, 2017).

Over the past few decades, the glutamatergic hypofunction hy-
pothesis has attracted interest in the field of schizophrenia research and
has superseded the dopamine hypothesis. Glutamatergic models of
schizophrenia were proposed based on the observation that PCP, ke-
tamine, and related drugs induced schizophrenia-like psychotic effects
(Javitt et al., 2012). These compounds induce schizophrenia-like
symptoms by blocking neurotransmission at N-methyl-D-aspartate
(NMDA) receptors. Since then, evidence supporting the role of NMDA
receptor hypofunction in the pathophysiology of schizophrenia has
accumulated. Compared to dopaminergic agents, NMDA receptor an-
tagonists induce positive, negative, and cognitive symptoms of schizo-
phrenia (Nabeshima et al., 2006). Further, clinical studies with PCP and
ketamine have confirmed a close resemblance between NMDA receptor
antagonist-induced symptoms and neurocognitive deficits and those
observed in schizophrenia (Javitt et al., 2012). Furthermore, reduced
glutamate levels in the cerebrospinal fluid of patients with schizo-
phrenia supports this theory (Jayawickrama et al., 2015).

As a corollary of the glutamatergic hypofunction hypothesis, the
kynurenic acid (KYNA) hypothesis has been recently proposed. KYNA is
an endogenous NMDA receptor antagonist (Stone and Perkins, 1981).
KYNA is a metabolite in the tryptophan-kynurenine pathway (KP). The
roles of KP metabolites in central nervous system (CNS) diseases have
garnered attention, as several KP metabolites, such as KYNA and qui-
nolinic acid (QUIN), are neuroactive. Several publications have re-
ported that KP metabolites in the brain are associated with various CNS
diseases, including schizophrenia (Fujigaki et al., 2017; Lovelace et al.,
2017; Stone and Darlington, 2013). Further, elevated KYNA con-
centrations are observed in the prefrontal cortex and cerebrospinal fluid
of patients with schizophrenia (Erhardt et al., 2001; Schwarcz et al.,
2001). Indeed, elevation of KYNA affects neurotransmitter release in a
manner similar to that of psychotomimetic agents such as PCP, un-
derscoring a molecular basis of its involvement in schizophrenia pa-
thophysiology.

The purpose of this review is to (1) discuss the potential relationship
between intoxication by PCP, KP metabolites, and NMDA receptors, (2)
highlight how KP metabolites play a role in PCP intoxication, and (3)
propose the manipulation of KP as a potential strategy for PCP-induced
abnormal behavior, thereby serving as a potential therapeutic target for
schizophrenia.

2. PCP intoxication

PCP is a water- or alcohol-soluble white crystalline powder that is

often abused in powder, crystal, liquid, or tablet form. PCP exhibits
dose-dependent effects that vary by administration route (within
2–5min when smoked and within 30–60min when taken orally).
Intoxication lasts from 4 to 8 h, with some users experiencing effects for
24–48 h (Journey and Bentley, 2018). PCP abuse induces psychosis that
is clinically indistinguishable from schizophrenia (Baldridge and
Bessen, 1990; Rainey and Crowder, 1975). In a clinical study, acute PCP
administration evoked transient schizophrenia-like symptoms, such as
hyperactivity, paranoia, hallucinations, formal thought disorder, and
cognitive impairments in normal volunteers, and exacerbated symp-
toms in schizophrenia patients (Javitt, 2007). Based on these clinical
findings, the neurochemical effects of PCP have been investigated in
animal models of schizophrenia (Moghaddam and Krystal, 2012; Mouri
et al., 2007).

3. PCP and NMDA receptors

PCP-induced psychotomimetic effects are associated with sub-
micromolar serum concentrations of PCP. At psychotomimetic con-
centrations in serum, PCP selectively binds to NMDA receptors as a non-
competitive antagonist (pKi: 6.18 ± 0.07) (Javitt and Zukin, 1991).
Other NMDA receptor antagonists, such as the dissociative anesthetic
ketamine and dizocilpine [(+) MK-801], also induce PCP-like psycho-
tomimetic effects proportional to their potency in binding to NMDA
receptors (Javitt and Zukin, 1991). The NMDA receptor is a ligand-
gated Ca2+ channel. Ligand binding produces an influx of Ca2+ into the
postsynaptic compartment (Nabeshima et al., 2006). Following NMDA
receptor-mediated influx of Ca2+, α-subunit Ca2+/calmodulin kinase II
(CaMKII) undergoes rapid phosphorylation at a threonine residue (Xia
and Storm, 2005). It has been suggested that dysfunction in glutama-
tergic systems including NMDA-CaMKII signaling are involved in ne-
gative symptoms and cognitive deficits in PCP-treated mice, as well as
in schizophrenia pathology (Nabeshima et al., 2006).

4. KP metabolites and NMDA receptors

4.1. Kynurenine pathway (KP)

As some of the metabolites of KP have neuroactive properties, there
is accumulating evidence suggesting the dysregulation of KP is involved
in the pathophysiology of several inflammation-related brain diseases
such as depression, multiple sclerosis, and schizophrenia (Fujigaki
et al., 2017; Majewski et al., 2016). An overview of the KP is presented
in Fig. 1. The KP is the major route of tryptophan degradation in
mammals. In most mammalian tissues, it is estimated that more than
95% of dietary TRP is metabolized via the KP, while the remaining TRP
is metabolized by the serotonin and melatonin pathways (Stone and
Darlington, 2002; Takikawa, 2005). The first and rate-limiting step in
the KP is catalyzed by tryptophan 2,3-dioxygenase (TDO), indoleamine
2,3-dioxygenase (IDO) 1 and 2 (Ball et al., 2007, 2009; Metz et al.,
2007; Shimizu et al., 1978). These enzymes convert TRP to instable
compound, N-formylkynurenine, which is then metabolized to L-ky-
nurenine (KYN) by kynurenine formamidase. TDO is constitutively
expressed in the liver and contributes to systemic levels of TRP and KYN
(Miller et al., 2004). Unlike TDO, IDO1 and 2 are upregulated by
proinflammatory cytokines and inflammatory stimuli such as interferon
(IFN)-γ and lipopolysaccharide (LPS) (Connor et al., 2008; Fujigaki
et al., 2006; Metz et al., 2007). Previous investigations have shown that
the acceleration of KP metabolism by IDO1 has an important role in
inflammation-mediated diseases and disorders (Saito et al., 1991,
1993).

KYN is then metabolized by at least three different enzymes: ky-
nurenine 3-monooxygenase (KMO) (also referred to as kynurenine 3-
hydoroxylase); kynurenine aminotransferase (KAT) 1, 2, 3, and 4; and
kynureninase (KYNU) (Fujigaki et al., 2017; Schwarcz et al., 2012)
(Fig. 1). Catabolism of KYN by KMO results in the production of 3-
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hydroxykynurenine (3-HK) and several downstream metabolites in-
cluding the NMDA receptor agonist quinolinic acid (QUIN) (Fig. 1).
Alternatively, KYN is metabolized to KYNA (which is considered a
natural antagonist for the glycine-B co-agonist site of NMDA receptor)
by KAT. Therefore, the KP is responsible for synthesizing both NMDA
receptor agonist and antagonist.

4.2. KP metabolites and NMDA receptors

Over the past few decades, the roles of KP metabolites in the brain
have been widely studied as they are implicated in various neurological
diseases. Studies have reported that some KP metabolites are neuro-
toxic, whereas others have neuroprotective effects. Therefore, dysre-
gulation of the KP may act as a double-edged sword. Here, we focus on
two of the most widely studied metabolites: QUIN and KYNA, which are
thought to have neurotoxic (NMDA receptor agonist) and neuropro-
tective (NMDA receptor antagonist) properties, respectively (Fig. 2).

4.2.1. QUIN and NMDA receptors
At CNS synapses, agonist binding to postsynaptic ionotropic gluta-

mate receptors results in signaling between neurons. NMDA receptors
comprise a unique receptor family that is activated in response to the
concurrent binding of glutamate and glycine (Yu and Lau, 2018). An
excessive amount of glutamate in the synaptic cleft results in dysregu-
lation of Ca2+ homeostasis, mitochondrial dysfunction, and the gen-
eration of reactive oxygen species (Bohar et al., 2015). Under normal
conditions, the amount of glutamate present is tightly regulated. In
neurodegenerative diseases, this regulation is often disrupted, thus
contributing to neuronal damage (Bohar et al., 2015). QUIN was
identified as an endogenous selective agonist of NMDA receptors; QUIN

activates NMDA receptors, increases neuronal activity, and elevates
intracellular Ca2+ concentrations (Stone and Perkins, 1981) (Fig. 2).
Furthermore, QUIN causes selective neuronal lesions. Focal injections
of QUIN into the striatum induces neurochemical, behavioral, and pa-
thological changes (Schwarcz et al., 1983). A report by Beal et al. re-
vealed that QUIN-induced striatal lesions more accurately replicated
the histopathological features of Huntington's disease than did other
known excitotoxins (Beal et al., 1986). QUIN also elicits cytotoxicity by
increasing neuronal glutamate release, inhibiting astrocytic glutamate
uptake, and inhibiting astroglial glutamine synthetase, leading to ex-
cessive microenvironmental glutamate concentrations and neurotoxi-
city (Baverel et al., 1990; Tavares et al., 2000, 2002).

4.2.2. KYNA and NMDA receptors
In contrast to QUIN, KYNA, a metabolite produced in the dead-end

arm of the KP pathway (Fig. 1), has a neuroprotective role. KYNA acts
as an antagonist of the NMDA receptor (Birch et al., 1988b; Kessler
et al., 1989; Perkins and Stone, 1982; Reynolds et al., 1989) (Fig. 2).
KYNA protects against neuronal damage caused by QUIN (NMDA re-
ceptor agonist); this effect is most likely mediated through the in-
hibitory activity of NMDA receptors (Stone, 1993). A body of evidence
suggests that KYNA plays a protective role against excitotoxicity-in-
duced neuronal death (Stone, 2000). KYNA acts as an inhibitor at the
strychnine-insensitive glycine co-agonist site of NMDA receptors (Birch
et al., 1988b). Further, KYNA also exerts weak antagonistic effects on
kainate- and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)-sensitive glutamate receptors (Birch et al., 1988a). KYNA has
dual actions on AMPA receptors that manifest in a dose-dependent
manner, evoking facilitation at low concentrations (nmol/L - μmol/L),
and exerting neuroinhibition at higher concentrations (μmol/L - mmol/
L) (Prescott et al., 2006; Szalardy et al., 2012). Another potential target
may be the α-7-nicotinic acetylcholine receptor (α7nAchR), which
KYNA has been reported to block (Hilmas et al., 2001). However, this
result has not proved to be reproducible (Arnaiz-Cot et al., 2008;
Dobelis et al., 2012; Mok et al., 2009), except that it is possibly present
at high concentrations in young rats, and in a complex pharmacological
mixture of receptor antagonists (Stone, 2007). Therefore, α7nAchR
cannot currently be considered an established, proven target for KYNA.

KYNA is well established as an antagonist or inhibitor at several
ionotropic receptors. However, it is still uncertain whether endogenous
KYNA concentrations influence the activity of these receptors. An ar-
gument against the physiological relevance of this activity is that in-
hibition is only observed at concentrations that are substantially higher
than those typically found endogenously in the CNS. For example,

Fig. 1. Tryptophan metabolism in kynurenine pathway. TRP, tryptophan;
N′eFeKYN, N-formylkynurenine; KYN, kynurenine; KYNA, kynurenic acid; AA,
anthranilic acid; 3-HK, 3-hydroxykynurenine; XA, xanthurenic acid; 3-HAA, 3-
hydroxyanthranilic acid; ACMSD, 2-amino-3-carboxymuconic semialdehyde;
QUIN, quinolinic acid; NAD+, nicotinamide adenine dinucleotide; IDO1,2,
indoleamine 2,3-dioxygenase 1,2; TDO, tryptophan 2,3-dioxygenase; KYNF,
kynurenine formamidase; KAT, kynurenine aminotransferase; KYNU, kynur-
eninase; KMO, kynurenine 3-monooxygenase; 3-HAO, 3-hydroxyanthranilate
3,4-dioxygenase; QPRT, quinolinic acid phosphoribosyl transferase.

Fig. 2. The regulation of NMDA receptor by PCP, QUIN and KYNA. The po-
tential sites of interaction of PCP, QUIN and KYNA for modulation of NMDA
receptor function are shown. QUIN acts as a NMDA receptor agonist at gluta-
mate binding site, whereas KYNA act as a NMDA receptor antagonist at glycine
site. The endogenous QUIN and KYNA may interfere or amplify the PCP in-
toxication.
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although basal extracellular concentrations of KYNA in the rat brain fall
within the low nmol/L range (10–20 nmol/L), KYNA can act as a non-
competitive antagonist at the glycine binding site on the NR1 subunit of
the NMDA receptor, at high concentrations (10–20 μmol/L) under
physiological conditions (Stone, 1993). In addition, higher concentra-
tions (200–500 μmol/L) of KYNA are required to exert inhibitory effects
on NMDA receptor function upon binding to the glutamate recognition
site (Kessler et al., 1989). Furthermore, the affinity of KYNA for NMDA
receptors is weaker than those of other NMDA receptor antagonists. For
example, the Ki value of KYNA was 7.33 μmol/L for the [3H]glycine
binding to hippocampal membranes (Berger, 1995), whereas the Ki of
PCP was 7.12 nmol/L for the PCP-binding site (Roth et al., 2013). KYNA
also exerts inhibitory actions on AMPA receptors; however, the required
concentrations are even higher, falling within the range of high μmol/L
to mmol/L (Swartz et al., 1990). Nevertheless, it is possible that the
KYNA concentration in the blood or CSF does not reflect the higher
concentrations of KYNA in the immediate surroundings of the cells from
which they are generated and released. Hence, further studies are re-
quired to elucidate the actions of KYNA on these receptors under
physiological conditions (see (Szalardy et al., 2012), for review).

5. PCP and KYNA intoxication in the context of schizophrenia

Both exogenous PCP and endogenous KYNA are related to schizo-
phrenia-like behavioral changes in rodents and symptoms of schizo-
phrenia patients.

5.1. Behavioral abnormalities induced by PCP administration

As mentioned in section 2, acute PCP administration evoked tran-
sient schizophrenia-like symptoms, such as hyperactivity, paranoia,
hallucinations, formal thought disorder, and cognitive impairments in
normal volunteers, and exacerbated symptoms in schizophrenia pa-
tients (Javitt, 2007). Thus, PCP has been widely used for modeling
schizophrenia in animals (Gilmour et al., 2012; Mouri et al., 2007).
Acute and repeated PCP administration in mice impaired attention and
latent learning in a water finding test (Noda et al., 2001), and this
impairment was reversed by acute treatment with clozapine, but not
with haloperidol. Since the effects of atypical antipsychotics are con-
sistent with the clinical effects, administration of PCP in rodents are
believed to be useful as a behavioral model of cognitive deficits of
schizophrenia (Mouri et al., 2007; Nabeshima et al., 2006; Noda et al.,
2001). Further, PCP administration in rodents could mimics several
psychotic symptoms in schizophrenia patients, such as hyperlocomo-
tion (Johnson et al., 1998; Mouri et al., 2012; Noda et al., 1995;
Sturgeon et al., 1979), object recognition memory impairment (Hida
et al., 2015; Mouri et al., 2012; Tanaka et al., 2011), and reduced social
behavior (Qiao et al., 2001; Sams-Dodd, 1995; Wang et al., 2007) (for a
review, see (Jones et al., 2011)).

5.2. Behavioral abnormalities induced by elevated endogenous KYNA

As is the case with administration of PCP, elevated levels of en-
dogenous KYNA are related to behavioral abnormalities. In an animal
model using rats, elevation of endogenous KYNA levels produced def-
icits in spatial and working memory consistent with symptom etiology
in schizophrenia (Chess et al., 2007). Administration of KYN, the pre-
cursor of KYNA, produced clinically relevant increases in KYNA con-
centration in the rat brain and impaired contextual fear memory (Chess
et al., 2009). Further, elevation of endogenous KYNA by administration
of KYN significantly disrupted PPI, a model that reflects sensory gating
deficits in schizophrenia patients (Erhardt et al., 2004). Furthermore,
gene deficiency in KMO, which is located at the branch point of KP
(Fig. 1), shunts the pathway towards the synthesis of KYNA, resulting in
significantly increased KYNA levels in the brain and periphery (Erhardt
et al., 2017; Tashiro et al., 2017). We have reported that KMO knockout

mice show depressive-like behaviors, such as decreased sucrose pre-
ference and increased immobility in the forced swimming test, and high
anxiety as shown by decreased time spent in the center area of the open
field test (Tashiro et al., 2017). Using the same mouse strain, another
group also reported behavioral abnormalities such as impairments in
contextual memory, social interaction, and increased anxiety-like be-
havior (Erhardt et al., 2017).

6. Possible therapeutic approach for PCP psychosis through the
KP

As previously mentioned, the KP leads to the production of agonists
(QUIN) and antagonists (KYNA) of NMDA receptors. Although little is
known about the relationship between PCP intoxication and en-
dogenous KP metabolites, there are several reports which led us to
speculate a possible therapeutic approach for PCP intoxication through
manipulation of the KP (Fig. 2).

Tuboly et al. suggested that the effects of KYNA on ionotropic glu-
tamate receptors at the spinal level are primarily due to the inhibition
of NMDA receptors at both glycine and PCP binding sites (Tuboly et al.,
2015). Another report using NMDA receptor antagonists such as keta-
mine, have demonstrated that a brain-penetrable inhibitor of KAT2,
which may be responsible for the majority of brain KYNA synthesis
(Nematollahi et al., 2016; Schwarcz et al., 2012), dose-dependently
reduced brain KYNA, prevented amphetamine and ketamine-induced
disruption of auditory gating, and improved performance in a sustained
attention task. It also prevented ketamine-induced disruption of per-
formance in a working and spatial memory tasks in rodents and non-
human primates, respectively (Kozak et al., 2014).

In contrast, elevation of endogenous QUIN may counteract PCP-
induced behavioral abnormalities. Since QUIN is a selective NMDA
receptor agonist, elevation of endogenous QUIN could neutralize PCP
intoxication. Indeed, pretreatment with D-serine (an endogenous
NMDA receptor agonist) or SSR504734 (a potent glycine transporter
type 1 inhibitor which potentiates NMDA receptor function by in-
creasing synaptic levels of glycine), completely inhibited functional
magnetic resonance imaging responses to PCP (Gozzi et al., 2008).
Manipulating QUIN levels may improve PCP intoxication; however,
caution must be exercised since QUIN has excitatory effects on neurons.

7. Conclusion

Recent studies have proposed that several factors such as serotonin,
acetylcholine, gamma-aminobutyric acid, and inflammation, are asso-
ciated with the pathogenesis of schizophrenia. However, the mechan-
isms of schizophrenia pathogenesis are still unclear. PCP-related animal
models are a useful tool for understanding the pathophysiology of
schizophrenia. Since both exogenous and endogenous NMDA receptor
antagonists such as PCP and KYNA, respectively, have several common
effects, we believe that understanding the mechanisms underpinning
dysfunction of glutamatergic systems will contribute to therapeutic
developments for schizophrenia.
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