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Pathological Changes Induced in Cerebrocortical
Neurons by Phencyclidine and Related Drugs

JoHN W. OLNEY, JOANN LABRUYERE, MADELON T. PRICE

Phencyclidine (PCP), a dissociative anesthetic and widely abused psychotomimetic
drug, and MK-801, a potent PCP receptor ligand, have neuroprotective properties
stemming from their ability to antagonize the excitotoxic actions of endogenous
‘excitatory amino acids such as glutamate and aspartate. There is growing interest in the
potential application of these compounds in the treatment of neurological disorders.
However, there is an apparent neurotoxic effect of PCP and related agents (MK-801,
tiletamine, and ketamine), which has heretofore been overlooked: these drugs induce
acute pathomorphological changes in specific populations of brain neurons when
administered subcutaneously to adult rats in relatively low doses. These findings raise
new questions regarding the safety of these agents in the clinical management of
neurodegenerative diseases and reinforce concerns about the potential risks associated

with illicit use of PCP.

HE DRUG PCP, A DISSOCIATIVE AN-

esthetic, is best known as an abused

street drug with potent psychotomi-
metic properties. PCP binds with high affin-
ity and specificity to a unique class of mem-
brane receptors in the mammalian central
nervous system (CNS) (1), suggesting that
the CNS may contain a yet to be identified
PCP-like peptidergic neuromodulator and
that dysfunction of this neuromodulatory
system might underlie psychotic disorders
such as schizophrenia (2). PCP receptors are
colocalized ~ with  N-methyl-p-aspartate
(NMDA) receptors (a subtype of glutamate
receptor) (3), and PCP antagonizes NMDA
receptor—mediated neuroexcitatory (4) and
neurotoxic (5) phenomena. MK-801 is a
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PCP-like compound that displays even
greater potency than PCP in binding to the
PCP receptor and in antagonizing the excit-
atory (6) and toxic (7) actions of NMDA.
MK-801 or PCP can protect CNS neurons
against hypoxic-ischemic, hypoglycemic, or
epilepsy-related brain damage (all of which
are postulated to be NMDA receptor—medi-
ated processes) (8, 9). Here we report that,
in addition to their potent neuroprotective
properties, these agents induce pathomor-
phological changes in certain CNS neuronal
populations when administered subcutane-
ously to adult rats.

Treatment of rats with kainic acid causes
persistent limbic seizures that result in a
distinctive pattern of seizure-related brain

damage (10). We have observed that PCP
and MK-801 protect against this type of
damage (11). However, the protected
brains, although appearing normal in re-
gions typically vulnerable to seizure-related
brain damage, displayed neuropathological
changes (vacuolization of neuronal cyto-
plasm) in the posterior cingulate and retro-
splenial neocortices, changes that are subtly
different from those typically associated with
kainic acid treatment. Examination of the
brains of control animals treated only with
MK-801 or PCP revealed these same
changes in cingulate and retrosplenial neu-
rons, even though these animals had not
been exposed to any convulsant and had not
experienced any seizures. No such changes
could be found in control animals that re-
ceived no drug treatments. Because the vehi-
cle was water (12), it could not have caused
the changes. Therefore, we evaluated the
possibility that PCP and MK-801 might
have cytotoxic effects on CNS neurons.
Adult, female Sprague Dawley rats (300
g) were injected subcutaneously (sc) with an
aqueous solution (12) of MK-801 (0.05 to
1.0 mg per kilogram of body weight, sc) or
PCP (0.5 to 5.0 mg/kg sc) and were killed 4
hours later for histopathological evaluation
of the brains by light and electron microsco-
py (13). Both compounds caused a dose-
dependent vacuolar reaction detectable by
light microscopy in cingulate and retrosple-
nial neurons, the EDsy (14) being 0.18
mg/kg (0.12 to 0.24) (n = 36) for MK-801
and 2.83 mg/kg (1.72 to 3.93) (n = 36) for
PCP. Adult, male Sprague Dawley rats (450
g) were also susceptible but at a slightly
higher dose, EDsj being 0.32 mg/kg (0.25
to 0.39) (n = 24) for MK-801 and 4.29
mg/kg (2.87 to 5.70) (n = 20) for PCP.
Electron microscopic evaluation of the
affected neurons 2 to 4 hours after PCP or
MK-801 treatment corroborated that the
changes consisted of the formation of multi-
ple vacuoles of heterogeneous size occupy-
ing the cytoplasmic compartment (Fig. 1, A
and B). At 2 hours, when vacuoles first
became evident, it appeared that they were
forming from saccules of endoplasmic retic-
ulum, that mitochondria or other cytoplas-
mic components were being incorporated
within them, and that the incorporated
structures were undergoing a process of
dissolution. At 4 hours, the cytoplasmic
compartment of an affected neuron ap-
peared to be packed with vacuoles and de-
void of mitochondria. The vacuoles varied
in diameter from 3 to 15 pm. A time course
study by light microscopy revealed that the
vacuoles were detectable 2 hours after a
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single exposure to MK-801 (1.0 mg/kg sc)
and became increasingly more conspicuous
at 4, 8, and 12 hours. However, in the
interval from 18 to 24 hours, the reaction
subsided and the morphology of most neu-
rons, as evaluated by light microscopy, ap-
peared to have returned to normal.

We next evaluated the effects of repeated
exposure to PCP and MK-801. Rats were
treated with MK-801 daily for 4 days at 0.3
mg/kg sc and then killed, and the brains
were evaluated by light microscopy 4 hours
after treatment on day 4. The brains of
animals subjected to this treatment regimen
displayed no morphological changes. When
a gradually increasing dose schedule (0.2,
0.4, 0.6, and 0.8 mg/kg sc) was used and
treatments were spaced 12 hours apart, no
cytopathology was seen 4 hours after the last

treatment. When rats were treated daily with
MK-801 for 4 days with higher or more
steeply increasing dose schedules (0.25, 0.5,
0.75, and 1.0, or 0.25, 0.5, 1.0, and 2.0
mg/kg sc on days 1, 2, 3, and 4, respectively)
and the brains were examined 4 hours after
the treatment on day 4, these brains dis-
played the typical cytopathological changes
that would be expected 4 hours after a single
treatment, but there was no evidence (by
light microscopy) of a cumulative effect or
of the reaction progressing to an irreversible
stage. A single treatment with MK-801 (0.5
mg/kg sc) followed by a day without drug,
then renewed treatment (MK-801, 0.5
mg/kg sc) on day 3 resulted in the typical
pathomorphological reaction 4 hours after
the treatment on day 3. Experiments of
similar design were conducted with PCP

Fig. 1. (A) Electron micrograph depicting a large posterior cingulate cortical neuron from the brain of a
normal untreated rat. The cytoplasm of this neuron contains many normal-appearing mitochondria, and
there are no abnormal vacuoles (x7000). (B) A large posterior cingulate cortical neuron from a rat
treated with PCP (5 mg/kg sc) 4 hours carlier. Very few normal mitochondria are evident in the
cytoplasm but many vacuoles are present, some of which contain multiple small, round structures that
appear to be remnants of mitochondria. The neuropil surrounding this neuron is well preserved, and
there are many normal-appearing mitochondria in the neuropil components (X7000). (C) Numerous
vacuole-containing large neurons in layers III and IV of the posterior cingulate cortex of a rat treated 4
hours earlier with MK-801 (1 mg/kg sc). Smaller neurons in other layers (arrows) are free from vacuoles

(x200).
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and the same results were obtained, suggest-
ing apparent tolerance.

Rats treated with very high doses of MK-
801 (5 or 10 mg/kg sc) and examined 24 to
48 hours later displayed vacuolar changes in
cingulate and retrosplenial cortical neurons
at both time intervals. Thus far, only light
microscopic evaluation of changes at these
high doses has been performed.

On the basis of a relatively comprehen-
sive, although not exhaustive, light micro-
scopic evaluation of the brains of rats treated
with PCP or MK-801 to determine how
many CNS neuronal populations are suscep-
tible to the apparent toxic effects of these
agents, we believe that this action may be
quite selective for specific neurons in the
posterior cingulate and retrosplenial corti-
ces. The affected neurons are medium to
large in size and multipolar or pyramidal in
shape and are located in cortical layers III
and IV (Fig. 1C).

To further clarify the role of PCP recep-
tors, we tested two other PCP receptor
ligands, tiletamine and ketamine. Both
agents are anesthetics used in veterinary
medicine, and ketamine is used in human
anesthesia (15). Each drug was administered
in aqueous solution (12) as a single dose (1,
5, 10, and 20 mg/kg sc for tiletamine and 5,
10, 20, and 40 mg/kg sc for ketamine) to
adult rats (n = 6 per treatment group). Ex-
amination of the brains 4 hours later re-
vealed vacuole formation in cingulate and
retrosplenial cerebrocortical neurons after
tiletamine treatment at 10 and 20 mg/kg and
ketamine treatment only at 40 mg/kg. Low-
er doses of either drug were not associated
with cerebrocortical pathological changes.

Our findings suggest that PCP and the
related compounds MK-801, tiletamine,
and ketamine induce a pathomorphological
reaction in the majority of medium- to large-
sized neurons in layers III and IV of the

* posterior cingulate and retrosplenial corti-

ces. The order of potencies with which these
agents induced this effect (MK-801 >
PCP > tiletamine > ketamine) is the same
as their order of affinities for binding to the
PCP receptor (4, 6) and for their order of
potencies in antagonizing either the excit-
atory (4, 6) or neurotoxic (5, 7) actions of
NMDA. For example, in the isolated chick
embryo retina, the concentration of antago-
nist required to totally prevent the toxic
action of 80 uM NMDA is 0.1, 0.5, 2.0,
and 5.0 pM, respectively, for MK-801,
PCP, tiletamine, and ketamine (16). Many
ligands for the PCP receptor also bind to the
sigma opiate receptor; however, they do so
with an order of affinities opposite to the
above, and MK-801, the most potent PCP
receptor ligand known, has very little affinity
for the sigma binding site (6). Moreover, the
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dissimilar CNS distribution of sigma and
NMDA receptors suggests that they are not
colocalized or functionally linked. Thus, our
evidence does not support involvement of
sigma opiate receptors in the effects of PCP
on cingulate cortical neurons but is consist-
ent with involvement of the NMDA-PCP
receptor—ion channel complex.

Vacuolization in response to PCP or MK-
801 becomes increasingly severe in the first
12 hours and then gradually diminishes in
the next 12 hours; repeated treatment does
not result in cumulative effects. Rather it
appears that the vacuolar reaction, at least at
low doses, may be self-limiting and is sub-
ject to a mechanism whereby, after a single
treatment at a given dose, vulnerable neu-
rons become insensitive to further treatment
at that dose, unless the first and subsequent
treatments are separated by a significant
drug-free interval. This response profile has
intriguing features of a tolerance phenome-
non. Behavioral tolerance and apparent de-
pendence-withdrawal phenomena have been
reported in both monkeys and humans after
self-administration of PCP (17).

The above description of the time course
and apparent reversibility is preliminary and
is based only on light microscopic observa-
tions. Our evidence pertaining to ultrastruc-
tural changes in the rat is limited to an acute
time interval (2 to 4 hours) after a single
treatment with PCP or MK-801. However,
because the changes noted at that time were
quite striking, particularly with respect to
the apparent lytic degradation of the major-
ity of mitochondria in the cytoplasm of
affected neurons (Fig. 1B), an effect detect-
able only by electron microscopy, we cannot
rule out the possibility that other treatment
regimens would result in progressive patho-
morphological changes detectable only by
electron microscopy. We are not aware of
reports of neuropathological changes in hu-
mans exposed to either PCP or ketamine
(19).

Because PCP causes schizophrenia-like
psychotic symptoms in the human, the find-
ing that specific neurons in the cingulate and
retrosplenial cortices are selectively vulnera-
ble to an apparent neurotoxic action of PCP
potentially implicates these neurons in the
psychotic effects of PCP and, conceivably, in
the pathophysiology of schizophrenia; that
is, if it is a peculiarity of these neurons, in
the human as in the rat, to respond patho-
logically to PCP receptor stimulation, the
pathological response might be expressed as
a toxic psychosis when exogenous PCP is
the stimulant, or as an endogenous psycho-
sis (schizophrenia) when an endogenous
PCP receptor ligand is the stimulant (2). It
is known that schizophrenics are sometimes
remarkably unresponsive to pain (19), that a
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major function of cingulate cortical neurons
is to mediate affective responses to pain (20),
and that dissociative anesthetics (PCP and
ketamine) are particularly effective in de-
pressing pain appreciation at thalamocorti-
cal levels (14). Benes et al. (21) have de-
scribed structural abnormalities in the ante-
rior cingulate cortex of individuals with
schizophrenia. Whether such changes might
also be present in the posterior cingulate or
retrosplenial cortices of schizophrenics re-
mains to be determined.

The neuroprotective properties of PCP
and MK-801 (5, 7, 8) have generated inter-
est in using these agents for therapeutic or
prophylactic purposes in various neurode-
generative conditions. A major concern is
the possibility that they might induce psy-
chotomimetic side effects. However, it has
been reasoned that they might be used to
protect against brain damage associated
with stroke, cardiac arrest, or perinatal as-
phyxia because these are acute conditions in
which the drug would only need to be given
on a one-time basis, and, even if the patient
were to suffer a transient psychosis, this
might be acceptable in trade for protection
against permanent brain damage.
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