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Glutamate and dopamine components in schizophrenia

Philip Seeman, MD, PhD

Department of Pharmacology, University of Toronto, Toronto, Ont.

The treatment of schizophrenia for the last half century has been with dopamine (DA) D, receptor blockers, implicating a hyperdopamine
basis for psychosis. However, a 2007 report found that the glutamate agonist LY404039 was effective in schizophrenia, suggesting a
hypoglutamate state for the iliness. Although phencyclidine psychosis also supports a hypoglutamate cause, assessing the basic and
clinical findings shows that phencyclidine has DA D, agonist actions as well. Accurate Dreiding models of phencyclidine and the LY glu-
tamate agonists precisely fit the known tetrahedral model of the D, receptor that accommodates all DA agonists. A further view is that
metabotropic glutamate agonists also exert D, agonism, and their antipsychotic doses (about 100 mg/d) are predicted by their dissocia-
tion constants (about 20 nM) for D,. Hence, the clinical antipsychotic action of a glutamate agonist may depend on its ability to interfere
with DA neurotransmission by its DA partial agonism.

Depuis un demi-siécle, on traite la schizophrénie au moyen de bloqueurs des récepteurs dopaminergiques D, sur la base des fonde-
ments hyperdopaminergiques de la psychose. Or, un rapport de 2007 a révélé que I'agoniste du glutamate LY404039 était efficace dans
la schizophrénie, évoquant le réle possible d’un déficit en glutamate dans la maladie. Bien que la psychose liée a la phencyclidine étaye
également le réle étiologique du déficit en glutamate, I'analyse des fondements et des signes cliniques révéle que la phencyclidine
exerce également des actions dopaminergiques D, agonistes. Des modeéles de Dreiding précis de la phencyclidine et des agonistes du
glutamate LY correspondent étroitement au modele tétraédrique connu du récepteur D,, qui concorde avec tous les agonistes dopamin-
ergiques. Selon une autre hypothese, les agonistes métabotropiques du glutamate exercent aussi un agonisme D, et leurs doses anti-
psychotiques (environ 100 mg/j) sont estimées en fonction de leurs constantes de dissociation (environ 20 nM) pour le D,. Ainsi, I'action
antipsychotique clinique de I'agoniste du glutamate pourrait dépendre de sa capacité d’interférer avec la neurotransmission de la

dopamine par I'entremise de son action dopaminergique agoniste partielle.

Introduction

The biological basis for psychotic signs and symptoms in
schizophrenia is not known. Although abnormalities in several
neurotransmitters have been found in the brains of patients
with schizophrenia, much attention has focused on the roles of
dopamine (DA) and glutamate neurotransmission underlying
the disease. The purpose of this commentary is not to argue
whether a DA or glutamate mechanism dominates the biology
of psychosis, but rather to see to what extent DA mechanisms
may underly glutamate drug action to develop a possible par-
simony of antipsychotic drug action. In other words, this com-
mentary is only one view, and its possible controversial nature
is to explore and question the state of the art.

A main cornerstone for the DA basis of schizophrenia'? is
the fact that antipsychotics alleviate psychotic signs and

symptoms by inhibiting the action of DA on DA D, receptors
in accordance with the established relation between clinical
doses and the antipsychotic affinities for D, receptors. This
correlation includes both the traditional antipsychotics, the
recent so-called atypical antipsychotics, as well as the new
partial DA agonists aripiprazole and bifeprunox.

At the same time, however, it has long been proposed that
an underactivity of glutamate receptors may contribute
to psychosis on the basis that phencyclidine, which blocks
N-methyl-D-aspartate (NMDA) receptors, is a psychotogen.
Thus, the hypoglutamate theory of schizophrenia advocates
the stimulation of glutamate receptors to alleviate psychosis.**
Because a trial of the metabotropic glutamate receptor agonist
LY404039 was clinically effective in treating schizophrenia,*
the present commentary examines the pharmacological select-
ivity of phencyclidine and the LY agonist congeners.
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Pharmacological evidence for a hypoglutamate
basis of psychosis

Phencyclidine action

Although there are DA agonist and antagonist drugs that
are highly selective for DA D, receptors, glutamate antag-
onists are not especially selective for glutamate receptors,
which makes it difficult to test the possible glutamate basis
for schizophrenia. Despite the nonselective actions of phen-
cyclidine and the related compound ketamine, these gluta-
mate antagonists have been extensively used to examine the
possible hypoglutamate basis of schizophrenia.”

At the same time, however, there are many studies indicat-
ing that phencyclidine affects both the DA system and the
glutamate system, influencing biology and behaviour. Spe-
cifically, phencyclidine activates presynaptic DA neurons
because it causes ipsilateral turning in rats with hemilesioned
nigral neurons and inhibits nigral neuron firing, both effects
that are blocked by the DA D, receptor-blocking action of
haloperidol.*"

These presynaptic actions of phencyclidine may be consist-
ent with its possible action on presynaptic DA receptors of
the high-affinity type (D,"8"), which are presumed to exist
on DA nigral cell terminals and on prolactin-secreting cells in
the anterior pituitary gland in addition to the known post-
synaptic location of D,Hi8" receptors.

Although many experiments show that phencyclidine is an
antagonist of ionotropic glutamate receptors, phencyclidine
also has a DA-like partial agonist action on presynaptic or
postsynaptic D,High receptors. For example, phencyclidine
recognizes the functional DA D,High receptor, which is con-
verted to its low-affinity state by guanylylimidodiphosphate
(Fig. 1A)," directly inhibits the release of prolactin in rat
anterior pituitary cells in primary culture (Fig. 1B)," and
stimulates the incorporation of [*®S]GTP-y-S into human
cloned DA D, receptors (Fig. 1C).?

The DA agonist nature of the 3 glutamate antagonists,
phencyclidine, ketamine and dizocilpine (MK 801), is indi-
cated by their ability to inhibit the binding of [*H]domperi-
done to D, receptors in rat striatal tissue in the D,High con-
centration range with dissociation constants of 4 nM, 8 nM
and 24 nM, respectively.” For all 3 compounds, the presence
of 200 uM guanylylimidodiphosphate removed the high-
affinity phase of the competition of the compound with
[*H]domperidone, indicating that phencyclidine, ketamine
and dizocilpine would have agonist action at the high-
affinity state of D,.

Although phencyclidine, ketamine and dizocilpine stimu-
late the incorporation of [33S]-GTP-y-S into D,-°"¢ receptors,
different laboratories can get differing results because this
stimulation is markedly reduced by NaCl (Fig. 1C), espe-
cially above 120 mM, with D,Short being much more sensi-
tive than D,°"8 to the inhibition by NaCl.” For example,
Odagaki and Toyoshima™ used 60-minute incubation and
100-150 mM NaCl in their assay, both conditions of which
resulted in a complete loss of stimulation of [*>S]GTP bind-
ing by phencyclidine on both D,%""t and D,o"8.>

Are metabotropic glutamate agonists selective
for glutamate receptors?

The metabotropic glutamate receptor agonists LY379268 and
LY354740 are agonists for metabotropic glutamate-2 and -3
receptors.” These compounds, however, are also DA partial
agonists on DA D,High receptors (Fig. 1D and Fig. 1F), inter-
fere with the action of DA in vitro and inhibit the release of
prolactin from rat isolated anterior pituitary cells in culture,
as noted above (Fig. 1E)."

More recently, one of these LY glutamate agonists, namely
LY404039 (in the form of an oral prodrug, LY2140023), has
been used to treat schizophrenia.® However, because LY404039
is essentially identical to LY379268, it appears reasonable to
consider that LY404039 also has a DA partial agonist action,
would interfere with DA neurotransmission and would, there-
fore, be clinically effective in treating schizophrenia.

Because LY404039 is not comercially available, it is difficult
to study or confirm the alleged molecular actions of this par-
ticular compound, or even whether LY404039 has any partial
AD agonist-like effects. Therefore, at this time the pharmaco-
logical selectivity of LY404039 remains to be confirmed.

Therefore, to investigate the neurochemical basis of schizo-
phrenia, it is essential to consider whether glutamate group II
agonists similar to LY379268 are selective. Woolley and col-
leagues'” and Fell and colleagues' reported that phencycli-
dine evoked hyperactive behaviour in mGlu2 and mGlu3
receptor knockout mice and that the glutamate agonists
LY379268 and LY404039 reduced the phencyclidine effect in
mGlu3 receptor knockout mice but not in mGlu2 receptor
knockout mice. Those 2 reports concluded that the target for
the glutamate agonists was the mGlu2 receptor.

However, it should be noted that mGlu2 receptor knock-
out mice are supersensitive to DA, as indicated by their en-
hanced response to cocaine;” that the functional D,High gites
are markedly elevated in the striata of mGlu2 receptor knock-
out mice; and that D, receptors in the striatum are 67-fold
more DA sensitive to agonist stimulation in mGlu2 receptor
knockout tissue (but only 4-fold more sensitive in the mGlu3
knockouts) compared with wild-type mouse striatal tissue.”

Therefore, considering that phencyclidine has a partial DA
agonist action (Fig. 1), it is reasonable to expect a higher dose
of the LY drug to inhibit the phencyclidine-induced ambula-
tion of the mGlu2 receptor knockout mouse compared with
the mGlu3 receptor knockout mouse. In other words, the
phencyclidine dose-response curve would be right-shifted
by the LY drugs in the mGlu2 receptor knockout mice but
not in the mGlu3 receptor knockout mice.

Although LY379268 is an agonist at metabotropic gluta-
mate receptors with dissociation constants of 15 nM,* this
compound also has similar dissociation constants of 20 to
30 nM at D2Mish receptors (Fig. 1). These data indicate that
LY379268 would bind in vivo to both sets of receptors.

These dissociation constants at D,78" for LY379268 and its
closely related congeners (including LY354740') would pre-
dict antipsychotic clinical daily doses of about 100 mg/d, as
illustrated in Figure 2,” in agreement with that used by Patil
and colleagues.**
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Fig. 1: Dopamine (DA)-like agonist actions of phencyclidine and LY379268. (A) Phencyclidine recognized the high-affinity state of the D,
receptor, D,79", as labelled by [®*H]domperidone. The presence of 200 uM guanylylimidodiphosphate abolished this high-affinity component,
indicating the agonist nature of this phencyclidine-recognized state (reproduced with permission from Seeman P, Guan H-C. Phencyclidine
and glutamate agonist LY379268 stimulate DA D,Hi9" receptors: D, basis for schizophrenia. Synapse 2008;62:819-28. ©2008 Wiley-Liss,
Inc.”). (B) Phencyclidine inhibited the release of prolactin from anterior pituitary cells in culture (reproduced with permission from Seeman P,
Lasaga M. Dopamine agonist action of phenyclidine. Synapse 2005;58:275-7. ©2005 Wiley-Liss, Inc."). (C) Phencyclidine stimulated the
incorporation of [3*S]GTP-y-S in human cloned DA D,-°" receptors (in CHO cells) in the absence of NaCl (top line), as well as in the presence
of 120 mM NaCl which was about 25% of that compared with the absence of NaCl (30 min incubation) (modified, with permission®). (D) The
glutamate agonist LY379268 recognized the high-affinity state of the D, receptor, D,M9", as labelled by [*H]domperidone. The presence of
200 pM guanylylimidodiphosphate abolished this high-affinity component, indicating the agonist nature of this drug-recognized state (with per-
mission from Seeman P, Caruso C, Lasaga M. Dopamine partial agonist actions of the glutamate receptor agonists LY354740 and LY379268.
Synapse 2008;62:154-8. ©2008 Wiley-Liss, Inc.”). (E) LY379268 directly inhibited the secretion of prolactin from anterior pituitary cells in cul-
ture (with permission'®). (F) LY379268 stimulated the incorporation of [3*S]GTP-y-S into DA D,-°"9 receptors, an effect selectively blocked by
10 pM of the D, antagonist S-sulpiride (with permission*¢).
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Phencyclidine and LY379268 attachment to D /78"
receptors in vivo

Because the DA D, receptor is functional in its high-affinity
state,”® D,Hi8" and because low concentrations of (+)PHNO or
radioactive (+)PHNO label D,ig" receptors,? it is possible to
test the direct binding of phencyclidine and LY379268 to DA
D,High receptors by the inhibition of [*H](+)PHNO binding to
striatum in vivo, but measured ex vivo.

The binding of phencyclidine to D,High receptors in vivo
has been directly confirmed by the intravenous injection of
phencyclidine, which inhibited the binding of [*HJPHNO
to the striatum, as measured ex vivo. An example of such
results is shown in Figure 3, where 0.5 mg/kg phencyclidine
inhibited 52% of the control binding of [*H](+)PHNO to the
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Fig. 2: The clinical doses of antipsychotic drugs correlate with their
potencies (expressed as dissociation constants, Ki values) at the
human cloned dopamine (DA) D,-°"9 receptor. The doses of chlor-
promazine and thioridazine appear disproportionately high, be-
cause at least 98% of these molecules bind to plasma proteins;
when corrected for such plasma protein binding, the free concen-
trations of all the antipsychotics correlate even more closely to the
drug concentrations (in the plasma water) that block DA D, recep-
tors. Note that the DA partial agonists, aripiprazole and bifeprunox,
also fit the correlation when using human cloned D,-°"9 receptors
and [®H]raclopride. The glutamate receptor agonists LY354740 and
LY379268 have DA partial agonist dissociation constants, Kitigh, of
20-40 nM at the functional DA D,™9" receptor, data predicting that
compounds of this class would have an antipsychotic action at clin-
ical doses of the order of 100 mg/d® (modified, with permission
from Seeman P. Dopamine and schizophrenia. Scholarpedia
2007;2:3634. Revision #37269%).

striatum ex vivo.” Similar experiments with LY379268 found
that 1.5 mg/kg inhibited the binding of [*H](+)PHNO by
50% (Fig. 32).

Mode of glutamate agonist attachment to the D, receptor

The competition between a DA agonist and [*H]domperi-
done for DA D, receptors generally reveals a biphasic pat-
tern, as illustrated in Figure 1A and Figure 1D. Using
[3H]domperidone, the high-affinity phase is generally
sharply demarcated from the low-affinity concentration
phase for all DA agonists. This distinct biphasic pattern for
DA agonists does not occur when using [*H]spiperone or
[*H]raclopride, which is why it is essential to use [*H]dom-
peridone when searching for agonist competition at D,Hish
receptors.

What are the molecular requirements and molecular con-
formations of glutamate agonist compounds that would facil-
itate their attachment to the DA D, receptor? Although the
answer is not known, the data show that all compounds that
inhibit the binding of [*H]domperidone at D,"18" have DA
agonist activity. For example, DA agonists need a hydroxyl
group to form a hydrogen bond with the serine residue on
the D, receptor, as illustrated in the known tetrahedral phar-
macophore model* in Figure 3. The absence of this hydroxyl
group prevents DA agonist action and prevents recognition
of the D,Hi8h state.

This generalization also holds for aminotetralins, benzo-
[flquinolines and apomorphine, the latter having hydroxyl
groups at the 10 and 11 positions, as compared with apor-
phine (sic), which has no hydroxyl groups and is not an
agonist and does not recognize D,Hish.

Phencyclidine readily recognizes D,High by its inhibition of
[*H]domperidone with a Kitligh value of about 4 nM, as
shown in Figure 1A. However, because phencyclidine does
not have any hydroxyl or other hydrogen-bonding sub-
stituent, how would phencyclidine attach to the D, receptor?
The phencyclidine conformation in Figure 3 suggests one
possible molecular fit, with the phenyl group hydrophobic-
ally associating with hydrophobic amino acids in the D, pro-
tein. Although this molecular configuration is speculative, it
has recently been confirmed in our laboratory (unpublished
data) that meta-hydroxy-phencyclidine, which is twice as
potent as phencyclidine,” is more potent than phencyclidine
at D,Hi8h; meta-hydroxy-phencyclidine readily fits the tetra-
hedral model shown in Figure 3. In addition, the glutamate
agonists LY379268 and LY404039 comfortably fit the tetra-
hedral model of the D, receptor, as shown in Figure 3.

Although there may be a DA component of action by the
LY compounds, it is difficult to speculate at present how
much each of the behavioural actions can be attributed to a
DA component or to a glutamate component, especially
when LY404039 is not made available.

Neurochemical basis for schizophrenia: glutamate or DA?

The published data show that phencyclidine and ketamine
have low Ki values at D,High Jower than those for phencycli-
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dine or ketamine at the NMDA receptor (as labelled by agonist component at D, receptors, and may contribute to the
[PH]MKS801). This general finding suggests that the in vivo psychotic component of phencyclidine or ketamine clinical
action of phencyclidine and ketamine may include a DA action.
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Fig. 3: (Top) Proposed molecular conformations of dopamine (DA; centre), phencyclidine (left), and LY379268 (right), using Dreiding molecu-
lar models to fit onto the tetrahedral model of the D, receptor.?* The lone pair of electrons is shown as a balloon that hydrogen bonds with the
serine and aspartate amino acid residues of the receptor protein. Although phencyclidine does not have the hydrogen-bonding hydroxyl
group, it nevertheless recognizes the D,Hi9" state with a dissociation constant of 3—-4 nM. The more potent phenyl-meta-OH-phencyclidine
would fit perfectly. (Bottom) Inhibition of [*H](+)PHNO binding to DA D,H9" receptors ex vivo. The intravenous injection of phencyclidine or
LY379268 inhibited binding of the injected [3H](+)PHNO. The absolute amount of specific binding (i.e., striatum—cerebellum) varied between
different batches of rats because the average weight of the rats on the left was 250 g, whereas that on the right was 375 g (modified, with per-
mission from Seeman P, Guan H-C. Phencyclidine and glutamate agonist LY379268 stimulate dopamine D2Mi9h receptors: D, basis for
schizophrenia. Synapse 2008;62:819-28. ©2008 Wiley-Liss, Inc.”).
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In fact, at plasma concentrations of phencyclidine between
25 ng/mL and 75 ng/mL (the latter corresponding to about
200 nM), the clinical profile of phencyclidine action has many
components, including hyperactivity, psychotic behaviour,
nystagmus and lethargy. Phencyclidine concentrations
higher than 100 ng/mL are associated with coma, toxicity
and hyper-reflexia, all of which may lead to death. It is the
higher concentrations of phencyclidine (above 200 nM) that
appear to be related to these toxic clinical actions of phency-
clidine, and these may arise in connection with phencyclidine
action at the NMDA ionotropic receptors.

As for the metabotropic agonist LY379268, its Ki'8" values
of 5-30 nM at D,High are similar to its Ki values of 14 nM and
15 nM at the mGluR2 receptor (cloned mGlu2 and rat brain
membranes, respectively). It is likely, therefore, that the
action of LY379268 in vivo™ has both glutamate and DA com-
ponents of action. This is supported by the data in Figure 3,
which indicate that LY379268 has a significant affinity in
vivo for D,M18". In fact, the data in Figure 3 indicate that
1.5 mg/kg LY379268 inhibits 50% of the in vivo binding of
[PH](+)PHNO to D,Hi8", similar to the dose of LY379268 for
inhibition of phencyclidine-induced ambulation.”

The D,-stimulating actions of LY379268 and its associated
inhibition of the stimulating action of DA on D, in vitro
(Fig. 3) appears to be similar to the DA-inhibiting action for
the partial agonist aripiprazole, an effective antipsychotic.
This similarity may warrant referring to LY379268 as a DA
partial agonist.

Therefore, the DA partial agonist action of LY379268, and
its interference with endogenous DA action, is compatible
with the antipsychotic clinical effect of its closely related con-
gener LY404039. The DA agonist-like properties of these
compounds, however, are best examined not by using
[*H]raclopride or [*H]spiperone,® which do not readily reveal
the D,Hish state, but by competition with [*H]domperidone.

Animal models of schizophrenia

Considering that schizophrenia is a uniquely human disease
of thought disorder, there is no appropriate animal model for
this illness. Nevertheless, many animal models have been
proposed on the basis of unusual behaviours produced by
various experimental treatments. The consistent finding in
these animal models is that the proportion of DA D,Hish
receptors in the striatum is elevated by 100%-300% above
normal. These models include long-term administration of
amphetamine, methamphetamine, phencyclidine, cocaine,
caffeine and cannabis, hippocampal and cerebral cortex
lesions, rats socially isolated since birth, and gene knockouts
of D, receptors, adrenoceptors, GABA-fB-1 receptors, trace
amine receptors, metabotropic glutamate-2 and -3 receptors,
and many other neural pathway proteins.”

Conclusion
First, the stimulation of DA D,Hi8" receptors by phencyclidine

and ketamine supports the DA component to the psychotic
symptoms of schizophrenia, given that these drugs induce

similar symptoms resembling the disorder. Their D,Hish
potencies are equal to or more potent than their antagonist
actions on glutamate NMDA receptors. Second, because
phencyclidine has a D, agonist action and haloperidol is rela-
tively selective in blocking DA D, receptors, it is important to
note that haloperidol blocks the clinical psychotic actions of
phencyclidine in individuals without schizophrenia who had
recently ingested phencyclidine®*" Although it is often said
that high doses of potent full D, antagonists fail to block many
of the actions of phencyclidine and ketamine, Ogren and
Goldstein” have unambiguously shown that haloperidol and
remoxipride (which is highly D,-selective) blocked the motor
stimulation elicited by phencyclidine or by dizocilpine with-
out eliciting catalepsy. For example, they state that “doses of
remoxipride (10 pg/kg and 40 pg/kg) almost completely
blocked (80%-100% inhibition) the effects of both the 2 mg/kg
and 3 mg/kg doses of phencyclidine,” without any sign of
catalepsy. Third, although it is often said that haloperidol fails
to attenuate ketamine or phencyclidine effects in humans, it is
a clinical fact that haloperidol, which is reasonably selective
for D,, reduces or blocks the clinical psychotic action of keta-
mine,” consistent with a D, agonist component of ketamine
action. Moreover, haloperidol, chlorpromazine and pimozide,
all D, antagonists, were clinically effective in treating phency-
clidine psychosis. As Giannini and colleagues®** stated,
these results further support the role of the D, receptor in
phencyclidine psychosis and suggest that D, blockers such as
haloperidol or pimozide be employed as the treatment of
choice in phencyclidine psychosis (see also Green and col-
leagues™). Although Lahti and colleagues® found that keta-
mine given to patients with schizophrenia who were pre-
scribed haloperidol worsened psychotic symptoms, they
suggested that the pre-existing level of psychosis (average of 9
years in their study) may have sensitized the clinical action of
ketamine. Finally, the nausea caused by ketamine in 15%-25%
of individuals®* may stem from its D, agonist action.

In conclusion, as noted by Jentsch and Roth?, “it is impor-
tant to point out that phencyclidine cannot be argued to sup-
port a single ‘transmitter hypothesis” of schizophrenia.” In
fact, the combined phencyclidine actions of DA agonism and
NMDA antagonism may model the different components of
thought disorder and cognitive impairment in schizophrenia,
as indicated by Krystal and colleagues.”

As noted previously, mice with mGlu2 receptor knockouts
are supersensitive to DA®¥ with their striata showing an
increase of 150% in the proportion of D,High states. This
behavioural and biochemical DA supersensitivity is similar
to that found in the many published animal models of
schizophrenia.” Moreover, the behavioural DA supersensi-
tivity in the animal models matches that found in about 75%
of individuals with schizophrenia.” In other words, whether
the cause of schizophrenia is a glutamate gene mutation or
any one of a vast number of other possible mutations,” the
clinical signs and symptoms arise from hyperactive DA
neurotransmission, the target of treatment.

Finally, although emphasis in the present commentary is
on the targeting of the D, receptor by glutamate compounds,
it is important to note that, because the striatal DA system is
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influenced by the prefrontal cortex and hippocampus, DA
alterations and enhanced release in the striatum could be
secondary to glutamate disruptions in the prefrontal cortex
and hippocampus.”
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