
REVIEW

NEURONAL BASIS OF NEUROLEPTIC-INDUCED
EXTRAPYRAMIDAL SIDE EFFECTS

Krystyna Ossowska

���������� 	
 ����	�����	�������	�	��� ��������� 	
 �������	�	��� �	���� ������� 	
 ��������� ������ ���
�� ��� �� !��"#$� �	����

Neuronal basis of neuroleptic-induced extrapyramidal side effects.
K. OSSOWSKA� Pol. J. Pharmacol., 2002, 54, 299–312.

The article reviews presently commonly accepted concepts of neuronal
basis of neuroleptic-induced extrapyramidal side effects. The data obtained
both, in humans and laboratory animals, point to the blockade of a large
number of the striatal dopamine D2 receptors by neuroleptics as a primary
cause of these disturbances. This phenomenon leads to the appearance of
parkinsonian symptoms shortly after therapy commencement. On the other
hand, chronic administration of neuroleptics evokes supersensitivity to dopa-
mine connected with the increased number of D2 receptors and supersensi-
tivity of D1 receptors, which can be significant for the development of tar-
dive dyskinesia. Primary and secondary changes in the function of dopamine
receptors lead to partially opposite, pathological changes in the activity of
neuronal pathways connecting the basal ganglia. Besides functional changes,
neuroleptic-induced lesions of the striatal neurons and genetic predisposi-
tions can also play a role in tardive dyskinesia.

Key words: neuroleptic, parkinsonism, tardive dyskinesia, supersensiti-
vity to dopamine, D1 receptor, D2 receptor, basal ganglia, lesion, genetic
predisposition
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Abbreviations: [��C]NMSP – [��C]N-methylspi-
perone, MPP� – 1-methyl-4-phenyl-pyridinium ion,

GABA – �-amino-butyric acid, [���I]IBZM – [���I]-
iodobenzamide, MPTP – 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, PCPA – p-chlorophenylala-
nine, PET – positron emission tomography, SPECT
– single photon emission computed tomography

Introduction

Introduction of neuroleptic drugs into clinical
practice in the fifties was a breakthrough in psy-
chiatry. However, it soon became obvious that
these drugs were not devoid of many adverse reac-
tions. Extrapyramidal side effects proved to belong
to the most deleterious neuroleptic-induced effects.
They generally appear early in the treatment (most
often within the first several days, and not later
than after 2 months). Parkinsonism is such “early”
complication, characterized by the symptoms re-
sembling those observed in idiopathic Parkinson’s
disease: akinesia (immobility), bradykinesia (slow
movements), muscular rigidity and tremor. Besides
parkinsonism, akathisia (restlessness) and acute
dystonia (strong spasm of tongue, face, neck and
back muscles leading to abnormal, twisted body
posture) [5, 60] may occur in this period as well.
After months or years of treatment (after 3–6
months at the earliest, most often after 1–2 years),
new disorder can be observed in 15–25% of the pa-
tients, namely tardive dyskinesia. It is characteri-
zed by vacuous peri-oral movements, such as vari-
ous grimaces, sticking the tongue out, pushing the
cheeks out with the tongue and puffing them out.
Aggravated form of this disorder is expressed as
ballistic movements of upper limbs [78, 79], in ad-
dition to the abovementioned signs. Tardive dyski-
nesia can coexist with tardive parkinsonism and
dystonia [25, 60]. These extrapyramidal side ef-
fects are caused mainly by so-called typical neuro-
leptics, known since many years, such as haloperi-
dol, fluphenazine or chlorpromazine. It is a general
rule that a neuroleptic, which induces strong early
disturbances, causes also strong late onset effects,
and conversely, the drug causing only weak early
side effects evokes also weak late onset symptoms
[60]. Contrary to old, typical neuroleptics, atypical
neuroleptics: clozapine and new generation neuro-
leptics (olanzapine, quetiapine, risperidone, zipra-
sidone and others) induce generally weaker or no
early extrapyramidal side effects. Clozapine also

does not cause tardive dyskinesia or dystonia, and
other atypical neuroleptics seem to be free of the
latter side-effects as well, though this conclusion
awaits confirmation by final drug safety evaluation
[60].

The role of dopaminergic transmission in

extrapyramidal side effects of neuroleptics

All hitherto known neuroleptics have one basic
common feature, namely they all block dopamine
receptors. The first suggestions indicating antido-
paminergic action of this group of drugs were re-
ported at the end of the sixties (op. cit. [63]), when
Parkinson’s disease was discovered to be caused by
a lesion of dopaminergic neurons in the substantia
nigra pars compacta, constituting nigrostriatal path-
way, which led to colossal (80–90%) drop in stria-
tal dopamine level [19]. Since all neuroleptics
known at that time elicited parkinsonian symptoms,
the hypothesis was propounded that they were con-
nected with hypofunction of dopaminergic system
(op. cit. [63]). In the middle of the seventies, dopa-
mine D2 receptor was found to be the only recep-
tor, to which haloperidol bound at therapeutic con-
centrations (nM) (op. cit. [63]). In addition, posi-
tive correlation was demonstrated between affinity
of different neuroleptics to this receptor and their
clinical efficacy (op. cit. [63]). Hence, it was sug-
gested that since neuroleptics acted as antipsychot-
ics and blocked dopamine receptors, psychoses had
to be caused by hyperactivity of dopaminergic
transmission.

It appeared at that time that extrapyramidal side
effects were inseparably connected with therapeu-
tic action of these drugs, so they could be consi-
dered as their indicators. Consequently, catalepsy
test became an assay for antipsychotic action. Cata-
lepsy is a form of neuroleptic-induced akinesia oc-
curring both in humans and animals, which consists
in inability to change uncomfortable, imposed body
posture. Strict correlation was demonstrated be-
tween strength of cataleptogenic action of a neuro-
leptic and its antipsychotic efficacy [29]. However,
it occurred later that extrapyramidal and antipsy-
chotic effects were separate phenomena, and that
there were neuroleptics, which induced neither ex-
trapyramidal side effects nor catalepsy. From that
time on, catalepsy remained only a model of neuro-
leptic-induced parkinsonism.
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Comparison of the affinity of different neuro-

leptics to dopamine D2 receptors showed that the

drugs, which caused the strongest extrapyramidal

side effects (haloperidol, fluphenazine, benperidol,

spiperone or chlorpromazine) bound to dopamine D2

receptors with very high affinity (0.027–0.66 nM)

[64]. Contrariwise, affinity of atypical neuroleptics,

such as clozapine or quetiapine was much lower

(48–69 nM). Other atypical neuroleptics: olanzapi-

ne, risperidone or ziprasidone were able to bind to

these receptors with considerably higher affinity,

though still weaker than typical neuroleptics (1–7 nM)

[64]. Therefore, it seemed that strength of neuro-

leptic-induced extrapyramidal disturbances depen-

ded most of all on their binding to D2 receptors.
However, it was noticed that the binding of the

aforementioned atypical neuroleptics to 5-HT�� re-

ceptors was usually much stronger in comparison

with typical ones. For instance, affinity of clozapi-

ne, olanzapine, risperidone or ziprasidone to 5-HT��

receptors was 8–200 times higher than that of ha-

loperidol [64]. This observation prompted supposi-

tion that the blockade of 5-HT�� receptors by neu-

roleptics was the factor, which prevented develop-

ment of extrapyramidal side effects, and the higher

affinity for 5-HT�� receptors in comparison with

affinity for D2 receptors (i.e. the lower ratio of af-

finity constants), the higher safety of the treatment

with a drug. Risperidone is a good example illus-

trating this hypothesis. Affinity of this neuroleptic

for D2 receptors is only slightly lower than that of

haloperidol, but its affinity for 5-HT�� receptors is

100-fold higher. Thus, the ratio of affinity constants

5-HT��/D2 is 0.5 for risperidone and 85 for ha-

loperidol [60].
Ability to induce extrapyramidal side effects is

most probably connected with the blockade of do-

pamine D2 receptors in the striatum, since it was

shown in many animal experiments that the main

difference between typical and atypical neurolep-

tics lay in strong effect on this structure. Contrary

to typical neuroleptics, atypical ones are characteri-

zed by preferential action on the limbic structures

or prefrontal cortex with weaker action on the stria-

tum. Implication of the striatum in extrapyramidal

side effects was proven by spectacular experiment

consisting in the determination of expression of

early response gene c-fos, whose protein product

was earlier used for mapping functional pathways

in the central nervous system. It has been suggested

that enhanced expression of this gene indicates ele-
vated neuronal activity in the studied structure. The
abovementioned experiment showed that haloperi-
dol, fluphenazine or raclopride raised c-fos expres-
sion in the striatum (particularly in its dorsolateral
part) to similar or higher degree in comparison with
their action on the limbic system (nucleus accum-
bens septi or prefrontal cortex) [54, 55]. Oppositely
to typical neuroleptics, atypical ones (risperidone,
remoxipride, clozapine or sulpiride) administered
at the doses stimulating c-fos expression in the lim-
bic structures almost did not affect dorsolateral
striatum, as haloperidol did [54, 55].

Occupancy of the striatal dopamine D2 re-

ceptors by neuroleptics: studies in humans

Animal studies allow us usually only indirectly
deduce mechanism of drug action. There is always
a danger that a drug was administered to an animal
at inadequate dose, so the mechanisms demon-
strated in animals might not be responsible for its
therapeutic effects. Hence, in vivo methods of brain
imaging in humans after treatment with neurolep-
tics are decisive for understanding of therapeutic
mechanisms underlying drug action. These meth-
ods such as positron emission tomography (PET)
and single photon emission computed tomography
(SPECT) have been used to investigate occupancy
of dopamine receptors in the brain of the patients
administered clinically effective doses of neurolep-
tics. The patients were injected radiolabeled dopa-
mine D2 receptor ligand, [��C]raclopride or [���I]-
IBZM, which was bound to these receptors, label-
ing them. Subsequently, a neuroleptic was adminis-
tered to the patient, and displacement of radio-
ligand bound to these receptors was examined. On
this basis, percent occupancy of dopamine D2 re-
ceptors by the studied drug was calculated. These
experiments revealed that typical neuroleptics,
such as haloperidol or fluphenazine at the doses
commonly used in clinical practice and causing ex-
trapyramidal side effects, occupied more than 80%
of D2 receptors. On the contrary, clozapine and
quetiapine (devoid of extrapyramidal effects) occu-
pied only 0–63% of these receptors [22, 32, 35, 36,
50]. On the other hand, percent occupancy of D2
receptors by other atypical neuroleptics, such as
risperidone or olanzapine, depended on the used
dose. For instance, risperidone administered at 12
mg occupied 80% of D2 receptors, and when given
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at 2–8 mg, it was bound to 64–80% of them [31,
32, 50]. Similarly, olanzapine at 30–40 mg occu-
pied 77–86% of the receptors, while at doses rang-
ing between 5–20 mg, percent occupancy amounted
only to 42–74% [31, 42]. These seemingly slight
differences were significant for appearance of a risk
of extrapyramidal side effects. Higher doses of
both risperidone and olanzapine could trigger neu-
roleptic-induced parkinsonism, which did not occur
after their lower doses.

Farde et al. [22] compared average percent oc-
cupancy of D2 receptors in the patients receiving
different neuroleptics, in whom extrapyramidal
side effects did or did not occur. The difference was
also tiny, namely in the patients suffering from the
disturbances percent occupancy averaged 82 ± 4%,
while in the patients free of these symptoms, the
value was 74 ± 4% [22]. This comparison made
Farde conclude that safety limit lay between both
these averages, and amounted to approximately 80%.
Only after this value was exceeded, disturbances
started to occur. This opinion was in a very good
agreement with commonly known fact that the
symptoms of Parkinson’s disease started to appear
only after dopamine level dropped by 80–90%
[19]. Compensatory capabilities of the brain are so
extensive that they mask smaller hypofunction of
dopaminergic transmission at earlier stages of the
disease. Probably the same mechanism operates
during the treatment with neuroleptics.

Neuronal pathways engaged in neuro-

leptic-induced extrapyramidal effects

Dopamine D2 receptor is only a target for the
action of neuroleptics, but its blockade changes the
activity of many neuronal pathways, transmitting
impulses from the striatum, through numerous re-
lay stations (brain structures and spinal cord) to ef-
fectors, which are muscles in case of extrapyrami-
dal disturbances.

The role of the basal ganglia in these distur-
bances is known the best (Fig. 1A). Dopamine D1
and D2 receptors in the striatum are localized on
so-called medium-size spiny neurons [69]. They
are GABAergic neurons, which send axons to the
external globus pallidus constituting striatopallidal
pathway, and to the substantia nigra pars reticulata
forming striatonigral pathway (Fig. 1A). There is
relatively clear-cut separation between localization
of dopamine receptors in these two pathways.

Namely, dopamine D1 receptors are located mainly
on neurons belonging to the striatonigral pathway,
while D2 receptors occur principally on neurons of
the striatopallidal pathway (Fig. 1A). Dopamine re-
leased from the nigrostriatal pathway stimulates the
striatonigral pathway via D1 receptors, and inhibits
the striatopallidal pathway via D2 receptors. The
activity of these two pathways has often been esti-
mated on the basis of expression of neuropeptides,
which occur in these pathways together with GABA.
Enkephalin is present in the striatopallidal pathway,
while substance P and dynorphin occur in the stria-
tonigral pathway [23] (Fig. 1A). The activation of
dopamine D1 receptors enhances biosynthesis of
substance P and dynorphin (the levels of both,
mRNA encoding precursors of these neuropep-
tides, preprotachykinin and prodynorphin, and the
peptides themselves are elevated), while D2 recep-
tor activation decreases the level of proenkephalin
mRNA and the peptide [23]. GABA, which is an
inhibitory neurotransmitter, suppresses as well neu-
rons of the external globus pallidus as substantia
nigra pars reticulata. In the globus pallidus, the
striatopallidal pathway links to another GABAergic
pathway (pallidosubthalamic) leading to the sub-
thalamic nucleus, and the latter structure sends glu-
tamatergic, excitatory pathway (subthalamonigral)
to the substantia nigra pars reticulata (Fig. 1A). In
this way, neurons of the substantia nigra pars
reticulata remain under excitatory effect of gluta-
mate released from the subthalamonigral pathway
and under inhibitory influence of the striatonigral
pathway [23] (Fig. 1A). Nigral neurons form then
GABAergic pathway leading to the thalamus (ni-
grothalamic), and in this way neuronal impulses
leave the basal ganglia, making their way through
the thalamus towards the brain cortex and further
towards the spinal cord (Fig. 1A). Obviously, it
should be noted that the above-presented scheme is
extremely simplified. Neuronal network of the ba-
sal ganglia connections is enormously complex.
However, this scheme, developed for the models of
Parkinson’s disease on the turn of the eighties and
nineties, is very useful for understanding the basics
of these structures’ functions [23].

A neuroleptic, e.g. haloperidol, administered once
or subchronically (for 2–3 weeks) blocks dopamine
D2 receptors localized mainly on the striatopallidal
pathway, and stimulates this pathway (Fig. 1B). It
is due to the fact that neurons of this pathway get
released from inhibitory protection of dopamine,
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and get under excitatory effect of glutamate. The
stimulation of the striatopallidal pathway is evi-
denced by neuroleptic-induced elevation of enke-
phalin expression in the striatum [2–4, 13, 17, 45]
(Fig. 1B). The activation of the striatopallid path-
way leads to suppression of neurons of the next
GABAergic link, the pallidosubthalamic pathway,
thereby abolishing inhibitory effect of this pathway
on glutamatergic efferent pathway from the subtha-
lamic nucleus to the substantia nigra (Fig. 1B).
Glutamate released in excess from the excited
subthalamonigral pathway stimulates the substantia
nigra neurons (Fig. 1B). Similar changes, begin-
ning with the stimulation of the striatopallidal path-
way (increase in enkephalin expression) occur in
the models of Parkinson’s disease [23]. However,
in the latter case, stimulation of the first neuronal
link is not connected with dopamine D2 receptor
blockade, but with the lack of this neurotransmitter
in the striatum.

Haloperidol inhibits also GABAergic striatoni-
gral pathway (decreases expression of dynorphin
and substance P) [17, 40] (Fig. 1B), thereby weak-

ening inhibition of the substantia nigra pars reticu-
lata neurons by GABA, and with enhanced gluta-
matergic transmission in this structure, it leads to
the activation of the nigrothalamic pathway. There-
fore, again haloperidol effect on striatonigral path-
way resembles the situation observed in the models
of Parkinson’s disease. However, while suppres-
sion of the striatonigral pathway in Parkinson’s dis-
eases is underlain by the lack of stimulatory influ-
ence of dopamine on dopamine D1 receptors pres-
ent in this pathway, the mechanism of haloperidol
action remains unclear. It could be explained by
haloperidol-induced blockade of dopamine D1 re-
ceptors [60], but the studies in D2 receptor knock-
out mice indicated that striatonigral pathway inhi-
bition occurred also in this strain without any treat-
ment [7, 48]. It could be assumed that the striato-
pallidal and striatonigral pathways are functionally
connected (e.g. by colaterals), and the stimulation
of one of them inhibits the activity of the other.
However, similarity of the changes observed after
haloperidol administration and in Parkinson’s dis-
ease, namely disturbance of functional balance be-
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Fig. 1. Neuronal pathways engaged in the development of neuroleptic-induced extrapyramidal side effects. The activated pathways
are drawn in thick lines, while the inhibited pathways are marked with broken lines. A – neuronal connections of the basal ganglia,
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tween striatal efferent pathways, resulting ulti-
mately in the stimulation of the pathways leaving
the basal ganglia (nigrothalamic pathway), substan-
tiates their significant role in neuroleptic-induced
parkinsonism. This hypothesis is further authenti-
cated by the fact that atypical neuroleptics (clozap-
ine, risperidone, zotepine) administered to animals
either do not cause any similar changes in the ex-
pression of enkephalin [3, 4, 13, 43, 45], substance
P and dynorphin [40, 45] or the alterations are
much weaker than in the case of haloperidol. Inter-
estingly, the effect of risperidone on the striatopal-
lidal pathway is dose-dependent, depending on
larger or smaller occupancy of dopamine D2 recep-
tors. Namely, its dose of 2.5 mg/kg, causing half as
high (31%) occupancy of D2 receptors as haloperi-
dol (66%), evoked similar increase in enkephalin
expression (haloperidol 67%, risperidone 57%). On
the other hand, lower risperidone dose (1 mg/kg),
causing occupancy of only 18% of D2 receptors by
the neuroleptic, elicited only slight (14%) raise in
the neuropeptide expression in the striatum [45].

The role of 5-HT2 receptors in neuro-

leptic-induced extrapyramidal effects

As already mentioned, receptor studies in ani-
mals demonstrated that atypical neuroleptics exhi-
bited large component blocking 5-HT�� receptors.
In vivo brain imaging experiments in the patients
confirmed powerful effect of many atypical neuro-
leptics on 5-HT�� receptors in humans. These re-
ceptors have been usually labeled with [��C]NMSP
(N-methylspiperone), [�1F]setoperone, [�1F]altan-
serin or [���I]-5-IR1159 in the brain cortex. It was
shown that while haloperidol at therapeutic doses
almost did not occupy 5-HT� receptors, and the
value for other typical neuroleptics was 2–70%,
atypical neuroleptics (clozapine, risperidone, olan-
zapine or sertindole) occupied usually 80–100% of
these receptors [31, 50, 74].

The question arises whether antagonistic action
of atypical neuroleptics at 5-HT�� receptors can be
significant for a lack or weaker extrapyramidal side
effects after treatment with these drugs. It seems
that this mechanism can have twofold repercus-
sions. Firstly, it has been suggested that 5-HT�� re-
ceptor blockade can exert antipsychotic effect (op.
cit. [59]). In this connection, the drugs, which pos-
sess strong antiserotonergic component, do not have
to be administered at doses causing high percent-

age occupancy of dopamine D2 receptors to exhibit
therapeutic effect. It decreases the risk of extrapy-
ramidal side effects. Secondly, however, there are
many experimental data pointing to the possibility
of suppression of parkinsonism by weakening sero-
tonergic transmission. As early as in 1972, Kos-
towski et al. [34] demonstrated that the damage of
serotonergic neurons of the raphe nucleus or func-
tional lesion of serotonergic system by PCPA in-
hibited neuroleptic-induced catalepsy. Subsequently,
it was shown that nonselective serotonin receptor
antagonists (cyproheptadine, mianserin or methy-
sergide) suppressed both parkinsonism and dysto-
nia in monkeys, while selective 5-HT�� receptor
antagonist, mesulergine, inhibited catalepsy in rats
[8, 27, 33]. Neuroleptic-induced catalepsy was
blocked also by 5-HT�� receptor agonists [27].
Since 5-HT�� receptors are mostly autoreceptors
localized in the raphe nucleus [53], it could be ex-
pected that their stimulation by agonists would
lead, via a reduction of serotonin release, also to
the inhibition of serotonergic transmission. Con-
trary to the above-described effects, enhancement
of serotonergic transmission by serotonin reuptake
inhibitors aggravated neuroleptic-induced cata-
lepsy [8]. However, relationship between extrapy-
ramidal disturbances and 5-HT�� receptor blockade
seems more complex, since the agonist of these re-
ceptors, DOI, was shown to inhibit haloperidol-
induced catalepsy in rats, similarly as their antago-
nists did [27]. Moreover, in monkey, the studies of
various neuroleptics, differing in affinity for 5-HT��

and D2 receptors, did not show any differences in
their dystonic liability [15].

The effect of serotonergic transmission on

the activity of striatal efferent pathways

Serotonin can directly influence the pathways
leaving the striatum, whose activity is changed by
neuroleptics. Firstly, the presence of 5-HT�� and
5-HT�, receptors was confirmed both on the stria-
topallidal and striatonigral pathways [44, 77]. Be-
sides, it was shown that serotonin together with do-
pamine regulated expression of neuropeptides in
these pathways. The studies in rats indicated that
a damage of serotonergic pathways, PCPA-induced
functional lesion of this system, and the treatment
with 5-HT�� receptor agonist (8-OH-DPAT) led to
a decrease in mRNA coding for enkephalin and
substance P in healthy animals or in those with
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damaged dopaminergic system [38, 78]. Accord-
ingly, inhibition of serotonin reuptake by the in-
hibitor of this process, fenfluramine or stimulation
of 5-HT��2�, receptors by DOI enhanced expres-
sion of both enkephalin and substance P in the
striatum [12, 38, 78]. Serotonin receptor antago-
nists: ketanserin (5-HT�� receptor antagonist) and
ritanserin (5-HT��2�, receptor antagonist) did not
affect expression of neuropeptides themselves, but
they exhibited tendency to inhibit DOI effects [12].
Thus, the above results could indicate that sero-
tonin activates both striatopallidal and striatonigral
pathways via 5-HT�� and 5-HT�, receptors. Con-
sequently, the blockade of these receptors located
on the striatopallidal pathway, leading to the nor-
malization of its activity, could be significant for
alleviating parkinsonian symptoms evoked by neu-
roleptics. Unfortunately, not all researchers confirm
these results [45], and the studies themselves bear
a number of incoherencies [12. 76].

Tardive dyskinesia – theory of supersensi-

tivity to dopamine

As mentioned above, dyskinesia, which can co-
exist with parkinsonism and dystonia, appears after
at least several months of treatment with typical
neuroleptics. As early as in the seventies, this dis-
order was suggested to develop as a result of
chronic blockade of dopamine receptors, leading to
supersensitivity to dopamine (op. cit. [78, 79]).
Clinical data, which pointed to this mechanism
were as follows (op. cit. [78, 79]): 1) withdrawal
from the treatment with neuroleptics resulted in ag-
gravation of dyskinetic symptoms, 2) increasing
of the dose of neuroleptic suppressed dyskinesia,
3) administration of dopaminomimetics intensified
dyskinesia.

Numerous animal experiments were carried
out, which seemed to confirm this theory. It was
found, that typical neuroleptics administered for
several days or months enhanced stereotypies in-
duced by apomorphine (nonselective dopamine re-
ceptor agonist). If a neuroleptic was given for rela-
tively short period, the above effect was observed
only after its withdrawal, but when the treatment
lasted many months, it occurred during its course
(op. cit. [78]). Furthermore, receptor studies demon-
strated that chronic administration of these drugs
increased dopamine D2 receptor density in the
striatum [18, 58, 61, 62, 78]. On the other hand, do-

pamine D1 receptor density in this structure did not
change [18, 61, 62, 78]. Hence, the hypothesis was
put forward that an increase in dopamine D2 recep-
tor density broke their neuroleptic-induced blockade.
A neuroleptic administered at proper dose is not
able to block all D2 receptors (part of them remains
available), and so dyskinesia manifests itself. This
theory well explained above-described clinical con-
ditions, in which dyskinesia aggravated after neu-
roleptic withdrawal, or its symptoms weakened after
increasing its dose. Postmortem studies in schizo-
phrenics receiving neuroleptics for years, and also
recent studies in vivo with PET confirmed in-
creased dopamine D2 receptor density in the stria-
tum of these patients [65. 68]. The role of elevated
number of dopamine D2 receptors in dyskinetic
disturbances is corroborated by the fact that, con-
trary to typical neuroleptics, atypical ones, such as
clozapine, sertindole, quetiapine did not elicit this
effect in animals [58, 62, 78]. Although risperidone
and olanzapine enhanced density of the striatal D2
receptors, the percent increase depended on the ad-
ministered dose [58, 73]. Therefore, it can be ex-
pected that the above-described effect of these neu-
roleptics was secondary to a pool of the occupied
D2 receptors.

Dyskinetic peri-oral movements in rats as

a model of tardive dyskinesia

Dyskinetic peri-oral movements occurring after
administration of neuroleptics in rats are animal
model of tardive dyskinesia. Soon after commence-
ment of intraperitoneal or subcutaneous injection
of these drugs, the animals exhibit vacuous peri-
oral movements. However, if neuroleptics are ad-
ministered in drinking water or in intramuscular
depot form, which guarantees more stable brain
drug level, these movements appear much later, i.e.
after 8–15 weeks (op. cit. [78]). The symptoms in-
clude: audible teeth grinding, tongue protrusion,
cheek tremor, vacuous mouth opening and “chew-
ing”. Pharmacological characteristics of this phe-
nomenon indicate its similarity to tardive dyskine-
sia. Much the same as in the case of tardive dyski-
nesia, late onset dyskinetic movements in rats are
inhibited by increasing the dose of neuroleptic,
while anticholinergic therapy is ineffective [17,
78]. Contrariwise, early onset peri-oral movements
are irresponsive to increasing neuroleptic dose, but
disappear after the treatment with muscarinic re-
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ceptor antagonists [17, 78]. Therefore, it is com-
monly accepted that early neuroleptic-induced peri-
-oral movements in rats can be considered a model
of early onset extrapyramidal side effects, while the
late onset movements are used to model tardive
dyskinesia. This model proved to be a very useful
tool for the studies into neuronal processes, which
could underlie tardive dyskinesia.

The role of dopamine D1 receptors in

dyskinetic peri-oral movements in rats

As indicated above, receptor studies did not
show any changes in dopamine D1 receptor density
in the striatum after chronic treatment with neuro-
leptics. However, it does not imply that they do not
play any role in dyskinesia, since dopamine D1 re-
ceptor agonist SKF38393 was shown to elicit oral
movements resembling those observed in dyskine-
sias [20, 56, 57]. Furthermore, this effect was en-
hanced by neuroleptics during their chronic ad-
ministration, and even was made more severe after
their withdrawal [20]. On the other hand, dyski-
netic oral movements induced by many months’
administration of neuroleptics are suppressed by
D1 receptor antagonists and D1 receptor antisense
[70, 75]. Hence, supersensitivity theory, advocating
implication of the increased D2 receptor density in
the above effect has been modified. It is supposed
that in the course of neuroleptic therapy, stimula-
tion of D1 receptors is also augmented, and this
disturbance of a balance between D2 and D1 recep-
tor functions can be the cause of tardive dyskinesia.

Influence of many months’ administration

of neuroleptics on the activity of the basal

ganglia pathways in rats

Activity of the pathways, connecting the basal
ganglia, changes during many months’ treatment
with neuroleptics, and these changes correlate with
the occurrence of dyskinetic movements. Haloperi-
dol given in drinking water or in depot form for
6–9 months enhanced enkephalin expression, simi-
larly as after short-term administration [2–4, 13,
17, 45], which indicates the activation of the stria-
topallidal pathway [18, 58]. However, the effect of
this neuroleptic on the striatonigral pathway is not
so unequivocal, because weakening [58] or the lack
of alterations in substance P [18, 58] expression
was observed, while dynorphin expression did not

change or rose [18]. Nevertheless, when the rats
with and without dyskinesias were compared, their
common feature appeared to be only the activation
of the striatopallidal pathway (increased enkepha-
lin expression) [18] (Fig. 1C). The rats without
dyskinesias were characterized additionally by the
inhibited substance P expression with unchanged
dynorphin expression. On the contrary, the rats ex-
hibiting dyskinesias showed also elevated dynor-
phin expression with normal level of substance P
[18] (Fig. 1C). Hence, it seems that the administra-
tion of neuroleptics for many months results in
gradual activation of the striatonigral pathway, par-
ticularly in dyskinetic rats. It is especially conspi-
cuous in the case of dynorphin, although also nor-
mal level of substance P could point to this conclu-
sion, since it is decreased in the rats after acute or
short-term treatments (compare Fig. 1B and 1C). In
the rats, which do not suffer from dyskinesias, this
process appears also to progress, though to much
weaker extent. Although the level of substance P
expression is still low [17, 40], the initially lowered
dynorphin level normalizes after short-term treat-
ments [17].

These observations gave rise to the supposition
that occurrence of tardive dyskinesia was con-
nected with the activation of GABAergic striatoni-
gral pathway, and so the increased inhibition of the
striatothalamic pathway by GABA (Fig. 1C). This
hypothesis is in agreement with the above-described
contribution of supersensitivity of dopamnie D1 re-
ceptors to dyskinetic peri-oral movements in the
rats, since excessive stimulation of these receptors
located on the striatonigral pathway should lead to
the activation of this pathway. Moreover, investiga-
tion of the effects of chronic L-DOPA treatment in
the rats with lesioned dopaminergic system (model
of Parkinson’s disease) demonstrated that also in
this case the striatonigral pathway was stimulated,
with elevated level and expression of dynorphin
[16, 21, 80]. In addition, clear correlation was found
between L-DOPA-induced dyskinesias in rats and
augmented dynorphin expression [16]. Since L-DOPA
elicited very conspicuous dyskinesias in the pa-
tients with Parkinson’s disease, similarity of the
above neuronal changes after chronic treatment
with this drug to those evoked by haloperidol can
indeed indicate their substantial contribution to the
development of dyskinesias in humans.

On the other hand, in spite of the increased do-
pamine D2 receptor density, many months’ ha-
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loperidol administration neither reversed elevated

enkephalin expression, nor did it suppress the ac-

tivity of the striatopallidal pathway stimulated by

acute treatment with this neuroleptic. Therefore,

contrary to earlier hypotheses, it seems that the de-

veloping supersensitivity of these receptors do not

overcome their blockade. This mechanism could

explain coexistence of tardive dyskinesia with tar-

dive Parkinsonism in the patients treated with neu-

roleptics for long periods. Superfluous activation of

the striatopallidal pathway would be then responsi-

ble for parkinsonism, while the activation of stria-

tonigral pathway would be liable for dyskinesia.

This view is supported by the fact that L-DOPA

given chronically does not weaken the striatopalli-

dal pathway activity also in the rats with lesioned

dopaminergic system [21], while it is known that

this drug elicits “on-off” symptoms in the patients,

characterized by alternate occurrence of parkinso-

nism and dyskinesias.
Older hypotheses, based, among other things,

on the studies of dyskinesias in monkeys have sug-

gested that, contrary to the above-described theory,

dyskinesias are induced not by excitation but by in-

hibition of the striatonigral pathway [26]. Cebus

monkeys were given neuroleptics for several years,

and they developed clear dyskinesias. The decrease

in GABA level and glutamic acid decarboxylase

(GAD) activity in the substantia nigra pars reticu-

lata, among other structures, appeared to indicate

inhibition the striatonigral pathway [26]. However,

later studies of the same authors demonstrated that

a decrease in the abovementioned indicators of

GABAergic system activity did not correlate at all

with dyskinesias, and that the monkeys studied by

them showed also parkinsonian tremor. Thus, Gunne

and Andrën revised their earlier hypothesis and

proposed that weakened activity of the striatonigral

pathway in monkeys may be connected rather with

parkinsonism, and not with dyskinesias [25].
Therefore, it seems that chronic many months’

treatment with typical neuroleptics leads to the

change in a balance between striatal efferent path-

ways: striatopallidal pathway remains active all the

time, while the activity of the striatonigral pathway

can fluctuate from inhibition to stimulation. These

processes appear to be responsible for transition

from early to late onset extrapyramidal side effects

on the one hand, and on the other, to coexistence of

tardive dyskinesia and parkinsonism. A few hith-

erto conducted studies on many months’ treatment
with atypical neuroleptics, olanzapine and sertindo-
le in rats supposedly confirm this hypothesis, since
both these drugs influence expression of neither en-
kephalin nor substance P [58].

The role of organic factors in the develop-

ment of tardive dyskinesia

Functional changes do not seem to be the only
cause of tardive dyskinesia. Clinical observations
provided evidence that dyskinesia subsided very
slowly after therapy cessation, much slower than
one could expect on the basis of the speed of re-
gression of dopamine supersensitivity, and it did
not disappear at all in some of the patients. Besides,
dyskinetic movements very similar to tardive dys-
kinesia occur quite frequently in elderly people, in
whom tardive dyskinesia is also much stronger
than in young people (op. cit. [78]). These effects
in elderly people do not seem to be caused by dopa-
minergic supersensitivity, because it is commonly
known that density of dopamine D1 and D2 recep-
tors drops with age (op. cit. [51]). The above obser-
vations imply that neuronal damages could play
a role in tardive dyskinesia.

Animal studies appeared to confirm this thesis.
It was shown that, firstly, chronic treatment with
typical neuroleptics (fluphenazine, haloperidol, flu-
pentixol, perphenazine) in rats elicited a loss of
10–20% of the striatal neurons [1, 24, 30, 39, 49,
52]. They were mainly somatostatin-containing [1]
and cholinergic [24, 30, 39] striatal interneurons.
The article published recently [46] has shown than
even single haloperidol administration in rats caused
apoptotic changes mainly in the neurons of striato-
pallidal pathway, but also in those of striatonigral
pathway, and appearance of reactive microglia.
However, results of this study should be treated with
a good deal of scepticism, since the neuroleptic was
administered at colossally high doses (12 mg/kg !!).

Potential neurotoxic action of neuroleptics has
been substantiated by the fact that these com-
pounds inhibit mitochondrial respiratory chain. It
comprises a number of enzymes and protein com-
plexes, localized in inner mitochondrial membrane,
which mediate electron transport and energy accu-
mulation in ATP. Complex I transports electrons
from NADH to ubiquinone, complex II – from suc-
cinate to ubiquinone, complex III – from ubiquinol
to cytochrome C, and complex IV – from cytochro-
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me C to oxygen molecule (O�). At each stage (ex-

cept for complex II), ATP is formed from ADP by

the action of ATP synthase, i.e. complex V. The

suppression of respiratory chain provokes escape

of electrons, decreased production of molecular

oxygen and formation of free oxygen radicals: hy-

droxyl radical (3OH) and superoxide radical anion

(3O�
4). Consequently, diminished ATP production

leads to oxidative stress (predominance of oxida-

tion processes) and energy crisis in the cell. These

processes make neurons more sensitive to toxic

compounds, such as glutamic acid, and may pro-

duce their damage [47].
Chemical structure of haloperidol molecule is

similar to MPTP, a toxin damaging dopaminergic

neurons and evoking parkinsonism in humans. Ha-

loperidol oxidation catalyzed by cytochrome P450

leads to the production of pyridinium ion, bearing

the structure of MPP5, active MPTP metabolite, ca-

pable of inhibiting mitochondrial complex I and

causing neurodegeneration. Pyridinium metabolite

of haloperidol has been found in the brain and urine

of rats treated with this neuroleptic, which evi-

dences the presence of this potential toxin in living

organism [71]. In vitro studies on mice brain slices

have shown that as well haloperidol and its me-

tabolite as some other neuroleptics inhibited mito-

chondrial complex I. Haloperidol at therapeutic

concentrations (10–100 nM) suppressed this com-

plex by 30–43% [6]. However, the aforementioned

haloperidol metabolite exhibited such capacity

only at much higher concentrations (100–500 �M)

[6]. This result pointed to a possibility of direct

toxic effect of the parent compound rather than the

metabolite. Chlorpromazine and fluphenazine ap-

plied at higher concentrations than haloperidol

(10–100 �M) also suppressed complex I by 40–50%.

On the other hand, atypical neuroleptic, risperi-

done, showed much weaker effect (20%), and only

at a concentration of 100 �M, while clozapine was

entirely inactive [6]. Similar results were obtained

on isolated rat mitochondria and human cortex,

where haloperidol proved to be the strongest in-

hibitor of complex I. Risperidone and quetiapine

were 5 times and clozapine 25–500 times weaker

than haloperidol [14, 41]. These results were con-

firmed ex vivo in rats, in which haloperidol given

peripherally inhibited not only complex I but also

complex II and V [9]. These data led to the conclu-

sion that typical neuroleptics differ from atypical

ones, among other things, in the capacity to inhibit

mitochondrial respiratory chain, which could ex-
plain their neurotoxic action and contribute to the
development of tardive dyskinesia. The observed
decrease in complex I activity in platelets of the pa-
tients treated with neuroleptics seems to corrobo-
rate the above supposition [14].

The role of genetic factors in tardive

dyskinesia

As already mentioned, tardive dyskinesia oc-
curs only in a certain percentage of the patients.
Therefore, an opinion was forwarded that these pa-
tients have to be genetically predisposed to vulner-
ability to toxicity of neuroleptics, while those resis-
tant to their therapeutic action may require higher
doses than average ones. Hence, genetic polymor-
phisms which could be responsible for tardive
dyskinesia have been searched for. Dependence of
the development of this disorder on higher fre-
quency of certain alleles than in general population
has been suggested. In that regard, polymorphism
of genes coding for dopamine D3 receptor [10, 37],
5-HT�� and 5-HT�, receptors [66, 67, 72], cyto-
chrome P450 (CYP1A2) [11] and superoxide dis-
mutase (SOD) [28] have been considered. Very ex-
tensive studies in this direction are currently in
progress and raise many hopes.

Conclusions

1. Blockade of a large number of the striatal
dopamine D2 receptors by neuroleptics seems to be
a primary cause of extrapyramidal effects induced
by these drugs.

2. Blockade of these receptors leads to a distur-
bance of a balance between functions of efferent
pathways in the striatum: activation of the striato-
pallidal pathway and inhibition of the striatonigral
pathway, resulting in the stimulation of the path-
ways arising from the basal ganglia and leading to
the thalamus, and appearance of drug-induced park-
insonism.

3. Chronic administration of neuroleptics evo-
kes adaptive changes in dopamine receptors. Num-
ber of D2 receptors rises and D1 receptors become
supersensitive.

4. Activity of the pathways connecting the ba-
sal ganglia also changes: striatonigral pathway is
activated, which leads to the stimulation of the ni-
grothalamic pathway, and can contribute to the de-
velopment of tardive dyskinesia.
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5. Besides functional changes, neuroleptic-in-
duced lesions of the striatal neurons and genetic
predisposition can also play a role in appearance of
tradive dyskinesia.
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