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Abstract

This paper reviews the evidence that antipsychotic drugs induce neuroplasticity. We outline how
the synaptic changes induced by the antipsychotic drug haloperidol may help our understanding of
the mechanism of action of antipsychotic drugs in general, and how they may help to elucidate the
neurobiology of schizophrenia. Studies have provided compelling evidence that haloperidol
induces anatomical and molecular changes in the striatum. Anatomical changes have been
documented at the level of regional brain volume, synapse morphology, and synapse number. At
the molecular level, haloperidol has been shown to cause phosphorylation of proteins and to
induce gene expression. The molecular responses to conventional antipsychotic drugs are
predominantly observed in the striatum and nucleus accumbens, whereas atypical anti-psychotic
drugs have a subtler and more widespread impact. We conclude that the ability of antipsychotic
drugs to induce anatomical and molecular changes in the brain may be relevant for their
antipsychotic properties. The delayed therapeutic action of antipsychotic drugs, together with their
promotion of neuroplasticity suggests that modification of synaptic connections by antipsychotic
drugs is important for their mode of action. The concept of schizophrenia as a disorder of synaptic
organization will benefit from a better understanding of the synaptic changes induced by
antipsychotic drugs.
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Introduction

Schizophrenia is a debilitating disorder that affects 1% of the world population, often at an
early age (Andreasen 1995; Andreasen 1996; Carpenter and Buchanan 1994). While
schizophrenic patients may present with various abnormalities of perception, thought,
language, or affect, many patients develop cognitive deficits and most will show marked and
long lasting impairments in social functioning (Green 1996). Despite an intense effort, the
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disease mechanisms and etiology of schizophrenia have remained elusive. A promising
route of investigation into the causes of the disease is to study how antipsychotic drugs alter
brain function. An improved understanding of how antipsychotic drugs convey their
therapeutic effects during the treatment of schizophrenia can help us to unravel neural
mechanisms involved in the pathogenesis of schizophrenia. Such an approach has generated
a prominent model of schizophrenia, the dopamine hypothesis (Matthysse 1973).

One of the most puzzling observations about the mechanism of action of antipsychotic drugs
is their delayed therapeutic effect (Hyman and Nestler 1996). This results often in prolonged
treatment trials for individual patients until a particular drug has proven to be effective. In
some cases, none of the existing drugs will provide remission. To improve treatment
outcome, we need to understand the potential mechanisms that could explain the delayed
clinical effects of antipsychotic drugs. The clinical potency of conventional antipsychotic
drugs is directly correlated with their ability to inhibit dopamine D, receptors (Creese et al
1976), but this relationship cannot explain their delayed action. Since inhibition of D,
receptors should be achieved almost instantaneously, the beneficial therapeutic effect cannot
be limited to a straightforward receptor—drug interaction. Moreover, the pharmacologic
profile of atypical antipsychotic drugs suggests a more complicated mechanism of action.

Which neuronal programs evolve over time? Neuroplasticity, a gradual process by which the
brain adapts to changes in the environment, is a logical consideration in the delayed effects
of antipsychotic drugs. Two processes contribute to neuroplasticity in the adult brain: 1)
synaptic plasticity, a remodeling of synapses resulting in the rewiring and strengthening of
neural circuits, and 2) neurogenesis, a creation of new neurons. A demonstration that
neuroplasticity conveys some of the therapeutic effects of antipsychotic drugs could provide
a valuable target for the design of novel treatment strategies.

We will focus in this article primarily on haloperidol, a conventional antipsychotic drug that
has been extensively studied. A review of the literature shows that synaptic plasticity is
consistently observed after treatment with haloperidol and is likely important for its effects
on brain function. Molecular markers for synaptic competence such as synaptophysin are
decreased in schizophrenia (Browning et al 1993; Davidsson et al 1999; Eastwood et al
1995; Eastwood et al 2000; Eastwood and Harrison 1995; Glantz and Lewis 1997; Karson et
al 1999; Landen et al 1999), and increased by haloperidol (Eastwood et al 1994; Eastwood
et al 1997). Synaptic reorganization by haloperidol may reverse a pathologic process of
synaptic disruption in schizophrenia, as schizophrenia has been characterized as a
prefrontal-temporal disconnection syndrome, with functional as well as anatomical
correlates (Bogerts 1997; Friston 1998). If schizophrenia is a disconnection syndrome
caused by inadequate synaptic organization (McGlashan and Hoffman 2000), neuroplasticity
induced by antipsychotic drugs can achieve functional and anatomical reconnection. The
time it takes to reestablish proper synaptic function could explain the delay in the
therapeutic benefits of antipsychotic drugs.

Neurogenesis seems a less likely mechanism by which drugs exert their antipsychotic
properties. There is agreement that neurogenesis in the mature brain is detectable only in a
limited number of brain areas, most notably the hippocampus (Cameron and McKay 1998).
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Whereas a recent study has provided preliminary evidence that haloperidol may promote
neurogenesis in the gerbil hippocampus (Dawirs et al 1998), studies in rat brain do not
support this finding (Malberg et al 2000). Thus, while we cannot exclude that the creation of
new neurons is important for the therapeutic properties of haloperidol, the data available are
neither sufficient nor convincing to support such a conclusion.

We will therefore focus on the evidence that haloperidol mediates synaptic plasticity, and
that this is an important mechanism in the therapeutic properties of many antipsychotic
drugs. A major part of this review examines the role of haloperidol in striatal plasticity,
because data on haloperidol and the striatum are best documented and confirmed often by
independent research groups. The striatum is also a brain area where subtle changes by
haloperidol should be most prominently expressed due to the high density of D, receptors
and their correlation with conventional antipsychotic drug action. While the experimental
data for haloperidol and the striatum provide the foundation to formulate a sound
hypothesis, we will discuss evidence that neuroplasticity as a mechanism of action is limited
neither to one brain region (Figure 1), nor to a single antipsychotic drug. Neuroplasticity in
brain areas other than the striatum, such as the prefrontal cortex, hippocampus and thalamus
(Benes 2000; Heckers 1997), is likely as important for the treatment of schizophrenia.
Antipsychotic drugs may exert some of their therapeutic properties by modulating
neuroplasticity in these brain areas (Figure 1).

We will set out with a review of the anatomic and molecular evidence that haloperidol
affects synaptic plasticity, followed by a discussion of the potential mechanisms underlying
these changes, and a comparison of neuroplasticity by conventional and atypical
antipsychotic drugs. Finally, we will outline the implications of plastic changes induced by
antipsychotic drugs for the treatment and neurobiology of schizophrenia.

Evidence That Haloperidol Affects Synaptic Plasticity

Neuroplasticity can be studied with a variety of methods. Anatomical techniques
quantitatively assess macroscopic features such as regional brain volume, and microscopic
features such as the morphology and number of cells, dendrites, dendritic spines, or
synapses. Biochemical and molecular techniques assess the state of protein phosphorylation
and the regulation of gene expression. All of these techniques have been applied to elucidate
the effect of haloperidol in the striatum, resulting in convincing evidence for volumetric,
ultrastructural, and molecular changes.

Volumetric and Ultrastructural Effects of Haloperidol in the Striatum

Haloperidol

Increases Regional Brain Volume

Neurotrophic effects of haloperidol are supported by morphometric analyses of the caudate
and putamen of treated schizophrenic patients. The initial description of striatal enlargement
in patients treated with conventional antipsychotic drugs was surprising (Heckers et al 1991;
Jernigan et al 1991), but subsequent studies have confirmed and extended these findings. In
addition to enlarged striata, a positive correlation between medication dose and striatal
volume supports a trophic effect (Bilder et al 1994; Chakos et al 1994; DeL.isi et al 1991,
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Doraiswamy et al 1995; Gur et al 1998; Shihabuddin et al 1998; Swayze et al 1992). Time-
course studies demonstrate that caudate volumes increase during treatment with
conventional antipsychotic drugs and normalize after cessation of treatment or when patients
are treated with atypical antipsychotics, which have a much weaker impact in the striatum
(Bilder et al 1994; Chakos et al 1995; Chakos et al 1994; Keshavan et al 1994). These
observations were verified in an animal model, where chronic administration of haloperidol
in rats increased striatal volume (Chakos et al 1998).

Presently, the cellular processes responsible for striatal volume increase in neuroleptic-
treated schizophrenic patients are not identified. Recent studies have reported that the
increased striatal volume is accompanied by an overall increased number of striatal neurons
(Beckmann and Lauer 1997; Lauer and Beckmann 1997). In addition, a change in the
synaptic organization of the striatum, particularly the caudate nucleus, has been observed
(Kung et al 1998). These initial studies of cellular changes in the striatum need to be
followed up to better understand the impact of neuroleptic drugs.

The trophic effect of haloperidol and other conventional antipsychotics does not preclude
neurotoxicity and loss of brain volume after long-term treatment or high dosing (Andreassen
and Jorgensen 2000; Burkhardt et al 1993; Goff et al 1995). For example, caudate nucleus
volumes of patients who developed tardive dyskinesia (TD) were significantly smaller in
some studies (Dalgalarrondo and Gattaz 1994; Mion et al 1991), but increased in others
(Brown et al 1996; Elkashef et al 1994). These inconsistent results are a reflection of the
contrasting sequelae of neurotoxicity and neuroplasticity, which are simultaneously induced
by haloperidol. Dependent on drug concentration, treatment time and individual sensitivity,
the neurotrophic or the neurotoxic properties determine striatal volume increase or decrease
respectively.

Haloperidol Changes Synapse Morphology and Number

In addition to volume increase, haloperidol causes ultrastructural changes in synapse
morphology in the striatum. In rats treated chronically with haloperidol, an increase in the
size of axon terminals has been observed (Benes et al 1985a; Kerns et al 1992; Uranova et al
1991), accompanied by an increase in the absolute number of vesicles per synapse (Benes et
al 1985a), and by an increase in the size of the postsynaptic density (PSD; Figure 2),
(Uranova et al 1991). Moreover, the number of synapses, mainly of the glutamatergic type,
is increased in the rat striatum after chronic haloperidol treatment (Kerns et al 1992; Meshul
and Casey 1989; See et al 1992; Uranova et al 1991). The number of double synapses is
elevated (Kerns et al 1992), indicating synapse splitting, a process by which synapses
multiply in the mature brain (Jones and Harris 1995; Kirov et al 1999; Toni et al 1999). The
effects of haloperidol are reversible after cessation of treatment (Meshul and Casey 1989),
and administration of clozapine does not seem to affect the number of synapses in the
striatum (Meshul et al 1992). The opposing effects of haloperidol’s neurotoxic and
neurotrophic mechanisms are also seen at the level of synapses. Vacuous chewing
movements in rats are correlated with a significant decrease in striatal synaptic density
(Roberts et al 1995).
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The striatum is not the only brain area that exhibits changes in synapse morphology and
synapse number in response to haloperidol treatment. Other brain areas with ultrastructural
changes include the substantia nigra (Benes et al 1983) and the prefrontal cortex (Benes et al
1985b; Klintzova et al 1989). Synaptic plasticity in these affected areas may be involved in
reversing the pathophysiology of schizophrenia.

Modifications During Treatment with Haloperidol

Haloperidol affects protein phosphorylation and protein synthesis. Protein phosphorylation
is involved in signaling processes spanning from synaptic function to gene and protein
expression (Greengard et al 1993; Schulman 1995). Protein phosphorylation and new
protein synthesis are required for rapid and long-term synaptic remodeling in the developing
and the mature brain. Learning and memory, the behavioral correlates of neuroplasticity,
depend on protein phosphorylation (Frank and Greenberg 1994) and new protein synthesis
(Davis and Squire 1984).

Haloperidol Affects Protein Phosphorylation

Conventional antipsychotic drugs influence protein phosphorylation via their ability to
inhibit dopamine D5 receptors (Seeman and Lee 1975). Inhibition of D, receptors activates
adenylyl cyclase, increases levels of cyclic AMP and activates protein kinase A (PKA)
(Albert et al 1990). PKA is important for haloperidol-mediated gene induction and cataleptic
behavior (Adams et al 1997). PKA phosphorylates receptors and ion channels at the
synapse, and modulates synaptic function (Gray et al 1998; Smart 1997; Swope et al 1999)
and the activity of other protein kinases (Leveque et al 2000; Meshul and Tan 1994;
Rodrigues and Dowling 1990). In addition, PKA activates transcription factors which
regulate gene expression, such as the cyclic AMP and Ca2* responsive element binding
protein (CREB; Figure 3) (Gonzalez and Montminy 1989). The activation of CREB by PKA
plays a critical role in neuroplasticity and memory formation in such varied species as
Aplysia, Drosophila, and mouse (Frank and Greenberg 1994; Silva et al 1998). Haloperidol
mediates gene expression via a signal transduction pathway that depends on PKA (Adams et
al 1997) and CREB (Konradi and Heckers 1995; Konradi et al 1993), (Figure 3). The
observations on the molecular mechanisms of haloperidol are important for the evaluation of
the long-term and long-lasting antipsychotic effects of the drug.

Haloperidol Affects Gene Expression and New Protein Synthesis

Gene expression and protein synthesis are essential for various brain functions, notably for
the formation of long-term memory (Davis and Squire 1984). Haloperidol has been shown
to activate levels of many different transcription factor genes in the striatum (Atkins et al
1999; Hiroi and Graybiel 1996; MacGibbon et al 1995; Nguyen et al 1992). As a
consequence, haloperidol affects the regulation of many proteins. Genes of receptors (Burt
et al 1977; Eastwood et al 1996; Egan et al 1994; Fitzgerald et al 1995; Florijn et al 1997;
Kornhuber et al 1989; Lidow and Goldman-Rakic 1997; Riva et al 1997), neuropeptides
(Konradi et al 1993; Merchant et al 1992; Tang et al 1983), and synaptic proteins (Eastwood
et al 1997; Nakahara et al 1998) are regulated by haloperidol. This profile of gene regulation
explains how haloperidol alters the properties of neurons and influences synaptic function.
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Modulation of receptor function via phosphorylation on the one hand, and via alteration of
receptor protein levels on the other, changes the response properties of the affected neurons
to presynaptic neurotransmitter release. The modulation of neuropeptide levels affects the
amplitude of postsynaptic stimulation. The alteration in the expression of synaptic proteins
is needed for synaptogenesis and the synaptic reorganization observed after chronic
haloperidol treatment (Figure 3).

Mechanisms by Which Haloperidol Could Mediate Synaptic Plasticity

The various lines of evidence reviewed above provide the foundation for the hypothesis that
haloperidol induces synaptic plasticity in the adult brain. But what are the mechanisms that
lead to these observed changes? Because the study of synaptogenesis in the mature brain is
restricted by methodological limitations, the complexity of higher brain function is
principally modeled by synaptogenesis in the developing central nervous system. To discuss
the relevance of synaptic plasticity for the effects of haloperidol, we will illustrate the
mechanisms of synaptic plasticity established in the developing brain followed by a
discussion of the data available on the mature brain.

General Mechanisms of Synaptic Plasticity

Synaptogenesis in the Developing Brain

This chapter reviews the molecular processes that lead to synapse formation in the
developing brain. Immature neurons have hairlike processes (filopodia) that explore the
environment in search for other neurons to form synapses (Figures 4, 5). As the brain
matures the emphasis shifts from scanning the environment for new contacts to solidifying
the already existing contacts. Functional synapses are built and a mode of communication
between both sides of the synapse is arranged. If proper communication cannot be
established, the synapse is withdrawn. Thus, there are at least two parameters that are
important for synapse density: the number of synapses that were originally established, and
the effectiveness of communication between these synapses (Figure 4).

Much has been accomplished in elucidating the molecular processes that are involved in the
various steps from initial contact to the final synapse with synchronized pre-and
postsynaptic activities. These processes are fairly complex and are described below in some
detail. Of interest for schizophrenia research, glutamate receptors play an important role in
synapse formation and stabilization (see below and Figure 6), thus linking two abnormalities
observed in schizophrenia: the decreased neuropil and abnormal connectivity in
microcircuits (Benes 2000; Selemon and Goldman-Rakic 1999), and the hypofunction of the
glutamatergic system (Coyle 1996; Olney et al 1999; Tamminga 1999). The involvement of
glutamate receptors in synaptogenesis suggests that reduced glutamatergic activity leads to a
reduced number of synapses and the “miswiring” in schizophrenia (Figure 4).

Ontogenetic synaptogenesis consists of two consecutive processes: synapse formation and
synapse stabilization (Haas 2000; Haydon and Drapeau 1995). In early neuronal
development, axonal growth cones and dendritic filopodia search for partners to form
synapses (Lee and Sheng 2000; Wong and Wong 2000), (Figure 5). On contact, a molecular
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adhesion process initiates the formation of the synapse (Hagler and Goda 1998). At the
presynaptic contact area, prefabricated protein aggregates that contain molecular
components for the active zone get trapped and release neurotransmitter (Ahmari et al
2000). Neurotransmitter release stimulates the postsynaptic site to attract scaffolding
proteins such as SAP90/PSD-95 and neurotransmitter receptors (Friedman et al 2000), thus
building the PSD and a functional synapse (Figures 2, 5). Formation of a new synapse can
take as little as one to two hours after an axodendritic contact has been established
(Friedman et al 2000).

A newly formed synapse can be disassembled easily and needs to be stabilized to survive.
Synapse stabilization can be activity-dependent, and/or depend on molecular cues provided
by adhesion molecules and neurotrophic factors (Haydon and Drapeau 1995). Activity-
dependent stabilization seems to require the postsynaptic activity of NMDA receptors and of
AMPA receptors (Figure 6). A synapse that contains only NMDA receptors cannot
depolarize and needs a coincidence of glutamate release and synaptic depolarization to pass
ions through the NMDA receptors. Opening of NMDA receptors induces an incorporation of
AMPA receptors into the postsynaptic membrane on dendritic spines (Shi et al 1999; Wu et
al 1996); (Figure 6A-C). Once the AMPA receptor is in the membrane, it can, upon
glutamate release, provide the depolarization needed for NMDA receptor activation (Figure
6D). The consistent activation of the postsynaptic neuron by presynaptic transmitter release
stabilizes the synapse (Haydon and Drapeau 1995); failure to stabilize the synapse leads to
the dissolution of the spine (Jontes and Smith 2000).

Synaptic Plasticity in the Mature Brain

While synaptogenesis research deals predominantly with the construction of nervous
systems during development, haloperidol is usually administered to the mature brain. The
current knowledge of synaptic plasticity in the mature brain is therefore of important
consideration for our understanding of haloperidol. Synaptic plasticity is achieved in the
mature brain by one of three different mechanisms, discussed below: a rearrangement of
existing synapses, a formation of new synapses, or a pruning of existing synapses.

Synaptic rearrangements and dendritic motility are common in the mature brain and are
mediated by actin polymerization and ion concentration (Dunaevsky et al 1999; Fischer et al
1998). Rapid changes in spine shape affect synapse strength and synapse stability and are
thought to be an important basis for learning and memory (Harris 1999; Matus 1999;
Svoboda et al 1996). Though the spine shape is supported by the actin cytoskeleton, spines
can be rearranged through swelling in response to sodium influx (Fifkova and Van
Harreveld 1977; Van Harreveld and Fifkova 1975), and through actin depolymerization in
response to Ca2* influx (Matus 1999).

Novel spines can be generated in response to increased neuronal activity (Engert and
Bonhoeffer 1999; Toni et al 1999), or in response to neurotrophic factors (McAllister et al
1999). Formation of new spines happens at a surprising speed in the postnatal brain, though
it may take longer for the new spines to be functional. In rat hippocampal slices new spines
can form within one hour of high-frequency stimulation (Engert and Bonhoeffer 1999;
Maletic-Savatic et al 1999; Toni et al 1999); the number of spines in mature slices are
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increased by 40%-50% within one to two hours after slicing (Kirov et al 1999). While the
new spines seem to form synapses, it is not precisely known how pre- and postsynaptic
elements find each other in the mature brain. Unlike in early synaptogenesis, an involvement
of filopodia in the formation of new spines in the mature brain is unlikely, since filopodia
were replaced by synapses during maturation (Ziv and Smith 1996), (Figure 5) and are not
found in mature brains (Harris 1999); however, the discovery of an activity-dependent
increase in axonal boutons with multiple synapses in the mature brain is indicative of spine
splitting, in which case the pre- and postsynaptic elements would be already in place (Figure
3), (Kirov et al 1999; Toni et al 1999).

A decrease in synapse number could be caused by an active mechanism such as synapse
pruning, or by neuronal death. While activity strengthens synapses, cells that do not activate
postsynaptic neurons have their contacts weakened and eliminated. This variant of
neuroplasticity is important for learning and memory (Jontes and Smith 2000). The loss of
entire neurons in the mature brain, on the other hand, is a pathologic rather than plastic
phenomenon that is inevitably accompanied by a loss of synapses.

From Haloperidol-treatment to Synaptic Plasticity

Ultrastructural analyses show that treatment with haloperidol alters spine shape as well as
spine density. The observed change in spine shape is indicative of haloperidol’s ability to
modulate synaptic strength (Harris 1999; Matus 1999). As rapid changes in spine shape are
driven by Ca2* -dependent actin polymerization (Fischer et al 1998; Matus 1999) and by
swelling secondary to the influx of ions (Fifkova and VVan Harreveld 1977; Van Harreveld
and Fifkova 1975), the question arises whether haloperidol can affect the influx of Ca2* and
other ions. Indeed, the signal transduction pathway activated by haloperidol can modulate
NMDA receptor function, which affects Na* and Ca2* flux and which may be relevant for
the rapid change in spine shape (Leveque et al 2000).

The increase in synapse density observed after treatment with haloperidol is accompanied by
an increased synthesis of synaptic proteins (Eastwood et al 1997; Nakahara et al 1998).
Synapse splitting seems to be one of the mechanisms responsible for the increase in synapse
number (Kerns et al 1992) (Figure 3). Increase in synapse number, in general, can be
observed after enhanced activity in neural circuits or after increased synthesis and release of
neurotrophic factors. Haloperidol may employ both mechanisms. While haloperidol does not
increase neuronal activity directly, it does modulate other neurotransmitter systems that
promote neuronal activity. The well-documented facilitation of the glutamatergic system by
haloperidol, for example, enables the indirect modulation of synaptic activity (Brene et al
1998; De Souza et al 1999; Eastwood et al 1996; Fitzgerald et al 1995; Kerns et al 1992;
Leveque et al 2000; Meshul et al 1996; Meshul and Casey 1989; Moghaddam and Bunney
1993; Riva et al 1997; Schneider et al 1998; See and Chapman 1994; See et al 1992;
Yamamoto and Cooperman 1994). The increase in synapse number after treatment with
haloperidol could therefore be caused by an indirect enhancement of synaptic activity.

It has recently been shown that an upregulation of the neurotrophin brain derived
neurotrophic factor (BDNF) plays a role in the clinical effects of antidepressants (Altar
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1999). It is therefore of interest to examine the interaction of antipsychotic drugs with
neurotrophic factors. Because BDNF is not synthesized in striatal neurons (Altar et al 1997),
and neither haloperidol nor clozapine increase BDNF levels in cortex or hippocampus
(Angelucci et al 2000; Linden et al 2000; Nibuya et al 1995), BDNF itself does not seem to
play much of a role in the action of antipsychatic drugs; however, levels of another
neurotrophin, nerve growth factor, are increased in the striatum after treatment with
haloperidol (Ozaki 2000; Ozaki et al 1999). No data are available on the role of nerve
growth factor in antipsychotic properties. Taken together, a contribution of neurotrophic
factors to synaptogenesis by antipsychotic drugs does not seem likely but needs further
examination before it should be ruled out.

While the decrease in synapse number reported in some studies (Roberts et al 1995) seems
to be predominantly a consequence of neurotoxicity, it is also possible that haloperidol may
reduce the synaptic activity of some connections, causing destabilization and withdrawal of
synapses. Even though there is substantial evidence for neurotoxic effects of haloperidol in
the striatum (Harrison 1999), decreased synapse number is also compatible with a pruning
of synapses in response to suppressed activity in specific neuronal circuits.

Does Haloperidol Affect Neurogenesis?

Adult neurogenesis, the creation of new neurons in the mature brain, has recently gained
renewed attention (Barinaga 1998; Gross 2000). While the vast majority of neurons are
generated during early brain development, limited neurogenesis occurs in the mature brain
with regional specificity. The addition of new neurons to an adult brain can, in principle,
improve brain function and acquisition of memory. Hippocampal neurons and olfactory bulb
interneurons can be generated in the adult mammalian nervous system (Cameron and
McKay 1998). In the adult human brain, mitotically competent neuronal precursors have
been found in the hippocampus (Eriksson et al 1998; Roy et al 2000). The authenticity of
neurogenesis reported in other brain areas (e.g., cortex) is presently a matter of debate
(Cameron and McKay 1998; Gould et al 1999; Nowakowski and Hayes 2000). A resolution
of this discussion will be helpful for any investigation of neuroplasticity by antipsychotic
drugs, particularly since a recent report of increased neurogenesis in the adult rat
hippocampus after chronic treatment with antidepressant drugs (Malberg et al 2000) raised
the question whether antipsychotic drugs have similar effects. Paradoxically, haloperidol
seems to cause neurogenesis in the gerbil hippocampus (Dawirs et al 1998), but not in the rat
hippocampus (Malberg et al 2000). Its effect on neurogenesis in the human brain is not
known. Because of the potential species specificity and the lack of data in the human brain,
neurogenesis by antipsychotic drugs cannot, at this point, be critically evaluated.

What About Atypical Antipsychotic Drugs?

The striatum is the brain area best suited to study neuroplasticity by conventional
antipsychotic drugs, although it may not be the principal locus for the cognitive deficits that
characterize schizophrenia. Since D5 receptors, the main target for conventional
antipsychotic drugs, are abundantly expressed in the striatum, the striatum is the brain area
where responses to antipsychotic drug exposure are most noticeable. Importantly, the effects
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of haloperidol are not limited to the striatum. Other brain areas implicated in schizophrenia
such as the prefrontal cortex, hippocampus and thalamus, are affected as well, albeit to a
lesser extent (Figure 1). The action of haloperidol in these brain areas may be more relevant
for its antipsychotic properties, but studies from these brain areas are sparse and more
ambiguous. Atypical antipsychotic drugs such as clozapine or olanzapine may have their
biggest impact in these brain areas, and they provide valuable information for our
understanding of the restorative processes induced by treatment.

Atypical antipsychotic drugs affect the dopaminergic system to a lesser extent than
conventional antipsychotic drugs and, in addition, inhibit serotonergic, muscarinic,
histaminergic and a1 adrenergic receptors (Bymaster et al 1996; Bymaster et al 1999; Farde
et al 1992; Kapur et al 1999; Nordstrom et al 1995; Pilowsky et al 1992; Seeman et al 1997;
Stockmeier et al 1993; Trichard et al 1998). Atypical antipsychotic drugs have a more
widespread yet temperate impact across neurotransmitter systems and brain regions. They
are less potent in the striatum, and anatomical changes are generally more subtle and
difficult to uncover. Atypical antipsychotic drugs unquestionably affect neuroplasticity, as
they induce gene expression in many brain areas (Deutch and Duman 1996; Lidow and
Goldman-Rakic 1997; MacGibbon et al 1994; Merchant et al 1994; Nguyen et al 1992;
Robertson and Fibiger 1992). C-Fos expression is induced by atypical antipsychotic drugs
with a different regional expression profile and intensity than conventional antipsychotic
drugs (Deutch and Duman 1996; Nguyen et al 1992; Robertson and Fibiger 1992). In the
striatum, atypical antipsychotic drugs induce gene expression to a lesser extent and with a
somewhat different distribution than conventional antipsychotic drugs (Leveque et al 2000;
MacGibbon et al 1994; Robertson and Fibiger 1992; Robertson and Fibiger 1996; Robertson
et al 1994). More importantly, in agreement with their pharmacological profile, atypical
antipsychotic drugs induce genes in brain areas that are implicated in the pathophysiology of
schizophrenia, such as the prefrontal cortex (Robertson and Fibiger 1992; Robertson and
Fibiger 1996; Robertson et al 1994; Sebens et al 1995; Vahid-Ansari et al 1996; Wan et al
1995). Thus, atypical antipsychotic drugs can further facilitate our understanding of the
anatomical and cellular deficiencies in schizophrenia. Moreover, they support the notion that
modulation of neuroplasticity in specific brain areas is of critical consideration for the
treatment of schizophrenia.

Implications for the Treatment and Neuropathology of Schizophrenia

The delayed therapeutic action of antipsychotic drugs, together with their promotion of
neuroplasticity, suggests that the ultrastructural modulation of neuronal circuits is an
important contributor to antipsychotic properties. Despite our focus on the striatum, subtler
changes in other brain areas may be responsible for, or contribute to, the therapeutic effect
of antipsychotic drugs. Such brain areas include limbic structures and the prefrontal cortex
(Figure 1), which are implicated in schizophrenia, and which show synaptic rearrangements
and altered gene expression in response to antipsychotic drug treatment (Benes et al 1985b;
Eastwood et al 1997; Fitzgerald et al 1995; Klintzova et al 1989; Robertson and Fibiger
1992). Neuroplasticity in extrastriatal structures such as the prefrontal cortex, nucleus
accumbens and other brain areas (Damask et al 1996; Fitzgerald et al 1995; Robertson and
Fibiger 1992; Vahid-Ansari et al 1996; Vincent et al 1991) could explain some of the
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differences in the pharmacological profile and the therapeutic effects of typical and atypical
antipsychotic drugs. Thus, while the striatum was the best place to initiate studies on the
effects of antipsychotic drugs on neuroplasticity, a thorough examination of extrastriatal
areas is now needed.

So far, the importance of neuroplasticity for the beneficial action of antipsychotic drugs has
not been sufficiently explored. If neuroplasticity is a crucial mechanism for antipsychotic
properties, it could lead to the development of a new class of antipsychotic drugs. The data
on haloperidol and neuroplasticity suggest that there may be a novel therapeutic avenue.
Data on atypical antipsychotic drugs support that notion and help to identify the relevant
brain areas. The side effects of drugs currently available, and the high percentage of patients
who do not respond to treatment, are fueling the quest for more therapeutic options.

Should antipsychotic drugs indeed ‘rewire’ the brain, such a realization could provide us
with new insights into the pathology of schizophrenia. Recent neuropathology and
neuroimaging studies of schizophrenia have provided results that are compatible with the
hypothesis that successful treatment of schizophrenia is accomplished by modification of
synaptic connectivity. For example, anatomical changes in the prefrontal cortex in
schizophrenia include decreased neuropil (Selemon and Goldman-Rakic 1999), selective
decrease of GABAergic terminals (Woo et al 1998), and altered expression of a family of
genes that control presynaptic function (Mirnics et al 2000). These abnormalities are
potentially amenable to treatment with compounds that improve synaptic connectivity. The
abnormality of the functional integration of the prefrontal cortex and temporal lobe
structures in schizophrenia (Fletcher 1998; Heckers et al 1998), and the prefrontal-temporal
disconnection syndrome (Bogerts 1997; Friston 1998) also suggest a malfunction of
neuroplasticity. Furthermore, schizophrenia has been conceptualized as a
neurodevelopmental rather than neurodegenerative disorder (Woods 1998), with abnormal
neuronal migration and an incomplete establishment of cortico-cortical and cortico-
subcortical projections (Akbarian et al 1993). Treatment that targets synaptic remodeling of
such abnormalities could potentially be beneficial, particularly at early age.

Taken together, the hypothesis that antipsychotic drug treatment targets synaptic plasticity is
consistent with recent evidence of abnormal synaptic function in schizophrenia. Modulation
and facilitation of synaptic plasticity should be considered in future drug development.

Conclusion

There is ample evidence that the typical antipsychotic drug haloperidol affects
neuroplasticity in the mature brain. The effect of haloperidol on synapse formation and
rearrangement may be important for its antipsychotic properties, and may provide insight
into the brain abnormalities leading to schizophrenia. A further analysis of the role of
neuroplasticity in the cause and treatment of schizophrenia could provide us with a novel
treatment approach.
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Figure 1.
Dopaminergic projections to brain regions implicated in schizophrenia. Substantia nigra

(SN) neurons project to GABAergic neurons in the striatum (S), which receive input from
the cortex (C) and send projections back to the cortex via the globus pallidus (GP) and
thalamus (T). Ventral tegmental area (VTA) neurons send projections to the cortex and to
limbic regions such as the hippocampus (H). Most anatomical and molecular studies of
antipsychotic drugs have focused on the striatum, since it receives the densest dopaminergic
projections and expresses the highest density of dopamine receptors. The effects of
antipsychotic drugs on cortex and hippocampus, although more difficult to study, might be
more relevant for understanding their antipsychotic effects. Two circuits that are particularly
relevant in schizophrenia are highlighted: A reciprocal hippocampus-cortex connection, and
the striatal-pallidal-thalamic-cortical loop. Dopaminergic connections are dashed.

Biol Psychiatry. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Konradi and Heckers Page 21

axon

synaptic

vesicles axon terminal

(bouton)
postsynaptic
density (PSD)

postsynaptic
receplors

synaptic spine

dendrite

Figure 2.
Synapse morphology in the striatum. The majority of neurons in the striatum are medium-

size with dendritic spines. Synapses are formed on the dendritic spines as well as on the
dendritic shafts (not shown). Synaptic vesicles in the axon terminal release neurotransmitter
into the synapse. Neurotransmitters cross the synaptic cleft and interact with receptors in the
postsynaptic membrane. The postsynaptic density (PSD) is an electron dense area that
contains receptors, ion channels and scaffolding proteins which anchor receptors to the
membrane and facilitate signal transduction.
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Figure 3.

Gene expression and synaptogenesis by haloperidol. (A) A medium-size spiny neuron in the
striatum that expresses D5 receptors contains the transcription factor CREB in the nucleus.
(B) Upon interaction of haloperidol and D5, receptors, PKA is activated and proteins are
phosphorylated. Phosphorylation of proteins alters their properties and activities and could
be the reason for the perforation of synapses (split PSD) (Kerns et al 1992; Meshul and
Casey 1989; See et al 1992). PKA also sets a signal transduction cascade in motion that
translocates to the nucleus and phosphorylates the transcription factor CREB (Konradi and
Heckers 1995). Phosphorylation of CREB at Ser133 (Gonzalez and Montminy 1989) enables
the expression of genes and proteins that are under the control of Ca2* and cyclic AMP
second messenger pathways (Montminy 1997). (C) By incorporating newly synthesized
proteins, the dendritic spine splits and yields two synapses. Compensatory mechanisms to
slow down synaptogenesis will likely develop. Discontinuation of haloperidol
administration reverses the process.
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Figure 4.

Early synapse formation and developmental processes that could cause schizophrenia.
Neurons extend hairlike structures (filopodia) in search for partners to form synapses. A
period of extensive synapse formation is followed by synapse stabilization and use-
dependent pruning. Synapses that cannot establish communication are removed. This model
is supported by developmental studies in the human brain, which show a peak in synapse
numbers during the early postnatal period, followed by synapse elimination (Huttenlocher
1984; Huttenlocher et al 1982). (A) Normal development. (B), (C) A consistent finding in
schizophrenia is a reduction in dendrites and synapses, which is most likely based on a
developmental malfunction (McGlashan and Hoffman 2000). Such a reduction can be
caused by faulty synapse formation (B), or faulty synapse stabilization (C).

Biol Psychiatry. Author manuscript; available in PMC 2014 October 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Konradi and Heckers

Page 24

N . : ; G : 5
- / filopodia () presynaptic vesicle with neurotransmitter
:\' spines postsynaptic density (PSD)

4 prefabricated protein aggregate

Figure 5.
Synaptogenesis during early neuronal development. (A—C) During early neuronal

development, the number of dendritic filopodia decreases while the number of spines
increases. (D) An axonal growth cone and a dentritic filopodium make contact and a
molecular adhesion process ensues. (E) Prefabricated protein aggregates get trapped at the
presynaptic contact zone and enable the axon to release neurotransmitter. (F) The release of
neurotransmitter triggers the formation of the PSD.
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lonotropic glutamate receptors and synapse stabilization. (A) Initially, NMDA receptors are
in the postsynaptic membrane, while AMPA/kainate receptors are in the cytoplasm. (B) At
glutamate release the NMDA receptor binds glutamate but does not pass ions because Mg?*
blocks the channel. The postsynaptic membrane does not depolarize. (C) A coincidence of
glutamate release and depolarization opens the NMDA receptor and removes the Mg2*
block. lons pass and AMPA/kainate receptors get recruited into the postsynaptic membrane.

(D) The postsynaptic membrane contains NMDA and AMPA/kainate receptors. At
glutamate release, AMPA/kainate and NMDA receptors get activated. AMPA/kainate
receptors provide a local depolarization that removes the Mg?* block from the NMDA

receptor. lons pass through the NMDA receptor.
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