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Abstract
The evidence that antipsychotics improve brain function and reduce symptoms in schizophrenia is
unmistakable, but how antipsychotics change brain function is poorly understood, especially
within neuronal systems. In this review, we investigated the hypothesized normalization of the
functional magnetic resonance imaging (fMRI) blood oxygen level dependent signal in the context
of antipsychotic treatment. First, we conducted a systematic PubMed search to identify eight fMRI
investigations that met the following inclusion criteria: case-control, longitudinal design; pre- and
post-treatment contrasts with a healthy comparison group; and antipsychotic-free or antipsychotic-
naïve patients with schizophrenia at the start of the investigation. We hypothesized that aberrant
activation patterns or connectivity between patients with schizophrenia and healthy comparisons at
the first imaging assessment would no longer be apparent or “normalize” at the second imaging
assessment. The included studies differed by analysis method and fMRI task but demonstrated
normalization of fMRI activation or connectivity during the treatment interval. Second, we
reviewed putative mechanisms from animal studies that support normalization of the BOLD signal
in schizophrenia. We provided several neuronal-based interpretations of these changes of the
BOLD signal that may be attributable to long-term antipsychotic administration.
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INTRODUCTION
Functional magnetic resonance imaging (fMRI), a widely available and non-invasive
imaging modality, has advanced our understanding of neuropsychiatric diseases such as
schizophrenia. Cross-sectional studies comparing medicated patients with schizophrenia
(SP) and healthy comparison subjects (HC) often attribute group differences to neuronal
dysfunction or disconnection related to the disease process despite the obvious confound of
antipsychotic treatment. Schizophrenia investigations with first-degree relatives,
unmedicated prodromal, or antipsychotic naïve, first-episode patients are immune to the
effect of antipsychotics via the lack of exposure and are valuable at elucidating the
pathophysiology of the disease process [1–3]. The costs of these investigations include the

© 2013 Bentham Science Publishers
*Address correspondence to this author at the Department of Psychiatry, University of New Mexico School of Medicine, Albuquerque,
NM, USA, 87131; Tel: (505) 272-2223; Fax (505)272-5572; cabbott@salud.unm.edu.

CONFLICT OF INTEREST
The author(s) confirm that this article content has no conflicts of interest.

NIH Public Access
Author Manuscript
Curr Med Chem. Author manuscript; available in PMC 2013 April 22.

Published in final edited form as:
Curr Med Chem. 2013 ; 20(3): 428–437.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



recruitment challenges, ethical considerations, and limited generalizability to clinical
populations who are often medicated. Attempts to control for antipsychotic medications in
cross-sectional studies with medicated SP are limited to correlations with dose equivalencies
or type of antipsychotic (usually “typical” versus “atypical”) [4]. Most of these
investigations will also include a section in the limitation paragraph acknowledging the
possible contributions of group differences to antipsychotic medications in the SP group.
Cross-sectional studies are unable to disentangle medication or treatment effects from the
disease process in SP.

Antipsychotic Binding Affinities
The heterogeneity of different antipsychotics with different binding affinities and receptor
profiles further clouds the effect of medications in fMRI investigations. D2 receptor
antagonism appears to be critical for antipsychotic effect [5, 6]. D2 binding affinity
(pharmacological context, as measured by Ki, equilibrium dissociation constant) varies by
over three orders of magnitude in currently available antipsychotics [7]. Antipsychotics are
“dirty” drugs and also have dopamine, serotonin, acetylcholine, norepinephrine, and
histamine receptor affinities [8, 9]. Dose-equivalencies or an-tipsychotic classification
strategies (typical versus atypical) run the risk of over-simplifying the heterogeneity of
different antipsychotics. In order to elucidate the effect of different pharmacologic profiles,
fMRI investigations that analyze SP by comparing different antipsychotic medications will
be particularly useful. A recent review of fMRI investigations of medicated SP only
included studies that had at least two groups of patients with different treatments (both
cross-sectional or two different time points) [10]. Surprisingly, this review concluded that
antipsychotics had “no general effect” on the BOLD signal, but antipsychotics that are
potent D2 receptor antagonists may reduce the BOLD signal.

Background on the Blood Oxygen Level Dependent (BOLD) Signal
fMRI measures changes in the oxygenated blood flow with the blood oxygen level
dependent (BOLD) contrast, a correlate of neuronal activity. The cascade of neural and
vascular events challenges the biological interpretation of the BOLD signal. Neurovascular
coupling defines the basic relationship between neuronal activity and increased blood flow.
With intact neurovascular coupling, an orchestrated procession occurs from neuronal mass
action to changes in cerebral blood flow and blood volume resulting in increased oxygenated
hemoglobin and resultant increase in the BOLD signal [11, 12]. One weakness of fMRI is
the inability to distinguish the pieces of the puzzle that compose the sum total of neuronal
mass action: neuromodulatory, excitatory, and inhibitory inputs [12]. Astrocytes also have a
role in neurovascular coupling [13]. In response to neuronal activity, astrocytes release
potassium, prostaglandins and epoxyeicosatrienoic acids, all of which contribute to
vasodilation of nearby arterioles [14, 15]. This systems-level process increases cerebral
blood flow and oxygenated hemoglobin that exceeds the cerebral metabolic rate. This
increased concentration of diamagnetic oxygenated hemoglobin and decreased field
distortions from paramagnetic deoxyhemoglobin produces the increase in the BOLD signal
contrast.

Antipsychotics and the BOLD Signal
Changes in the BOLD signal observed in SP, with or without antipsychotic treatment, are
typically interpreted to reflect alterations in neural activity. The possibility that such changes
indicate alterations in the quantity or quality of the cerebral vasculature or neurovascular
coupling, however, complicates this simple conclusion. Antipsychotics may affect the
BOLD signal by direct modification of neurons, astrocytes, and cerebral blood flow and
further compound the complexity of the biological interpretation of the BOLD signal [16,
17]. While recognizing the exceedingly complex receptor pharmacology of antipsychotic
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medications, we briefly review the variety of effects of D2 antagonism on neurovascular
coupling, neuronal activity, and cerebral vascular function as summarized in (Fig. 1). D2
dopamine receptors are located in diffuse cortical and subcortical areas (striatum, nucleus
accumbens, olfactory tubercle, ventral tegmental area, hypothalamus, amygdala and
hippocampus) [18, 19]. Dopamine slowly modulates the fast GABA or glutamatergic neural
transmission via G protein-coupled dopamine receptors (D1–D5) [19]. The D2 “class” of
dopamine receptors (D2, D3, and D4) inhibit adenyl cyclase activity [20, 21]. D2 receptors
are also expressed presynaptically on dopaminergic neurons and regulate dopamine
synthesis and release via a negative feedback mechanism [22]. D2 receptors are located
throughout the cerebral vasculature [23]. D2 antagonism reduces dopamine-induced
vasoconstriction [23, 24]. The D2 blockade of vasoconstriction would increase cerebral
blood flow and the BOLD signal. Lastly, D2 antagonists block a dopamine-induced calcium
elevation within astrocytes [17]. The dopamine-mediated increase in astrocytic calcium may
indirectly influence neuronal communication by modulating neuronal excitation and
synaptic transmission.

Despite the results of Roder’s review, fMRI investigations examining the acute effects of
antipsychotics in HC have demonstrated differences in the BOLD signal. fMRI
investigations on visual-acoustic [25], reward [26–28], and motor [29] tasks all show
reduced activation or diminished negative modulation with D2 antagonism. Dopaminergic
antagonism also appears to alter the temporal coherence or functional connectivity in HC
[30, 31]. The data suggests that, if D2 antagonists affect the BOLD signal via vascular
effects, the BOLD signal would increase. The majority of acute antipsychotic investigations
in HC show that D2 antagonism decreases the BOLD signal suggesting that changes may be
may be attributable to neural factors. A complete understanding of the mechanistic bases of
BOLD signal changes related to disease processes or pharmacotherapeutic interventions will
require understanding both neural and neurovascular alterations and these are not likely to
be mutually exclusive with respect to their contributions to BOLD signals.

Chronic antipsychotic administration affects dopamine and related signaling in a different
ways than acute antipsychotic administration. First, chronic administration of haloperidol or
fluphenazine may actually upregulate D2 receptor density and D2 agonist effects [32, 33].
However, this upregulation may be more related to loss of antipsychotic effect and may
mediate motor side effects of neuroleptics such as tardive dyskinesia rather than the
therapeutic mechanism of the antipsychotic in the treatment of schizophrenia [32, 34].
Second, acute antipsychotic administration increases firing of striatal and nucleus
accumbens dopaminergic neurons, whereas chronic administration has been found to lead to
decreased firing (depolarization inactivation) in the striatum [35]. The effects on dorsal
striatal firing are believed to potentially mediate the motor side effects of antipsychotics like
tardive dyskinesia. Preclinical studies indicate that the longer the exposure to D2 antagonism
the more the striatal neurons are suppressed due to depolarization inactivation [36]. Third,
chronic D2 antagonism protects against NMDA-mediated neurotoxicity, a potential
mechanism of the antipsychotic effect [37].

The evidence that antipsychotics improve brain function and reduce symptoms in SP is
unmistakable [38, 39], but how antipsychotics change brain function is poorly understood,
especially within neuronal systems. Pharmacological magnetic resonance imaging (phMRI),
the application of fMRI to drugs, has the potential to increase the translational impact of
fMRI investigations in neuropsychiatric diseases. phMRI seeks to elucidate the mechanism
of action of drug action and provide quantitative biological markers or “biomarkers” of the
changing brain activity related to drug action [16]. Our goal in this review is to explore the
potential impact of phMRI as applied to antipsychotics in schizophrenia. We hypothesize
that chronic administration of antipsychotics will have a “normalizing” effect on brain
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function in SP. First, we review case-control, longitudinal fMRI investigations in
schizophrenia. We aim to present the commonalities of the studies in the context of
symptom improvement and changes in brain function in the context of antipsychotic
treatment. Second, we review putative mechanisms from animal studies that support the
normalization of the BOLD signal in schizophrenia. We aim to provide several neuronal-
based interpretations of these changes of the BOLD signal that may be attributable to long-
term antipsychotic administration.

METHODS
We searched PubMed with the following Medical Subject Headings (MeSH): “antipsychotic
agents” OR “dopamine antagonists/pharmacology” AND “schizophrenia” AND “magnetic
resonance imaging”. We further limited the results to “English” and “Humans”. We found a
total of 319 studies up to May 30, 2012. We screened the abstracts to find investigations that
met the following criteria: 1) functional magnetic resonance imaging 2) case-control,
longitudinal design, 3) included both pre- and post-treatment contrasts with the HC group,
and 4) antipsychotic-free or antipsychotic naïve SP at the start of the investigation (first time
point or T1).

RESULTS
We identified eight longitudinal investigations published between 1999 and 2011 for a
detailed review that met our inclusion criteria (presented in Table 1). The results of these
investigations are often discussed in the context of “normalization”; that is, aberrant
activation patterns or connectivity between SP and HC at the first imaging assessment (T1)
that are no longer apparent at the second imaging assessment (T2). Many of the identified
studies also discuss differences at T2 that were not apparent at T1. We operationally define
the latter as “denormalization”. We discuss the longitudinal changes within the SP group,
and we emphasize the following in the results: 1) within group longitudinal changes
associated with treatment intervention; 2) the changes from the SP/HC contrasts at T2
relative to T1; and 3) correlations between changes in BOLD activation and behavioral
correlates (symptoms or cognition).

The first study to assess changes in functional connectivity related to antipsychotic
medication used a finger-tapping task [40]. Four of the six SP were antipsychotic naïve. The
remaining two SP had no antipsychotic medications for three weeks prior to the start of this
investigation. After the first imaging assessment, SP started treatment with olanzapine with
a titration to a mean dose of 11.7 mg/day by the second imaging assessment 21 days later.
One SP and one HC had to be excluded for motion artifacts reducing the final sample size to
five in each group. Seed-voxel correlations in the right and left cerebellum assessed
functional connectivity, a measure of regional temporal synchrony. Longitudinal changes
between un-medicated and medicated SP for the right and left cerebellar seeds were mixed
but predominately displayed reduced functional connectivity between the cerebellum and
the prefrontal cortex and medial dorsal thalamus. After treatment, SP and HC contrasts for
the right cerebellum functional connectivity seed was reduced from 25 clusters (12027
voxels) to 18 clusters (4732 voxels). For prefrontal regions, medicated SP showed reduced
cerebellar connectivity in 5/6 of the identified regions. In contrast, the left cerebellum
functional connectivity showed the opposite pattern after treatment, which increased from 9
clusters (1870 voxels) to 29 clusters (13529 voxels). No clinical ratings or correlations
between changes in cerebellum functional connectivity and symptomatology were reported.

Bertolino et al. (2004) assessed state versus trait abnormalities in the motor cortex by
comparing 17 SP and 17 HC with a visually paced motor task [41]. Nine of the 17 SP were
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antipsychotic naïve while the remaining met the inclusion criteria of no oral antipsychotics
for four weeks or missing two cycles of a depot antipsychotic. SP were having an acute
exacerbation defined as PANSS subscales ≥ 4. SP were treated with olanzapine with
titration during the first four weeks of the study (average dose 20.3 mg/day). The imaging
assessments occurred after four and eight weeks of treatment. At the initial imaging
assessment, SP had less activation in the contralateral motor cortex. After another four
weeks of treatment, this reduction normalized and differences between SP and HC were no
longer apparent. Paired t-tests confirmed that SP had more activation in the contralateral
primary sensory motor cortex after eight weeks relative to four weeks of treatment. SP had
significant improvements in PANSS during the course of the study, but clinical measures
did not correlate with activation patterns. This investigation also assessed differences in a
laterality quotient, which was defined as differences in left and right regions of interest
(primary sensory and premotor regions). Unlike the activation patterns noted above, the
laterality quotient did not change with treatment suggesting differences in state (activation
patterns) and trait (laterality quotient) variables.

Snitz et al. (2005) assessed changes in the dorsolateral prefrontal cortex and anterior
cingulate during control and conflict resolution [42]. The Preparing to Overcome Prepotency
task requires subjects to respond with a button press after viewing an arrow (probe
condition). A green square cue immediately prior to the arrow prompts the subjects to use
their ipsilateral hand, and a red cue prompts the subjects to use their contralateral hand (cue
condition). The cue condition requires subjects to overcome the prepotent response tendency
and activates the dorsal lateral prefrontal cortex while the probe condition activates the
anterior cingulate. Two of the eleven SP required a 72-hour antipsychotic wash out prior to
the first imaging assessment (lifetime antipsychotic exposure less than two weeks). After the
first imaging assessment, SP were then treated with olanzapine (n = 3), risperidone (n = 7),
or quetiapine (n = 1). Treatment effects were significant with the anterior cingulate (cue
condition) but not the dorsal lateral prefrontal cortex (probe condition). At baseline, conflict
related modulation in the anterior cingulate was reduced in SP. After 31 days of
antipsychotic treatment, anterior cingulate activity normalized (increased) in SP during the
probe condition. At baseline, activity in the dorsal lateral prefrontal cortex was inversely
correlated with disorganized symptoms, and activity in the anterior cingulate was inversely
correlated with disorganized and poverty symptoms. Changes in symptoms over the 31-day
treatment period and symptoms correlations after treatment were not significant.

Keedy et al. (2009) assessed the impact of 28 to 36 days of antipsychotic treatment in 9 SP
and 9 matched HC with unpredictable, visually guided saccades that activated the saccade
and spatial attention system [43]. One SP was antipsychotic naïve. The remaining SP had a
minimum of 6 medication free-days prior to the initial image assessment. SP were treated
with risperidone (n = 6), haloperidol (n = 2), or ziprasidone (n = 1). Cortical and cerebellar
activity normalized after treatment in SP with increased activity in the bilateral
supplementary eye fields, the left frontal eye fields, and cerebellum. Cortical activity also
normalized in SP with reduced activity in the superior temporal gyri, intraparietal sulci,
ventral medial prefrontal cortex, subgenual anterior cingulate, and posterior right insula. In
contrast, cortical and subcortical areas denormalized after treatment with reduced activation
in the dorsal lateral prefrontal cortex, presupplementary eye fields, dorsal anterior cingulate,
and dorsal medial thalamus. The investigators concluded that antipsychotics may improve
control of attention while the aberrant activation patterns evident in the post-treatment
imaging assessment may be indicative of the deleterious effects on prefrontal systems
associated with antipsychotic treatment.

Blasi et al. (2009) assessed changes in amygdala and prefrontal cortical activity during
implicit and explicit emotional processing in SP treated with olanzapine [44]. Implicit
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(matching angry or afraid faces with a target image) and explicit (labeling a target face with
the label of “angry” or “afraid”) emotional processing was assessed after 28 and 56 days of
olanzapine treatment. Three of the 12-recruited SP were antipsychotic naïve while the
remaining had an extensive medication wash-out (two weeks for oral antipsychotics or two
cycles of depot antipsychotic treatment). Olanzapine titration occurred for the first two
weeks of the investigation and was then held constant for the remainder of the study (mean
dose 16 mg/day). The left amygdala in SP normalized after 56 days of treatment. The right
prefrontal cortex also normalized with treatment during implicit processing, but
denormalized with explicit processing with a significant reduction in activation. Correlations
between symptom changes (PANSS) and changes in the left amygdala and right ventral
lateral prefrontal activity were not significant.

In a related olanzapine treatment study, Sambataro and colleagues (2010) used spatial
independent component analysis (ICA) to assess changes in functional connectivity in the
default mode network during an N-back working memory task [45]. SP started olanzapine
treatment during a hospitalization for an acute psychotic exacerbation (no imaging
assessment at this time point). Thirteen of the 17-recruited SP were antipsychotic naïve
while the remaining had an extensive medication wash-out as described in the Basli (2009)
investigation [44]. The mean dose of olanzapine was 20mg/day. Imaging assessments
occurred at 28 and 56 days of olanzapine treatment. ICA identifies spatially independent but
widely distributed brain regions that share temporally synchronous activity. From 21
independent components, the default mode network was selected for spatial and time course
analysis. The ICA spatial analysis compares subject-level spatial maps that reflect
differences in functional within network connectivity of an average component time course.
SP had increased connectivity within the default mode network at the ventral medial
prefrontal cortex during the second imaging assessment (T2, 56 days) relative to the first
imaging assessment (T1, 28 days). This increased connectivity for SP at 56 days was also
greater than HC at the same time point and, therefore, reflects denormalization. In contrast,
the ICA time course analysis compares stimulus-related responses of the default mode
network time course. The time (T1 and T2) by diagnosis (SP and HC) interaction revealed
smaller differences in negative modulation of the default mode network during the working
memory task at T2. These changes were consistent with normalization of the default mode
time course with treatment. Working memory performance was only correlated with ventral
medial prefrontal cortex connectivity at 28 days of treatment for the SP. Symptom
correlations were not performed.

The first resting state fMRI investigation tracked neural changes as 34 antipsychotic naïve,
first episode SP were treated with antipsychotic medications over 36-day interval [46]. The
antipsychotic medications were heterogeneous and included risperidone, olanzapine,
clozapine, quetiapine, sulpiride, and aripiprazole titrated for the first 14 days of this
investigation and then held constant for the next 28 days. This investigation used three
complimentary analysis methods: amplitude of low frequency fluctuations (ALFF, measures
voxel-wise temporal coherence), seed-voxel functional connectivity (measures regional
temporal synchrony), and functional network connectivity (measures between network
relationships). As SP responded to antipsychotic treatment with a significant reduction in the
Positive and Negative Syndrome Scale (PANSS), the ALFF increased in nine cortical and
subcortical regions. The changes in ALFF and symptoms were inversely correlated, with
stronger relationships noted in cortical relative to subcortical areas. Relative to HC, ALFF
normalized in the ventral medial cortex and denormalized in the caudate and putamen.
These regions with increased ALFF were then used as seeds for functional connectivity
assessment. Reduced functional connectivity correlated with increased ALFF in all seed
areas from T1 to T2. The reduced functional connectivity in SP represented denormalization
with treatment in the cortical (frontal, parietal, temporal cortices) and subcortical (caudate)
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regions. Functional network connectivity normalized between the frontal-parietal and
temporal networks and denormalized between two pairs of cortical-subcortical networks
(precuneus/basal ganglia, occipital/basal ganglia) and one pair cortical-cortical networks
(parietal/temporal). The authors concluded that the denormalization of subcortical networks
(both ALFF and functional network connectivity) might be related to antipsychotic side
effects. The investigators performed a subsequent analysis with only the risperidone SP (n =
12) with similar increases in ALFF and reductions in functional connectivity.

The most recent investigation of antipsychotic-naïve SP examined the impact of
antipsychotic treatment on prefrontal lobe dysfunction [47]. The investigators used a
modified Sternberg working memory task to assess differences between novel and practice
memory sets. The following regions of interest were identified from an independent sample
that performed the same task: left fusiform gyrus, left dorsolateral prefrontal cortex, left and
right superior parietal cortex, and anterior cingulate. A previous study from these
investigators demonstrated that activation within the left dorsolateral prefrontal cortex did
not attenuate with practice in antipsychotic naïve SP [3]. After 70 days of treatment with
antipsychotic medications, SP continued to have more activation during the practice trails
and did not change activation patterns in the dorsolateral prefrontal cortex. SP were divided
into responders and non-responders based on 30% reduction in PANSS. Responders were no
different from non-responders at each time point. The investigators did not compare
symptom correlations between T1 and T2. However, practice effects during the T1 baseline
scan were predictive of clinical response at T2. Eventual antipsychotic non-responders had a
reduced practice effect (difference in activation between the novel and practiced memory
sets) within the dorsolateral prefrontal cortex during the baseline scan.

DISCUSSION
This review summarizes the results of eight longitudinal fMRI investigations, which
included antipsychotic-naïve or antipsychotic-free SP at the first imaging assessment. Seven
of the eight investigations demonstrated normalization of the BOLD signal with
antipsychotic treatment reflecting reversal of the aberrant fMRI signal evident at T1 and
possible therapeutic benefit of antipsychotic treatment [40–47]. In contrast, five of the eight
investigations had concurrent denormalization of different cortical and subcortical regions
[40, 43–46]. Behavioral correlates (symptoms or cognition) were intermittently included
among the eight investigations. Only one study found a relationship between symptom
change and an fMRI correlate [46]. We review the patterns identified as a function of
analysis method and discuss possible neural mechanisms that may lead to normalization of
the fMRI signal as SP respond favorably to antipsychotic treatment.

The average length of the treatment interval between study initiation and the final imaging
assessments (45 days, range: 21 to 70 days) was sufficient to detect treatment effects from
antipsychotic medications. Previous research has shown that the majority of symptom
improvement occurs within the first week of treatment with a more gradual improvement
observed in subsequent weeks [48, 49]. Most of the investigations included SP that were in
the midst of an acute psychotic exacerbation at T1 with an average total PANSS rating of
91.3 at study initiation (range: 73.5 to 105.4). To ensure comparable task performance
between SP and HC, three investigations initiated standardized treatment with olanzapine
prior to the first imaging assessment [41, 44, 45]. After 28 days of treatment, symptoms
were reduced and the SP successfully completed the first fMRI assessment (visually paced
motor task, implicit and explicit emotional processing, and an N-back working memory
task). Subsequently, these investigations had a smaller change in PANSS ratings during the
delayed scan interval (28 to 56 days after treatment was initiated) possibly obscuring any
relationship between psychotic symptoms and fMRI imaging correlates. Resting state fMRI
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has the potential to expand the generalizability of imaging investigations to the most
seriously impaired SP circumventing the need to delay the initial imaging assessment [50].
In the only resting state fMRI investigation included in this review, SP had a marked
reduction in PANSS scores from 104.2 at T1 to 70.0 at T2 [46]. This was also the only
investigation that had a significant relationship between fMRI signal (increased ALFF) and
symptom reduction over the treatment interval.

SP were treated with a variety of different antipsychotics in the included studies. Four of the
eight investigations used olanzapine monotherapy [40, 41, 44, 45]. The remaining studies
used clinical judgment resulting in a mixture of different antipsychotics with markedly
different D2 binding affinities from clozapine (Ki = 63) [46] to haloperidol (Ki = 0.55) [43].
D2 binding affinities may be associated with diminished BOLD signal activity in cross-
sectional or longitudinal investigations comparing different types of antipsychotics [10].
These results, when applied to the included studies, suggest that normalization of the BOLD
signal would only occur when antipsychotic-naïve or antipsychotic-free SP had increased
BOLD activity at T1 relative to HC. Antipsychotic treatment would then decrease and
normalize the BOLD signal. Although the included investigations do not permit
comparisons of different types or binding affinities of antipsychotics, our results do not
appear to entirely support this framework. Several investigations included risperidone (Ki =
1.1) and reported normalization of BOLD activity via increased activity in the anterior
cingulate [42] as well as the frontal eye fields and cerebellum [43]. Furthermore, Lui et al.
(2010) compared the results of subset of SP treated with risperidone monotherapy relative to
the more heterogeneous sample included in the original study [46]. The results of the
additional analysis were similar to the original investigation (increased ALFF, decreased
functional connectivity) suggesting that these observed changes may be more consistent
with general antipsychotic effects associated with treatment response as opposed to a
specific type of antipsychotic. We conclude that the normalization of the BOLD signal (both
increased and decreased BOLD signal) may be a general biological marker of antipsychotic
efficacy and treatment response in SP. Future research comparing changes in BOLD signal
to different types of D2 binding affinities are needed to disentangle the effect of D2 potency
on the BOLD signal during treatment response.

Longitudinal changes in the BOLD within SP over the treatment interval may reflect
plasticity of specific brain regions with respect to treatment effects [42]. The included
studies have different tasks and analysis methods with dissimilar regions of response.
Instead of anatomic regions, we focus on the generalized pattern of normalization with
respect to analysis method. With respect to the general linear model, normalization resulted
in both increased [42–44] and decreased activation [43, 44]. Seed-voxel correlations had
mixed results with both increased and decreased connectivity with treatment [40, 46]. The
larger of the two studies showed reduced functional connectivity with increased temporal
coherence (ALFF) with seven of nine different seeds suggesting a general pattern of
response to antipsychotic treatment [46]. ICA is a multivariate analysis technique that
simultaneously analyzes information from multiple different regions or components.
Furthermore, several different ICA-variables can be used to measure within network
changes (spatial maps and component time courses) as well as between network relationship
(functional network connectivity). The ICA default mode network time course during a
working memory task normalized with treatment [45] and between network connectivity in
the frontal/parietal networks normalized with treatment [46]. Each analysis method also
identified striatal, motor and attention networks that denormalized with treatment.
Investigators suggested that denormalization after antipsychotic treatment represents the
adverse effect of antipsychotic medications leading to medication side effects [43, 46].
Therefore, the results of the included investigations may mirror clinical practice:
antipsychotics ameliorate psychotic symptoms while normalizing the fMRI BOLD signal
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while potentially causing side effects (motor or cognitive) and de-normalizing the BOLD
signal.

We are unable to completely exclude the possibility of changes in cerebral blood flow or
cerebral vascular reactivity with normalization or denormalizaiton of the BOLD signal
associated with antipsychotic treatment. Iannetti and Wise (2007) recommended several
measures to limit potential confounds downstream of neuronal activation in phMRI
investigations: concurrent inclusion of control tasks, recording physiological variables, and
measuring baseline brain perfusion or vascular reactivity [51]. Other cross-sectional and
longitudinal investigations that did not meet our inclusion criteria assessed the impact of
dopamine on the BOLD signal included a separate region of interest not modulated by
dopaminergic drugs [27, 52], breath-holding task as a hypercapnic challenge [28], and
arterial spin labeling to measure cerebral blood flow [53]. None of the included
investigations used these additional measurements thus limiting our conclusions about
neuronal changes solely producing these BOLD signal changes.

Non-human animal investigations provide neural interpretation of antipsychotic-induced
BOLD signal change

Putative neural mechanisms for changes in BOLD signals are difficult to disentangle from
confounding variables in humans; however, the effects of chronic exposure to antipsychotic
medications on neuron morphology and function have been extensively studied in non-
human animals. By way of discussion of some constituents of this literature we hope to
achieve two goals: 1) emphasize that there are conspicuous and reliable effects of chronic
antipsychotic drugs on neural function and morphology at several levels, and 2) highlight
the available data relevant to the issue of normalization or denormalization of neural
function and morphology by antipsychotic exposure.

Although there are numerous levels of analysis upon which this discussion could focus, for
the purposes of meeting the goals outlined above, we place emphasis on measures of neural
activity, structural (dendritic morphology and spine density) and ultrastructural (synaptic
density) measures. The rationale for the latter is based on the fact that neuron morphology
has clear functional implications, represents a persistent change related to treatment and can
be measured in SP post-mortem. For the present purposes, we focus discussion to only those
studies that evaluated chronic exposures with established antipsychotic drugs but include
acute effects for context where possible. In most of the studies cited here, animals were
exposed to antipsychotic drugs or appropriate control substance for 14 to 30 days.

The effects of acute or chronic antipsychotic exposure on the firing rates and activity of
individual neurons have been examined most thoroughly in the substantia nigra pars
compacta (SNC) and the ventral tegmental area (VTA) (cell groups A9 and A10,
respectively). Acute exposure to olanzapine or clozapine increases the number of
spontaneously active dopaminergic neurons in A10 and reverses the acute inhibition of these
neurons induced by d-amphetamine [54]. Todorova and Dimpfel [55] found that chronic
haloperidol and clozapine exposure reduced the number of spontaneously active
dopaminergic neurons in A10, while reductions in the number of spontaneously active
dopaminergic neurons in A9 were observed only for haloperidol (see also ref. [56]). This
basic pattern of reductions in the number of spontaneously active dopaminergic neurons in
VTA, but not SNC, has been observed following chronic exposure to clozapine [55, 57],
sertindole [57], and olanzapine [58], as well as other putative antipsychotic agents [59]. In
cortical targets of VTA neurons (e.g., frontal cortex) chronic haloperidol increases
excitatory signaling, while clozapine reduces basal levels of glutamate [60] and exposure to
olanzapine reduces firing rates [61]. This can be contrasted with the increases in pre-frontal
cortical activity associated with acute clozapine exposure [62]. Olanzapine’s acute effects on
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prefrontal neurons measured using ensemble recordings are, however, minimal and appear
to be detectable only after chronic exposure [61].

In addition to measures of individual neurons and their firing properties following chronic
antipsychotic exposure, the use of other markers of neural activity has been applied to
identifying the regional distribution of alterations associated with blockade of D2 receptors.
Immediate early genes (IEGs) are expressed when neurons are activated. Thus, measurement
of IEG expression in specific neural populations can serve as a marker of neural activity at
multiple spatial scales (from neurons to systems). Typically IEG expression protocols
include an activation procedure (e.g., experience) to elicit IEG expression. The brain is
extracted at the appropriate time-point after experience and processed via in situ
hybridization, immunohistochemistry or polymerase chain reaction (PCR) for quantification
of the IEG mRNA or protein products of interest. Measurement of experience-related IEG
expression has proven useful in identifying brain regions recruited by various forms of
experience [63–65] or exposure to drugs [66]. One feature of IEG measurement that is
useful for this purpose is the distinct temporal profile of expression that different IEGs
possess. This feature has been utilized to identify neural populations that are engaged
immediately and/or persistently following experience or drug exposure.

Here, we briefly review studies that have quantified IEG mRNA or protein expression
following chronic antipsychotic exposure for short-lived and long-lasting alterations in
activity among candidate neural populations, primarily those comprising the mesolimbic,
mesocortical and nigrostriatal DA systems. The expression of Fos and related gene products
are among the most commonly measured markers used to examine neural populations
recruited by experience or drug exposure. c-Fos (mRNA or protein) levels are increased in
recently active neurons and it is often selected as the assay of choice for such measurement
because of its sensitivity to a broad range of eliciting experiences compared to other IEGs.
Measurement of FosB or c-Fos has been successfully employed to distinguish the effects of
typical and atypical antipsychotics. Acute exposure to clozapine or olanzapine leads to
increased expression of FosB or c-Fos in retrosplenial cortex [67], locus coeruleus [68, 69],
PFC [69–73], and striatum [73–75] (but see refs. [72, 76]). In contrast, acute exposure to
haloperidol leads to similar increases in expression in striatum [72, 74–76] but does not lead
to increased Fos expression in neocortical regions [67, 70, 71]. Similar findings have been
reported in striatum for other IEGs including activity regulated cytoskeletal protein (Arc)
mRNA [77, 78], zif268 [76], and Homer1a [79]. One exception is the observation that
olanzapine, but not haloperidol, results in decreased Arc expression in PFC and the related
observation that olanzapine reduces the enhancement of Arc expression in PFC normally
elicited by PCP [78]. Arc expression is critically involved in synaptic plasticity [80] and one
possible explanation is that Arc expression might not provide a selective measure of reduced
neural activity, but may be reduced due to other functional properties of this particular IEG.
Further, local drug infusions may yield distinct patterns of IEG expression because
behavioral states associated with systemic administration that would also influence IEG
expression are not present [72]. For this reason, and because we wish to relate the current
discussion to SP where drugs are administered systemically, we will focus on studies that
utilized systemic administration.

Chronic exposure to antipsychotics leads to a similar pattern of Fos expression and related
gene products as those observed with acute exposure. Chronic exposure to clozapine results
in increased FosB expression in striatum [81], and chronic clozapine or olanzapine exposure
increases c-Fos immunoreactivity in PFC [82]. In contrast, chronic haloperidol exposure
decreased c-Fos immunore-activity in PFC [82]. Delta FosB is an IEG product whose
expression remains elevated for a much longer duration (days to weeks) compared to other
proteins, making its measurement particularly useful for identifying regions that show long-
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term alterations in relation to experience or drug exposure. Chronic exposure to clozapine
increases Delta FosB expression in PFC and striatum, whereas chronic haloperidol exposure
only resulted in increased expression in striatum [83].

The available data indicate that chronic exposure to clozapine or olanzapine reduces the
activity of A10 and prefrontal neurons, while haloperidol increases prefrontal cortical
activity and additionally alters activity in A9 neurons. The increased expression of Fos-
related gene products in the same regions where reductions of neural activity are observed
following chronic exposure to olanzapine or clozapine may reflect compensatory effects
given the direction of the effects, however, it is important to emphasize two points: 1) the
electrophysiological and IEG expression data consistently implicate the same brain regions;
and 2) both sets of observations implicate alterations in neural activity associated with
chronic exposure, which, because of the signals by which they are quantified, are not easily
explained purely on the basis of vascular modifications. Future research will be required to
directly address the relationship between the IEG expression and neural activation effects of
antipsychotics.

The long-term functional consequences of disease processes and chronic drug exposure
should be reflected in ultrastructural and structural modifications in neurons. Alterations in
dendritic morphology and spine density are among the primary mechanisms by which
experience alters the brain in the service of future behavior [84–86]. Such modifications
reflect changes in total synaptic space and connections [86, 87]. Because dendritic spines are
the primary cites of excitatory synapses, they also indicate possible changes in neural
activity elicited via axodendritic connections. Exposure to drugs and other forms of
experience induce persistent modifications in dendritic morphology and spine density [86,
88–91], that can be linked to specific behavioral, cognitive, and functional consequences
[65, 86, 92]. Dendritic morphology and spine density are also thought to be related to
functional consequences of neurological disorders [93]. For example, postmortem analyses
of dendritic morphology and spine density in SP have consistently revealed decreases in
cortical spine density, spine size, dendritic morphology and related measures [94–96],
however, such effects are difficult to establish given the potential chronic effects of
exposure to antipsychotic medications in SP on these measures.

Studies investigating the effects of chronic drug exposure on dendritic morphology and
spine density in non-human animals are critical for distinguishing the long-term effects of
drugs and disease processes. Chronic (1–12 months) exposure to the typical antipsychotic
haloperidol in the adult rat has consistently been shown to reduce spine density but not spine
size [97] in medium spiny neurons (MSNs) of the striatum [97–100]. These effects are
persistent, but eventually subside following cessation [99]. A recent study by Frost and
colleagues [101] found that chronic exposure to haloperidol or olanzapine during neonatal
brain development in the rat primarily reduced measures of dendritic morphology and spine
density in the NAc core, medial and orbital PFC and parietal cortex. DA depletion resulting
from 6-OHDA lesions also reduces spine density in the medial PFC [102]. These findings
can be contrasted with the increases in medial PFC and NAc spine density, but not parietal
cortex, observed by following chronic stimulant [91, 103, 104] or PCP exposure [105], the
latter of which represents one of the major approaches to modeling schizophrenia symptoms
in rodents.

The numbers of asymmetric synapses (AS) and symmetric synapses (SS), which reflect
classic excitatory and inhibitory connections, respectively, are also decreased in striatum
following haloperidol [98, 99]. In contrast to the effects of haloperidol, chronic exposure to
olanzapine does not affect striatal spine density, AS or SS [98], which may be related to
reductions in extrapyramidal side effects. Vincent et al. [106] found that AS were decreased
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and SS were increased in the prefrontal cortex following chronic clozapine or haloperidol.
Interestingly, PCP exposure has also been shown to reduce AS in the prefrontal cortex [107,
108], but despite the similarity to the effects of olanzapine, acute or chronic olanzapine
exposure is effective at reversing the effect of PCP on AS [108]. Although dopamine
depletion is used as a model of Parkinsonism rather than schizophrenia and yields similar
effects on spine density in the prefrontal cortex to those observed following antipsychotic
exposure, the effects of dopamine depletion are completely reversed by chronic olanzapine
but not haloperidol exposure [102]. Collectively, these outcomes suggest that there are
persistent effects of chronic antipsychotics on spine density and related ultrastructural
measures, and the effects of alterations achieved by other pharmacological manipulations or
treatments, such as those used to model disorders of the dopaminergic systems, can be
normalized by olanzapine.

Overall, the available structural and ultrastructural consequences of chronic D2 blockade
with antipsychotics are reliable and occur primarily in brain regions comprising the
mesolimbic, mesocortical and nigrostriatal dopamine systems. As with the earlier treatment
of basic activity measures, these changes are clear indicators of persistent alterations in
neurons that should result in clear functional consequences not easily explained purely on
the basis of vascular effects. The relative contributions of drug- and disease-related
alterations on neural activity, vasculature and neurovascular coupling and their relationship
to BOLD signal changes will require much research to elucidate. Studies that include
measures in each domain will be most useful because drawing conclusions from
independent observations of each variable using different exposure paradigms and drugs, or
different approaches to modeling schizophrenia symptoms, will not be able to precisely
establish the relationship between the variables of interest. For example, chronic exposure to
olanzapine results in persistent increases in angiogenesis and vascular endothelial growth
factor [109]. How such an observation can predict the patterns of activity or structural
modifications outlined here and relate them to BOLD signal changes is not clear, however,
studies that combine these measures could elucidate these relationships and examine the
mechanistic bases of these relationships.

CONCLUSION
Antipsychotic medications clearly ameloriate the psychopathology associated with
schizophrenia. Despite different analysis methods and diverse antipsychotics, the results of
this review also suggest that specific neural regions normalize over the course of
antipsychotic treatment. Although less frequently seen, this review also suggests that other
regions denormalize with antipsychotics. Chronic antipsychotic administration may improve
symptoms and affect BOLD signal by altering neuronal gene expression and neuronal
function at the structural and ultrastructural level. Future studies could clarify the
importance of D2 binding affinities in the effect of antipsychotics on BOLD signal, and
could explore to what degree these changes (normalization and denormalization) mediate the
therapeutic effects and psychiatric or neurocognitive side effect profiles of these
medications. Normalization of the BOLD signal may prove to be an important biomarker of
treatment response in schizophrenia.
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LIST OF ABBREVIATIONS

fMRI Functional magnetic resonance imaging

phMRI Pharmaceutical magnetic resonance imaging

SP Patients with schizophrenia

HC Healthy comparison subjects

BOLD Blood oxygen level dependent signal

D2 Dopamine 2 receptor

T1 First time point

T2 Second time point

ALFF Amplitude of low frequency fluctuations

ICA Independent component analysis

PANSS Positive and Negative Syndrome Scale

BA Brodmann’s areas

SNC Substantia nigra pars compacta

VTA Ventral tegmental area

IEG Immediate early genes

PCR Polymerase chain reaction

AS Asymmetric synapses

SS Symmetric synapses
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Fig. 1.
Dopamine (DA), via the D2 receptor (D2R), A) provides negative feedback through
presynaptic autoreceptors, B) inhibits adenyl cyclase activity through G protein coupled
receptors (GPRC), C) increases calcium (Ca++) concentration in astrocytes, and D)
constricts the cerebral vasculature. Antipsychotics, via the D2 receptor, modulate all of these
dopaminergic activities, which may affect the blood oxygen level dependent signal.
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Table 1

Case-Control, Longitudinal Studies with Antipsychotic Naïve or Antipsychotic-Free SP at the First Imaging
Assessment (T1).

Study Sample* fMRI paradigm,
analysis methods

Time interval;
antipsychotics (mean

dose, mg/day)

Results: normalization, denormalization,
behavioral correlation#

1. Stephan (2001) 5 SP, 5 HC

Task: finger-tapping
Analysis: functional
connectivity (seed
voxel correlations)

21 days; olanzapine
(11.7 mg/day)

Normalization: reduced right cerebellum
functional connectivity

Denormalizaiton: increased left cerebellum
functional connectivity

Behavioral Correlation: not performed

2. Bertolino (2004)** 17 SP, 17
HC

Task: visually paced
motor task.

Analysis: general
linear model (region

of interest)

Assessments after 28
and 56 days of

treatment; olanzapine
(20.3 mg/day)

Normalization: increased activity in the
contralateral primary sensory motor cortex

Denormalization: not applicable
Behavioral Correlation: no significant

correlations between activation patterns and
clinical measures

3. Snitz (2005) 11 SP, 16
HC

Task: Preparing to
Over-come

Prepotency task
Analysis: general

linear model

31 days: olanzapine
(5–10 mg/day),

quetiapine (300 mg/
day), risperidone (1–4

mg/day)

Normalization: increased activity in the anterior
cingulate during the probe condition (conflict

resolution)
Denormalization: not applicable

Behavioral correlation: disorganized symptoms
correlated with dorsal lateral prefrontal cortex
and anterior cingulate activity at baseline, but

symptom changes and correlations after
treatment were not significant

4. Keedy (2009) 9 SP, 9 HC

Task: visually guided
saccades

Analysis: general
linear model

28 to 36 days;
haloperidol (mean dose

4.5 mg/day)
risperidone (4.2 mg/

day), ziprasidone (200
mg/day)

Normalization: increased activation in frontal
eye fields, cerebellum; decreased activation in
the superior temporal gyri, intraparietal sulci,
ventral medial prefrontal cortex, subgenual
anterior cingulate, and posterior right insula

Denormalization: reduced activity in the
cingulate motor area, caudate, supramarginal

gyri, dorsal prefrontal cortex, presupplementary
eye fields, and dorsal medial thalamus
Behavioral correlation: not performed

5. Blasi (2009)** 12 SP, 12
HC

Task: implicit and
explicit emotional

processing
Analysis: general

linear model

Assessments after 28
and 56 days of

treatment; olanzapine
(16 mg/day)

Normalization: decreased activation in the left
amygdala during implicit and explicit emotional

processing; increased activation in the right
ventral lateral prefrontal cortex during implicit

processing
Denormalization: reduced activation in the right
ventral lateral prefrontal cortex during explicit

emotional processing
Behavioral correlation: no significant

correlations between neural changes and PANSS
at any time points.

6. Sambataro (2010)** 17 SP, 19
HC

Task: N-back working
memory task.

Analysis: Spatial ICA

Assessments after 28
and 56 days of

treatment; olanzapine
(20 mg/day)

Normalization: reduced negative modulation in
the default mode network during the working

memory task after 56 days of treatment
Denormalization: increased default mode

connectivity with the ventral medial prefrontal
cortex

Behavioral correlation: Symptom correlation
was not performed.

7. Lui (2010) 34 SP, 34
HC

Task: Resting state
fMRI.

Analysis: 1) ALFF; 2)
functional

connectivity (seed
voxel correlations);
and 3) functional

network connectivity

36 days (HC scanned
at one time interval);
aripiprazole (20 mg/
day), clozapine (52.5
mg/day), olanzapine

(16.9 mg/day),
quetiapine (495 mg/

day), risperidone (4.2
mg/day), and sulpiride

(800 mg/day)

Normalization: 1) SP had increased ALFF in the
ventral medial cortex at T2; 2) SP had reduced

functional network connectivity between fronto-
pariental and temporal networks at T2

Denormalization: 1) the caudate and putamen
had increased ALFF in SP relative to HC; 2) SP
had decreased functional connectivity at T2 in
multiple cortical and subcortical seeds; and 3)
reduced functional connectivity between two
pairs of cortical-subcortical and one cortical-

cortical network
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Study Sample* fMRI paradigm,
analysis methods

Time interval;
antipsychotics (mean

dose, mg/day)

Results: normalization, denormalization,
behavioral correlation#

Behavioral correlations: increased ALFF was
associated with reduced positive symptoms

(PANSS subscales)

8. van Veelen (2011) 23 SP, 33
HC

Task: modified
Sternberg working

memory task
Analysis: general

linear model (region
of interest)

70 days; olanzapine
(15 mg/day),

quetiapine (733 mg/
day), risperidone (4

mg/day), and
ziprasidone (65 mg/

day)

Normalization and denormalization: no
differences between T1 and T2 within SP

Behavioral correlation: No symptom correlation
performed for T1 and T2; however, SP

dorsolateral prefrontal cortex practice effects at
T1 were predictive of clinical outcome at T2

*
Sample size reports the number of subjects at the last imaging assessment.

**
SP were antipsychotic-free during study initiation, but the initial imaging assessment occurred after four weeks of treatment.

#
Behavioral correlation only includes cognitive or symptom ratings conducted outside of the scanning assessment
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