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Background: Striatal dopaminergic neurotransmission
has been postulated to be fundamental to the emergence
of key symptoms of schizophrenia, such as psychotic
symptoms, and is targeted by currently available dopa-
minergic drugs. A specific marker of the integrity of pre-
synaptic dopamine neurons in the striatum, the density of
striatal dopamine terminals, can be quantified through
molecular neuroimaging of the dopamine active trans-
porter (DAT). However, the currently available results
using this approach in schizophrenia are inconsistent.
Methods: Thirteen Single Photon Emission Tomography
or Positron Emission Tomography (PET) studies inves-
tigating DAT density in the striatum of schizophrenic
patients and matched controls were included in a quanti-
tative meta-analysis. Binding potentials in the striatum,
caudate, and putamen, as well as demographic, clinical,
and methodological variables, were extracted from each
publication. Hedges’ g was used as a measure of effect
size. Results: The overall database contained 202 sub-
jects with schizophrenia and 147 controls, well matched
with respect to sociodemographic variables. Striatal
DAT density was not significantly different between
patients and controls. Similar negative findings were
regionally confirmed in the putamen and caudate.
There was no moderating effect for external factors.
Conclusions: Our meta-analysis uncovered no evidence
indicating altered density of striatal dopamine terminals
in schizophrenia. Moreover, striatal DAT density did
not seem to be influenced by antipsychotic medication
or illness duration. Our data suggest that altered integ-
rity of striatal dopaminergic synapses is not critical
for the emergence of schizophrenia or its treatment.
These findings should be useful in further refining
dopaminergic hypotheses of schizophrenia.
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Introduction

The most enduring neurochemical theory of schizophrenia
centers upon dysregulation of dopaminergic neurotrans-
mission.! The initial “dopamine receptor hypothesis” of
a striatal “hyperdopaminergic” state’ was originally put
forth on the basis of the seminal works of Carlsson
et al’ showing that reserpine blocked the reuptake of do-
pamine and that neuroleptics affected dopamine metabo-
lism.* In the 70s, such a theory was further corroborated by
the works of Seeman® and Snyder,> showing that antipsy-
chotic efficacy was directly linked to their ability to block
the dopamine D2 receptor.>® The second “hypofrontality”
version of the dopamine hypothesis (1991) was based on
the emerging evidence that dopamine receptors show dif-
ferent brain distributions, characterized as D1 predomi-
nantly cortical and D2 predominantly subcortical.”
Davies et al’ thus suggested that the effects of abnormal-
ities in dopamine function could vary by brain region, with
dopaminergic increases in striatum but not in prefrontal
cortex. Lesions of dopamine neurons in the prefrontal cor-
tex were found to increase levels of dopamine and D2 re-
ceptor density in the striatum, supporting this hypothesis.®
Since then, subcortical and striatal hyperdopaminergia
have been postulated to be fundamental to the emergence
of psychotic symptoms.! The striatum receives dense as-
cending projections from the mesencephalic dopamine
neurons of the substantia nigra and ventral tegmental
area, and a number of striatal structural and functional
alterations have been observed in schizophrenia.’ Since do-
paminergic signals in midbrain and striatum are also essen-
tial for the signaling of reward and salience, abnormal
striatal dopamine release could lead to the emergence of
psychosis through aberrant regulation of salience
(the new “aberrant salience” dopamine hypothesis of
schizophrenia).'® According to this recent interpretation
of striatal hyperdopaminergia, delusions and hallucina-
tions would emerge over time as the individual’s own
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explanation of the experience of aberrant salience.'
Consequently, the locus of dopamine dysregulation shifted
from being primarily at the D2 postsynaptic receptor level
to being at the presynaptic dopaminergic level, with the
abnormal firing of dopamine neurons and the release of
dopamine leading to aberrant assignment of salience to
innocuous stimuli."-'

Over the past years, neurochemical imaging techniques
have enabled the striatal presynaptic dopaminergic sys-
tem to be independently characterized in vivo.'! In par-
ticular, the development of new radiotracers combined
with single photon emission computed tomography
(SPECT) or positron emission tomography (PET) tech-
niques has allowed accurate investigations of striatal pre-
synaptic dopaminergic alterations in schizophrenia (for
reviews see'? '%). Different indexes of presynaptic dopa-
mine neurotransmission such as dopamine synthesis ca-
pacity studies'> and dopamine release'®/depletion'’
studies have generally shown significant alterations in
the striatal presynaptic dopaminergic function in schizo-
phrenia. Importantly, elevated dopamine synthesis and
release is also seen in subjects at risk for schizophrenia'®
and in the prodromal state,® suggesting that they are part
of the risk architecture of schizophrenia. Despite this
convergent evidence from molecular neuroimaging, alter-
ations could in principle be due to structural changes
(alterations in the number of dopaminergic neurons or
the density of the synaptic connections they make in stria-
tum), functional alterations in amount or regulation of
dopamine released, bound and taken up into the synapse,
or both. We have addressed the functional integrity of
striatal presynaptic dopamine neurotransmission in the
companion meta-analysis published in this issue.'” We
test here the original neurodegenerative model of schizo-
phrenia, which proposed that functional alterations are
secondary to a change in the number or density of striatal
dopamine terminals over the course of the illness,?%*!
similarly to others neurodegenerative diseases such as
Parkinson disease. Investigation of the dopamine active
transporter (DAT) density with molecular neuroimaging
techniques (employing specific radioligands combined
with PET or SPECT) allows the measurement of the
structural integrity of presynaptic dopamine neuron in
the striatum. For example, in neurology, DAT imaging
can be clinically used to assess striatal dopamine terminal
integrity and support a diagnosis of Parkinson’s disease,
to detect subclinical dopaminergic dysfunction in sub-
jects at risk of Parkinson’s disease, or to exclude syn-
dromes such as dystonic and severe essential tremors
and drug-induced and psychogenic parkinsonism.*

The DAT (SLC6A3 [GenBank DQ307031]) is a so-
dium chloride-dependent protein located on the presyn-
aptic membrane of dopaminergic terminals, which
regulates both duration and magnitude of dopamine
neurotransmission at the synapse by removing dopa-
mine from the synaptic cleft trough active reuptake

(dopamine active reuptake, DAT). The DAT protein
is localized in dopaminergic axons, mainly in the mes-
encephalic dopamine neurons of the substantia nigra
and of the ventral tegmental area and is particularly
enriched in the striatum (including putamen and cau-
date nucleus) and nucleus accumbens, with much lower
levels in amygdala, hypothalamus, hippocampus, some
thalamic nuclei, and neocortex.>® Because striatal DAT
are located exclusively on dopamine synthesizing neu-
rons, the measurement of striatal DAT density is a spe-
cific marker of presynaptic dopaminergic neuron
integrity.?* In the presynaptic dopaminergic neuron,
the amino acid L-tyrosine is converted to dihydroxyphe-
nylalanine (L-DOPA). Subsequently, DOPA decarbox-
ylase or aromatic L-amino acid decarboxylase (AAAD)
converts L-DOPA to dopamine. Cytoplasmic dopamine
is then moved into synaptic vesicles for storage and sub-
sequent release through the vesicular monoamine trans-
porter 2 (VMAT-2). The molecular regulation of
presynaptic dopamine neurotransmission is detailed in
figure 1 of the accompanying companion paper."
DAT structure is characterized by 12 a-helical trans-
membrane domains, which consist of 20-24 amino
acids, a large second hydrophilic extracellular loop
with 2-4 potential glycosylation sites and intracellular
localization of both N- and C-terminals.?® It also has
several putative phosphorylation sites for various
kinases (for a review on DAT regulation see.””) Phos-
phorylation and dephosphorylation of DAT at these
sites regulate the reuptake of dopamine by controlling
the cycle between transporter internalization and re-
cruitment back to the plasma membrane and thus the
number of active transporters.”> The gene that encodes
the DAT protein is located on human chromosome 5,
consists of 15 coding exons, and is roughly 64-kbp
long. This gene has a variable number tandem repeat
(VNTR) at the 3’ end (rs28363170), and the genetic
polymorphism can affect the basal level of expression
of the transporter.”®> Genetic deletion of the DAT
gene in mice results in a persistent increase in extracel-
lular dopamine tone, that is functionally revealed as hy-
peractivity (for a review of animal DAT models see”®)
through the lack of another reuptake mechanism.?
Numerous drugs have important pharmacological inter-
actions with DAT.?* In general, these compounds fall
into 2 categories: those that block dopamine transport
(eg, cocaine, methylphenidate®’) and those that serve as
substrates for transport (eg, dopamine, amphetamine,
and 3,4-methylenedioxymethamphetamine [MDMA
or “ecstasy’’]). Among other factors influencing DAT
density, the investigation of the effect of age on DAT
availability has provided consistent results indicating
a 6%-8% decline of DAT per decade, using various
SPECT or PET radioligands.?®

In the light of the key role played by DAT in regulating
presynaptic dopaminergic neurotransmission, a number of
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Fig. 1. Simplified diagram of a striatal dopaminergic synapse. On the presynaptic side, potential markers for imaging of the integrity of

dopaminergic neurons are shown. 6-['*F]fluoro-L-3,4-dihydroxyphenylalanine (['"*FJ]DOPA) PET and [''C]DOPA PET provide a measure of
the dopamine synthesis capacity. Thus, in the case of [ISF]X-DOPA PET, the radiotracer is taken up in the dopaminergic neuron via an L-amine
acid transporter (LAT) and is then decarboxylated to [*F]fluorodopamine by L-aromatic acid decarboxylase (AAADC) and temporarily
stored in vesicles within the nerve terminals. [ C]dihydroxytetrabenazine ([' ' CJDTBZ) is a commonly used marker for the neuronal synaptic
vesicular transporter (vesicular monoaminergic transporter [VMAT-2]) in humans. Substituted (nor)phenyltropanes (['**IJFP-CIT, ['**I]p-
CIT, [''CJPE2L [''CICFT, and [**™Tc]TRODAT) are frequently used PET and SPECT tracers for imaging of dopamine transporter

(DAT) in humans. Striatal DAT density provides a measure of the density of dopaminergic terminals or innervation into the striatum.
Finally, commonly used radiotracers for D2/3 receptors are substituted benzamides (['**IJIBZM, [11C]raclopride, and ['®F]fallypride)

and are used to address postsynaptic functioning. For convenience, only D2 receptors are shown on the postsynaptic cell.

SPECT and PET studies addressing DAT density have
been published in schizophrenia over the past decade. Al-
though these studies aim at assessing the structural integ-
rity of presynaptic striatal neurons to date, the results are
conflicting and inconsistent across centers. Furthermore,
the magnitude of striatal DAT density in schizophrenia
and the potential confounding role played by external
methodological or clinical factors has yet to be consistently
measured across different studies.

In the present meta-analysis, we sought to address
these issues, focusing on DAT investigations of stria-
tum in schizophrenia. Our first aim was to examine
the evidence for an altered striatal presynaptic dopami-
nergic integrity, as measured across available molecu-
lar imaging studies of striatal DAT density. We then
estimated the magnitude of differences in DAT density
between patients with schizophrenia and matched con-
trols. Finally, we assessed the potential confounding
role played by a number of moderators such as socio-
demographic characteristics of the sample, illness dura-
tion, severity of psychotic symptoms, and exposure to
antipsychotics.
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Methods
Molecular Imaging the DAT

A brief review of the molecular imaging techniques
employed to investigate DAT density in schizophrenia
is detailed in the online supplementary material S1 and
summarized in figure 1 below here (see online supplemen-
tary material S1).

Selection Procedures

Search Strategies. A systematic search strategy was
used to identify relevant studies. First, we carried out
a PubMed, Science Direct, and Scopus search to identify
putative striatal DAT studies in subjects affected with
schizophrenia. The search was conducted in April
2011, and no time span was specified for date of publica-
tion. We used the following search terms: “DAT,”
“schizophrenia,” “psychosis,” “PET,” “SPECT.” In a sec-
ond step, the reference lists of the articles included in the
review were manually checked for relevant studies not
identified by computerized literature searching. Next,
the corresponding authors were contacted by e-mail
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Fig. 2. Search strategy used for the inclusion of the studies considered in the current meta-analysis.

requesting any detail not included in the original manu-
scripts. There was no language restriction, though all
included papers were in English.

Selection Criteria. Studies were included if they met the
following criteria: (a) were reported in an original article
in a peer-reviewed journal, (b) had involved subjects af-
fected with DSM/ICD schizophrenia and a matched con-
trol group, (c) had analyzed the 2 groups with SPECT or
PET techniques assessing striatal DAT density, and (d)
had reported the mean (SD) for striatal DAT density
in both groups. In cases of 2 or more studies from the
same center, we have carefully checked for overlapping
samples by contacting the authors to verify that there
was not a significant overlap in the samples.

Recorded Variables. The recorded variables for each ar-
ticle included in the meta-analysis were disease stage (first

episode, chronic), illness duration, gender, mean age of
participants, exposure to antipsychotics, severity of psy-
chotic symptoms, type of radiotracer used, and statistical
significance of the core findings. These data have been
reported in tables to assist the reader in forming an inde-
pendent view on the core findings. To achieve a high stan-
dard of reporting, we have adopted “Preferred Reporting
Items for Systematic Reviews and Meta-Analyses”
(PRISMA) guidelines and the revised QUOROM
Statements (Quality of Reporting of Meta-analyses)®’
(see figure 2).

Statistical Analysis. Data were then entered in an elec-
tronic database and analyzed with a meta-analytical ap-
proach by using Comprehensive Meta-Analysis Software
version 2 (Biostat, Inc., Englewood, NJ). This package
employs the same computational algorithms used by
the Cochrane Collaborators to weight studies by the
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inverse variance method. The meta-analysis of individual
studies increases statistical power by reducing the SE of
the weighted average effect size. A smaller SE results in
a smaller CI around the weighted average effect size, and
a small CI increases the likelihood of detecting nonzero
population effects. Notably, small CIs also increase the
precision of the estimated population effect size.

The primary outcome was striatal DAT density in the
patient and in the control group. As a measure of effect
size, the Hedges’ g was adopted, ie, the difference between
the means of the patient and control groups, divided by
the SD and weighted for sample size, in order to correct
for bias from small sample sizes.** This metric is normally
computed by using the square root of the mean square
error from the ANOVA testing for differences between
the 2 groups, as indicated by the formula

8= M1 — Mz/SPooled

where
S=/D(x - M)z/(N - 1)

and
Spooled = v/ MSgithin

where X is the raw score, M is the mean, and N is the
number of cases.*

In a secondary step, we conducted additional meta-anal-
yses to regionally address DAT density in the caudate and
putamen. To determine whether categorical factors (type
of radiotracer) modified the DAT density subgroup anal-
yses were performed. The influence of continuous moder-
ator variables was tested using meta-regression analyses:
age of participants, severity of psychotic symptoms (as
measured with the positive and negative syndrome scale
[PANSS]), gender (% of females), duration of illness
(DOI) (months), and exposure to antipsychotics (% of
drug-naive subjects). The slope of meta-regression (B-co-
efficient: direct [+] or inverse [—]) of the regression line
indicates the strength of a relationship between moderator
and outcome. To limit risk of false positive (type I) errors
arising from multiple comparisons, we adjusted P < .05 by
dividing o with the number of meta-regressions.

We employed random effects models, which are more
conservative than fixed-effect models, and argued to better
address heterogeneity between studies and study popula-
tions, allowing for greater flexibility in parsing effect size
variability. Moreover, they are less influenced by extreme
variations in sample size. Heterogeneity among study point
estimates was assessed with the Q statistic with magnitude
of heterogeneity being evaluated with the /7 index. The pos-
sibility of such publication bias was examined by visually
mspecting funnel plots and applying the regression intercept
of Egger. In this way, we assessed whether there was a
tendency for selective publication of studies based on the
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nature and direction of their results. To assess the robust-
ness of the results, we performed sensitivity analyses by se-
quentially removing each study and rerunning the analysis.

Results

Studies Found

The combined search strategies yielded a total of 69
articles, of which after a complete full text analysis, 40
were excluded. Of 29 that were considered eligible, 13
studies published between 2000 and 2009 met our inclu-
sion criteria and were included in the present meta-anal-
ysis, (figure 2). The overall database contained 202
subjects with schizophrenia (mean age 31.7 y, 30%
females) and 147 controls (mean age 34.2 'y, 31% females).
DOI ranged from few months to several years. Patients
and controls were well matched with respect to age and
gender (all P > .05). The sociodemographic details of the
whole sample are presented in table 1.

Psychotic Symptoms

Most studies have assessed psychotic positive and nega-
tive symptoms by using the PANSS or the Brief Psychi-
atric Rating Scale (BPRS) and 3 of them uncovered
significant correlations between striatal DAT density
and psychotic symptoms.***3? Laruelle et al’' found
a trend level association in patients with schizophrenia
between low striatal DAT density and severity of negative
symptoms.*! Schmitt et al found that hallucinations were
inversely correlated with striatal DAT density in the sub-
group of schizophrenic patients with predominantly pos-
itive symptoms.*® Yoder et al*® uncovered trend-levels
inverse correlations between DAT density and negative
psychotic symptoms.>®

Dopamine Transporter Density in the Striatum

Four of 13 studies reported significant differences in stria-
tal DAT density between the schizophrenic and control
group.>*3¢3%42 However, the pooled meta-analysis indi-
cated no statistical evidence for a significant difference
between the 2 groups (Hedges’ g = —0.244, CI 95%
from —0.676 to 0.188, Z = —1.106, P = .269, figure 3).
The striatal DAT density schizophrenia/control ratio
ranged from 0.87 to 1.51, with an average value of 0.95.

Dopamine Transporter Density in the Caudate and
Putamen

The meta-analysis of studies investigating the caudate
confirmed no significant differences in DAT density be-
tween the patient and the control group (Hedges’ g=
—0.197, CI 95% from —-0.564 to 0.133, Z—-0.782,
P = .431). Similarly, DAT density in the putamen was
not statistically different between schizophrenics and
controls (Hedges’ g = —0.187, CI 95% from —0.661 to
0.153, Z = —0.652, P = .549).
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Table 1. List of Studies Addressing DAT Density in Schizophrenia Included in the Meta-Analysis

Disease Schizophrenia Controls ~ SCZ/DAT (1)
Author Year Radiotracer Technique Stage DOI SD Treatment
N F Age SD N F Age SD Value P
Laruelle et al** 2000 ['**I]p-CIT SPECT C 180 ? SDF,I6A 24 2 41 8 22 239 8 093 ns
Laakso et al®' 2000 ['*F]CFT PET FEP 9 ? DN 9 330 7 9 330 6 101 ns
Lavalaye et al’> 2001 ['**I|JFP-CIT SPECT CFEP 21 13 10DN, 36 4 21 3 10 320 1 0098 ns
3DF,23A
Laakso et al*®* 2001 ['®F]CFT PET c 119 ? A 8 737 6 8 735 6 088  sig
Hsiao et al** 2003 [*™T¢]TRODAT SPECT FEP 10 13 DN 12 10 26 8 121030 9 1.04 ns
Sjoholm et al*> 2004 ['**1)B-CIT SPECT C 180 ? A 6 041 2 5 060 ? 151 sig
Yang et al** 2004 [™Tc]TRODAT SPECT FEP 16 26 DN 11 52 10 12 333 13 101 ns
Yoder et al’” 2004 [''C]CFT PET C ? 7 1DN, 10 2 41 11 10 345 18 092 ns
1DF,8A
Mateos et al’® 2005 ['**I)FP-CIT SPECT FEP 5 2 A 20 226 5 10 427 4 0.89 sig
Schmitt et al*® 2006 [*™T¢JTRODAT SPECT FEP ? 2?2 DN 28 531 9 12 232 8 098 ns
Kim et al* 2006 [“*I]IPT SPECT C 24 32 DF 10 829 8 10 431 6 093 ns
Mateos et al*' 2007 [**IFP-CIT SPECT FEP 4 2 DN 20 626 5 15 729 7 087 sig
Arakawa et al*? 2009 ['!C]PE2I PET C 32 43 6DN2DF 8 2 37 10 12 233 12 1.09 ns

Note: C, chronic schizophrenia; FEP, first-episode schizophrenia; DOI, duration of illness (months); DN, drug naive; DF, drug free; A,
treated with antipsychotics; F, females; ns, nonsignificant; sig, significant; PET, Positron Emission Tomography; SPECT, single photon
emission computed tomography; DAT, dopamine active transporter; (1) Striatal DAT binding in the schizophrenic group/Striatal DAT
binding in the control group.

Effect of Moderators 0.077, Z = —0.092, P = .927; age of participants f =.019,

The type of radiotracer did not influence the meta-analytical CI 95% from —0.017 to 0.056, Z = 1.03, P = .301; DOI
results (Q = 2.740, P = .602). Meta-regressions revealed B = 013, CI 95% from —0.002 to 0.005, Z = —0.725,
nosignificanteffects for theexamined moderator variables P = .468; severity of psychotic symptoms B = .005,
(year of publication B = —.004, CI 95% from —0.084 to  CI 95% from —0.018 to 0.008, Z = —0.751, P = .452;

Study name Statistics for each study Hedges's g

Hedges's Standard Lower Upper a0

g error Variance limit  limit Z-Valuep-Value

Laruelle 2000 -0,377 0,293 0,086-0,951 0,197 -1,288 0,198
Laakso2000 0,072 0449 0,202-0,809 0,952 0,159 0,873
Lavalye 2001 -0,092 0351 0,124-0,781 0,597 -0,261 0,7%4
Laakso 2001 -1,731 0563 0,317-2,835-0,627 -3,074 0,002 -
Hsiao 2003 0202 039 0,156-0572 0,977 0512 0,608
Sjoholm 2004 2,751 0,806 0,650 1,170 4,331 3,411 0,001 ——
Yoder 2004 -0,287 0431 0,186-1,132 0,557 -0,667 0,505
Yang 2004 0043 0402 0,162-0,746 0,831 0,106 0,916
Mateos 2005 -1,654 0433 0,188-2,503-0,805 -3,818 0,000 =
Schmitt 2006 -0,084 0,338 0,114-0,747 0,579 -0,249 0,803
Kim 2006 -0213 0430 0,185-1,055 0,629 -0,497 0,619

Mateos 2007 -1,225 0364 0,133-1,940-0,511 -3,362 0,001 ]
Arakawa 2009 0,504 0444 0,197-0,367 1,375 1,134 0,257
Overall -0244 0220 0,049-0,676 0,188 -1,106 0,269

-4,50-2,25 0,00 2,25 4,50

SCZ CTRL

Fig. 3. Meta-analysis of striatal dopamine transporter density in schizophrenia. Random effect models (Q = 44.075; P < .001; I* = 75.082).
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exposure to antipsychotics B=.355, C195%from 0.0153 to
0.864, Z=1.371, P=.171; and gender B = —.413, C1 95%
from —0.527 to 1.354, Z =0.861, P =.389) on the findings
reported above here.

Tests for Publication Bias, Heterogeneity, and Sensitivity
Analysis

Visual inspection of funnel plots revealed no evidence of
publication bias. Quantitative evaluation of publication
bias, as measured by the Egger intercept, was nonsignificant
(P = .392). According to the criteria set by Higgins and
Thompson, the heterogeneity in published studies was
large in magnitude and statistically significant (Q = 44.075;
P < .001; I” = 75.082). Robustness of meta-analytic find-
ings was confirmed by sequentially removing each
study and reanalyzing the remaining data set (producing
a new analysis for each study removed). The results re-
mained essentially unchanged in direction and magnitude.

Discussion

To our knowledge, this is the first comprehensive meta-
analysis addressing DAT density in schizophrenia. We
found no evidence for an altered integrity of striatal do-
pamine terminals in schizophrenia. Similarly, no abnor-
malities were regionally detected in the caudate or
putamen. Antipsychotic treatment, DOI, age, gender,
and severity of psychotic symptoms had no effect on
the meta-analytical findings.

The present meta-analysis tested the hypothesis that stria-
tal hyperdopaminergia in schizophrenia is accompanied
by alterations of presynaptic neuronal integrity. Because
striatal DAT is located on dopaminergic presynaptic neu-
rons, its measurement with molecular imaging techniques
allows the assessment of the density of presynaptic dopami-
nergic terminals. In principle, the modified dopamine hy-
pothesis of schizophrenia would be compatible with
a change in striatal DAT in either direction. If increased
striatal dopamine neurotransmission is a primary event in
the illness, increases of DAT could accompany an increase
inpresynapticdopaminergicterminals. Onthe otherhand, if
striatal hyperdopaminergia is a secondary event, it can be
compensatory for a reduction of dopamine terminals and
itself propagate synapse loss through excitotoxicity. This
hypothesis of striatal dopaminergic neurodegeneration in
schizophrenia parallels the physiopathology of idiopathic
Parkinson disease and parkinsonian syndromes, which
are characterized neuropathologically by degeneration of
dopaminergic cells, resulting in a loss of dopamine trans-
porters (DATS) in the striatum. Thus, the idea that schizo-
phrenia might be associated withan acceleratedlossof DAT
over the course of the illness proposed that sustained hyper-
activity of dopamine neurons might be secondary to neuro-
toxic loss of striatal dopamine neurons.?*?!

Three studies included in the present database uncov-
ered significant striatal DAT decreases in schizophrenic
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subjects as compared with controls.****%? The decreased
DAT density was attributed to a higher loss of dopamine
neuron integrity, in line with the neurotoxic hypothesis of
striatal hyperdopaminergia. Conversely, one study found
greater DAT density in schizophrenic patients as com-
pared with controls.*® To preserve the hypothesis of
abnormal striatal integrity of dopaminergic terminals,
the authors interpreted such a finding as biological adap-
tation to chronic D2 receptor blockade induced by
chronic neuroleptic treatment.*® However, when we
tested these finding at a meta-analytical level, in a total
sample of around 200 schizophrenic subjects, we found
that the DAT density was not significantly different as
compared with controls. As the meta-analysis was suffi-
ciently powered, robust and not undermined by signifi-
cant publication bias, this negative finding is
statistically reliable. The finding that DAT is unaffected
in schizophrenia is in line with molecular imaging studies
investigating other structural striatal presymaptic indexes
such as the VMAT-2. These studies did not find evidence
supporting the hypothesis that excessive dopamine activ-
ity in schizophrenia could be explained by altered density
of striatal dopamine terminals.** Similarly, genetic stud-
ies addressing the potential association between schizo-
phrenia and the 40-bp VNTR polymorphism in the
3’-UTR (untranslated region) of the DAT gene
(SLC6A3) showed negative results (for a meta-analysis
see®). Our finding suggests that the increased presynaptic
striatal DA activity in schizophrenia indicated by other
imaging parameters (for systematic reviews see'” %) is
not secondary to dysfunctional DAT or an alteration
in the density of dopaminergic terminals. In the compan-
ion paper published in the present issue, we present the
first quantitative meta-analysis addressing the functional
integrity of striatal presynaptic dopamine neurotransmis-
sion.'” The negative results of our meta-analysis are also
in line with several postmortem studies of DAT concen-
tration, which reported no alteration in DAT density in
striatal tissue of patients with schizophrenia compared
with control subjects.***’ However it is known that
the DAT density decreases as people get older, with
a decline in dopaminergic neurons of 4% to 8% per de-
cade in the general population.*® Some authors have
speculated that loss of striatal dopamine terminals
can be associated with evolution of the illness from
an active phase associated with positive symptoms to
a more stable or phase in which negative symptoms
dominate the clinical picture.’® It was therefore as-
sumed that the findings of these postmortem studies
did not reflect the early phase of psychotic illness or
the acute psychotic state because they were conducted
with elderly patients.*” We found no support for such
a hypothesis because we found that DOI had no impact
on the overall meta-analytical results. Furthermore,
the subset (n = 7) of studies included in the present
meta-analysis addressing striatal DAT density in
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first-episode subjects yielded again inconsistent results.
Finally, although some individual studies have reported
significant associations between striatal DAT density
and psychotic symptoms,*'** no significant correlations
were detected at a meta-analytical level.

We did not find any effect of antipsychotic treatment
on DAT density in schizophrenia. An early study in
chronic schizophrenic who were drug free for at least 3
weeks prior to scanning showed striatal DAT density
is unaffected by presence or absence of neuroleptics.'®
A subsequent study in subjects suffering from a first or
second episode of psychosis revealed again no significant
difference between antipsychotic-naive patients, patients
treated with olanzapine, patients treated with risperi-
done, and controls.** Two studies included in the present
meta-analysis have adopted a longitudinal design to
specifically address the antipsychotic effect on striatal
DAT density in schizophrenia. The first study found
no changes in chronic schizophrenics after 4 weeks of
treatment with olanzapine.** The second study enrolled
antipsychotic-naive first-episode patients and investigated
them at baseline and after 4 weeks of risperidone treat-
ment and confirmed a null effect of antipsychotic on
striatal DAT density.*> These results are in line with
animal models showing that chronic administration of
clozapine, risperidone, or haloperidol did not alter
DAT density in rats.”>! These consistent results are in
interesting contrast to preclinical findings that show
that D2 receptors are a critical regulator of synaptic
arborization,”? with pronounced increases in synaptic
density seen under chronic D2 blockade ** and in D2
receptor knockout mice.>* Clinically, D2 blockade is sus-
pected to contribute to striatal volume enlargement in
schizophrenia®® and has been shown to have short-
term reversible structural effects.>® Given these structural
changes, it is important to point out that any inference
from measured DAT to structural parameters, such as
density of dopaminergic terminals, is limited by the
fact that the measurement will be affected both by the
amount of synapses and the average amount of trans-
porter protein in the synaptic membrane, and therefore
remains indirect. In particular, a downregulation of
DAT could in principle be counterbalanced or obscured
by a concomitant rise in synaptic abundance. Multi-
modal approaches with simultaneous fine-grained volu-
metric assessment and PET would be useful to study this
possibility. Barring this possibility, based on these results,
we conclude that neither D2 receptor blockade or the
increases in presynaptic striatal dopamine release reliably
found in schizophrenia'? appear to cause appreciable
changes in DAT density, making a role of this molecule,
and the integrity of the presynaptic terminals that it
labels, in either the pathogenesis or the currently prac-
ticed treatment of schizophrenia unlikely.”>>® Con-
versely, DAT alterations may represent a core feature
of other neuropsychiatric disorders such as ADHD

and seem sensible to the effect of psychostimulants
such as methylphenidate.'

The present study, and the literature it surveys, has sev-
eral limitations. The absence of a positive finding always
raises the question of a type 11 error, due to sample bias or
inadequate experimental power. On average, the studies
included in the present meta-analysis have enrolled about
15 patients and 11 controls only. Consequently, although we
found no significant findings, we cannot exclude that future
studies in larger samples will have the power to detect signif-
icant group differences. In particular, the meta-regressions
between moderating factors and DAT density are limited
by the small sample size and by the cross-sectional nature
of the analysis. Thus, the lack of any effect of medication
on the DAT density cannot rule out any potential effect
of antipsychotics on striatal integrity and structure. In
fact, there is evidence indicating exposure to antipsy-
chotics can affect gray matter volume of the basal
ganglia, with a differential effect between typical and
atypical molecules.”’ Furthermore, it has been suggested
that high heterogeneity across studies may be the conse-
quence of the variable DAT sensitivity (ie, binding ki-
netic, time from injection to imaging) across different
radiotracers employed. For example, there is evidence in-
dicating that the specific to non specific ratio of labeled
cocaine is relatively low and that this radioligand may
occupy other binding sites than FP-CIT, altrophane,
TRODAT-1 and IPT.>® Also, the binding of a specific
radioligand may be influenced by a complex network of
interactions,*’ including glutamatergic modulations of
striatal and extrastriatal DAT. Some advancement in
the field may be achieved by dual-isotope imaging tech-
niques, which allow labeling simultaneously the striatal
presynaptic DAT density and postsynaptic dopamine
D2 receptor. For example, a dual-isotope study with
first-episode schizophrenic patients and healthy con-
trols®” found no significant DAT density difference
but a significant correlation between DAT and D2 re-
ceptor availability, which was not present in the
healthy control group. Using the same approach, in
an extended cohort of highly acute psychotic first ep-
isode never treated schizophrenic patients, other
authors replicated the finding of a significant correla-
tion between DAT and D2 receptor availability in the
patient but not in the control group.>® Future studies
are also needed to elucidate alterations of DAT density
in extrastriatal regions. Recent developments of new
radioligands with high affinity and selectivity for
DAT have allowed the evaluation of thalamic DAT
density in schizophrenia.*® Alterations in this region
may be of particular interest as neuropathological
and in vivo imaging studies in schizophrenia have iden-
tified several structural and functional abnormalities in
the thalamus, and these changes have been related to
cognitive impairments and symptomatology in estab-
lished and early psychosis.°
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Conclusions

The present meta-analysis uncovered no evidence for al-
tered dopamine transporter density in the striatum of
patients affected with schizophrenia. Therefore, a change
in the integrity of presynaptic dopamine terminals is un-
likely to contribute to the pathogenesis course or treatment
of schizophrenia. With our meta-analysis available, robust
evidence from studies showing altered presynaptic dopa-
mine activity in schizophrenic patients'® likely reflects
a true difference in functional status rather than an epiphe-
nomenon of structural or treatment-related changes.

Addendum

At the time of publication of the present meta-analysis,
a new study addressing longitudinal changes of striatal
DAT binding (as measured by [123I] FP-CIT SPECT)
in 14 antisychotic naive schizophrenic patients and in 7
matched controls was published. The authors found
that patients’ DAT binding had decreased by 2.3% at
the 4-year follow-up, whereas controls’ DAT binding
had decreased by 4.8%, however, no between-groups sta-
tistical significant differences were detected. Indeed, these
negative longitudinal results further support the core
finding of our meta-analysis.®'

Supplementary Material

Supplementary material is available at
schizophreniabulletin.oxfordjournals.org.
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