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Chronic administration of the atypical antipsychotic drug, cloza-
pine, to rodents has been shown to increase the concentration of
apolipoprotein D (apoD) in several area of the brain, suggesting
that apoD could be involved in the therapeutic effects of antipsy-
chotic drugs and/or the pathology of psychotic illnesses. Here, we
measured a significant decrease in the concentration of apoD in
serum samples from schizophrenic patients. In contrast, apoD
levels were significantly increased (92-287%) in dorsolateral pre-
frontal cortex (Brodmann’s area 9) of schizophrenic and bipolar
subjects. Elevated levels of apoD expression were also observed in
the caudate of schizophrenic and bipolar subjects (68-89%). No
differences in apoD immunoreactivity were detected in occipital
cortex (Brodmann'’s area 18) in either group, or in the hippocam-
pus, substantia nigra, or cerebellum of the schizophrenic group.
The low serum concentrations of apoD observed in these patients
supports recent hypotheses involving systemic insufficiencies in
lipid metabolism/signaling in schizophrenia. Elevation of apoD
expression selectively within central nervous system regions im-
plicated in the pathology of these neuropsychiatric disorders
suggests a focal compensatory response that neuroleptic drug
regimens may augment.

Psychiatric disturbances, such as schizophrenia and bipolar dis-
order, bear similarities in several epidemiologic aspects, includ-
ing genetic susceptibility, lifetime risk, age of onset, and course of
illness (1). Although each disturbance has distinct clinical features,
their treatment regimens often overlap considerably in terms of
antipsychotic pharmacotherapy, which is used to treat psychiatric
symptoms in both disorders. The efficacy of such medications in
these disorders has been well established in that antipsychotic drugs
reduce symptomatology and prevent relapse in a large percentage
of patients. Therefore, molecular and biochemical changes resulting
from administration of antipsychotic drugs may be associated with
the pathology of psychoses.

Clozapine, a widely used atypical antipsychotic drug, has been
shown to be effective and relatively well tolerated in acute and
long-term treatment of patients with bipolar disorder, schizophre-
nia, and schizoaffective disorder, especially those who have not
responded to conventional pharmacotherapies (2). Previously, by
using TOGA (Total Gene Expression Analysis) to identify cloza-
pine-induced changes in gene expression in mouse central nervous
system (CNS), we detected a gradual accumulation in the expres-
sion of apolipoprotein D (apoD) mRNA and protein in response to
chronic clozapine administration (3). Increases in apoD expression
were detected in white matter regions, including corpus callosum,
internal capsule, and optic tract, and gray matter regions, including
the striatum and globis pallidus (3). These results implicate apoD
in the mechanisms of action of clozapine and could suggest that
apoD is associated with biochemical pathways underlying psychi-
atric disorders. ApoD was initially identified as a constituent of
plasma high-density lipoproteins (4); however, it shares little ho-
mology with the other plasma lipoproteins. Rather, it is a member
of the lipocalin superfamily of proteins that function in the trans-
port of small hydrophobic molecules (5). In addition to abundant
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expression in human serum, apoD is also widely expressed in
numerous tissues, including liver, kidney, intestine, spleen, and
brain (5). The physiological role for apoD within the brain is not
known. However, it has been shown to bind several hydrophobic
ligands, including steroid hormones and heme-containing mole-
cules (6, 7), suggesting a role in extracellular lipid transport in the
brain. ApoD has also been shown to bind arachidonic acid (AA)
(8), implicating it in pathways associated with membrane phospho-
lipid signal transduction and metabolism.

Here we have measured apoD levels in serum samples of
schizophrenic subjects and from brain tissue obtained postmor-
tem from schizophrenic and bipolar subjects and subjects with no
history of psychiatric illness (controls) using both Western blot
and ELISA analyses.

Materials and Methods

Tissue Collection. Following approval from the North-Western
Health Care Human Ethics Committee of the Victorian Institute of
Forensic Medicine, tissue samples were obtained from the left brain
hemisphere. In all cases, the cadavers were refrigerated within 5 h
of being found and the tissue was rapidly frozen to —70°C within
30 min of autopsy and stored until used. The mean postmortem
interval and pH for the tissue from each group was not significantly
different (Tables 1 and 2). The cohorts consisted of 20 subjects with
a diagnosis of schizophrenia and eight subjects with bipolar disorder
(Tables 1 and 2). All bipolar subjects were noted as displaying
psychotic behavior at time of death. Tissue was also collected from
19 subjects (controls) with no known history of psychiatric illness
(Table 1). All psychiatric diagnoses of the subjects from whom
tissue was collected were made by using Diagnostic and Statistical
Manual version IV criteria (9) by a senior psychiatrist and psychol-
ogist after an extensive case history review. All schizophrenic
patients, and six of the eight bipolar subjects, had a history of
treatment with typical neuroleptic drugs, except two who were
reported to have been treated with clozapine and another that had
been neuroleptic-free for over 1 year (Table 1). The sex distribution
and mean age of the control and schizophrenic groups in this study
were not significantly different (Table 1). The control group used
in the bipolar study was a subset of the control subjects used in the
schizophrenic study; however, the mean age of the bipolar group
was significantly higher (Table 2). Importantly, the tissue samples
from these control subjects were reanalyzed in separate experi-
ments with the bipolar subjects.

Dissection of the cortical regions was carried out with refer-
ence to a Brodmann map. All tissue was excised from the cortex
only and therefore excluded the underlying white matter. The
hippocampus was dissected with reference to the system of

Abbreviations: apoD, apolipoprotein D; BA, Brodmann'’s area; AA, arachidonic acid; CNS,
central nervous system.
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Table 1. Demographic data for the schizophrenic and control subjects

Schizophrenia Control
Patient no. Sex Age, y Tissue pH PMI, h DOl Drug dose, mg* Patientno. Sex Age, y Tissue pH PMI, h
1 M 23 6.40 42 6 1750 1 M 23 6.13 36
2 M 38 5.52 40 N/A 160 2 M 30 6.46 24
3 F 27 5.85 41 10 N/A 3 F 21 6.03 58
4 M 55 6.10 25 33 40 4 M 50 6.43 69
5 F 36 6.28 45 4 160 5 F 32 6.16 56
6 M 22 6.29 49 20 2920 6 M 22 6.58 51
7 M 36 6.04 38 12 200 7 M 38 6.42 N/A
8 M 44 6.28 32 23 600 8 M 43 6.25 45
9 M 48 6.62 30 24 1250 9 M 25 6.15 35
10 M 42 6.26 47 22 N/A 10 M 42 6.32 26
11 M 25 6.38 49 2 N/A 11 M 42 6.32 26
12 M 22 6.07 37 3 450 12 M 25 6.48 50
13 F 35 6.26 15 7 300 13 M 26 6.42 24
14 M 41 6.20 31 11 500 14 M 30 5.86 27
15 M 45 6.48 68 12 300 15 M 38 6.19 44
16 M 38 6.02 50 4 500 16 F 33 6.41 42
17 F 31 6.27 27 13 875 17 M 42 6.61 43
18 F 38 6.43 20 17 N/A 18 M 43 6.43 51
19 M 22 6.17 37 3 200 19 F 38 6.26 52
20 M 26 6.39 52 2 500
Mean + SEM 347 =22 6.21 £0.05 387 =*29 Mean = SEM 332*+22 6.32+004 415=*45

PMI, post-mortem interval; DOI, duration of illness; N/A, not available.
*Drug doses are given as chlorpromazine equivalents.

Amaral and Insausti (10). The substantia nigra was identified by
pigmention and then carefully dissected to exclude the subtha-
lamic nuclei. No attempts were made to differentiate between
the subdivisions of the substantia nigra.

Serum Collection. ApoD concentrations were determined in the
serum from consenting neuroleptic-free patients, patients receiving
typical neuroleptic drugs, and patients enrolled in the clozapine
monitoring system at the Mental Health Research Institute. Pa-
tients were deemed neuroleptic-free if they had not received
neuroleptic drugs orally for 1 month or by depot injection for 3
months before blood collection. The schizophrenic patients con-
sisted of 24 males and 8 females. The control group consisted of 13
male and 17 female volunteers made up of staff members of the
Mental Health Research Institute with no previous history of
psychiatric illness. There was no significant difference in the mean
age of the schizophrenic subjects versus the control subjects (schizo-
phrenic subjects: mean age = 35 * 10; control subjects: mean age =

Table 2. Demographic data for the bipolar and control subjects

30 = 7), nor a significant difference in apoD concentrations
between male (286 + 10.3) and female subjects (271 * 16.0).

Membrane Preparation. Membrane homogenates were prepared
from various regions of normal human brain, including Brod-
mann’s area 9 (BA9), BA10, CA1, CA3, dentate gyrus, subicu-
lum, parahippocampal gyrus, caudate, and substantia nigra, by
homogenization in Tris buffer (20 mM Tris'HCI/0.2 mM
EGTA/0.1 mM EDTA, pH 7.4) including 3X “complete” pro-
tein inhibitor tablets (Roche Molecular Biochemicals). Mem-
brane homogenates were also prepared in the same manner for
BA9, BAI1S, caudate, hippocampus, substantia nigra, and cere-
bellum from control and schizophrenic subjects, and BA9, BA1S,
and caudate from bipolar subjects.

Protein Separation and Western Blot Analysis. Aliquots of the
membrane homogenates (50 ug of total protein per lane) were
subjected to SDS/PAGE using a 12% acrylamide gel. The gels
were transferred to nitrocellulose membranes, blocked with 5%

Bipolar Control
Patient no. Sex Age, y Tissue pH PMI, h  DOI Neurolepticdrugs  Patient no. Sex Age, y Tissue pH PMI, h
1 F 74 6.26 45 12 Fluphenazine 1 F 38 6.26 52
2 F 58 5.68 41 40 none 2 F 33 6.41 42
3 M 59 6.46 34 24  none 3 M 38 6.19 a4
4 M 38 6.42 24 10 Chlorpromazine 4 M 30 6.42 N/A
5 M 66 6.41 17 3 Fluphenazine 5 M 26 6.42 24
6 F 55 6.46 52 14 Trifluorperazine 6 M 43 6.25 45
7 F 60 6.08 50 23 Flupenthixol 7 F 32 6.16 56
8 M 61 6.44 58 35 Melleril 8 M 42 6.61 43
Mean = SEM 58.8 = 3.6* 6.27 £ 0.09 40.1 =£5.0 Mean = SEM 353 2.1 6.34+0.05 43.7 £38

*, P < 0.0001.
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milk in T-TBS (Tris-buffered saline/0.1% Tween-20, pH 7.5),
and then probed with a monoclonal antibody directed against
human apoD (1:500 dilution; NovoCastra, Newcastle, U.K.).
Enhanced chemiluminescence (ECL from Amersham Pharma-
cia) was used to detect immunoreactivity and blots were visu-
alized by exposure to autoradiography film.

ELISA. ApoD was quantified in membrane homogenates prepared
above and serum using a modified ELISA. Two monoclonal
antibodies to apoD from Signet Laboratories (Dedham, MA)
were used in a sandwich assay: a coating antibody, which
recognized a major apoD immunoreactive band of ~31 kDa in
serum and two minor bands of =~22 and 46 kDa, and an
HRP-conjugated apoD antibody. Microtitre high-capacity bind-
ing plates (Costar) were coated with 50 ul of a 4.7 pg/ml apoD
antibody for 1-2 h at room temperature. The wells were washed
four times with T-TBS, blocked with 5% BSA in T-TBS for 1 h
at room temperature and then washed again four times with
T-TBS. An aliquot (50 ul) of the various tissue homogenates (50
pg of total protein) or serum samples (1:750 dilution) was added
and incubated for 1 h at room temperature. The wells were
washed four times with T-TBS, and then 50 ul of a second,
HRP-conjugated, apoD antibody was added to each well and
incubated 1 h at room temperature. After extensive washing with
T-TBS, 50 ul of TMB substrate system (Sigma) was added to
allow color formation. The reaction was quenched with 0.2 N
HCI (50 wl) and absorbance was read at 450 nM. Purified apoD
(kindly provided by D. A. Haagensen, Mercy Healthcare, Sac-
ramento, CA) was used as a standard in all assays.

Statistical Analysis. The ELISA data were subjected to two-way
ANOVA to discern significant differences among brain regions
from the same cohort of subjects, and then student’s ¢ test (two-
tailed) was used to determine exact P values. A Pearson Product
Moment correlation analysis of experimental data and demo-
graphic [age and duration of illness (DOI)], treatment related (final
recorded drug dose), and tissue-related data (pH) were carried out
by using an assumed straight-line curve fit. All statistical analyses
(student’s ¢ test, two-way ANOVA, and linear regression analysis)
were carried out by using PRISM computer software.

Results

Our previous studies in rodents demonstrated an increase in apoD
expression in response to clozapine, suggesting that apoD itself, or
some aspect of lipid metabolism for which apoD serves as a
reporter, may be associated with the mechanisms of clozapine
action. Therefore, we hypothesized that apoD levels might be low
in patients with schizophrenia and that elevated levels of apoD,
such as those caused by clozapine, would be beneficial for patients.
By using ELISA with two different antibodies to human apoD, we
quantified apoD concentrations in serum samples from normal
subjects and patients with schizophrenia. A significant decrease in
the concentration of apoD was observed in schizophrenic patients
relative to normal subjects (256 pg/ml = 11vs.303 pug/ml = 12, P =
0.0084) (Fig. 1). We detected no significant differences in apoD
levels among those patients receiving typical neuroleptic drugs,
clozapine, or those that were deemed neuroleptic-free, nor did we
find any correlation between apoD levels and age in these subjects
(r = 0.0071).

We next examined apoD distribution in the brain of a normal
individual. Western immunoblotting of various brain regions,
including prefrontal cortex (BA9 and BA10), components of the
hippocampal formation (CA1, CA3, dentate gyrus, subiculum,
parahippocampal gyrus) and basal ganglia (caudate and sub-
stantia nigra) with an apoD antibody revealed an immunoreac-
tive band of ~29 kDa in all regions examined (Fig. 2). An
additional, less prominent band of ~22 kDa was observed in a
few brain regions, primarily BA10, substantia nigra, CA1l, and
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Fig. 1. Serum apoD levels in control subjects and schizophrenic patients.

ApoD concentrations were measured with ELISA, using purified apoD as a
standard. The number of subjects in each group is indicated in parentheses.
Asterisks denote a significant decrease, P = 0.0083.

subiculum. Molecular variation of apoD has been reported in
human plasma and regenerating rat sciatic nerve (4, 11, 12) and
likely reflects different glycosylation states of the protein.

We then focused our analysis of apoD expression to the
dorsolateral prefrontal cortex, BA9, a region previously impli-
cated in the pathophysiology of schizophrenia (for a review, see
ref. 13). ApoD immunoreactivity was measured in BA9 extracts
prepared from eight control and eight schizophrenic subjects by
using Western blot analysis followed by quantification by den-
sitometric analysis. ApoD levels were significantly increased in
schizophrenic subjects [802.5 = 217 optical density (OD) units;
P = 0.0232] compared with age- and sex-matched controls
(207 = 85.0 OD units) (Fig. 3). In addition, we used an ELISA
to quantify apoD levels in BA9 regions from the same and
additional subjects. A significant increase was detected in the
BAO9 from schizophrenic patients (0.244 = 0.027 pug/mg protein;
n = 18; P = 0.0002) vs. controls (0.127 = 0.008 wug/mg protein;
n = 19) (Fig. 44 and Table 3). Elevated levels of apoD levels
were also observed in the caudate of schizophrenic subjects
(0.132 = 0.021 ug/mg protein; n = 18) vs. control (0.078 + 0.011
png/mg protein; n = 18; P = 0.045) (Fig. 4C and Table 3). Similar
measurements were performed on membrane preparations from
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Fig. 2. Western blot analysis showing distribution of apoD isoforms in
human brain. Western blots containing 50 ug of total protein per lane were
probed with a monoclonal antibody directed against human apoD. Enhanced
chemiluminescence (ECL) was used to detectimmunoreactivity and blots were
visualized by exposure to autoradiography film. (A) 30 s exposure; (B) 90 s
exposure. Caud, caudate; Put, putamen; Dent, dentate gyrus; Subic, subicu-
lum; SN, substantia nigra; PHG, parahippocampal gyrus.
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Western blot analysis demonstrating apoD expression in dorsolateral prefrontal cortex of control (Con) and schizophrenic (Sch) subjects. Western blots

containing 50 ug of total protein per lane were probed with a monoclonal antibody directed against human apoD. Eight schizophrenic subjects (Sch-1-Sch-8) are shown
with their age- and sex-matched controls (Con-1-Con-8). Only the regions of the blots corresponding to the 29-kDa apoD immunoreactive species are shown.

the occipital cortex (BA18), substantia nigra, cerebellum, and
hippocampus and no differences in apoD levels were detected
between control and schizophrenic subjects (Fig. 4 B and D-F
and Table 3).

To test for disease specificity, we measured apoD expression
levels in prefrontal and occipital cortices and caudate from patients
diagnosed with bipolar disease and from a subset of the control
subjects. By using ELISA, an increase in apoD concentration,
similar in magnitude to that observed in schizophrenic patients, was
detected in the BA9 region of the bipolar patients (bipolar, 0.233 =
0.043 pg/mg protein; n = 8; P = 0.0424 vs. control, 0.115 + 0.015
png/mg protein; n = 8) (Fig. 4G and Table 3). The apoD levels in
the occipital cortex were not significantly different between control

and bipolar subjects (0.220 = 0.028 pg/mg protein; n = 9, vs.
0.205 = 0.034 ug/mg protein; n = 8) (Fig. 4H and Table 3).
However, a significant increase in apoD expression was observed in
the caudate of bipolar subjects (0.112 = 0.018 pg/mg protein; n =
8; P = 0.0218) vs. control subjects (0.059 = 0.015 ug/mg protein;
n = 8) (Fig. 41 and Table 3). In no cases were there any significant
correlations between levels of apoD with age, final recorded drug
dose, postmortem interval, or brain pH.

Discussion

In this study, we have detected a decrease in the serum levels of
apoD in schizophrenic patients, which we suggest reflects a systemic
deficiency in lipid pathways associated with apoD. This is in
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Fig. 4.

ApoD levels in dorsolateral prefrontal cortex (BA9; A and G), occipital cortex (BA18; B and H), caudate (C and /), substantia nigra (SN; D), cerebellum

(Cb; E), and hippocampus (Hipp; F) of control (open bars), schizophrenic (solid bars), and bipolar (stippled bars) subjects. ApoD concentrations were measured
by ELISA using purified apoD as a standard. Significant differences are indicated by asterisks as determined by student’s t test (two-tailed). ***, P = 0.0002;

**, P =0.02; *, P = 0.04.
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Table 3. ApoD protein levels in various brain regions from
normal, schizophrenic, and bipolar subjects

Brain region ApoD, ng/mg protein

Control Schizophrenic
DLPFC 0.127 = 0.008 (n = 19) 0.244 = 0.027 (n = 20)***
ocC 0.196 = 0.013 (n = 18) 0.201 = 0.014 (n = 19)
Caudate 0.078 = 0.011 (n = 18) 0.132 = 0.021 (n = 20)*
SN 0.146 = 0.008 (n = 17) 0.183 = 0.019 (n = 17)
Hipp 0.059 + 0.005 (n = 17) 0.069 + 0.008 (n = 14)
Cb 0.086 *= 0.009 (n = 18) 0.088 = 0.015 (n = 18)

Control Bipolar
DLPFC 0.115 + 0.015 (n = 8) 0.233 = 0.043 (n = 8)**
ocC 0.220 = 0.028 (n = 9) 0.205 * 0.034 (n = 8)
Caudate 0.059 + 0.015 (n = 8) 0.112 = 0.018 (n = 8)*

ApoD concentrations were measured by ELISA using purified apoD as a
standard. DLPFC, dorsolateral prefrontal cortex; OC, occipital cortex; SN,
substantia nigra; Hipp, hippocampus; Cb, cerebellum. Values are mean con-
centration = SEM. Significant differences are indicated by asterisks (student’s
t test; two-tailed). ***, P = 0.0002; **, P = 0.02; *, P = 0.04.

agreement with numerous studies that have reported alterations in
total membrane phospholipid content, fatty acid content, and
cholesteryl esters in membranes from erythrocytes, red blood cells,
and fibroblasts and in frontal cortex of schizophrenic patients (for
a review, see ref. 14). Decreased concentrations of essential fatty
acids, especially A A, in schizophrenic patients have been replicated
in several studies. For example, low levels of AA-enriched phos-
pholipids have been observed in cultured fibroblasts in chronic and
first-episode schizophrenic patients (15, 16). Studies have also
demonstrated a marked depletion of AA in red blood cells and an
abnormal incorporation/esterification of AA into platelet mem-
branes of patients with schizophrenia (17-19). These alterations in
fatty acid concentrations are consistent with the increased levels of
PLA, activity detected in the serum and cortex of schizophrenic
patients (20, 21). It has also been suggested that a defect in the
transport of dietary fatty acids is associated with the pathophysi-
ology of schizophrenia (22). In light of these studies and the
reported ability of apoD to bind AA, the decreased serum apoD
levels observed in this study might result from preexisting AA
and/or phospholipid deficiencies.

Our measurements in the CNS revealed a significant 1.9- to
3.9-fold increase in apoD expression in the dorsolateral prefrontal
cortex (DLPFC; BAY) in schizophrenic subjects versus sex- and
age-matched controls. Numerous experimental and clinical studies
have provided evidence of pathophysiological changes in the pre-
frontal cortex of patients with schizophrenia. Studies using neuro-
imaging techniques have demonstrated decreased blood flow acti-
vation and metabolism in prefrontal cortex of schizophrenic
patients, especially during behavioral tasks (23-27). Neuropsycho-
logical and neurophysiological observations of schizophrenic pa-
tients have also revealed impairments in cognitive tasks and work-
ing memory skills, behavioral processes that require intact
prefrontal functioning (24, 28). We did not observe differences in
apoD expression in the occipital cortex (BA18), substantia nigra,
cerebellum, or hippocampus, indicating regional specificity for
apoD expression induction. The increases in apoD levels observed
in the dorsolateral prefrontal cortex (DLPFC) and caudate of
bipolar subjects indicate that increased apoD accumulation is not
specific to schizophrenia. However, components of bipolar disorder
have also been associated with abnormal functioning of the pre-
frontal cortex (29-31). The increases observed in the caudate are
also consistent with studies implicating basal ganglia structures in
the pathophysiology of psychiatric disorders (32). We did not
observe a correlation between apoD levels and age in the serum
(r? = 0.0071) or BA9 (r> = 0.119) samples. These findings are
consistent with Terrisse and coworkers (33), who did not find a
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correlation between cerebrospinal fluid (CSF) apoD levels and age,
but in contrast to Kalman and coworkers (34), who reported an
increase in apoD immunoreactivity in cortical astrocytes in aged vs.
young human subjects.

As samples from never-medicated patients are difficult to ac-
quire, most of the schizophrenic and bipolar subjects in this study
had been treated with typical neuroleptic drugs (haloperidol,
fluphenazine, thioridazine, or chlorpromazine) before death. The
elevated apoD CNS levels detected in this study are, therefore,
seemingly consistent with our previous studies, which demonstrated
apoD levels were elevated in the rodent brain after clozapine
administration (3). However, several arguments suggest that these
changes are not simply due to drug treatment before death. First,
we did not observe a correlation between apoD levels and anti-
psychotic drug dose (chlorpromazine equivalents) in these subjects
(r> = 0.045); nor did we observe a correlation between apoD levels
and duration of illness (DOJ; 12 = 0.164). DOI may be considered
an indication of how long subjects have been exposed to neuroleptic
drugs. Secondly, our previous studies in rodents did not detect
significant increases in apoD expression in response to the typical
neuroleptic, haloperidol (3), and most of the subjects in this study
were treated with typical neuroleptic drugs (six specifically treated
with haloperidol). Finally, there has recently been a large body of
literature describing apoD induction under various other neuro-
pathological conditions. For example, apoD levels have been shown
to be elevated in brains of patients with other neurological disorders
(such as Alzheimer’s disease, cerebrovascular disease, motoneuron
diseases, and meningoencephalitis), and presumably these patients
had not been exposed to neuroleptic drugs (33). Thus, on balance,
currently available data would argue against the changes in apoD
reported in this study simply being an effect of antipsychotic drugs.

The functional role for apoD in the CNS and in human neuro-
logical disease remains unclear. Several studies in rodents have
implicated apoD in neuronal degeneration after CNS injury. For
example, increased apoD immunoreactivity and mRNA levels have
been observed in glial cells and neurons of the hippocampus and/or
cortex after kainic acid lesioning and traumatic brain injury, two
experimental insults that result in massive excitotoxic damage
(35-37). In addition, apoD mRNA and protein levels were found
to be elevated in the cerebellum of a mouse strain considered to be
a model of Niemann-Pick disease, a human condition that is
characterized by abnormal lysosomal cholesterol storage and
chronic progressive neurodegeneration (38, 39). Studies have also
supported a neuroprotective role for apoD in the nervous system.
A 42% increase in apoD mRNA levels and up to 16-fold increases
in protein expression have been observed in the hippocampus after
entorhinal cortex lesioning (40), which results in reactive synapto-
genesis and compensatory glial functions. And after peripheral
nerve injury, apoD was found to be up-regulated in sites undergoing
regeneration (12). Given its hypothesized role as a lipid-binding
protein, apoD may be involved in the binding of steroids or fatty
acids released upon CNS insult, or the transport of lipid molecules
necessary for cellular regeneration, and therefore may function in
CNS maintenance and tissue repair.

It has also been hypothesized that apoD is a marker for
neuropathology associated with human neurological disease.
Previous studies have demonstrated increases in apoD immu-
noreactivity in the cerebrospinal fluid (CSF) (300%) and in the
hippocampus (60-350%) of Alzheimer’s patients, and in the
CSF of patients with other neurological diseases, including
cerebrovascular disease, motoneuron diseases and, meningoen-
cephalitis (33). Separate studies have observed apoD increases
in scattered cortical astrocytes in subjects with Alzheimer’s
dementia relative to aged controls, but did not detect quantita-
tive differences in cortical gray matter regions (34), as we have
observed in the present study in the prefrontal cortex of schizo-
phrenics and bipolar subjects. The lack of apoD induction
observed in the hippocampus of schizophrenic subjects is in
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contrast to that seen in Alzheimer’s subjects, indicating regional
specificity for the changes in apoD expression.

Because apoD expression is elevated under apparently diverse
conditions, it is possible that apoD expression represents a
nonspecific response to stress or pathological insult. However,
given the distinct sites of apoD up-regulation observed after
CNS insult in the rodent studies and the regional specificity of
apoD induction observed in human disease and mouse models
(Niemann-Pick), rather, it is possible that apoD is a region-
specific marker for a pathological process. Our previous findings
that clozapine induced apoD accumulation in rodent brains had
suggested the simple hypothesis that increases apoD may be
beneficial to patients with neuropsychiatric disorders. The
present findings suggest that apoD accumulation might be a
natural response to regional neuropathology, and that one
reason clozapine is an effective antipsychotic drug is its ability to
augment increases in apoD already present in the brain.

Changes in apoD expression in the CNS could have potentially
diverse consequences that could account for the wide variety of
molecules found at abnormal levels in patients with schizophrenia
and other psychiatric disorders. ApoD has been shown to specifi-
cally bind the fatty acid AA, which, together with docosahexaenoic
acid, makes up >90% of the polyunsaturated fatty acid content in
the CNS (41), and is also thought to play a role in the transport of
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nication. In the prefrontal cortex, a site of increased apoD expres-
sion, numerous reports have demonstrated increases and/or de-
creases in neurotransmitter receptors, ion channels, and
membrane-bound proteins in subjects with schizophrenia (for a
review, see ref. 32). Alterations in membrane phospholipids and
consequential effects on neural cell membranes would also have
profound effect on brain development and maturation. Consider-
able evidence indicates that dysfunction during neurodevelopment
contributes to pathogenesis of schizophrenia (43, 44), and specific
proteins associated with development processes, reelin, and
GAP-43 have been found at abnormal levels in schizophrenic and
bipolar subjects (45-47). By means of binding to AA, apoD could
also affect developmental processes. AA acts as a second messenger
in several neurotransmitter systems, including the action of basic
fibroblast growth factors that are critical for normal brain devel-
opment. Synaptic organization would also dependent on the integ-
rity of the membrane structure. Recent studies have demonstrated
increases in various presynaptic proteins (48) and synapsin and
synaptophysin, two synaptic vesicle-associated proteins (49, 50), in
cerebral cortex of schizophrenic subjects.

In summary, we have shown that apoD levels are low in the
serum of schizophrenic subjects, but elevated in the dorsolateral
prefrontal cortex (DLPFC) and caudate of schizophrenic and
bipolar subjects. Although the specific functions of apoD in the
CNS and in psychiatric illnesses remain unclear, we suggest that
apoD may be a compensatory region-specific marker for a
neuropathological process that is initiated because of systemic
lipid metabolism insufficiencies.
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