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Neurobiology of Disease

Relationship of Brain-Derived Neurotrophic Factor and Its
Receptor TrkB to Altered Inhibitory Prefrontal Circuitry
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Takanori Hashimoto,' Sarah E. Bergen,’> Quyen L. Nguyen,? Baoji Xu,* Lisa M. Monteggia,® Joseph N. Pierri,!

Zhuoxin Sun,’ Allan R. Sampson,’ and David A. Lewis'?

Departments of 'Psychiatry, 2Neuroscience, and *Statistics, University of Pittsburgh, Pittsburgh, Pennsylvania 15213, “Department of Pharmacology,
Georgetown University Medical School, Washington, DC 20057, and Department of Psychiatry, University of Texas Southwestern Medical Center, Dallas,
Texas 75390

Dysfunction of inhibitory neurons in the prefrontal cortex (PFC), represented by decreased expression of GABA-related genes such as the
67 kDa isoform of glutamate decarboxylase (GAD; ) and parvalbumin (PV), appears to contribute to cognitive deficits in subjects with
schizophrenia. We investigated the involvement of signaling mediated by brain-derived neurotrophic factor (BDNF) and its receptor
tyrosine kinase TrkB in producing the altered GABA-related gene expression in schizophrenia. In 15 pairs of subjects with schizophrenia
and matched control subjects, both BDNF and TrkB mRNA levels, as assessed by in situ hybridization, were significantly decreased in the
PFC of the subjects with schizophrenia, whereas the levels of mRNA encoding the receptor tyrosine kinase for neurotrophin-3, TrkC, were
unchanged. In this cohort, within-pair changes in TrkB mRNA levels were significantly correlated with those in both GADy; and PV
mRNA levels. Decreased BDNF, TrkB, and GAD, mRNA levels were replicated in a second cohort of 12 subject pairs. In the combined
cohorts, the correlation between within-pair changes in TrkB and GADg;, mRNA levels was significantly stronger than the correlation
between the changes in BDNF and GAD,; mRNA levels. Neither BDNF nor TrkB mRNA levels were changed in the PFC of monkeys after
along-term exposure to haloperidol. Genetically introduced decreases in TrkB expression, but not in BDNF expression, also resulted in
decreased GADg; and PV mRNA levels in the PFC of adult mice; in addition, the cellular pattern of altered GAD;, mRNA expression
paralleled that present in schizophrenia. Decreased TrkB signaling appears to underlie the dysfunction of inhibitory neurons in the PFC

of subjects with schizophrenia.
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Introduction

Schizophrenia is characterized by severe and persisting deficits in
certain cognitive functions, such as working memory (Wein-
berger et al., 1986; Goldman-Rakic, 1994). Alterations in the cir-
cuitry of the dorsal prefrontal cortex (PFC), which plays a central
role in working memory processes (Goldman-Rakic, 1995), ap-
pear to contribute to the working memory impairments in
schizophrenia (Lewis and Lieberman, 2000). In particular, con-
vergent lines of evidence implicate abnormalities in GABA-
containing local circuit neurons in the dysfunction of the PFC in
schizophrenia (Blum and Mann, 2002; Volk and Lewis, 2002).
For example, postmortem studies from different laboratories
have shown decreased expression of mRNAs for GABA-related
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proteins, including the 67 kDa isoform of glutamate decarboxyl-
ase (GADy;,) (Akbarian et al., 1995; Guidotti et al., 2000; Volk et
al., 2000), a GABA synthesizing enzyme, and the GABA
transporter-1 (GAT-1) (Ohnuma et al., 1999; Volk et al., 2001), a
presynaptic transporter for the reuptake of GABA, in the PFC of
subjects with schizophrenia. Furthermore, these mRNAs appear
to be selectively downregulated in the subclass of GABA neurons
that contains the calcium-binding protein parvalbumin (PV),
and the expression of the mRNA encoding PV is also decreased in
these neurons (Hashimoto et al., 2003). In contrast, GABA-
related gene expression appears to be unchanged in the
calretinin-containing subclass of GABA neurons (Hashimoto et
al., 2003).

These alterations may be critical elements in the pathophysiology
of cognitive dysfunction in schizophrenia, given the central role that
GABA neurotransmission plays in the regulation of PFC informa-
tion processing during working memory tasks (Sawaguchi et al.,
1989; Rao et al., 1999, 2000; Constantinidis et al., 2002). Thus, de-
termining the mechanisms underlying the altered gene expression in
PV-containing GABA neurons is essential for understanding the
pathogenesis of PFC dysfunction in schizophrenia.

Signaling mediated by brain-derived neurotrophic factor
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(BDNF) and its receptor tyrosine kinase TrkB regulates the de-
velopment of GABA neurons. In neuronal cultures, BDNF-TrkB
signaling promotes the functional and morphological develop-
ment of GABA neurons (Ventimiglia et al., 1995; Arenas et al.,
1996; Rutherford et al., 1998; Vicario-Abejon et al., 1998; Bolton
etal., 2000; Marty et al., 2000; Yamada et al., 2002; Kohara et al.,
2003) and induces the expression of GABA-related proteins, in-
cluding GADg; and GAT-1 (Mizuno et al., 1994; Bolton et al.,
2000; Marty et al., 2000; Yamada et al., 2002). These effects may
be selective for PV-containing cortical GABA neurons because
TrkB is predominantly expressed by PV-containing neurons and
not by calretinin-containing GABA neurons (Cellerino et al.,
1996; Gorba and Wahle, 1999). Indeed, in mice genetically engi-
neered to overexpress BDNF, the development of cortical GABA
neurons, as assessed by the inhibitory innervation of pyramidal
neurons, was accelerated and accompanied by a precocious in-
crease in the number of neurons containing PV (Huang et al.,
1999). Furthermore, the number of PV-containing neurons was
decreased in the cerebral cortex of developing mice in which bdnf
or trkB was deleted (Jones et al., 1994; Alcantara et al., 1997).

This developmental regulation of GABA neurons by BDNF-
TrkB signaling suggests that disturbances in BDNF and/or TrkB
might be responsible for the altered expression of GABA-related
genes in the PFC of subjects with schizophrenia, an idea sup-
ported by a report of reduced cortical BDNF expression in
schizophrenia (Weickert et al., 2003). To test this hypothesis, we
specifically asked (1) whether the mRNA expression for BDNF or
its receptor tyrosine kinase TrkB is altered in the PFC of subjects
with schizophrenia, (2) whether the changes in BDNF or TrkB
mRNA are associated with the changes in GABA-related gene
expression, (3) whether the changes in BDNF or TrkB mRNA
expression are attributable to the disease process itself or to phar-
macological treatments of schizophrenia, and (4) whether
GABA-related gene expression is altered in the PFC of adult mice
with genetically engineered reductions in the expression of BDNF
or TrkB mRNAs.

Materials and Methods

Human subjects. Brain specimens were obtained from two cohorts of
human subjects during autopsies performed at the Allegheny County
Coroner’s Office, Pittsburgh, Pennsylvania, with the approval of the In-
stitutional Review Board for Biomedical Research of the University of
Pittsburgh and the consent of the surviving next-of-kin. The two cohorts
consisted of 15 (cohort 1) and 12 (cohort 2) subjects with schizophrenia,
each of which was paired with one control subject (supplemental Tables
1 and 2, available at www.jneurosci.org as supplemental material). Tissue
specimens from subjects in cohort 1 were used in our previous studies
(Hashimoto et al., 2003), whereas those in cohort 2 were collected more
recently. Because tissue levels of some mRNA species in the PFC may be
affected by such factors as sex, age, and postmortem interval (PMI) (the
time between death and preservation of brain tissue at —80°C), individ-
ual pairs were completely matched for sex and as closely as possible for
age and PMI in both cohorts. Paired ¢ tests revealed that the schizophre-
nia and control groups did not differ in terms of age, PMI, brain pH, or
tissue storage time (all f,,, < 1.4,all p > 0.18 for cohort 1;all #,,, <
1.1, all p > 0.29 for cohort 2). All subjects were from a community-based
population, and most subjects (12 with schizophrenia and 15 controls in
cohort 1; 8 with schizophrenia and 10 controls in cohort 2) died suddenly
outside of a hospital setting.

Diagnosis and Statistical Manual of Mental Disorders (1994) diag-
noses were made for each subject on the basis of medical records and the
results of structured interviews conducted with family members (Glantz
and Lewis, 1997). As detailed by Hashimoto et al. (2003) and supplemen-
tal Table 3 (available at www.jneurosci.org as supplemental material),
five schizophrenia subjects in cohort 1 and six schizophrenia subjects in
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cohort 2 met criteria for schizoaffective disorder: three subjects with
schizophrenia in both cohorts committed suicide; two control subjects in
cohort 1 and one control subject in cohort 2 had a history of depressive
disorder (not otherwise specified), alcohol abuse (current at the time of
death), or posttraumatic stress disorder, respectively; and seven subjects
with schizophrenia (four in cohort 1 and three in cohort 2) met criteria
for alcohol dependence at the time of death. Toxicology studies for all
subjects revealed positive plasma alcohol levels (0.01-0.09%) in three
control subjects (pairs 3,7, and 10) in cohort 1 and in one control (pair 9)
and one schizophrenia subject (pair 4) in cohort 2; no other substances of
abuse were detected in any subjects. Three schizophrenia subjects (pairs
2, 10, and 14) from cohort 1 (Hashimoto et al., 2003) and one schizo-
phrenia subject (pair 3) from cohort 2 (supplemental Table 3, available at
www.jneurosci.org as supplemental material) were free of antipsychotic
medications at the time of death. The length of time without these med-
ications before death was 9.6 months, 1.2 months, unknown, and 8.5
years for these subjects, respectively. The mean * SD age of the schizo-
phrenia subjects at the onset of illness was 25.1 * 9.0 years (cohort 1) and
25.6 = 7.1 years (cohort 2), and the average duration of illness was 18.7 =
9.4 years (cohort 1) and 28.0 £ 16.5 years (cohort 2).

Neuropathological examination revealed an acute infarction in the
distribution of the inferior branch of the right middle cerebral artery in
the schizophrenia subject in pair 10 from cohort 1 and a previous infarc-
tion in the inferior aspect of the frontal lobe in the schizophrenia subject
in pair 7 from cohort 2. However, right PFC area 9, the region under
study, appeared unaffected in both cases. Other brain disorders were
excluded in each subject on the basis of both clinical and neuropatholog-
ical data.

Haloperidol-treated monkeys. To mimic the clinical treatment of sub-
jects with schizophrenia, four male cynomolgus (Macaca fascicularis)
monkeys, matched individually to a control monkey for sex, age, and
weight, were exposed chronically to haloperidol (mean * SD trough
serum level, 4.3 £ 1.1 ng/ml) and benztropine mesylate (to relieve extra-
pyramidal side effects) for 9—12 months, as described previously (Pierri
etal., 1999).

Genetically engineered mice. To test the effect of decreased TrkB expres-
sion on the expression of GABA-related genes, we used trkB hypomor-
phic mice in which the #rkB gene is mutated into the artificial locus,
so-called fBZ, by replacing the first coding exon of trkB with a TrkB
c¢DNA flanked by two loxP sites (Xu et al., 2000a). These mice were
generated with the 129 strain-derived embryonic stem cells and C57BL/6
blastocystes (Xu et al., 2000a) and back-crossed into C57BL/6 for at least
five generations. Wild-type C57BL/6 mice (The Jackson Laboratory, Bar
Harbor, ME) were used as control. Homozygous ( fBZ/fBZ) and het-
erozygous ( fBZ/+) animals were reported to express ~25 and 62.5%,
respectively, of the TrkB protein levels present in the wild-type animals
(Xu et al., 2000a; Rohrer, 2001; Rico et al., 2002). Animals with the
fBZ/fBZ genotype do not express the truncated isoforms of TrkB (Xu et
al., 2000a). Three groups of animals, including heterozygous and ho-
mozygous mice for the fBZ locus and wild-type controls (n = 3 for each
group), were killed at 8 weeks of age.

To test the effect of reduced BDNF expression, we used mice with a
neuron-specific inducible knock-out of bdnf, in which two transgenes,
the tetracycline transactivator (tTA) gene driven by neuron-specific eno-
lase promoter (nse-tTA) (Chen et al., 1998) and the Cre recombinase
gene under the control of tTA-responsive tetO promoter (tetO-cre) (Perl
etal,, 2002; Radomska et al., 2002), regulate the deletion of floxed exon V
of bdnf (Rios et al., 2001) in a tetracycline-dependent manner. The two
mouse lines with nse-tTA and tetO-cre transgenes were both maintained
as homozygotes. These lines were crossed, and the resultant bigenic mice
were then crossed with mice with the floxed bdnfallele (Rios et al., 2001).
For the deletion of bdnf from embryogenesis, mice were bred in the
absence of a tetracycline analog, doxycycline (dox). Previous data using
the same mouse line with nse-tTA demonstrated that this transgene is
expressed in late embryogenesis (Chen et al., 1998). For deletion of bdnf
in adulthood, mice were bred in the presence of dox (1 mg/ml) in drink-
ing water to suppress the recombination. At 3 months of age, dox was
removed from the drinking water to induce the recombination. In these
mice, recombination was detected 4 weeks after termination of dox treat-
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ment (Monteggia et al., 2004); however, to ensure that full recombina-
tion had occurred, we allowed for at least a 3 month washout period.
Littermates with nse-tTA and tetO-cre transgenes, expressing similar lev-
els of BDNF as wild-type mice (Monteggia et al., 2004), were used as
controls. Mice with bdnf deletion induced from embryogenesis or in
adulthood, together with the corresponding control animals, were killed
at 5 or 6 months of age, respectively (n = 6 for each group).

Tissue preparation and in situ hybridization. As described previously
(Hashimoto et al., 2003), the right PFC of each human brain was blocked
coronally, frozen immediately, and stored at —80°C. Serial sections (20
pum) containing the superior frontal gyrus were cut at the anteroposterior
level corresponding to the middle portion of the superior frontal sulcus,
thaw mounted onto glass slides, and stored at —80°C until processed.
The location of PFC area 9 was identified by cytoarchitectonic criteria in
Nissl-stained sections as described previously (Glantz et al., 2000; Volk et
al., 2000). Three sections evenly spaced at ~400 wm (cohort 1) or 340
pum (cohort 2) were used for analysis of each mRNA of interest. Thirty or
twenty-four sections (one section from each subject in cohorts 1 or 2,
respectively) were processed in a single run with sections from each pair
processed side by side. Three runs were performed for each mRNA in
each cohort.

Processing of monkey brains for in situ hybridization was described
previously (Hashimoto et al., 2003). Briefly, from each monkey, serial
coronal sections (16 wm) were cut from fresh-frozen tissue blocks con-
taining the middle one-third of the principal sulcus. Three sections from
each animal, evenly spaced at 400 wm intervals, were selected for analysis
of BDNF or TrkB mRNAs.

Mouse brains were frozen immediately after removal from the skull
and stored at —80°C. Serial coronal sections (12 wm) were cut from
+1.98 to +1.54 bregma (Paxinos and Franklin, 2001), and three sections
evenly spaced at ~180 wm intervals were selected from each mouse and
subjected to in situ hybridization for each mRNA of interest.

Templates for synthesis of riboprobes were obtained by PCR. For de-
tection of mRNAs in human and monkey brains, specific primer sets
amplified a 363 bp cDNA fragment for BDNF mRNA, a 384 bp fragment
for TrkB mRNA, a 408 bp fragment for TrkC mRNA, and a 360 bp
fragment for GADy;,, corresponding to bases 1043—1405 of the human
BDNF mRNA (GenBank accession number M61181), bases 1952-2335
of the human TrkB mRNA (GenBank accession number S76473), bases
1757-2116 of the human GAD., mRNA (GenBank accession number
NM_00817), and bases 1640-2047 of the human TrkC mRNA (GenBank
accession number S76473), respectively. The fragments for TrkB and
TrkC mRNAs were amplified from the regions encoding the intracellular
domains that are specific to the tyrosine kinase-containing isoforms.
Antisense riboprobes transcribed from these fragments were shown to
detect the specific signal of targeted mRNAs in the primate neocortex
(Okuno et al., 1999; Hashimoto et al., 2000). To increase signal intensity
for BDNF mRNA, we amplified an additional 358 bp fragment, corre-
sponding to bases 693-1037 of the BDNF mRNA (GenBank accession
number M61181), and combined the two antisense riboprobes tran-
scribed from the two fragments. For detection of mRNA in mouse brains,
we obtained a 520 bp cDNA fragment for BDNF mRNA, a 345 bp frag-
ment for TrkB mRNA, a 311 bp fragment for GAD,, mRNA, a 339 bp
fragment for PV mRNA, and a 488 bp fragment for calretinin mRNA,
corresponding to bases 843—1362 of the mouse BDNF mRNA (GenBank
accession number AY057908), bases 2567-2911 of the mouse TrkB
mRNA (GenBank accession number X17647), bases 151-461 of the
mouse GAD4, mRNA (GenBank accession number Y12257), bases 256 —
594 of the mouse PV mRNA (GenBank accession number X59382), and
bases 225-712 of the mouse calretinin mRNA (GenBank accession num-
ber NM_007586). The fragment for TrkB mRNA was amplified within
the tyrosine kinase-containing isoform-specific region. Nucleotide se-
quencing revealed 100% homologies between the amplified fragments
and the previously reported sequences.

Amplified fragments were subcloned into the plasmid pSTBlue-1 (No-
vagen, Madison, WI), and antisense and sense probes were transcribed in
vitro in the presence of 35S-CTP (Amersham Biosciences, Piscataway,
NJ), using T7 or SP6 RNA polymerase.

Hybridization was performed as described previously (Mirnics et al.,
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2000; Middleton et al., 2002; Hashimoto et al., 2003). After fixation with
4% paraformaldehyde in PBS, the sections were acetylated, dehydrated
through a graded ethanol series, and de-fatted in chloroform for 10 min.
The sections were then hybridized with **S-labeled riboprobes (2 X 107
dpm/ml) in a hybridization buffer at 56°C for 16 hr. The sections were
washed in a solution containing 0.3 M NaCl, 20 mwm Tris-HCI, pH 8.0, 1
mwm EDTA, pH 8.0, and 50% formamide at 63°C, treated with RNase A
(20 pg/ml) at 37°C, and washed in 0.1X SSC (150 mm NaCl and 15 mm
sodium citrate) at 67°C. Sections were then dehydrated through a graded
ethanol series, air dried, and exposed to BioMax MR film (Eastman Kodak,
Rochester, NY). After the exposure to film, sections were coated with NTB2
emulsion (Eastman Kodak) diluted 1:1 with water, exposed at 4°C, devel-
oped with D-19 (Eastman Kodak), and counterstained with cresyl violet.

Quantification of mRNA expression levels. Quantification was per-
formed without knowledge of subject diagnosis by random coding of the
sections. Trans-illuminated autoradiographic film images were captured
by a video camera under precisely controlled conditions, digitized, and
analyzed using a Microcomputer Imaging Device system (Imaging Re-
search, London, Ontario, Canada). Images of adjacent sections stained
with cresyl violet were also captured and superimposed onto the autora-
diographic images to draw contours of the full thickness of the cortex.
Optical density was measured within the contours and expressed as
nanoCuries per gram tissue by reference to radioactive standards
(Carbon-14 standards; American Radiolabeled Chemicals, St. Louis,
MO) exposed on the same film. In the human study, we sampled the zone
of PFC area 9 cut perpendicular to the pial surface. The mean = SD total
of sampled areas per subject was 321 = 130, 310 * 121, 356 * 104, and
247 + 68.1 mm? for BDNF, TrkB, GADy;,, and TrkC mRNAs, respec-
tively. For laminar analyses of mRNA expression in human PFC area 9,
three cortical traverses, 1-2 mm in width, were sampled from each sec-
tion (nine traverses per subject). Within these traverses, the ratios of the
depth of each laminar border to the total cortical thickness, determined
from adjacent Nissl-stained sections, were applied to the autoradiograms
to obtain optical densities for each layer. In the haloperidol-exposed
monkeys and their controls, the optical density of each mRNA signal was
measured in PFC areas 9 and 46. In the mouse study, quantification was
done in the PFC, including the cingulate and prelimbic cortices. All
cortical optical density measures were corrected by subtracting back-
ground measures in the white matter.

To investigate the anatomical substrate for the observed GABA-related
mRNA expression changes in trkB hypomorphic mice, we determined
neuron density, GAD,, mRNA-positive neuron density, and the level of
GAD, mRNA expression per neuron in the PFC of wild-type, fBZ/+,
and fBZ/fBZ mice using a previously published approach (Hashimoto et
al., 2003). Three sections hybridized with antisense GAD,, mRNA probe
and processed for emulsion autoradiography were analyzed for each an-
imal. Using a microscope equipped with a motor-driven stage, sampling
frames with a size of 120 X 120 wm were placed systematically and
randomly within the cingulate and prelimbic cortices. The mean * SD
number of sampling frames per animal was 55.3 * 1.5, 54.0 = 1.0, and
54.7 = 1.2 for wild-type, fBZ/+, and fBZ/fBZ animals, respectively.
Within each sampling frame, Nissl-stained neuronal nuclei were counted
for the measurement of neuron density. A circle with a fixed diameter of
16 wm was centered over every neuronal nucleus, and the number of
silver grains was determined as a measure of the cellular expression level
of GAD4; mRNA. The size of the circle was determined to cover the
largest GAD,-positive neurons in the mouse cortex (Solberg et al.,
1988). Background grain number was determined for each section by
counting grain number in the same size circle centered over glial nuclei.
Small glial nuclei, stained darkly with cresyl violet, were easily discrimi-
nated from large and faintly stained neuronal nuclei. The mean = SD
number of PFC neurons sampled per animal was 1256 = 48, 1235 * 48,
and 1215 = 33 for wild-type, fBZ/+, and fBZ/fBZ mice, respectively. To
identify GAD,, mRNA-positive neurons, we set a threshold of grain
density at five times the background, which corresponded to the point of
rarity in the bimodal distribution histograms of grain number per neu-
ron (Volk et al., 2000). The mean * SD number of GAD,, mRNA-
positive neurons sampled per animal was 201.0 = 7.0, 160.3 *= 5.5, and
143.7 = 11.9 for wild-type, fBZ/+, and fBZ/fBZ mice, respectively.
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Statistical analyses. Analysis of covariance (ANCOVA) models (Neter
et al., 1996) were performed to examine the differences in BDNF, TrkB,
TrkC, and GADy, mRNA expression levels between the schizophrenia
and control groups for the full thickness and for each layer of the cortex.
Because three sections were measured for every subject, the dependent
variable (e.g., film optical density) was represented by three observations
for each subject. Thus, the three observations for each subject can be
considered to be exchangeably correlated and treated as repeated mea-
sures with compound symmetric covariance structure (Neter et al.,
1996). Because no data were missing and the numbers of observations for
each subject were identical, the ANCOVA models produce the same
results as the repeated-measures analysis of covariance in terms of testing
the diagnosis effect. The first ANCOVA model, used for each dependent
variable, had diagnostic group as a main effect, subject pair as a blocking
effect, and brain pH as a covariate. The inclusion of pair effect reflects the
matching of individual subject pairs for sex, age, and PMI. Postmortem
brain pH was included as a covariate because it might reflect the integrity
of some mRNA species (Harrison et al., 1995). Subject pairing may be
considered an attempt to balance the two diagnostic groups with regard
to the experimental factors instead of a true statistical paired design.
Thus, to validate the first model, a second ANCOVA model was per-
formed with a main effect of diagnostic group and covariates of all pair-
ing factors (sex, age, and PMI), as well as brain pH. Because these two
ANCOVAs produced similar results for all of the variables analyzed, only
the results from the first analysis are reported. These analyses were im-
plemented in SAS PROC GLM (SAS Institute, Cary, NC).

To test the association between the change in BDNF or TrkB mRNA

Schizophrenia

Gene expression in the PFC of control and schizophrenia subjects. Representative autoradiograms illustrating the
expression of BDNF (4, B), TrkB (C, D), TrkC (£, F), and GAD,; (G, H) mRNAs in PFC area 9 of a control subject (4, C, £, G) and an
age-, sex-, and PMI-matched subject with schizophrenia (8, D, f, H) from the subject pairindicated by the triangle in Figures 2and
3 are shown. The densities of hybridization signals are presented in a pseudocolor manner according to the calibration scales
(right) for each mRNA. Expression levels of BDNF and TrkB mRNAs are reduced in the schizophrenia subject (B, D) compared with
the control subject (4, (), whereas TrkC mRNA expression levels appear similar between the control (£) and schizophrenia ()
subjects. GAD;; mRNA expression is also reduced in the schizophrenia subject ( H) compared with the control subject ( G). Solid and broken
lines indicate the pial surface and the border between gray matter and white matter, respectively. Scale bars (in 4, B), 1 mm.
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expression and the GABA-related gene expres-
sion changes in schizophrenia, the percentage
of differences within subject pairs was calcu-
lated for BDNF and TrkB mRNAs and for
GADy;,, PV, and calretinin mRNAs across sub-
ject pairs (Hashimoto et al., 2003). Correlations
between within-pair percentage of differences
were assessed by Pearson’s correlation analysis.
For comparison of two correlation coefficients,
we performed an asymptotic test using Fisher’s
Z transformation (Meng et al., 1992).

The influence of sex, history of substance
abuse/dependence, history of antidepressant
medications, diagnosis of schizoaffective disor-
der, and cause of death on the within-pair dif-
ferences in gene expression levels was assessed
by two-sample ¢ test.

For the haloperidol-treated monkeys, paired
t tests were used to determine the effect of treat-
ment group on BDNF and TrkB mRNA expres-
sion in the PFC.

For the genetically engineered mice, the ef-
fects of genotype on mRNA expression levels
and neuronal densities were evaluated by
single-factor ANOVAs. When significance
(p < 0.05) was indicated by ANOVA, these
measures were compared across different geno-
types by using Tukey’s multiple comparison
test. Pearson’s correlation analysis was used to
examine the relationship among gene expres-
sion levels.

Results

Expression of BDNF, TrkB, and TrkC
mRNAs in the PFC of subjects

with schizophrenia

To examine the involvement of BDNF-
TrkB signaling in the GABA-related gene
expression deficits in schizophrenia, we
first tested whether BDNF and TrkB
mRNA expression levels were altered in
PEC area 9 of subjects with schizophrenia
using 15 subject pairs in cohort 1 (supplemental Table 1, available
at www.jneurosci.org as supplemental material) (for details, see
Hashimoto et al., 2003).

In the PFC of control subjects, BDNF mRNA was expressed in
a layer-specific pattern; signal intensity was high in layers V/VI,
moderate in layers II/I1], low in layer IV, and absent in layer I (Fig.
1A). In contrast, TrkB mRNA was homogeneously distributed
across layers II-VI (Fig. 1C). BDNF mRNA-positive neurons,
represented by accumulations of silver grains over neuronal nu-
clei in emulsion-coated slides, were scattered in layers II/III and
V/VI, rarely observed in layer IV, and not found in layer I (data
not shown). The TrkB mRNA was expressed by the majority of
neurons across layers II-VI and by a few in layer I (data not
shown). These expression patterns in control subjects were con-
sistent with previously published observations in monkey and
human association cortices (Okuno et al., 1999; Hashimoto et al.,
2000; Romanczyk et al., 2002; Weickert et al., 2003).

In PFC area 9 of subjects with schizophrenia (Fig. 1B,D),
mean BDNF and TrkB mRNA expression levels were significantly
decreased by 28% (F, ;3, = 15.0; p = 0.002) and 27% (F(, ;5, =
23.3; p < 0.001), respectively, compared with the matched con-
trol subjects (Fig. 2 A, B). Analyses of the mRNA expression levels
by cortical layer revealed significant effects of diagnostic group on
the expression levels of BDNF mRNA in layers II, III, and V/VI
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(all F; 13, >12.7;all p < 0.004) and on the
expression levels of TrkB mRNA in layers
I-V/VI (all F; 15 > 17.2; all p < 0.002)
(Fig. 2C,D). BDNF mRNA expression lev-
els in layer IV were not different between
the subject groups (F(, 5y = 4.05 p =
0.07) (Fig. 2C), perhaps reflecting its low
expression level in this layer in control
subjects. Consistent with previous reports
of age-dependent declines in BDNF and
TrkB mRNA expression levels (Hayashi et
al., 1997; Romanczyk et al., 2002), we de-
tected significant negative correlations be-
tween BDNF mRNA expression and age
for both the control (r = —0.62; p =
0.015) and schizophrenia (r = —0.52; p =
0.049) groups and trends for negative cor-
relations between TrkB mRNA and age
(r = —0.49, p = 0.065 for the control
group; r = —0.48, p = 0.070 for the schizo-
phrenia group). The regression lines for
subjects with schizophrenia were parallel
to and shifted downward from those for
control subjects (Fig. 2E,F), suggesting
that the decreased expression of these mR-
NAs in schizophrenia is similar in magni-
tude across adult life.

To determine whether the decreased
mRNA levels were selective for BDNF-
TrkB signaling, we examined mRNA ex-
pression for TrkC, a receptor tyrosine ki-
nase for neurotrophin-3 (NT-3), in the
same 15 subject pairs. Consistent with pre-
vious observations in primate association
cortices (Okuno et al., 1999; Hashimoto et
al.,, 2000), the hybridization signal for
TrkC mRNA was detected in layers II, III,
V, and VI, mainly in neurons, in area 9 of
control and schizophrenia subjects (Fig.
1 E, F). No significant differences were de-
tected in the pattern or level (F(, 3 =
0.004; p = 0.950) of TrkC mRNA expres-
sion between the control and schizophre-
nia groups (Fig. 3A).

Association of altered expression of
BDNF and TrkB mRNAs with changes
in GABA-related mRNA levels

If altered GABA-related gene expression is
driven by reduced BDNF-TrkB signaling
in schizophrenia subjects, then the
changes in BDNF or TrkB mRNA expres-
sion should be positively correlated with
the changes in GABA-related gene expres-
sion across the same subject pairs. To test
this hypothesis, we first examined GADy;,
mRNA expression in PFC area 9 using the
same 15 subject pairs (Fig. 1G,H ). Consis-
tent with previous studies (Akbarian et al.,

1995; Guidotti et al., 2000; Volk et al., 2000), the expression of
GADg4, mRNA was significantly (F, 5y = 18.6; p = 0.001) de-
creased by 28% in the schizophrenia group (Fig. 3B). Correlation
analyses revealed that the within-pair percentage of changes in
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Figure2. Reduced BDNF and TrkB mRNA expression in the PFC of subjects with schizophrenia in cohort 1. 4, B, Comparisons of

the mRNA expression levels for BONF (A) and TrkB ( B) by film optical density in PFCarea 9 of subjects with schizophrenia and age-,
sex-, and PMI-matched control subjects. The triangles represent the data for the pair presented in Figure 1. The expression levels
of BDNF and TrkB mRNAs are decreased in the subjects with schizophrenia for 14 and 15 of the pairs, respectively. The mean values
for each subject group are indicated by horizontal bars. ¢, D, Mean == SD expression levels of BONF ( () and TrkB ( D) mRNAs for
each cortical layer. BDNF mRNA expression levels were significantly decreased by 33, 29, and 37% in layers II, Ill, and V/VI,
respectively. The expression levels of TrkB mRNA were significantly decreased by 31, 29, 33, and 32% in layers II, Ill, IV, and V/VI,
respectively. *p << 0.005. £, F, The expression levels of BONF ( £) and TrkB ( F) mRNAs are plotted against age for each subject. For
both mRNAs, expression levels are negatively correlated with age, and the regression lines for schizophrenia subjects are parallel
to and shifted downward from those for control subjects, suggesting that the decreased expression of these mRNAs is similar in
magnitude across adult life. These age-dependent changes, similarly affecting both control and schizophrenia subjects, may
contribute to the relatively large overlaps in the distributions of the mRNA expression levels between the control and schizophre-
nia groups in A and B.

GAD,;, mRNA expression was significantly correlated with the
changes in TrkB mRNA expression (r = 0.67; p = 0.006) and
marginally correlated with the changes in BDNF mRNA expres-
sion (r = 0.51; p = 0.055). Interestingly, similar correlations were
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in cohort 2 (supplemental Table 2, avail-
able at www.jneurosci.org as supplemental
material). Among these 12 pairs, one sub-
ject with schizophrenia (pair 5) showed a
strikingly high BDNF mRNA expression
level (>7 SDs above the mean of control
subjects) (Fig. 4A). This particular subject
committed suicide by an overdose of a tri-
cyclic antidepressant, doxepin (supple-
mental Table 3, available at www.jneuro-
sci.org as supplemental material), and had
aserum level >100 times the normal ther-
apeutic range. Because systemic adminis-
tration of tricyclic antidepressants was re-
ported to induce BDNF expression in the
rodent cerebral cortex (Nibuya et al.,
1995), we excluded this subject from the
analysis of BDNF mRNA expression be-
tween the control and schizophrenia
groups. In cohort 2, BDNF, TrkB, and
GADg, mRNA expression levels in the

0 T 1 0
Control Schizophrenia

Figure3.

indicated by horizontal bars.

Control

Comparisons of TrkCand GAD; mRNA expression in the PFCin cohort 1. The expression level of TrkC mRNA did not differ
between the control and schizophrenia groups ( A), whereas the expression of GAD,;, mRNA ( B) was significantly decreased in the schizo-
phrenia group. In all 15 subject pairs, GAD,, mRNA expression levels were decreased in the subjects with schizophrenia relative to the
matched control subjects. The triangles represent the data for the pair presented in Figure 1. The mean values for each subject group are

schizophrenia group were significantly de-
Schizophrenia p sroup 5 4

creased by 44% (F, o) = 8.66; p = 0.016),
18% (F(, 1) = 7.13; p = 0.024), and 24%
(Fi1.10) = 5.06; p = 0.048), respectively,
compared with the control group (Fig. 4).

Correlation analyses across 26 subject
pairs, including the 15 pairs from cohort 1
and 11 pairs (without pair 5) in cohort 2,

Cohort 2 revealed a remarkably strong association
A BDNE mRNA between the within-pair percentage of
551 m ?507 TrkB mRNA iof GADs7 mRNA changes in TrkB and GADg; mRNA ex-
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horizontal bars. The broken lines in A indicate mean values across subjects, including pair 5.

present for the changes in PV (Hashimoto et al., 2003) and TrkB
(r = 0.58; p = 0.024) mRNA expression and for PV and BDNF
mRNA expression (r = 0.51; p = 0.051). In contrast, calretinin
mRNA expression (Hashimoto et al., 2003) was not significantly
correlated with BDNF (r = 0.26; p = 0.341) or TrkB (r = 0.38;
p = 0.163) mRNAs.

Replication of the gene expression changes in a second cohort

of subjects

To confirm these observations, we analyzed the expression of
BDNEF, TrkB, and GADy, mRNAs in PFC area 9 using the subjects

Replication of the gene expression differences in cohort 2. A, Decreased BDNF mRNA expression in PFC area 9 of
schizophrenia subjectsin cohort 2. Pair 5 was excluded from the analysis because the schizophrenia subject showed an abnormally
high level of BDNF mRNA expression in association with an antidepressant overdose. B, (, Decreased expression levels of TrkB ( B)
and GADg; (€) mRNAs in schizophrenia subjects of cohort 2. The mean mRNA values for each subject group are indicated by solid

In the combined data set from both subject
cohorts (Fig. 6), the within-pair percent-
age of decreases in BDNF and TrkB mRNA
expression did not differ as a function of
sex, history of substance abuse and/or de-
pendence, a history of antidepressant
treatments, a diagnosis of schizoaffective disorder, or suicide (all

toay < 1.56,all p > 0.132 for BDNF mRNA;all t,5, < 1.04,all
p > 0.310 for TrkB mRNA). Thus, the observed mRNA expres-
sion changes in subjects with schizophrenia were not likely to be
influenced by any of these factors.

To test the potential effect of antipsychotic medication, we
evaluated the expression of BDNF and TrkB mRNAs in PFC areas
9 and 46 of monkeys exposed to haloperidol and benztropine
mesylate (administered to relieve extra-pyramidal side effects)
for 9-12 months (Pierri et al., 1999). The expression of BDNF
and TrkB mRNAs (Fig. 7) did not differ between haloperidol-
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Figure 5.  Associations between the differences in BONF or TrkB mRNA expression and in
GAD,; mRNA expression across subject pairs. The within-pair percentage of changes in GAD;,
mRNA expression is plotted against those for BDNF (A4) or TrkB (B) mRNA expression for 26
subject pairs (excluding pair 5in cohort 2). The changes in both BDNF and TrkB mRNA expression
are significantly correlated with the change in GAD; mRNA expression across the 26 subject
pairs. The expression changes in TrkB mRNA were more highly correlated with the expression
changes in GADg; mRNA than were the expression changes in BDNF mRNA.

exposed monkeys and their sex-, age-, and weight-matched con-
trol monkeys in either areas 9 or 46 (all t;, < 1.06;all p >
0.369). These findings suggest that the alterations in BDNF and
TrkB mRNA expression in the PFC of subjects with schizophre-
nia are not likely to be attributable to antipsychotic medications.
Consistent with this interpretation, the mean percentage of de-
creases in these mRNAs across the four schizophrenia subjects
who were not receiving antipsychotic medications at the time of
death (25% for BDNF and 30% for TrkB) did not differ (¢.,4) =
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Figure 6.  The effects of confounding factors on the expression changes in BDNF and TrkB

mRNAs in schizophrenia. Mean == SD percentage of differences from control subjects for BDNF
(A) and TrkB (B) mRNAs within subject pairs grouped by potential confounding factors in
subjects with schizophrenia. Neither sex, substance abuse/dependence history, history of anti-
depressant medications, diagnosis of schizoaffective disorder, nor cause of death significantly
affected the expression changes in BDNF or TrkB mRNAs. For the comparison of BDNF mRNA
expression change (A), pair 5 in cohort 2 was excluded. The numbers within each bar indicate
the number of subject pairs.

0.59, p = 0.559 for BDNF mRNA; £,5, = 0.96, p = 0.347 for TrkB
mRNA) from those in the schizophrenia subjects who were
receiving antipsychotics at the time of death (35% for BDNF
mRNA and 21% for TrkB mRNA).

GABA-related gene expression in genetically engineered mice
The strikingly strong correlations between the changes in TrkB
mRNA expression and GABA-related gene expression suggested
the importance of TrkB in the regulation of GABA-related gene
expression changes in the PFC of subjects with schizophrenia. To
test this hypothesis, we used trkB hypomorphic mice (Xu et al.,
2000a) in which the disruption of trkB by floxed TrkB ¢cDNA
(fBZlocus) resulted in decreased TrkB expression in a gene dose-
dependent manner (see Materials and Methods). We compared
TrkB, GADy;, and PV mRNA expression levels in the PFC across
three genotypes [wild-type, heterozygous ( fBZ/+),and homozy-
gous ( fBZ/fBZ) mice for fBZ locus] at 8 weeks of age (Fig. 8). A
single-factor ANOVA revealed a significant effect of genotype on
the expression levels of TrkB (F(, ;) = 51.1; p < 0.001), GAD,;
(Fag = 11.1; p = 0.010), and PV (F,q = 9.92; p = 0.013)
mRNAs (Fig. 8]-L). Consistent with the previous reports (Xu et
al., 2000a; Rohrer, 2001; Rico et al., 2002), TrkB mRNA expres-
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Figure7.  The effects of long-term exposure to haloperidol on expression of BDNF and TrkB

mRNAs in monkey PFC. Representative autoradiograms illustrating the expression of BDNF (4,
B) and TrkB (C, D) mRNAs in a control monkey (4, () and an age-, sex-, and body weight-
matched monkey exposed chronically to haloperidol (B, D). The densities of hybridization sig-
nals are presented in a pseudocolor manner according to the calibration scales (right) for each
mRNA. For both mRNAs, the signal densities and distribution patterns appear to be unchanged
in the PFC of the haloperidol-exposed monkey (B, D) compared with the control monkey (A, ().
Solid and broken lines indicate the pial surface and the border between gray and white matter,
respectively. PS, Principal sulcus. Pairs of large and small arrowheads (4, B) indicate the quan-
tified regions in areas 9 and 46, respectively. Scale bars (in ¢, D), T mm. £, F, Pairwise compar-
isons of the mRNA expression levels for BONF ( £) and TrkB (F) in PFCarea 9 between monkeys
exposed to haloperidol and their sex-, age-, and weight-matched controls. The mean values for
each group are indicated by horizontal bars.

sion levels were significantly ( p < 0.05) decreased by 42 and 75%
in mice with fBZ/+ and fBZ/fBZ genotypes, respectively, com-
pared with wild-type mice (Fig. 8]). In fBZ/fBZ mice, PFC expres-
sion levels of GAD,, and PV mRNAs were significantly decreased
(p<0.05) by 23 and 40%, respectively, compared with wild-type
mice (Fig. 8 K, L). Additionally, in the fBZ/+ mice, the expression
levels of GAD,, and PV mRNAs were intermediate between the
wild-type control and fBZ/fBZ mice (Fig. 8K,L). In contrast, ge-
notype had no significant effect on the expression of calretinin
mRNA in the PFC (F, ) = 1.07; p = 0.401) (data not shown). In
addition, BDNF mRNA expression levels did not differ between
wild-type control and fBZ/fBZ mice (t,, = 0.38; p = 0.722).

At the cellular level, decreased TrkB expression did not affect
total neuron density (F(, ¢ = 0.43; p = 0.668) (Fig. 8 M). The
density of neurons with detectable levels of GAD;; mRNA, how-
ever, was significantly decreased in a manner directly related to
the trkB gene dose (F(, 5, = 34.5; p < 0.001) (Fig. 8N). In con-
trast, grain density per GAD4, mRNA-positive neuron did not
differ across the three groups of mice (F,4, = 0.73; p = 0.522)
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(Fig. 80), indicating that the deficit in GAD,, mRNA expression
was restricted to a subpopulation of GABA neurons.

We next assessed the effect of decreased BDNF expression on
GABA-related gene expression using mice with a neuron-specific
inducible knock-out of bdnf (Fig. 9). As expected, BDNF mRNA
expression was dramatically decreased (F, ,,, = 34.7; p < 0.001)
by 80% in the PFC of mice with the bdnfknock-out induced from
embryogenesis at 5 months of age (Fig. 9A,B,I). However, in
contrast to the mice with decreased TrkB expression, no differ-
ence in the expression levels of GAD; (F(; 0, = 0.26; p = 0.620)
or PV (F(; 1) = 0.52; p = 0.489) mRNAs were present between
the knock-out and wild-type control animals (Fig. 9K, L). Inter-
estingly, the average TrkB mRNA expression level was increased
by 20% in the knock-out mice compared with the wild-type con-
trols (Fig. 9J), although this increase did not achieve statistical
significance (F(; o) = 4.29; p = 0.065). We obtained similar re-
sults in mice with the bdnf knock-out induced in adulthood.
Mean BDNF mRNA expression levels in the PFC of these mice
were decreased by 80% (F, 4, = 40.4; p < 0.001) compared with
the wild-type controls. However, no change was detected in ex-
pression levels of TrkB (F(, ,4) = 0.82; p = 0.382), GADg; (F, 14,
=0.02; p = 0.888), or PV (F(, ,,, = 0.18; p = 0.675) mRNAs.

Together, these findings suggested that changes in TrkB ex-
pression, and not in BDNF expression, play a primary role in the
regulation of GABA-related gene expression in the adult PFC.
Indeed, across the animals with three trkB genotypes (wild type,
fBZ/+, and fBZ/fBZ), the expression levels of GAD,, and PV
mRNAs were highly correlated with the level of TrkB mRNA (r =
0.91, p = 0.001 and r = 0.89, p = 0.001, respectively).

Discussion

In this study, expression levels of both BDNF and TrkB mRNAs
were found to be significantly decreased in the PFC of two co-
horts of subjects with schizophrenia. The following lines of evi-
dence suggest that alterations in BDNF and TrkB mRNA expres-
sion are specific to the disease process of schizophrenia, or at least
not a consequence of other factors commonly associated with the
illness. First, the reduced levels of BDNF and TrkB mRNAs do
not appear to be attributable to the pharmacological treatment of
schizophrenia, because the expression of these mRNAs was un-
changed in the PFC of monkeys after long-term exposure to hal-
operidol (Fig. 7). These findings are consistent with previous
studies reporting no effects of chronic exposure to antipsychotic
drugs on the levels of BDNF mRNA and protein or the expression
of TrkB mRNA in the rodent frontal cortex (Nibuya et al., 1995;
Linden et al., 2000; Takahashi et al., 2000; Lipska et al., 2001) (but
see Angelucci et al., 2000; Dawson et al., 2001). The results from
animal experiments are also complemented by the findings of
reduced levels of both BDNF and TrkB mRNAs in the subjects
with schizophrenia who were not receiving antipsychotic medi-
cations at the time of death.

Second, the available data indicate that comorbid substance
abuse and/or dependence did not contribute to the decreases in
BDNF or TrkB mRNA expression. For example, relative to their
matched controls, the change in BDNF and TrkB mRNA levels
did not differ between schizophrenia subjects with or without
history of substance abuse/dependence (Fig. 6). In addition, a
control subject with a history of alcohol abuse had greater expres-
sion levels for both BDNF and TrkB mRNAs than the matched
schizophrenia subject. Finally, the four control subjects with pos-
itive plasma alcohol levels at the time of death still had higher
expression levels of both mRNAs than their matched schizophre-
nia subjects.
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Third, although reductions in BDNF
and TrkB mRNA levels have been reported
in the PFC and hippocampus of suicide

TrkB
victims (Dwivedi et al., 2003), reduced lev- ~ mRNA
els of these mRNAs were still present in
our study in those subjects with schizo-
phrenia who did not die by suicide (Fig. 6).  GADe?
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Some subjects with schizophrenia had
been treated with antidepressants. How-
ever, because these agents have been re-
ported to increase BDNF expression PV
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rity in subjects with schizophrenia, be-
cause the expression of both TrkC and cal-
retinin (Hashimoto et al., 2003) mRNAs
and multiple other transcripts (Glantz et
al., 2000; Mirnics et al., 2000; Middleton et
al., 2002) did not differ between the sub-
ject groups in the first cohort.

Because BDNF-TrkB signaling has

illustrating TrkB (A—C), GADg; (D—F), and PV (G—/) mRNA expression in a wild-type mouse (left), a mouse heterozygous for the
fBZ locus ( 8Z/+) (middle), and a mouse homozygous for the fBZ locus ( fBZ/fBZ) (right) in adulthood. The densities of hybrid-
ization signals are presented in a pseudocolor manner according to the calibration scales (right) for each mRNA. Note that TrkB
mRNA s expressed in proportion to the gene dose (A—(). GAD,; and PV mRNA expression levels appear to be decreased in the PFC
of the fBZ/fBZ mouse (F, /), in which the expression of TrkB mRNA is remarkably decreased ( (). The arrowheads in A—Cindicate the
quantified regions in the PFC (applies to all sections from each mouse). Scale bar (in /), 1 mm. J-L, Mean == SD expression levels
of TrkB (J), GADg; (K), and PV (L) mRNAs in the PFC of adult mice with wild-type, f8Z/+, or fBZ/fBZ genotypes. M—0, Mean % SD
neuronal density (M), GAD;;, mRNA-positive neuron density (), and GAD;; mRNA expression per positive neuron (0). Bars not

been reported to influence the develop-
ment of cortical GABA neurons, including
the expression of both GAD,, and PV
(Jones et al.,, 1994; Alcantara et al., 1997; Huang et al., 1999;
Yamada et al., 2002; Cotrufo et al., 2003), we hypothesized that
altered BDNF-TrkB signaling might be an “upstream” event that
contributed to the altered expression of GABA-related genes in
the PFC of subjects with schizophrenia. Consistent with this hy-
pothesis, the changes in GADy, mRNA expression were signifi-
cantly correlated with those in both BDNF and TrkB mRNA
expression across subject pairs. Interestingly, the correlation was
significantly higher between TrkB and GADy; mRNA than be-
tween BDNF and GADy, mRNA, suggesting the importance of
TrkB in the regulation of GABA-related gene expression. How-
ever, these correlational data from human studies cannot reveal
the mechanistic relationships between the decreased TrkB ex-
pression and the deficits in GABA-related gene expression in the
PFC of subjects with schizophrenia.

To directly test the effect of reduced TrkB expression on
GABA-related gene expression, we used mice heterozygous and
homozygous for the fBZ locus, in which PFC TrkB mRNA ex-
pression levels were 58 and 25% of wild-type animals, respec-
tively. As predicted, both GADg; and PV mRNA expression levels
were decreased in a manner directly related to kB gene dose,

sharing the same alphabetical letter are statistically different ( p << 0.05; post hoc Tukey’s multiple comparison).

confirming the importance of TrkB signaling in the regulation of
gene expression in PV-containing GABA neurons. In addition,
consistent with the selective expression of TrkB in PV-containing
GABA neurons, mRNA levels for calretinin were not altered in
either the mice with reduced TrkB expression or the human sub-
jects with schizophrenia. Thus, reduced expression of TrkB
mRNA appears to be sufficient to produce the altered expression
of GADy, and PV mRNAs in the PFC of subjects with
schizophrenia.

In contrast, despite an 80% reduction in BDNF mRNA levels
in the PFC of mice with an inducible knock-out of bdnf, the
expression levels of GADg; and PV were not altered. Recently, He
etal. (2004) reported that a conditional knock-out of bdnf (which
induced an 80% decrease in hippocampal BDNF levels) caused
only a slight change in epileptogenesis in the kindling model,
whereas a conditional knock-out of trkB suppressed it. Impor-
tantly, in the hippocampus of the bdnf knock-out mice, neither
the expression level of TrkB nor its activation was changed com-
pared with wild-type animals. Together, these findings suggest
that the decreased availability of BDNF alone has a limited effect
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subjects with schizophrenia, any activa-
tion of TrkB by NT-3 may be expected to
be limited when the expression of TrkB
itself is decreased (Table 1).

Previous postmortem studies, includ-
ing our analyses of the same subjects used
in this study, provide insight into the neu-
ronal substrate of the observed mRNA
changes. For example, total neuron num-
ber in the PFC of subjects with schizophre-
nia has been reported to be unchanged
(Thune et al., 2001). Furthermore, in PFC
area 9, the density of pyramidal neurons
has been reported to be slightly increased
across cortical layers (Selemon etal., 1995)
or to be unchanged in layer III (Pierri et al.,
2003). Because BDNF mRNA is expressed
by cortical pyramidal neurons, the de-
crease in BDNF mRNA appears to be at-
tributable to a downregulation of BDNF
mRNA in existing pyramidal neurons, and
not to a reduction in the number of these
neurons. Likewise, the density of all non-

L pyramidal neurons has been reported to be
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Table 1. Summary of mRNA expression changes

Schizophrenia f8Z/f87 bdnf—/—"" bdnf—/—"
BDNF 1 35%° < | 80% 1 80%
TrkB | 23%° 1 75% 1 20% (p = 0.07) PN
GAD,, | 26%° 1 23% < PN
PV 1 30%° 1 40% < <

Percentages of changes from control subjects or from wild-type animals are presented with arrows indicating the
direction of changes. Statistically significant changes (p << 0.05) are expressed in bold.

“Average across 26 pairs in cohorts 1and 2 (without pair 5 in cohort 2).
®Average across 27 pairs in cohorts 1and 2.

“Average across 15 pairs in cohort 1 [bdnf—/— ™ knock-out induced from late embryogenesis and bdnf—/— "¢
knock-out induced in adulthood (12 weeks of age)].

on downstream outcomes compared with the decreased expres-
sion of TrkB.

Heetal. (2004) also detected an increased expression of NT-3,
but not of NT-4, in the hippocampus of their bdnf knock-out
mice. Although NT-3 expression may be increased in the PFC of

Gene expression in the PFC of mice with an inducible neuron-specific bdnf knock-out in embryogenesis. Represen-
tative autoradiograms (A—H) illustrating the expression of BDNF (4, B), and TrkB (C, D), GAD; (E, F), and PV (G, H) mRNAs in a
control mouse (4, (, £, G) and a mouse with embryonic bdnf knock-out (B, D, F, H) at 5 month of age are shown. The densities of
hybridization signals are presented in a pseudocolor manner according to the calibration scales (right) for each mRNA. Note that
BDNF mRNA expression was dramatically decreased in the knock-out mouse ( B) compared with the control (A). GAD; (£, F) and
PV (G, H) mRNA expression levels appear to be similar between knock-out and control mice, whereas the expression level of TrkB
mRNA is higher in the knock-out mouse ( D) than the control mouse ( (). The arrowheads in Cand D indicate the quantified regions
inthe PFCin all sections from each mouse. Scale bar (in #), 1 mm. /-L, Mean = SD expression levels of BDNF (/), TrkB (J), GAD;
(K), and PV (L) mRNAs in control and embryonic bdnf knock-out mice. Although BDNF mRNA expression levels are significantly
decreased by 80% in embryonic knock-out mice (/), the expression levels of both GAD,; and PV mRNAs are unchanged (K, L). The
expression level of TrkB mRNA is increased by 20% in embryonic knock-out mice with marginal significance.

PFC of subjects with schizophrenia, and,
in particular, the densities of PV-
immunoreactive (Woo et al., 1997; Beasley
et al, 2002) and PV mRNA-positive
(Hashimoto et al., 2003) neurons were not
10 altered, indicating that the decreases in
GADg, and PV mRNA expression levels
are attributable to decreased gene expres-
sion in existing GABA neurons. The evi-
dence that neither pyramidal nor nonpy-
ramidal neurons in the PFC are lost in
schizophrenia indicates that the decreased
TrkB mRNA expression is attributable to
downregulation in existing pyramidal and
nonpyramidal neurons. Similar to these
observations in the PFC of subjects with
schizophrenia, neuronal density was not
reduced in the PFC of trkB hypomorphic
mice, indicating that the decreases in
mRNA expression were not attributable to
the loss of neurons. Furthermore, the significant decrease in
GADg, mRNA-positive neuron density without a change in the
mRNA expression levels per positive neuron indicates that
GADg, mRNA expression was reduced in a subset of GABA neu-
rons in the trkB hypomorphic mice. These findings directly par-
allel the pattern of altered GAD,, mRNA expression in schizo-
phrenia (Volk et al.,, 2000). Thus, the alterations in GABA
neurons in trkB hypomorphic mice replicate those found in sub-
jects with schizophrenia at both the tissue and cellular levels.

In both subjects with schizophrenia and #rkB hypomorphic
mice, the observed deficits in expression of GAD,, or PV mRNAs
may be the direct result of reduced TrkB expression in GABA
neurons and/or an indirect consequence of alterations in pyra-
midal neurons. BDNF-TrkB signaling has been reported to en-
hance the somatodendritic development (McAllister et al., 1995;
Xu et al., 2000b; Horch and Katz, 2002; Gorski et al., 2003) and
spine formation (Horch et al., 1999) of pyramidal neurons. In-
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terestingly, pyramidal neurons have been reported to have de-
creased somal size, dendritic length, and spine density in the PFC
of subjects with schizophrenia (Garey et al., 1998; Rajkowska et
al., 1998; Glantz and Lewis, 2000; Pierri et al., 2001), consistent
with an effect of reduced BDNF-TrkB signaling on pyramidal
neurons in the illness. These findings, in concert with evidence that
BDNEF-TrkB signaling directly affects the efficacy of excitatory neu-
rotransmission among pyramidal neurons (Kang and Schuman,
1995; Xu et al., 2000a), suggest that the reduced expression of TrkB
in pyramidal neurons may cause a decrease in their activity. Such
a reduction in the activity of pyramidal neurons may, in turn,
alter gene expression in GABA neurons, especially those contain-
ing PV, which receive direct excitatory inputs from neighboring
pyramidal neurons (Melchitzky and Lewis, 2003).

The findings of this study provide both convergent evidence
in the disease state and a proof of concept test in genetically
modified animals that a reduction in signaling via the TrkB re-
ceptor contributes to altered gene expression in the PV-
containing subpopulation of PEC GABA neurons in schizophre-
nia. The importance of this pathogenetic mechanism is
demonstrated by the evidence suggesting that these gene expres-
sion alterations in PV-containing GABA neurons have functional
consequences that likely contribute to the cognitive deficits of
schizophrenia (Lewis et al., 2004).
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