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Neurobiology of Disease

Schizophrenia-Like Features in Transgenic Mice
Overexpressing Human HO-1 in the Astrocytic Compartment
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Delineation of key molecules that act epigenetically to transduce diverse stressors into established patterns of disease would facilitate the
advent of preventive and disease-modifying therapeutics for a host of neurological disorders. Herein, we demonstrate that selective
overexpression of the stress protein heme oxygenase-1 (HO-1) in astrocytes of novel GFAP.HMOX1 transgenic mice results in subcortical
oxidative stress and mitochondrial damage/autophagy; diminished neuronal reelin content (males); induction of Nurr1 and Pitx3 with
attendant suppression of their targeting miRNAs, 145 and 133b; increased tyrosine hydroxylase and a-synuclein expression with down-
regulation of the targeting miR-7b of the latter; augmented dopamine and serotonin levels in basal ganglia; reduced D, receptor binding
in nucleus accumbens; axodendritic pathology and altered hippocampal cytoarchitectonics; impaired neurovascular coupling; attenu-
ated prepulse inhibition (males); and hyperkinetic behavior. The GFAP.HMOX1 neurophenotype bears resemblances to human schizo-
phrenia and other neurodevelopmental conditions and implicates glial HO-1 as a prime transducer of inimical (endogenous and
environmental) influences on the development of monoaminergic circuitry. Containment of the glial HO-1 response to noxious stimuli at
strategic points of the life cycle may afford novel opportunities for the effective management of human neurodevelopmental and neuro-

degenerative conditions.

Introduction
In various human neurodegenerative and neurodevelopmental dis-
orders, a broad spectrum of risk and etiologic factors converge onto
a restricted range of neuropathological and behavioral phenotypes.
In the case of Alzheimer’s disease (AD), indistinguishable neuro-
pathological signatures accrue regardless of whether the degenera-
tive process was fostered by genetic, traumatic, cardiovascular,
metabolic, neuropsychological, or nutritional factors (Patterson et
al,, 2007). Similarly, various perinatal risk factors may “funnel”
through limited neurodevelopmental pathways to engender schizo-
phrenia and animal models thereof (Nitta et al., 2007; Brown, 2011).
Heme oxygenases (HO) oxidize cellular heme to biliverdin,
carbon monoxide (CO), and free ferrous iron. Biliverdin is fur-
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ther catabolized to the bile pigment bilirubin by biliverdin reduc-
tase (Schipper et al.,, 2009a). Mammalian cells express an
inducible isoform, HO-1, and constitutively active HO-2. Basal
HO-1 expression and activity are maintained at low levels in the
normal brain and are restricted to neuroglia and small groups of
scattered neurons (Schipper et al., 2009a). Numerous consensus
sequences in the HMOXI promoter render the gene exquisitely
sensitive to induction by an array of prooxidant, inflammatory
and other noxious stimuli implicated in AD, Parkinson’s disease
(PD), and schizophrenia (Schipper et al., 2009a; Brown, 2011).
The heme oxygenase reaction may either confer cytoprotection
by converting prooxidant heme and hemoproteins to the antiox-
idants biliverdin and bilirubin (Schipper et al., 2009a) or, con-
versely, liberate CO and ferrous iron, which may exacerbate
oxidative stress within the mitochondrial and other cellular com-
partments (Zhang and Piantadosi, 1992; Schipper et al., 2009a).
HO activity has been shown to afford neuroprotection (Panahian
et al., 1999; Beschorner et al., 2000; Ahmad et al., 2006; Lin et al.,
2007) or enhance vulnerability in various experimental models of
neural injury and disease (Fernandez-Gonzalez et al., 2000; Wang
and Doré, 2007; Yuan et al., 2008). HO-1 protein is overexpressed
in astrocytes and decorates neuronal Lewy bodies in the substan-
tia nigra of patients with PD (Schipper et al., 1998). In AD, HO-1
mRNA and protein are upregulated in astrocytes, neurons, and
microvasculature of the hippocampus and cerebral cortex
(Premkumar et al., 1995; Schipper et al., 2009a,b), and the pro-
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tein colocalizes to hallmark senile plaques, neurofibrillary tan-
gles, granulovacuolar degeneration and neuropil threads (Smith
et al., 1994; Schipper et al., 1995). HMOX]1 is also induced in the
prefrontal cortex of patients with schizophrenia (Prabakaran et
al.,, 2004). In cultured astroglia, HO-1 upregulation by transient
transfection of HMOX1 cDNA or stimulation of endogenous
HO-1 expression by exposure to diverse stressors promotes in-
tracellular oxidative stress, mitochondrial permeability transi-
tion, mitochondrial iron deposition (Schipper, 1999; Song et al.,
2006), and macroautophagy (Zukor et al., 2009). In coculture
paradigms, glial HO-1 overexpression enhances the vulnerability
of nearby neuronal constituents to oxidative insult (Frankel and
Schipper, 1999; Song et al., 2007). To ascertain directly whether
this HO-1-mediated neuropathological cascade might prevail in
the intact brain, novel GFAP.HMOXI1 transgenic mice were en-
gineered to allow conditional and selective expression of HMOX1
by the astrocytic compartment. The ensuing phenotype impli-
cates glial HO-1 expression as a prime transducer of dystrophic
stimuli in chronic neurological and psychiatric conditions.

Materials and Methods

DNA constructs

As illustrated (see Fig. 1A), the transgene cascade leads to activation
of human (h) heme oxygenase-1 (HO-1) coding sequence through
the upstream promoter drive of glial fibrillary acidic protein (GFAP)
and the “valve controller” of tetracycline activator (tTA). This design
confers two advantages: (1) The GFAP promoter selectively targets
HMOXI gene expression to the astrocytic compartment; (2) the tetracy-
cline (Tet)-controllable (“Off”) system permits temporal control of
transgene expression. For this strategy, Tet-controllable pGFAP.tTA
and pTRE2.Flag. HMOXI1 constructs have been used to create the GFAP.
HMOX1 transgenic (TG) mice. pTRE2.Flag. HMOX1 contains a fusion
gene of Flag (F) (30 bp; derived from pcDNA3.1/Zeo.Flag) and the entire
protein-coding sequence (866 bp) of HMOX1 (Song et al., 2006) under
the minimal CMV promoter/enhancer. Through several steps of pfu
DNA polymerase-catalyzed PCR and subcloning, the Flag HMOX1
fragment was inserted into pTRE2 (Clontech), downstream of the
tetracycline-responsive element (TRE) and the minimal CMV promoter/
enhancer using a forward primer (5'-CGC TGA GGA TCC ATG GAC
TAC AAA GAC GAT-3") containing a BamHI site and a reverse primer
(5'-CGT GCATCT AGA TCA CAT GGC ATA AAG CCC-3’) containing
a HindIlII site. For construction of pGFAP.tTA, the coding sequence of
tTA containing the wild-type (WT) VP16 domain (allows high expres-
sion of tTA) derived from modified pUHD15-1 neo (courtesy of Dr. R. T.
Lin, Lady Davis Institute for Medical Research, Montreal, Quebec, Can-
ada) was subcloned into pDRIVE02-GFAP(h)04 (InvivoGen) under the
GFAP promoter through several steps of pfu DNA polymerase-catalyzed
PCR and subcloning using a forward primer (5'-CGG CTC ATG ATG
TCT AGA TTA GA-3") containing a BspHI site and a reverse primer
(5'-AAT TAG AAT TCT CGC GCC CCCTA-3'") containing a EcoRI site.
DNA construct sequences and orientations were confirmed by (1) re-
striction enzyme analysis, (2) DNA sequencing, and (3) protein expres-
sion profiling using anti-Flag immunolabeling (Sigma-Aldrich) after in
vitro transfection of primary rat astrocytes and HEK293 with pGFAP.tTA
and/or pTRE2.Flag. HMOX1.

Generation of TG mice

A 2.6 kb XhoI-Asel DNA fragment from pTRE.Flag. HMOXI1 containing
a B-globin poly(A) sequence and a 3 kb PacI-PacI DNA fragment con-
taining a SV40 poly(A) sequence from pGFAP.tTA were isolated, puri-
fied, and injected into pronuclei of fertilized FVB mouse eggs (McIntyre
Transgenic Core Facility, McGill University, Montreal, Quebec, Canada)
to generate two strains of transgenic mice harboring TRE.Flag. HMOX1
and GFAP.tTA, respectively. Transgenic mice expressing GFAP.tTA and
TRE.Flag. HMOX1 mice were bred to produce GFAP.tTA.TRE.Flag.
HMOX]1 animals. To inhibit transgene expression, doxycycline (Dox) is
provided in the diet (200 mg/kg, sterile; Bio-Serv) to breeding pairs and
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derived litters. To initiate transgene expression, the Dox diet was re-
placed with regular rodent diet.

PCR genotyping

Crude extracts containing genomic DNA from tail biopsy specimens
were recovered using the REDExtract-N-Amp Tissue PCR kit (Sigma-
Aldrich). The tTA coding sequence (1.009 kb fragment) was amplified
with the primer pair as described above. The Flag + HMOXI gene seg-
ment was amplified with pTRE2 sequence primer (5'-CGC CTG GAG
ACG CCA TC-3') (forward), beginning at the lower part of the
miniCMV sequence upstream of Flag HMOX1, and Flag HMOX1 sub-
cloning primer (reverse) as described above, which amplified a 989 bp
fragment. The primers for GAPDH (glyceraldehyde 3-phosphate dehy-
drogenase) (Preisig-Miiller et al., 1999) were used as an internal control
to amplify a shorter fragment of 385 bp. Amplifications were performed
in a total volume of 20 ul containing 10 ul of REDExtract-N-Amp PCR
mix, 6 ul of a mixture of each primer and PCR grade water, and 4 ul of
mouse tail extract as template. The PCR protocol consisted of an initial
step of 3 min at 94°C, followed by 35 cycles of 30 s at 94°C, 1 min at 57°C,
and 1 min at 72°C. The final extension cycle was 10 min at 72°C. To
identify zygosities, genomic DNA was purified from mouse tails with a
protease digestion protocol (Gains et al., 2006) and used to run quanti-
tative PCR with PerfeCTa SYBR Green FastMix, Low ROX (Quanta Bio-
sciences) according to the manufacturer’s manual. Backcross breeding
with WT mice was also used to confirm homozygosity.

Animal husbandry

The colony of FVB mice used to generate transgenic and WT animals
originated from Harlan Laboratories. Experimental protocols pertaining
to the use of mice in this study have been approved by the Animal Care
Committee of McGill University in accordance with the guidelines of the
Canadian Council on Animal Care. Mice were kept at a room tempera-
ture of 21 = 1°C with a 12 h light/dark schedule. All the mice were bred
and cared for in the Animal Care Facilities at the Lady Davis Institute for
Medical Research. Fur texture, body weight, and survival rates were
monitored as indices of general health. The transgenic mice used in all
experiments were heterozygous. The behavioral studies and brain reelin
immunostaining were performed in male and female mice separately.
Male mice were used for the analysis of cerebral blood flow. For all other
experiments (biochemical, histochemical, molecular biological, and
morphological), animals of either sex were used.

Surgical procedures

(1) For standard perfusion, mouse brains were fixed by transcardial per-
fusion as previously described (Fenton et al., 1998) with minor modifi-
cations. Briefly, the animals were deeply anesthetized with rodent
mixture containing ketamine, xylazine, acepromazine, and saline and
perfused with 200 ml of ice-cold saline followed by 250 ml of cold 4%
paraformaldehyde in 0.1 M PBS, pH 7.4, for light-microscopic analysis, or
cold 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.5,
containing 0.1% CaCl, for transmission electron microscopy (TEM).
The brains were removed and immersed in the same fixatives for 24 h at
4°C. For RNA and protein expression assays, mouse brains were frozen in
dry ice immediately after transcardial perfusion with 200 ml of ice-cold
PBS and stored at —80°C. (2) For HPLC and autoradiography assays,
animals were decapitated and brains were removed and frozen in
2-methylbutane at —40°C and stored at —80°C until use (Laplante et al.,
2004).

ELISA

The following regions were dissected from frozen mouse brain on dry ice:
striatum (STM), substantia nigra—ventral tegmental area (SN/VTA),
amygdala (AMYG), prefrontal cortex (PFC), temporal cortex (TC), and
hippocampus (HC). HO-1 (human) EIA kit and ImmunoSet HO-1
(mouse) ELISA development set were used to quantify exogenous (trans-
genic) or endogenous (mouse) HO-1 protein expression, respectively,
according to manufacturer instructions (Enzo Life Sciences). As the two
kits exhibited similar detection sensitivities (0.78 25 and 0.195-12.5 ng/
ml, respectively) and no significant cross-reactivity, total HO-1 expres-
sion in transgenic mouse brains could be calculated from combined
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assays. An indirect ELISA assay for nurr1 or pitx3 was assembled accord-
ing to the protocols from Abcam (www.abcam.com/protocols). Briefly,
50 ul (20 ug) of brain nucleus extraction lysate was uploaded to each well
and incubated overnight at 4°C followed by a 2 h incubation with 100 ul
of blocking solution (10 mm sodium phosphate, 15 mm NaCl, 1% BSA,
pH 7.4) at room temperature. One hundred microliters of anti-Nurr1 or
Pitx3 (Abgent) in blocking solution (1:1000) were added to each well and
incubated for 2 h at room temperature. Each well was incubated with 100
ul of HRP-conjugated secondary antibody (GE Healthcare) in blocking
solution (1:500) for 1 h at room temperature. The washing, detection
[using TMB (3,3',5,5'-tetramethylbenzidine)], and stop solutions were
the same as those of the HO-1 (human) EIA kit. The percentage changes
of detected proteins in TG versus WT mice were analyzed using paired
Student’s ¢ test.

mRINA and miRNA expression
Total RNA extraction, polyadenylation, and cDNA synthesis. Total RNA
from each dissected brain region was extracted in Trizol according to the
manufacturer’s instructions (Invitrogen). Five micrograms of total RNA
were subjected to RT-PCR using Transcriptor First-Strand cDNA Syn-
thesis Kit (Roche Diagnostics) and anchored-oligo-dT, 4 or random hex-
amer primer, and the resulting cDNA was amplified by PCR (Song et al.,
2009). miRNA polyadenylation was performed followed by cDNA syn-
thesis using 2.5 ug of polyadenylated total RNA with NCode miRNA
First-Strand cDNA Synthesis Kit (Invitrogen).

mRNA and miRNA qRT-PCR. The Applied Biosystems 7500 Fast Real-
Time PCR System (Applied Biosystems by Life Technologies) was used to
quantify mRNA and miRNA with SYBR GreenER SuperMix Universal
(Invitrogen) according to manufacturer’s instructions. Twenty-five
nanograms of cDNA were quantified using the qRT-PCR Kit (Invitro-
gen) via real-time PCR. The forward and reverse primer sequences used
to detect mRNA were designed with Primer Express Software, version 3.0
(Applied Biosystems by Life Technologies): (1) manganese superoxide
dismutase (MnSOD): 5'-GCTGCACCACAGCAAGCA-3" and 5'-TCGG
TGGCGTTGAGATTGT-3'; (2) Pitx3: 5'-AGGAATCGCTACCCTGAC
ATGA-3" and 5'-ACGCGGGCCTCAGTGA-3'; (3) Nurrl: 5'-ATCCGG
GCTCCCTTCACA-3’" and 5'-TCTGCTCGATCATATGCGTAGTG-3';
(4) dopamine transporter (DAT): 5-TGGAGTGCAGCTGACCAA
CT-3" and 5'-GGTCTCCCGCTCTTGAACCT-3'; (5) tyrosine hydrox-
ylase (TH): 5'-CGAGCTGCTGGGACACGTA-3" and 5'-CTGGGAGA
ACTGGGCAAATG-3';(6) a-Synuclein:5'-GAAGGACCAGATGGGCAA
G-3" and 5'-TTCCAGGATTCCTTCCTGTG-3'; (7) Beclin-1 (Becnl): 5'-
GGACAAGCTCAAGAAAACCAATG-3"and5’-TGTCCGCTGTGCCAGA
TGT-3'; (8) lysosomal-associated membrane protein 2 (Lamp2): 5'-TGTG
CCTCTCTCCGGTTAAAG-3"and5'-CGGCTCCTAGGAACAGAAAGAT
C-3'; (9) Sirtuin 1 (Sirt1): 5'-CCGCGGATAGGTCCATATACTT-3" and
5'-TCGAGGATCGGTGCCAAT-3". As an internal reference, B-Actin
mRNA was used and probed using a pair of primers (5'-CAGCAGATGTGG
ATCAGCAAG-3" and 5'-GCATTTGCGGTGGACGAT-3') (Mak et al.,
2009). Mature DNA sense sequences (obtained from miRBase; http://
microrna.sanger.ac.uk/) were used as forward primers to detect miRNA.
The miRNA primer sequences used were mmu-miR-133b (5'-tttggtcccc
ttcaaccagcta-3'), mmu-miR-145 (5'-gtccagttttcccaggaateect-3'), mmu-
miR-7a (5'-tggaagactagtgattttgttgt-3'), and mmu-miR-7b (5'-tggaagactt
gtgattttgttgt-3'). As a reference sequence, 5S rRNA was probed using an
internal forward primer (5'-cagggtcgggcecgttagtacttg-3'). miRNA expres-
sion fold changes between groups were calculated using the AACt
method relative to controls following normalization with levels of 5S
rRNA (Livak and Schmittgen, 2001).

Histochemistry/immunohistochemistry

Coronal brain sections (40 wm) were cut on a Lancer vibratome (series
1000) (Lancer). For histochemistry, sections were stained with Gallyas
suppressed silver, hematoxylin and eosin (H&E), and Luxol fast blue.
Immunohistochemistry (IHC) was performed with the Vectastain Elite
ABC kit for mouse IgG (Vector Laboratories) using anti-Flag mAb
(Sigma-Aldrich). For immunofluorescence (IF), sections were incubated
with anti-Flag (Sigma-Aldrich), anti-S-100f3 (Sigma-Aldrich), and anti-TH
mAbs (Millipore Bioscience Research Reagents), respectively, followed by
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donkey anti-mouse Cy3-labeled IgG (Jackson ImmunoResearch). After
washing, the slides were incubated with anti-HO-1 (rabbit) (Enzo
Life Sciences) or anti-MnSOD (sheep) pAb (Biodesign International)
followed by goat anti-rabbit or anti-sheep FITC-labeled IgG (Vector
Laboratories). For costaining of a-synuclein and HO-1, sections were
incubated with anti-a-synuclein mAb (BD Biosciences Transduction
Laboratories) followed by goat anti-mouse FITC-labeled IgG (Jackson
ImmunoResearch). After washing, the slides were incubated with anti-
HO-1 (rabbit) pAb (Enzo Life Sciences) followed by goat anti-rabbit
Cy2-labeled IgG (Jackson ImmunoResearch). Anti-reelin mAb (Calbio-
chem) and goat anti-mouse FITC-labeled IgG (Jackson Immuno
Research) were used for reelin IF staining, with DAPI (4',6-diamidino-
2-phenylindole) (1 wg/ml) (Sigma-Aldrich) nuclear counterstaining.
The histochemical and IHC preparations were examined using a Leica
DM LB2 microscope. The IF sections were observed under a Carl Zeiss
LSM 5 Pascal laser-scanning confocal imaging microscope.

Western blot analyses

Frozen mouse brains (48 weeks; off Dox) were subdissected into regions
of interest. Brain tissue homogenates were prepared as whole-cell lysates
according to procedures from Abcam (www.abcam.com/protocols) and
crude membrane fractions by the method of Pérez-Otano (http://sici.
umbh.es/Protocols.htm). Protein samples were boiled for 5 min in the
presence of 6X SDS loading buffer before electrophoresis on precast
4-20% SDS-PAGE (Thermo Fisher Scientific) and transferred to nitro-
cellulose membranes with 0.2 wm pore size (Bio-Rad). Anti-LC3B rabbit
mAb (Cell Signaling Technology) at 1:1000 and anti-rabbit IgG HRP
(Promega) at 1:2500 were used to blot membranes. As an internal con-
trol, anti-actin clone C4 (Millipore Bioscience Research Reagents) at
1:5000 and anti-mouse IgG HRP (GE Healthcare) at 1:4000 were used to
reblot minimally stripped membranes.

Ultrastructural analyses

Fixed mouse brains (48 weeks; off Dox) were subdissected into STM, HC,
SN/VTA, and nucleus accumbens (NAcc) using an anatomic dissecting
microscope and processed for TEM as previously described (Zukor et al.,
2009).

Behavioral tests

GFAP.HMOXI mice and their WT littermates at 48 weeks of age were
transferred to the Neurophenotyping Centre of the Douglas Mental
Health University Institute for behavioral analyses. The animals were
tested for nonspatial memory (olfaction) (Wong and Brown, 2007), mo-
tor coordination and balance (rotarod) (Li et al., 2010), locomotor ac-
tivity (Pinna et al., 2006), anxiety (Thatcher—Britton paradigm), and
startle response [prepulse inhibition (PPI)] (Wood et al., 1998).

Neurochemistry and dopamine receptor autoradiography
The assays were performed on GFAP.HMOX1 mice (off Dox) and their
WT littermates at 48 weeks of age.

HPLC. Brains were cut in 400-500 pm serial sections using a cryostat and
selected brain regions (HC, AMYG, STM, NAcc, SN, and PFC) were dis-
sected using 0.5-2.0 mm micropunches. Tissues were homogenized in 0.25
M perchloric acid and centrifuged at 4°C (10,000 rpm, 15 min), and super-
natants were collected. The concentrations of monoamines [i.e., dopamine
(DA), norepinephrine (NE), epinephrine (E), and 5-hydroxytryptamine (5-
HT)] and monoamine metabolites [i.e., 3,4-dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), and 5-hydroxyindoleacetic acid (5-
HIAA)], glutamate, and GABA were determined using HPLC with electro-
chemical detection (HPLC-EC), as previously described (Gratton et al.,
1989).

Dopamine receptor autoradiography. Coronal brain sections (20 um)
were cut at —18°C on a cryostat, thaw-mounted on gelatin-coated slides,
and stored at —80°C for D, and D, receptor autoradiography as previ-
ously reported (Naef et al., 2008).

Laser Doppler flowmetry

Laser Doppler flowmetry measurement of cerebral blood flow (CBF)
(Transonic Systems) was performed in 12-week-old TG and WT mice
(off Dox) as described previously (Tong et al., 2009).
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Statistical analyses

Data are expressed as means * SEM. For locomotor activity, rotarod,
and Thatcher—Britton paradigm, statistical analyses were performed in
cases with more than two groups using a genotype (TG and WT) by
treatment (—Dox and +Dox) ANOVA followed by Newman—Keuls post
hoc comparisons to assess significant main effects within groups. For PPI
assessment of WT and TG mice (off Dox), two-way ANOVA was used to
analyze serial intensity tests considering two factors (genotype and inten-
sity). Fold changes in TG mice versus WT mice were analyzed with paired
Student’s t test (two-tailed). Unless stated otherwise in the figure legends,
all other comparisons were analyzed by one-way ANOVA followed by
Newman—Keuls post hoc multiple-comparison test or by Student’s ¢
test (two-tailed) where appropriate. Statistical significance was set at
p < 0.05.

Results

General health of GFAP.HMOX1 mice

GFAP.HMOXI and WT mice did not differ with respect to fur
texture, body weight, or mortality (p > 0.05 for each compari-
son). At 48 weeks, complete blood count, plasma total and direct
bilirubin, iron binding capacity, glucose, albumin, sodium, po-
tassium, cholesterol, creatinine, and chlorine were similar be-
tween the groups (p > 0.05 for each comparison).

HMOXI1 transgene expression

Immunoreactive Flag-tagged human HO-1 protein appeared as
homogeneous or punctate cytoplasmic staining in brain sections
of TG mice, but was undetectable in WT littermates or TG mice
on Dox, at embryonic day 12.5 (E12.5), 1 week (postnatal), 6
weeks (pubescent), and 48 weeks (Fig. 1B, C). Expression of the
HMOXI1 transgene was observed in astrocytes throughout the
CNS including the STM, HC, AMYG, SN, VTA, NAcc, caudate—
putamen (CPu), PFC, and TC. The transgene was also expressed
in ependymocytes and ependymal tanycytes (determined by
morphology and anti-GFAP staining). hHO-1 immunoreactivity
was not detected in oligodendroglia, microglia, neurons, or cere-
brovascular cells; nor in heart, liver, spleen, lung, kidney, stom-
ach, intestines, and gonads (data not shown). Total HO-1 protein
expression in TG mouse brains was increased 1.36- to 5.76-fold
compared with WT controls [p < 0.05-0.0001 for the various
regions, except for PFC (p > 0.05; Fig. 1F)]. Transgenic HO-1
protein levels in the GFAP.HMOXI mice were significantly
greater in the SN/VTA than in the other brain regions surveyed
(p < 0.05-0.001; Fig. 1 D). Endogenous (mouse) HO-1 was un-
affected or mildly decreased in some regions of the TG mouse
brain relative to WT values (Fig. 1E).

GFAP.HMOXI1 mice exhibit hyperlocomotion and impaired
prepulse inhibition

Locomotor activity was significantly increased in TG mice at 48
weeks compared with WT controls and TG mice treated with Dox
in an automated open-field test sampling horizontal activity (p <
0.01), total distance (p < 0.05), movement number (p < 0.01),
stereotypy count (p < 0.01), stereotypy number (p < 0.05), and
stereotypy time (p < 0.05) (Table 1). Locomotor abnormalities
were not observed in 48-week-old TG mice exposed to Dox either
continuously, until puberty (6 weeks), or from puberty until test-
ing (data not shown). There were no significant differences be-
tween the groups in the Thatcher—Britton test (excluding anxiety
as the cause of hyperlocomotion in the TG mice) and the rotarod
test (motor coordination and balance) (p > 0.05 for each com-
parison). Prepulse inhibition, a sensorimotor gating abnormality
frequently observed in human and experimental schizophrenia
(Aasen et al., 2005), was significantly attenuated in male, but not
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female, TG mice at 48 weeks compared with WT controls (Fig.
2A,B).

Monoaminergic tone is augmented in the

GFAP.HMOXI1 brain

In light of the observed behavioral abnormalities, we ascertained
brain neurotransmitter concentrations with emphasis on the do-
paminergic system (Table 2, Fig. 3). Relative to WT controls, TG
mice exhibited significant elevations in the levels of DA in STM
(p = 0.04) and SN (p = 0.02); DOPAC in STM (p = 0.02) with
a trend in SN (p = 0.091); and a trend for HVA in STM (p =
0.098). DOPAC/DA ratios, an index of neurotransmitter turn-
over rate, remained unchanged in the transgenic STM and SN
relative to control values (p > 0.05). Levels of NE and E in the
brains of WT and TG mice were similar for all regions surveyed
(p > 0.05). 5-HT and its metabolite, 5-HIAA, were significantly
increased in the transgenic STM (p = 0.03 and p = 0.004 vs
controls, respectively), but not in other regions (p > 0.05). No
significant changes were observed in the levels of glutamate and
GABA between the groups for all regions surveyed (p > 0.05). TG
mice at 48 weeks exhibited a significant reduction in D, receptor
(D;R) binding in NAcc compared with WT littermates (Fig. 3A).
DR binding in CPu and SN, and D,R binding in all regions
surveyed, did not differ between TG and WT animals (Fig. 3A, B).

Catecholaminergic system genes are upregulated in the
GFAP.HMOX1 brain

We next examined the central expression of gene that may be
responsible for the pronounced hyperdopaminergia of the GFAP.
HMOXI1 brain. TH mRNA increased in the transgenic STM at 6
and 48 weeks of age relative to WT values (p < 0.05and p < 0.01,
respectively). TH mRNA was suppressed in the transgenic SN/
VTA at 6 weeks (p < 0.01) but was augmented at 48 weeks (p <
0.01) in comparison with WT values (Fig. 4A). DAT mRNA in
the TG mice exhibited a trend toward higher levels in STM and
reduced levels in SN/VTA at 6 weeks, and significantly elevated
levels in both regions at 48 weeks relative to WT values (p < 0.05)
(Fig. 4A). On the basis of these findings, we hypothesized that
Nurrl and Pitx3, transcription factors known to play vital roles in
the development of central dopaminergic pathways, may be over-
expressed in the GFAP.HMOX1 brain. We found that Nurrl
mRNA declined in the STM (p < 0.05) and remained unchanged
in SN/VTA (p > 0.05) of TG mice at 6 weeks relative to WT
controls (Fig. 4B). Conversely, Nurrl was elevated in the TG
SN/VTA (p < 0.05) and remained unchanged in STM (p > 0.05)
at 48 weeks compared with WT littermates. Pitx3 mRNA was
increased in the transgenic STM at 6 weeks (p < 0.01) and in both
STM and SN/VTA at 48 weeks (p < 0.05 and p < 0.001, respec-
tively) relative to WT littermates (Fig. 4C). In addition, both
nurrl and pitx3 proteins (measured by ELISA) in the transgenic
SN/VTA, but not STM, were significantly elevated at 48 weeks
compared with WT littermates ( p < 0.05). Pitx3 protein concen-
trations were below detection level in WT and TG STM, reflecting
the fact that, unlike nurrl, pitx3 elaboration remains restricted to
mesencephalic DA neurons (Katunar et al.,, 2009) (Fig. 4D).
Upon confirming the induction of Nurrl and Pitx3 in the GFAP.
HMOX]1 brain at 48 weeks, we determined whether microRNAs
(miRNAs) that suppress these transcription factors (i.e., miR-145
and miR-133b) may be underrepresented in the brains of these
animals. In comparison with WT littermates, miRNA-145 (targeting
Nurrl) was elevated in the transgenic STM at 6 weeks (p < 0.001)
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Figure 1.  Construction of GFAP.HMOX1 transgenic mice. A, Schema of the tet-off regulatory system: tTA binds in absence of doxycycline, but not in its presence, to seven copies of the 42 bp tet

operator sequence (tet0) and activates transcription of Flag-tagged human HO-1 gene from a minimal human cytomegalovirus promoter. Restricted expression in astroglia was (Figure legend continues.)
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Table 1. Behavior tests on WT and TG mice at 48 weeks of age
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Test (unit) WT off Dox (n) TG on Dox (n) TG off Dox (n) ANOVA

Horizontal activity counts 1624.66 =+ 140.83 (13) 1579.09 = 79.97 (10) 2341.20 =+ 176.34 (9)2#x5%+ p =0.001
Total distance (cm) 395.27 = 48.79 (13) 377.83 = 44.86 (10) 615.54 = 73.29 (9)A*5%x p=10.011
Movement number 81.69 *+ 7.23 (13) 85.42 + 4.76 (10) 117.15 = 7.03 (9)A#*Sx+ p=10.002
Stereotypy counts 980.76 = 90.59 (13) 933.77 =+ 56.87 (10) 1447.98 = 120.42 (9)A#5%+ p =0.002
Stereotypy number 78.90 = 4.14(13) 81.79 = 5(10) 94.73 = 1.57 (9)A#%* p=0014
Stereotypy time (s) 122.45 =10.17 (13) 117.90 = 6.73 (10) 164.91 * 14.89 (9)A*5+* p=10.012
Thatcher—Britton (s) 324.27 = 47.28 (11) 295.11 = 56.05 (9) 317.89 = 59.91 (9) p=10.926
Olfactory (% digging in CS ™) 82.51 = 2.01(10) 84.99 + 1.35(9) 84.60 = 1.88 (9) p = 0.654
Rotarod—max speed (rpm) 7.91 £ 0.73~8.64 = 1.53 (12) 6.92 = 0.8~8.39 = 0.12(11) 9.63 £ 1.94~9.67 = 1.76 (9) p=10.215

Behavior tests. Increased locomotion (horizontal activity, total distance, movement number, stereotypy count, stereotypy number, stereotypy time) was observed in TG mice off Dox relative to control littermates at 48 weeks of age. The latency to begin
eating was recorded in the Thatcher—Britton paradigm. No significant differences were found between TG and WT mice for all rotarod subtests (i.e. maximum speed, time on rod, and total rotarod distance); maximum speed values are listed in the table.
Forthe olfactory discrimination learning and memory task, the preference of trained mice for the positive conditional stimulus (CS ™) was assessed with percentage digging around (S ™ as the dependent variable.

*p < 0.05; **p < 0.01; TG off Dox significant relative to TG on Dox; °TG off Dox significant relative to WT off Dox.
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Figure2. PPI.PPlwas calculated by the following formula: PPl = (STARTLE — PPI)/STARTLE) X
100, where STARTLE was the mean amplitude of 12 startle trials of the startle, and PPl was the mean
from the trials at each of the different PP intensities (i.e., 3, 6,9, 12, and 15 dB above background).

but was significantly suppressed in SN/VTA at 6 weeks and in STM at
48 weeks (p < 0.05) (Fig. 4B). miRNA-133b (targeting Pitx3) de-
clined at 6 weeks in both the transgenic STM and SN/VTA (p <
0.01), with recovery to WT values by 48 weeks (p > 0.05) (Fig. 4C).

<«

(Figure legend continued.)  achieved by placing the tTA gene under the control of the
astrocyte-specific GFAP promoter. B, Anti-Flag immunohistochemistry of TG mice and WT con-
trol brains. Depicted are WT (a, ¢, e, g) and TG (b, ¢, f, h) mice at E12.5, and postnatal 1, 6, and
48 weeks. Flag-HO-1-positive cells were detected in TG (b, d, f, h), but not WT (a, ¢, e, ), brains.
Scale bar: a—h, 10 wm. C, Anti-Flag/Anti-HO-1 dual label immunofluorescence of TG and WT
mouse brain. Depicted are WT at 1and 6 weeks, and TG at E12.5 and 1, 6, and 48 weeks. Flag
immunostaining appears red (left column), and HO-1immunoreactivity appears green (middle
column). Colocalization (yellow fluorescence) is demonstrated in the right column. Colocaliza-
tion of HO-1 and Flag-HO-1 was consistently observed in the TG mouse brain, whereas the WT
brain was immunonegative for both proteins. Scale bars: TG 1 week, WT 6 weeks, 15 wm; TG
E12.5, TG 6 weeks, TG 48 weeks, 20 m; and WT 1week, 50 um. D, hHO-1ELISA. Robust hHO-1
protein concentrations were observed in TG brains but not in age-matched WT preparations. E,
Endogenous mouse HO-1 (mHO-1) protein levels were similar to or slightly below control val-
ues. F, Fold change of total HO-1in TG brains relative to WT levels. n = 4—6 per group. *p <
0.05; **p << 0.01; ***p << 0.001. Error bars indicate SEM.

Neuropathology of the GFAP.HMOX1 brain

We anticipated neuropathology in the TG mice involving both
the astrocytic and neuronal compartments because (1) hHO-1
transfection of rat astroglia promotes mitochondrial iron depo-
sition and mitophagy (Schipper et al., 2009a), (2) coculture of
neuron-like PC12 cells with HO-1-transfected astroglia sensitizes
the former to oxidative injury (Frankel and Schipper, 1999; Song
etal.,, 2007), and (3) GFAP.HMOX]1 mice manifest overt behav-
ioral abnormalities. All neuropathological evaluations were per-
formed at 48 weeks of age commensurate with the behavioral and
neurochemical analyses. H&E staining (Fig. 5A) revealed altered
hippocampal cytoarchitectonics in both male and female GFAP.
HMOX1 mice characterized by diminished widths of the dorsal
hippocampus (p < 0.05-0.01 vs WT), dysgenesis and shortening
(p < 0.05-0.01 vs WT) of the blades of the dentate gyrus, and
reduced granule cell packing densities in the crest of the dentate
gyrus (Fig. 5A). The TG mice exhibited no changes in Luxol fast
blue (myelin) staining, GFAP and S-1003 mRNA and protein
levels, and B-amyloid or phospho-tau immunoreactivity (data
not shown). Gallyas-positive (degenerate) neurites were abun-
dant in the transgenic SN and were rarely seen in WT animals
(Fig. 5B). Akin to earlier in vitro studies (Schipper etal., 2009a), in
the transgenic SN and AMYG, astrocytic mitochondria were re-
duced in number, often distended (diameters of 0.75—1.25 wm vs
0.5 um in control cells) and characterized by disorganized, dam-
aged, or absent cristae, exaggerated intercristal spacing, dif-
fuse or segmental membrane rupture, and foci of electron
dense material. There were also abundant pleiomorphic, os-
miophilic inclusions and lipofuscin granules, ultrastructural
features of macroautophagy (Fig. 5D, E). Degenerate mem-
branes (“myelin figures”) were observed within neurites in
close proximity to pathological astrocytes in TG, but not WT,
preparations (Fig. 5E). Astrocytes in the TG brains also dis-
played frequent invaginations of the nuclear envelope rarely
encountered in WT preparations (Fig. 5D).

MnSOD mRNA, a marker of oxidative stress that accumulates
in cultured astrocytes under HO-1 provocation (Frankel et al.,
2000), was significantly increased in the transgenic STM at 6
weeks (p < 0.05), but not in the SN/VTA. At 48 weeks of age,
MnSOD mRNA levels were significantly elevated in both regions
(p <0.05and p < 0.001, respectively) (Fig. 4 E). MnSOD protein
immunofluorescence was augmented in the transgenic SN and
STM at 48 weeks, with colocalization to hHO-1, S-1003, and
TH-positive cells denoting oxidative stress in both astroglial
and neuronal (dopaminergic) compartments (Fig. 5C). The lat-
ter also prompted us to investigate the expression of a-synuclein,
a protein implicated in astrocytic and dopaminergic cell dysfunc-
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Table 2. Neurochemistry measurements on WT and TG mice at 48 weeks of age
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Brain regions (WT/TG)
NTs ST™M SN HC AMYG NAcc PFC
DA 189 £ 9.3 107 £ 7.2 132=*175 344 +10.5 30.6 £ 15.7 6.0+ 19
55.3 = 11.6* 54.0 = 12.4*% 228 £ 104 36.9 + 16.8 37.2 =180 3404
DOPAC 93+49 86+ 45 147 £103 79+36 26.9 = 18.1 49+ 07
29.5 = 5.3* 29.0 9.6 17.7 = 8.0 16.2 = 6.9 254 +10.0 3906
HVA 81.1+ 219 420.1 = 1411 203.0 = 57.3 88.4 + 293 114.9 + 31.0 49+ 07
1433 + 2417 324.8 = 105.7 288.0 = 87.9 113.9 = 50.4 91.2 =421 3906
DOPAC/DA 0.6 = 0.1 0.5*=0.1 0.9=*02 0.6 =03 0.8 =0.1 03 %01
0.6 =02 0.6 =02 0.8 = 0.1 0.5+ 0.1 0.95 +0.2 0.2 = 0.01
5-HT 1.0+03 3511 53*36 18+ 3.6 24+09 48 0.6
33+ 0.8* 39+10 3.8+13 1.9 +0.7 21206 3.9+07
HIAA 19+05 6.6 =23 122=*77 2007 42 +17 —
4.7 + 0.6%* 95+39 99 +36 21+£05 45+10 —
NE 22+04 6.8 =17 43+ 1.1 35+ 1.1 47 1.1 10.8 = 0.7
3006 57*x12 8325 3420 26 =05 10.9 £ 0.5
E 0.5+ 0.1 1.8 £ 0.6 43 +34 18+09 1.0+04 34+03
09=*0.2 19+06 2006 1.8£09 04=+04 43 +05
GLU 55.8 =153 269.1 + 110.4 69.0 + 13.6 107.7 + 349 91.9 + 203 1763.3 = 251.6
701+ 219 96.2 = 25.2 96.2 = 32.1 97.1 = 62.7 51.8 +18.0 2374.7 £ 409.7
GABA 741+ 94 363.5 = 83.8 84.8 + 30.5 87.8 =215 203.5 = 104.2 2433 =413
89.2 + 13.8 222.0 = 745 178.5 = 494 76.6 = 36.1 97.4 + 55.0 253.8 =449

Neurochemistry (HPLC-EC). The concentrations of neurotransmitters and their metabolites in various brain regions are listed and analyzed with unpaired Student’s t test. n = 56 per group. Calculations are expressed as nanograms per

milligram protein. NTs, Neurotransmitters.
p=0.098; "p = 0.091;*p < 0.05; **p < 0.01.
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Figure3. D,RandD,R ligand autoradiography. The brain sections were incubated with
[HISCH23390 (2 nm; 90 min; room temperature) or [ *H]YM-09151 (1 nu; 160 min; room
temperature) to assess DR (4) or D,R (B) binding activity, respectively. For each animal,
atleast eight values of relative optical density (8 brain sections) were obtained.n = 8 11
per group. *p < 0.05 (two-way repeated ANOVA and Newman—Keuls post hoc test). Error
bars indicate SEM.

tion under oxidative stress conditions. a-Synuclein mRNA levels
and its targeting miR-7b remained unchanged in the GFAP.
HMOXI1 mice at 6 weeks; however, the former were significantly
elevated and the latter was highly suppressed (p < 0.001) in
SN/VTA at 48 weeks relative to WT values (Fig. 4 F). Compared
with WT expression, miR-7b was reduced in the transgenic STM
at 48 weeks (p < 0.05), but elevation of a-synuclein mRNA did
not achieve significance (p > 0.05). miR-7a expression in TG
brain did not differ from control levels at the two ages tested (Fig.
4F). a-Synuclein protein was overexpressed and showed codis-

tribution with HO-1 in the transgenic SN/VTA (Fig. 5C). Punc-
tate ubiquitin immunoreactivity was more apparent in the
transgenic STM and SN than in controls and may coregister with
prominent deposits of mitochondrial iron noted within affected
astroglia (W. Song, H. Zukor, and H. M. Schipper, unpublished
observations). We last turned our attention to the expression of
reelin, a neuronal and extracellular matrix glycoprotein with im-
portant roles in neuroembryogenesis and synaptic plasticity and
which is substantially suppressed in the brains of persons with
schizophrenia, bipolar disease, and AD (Knuesel, 2010). We ob-
served a dramatic downregulation of immunoreactive reelin pro-
tein in and around neurons of the male transgenic PFC, HC, CPu
(Fig. 5F), and cerebellum (data not shown) compared with cor-
responding WT preparations. Female GFAP.HMOX1 mice dis-
played no discernible changes in neuronal reelin content in these
brain regions relative to WT expression (Fig. 5F).

To complement ultrastructural evidence of mitophagy
(above), the expression of several autophagy-related genes were
analyzed. Becnl and Lamp2 mRNAs, markers of autophagy in
injured astrocytes (Qin et al., 2010), were significantly increased
in the transgenic SN/VTA at 48 weeks (p < 0.01 and p < 0.05,
respectively) (Fig. 5G). The level/activity of sirtl, an NAD *-
dependent deacetylase, is downregulated in cells exhibiting aug-
mented autophagy in response to oxidative challenge (Hwang et
al., 2010). We recently observed that the Sirtl targeting miRNA,
miR-138 is upregulated in HMOXI-transfected rodent astrocytes
(our unpublished data). In the current study, Sirt] mRNA levels
were substantially diminished in the transgenic SN/VTA at 48
weeks of age (p < 0.05 vs control mice; Fig. 5G). We also ob-
served augmentation of LC3-II, a lipidated LC3 isoform and
component of autophagosomes, in TG brains compared with
WT preparations (Fig. 5H).

Neurovascular coupling is impaired in GFAP.HMOX1 mice

Neurovascular coupling, a physiological property contingent on the
integrity of neuronal—-astroglial-microvascular communication, is
attenuated in human neurodevelopmental and neurodegenerative
disorders including schizophrenia (Ford et al., 2005) and AD (Pet-
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zold and Murthy, 2011). As calculated by
percentage increase from baseline, the
evoked cortical CBF response induced by
whisker stimulation was significantly im-
paired in 12-week-old GFAP.HMOX1
mice (7.72 * 1.58%; n = 5) in compari-
son with WT littermates (13.97 * 1.51%;
n=6;p < 0.05).
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Discussion

Overexpression of HO-1 in astrocytes of
GFAP.HMOXI1 TG mice for 48 weeks
resulted in a neuropathological profile
characterized by oxidative stress, glial mi-
tochondrial injury/autophagy; induction
of Nurrl and Pitx3 associated with down-
regulation of their targeting miRNAs
(133b and 145); increased TH, DAT, and
a-synuclein expression (with suppression
of the targeting miR-7b of the latter); aug-
mented basal ganglia DA and 5-HT levels;
diminished D, R binding (nucleus accum-
bens); reduced neuronal reelin content
(males); dentate gyrus dysgenesis; axoden-
dritic damage; attenuated neurovascular
coupling; impaired prepulse inhibition 457
(males); and hyperkinetic behavior. The F
latter was not observed when expression

of the transgene was constrained to the
prepubertal or postpubertal periods. The
neuritic damage, aberrant DA and 5-HT
levels, and behavioral disturbances ob-
served in GFAP.HMOX1 mice constitute
direct evidence that profound neuro-
chemical and neurodystrophic effects
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glia as (1) a full partner, along with presyn-
aptic and postsynaptic neurons, in the
“tripartite synapse” (Perea et al., 2009) pro-
viding essential contributions to Ca*" sig-
naling networks, synaptogenesis, synaptic
transmission, and gliotransmission (Hay-
don and Carmignoto, 2006); (2) a driver of
neurological dysfunction as in the case of hyperammonemic en-
cephalopathy (Brusilow et al., 2010), blood—brain barrier disruption
(Krum, 1994), and chronic neuropathic pain syndromes (Hulse-
bosch, 2008); and (3) a legitimate target for therapeutic intervention
(Schipper et al., 2009b). Involvement of ependymocytes and
tanycytes in the GFAP.HMOXI neurophenotype, albeit unlikely
given the topography of the structural and biochemical lesions, can-
not be entirely excluded as these cells express GFAP and the HMOX1
transgene.

The impaired prepulse inhibition and increased spontaneous
horizontal movements and stereotypy observed in the GFAP.
HMOX1 mice are behaviors common to many rodent models of
neurodevelopmental (schizophrenia, autism, attention deficit/
hyperactivity disorder) and some neurodegenerative (AD, PD)
conditions, elicited pharmacologically or by genetic manipula-
tion. In the majority of cases, hyperdopaminergic tone in the
nigrostriatal and mesolimbic systems is responsible for these ab-
normal behaviors (Viggiano, 2008). Hyperactivity and attenu-

Figure4.

Brain gene expression profiles. mRNA levels for THand DAT (4), Nurr1 (B), Pitx3 (€), MnSOD (E), and ac-Synuclein (F),
and miRNAs 145, 133b (B, €),and 7a/b (F) in GFAP.HMOX1 and WT brains were quantified by PR at 6 weeks (4-C, left panels) and
48 weeks (A—(, right panels). Brain nurr1 and pitx3 protein concentrations in 48-week-old TG and WT mice were measured by
ELISA (D). n = 4—6 per group. *p << 0.05; **p << 0.01; ***p << 0.001. Error bars indicate SEM.

ated prepulse inhibition in GFAP.HMOX1 mice may similarly be
due to robust increases in DA concentrations documented in
substantia nigra and striatum. The latter likely result from en-
hanced expression of TH and DAT mRNA and protein in these
brain regions. The registered induction of Nurrl and Pitx3, tran-
scription factors required for dopamine synthesis/regulation and
terminal differentiation/maintenance of dopaminergic neurons,
respectively, would account for the upregulation of TH and DAT
in these animals (Katunar et al., 2009). In turn, suppression of
miR-133b (Kim et al., 2007) and miR-145 in the basal ganglia of
GFAP.HMOXI1 would explain the upregulation of Pitx3 and
Nurrl in the affected striatum and substantia nigra. Along similar
lines, the increased brain a-synuclein mRNA and protein levels
noted may be secondary to the local suppression of miR-7 (Junn
et al., 2009; Doxakis, 2010). The upregulation of HO-1 in astro-
cytes renders nearby neuronal constituents prone to oxidative
stress (Schipper et al., 2009a), which, by downmodulating salient
miRNAs (Dresios et al., 2005; Marsit et al., 2006), could promote
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Figure5. Neuropathology. Neurohistopathology data were derived from 48-week-old GFAP.HMOX1and WT animals. 4, (1) Dysgenesis of the hippocampal dentate gyrus in a male GFAP.HMOX1
mouse (H&E stain) (top panels). Scale bars, 100 m. (2) Morphometry of male (m) and female (f) hippocampal width (w) and height (h), and the length (1) of the dentate (Figure legend continues.)
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overexuberant development of the dopaminergic system during
neuroembryogenesis and subsequent hyperlocomotion.

The GFAP.HMOXI1 mouse displays many characteristics
commensurate with human schizophrenia including (1) hyper-

<«

(Figure legend continued.)  gyrus granular layer (DG GL). n = 4 (TG-m), 5 (WT-m), 4 (TG-f), 4
(WT-f). *p << 0.05; **p << 0.01. Error bars indicate SEM. B, Gallyas silver staining of coronal
brain sections demonstrates abundant neuritic damage in the GFAP.HMOX1 SN (arrows, ¢, d)
but not in respective WT (a, b) preparations. Scale bar, 10 em. €, MnSOD protein is overex-
pressed and colocalizes with S-1003 (scale bar, 10 m), Flag-HO-1 (scale bar, 20 um), and TH
(scale bar, 10 m) in the transgenic SN (48 weeks). In the latter, c-synuclein protein is also
upregulated and codistributes with HO-1 (scale bars, 10 um). D, GFAP.HMOX1 and WT brain
ultrastructure. Fields depicted in , ¢, e, and g are shown at higher magnificationsin b, d, f, and
h, respectively. Astrocytes in wild-type SN (a, b) and AMYG (c, d) exhibit normal euchromatic
nuclei (N) and mitochondria (white arrows) and few or no pathological inclusions. Astrocytes in
the transgenic SN (e, f) and AMYG (g, h) contain distended mitochondria with disorganized
cristae (black arrows), osmiophilic cytoplasmic inclusions (arrowheads), and frequent nuclear
envelope invaginations (asterisks). E, Transgenic astrocytes exhibit lipofuscin granules (arrow-
head) infrequently encountered in WT cells at this age. Degenerate neurites are observed in
close proximity to pathological astrocytes in TG, but not WT, brains (curved arrows). F, Neuronal
reelinimmunoreactivity is markedly reduced in the male transgenic HC, PFC, and CPu compared
with WT littermates. Female transgenic mice displayed no significant changes of neuronal
reelin content in the corresponding regions relative to WT preparations. Scale bar, 10 wm. G,
mRNA levels for Becn, Lamp2, and Sirt1 in GFAP.HMOX1 and WT brains were quantified by
qPCR.n = 4—6foreach group. *p << 0.05; **p << 0.01. H, Western blots and densitometry for
LC3-1/1l expression in whole-cell lysates (left panels) and membrane fractions (right panels) in
wild-type and transgenic AMYG. Only LC3-Il was detected in membrane fractions. n = 4 per
group. *p < 0.05.

kinesias (Ungvari et al., 2009), (2) attenuated prepulse inhibition
that is typically more evident in men (Aasen et al., 2005), (3)
hyperdopaminergia (Meisenzahl et al., 2007; Howes and Kapur,
2009) without accelerated DA turnover (Post et al., 1975; van
Kammen et al., 1986; Beuger et al., 1996), (4) diminished D,
receptor binding [prefrontal cortex in schizophrenia (Okubo et
al., 1997); nucleus accumbens in our mice], (5) increased basal
ganglia serotonin levels (Korpi et al., 1986), (6) altered hip-
pocampal cytoarchitectonics (Jakob and Beckmann, 1986;
Scheibel and Conrad, 1993), (7) decreased neuronal reelin con-
tent (Knuesel, 2010), (8) increased brain a-synuclein expression
(Pennington et al., 2008), (9) CNS oxidative stress (Prabakaran et
al., 2004), (10) delayed hemodynamic responses (Ford et al.,
2005), (11) altered brain sterol metabolism (Horrobin et al.,
1991) (J. Hascalovici and H. M. Schipper, unpublished results),
and, central to our thesis, (12) upregulation of HO-1 in affected
neural tissues (Prabakaran et al., 2004), and (13) astroglial mito-
chondrial damage and autophagy (Prabakaran et al., 2004;
Kolomeets and Uranova, 2010). The GFAP.HMOX1 mice also
exhibit enhanced astroglial iron deposition (W. Song, H. Zukor,
and H. M. Schipper, unpublished observations) akin to earlier
observations in HMOXI-transfected glial cultures (Zukor et al.,
2009). However, the relevance of this finding to schizophrenia is
difficult to gauge in light of controversy whether increases in
brain iron reported in human schizophrenia are due to the dis-
ease or exposure to neuroleptic medications (Casanova et al.,
1992). The absence of astroglial hypertrophy (evidenced by nor-



Song etal. » Astroglial HO-1 and Schizophrenia

mal GFAP and S-1003 mRNA and protein levels) is not surpris-
ing given that glial HMOXI expression in our model yields a
predominantly neurodevelopmental phenotype. The lack of
overt gliosis in human schizophrenic brain and other early-life
CNS conditions has similarly been adduced as evidence favoring
developmental, in contradistinction to degenerative, neuropa-
thology (Roberts et al., 1987; Cotter et al., 2001). To the extent
that the GFAP.HMOXI1 mouse recapitulates neurochemical as-
pects of human schizophrenia, our findings of unaltered brain
glutamate levels may argue against the hypothesis that aberrant
glutamatergic transmission is fundamental to the pathophysiol-
ogy of hyperkinesia in the disease (Grace, 2000).

As a potential model of schizophrenia, the GFAP.HMOX1
mouse has several limitations: (1) There is no single animal
model that fully recapitulates human schizophrenia, given the
complexity of the disorder and the restricted homology between
animal and human CNSs. Although the GFAP.HMOX1 mouse
appears to capture numerous “positive” characteristics of the hu-
man disease (hyperlocomotion, stereotypy, aberrant PPI, etc.),
“negative” symptoms such as blunted affect and social with-
drawal remain to be demonstrated. (2) The endpoints were sam-
pled at limited intervals so the precise sequence of pathologic
events downstream of glial HMOX1 expression that culminate in
the observed neurophenotype cannot be determined with cer-
tainty at this juncture. However, the cascade of events schema-
tized in Figure 6 is fully consistent with the data garnered and
provides a logical and parsimonious working model to guide
further study.

A host of prenatal and early postnatal stressors have been
implicated as risk factors or triggers for human neurodevelop-
mental disorders such as autism, schizophrenia, and attention
deficit/hyperactivity disorder. In the case of schizophrenia, can-
didate perinatal stressors include maternal psychotrauma and
hypothalamic—pituitary—adrenal activation, pregnant exposure
to noxious chemicals, and maternal infection (bacterial, viral, or
parasitic) (King et al., 2010; Brown, 2011). Maternal infection is
associated with immune activation and elaboration of proinflam-
matory cytokines that may mediate dystrophic effects within the
developing neuraxis (Shi et al., 2003; Ozawa et al., 2006; Fortier et
al., 2007; Meyer et al., 2008). A panoply of consensus sequences
within the HMOXI promoter render the gene sensitive to up-
regulation by proinflammatory cytokines, lipopolysaccharide,
and other stressors (Schipper et al., 2009a) implicated in the de-
velopment of schizophrenia (Brown, 2011). The GFAP.HMOX1
mouse teaches that sustained or repeated induction of HO-1 in
brain astrocytes may be a critical link in the etiopathogenesis of
schizophrenia and other neurodevelopmental disorders by trans-
ducing the deleterious influences of various perinatal stressors
into altered patterns of dopaminergic cell development in the
immature subcortex. Our findings suggest further that enhanced
Nurrl and Pitx3 expression recently reported in the brains of
prenatally stressed adult rats (Katunar et al., 2009) may have been
contingent on the antecedent upregulation of HO-1 in exposed
astroglia. As postulated for human schizophrenia (Grace, 2000),
a prenatal window of astroglial stress appears necessary for the
delayed emergence of DA-dependent hyperlocomotion in our
model because the latter did not materialize when glial expression
of the HMOXI transgene was selectively repressed by Dox in the
prepubertal period.

Conceivably, perinatal stressors activating the astrocytic
HO-1 cascade before the maturation of mesolimbic and nigro-
striatal pathways induce “hypertrophy” of dopaminergic cir-
cuitry and neurodegenerative changes culminating as a
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neurodevelopmental hyperkinesia (e.g., schizophrenia) in early
adulthood (Fig. 6), whereas homologous influences acting upon
established dopaminergic projections later in life may yield phe-
notypes that are purely degenerative in nature (e.g., PD) (Schipper et
al.,, 2009a). The suppression of neuronal reelin content observed in
the male GFAP.HMOXI1 mice may be particularly germane in
this regard. Reelin is a conserved glycoprotein crucial for normal
neuronal migration, differentiation, and corticogenesis in the de-
veloping mammalian brain. In the adult CNS, reelin-dependent
signaling is an important modulator of NMDA receptor-
mediated neurotransmission required for synaptic plasticity,
learning, and memory (Knuesel, 2010). Thus, stressor/HO-1-
induced curtailment of reelin action might precipitate neurode-
velopmental anomalies (e.g., neuropil hypoplasia, hippocampal
dysgenesis, and impaired PPI) (Stanfield and Cowan, 1979; Liu et
al., 2001) when operational prenatally and perinatally, whereas
exclusively neurodegenerative phenotypes (e.g., AD, PD) may
accrue from sustained or repeated activation of this axis in the
mature brain.

Several important sex-specific disparities were apparent in the
GFAP.HMOX1 mice. Suppressed neuronal reelin expression and
impaired PPI were unique to the males, whereas the other docu-
mented abnormalities were common to both sexes. These find-
ings are reminiscent of gender-associated differences in PPI and
other endophenotypes of human schizophrenia (Aasen et al.,
2005). Moreover, our findings suggest that (1) hyperdopaminer-
gia alone may be insufficient to compromise PPI in the face of
normal reelin expression and (2) astroglial induction of HMOX1
may drive hippocampal dysgenesis and axodendritic damage in-
dependently of alterations in reelin content (Fig. 6). Our obser-
vations in the GFAP.HMOXI1 mouse recapitulate with high
fidelity many cytopathological features accruing from the over-
expression of HO-1 in primary glial culture. Moreover, the cur-
rent data cast glial HMOXI induction as a vital epigenetic
transducer of noxious stimuli in a potentially broad spectrum of
chronic CNS conditions. In this regard, containment of the glial
HO-1 response at strategic points of the life course by pharma-
cological or other means may afford novel opportunities for the
effective management (primary and secondary prevention) of
human neurodevelopmental and neurodegenerative disorders.

Notes

Supplemental material for this article is available at www.ladydavis.ca/
en/hymanschipper. The videoclips demonstrate robust spontaneous cir-
cling behavior (stereotypy) in a 48-week-old GFAP.HMOX]1 transgenic
mouse that is not observed in an age-matched WT control animal. The
videos were recorded at the Neurophenotyping Centre of the Douglas
Mental Health University Institute (McGill University, Montreal, Que-
bec, Canada). This material has not been peer reviewed.
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