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Abstract
Background—Postmortem brain studies have shown that HDAC1—a lysine deacetylase with
broad activity against histones and nonhistone proteins—is frequently expressed at increased
levels in prefrontal cortex (PFC) of subjects diagnosed with schizophrenia and related disease.
However, it remains unclear whether upregulated expression of Hdac1 in the PFC could affect
cognition and behavior.

Methods—Using adeno-associated virus, an Hdac1 transgene was expressed in young adult
mouse PFC, followed by behavioral assays for working and long-term memory, repetitive activity,
and response to novelty. Prefrontal cortex transcriptomes were profiled by microarray.
Antipsychotic drug effects were explored in mice treated for 21 days with haloperidol or
clozapine.

Results—Hdac1 overexpression in PFC neurons and astrocytes resulted in robust impairments in
working memory, increased repetitive behaviors, and abnormal locomotor response profiles in
novel environments. Long-term memory remained intact. Over 300 transcripts showed subtle but
significant changes in Hdac1-overexpressing PFC. Major histocompatibility complex class II
(MHC II)-related transcripts, including HLA-DQA1/H2-Aa, HLA-DQB1/H2-Ab1, and HLA-
DRB1/H2-Eb1, located in the chromosome 6p21.3-22.1 schizophrenia and bipolar disorder risk
locus, were among the subset of genes with a more robust (>1.5-fold) downregulation in
expression. Hdac1 levels declined during the course of normal PFC development. Antipsychotic
drug treatment, including the atypical clozapine, did not affect Hdac1 levels in PFC but induced
expression of multiple MHC II transcripts.

Conclusions—Excessive HDAC1 activity, due to developmental defects or other factors, is
associated with behavioral alterations and dysregulated expression of MHC II and other gene
transcripts in the PFC.
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Postmortem brain studies implicate epigenetic alterations involving DNA methylation and
histone modifications and other determinants of chromatin structure and function in the
neurobiology of schizophrenia. In particular, dysregulated methylation of DNA cytosines
and of histone lysine and arginine residues in the prefrontal cortex (PFC) and other
corticolimbic circuitry has been reported for select gene promoters important for
neurotransmission, myelination, and various other functions (1–8). Some of these epigenetic
alterations were subsequently confirmed in nucleated blood cells of subjects with
schizophrenia (9–11). These changes in chromatin architectures at specific loci may
ultimately be driven by genetic factors (4,5,12) or may reflect aberrant epigenetic signatures
in a parental germline (13,14) or adverse events during prenatal or early postnatal
development (15,16). Furthermore, epigenetic dysregulation of gene expression may result
from exposure to nicotine and alcohol (17,18), psychostimulants, and various other drugs of
abuse (19,20).

The above findings, taken together, leave little doubt that maladaptive mechanisms in the
brain's epigenetic machinery could be a critical factor in the etiology of at least some cases
on the psychosis spectrum. However, with the exception of rare cases of schizophrenia
caused by deleterious mutations in genes encoding chromatin regulators such as the histone
H3-lysine 9 specific methyltransferase KMT1D/EHMT1(21) or the methyl-CpG-binding
protein MECP2(22), the molecular pathways associated with epigenetic dysregulation
leading to clinical symptoms and molecular changes in the psychotic brain, including the
PFC, remain unknown.

The balance between histone acetylation and deacetylation is highly regulated in brain cells
and of pivotal importance for behavioral plasticity in the brain's learning and reward
circuitry (19,23–25) and could profoundly affect motivational and affective states (26,27).
Sharma et al. (28) previously noticed that in a publicly accessible microarray collection from
the Harvard Brain Tissue Resource Center, expression of the class I histone deacetylase,
HDAC1, was significantly increased (on average 30% to 50%) in the PFC of a cohort of 19
subjects with schizophrenia compared with 25 control subjects (28) (Figure S1 in
Supplement 1). Similar changes may affect a subset of patients diagnosed with bipolar
disorder (28). Furthermore, microarray datasets from Narayan et al. (29), who profiled
transcriptomes in PFC specimens from an Australian collection, also revealed a significant
increase in HDAC1 transcript levels in 30 schizophrenia subjects compared with 29 control
subjects (Figure S1 in Supplement 1). Finally, upregulated HDAC1 expression has also been
reported for the neuronal layers of the hippocampus and medial temporal lobe in a third
cohort of schizophrenia subjects (30). Therefore, abnormal HDAC1 expression in
corticolimbic circuitry is a type of molecular pathology representative of a significant
portion of cases on the mood and psychosis spectrum. However, it remains unclear whether
this type of molecular alteration is detrimental to brain function, or a neutral
epiphenomenon, or a medication side effect. To distinguish between these possibilities was
the goal of the present study.

Methods and Materials
Analysis of human and mouse microarray data and details on adeno-associated virus vector
preparation and delivery, animal surgery and antipsychotic drug treatments (APD), and
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behavioral studies, cell culture work, immunoblotting and immunohistochemistry
procedures, quantitative reverse transcriptase-polymerase chain reaction, and statistical
analysis are provided in the Supplemental Methods (in Supplement 1).

Results
Adeno-associated Virus, Serotype 9 Capsid-Mediated Expression of Hdac1 and LacZ in
Adult PFC

We used an adeno-associated virus, serotype 9 capsid (AAV9)-based system for long-lasting
transgene expression following bilateral injections into mouse anterior medial cortex,
considered the broad functional homolog to human PFC (31). Similar to the spreading
pattern described for juvenile animals (32), injection of AAV9-LacZ reporter in young adult
(12-week-old) C57BL/6J animals resulted, over the course of 3 weeks, in a gradual increase
in numbers of cells expressing the transgene, covering at least 2.5 mm along the
rostrocaudal axis of the PFC and involving all cortical layers I to VI (Figure 1A). Additional
staining was found in the underlying white matter and portions of the dorsal and lateral
septum (Figure 1A). A few scattered cells, positioned in dorsal hippocampus and rostral
thalamus, were also labeled (Figure S2 in Supplement 1).

To determine which of the major cell populations express the transgene (which was driven
by a generic cytomegalovirus promoter) when packaged into the AAV9 capsid, we
employed co-localization studies on brain sections of mice injected with the AAV9-LacZ
reporter by double staining for β-galactosidase in combination with the neuronal marker
NeuN (Millipore, Schwalbach, Germany), the astrocytic marker S-100B (Abcam,
Cambridge UK), and the oligodendrocyte marker CNPase (Sigma Aldrich, Munich,
Germany). We consistently found co-localization for NeuN and S-100B with β-
galactosidase in approximately 50% of neurons and a slightly lower percentage of
astrocytes. However, for CNPase and β-galactosidase, the overlapping signal was observed
in less than 5% of CNPase positive cells (Figure 1B; Figure S3 in Supplement 1). We
concluded that AAV9 primarily transduces neurons and astrocytes but only a very small
portion of the oligodendrocyte population.

Using the above system, a full-length Hdac1 complementary DNA transfected into adult
mouse PFC and N1E-115 mouse neuroblastoma cells resulted in robust upregulation of
HDAC1 protein levels (Figure 2A,B; Figure S4 in Supplement 1). This increase in HDAC1
protein was associated with a 20% to 25% reduction of bulk histone H3 and H4 acetylation
levels in the cell lysate, suggesting that the transgene indeed conveys a histone deacetylase
activity (Figure 2C). Expression and protein levels of neuronal housekeeping genes,
including NeuN and SynI, remained unaffected in adeno-associated virus (AAV)-Hdac1
cortex even several weeks after the injection (Figure S5 in Supplement 1), which is
consistent with previous reports (33).

Working Memory Performance, Repetitive Behaviors, and Response to Novelty Are Altered
after AAV-Mediated Hdac1 Expression in the PFC

To test whether Hdac1 overexpression would model the working memory deficits and other
alterations attributed to a dysfunctional PFC in schizophrenia, we injected AAV-Hdac1 and
AAV-LacZ as a control bilaterally into the PFC of young adult (12-week-old) C57BL/6J
mice, then tested the animals' behavior, starting at the end of the third week postinjection.
We probed 1) working memory in two different maze systems, each with a different batch of
animals; 2) response to novelty in locomotor reactivity and object investigation assays; 3)
compulsive behavior measured by marble burying; and 4) general reactivity as assessed by
vocalization. To explore the specificity of any changes observed in the working memory
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paradigm, we also measured long-term memory function with standard passive-avoidance
and novel object recognition tests.

Working memory was probed using a T-maze and an eight-arm radial maze in two
independent batches of mice (both tests are dependent on normal PFC function [34,35]). For
both tests, there was a significant impairment in AAV-Hdac1 mice, compared with AAV-
LacZ mice. In the T-maze paradigm in which the AAV-LacZ control animals showed the
expected increase in number of alternations from 50% (chance) on the first day to above
70% on the second day, performance in the Hdac1 overexpressing mice remained at chance
levels (F1,36 = 7.62; p < .01; two-way mixed analysis of variance [ANOVA], effect of
treatment [Hdac1 or LacZ] on % of alternations) (Figure 3A). Likewise, in the eight-arm
radial maze (applied over the course of 4 days), AAV-Hdac1 injected mice made more
mistakes (defined as repeat entries into an arm the animal has already visited during the
same test session) before completing the session than control animals (F1,22 = 8.87; p < .01;
two-way mixed ANOVA, effect of transgene type [Hdac1 or LacZ] on number of mistakes),
a phenotype that was prominent on days 2, 3, and 4 of this paradigm (Figure 3B). Yet, we
did not observe a consistent trend for perseverations in the Hdac1 injected mice, as
alternations in the T-maze were not significantly lower than 50% either. Furthermore, long-
term memory functions as probed with the passive-avoidance test (36,37) and the novel
object recognition paradigm (38,39) remained indistinguishable from control animals after
Hdac1 overexpression in the PFC (Figure 3C,E). No effect of transgene on passive
avoidance was detected by two-way mixed ANOVA (F1,26 = .22; p = ns) and both groups
exhibited increased latencies to enter into the conditioned compartment (Figure 3C).
Furthermore, Wilcoxon signed rank test revealed that both groups had a preference for the
novel object (above chance level of 50%) in the novel object recognition test (Figure 3E).
Therefore, the Hdac1-induced impairments in working memory are specific and not due to a
generalized alteration in other types of memory in these animals.

To further confirm the specificity of the working memory deficits after AAV-Hdac1, we
injected a third vector, AAV(9)-green fluorescent protein (AAV-GFP) into the PFC. As
expected, AAV-GFP mice were indistinguishable from AAV-LacZ mice, as it pertains to
working memory performance in the radial maze and T-maze tests (Figure S6A,B in
Supplement 1). Furthermore, working memory performance in AAV-GFP and AAV-LacZ
mice was indistinguishable from mice that underwent the same anesthesia protocol
(systemic ketamine) and surgery, but instead of AAV, they received a PFC injection of one
microliter of sterile, 5% sucrose solution (Figure S6C in Supplement 1). Very similar test
scores were obtained from naive and hitherto untreated mice (Figure S6D in Supplement 1),
which is consistent with other reports that ketamine anesthesia in adult mice does not affect
spatial working memory and motor task performance (40). From this, we concluded that the
working memory defect in AAV-Hdac1 mice is attributable to excess levels of histone
(lysine) deacetylase 1 in PFC and not due to AAV injection or procedure-related factors.

In the novel object recognition test, we noticed that AAV-Hdac1 mice visited objects much
more often, and thus spent on the first day of testing significantly more time at the
unfamiliar object than control mice (t test) (Figure 3D). To check whether this reflects an
enhanced disposition for repetitive and stereotyped behavior (as opposed to actual novelty
seeking), we employed the marble burying test (41,42), a test that in rodents is thought to
measure the correlate of obsessive-compulsive behaviors that are under some control of the
PFC (43). Interestingly, there was a very strong tendency (t test, p = .056) for increased
burying behaviors in Hdac1 overexpressors, compared with animals injected with LacZ
(Figure 3F).
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Vocalization (audible to the human ear), which for adult laboratory mice has been linked to
(mildly to severe) stressful situations (44,45), was increased by 50% in the AAV-Hdac1
mice, compared with AAV-LacZ (Figure 3G). To find additional evidence for an altered
response to mild stress forms, such as exposure to a novel environment, we employed a 2-
day paradigm to measure the changes in locomotor activity induced by repeated exposures
to a novel open field situation for 15 minutes (46). Importantly, the PFC is thought to exert
some control over locomotor activity induced by a novel open field environment (47,48).
Therefore, it is interesting to note while AAV-LacZ mice showed the expected adaptive
response with a 30% to 40% decline in locomotor hyperactivity upon re-exposure on day 2,
the locomotor activity of AAV-Hdac1 mice did not follow any adaption pattern over time
(Figure 3H).

Hdac1-Mediated Gene Expression Changes in the PFC
The prefrontal transcriptomes from AAV-Hdac1 and AAV-LacZ mice were profiled with
the Mouse Gene 1.0 ST Array (Affymetrix, Santa Clara, California) (n = 4/group). Of note,
among the 11 Hdac class I, II, and IV genes (class I Hdacs are homologues to yeast Rpd3
and class II Hdacs are homologues to yeast HdaI; Hdac11 is the sole representative of class
IV; and class I and II Hdac genes are defined by a catalytic pocket with a zinc ion at the base
[49,50]) that were represented on the array (Hdac1 to Hdac11), only the Hdac1 transcript
showed a significant increase in the AAV-Hdac1 group, while differences in expression of
the remaining 10 Hdac genes were minimal (<5%) between the groups (Figure 4A). These
microarray data confirm that Hdac1 is the only class I/II Hdac that is overexpressed in PFC
of AAV-Hdac1 injected mice.

To estimate the number of Hdac1-sensitive transcripts in the PFC, we compared PFC
transcriptomes in AAV-Hdac1 and AAV-LacZ mice, using two filters: 1) >1.2-fold change;
and 2) p value < .05 after correction for false discovery. There were 317 differentially
expressed genes between the two groups of mice (Table S1 in Supplement 1). Stricter
filtering to identify Hdac1-sensitive genes with >1.5-fold change (compared with LacZ
transduced control animals) yielded 26 genes (Table 1). The large majority, or more than
two thirds of differentially expressed genes, were downregulated upon Hdac1
overexpression (Figure 4B; Table S1 in Supplement 1), consistent with the notion that
HDAC1 is, in the nervous system, primarily associated with repressive chromatin
remodeling and negative regulation of gene expression (33,51).

Some of the highest fold changes for genes implicated in cognitive impairment involved Ttr
(Transthyretin), which is expressed at low levels in cortical neurons and thought to play a
role in thyroid hormone transport and metabolism and regulation of beta-amyloid (52).
Interestingly, the small subset of 26 genes with a >1.5-fold change in Hdac1 overexpressing
mice (Table 1) showed significant Gene Ontology enrichments for transcripts associated
with immune functions and major histocompatibility complex class II (MHC II)-related
antigen presentation (Table 2), including H2-ab1 (histocompatibility 2, class II antigen A,
beta 1), H2-aa (histocompatibility 2, class II antigen A, alpha), and H2-eb1
(histocompatibility 2, class II antigen E, beta 1) and the MHC II gamma chain and
transporter, Cd74 (cluster of differentiation 74). Downregulation of these genes was
confirmed by comparing additional samples of PFC from AAV-Hdac1 and AAV-LacZ mice
as control animals, using quantitative reverse transcriptase-polymerase chain reaction
(Figure 4C-G). This decrease in expression of immune-regulatory transcripts in the Hdac1-
overexpressing PFC was highly specific, because neither the set of Hdac1-sensitive
transcripts with 1.2-fold or 1.5-fold change was enriched for Gene Ontology categories
involved in neuronal function and neurotransmission (yet, it should be mentioned the
extended set of 317 Hdac1-sensitive transcripts included several neuronal genes such as
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Elf1, a beta-spectrin considered important for axonal growth [53] and Snap23
[synaptosomal-associated protein 23], Table S1 in Supplement 1).

Hdac1-Downregulated Target Genes Show Significant Overlap with Transcripts Altered in
PFC of Subjects Diagnosed with Schizophrenia or Bipolar Disorder

To determine whether the Hdac1 sensitive transcripts in mouse PFC match any genes
expressed at altered levels in postmortem PFC of subjects diagnosed with schizophrenia or
bipolar disorder, we compared our dataset of significantly altered transcripts in AAV-Hdac1
(mouse) PFC with published microarray datasets of US and Australia-based postmortem
cohorts that showed increased HDAC1 expression in PFC of diseased subjects (28,29), with
p < .1 as filter for the clinical datasets (Table S1 in Supplement 1). We note that from a total
of 203 genes subject to significant down-regulation in the AAV-Hdac1 mice, 60 matched a
transcript that was expressed at decreased (n = 30) or increased (n = 30) levels in at least
one, or both, microarray datasets from the schizophrenia and/or bipolar disorder subjects
(28,29). This list included TTR, CD74, and other MHC II-related transcripts and genes
related to neuronal signaling including ELF1 and NPY. In contrast, only 12 of 121
transcripts subject to a significant increase in AAV-Hdac1 mice were expressed at decreased
(n = 4) or increased (n = 8) levels in the clinical specimens. This much larger overlap of the
Hdac1-downregulated genes with transcriptome of subjects on the psychosis spectrum,
compared with the Hdac1-upregulated genes, was highly significant (χ215.06 [df 1], p < .
001).

Medication Effects and Developmental Regulation
Hdac1 levels became downregulated during the course of normal PFC development, because
in C57BL/6J wild-type mice, levels in adult PFC had decreased by 90%, compared with
newborn animals (Figure S7 in Supplement 1), suggesting that supranormal HDAC1
expression in adult PFC of schizophrenia and bipolar disorder subjects could reflect altered
developmental regulation.

Of note, none of the three studies reporting abnormally high levels of HDAC1 transcript in
schizophrenia brain could find conclusive evidence for antipsychotic drug- or other
medication-related effect (28–30). However, the large majority of postmortem cases were
exposed to APD treatment at some point in their lifetime; hence, drug-mediated effects are
difficult to study postmortem owing to a paucity of drug-free cases. To explore the role of
APD for the regulation of cortical HDAC1 expression in the patients' brains, we
systemically treated adult mice over the course of 21 days with once daily injections of the
D2-receptor antagonist and conventional antipsychotic, haloperidol (.5 mg/kg); the atypical
antipsychotic, clozapine (5 mg/kg); or saline, then harvested the brain and measured via
quantitative reverse transcriptase-polymerase chain reaction the RNA levels for Hdac1 and
the Hprt (hypoxanthine-guanine phosphoribosyltransferase) housekeeping gene as a control.
These APD doses are sufficiently high to elicit changes in the animals' locomotor activity
(54) and histone methylation changes in the cerebral cortex (4). However, in each treatment
group, changes in Hdac1 RNA levels were less than .2-fold compared with saline-treated
control animals and without significance (Figure S8A in Supplement 1). Interestingly, some
of the transcripts that showed a robust, 2.8fold downregulation after AAV-Hdac1 injection,
including the aforementioned Ttr and multiple MHC II transcripts, such as Cd74, H2-Aa,
H2-Ab1, and H2-Eb1 (Table S1 in Supplement 1), were upregulated after APD, particularly
in clozapine-treated mice (Figure S8B–F). These drug-induced increases in gene expression
were specific, because RNA levels for the neuropeptide Npy were downregulated after
clozapine treatment (Figure S8G in Supplement 1), consistent with previous reports (55).
Expression of guanylate binding protein 4 (Gbp4), which is decreased in AAV-Hdac1 PFC
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(Table S1 in Supplement 1), remained virtually unchanged in clozapine-treated mice but was
significantly downregulated after haloperidol (Figure S8H in Supplement 1).

Discussion
Summary of Results

In the present study, 3 weeks after virus vector injection into the PFC, increased expression
of the protein (lysine) deacetylase, HDAC1/KDAC1, resulted in significant behavioral
alterations, including impaired working memory, enhanced repetitive behavior, and a
blunted and nonadaptive response to novel environments. These behavioral alterations were
specific because long-term memory remained unaffected in the same set of animals.
Increased Hdac1 expression in young adult PFC was associated with subtle alterations
(mostly downregulation) of hundreds of gene transcripts, with more robust changes limited
to a small subset of 26 genes, including multiple members of the MHC II complex. Further,
Hdac1 levels declined during the course of postnatal PFC development and were not
increased after APD exposure. However, APD had opposite effects on MHC II complex
genes than Hdac1 overexpression. Thus, it might be conceivable that developmental defects
could have contributed to increased HDAC1 levels in microarray datasets from PFC and
hippocampus of subjects with schizophrenia (28–30), while APD could ameliorate
downstream molecular pathology. Because the Hdac1 transgene was overexpressed in the
PFC for several weeks, our study is difficult to complement by pharmacologic approaches
using histone deacetylase (HDAC) inhibitors and other chromatin modifying drugs.

Neuroanatomical Considerations
The findings from the present study strongly suggest that fine-tuning of Hdac1 expression
and activity in the adult brain is pivotal for orderly function of PFC. However, the AAV9-
based transduction system was not limited to the brain territory occupied by the PFC but
involved a small portion of the underlying white matter, portions of the dorsal and lateral
septum, and scattered cells in rostral thalamus and hippocampus. This labeling pattern could,
in part, be due to local spread. However, given that each of the above areas are directly
interconnected with the PFC and function as important nodes in prefrontal-cortical-limbic
circuitry (56), retrograde transport as previously reported for the AAV9 capsid (32,57) is a
more likely possibility. Therefore, the neuroanatomical substrate for the impairments in
cognition and behavior as reported here could involve the wider prefrontal circuitry,
including neurons located in the septum, anterior thalamus, and hippocampus.

HDAC Multiplicity of Functions
The molecular link between upregulated Hdac1 expression and impaired cognition remains
to be explored further. Importantly, one defining feature of HDACs is their pleiotropism,
due to the fact that these enzymes cleave off lysine acetyl-groups in a wide variety of
proteins. Thus, HDAC1, which in brain is located predominantly but not exclusively in the
nucleus (58), also regulates, in addition to its classical substrate, the nucleosomal core
histones, adenosine monophosphate-activated protein kinase as a key regulator for cell
signaling and metabolism (59), multiple proteins of the pre-messenger RNA 3′end
processing machinery (60), and several transcriptional activators or repressors including
p53, NFkB, MyoD, and E2F (61). Therefore, AAV-Hdac1 mediated changes in the PFC
transcriptome could result from repressive chromatin remodeling at promoters (33,51),
which is a very plausible hypothesis, given the majority of gene expression changes in our
microarray studies were defined by a decrease from baseline. Alternatively, increased
HDAC1 activity could have resulted in alterations in transcription factor activity (61),
differential regulation of polyadenylation and other pre-messenger RNA processing (60), or
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adenosine monophosphate-activated protein kinase-mediated shifts in transcripts regulating
energy homeostasis (59,62) or a combination thereof.

Implications for the Neurobiology and Treatment of Schizophrenia and Bipolar Disorder
In the present study, robust impairments in working memory and additional behavioral
alterations were observed at 3 weeks after viral vector-mediated overexpression of Hdac1 in
young adult PFC. This finding strongly suggests that increased HDAC1 expression in
schizophrenia and bipolar brains (28–30) is not an epiphenomenon but instead a key event in
the pathophysiological cascade that ultimately could contribute to psychiatric symptoms.
According to the present study, a failure to down-regulate HDAC1 levels during
development could be one of the possible mechanisms (Figure S7 in Supplement 1).
Developmental downregulation of Hdac1 is particularly pronounced in neurons, while
astrocytes continue to express Hdac1 at moderate levels throughout adulthood (63).
Furthermore, during the course of neuronal maturation, synaptic transmission becomes
much less sensitive to the effects of an experimental knockdown of Hdac1 (64). The
preclinical findings in PFC (present study) and hippocampus (33,50), in conjunction with
clinical observations (28-30), suggest that orderly brain function depends on a delicate
balance of Hdac1 expression. Consequently, supranormal HDAC1 expression in cortical-
limbic circuitry could then lead to molecular, cellular, and behavioral manifestations of
disease. While the precise molecular mechanisms linking HDAC1 excess to psychiatric
phenotypes remain to be elucidated, we were surprised to find multiple immune regulatory
transcripts among the small set of 26 genes with a more robust (>1.5-fold) change in
expression after Hdac1 transduction. Among these Hdac1-sensitive immune transcripts were
three genes, H2-Aa, H2-Ab1, and H2-Eb1 (which are known in humans as HLA-DQA1,
HLA-DQB1, and HLA-DRB1) that are positioned within a prominent schizophrenia and
bipolar disorder susceptibility locus at the MHC II gene cluster on chromosome
6p21.3-22.1. Furthermore, these three genes are the closest ones to several schizophrenia-
associated single nucleotide polymorphisms at this risk locus (65-67) (Figure S9 in
Supplement 1). For example, rs9271850 is positioned 50 kilobase (kb) downstream from
HLA-DRB1 and 10 kb upstream of HLA-DQA1, rs9272219 is 3 kb upstream of HLA-
DQA1, and rs927535 is positioned in the first intron of HLA-DQA1 and 20 kb upstream of
HLA-DQB2(65). Each of these single nucleotide polymorphisms was found in a meta-
analysis of three European ancestry schizophrenia datasets (Molecular Genetics of
Schizophrenia, International Schizophrenia Consortium, and SGENE) with high statistical
significance (65-67) and in two independent bipolar disorder datasets, the Systematic
Treatment Enhancement Program for Bipolar Disorder and the Wellcome Trust Case
Control Consortium (68,69).

The HLA-DRB1, HLA-DQA1, and HLA-DQB1 genes encode MHC class II proteins that
play a central role in the immune system by presenting peptides derived from extracellular
proteins. Major histocompatibility complex II proteins are produced in microglia under
diverse pathologic conditions (inflammation, neuronal injury, neurodegeneration) (70).
Notably, neuronal activity and neurotrophin factors may suppress MHC class I and II
expression in microglia and astrocytes (70-74), and similar mechanisms may explain
decreased expression of H2-Ab1/H2-Aa/H2-Eb1 transcripts as reported here. Interestingly,
MHC II transcripts were subject to a robust upregulation after (sub)chronic exposure to
clozapine (Figure S8C-F in Supplement 1), a drug considered the gold standard among
antipsychotics due to its exceptional efficacy in treating positive symptoms in patients
diagnosed with treatment-resistant schizophrenia (75,76).

Some studies suggested that AAV-mediated expression of nonself protein in brain
parenchyma could trigger an immune response (77). In the present study, there was no
activation of microglia as the brain's immune surveillance system (Figure S10 in
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Supplement 1). Instead, the Hdac1 transgene induced down-regulated expression of the
MHC II complex (which is normally expressed in astrocytes [77]) in conjunction with
behavioral changes.

While APD did not significantly alter Hdac1 expression in the present study, atypical APD
decreased HDAC2 occupancy at the metabotropic glutamate receptor 2 promoter (78) and
increased open chromatin-associated histone methylation at gamma-aminobutyric acidergic
genes (4). Given this multiplicity of APD-mediated epigenetic effects and the variabilities in
therapeutic response and side effects (79,80), it would be interesting to explore blood-based
histone acetylation levels as biomarkers for treatment response or side effects in individual
patients diagnosed with schizophrenia or bipolar disorder (81,83).
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Figure 1.
Localized spreading and cellular expression patterns of adeno-associated virus-LacZ
reporter in adult mouse prefrontal cortex (PFC). (A) (Top): Graphical representation
(sagittal plane) of dorsoventral spread of virus between weeks 1 to 3 postinjection.
(Bottom): Coronal sections, stained with β-galactosidase enzyme histochemistry, from
adeno-associated virus-LacZ injected brains. Notice regional spreading and increased
numbers of transduced cells during the time periods tested. (B) Cellular specificity of adeno-
associated virus, serotype 9 capsid transductions in PFC (LacZ transgene with nuclear
localization signal). Photomicrographs from PFC sections double-stained for anti-β-
galactosidase (green) with (red, from left to right) anti-NeuN neuronal marker, anti-S100B
for astrocytes, and anti-CNPase for oligodendrocytes. Notice double-labeled (yellow,
marked by filled arrows) neurons and astrocytes but no double-labeled (unfilled arrows)
oligodendroglia. Scale bar, 75 μm. Cg1, cingulate cortex (area 1); Cg2, cingulate cortex
(area 2); LSd, lateral septum (dorsal part); LSv, lateral septum (ventral part); Mc, motor
cortex; ST, striatum; WM, white matter.
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Figure 2.
Adeno-associated virus, serotype 9 capsid-mediated HDAC1 expression and activity. (A, C)
Western blots against HDAC1 on (A) prefrontal cortex lysates from (left) control and (right)
adeno-associated virus-Hdac1 mice; notice increased 60 kDa immunoreactivity
corresponding to full-length HDAC1 but not for lower molecular weight (background) band
(B) mouse N1E-115 neuroblastoma cells, showing (top image) increased 60 kDa HDAC1 in
transfected (T) compared to control (C) cells. Lower image shows 42 kDa β-actin as loading
control. (C) (Top) β-actin loading control and (bottom) bulk histone acetylation in anti-
acetyl-lysine K immunoblots from N1E-115 cells, 24 hours posttransfection with Hdac1
(right) and control (left side). Lower band, histone H4ac, and upper band, H3ac. Notice
decreased H3 and H4 acetylation in the Hdac1 transfected cells (black), relative to control
cells (white bars), as summarized in the bar graph for quantification of acetyl-histones.
Optical densities from immunoblots were normalized with β-actin levels and expressed as
percentage of the control values. n = 3 per group. *p < .05, **p < .01, paired t test.
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Figure 3.
Behavioral performance of adeno-associated virus (AAV)-Hdac1 and AAV-LacZ mice. (A)
Spontaneous alternations in the T-maze, indicative for working memory performance, are
reduced in mice injected with AAV-Hdac1 compared with AAV-LacZ control mice. Notice
that only AAV-LacZ mice show alternations above chance on day 2, as expected from
(normal) wild-type mice. (B) Increased number of mistakes (repeat entries) in the 8-arm
radial maze in mice injected with AAV-Hdac1. (C) Unchanged long-term memory
performance in a passive avoidance learning paradigm and (D, E) in the novel object
recognition test. Preference for the new object (on day 2) was significantly increased in both
groups. (D) Yet, the time exploring the novel object on day 1 was higher in AAV-Hdac1
mice. (F) Marble burying test and (G) vocalizations (% squeaked when handled). (H)
Locomotor activity in the open field recorded over 15 minutes on 2 consecutive days. Notice
lack of adaptive changes in AAV-Hdac1 mice. +p < .05, + +p < .01, difference from chance
level (Wilcoxon signed-rank test). #p < .05, ###p < .001, difference within the same
treatment group between consecutive days. *p < .05, **p < .01, and ***p < .001, difference
between different treatment groups, t test or Newman-Keuls post hoc test, when appropriate.
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Figure 4.
Hdac1-sensitive transcripts in adult prefrontal cortex. (A) Signal intensities for the 11
different Hdac(1–11) isoforms. Note selective upregulation of Hdac1 (red bars) in adeno-
associated virus-Hdac1, compared with adeno-associated virus-LacZ prefrontal cortex. (B)
Number of genes (blue) downregulated and (red) upregulated among the pool of
significantly regulated genes with a more than 1.5-fold or 1.2-fold change; p < .05 (after
false discovery rate). (C-G) Quantitative reverse transcriptase-polymerase chain reaction-
based verification of Hdac1-downregulated major histocompatibility complex class II and
other genes, normalized to Hprt housekeeping gene. Data are expressed relative to control
group. *p < .05, **p < .01, Mann-Whitney U test. Ctrl, control.
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Table 1
List of PFC Transcripts with >1.5-fold, Significant Difference Between AAV-Hdac1 and
AAV-LacZ

Gene Symbol Name FC p Value FDR

Downregulated Genes

 M28833/igkv8-21 Immunoglobulin kappa variable 8-21 −25.86 .019 .041

 Ttr Transthyretin −8.64 .039 .047

 Cd74 Cluster of differentiation 74 −4.08 .038 .047

 H2-Ab1 Histocompatibility 2, class II antigen A, beta 1 −3.84 .025 .044

 H2-Aa Histocompatibility 2, class II antigen A, alpha −3.74 .025 .044

 Gbp4 Guanylate-binding protein 4 −2.98 .038 .047

 Cxcl9 Chemokine (C-X-C) motif, ligand 9 −2.23 .047 .049

 Ighg Immunoglobulin heavy chain γ −2.23 .028 .045

 Gm12250 Interferon gamma inducible protein (Ifi) 47 pseudogene −2.18 .036 .047

 Igtp Immunity-related GTPase, family M, member 2 −2.18 .048 .049

 LOC100046973 −2.08 .048 .049

 Serping1 Serping1 −2.07 .045 .048

 H2-Eb1 Histocompatibility 2, class II antigen E, beta −2.07 .028 .045

 Ifi203 Interferon activated gene 203 −1.99 .047 .049

 Gm7016 −1.85 .048

 Art2b ADP-ribosyltransferase −1.67 .047 .049

 Samhd1 SAM domain and HD domain-containing protein 1 −1.63 .037 .047

 Tmem140 Transmembrane protein 140 −1.58 .028 .045

 Igfbp7 Insulin-like growth factor-binding protein 7 −1.55 .039 .047

 Cp Ceruloplasmin −1.54 .018 .04

 Tnfsf10 Tumor necrosis factor −1.54 .021 .041

 Irf1 Interferon regulatory factor 1 (ligand) superfamily, member 10 −1.52 .044 .048

Upregulated Genes

 Hdac1/Gm4864 Histone deacetylase 1 (pseudogene) 10.87 <.001 <.001

 ENSMUST00000097231 Small nucleolar RNA (SNORD) 115 1.57 .003 .028

 ENSMUST00000099414 Zinc finger protein (zfp) 955b 1.51 .038 .047

 ENSMUST00000101951 Small nucleolar RNA (SNORD) 115 1.50 .003 .028

ADP, adenosine diphosphate; AAV, adeno-associated virus; FC, fold change; FDR, false discovery rate; GTP, guanosine triphosphate; HD,
hydrolase; PFC, prefrontal cortex; SAM, sterile alpha motif.
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