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Abstract

Valproate (VPA) has been used in the treatment of bipolar disorder since the 1990s. However, 

the therapeutic targets of VPA have remained elusive. Here we employ a preclinical model to 

identify the therapeutic targets of VPA. We find compounds that inhibit histone deacetylase 

proteins (HDACs) are effective in normalizing manic-like behavior, and that class I HDACs (e.g., 
HDAC1 and HDAC2), are most important in this response. Using an RNAi approach, we find 

that HDAC2, but not HDAC1, inhibition in the ventral tegmental area (VTA) is sufficient to 

normalize behavior. Further, HDAC2 overexpression in the VTA prevent the actions of VPA. We 

used RNA sequencing in both mice and human iPSCs derived from bipolar patients to further 

identify important molecular targets. Together, these studies identify HDAC2 and downstream 

targets for the development of novel therapeutics for bipolar mania.

Introduction

Valproate (VPA; also known as Depakote or generically as divalproex), is an antiepileptic 

drug that has been used in the United States as a treatment for the manic and mixed phases 

of bipolar disorder since its approval by the FDA in 1995 [1]. The anticonvulsant effects of 

VPA are thought to be due to the blockade of voltage-gated sodium channels and increased 

brain levels of gamma-aminobutyric acid (GABA) [2,3]. However, the mechanisms that 

underlie the anti-manic effects in bipolar disorder are less clear. In addition to the effects on 

GABAergic transmission, VPA is also a potent inhibitor of histone deacetylases (HDACs) 

at therapeutic serum levels (0.4–0.8 mM) [4,5]. DNA is wrapped around histone proteins 

to form nucleosomes, allowing efficient DNA packaging into a chromatin structure. HDAC 

proteins remove acetyl groups from lysine residues on the tails of histone proteins, closing 

the chromatin and creating a less permissive state for transcription [6]. Inhibition of 

HDAC proteins generally leads to a more active chromatin structure and increased gene 

transcription at particular sites. The HDAC proteins fall into several classes based on 

sequence and cellular functions. Class I HDACs (HDAC 1, 2, 3, and 8) are primarily nuclear 

proteins while class II (a and b) HDACs (HDAC 4, 5, 6, 7, 9 and 10) shuttle between the 

nucleus and cytoplasm [7]. The sirtuins are NAD+-dependent proteins that are considered 

class III HDACs [8]. HDAC11 is the only class IV HDAC [7]. In the adult mouse brain, 

class I HDACs are highly expressed with the exception of HDAC8. HDAC1 and HDAC2, in 

particular, may be differentially expressed in certain cell-types and subregions of the brain 

[9]. Two members of class II HDACs (HDAC 4 and 5) are highly expressed in brain while 

the others are expressed at much lower levels [7].

Inhibition of class I or II HDACs may protect neurons from oxidative stress-induced 

neuronal damage which is frequently described in patients with bipolar disorder [10,11]. 

Altered expression of class I HDACs has also been found in the hippocampus of postmortem 

brain from subjects with bipolar disorder [12]. Using in vivo imaging of HDAC-specific 

radiotracers in patients with bipolar disorder, altered levels and activity of HDACs were 

shown to be related to attention and emotion regulation, suggesting a role for HDACs in 

pathophysiology of bipolar disorder [13]. HDAC inhibitors have also been shown to reverse 

mania-like behaviors in rat models [14,15], potentially via changes in growth factors and 

other factors related to neuronal and synaptic plasticity [11]. Therefore, it is possible that 
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the anti-manic and mood stabilizing effects of VPA are due to its properties as an HDAC 

inhibitor, particularly the inhibition of Class I HDACs.

Our lab and others have utilized the ClockΔ19 mice for many years as an animal 

model to study human mania and the mechanisms that underlie current and potential 

mood stabilizing medications [16–22]. The CLOCK protein is a key component of the 

molecular transcriptional/translational feedback loop that controls circadian rhythms [23]. 

The ClockΔ19 mice have a point mutation which creates a dominant-negative CLOCK 

protein [24]. These mice are hyperactive, display greater novelty seeking and risk taking 

behavior, have greater impulsivity, sleep less, have less behavioral despair, and have greater 

levels of reward seeking and motivation [16,17,20,25–29]. Along with their behavioral 

phenotypes, the ClockΔ19 mice have increased dopaminergic activity (both firing and 

bursting) in the ventral tegmental area (VTA) [20,30] that is largely responsible for 

their manic-like behaviors [27,31,32]. Multiple clinical studies have also suggested that 

alterations in dopamine neurotransmission in the VTA is central to bipolar mania [33–35]. 

Here we use the ClockΔ19 mice to investigate the molecular mechanisms of action for 

VPA as an anti-manic agent. Based on findings that highlight the possible role of class I 

HDACs in the pathophysiology of bipolar disorder and indications that VPA acts a potent 

HDAC inhibitor, we hypothesized that the therapeutic action of VPA for bipolar mania 

is, in part, via class I HDAC inhibition. In this study we find that VPA treatment is able 

to normalize the behavioral phenotypes of the ClockΔ19 mice. We then employ a variety 

of pharmacological and genetic approaches to determine if inhibition of particular HDAC 

proteins may be responsible for the therapeutic actions of VPA. We investigate whether 

inhibition of HDACs specifically in the VTA is therapeutic and use RNA sequencing to 

help identify the molecular changes that occur in the VTA with HDAC inhibition. We also 

extend our analyses into human induced pluripotent stem cells (iPSCs) derived from patients 

with bipolar disorder and find a number of similar gene expression changes in response to 

treatment which point towards potential molecular mechanisms.

Results

VPA and SAHA normalize behavior in the ClockΔ19 mice

Wild-type (Wt) and homozygous ClockΔ19 male and female mice were treated with 

vehicle or VPA compounded in the chow ad libitum [36]. Mice were then tested for the 

locomotor response to novelty, exploratory drive and avoidance behavior in the dark/light 

box and elevated plus maze (EPM), and behavioral despair in the forced swim test (FST). 

Consistent with previous studies [17,19,20,26], male ClockΔ19 mice treated with vehicle 

were hyperactive in response to novelty, showed an increase in the time spent in the light of 

the dark/light box, increased time in the open arm in the EPM and reduced immobility in 

the FST (Fig. 1A–D). These results were similar in female mice with the exception of the 

FST where there were no differences between genotypes (Fig. 1I–L). In male mice, VPA 

treatment normalized time spent in the light in the dark/light box, open arm time in the EPM 

and immobility time in the FST (Fig. 1A–C). Interestingly, there was no effect of VPA on 

locomotor activity (Fig. 1D). In female ClockΔ19 mice, VPA had no significant effect on 

time in the light in the dark/light test (Fig. 1I), although fully normalized open arm time in 
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the EPM (Fig. 1J). VPA had no impact on the FST or locomotor activity in female mice 

(Fig. 1K–L). There were also no significant effects of VPA on Wt mice.

To determine if the effects of VPA could be recapitulated with an HDAC inhibitor, 

we administered the broad-spectrum inhibitor suberanilohydroxamic acid (SAHA) which 

inhibits class I and class II HDACs. As expected, both VPA and SAHA increased histone H3 

and H4 acetylation in both WT and ClockΔ19 mice (Supp. Fig 1). Similar to VPA, in male 

ClockΔ19 mice, SAHA normalized time in the light in the dark/light test, open arm time in 

the EPM and immobility in the FST with no difference in locomotor activity (Fig. 1E–H). 

Interestingly, in Wt male mice there was an increase in time in the light in the dark/light 

box and increased open arm time in the EPM, suggesting an anxiolytic effect in Wt mice 

(Fig. 1E–H). Female ClockΔ19 mice had similar behavioral responses to the male mice in 

the dark/light box and EPM in response to SAHA with no change in the FST or in locomotor 

activity (Fig. 1M–P). Wt female mice had no significant response to SAHA. Taken together, 

these data show that VPA generally normalizes the manic-like behavior of the ClockΔ19 

mice, and these results can be mimicked using an HDAC inhibitor.

The Class I HDAC inhibitor MS275 normalizes manic-like behavior in the ClockΔ19 mice

To begin to determine the specific classes of HDAC inhibitors that are able to normalize 

manic-like behavior in the ClockΔ19 mice, we tested MS275, a specific inhibitor of Class 

I HDACs and MC1568 which is a specific inhibitor of Class IIa HDACs (Fig. 2). Male 

and female Wt and ClockΔ19 mice were treated with vehicle or 20mg/kg of MS275 [37] 

or MC1568 [38]. In male ClockΔ19 mice, MS275 reduced light time in the light/dark box, 

reduced center time in the open field, reduced latency to immobility in the FST (Fig. 2A, 

C–D). There were no significant changes in EPM behavior (Fig. 2B) and locomotor activity 

(Fig. 2F). In female ClockΔ19 mice, there was an overall genotype effect in open arm time 

in the EPM with no significant interactions with treatment (Fig. 2G). In contrast, MC1568 

and MS275 significantly reduced open arm time in the EPM (Fig. 2H). Only MS275 reduced 

center time in the open field of female ClockΔ19 mice (Fig. 2I). Neither MC1568 nor 

MS275 had significant effects on latency to immobility (Fig. 2J) and immobility time (Fig. 

2K) in the FST. There were treatment differences in locomotor activity (Fig. 2L). The only 

significant effect in Wt mice was an increase in open arm time in the EPM with both 

MS275 and MC1568 treatment (Fig. 2H). Overall, MC1568 had inconsistent effects on 

behavior in ClockΔ19 mice compared to MS275. These results suggest that Class I HDAC 

inhibition generally reverses manic-like behavior with more selective effects of Class IIa 

HDAC inhibition on these behaviors.

An inhibitor of HDAC 1 and 2, ACY957 normalizes manic-like behavior in the ClockΔ19 
mice.

ACY957 is a potent inhibitor of HDAC 1 and HDAC 2 (IC50 of 7 and 18 mM) with very 

limited activity against HDAC3 (IC50=1,300nM) and no activity against HDACs 4,5,6,7 and 

8. Therefore, we used ACY957 to further define the particular HDAC proteins in which 

inhibition leads to reversal of manic-like behaviors in the ClockΔ19 mice (Fig. 3). Wt and 

ClockΔ19 male and female mice were treated with 10mg/kg of ACY957, based on our 

HPLC measurement of plasma levels and high brain penetrance following i.p. administration 

Logan et al. Page 4

Mol Psychiatry. Author manuscript; available in PMC 2021 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in Wt and ClockΔ19 mice (Supp. Fig.2A, B). We found maximal concentrations at 1 hr post 

injection which were maintained at physiologically relevant levels for at least 4 hrs (Supp. 

Fig. 2A, B). In response to ACY-957, we found that in male ClockΔ19 mice, ACY957 

reduced time in the light in the dark/light box, reduced open arm time in the EPM, decreased 

latency to immobility in the FST and increases immobility time in the FST (Fig. 3A–B, 

D–E). There was no effect in the open field or on locomotor activity (Fig. 3C, F). In female 

ClockΔ19 mice, ACY957 decreased open arm time in the EPM with no effect in any other 

measure (Fig. 3 G–L). In male Wt mice ACY957 had mostly the opposite effect seen in 

ClockΔ19 mice with increased time in the light in the dark/light box, increased open arm 

time in the EPM, increased latency to immobility in the FST and decreased immobility 

time (Fig. 3A–B, D–E). In female Wt mice, there was also an increase in open arm time in 

the EPM (Fig. 3H). These data suggest that HDAC 1 and 2 inhibition have a particularly 

strong effect on male mice with a normalization of manic-like behavior in the ClockΔ19 

mice and opposing effects in Wt mice. These sex-specific effects of ACY957 on behavior 

were independent of plasma and brain levels (Supp. Fig. 2). We also measured body weights 

and found that as expected ClockΔ19 mice are heavier than Wt mice at baseline and that 

ACY957 treatment slightly reduced body weight in the ClockΔ19 males and females, with 

no change in Wt mice, suggesting overall health was not impacted (Supp. Fig. 2C, D).

Knockdown of HDAC2, but not HDAC1 in the VTA normalizes manic-like behavior in the 
ClockΔ19 mice

Following the positive results with the HDAC 1 and 2 inhibitor, ACY957, we aimed to 

determine if there are differences in Hdac1 or Hdac2 expression in the ClockΔ19 mice in the 

VTA and how this was changed following ACY957 treatment (Fig. 4). We chose the VTA 

based on our previous studies which found that ClockΔ19 mice have increased firing and 

bursting of VTA dopamine neurons relative to Wt mice and this abnormal activity seems 

to underlie many of their behavioral phenotypes [16,19,20,31,39]. We found no differences 

across groups in Hdac1 expression (Fig. 4A). However, we found ACY957 significantly 

reduced the expression of Hdac2 in the VTA of both Wt and ClockΔ19 mice (Fig. 4A). 

There were no differences in the expression of these HDACs in the VTA between Wt and 

ClockΔ19 mice at baseline. We then decided to take a molecular approach to knockdown 

expression of each HDAC specifically in the VTA. To do this, we created a short hairpin 

RNA (shRNA) sequence directed specifically towards Hdac1 or Hdac2 (Fig. 4B, C; Supp 

Fig. 3). We focused on male mice here as they had a more robust overall behavioral response 

to the pharmacological compounds tested. We found that in the ClockΔ19 mice knockdown 

of HDAC2 but not HDAC1 led to the normalization of time spent in the light side of the 

dark/light box, time in the open arm of the EPM, and time in the center of the open field 

(Fig. 4D–F). In addition, HDAC2 knockdown increased immobility time in the FST and 

decreased the latency to immobility (Fig. 4G–H). There was no impact on locomotor activity 

(Fig. 4I). In contrast, HDAC1 and HDAC2 knockdown led to increased time in the open 

arms of the EPM in Wt mice (Fig. 4E), and HDAC2 knockdown reduced immobility time 

in the FST and increased latency to immobility in these mice (Fig. 4G–H). There were 

no effects on other behavioral tests. Importantly, these data demonstrate that knockdown 

of Hdac2, but not Hdac1, in the VTA is sufficient to normalize manic like behavior in 

ClockΔ19 mice.
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HDAC2 inhibition in the VTA is necessary for the normalization of manic-like behavior by 
VPA in ClockΔ19 mice

To determine if a reduction in HDAC2 in the VTA was necessary for the therapeutic-like 

effects of VPA, we utilized a viral approach to overexpress HDAC2 in the VTA of ClockΔ19 

mice (Fig. 4J–O). Importantly, we found that while VPA treatment in ClockΔ19 mice with 

the scramble shRNA in the VTA normalized behavior in the dark/light box, EPM, open field 

and FST as found previously (Fig. 1), mice with HDAC2 overexpression in the VTA showed 

no effect of VPA treatment on any of these behavioral tests (Fig. 4J–O). Thus, taken together 

HDAC2 inhibition was both necessary and sufficient for the therapeutic effects of VPA in 

these behavioral measures.

VPA and ACY957 lead to common gene expression changes in the VTA of ClockΔ19 male 
mice

To determine the gene expression changes that underlie the behavioral response to VPA 

and the more specific HDAC inhibitor, ACY957, we performed RNA sequencing of VTA 

tissue in Wt and ClockΔ19 male mice treated for 14 days with VPA (20g/kg compounded 

in chow), ACY957 (10mg/kg) or vehicle (Fig. 5). Tissue was collected 24 hours following 

the final dose. We identified 234 differentially expressed (DE) transcripts (111 upregulated) 

with VPA treatment (Supp. Data 1 and 2) and 540 DE transcripts (315 upregulated) with 

ACY957 (Supp. Data 3 and 4). Enrichment analysis of the top pathways regulated by 

both VPA and ACY957 included peptide ligand-binding receptors (e.g., Nmu, Nmur2, 
Edn1, Edn2) and serine-type endopeptidase inhibitor activity (e.g., Serping1, Serpinh1, 
Serpind1, Papln, A2m) (Fig. 5A). The top pathways enriched in VPA treated ClockΔ19 

mice included cellular response to interferon-gamma and GABA synthesis, release, reuptake 

and degradation (Fig. 5A). The top pathways regulated by ACY957 are related to 

neuregulin binding, inflammatory processes, growth factor binding and extracellular matrix 

organization (Fig. 5A). We also identified MSX2, a transcriptional repressor that is highly 

expressed in DA midbrain neurons, controlling cellular proliferation, as a potential upstream 

regulator for VPA DE transcripts (Fig. 5A) [40]. There were also a number of potential 

upstream regulators identified for ACY including several circadian transcription factors 

(ARNTL and CLOCK for example) and factors within canonical NF-κB signaling pathway, 

RELA and NFKB1 (Fig. 5A). There were only 24 transcripts differentially expressed in both 

VPA and ACY957 treatments including several circadian genes which have been associated 

with bipolar disorder, Nmur2 [41] and Rorc [42] (Fig. 5A).

To identify gene co-expression networks associated with treatment response in mania-like 

behaviors, we used weighted gene co-expression network analysis (WGCNA) to build gene 

modules on ClockΔ19 mice. Module preservation analysis was performed to identify highly 

robust modules [43]. We identified 19 modules that survived preservation analysis (Fig. 5B). 

Given our focus on effects of treatment in ClockΔ19 mice, we used module differential 

connectivity (MCD) analysis to determine whether module connectivity increased or 

decreased by treatment condition, VPA or ACY957. If a module gains connectivity, this 

indicates that there was more coordinated expression within the module in VPA or ACY957 

compared to vehicle controls, while a module that loses connectivity indicates that co

expression was more coordinate in control mice. The pie chart summarizes the results 
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for the MDC analysis with only one module gained and lost (Fig. 5B). The black and 

brown modules were particularly interesting, as these modules were the only modules that 

were significantly changed in ClockΔ19 mice treated with VPA or ACY957 and showed 

significant enrichment of DE transcripts in ClockΔ19 mice (Fig. 5B).

Subsequent analyses focused on the brown module as the only module that was significantly 

gained in ClockΔ19 mice and also had significant DE enrichment for both VPA and 

ACY957. We highlighted hub genes based on their high level of co-expression and the 

assumption that these genes are predicted to control the expression of other transcripts in the 

module. In the brown module, there were 27 DE transcripts for only VPA and one transcript 

for ACY957, with only three transcripts (Fbxo32, Bcas1, Kcnk13) that were differentially 

expressed in both VPA and ACY957 cohorts of ClockΔ19 mice (Fig. 5C). The hub genes, 

Fbxo32, Bcas1, and Kcnk13 were of the 24 shared DE transcripts and may represent key 

targets for therapeutic action of both VPA and ACY957 via HDAC inhibition.

Highly overlapping transcriptional profiles between ClockΔ19 mice and iPS cells from 
bipolar subjects treated with VPA and ACY957

In patients with bipolar mania, VPA is often used following ineffective treatment rounds 

with lithium. iPSCs derived from patients who do or do not respond to lithium (i.e., lithium 

responders versus non-responders) have different molecular, cellular, and physiological 

phenotypes in response to lithium and other therapeutics [44–46]. Therefore, we used 

iPSCs derived from lithium non-responders (Supp. Table 1) as an approach to gain insight 

into the therapeutic mechanisms unique to VPA. Meta-analysis was conducted on DE 

transcripts from two patients (2–3 clones per patient and 2–4 replicates per sample; Supp. 

Data 5 and 6). We found minimal alterations in gene markers of major cell-types across 

treatment conditions (Supp. Table 2), similar to our previous work [46]. We identified 

2,325 and 1,647 DE transcripts (P < 0.05) in VPA and ACY957 treated iPSCs, respectively 

(Fig. 5D,E), with 958 transcripts shared between treatments (Supp. Fig. 4A,B). Metascape 

analysis [47] revealed that many of these transcripts were highly shared across similar 

pathways and also revealed common upstream regulators (Supp. Fig. 4A,C). To identify 

pathways that were common between human and mouse, separate enrichment analyses was 

conducted on DE transcripts between bipolar patient iPSCs and ClockΔ19 mice for VPA and 

ACY957. We found that several pathways were significantly enriched in both VPA treated 

iPSCs and ClockΔ19 mice, including trans-synaptic signaling, growth factor response, and 

GPCR ligand binding (Fig. 5D). Several of the DE transcripts shared between human and 

mouse were related to neurotransmitter (GAD1 and GABRD) and neuropeptide signaling 

(NMUR2 and NPY) (Fig. 5D). In ACY957 treated iPSCs and ClockΔ19 mice, we identified 

transmembrane receptor protein tyrosine kinase, calcium ion binding, extracellular matrix 

glycoproteins, and integrin1 pathway among the top pathways shared among humans and 

mice (Fig. 5E). Several transcripts shared between species being identified as key players in 

these pathways (e.g., ADAMTS4, IGFBP5, SGK1, PLP1, CHRNA2) (Fig. 5E).

To identify potential protein networks of therapeutic action, we used Metascape to construct 

protein-protein interaction (PPI) networks based on DE transcripts independently for VPA 

and ACY957 treatments. We found modules involved in GABA synthesis, degradation 
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and reuptake (SLC32A1, GAD1, GAD2) associated with VPA (Fig. 5D). Interestingly, we 

also identified a separate PPI module that involves interactions between NPY, ADORA3, 

OPRD1, DRD3, and NMUR2 (Fig. 5D). These proteins are key regulators of dopamine 

(DRD3), opioids (OPRD1), adenosine (ADORA3), and circadian-dependent (NMUR2) 

signaling mechanisms in the midbrain. NMU-dependent signaling (NMU and NMUR2) 

was also identified in a top PPI module for ACY957 treatment, along with a module largely 

comprised of zinc finger proteins (Fig. 5E). Together, our findings highlight novel gene 

and protein signaling pathways involved in the therapeutic response to VPA potentially via 

HDAC inhibition [44–46].

Discussion

We find that VPA, a commonly prescribed mood stabilizing drug, is able to normalize the 

manic-like behavioral profile of ClockΔ19 mice. This is similar to the effects of chronic 

lithium treatment which can also normalize behavioral responses in these mice [17]. Our 

results with VPA further enhance the predictive validity of the ClockΔ19 mice as a model to 

study the molecular mechanisms of therapeutic action of commonly prescribed medications 

of bipolar mania, which remain largely unknown. As these therapies have unintended side 

effects and less than ideal efficacy for many patients with bipolar disorder, understanding 

the underlying therapeutic mechanisms can lead toward more targeted treatments. One of the 

many targets of VPA is the ability to inhibit HDAC proteins that are involved in reversing 

acetylation at histones and other proteins [4,48].

We decided to implement a pharmacological approach to determine whether HDAC 

inhibition may underlie the therapeutic effects of VPA using a pan-HDAC inhibitor, SAHA, 

followed by more targeted inhibitors of specific classes of HDACs. SAHA inhibits both 

class I and class II HDACs [49], which despite this lack of specificity is still used clinically 

to treat various cancers and is seemingly well tolerated [50]. Indeed, we find that the broad 

spectrum HDAC inhibitor, SAHA has very similar effects on behavior when compared with 

VPA. More specific HDAC inhibitors are likely to produce more selective effects with the 

potential for fewer off target effects. To determine more specifically which HDAC proteins 

may underlie the therapeutic effects of VPA in our assays, we used MS275 and MC1568 

compounds. MS275, is a specific inhibitor of Class I HDACs and MC1568 is a specific 

inhibitor of Class IIa HDACs. We find that only MS275 is able to consistently normalize 

the behavioral phenotypes of the ClockΔ19 mice, suggesting a more important role for 

class I HDAC proteins in this response. Class I HDAC proteins include HDAC1, HDAC2, 

HDAC3, and HDAC8 [48]. Therefore, we next examined the efficacy of ACY957, a highly 

potent and specific inhibitor of HDAC1 and HDAC2 [51]. We find that this drug is also 

able to normalize behaviors in the ClockΔ19 mice, further narrowing down important target 

proteins. Interestingly, though activity at both HDAC1 and HDAC2 have been previously 

shown by ACY957 [51], we only find a reduction in Hdac2 expression after ACY957 

treatment in the VTA of ClockΔ19 mice.

Notably, we find opposing behavioral results in Wt mice when compared with ClockΔ19 

mice in some of our pharmacological experiments. This effect was particularly evident with 

the more selective Class I inhibitor ACY957. Previous studies have found that depending 
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on the dose, VPA treatment can lead to anxiolytic and anti-depressive like behaviors in 

mice [52]. Furthermore, a study with the Class I HDAC inhibitor Compound 60 (Cpd-60) 

found decreased immobility in the FST in C57BL/6 mice [53]. We and others have 

previously found that lithium can produce anxiolytic and antidepressant-like effects in 

mice that depends on the dose and background strain. However, in ClockΔ19 mice, we 

consistently observe opposite results with a normalization of their inherent manic-like 

phenotype [17,19,54]. This distinction is important in terms of choosing an appropriate 

animal model for use in understanding the molecular mechanisms that underlie therapeutic 

effects of these medications. Indeed, lithium and VPA produce very different responses 

in patients with bipolar disorder versus healthy controls [55–57]. This suggests that these 

medications have selective effects on altered neuronal processing or activity in individuals 

with mood disorders which underlies their therapeutic effects.

We chose to use targeted molecular approaches to determine whether HDAC1 or HDAC2 

would be sufficient to normalize mania-like behavior. Based on our previous studies 

[16,19,20,31,39], we focused on the VTA of ClockΔ19 mice where augmented dopamine 

activity underlies many of the mania-like behaviors in these mice. We created specific 

shRNA sequences which were delivered via viral vector into the VTA of ClockΔ19 mice. 

Importantly, only Hdac2 knockdown led to a normalization of mania-like behavior. To 

determine whether inhibition of HDAC2 is necessary for the actions of VPA, we employed 

a virus created to overexpress HDAC2 which was also virally delivered to the VTA. We 

find that overexpression of HDAC in the VTA blocked the therapeutic actions of VPA 

in ClockΔ19 mice. Taken together, our results show that HDAC2 inhibition in the VTA 

is both necessary and sufficient to normalize behavior in the ClockΔ19 mouse model for 

bipolar mania. While we focused primarily on the VTA in our studies, future experiments 

are needed to determine whether HDAC2 inhibition in other brain regions could also be 

involved in the therapeutic action of VPA, especially since human neuroimaging studies 

have implicated multiple other neural circuits and brain regions in bipolar disorder [58–60]. 

Moreover, future studies are also needed to assess whether these compounds also normalize 

other mania-related phenotypes in the ClockΔ19 mice [29], and alter behavior in other 

mouse models of bipolar disorder [61,62]. In addition, while we have previously shown 

that the mood stabilizing compound lithium also reverses the manic-like phenotypes of the 

ClockΔ19 mice [17,18], and as we show here, VPA, a mood stabilizer, is able to reverse 

the manic-like phenotypes of the ClockΔ19 mice. We don’t know if the HDAC inhibitor 

compounds used in this study would also be effective mood stabilizing agents or might 

only be effective in treating mania. Previous studies have found that HDAC inhibitors 

can produce antidepressant effects in animal models of depression. For example, SAHA 

acts as an antidepressant in a genetic model of depression (Crtc1 KO mice) [63] and 

MS-275 reverses the depressive-like phenotypes of mice following social defeat stress [64], 

suggesting that they may function as mood stabilizing agents, effecting both depression and 

mania.

HDAC2 has been implicated in multiple diseases including cardiac hypertrophy [65], 

Alzheimer’s disease [66], Parkinson’s disease [67] and a variety of cancers [68]. Neuron 

specific overexpression of HDAC2 (but not HDAC1) leads to learning impairments and 

negatively regulated synaptic plasticity, spine density, and synapse number [69]. Moreover, 
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HDAC2 is upregulated in Alzheimer’s disease and inhibition of HDAC2 prevents the 

cognitive and behavioral impairments in a mouse model of Alzheimer’s disease [70]. 

Interestingly, a recent study found a correlation between the number of microglial related 

proteins in the brain and the upregulation of HDAC2 [67]. Since bipolar disorder is 

also associated with cognitive and behavioral deficits, along with increased inflammatory 

responses including microglial activation [71], it is possible that HDAC2 plays a role in 

these phenotypes and that inhibition is therapeutic. Moreover, a conditional knock-out of 

HDAC2 in glutamatergic pyramidal neurons leads to a protective effect against psychedelic 

drugs known to induce psychotic like phenotypes, suggesting that HDAC2 inhibition may 

also be beneficial in the treatment of psychosis [72].

HDAC inhibition is known to influence transcription of a number of genes. In general, 

hyperacetylation of histones is associated with relaxed chromatin state leading to increased 

gene transcription. We find that Class I HDAC inhibition by ACY957 in ClockΔ19 mice lead 

to the differential expression of 24 transcripts shared with VPA. Several of these transcripts 

are also found in the only module (i.e., brown) identified by WGCNA and MDC analyses to 

be highly coordinated in the VTA of ClockΔ19 mice in response to VPA and ACY957. For 

example, Fbxo32, Bcas1, and Kcnk13 are altered by both VPA and ACY957 and also are 

hub genes in the brown module. Interestingly, FBXO32 interacts with endophilin-A proteins, 

which are highly expressed in presynaptic dopamine terminals and modulate the release of 

dopamine into the striatum [73]. Regulation of endophilin-A proteins and others via the 

inhibition of the ubiquitin-proteasome system leads to the depletion of striatal dopamine 

[73]. Given that Fbxo3 was downregulated by both ACY957 and VPA and elevated 

dopamine neurotransmission is a hallmark of ClockΔ19 mice [16,20,31], destabilization 

of the ubiquitin-proteosome system via an HDAC2-dependent mechanism may lead to a 

reduction in dopamine cell firing and release and mania-like behaviors in these mice. In 

addition, the other hub genes, Bcas1 and Kcnk13, have also been shown to be involved in 

the regulation of dopamine neurotransmission and related behaviors [74,75]. KCNK13 is a 

leaky potassium channel that is highly expressed in the VTA that modulates dopamine cell 

firing [76]. Although speculative, downregulation of this channel may be a novel target that 

mediates the therapeutic actions of VPA via HDAC inhibition and could be involved in both 

the pathology and treatment of bipolar disorder [77].

We also measured transcriptional changes in human iPSCs derived from bipolar patients that 

were non-responsive to lithium. Interestingly, both VPA and ACY957 treatment produced 

similar changes in transcript expression including genes involved in trans-synaptic signaling, 

neurotransmission, and ion transport. There are also similarities between changes found in 

iPSCs and ClockΔ19 mice, such as trans-synaptic signaling, growth factor response, and 

GPCR ligand binding which includes many genes involved in cellular growth and plasticity. 

Additionally, the majority of the pathways enriched between ACY957 treated human iPSCs 

and ClockΔ19 mice are related to the extracellular matrix and synaptic morphology (e.g., 
extracellular matrix glycoproteins and glycoaminoglycan binding). The extracellular matrix 

is critical for both synaptic formation and degradation [78]. Studies have found that HDAC2 

negatively regulates memory formation and synaptic plasticity, and some of these actions 

are through interaction with the transcription factors Sp1 and Sp3 [69,79,80]. We identified 

SP1 as a top upstream regulator in human iPSCs targeted by both VPA and ACY957. 
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Thus, treatments like VPA that inhibit HDAC2 may promote synaptic plasticity via dynamic 

regulation of proteins involved in extracellular matrix formation and growth response factors 

[81].

We conducted both upstream regulator predictions and PPI network analyses in an effort 

to reveal primary mediators of therapeutic action of VPA via HDAC inhibition. Both of 

these approaches highlighted the potential for circadian-dependent regulation of molecular 

signaling in the VTA and human iPSCs from patients with bipolar disorder in the therapeutic 

response to VPA and ACY957. Notably, we found both ARNTL (BMAL1) and CLOCK 

among the top upstream regulators predicted to be involved in the transcriptional response to 

ACY957. NFKB1 and RELA are also top upstream regulators. Both HDAC2 and ARNTL 

are known to modulate the NF-κB dependent gene expression in multiple ways [82–84]. 

Furthermore, we identified NMU-dependent signaling (i.e., NMU and NMUR2) to be 

consistently related to the transcriptional response in humans and mice across both VPA and 

ACY957 treatments. NMU is widely expressed in peripheral tissues and the brain and acts 

via two GPCRs, including NMUR2 [85]. NMUR2 is predominantly expressed in the brain 

and has previously been shown to attenuate striatal dopamine release when overexpressed 

[86]. Intriguingly, NMU has also been shown to be essential to circadian regulation in other 

regions of the rodent brain [87,88]. Future studies will investigate whether NMU-dependent 

signaling is involved in the therapeutic response to VPA and other HDAC inhibitors in the 

VTA. These studies may be especially important as circadian rhythms may be involved in 

both the pathophysiology of bipolar disorder and its treatment [89,90].

In conclusion, we demonstrate that compounds which inhibit HDAC2, as well as HDAC2 

inhibition in the VTA, results in the normalization of manic-like behavior in the ClockΔ19 

model of bipolar mania. We also find that overexpression of HDAC2 in the VTA is sufficient 

to block the normally therapeutic actions of VPA. Future studies will investigate the 

molecular and cellular mechanisms by which HDAC2 inhibition leads to these behavioral 

changes, and further examine the pathways underlying potential sex-specific effects of 

HDAC inhibition and VPA on mania-like behaviors in female mice. Better understanding of 

these mechanisms along with our current studies, begins to pave the way for more targeted 

treatments for bipolar disorder.

Methods

Mice

Homozygous ClockΔ19 and wild-type (Wt) littermates (originally provided by Dr. Joe 

Takahashi) [24] were bred from heterozygotes and maintained on a BALB/c background. 

This point mutation results in a dominant-negative protein that still binds DNA and interacts 

with partner, BMAL1, yet fails to activate transcription [91]. Adult mice were group housed 

and maintained on a12:12 light-dark cycle with lights on (Zeitgeber Time (ZT0)) at 0700 

and off at 1900 (ZT12). Mice were provided ad libitum food and water unless otherwise 

indicated. All procedures were approved by the University of Pittsburgh IACUC.
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Pharmacological treatments

Adult male and female Wt or ClockΔ19 mice (12–18 weeks) were treated with a variety 

of HDAC inhibitors which increase acetylation of histone H3 and H4 (Supp. Fig. 1). 

Sodium VPA (VPA; Sigma-Aldrich) was compounded in custom chow (Teklad Animal 

Diets, Harlan Laboratories) at 20g/kg, previously demonstrated in rodents to achieve blood 

levels within the therapeutic window for humans [36,92,93]. The broad-spectrum inhibitor 

suberanilohydroxamic acid (SAHA; LC Laboratories), which inhibits class I and class II 

HDACs, was complexed with 2-hydroxypropyl-β-cyclodextrin (HOP-β-CD) and delivered 

through the drinking water at a target dose of 100mg/kg. As previously shown, SAHA 

complexed with HOP-β-CD improves solubility and readily crosses the blood brain barrier 

[94]. For both VPA and SAHA experiments, mice underwent a one-week habituation period 

to the vehicle chow or drinking solution. Separate cohorts of mice were either treated 

with MS275 (Selleck Chemicals), a class I specific HDAC inhibitor (20mg/kg, 10ml/kg 

i.p. injection, 1% w/v of DMSO with 0.5% w/v carboxymethylcellulose), or MC1568 

(Selleck Chemicals), a Class IIa specific inhibitor (20mg/kg, 10ml/kg i.p. injection, 1% w/v 

of DMSO with 0.5% w/v carboxymethylcellulose). ACY957 (Regenacy Pharmaceuticals 

Inc) was also used as an HDAC1/2 inhibitor (10mg/kg, 10ml/kg i.p. injection, 0.5% w/v 

hydroxypropyl methylcellulose (Sigma-Aldrich) in MilliQ water). Control cohorts of mice 

received the respective vehicle for each treatment, which included either 1% w/v DMSO 

and 0.5% w/v carboxymethylcellulose, or 0.5% w/v hydroxypropyl methylcellulose in 

MilliQ water. Mice were administered compounds daily for 14 days including daily during 

behavioral testing. Injections immediately followed the behavioral tests.

Analysis of plasma and brain concentrations

Mice were administered ACY957 (10mg/kg, 10ml/kg i.p. injection, hydroxypropyl 

methylcellulose) then sacrificed either 1, 4, 8 or 24 hr after to collect blood plasma 

and brain. Samples were sent to Regenacy Pharmaceuticals, Inc. to measure tissue 

concentrations of ACY957 via HPLC (Shanghai Chempartner Co., Ltd.) based on standard 

curves of known concentrations.

Behavioral testing

These behavioral assays were performed between ZT4–8 in the following order on 

successive days: locomotor activity, open field, dark/light box, elevated plus maze (EPM), 

and forced swim test (FST). Male and female Wt and ClockΔ19 mice treated with 

VEH, VPA, SAHA, MS275, MC1568, or ACY957 were habituated to testing rooms 

for one hour prior to testing. Chambers were cleaned with 70% ethanol and allowed 

to dry between animals. Mice were placed into a novel environment inside automated 

locomotor activity chambers equipped with infrared photobeams measuring horizontal 

activity (Kinderscientific Smart Cage Rack System; 9.5” x 18”). Activity measurements 

began immediately and were continuously collected in 5-minute bins. Locomotor activity 

was measured as number of beam breaks over a 1 hr test. Mice were placed in the center of 

a novel open field environment (61 cm3 plexiglass arena) with a clear floor and solid black 

walls. Mice were allowed to explore the arena for 10 minutes, time spent, distance traveled 

and entries into the center (20 cm2 area) of the arena was recorded. For the dark/light box 
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(KinderScientific Smart Cage Rack System), mice were place into the dark side (~100 lux) 

of the box with a small doorway that allowed free exploration of both dark and light sides of 

the box for 10 minutes. Latency to enter the light side and time spent on the light side of the 

apparatus were measured. Mice were placed in the center of an EPM in dim light (~20 lux). 

The EPM consisted of two plastic open arms perpendicular to two closed arms (30×5 cm) 

and was elevated above the ground (60 cm). Behavior was recorded for 5 minutes and video 

tracking software was used to quantify the time spent in the closed and open arms, as well as 

number of entries into the arms (Ethovision; Noldus, Leesburg, VA, USA). Manual scoring 

of EPM was also conducted for verification. For FST, mice were placed into a 6L pyrex 

glass beaker containing 3L of water (24±1°C) for 6 minutes. Each session was recorded and 

minutes 2–6 were scored manually by trained, blind experimenters. Latency to immobility 

was determined as the first cessation of all movement, while total immobility was measured 

as the time spent without any motion except for single limb paddling to maintain flotation.

Construction and validation of shRNA and overexpression constructs

A small hairpin RNA (shRNA) against HDAC1 and HDAC2 was constructed by selecting 

a unique 24 base sequence in the coding region of Hdac1 or Hdac2 mRNA (Supp. Table 

3). These shRNAs were tested for specificity and do not impact expression of other class 

1 Hdacs (Supp. Fig. 3). For the scrambled shRNA, a random sequence of 24 bases were 

used with no sequence similarities to any known genes. An antisense sequence of the 

selected mRNA region followed by a miR23 loop of 10 nucleotides (CTTCCTGTCA) was 

added at the 5’end of the sequence. The first and last bases of the forward and reverse 

sequences were modified to G or A, respectively, to promote strand bias. These shRNAs 

were designed as synthetic duplexes with overhang ends identical to those created by SapI 

and XbaI restriction enzyme digestion. The annealed oligonucleotides were cloned into the 

adeno-associated virus (AAV2) plasmid expressing green fluorescent protein (Stratagene, 

La Jolla, CA). Plasmid constructs were validated for specificity of knockdown of Hdac1 
or Hdac2 using transfection of PC12 cells followed by GFP-based cell sorting and gene 

expression assays. Viral production was completed by University of North Carolina Vector 

Core. As previously described, overexpression of HDAC2 was achieved by a HDAC2 cDNA 

containing herpes simplex virus (HSV) [95,96].

Viral manipulations

Male Wt and ClockΔ19 mice were anesthetized with isofluorane to undergo stereotaxic 

brain surgery to bilaterally inject scrambled or shRNA containing AAVs (1μl/side) into the 

VTA (relative to bregma: 7°, AP −3.2, ML ±1.0, DV −4.6) [39]. Mice recovered for 2–3 

weeks in their home cages prior to behavioral testing. In a separate cohort, male ClockΔ19 

mice were bilaterally injected with HSV-HDAC2 to achieve overexpression in the VTA 

(1μl/side). Mice then recovered for 3 days prior to behavioral testing. For 1 week prior 

to and following surgery, these mice consumed either control or VPA-compounded chow. 

After behavioral testing, immunohistochemistry was performed to determine the extent of 

viral transduction. Mice were excluded if viral spread was not localized to the VTA, with 

viral spread through the injection tract, or with asymmetrical infection between hemispheres 

(~10% of mice).
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Immunohistochemistry

Mice were deeply anesthetized with ketamine (100mg/kg) and xylazine (10mg/kg) then 

perfused with 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4). Brains 

were post-fixed in 4% paraformaldehyde for 24hrs, then transferred to 30% sucrose solution. 

Sections (30μm) were processed for GFP, TH, and DAPI. Floating sections were rinsed 

with 1X PBS then blocked with PBS and 3% Donkey Serum (0.3% Triton-X/PBS) for 

1hr to incubate overnight at room temperature with TH antibody (1:5000, mouse, Sigma 

Aldrich) and GFP antibody (1:20,000, rabbit, Abcam, Cambridge, MA, USA). Sections 

were rinsed with 1X PBS, incubated in secondary fluorophore antibodies (1:400, donkey 

anti-rabbit 488 or donkey anti-mouse 546) for 2hrs at room temperature on rotary shaker. 

Sections were washed with 1X PBS, mounted and cover slipped with DAPI mounting 

medium (Vectashield, Burlingame, CA, USA). Sections were imaged with an epifluorescent 

microscope (4X, 10X and 40X).

RNA isolation, cDNA, and qPCR

Mice were sacrificed using rapid cervical dislocation and brains were rapidly extracted, 

frozen, and stored at −80°C for further processing. Microdissected VTA punches (viral 

GFP+ punches were visualized using NightSea BlueStar flashlight, Lexington, MA, USA) 

were homogenized mechanically using a QIAshredder spin-column (Qiagen, Germantown, 

MD, USA). Total RNA was extracted using RNeasy Plus Micro Kits (Qiagen) following the 

manufacturer’s protocol. gDNA was eliminated prior to extraction with the provided gDNA 

Eliminator column. Concentration and quality of total RNA were determined via NanoDrop 

2000 UV-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA 

was synthesized from 100ng of total RNA with SuperScript VILO Master Mix (Invitrogen, 

Carlsbad, CA, USA). cDNA was used to measure gene expression with qPCR. Briefly, 

sample cDNA (1ng) was loaded with Power SYBR Green PCR Master Mix (Thermo Fisher 

Scientific), forward and reverse primers for specific genes of interest. Primers were tested 

for efficiency, specificity, and absence of primer dimers. Duplicate samples were amplified 

on a 96-well plate with the Applied Biosystems 7900HT Fast Real-Time PCR System 

(Applied Biosystems, Foster City, CA, USA). Relative gene expression was calculated using 

the 2−ΔΔCt method, normalized to reference gene Gapdh, and reported as mean ± SEM. A 

list of primers used in this study are given in Supp. Table 3.

Human iPSC cultures

Human fibroblasts or lymphoblasts from multiple patients were reprogrammed to hiPSCs 

via non-integrating episomal-mediated, lentivirus-mediated, or retrovirus mediated gene 

transfer, characterized, and differentiated to NPCs, as previously described [46,97–100]. We 

used iPSCs from two patients diagnosed with bipolar disorder and classified as Lithium 

Non-Responsive (Pt-LiNR-1 and Pt-LiNR-2). Patient selection criteria, clinical evaluation 

and classification were conducted as thoroughly described previously [46,101]. We use 

two separate clones from each patient in these experiments. Differentiation into neurons 

was similar to techniques described previously [46]. Neurons were cultured for 4 weeks 

prior to pharmacological experiments. Neurons were cultured in four 12-well plates of cells 

with two plates as technical replicates for each patient. Each of the wells of the 12-well 
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plate were treated with either vehicle (water), VPA (1mM), or ACY957 (3μM), repeated 

in quadruplicates (2 patients x 2 clones x 3 treatments x 4 replicates = 48 samples). Cells 

were treated for 72 hrs with daily media and compound changes, then collected, washed (1X 

PBS), and pelleted then flash frozen for RNA extraction.

RNA sequencing

Brains were extracted and flash frozen from adult male ClockΔ19 or Wt mice treated with 

VPA, ACY957, or their respective vehicles for 14 days (See above). Tissue was collected 

at ZT6, approximately 24 hrs after the last treatment. Multiple bilateral 1mm punches were 

taken centered over the VTA. Individual mice were used as biological replicates (8 mice x 

2 genotypes x 4 treatments = 64 samples). Human iPSCs and mouse brain tissue punches 

were homogenized and total RNA was isolated using the RNeasy Plus Micro Kit (Qiagen, 

Hilden, Germany). RNA quantity and quality were assessed using fluorometry (Qubit RNA 

Broad Range Assay Kit and Fluorometer; Invitrogen, Carlsbad, CA) and chromatography 

(Bioanalyzer and RNA 6000 Nano Kit; Agilent, Santa Clara, CA), respectively. Libraries 

were prepared using TruSeq Stranded mRNA (PolyA+) kit (Illumina, San Diego, CA) and 

sequenced by Illumina NextSeq 500. The read length was 75bp with 30–40M reads per 

sample. FastQC (v0.11.3) was performed to assess data quality. TopHat2 (v2.0.9) aligned 

the reads to the mouse reference genome (Mus musculus UCSC mm10) and to the Ensembl 

human reference genome (GRCh38.p13) using default parameters [102]. Alignments were 

then converted to expression count data using HTseq (v0.6.1) with default union mode 

[103]. The RNAseq count data were transformed to log2 count data using voom function of 

the Bioconductor limma package [104,105]. Data has been deposited into GEO, accession 

numbers GSE160761 and GSE160374.

Analysis of histone acetylation

Histones were isolated for Western immunoblotting as in Fischer et al., 2007 [106]. Brain 

tissue was homogenized in TX buffer (50mM Tris HCl, 150mM NaCl, 2mM EDTA, 1% 

Triton-100) and incubated on ice for 15 minutes. The samples were centrifuged at 2,000 

r.p.m. at 4°C for 10 minutes. The samples were washed in TX buffer. The pellet was 

then dissolved in TX buffer containing 0.2 M HCl and incubated on ice for 30 minutes 

followed by centrifugation at 10,000 r.p.m. at 4°C for 10 minutes. The supernatant was 

isolated and used directly for immunoblotting. Aliquots of sample were combined 1:1 in 

Laemmli SDS sample buffer (Bio-World, Dublin, OH), and heated at 95°C for 5 minutes. 

Samples were loaded and electrophoresed on a pre-cast 12% Tris-glycine extended gel 

(Biorad, Hercules, CA) at 120V for ~ 90 minutes in 1XTGS buffer (Biorad, Hercules, CA). 

Proteins were transferred at 90V at 4°C for 45 minutes onto Immunobilon-FL transfer 

membrane (Millipore). Membranes were blocked (Odyssey Blocking Buffer; LI-COR 

Biosciences, Lincoln, NE, USA) and incubated with primary antibodies at 4°C overnight. 

The following primary antibodies were used: acetylated histone H3 (1:1000; Millipore 

#06–599), acetylated histone H4 (1:1000; Millipore #06–866), total histone H3 (1:1000; 

Millipore #07–690), total histone H4 (1:1000; Millipore #04–858). Blots were stripped 

following application of the acetylated histone and reprobed with total histone antibodies 

(NewBlot Stripping Buffer, LI-COR). Optical densities were quantified by NIH ImageJ 
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software and normalized to the reference protein. These values were then expressed as a 

ratio of acetylated histones to total histones.

Statistical Analyses.

Differential expression—Transcripts were eliminated based on zero counts then filtered 

by the lowest 25% across all samples. Differential expression (DE) analysis was conducted 

by limma-voom comparing Wt to ClockΔ19 mice treated with VEH, VPA or ACY957. For 

human iPSCs, DE analysis was conducted by limma-voom comparing VPA or ACY957 

to VEH within patient for each clone and replicate. DE genes were selected based on 

fold-change (FC) ≤−1.2 or ≥1.2 and p≤0.05. Venn diagrams were used to compare the 

overlap of DE genes between groups. Heat maps were constructed using Log FC of gene 

expression.

Pathway enrichment and upstream regulator predictions—Overrepresentation 

of pathway and gene ontology (GO) categories was assessed using Metascape (http://

www.metascape.org), with expressed genes as background. We assessed enrichment using 

GO, KEGG, Hallmark, Canonical Pathways, Reactome, BioCarta, and CORUM (only 

expressed genes were used as the background data set; pathways with <20 genes were 

excluded). Upstream regulators were restricted to transcription factors. Pathway enrichment 

was performed for each brain region separately and for the list of DE genes that were shared 

across brain regions.

Weighted gene co-expression analysis (WGCNA)—WGCNA was used to identify 

gene modules with similar expression patterns across samples, built on samples from 

ClockΔ19 mice [107,108]. Module preservation analysis was performed to determine 

whether the modules identified were robust [43]. Analysis was based on the module size 

and compared to a network built on a subset of ClockΔ19 mice, where higher Z-scores 

represent robust evidence that the observed value of the preservation statistic is significantly 

higher than expected by chance. Only modules with scores >10 are considered highly 

preserved and used in downstream analyses. The module differential connectivity (MDC) 

metric was used to quantify co-expression differences between Wt and ClockΔ19 by 

calculating a ratio of the connectivity of gene pairs in a module from Wt mice to those 

from ClockΔ19 mice. MDC > 1 indicates gain of connectivity, while MDC < 1 indicates loss 

of connectivity. To statistically test the significance of MDC, we estimated the p-value based 

on two types of shuffling schemes: (1) shuffled samples—adjacent matrix with non-random 

nodes but random connections; (2) shuffled genes—adjacent matrix with random nodes 

but non-random connections. Data were permuted 1000 times. P-values were converted 

to q-values following Benjamini Hochberg procedure, and MDC q < 0.05 was considered 

significant. Enrichment of DE genes was examined within each module by genotype and 

treatments. ARACNe was used to identify hub and stress-specific hub genes for network 

analysis. Briefly, a gene is considered a hub if the N-hob neighborhood nodes (NHNN) for 

that gene is significantly higher than the average NHNN. Cytoscape (v3.8.0) was used to 

generate networks, with correlations greater than 0.98 plotted in the networks.
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Other analyses—Two-way ANOVA was used to examine main effects of genotype 

and interactions for molecular, physiological, and behavioral experiments. Significant 

interactions (genotype × treatment) were followed by post hoc tests (Tukey’s or Sidak’s, 

where appropriate). Data are expressed as mean ± SEM with a two-tailed α = 0.05 

considered statistically significant. Data were processed using Microsoft Excel, ImageJ, and 

GraphPad Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
VPA and HDAC inhibition via SAHA reverse manic-like behaviors in ClockΔ19 mice. 

Male (A-D) and female (I-L) Wt and ClockΔ19 mice were treated with VPA and tested 

for exploratory drive and avoidance behavior in the dark/light box (A, I) and EPM (B, 

J), behavioral despair in the FST (C, K), and locomotor response to novelty (D, L). Vehicle

treated male ClockΔ19 mice (n=12) displayed increased time spent in the light side of the 

dark/light box (A), increased time in the open arm of the EPM (B), decreased immobility in 

the FST (C), and increased locomotor response to novelty (D) compared to Wt mice (n=12). 
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Treatment of male ClockΔ19 mice (n=15) with VPA normalized time spent in the light side 

of the dark/light box (A), open arm time in the EPM (B), and immobility in the FST (C). 

However, VPA treatment had no effect on locomotor response to novelty (D). VPA treatment 

had no effect on male Wt mice (n=15) (A-D). Vehicle-treated female ClockΔ19 mice (n=10) 

also showed increased time spent in the light side of the dark/light box (I), increased time 

in the open arm of the EPM (J), and increased locomotor response to novelty (L), compared 

to Wt mice (n=10). However, there was no genotype effect for immobility time in the FST 

(K). Treatment of female ClockΔ19 mice with VPA partially normalized time spent in the 

light side of the dark/light box (I) and normalized open arm time in the EPM (J), but had 

no effect on immobility time in the FST (K) and locomotor response to novelty (L). VPA 

treatment also had no effect on female Wt mice (I-L). Male (E-H) and female (M-P) Wt 

and ClockΔ19 mice were treated with SAHA and underwent the same behavioral testing 

as the VPA experiment, including dark/light box (E, M), EPM (F, N), FST (G, O), and 

locomotor response to novelty (H, P). Similar to the VPA experiment (A-D), vehicle-treated 

male ClockΔ19 mice showed increased time spent in the light side of the dark/light box 

(E), increased time in the open arm of the EPM (F), decreased immobility time in the FST 

(G), and increased locomotor response to novelty (H), compared to Wt mice. Treatment of 

male ClockΔ19 mice with SAHA normalized time spent in the light side of the dark/light 

box (E), open arm time in the EPM (F), and immobility in the FST (G), with no effect on 

locomotor response to novelty (H). SAHA-treated Wt mice also showed an increase in time 

in the light side of the dark/light box (E) and an increase in time in the open arm of the 

EPM (F). Similar to the VPA experiment (I-L), vehicle-treated female ClockΔ19 mice also 

showed increased time spent in the light side of the dark/light box (M), increased time in 

the open arm of the EPM (N), and increased locomotor response to novelty (P), with no 

effect on immobility time in the FST (O). Treatment of female ClockΔ19 mice with SAHA 

normalized time spent in the light side of the dark/light box (M) and open arm time in 

the EPM (N), with no effect on immobility time in the FST (O) or locomotor response to 

novelty (P). SAHA treatment had no effect on female Wt mice (M-P). Data is represented as 

mean ± SEM. Data in A-C, E-G, I-K, M-O were analyzed using two-way ANOVA followed 

by Tukey’s post hoc tests if significant interaction. Data in D, H, L, P were analyzed 

using two-way repeated measures ANOVA. *p <0.05, **p<0.01, ****p<0.0001, with lines 

between bars representing significant differences between those groups.
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Figure 2. 
Class I HDAC inhibition via MS275 normalizes manic-like behavior in ClockΔ19 mice. 

Male (A-F) and female (G-L) Wt and ClockΔ19 mice were treated with the Class I HDAC 

inhibitor, MS275 (n=15 male; n=10 female), or the Class IIa HDAC inhibitor, MC1568 

(n=10 male; n=10 female), and tested for exploratory drive and avoidance behavior in the 

dark/light box (A, G), EPM (B, H), and open field test (C, I), behavior despair in the FST 

(D, E, J, K), and locomotor response to novelty (F, L). Vehicle-treated male ClockΔ19 mice 

(n=15) showed increased time in the light side of the dark/light box (A), increased time in 

the open arm of the EPM (B), increased center time in the open field (C), increased latency 

to immobility (D) and decreased immobility time in the FST (E), and increased locomotor 

response to novelty (F) compared to Wt mice (n=15). Treatment of male ClockΔ19 mice 

with MS275 normalized time spent in the light side of the dark/light box (A), center time 

in the open field test (C), and latency to immobility in the FST (D). There were no effects 

in the EPM (B), in the FST (E), or locomotor response to novelty (F). Treatment of male 

ClockΔ19 mice with MC1568 normalized latency to immobility (D) and immobility time 

(E) in the FST, with no effect on time spent in the light side of the dark/light box (A), 

open arm time in the EPM (B), center time in the open field (C), or locomotor response to 

novelty (F). MS275 and MC1568 both had no effect on male Wt mice (A-F). Vehicle-treated 

female ClockΔ19 mice (n=10) showed increased time spent on the light side of the dark/light 

box (G), increased time in the open arm of the EPM (H), increased center time in the open 

field (I), increased latency to immobility in the FST (J), and increased locomotor response 

to novelty (L), with no effect on immobility time in the FST (K). Treatment of female 

ClockΔ19 mice with MS275 normalized open arm time in the EPM (H) and center time 

in the open field (I). There was no effect in the dark/light box (G) and on the latency to 

immobility in the FST (J), with no effect on immobility time in the FST (K) or locomotor 

response to novelty (L). Treatment of female ClockΔ19 mice with MC1568 normalized 

open arm time in the EPM (H), with no effects on time spent in the light side of the 
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dark/light box (G), center time in the open field test (I), latency to immobility in the FST 

(J), immobility time in the FST (K), or locomotor response to novelty (L). Both MS275 

and MC1568 treatment increased time spent in the open arm of the EPM in Wt mice (H). 

Data is represented as mean ± SEM. Data in A-E and G-K were analyzed using two-way 

ANOVA followed by Tukey’s post hoc tests if significant interaction. Data in F and L 

were analyzed using two-way repeated measures ANOVA. *p <0.05, **p<0.01, ***p<0.001, 

****p<0.0001, with lines between bars representing significant differences between those 

groups.
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Figure 3. 
Inhibition of HDAC 1 and 2 via ACY957 normalizes manic-like behavior in ClockΔ19 mice. 

Male (A-F) and female (G-L) Wt and ClockΔ19 mice were treated with ACY957 (n=15 

male; n=10 female) and tested for exploratory drive and avoidance behavior in the dark/light 

box (A, G), EPM (B, H), and open field test (C, I), behavioral despair in the FST (D, E, J, 

K), and locomotor response to novelty (F, L). Vehicle-treated male ClockΔ19 mice showed 

increased time in the light side of the dark/light box (A), increase time in the open arm of 

the EPM (B), decreased immobility time (D) and increased latency to immobility (E) in the 

FST, and increased locomotor response to novelty (F), with no effect on center time in the 

open field (C). Treatment of male ClockΔ19 mice with ACY957 normalized time spent in 

the light side of the dark/light box (A), open arm time in the EPM (B), immobility time (D) 

and latency to immobility (E) in the FST, with no effect on center time in the open field test 

(C) or locomotor response to novelty (F). In male Wt mice, ACY957 increased time in the 

light side of the dark/light box (A), increased open arm time in the EPM (B), and decreased 

immobility time (D) and increased latency to immobility (E) in the FST. Vehicle-treated 

female ClockΔ19 mice showed increased time in the light side of the dark/light box (G), 

increased time in the open arm of the EPM (H), and increased locomotor response to novelty 

(L), with no effect on center time in the open field test (I), immobility time (J), or latency to 

immobility (K) in the FST. Treatment of female ClockΔ19 mice with ACY957 normalized 

open arm time in the EPM (H) but had no effect on any of the other behavioral measures 

(G, I-L). In female Wt mice, ACY957 increased time spent in the open arm in the EPM (H). 

Data is represented as mean ± SEM. Data in A-E and G-K were analyzed using two-way 

ANOVA followed by Tukey’s post hoc tests if significant interaction. Data in F and L 

were analyzed using two-way repeated measures ANOVA. *p <0.05, **p<0.01, ***p<0.001, 

****p<0.0001, with lines between bars representing significant differences between those 

groups.
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Figure 4. 
Knockdown of HDAC2, but not HDAC1, in the VTA normalizes manic-like behavior 

in ClockΔ19 mice. There was a significant reduction of mRNA expression of Hdac2 in 

the VTA in both Wt and ClockΔ19 mice following treatment with ACY957. Two-way 

ANOVA, *p<0.05 main effect of treatment (A). No differences in Hdac1 expression were 

observed following ACY957 treatment (A). Male Wt and ClockΔ19 mice (n=4 per genotype 

per condition) were injected into the VTA with shRNA-Hdac1 or shRNA-Hdac2 to site

specifically knockdown Hdac1 or Hdac2 in the VTA (B). Percent knockdown of Hdac1 
and Hdac2 following viral injections are shown in (C). Scramble shRNA-injected male 

ClockΔ19 mice showed increased time in the light side of the dark/light box (D), increased 

time in the open arm of the open field test (E), increased center time in the open field test 

(F), decreased immobility time (G) and increased latency to immobility (H) in the FST, 

and increased locomotor response to novelty (I). shRNA-mediated knockdown of Hdac2, 

but not Hdac1, normalized time spent in the light side of the dark/light box (D), time spent 

in the open arm in the EPM (E), time spent in the center of the open field test (F), and 

immobility time (G) and latency to immobility (H) in the FST, with no effect on locomotor 

response to novelty (I). In contrast, shRNA-mediated knockdown of Hdac1 and Hdac2 in 

Wt mice increased time spent in the open arm of the open field test (E), and knockdown 
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of Hdac2 reduced immobility time (G) and increased latency to immobility in FST (H). 

Treatment of male GFP-only ClockΔ19 mice with VPA normalizes time spent in the light 

side of the dark/light box (J), open arm time in the EPM (K), center time in the open field 

test (L), on immobility time (M) and latency to immobility (N) in the FST, with no effects on 

locomotor response to novelty (O). VPA treatment of mice with Hdac2 overexpression in the 

VTA had no effect on any of the behavioral measures (J-L, N, O), except for significantly 

increasing immobility time in the FST (M). Scramble Wt and ClockΔ19 male mice, n=12; 

shRNA-Hdac1 Wt and ClockΔ19 male mice, n=10; and shRNA-Hdac2 Wt, n=15, and 

ClockΔ19 male mice, n=12. Overexpression of Hdac2 or control GFP, n=8 per Vehicle or 

VPA treatment. Data is represented as mean ± SEM. Data in D-H and J-N were analyzed 

using two-way ANOVA followed by Tukey’s post hoc tests if significant interaction. Data 

in I and O were analyzed using two-way repeated measures ANOVA. *p <0.05, **p<0.01, 

***p<0.001, ****p<0.0001, with lines between bars representing significant differences 

between those groups.
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Figure 5. 
The effects of VPA and ACY957 on the VTA transcriptome of ClockΔ19 mutant mice 

and patient derived human iPSCs. Top pathways and upstream regulators enriched in 

ClockΔ19 mutant mice treated with either VPA or the class I HDAC inhibitor, ACY957 

(A). Overlap of top differentially expressed (DE) transcripts in ClockΔ19 mutant mice 

treated with VPA relative to ACY957 (A) and the top upstream regulators enriched from 

the 24 DE transcripts similarly altered by VPA and ACY957 (p<0.05 and logFC ≤−0.26 

and ≥0.26). Weighted gene co-expression network analysis (WGCNA) was used to generate 
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co-expression modules, with the network structure built on all samples from wild-type 

(Wt) and ClockΔ19 mutant mice (B). The 19 modules that survived module preservation 

analysis were assigned colors and the dendrogram depicts the average linkage of hierarchical 

clustering of genes. Pie chart summarizes the results from module differential connectivity 

(MDC) analysis, where there were more modules lost in ClockΔ19 mutant mice than gained. 

Circos plot depicts 19 WGCNA modules. Enrichment of DE genes for treatments and 

genotypes are indicated by the semi-circle colors within each module, with increasing warm 

colors indicating increasing -log10(pvalue). The black and brown modules were particularly 

interesting, as the MDC analysis indicated that these were lost or gained in ClockΔ19 

mutant mice, respectively, and showed DE enrichment for treatments in ClockΔ19 mutant 

mice. Subsequent analyses focused on the single gained module labeled brown to highlight 

potential treatment specific pathways and regulators in ClockΔ19 mutant mice. The node 

size indicates the degree of connectivity for any given gene, while light blue indicates 

DE in VPA, light pink indicates DE in ACY957, and light green indicates DE in both 

treatments, only in ClockΔ19 mutant mice (C). To investigate whether there are similar 

changes between ClockΔ19 mutant mice and patients with bipolar disorder, neurons derived 

from bipolar patients who were non-responsive to lithium were cultured and treated with 

the bath application of VPA, ACY957, or vehicle controls for 72 hours then collected 

for RNAseq assays. Meta-analysis of DE transcripts from 2 patients and 2–3 clones per 

patient were used to analyze the top pathways and upstream regulators enriched in VPA and 

ACY957 treated human iPSCs (n=2 patients, 2–3 clones per patient, with 2–4 replicates per 

sample). Top pathways shared between human iPSCs and ClockΔ19 mice treated with VPA 

(D) and ACY957 (E). Circos plot revealed high degree of overlap between DE transcripts 

(p<0.05) in human iPSCs and the VTA of ClockΔ19 mice (light blue line) for VPA (D) and 

ACY957 (E). DE transcripts between human iPSCs and ClockΔ19 mice (Venn diagrams). 

PPI network of significant modules by Metascape for VPA (D) and ACY957 (E).
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