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Abstract

We have previously demonstrated that stroke induces nuclear shuttling of class IIa histone 

deacetylase 4 (HDAC4). Stroke-induced nuclear shuttling of HDAC4 is positively and 

significantly correlated with improved indices of neuronal remodeling in the peri-infarct cortex. In 

this study, using a rat model for middle cerebral artery occlusion (MCAO), we tested the effects of 

selective inhibition of class IIa HDACs on functional recovery and neuronal remodeling when 

administered 24hr after stroke. Adult male Wistar rats (n = 15–17/group) were subjected to 2h 

MCAO and orally gavaged with MC1568 (a selective class IIa HDAC inhibitor), SAHA (a non-

selective HDAC inhibitor), or vehicle-control for 7 days starting 24h after MCAO. A battery of 

behavioral tests was performed. Lesion volume measurement and immunohistochemistry were 

performed 28 days after MCAO. We found that stroke increased total HDAC activity in the 

ipsilateral hemisphere compared to the contralateral hemisphere. Stroke-increased HDAC activity 

was significantly decreased by the administration of SAHA as well as by MC1568. However, 

SAHA significantly improved functional outcome compared to vehicle control, whereas selective 

class IIa inhibition with MC1568 increased mortality and lesion volume and did not improve 

functional outcome. In addition, MC1568 decreased microtubule associated protein 2 (MAP2, 

dendrites), phosphorylated neurofilament heavy chain (pNFH, axons) and myelin basic protein 

(MBP, myelination) immunoreactivity in the peri-infarct cortex. Quantitative RT-PCR of cortical 

neurons isolated by laser capture microdissection revealed that MC1568, but not SAHA, 

downregulated CREB and c-fos expression. Additionally, MC1568 decreased the expression of 

phosphorylated CREB (active) in neurons. Taken together, these findings demonstrate that 

selective inhibition of class IIa HDACs impairs neuronal remodeling and neurological outcome. 

Inactivation of CREB and c-fos by MC1568 likely contributes to this detrimental effect.
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Introduction

Each year, nearly 800,000 people experience a new or recurrent stroke in the United States 

(Mozaffarian et al., 2015). Long-term disability and institutionalization are common 

sequelae among survivors of stroke, affecting one third and one seventh of patients, 

respectively (Hankey et al., 2002). Thus, a tremendous need exists for the development of 

new effective therapies that could potentially improve neurological outcome.

Histone acetylation is a major epigenetic regulatory mechanism implicated in a large number 

of neuropathological conditions ranging from Huntington’s disease (Steffan et al., 2001), 

amyotrophic lateral sclerosis (Ryu et al., 2005), Parkinson’s disease (Gardian et al., 2004) 

and Stroke (Faraco et al., 2006; Kim et al., 2007; Ren et al., 2004).

Histone deacetylases (HDACs) are a large family of enzymes that deacetylate lysine residues 

in histone tails, which leads to condensation of chromatin and gene repression. HDACs have 

recently emerged as a potential therapeutic target for stroke (Langley et al., 2009). HDACs 

are classified into four major classes based on homology to yeast enzymes (de Ruijter et al., 

2003). Class I HDACs are Rpd3-like proteins and include HDACs 1, 2, 3 and 8. Class II 

HDACs are Hda1-like proteins and include HDACs 4, 5, 6, 7, 9 and 10. Based on their 

structure, class II HDACs are further subdivided into two subclasses: class IIa (4, 5, 7 and 9) 

and class IIb HDACs (6 and 10).

Many non-selective HDAC inhibitors such as valproic acid (VPA), suberoylanilide 

hydroxamic acid (SAHA), 4-phenylbutyrate and trichostatin A (Faraco et al., 2006; Gibson 

and Murphy, 2010; Kim et al., 2007; Qi et al., 2004; Ren et al., 2004) have been tested in 

experimental stroke models and were shown to induce neuroprotection and reduce 

inflammation when administered within a few hours after stroke onset. However, in contrast 

to their roles in neuroprotection, the effects of HDAC inhibitors on neuronal remodeling and 

recovery after ischemia have not been extensively studied.

Within days after an ischemic event, processes of neuronal remodeling such as axonal 

sprouting and formation of new cortical connections are induced in the areas adjacent to the 

infarct border and may contribute to spontaneous functional improvement after stroke 

(Carmichael et al., 2001; Dancause et al., 2005; Liu et al., 2009b). We have previously 

demonstrated that stroke induces diverse changes in the expression profiles as well as the 

subcellular localizations of individual HDAC isoforms in the peri-infarct white and grey 

matter during brain repair after ischemic injury (Kassis et al., 2014; Kassis et al., 2015).

The vast majority of HDAC-targeting drugs that were previously tested in experimental 

stroke models are broad non-selective HDAC inhibitors (Faraco et al., 2006; Kim et al., 

2007; Qi et al., 2004; Ren et al., 2004). Subsequently, the identity of the specific HDAC 

classes that may mediate a therapeutic effect in stroke remains unknown (Chuang et al., 
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2009). Interestingly, when the selective class I HDAC inhibitor MS-275 was tested in vivo 
and in vitro, it was found to be protective to both white and gray matter (Gibson and 

Murphy, 2010; Murphy et al., 2014). However, selective class IIa HDAC inhibitors have not 

been previously tested in a stroke model. Class IIa HDACs 4 and 5 are highly expressed in 

the cytoplasm of brain cells under physiological conditions (Darcy et al., 2010). We found 

that stroke induces a robust increase in nuclear shuttling of HDAC4 in cortical neurons of 

the peri-infarct cortex during stroke recovery (Kassis et al., 2015). HDAC4 and HDAC5 are 

highly similar in structure (70% homology). Stroke-induced shuttling of class IIa HDACs is 

specific to HDAC4 and is not observed with HDAC5, suggesting the existence of specific 

roles for the individual HDAC isoforms in mediating ischemic brain repair processes. 

Stroke-induced nuclear shuttling of HDAC4 in neurons is positively and significantly 

correlated with improved indices of neuronal remodeling in the ischemic cortex (Kassis et 

al., 2015). Based on these data, we hypothesized that class IIa HDACs can be beneficial for 

endogenous neuronal remodeling and functional recovery after stroke, and selective 

inhibition of class IIa HDACs may have a detrimental effect on brain repair after stroke. To 

test this hypothesis, we employed a rat model of focal cerebral ischemia to examine the 

effects of MC1568; a selective class IIa HDAC inhibitor (Mai et al., 2005; Nebbioso et al., 

2009) on functional outcome and neuronal remodeling after stroke. We also tested whether 

SAHA; a non-selective HDAC inhibitor (Huber et al., 2011; Lauffer et al., 2013) improves 

functional recovery when administered 24 hours after stroke.

Materials and Methods

This study was carried out in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health. All 

experimental procedures have been approved by the Institutional Animal Care and Use 

Committee (IACUC) of Henry Ford Health System.

Drug preparation

HDAC inhibitors—MC1568 (selective class IIa HDAC inhibitor) and SAHA (non-

selective HDAC inhibitor) were purchased from Selleck Chemicals. Before each 

administration, the drugs were freshly dissolved in a water solution of low-viscosity 0.5% 

carboxymethyl cellulose (Spectrum Chemical Mfg. Corp.), as previously described 

(Nebbioso et al., 2010).

Animal Model for Stroke

Adult male Wistar rats (270–300 g, 2–3 months, Charles River Breeding Company) were 

subjected to 2 hours of transient right middle cerebral artery occlusion (MCAO) using a 

method of intraluminal vascular occlusion modified in our laboratory (Chen et al., 1992; 

Zhang et al., 2009). Briefly, following anesthesia with isoflurane and nitrous oxide, neck 

dissection was performed to expose the right common carotid artery (CCA), the right 

external carotid artery (ECA) and the internal carotid artery (ICA). A 4-0 surgical nylon 

suture (18.5–19.5 mm, as determined by the animal’s weight) with an expanded tip was then 

advanced from the right ECA into the lumen of the ICA to block the origin of the MCA. 

Reperfusion was performed by withdrawal of the suture 2 hours after MCAO.
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Experimental Groups

Adult male Wistar rats were subjected to MCAO and 24 hours after surgery were randomly 

divided into three groups: 1) Non-selective HDAC inhibitor group (SAHA-treated group, 

n=17): rats were daily gavaged with 1.5 mL of SAHA at 25 mg/kg for 7 days. 2) Class IIa 

HDAC selective inhibitor group (MC1568-treated, n=15): rats were gavaged with 1.5 mL of 

MC1568 at 25 mg/kg every 2 days for 7 days (Mannaerts et al., 2013; Nebbioso et al., 

2009). 3) Control: (vehicle-treated group, n=15): rats were daily gavaged with 1.5 mL of 

0.5% carboxymethyl cellulose (CMC) for 7 days. Rats were sacrificed 28 days after MCAO.

MC1568 is a selective class IIa HDAC inhibitor and not specific for HDAC4. We chose to 

use this compound after extensive search of the commercially available HDAC inhibitors. 

None of the other available HDAC inhibitors was shown to be more specific for class IIa 

HDAC.

Functional Testing

All functional tests were performed by an investigator adequately trained in functional 

measurements and blinded to the experimental groups. All rats were familiarized with the 

testing environment before surgery and were returned to their home cages after each testing 

session. Functional tests were performed prior to initiating therapy 1 day after MCAO and 7, 

14, 21 and 28 days after MCAO. Animals that died during the course of treatment were 

excluded from the behavioral tests. Subsequently, the numbers of animals used for the 

behavioral tests in each group were: vehicle-control group (n=13); MC1568 group (n=10); 

SAHA group (n=14).

Foot-fault test—This test assesses placement dysfunction of forelimbs (Barth et al., 1990). 

Rats were placed on an elevated grid floor (45 cm×30 cm), 2.5 cm higher than a solid base 

floor, with 2.5 cm×2.5 cm diameter openings. Animals tend to move on the grid with their 

paws placed on the wire frame. When animals inaccurately place a paw, the front limb falls 

through one of the openings in the grid. When the paw falls through or slips between the 

wires, it is recorded as a foot fault. A total of 100 steps (movements of each forelimb) were 

counted, and the total number of foot faults for the left forelimb was recorded. The 

percentage of foot faults of the left paw out of total steps was calculated.

Modified neurological severity score (mNSS)—The mNSS is a composite of motor 

(muscle status, abnormal movement), sensory (visual, tactile, proprioceptive), reflex, and 

balance tests (Li et al., 2002) and is scored on a scale of 0 to 18 (normal score 0; maximal 

deficit score 18). One score point is awarded for the inability to perform the test or for the 

lack of a tested reflex; thus, a higher score indicates a more severe injury.

Tissue preparation for Immunohistochemistry

Twenty-eight days after MCAO, rats were re-anesthetized with Ketamine (80 mg/kg) and 

Xylazine (13 mg/kg) via i.p. injection. The animals were then subjected to cardiac puncture 

with saline perfusion (approximately 200 mL/rat) followed by perfusion with 4% 

paraformaldehyde (approximately 50 mL/rat). Brains were isolated and the cerebral 
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hemispheres were cut into seven equally spaced (2 mm) coronal blocks and embedded in 

paraffin.

Lesion Volume Measurement

Paraffin coronal sections (6 μm thick) from each of the 2 mm blocks were obtained and 

stained with Hematoxylin and Eosin (H&E) for calculation of lesion volume (Swanson et 

al., 1990). Each H&E stained coronal section was digitized under a 2.5× objective of a light 

microscope using micro computer imaging device (MCID) analysis system (Imaging 

Research Inc.). The area of infarction and the area of both hemispheres (mm2) were 

calculated by tracing these areas on a computer screen. Volumes (mm3) were determined by 

integrating the appropriate area with sections interval thickness. To reduce errors associated 

with processing of infarcted tissue for histology, the infarct volume was calculated as the 

percentage of infarct volume out of the volume of the contralateral hemisphere (indirect 

lesion volume) (Zhang et al., 1997).

Immunohistochemistry

A series of coronal sections (6 μm thick) were obtained at the center of the lesion, 

corresponding to coronal coordinates for Bregma −1 to +1 mm (Paxinos and Watson, 2007). 

Three coronal sections were used for each immunohistochemistry experiment per rat. The 

following primary antibodies were used: mouse anti-microtubule-associated protein 2 

(neuronal somatodendritic marker, MAP2; 1:400, Millipore), mouse anti-phosphorylated 

neurofilament heavy chain (axonal marker, p-NFH; 1:500, Covance), rabbit anti-myelin 

basic protein (MBP; 1:400, Dako) and mouse anti-phosphorylated cAMP responsive element 

binding protein (p-CREB, 1:200, Abcam). Brain sections were incubated with the primary 

antibodies listed above and with Cy3 or FITC (Jackson ImmunoResearch) conjugated 

secondary antibodies. Control experiments consisted of staining brain coronal tissue sections 

as outlined above, but omitting the primary antibodies. Counterstaining with DAPI (4′,6-

diamidino-2-phenylindole, Vector Laboratories) allowed visualization of cells nuclei.

Image acquisition and analysis

For quantification, coronal sections were digitized under a 20× objective of an 

epifluorescence microscope (Axiophot, Carl Zeiss Inc.) via an MCID imaging system 

(Imaging Research Inc.). Four-six fields of view were acquired from the peri-infarct 

sensorimotor cortex (up to 500 μm from the lesion border, Figure 3A). Immunoreactive cells 

were counted using NIH ImageJ software and immunoreactive areas were calculated using 

MCID imaging analysis system. Laser-scanning confocal microscopy (Zeiss LSM 510 NLO, 

Carl Zeiss Inc.) was used for three dimensional imaging.

HDAC activity assay

To examine the effects of SAHA and MC1568 treatments on HDAC catalytic activity in the 

ischemic brain, another set of adult male Wistar rats were subjected to MCAO (3 groups, 

n=6/group). Rats were gavaged with either SAHA (25 mg/kg/d), MC1568 (25 mg/kg/2d) or 

vehicle (0.5% CMC) for 7 days starting 1 day after stroke. Seven days after MCAO at 2 

hours after the last gavage, rats were re-anesthetized with Ketamine (80 mg/kg) and 
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Xylazine (13 mg/kg) via i.p. injection and subjected to cardiac puncture with saline 

perfusion (approximately 200 mL per rat). Brains were isolated, embedded in cryoprotective 

OCT solution and flash frozen in 2-methyl butane on dry ice and then stored at −80°C.

A series of cryosections (25 μm thick) were obtained at the center of the lesion, 

corresponding to coronal coordinates for Bregma −1 to +1 mm (Paxinos and Watson, 2007), 

and used for protein isolation. Nuclear extracts were prepared using BioVision Nuclear/

Cytosol Fractionation Kit (Catalog #K266-25) following the manufacturer’s manual. Protein 

concentrations were determined by a Pierce™ BCA Protein Assay Kit following the 

protocol provided by the manufacturer (Life Technologies). HDAC activity was measured on 

80 μg of nuclear extract from each sample using a BioVision HDAC activity Colorimetric 

Assay Kit (Catalog #K331). Samples were read in an ELISA plate reader at 405 nm. HDAC 

activity is presented as absolute optical density (OD) values obtained from equal amounts of 

nuclear extracts.

Laser Capture micro-dissection (LCM)

Coronal cryosections (10 μm) were obtained at the center of the lesion (Bregma −1 to +1 

mm) from frozen brains of SAHA-treated, MC1568-treated and vehicle-control rats that 

were sacrificed 7 days after MCAO. Sections were mounted on polyethylene naphthalate 

(PEN) membrane slides (Leica Microsystems). To identify neurons, frozen sections were 

stained with a neuronal specific anti-NeuN antibody using a fast immunostaining protocol, 

as previously described (Liu et al., 2009a). Briefly, frozen brain coronal sections were air-

dried for 30s at room temperature and then immersed in ice-cold acetone for 2 min of 

fixation. After a brief rinse with 0.1% diethylpyrocarbonate-treated phosphate buffered 

saline (DEPC-PBS), sections were stained with a mouse anti-NeuN antibody (Millepore,

1:50 dilution) for 5 min followed by a Cy3-conjugated secondary antibody (DAKO, 1:50 

dilution) for 5 min. After a brief rinse with DEPC-PBS, sections were air-dried under 

laminar flow for 10 min and immediately used for LCM. Approximately 2,000 NeuN 

positive neurons were quickly collected from the peri-infarct cortex of each animal using a 

Leica LMD6000 Microsystem (Figure 4A).

Isolation of total RNA and real-time RT-PCR

LCM captured neurons were collected in Qiazol lysis reagent (Qiagen). Total RNA was 

isolated using the miRNeasy Mini Kit (Qiagen). RNA was reverse transcribed with 

SuperScript® III Reverse Transcriptase (Life Technologies) and amplified with SYBR 

Green reporter (Applied Biosystems) using custom made primers (Invitrogen). Quantitative 

RT-PCR was performed on a ViiA™ 7 Real-Time PCR System (Life Technologies).

To verify the purity of neurons isolated by LCM, mRNA levels of MAP2 (a marker for 

neurons) and glial fibrillary protein (GFAP, a marker for astrocytes) were measured. Real-

time RT-PCR analysis showed the presence of MAP2 mRNA, but not GFAP transcripts in 

the cells, indicating that the collected cells are cerebral neuronal cells. After the verification, 

we then examined mRNA expression for CREB and c-FOS. The following primers were 

employed: GAPDH: 5′-AGAGAGAGGCCCTCAGTTGCT-3′ (forward), 5′-

TTGTGAGGGAGATGCTCAGTGT-3′ (reverse), CREB: 5′-

Kassis et al. Page 6

Neurochem Int. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CTGATTCCCAAAAACGAAGG-3′ (forward), 5′-CTGCCCACTGCTAGTTTGGT-3′ 

(reverse), c-fos: 5′-TTTCAACGCGGACTACGAGG-3′ (forward), 5′-

GCGCAAAAGTCCTGTGTGTT-3′ (reverse), MAP2: 5′-

CAGAACATACCACCAGCCCT-3′ (forward), 5′-TGAGTGAGGCTGATGTCCAG-3′ 

(reverse) and GFAP: 5′-GGTGGAGAGGGACAATCTCA-3′ (forward), 5′-

ACACAGCCAGGTTGTTCTCC-3′ (reverse). Specificity of the produced amplification 

product was confirmed by examination of dissociation reaction plots. Samples (n=3/group) 

were used for analysis of relative gene expression using the 2−ΔΔCT method (Livak and 

Schmittgen, 2001).

Statistical Analysis

Student’s t test analysis was used for two group comparison. One-way analysis of variance 

(ANOVA) with post hoc Bonferroni test was used for data analysis of multiple group 

experiments. Chi-Square test was done to compare the mortality rate. Repeated measure 

analysis of variance (ANOVA) was performed for functional tests. Statistical significance 

was set at p-value <0.05. All values are presented as mean ± SE for illustration.

Results

Nuclear HDAC Activity in the Ischemic Brain in vivo

To verify the inhibitory effects of MC1568 and SAHA on HDAC catalytic activity in the 

ischemic brain in vivo, a cohort of adult male Wistar rats (n=6/group) were subjected to 

MCAO and treated with either MC1568, SAHA or vehicle for 1 week. Sham rats were used 

for control. Rats were sacrificed 7 days after MCAO, 2 hours after the last dose. Equal 

amounts of nuclear protein were isolated from ipsilateral and contralateral cerebral 

hemispheres to test total HDAC activity in nuclei of brain cells. We found that levels of 

HDAC activity were relatively the same in both hemispheres of sham operated rats (0.31 

± 0.006 in ipsilateral vs. 0.32 ± 0.009 in contralateral, p>0.05) and that those levels were 

comparable to HDAC activity in the contralateral hemisphere of ischemic rats in the vehicle-

control group (0.32 ± 0.016, p>0.05).

In vehicle-control rats, stroke significantly (p<0.05) increased HDAC activity in the 

ipsilateral hemisphere compared with the contralateral hemisphere (~2 fold, Figure 1A) 

which is consistent with previous studies that reported reduced global histone acetylation 

levels in the brains of rodents after focal ischemia (Faraco et al., 2006; Kim et al., 2007; Ren 

et al., 2004). Stroke-increased HDAC activity in the ipsilateral hemisphere was significantly 

decreased by the administration of SAHA (~0.6 fold, Figure 1B), as well as by MC1568 

(~0.75 fold, Figure 1B). These experiments show that stroke induces an increase in HDAC 

activity in the ischemic brain and administration of MC1568 and SAHA at the doses used in 

our experimental protocols block the increased HDAC activity in the ischemic brain in vivo.

Neurological Outcome and Lesion Volume

To examine the effects of selective and non-selective HDAC inhibition on neurological 

outcome after stroke, rats were subjected to 2 hour transient MCAO and behavioral tests 
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were performed one day after MCAO just prior to randomization and initiation of 

treatments. Behavioral testing was repeated thereafter weekly for a total of 4 weeks.

Analysis of foot-fault and mNSS tests revealed that non-selective HDAC inhibition with 

SAHA significantly improved functional outcome (Figure 2A–B, p<0.05 vs. vehicle-control 

group) at 21 and 28 days after stroke, whereas selective class IIa HDAC inhibition with 

MC1568 did not result in functional improvement after stroke. On the contrary, the mortality 

rate in the MC1568-treated group was significantly higher than the mortality rate in the 

vehicle-control and SAHA groups (Figure 2C, p<0.05). Animals in the MC1568-treatment 

group were found dead mainly between 3 and 5 days after MCAO and autopsy revealed 

large infarcts with signs of edema in the brains of these rats. Furthermore, quantification 

showed that MC1568 administration significantly (p<0.05) increased the ischemic lesion 

volumes compared with the vehicle-control and SAHA groups 28 days after MCAO (42.8% 

± 2.7 in MC1568-treated group vs. 35% ± 2.1 in vehicle-control group and 32.37% ± 3.2 

SAHA-treated group, Figure 2D). While SAHA administration starting 24 hours after 

MCAO improved functional outcome, it did not significantly reduce lesion volume 

compared to vehicle control (p> 0.05, Figure 2D).

Together, these data show that non-selective HDAC inhibition with SAHA improves 

neurological outcome when administered 24 hours after stroke, while selective inhibition of 

class IIa HDACs with MC1568 increases mortality and lesion volume with no beneficial 

effect on functional outcome.

MC1568, but not SAHA, Reduces Dendritic, Axonal and Myelination Densities during Brain 
Recovery after Stroke

Neuronal remodeling such as rewiring neuronal circuitry and re-myelination occurs in peri-

infarct region during stroke recovery (Gensert and Goldman, 1997; Liu et al., 2009b). Thus, 

to examine the effects of selective and non-selective HDAC inhibition on neuronal 

remodeling after ischemia, we performed immunofluorescent staining for MAP2 (an index 

of dendrites), pNFH (a marker of axons) and MBP (an index of myelination). While non-

selective HDAC inhibition with SAHA significantly increased MAP2 and pNFH densities in 

the peri-infarct cortex compared to vehicle-control, selective class IIa HDAC inhibition with 

MC1568 significantly decreased MAP2, pNFH and MBP densities in the peri-infarct cortex 

compared to vehicle-control (p<0.05, Figure 3B–D). These data clearly indicate detrimental 

effects for selective class IIa HDAC inhibition on neuronal repair processes after ischemic 

injury.

MC1568 Down-regulates, while SAHA Up-regulates CREB and c-fos in the Ischemic Cortex

CREB is a transcription factor induced by elevation in calcium concentration or cytoplasmic 

cAMP (Kristian and Siesjo, 1998). Stroke induces robust phosphorylation of CREB in the 

peri-infarct region (Tanaka et al., 1999) and activation of CREB leads to upregulation of the 

neuronal pro-survival gene c-fos (Kitagawa, 2007; Sugiura et al., 2004). To examine the 

effects of selective and non-selective HDAC inhibition on expression of CREB and c-fos 

after stroke, NeuN-positive neurons were captured from the peri-infarct cortex of vehicle, 
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MC1568 and SAHA-treated animals and evaluated by quantitative RT-PCR for CREB and c-

fos genes.

While non-selective HDAC inhibition with SAHA significantly upregulated CREB and c-fos 

mRNAs in the peri-infarct cortex compared to vehicle-control, selective class IIa HDAC 

inhibition with MC1568 significantly downregulated both CREB and c-fos expression 

(Figure 4B–C). Furthermore, using double immunohistochemistry for phosphorylated CREB 

and MAP2, we found that MC1568 administration significantly decreased phosphorylated 

(active) CREB levels in neurons localized to the peri-infarct cortex (33.8 ± 7.4% in 

MC1568-treated group vs. 55.8 ± 5.4% in vehicle-control, p<0.05, Figure 4D). Together, 

these data show that MC1568 inactivates neuronal CREB and c-fos in ischemic brain.

Discussion

In the present study, we show for the first time that selective inhibition of class IIa HDACs 

impairs behavioral outcome and neuronal remodeling after stroke in vivo, suggesting that 

class IIa HDACs affect neuronal repair and functional outcome after ischemic injury.

Previous reports have demonstrated a dramatic decrease in histone acetylation levels in the 

ischemic brain that could last up to 14 days after stroke (Kim et al., 2009; Ren et al., 2004), 

however, direct measurement of HDAC catalytic activity in brain tissue was not extensively 

explored. To our knowledge, only one study tested HDAC activity after stroke and found 

that HDAC activity does not change during the first 6 hours after ischemia (Faraco et al., 

2006). Here, our data show a robust increase in HDAC activity in the ipsilateral hemisphere 

of the brain compared with the contralateral hemisphere 7 days after stroke, indicating that 

an endogenous upregulation of HDAC activity occurs within days after stroke during the 

time period of brain repair after injury.

MC1568 is a selective class IIa histone deacetylase inhibitor with IC50 of 220 nM that 

displays no inhibition of class I HDAC activity or expression (Nebbioso et al., 2009). SAHA 

is a non-selective HDAC inhibitor with IC50 of 4.8–10 μM against class I HDACs with little 

to no inhibitory effect on class IIa HDACs (Kilgore et al., 2010). SAHA as well as MC1568 

significantly reduce stroke-increased total HDAC activity, suggesting an upregulation of the 

activity of both class I and class II HDACs in nuclei of brain cells after stroke. Our data 

show that SAHA administration significantly improves behavioral functional outcome 

compared to vehicle control, while MC1568, the class IIa-selective inhibitor, increases 

mortality, lesion volume and worsened outcome. The differential effects of selective and 

non-selective HDAC inhibitors on outcome may be related to the minimal inhibition of class 

IIa HDACs by SAHA.

A promising approach to improve outcome during stroke recovery is to enhance the brain’s 

intrinsic capability to facilitate brain repair processes including axonal sprouting and 

myelination after ischemia (Benowitz and Carmichael, 2010; Zhang and Chopp, 2009). 

Using immuohistochemsitry for MAP2, p-NFH, and MBP to determine dendritic, axonal, 

and myelin recovery, respectively, we found that non-selective HDAC inhibition with SAHA 

significantly increase neuronal neurite growth in the peri-infarct cortex compared to the 
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vehicle-control, while selective class IIa HDAC inhibition with MC1568 significantly reduce 

MAP2, pNFH and MBP densities. These data further support our hypothesis that class IIa 

HDACs may mediate brain repair after ischemic injury. Our previous study showed that 

HDAC4 shuttles to the nuclei only in neurons and that stroke does not change profiles of 

HDAC4 and 5 in oligodendrocytes. Therefore, we speculate that myelin loss is secondary to 

neuronal death. We have performed TUNEL assay for identification of apoptotic cells, 

however, since the animals were sacrificed 28 days after stroke which is too late for 

detecting the majority of apoptotic cells, few apoptotic cells were detected for statistical 

analysis. Subsequently, we were not able to determine if oligodendrocytes also die after 

MC1568 treatment.

Activation of CREB promotes axonal growth (Hannila and Filbin, 2008) and the CREB-

binding protein regulates acetylation and deacetylation of transcription genes (Dai et al., 

2015). Furthermore, the c-fos gene is a reliable indicator for neural activity (Morgan and 

Curran, 1991). Our data demonstrate that non-selective HDAC inhibition with SAHA 

significantly activated neuronal CREB and upregulated c-fos expression in the peri-infarct 

cortex, whereas selective class IIa HDAC inhibition with MC1568 substantially inactivated 

CREB and downregulated c-fos in neurons. Others have shown that stroke induces robust 

phosphorylation of CREB in the peri-infarct region (Tanaka et al., 1999). Collectively, our 

data along with published studies suggest that selective class IIa HDAC inhibition with 

MC1568 may inactivate neuronal CREB and thereby leads to impairment of axonal and 

dendritic sprouting and reduction of neuronal activity in peri-infarct cortex. Additional 

experiments to investigate whether overexpression of CREB in neurons will overcome the 

effect of MC1568 on ischemic lesion and neurite outgrowth are warranted.

In summary, our data suggest that class IIa HDACs are involved in brain remodeling and 

functional outcome after ischemic stroke. Inactivation of CREB may contribute to the 

detrimental effect of selective class IIa HDAC inhibition on neurons in the ischemic brain. 

Development of selective class IIa HDACs activators may represent a novel therapeutic 

approach that can potentially promote neuronal remodeling after brain injury even if 

administered days after stroke onset. Further studies are also needed to elucidate the roles of 

individual isoforms within the classes of HDACs on brain recovery after stroke.
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MBP myelin basic protein

CREB cAMP responsive element binding protein

mNSS Modified neurological severity score

DAPI 4,6′-diamidino-2-phenylindole
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Highlights

• Selective class IIa HDAC inhibition increases mortality and lesion volume.

• Selective class IIa HDAC inhibition impairs neuronal remodeling.

• Inactivation of CREB and c-fos likely contributes to this detrimental effect.

• Non-selective HDAC inhibition improves functional outcome after stroke.
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Figure 1. 
Brain nuclear HDAC activity. Panels A and B show HDAC activity assessed in nuclear 

extracts of the contralateral and ipsilateral hemispheres of the brain from sham and vehicle-

control ischemic rats 7 days after MCAO (A) and in nuclear extracts of the ipsilateral 

hemispheres of ischemic rats after treatments with vehicle, MC1568 and SAHA (B).
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Figure 2. 
The effect of HDAC inhibition on neurological outcomes after ischemic stroke. Panels A and 

B show foot-fault (A) and mNSS (B) test results during 28 days after MCAO (vehicle-

control group n=13; MC1568 group n=10; SAHA group n=14). Panels C and D show 

mortality rate (C) and lesion volumes (D) in the three experimental groups after stroke.
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Figure 3. 
The effect of HDAC inhibition on neurons and oligodendrocytes in ischemic brain. A 

schematic representation of a brain coronal section (A) shows that images were acquired 

from the peri-infarct cortex as outlined in the numbered boxes. Panels of B to D show 

confocal microscopic images of MAP2 (B), p-NFH (C) and MBP (D) immunoreactive 

neuronal and oligodendrocytes processes from representative animals and their 

corresponding quantitative data from animals treated with vehicle, MC1568 or SAHA 28 

days after stroke. Bar = 20μm.
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Figure 4. 
The effect of HDAC inhibition on neuronal CREB and c-fos expression. Panel A shows 

fluorescent microscopic images of NeuN positive neurons localized to the peri-infarct cortex 

before and after LCM. Panels B–C show quantitative RT-PCR mRNA data of CREB (B) and 

c-fos (C) in cortical neurons acquired by LCM from rats treated with vehicle, MC1568 or 

SAHA. Panel D shows a representative double immunofluorescent image of phosphorylated 

CREB (p-CREB, red) and MAP2 (green) and quantitative data of p-CREB positive neurons 

in peri-infarct cortex of ischemic rats treated with vehicle or MC1568. Note: p-CREB 

immunoreactivity (red, arrows) was localized to nuclei of MAP2 positive neurons (green).
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