1' frontiers
in Neurology

ORIGINAL RESEARCH
published: 28 June 2019
doi: 10.3389/fneur.2019.00519

OPEN ACCESS

Edited by:

Martin S. Weber,
University Medical Center
Gdttingen, Germany

Reviewed by:

Diego Centonze,

University of Rome Tor Vergata, Italy
Gholamreza Azizi,

Alborz University of Medlical Sciences
and Health Services, Iran

Antonietta Gentile,

University of Rome Tor Vergata, Italy

*Correspondence:
Patrizia LoPresti
lopresti@uic.edu

Specialty section:

This article was submitted to
Multiple Sclerosis and
Neuroimmunology,

a section of the journal
Frontiers in Neurology

Received: 10 January 2019
Accepted: 01 May 2019
Published: 28 June 2019

Citation:

LoPresti P (2019) The Selective
HDACE Inhibitor ACY-738 Impacts
Memory and Disease Regulation in an
Animal Model of Multiple Sclerosis.
Front. Neurol. 10:519.

doi: 10.3389/fneur.2019.00519

Check for
updates

The Selective HDACG Inhibitor
ACY-738 Impacts Memory and
Disease Regulation in an Animal
Model of Multiple Sclerosis

Patrizia LoPresti*

Department of Psychology, University of lllinois at Chicago, Chicago, IL, United States

Multiple sclerosis (MS) is a complex disease characterized by autoimmune demyelination
and progressive neurodegeneration. Pathogenetic mechanisms of the disease remain
largely unknown. Changes in synaptic functions have been reported; however, the
significance of such alterations in the disease course remains unclear. Furthermore,
the therapeutic potential of targeting synapses is not well-established. Synapses have
key signaling elements that regulate intracellular transport and overall neuronal health.
Histone deacetylase (HDAC)6 is a microtubule-associated deacetylase. The interaction
between HDAC6 and microtubules is augmented by HDACG6 inhibitors. In this study,
experimental autoimmune encephalomyelitis (EAE) mice, an animal model of MS, were
treated with the HDACG6 inhibitor drug ACY-738 (20 mg/kg) on day 9 and day 10
post-immunization. Mice were assessed for working memory using the cross-maze
test at 10 days post-immunization (d.p.i.), whereas disease scores were recorded over
approximately 4 weeks post-immunization. We observed that ACY-738 delayed disease
onset and reduced disease severity. Most importantly, ACY-738 increased short-term
memory in a manner sensitive to disease severity. We induced EAE disease with various
amounts of myelin oligodendrocyte glycoprotein (MOG35-55). EAE mice receiving 100
ng of MOG35-55 and treated with ACY-738 had a statistically significant increase
in short term-memory compared to naive mice. Additionally, EAE mice receiving 50
pg MOG35-55 and treated with ACY-738 had a statistically significant increase in
short term-memory when compared to EAE mice without drug treatment. In contrast,
ACY-738 did not change short-term memory in EAE mice immunized with 200
g of MOG35-55. Because ACY-738 increases short-term memory only with lower
amounts of EAE-inducing reagents, we hypothesize that the inflammatory-demyelinating
environment induced by higher amount of EAE-inducing reagents overpowers (at day 10
post-immunization) the synaptic molecules targeted by ACY-738. These studies pave
the way for developing ACY-738-like compounds for MS patients and for using ACY-738
as a probe to elucidate disease-sensitive changes at the synapses occurring early in the
disease course.
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INTRODUCTION

Multiple sclerosis (MS) is a central nervous system (CNS)
neurodegenerative disease. The causes of this devastating disease
are largely unknown, although autoimmune demyelination and
brain inflammation are considered pivotal in the CNS damage
that occurs throughout the disease course. In both MS and
experimental autoimmune encephalomyelitis (EAE) (an animal
model of MS), there are changes in synaptic transmission
and function (1, 2) linked to the neurodegeneration, which
eventually emerges during the disease with devastating clinical
outcomes. Ziehn et al. (3) described deficits in memory function
at 40 days post-immunization (d.p.i.) in EAE mice during
the chronic form of the disease. Acharjee et al. (4) described
emotional and cognitive deficits in chronic EAE during the
presymptomatic stage, between 6 and 8 d.p.i. Further, LoPresti
(5) identified subclinical, progressive memory decline in the
relapsing-remitting (RR) EAE. Indeed, in this model, memory
function was not significantly different among groups; however,
memory decline occurred over time, with an initial apparent
improvement in memory function as early as 10 d.p.i. Although
memory function progressively declined, mobility impairment
recovered, suggesting that the disease has both progressive and
remitting components. Overall, such studies have elucidated that
changes in synaptic transmission occur at a relatively early stage
during the disease, often subclinically; such early changes may
eventually be responsible for late neurodegeneration (6).

The cytoskeleton at the synapse has received attention for its
role in synaptic plasticity regulation and various neuropsychiatric
diseases (7). At the synapse, key functional interactions involve
tubulin, end-binding proteins (EBs), Ankyrin, and actin (8).
Such protein-protein interactions at the synapse regulate synaptic
function and plasticity. Histone deacetylase (HDAC)6 is a
microtubule-associated deacetylase (9), and such protein-protein
interaction increases with administration of HDAC6 inhibitors.
HDACE6 inhibitors also promote the interaction of HDAC6 with
EBs (10).

HDAG s are a class of enzymes targeting both histone and non-
histone substrates. Non-histone substrates include transcription
factors, cytoskeletal proteins, metabolic enzymes, and chaperones
(11). HDAC classes consist of 18 types. HDAC6 is localized
predominantly in the cytoplasm and does not deacetylate
histones in vivo (11). The main substrate for HDAC6 is «-
tubulin, although additional substrates have been identified. Such
substrates include Hsp90 (heat shock protein 90) (12), cortactin
(cortical actin binding protein) (13), and beta-catenin (14). Beta-
catenin regulates cell-cell adhesion and gene transcription.

In vivo treatment with HDAC6 inhibitors increases brain
a-tubulin acetylation, with no changes in acetylation levels of
histones (15). Although the loss of HDAC6 does not cause
toxicity, apoptosis, or major neurodevelopmental defects in
rodents, it causes an antidepressant-like phenotype and memory
deficits (16-19).

In this study, we analyzed EAE mice after treatment for only
2 days with the HDAC6 inhibitor ACY-738 and observed that
ACY-738 delayed disease onset and attenuated disease severity.
In addition, we observed that short-term memory in the cross-
maze test was improved in EAE mice treated with the drug at 9

and 10 d.p.i. and tested at 10 d.p.i. Such effect was sensitive to the
amount of reagent used to induce the disease.

MATERIALS AND METHODS
EAE Induction

To induce EAE, we used an emulsion obtained from Hooke
Lab (EK-0111, Hooke Kit™) and Pertussis toxin (#10033-540,
Enzo Life Sciences; VWR). The emulsion from Hooke lab
(see Supplementary Table 1A) contained ~1 mg/mL of myelin
oligodendrocyte glycoprotein (MOG35-55) and ~5 mg/mL of
killed Mycobacterium tuberculosis H37/Ra (MT). We injected
the emulsion at volumes of 200, 100, and 50 L. Thus,
200 pL contained 200 pg of MOG35-55 and 1mg of MT,
100 pL contained 100 pg of MOG35-55 and 0.5mg of MT,
and 50 pL contained 50 pg MOG35-55 and 0.250 mg MT.
Pertussis toxin (200 ng/100 pL/mouse) remained constant for
all experiments and was injected intraperitoneally (ip) on the
day of immunization and 2 days later. With higher amounts
of reagents, we observed a more severe form of the disease,
with a persistent severe disease score above two at 3 weeks
post-immunization. With lower amounts of reagents, most of
the mice recovered from a severe disease score above two. The
mice were examined for ~4 weeks post-immunization. The
amounts used in this study to induce chronic (CH) vs. relapsing-
remitting (RR)-EAE are included in Supplementary Table 1A,
together with a summary of previous work showing various
concentrations of the reagents used to induce either CH- or
RR-EAE (Supplementary Table 1B).

C57BL/6 female mice between 7 and 8 weeks of age were
ordered from Jackson Laboratory and housed for 1 week before
EAE induction. Mice were immunized subcutaneously (sc)
(200 pL/mouse) with 200 pg/mouse of MOG35-55 peptide
emulsion in complete Freund’s adjuvant (CFA) (EK-0111, Hooke
Kit™). Experiments were also performed with volumes of 100
pL/mouse and 50 wL/mouse (from kit EK-0111, Hooke Kit™).
Pertussis toxin (200 ng/100 pL/mouse) remained constant for all
experiments and was injected ip on the day of immunization and
2 days later. EAE mice were graded on a scale of 0-5: 0, no disease;
1, limp tail; 2, hind limb weakness; 3, one or two hind limb
paralysis; 4, hind and fore limb paralysis; and 5, moribund and
death (5). Disease scores were the averages obtained at each time
point from five mice/group/experiment. Mean disease scores
(££SEM) were calculated from these disease scores. We collected
44 disease scores per group from seven experiments.

Drug Treatment

ACY-738  powder  (Celgene  Corporation,  Acetylon
Pharmaceuticals) was dissolved in dimethyl sulfoxide (DMSO)
and diluted in phosphate-buffered saline (PBS) for ip injection
of 200 kL (20 mg/kg) on days 9 and 10 post-immunization. The
drug was injected on day 9 (~1:00 p.m.) and day 10 (~12:00
p-m.) post-immunization; mice were tested in the cross-maze
test on day 10 post-immunization. The EAE mice treated with
the drug (EAE+ D) were tested starting 1 hour and 30 min after
the last drug injection.
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Cross-Maze Exploration Test

The Cross-maze exploration test was performed to evaluate
spatial working memory using a protocol described previously
(5). Briefly, each mouse was placed in the center of a four-arm
cross-maze apparatus and was permitted to enter each arm
freely (each arm was marked A, B, C, or D). Each mouse was
evaluated for up to 31 entries. An entry occurred when all four
paws entered the arm. An alternation occurred when an entry
occurred into each of the four distinct arms (e.g., A, D, C, B,
or C, D, A, B; but not D, A, C, A). Percentage of alternation
was used as an indicator of memory strength, when successive
entries took place into the four arms in overlapping quadruple
sets. Data are indicated as percent alternation, an indicator of
short-term memory. Percent alternation value is equal to the
ratio of actual/possible alternations x 100 (5). Data are presented
as mean £ SEM in the Table 2, and are presented as mean & SE
in the corresponding histogram.

Statistical Analysis

Each experiment comprised five mice/group. Disease scores
were the averages calculated from five mice per group at distinct
times. Forty-four disease scores were collected per group and
from seven independent experiments. Mean disease scores
(£SEM) were calculated from the disease scores. Mean disease
scores (=SEM) were compared with independent samples
t-test. We measured mean disease scores between 11 and 14,
15 and 18, and 19 and 32 d.p.i. In Table 1, “n” represents the
number of disease scores obtained over time and from distinct
experiments. In addition to independent samples ¢-test, statistical
analysis was performed using mixed effects linear regression
model. Clustering of observations within experiments (ICC =
0.46, z = 2.01, p = 0.0224) was accounted for with a random
intercept term.

For the cross-maze test, we applied independent samples
t-test and one-way ANOVA. At each dosage level, one-way
ANOVA with two degrees of freedom was used to test the null
hypothesis of equal means across all the three groups (naive,
EAE, and EAE + D). Pairwise comparisons were made using
independent samples t-test and the more conservative Tukey’s
test. One-way ANOVA was used to compare the overall mean
response across the three dosage levels. For the independent
samples t-test, we used GraphPad QuickCalcs online program.
For one-way ANOVA and mixed effects linear regression model,
we used the PROC ANOVA in SAS version 9.4.

For disease scores, p < 0.05 was considered statistically
significant using the independent samples t-test. For behavioral
test, p < 0.05 was considered statistically significant using the
independent samples t-test and one-way ANOVA (** p < 0.05).
One asterisk (*p < 0.05, independent samples t-test) denotes p <
0.1 with one-way ANOVA.

RESULTS

The Selective HDACG6 Inhibitor ACY-738
Regulates Experimental Autoimmune

Encephalomyelitis Disease
Drug administration on days 9 and 10 post-immunization
(20 mg/kg) reduced disease severity in both RR and CH

EAE. Representative examples are provided in Figure 1A
for RR-EAE and in Figurel1B for CH-EAE. Disease
score was the average calculated from five mice/group,
indicated in blue for EAE mice and in red for EAE + D
mice (Figures 1A,B).

Disease scores collected at distinct times over ~4 weeks
post-immunization were obtained from seven independent
experiments. Disease score was the average calculated from five
mice/group at a specific time and from distinct experiments. The
experiments included both RR- and CH-EAE disease. Table 1A
shows that of the 44 disease scores, twenty-five disease scores
were higher than 1.5 in EAE mice; whereas only seven disease
scores were higher than 1.5 in EAE + D mice. In addition,
we calculated mean disease scores (=SEM) from disease scores
taken at various times during the disease and from independent
experiments. Early in the disease (11-14 d.p.i.), mean disease
score was 1.160 £ 0.248 in EAE mice vs. 0.360 & 0.160 in
EAE + D mice, with a statistically significant difference of p
= 0.0267 (n = 5, where n indicates the number of disease
scores). During the mid phase of the disease (15-18 d.p.i.), mean
disease score was 1.989 £ 0.205 in EAE mice vs. 0.989 & 0.114
in EAE + D mice, with a statistically significant difference of
p = 0.0001 (n = 18). At the end of disease course (19-32
d.p.i.), mean disease score was 1.657 £ 0.220 in EAE mice vs.
0.857 £ 0.175 in EAE + D mice, with a statistically significant
difference of p = 0.0069 (n = 21). Thus, the difference between
untreated and treated groups reached statistical significance
(independent samples t-test) over the entire course of the
disease. In addition, by combining all the disease scores collected
from the various experiments at various times, the cumulative
disease score was 76.4 in EAE mice vs. 37.6 in EAE + D
mice, which showed an overall reduction in disease severity of
about 50%.

In addition, mixed effects linear regression model revealed
that the effects of treated vs. untreated was —0.67 (p = 0.0188),
indicating that the disease score was 0.67 less in the treated
animals than in the untreated animals at any time point.
Estimated means from the linear regression model and results
of the independent samples ¢-test of the main effects indicate a
statistically significant reduction in disease score with treatment
(p = 0.0188). The estimates from the model accounted for
the clustering of repeated measures, whereas the independent
samples t-test assumed each of the two compared groups were a
set of independent observations. In contrast, the estimated slope
in EAE mice was —0.003 (p = 0.8471), whereas in EAE + D
mice, it was 0.00 (p = 1.000). The two parallel lines across time
for EAE and EAE + D mice had a common slope of —0.0015 (p
= 0.8907), indicating a slight decrease that was not statistically
significant. Thus, the slope was the same in both groups,
suggesting that the disease, although diminished in its severity
secondary to drug treatment, was not altered in its dynamics;
i.e., the disease displayed similar trends in EAE vs. EAE + D
mice, although EAE + D had significantly lower disease scores
(Figure 1C, Table 1B).

Notably, drug treatment delayed disease onset. Disease onset
occurred between 11 and 14 d.p.i. Figure 1A shows that in
RR-EAE +D mice, the disease had not yet started at 14
d.p.i., whereas EAE mice with no drug treatment already
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FIGURE 1 | The selective HDACS inhibitor ACY-738 regulates experimental autoimmune encephalomyelitis in both Relapsing-Remitting (A) and Chronic (B) EAE
mice. (C) Shows all disease scores and an estimated line for the disease scores.

TABLE 1 | (A) Disease score analysis with t-test and (B) Disease score analysis with mixed effects linear regression model.

(A)
Treatment Disease score Mean disease score Mean disease score Mean disease score Cumulative disease score
>1.5 + SEM at 11-14 d.p.i. + SEM at 15-18 d.p.i. + SEM at 19-32 d.p.i.
EAE 25/44 1.160 4+ 0.248 1.989 + 0.205 1.657 + 0.220 76.4
EAE + D 7/44 0.36 £ 0.160 0.989 £ 0.114 0.857 £ 0.175 37.6
n=5; p =0.0267** n=18; p = 0.0001** n=21; p=0.0069"* n=44
(B)
Disease score t-test for EAE vs. EAE + D
Mean SE 95% C.l. t=2.40,do =74,p =0.0188
EAE 1.670 0.197 1.241 2.100
EAE + D 1.000 0.197 0.570 1.430

The drug administered on days 9 and 10 post-immunization (20 mg/kg) reduced disease severity in both Relapsing-Remitting (RR) (A) and Chronic (CH) (B) EAE mice. Figures 1A,B
have the disease scores. Each disease score is the average obtained from five mice/group, in blue for EAE mice and in red for EAE + D mice. Figure 1C shows all disease scores
collected from seven experiments at distinct times, together with an estimated line for the disease scores of EAE (blue) and EAE + D (red) mice.

In (A), n represents the number of disease scores. Among the 44 disease scores per group, EAE mice had twenty-five over 1.5, whereas EAE + D mice had only seven over 1.5. (A)
has mean disease scores (= SEM) during early (11-14 d.p.i.), mid phase (15-18 d.p.i.), and at the end of disease course (19-32 d.p.i.) with statistically significant differences in EAE
vs. EAE + D mice over the course of the entire disease. The cumulative disease score (from all the disease scores) shows also an overall decrease in disease severity of about 50%
in EAE4D mice. (B) displays the statistical analysis with a linear regression model and statistically significant differences between EAE and EAE + D mice (Mean = 1,670 and 1,000,
respectively; p = 0.0188). n indicates the number of disease scores. Disease score is the average obtained from five mice/group. **p < 0.05.

exhibited mobility defects revealed by disease scores above zero. ~ The Selective HDACG6 Inhibitor ACY-738

Such delay in disease onset was striking when a high dose Regulates Short-Term Memory in a Manner
(50 mg/kg) of a single drug injection was administered at 10 d.p.i. a ; :

(Supplementary Material). In this experiment conducted with Sensitive to Disease Seve,"ty

five mice per group, differences were evidentat 11 d.p.i. (24 hours We measured short-term memory with the cross-maze test at

post-treatment), suggesting that the drug abruptly halted day 10 post-immunization. We combined the data from three
the disease. independent experiments performed with mice receiving 200
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FIGURE 2 | The selective HDACS inhibitor ACY-738 regulates short-term memory in a manner sensitive to disease severity. *p < 0.05 independent samples t-test
and one-way ANOVA. *p < 0.05 independent samples t-test.

TABLE 2 | The selective HDACS inhibitor ACY-738 regulates short-term memory in a manner sensitive to disease severity.

MOG35-55 NAIVE (N) EAE (E) EAE + D (ED) p-values
t test t test t test
ng n mean + SEM n mean + SEM n mean + SEM Nvs.E Nvs. ED E vs. ED One-way ANOVA
200 15 543 +22 15 524 +15 15 51.4+1.8 0.4854 0.3335 0.6950 0.5569
100 20 493 +14 20 53.6 £1.7 19 553+ 15 0.0613 0.0058** 0.4562 0.0234**
50 15 502 £1.7 15 495 +1.6 15 543+15 0.7633 0.0828 0.0396* 0.0890

Naive mice were not administered any drug. EAE was induced with various amounts of EAE-inducing reagents (200, 100, and 50 ug MOG35-55). Data are presented as mean + SEM
in the Table, and as mean + SE in the corresponding histogram. Comparison with independent samples t-test revealed that in EAE mice administered 100 ug MOG35-55, the difference
between Naive and EAE + D mice was statistically significant (o = 0.0058). This difference was also statistically significant at « = 0.05 using Tukey's studentized range test. Comparison
with independent samples t-test revealed that in mice receiving 50 g MOG35-55, the difference between EAE and EAE + D mice was also statistically significant (p = 0.0396). One-way
ANOVA revealed a statistically significant difference in the group administered 100 ug MOG35-55 (F = 4.02, p = 0.0234) and in the group administered 50 ug MOG35-55 (F = 2.56,
p = 0.0890). One-way ANOVA data are displayed as boxplots. In boxplots, the central black line represents the median, the bottom and top boundaries represent quartiles. n indicates

the number of mice. **p < 0.05 independent samples t-test and one-way ANOVA. “p < 0.05 independent samples t-test.

png MOG35-55. No significant differences among the groups
were observed. We combined the data from four independent
experiments performed with 100 g MOG35-55. A statistically
significant difference between Naive and EAE + D groups
was observed. We combined the data from three independent
experiments performed with 50 pg MOG35-55. A statistically
significant difference between EAE and EAE + D groups was
noted (Figure 2 and Table 2).

Experiments With 200 g MOG35-55

Fifteen mice (n = 5 each for Naive, EAE, and EAE + D) were used
for each experiment. Each experiment was repeated three times,
and the data obtained with the cross-maze test on day 10 post-
immunization were combined. We observed that the difference
between Naive and EAE mice was not statistically significant

(mean £+ SEM, 54.3 £+ 2.2 vs. 52.4 £ 1.5, respectively; p =
0.4854). The difference between Naive and EAE + D mice was
not statistically significant (mean & SEM, 54.3 £ 2.2 vs. 51.4 &
1.8, respectively; p = 0.3335). In addition, the difference between
EAE and EAE + D mice was not statistically significant (mean +
SEM, 52.4 & 1.5 vs. 51.4 % 1.8, respectively; p = 0.6950). There
were also no statistically significant differences across the means
of the three groups as determined by one-way ANOVA (F = 0.59,
p=0.5569).

Experiments With 100 png MOG35-55

Fifteen mice (n = 5 each for Naive, EAE, and EAE + D) were
used for each experiment. Each experiment was repeated four
times, and the data were combined. In one of the experiments,
only fourteen mice were analyzed (n = 5 each for Naive and EAE,
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and n =4 for EAE + D). We observed that the difference between
Naive and EAE mice was not statistically significant (mean =+
SEM, 49.3 £ 1.4 vs. 53.6 £ 1.7, respectively; p = 0.0613); whereas
the difference between Naive and EAE + D mice was statistically
significant (mean & SEM, 49.3 £ 1.4 vs. 55.3 & 1.5, respectively;
p = 0.0058). Such difference was significant at & = 0.05 using
Tukey’s studentized range test. In contrast, the difference between
EAE and EAE + D mice was not statistically significant (mean +
SEM, 53.6 4= 1.7 vs. 55.3 = 1.5, respectively; p = 0.4562). One-way
ANOVA, revealed a statistically significant difference between the
three group means (F = 4.02, df = 2, p = 0.0234).

Experiments With 50 ng MOG35-55

Fifteen mice (n = 5 each for Naive, EAE, and EAE + D) were
used for each experiment. Each experiment was repeated three
times, and the data were combined. We found that the difference
between Naive and EAE mice was not statistically significant
(mean £ SEM, 50.2 £ 1.7 vs. 49.5 & 1.6, respectively; p =
0.7633). The difference between Naive and EAE + D mice was
not statistically significant (mean £ SEM, 50.2 & 1.7 vs. 54.3 £+
1.5, respectively; p = 0.0828). In contrast, the difference between
EAE and EAE + D mice was statistically significant (mean =+
SEM, 49.5 & 1.6 vs. 54.3 & 1.5, respectively; p = 0.0396). There
was a statistically significant difference between group means as
determined by one-way ANOVA (F = 2.56, df = 2, p = 0.0890).
The contrast between EAE vs. EAE+ D was significant using a
independent samples t-test but not under the more conservative
Tukey’s test. Comparison of all the data in the group with 200,
100, and 50 g MOG35-55 revealed no statistically significant
differences across the group means as determined by one-way
ANOVA (F =0.57, df =2, p = 0.5665) (data not shown).

DISCUSSION

The positive effects of ACY-738 on disease course occurred
after one or two injections, and protection occurred within 24
hours post-treatment. Work by Ren et al. (20) showed that
ACY-738 decreased innate and adaptive immune responses in
a model of systemic lupus erythematosus; ACY-738 reduced
disease pathogenesis by altering differentiation of T and B cells
(21). However, these positive effects were observed after long-
term treatment lasting several weeks. We did not assess the
mechanisms by which ACY-738 protects from EAE disease;
however, the beneficial outcomes within 24 hours post-treatment
may be related to an effect of ACY-738 on the neuronal
cytoskeleton and/or secondary to a lethal, acute, effect of ACY-
738 against cells attacking myelin. Indeed, it was previously
shown that ACY-738 induces cell death in vitro when used at high
concentrations (22). In addition, Guo et al. (23) reported that
HDACES6 inhibition reverses axonal transport defects in motor
neurons derived from FUS-ALS patients. Mutations in FUS
(fused in sarcoma) cause amyotrophic lateral sclerosis (ALS). It
is known that early in EAE, axonal transport deficits are present,
and reduced levels of KIF5A (kinesin heavy chain isoform
5A) were reported in MS patients (6, 24, 25). Thus, part of
the beneficial effects observed for the disease course could be
secondary to positive regulation of axonal transport exerted by

ACY-738. Indeed, the inhibition of HDAC6 may regulate both
anterograde and retrograde transport due to the regulation of
kinesin and dynein motors (26).

Acetylation of a-tubulin occurs at lysine 40 at the inner
surface. Additional sites of acetylation have been identified in
both a- and B- tubulin (27). Further studies are required to
determine the functional consequences of HDAC6 inhibitors on
post-translational modification of these various sites of tubulin.
This information could facilitate effective pharmacological
targeting of cytoskeleton dynamics at the synapse, with beneficial
impacts on axonal transport regulation.

Drugs such as TSA (Trichostatin A) or SAHA (suberoyl
+ anilide + hydroxamic acid) inhibit both HDAC6 and class
I isoforms, whereas drugs such as tubacin and tubastatin A
selectively inhibit HDACS6 (11, 28, 29). Interestingly, ACY-738 is
a selective inhibitor of HDAC6 and has the unique property of
rapid distribution in the brain, with a short plasma half-life of
12 min (11).

Pathways that regulate synaptic plasticity are critical for brain
health and prevention of neuropsychiatric and degenerative
diseases (7). In this study, we developed an experimental
model that can establish pharmacological targets at the synaptic
cytoskeleton upon which ACY-738 acts. Further, ACY-738 will
allow us to investigate how short-term memory is regulated.
While the role of HDACS6 in synaptic plasticity and memory is
established (30), the dynamics of cytoskeletal interactions at the
synapse require additional investigation. Our model may reveal
dynamic regulation at synapses that requires pharmacologic
rescue to treat selective memory deficits during various diseases
of the CNS.

Jochems et al. (11) reported that upon acute treatment,
ACY-738 improved ambulation levels and decreased anxiety.
Majid et al. (31) showed that ACY-738 improved Alzheimer’s
disease phenotype in amyloid precursor protein/presenilin 1
mice. In particular, this study indicated that drug administration
increased cognition; however, the drug was administered for
21 and 90 days. In addition, Selenica et al. (32) showed that
tubastatin A, a selective HDAC6 inhibitor, improved memory
and reduced total tau levels in a mouse model of tau deposition.
However, the mice were treated for 2 months. Zhang et al. (33)
used tubastatin A and ACY-1215 to rescue cognitive deficits
in a mouse model of Alzheimer’s disease and found that both
tubastatin A and ACY-1215 reduced behavioral deficits, amyloid-
B load, and tau hyperphosphorylation. However, the mice were
treated for 20 consecutive days; ACY-1215 is a selective HDAC6
inhibitor. In contrast, in this study, we analyzed mice after
treatment with ACY-738 for only two days and observed an
increase of short-term memory.

The cross-maze test relies on working memory, which
depends on selected CNS areas including the hippocampus,
septum, basal forebrain, and prefrontal cortex. The cytoskeleton
at the synapse has a role in synaptic plasticity regulation
and various neuropsychiatric diseases (7). Protein-protein
interactions at the synapse regulate synaptic function and
plasticity. At the synapse, key functional interactions involve
tubulin, EBs, ankyrins, and actin (8). HDACS6 inhibitors increase
the interaction of HDAC6 with microtubules and EBs (10).
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HDACES also regulates growth factor-induced actin remodeling
and endocytosis (34); thus, HDAC6 inhibitors may also alter
functional regulation of actin. Anxiety- and depression-like
behaviors were described in EAE mice before any motor defect
became apparent (2, 4), so our experimental conditions may have
brought the antidepressive properties of ACY-738 to light (11).
Finally, the positive effects on memory may be partly explained
by enhancement of stress resilience through HDAC6-mediated
regulation of glucocorticoid receptor chaperone dynamics (11).
In this respect, additional studies are necessary to elucidate the
mechanisms by which ACY-738 acts on memory regulation.
Nicotine, previously shown to inhibit HDAC6 and chaperone-
dependent activation of glucocorticoid receptors in cultured cells,
had a neuroprotective effect in an experimental model of MS
(35, 36). In summary, with the aim of developing the most
effective treatments for MS patients, future studies should aim to
understand similarities and differences among various inhibitors
directed at HDACS, so selective drugs of such class with the
highest safety and efficacy could provide breakthrough therapy
for the neurodegeneration in patients affected by MS.

ETHICS STATEMENT

All experiments were conducted with approval of the University
of Illinois Institutional Animal Care and Use Committee.

REFERENCES

1. Centonze D, Muzio L, Rossi S, Furlan R, Bernardi G, Martino
G. The link between inflammation, synaptic transmission and
neurodegeneration in multiple sclerosis. Cell Death Differ. (2010) 17:1083-91.
doi: 10.1038/cdd.2009.179

2. Haji N, Mandolesi G, Gentile A, Sacchetti L, Fresegna D, Rossi S, et al. TNF-a-
mediated anxiety in a mouse model of multiple sclerosis. Exp Neurol. (2012)
237:296-303. doi: 10.1016/j.expneurol.2012.07.010

3. Ziehn MO, Avedisian AA, Tiwari-Woodruff S, Voskuhl RR.
Hippocampal CAl atrophy and synaptic loss during experimental
autoimmune encephalomyelitis, EAE. Lab Invest. (2010) 90:774-86.
doi: 10.1038/labinvest.2010.6

4. Acharjee S, Nayani N, Tsutsui M, Hill MN, Ousman SS, Pittman Q]J.
Altered cognitive-emotional behavior in early experimental autoimmune
encephalitis—cytokine and hormonal correlates. Brain Behav Immun. (2013)
33:164-72. doi: 10.1016/j.bbi.2013.07.003

5. LoPresti P. Glatiramer acetate guards against rapid memory decline during
relapsing-remitting experimental autoimmune encephalomyelitis. Neurochem
Res. (2015) 40:473-9. doi: 10.1007/s11064-014-1491-z

6. LoPresti P. Silent free fall at disease onset, a perspective on therapeutics
for progressive multiple sclerosis. Front Neurol. (2018) 9:973.
doi: 10.3389/fneur.2018.00973

7. Forrest MP, Parnell E, Penzes P. Dendritic
and neuropsychiatric disease. Nat Rev Neurosci.
doi: 10.1038/nrn.2018.16

8. Smith KR, Penzes P. Ankyrins: roles in synaptic biology and pathology. Mol
Cell Neurosci. (2018) 91:131-9. doi: 10.1016/j.mcn.2018.04.010

9. Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, Nixon A, et al
HDACES is a microtubule-associated deacetylase. Nature. (2002) 417:455-8.
doi: 10.1038/417455a

10. Zilberman Y, Ballestrem C, Carramusa L, Mazitschek R, Khochbin
S, Bershadsky A. Regulation of microtubule dynamics by inhibition

structural
(2018)

plasticity
19:215-34.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

This work was supported by Celgene Corporation/
Acetylon Pharmaceuticals. The funders had no role in study
design, data collection and analysis, decision to publish, or
preparation of the manuscript.

ACKNOWLEDGMENTS

PL thanks Professor Sally Freels (Division of Epidemiology and
Biostatistics, School of Public Health, University of Illinois at
Chicago) for assistance in preparing sections related to the
Statistical Analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2019.00519/full#supplementary-material

of the tubulin deacetylase HDAC6. J Cell Sci. (2009) 122:3531-41.
doi: 10.1242/jcs.046813

11. Jochems ], Boulden J, Lee BG, Blendy JA, Jarpe M, Mazitschek R, et al.
Antidepressant-like properties of novel HDAC6-selective inhibitors with
improved brain bioavailability. Neuropsychopharmacology. (2014) 239:389-
400. doi: 10.1038/npp.2013.207

12. Kovacs JJ, Murphy PJ, Gaillard S, Zhao X, Wu JT, Nicchitta CV,
et al. HDAC6 regulates Hsp90 acetylation and chaperone-dependent
activation of glucocorticoid receptor. Mol Cell. (2005) 18:601-7.
doi: 10.1016/j.molcel.2005.04.021

13. Zhang X, Yuan Z, Zhang Y, Yong S, Salas-Burgos A, Koomen J, et al. HDAC6
modulates cell motility by altering the acetylation level of cortactin. Mol Cell.
(2007) 27:197-213. doi: 10.1016/j.molcel.2007.05.033

14. Li Y, Zhang X, Polakiewicz RD, Yao TP, Comb MJ]. HDAC6 is required
for epidermal growth factor-induced beta-catenin nuclear localization. ] Biol
Chem. (2008) 283:12686-90. doi: 10.1074/jbc.C700185200

15. Rivieccio MA, Brochier C, Willis DE, Walker BA, D’Annibale MA,
McLaughlin K, et al. HDACS is a target for protection and regeneration
following injury in the nervous system. Proc Natl Acad Sci USA. (2009)
106:19599-604. doi: 10.1073/pnas.0907935106

16. Haberland M, Montgomery RL, Olson EN. The many roles of histone
deacetylases in development and physiology: implications for disease and
therapy. Nat Rev Genet. (2009) 10:32-42. doi: 10.1038/nrg2485

17. Du G, Liu X, Chen X, Song M, Yan Y, Jiao R, et al. Drosophila histone
deacetylase 6 protects dopaminergic neurons against -synuclein toxicity
by promoting inclusion formation. Mol Biol Cell. (2010) 21:2128-37.
doi: 10.1091/mbc.e10-03-0200

18. Govindarajan N, Rao P, Burkhardt S, Sananbenesi F, Schliiter OM,
Bradke E et al. Reducing HDAC6 ameliorates cognitive deficits in a
mouse model for Alzheimer’s disease. EMBO Mol Med. (2012) 5:52-63.
doi: 10.1002/emmm.201201923

19. Zhang Y, Kwon S, Yamaguchi T, Cubizolles F Rousseaux S, Kneissel M,
et al. Mice lacking histone deacetylase 6 have hyperacetylated tubulin

Frontiers in Neurology | www.frontiersin.org

June 2019 | Volume 10 | Article 519


https://www.frontiersin.org/articles/10.3389/fneur.2019.00519/full#supplementary-material
https://doi.org/10.1038/cdd.2009.179
https://doi.org/10.1016/j.expneurol.2012.07.010
https://doi.org/10.1038/labinvest.2010.6
https://doi.org/10.1016/j.bbi.2013.07.003
https://doi.org/10.1007/s11064-014-1491-z
https://doi.org/10.3389/fneur.2018.00973
https://doi.org/10.1038/nrn.2018.16
https://doi.org/10.1016/j.mcn.2018.04.010
https://doi.org/10.1038/417455a
https://doi.org/10.1242/jcs.046813
https://doi.org/10.1038/npp.2013.207
https://doi.org/10.1016/j.molcel.2005.04.021
https://doi.org/10.1016/j.molcel.2007.05.033
https://doi.org/10.1074/jbc.C700185200
https://doi.org/10.1073/pnas.0907935106
https://doi.org/10.1038/nrg2485
https://doi.org/10.1091/mbc.e10-03-0200
https://doi.org/10.1002/emmm.201201923
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

LoPresti

ACY-738 Impacts Memory and Disease Regulation

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

but are viable and develop normally. Mol Cell Biol. (2008) 28:1688-701.
doi: 10.1128/MCB.01154-06

Ren J, Liao X, Vieson MD, Chen M, Scott R, Kazmierczak J, et al. Selective
HDACS inhibition decreases early stage of lupus nephritis by down-regulating
both innate and adaptive immune responses. Clin Exp Immunol. (2018)
191:19-31. doi: 10.1111/cei.13046

Regna NL, Vieson MD, Luo XM, Chafin CB, Puthiyaveetil AG,
Hammond SE, et al. Specific HDAC6 inhibition by ACY-738 reduces
SLE pathogenesis in NZB/W mice. Clin Immunol. (2016) 162:58-73.
doi: 10.1016/j.clim.2015.11.007

Mithraprabhu S, Khong T, Jones SS, Spencer A. Histone deacetylase (HDAC)
inhibitors as single agents induce multiple myeloma cell death principally
through the inhibition of class I HDAC. Br ] Haematol. (2013) 162:559-62.
doi: 10.1111/bjh.12388

Guo W, Naujock M, Fumagalli L, Vandoorne T, Baatsen P, Boon R,
et al. HDAC6 inhibition reverses axonal transport defects in motor
neurons derived from FUS-ALS patients. Nat Commun. (2017) 8:861.
doi: 10.1038/541467-017-00911-y

Errea OBM, Gonzalez-Franquesa A, Garcia-Roves P, Villoslada
P. The disruption of mitochondrial axonal transport is an early
event in neuroinflammation. ] Neuroinflamm. (2015) 12:152-67.
doi: 10.1186/s12974-015-0375-8

Sorbara CD, Wagner NE, Ladwig A, Niki¢ I, Merkler D, Kleele T, et al.
Pervasive axonal transport deficits in multiple sclerosis models. Neuron.
(2014) 84:1183-90. doi: 10.1016/j.neuron.2014.11.006

Chen S, Owens GC, Makarenkova H, Edelman DB. HDAC6 regulates
mitochondrial transport in hippocampal neurons. PLoS ONE. (2010)
5:¢10848. doi: 10.1371/journal.pone.0010848

Sadoul K, Khochbin S. The growing landscape of tubulin acetylation: lysine 40
and many more. Biochem J. (2016) 473:1859-68. doi: 10.1042/BCJ20160172
Bertrand P. Inside HDAC with HDAC inhibitors. Eur ] Med Chem. (2010)
45:2095-116. doi: 10.1016/j.ejmech.2010.02.030

Butler KV, Kalin J, Brochier C, Vistoli G, Langley B, Kozikowski AP.
Rational design and simple chemistry yield a superior, neuroprotective
HDAC6 inhibitor, tubastatin A. ] Am Chem Soc. (2010) 132:10842-6.
doi: 10.1021/ja102758v

30.

31.

32.

33.

34.

35.

36.

Perry S, Kiragasi B, Dickman D, Ray A. The role of histone deacetylase
6 in synaptic plasticity and memory. Cell Rep. (2017) 8:1337-45.
doi: 10.1016/j.celrep.2017.01.028

Majid T, Griffin D, Criss ZII, Jarpe M, Pautler RG. Pharmocologic treatment
with histone deacetylase 6 inhibitor (ACY-738) recovers Alzheimer’s disease
phenotype in amyloid precursor protein/presenilin 1 (APP/PS1) mice.
Alzheimers Dement. (2015) 1:170-81. doi: 10.1016/j.trci.2015.08.001

Selenica ML, Benner L, Housley SB, Manchec B, Lee DC, Nash KR, et al.
Histone deacetylase 6 inhibition improves memory and reduces total tau
levels in a mouse model of tau deposition. Alzheimers Res Ther. (2014) 6:12.
doi: 10.1186/alzrt241

Zhang L, Liu C, Wu J, Tao JJ, Sui XL, Yao ZG, et al. Tubastatin A/ACY-1215
improves cognition in Alzheimer’s disease transgenic mice. J Alzheimers Dis.
(2014) 41:1193-205. doi: 10.3233/JAD-140066

Gao YS, Hubbert CC, Lu J, Lee YS, Lee JY, Yao TP. Histone deacetylase 6
regulates growth factor-induced actin remodeling and endocytosis. Mol Cell
Biol. (2007) 27:8637-47. doi: 10.1128/MCB.00393-07

Sun LC, Lin JT, Li W, Zhang L, Zhou TL, Zhang XY. Nicotine inhibits
histone deacetylase 6 activity and chaperone-dependent activation of the
glucocorticoid receptor in A549 cells. Chin Med ]. (2012) 125:662-6.
doi: 10.3760/cma.j.issn.0366-6999.2012.04.019

Naddafi F Reza Haidari M, Azizi G, Sedaghat R, Mirshafiey A. Novel
therapeutic approach by nicotine in experimental model of multiple
sclerosis. Innov Clin Neurosci. (2013) 10:20-5. doi: 10.1007/s13760-014-
0392-x

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 LoPresti. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

June 2019 | Volume 10 | Article 519


https://doi.org/10.1128/MCB.01154-06
https://doi.org/10.1111/cei.13046
https://doi.org/10.1016/j.clim.2015.11.007
https://doi.org/10.1111/bjh.12388
https://doi.org/10.1038/s41467-017-00911-y
https://doi.org/10.1186/s12974-015-0375-8
https://doi.org/10.1016/j.neuron.2014.11.006
https://doi.org/10.1371/journal.pone.0010848
https://doi.org/10.1042/BCJ20160172
https://doi.org/10.1016/j.ejmech.2010.02.030
https://doi.org/10.1021/ja102758v
https://doi.org/10.1016/j.celrep.2017.01.028
https://doi.org/10.1016/j.trci.2015.08.001
https://doi.org/10.1186/alzrt241
https://doi.org/10.3233/JAD-140066
https://doi.org/10.1128/MCB.00393-07
https://doi.org/10.3760/cma.j.issn.0366-6999.2012.04.019
https://doi.org/10.1007/s13760-014-0392-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	The Selective HDAC6 Inhibitor ACY-738 Impacts Memory and Disease Regulation in an Animal Model of Multiple Sclerosis
	Introduction
	Materials and Methods
	EAE Induction
	Drug Treatment
	Cross-Maze Exploration Test
	Statistical Analysis

	Results
	The Selective HDAC6 Inhibitor ACY-738 Regulates Experimental Autoimmune Encephalomyelitis Disease
	The Selective HDAC6 Inhibitor ACY-738 Regulates Short-Term Memory in a Manner Sensitive to Disease Severity
	Experiments With 200 μg MOG35-55
	Experiments With 100 μg MOG35-55
	Experiments With 50 μg MOG35-55


	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


