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Histone acetylation, catalyzed by histone acetyltransferases, has emerged as a promising therapeutic strategy in Alzheimer’s
disease (AD). By longitudinally characterizing spatial memory at 3, 6, and 9 mo of age, we show that acute activation and
inhibition of the histone acetyltransferase PCAF remediated memory impairments in 3XxTG-AD mice in an age-related bidir-
ectional manner. At 3 and 6 mo of age, PCAF activation ameliorated memory deficits. At 9 mo of age, PCAF activation had
no effect on spatial memory, whereas PCAF inhibition improved memory deficits in females. This work reveals a complex
potential therapeutic role for PCAF in AD, initially benefitting memory but becoming detrimental as the disease progresses.

[Supplemental material is available for this article.]

Alzheimer’s disease (AD) is a debilitating neurodegenerative disor-
der characterized by progressive cognitive impairment related to
brain pathology. Despite significant advances in the understand-
ing of the molecular mechanisms that underlie AD, current thera-
pies are minimally effective (Casey et al. 2010; Ibrahim and Gabr
2019). Epigenetic modifications act above the level of the DNA se-
quence to regulate gene expression in response to environmental
stimuli, eliciting dynamic changes that are critical for forming
memories and maintaining the proper balance of proteins that pro-
duce and degrade molecules that cause pathology in neurodegen-
erative diseases such as AD (Selvi et al. 2010; Sweatt 2013).
Therefore, epigenetic therapies may be effective in treating both
memory decline and neuropathology in AD.

Histone acetylation, one of the most extensively studied epi-
genetic modifications, generally promotes gene expression via the
addition of acetyl groups, by histone acetyltransferases (HATs), to
lysine residues on histone tails around which DNA is wrapped,
thereby promoting access of transcriptional machinery to the
DNA (Kuo and Allis 1998). Histone deacetylation, catalyzed by his-
tone deacetylases (HDACs), removes acetyl groups from histone
proteins and induces gene repression (De Ruijter et al. 2003).
Both HAT activation and HDAC inhibition increase histone acety-
lation, which regulates the expression of genes that support many
facets of learning and memory (Griff and Tsai 2013; Peixoto and
Abel 2013).

Studies examining the therapeutic effects of increasing his-
tone acetylation in AD have predominantly focused on HDAC in-
hibition. In transgenic mouse models of AD, global and
subtype-specific HDAC inhibition have been shown to attenuate
behavioral deficits in contextual fear conditioning (Fischer et al.
2007; Francis et al. 2009; Kilgore et al. 2010; Cuadrado-Tejedor
et al. 2015, 2017), Morris water maze (MWM) (Ricobaraza et al.
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2009; Graff et al. 2012; Govindarajan et al. 2013; Sung et al.
2013; Cuadrado-Tejedor et al. 2015, 2017), exploratory behavior
(Govindarajan et al. 2011), and nesting behavior (Zhang and
Schluesener 2013), as well as restore levels of histone acetylation
(Fischer et al. 2007; Francis et al. 2009; Ricobaraza et al. 2009,
2012; Govindarajan et al. 2011; Griff et al. 2012) and decrease am-
yloid and tau pathology (Sung et al. 2013; Zhang and Schluesener
2013). Although HDAC inhibition appears to have a robust effect
on memory enhancement (memory impairments were attenuated
even in 15-mo-old mice with very advanced stages of AD patholo-
gy) (Govindarajan et al. 2011), there are several limitations
associated with using HDAC inhibitors to treat cognitive impair-
ment. The mechanism of action of many HDAC inhibitors is poor-
ly understood, broad-spectrum HDAC inhibition can be toxic,
few selective HDAC inhibitors are commercially available,
memory-enhancing effects of HDACs can be dependent on proper
HAT function (Vecsey et al. 2007; Chen et al. 2010), and the prima-
ry function of HDAC:s is to remove acetyl groups added by HATs
(Day and Sweatt 2011). This suggests that modulation of specific
HATSs could be a promising alternative therapeutic approach.
Although selective HAT activators are commercially available
for prominent HATs (e.g., CREB-binding protein [CBP], E1A-bind-
ing protein [p300], and p300/CBP-associated factor [PCAF]) and in-
creasing lysine acetylation has positive effects on cognition, very
few studies have evaluated the therapeutic potential of HATs in
preclinical AD models. One study demonstrated that increased
CBP expression attenuated MWM impairments in 6-mo-old
3xTG mice (Caccamo et al. 2010). Similarly, Chatterjee et al.
(2018) demonstrated that CSP-TTK21, a CBP and p300 activator,
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Reversal of memory deficits in 3xTG mice by PCAF

restores long-term depression (LTD), dendritic spine density, and
MWM performance in 8-mo-old THY-Tau22 transgenic mice.
These results demonstrate that increasing the activity of the
HATSs CBP and p300 positively regulates cognition in mouse mod-
els of AD and therefore could be an effective therapeutic strategy.

Interestingly, PCAF may function atypically in AD. While
PCAF activation enhances memory in normal rodents (Wei et al.
2012; Mitchnick 2018), in Ap-treated rodents, PCAF inhibition or
KO attenuates AD-like cognitive deficits (Duclot et al. 2010b;
Park et al. 2013, 2015), suggesting that PCAF activity may actually
be detrimental when disease is present. Indeed, the PCAF inhibitor,
C-30-27, decreased AB-induced inflammation and cell death in
cells (Park et al. 2013) and inhibited nonhistone acetylation of
NF-«B in AB-treated rats, improving MWM performance (Park
et al. 2015). Similarly, Duclot et al. (2010b) demonstrated that
PCAF KO mice were protected against AB-induced toxicity and cog-
nitive impairment following intraventricular Ap treatment. These
studies suggest that HAT activity and acetylation patterns in AD
are likely complex and memory deficits may not always be amelio-
rated by simply activating HATSs.

We hypothesize that PCAF functions bidirectionally in AD,
initially benefitting memory in young/cognitively unimpaired
mice but is detrimental as neuropathology/cognitive impairments
become more severe. We explored the therapeutic potential of
PCAF activation and inhibition on hippocampus-dependent spa-
tial memory in male and female wild-type (Wt; B6129SF2/]) and
triple transgenic [3xTG; B6;129 PsenitmiMpm Tg(APPSwe,
tauP301L)1Lfa/Mmjax] mice. Spatial memory was longitudinally
tested at 3, 6, and 9 mo of age in the same group of mice. These
timepoints were chosen based on our previous work (Beraldo
et al. 2019). We show that PCAF bidirectionally regulates spatial
memory in 3xTG mice. At 3 and 6 mo of age, PCAF activation at-

tenuated memory deficits, but by 9 mo of age, this approach was
no longer effective and PCAF inhibition, which impaired memory
in wild-type (Wt) mice, attenuated the long-term spatial memory
deficit in female 3xTG mice.

To mimic systemic drug administration that is used therapeu-
tically, we pharmacologically manipulated PCAF using the activa-
tor SPV106 and inhibitor embelin. Mice were habituated to the
injection procedure with two injections of physiological saline pri-
or to the start of each behavioral experiment. SPV106 (Sbardella
et al. 2008; Milite et al. 2011), or vehicle (1% DMSO) treatments
were administered 3 d presample at 25 mg/kg intraperitoneally (i.
p.)- Six days were left between SPV106 injections in a within-
subjects design. This dosing regimen was based on our pilot data
and findings from another group demonstrating behavioral en-
hancements following systemic SPV106 administration in healthy
rodents 3-d after administration (Wei et al. 2012; Mitchnick et al.
2016). Embelin (2,5-dihydroxy-3-undecyl-2,5-cyclohexadiene-
1,4-dione; Abcam) is a noncompetitive PCAF antagonist. Acute
embelin or vehicle (5% DMSO + 5%Tween 20) treatments were ad-
ministered immediately postsample (Mitchnick et al. 2016) at 10
mg/kg i.p. At least 3 d were left between embelin injections in a
within-subjects design. Twelve days were left between SPV106
and embelin experiments at 9 mo of age to allow for ample drug
washout.

We used the object location (OL) (Fig. 1) task to assess
hippocampus-dependent spatial memory because the hippocam-
pus (HPC) is a brain region severely affected by neuropathology
at relatively early stages of AD, AD patients frequently suffer
from impairments in various aspects of spatial processing includ-
ing spatial navigation and spatial memory (e.g., Toledo-Morrell
and Dickerson 2000; Delpolyi et al. 2007; Moodley et al. 2015),
and the one-trial nature of this task does not require extensive
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Figure 1. (A) Schematic representation of the longitudinal experimental time line. Behavioral testing was conducted at 3, 6, and 9 mo of age in the same

group of mice. (B) Schematic representation of the object location (OL) task. Object location was run in an open-field arena (45 x 45 x 30 cm). Prior to behav-
ioral testing all mice were extensively handled and habituated to an empty testing apparatus for 10 min on two consecutive days. In the sample phase, the
mice explored two identical objects. Following a variable retention delay, in the choice phase, the mice explored copies of the sample objects. One object
remained in the same position as the sample phase, while the other object was positioned in a novel location. Memory is inferred by preferential exploration of
the object in the novel location during the choice phase. Objects had no apparent biological significance to mice and were distinct in size (5-15 cm tall),
material (glass, metal, and plastic), and color. The order of object pairs and the side of the apparatus (left or right) where the novel object was placed
during the choice phase were counterbalanced. SPV106 or vehicle (1% DMSO) was administered systemically 3 d presample at 25 mg/kg i.p. Acute
embelin or vehicle (5% DMSO + 5%Tween 20) treatments were administered immediately postsample (Mitchnick et al. 2016) at 20 mg/kg.

www.learnmem.org 72 Learning & Memory



Reversal of memory deficits in 3xTG mice by PCAF

training, aversive stimuli, or reward;
therefore, memory can be evaluated in a
manner similar to daily human inter-
action with objects (Ennaceur and
Delacour 1988; Dere et al. 2007). In the
sample phase, mice explored two identi-
cal objects for 10 min. Then there was a
5-min or 3-h retention delay to assess
short- and long-term memory, respec-
tively. At the end of the retention delay,
mice underwent a 3-min choice phase,
in which one object from the sample

0.8

0.6

0.4 *x

0.

H

0.0

P

[ Male Vehicle
[ Female Vehicle
[ Male SPV-106
Il Female SPV-106

3 Months

AAA

000

I I

ke

]

o
ok I

phase was moved to an adjacent corner
of the arena. Objects had no apparent bi-
ological significance to mice and were

Discrimination Ratio

-0.2

-0.4

distinct in size (5-15 cm tall), material

(glass, metal, and plastic), and color and wt

3xTG Wt 3xTG

were previously found to produce no ob-
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der of object pairs and the side of the
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each behavioral trial, objects were
wiped with 50% ethanol (to eliminate ol-
factory cues), and the testing apparatus
was wiped with dry paper towel.
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Performance was determined by calculat-
ing a discrimination ratio [DR = (relocat-
ed object exploration —familiar object
exploration)/(total object exploration)].
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ory. Split plot analysis of variance
(ANOVA) was used to analyze DRs with
retention delay and drug as within-
subjects factors and sex and genotype as
between-subjects factors. We report par-
tial eta squared (npz) as an index of effect
size. Paired samples f-tests were used as a
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dicative of intact memory. Sample DRs
are reported in Supplemental Tables S1
and S2. Outliers (>2 SD £ mean) were ex-
cluded from analyses (see Supplemental
Tables S3, S4). All statistical analyses
were conducted with a significance level
of o =0.05 using IBM SPSS statistics.
Where appropriate, the Bonferroni cor-
rection was applied. To account for con-
founding genotype and/or drug effects
on memory performance, we also exam-
ined exploratory behavior and the corre-
lation between total exploration (sample
or choice) and task performance (choice DR) (see Supplemental
Tables S5-S8).

Administration of the PCAF activator SPV106 ameliorated OL
deficits in 3-mo-old 3xTG mice (genotype x sex interaction: F; 43)=
4.626, P=0.037, np2= 0.097; genotype x drug: F(; 43y=13.929, P=
0.001, n,%=0.245; sex x drug: F(1,43)=8.264, P=0.005, 1,>=0.167;
and main effect of drug: F( 43,=20.764, P<0.001, np2=0.326)
(Fig. 2A). Post hoc t-tests revealed a significant difference between
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Figure 2. Age-dependent amelioration of spatial memory by PCAF activation (SPV106 at 25 mg/kg) in
3xTG mice. (A) At 3 mo of age, vehicle-treated 3xTG mice were delay-independently impaired on OL; treat-
ment with SPV106 ameliorated this impairment. N=12 Wt male, N=12 Wtfemale, N=12 3xTG male, N=
12 3xTG female. (B) At 6 mo of age, vehicle-treated 3xTG mice were delay-independently impaired on OL;
treatment with SPV106 continued to ameliorate thisimpairment. N=12 Wt male, N=10 Wt female, N=11
3xTG male, N=11 3xTG female. (C) At 9 mo of age, vehicle-treated 3xTG mice were delay-independently
impaired on OL, but treatment with SPV106 failed to attenuate thisimpairment. N=12 Wt male, N=10 Wt
female, N=11 3xTG male, N=11 3xTG female. Data are mean + SEM. (*) P<0.05, (**) P<0.01, (***) P<
0.001, indicates significant differences between sample and choice DR. (AAA) P<0.001 significantly differ-
ent from vehicle-treated Wt mice, (666) P<0.001 significantly different from SPV106-treated Wt mice,
(oo6) P<0.001 significantly different from SPV106-treated 3xTG mice.

vehicle and SPV106-treated 3xTG mice (t4s)=-5.522, P<0.001)
and between vehicle-treated 3xTG mice and Wt mice (vehicle:
t2)=2.977, P=0.032; SPV106: t92=3.672, P<0.001). Comple-
mentary analysis with paired sample t-tests between sample and
choice discrimination ratios (DRs) indicated intact spatial memory
in all Wt mice (vehicle-treated males, 5 min: t;1)=-6.584, P<
0.001; SPV106-treated males, 5 min: t31,=-6.197, P<0.001;
vehicle-treated males, 3 h: f11)=—4.567, P=0.001; SPV106-treated
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males, 3 h: t11,=-7.113, P<0.001; vehicle-treated females, 5 min:
ta1y=-3.692, P=0.004; SPV106-treated females, 5 min: t;1)=
-3.283, P=0.007; SPV106-treated females, 3 h: t1)=-4.458, P=
0.001), except vehicle-treated Wt females at 3 h. Vehicle-treated
3xTG mice were impaired, and pretreatment with SPV106 amelio-
rated these impairments (males, 5 min: t4,,=-6.197, P<0.001;
males, 3 h: t1;)=-5.814, P<0.001; females, 5 min: f,)=—-4.068,
P=0.002; females, 3 h: t;1,=—-4.020, P=0.002).

Similarly, at 6 mo old, SPV106 ameliorated OL deficits in
3xTG mice (genotypexdrug: Fq43)=35.906, P<0.001, np2=
0.455; genotype: F(j,43)=51.508, P<0.001, np2=0.545; and main
effect of drug: F(;43=33.185, P<0.001, np2=0.436) (Fig. 2B).
Post hoc t-tests indicated a significant difference between vehicle
and SPV106-treated 3xTG mice (f4s5=—6.747, P<0.001) and
between Wt and vehicle-treated 3xTG mice and Wt mice
(vehicle: f92)=8.631, P<0.001; SPV106: f92=8.707, P<0.001).
Complementary paired samples t-tests between sample and choice
DRs suggested intact spatial memory in Wt mice (vehicle-treated
males, 5 min: t4;)=-6.824, P<0.001; SPV106-treated males,
5 min: f41,=-8.338, P<0.001; vehicle-treated males, 3 h: t;1)=
—-3.953, P=0.002; SPV106-treated males, 3 h: f47)=-12.295, P<
0.001; vehicle-treated females, 5 min: f41)=-8.058, P<0.001;
SPV106-treated females, 5 min: t4,)=-2.443, P=0.033; vehicle-
treated females, 3 h: t;,=-3.178, P=0.009; SPV106-treated fe-
males, 3 h: t;1,=-4.423, P=0.001), as well as SPV106-treated
3XTG mice (males, 5 min: f4,)=-3.501, P=0.005; males, 3 h:
ta1y=-3.595, P=0.004; females, 5 min: t;1)=—4.836, P=0.001; fe-
males, 3 h: t1,)=-2.622, P=0.025).

At 9 mo old, SPV106 failed to attenuate OL deficits in 3xTG
mice (drug x sex: F(1 40)=6.154, P=0.017, np2=0.133; and main ef-
fect of genotype: F(1,40)=99.230, P<0.001, Tlp2=0-713) (Fig. 2C).
Likewise, paired samples t-tests between sample and choice DRs in-
dicated intact spatial memory in Wt mice (vehicle-treated males,
S min: t;1,=-4.303, P=0.001; SPV106-treated males, 5 min:
ta1y =—=7.066, P<0.001; vehicle-treated
males, 3 h: f41)=-5.440, P<0.001;
SPV106-treated males, 3 h: f11,=-4.236,
P=0.001; vehicle-treated females, 5 min:
t9)=-9.508, P<0.001; SPV106-treated fe-
males, 5 min: t¢=-3.618, P=0.006;
vehicle-treated females, 3 h: f)=-3.249,
P=0.010; SPV106-treated females, fo)=

females t19)=11.730, P<0.001), vehicle-treated 3xTG mice (males:
t(294873) = —7.766, P< 0.001, females: t(31_274)=4.700, P< 0.001),
and embelin-treated 3xTG males (t35=-3.688, P=0.014).
Complementary paired sample t-tests between sample and choice
DR suggest intact spatial memory in vehicle-treated Wt mice
(males, 5 min: t;0,=—4.958, P=0.001; males, 3 h: t40)=-5.137,
P<0.001; females, 5 min: fo)=-2.819, P=0.020; females, 3 h:
=-4.239, P=0.002) and embelin-treated 3xTG females at the 3 h
delay (f10)=-2.803, P=0.019).

By longitudinally evaluating the effects of PCAF activation on
OL memory, these experiments demonstrate severe impairments
in short- and long-term OL memory in 3xTG mice and suggest
that PCAF activation can ameliorate spatial memory deficits, but
likely in an age-dependent manner. These findings suggest a com-
plex role of PCAF in AD-relevant cognition, by which PCAF is ini-
tially beneficial for OL memory but may become detrimental,
possibly interacting with the ongoing development of AD pathol-
ogy. Our findings help to clarify the discrepant results demonstrat-
ing that while PCAF activation enhances memory in normal
rodents (Maurice et al. 2008; Duclot et al. 2010a; Wei et al. 2012;
Mitchnick et al. 2016; Mitchnick 2018), in AB-treated rodents
PCAF inhibition or KO attenuates AD-like cognitive deficits
(Duclot et al. 2010b; Park et al. 2013, 2015).

Th effects of PCAF activation and inhibition on spatial mem-
ory are likely mediated by alterations in the acetylation of both his-
tone and nonhistone proteins. The beneficial effects of PCAF
activation on long-term memory reported here are likely linked
to increases in histone acetylation. Indeed, SPV106 has been
shown to increase global levels of H3 and H4 acetylation
(Sbardella et al. 2008; Milite et al. 2011), which can correlate
with transcriptional activity and long-term memory enhancement
(e.g., Levenson et al. 2004; Pokholok et al. 2005; Bousiges et al.
2010; Peleg et al. 2010; Chatterjee et al. 2018). It is also possible
that PCAF-induced acetylation of nonhistone proteins facilitates
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male: t40)=1.074, P<0.001), as well as
vehicle-treated 3xTG mice (males: f40)=
6572, P<0001, females: t(zg‘gzz) = 3863,
P=0.014). In addition, there were also sig-
nificant differences between vehicle-
treated Wt females and embelin-treated
Wt mice (males: t40)=-9.520, P<0.001;
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Figure 3. Regulation of spatial memory by PCAF inhibition (embelin 10 mg/kg). At 9 mo of age,
embelin impaired Wt mice at both delays. Vehicle-treated 3xTG mice were impaired at the 5 min and
3 h delay; embelin may attenuate this impairment, particularly in 3xTG females at 3 h. N=11 Wt
male, 10 Wt female, 10 3xTG male, 11 3xTG female. N=11 Wt male, 10 Wt female, 10 3xTG male,
11 3xTG female. Data are mean £ SEM. (*) P<0.05, (**) P<0.01, (***) P<0.001 indicates significant dif-
ferences between sample and choice DR. (666) P<0.001 significantly different from embelin-treated Wt
males, (1) P<0.001 significantly different from embelin-treated Wt females, (31}) P<0.001 signifi-
cantly different from vehicle-treated 3xTG males, (¢) P<0.01, (¢¢¢) P<0.001 significantly different
from vehicle-treated 3xTG females, (#) P<0.05 significantly different from embelin-treated 3xTG males.
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OL memory, especially given the enhancing effects of SPV106 on
short-term OL memory (5 min). Previous work from our group
and others has demonstrated that PCAF, unlike other HATs, is nec-
essary for short-term memory (Maurice et al. 2008; Duclot et al.
2010a; Mitchnick et al. 2016). Given the relatively short retention
delays (<20 min) used in these experiments, it is more likely that
acetylation of cytosolic proteins that initiate nongenomic effects
(e.g., intracellular signaling cascades, protein stability, or protein
degradation) supports short-term memory. Indeed, Mitchnick
(2018) show that PCAF interacts with estrogen receptor a to facili-
tate short-term object memory. By 9 mo of age, SPV106 failed to at-
tenuate spatial memory deficits, suggesting that the memory
promoting effects of PCAF activation are insufficient to overcome
OL impairments induced by AD neuropathology at this age. It is
also possible that PCAF activation contributes to AD pathology.
Indeed, histone acetylation and PCAF activity have been shown
to regulate genes upstream of AP degradation (e.g., APP, B-site
APP cleavage enzyme [BACE] 1, PS1, and somatostatin) and inflam-
mation (e.g., interleukin [IL]-1B, IL-6, and tumor necrosis factor-a
[TNF-a]) (Ito et al. 2000; Duclot et al. 2010b; Guo et al. 2011).
Furthermore, PCAF activity has been shown to promote the non-
histone acetylation of NF-kB, which has been linked to increased
inflammation and levels of AB (Park et al. 2013, 2015). At this
advanced age, the beneficial effect of embelin treatment in 3xTG
females could result from inhibition of these pathological
cascades.

Itis not clear why the OL impairments were not attenuated in
aged 3xTG males. Perhaps there is some protective effect of estro-
gens in females; indeed, coadministration of an estrogen receptor
antagonist has been shown to block the memory-enhancing ef-
fects of SPV106 (Mitchnick et al. 2016). The lack of remediation
by embelin in aged males may also suggest that OL impairments
are worse in 3xTG males, which is in agreement with our previous
findings, using a similar object task, demonstrating that 3xTG
males had more severe object memory impairments when the spa-
tial nature of the task was increased (Creighton et al. 2019). In ad-
dition to this major sex difference, we also observed more subtle
differences in the magnitude of the discrimination ratio between
male and female mice. For example, at 3 mo of age, Wt males per-
formed better than Wt females. This difference was not observed at
later ages. Sex-specific effects are particularly relevant in AD since
females often exhibit more severe pathological change and cogni-
tive deficits (Rocca et al. 1986; Ruitenberg et al. 2001). Similar sex
differences in pathology, longevity, and cognition are seen in sev-
eral transgenic mouse models of AD, including 3xTG mice (Carroll
etal. 2010; Clinton et al. 2007; Creighton et al. 2019; Hirata-Fukae
et al. 2008; Rae and Brown 2015; Mendell et al. 2020).

These experiments demonstrate a significant amelioration of
cognitive deficits in 3xTG mice, even at advanced ages, following
either acute activation or inhibition of PCAF, providing additional
support for the use of epigenetic therapies in neurodegenerative
diseases like AD. It remains to be seen whether other HATs and oth-
er epigenetic factors also function bidirectionally in AD. Although
many studies have shown that epigenetic therapies strictly attenu-
ate cognitive deficits in transgenic AD mouse models, these studies
have not used a systematic longitudinal design. In conclusion, the
complex role of PCAF throughout the progression of AD suggests
that greater mechanistic insight into the interactions between
HATs, AD pathology, and cognition is required for the success of
future epigenetic therapies.
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