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Introduction: Alzheimer’s disease (AD) is a neurodegenerative disease associated with 
progressive impairment of cognitive function. The primary pathological features of AD 
include aggregation of amyloid-β (Aβ) and hyperphosphorylation of the tau protein. Histone 
deacetylases (HDACs) play a crucial role in the pathophysiology of neurodegenerative 
diseases. This study aimed to investigate the potential neuroprotective effects of HDAC6 and 
HDAC10 inhibition in a rodent model of AD. 

Methods: Learning and memory deficits were induced by bilateral intra-hippocampal Aβ 
injections in male Wistar rats. Tubacin (HDAC6 inhibitor) and bufexamac (HDAC6 and 10 
inhibitors) were microinjected 30 minutes after Aβ injection. The possible molecular changes 
in the hippocampus following Aβ injection were also assessed by western blotting analysis of 
pCREB/CREB and Pp70/P70 ratios. 

Results: Our results revealed that bufexamac significantly recovered learning and memory 
impairments induced by Aβ in the Morris water maze (MWM) task. Tubacin improved 
memory decline without affecting learning. Bilateral intra-hippocampal injection of each of 
the HDAC inhibitors significantly increased the pCREB/CREB and Pp70/p70 ratios compared 
to the Aβ group, which was concurrent with behavioral alterations.

Conclusion: HDAC IIb treatment may be a promising strategy for improving learning and 
memory impairments in an animal model of AD, suggesting that HDAC targeting is a valuable 
strategy for further investigation.
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1. Introduction

lzheimer’s disease (AD) is characterized 
by a slow decline in hippocampal-related 
functions, including cognitive impairment, 
memory loss, and behavioral and functional 
disorders (Cooper & Ma, 2017). Epigenetic 
modifications play a role in AD pathogen-
esis. Epigenetics is the relationship between 

genetics and the environment. Histone acetylation by 
histone acetyltransferases and histone deacetylation by 
histone deacetylases (HDACs) are the most extensively 
studied histone post-translational modifications relevant 
to neurocognitive disorders (Peixoto & Abel, 2013). 

Histone acetylation activates gene transcription, while 
histone deacetylation is closely associated with gene 
transcriptional repression (Lu et al., 2015). It has been 
reported that acetylation and deacetylation hemostasis 
are disturbed in neurodegenerative states (d’Ydewalle 
et al., 2011; Gibson & Murphy, 2010; Gräff & Tsai, 
2013). Numerous studies have demonstrated that histone 
acetylation plays a crucial role in mitigating learning and 
memory impairment (Liu et al., 2009). 

Furthermore, treatment with the HDAC inhibitor, so-
dium butyrate, stimulated hippocampal axonal regenera-
tion and improved learning and memory in the CK-p25 
mouse model of AD (Fischer et al., 2007). In addition, 
the HADC inhibitor, phenylbutyrate, increased axonal 
density and reduced tau hyperphosphorylation (Rico-
baraza et al., 2009). Finally, decreased histone acetyla-
tion levels have been observed in the hippocampus and 
cerebral cortex of aged rats (Peleg et al., 2010; Walker 
et al., 2013). 

In the HDAC family proteins, class IIb includes 
HDACs 6 and 10 (Xu et al., 2007; Sartor et al., 2015). 
The role of HDAC6 in AD has been previously described 
(Zhang et al., 2013; Simões-Pires et al., 2013). It is found 
in both the cytoplasm and nucleus and significantly in-
creases during AD progression. Studies have shown 
that the acetylation activity and expression of HDAC6 
increase in the cortex and hippocampus of patients with 
AD (Gräff et al., 2012; Ding et al., 2008). Although the 
function of HDAC6 in the cytoplasm has been veri-
fied in several studies, the role of another cytoplasmic 
deacetylase, HDAC10, a class IIb histone deacetylase 
(Tong et al., 2002), has not been clarified (Fischer et al., 
2002; Kao et al., 2002). HDAC10 is closely related to 
HDAC6 (Guardiola & Yao, 2002), and can be shuttled 
between the nucleus and cytoplasm. HDAC10 can also 
recruit many other HDACs, indicating that it may act 
as a recruiter rather than a deacetylase. However, when 
HDAC10 is expressed through recombination, it exhibits 
deacetylation activity (Guardiola & Yao, 2002; Fischer et 
al., 2002; Kao et al., 2002; Tong et al., 2002). HDAC10 
regulates reactive oxygen species (ROS) in gastric can-
cer cells. Notably, HDAC10 expression is substantial 
in various regions of the hippocampus, including CA1, 
CA3, and the dentate gyrus (Broide et al., 2007). How-
ever, its function in the hippocampus has not been exten-
sively studied. The current study aimed to investigate the 
outcome of inhibiting class IIb HDACs on learning and 
memory deficits induced by amyloid-β (Aβ) injection. 
It is reported that the cyclic adenosine monophosphate 
response element binding protein (CREB) and ribo-
somal protein S6 kinase phosphorylation are crucial in 
spatial learning and memory formation (Mizuno, 2002). 
To evaluate the possible molecular changes in the hip-
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pocampus due to Aβ injection, the phosphorylated cyclic 
adenosine monophosphate response element binding 
protein (pCREB)/CREB and 70 kD ribosomal protein 
S6 kinase (Pp70/P70) ratio were assessed. 

2. Materials and Methods 

Animals

In this study, adult male Wistar rats, weighing 250-300 
g, were housed in groups of 2-3 per Plexiglas cage. The 
room temperature was maintained at 22±2 °C, and a 12-h 
light–dark cycle (lights on at 07:00) was implemented, 
with free access to water and food. A total of 64 male 
rats (n=8 per group) were divided randomly into eight 
groups (intact, saline, dimethyl sulfoxide [DMSO], Aβ, 
bufexamac, tubacin, bufexamac+Aβ, tubacin+Aβ). 

Surgery 

Rats (n=8 per group) were deeply anaesthetized by i.p. 
injection of a mixture of ketamine (100 mg/kg) and xy-
lazine (10 mg/kg). During stereotaxic surgery, stainless 
steel guide cannulas were fixed bilaterally into the dorsal 
hippocampus (AP: -3.8, ML: ±2.2, DV: -2.7) according 
to the rat atlas (Paxinos & Watson, 2009) and were fixed 
using acrylic cement. The guide cannula was one mm 
above the injection site, and the injection needle was one 
mm longer than the guide cannula. 

Drugs preparation and administration 

The Aβ 25-35 peptide (Sigma, USA) was dissolved 
and stored at -20 °C. Aggregation of Aβ 25–35 was per-
formed by incubating in vitro at 37 °C for 4 days. Bufex-
amac and tubacin (Selleckchem, USA) were dissolved 
in DMSO.

For intra-hippocampal injection of Aβ (5 μg/2.5 μL each 
side), a five μL Hamilton syringe was used. The same 
intra-hippocampal injection volume was previously used 
(Ghorbandaiepour et al., 2024). The injection needle was 
30 gauge. The animals were allowed to move freely in 
their standard boxes during all injections. Tubacin (20 μg/
rat) and bufexamac (20 μg/rat) or DMSO (2.5%) as their 
vehicle were microinjected 30 minutes after Aβ injection.

All microinjections were performed at a speed of 0.5 μL/
min, and the injection needle was left in place for an addi-
tional 2 minutes to allow the solution to completely diffuse 
from the cannula tip and minimize drug backflow. The 
Morris water maze (MWM) test was performed ten days 
after surgery. Figure 1 shows the experimental procedure.

Behavioral testing

The water maze was a black circular pool (150×60 
cm). The water temperature was (20±1 °C), and filled to 
a depth of 25 cm. Previously, ambient temperatures (19-
22 °C) have been used for rats. The behavior outcome 
reported no fatigue or hypothermia (Lindner & Ribkoff, 
1991). Four distinct quadrants were considered in the 
tank, and the release points were designated as zones 1, 
2, 3 and 4. A circular platform (11 cm in diameter) was 
positioned at the center of the first quadrant, 1.5 cm be-
low the water surface. Extra-maze visual cues, including 
computers, bookshelves, and posters on the wall, were 
identified and maintained in fixed positions throughout 
all experiments. The animals’ behavior was recorded us-
ing a digital camera positioned above the center of the 
maze. The swimming path, latency to find the platform, 
travelled distance, and time spent in the target quadrant 
were recorded. 

The animals underwent three days of training sessions. 
Over the first three days, a hidden platform was placed 
in a fixed location. In learning sessions, four trials with 
various starting locations were considered. In each trial, 
animals were released from one of the four different 
starting zones. The allowed time to swim and find the 
hidden platform was 90 seconds. 

Upon finding the platform, the animals were allowed 
to remain there for 20 s until the start of the subsequent 
trial. The probe trial was performed without a platform, 
and the released point was in the opposite zone (Naderi 
et al., 2023). Finally, to assess animal visual ability and 
sensory-motor coordination, the visible platform test 
was performed. To assess whether the surgical procedure 
or drug treatments over time had no adverse impact on 
vision, the visible platform test was conducted on day 4 
after the probe trial in all animals to avoid habituation 
(Paul et al., 2009). 

Tissue preparation 

After completing the behavioral tests, the rats were im-
mediately sacrificed by carbon dioxide (CO2) inhalation, 
decapitated, and their hippocampi were isolated on ice 
and stored in liquid nitrogen for 24 h. They were then 
stored at -80 °C until molecular analysis.

Molecular assessment: Western blot analysis

The hippocampi were homogenized on ice. The RIPA 
lysis buffer consisted of Tris-hydrochloride (HCl) (50 
mM, pH 8.0); sodium chloride (NaCl) (150 mM); Tri-
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ton X-100 (1%); Na-deoxycholate (0.5%); and sodium 
dodecyl sulfate (SDS) (0.1%). The cocktail was supple-
mented with protease and phosphatase inhibitors. The 
lysates were centrifuged (14000 rpm, 30 minutes, 4 °C) 
to remove debris. The protein content of the samples was 
quantified using the Lowry method, and equal amounts 
of protein (50 μg) were separated by 12% polyacryl-
amide gel electrophoresis and transferred to polyvinyli-
dene difluoride (PVDF) membranes. The membranes 
were then incubated with blocking buffer (5% BSA) and 
probed overnight at 4 °C with primary antibodies. Then, 
they were washed in Tris-buffered saline with Tween 20 
(TBS-T) and incubated for 1:5 h with horseradish perox-
idase antibody. Immunoreactivity was visualized using 
an enhanced chemiluminescence (ECL) kit (Amersham, 
UK). Ultimately, the radiographic films were scanned, 
and the protein band density of the blots was calculated 
using ImageJ software, version (RRID: SCR_003070) 
(Mohammadi et al., 2023).

Statistical analysis 

Data were analyzed using GraphPad Prism software, 
version 7.01. Data obtained from the MWM training 
days were analyzed using a two-way analysis of vari-
ance (ANOVA). Tukey’s post hoc test was used for mul-
tiple comparisons. For the probe test and molecular data 
analysis, the one-way ANOVA analysis was used. The 
results are presented as Mean±SEM and P<0.05 is con-
sidered statistically significant.

Results 

Intrahippocampal injection of bufexamac im-
proved spatial learning and memory impairments 
induced by Aβ injection 

As shown in (Figure 2A), a main effect of days (F2, 

14=63.56, P<0.0001) and groups (F3, 21=5.952, P<0.01) 
was observed on the travelled distance to find the hid-
den platform during all training days. However, the in-
teraction between days and groups was not significant 
(F6, 42=0.8386, P=0.5472). Multiple comparisons using 
Tukey’s post-hoc test showed that bufexamac signifi-
cantly reversed the effects of Aβ learning impairment on 
the second and third training days (P<0.01 and P<0.001, 
respectively). 

As illustrated in Figure 2B, bufexamac significantly re-
duced the escape latency to the platform during the sec-
ond and third days of training compared to Aβ treatment. 
Two-way ANOVA with repeated measures revealed a 
main effect of days (F2, 14=55.90, P<0.0001) and groups 
(F3, 21=5.012, P<0.001) on the escape latency to the hid-
den platform during the second and third days of train-
ing. However, the interaction between days and groups 
was insignificant (F6, 42=0.8205, P=0.2461). Multiple 
comparisons using Tukey’s test revealed a significant 
difference in this parameter between the Aβ and Aβ + 
bufexamac groups on the second and third training days 
(P<0.01 and P<0.001, respectively) (Figure 2B).

Data analysis by one-way ANOVA in the probe test 
showed a statistically significant difference in the time 
spent in the target quadrant between the Aβ group and the 
Saline, DMSO and Aβ + bufexamac groups (P<0.0001, 
P<0.01, and P<0.001, respectively) (Figure 2C).

Figure 1. The time line and design of experimental procedures of the study 

Abbreviations: DHC: Dorsal hippocampus; MWM: Morris water maze. 

Note: The animals underwent a one-week handling period before the start of the study.
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Intra hippocampal injection of tubacin not affect-
ing learning but improved memory impairment 
due to Aβ treatment 

As shown in (Figure 3A), tubacin did not affect the 
learning impairment due to Aβ treatment in both trav-
elled distances and escape latency to the hidden platform. 
Two-way ANOVA with repeated measures revealed a 
main effect of days (F2, 14=36.08, P<0.0001) and groups 
(F3, 21=3.012, P<0.05) on the escape latency to the hidden 
platform during the first, second and third days of train-
ing. However, the interaction between days and groups 

was not statistically significant (F6, 42=1.551, P=0.1854). 
However, multiple comparisons using Tukey’s post-hoc 
test showed no difference in this parameter between the 
Aβ and Aβ + tubacin groups on any of the training days 
(Figure 3B).

The results of the one-way ANOVA in the retrieval test 
revealed a statistically significant difference in the time 
spent in the target quadrant between the Aβ group and 
the Saline, DMSO, and Aβ + tubacin groups (P<0.0001, 
P<0.01, and P<0.001, respectively) (Figure 3C).

Figure 2. Effect of intra-hippocampal injection of bufexamac on spatial learning and memory impairments induced by Aβ

Note: Injection of bufexamac significantly improved the performance of the impaired animals during the training days in 
the MWM task. Rats receiving bufexamac (A) travelled shorter distances, and (B) spent less time (escape latency) finding the 
hidden platform compared to the Aβ group during the second and third days of training (C). Following bufexamac intra-hip-
pocampal injection, the time spent in the target quadrant on the probe day significantly increased compared to the Aβ group. 
Data are presented as the Mean±SEM. ***P<0.001 compared to the saline group and ##P<0.01 and ###P<0.001 compared to the 
DMSO group on the training days, and ***P<0.001 compared to the saline group. ##P<0.01 compared to the DMSO group and 
†††P<0.001 compared to the Aβ group on the probe day (n=8 per each group).
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Visuomotor activity did not change during the ex-
periments 

A visible platform test was performed on day 4, follow-
ing the probe trial, in all experimental groups to assess the 
animals’ vision. The results of one-way ANOVA followed 
by Tukey’s test did not show any significant differences 
among groups (F7, 56=0.8300, P=0.5669, Figure 4).

Molecular assessment 

Aβ treatment decreased Pp70/p70 ratio in the hip-
pocampal area recovered by bufexamac and tuba-
cin treatment 

The phosphorylation of P70 (S6K1), a kinase involved 
in enhancing protein synthesis processes, was mea-
sured after MWM. The ratio of the phosphorylated to 
total Pp70/P70 density bands showed that Aβ injection 

caused a significant decrease in Pp70/p70 compared to 
the saline group (F7, 32=0.3300, P<0.05). Bilateral intra-
hippocampal injection of the HDAC inhibitor bufex-
amac significantly increased the Pp70/p70 ratio com-
pared to the Aβ group (F7, 32=0.3300, P<0.05). Tubacin 
significantly increased the Pp70/p70 ratio compared to 
the Aβ group (F7, 32=0.0.3300, P<0.05, Figure 5).

Aβ treatment decreased pCREB/CREB ratio in 
the hippocampal area recovered by bufexamac 
and tubacin treatment 

CREB, a transcription factor related to learning and 
memory processes, was measured after MWM. The ratio 
of the phosphorylated to the total form of pCREB/CREB 
density bands showed that intra CA1 bilateral injection (5 
μg) of Aβ caused a significant decrease in pCREB/CREB 
compared to the saline group (F7, 32=0.5049, P<0.05). 

Figure 3. Effect of intra-hippocampal injection of Tubacin on spatial learning and memory impairments induced by Aβ

Note: Tubacin injection significantly improved the performance of Aβ-treated animals during training days in the MWM 
task. This treatment significantly decreased (A) travelled distance and (B) latency to find the hidden platform (escape latency) 
compared to the Aβ (25-35) group during the second and third days of training (C). Tubacin intra-hippocampal injection 
significantly increased the time spent in the target quadrant compared to the Aβ group on the probe day. Data are shown as 
Mean±SEM. **P<0.01, ***P<0.001 compared to the saline group and #P<0.05 compared to the DMSO group on the training days. 
***P<0.001 compared to the saline group, ##P<0.01 compared to the DMSO group and †††P<0.001 compared to the Aβ group (n=8 
per each group). 
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Bilateral intra-hippocampal injection of HDAC 6 and 
10 inhibitor bufexamac (20 μg) significantly increased 
the pCREB/CREB ratio compared to the Aβ group (F7, 

32=0.5049, P<0.001). Also, HDAC 6 inhibitor Tubacin (20 
μg) significantly increased the pCREB/CREB ratio com-
pared to the Aβ group (F7, 32=0.5049, P<0.001, Figure 6). 

4. Discussion

In the present study, Aβ administration induced neu-
rotoxicity, as demonstrated by spatial memory impair-
ment and a significant decrease in the pCREB/CREB 
and Pp70/p70 ratios. Our data were consistent with pre-
viously published studies that reported memory decline 
in rodent Aβ models (Aminyavari, 2019; Karimi-Zandi, 
2022). CREB is responsible for various neurophysiolog-
ical phenomena, such as plasticity, and has been impli-
cated in cognitive decline (Tanis, 2008). In the present 
study, a decrease in the pCREB/CREB and Pp70/p70 
ratios was used as a molecular confirmation criterion for 
cognitive alteration. Tubacin, a specific HDAC6 inhibi-
tor, significantly reversed memory impairments induced 
by Aβ in the MWM task. The upregulation of HDAC6 
in AD and its correlation with tau hyperphosphorylation 
have been reported. Therefore, the beneficial effect of 
tubacin may be related to the modification of the afore-
mentioned effects (Ding et al., 2008). Evidence shows 
that cytosolic HDAC6 regulates the acetylation of non-

histone proteins, such as p53, FOXP3, heat shock pro-
tein 90, tubulin, Tau, cortactin, and peroxiredoxin (Li 
et al., 2013; Hubbert et al., 2002; Zhang et al., 2007). 
Since these proteins play a role in learning and memory 
processes, their acetylation by HDAC6 inhibitors can be 
effective in improving memory impairments resulting 
from AD (Selenica et al., 2014). Reduction or inhibition 
of HDAC6 decreased Aβ plaques in Aβ protein precur-
sor (AβPP)swe/PS1ΔE9 mice, ameliorated tau patholo-
gies in rTg4510 mice and primary cultured neurons, and 
ultimately improved cognitive deficits. In addition, tau 
acetylation has been reported to compete with tau phos-
phorylation at several HDAC6-regulated sites, thereby 
inhibiting tau aggregation (Carlomagno et al., 2017; 
Cook et al., 2014; Guardiola & Yao, 2002). 

Among all parameters that play a role in the occur-
rence and development of AD, epigenetic factors should 
be considered carefully because they result from the in-
teraction of multiple factors. It has even been proposed 
that an imbalance in histone acetylation occurs at a 
very early stage of AD, before the decline in cognition 
(Marinho et al., 2023).

No reports have compared the selective inhibitors of 
class IIb members in this context. Although various labs 
have studied the effect of HDAC6 inhibition on AD de-

Figure 4. Comparison of visuomotor activity between different experimental groups 

Note: No significant difference was observed in the ability of animals from different experimental groups to find the visible 
platform in the visible test. 
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velopment, research on HDAC10 inhibition has been 
largely neglected.

In the present study, bufexamac, a class IIb-specific 
HDAC inhibitor, significantly increased the Pp70/p70 
and pCREB/CREB ratios compared to the Aβ group. 
These alterations were parallel to improvements in 
memory. Besides, its usage resulted in learning recovery, 
a characteristic that did not ensue upon tubacin injection. 
An explanation for this extra positive effect could be its 
broader inhibitory effects, including those on HDAC6 
and 10. Tubacin selectively inhibits HDAC6, while bu-
fexamac has a selective inhibitory effect on HDAC6 and 
10 (Bantscheff et al., 2011). Using Tubastatin as another 
inhibitor of class IIb HDAC, which can inhibit HDAC10 
with higher affinity than HDAC6, may be one possible 
approach to validate this assumption. Thus, the point of 
interference can be limited (Oehme et al., 2013). 

The second hypothesis for this outcome may be related 
to its anti-inflammatory properties, which are a primary 
feature of bufexamac and cannot be ruled out. In a study 
by Oehme et al. (2013) the possibility of a compensa-
tory effect of HDAC6 for HDAC10 has been rejected 
(Bantscheff et al., 2011). Therefore, members of class 
IIb have individual and perhaps distinct roles in the con-
text of neurodegenerative diseases. 

Despite these possibilities, the efficacy of HDACs 
may vary based on the context (tissue and pathological 
condition), as well as the concentration of these compo-
nents. The unknown mechanism of their action, as well 
as the main target and pathway, are the major issues with 
HDACs that need to be solved. It should be considered 
that these inhibitors can affect multiple pathways due to 
their inherent characteristics. Answering these questions 
may lead to a broader, safer, and more practical solution. 

Figure 5. The densities of Pp70 and their ratios to p70 (Pp70/p70 ratio) measured in all experimental groups 

Note: One-way ANOVA revealed a significant decrease in the Pp70/p70 ratio in the Aβ group compared to the control group. 
A significant increase in this ratio was detected in the Aβ-treated group receiving bufexamac (Aβ + bufexamac) or tubacin (Aβ 
+ tubacin) compared to the Aβ group. B: Densities of Pp70 and p70 bands and their ratios in all experimental groups were 
evaluated. Data are shown as Mean±SEM. *P<0.05 compared to the control group in the Aβ group and #P<0.05 compared to the 
Aβ group in the Aβ + bufexamac and Aβ + tubacin groups (n=5 per group). The phosphorylation levels of proteins and their 
ratios were calculated about the total amount; therefore, the effect of β-actin was neutralized. 
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control group. A significant increase in this ratio was detected in the Aβ-treated group receiving 
bufexamac (Aβ + Bufexamac) or tubacin (Aβ + Tubacin) compared to the Aβ group. B: Densities of Pp70 
and p70 bands and their ratios in all experimental groups were evaluated. Data are shown as mean ± 
SEM.* P < 0.05 compared to the control group in the Aβ group and # P < 0.05 compared to the Aβ group 
in the Aβ + Bufexamac and Aβ + Tubacin groups (n = 5 per group). The phosphorylation levels of 
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5. Conclusion

In conclusion, the present study showed that HDAC 
IIb inhibition may present a promising opportunity for 
developing new therapeutic strategies for learning and 
memory impairments in rodent models of Alzheimer’s-
like diseases. 
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Figure 6. pCREB)/CREB ratio and pCREB and CREB Levels in the control, Aβ and treatment groups

A) The densities of pCREB and their ratios to CREB (pCREB/CREB ratio) were measured in all experimental groups

Note: The data analysis, conducted using one-way ANOVA, showed a significant decrease in the pCREB/CREB ratio in the 
Aβ group compared to the control groups, as well as a significant increase in this ratio in the Aβ + bufexamac and Aβ + tubacin 
groups compared to the Aβ group. 

B) Densities of pCREB and CREB bands and their ratios in all experimental groups were evaluated

Note: Data are presented as the Mean±SEM. *P<0.05 compared to the control in Aβ group and ###P<0.001 compared to the Aβ 
group in the Aβ + bufexamac and Aβ + tubacin groups (n=5 per group).

14 
 

proteins and their ratios were calculated about the total amount; therefore, the effect of -actin was 
neutralized.  
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CREB, a transcription factor related to learning and memory processes, was measured after MWM. The 

ratio of the phosphorylated to the total form of pCREB/CREB density bands showed that intra CA1 

bilateral injection (5 μg) of Aβ caused a significant decrease in pCREB/CREB compared to the saline 

group (F [7, 32] = 0.5049, P < 0.05).  

Bilateral intra-hippocampal injection of HDAC 6 and 10 inhibitor bufexamac (20 μg) significantly 

increased the pCREB/CREB ratio compared to the Aβ group (F [7, 32] = 0. 5049, P < 0.001). Also, HDAC 

6 inhibitor Tubacin (20 μg) significantly increased the pCREB/CREB ratio compared to the Aβ group (F 

[7, 32] = 0. 5049, P < 0.001, Fig.6).  
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