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Chronic pethidine treatment induces histone H3  
acetylation in rat brain

Feng Wang*, Lei Wang*, Yan Wang, Xiao-Ping Wang

Department of Neurology and Oncology, Shanghai General Hospital Affiliated Shanghai Jiaotong University, 
Shanghai 200080, China. *Equal contributors.

Received October 28, 2015; Accepted December 25, 2015; Epub March 1, 2016; Published March 15, 2016

Abstract: Many gene transcriptional activities are modulated by histone acetylation at promoters. The present stud-
ies investigated histone H3 acetylation level following single and repeated pethidine treatment in different brain 
regions. Our data showed that repeated, but not single pethidine administration, induced a significant increase of 
histone H3 acetylation level in the subiculum of hippocampus. However, changes of histone H3 acetylation level 
was not detected in the CA1 of hippocampus or the medial prefrontal cortex (mPFC). Furthermore, a relationship 
between histone acetylaton and pethidine-induced place preference were discovered. Moreover, addiction-related 
gene transcriptional activations were regulated by H3 acetylation at specific gene promoters in the subiculum of 
hippocampus. Taken together, our data demonstrate that H3 acetylation in the subiculum of hippocampus may be 
involved in neural plasticity changes in opioid abuse.
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Introduction

Pethidine is a valuable drug in general practice. 
It is useful in the acute pain of trauma and 
renal or biliary colic. For much of the 20th cen-
tury, pethidine was the opioid of choice for 
many physicians [1]. In fact, pethidine is no 
more effective than morphine at treating biliary 
or renal pain, and its low potency, short dura-
tion of action, and unique toxicity (i.e., seizures, 
delirium, other neuropsychological effects) rel-
ative to other available opioid analgesics have 
seen it fall out of favor in recent years for all  
but a very few, very specific indications. Several 
countries, including Australia, have put strict 
limits on its use [2]. Nevertheless, some physi-
cians continue to use it as a first line strong opi-
oid, for instance, pethidine is routinely used in 
our center in post cesarean pain treatment.

Unlike morphine, a potent mu opioid receptor 
agonist, pethidine exerts its analgesic effects 
by acting as an agonist at the kappa opioid 
receptor, primarily [3]. However, like other opi-
oid drugs, pethidine has the potential to cause 
physical dependence or addiction [3, 4]. Pethi- 

dine may be more likely to be abused than other 
prescription opioids, perhaps because of its 
rapid onset of action. The regulation of gene 
expression in the brain reward regions is known 
to contribute to the pathogenesis and persis-
tence of drug addiction [5]. For example, chron-
ic cocaine experience activate a set of genes in 
the nuclear accumbence (NAc), the Medial 
Prefrontal Cortex (mPFC) or the hippocampus, 
and the expression of these genes remains ele-
vated for days to weeks [6-9]. Hence, the inves-
tigation on the adaptive change of the level of 
gene transcription caused by chronic opiate 
treatment is crucial for further understanding of 
the mechanisms of opiate addiction.

Recent evidence has prompted the notion that 
epigenetic mechanisms exert lasting effects on 
gene expression through the regulation of chro-
matin structure [10]. In general, increased his-
tone acetylation level is correlative with DNA 
relaxation and elevated transcriptional activity, 
whereas decreased acetylation, results in tight-
er DNA coiling and gene silencing. The regula-
tion of histone acetylation is recognized as a 
vital mechanism in several important phenom-
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ena in the brain, including neurodegeneration 
[11, 12], neuronal differentiation [13, 14], sei-
zure [15, 16], memory formation [17-19], and 
drug addiction [20, 21]. However, the potential 
effects of pethidine treatments on addiction-
related genes transcriptional activation were 
unclear.

Materials and methods

Antibodies and reagent

The primary antibodies used, and their dilu-
tions were as follows: anti-acetylated H3 (rabbit 
polyclonal, Lys-9/Lys-14, 1 mg/ml, Upstate 
Biotechnology), anti-β-actin (Rabbit Polyclonal, 
1 mg/ml, Cell Signaling). The secondary anti-
bodies were horseradish peroxidase-conjugat-
ed goat anti-Rabbit IgG (1:200, Biotinylated 
Antibody, Vectastain), IRDye 800CW-conjugated 
anti-Rabbit antibodies (1:1000, Rockland Bio- 
sciences, Gilbertsville, PA), pethidine hydro-
chloride (Shenyang Pharmaceutical Company, 
100 mg/ml).

Animals and treatments paradigms

Male Sprague-Dawlay rats (Shanghai Center of 
Experimental Animal, Chinese Academy of 
Sciences) weighing 180-200 g were housed 

and maintained on a 12:12-hr reverse day/light 
cycle with free access to food and water. All 
procedures for the animals were performed in 
agreement with the National Institutes of 
Health guides. Rats were injected s.c. with 50 
mg/kg pethidine hydrochloride (Shenyang 
Pharmaceutical Company, 100 mg/ml) once 
daily or an equal volume of normal saline (NS). 
The influence of acute or chronic pethidine 
hydrochloride treatment was evaluated by the 
following treatment paradigm. The NS-NS group 
received consecutive injections of NS for 10 
days (control group); the NS-Pet group received 
single injection of pethidine on day 10 following 
consecutive injections of NS for 9 days (acute); 
the Pet-Pet group received consecutive injec-
tions of pethidine for 10 days (chronic). All ani-
mals were killed 1 h after the last injection. 

Immunohistochemistry 

Brain sections were incubated overnight at 4°C 
with histone H3 acetylation (rabbit polyclonal, 
Lys-9/Lys-14, 1 mg/ml, Upstate Biotechnology) 
antibodies. Slices were then incubated for 1 hr 
at 20°C with biotinylated goat anti-rabbit anti-
body (1:200, Vector Laboratories) and pro-
cessed with avidin-biotinylated horseradish 
peroxidase complex (Elite ABC kit, Vector 
Laboratories) for 45 min at room temperature. 
The reaction was visualized using diaminoben-
zidine (DAB, Sigma). Quantification of immuno-
reactive cells was performed with Image-Pro 
Plus 6.0. Counts above threshold were taken in 
a standard frame sample area from the 2 con-
secutive sections across both hemispheres per 
animal. 

Western blotting

Histone for western blotting was prepared as 
previously described [18]. In this analysis, the 
blots were incubated with IRDye 800CW- 
conjugated secondary antibody, the infrared 
fluorescence image was obtained using Ody- 
ssey infrared imaging system (Li-Cor Bio- 
science), and the optical density of the bands 
were quantified using the Image-Pro Plus 6.0 
(Media Cybernetics), and the optical density of 
each histone H3 acetylation bands were nor-
malized to the optical densities of the corre-
sponding β-actin bands respectively. Data were 
obtained from at least two independent 
experiments. 

Table 1. Primers for PCR
Method Gene Primer sequences
RT-PCR βactin Fwd: TTACTGCCCTGGCTCCTA

Rev: ACTCATCGTACTCCTGCTTG
c-fos Fwd: GGAATTAACCTGGTGCTGGA

Rev: TGAACATGGACGCTGAAGAG
Rev: AGCCAGCTGTATTGCTCCTCCCT

Cdk5 Fwd: TGGCCGCTGCGATGCAGAAA
Rev: CCCGGAGGGCTGAACTTGGC

BDNF Fwd: TTGCCACAGCCCCAGGTGTGA
Rev: ACGCCTGTCACTGCGCCCTA

FosB Fwd: GGAGAAGCGTCGAATCCGGAGG
Rev: GGCCGTGAGCCACCAGCATGA

CaMKIIa Fwd: CCCCAATATCGTCCGACTC
Rev: CAGCCTCACTGTAATACTCCC

CHIP BDNF Fwd: TGAGGATAGGGGTGGAGTTG
Rev: GCAGCAGGAGGAAAAGGTTA

FosB Fwd: CCCTCTGACGTAATTGCTAGG
Rev: CACCTGCCCATAGTGTGACC

CaMKIIa Fwd: ACAGGGCGTTTCGG
Rev: TCGGGACTAGGACTGG



Histone acetylation, the subiculum of hippocampus, and addiction

3181 Int J Clin Exp Pathol 2016;9(3):3179-3186

Pethidine-induced place pref-
erence

Place preference conditioning 
apparatus consisted of a 
shuttle chamber made of 
Plexiglas (30 cm×60 cm×30 
cm) and was divided into  
two equal-sized compart-
ments by insertion of a remov-
able Plexiglas wall. The device 
was black, one compartment 
had white strips on the wall 
and a texture floor, and the 
other had walls with white 
dots and a smooth floor. The 
device was placed under  
conditions of dim illumination 
(40 lux) and masking noise.  
In preconditioning session, 
rats were in the middle of  
the apparatus, and then were 
allowed to freely explore the 
two compartments for 20 
min. The time spent in each 
compartment was recorded 
by observation. Any rat spent 
less than 5 min (25% of total 
time) in either side was 
eliminated.

Figure 1. Histone acetylation level induced by single 
or repeated pethidine administrations in the CA1, the 
subiculum of hippocampus, and the mPFC. A. Repre-
sentative pictures of immunochemistry in brain slices. 
B. Immunohistochemistry data presented as mean ± 
s.e.m. *P < 0.05, compared with NS-NS control (n = 6-8 
for each group). 

Figure 2. Time-dependent changes of Histone acetylation level induced by 
repeated pethidine administrations in the subiculum of hippocampus, in day 
1, day 5 and day 10 treatment groups. A. Representative immunochemistry 
pictures of the subiculum of hippocampus in brain slices. B. Immunohisto-
chemistry data presented as mean ± s.e.m.
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superscript III reverse transcriptase (Invitro- 
gen). The quantification of DNA was done by 
real-time PCR, using SYBRR Premix Ex TaqTM 
(Takara) and the ABI Prism 7700. Ct values 
from each sample were obtained using the 
operating software of the ABI Prism 7700 [22]. 
Each PCR reaction, run in triplicate for each 
brain sample, was repeated at least twice inde-
pendently. ΔCt was obtained by normalizing to 
corresponding β-actin internal control. Primer 
pairs for real-time PCR are shown in the Table 
1.

Chromatin immunoprecipitation 

Chromatin immunoprecipitation (ChIP) was  
performed using the Upstate Biotechnology 
ChIP kit and following a modified protocol from 
the manufacturer. Briefly, brain tissue was fixed 
in 1% formaldehyde and the lysates were 
sheared by sonication in 1% SDS lysis buffer to 
generate chromatin fragments with an average 
length of 200-1000 bps. The chromatin was 
then immunoprecipitated overnight at 4°C with 
antibodies specific to histone H3 acetylation, or 
an equivalent amount of control IgG. Protein-
DNA-antibody complexes were precipitated 
with protein A-agarose beads for 2 h at 4°C. 
Input or DNA in the complex was subjected to 
quantitative PCR. Primer pairs for specific pro-
moter regions are shown in Table 1.

Statistical analysis

Data were analyzed by one-factor ANOVA, fol-
lowed by Student-Newman-Keuls post hoc 
comparisons.

Results

Histone acetylation level in the subiculum of 
hippocampus was induced by chronic pethi-
dine administrations 

The level of histone H3 acetylation was evalu-
ated whether change following the single and 
repeated administration of pethidine. As shown 
by immunochemistry analysis in Figure 1A and 
1B, seven of 11 animals H3 acetylation levels 
was increased specifically in the subiculum of 
hippocampus (F2, 16 = 4.763, P = 0.024; Figure 
1), but not in the CA1 of hippocampus or the 
mPFC following repeated pethidine administra-
tions. Furthermore, as is shown in Figure 2, 
time-dependent increases of histone acetyla-

Morning conditioning occurred between 8 and 
11 am, animals received consecutive injections 
of pethidine (50 mg/kg) for 10 days and then 
confined for 50 min to the non-preferred side 
as determined in the preconditioning test. 
Afternoon conditioning occurred 4 h later. The 
animals received consecutive injections of 
saline, and were then kept in the preferred side 
as determined in the preconditioning test for 
50 min. The above procedures were repeated 
on the second day of conditioning. Twenty-four 
hours after conditioning, the test was carried 
out exactly as described in the preconditioning 
phase (free access to each compartment for 
20 min) and the time of each rat spent in each 
compartment was recorded. Preference for the 
drug-paired compartment was expressed as 
the difference between the mean of the testing 
and preconditioning scores.

Reverse transcription and quantitative PCR 
(RT-PCR)

Total RNA was prepared with Trizol reagent 
(Invitrogen) according to the manufacturer’s 
instructions. Reverse transcription of purified 
RNA (100 ng of total RNA) was performed using 

Figure 3. Histone acetylation level detected by west-
ern blot. A. Histone acetylation level induced by re-
peated pethidine administrations in the CA1 and 
the subiculum of hippocampus. B. Time-dependent 
changes of Histone acetylation level induced by re-
peated pethidine administrations.
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tion in the subiculum of hippocampus in 
response to repeated pethidine administra-
tions were uncovered (F2, 16 = 3.672, P = 0.050; 
Figure 2). These results were further verified by 
western blotting (Figure 3). Therefore, the 
result showed that the chronic, but not acute 
pethidine use, induced the elevation of histone 
H3 acetylation in the subiculum of hippocam-
pus, in consistence with that the other drug 
use, such as cocaine, morphine etc. [20, 21].

Addiction-related genes expression were up-
regulated by chronic pethidine administrations 

The correlation between histone acetylaton 
and pethidine-induced place preference were 
analyzed. As was shown in Figure 4A, the 
increased time spent in pethidine paired box 
correlated positively with the global acetylation 
level of H3. It has been demonstrated that 
chronic drug use induces many gene changes. 

Reverse transcription and quantitative PCR 
(RT-PCR) was performed to test the addiction-
related genes expression up-regulated by 
repeated pethidine administrations. As is 
shown in Figure 4, the mRNA levels of BDNF, 
FosB, and CaMKIIa were 6.03, 2.13 and 4.47-
fold increases in the subiculum of hippocam-
pus respectively. However, only CaMKIIa mRNA 
level was increased in the CA1 of hippocampus 
(3.46-fold). The number of gene expression 
could be correlated positively with the global 
acetylation level of H3. These data indicated 
that more gene expression may be up-regulat-
ed by chronic pethidine administrations in the 
subiculum of hippocampus, compare with the 
CA1 of hippocampus.

Chronic-pethidine-induced gene transcriptional 
activation is modulated H3 acetylation 

More and more evidence suggests that the reg-
ulation of gene transcription is mediated by 
alter histone acetylation at specific gene pro-
moters. To further clarify the relationship 
between histone acetylation and gene expres-
sion, the levels of H3 acetylation at the promot-
ers of these genes were analyzed in the subicu-
lum of hippocampus by chromatin immunopre-
cipitation (ChIP) following repeated pethidine 
administrations. As shown in Figure 5, in the 
subiculum of hippocampus, chronic pethidine 
use caused a robust (more than 3-fold) increase 
in H3 acetylation at promoters BDNF, FosB, 
and CaMKIIa. These data are consistent with 
the correlation analysis results and indicate 
that Chronic-pethidine-induced gene transcrip-
tional activation was occurred in the subiculum 
of hippocampus and modulated by H3 acety- 
lation. 

Figure 4. The correlation between histone acetylaton and pethidine-induced place preference (A), and addiction-
related genes expression up-regulated by repeated pethidine administrations in the CA1 (B) and the subiculum of 
hippocampus (C). Data are expressed as mean ± s.e.m. **P < 0.01, ***P < 0.001, compared with NS-NS control 
(n = 6-8 for each group).

Figure 5. Changes of histone acetylation in specific 
gene promoter regions in the subiculum of hippo-
campus. Data are expressed as mean ± s.e.m. *P 
<0.05, ***P < 0.001, compared with NS-NS control 
(n = 6-8 for each group).
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Discussion

Pethidine is indicated for the treatment of mod-
erate to severe pain, and is delivered as a 
hydrochloride salt in tablets, as a syrup, or by 
intramuscular or intravenous injection. For 
much of the 20th century, pethidine was the 
opioid of choice for many physicians; in 1983 
60% of doctors prescribed it for acute pain and 
22% for chronic severe pain [1]. Despite guide-
lines for acute or chronic pain management, 
availability of many other more suitable opioids, 
and surveillance by government authorities, 
the prescribing of meperidine remains a con-
cern [23-27]. As a result, pethidine may be 
more likely to be abused than other prescrip-
tion opioids [2]. In our study, we show that his-
tone H3 acetylation level changes and addic-
tion-related gene expression were examined 
with single and repeated pethidine treatment in 
different brain regions. Chromatin immunopre-
cipitation (ChIP) assays were performed to 
investigate the chromatin remodeling by which 
gene expression is regulated with dramatic 
cocaine regulation. Our results demonstrate 
that H3 acetylation in the subiculum of hippo-
campus may be involved in neural plasticity 
changes in opioid abuse. 

The rat hippocampal formation is a C-shaped 
structure that is situated in the caudal part of 
the brain. Three distinct subregions can be dis-
tinguished: the hippocampus proper (consist-
ing of CA1, CA2 and CA3), the dentate gyrus 
(DG) and the subiculum [28, 29]. The sequence 
of molecular mechanisms underlying long-term 
potentiation (LTP) in the CA1 region of the hip-
pocampus has been proposed to underlie 
memory consolidation in that region [30, 31]. 
CA1 projects to the subiculum as well as send-
ing information along the aforementioned out-
put paths of the hippocampus. The subiculum 
is the final stage in the pathway, combining 
information from the CA1 projection and EC 
layer III to also send information along the out-
put pathways of the hippocampus. Recently 
studies reveal that the subiculum may also 
have a role in some of the neurobiological pro-
cesses underlying motivation [28, 29]. In our 
experiment, the CA1 and subiculum of hippo-
campus were investigated as two distinct 
regions. Our results show that the chronic, but 
not acute pethidine uses, induced the elevation 
of histone H3 acetylation in the subiculum of 
hippocampus. However, changes of histone H3 

acetylation level was not detected in CA1 of 
hippocampus. This indicates that chronic pethi-
dine uses may activate more genes and induce 
stronger transcriptional activation in the subic-
ulum of hippocampus. This finding was consis-
tent with the attitude of the neurobiological pro-
cesses underlying motivation, and uncovered 
the epigenetic mechanism of the phenomenon 
in the subiculum of hippocampus.

Drug addiction considered as life-long behav-
ioral abnormalities that was caused by repeat-
ed exposure to drug abuse [32-34]. Increasing 
evidence suggested that long-lasting gene 
expression changes on the brain mediate the 
addiction phenotype, and work over the past 
decade had demonstrated chromatin modifica-
tions involved in these gene transcriptional 
regulations [16, 33-37]. Among these chroma-
tin remodeling researches of drug abuse mod-
els, histone acetylation is the most studied by 
far. Histone acetylation changes had been 
observed at several addiction-related genes in 
the nucleus accumbens (NAc), a key reward 
region of the brain. For instance, H4 acetylation 
was upregluated on the c-Fos promoter acutely, 
but not chronically. By contrast, H3 acetylation 
elevations were only after chronic cocaine on 
the BDNF, Cdk5and CaMKIIa [18, 20, 21, 38]. 
Moreover, genome-wide studies using ChIP-
chip had displayed a comprehensive map of 
genes transcription by histone acetylation after 
chronic cocaine [34]. Our research showed that 
chronic pethidine use caused a robustincrease 
in H3 acetylation at promoters BDNF, FosB, 
and CaMKIIa, demonstrating that chronic-peth-
idine-induced gene transcriptional activation 
was occurred the subiculum of hippocampus 
and modulated by H3 acetylation. 

Conclusion

Chronic pethidine experience induced H3 acet-
ylation elevation in the subiculum of hippocam-
pus, which modulated gene transcriptional acti-
vation and may be involved in neural plasticity 
changes in opioid abuse.

Acknowledgements

This work was supported by a grant from the 
Project Sponsored by National natural Science 
Foundation of China (No. 81101846 and No. 
81071667) and Shanghai Municipal Commis- 
sion of Health Family Planning (201540301).



Histone acetylation, the subiculum of hippocampus, and addiction

3185 Int J Clin Exp Pathol 2016;9(3):3179-3186

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Xiao-Ping Wang, 
Department of Neurology and Oncology, Shang- 
hai General Hospital Affiliated Shanghai Jiaotong 
University, Shanghai 200080, China. Tel: 86 21 
6256 2515; Fax: 86 21 6230 8461; E-mail: xiao- 
pingwangshiyi@126.com

References 

[1] Kaiko RF, Foley KM, Grabinski PY, Heidrich G, 
Rogers AG, Inturrisi CE and Reidenberg MM. 
Central nervous system excitatory effects of 
meperidine in cancer patients. Ann Neurol 
1983; 13: 180-185.

[2] Stein C and Lang LJ. Peripheral mechanisms  
of opioid analgesia. Curr Opin Pharmacol 
2009; 9: 3-8.

[3] Wrench IJ, Cavill G, Ward JE and Crossley AW. 
Comparison between alfentanil, pethidine and 
placebo in the treatment of post-anaesthetic 
shivering. Br J Anaesth 1997; 79: 541-542.

[4] Latta KS, Ginsberg B and Barkin RL. 
Meperidine: a critical review. Am J Ther 2002; 
9: 53-68.

[5] Nestler EJ. Molecular basis of long-term plas-
ticity underlying addiction. Nat Rev Neurosci 
2001; 2: 119-128.

[6] Courtin C, Crete D, Canestrelli C, Noble F and 
Marie-Claire C. Regulation of genes involved in 
dopamine transporter modulation by acute co-
caine in rat striatum. Neurosci Lett 2006; 398: 
235-240.

[7] Thiriet N, Aunis D and Zwiller J. C-fos and egr-1 
immediate-early gene induction by cocaine 
and cocaethylene in rat brain: a comparative 
study. Ann N Y Acad Sci 2000; 914: 46-57.

[8] Chen Y, Jiang Y, Yue W, Zhou Y, Lu L and Ma L. 
Chronic, but not acute morphine treatment, 
up-regulates alpha-Ca2+/calmodulin depen-
dent protein kinase II gene expression in rat 
brain. Neurochem Res 2008; 33: 2092-2098.

[9] Li H, Zhou Y, Kang L and Ma L. Single and re-
peated morphine administrations differently 
regulate expression of N-ethylmaleimide-
sensitive factor gene in the rat brain. 
Neuroreport 2006; 17: 71-74.

[10] Colvis CM, Pollock JD, Goodman RH, Impey S, 
Dunn J, Mandel G, Champagne FA, Mayford M, 
Korzus E, Kumar A, Renthal W, Theobald DE 
and Nestler EJ. Epigenetic mechanisms and 
gene networks in the nervous system. J 
Neurosci 2005; 25: 10379-10389.

[11] Hockly E, Richon VM, Woodman B, Smith DL, 
Zhou X, Rosa E, Sathasivam K, Ghazi-Noori S, 

Mahal A, Lowden PA, Steffan JS, Marsh JL, 
Thompson LM, Lewis CM, Marks PA and Bates 
GP. Suberoylanilide hydroxamic acid, a histone 
deacetylase inhibitor, ameliorates motor defi-
cits in a mouse model of Huntington’s disease. 
Proc Natl Acad Sci U S A 2003; 100: 2041-
2046.

[12] Hoshino M, Tagawa K, Okuda T, Murata M, 
Oyanagi K, Arai N, Mizutani T, Kanazawa I, 
Wanker EE and Okazawa H. Histone deacety-
lase activity is retained in primary neurons ex-
pressing mutant huntingtin protein. J 
Neurochem 2003; 87: 257-267.

[13] Hsieh J and Gage FH. Epigenetic control of 
neural stem cell fate. Curr Opin Genet Dev 
2004; 14: 461-469.

[14] Lunyak VV, Burgess R, Prefontaine GG, Nelson 
C, Sze SH, Chenoweth J, Schwartz P, Pevzner 
PA, Glass C, Mandel G and Rosenfeld MG. 
Corepressor-dependent silencing of chromo-
somal regions encoding neuronal genes. 
Science 2002; 298: 1747-1752.

[15] Huang Y, Doherty JJ and Dingledine R. Altered 
histone acetylation at glutamate receptor 2 
and brain-derived neurotrophic factor genes is 
an early event triggered by status epilepticus. J 
Neurosci 2002; 22: 8422-8428.

[16] Tsankova NM, Kumar A and Nestler EJ. Histone 
modifications at gene promoter regions in rat 
hippocampus after acute and chronic electro-
convulsive seizures. J Neurosci 2004; 24: 
5603-5610.

[17] Guan Z, Giustetto M, Lomvardas S, Kim JH, 
Miniaci MC, Schwartz JH, Thanos D and Kandel 
ER. Integration of long-term-memory-related 
synaptic plasticity involves bidirectional regu-
lation of gene expression and chromatin struc-
ture. Cell 2002; 111: 483-493.

[18] Levenson JM, O’Riordan KJ, Brown KD, Trinh 
MA, Molfese DL and Sweatt JD. Regulation of 
histone acetylation during memory formation 
in the hippocampus. J Biol Chem 2004; 279: 
40545-40559.

[19] Levenson JM and Sweatt JD. Epigenetic mech-
anisms in memory formation. Nat Rev Neurosci 
2005; 6: 108-118.

[20] Kumar A, Choi KH, Renthal W, Tsankova NM, 
Theobald DE, Truong HT, Russo SJ, Laplant Q, 
Sasaki TS, Whistler KN, Neve RL, Self DW and 
Nestler EJ. Chromatin remodeling is a key 
mechanism underlying cocaine-induced plas-
ticity in striatum. Neuron 2005; 48: 303-314.

[21] Wang L, Lv Z, Hu Z, Sheng J, Hui B, Sun J and 
Ma L. Chronic cocaine-induced H3 acetylation 
and transcriptional activation of CaMKIIalpha 
in the nucleus accumbens is critical for motiva-
tion for drug reinforcement. Neuropsycho- 
pharmacology 2010; 35: 913-928.

[22] Chakrabarti SK, James JC and Mirmira RG. 
Quantitative assessment of gene targeting in 

mailto:xiaopingwangshiyi@126.com
mailto:xiaopingwangshiyi@126.com


Histone acetylation, the subiculum of hippocampus, and addiction

3186 Int J Clin Exp Pathol 2016;9(3):3179-3186

vitro and in vivo by the pancreatic transcription 
factor, Pdx1. Importance of chromatin struc-
ture in directing promoter binding. J Biol Chem 
2002; 277: 13286-13293.

[23] Farahmand M, Kazemnezhad Leili E, Shirvani 
M and Khajeh Jahromi S. Effect of Intravenous 
Intraoperative Esmolol on Pain Management 
Following Lower Limb Orthopedic Surgery. 
Korean J Pain 2015; 28: 198-202.

[24] Clubb B, Loveday W and Ballantyne S. 
Meperidine: a continuing problem. Subst 
Abuse 2013; 7: 127-129.

[25] Mahowald ML, Singh JA and Majeski P. Opioid 
use by patients in an orthopedics spine clinic. 
Arthritis Rheum 2005; 52: 312-321.

[26] Demir A, Cecen K, Karadag MA, Uslu M and 
Arslan OE. Pain control using pethidine in com-
bination with diazepam compared to diclofe-
nac in combination with hyoscine-n-butyl bro-
mide: in patients undergoing extracorporeal 
shock wave lithotripsy. Cent European J Urol 
2015; 68: 201-206.

[27] Fleet J, Belan I, Jones MJ, Ullah S and Cyna 
AM. A comparison of fentanyl with pethidine 
for pain relief during childbirth: a randomised 
controlled trial. BJOG 2015; 122: 983-992.

[28] O’Mara SM, Sanchez-Vives MV, Brotons-Mas 
JR and O’Hare E. Roles for the subiculum in 
spatial information processing, memory, moti-
vation and the temporal control of behaviour. 
Prog Neuropsychopharmacol Biol Psychiatry 
2009; 33: 782-790.

[29] van Strien NM, Cappaert NL and Witter MP. 
The anatomy of memory: an interactive over-
view of the parahippocampal-hippocampal 
network. Nat Rev Neurosci 2009; 10: 272-
282.

[30] Deadwyler SA and Hampson RE. Differential 
but complementary mnemonic functions of 
the hippocampus and subiculum. Neuron 
2004; 42: 465-476.

[31] Andersen P, Soleng AF and Raastad M. The 
hippocampal lamella hypothesis revisited. 
Brain Res 2000; 886: 165-171.

[32] Levine AA, Guan Z, Barco A, Xu S, Kandel ER 
and Schwartz JH. CREB-binding protein con-
trols response to cocaine by acetylating his-
tones at the fosB promoter in the mouse stria-
tum. Proc Natl Acad Sci U S A 2005; 102: 
19186-19191.

[33] Nestler EJ. Epigenetic mechanisms of drug ad-
diction. Neuropharmacology 2014; 76 Pt B: 
259-268.

[34] Feng J, Wilkinson M, Liu X, Purushothaman I, 
Ferguson D, Vialou V, Maze I, Shao N, Kennedy 
P, Koo J, Dias C, Laitman B, Stockman V, 
LaPlant Q, Cahill ME, Nestler EJ and Shen L. 
Chronic cocaine-regulated epigenomic chang-
es in mouse nucleus accumbens. Genome Biol 
2014; 15: R65.

[35] Guan JS, Haggarty SJ, Giacometti E, 
Dannenberg JH, Joseph N, Gao J, Nieland TJ, 
Zhou Y, Wang X, Mazitschek R, Bradner JE, 
DePinho RA, Jaenisch R and Tsai LH. HDAC2 
negatively regulates memory formation and 
synaptic plasticity. Nature 2009; 459: 55-60.

[36] Brandt C, Glien M, Potschka H, Volk H and 
Loscher W. Epileptogenesis and neuropathol-
ogy after different types of status epilepticus 
induced by prolonged electrical stimulation of 
the basolateral amygdala in rats. Epilepsy Res 
2003; 55: 83-103.

[37] Robison AJ, Vialou V, Mazei-Robison M, Feng J, 
Kourrich S, Collins M, Wee S, Koob G, Turecki 
G, Neve R, Thomas M and Nestler EJ. 
Behavioral and structural responses to chronic 
cocaine require a feedforward loop involving 
DeltaFosB and calcium/calmodulin-depen-
dent protein kinase II in the nucleus accum-
bens shell. J Neurosci 2013; 33: 4295-4307.

[38] Wang WS, Kang S, Liu WT, Li M, Liu Y, Yu C, 
Chen J, Chi ZQ, He L and Liu JG. Extinction of 
aversive memories associated with morphine 
withdrawal requires ERK-mediated epigenetic 
regulation of brain-derived neurotrophic factor 
transcription in the rat ventromedial prefrontal 
cortex. J Neurosci 2012; 32: 13763-13775.


