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Abstract  
Emerging evidence has suggested global histone H4 acetylation status plays an important role in neural 
plasticity. For instance, the imbalance of this epigenetic marker has been hypothesized as a key factor for 
the development and progression of several neurological diseases. Likewise, astrocytic reactivity - a well-
known process that markedly influences the tissue remodeling after a central nervous system injury - is 
crucial for tissue remodeling after spinal cord injury (SCI). However, the linkage between the above-men-
tioned mechanisms after SCI remains poorly understood. We sought to investigate the relation between 
both glial fibrillary acidic protein (GFAP) and S100 calcium-binding protein B (S100B) (astrocytic reactivi-
ty classical markers) and global histone H4 acetylation levels. Sixty-one male Wistar rats (aged ~3 months) 
were divided into the following groups: sham; 6 hours post-SCI; 24 hours post-SCI; 48 hours post-SCI; 72 
hours post-SCI; and 7 days post-SCI. The results suggested that GFAP, but not S100B was associated with 
global histone H4 acetylation levels. Moreover, global histone H4 acetylation levels exhibited a complex 
pattern after SCI, encompassing at least three clearly defined phases (first phase: no changes in the 6, 24 and 
48 hours post-SCI groups; second phase: increased levels in the 72 hours post-SCI group; and a third phase: 
return to levels similar to control in the 7 days post-SCI group). Overall, these findings suggest global H4 
acetylation levels exhibit distinct patterns of expression during the first week post-SCI, which may be asso-
ciated with GFAP levels in the perilesional tissue. Current data encourage studies using H4 acetylation as a 
possible biomarker for tissue remodeling after spinal cord injury.
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Introduction 
Spinal cord injury (SCI) is an important cause of disability 
in adults, imposing a significant economic burden world-
wide (Silva et al., 2014). Traumatic events, such as car acci-
dents, falls and urban violence are among the main causes of 
SCI (Lee et al., 2011; Oyinbo, 2011; Silva et al., 2014).

For many years, researchers have worked to develop 
neuroprotective strategies, mostly focused on neurons or 
the neurovascular unit (Abeysinghe et al., 2016; Wu et al., 
2016). However, the modulation of molecular cascades after 
central nervous system (CNS) injuries, such as SCI, is still a 
matter of debate since preclinical findings have not yet been 
successfully translated from the bench to the bedside (Maki 
et al., 2013; Tasker and Duncan, 2015). This is critical be-
cause an understanding of injury-induced plasticity usually 
provides insights into new therapeutic targets (Tasker and 
Duncan, 2015).  

Epigenetic modifications have been shown to be influ-
enced by gene-environment interactions, which change 
neural cell activity through gene transcription and silencing 
(Di Giammartino and Apostolou, 2016; Maleszka, 2016), 
affecting neuroplasticity (Kim et al., 2012; Vogel-Ciernia 

et al., 2013). For instance, histone-modifying enzymes can 
remodel the chromatin structure indirectly by regulating 
the expression of injury-induced genes (Finelli et al., 2013; 
Wong and Zou, 2014). The histone acetylation status is reg-
ulated by histone acetyltransferases and histone deacetylases 
(HDAC) enzymes, which add and remove acetyl groups to 
N-terminal histone tails, respectively, thus inducing short or 
long-term chromatin architecture modulation (Arrowsmith 
et al., 2012; Park et al., 2016; Watson and Tsai, 2017). More-
over, the imbalance in these enzyme activities is related to 
the development of several neurological disorders (Saha and 
Pahan, 2006; Finelli et al., 2013; Park et al., 2016).

Previous reports have suggested epigenetic modulation 
could influence axon growth potential as well as the proper-
ties of remaining tissue after SCI (Yu et al., 2009; Finelli et 
al., 2013; Wong and Zou, 2014; Kim et al., 2016; Maleszka, 
2016). Additionally, several studies have associated global 
histone H4 acetylation levels with normal and pathological 
development of the CNS. For example, histone H4 acetyl-
ation levels may become hyperacetylated in Parkinson’s 
disease (Jin et al., 2014), Huntington’s chorea (Saha and Pa-
han, 2006) and Friedreich’s ataxia (Herman et al., 2006). By 
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contrast, changes in H4 acetylation play a fundamental role 
in synaptogenesis, synaptic plasticity, learning and memory 
(Kim et al., 2012; Vogel-Ciernia et al., 2013; Watson and 
Tsai, 2017). Nonetheless, the global histone H4 acetylation 
status in the perilesional tissue after SCI remains unclear. 
Thus, identifying the profile of global H4 acetylation levels 
after SCI could be an important step to establish a therapeu-
tic window for epigenetic interventions.

Remodeling neural tissue after injury – a graded and 
multi-stage process involving various molecular and mor-
phological changes – has been described as an evolutionary 
conserved defensive key factor for neural repair and plastici-
ty (Burda and Sofroniew, 2014; Sofroniew, 2015). However, 
this process has a dual role in neurotrauma (Pekny et al., 
2014). On the one hand, it plays an essential role in isolating 
injured spinal cord tissue (i.e., cystic cavity and the isola-
tion of surrounding cells) and triggering neuroprotective 
mechanisms (Pekny and Pekna, 2014; Pekny et al., 2014; 
Sofroniew, 2015; Abeysinghe et al., 2016). On the other 
hand, an exaggerated adaptive response can inhibit plasticity 
and repair processes such as axonal rewiring and neuronal 
sprouting (Pekny and Pekna, 2014; Pekny et al., 2014; Sof-
roniew, 2015). While glial fibrillary acidic protein (GFAP) 
and/or vimentin depletion as well as metabolic astrocyte 
inhibitors have been used to modulate the neural tissue after 
central nervous system injury, their efficacy in promoting 
functional recovery is still a matter of controversy (Ribotta 
et al., 2004; Hayakawa et al., 2010). Moreover, while GFAP 
is not homogeneously expressed in a normal post-matured 
CNS, it labels most astrocytes responding to an injury (Ya-
suda et al., 2004; Yang and Wang, 2015). Likewise, a study 
from Brozzi et al., (Brozzi et al., 2009) has shown that S100 
calcium-binding protein B (S100B) is critical for glial cell 
migration and shaping. Indeed, S100B is also a common-
ly used biomarker after SCI (Yasuda et al., 2004; Oyinbo, 
2011). It is then possible to hypothesize that the GFAP and 
S100B proteins levels (both classical markers of astrocytic 
reactivity and damage) might influence global levels of H4 
acetylation, which constitutes an important insight into 
neural repair and tissue recovery after SCI.

The proposed study sought: a) to compare the global his-
tone H4 acetylation levels at different time-points after a 
thoracic SCI model in rats; and b) to assess the relationship 
between GFAP/S100B markers post-SCI and the global his-
tone H4 acetylation levels, since the former might influence 
the epigenetic machinery in injured rat spinal cord.

Materials and Methods
Animals
A total of 61 male Wistar rats (3 months old, body weight 
~300 g) were obtained from the Central Animal House of 
the Institute of Basic Health Sciences, Federal University 
of Rio Grande do Sul, Brazil (n = 18 animals were used in 
experiment 1 and n = 43 in experiment 2). The animals were 
housed in standard laboratory conditions, with free access 
to food and water, under a 12-h light/dark cycle (lights on at 
7:00 a.m.) with room temperature maintained at 22–24°C. 

All procedures were in accordance with the National Insti-
tute of Health’s Guide for the Care and Use of Laboratory 
Animals and with the Brazilian Council for Animal Experi-
ments Control (Concea). The Animal Bioethics Committees 
of both the Universidade Federal do Rio Grande do Sul 
(process number 26116) and the Pontifícia Universidade 
Católica do Rio Grande do Sul (process number 15/00492) 
approved the study protocol.

Experimental design
In experiment 1 of the experiment, a morphological assay 
was performed. This was an important first step to guarantee 
that the SCI was detectable at the studied time points. Thus, 
the following groups were established: sham (n = 3); 6 hours 
post-SCI (n = 3); 24 hours post-SCI (n = 3); 48 hours post-
SCI (n = 3); 72 hours post-SCI (n = 3); 7 days post-SCI (n = 3).

In experiment 2, the global H4 acetylation, GFAP and 
S100B levels were assessed in the spinal cord perilesional 
tissue. Moreover, we tested their possible association at the 
same above-mentioned time points. As above, the rats were 
divided into the sham (n = 8); 6 hours post-SCI (n = 7); 24 
hours post-SCI (n = 7); 48 hours post-SCI (n = 7); 72 hours 
post-SCI (n = 8) and 7 days post-SCI (n = 6) groups.

Spinal cord injury model
Firstly, all animals were deeply anesthetized intraperitone-
ally with a mixture of xylasine (100–150 mg/kg) and ket-
amine (60–90 mg/kg). After that, the vertebral column was 
exposed between T9 and T10 and a total laminectomy was 
performed at T10 level without dura mater dissection. The 
New York University Impactor (NYU-Impactor®; W.M. 
Keck Center for Collaborative Neuroscience, USA) was used 
to induce a moderate SCI, as previously described (Nicola 
et al., 2016). Briefly, the exposed vertebral column was sta-
bilized and the dorsal surface of the spinal cord received a 
10-g weight dropped from a height of 25 mm. After the SCI 
procedure, animals were sutured in layers and housed in 
individual cages. Bladder evacuation was performed daily 
until they recovered the function. Enrofloxacin (Bayer, São 
Paulo, Brazil; 6 mg/kg) was administered for 7 days after the 
procedure to prevent secondary infection. The sham group 
received all the described procedures, with the exception of 
SCI induction. 

Morphological assessment
In the first partof the experiment, rats were anesthetized 
with pentobarbital (100 mg/kg, i.p.; Cristália, Itapira, Brazil) 
and underwent transcardiac perfusion with 0.9% saline fol-
lowed by 4% paraformaldehyde (Reagen, Colombo, Brazil) 
in 0.1 M phosphate buffer (PBS, pH 7.4) at each determined 
time-point after SCI. Following which, the spinal cord was 
removed (from C5 to L5), post-fixed in the same fixative 
solution and cryoprotected with 15% and 30% sucrose dilut-
ed in phosphate buffer saline (PBS). After that, the samples 
were frozen in isopentane, cooled in liquid nitrogen until 
slicing. For histological measurements, the thoracic region 
of the spinal cord was transversely cut into 20 µm sections 
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using a cryostat (Leica, Frankfurt, Germany) (Nicola et al., 
2016). The sections were stained with hematoxylin and eosin 
technique and the images captured using a Nikon Eclipse 
E-600 microscope (Nikon Corporation, Tokyo, Japan) cou-
pled to a digital camera. Thirty 20 µm cross-sections from 
each animal were used to analyze the cavitation area. Se-
quential sections with an interval of 300 µm were collected. 
The cavitation area in each sequential slice was determined 
and the largest cavitation area slice (called the epicenter) was 
identified. The epicenter was traced using ImageJ software 
(National Institutes of Health, Bethesda, MD, USA); any 
necrotic tissue within the cavities was considered part of the 
lesion and the total sum of the areas was calculated (Nicola 
et al., 2016).

ELISA assay
In the second part of the experiment, we performed the ELI-
SA method to assess the global H4 acetylation, GFAP and 
S100B levels (Tramontina et al., 2007; de Mello et al., 2017). 
Rats were euthanized using a guillotine method, followed 
by spinal cord dissection. Spinal cord perilesional sections 
obtained from the T10 level (approximately 1 mm above or 
below) were randomly divided into two equal parts to pro-
cess global H4 acetylation or GFAP and S100B levels.

Protein content
Lowry’s method, with bovine-serum albumin (BSA) as stan-
dard, was used to determine the protein content (Tramonti-
na et al., 2007).

Global H4 acetylation levels
Global H4 acetylation levels were measured using the Global 
Histone H4 Acetylation Assay Kit (Colorimetric Detection, 
catalog number P-4009, EpiQuik, Farmingdale, NY, USA) 
following the manufacturer’s recommendation (capture an-
tibody, 100 µg/mL and detection antibody, 400 µg/mL). Per-
ilesional tissue was homogenized with a specific lysis buffer 
kit (nuclear extraction phase), which facilitated histone ex-
traction. The samples were incubated in trichloroacetic acid, 
hydrochloric acid and acetone. Five centrifugations were 
performed during the entire protocol. The pellet obtained in 
this process was used to establish the global H4 acetylation 
levels. Then, the samples were incubated in the developing 
solution. Finally, the stopping solution was added. All read-
ings were made at 405 nm in a 96 well-plate reader (Ther-
moPlate, São Paulo, Brazil). Results are expressed as ng/mg 
(de Mello et al., 2017).

GFAP levels
Perilesional tissue was homogenized in PBS (50 mM NaCl, 
18 mM Na2HPO4, 83 mM NaH2PO4·H2O, pH 7.4), contain-
ing 1 mM EGTA and 1mM phenylmethyl-sulphonyl fluoride. 
The GFAP content was measured using the ELISA method, 
as described (Tramontina et al., 2007; Leite et al., 2008). The 
GFAP assay consisted of coating the samples with 100 μL 
containing 70 μg of protein and leaving them overnight at 
4°C. The next day, the samples were incubated in a polyclonal 

anti-GFAP antibody from rabbit (2.9 g/L; Dako, Carpinteria, 
CA, USA) for 2 hours and then in a peroxidase-conjugated 
secondary antibody (1:1000, Dako) for 1 hour at room tem-
perature. The color reaction with o-phenylenediamine-dihy-
drochloride (OPD) was measured at 492 nm. The standard 
GFAP curve ranged from 0.1 to 10 ng/mL. Results are ex-
pressed as ng/mg (Tramontina et al., 2007).

S100B levels
To assess the S100B levels, the same homogenized tissue 
used for GFAP detection was employed, as previously de-
scribed (Tramontina et al., 2007; Leite et al., 2008). Briefly, 
50 μL of sample plus 50 μL of Tris buffer were incubated for 
2 hours on a microtiter plate, coated 30 minutes previously 
with a monoclonal anti-S100B antibody (4 g/L; Dako). After 
which, a peroxidase-conjugated anti-rabbit antibody (1:5000, 
Dako) was added for a further 30 minutes. The color re-
action with OPD was measured at 492 nm. The standard 
S100B curve ranged from 0.02 to 1 ng/mL. Results are ex-
pressed as ng/μg of protein (Leite et al., 2008).

Statistical analysis
Data normality was assessed using the Shapiro-Wilk test. 
One-way analysis of variance followed by the Bonferroni 
post hoc test was used to detect group differences, as indicat-
ed. The relationship between astrocytic reactivity (levels of 
GFAP and S100B markers) and global H4 acetylation levels 
in the perilesional tissue was evaluated using Pearson’s cor-
relation coefficient test. All variables are expressed as mean 
± standard error of the mean (SEM). Results were consid-
ered significant when P ≤ 0.05. SPSS 17.0 (Statistical Package 
for the Social Sciences, Inc., Chicago, IL, USA) was used for 
the data analysis.

Results
There were no deaths or surgical complications (i.e., wound 
infection) in this study. All spinal cord injured rats exhibited 
visible hindlimb motor deficits from immediate post-sur-
gery to the end of the experiments. All evaluated outcomes 
exhibited normal distribution and, thus, parametric analyses 
were performed.

Cavitation area
The SCI model induced changes in the epicenter of the cys-
tic cavity at the evaluated time-points (F(5,17) = 15.49, P = 
0.0001). Between-group (time-points) analysis revealed no 
changes between the sham and 6 hours post-SCI groups (P 
= 0.97). However, these same groups were different from the 
others: 24, 48, 72 hours and 7 days post-SCI groups (P < 0.05) 
(Figure 1). No additional differences were found. Together, 
these data suggest: a) the injury model was able to induce an 
experimental SCI in rats; and b) the cavity area at the lesion 
epicenter is comparable between the 24, 48, 72 hours and 7 
days post-SCI groups. All these results are in agreement with 
the previous studies (Lv et al., 2011; Finelli et al., 2013; Chu 
et al., 2015; Nicola et al., 2016) and supported the second 
part of the study.
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Global histone H4 acetylation levels
One-way analysis of variance revealed that global histone 
H4 acetylation levels changed in the evaluated time-groups 
(F(5,42) = 12.94, P = 0.0001). Post hoc tests showed the 72 
hours post-SCI group differed from the other groups (P < 
0.05), revealing an important increase in global histone H4 
acetylation levels at that time-point. Moreover, there was an 
additional difference between the 24 hours and 7 days post-
SCI groups (P = 0.01). No further differences were found 
between the sham group versus the 6, 24, 48 hours and 7 
days post-SCI groups (P > 0.05) (Figure 2A). Overall, these 
data suggest global histone H4 acetylation levels in the per-

ilesional tissue are time-related after SCI. 

GFAP levels
GFAP levels changed at the evaluated time-points (F(5,42) = 
21.46, P = 0.0001). Between-group analysis revealed the 48 
hours post-SCI group differed from the other groups (P < 
0.05). Moreover, the sham, 6 and 24 hours post-SCI groups 
were significantly different from the 72 hours and 7 days 
post-SCI groups (P < 0.05). No additional differences were 
found (Figure 2B). These results reinforce that GFAP is 
highly detectable 48 hours following SCI (considering the 
assessed endpoints).

Figure 2 Global H4 acetylation, glial fibrillary acidic protein and S100 calcium-binding protein B levels at different time points after spinal 
cord injury (SCI). 
(A) Global histone H4 acetylation; (B) glial fibrillary acidic protein (GFAP); and (C) S100 calcium-binding protein B (S100B) levels at studied time 
points. Data are expressed as the mean ± standard error of the mean (SEM) (n = 43). *P < 0.05 and ***P < 0.001 (one-way analysis of variance fol-
lowed by the Bonferroni post hoc test).

Figure 1 Cavitation area in the spinal cord injury (SCI) model. 
(A) Sham spinal cord section in rats at thoracic level. (B) Histological image showing a spinal cord injury at T10 level. (C) Cavitation area in the 
lesion epicenter (n = 18). ***P < 0.001 (one-way analysis of variance followed by the Bonferroni post hoc test).
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2 ×1
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S100B levels
Data analysis showed changes in S100B levels at the studied 
time-points (F(5,42)=6.76, P = 0.0001). Interestingly, we ob-
served the 48 hours post-SCI group had lower levels of S100B 
protein compared to the other studied time-point groups (P 
< 0.03). In addition, a significant increase in S100B levels was 
observed in the 7 days post-SCI group compared to the sham 
(P = 0.02), 6 hours (P = 0.01), 24 hours (P = 0.006) and 48 
hours (P = 0.001) post-SCI groups (Figure 2C). These find-
ings indicate that S100B and GFAP levels display different 
biochemical patterns (see above data) after SCI.

Relationship between astrocytic reactivity and global 
histone H4 acetylation levels
The relationship between both GFAP and S100B markers 
and global histone H4 acetylation levels are shown in Table 
1. Because the levels of these proteins were time-related, the 
Pearson’s correlation coefficient was run additionally in each 
studied time-group. There was a strong positive correlation 
between GFAP and global histone H4 acetylation levels only 
in the undamaged animals (sham group) (r = 0.77, P = 0.02). 
Additionally, there were significant correlations between 
GFAP and global H4 acetylation levels in pooled (r = 0.44, P 
= 0.003) and SCI-only (r = 0.41, P = 0.01) groups (Table 1). 
Moreover, no further correlations were observed between 
S100B and global H4 acetylation levels.

Discussion
The aims of this study were: a) to compare the global histone 
H4 acetylation levels at different time-points after a thoracic 
SCI model in rats; and b) to explore the relationship between 
two classical damage-related markers (GFAP and S100B) 
and the global histone H4 acetylation levels post-SCI. We 
hypothesize changes in global histone H4 acetylation levels 
could be time-related, which might lead to the identifica-
tion of potential therapeutic windows for further epigenetic 
studies. Moreover, since GFAP has a pivotal role in modu-
lating tissue plasticity after SCI (Chadi et al., 2001; Ribotta 
et al., 2004; Pekny et al., 2014), we assume the former could 
be associated with changes in global histone H4 acetylation 

levels (Kurdistani et al., 2004). Overall, the current findings 
support the hypotheses. Results indicate global histone H4 
acetylation levels exhibit a complex pattern after SCI, en-
compassing at least three clearly defined phases: no changes 
at 6, 24 and 48 hours post-SCI (first phase); increased levels 
at 72 hours post-SCI (second phase); and levels similar to 
controls in the 7 days post-SCI (third phase). These findings 
provide a new rational basis for further trials focusing on 
epigenetic interventions after SCI. Additionally, there were 
significant correlations between GFAP and global H4 acetyl-
ation levels.

This is the first study to show a thoracic SCI model can 
modulate the global H4 acetylation levels in a time-related 
way in which five different time-points were assessed during 
the first week following SCI. Thus, opportunities for like-
for-like comparisons with other studies are limited. How-
ever, there are similarities with results obtained by previous 
studies investigating other aspects of epigenetic modula-
tion and neuroplasticity. Global H4 acetylation levels were 
time-related after SCI, which was unsurprising since the for-
mer have been shown to vary in response to other stimuli in 
the CNS (Elsner et al., 2011; Lovatel et al., 2013; de Mello et 
al., 2017). Furthermore, increased H4 acetylation levels have 
been associated with learning, memory and brain plasticity 
(Elsner et al., 2011; Lovatel et al., 2013).

In this context, Finelli et al. (2013) reported increased 
levels of global histone H4 acetylation in dorsal root gangli-
on neurons after peripheral axotomy. A histone H4 hyper-
acetylated status induced by an HDAC inhibitor was shown 
to contribute to spinal cord plasticity and improve the po-
tential for axonal growth and expression of regeneration-as-
sociated genes. After a conditioning lesion, the authors 
observed a 3-day peak of Smad1 expression, which has been 
described as an important cellular signal to activate sensory 
axon outgrowth mechanisms.

Notably, the histone acetylation-deacetylation balance 
modulates different cell types, such as inflammatory and 
immunological cells, which influence the severity of blood-
brain barrier dysfunction, axonal demyelination, oxidative 
stress and injury impact (Faraco et al., 2006, 2009; Chuang 
et al., 2009). The present results could be understood in the 
same way, since the moments of increased global H4 acetyl-
ation levels might constitute a potential time-window to 
maximize repair of the remaining tissue. Thus, defining the 
epigenetic mechanisms linked to remodeling neural tissue 
would help researchers to design therapeutic strategies to 
promote wound healing and tissue functionality after spinal 
cord injury (Finelli et al., 2013; Wong and Zou, 2014).

There is a significant body of evidence suggesting histones 
and histone-modifying enzymes are able to reshape the 
chromatin structure and change the gene expression after 
CNS injury (Finelli et al., 2013; Kim et al., 2016; Wong and 
Zou, 2014). Several studies have suggested that HDACs and 
histone acetyltransferases play a central role in regulating 
histone proteins that impact on neuron and astrocyte gene 
expression (Hamby and Sofroniew, 2010; Majumder et al., 
2013; Chu et al., 2015). Whilst global histone acetylation 

Table 1 Relationship between global H4 acetylation versus GFAP 
and S100B protein levels at different time points

Group GFAP levels S100B levels

Sham 0.77 (0.02)* –0.52 (0.18)
6 h post-SCI –0.15 (0.74) –0.35 (0.44)
24 h post-SCI 0.10 (0.86) 0.28 (0.95)
48 h post-SCI –0.39 (0.93) –0.09 (0.93)
72 h post-SCI –0.54 (0.16) –0.14 (0.72)
7 d post-SCI 0.10 (0.84) –0.27 (0.10)
Pooled groups 0.44 (0.003)* 0.20 (0.19)
Pooled SCI groups 0.41 (0.01)* 0.31 (0.07)

Data are expressed as r value (P value). H4: Histone 4; GFAP: Glial 
fibrillary acidic protein; S100B: S100 calcium-binding protein B; r: 
Pearson’s coefficient value; P: calculated probability; *Statistically 
significant difference.
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profiles are less precise in determining gene expression than 
specific acetylation and deacetylation sites of lysine residues 
(located in the N termini of histones), it might be useful to 
globally monitor certain acetylation patterns in highly com-
plex biological processes (Kurdistani et al., 2004), such as 
remodeling neural tissue after SCI.

Conversely, Lv et al. (2011) showed a sustained decrease 
of the histone H4 acetylation at one day, three day and one 
week post-SCI. This partial divergence in relation to the 
current results might be explained by several differences 
between the experiments. Firstly, the above-mentioned au-
thors only used female rats in their experiments, which may 
influence the histone-acetylation profile, as previously sug-
gested (Benoit et al., 2015). Secondly, variation in histone 
acetylation levels might be linked to between-study differ-
ences in sensorimotor spontaneous recovery (Finelli et al., 
2013). Likewise, global histone H4 acetylation levels might 
differ according to the features of the analyzed tissue, such 
as injury severity, distance from the injury core and amount 
of damaged tissue in the collected samples (Kim et al., 2016). 
For instance, only perilesional tissue (1 mm above and be-
low the T10 level of the spinal cord) was used in the current 
study. By contrast, Lv et al. (2011), did not indicate from at 
which levels of the spinal cord the samples were obtained. In 
addition, other common points of divergence between epi-
genetic studies are usually related to the species used (Viola 
and Loss, 2014), animal age (Dagnas and Mons, 2013), and 
variations in the experimental model (Finelli et al., 2013; 
Wong and Zou, 2014).

Interestingly, Kim et al. (2016) assessed the expression of 
the main regulators of cell survival and death using whole 
brain samples after a thoracic model of spinal cord injury 
in mice. They showed HDAC subtype 1 expression was 
increased in the brain at one week after the SCI, but not at 
three days or two weeks post-injury. Moreover, brain-de-
rived neurotrophic factor and glial-derived neurotrophic 
factor were also up-regulated in the brain. These results, to-
gether with the findings of the present investigation, suggest 
SCI might modulate the epigenetic machinery depending on 
the assessed nervous system structure and the tissue context. 
Thus, the SCI may influence neural tissue not just in the per-
ilesional area beyond the damaged spinal cord  (Nicola et al., 
2016).

From another perspective, treadmill exercise (Elsner et al., 
2011; Lovatel et al., 2013; Spindler et al., 2014) and pharma-
cological interventions, such as valproic acid administration 
(Lv et al., 2011), can influence global histone H4 acetylation 
levels. Nonetheless, it is still unknown whether these inter-
ventions strengthen the relationship between histone H4 
acetylation status and the expression of remodeling-related 
proteins in the damaged neural tissue. In addition, other epi-
genetic mechanisms, such as DNA methylation, acetylation 
of other histones, or lysine-specific acetylation in histone 
tails (Kurdistani et al., 2004; Saha and Pahan, 2006; Pelzel et 
al., 2010; Arrowsmith et al., 2012; Maleszkam, 2016), might 
influence cellular mechanisms in remodeling neural tissue. 
All these interesting basic research-derived issues are topics 

for further investigation.
The results also suggest GFAP and global H4 acetylation 

levels exhibit a positive correlation after SCI. Beyond the 
debate in the literature linking GFAP expression and his-
tone acetylation (Chadi et al., 2001; Bailey et al., 2016), a 
previous study has suggested histone acetylation levels are 
associated with specific regulation of inflammatory genes 
(Tsaprouni et al., 2011). Thus, astrocyte reactivity might in-
fluence histone acetylation according to the features of the 
tissue microenvironment, which is also a matter for further 
study. In addition, we should be aware the current measure-
ments were obtained from spinal cord parenchyma. Hence, 
whether GFAP expression changes global H4 acetylation at 
the cellular level, i.e., according to astrocyte subtype, is still 
unknown, and is a research question beyond the scope of 
the present study.

The experiment also revealed the global histone H4 
acetylation levels did not correlate with S100B levels in the 
spinal cord parenchyma. S100B is involved in several cel-
lular mechanisms, such as extension control, shaping the 
astrocyte processes and glial scar progression (Yasuda et 
al., 2004). During astrocyte maturation, S100B is typically 
expressed later than GFAP (Brozzi et al., 2009; Bailey et 
al., 2016). Also, during reactive gliosis, S100B expression 
differs from that of GFAP (Burda et al., 2014). These fac-
tors may explain the current findings. Moreover, the onset 
of S100B expression is linked to a critical period in which 
GFAP-expressing cells achieve a stable stage and lose their 
neural stem cell potential (Raponi et al., 2007). Additional-
ly, epigenetic factors might modulate S100B levels, which 
are still matter of debate (Nesic et al., 2005; Chelyshev et 
al., 2014).

GFAP and S100B are typically mentioned as astrocyte 
markers. However, Schwann cells also express both proteins 
at specific stages, particularly immature and non-myelinat-
ing Schwann cells. For example, Schwann cells infiltrate the 
lesion site following SCI (Church et al., 2017). Consequent-
ly, these cells may act at different time-points and influence 
GFAP and S100B expression and global H4 acetylation lev-
els. Further research is needed to clarify this issue.

This study has some limitations. Whilst many cell types 
within the perilesional tissue may influence GFAP, S100B 
and global H4 acetylation expression, assessing the full tissue 
sample is more feasible for clinical translation. For example, 
during the spinal cord surgery time is usually unavailable for 
typical immunohistochemical processing and detailed data 
analyses. Thus, the source of the marker might be of second-
ary importance if the levels of a biochemical compound in 
the tissue can be used as a biomarker. Identifying which cells 
(astrocytes, microglia, Schwann cells, neurons or others) 
provoke altered GFAP, S100B or global H4 acetylation levels 
after SCI is an issue for further studies. In addition, HDAC 
inhibitors would help clarify the hypothesized relationship 
between global H4 acetylation, GFAP and S100B levels in 
functional recovery.

In summary, this study presents an attempt to bridge 
the gap between SCI-induced epigenetic changes in rats. 

[Downloaded free from http://www.nrronline.org on Monday, October 8, 2018, IP: 201.54.143.85]



1951

de Menezes MF, Nicola F, da Silva IRV, Vizuete A, Elsner VR, Xavier LL, Gonçalves CAS, Netto CA, Mestriner RG (2018) Glial fibrillary acidic protein levels 
are associated with global histone H4 acetylation after spinal cord injury in rats. Neural Regen Res 13(11):1945-1952. doi:10.4103/1673-5374.239443

Indeed, we showed global histone H4 acetylation levels in 
spinal cord parenchyma are time-related, providing basic 
knowledge for further epigenetic interventions. In addition, 
we also suggest GFAP is associated to the global histone H4 
acetylation levels in remodeling spinal cord parenchyma. 
Finally, further studies using other epigenetic biomarkers 
are needed to clarify their influence on repair of remaining 
tissue after SCI.
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