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Abstract. HS‑1‑associated protein X‑1 (Hax‑1) has been 
suggested to be expressed in various rodent and human tissues. 
Accumulating evidence has demonstrated that Hax‑1 exerts an 
anti‑apoptotic effect in neurological diseases. Furthermore, it 
has also been reported that Hax‑1 interacts with various apop-
tosis‑associated proteins, including high temperature‑regulated 
A2 (HtrA2) and caspase‑3. Previous studies have indicated that 
abnormal expression of Hax‑1 may be associated with the devel-
opment of the nervous system and with the pathophysiology 
of neurological diseases, including traumatic brain injury and 
cerebral ischemia. The present study reported temporal‑spatial 
patterns of Hax‑1 in rat retina following optic nerve crush 
(ONC). Using western blotting and double‑immunofluores-
cence, significant upregulation of Hax‑1 was observed in retinal 
ganglion cells (RGCs) in the retina following ONC. Increased 
Hax‑1 expression was demonstrated to be accompanied by 
upregulation of active‑caspase‑3 and HtrA2 following ONC. In 
addition, Hax‑1 co‑localized with active caspase‑3 and HtrA2 
in RGCs following ONC. Terminal deoxynucleotidyl trans-
ferase‑mediated biotinylated‑dUTP nick‑end labeling staining 
suggested that Hax‑1 was involved in RGC apoptosis following 
ONC. Thus, these results suggested that Hax‑1 may participate 

in regulating RGC apoptosis via interacting with caspase‑3 and 
HtrA2 following ONC.

Introduction

Numerous studies have demonstrated that the majority of retinal 
ganglion cells (RGCs) undergo cell death following optic nerve 
(ON) injury, which leads to irreversible visual impairment (1‑4). 
The ON crush (ONC) model is commonly used to analyze 
neurodegenerative processes in the optic nerve and retina (2‑4). 
It is well known that delayed RGC apoptosis is activated 
following ONC. However, the detailed mechanisms underlying 
RGC apoptosis following ONC remain to be elucidated.

HS‑1‑associated protein X‑1 (Hax‑1) was identified as a 
35 kDa multi‑functional protein encoded by the Hax‑1 gene (5), 
and was suggested to be expressed in various rodent and human 
tissues (6‑8). Previous studies have demonstrated that abnormal 
expression of Hax‑1 may be associated with development and 
disease of the nervous system, including traumatic brain injury 
and cerebral ischemia (9‑11). It has also been reported that Hax‑1 
interacts with various apoptosis‑associated proteins, including 
high temperature regulated A2 (HtrA2) and caspase‑3 (7). Thus, 
it is possible that Hax‑1 is important in RGC apoptosis following 
ONC. However, its regulatory mechanism following ON injury 
remains unknown.

The present study demonstrated temporal‑spatial patterns 
of Hax‑1 expression in rat retina following ONC. This research 
may improve understanding of the physiological functions of 
Hax‑1 in apoptosis of RGCs following ONC, and its association 
with the cellular and molecular mechanisms.

Materials and methods

Experimental animals. A total of 96 rats (age, 6‑8 weeks) were 
handled in accordance with the Association for Research in 
Vision and Ophthalmology Statement on Use of Animals in 
Ophthalmic and Vision Research, and experimental protocols 
were approved by the Ethics Committee of the People's Hospital 
of Guangxi Zhuang Autonomous Region (Nanning, China). 
Healthy male Sprague‑Dawley rats (weight, 220‑275 g) supplied 
by the Medical Laboratory Animal Center (Guangxi Medical 
University, Guangxi, China) were kept under standardized 
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conditions with a 12h light/dark cycle, temperature of ~23˚C and 
60% humidity. They had access to rodent chow and water was 
available. The animals were used for western blotting analysis 
(8 groups of 8, n=64), immunofluorescence studies (2 groups of 
8, n=16) and terminal deoxynucleotidyl transferase‑mediated 
biotinylated‑dUTP nick‑end labeling (TUNEL) staining 
(2 groups of 8, n=16).

Surgery. Briefly, rats were anesthetized with 7% chloral hydrate 
solution (6 ml/kg body weight) and the surgical procedure to 
produce the ONC model was performed as described previ-
ously (3). The left ON was exposed under a surgical microscope 
and crushed with forceps 2 mm behind the eye for 10 sec. A 
sham operation was performed on the right ON, in which the 
ON was exposed but not crushed.

Tissue lysis and western blotting. The rats were sacrificed at 
different time points by administering an overdose of anesthesia 
(650 mg/kg chloral hydrate). Retina tissues were harvested 
and stored at ‑80˚C until use. Cells were lysed in lysis buffer 
to collect total protein [50 mmol/l Tris (pH 7.5), 1% Triton 
X‑100, 1% NP‑40, 10% sodium dodecyl sulfate, 0.5% sodium 
deoxycholate, 5 mmol/l Tris EDTA, 10 µg/ml leupeptin and 
10 µg/ml aprotinin) and centrifuging for 20 min at 15,000 x g 
in a microcentrifuge at 4˚C was conducted to collect the 
supernatant. Protein concentrations were determined using 
the Bradford assay (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA). The resulting supernatants (50 µg protein) were 
subsequently subjected to 10% SDS‑polyacrylamide gel 
electrophoresis and transferred to polyvinylidine difluoride 
membranes (EMD Millipore, Billerica, MA, USA). Following a 
blocking step with 5% non‑fat milk, primary antibodies against 
Hax‑1 (1:500; cat. no. sc‑28268; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA), active caspase‑3 (1:1,000; cat. no. 9661; 
Cell Signaling Technology, Inc., Danvers, MA, USA), HtrA2 
(1:500; cat. no. sc‑25606; Santa Cruz Biotechnology, Inc.) and 
β‑actin (1:1,000; cat. no. ab8227; Abcam, Cambridge, MA, 
USA) were incubated with the membrane at 4˚C overnight. 
Subsequently, the membranes were washed in Tris/HCl saline 
buffer supplemented with 0.1% Tween‑20 (pH 7.4) three times at 
room temperature (5 min/wash). Following incubation with the 
appropriate horseradish peroxidase‑conjugated goat anti‑rabbit 
secondary antibody (1:2,000; cat. no. 4030‑05; SouthernBiotech, 
Birmingham, AL, USA) for 2 h at room temperature, the blots 
were developed using an enhanced chemiluminescence system 
(Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA).

Immunofluorescence. The rats (n=3 per time point) were anes-
thetized at the designated time points and perfused with saline 
(20 ml) followed by 4% paraformaldehyde and 0.5% picric acid 
in 0.1 M phosphate buffer (pH 7.4, 20 ml). Subsequently, the 
rats were fixed in 4% paraformaldehyde overnight at 4˚C. The 
eyes were dehydrated and cryosections (7 µm) were produced. 
Briefly, the cryosections were washed with 1X Tris‑buffered 
saline twice, and then were blocked with 1% bovine serum 
albumin (Wuhan Boster Biological Technology Ltd., Wuhan, 
China) for 1 h. Subsequently, the sections were incubated with 
antibodies against anti‑Hax‑1 (1:200; cat. no. sc‑34273; Santa 
Cruz Biotechnology, Inc.), and neuronal marker of RGCs, 
anti‑NeuN (1:500; cat. no. ABN78; EMD Millipore), anti‑HtrA2 

(1:200; cat. no. sc‑25606; Santa Cruz Biotechnology, Inc.) and 
apoptosis marker anti‑active caspase‑3 (1:200; cat. no. sc‑22171; 
Santa Cruz Biotechnology, Inc.) overnight at 4˚C in a humidified 
box. Following incubation with the primary antibodies, the cryo-
sections were washed three times in phosphate‑buffered saline 
(PBS), followed by an incubation with donkey anti‑goat Alexa 
Fluor® 488 (cat. no. ab150129) and donkey anti‑rabbit Alexa 
Fluor® 555 (cat. no. ab150074) secondary antibodies (1:1,000; 
Abcam) for 2 h at 4˚C. The stained sections were examined at 
x20 or x40 magnification on a fluorescence microscope (Leica 
Microsystems GmbH, Wetzlar, Germany).

TUNEL staining. TUNEL staining was employed using the 
In Situ Cell Death Detection Kit, Fluorescence (Roche Applied 
Science, Mannheim, Germany). The cryosections were rinsed 
with PBS and treated with 1% Triton‑100 in PBS for 2 min on 
ice. The Slides were rinsed in PBS and incubated for 60 min 
at 37˚C with 50 µl of TUNEL reaction mixture. Following 
washing with PBS three times, the slides were analyzed on a 
fluorescence microscope.

Quantitative analysis. A total of three adjacent sections 
(50 µm apart) per animal were obtained for each rat. Sections 
were double labeled for Hax‑1 with phenotype‑specific 
markers, NeuN and active caspase‑3. The number of TUNEL 
and Hax‑1/TUNEL‑positive cells in the ganglion cell layer 
(GCL) was counted in a 400x400 µm measuring frame. The 
cell counts in the three or four adjacent sections were then 
used to determine the total number of TUNEL‑positive 
cells or Hax‑1/TUNEL‑positive cells/mm2. A minimum of 
200 TUNEL‑positive cells were counted in each section.

Statistical analysis. All collected data were analyzed with SPSS 
software (version 13.0; SPSS, Inc., Chicago, IL, USA). Data are 
presented as the mean ± standard error of the mean and each 
experiment was repeated at least three times. All statistical 

Figure 1. Temporal protein expression of Hax‑1 analyzed by western blotting 
following ONC. (A) Western blotting was used to quantify the temporal pat-
terns of Hax‑1 expression in the retina, which were prepared at the designated 
time points following ONC. (B) Bar chart to indicate the ratio of Hax‑1 to 
β‑actin at each time point. β‑actin was used to confirm equal loading of 
proteins on the gel. The data are presented as the mean ± standard error 
of the mean (n=3). *P<0.05, **P<0.01 vs. the N group. Hax‑1, Hs1‑associated 
protein X‑1; ONC, optic nerve crush; OD, optical density; N, normal.
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analyses were determined by one‑way analysis of variance 
followed by Tukey's post‑hoc multiple comparison tests. P<0.05 
was considered to indicate a statistically significant difference.

Results

Temporal Hax‑1 protein expression by western blotting 
following ONC. To quantify the expression pattern of Hax‑1 in 
the retina, western blotting was conducted at the designated time 

points following ONC. It was demonstrated that Hax‑1 was low 
in sham‑operated retina tissue and maintained that level at 1 day 
after ONC. Subsequently, Hax‑1 protein expression gradually 
increased and reached a maximal value at 3 days (P<0.01), prior 
to returning to normal levels on day 7 (Fig. 1). These results 
suggested that Hax‑1 protein may be upregulated by ON injury.

Changes in expression and distribution of Hax‑1 indicated 
by immunofluorescence staining in the retina following ONC. 

Figure 2. Changes in expression and distribution of Hax‑1 visualized by immunofluorescence staining in the retina following ONC. (A) The normal retina 
demonstrated weak immunoreactivity for Hax‑1 antibody. (B) At 3 days after ONC, the number of positive cells significantly increased in the GCL. (C‑F) At 
3 days after ONC, increased Hax‑1 co‑stained with RGCs in the GCL. (C) Hax‑1 (green), (D) nuclear Hoechst staining (blue) and (E) NeuN (red). (F) The 
yellow color visualized in the merged images represented the co‑localization of Hax‑1 with NeuN. Scale bars are equivalent to 60 µm. Hax‑1, Hs1‑associated 
protein X‑1; ONC, optic nerve crush; GCL, ganglion cell layer; RGCs, retinal ganglion cells.

Figure 3. Expression and location of TUNEL‑positive cells and Hax‑1 in the adult rat retina following ONC. (A) TUNEL staining indicating the expression of 
TUNEL‑positive cells (red) was weak in the sham group. (B) TUNEL‑positive cells (red) were observed to be increased 3 days after ONC, (C) Hax‑1 (green), 
(D) nuclear Hoechst staining (blue). (E) Yellow in the merged images represents the co‑localization of Hax‑1 with TUNEL‑positive cells in the GCL. Scale 
bars are equivalent to 100 µm. (F and G) Semi‑quantitative analysis indicated a significant increase in the density of TUNEL and Hax‑1/TUNEL‑positive 
RGCs in the GCL at 3 days after ONC. The data are presented as the mean ± standard error of the mean (n=3) *P<0.05 vs. the N group. Hax‑1, Hs1‑associated 
protein X‑1; ONC, optic nerve crush; GCL, ganglion cell layer; RGCs, retinal ganglion cells; N, normal; TUNEL, terminal deoxynucleotidyl transferase‑medi-
ated biotinylated‑dUTP nick‑end labeling.
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To investigate the distribution of Hax‑1 following ONC, 
double‑labeling immunocytochemistry was used to determine 
the cellular localization of Hax‑1 and NeuN (a marker of RGCs; 
Fig. 2). As Hax‑1 protein reached a maximal value at 3 days 
after ONC, this time point was selected for further examina-
tion. Hax‑1 expression was demonstrated in RGCs. Notably, 
the expression was markedly increased in RGCs at 3 days after 
ONC compared with the sham retina (Figs. 2A and B). Hax‑1 
expression was predominantly located in NeuN‑positive cells 
(Fig. 2C‑F). These findings indicated that the temporal pattern 
of Hax‑1 following ONC was consistent with the results of 
the western blotting, and suggested the localization of Hax‑1 
appeared to be confined to the RGCs.

Hax‑1 was relevant to RGC apoptosis in retinal tissue 
following ONC. In order to investigate the apoptosis of RGCs, 
TUNEL staining was performed at 3  days after ONC to 
further determine whether Hax‑1 expression was involved in 
the changes in RGC biological functions, including apoptosis 
(Fig. 3). Apoptosis of RGCs, as assessed by TUNEL staining, 
was relatively lower in retinas from the sham‑operated group 

(Fig. 3A). The number of TUNEL and Hax‑1/TUNEL‑positive 
cells was significantly increased at 3  days after ONC 
(Fig. 3B‑G; P<0.05).

Caspase‑3 represents a specific marker of a subpopulation 
of apoptotic cells. Western blots were used to determine the 
expression levels of active caspase‑3. It was demonstrated 
that the expression of active caspase‑3 was relatively low in 
normal retinas, but it increased and reached a maximum at 
3 days after ONC (Figs. 4A and B;P<0.05). To further inves-
tigate the distribution and co‑localization of Hax‑1 and active 
caspase‑3 at 3 days after ONC, double immunofluorescent 
microscopy was performed to detect active caspase‑3 and 
Hax‑1. The results demonstrated that the co‑localization of 
Hax‑1 and active‑caspase‑3 was observed at 3 days after ONC 

Figure 5. Association of Hax‑1 with HtrA2 in the retina folllowing ONC. 
(A) Western blotting demonstrated expression levels of HtrA2 in the retina 
following ONC. The expression of HtrA2 was increased following ONC and 
peaked at 3 days. (B) Bar chart demonstrates the ratio of HtrA2 to β‑actin at 
each time point. The data are presented as the mean ± standard error of the 
mean (n=3) *P<0.05, **P<0.01 vs. the normal group. (C‑F) Double immuno-
fluorescence staining for Hax‑1 immunoreactivity (green) and HtrA2 (red) 
in the retina following ONC. (C) Hax‑1 (green) activity colocalized with 
(D) HtrA2 (red) and (E) nuclear Hoechst staining (blue) in (F) the merged 
image (yellow). Scale bars are equivalent to 30 µm. Hax‑1, Hs1‑associated 
protein X‑1; HtrA2, high temperature‑regulated A2; ONC, optic nerve crush; 
OD, optical density; N, normal.

Figure 4. Hax‑1 was associated with RGC apoptosis in retinas following ONC. 
(A) Western blotting demonstrated expression levels of active‑caspase‑3 in 
retinas following ONC. The expression of active caspase‑3 was increased 
following ONC and peaked at 3 days. (B) Bar chart demonstrates the ratio 
of active‑caspase‑3 to β‑actin at each time point. The data are presented 
as the mean ± standard error of the mean (n=3) *P<0.05 vs. the N group. 
(C‑F) Double immunofluorescence staining for Hax‑1 immunoreactivity 
and active caspase‑3 in the retina following ONC. (C) Hax‑1 (green) activity 
colocalized with (D) active caspase‑3 (red) and (E) nuclear Hoechst staining 
(blue) in (F) the merged image (yellow). Scale bars are equivalent to 30 µm. 
Hax‑1, Hs1‑associated protein X‑1; ONC, optic nerve crush; OD, optical 
density; N, normal.
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(Fig. 4C‑F). These results indicated that Hax‑1 is important in 
RGC apoptosis in a caspase‑dependent way following ONC.

Association of Hax‑1 with HtrA2 in the retina following 
ONC. To investigate the exact role of Hax‑1 in RGC apoptosis 
following ONC, western blotting was performed to determine 
the expression levels of HtrA2. HtrA2 exhibited a marked 
upregulation at 2 and 3 days after ONC (Figs. 5A and B; P<0.05 
and P<0.01, respectively). Furthermore, the co‑localization of 
Hax‑1 and HtrA2 was observed by double immunofluorescent 
stain at 3 days after ONC (Fig. 5C‑F).

Discussion

ONC initiates a host of progressive molecular and cellular 
events, which evolve over the subsequent hours and days, 
resulting in neuronal survival, apoptosis, reactive gliosis and 
inflammation (12‑15). These secondary events lead to additional 
cell apoptosis, axonal degeneration, tissue injury, impaired 
regeneration, and functional disabilities (1,16,17). RGC apop-
tosis is one of the most severe responses following ON injury, 
it may result in loss of RGCs and poor visual function (18‑20). 
Thus, improved understanding of the molecular mechanisms 
involved in the death of RGCs would benefit the development of 
neuroprotective therapeutic strategies for the treatment of ON 
injury. However, the exact mechanism underlying RGC death 
following ON injury remains to be elucidated.

In the present study, the expression profiles of Hax‑1 in 
adult rat retina were investigated following acute ON injury. It 
was demonstrated that the protein expression levels of Hax‑1 
were significantly upregulated following ONC. Furthermore, 
it was observed that Hax‑1 was significantly increased in the 
GCL at 3 day after ONC, as indicated by immunofluorescent 
staining. In addition, based on the double immunofluorescent 
staining, the co‑localization of Hax‑1 and NeuN was detected 
in the retina. This result suggested that the localization of Hax‑1 
appeared to be confined to the RGCs. The co‑localization of 
Hax‑1/active caspase‑3 and Hax‑1/TUNEL‑positive cells was 
detected in RGCs, thus suggesting that Hax‑1 may participate in 
RGC apoptosis regulation. Quantitative analysis indicated that 
the expression patterns of active caspase‑3 and TUNEL‑positive 
cells were parallel with that of Hax‑1. These data were consistent 
with the hypothesis that Hax‑1 was implicated in pathophysi-
ology of ONs following ONC.

Previous studies have demonstrated that Hax‑1 is impor-
tant in nervous system disorders, including traumatic brain 
injury, cerebral ischemia and seizure‑induced hippocampal 
injury  (9‑11). It has been widely reported that Hax‑1 inter-
acts with apoptosis‑associated proteins, including HtrA2, 
protease‑activated receptor 1 (Par1), caspase‑3, caspase‑9 or 
Bcl‑2‑associated X protein (8,21‑23). Numerous studies have 
demonstrated that the activation of caspase‑3 was the key 
effector of RGC apoptosis following ONC (24‑26). Previously, 
Hax‑1 has been identified as a new substrate of caspase‑3, which 
prevents apoptosis by inhibiting the catalytic activation of 
caspase‑3 (27). Caspase‑3 cleaves Hax‑1 at the Asp127 residue 
during apoptosis  (27). Conversely, overexpression of Hax‑1 
had an inhibitory effect on caspase‑3 activity (22,27,28). In the 
present study, the temporal pattern of the expression of Hax‑1 is 
paralleled with the expression of active caspase‑3 in the retina 

following ONC. As Hax‑1 has these antiapoptotic features, it 
was hypothesized that upregulation of Hax‑1 may inhibit the 
caspase‑3‑mediated process of RGC apoptosis following ONC.

In addition, Hax‑1 has been demonstrated to interact with 
HtrA2 via Parl and to promote survival of lymphocytes and 
neurons (23,29). HtrA2 has been identified as an apoptosis‑regu-
lating protein (30‑32). During apoptosis, HtrA2 is released from 
the intermembrane space of the mitochondria into the cytosol, 
where it likely promotes neuronal cell death via promoting 
caspase activation. In the current study, HtrA2 expression was 
paralleled with that of Hax‑1 in the retina following ONC. These 
results suggested that Hax‑1 may participate in regulating RGC 
apoptosis via interacting with caspase‑3 and HtrA2 following 
ONC.

In conclusion, the present study is the first, to the best of our 
knowledge, to demonstrate that Hax‑1 is significantly upregu-
lated in RGCs after ONC. These findings suggested that Hax‑1 
may participate in regulating RGC apoptosis after ONC. Further 
studies are required to confirm whether Hax‑1 has neuroprotec-
tive functions following ONC, which may aid understanding of 
a novel molecular pathway of RGC apoptosis following ONC, 
and a novel strategy for the treatment of ON injury.
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