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Abstract. Monocarboxylate transporter 4  (MCT4) is a 
high‑capacity lactate transporter in cells and the alteration 
in MCT4 expression harms cellular survival. The present 
study investigated whether hypothermia affects tumor 
necrosis factor‑α  (TNF‑α) and MCT4 immunoreactivity 
in the subfield cornu ammonis 1 (CA1) following cerebral 
ischemia/reperfusion  (IR) in gerbils. Hypothermia was 
induced for 30 min before and during ischemia. It was found 
that IR‑induced death of pyramidal neurons was mark-
edly augmented and occurred faster under hyperthermia 
than under normothermia. TNF‑α immunoreactivity in 
the pyramidal cells started to increase at 3 h after IR and 
peaked at 1 day after IR under normothermia. However, in 
hyperthermic control and sham operated gerbils, TNF‑α 
immunoreactivity was significantly increased compared 

with the normothermic gerbils, and IR under hyperthermia 
caused a more rapid and significant increase in TNF‑α 
immunoreactivity in pyramidal neurons than under normo-
thermia. In addition, in the normothermic gerbils, MCT4 
immunoreactivity began to decrease in pyramidal neurons 
from 3 h after IR and markedly increased at 1 and 2 days 
after IR. On the other hand, MCT4 immunoreactivity in 
pyramidal neurons of the hyperthermic gerbils was signifi-
cantly increased from 3 h after IR, maintained until 1 day 
after IR and markedly decreased at 2 days after IR. These 
results indicate that acceleration of IR‑induced neuronal 
death under hyperthermia might be closely associated with 
early alteration of TNF‑α and MCT4 protein expression in 
the gerbil hippocampus after IR.

Introduction

Ischemia/reperfusion (IR) in the brain causes selective 
neuronal death in vulnerable brain structure, such as the 
hippocampus; especially, among neurons in the hippocampus, 
pyramidal neurons of cornu ammonis 1 (CA1) are the most 
vulnerable after IR (1,2). IR‑induced death of CA1 pyramidal 
neurons occurs a few days after IR, and this phenomenon is 
called ‘delayed neuronal death (DND)’ (1). Several factors, 
such as age and sex, can affect the degree of neuronal damage 
in the brain (3‑5). Among them, brain and body temperature 
have been hypothesized to be a major factor in neuronal 
survival and death after IR injury (6‑9).

Elevated temperature is closely related to neurological 
deficits, enlargement of ischemic lesions, microvascular injury 
and increase in neuronal damage in various rodent models of 
brain ischemia (10‑14). Hyperthermia increases the metabolic 
rate (15), which is harmful to the ischemic brain as there is 
an imbalance between energy supply and demand during 
ischemia (7,16).
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Metabolic adaptation, which is a switch between oxidative 
and glycolytic metabolism, occurs during ischemia and after 
reperfusion in brains (17). Such metabolic changes increase 
the production and accumulation of lactates in ischemic 
tissues (18,19). Lactate trafficking between cells is facilitated 
mainly by proton‑dependent symporters known as monocar-
boxylate transporters (MCTs). Currently, 14 isoforms of the 
MCT family are known, but only three MCTs, MCT1, MCT2 
and MCT4, have been elucidated as lactate transporters in the 
central nervous system (20). Among them, MCT4 is known to 
be expressed in neurons and/or astrocytes (21‑24). 

Our previous studies reported the effects of hyperthermia 
on hippocampal neuronal damage after IR in gerbils (8,9). In 
addition, a chronological change in MCT4 protein expression 
in the gerbil hippocampus after IR was revealed under normo-
thermia (21,24). However, to the best of our knowledge, there 
have been no studies on changes of MCT protein expression 
levels in the hippocampus under hyperthermia before and/or 
during ischemic insults. Therefore, the present study compared 
MCT4 and TNF‑α immunoreactivities in IR‑induced CA1 
under hyperthermic condition to that under normothermic 
condition. 

Materials and methods

Experimental animals. Male Mongolian gerbils (Meriones 
unguiculatus; weight, 66‑74 g; age, 6 months) were obtained 
from the Experimental Animal Center, Kangwon National 
University, Chuncheon, Republic of Korea. Gerbils were 
housed under conventional housing conditions at 23±3˚C with 
relative humidity of 55±5%, under a 12‑h light/dark cycle. 
Free access to food and water was allowed. Experimental 
procedures for this study were approved by the Institutional 
Animal Care and Use Committee at Kangwon National 
University (approval no. KW‑200113‑1). 

The process of handling and caring animals conformed 
to the guidelines of the current international laws and poli-
cies (25,26). The numbers of gerbils used in this study and 
the suffering caused by the procedures used in all experiments 
was minimized. Body weight and behavior of all animals 
were monitored every other day. Humane endpoints were 
determined when the animals showed weight loss >20%, 
dehydration, or loss of ability to ambulate. No animals showed 
signs of humane endpoints intended to be euthanized imme-
diately. The method of euthanasia was chemical and physical 
method. After each animal was profoundly anesthetized using 
60 mg/kg of pentobarbital sodium, and cardiac perfusion was 
conducted. Confirmation of death was evaluated with vital 
signs including heart beats, pupillary response, and respira-
tory pattern (lack of cardiac activity for 5 min through cardiac 
palpation, unresponsiveness to light with dilated pupils using 
light into the eyes of the animal and lack of spontaneously 
breathing pattern with shallow and irregular breathing pattern).

Experimental groups and induction of IR. Experimental 
animals  (total n=109) were divided into seven groups: 
i) Normal animals (normal group; n=5); ii) control animals 
with normothermia (NT/control group; n=5); iii) sham‑oper-
ated animals with normothermia (NT/sham group; n=5); 
iv) IR‑operated animals with normothermia (NT/IR group; 

n=7 at each time point); v)  control animals with hyper-
thermia (HT/control group; n=5); vi) sham‑operated animals 
with hyperthermia (HT/sham group; n=5); and vii) IR‑operated 
animals with hyperthermia (HT/IR group; n=7 at each time 
point). Since there were no significant differences between the 
normal group and NT/control group in the present study, data 
of the normal group are not shown. 

The gerbils in each group were anesthetized with a mixture 
of 2.5% isoflurane (Baxtor) in 30% oxygen and 70% nitrous 
oxide using inhalation anesthesia equipment (Harvard 
Apparatus), with a modification of methods of previous 
studies (27‑29); inhalation anesthetics for the gerbils main-
tained precise control over the dosage of the anesthetic agent 
and enabled them to rapidly recover (30). Hyperthermia was 
induced by exposing the gerbils to a heating pad (homeo-
thermic monitoring system, Harvard Apparatus) connected 
to a rectal thermistor under anesthesia until their rectal 
temperature was elevated to 39.5±0.2˚C, and the animals 
were maintained at this temperature for 30 min before and 
during the surgery. For normothermic condition, the rectal 
temperature was controlled at 37.0±0.5˚C. For the induction of 
IR, as previously described (9), both common carotid arteries 
were isolated and occluded by using non‑traumatic aneurysm 
clips for 5 min. Then, the animals were maintained in thermal 
incubators  (temperature 23˚C; humidity 60%) to maintain 
body temperature at a normothermic level until they were 
euthanized (Fig. 1). The animals in the NT/sham and HT/sham 
groups were exposed to the same surgical processes without 
bilateral carotid artery occlusion.

Tissue processing for histology. The animals of the NT/IR 
and HT/IR groups were sacrificed, and their brain sections 
containing the hippocampus were prepared at designated 
times (3 h, 12 h, 1 day, 2 days, 3 days and 5 days after IR). 
To reduce the number of animals, the brain sections of the 
NT/control, NT/sham, HT/control and HT/sham groups were 
obtained only at 5 days after sham operation. For preparation 
of sections, as previously described (9,21), the animals were 
perfused transcardially with solution of 4% paraformalde-
hyde after checking vital signs to ensure that the animals 
were profoundly anesthetized with 60 mg/kg pentobarbital 
sodium (JW Pharmaceutical Co., Ltd.) (31). Their brains were 
removed and post‑fixed in the same fixative at room tempera-
ture for 6 h. The brain tissues were cryoprotected with solution 
of 30% sucrose, and the frozen tissues were serially sectioned 
into 30‑µm coronal sections.

Fluoro‑Jade B  (FJB) histofluorescence staining. FJB is a 
fluorescent derivative used for histological staining of degen-
erating neurons. In the present study, FJB histofluorescence 
staining was conducted to examine neuronal damage and 
death in the hippocampus after IR. As described previ-
ously (9,21,32), the tissues were immersed in a solution of 
0.06% potassium permanganate and stained with a solution 
of 0.0004% FJB (Histochem) for 45 min at room temperature. 

To analyze the numbers of damaged (dead) neurons, the 
stained sections were observed with an epifluorescent micro-
scope at magnification, x20 (Carl Zeiss AG). According to 
our previously published method (21), FJB‑positive cells were 
examined with an epifluorescent microscope (Carl Zeiss AG) 
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equipped with 450‑490 nm of blue excitation light and a barrier 
filter. This microscope was equipped with a digital camera 
connected to a PC monitor. Digital images of FJB‑positive 
cells in the same areas in the hippocampus were captured. 
These captured cells were counted using an image analyzing 
software (Optimas v6.5; CyberMetrics)

Immunohistochemistry. Immunohistochemical staining was 
performed to examine changes in MCT4 expression in the 
hippocampus after IR according to our previously published 
method (9,21,32). Briefly, the sections (30‑µm) were treated 
with a solution of 0.3% hydrogen peroxide for 20 min at room 
temperature and followed by a solution of 10% normal goat 
serum (cat. no. S‑1000; Vector Laboratories, Inc.) for 20 min at 
room temperature. These sections were reacted with a 1:1,000 
dilution of rabbit anti‑TNF‑α (cat. no. ab66579, Abcam), a 1:200 
dilution of rabbit anti‑MCT4 (cat. no. ab244385, Abcam) over-
night at 4˚C, and incubated in a 1:250 dilution of biotinylated 
goat anti‑rabbit IgG (cat. no. BA‑1000, Vector Laboratories, 
Inc.) for 2 h at room temperature and treated with a 1:200 dilu-
tion of streptavidin peroxidase complex (Vector Laboratories, 
Inc.) for 1 h at room temperature. Finally, these sections were 
visualized by reacting with a solution of 3,3'‑diaminobenzi-
dine tetrahydrochloride.

To quantitatively analyze TNF‑α and MCT4 immunore-
activity, six sections with a 120‑µm interval per animal were 
selected. According to our previous method (9,32), digital 
images of TNF‑α and MCT4 immunoreactive structures were 
captured in the hippocampus with Axio Imager 2 micro-
scope (Carl Zeiss AG) at magnification, x20 equipped with a 
digital camera. These images were calibrated into an array of 
512 x 512 pixels. The density of MCT4 immunoreactive struc-
tures was evaluated as relative optical density (ROD) by using 
NIH ImageJ v1.59 software (National Institutes of Health,). 
A ratio of ROD was calibrated as %, with the NT/control 
group (100%).

Double immunofluorescence staining. To examine cell 
types containing TNF‑α and MCT4 immunoreactivity, 
double immunof luorescence staining was performed 
according to our published protocol  (33). In brief, rabbit 
anti‑TNF‑α (cat. no. ab66579, dilution 1:500; Abcam), goat 
anti‑Ionized calcium binding adaptor molecule 1 (Iba1; cat. 
no. ab5076, dilution 1:400; Abcam) for microglia and rabbit 
anti‑MCT4 (cat. no. ab244385, dilution 1:100; Abcam) and 
mouse anti‑GFAP (cat. no. MAB360, dilution 1:400; Abcam) 
for astrocytes were used. The sections were incubated in the 
mixture of the antisera overnight at 4˚C, and the incubated 
sections were reacted in mixture of both donkey anti‑rabbit IgG, 
Alexa Fluor488 (cat. no. A32790, dilution 1:500; Invitrogen; 
Thermo Fisher Scientific, Inc.) and goat anti‑mouse IgG, Alexa 
Fluor546 (cat. no. A‑11030, dilution 1:500; Invitrogen; Thermo 
Fisher Scientific, Inc.) and donkey anti‑rabbit IgG, Alexa 
Fluor546 (cat. no. A10040, dilution 1:500; Invitrogen; Thermo 
Fisher Scientific, Inc.) and goat anti‑mouse IgG, or Alexa 
Fluor488 (cat. no. A‑11001, dilution 1:500; Invitrogen; Thermo 
Fisher Scientific, Inc.) 2 h at room temperature. The immuno-
reaction was examined under confocal microscope (LSM510 
META NLO; Carl Zeiss AG) at magnification, x20 in the 
Korea Basic Science Institute Chuncheon Center.

Statistical analysis. Data are expressed as the mean ± SEM. 
Differences in the means among the groups were statistically 
analyzed by ANOVA with a post hoc Bonferroni's multiple 
comparison tests with SPSS v17.0 software (SPSS, Inc.). In 
order to elucidate ischemia‑related differences among experi-
mental groups. In order to compare two independent variables 
between normothermia and hyperthermia, and their interac-
tion, two‑way ANOVA was used with the Bonferroni post 
hoc. P<0.05 was considered to indicate a statically significant 
difference.

Results

Change in body temperature. In the NT/sham group, rectal 
temperature was 36.5±0.2˚C at 30 min before the sham opera-
tion, 37.2±0.2˚C during the sham operation and 36.3±0.2˚C at 
30 min after sham operation (Fig. 1). In the NT/IR groups, 
rectal temperature was 36.9±0.2˚C at 30 min before the IR 
operation, 37.1±0.1˚C during the IR operation and 37.8±0.1˚C 
at 30 min after the IR operation (Fig. 1).

In the HT/sham group, rectal temperature was 39.3±0.2˚C 
at 30 min before the sham operation, maintained at 39.5±0.2˚C 
during the sham operation and recovered to 36.9±0.1˚C (normal 
body temperature) at 30 min after the sham operation (Fig. 1). 
In the HT/IR groups, rectal temperature was 39.5±0.2˚C at 
30 min before the IR operation, 39.5±0.1˚C during the IR oper-
ation and 39.8±0.1˚C at 30 mins after the IR operation (Fig. 1).

IR‑induced neuronal death. To examine IR‑induced neuronal 
damage/death in the hippocampus, FJB (a marker for degen-
erating neurons) histofluorescence staining was performed. 
In the NT/control and NT/sham group, FJB‑positive cells 
were not observed in CA1 (Fig. 2A, B and K). In the NT/IR 
groups, FJB‑positive cells were not observed 2 days after 
IR (Fig. 2C and K). At 3 days after IR, a few FJB‑positive 
degenerating cells were observed in the stratum pyramidale, 
in which pyramidal cells are located as principal cells in the 
hippocampus (Fig. 2D and K). At 5 days after IR, numerous 
FJB‑positive degenerating cells were observed in the stratum 

Figure 1. Change in rectal temperature in the NT/sham, NT/IR, HT/sham and 
HT/IR groups for 30 min before and after IR. Normothermia (37.0±0.2˚C) or 
hyperthermia (39.5±0.2˚C) was controlled for 30 min before and during IR. 
Temperature in the NT/sham and HT/sham groups returned to normal body 
temperature at 30 min after sham IR; however, temperature in the NT/IR and 
HT/IR groups was slightly increased at 30 min after IR. The bars indicate the 
means ± SEM (n=7 per each group). IR, ischemia/reperfusion; NT, normo-
thermia; HT, hyperthermia.
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pyramidale, and the number of FJB‑positive cells was signifi-
cantly increased (P<0.0001) compared with that at 3 days after 
IR (Fig. 2E and K).

In the HT/control and HT/sham group, FJB‑positive cells 
were not detected in any layers of CA1 (Fig. 2F, G and K). In the 
HT/IR groups, several FJB‑positive cells began to be observed 
in the stratum pyramidale at 2 days after IR (Fig. 2H and K). 
At 3 days after IR, the number of FJB‑positive degenerating 
cells was increased to 112.1% compared to that at 2 days 
after IR (Fig. 2I and K), and, at 5 days after IR, FJB‑positive 
degenerating cells were further increased  (P=0.0035; 
141.2% compared to that at 2 days after IR) (Fig. 2J and K). 
In addition, at this point in time, the number of FJB‑positive 
degenerating cells of the HT/IR group was significantly 
higher (P=0.024, about 122.1% of the NT/IR group) than that 
in the NT/IR group (Fig. 2J and K).

IR‑induced change in TNF‑α immunoreactivity. In the 
NT/control and NT/sham groups, TNF‑α immunoreactivity 
was observed in pyramidal neurons (Fig. 3A and B). In the 
NT/IR group, TNF‑α immunoreactivity was significantly 
increased at 3 h (P<0.0001) and 12 h (P<0.0001) after IR 
and peaked at 1 day (337.7% of the NT/sham group) after IR 
compared with the NT/sham group (Fig. 3C, D, E and Q). 
Thereafter, TNF‑α immunoreactivity was gradually decreased 
at 2 days (P=0.0015) and 3 days (P<0.0001) after IR (Fig. 3F, G 
and Q), and was barely observed at 5 days (p=0.0003) after 
IR (Fig. 3H) compared with the pre‑time point group. 

TNF‑α immunoreactivity in the HT/control and HT/sham 
groups was observed in pyramidal neurons, and TNF‑α 
immunoreactivity was significantly higher (P<0.0001) 
than that in the NT/control and NT/sham group (255.6 
and 265.7%, respectively) (Fig. 3I, J and Q). In the HT/IR 
group, TNF‑α immunoreactivity was significantly increased 
from 3  h (P<0.0001) (128.3% of the HT/sham group) 
compared with the HT/sham group after IR and highest 
at 12  h (P<0.0001)  (221.4% of the HT/sham group) after 
IR (Fig. 3K, L and Q). Thereafter, TNF‑α immunoreactivity 
was significantly decreased at 1 day (P<0.0001) (124.3% of 
the HT/sham group) after IR compared to that at 12 h after 
ischemia and was barely observed at 2, 3 and 5 days after 
IR, showing that TNF‑α immunoreactivity at 5 days after IR 
was increased in non‑pyramidal cells of the strata oriens and 
radiatum (Fig. 3M‑Q). 

Double immunofluorescence staining results showed that, 
in the NT/IR and HT/IR groups, TNF‑α immunoreactive 
non‑pyramidal cells at 5 days after IR were merged with Iba‑1 
immunoreactive microglia (Fig. 3R). 

IR‑induced change in MCT4 immunoreactivity. MCT4 
immunoreactivity in the NT/control and NT/sham 
groups was primarily observed in pyramidal neurons in 
CA1 (Fig. 4A and B). In the NT/IR group, MCT4 immunore-
activity in CA1 pyramidal neurons was significantly reduced 
at 3 h (P<0.0001) and 12 h (P<0.0001) after IR, compared to 
that in the NT/sham group (Fig. 4C, D and Q). MCT4 immu-

Figure 2. Fluoro‑Jade B histofluorescence staining in CA1 of the (A) NT/control, (B) NT/sham, NT/IR at (C) 2, (D) 3 and (E) 5 days after IR, (F) HT/con-
trol, (G) HT/sham and HT/IR groups at (H) 2, (I) 3 and (J) 5 days after IR. In the NT/IR group, numerous FJB‑positive cells were detected in the SP at 5 days 
after IR. However, in the HT/IR group, several FJB‑positive cells were found from 2 days after IR. Scale bar, 50 µm. (K) Numbers of FJB‑positive cells in 
CA1. *P<0.0001 vs. NT/sham or HT/sham group; †P<0.0001, significantly different from the corresponding NT group; #P<0.0001 vs. pre‑time point group. 
The bars indicate the means ± SEM. SO, stratum oriens; SR, stratum radiatum; CA1, cornu ammonis 1; IR, ischemia/reperfusion; NT, normothermia; HT, 
hyperthermia; SP, stratum pyramidale.
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noreactivity in the CA1 pyramidal neurons was significantly 
increased at 1 day (P<0.0001) and 2 days (P<0.0001) after IR 
compared to that in the NT/sham group (Fig. 4E, F and Q). 
At 3 and 5 days after IR, MCT4 immunoreactivity in the 
CA1 pyramidal neurons was barely observed compared with 
the NT/sham group, whereas MCT4 immunoreactivity was 
increased in non‑pyramidal cells of the strata oriens and 
radiatum at 5 days after IR (Fig. 4G and H).

In the HT/control and HT/sham group, no significant 
difference in MCT4 immunoreactivity in CA1 pyramidal 
neurons was shown, compared to that in the NT/control and 
NT/sham group (Fig. 4I, J and Q). At 3 h after IR, a signifi-
cant increase (P<0.0001) (166.1% of the HT/sham group) in 
MCT4 immunoreactivity was observed in the HT/IR group 
when compared with that in the HT/sham group, and the 
corresponding NT group (Fig. 4K and Q). MCT4 immuno-
reactivity in the CA1 pyramidal neurons in the HT/IR group 
was increased until 1 day after IR (Fig. 4L, M and Q). At 
2 days after IR, only a few CA1 pyramidal neurons showed 
MCT4 immunoreactivity, and there was a significant decrease 
compared with the corresponding NT group (Fig. 4N). MCT4 
immunoreactivity in the CA1 pyramidal neurons was barely 
observed at 3 days after IR and was significantly decreased 

compared with the corresponding NT group (Fig. 4O and Q). 
At 5 days after IR MCT4 immunoreactivity in CA1 pyramidal 
neurons was not observed but was expressed in non‑pyramidal 
cells (Fig. 4P). 

It was also found that MCT immunoreactivity in non‑pyra-
midal cells at 5 days after IR in the NT/IR and HT/IR groups 
were identified as GFAP immunoreactive astrocytes (Fig. 4R).

Discussion

In the present study, body temperature of the NT/IR and 
HT/IR group was slightly increased 30 min after IR, while 
in the NT/sham and HT/sham group, body temperature was 
maintained after sham operation. Similar to the present 
results, it has been previously reported that cerebral ischemia 
raises body temperature (38.5‑39.5˚C) until ~1 h after IR, 
and then gradually recovers to normal body temperature in 
gerbils (34,35). Therefore, the use of drugs to reduce body 
temperature immediately after ischemia can effectively 
protect neurons (34,35). However, it has been reported that 
hyperthermia during the acute phase of cerebral ischemia 
within 24 h after IR exacerbates ischemic brain damage and 
worsens outcomes in patients with hyperthermia in acute 

Figure 3. TNF‑α immunohistochemistry in CA1 of the (A) NT/control, (B) NT/sham, NT/IR at (C) 3 h, (D) 12 h, (E) 1 day, (F) 2 days, (G) 3 days and (H) 5 days 
after IR, (I) HT/control, (J) HT/sham and HT/IR groups at (K) 3 h, (L) 12 h, (M) 1 day, (N) 2 days, (O) 3 days and (P) 5 days after IR. In the NT/IR group, 
TNF‑α immunoreactivity increased gradually in the SP, peaked at 1 day post‑IR and decreased thereafter. In the HT/control and HT/sham groups, TNF‑α 
immunoreactivity in the SP was much higher (asterisks) than that in the NT/control and NT/sham groups. In the HT/IR group, TNF‑α immunoreactivity 
increased significantly from 3 h post‑IR, peaked at 12 h post‑IR, decreased from 1 day post‑IR and was barely observed at 3 and 5 days post‑IR. Note that 
TNF‑α immunoreactivity was observed in non‑pyramidal cells (arrows) in SO and SR at 5 days after IR in both the NT/IR and HT/IR groups. Scale bar, 
50 µm. (Q) ROD of TNF‑α immunoreactivity as % in CA1. *P<0.0001, significantly different from the NT/sham or HT/sham group; †P<0.0001, significantly 
different from the corresponding NT group; #P<0.0001 vs. pre‑time point group. (R) Double immunofluorescence staining for TNF‑α (green, a and d), 
Iba‑1 (red, b and e), and merged (c and f) images at 5 days post‑IR in the NT/IR (upper panels) and the HT/IR (lower panels) groups. TNF‑α immunoreactivity 
is merged with Iba‑1 immunoreactive microglia (arrows). Scale bar, 50 µm. CA1, cornu ammonis 1; IR, ischemia/reperfusion; NT, normothermia; HT, hyper-
thermia; TNF, Tumor necrosis factor; SP, stratum pyramidale; SO, strata oriens; SR, stratum radiatum; ROD, Relative optical density; Iba, Ionized calcium 
binding adaptor molecule 1.
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ischemic stroke (36‑38). Our previous studies revealed that 
hyperthermia before and during IR increased the extent and 
severity of IR‑induced neuronal death and IR‑induced glial 
activation in the gerbil hippocampus  (8,9). In the present 
study, it was found that IR‑induced death of CA1 pyramidal 
neurons  (principal neurons) was markedly augmented and 
occurred rapidly under hyperthermia when compared with 
that under normothermia. This finding was coincident with the 
result of our previous study (9).

There is extensive research on deleterious factors of 
hyperthermia in cerebral ischemic conditions, showing 
that induced hyperthermia can cause increases in oxida-
tive stress and DNA fragmentation finally exacerbating 
neuronal damage in the hippocampus  (39,40). In addi-
tion, it has been reported that patients with hyperthermia 
have significantly higher plasma levels of TNF‑α and 
increased infarct volume compared with the normothermic 
group, showing that there are significant correlations 
between TNF‑α level and infarct volume, and between 
body temperature and infarct volume (37). Furthermore, 
brief hypoxia alone significantly increases brain TNF‑α 
expression, and hyperthermia at 39˚C following hypoxia 
causes a more significant increase in TNF‑α expression in 
a rat model of perinatal inflammation (41). Similar to the 
results of the previous studies, in the present study, TNF‑α 

immunoreactivity in CA1 pyramidal neurons located in 
the stratum pyramidale of the NT/IR group was gradu-
ally increased from 3 h, peaked at 1 day and significantly 
decreased at 3 days after IR. Notably, hyperthermia without 
IR (HT/control and HT/sham group) significantly increased 
TNF‑α immunoreactivity in CA1 pyramidal neurons, and 
in the HT/IR group, TNF‑α immunoreactivity in the CA1 
pyramidal neurons was much higher, rapidly increased and 
peaked at 12 h after IR compared with the NT/IR group. 
These results indicated that hyperthermia and IR under 
hyperthermia increases TNF‑α expression (inflammatory 
response) in CA1 pyramidal neurons, showing that a signifi-
cant increase in TNF‑α expression under hyperthermia may 
be closely related to more severe ischemic damage to CA1 
pyramidal neurons. 

It has been suggested that MCT4 expression is closely related 
to TNF‑α expression (42), indicating that the overexpression 
of MCT4 accelerates glycolysis, increases lactate (end product 
of glycolysis) and promotes pro‑inflammatory cytokines in 
arsenite‑induced liver carcinogenesis. Based on this report, 
the present study examined IR‑induced changes in MCT4 
immunoreactivity and found that the IR‑induced changes in 
MCT4 immunoreactivity in CA1 pyramidal neurons under 
normothermia were significantly different from those under 
hyperthermia. 

Figure 4. MCT4 immunohistochemistry in CA1 of the (A) NT/control, (B) NT/sham, NT/IR at (C) 3 h, (D) 12 h, (E) 1 day, (F) 2 days, (G) 3 days and (H) 5 days 
after IR, (I) HT/control, (J) HT/sham and HT/IR groups at (K) 3 h, (L) 12 h, (M) 1 day, (N) 2 days, (O) 3 days and (P) 5 days after IR. In the NT/IR group, 
MCT4 immunoreactivity in the SP was markedly reduced at 3 and 12 h post‑IR, significantly increased at 1 and 2 days post‑IR, and barely observed at 3 
and 5 days post‑IR. In the HT/IR group, MCT4 immunoreactivity in the SP was significantly increased from 3 h post‑IR, increased until 1 day post‑IR, 
dramatically decreased at 2 days post‑IR, and barely observed at 3 and 5 days post‑IR. Note that MCT4 immunoreactivity was observed in non‑pyramidal 
cells (arrows) in SO and SR at 5 days post‑IR in both NT/IR and HT/IR groups. Scale bar, 50 µm. (Q) ROD of MCT4 immunoreactivity as % in CA1. 
*P<0.0001, significantly different from the NT/sham or HT/sham group; †P<0.0001, significantly different from the corresponding NT group; #P<0.0001 vs. 
pre‑time point group. (R) Double immunofluorescence staining for MCT4 (red, a and d), GFAP (green, b and e), and merged (c and f) images at 5 days post‑IR 
in the NT/IR (upper panels) and the HT/IR (lower panels) groups. MCT4 immunoreactivity is merged with GFAP immunoreactive astrocytes (arrows). Scale 
bar, 50 µm. CA1, cornu ammonis 1; IR, ischemia/reperfusion; NT, normothermia; HT, hyperthermia; MCT4, Monocarboxylate transporter 4; SP, stratum 
pyramidale; SO, strata oriens; SR, stratum radiatum; ROD, Relative optical density.
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It has been reported that MCT4 expression in the brain 
is altered after ischemic insults. For instance, MCT4 expres-
sion was found to be increased in the ipsilateral hemisphere 
at 1 h post‑ischemia and then decreased at 24 h post‑isch-
emia in a mouse model of transient middle cerebral artery 
occlusion (MCAO), which evoked focal brain ischemia (43). 
Another study showed that mRNA and protein expression 
levels of MCT4 and lactate levels were significantly increased 
in the rat brain after transient and permanent MCAO (44). In 
our previous and present studies, it was demonstrated that 
in CA1 region after IR under normothermia, MCT4 protein 
expression was decreased early after IR and markedly 
increased 1 and 2 days after IR (9). It has been reported 
that MCT4 is a high‑capacity lactate transporter in cells 
exhibiting glycolytic activity and that MCT4 plays a crucial 
role in lactate release from glycolytic cells (45,46). In addi-
tion, in a gerbil model of transient forebrain ischemia, the 
level of hippocampal lactate was significantly increased 
at 15 min after IR, distinctively decreased from 15 min to 
6 h and similar to that in the control group at 2 days after 
IR  (47). Collectively, it was indicated that IR‑induced a 
decrease in MCT4 expression in CA1 pyramidal neurons 
soon after IR may be related to elevated usage of MCT4 to 
reduce the IR‑induced increase in lactate levels. However, 
increases in MCT4 expression in CA1 pyramidal neurons at 
1 and 2 days after IR may be associated with compensatory 
mechanisms (24). 

In the present study on MCT4 expression in CA1 neurons 
of the HT/IR group, MCT4 immunoreactivity was notably 
increased from 3 h to 1 day after IR and markedly decreased 
at 2 days after IR, suggesting that the alteration pattern of 
MCT4 immunoreactivity was different from the NT/IR 
group. However, it is difficult to hypothesis the reasons as 
to why MCT4 protein expression in pyramidal neurons of 
CA1 induced by IR under hyperthermia was significantly 
increased soon after IR; this finding was different from 
that in pyramidal neurons of CA1 induced by IR under 
normothermia. Lactate produced by glia at post‑ischemia 
is transported into neurons via MCTs for aerobic use, but 
inhibition of lactate transport into neurons via acting on 
MCTs (α‑cyano‑4‑hydroxycinnamate, an MCT inhibitor) 
exacerbates neuronal damage in the rat hippocampus after 
IR induced by cardiac arrest (48). In addition, the alteration 
of MCT4 expression harms cellular survival after hypoxic 
exposure (23). Based on these studies and the present find-
ings, it was suggested that a marked increase in MCT4 
immunoreactivity in CA1 pyramidal neurons soon after IR 
under hyperthermia may be associated with increased glyco-
lytic activities in the CA1 pyramidal neurons, and that the 
increase in MCT4 immunoreactivity at early points in time 
after IR may be related to the marked reduction in MCT4 
immunoreactivity, as well as the advance of IR‑induced 
death of CA1 pyramidal neurons from 2 days after IR.

However, there is a limitation to the present study. For 
instance, the present study examined IR‑induced changes in 
TNF‑α and MCT4 immunoreactivity in the CA1 pyramidal 
neurons, but did not investigate this using accurate quantita-
tive experiments. Therefore, to clearly elucidate the roles and 
the expression changes in TNF‑α and MCT4 following IR, 
quantitative analyses, such as western blot analysis or reverse 

transcription‑quantitative PCR, should be performed in future 
studies.

In conclusion, IR under hyperthermia exacerbated the 
death of CA1 pyramidal neurons, suggesting that TNF‑α and 
MCT4 immunoreactivity in the CA1 pyramidal neurons was 
high soon after IR under hyperthermia compared with that 
under normothermia. These results indicated that acceleration 
of neuronal death following IR under hyperthermia before and 
during IR may depend on the pattern of TNF‑α and MCT4 
protein expression after IR under hyperthermia. 
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