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Abstract. The aim of the current study was to determine 
effects of mild traumatic brain injury (TBI), with or 
without blockade of purinergic ATP Y1 (P2Y1) receptors or 
store‑operated calcium channels, on extracellular levels of 
ATP, glutamate, glucose and lactate. Concentrations of ATP, 
glutamate, glucose and lactate were measured in cere‑
bral microdialysis samples obtained from the ipsilateral 
cortex and underlying hippocampus of rats with mild 
unilateral controlled cortical impact (CCI) or sham 
injury. Immediately after CCI, a large release of ATP was 
observed in the cortex (3.53‑fold increase of pre‑injury value) 
and hippocampus (2.97‑fold increase of pre‑injury value), with 
ATP returning to the baseline levels within 20 min post‑injury 
and remaining stable for during the 3‑h sampling period. In 
agreement with the results of previous studies, there was a 
significant increase in glutamate 20 min after CCI, which was 
concomitant with a decrease in extracellular glucose (20 min) 
and an increase in lactate (40‑60 min) in both brain regions 
after CCI. Addition of a selective P2Y1 receptor blocker 
(MRS2179 ammonium salt hydrate) to the microdialysis 
perfusate significantly lowered pre‑injury ATP and glutamate 
levels, and eliminated the post‑CCI peaks. Addition of a blocker 
of store‑operated calcium channels [2‑aminoethoxy diphenyl‑
borinate (2‑APB)] to the microdialysis perfusate significantly 
lowered pre‑injury ATP in the hippocampus, and attenuated 
the post‑CCI peak in both the cortex and hippocampus. 2‑APB 

treatment significantly increased baseline glutamate levels, but 
the values post‑injury did not differ from those in the sham 
group. Pre‑injury glucose levels, but not lactate levels, were 
increased by MRS2179 and decreased by 2‑APB. However, 
none of these treatments substantially altered the CCI‑induced 
reduction in glucose and increase in lactate in the cortex. In 
conclusion, the results of the present study demonstrated that 
a short although extensive release of ATP immediately after 
experimental TBI can be significantly attenuated by blockade 
of P2Y1 receptors or store‑operated calcium channels.

Introduction

Previous studies (1‑17) indicated the importance and various 
roles of ATP signaling in the brain. Astrocytes, neurons and 
microglia are known to use ATP as a transmitter molecule by 
releasing it into the extracellular space to communicate with 
other cells (1,2). ATP signaling has been reported to partici‑
pate in synaptic strength (3‑5) and memory formation by 
retaining long‑term potentiation (6,7), and can alter cerebral 
blood flow by increasing calcium levels in astrocytic endfeet, 
which increases adjacent brain vessel diameter (8‑10). The 
most investigated function of ATP signaling is the activation 
of microglia to initiate inflammation (11‑14). When microglia 
receive an ATP signal through their surface purinergic 
receptor, microglia change to amoeboid form, thus initiating 
the migration to the damaged location and phagocytosis of 
debris in the brain (12,15,16). Moreover the well‑known inter‑
cellular energy role of ATP in maintaining synaptic function, 
which is usually derived from glycolysis and lactate when 
high synaptic activity is ongoing (17), via ATP signaling in 
the extracellular space appears to be essential in both physi‑
ological and pathological brain.

Despite numerous in vitro studies showing various signaling 
functions of ATP in astrocytes, in vivo studies demonstrating 
ATP release in a disease model are limited. Melani et al (18) 
used cerebral microdialysis in a rat middle cerebral artery 
occlusion model and showed that the extracellular ATP value 
increased 1.3‑fold compared with baseline levels during 
ischemia. Wang et al (19) detected an increase in ATP chemilu‑
minescence by real‑time imaging in a spinal cord injury model. 
Based on these previous in vivo and in vitro studies, combined 
with the well‑known increase in extracellular glutamate after 
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traumatic brain injury (TBI) (20), it was hypothesized that 
ATP should increase in the extracellular spaces acutely after 
controlled cortical impact (CCI)‑induced mild injury. If ATP 
release occurs after TBI, this signal might be responsible for 
the inflammatory response after TBI that aggravates outcome, 
and could possibly be a treatment target. The present study 
used a cerebral microdialysis technique in a rat CCI model 
and measured the magnitude of ATP release concomitant with 
changes in extracellular glutamate. The effects of a blocker 
of the purinergic ATP Y1 (P2Y1) receptor and a blocker of 
the store‑operated calcium channel that increases intracellular 
calcium levels were also investigated. Rapid glutamate release 
and energy substance (e.g, glucose, lactate) changes are well 
known to occur after TBI. The present study also measured 
glucose and lactate levels from the perfusate to determine their 
changes post‑injury when the P2Y1 receptor or store‑operated 
calcium channels were chemically suppressed.

Materials and methods

Ethics. All experimental procedures were approved by the 
UCLA Chancellor's Committee for Animal Research prior 
to starting the experiments. The approval protocol number 
was 2008‑021. All experiments were conducted at UCLA. 
Efforts were made to minimize causing pain and distress to 
the animals.

Animal model. Thirty eight male Sprague‑Dawley rats 
weighing between 313 and 413 g (mean, 355 g; 62‑72 day of 
age) were obtained from Charles River Laboratories, Inc., 
and were used in the study. Four rats were used to determine 
that our selected injury parameters did not result in cortical 
bleeding or tissue necrosis 1 week post‑CCI and 8 rats were 
used in pilot work to determine the need for an inhibitor of ATP 
breakdown in the microdialysis perfusate. For animals used 
in the main experiment, 1 rat died shortly after induction of 
anesthesia with rapid rise in body temperature and 1 died from 
apparent neurogenic pulmonary complications shortly after 
CCI. Rats were pair housed and acclimated for at least 2 weeks 
under standard temperature and lighting conditions (21‑24˚C, 
30‑70% humidity, room lights on 6:00 a.m. ‑ 6:00 p.m.), with 
food (Teklad; Envigo) and tap water available ad libitum. 
Prior to surgery, the animals were randomly assigned to 
one of four treatment groups: i) Sham injury group with 
standard perfusate (sham, n=6); ii) CCI group with standard 
perfusate (CCI; n=6); iii) CCI group with in situ administra‑
tion of 300 µM MRS2179 ammonium salt hydrate (M3808; 
Sigma‑Aldrich; Merck KGaA) (CCI‑MRS2179; n=6); and 
iv) CCI group with in situ administration of 1 mM 2‑aminoe‑
thoxy diphenylborinate (2‑APB; D9754; Sigma‑Aldrich; 
Merck KGaA) (CCI‑2‑APB; n=6). For both drug treated 
groups the compounds were administered by diffusion from 
the microdialysis probe membranes. Drug concentrations are 
determined from the previous study and considering the diffu‑
sion effect as explained below.

For surgery, the animal was placed in an anesthesia box 
and anesthesia was induced with 3‑4% isoflurane in oxygen 
(1.5 l/min flow rate) and the scalp was shaved. After the head 
was secured in a stereotaxic frame, anesthesia was main‑
tained with 1.5‑2.0% isoflurane in oxygen delivered via nose 

cone on the stereotaxic bite‑bar throughout surgery. Body 
temperature was kept at 37±0.5˚C throughout surgery with 
a rectal probe and a thermostatically controlled heating pad 
(Harvard Apparatus). Ophthalmic ointment (Bausch & Lomb) 
was applied to both eyes, local anesthesia was applied to the 
scalp with 0.5 ml 1% lidocaine, and the scalp was sterilized 
by repeated (three times) cleaning with Betadine (Dynarex 
Corp.) followed by 70% ethanol. A midline skin incision was 
made, and the pericranium was spread bilaterally. Next, a 
6‑mm diameter circular craniotomy was made over the left 
parietal cortex in all animals, centered 3.0 mm posterior and 
3.5 mm lateral from Bregma (Fig. 1). Under microscopic 
guidance (M651; Leica Microsystems GmbH) the dura mater 
was incised at two sites with the tip of a 27‑gauge needle. 
Two microdialysis probes mounted on a single micromanipu‑
lator on the stereotaxic instrument (Kopf Instruments) were 
placed into the left hemisphere. One probe was placed into 
the cortex adjacent to the location of CCI. Another probe 
was placed into the hippocampus, which is underneath the 
impact site and known to exhibit several injury‑induced 
changes. The final probe locations were selected with limita‑
tion of placement through a single craniotomy and use of a 
single micromanipulator. With minor deviations to avoid 
surface blood vessels, the target coordinates for the cortical 
probe were 1.5 mm posterior, 3.5 mm lateral from Bregma 
and 2.2 mm depth from cortical surface. The coordinates for 
the hippocampal probe were 3.5 mm posterior, 2.5 mm lateral 
from Bregma and 3.9 mm depth from cortical surface (Fig. 1). 
After 80 min of baseline sampling (collection of four 20‑min 
fractions) both microdialysis probes were retracted by raising 
the micromanipulator until the probes were ~10 mm above the 
cortical surface. Sham injury or CCI injury was then induced, 
similar to what is described in our prior studies (21‑23) but 
with reduced tissue compression to induce a milder injury. A 
4‑mm diameter flat‑tipped impactor, which was angled 20˚ 
from vertical to be perpendicular to the dura mater at the injury 
site, was used to induce CCI centered at 3.0 mm posterior and 
4.5 mm lateral relative to Bregma (20 psi, 2.37 m/sec, 1.5 mm 
tissue compression for 250 msec). Pilot work in our laboratory 
showed that this injury level does not cause any gross evidence 
of tissue damage at 1 week post‑CCI. Immediately after injury 
(within ~10 sec), probes were returned to the same location by 
lowering the micromanipulator, and post‑injury microdialysis 
sampling was performed for 3 h under isoflurane anesthesia. In 
total, the time of interruption of microdialysis sampling (probe 
retraction, CCI and probe re‑insertion) was <30 sec. The sham 
injury group underwent baseline sampling, as well as removal 
and replacement of probes, but without CCI application.

Microdialysis settings. Cerebral microdialysis was performed 
using CMA 12 Elite probes (8010431; CMA Microdialysis 
AB), which have a 20,000 Da cut‑off polyarylethersulfone 
membrane that is 1 mm in length with a 0.5‑mm membrane 
diameter. The perfusate used in all animals contained 147 mM 
NaCl, 2.7 mM KCl, 1.2 mM CaCl2, 0.85 mM MgCl2, 25 mM 
HEPES and 1 mM adenosine 5'‑(α,β‑methylene)diphosphate 
(M3763; Sigma‑Aldrich; Merck KGaA) to prevent ATP 
breakdown (18). Pilot work (n=8) showed that ATP levels in the 
extracellular fluid samples were not detectable if the ecto‑5'‑nu‑
cleotidase inhibitor [adenosine 5'‑(α,β‑methylene)diphosphate] 
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was not contained in the perfusate. In one CCI group, 300 µM 
MRS2179 was added to the perfusate to enable P2Y1 receptor 
blockade. For another CCI group, 1 mM 2‑APB was mixed into 
the perfusate for blockade of store‑operated calcium channels. 
Drug concentrations were selected to be 10 times higher than 
those used in previous in vitro experiments where MRS2179 
or 2‑APB were shown to suppress calcium responses (24‑27), 
assuming ~10% drug efflux from dialysate based on the probe 
membrane efficiency. Before use, the pH of each perfusate 
was adjusted to 7.4 and it was filtered through a sterile 0.2‑µm 
membrane. Prior to in vivo use, the efficiency of each probe was 
measured by collecting dialysates as the probe was immersed 
in a 10‑µM glutamate and 10‑nM ATP solution. During the 
experiments, each probe was perfused with perfusate at 
3 µl/min, and timing of sample collection was performed to 
account for fluid volumes contained in probe inlet and outlet 
tubes and the shaft dead space. All microdialysis samples were 
collected in 20‑min fractions, with four samples collected in an 
80‑min baseline sampling period and nine samples collected 
in 3 h of post‑injury sampling. All microdialysis samples were 
stored at ‑80˚C until analysis. Both ATP and glutamate data 
are presented as values corrected by the percentage of recovery 
of each probe. The percentage of recovery of glutamate was 
substituted for correcting both glucose and lactate values. At 
the end of surgery, a 0.5 ml venous blood sample was collected 
from the subcutaneous vein of the neck to enable determination 
of plasma glucose and lactate concentrations. The isoflu‑
rane‑anesthetized animals were sacrificed by decapitation, and 
their brains were post‑fixed in 4% paraformaldehyde and then 
sectioned in a cryostat to enable histological staining.

Sample analyses. The concentration of ATP in each 
cerebral microdialysis fraction was measured by a biolumi‑
nescent luciferin‑luciferase assay using a commercial kit 
(FLAAM and FLAAB; Sigma‑Aldrich; Merck KGaA) 
according to the manufacturer's protocol. The signal was read 
with a scintillation counter (LS6500; Beckman Coulter, Inc.). 
Glutamate, glucose and lactate concentrations were measured 
using a CMA 600 analyzer (8001600; CMA Microdialysis AB). 
Plasma glucose and lactate levels were analyzed with YSI 2700 
Select Biochemistry Analyzer (Yellow Springs Instrument; 
Thermo Fisher Scientific, Inc.).

Statistical analysis. For statistical analysis, SPSS 
version 21 software (IBM Corp.) was used. All data are 
presented as the group mean ± standard deviation. Student's 
t‑test was used to compare data for body temperature and blood 
glucose or lactate levels between the sham and CCI groups. 
For statistical analysis of the pre‑injury microdialysis values, 
one‑way ANOVA was applied to the values of the final 
samples in the baseline period (‑20 min samples). When 
significant differences in the baseline data were obtained 
across groups (including ATP, glutamate and glucose values), 
the post‑injury data were analyzed using repeated measures 
analysis of covariance (ANCOVA) with each pre‑injury value 
of individual subjects serving as covariates. For data without 
baseline difference (such as lactate values), repeated measures 
ANOVA was used to analyze the post‑injury data. When the 
post‑injury analyses revealed significant differences across 
the groups, post hoc Tukey's test was conducted for multiple 

comparisons. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Location of probes and physiological parameters. As afore‑
mentioned, to avoid cortical surface vessels, microdialysis 
probes could not be inserted into the planned position for 
certain animals. The final cortical probe position on average 
was 1.62±0.29 mm posterior and 3.53±0.33 mm lateral 
from Bregma, and the final hippocampal probe position was 
3.62±0.29 mm posterior and 2.53±0.33 mm lateral from 
Bregma. These probe locations were very close to the initial 
targets, and did not alter placement in the intended cortical or 
hippocampal tissues.

The mean lowest and highest body temperature values 
during surgery in the sham group were respectively 
36.07±0.29˚C and 36.87±0.64˚C, and 36.07±0.27˚C and 
36.97±0.61˚C in the CCI group. The mean blood glucose levels 
at 3 h post‑injury were 10.29±1.05 mM in the sham group and 
10.53±0.86 mM in the CCI group. The mean blood lactate 
levels at the same time point were 1.27±0.31 mM in the sham 
group and 1.15±0.19 mM in the CCI group. These parameters 
were not significantly different between groups.

ATP changes in the extracellular space. The ATP changes in 
the extracellular spaces are represented in Fig. 2A (cortex) and 
Fig. 2B (hippocampus).

The final (‑20 min) pre‑injury dialysate ATP values in the 
cortex were 8.71±0.97 nM in the sham group, 8.50±0.20 nM 
in the CCI group and 7.59±1.00 nM in the CCI‑2‑APB group. 
The CCI‑MRS2179 group had a significantly lower value 
(2.73±0.17 nM) compared with that of the other three groups 
(P<0.001), indicating significant effects of P2Y1 receptor 
blockade on pre‑injury ATP release. In the first 20 min 
following injury, the ATP value of the CCI group increased 
to 30.01±6.95 nM which was significantly higher (P<0.001) 
than that of the sham group (11.53±2.07 nM). The ATP 
concentration of the CCI group increased by 353% from the 
pre‑injury value, while that of the sham group was 132% of 
pre‑injury value. The ATP value of the CCI‑MRS2179 group 
was not significantly altered by injury, with a concentration 
of 2.98±0.16 nM at 20 min post‑CCI (109% of pre‑injury 
value). The ATP value of the CCI‑2‑APB group increased to 
19.41±3.84 nM (256% of pre‑injury value) in the first 20 min 
after injury, but this increase was not significantly different 
from that of the sham group. Both the CCI‑MRS2179 and 
CCI‑2‑APB groups exhibited significantly (P=0.001) lower 
post‑injury peak ATP values compared with those of the 
CCI group. The ATP values of the four groups returned to 
their baseline levels within the second post‑injury fraction, 
with no further significant group differences.

The ATP changes in the hippocampus exhibited similar 
trends to those of the cortex, with the greatest changes 
occurring in the first post‑injury microdialysis fraction 
(Fig. 2B). In the sham group, the ATP value changed from 
8.47±0.22 to 11.43±1.50 nM (135% of pre‑injury value). In the 
CCI group, the pre‑injury value of 8.59±0.40 nM increased to 
25.49±4.92 nM (297% of pre‑injury value), and this peak value 
was significantly higher (P<0.001) than that of the sham group. 



MORO et al:  EXTRACELLULAR ATP RELEASE FOLLOWING EXPERIMENTAL TRAUMATIC BRAIN INJURY4

The ‑20 min pre‑injury ATP value of the CCI‑MRS2179 group 
was significantly reduced (P<0.001) compared with that of the 
other three groups. In this group, the ATP value changed from 
2.88±0.07 nM pre‑injury to 3.05±0.21 nM (106% of pre‑injury 
value) in 20 min after CCI, with a significantly lower peak 
value compared with that of the sham (P<0.001) and CCI 
(P<0.001) groups. The pre‑injury ATP value in hippocampus 
of the CCI‑2‑APB group was significantly lower (P<0.001) 
than that of the sham and CCI groups. The ATP values of the 
CCI‑2‑APB group changed from 7.40±0.41 nM pre‑injury to 
17.25±4.26 nM (233% of pre‑injury value), and the 20 min 
post‑CCI peak value was significantly lower than that of the 
CCI group (P<0.001). From the second post‑injury fraction 
onward, the ATP value of all groups returned to the baseline 
level without any significant difference between the groups.

Glutamate changes in the extracellular space. The glutamate 
changes in the extracellular spaces are represented in Fig. 3A 
(cortex) and Fig. 3B (hippocampus).

In the cortex, the ‑20 min pre‑injury glutamate levels of the 
sham and CCI groups were 13.29±3.18 and 12.49±1.38 µM, 
respectively. The pre‑injury glutamate value of the 
CCI‑MRS2179 group (9.13±1.82 µM) was significantly reduced 
(P=0.030), while that of the CCI‑2‑APB group (23.70±2.12 µM) 
was significantly increased (P<0.001), compared with that of 
the sham group, demonstrating the pre‑injury effects of P2Y1 
receptor or store operated calcium channel blockade. In the 
first fraction after injury, the cortical glutamate concentra‑
tion of the CCI group reached 51.63±17.18 µM (413% of 
pre‑injury value), which was significantly higher (P<0.001) 
than the concentration observed in the sham group (93% of 
pre‑injury value; 12.38±3.01 µM). The glutamate values for 

the CCI‑MRS2179 and CCI‑2‑APB groups increased to 
29.71±4.46 µM (325% of pre‑injury value) and 36.39±8.23 µM 
(154% of pre‑injury value), respectively, in the first 20 min 
post‑injury, but these values were not significantly different 
from those of the sham group. The post‑injury peak glutamate 
values of the CCI‑MRS2179 group were significantly lower 
(P=0.037) than those of the CCI group. In the second fraction 
after injury, the cortical glutamate values of the four groups 
returned to the baseline level, with no further significant group 
differences.

In the hippocampus (Fig. 3B), the ‑20 min pre‑injury gluta‑
mate levels were 12.78±1.37 and 12.67±0.61 µM in the sham 
and CCI groups, respectively. In the cortex, the pre‑injury value 
of the CCI‑MRS2179 group (9.22±1.61 µM) was significantly 
lower (P=0.027), and the pre‑injury value of the CCI‑2‑APB 
group (20.27±3.31 µM) was significantly higher (P<0.001) in 
the hippocampus than the pre‑injury glutamate levels in the 
sham group. In the first fraction following injury, the peak value 
of the CCI group increased significantly (260% of pre‑injury 
value; 32.98±12.32 µM; P=0.040) compared with that of the 
sham group (91% of pre‑injury value; 11.61±1.53 µM). The 
post‑injury glutamate peak for the CCI‑MRS2179 group was 
21.30±4.74 µM (231% of pre‑injury value), and that of the 
CCI‑2‑APB group was 47.64±19.94 µM (235% of pre‑injury 
value), with neither of these increases being significant 
compared with the values exhibited by the sham group. In 
the second fraction post‑injury and thereafter, the values for 
glutamate in the hippocampus of the four groups returned to 
the baseline level without any significant group differences.

The post‑injury glutamate peaks of the MRS2179 and 
2‑APB groups increased to 154‑325% of pre‑injury value in 
the cortex and hippocampus, but ANCOVA showed that these 

Figure 1. (A) Schematic diagram depicting anterior‑posterior locations of the craniotomy (light blue), the injury tip (purple) and target surface sites for the 
cortex and hippocampal microdialysis probes relative to Bregma. (B) Two thionin‑stained histology images (magnification, x5) indicate the actual probe loca‑
tions (arrows) in the cortex (top) and hippocampus (bottom). Cerebral contused tissue was not observed in this mild controlled cortical impact injury model. 
The brain atlas images depict the locations of the working membrane of the cortical and hippocampal microdialysis probes. 
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changes were not significantly different compared with the 
values exhibited by the sham group (P=0.148 in cortex and 
P=0.990 in hippocampus). The significance of these post‑CCI 
peak values was eliminated due to the significant ‑20 min 
pre‑injury levels being set as a covariate in these groups.

Glucose changes in the extracellular space. The glucose 
concentrations in the extracellular space are represented in 
Fig. 4A (cortex) and Fig. 4B (hippocampus).

The ‑20 min pre‑injury glucose level in the cortex of the 
sham group was 1.02±0.07 µM, and in the CCI group it was 
1.04±0.05 µM. The CCI‑MRS2179 group had significantly 
higher (P=0.004) pre‑injury glucose value (1.23±0.13 µM) 
and the CCI‑2‑APB group had a significantly lower (P<0.001) 
pre‑injury glucose value (0.77±0.08 µM) compared with 
those of the sham controls. After injury, in the first fraction, 
the glucoses value decreased to 0.70±0.11 (67% of pre‑injury 
value), 0.57±0.19 (47% of pre‑injury value) and 0.42±0.06 µM 
(54% of pre‑injury value) in the CCI, CCI‑MRS2179 and 
CCI‑2‑APB groups, respectively. These post‑CCI values were 
significantly reduced (P<0.001) compared with those of the 
sham group (106% of pre‑injury value; 1.09±0.06 µM). The 
cortical glucose values of the CCI group returned to near 
baseline from the second post‑injury fraction onward, without 

any significant differences versus the sham group. The cortical 
glucose values of the CCI‑MRS2179 group started to recover 
after the second fraction post‑injury and became significantly 
higher compared with those of the sham group at 100‑120 min 
(P=0.016) and at 160‑180 min after injury (P=0.041). The 
glucose level in cortical dialysates of the CCI‑2‑APB group 
started to recover from the second fraction post‑injury but 
remained significantly lower than the levels in the sham 
controls at 20‑40 min (P=0.004) and 40‑60 min (P=0.001) 
after CCI.

The hippocampal glucose levels of the four groups 
showed similar trends to those observed in cortex (Fig. 4B). 
The ‑20 min pre‑injury glucose concentrations in the 
sham and CCI groups were 0.97±0.07 and 1.00±0.12 µM, 
respectively. The CCI‑MRS2179 group had significantly 
higher (P<0.001) glucose values (1.23±0.07 µM), and the 
CCI‑2‑APB group had significantly lower (P=0.010) glucose 
values (0.79±0.07 µM) compared with those of the sham 
group. A post‑injury decrease was observed in extracel‑
lular glucose in the hippocampus of the CCI group (75% of 
pre‑injury value; 0.75±0.07 µM), which was significant 
(P=0.001), compared with that of the sham group (106% of 
pre‑injury value; 1.02±0.16 µM). In the CCI‑MRS2179 
group, glucose levels decreased to 1.03±0.10 µM (84% of 
pre‑injury value) in the first post‑injury fraction, which did 
not differ from those of the sham group. The first 20 min 
post‑injury glucose levels of the CCI‑2‑APB group were 
0.62±0.05 µM (79% of pre‑injury value), which were signifi‑
cantly reduced (P=0.002) compared with those in the sham 
group. In the second fraction post‑injury, the glucose levels 
in hippocampal dialysates returned to baseline level ranges, 
with no significant difference between the four groups there‑
after.

Lactate changes in the extracellular space. The lactate data 
from the cerebral microdialysis samples are represented in 
Fig. 5A (cortex) and Fig. 5B (hippocampus).

The ‑20 min pre‑injury lactate levels in the cortex of 
the sham, CCI, CCI‑MRS2179 and CCI‑2‑APB groups 
were 1.20±0.04, 1.21±0.07, 1.02±0.42 and 1.05±0.07 µM, 
respectively. There was no significant difference between the 
four groups for pre‑injury lactate levels. In the CCI group, 
the post‑injury cortical lactate value reached 5.44±1.73 µM 
(449% of pre‑injury value) in the first fraction and 3.67±2.06 µM 
in the second fraction, with these values being significantly 
different (P<0.001 and P=0.037, respectively) compared with 
the sham group values of 1.54±0.19 µM (129% of pre‑injury 
value) and 1.41±0.15 µM. In the CCI‑MRS2179 group, cortical 
lactate in the first post‑injury fraction was 5.98±1.13 µM 
(588% of pre‑injury value), and it was 3.99±1.29 µM in the 
second fraction. Both values were significantly elevated 
(P<0.001 and P=0.021, respectively) compared with the find‑
ings in the sham group. The lactate value of the CCI‑2‑APB 
group increased significantly (P=0.001) above sham levels to 
4.44±0.78 µM (442% of pre‑injury value) in the first fraction, 
but it was not significantly different from that of the sham 
group in the second fraction post‑injury.

In the hippocampus, the ‑20 min pre‑injury lactate values 
of the sham, CCI, CCI‑MRS2179 and CCI‑2‑APB groups 
were 1.25±0.04, 1.26±0.15, 1.25±0.04 and 1.22±0.11 µM, 

Figure 2. ATP levels in the extracellular space in the (A) cortex and 
(B) hippocampus. The times shown for each 20‑min dialysate represent the 
start of each sample collection relative to the time of injury. Low ATP base‑
line (‑20 min pre‑injury) levels were noted in the CCI‑MRS2179 (cortex and 
hippocampus) and CCI‑2‑APB (hippocampus) groups compared with those 
of the sham injury controls. Large release of ATP was observed immediately 
after mild CCI injury in both the cortex and hippocampus. This increase was 
significantly attenuated by either MRS2179 or 2‑APB treatment. The ATP 
values returned to the ‑20 min pre‑injury levels at 20‑40 min after injury. 
The color of each symbol denoting significant group differences correspond 
to the colors of the lines for each group shown in the legend. §§§P<0.001 
vs. the sham group at ‑20 min pre‑injury. ***P<0.001 vs. the sham group 
post‑injury. ##P<0.01 and ###P<0.001 vs. the CCI group post‑injury. 2‑APB, 
2‑aminoethoxy diphenylborinate; CCI, controlled cortical impact; MRS2179, 
MRS2179 ammonium salt hydrate. 
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respectively (Fig. 5B). There was no significant differ‑
ence between the four groups for pre‑injury lactate. In the 
CCI group, the lactate concentrations in the hippocampus 
increased to 3.14±0.63 (249% of pre‑injury value), 2.16±0.60 
and 1.84±0.54 µM in the first, second and third post‑injury 
fractions, respectively, with these levels being significantly 
increased (P<0.001, P=0.006 and P=0.028, respectively) 
compared with those of the sham group (114% of pre‑injury 
value; 1.42±0.17, 1.24±0.22 and 1.26±0.21 µM, respectively). In 
the CCI‑MRS2179 group, the lactate values (212% of pre‑injury 
value; 2.65±0.48 and 2.03±0.47 µM) were significantly higher 
(P<0.001 and P=0.019) than those of the sham group for the 
first two post‑injury fractions. In the CCI‑2‑APB group, the 
post‑injury lactate levels in the hippocampus increased to 
3.17±0.19 µM (259% of pre‑injury value) in the first fraction, 
2.39±0.30 µM in the second fraction and 1.99±0.17 µM in the 
third fraction. These values were all significantly higher than 
the lactate levels in the sham group (P<0.001, P=0.001 and 
P=0.005, respectively).

Discussion

A major finding of the present study is that a large quantity of 
ATP was released into the extracellular spaces in the cortex 

and hippocampus immediately after mild experimental TBI. 
In addition, it was demonstrated that this ATP release was 
restricted by in situ pre‑injury administration of the P2Y1 
receptor blocker MRS2179 or the store‑operated calcium 
channel blocker 2‑APB. Treatment with 2‑APB increased the 
pre‑injury extracellular glutamate level, but both MRS2179 
and 2‑APB reduced the extent of glutamate release induced 
by trauma. The pre‑injury extracellular glucose level was 
increased by MRS2179 and decreased by 2‑APB, but the 
post‑CCI decrease in glucose levels was not altered by either 
P2Y1 or store‑operated calcium channel blockade. Anaerobic 
metabolism, which is reflected by an increase in extracellular 
lactate after CCI, was not substantially affected by either 
MRS2179 or 2‑APB treatment.

Although it is now recognized that a variety of brain cells 
release ATP (28‑30), it seems likely that part of the increase 
in ATP observed in the present study derives from astrocytes. 
It is known that astrocytes increase their calcium levels and 
become activated astrocytes in a wide range including areas 
that are not directly damaged in response to environmental 
changes. In this process, gliotransmitters ATP, D‑serine and 

Figure 4. Glucose levels in the extracellular space in the (A) cortex and 
(B) hippocampus. The times shown for each 20‑min dialysate represent the 
start of each sample collection relative to the time of injury. Administration 
of MRS2179 increased, while administration of 2‑APB decreased, the base‑
line (‑20 min pre‑injury) glucose levels in both brain regions compared with 
those of the sham group. The significant injury‑induced decrease in glucose 
vs. the sham controls did not differ between the three CCI groups in the 
first post‑injury dialysate sample from the cortex, although this decrease 
in the hippocampus did not reach significance in the CCI‑MRS2179 group. 
Additional long‑term reductions in extracellular glucose with 2‑APB treat‑
ment and increases with MRS2179 treatment were also observed in the 
cortex. The color of each symbol denoting significant group differences 
correspond to the colors of the lines for each group shown in the legend. 
§P<0.05, §§P<0.01 and §§§P<0.001 vs. the sham group at ‑20 min pre‑injury. 
*P<0.05, **P<0.01 and ***P<0.001 vs. the sham group post‑injury. #P<0.05 and 
##P<0.01 vs. the CCI group post‑injury. 2‑APB, 2‑aminoethoxy diphenylbori‑
nate; CCI, Controlled cortical impact; MRS2179, MRS2179 ammonium salt 
hydrate. 

Figure 3. Glutamate levels in the extracellular space in the (A) cortex and 
(B) hippocampus. The times shown for each 20‑min dialysate represents the 
start of each sample collection relative to the time of injury. Low baseline 
(‑20 min pre‑injury) glutamate levels in the CCI‑MRS2179 group and high 
baseline levels in the CCI‑2‑APB group compared with those of the sham 
controls were observed in both brain regions. A large release of glutamate was 
observed in the CCI group immediately after injury in both the cortex and 
hippocampus. This glutamate release was attenuated in the CCI‑MRS2179 
and CCI‑2‑APB groups. The color of each symbol denoting significant group 
differences correspond to the colors of the lines for each group shown in 
the legend. §P<0.05 and §§§P<0.001 vs. the sham group at ‑20 min pre‑injury. 
*P<0.05 and ***P<0.001 vs. the sham group post‑injury. #P<0.05 vs. the CCI 
group post‑injury. 2‑APB, 2‑aminoethoxy diphenylborinate; CCI, controlled 
cortical impact; MRS2179, MRS2179 ammonium salt hydrate. 
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glutamate are used as a paracrine signal to communicate 
with surrounding astrocytes, synapses and microglia. The 
P2 receptor that receives ATP signals is known to exist in 
the majority of brain cells. The major P2 receptor subtype 
to receive ATP signals during gliotransmission is known to 
be the P2Y1 receptor (24,31). Molnar et al (32) reported that 
the P2Y1 receptor blocker MRS2179 successfully restricted 
gliotransmission in a rat brain slice model. In other studies, 
administration of MRS2179 restricted calcium increase and 
ATP release of astrocytes, while stimulation of P2Y1 receptors 
potentiated ATP release (33,34). To increase the intracellular 
calcium level, astrocytes release calcium from the endoplasmic 
reticulum or import calcium from the extracellular space 
through calcium channels on the cell membrane. In addition to 
the voltage dependent calcium channel, store‑operated calcium 
channels that are activated by calcium depletion in the endo‑
plasmic reticulum play an important role in ATP release (35). 
The blocker 2‑APB has been shown to decrease calcium entry 
through the store‑operated calcium channel, which results in 
the attenuation of calcium signaling (36).

Astrocytes are activated by several stimuli such as gluta‑
mate, ischemia and mechanical stress. Koizumi et al (37) 
applied mechanical stress to cultured astrocytes and demon‑
strated an increase in ATP bioluminescence signaling. Those 
results showed that mechanically stimulated astrocytes create 
a calcium wave that spreads concentrically at 21±1.7 µm/sec. 

It is important to clarify the role of astrocytes and their effects 
after TBI, since astrocytes play a complex role in several func‑
tions of the brain such as inflammation, blood flow regulation, 
metabolism, plasticity, epilepsy and mental disorders (38,39). 
Of note, the source of ATP detected in the present study may 
derive from cells other than astrocytes, such as microglia, 
oligodendrocytes, Muller cells, Bergmann glia and neurons, 
which have all been reported to release ATP (28‑30). In addi‑
tion, P2Y1 receptors and store‑operated calcium channels are 
not astrocyte specific.

The present results revealed that a large quantity of ATP 
was released into the extracellular space immediately after 
mild experimental TBI, which is consistent with previous 
studies on increased ATP signaling in other in vivo injury 
models (18,19). However, the extracellular levels reported 
in the present study were markedly low compared with the 
reported ATP values within the cell (40). After injury, astro‑
cytes probably release gliotransmitters to increase the activity 
of neighboring astrocytes and/or to initiate the microglial 
response to maintain electrolyte levels in the extracellular 
space and to remove debris from the brain (12,15). Besides 
this beneficial effect of microglia, in TBI, it is known that the 
insult caused by trauma will cause excessive inflammation that 
can lead to a harmful secondary injury (41).

An unexpected finding of the present study is that MRS2179 
reduced extracellular ATP within the baseline sampling 
period to an extremely low value, although this result is consis‑
tent with a previous study reporting that administration of 
MRS2179 decreased the frequency of astroglial calcium oscil‑
lation in a rat epilepsy model (42). The low levels of ATP in the 
CCI‑MRS2179 group both pre‑ and post‑injury suggest that 
P2Y1 receptor blockade may induce certain adverse effects if 
used long term, and future studies should examine short‑term, 
post‑injury treatment. Preventing the activation of astrocytes 
for therapeutic purpose needs to be carefully evaluated, since 
astrocytes have both beneficial and harmful aspects in TBI.

The present study also showed that the store‑operated 
calcium channel was required to release ATP after relatively 
mild CCI injury. The store‑operated calcium channel, together 
with the endoplasmic reticulum, is known to be essential for 
astrocytes to control the intracellular calcium level (43). The 
pre‑injury ATP value of the CCI‑2‑APB group was signifi‑
cantly higher than that of the CCI‑MRS2179 group, and it 
was similar to that of the sham and CCI groups. The 2‑APB 
compound is known to block the activation of astrocytes in 
lipopolysaccharide‑stimulated cultured astrocytes (44). The 
present results suggest that, in physiological conditions, P2Y1 
signaling is required, but not the store‑operated calcium 
channel, to maintain homeostasis for glutamate and electro‑
lyte preservation. However, when greater signal transduction 
is required in response to an insult such as trauma, not only 
P2Y1 signaling but also the store‑operated calcium channel 
are essential to release sufficient ATP signals into the extracel‑
lular space.

One limitation of the present study is the use of micro‑
dialysis for the study of ATP levels, since the mechanical 
insertion of the 0.5‑mm diameter probe into the brain paren‑
chyma constitutes a stab wound injury. Astrocytes are known 
to release ATP and create a calcium wave even after mild 
mechanical stimuli to a single cell (45). In the current study the 

Figure 5. Lactate levels in the extracellular space in the (A) cortex and 
(B) hippocampus. The times shown for each 20‑min dialysate represent 
the start of each sample collection relative to the time of injury. Baseline 
(‑20 min pre‑injury) lactate levels did not differ between the four groups in 
either brain region. CCI injury produced a significant increase in lactate in 
the cortex and hippocampus compared with that of sham injury, although the 
injury‑induced lactate increases did not differ between the three CCI groups. 
The color of each symbol denoting significant group differences correspond 
to the colors of the lines for each group shown in the legend. *P<0.05, **P<0.01 
and ***P<0.001 vs. the sham group post‑injury. 2‑APB, 2‑aminoethoxy 
diphenylborinate; CCI, controlled cortical impact; MRS2179, MRS2179 
ammonium salt hydrate. 
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ATP values of the first fraction (‑80 min) of baseline sampling 
are considered to represent the effects of this stab wound. 
Notably, the ATP values were higher in all groups at that time 
compared with those at the final baseline (‑20 min), and P2Y1 
receptor blockade reduced ATP levels within the first 20 min 
of sampling period. The smaller post‑injury ATP peak in 
the sham group likely represents ATP release due to further 
mechanical stimulation caused by retraction and re‑insertion 
of probes. As this same stimulus was provided along with 
mild TBI to the CCI, CCI‑MRS2179 and CCI‑2‑APB groups, 
post‑injury ATP values must be interpreted with consideration 
of this ‘probe injury’ effect, with a portion of the total ATP 
peak observed post‑injury being attributed to stimulation from 
probe re‑insertion and a portion attributed to the mild TBI. 
The observed increased in ATP after CCI does not appear to 
simply reflect ATP leakage from mechanically injured cells, 
since the microdialysis probes were inserted into the cortex at 
the anterior edge of the contusion site as well as in the more 
remote, underlying hippocampus, and in both sampling sites 
the post‑CCI ATP release was restricted by the P2Y1 receptor 
blocker and the store‑operated calcium channel blocker. In the 
present study, a mild injury level that does not cause visible or 
histological contusion was used to minimize any ATP leakage 
from mechanically disrupted cells. The use of this mild TBI 
may explain why the peak in post‑injury ATP levels was 
similar to the peak observed after the initial probe insertions 
for baseline sampling. Future studies should determine if the 
post‑injury ATP peak is higher or more enduring to last longer 
if a moderate‑to‑severe TBI is administered at levels sufficient 
to cause cerebral contusion.

Consistent with previous studies on TBI (20,46), extra‑
cellular glutamate was transiently increased in the current 
study. The results of the cortical microdialysis probe showed 
that inhibition of the P2Y1 receptor decreased the extracel‑
lular glutamate release after injury. Astrocytes are known 
to control the neuronal glutamate release in physiological 
brain (47,48), and astrocytes themselves release glutamate 
as a transmitter into the extracellular space (49). MRS2179 
probably inactivated astrocytes and neurons, which restricted 
glutamate release, thus resulting in lowered glutamate 
concentrations in the extracellular space. Glutamate toxicity 
is a well‑known aggravating factor in cerebral infarct or 
TBI (50). Thus, reduced cortical glutamate with MRS2179 
treatment suggests that modification of gliotransmission 
after injury may have a therapeutic potential to decrease 
secondary injury. It is also noteworthy that the pre‑injury 
glutamate levels increased in the 2‑APB‑treated group. The 
increase in extracellular glutamate in the 2‑APB‑treated 
group may reflect that store‑operated calcium channels are 
essential to re‑pump the glutamate from the extracellular 
space, which may be associated with the function of metabo‑
tropic glutamate receptors (51).

The current results also confirm previous studies on early 
decrease in extracellular glucose with concomitant increase 
in extracellular lactate after brain trauma, which is likely to 
be due to increased glutamatergic activity with anaerobic 
glycolysis (52,53). The baseline glucose and lactate levels in 
the present study were consistent with previously reported 
values, but were slightly lower compared with those of a freely 
moving rat microdialysis model (54,55). The extracellular 

glucose levels were increased by MRS2179 treatment, although 
the relative reduction in glucose post‑CCI was not altered 
by this P2Y1 receptor blockade. The lactate levels were not 
altered by MRS2179 treatment. The higher glucose concen‑
trations of the CCI‑MRS2179 group may represent the P2Y1 
receptor blockade effects on lowering the metabolic activity 
of cells, although the post‑injury changes suggesting neuronal 
hyperactivity (decreased glucose with increased lactate) were 
not different among the CCI groups. A previous in vitro study 
showed that ATP stimulation of the P2 receptor on astrocytes 
activates the phosphoinositide 3 kinase/Akt pathway, which 
in turn depletes intracellular glucose, thus leading to glucose 
import into the cell via the glucose transporter (56). Blockade 
of the P2 receptor with MRS2179 may represent the inactiva‑
tion of this pathway, which resulted in the elevated extracellular 
glucose level observed in the current study. In contrast to treat‑
ment with MRS2179, 2‑APB treatment led to a decrease in 
pre‑injury extracellular glucose levels. However, store‑operated 
calcium channel blockade did not exacerbate nor attenuate the 
post‑CCI induced reduction in glucose or increase in lactate 
compared with those of CCI alone. Blocking the store‑operated 
calcium channel in several injury models has been reported 
to be beneficial. For example, 2‑APB increased ischemic 
tolerance in a neuron astrocyte co‑culture model (57), and 
inhibition of store‑operated calcium channels restored mito‑
chondrial membrane potential, reduced cytochrome c release 
and prevented cell death in a hyperglycemia‑induced in vitro 
neuronal injury model (58). In contrast to the current results, 
previous studies indicated that store‑operated calcium chan‑
nels function to increase glucose uptake from the extracellular 
space, and blockade of these channels with 2‑APB will increase 
the extracellular glucose concentration (57,59). Further studies 
will be required to explain these contradictory findings and to 
clarify the roles of store‑operated calcium channels on cerebral 
metabolism or energy status following injury.

In conclusion, the present results demonstrated that 
post‑traumatic ATP signaling can be altered to certain degree 
by pharmacological interventions. Further studies on pharma‑
cological ways of altering the activation states of astrocytes for 
treating TBI are warranted.
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