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Abstract: The extent of an ischemic insult is less in brain regions enriched in astrocytes suggesting that astrocytes main-

tain function and buffer glutamate during ischemia. Astrocytes express a wide variety of potassium channels to support 

their functions including TREK-2 channels which are regulated by polyunsaturated fatty acids, intracellular acidosis and 

swelling; conditions that pertain to ischemia. The present study investigated the possible involvement of TREK-2 chan-

nels in cultured cortical astrocytes during experimental ischemia (anoxia/hypoglycemia) by examining TREK-2 protein 

levels, channel activity and ability to clear glutamate. We found that TREK-2 protein levels were increased rapidly within 

2 hrs of the onset of simulated ischemia. This increase corresponded to an increase in temperature-sensitive TREK-2-like 

channel conductance and the ability of astrocytes to buffer extracellular glutamate even during ischemia. Together, these 

data suggest that up-regulation of TREK-2 channels may help rescue astrocyte function and lower extracellular glutamate 

during ischemia.  
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INTRODUCTION 

 Ischemia, glucose deprivation or mild mechanical trauma 
all result in neuronal death due to glutamate toxicity [1,2]. 
However, neuronal sensitivity to ischemia is less if neurons 
are surrounded by astrocytes [3]. One of the major functions 
of astrocytes is to maintain extracellular homeostasis in the 
brain by regulating extracellular concentrations of neuroac-
tive substances such as K+, H+, GABA and glutamate. Un-
der normal conditions, astrocytes have a much more hyper-
polarized membrane potential (~30 mV) than neurons, pro-
viding a driving force for K+-spatial buffering, glutamate 
transport, etc. We have previously shown that the highly 
hyperpolarized membrane potential of some cortical astro-
cytes is due, in part, to the presence of Kir4.1 inward rectify-
ing K+ channels [4]. Kir4.1 channels are activated by ATP 
[5,6] and are likely to be inhibited in conditions when ATP is 
depleted (i.e., during ischemia). This finding suggests that 
Kir4.1 channels will be metabolically regulated, with activity 
declining in metabolically compromised conditions [7] per-
haps allowing for the activity of other K+ channels to be-
come physiologically important. The role of other K+ chan-
nels in astrocytes is supported by the finding that after de-
crease of Kir4.1 expression either by siRNA or after condi-
tional knock-out of Kir4.1 channels, the membrane potential 
of the astrocytes is still substantially hyperpolarized [4,8].  

 In addition to Kir4.1 channels, astrocytes express a wide 
variety of potassium channels [9] including the TREK-2  
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tandem-pore domain channels [10-12], which are activated 
by conditions that are likely to pertain during ischemia. 
TREK-2 channel currents are increased by polyunsaturated 
fatty acids, intracellular acidosis in the physiological range 
and by mechanical stretch including swelling [13]. During 
ischemia, activation of phospholipases promotes liberation 
and accumulation of arachidonic acid [14], the intracellular 
pH of astrocytes becomes acidic and astrocytes swell 
[15,16]. All of these changes can activate TREK-2 channels 
and therefore, it has been hypothesized that TREK-2 in as-
trocytes may repolarize astrocytes and help maintain astro-
cytic function during pathological events such as anoxia, 
ischemia, hypoxia, hypoglycemia and/or spreading depres-
sion [10]. Indeed, Skatchkov et al. [17] and Päsler et al. [18] 
demonstrated recently roles for tandem pore domain K+ 
channels in homeostasis of glial cell volume (osmotic regula-
tion) and in glial K+ buffering.  

 Two comprehensive studies have mapped the distribution 
of TREK-2 mRNA in rat brain [19,20]. TREK-2c is the 
splice variant found in abundance in the brain and it has a 
distinct expression in brain which partially overlaps with that 
of TREK-1 [20]. Subsequent studies using RT-PCR com-
bined with electrophysiology have also shown expression of 
TREK-2 in cortical astrocytes [10,11], so it appears that 
TREK-2 is localized in both neurons and astrocytes.  

 Recent studies have examined the mRNA levels of 
TREK-2 after in vivo experimental ischemia in rats [21,22]. 
In a model of acute cerebral ischemia, TREK-2 mRNA lev-
els were increased in hippocampus and cortex 24 hrs after 
middle cerebral artery occlusion [22]. In contrast, there were 
no changes in TREK-2 mRNA levels in rat hippocampus and 
cortex after 30 days of permanent bilateral carotid artery 
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ligation [21]. These studies did not differentiate between the 
TREK-2 levels in astrocytes and neurons. Nor did they at-
tempt to determine if increases in TREK-2 mRNA levels 
corresponded with increases in functional TREK-2 channels.  

 The purpose of the present study was to determine if 
TREK-2 channel protein in cultured astrocytes is increased 
after in vitro experimental ischemia (anoxia/hypoglycemia) 
and if so, to determine if this increase corresponds with a 
functional role for TREK-2 channels in ischemic trauma. For 
comparison, the effects of ischemia on the protein levels of 
TASK-1, TASK-3 and Kir4.1 potassium channels were ex-
amined. 

MATERIALS AND METHODS 

Astrocyte Primary Cultures 

 Primary cultures of astrocytes were prepared from neo-
cortex of 1-2 day old rats as previously described [4] and in 
accordance with a protocol approved by the Institutional 
Animal Care and Use Committee (IACUC). Briefly, brains 
were removed after decapitation and the meninges stripped 
away to minimize fibroblast contamination. The forebrain 
cortices were collected and dissociated using the stomacher 
blender method. The cell suspension was then allowed to 
filter by gravity through a #60 sieve and then through a #100 
sieve. After centrifugation, the cells were suspended in 
modified Eagle’s medium (containing 25 mM glucose, 2 
mM glutamine, 1 mM pyruvate and 10% fetal bovine serum, 
100 iU/ml penicillin/100 g/ml streptomycin) and plated in 
uncoated 75 cm

2
 flasks at a density of 300,000 cells/cm

2
. 

The medium was exchanged with fresh culture medium 
about every 4 days. At confluence (about 12-14 days), the 
mixed glial cultures were treated with 50 mM leucine meth-
ylester (pH 7.4) for 60 min to effectively kill microglia [23]. 
Cultures were then allowed to recover for at least one day in 
growth medium prior to experimentation. Astrocytes were 
dissociated by trypsinization and reseeded onto the appropri-
ate plates or coverglasses for the experiments. The purity of 
the astrocyte cultures was greater than 95% as assessed by 
immunocytochemical staining for glial fibrillary acidic pro-
tein (GFAP; data not shown). Astrocytes were used for the 
experiments between 2 and 6 weeks in vitro. 

SDS-PAGE and Western Blotting Analysis 

 Astrocytes were harvested, pelleted and resuspended in 
homogenization buffer (pH 7.5) containing: (in mM) Tris-
HCl 20, NaCl 150, EDTA 1.0, EGTA 1.0, PMSF 1.0, 1% 
Triton X-100, and an additional mixture of peptide inhibitors 
(leupeptin, bestatin, pepstatin, and aprotinin). Lysates were 
mixed with

 
Urea sample buffer (plus dithiothreitol), boiled, 

spun
 
briefly to pellet debris, and immediately run on 10% 

SDS-polyacrylamide gels. Protein concentration of cell ho-
mogenates was determined with the DC protein assay (Bio-
Rad), followed by addition of an appropriate volume of Urea 
sample buffer (62mM Tris/HCl pH 6.8, 4% SDS, 8M Urea, 
20mM EDTA, 5% -Mercaptoethanol, 0.015% Bromophe-
nol Blue) for a final concentration of 0.5 – 1.5 μg protein/μl, 
and incubation in a water bath at 100°C for 10 min. Western 
blotting was performed as previously described

 
[4] using 

rabbit polyclonal antibodies against TREK-2 (1:1000 dilu-
tion; Chemicon or 1:500; Alomone), TASK-1, TASK-3 
(both at 1:300, Alomone) or Kir4.1 (1:400, Sigma Chemical 

Co.). Final detection was performed with enhanced chemi-
luminescence methodology (SuperSignal® West Dura Ex-
tended Duration Substrate; Pierce, Rockford, IL) as de-
scribed by the manufacturer, and the intensity of the signal 
measured in a gel documentation system (Versa Doc Model 
1000, Bio Rad). In all cases, intensity of the chemilumines-
cence signal was corrected for minor differences in protein 
content after densitometry analysis of the India ink stained 
membrane. 

Simulated Ischemia 

 To simulate ischemia in vitro, cultured astrocytes were 
subjected to anoxia and hypoglycemia. Astrocytes were 
plated in 60x15 mm petri dishes for Western blot experi-
ments or 24 well plates for glutamate clearance assays and 
allowed to grow to confluence. When confluent, anoxia was 
achieved by removing growth medium from the cultures, 
rinsing gently by immersion in a bicarbonate-buffered bal-
anced salt solution (BBSS) that contained (in mM): NaCl 
127, KCl 3, NaHCO3 19.5, NaH2PO4 1.5, MgSO4 1.5, D-
glucose 25, and CaCl2 1, and placing the cultures at 37°C in 
fresh BBSS previously gassed for 5 min with 5% CO2 and 
95% N2. (anoxia buffer; pH 7.4). Hypoxia and hypoglycemia 
(simulated ischemia) were achieved by decreasing the con-
centration of D-glucose in these solutions (25% or 10% of 
normal glucose). The cultures were then placed in a chamber 
(Billups-Rothenberg, Del Mar, CA) flooded with 5% CO2 
and 95% N2 and incubated at 37°C for 24 hrs. Control astro-
cytes were placed in BBSS (pH 7.4) under normoxic condi-
tions.  

Whole Cell Recording 

 For electrophysiology experiments, astrocytes were 
grown on coverglasses in 60x15 mm petri dishes and sub-
jected to the conditions described above. Membrane currents 
were measured using the whole cell voltage-clamp technique 
as previously described [4]. Electrodes from hard glass (GC-
150-10 glass tubing, Clark Electromedical Instruments, Eng-
land) were pulled in four steps using a Sutter P-97 puller 
(Novato, CA). After filling with intracellular solution (ICS) 
containing (in mM): KCl 141, MgCl2 1, CaCl2 1, EGTA 10, 
HEPES 10, Na2ATP 3, spermine HCl 0.25, pH adjusted to 
7.2 with NaOH/HCl, they had resistances of 6-8 M . The 
extracellular solution (ECS) contained (in mM): NaCl 143, 
CaCl2 2, KCl 3 mM, MgCl2 2 and HEPES 10. High frequen-
cies (>2 kHz) were cut off, using an Axopatch-200B ampli-
fier and a CV-203BU headstage, and digitized through a 
DigiData 1200A interface (Axon Instruments, USA). The 
pClamp 9 (Axon Instrument, USA) software package was 
used for data acquisition and analysis. For controlling 
changes in temperature, we used the Dual Heater Controller 
TC-344A (Warner Instrument Corporation). 

Transfection of tsA201 Cells with Rat Kir4.1 

 Cultures of tsA201 cells (an SV40 transformed variant of 
the HEK293 human embryonic kidney cell line generously 
provided by Dr. William Green) were maintained in Dul-
becco’s modified Eagle’s medium (pH 7.4) supplemented 
with 10 mmol/l glucose, 2 mmol/l L-glutamine, 10% fetal 
calf serum, and 200 iU/ml penicillin/200 g/ml streptomycin 
at 37°C (5% CO2 95% air). Wild-type rat Kir4.1 cDNA was 
cloned in the pEGFP-C1 expression vector (Clontech), 
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which generates EGFP fusion proteins with EGFP on the N-
terminus. The Kir4.1 channel subunit clones were trans-
fected into tsA201 cells using the calcium phosphate trans-
fection technique [24]. Recordings were made from cells 24–
72 h after transfection. The chemicals for cultures and for 
transfections were purchased from Sigma Chemical Co. (St. 
Louis, MO, USA). Successfully transfected cells were visu-
alized by EGFP-green fluorescence. 

Glutamate Clearance Assay 

 To evaluate the glutamate clearance capacity, primary 
astrocyte cultures were trypsinized and plated at equal den-
sity in 24 well dishes. Glutamate remaining in the medium 
(BBSS) was determined using the protocol of Abe et al. 
[25,26]. Briefly, BBSS in each well of the dish was replaced 
with 300 l of BBSS containing 200 M glutamate. After 60 
min, the medium was removed and 50 l of culture super-
natant was transferred to 96-well culture plates and the 
colorometric assay was performed [4,25,26]. The production 
of MTT formazan was assessed by measurement of absor-
bance at 550 nm using a microplate reader (Wallac Victor, 
Perkin Elmer). A standard curve was constructed in each 
assay using cell-free BBSS containing known concentrations 
of glutamate. The concentration of extracellular glutamate in 
the samples was estimated from the standard curve ranging 
from 6.25 to 600 M glutamate. As a control for each ex-
periment, BBSS containing 200 M glutamate was added to 
empty wells of a 24 well dish (no astrocytes) and processed 
together with the astrocytes, i.e. 60 min in the incubator until 
sample collection. For the ischemia experiments, the astro-
cytes were incubated inside the chamber (Billups-
Rothenberg, Del Mar, CA) flooded with 5% CO2 and 95% 
N2. Statistical significance was considered to be p<0.05 us-
ing a two-way ANOVA followed by Tukey’s test (Vassar-
Stats Statistical Computation Website). 

RESULTS 

 TREK-2 channels are activated by arachidonic acid [27] 
and increased temperature [28] and have been functionally 
localized to cortical astrocytes [10,11]. We confirmed these 
previous findings using whole cell voltage-clamp recording 
from cultured cortical astrocytes after blocking Kir, KATP, 
KA, KD and BK channels using a cocktail of inhibitors (Ba

2+
 

100 M, TEA 6 mM, 4-AP 4 mM, tolbutamide 500 M). 
Fig. (1A) shows that TREK-2-type currents were activated 
by arachidonic acid (10 M) and this activation was blocked 
by quinine (200 M), a putative blocker of TREK-2 chan-
nels. Furthermore, these currents were activated by increas-
ing temperature (Fig. 1B). Similar current responses were 
observed in 6/10 astrocytes after arachidonic acid (10 M) 
and in 7/7 astrocytes after increased temperature (from 23 to 
40°C). This response is consistent with that of Gnatenco et 
al. [10] who reported 50% of astrocytes were activated by 
arachidonic acid. Taken together, these data confirm that 
functional TREK-2-type channels are present in our cortical 
astrocyte cultures. 

 We next examined the effect of experimental ischemia 
(anoxia and hypoglycemia) on TREK-2 protein levels in 
cultured cortical astrocytes. Control astrocytes were incu-
bated at 37°C under normoxic conditions in BBSS, whereas 
astrocytes subjected to ischemia were incubated at 37°C in 
BBSS previously gassed with 5% CO2 and 95% N2 with re-
duced concentrations of D-glucose. Using Western blot, we 
determined that 24 hours of anoxia/hypoglycemia (either 1/4 
or 1/10 of normal glucose) increased TREK-2 protein levels 
in cortical astrocytes by approximately 3- and 4-fold, respec-
tively (Fig. 2A, B). In subsequent experiments, we deter-
mined the onset and recovery of the effect of ischemia on 
TREK-2 protein levels. We found that TREK-2 protein lev-
els were increased significantly two hours after anoxia in 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). TREK-2 currents recorded from cortical astrocytes. 

A. Effect of arachidonic acid (10 M) and quinine (200 M) on the ramp response of a cortical astrocyte in the presence of other K
+
 channel 

blockers (Ba 0.1 mM, TEA 6mM, 4-AP 4mM, tolbutamide 0.5 mM). [K]o = 3 mM.  

B. Ramp response of a cortical astrocyte showing activation of current by increasing temperature (23, 30 and 40°C). This effect was obtained 

in the presence of other K
+
 channel blockers (as above). [K]o = 3 mM. In both cases, the astrocyte was held at Em. 
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1/10 normal glucose (Fig. 2C). Furthermore, TREK-2 chan-
nel protein levels returned to control within one day of return 
to normoxic/normoglycemic conditions (Fig. 2D) after prior 
exposure to 24 hours of experimental ischemia (anoxia in 
10% glucose). 

 We also determined the effect of anoxia/hypoglycemia 
on the protein levels of other potassium channels known to 
be expressed in cultured astrocytes [4,10]. We found that the 
expression of TASK-1, TASK-3 and Kir4.1 channels was 

not altered 24 hours after anoxia/hypoglycemia (1/10 normal 
glucose) suggesting that experimental ischemia selectively 
up-regulated TREK-2 channels (Fig. 3). 

 To determine whether the increased level of TREK-2 
channel protein observed by Western blot after ischemic 
conditions was actually forming functional channels in the 
astrocytic membrane, we used whole cell voltage-clamp to 
measure the current of control astrocytes and astrocytes ex-
posed to 24 hours of simulated ischemia (anoxia and 1/10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Effect of Hypoxia and Hypoglycemia on TREK-2 Protein Levels in Cultured Cortical Astrocytes. 

Using Western blot, the levels of TREK-2 protein were determined in control (normoxia and 25 mM glucose) astrocytes and astrocytes ex-

posed to hypoxia and hypoglycemia. A. shows an actual blot from an experiment where astrocytes were exposed to hypoxia and hypoglyce-

mia (2.5 (1/10) mM glucose) for 1 day. B. represents four different experiments (from different astrocyte primary cultures) where the astro-

cytes were exposed to hypoxia and hypoglycemia (6.25 (1/4) or 2.5 (1/10) mM glucose) for 1 day. The protein levels are presented as % of 

control, where the control level is indicated by the thick dotted line. Intensity of the chemiluminescence signal was normalized for minor 

changes in protein content after densitometry analysis of the India ink stained membrane (to measure relative protein concentrations). C. 

shows the onset of significant elevations in TREK-2 protein after exposure to anoxia and 1/10 glucose. One hour after experimental ischemia 

there was no difference from control, but by two hours of ischemia TREK-2 protein levels were significantly elevated. The results of 3 sepa-

rate experiments performed using different astrocyte cultures are shown. The control level is indicated by the thick dotted line. D. shows the 

recovery of TREK-2 protein levels. After exposure to 1 day of anoxia and 1/10 glucose, astrocytes were placed in normal cell culture me-

dium and returned to the normoxic environment. TREK-2 expression in cultures were determined 0, 1, 2, 3 and 4 days after experimental 

ischemia by Western blot. The results of 3 separate experiments using different astrocyte cultures are shown. The control level (astrocytes 

not exposed to ischemia) is indicated by the thick dotted line. For panels B, C and D, the asterisks indicate a significant difference from con-

trol (ANOVA followed by Tukey’s test; p<0.05). 



44    The Open Neuroscience Journal, 2009, Volume 3 Kucheryavykh et al. 

glucose) in response to a ramp and step protocol and changes 
in temperature. After simulated ischemia, cortical astrocytes 
had significantly greater outward current in response to in-
creasing temperature than control cells (Fig. 4) indicating 
that these TREK-2 channels are functional. 

 We then measured glutamate clearance capabilities of 
control and ischemia-treated astrocytes using a colorimetric 
assay [4,25]. The ability of astrocytes incubated under nor-
moxic or anoxic/hypoglycemic conditions to clear glutamate 
in the presence and absence of quinine (100 M) was as-
sessed (Fig. 5). Quinine has been shown to block arachi-
donic-acid-sensitive K

+
 channel currents in astrocytes [11], 

presumably TREK-2 channels. However, since glutamate 
uptake by cultured cortical astrocytes also depends on Kir4.1 
channel expression [4,8], to make sure that using low con-
centrations of quinine would specifically impair TREK-2-
dependent uptake, we first tested the propensity to quinine’s 
blocking of Kir4.1 channels heterologously expressed in 
tsA201 cells. We found that quinine at 100 M did not affect 
currents through Kir4.1 channels, the predominant inward 
rectifying K

+
 channel in astrocytes [29,30]. Using a step and 

ramp protocol as in Figs. (1 and 4), we found that there was 
no significant difference between the inward currents in 
Kir4.1 expressing cells in control (-1560 ± 216 pA) and after 
application of 100 M quinine to the same cells (-1473 ± 
224 pA; n=3) (original data are not shown). This demon-
strates a lack of inhibition of Kir4.1 currents by 100 M qui-
nine. We, therefore, used 100 M quinine to differentiate 
between the effects of TREK-2 channels and Kir4.1 channels 
on glutamate clearance by astrocytes. 

 There was no significant difference in glutamate clear-
ance by astrocytes subjected to normoxic conditions and 
astrocytes subjected to ischemic conditions (Fig. 5). Sixty 
min after incubation with 300 l of 200 M glutamate in 
serum-free medium, astrocytes cultured under normoxic 
conditions cleared 20% of the glutamate from the medium 
and this effect was inhibited by quinine (Fig. 5). Similarly, 
astrocytes exposed to ischemic conditions were also able to 
effectively clear glutamate from the medium (a 28% reduc-
tion in 60 min). Strikingly, the inhibition of clearance by 
quinine (100 M) in ischemic cells was significantly greater 
than inhibition in control cells (Fig. 5) indicating a major 
contribution of TREK-2 channels in glutamate clearance by 
astrocytes exposed to experimental ischemia. All data are 
expressed as % of control glutamate where 100% is the 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Effect of Hypoxia and Hypoglycemia on TASK-1, 

TASK-3 and Kir4.1 Protein Levels in Cultured Cortical Astro-

cytes. 

Astrocytes were exposed to hypoxia and hypoglycemia (2.5 (1/10) 

mM glucose) for 24 hrs and the protein levels of TREK-2, TASK-

1, TASK-3 and Kir4.1 were determined by Western blot (represen-

tative blots shown below the graph). The data are expressed as % of 

control (astrocytes not exposed to ischemia). In five separate ex-

periments, different astrocyte cultures were used. Of these, four 

experiments were used to determine TREK-2 and TASK-1 protein 

levels, whereas three were used to determine TASK-3 and Kir4.1 

protein levels. In addition, TASK-1 protein levels were determined 

in a fifth separate experiment. Therefore, the n of the experiments 

was 4, 5, 3 and 3 for TREK-2, TASK-1, TASK-3 and Kir4.1, re-

spectively. 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Effect of Hypoxia and Hypoglycemia on Temperature-Induced Current Responses of Cultured Cortical Astrocytes. 

A. Responses of a control astrocyte and B. an astrocyte subjected to simulated ischemia (24 hrs anoxia at reduced glucose (1/10 normal, 2.5 

mM)) to a ramp and step protocol at 24°C and 34°C, in the presence of other K
+
 channel blockers (Ba 0.1 mM, TEA 6mM, 4-AP 4mM, tol-

butamide 0.5 mM). [K]o = 3 mM. C: Summary of % increase in outward current with increased temperature, (max current at 34°C over max 

current at 24°C x 100) of control astrocytes and astrocytes exposed to experimental ischemia. The asterisk indicates a significant difference 

from control (t-test; p<0.05). (n=5 for each group). 
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measured concentration of glutamate after serum free me-
dium with 200 M glutamate was incubated for 60 min 
without astrocytes. In the experiments described in Fig. (5), 
the concentration of glutamate in dishes with no astrocytes 
remained at approximately 200 M. 

DISCUSSION 

 The ability of astrocytes to regulate the extracellular con-
centrations of neuroactive substances such as K

+
 and gluta-

mate depends upon the presence of K
+
 channels in their 

membranes and the hyperpolarized membrane potential of 
these cells [4,8,31]. We and others have previously shown 
that the highly hyperpolarized membrane potential of glial 
cells is largely due to the presence of Kir4.1 inward rectify-
ing K+ channels [4,8,32], although Kir4.1 channels are not 
the only channels contributing to the overall negative mem-
brane potential of glia [4, 8, 17]. Particularly in astrocytes, 
after knock-down [4] or pharmacological blockade (Fig. 1) 
of Kir4.1-containing channels, inward currents are dramati-
cally reduced whereas robust outward currents remain under 
physiological K

+
 conditions. This current profile is consis-

tent with the presence of tandem-pore domain K
+
 channels 

[33] in astrocytes. 

 In the present study, we used Western blot, electrophysi-
ology, pharmacology and a glutamate clearance assay to 
determine the properties and the putative functional role of 
TREK-2 channels in astrocytes during experimental ische-
mia. We confirm that TREK-2 channels are present in cul-

tured astrocytes under control conditions (as determined by 
I/V curve and pharmacology and temperature-sensitivity) 
and that these channels are functionally up-regulated during 
ischemic conditions. The ability of ischemia to increase 
TREK-2 levels is relatively selective as expression of several 
other potassium channels in astrocytes (TASK-1, TASK-3 
and Kir4.1) remains unchanged.  

 After 2 hours of experimental ischemia, expression of 
TREK-2 protein was increased to 175% of control, suggest-
ing that regulation of TREK-2 protein changes may occur at 
the translational and not transcriptonal level. There are a 
number of post-transcriptional mechanisms that could be 
involved: 1) regulation of translation by factors binding to 
the UTR of mRNA [34], 2) liberation of TREK-2 mRNA 
from production bodies or p-bodies [35] and/or 3) decreased 
degradation of protein [36]. All of these processes would 
result in increased TREK-2 protein within the astrocyte. Al-
ternatively, rapid changes in mRNA expression could ac-
count for these differences, although Xu et al. [21] reported 
no changes in TREK-2 mRNA levels in rat hippocampus and 
cortex after 30 days of permanent bilateral carotid artery 
ligation. 

 We determined if this increased TREK-2 protein corre-
sponded with an increase in functional TREK-2 channels in 
the astrocytic membrane. Using whole-cell voltage-clamp 
recording and increases in temperature to activate TREK-2 
channels [28], we found much larger outward currents in 
astrocytes exposed to ischemic conditions than in control 
astrocytes (Fig. 4). Furthermore, there was a much greater 
activation of outward currents recorded from “ischemic” 
astrocytes in response to increased temperature known to 
increase TREK-2 channel activity [28]. This suggests that 
not only are TREK-2 protein levels increased in these astro-
cytes, but also that they are forming functional channels in 
the astrocytic membrane. 

 To determine if functional up-regulation of TREK-2 
channels could help to protect neurons during ischemic 
events, we evaluated the ability of astrocytes to clear gluta-
mate. Glutamate is the major excitatory neurotransmitter in 
the mammalian central nervous system [37,38]. Rapid re-
moval of glutamate from the extracellular space is required 
for the survival and normal function of neurons. High-
affinity Na+-dependent electrogenic transporters maintain 
low extracellular glutamate concentration. Although the glu-
tamate transporters are expressed in both astrocytes and neu-
rons, astrocytes are the cell type primarily responsible for 
glutamate uptake [39,40]. Extracellular glutamate levels are 
increased following ischemia, hypoglycemia and trauma [41] 
and if in vitro extracellular glutamate levels increase >100 

M for longer than 5 min, neuronal death can occur [42]. It 
has recently been shown that reactive astrocytes are neuro-
protective during brain ischemia in vivo and this neuropro-
tection is mediated, in part, by glutamate transport [43].  

 Glutamate clearance depends upon glial cells having a 
hyperpolarized membrane potential [4,8,44]. During ische-
mia when ATP is reduced, Kir4.1 channels should not be 
functioning optimally and unless compensatory changes in 
other K+ channels occur, the membrane potential of astro-
cytes will be depolarized resulting in decreased glutamate 
clearance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Effect of Ischemia and Quinine on Glutamate Clear-

ance by Rat Cortical Astrocytes.  

Control astrocytes (incubated for 1 day in BBSS) and astrocytes 

exposed to ischemic conditions (1 day of anoxia and hypoglycemia 

1/10 normal glucose) were incubated for 60 min with 300 l of 200 

M glutamate and 0 or 100 M quinine. The concentration of glu-

tamate was determined after 60 min and compared with the concen-

tration of glutamate measured in the absence of astrocytes. Data are 

expressed as % of control glutamate (concentration measured in 

absence of astrocytes). * indicates significant difference in the pres-

ence of quinine from the respective 0 quinine group. # indicates a 

significant difference in the response of ischemia-treated cells to 

quinine as compared with quinine-treated control cells (n=6 per 

group). 
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 Using a colorimetric assay to assess glutamate clearance, 
we found no significant difference in the ability of control 
astrocytes and astrocytes subjected to ischemic conditions to 
clear glutamate. The finding that glutamate clearance is 
comparable in both normal and ischemic astrocytes suggests 
that TREK-2 channel up-regulation may compensate during 
ischemic conditions. To test this, we determined the contri-
bution of glutamate clearance due to TREK-2 channels in 
both the control and ischemic conditions. The most notable 
difference observed was the amount of clearance inhibited 
by 100 M quinine; a concentration of quinine that blocks 
arachidonic acid sensitive K

+
 channels (some of 2P-domain 

channels including TREK-2) in astrocytes [11], but not 
Kir4.1 channels (see results). This suggests a much greater 
contribution of TREK-2 channels to glutamate clearance by 
astrocytes exposed to ischemic conditions. Moreover, after 
blockade of TREK-2 channels in astrocytes subjected to 
ischemia, there is an apparent release of glutamate from the 
cells. Although the mechanism of this glutamate release is 
not known, it could perhaps be due to reverse transport by 
the glutamate transporter [45] or release from hemichannels 
[46] that are known to be opened during metabolic inhibition 
[47]. Disregarding the mechanism, these data do suggest that 
TREK-2 channels help to rescue astrocytic buffering of glu-
tamate. 

 In summary, TREK-2 channels are functionally up-
regulated in astrocytes after ischemia. Taken together, these 
data suggest that up-regulation of TREK-2 channels may 
help maintain the membrane potential of astrocytes and 
lower extracellular glutamate and K

+
 concentrations during 

ischemia. 
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