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Ischemia Opens Neuronal Gap
Junction Hemichannels
Roger J. Thompson, Ning Zhou, Brian A. MacVicar*

Neuronal excitotoxicity during stroke is caused by activation of unidentified large-conductance
channels, leading to swelling and calcium dysregulation. We show that ischemic-like conditions
[O2/glucose deprivation (OGD)] open hemichannels, or half gap junctions, in neurons.
Hemichannel opening was indicated by a large linear current and flux across the membrane of
small fluorescent molecules. Single-channel openings of hemichannels (530 picosiemens) were
observed in OGD. Both the current and dye flux were blocked by inhibitors of hemichannels.
Therefore, hemichannel opening contributes to the profound ionic dysregulation during stroke and
may be a ubiquitous component of ischemic neuronal death.

T
he rapid decrease of O

2
and glucose in

the infarct region of ischemic tissue

can trigger necrotic cellular death with-

in a few minutes as a result of Ca2þ, Naþ,

Kþ, and Cl
–
dysregulation (1, 2). An unex-

plored contributor to unregulated ionic fluxes in

neurons is hemichannel opening. Hemichannels

are open unapposed half gap junctions that

form large-conductance channels and allow

flux of ions and molecules (G1 kD). Connexin

(Cx) hemichannels function physiologically

during inhibition in the outer retina (3), and

metabolic inhibition or divalent cation free so-

lutions open Cx43 hemichannels in astrocytes

and cardiomyocytes (4–6). Pyramidal neurons

in the central nervous system do not express

connexins but express pannexin 1 (Px1), which

forms gap junctions and hemichannels in

oocytes, and can open as a hemichannel at nega-

tive resting membrane potentials or in physiolog-

ical Ca2þ concentrations (7–9).

Our recording conditions were designed to

isolate nonselective channels by including a

cocktail of blockers against glutamate recep-

tors and voltage-dependent Kþ, Naþ, and Ca2þ

channels (10). OGD activated a large inward

current in acutely isolated hippocampal neurons

within 9.7 T 1.2 min (Fig. 1, A and E; range, 3

to 19 min; n 0 19). The current had a large

amplitude (–74.7 T 16 pA/pF at –60 mV) versus

the control (–4.4 T 1.1 pA/pF), a linear current-

voltage (I-V) relationship, and a reversal poten-

tial near 0 mV (Fig. 1, B and E). The current

declined (Fig. 1B) if O
2
/glucose was returned

within È5 min of activation (about 15 min after

OGD). However, longer durations of OGD (920
min) resulted in irreversible current activation,

neuronal swelling, and membrane breakdown.

The amplitude and linear I-V of the OGD-

activated current suggested activation of hemi-

channels. To determine hemichannel involvement,

we tested the gap junction/hemichannel blocker

carbenoxolone (Cbx). After OGD activated the

current, Cbx (100 mM) was applied and block

was observed (Fig. 1C, top trace, and Fig. 1D).

In other experiments, the current was not in-

duced when Cbx was applied concomitantly

with OGD. Lanthanum chloride (La3þ; 100 mM),

which blocks Cx hemichannels, significantly

(P 0 0.042) reduced the amplitude of the

OGD-activated current (Fig. 1C, lower trace,

and Fig. 1E).

We eliminated the possibilities that the acid-

sensitive ion channel ASIC1a (11) and the large-

pore purinergic P2X7 receptor contribute to the

OGD-activated current. ASIC1a and P2X7 ac-

tivation were unlikely because extracellular pH

was maintained at 7.4 and the isolated neurons

were constantly perfused atÈ4 ml/min to prevent

the accumulation of secretedmolecules (10). Nev-

ertheless, amiloride (100 mM, to block ASIC1a

channels) or brilliant blue G (BBG; 10 mM, to

block P2X7 receptors) were bath-applied after

current activation or concomitantly with OGD;

both failed to affect the large OGD-activated

current (Fig. 1F).

After inhibition of the OGD-activated hemi-

channel by Cbx or La3þ, a small residual current

remained (Fig. 1, D and E) that was consist-

ent with the transient receptor potential (TRP)

family—specifically, TRPC4 or TRPC5 homo-

meric channels—because this current had a

doubly rectifying I-V relationship and was aug-

mented by 100 mM La3þ. TRP channels have

been reported to be activated by OGD and

cyanide in cultured cortical neurons (12). We

chose to focus the remainder of our investiga-

tion on the hemichannel because the very large

amplitude of this current would make it a

major contributor to ionic dysregulation during

OGD.

If the large current in OGD is from hemi-

channel opening, then influx or efflux of gap

junction/hemichannel permeable dyes should be

measurable in neurons. Acutely isolated hippo-

campal neurons were loaded with calcein green

AM (Fig. 2A), a largely nonreactive green fluo-

rescent dye with a molecular weight of 0.66 kD

that is known to cross gap junctions (13). In

control solutions, calcein did not leak from

acutely isolated neurons because fluorescence

was stable (control; Fig. 2B). In OGD, calcein

fluorescence decreased steadily (Fig. 2, A, B,

and D), indicating that ischemia triggered dye

efflux. The OGD-induced dye efflux was not

affected by antagonists to glutamate recep-

tors and ion channels (10) EFig. 2D, OGD þ
blockers þ D,L-2-amino-5-phosphonovaleric

acid (APV)^. If dye efflux was mediated by

hemichannel opening, Cbx should block it.

Figure 2C shows examples from three different

hippocampal neurons where dye efflux was

blocked by Cbx; data from a number of neu-
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rons are summarized in Fig. 2D. In neuron 1 in

Fig. 2C, the neuron was concomitantly exposed

to Cbx and OGD, and dye loss was not ob-

served (Fig. 2A, lower panels). In neuron 2,

Cbx and OGD were applied simultaneously and

Cbx was removed after 35 min; only then did

the calcein fluorescence decrease. Finally, in

neuron 3, dye efflux was inhibited by a tran-

sient exposure to Cbx. The strong Cbx sensi-

tivity indicates that the decrease in dye signal

was not due to photobleaching or to a loss of

plasma membrane integrity.

We next used two-photon laser scanning

microscopy of identified yellow fluorescent

protein–positive (YFPþ) cortical neurons

(10, 14) to measure the influx of another

gap junction permeable dye, sulforhodamine

101 (SR101). SR101 is normally completely

excluded from neurons but is a selective and

stable marker of astrocytes in situ (15). YFPþ

neurons imaged at least 100 mm from the sur-

face of a 400-mm brain slice did not stain with

SR101 under control conditions (Fig. 3A).

The YFP (green neurons) and red (SR101 in

the bath) signals did not overlap. However,

after exposure of brain slices to OGD for 12

min, SR101 loading of YFPþ neurons was

observed (Fig. 3, A to C), as indicated by the

merging of the YFP and SR101 signals

(yellow). YFP-negative neurons also loaded

with SR101 during OGD (Fig. 3A).

If SR101 loading in situ was due to hemi-

channel opening by OGD, as predicted by the

in vitro calcein efflux data, then the hemi-

channel blocker Cbx should abolish SR101

loading. As a semiquantitative measure of

dye influx, the intensity of SR101 inside the

YFPþ neuron was subtracted from that for

the same sized region outside of the neuron

and normalized to the peak SR101 intensity.

Thus, a negative number indicates a higher

extracellular SR101 fluorescence relative to

that inside the neuron. The average time

course (Fig. 3B) shows clearly that SR101

loading of neurons occurred only during OGD,

and that this was blocked by Cbx. Neither

Fig. 2. Ischemia-mediated efflux of small
molecules from neurons. (A) Confocal images
of a calcein-loaded, acutely isolated hippocam-
pal neuron. OGD resulted in rapid calcein
efflux, which was inhibited by the hemichannel
blocker Cbx (bottom row). Scale bars, 10 mm.
(B) Calcein fluorescence during control and
OGD. Each trace represents data from different
neurons, expressed as the percentage of the
average control fluorescence. (C) Calcein fluo-
rescence from three separate neurons exposed
to OGD (OGD on) in the presence of Cbx for
variable times as indicated. Cbx prevented dye
loss from the neurons. (D) Average calcein
fluorescence decrease, calculated as the slope
over 5-min periods.

Fig. 1. Effects of OGD on hip-
pocampal neurons. (A) Voltage-
clamp recording of an acutely
isolated rat hippocampal neuron
showing activation of a large
inward current during ischemia
(OGD). The spike-like events are
150-ms voltage ramps from –80
to 80 mV. (B) Return to control
solutions within 5 min of activa-
tion of the large current resulted
in reversal. (C) The hemichan-
nel blockers Cbx and La3þ

blocked the OGD-activated in-
ward current. The numbers
above each trace indicate the
voltage ramps shown in (D)
and (E). (D) The OGD-activated
current was blocked by Cbx. (E)
La3þ also blocked the OGD-
activated current. (F) Average in-
ward current density at –60 mV
(the number of cells is indicated
under each bar).
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BBG nor kyenurinic acid plus APV included

with the cocktail of blockers (10) (OGD þ
blockers þ APV) prevented the SR101 staining

of identified neurons, indicating that P2X7 and

ionotropic glutamate receptors were not in-

volved (Fig. 3C).

The most likely candidate for the proteins

constituting OGD-activated hemichannels in

pyramidal neurons is Px1, because it may be

the only gap junction protein expressed in these

cells (9, 16). Cx36, Cx45, and Cx52 are un-

likely to contribute to the hemichannel current

because they are closed by negative membrane

potentials and physiological Ca2þ concentra-

tions (8, 11). The conductance of homomeric

Px1 (550 pS) (7) is at least 200 pS larger than

those reported for connexin hemichannels (17).

We therefore performed cell-attached single-

channel recording from acutely isolated hippo-

campal neurons to determine the single-channel

conductance of OGD-activated channels.

Openings of large-conductance channels

(Fig. 4A) were rare under control conditions,

as illustrated by the single peak in the all-

points amplitude histogram of Fig. 4D and

the low open probability (Fig. 4G, control).

In OGD, 5 of 13 patches showed activation

of two or more large-conductance channels

(Fig. 4, B and C). The average single-channel

current amplitude and conductance were –31.6

T 2.2 pA (n 0 5) and 527 T 36 pS at –60 mV

(Fig. 4D). Open probability was increased by a

factor of 4.5 over control (Fig. 4G). The chan-

nels had a linear I-V plot with a reversal po-

tential near 0 mV (Fig. 4E). Full single-channel

transitions were observed (Fig. 4F), which is a

biophysical criterion indicating the presence of

bona fide large-conductance channels and not

the summated openings of many smaller ones

(18). All of these single-channel biophysical

properties are similar to those of homomeric

Px1 hemichannels expressed in oocytes (7).

Finally, Cbx was bath-applied after appearance

of the large channels and resulted in a slowly

reversible block in all four cell-attached

patches that were tested (Fig. 4, C, D, and G).

We propose that ischemic insults open

Px1 hemichannels, and that this is a central

component of the increased plasma membrane

permeability leading to neuronal necrosis. Px1

hemichannel opening may have several severe

physiological consequences for neurons. First,

these nonselective cation channels could me-

diate the dysregulated ionic fluxes that are

known to occur during ischemia (1, 2). Other

pathways may be involved, such as ASIC1a

channels (11), voltage-dependent Naþ channels

(19), N-methyl-D-aspartate (NMDA) receptors

(20), and TRP channels (12). However, we

argue that the extremely large amplitude of the

Fig. 3. Effect of OGD on dye loading in situ. (A)
Two-photon laser scanning microscopy images of
YFPþ mouse cortical neurons in a 400-mm brain
slice. SR101 (red; first and third rows) was
excluded from the cells under control conditions.
Dye influx occurred during OGD (top rows) and
was prevented by hemichannel block (Cbx, bottom
rows). Scale bar, 10 mm. (B) Time course of
SR101 intensity inside YFPþ neurons. (C) Average
SR101 difference intensities (outside minus in-
side) 45 min after OGD.

Fig. 4. OGD activates single large-conductance channels. (A) Cell-attached patch recording (duration
15 s) under control conditions. (B) Recordings from a hippocampal neuron under control (black) and
during exposure to OGD (blue). The boxed region is expanded to show large single-channel transitions.
(C) Cell-attached recordings from a neuron showing hemichannel activation by OGD (blue), inhibition
by carbenoxolone (Cbx; red), and reversal after washout of Cbx. (D) All-points amplitude histograms
from the traces in (C), showing the closed (control) and open amplitudes (OGD). (E) Average I-V plot of
OGD-activated hemichannels from five different neurons. (F) A single opening (and closing) of the
hemichannel in OGD. (G) Hemichannel open probability (NPo) was significantly increased during OGD
(n 0 5) and blocked by Cbx.

REPORTS

12 MAY 2006 VOL 312 SCIENCE www.sciencemag.org926

 o
n 

N
ov

em
be

r 
20

, 2
00

8 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org


hemichannel makes it a major contributor to

ionic dysregulation in ischemia. Second, Px1

hemichannel opening may result in efflux of

glucose and adenosine triphosphate (ATP),

further compromising the neuron_s recovery

from an ischemic insult. Consistent with this

was our observation that fluorescent dyes

became membrane-permeable only during

OGD. Hemichannels are putative conduits for

ATP release from astrocytes (21) and in the

cochlea (22). Third, the large amplitude of

the Px1 hemichannel current at holding po-

tentials near the neuron_s resting membrane

potential (È –60 mV) indicates that these

currents likely contribute substantially to

Banoxic depolarization,[ a poorly understood

but well-recognized and key component of

ischemic neuronal death (2, 23, 24). There-

fore, hemichannel opening may be an impor-

tant new pharmacological target to prevent

neuronal death in stroke.
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Hypothalamic mTOR Signaling
Regulates Food Intake
Daniela Cota,1 Karine Proulx,1 Kathi A. Blake Smith,1 Sara C. Kozma,2 George Thomas,2

Stephen C. Woods,1 Randy J. Seeley1*

The mammalian Target of Rapamycin (mTOR) protein is a serine-threonine kinase that regulates
cell-cycle progression and growth by sensing changes in energy status. We demonstrated that mTOR
signaling plays a role in the brain mechanisms that respond to nutrient availability, regulating
energy balance. In the rat, mTOR signaling is controlled by energy status in specific regions of the
hypothalamus and colocalizes with neuropeptide Y and proopiomelanocortin neurons in the arcuate
nucleus. Central administration of leucine increases hypothalamic mTOR signaling and decreases
food intake and body weight. The hormone leptin increases hypothalamic mTOR activity, and the
inhibition of mTOR signaling blunts leptin’s anorectic effect. Thus, mTOR is a cellular fuel sensor
whose hypothalamic activity is directly tied to the regulation of energy intake.

A
subset of neurons in the central nervous

system (CNS) plays a role in regulating

both blood plasma fuel levels and nu-

trient intake (1, 2). An emerging concept is that

specific neuronal populations integrate fuel avail-

ability signals with signals mediated by hor-

mones such as leptin (3). However, the signaling

pathways that are involved are poorly understood.

In peripheral cells, the mammalian mTOR

signaling pathway integrates nutrient signals

with hormonal signals to control growth and

development (4, 5). mTOR is a highly con-

served serine-threonine kinase, which, in the

presence of mitogens and available nutrients

(including amino acids), stimulates protein

synthesis and inhibits autophagy (6). In vitro,

cellular levels of adenosine triphosphate (ATP)

increase mTOR signaling, and mTOR itself is

thought to serve as an ATP sensor (7). mTOR

thus functions as a checkpoint by which cells

sense and decode changes in energy status,

which in turn determines the rate of cell growth

and proliferation (6). Complete loss of TOR

function is lethal in mice (8); in Drosophila,

defects in TOR signaling result in the for-

mation of smaller cells in all tissues (9).

Conversely, increased or otherwise aberrant

mTOR activity has been linked to the de-

velopment of cancer, diabetes, and obesity

(10, 11). As is consistent with the develop-

ment of these diseases, the activation of the

mTOR pathway is markedly elevated in the

liver and in the skeletal muscle of insulin-

resistant obese rats maintained on a high-fat

diet (12), whereas the absence of the down-

stream mTOR target ES6 kinase 1 (S6K1)^
protects against diet-induced obesity and en-

hances insulin sensitivity in mice (13). Given

these observations, we hypothesized that

mTOR might integrate cellular fuel status

with hormonal-related signaling in specific

populations of neurons that use this informa-

tion to regulate food intake.

To test this hypothesis, we used antibodies to

localize mTOR and two downstream targets of

mTOR action ES6K1 and S6 ribosomal protein

(S6) (5, 6)^ in the rat brain. Consistent with

previous work (14), antibodies recognizing total

mTOR had a ubiquitous distribution in the

CNS, and there was scattered expression of

specific phosphorylation of mTOR at Ser2448

(pmTOR) in extra-hypothalamic areas, in-

cluding the hippocampus, thalamus, and cor-

tex. In the hypothalamus, pmTOR was highly

localized in the paraventricular (PVN) and

arcuate (ARC) nuclei (fig. S1A) (15). Like-

wise, total S6K1 stained broadly throughout

the CNS, whereas the hypothalamic expres-

sion of the activated form of S6K1, phos-

phorylated at Thr389 (pS6K1), was also

largely limited to the PVN and ARC. Further,

dual labeling for pmTOR and pS6K1 revealed

that they are localized in the same cells in

both of these regions (fig. S1B). Although

most of these cells appear to be neurons, some

may be glia.

TheARC contains at least two populations of

neurons that are linked to the regulation of en-

ergy balance and whose activity is regulated by

leptin: (i) orexigenic neurons that express both

neuropeptide Y (NPY) and agouti-related pep-

tide (AgRP) and (ii) anorexigenic neurons that

express proopiomelanocortin (POMC) and

cocaine- and amphetamine-regulated transcript

(CART). Both pmTOR and pS6K1 were found

in È90% of ARC NPY/AgRP neurons (Fig.

1A), whereas only 45% of ARC POMC/CART

neurons revealed phosphorylation of these

proteins (Fig. 1B).

We next investigated whether changes in the

body_s energy status modulate mTOR signaling
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