










phenotype of anoxic turtle brain by activating GABAA+BRs
while inhibiting KCC2 activity and AMPAR and NMDAR
conductance may prove to be neuroprotective in mammalian
stroke models, and this hypothesis deserves further evaluation.
Finally, the turtle enters into a comatose state during prolonged
anoxia and EEG activity is decreased to basal levels (19). Be-
cause general anesthetics are hypothesized to induce a comatose
state through the inhibition of excitatory glutamatergic and en-
hancement of GABAergic neurotransmission (36), as we have
shown in the anoxic turtle, it is tempting to speculate that this
model represents a natural anesthetic mechanism.

Materials and Methods
This study was approved by the University of Toronto Animal Care Com-
mittee. Cortical slice dissection and anoxic whole-cell patch-clamp recording
methods are described elsewhere (21, 26). Briefly, cortical sheets were dis-
sected and placed in a bath with a flow-through perfusion system. Anoxia
was achieved by gassing the perfusate with 95% N2/5% CO2. Perfusion lines
were double-jacketed, the bath chamber was covered, and all air spaces
were similarly gassed. Neurons were perfused with pharmacological modi-

fiers and/or anoxia as specified in Results. Electrical activity was recorded for
up to 2 h from pyramidal neurons. For perforated-patch experiments, elec-
trodes were backfilled with a KCl solution containing 25 μg/mL gramicidin.

Methods for dye-loading and fluorescence experiments are described
previously (17). Baseline fluorescence was recorded for 10–20 min and then
the tissue was exposed to treatment for up to 80 min and then reperfused.
Ca2+ changes were assessed using 5 μM fura-2. Cl− changes were assessed
using MEQ. Changes in MEQ fluorescence were calibrated using the Stern–
Volmer equation as described elsewhere (23). Cell-volume changes were
measured using calcein-AM (24). Cell death was assessed using a PI exclusion
assay. PI fluorescence due to IAA plus NaCN treatment was assessed as
maximal cell death, and each treatment group was normalized to this value.

Statistical Analysis. Normalized data were analyzed using two-way ANOVA
with a Student–Newman–Keuls post hoc test to compare within and against
treatment and normoxic values. Significance was determined at P < 0.05.
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SI Materials and Methods
Animals. This study was approved by the University of Toronto
Animal Care Committee and conforms to the relevant guidelines
issued by the Canadian Council on Animal Care regarding the
care and use of experimental animals. Adult turtles (carapace
diameter >15 cm) weighing 300–600 g were obtained from Niles
Biological. Turtles were housed as described previously (1). All
experiments were conducted at room temperature (22 °C).

Whole-Cell Electrophysiology. Cortical slice dissection and anoxic
whole-cell patch-clamp recording methods are described else-
where (2, 3). Briefly, whole cortical sheets were perfused with
artificial cerebral spinal fluid [ACSF; 107 mM NaCl, 2.6 mM
KCl, 1.2 mM CaCl2, 1 mM MgCl2, 2 mM NaH2PO4, 26.5 mM
NaHCO3, 10 mM glucose, 5 mM imidazole (pH 7.4); osmolarity
280–290 mOsmol/L], and whole-cell recordings were performed
using the voltage-clamp method with 5- to 8-MΩ electrodes
containing the following: 8 mM NaCl, 0.0001 mM CaCl2, 10 mM
NaHepes, 130 mM Kgluconate, 1 mMMgCl2, 0.3 mM NaGTP, 2
mM NaATP (adjusted to pH 7.4). Typical whole-cell access re-
sistance (Ra) was 10–30 MΩ. Ra was determined before each
measurement of electrical activity (see below) and patches were
discarded if Ra changed by more than 20% during the course of
an experiment. The liquid junction potential was assessed as ∼7
mV, and all data have been corrected for this value offline (raw
data traces are unaltered) (4). Spontaneous electrical activity was
recorded for up to 2 h from pyramidal neurons identified as de-
scribed elsewhere (1), and patches onto other types of cells were
discarded. Action potentials (APs) and postsynaptic potentials
(PSPs) were assessed using waveform template analysis in
Clampfit 10 software (Axon Instruments). AP threshold (APth)
was determined by injecting current in a ramp manner in 1- or 10-
nA steps until an AP was elicited. Endogenous GABA release
was examined by measuring tonic and phasic currents. Tonic
activity was determined by subtracting the baseline current after 5
min gabazine (GZ) application from the pre-GZ baseline current,
and phasic activity was determined by measuring the last 10–15
spontaneous postsynaptic current (PSC) events recorded under
each treatment condition. To enhance tonic and phasic GA-
BAergic current detection, neurons were clamped at a holding
potential of −100 mV and pipette [Cl−] was increased to 110 mM
by equimolar substitution of KCl for Kgluconate. Recordings
were performed in the presence of 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) and (2R)-amino-5-phosphonovaleric acid
(APV) (25 μM each) to isolate GABA currents. To determine
whether PSCs were elicited by endogenous GABA release, cur-
rents were blocked by GABAR antagonists and enhanced by the
GABA transport (GAT) inhibitors SKF 89976A hydrochloride
(GAT-1) and (S)-SNAP-5114 (GAT-2 and -3). Whole-cell con-
ductance (Gw) was assessed by clamping neurons at voltage steps
from −60 to −90 mV in 3-mV increments lasting 250 ms. Current
values were measured between 200 and 220 ms to avoid any ca-
pacitance effects, and a slope conductance (or Gw) was de-
termined from the resultant current–voltage relationship (5).
The whole-cell electrophysiology technique has previously

been used to determine EGABA in neurons (6, 7). The reversal
potential of the GABA-induced current (EGABA) was measured
using 2-s ramp voltage steps from −110 to −20 mV applied be-
fore and after GABA application in the presence of 2 μM te-
trodotoxin (TTX) to inhibit APs at depolarized potentials. I–V
relationships were analyzed by taking the linear regression of
each line before and after 2 mM GABA application, and EGABA

was estimated by measuring the voltage at which the I–V rela-
tionships before and during GABA application intersected, as
described elsewhere (8). This intersection point is the voltage at
which there is no difference in current between the normoxic (or
anoxic) and GABA treatments and is a measure of the cell’s
background current indicating no effect of GABA perfusion and
therefore the GABA reversal potential.

Perforated-Patch Electrophysiology. We used the gramicidin per-
forated-patch technique to examine neuronal electrical proper-
ties and to determine EGABA without perturbing neuronal Cl−

gradients. For perforated-patch experiments, WPI TW150F-3
thin-walled 4- to 5-MΩ borosilicate glass electrodes were pulled
and backfilled with a high-[Cl−] solution (150 mM KCl) con-
taining 25 μg/mL gramicidin. In this configuration, patches with
Ra <50 MΩ were used for experiments. Slices were visualized
using an Olympus BX51W1 microscope with infrared differential
interference contrast optics and stimulated at 0.1 Hz for 100-μs
duration with an A.M.P.I. isoflex stimulator triggered by an A.M.
P.I. master8-stimulating electrode. Data were recorded using an
Axon multiclamp 700B amplifier and analyzed with Clampex 9
software (Axon Instruments).

Previous Measurements of Gw in Turtle Cortex. There is disagree-
ment in the literature regarding the effect of anoxia on Gw [the
inverse of input resistance (Rin)] in the anoxic turtle cortex, with
one laboratory reporting an increase in Gw (9) and our labora-
tory reporting a decrease (5). In previous experiments from our
laboratory, Gw was measured in neurons patched with electrodes
containing 30 mM [Cl−]; however, in our present experiments,
we use a more physiologically relevant 10 mM [Cl−] in whole-cell
experiments and also perforated-patch analysis, and report an
increase in Gw with anoxia that agrees with the previously re-
ported decrease in Rin (9). We used the Nernst equation and our
perforated-patch measurements of EGABA and determined that
physiological [Cl−]c is <10 mM in these neurons.

Live-Cell Fluorescence Imaging.Methods for cortical sheet isolation,
dye loading, and anoxic fluorescence experiments are described
previously (10). Baseline fluorescence was recorded for 10–20
min until the signal was stable and then the tissue was exposed to
treatment ACSF for up to 80 min. Tissues were then reperfused
with control ACSF. For each experiment, 50 neurons were
chosen at random and the average change of fluorescence in the
cell body of these neurons was used for statistical comparison.
Brightly fluorescing cells were avoided. Data were analyzed using
EasyRatioPro software (Photon Technology International). For
all dyes, changes in background fluorescence in cortical sheets
exposed to each treatment were assessed in the absence of flu-
orophores. None of the treatments resulted in changes in back-
ground fluorescence for the dyes examined.
Calcium changes were assessed using 5 μM fura-2 excited at

340 and 380 nm. Cytosolic calcium concentration ([Ca2+]c) was
calculated as described elsewhere (11). Chloride changes were
assessed using 6-methoxy-N-ethylquinolinium iodide (MEQ).
Working stocks of MEQ were prepared daily over nitrogen as
previously described (12). Slices were incubated in 400 μM MEQ
for 1 h and then rinsed in MEQ-free ACSF for 10 min before
experimentation. Changes in MEQ fluorescence were calibrated
using the Stern–Volmer equation as described elsewhere (12).
Chloride movement induces cell-volume changes, and therefore
cell-volume changes were measured using a calcein fluorescence
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assay (13). Calcein-AM was excited at 488 nm and emissions
were recorded at 520 nm. Traces were drift-corrected by fitting
1-min stable baseline recordings 5 min before and after treat-
ment onset with a linear regression line. Individual points on the
raw trace were then divided by the corresponding points on the
regression line (14). Maximum cell-volume changes were de-
termined by perfusing cortical sheets with progressively hypo/
hyperosmotic ACSF until the osmolarity change was sufficient to
induce >10% cell mortality (assessed by complete loss of calcein
fluorescence). Minimum fluorescence was observed at 100
mOsm, whereas maximum fluorescence changes occurred at 500
mOsm. Treatment-induced changes in calcein fluorescence are
expressed as the percent change relative to this maximum.

Imaging and Quantification of Cell Death Using Propidium Iodide.
Cortical slices were incubated overnight with 6 μg/mL of propi-
dium iodide (PI) at 4 °C to ensure penetration of PI into the
tissue. Cortical slices were assigned to one of five groups: (i)
normoxia (ambient O2/5% CO2), (ii) 3.5 mM normoxia + io-
doacetate + sodium cyanide, (iii) anoxia (95% N2/5% CO2), (iv)
anoxia + 25 μM gabazine + 5 μM CGP55845, and (v) anoxia +
25 μM gabazine + 5 μM CGP55845 + 50 μM TTX. Each brain
slice was placed into a single well in a 12-well tissue plate. Fresh
PI (6 μg/mL) was placed into these wells to prevent depletion of
the dye. Tissue wells that contained anoxic slices were placed in
an enclosed chamber aerated with N2/CO2 gas, whereas tissue
wells containing cortical slices in the normoxic groups were ex-
posed to room air. Cell death was visualized using a Zeiss Axi-
overt 200M microscope with a Hamamatsu ORCA-ER camera.
Slices were visualized under a 2.5× objective and excited by
a mercury lamp at 546 nm and emission at 590 nm controlled by

AxioVision (version 4.4; Zeiss) software. Images of cell death
were taken at time = 0, 1, 2, and 4 h. To quantify cell death in
each slice, slice images were analyzed using ImageJ software
(version 1.37; National Institutes of Health). PI fluorescence due
to iodoacetate (IAA) treatment was assessed as maximal cell
death, and each treatment groupwas normalized to thismaximum.

Pharmacology. Cortical neurons were perfused with pharmaco-
logical modifiers as specified in Results. Except for dose–response
experiments, GABARs were activated by 0.5 or 2.0 mM GABA,
which is high relative to turtle GABAAR binding affinity (15);
however, GABA uptake mechanisms in the intact tissue likely
reduce the concentration of GABA that actually interacts with
receptors (16). Furthermore, stimulus-evoked GABAergic in-
hibitory postsynaptic potentials in gramicidin-patched cortical
neurons could not be completely abolished at [GABA] <1 mM.
Therefore, high levels of GABA in the experimental ACSF are
required to significantly elevate [GABA] at the synaptic level in
deep neuronal tissue. GABAA and GABAB receptors were
blocked by gabazine (SR-95531; 25 μM) and CGP55845 (5 μM),
respectively. Voltage-gated sodium channels were blocked with
TTX (2–5 μM). Ischemia was mimicked pharmacologically by
perfusion of 3.5 mM iodoacetate and 100 μM sodium cyanide
(NaCN). All chemicals were obtained from Sigma Chemical,
except CGP55845, which was obtained from Tocris Cookson.

Statistical Analysis.Normalized data were analyzed using two-way
ANOVA with a Student–Newman–Keuls post hoc test to com-
pare within and against treatment and normoxic values. Signifi-
cance was determined at P < 0.05, and all data are expressed as
mean ± SEM.
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