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Enhanced Spontaneous Transmitter Release Is the Earliest
Consequence of Neocortical Hypoxia That Can Explain the
Disruption of Normal Circuit Function
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After the onset of an acute episode of arrested circulation to the
brain and consequent cerebral hypoxia, EEG changes and
modifications of consciousness ensue within seconds. This in
part reflects the rapid effect of hypoxia on the neocortex, where
oxygen deprivation leads to impaired neuronal excitability and
abnormal synaptic transmission. To identify the cellular mech-
anisms responsible for the earliest changes in neocortical func-
tion and to determine their time course, we have used patch-
in-slice recording techniques to investigate the effects of acute
hypoxia on the synaptic and intrinsic properties of layer 5
neurons. Coronal slices of mouse somatosensory cortex were
maintained at 37°C and challenged with episodes of hypoxia
(8-4 min of exposure to 95% N,, 5% CO,). In recordings with
cell-attached patch electrodes, activation of ATP-sensitive po-
tassium channels first became detectable 211 = 11 sec (range,

185-240 sec; n = 6 patches) after the onset of hypoxia. Similar
recording techniques revealed no alterations in the properties
of Na™ currents in the first 4 min after the onset of hypoxia. The
earliest hypoxia-induced disturbance was a marked increase in
the frequency of spontaneous EPSCs and IPSCs, which began
within 15-30 sec of the removal of oxygen. This rapid synaptic
effect was not sensitive to TTX and was present in Ca®*-free
perfusate, indicating that the hypoxia had a direct influence on
the vesicular release mechanisms. The incoherent, massive
increase in miniature PSCs would be expected to deplete the
readily releasable pool of vesicles in cortical terminals, and to
thereby markedly distort the neuronal interactions that underlie
normal circuit function.
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Five decades ago, Rossen et al. (1943) demonstrated the remark-
able speed with which oxygen deprivation can influence the
normal function of the neocortex. In an extraordinary series of
experiments, they showed that after sudden, complete arrest of
blood flow to the human brain, unconsciousness ensues within
4-10 sec and that complete recovery of cortical function occurs
over a similarly rapid time course. The seconds required to
achieve a marked disruption of function are much briefer than
the minutes required until the appearance of the first histopatho-
logical evidence of neuronal damage (Hara et al., 1993; Lipton,
1999). It is thus apparent that the earliest effects of oxygen
deprivation entail a rapid and reversible influence on one or more
of the complex excitability and synaptic mechanisms that combine
to achieve normal cortical circuit function (Kandel and Schwartz,
1985). Modern studies using isolated neurons and in vitro slice
preparations have investigated the cellular mechanisms that may
underlie these functional disturbances (Fujiwara et al., 1987,
Leblond and Krnjevic, 1989; Jiang and Haddad, 1992; Luhmann
and Heinemann, 1992; Cummins et al.,, 1993; Katchman and
Hershkowitz, 1993; Fujimura et al., 1997; Erdemli and Crunelli,
1998; Hammarstrom and Gage, 1998; Mironov and Richter, 1999;
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Kulik et al., 2000). In studies of neocortical circuitry, acute hyp-
oxia has been shown to induce a rapid deterioration of action
potential-dependent synaptic transmission (Luhmann and Heine-
mann, 1992; Cummins et al., 1993), the precise ionic and molec-
ular mechanisms of which remain unclear. At least three plausible
hypotheses have been suggested by recent literature.

First, it has been hypothesized that a breakdown in communi-
cation between neurons occurs because of hypoxia-induced
changes in the passive properties of the postsynaptic membrane
(Hansen et al., 1982; Fujiwara et al., 1987; Leblond and Krnjevic,
1989; Luhmann and Heinemann, 1992), as potassium channels
whose activation is normally prevented by the presence of ATP
(Zhang and Krnjevic, 1993; Jiang et al., 1994; Fujimura et al.,
1997; Pelletier et al., 2000) open, causing a marked decrease in
input resistance and consequent impairment of synaptic integra-
tion in the somatodendritic compartment (Hansen et al., 1982;
Luhmann and Heinemann, 1992). Second, the deleterious effects
of hypoxia on neocortical function might reflect a reduction in
neuronal ability to initiate and propagate action potentials, be-
cause of a decrease in Na ™ channel availability (Cummins et al.,
1993; O’Reilly et al., 1997; Mironov and Richter, 1999). Third,
oxygen deprivation might preferentially target presynaptic Ca**
currents (Krnjevic and Leblond, 1989; Young and Somjen, 1992)
or the vesicular release machinery (Katchman and Hershkowitz,
1993; Kulik et al., 2000). The present investigation was designed
to explore these possibilities in layer 5 of the mouse neocortex.
Using whole-cell and cell-attached configurations of the patch-in-
slice technique, we now report that the earliest consequence of
acute hypoxia is an effect on the synapse that is manifested by a
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marked increase in the rate of spontaneous release, that this
precedes subsequent activation of ATP-sensitive potassium chan-
nels by >2 min, and that no early effect on Na™ channel avail-
ability is seen under these experimental conditions.

MATERIALS AND METHODS

Slice preparation and maintenance. Experiments were performed in 400-
um-thick coronal slices of somatosensory cortex of CD-1 mice that were
14-24 postnatal days of age. Procedures for preparation and mainte-
nance of slices were similar to those described previously (Fleidervish et
al., 1996, 1998). Animals of either sex were deeply anesthetized with
Nembutal (60 mg/kg) and killed by decapitation; their brains were
rapidly removed and placed in cold (6°C), oxygenated (95% O,—5%
CO,) artificial CSF (aCSF). Coronal slices from a region corresponding
to the primary somatosensory cortex were cut on a vibratome (Series
1000; Pelco International, Redding, Canada) and placed in a holding
chamber containing aCSF at room temperature; they were transferred to
a recording chamber after >1 hr of incubation.

Patch-clamp recording. Slices were maintained in a small (300 wul)
interface-type recording chamber (Haas et al., 1979), and a “blind”
patch-clamp technique (Hamill et al., 1981; Blanton et al., 1989) was used
to record either Na™* and K* single-channel currents or transmembrane
potential and currents from layer 5 neurons. Single-channel openings
were recorded in a cell-attached configuration, and whole-cell current
was recorded in a whole-cell configuration using an Axopatch 1D ampli-
fier (Axon Instruments, Foster City, CA). Transmembrane potential was
recorded in a whole-cell configuration using an Axoclamp-2B amplifier
(Axon Instruments) in bridge mode. Patch pipettes were manufactured
from thick-walled borosilicate glass capillaries (1.5 mm outer diameter;
Hilgenberg, Malsfeld, Germany) and had resistance of 1.5-3.5 M(). For
cell-attached recordings, pipettes were coated to within ~100 um of the
tip with Sylgard (Dow Corning, Midland, MI). All recordings were made
at 37 = 1°C.

Command voltage protocols were generated, and single-channel data
were acquired on-line with an Axolab 1100 analog-to-digital interface.
Data were low-pass-filtered at 2-5 kHz (—3 dB, four-pole Bessel filter)
and digitized at 10-20 kHz. For Na* channel recordings, capacitative
and leak currents were reduced before data acquisition using the built-in
circuits of the amplifier. Null traces for digital subtraction of remaining
capacitative and leak current components were produced by stepping
from a depolarized membrane potential, at which all Na * channels in the
patch were inactivated. For whole-cell voltage-clamp recording, care was
taken to maintain membrane access resistance as low as possible (usually
3-4 MQ and always <10 MQ); series resistance was 80% compensated
using the built-in circuitry of the amplifier. Data were low-pass-filtered at
2 kHz (=3 dB, four-pole Bessel filter) and sampled at a 5-10 kHz
digitalization frequency. For whole-cell current-clamp recordings, data
were low-pass-filtered at 10 kHz (=3 dB, single-pole filter), stored on
video tape, and digitized off-line at up to 20 kHz.

Solutions. The aCSF contained (in mm): 124 NaCl, 3 KCl, 2 CaCl,, 2
MgSO,, 1.25 NaH,PO,, 26 NaHCO;, and 10 glucose, pH 7.3, at 37°C
when bubbled with a 95% O,-5% CO, mixture. The pipette solution for
single-channel Na " experiments contained (in mm): 130 NaCl, 3 KC1, 2
CaCl,, 2 MgCl,, 10 glucose, S TEA-CI, 1 4-AP, and 10 HEPES (sodium
salt), pH 7.3. The pipette solution for single-channel K™ experiments
contained (in mm): 135 KCI, 2 CaCl,, 2 MgCl,, 10 glucose, and 10
HEPES (potassium salt), pH 7.3. The pipette solution for whole-cell
voltage-clamp experiments contained (in mm): 135 Cs gluconate, 6 CsCl,
2 MgCl,, and 10 HEPES (cesium salt), pH 7.25; QX-314 (Alamone Labs,
Jerusalem, Israel) was routinely added to the pipette solution to avoid
Na * current-mediated escapes from voltage clamp. The pipette solution
for whole-cell current-clamp experiments contained (in mm): 135 K
gluconate, 6 KCI, 2 MgCl,, and 10 HEPES (potassium salt), pH 7.25.

Induction of hypoxia. Hypoxic episodes were produced by switching the
gas flow over the slice from 95% O,-5% CO, to 95% N,—5% CO,, as first
described by Leblond and Krnjevic (1989). Because the experiments
were performed in an interface-type chamber, in which slices are sepa-
rated from the aerating gas atmosphere by a thin film only, we anticipated
that, after the onset of a hypoxic episode, the partial pressure of O,
would drop abruptly throughout the slice, and the effective equilibrium
between the atmosphere and slice would be achieved within several
seconds. Direct measurement of the pO, in the gas phase of the interface
chamber (ISO2; World Precision Instruments, Sarasota, FL) showed that
it reaches a steady value of 6 = 2 torr during hypoxia. Within the brain
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tissue, pO, could be even lower because of the oxygen consumption by
neurons and glial cells.

The hypoxic episode duration was kept within 3-5 min to prevent a
spreading depression-like anoxic depolarization (Luhmann and Heine-
mann, 1992), which occurs if hypoxia lasts for >5 min. To avoid irre-
versible cumulative damage, we produced no more than three hypoxic
episodes in the same slice, with the intervals between them >40 min.
Only one hypoxic episode per cell was evaluated.

Data analysis. Data averaging, digital subtraction of null traces, and
current-peak detection were made using pClamp 5.5 software (Axon
Instruments) and Mini Analysis program 4.0 (Synaptosoft, Leonia, NJ).
Data were fitted using Origin 3.78 (OriginLab, Northampton, MA). If
not otherwise noted, values are given as mean *= SD. For statistical
analysis, a Student’s ¢ test was performed.

RESULTS

The effects of short-term hypoxia on Na™ and K™ channel
properties and on spontaneous synaptic events were studied in a
total of 64 neurons that showed recovery of effects after a hypoxic
period.

Activation of ATP-sensitive potassium channels and
neuronal input resistance

Previous studies have shown that ATP-sensitive potassium
(Karp) channels are present at high density in the membranes of
the central neurons (Mourre et al., 1989; Xia and Haddad, 1991;
Karschin et al., 1997; Pelletier et al., 2000) and that their activa-
tion is a major cause of hypoxic hyperpolarization, a decrease in
neuronal input resistance, and a decrease in excitability (Zhang
and Krnjevic, 1993; Jiang et al., 1994; Fujimura et al., 1997).

We used cell-attached recordings to determine the time course
of K,rp channel activation during hypoxia. To ease channel
detection, pipettes contained 135 mm KCI, so that E would be
close to zero, and the patches were held at —20 mV relative to
resting membrane potential (V) (approximately —90 mV, assum-
ing V, near —70 mV). Patches displaying either no potassium
channel activity or only brief background potassium channel
openings (Fig. 14) under normoxic conditions were chosen. In
the representative experiment illustrated in Figure 1, there was
little or no change in the frequency and duration of these open-
ings during the first 2 min after hypoxia onset (Fig. 1 B). After 185
sec, a novel type of channel opening appeared, first as rare, single
openings or short minibursts (Fig. 1C). Under our experimental
condition of near symmetrical K* ion distribution, the reversal
potential of these channel openings was V, +75 mV, and single-
channel conductance was 59 + 4 pS (n = 6). When the specific
Karp channel blocker glibenclamide (100 um) was added to the
pipette solution (n = 3 patches), these channels were not acti-
vated during hypoxia. Activation of K, p channels was quickly
reversible with reoxygenation (Fig. 1D). Figure 1E plots the
mean K™ channel opening frequency for the same patch. It can be
seen that the increase in K* channel opening frequency because
of activation of K, p channels followed the onset of hypoxia with
a significant time lag. Similar results were obtained in recordings
from five additional patches; the mean latency for an initially
detectable opening of K,p channel was 211 = 11 sec (range,
185-240 sec).

Figure 1F shows the effect of hypoxia on apparent input resis-
tance (R;,), as measured in current-clamp recordings by applying
small hyperpolarizing pulses. The decrease in R;, was not the
earliest consequence of hypoxia; indeed, R;, did not decrease
significantly until >2 min after the onset of the hypoxic episode.
Although it is likely that activation of K,rp channels was largely
responsible for the decrease in Ry, it is noteworthy that the onset
of the resistance change, as measured in a whole-cell configura-
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tion, came slightly earlier than the onset of activation of the
potassium conductance, as measured without breaking into the
cell. This discrepancy probably reflected an acceleration of
the consequences of hypoxia when induced during intracellular
dialysis with ATP-free medium. As demonstrated below, addi-
tional, synaptic consequences of hypoxia probably also contrib-
uted to the decrease in R;,.

Early hypoxia does not alter sodium current properties
It has been reported that hypoxia causes a decrease in Na™
channel availability that is responsible for a rapid decrease in
neuronal excitability (Cummins et al., 1993; O’Reilly et al., 1997;
Mironov and Richter, 1999). To determine the time course over
which these changes develop, we recorded single Na ™ channels in
12 layer 5 neurons using a cell-attached configuration of the
patch-in-slice technique. Na™* channels were identified on the
basis of their characteristic voltage dependence and conductance.
As expected, at physiological temperatures the channel kinetics
were faster than at room temperature (Fleidervish et al., 1996).
The individual openings were clearly resolvable with a filter
bandwidth open to 2-5 kHz (Fig. 24). All patches contained
multiple channels, as indicated by the appearance of overlapping
opening events. In these experiments, we only evaluated patches
that contained >15 channels, to obtain relatively smooth curves
by averaging only 30-150 sweeps (Fig. 24). In the cell-attached
configuration, the actual membrane voltage is a sum of the com-
mand voltage imposed by the experimenter and the resting po-
tential, which is unknown. Unless otherwise noted, we refer to
the command voltage in the following text.

Figure 24 shows representative individual Na™ channel traces
and ensemble Na* current averages during depolarizing pulses to
V., +50 mV (approximately —20 mV) from a holding potential of
V.. It can be seen that 4 min of hypoxia altered neither the
amplitude nor the time course of the Na * current, although these

2 0 2 4 6 8 10
Time (min)

Time (min)

parameters would be extremely sensitive to even a small alter-
ation in Na™ channel activation or inactivation. In a different
neuron (Fig. 2B), ensemble Na™ currents elicited from a holding
potential of VV, —40 mV (approximately —110 mV) were also
unchanged after a 4 min hypoxic episode. In the seven neurons
we tested, we did not find on average a significant alteration in the
voltage-dependence of Na™ current activation (Fig. 2C,D) or
steady-state inactivation (data not shown). Thus, the voltage of
half-activation and the maximal steepness of the activation curve
were 36 = 2mV and 6.3 = 0.2 mV ~ ', respectively, in the control,
and 35 = 2mV and 6.3 = 0.2 mV ~! at the end of a 4 min hypoxic
episode (p > 0.05; n = 7; paired Student’s 7 test). The midpoint
and maximal steepness of the inactivation (h.,) curve, determined
using a conventional 50 msec prepulse protocol, were —4 = 4 mV
and 7.2 + 0.4 mV ~, respectively, in the control, and —5 = 5 mV
and 7.3 = 0.4 mV ' after 4 min of hypoxia (p > 0.05;n = 7;
paired Student’s ¢ test).

The results of these experiments led us to conclude that alter-
ations in Na * channel properties, as described by others (Cum-
mins et al., 1993; O’Reilly et al., 1997; Mironov and Richter, 1999)
(but see Hammarstrom and Gage, 1998), apparently occur later in
the course of hypoxia, and they cannot account for the very
earliest changes in cortical function.

Biphasic effect of hypoxia on spontaneous EPSPs

Previous studies have shown that in the neocortex, hypoxia
quickly and reversibly suppresses both action potential-dependent
EPSPs (Luhmann and Heinemann, 1992; Cummins et al., 1993)
and spontaneous EPSPs (sEPSPs) (Cummins et al., 1993). How-
ever, these studies were done using sharp microelectrode record-
ings, which do not permit resolution of very small-amplitude
spontaneous synaptic events. Here, we examined the effect of
hypoxia on sEPSPs using whole-cell current-clamp recordings in
neocortical slices. To study the SEPSPs in isolation, neurons were
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Figure 2. Early hypoxia does not affect the Na ™ channel kinetics. 4, Na ™
channel currents during 40 msec depolarizing pulses to a V, +50 mV from
a holding potential of V, before and after a 4 min hypoxic episode.
Currents were recorded in a cell-attached configuration from a represen-
tative layer 5 neuron in a 400-pum-thick slice at 37°C. Bottom traces are
ensemble Na™* currents obtained by averaging 150 sweeps under each
condition. B, Ensemble Na * currents from a different neuron at different
membrane potentials in the control and after 4 min of hypoxia. The patch
membrane was held at a I/, —40 mV and stepped to a given test voltage
for 20 msec (see inset for C). Here and in A4, currents were filtered at 3.5
kHz (—3 dB) and digitized at 20 kHz. Note that 4 min of hypoxia did not
alter the availability and properties of Na™ channels. The Na* current
I-V curve (C) and its conductance transform (D) are not altered by
hypoxia.

dialyzed with solution containing K gluconate (E, = —70 mV)
and were held at a potential of approximately —70 mV by apply-
ing a small depolarizing or hyperpolarizing current. Under nor-
moxic conditions, SEPSPs were seen as upward membrane poten-
tial deflections with an amplitude of 0.5-5 mV and a frequency of
~10 Hz (Fig. 34). Induction of hypoxia resulted in a considerable
increase in the frequency of SEPSPs within 15-20 sec (Fig. 3B).
Although most sEPSPs during the very early stage of hypoxia
were of small amplitude, probably reflecting a quantal glutamate
release in single synaptic boutons, the frequency of large-
amplitude synaptic events, which sometimes reached spike thresh-
old, was also increased (Fig. 3B). Later in hypoxia, these large
sEPSPs disappeared, and the amplitude of the rest of the events
declined progressively (Fig. 3C), in parallel with a decrease in
neuronal input resistance. After 3 min of hypoxia, while neuronal
input resistance decreased by 60 = 14% from the mean prehy-
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Figure 3. Hypoxia causes a rapid transient increase in the frequency of
spontaneous EPSPs. A, A whole-cell current-clamp recording of sEPSPs
from a representative layer 5 neuron under normoxic conditions. The cell
was dialyzed with K gluconate-based solution (E, = —70 mV) and held
at voltage of approximately —70 mV with an injection of a small depo-
larizing current. B, Hypoxia within seconds markedly increases the fre-
quency of spontaneous EPSPs. C, Starting from the second minute of
hypoxia, the high-amplitude SEPSPs disappear; the frequency of the rest
of the spontaneous events additionally increases. Note that the sEPSP
amplitudes become progressively smaller, in parallel with decrease in
neuronal input resistance. D, From the third minute of hypoxia, the
SsEPSPs become completely unresolvable from the noise.

poxic value of 191 = 88 MQ (n = 7 cells) (Fig. 1F), the individual
SsEPSPs became completely undistinguishable from noise (Fig.
3D). With reoxygenation, sEPSPs quickly reappeared, yet at a
somewhat lower frequency than before hypoxia. It usually took
~10 min until the frequency of sEPSPs returned to the prehy-
poxic value. A biphasic effect of hypoxia on sSEPSPs, similar to
that shown in Figure 3, was observed in six additional neurons.

Hypoxia enhances the frequency of

spontaneous EPSCs

From the above experiment, we conclude that the initial effect of
hypoxia on spontaneous excitatory events is an enhancement of
frequency followed by a reduction in amplitude. In seven neurons
voltage-clamped at —70 mV and recorded with Cs " -filled elec-
trodes, we examined the effect of hypoxia on the amplitudes and
frequency of sEPSCs (Fig. 4). While being dialyzed with Cs™
ions, the neocortical neurons showed no significant change in the
holding current at —70 mV during the first 4 min of hypoxia,
apparently because Cs™ ions block the potassium conductances
that are primarily responsible for hypoxia-induced alterations in
leakage (n = 7 cells; data not shown). In the representative
neuron of Figure 4, the frequency of SEPSCs was already clearly
increased 30 sec after the onset of hypoxia (Fig. 4B). As in the
case of the current-clamp SEPSP recordings (Fig. 3), there was
enhancement of the frequencies of large-amplitude events, which
presumably are action potential-dependent, and small-amplitude
events, which presumably are action potential-independent. Thus,
at 30 sec from the beginning of the hypoxic episode, the fre-
quency of SEPSCs with peak amplitudes of >30 pA increased on
average by 66 * 16% (n = 7 cells), and the frequency of smaller
sEPSCs was increased by 32 = 6% (n = 7). As the hypoxia
continued, the small-amplitude currents did not disappear, but
their frequency continued to increase (Fig. 4C). After 3 min of
hypoxia, these small-amplitude currents occurred at a frequency
that was increased by 108 = 19% (n = 7) in comparison with the
control. However, large-amplitude events disappeared completely
after ~120 sec of hypoxia (Fig. 4C). With reoxygenation, the
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Figure 4. In a neuron dialyzed with Cs ™ ions, hypoxia causes a rapid and
monotonic increase in sEPSC frequency. 4, Voltage-clamp traces ob-
tained with a Cs gluconate-containing pipette from a representative layer
5 neuron held at —70 mV under normoxic conditions. B, Thirty seconds
after the onset of hypoxia, the frequency of sEPSCs increases; high-
amplitude events are seen frequently. C, At the third minute of hypoxia,
the high-amplitude sEPSCs disappear; the frequency of the rest of the
spontaneous events additionally increases. Note that dialyzing neurons
with Cs* ions prevents a hypoxia-induced decrease in input resistance.
Inset, A 100 msec segment of the record at an extended time scale to show
the individual, superimposed sEPSCs. D, Reoxygenation rapidly sup-
presses the frequency of sEPSCs beyond the prehypoxic value.

frequency of spontaneous events fell immediately, so that by 30
sec after the onset of reoxygenation it was 56 * 3% lower than in
the control (n = 4). The sEPSC frequency remained depressed
for ~10 min and ultimately returned to control values. The
differences in SEPSC frequency between the control, hypoxia, and
reoxygenation were all statistically significant (p < 0.05).

Hypoxia-induced enhancement in sEPSC frequency
persists in both tetrodotoxin-containing and Ca2*-free
bath solution

The above experiment led us to conclude that the hypoxia-
induced increase in neurotransmitter release is persistent, not
transient, and that it becomes hidden in current-clamp recordings
from K* dialyzed neocortical neurons by the decrease in neuro-
nal input resistance.

Hypoxia primarily affects the frequency of low-amplitude
sEPSPs and SEPSCs, most of which may be miniature events that
do not depend on presynaptic action potentials and Ca** en-
trance (for review, see Katz, 1969; Edwards, 1995). To confirm
that hypoxia does indeed increase the frequency of these minia-
ture synaptic events, we repeated the above experiments in the
presence of TTX and in nominally calcium-free aCSF. In Figure
5, the averaged frequency of sEPSCs is plotted as a function of
time. Figure 54 shows the time course of hypoxia-induced alter-
ations in sEPSC frequency in a representative neuron in a slice
bathed in normal aCSF. As expected (Fig. 4), hypoxia induced a
rapid and strong increase in SEPSC frequency that was quickly
reversible, as well as undershooting with reoxygenation. In an-
other neuron from a different slice preparation (Fig. 5B) that was
preincubated in aCSF containing TTX (1 um), hypoxia produced
a very similar effect on the frequency of SEPSCs. Removal of
Ca*" from aCSF (Fig. 5C) also did not significantly alter the
magnitude and the time course of the hypoxia-induced increase
in sEPSC frequency. At the end of a 3 min hypoxic episode,
sEPSC frequency was enhanced by 44 = 8% (n = 8) in the
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presence of TTX and by 28 = 4% (n = 6) in the Ca*"-free bath
solution (p < 0.05).

Figure 6 shows the effect of brief hypoxia episodes on the
amplitudes of SEPSCs in control aCSF, in the presence of TTX,
and in the Ca*"-free bath solution. The cumulative amplitude
histogram, based on measurement of the amplitudes of 500
sEPSCs under normoxic conditions in control aCSF (Fig. 6A4,
open circles), shows that ~20% of the synaptic events had ampli-
tudes that were >30 pA. These events most likely reflect a
multibouton glutamate release synchronized by presynaptic ac-
tion potentials, because they were completely absent in the pres-
ence of TTX (Fig. 6B, open circles), and in Ca**-free bath
solution (Fig. 6C, open circles). After 30 sec of hypoxia (Fig. 64,
closed triangles), the relative frequency of sEPSCs with peak
amplitudes of >30 pA was slightly decreased, despite the fact that
these larger events were more frequent than in the normoxic
control (Fig. 4B). This was because the rate of sEPSCs with
amplitudes of <30 pA rose faster and predominated. At the third
minute of hypoxia, all large-amplitude events disappeared (Fig.
6A, closed circles; Fig. 4B), and only the sSEPSCs with amplitudes
of <30 pA persisted.

In the presence of TTX (Fig. 6B) as well as in nominally
Ca?"-free bath solution (Fig. 6C), hypoxia caused no alteration
in the amplitudes of EPSCs. Qualitatively similar results were
obtained in seven cells from slices bathed in control aCSF, in
seven cells in the presence of TTX, and in six cells in Ca®*-free
bath solution.

In four of the cells that were exposed to 4 min of hypoxia in the
presence of TTX, there was no significant alteration in the decay
of SEPSC (data not shown; p > 0.05), indicating that the proper-
ties of postsynaptic glutamatergic receptors at this stage of hyp-
oxia are not yet affected.

Hypoxia enhances spontaneous IPSC frequency in a
similar manner

Figure 7 illustrates experiments designed to determine whether
hypoxia has a similar effect on GABAergic synapses. To study
spontaneous IPSCs (sIPSCs) in isolation, the neurons were dia-
lyzed with Cs * gluconate and were voltage-clamped to 0 mV, the
reversal potential of the EPSCs. Figure 7 shows sample record-
ings of sIPSCs before, during, and after hypoxia for a represen-
tative layer 5 neuron. As with SEPSCs (Fig. 5), the frequency of
sIPSCs was already clearly increased 30 sec after the onset of
hypoxia (Fig. 7B). While hypoxia proceeded, the frequency
of small-amplitude events continued to increase (Fig. 7C). After
3 min of hypoxia, these events occurred at a frequency that was
90 = 27% (n = 7) higher than the control. However, large-
amplitude events became rarer after ~2 min of hypoxia. After
reoxygenation, the frequency of spontaneous events fell immedi-
ately to the prehypoxic value. The differences in sIPSC frequency
between the control and hypoxia were all statistically significant
(p < 0.05).

Figure 8 shows that the magnitude and the time course of the
hypoxia-induced increase in sIPSC frequency did not differ in
slices preincubated with 1 um TTX (Fig. 8B) and in Ca?*-free
bath solution (Fig. 8C) compared with those bathed in normal
aCSF (Fig. 84). Similar results were obtained in recordings of
sIPSC frequency from seven neurons in control aCSF, from five
neurons in the presence of TTX, and from six neurons in the
absence of Ca®" ions. In three cells that were exposed to hypoxia
in the presence of TTX, there was no significant alteration in the
sIPSC decay time course after 4 min of hypoxia (data not shown;
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nisms that underlie normal cortical function. Although it is pos-
sible that the consequences of hypoxia are attributable to a direct
sensitivity to oxygen molecules (Jiang and Haddad, 1994; Ham-
marstrom and Gage, 2000), it is much more likely that they reflect
disrupted oxidative metabolism (for review, see Lipton, 1999).
Our results demonstrate that in the neocortex, the earliest
hypoxia-triggered event relevant to neocortical circuit function is
a profound increase in vesicular neurotransmitter release. The
study was performed in an in vitro neocortical slice preparation,
which allowed us to investigate the effects of hypoxia under well
controlled experimental conditions and to implement in full the
patch-clamp technique to examine both intrinsic neuronal con-
ductances and synaptic transmission. To remove possible doubts
about the Q,, of the different processes in the range between
room temperature and 37°C (Stys et al., 1992; Dirig et al., 1997;
Ransom et al., 2000), all experiments, including cell-attached
single-channel recordings, were done at physiological tempera-
tures. We considered the possibility that some of the hypoxia-
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Figure 7. The frequency of spontaneous IPSCs also increases during
hypoxia. A, Voltage-clamp traces obtained with a Cs gluconate-containing
pipette from a representative layer 5 neuron held at 0 mV under normoxic
conditions. B, Thirty seconds after the onset of hypoxia, the frequency of
sIPSCs increases; high-amplitude events are seen frequently. C, At the
third minute of hypoxia, the high-amplitude sIPSCs disappear; the fre-
quency of the rest of the spontaneous events additionally increases. D,
Reoxygenation rapidly decreases the frequency of sIPSCs.
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induced changes observed in whole-cell recordings might be
exaggerated by dialyzing the neuron with ATP-free media,
whereas others might be slowed or completely prevented by
washing in powerful H™ and Ca?" buffers. In the present study,
however, the effects of oxygen deprivation on K and Na™
channel activities were evaluated using the cell-attached config-
uration of the patch-clamp technique, which does not require
rupture of the membrane and therefore does not interfere with
“naturally” occurring disturbances in cytosolic content. More-
over, the observed time course of the increase in frequency of
PSCs, although studied in whole-cell recordings, was also not
influenced by the recording method, because it reflected an effect
of hypoxia on the undialyzed presynaptic terminals.

We held slices in an interface-type chamber and produced
hypoxia by switching the surrounding gas mixture to one that was
oxygen-free. This has been reported to be the in vitro method for
tissue maintenance and hypoxia induction that most closely rep-
licates the changes observed in the hypoxic brain in vivo (Croning
and Haddad, 1998). There are differences, however. Because
oxygen consumption in the relatively quiescent brain slice is lower
than in the neocortex in vivo (Raichle, 1998; Schurr et al., 1999),
and the average distance for oxygen diffusion through the slice—
gas mixture interface is larger than that between neurons and
capillaries (Reina-De La Torre et al.,, 1998), the very rapid
sequence of events that we observed after hypoxia in vitro may
transpire even faster in the brain when circulation is compro-
mised. Thus, the increase in spontaneous neurotransmitter re-
lease that we observed in slices 15-30 sec after hypoxia onset
would probably begin almost instantly in a behaving animal after
a critical decrease in oxygenated blood supply.

Earlier whole-cell studies in dissociated neocortical neurons
(Cummins et al., 1993), in hippocampal neurons (O’Reilly et al.,
1997), and in brainstem neurons in slices (Mironov and Richter,
1999) ascribed the earliest behavioral effect of hypoxia to a
decreased availability of Na ™ channels and a resulting decrease in
neuronal excitability. For reasons that we do not understand, we,
like Hammarstrom and Gage (1998), did not see any consistent
change in the transient Na ™ current during the first 4 min after
the onset of hypoxia, although our experiments were performed
at physiological temperatures, and we did observe changes in
synaptic currents and in the opening probability of K, - channels

in the same slices at earlier times after onset of the hypoxic
episode.

Our data are consistent with the reports of several investigators
that hypoxia is associated with a decrease in apparent input
resistance (Luhmann and Heinemann, 1992; Zhang and Krn-
jevic, 1993; Jiang et al., 1994; Fujimura et al., 1997), which is
primarily attributed to an increase in activation of the ATP-
sensitive K™ conductance. Our rough estimates based on direct
measurement of density, conductance, and the open probability
of K,rp channels at the third minute of oxygen deprivation
indicate that in neocortical neurons, as elsewhere, the activation
of K, rp channels alone is enough to explain the hypoxia-induced
decrease in input resistance, as seen in current-clamp whole-cell
recordings. Thus, in a spherical cell with a diameter of 20 wm, the
activation of K,p channels that are present at a density of two
channels/um?, have a single-channel conductance of 59 pS, and
have an open probability of 0.15 would give rise to a shunting
conductance of ~20 nS, which is sufficient to decrease the neu-
ronal input resistance to ~20% of its control value. We propose,
however, that other factors also contribute to the decrease in
resistance of neocortical neurons. It is likely that the large in-
crease in spontaneous bombardment of the postsynaptic mem-
brane at both GABAergic and glutamatergic synapses (Figs. 4, 7),
which precedes activation of potassium currents, is responsible
for the initial increase in general neuronal conductance. Indeed,
Salin and Prince (1996) showed that in neocortical neurons in
slices held under normoxic conditions, blockade of the sIPSCs
causes a decrease in resting conductance of ~0.5 nS. A 10-fold
increase in sIPSC frequency, such as we observed in the neuron
illustrated in Figure 7 after 2 min of hypoxia, would cause an
increase in leakage to 5 nS and thus lead to a decrease in input
resistance to approximately half of its normoxic value. Interest-
ingly, blockade of transmitter release by botulinum toxin A has
been shown to prevent the increase in input conductance elicited
by brief hypoxia in thalamocortical neurons in slices (Erdemli and
Crunelli, 1998).

Evidence has been presented here that indicates that, in the
neocortex, the earliest hypoxia-triggered event that might affect
the neocortical circuit processing is an increase in miniature
release of glutamate and GABA. The precise mechanism in-
volved in augmented transmitter release remains unclear. Our



Fleidervish et al. « Hypoxia-Induced Vesicular Release in Neocortex

finding that the increase in release frequency persists in the
presence of TTX and with Ca?"-free bath solution indicates that
this mechanism entails the presynaptic terminal itself and it is not
dependent on Ca®* entry from the extracellular space. Because
both inhibitory and excitatory synapses were affected, we infer
that the effect of oxygen deprivation was exerted at some stage in
the general exocytotic process that is common to all presynaptic
machinery, independent of the transmitter involved. A similar
hypoxia-induced increase in the frequency of miniature synaptic
events, which is also resistant to the removal of extracellular
calcium, has been reported to occur at neuromuscular junctions
(Hubbard and Loyning, 1966; Nishimura, 1986), in CAl hip-
pocampal neurons (Hershkowitz et al., 1993; Katchman and
Hershkowitz, 1993), and in brainstem neurons (Kulik et al., 2000).
Our data are also consistent with ultrastructural evidence of loss
or clumping of synaptic vesicles in neocortical presynaptic end-
ings very early during ischemia or hypoxia (Webster and Ames,
1965; Williams and Grossman, 1970). Recent electron micro-
scopic evidence suggests that the exceptional sensitivity of central
presynaptic terminals to hypoxia may reflect specific features of
their energy metabolism. Three-dimensional reconstructions of
axonal terminals in area CA3 of the hippocampus indicate that
the high energy demands of the presynaptic terminals, which are
necessary to maintain ionic gradients and to fuel synaptic vesicle
cycling, often must be met by only a single mitochondria, which
may be significantly separated from the energy utilization site by
a long and narrow axonal shaft (Shepherd and Harris, 1998). The
small volume of the axonal terminal, its isolation from the rest of
the axon, and its high rate of energy consumption may render its
energy metabolism and Ca®" homeostasis particularly sensitive
to changes in oxygen supply.

Whatever the mechanism for the hypoxia-induced changes at
the synapse, these changes would be expected to markedly affect
normal neocortical circuit function. An indiscriminate enhanced
probability of miniature, action potential-independent transmitter
release would affect action potential-dependent release, because
the synaptic vesicles that are available for these processes are
drawn from the same readily limited releasable pool (Rosenmund
and Stevens, 1996), and both types of release are controlled by
essential parts of a common release machinery (Capogna et al.,
1997). Because normal processing by the neocortical circuit must
entail precise timing of individual spikes and their postsynaptic
consequences (Abeles et al., 1994; Softky, 1995; Victor and Pur-
pura, 1996), the effects we observed after the onset of hypoxia
would be expected to have a devastating effect on neocortical
function, both by introducing incoherent noise and by disrupting
normal neuronal integration of inputs.

Interestingly, the synaptic changes we observed were rapidly
reversible, as were the behavioral consequences of arrest of ce-
rebral circulation reported by Rossen et al. (1943). They found
that consciousness was regained with 5-10 sec of re-establishing
blood flow. It is important to note, however, that should the
hypoxia persist, the consequent enhancement in the rate of trans-
mitter release, which reflects a direct effect on presynaptic termi-
nals, would also be expected to persist, although the somatic
membrane is rendered relatively unexcitable by ATP-K™ shunt-
ing conductance. Because most of the neocortical terminals are
glutamatergic, this outpouring of transmitter could ultimately
contribute to excitotoxicity caused by prolonged hypoxia (Lee et
al., 2000).
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