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Cortical Inhibition during Burst Suppression Induced with
[soflurane Anesthesia

Judy-Fay Ferron, Daniel Kroeger, Oana Chever, and Florin Amzica
Department of Stomatology, School of Medical Dentistry, Université de Montreal, Montreal, Quebec H3C 3]7, Canada

Isoflurane is a widely used anesthetic which safely and reversibly induces deep coma and associated burst suppression (BS) electroen-
cephalographic patterns. Here we investigate possible underlying causes for the state of cortical hyperexcitability which was recently
shown to be one of the characteristics of BS. Our hypothesis was that cortical inhibition is diminished during isoflurane-induced BS.
Experiments were performed in vivo using intracellular recordings of cortical neurons to assess their responsiveness to stimulations of
connected thalamic nuclei. We demonstrate that during BS EPSPs were diminished by 44%, whereas inhibitory potentials were com-
pletely suppressed. This finding was supported by additional results indicating that a decrease in neuronal input resistance normally
found during inhibitory responses under low isoflurane conditions was abolished in the BS condition. Moreover, removal of inhibition
occasionally revealed excitatory components which were absent during recordings before the induction of BS. We also show that the
absence of inhibition during BS is not caused by a blockage of GABA receptors, since iontophoretically applied GABA shows receptor
availability. Moreover, the concentration of extracellular chloride was increased during BS, as would be expected after reduced flow of
chloride through GABA , receptors. Also inhibitory responses were reinstated by selective blockage of glial glutamate transporters with
dihydrokainate. These results suggest that the lack of inhibition during BS is caused by reduced excitation, probably resulting from
increased glial uptake of glutamate stimulated by isoflurane, which creates a diminished activation of cortical interneurons. Thus cortical

hyperexcitability during BS is favored by suppressed inhibition.

Introduction

It is commonly believed that general anesthetics act by shifting
the excitatory-inhibitory balance of brain signaling toward inhi-
bition. This assumption is mainly supported by investigations
into molecular mechanism of anesthesia suggesting that most of
these agents act on GABA receptors (for review, see Franks,
2006). Within the large variety of anesthetics, inhalation agents
such as isoflurane are widely used in clinical practice. Isoflurane
appears to target several membrane proteins: glycine and GABA
receptors (Harrison et al., 1993; Nishikawa et al., 2002), as well as
two-pore-domain K* channels (Franks and Lieb, 1988; Patel et
al., 1999). In addition, isoflurane has been shown to stimulate the
activity of the GLT1/EAAT? glial glutamate transporter (Larsen
et al., 1997; Zuo, 2001).

A great wealth of data has been produced relating to the targets
and mechanisms of anesthesia in general, and of isoflurane in
particular. Interestingly, most of these studies were conducted in
vitro or in cultures and despite the simplified preparation most
still did not lead to definitive conclusions. The few in vivo studies
(Vahle-Hinz et al., 2001, 2007; Detsch et al., 2002) used extracel-
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lular recordings which render the interpretation of excitatory
versus inhibitory activities uncertain. In slices, isoflurane reduced
excitatory synaptic transmission in the hippocampus (Berg-
Johnsen and Langmoen, 1986; Miu and Puil, 1989) and amygdala
(Ranft etal., 2004). Moreover, at concentrations of ~0.2—0.3 mMm
isoflurane increased the duration of GABA, inhibitory synaptic
currents without affecting their amplitude (Ranft et al., 2004).
This result contrasts somewhat with a series of studies showing
that similar concentrations of volatile anesthetics decreased the
current amplitude of GABA, IPSCs in hippocampal neurons
(Jones and Harrison, 1993; Pearce, 1996; Banks and Pearce, 1999)
as well as in cerebellar neurons (Antkowiak and Heck, 1997),
while confirming the prolonged decay time. These effects are
believed to result from postsynaptic binding of the agent (Banks
and Pearce, 1999; Westphalen and Hemmings, 2003a).

Recently, we have used a variety of anesthetic agents to dem-
onstrate that a deep level of anesthesia, producing burst suppres-
sion (BS), generates a state of unstable cortical hyperexcitability
(Kroeger and Amzica, 2007). This finding prompted us to ques-
tion the strength of the associated inhibitory mechanisms within
states of anesthesia-induced unconsciousness.

BS is an electroencephalographic (EEG) pattern consisting
of an alternating pattern of (1) epochs with silenced cortical
activity and associated EEG isoelectric line, and (2) periods
displaying high-amplitude slow and sharp waves (Swank and
Watson, 1949). BS is generally developed during coma (Bren-
ner, 1985) with various etiologies ranging from anesthesia
(safe, fully controlled and reversible) to hypoxia (Silverman,
1975), drug-related intoxications (Weissenborn et al., 1991; Os-
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termann et al., 2000; De Rubeis and Young, 2001) and hypother-
mia (Pagni and Courjon, 1964; Michenfelder and Milde, 1991;
Nakashima et al., 1995). The common EEG patterns of BS,
regardless of the underlying etiology (Chatrian, 1990), suggest
common cellular mechanisms. For instance, the hyperexcit-
able responses evoked during BS were elicited using various
anesthetic agents (Kroeger and Amzica, 2007).

For our present investigation we began with the assumption
that the hyperexcitability seen during BS results from diminished
or blocked inhibition.

Materials and Methods

Animal preparation. All experimental procedures were performed in
acute preparations (cats) and were approved by the committee for ani-
mal care of Laval University, Quebec City, QC, Canada. They fully com-
ply with the principles of responsible conduct toward animals of the
National Institutes of Health. Experiments started with an initial appli-
cation of ketamine-xylazine anesthesia (10 mg/kg, i.m. and 2 mg/kg, i.m.,
respectively). Once a painless state was achieved (verified through ab-
sence of withdrawal reflex), all future pressure and incision points were
infiltrated with lidocaine and the animal was tracheotomized, artifi-
cially ventilated (respiratory rate ~30 strokes/min) and paralyzed
with gallamine triethiodide (20 mg/kg) through a cannula inserted in
the cephalic vein. These procedures lasted for ~15 min. From this point
on, the animal was continuously monitored to maintain vital signs
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Typical progression toward burst suppression (BS) pattern, recorded at the EEG and field potential level as well as
intracellularly in a cortical neuron in the suprasylvian gyrus (areas 5-7). A, Under light anesthesia (1.5% isoflurane) neuronal
activity is mainly characterized by slow-wave sleep-like (SWS) oscillation dominated by a quasi regular slow rhythm of <<1Hz. B,
Application of higher concentrations of isoflurane (2.5%) hyperpolarizes the neuronal membrane potential and accelerates cortical
oscillations. Occasionally, this transitory activity is interrupted by short periods of flat EEG (*) that increase in duration and become
more frequent. €, The transition period is followed by a stable pattern of BS, whichis characterized by long silent periods of flat EEG
and occasional bursts of activity. In this and subsequent figures, signals are presented with positive polarity upward.
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within a physiological range. Body tempera-
ture was controlled through a heating pad
(38 = 1°C), end-tidal CO, concentrations were
kept at 3.7% (£0.2%) by adjusting the O, in

> the inhaled airflow. Deep anesthesia was veri-
I E fied by continuous patterns of slow and ample
EEG waves. We also monitored the heart rate
throughout the experiments (<110 beats/
min). Before the onset of surgical procedures
we gradually switched anesthesia to isoflurane
(1-1.5%) to compensate for the vanishing ini-
tial dose of ketamine-xylazine. From that point
onwards the animal was kept only under
isoflurane anesthesia. After the isoflurane in-
duction, the animal underwent craniotomy ex-
posing the suprasylvian gyrus. First we lowered
bipolar tungsten stimulation electrodes into
the centrolateral (CL) and lateroposterior (LP)
nuclei of the thalamus (respective stereotaxic
coordinates: anterior 10 mm, lateral 3.5 mm
and vertical 4 mm above the ear bar plane; and
anterior 10 mm, lateral 6 mm and vertical 4
mm). Next we placed intracellular microelec-
trodes as well as field potential electrodes and
Cl " -sensitive electrodes into the cortex. The
stability of the recordings was enhanced by bi-
lateral pneumothorax, hip suspension, drain-
age of the atlanto-occipital space and filling of
the hole in the calvarium with a 4% agar solu-
tion. Fluid loss during the experiment was
compensated for by intravenous injections of
saline (20—30 ml/experiment). Unless other-
wise indicated, all chemicals used in these ex-
periments were purchased from Sigma. At the
end of the experiments, the animals received a
lethal dose of sodium pentobarbital.

Electrode preparation and recordings. Intracel-
lular recordings were obtained from the associa-
tion areas 5 and 7 of the suprasylvian gyrus using
glass micropipettes (tip diameter <0.5 um)
filled with a 3 M solution of potassium acetate
(in situ impedance 3050 M()). Field potential
electrodes were similarly shaped, except that
the tip was widened under the microscope to
achieve in situ impedance of ~10 M(). These field potential electrodes
were filled with a 0.2 M NaCl solution. The EEG was recorded monopo-
larly with stainless steel screws implanted into the skull in the immediate
vicinity (~2 mm) of the cellular recordings. All electrodes shared a chlo-
rided silver reference placed in the paralyzed neck muscles. The EEG
potentials were bandpass filtered between 0.3 Hz and 1 kHz. Thalamic
stimulation was elicited with current impulses of 0.1-0.2 ms duration
and 0.05-0.8 mA intensity. Under BS conditions, the electrical stimuli
were generally delivered during the suppression periods to avoid the
interference of spontaneous (bursting) activities.

Our Cl ™ -sensitive microelectrodes were manufactured according to
procedures described in other studies (Massimini and Amzica, 2001). We
used double-barrel pipettes in which the Cl ~ -sensitive electrode was
pretreated with dimethylchlorosilane, dried at 120°C for 2 h, and the tip
filled with the Cl ~ ionophore I-cocktail A (Fluka). This provides a rapid
electrode (see below) and logarithmic selectivity against bicarbonate of
1.5 (Kondo et al., 1989) corresponding to a 3% selectivity. The rest of the
barrel was loaded with NaCl (0.1 m), while the other barrel contained
NaCl (0.2 m). The Cl -sensitive electrodes were calibrated in two
solutions containing, respectively, (1) NaCl 100 mm, and (2) NaCl 10
mM and NaGlu 90 mm, pH 7.4. To ascertain the relationship between
concentration and voltage we used the Nicolsky-Eisenmann equation
(Ammann, 1986).

We measured the time course of the response of Cl ™ -sensitive
microelectrodes by stepping the electrodes through 2 drops contain-

20 mV
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ing different C1 ~ concentrations (10 and 100
mM). The drops were held at close distance
by silver rings, which were individually
grounded. Only electrodes reaching 90% of
the response in <20 ms were selected for re-
cording, ensuring that the electrode response
was far faster than the phenomena under investi-
gation. To preclude the possible contamination
of ion potentials through capacitive coupling by
field potentials, the latter were measured with
the pair electrode and subtracted from the
former. The resulting signal was linearized
and transposed into concentration values us-
ing the parameters extracted from the loga-
rithmic fitting of the calibration points. The
headstage amplifier for Cl ™~ -sensitive elec-
trodes was modified with an ultra ultra-low-
input current (<25 fA) amplifier (National
Semiconductor). Intracellular, ion-sensitive and
field potential signals were passed through a
high-impedance amplifier with active bridge
circuitry (Neurodata). All signals were digitally
converted (20 kHz sampling rate) and stored
on a computer for off-line analysis.

Iontophoretic application of GABA was per-
formed by means of double barrel glass elec-
trodes which were broken to a diameter of 7-15
um. One of the barrels was loaded with GABA
(0.25 min distilled water, pH 4), while the other
barrel contained NaCl (0.2 M) and served as a
blank electrode. The double barrel electrode
was then glued to an intracellular microelec-
trode whose recording tip protruded by 40— 60
pm beyond the iontophoretic tip. GABA was
retained in its barrel by negative current (810
nA) and was ejected by positive current (3-70
nA) by means of an electrophoresis device
(Dagan).

Dihydrokainate is an antagonist of the glu-
tamate transporter GLT1/EAAT?2 (Arriza etal.,
1994). In our experiments a 9 mm solution of
dihydrokainate in lactate ringer was applied
topically using a Hamilton syringe on a small
filter paper (3 X 3 mm) placed over the supra-
sylvian gyrus. The paper had a central hole
through which the recording intracellular mi-
croelectrode was lowered into the cortex.

Analysis. All of our analysis was performed with software from Wave-
Metrics, and relies on time relationships between the recorded voltage
(concentration) time series. Most of the results are presented as stimulus-
triggered averages (evoked potentials). These were obtained through extract-
ing sweeps of the intracellular or extracellular field/EEG potentials and
synchronization with the triggering stimulus. Statistical analysis was per-
formed with XLSTAT.
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Results

Database

Fifty-six neurons were recorded intracellularly in 24 cats. Only
recordings satisfying high quality criteria were retained for this
study: stable membrane potentials more negative than —60 mV
without holding current and overshooting action potentials. The
average resting membrane potential recorded under low isoflu-
rane conditions, immediately after impaling and after stabiliza-
tion of the membrane potential was —72.4 * 3.2 mV (average =
SD). We also recorded the cell’s input resistance: 23.6 £ 9.7 M)
(tested with 0.5 nA negative current pulses). These parameters
were modulated during the induction of BS (see below). All
recorded neurons displayed regular discharge patterns ac-
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Comparison of slow oscillatory activity of intracellular potentials during sleep-like patterns and bursting during BS.
A1, Intracellular activity of the same neuron recorded under lighter (1.5%) isoflurane anesthesia (left) and during BS (right). The
latter trace was obtained by artificially eliminating all isoelectric phases, which served the purpose of producing an oscillatory
period of equivalent duration to the trace depicting activity under light anesthesia. During the low isoflurane recording the neuron
was injected with hyperpolarizing current (—0.5 nA) to prevent firing of action potentials and to reach comparative membrane
potentials as during BS. A2, Histograms of membrane potentials during recording periods displayed above (20 s) gave raise to
different patterns: sleep-like activity under light anesthesia resulted in a biphasic oscillatory pattern with clear up-and-down
states, whereas BS activity produced a unimodal distribution reflecting a prevalence of the down state and a shortened up state.
The ordinate represents the incidence of a particular membrane potential value during the analyzed period. B, €, Pairs of histo-
grams (gray for light anesthesia, white for BS) from two other neurons recorded under the same conditions as in A, showing
consistently similar distributions of the membrane potentials.

cording to the established criteria (Connors et al., 1982; Nuiiez
et al., 1993). All intraneuronal recordings were held for >30
min to include at least one recording of a change of state (e.g.,
control to BS)—although some recordings lasted for up to 4
such cycles.

Patterns of activity related to the induction of BS
All recording sessions started under 1.5% isoflurane anesthesia,
which produced activity patterns comparable to those recorded
during slow-wave sleep (SWS) and under ketamine-xylazine an-
esthesia (Fig. 1 A) (for further examples, see Amzica and Steriade,
1995; Contreras and Steriade, 1995). Briefly, these patterns con-
sist of a quasi regular slow oscillation with a frequency range just
below 1 Hz. The oscillation is the result of membrane potential
alternations in the recorded neurons between depolarized (“up”)
states and hyperpolarized (“down”) states. This oscillation is re-
flected in an in-phase lock of EEG and field potential signals. The
up-states correspond to field negative potentials, whereas down-
states match field positive potentials (Contreras and Steriade, 1995).
BS was induced by raising isoflurane in the inhaled airflow to
2.5%. The first change in activity patterns was characterized by an
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Figure3.  Typical responses of cortical neurons to thalamic (CL) electrical stimuli. A, Responses of a cortical neuron (area 5) to

electrical stimuli delivered to the thalamic LP nucleus. During spontaneous depolarized membrane potentials of the “up-state” of
the slow oscillation (upper trace) under low isoflurane anesthesia, we observed the following response sequence: an initial EPSP,
afast IPSP (a), a long lasting hyperpolarization (b), and a sustained rebound depolarization (c). The same stimulus was applied
during the hyperpolarized “down-state” (middle trace) and we recorded a very similar response with the exception of a modified
short IPSP (a). After BS induction with 3% IF, the initial excitatory response diminished in amplitude despite a further hyperpolar-
ized membrane potential. Moreover, the rebound component (c) appeared mostly abolished (lower trace). B, Absence of inhibitory
components in the response of another cortical neuron to thalamic stimulation even under steady depolarization through current
injection (+1 nA) to bring the membrane potential at —60 mV. Average of 20 responses. (, Assessment of input resistance:
responses under low isoflurane in black, BS responses in red recorded 9 min later (average traces from the same neuron, n = 25).
Note the overall increase in resistance during BS (€2). Resistance tests during the time frame of the inhibitory responses after
stimulation displayed a lack of resistance modification under BS and an 18% reduced resistance during the low isoflurane
condition (C7).
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whereas bursts consisted of depolarizing
triangular-shaped potentials, synchronous
with corresponding field and EEG waves.

The distribution of membrane poten-
tial values differed between low isoflurane
conditions and BS (Fig. 2). SWS patterns
always produced a bimodal distribution
illustrating the preference for either the
“up” state or the “down” state (Fig. 2A,
left). In contrast, the bursting activity dis-
played a unimodal distribution (Fig. 2A,
right) even though this activity was also
characterized by depolarizing events—
albeit exhibiting prevalence for hyperpo-
larized values and an absence of peaks in
the depolarizing range. This aspect re-
flects the short duration of the depolariz-
ing potentials during the bursting phase of
BS. Under low isoflurane anesthesia de-
polarizing phases of the slow oscillation
also reflect the activity of cortical inter-
neurons, thus the above observation is a
first indication of the possible reduction
of inhibitory activity during BS (see
Discussion).

Modification of inhibition during BS

Under low isoflurane conditions cortical
neurons respond to volleys from func-
tionally related thalamic nuclei with an
initial, short-latency EPSP (Fig. 3A), fol-
lowed by an inhibitory potential (a), a
long-lasting hyperpolarization (b), and a
rebound depolarization (c). At hyperpo-
larized membrane potentials, such as dur-
ing spontaneously occurring “down”
states, the initial IPSP (Fig. 3Aa) appeared
reverted and added on top of the initial
EPSP. On the other hand, the secondary
hyperpolarization reached a similar mem-
brane potential (Fig. 3A, second trace). As
proposed in other reports with similar re-
sponses (Connors et al., 1988; Berman et
al., 1991; Contreras et al., 1997), we sug-
gest that the initial hyperpolarization
might represent a GABA, IPSP, while the
second one could be GABA mediated.
During the low isoflurane condition we
observed no membrane potential depen-
dence of the rebound effect in all tested
neurons (n = 37). However, after the in-
duction of BS (third trace) the rebound
excitation (Fig. 3Ac) was virtually abol-
ished, despite the more hyperpolarized
membrane potential. In addition, the re-

accelerated and spikier EEG as well as by a hyperpolarization of
the neuronal membrane (Fig. 1 B). With a delay of ~5 min (for
details, see Tétrault et al., 2008) the first episodes of isoelectric
lines (Fig. 1B, asterisks) appeared and soon afterward a stable
pattern of BS was established (Fig. 1C). The EEG patterns during
BS consisted of periods of bursting and isoelectric lines. During
the latter, all recorded cortical neurons displayed a hyperpo-
larized membrane potential devoid of any synaptic activity,

verted (Fig. 3Aa) component was decreased. The comparison of
the amplitudes of the initial EPSPs between low isoflurane con-
ditions and BS shows a reduction of the EPSP by 44% (n = 12).
This comparison was performed with each neuron kept at the
same membrane potential (0.5 mV) during the two conditions
(this implied depolarization of the membrane through intracel-
lular current injection during BS). No analysis of the duration the
EPSPs was made, because of the variability in resting membrane
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potential among the recorded population of
neurons, which could have been responsible
for voltage-dependent components such as
NMDA, Iy,) etc. Additionally, BS un-
masked occasionally excitatory compo-
nents (see below) that would have rendered
the task unrealistic. Furthermore, no inhib-
itory responses were observed during BS
even when depolarizing the neuronal mem-
brane at values close to firing threshold (Fig. A
3B, —60 mV).

We suggest that the a component in
the response represents an active inhibi-
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sistance drop was of 27%. During BS on
the other hand, a similar comparison, at
the same membrane potential, showed no
overt modification of the input resistance
and indeed only displayed the overall
increased resistance during BS unaf-
fected by the presence or absence of pre-
ceding stimulation (Fig. 3C, red traces).
The lack of resistance modification dur-
ing the time frame of the IPSP under BS
conditions was a consistent finding in all tested neurons (n = 37).

Furthermore, we could demonstrate that late inhibitory poten-
tials evoked by thalamic electrical stimulation during low isoflurane
conditions were voltage-dependent, as would be expected from a
phenomenon that opens membrane conductances. Thus, the long-
lasting inhibition was enhanced by depolarization under low isoflu-
rane conditions (Fig. 4 A, black trace) compared with those at resting
membrane potential (Fig. 4B). In contrast, responses to the same
stimuli were markedly reduced by steady hyperpolarization of the
membrane potential (Fig. 4C). The fact that this component was
absent at a very hyperpolarized level (—107 mV in this case) suggests
that it might be generated by K™ currents. This hyperpolarizing
component was canceled at a membrane potential of =93 mV (*+2.1
mV; n = 16). We were, however, unable to reverse this putative
GABA;; IPSP to provide a clear reversal potential. During BS overt
inhibitory potentials were completely abolished at any levels of
membrane polarization (Fig. 4, red traces).

In several neurons (n = 14, 25% of the recorded neurons) the
thalamic response during BS consisted of the initial EPSP and a
secondary excitation. They occurred with variable delay within
the time frame of the control inhibition (Fig. 5). In these cases,
responses under low isoflurane exhibited the usual excitation-
inhibition-rebound sequences (Fig. 5A1). The BS responses,
however, were devoid of the rebound phase, in a similar way as in
the overall majority of the recorded cells. Moreover, we observed
that the secondary excitation displayed a clear voltage depen-
dence (Fig. 5A2), but found it unlikely that this may represent a

-107 mV—»J&\

Figure4. Voltage dependence of cortical responses to thalamic (CL) electrical stimuli. A-C, Intraneuronal recording in cortical
area 5 at three levels of polarization: under depolarizing current injection of 1 nA (A), rest (B), and under hyperpolarizing current
application of —1.5 nA (C). Note: light anesthesia (black traces) and BS (red traces). Each trace is the result of an average of 10
individual responses, which were selected among those occurring at comparable membrane potentials between the two states.
Depicted above are the averaged traces of A with two examples for individual responses from each state. Note the presence of an
inhibitory response after the initial excitation with a consecutive rebound excitation during light anesthesia, as well as the absence
of the inhibition and rebound during BS.

reversal of the IPSP because this response was also present at
rather depolarized membrane potentials (Fig. 5A2, e.g., —65
mV). In addition, the latency of this component was variable and
was expressed at varying points during the inhibitory window
(Fig. 5B). We suggest that the observed excitatory potential may
represent a secondary synaptic excitatory event unmasked by the
absence of inhibition during BS. Under low isoflurane condi-
tions, this response is shunted by inhibitory potentials.

Since Cl ™~ inhibition is achieved by opening of the GABA,
receptors and entrance of Cl~ ions in the cell, we investigated
whether the observed absence of inhibition during BS might have
consequences on the extracellular distribution of various ions,
particularly those involved in inhibitory processes (Cl ~and K ™).
Our results suggest that during low isoflurane conditions ongo-
ing inhibitory activities establish a given extracellular Cl~
concentration ([Cl™],). Application of high levels of isoflu-
rane (3%) caused an increase of [Cl ], in parallel with the
onset of BS. The extracellular concentration returned to control val-
ues after the supply of isoflurane was discontinued. We observed an
average increase in [Cl ], by 27.3 mMm (*+7.4, n = 6) with an onset
latency of 112 s (#21). Considering that the average [Cl ], is
around 150 mm (Dietzel et al., 1982), our recorded difference thus
represents a 18% increase. Within seconds of the onset of this in-
crease we recorded the appearance of the first isoelectric episode
(Fig. 6, marking the onset of BS, asterisk in the inset), suggesting that
the reduction of the inhibitory activity in the cortex might create a
surplus of Cl ~ ions in the extracellular space.
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uous synaptic potentials during the con-
tralaterally recorded EEG isoelectric line
(Fig. 7A). These potentials might in part
also be the result of a direct enhancement
of the excitatory activity by dihydrokain-
ate. The amplitude of this activity during

isoelectric episodes was clearly increased
compared with recordings without dihy-
drokainate (Fig. 7B). The width of the
Gaussian fit of the membrane potential

SmV

-86 mV -

. . before
Field potential '/

distribution measured at half amplitude
was 3.3 mV (*£1.2), and was statistically
different (p < 0.001, signed-rank Wil-

0.5mV

N

BS

-65 mV —p—

coxon test) from the corresponding val-
ues of neurons without dihydrokainate
(0.4 = 0.09 mV). By itself, this result pro-
vides evidence that our topical application
of dihydrokainate was indeed effective.
Moreover, dihydrokainate application
during BS reinstated the inhibitory re-
sponses to thalamic stimulations, which
were in fact comparable to those obtained

0.1s

10 mV

-86 mV -

N

in the same neuron before the induction
of BS (Fig. 7C). This suggests that the di-
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Figure5.

Pharmacological correlates of inhibition during BS

Thus far, our data suggest that inhibition is strongly impaired
during isoflurane-induced BS. One reason for this impairment
may be the action of isoflurane on an enhancement of glutamate
uptake by specific glial GLT1/EAAT?2 transporters (Larsen et al.,
1997; Zuo, 2001) and the consequent reduction of excitatory
neuronal inputs to inhibitory interneurons. The idea behind this
reasoning is that a reduction in excitation would result in a
diminished inhibitory drive. If this was the case, then blockage
of glial glutamate transporters should reinstate inhibition
even during BS.

To test this hypothesis we applied dihydrokainate (9 mMm) top-
ically onto the neocortex during isoflurane-induced BS and per-
formed intracellular recordings from neurons situated in the
dihydrokainate affected area (Fig. 7). In all cases (n = 12),
we observed an overall depolarized membrane potential in these
neurons compared with recordings without dihydrokainate. The
average membrane potential was —62.3 mV (%3.7; statistically
different from controls, p = 0.02, signed-rank Wilcoxon test).
We observed a continuation of neuronal bursting activity in
synchrony with the EEG. However, neurons exhibited contin-

Unmasking of excitatory components during BS responses matching the timing of inhibitory components during low
isoflurane conditions. Averaged evoked responses of a cortical neuron (area 5) to thalamic (LP) stimulation (n = 25). AT, Re-
sponses of the same neuron: before BS induction (under low isoflurane), during BS (high isoflurane), and after recovery from BS
(return to low isoflurane). During the BS period a depolarizing potential replaces the inhibitory component of the control period.
This change is also apparent in the nearby recorded field potential (FP). All stimuli were applied during the suppression period. A2,
The BS-related depolarizing event displayed voltage dependence and increased with membrane hyperpolarization. B, Similar
patterns in another neuron exhibiting an excitatory BS component expressed early after the initial excitatory response.

minished inhibition observed during
isoflurane-induced BS mainly relies on a
reduction of glutamate availability within
cortical networks.

Further investigation into the status of
interneurons focused on verifying the
availability of GABAergic receptors for li-
gand binding during BS. We therefore
used an iontophoretic application of
GABA directly onto intracellularly re-
corded neurons. The effectiveness of this
method of GABA application was con-
firmed by an observed amplitude reduc-
tion of synaptic intracellular activity (Fig.
8). Assessment of the distribution of
membrane potential values shows a pro-
gressive reduction of the width of the
Gaussian fit measured at half amplitude
by 42% (n = 7) and a return to control values after the discon-
tinuation of iontophoresis. Similarly, GABA application also re-
duced the amplitude of cortical responses to thalamic stimuli.
During low isoflurane conditions the amplitude of EPSPs was
reduced by 66% whereas IPSP amplitudes were reduced by 82%
(Fig. 9A1). During BS on the other hand no inhibitory compo-
nent could be elicited and the observed EPSPs were reduced by
59% (Fig. 9A2). Additionally, we recorded a reduction in input
resistance of neurons undergoing GABA iontophoresis (Fig. 9B),
a finding that meshes well with the known GABA shunting of
neuronal membranes. During low isoflurane conditions and dur-
ing BS input resistance values dropped by 70% and 68%, respec-
tively. These virtually equal values imply that the availability of
the GABA receptors was similar in the two states.

We also investigated the effect of increasing doses of isoflu-
rane on neuronal membranes during BS induction. As described
above, we measured the input resistance of neurons with intra-
cellularly injected current pulses. A minimum of 5 pulses were
applied during each state (low isoflurane and BS) and we aver-
aged the ensuing responses. Overall, neurons (n = 35 tested)
displayed a slight increase in resistance from 23.6 M{) (*9.7) to
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26.8 M() (+11.7), representing a 14% in-
crease. This increase was, however, not
statistically significant (signed-pair Wil-
coxon test). On the other hand, we no-
ticed a clear increase of input resistance in
a subset of neurons (Fig. 10A, n = 24),
whereas others displayed a decrease (n =
11). This suggests the presence of two
populations which are modulated differ-
ently by isoflurane application. Thus, we
recalculated the response averages for
each group: neurons with increased input
resistance displayed an increase of 32%
(from 20.2 MQ) to 26.7 M()), whereas the
other group displayed a drop of 16%
(from 27.9 M) to 23.3 M()). The resis-
tance changes within these separated
groups were indeed statistically significant
(p < 0.01, signed-pair Wilcoxon test).
We could not, however, correlate these to
neuronal populations with any particular
location within the suprasylvian gyrus or
with a particular recording depth.

Nevertheless, since the majority of the
recorded neurons displayed a clearly in-
creased input resistance during BS in-
duced by isoflurane, our results are at least
partially in agreement with the reduced
inhibition measured in this study and
with the hypothesized effect of isoflurane
on the increased transglial transport of
glutamate. To further clarify this point we
monitored the dynamic evolution of the
input resistance during the induction of
BS in several neurons (n = 5) (Fig. 10B).
During these procedures we ensured con-
stant membrane potential values with cur-
rent injection to avoid the contribution of
voltage-dependent currents. We observed a
clear increase of input resistance with each
induction of BS. Occasionally we applied
thalamic stimuli to assess the amplitude of
the initial EPSP. Our results suggest a clear
reduction in EPSP amplitudes during BS
(Fig. 10B).

Last, we studied the modulation of in-
hibitory processes during BS induced with
a short-acting barbiturate (thiopental, 32
mg/kg applied systemically). Since it is
known that the primary action of barbitu-
rates is an enhancement of GABA , recep-
tor activity, we would have expected that
control values of inhibition would be
maintained or even increased during
barbiturate-induced BS. However, all re-
corded neurons (n = 5) displayed a re-
duction of inhibitory potentials during
BS, although some inhibitory compo-
nents were maintained (Fig. 11). There-
fore our results raise the possibility that
the reduced inhibition reported in this
study might not result from a specific an-
esthetic action on GABAergic receptors,
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Figure7.  Blockage of glial glutamate uptake restores inhibition during BS. 4, Intracellular recording in the suprasylvian gyrus during

topical application of dihydrokainate. Neurons discharged synchronously during the bursting phase of the BS pattern. However, the mem-
brane potential displayed an unusually increased background activity during the isoelectric line (see inset). B, Histograms of membrane
potentials of two neurons during 20 s periods of isoelectric activity. The upper histogram corresponds to a neuron recorded under low
isoflurane conditions, while the lower histogram reflects the neuron at left. ¢, Neuronal response to CL thalamic stimulation during BS
shows a similar excitatory-inhibitory pattern as during light anesthesia. Averaged responses (n = 15) are shown on the left, whereas
individual responses during BS (top) and during low isoflurane conditions (bottom) are displayed on the right.
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At a first glance, it may surprise to learn
that inhibition is abolished during a state
that is associated with deep coma (Brenner,
1985), especially if the coma is provoked by
a drug that (1) occupies a specific binding
site on GABA, receptors (Mihic et al.,
1997; Jenkins et al., 2001) and (2) en-
hances GABAergic transmission (Harri-
| son et al., 1993; Banks and Pearce, 1999;
N m Nishikawa et al., 2002). However, a block-
U ing effect of volatile anesthetics on
GABA, receptors has been described in

20 mV

Wiy

|

vitro by Banks and Pearce (1999), who
found that this block was most prominent
5 using enflurane. However, isoflurane only
produced a 20% reduction in the perme-
ability of the receptor at aqueous concen-
trations of 0.6 mMm (Banks and Pearce,
1999, their Fig. 3). This concentration
corresponds to ~2 MAC and is thus
within the range used in the present ex-
periments Moreover, in our experiments
GABA application still elicited an effect on
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Figure 8.  Effect of iontophoretic application of GABA on a cortical neuron from area 5. A, Spontaneous activity under light

(1.5%) isoflurane anesthesia displaying a slow oscillatory activity. GABA application reduced the amplitude of this oscillation,
which subsequent recovered after the discontinuation of GABA. B, We quantified the amplitude of membrane potential variations
of the five 17 s epochs indicated in A. The histograms (bars) were fitted with Gaussian functions (lines) and indicate the narrowing
of amplitude ranges during the GABA application, suggesting a decrease in amplitude variations. The histogram widths (at half

amplitude) for the five selected epochs are: 19,12.8, 11.1,11.5, and 18.3 mV, respectively.

but rather from a more general mechanism particular to the state
of BS. Two facts support this idea: (1) the periodic variations of
extracellular Ca>" and its overall reduced availability, especially
during the suppression phase, decreases the synaptic efficacy in
cortical networks (Kroeger and Amzica, 2007), and (2) thalamic
neurons display rhythmic bursting activities during the suppres-
sion phase of the BS (Steriade et al., 1994) creating an excitatory
pressure on cortical elements.

Discussion

The results presented above show a significant reduction of cortical
inhibition during isoflurane-induced BS and thus support earlier
reports of a hyperexcitable state during this level of anesthesia-
induced coma (Kroeger and Amzica, 2007). Several facts highlight
this conclusion. (1) The composition and timing of our recorded
responses to thalamic stimulation during low isoflurane conditions
were similar to responses observed in other studies (Connors et al.,
1988; Berman et al., 1991; Contreras et al., 1997). Both inhibitory
components were absent during isoflurane induced BS. (2) The
decreased input resistance measured during inhibitory responses
under low isoflurane conditions is abolished under BS conditions.
Moreover, as observed in some neurons, excitatory potentials re-
placed inhibitory responses during stimulation, which is probably
the result of a lifted shunting effect. (3) During BS only the initial
excitatory response to thalamic stimuli was preserved. All subse-
quent components did not display voltage dependence, as would be
expected if receptor channels were open. (4) We observed a steady
and significant rise in the extracellular C1 ~ concentration during BS
induction emphasizing the possibility that inhibitory activity
through GABA , receptors may have been absent.

neuronal membranes even under high
isoflurane concentration. This result was
probably mediated by extrasynaptic re-
ceptors (Salin and Prince, 1996) and pos-
sibly reflecting a shunting effect (reduced
amplitude of the synaptic potentials and
increased input conductance). Therefore,
the direct effect of isoflurane on GABA
receptors might represent only a part of
the mechanisms of isoflurane action.

Further membrane targets of isoflu-
rane are two-pore-domain K * channels (Franks and Lieb, 1988;
Patel et al., 1999). These channels have been shown to underlie
isoflurane resistance in transgenic mice with deficient TREK-1 pro-
teins (Heurteaux et al., 2004). However, isoflurane action on these
channels cannot fully account for the reduced inhibition seen in our
study, but could possibly explain the decreased input resistance of a
subpopulation of our recorded neurons. On the other hand, results
from the neuron population displaying increased resistance during
isoflurane application support the suggestion that reduced GABAer-
gic influence could cause the loss of inhibition during BS.

In our view, the main effect of isoflurane in these experiments
was a reduction in excitation, which in turn resulted in a reduced
activation of interneurons, and thus diminished inhibition. This
result may be explained by modulation of: (1) neurotransmitter
release, (2) blockage of postsynaptic targets, and/or (3) glutamate
uptake by glial cells. The first explanation receives support
from findings indicating a reduced synaptic release of gluta-
mate under isoflurane resulting from various presynaptic
mechanisms (Maclver et al., 1996; Westphalen and Hemmings,
2003b; Wu et al., 2004). The most appealing target of presynaptic
depression, found in the calyx of Held, appears to be a reduction
in amplitude of action potentials invading the axon terminal,
resulting in a 50% reduction of glutamate release (Wu et al,,
2004). This value compares well with our 44% reduction in the
amplitude of the thalamically evoked EPSPs.

A similar presynaptic effect might exist also at the level of
GABA release, even though experimental evidence is so far lack-
ing. Isoflurane has little effect at the glutamatergic postsynaptic
site (Perouansky and Antognini, 2003), although a moderate in-
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hibition of AMPA receptors has been re-
ported at concentrations of 2 MAC
(Dildy-Mayfield et al., 1996), which are
sufficient to induce BS.

Glial cells play an important role in
regulating the neuronal excitability by
several mechanisms, e.g., glutamate up-
take via specific transporters. This process
is enhanced by volatile anesthetics such as
isoflurane (Larsen et al., 1997; Zuo, 2001;
Huang and Zuo, 2003) and halothane
(Miyazaki et al., 1997). Blockage of gluta-
mate uptake leads to an increased demand
of anesthesia (Cechova and Zuo, 2006),
which is used to counteract increasing exci-
tatory signaling. Therefore, the net result of
isoflurane is a diminished availability of glu-
tamate in the synaptic cleft, as glial gluta-
mate uptake is enhanced. Moreover, the
isoflurane-induced reduction in glutama-
tergic signaling reduces the activation of
inhibitory cells, and thus inhibition de-
clines. With this scenario in mind, we in-
vestigated the effect of a blockage of the
glial transporters. Our results indicate that
blocking glial transporters does indeed re-
store inhibitory responses. However, since
dihydrokainate also acts directly on glu-
tamatergic receptors, it may be conceiv-
able that this result could be obtained by
dihydrokainate itself. Indeed, during
the EEG isoelectric line the membrane
potential displayed increased synaptic noise
suggesting local excitatory activity. On the
other hand, dihydrokainate restored phasic
inhibition related to the stimulation of as-
cending excitatory pathways. This suggests
an increased availability of glutamate in the
synapse which could then have produced
this response.

Increasing doses of isoflurane also
result in a diminished duration of the de-
polarizing phases during spontaneous
bursting phases of BS with respect to the
slow oscillations expressed under low
isoflurane anesthesia. Indeed, all excita-
tory and inhibitory cortical neurons dis-
charge during the depolarizing phase
(“up-state”) of the control slow (<1 Hz)
sleep-like oscillation (Steriade et al,,
1993). The measured reduction in dura-
tion of the “up state” during BS could be
caused by increased inhibitory activity.
However, considering that inhibitory
responses are absent during BS, we con-
clude that the shape of the recurrent de-
polarizations during bursting activity
would rather lack a contribution of local
inhibitory interneurons.

A further deepening of the comatose
state with higher doses of isoflurane re-
sults in progressively shorter EEG bursts
and longer isoelectric episodes until a
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constant cortical silence is achieved. During this state cortical
excitability is probably suppressed altogether.

From the above-discussed mechanisms it appears that both
excitatory and inhibitory pathways are affected by isoflurane—at
least during concentrations eliciting BS. Inhibition is more dras-
tically
affected, which in turn leads to a shift in the excitation/inhibition
balance toward excitation, even though excitation is reduced.
The abolishing of inhibition leads to a hyperexcitable state per-
mitting the genesis of EEG bursts occasionally interrupting the
cortical silence of the EEG isoelectric line (Kroeger and Amzica,
2007). EEG bursts may then be elicited either by subliminal stim-
uli (Kroeger and Amzica, 2007) or by ongoing subcortical activ-
ities: thalamic (Steriade et al., 1994) or hippocampal (D. Kroeger
and F. Amzica, unpublished observation).

In clinical settings, this hyperexcitability, and the associated
bursting activity, may occasionally be mistaken for symptoms of
epileptic fits (Dan and Boyd, 2006). This idea receives further
support from the abolishment of inhibition shown in the present
study. Both results are surprising findings especially since isoflu-
rane is frequently used for the treatment of status epilepticus at
concentrations which induce BS (Kofke et al., 1985, 1989; Meeke
etal., 1989). This therapeutic effect probably relies on the ability
of isoflurane to block gap junctions (Mantz et al., 1993), a pri-
mary instrument in the generalization of spike-wave seizures
(Amzica et al., 2002). The above described paradox underlines
the complexity, and probably the heterogeneity, of the epileptic
syndromes.
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