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Abstract
Anesthetics produce immobility and depress spinal nociceptive processing, but the exact sites and
mechanisms of anesthetic action are unknown. The gamma-aminobutyric acid type-A (GABAA)
receptor is thought to be important to anesthetic action. We studied knockin mice that had
mutations in the alpha1 subunit of the GABAA receptor that imparts resistance to isoflurane in in
vitro systems. We determined the isoflurane minimum alveolar concentration (MAC) that
produces immobility in 50% of subjects and responses of lumbar neurons (single-unit recordings)
to noxious stimulation (5 s pinch) of the hindpaw. Isoflurane MAC did not differ between wild-
type (1.1 ± 0.1%) and knock-in (1.1 ± 0.1%) mice. Isoflurane depressed neuronal responses to
noxious stimulation (60 sec period during and after pinch) similarly in both wild-type and knock-
in mice (555 ± 133 and 636 ±106 impulses/min, respectively, at 0.8 MAC and 374 ± 81 and 409
±85 impulses/min at 1.2 MAC). We conclude that isoflurane enhancement of alpha1 -containing
GABAA receptors is not required to produce immobility or depress spinal nociceptive processing.
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Anesthetics are widely used but we still do not fully understand how these powerful and
potentially unsafe drugs produce general anesthesia, which includes amnesia,
unconsciousness and immobility. Analgesia and control of autonomic responses to noxious
stimuli are also desirable components of general anesthesia [1]. Immobility is determined
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using the alveolar concentration of an inhaled anesthetic that produces immobility in 50% of
subjects: the minimum alveolar concentration, or MAC. Immobility likely arises by
anesthetic action in the spinal cord [2,16]. Because physiologically relevant concentrations
of many anesthetics robustly enhance the effect of gamma-aminobutyric acid (GABA) at
GABA type A (GABAA) receptors, the GABAergic system is thought to be an important
target of general anesthetics. GABAA receptors are pentamers encoded by 19 different
subunits [19]. The alpha1 subunit is the predominant alpha subunit in may regions of brain
and spinal cord of adult animals and is a component of over half of all GABAA receptors
[13,19].

Recent advances in genetic engineering have allowed the construction of mouse models
harboring point mutations in specific gene targets. These models, termed gene knock-ins,
have been invaluable in elucidating drug action. Typically, the only effect of the mutation is
to abolish enhancement of receptor function by the drug of interest; normal, endogenous
receptor function is unaltered. Recently, GABAA receptor alpha1 subunit gene knock-in
mice with mutations that render the receptor resistant to isoflurane have been produced [3].
A serine to histidine change at position 270 produces isoflurane resistance and a leucine to
alanine change at position 277 restores normal responses to GABA [3]. Mice possessing
both mutations are viable, overtly normal, and have reduced cellular responses to isoflurane
[3,22]. We investigated the effects of isoflurane in these mice, hypothesizing that this
mutation would increase anesthetic requirements (MAC) and would attenuate isoflurane
depression of nociceptive responses in lumbar spinal neurons.

Methods
The University of California, Davis and the University of Pittsburgh Animal Care and Use
Committees approved this study which conformed to NIH Guidelines for the use and care of
vertebrate animals. Male and female wild-type (WT) or homozygous knock-in (KI)
littermates aged 26-32 weeks were used. These mice were generated from heterozygous
breeders and genotyped as described [3]. All mice were a mixture of C57BL/6J and 129SvJ
background from the F8-F11 generations. The investigators were blinded with regard to
genotype.

The mice were placed into a small plastic chamber and anesthetized with isoflurane 3-5%.
The mice were removed and allowed to spontaneously breathe isoflurane 1-2% in oxygen
that was delivered via a custom-made, tight fitting mask. Isoflurane concentration was
measured from the inspired gas flowing into the mask using a calibrated agent analyzer
(Puritan-Bennett, Model 254). Rectal temperature was measured with a small thermistor and
body temperature was maintained at 36-38°C using a warming blanket and heat lamp. A
small incision was made over the back and the muscle and tissue were scraped off the lower
thoracic and lumbar spine, as previously described [4]. The lower thoracic spinous processes
were removed to expose the lumbar cord. MAC was then determined using a tail clamp /
withdrawal assay. After equilibration of the mice with isoflurane (1% atm) for at least 20
min, the tail clamp was applied for 30 sec to evoke gross and purposeful movement, which
included turning of the head towards the stimulus or shaking motions of a hindlimb or
forelimb. The isoflurane was either decreased or increased 0.2%, depending on the response,
and after 15-20 min the clamp was applied again. This process was continued until
concentrations were found that just prevented and just permitted movement. The MAC was
the mean of these two concentrations. MAC was determined in a total of 38 mice (18 WT
and 20 KI). We did not determine MAC nor perform electrophysiological studies in
heterozygous mice.
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We then performed electrophysiological studies in a subset of these mice (10 WT and 12
KI). The mice were placed into a stereotaxic frame and the spinal column rigidly secured to
the frame using two vertebral clamps caudal and rostral to the laminectomy. The dura was
incised and warm agar poured onto the cord. The mice spontaneously breathed isoflurane
via mask. A microelectrode (tungsten, 8-10 MOhm resistance; FHC, Bowdoinham, ME) was
advanced into the lumbar cord using a hydraulic microdrive (Kopf Instruments, Tujunga,
CA). Action potential signals were amplified, filtered (300-3000 Hz), displayed on an
oscilloscope and sent to computer (Chart5, ADInstruments, Colorado Springs, CO). We
sought neurons that responded to innocuous and noxious stimuli applied to the ipsilateral
hindpaw. Neurons were classified as wide-dynamic range (WDR) if they increased their
response to increasing stimulus strength (from light touch to pinching with a forceps). If the
neurons responded only to noxious pinch stimuli they were classified as nociceptive-specific
(NS). In many mice, pinching the hindpaw at 0.8 MAC resulted in movement, indicating
that the pinch was nearly supramaximal. We did not further study light threshold neurons.
Recording depth was estimated from the micrometer reading on the microdrive.

Once a neuron was found, we applied a pinch stimulus to the center of the receptive field
using forceps that had been modified by placing a force transducer (SensoTec, Columbus,
OH) between the arms of the forceps. The force transducer output was amplified, digitized
and displayed on computer. The pinch was applied for 5 s. For any one neuron the force
used was constant but the force varied from neuron to neuron, depending on the response
characteristics of the neuron. Overall, the force ranged from ≈30-45 N. We applied 4 ± 1
pinches to obtain neuronal responses with 4-5 min between pinches. We recorded responses
at 0.8 MAC and at 1.2 MAC, starting with the lower concentration in about half the
experiments and the higher concentration in the other half. In two-thirds of the mice we
returned to the first isoflurane concentration and re-determined neuronal responses. We
waited 15-20 min after changing isoflurane concentrations before determining neuronal
responses. In 14 animals, after finishing studying a neuron, we found another neuron and
studied it using the same protocol. In addition, in two animals we were able to discriminate
two simultaneously recorded action potentials based on differences in amplitude and
waveform.

Neuronal responses were counted for the 30 s period before stimulation, during stimulation
and for the 55 s period after stimulation (afterdischarge). The responses during the pinch and
afterdischarge were combined to make the 60 s response. Responses for each of these
periods were averaged for each anesthetic concentration for the KI and WT groups. We also
evaluated the neuronal response during the period of noxious stimulation. The neuronal
response data were not normally distributed (based on the Kolmogorov-Smirnov test) and
therefore we log transformed the data [25] and compared responses at 0.8 MAC and 1.2
MAC using the paired t-test, and responses between the WT and KI groups were compared
using the unpaired t-test. MACs of the two groups were compared using the unpaired t-test.
A P<0.05 was considered significant. Data are presented as mean ± SEM.

Results
The MAC for isoflurane did not differ between WT (1.1± 0.1%) and KI (1.1 ± 0.1%) mice.
For electrophysiological studies, we recorded from 20 neurons in 10 WT animals and 21
neurons in 12 KI animals. Most neurons were of the WDR type: 18 WDR neurons in the
WT mice and 17 WDR neurons in the KI mice; 2 NS neurons were in the WT group and 4
NS neurons in the KI group. The recording depth was 450 ± 19 microns in the WT mice and
442 ± 18 microns in the KI mice (no significant difference). Spontaneous activity was
generally low, with mean activity around 1 Hz. Figure 1 shows individual examples of
action potentials at 0.8 and 1.2 MAC from a WT mouse and a KI mouse. Isoflurane
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depressed the responses in both animals. Summary data are shown in Figure 2. Increasing
isoflurane from 0.8 MAC to 1.2 MAC significantly depressed 60 sec neuronal responses to
noxious stimulation by 33% and 36% in the WT and KI mice, respectively (no significant
difference between the groups). The neuronal responses during the 5 sec period of noxious
pinching showed a similar pattern of reduction from 0.8 to 1.2 MAC, with no difference
between the WT and KI mice (29% and 30% reduction, respectively).

Discussion
The main findings of the present study were that the KI mutation in the alpha1 subunit of the
GABAA receptor did not affect anesthetic requirements to prevent movement in response to
a noxious stimulus nor did it alter nociceptive responses in the spinal cord. We discuss these
findings in relation to the role of GABAA receptors in mediating isoflurane's anesthetic
properties.

GABA is the major inhibitory neurotransmitter in the central nervous system and many
anesthetics, including isoflurane, robustly enhance the effect of GABA at the GABAA
receptor [11]. Much of this work, however, has been done in reduced preparations, such as
recombinant receptors expressed in vitro [11]. The fact that an anesthetic alters a receptor in
vitro may not necessarily translate into a similar effect in the intact animal. Thus, studies of
GABAA-R involvement in anesthetic action in intact animals are vital.

Pharmacological studies employing GABAA receptor antagonists, such as picrotoxin or
bicuculline, have suggested at most a minor role for the GABAA receptor in MAC [26-28].
These studies imply that other targets are the primary mediators of MAC for inhaled
anesthetics; these targets include receptors for N-methyl-D-aspartate and glycine, and
possibly voltage gated sodium channels [5,6,21]. However, pharmacologic studies are
limited by the specificity of the drugs used.

Gene knockout studies have also suggested a minor role of specific GABAA receptor
subunits in MAC [7,10,14,15]. However, knockout studies are often confounded by
compensatory changes that may mask the true function of the inactivated gene [24].
Interpretation of gene KI studies is theoretically more straightforward as the mutation that is
introduced typically has no effect on endogenous receptor function. The gene KI approach
has been used with great success to clearly define the role of the beta 2 and beta 3 subunits
of the GABAA receptor with respect to propofol and etomidate anesthesia [8,17]. The beta 3
KI mice also suggest a minor role for this subunit in inhaled anesthetic action [8,12]. Our
gene KI results with anesthetic insensitive alpha1 GABAA receptor gene KI also suggests
that these receptors play little role in isoflurane MAC. However, the KI mutations that have
been made in the alpha1 subunit are not completely innocuous [3]. Although unlikely, it is
conceivable that compensatory changes may be masking the contribution of alpha1
containing GABAA-Rs to isoflurane MAC. Tobler et al similarly found that the alpha1
subunit of the GABAA-R was not important to the effect of diazepam on sleep patterns [23],
although the same group has reported that the alpha1 subunit does play a role in the sedative
and amnesic actions of benzodiazepines [18].

It is also possible that isoflurane might act additionally at supraspinal GABAA receptors to
mediate some aspects of anesthetic immobility. For example, although anesthetics, including
isoflurane, act primarily in spinal cord to suppress movement in response to noxious
stimulation [2,16], isoflurane has supraspinal effects on nociception. Kingery et al reported
that isoflurane had a supraspinal pro-nociceptive effect that dominated a supraspinal
antinociceptive effect; this action occurred, in part, at pontine noradrenergic neurons [9].
While the most parsimonious explanation of the present findings is that the GABAA
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receptor does not play a major role in anesthetic immobility, we cannot rule out a scenario
wherein the KI mutation makes the spinal cord more resistant to isoflurane, but
simultaneously ablates a supraspinal pro-nociceptive effect. Thus, the overall anesthetic
requirement for immobility is not different between the KI and WT mice. Tissue-specific
gene KI mice [20] should help to illuminate the contribution of spinal and supraspinal
anesthetic targets.

In summary, isoflurane-insensitive GABAA receptor alpha1 subunit gene KI mice did not
display increased isoflurane requirements for immobility, nor was spinal nociceptive
processing altered. These data suggest that isoflurane produces immobility at sites other than
the alpha1 subunit of the GABAA receptor.
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Figure 1.
Shown are action potential recordings from knock-in and wild-type mice at 0.8 and 1.2
minimum alveolar concentration (MAC) of isoflurane. Arrows indicate the time at which the
pinch was applied to the receptive field on the hindpaw. Isoflurane depressed the responses
from 0.8 to 1.2 MAC in both wild-type and knock-in animals.

Kim et al. Page 7

Neurosci Lett. Author manuscript; available in PMC 2011 February 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Shown are summary data (mean±SEM) of neuronal responses to noxious stimulation in
knock-in (KI) and wild-type (WT) mice at 0.8 and 1.2 minimum alveolar concentration
(MAC) of isoflurane. Increasing isoflurane from 0.8 MAC to 1.2 MAC depressed neuronal
responses (* p <0.05). No differences were observed between genotypes.
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