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Blockade of AMPA Receptors and Volatile Anesthetics

Reduced Anesthetic Requirements in GIuR2 Null Mutant Mice for
Loss of the Righting Reflex and Antinociception but Not Minimum

Alveolar Concentration

Daisy T. Joo, M.D.,* Diane Gong, B.S.,T James M. Sonner, M.D.,x Zhengping Jia, Ph.D.,§

John F. MacDonald, Ph.D.,

Background: The a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) subtype of glutamate receptor mediates
fast excitatory neurotransmission in the central nervous sys-
tem. Many general anesthetics inhibit AMPA receptors in vitro;
however, it is not certain if this inhibition contributes to the
behavioral properties of these drugs. AMPA receptors lacking
the GluR2 subunit are resistant to blockade by barbiturates in
vitro. Paradoxically, GluR2 null mutant (—/—) mice are more
sensitive to barbiturate-induced loss of the righting reflex
(LORR) compared with wild-type (+/+) littermates. To deter-
mine if interactions between anesthetics and AMPA receptors
account for the increased sensitivity of (—/—) mice, the effects
of volatile anesthetics that do not directly inhibit AMPA recep-
tors were examined.

Methods: Isoflurane, halothane, desflurane, or sevoflurane
were administered to (—/—) and (+/+) littermate controls. An-
esthetic requirements for LORR, movement to tail clamp (min-
imum alveolar concentration [MAC]), and hind-paw withdrawal
latency (HPWL) were determined. Electrophysiologic methods
examined the inhibition of AMPA receptors by isoflurane and
halothane.

Results: Anesthetic requirements for LORR and HPWL were
decreased, whereas MAC values were unchanged in (—/—) mice.
Isoflurane and halothane caused minimal inhibition of AMPA
receptors at clinically relevant concentrations.

Conclusions: Direct blockade of AMPA receptors did not ac-
count for the increased sensitivity to volatile anesthetics in
GluR2 null mutant mice for HPWL or LORR. Thus, the deficiency
of GluR2-containing AMPA receptors increases the sensitivity of
neuronal circuitry mediating these end points, but not MAC.
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GluR2-containing receptors do not contribute appreciably to
MAC in this mouse model. These results illustrate the difficulties
in attributing behavioral responses to drug-receptor interac-
tions in genetically engineered animals.

peojumoq

INTRAVENOUS and volatile anesthetics influence a mu&
titude of protein receptors present in neurons. A curren§
research priority is to determine which drug-receptof
interactions underlie the clinical properties of anesthelﬁ;
ics and elucidate how changes in receptor function in2
fluence behavior. Substantial evidence indicates that an%
esthetics enhance inhibitory neurotransmission mediated
by yaminobutyric acid type A (GABA,) receptors'™ (fog
review see Franks and Lieb4). However, a smaller body og
literature suggests that some volatile and intravenous anesg
thetics inhibit glutamate-mediated excitatory transnﬂssioxé?
primarily by attenuating transmitter release or, alterna
tively, by inhibiting postsynaptic receptors.” Although an§
esthetics impair glutamatergic neurotransmission in a Var%
ety of experimental preparations in vitro, the importance
of this action to the behavioral properties of these drugg
has not been determined.

Glutamate, the major excitatory neurotransmitter irg
the mammalian central nervous system, activate%
N-methyl-p-aspartate (NMDA) and non-NMDA ionotropie
receptors. The a-amino-3-hydroxy-5-methyl-4-isoxazoleproz
pionic acid (AMPA) receptor is a non-NMDA receptor thaé
mediates fast excitatory neurotransmission.®” The AMPA'g
subtype of glutamate receptor is a cation-selective ligand§
gated ion channel composed of multiple subunit subtypes§
Four distinct genes encoding the glutamate receptog
subunits—GluR1, 2, 3, and 4 — have been identified, an¢
subunit composition determines the physiologic and@
pharmacologic properties of AMPA receptors.®” In par§
ticular, the properties of the GIuR2 subunit that i§
present in most native AMPA receptors dominate the®
characteristics of heteromeric receptor complexes.’ The
GIluR2 subunit imparts calcium permeability and sensi-
tivity to polyamines and influences the localization of
receptors to the synapse. GluR2-containing AMPA recep-
tors are inhibited by barbiturates at clinically relevant
concentrations, whereas GluR2-deficient receptors are
relatively insensitive to barbiturate blockade.'®~'? Previ-
ously, the authors demonstrated that barbiturate inhibi-
tion of GluR2-deficient receptors in vitro was reduced
compared with wild-type AMPA receptors. In contrast,
GIuR2 null mutant (—/—) mice were more sensitive to
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the neurodepression by pentobarbital, as indicated by
the loss of righting reflex (LORR).'? Thus, inhibition of
postsynaptic AMPA receptors by barbiturates did not
correlate with the in vivo behavioral sensitivity of GIluR2
(—/—) mice. We hypothesized that GluR2 (—/—) mice
would demonstrate an increased sensitivity to general
anesthetics because of alterations in excitatory neuro-
transmission. Consequently, it was predicted that GluR2
(—/—) mice would be more sensitivity to anesthetics,
regardless of the potency of these drugs for blockade of
AMPA receptors. In this study, the authors examine the
sensitivity of GluR2 (—/—) mice to anesthetics that do
not directly inhibit AMPA receptors. The results demon-
strate that GluR2 (—/—) mice are more sensitive to
volatile anesthetics for the behavioral end points of hyp-
nosis and antinociception but not immobility in re-
sponse to a painful stimulus. Electrophysiologic findings
indicate that the increased anesthetic sensitivity of the
GIuR2 (—/—) mice cannot be attributed to differences in
the blockade of AMPA receptors. Yet unidentified mech-
anism(s) account for the enhanced sensitivity of these
mice to volatile anesthetics.

Materials and Methods

Null Mutant GIuR2 Mice

The Animal Care Committee at the University of To-
ronto approved the electrophysiologic studies. The
Committee on Animal Research at University of Califor-
nia-San Francisco approved the behavioral studies. Jia et
al."® developed (—/—) mice lacking the GluR2 subunit
protein. Gene targeting in embryonic stem cells permit-
ted the disruption of the M1 and pore loop regions of the
gene encoding the GluR2 subunit, thereby preventing
the expression of the entire GluR2 protein. GluR2 null
allele mutants are fertile but show poor parenting ability,
are smaller during early development, and have a higher
postnatal mortality. However, their weight and size are
similar to normal littermates by 5-7 weeks, and, subse-
quently, they have a normal life expectancy.'® Adult
GluR2 (—/—) mice demonstrate decreased exploratory
behaviors, reduced rearing and locomotion scores, and
impaired performance on the rotarod and water maze
tests. ' Nevertheless, the mice demonstrated a brisk
righting reflex when positioned supine with no apparent
impairment of gross motor abilities. The overall strength of
the mice was normal, and no gross alterations were de-
tected in neuroanatomic loci or fiber pathways.'> Mice
used for the behavioral studies were 9-30 weeks of age.

Bebavioral Studies of Sensitivity to Volatile

Anestbhetics

The Loss of Righting Reflex (Hypnosis) Study. In
these studies, the behavioral end point of LORR was
used as a surrogate measure for hypnosis. Thirty-two sex-

Anesthesiology, V 94, No 3, Mar 2001

and age-matched (—/—) and wild-type (+/+) mice were
individually placed in large airtight acrylic cylinders.
Isoflurane, halothane, or sevoflurane was administered
in 2 I/min oxygen through a modified circle circuit at
initial concentrations of 1.0%, 1.2%, and 1.8% atm, re-
spectively. All the mice experienced LORR at these con-
centrations. Rectal temperature probes (YSI Inc., Yellow
Springs, OH) were then inserted, and core temperature
was actively maintained between 36 and 39°C by active
warming with hot water-filled plastic bags placed
around the cylinders. The initial concentrations of des-
flurane, isoflurane, and halothane were continually med
sured using an infrared gas analyzer (Datex Ohmedg
model #5250, Louisville, CO). The concentration of ang
esthetic was maintained for a minimum equilibratiori
period of 20 min. At the end of the equilibration periodfgr
a gas sample was obtained from the cylinder and anag
lyzed using a calibrated gas chromatograph (Gow—Maé:)
750, Bethlehem, PA). The concentration of the anesthet2
ics was then repeatedly decreased in 10-20% incres
ments and allowed to reequilibrate at each concentras
tion. Mice were observed continuously for recovery oi@
the righting reflex. The concentration reported for LORE
was calculated by averaging the two concentrations ab
which the mouse either retained or lost the rightin,
reflex. )
The Loss of Movement to Tail Clamp (Immobili?
zation) Study. To investigate the immobilizing properg
ties of volatile anesthetics in (—/—) and (+/+) miceg
minimum alveolar concentration (MAC) values were de§
termined using the classical tail-clamp paradigm. As deB:
scribed above, 11-12 sex- and age-matched (—/—) 0§
(+/+) mice were restrained in acrylic cylinders (ont%
mouse per cylinder, eight cylinders per circuit). Rectag
temperature probes were inserted into the conscioug
mouse, and cylinders were placed into an open circlé
circuit. Throughout the experiment, rectal temperature§
of the mice were maintained between 36 and 39°CS
Isoflurane (0.6%), halothane (0.4%), or desflurane (5.6%§
was administered for 20 min. After the 20-min equilibr£
tion period, movement to tail clamp was tested by thég‘
placement of an alligator clip on the tail. If no movemeng
was observed, the clamp was gently twisted for a l-mitgz
period. If any movement to tail clamp was detected, thg
concentration of volatile anesthetic was increased by
20% for another 20-min equilibration period, and the
response was tested again. The concentration at which
the mouse lost its tail-clamp reflex was noted. The con-
centration of anesthetic was confirmed by gas chromato-
graphic analysis of samples drawn from the cylinders.
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Antinociceptive Properties of Volatile Anesthetics

Analgesic properties of the volatile anesthetics on ther-
mal nociception were tested using the hind-paw with-
drawal latency (HPWL) test, as previously described.'”
The HPWL testing apparatus (Plantar Test, Ugo Basile
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Biological Research Apparatus, Comerio, Italy) was mod-
ified to allow for the administration of volatile anesthet-
ics. Up to five unrestrained mice were individually
placed in clear plastic enclosures that sat on top of the
glass floor of the testing apparatus. Each enclosure was
covered with a porous plastic lid that permitted ventila-
tion but prevented the mice from escaping. An addi-
tional plastic lid, large enough to cover all five enclo-
sures, created the closed environment into which
anesthetics were introduced. This box-shaped plastic lid
was sealed with a silicone rubber gasket to the surface of
the glass floor. A circuit for the delivery and scavenging
of anesthetics was connected to the enclosure using
gas-tight fittings. The mice were allowed to acclimate to
the test environment for approximately 20 min to min-
imize the exploratory activity during the testing of the
plantar withdrawal reflex. A movable radiant heat source
(Radium tungsten halogen lamp, model EJY, 19V, 80 W;
General Electric, Glen Allen, VA) on the Ugo Basile
plantar heating device (Plantar Test, Ugo Basile Biologi-
cal Research Apparatus) was used at intensities set at 25,
30, or 40 infrared intensity (IR; arbitrary units). Heat
emanating from a 7-mm-diameter aperture was aimed at
the plantar surface of one hind paw, through the glass
floor. A photocell capable of detecting any movement of
the paw would automatically turn off the heat source
and record the latency time from the start of the stimu-
lus. This method provides a sensitive measure of noxious
heat response using an automated end point. Baseline
measurements of HPWL (5 latency times per paw, total
of 10 measurements per mouse) for each hind paw were
made for (—/—) and (+/+) mice before the exposure to
anesthetics using 25, 30, and 40 IR. After testing noci-
ceptive measurements at 30 IR for (—/—) and (+/+)
mice, isoflurane was administered and the HPWL was
determined. The intensity of 30 IR was selected for
testing anesthetic sensitivity as this intensity is com-
monly used for studying drug actions. Isoflurane was
delivered in a stepwise manner at 0.1, 0.2, 0.4, and
0.6 MAC. Each concentration step was sustained for a
minimum of 30 min, at which time isoflurane equilib-
rium in the mice was presumed to occur, and HPWL
measurements (using 30-IR heat intensity) were taken. Af-
ter the final concentration of isoflurane was administered,
delivery of the anesthetic was terminated, and 30 min
elapsed before the HPWL time was remeasured. Through-
out the experiments, a heating pad warmed the glass
floor. Maintaining the footpads at a constant temperature
ensured reproducible HPWL times. In addition, warming
the glass floor prevented hypothermia in the mice during
anesthesia, although the mice were inaccessible for tem-
perature monitoring during these experiments. Similar
experiments using volatile anesthetics indicated that rec-
tal temperatures were maintained between 36 and 39°C
and did not differ between the (—/—) and (+/+) mice.
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An investigator blinded to the genotype of the mice
undertook the behavioral studies.

Electropbysiologic Study

Postnatal Hippocampal Cell Culture. Each postna-
tal hippocampal cell culture was prepared from single
pups born of heterozygous GluR2 (+/—) mice. The 1- to
2-day-old murine pups were killed by decapitation, and
their heads were sterilized by a brief submersion in 70%
ethanol. The hippocampi of each pup were microdis-
sected, and neurons were dissociated by mechanical
trituration using a Pasteur pipette. The cells were plated,
on a poly-p-lysine- coated glass coverslip situated in &
culture dish. Cultures were incubated for the first Weelg
in minimal essential medium (Gibco BRL, Grand Island;%
NY), supplemented with fetal bovine serum (100 pdg/mlfgr
Gibco BRL), inactivated horse serum (10 ug/ml, Gibc@
BRL), and insulin (8 ug/ml crystalline bovine zinc insué:)
lin, Glibco BRL) at 37°C in 7% carbon dioxide. On postZ
dissection day 5, 4 mg/ml 5-fluorodeoxyuridine (Sigmi
Chemical Co., St. Louis, MO) and 10 mg/ml uridiné'
(Sigma Chemical Co.) were added to inhibit glial cel§
proliferation. After the first week of incubation, thé
cultures were further maintained in only minimal esseng
tial medium and 100 ug/ml horse serum until the time of
recording. Cultured mouse hippocampal neurons wer§
used for recording 10-14 days after plating. Tails of th@
pups were retained for genotyping using polymeras%
chain reaction.

Acutely Isolated Hippocampal Neurons. In addig
tion to the dissociated culture preparation, pyrarnida§
neurons were acutely isolated from brain slices obtained
from newborn pups.'? These neurons were used t(%
investigate the effects of volatile anesthetics on glutag
mate-activated AMPA receptors. Unlike cultured neus
rons, the acutely dissociated cells could be lifted off thé
bottom of the dish and positioned into the 0utﬂ0v§>
stream of the perfusion barrel. This technique produce@
a rapid and uniform exchange of the perfusate aroun@
the cell and consequently allowed the fast activation ang
deactivation of AMPA receptors. Briefly, mice older thaﬁg’
6 weeks were anesthetized with halothane and thers
decapitated by guillotine. The brain was then remove<§
and rinsed in cold (4°C) extracellular solution (ECFE
consisting of 140 mm NaCl, 1.3 mm CaCl,, 5.4 mm KCI¥
25 mm HEPES, 33 mm glucose, and 0.0003 mwm tetro-
dotoxin (pH 7.4, adjusted with NaOH; osmolality,
320-325 mOsm). The hippocampi were dissected and
manually sectioned by a razor into approximately 500-um-
thick slices. The slices were incubated in 0.4 mg/ml papain
latex (Sigma Chemical Co.) dissolved in ECF for 15-30 min
at room temperature (20-22°C). The slices were then
allowed to acclimate while submersed in oxygenated
ECF at room temperature for 2 h after several rinses in
papain-free solution. On use, the slice was transferred to
a plastic 35-mm tissue culture dish (Nalge Nunc Interna-
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tional, Roskilde, Denmark), and the CA1l region was
isolated. Pyramidal neurons were isolated from the CA1l
region by mechanical trituration using three Pasteur pi-
pettes with consecutively smaller tip diameters (700 um
to 150 um). The acutely dissociated CA1 pyramidal hip-
pocampal neurons were allowed to settle to the bottom
of the dish before the recordings were made.

Whole-cell Recordings. Immediately before electro-
physiologic recording, the cultured neurons were
washed several times with ECF consisting of 140 mm
NaCl, 1 mm CaCl,, 5.4 mm KCI, 25 mm HEPES, 33 mm
glucose, 0.0003 mwm tetrodotoxin, and 2 mm MgCl, at
room temperature (20-22°C). This solution was buff-
ered to a pH of 7.4 with NaOH, and osmolality was
adjusted to between 320 and 325 mOsm. Extracellular
solutions containing various concentrations of kainate or
glutamate were applied using a multibarreled perfusion
apparatus as previously described.'? The NMDA antago-
nist, 1-(+)-2-amino-4-phosphonovaleric acid, at 40 um,
was added to the ECF in all experiments using glutamate
as the AMPA receptor agonist.

Patch electrodes were pulled from thin-walled boro-
silicate glass (1.5-mm OD; World Precision Instruments,
Sarasota, FL) using a two-stage vertical puller (Narishige
PP-83, Tokyo, Japan) to a series resistance of 3-10 M{).
The electrodes were used for whole-cell patch-clamp
recordings and contained intracellular solution consist-
ing of 140 mm CsF, 35 mm CsOH, 10 mm HEPES, 2 mm
MgClL,, 11 mm EGTA, 2 mm tetraethylammonium chlo-
ride, 1 mm CaCl,, and 4 mm magnesium adenosine 5’-
triphosphate. This solution was buffered to a pH 7.4 using
CsOH, and osmolality was adjusted to 300-310 mOsm.

Both acutely dissociated and cultured pyramidal hip-
pocampal neurons were voltage clamped at a holding
potential of —60 mV. Whole-cell currents evoked by the
different concentrations of agonist, kainate (applied to
cultured neurons), or glutamate (applied to acutely dis-
sociated neurons) were recorded with an Axopatch am-
plifier (Axon Instruments Inc., Foster City, CA). Data
were filtered (2 kHz), digitized, and acquired on-line
using the pCLAMP programs (Axon Instruments). Data
were plotted using GraphPad Prism (Graph Pad, San
Diego, CA) and SigmaPlot (SPPS Inc., San Rafael, CA).

The concentration-response relations for kainate- and
glutamate-evoked currents were fit by the least squares
method as previously described.'? The effective concen-
tration of agonist that produced 50% of the maximal
response (ECs,) and the Hill coefficient (n;) in (—/—)
and (+/+) neurons were determined according to the
following:

I= Imax X 1/(1 + (ECSO/[agoniSt])n)7 (1)

where I,
of agonist.

Extracellular solutions saturated with volatile anes-
thetic were obtained by storing approximately 100 ml

is the response at a saturating concentration
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isoflurane (Abbott Laboratories, Montreal, Canada) and
100 ml of halothane (Halocarbon Laboratories, River
Edge, N)) in separate 500-ml gas-tight glass bottles with
approximately 200 ml ECF in each. The halothane and
isoflurane solutions at saturated concentrations and at
1:1000, 1:100, and 1:10 dilutions were then coapplied
midway through an application of kainate (at the ECs,
concentration). In other experiments, the solution con-
taining the volatile anesthetic was coapplied with a sat-
urating concentration of glutamate (3 mm).

The concentrations of volatile anesthetic in these so-
lutions were determined using gas Chrornatography.zU
Concentrations of halothane and isoflurane that prog
duced 50% of the maximal inhibition (IC5,) were detelg
mined from the concentration-inhibition curves. Resids
ual current in the presence of anesthetic WCI‘@:_
normalized to the kainate- or glutamate-evoked Currenﬁ
and fit according to the following: ¢

I =1, X 1/(1 + (IC5,/[antagonist])"?),

~
N
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where I, is the maximal kainate- or glutamate-evoke

current. §
Only recordings that demonstrated a stable level of
inhibition and recovery of the response toward baselinc;g
values after drug washout were used for the datg
analysis. %
Statistical Analyses £
Statistical analyses of the electrophysiologic and behav§
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entific Inc.). All data were reported as mean = SD. Thé
mean concentration of volatile anesthetics at Whiclé
LORR and movement to tail clamp occurred were com%
pared between (—/—) and (+/+) mice using the twos
tailed Student # test with significance at P < 0.05. Sim@
larly, the EC5, values and Hill coefficients for kainate§
glutamate concentration-response relations in (—/—

and (+/+) cultured-acutely dissociated pyramidal hipg
pocampal neurons were compared using the Student §
test. Compared data for which SD values were deterg
mined to be significantly different (using an F test) weré;
subsequently analyzed using the alternate ¢ test with the
Welch approximate.
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Results

Increased Sensitivity to Volatile Anesthetics in

GIluR2 Null Mutant Mice for the Loss of Righting

Reflex

The hypnotic effects of isoflurane, halothane, and
sevoflurane were quantified by measuring the average
concentration at which (—/—) and (+/+) mice demon-
strated LORR. Righting reflexes were normal and brisk in
both strains of mice in the absence of anesthetic. How-
ever, (—/—) mice showed an increased sensitivity to all



482

JOO ET AL

A

Loss of Righting Reflex

1.0 1.6
o 08
§ oo * 2 12
= R =
RS [ 2 08
£ 0.4 =
ax
X 02 e 04
0.0 0.0
) (-/-)
0.8 1.6
Q
S 06 9 12
- :
= 04 = 08
g’ T g
° 02 § 0.4
0.0 0.0
(++) (-/-)
1.6 10.0
o * [5)
= | 5 6.0
E 0.8 % p
% 0.4 S
N . X 2.0
0.0 0.0

(++)

-

MAC

(+)

")

(++)

)

(++)

-5

Fig. 1. Average concentrations of volatile
anesthetics for the recovery from loss o

righting reflex (LORR) and for loss of the
movement to tail-clamp reflex. (4) Thé
concentrations of isoflurane, halothanef;
and sevoflurane at which (—/—) mice (unS
filled squares) recovered from LORR wer&
reduced compared with (+/+) mice (filled
squares). (B) In contrast, concentration§
of isoflurane, halothane, and desflurane ai_\a)
which (—/-) mice (open squares) demontf
strated a loss of movement to tail clam

were no different from that in (+/+) mic¢
(filled squares). *Significant differencesS
P < 0.05. 0

three volatile anesthetics as evidenced by the lower
concentrations required for LORR (fig. 1A). The LORR in
(—/-) and (+/+) mice occurred at isoflurane concen-
trations of 0.33 = 0.06% atm (n = 16) versus 0.57 *
0.16% atm (n = 16; P < 0.05), at halothane concentra-
tions of 0.43 * 0.16% atm (n = 16) versus 0.67 = 0.20%
atm (n = 16; P < 0.05), and at sevoflurane concentra-
tions of 0.80 * 0.28% atm (n = 16) versus 1.16 = 0.19%
atm (n = 16; P < 0.05).

Unchanged Sensitivity of GIuR2 Null Mutant Mice

Jor Anesthetic-induced Immobilization

The classic tail-clamp method was used to investigate
the immobilizing effects of isoflurane, halothane, and
desflurane. The MAC values of volatile anesthetic that
prevented movement in response to a painful stimulus
were determined in (—/—) and (+/+) mice. Surpris-
ingly, no differences were detected for the concentra-
tions of isoflurane, halothane, or desflurane required to
prevent movement in response to the tail clamp: isoflu-
rane, 1.30 £ 0.27% atm (n = 11) versus 1.25 * 0.24%
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atm (n = 11), respectively (P = 0.62); halothane, 1.17 3
0.09% atm (n = 10) versus 1.25 £ 0.09% atm (n = 10)§
respectively (P = 0.09); and desflurane, 8.00 * 0.84‘%
atm (n = 11) versus 7.76 * 0.92% atm (n = 113
respectively (P = 0.54; fig. 1B). Similar to previou§
reports for barbiturates, the concentrations of isoﬂurané
and halothane that prevented movement after tail clamg,
were higher than concentrations causing LORR.'®

¥20¢ UdJeiN 0

Increased Sensitivity of GluR2 Null Mutant Mice to

the Antinociceptive Properties of Volatile

Amnesthetics

The HPWL of (—/—) and (+/+) mice was first deter-
mined in the absence of the volatile anesthetics (fig. 2).
No differences in HPWL times were detected between
the (—/—) and (+/+) mice at IR heat intensities of 25
(11.6 =3.6s,n=10,vs.9.1 = 29s,n=10; P = 0.10),
30(7.0 = 15s,n=14,vs. 75 = 19s, n = 16; P =
0.44), or 40 (5.0 = 1.8s,n =10, vs. 5.6 = 0.9 s, n = 10;
P = 0.36), respectively.

The (—/—) mice demonstrated an enhanced sensitivity



VOLATILE ANESTHETIC SENSITIVITY OF GLuR2 NULL MUTANT MICE 483

20
B ()
15 - —— (/)
§ 10 -
[a )
=
5 -
0 I I 1 I 1

20 25 30 35 40 45

Intensity (I.R.)

Fig. 2. Normal baseline thermal nociception in the GluR2 null
mutant (—/—) mice measured by hind-paw withdrawal latency
(HPWL). Heat infrared (L.R.) intensity versus HPWL time rela-
tions for HPWL times (in seconds) for wild-type (+/+) (n =
10-16 mice) and (—/—) (n = 10-14 mice). The baseline values
acquired in oxygen were not significantly different between
these two groups of mice at any of the intensities tested.

to isoflurane-induced antinociception at 0.2, 0.4, and
0.6 MAC compared with (+/+) mice (fig. 3). For this
analysis, all HPWL times were normalized to baseline
values obtained during control conditions. The HPWL
time in the (—/—) mice increased in a dose-dependent
manner from the baseline value of 7.0 = 1.5 sto 8.9 =
2.1sat 0.1 MAC (P = 0.02),9.4 = 1.9 s at 0.2 MAC (P
< 0.0D),11.1 = 2.6 sat 0.4 MAC (P < 0.01), and 16.1 =
5.0 sat 0.6 MAC (P < 0.01). In contrast, the HPWL times
for the (+/+) mice increased significantly from the base-
line value (7.5 £ 1.9 s) only at the highest concentration
of isoflurane: 0.1 MAC, 7.7 = 1.4 s (P = 0.77); 0.2 MAC,
7.4+ 21sP =0.88);0.4MAC, 81 *1.7s (P = 0.38);
and 0.6 MAC, 11.4 = 1.4 s (P < 0.01). After the washout
of isoflurane, the HPWL time returned to baseline values
for both the (—/—) (8.0 £ 2.0 s; P = 0.52) and (+/+)
mice (8.8 = 2.9 s; P = 0.02).

In Vitro Inbibition of AMPA Receptors by Volatile

Anesthetics: Higher Potency for Kainate but Not

Glutamate in GluR2-deficient AMPA Receptors

To ensure that equi-effective concentrations of agonist
were used to elicit control currents from (—/—) and
(+/+) neurons in dissociated culture, the concentra-
tion-response relations for kainate- and glutamate-
evoked currents were examined as previously de-
scribed.'? Applications of kainate (> 10 um) activated
currents in all cultured hippocampal neurons tested. The
concentration-response relation indicated that the ECs,
value for kainate-evoked current was significantly lower
for (—/—) neurons compared with (+/+) neurons (90 *
35 uM [n = 7] vs. 219 £ 82 um [n = 6]; P < 0.05),
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respectively (figs. 4A and B). These values for receptors
present in dissociated cultured neurons were lower than
the ECs, value for kainate-evoked current in acutely
isolated hippocampal pyramidal (—/—) neurons but not
(+/+) neurons (136 £ 29 um [n = 17] vs. 226 £ 89 um
[n = 15]; P < 0.05), respectively.'” Furthermore, the
potency of kainate in both cultured and acutely dissoci-
ated hippocampal neurons was approximately twofold
greater for the (—/—) neurons compared with (+/+)
neurons, consistent with previous reports of the higher
potency for kainate in recombinant AMPA receptors
lacking the GIuR2 subunit.'” In addition, the Hill coeffiy
cient was lower for (—/—) neurons compared witl§
(+/+) neurons (1.13 = 0.09 um vs. 1.35 * 0.12 um; P <§
0.05; fig. 5), suggesting a decreased cooperativity foc_i%;
activation of GluR2-deficient AMPA receptors by kainate:%

Interestingly, the dose-response relations for glutﬁ
mate-evoked peak and steady state currents did not diffeg
between acutely isolated (—/—) and (+/+) hippocam
pal neurons (fig. 4). The ECs, values for peak r

B

sponses were 267 £ 38 um for (—/—) mice (n = 72’
and 246 * 43 um for (+/+) mice (n = 7; P = 0.72)3

1s8u

with Hill coefficients of 1.62 = 0.17 and 1.49 = 0.0
(P = 0.48), respectively, whereas the EC5, values fo
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Fig. 3. Increased sensitivity to isoflurane-induced antinocicep-
tion in the GluR2 null mutant (—/—) mice. Hind-paw with-
drawal latency (HPWL) times measured in concentrations of
isoflurane (0.1, 0.2, 0.4, and 0.6 MAC) were normalized to base-
line values and averaged (mean = SD) for wild-type (+/+) mice
(closed squares) and (—/—) mice (open triangles). In (—/-)
mice, HPWL increased dose-dependently with higher concen-
trations of isoflurane administered. HPWL increased 36, 42, 68,
and 140% above baseline with 0.1, 0.2, 0.4, and 0.6 MAC of
isoflurane, respectively (*P < 0.01). In contrast, (+/+) mice
showed lesser increases in HPWL with 0.1, 0.2, 0.4, and 0.6 MAC
of isoflurane (8, 3, 19, and 65%, respectively). The HPWL at 0.2,
0.4, and 0.6 MAC of isoflurane in the (—/—) mice were signifi-
cantly prolonged compared with values obtained for (+/+)
mice (P < 0.05).
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Fig. 4. Kainate- and glutamate-activated cur-
rents in acutely isolated hippocampal pyra-
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steady state responses were 58 = 10 um for (—/—) IC4,, value for isoflurane inhibition was similar for (—/—3%

i S

mice (n = 7) and 44 £ 7 puwm for (+/+) mice (n = 7,
P = 0.27), with Hill coefficients of 0.78 £ 0.11 and
0.98 = 0.16 (P = 0.32), respectively. The peak ampli-
tude of the responses did not differ between the groups
(3,669 * 2,218 pA wvs. 3,206 £ 1,391 pA; P = 0.42);
however, the steady state response was dramatically
reduced for the (—/—) neurons compared with (+/+)
neurons: 181 = 133 pA versus 312 = 233 pA (P < 0.05),
respectively, consistent with an increase in densitization
in GluR2-deficient receptors.

Glutamate-evoked currents rapidly desensitized,
thereby preventing analysis of the drug inhibition under
steady state conditions. Consequently, kainate was used
as the agonist for most of the experiments designed to
investigate the inhibition of AMPA receptors by volatile
anesthetics. To investigate the effects of volatile anes-
thetics on AMPA receptors, equi-effective concentra-
tions of kainate were applied to (—/—) neurons (ECs, =
90 um) or (+/+) neurons (ECs, = 220 um). The agonist
was applied for 1.5 s before the application of various
concentrations of isoflurane or halothane.

The concentration-inhibition relation for isoflurane
and halothane blockade of kainate-evoked currents is
illustrated in figures 5A, B, C, and D, respectively. The
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neurons and (+/+) neurons (2,292 * 1,227 um [n = 12§
vs. 2,660 = 1,972 um [n = 10]; P = 0.96). Similarly, the
ICs,, values for halothane (818 £ 219 um [n = 12] vs. 70§
* 299 [n = 10]; P = 0.33) were not different in (—/—§
and (+/+) neurons. The Hill coefficients (ny) for th%
dose-response plots for isoflurane inhibition were 1.0§
+ 0.16 for (—/—) mice and 1.38 * 0.31 for (+/+) miceZ
and for halothane were 1.46 = 0.24 for (—/—) mice an@
1.27 * 0.19 for (+/+) mice. g

In other experiments, the effect of a preapplication of
near-saturating concentrations of isoflurane (2.5 mm) anc?;
halothane (7 mm) on the amplitude of peak Curreng
evoked by glutamate was investigated. Consistent with
our previous findings, neither isoflurane nor halothane
significantly reduced the amplitude of current activated
by glutamate (3 mm) recorded from (—/—) and (+/+)
neurons. The mean current amplitudes relative to con-
trol values observed in the presence of isoflurane or
halothane were 0.84 = 02 (n =4 and 1.0 £ 0.23 (n =
7), respectively. Similarly, halothane (2.5 mm) produced
only a modest inhibition of glutamate currents from
(+/+) neurons (0.87 = 0.07; n = 2) and mutant neurons
(0.89 = 0.03; n = 2).

2 Uo
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Fig. 5. Inhibition of kainate-evoked cur-
rents by halothane and isoflurane. (4) The
application of various concentrations of
kainate are shown for current activated by
220 pm kainate in wild-type (+/+) neurons
and by 90 pm kainate in mutant (—/-)
neurons. Kainate was applied as indicated
by the solid bar before, during, and after
the application of halothane. (B) Concen-
tration—inhibition curves for halothane
modulation of AMPA receptors in (—/—)
and (+/4+) neurons. The concentrations
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Comparing the In Vitro and In Vivo Concentrations

of Volatile Anesthetic

The temperature dependence of the concentrations of
volatile anesthetics must be considered when comparing
the in vitro and in vivo experimental results. The MAC
equivalent aqueous EC;, concentrations at room temper-
ature (T.) were calculated according to the equation:

EC50(To)/EC50(37°C) =

exp[—4.08 (37 — TJ)/(273.15 + T)]. (3

The ECs, (37°C) value is the aqueous concentration of
volatile anesthetic that corresponds to MAC, as mea-
sured in animals and humans at normal body tempera-
ture.'” Using the predetermined ECs, (T, = 37°C) value
for volatile anesthetics in mouse, the ECs, values of
isoflurane and halothane for in vitro experiments per-
formed at room temperature were estimated at 253 and
213 um, respectively.'® Therefore, the concentrations of
isoflurane and halothane that inhibited 50% of the kain-
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ate-evoked current in (+/+) and (—/—) neurons correg
spond to 10.5 and 4 MAC of the volatile anestheticsg
respectively. These results revealed the relative insensg
tivity of AMPA receptors to inhibition by volatile anes}
thetics examined at clinically relevant concentrations.

¥20¢ YdielN oz uo

Discussion

Genetically modified mice were used to investigate the
role of AMPA receptors as targets for volatile anesthetics.
Anesthetic requirements for the behavioral end points of
LORR and HPWL, but not tail clamp-withdrawal (MAC),
were reduced in GluR2 (—/—) mice. These findings
indicate that neuronal circuits that determine MAC do
not require GluR2-containing AMPA receptors in this
mouse model. In contrast, the circuitry that mediates
HPWL and antinociception was influenced by the ab-
sence of the GIuR2 subunit. The in vitro electrophysi-
ologic experiments confirmed previous reports that
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demonstrated clinically relevant concentrations of vola-
tile anesthetics did not appreciably directly inhibit AMPA
receptors in hippocampal neurons. Taken together, the
behavioral and electrophysiologic results indicate that
mechanisms other than direct blockade of postsynaptic
AMPA receptors underlie the enhanced behavioral sen-
sitivity of GluR2 (—/—) mice to volatile anesthetics.
These data support the notion that “separate mecha-
nisms” or receptor populations underlie the different
behavioral end points produced by anesthetic drugs.'®*°

If we adopt the simplistic notion that anesthetics dis-
rupt the balance between excitatory and inhibitory neu-
rotransmission, what mechanisms might account for the
experimental findings? It was postulated that excitatory
neurotransmission was reduced in GluR2 (—/—) mice,
and this alteration resulted in an increased sensitivity to
anesthetics that act at other target receptors. In support
of this notion, the GluR2 subunit plays a pivotal role in
regulating the physiologic properties of AMPA recep-
tors. For example, the GIuR2 subunit modifies Ca** flux
through AMPA receptors and thereby influences synap-
tic plasticity, neuronal development, and maintenance
and remodeling of synaptic connections.*' A reduction
in the amplitude of postsynaptic AMPA currents and the
ratio of AMPA-NMDA receptor-mediated currents in hip-
pocampal brain slices from GluR2 mutant mice is con-
sistent with a reduction in excitatory transmission.'® The
C-terminus cytoplasmic tail of the GluR2 subunit inter-
acts with several anchoring proteins in the postsynaptic
density and thereby promotes or stabilizes the surface
expression of the GluR2-containing AMPA receptors at
the synapse.?* A reduced number of AMPA receptors at
dendritic synapses could account for reduced excitatory
transmission in these mutant neurons."? It is plausible
that volatile anesthetics increase inhibitory neurotrans-
mission, and this action unmasks underlying differences
in excitatory transmission in the mutant mice.

It might be argued that impaired motor activity re-
ported for GluR2 (—/—) mice contributed to the in-
creased sensitivity to anesthetics. However, both the end
points of MAC and HPWL required minimum motor
activity, yet an increase anesthetic sensitivity was evi-
dent for HPWL but not MAC. Furthermore, heteromeric
GluR2 mice (+/—) demonstrate a normal phenotype but
contain mixed populations of GluR2-containing and -de-
ficient AMPA receptors. In a previous study, the authors
demonstrated an intermediate sensitivity of heteromeric
(+/—) mice to pentobarbital compared with homomeric
and wild-type littermates for the end point of LORR.
Therefore, drug sensitivity correlates with the comple-
ment of GluR2-containing receptors rather than an im-
pairment motor function.?®

Immobility and GIluR2 Subunit
The spinal cord is generally believed to be the ana-

tomic site that mediates the immobilizing properties of
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volatile anesthetics.”* In particular, neurons in the ven-
tral horn activate nocifensive motor responses after nox-
ious stimuli. AMPA receptors are found ubiquitously
throughout the laminae of the dorsal horn, at both pre-
synaptic and postsynaptic sites, and AMPA agonists en-
hance the response to noxious and non-noxious stimuli.
Our results demonstrated that null mutant GluR2-defi-
cient mice were no different in their MAC requirements.
This observation suggests that the circuitry mediating
the tail-clamp withdrawal motor response is indepen-
dent of GluR2-containing AMPA receptors. Consistent
with this postulate, immunocytochemical analyses of
rodent spinal cord revealed that GluR2-containing AMPA&
receptors are almost absent in motor neurons, wherea§
GluR1 and GIuR3 are prevalent.?> The implication thaE;
AMPA receptors lacking the GluR2 subunit mediate thér
motor response is further supported by the finding thaﬁ
an antagonist selective for AMPA receptors that lack thé:)
GluR2 subunit (argiotoxin AR636) caused a greater inhi&
bition of motor responses (ECs, = 2 ug) compared Wltl’g_
sensory responses (EC5, = 7 ug.2¢

Although the GluR2-containing AMPA receptors mag;
not play a specific role in the immobilizing properties o§
volatile anesthetics, AMPA receptor function neverthfﬁ
less influences MAC. Pharmacologic blockade of AMPAE
receptors by the intrathecal injection of a noncompeti
tive AMPA receptor antagonist (6- n1tr0-7-su1famoylbe
zo[flquinoxaline-2,3-dione) produced a dose-dependen
and reversible analgesic effect on tailflick tests
mice.?” Patch-clamp studies of adult mouse hippocampag
slices indicate that halothane inhibits glutamate-medi§
ated excitatory postsynaptic currents.” However, halos
thane did not inhibit responses evoked by exogenoué
glutamate,”® suggesting a presynaptic action rather tharg
blockade of postsynaptic AMPA receptors accounted fog
the reduction in excitatory postsynaptic currents.

The immobilizing properties of volatile anesthetic8
have also been studied in (—/—) mice deficient of
GABA, receptor subunits.'”*® Converse to our findingss
mice lacking the 35 subunit of the GABA, receptor wer&
resistant to enflurane and halothane for loss of the tai]é’
clamp reflex compared with wild-type controls bug
showed no difference in LORR.?>*" Although the effec§
of the B, null mutation on MAC values was small, thes¢
results were interpreted as indicating that enhanced in®
hibitory synaptic transmission mediated by GABA, re-
ceptors may contribute to immobility. Taken together, the
behavioral studies suggest that immobilization and hypno-
sis produced by volatile anesthetics are complex phenom-
enon mediated by multiple receptor populations.
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Inbibition of AMPA Receptors by Volatile

Anestbhetics

The subunit composition of ligand-gated channels in-
fluences the potency of the agonist as well as the po-
tency of antagonists. Consistent with our previous ob-
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servations in acutely isolated pyramidal neurons, the
potency of kainate for receptor activation in cultured
neurons was increased in GluR2-deficient recep-
tors.!#%832 1n addition, the #n vitro studies demon-
strated the insensitivity of hippocampal AMPA receptors
to clinically relevant concentrations of volatile anesthet-
ics. The ICs, values of halothane and isoflurane were
fourfold to 11-fold greater than MAC equivalent concen-
trations, respectively. Furthermore, isoflurane is a more
potent general anesthetic compared with halothane for
immobilization (halothane > isoflurane > enflurane),
whereas the concentrations of halothane and isoflurane
required to reduce kainate-evoked current by 50% deter-
mined in this study were 1.27 and 1.38%, respectively.
These results are consistent with studies of halothane
inhibition of excitatory postsynaptic currents recorded
in hippocampal pyramidal neurons from 2-3-week-old
rats in which the IC5, values were 660 and 590 um,
respectively.?®3? In addition, recombinant AMPA recep-
tors expressed in oocytes were insensitive to clinically
relevant concentrations of halothane, isoflurane, and en-
flurane.®* These data suggest that inhibition of postsyn-
aptic AMPA receptors by volatile anesthetics contributes
little to the sensitivity of both the (+/+) and GluR2
(—/—) mice. Inhibition of excitatory postsynaptic poten-
tials from rat hippocampal slice were notably more sen-
sitive to halothane and isoflurane inhibition, possibly
because of a predominant presynaptic effect of volatile
anesthetics on the vesicular release of glutamate.>”

From a clinical perspective, the GluR2 subunit may be
down-regulated as a result of several disease processes,
including stroke, cerebral palsy, schizophrenia, Alzhei-
mer disease, and amyotrophic lateral sclerosis. Interest-
ingly, despite the likely reductions in GIuR2 subunit
expression after forebrain ischemia, MAC values for halo-
thane were unchanged in rats subjected to ischemia and
reperfusion.>®3” These observations are consistent with
our results that indicate MAC was unchanged in GluR2
(—/—) mice, although forebrain ischemia may not in-
duce changes in receptor complement at the level of the
spinal cord. Our results predict that the hypnotic and
analgesic properties of anesthetics would be enhanced
in patients suffering from disorders associated with a
reduction in GluR2 receptor complement.

In summary, our findings support the concept that
multiple populations of receptor mediate the various
behavioral end points associated with the anesthetic
state. Genetically modified mice provide a tool to exam-
ine the molecular basis for changes in anesthetic sensi-
tivity. However, our findings illustrate the challenge of
interpreting the basis for altered anesthetic sensitivity in
mutant mouse models. To understand drug actions at the
behavioral level, investigation at the single receptor must
expand to incorporate dynamic neuronal networks.
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