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Abstract

The mechanisms by which nitrous oxide (N2O) produces physical dependence and withdrawal seizures are not
well understood, but both N,O and ethanol exert some of their effects via the GABA, receptor and several lines
of evidence indicate that withdrawal from N,O and ethanol may be produced through similar mechanisms.
Expression levels of mRNA transcripts encoding several GABAA receptor subunits change with chronic ethanol
exposure and, therefore, we hypothesized that N,O exposure would produce changes in mRNA expression for
the a1 subunit. Male, Swiss—Webster mice, 10—12 weeks of age, were exposed for 48 h to either room air or a
75%:25% N,0:0, environment. Brains were sectioned and mRNA for the a; subunit was detected by in situ
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hybridization using an 3°S-labelled cRNA probe. N,O exposure produced a significant increase in expression
levels of the a; subunit mRNA in the cingulate cortex, the CA1/2 region of the hippocampus, the dentate gyrus,
the subiculum, the medial septum, and the ventral tegmental area. These results lend support to the hypothesis
that N,O effects are produced, at least in part, through the GABA, receptor and that N,O produces these effects
through actions in the cingulate cortex, hippocampus, ventral tegmental area and medial septum. These results
are also further evidence that ethanol and N,O produce dependence and withdrawal through common
mechanisms.

Neurotransmitters, modulators, transporters, and receptors, GABA receptors
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1. Introduction

Nitrous oxide (N2O) is an analgesic, anxiolytic, anesthetic drug with euphorogenic properties and abuse
potential. Animals with prolonged exposure to N,O experience physical dependence and withdrawal seizures
[3], [18], [31], [36], [50]. Although it is widely believed that nitrous oxide interacts with central opioid
mechanisms to produce its analgesic effect (for review see [48]) and through the GABAA receptor to produce its
anxiolytic effect [13], [45], [49], the mechanisms by which N,O produces physical dependence and withdrawal
seizures remain unclear.

Several lines of evidence indicate that withdrawal from N,O and ethanol may be produced through similar
mechanisms. Withdrawal from N,O and ethanol are both accompanied by withdrawal seizures [3], [18], [31],
[36], [50], [53]. N,O can suppress ethanol withdrawal seizures [3], ethanol can suppress N,O withdrawal seizures
[3], and cross-tolerance between N,O and ethanol has been demonstrated [22]. In addition, sensitivity of various
mouse strains to ethanol and N,O correlate well [3], [21], and quantitative trait loci analysis of BXD recombinant
inbred mouse strains demonstrates a genetic correlation between N,O and ethanol withdrawal [4].

Some of the effects of both N,O and ethanol, including anxiolytic effects and withdrawal symptoms, are known
to occur through interaction with the GABAa receptor. The anxiolytic effects of N,O are sensitive to antagonism
by the benzodiazepine antagonist flumazenil and the anxiolytic effects are significantly reduced in
benzodiazepine-tolerant animals [13], [45]. There is also evidence that withdrawal responses following exposure
to N;O involve the GABAA receptor. For example, injection of the benzodiazepine partial inverse agonist Ro 15-
4513 significantly increased the frequency of withdrawal seizures in N,O-exposed mice [56], an effect also seen
with ethanol-induced withdrawal seizures [2], [27].

GABA, receptors are heterooligomeric complexes consisting of numerous isoforms of several classes of subunits
(a, B, v, 6, p). Since recombinant expression studies have shown that the pharmacology and the binding
characteristics of GABA receptor are altered by the expression of different subunit combinations [1], [7], [10],
[25], [28], [37], [38], [44], [51], [52], it has been hypothesized that one mechanism by which ethanol alters
GABAA\ receptor function is by differentially affecting the expression of GABAa receptor subunits and thus
altering the composition of GABAA receptors and their responsiveness to GABA [34], [39], [41]. Expression levels
of mRNA transcripts encoding several GABAa receptor subunits are altered by chronic ethanol exposure, with
consistent findings of decreased mRNA expression for the a; subunit in rat cortex following chronic ethanol
exposure [8], [12], [32], [33], [34], [39], [41]. A number of studies have detected changes in other subunits of the
GABAA\ receptor in either rat cortex and cerebellum following chronic ethanol, including changes in a,-, [8], [11],
[12], [33], [34], [39], B1-3[11], [35], and y1[11], [12], with others reporting no differences in expression of az[34],
[39], as[12] or Bi1-3[12], [40]. However, relatively few studies have examined brain regions other than cortex or
cerebellum. These studies have found that durations longer than the typical 2 weeks of ethanol exposures are
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necessary to produce changes in GABAa receptor subunit composition. Forty days of chronic ethanol
consumption were necessary to produce an increase in the as subunit peptide in hippocampus [32]. Gene
expression for the hippocampal as, a,, as, B3 or y2 subunits was unchanged at that time. Others found that a
12-week, but not 4-week, ethanol exposure induced changes in a; and as subunit expression in the
hippocampus and a; subunit levels in the ventral tegmental area [8], [42]. No changes were found in nucleus
accumbens or substantia nigra [8].

Results of ethanol exposure on GABAAa receptor subunit composition in mouse brain have been mixed, with
results largely dependent upon mouse strain and brain region. For instance, following ethanol treatment,
expression of whole brain a; mRNA was found to be decreased in Withdrawal Seizure Prone (WSP) and
unchanged in Withdrawal Seizure Resistant (WSR) mice [6] but increased in ddy mice [19]. On the other hand, a;
mMRNA expression was reportedly increased in the cerebellum but decreased in the whole brains of C57BL/6)
(C6) mice [60]. Levels of as mMRNA were decreased in WSR mice, unchanged in WSP mice [6], and increased in C6
mice [60]. Levels of yo mRNA were increased by ethanol in C6 mice [60] but not WSP or WSR mice [6].

Because both N,O and ethanol exert some of their effects via the GABAa receptor, and evidence indicates that
ethanol and N0 produce dependence and withdrawal through similar mechanisms, we investigated the effect
of N2O exposure on mRNA expression for the a; subunit of the GABAA receptor.

Further, we felt it important to conduct an extensive neuroanatomical study, both because multiple brain
regions are thought to be important in the development of drug dependency and withdrawal responses, and
because of the wide-ranging effects of N,O on the brain. Previous work has shown that withdrawal seizures can
be evoked following durations of N,O exposures ranging from 30 min to 48 h (62). For this neuroanatomical
study of the distribution of N,O-induced changes in mRNA expression, a 48-h duration was chosen to maximize
opportunity for alterations mRNA expression levels.

2. Materials and methods

2.1. Nitrous oxide exposure

Male, Swiss—Webster mice (Charles River, Portage, Ml), 10-12 weeks of age, were exposed for 48 h to either
room air or a 75%:25% N,0:0, environment. Three cages of five mice were placed in a modified infant incubator
[26] with a N»O delivery rate of 6 liter/min and an O, delivery rate of 1.5 liter/min. Gases were delivered using a
standard nitrous oxide/oxygen anesthesia machine (Adec, Newburg, Oregon). The exhausted gas was vented to
a nearby fumehood. Mice were removed from the N,O, left in room air for 10 minutes and sacrificed by rapid
decapitation. Whole brains were immediately removed, frozen in isopentane at -40°C for 30 s, wrapped in
parafilm, and stored at -70°C

2.2. In situ hybridization

2.2.1. Tissue fixation

Serial cryostat sections of brain (14 um) were mounted on polylysine-coated slides and stored at —70°C until use.
Slices were fixed in 4% buffered paraformaldehyde for 2 h and washed four times with 2xSSC (saline—sodium
citrate buffer) (pH=7.4). Tissue sections were treated with proteinase K (0.1 pg/ml) for 8 min at 37°C, washed
with distilled water and rinsed with 2xSSC. Slides were subsequently acetylated with 0.25% acetic anhydride in a
0.1 M triethanolamine buffer (pH=8.0) for 15 minutes. Finally, slides were washed in 2xSSC three times and
dehydrated in a successive series of alcohols.

2.2.2. Probe labeling

A riboprobe complementary to mRNA transcript encoding the o subunit of the GABAa receptor was synthesized
according to standard in vitro transcription methodology. Briefly, a cRNA probe was generated in a reaction
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(total volume=10 pl) containing 125 uCi %S UTP (Amersham, 20 uCi/ml), 1 ul each of 10 mM stocks of ATP, CTP,
and GTP, 2 ul 5xtranscription buffer, 1 ul 0.1 M dithiothreitol, 1 pl linearized plasmid DNA (1 pg/ul), 1 ul distilled
water, 0.5 pl of RNase inhibitor (40 U/ul), and 1.5 pl T7 polymerase. The reaction was allowed to proceed at
37°C for 2 h followed by separation of labeled probe from reaction contents on a G50-sephadex column. Probes
were diluted in hybridization buffer (Amresco, Solon, OH) consisting of 45% formamide, 10% dextran sulfate,
3xSSC, 50 mM sodium phosphate buffer (pH=7.4), 1xDenhardt’s solution, 0.1 mg/ml sheared salmon sperm
DNA, and 0.1 mg/ml yeast, to yield approximately 1 500 000 cpm/35 pl buffer. The GABAa-receptor cDNA was
kindly provided by Dr. A. Tobin (UCLA) and was subcloned into PGem3Z and linearized with Hind Il to transcribe
a cRNA probe of 842 nts.

2.2.3. Hybridization histochemistry

Tissue sections were apposed to coverslips containing 35 pl probe and stored for 15 h at 55°C in sealed
chambers moistened with a 45% formamide solution. Following hybridization, coverslips were removed in
2xSSC, the slides were washed extensively in 2xSSC and then treated with RNase A (200 pg/ml) in Tris buffer for
90 minutes at 37°C. This was followed by several rinses in decreasing concentrations of SSC (2xSSC, 1xSSC,
0.5%xSSC, and 0.2xSSC), and washing at 65°C for 1 h in 0.2xSSC. Slides were then washed in 0.2xSSC at room
temperature and dehydrated through graded alcohol concentrations. Slides were exposed to Kodak BioMax X-
ray film for 16 h and developed in GBX developer.

2.2.4. Imaging

X-ray images were digitized and analyzed using NIH Image software. Identification of brain regions was
determined using the atlas of Franklin and Paxinos [14]. Depending on the size of the brain region of interest,
between 3 and 80 gray value signals for each specific brain region were obtained per mouse (n=5 control mice,
n=8 N,0 exposed mice). Mean gray values were determined for each brain region per mouse after subtraction of
background values determined from adjacent brain regions which lacked specific expression of the GABA,
receptor.

2.3. Statistics

Two-way analysis of variance was performed to test whether there were differences in mean gray values in 20
brain regions between N0 and room air exposed mice. To correct for heteroscedasticity, the data was
transformed using the equation

[62]. Post-hoc analysis to determine which brain regions accounted for the statistically significant main effect
seen in treatment groups was performed using the Tukey multiple comparison test.

3. Results

The regional expression pattern of the a; subunit mRNA was similar to that previously found in rat [29], [30],
[43], [57] and long-sleep and short-sleep mouse brain [61]. Widespread distribution was noted, with highest
expression densities in the cerebellar Purkinje layer and the ventral tegmental nucleus, high levels in the cortical
primary and secondary somatosensory cortex, dense layer of the piriform cortex, CA1/2 region of the
hippocampus and subiculum, granular layer of the cerebellum, red nucleus and the medial septum. Moderate to
high levels were found in the cingulate and motor cortex, CA3 region of the hippocampus, dentate gyrus,
molecular layer of the cerebellum, and globus pallidus. Low to moderate levels were found in the basolateral,
medial and central amygdaloid nucleus, and ventral tegmental area (VTA) (Fig. 1). The regional distribution of
the GABAA receptor a; subunit mRNA in N,O and room air exposed mice is shown in Fig. 2, Fig. 3.
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Fig. 1. Regional distribution of expression of GABAa a: subunit mRNA in control mice. Mean gray values,
determined from multiple sections for each specific brain region, were determined for each mouse. The average
mean gray values for 5 control micexS.E.M. are plotted.
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Fig. 2. Darkfield photomicrographs of coronal sections at three forebrain levels illustrate the brain distribution of
MRNA transcripts encoding the a; subunit of the GABAa receptor in mice exposed to room air (A—E) or 75% N,O
(B—F) for 48 h. Abbreviations: ac, anterior commissure; BL, basolateral amygdaloid nucleus; CA1, CA3,
hippocampal subfields; CE, central amygdaloid nucleus; Cg, cingulate gyrus; Co, cortical amygdaloid nucleus; CP,



caudate putamen; DG, dentate gyrus; GP, globus pallidus; HDB, horizontal limb of the diagonal band nucleus; ic,
internal capsule, LS, lateral septal nucleus; Me, medial amygdaloid nucleus; MS, medial septal nucleus; Par,
parietal cortex, Pir, piriform cortex; VDB, vertical limb of the diagonal band nucleus, 3V, third ventricle.

ROOM AIR pe

Fig. 3. Darkfield photomicrographs of coronal sections at three brainstem levels illustrate the brain distribution
of mRNA transcripts encoding the a; subunit of the GABAA receptor in mice exposed to room air (A, C, E) or 75%
N,O (B, D, F) for 48 h. Abbreviations: Aq, cerebral aqueduct; gl, granular layer, cerebellum; IC, inferior colliculus;
LV, lateral vestibular nucleus; MG, medial geniculate nucleus; ml, molecular layer, cerebellum; MV, medial
vestibular nucleus; pl, purkinje layer, cerebellum; py, pyramidal tract; RN, red nucleus; SN, substantia nigra; Sub,
subiculum; VTA, ventral tegmental area; Vtg, ventral tegmental nucleus; 4V, fourth ventricle; 7, facial nucleus.

Exposure of mice to 48 h of 75% N,O produced a statistically significant increase in expression levels of mMRNA
for the a; subunit of the GABA, receptor (P<0.001, two-way ANOVA). There was also a statistically significant
difference in expression levels of mRNA between brain regions (P<0.001) and a statistically significant
interaction between treatment and brain region (P[0.023). Post-hoc statistical analysis using the Tukey test
found significant increases following N,O exposure in the cingulate cortex (P[0.002), the CA1/2 region of the
hippocampus (P[0.005), the dentate gyrus (P[0.042), the subiculum (P[0.047), the medial septum (P[0.004),
and the ventral tegmental area (P[0.034) (Table 1).

Table 1. The effect of nitrous oxide exposure on GABA, a; subunit mRNA expressiona

Brain region Room air exposure N,O exposure % change Significance

Cingulate cortex 27.90£1.09 38.03+1.68 36.3 P=0.002**
Motor cortex 29.66+0.60 35.44+0.90 19.5 P=0.082
Primary somatosensory cortex 41.46+0.63 46.92+1.10 13.2 P=0.167
Secondary somatosensory cortex 43.73+0.71 44.50+1.27 1.8 P=0.851
Piriform cortex 56.80+1.38 61.51+2.67 8.3 P=0.308
CA1/2 region, Hippocampus 39.1143.63 49.85+2.74 27.5 P=0.005**
CA3 region, Hippocampus 19.44+2.22 25.09+1.85 29.1 P=0.214
Dentate gyrus 27.58%2.28 34.08+1.78 23.6 P=0.042*
Subiculum 40.50+5.46 47.7613.04 17.9 P=0.047%*
Medial septum 42.04+1.55 53.77+2.57 27.9 P=0.004**
Ventral tegmental area 0.76x0.40 2.43+0.47 219.7 P=0.034%*
Purkinje layer, cerebellum 109.00£2.96 116.74+3.76 7.1 P=0.228
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Granular layer, cerebellum 47.20+3.42 49.,55+3.82 5.0 P=0.618
Molecular layer, cerebellum 18.23+2.21 17.23+1.98 -5.5 P=0.672
Basolateral amygdaloid nucleus = 12.08%3.11 12.31+0.78 1.9 P=0.682
Medial amygdaloid nucleus 6.07+1.51 7.39+0.91 21.7 P=0.279
Central amygdaloid nucleus 1.62+0.79 0.50+0.35 -69.1 P=0.050
Red nucleus 46.19+2.99 42.10+3.23 -8.9 P=0.278
Ventral tegmental nucleus 87.20%4.6 83.58+5.06 -4.2 P=0.484
Globus pallidus 21.75+1.67 22.91+1.16 53 P=0.666

a. Levels of expression were measured using computerized image analysis and mean gray values were calculated
from multiple sections throughout each region for each mouse. Data are reported as the average mean gray
valuesS.E.M. for mice exposed to room air (n=5) or nitrous oxide (n=8).

*Statistical significance was determined by the Tukey multiple comparison test following two-way analysis of
variance. ¥P<0.05; **P<0.005.

4. Discussion

The present studies are the first to identify specific brain regions affected by N.O exposure and indicate an up
regulation of GABAA a; subunit mRNA in the cingulate cortex, the hippocampus, the medial septum, and the
VTA. Interestingly, these brain regions have all been implicated as sites of action of ethanol, and ethanol-
induced changes in GABAA receptor subunit expression have been identified in the cortex, hippocampus and
VTA. Further, the VTA, as part of the mesolimbic dopaminergic pathway, has long been thought to be involved in
the reinforcing actions of drugs of abuse, including ethanol [23], [24], [58], [59]. Ethanol can stimulate the
activity of VTA dopaminergic neurons, and has been found to be reinforcing when administered directly into the
VTA in operant conditioning experiments [15]. Mesolimbic GABAergic systems are also thought to be involved in
the ethanol reinforcement properties, since muscimol injected into the VTA was shown to alter ethanol-
reinforced responding [20].

Actions of ethanol and N,O on the GABAergic system of the medial septum may be of particular functional
importance. While the effects of ethanol on GABA, receptor subunit composition in the medial septum have not
been investigated, other effects of ethanol on this brain region have been extensively examined. The medial
septum has been implicated as a brain region that influences the ethanol-induced impairment of nonspatial
working memory [17] and depression of locomotion [5], as well as the sedative action of ethanol, enhancing the
GABA-mediated inhibition of medial septal neuronal activity [16], [54]. Chronic ethanol exposure also produces
long term effects on the septal GABAergic system, decreasing GABA's ability to inhibit ethanol-sensitive cells in
the medial septum after ethanol withdrawal [9]. Thus, the changes in GABA4 a; subunit expression observed in
the present study both support the hypothesis that N,O effects are mediated, at least in part, through GABA,
receptors and provide further evidence for similar mechanisms of action of N,O and ethanol.

Importantly, the increases in GABAa a; subunit expression detected in the present study were not generalized to
all regions under investigation. Areas examined in which differences could not be detected included the
cerebellum, globus pallidus, red nucleus, basolateral and medial amygdaloid nuclei, as well as cortical areas such
as the somatosensory and the piriform cortices. Interestingly, within the hippocampal formation, an up-
regulation of a; subunits was noted within the dentate gyrus, CA1 and subiculum, but not in CA3, further
suggesting the site-specific nature of the experimental effect. Moreover, regions in which increases were
detected have all been implicated in aspects of ethanol addiction/withdrawal. If the present mRNA changes are
indeed paralleled by similar increases at the protein level, the findings provide further evidence for a prominent
role for GABAergic mechanisms in the reinforcing properties of N,O and ethanol, and may yield insights into the
sequence of cellular events underlying these processes.
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The increase in a; subunit mMRNA levels seen following N,O exposure may reflect a generalized increase in the
concentration of GABAa receptors. It is also possible that N,O exposure causes a modification of receptor
composition, with an increase in the proportion of GABAa receptors containing the a; subunit. There is evidence
that ethanol can produce such an effect in rat cortex, where it has been shown that exposure to ethanol results
in a decrease in a; subunit mRNA and protein approximately equal to the increase in the a4 subunit mRNA and
protein [11], [12]. A similar effect was found in the hippocampus, where long term administration of ethanol
produced a decrease a; subunit mRNA and an increase in as mRNA levels [8]. Such a change in subunit
composition, with or without a change in the overall number of GABAA receptors, could significantly change
GABAA\ receptor function, since the pharmacology and the binding characteristics of GABAa receptor have been
shown to be influenced by expression of different GABAA receptor subunit combinations [1], [7], [10], [25], [28],
[37], [38], [44], [51], [52]. Moreover, an increase in mRNA expression for the a; subunit produced by ethanol
exposure in mice was previously shown to correspond to a decrease in GABA-dependent CI™ flux [19]. The
functional impact of N,O-induced increases in the az mRNA expression might similarly alter the efficacy of
GABAergic inhibition. It should be noted, however, that N,O-induced changes in mRNA levels for oz subunit may
not correlate with changes in protein and/or changes in GABAa receptor stoichiometry.

The functional significance of the changes in GABAa receptor subunit expression produced by N,O remains to be
determined. Mouse strain has been shown to be an important variable in responsiveness to both the analgesic
effects of N,O [46], [47] and the ability of N,O to induce withdrawal seizures [55]. Moreover, ethanol studies
have shown that mouse strain can influence the effect of ethanol on GABAA receptor subunit expression [6],
[19], [60]. Therefore, determining the effect of N2O on GABA, receptor subunit expression in other mouse
strains is an important consideration in the analysis of the functional impact of N,O-induced changes in the
GABA, receptor. In addition, results of previous ethanol studies have shown that effects on GABAa receptor
subunit expression vary with the duration of drug exposure. Expression of a1, as, B3 and y2 subunits were
differentially affected by acute and chronic ethanol administration [60] and varying durations of chronic ethanol
exposures were necessary for changes in GABA receptor subunit expression in different brain regions [8], [42].
Varying the duration of N,O exposure may also provide insight into the functional impact of N,O-induced
changes in the GABAAa receptor.

The N;O-induced increase in GABAa receptor ai; subunit mRNA expression found in the present experiments
supports the hypothesis that N,O effects are produced, at least in part, through the GABAA receptor, and localize
the N,O-induced effects to the cingulate cortex, hippocampus, ventral tegmental area and medial septum. These
results are also consistent with the hypothesis that ethanol and N,O produce dependence and withdrawal
through common mechanisms. Future studies on the effect of N,O on the full complement of subunits of the
GABA, receptor, as well as additional receptor types, will be required for a more complete understanding of the
neuronal mechanism of action of N,O.

Acknowledgements

This work was supported by NIH grants NS30708, MH56577,DE09998, and the Howard Hughes Medical Institute
Undergraduate Research Award Program. The technical assistance of Elizabeth Dallas, Mary Ann Haasch, Krista
Johanek, Julie Lenza, Julie Otto, and Mike Reilly is gratefully acknowledged.

References

[1] E.A. Barnard, M. Sutherland, S. Zaman, M. Matsumoto, N. Nayeem, T. Green, M.G. Darlison, A.N. Bateson
Multiplicity, structure, and function in GABAA receptors Ann. N.Y. Acad. Sci., 707 (1993), pp. 116-125

[2] H.C. Becker, R.F. Anton The benzodiazepine receptor inverse agonist RO15-4513 exacerbates, but does not
precipitate, ethanol withdrawal in mice Pharmacol. Biochem. Behav., 32 (1989), pp. 163-167

[31J.K. Belknap, S.E. Laursen, J.C. Crabbe Ethanol and nitrous oxide produce withdrawal-induced convulsions
by similar mechanisms in mice Life Sci., 41 (1987), pp. 2033-2040


https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB11
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB12
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB8
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB1
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB7
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB10
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB25
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB28
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB37
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB38
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB44
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB51
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB52
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB19
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB46
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB47
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB55
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB6
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB19
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB60
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB60
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB8
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#BIB42
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB1
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB2
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB3

[4] J.K. Belknap, P. Metten, M.L. Helms, L.A. O'Toole, S. Angeli-Gade, J.C. Crabbe, T.J. Phillips Quantitative trait
loci (QTL) applications to substances of abuse: physical dependence studies with nitrous oxide and
ethanol in BXD mice Behav. Genetics, 23 (1993), pp. 213-222

[5] G.R. Breese, G.D. Frye, T.J. McCown, R.A. Mueller Comparison of the CNS effects induced by TRH and
bicuculline after microinjection into medial septum, substantia nigra and inferior colliculus: absence of
support for a GABA antagonist action for TRH Pharmacol. Biochem. Behav., 21 (1984), pp. 145-149

[6] K.J. Buck, L. Hahner, J. Sikela, R.A. Harris Chronic ethanol treatment alters brain levels of gamma-
aminobutyric acida receptor subunit mRNAs: relationship to genetic differences in ethanol withdrawal
seizure severity J. Neurochem., 57 (1991), pp. 1452-1455

[71 D.R. Burt, G.L. Kamatchi GABAAa receptor subtypes: from pharmacology to molecular biology FASEB J., 5
(1991), pp. 2916-2923

[8] M.E. Charlton, P.M. Sweetnam, L.W. Fitzgerald, R.Z. Terwilliger, E.J. Nestler, R.S. Duman Chronic ethanol
administration regulates the expression of GABA4 receptor a; and as subunits in the ventral tegmental
area and hippocampus J. Neurochem., 68 (1997), pp. 121-127

[9] H.E. Criswell, P.E. Simson, K.B. Johnson, G.R. Breese Chronic ethanol decreases the ability of GABA to inhibit
ethanol-sensitive neurons in the medial septum Alcohol. Clin. Exp. Res., 17 (1993), p. 477

[10] T.M. delLorey, R.E. Olsen Gamma-aminobutyric acidA receptor structure and function J. Biol. Chem., 267
(1992), pp. 16747-16750

[11] L.L. Devaud, J.M. Fritschy, W. Sieghart, A.L. Morrow Bidirectional alterations of GABA. receptor subunit
peptide levels in rat cortex during chronic ethanol consumption and withdrawal J. Neurochem., 69
(1997), pp. 126-130

[12] L.L. Devaud, F.D. Smith, D.R. Grayson, A.L. Morrow Chronic ethanol consumption differentially alters the
expression of y-aminobutyric acida receptor subunit mRNAs in rat cerebral cortex: competitive,
guantitative reverse transcriptase-polymerase chain reaction analysis Mol. Pharmacol., 48 (1995), pp.
861-868

[13] D.E. Emmanouil, C.H. Johnson, R.M. Quock Nitrous oxide anxiolytic effect in mice in the elevated plus
maze: Mediation by benzodiazepine receptors Psychopharmacology, 115 (1994), pp. 167-172

[14] K.B.J. Franklin, G. Paxinos The Mouse Brain in Stereotaxic Coordinates, Academic Press, NY (1997)

[15] G.J. Gatto, W.J. McBride, J.M. Murphy, L. Lumeng, T.K. Li Ethanol self-infusion into the ventral tegmental
area by alcohol-preferring rats Alcohol, 11 (1994), pp. 557-564

[16] B.S. Givens, G.R. Breese Site-specific enhancement of gamma-aminobutyric acid-medicated inhibition of
neural activity by ethanol in the rat medial septal area J. Pharmacol. Exp. Ther., 254 (1990), pp. 528-
538

[17] B. Givens, K. McMahon Effects of ethanol on nonspatial working memory and attention in rats Behav.
Neurosci., 111 (1997), pp. 275-282

[18] M.H. Harper, P.M. Winter, B.H. Johnson, D.D. Koblin, E.l. Eger 2d Withdrawal convulsions in mice following
nitrous oxide Anesth. Analgesia, 59 (1980), pp. 19-21

[19] M. Hirouchi, T. Hashimoto, K. Kuriyama Alteration of GABA receptor a;-subunit mRNA in mouse brain
following continuous ethanol inhalation Eur. J. Pharmacol., 247 (1993), pp. 127-130

[20] C.W. Hodge, M. Haraguchi, H.H. Samson Effects of ventral tegmental microinjections of the GABA, agonist
muscimol on ethanol reinforced responding Alcohol. Clin. Exp. Res., 17 (1993), p. 487

[21] D.D. Koblin, J.E. Deady Anaesthetic requirement in mice selectively bred for differences in ethanol
sensitivity Br. J. Anaesth., 53 (1981), pp. 5-10

[22] D.D. Koblin, J.E. Deady, D.E. Dong, E.l. Eger 2d Mice tolerant to nitrous oxide are also tolerant to alcohol J.
Pharmacol. Exp. Ther., 213 (1980), pp. 309-312

[23] G.F. Koob Drugs of abuse: anatomy, pharmacology and function of reward pathways Trends Pharmacol.
Sci., 13 (1992), pp. 177-184

[24] G.F. Koob, A.J. Robers, G. Schulteis, L.H. Parsons, C.J. Heyser, P. Hyytia, E. Merlo-Pich, F. Weiss
Neurocircuitry targets in ethanol reward and dependence Alcohol. Clin. Exp. Res., 22 (1998), pp. 3-9


https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB4
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB5
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB6
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB7
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB8
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB9
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB10
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB11
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB12
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB13
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB14
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB15
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB16
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB17
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB18
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB19
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB20
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB21
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB22
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB23
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB24

[25] E.S. Levitan, P. R Schofield, D.R. Burt, L.M. Rhee, W. Wisden, M. Kohler, N. Fujita, H.F. Rodriquez, A.
Stephenson, M.G. Darlison, E.A. Barnard, P.H. Seeburg Structural and functional basis for GABA,
receptor heterogeneity Nature (London), 335 (1988), pp. 76-79

[26] J. L Lewis, R.J. Pruhs, R.M. Quock Modification of an infant incubator for exposure of experimental animals
to nitrous oxide J. Pharmacol. Methods, 18 (1987), pp. 143-150

[27] R.G. Lister, J.W. Karanian RO 15-4513 induces seizures in DBA/2 mice undergoing alcohol withdrawal
Alcohol, 4 (1987), pp. 409-411

[28] H. Luddens, P.H. Seeburg, E.R. Korpi Impact of B and y variants of ligand-binding properties of y-
aminobutyric acid type A receptors Mol. Pharmacol., 45 (1994), pp. 810-814

[29] A.J. MacLennan, N. Brecha, M. Khrestchatisky, C. Sternini, N.J. Tillakaratne, M.Y. Chiang, K. Anderson, M.
Lai, A.J. Tobin Independent cellular and ontogenetic expression of mRNAs encoding three alpha
polypeptides of the rat GABA receptor Neuroscience, 43 (1991), pp. 369-380

[30] P. Malherbe, E. Sigel, R. Baur, E. Persohn, J.G. Richards, H. Mohler Functional characteristics and sites of
gene expression of the alphal, betal, gamma2-isoform of the rat GABAAa receptor J. Neurosci., 10
(1990), pp. 2330-2337

[31] H.J. Manson, G. Dyke, J. Melling, M. Gough The effect of naloxone and morphine on convulsions in mice
following withdrawal from nitrous oxide Can. Anaesth. Soc. J., 30 (1983), pp. 28-31

[32] D.B. Mathews, L.L. Devaud, J. M Fritschy, W. Sieghart, A.L. Morrow Differential regulation of GABA,
receptor gene expression by ethanol in the rat hippocampus versus cerebral cortex J. Neurochem., 70
(1998), pp. 1160-1166

[33] M.C. Mhatre, G. Pena, W. Sieghart, M.K. Ticku Antibodies specific for GABAx receptor alpha subunits
reveal that chronic alcohol treatment down-regulates alpha-subunit expression in rat brain regions J.
Neurochem., 61 (1993), pp. 1620-1625

[34] M.C. Mhatre, M.K. Ticku Chronic ethanol administration alters y-aminobutyric acid A receptor gene
expression Mol. Pharmacol., 42 (1992), pp. 415-422

[35] M.C. Mhatre, M.K. Ticku Chronic ethanol treatment upregulates the GABA receptor beta subunit
expression Brain Res. Mol. Brain Res., 23 (1994), pp. 246-252

[36] B. Milne, F.W. Cervenko, K.H. Jhamandas Physical dependence on nitrous oxide in mice: resemblance to
alcohol but not to opiate withdrawal Can. Anaesth. Soc. J., 28 (1981), pp. 46-50

[37] H. Mohler, D. Benke, J. Benson, B. Luscher, J.M. Fritschy GABAA-receptor subtypes in vivo: cellular
localization, pharmacology and regulation Adv. Biochem. Psychopharmacol., 48 (1995), pp. 41-46

[38] H. Mohler, J.M. Fritschy, B. Luscher, U. Rudolph, J. Benson, D. Benke The GABAA receptors. From subunits
to diverse functions lon Channels, 4 (1996), pp. 89-113

[39] P. Montpied, A. L Morrow, J.W. Karanian, E.l. Ginns, B.M. Martin, S. M Paul Prolonged ethanol inhalation
decreases gamma-aminobutyric acida receptor alpha subunit mRNAs in the rat cerebral cortex Mol.
Pharmacol., 39 (1991), pp. 157-163

[40] A.L. Morrow, L.L. Devaud, D. Bucci, F.D. Smith GABAA and NMDA receptor subunit expression in ethanol
dependent rats Alcohol Alcohol. Suppl., 2 (1994), pp. 89-95

[41] A.L. Morrow, P. Montpied, A. Lingford-Huges, S.M. Paul Chronic ethanol and pentobarbital administration
in the rat: effects on GABAA receptor function and expression in brain Alcohol, 7 (1990), pp. 237-244

[42] J. Ortiz, L.W. Fitzgerald, M. Charlton, S. Lane, L. Trevisan, X. Guitart, W. Shoemaker, R.S. Duman, E.J. Nestler
Biochemical actions of chronic ethanol exposure in the mesolimbic dopamine system Synapse, 21
(1995), pp. 289-298

[43] E. Persohn, P. Malherbe, J.G. Richards Comparative molecular neuroanatomy of cloned GABA, receptor
subunits in the rat CNS J. Comp. Neurol., 326 (1992), pp. 193-216

[44] D.B. Pritchett, H. Luddens, P.H. Seeburg Type | and type Il GABAs-benzodiazepine receptors produced in
transfected cells Science, 245 (1989), pp. 1389-1392

[45] R.M. Quock, D.E. Emmanouil, L.K. Vaughn, R.J. Pruhs Benzodiazepine receptor mediation of behavioral
effects of nitrous oxide in mice Psychopharmacology, 107 (1992), pp. 310-314


https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB25
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB26
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB27
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB28
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB29
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB30
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB31
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB32
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB33
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB34
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB35
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB36
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB37
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB38
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB39
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB40
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB41
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB42
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB43
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB44
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB45

[46] R.M. Quock, J.L. Mueller, L.K. Vaughn Strain-dependent differences in responsiveness of mice to nitrous
oxide (N20) antinociception Brain Res., 614 (1993), pp. 52-56

[47] R.M. Quock, J.M. Mueller, L.K. Vaughn, J.K. Belknap Nitrous oxide antinociception in BXD recombinant
inbred mouse strains and identification of quantitative trait loci Brain Res., 725 (1996), pp. 23-29

[48] R.M. Quock, L.K. Vaughn Nitrous oxide: Mechanism of its antinociceptive action Analgesia, 1 (1995), pp.
151-159

[49] R.M. Quock, J.A. Wojcechowskyj, D.E. Emmanoui IComparison of nitrous oxide, morphine and diazepam
effects in the mouse staircase test Psychopharmacology, 92 (1987), pp. 324-326

[50] J. Rupreht, B. Dworacek, R. Ducardus, P.I.M. Schmitz, M.R. Dzoljic The involvement of the central
cholinergic and endorphinergic systems in the nitrous oxide withdrawal syndrome in mice
Anesthesiology, 58 (1983), pp. 524-526

[51] P.H. Seeburg, W. Wisden, T.A. Verdoorn, D.B. Pritchett, P. Werner, A. Herb, H. Luddens, R. Sprengel, B.
Sakmann The GABAx receptor family: molecular and functional diversity Cold Spring Harb. Symp.
Quant. Biol., 55 (1990), pp. 29-38

[52] W. Sieghart Structure and pharmacology of gamma-aminobutyric acidA receptor subtypes Pharmacol.
Rev., 47 (1995), pp. 181-234

[53] R.A. Smith, P.M. Winter, M. Smith, E. | Eger Il Convulsions in mice after anesthesia Anesthesiology, 50
(1979), pp. 501-504

[54] B.L. Soldo, W.R. Proctor, T.V. Dunwiddie Ethanol differentially modulates GABA receptor-mediated
chloride currents in hippocampal, cortical, and septal neurons in rat brain slices Synapse, 18 (1994),
pp. 94-103

[55] L.K. Vaughn, R.J. Pruhs Strain-dependent variability in nitrous oxide withdrawal seizure frequency Life Sci.,
57 (1995), pp. 1125-1130

[56] L.K. Vaughn, D. K Marsee Ro 15-4513 increases nitrous oxide withdrawal seizure frequency in mice
Neurosci. Abstr., 19 (1993), p. 1457

[57] W. Wisden, D.J. Laurie, H. Monyer, P.H. Seebug The distribution of 13 GABA, receptor subunit mRNAs in
the rat brain. I. Telencephalon, diencephalon, mesencephalon J. Neurosci., 12 (1992), pp. 1040-1062

[58] R.A. Wise Actions of drugs of abuse on brain reward systems Pharmacol. Biochem. Behav., 13 (Suppl. 1)
(1980), pp. 213-223

[59] R.A. Wise The role of reward pathways in the development of drug dependence Pharmacol. Ther., 35
(1987), pp. 227-263

[60] C.H. Wu, A. Frostholm, A.L. DeBlas, A. Rotter Differential expression of GABAx/benzodiazepine receptor
subunit mRNAs and ligand binding sites in mouse cerebellar neurons following in vivo ethanol
administration: An autoradiographic analysis J. Neurochem., 65 (1995), pp. 1229-1239

[61] N.R. Zahniser, K.J. Buck, P. Curella, S.J. McQuikin, D. Wilson-Shaw, C.L. Miller, R.L. Klein, K.A. Heidenreich,
W.J. Keir, J.M. Sikela, R.A. Harris GABAa receptor function and regional analysis of subunit mRNAs in
long-sleep and short-sleep mouse brain Brain Res. Mol. Brain Res., 14 (1992), pp. 196-206

[62] J.H. Zar Biostatistical Analysis (2nd Edition), Prentice Hall, Inc, Englewood Cliffs, NJ (1984)


https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB46
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB47
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB48
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB49
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB50
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB51
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB52
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB53
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB54
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB55
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB56
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB57
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB58
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB59
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB60
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB61
https://www.sciencedirect.com/science/article/pii/S0169328X01000602?via%3Dihub#bBIB62

	Marquette University
	e-Publications@Marquette
	4-1-2001

	Increased mRNA Expression for the α1 Subunit of the GABAA Receptor Following Nitrous Oxide Exposure in Mice
	Lisa M. Johanek
	William E. Cullinan
	Linda K. Vaughn

	Abstract
	Keywords
	1. Introduction
	2. Materials and methods
	2.1. Nitrous oxide exposure
	2.2. In situ hybridization
	2.2.1. Tissue fixation
	2.2.2. Probe labeling
	2.2.3. Hybridization histochemistry
	2.2.4. Imaging

	2.3. Statistics

	3. Results
	4. Discussion
	Acknowledgements
	References

