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8 Abstract Hypoxia in neonates can lead to biochemical

9 and molecular alterations mediated through changes in

10 neurotransmitters resulting in permanent damage to brain.

11 In this study, we evaluated the changes in the receptor

12 status of GABAA in the cerebral cortex and brainstem of

13 hypoxic neonatal rats and hypoxic rats supplemented with

14 glucose and oxygen using binding assays and gene

15 expression of GABAAa1 and GABAAc5. In the cerebral

16 cortex and brainstem of hypoxic neonatal rats, a significant

17 decrease in GABAA receptors was observed, which

18 accounts for the respiratory inhibition. Hypoxic rats sup-

19 plemented with glucose alone and with glucose and oxygen

20 showed, respectively, a reversal of the GABAA receptors,

21 andGABAAa1 and GABAAc5 gene expression to control.

22 Glucose acts as an immediate energy source thereby

23 reducing the ATP-depletion-induced increase in GABA

24 and oxygenation, which helps in encountering anoxia.

25 Resuscitation with oxygen alone was less effective in

26 reversing the receptor alterations. Thus, the results of this

27 study suggest that reduction in the GABAA receptors

28 functional regulation during hypoxia plays an important

29 role in mediating the brain damage. Glucose alone and

30 glucose and oxygen supplementation to hypoxic neonatal

31 rats helps in protecting the brain from severe hypoxic

32 damage.

33

34 Keywords GABAA � Hypoxia � Cerebral cortex �

35 Brainstem � Bicuculline

36Introduction

37Hypoxic and hypoxic-ischemic (H-I) insults are predomi-

38nant causes of injury in human fetuses and newborns and

39lead to extensive central nervous system damage (Finer

40et al. 1981; Levene et al. 1985; Myers 1972; Thornberg

41et al. 1995). Newborn babies are exposed to hypoxia and

42ischemia during the perinatal period as a result of stroke or

43problems with delivery or respiratory management after

44delivery (William et al. 2005). The fetal and newborn brain

45is particularly susceptible to hypoxia, which increases the

46risk for neurodevelopmental deficits, seizures, epilepsy,

47and life-span motor, behavioural, and cognitive disabilities.

48The brain is of special interest for hypoxia studies as it is

49extremely sensitive to reductions in oxygen supply.

50Hypoxia causes changes in brain neurotransmitters

51depending on its severity and duration. It has been sug-

52gested that an overabundance of excitatory synaptic inputs,

53excessive release of excitatory amino acids (EAAs) and

54subunit composition of EAA receptors that favors high

55Ca2? conductance in the neonatal brain, contribute to

56vulnerability to H-I injury. Owing to known changes in

57GABA(c-amino butyric acid)-ergic innervation during

58development, a strengthening of GABA-ergic input occurs

59resulting in an increase in their resistance to EAA toxicity

60(Tremblay et al. 1988; Stein and Vanucci 1988; Johnston

611995; Mishra et al. 2001).

62Hypoxia in newborn infants results in severe life-long

63consequences and, hence, recognition of risk and knowl-

64edge of appropriate measures to treat fetal and neonatal

65hypoxia and hypoxemia are of utmost importance in neo-

66natal care. The traditional resuscitation of newborn infants,

67who are asphyxiated at birth, was practiced with adminis-

68tration of 100% oxygen and intravenous fluids which

69include 10% glucose. However, there has been a
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70 considerable concern over the risks of using 100% oxygen,

71 which is reported to cause glutamate-mediated neurotox-

72 icity (Paulose et al. 2007) and free radical-mediated dam-

73 age to the brain (Anju et al. 2009). The functional

74 regulation of brain neurotransmitters in the ventilatory

75 response during neonatal hypoxia and various resuscitation

76 methods play an important role in proper management of

77 brain damage due to hypoxia.

78 The ventilatory response to hypoxia is influenced by the

79 balance between inhibitory (GABA, glycine, and taurine)

80 and excitatory (glutamate and aspartate) amino acid neu-

81 rotransmitters. GABA and glutamate are the two important

82 neurotransmitters involved in hypoxic ventilatory response.

83 GABA in the nucleus tractus solitarii has a pivotal role in

84 the hypoxic ventilatory decline (HVD), and this mecha-

85 nism is not activated without chemoreceptor stimulation

86 (Tabata et al. 2001).

87 Anoxia-tolerant vertebrates decrease their metabolic rate

88 by 70% or more during anoxia, with an increase in con-

89 centration of GABA (Göran 1992). Long-term hypoxia

90 produces a significant but reversible reduction on GABA

91 binding to GABAA receptor sites in cerebral cortex, which

92 reflect an adaptive response to this sustained pathophysi-

93 ological state (Viapiano et al. 2001). Hypoxia has been a

94 selective pressure in conserving GABA and glutamate as

95 major inhibitory and excitatory neurotransmitters in ver-

96 tebrates as well as invertebrates (Nilsson and Lutz 1993).

97 This study aims at investigating the role of GABA in the

98 ventilatory response to hypoxia by studying the receptor

99 kinetics of GABAA receptors and gene expression of

100 GABAAa1 and GABAAc5 in the cerebral cortex and

101 brainstem of hypoxia-induced neonatal rats. We also

102 investigated the role of glucose and oxygen supplementa-

103 tion in regulating the GABAA receptor subtypes in

104 hypoxia. This study helps to understand the GABAA

105 receptor regulation of the ventilatory response to neonatal

106 hypoxia and establishes the effectiveness of glucose and

107 oxygen resuscitation programme.

108 Materials and Methods

109 Chemicals Used for the Study

110 Bicuculline methoiodide, Tris buffer and Tri-reagent kit

111 used in this study were purchased from SIGMA Chemical

112 Co., St. Louis, USA. Bicuculline methyl chloride (-)-

113 [methyl-3H] (Specific activity—82.9 Ci/mmol) was pur-

114 chased from NEN Life Sciences Products, Inc., Boston

115 USA. ABI PRISM High Capacity cDNA Archive kit,

116 Primers and Taqman probe for Real-Time PCR were pur-

117 chased from Applied Biosystems, FosterCity, CA, USA.

118Taqman probes used were GABAAa1 (Rn 00788315) and

119GABAAc5 (Rn 00577639).

120Induction of Hypoxia in Neonatal Rats

121Wistar neonatal rats of 4 days old weighing 6.0–7.5 g were

122used for the experiments. Induction of hypoxia and sup-

123plementation of glucose and oxygen were done according

124to the procedure of Paulose et al. (2007). Experimental

125animals were grouped as follows: (i) control neonatal rats

126were given atmospheric air (20.9% oxygen) for 30 min

127(C); (ii) hypoxia was induced by placing the neonatal rats

128in a hypoxic chamber provided with 2.6% oxygen for

12930 min (Hx); (iii) hypoxic neonatal rats were injected 10%

130dextrose (500 mg/kg body wt) intra-peritoneally (ip)

131immediately after induction of hypoxia (Hx ? G); (iv)

132hypoxic neonatal rats were supplied with 100% oxygen for

13330 min immediately after induction of hypoxia (Hx ? O);

134(v) hypoxic neonatal rats were injected 10% dextrose

135(500 mg/kg body wt) ip immediately after induction of

136hypoxia and then treated with 100% oxygen for 30 min

137(Hx ? G ? O). Each experiment was carried out with 6–8

138rats from each group. All the experiments were carried out

139at room temperature. All the groups of neonatal rats were

140maintained under optimal conditions, 12 h light and 12 h

141dark. Rats were weighed and sacrificed by decapitation.

142The cerebral cortex and brainstem were dissected out

143quickly over ice according to the procedure of Glowinski

144and Iversen (1966), and the tissues were stored at -80�C

145for all the experiments. All animal care and procedures

146were in accordance with Institutional and National Institute

147of Health guidelines, and care was taken to minimize the

148suffering of the experimental rats.

149GABAA Receptor-Binding Assays in the Cerebral

150Cortex and Brainstem

151[3H]bicuculline binding to the GABAA receptor was

152assayed in Triton X-100-treated synaptic membranes

153(Kurioka et al. 1981). Crude synaptic membranes were

154prepared using sodium-free 10 mM tris buffer, pH 7.4.

155Each assay tube contained a protein concentration of 0.1–

1560.2 mg. In saturation-binding experiments, 5–40 nM con-

157centrations of [3H]bicuculline was incubated with and

158without excess of unlabeled bicuculline (100 lM), and in

159competition binding experiments, the incubation mixture

160contained 30nM of [3H]bicuculline with and without

161bicuculline at a concentration range of 10-8M to 10-4M

162were used. The incubation was continued for 20 min at 0–

1634�C and terminated by centrifugation at 35,0009g for

16420 min. Bound radioactivity was counted with cocktail-T

165in a Wallac 1409 liquid scintillation counter.
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166 Protein Extraction and Determination of Concentration

167 Cerebral cortex and brainstem were homogenized in a

168 polytron homogenizer with 20 volumes of cold 10 mM Tris

169 buffer, pH 7.4, and the crude synaptic membrane obtained

170 by the method of Kurioka et al. (1981) was resuspended in

171 appropriate volumes of buffer. Protein was measured by

172 the method of Lowry et al. (1951) with BSA as standard.

173 Receptor-Binding Data Analysis

174 Linear Regression Analysis for Scatchard Plots

175 The receptor-binding parameters were determined using

176 Scatchard analysis (1949). The specific binding was

177 determined by subtracting non-specific binding from the

178 total binding. The binding parameters, maximal binding

179 (Bmax), and equilibrium dissociation constant (Kd), were

180 derived by linear regression analysis by plotting the spe-

181 cific binding of the radioligand on x-axis and bound/free on

182 y-axis. The maximal binding is a measure of the total

183 number of receptors present in the tissue, and the equilib-

184 rium dissociation constant is the measure of the affinity of

185 the receptors for the radioligand. The Kd is inversely

186 related to receptor affinity.

187 Nonlinear Regression Analysis for Displacement Curve

188 Competitive binding data were analyzed using nonlinear

189 regression curve-fitting procedure (GraphPad PRISMTM,

190 San Diego, USA). The data of the competitive binding

191 assays were represented graphically with the log of con-

192 centration of the competing drug on x-axis and percentage

193 of the radioligand bound on the y-axis. The steepness of the

194 binding curve can be quantified with a slope factor, often

195 called a Hill slope. A one-site competitive binding curve

196 that follows the law of mass action has a slope of 1.0, and a

197 two-site competitive binding curve has a slope less than

198 1.0. The concentration of competitor that competes for half

199 the specific binding was defined as EC50, which is same as

200 IC50. The affinity of the receptor for the competing drug is

201 designated as Ki and is defined as the concentration of the

202 competing ligand that binds to half the binding sites at

203 equilibrium in the absence of radioligand or other com-

204 petitors (Cheng and Prusoff 1973).

205 Analysis of Gene Expression by Real-Time PCR

206 RNA was isolated from the cerebral cortex and brainstem

207 using Tri reagent. Total cDNA synthesis was performed

208 using ABI PRISM cDNA Archive kit. Real-Time PCR

209 assays were performed in 96-well plates in an ABI 7300

210Real-Time PCR instrument (Applied Biosystems, Foster

211City, CA, USA). PCR analyses were conducted with gene-

212specific primers, and fluorescently labeled Taq probe for

213GABAAa1 (Rn 00788315) and GABAAc5 (Rn 00577639)

214designed by Applied Biosystems. Endogenous control (b-

215actin) labeled with a reporter dye was used as internal

216control. All the reagents were purchased from Applied

217Biosystems. The real-time data were analyzed with

218Sequence Detection Systems software version 1.7. All the

219reactions were performed in duplicate.

220The DDCT method of relative quantification was used to

221determine the fold change in expression. This was done by

222first normalizing the resulting threshold cycle (CT) values

223of the target mRNAs to the CT values of the internal

224control b-actin in the same samples (DCT = CTTarget

225- CTb-actin). It was further normalized with the control

226(DDCT = DCT - CTControl). The fold change in expres-

227sion was then obtained (2-DDCT).

228Statistical Analysis

229The equality of all the groups was tested by the analysis of

230variance (ANOVA) technique for different values of p.

231Further, the pairwise comparisons of all the experimental

232groups were studied using Students–Newman–Keuls test at

233different significance levels. The testing was performed

234using GraphPad Instat (Ver. 2.04a, San Diego, USA)

235computer program.

236Results

237GABAA Receptor Function in Cerebral Cortex

238and Brainstem of Hypoxic Neonatal Rats

239Binding studies of [3H] bicuculline against bicuculline in

240cerebral cortex of hypoxic neonatal rats showed a signif-

241icant decrease in Bmax (P\ 0.001) with a significant

242increase in Kd (P\ 0.001) compared to control. This

243reflected a decreased receptor number with low affinity in

244the cerebral cortex of hypoxic neonatal rats compared to

245control. In brainstem, binding studies showed a significant

246decrease in Bmax (P\ 0.05) without any signifi-

247cant change in Kd compared to control. This showed a

248decreased receptor number for GABAA receptors in the

249brainstem of hypoxic neonates in the brain stem

250(Table 1).The binding data were confirmed by competition

251binding assay with [3H] bicuculline against different con-

252centrations of bicuculline. GABAA affinity in the cerebral

253cortex and brainstem of control and hypoxic neonatal rats

254fitted to a two-site model with Hill slope value away from

255unity (Figs. 1, 2).
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256 GABAA Receptor Function in Cerebral Cortex and

257 Brainstem of Glucose and Oxygen Supplemented

258 Groups

259 In the cerebral cortex of Hx ? G, a significant increase in

260 Bmax (P\ 0.01) compared to the hypoxic group was

261 observed, showing a reversal of receptor number to near

262 control. In Hx ? G ? O, Bmax reversed to near control

263 level with a high affinity. In Hx ? O, a significant decrease

264 in Bmax (P\ 0.001) with a significant increase in Kd

265 (P\ 0.001) was observed compared to control, showing a

266 low affinity toward GABAA receptors in oxygen supple-

267 mented group (Table 1). Competitive binding assay with

268 [3H] bicuculline against different concentrations of bicu-

269 culline showed that GABAA affinity in the cerebral cortex

270 of Hx ? O, Hx ? G and Hx ? G ? O fitted to a two-site

271 model with Hill slope value away from unity. The gene

272 expression studies by real-time PCR analysis showed

273 that in cerebral cortex, GABAAa1 and GABAAc5 recep-

274 tor mRNA was significantly down regulated in Hx

275 (P\ 0.001). Glucose treatment to hypoxic (Hx ? G,

276 Hx ? G ? O) significantly (P\ 0.001) reduced the down

277regulation compared to hypoxic groups. Hx ? O showed

278significant (P\ 0.001) down regulation compared to both

279control and hypoxic groups (Table 2, Figs. 3, 4).

280In the brainstem of glucose supplemented group

281(Hx ? G), Bmax showed a reversal to near control. In

282Hx ? G ? O, Bmax and Kd were reversed to near control.

283In the oxygen-supplemented group (Hx ? O), a significant

284increase in Bmax (P\ 0.05) with a significant increase in

285Kd (P\ 0.001) compared to control was observed. This

286showed an increase in receptor number with less affinity in

287the oxygen-supplemented group. (Table 1). GABAA

288affinity in the brainstem of Hx ? O, Hx ? G, and

289Hx ? G ? O fitted to a two-site model with Hill slope

290value away from unity. The gene expression studies by

291real-time PCR analysis showed that GABAAa1 and

292GABAAc5 receptor mRNA was significantly down regu-

293lated in Hx (P\ 0.001). Glucose and oxygen supple-

294mentation to hypoxic (Hx ? G, Hx ? O, and

295Hx ? G ? O) showed an up regulation to near control

296(Table 3, Figs. 5, 6).

Table 1 [3H] bicuculline-binding parameters in the cerebral cortex and brain stem of control and experimental groups of neonatal rats

Condition Cerebral cortex Brain stem

Bmax (fmoles/mg protein) Kd (nM) Bmax (fmoles/mg protein) Kd (nM)

Control 182.50 ± 0.63 5.21 ± 0.085 38.95 ± 0.05 1.30 ± 0.05

Hx 143.33 ± 0.33a 8.42 ± 0.165a 23.45 ± 0.25a 1.40 ± 0.10

Hx ? O 130.00 ± 0.29a 8.09 ± 0.09a 40.01 ± 0.23c,d 3.12 ± 0.52a,d

Hx ? G 161.67 ± 0.22b,e 8.627 ± 0.17a 39.10 ± 0.22d 3.25 ± 0.15a,d

Hx ? G ? O 159.17 ± .065c,e 5.49 ± 0.61d 35.00 ± 0.31b,d 1.61 ± 0.05a,e

Values are mean ± SEM of 4–6 separate experiments. Each group consists of 6–8 rats
a P\ 0.001, b P\ 0.01, c P\ 0.05 when compared with control
d P\ 0.001, e P\ 0.05 when compared with hypoxic group
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Fig. 1 Binding parameters of [3H] bicuculline against bicuculline in

the cerebral cortex of experimental neonatal rats
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Fig. 2 Binding parameters of [3H] bicuculline against bicuculline in

the brain stem of experimental neonatal rats
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297 Discussion

298 In this study, we investigated the functional regulation of

299 GABAA receptors in hypoxic neonatal rats and the role of

300glucose and oxygen in altering the receptor status. Hypoxia

301has profound cellular effects mediated by altered activity

302and expression of proteins (Bandyopadhyay et al. 1999).

303These alterations prepare the cell to cope with the HVD

Table 2 Real-Time amplification of GABA (A)a1 and GABA (A)c5
receptor mRNA from the cerebral cortex of control and experimental

rats

Animal status Log RQ value

GABAAa1 GABAAc5

Control 0 0

Hx -0.25 ± 0.02a -1.97 ± 0.20b

Hx ? O -0.27 ± 0.06a,c -1.13 ± 0.04b,d

Hx ? G -0.06 ± 0.03a,c -0.32 ± 0.13b,d

Hx ? G ? O -0.07 ± 0.11a,c -1.19 ± 0.03b,d

Values are mean ± SD of 4–6 separate experiments. Each group

consist of 6–8 rats
a P\ 0.05, b P\ 0.001 when compared to control, c P\ 0.05,
d P\ 0.001 when compared to hypoxic group
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Fig. 3 Real Time amplification of GABA (A)a1 receptor mRNA

from the Cerebral cortex of control and experimental neonatal rats.

Note: Values are mean ± SD of 4–6 separate experiments. Each

group consist of 6–8 rats. a P\ 0.05 when compared to control,
c
P\ 0.05 when compared to hypoxic group
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Fig. 4 Real-Time amplification of GABA (A)c5 receptor mRNA

from the Cerebral cortex of control and experimental neonatal rats.

Note: Values are mean ± SD of 4–6 separate experiments. Each

group consists of 6–8 rats. a
P\ 0.05 when compared to control,

c
P\ 0.05 when compared to hypoxic group

Table 3 Real-Time amplification of GABA (A)a1 and GABA (A)c5
receptor mRNA from the brain stem of control and experimental rats

Animal status Log RQ value

GABAAa1 GABAAc5

Control 0 0

Hx -0.23 ± 0.03a -0.44 ± 0.03b

Hx ? O 0.04 ± 0.01a,c 0.42 ± 0.01b,d

Hx ? G 0.03 ± 0.01a,c 0.32 ± 0.01b,d

Hx ? G ? O 0.01 ± 0.02a,c 0.27 ± 0.02b,d

Values are mean ± SD of 4–6 separate experiments. Each group

consist of 6–8 rats
a
P\ 0.05, b

P\ 0.001 when compared to control, c
P\ 0.05,

d P\ 0.001 when compared to hypoxic group
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Fig. 5 Real Time amplification of GABA (A)a1 receptor mRNA

from the brain stem of control and experimental neonatal rats. Note:

Values are mean ± SD of 4–6 separate experiments. Each group
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Note: Values are mean ± SD of 4–6 separate experiments. Each

group consists of 6–8 rats. b P\ 0.001 when compared to control,
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304 and reduction in energy supply to vital organs through

305 various mechanisms. Survival in low-oxygen environments

306 requires adaptation of sympathorespiratory control net-

307 works located in the brainstem. One of the major adapta-

308 tions to overcome low-oxygen tension is a change in the

309 levels of various neurotransmitters and its receptors for

310 mediating the mechanisms to maintain body homeostasis.

311 GABA and glutamate are the most important neurotrans-

312 mitters involved in the ventilatory response to hypoxic

313 condition. With acute hypoxia, there is a biphasic venti-

314 latory response with an initial hyperventilation followed by

315 a fall in ventilation to values above those in the pre-hyp-

316 oxic level. Central neurotransmitters are essential in this

317 response (Homayoun 2006).

318 It is reported that hypothermic newborn piglets have a

319 depressed ventilatory response to hypoxia due to an

320 increase in cental nervous system GABA levels (Qiming

321 xiao et al. 2000). Infusion of the GABA antagonist bicu-

322 culline caused augmentation of the hyperventilatory

323 response to acute hypoxia (Homayoun 2006). Sustained

324 hypoxia has been associated with increased GABA for-

325 mation, which is inhibitory to respiration. During sustained

326 or severe hypoxia, the level of alpha ketoglutarate, which is

327 important in the degradation of GABA and synthesis of

328 glutamate, declines rapidly due to blockage of aerobic

329 metabolism. With a reduction in alpha ketoglutarate,

330 GABA cannot be degraded. However, it can still be formed

331 from glutamate by the action of the anaerobic enzyme

332 glutamic acid decarboxylase, which allows GABA forma-

333 tion to proceed during hypoxia. Decreased GABAA

334 receptors observed in the cerebral cortex and brain stem of

335 hypoxic neonates may increase the GABA level in the

336 brain regions, thereby augmenting the severity of HVD.

337 GABAA receptors mediate the majority of fast inhibi-

338 tory synaptic interactions in the mammalian brain. In the

339 adult brain, networks of neurons containing GABAA-ergic

340 receptors have been implicated in the maintenance of

341 rhythmic activities of neuronal circuits (Whittington et al.

342 1995; Wang and Buzsaki 1996) and the precise control of

343 the timing of excitability in individual neurons (Tsubokawa

344 and Ross 1996). GABA neurotransmission serve both

345 excitatory and inhibitory roles during early development

346 (Chen et al. 1996). Subunit diversity appears to underlie

347 distinctive roles for GABAA receptors in the development

348 of the nervous system (Laurie et al. 1992; Poulter et al.

349 1992; Ma et al. 1993).

350 We observed a significant decrease in Bmax of GABAA

351 receptors in both cerebral cortex and brainstem of hypoxic

352 neonatal rats. Central nervous system is severely affected

353 by hypoxic–ischemic insults during the prenatal–perinatal

354 period, including imbalance in excitatory and inhibitory

355 neurotransmitter release (Gil et al. 2004). Hypoxia increa-

356 ses GABA levels in neurons by ATP depletion-induced

357activation of glutamate decarboxylase and by inhibiting

358GABA transaminase. GABA levels were highly correlated

359with endogenous glutamate levels. Hypoxia increased

360GABA concentrations primarily in neurons and their pro-

361cesses. Severe hypoxic ATP depletion increased the release

362of both GABA and glutamate (Madl and Royer 2000). It is

363reported that prolonged exposure to hypobaric hypoxia

364transiently reduces GABAA receptor number in mice

365cerebral cortex (Viapiano et al. 2001).

366In this study, we observed a significant decrease in the

367GABAA receptor number with a decreased affinity in the

368cerebral cortex of hypoxic neonates. Even though the

369GABA level is increased under hypoxic condition, GABAA

370receptor number is less than that of control. The decreased

371receptor number, in turn, results in further accumulation of

372GABA due to the blockage of GABA degrading pathways

373resulting in HVD. In brainstem also, the receptor number

374showed a significant decrease compared to control which

375greatly affects the respiratory control networks to

376encounter oxygen deprivation to tissues. We suggested that

377an up regulation of GABA receptor will help in over-

378coming the ventilatory decline during hypoxic condition.

379In our study, supplementation of glucose alone and

380glucose along with 100% oxygen to hypoxic neonates

381showed a reversal in the receptor number to near control in

382the cerebral cortex and brainstem. The combination of

383glucose and oxygen was found to be the most effective

384resuscitation method. Glucose is supplemented during

385hypoxia to provide an immediate resuscitation to the stress

386condition by acting as an instant source of energy to the

387brain. Hattori and Wasterlain (2004) observed a reduction

388in the blood glucose levels and substantially increased

389cerebral glucose utilization (Vannucci and Hagberg 2004)

390as a result of hypoxic stress in experimental rats. We

391observed that supplementation of glucose is effective in

392increasing the GABAA receptor status, thereby decreasing

393the GABA level in the cortex and brainstem. Since glucose

394provides an immediate and instant energy to tissues, it

395helps in encountering the ATP depletion-induced increase

396in GABA levels and, hence, the inhibition of respiration.

397Ito et al. (1994) observed a dose-dependent reduction in the

398cerebral glucose utilization after intravenous administra-

399tion of various doses of muscimol, an agonist of GABAA.

400A linear relationship was observed between the GABAA

401receptor occupancy of muscimol and the decrease in the

402cerebral glucose utilization (Ito et al. 1994). Bailey et al.

403(2007) reported that glucose dose-dependently increased

404the expression of GABAA receptor subunits in pancreatic

405cells.

406One of the routine methods of resuscitation for severe

407hypoxia is the immediate administration of oxygen. We

408observed that 100% oxygen supplementation for neonatal

409hypoxia is not as effective as the combination of glucose
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410 and oxygen or administration of glucose alone. In the

411 cerebral cortex of Hx ? O, GABAA receptors showed a

412 significant decrease, even below the hypoxic level. In the

413 brainstem, even though oxygen supplementation showed

414 an increased receptor number, the receptor affinity for the

415 ligand is found to be very less. Thus, the receptor and gene

416 expression studies of GABAA showed that administration

417 of 100% oxygen to hypoxic neonates did not bring down

418 the GABA level to encounter HVD. The 100% of oxygen

419 generated abnormally high levels of reactive oxygen spe-

420 cies (ROS), which cause dysfunction of defensive antiox-

421 idant system of cells by altering enzyme activity

422 (Bandyopadhyay et al. 1999; Anju et al. 2009) and act as a

423 factor for neurodegeneration (Matharan et al. 2004). Hyp-

424 oxemic piglets resuscitated with 100% O2 also showed

425 increased cerebral injury, cortical damage, and early neu-

426 rologic disorders (Temesvari et al. 2001; Munkeby et al.

427 2004; Shimabuku et al. 2005). Based on behavioral studies

428 and the studies on acetylcholinesterase, Finla et al. (2008)

429 reported the efficiency of glucose and combination of

430 glucose and oxygen resuscitation methods, and the dam-

431 aging effects of oxygen supplementation alone. The

432 reduction in GABAA receptor number or receptor affinity

433 in the cortex and brainstem during oxygen supplementation

434 is suggested to be due to tissue damage caused by the

435 formation of free radicals or ROS.

436 In order to summarize the findings of this study,

437 GABAA receptors were found to be significantly reduced in

438 the cortex and brainstem of hypoxic neonatal rats. The

439 change in the receptor status observed under hypoxic

440 condition was reversed to control level by the supple-

441 mentation of 10% glucose alone and combination of glu-

442 cose and oxygen. The administration of 100% oxygen

443 alone showed significantly reduced receptor level near to

444 hypoxic level, which shows the damaging effects of

445 resuscitation with oxygen alone. Our results point out the

446 importance of GABAA receptors in controlling the venti-

447 latory response during hypoxic insult and also the positive

448 effects of glucose and combination of glucose and oxygen

449 supplementation on hypoxia in neonates. The timely

450 resuscitation with glucose or glucose and oxygen will help

451 to increase the ventilatory response and to reduce the brain

452 damage due to hypoxia. This has clinical significance in

453 neonatal care and healthy intellect during later develop-

454 mental period. Further studies with the experimental rats, at

455 different timings after hypoxic exposure, will show the

456 extent of brain damage for initiating corrective measures at

457 the molecular level.
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