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Abstract ~Effccts of acute anesthetic doses and chronic administration of pentobarbital on ;s-aminobu- 
tyric acid (GABA) and glutamic acid Icvels in mouse brain have been investigated. Acute administration 
of pcntobarbital caused an increase m the brain level of GABA which *as associated with pcntobarbltal- 
induced narcosis. This was further substantiated by the finding that pentobarbital-induced sleeping 
time was prolonged when brain GABA level was elevated by the administration of either ammo-oayace- 
tic acid (AOAA). an inhibitor of GABA-2-oxoglutarate aminotransferasc (GABA-T). or glutamate. the 
precursor of GABA. In addition. the activity of L-glutamate-I-carboxylase (GAD) measured during 
pentobarbital-induced narcosis was higher than that of the control group. On the other hand. chronic 
admmistration of pentobarbital resulted in a decrease of both GABA and glutamate levels. Thcrc 
was a concomitant 30 per cent decrease in the activity of GAD. This was conlirmcd by the linding 
that the rate of brain GABA accumulation induced by AOAA administration in tolerant mice wan 
yloacr than that of the non-tolerant animals. Brain GABA remained at sigificantly lower levels after 
an abrupI ~\lthdrav.aI from pcntobarbital: howcber. brain glutamate lc\cls sIlo\\cd no aignilicanc dilrcr- 
cnce as compared to the control group. It appears that the GABA system in the central ncrbou:, 
system ma> bc involved in bnrhituratc narcosis and further linked with the development of tolcrancc 
to barhituratc 

Ample evidence has been presented to suggest that 
;,-aminobutyric acid (GABA) is an important inhibi- 
tory synaptic transmitter in the central nervous sys- 
tem of vertebrates [l-9]. It has been shown that 
chronic administration of pentobarbital decreases the 
turnover of the metabolic pool of GABA [lo]. How- 
ever. contradictory data exist concerning the acute 
and chronic efr‘ects of barbiturates on brain GABA 
levels in rodents. Some investigators reported that 
brain GABA concentrations were increased [1 I]. 
while some obser\,ed no change [IO, 12, 133 and 
others reported decreased concentrations [14]. 

Pharmacological manipulations of the GABA sys- 
tcm had suggested indirectly that GABA may be In- 
volved in barbiturate narcosis. The administration of 
amino-oxyacetic acid (AOAA). a potent inhibitor of 
GABA-2-oxoglutarate aminotransferase (GABA-T). 
potentiated the pcntobarbital hypnosis [ 151. Also. it 
was reported that both desipramine and pargyline ele- 
vated the brain concentration of GABA and pro- 
longed barbital-induced narcosis [ 161. 

In view of the inconsistent findings, we have investi- 
gatcd the cffccts of acute and chronic administration 
of pentobarbital on brain L-glutamate-l-carboxylase 
(GAD) activities and brain levels of GABA and gluta- 
mate. The results obtained on the effects of AOAA 
and glutamate on pentobarbital-induced narcosis and 
brain levels of GABA and glutamate also further sub- 
stantiated the finding that the GABA system may be 
in\,olved in barbiturate-induced narcosis. 

METHODS A\D CMTERIALS 

Male ICR mice weighing 24 a 2g (Charles River. 
Wilmington. MA) were used in the various experi- 

ments. Animals were maintained on standard labora- 
tory chow and tap water and were housed in a room 
lighted artificially for I2 hr of the day. The chemicals 
and their suppliers were as follows: GABase (a par- 
tially purified cell-free preparation from Psc~rtlo- 
nw~ot~.s f/~~o~mw~.s containing GABA-T and succinic 
semialdehyde dehydrogenasc), sodium pentobarbital 
and pyridoxal-5-phosphate from Sigma Chemical Co.. 
St. Louis. MO: nicotinamide adenine dinucleotide 
phosphate (NADP). nicotinamide adenine nuclrotide 
(NAD’). reduced giutathionc (GSH). AOAA. GABA. 
bovine serum albumin and L-glutamic acid from (‘al- 

Biochem. La Jolla, CA: Aquasol and [IJ-‘lC]gluta- 
mic acid from New England Nuclear. Boston. MA: 
and L-glutamate dchydrogenase from Boehringel 
Mannheim Corp.. San Francisco. CA. 

Dcrernlinctrio,l 0f G.4BA trntl q/urrr,1rorc (‘011(‘(‘)1- 
trrrtions. Preparation of brain extracts and the fluoro- 
metric determination of GABA and glutamate lebels 
were as described by Jakoby and Scott [ 171 and Gra- 
ham and Aprison 1181 with only minor modifications. 
Animals were decapitated and brains were removed 
and frozen immediately in crushed dry ice. After 
weighing each brain, it was homogenized in pre- 
cooled 75”,, ethanol with a Polytron homogenizer. 
After centrifugation at 20.000 (\ for 30 min. the super- 
natants were dried under an air stream and then 
resuspended in water. The slightly cloudy suspension 
was recentrifuged in a model L5-65 ultracentrifuge 
at 100,000 9 for 30 min. Aliquots (100 jtl) of the super- 
natant were used for GABA and glutamate assays. 

The levels of GABA were determmcd by the enry- 
matic fluorometric method [17. 181. Brielly. the 
NADPH, formed in the presence of GABA and 
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r-hctoglutaratc b! GABasc. is directly measured. The 
glutam;itc Ic\elh also wcrc determined Buoromctn- 
call! 13) mcasuremcnt of NADH formation from 
I -glutamate and NAD- using a purified preparation 
of beef li\cr glutamate deh\drogenasc. 

\I~,~~\III.~,,~I~,III 01 (; 419 trc,t;ri!j,. The activity of GAD 
(L:C‘ 4.1.1.1) 1~;~s determined by measuring the “CO2 
fol-mation from LLI-‘3c‘]L-glutamic acid according to 
the method described by Roberts and Simonsen [I91 
xith minor modilicatlons. Each brain was homogen- 
i/cd pith a glass homogenizer immediately in 5 ml 
of ice-cold 0.1 M potassium buffer, pH 6.5. containing 
O.W,, GSH at 3 Each assal mixture (total volume 
I.Ollll) Ill ;I IS x I50 mm test tube contained 
100 ~rmoles of potassium phosphate buffer, pH 6.5. 
IO0 p~oles I -glutamate (0.0 ItCi). 4 Itmoles GSH and 
I /miole pvridoxl-5-phosphate. Tw;o-tenth ml of I M 
h! amine hydroxide solution in methanol was placed 
in ;I plastic vial hung on the rubber stopper in the 
test tube. The reaction was started by injecting 2.5 mg 
of brain homogenate protein at 37 After 30 min, 
0.2 ml of3 N HzSOj was injected to stop the reaction 
and to release CO?. After shaking another 90 min. 
the contents of the plastic vials were transferred to 
;I licl”lJ-\cintillalion-c[)Llnting vial which contained 
IO ml Aquasol. ‘The cnqiic activity in jtmoles gluta- 
mate dt_vzsrboxylatcd 30 min ‘I00 mg of protein of 
bl-;iin homogcnatc Leas calculated from the ’ ‘CO2 
libct-atcd from [I I-“(‘11.-glutamate. The protcm coti- 
tent of brain homogcnatc was determined b) the 
mcrhod 01‘ LOUI-! ~‘1 c/i. [20] with cr>stallinc bovine 
)rcrum albumin as 2 standard. 

L$Wf o/ 11(‘1111’ fl’c’urftfc’ll/ of /wn/ohtrr~~ittr/ 011 /wit1 

hd\,t!!‘(; 4B-i trd qhr~trmo/r trrd GAD rrctirif~‘. Mice 
\ccre Iqt‘ctcd \\ith sodium pentobarbital at either 37.5 
or 75 mg kg, i.p. C‘ontrols received saline. The sleep- 
111g time induced by pentobarbital was recorded. The 
duration of slccptng time was taken as the time 
bct\\ecn loss of the righting reflex and the time at 
\\hich the animal righted itself. The brain levels of 
GABA and glutamate and GAD activity Mere deter- 
mined at 0. 10. 30. 60 and 120 min after the adminis- 
tratlon of the drug. 

kJ/~f of .A0 4.-l OII ~~r~rohirr+~ittrl slfvpiticl rirw cm/ 

/mri~ /cw/,~ CJ/ C;.-lB -1 oml yl~rr~rmtrtr. Mice were 
divided into three groups of 20 mice in each group. 
T\vo gt-OLIPS of mice received either 20 or 40 mg;kg 
li.p.) 01 AOAA and the other group received saline 
II~ control. At the end of 2 hr. six mice from cacl~ 

group \\erc sacriliccd and the supernatant of the brain 
homogenate was prepared for GABA and glutamate 
assays. The rest of the animals from each group 
recelked sodium pentobarbital. 60 m&/kg. i.p. The 
sleeping time induced by pentobarbital was recorded. 

Effi’c,r of q/~tltrniiUc~ 011 prrffohrrrhilrrl s/rrpirIiq tiriir 
ifrrtl hiu /ewl.~ c!f G.4H 4 WIT/ f//~rftrr~cctu. Sleeping time 
W;I~ measured after the i.p. inJection of pentobarbital. 
60 mgkg. given 5 min after pretreatment with saline. 
300 or 600 mg;kg of I -glutamic acid (Lp.). which was 
adjusted to pH 7.0 with 2 N sodium hydroxide. The 
brain levels of GABA and glutamate were determined 
at 0. IO. 30 and 60 min after the administration of 
glutamate or vehicle. 

Chnmic~ trt/r,lirfis/r-irlio/l of’pc~r~tohnrhit~rl ht, prllrr iv- 

~/NI~CI~~IHI. Specially formulated pentobardital pellets 
containing 75 mg of free acid were implanted for 3 

days in mice as reported previously 171. 711. The COP 
trol animals were implanted with placebo pellets fol 
the same period of time. This treatment convqs 
about 6-fold tolerance to the loss of righting reflex 
response to pentobarbital. 

q/&Y (!1’.40AA 011 h!Yrir1 GABA rrlltl yllrrtirntrrc, /erYJl 
irk tolrrtrnf ~crlimc&. Brain levels of GABA and gluta- 
mate were estimated at 0. IO. 30 and 601nin after 
the administration of AOAA. 70 mg kg, i.p. Comparl- 
sons were carried out in mice implanted with pento- 
barbital and placebo pellets for a period of 72 hr. 

Stccli.\tic,ct/ fc’Q.5 /or \ic/r7jfrc~clrIcv. Statistical analysi\ 
for significance was checked by the one-tail r-test and 
the P values are shown in the tables and figures. 

I$rcl qf’trc.~fr pc’~7fhrrhittrl trthiriisfrc~t iorl 011 vl~p- 
irq the. hwirl Icw/s of G.4B.4 r~ltl qlutunzutc. rrrltl fllr 
G.4D ccfiritj, in the mxw. In the animals given Na- 
pentobarbital. 37.5 or 75 mg.‘kg. i.p.. the sleeping time 
of mice was 13.5 * 1.1 or 59.X * 4.2 min respectively. 

Acute pentobarbital administration increased brain 
GABA levels and reduced the levels of glutamate (Fig. 
I). The brain GABA levels in the animals receiving 
sodium pentobarbital, 75 mg/kg. i.p.. was increased 
significantly at IO and 30 min but returned to control 
levels by 60 min. the same time that mice regain theil 
righting reflex. On the other hand, the glutamate 
levels in mice receiving the same dose of pentobarbi- 
tal were significantly lower in comparison with those 
of the control group at 10. 30 and 60 mm after admn- 
&ration but returned to the control levels at 120 min. 
At 37.5 mg’kg of sodium pentoharbital administra- 
tion. there L+ as a significant increase in GABA level? 
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Fig. I. Etfect of acute pentobarbltal admInistratIon on 
brain GABA and glutamate levels. Sodium pentobarhltal 
was dissohed in saline. The ,lnimals given saline alone. 
were used 15 the control. Values shown in the tigure arc 

means from four mice *S. E. 
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Fig. 2. Effect of acute pentobarbital administration on 
GAD activity. Values shown in the figure are means from 

four mice +S. E. 

at 1Omin with a return to control by 30min. How- 
ever. the glutamate levels were decreased significantly 
at 10, 30 and 60min in comparison with the saline 
control group. The values returned to the control 
level at 120min. Measurement of GAD activities at 
the same time intervals after the administration of 
sodium pentobarbital showed that the increase of 
GAD activity corresponded to the increase of GABA 
levels (Fig. 2). 
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Fig. 3. Effect of AOAA on pentobarbital-induced narcosis 
and brain levels of GABA and glutamate. AOAA. 0. 20 
or 40mg/kg, i.p., was given 2 hr before a challenge dose 
of sodium pentobarbital, 60mg/kg, i.p. Sleeping times 
shown in the figure are means from fourteen mice f S. E.: 
brain levels of GABA and glutamate are from six mice 
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Fig. 4. Effect of glutamate administration on brain GABA 
and glutamate levels. Values shown in the figure are means 
of four mice *S. D. The animals treated with saline were 

used as the control. 

E&t of’ AOAA on prntoharhifcll-inrlucrd nrrrco.sis 

NW/ brain lerels of GABA ml glufctmute. AOAA, an 
inhibitor of GABA-T, prolonged the pentobarbital 
sleeping time (Fig. 3) at both doses tested when ad- 
ministered 2 hr prior to the pentobarbital challenge. 
Brain GABA levels increased (227 and 250 per cent) 
and glutamate levels decreased (12 and 26 per cent) 
after AOAA pretreatment. 

&flixt qf gluturnate trdministwtion on pentohtrrhital 

narcosis and bin GABA rd ylufrtmute /rrr/s. The 
data in Table 1 demonstrate that the larger dose of 
glutamate (600mgjkg) given 5 min before the chal- 
lenge of pentobarbital significantly increased sleeping 
time by 75 per cent. The lower dose of glutamate 
had no significant effect. 

Acute administration of glutamate, 600 mg:kg, i.p., 
increased the level of brain GABA. as shown in Fig. 
4. A significant increase was evidenced as early as 
10 min. The level of GABA remained elevated at I hr 
after administration of glutamate. At a glutamate 

Table I. Effect of glutamate administration on pentobar- 
bital-induced narcosis* 

Glutamate No. of Sleeping trme Significance 
(mg!kg. i.p.) animals (min + S. E.) (P) 

0 Y 41.7 & 3.9 
(29-60) 

300 IO 49.1 * 4.0 > 0.05 
(29-m79) 

600 IO 73.0 & 5.3 < 0.0005 
(50-104) 

* Five min after glutamate administration. the animals 
were challenged with 60 mg,kg, i.p., of sodium pentobarbi- 
tal. Numbers in parentheses indicate the range of values, 
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Table 3. Efcct of abrupt wthdrawal from pentobarbital on brain GABA and glutamate Icvcls In 
the mouse* 

Time after 
withdra\\al (hr) Withdraual Control Significance 

GABA 

Glutamntc 

I .9x 1 0.05 2. Ii ) 0.04 P < 0.025 
1.x2 _c 0.02 2.14 + 0.04 P < 0.0005 
I .9 I + 0.03 2.0x _+ 0.04 P < 0.0005 

I7.OX + 0.1 I 12.79 + 0.12 P < 0.0015 
II.96 + 0.19 12.16 & 0.35 NS 
13.17 + 0.07 _ Il.9’) * 0.70 NS 

* Valuoa shown arc means of four mice :t_ S. E. NS = not ?ignifcant. 

GABA levels but not glutamate levels, and pentobar- 
bital-induced narcosis. 

The current study also demonstrated that chronic 
pentobarbital administration by pentobarbital pellet 
implantation caused significant decreases in both 
GABA level and GAD activity. In addition, the 
GABA levels in the brains were significantly dc- 
creased for at least 23 hr in mice after withdrawal 
of the pcntobarbital pellet. Although evidence with 
rats indicates that the chronic administration of bar- 
biturate did not cause marked changes in the brain 
concentration of GABA or in the activity of GAD 
or GABA-T [IO]. we obtained contrary evidence in 
the mouse. The discrepancy can be explained by the 
differences in experimental conditions. ours being 
more drastic. In the rat experiments. barbiturate was 
given in the drinking water as a chronic administra- 
tion of barbiturate; therefore, the degree of tolerance 
development probably was not sufficient to affect the 
GABA systems. With our recent development of pen- 
tobarbital pellet implantation 121. 221, we were able 
to induce a much greater des,ree of tolerance to the 
hypnotic ell’ect of pentobarbltal in a shorter time 
period than that produced by the conventional parcn- 
(era1 or oral administration techniques. Under such 
conditions WC have demonstrated that the chronic ad- 
ministration of pentobarbital caused marked changes 
in the concentration of GABA in mouse brain and 
in the GAD activity. 

Decreased brain levels of GABA have been casually 
related to the occurrence of convulsions (Killam and 
Bain 1231 and Killam 1231). Eidelberg et trl. 1251 and 
Wallach [26] also have shown that GABA might 
have anticonvulsant properties. Recently. Wood and 
Pccsker [27] I-c-evaluated the anticonvulsant action 
of GABA-elevating agents and concluded that all 
agents which elevate the content of GABA in the 
brain are potential anticonvulsant agents. Although 
no ncurochemical basis for barbiturate abstinence 
properties has been established. Essig [2X] showed 
that AOAA could serbc as an anticonvulsant against 
barbiturate abstincncc seizures in dogs. Direct 
measuremsnt of brain GABA during barbiturate in- 
toxication and I\ ithdrawal in current studies supports 
the findings in the withdrawal dogs [2X]. 

The precise mecchanism by which the GABA SJS- 
tern is involved in pentobarbital narcosis. tolerance 
and physical dependence remains to be elucidated. 
We are in the process of seeking answers to this ques- 
tion by studying regional distributions of glutamate 

and GABA levels and of GAD and GABA-T in dis- 
crete areas of the brain after acute or chronic admin- 
istration of pentobarbital. 
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