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Abstract Rats with permanent indwelling cerebral ventricular cannulae were shown to lose their right- 
ing reflcx in response to central b injccted phenobarbital in a dose-related manner. Administration 
of four dail3 rejections of 8001tg each over a 4- to 5-day period produced a gradual tolerance to 
the hypnotic effect, which was reversible after suspension of the drug regimen. This tolerance was 
associated with an increase in hepatic drug-metabolizing activity, measured as p-nitroanisole demethy- 
lase. The microsomal enzymes have bccn excluded as mediators of tolerance, however, on the basis 
oI temporal and quailtitativc comparisons between thc level of hepatic enzymatic activity and thc 
dcgrcc of tolcrancc. The data arc consistent with the concept that tolerance to the hypnotic action 
of phenobarbital is mediated through an adaptation of the central nervous system. 

Accelerated hepatic metabolism has been implicated 
in the development of tolerance to the short-acting 
barbiturates, e.g. pentobarbital and hexobarbital 
[1 3]. However. a number of reports [4 9] suggest 
that the increased hepatic disposition resulting from 
induction of the hepatic microsomal mixed-function 
oxygenases by chronic administration of the barbitu- 
rates cannot accotmt for the tolerance observed with 
the long-acting barbiturates, such as phenobarbital 
and barbital, which are biotransformcd minimally or 
not at all [5]. For example, blood levels of the bar- 
biturates in tolerant animals or patients continue to 
risc at a time when tolerance to the action of the 
drug is evidcnt. Consequently, these observations led 
to the proposal that the attenuated hypnotic response 
reflects an altered sensitivity of the central nervous 
system (CNSt to the drugs. 

It was the purpose of this investigation to evaluate 
directl 3, the relative contributions of the liver and 
CNS to tolerance development to phenobarbital by 
administering the drug directly into lhc lateral cere- 
bral vcntriclcs of conscious rats. Evidence has been 
obtained which supports the concept of a ccntrally 
mediated process being involved in the production 
of tolerance to centrally, injected phenobarbital, as de- 
ternfincd by the progressive shortening of the loss of 
righting reflex to a givcn dose of drug. 

I ' ] X P E R I M E N J a t L  

PreparatioJt ol  uitimals. Male Spraguc Dawley rats 
{150 170g)were  placed under ketamine anesthesia 
(150mg,'kg intraperitoneally) and a burr hole was 
drilled through the skull 1"5 mm lateral to bregma. 
A 23 gauge stainless steel guide for intracerebroventri- 
cular (i.c.v)injections was then inserted through the 
burr hole and directed toward the lateral ventricle. 
The guides were permanently fixed to the skull with 
dental cement. Each animal received 6000 units of 
benzathine pencillin intramuscularly to minimize in- 
fection. The animals werc allowed to recover from 

surgery for at least 1 wcck before they were sut2iected 
to the experimental protocols. 

Dru,q administration. Phenobarbital sodium was dis- 
solved in 0.9"~, NaC1 and iniected into conscious ani- 
mals in a 10-ltl volume over a 20-scc interval via a 
30 gauge cannula inserted through the guide. Control 
rats werc injected with the saline vehicle adjusted with 
NaOH to the same pH as that of the phenobarbital 
solution, i.e. pH 9. (Phenobarbital has a pKa of 7.2 
and below pH 9 precipitates from solution.) At the 
end of the experiment, methylene blue was injected 
through the guide and the brain was examined mic- 
roscopically in order to confirm the i.c.v injection site. 

The hypnotic effect of the barbiturates was re- 
corded as the interval between the time the animal 
lost and subsequently regained its righting reflex. 

O-demethylase actit, itv. A 20% homogenate of liver 
was prepared in 0"25 M sucrose containing 0.02M 
Tris buffer and 0.006M disodium EDTA. After an 
initial centrifugation at 15,000,q for 30 rain, the super- 
natant fluid was re-centrifuged for 20 rain at the same 
force. The postmitochondrial supernatant thus pre- 
pared was analyzed for O-demethylase activity with 
p-nitroanisolc as substrate according to the method 
of Netter and Seidel [10]. Results are expressed as 
itmoles p-nitrophenol formed/g wet weight of liver/hr. 

RESI L T S  

Dose response to i.c.t" phenobarbital. The duration 
of loss of righting reflex for a dosage range of 
400- 1000 iLg is presented in Fig. 1. The hypnotic effect 
occurred 2 3 min after the start of the ir~iection and 
lasted for 24 + 3 rain (mean 4- S. E. M.) at the highest 
dose. No observable effects were produced by i.c.v-ad- 
ministered saline. 

Since the rats weighed an average of 218g at the 
time of barbiturate ir~iection, the 400 and 10(X)1~g 
doses are equivalent to a total body dose of 1.8 to 
4.5mg/kg. lntrapcritoneal (i.p.) or intravenous ad- 
ministration of these doses did not cause a loss of 
righting reflex. In order to produce a loss of righting 
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Fig. 1. Duration of loss of righting rcllcx al'Icr ii\icction 
of various doses of phenobarbital sodium into the lateral 
ventricle of the ial. Each point r0prcscnts thc mean 
S.E.M. The numbers along the graph lines indicate the 
number of animals examined 4l each dose. The solid line 
represents control animals: the broken Imc represents 

io ]e rLin l  LIIlilllLI]S. 

reflex by the mtraperi toneal route of  drug administ-  
ration, a dose of 90 tng, kg was required. This consti- 
tutes a dose which is 50 tiFncs larger than the centrally 
injected threshold dose. 

Toh'ram'e derulol,mUnt, Since an aCLItC dose of 
1000 pg phenobarbi ta l  sodium was occas iona lh  leth- 
al, 800 l~g was chosen as our s tandard i.e.\ dose to 
study tolerance development.  

Adminis t ra t ion of 8(X)l~g phenobarbi ta l  lOtll tin'its 
daily (i.e. a total daily dose of 13 m g k g )  l{n 4 con- 
secutive days resulted in the a t tenuat ion of the hyp- 
notic response (Fig. 2). This regimen consisted of  t~\o 
injections 30 min apart  in the morning and repeated 
in the afternoon. To lninimizc possible variahilitv in 
response due to diurnal thctors, the animals x~cre m- 
.iected during the same time pcriods each da\ .  Toler- 
ance developed progrcssively as indicated h\ a shor- 
tening in the durat ion of loss of righting reftcx \~hich 
ultimately at tained a stage m x\hich the animals \\ere 
vir tual ly unaffected by' the test dose of phenobarlqtal.  
When control rats that had rcceivcd i.c.v saline Ior 
4 days were challenged with 800 leg phenoharbi la l  on 
day 5, thcir response was indistinguishalqc [rom that 
found with nzfive animals. 

Suspension of drug trcatnlcnt al'tcr the 4 COltSCctl- 
tive days of  barbi turate administrat ion rcsultcd in a 
gradual return of  the durat ion of  the r ighting rel ic\ 
toward nortnal. After 1 week. the dtir:.ltion e l  the re- 
sponse was not signil]cantl} dill'crone [rom that of sa- 
line-treated controls  thai had been challengcd x\ith 
the test dose (Fig. 2). 

One of the characteristics tip drug tolerance is Ihc 
restoration of the original response b 3 increasing the 
administered dose. The durat ion of the loss of right- 
ing reflex in the tolerant rats coukt bc restored to 
the init ial value, i.e. about 15 111i11. b} achninistration 
of 1000 leg centrall)', lndced, the entire dosc iespollsc 
curve shifts to the right as depiclcd in Fig. I. 

Relalion,Yhil~ olloldrancd to flu' Ildl~ulic drtlq fndldl~o- 
lism acticity, To LISCCrIIIJII t h e  cxtcnt to \~hich in- 
creased hepatic drug oxidation might contr ibute  lo 

the tolerance produced b\. central administrath.)n of 
phenol'>arbita], the oxidative drug-metabol iz ing ac- 
t i \ itx. i.e. the O-dcmcth31ation o[ / , -n i t roanisolc,  was 
nlcasurcd in Ihc postmitochondr ia l  [r:.iclion o[  li,<cr 
llt)illoecn<<," 'lies . . . . . .  piLp<ilLd l'roln aninlals at ~Liriotls points 
in Ill,.' i lCailllL'll l SCllCctulc IFig. 2). 

()It clu~ 5 of  succcssi\c ic\' iiticctions, the hcpcitic 
O-dcmcth,,klsc act ix i t \  ~as 3.4-1bkt greater than tirol 
of  saline-treated controls, in which the Ibrrnation of 
/~-il itrophcnol a\cra-cd I 0  r ()1 Hmoic ~ llr. AI- 
titou<,h the stiml.l lalion of dcmeth~lase activitx varied 
in\crseh with tile dcvclopnk'nl  o [  tolerance, impor-  
tanl lcinporal diflTrences cxist bct\\ccn the two i-,ara- 
meters. Thus. in spitc of the fact that hoth were maxi- 
nml ~.il da\ 5. en/ \n lc  ac t i \ i t \  appeared inoic rapidI) 
than did tolerance during da\ I o [  dc\elopnlcnt.  ()1 
c\cn glCatCi signilicancc, howe\or, is lltat. \~hcn drug 
trc;.itnlcnl v,4s discontinucd al'tel t i l l \  4. tt~c cn / \ inc  
activit_~ dropped to control \ahics b \  da\ <'.4. at a l ime 
x\hcn nmxinlal tolcrallcc to the hypnotic cflL'ct ~uis 
still n-iaintLlincct. Indeed. tim h}pnot ic  response did 
not return to thai of identicalh handled s:.iihlc-ircatcd 
controls nnli l  1 ~\cck Ida', l i l  altcr ccss:.llion of l i l t  
drug rcginlL'il. 

,,\ similar incrcasc in cn/x<mc activit} \~,as l~.)und 
on da\  5 altcr dtii l 3 i i l t raperi toncal adini l l is t ra l ion o[  
pl~cnot~ul~ilal ut ; ictosc cqui \a lcnl  Io thai injected 
contrai l \ ,  i.e. 13 in,,] k.<Z per da\.. This latter obscr,,a- 
l ion suggests that the ccntrall',, in.icclcd drug entei-s 
tltc peripheral circulation and exerts all inducti\.c cl- 
fcci on the l~cpatic mixed-function to oxMasc s}stcin. 

Ijli'ct +!I hcpulic t'll-I'IIIc' illdllCliOII Oil t'('.<,pOtl?,d Io 
i.d.I I)/l(.'llO/)Ol'/)J[O[ ~1~1(1 Lit. / Id \ l#~arhi tu / .  h i  o r d e r  to) 

lest \~hclhcr the tolerance lo contrai l} administered 
iq~cnol->ai-bital could also bu ol~scrwd ht FLits inLlde 
tolerant to svslcinicallv administered barbiturate. 
rals ~.\crc hcatcd intrapcr i toncal l }  with phcnobarlqtal  
to induce the hepatic mixed-Junction ox_~.~ci1;_lscs Lind 
; \c lc conlparcd to rats that wcrc centrally treated. 
T \ \o  doscs o[  phcnoh4rl-fita] \\.crc used. S0 m g k g  per 
da\ Ic) rnaxima]l \  induce the hepatic ct+/,,mcs aim 
IJrng kg per da\ .  +\hich is equi \a lcnt  to thc daih 
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Fig. 2. The duration o1" h>pnotic response to centrally 
administered phcnobarbital {solkl line) compared to hcpa- 
tic p-nin'oanisolc O-dcmclhylasc activit\ (broken line) as 
a function o[da3 o1 treatllleril. I)uring da'~s I 4 {horizontal 
I~LtIL all rLils iccched [our dail} ix:.', inicction<~ of phcilob~li'- 
bital {~00 t~g injection) as described tinder Experimental 
4nd the hypnotic response to thc first o1 these daily injec- 
tions is presented in the graph. Subsequent values for da}s 
5. 6. S and I I rcpFcscnl hepatic O-demeth>,lasc activity 
and h)ponotic response 1o a single 800 !lg i.c.x dose of 
phcnobarbital in the rats which had bcen made Iolcrant. 
All points arc expressed as the nlcan + S. |:. M.: numbers 
ill palcilthcscs denote l i l t  ntlmbcl of :.ulinlals. The :.istcrisk 

indicates P < 0.0(i5. 
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dose injected i.c.v. The results of this experiment are 
listed in Table 1. 

Pretreatment centrally and intraperitoneally with 
daily doses of phenobarbital resulted in enhanced p- 
nitroanisole demethylase activity and tolerance to i.p. 
hexobarbital. The hypnotic response to hexobarbital 
administration in the tolerant animals ranged from 
34 to 54 per cent of that found in control animals. 
The actual sleep time values, however, were lower in 
the case of the control animals in the group receiving 
80mg/kg of phenobarbital i.p. as well as in all sub- 
sequent animals. This change coincided with the usc 
of a new batch of hexobarbital. 

Tolerance to centrally administered phenobarbital 
also was observed in rats that had received either 
phenobarbital centrally or the high (80mgkg)  dose 
of the drug intraperitoneally daily for 4 days. Thc 
degree of tolerance was considerably less in the latter 
group as compared to the formcr, however, despite 
the fact that thc demethylase activity was greatcr in 
the rats treated i.p. Indeed. animals treated daily with 
13 mg/kg were not tolerant to i.c.v PB, although the 
hepatic enzyme activity was equivalent to that in the 
i.c.v-treatcd rats. 

DISCt 'SSION 

Tolerance to barbiturates might be a consequence 
of CNS adaptation, increased metabolic disposition, 
or a combination of these thctors [3]. By administer- 
ing phenobarbital directly into the cerebral ventricles. 
it was hoped to resolve the relative contribution of 
hepatic enzyme induction and brain adaptation in the 
development of barbiturate tolerance. This technique 
offers the advantages of bypassing the blood-brain 
barrier and of injecting a precise amount of drug into 
a circumscribed site. The initial work showed that 
acute injection of phenobarbital by this route pro- 
duced a dose-related loss of righting reflex. 

Repeated central administration of phenobarbital 
for 4 consecutive days resulted in tolerance to the 

hypnotic response. That the shortened duration of the 
loss of righting reflex did represent true tolerance 
rather than nonspecitic cell damage was substantiated 
by the following evidence: {1) the duration of the loss 
of righting rellcx in tolerant rats could be restored 
to the initial value by increasing the dose: (2) control 
rats that had rcceixed i.c.v saline for 4 days responded 
as if they were naive animals when challenged with 
phenobarbital on day 5; and (3) upon suspension of 
drug treatmcnt after 4 consecutive days of administ- 
ration, thc response gradually returned toward nor- 
mal and alicr 1 week was indistinguishable from that 
obtained with salinc-treated controls. Furthermore, 
histological examination revealed minimal cellular in- 
jury conlincd to the immediate area along the sides 
of the cannula guide. 

Oxidative drug-metabolizing activity, as reflected 
by p-nitroanisole demethylase activity, was increased 
in the livers of the barbiturate-treated rats. Thus it 
was important to establish what role, if any, this enzy- 
matic system played in shortening the duration of 
hypnotic response. 

The observed reduction of the oxidative system is 
probably not due to any central process, inasmuch 
as enzymatic actMty could be induced to a similar 
dcgree by intraperitoneal administration of doses 
comparable to those administered by the central 
route. Thus it appears that the barbiturate is cleared 
completely from the brain. Recent preliminary exper- 
iments measuring the mtc of phenobarbital appear- 
ancc in pcriphcral blood bear this out. 

Howevcr, the possibility that increased hepatic me- 
tabolism of the drug and subsequent elimination of 
thc drug could account for the tolerance observed 
undcr the conditions of these cxperiments seems un- 
likely. The central dose is only 1/50 that required to 
cause a loss of righting rcflex upon intraperitoneal 
administration. Thus, upon clearing the CNS, it 
would bc diluted by the peripheral blood and tissues 
to restflt in concentrations which would be pro- 
lbundlv lower than those capable of producing CNS 

Table 1. Effect of chronic phenobarbital pretreatment on hepatic dcmethylase activity and 
the hspnotic response to phenobarbital li.c.~)and hexobarbilal li.p.l* 

l)ays 1 4 Day 5 

p-NO2-anisolc 
Sleep time imin) dcmethylase activity 

icy PB i.p. HX (/~moles p-NO:-phenol/ 
Pretreatmenl 1800 Hg) (100 mgkgj g livcr,'hrl 

lntraventricula r 
Saline 15.7 ± (!.7(121 384 + 24(81 1.1 ± 021131 
Phenobarbital+ 1.7 ± 0"5:[: (141 13"0 _+ 3"2+ (8) 4"4 ± 0.5+ + (14) 

lntrapcritoneal 
Saline 15.5 ± 0.8(81 42.6 + 9.11181 1.0 + 0.1 18) 
Phenobarbital~ 15.5± 1.2(14) 17.8+ .2+(~) 3.3 +0.3++(14~ 
Saline 16.2 ± 0-6 ( 101 22.1 +_ 1.3 [6~ II.~ ± IH)6 (41 
Phenobarbitali, 10.4-k 0"5+(10) 11-9_+ 0.7+(6~0 7.~ , u-(£(4) 

* Figures in parentheses are nmnbcrs of animals: values represent means ± S. ~-.. M. 
PB - phenobarbital" HX - he×obarbilal, 

+ Four daily doscs of 800 ltg each = 13 mg.'kg pcr dax. 
P < 0-002 compared to saline control values. 
One daily dose - 13 mg:kg per da~. 
One daily dose = 80 mg'kg per day. 

• Hypnotic response was tested using a new batch of HX. 
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depression. In this case. the con t r i bu t i on  o f  hepat ic 
metabo l ism w o u l d  be expected to have a negl ig ible 
role in te rminat ing  barb i tu ra te  act iv i ty .  

On the other hand. it was possible that a barbitu- 
rate melabolite, formed as a consequence of accclcr- 
aled hepatic biotransformation, might penetrate into 
the brain and block a locus involved in barbiturate 
action, thereby producing tolerance to subscqucnt in- 
.lections. Such a mctabolitc receptor complcx might 
have a longer h a l f  life than that  o [  the d rug-metabo-  
l iz ing Clllynle systeltl and could explain why tolcfance 
persists at a time when the demcthvlase activity has 
returned to hernia l .  If this were the case. then induc- 
tion of the dlug-metabolizing cnzymes by i.p. pheno- 
barbital received chronically should protect the rat 
from the hypnotic action of" centrally irtlected pheno- 
barbital. Such protection ttolerance) to icy phenobar- 
bital was observed in rats i l t iected wi l t ]  a dose o f  
80 mg/kg intraperitoneally for 4 days but nol in those 
receiving the lower dose, which corresponds 1o that 
administered centrall 2. Although the possibility of a 
metabolically derived substance acting to protect the 
animal against the hypnotic eftoct of the barbiturate 
is not completely excludcd, it seen> unlikcl_,, as an 
cxplariation for the tolerance observed at the doses 
cmployed in tint central administration experiments. 

Fven though i.p. phenobarbital administration re- 
sultcd in an attenuation of the h3pnotic response to 
centrally injected drug. thc degrce of lolcrancc was 
not as great as with the chronic central injection. 
Since thcsc data might bc explained by relati\,c diffcr- 
enccs in drng levels present in thc brain as a conse- 
quence of the two routes of administration, it would 
bc important to measure these levels after each treat- 
mont. The lligh local concentration of phenobarbital 
following icy injection could ovcrcomc any adaptive 
challgc in the CNS which may have occurred during 
4 days of systemic administration. It is also possiblc 
thai exposure to the drug for longer periods (grcatcr 
than 4 days) might protect the ariimals flom the hyp- 
notic etl'cct of centrally administercd drug. For 
cxanlplc, Stevenson and Turnbull  [11] prctrealed 
youl]g rats with wirious drugs for several weeks and 
found thai thc rcsponsc to i.c.v pentobarbilal could 
bc inllucnccd by the type and degree of tolerallce. 

The results reported hercin provide the lirst dc- 
rnonstialion that tolerance to phenobarbital cal] be 
produced b \  chron ic  ccntral  admi r i i s t ra t ion  o f  this 
barb i turate.  For  the reasolls cited above, it is unl ikc l  3 
lhat  the Iiw_'r a l ld its ab i l i t y  to metabol ize barb i tura tes 

pla> a role in Ihis phenonlcnon.  ( ) x i d i l t i \ c  biolran,,-  
fo rmat ion o f  the dl-tl~ b \  the b r a e  tis,,uc i,~ ;lb, o til/- 
l i keh ,  since c \ l o c h r o m c  P-450 ~tssociatcd xt i lh this 
ac t iv i t \  is 'absclll [12] .  Wc ha\c  ',llso bcc.'i] t i l lable Io 
demoi ]s l ra lo  ox ida l i ve  ac t i \ i t \  in <~oinc pruliillinar_~ 
\\.ork. Thtls. \,vc conclude that tOIcI;LIlCC 1o ccnl ra l ] \  
admin is tered i~henolxu-bital b, ;i phen tmwnon  scpai- 
ah_' t r e e  that o[ accelerated I,rcakdo\~l] duc to en- 
hanced metaboi jsnl .  

Conscquenll,+. the nature el  Ihc IdOl-aliCe appears 
to be a [uncl io i ]  of  adapta l io i ]  of  one or n]orc I~it> 
tosses in 1he ( INS.  Whether  'qich all adap la l hm  de- 
pends Ol'l a lh : ra l i on '4  m nCtl lOl l - { l l lSl l l j lh.T t.'Ol]Ct_'l]l- 
fa t ions or  l t l r l l o ; c f  113 IDI. <>r b\ <,;olllc <qhc_'r pro+ 
tess. u.g. i1]orc rapid dcara i l cc  o [  lhc di-tl~ frol l l  t lw 
ventricles, is tlndcl" in \cs l ig l i l ion .  

..tckmm'lcd!lcmCm~ \k'c thank Mi.  \~illi~lm l,\i]c<~s ;incl 
Mrs. Viil:.i xl"ang for Ihcir c..Xl~Cit lcchnic:;ll a:.,',i,,l~lncc'. Thi ,  
~A.oi'k was stlpporlcd b'~ ;i gi;ln/ hell] the ~al ion; i l  hlb>lJhllc 
of Menial Hcahh I \1 t t  227451 
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