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SAINATI, S M AND S A LORENS lntra-raphe henzodmzepme~ enhance rat locomotor a~ttvttv Interactions ~*tth 
GABA PHARMACOL BIOCHEM BEHAV 18(3) 407-414, 1983 --lntracramal dose response relationships for the water- 
soluble benzodmzepmes, chlordmzepoxlde, flurazepam and mldazolam, were performed by injecting the drugs through 
cannulae chromcally indwelhng in the medmn raphe nucleus of male albino rats Drugs were administered in doses of 0 0, 
0 22, 0 44 0 88 and 1 75 nmole m 0 5 p.l sahne Both mldazolam and flurazepam produced hyperactivity which was most 
prominent w~thm the first 30 minutes post-reJection Flurazepam, furthermore, proved twlce as potent as midazolam 
Chlordmzepoxlde. m contrast, was without effect at any of the doses tested This observation supports the wew that 
chlordtazepox~de ~s a pro-drug which must be metabohzed to form an acuve metabohte In another experiment ammals 
received either sahne or a sub-effective dose (0 22 nmole) of flurazepam or mldazolam into the median raphe nucleus 5 
minutes prior to either a subeffectlve dose of musomol (0 22 nmole) or sahne Only the combinations of a benzodlazepme 
plus musomol produced hyperacUvlty These combinations, moreover, produced effects as robust as those of a 4-fold 
higher dose of musomol alone (0 88 nmole) Other ammals received either sahne or blcuculhne methlodlde (0 88 nmole) 
Bicuculhne did not affect activity level, but completely blocked the hyperkmetlc effects of musomol These data suggest 
that the hyperactivity effect of mtra-raphe musc~mol ~s due to activation of GABA receptors w~thm the m~dbram raphe. 
rather than at d~stant s~tes In addition the data suggest that the lntra-raphe administration of certain benzodmzepmes 
produces hyperactivity by facdltatmg GABA transmission 

Chlordmzepoxlde Flurazepam Mldazolam GABA Musomol Raphe Locomotor activity 

THE b e n z o d l a z e p l n e s  were  in t roduced  into chnlca l  med ic ine  
in the  ear ly 1960's They  quickly  b e c a m e  the mos t  c o m m o n l y  
p resc r ibed  c lass  of  pha r m aceu t i c a l s  [28] Today .  some 20 
years  a f te r  the i r  in t roduc t ion ,  the b e n z o d l a z e p l n e s  are used 
widely as s eda t ive -hypno t i c ,  an t l - convu l san t ,  an t i -anxie ty ,  
musc le - re l axan t  and  p re - anes the t l c  drugs  [4, 25, 28, 47] 

T h e r e  is a c o n s e n s u s  tha t  the  b e n z o d l a z e p m e s  exer t  the i r  
behav io ra l  and  physio logica l  ef fects  by  faci l i ta t ing the  post-  
synapt lc  ac t ion  of  the  inh ib i to ry  amino  acid neu ro t r ansml t -  
ter .  ~amma-amlnobutyrlc acid ( G A B A )  [12, 17. 19. 27, 31, 
34 .41]  For  the  mos t  par t .  G A B A - e r g i c  cells cons t i tu t e  local 
circuit  neu rons  [20], and  are d i s t r ibu ted  t h r o u g h o u t  the  
neurax ls  [36] Specif ic  sa turab le  high-aff ini ty  benzod laze -  
pine b inding  s i tes  of  a type  which  o c c u r  exc lus ive ly  in the  
cent ra l  n e r v o u s  sys t em have  been  desc r ibed  [37, 56, 57] As 
fac lh ta to r s  of  G A B A  n e u r o t r a n s m l s s l o n ,  it is no t  surpr i s ing  
tha t  the  b e n z o d l a z e p l n e s  can  p roduce  p ro found  behav io ra l  
effects  [27, 49, 52] 

In a recen t  s tudy we pe r fo rmed  a ser ies  of  e x p e r i m e n t s  
des igned  to inves t iga te  the  ex t en t  to which  G A B A - e r g l c  
modula t ion  of  mldbra ln  r aphe  se ro tonerg lc  neu r ons  influ- 
ences  l ocomoto r  ac t iv i ty  in the  rat  [49.50] First ,  we rep- 
hca ted  the  ear l ie r  f indings  [46] tha t  the  acu te  mlc ro ln jec t lon  
of  the G A B A  agonis t  [2 .3 ,  5. 18, 55]. musc lmol  (100 ng), into 
the dorsa l  r aphe  nuc leus  p roduces  hype rac t iv i ty  Moreove r ,  
we found  tha t  the  acute  mlc ro ln jec t lon  of  musc lmol  (100 ng) 

into the  med ian  raphe  nuc leus  p roduced  inc reases  in act ivi ty  
which  were  4 t imes  g rea te r  than  those  seen af ter  s imilar  in- 
j e c t i ons  into the  dorsa l  r aphe  nuc leus  A dose - r e sponse  
analys is  using an imals  wi th  chronica l ly- indwel l ing  cannulae ,  
and a comp lex  La t in  square  design,  s h o w e d  that  the  med ian  
raphe  nuc leus  indeed  was more  sens i t ive  to the effects  of  
musc lmol  [49,50] Thus ,  s u b s e q u e n t  expe r imen t s  uti l ized 
only  cannu lae  implan ted  chron ica l ly  in the  med ian  raphe  
nuc leus  

We were  able to po ten t i a t e  the  effects  of  musc lmol  by 
admin i s te r ing  mt rape r l tonea l ly  the  benzod lazep lne ,  chlor-  
d lazepoxlde ,  and  to b lock  the  effect  wi th  the  G A B A  
antagonis t ,  b i cucu lhne  [2,3] These  da ta  suppor t  the  v iew 
tha t  the hyperk lne t i c  effect  of  mt r a - r aphe  musc lmol  is due to 
the  ac t iva t ion  of  G A B A  recep to r s  

H o w e v e r ,  s ince  G A B A  and b e n z o d l a z e p l n e  r ecep to r s  are 
local ized t h r o u g h o u t  the  neurax ls ,  we c a n n o t  be  cer ta in  tha t  
the effects  of  b i cucu lhne  and  ch lo rd lazepox lde  are due to 
the i r  b inding al los ter lcal ly  to the  same G A B A  recep to r s  as 
those  occup ied  fol lowing the  in t r a - raphe  in jec t ion of  mus-  
clmol  In o rde r  to de t e rmine  w h e t h e r  the effects  of  
pe r iphe ra l ly -admin i s t e red  b t cucu lhne  and  ch lo rd lazepox ide  
are due to the i r  in te rac t ion  wi th  musc imol  at  the  same recep-  
tor  sites,  we pe r fo rmed  the  fol lowing series  of  e x p e r i m e n t s  
( 1 ) an mt ra - r aphe  benzod l azep lne  d o s e - r e s p o n s e  analys is ,  (2) 
an ln t r a - raphe  b i cucu lhne  d o s e - r e s p o n s e  ana lys is .  (3) a t es t  
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of the interactions between mtra-raphe benzodmzepines and 
musclmol, and (4) a test of the Interactions between mtra- 
raphe blcuculhne methlodlde and musclmol 

GENERAL METHOD 

Ammals 

The experimental subjects were male Sprague-Dawley 
rats (King Animal Farms, Orange, WI), 90-120 days old and 
weighing 315-368 g at the time of surgery The animals were 
housed individually in a temperature (22 + / -  1 C), humidity 
(40--52%), and illumination (12 hour light-dark cycle) con- 
trolled room Food and water were available ad lib in the 
home cage 

Surgery 

Rats were anesthetized with penobarbltal sodium (Butler 
Columbus, OH) 50 mg/kg, mtrapentoneally, and placed in a 
Kopf stereotaxlc instrument with the incisor bar set 3 2 mm 
above the mteraural plane The scalps were incised and 
cramotomies performed A guide cannula (0 46 mm o d and 
0 25 mm I d , Plastic Products Co , Roanoke, VA) was Im- 
planted In the median raphe nucleus A stylet (0 23 mm dta) 
then was inserted such that Its tip was flush with that of the 
guide cannula This assembly then was cemented onto stain- 
less steel anchoring screws embedded in the skull The 
coordinates were 2 5 mm lateral to the mld-hne, and 9 0 mm 
ventral to the skull surface i 5 mm rostral to lambda with the 
cannula angled 17 degrees lateral to the mld-sagittal plane 
At the time of surgery, each animal received 50 mg/kg am- 
plcilhn (Omm-pen-N, Wyeth) and 0 4 mg/kg atropine sulfate 
(Lilly), intramuscularly, and chloramphemcol (Chloromyce- 
tm 1% opthalmic ointment, Parke-Davis) topically around 
the wound All wounds were closed with autochps (Clay 
Adams) 

Drug 

All drugs were dissolved in 0 ~ saline Musclmol 
(Sigma) was prepared and injected m concentrations of 0 22 
and 0 88 nmole/0 5 /zl (25 and 100 ng/0 5 tzl) BIcuculhne 
methlodide (Pierce Chemical Co Rockford, IL) was pre- 
pared in concentrations (as the base) of 0 22, 0 44 and 0 88 
nmole/0 5/zl  (81 161 and 323 ng/0 5/zl) Chlordlazepoxide 
hydrochlonde (Roche), flurazepam dlhydrochlonde 
(Roche), and mldazolam maleate (Roche) were prepared in 
concentrations of 0 11, 0 22, 0 44, 0 88 and 1 75 nmole/0 5 
/zl These concentrations, expressed In terms of nanograms 
of the base, are chlordlazepoxlde--44, 88, 175. 350 and 700 
ng, flurazepam--43, 85, 170,  340 and 680 ng. and 
mldazolam--36, 71, 143,286 and 571 ng 

Apparatu 

Activity level was measured in enclosed cylindrical 
photocell chambers (46 cm dla × 42 cm high, model No 
PAC-001. Lehigh Valley Electronics, Inc , Beltsville, MD) 
with wire mesh floors The interiors of the walls and covers 
of these chambers were painted flat black Interruption by 
the animal of any one of six photocell beams located at the 
base of  the chamber activated an electromechamcal counter 

Pt o~ edure 

Beginning 1 week post-operatively, the animals were 

adapted to the test apparatus and injection procedure [29] for 
3 consecutive days (Wednesday-Fnday) The subjects were 
placed in the photocell chambers for 30 minutes, removed 
and placed in a restraint for 30-60 seconds, then returned to 
the chambers for an additional 2 hours During the subse- 
quent weeks, the animals were tested Monday through Fri- 
day, drug or vehicle injections being performed on Tuesdays 
and Thursdays The animals were placed in the apparatus for 
30 minutes and their activity scores recorded at 15 minute 
intervals The rats then were removed, restrained, and in- 
jected (on drug days only) over 30 seconds with 0 5 tzl of 
drug solution The animals then were placed back in the 
chambers for an additional 2 hours Actwlty counts were 
recorded 15 30, 60, 90, and 120 minutes post-Injection 

His tolog r 

The animals were perfused transcardlally with 100 ml of 
saline followed by 100 ml of phosphate-buffered formalin 
Their brains then were removed and post-fixed for at least 
one week prior to sectioning The tissue then was transferred 
to a solution containing 5% sucrose m 0 1 M phosphate buf- 
fer for 24--48 hours, frozen with dry Ice and cut on a sliding 
mlcrotome Every fourth section (50 tzm) was retained, 
mounted on a gelatin coated slide and stained using the cre- 
sylecht violet procedure [45] 

Stattstu al Analwts 

Multivariate analyses were carried out using randomized 
block designs [11,33] The data from Experiment 1 were 
analyzed using an analysis of  vanance (ANOVA), three- 
factor mixed design with repeated measures on two factors 
(see [11]. pp 73-84) Data from Experiment 2 was analyzed 
by an ANOVA, two-factor mixed design wzth repeated meas- 
ures on one factor (tbtd, pp 55-61) The results from Exper- 
iments 3 and 4 were analyzed using an ANOVA with a re- 
peated measures-- two factors design (tbtd pp 48-54) In- 
dividual between-group compansons were performed when 
merited, by Newman-Keuls '  multiple range test [32,40] (see 
ref [11], pp 119--122), or by an F-test for simple effects 
(lbtd pp 140-142) For within group comparisons a 
Newman-Keuls '  test for related measures [32] (see [11], pp 
137-138) was used Statistical analyses were performed on a 
Hewlett-Packard HP-85 minicomputer with a No 90053 
statistical program package, as well as with Nos 300-0027, 
300-0029 and 300-0035 ANOVA programs (Hewhtt-Packard 
Corp , Corvallis, OR) 

RESULTS 

EXPERIMENT I INTRA-RAPHE BENZODIAZEPINE DOSE- 
RESPONSE ANALYSIS 

There is a substantial amount of evidence which indicates 
that GABA serves as a neurotransmltter m both the dorsal 
[22,39], and median [21] raphe nuclei The benzodlazepmes, 
moreover, are though to act by facilitating GABA-erglc neu- 
rotransmlsslon [12, 14, 22, 41, 43, 52, 54] We previously 
found [50] that injections of the GABA agomst, musclmol, 
directly into the median raphe nucleus produces dose- 
dependent increases in activity level We hypothesized, 
therefore, that mtra-raphe rejections of benzodmzepines also 
should produce hyperactwlty by faclhtatmg the effects of 
endogenously released GABA 
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Pro~ edure 

Three water soluble benzodtazeplnes (chlordlazepoxtde, 
mldazolam and flurazepam) were chosen for lntra-raphe 
dose-response analysis Cannulae were implanted in the 
median raphe nucleus of 18 rats as descnbed in the 
METHOD section Six of  the rats were assigned to the 
chlordiazepoxlde group, six to the midazolam group, and six 
to the flurazepam group The subjects were tested as de- 
scribed m the METHOD section On drug days, animals 
received sahne or a dose of the appropriate benzodiazeplne 
(0, 0 22, 0 44, 0 88 or 1 75 nmole) A three-factor split-plot 
ANOVA with repeated measures on two factors (see [11], 
pp 73-88) was used to analyze the results of  this experiment 

RESULTS 

Htstologtcal  Analysts 

The behavioral data from 2 rats (one from the chlor- 
dlazepoxide group and one from the mldazolam group) were 
ehmmated pnor to statistical analysis, since the cannula tips 
in these animals were localized 1 0-2 0 mm lateral to the 
median raphe nucleus The cannula tips m the accepted 
animals terminated in the rostrai portion of  the B-8 5-HT cell 
group [16], dorsal to the lnterpeduncular nucleus 

to~ omotor  A~ llvttv 

An ANOVA of the behavioral data demonstrated differ- 
ences m the response to the three drugs, F(2,15)=20 25, 
p < 0  0002 The effects of the different drug doses also were 
significant, F(5,75)=13 79, p<00001 The subjects' per- 
formances changed as a function of time after lnjectton, 
F(3,45)=668 26, p < 0  00001 In addition, the drug and dose, 
F( i 0,75) = 4 08, p < 0 0005, the drug and time, F(6,45 ) = 31 19, 
p < 0  0001, the dose and time, F(15,225)=7 64, p < 0  0001. 
and the drug, dose and time, F(30,225)=4 01, p < 0  0001, m- 
teractlons all were significant Individual comparisons 
demonstrated that injections of flurazepam and mldazolam 
into the median raphe nucleus produced a dose-dependent 
elevation in locomotor activity (Fig 1) Flurazepam was 
twice as potent as mldazolam, the former having a peak ef- 
fect at 0 44 nmole, the latter at 0 88 nmole Chlondazepoxlde 
was without effect As shown in Fig 2, the benzodtazeplne- 
induced hyperactivity was most promment durmg the first 30 
minutes post-injection 

CONCLUSION 

Facilitation of  mldbraln GABA neurotransmlsslon by 
lntra-raphe mlcrolnjections of the benzodlazeplnes, 
flurazepam and mldazolam, led to an increase in locomotor 
activity Although qualitatively similar to the effects of 
muscimol injections into the median raphe nucleus, the 
magnitude and duration of the benzodlazeplne effects were 
somewhat less [49,50] This is not surprising, however, since 
the effects of  the benzodiazeplnes depend on the release of 
endogenous GABA. whereas muscimol, as a receptor 
agontst, does not The effective pharmacological doses of  
musclmol no doubt produce a greater concentration of  recep- 
tor llgand than does the amount of GABA normally available 
for release 

Interestingly, in contrast to mldazolam and flurazepam, 
chlordlazepoxlde failed to alter activity level following its 
injection Into the median raphe nucleus This observation 
supports the view that chlordlazepoxide is a pro-drug, slml- 
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FIG 1 Intra-raphe benzodlazepme dose-response relatxonshlp 
Total activity scores (Mean+_S E M ) for the 2 hour penod following 
lnjecUon of O, 0 22, 0 44, 0 88 or 1 75 nmole of flurazepam (FLU, 
n=6), mldazolam (MID n=5) or chlordlazepoxlde (CDP, n=5) 
through cannulae chromcally implanted m the median raphe (MR) 
nucleus Asterisks indicate slgmficant elevation over the corre- 
sponding sahne-mjected control (dose=0) condition (*p<005, 
**p<0 01, Newman-Keuls' mulnple range test) 
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FIG 2 Temporal effects of mtra-raphe benzodlazepmes Cu- 
mulative activity scores (Mean_+S E M ) 15, 30, 60, 90 and 120 
minutes foUowmg the injection of optimal doses of flurazepam 
(FLU, 0 44 nmole), mldazolam (MID, 0 88 nmole), or chlor- 
dlazepoxlde (CDP, 0 44 nmole) through cannulae chronically Im- 
planted in the median raphe nucleus For the sake of clanty, the 
post-saline control (CONT) scores for the 3 groups have been 
combined **slgmficantly elevated over the corresponding sahne- 
reJected control condmon (p<0 01, Newman-Keuls' test for related 
measures) 

lar to prazepam and chlorazepate, which must be oxidized m 
uvo  to produce a centrally active metabohte [9, 10, 15, 30, 
48] Autoradlographlc studies performed recently in our lab- 
oratory [51] support this conclusion 

EXPERIMENT 2 INTRA-RAPHE BICUCULLINE DOSE-RESPONSE 
ANALYSIS 

Blcuculhne IS reported to be a relatively specific GABA 
receptor antagomst [2, 3, 12] Since activation of GABA re- 
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ceptors by rnusclmol [49,50] and presumed facd~tatlon of 
GABA-ergtc transmission by benzodtazepmes (Experiment 
1) in the median raphe nucleus produces hyperklnesls we 
hypothesized that d~rect injection of the GABA antagonist 
Ncuculhne, should dlmlmsh locomotor acnvlty Because the 
free base form of blcuculhne must be dissolved m a vehicle 
too acidic for direct mtracramal lnjecnons [42], this experi- 
ment was performed with the water-soluble salt btcuculhne 
methlodlde [38] We therefore, performed a dose-response 
analysis using mtra-raphe mlcromjectlons of Ncuculhne 
methlodlde 

Pro¢ edtlre 

Seven rats were outfitted with chromcally mdwelhng 
cannulae in the median raphe nucleus Animals were tested 
as described m the Method section On drug days subjects 
received mtracramal injections of either saline or blcuculhne 
methlodlde (0 22, 0 44 or 0 88 nmole, 8l,  161 or 323 ng as 
the base) according to a randomized block design [33] 

RESULTS 

Htstologt~ al Analysts 

Of the seven rats tested, only 5 were found to have ac- 
ceptable cannula placements The cannula tracts and tips m 
these rats were mdlstmgmshable from those m the prevmus 
experiments, and terminated within the B-8, 5-HT cell group 
[16] dorsal to the mterpeduncular nucleus 

to~ onlo tor  4~ ttvtt~ 

A two-factor spht-plot ANOVA with repeated measures 
on one factor (see [11], pp 55-61) failed to reveal a signifi- 
cant effect of blcuculhne methlodlde on locomotor acnwty 
Only the time after injection effect was significant 
F(4,96)=22 24, p < 0  0001 Seizures were not observed in any 
of the animals followmg the administration of the blcuculhne 
doses used 

CONCLUSION 

If direct activation of GABA receptors (such as produced 
by musclmol) or facilitation of GABA-ergtc transmission 
(such as produced by the benzodlazepmes) m the median 
raphe nucleus results in hyperactivity, then blockade of 
GABA receptors should have the opposite effect The data 
obtained in the present experiment, however, do not support 
this view Intra-raphe musclmol admmlstratlon may acutely 
inhibit the firing rates of local 5-HT neurons Blockade of the 
inhibitory effects of endogenously released GABA at the 
same receptor sites nevertheless, may not result m the op- 
posite condmon Although it is possible that 5-HT penkarya 
in the regmn of the median raphe nucleus may increase their 
rate of discharge immediately following their release from a 
tonic GABA-erglc mhlbmon, this enhancement most likely 
would be followed by an almost immediate return to the 
baseline due to collateral feedback inhibition [1] 

EXPERIMENT 3 INTERACTIONS OF INTRA-RAPHE 
BENZODIAZEPINES WITH MUSCIMOL 

We reported previously [49,50] that mtrapentoneal ad- 
ministration of a representative benzodlazepme, chlor- 
dlazepoxlde, potennated the hyperkmetlc effect of mtra- 
raphe musclmol injections To determine whether this poten- 
nation was due to an action on benzodlazepme receptors 

locally m the region of the raphe or at distant s~tes, we com- 
bined a sub-effectwe dose of flurazepam or mldazolam with 
a sub-effective dose of  musclmol for mjechon into the me- 
dian raphe nucleus 

Pto t  cd loc  

Cannulae were implanted m the median raphe nuclei of 14 
rats as described m the Method secnon Seven rats were 
assigned to the flurazepam-musclmol group and 7 to the 
mldazolam-musc~mol group In this experiment, ammals re- 
ceived either saline vehicle, or a sub-effective dose l0 22 
nmole) of flurazepam or mldazolam into the median raphe 
nucleus 5 minutes prior to e~ther saline (0 5 /xl) or a sub- 
effective dose of musclmol (0 22 nmole) Otherwise, the pro- 
cedure was the same as that in described m the Method 
section 

A repeated measures-two factors ANOVA design was 
used for the statistical analysis of the behavioral data (see 
[11] pp 48-54) This is an analysis which can be used when 
all treatments m a two-factor experiment are administered to 
each subject The effects of each treatment can be discerned 
individually, and the mteracnon between the two can be as- 
certained 

RESULTS 

Ht~tolo~,t( al Anah sts 

The behavioral data from 3 rats were ehmmated prior to 
stansncal analysis, since the cannula placements m these 
animals were locahzed 1 5-2 5 mm lateral to the medmn 
raphe nucleus The cannula tips terminated m the B-8 5-HT 
cell group [ 16] dorsal to the mterpeduncular nucleus m the 5 
rats comprising the flurazepam-musclmol group and in the 6 
rats forming the mldazolam-musclmol group 

Lo~ omolo t  A(  tt~lt~ 

Fhtra2epam-nltts~tmol tnteta~tton An ANOVA ot the 
total 2 hour post-mjecnon achv~ty scores demonstrated s~g- 
mficant effects both of musclmol F(1,26)=187 73 
p < 0  0001, and of flurazepam, F(1,26)= 173 38, p < 0  0001 
The effects of flurazepam and musc~mol, moreover in- 
teracted, F(1,26)= 161 00, p < 0  0001 Individual compari- 
sons however showed that only the combined inJect|on of 
flurazepam and musclmol produced significant elevanons 
over the vehicle-reJected control condmon (Table 1) This 
observanon accounts for the slgmficant effects of musclmol 
and flurazepam mennoned above 

Mtdazoh~nt-nut~(tmol tntera~ tton An ANOVA of the 
total 2 hour post-lnjecnon activity scores demonstrated slg- 
mficant effects both of musctmol F(1,27)= 168 06, 
p < 0  0001 and of mldazolam F(1,27)=137 64, p < 0  0001 
S~mdar to the results above, the effects of mldazolam and 
musctmol interacted F(l 27)= 165 76 p < 0  0001 Individual 
comparisons showed that only the sequential injections oI 
mldazolam and musclmol together produced acnwty scores 
slgmficantly higher than those after vehicle injections (Table 
I) Th~s observanon accounts for the significant muscmaol 
and mldazolam effects reported above 

CONCLUSION 

Our previous dose-response analysis [49,50] demon- 
strated that musclmol in a dose of 0 22 nmole (25 ng) did not 
produce significant elevahons m acnvlty level The 0 22 
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T A B L E  1 
I N T R A - R A P H E  B E N Z O D I A Z E P I N E  I N T E R A C T I O N S  

W I T H  M U S C I M O L  

Dose Muscimol 
Dose 
Benzodiazepme Vehicle 0 22 nmole 

Flurazepam 1848 ± 175 2251 _+ 366 
Vehicle 

Flurazepam 2078 _+ 174 5769 _+ 392* 
0 22 nmole 

M~dazolam 1200 _+ 182 1201 _+_ 165 
Vehicle 

M~dazolam 1006 _+ 95 5530 _+ 126~ 
0 22 nmole 

Total activity scores (Mean _+ S E M ) following injection of 
musomol (0 22 nmole) or sahne (0 5 /xl) through cannulae chroni- 
cally mdwelhng in the median raphe nucleus F~ve minutes prior to 
receiving musclmol, the animals were rejected w~th flurazepam (0 22 
nmole, n=5), m]dazolam (0 22 nmole, n=6) or saline (0 5 p.l) 

*S~gnificantly different from musomol vehicle plus flurazepam 
vehicle condition (p<0 001), +S~gmficantly different from muscimol 
vehicle plus midazolam vehicle condition (p<0 001, Student s t-test, 
2-tailed) [53] 

nmole  dose  of  e i the r  f lu razepam and  m~dazolam also was  
be low that  requi red  to induce  hype rac t iv i ty  ( E x p e n m e n t  l) 
H o w e v e r .  w h e n  the subef fec t lve  dose  (0 22 nmole)  of  mus-  
clmol  was re jected lmmedmte ly  fol lowing the ln t r a - raphe  
admin i s t r a t ion  of  e i the r  b e n z o d l a z e p i n e ,  a hyperk lne t l c  ef- 
fect  was  p r o d u c e d  which  was  of  the  same  magn i tude  as tha t  
o f  a four-fold h~gher dose  (0 88 nmole)  of  m u s o m o l  a lone ,  as 
d lus t ra ted  in Fig 3 T h e s e  o b s e r v a t i o n s  suppor t  the  conclu-  
sion tha t  the  b e n z o d l a z e p i n e s  act  by  fac lh ta tmg the  post-  
synpa t ic  effects  o f  e n d o g e n o u s l y  re leased  G A B A  and of  
G A B A  agonis ts  

E X P E R I M E N T  4 I N T E R A C T I O N S  O F  I N T R A - R A P H E  B I C U C U L L I N E  
M E T H I O D I D E  A N D  M U S C I M O L  

We have  repor ted  that  per iphera l  a d m t m s t r a t i o n  o f  the  
G A B A  an tagon is t ,  b l cucu lhne ,  b locked  the  hyperac t iv i ty -  
inducing  effect  of  mt r a - r aphe  musc lmol  in jec t ions  [49.50] 
We hypo thes i zed ,  the re fore ,  tha t  p r e t r e a t m e n t  by  lntra-  
r aphe  admin i s t r a t i on  of  b l cucu lhne  me th lod ide  should  pre-  
ven t  the  hype rk lnes l s  Induced by ln t r a - raphe  musc imol  In- 
j ec t ions  

Pro( edure 

Cannu lae  were  implan ted  in the  med ian  raphe  nuclei  of  7 
ra ts  as desc r ibed  in the  M e t h o d  sec t ion  In this  e x p e r i m e n t ,  
an imals  rece ived  e i the r  saline vehic le  or  b l c u c u l h n e  
me th lod ide  (0 88 nmole ,  323 ng) into the  med ian  raphe  nu- 
cleus 5 minu te s  pr ior  to e~ther m u s o m o l  (0 88 nmole ,  100 ng) 
or  sal ine in jec t ion  The  p rocedu re  o the rwi se  was ident ical  to 
tha t  desc r ibed  in the M e t h o d  sec t ion  

R E S U L T S  

Htstologt~ al Analvsts 

Of  the  7 ra ts  s tud ied  6 were  found  to have  accep tab le  

6 

~ 3, 

' ~  2"  

B ~ I I F L U  2~ UU, Z, 

,r . .  ~ 

ig 3"o do 
Time after mlechon (ram) 

FIG 3 Interaction of mtra-raphe benzodmzepines with musclmol 
Cumulative actwity scores (Mean_+S E M ) 15, 30. 60, 90 and 120 
minutes following reJection of musclmol (0 22 nmole) or sahne (0 5 
~tl) through cannulae chronically indwelling in the medmn raphe 
nucleus Five minutes pnor to receiving muscimol, the animals were 
reJected with flurazepam (0 22 nmole, n=5), mldazolam (0 22 
nmole, n=6) or saline (0 5 /zl) The vehicle-musomol 0 88 nmole 
data were obtained in Experiment 4d, which was conducted at the 
same time as the present expenment The control means (_+S E M ) 
were obtained in the same manner as reported m Fig 2 ** signifi- 
cantly elevated over the corresponding sahne-injected control con- 
dltlon (p<0 01 Newman-Keuls' test for related measures) 

cannu la  p l a c e m e n t s  in the ros t ra l  a spec t  of  the  med ian  raphe  
nuc leus ,  dorsa l  to the  l n t e rpeduncu l a r  nuc leus  

Locomotor Acttvttv 

An A N O V A  of  the  to ta l  2 hou r  pos t - in jec t ion  act iv i ty  
scores  d e m o n s t r a t e d  tha t  the  effect  o f  muscImol  was slgmfi- 
cant ,  F(1 ,27)=814 13. p < 0  0001 whe rea s  tha t  of  b l cucu lhne  
me th lod lde  a lone  was not  F u r t h e r m o r e ,  the  effects  of  
b l cucu lhne  me th iod ide  and  musc imol  in te rac ted ,  
F ( I , 27 )=238  87, p < 0  0001 As  s h o w n  in Table  2, ln t ra - raphe  
b l cucu lhne  me th lod ide  comple te ly  b locked  the  hype rac t iv i ty  
p roduced  by a s u b s e q u e n t  inJect ion into the median  raphe  
nuc leus  of  an equ lmola r  dose  of  musc imo l  

C O N C L U S I O N  

The  resul t s  f rom these  expe r imen t s  suggest  tha t  the  ef- 
fects  of  pe r iphera l  inJect ions of  b icucul l lne  on  in t ra - raphe  
m u s c i m o l - m d u c e d  hyperac t iv i ty  p robab ly  are due to the i r  
in te rac t ions  at  the  same  G A B A  recep to r s  wi th in  the  mid- 
b ra in  

D I S C U S S I O N  

E v i d e n c e  has  b e e n  a d v a n c e d  which  s t rongly  suggests  tha t  
G A B A  serves  as a n e u r o t r a n s m l t t e r  m bo th  the  dorsa l  [6, 22, 
23, 24, 35, 43, 44] and  the  med ian  [21] r aphe  nuc leus  Ben-  
zod lazep lne  r ecep to r s  also have  been  local ized in the  region 
of  the  med ian  r aphe  nuc leus  [51, 56, 57] In a p rev ious  s e n e s  
of  e x p e n m e n t s  [49,50], we found  tha t  d i rec t  ln t racran la l  in- 
j ec t ions  of  the  G A B A  agonls t ,  musc imol ,  into the  dorsa l  or  
med ian  raphe  nuc leus  of  ra ts  p roduced  a d o s e - d e p e n d e n t  
l o c o m o t o r  hyperac t iv i ty  The  median  raphe  nuc leus ,  
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T A B L E  2 

INTRA-RAPHE BICUCULLINE INTERACTIONS WITH MUSCIMOL 

Dose Dose Muscunol 
Blcuculhne 
Methlodlde Vehicle 0 88 nmole 

Vehicle 1638 _+ 224 5210 + 246* 

0 88 nmole 1715 +_ 235 1827 _+ 103 

Total act~wty scores (Mean _+ S E M ) for the 2 hour period fol- 
lowing the reject|on of musclmol (0 88 nmole) or sahne (0 5 /zl) 
through cannulae chromcally unplanted m the medmn raphe nucleus 
(n=6) Five minutes prior to receiving muscunol or sahne, the 
anunals recewed blcuculhne methlodlde l0 88 nmole) or sahne 

*Slgmficantlv different from muscunol vehicle plus blcuculhne 
vehicle condition (p<0 001, Student's t-test, 2-tailed) [53] 

moreover ,  was four  t imes more senslttve to thts effect  of  
musctmol  than was the dorsal raphe nucleus Thts hyper- 
kmetlc  effect was potentiated by lntraperItoneal admmlstra-  
tton of  the benzodtazepme,  chlordlazepoxlde,  and blocked 
by mtraperl toneal  injectton of  blcuculhne In addition, de- 
pletton of  forebraln 5-HT prevented  the hyperact ivi ty  re- 
duced by mtra-raphe musctmol  

It remained to be determined,  however ,  whether  the ef- 
fects of  the perapherally administered btcuculllne and chlor- 
dlazepoxlde were due to thetr binding to the same neuronal 
membranes  as the lntra-raphe musclmol  To lnvesttgate thts 
problem we conducted  the present  study I f  benzodlazepme 
compounds  do act to faclhtate GABA-erg ic  transmlsston,  it 
seemed plausible to hypothesize  that mtra-raphe admmlstra-  
tlon of  representat tve  benzodtazeplnes  might produce m- 
creases in locomotor  activity We tested (Exper iment  1) this 
hypothesis  by mjectmg three different water-soluble benzo- 
dtazepmes (chlordlazepoxlde,  f lurazepam and mldazolam) 
dtrectly into the median raphe nucleus through chronically 
indwelhng cannulae Water  soluble compounds  were chosen 
m order  to avotd any potenttal  behavioral  effects that might 
ensue from the use of  a non-aqueous  vehicle The ethanol- 
propylene glycol vehtcle commonly  used to dissolve non- 
water  soluble benzodlazepmes  most likely would have de- 
leterious effects if injected directly mto the brain We found 
that mjecttons of  f lurazepam and midazolam directly into the 
median raphe nucleus both produced dose-dependent  in- 
creases  m locomotor  activity (Fig l) F lurazepam,  
moreover ,  produced a maximal hyperkmet lc  effect at a dose 
one-hal f  as great as that requtred for mtdazolam Thts obser-  
vatton ts consis tent  with the hypothests  that these com- 
pounds act on two different allosterlc sites on a 
benzod iazep lne -GABA-recep to r  complex  [12, 41, 43, 44] 
The greater  potency of  f lurazepam over  mldazolam m induc- 
ing hyperact ivi ty  also is in keeping with the relative order  of  
potencies  of  these drugs in displacing radtolabeled benzodt-  
azepmes  from bmdlng sttes m vt tro [7, 8, 37] The weaker  
response to midazolam could also be due to the insolublhty 
of  this compound  at phystologlcal  pH [26] 

The fatlure of  chlordlazepoxtde both to induce hyperac-  
tlvtty when injected into the median raphe nucleus m vtvo 
and to displace 3H-flunitrazepam binding m vt tro [51] is 
further ev idence  that chlordlazepoxtde is a pro-drug which 
must be conver ted  to act ive metabohtes  tn order  to have an 
effect in the central  nervous  system [9, 10, 15, 25, 28, 30, 48] 

The benzodlazeplnes  are thought  to act post-synaptical ly 
by bmdmg at a site on a large receptor- tonophore  complex  
a l los tenc  to the G A B A  bmdmg stte, and thereby increase the 
affinity of  the latter for tts hgand [12, 13, 14, 41,42,  44] If so 
then the G A B A  agontst, musctmol,  and the centrally acttve 
benzodlazepmes  should have addlttve hyperklnettc effects 
when injected one after the o ther  dtrectly into the median 
raphe nucleus We combined a sub-effective dose of  mus- 
clmol with a sub-effecttve dose of  etther f lurazepam or 
mtdazolam Both combinat ions  produced hyperkmet ic  ef- 
fects as robust  as a fourfold higher dose (0 88 /xmole) ot 
musctmol  alone (Ftg 3) Inasmuch as specific benzodtaze-  
pine bmdlng sites are known to extst in the central nervous  
system [37, 56, 57] it is posstble that the hyperkmet ic  effects 
o f  mtra-raphe benzodmzepmes  are mdependent  of  lnterac- 
tmns at the G A B A  bmdlng stte The finding that the combi- 
nations of  mtdazolam or f lurazepam wtth musclmol  
produced supra-additive effects renders  this latter mterpre-  
tatton unhkely 

If facflltatmn of  GABA-erg lc  neurotransmtsston tn the 
median raphe nucleus produces  hyperact ivi ty ,  then blockade 
of  G A B A  receptors  might be expected  to have the oppostte 
effect However ,  mtra-raphe btcuculhne lnjecttons did not 
affect acttv~ty level Thts observat ton is not surprlsmg, smce 
release from tonic GABA-ergtc  mhtbltton [21] would result m 
an lmttal brtef  increase in the firing rates of  5-HT neurons,  
fol lowed by an almost tmmedtate  return to basehne due to 
collateral feedback inhibition [1] If, on the other  hand, the 
GABA-erg tc  inhibition in the median raphe ts not tomc,  then 
blcuculhne methtodlde would not be expected  to produce the 
predtcted hypoact lvl ty  The mtra-raphe mjectlon of  bl~.ucul- 
lme methlodide,  however ,  dtd block the hyperklnetlc effect 
of  musctmol ,  providing addttlonal ev idence  that the mus- 
o m o l  effect is due to a dtrect actlvatton of  G A B A  receptors  
wtthln the raphe 

The results from these exper iments  support  the view that 
the lntra-raphe injection of  muscimol  produces hyperklnesls  
via actlvlat lon of  local G A B A  receptors  In addttlon, they 
suggest that lntra-raphe admmistra t lon of  certain benzodlaz-  
epmes can produce hyperact lvt ty by facihtatmg G A B A  
transmlsston 
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