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The effects of several fl-carboline and purine ligands for benzodiazepine receptors were studied upon GABA 
(4-aminobutyric acid) responses and upon diazepam enhancement of GABA responses, using mouse spinal cord 
neurons in dissociated cell culture. While the potent convulsant fl-carboline DMCM (methyl-6,7-dimethyoxy-4-ethyl- 
carboline-3-carboxylate), reduced GABA responses, methyl-carboline-3-carboxylate (flCCMe) and the corresponding 
ethyl ester (flCCEt) did not alter GABA responses. The propyl ester (/~CCPr) enhanced GABA responses in a 
concentration-dependent fashion, while both flCCMe and flCCPr blocked diazepam enhancement of GABA re- 
sponses, flCCPr may thus have partial agonist activity. Two purines with moderate benzodiazepine receptor affinity, 
l-methylisoguanosine (MelG) and 6-dimethylaminopurine (DMAP), weakly enhanced GABA responses. MelG also 
significantly antagonized diazepam enhancement of GABA responses. Inosine and hypoxanthine had no apparent 
actions upon GABA responses or upon diazepam enhancement of such responses. The results with fl-carbolines are 
consistent with their behavioural profile in vivo and with neurochemical studies of their effects upon GABA-benzodi- 
azepine receptor complexes. Furthermore, certain purines are also able to interact with these complexes. 
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1. I n t r o d u c t i o n  

The identification of specific binding sites in 
the central nervous system for benzodiazepines 
(Braestrup and Squires, 1977; M6hler and Okada, 
1977) has prompted searches for endogenous 
ligands for these sites. In addition to various 
peptides (Chiu and Rosenberg, 1981; Guidotti et 
al., 1983), fl-carboline-3-carboxylate ethyl ester 
( f lCCEt)  (Braestrup et al., 1980) and certain 
purines including inosine and hypoxanthine 
(Skolnick et al., 1978; Asano and Spector, 1979; 
MOhler et al., 1979) have been suggested to serve 
such a role. While some fl-carbolines and purines 
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also have benzodiazepine agonist or antagonist-like 
activity, thorough evidence that similar endoge- 
nous compounds modulate benzodiazepine recep- 
tors in vivo is lacking, f lCCEt has been shown 
more recently to be an extraction artifact and 
unlikely to occur in the central nervous system 
(Braestrup and Nielsen, 1980; M6hler, 1981). 

However, the alkyl esters of fl-carboline-3- 
carboxylic acid are in general potent ligands for 
benzodiazepine binding sites and as a class have a 
range of pharmacological profiles. While the com- 
pounds act as benzodiazepine antagonists, some 
are anxiogenic and potent convulsants (e.g. 
methyl-6,7-dimethoxy-4-ethyl-fl-carboline-3-car- 
boxylate, DMCM), others proconvulsant (e.g. 
f lCCEt) and compounds with larger alkyl substitu- 
tions such as fl-carboline-3-carboxylate propyles- 
ter (f lCCPr) have anticonvulsant activity (Cepeda 
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et al., 1981; Braestrup et al., 1982; Oakley and 
Jones, 1982; Valin et al., 1982; Jensen et al., 1983). 
As such, they have proven valuable in the study of 
benzodiazepine receptor multiplicity and function. 

Inosine and hypoxanthine are relatively weak 
inhibitors of benzodiazepine binding (Huang et 
al., 1980; Skerritt et al., 1982b), although it is 
possible that brain levels sufficiently high to inter- 
act with benzodiazepine receptors could be 
achieved in vivo under certain physiological condi- 
tions. Further, these purines do have benzodi- 
azepine-like activity in some behavioural assays 
(Skolnick et al., 1979), and like clonazepam bind 
selectively to central rather than peripheral benzo- 
diazepine receptors (Skerritt et al., 1982a). 

In the previous paper (Skerritt and Macdonald, 
1983) we demonstrated that certain benzodi- 
azepines and nonbenzodiazepine anticonvulsant/  
anxiolytics enhanced GABA responses in mouse 
spinal cord (SC) neurons in cell culture at con- 
centrations likely to be found in cerebrospinal 
fluid during therapy. Further, such enhancement 
was antagonized by Ro 15-1788, a benzodiazepine 
antagonist. In the present study we have investi- 
gated the effects of/3-carboline and purine ligands 
for benzodiazepine receptors and have demon- 
strated a correlation between the in vivo actions of 
these substances and their effects upon GABA 
responses of mouse SC neurons in cell culture. 

2. Materials and methods 

Methods used in the present study are outlined 
in the accompanying paper (Skerritt and Mac- 
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donald, 1984). The fl-carboline esters used were a 
generous gift of Dr. C. Braestrup, A / S  Ferrosan, 
Denmark. They were dissolved in vehicle (0.1% or 
less dimethylsulfoxide) and applied to neurons in 
the same manner as the benzodiazepines. Purines 
were dissolved directly in recording medium. 
1-Methylisoguanosine was a gift of Roche Prod- 
ucts, Australia, and inosine, hypoxanthine and 
6,6-dimethylaminopurine were purchased from 
Sigma. 

3. Results 

The convulsant DMCM at 100 nM reduced 
GABA responses in all SC neurons tested (fig. IA, 
table 1). While diazepam reversibly enhanced 
responses of SC neurons to iontophoretically ap- 
plied GABA in a concentration-dependent fashion 
(see previous paper), neither /3-carboline-3-carbo- 
xylic acid methyl ester (/~CCMe) (fig. 1B) nor 
/3CCEt (fig, 1C) altered GABA responses at 100 
nM or 10 ~M (table 1). The corresponding propyl 
ester (/3CCPr) weakly but significantly enhanced 
GABA responses at 100 nM (table 1). /3CCPr 
enhanced GABA responses in a concentration-de- 
pendent fashion (fig. 2, table 1); 10 nM was inef- 
fective while enhancement at 10 /~M (84_+ 17%, 
n = 10 cells) (fig. 1D) was not statistically signifi- 
cantly different from maximal enhancement by 
diazepam (81_+10% at 10 nM, n = 1 3  cells). 
/3CCMe (100 nM) markedly decreased diazepam 
enhancement of GABA responses on all 6 cells 
tested (fig. 3A, table 1) while flCCEt (100 nM) 
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Fig. 1. Reversible modulation of GABA responses by/3-carboline esters: (A) DMCM 100 nM (MP = - 7 5  mV). (B)/3CCMe 100 nM 
(MP = - 7 2  mV). (C) ,SCCEt 100 nM (MP = - 7 8  mV) (D) /3CCPr  10 ,aM (MP = - 8 2  mV). A-D represent separate cells. 
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TABLE 1 

Effects of fl-carboline esters upon GABA responses of cultured spinal cord neurons and their enhancement by diazepam (100 nM). 

(n) % Control GABA (n) % Inhibition of % cells with 
response diazepam (100 nM) > 20% inhibition 

enhancement of of DZ enhancement 
GABA response of GABA response 

DMCM 100 nM 9 53.3_+ 5.4 a n.t. n.t. 
flCCMe 100 nM 6 98.0_+ 3.9 6 76.5-+ 2.6 b 100% 

10p.M 6 106.7+ 3.4 n.t. n.t. 
flCCEt 100 nM 13 95.2+ 2.9 9 24.0_+9.7 44% 

10t~M 8 101.9_+ 3.9 n.t. n.t. 
flCCPr 100 nM 18 114.5_+ 2.9 a 14 86.5_+6.5 b 85% 

10/~M 10 183.7_+ 17.3 a n.t. n.t. 

~ P < 0.001 from control (responses to buffer containing vehicle only), Student's 2-tailed t-test, b P < 0.001 from mean enhancement 
by diazepam. (n) = number of ceils studied, n.t. = not tested. 
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antagonized diazepam (by more than 20%) in 4 of 
9 cells studied (table 1). flCCPr (100 nM) reduced 
further enhancement of responses by diazepam 
(fig. 3B, table 1). 

The purine, 1-methylisoguanosine (MeIG), en- 
hanced GABA responses weakly (fig, 4A) but in a 

Fig. 2. Concentration-dependence of flCCPr enhancement of 
GABA responses. Drug concentrations shown are logarithm 
molar. Control bars are hatched, flCCPr (Pr, 100 nM) signifi- 
cantly antagonized enhancement of GABA responses by di- 
azepam (DZ, 100 nM). Filled stars: P < 0.05 from control 
(vehicle) GABA responses, Student's t-test, 2-tailed. Empty 
stars: P < 0.05 from diazepam (DZ, 100 nM). 
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Fig. 3. Blockade of diazepam enhancement of GABA responses by fl-carboline esters. (A) Diazepam (100 nM) reversibly enhanced 
GABA responses, and flCCMe (100 nM), which itself did not alter GABA responses, blocked enhancement by diazepam. (B) 
Enhancement of GABA responses by 100 nM diazepam was blocked by flCCPr (100 nM) which itself produced a weak enhancement 
of GABA responses in SC neurons. GABA responses returned to control values within 6 min following removal of the fl-carboline 
esters. Cell A, MP = - 7 2  mV; cell B, MP = - 7 5  mV. 
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concentration-dependent fashion (table 2). Signifi- 
cant enhancement (8.6%) was produced at 10 #M 
MeIG, with 22% enhancement being produced at 
500 I~M. The purine, 6-dimethylaminopurine 
(DMAP), at 500 /~M also enhanced GABA re- 
sponses (by more than 10%) on 4 of 6 cells studied 
(fig. 4B, table 2). Neither inosine nor hypoo 
xanthine enhanced GABA responses at 100 #M or 
1 mM; at 1 mM GABA responses were weakly 
inhibited (table 2). At 100 /~M, MeIG enhanced 
GABA responses and significantly reduced the 
further enhancement of GABA responses by di- 
azepam (fig. 4C, table 2). Further, inosine (1 raM) 
failed to alter enhancement of GABA responses by 
diazepam (100 nM) (fig. 4D, table 2). 

In no cells studied did any of the/~-carbolines 
or purines alter resting membrane potential or 
conductance. Furthermore, at a concer~tration 
which enhanced GABA responses (10 /~M), 
,SCCPr, like diazepam, failed to affect glutamate 
responses of SC neurons (responses 97.4_+ 2.4% 
control, n = 4 cells). 

4. Discussion 

The results obtained on modulation of GABA 
responses by/3-carboline esters are in keeping with 
their in vivo actions and their effects on GABA- 
benzodiazepine receptor complexes as studied by 
neurochemical methods. DMCM had potent con- 
vulsive activity in mice (Braestrup et al., 1982) and 
in the present study was found to potently antago- 
nize GABA responses, f lCCMe had weak con- 
vulsant activity and was anxiogenic in conflict 
tests in mice, while /~CCEt was also anxiogenic 
and facilitated the convulsant activity of certain 
compounds, while not itself producing seizures 
(Braestrup et al., 1982: Oakley and Jones, 1982: 
Corda et al., 1983; De Carvalho et al., 1983). 
Neither /~CCMe nor /~CCEt reduced GABA re- 
sponses in cultured SC neurons, although in cat 
spinal cord in situ some antagonism has been 
observed (Polc et al., 1981, 1982). f lCCMe reduced 
diazepam enhancement of GABA responses while 
/~CCEt had a lesser (29% reduction) effect, which 
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Fig. 4. Effects of certain purines upon GABA responses and their enhancement by diazepam (DZ). (A) 1-Methylisoguanosine (MelG, 
500 #M; MP = - 8 0  mV) and (B) 6-dimethylaminopurine (DMAP, 500/~M; MP = - 6 2  mV) reversibly enhanced GABA responses. 
(C) Diazepam (100 nM) enhancement was reduced by 100/~M MelG, which itself weakly enhanced GABA responses (MP = - 8 0  
mV). (D) Inosine (INO, 100 t~M) weakly depressed GABA responses but did not alter their (percentage) enhancement over control 
levels (PRE), by 100 nM diazepam (MP = -75  mV). 
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Effects of purines and diazepam upon GABA responses of cultured spinal cord neurons. 
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Number of Mean % % cells with 
cells studied enhancement responses 
(n) enhanced by 

more than 10% 

(1) l-Methylisoguanosine 10/~ M 10 + 8.6 +_ 3.6 ~ 40 
100~M 29 +12.8+ 2.9 h 48 
500~M 12 +22.0_+ 4.2 h 83 

6-Dimethylaminopurine 500 t~M 6 + 25.3 _+ 6.8 b 67 
Inosine 100 btM 6 +5.2+_ 2.5 0 

1 mM 16 -8 .6_+  3.0 ~ 0 

Hypoxanthine 100/~M 9 - 0.8_+ 2.5 0 
1 mM 8 -15.3+__ 3.4 ~ 0 

(2) l-Methylisoguanosine 100 ~M 18 + 11.8_+ 2.9 ~ 50 
Diazepam (DZ) 100 nM 18 + 66.5 _+ 5.7 ~ 100 
I-MelG+DZ 18 +46.1 _+ 4.6 ~ 88 
Inosine 1 mM 8 - 11.9_+ 4.9 " 0 
Diazepam (DZ) 100 nM 8 + 70.1 _+ 12.7 b 0 
lnosine + DZ 8 +68.4_+ 9.3 ~ 0 

~ P < 0.05, b p < 0.005 from cells miniperfused with drug-free control medium, c p < 0.05 from diazepam (100 nM) alone (Student's 
t-test, 2-tailed). 

failed to achieve stat ist ical  significance. Both 
f l C C M e  and f l C C E t  blocked the ant iconvulsant  
act ivi ty  of d i azepam in mice (Oakley  and Jones, 

1982). 
Other  neurochemical  and  behavioura l  s tudies 

have revealed results  co r respond ing  to those of 
this study. G A B A  marked ly  inhib i ted  the b ind ing  
of  [ 3 H ] D M C M  (Braest rup et al., 1982) while 
f i C C M e  and ~SCCEt did  not  al ter  basal  low affin- 
i ty G A B A  binding,  but  inhibi ted  its enhancement  
by  d i azepam (Skerr i t t  et al., 1983). In keeping with 
neurochemica l  results,  ~SCCPr and d iazepam en- 
hanced  G A B A  responses  over a similar  concentra-  
t ion range (Skerr i t t  et al., 1983). Physiological  
invest igat ions  reveal it actual ly  is a par t ia l  agonis t  
since low concent ra t ions  of ~SCCPr (100 nM),  
which p roduced  only modera te  enhancement  of 
G A B A  responses,  p revented  further  effects of di- 
azepam (fig. 3). ~SCCPr inhibi ted  ~SCCMe seizures 
(Valin et al., 1982) and an tagonized  audiogenic  
seizures in mice (Jensen et al., 1983). The la t ter  
s tudy  found that  p ropor t iona te ly  greater  oc- 
cupancy  of  benzodiazep ine  receptors  by  f lCCPr  
than d iazepam was needed for its an t iconvulsant  
activity.  This could  arise from the s imilar  po tency  
but  lower efficacy o f / ~ C C P r  relat ive to d iazepam 
as an enhancer  of  G A B A  actions. 

The purines,  inosine and hypoxanth ine ,  were 
the first descr ibed  puta t ive  endogenous  benzodi-  
azepine receptor  l igands.  Inosine  has been demon-  
s t ra ted  to have benzodiazepine- l ike  act ivi ty agains t  
penty lene te t razole  seizures, yet in cer ta in  behavio-  
ural  models  it was able  to an tagonize  d i azepam 
(Skolnick et al., 1979; Crawley et al., 1981). How- 
ever, at no concent ra t ion  tested did  inosine or  
hypoxan th ine  marked ly  alter G A B A  responses,  
and  1 m M  inosine failed to al ter  response en- 
hancement  by d iazepam.  Inosine  was a weak in- 
h ib i to r  of benzodiazepine  b ind ing  in cul tured SC 
neurons  (K i 2.8 mM, Huang  et al., 1980) so it 
canno t  be ruled out  that  higher inosine concentra-  
t ions (e.g. 10 mM)  may have some activity.  How- 
ever, the relevance of such concent ra t ions  to the in 
vivo act ions  of the pur ine  is quest ionable .  The  
f inding that  inosine fai led to al ter  G A B A  re- 
sponses is in cont ras t  to a repor t  of the abi l i ty  of 
inosine to reverse d iazepam inhibi t ion  of rat  sub- 
s tant ia  zona ret iculata  neurons  and to p roduce  a 
d iazepam- l ike  inhibi t ion  of firing rate  at higher  
dose  (Skolnick et al., 1983). However ,  these effects 
m a y  not  necessar i ly  be med ia ted  by  G A B A - c o u -  
p led  benzodiazepine  receptors.  Inosine  has also 
been  repor ted  to have direct  effects upon mem-  
b rane  potent ia l  and conduc tance  of cul tured spi- 
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nal neurons (MacDonald et al., 1980), although in 
the present experiments no direct effects of inosine 
or any other purine were observed. 

Neurochemical studies have indicated that while 
the affinities of inosine and hypoxanthine for ben- 
zodiazepine antagonist binding were unaltered by 
10 >M GABA, the potencies of certain purines 
with higher receptor affinities (eg. MeIG, DMAP) 
could be altered by GABA, albeit in a different 
manner from that of diazepam (Skerritt et al., 
1982b). Micromolar concentrations of these 
purines produced a moderate but statistically sig- 
nificant concentration-dependent enhancement of 
GABA responses in cultured SC neurons, while 
100 /~M MeIG partially blocked enhancement of 
GABA responses by diazepam. Certain purines 
may therefore act as partial agonists at benzodi- 
azepine receptors. Taken together with the ap- 
parent selectivity of purines for central rather than 
peripheral benzodiazepine receptors (Skerritt et 
al., 1982a), it is possible that purines could be 
developed with clinically useful selective actions 
on benzodiazepine receptors. 
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