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G U I D O T T I ,  A.,  M. B A R A L D I ,  J. P. S C H W A R T Z  A N D  E. COSTA.  Molecular mechanisms regulating the interactions 
between the 1,4-benzodiazepines and GABA receptors in the central nervous system. P H A R M A C .  BIOCHEM.  BEHAV .  
10(5) 803-807, 1979.--Using radioreceptor assay techniques to measure the kinetics of GABA and diazepam re- 
ceptors, a relationship between GABA and benzodiazepine receptors has been firmly established in membranes of brain 
and neuroblastoma NB2,, clonal cell lines. Occupancy of benzodiazepine receptors uncovers a new population of GABA 
receptors (GABA~ receptors) endowed with high affinity for GABA. Moreover, stimulation of GABA receptors increases 
the affinity of i ,4-benzodiazepine receptors for 1,4-benzodiazepines. This reciprocal interaction appears to be mediated by 
an endogenous regulatory protein (for details on this protein see [14 and 29]) which allosterically regulates GABA2 
receptors while it competitively interacts with benzodiazepines for their specific binding sites. The rank order of potency of 
the various 1,4-benzodiazepines to block the action of this protein inhibitor on GABA receptors is related to their capacity 
to displace 3H-diazepam binding. These data suggest that the interaction between the 1,4-benzodiazepine receptors and the 
endogenous protein modulator of GABA~ receptors might play a role in the pharmacological action of the 1,4- 
benzodiazepines. 

Molecular mechanisms GABA receptors 1,4-benzodiazepines 

N E U R O P H A R M A C O L O G I C A L ,  behavioral and neuro- zodiazepines act by releasing GABA from presynapti, 
chemical evidence support the notion that 1,4-benzodiaze- age sites [15]. However,  a lack of  increase of GAB, ~ 
pines facilitate the action of GABA at the synaptic level [ 1, 4, over rate following 1,4-benzodiazepines tends to exclu, 
6, 8-11, 18, 23, 26, 30]. While GABAergic  transmission is possibility [19]. Moreover,  a series of recent studies su 
considered to be operative in the muscle relaxant, anti- the view that the action of 1,4-benzodiazepines is 
convulsant and ataxic actions of benzodiazepines,  the par- synaptic and occurs at the level of the GABA recepto~ 
ticipation of  GABA in their anxiolytic action is still contro- 6, 10, 14, 18, 26]. The discovery that 1,4-benzodiaz 
versial [23, 26, 27, 30]. The action of 1,4-benzodiazepines on bind with high affinity to a specific receptor site in 
behavioral depression elicited by conditioned fear is inhib- [21,25] has stimulated a great interest in looking ! 
ited by GABA receptor antagonists [23, 26, 30], while in- endogenous agonist of this receptor and in studying 
hibitors of GABA degradation act similarly to the benzo- membrane level, the molecular mechanisms of  the ir 
diazepines [23,30]. However ,  some perplexity was generated tions between 1,4-benzodiazepines and GABA at th~ 
by the finding that muscimol, a GABA receptor  agonist, pos- synaptic GABA receptors. While numerous attempts 
sesses benzodiazepine-like anticonflict activity which was late the postulated endogenous neurotransmitter ago 
not dose-dependent  [27]. It is probable that the sedative ef- the receptor for 1,4-benzodiazepines have been unco 
fect [27] or other peculiarities of  the profile of  this GABA ing so far [2, 5, 14, 16, 20], a relationship between GAF 
receptor agonist may, in due time, explain the apparent dis- the benzodiazepine receptors has been firmly establisl 
crepancies between the anticonflict effect of 1,4-benzo- 14, 28]. In vitro occupancy of the benzodiazepine rec 
diazepines and the atypical action of  muscimol, a prototype located in brain membranes uncovers a new popula! 
of the GABA receptor  agonists. The facilitation of  GABA GABA receptors endowed with high affinity for ( 
transmission by 1,4-benzodiazepines requires an optimal [5,14]. Moreover,  stimulation of GABA receptors inc 
storage of GABA and the presence of nerve impulses. Based the affinity of  the benzodiazepine receptors for 1,4-1 
on these observations,  it has been postulated that the ben- diazepines [28]. This reciprocal interaction appears 
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3H-Diazepam displacement 
FIG. 1. Inverse correlation between the amount of inhibitor required to nullify ben- 
zodiazepine facilitation of :~H-GABA binding and the potency of the benzodiazepines in 
displacing '~H-diazepam binding. The/xg/ml of endogenous protein modulator required to 

3 produce 50% inhibition of' H-GABA binding was determined by measuring the binding of 
20 pmoles of :~H-GABA to 200 Ixg of frozen + Triton X-100 treated rat brain membranes 
in the presence of different amounts of 500-fold purified endogenous protein modulator 
(for details see [11]). Each benzodiazepine (10-"M) was preincubated with membranes 
for 15 minutes before adding the endogenous protein inhibitor. The K~ (raM) values for 
the displacement of :;H-diazepam by different benzodiazepines are from Mohler and 

Okada [211 

mediated by an endogenous regulatory protein which allo- 29] and that only one class of these receptors is the 
sterically regulates the number of  GABA and benzodiazepine action for the 1,4-benzodiazepines. The evidence als, 
receptors and competit ively interacts with 1,4-benzodiaze- cates that the ratio of the two receptor populations cl 
pines [5,I4]. This protein was isolated and purified and in in various brain areas [13]. Therefore, one can provisi 
vitro recombination experiments have shown that this pro- suggest that in brain there are GABA~ low affinit 
tein can competit ively obliterate the high affinity GABA re- GABA.~ high affinity receptors. Only GABA., recept( 
ceptors that were expressed in the presence of  the benzo- regulated by the inhibitor protein and by th( 
diazepines or in membranes deprived of this inhibitor protein benzodiazepines.  Based on these results, it can be prc 
by washing, freezing and treatment with Triton X-100 that 1,4-benzodiazepines, by binding to specific rec 
[14,29]. The rank order of  potency of the various 1,4-benzo- allosterically increase the affinity of  GABA~ receptc 
diazepines to block the action of the protein inhibitor on GABA,  and thereby displace the endogenous proteir 
GABA receptors is related to their capacity to displace 3H- ulator which forms a part of the supramolecular co 
diazepam binding (see Fig. 1). constituting the GABA~ receptors including, at leaf 

Evidence now available strongly indicates that in brain recognition sites, the ionophores and the allostefic re~ 
there are two populations of GABA receptors [5, 7, 14, 22, protein. 
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TABLE 1 

3H-GABA BINDING AND THE ENDOGENOUS PROTEIN MODULATOR IN A NEUROBLASTOMA CLONAL CELL LINE AI~ 
BRAIN 

S.B. 3H-GABA 
Fresh Frozen & Triton Endogenous 

Membranes Low affinity High affinity Protein Modulator 
K~ Bmax Kt~ Bmax KD Bma x Unit/mg membrane prot 

NB2a-Neuroblastoma 200 0.39 300 0.9 19 0.22 25 

Brain cortex 220 2.5 130 4.0 15 0.75 I0 

Mouse NBza neuroblastoma cells were grown to confluency in Dulbecco's  modified Eagle medium containing 10% fe 
serum [24]. 3H-GABA binding was determined in fresh or f rozen+Tri ton X-100 treated membranes prepared as pre' 
described [29]. The endogenous protein modulator released from the membranes after extraction with H20 and 50 m 
citrate was processed as described by Toffano et al. [29] and then assayed with 20 nM 3H-GABA and 200/xg of brain syn~ 
neuroblastoma NB2a membranes devoid of  endogenous modulator. 

1 unit=20% inhibition of 3H-GABA binding; KD=nM; Bmax=pmoi/mg protein; SB=specif ical ly bound ligand. 
Each value is the mean of  three separate experiments.  Variation from the mean was never greater than 15%. 

EVIDENCE FOR THE EXISTENCE OF THE 1,4-BENZODIAZEPINE three entities were a part of a supramolecular organi: 
RECEPTOR AND THE ENDOGENOUS PROTEIN MODULATOR AS constituting the GABA receptor ionophore complex, q 
PART OF THE GABA IONOPHORE SUPRAMOLECULAR COMPLEX 

swer these questions, we directed our attention to the r 
The location of the benzodiazepine receptors in brain has neuroblastoma NB2~ cells because the use of clonal cel 

been studied using neuroanatomical or histochemical ap- had provided a suitable model to study the supramol, 
proaches. Although it is clear from these studies that the organization of catecholamine and opiate receptors. 
benzodiazepine receptors may be located on both neurons studies have indicated that NB2a cell lines might repres, 
and glial cells, a location in specific brain cells could not be adequate substrate to study the supramolecular regulat 
documented (for a review see [17]). A certain similarity in the G A B A  receptor ionophore complex. As shown in 
the brain distribution of  GABA and benzodiazepine re- 1, NB.~, cells have a measurable amount of GABA re, 
ceptors [7, 21, 25], some analogies in the pharmacological tion sites. The Scatchard analysis of the saturation cur 
profile o f G A B A  mimetics and the benzodiazepines [1, 4, 8, GABA binding obtained from freshly prepared memt 
10, 14, 30] and some ontogenetic considerations (1,4- reveals only one receptor component.  However,  a 
benzodiazepines and GABA receptors and the endogenous shown for brain membranes,  the Scatchard analysis rex 
protein modulator are low at birth but they rise in a parallel high affinity GABA., and a low affinity GABA, bindir 
fashion to reach adult levels 3 to 4 weeks after birth, Tof- following freezing, thawing, washing with buffer and 
fano, personal communication) provide indirect support for a ment with Triton X- 100 [29] of NBza membranes. 
possible location of  these three molecules on the same cell Though the density of  binding sites is lower thai 
membrane. However,  one still wonders whether the neurons measured in membranes prepared from brain homog~ 
containing the benzodiazepine receptors also contain the the KD values are similar. The binding of GABA is satu 
endogenous protein modulator and the GABA2 receptors,  or it is displaced by muscimol (IC~o=5× 10-4M) and bicu¢ 
whether the interaction shown in vitro in brain synaptic (IC5,,= 10-'~M) and its pH optimum is between 7 and 
membranes is merely the result of  an homogenization ar- membranes of NB~a cells also possess high affinity, sat1 
tifact. Moreover,  it was important to establish whether these benzodiazepine receptor sites (see Table 2). The KD 

TABLE 2 

3H-BENZODIAZEPINE BINDING TO NEUROBLASTOMA CLONAL CELL LINE AND RAT BRAIN 

S.B. 3H-Benzodiazepines 
Membranes Diazepam Clonazepam Flunitrazepam 

K~) Bmax KD Bmax KD Bmax 

NB2a-Neuroblastoma 9.2 0.24 3.7 0.23 3.4 0.23 

Brain cortex 6.9 0.84 2.2 1.2 3.6 0.98 

Binding was determined as previously described [14]. Mean of 3-5 separate experiments.  
KD=nM; Bm~x=pmol/mg protein. 
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TABLE 3 

INTERACTION OF DIAZEPAM WITH DIFFERENT AMOUNTS OF 
ENDOGENOUS PROTEIN MODULATOR 

Endogenous Protein Modulator % Inhibition of :~H-GABA Binding 
tzg Solvent Diazepam (10 "M) 

None - -  - -  

0.1 9.5 1.0 

0.25 30.0 1.5 

0.50 55.0 - -  

0.75 72.0 17 

1.00 90.0 50 

2.50 100.0 - -  

Frozen-triton X-100 treated crude synaptic membranes (200/xg protein) 
from the neuroblastoma cell line were used. The endogenous protein 
modulator was obtained from neuroblastoma cells and purified approx- 
imately 250-fold before use [29]. Specifically bound :~H-GABA using 20 
nM 3H-GABA was 42 _+ 3.8 fmol/mg protein. 

TABLE 4 

EFFECT OF GABA ON :~H-D1AZEPAM BIND1NG 

S.B. :~H Diazepam % Increase 
Membranes GABA (fmol/nag protein) 

10-~M 

NB~,-Neuroblastoma - 135 

+ 170* 30 

Rat Brain cortex - 465 

+ 600* 29 

:~H-Diazepam binding was performed using 6 nM ligand. Each point is the 
mean of 3 separate experiments. *p<0.05 

for :~H-diazepam, :~H-clonazepam and :~H-flunitrazepam are binding of :~H-benzodiazepines (Table 4). Thus, thes 
similar to those measured in brain. The only difference so far taken together with preliminary evidence indicating 
determined between the membranes prepared from NB.,~ and intact cells, GABA or muscimol can increase the CI 
brain homogenates is that in NBe~, membranes, :~H-diazepam ductance, provide direct evidence that the benzodia 
is displaced by small concentrations of the benzodiazepine receptors and the modulator protein are a part of th 
derivative, RO-4864 which displaces :~H-diazepam from ramolecular complex constituting the GABA re 
brain membranes only in high concentrations. In addition, an ionophore unit. In addition, the data reported in this 
unusually high amount of the endogenous protein modulator indicate for the first time that the same membranes c 
(Table 1) can be extracted from the membranes of NB2,~ two types of binding sites for GABA: GABA, (low al 
cells, and GABA~ (high affinity receptors). Whether the, 

As in brain, the NBe,, cell membranes contain the sites represent transitional states of the same recep| 
endogenous modulator protein that allosterically inhibits the two separate entities remains to be elucidated, lndi 
Na + independent high affinity binding of GABA (Table 3); one could infer that there are probably two receptc 
diazepam competitively antagonizes the action of the mod- cause the total number of receptors for GABA inc 
ulator protein in blocking high affinity binding of GABA whenever GABA_, receptors are expressed. Another 
(Table 3): the stimulation of GABA receptors increases the tion that remains unanswered is that of the molecular 
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of  the  a l los ter ic  m e c h a n i s m  w h e r e b y  the  p ro te in  m o d u l a t o r  me tabo l i sm or  pro te in  phosphory la t ion .  In this  regar, 
inhibi ts  the  affinity of  G A B A e  r ecep to r s  for  G A B A .  Final ly ,  impor t an t  to s ta te  tha t  the  e n d o g e n o u s  pro te in  modul~ 
the r ea son  tha t  o c c u p a t i o n  of  G A B A  recep to r s  modif ies  G A B A  and the b e n z o d i a z e p i n e  r ecep to r s  also posses ,  
1,4-benzodiazepine bind ing  and  vice ve r sa  mus t  be  deter -  abi l i ty to b lock  p ro te in  p h o s p h o r y l a t i o n  in cell m e r e  
mined .  To ini t ia te  t he se  s tudies ,  more  p rec i se  in fo rmat ion  on  [12]. H o w  the  o b s e r v e d  inhibi t ion of  m e m b r a n e  r 
the  na tu re  of  G A B A  and 1 ,4 -benzod iazep ine  r ecep to r s  is p h o s p h o r y l a t i o n  by the  e n d o g e n o u s  pro te in  modulal  
needed ,  la tes  to the  in te rac t ion  b e t w e e n  the  b e n z o d i a z e p i m  

It is well e s t ab l i shed  at this  t ime that  t rans i t iona l  c h a n g e s  G A B A  recep tors  and  w h e t h e r  the  p roposed  interact i  
in m e m b r a n e  fluidity and i n t r a m e m b r a n e  r e a r r a n g e m e n t  of  t w e e n  the  benzod i azep ine  r ecep to r s  and  the  endo~ 
integral  and  pe r iphe ra l  m e m b r a n e  p ro t e ins  can  be t r iggered pro te in  m o d u l a t o r  p lays  a role in de t e rmin ing  the  1~ 
by r ecep to r  o c c u p a n c y  and  by c o n c u r r e n t  changes  in lipid anxie ty  r emains  to be e lucidated .  
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