
Biochemical Pharmacology. Vol. 35, No, 23, pp. 4171-4176, 1986. I1(If~(-,2952:86 $3,00 + 0.00 
Printed in Great  Britain. Pergamon Journals Ltd. 

REGIONAL DISTRIBUTION OF MUSCARINIC RECEPTORS 
PREFERRING GALLAMINE IN THE RAT BRAIN 

MAUREEN PRICE,* WILLIAM S. MESSER, JR.* and WAYNE HOSS*+ 
Center for Brain Research, University of Rochester School of Medicine and Dentistry, Rochester, 

NY 14642, U.S.A. 

(Received 9 December 1985; accepted l May 1986) 

A b s t r a c t - - T h e  regional distribution of muscarinic receptors recognized by the antagonist gallamine was 
determined autoradiographically by the ability of gallamine to reduce the binding of [3H]quinuclidinyl 
benzilate in rat brain slices. The inhibition data obtained from indirect binding assays on whole slices 
indicated that gallamine distinguished at least two sites with differing affinities. Analysis using a two- 
site model gave Kh = 0.6 uM, KI = 10/~M. The regions of highest and lowest affinity for gallamine were 
apparent qualitatively by visual inspection of the autoradiograms. A number of regions in coronal 
sections at three different levels were compared by microdensitometry. Gallamine possessed greater 
overall affinity for the diencephalon and brainstem than for the forebrain. Within the forebrain, the 
septal nucleus was unique in that it displayed high affinity for gallamine. Within the brainstem, the 
superior colliculus had the greatest proportion of sites with high affinity for gallamine. In general, the 
binding profile of gallamine was opposite to that of the antagonist pirenzepine and similar to that of the 
agonist carbachol, suggesting that gallamine is selective for M2 muscarinic receptors. 

The existence of at least three types of central musca- 
rinic cholinergic receptors has been demonstrated in 
binding studies [1, 2]. It is apparent that agonists 
distinguish these subpopulations on the basis of 
affinity. Antagonists such as quinuclidinyl benzilate 
(QNB) and atropine, conversely, recognize only the 
presence of a homogeneous class of muscarinic 
receptors [3]; they do not differentiate brain regions 
on the basis of affinity. The binding characteristics 
of these classical antagonists are proposed to be 
competitive and mutually exclusive and to follow 
the law of mass-action [3]. Recently, however, the 
antagonists pirenzepine [4] and gallamine [5, 6] were 
identified as "nonclassical" antagonists; they discri- 
minate subpopulations of central muscarinic recep- 
tors, yet do not possess any characteristics of an 
agonist or partial agonist. These results are sup- 
ported by recent pharmacological studies which 
report that these antagonists differentially block cen- 
tral muscarinic receptors [7, 8]. 

In the present study, the anatomical distribution 
of the muscarinic receptors that possess different 
affinities for gallamine has been measured by the 
autoradiographic localization of [3H]QNB binding 
in the presence and absence of various con- 
centrations of gallamine. 

MATERIALS AND METHODS 

Materials. Tritiated l-quinuclidinyl benzilate, with 
a specific activity of 32 Ci/mmole, was purchased 
from the Amersham Corp. Atropine sulfate and 
gallamine triethiodide were purchased from the 
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Aldrich Chemical Co. and K & K Laboratories 
respectively. 

Section and slide preparation. Autoradiographic 
procedures were modifications of methods outlined 
by Young and Kuhar [9] and Wamsley et al. [10, 11]. 
Male Long-Evans rats were killed by cardiac per- 
fusion with 40mM sodium potassium phosphate 
buffer, pH 7.4, followed by 0.1% formaldehyde in 
the same buffer (200 ml). The brains were quickly 
removed and rapidly frozen with liquid nitrogen. 
A Hacker-Bright cryostat microtome was used to 
obtain 12 um coronal sections from the level of the 
caudate nucleus and the anterior commissure, to the 
caudal end of the hippocampus at the level of the 
superior colliculus. The sections were mounted on 
acid-washed, subbed (coated with chromium pot- 
assium sulfate and gelatin) slides. There were four 
sections per slide. The slides were stored at -20  ° 
until they were used in the binding assays. 

Binding assays. Direct and indirect binding assays 
were performed. The direct binding assay deter- 
mined the B ...... and Kj values of QNB. The value 
of the Kj, which was determined from Scatchard 
analysis, was 0.5 riM, similar to previously reported 
values [10]. Prepared slides were incubated in Coplin 
jars in the presence of two concentrations of 
[3H]QNB (0.2 and 2 nM) for 1.5 hr. A concentration 
of 2 nM was selected to estimate the Bm~× values 
because it is approaching saturation while nonspecific 
binding is relatively low. Nonspecific binding was 
measured at each concentration of [3H]QNB by add- 
ing an excess of unlabeled atropine. At the end of 
the incubation period, the slides were removed from 
the jars and rinsed twice in phosphate buffer for 
10 min to remove any unbound drug. One section 
was then wiped off each slide with filter paper and 
placed in a Nalge bag for standard scintillation count- 
ing. In the indirect binding assays, the binding of 
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gallamine was inferred from the displacement of 
[3H]QNB. The slides were mcubated with 0.2 nM 
[3H]QNB in the presence of increasing concen- 
trations of gallamine (0.5 BM to 0.1 raM) for 1.5 hr. 
The procedures  for the direct and indirect assays 
were the same. The final concentrat ion of [3H]QNB 
was measured by removing aliquots from each jar 
for scintillation counting. The slides were allowed to 
dry and returned to storage at - 2 0  ° . 

Aut(>radiography. Tire slides, previously incubated 
in [3H]QNB with various concentrat ions of gallamine 
in the direct and indirect assays and which now 
contained three sections, were apposed to LKB [~H]- 
sensitive Ultrofilm. Apposi t ion took place in the 
dark: care was taken that the film was firmly pressed 
against the sides of the lead cassette to ensure com- 
plete exposure.  The cassette was wrapped in a dark 
cloth and stored at 20 ° for 7 days. At the end of the 
exposure period,  the film was developed in Kodak D- 
19 developer  for 5 rain, rinsed in a stop bath for 
30 sec, and fixed in Kodak rapid fixer for another  
5 rain. Af te r  a 20-min rinse in water,  the film was 
dipped in a Photo-rio solution for 30sec and air- 
dried. 

Microdensitometrv. Quantif ication of the auto- 
radiograms was achieved using a modification of 
techniques outlined by Unnerstal l  et al. [12]. Images 
generated by autoradiographic procedures  were 
examined using a Pe rk in -E lmer  (Micro-10) micro- 
dens i tometer  interfaced with a Sun computer  util- 
izing a U N I X  operat ing system. Scanned images 
were stored in digital form as files on backup tapes. 
Images contained on individual slides were displayed 
on a cathode ray tube, and 150 × 150 um areas were 
selected for density analysis using a mouse-control led 
cursor, Quadrupl icate  measures  of density were 
taken for each structure examined  within each image 
of rat brain section. Density readings for [3H]QNB 
in the same tissue of known radioactivity were also 
taken for comparison with each sheet of film. Optical 
density readings were conver ted to measurements  of 
fmoles per mg tissue by comparison with the stan- 

dards so that percent inhibition could be calculated. 
Background readings of optical density and levels of 
nonspecific binding were used in determining the 
relative amount  of drug specifically bound to each 
section for the indirect assays [12]. 

RESUI.TS 

Binding assay on u,hole slice.s'. The occupancy 
curves in Fig. 1 reveal the inhibition by gallamine 
of the binding of [3H]QNB to central muscarinic 
receptors.  A wide range (10-90c/() of inhibition 
which increased with increasing concentrations of 
gallamine is evident.  These plots (log-dose response 
and Scatchard) illustrate the presence of more than 
one populat ion of receptors in the rat brain, through 
their respective sigmoidal and concave shapes. The 
log-dose response curve saturates at approximately 
1 x 10-4M gallamine and possesses an inflection 
point at between 5 x 10 " M  and 2 x 10 ~'M galla- 
mine. The parameters  for high and low affinity sites 
were obtained for the whole brain using a two-site 
model  as described previously [2]: alpha (a'), the 
fraction of sites having a high affinity for gallamine, 
was approximately 0.43; K;, was approximately 
6 × 1() 7M gallamine: and K I was approximately 
1 × 10 5 M gallamine. Based on these data, con- 
centrations of gallamine that predominant ly  inhibit 
[3H]QNB binding to high affinity sites (10 ~'M) or 
inhibit binding to both sites (10 5 M) were selected 
for the autoradiographic analysis described below, 

Autoradiograph),. Figures 2-4 present autoradio- 
graphic images from three levels of the brain incu- 
bated with increasing concentrat ions of gallamine. 
The photographs were printed using the auto- 
radiograms as negatives so that light areas represent  
[3H]QNB binding. Figure 2 shows cortex, the 
caudate near the anterior  commissure and the septal 
nodes: Fig. 3 shows cortex, hippocampus and dien- 
cephalon,  and Fig. 4 shows cortex, caudal hippo- 
campus near the superior colliculus, some dien- 
cephalon,  and brainstem, The concentrat ions of 
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Fig. 1. Inhibition of 0.2 nM [ ~H]-I-ONB binding by gallamine in wholc brain sections. A two-Ale analysis 
of the data gave K h = 6 x 10 r M and KI = 1 x 10 ~ M. Thc data are rcpresentativc of t~,o additional 
experiments. Slide mounted coronal sections (12//m) were incubated with 0.2 nM ['IIIQNB m the 
presence of eight different concentrations of gallamine for 1.5 hr at roonl temperature. After washing 

to remove unbound [3HIQNB. sections were removed from the slides lor scintillation counling. 
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(A) (A) 

(B) (B) 

(c) (c) 

Fig. 2. Autoradiograms of 0.2 nM [3H]-I-QNB binding to 
rostral forebrain regions (A) and its inhibition by 10 6 M 
(B) and 10 ~M (C) gallamine. Coronal sections (12gin) 
were incubated with 0.2 nM [~H]QNB for 1.5 hr at room 
temperature in the presence and absence of gallamine as 
indicated. After washing to remove unbound [3H]QNB, 
slides were apposcd to tritium sensitive film for 7 days at 

20 ° and subsequently developed. The data are rep- 
resentative of two additional experiments. 

Fig. 3. Autoradiograms of 0.2 nM [3H]-I-QNB binding to 
mid-forebrain and diencephalic regions (A) and its inhi- 
bition by 10 6M (B) and 10 5M (C) gallamine. Lighter 
areas represent higher concentrations of receptors. 
Additional details can be found in the legend to Fig. 2. 

gallamine (1 x 10 0 M, 1 × 10 -~ M) were selected on 
the basis of the inhibition data from the binding 
assays on slices and were chosen to approximate  the 
values of Kh and Ki. These autoradiograms quali- 
tatively show the regional distribution of the musca- 
rinic receptors by the differential increase in inhi- 
bition with the corresponding increase in gallamine 
concentrat ion.  In the forebrain,  the only region 
where appreciable inhibition occurred at 1 × 10 6 M 
gallamine was the septal nucleus. The remaining 
regions of the forebrain appear  to contain those 
receptors that possess low affinity for the drug. This 

is reflected in the noticeable increase in inhibition 
with 1 × 10 ~ M gallamine. Binding to the dien- 
cephalon and the brainstem was inhibited at the 
lower concentrat ion of gallamine,  indicating that 
these regions possessed high affinity receptors. 

Microdensitometo', Quantification of the auto- 
radiograms is presented in Tables 1-3. The regional 
inhibition data obtained agrees with the qualitative 
inhibition seen in Figs. 2-4. The septal nucleus was 
shown to be a region of high affinity in the forebrain 
with 51.2% inhibition at 1 x 10 -~ M gallamine. The 
remaining regions of the forebrain,  cortex, and hip- 
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IA) 

pocampus possessed primarily low affinity receptors 
with approximately one-half  or less of that inhibition. 
At  the higher concentrat ion of gallamine, the low 
affinity sites for gallamine in the forebrain were 
occupied. Overall ,  the diencephalon was shown to 
be a region of high affinity sites. The brainstem was 
the region inhibited most dramatically at the low 
concentrat ion of gallamine and, therefore ,  contained 
mostly high affinity receptors.  The superior colliculus 
of the brainstem was the region in the brain where 
the highest percentage of inhibition occurred,  65.1% 
at 1 x 10 ~M and, therefore,  of the regions 
examined,  must have contained the highest pro- 
port ion of muscarinic receptors having high affinity 
for gallamine. 

DISCUSSION 

(B) 

(C) 

Fig. 4. Autoradiograms of 0.2 nM [SH]-I-QNB binding to 
caudal forebrain, diencephalic and brainstem regions (A) 
and its inhibition by 10 ~ M (B) and 10 s M (C) gallamine. 
Lighter areas rcpresent higher concentrations of receptors. 
Additional details can be found in the legend to Fig. 2. 

This study employed binding assays on whole brain 
slices, autoradiography,  and microdensi tometry to 
investigate the regional distribution of the muscarinic 
receptors that selectively bind gallamine. The com- 
bination of these techniques for receptor  identi- 
fication yielded complementary  qualitative and 
quanti tat ive results. Ellis and Hoss [5] reported that 
gallamine discriminates at least two subtypes of cen- 
tral muscarinic receptors by differentially inhibiting 
the binding of [:~H]QNB to these receptors in mem- 
brane preparat ion from the rat brain. The binding 
assays per formed in this study confirm and extend 
their findings. The inhibition data obtained in the 
assays were measures  of the total inhibition of QNB 
by gallamine per whole slice and best describe the 
muscarinic receptors as consisting of two sub- 
populations.  Al ternat ively,  the data could represent  
a cont inuum of affinities for gallamine. The con- 
centrations of gallamine that bind to central musca- 
rinic receptors are comparable  to concentrat ions 
required to inhibit physiological responses in the 
superior cervical ganglion [8]. 

The mechanism by which gallamine interacts with 
the muscarinic receptor  is still unknown,  although 
several different models ranging from competi t ive 
binding to allosteric interaction have been proposed. 
In a study examining the effects of gallamine on 
the binding propert ies  of [3H]N-methylscopolamine 
([3H]NMS), Stockton et al. [6] reported that gal- 
lamine modulates  the binding of ligands through an 
allosteric mechanism. They showed that the associ- 

Table 1. Inhibition ot [3H]QNB binding by gallamine in the rostral forebrain regions 

f~ Inhibition of QNB binding 

Region l.O × 10 ~' M 1.(1 x 10 " M 

Forebrain 
Cerebral cortex, ext. 21.6 -~ 2.03 68.1 + 2.63 
Cerebral cortex, cen. 26.4 _+ 2.97 67,1 * 2.49 
Cerebral cortex, int. 15.8 + 2.13 66,3 :+ 2.28 
Cingulate cortcx 27.5 + 4.21 65.3 + 1.79 
Dorsal striatum 13.6 -+ 2.34 62.9 + 1.44 
Ventral striatum 13.0 ± 4.73 49.7 ± 4.56 
Olfactory bulb 27.9 ± 3.24 66.4 + 2.02 
Septal nucleus 51.2 + 2.16 76.3 + 0.86 

Whole slice 18.1 + 12.1 59.9 + 1.65 
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Table 2. Inhibition of [3H]QNB binding by gallamine in mid-forebrain and diencephalic 
regions 
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% Inhibition of QNB binding 

Gallamine 
Region 1.0 x 10 6M 1.0 × 10 -SM 

Forebrain 
Cerebral cortex, ext. 23.3 _+ 7.62 73.8 _+ 7.36 
Cerebral cortex, cen. 32.6 -+ 5.43 76.3 _+ 3.14 
Cerebral cortex, int. 26.4 _+ 3.70 76.3 _+ 2.64 
Cingulate cortex 29.6 ± 4.65 77.7 _+ 4.65 
Dorsal CA1 11.4 _+ 4.86 64.6 -+ 2.68 
Dorsal GD ect 14.9 -+ 4.25 70.0 _+ 3.85 
Dorsal DG end 20.3 ± 3.51 71.8 _+ 3.65 
Dorsal CA3 24.2 _+ 2.38 76.3 ± 2.91 
Ventral CA 24.2 -+ 5.40 77.2 +_ 0.65 
Ventral DG 32.2 -+ 1.72 77.7 ± 1.15 

Diencephalon 
Pretectal area 44.5 ± 5.00 84.2 _+ 3.07 
Medial thalamic nucleus 39.9 -+ 4.11 76.3 ± 2.85 
Centro-medial thalamic nucleus 57.8 -+ 3.68 88.9 -+ 3.90 
Hypothalamus 37.7 _+ 4.91 87.5 -+ 5.40 

Whole slice 19.9 ± 4.80 62.6 -+ 0.20 

ation and dissociat ion rates of NMS were decreased 
by the p resence  of gal lamine in a dose -dependen t  
manner .  W h e n  this study was repea ted ,  similar 
results were  obta ined;  the on- and off-rates of NMS 
binding to the muscarinic receptor  were  reduced,  
suggesting noncompet i t ive  regulat ion by gallamine 
[13]. However ,  no change was observed  when  the 
on- and off-rates  were  measured  for the QNB binding 
in the presence  of  gallamine [13], indicating a dif- 
ference  be tween  the in teract ion of QNB and NMS 
with the receptor .  The finding that  NMS dis- 
t inguishes subpopula t ions  of  receptors  seen uni- 
formly by QNB is consis tent  with this idea [14]. 

Al though  the mechanism of binding to the musca- 
rinic recep tor  is still controversial ,  there is general  
agreement  that  gallamine discriminates subtypes of 
receptors  [5, 15]. 

Ellis and Hoss  [5] p roposed  that  gallamine pos- 
sesses greater  overall affinity for the bra ins tem than 
for the forebrain.  Visualization of the regional vari- 
ations of the subtypes  of central  muscarinic receptor  
dist inguished by gallamine in a whole slice is possible 
through autoradiographic  techniques.  The three 
levels p resen ted  here  represen t  most  of the major  
regions of  the brain where  muscarinic receptors  are 
found in appreciable  quanti ty (Figs. 2 4 )  and include 

Table 3. Inhibition of [3H]QNB binding by gallamine in caudal forebrain, dien- 
cephalic, and brainstem regions 

% Inhibition of QNB binding 

Gallamine 
Region 1.0 x 10 6M 1.0 × l0 -SM 

Forebrain 
Cerebral cortex, ext. 9.7 -+ 6.13 61.7 -+ 4.01 
Cerebral cortex, cen. 16.8 _+ 3.95 68.4 -+ 3.20 
Cerebral cortex, int. 11.4 -+ 3.73 64.8 ± 3.01 
Cingulate cortex 22.4 ± 3.17 73.2 -+ 1.48 
Dorsal CA1 1.2 ± 6.70 49.9 -+ 4.58 
Dorsal DG ect 9.4 ± 3.06 65.4 -+ 2.85 
Dorsal DG end 4.9 _+ 4.94 62.8 -+ 1.98 
Dorsal CA3 13.5 -+ 4.20 63.3 ± 0.76 
Ventral CA 13.7 -+ 5.85 64.3 + 2.55 
Ventral DG 17.0 _+ 4.16 65,7 + 1.55 

Diencephalon 
Pretectal area 38.8 -+ 2.64 75.0 -+ 1.79 

Brainstem 
Periaqueductal gray 52.2 -+ 3.36 86.0 + 3.92 
Pontine nucleus 57.6 -+ 1.20 88.5 -+ 0.30 
Superior colliculus 65.1 -+ 5.34 89.1 -+ 0.75 

Whole slice 23.7 -+ 3.25 63.5 -+ 3.13 
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the cortex, striatum, hippocampus,  diencephalon,  
and brainstem. It can be seen that the brainstem and 
diencephalon contained those receptors that pos- 
sessed a high affinity for gallamine; only a low con- 
centrat ion of gallamine ( i  × iO 6 M) was necessary 
to inhibit the binding of QNB.  However ,  the fore- 
brain, which includes the cortex, striatum, and hip- 
pocampus,  required a higher concentrat ion of gal- 
lamine (1 x 10 5 M) to achieve a similar degree of 
inhibition; these are regions which contain low affin- 
ity receptors.  When the autoradiograms were then 
analyzed using microdensi tometry  (Tables 1-3), 
agreement  was obtained between the pictorial and 
the quanti tat ive results. The regions of the brainstem 
consistently contained receptors  which possessed 
higher overall  affinity for gallamine than did the 
regions of the forebrain.  Approximate ly  50% inhi- 
bition was achieved in the brainstem for the low 
gallamine concentrat ion (1 x l0 -6 M), whereas  the 
forebrain,  which contains predominant ly  low affinity 
sites, achieved less than 20% inhibition at that same 
concentrat ion.  

Gal lamine displays no agonist or partial agonist 
activity [16, 171 , yet it discriminates among the sub- 
populat ion of muscarinic receptors,  a characteristic 
once at t r ibuted solely to agonists. It is of interest  to 
compare  the similarities of the anatomical  distri- 
butions of the muscarinic receptors having high 
affinities for gallamine and the agonist carbachol.  
In general ,  forebrain sites have low affinities and 
brainstem high affinities for both gallamine and car- 
bachol [5, 13]. Conversely,  pirenzepine,  which selec- 
tively labels M1 receptors,  binds with greater  affinity 
in the forebrain compared  with the brainstem [4, 18]. 

In conclusion, the anatomical  distribution of 
muscarinic receptors preferr ing gallamine was deter- 
mined in the rat brain by autoradiography.  Receptors  
in brain regions, primarily including diencephalon 
and brainstem structures in addition to the septal 
nuclei, that displayed high affinity for gallamine, 
also displayed high affinity for carbachol,  but not 
pirenzepine.  Al though there remains some contro- 
versy regarding the nature of the binding of galla- 
mine,  the distribution of high affinity binding sites 

in the CNS suggests that gallamine is a selective M2 
antagonist. 
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