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Abstract-A new assay technique for measuring receptor-mediated cyclic GMP formation by 
cultured mouse neutroblastoma cells was used to study the role of ions in, and the effects of local 
anesthetics on, the function of the muscarinic receptor. The technique involved radioactively 
labeling intracellular stores of GTP by incubating cells with [3H]guanine and isolating [3H]cyclic 
GMP with a cation exchange resin (Dowex-SO+) column. High-pressure liquid chromatography of cell 
extracts and of eluates from the Dowex column showed that after 45min the majority of the 
radioactivity in the cell extracts was [‘HIGTP and that, for carbamylcholine-stimulated cells, greater 
than 90 per cent of the radioactivity in the eluates was [3H]cyclic GMP. In the absence of external 
Na+ (INa*], with cesium chloride as osmotic filler) or external ([Ca”],), the carbamylcholine- 
stimulated formation of [3Hlcyclic GMP was about 60 and 10 per cent of control, respectively, while 
removal of other ions had no signiticant effect. There was little difference in the responses at 10 mM 
vs 110 mM-[Na+l, whereas the optimal [Ca”], was around 5 mM. Ca*’ increased [‘HIcyclic GMP 
formation in response to carbamylcholme without atrecting the apparent affinity of this agonist for 
the receptor. Local anesthetics were apparently competitive inhibitors of carbamylcholine with 
equilibrium dissociation constants (RB) in the range of 6-250rM. The rank order for the apparent 
affinity of local anesthetics for the muscarinic 
dibucaine = lidocaine * ethyl aminobenxoate. 

receptor was tetracaine = butacaine = procaine > 

The muscarinic acetylcholine receptor mediates 
the formation of guanosine 3’,5’-cyclic phosphate 
(cyclic GMP) in many diierent tissues [l] includ- 
ing those derived from the nervous system (e.g. 
brain, sympathetic ganglia and neuroblastoma 
cells) [2-71 where this receptor-mediated forma- 
tion of cyclic GMP may play a role in the post- 
synaptic transfer of information between 
cells [2,7]. Many psychotherapeutic drugs (e.g. 
tricyclic anti-depressants and neuroleptics) 
competitively antagonize the muscarinic 
receptor[8-101, the predominant type of acetyl- 
choline receptor in brain]1 11. Our interest in the 
biochemical actions of these drugs has led us to 
study their effects on the muscarinic receptors of a 
clone of cultured mouse neuroblastoma cells[12]. 
These cultures provide a readily available, homo- 
geneous population of cells, which simplifles 
experimentation and interpretation of results. For 
our assay of muscarinic receptor effects, we util- 
ized the muscarinic receptor-mediated formation 
of cyclic GMP, which is rapidly assayed in these 
cultured cells by radioactively labeling in- 
tracellular stores of GTP, the cyclic nucleotide 
precursor. With this new assay technique, which is 
described here, we have shown that certain psy- 
chotropic drugs block muscarinic receptor-medi- 
ated cyclic GMP formation, and from this block- 
ade equilibrium dissociation constants for these 
drugs and the muscarinic receptor were 
determined [ 13,141. 

*Supported by the Mayo Foundation and USPHS 
Grant MH27692 from NIMH. 

To understand better this receptor-mediated 
cyclic GMP response in these nerve cells, we have 
characterized further this function of the 
muscarinic receptor by studying its ionic require- 
ments and the effects on this process of local 
anesthetics which may affect permeability of 
certain ions into cells[lS, 161. We show that 
carbamylcholine-stimulated cyclic GMP formation 
by these cells is markedly dependent on external 
calcium ions and that local anesthetics antagonize 
the effects of carbamylcholine apparently by 
competing at the muscarinic receptor site. 

MElWODS AND MATERIALS 

Cells and culture conditions 
Mouse neuroblastoma clone NlE-115 (sub- 

culture 10-23) was cultured in Dulbecco-Vogt 
modification of Eagle’s medium (Grand Island 
Biological Co., Grand Island, NY, Cat. No. H-21) 
supplemented with 10% (v/v) fetal calf serum 
(Colorado Serum Co., Denver, CO) without anti- 
biotics (medium I) at 37” in an atmosphere of 10% 
CO, and 90% humidified air. Cells were grown in 
flasks (75 cm/250 ml, Costar, Cambridge, MA) with 
20 ml medium and maintained in stationary phase 
(requiring daily medium change) for at least 1 
week prior to assay. Subculture of neuroblastoma 
cells was achieved by incubation in a modified 
Puck’s D1 solution]171 (medium II). Cells were 
negative for mycoplasma (PPLG) in three tests: 
microbiological assay, fluorescent microscopy us- 
ing Hoechst 33258 stain [ 181, and scanning electron 
microscopy. 
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Assays 
Receptor-mediated [3Hlcyclic GMP formation. 

Cyclic GMP was assayed using intact cells which 
were washed free of medium I and dissociated 
from the surface of flasks by incubation with 
medium II; collected by low-speed centrifugation 
(5OOrevlmin in a Damon/IEC CRU-5,000 centri- 
fuge); and resuspended at a density of ap- 
proximately 8 to 10 x 10” cells/ml in phosphate- 
buffered sodium chloride solution (medium III) 
containing the following: 110 mM-NaCl, 5.3 mM- 
KCl, 1.8 mM-CaClz, 1.0 mM-MgCh, 2.0 mM- 
NazHP04, 25 mM-glucose and 70 mM-sucrose. 
This solution was titrated to pH 7.4 and adjusted 
to an osmolality of 335-340 mOsM with sucrose. 
The cell suspension was placed in a 25-ml Erlen- 
meyer flask, [8-3H]guanine (1pM final concn, 
lO&i/ml) added and then the suspension was 
rotated at 37” for 45 min at 80 revlmin (Gyratory 
shaker, model G2, New Brunswick Scientific Co., 
Inc., New Brunswick, NJ). Cells were then collec- 
ted by low-speed centrifugation, washed three 
times with 10ml of medium III (or a modification 
of medium III) to remove extracellular radioac- 
tivity, and resuspended in medium III (or a 
modification of medium III). For the final steps in 
the assay (addition of antagonists and/or agonist) 
the radioactive cell suspension was distributed in 
250~~1 aliquots into wells of a multi-well tray 
(Disposo trays FB16-24TC, Bellco Glass Inc., 
Vineland, NJ) and incubated at 37“ at 80 oscil- 
lationslmin in a shaker bath (model 25, GCA/Pre- 
cision Scientific Co., Chicago, IL). In experiments 
to determine the equilibrium dissociation constant 
(KS) or inhibitor constant (Ki) for a local anes- 
thetic, 30~1 of the compound in medium III was 
added to the cells for 10 min prior to the addition 
of carbamylcholine chloride in 20~1 medium III. 
(Lidocaine was first dissolved in ethanol before 
dilution in medium III. Since ethanol was found to 
reduce the cyclic GMP response, control cells 
were assayed at concentrations of ethanol [O.l%, 
v/v] similar to that for lidocaine-treated cells.) 
After 30 set of incubation with the agonist, the 
reaction was stopped by the addition of 30~1 of 
ice-cold 50% (w/v) trichloroacetic (TCA). The 
suspension was briefly sonicated (3 set at setting 
No. 3, Ultrasonic Cell Disrupter, Kontes Glass 
co., Vineland, NJ), and [8-“C]cyclic GMP 
(0.05 nCi) was added as internal standard. Each 
sample was then passed through a (0.8 x 8 cm) 
column of Dowex 50-H’ (AGSOW-X2, 200-400 
mesh, Rio-Rad Labs., Richmond, VA) which had 
been washed with water. Additionally, each well 
was rinsed once with 500~1 of 5% TCA and this 
wash was passed through the ion-exchange 
column. Radioactive cyclic GMP was isolated 
from each column as described by others[l9]. 
Thus, each column was washed with 4.4ml of 
0.1 N HCl and 1.0 ml water successively before 
eluting cyclic GMP with the next 1.5 ml water, 
which was usually collected directly into a scin- 
tillation vial. Efficiencies for counting tritium and 
carbon-14 using 10 ml Quantafluor (Mallinckrodt, 
Inc., St. Louis, MO) and a double-label program 
on a Searle Isocap/300 scintillation counter were 
35 and 45 per cent in their respective channels. 

The calculated dis./min for each sample in- 
corporated corrections for quench (using external 
standard ratio), for c.p.m. of [8-“C]cyclic GMP in 
the tritium channel (efficiency 20 per cent) and for 
recovery of [8-“Clcyclic GMP (85-95 per cent). 

When medium III was modified (e.g. by 
decreasing or increasing the concentration of 
certain ions), isotonicity was maintained by ad- 
justments in the concentration of sucrose unless 
otherwise stated. Medium III with 20 mM HEPES 
(N-2-hydroxyethyl-piperazine-N’-ethane sulfonic 
acid) buffer thus contained 50mM sucrose. 

Radioimmunoassay of cyclic GMP. Aliquots of 
the Dowex column eluate were assayed for cyclic 
GMP using a kit from New England Nuclear 
(Boston, MA). Counting of iodine-125 was done 
using a Packard Auto-Gamma 5210 with an 
efficiency of 73 per cent. 

Cell counts and protein assays. Protein was 
assayed by a modification of the method of Lowry 
et al. [20] with bovine serum albumin as a standard. 
Cell counts were determined using an electronic 
cell counter (model ZF, Coulter Electronics, 
Hialeah, FL). 

Identification of radioactivity from cells 
Preparation of extracts. To obtain extracts from 

whole cells, the supernatant fractions from tripli- 
cate samples of TCA-treated cells (as described 
above) were pooled, extracted seven times with 
equal volumes of ether to remove TCA, lyo- 
philized, and dissolved in 40~1 of 0.01 M-KHzP04 
(pH 3.1). To obtain extracts of cellular material 
subjected to Dowex column fractionation, TCA- 
treated cells were passed through columns (as 
described above) and the fractions containing 
cyclic GMP from triplicate samples were pooled, 
freeze dried and dissolved in 40~1 of a solution of 
guanine, guanosine and their nucleotides (0.4mM 
each in water). 

Analysis of extracts. [8-‘Hlguanine and its 
radioactively labeled derivatives in 10~1 extract 
were separated by high-pressure liquid chromato- 
graphy (h.p.1.c.) on a Glenco HPLC system I 
(Glenco Scientific, Inc., Houston, TX) equipped 
with a digital programmer (DP 810), an automatic 
stream selector (SSVd), an optical unit (5480) for 
U.V. absorption at 254nm, and an anion-exchange 
resin (Partisil -10 SAX, Reeve Angel, Clifton, 
NJ). Adsorbed compounds were eluted using a 
solvent program which was modified from a 
system described by others[21]. This program 
comprised a series of isocratic runs with inter- 
mediate step changes. Eluent compositions and 
program were as follows: 

Duration 
(min) Buffer (KH,PO,) 

9 0.01 M, pH 3.1 
13 0.10 M, pH 4.2 
4 0.25 M, pH 4.2 
7 0.40 M, pH 4.2 
I 0.50 M, pH 4.2 
5 0.01 M,pH 3.1 
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The column flow rate was 3 ml/& and the calmn 
was at room temperature. The qmWities of GTP 
in the whole cell extracts were determined by 
comp~isou of peak heights in samples to that of 
1 mnole of GTP standard. 

Radioactive com~unds were from Amer- 
sham/Searle (tenon Heights, IL), The follow- 
iug compounds were obtained from &ma Chem- 
ical Co. (St. Louis, MO): butacaine hemi-sulfate, 
c~~~l~holine chloride, choline chloride, ethyl 
aminobenzoate, guanine hy~oc~o~de, guanosine, 
guanosine Y-mono-, di- and triphosphoric acids, 
cyclic GMP, HEPES, procaine hydrochloride and 
te&acaine hy~oc~o~~~ Dibucaine h~~~~o~de 
was obtained from ZCCN Pharmaceuticals, Inc. 
(Irvine, CA); lidocaine, from Astra Ph~~e~ti~ 
Products, Inc. (Worcester, MA); and cesium 
chloride, from Alfa Products (Beverly, MA). 

The entry of [%]guanine into mouse neuroblas- 
toma cells rotating in suspension at 37” was linear 
for 40-50 min (data not shown). Cells incubated 
for 45 min with 13H&uanine, washed free of exe 
trace&& radioactivi~ and then incubated for 
3Osec at 37’ without (basal) or with I mM 
c~b~ylcholine (~~~a~~ coals mostly 
f%WW (Fig. f and Table I), The data from Fig. i 
were normalized to KKB per cent recovery of 
[‘%]cyclic Oh@ to obtain the results in Tables I 
and 2. Addition~ly~ since there were some peaks 
of radioactivity frozn the h.p.1.c. (Fig. I) which 
were unidentified, the total radioactivity recovered 
was greater than the sum found in guanine and 
derivatives (Table 1) by 3-5 per cent. The quan- 
tities of f’H]CTP and non-radioactively labeled 
GTP in the aliquots of cell extracts (Fii. lI3 and C) 
yielded specific activities for 13H]GTP of 1.1 x 
ld dis.~mi~~~.l nmole (or 45 mCi/m-mole) and 
I-0 X IO’ dis~~min~#.9 nmole (or 49 rn~~rn-rno~e~ for 
basal and stimulated cells respectively. This was 
near& a ZQO-foid lower specific activity than that 
of the original material. Based upon previous cal- 
culations of cell water for these cells (5.6&l x 10’ 
cells)[22J, the concentration of GTP within thee 
c&s was around I mM. For striated cells, 5 per 
cent of the total radioactivity was f’H1 cyclic GMP; 
for basal cells, 0.1 per cent (Table 1). The per cent of 
the total radioactivity in [‘H]GTP + [‘HIcyclic GMP 
for stimulated cells was almost equal to that for 
basal cells (Table 11, implying a stoichiometric 
relationship between the quantities of these nucleo- 
tides within the cells. 

Iden~cation af the r~~tivit~ from the cyclic 
EMP fraction of the I3owex 50 column showed 
that this fraction contained not only f3H]cyclic 
GMP but also [3H]~~ue and its other deriva- 
tives (Fig. 1D and E, Table 1). For basal cells, only 
40 per cent of the total r~o~tivity was [3H]cycIic 
GMP; bowever, for stimulated cells it was 94 per 
cent. Similar results were obtained us&g thin- 
layer c~omato~~hy and high voltage 

! 
1 “\, 1 Mixture of stondords 

fraction number 

I& I. Iden~ca~on by ~~pre~s~ liquid c~om~tog~ 
rapby Ch.p.ls.1 of radioactively labeled mate&d from 
mouse ~e~b~toma cefls incubated with @-3HJgumdne. 
CIone NfE-115 c&Is QmbcuItore la> were assayed for 
~~yicb~-~~~t~ [fH&YCtiG GhaP form&on 
and prepared for h.pJ.c. 0~s described in Mctbods and 
Materials. CeU. subpart fractions were either directly 
analyzed by h.p.1.c. (B and C) or first passed tbrougb a 
Dowex SO-H* cohunn and the fractions containh cyclic 
GMP then analyti by h,pJ.c. @ and E) as described in 
Methods and $&erkis. The column Row rate was 
3mltmin and the fractiou collactor was set at l-n& 
intetvafs. The entire fra&ion was co~~nted for radgoac- 
tivity o&g IS ml INSTA-GEL @ackard Invent Co., 
Inc., Downerrr Grove, IL1 witb the eikiincies for count- 
ing tritium and carbon-Ii avcragiq 37 and 45 per cent in 
t&ii respective channeh usiug a double label setting on 
t&e ~~~~~on counter. Corrections for cpm of the 
f’%lcytlic GMP intern& standard in tbe tritium cImnneI 
were made. Each aliquot (lO& of material analyzed by 
b.p.1.c. was from approxktely 3.7 x id c&s (- 1 mg 
protein1. PaneI A: mixture of standards: strip-&art 
recording of U.V. abeorbmke at 254 nm for 4 runal& each 
of mu&nine. 8uanosine. cvclic GMP. GMP. GDP and 
Gfi. Pan&- 13 and c: >adioacti&y fro& basal (no 
incubation with ~~~yIcbo~me (3) and stimulated @O- 
set incubation with 1 m&I’ carbamyicboiioe (C) c&l 
soperimnt fractions. Pan& D and E: booty from 
Dowex cobimn fractions after pas&g tbroi@ basat (Dj 
and sdmtited CE) c&I su~ma~t frrrctions. 

Key: --U-, trithun; and +, carbon-H. 

e~~~opho~sis~l3,14]. The absolute amomts of 
~i~cti~t~ from co~~in~ts in the Dowex 
cohunn fraction were nearly equal for basal and 
sheath cells (Table I), so that the diRerence 
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between stimulated and basal values (analogous to 
subtraction of a ‘no enzyme’ or ‘no substrate’ 
blank in a radiometric enzyme assay) was essen- 
tially identicaf to those differences derived from 
cell extracts directly analyzed by h.p.1.c. or from 
Dowex column fractions further analyzed by 
h.p.1.c. (Table 2). Thus, with the large stimulation 
of [3Hlcyclic GMP formation by muscarinic- 
receptor stimulation of these cells, a one-step 
fractionation of this cyclic nucleotide with a cation 
exchange resin appeared feasible. 

With the addition of a precipitation step[23,24] 
after Dowex column fractionation, recovery of 
radioactivity from basal and stimulated cells was 
reduced (Table 3) as a result of the removal of 
>90 per cent of [3H]GDP and around 60 per cent 
of [‘HIGTP (data now shown) without affecting 
recovery of cyclic GMP (Table 3, legend). Thus, 
with the precipitation step, which added ap- 
proximately 30min to the assay overall, the ap- 
parent stimulation over basal radioactivity was 
increased from around 5- to around 30-fold (Table 
3). Results from dose-response curve experiments 
for agonists using both isolation techniques were 
super~posable when data were plotted minus 
basal radioactivity (data not shown). 

Our previous results using this assay 
technique[l3,141 were very similar to those 
obtained by others using a radioimmunoassay for 
cyclic GMP[6]. However, to further validate our 
assay technique, a dose-response curve for 
c~bamylcholine-st~ulated cyclic. GMP formation 
was determined by assaying for radioactively 
labeled and for immunologically active cyclic 
GMP. For this experiment the Dowex column 
fraction was divided in half for scintillation count- 

~C~~bam~lchoiine concentration, mM 

Fig. 2. Carbamylcholine dose-response curves for 
radioactively labeled and immunologically active cyclic 
GMP formation by mouse neuroblastoma cells. Clone 
NE.-115 cells (subculture 11) were assayed in triplicate 
for [‘Hlcychc GMP formation at the indicated concen- 
trations of c~b~yicholine as described in Methods and 
Materials except that one half of the Dowex column 
fraction containing cyclic GhiP (7501.11) was analyzed for 
radioactivity (--0--) and an aliquot of the remainder 
was analyzed in quadruplicate for cyclic GMP by 
radioimmunoassay (-II!-). Standard errors of the 
mean are designated by vertical lines. Arrows indicate 
the concentrations of carbamylcholine causing 50 per 
cent of maximum st~ulation. There were approx~ately 

3 X ld cells and 1 mg protein/assay. 
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Table 2. [‘HIcyclic GMP formation by cultured mouse neuroblastoma cells using 
different methods for isolation of cyclic nucleotide 

Method of isolation of [‘HIcyclic GMP 

Cation exchange Cation exchange High-pressure liquid 
Additions resin* resin/h.p.l.c.t chromatography 

to cells (dislmin) (dislmin) (dis/min) 

None (basal) 2200 560 630 
Agonist+ (stimulated) 19,700 17,300 17,800 
A 17,500 16,740 17,170 

*Data from the cation exchange resin (Dowex SO-H+) were obtained from replicate 
samples of cells in the same experiment as that used for cation exchange resin/h.p.l.c. 
and h.p.1.c. (Fig. 1 and Table 1). 

tHigh-pressure liquid chromatography as described in Methods and Materials. 
SCarbamylcholine (1 mM) for 30 sec. 

Table 3. [3H]cyclic GMP formation by cultured mouse neuroblastoma cells 
using cation exchange resin alone or with a precipitation step to isolate the 

cyclic nucleotide’ 

Method of isolation of 13H]cyclic GMP 

Additions 
to cells 

None (basal) 
Agonist% (stimulated) 
A 

Cation exchange 
resint 

(dislmin + S.E.M.) 

3700 + 950 
21,000~700 
17,300 -c 1200 

Cation exchange resin 
followed by precipitation* 

(dis/min f S.E.M.) 

6OOk-25 
17,OaO f 1500 
16,400 2 1500 

*Mouse neuroblastoma clone NlE-115 cells (subculture 16) were assayed for 
[3H]cyclic GMP formation as described in Methods and Materials except for 
the addition of the precipitation step as described below. Recovery of 
[“C]cyclic GMP (internal standard) was (2 S.E.M.) 85 + 6 per cent for Dowex 
alone and 83 +7 per cent for Dowex plus precipitation. There were ap- 
proximately 2 X ld cells/assay. 

tDowex 50-H+. 
*Twenty-five microliters each of 3.2 M ZnS04 and 3.2 M Na2C03 were added 

to the 1.54 fraction from the cation exchange resin column. After sedimen- 
taiton of the precipitate (by centrifugation for 3 min in a Beckman Microfuge 
B), the supernatant fraction was quantitatively removed and assayed for 
radioactivity. 

!Karbamylcholine (1 mM) for 30 sec. 

ing and for radioimmunosassay. The results (Fig. 
2) showed that, with each assay technique, similar 
slopes of the curves and concentrations of 
carbamylcholine causing 50 per cent maximum 
stimulation were obtained. That is, results with 
this new assay technique were comparable to 
those obtained by radioimmunoassay. 

Ionic requirements for receptor-mediated cyclic 
GMP formation 

The results of experiments to determine the 
ionic requirements for the muscarinic receptor- 
mediated cyclic GMP response in clone 
NlE-115 showed that choline chloride (70mM) 
and HEPES (20mM) inhibited the receptor-medi- 
ated response (Table 4). Both of these quatemary 
amine compounds, which probably caused their 
effects by competition for the receptor site, there- 
fore should be used with caution as osmotic filler 
or buffer, respectively, when studying the 
muscarink. receptor. Another amine buffer, Tris 
(2amino-2-hydroxymethyl-1,3-propanediol), has 

been shown to antagonize the effects of acetyl- 
choline in neurons of Aplysia califomica [251. 

In the absence of external sodium ions, the 
cyclic GMP response was most reduced when 
choline chloride was used as osmotic filler (Table 4 
and Fig. 3A); this apparent sodium ion require- 
ment was not as prominent when sucrose or 
cesium chloride was used as osmotic filler (Table 
4). The results with cesium chloride (Table 4 and 
Fig. 3B) most likely reflect the true sodium ion 
requirement for this process since this osmotic 
fdler maintains the ionic strength of the medium, 
and cesium ions are not readily permeable through 
sodium channels [‘La]. Thus, increasing the external 
sodium ion concentration ([Na’l.) while decreas- 
ing the choline chloride concqntration to maintain 
isotonicity resulted in a relation (Fig. 3A) which 
probably reflects both the sodium ion dependence 
of the cyclic GMP response and the inhibitory 
effects of choline at the muscarinic receptor. A 
similar experiment utilizii cesium chloride as 
osmotic filler (Fig. 3B) showed that there was little 
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Table 4. Muscarinic receptor-mediated cyclic GMP formation-effects of ions, HEPES, and 
osmotic tillers* 

Component 
omitted 

None+ 
None 
None 
NaCI, Na*HPO, 
NaCl, NarHPO, 
NaCl, Na,HPO, 
KC1 
CaCls 
WC12 

Incubation medium 

Buffer Osmotic filler 

Na2HP0, Sucrose 
Na2HPOd Choline 
Na2HP04, HEPES Sucrose 
KHzPO, Sucrose 
KHrPO, Choline 
KH2P0, CsCl, sucrose 
NarHPO, Sucrose 
Na2HP04 Sucrose 
Na2HP04 Sucrose 

Carbamylcholine-Stimulated 
cyclic GMP formation as 

per cent control (2 S. E. M.)t 

100 
36 (k 1)8 
50 (2 3)% 

130 (2 6)’ 
9 (+ 6)s 

130 (k 13)t 

*Mouse neuroblastoma clone NlE-115 cells (subculture 21) were prepared for assay as 
described in Methods and Materials. At the end of the incubation period with r3H]guanine, 
cells were divided into nine aliquots and washed with the appropriate incubation medium, as 
listed in the table. After a IO-min incubation at 37”, cells were stimulated by the addition of 
20~1 of 10 mM carbamylcholine in water for 30 set; unstimulated cells received 20 ~1 water. 
Each condition was determined in triplicate. There was an average of 3.1 x ld cells and 66Opg 
of protein assay. 

tFor the control the average radioactivity was 2250 and 17,300 dis/min for basal and 
stimulated cells respectively. The difference between the stimulated and basal levels 
represents carbamylcholine-stimulated cyclic GMP formation. Basal values were not 
affected by the alterations in the composition of the incubation medium. 

*The composition of the incubation medium without omissions (medium III) is described 
in Methods and Materials. 

OP < 0.0005 vs control. 
‘Non-significant vs control. 

i!lO- 1 I I I I I I- 
v) 

= 

s Osmotic filler: Choline chloride 84 
“2 

I I I I I 
- Osmotic filler: Cesium chloride 

2 
‘; 
h 0 

z:o 
I I I I 

,I 
20 40 60 80 100 

_ External No+ concentration, mM 

External Nat concentration, mM 
@I 

(4 

Fig. 3. Effect of external sodium ion concentration on muscarinic receptor-mediated cyclic GMP 
formation by mouse neuroblastoma cells using choline chloride (A) or cesium chloride (B) as osmotic 
tiller. Mouse neuroblastoma clone NlE-115 cells (A, subculture 18; B, subculture 23) were assayed in 
duplicate at the indicated concentrations of sodium ions for [3H]cyclic GMP formation as described in 
Methods and Materials. (A) 1.6 x lo’ Cells and 670 pg protein/assay; (B) 2.4 x 16 cells and 680 pg 
protein/assay. Key: 0, carbamylcholine chloride (1 mM final concn) for 30 set; and Cl, no agonist. 

difference in the cyclic GMP response with 10 or 
110 mM sodium chloride present. The removal of 
potassium or magnesium ions (Table 4) also had no 
significant effect on receptor-mediated cyclic GMP 
formation. In addition [ HIcyclic GMP formation 
stimulated by carbamylcholine (1 mM) in the 
presence of tetrodotoxin @FM) was not different 
from control (47,000dis/min/106 cells vs 49,000 
dislmin/lO” cells respectively), suggesting that 
activation of fast sodium channels is not required 
for the response. 

In contrast to the effects of Na+, absence of 

calcium ions in the incubation medium resulted in 
about 90 per cent reduction in the muscarinic 
response (Table 4). The optimal calcium ion 
concentration for the effect of carbamylcholine on 
cyclic GMP formation was around 5 mM (Fig. 4). 
In addition, with increasing amounts of external 
calcium ion there was an apparent increase in 
basal cyclic GMP formation (Fig. 5). While the 
results presented in Fig. 4 were obtained in the 
presence of HEPES buffer with no phosphate (to 
assure solubility of calcium ions), similar results 
were found with phosphate buffer alone (data not 
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effects of a group of local anesthetics (Table 5) on 
the muscarinic receptor-mediated cyclic GMP 
formation. 

2 I I 1111 I I 
=0 b//l ’ 

WI 0.05 0.10 0.50 1.0 5.0 IO.0 20.0 
Calcium ion concentration, mM 

Fig. 4. Effect of external calcium ion concentration on 
muscarinic receptor-mediited cyclic GMP formation by 
mouse neuroblrktoma cells. Clone NlE-115 cells (sub- 
culture 14) were radioactivelv labeled in medium III as 
described ‘in Methods and Materials; washed in medium 
III without calcium ions; and resuspended ia medium III 
containing 20 mM Hepes buffer, no potassium phosphate 
and the indicated concentrations of calcium ions. Basal 
and c~~ylcho~e-~~~ levels of [3Hlcyclic 
GMP were then determined in duplicate. The data are 
f3Hlc~clic GMP formation after 3Osec with 1 mM 
&rb~ylcholine chloride minus the basal values at each 
Cal&m ion concentration. At [Ca”] ,=5mM, 
carbamylcholine caused a 180 per cent increase in 
[3H]cyclic GMP formation over basal levels. There were 

Procaine hydrochloride (0.1 ml@ caused a rapid 
inhibition of the muscarinic response to 
carbamylcholme with maximum inhibition occur- 
ring after about 5 min (Fig. 6). Procaine (Pig. 7) 
and all other local anesthetics (Table 5) were ap- 
parent competitive inhibitors of c~b~ylchol~e 
at the muscarinic receptor. Equilibrium dis- 
sociation constants (&) which were determined 
from the displacements of the dose-response 
curves for carbamylcholine (e.g. Fig. 7) gave the 
following rank order of the affinity for the 
muscarinic acetylcholine receptor: tetracaine = 
butacaine = procaine > dibucaine = lidocaine s 
ethyl aminobenzoate. In addition, procaine and all 
the other local anesthetics were apparent 
competitive inhibitors of the effects of external 
calcium ions when the c~b~ylcho~me concen- 
tration was 1 mM (e.g. Fii. 8). For these compounds 
the apparent I% values vs. [C!a*+], (range XL 
400&M) were greater than their KS values for the 
muscarinic receptor. Thus, as pointed out by a 
reviewer, at 1 mM carbamylchoiine, blockade of the 
muscarinic receptor by the local anesthetics would 

Table 5. Local anesthetics and the muscarinic acetyl- 
choline receptor 

approximately 2 x 10’ cells and 670pg protein/assay. 
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Fig. 5. Effect of external calcium ion concentration 
((Ca”],) on the dose-response curve for carbamyl- 
choline and cyclic GMP forma~on by mouse neuroblas- 
toma cells. Clone NIE-115 cells (suckle 13) were 
assayed in duplicate for [3H]cyclic GMP formation at the 
indicated concentrations of carbamylchdine chloride as 
described in the legend to Fii. 4 and in Methods and 
Materials. There were approximately 3 x 10 cells/assay. 

shown). Finally, calcium ions had no discernible 
effect on the affinity of carbamylcholine for the 
muscarinic receptor since there was no shift in the 
dose-response curves for carbamylcholine when 
[Ca’“], was varied (Fig. 5). 

The precise mechanism of action of local anes- 
thetics on excitabk membranes is not understood, 
but interactions with calcium ions have been 
demonstrated[15,16]. We, therefore, tested the 
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Length of preincubation with 
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Fig. 6. Inhibition by procaine of muscarinic receptor- 
mediated cyclic GMP formation by mouse neuroblas- 
toma cells: time course. Clone NIE-115 cells (subculture 
10) were assayed in triplicate for carbamylcholine-stimu- 
lated [‘HIcyclic GMP formation as described in Methods 
and Materials. Cells were incubated with procaine 
hydrochloride (0.1 mM final concn.) for the indicated 
times prior to the addition of carbamylcholine chloride 
(1 mM final concn) for 30 sec. In the absence of procaine 
(control), carbamylcholine increased [‘H]cyclic GMP 6- 
fold above basal values. There were approximately 2.2 x 

IO5 cells and 48Opg protein/assay. 

0.k I I I I I I I II 
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Corbamylcholine concentration, mM 

Fig. 7. Effect of procaine on the carbamylcholine dose- 
response curve for cyclic GMP formation by mouse 
neuroblastoma cells. Clone NlE-115 cells (subculture 11) 
were assayed in dunlicate for VHlcvclic GMP formation 
as described in Methods and Materials at the indicated 
concentrations of carbamylcholine chloride and procaine 
hydrochloride. There were approximately 1.6 x 10J cells 

and 45ONg protein/assay. 

also be expected. To overcome this muscarinic 
receptor blockade by the local anesthetics, these 
experiments were repeated at 20mM carbamyl- 
choline; under these conditions no effect of local 
anesthetics on external calcium could be demon- 
strated. In other experiments, procaine also in- 
hibited the carbamylcholine response in the absence 
of external sodium ions but did not affect cyclic 
GMP formation stimulated by 1 mM sodium azide 
(data not shown). 

Procalne concentration, FM 

Fig. 8. Inhibition by procaine of muscarinic receptor- 
mediated cyclic GMP formation by mouse neuroblas- 
toma cells: effects of external calcium ion concentration. 
Clone NlE-115 cells (subculture 10) were assayed in 
duplicate for carbamylcholine-stimulated cyclic- GMP 
formation as described in the legend to Fig. 4 and in 
Methods and Materials at the indicated concentrations of 
Ca” and procaine hydrochloride, which was added 10 
min prior to the addition of agonist (1 mM final concn). 
The increase above basal levels of [‘HIcyclic GMP 
formation caused by carbamylcholine was plotted by the 
method of Dixon[27]. The inhibitor constant (Ki) for 
procaine vs Ca” was 4OpM. There were approximately 

2 x lo5 cells and 75Opg protein/assay. 

DISCUSSION 

Our assay technique measuring 13Hlcyclic GMP 
synthesis from [3H]GTP by intact mouse neuro- 
blastoma cells was developed to facilitate studies 
of muscarinic-receptor effects on these cells and 
was modeled after an analagous technique 
developed to study cyclic AMP formation by brain 
slices[28] and cultured cellsl291. In this latter 
assay, [14C]adenine was used to radioactively label 
intracellular stores of ATP. Radioimmunoassay 
for cyclic GMP in these mouse neuroblastoma 
cells required prior purification of cellular 
material to remove interfering substances and an 
incubation period with antibody and radioactively 
labeled antigen for 18-20hr. Thus with radioim- 
munoassay techniques, results for an experiment 
would be obtained 1 day later than similar results 
obtained by the techniques described here (e.g. 
Fig. 2). However, our assay measures relative 
increases in the amount of cyclic GMP formed 
under various conditions. It was not designed to 
measure absolute levels of cyclic GMP which 
require techniques such as radioimmunoassay. 

The results of studies using this new assay 
define some of the ionic requirements for 
muscarinic receptor-mediated cyclic GMP forma- 
tion by mouse neuroblastoma clone NIE-115. The 
most prominent effect was seen with removal of 
calcium ions from the incubation medium, which 
caused nearly complete abolition of the receptor- 
mediated response (Table 4). Thus, like almost 
every other cyclic GMP system which has been 
studied [S, 25-311, muscarinic receptor-mediated 
cyclic GMP formation by intact clone NlE-115 
cells requires the presence of external calcium 
ions. This muscarinic receptor effect may there- 
fore be added to the list of differentiated proper- 
ties of this cell line, which includes such charac- 
teristics as electrically excitable membranes and 
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certain enzymes involved in the synthesis and 
catabolism of catecholamincs [ 121. 

Many processes which are apparently mediated 
by the muscarinic receptor are dependent on cal- 
cium ionsf321. For the cyclic GMP response, this 
ionic requirement was found for smooth 
muscle [30,31], thyroid[33], neutrophils [34], fat 
cells[351, liver cells[36], renal cortex[37] and 
autonomic ganglia[51, while the only exception 
was with guinea pig pancreatic acinar cells[38]. It 
was shown with smooth muscle that calcium ions 
can alter the afhnity of c~b~ylcholine for the 
muscarinic receptor [39]; thus, experiments were 
done to test this possibility (Fig. 5). The data 
which were in agreement with those of receptor- 
biding studies [32] showed no effect of calcium 
ion concentration on the affinity of carbamyl- 
choline for the muscarinic receptor. The reason 
for the diierence in our results from those of 
Burgen and Spero[39] is not known. 

The results with local anesthetics (Table 5) 
demonstrate that these compounds interacted with 
mouse neuroblastoma cells to perturb muscarinic 
acetylcholine receptor function. The least potent 
compound in our series was the neutral local 
anesthetic ethyl aminobenzoate, and the equili- 
brium dissociation constants for all compounds 
(Table 5) were in a concentration range that would 
be expected to cause anesthetic block. 

Previously, competition between local anes- 
thetics and calcium[15,16,40-431, as well as be- 
tween local anesthetics and cholinergic 
agonists[44-461 for sites on membranes, was 
demonstrated. More specifically, for example, 
local anesthetics were shown to antagonize 
competitively calcium-induced contractions of 
smooth muscle and to inhibit calcium binding to 
isolated rat muscle sarcolemma[l5]; additionally, 
these compounds bind to the nicotinic acetyl- 
choline receptor site on membrane fragments 
from Etectrophorus and Torpedo electric 
organs[44,45]. Superficially, our data appear to 
suggest that the local anesthetics also could act by 
competing with the agonists at the muscarinic 
receptor-bring sites but we could not demonstrate 
an interaction of these compounds with calcium 
ions. 

Weber and Changeux[#] found that local anes- 
thetics bind to the nicotinic receptor site at concen- 
trations much higher than that required to block the 
electrical response to cholinergic agonists. Thus, 
they concluded that the pharmacological effect of 
these compounds was not a result of nicotinic 
receptor blockade. Our data taken with those of 
Weber and Changeux[44] are sufficient to suggest 
that the local anesthetics may be acting in a non- 
specific manner. While there are no data which de- 
fine the action of local anesthetics on sodium trans- 
port, the current consensus is that they alter the sur- 
face charge [47,48] and possibly the fluidity of cell 
membranes 149,501; both these effects could 
markedly affect the binding of agonists to receptors. 

A further possibility exists: biological mem- 
branes are widely assumed to be asymmetric 
with respect to phospholipid compositions such 
that the inner leaflet of the bilayer tends to be 
more negatively charged when compared to the 

outer leaflet. Such asymmetry of charge led Sheetx 
and Singer [5 11 to propose that drugs which were 
charged could asymmetrically affect the lipid 
bilayer (so-called biiyer-couple hypothesis). This 
concept, taken with the mo~~~ceptor 
proposal [52,53], suggests that the combined action 
of local anesthetics on fluidity and on the bilayer 
couple [5 l] may result in dislocation of the recep- 
tor and effector components in the muscarinic 
receptor+uanylate cyclase system. 

Finally, in recent experiments 154, 551 we have 
demonstrated in clone NlE-115 the presence of 
histamine H1 receptors which mediate the forma- 
tion of cyclic GMP. With the information at hand 
about ionic requirements for muscarinic receptor- 
mediated cyclic GMP formation and the effects of 
local anesthetics in the process, we have begun 
similar studies on the histamine H, receptor. 
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