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Abstract
In vitro bladder contractions in response to cumulative carbachol doses were measured in the
presence of selective muscarinic antagonists from rats that had their major pelvic ganglion
bilaterally removed. Denervation induced both hypertrophy and a supersensitivity of the bladders
to agonist. The affinities in control bladders for antagonism of carbachol-induced contractions
were consistent with M3-mediated contractions. Affinities in denervated bladders for 4-
diphenlacetoxy-N-methylpiperidine methiodide (8.5) and p-fluoro hexahydrosilodifenidol (6.6)
were consistent with M2-mediated contractions, although the methoctramine affinity (6.5) was
consistent with M3-mediated contractions. Subtype-selective immunoprecipitation of muscarinic
receptors revealed a 50% increase in total and a 60% increase in M2 receptor density with no
change in M3 receptor density in denervated bladders compared with normal or sham-operated
controls. This increase in M2 receptor density is consistent with the change in affinity of the
antagonists for inhibition of carbachol-induced contractions and may indicate that M2 receptors or
a combination of M2 and M3 receptors directly mediates smooth muscle contraction in the
denervated bladder.
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Pharmacological data, based on the actions of subtype-selective antimuscarinic agents, can
distinguish at least three distinct subtypes of muscarinic acetylcholine receptors (M1, M2,
M3). Molecular techniques have identified five muscarinic receptor subtypes (M1–M5)
arising from five separate genes (2), and these can be quanti-fied using
immunoprecipitation. The M1 receptors have a high affinity for pirenzepine (PZP), a low
affinity for methoctramine, and an intermediate affinity for p-fluoro hexahydrosilodifenidol
(p-F-HHSiD). The M2 receptors have a high affinity for (11-[2-(diethylamino)methyl]-1-
piperidinyl acetyl)-5,11-dihydro-6H-pyrido[2,3-b][1,4]-benzodiazepine-6-one and
methoctramine and a low affinity for PZP and p-F-HHSiD. The M3 receptors have a high
affinity for 4-diphenlacetoxy-N-methylpiperidine methiodide (4-DAMP) and p-F-HHSiD
and a low affinity for both PZP and methoctramine (6).

Acetylcholine acting via muscarinic receptors located on urinary bladder smooth muscle
cells is the principal neurotransmitter inducing bladder muscle contraction during voiding
(27). Immunological and molecular studies revealed that most tissues, including the urinary
bladder, express a mixture of subtypes (8, 18, 20). Immunological studies using subtype-
specific antibodies revealed the existence of M2 and M3 receptor subtypes (32, 33), but not
the M1, M4, or M5 subtypes, in this tissue. The majority of the muscarinic receptors in the
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rat urinary bladder (70–90%) are of the M2 subtype, and the remaining receptors identifiable
by this means are of the M3 subtype (33). The other subtypes may be present, but in such
low amounts that they cannot be detected by this method. This is evidenced by our ability to
detect mRNA coding for the M1, M2, M3, and M4 receptors in the rat urinary bladder using
an extremely sensitive technique, RT-PCR (4).

Affinity values (pA2) derived from Schild plot analysis of the inhibition of carbachol-
induced contractions of the rat urinary bladder are consistent with M3 receptors mediating
contractility (4, 33). The presence of prejunctional M1 facilitory and M2 inhibitory receptors
on parasympathetic nerves innervating the rat bladder has been demonstrated both by
acetylcholine release (7, 29, 30) and functional studies (4). Other data obtained by selective
alkylation of M3 receptors with 4-DAMP mustard suggest that the M2 receptor may be
involved in inhibition of β-adrenergic receptor-induced relaxation (16). Rat bladder smooth
muscle contracted with 90 mM KCl can be relaxed by isoproterenol stimulation of β-
adrenergic receptors that act through elevation of cAMP. These strips will subsequently
contract to carbachol. When the M3 receptor is selectively alkylated, a contractile function
for the M2 receptor, which preferentially couples to the inhibition of adenylyl cyclase, can
be observed. We have performed similar studies and obtained similar results, but in addition
to the pharmacological analysis we used subtype-selective immunoprecipitation to
determine the fraction of M2 and M3 receptors alkylated (5).

Unlike that of other mammalian species, the normal rat bladder does not contain intramural
ganglia (12). After bilateral ablation of the major pelvic ganglion (denervation),
degeneration of bladder nerves is expected to occur (10). The hypothesis of this study is that
if all or a significant fraction of bladder M2 receptors are prejunctional, after denervation,
the density of M2 receptors would decrease. To test this hypothesis we measured the density
of M2 and M3 receptors by subtype-selective immunoprecipitation and calculated pA2 values
for a panel of muscarinic antagonists for inhibition of carbachol-induced contractions 3 wk
after bladder denervation.

METHODS
Materials

Frozen normal rat bladders were purchased from Pel Freeze Biologicals (Rogers, AR). The
following drugs or chemicals were obtained from the sources indicated: carbachol, sodium
cholate, protease inhibitors, atropine from Sigma Chemical, St. Louis, MO; methoctramine,
4-DAMP, 4-DAMP mustard, and p-F-HHSiD from Research Biochemicals International,
Natick, MA; [3H]quinuclidinylbenzilate (QNB; 43 Ci/mM) from DuPont-New England
Nuclear Research Products, Wilmington, DE; pansorbin from Calbiochem, La Jolla, CA;
and digitonin from Gallard-Schlesinger Industries, Carle Place, NY.

Surgery
Rats (200- to 250-g female Sprague-Dawley rats from Ace Animals, Boyertown, PA) were
anesthetized with 2% isoflurane in oxygen, and a midline incision was made in the lower
abdomen. The pelvic plexus was exposed. For bilateral denervation, both the left and right
major pelvic ganglia were cut with a Valleylab (Boulder, CO) hand stitching pencil attached
to a model SSE 2 solid-state electrosurgery device (Valleylab). For sham-operated animals,
the plexus was exposed but left intact. The subcutaneous tissue, muscle, and skin were
sutured. After surgery, urine was expressed by the use of manual pressure on the lower
abdomen of the denervated and sham-operated animals twice daily for 3 wk.
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Muscle strips
Urinary bladders were removed from rats killed by decapitation. The urinary bladder body
(tissue above the ureteral orifices) was dissected free of the serosa and surrounding fat. The
bladder was divided in the midsagittal plane, then cut into longitudinal smooth muscle strips
(~4 × 10 mm). The muscle strips were then suspended with 9.8 mN of isometric tension in
tissue baths containing 15 ml of modified Tyrode solution (in mM: 125 NaCl, 2.7 KCl, 0.4
NaH2PO4, 1.8 CaCl2, 0.5 MgCl2, 23.8 NaHCO3, and 5.6 glucose) and equilibrated with
95% O2-5% CO2 at 37°C. The strips were tested for their ability to contract in response to
electric field stimulation of 8 V, 30 Hz, 1-ms duration. The electric field stimulation was
generated by a solid-state square-wave stimulator (model S88, Grass Instruments, Quincy,
MA) interfaced through a stimulus power booster (Stimu-Splitter II; Med-Lab Instruments,
Loveland, CO) to maintain the amplitude, duration, and shape of the stimulus signal, which
is transmitted to 12 tissue baths in parallel simultaneously. The 2.5-cm long serpentine-
shaped platinum electrodes are situated parallel to the long axis of the muscle strips ~1.25
cm apart in 15-ml organ baths (Radnoti Glass Technology, Monrovia, CA).

Carbachol dose response
After equilibration to the bath solution for 30 min, bladder strips were incubated for 30 min
in the presence or absence of antagonist. Dose-response curves were derived from the peak
tension developed following cumulative addition of carbachol (10 nM-300 μM final bath
concentration). Each concentration of antagonist was tested on one strip from each of five
denervated rats and on three strips from sham-operated controls. Dose ratios were
determined on the basis of the average of the responses of five antagonist-free strips. An
EC50 value was determined for each strip via a Hill transformation of the data spanning
10-90% of the maximal contraction. The EC50 values determined in the presence of
antagonist were used to generate Schild plots to calculate pA2 values for each antagonist. If
the slope of the Schild plot was not significantly different from unity, the slope of the Schild
plot was constrained to unity to calculate the pKB value.

Immunoprecipitations
Immunoprecipitations were performed using antibodies as previously described (33), except
that a two-step solubilization procedure was employed as described in Luthin et al. (17).
Protein concentration in the solubilized receptor preparation was determined by a dye
binding assay (Bio-Rad). Muscarinic receptor density is reported as femtomoles per
milligram protein in this solubilized receptor preparation. Total muscarinic receptor levels
were determined by desalting over Sephadex G-50 minicolumns as previously described
(33). Precipitations on normal and sham-operated controls were done on pooled bladders
(8-10 bladders per assay, 3 assays performed in triplicate for normal, 1 assay performed in
quintuplet for sham), while precipitations were done on individual denervated bladders (n =
4, with at least duplicate determinations for each bladder).

Statistical and data analysis
Results are reported as means ± SE. The contractility data curves displayed in Fig. 2 were
generated by a curve-fitting program (Origin, MicroCal Software, Northampton, MA) based
on a sigmoidal fit of the data for the dose-response curves and a linear fit for the Hill and
Schild plots. Statistical analysis of multiple-group comparison was performed by ANOVA
with a post hoc Scheffé’s test (GB-STAT; Dynamic Microsystems, Silver Spring, MD) or
Student’s t-test where appropriate. Statistically significant differences in the affinity values
and departure from unity in the slopes derived from the Schild plots were determined using
95% confidence intervals.
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RESULTS
Weight of bladders

Denervation induced hypertrophy of the rat urinary bladder. Denervated bladders weighed
on average 505 ± 51 mg (range 368–848 mg, n = 9), which was significantly more (P <
0.01) than sham-operated bladders (98 ± 5 mg, range 76-120 mg, n = 10).

Agonist affinity
As can be seen in Fig. 1, the denervated bladder strips had an increased carbachol response
while their response to electrical field stimulation was essentially zero and not significantly
different from TTX-treated normal strips. There was no statistically significant difference
between the EC50 values of carbachol for inducing contractions for control and sham-
operated bladder strips (data not shown). As a consequence, these values were pooled for
comparison with denervated bladders. The EC50 of carbachol for inducing contractions in
denervated bladders (0.71 ± 0.09 μM) was significantly lower (P < 0.05) than pooled sham-
operated and control bladders (1.26 ± 0.21 μM).

Antagonist affinities
Schild analysis of the shift in the carbachol dose-response curves for a series of muscarinic
receptor antagonists revealed a dosedependent competitive inhibition of bladder muscle
contraction. As previously shown using PZP, methoctramine, 4-DAMP, and p-F-HHSiD,
muscarinic receptor antagonists inhibited carbachol-stimulated muscle contractions in
control bladders at a concentration consistent with M3 receptors directly mediating muscle
contraction (4, 33). However, as shown in Fig. 2 and Table 1, in denervated bladders the
affinities of 4-DAMP (pKB = 8.5 ± 0.2, slope not different from unity) and p-F-HHSiD (pKB
= 6.5 ± 0.4, slope not different from unity) for inhibiting carbachol-induced contractions are
consistent with M2 receptors directly mediating muscle contraction (6, 9). The affinity of
methoctramine for inhibiting carbachol-induced contractions in the denervated rat bladders
(pA2 = 6.5 ± 0.5, slope of the Schild plot was 0.60, significantly less than unity, not
significantly different from control based on 95% confidence interval) is consistent with M3
receptors directly mediating muscle contraction (6, 9). In sham-operated controls, the
affinities of methoctramine (pKB = 6.2 ± 0.4, slope not different from unity) and p-F-HHSiD
(pKB = 7.7 ± 0.6, slope not different from unity) for inhibiting carbachol-induced
contractions are consistent with M3 receptors directly mediating muscle contraction as is the
case in normal bladders (Table 1).

Immunoprecipitation
The total muscarinic receptor density (fmol/mg solubilized protein) in denervated bladders
was significantly (P < 0.01) higher than in either sham-operated or unoperated control
bladders (Fig. 3). Also as can be seen in Fig. 3, the density of M2 receptors was also
significantly higher in denervated bladders than in either sham-operated (P < 0.05) or
unoperated controls (P < 0.01). There was no difference in the density of M3 receptors. As a
result of the selective increase in the density of M2 receptors, the M2-to-M3 ratio was
significantly higher (P < 0.01) in the denervated bladders (9.6) than in either sham-operated
(6.1) or unoperated controls (5.4). The sum of the M2 and M3 receptors precipitated
accounted for 87, 92, and 87% of the total receptors solubilized for unoperated control,
sham-operated control, and denervated bladders, respectively. The protein concentrations in
the solubilized receptor preparations were 0.61 ± 0.03, 0.67, and 0.66 ± 0.03 mg/ml for
unoperated control, sham-operated control, and denervated bladders, respectively; thus
similar amounts of protein were solubilized for all groups studied.
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DISCUSSION
The denervation procedure used in this study was successful based on both the lack of
contractile response of these bladders to electric field stimulation and also to the large
increase in weight of the denervated bladders. The rats with denervated bladders were
unable to void normally; therefore, the bladder was exposed to increased mechanical force,
which resulted in an increase in bladder capacity and hypertrophy. In response to electric
field stimulation, normal bladders contracted 60% while the denervated bladders contracted
only 5% of their carbachol-evoked maximum (Fig. 1). Despite the predominance of M2
subtypes in rat bladder, pharmacological evidence based on the affinity of a panel of
subtype-selective muscarinic antagonists is most consistent with M3 muscarinic receptors
directly mediating smooth muscle contraction (Table 1; Ref. 33). On the basis of the
pharmacological data obtained with denervated rat bladders (Fig. 2 and Table 1) compared
with normal and sham-operated control rat bladders, it appears that in denervated rat
bladders, M2 receptors can provide a contractile function that is mediated by M3 receptors in
normal bladders. The reason that both 4-DAMP and p-F-HHSiD yielded affinities consistent
with M2-mediated contraction whereas methoctramine yielded an affinity consistent with
M3-mediated contraction is unknown. One possible explanation of this phenomenon is that
in the denervated bladder either the M2 or M3 receptor subtype is sufficient to mediate
contraction, perhaps independently of the other. Once the M3 receptors are blocked by an
M3-selective antagonist, the M2 subtype is capable of mediating contraction. Until the
antagonist concentration is high enough to block the M2 subtype, the contraction will not be
antagonized, thus the appearance of an M2 affinity for M3-selective antagonists (4-DAMP
and p-F-HHSiD). The reverse would be true for an M2-selective antagonist such as
methoctramine and would yield an affinity consistent with M3-mediated contraction.

The slope of the Schild plot for the M2-selective antagonist methoctramine is significantly
less than 1, unlike the slope of the Schild plots for the M3-selective antagonists 4-DAMP
and p-F-HHSiD, which are not different from unity. One possible explanation for a Schild
plot having a slope of less than unity is the involvement of more than one receptor subtype
mediating the response. The reason that the Schild plot for methoctramine has a slope of less
than 1 while the slope of the Schild plots for 4-DAMP and p-F-HHSiD are not less than 1 is
not clear. On the basis of the affinity of muscarinic antagonists for inhibiting carbachol-
induced contractions in denervated rat bladder and on the shallow slope of the Schild plot
for methoctramine, a combination of M2 and M3 receptors could be mediating contraction in
this tissue. Future experiments using antagonists with greater subtype selectivity (not
currently commercially available) may help clarify the contribution of the M2 and M3
receptor subtypes to contraction in this tissue. This apparent change in function or
“unmasking” of a function not previously identifiable by this means could be the direct
result of the selective increase in M2 receptor density in response to denervation (Fig. 3). If
this change in function of receptor subtypes seen in denervated bladders is a common
phenomenon seen with other receptors and under pathophysiological conditions, then
therapeutics developed for the treatment of pathological conditions based on their
effectiveness in normal tissue may prove clinically ineffective.

In normal bladders, the M2 receptor appears to provide a contractile function by inhibition of
β-adrenergic receptor-induced relaxation, which is only displayed in the presence of an
inactivated M3 receptor population (16). Hegde et al. (16) also reported that in urethan-
anesthetized rats the rank order of potency of intravenously injected muscarinic antagonists
for antagonizing volume-induced bladder contractions correlated most favorably with M2
receptor involvement. It is possible that these antagonists influence volume-induced bladder
contractions at the neuronal level and not by acting directly on the smooth muscle of the
bladder. We hope through this study to help to clarify the pre- and postjunctional
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localization of these receptor targets. Our results support the localization of a major
proportion of M2 receptors to smooth muscle cells in the denervated rat bladder.

Consistent with other reports, in denervated bladders, we observed a shift to the left in the
carbachol concentration-effect curve termed “increased responsiveness” or “denervation-
induced supersensitivity” (11, 21). Does the density of the receptor determine the
responsiveness of the tissue? On the basis of the work of Nilvebrant et al. (21), this does not
appear to be the case. This group showed that the density of muscarinic receptors declined
with urinary diversion and that these bladders were supersensitive to the muscarinic receptor
agonist methacholine. Apparently, the sensitivity of the bladder to muscarinic agonists can
increase without increases in the density of muscarinic receptors. On the basis of this
evidence, they suggested that supersensitivity may be induced by a lower level of receptor
stimulation and that regulation of muscarinic receptor density may be influenced by bladder
function. Muscarinic receptor desensitization, as a result of phosphorylation and
internalization, induced by receptor activation has been described (14, 31). In normal
bladders, some fraction of the muscarinic receptors may not be responsive to agonist (i.e.,
desensitized) because of tonic nervous stimulation. If this is the case, a hypo- or submaximal
responsiveness may be the norm. With no nervous activity as in denervated bladders or no
reflex-induced contractions as in diverted bladders, a greater fraction of the muscarinic
receptors may be responsive to agonist. Consequently, these bladders would appear as either
hyper-responsive or supersensitive. If this is the case, supersensitivity may be a misnomer
and really refer to maximum responsiveness, because the normal physiological
responsiveness is already desensitized to some degree.

In general agreement with others, we show that denervation of the rat urinary bladder
induced a 48% increase in the density of total muscarinic receptors (13, 21). Gunasena et al.
(13) reported a 37% increase in total [3H]QNB binding 2 wk after ganglionic denervation in
the whole bladder, with a twofold increase in smooth muscle. Nilvebrant et al. (21) showed
a 98 and 137% increase in [3H]QNB binding 1 and 3 wk postdenervation, respectively. The
greater increase in density seen by Nilvebrant et al. (21) may be due to differences in
experimental procedure, such as the fact that the urine from the bladders of the denervated
animals used in our study was expressed twice daily whereas the urine from the denervated
rats in the Nilvebrant et al. (21) study was expressed once per day. Unlike other reports,
which measured total muscarinic receptor density and not the density of the individual
subtypes, we show that the increase in muscarinic receptor density in denervated bladders is
due to a selective increase in density of the M2 receptor subtype. The increase in total
receptor density was the result of an ~60% increase in the density of M2 receptors with no
change in the density of M3 receptors (Fig. 3).

This selective increase in the density of M2 receptors results in a significant increase in the
M2-to-M3 ratio from ~5.4 in normal to ~9.5 in denervated bladders. We have previously
published data indicating that the M2-to-M3 ratio is 9 in normal rat bladders (33). The
bladders used in that study were obtained frozen from the supplier, and we subsequently
determined that some of the bladders were likely contaminated with prostate tissue. In the
current report, a different precipitation procedure (two-step solubilization) was used and
extreme care was taken to remove all prostate tissue from the bladders. The rat prostate
contains many proteases, and the M3 receptor appears to be selectively susceptible to
proteolysis (most likely due to its large i3 loop), thus rendering it unable to be precipitated
(23). As a result of these changes in procedure, we have been able to precipitate a greater
density of M3 receptors, yielding an M2-to-M3 ratio of 5.4 in normal bladders. The selective
increase in M2 receptor density is unlike that seen in the fetal, virgin, and gravid rabbit
urinary bladders, where although there are differences in total muscarinic receptor density,
the M2-to-M3 ratio remains constant (3). Our results using human bladder tissue indicate
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that patients in acute urinary retention also have an upregulation of total muscarinic receptor
density, with no change in the M2-to-M3 ratio (M. R.Ruggieri, S. B. Brandes, G. J. Wise,
and V. Krichevsky, unpublished observations).

Differences in the solubility of muscarinic receptor subtypes transfected into insect salivary
cells with the M3 receptor being the least soluble have been reported by Rinken and
colleagues (24, 25). Several differences, including the use of a different ligand (N-
[3H]methylscopolamine), the use of transfected insect cells, and radiolabeling of the receptor
after solubilization, which significantly decreases yield (24), negate direct comparison with
our solubilization efficiency. Our experience to date, whether using parotid, bladder, or
brain tissue, is solubilization of 40-50% of total muscarinic receptors (23). We precipitate
nearly 90% of the solubilized receptors by subtype-selective immunoprecipitation. In the
present study, nearly identical amounts of protein were solubilized from the three different
groups of bladders, and between 87 and 92% of the solubilized receptors were precipitated.
In conjunction with the data obtained by others (13, 21) and the pharmacological data
presented in this study, we believe that it is unlikely that the increase in density of the M2
receptor was due to differences in solubility of the different subtypes. These
immunoprecipitation results are consistent with the pharmacological data and also support
the localization of M2 muscarinic receptors to smooth muscle cells in the denervated rat
urinary bladder.

It is unlikely that denervation induced the expression of the M1, M4, or M5 receptor
subtypes. In our previous study on normal rat bladders, the M2 and M3 receptor subtypes
accounted for all measurable precipitated receptors, because no M1, M4, or M5 receptors
could be immunoprecipitated (33). In the present study 87% of total receptors can be
accounted for by a combination of the M2 and M3 subtypes in both control and denervated
bladders. Therefore, if induction of other subtypes occurred in response to denervation, they
do not contribute significantly to the total. Furthermore, the pharmacological data are
consistent with this finding. The apparent change in function of the M2 receptor in
denervated bladders, which may be an unmasking of a function not measurable in normal
bladders, could be the result of its increased density regardless of any change in the density
of M3 receptors or due to the increased ratio of M2 to M3 receptors. If the former were
correct, any bladder that had an increased density of M2 receptors would be expected to
contract due to M2 receptor activation. If the latter were correct, any condition that resulted
in an elevated M2-to-M3 ratio regardless of the absolute density of receptor subtypes would
be expected to result in M2 receptor-mediated contraction. On the basis of other results (5)
in which pharmacological data are consistent with M3 receptor-mediated direct contraction
even after an increase in the M2-to-M3 ratio due to selective alkylation, it appears that the
absolute level of M2 receptors is more important than the M2-to-M3 ratio in determining
which subtype mediates contraction. However, other differences resulting from adaptation
of the bladder induced by either hypertrophy or the increased mechanical stretch imposed on
the denervated bladder may not allow for straightforward comparison of the results from
these two paradigms.

Alternately, the change in function of the M2 muscarinic receptor in denervated bladders
may be a result of changes in the coupling of this subtype with the signal transduction
mechanisms that result in contraction. The change in coupling may have been induced by
one of the above-mentioned factors. The M1, M3, and M5 receptors are thought to
preferentially couple to phosphoinositide (PI) hydrolysis through activation of
phospholipase C by members of the Gq family of heterotrimeric guanine nucleotide binding
regulatory proteins (G proteins), whereas the M2 and M4 receptor subtypes are thought to
couple preferentially to the inhibition of adenylyl cyclase through Gi (5). Agonist
stimulation of bladder muscarinic receptors modestly inhibits adenylyl cyclase in the rabbit
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(26) and guinea pig (22), but does not significantly stimulate PI hydrolysis in the rabbit
bladder (26). However, muscarinic receptor-induced PI hydrolysis has been described in the
rat (19), guinea pig (22), and human bladder (1). In cultured human bladder smooth muscle
cells (15) and guinea pig bladder (22), activation of the M3 receptor increases PI hydrolysis.
In a previous report we confirmed coupling of rat bladder M2 and M3 receptor subtypes to
members of both the Gi and Gq/11 subfamilies of G proteins (33). On the basis of the
promiscuous coupling of muscarinic receptors to different families of G proteins in the rat
bladder, it is possible that M2 receptors as a result of their increased density may couple to
PI hydrolysis in the denervated rat bladder and induce contraction independent of cAMP.
Confirmation of this prediction awaits further analysis.

In conclusion, denervation induces an increase in M2 muscarinic receptor density with no
change in M3 receptor density in the rat urinary bladder. Concomitant with these changes,
the affinity of a series of muscarinic receptor antagonists for inhibition of carbachol-induced
smooth muscle contraction switches from being consistent with M3 receptor-mediated
contraction in control bladders to M2-mediated or a combination of M2 and M3 receptor-
mediated contraction in denervated bladders.
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Fig. 1.
Tension developed by sham-operated control and denervated rat bladder muscle strips in
vitro in response to electrical field stimulation (EFS) or carbachol-evoked maximum (Carb
Max). Data shown are averages ± SE. In response to electric field stimulation (8 V, 1-ms
duration at 30 Hz), actual tension developed was 12.7 ± 2.6 mN for sham-operated (n = 14
muscle strips) and 1.6 ± 0.7 mN for denervated rats (n = 60 muscle strips). Maximal
carbachol responses were 28.4 ± 3.2 mN for sham-operated (n = 14 muscle strips) and 43.1
± 7.3 mN for denervated rat bladder strips (n = 60 muscle strips). **Significantly different
(ANOVA, P < 0.01) from sham-operated control.
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Fig. 2.
Carbachol dose-response (DR) displacement curves and Schild plot (insets) for p-fluoro
hexahydrosilodifenidol (p-F-HHSiD; A), methoctramine (B), and 4-diphenlacetoxy-N-
methylpiperidine methiodide (4-DAMP; C) effect on denervated rat bladder strips in vitro.
Each antagonist curve represents average responses of 5 muscle strip preparations (1 strip
from each of 5 denervated rats), whereas control curve represents the average of 14 muscle
strips expressed as percent of each individual strip’s maximal carbachol response. These
maximal responses (averages ± SE) were 32.3 ± 2.8 mN for control; 26.6 ± 2.2, 34.0 ± 5.4,
and 27.2 ± 4.7 mN for 0.1, 1, and 10 μM p-F-HHSiD respectively; 26.2 ± 3.2, 34.2 ± 5.7,
and 37.6 ± 5.9 mN for 1, 3, and 10 μM methoctramine respectively; and 37.8 ± 7.5, 36.7 ±
7.2, and 32.0 ± 3.7 mN for 3, 10, and 30 nM 4-DAMP, respectively. There was no
significant difference in maximum between these groups.
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Fig. 3.
Precipitation of M2 and M3 muscarinic receptor subtypes from bladder of normal control,
sham-operated control, and denervated rats. Receptors were labeled with
[3H]quinuclidnylbenzilate and solubilized as described in Luthin et al. (17). Data shown are
average femptomoles of receptor per milligram solubilized protein ± SE from individual
denervated bladders (n = 4) or pooled normal (n = 3) or sham-operated controls (n = 1
performed in quintuplet) or ratio of M2 to M3 receptors. Protein concentration in solubilized
receptor preparation was ~8% of protein concentration in crude homogenate. Compared with
filtration binding, ~50% of muscarinic receptors were solubilized (data not shown).
**Significant difference (P < 0.01) from control.
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