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Abstract

The pharmacological and biochemical properties of G protein-coupled receptors have been recently
revealed to be more complex than originally supposed. Especially, in natural environment or in vivo, some
receptors including muscarinic acetylcholine receptor (mAChR) are frequently modified by many factors,
so that the receptors may exhibit multiple pharmacological profiles and biochemical functions, which are
different from relatively constant and uniform properties originally reported in cell-free preparations and
recombinant system. In order to detect the native properties of receptors occurring in tissues and cells
without altering their natural environment and also to solve discrepancy between the functional affinity
obtained by a bioassay approach and the binding affinity estimated from the conventional binding method
with membrane preparations, the tissue segment binding method without homogenization has been
recently developed as a new approach. In this chapter, the detailed protocol of tissue segment binding
method and some unique properties of mAChRs observed in tissue segments are described.
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1 Introduction

The radioligand-binding method has been one of the most impor-
tant techniques in studying the pharmacological characterization
and biochemical identification of many types of receptors [1, 2].
This method was pioneered by Paton and Rang in 1965 [3], who
incubated intact strips of intestinal smooth muscle with [*H Jatro-
pine, in order to study the ligand binding properties of mAChRs.
However, the binding method was thereafter applied to homoge-
nates or membrane fractions prepared from tissue, because recep-
tor density is high in the membrane-rich preparations and any
binding-interfering substances such as endogenous neurotransmit-
ters could be removed in the fractionated preparations ([2], also
see other chapters in this volume). Since the pharmacological
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profiles of receptors obtained by the conventional membrane
binding method are generally uniform among many tissues and
relatively well consistent with those of recombinant receptors
[2, 4], the conventional binding method with membrane prepara-
tions and the recombinant receptors have been widely employed
for many purposes including the identification of receptors and the
screening of drug candidates. However, there is emerging evidence
that a receptor can show multiple pharmacological or biochemical
properties under different conditions or states, in contrast to the
uniform property supposed originally [5-10]. In particular, phar-
macological specificity for some receptors may differ markedly
between intact cells and cell-free preparations [11-13]. For exam-
ple, M;-mAChR subtype in rat cerebral cortex has relatively low
affinity to M;-selective antagonists (darifenacin and solifenacin) in
the natural environment, while the antagonists can recognize the
M;-mAChRs with high affinity after homogenization [14].
Furthermore, there are often discrepancies in the native mAChRs
between the functional affinities for antagonists obtained by a bio-
assay approach and the binding affinities estimated from the con-
ventional membrane binding assay [ 15, 16]. Moreover, M;-mAChR
subtype has been recently demonstrated to exist and operate not
only on the cell surface but also in intracellular sites in the central
nervous system [17, 18]. The existence of functional intracellular
mAChRs is inconsistent with a classical concept that mAChRs are
representative cell-surface receptor. As tissue homogenization may
cause disintegration of cell structure and/or dissociation with
receptor and other membrane proteins and may result in signifi-
cant changes of the pharmacological or biochemical properties, it
seems very important to keep receptor’s natural environment as
possible. Recently, we have developed “intact tissue segment bind-
ing method” without homogenization [7, 19]. In this chapter, the
detailed protocol of intact segment binding method and some
unique profiles for native mAChRs are described.

2 Materials

2.1 Solution
for Tissue Isolation

In order to maintain the native tissue environment, isotonic nutri-
ent solutions have been used. We employ a modified Krebs—
Henseleit solution that is commonly used in the functional bioassay.
The composition is as follows: 121 mM NaCl, 5.9 mM KCl,
1.2 mM MgCl,, 2.0 mM CaCl,, 1.2 mM NaH,PO,, 25.5 mM
NaHCO;, and 11.5 mM glucose. The pH of the solution is main-
tained at 7.4 by gassing with 95 % O, and 5 % CO,. It is better to
partially freeze the solution (0 °C) before tissue isolation in order
to stop rapidly tissue/cell metabolism upon tissue isolation.
Especially, brain must be placed in 0 °C solution immediately after
isolation.
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The goal of using intact tissue in the tissue segment binding
method is to keep the receptor environment closely as possible to
that in tissues in vivo. Therefore, isotonic nutrient solutions are
used during binding experiments. We use an incubation buffer
(136 mM NaCl, 5.9 mM KCI, 1.2 mM MgCl,, 2.0 mM CaCl,,
1.2 mM NaH,PO,, 10.5 mM NaHCO;, and 11.5 mM glucose,
pH 7.4 in air), whose composition is essentially the same as the
modified Krebs—Henseleit solution described above. However, the
incubation buffer cannot be aerated during the incubation period,
in contrast to the case of a functional bioassay where the nutrient
solution is bubbled with 95 % O, and 5 % CO,. Therefore, the
NaHCO; concentration in the modified Krebs—Henseleit solution
is reduced from 25.5 to 10.5 mM to adjust the pH to 7.4 under
equilibration in room air, and the osmolality is compensated by
adding NaCl. This bicarbonate bufter solution is sufficient to keep
the pH constant under the incubation conditions at low tempera-
ture. Other isotonic solutions buftered with HEPES or Tris might
be used instead of the bicarbonate buffer, but it should be tested
before use whether the buffer composition affects the binding
properties of the target receptors.

Two distinct radioligands have been used for the identification of
mAChRs: 1-quinuclidinyl-[ phenyl-4-*H|-benzilate ([*H]QNB)
and 1-[N-methyl-*H]-scopolamine methyl chloride ([*H]NMS).
[*H]QNB is hydrophobic and permeable through plasma mem-
brane. Thus, as the proportion of nonspecific binding is signifi-
cantly higher than that of hydrophilic [*HINMS, [*H|NMS is
useful to detect cell surface mAChRs. On the contrast, hydropho-
bic [*H]QNB can bind not only cell surface but also intracellular
mAChRs [20-22]. In addition to radioligands, surface and intra-
cellular mAChRs may be differently recognized by membrane-
permeable atropine, or impermeable N-methylatropine or
non-radioactive NMS, resulting in distinct proportions of nonspe-
cific binding sites. Therefore, different combinations with radioli-
gand and nonspecific ligand must be selected depending on
research purposes (see Sect. 3) Radioligands and all tested drugs
are diluted with incubation buffer before use. H,O must not be
used for drug dilution. Glass tubes, but not plastic tubes, must be
used for drug dilution and incubation (Fig. 1, step A), because
plastic tubes may rapidly absorb radioligands and other tested
drugs, resulting in a rapid reduction in their concentrations during
dilution and incubation in contrast to glass tubes.

3 Methods

3.1 Preparation
of Tissue Segments

The tissue segment binding method can be applied to all tissues
isolated from animals including humans. Under a stereoscopic
microscope and at 4 °C, surrounding unnecessary parts such as fat
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Fig. 1 Experimental protocol for the tissue segment binding method. Step A: One tissue segment is incubated
with [*HINMS or [*H]QNB in the absence or presence of competitor in a glass tube at 4 °C. The incubation
volume is generally 0.5 ml and the glass tube is shaken 110-120 times per min during incubation. Incubation
periods (7—8 or 16 h) and combination of radioligand and competitor depend on the research purpose. Step B:
Thereafter, the tissue segment is picked up by forceps, and then gently washed in a plastic tube containing a
washing buffer at 4 °C for 40-60 s. Step C: The tissue segment is again picked up with another forceps, and
then solubilized in 1 ml of 0.3 M NaOH solution at 37 °C for ~24 h. The test tube is strongly vortexed several
times in order to facilitate the solubilization. Step D: After solubilization, the radioactivity and protein content
are measured. In general, 500 pl and 20-50 pl of the solubilized solution are used for the measurements of
radioactivity and protein content, respectively. Thick horizontal arrows between steps A and B, steps B and C,
or steps C and D represent that the tubes described in both panels are the same, respectively

and connective tissues are removed. Muscle and mucosal layers can
be separated in some tissues such as urinary bladder and stomach.
Then the tissue is carefully cut into small pieces with ophthalmic
fine scissors under a stereoscopic microscope. In order to allow dif-
fusion of drug into tissue it is necessary to cut tissue in segments of
small size. However, segments have to be big enough to keep
receptor environment intact. Thus compromised size of sections
has to be found. For example, the best size of rat cerebral cortex
segments is approximately 1.5 mm in length, 1 mm in width, and
0.5 mm in thickness for the measurement of mAChRs. In rat
detrusor and stomach muscles, the best size is 1 x 1.5 mm although
the thickness depends on the muscle layer.
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3.2 Incubation As shown in Fig. 1, step A, one segment is incubated in one glass
Volume tube at 4 °C. The incubation volume is usually 0.5 or 1.0 ml, where
and Temperature a segment is incubated together with different concentrations of

competitor and radioligand. In the tissues expressing receptor at
high density, larger incubation volume (together with smaller size
of tissue segments) is better to avoid a significant reduction of
effective concentrations of radioligand and/or competitor added
to the incubation solution during incubation. Incubation starts
immediately after addition of radioligand. Incubation tubes are
usually shaken 110-120 times per min. Some investigators con-
sider 37 °C might be preferable, because this temperature is more
physiological and because the resulting binding data might corre-
spond better to the functional data measured at 37 °C. However,
it must be noted that the intact tissue segments are incubated in an
isotonic solution without bubbling air or oxygen. In order to rule
out possible changes in natural states under anoxia at 37 °C, we
have therefore used low temperature (generally 4 °C). Receptor
trafficking seems to be neglected at this low temperature.

3.3 Incubation Time In the conventional binding method with cell-free preparations,
2 h incubation is enough to reach equilibrium binding even at
low temperature (4 °C). In contrast, binding process to intact
tissue segments should be markedly influenced by tissue architec-
ture and physicochemical properties of tested drugs. Figure 2
shows representative time course of specific binding of [*H|QNB
in rat urinary bladder and cerebral cortex segments. At 1.5 nM of
[*H]QNB, the binding to rat detrusor muscle is monophasic and
reaches a plateau in incubation for approximately 8 h (Fig. 2a).

a Urinary bladder b Cerebral cortex

1500 - 6000 -
® 1.5nM

A 10nM
1000 - 4000 -

500 - 2000 -

Specific binding
(fmol/mg protein)

O T T T T T T T T 0 T T T T T T T T
0 2 4 6 8 1012 14 16 0 2 4 6 8 10 12 14 16

incubation time (h) incubation time (h)

Fig. 2 Time course of [*HJQNB binding to rat urinary bladder segments (a, detrusor muscle) and cerebral cortex
(b) segments at 4 °C. [*H]JQNB (1.5 nM in a, and 1.5 and 10 nM in b) was added at time 0 and then incubated
for indicated periods. Specific binding was determined by subtraction of [*HJQNB binding in the presence of
1 uM atropine from total binding. Each point represents the mean of duplicate determinations and SEM in a
representative experiment
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3.4 Washing

However, the binding of 1.5 nM [*H]QNB to cerebral cortex is
biphasic; the first plateau at approximately 8 h is followed by the
second plateau at 16 h incubation (Fig. 2b). On the other hand,
at a higher concentration (10 nM) of [3H]QNB, the binding
increases monophasically in rat cerebral cortex segments (Fig. 2b).
Recently, intracellular distribution of mAChRs in addition to cell
surface has been demonstrated in rat, mouse and human brain
and in neuroblastoma cells [17, 18], while mAChRs usually occur
on the cell surface in the peripheral tissues such as urinary blad-
der when the receptors are not stimulated by agonists [21, 23—
25]. Therefore, it is likely that monophasic binding of [*H|QNB
at 10 nM reflects its faster penetration through plasma membrane
and rapid association with mAChRs than those at low concentra-
tions (1.5 nM) of [3H]QNB. Although different binding kinetics
of QNB among mAChR subtypes cannot be also ruled out, the
present and recent additional evidence suggests that the ability of
hydrophobic [P H]QNB to bind to cell surface and intracellular
mAChRs strongly depends on the plasma membrane permeabil-
ity (physicochemical property) and concentrations of radioligand,
and also on the incubation time. At present, we have used two
different incubation periods (8 and 16 h) in [*H|]QNB binding
experiments in order to detect surface and total mAChRs. In this
case, total number of mAChRs is estimated by subtracting non-
specific binding defined with membrane-permeable atropine
(1 pM) from total binding at 8 or 16 h incubation, while amount
of surface mAChRs is calculated by subtracting the nonspecific
binding defined with hydrophilic (membrane-impermeable) NMS
(1 pM) at short incubation (8 h). Figure 3 shows the representa-
tive saturation curves for [’ H]QNB binding to total and surface
mAChRs in rat cerebral cortex segments, where similar total
number of mAChRs can be estimated by atropine regardless of
8 or 16 h incubation (see more details in Sect. 4.2). Alternatively,
surface mAChRs may be more specifically estimated from [*H]
NMS binding to the segments, where nonspecific binding should
be defined with the use of more hydrophilic N-methylatropine
than atropine [21]. Combination of chemically same compounds
(e.g., [PHINMS vs. NMS) must be avoided in order to contami-
nate non-mAChR sites.

After incubation, each segment is carefully picked up by forceps
from each incubation tube and quickly moved into a plastic tube
containing ice-cold washing buffer (2 ml). Then, the plastic tubes
are gently vortexed for 40-60 s (Fig. 1, step B). The washing buf-
fer is the same as the incubation buffer used. Figure 4 shows the
residual radioactivity remained in the tissue segments after washing
for various times, where rat cerebral cortex segments were incu-
bated with 2 nM [*H]NMS (a) or 2 and 10 nM [*H]QNB (b and
¢) in the absence or presence of 1 pM atropine for 8 h beforehand.
The residual radioactivity in the segments rapidly reduced after
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Fig. 3 Representative saturation curves for [*HJQNB binding to intact segments of rat cerebral cortex. (a) The
segments were incubated for 8 h and the specific binding (circles and squares) was determined by subtraction
of [*H]QNB binding in the presence of 1 pM atropine or 1 pM NMS, respectively. (b) The segments were incu-
bated for 16 h and specific binding (circles) was determined by subtraction of [*H]JQNB binding in the presence
of 1 pM atropine from total binding. Each point represents the mean of duplicate determinations and SEM in a

representative experiment

3.5 Tissue
Solubilization,
and Measurement
of Protein

and Radioactivity

washing and was maintained at relatively constant level during
15-120 s. It is interesting to note that tissue radioactivity before
washing (at 0 s) is not so high as compared with the residual count
after washing, suggesting that contamination of radioligand in
extracellular /interstitial spaces is minor in the used segments. This
conclusion is also supported by extremely low levels of nonspecific
[*HINMS binding in the segments incubated with atropine
(Fig. 4a). In contrast, nonspecific binding of lipophilic [’ H|QNB
is higher in proportion than that of [3H|]NMS, suggesting intracel-
lular accumulation of [¥H]QNB and its persistent retention during
washing (Fig. 4b, c). After washing, the segment is picked up and
moved into a glass tube for tissue solubilization (Fig. 1, step C).
Different forceps must be used at steps B and C, in order to avoid
possible contamination of radioligand. In the case of hard seg-
ments like muscle, the blotting on paper may be applied after pick-
ing up the segment.

The washed segments are solubilized in 0.3 M NaOH solution
(1 ml) to measure the bound radioactivity and the protein content
(Fig. 1, steps C and D). Most of tissue segments are solubilized at
37 °C within 1 day. It must be noted that segment size varies
among segments, that results in different protein concentrations
between tubes. Therefore, protein content must be measured in
every tube. In general, 10-50 pl of the solubilized tissue solution
is used for protein assay and 500 pl for measurement of radioactiv-
ity of bound radioligand, respectively.
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Fig. 4 Residual radioactivity remained in the segments of rat cerebral cortex after washing. The segments
were incubated with 2 nM [*HINMS (a) or 2 and 10 nM [*H]QNB (b and ¢, respectively) for 8 h beforehand, and
then picked up and washed for various times. In abscissa, time 0 means that the radioactivity of the segments
was directly measured without washing. Squares: total radioactivity. Circles: specific radioactivity. Triangles:
nonspecific radioactivity in atropine-treated segments. Each point represents the mean of duplicate determi-
nations and SEM in a representative experiment

3.6 Data Analysis Since each tissue segment varies in size, the solubilized tissue solu-
tion in each tube has different protein content. For normalization
of the data, the radioactivity measured must be adjusted to the
counts (dpm) bound per mg of protein. Then, binding data are
analyzed using commercially available software (PRISM version
5.01; GraphPad Software, La Jolla, CA, USA) [7].

4 Notes

4.1 Binding Density The most important discrepancy between the tissue segment bind-
and Affinity ing method and the conventional binding method using homog-
enates or microsomal fraction is a difference in binding density.
Recent data of saturation binding experiments with [*H|NMS in
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The dissociation constants (K;) and maximal binding capacities (B..,) of [*(HINMS in the intact

segments and homogenates of various rat tissues

Segments Homogenates
Tissue K (pM) B« (fmol/mg protein) K, (pM) B, (fmol/mg protein)
Cerebral cortex 1550 3000 178 2050
(134) (1990)
Striatum 2500 3700 158 2800
Hippocampus 1800 2500 197 1950
Cerebellum 350 280 213 204
Submaxillary grand 280 380 185 153
Left ventricle 1050 420 334 86
(163) (110)
Gastric muscle 970 1580 245 550
Detrusor muscle 800 810 212 226

Saturation binding experiments were carried out at 4 °C. Incubation periods were 8 h in the segments and 2 h in the
homogenates, respectively. Tissues were homogenized with the same buffer as the Krebs’ incubation buffer used in the
segment binding method, but cerebral cortex and left ventricle were also homogenized with Tris bufter (50 mM Tris,
2 mM EDTA, pH=7.4) and the data are shown in parentheses. Data represent mean value of 2—-3 experiments

the segments and homogenates of various rat tissues are summa-
rized in Table 1. Here, the tissues were homogenized either with
the same Krebs’ solution as the incubation buffer in the segment
binding experiments or with sodium-free Tris-EDTA buffer in
order to test the effects of distinct homogenizing bufters. When
the binding capacities are compared using the same denominator
(that is, per mg of total tissue protein in the segments and the
homogenates), lower density of mAChRs can be estimated in the
homogenates than in the segments, regardless of distinct homog-
enizing buffers. Similar differences in binding capacity have been
reported in the mAChRs of other tissues (rat gastric mucosa [26];
human airways [27]; mouse epithelial cells [28]). Since the specific
binding observed in segments is completely inhibited by not only
lipophilic but also hydrophilic antagonists and agonists, higher
density in the segments is not an overestimate due to nonspecific
accumulation of radioligand into the tissue segments (see Sect. 3.4,
Fig. 4). Rather, it is likely that the tissue segment binding method
can avoid a yield loss of receptors which may be resulted from
homogenization and/or membrane fractionation. This type of
yield loss after homogenization has been reported in other recep-
tors (nicotinic receptor [29]; oy-adrenoceptor [19, 30-32];
B-adrenoceptor [26, 33]). The improved yield of receptor in intact
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4.2 Identification
of Surface and
Intracellular mAChRs

segments is of particular value for dealing with limited amount of
tissues and/or small animals. Recently, Ikeda et al. [27] have
applied the segment binding method to human airway tissues in
order to compare the distribution of mAChR and p-adrenoceptor
subtypes between segmental and subsegmental bronchi (approxi-
mately 10 mm and 1-4 mm in outer diameter, respectively).

The second significant difference between both binding meth-
ods may be observed in binding affinities for radioligand or several
drugs. Like [*'H]QNB, [*H|NMS has been classically recognized
as a non-selective but specific radioligand of mAChRs showing a
relatively constant and high (subnanomolar) affinity in various tis-
sues and recombinant receptors [4]; for example, 270 pM in rat
cerebral cortex, 290 pM in rat hippocampus, 230 pM in rat corpus
striatum, and 547 pM in rat gastric muscle [4, 14, 34, 35]. A simi-
lar high affinity (approximately 200 pM) for [*HINMS was
obtained in the present homogenate binding (Table 1). However,
the dissociation constants for [*H|NMS estimated in the segments
are relatively low and varied among the tested tissues (280-
2500 pM). Besides these results, it has been reported that M;-
mAChRs in rat cerebral cortex cannot be identified as high affinity
sites for M; selective antagonists (darifenacin and solifenacin)
under segmental conditions, while M;-sites have been recognized
as their high affinity sites in the homogenates or the membrane
preparations [14]. Therefore, it is likely that tissue homogeniza-
tion may cause a change in receptor profile in addition to yield loss,
and it would in part explain well known discrepancy between
functional bioassay and conventional binding assay. Although the
mechanisms for yield loss and profile change after homogenization
are not yet settled, it must be again emphasized that the segment-
binding approach may shed light on distinct native phenotypes of
cholinergic and probably other receptors observed in functional
approach [7, 12, 13, 36].

In contrast to peripheral tissues, the mAChRs in the cerebral cor-
tex, striatum, and hippocampus exist not only on the cell mem-
branes but also in the intracellular sites (mainly Golgi apparatus)
[17]. The intracellular sites can be accessed by hydrophobic [*H]
QNB but not by hydrophilic [*SH]NMS [20-22]. Figure 3a shows
representative saturation curves for [3H|QNB binding in rat cere-
bral cortex segments under 8 h incubation, where two distinct
binding capacities are estimated using hydrophilic (membrane-
impermeable) unlabeled NMS and membrane-permeable atropine,
respectively. The density estimated with hydrophilic NMS is signifi-
cantly lower than that estimated with atropine. Such a high density
of mAChRs is also obtained under long incubation (16 h) in the
absence or presence of atropine (Fig. 3b). These differences in
binding capacities are also observed in striatum and hippocampus of
rats and mice, but not in the cerebellum and peripheral tissues.
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and Perspective
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These results suggest that mAChRs are localized not only on the
cell surface but also at intracellular sites in some brain areas, and
that such distinct subcellular distribution of mAChRSs can be identi-
fied by different combinations of [*H]QNB with hydrophobic
and/or hydrophilic ligands in the segments. In reference to this
point, it is important to emphasize repeatedly that cell surface and
intracellular receptors cannot be discriminated after homogeniza-
tion. Detection of distinct subcellular distribution of receptors
would be influenced by physicochemical property and concentra-
tions of ligands, and incubation times.

Under natural /physiological environment, mAChRs and probably
other receptors may exist and function as pharmacologically dis-
tinct phenotypes which are different from relatively constant and
uniform profile observed in homogenized tissues or recombinant
system. The tissue segment binding method is a powertul tool for
detecting the native properties of receptors occurring in tissues and
cells without altering their environment, and would provide impor-
tant information of pharmacokinetic analysis, positron emission
tomography (PET) analysis and in drug development. Recently, it
has been suggested that in vivo distribution of receptor ligands
may be related to the distinct binding affinities estimated in the
segments of various tissues but not to a uniform affinity estimated
in the homogenates [13].
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