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Abstract

Muscarinic acetylcholine receptors are members of the G-protein coupled receptor superfamily that
are expressed in and regulate the function of neurons, cardiac and smooth muscle, glands, and many
other cell types and tissues. The correct trafficking of membrane proteins to the cell surface and their
subsequent localization at appropriate sites in polarized cells are required for normal cellular
signaling and physiological responses. This review will summarize work on the synthesis and
trafficking of muscarinic receptors to the plasma membrane and their localization at the cell surface.
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1. Introduction

The proper trafficking of proteins to and from the cell surface is essential for normal
physiological responses. Aberrant targeting of membrane proteins in polarized cells can result
in human disease. For example, mistargeting of the low density lipoprotein receptor in
hepatocytes is responsible for hypercholesterolemia in some patients (Koivisto et al., 2001).
Mistargeting of Gprotein coupled receptors (G-PCRs) is known to result in disease states. The
missorting of rhodopsin in retinal cells can result in retinitis pigmentosa and blindness (Deretic
etal., 2005). Nephrogenic diabetes insipidus is the inability of the kidney to concentrate water
caused by vasopressin receptor mistargeting in the kidney epithelia (Tan et al., 2003), and
hypogonadotropic hypogonadism is a result of missorting of the gonadotropin-releasing
hormone receptor (Knollman et al., 2005).

There are five subtypes of muscarinic acetylcholine receptors (MAChR) which are products
of distinct genes and are members of the (GPCR superfamily (Wess, 1996; Nathanson,
2000). In general, the M1, M3, and Mg receptors activate phospholipase C (PLC), using
pertussis toxin-insensitive G-proteins of the Gy family but do not inhibit adenylyl cyclase, and
the M, and My receptors inhibit adenylyl cyclase (using pertussis toxin-sensitive G-proteins
of the Gj/G, family) but do not stimulate PLC. This specificity is not absolute, however, and
M, and M, receptors can activate PLC when expressed at high levels in certain cell types due
to the release of By subunits from G;j/G, (Ashkenazi et al., 1987; Tietje et al., 1990; Katz et al.,
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1992). Furthermore, both G;- and G4-coupled mAChR can couple to Gg to stimulate adenylyl
cyclase activity (Migeon and Nathanson, 1994). Muscarinic receptors can regulate ion channels
not only through the actions of second messengers but also through the direct regulation of ion
channels by activated G-protein subunits (Wickman and Clapham, 1995; Herlitze et al.,
1996; Nemec et al., 1999). mAChR can also cause both the endocytosis (Nesti et al., 2004) or
insertion into the surface membrane (Singh et al., 2004; Cayouette et al., 2004) of a variety of
ion channels. mAChR can also regulate other signal transduction pathways which have diverse
effects on cell growth, survival, and physiology, such as the mitogen-activated protein kinases,
phosphoinositide-3-kinase, RhoA, and Racl (Nathanson, 2000; Marinissen and Gutkind,
2001). The ability of signaling pathways to interact can lead to many complicated regulatory
pathways (Nathanson, 2000).

Muscarinic receptors are present in neurons in the central and peripheral nervous systems,
cardiac and smooth muscles, secretory glands, and many other cell types and tissues as well.
Analysis of the function of individual mMAChR subtypes has been greatly aided by the use of
mutant mice lacking one or more mAChR genes (reviewed in Wess, 2004; Matsui et al.,
2004; Abrams et al., 2006; Eglen, 2006; Wess et al., 2007).

This review will focus on the regulation of newly synthesized muscarinic receptor trafficking
to and their localization at the cell surface.

2. Muscarinic receptor synthesis

2.1 A brief introduction to membrane protein synthesis

The transport pathways used by proteins destined for the plasma membrane have been
extensively studied for many years. Membrane proteins are synthesized on ribosomes on the
rough endoplasmic reticulum (ER) and are generally transported via the Sec61 translocase
through and into the ER membrane, followed by transit through the Golgi and delivery to the
cell surface (Rapoport, 2007). Multispanning proteins such as GPCR must have signals that
allow multiple transmembrane domains to be oriented correctly. Proteins that interact with and
presumably are involved in translocation of specific transmembrane domains have been
identified for the GPCRs opsin and the neurotensin receptor (Meacock et al., 2002). Many
membrane proteins are glycosylated. N-linked-glycosylation on asparagines occurs
cotranslationally almost as soon as the nascent polypeptide enters the ER, where initial
trimming of the high mannose carbohydrate core occurs. Further trimming and processing
occurs in a series of distinct steps in specific regions of the Golgi. O-linked sugars and
proteoglycans are also added in the Golgi. O-linked glycosylation occurs in the Golgi by the
addition of N-acetylgalactosamine to serines and threonines. Glycosylation has many potential
functions, and can, depending on the protein in question, affect ligand binding, protein stability,
targeting, processing, and protein-protein interactions (Ohtsubo and Marth, 2006).

2.2. Synthesis and transport of mMAChR to the cell surface

The ability of agonist treatment to cause increased receptor degradation and thus decrease
steady state receptor levels allowed the first studies on rates of mMAChR synthesis by
examination of the recovery of mMAChR following recovery from agonist-induced
downregulation. Total muscarinic receptor numbers in neuroblastoma cells, chick heart cells,
and pancreatic acinar cells in culture gradually increased after agonist removal in a
cylcoheximide sensitive fashion, returning back to control levels over 12-20 hours. Recovery
was blocked by treatment with the protein synthesis inhibitor cylcoheximide, consistent with
but not proving that these receptors represented newly synthesized proteins (Klein et al.,
1979, Taylor et al., 1979; Galper and Smith, 1980; Hootman et al., 1986). Hunter and
Nathanson (1984) took advantage of the ease of manipulation of the chick embryo in ovo to
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look at the recovery of cardiac mAChR after down regulation in vivo. Receptor number
returned to control values over ~14 hours in a cylcoheximide -sensitive fashion. Hunter and
Nathanson (1986) found that the recovery of total cellular mMAChR (measured using the
membrane-permeable antagonist [2H]quinuclidinyl benzilate, QNB) and cell surface mMAChR
(measured using the membrane-impermeable antagonist [3H]-N-methyl-scopolamine, NMS)
occurred with a similar 14 hour time course in cultured chick heart cells after receptor
downregulation. Ray et al. (1989) reported that mAChR recovery following downregulation
in neuronal cells was blocked by treatment with monensin and nigericin, which interfere with
Golgi transport, and with the microtubule inhibitor nocodazole.

While studies examining receptor recovery following agonist-induced downregulation provide
information on the synthesis of receptors in cells treated with agonist for long periods of time,
they do not necessarily provide information on the rates of receptor synthesis in nonstimulated
(i.e., non-agonist treated) cells. Agonist stimulation will of course lead to changes in multiple
second messenger pathways and changes in immediate early gene expression. Indeed, long -
term agonist exposure has been reported to cause changes in the levels of mMRNAs encoding
specific MAChR subtypes, although these changes can be celltype specific and do not occur
in all cell types (Fukamauchi et al., 1991; Habecker and Nathanson, 1992; Habecker et al.,
1993; Lenz et al., 1994; Goin and Nathanson, 2002).

Hunter and Nathanson (1986) compared the rate of recovery of mMAChR in cultured heart cells
from long-term agonist-induced downregulation and after receptor inactivation with the
affinity alkylating antagonist propylbenzilylcholine mustard (PrBCM). Muscarinic receptor
expression on the cell surface after downregulation returned to control values in ~14 hr., while
20-24 hr. was required following affinity alkylation. Goin and Nathanson (2002) used
immunoprecipitation with subtype specific antibodies to determine the rate of reappearance of
newly synthesized mAChR in cultured chick retinal cells after treatment with either carbachol
or PrBCM. While the M5 and M4 receptors recovered to similar extents and with similar times
courses after either carbachol or PrBCM treatment (> 85% recovery after 20-24 hr.), the M3
receptor exhibited recovery to near control levels only after PrBCM treatment but not after
carbachol treatment. Thus, long-term agonist treatment may not only cause increased receptor
degradation but may also change the subsequent rate of receptor synthesis.

Alkylation with PrBCM is thought not to affect mAChR synthesis and thus has been used for
determination of the rate constant for synthesis in kinetic analyses of mMAChR trafficking
between intracellular compartments (Koenig and Edwardson, 1994). Using this method,
Koenig and Edwardson (1996) showed that the M3 and My receptors when stably expressed
at similar levels in CHO cells had a three-fold difference in the rate of reappearance of new
receptors at the cell surface. Interestingly, SH-SY5Y neuroblastoma cells endogenously
express low levels of Ms; when expressed as a percentage of the mAChR on the cell surface,
the rate of delivery of M3 was similar to that determined in transfected CHO cells.

Sawyer et al. (2006) used a novel strategy termed regulated secretion-aggregation (RPD™) to
measure the rate of synthesis of the M4 receptors in transiently transfected CHO cells. A
conditional aggregation domain, consisting of four tandem mutated FKBP12 binding domains,
and an intervening furin cleavage site were fused to the N-terminal of M1, which blocked
plasma membrane delivery due to aggregation of the mAChR and retention in the ER. Addition
of a ligand for the FKBP12 domain resulted in disaggregation and release of the mAChR from
the ER, and subsequent cleavage by the trans-Golgi protease furin allowed transport of the
near-native M receptor to the cell surface. Muscarinic receptors began to appear at the cell
surface within 30 minutes of the release from the ER. In the continued presence of the FKBP12
ligand, mAChR expression on the cell surface peaked at ~ 17 hours and then declined,
consistent with a model for trafficking of an initially large pool of receptors which then decays
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as the steady state level of intracellular receptors is obtained. The kinetic data was consistent
with a model where the rate of exit of receptor from the ER is equal to the rate of internalization
from the plasma membrane. As these authors point out, while this method allows for the
synchronized release of receptor which was trapped in the ER, the accumulation of aggregated
mMAChHR in the ER could affect receptor transcription or synthesis. In light of the many changes
in cellular biosynthetic pathways that occur in response to ER stress (Zhao and Ackerman,
2006; Ron and Walter, 2007), it seems important to determine if the use of the RPD™
technology alters the kinetics of membrane protein synthesis.

The efficiency of transport of MAChR to the cell surface appears to depend critically on both
receptor subtype and the cell type which expresses the receptor. Galper et al. (1982b) found
that the number of total cellular mMAChR binding sites (measured using [P H]JQNB) was the
same as the number of cell surface MAChR (measured using [BHJNMS), indicating that there
was not a significant number of intracellular receptors in non-agonist stimulated cells. Scherer
and Nathanson (1989) reported that the cloned My and M5, receptors when expressed in Y1
adrenal cells were expressed essentially all on the cell surface. Tolbert and Lameh (1996) used
confocal microscopy to determine that epitope-tagged My were mostly at the cell surface of
HEK cells, although some cells exhibited some cytoplasmic staining. M, receptors in CHO
cells were shown by similar methods to be also essentially exclusively on the cell surface
(Tsuga et al., 1998). In PC12 cells, the endogenously expressed My receptor and transfected
M receptors are detected by immunocytochemistry predominantly on the cell surface
(Volpicelli et al., 2001; McClatchy et al., 2006). As discussed in detail below, while the M,
and M3 receptors are expressed almost exclusively on the cell surface of polarized MDCK
epithelial cells (albeit in different membrane domains), significant amounts of the M; and
M, receptors are found intracellularly (Nadler and Nathanson, 2001; Chmelar and Nathanson,
2006; Shmuel et al., 2007).

Differential distributions of the receptors on the plasma membranes can also be found in the
intact nervous system. In the striatum, the M, receptor is localized predominantly at the cell
membrane of medium spiny neurons but is mostly cytoplasmic in cholinergic interneurons
(Bernard et al., 1999). In the cholinergic neurons of the nucleus basalis magnocellularis, 41%
and 68% of the M, receptors were found on the plasma membrane of cell bodies and dendrites,
respectively, with the remainder in various intracellular compartments; 78% of the M,
receptors in the cholinergic terminals of these neurons in the frontal cortex were on the plasma
membrane. The proportions of intracellular and plasma membrane receptors change with age
(Decossasetal., 2003, 2005). In the ventral tegmental neurons, M, receptors were found mainly
in intracellular membranes of somata and proximal dendrites, suggesting that the receptors are
undergoing significant amounts of local synthesis, transport and/or internalization. In contrast,
the mAChR was mainly localized to the plasma membrane of distal dendrites and axons
(Garzon and Pickel, 2006).

These differences between the proportions of mMAChR found on the cell surface suggest that
there may be chaperones which can regulate the synthesis, trafficking and/or transport of the
receptors in a celltype and receptor subtype-specific manner. Relatively few proteins have been
identified which interact with newly synthesized muscarinic receptors or regulate their
biosynthetic trafficking. The small G-protein ARF6, which has previously been implicated in
regulation of mMAChR internalization, has also been implicated in biosynthesis of the M, and
other GPCR. Overexpression of a constitutively active ARF6 has been reported to result in
decreased exit of the M5 receptors from the ER to the Golgi (Madziva and Birnbaumer,
2006), although additional work demonstrating a role of endogenous ARF6 in receptor
processing is required to confirm this conclusion. DRiP78 is an ER membrane protein which
interacts with a hydrophobic motif in the carboxy terminal of the D1 dopamine receptor to
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regulate its export from the ER; overexpression of DRiP78 also regulates M, receptor cell
surface expression (Bermak et al., 2001).

Both homodimerization and heterodimerization has been shown to be required for transport of
some GPCR to the cell surface. Heterodimerization of the GABAg; and GABAg> receptors
is required to occlude an ER retention signal in the C-terminal of GABAg; receptor and thus
allow its transport to the cell surface (Calver et al., 2001: Paggano et al., 2001).
Homodimerization of the B2-adrenergic receptor appears to be important for ER export and
trafficking to the cell surface (Salahpour et al., 2004). A number of studies have shown that
various subtypes of mMAChR can form both homodimers and heterodimers, and dimerization
has been reported to affect agonistinduced downregulation of the mAChR (Zeng and Wess,
1999; Novi et al., 2004, 2005; Goin and Nathanson, 2006). The role if any of dimerization in
the trafficking of newly synthesized mAChR to the cell surface has not been determined.

2.3 Receptor Glycosylation

Studies on purified cardiac mMAChR demonstrated that they were highly glycosylated (Peterson
etal., 1986), and the deduced amino acid sequences of all five cloned receptors contain multiple
sites for N-linked protein glycosylation. Liles and Nathanson (1986) determined the effects of
treatment with tunicamycin, which inhibits the initial step in N-linked glycosylation, on
MAChR expression in N1E-115 neuroblastoma cells, which have been reported to express
primarily the M, receptor. Tunicamycin treatment resulted in a large decrease in cell surface
mMAChR number (measured using [SHINMS) but only a modest decrease in total cellular
mMAChR number (measured using [*HJQNB). While tunicamycin did not affect the extent or
kinetics of agonist-induced down regulation, it significantly inhibited the reappearance of
newly synthesized mAChR after agonist-induced downregulation. These results indicate that
inhibition of protein glycosylation interferes with the normal synthesis, transport, insertion,
and/or maintenance of mMAChR at the cell surface, but do not distinguish between a requirement
for glycosylation of the receptor itself or some other component of the biosynthetic process.
This inhibitory effect of tunicamycin is not obligatory, however, as Hootman et al. (1990)
reported that tunicamycin treatment had only minor effects on the recovery of mMAChR
(presumably Ms) after agonist-induced downregulation of pancreatic acinar cells.

van Koppen and Nathanson (1990) used site-directed mutagenesis to determine if glycosylation
of the M, receptor itself was required for receptor expression. The My receptor has 3 residues,
Asn2, Asn3, and Asn®, which match the consensus sequence for N-linked glycosylation (N-X-
S/T, where X can be any amino acid except proline). The 3 sites for N-linked glycosylation,
were mutated to all aspartates, all lysines, or all glutamines. While the Lys2-38 mutant receptor
was poorly expressed, the Asp23:8 and GIn%3.6 receptors were expressed at normal levels at
the cell surface and had normal physiological activity. This lack of requirement for
glycosylation for mAChR expression and function has been confirmed with other mAChR
subtypes using a variety of expression systems (Weill et al., 1999; Zeng et al., 1999; Furukawa
and Haga, 2000).

2.4 Functional activity of newly synthesized mAChR

Taylor et al (1979) used the recovery of mAChR from agonist-induced downregulation in
N1E-115 neuroblastoma cells to examine the physiological activity of newly synthesized
MAChR. After treatment with agonist to induce receptor degradation and then agonist removal,
MAChR number recovered with an apparent half-time of 6 hours, but the ty/, for the recovery
of mMAChR-mediated stimulation of cGMP synthesis was approximately 16 hours. While this
study determined the time course for the recovery of total mMAChR binding sites in membrane
homogenates and not the rate of appearance of MAChR on the cell surface, this work suggested
that newly synthesized mAChR may not be fully able to couple to physiological responses.

Pharmacol Ther. Author manuscript; available in PMC 2009 July 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nathanson

Page 6

Hunter and Nathanson (1984) used the chick embryo system described above to examine
responsiveness of newly synthesized cardiac mMAChR in vivo. They found that there was a
significant lag in the recovery of both the mAChR-mediated negative chronotropic response
of isolated atria and mAChR-mediated inhibition of adenylyl cyclase in membrane
homogenates compared to the recovery of mAChR binding sites. While mAChR number
returned to control values by 14 hours after atropine reversal of mAChR downregulation, a
greater than 10-fold higher concentration of carbachol was required to mediate both the
negative chronotropic and cyclic nucleotide responses even at 20 hours compared to controls.
The sensitivity of mMAChR signaling increased with continued incubation without further
increases in MAChR number, so that less than 3-fold more carbachol was required by 28 hours
(Hunter and Nathanson, 1984). There were no differences in agonist binding, guanine
nucleotide sensitivity of agonist binding, or direct guanine nucleotide-mediated inhibition of
adenylyl cyclase at control, 20, and 28 hour time points, suggesting that the decreased
functional coupling was not due to impaired mAChR-G; or Gj-adenylyl cyclase interactions.

Hunter and Nathanson (1986) subsequently showed that the newly synthesized mAChR which
reappear after recovery from down-regulation in cultured cardiac cells also exhibited
diminished ability to mediate both receptor-mediated increases in potassium permeability and
inhibition of adenylyl cyclase activity. The muscarinic receptors which reappear following
affinity alkylation of the mAChR with PrBCM also exhibited diminished functional
responsiveness, so that the diminished physiological responsiveness does not result from a
non-specific effect of agonist treatment on cell function. While the recovery of receptor number
required proteins synthesis, the increases in functional responsiveness which occurred after
receptor number returned to control levels after both agonist and PrBCM treatment did not
require further de novo protein synthesis. Ikegaya and Nathanson (1993) showed that
recombinant M, receptors expressed in stably transfected cells also exhibited diminished
functional activity after recovery from affinity alkylation. The decreased physiological
responsiveness both in the cultured cardiac cells and in the transfected cells also did not appear
to be due to altered G-protein expression or function. There did not appear to be major structural
differences between the functionally active and impaired mAChR, as [3H]PrBCM-alkylated
receptors from cardiac cells had similar migration patterns after both SDS and isoelectric
focusing gel electrophoresis. While the molecular basis for this lag in functional responsiveness
has not been determined, the diminished physiological sensitivity of newly synthesized
mMAChR could result from a minor modification of the receptor, a delay in the association of
the receptor with a scaffolding protein required for signaling, or a change in an as yet
unidentified member of the receptor signal transduction system.

In contrast to these results, there have been reports suggesting that mAChR acquire normal
functional activity upon synthesis. Galper et al, (1982a) reported that mAChR number and
MAChR-mediated stimulation of potassium permeability in chick cultured cardiac cells
recovered simultaneously following down-regulation. Haddad et al. (1995) reported that newly
synthesized M, receptors which reappeared following PrBCM treatment of HEL 229 cells
exhibited normal mAChR-mediated inhibition of adenylyl cyclase activity. However, because
these studies used a single saturating concentration of agonist, quantitative differences in the
dose-response curves would not have been observed in these experiments. Goin and Nathanson
(2002) found that the dose-response curve for mMAChR mediated inhibition of adenylyl cyclase
activity 24 hrs after recovery from agonist-induced down regulation in chick retinal cultures
were identical to controls, but since the levels of M, and My receptors had returned to normal
by 16 hours, itis likely that a delay in functional responsiveness, if it did occur, would not have
been observed by the 24 hour time point.
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3. Localization of mMAChR in cells and tissues

3.1 Oocytes

The physiological signals that a receptor can produce depends not only on which G-proteins
it can functionally interact with but also on where in a cell that receptor is localized. There
have been a number of reports suggesting the differential subcellular localization of specific
MACHhR subtypes in a variety of cell types both in the nervous system and in a variety of
nonneuronal polarized cells. A caveat in the analysis of the localization of low abundance
membrane proteins such as the mMAChR (and other GPCR) by immunocytochemical techniques
is that rigorous controls are required to ensure specificity of the antibodies. We have found
that antibodies which are highly specific by immunoblot and immunoprecipitation analyses
for a single mMAChR can be completely unsuitable for immunocytochemistry (Hamilton and
Nathanson, unpublished). As Saper (2005) has pointed out, the common control of blockade
of staining by excess immunogen does not ensure specific staining in immunocytochemical
experiments, and the most convincing controls require comparison of staining of tissues from
wildtype and knockout animals or of transfected and nonexpressing untransfected cells (e.g.,
Hamiltonetal., 1997; McKinnon et al., 1998; Zhang et al., 2002; Duttaroy etal., 2002). Despite
these concerns, functional and immunocytochemical analyses have provided strong evidence
that specific mMAChR subtypes can be localized to discrete regions of the cell surface in a variety
of cell types..

Muscarinic receptors activate a calcium-sensitive chloride channel in Xenopus oocytes, and
Kusano et al. (1982) first reported that oocytes did not exhibit symmetrical responses to
muscarinic agonists. Oron et al. (1988) found that the distribution of responsiveness of
endogenous muscarinic receptors differed from the response profile of oocytes expressing
exogenous MAChHR after injection of crude brain mMRNA. Mateus-Leibovitch et al. (1990)
reported that the responses of endogenously expressed mAChR in Xenopus oocytes were
asymmetrically distributed, with the oocytes falling into two groups with different responses.
In “common” oocytes, the vegetal hemisphere exhibited a rapid transient depolarizing current
that was somewhat greater than that mediated by agonist application to the animal pole, while
the animal pole exhibited a greater slow prolonged response than did the vegetal pole. These
differences, however, were relatively small, and of questionable statistical significance. In
contrast, a population of “variant” oocytes exhibited a dramatically enhanced (>5-fold) rapid
depolarization when ACh was exposed to the animal pole compared to the vegetal pole. These
differences were reflected in differences in the distribution of mMAChR binding sites measured
using [2H]QNB binding: there was a modest increase in MAChR binding sites on the animal
compared to the vegetal pole on “common” oocytes, but > 5-fold more mAChR on the animal
compared to the vegetal pole of the “variant” oocytes.” This differential distribution was
confirmed by ligand binding to 50 pm sections of the two types of oocytes. Davidson et al.
(1991) used a combination of pharmacological analyses and antisense oligonucleotides to
conclude that the M1 receptors were preferentially localized to the animal poles of the “variant”
oocytes, while the M3 receptors were relatively uniformly distributed in the “common”
oocytes”.

3.2 Acinar cells

Activation of muscarinic receptors in lacrimal and pancreatic acinar cells results in the secretion
of fluid and protein constituents of tears and of digestive enzymes, respectively. Activation of
mMAChHR in lacrimal acinar cells causes the release of intracellular calcium which is initiated
at the luminal domain of the cells (Tan et al., 1992). This study did not, however, determine if
this was due to restriction of the mAChR to the luminal domain or if the receptors were
uniformly distribution but with subcellular localization of a downstream signalling component.
Turner et al. (1998) reported that a parotid acinar-line cell line only exhibited changes in
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transmembrane ion flux when muscarinic agonists were applied basolaterally but not apically.
The polarized signaling of acinar mAChR has been most extensively studied in pancreatic
acinar cells. Muscarinic receptor-mediated Ca2* release is initiated at the secretory (apical
pole) and then spreads towards the basal pole (Toescu et al., 1992; Shin et al., 2001). Ashby
et al. (2003) used patch- clamp recordings with electrodes containing photoactivatable caged
carbachol to show that stimulation of basal mMAChR could result in calcium signaling at the
apical pole, although these authors did not test the effects of apically applied agonist. Shin et
al. (2001) and Li et al. (2004) used immunocytochemistry to localize the M3 receptors to the
lateral border in the apical domain and to show that it colocalized with the 1P receptor, although
the suitability of the anti- M3 antibody used for the localization by immunocytochemistry was
not tested using the rigorous criteria of Saper (2005). Li et al. (2005) used a two patch electrode
mapping technique to show that the apical pole was much more sensitive to muscarinic
stimulation than the basal pole, consistent with the apical localization detected by
immunocytochemistry.

3.3 Intestinal and lingual epithelial cells

Cholinergic receptors regulate ion transport across intestinal epithelial cell membrane and
thereby affect intestinal water movement. Activation of muscarinic receptors increases CI™
secretion from the apical membrane of intestinal epithelia cells and K* efflux from the
basolateral membrane; the effects on both potassium and chloride movements are mediated by
increases in intracellular Ca2* (see Hirota and McKay, 20064, for review). Muscarinic
receptors also increase the trafficking of the Na*-K*-2CI~ cotransporter NKCC1 both to and
from the basolateral membrane (Reynolds et al., 2007).

Both binding and pharmacological studies indicate that the main subtype of mAChR in rat and
human intestinal epithelial cells is the M3 receptor with perhaps a minor contribution from the
M; receptor (Kopp etal., 1989; Dickinson etal., 1992; O’Malley et al., 1995). However, studies
with gene-targeted mice indicate that the M4 and perhaps other subtypes have a more dominant
role, at least in that species (Haberberger et al., 2006; Hirota and McKay, 2006b.) Muscarinic
agonists only produce electrophysiological responses when applied to the basolateral
membrane and not the apical membrane of intestinal epithelial cells (Dharmsathaphorn and
Pandol, 1986). The polarization of functional responsiveness does not distinguish between
specific subcellular localization of the receptors or uniform receptor distribution with
localization of downstream signaling components. Reynolds et al. (2007) used
immunocytochemistry to localize the Mg receptor to the basal membrane of human intestinal
epithelium. In contrast, the G,q and G311 G-protein subunits, which mediate the mAChR-
mediated calcium signaling in epithelial cells, are not polarized and are uniformly distributed
throughout the cells (Cummins et al., 2002).

The activation of basolateral mMAChR also activates additional signaling cascades in intestinal
epithelial cells. Muscarinic agonists activate the epidermal growth factor (EGF) receptor
(which is also localized to the basolateral membrane) via metalloproteinase-mediated
basolateral secretion of transforming growth factor-a. This activation of EGF receptors results
in activation of ERK mitogen-activated protein kinase, p38 kinase, and focal adhesion kinase
(McCole et al., 2002; Keely and Barrett, 2002; Calandrella et al., 2005). Activation of the ERK
and p38 pathways act independently in an apparent feedback fashion to inhibit mMAChR-
mediated chloride secretion, while activation of focal adhesion kinase provides a potential
mechanism for regulation of cell adhesion and migration. Thus, the basolaterally localized
MACHhR utilize multiple mechanisms to regulate the physiology of intestinal epithelial cells.

Muscarinic agonists evoke electrophysiological changes in canine lingual epithelial cells only
when applied to the serosal (basolateral) but not mucosal (apical) membrane (Simon and
Baggett, 1992). The authors presented data suggesting that the change in membrane
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conductance was due to inhibition of K* flux due to mAChR-mediated decreases in
intracellular cAMP levels. The subtype and subcellular localization of the mAChR responsible
for these effects was not identified.

3.4 MDCK cells

Madin-Darby canine kidney (MDCK) cells represent a widely used model system for the study
of intracellular protein transport and trafficking. When grown to confluency, MDCK cells
assume a highly polarized topography, with the apical and basolateral membranes separated
by tight junctions. The apical and basolateral membranes differ in their composition of both
membrane proteins and membrane phospholipids, and MDCK cells have been used to identify
both targeting signals and the transport pathways responsible for specific cellular sorting
(Rodriquez-Boulan et al., 2005; Ellis et al., 2006). Two strains of MDCK cells are in wide use.
The surface area of the basolateral domain of strain | cells is approximately 4 times larger than
the surface area of the apical domain, while the surface areas of the apical and basolateral
domains of strain 1l cells are equal (Butor and Davous, 1992).

Mohuczy-Dominiak and Garg (1992a, 1992b) showed that MDCK strain I cells expressed a
fairly high density of mAChR binding sites that had a M3- like specificity in ligand binding
assays. In addition, muscarinic agonists mediated both activation of PLC and inhibition of
adenylyl cyclase. Both responses exhibited a pharmacological specificity characteristic of the
M3 receptor and were blocked by pretreatment with pertussis toxin, although approximately
20-fold higher concentrations of toxin were required to block the adenylyl cyclase response
compared to the PLC response. While these studies did not report if muscarinic receptor
expression and responsiveness were polarized (i.e., specific to the basolateral or apical
domain), Luo et al. (1992) found that both the apical and basolateral domains exhibited a
calcium transient in response to carbachol stimulation. Receptor desensitization was domain-
specific: while both apical and basolateral calcium responses were greatly diminished after
reapplication of carbachol to the domain that was originally stimulated, carbachol stimulation
of either the apical or basolateral domain was not diminished by pretreatment of the opposite
domain. In addition, apical but not basolateral mMAChR stimulation could cause heterologous
desensitization of the bradykinin-evoked Ca2* response localized to the basolateral domain.

Nadler et al. (1999) took advantage of the equal surface areas of the apical and basolateral
domains of MDCK strain |1 cells to determine if there was polarization of mMAChR expression
and functional responsiveness. MDCK 11 cells plated at high density on Transwell filters
formed tight seals within 2 days of plating; ligand binding with [3H]NMS showed equal
numbers of MAChR on the apical and basolateral domains at this time. Three days later, there
were significantly more mAChR binding sites on the basolateral domain compared to the apical
domain, and the basolateral density remained 2.3-2.7 fold higher than the apical density for
the next week and a half in culture. Domain-specific cell surface biotinylation followed by
strepavidin-agarose precipitation of [3HJQNB labeled receptors confirmed that the density of
MAChR was significantly higher on the basolateral compared to the apical membrane.

There was also polarization of muscarinic responsiveness. Muscarinic agonists evoked
inhibition of adenylyl cyclase activity when applied to the apical domain but not to the
basolateral domain. Both apical and basolateral mAChR evoked similar increases in
intracellular CaZ* levels, but treatment with pertussis toxin revealed an additional asymmetry
in this response. Pertussis toxin completely blocked apical mMAChR-mediated Ca2* signalling,
but only caused partial blockade of basolateral mMAChR signaling. Single cell analyses
demonstrated that this partial blockade was due to a heterogeneous sensitivity of the cells to
pertussis toxin: while nearly all non-toxin treated cells responded to basolateral carbachol, only
approximately half of the toxin treated cells exhibited a Ca2* response to basolateral mAChR
stimulation.
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Nadler et al. (1999) also examined the subtypes of mMAChR endogenously expressed in MDCK
Il cells. While subtype-specific antibodies against the My, M5, M3, and M4 did not appear to
detect the MDCK cell mAChR, RT-PCR detected mMRNA for M4 and M5 but not other subtypes.
Combined with the results of the functional analyses, these results suggest that the M, receptor
is located on both the apical and basolateral domains (thus mediating inhibition of apical
adenylyl cyclase and both apical and basolateral pertussis-sensitive Ca2* increases) and the
M5 receptor is localized to the basolateral domain in a subset of cells (thus mediating pertussis-
insensitive CaZ* increases). However, this does not explain the lack of basolateral inhibition
of adenylyl cyclase. If the My receptor is indeed in both the apical and basolateral domains,
then perhaps there is polarized expression of G-proteins or adenylyl cyclases which is
responsible for this lack of response. This conclusion also appears to conflict with the
observation that transfected M, receptors are preferentially expressed on the basolateral surface
(see below). Further analyses of endogenous mAChR distribution using additional subtype-
specific antibodies or pharmacological analyses and of the distribution of G-proteins and
adenylyl cyclase isozymes may resolve this issue.

Nadler and Nathanson (2001) used the transfection of cloned mAChR tagged with the FLAG
epitope into MDCK cells and confocal microscopy to obtain further information on the
intracellular targeting of mMAChR and to determine if mMAChR possessed sorting signals which
could direct a specific subtype to specific regions of the cell surface. Initial experiments
demonstrated that the M, and M3 receptors were localized to different domains at steady state,
with the M, highly enriched on the apical membrane and the M3 receptors localized to the
basolateral domain. The My, My, and Mg receptors appeared to have non-polarized
distributions with labeling appearing throughout the cells when immunocytochemistry was
performed on permeabilized cells, but subsequent studies examining cell surface staining of
non-permeabilized cells showed that the My and M, receptors were also localized on the cell
surface to the basolateral domain (Chmelar and Nathanson, 2006; Shmuel et al., 2007).

Nadler and Nathanson (2001) then used a chimeric receptor approach to identify regions of the
receptors responsible for subcellular targeting. Chimeric receptors between the M, and M3
receptors which included the N-terminal portion of the third intracellular loop of M3 were
sorted to the basolateral domain. A series of receptor constructs which included residues 266—
296 from the M3 receptors all exhibited basolateral localization, while a number of chimeric
receptors which did not contain this region of M3 were sorted to the apical domain. To ensure
that this redirection of targeting was due to the addition of a basolateral targeting sequence
from the M3 receptor and not due to the removal of an apical targeting sequence from Mo, the
Ala266.GIn29% region of M3 was either inserted into the i3 loop of M, or appended to the
carboxyl tail of M. In both cases, the receptors now exhibited basolateral targeting. These
results show that this sequence of the M3 receptors acts as a basolateral targeting sequence in
a position-independent manner and is dominant over any apical targeting signals present in the
M, receptor. To test if these M3 targeting signals can act autonomously, that is, if it can act as
a basolateral targeting signal for an unrelated protein, the M3 Ala2%6-GIn296 region was
appended to the carboxy terminus of the interleukin-2a receptor (IL-2aR), which is a single
transmembrane domain polypeptide with a predominantly apical distribution. The addition of
the M3 sequence resulted in a dramatic increase in the basolateral targeting of the I1L-2aR,
demonstrating that the M3 targeting sequence can indeed confer basolateral targeting to a
unrelated protein that is not a member of the GPCR superfamily.

The ability of the M3 targeting sequence to confer basolateral targeting when appended to the
M, carboxy tail facilitated subsequent studies to further define the regions and amino acid

residues required for targeting. Nadler and Nathanson (2001) showed a 21 amino acid region,
Ser?71.5er291 from the M3 receptor was sufficient to confer basolateral targeting. Iverson et
al. (2005) then used a block alanine-scanning mutagenesis approach to identify which portions
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of this 21 amino acid region were obligatory for basolateral targeting, and followed this with
point mutations to identify crucial amino acids. These studies identified Glu276, Phe280, and
Val281 as amino acids that were each required for basolateral targeting. A seven amino acid
sequence containing these residues, Ala27°-Val281, when appended to the C-termini of either
the M, receptor or IL-2aR, was sufficient to redirect these proteins to the apical domain, while
mutation of Phe280 to Ala in the seven amino acid sequence caused a lose of basolateral
targeting.

This seven amino acid Mj basolateral targeting sequence is : 2’°>AETENFV?281, One class of
previously identified basolateral targeting sequences contain dihydrophobic residues
composed of LL, LI, LV, FL, or ML, sometimes in combination with one or more N-terminal
acidic residues (Rodriquez-Boulan et al., 2005). Additional mutagenesis studies showed that
mutation of Glu276 to Asp resulted in a loss of basolateral targeting, indicating that glutamate
was obligatory and that there was not a general requirement for an acidic amino acid. Single
or double mutation of the FV to LV, FL, or LL did not disrupt basolateral targeting. These
results suggest that the FV in the M3 receptor acts like a classical dihydrophobic basolateral
targeting signal. However, in contrast to the results seen with the native 7 amino acid Mg
sequence, mutation of Glu to Asp combined with the LL mutation retained basolateral
targeting. Thus, while it is possible that the FV represents another example of the general class
of dihydrophobic basolateral targeting sequences, it is clear the requirement for an acidic
residue differs between the naturally occurring FV and the LL sorting signals. One can not
therefore exclude the possibility that the native . AETENFV sequence represents a different
class of sorting signal from that of the mutant ADTENLL basolateral sorting sequence

While these results described above identify Ala?75-Val?81 as the primary basolateral targeting
sequence in the M3 receptor, it is most likely not the only region responsible for basolateral
targeting, as a M3 deletion mutant lacking Ala256-GIn2% retained basolateral targeting (Nadler
and Nathanson, 2001). The site or sites containing the presumptive secondary basolateral
targeting sequences remain to be determined.

Iverson et al. (2005) also used two-dimensional nuclear magnetic resonance to determine the
solution structure of a 19 amino acid peptide containing this basolateral sorting sequence. The
peptide had two regions that had distinct p-turn structures, Thr2/2-Glu276, and Asn279-
Thr284, which create a large negatively charged surface and a large exposed hydrophobic
surface, respectively. It is possible, however, that the conformation of this sorting sequence
differs in solution from that when it is bound to an interacting protein, as has been shown for
the tyrosine-based endocytotic signal In the EGF receptor (Owen and Evans, 1998).
Nonetheless, this represents the first solution structure of a GPCR sorting sequence and the
first example of a basolateral sorting sequence that has a turn-turn motif.

Chmelar and Nathanson (2006) investigated the sequences and mechanism responsible for
targeting the M5 receptor to the apical domain. Because N-glycans can act as apical targeting
signals (Urquhart et al., 2005), the sorting of a glycosylation-defective mutant in which the
three N-terminal asparagines were mutated to aspartates was determined. The glycosylation-
defective mutant receptor still exhibited apical targeting, indicating that N-linked glycosylation
is not required for apical targeting of the M, receptor. A series of chimeric constructs between
M, and the basolateral M, receptor demonstrated that the third cytoplasmic loop of M, when
substituted into M, would redirect the receptor to the apical cell surface. Chimeric receptors
containing M, sequences from the amino terminal through the end of transmembrane domain
5 or from the beginning of transmembrane domain 6 to the C-terminus retained basolateral
surface expression. To confirm that the third cytoplasmic domain of M, contains apical
targeting information, the entire third cytoplasmic loop was appended to the C-tail of My4. The
resulting receptor construct was now localized to the apical surface. Analysis of the targeting
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of additional constructs showed that two regions of the M, third cytoplasmic loop could confer
apical targeting when appended to My: an 11 amino acid sequence, Val?70-Lys?80 and a large
region, Lys280-Ser350, which could not be further subdivided because addition of smaller
regions to My resulted in receptors which were poorly expressed. The importance of both of
these sequences in the targeting of the M, receptor was confirmed by deletion analyses which
demonstrated that deletion of both sequences was required for a loss of apical targeting of the
M, receptor.

These results show that, like the M3 basolateral sequence, the M, apical targeting sequence

can act in a position-independent fashion outside of its normal location in the third cytoplasmic
loop. In addition, while the M3 basolateral targeting sequence is dominant over the M, apical
sorting sequences, the M apical targeting sequences are dominant over whatever targeting

signals direct M, to the basolateral surface. These results are consistent with many others which
show that sorting signals can differ in their “strength” or effectiveness resulting in a hierarchy
of sorting signals in a given protein (Matter et al., 1992; Jacob et al., 1999; Adair-Kirk et al.,
2003). The amino acid sequences of the 7 amino acid basolateral sorting sequence in the M3
receptor and the 11 amino acid apical sorting sequence in the M, receptor are shown in Fig. 1.

Lipid rafts are cholesterol-rich and sphingolipid-rich microdomains that are thought to serve
as sorting platforms which concentrate apical proteins into transport vesicles in the trans-Golgi
network. Some apical proteins are thought to require association with lipid rafts to achieve
correct targeting (Shuck and Simons, 2004). However, when extracted with Triton X-100 and
subjected to Opti-Prep™ density gradient centrifugation, the M, receptor did not exhibit the
“flotation” characteristic of a raft-associated protein. As a further test of whether the M,
receptor was localized to lipid rafts, the pentavalent cholera toxin -subunit (ChTxp), which
can bind to five cell surface GM1 gangliosides and cause co-clustering of raft associated
proteins, was used. These clusters can be further aggregated using an anti-ChTxp antibody,
which causes these small clusters to form larger “patches”. Almost all of the M, receptor did
not co-localize with these patches, further confirming the lack of a role for lipid rafts in M,
apical targeting (Chmelar and Nathanson, 2006).

There are multiple mechanisms responsible for the differential targeting of proteins in epithelial
cells. Many proteins undergo direct “vectorial” transport to either the apical or basolateral
domain. Other proteins are transported to both domains but undergo selective stabilization or
endocytosis in one domain. Still other proteins may be transported to one domain but then
undergo endocytosis and transport (“transcytosis”) to the surface of the other domain
(Rodriquez-Boulan et al., 2005; Ellis et al., 2006). 3°S-metabolic labeling and domain-specific
biotinylation was used to determine the mechanism responsible for the steady state localization
of the M5, receptor on the apical surface. Newly synthesized M, receptors were first (at 15
minutes) detected only on the basolateral domain, while the majority of receptor at 30 minutes
remained basolateral with receptor now detectable on the apical domain as well. By 60 minutes
the majority of receptor was now on the apical domain. These results show that the M, receptor
is first transported to the basolateral domain and only subsequently appeared on the apical
domain. These results show that transcytosis and not direct vectorial transport or selective
stabilization is responsible for the apical targeting of M, (Chmelar and Nathanson, 2006).

Further support for this hypothesis was obtained by examining the kinetics of appearance of
M, receptor in newly transfected cells (Chmelar and Nathanson, 2006). These studies used a
receptor tagged at the amino terminal with FLAG and at the carboxy terminal with green
fluorescent protein (GFP), so that both total receptor expression (using GFP fluorescence) and
cell surface expression (using immunostaining of nonpermeabilized cells) could be
simultaneously monitored. M receptor appeared on the cell surface initially only on the
basolateral surface, and only subsequently appeared on the apical surface. To confirm that this
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delayed appearance was due to transcytosis, tannic acid was used to cause domain-specific
inhibition of delivery of proteins to the cell surface. Treatment of the apical domain with tannic
acid did not disrupt the initial appearance of M, on the basolateral surface but blocked its
subsequence appearance on the apical surface. In contrast. treatment of the basolateral domain
with tannic acid blocked the cell surface expression of M5 in both domains and receptors
accumulated intracellularly. These results provide strong evidence that the mechanism of apical
delivery of the M5 receptor is via transcytosis.

35S-metabolic labeling and domain-specific biotinylation of the M receptor in MDCK cells
indicates that the M3 receptor undergoes direct vectorial transport to the basolateral domain
(Kalaydjian, Nadler, and Nathanson, unpublished). Thus, the M, and M3 receptors use distinct
mechanisms to achieve their polarized distributions in MDCK cells. Both receptors are initially
transported to the basolateral domain, but while the M3 receptor remains, the M, receptor is
internalized and then reinserted into the apical membrane surface. The exact step or steps where
the two apical sorting sequences in the M> receptor act remain to be determined.

System

Muscarinic receptors are also differentially distributed in neurons. Pharmacological studies
initially suggested that the My receptor is most commonly (but not uniquely) postsynaptic and
that the M, receptor is located presynaptically (references in Levey et al., 1991). Neuronal
growth cone membranes are highly enriched in M, receptors (Saito et al., 1991), further
supporting a presynaptic localization for M,. However, immunocytochemical and gene
targeting studies have shown that the localization of muscarinic receptors can be dependent
not only on the receptor subtype but on the specific neuron in which a receptor is expressed.
A few examples of mMAChR localization in different regions of the central nervous system are
discussed in the following sections.

3.5.1 Hippocampus—In hippocampal CA1 pyramidal cells, the M, receptor is located in
cell bodies and both proximal and distal dendrites. The M4 receptor colocalized with the NR1
subunit of the NMDA receptor, consistent with physiological studies which showed that the
M, receptor potentiated both pharmacologically administered NMDA and synaptically
released glutamate (Marino et al., 1998). Immunocytochemistry also showed that the M,
receptor in the CAL1 region was primarily presynaptic, although some dendritic staining in the
pyramidal layer was also observed. The M, receptor was found both on cholinergic and non-
cholinergic terminals, indicating that it could function both as a cholinergic autoreceptor and
a presynaptic heteroreceptor (Rouse et al., 2000). In the perforant pathway synapse on
hippocampal granule cells, both lesion and electron microscopic studies demonstrate that the
M1 and M3 receptors are postsynaptic and the M,, M3, and M4 receptors are presynaptic (Levey
et al., 1995; Rouse and Levey, 1997; Rouse et al., 1998). The celltype-specific localization of
the M5, receptor on hippocampal GABAergic interneurons was demonstrated by Hajos et al.
(1998), who found that different classes of interneurons expressed the receptor either on
somatodendritic or axonal domains.

3.5.2 Striatum—The lack of a unique subcellular localization for a given mAChR subtype
can also be seen in the striatum. In rodent striatum, the M1 and My receptors are enriched in
dendrites of medium spiny neurons and at postsynaptic densities, but My is also found in some
axon terminals. Anti-M, receptor antibody primarily labeled axon terminals but also stained
some cell bodies and dendrites, while the M3 receptor was in some spiny dendrites and axon
terminals (Hersch et al., 1994; Narushima et al., 2007). The My receptor was present at higher
density in dendritic shafts and cell bodies than in spines, where it appeared to be excluded from
synaptic sites (Uchigashima et al., 2007) In primate striatum, both the M1 and the M5 receptors
were found in cell bodies, axons, and dendrites, and both receptors were found at synaptic and
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nonsynaptic sites (Alcantara et al., 2001). The M5 receptor in ventral tegmental neurons are
also found in cell bodies, proximal and distal dendrites, and axons, although as noted above,
the receptor is mainly on internal membranes in cell bodies and proximal dendrites (Garzon
and Pickel, 2006).

3.5.3. Cerebral Cortex—The M, receptor is found both on the cell bodies and dendrites of
cholinergic neurons of the nucleus basalis magnocellularis and their axons which project to
the frontal cortex (Decossas et al., 2003). In primate cerebral cortex, both the M1 and My
receptors were found postsynaptically at asymmetric synapses in dendrites and spines, and the
M, receptor was also present in presynaptic axon terminals (Mrzljak et al., 1993. 1998). In cat
visual cortex, postsynaptic M receptors were most often on GABAergic neurons and
presynaptic M, receptors were mainly on non-GABAergic nerve terminals (Erisir et al.,
2001).

3.5.4 Thalamus—Oda et al. (2007) found M, on peripheral regions of cell bodies and distal
dendrites but not axons or terminals of the rat reticular thalamic nucleus, and the M3 receptor
on cell bodies and proximal dendrites, Plummer et al. (1999) compared the distribution of
MACHhR in rat and cat lateral geniculate nucleus. In rat, the M1 and M3 receptors were on
dendrites and cell bodies of thamalocortical cells. The M, receptor was present on cell bodies,
synaptic terminals, axons, and dendrites. No M1 receptor was detected in cat lateral geniculate
nucleus, suggesting that there may be species-specific differences in the distribution of
mAChR.

3.5.5 Identification of presynaptic mMAChR by gene targeting—Studies with
knockout (KO) mice have also identified presynaptic localizations of muscarinic receptors in
various tissues. Zhang et al. (2002) showed that the M, receptor was the main presynaptic
autoreceptor in hippocampus and cerebral cortex, while the My receptor was the main
autoreceptor in the striatum. The My receptor also acts as a presynaptic inhibitory receptor on
motor neuron nerve terminals (Parnas et al., 2005). Fukodome et al. (2004) used M, KO mice
to confirm the immunocytochemical results of Hajos et al. (1998) that presynaptic M, receptors
inhibit GABA release from hippocampal interneurons. Both M5 and My receptors mediate
inhibition of GABA release from GABAergic afferents onto dorsal horn neurons in the spinal
cord, while presynaptic M3 receptors appear to increase GABA release. Surprisingly, both the
localization and physiological effects of My and M4 on GABA release appear to differ between
rat and mouse (Zhang et al., 2005, 2006).

Both the M, and My receptors act as presynaptic inhibitory autoreceptors on myenteric neurons
In the ileum (Takeuchi et al., 2005). Different subtypes of mMAChR also mediate regulation of
catecholamine release in different target organs of the sympathetic nervous system. Both M,
and M3 receptors inhibit norepinephrine in sympathetic terminals in the atria, M, and My
receptors inhibit norepinephrine release in the urinary bladder, and M,, M3, and M4 receptors
all inhibit release from sympathetic terminals in the vas deferens (Trendelenburg et al., 2003,
2005).

3.5.6 Axonal transport of mMAChR—The presence of mMAChR in nerve terminals and
dendritic spines requires that they be trafficked from the cell body to the distal processes.
Laudron (1980) and Wamsley et al. (1981) reported that mAChR would accumulate on both
sides of the sites of ligatures of the sciatic, vagus, and splenic nerves, consistent with the
transport of the receptors in both the anterograde and retrograde directions. Some of the
MAChR in the sympathetic nerves cofractionated on density gradients with vesicles containing
norepinephrine and dopamine-B-hydroxylase, consistent with the hypothesis that these
represented presynaptic receptors undergoing cotransport with synaptic vesicles. Zarbin et al
(1982) used double ligature experiments of the rat vagus nerve to compare mAChR undergoing
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anterograde and retrograde transported. They found that receptors undergoing anterograde
transport (which presumably represented newly synthesized receptors) exhibited high affinity
and guanine nucleotide-sensitive agonist binding, while receptors undergoing retrograde
transport (which presumably represent receptors that have been internalized from the nerve
terminal) exhibited primarily low affinity, guanine nucleotide-insensitive, agonist binding.
These results suggest that newly synthesized mAChR may be transported to the nerve terminal
in a complex with the G proteins required for their action, while recycled receptors return to
the cell body uncoupled from their G-protein.

Since these studies used radioligands for mAChR identification and were done prior to the
cloning of the mAChR, it would obviously be of interest to carry out similar studies on the
axonal transport of individual mMAChR subtypes.

4. Conclusions

There is much that remains to be determined in order to understand the molecular and cellular
basis for the regulation of synthesis and localization of mMAChR. It is reasonable to assume that
there are proteins which are important for the proper folding of newly synthesized receptors
and their subsequent transport to the cell surface. The elucidation of the mechanisms
responsible for the localization of specific mMAChR subtypes at discrete regions of the cell
surface and the roles of tissue-specific, subtype-specific, and even (animal) species-specific
differences in receptor trafficking and localization should provide not only fascinating basic
information on the cell biology of membrane proteins but also may provide insights into human
pathophysiological conditions and pharmacotherapeutic interventions for their treatment.
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Figure 1.

Muscarinic receptor sorting signals. TOP: The approximate location of the targeting signals in
both the M, and M3 receptors is depicted by the thick line in the third cytoplasmic loop.
BOTTOM: The amino acid sequences of the basolateral sorting signal in the M3 receptor and
the apical sorting signal in the M, receptor.
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