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Re: DAMD 17-98-1-8013
Final Report

U.S.Army Medical Research Acquisition Activity
Grant No. DAMD 17-98-1-8013

The recently completed Eighth Symposium on Subtypes of Muscarinic Receptors was judged
an outstanding success, upholding the standards for excellence set by the seven previous symposia.
This judgment was based on: 1) the high quality and timeliness of the invited scientific papers; 2) the
large number of first rate and informative posters presented; 3) the invited participation of women
and minorities in the scientific sessions; 4) the large number of predoctoral fellows and young
scientists whose attendance was made possible by funds granted to the Symposium, and 5) the short
oral presentations of selected poster papers.

There were 153 attendees at the Eighth Symposium, half of whom were from 17 countries
outside the United States. This attendance figure is most gratifying since, for the first time, the
Symposium was not held in conjunction with any other meeting. Twenty-nine (29) major papers were
presented in the regular sessions, six of these by women scientists. A total of 78 poster papers were
discussed in the two scheduled afternoon sessions, but posters were available for viewing for the
entire 4-day meeting. Eight posters were selected for 10 minute oral presentations at an afternoon
session set aside for this new feature. It is also noteworthy that the papers selected for oral
presentations on the basis of their importance and impact included that of a predoctoral fellow as well
as those of three additional female scientists; the choice was made by the Committee in the absence

of any prior knowledge of the status of the author.




Re: DAMD 17-98-1-8013

Among the highlights of the subjects presented in the regular sessions were: the role of
muscarinic receptors in genito-urinary smooth muscle function and pathology; the potential role of
muscarinic receptors in schizophrenia; preclinical and clinical data on tiotropium in obstructive
pulmonary diseases, and the role of muscarinic receptors in nociception and analgesia.

The Proceedings of the Eighth Symposium, which contains the edited manuscripts of the
papers presented in the regular sessions as well as the abstracts of the poster papers is to be published
in Life Sciences as Volume 64, Numbers 6&7, January 8, 1999 — only 4 months after the close of the
Symposium. Proceedings will be sent free of charge to the thousands of subscribers of Life Sciences
worldwide as well as to hundreds of others including all of our pre- and postdoctoral fellows. Grant
support from the U.S.Army Medical Research Acquisition Activity was largely responsible for the
publication of the Proceedings and this has been acknowledged in the program distributed to all
attendees and in Life Sciences.

We are extremely pleased that the grants we received and the funds contributed by 17
pharmaceutical companies made it pbssible for us to pay the travel and accommodation expenses for
28 speakers and committee members from academia. The figure of which we are most proud,
however, concerns the large number of pre- and postdoctoral students whom we were able to bring
to the Symposium. There were 18 in all and all of these young investigators used this opportunity
to present the results of their own research. The attendance of these young scientists was made
possible and was largely supported by grants from the National Institute of Neurological Disorders
and Stroke and from the National Science Foundation as well as by contributions from industry. A
list of the pre- and postdoctoral fellows and their affiliations is appended along with samples of the

many letters received indicating the benefits derived from, and the overall success of, the Symposium.




Re: DAMD 17-98-1-8013

Another measure of success of the Symposium was the high degree of active participation of
the registrants in the formal sessions of the Symposium and their interaction in informal gatherings.
The attendance at each of the five lecture sessions was excellent and appeared to include all
registrants. The 5-10 minute period of discussion between papers was informative and provocative.
The excellent lighting and space available for posters encouraged lengthy discussions by both
presenters and viewers. There appeared to be much enthusiasm for the research being presented
particularly by the young scientists. All in all, it is evident that the Eighth Symposium on Subtypes
of Muscarinic Receptors has not only encouraged the research efforts of young investigators but has
also stimulated and is stimulating additional research which should, indeed, lead to the development
of new and better therapeutic agents as well as agents useful to the U.S. Army Research and
Acquisition Activity and to the U.S. Army Medical Research Institute Chemical Defense.

Plans for the Ninth Symposium have been set in motion. The Symposium will be held in the
year 2000, this time again in conjunction with the meeting of the Society for Neuroscience. We hope

that USAMRAA will again help to support the publication of the Symposium’s Proceedings.




Pre- and Postdoctoral Fellows Supported by Symposium

Predoctoral Fellows

1. Jennifer Berkeley
Dept. of Neurology
Emory University
Atlanta, GA

. Renee Chmelar
University of Washington
Seattle, WA

N

W

. Adolfo Cuadra
Neuroscience Research in Psychiatry
University of Minnesota
Minneapolis, MN

ELN

. Gurpreet Kaur
Faculty of Pharmacy
University of Toronto
Toronto, Canada

5. Katharine Lee
Dept. of Molecular Pharmacology & Biological Chemistry
Northwestern University
Chicago, IL

6. KedanLin
Dept. of Biopharmaceutical Sciences and Pharmaceutical Chemistry
UCSF
San Francisco, CA

7. Diane Porter
Dept. of Pharmacology
Penn State University
Hershey, PA

8. Mac Priebe
Dept. of Psychology
University of Toronto
Toronto, Canada




9. Gregory Sawyer
Dept. of Pharmacology
UC, Irvine
Irvine, CA

10. Scott Sorensen
Neuroscience Lab.
University of Michigan
Ann Arbor, MI

11. Chi-Shing Sum
Faculty of Pharmacy
University of Toronto
Toronto, Canada

12. Stuart Ward
National Institute for Medical Research
London, U.K.

13. Yi Zhang
Dept. of Pharmacology
East Tennessee State University
Johnson City, TN




Postdoctoral Fellow

1. Alan Braverman (also an invited speaker)
Temple University
Philadelphia, PA

2. Arthur Christopoulos
Neuroscience Research in Psychiatry
University of Minnesota
Minneapolis, MN

4. Abulkhair Mamoon
Dept. of Pharmacology & Toxicology
University of Mississippi
Jackson, MS

5. Susan Rouse
Dept. of Pharmacology
Emory University
Atlanta, GA
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DEPARTMENT OF THE ARMY

us ARMY MEDICAL RESEARCH ACQUISITION ACTIVITY
820 CHANDLER STREET
FORT DETRICK, MARYLAND 21702-5014

REPLY TO
ATTENTION OF:

December 9, 1998
Special Projects Branch/WAC/ljm

SUBJECT: Grant Number DAMD17-98-1-8013

Dr. Ruth R. Levine
Boston University School
of Medicine
Boston University Medical Center
80 East Concord Street
Boston, Massachusetts 02118

Dear Dr. Levine:

Reference is made to Grant Number DAMD17-98-1-
8013. This grant expired on 30 October 1998 and our
records show that the items checked below are required
for grant completion.

a. (X) Final Report, was due 30 November 1998.
In accordance with Article 8 of this grant, forward one
(1) original and two (2) copies of the required final
report. ’ :

b. (X) Final inventory of all property acquired
under the grant. Recommendations for disposition may
accompany the inventory. This may be submitted on your
letterhead.

c¢. (X) Final Patent Report (2 copies, form
enclosed). Complete the Final Patent Report even if it
is negative. If you apply for a patent, forward a copy
of the patent application and the confirmatory license

to this office. 1In filing your patent, ensure that the
following statement appears on the application:

"The U.S. Government has a nonexclusive, non-
transferable, irrevocable paid-up license to practice
or have practiced this invention for or on its behalf
as provided for by the terms of Grant Number
DAMD17-98-1-8013 awarded by the U.S. Department of the
Army." ‘

_ d. (X) SF 272 Federal Cash Transaction Report.
Any unexpended funds shall be returned to the
Government. Submit a check made out to the U.S.
Treasury with the SF 272.




In addition, if you have been audited in
accordance with OMB Circular A-110, please submit
copies of audits covering the term of the grant.

The enclosed forms must be completed and returned
in order to closeout the grant file. Therefore, you
are requested to return the forms by 11 January 1999.
Please submit all documentation to:

U.S. Army Medical Research Acquisition Activity
ATTN: MCMR-AAA-V (Closeout)

820 Chandler Street

Fort Detrick, MD 21702-5014

If you have further questions or concerns about
the closeout documentation, please contact
Rosalie A. Putman, Contract Specialist, at
(301) 619-7348, FAX (301) 619-2505, E-mail:
rosalie.putman@det.amedd.army.mil.

Sincerely, Q::\\\\\\\
<

y

Linda &. Mandeville
Procurement Technician

Enclosures

cf: MCMR-AAA-V (Closeout)




UNIVERSITY OF CAMBRIDGE

DEPARTMENT OF PHARMACOLOGY
' Tennis Court Road, Cambridge CB2 1QJ

Telephone (0223) 334000
Fax (0223) 334040

Dr. Ruth R Levine,
Boston University School of Medicine 8/9/98

My dear Ruth, _

I have just returned after our visit to the
Symposium and our subsequent trip to the Cape with Olga’s sister
Judith; we were blessed with splendid weather and stayed at a
lovely place. | |

I thought that the Muscarinic symposium was very
successful and there were some exciting new developments; there
is clearly plenty of life in it to make a continuation worthwhile.
The organisation was, as usual, perfect as we expect from any
thing Ruth organises.

It must have been a terrible burden for you to keep your
mind on this with Martin being in such a poor state. I do hope that
things are improved and indeed that there is some prospect of his
return home before too long; please do give him the very best
wishes from Olga and me. .

With all the very best to you,

As ever,

Armnold




MRC COLLABORATIVE CENTRE Cotiavorative

1-3 Burtonhole Lane, Mill Hill, London NW7 1AD ——-—Centre e
Tel: (+44) 0181 906 3811 Fax: (+44) 0187 906 1395

Ruth Levine, Ph.D.

Associate Dean, Emerita

Boston University School of Medicine
715 Albany Street ’

Boston

MA 02118-2526

USA

4th Sept. 1998

Dear Ruth,

This is a small "thank you’ for your efforts and courage in the organisation and execution of
the Muscarinic Subtypes meeting. It may be my last Muscarinic Subtypes meeting (my
contract finishes shortly) but I hope it won’t be yours. It was a wonderful conference for me,
both scientifically and socially. It was good to meet old friends, and colleagues known from
the literature, and the extended poster sessions allowed more time to meet with the
youngsters, which I enjoyed. And these youngsters love you. At the end of the meeting you
may know that you received a standing ovation; what you may not know (I was watching,
and your eyes were averted) is that everyone was smiling - it was a joyous acclamation.

I would like to make a couple of suggestions.

1) I think that it would be enjoyable and useful to include a touristic period in the
conference - this could be a bus tour of the host city, occupying the last afternoon of the
meeting so that people could easily avoid it.

2) Even with two afternoons devoted to posters, it was not possible to view all the ones of
interest while the authors were present. In order to facilitate communication between attendees
I suggest a local network utilising Internet protocols, with each attendee having their own
address and home page. Ideally there should be a terminal in each room allowing access to
the network, access to a local floppy disk, and access to a local (or central) printer. A few
terminals should be in the poster area.

Many thanks,

[yA

Sebastian Lazareno




Richard M. Eglen, Ph.D.
Vice President & Director
Center For Biological Research

Neurobiology Unit

Phone: 650-354-7239

Fax: 650-852-3111

E-mail: richard.eglen@roche.com

September 8, 1998

Ruth R. Levin, Ph.D.

Professor Emerita of Pharmacology

715 Albany Street
Boston, MA 02118-2526

Dear Ruth,

y

Just a brief note on behalf of my group and |, to express our thanks for organizing such a
stimulating and informative meeting at the Ferncroft. It was very enjoyable and | look forward
to the next one in two years. | would also like to thank you for the invitation to join the scientific
organizing committee and look forward to speaking with you about the next steps in the future.

| hope all is well with you and your family.

Best regards,

st

Richard M. Eglen

Roche Bioscience a division of Syntex (U.S.A) Inc.

3401 Hillview Avenue
Paio Alto
California 94304-1397

Phone: (650) 855-5050

53
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Phone: (313) 763-4268
Fa;(: (313) 936-2690

The University of Michigan
Neuroscience Laboratory Building September 3, 1998

Dr. Ruth Levine

Professor Emerita of Pharmacology
Associate Dean, Emerita

Boston University School of Medicine
715 Albany Street

Boston, MA 02118-2526

Dear Ruth:

I wanted to express my sincere thanks to you for once again staging an outstanding and
successful Symposium. Those of us who have arranged such events in the past are very
cognizant of the amount of time and commitment that such a venture takes and are thus doubly
appreciative of your efforts. I know that I speak for all of the attendees when I say that the
whole event was most enjoyable and very beneficial intellectually.

I also would like to thank you for your continued support of my graduate students and
in facilitating their attendance at the meeting. As you are aware, I have had a long-standing
interest in muscarinic receptors and their coupling to phosphoinositide turnover and my R01
grant on this topic is about to begin its 12th year of funding. I have been most fortunate to have
had some outstanding students choose my laboratory to pursue their Ph.D. degrees You may
remember Diana Slowiejko (who attended the Newport Beach and Ft. Lauderdale meetings),
Daniel Linesman (who attended the Vienna meeting) and now Scott Sorensen, who has, through
your generosity, been able to attend the last two Subtypes meetings. It's undoubtedly true that
without your support, the level of their participation in the Meetings would have been
considerably reduced. All of us owe you a debt of gratitude for your continued interest in
graduate student education.

Both Anne and I realize that the Meeting occurred at a time that was most difficult for
your personally. We sincerely hope that your husband's health improves in the near future. We
also look forward to the Ninth International Meeting! Once again, many thanks for our hard
work. All best wishes, :

Sincerely yours,

-

Stephen K. Fisher, Ph.D.
Professor of Pharmacology

SKF;jk

1103 East Huron Street - Ann Arbor. Michigan 48104-1687
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Tel: (Bo0) 679-2120
2 September 1998 : Fax: (860) 679-3693

Dr. Ruth R. Levine

Professor Emerita of Pharmacology
Boston University School of Medicine
715 Albany Street

Boston, MA 02118-2526

Dear Ruth,

Congratulations on your superb organization of the Eighth International Symposium on Subtypes
of Muscarinic Receptors! The meeting succeeded in large measure because of your seemingly
tireless efforts to gather a group of lively scientists to discuss the most recent advances in this
field. As such, this meeting adds another pear! to your string of successes in establishing and
sustaining this symposium as a forum for scientific exchange.

The gathering had the flavor and spirit of a Gordon Conference as most of the participants were
able to attend the entire meeting and be available for intimate discussions and provocative
speculation. The lodging accommodations and the meal arrangements were conducive to the
spirit of inquiry that permeated the symposium. | especially enjoyed the oral presentations by
Drs. A. Fryer, W.C. Degroat and D. Saffen. This is in no way a slight at the other speakers who
did very well. The afternoon session of selected poster presentations was also well done.

| have one negative remark and that concerns the presentation by Dr. R. Kelly who did little
more than appear for his oral paper presentation. He foreclosed extensive discussion by
announcing that his appearance was an interruption of another meeting to which he had to

return immediately. He avoided answering questions and did not stay even through funch so as to
preclude more personal discussion. This conduct is contrary to the spirit of the meeting and
must be discouraged.

On balance, the positive aspects of the symposium carried the week and we are all indebted to
you for your gracious and generous support of scholarship in the service of science. | look
forward to the excitement of the next gathering.

Good wishes.

Sincerely,

Prebale

Achilles Pappano
Professor

203 Farmington Avenue o Farmingto i donnecucut 00030-6125 « An Faual Opportunite Empioyver
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The University of Michigan
Neuroscience Laboratory Building

September 3,1998

Dr. Ruth R. Levine

Professor Emerita of Pharmacology
Boston University School of Medicine
Boston University Medical Center

80 East Concord Street

Boston, MA 02118

Dr. Levine,

Thank you for your efforts as the coordinator of ‘the Eighth
Symposium on Subtypes of Muscarinic Receptors. I recently
coordinated a small interdepartmental symposium at the University
of Michigan and can only begin to imagine the amount of effort
expended to run an international meeting. You have done a
magnificent job once again. As a student, I especially enjoyed the
one-on-one interactions with the scientists in attendance and I was
able to discuss several post-doctoral opportunities as well. I would
also like to thank you for your generous financial support which
provided for a rewarding learning experience. I look forward to
seeing you at the next symposium.

Sincerely,

- r/ Y -
JenT oirimzint
7 *

Scott Sorensen

1103 East Huron Stra=t Ann Arbor, Michigan 48104-1687
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National Institutes of Health
Aug. 31, 1998 Bethesda, Marytand 20892

Dr. Jirgen Wess

Laboratory of Bioorganic Chemistry
NIDDK, National Institutes of Health
Bldg. 8A, Room B1A-09

Bethesda, MD 20892

Tel. 301-402-3589
Fax 301-402-4182

Dr. Ruth R. Levine

Symposium Coordinator

Boston University School of Medicine
715 Albany Strest

Boston, MA 02118

Subj.:. Eight International Symposium on Subtypes of Muscarinic Receptors
(Danvers, MA, Aug. 98)
Dear Ruth,
Thanks again for the wonderful job you did in organizing this year's “Muscarinic
Receptor Meeting”. My coworkers and | very much enjoyed both the high scientific quality

of this meeting as well as the various social events.

Enclosed please find the receipt for my flight ticket ($ 84.00)(Washington, D.C./Dulles -
Boston; round trip). _

Thanks again for everything. | am already looking forward to the next meeting in two
years from now.

Best wishes!

Yours sincerely,

J;;O\MF‘




Johann 'Wolfgang Goethe-Universitiit
Frankfurt/Main

Prof. Dr. Giinter Lambrecht Department of Pharmacology
Biocentre Niederursel
University of Frankfurt

Marie-Curie-Strafle 9

Gebiude N260

D-60439 Frankfurt
Dr. Germany

Ruth R. Levine : Tel.: #(0)69-798-29366
Fax.: #(0)69-798-29374
_ Lambrecht@em.uni-frankfurt.de

September 4, 1998

Boston University

School of Medicine

715 Albany Street, L310
Boston, MA 02118

U S A

Dear Ruth,

This is to offer my sincere thanks for having me at the
Eighth Symposium on Subtypes of Muscarinic Receptors in
Danvers. I also want to take this opportunity to extend my
sincerest thanks to you for organizing this meeting. I think
it was again a highly successful conference, and I enjoyed
the meeting.

Thank you again for all your efforts.

With best wishes, also from Heidi,
Cordia ,
Glinter Lambrecht

P.S.:

Please find enclosed my signed Travel Expense Report,

together with a copy of my plane ticket and receipts

for transfer Logan - Danvers - Logan.
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Renée Chmelar

University of Washington
Box 357750

Department of Pharmacology
Seattle, WA 98195

Ruth R. Levine, Ph.D.
Boston University
School of Medicine

80 East Concord Street
Boston, MA 02118

Dear Dr. Levine:

I wanted to express to you my appreciation for making my participation in the Eighth
International Symposium on the Subtypes of Muscarinic Receptors financially possible.
As a graduate student I deeply appreciate the opportunity to attend this meeting which
furthers my knowledge of the field in which I work and allows me to meet the scientists
with whose work I have become familiar. The meeting was both intellectually rewarding
and motivational!

Thank you. again for making my attendance at the meeting possible.
Sincerely,

P
” e 2
e / / :
) ié_,é/)“*—'? AT -

Renée Chmelar




Septemb‘er 21, 1998

Dr. Levine,

I am writing to express my thanks to you for having me as a Fellow at the Eighth
Symposium on Subtypes of Muscarinic Receptors. It was obvious that you put in a lot of
hard work and-it was greatly appreciated. I am also glad I was able to help with the
audio-visual jobs during the Oral Presentations.

I would also like to thank you for providing me with an alternative dinner at the
Lobster Dinner. Having a food allergy is hard and often frustrating. However, you did
your best in making sure I was accommodated. Itruly appreciate that!

Again, your hard work was greatly appreciated, for the meeting was a huge
success. As a third vear graduate student, it was a very motivating and enjoyable

experience.

Thank you,

7 ﬁﬁu
4 7 oA
Mg 27

Diane Porter

Graduate Student, Penn State University
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STRUCTURE-FUNCTION ANALYSIS OF MUSCARINIC RECEPTORS AND THEIR
ASSOCIATED G PROTEINS

Evi Kostenis, Fu-Yue Zeng and Jiirgen Wess

Laboratory of Bioorganic Chemistry, National Institute of Diabetes and Digestive and Kidney
Diseases, NIH, Bldg. 8A, Room B1A-05, Bethesda, MD 20892, U.S.A.

Summary

Each member of the muscarinic receptor family (M1-M5) can interact only with a
limited subset of the many structurally closely related heterotrimeric G proteins
expressed within a cell. To understand how this selectivity is achieved at a molecular
level, we have used the Gj/o-coupled M2 and the Gg/11-coupled M3 muscarinic
receptors as model systems. We developed a genetic strategy involving the coex-
pression of wild type or mutant muscarinic receptors with hybrid or mutant G
protein o subunits to identify specific, functionally relevant receptor/G protein
contact sites. This approach led to the identification of N- and C-terminal amino
acids on aq and oj that are critical for maintaining proper receptor/G protein
coupling. Moreover, several receptor sites were identified that are likely to be
contacted by these functionally critical Go. residues. To gain deeper insight into
muscarinic receptor structure, we recently developed a cysteine disulfide cross-
linking strategy, using the M3 muscarinic receptor as a model system. Among other
structural modifications, this approach involves the removal of most native cysteine
residues by site-directed mutagenesis, the insertion of three factor Xa cleavage sites
into the third intracellular loop, and systematic ‘reintroduction’ of pairs of cysteine
residues. Following treatment of receptor-containing membrane preparations with
factor Xa and oxidizing agents, disulfide cross-linked products can be identified by
immunoprecipitation and immunoblotting studies. This approach should greatly
advance our knowledge of the molecular architecture of muscarinic and other G
protein-coupled receptors.

Key Words: mutagenesis studies, G protein-coupled receptors, G protein a-subunits, receptor/G protein
coupling, disulfide cross-linking studies

The five muscarinic acetylcholine receptors (M1-MS5) are prototypical members of the superfamily of G
protein-coupled receptors (GPCRs) (1-3). Like most other GPCRs, each muscarinic receptor subtype
shows a high degree of G protein coupling selectivity. The M1, M3, and M5 receptors preferentially
couple to G proteins of the Gg/11 class, whereas the M2 and M4 receptors are selectively linked to G
proteins of the Gi/o family (1-3). To understand how this selectivity is achieved at a molecular level is
a major focus of ongoing research efforts in our laboratory. Systematic mutagenesis studies have led to
the identification of a series of residues (located within the second (i2) and third (i3) intracellular loops)
that play key roles in determining the G protein coupling profiles of individual muscarinic receptor
subtypes (reviewed in ref. 3). Despite this knowledge, however, the molecular architecture of the
receptor/G protein complex still remains only poorly defined. Clearly, the delineation of accurate
molecular models of the receptor/G protein interface requires the identification of sites on the G
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protein(s) that are contacted by functionally critical receptor residues.

Residues involved in M2 receptor/Gij/o coupling selectivity

A considerable body of evidence indicates that the C-terminal five amino acids of Go subunits play a
key role in receptor recognition (4-9). We have recently shown, for example, that the Gi/o-coupled M2
muscarinic receptor (which does not efficiently interact with wild type (wt) o) can productively
couple to mutant ag subunits in which the last five amino acids of oq are replaced with the corres-
ponding oj or ap sequences (5, 8). Coexpression of such mutant G protein subunits with a large
number of M2/M3 hybrid muscarinic receptors showed that the ability of the M2 receptor to recognize
the C-terminus of ai/o subunits is dependent on the presence of a group of residues (Val385, Thr386,
T1e389, and Leu390; “VTIL motif’) located at the junction between the i3 loop and transmembrane
domain VI (TM V1) (refs. 5, 8).

We subsequently employed a gain-of-function mutagenesis strategy to identify individual amino acids
within the C-terminal tail of aj/q subunits that are critical for recognition by the M2 muscarinic receptor
(8). Coexpression of a series of C-terminally modified mutant o subunits with the M2 receptor led to
the identification of two mutant oq subunits containing single og-> aj point mutations at their C-
terminus which, in contrast to wt o, were able to productively interact with the M2 receptor. This
study provided the first example where the receptor coupling selectivity of G protein o subunits could
be altered by single amino acid substitutions (8). The aj residues present in the two mutant og
constructs capable of efficiently interacting with the M2 muscarinic receptor were the -4 cysteine and
the -3 glycine, respectively. These two residues are well conserved only within the aj/o family.
Moreover, functional analysis of the receptor coupling properties of additional og/oj mutant subunits
suggested that the C-terminal aromatic residue (phenylalanine or tyrosine) characteristic for /o
subunits also contributes to the selectivity of receptor recognition (8).

Residues involved in M3 receptor/Gq/11 coupling selectivity

To examine whether the results obtained with the Gj/p-coupled M2 muscarinic receptor are more
generally applicable, we extended the coexpression strategy described in the previous section to other
functional classes of GPCRs and Ga subunits. We initially demonstrated that the rat M3 muscarinic
receptor, while unable to efficiently interact with wt o, can productively couple to a mutant version of
ag (sg5) in which the last five amino acids were replaced with the corresponding og sequence (9).
This observation is consistent with the concept that the C-terminus of Geo subunits is generally
important for the selectivity of receptor recognition.

To identify the region on the M3 receptor that can interact with the C-terminus of og, we again
employed a coexpression strategy involving the use of M2/M3 hybrid muscarinic receptors (note that
neither of the two wt receptors can efficiently couple to wt o) and the mutant og subunit, sq5 (ref. 9).
A mutant M2 receptor in which the functionally critical VTIL motif at the i3 loop/TM VI junction was
replaced with the corresponding M3 receptor sequence (Ala488, Ala489, Leu492, and Ser493; “AALS
motif”) was unable to productively interact with wt og but gained the ability to couple to sq5. This
observation indicated that the C-terminus of the i3 loop is generally important for recognition of the C-
terminus of Ga subunits. Surprisingly, however, two additional mutant M2 receptors, which con-
tained M3 receptor sequences in the i2 loop and at the N-terminus of the i3 domain, respectively, were
identified that also gained coupling to sq5 (ref. 9). The i2 loop as well as the N- and C-terminal
segments of the i3 domain are known to contain key residues determining the Gq/11 coupling
selectivity of the M3 muscarinic receptor (3). These residues are predicted to cluster together in a
triangle” defined by the positions of TM III, V, and VI, thus forming a well-defined G protein
binding site (10, 11). One possible explanation for the observed ability of multiple M2/M3 hybrid
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receptors to interact with the sq5 subunit therefore is that the C-terminal portion of ag can
‘simultaneously contact multiple receptor residues forming this G protein binding surface.

We next investigated which specific amino acids located within the C-terminal segment of agq are of
primary importance for the selectivity of M3 receptor/Ggq interactions (9). Toward this goal, single
amino acids at the C-terminus of og were replaced with the corresponding ogq residues, and the
resulting mutant G proteins were studied for their ability to gain coupling to the M3 muscarinic
receptor (using cotransfected COS-7 cells). This analysis led to the identification of two ag->0q single
point mutants which gained the ability to functionally interact with the M3 muscarinic as well as with
other Gq/1 1-coupled receptors (9). The ag residues present in these constructs were a -5 glutamate and
a -3 asparagine, respectively, which are found in all members of the eq/11 protein family. It is likely
that these two aq residues are generally important for selective recognition by Gg/11-coupled
receptors, probably by directly contacting the receptor proteins. The side chain of the -3 asparagine
may be able to hydrogen-bond back to the main chain, thus forming a type VIII f-turn characterized by
a spatial arrangement of the C-terminal aq/11 residues which differs from that found with aj/g
subunits (12).

These findings also indicate that the precise positions of the C-terminal Go. residues that are involved
in determining the selectivity of receptor/G protein interactions vary between different functional
classes of Go subunits. However, in both aij/o and oq/11 subunits, the -3 residue is of fundamental
importance for proper receptor recognition (8, 9). As a general rule, the residues present at this
position are perfectly conserved within individual Go: subfamilies and can correctly predict the
coupling profile of a given Go. subunit.

Importance of tlie N-terminus of Gog for receptor coupling selectivity

Although it is clear that the C-terminal regions of Go. are critically involved in receptot/G protein
coupling (see previous section), other regions of Ga. may also contribute to receptor binding and the
selectivity of receptor/G protein interactions. Specifically, several lines of evidence suggest that the N-
terminal portion of Go may be in contact with the receptor protein (13-15).

To test the hypothesis that the extreme N-terminus of aj/o Subunits also plays a role in determining the
selectivity of receptor/G protein interactions, we initially created a hybrid Ge: subunit in which the first
ten amino acids of agq, including a six-amino-acid extension that is characteristic for eg/11 subunits,
were replaced with the N-terminal four amino acids (MGCT) present in aj/o subunits (referred to as
i4q; Fig. 1A). As a control, we also generated a mutant agq subunit, referred to as -6q, that lacked the
six-amino-acid extension present in og and a1 1 (Fig. 1A). We then examined, in cotransfected COS-7
cells, whether the Gi/o-coupled M2 muscarinic receptor would gain the ability to interact with these
mutant G proteins (16). To our surprise, these studies showed that the M2 receptor gained the ability
to couple to both idq as well as -6q, as measured by carbachol-dependent stimulation of
phosphoinositide hydrolysis. This observation suggested that the ability of the M2 receptor to interact
with the hybrid i4q subunit is primarily due to the lack of the six-amino-acid extension rather than the
presence of four amino acids of o sequence. We subsequently showed that several other Gi/o- as well
as Gg-coupled receptors were also capable of interacting with the -6q subunit (but not with wt oq)
(16). These findings suggested that the N-terminal extension characteristic for oig/11 subunits plays an
important role in restraining the receptor coupling selectivity of these G proteins.

To study which specific amino acids within the N-terminal segment of ag/11 are critical for
constraining receptor coupling selectivity, we next subjected this region to systematic deletion and
alanine scanning mutagenesis (17). We prepared two series of N-terminally modified mutant og
subunits: In one series, the N-terminus of oq was progressively shortened by deletion mutagenesis,
and in the other, amino acids 2-7 were replaced, either individually or in combination, with alanine
residues (Fig. 1A). All wt and mutant o subunits contained an internal hemagglutinin (HA) epitope
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Fig. 1

Mutational analysis of the N-terminal segment of o. (A) Amino acids located at the N-
terminus of o (mouse) (marked with arrows) were deleted or replaced, either individually
or in combination, with alanine residues. In i4q, the first ten amino acids of og were
replaced with the first four amino acids of aj. For comparison, the N-terminal portions of
o1 and og are also shown. Gaps were introduced to allow for maximum sequence
identity. The position of the N-terminal segment of the aN helix, as revealed by X-ray
crystallography (29, 30), is indicated. (B) Functional coupling of the M2 muscarinic
receptor to mutant o subunits. COS-7 cells were cotransfected with expression plasmids
coding for the human M2 receptor and vector DNA (pcDNAI), wt oq, or different ag
mutant subunits. Increases in intracellular IP1 levels (in the presence of the muscarinic
agonist, carbachol (0.5 mM), were determined as described (17) (means + S.E.M; n=3).
(C) Nucleotide sequence of the N-terminal segment of the wt o construct used in ref. 17.
The two N-terminal in-frame ATG codons (codons one and seven) are underlined.
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tag which did not affect the receptor and effector coupling properties of wt aq (4, 5, 18). Western blot
analysis showed that all mutant oq subunits were properly expressed, at levels similar to or somewhat
lower than observed with wt aq (17). Surprisingly, coexpression studies showed that the M2 musca-
rinic receptor gained the ability to productively couple to all 14 mutant oq subunits, resulting in a 6-11-
fold stimulation of inositol phosphate production (Fig. 1B). Essentially similar findings were obtained
with the Gi/g-linked D2 dopamine and the Gg-coupled B2-adrenergic receptors (17).

Analysis of the nucleotide sequence coding for the N-terminal segment of oq shows that the initiating
ATG codon (codon one) is followed by a second in-frame methionine codon (codon seven) (Fig. 1C).
We also noted that the second ATG codon is present in a better context for translation initiation than the
first one (19, 20). We therefore needed to exclude the possibility that codon seven is used as an
alternative translation start site. If this were the case, then all mutant oq constructs would direct the
synthesis of the functionally promiscuous -6q subunit (Fig. 1B). To address this issue, we introduced
frameshift mutations (single base insertions or deletions) between codons one and seven into two
functionally promiscuous mutant g constructs (q(L3A) and q(E4A); Fig. 1A). If codon seven is in
fact used as a translation start site, these frameshift mutations are predicted not to interfere with the
synthesis of -6q but should prevent the synthesis of a functional protein if translation starts from codon
one. Coexpression studies and immunoblotting experiments clearly demonstrated that methionine
codon seven is not used for translation initiation, at least not to a detectable degree (17). Translation
initiation from an alternative (internal) start site can therefore be excluded as a potential cause for the
observed functional promiscuity of the studied mutant o subunits.

Like most other Gow subunits, ag and af ] are known to be palmitoylated at N-terminal cysteine
residues (corresponding to Cys9 and Cys!0 in Fig. 1; refs. 18, 21-25). We therefore wanted to
examine whether the promiscuous mutant ¢ subunits differed from wt agq in their palmitoylation
patterns. Toward this goal, wt aq and selected mutant oq subunits were expressed in COS-7 cells,
metabolically labeled with [3H]palmitic acid, followed by immunoprecipitation, SDS-PAGE, and
fluorography (17). These studies showed that wt aq and all mutant aq subunits incorporated
significant amounts of [3H]palmitate. However, we also noted that the strength of the palmitoylation
signal was generally weaker (by about 40-75%) in the case of the mutant oq subunits (as compared
with wt aq) (17).

Taken together, these data are consistent with the notion that the six-amino acid extension characteristic
for ag/11 subunits forms a tightly folded protein subdomain that is critical for regulating the receptor
coupling selectivity of these subunits. One possibility is that this subdomain has a gate function by
selectively preventing access of Gj/o- and Gs-coupled receptors. It is also conceivable that the six-
amino acid extension exerts indirect conformational effects on other regions of ag/11, (e.g. on C-
terminal segments) that are crucial for maintaining the receptor selectivity of these subunits. Moreover,
our data raise the possibility that receptor coupling selectivity may be regulated by the palmitoylation
pattern of Go subunits.

Development of a strategy to study GPCR structure via disulfide cross-linking

Currently, high-resolution structural information is not available for any GPCR. We therefore decided
to devise a cysteine disulfide cross-linking strategy to gain deeper insight into GPCR structure, using
the rat M3 muscarinic receptor as a model system. To be able to reliably detect the M3 receptor protein
on Western blots, the following structural modifications were made: a) an HA epitope tag was added to
the N-terminus of the receptor, b) all five potential N-glycosylation sites present in the N-terminal
portion of the receptor protein were eliminated by site-directed mutagenesis, and c) most of the i3 loop,
except for the N- and C-terminal 22 amino acids, was deleted (Fig. 2). The resulting mutant receptor
(referred to as M3’) showed ligand binding and G protein coupling properties similar to the wt M3
receptor (F.-Y. Zeng and J. Wess, unpublished results). However, in contrast to the wt receptor, the
M3’ receptor could be readily detected via immunoblotting using either a monoclonal antibody directed
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Fig. 2

Transmembrane topology of the rat M3 muscarinic receptor. To be able to detect the M3
receptor protein via different immunological techniques, an HA epitope tag (underlined)
was added to the N-terminus, and the five potential N-glycosylation sites present within the
ol region (Asn6, Asnl5, Asn4l, Asn48, and Asn52) were replaced with glutamine
residues. Cysteine residues are shown boxed. Cys140 and Cys220 (highlighted in black)
are predicted to be linked via a disulfide bridge (26-28). To be able to study the structure of
the M3 muscarinic receptor by using a cysteine disulfide cross-linking strategy (see text for
details), the central portion of the i3 loop (196 amino acids) was replaced with three factor
Xa cleavage sites. Four functionally critical amino acids located at the i3 loop/TM VI
junction are also highlighted (circles; see text for details). Numbers refer to amino acid
positions in the rat M3 muscarinic receptor sequence (31).

against the N-terminal HA tag or a polyclonal antibody raised against a peptide corresponding to the
last 18 amino acids of the M3 receptor protein. We therefore chose the M3’ receptor as a template for
further site-directed mutagenesis studies.

We next created three mutant M3 receptors (by replacing native cysteine residues in the M3’ receptor
with either alanine or serine) which contained no, two_(Cys140 and Cys220), or three (Cys140,
Cys220, and Cys532) remaining cysteine residues (resulting in M3’(C-less), M3°(C2), and M3°(C3),
respectively). It should be noted that Cys140 and Cys220 are predicted to be linked via a disulfide
bond (26-28) which appears to be required for proper trafficking of the M3 receptor protein to the cell
surface (F.-Y. Zeng, A. Soldner, T. Schoneberg and J. Wess; unpublished results). The completely
Cys-free receptor (M3’ (C-less)) did not show any radioligand binding or functional activity. However,
both the M3’(C2) and M3’(C3) mutant receptors still retained the ability to stimulate carbachol-
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dependent inositol phosphate production to the same maximum extent as the wt M3 receptor (F.-Y.
Zeng, A. Soldner, and J. Wess; unpublished results). Moreover, the M3’(C3) mutant receptor was
able to bind muscarinic agonists and antagonists with affinities similar to those found with the wt
receptor (F.-Y. Zeng and J. Wess; unpublished results).

In the next step, we inserted three factor Xa (fXa) cleavage sites into the central portion of the i3 loop
of the M3’(C3) mutant receptor. This modification had no significant effect on the ability of the
resulting mutant receptor (referred to as M3’(C3)-Xa) to bind muscarinic ligands with high affinity and
to efficiently couple to G proteins. Western blot analysis using membrane lysates prepared from
M3’ (C3)-Xa-transfected COS-7 cells showed that that M3’ (C3)-Xa could be efficiently cleaved by the
fXa protease (F.-Y. Zeng and J. Wess; unpublished results). Recently, we started to reintroduce pairs
of cysteine residues (one N-terminal and one C-terminal of the fXa cleavage sites) into distinct
intracellular regions of M3°(C3)-Xa, such as the i2 loop and the N- and C-terminal portions of the i3
domain. Application of mild oxidizing conditions to membrane lysates prepared from COS-7 cells
transfected with these mutant constructs will enable adjacent cysteine residues to form disulfide
bridges. Preliminary studies showed that cross-linked products can be identified via immunoprecipi-
tation and Western blot analysis (following treatment with fXa). Systematic application of this
approach should eventually lead to novel insights into the three-dimensional structure of the M3
muscarinic receptor. Moreover, this strategy should be generally applicable to other classes of GPCRs.
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Summary

Multiple events are associated with the regulation of signaling by the M, muscarinic
cholinergic receptors (mAChRs). Desensitization of the attenuation of adenylyl
cyclase by the M, mAChRs appears to involve agonist-dependent phosphorylation
of M, mAChRs by G-protein coupled receptor kinases (GRKSs) that phosphorylate the
receptors in a serine/threonine rich motif in the 3" intracellular domain of the
receptors. Mutation of residues 307-311 from TVSTS to AVAAA in this domain of
the human M, mAChR results in a loss of receptor/G-protein uncoupling and a loss
of arrestin binding. Agonist-induced sequestration of receptors away from their
normal membrane environment is also regulated by agonist-induced phosphorylation
of the M, mAChRs on the 3" intracellular domain, but in HEK cells, the predominant
pathway of internalization is not regulated by GRKs or arrestins. This pathway of
internalization is not inhibited by a dominant negative dynamin, and does not appear
to involve either clathrin coated pits or caveolae. The signaling of the M, mAChR
to G-protein regulated inwardly rectifying K channels (GIRKs) can be modified by
RGS proteins. In HEK cells, expression of RGS proteins leads to a constitutive
activation of the channels through a mechanism that depends on GBy. RGS proteins
appear to increase the concentration of free GPy in addition to acting as GAPs. Thus
multiple mechanisms acting at either the level of the M, mAChRs or the G-proteins
can contribute to the regulation of signaling via the M, mAChRs.

Key Words: M, mAChRs, phosphorylation, arrestins, internalization, desensitization

G-protein coupled receptors signal through a variety of G-proteins and downstream effectors. These
signaling events are regulated by a variety of mechanisms that help to “turn-off” the signals and
return the cell to its resting, non-stimulated state. These “turn-off” mechanisms are very important
in physiological situations, such as in a synapse where a relatively large concentration of released
neurotransmitter can cause a rapid activation of events that control neuronal excitability in the
postsynaptic neuron. By ensuring that the activated receptors also rapidly inactivate, the neuron is
able to respond to the next wave of released neurotransmitter. Turning off signals is also important
in pathological conditions. For example, in the chronic stage of Chagas disease, which is often
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Fig. 1 .
Arrestin binding requires the presence of the serines and threonines in the motif TVSTS (zesidues 307-311)
in the hM, mAChRs. The upper section of the figure summarizes results of in vitro binding studies with WT
and mutant M, mAChRs and in vitro translated arrestins (3). Data in the lower box summarize results of
analyses of arrestin interaction with WT and mutant hM, mAChRs in other assays (3,4,8).

associated with severe cardiomyopathy, circulating antibodies that have agonist-like activity at M,
mAChRs are postulated to cause a chronic desensitization of the mAChRs and contribute to the
functional blockade of these receptors that is observed in patients (1). Here we discuss molecular
events that are associated with the regulation of signaling by M, mAChRs. Intricate mechanisms
exist for controlling the signal transduction events at the level of the receptors and G-proteins. The
rapid uncoupling of the M, mAChRs from G-proteins appears to be regulated by protein
phosphorylation and arrestins (2-4). Internalization of M, mAChRs from the cell surface can occur
via several pathways depending on the cellular machinery that is present. The predominant pathway
of internalization of M, mAChRs in HEK293 cells does not involve the participation of GRKSs or
arrestins (2-4). In addition, the regulation of M, mAChR signaling to G-protein dependent inwardly
rectifying potassium channels (GIRKs) involves the participation of the Regulators of G-protein
Signaling (RGS proteins) that appear to act by multiple mechanisms at the level of G-proteins.

Agonist-dependent phosphorylation regulates receptor/G-protein uncoupling
and arrestin binding

Several independent studies in native cardiac tissue as well as in heterologous expression systems
has established that the M, mAChRs are phosphorylated on serine and threonine residues in response
to agonist activation (5). Studies with a dominant negative allele of GRK2 demonstrated that
expression of this construct reduced agonist-dependent phosphorylation by 50% in HEK cells and
totally prevented the desensitization of the adenylyl cyclase response that was observed under control
conditions (2). These results pointed out an important role for GRK mediated phosphorylation in
the uncoupling of the M, mAChRs from the G, proteins that couple the receptors to attenuation of
" adenylyl cyclase. Since the only cytoplasmic serine residues are on the 3" intracellular domain, it
was clear that this domain contains the phosphorylation sites. Indeed, we have identified a
serine(S)/threonine(T) rich motif of residues 307-311 (TVSTS) as an important phosphorylation
target that causes uncoupling of the human(h) M, mAChRs (4). With other receptors, namely the
tight receptor rhodopsin and the B,-adrenergic receptor ($,AR), GRK mediated phosphorylation
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provides a signal for the binding of arrestins, which in turn are responsible for the uncoupling of the
receptors from G-proteins (6,7). We asked if residues 307-311 were important for arrestin binding
by using several different tests of receptor/arrestin interaction. Indeed, mutation of the S and T
residues to alanines in this motif (in the C,,, and NC,; mutants) led to a depression or abolition of
arrestin binding in vitro to the mutant hM, mAChRs (Fig. 1), whereas mutation of the
phosphorylation motif STSVS (residues 286-290) in the N,,,, mutant was without effect (Fig. 1).

Similarly, studies of arrestin interaction with the WT and mutant M, mAChRSs in other assay systems
also demonstrated an inability of receptors mutated in the 307-311 motif (in either the C,,, or N,C,6
mutants) to interact with arrestins (Fig. 1) (3,4,8). These results are consistent with the concept that
arrestin interaction with GRK-phosphorylated M, mAChRs may be the underlying cause of the
uncoupling of the phosphorylated M, mAChRs from G-proteins and signalling pathways. However,
definitive proof of this possibility awaits direct testing of the role of arrestins in the uncoupling
process in intact cells. '

Internalization of M, mAChRs in HEK cells proceeds through a different pathway than
receptor uncoupling

An appealing finding from studies of the {3,AR is that the binding of arrestins to GRK
phosphorylated (,AR facilitates their endocytosis by delivering these receptors to clathrin coated pits
(9,10). The C-terminal domains of the non-visual arrestins 2 and 3 (but not visual arrestin1) bind
to clathrin, thus facilitating the initiation of receptor endocytosis (10). Surprisingly, although the M,
mAChRs bind arrestin (Fig. 1), we have found that the internalization of the M, mAChR is not
affected by the M, mAChR mutations that result in a loss of arrestin binding (4) or by expression of
the dominant negative GRK that disrupts receptor-G-protein uncoupling (2)(Fig. 2).
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Fig. 2

Internalization is unaffected by receptor mutations and a dominant negative GRK2. Both panels show the
percentage of cell surface M, mAChRs remaining as a function of time of exposure to carbachol (1 mM). Left
panel: The C,,, mutant introduced above was found to internalize in a manner indistinguishable from the WT
M, mAChR. As this mutant cannot bind arrestin (see Fig. 1), the observed internalization proceeds via an
arrestin independent mechanism. Right panel: Expression of WT GRK2 or the dominant negative GRK2¥*®
did not enhance or inhibit the internalization of the WT M, mAChRs. :

In other experiments the internalization of the M, mAChRs was found to be insensitive to
overexpression of a dominant negative dynamin (3), a protein that has been implicated in the
pinching off of clathrin coated pits (11) and caveolae (12,13). From these and other data, we
concluded that the predominant pathway of internalization of the M, mAChRs in HEK cells occurs
via a mechanism that does not involve arrestin, clathrin coated pits or caveolae. This unknown
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pathway remains to be defined. Interestingly, internalization of the M, mAChR by this unknown
pathway is facilitated by agonist-dependent phosphorylation of the M, mAChRs, since ablation of
all phosphorylation in the NC,,,s mutant lead to a slower rate and smaller extent of internalization
(4) (see Fig. 2, left panel). It is likely that multiple pathways of internalization participate in the
internalization of GPRs.

Signaling of the M, mAChR to inwardly rectifying potassium channels is modulated by
RGS proteins

In addition to the receptor-dependent mechanisms of regulation of M, mAChR signaling that were
introduced above, there are also other mechanisms that regulate signaling that act at the level of the
G-proteins. Indeed, the RGS proteins have been shown to be GAPs (GTPase activating proteins)
that accelerate the G-protein GTPase reactions, thus accelerating the turn off reactions and inducing
desensitization in a wide variety of systems (14-17). The M, mAChRs activate GIRKs through a
mechanism that involves release of Gy, subunits from G; proteins and the direct activation of the
channels by the Gy, subunits (18-20). When GIRKs were expressed in heterologous expression
systems, their kinetics of deactivation following agonist treatment were observed to be much slower
than in native systems (21,22). However, expression of the RGS proteins significantly accelerated
the deactivation, suggesting that the RGS proteins were acting as GAPs in intact cells (21,22).
However, a curious finding was that the peak currents were not reduced upon expression of the RGS
proteins, and the kinetics of activation were accelerated (21,22). Neither of these effects were
expected if the RGS proteins were solely acting as GAPs (15). ’

We assessed the effects of RGS3 and RGS4 on the activity of GIRKSs 1 + 4 expressed in HEK293
cells. In addition to the effects on kinetics of activation and deactivation that were previously
observed by others (21, 22), we observed that expression of the RGS proteins led to an increase in
the “basal” activity of the channels. By using barium to block currents through the channels, we
observed that ~50% of the total channel activity was activated in the absence of agonist in cells
expressing RGS4 (or RGS3). In contrast, in control cells, less than 20% of the channels were active
in the absence of agonist. The effects of RGS proteins to activate currents in the absence of agonist
were not blocked by pertussis toxin, suggesting that the effects were not due to promotion of the
coupling of M, mAChRs, Gi and GIRKs. However, the effects of RGS proteins to activate the
GIRKs were totally suppressed by the expression of a G, binding protein, CD8-GRK2-CT, which
had previously been demonstrated to act as a “sink” for Gg, and inhibit Gg,-dependent signaling
events (23). Thus, it appears that the RGS proteins activated the GIRKs by causing an increase in
free G, It had previously been suggested that RGS proteins bind with high affinity to the transition
state of the G, subunits and accelerate the GTPase reaction (24,25). We speculate that the RGS
proteins can bind also to other conformations of the G, subunits, and thus liberate G, subunits, as
the crystal structure of RGS suggests that simultaneous binding of RGS and GBy to G, subunits
would be unlikely (24). The data presented suggest that RGS proteins can act negatively to speed
up the turn off of G-proteins, and additionally can act to enhance signaling by increasing the
availability of G, subunits to their downstream effectors. It is likely that the net effects of RGS
proteins will reflect the ability of the RGS proteins to interact with the different conformations of
the G proteins. The effects of RGS proteins to increase availability of the Gy, subunits can at least
partly explain why the peak currents attributable to GIRKs were not depressed by RGS expression
(15,21,22). Future studies will reveal if our hypothesis is correct and if RGS proteins have other
actions than to act as GAPs.

In summary, the regulation of signaling through the M, mAChRs involves events that modify both
the ability of the M, mAChRs to interact with G-proteins and endocytic machinery. Future studies
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will seek to determine if arrestins participate in the uncoupling of the M, mAChRs from G-proteins
and to identify the non-arrestin dependent pathway of internalization. If arrestins do bind to the
receptors to cause uncoupling from G-proteins, it will be of interest to determine why the arrestins
do not also deliver the receptors to endocytic machinery. In addition, further studies will define how
RGS proteins can negatively and positively modulate signalling by acting at the level of G proteins.
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THE INFLUENCE OF THE CELLULAR CONTEXT ON RECEPTOR FUNCTION:
A NECESSARY CONSIDERATION FOR PHYSIOLOGIC INTERPRETATIONS OF
RECEPTOR EXPRESSION STUDIES
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Summary

The cell model studied has a fundamental influence on the function and regulation
of G protein linked receptors. These cell-dependent effects are illustrated in the
current communication focusing on M3 muscarinic, CCK and GRP receptors.
Receptors interact with multiple cellular mechanisms. The most obvious are
those involved in coupling to signaling mechanisms such as G proteins.
Receptors are themselves phosphorylated and dephosphorylated by cellular
kinases and phosphatases. Receptors may sequester, internalize, down-regulate
and recycle via interactions with a number of separate cellular mechanisms.
When the number and complexity of interactions between the cell and the
receptor are taken into account it is not surprising that the cell model has a
primary influence on receptor function and regulation. The implications of the
importance of the cell model in receptor function for studies aimed at answering
physiologic questions are discussed.

Key Words: desensitization, G proteins, G protein-coupled receptors, receptor expression studies

Much has been written concerning the influence of receptors on cell function. Much less
discussed is the reverse relationship, the influence of the cellular context on receptor function
and regulation. In recent years the ability to molecularly manipulate receptors and express them
in novel cell types has lead to many new insights into the relationship between receptors and
cells. We will discuss the impact of these observations on approaches to physiologic problems.
We will focus on three receptors that function to regulate the pancreatic acinar cell, the M;
muscarinic acetylcholine (m3ACh), cholecystokinin A (CCK,), and gastrin releasing peptide
(GRP) receptors.

The cell context affects receptor coupling

M; Ach, CCKA, and GRP receptors couple to the activation of the Gq family of guanine
nucleotide binding proteins (G proteins). Activation of this family of G proteins increases
phospholipase C B activity and accelerates the rate of phosphatidylinositol-(4,5)-bisphosphate
(PIP2) hydrolysis (1). The breakdown of PIP2 generates inositol 1,4,5-trisphosphate
(Ins(1,4,5)P3) and diacylglycerol (DAG). These last two molecules are key cellular messengers
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leading to the release of Ca® from internal stores and the activation of protein kinase C
respectively. The activation of this traditional phospholipase/Ca®" pathway is key to the abilities
of these receptors to stimulate secretion from the pancreatic acinar cell (2). Therefore, as might
be expected, each of these receptors is equivalent in terms of stimulating pancreatic acinar cell
secretion.

Coupling of these receptors to Ca’®' signaling has been observed in virtually every cell model in
which they have been studied. For example, we found only minor differences in the coupling of
CCK, receptors in CHO cells compared with pancreatic acinar cells (3). This is likely because
these receptors have a high affinity for Gq subunits, which are ubiquitously expressed (4).
However, in a few cases some important differences in receptor coupling to major signaling
pathways have been observed. An extreme example of cell-type differences in coupling comes
from studies showing that wild-type GRP receptors transfected into the NCM460 colon cancer
cell line appear to be constitutively active (5). However, this seems to be the exception rather
than the rule and for the most part coupling of receptors to their preferred signaling pathways
occurs similarly in most cell models.

M; Ach, CCK 4 and GRP receptors are also able to activate a variety of other, non-Ggq, signaling
pathways. There are three mechanisms whereby the coupling to multiple signaling pathways
may occur; promiscuous G protein coupling, separate effects of a and By subunits, and signal
cross-talk. Like other G-protein linked M; Ach, CCK4 and GRP receptors are somewhat
promiscuous and can form interactions with multiple G proteins and effectors. For example, in
native pancreatic acinar cells CCKa receptors couple to the generation of cAMP (6). This is
thought to be due to a weak interaction with Gs. An alternative explanation for this observation
would be that it is due to some form of “cross-talk” between signaling pathways. Cross-talk
describes the situation when one signaling pathway triggers the activation of a separate signaling
pathway. For example, adenylyl cyclase exists in multiple isoforms, some of which can be
activated by Ca®* (7). Therefore, in cells in which exist these isoforms of adenylyl cyclase
increases in intracellular Ca** concentration will indirectly increase cAMP levels. However,
cross-talk is not thought to explain the effects of CCKa receptor activation in pancreatic acinar
cells as neither increasing Ca’* concentration nor activating protein kinase C increases
intracellular cAMP in these cells. Interestingly, neither M3 Ach nor GRP receptors on pancreatic
acinar cells appear to couple to activation of Gs. Yet, either receptor expressed in CHO cells
readily couples to the generation of cAMP.

Other signaling pathways activated by these receptors involve tyrosine phosphorylation. For
example, activation of the CCKa receptor on pancreatic acinar cells has been shown to stimulate
MAP kinases including the ERKs (8) and JNKs (9;10). Both M3 Ach and GRP receptors have
also been found to activate ERKs in pancreatic acinar cells (8). However, M3 Ach and GRP
receptors are poor activators of JNKs in pancreatic acinar cells (9;10). In contrast, M3 Ach
receptors strongly activate JNKs in other cell models (11). A dramatic example of cell-type
dependent differences in coupling to these pathways has been reported for CCKp receptors.
CCKg receptors expressed in the parietal cells of Mastomys natalensis are fully coupled to
generation of inositol phosphates but do not activate MAP kinases (12). In contrast, CCKs
receptors on ECL cells from the same species while coupling to phospholipid hydrolysis with the
same efficacy were shown to also activate the MAP kinases.

Different cells respond differently to receptor activation

Within multicellular organisms cells organize into tissues that specialize in carrying out specific
functions. Clearly the activation of signaling pathways generates different biological responses
depending upon the differentiated functions of the particular cell. Thus, activation of M3
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muscarinic receptors will cause the contraction of smooth muscle cells while stimulating
secretion from pancreatic acinar cells. Generally it is not possible to study these types of
differentiated functions in tissue culture cell models because cultured cells tend to be relatively
undifferentiated. However, some cell functions such as growth and mitogenesis are universal
and the effects of receptor activation on these functions can be evaluated in any cell.

Activation of Gq coupled receptors has been shown to lead to increased cellular growth rates in
numerous cell types. Furthermore, when expressed in NIH3T3 cells M3 Ach receptors can act in
an agonist dependent manner to cause cellular transformation (13). Similar results have been
reported for other Gq linked receptors in this cell type (14). However, in other cell types, for
example CHO cells, activation of M3 Ach receptors causes growth inhibition and suppresses the
transformed phenotype (15). Likewise, activation of CCKa receptors inhibits growth and
transformation of CHO cells (16). Growth inhibition by Gq coupled receptors has also been
reported in some other cell types (17).

The explanation for the observance of opposite effects on growth in different cells is not
currently clear. The obvious possibilities are that the receptors may couple to different signals in
the different cells (see above) or the cells may respond differently to the same signals depending
upon other aspects of the cell context. Both these possibilities are likely true under some
circumstances. However, because the major signaling pathways are most likely to have
predominant effects and coupling to these major pathways occurs in virtually all cells, it is most
likely that differences other than receptor coupling explain the differences observed in growth
regulation.

The cell context affects receptor trafficking and desensitization

The effects of receptor activation are determined not only by the specific signaling pathways that
are activated, but also by the duration of their activation. Intensity and duration of receptor
signaling are influenced by numerous factors. The importance of signal duration depends upon
the cellular response activated. For responses of short-duration, such as secretion, receptor
activation for seconds to minutes results in full manifestation and only rapid desensitization
processes are able to influence the response to an initial stimulation. For responses of long-
duration, such as cell growth, all desensitization mechanisms could be involved in determining
the ultimate biological response.

We found that M Ach receptor desensitization limited the growth inhibitory effects of receptor
activation observed in CHO cells (15). Activation of the M3 Ach receptor in the CHO cell lead
to a transient inhibition of DNA synthesis and cell division. However, this inhibitory effect
declined over-time such that the cells resumed normal growth rates within 24-48 hours of
continuous agonist exposure. In contrast, a mutant desensitization deficient M3 Ach receptor
caused a prolonged inhibition (15).

Receptor sequestration is an aspect of receptor regulation that varies widely in different cell
types. Sequestration is a relatively rapid process of receptor movement away from the cell
surface to a compartment that is inaccessible to hydrophilic ligands. It is unclear whether
sequestration represents a desensitization or a resensitization mechanism, and this may vary
between receptors. Sequestration is most easily monitored with receptors for which both
hydrophilic and hydrophobic ligands exist. In this case, sequestration is manifest as a decrease
in binding of the hydrophilic ligand without a corresponding decrease in binding of the
hydrophobic ligand. Using this type of assay it has been observed that M3 ACh receptors
sequester readily in a variety of cell types including native pancreatic acinar cells (18) and
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human embryonic kidney (HEK) 293 cells (19). However, M3 Ach receptors do not sequester in
CHO cells (20). ’

Receptor down-regulation also occurs to different extents in different cell types. Receptor down-
regulation is the loss of receptors due to receptor degradation. Generally receptors are thought to
be endocytosed upon agonist occupation and the internalized receptors may be either recycled to
the plasma membrane, or targeted to lysosomes for degradation. M; ACh receptors down-
regulate significantly in native pancreatic acinar cells (18;21) and in CHO cells (20), but not in
HEK 293 cells (19). Down-regulation is a component of receptor desensitization. The relative
importance of this component of desensitization depends upon the response in question and in
the cell type. In CHO cells, the M; Ach receptor shows very little rapid desensitization, and in
this cell type down-regulation appears to play an important role in desensitization (15;20). In
contrast, in HEK 293 cells rapid desensitization is observed and down-regulation does not seem

to be important (19).

Receptor internalization is likely important for both sequestration and down-regulation. In
fibroblastic cells most G protein coupled receptors are internalized via a clathrin mediated
mechanism. This process has been well described morphologically (22). The formation of
clathrin-coated vesicles is a complex process and this pathway involves a number of proteins
including actin and dynamin. G protein By subunits may play an important role in this pathway
(23). Receptors may also internalize via non-clathrin mediated pathways. One potential non-
clathrin pathway involves caveolae. Caveolae appear to be involved in receptor internalization
in some cells (24;25) but not others (26). Dynamin may also play a role in caveolae formation
(27). With so many complex mechanisms potentially involved in receptor internalization it is
not surprising that receptors are internalized differently by different cells. For example, CCKa
receptors internalize into a cytoplasmic domain in both clathrin-dependent and clathrin
independent modes in CHO cells (28). Internalization of CCKa receptors into NIH3T3 cells also
appears to be largely mediated via a clathrin-mediated pathway (29). In contrast, CCKa
receptors do not enter the cytoplasm of native pancreatic acinar cells but instead are confined to
specific plasma membrane domains (30). Receptor internalization is generally an agonist-
mediated event. However, some constitutive internalization of receptor also occurs. The relative
level of agonist-independent internalization of the CCKa receptor has been shown to be
dependent on the cell type. Internalization of the CCKa receptor was highly dependent on
agonist occupation in HeLa, Cos-1, and CHO cells, but not in NIH3T3 cells (29).

Receptor phosphorylation is an important mechanism involved in receptor regulation.
Phosphorylation of the receptor by receptor kinases may lead to uncoupling from G protein
activation and may also be involved in internalization, down-regulation or recycling of receptors
(31). A number of cellular kinases are capable of phosphorylating receptors, including a special
class of G protein-coupled receptor kinases (32). Receptor phosphorylation varies depending
upon the cell type. For example, phosphopeptide mapping has shown that CCK, receptor
phosphorylation in native pancreatic acinar cells is different than that observed in CHO cells
(33). This may be due to differences in the types or levels of various kinases. Variations in
receptor kinases have been suggested to explain the observed variations in cellular

desensitization of the By-adrenergic receptor in the lung (34).

Cellular variations in receptor numbers and components of receptor function/regulation
likely explain different observations in different cells.

Variations in the quantitative relationships between receptors and cellular molecules with which
they interact likely explain cellular variations in receptor function and regulation. One major
source of variation is the level of receptor expression. Several studies have investigated the
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relationship between receptor levels and receptor function and regulation (35;36). At higher
receptor expression levels coupling to alternative signaling pathways is often observed (37;38).
Few studies have been conducted on the effects of receptor number on receptor regulation but
effects on receptor down-regulation have been reported (35).

The second source of variation is differences in the identities and levels of the various proteins
that interact with receptors. Receptors interact with a large number of proteins in an agonist-
regulated manner. G proteins, both o subunits and By subunits are involved in activating cellular
signaling pathways. G protein-coupled receptor kinases and other cellular kinases interact with
and phosphorylate receptors. Receptors can interact with arrestin-like molecules. Receptors are
dephosphorylated by a number of phosphatases. Receptors are internalized by clathrin-
dependent and —independent pathways. When the large number of cellular proteins that interact
with receptors are taken into account it is not difficult to understand the importance of the
cellular context on receptor function.

Impact of cellular differences on the understanding of receptor regulation under
physiologic circumstances _
From the above discussion it is clear that what is observed experimentally in terms of receptor
function and regulation depends largely upon the cell model in which the receptor is expressed.
This means that results reported in one cell model cannot automatically be generalized to other
cell models. Obviously then, experimenters should use great care in selecting cell models. This
is particularly important when the questions being investigated are physiologic rather than
biochemical in nature. To understand how receptors affect a particular physiologic function and
how they are regulated in a physiologic setting requires careful attention to the specific
characteristics of the cells. Recently it has become possible to rapidly generate data on receptor
structure and function. The time between the description of a phenomenon and the identification
of structural elements within the receptor that are involved has decreased dramatically.
However, it remains critically important to determine the physiological context within which
these phenomena occur.
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Summary

We have investigated the molecular mechanisms involved in the regulation of
muscarinic acetylcholine receptor gene expression and localization and
generated knockout mice to study the role of the M, muscarinic receptor in vivo.
We have used the MDCK cell system to demonstrate that different subtypes of
mAChHR can be targeted to different regions of polarized cells. We have also
examined the developmental regulation of mAChR expression in the chick
retina. Early in development, the M, receptor is the predominant mAChR while
the levels of the M, and M, receptors increase later in development. The level of
M, receptor is also initially very low in retinal cultures and undergoes a dramatic
increase over several days in vitro. The level of M, receptor can be increased by
a potentially novel, developmentally regulated, secreted factor produced by
retinal cells. The promoter for the chick M, receptor gene has been isolated and
shown to contain a site for GATA-family transcription factors which is required
for high level cardiac expression. The M, promoter also contains sites which
mediate induction of transcription in neural cells by neurally active cytokines.
We have generated knockout mice lacking the M, receptor and shown that these
mice do not exhibit pilocarpine-induced seizures and muscarinic agonist-induced
suppression of the M-current potassium channel in sympathetic neurons.

Key Words: muscarinic receptor, receptor localization, retina, M, promoter, knockout mice

Our laboratory has been interested in identifying the mechanisms which regulate the
expression and function of the muscarinic acetylcholine receptors (mAChR) as part of the
overall goal of determining the molecular and cellular bases for the regulation of cholinergic
transmission. In this article we will describe studies on the subcellular localization of the
mACHR, analyses of the regulation of mAChR gene expression by developmentally regulated
factors and by cytokines, and the analysis of the function of the M; mAChR in the nervous
system in vivo.

Differential localization of mAChR subtypes

A great deal of research has been directed at determining the molecular basis responsible for
the selectivity of coupling of a specific mAChR subtype to the G-proteins with which it
interacts. The functional responsiveness of a given receptor can depend not only on which G-
proteins it can activate 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 mAChR
subtypes. Thus, both the functional responses and numbers of mAChR are asymmetrically
distributed in Xenopus oocytes; a combination of both molecular biological and
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pharmacological experiments demonstrate that the endogenous M, and M, receptors in the
oocyte are differentially distributed in the cell membrane (1, 2). The mAChR-mediated
release of intracellular calcium is initiated at a discrete region of pancreatic acinar cells (3)
and lacrimal acinar cells (4), and muscarinic agonists evoke electrophysiological changes in
lingual epithelial cells only when applied to the serosal but not mucosal membrane (5).
mACHR are also thought to be differentially distributed in neurons. There is considerable
pharmacological evidence that the M, receptor is most commonly (but not uniquely)
postsynaptic and that the M, receptor is presynaptic (references in ref. 6).
Immunocytochemical localization using subtype specific antibodies is consistent with this
distribution. However, it is clear from both pharmacological and immunocytochemical
experiments that a given receptor subtype may be sorted to different subcellular regions in
different types of neurons (7,8).

The mechanisms for intracellular sorting of proteins have been best investigated in polarized
epithelial cells. There are multiple mechanisms for the generation of protein asymmetry,
including direct sorting to apical or basolateral membranes, transcytosis of proteins from the
basolateral to the apical surface, and transport to both apical and basolateral domains but with
selective stabilization of the protein at the basolateral membrane (9, 10). Madin Darby canine
kidney (MDCK) cells have been used recently to examine the mechanisms involved in the

differential localization of o_-adrenergic receptors subtypes (10). We have found that MDCK

cells express significant levels of endogenous mAChR which are differentially distributed and
couple asymmetrically to signal transduction pathways between apical and basolateral

domains. When grown on Transwell filters, the level of [3H]N-methylscopolamine binding
sites on the basolateral membrane is 2-3 times that on the apical membrane. Interestingly, only
the apical receptors produce a detectable functional response: incubation of the apical cell
surface with carbachol causes robust inhibition of forskolin-stimulated cAMP formation but
does not stimulate phospholipase C activity, while incubation of the basolateral cell surface
with carbachol affects neither intracellular cAMP levels nor phospholipase C activity. We
have also found that exogenously expressed mAChR in transfected MDCK cells are also
localized in different regions of MDCK cells: when transfected into MDCK cells, the M,
receptor was localized to the apical domain, the M, receptor was localized to the basolateral
domain, and the M,, M,, and M; receptors were not polarized. These results suggest that the
MDCK cell system will be a useful one to determine the molecular mechanisms and sorting
signals responsible for the differential localization of mAChR subtypes in polarized cells.

Regulation of retinal mAChR gene expression during embryonic development

Biochemical studies have shown that there are changes in the expression of mAChHR in the
chick retina during embryonic development (11). Affinity alkylation and SDS gel
electrophoresis of retinal mAChR early in development identified a large molecular weight
species (86 kDa) as the predominant form; later in development the main form of mAChR was
a lower molecular weight species (72 kDa). We used immunoprecipitation and immunoblot
analyses and solution hybridization to identify the subtypes of mAChR expressed in the chick
retina and to determine if there were changes in their expression during development (12).
Early in development, the main subtype is the M, receptor, while the expression of the M,
receptor increased somewhat and the expression of the M, receptor increased dramatically
during the second week of embryonic development. Immunoblot analyses demonstrated that
the apparent molecular weight of the M, receptor was significantly less than that of the M, and
M, receptors. The change in molecular weight reported in the early biochemical studies could
thus be explained by the developmentally regulated increase in expression of the M, receptor.

Biochemical studies also reported that a similar shift in molecular weight occurred in
dissociated chick retinal cultures. It was suggested that this shift in apparent molecular weights
was due to the action of a developmentally regulated secreted factor (13). We therefore used
immunoprecipitation, immunocytochemistry, and solution hybridization analyses to investigate
the regulation of mAChR expression in dissociated retinal cell cultures (14). When retinal
cultures are prepared from nine-day embryos, the level of M, receptor expression is very low,
and increases significantly over days 2-4 in culture. Growth of retinal cells in conditioned
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medium isolated from mature (i.e., cultured for = 3 days) but not young cultures resulted in a
large increase in the expression of M, protein and mRNA, without affecting the expression of
the other mAChR subtypes. The secreted factor which is responsible for induction of M,
receptor expression has been partially purified from serum-free medium and shown to be
protease-sensitive with a molecular weight greater than 10,000. The M, -inducing factor
stimulates expression of a luciferase reporter gene under the transcriptional control of the chick
M,-promoter in transiently trahsfected retinal neurons, demonstrating that the induction of M,
expression results from increased gene transcription. Incubation of cultured retinal cells with a
large number of known neurotrophic and growth factors did not increase the expression of the
M, receptor. A novel developmentally regulated secreted factor may thus be responsible for the
subtype-specific induction of M, receptor gene transcription in chick retina. :

Isolation and functional analysis of the promoter for the chick M, receptor gene

We isolated the promoter for the chick M, receptor gene in order to identify the factors and
mechanisms responsible for regulation of mAChR gene expression in both neural and cardiac
cells. There is a long (>8 kb) intron in the 5' untranslated region of M, receptor gene, with over
320 basepairs between the intron-exon boundary and the 3'-most start site of transcription.
Primer extension and RNase protection experiments demonstrated that the promoter region

~ contains multiple transcriptional start sites that are used in both cardiac and neuronal cells.
Transfection experiments using luciferase reporter genes driven by various regions of the M,
promoter demonstrated that a 789 basepair (bp) fragment was sufficient for high level
expression in primary cultures of chick heart cells, while 2 kilobasepair (kb) of promoter
sequence was required for maximal expression in SN56 septal-neuroblastoma cells (15). The
789 bp region required for cardiac expression contained three consensus sites for GATA
factors, a family of transcription factors which have been implicated in the expression of a
variety of genes in both hematopoietic (GATA-1, -2, and -3) and cardiac (GATA-4, -5, and —
6) cells. Cotransfection of cloned chick GATA-4, -5, or —6 into JEG-3 human
choriocarcinoma cells resulted in a dramatic induction of M,-luciferase reporter gene
expression. Mutagenesis experiments showed that only the 3° most GATA site was required
for this induction. This site was also required for maximal expression in cardiac cells.
Electrophoretic mobility shift assays demonstrated that the 3° GATA site, but not the other two
sites, exhibited specific binding both for a protein present in chick heart nuclear extracts and
for recombinant chick GATA-4, -5, and 6. These experiments are the first to identify a protein
required for maximal basal expression of a mAChR gene and the first to identify a factor
required for mAChR expression in the heart (16).

Treatment of SN56 or IMR-32 neuroblastoma cells with the cytokines leukemia inhibitory
factor (LIF) or ciliary neurotrophic factor (CNTF) increased mAChR number and increased the
expression of the M, promoter reporter genes. Initial mapping studies indicated that the same 2
kb region of the promoter required for high level neural expression also conferred sensitivity to
cytokines (15). Preliminary results suggest that there are multiple elements in this region which
are each sufficient to mediate induction of M, transcription.

The LIF and CNTF receptors contain two transmembrane polypeptides, termed the low affinity
LIF receptor and gp130, respectively, which mediate cytokine signaling. Transfection of SN56
or IMR-32 neuroblastoma cells with chimeric receptors containing the intracellular domains of
these two polypeptides demonstrated that homodimers containing gp130 could induce M, gene
transcription, while homodimers containing the low affinity LIF receptor were ineffective. We
used deletion analysis and site-directed mutagenesis to identify two tyrosine residues near the
carboxy-terminus of gp130 which were required for cytokine induction of M, receptor gene
transcription (17). These two tyrosines have been previously shown to serve as docking sites
for the transcription factors Stat] and Stat3, suggesting that one or both of these factors may be
required for M, gene induction.

Functional analysis of the M, receptor in knockout mice

Muscarinic receptors have been implicated in a wide range of functions in the brain. We have
used gene targeting by homologous recombination in embryonic stem cells to generate mice



378 Regulation of Muscarinic Receptors Vol. 64, Nos. 6/7, 1999

lacking the M, receptor (18). Embryonic stem cell clones in which the mutant gene was
incorporated into the genome by homologous recombination were used to obtain M, knockout
mice. Homozygous M, mutant mice were born from crosses of heterozygote mice with the
predicted ratio of 1:4, and were indistinguishable from wildtype mice in body weight,
longevity, fertility, and overt behavior.

The number of mAChR binding sites in the forebrains of knockout was approximately half of
that in wildtype mice, while the level of mAChR sites in the cerebellum was similar in
wildtype and knockouts. Immunoprecipitation analyses demonstrated that there was no
detectable expression of M, receptor in the brains of knockout mice, while the levels of M,,
M,, and M, receptors were not affected. Immunocytochemical analyses showed that there were
also no significant differences in the morphology of the brain and in the pattern or levels of
expression of the other receptor subtypes.

Incubation of sympathetic neurons derived from wildtype mice with the muscarinic agonist
oxotremorine-M causes pronounced suppression of the M-current potassium channel. The M-
current in sympathetic neurons from knockout mice was insensitive to oxotremorine-M. In
contrast, treatment with angiotensin II resulted in suppression of the M-current in both
wildtype and mutant neurons. Thus, the M, receptor is the only muscarinic receptor subtype
which suppresses M-current potassium channel activity in sympathetic neurons.

Systemic administration of the muscarinic agonist pilocarpine results in tonic-clonic seijzures
similar to those exhibited by patients with temporal lobe epilepsy. Mice homozygous for the
mutant M, receptor do not exhibit seizures following the administration of doses of pilocarpine
which cause multiple tonic-clonic seizures in wildtype mice. While heterozygous mutant mice
express half the normal level of M, receptor, they are nearly as resistant as homozygous mutant
mice to pilocarpine-induced seizures. Both wildtype and mutant mice exhibit seizures
following administration of kainic acid. These results show that the M, receptor is required for
the initiation of seizures in the pilocarpine model of epilepsy.

Because the M, receptor is expressed at high levels in the striatum, we have examined the
effects of M, receptor gene disruption on striatal function. Preliminary results suggest that the
M, knockout mice exhibit alterations in haloperidol-induced catalepsy and amphetamine-
induced locomotor activity.

The M, mutant mice should be useful in determining the pathways involved in seizure
initiation and in the other roles of the M, receptor in the nervous system.
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Summary

Sweat glands are innervated by sympathetic neurons which undergo a change in
transmitter phenotype from noradrenergic to cholinergic during development. As
soon as the glands begin to differentiate, M3 muscarinic receptor mRNA and
binding sites are detectable. Receptor expression appears in the absence of
innervation and is maintained after denervation. While receptor expression is not
regulated by innervation, secretory responsiveness is. Muscarinic blockade
during development or in adult animals results in the loss of responsiveness and
its reappearance requires several days. Cholinergic muscarinic activation is most
likely to regulate one or more steps in the signalling cascade that are downstream
of calcium mobilization. The anterograde regulation of sweat gland
responsiveness is one facet of the reciprocal interactions are required to establish
a functional synapse in this system.

Key Words: sympathetic innervation, sweat gland secretion, transmitter plasticity

‘Rat sweat glands provide an interesting system to study the development and regulation of
mAchR. Concentrated in rat footpads, sweat glands are innervated by cholinergic sympathetic
neurons. Homogenates of footpad tissue contain high levels of choline acetyltransferase (ChAT)
activity, the synthetic enzyme for acetylcholine, and immunoreactivities for ChAT and the
vesicular acetylcholine transporter (VACHT) are expressed at high levels in the gland innervation
(1,2). Consistent with this neurochemical data, sweat secretion exhibits a muscarinic
pharmacology in both adult and developing rodents; nerve-evoked sweating is blocked by
muscarinic antagonists and secretion is elicited by local or systemic injection of muscarinic
agonists (3-6). The muscarinic receptor expressed by the glands is the M3 glandular receptor and
both the affinity and concentration of these sites are comparable to those described for other
peripheral tissues; using selective muscarinic antagonists, we and others have determined that the
site exhibits high affinity for 4-DAMP, intermediate affinity for pirenzepine, and low affinity for
AF DX-116 (7,8). Further characterization of receptor expression using pharmacological probes
and in situ hybridization have demonstrated that the receptor corresponds to the m3 molecular
subtype (7-9). The secretory tubules of rodent sweat glands contain two cell types, secretory
cells and myoepithelial cells (10,11). Since both cell classes respond to muscarinic agonists, it
seems likely that both express receptors although this has not been shown directly as it has for
the two cell classes in the lacrimal gland (12). In addition to muscarinic receptors, rat sweat
glands express ¢, and B, receptors. Adrenergic agonists, however, are relatively ineffective in
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eliciting sweat secretion (4,6,13,14).

Although the mature gland innervation is cholinergic, during development the innervation initially
expresses noradrenergic properties (11,15,16). Sweat glands and their innervation develop
postnatally (11). On postnatal day (P) 2, numerous shallow invaginations are evident in the
epidermis of the developing footpads; these rapidly elongate and form presumptive secretory
tubules by P7. By the middle of the second postnatal week, the forming gland has begun to coil
and at P14 morphologically differentiated myoepithelial and secretory cells are present. On
postnatal day 14 a minority of glands (< 1 %) secrete in response to both nerve stimulation and
injection of muscarinic agonists but by the end of the third postnatal week most glands respond
(4,6). At birth, when sympathetic axons first contact the developing sweat glands, they exhibit
only catecholaminergic markers, including catecholamine fluorescence and immunoreactivity for
the catecholamine synthetic enzymes, tyrosine hydroxylase (TH) and dopamine-p-hydroxylase
(DbH). The cholinergic properties that characterize the mature innervation begin to appear at the
end of the first postnatal week; VAChT is first evident at postnatal day 6 and ChAT activity at
postnatal day 11 (1,17). During the third postnatal week, catecholamine stores disappear and TH
and DBH immunoreactivities decrease but do not disappear.

One of the first signs of differentiation of the presumptive gland cells is the appearance of m3
message and muscarinic binding sites on P4 when division is actively occurring (18). During the
second postnatal week the levels of mRNA encoding the m3 receptor and of muscarinic binding
sites increases rapidly and reaches adult levels at P14. When the developmental time course of
muscarinic receptor expression is compared with that of ChAT activity, it is clear that receptor
expression precedes the appearance of cholinergic properties in the innervation. ChAT activity is
not detectable until P11, it is less than 20% of adult levels on P14 and it continues to increase
over the next several weeks (1). Similarly, VAChT is not detectable in the sweat gland
innervation until P6 and it does not reach adult levels until P14 (1,16). Instead, at the time when
muscarinic receptors are appearing, the glands are innervated by catecholaminergic axons (11).
Since there are several different subtypes of muscarinic receptors, it was possible that receptor
subtype expression could switch in sweat glands during development. Changes in muscarinic
receptor expression have been described in the heart; initially high levels of chick m3 are detected
in heart but these decrease as m2 increases (19). In developing sweat glands, however, only m3
receptor message was detected (18). Thus, the muscarinic cholinergic receptors expressed in this
autonomic target tissue, at least, consist of a single molecular subtype which appears unchanged
throughout development.

The normal pattern of innervation during development is not required to achieve the characteristic
adult complement of muscarinic receptors (18). In rats treated with 6-OHDA at birth, sweat
glands are never innervated by sympathetic axons (20) but they express the same receptor
subtype defined by pharmacological and molecular criteria. Further, the concentration and
affinity is also not significantly different from control, nor is the distribution of ligand binding
sites analyzed at the light microscopic level. Thus, the early appearance of muscarinic receptors
in the developing glands suggests that their initial expression is part of an intrinsic program of
differentiation of the secretory tubule that is triggered by interactions between the epidermis and
dermis. Further, denervation of adult rat sweat glands does not significantly change either the
concentration or affinity of muscarinic receptors nor does it detectably alter the molecular
subtype expressed (8). Thus, cholinergic innervation does not regulate muscarinic receptor
expression. This finding contrasts with the finding that one of the adrenergic receptors expressed
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by developing sweat glands, o, is downregulated during development and that this depends on
innervation (14).

Development of sweat glands in the absence of sympathetic innervation leads to nonresponsive
sweat glands in the adult and denervation of glands in adult animals leads to a loss of
responsiveness (4). Neither treatment, however, changes the concentration or distribution of
muscarinic receptors, nor is the molecular subtype expressed by the gland altered (8,18).
Stimulation of muscarinic receptors of normal adult glands increases phosphoinositide turnover.
Similarly, glands that are nonresponsive due to development in the absence of sympathetic
innervation or to acute denervation after section of the sciatic nerve exhibited normal levels of
muscarinic-mediated  phosphoinositide turnover. These observations suggest that the
sympathetic innervation provides an important retrograde signal that induces responsiveness
during development and maintains it in the adult.

A logical candidate for mediating the anterograde effects of the innervation on secretory
responsiveness is acetylcholine (21). As summarized above, muscarinic receptors are present as
soon as the glands begin to differentiate. When the non-selective antagonist, atropine, or the
selective antagonist, 4-DAMP, was administered to rat pups, the normal appearance of secretory
responsiveness was prevented. In adult rats, atropine treatment leads to the disappearance of
responsiveness. Following the withdrawal of atropine, however, secretory function develops in
pups and returns in adults. The effects of the chronic blockade of muscarinic transmission with
atropine on secretory function do not appear to reflect either gross perturbation of gland
development or the presence of residual atropine at the time of assay. In addition, replacement
with pilocarpine of the synaptic cholinergic activation lost after glands are denervated by sciatic
nerve transection largely prevents the loss of function that normally occurs. The simplest
interpretation of our data is that the muscarinic receptors blocked by atropine and activated by
pilocarpine to alter secretory responsiveness are located on the glands, themselves. Thus, these
results provide evidence that, in addition to its role as a traditional neurotransmitter in eliciting
secretion from rat sweat glands, acetylcholine is responsible for the long term regulation of
secretory function.

Since muscarinic receptor number and type is not regulated by innervation during development or
denervation in the adult, activation of muscarinic receptors on the gland cells must regulate one or
more steps in the downstream signalling cascade. The signal transduction pathway(s) responsible
for coupling muscarinic ligand binding to secretion in rodent sweat glands has not been fully
elucidated. Thus far, sweat secretion in rats and mice has been shown to be calcium dependent
and sweat consists of a high potassium and chloride effluent (6,22). Studies performed on other
exocrine gland cells, principally lacrimal cells, suggest that secretion is stimulated via the
phosphotidylinositol (PI) pathway. In lacrimal cells the generation of IP3 promotes the release

of intracellular Ca2* which activates potassium and chloride ion channels (23). In addition, the
coupling of muscarinic receptors to secretion has been extensively investigated in the parotid
gland, where it is also thought to be regulated through the PI pathway (24,25). More recent
studies indicate that the m3 receptor in parotid gland is coupled not only to the stimulation of
calcium mobilization but also the inhibition of cAMP accumulation (26). It seems likely that a
similar mechanism occurs in rat sweat glands where the m3 molecular subtype, which has been
shown previously to be preferentially coupled to PI turnover, is expressed (27,28).

There are several points in the signal transduction and secretory pathway at which the cholinergic
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innervation could control responsiveness. One possibility is that innervation regulates the
expression of the appropriate muscarinic receptor subtype. Our findings that the molecular
subtype of muscarinic receptor and the levels of mRNA develop normally in the absence of
innervation and remain unchanged following denervation makes this unlikely (8,18). A second
explanation for functional nonresponsiveness is that a functional receptor is present but
uncoupled from the secretory pathway. This does not seem to the case since the stimulation of
phosphoinositol hydrolysis by muscarinic agonists is indistinguishable in uninnervated and
denervated glands from that observed in responsive glands (8,18). Thus, the step in the pathway
linking ligand binding to sweat secretion that is regulated by acetylcholine is distal to second
messenger generation, either the ion channel(s) themselves or modulation of their function.
Consistent with the possibility, when developing or adult rats are treated with muscarinic
antagonists, several days are required for normal function to be established or reestablished
following antagonist removal (21). In addition, more than 3 days of atropine treatment are
required for loss of function. The length of time necessary suggests that the changes in
responsiveness, onset, recovery and loss, are not due simply to the post-translational
modification of pre-existing proteins or cycling of pre-existing proteins into or from an
intracellular pool but rather to changes in gene expression, possibly genes coding for ion channels,
in response to activation of muscarinic receptors. That the repertoire of ion channels in
autonomic target tissues can be regulated by neurotransmitters is suggested by analysis of sodium
channel gating in heart cells: the normal developmental change that occurs in the properties of
cardiac voltage-gated sodium channels is induced in vitro by co-culture with sympathetic neurons
and this induction is blocked by adrenergic antagonists (29).

The anterograde signalling mediated by muscarinic receptor activation that is responsible for
inducing and maintaining secretory rtesponsiveness is one facet of the reciprocal signalling
required for establishing a functional synapse between sympathetic neurons and sweat glands.
The change in neurotransmitter phenotype from noradrenergic to cholinergic that occurs during
development is retrogradely specified by interactions with the sweat glands. The results of
transplantation experiments indicate that sweat glands can induce changes in the transmitter
phenotype of sympathetic neurons (30). Not only can sweat glands induce cholinergic properties
in sympathetic neurons but interactions with sweat glands are required for the developmental
changes that normally take place in sweat gland neurons. Analysis of fabby mutant mice, in which
sweat glands fail to form, provides evidence for a requirement for target instruction. Sweat glands
are not required for sympathetic axons to pathfind accurately to the presumptive target field in
the footpads (31). While the gland-targeted axons reach the appropriate footpad region in the
absence of forming glands and linger in the target area for approximately two weeks, they do not
undergo changes in neurotransmitter phenotype (16). The retrograde specification of a new
transmitter phenotype in sweat gland neurons is mediated by a cholinergic inducing factor
secreted by the glands. The cholinergic inducing factor responsible for altering the transmitter
properties of sweat gland neurons appears to be a member of the neuropoietic cytokine family. It
is not, however, leukemia inhibitory factor, ciliary neurotrophic factor or cardiotrophin-1, but
rather appears to be a novel member of the family (32). In culture, production of this factor is
dependent upon adrenergic innervation (33,34). Analysis of catecholamine deficient mice
confirms a contribution of adrenergic innervation to the change in transmitter properties but
suggest that adrenergic innervation is not required in vivo (35).
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Summary ,

Muscarinic agonists elicit contraction through M, receptors in most isolated
preparations of gastrointestinal smooth muscle, and not surprisingly, several
investigators have identified M, receptors in smooth muscle using biochemical,
immunological and molecular biological methods. However, these studies have also
shown that the M, receptor outnumbers the M; by a factor of about four in most
instances. In smooth muscle, M, receptors mediate phosphoinositide hydrolysis and
Ca®* mobilization, whereas M, receptors mediate an inhibition of cAMP
accumulation. The inhibitory effect of the M, receptor on cAMP levels suggests an
indirect role for this receptor; namely, an inhibition of the relaxant action of cAMP-
stimulating agents. Such a function has been rigorously demonstrated in an
experimental paradigm where gastrointestinal smooth muscle is first incubated with
4-DAMP mustard to inactivate M; receptors during a Treatment Phase, and
subsequently, the contractile activity of muscarinic agonists is characterized during
a Test Phase in the presence of histamine and a relaxant agent. When present
together, histamine and the relaxant agent (e.g., isoproterenol or forskolin) have no
net contractile effect because their actions oppose one another. However, under
these conditions, muscarinic agonists elicit a highly potent contractile response
through the M, receptor, presumably by inhibiting the relaxant action of
isoproterenol or forskolin on histamine-induced contractions. This contractile
response is pertussis toxin-sensitive, unlike the standard contractile response to
muscarinic agonists, which is pertussis toxin-insensitive. When measured under
standard conditions (i.e., in the absence of histamine and without 4-DAMP
mustard-treatment), the contractile response to muscarinic agonists is moderately
sensitive to pertussis toxin if isoproterenol or forskolin is present. Also, pertussis
toxin-treatment enhances the relaxant action of isoproterenol in the field-stimulated
guinea pig ileum. These results demonstrate that endogenous acetylcholine can
activate M, receptors to inhibit the relaxant effects of B-adrenoceptor activation on
M, receptor-mediated contractions. An operational model for the interaction
between M, and M, receptors shows that competitive antagonism of the interactive
response resembles an M, profile under most conditions, making it difficult to
detect the contribution of the M, receptor.

Key Words: muscarinic receptors, smooth muscle, gastrointestinal tract, muscarinic receptor-mediated contraction

Muscarinic receptors are widely distributed in smooth muscle throughout the body including that
of the gastronintestinal tract (for reviews see (1-4)). The principle subtypes on the sarcolemma are
the M, and M,, with the M, receptor being expressed in about three- to four-fold greater
abundance. When isolated strips of gastrointestinal smooth muscle are exposed to muscarinic
agonists, the resulting contractions are sensitive to competitive antagonists in a manner consistent
with an M, mechanism (5-10). This behavior can be explained by the coupling of M, receptors to
the G, family of G proteins, resulting in activation of phospholipase C-8, phosphoinositide
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hydrolysis and Ca* mobilization (11). The apparent lack of involvement of the M, receptor under
these conditions can be explained by the coupling of this receptor to the G, family of G proteins
(11,12). For the most part, this pathway does not directly cause Ca® mobilization, but it can affect
contraction under certain conditions. During the past few years, our laboratory has uncovered
some conditions under which the M, receptor contributes to the contractile response in smooth
muscle of the gastrointestinal tract and trachea. Our primary goal has been to discover new
muscarinic responses; consequently, we have taken a pharmacological approach since this strategy
is one of the best ways to assess receptor function. Our results also shed some light on contractile

mechanisms. Here, we describe a summary of our progress.
Special Conditions are Required to Demonstrate Contractions through the M, Receptor

One of the clearest ways to determine the function of a receptor is to study the receptor in
isolation. Such strategy has enjoyed great success in determining the signaling pathways of
recombinant receptors in transfected cells. However, in smooth muscle, M, receptors are
coexpressed with M, receptors, making it difficult to assess the contractile function of one without
interference from the other. Moreover, M, selective agonists are unavailable. Consequently, we
developed a strategy for inactivating non-M, muscarinic receptor subtypes selectively using the
irreversible muscarinic antagonist, 4-DAMP mustard (13-15).

The impetus for our initial experiments came from the observation that M, receptors mediate an
inhibition of adenylyl cyclase in transfected cells (11,16) and native smooth muscle (10,17,18).
Since cAMP has a relaxant effect on smooth muscle, Candell and coworkers (10,19) proposed that
M, receptors mediate an inhibition of the relaxant action of cCAMP stimulating agents, like
isoprotérenol, without causing a direct contractile effect in their absence. To detect such a function,
we designed the following experiment, which is divided into two epochs (9). In the first phase
(Treatment Phase), isolated smooth muscle is treated with 4-DAMP mustard in combination with
AF-DX 116 ([[2-[(diethylamino)methyl]-1-piperidinyl}acetyl]-5,11-dihydro-6H-pyrido[2,3b][1,4]-
benzodiazepine-6-one) to inactivate M, receptors selectively. This treatment is followed by
extensive washing. In the second phase (Test Phase), the smooth muscle is exposed to a non-
muscarinic contractile agent, like histamine, followed by a cAMP-stimulating relaxant agent, like
isoproterenol. The contractile effects of a muscarinic agonist are measured in the continued
presence of histamine and isoproterenol during the Test Phase. In combination, histamine and
isoproterenol have no net contractile effect because their actions oppose one another. However, if
the M, receptor mediates an inhibition of the relaxant effect of isoproterenol on histamine-induced
contractions, then muscarinic agonists should elicit contraction through the M, receptor during the
Test Phase. If so, the contractile response would satisfy the requirements for using competitive
antagonism to identify the muscarinic receptor mediating contraction during the Test Phase. Since
the purpose of the complicated experimental paradigm is, in part, to satisfy these requirements, it is
relevant to enumerate them: 1) the agonist must act on a single receptor subtype to elicit the
response; 2) in the absence of the muscarinic agonist, there is no response; and 3) the response
must be a continuous, increasing function of the agonist concentration. Factors that influence the
occupancy-response relationship (i.e., histamine and isoproterenol) do not invalidate the analysis
of competitive antagonism. Therefore, it should be possible to measure the dissociation constants
of muscarinic antagonists (K, vales) for the M, receptor using standard methods of competitive
antagonism during the Test Phase.

In our initial experiments, we found that M, receptors mediate an inhibition of the relaxant effects
of both isoproterenol and forskolin on histamine-induced contractions in the isolated guinea pig
ileum (9). That is, the K values of muscarinic antagonists measured in the Test phase, were in
excellent agreement with the binding affinities (K, values) of the same antagonists for the cloned
human M, receptor expressed in Chinese hamster ovary cells (3,20). Equally important, these K
values did not agree with the corresponding K, values for the cloned M;, M;, M, and M; subtypes
(3). Moreover, the contractile response of the Test Phase was pertussis toxin-sensitive, unlike the
standard guinea pig ileum bioassay which is pertussis toxin-insensitive (21). Finally, the potency
of oxotremorine-M for eliciting contractions during the Test Phase in the guinea pig ileum often
exceeded that measured in the standard guinea pig ileum bioassay (22). This high sensitivity in the
face of excessive M, receptor inactivation attests to the significance of the M, response.
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TABLEI

Interactions among M, Receptors and other Relaxant (Category 1)
and Contractile (Category 2) Agents

Smooth muscle Category 1 Category 2 References
type (species) agent agent
(receptor) (receptor)
Tleal, longitudinal Isoproterenol Histamine Thomas et al. (9,21); Reddy et al.
(guinea pig) 6,, 8,) HY (23)
Muscarinic Thomas et al. (21); Ostrom and
agonists; (M) Ehlert (24)
Forskolin Histamine Thomas et al. (9,21)
(Adenylyl cyclase) (H,)
Muscarinic Ostrom and Ehlert (24)
agonists; (M,) :
Dopamine Histamine Ostrom and Ehlert (22)
%) H)
Muscarinic Ostrom and Ehlert (22)
agonists; (M,)
Colonic, longitudinal ~ Forskolin Histamine Sawyer and Ehlert (25)
(guinea pig) (Adenylyl cyclase) (H,)
Isoproterenol Histamine Sawyer and Ehlert (25)
) Hp
Esophageal Serotonin; U46619 Eglen et al. (26)
(rat) (5-HT),) (TP)
Isoproterenol U46619 Eglen et al. (26)
8, (TP)
Urinary bladder Isoproterenol KCli Hedge et al. (27)
(rat) B)
Tracheal ® Forskolin; Histamine Ostrom and Ehlert (28)
(cow) (Adenylyl cyclase) (H,)
Muscarinic Ostrom and Ehlert (28)
agonists; (M,)
Tracheal ® Forskolin; Histamine Thomas and Ehlert (29); Ostrom
(guinea pig) (Adenylyl cyclase) (H,) and Ehlert (24) :
Muscarinic Ostrom and Ehlert (24)
agonists; (M,)
Tracheal Isoproterenol Acetylcholine Mitchell et al. (30)
(dog) ) M)

* M, receptors do not mediate an inhibition of isoproterenol-mediated relaxation in
bovine trachea (Roffel et al. (31); Ostrom and Ehlert (28)) ,

® M, receptors do not mediate an inhibition of isoproterenol-mediated relaxation in
guinea pig trachea (Roffel et al. (32); Watson et al. (33); Ostrom and Ehlert (24)).
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The indirect role for the M, receptor described in the preceding paragraph raises questions about
the nature of the receptors that interact with the M, receptor. These receptors can be divided into
two categories: category 1, those mediating relaxation that is opposed by the M, receptor, and
category 2, those mediating contraction that is opposed by the receptors of category 1. Table I
summarizes results from several studies in which the experimental paradigm described above was
used to determine the relaxant (category 1) and contractile (category 2) receptors that interact with
the M, receptor in different tissues. We have also included results from some experiments using a
different approach to determine whether the M, receptor inhibits relaxant effects on M, receptor-
mediated contractions. These experiments are described in greater detail in the next section.
Inspection of Table I shows that the M, receptor opposes the relaxant action of isoproterenol and
forskolin on the contractile response elicited by H, histamine and M; muscarinic receptors in
various smooth muscles of the gastrointestinal tract. Interestingly, M, receptors inhibit the relaxant
effects of forskolin on H, histamine- and M, receptor-mediated contractions in the bovine and
guinea pig trachea, but not the relaxant effects of isoproterenol (28,31-33), even though M,
receptors mediate an inhibition of isoproterenol-stimulated cAMP accumulation in trachea
(17,28,34,35). These results are consistent with the hypothesis of Torphy (36), that 8-
adrenoceptors mediate relaxation through non-cAMP-dependent mechanisms in the trachea,
perhaps through activation of Ca”*-activated potassium channels (37,38). In canine trachea, M,
receptors inhibit the relaxant effect of isoproterenol on M,-receptor mediated contractions (30),
and M, receptors have been shown to inhibit isoproterenol-induced activation of Ca™-activated
potassium channels in canine trachea (39).

M, and M, Receptors Interact to Mediate Contraction in the Presence of Relaxant Agents

Pharmacological experiments on isolated tissues may reveal what function a receptor can have, yet
they do not prove that the receptor participates in this function in the intact animal. This concern
could be raised about the M, contractile mechanism described above. To address this issue, we
considered two questions. First, does the M, response show dominance in the absence of 4-DAMP
mustard-treatment when both M, and M, receptors are activated? Second, can endogenous
acetylcholine elicit contraction through the M, receptor? To address the first question, we
measured the effects of pertussis toxin on the contractile response to a muscarinic agonist in the
presence of isoproterenol or forskolin. As mentioned above, pertussis toxin does not inhibit the
contractile response to muscarinic agonists in the standard guinea pig ileum bioassay, which is
mediated through the M, receptor. Also, in smooth muscle, pertussis toxin does not inhibit M,
receptor-mediated phosphoinositide hydrolysis, but it does prevent M, receptor-mediated
inhibition of adenylyl cyclase. We found that the contractile response to oxotremorine-M in the
guinea pig ileum was moderately pertussis toxin-sensitive when measured in the presence of
isoproterenol or forskolin (21,24). These results show that, in the absence of 4-DAMP mustard
treatment, the M, receptor contributes to the contractile response when cAMP-stimulating relaxant
agents are present. Presumably, M, receptors mediate an inhibition of relaxant effects on M,-
mediated contractions. Table I includes a summary of those tissues in which this interaction
occurs. If M, and M, receptors interact to elicit contraction in the presence of cAMP-stimulating,
relaxant agents, then one might expect the pharmacological antagonism of the interactive response
to exhibit properties midway between M,-like and M,-like. However, we found the antagonism of
muscarinic responses in the presence of isoproterenol to be almost entirely M;-like in the guinea
pig ileum (9). As shown in the next section, these results can be attributed to the nature of the
interaction between M, and M, receptors. This interaction can be readily detected with pertussis
toxin, but not the currently available M, selective, muscarinic antagonists.

To determine whether endogenous acetylcholine can elicit contraction through the M, receptor, we
carried out experiments on the field-stimulated guinea pig ileum. The twitch response of this
preparation is pertussis toxin-insensitive (40-42), and it is mediated almost entirely through the
action of acetylcholine on M, muscarinic receptors (43-46). Nevertheless, we have found that the
relaxant effects of forskolin and isoproterenol on the field stimulated guinea pig ileum are greatly
potentiated by pertussis toxin-treatment (Sawyer and Ehlert, unpublished observations). Pertussis
toxin is without effect on the ability of isoproterenol and forskolin to inhibit H, mediated
contractions. Thus, our results show that endogenous acetylcholine can act on M, receptors to
inhibit the relaxant effects of isoproterenol and forskolin on the contraction mediated by
endogenous acetylcholine acting through M, receptors. Such a mechanism may play a role in the
gastrointestinal tract when parasympathetic nerves oppose the action of sympathetic nerves.
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Fig. 1

Models for the interaction between M, and M, receptors. The solid lines indicate
signaling pathways that are capable of eliciting contraction, whereas the dashed
lines indicate pathways that are silent by themselves, but are capable of amplifying
other signals to trigger a contractile response.

The Competitive Antagonism of Responses Mediated by Interacting Receptors is Complex

Since the action of muscarinic agonists on smooth muscle can be attributed to a stimulation of both
M, and M, receptors when cAMP-stimulating agents are present, we wondered about the ability of
subtype selective muscarinic antagonists to inhibit such an interaction. Consequently, we
developed two models for a response mediated through the interaction of M, and M, receptors (see
Figure 1) and used an operational model to simulate the competitive inhibition of the interactive
response. In Model I, the M, receptor mediates a direct contractile response. Activation of the M,
receptor has no effect by itself, but this activation tunes up the response elicited by the M, receptor.
In model II, both the M, receptor and the M, receptor are inactive by themselves, but when
stimulated simultaneously, their combined effects trigger a productive response. Model II is
equivalent to an AND gate in electronics. To predict the behavior of these two models, we used a
strategy based on the operational model of Black and Leff (47). In our analysis, we assumed that
the muscarinic agonist has the same affinity for M, and M, receptors, and that the response to the
agonist is a function (f) of the stimulus as defined by Stephanson (48). We also assumed that
stimulus-response function (f) obeyed a logistic equation described by a sensitivity constant ()
and a cooperativity exponent (n) with n = 2 (see Black and Leff (47)). The details of our model are
described elsewhere (Sawyer and Ehlert, submitted). Briefly, Model I is based on the assumption
that the response or amplifying signal of the M, receptor increases the stimulus generated by the
M, receptor. The maximal response of the M, receptor is to cause a five-fold increase in the M,
stimulus. This amplified M, stimulus is then submitted to the M, stimulus-response function to
simulate the response at various agonist concentrations. For Model I1, the M, stimulus is multiplied
by the M, response which increases from zero to one with increasing agonist concentration. The
resulting M, stimulus is then submitted to the M, stimulus response function to calculate response.
Using this model, the effects of selective muscarinic antagonists can be simulated. Also, the effects
of pertussis toxin can be simulated by eliminating the contribution of the M, receptor.

Figure 2A shows the results of our simulations for Model I. The shift in the concentration-response
curve caused by the M, selective antagonist, AF-DX 116, at a concentration of 1 uM is plotted
with the closed symbols (®) as a function of the relative sensitivity of the M, signal. In the
operational model, sensitivity is proportional to the reciprocal of the parameter § (see above
paragraph), with high sensitivity corresponding to a low § value. The theoretical AF-DX 116-
induced shift for purely M,-mediated and M,-mediated responses are shown by the upper and
lower dotted lines, respectively. When the sensitivity of the M, amplifying signal is much less than
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that of the M, response (8, >> f3,), then there is no interaction, and the M, receptor is able to elicit a
maximal contraction at agonist concentrations that are too low to elicit an M, signal. Consequently,
the antagonism resembles an M;-mediated response under these conditions. Similarly, when the
sensitivity of the M, signal is much greater than that of the M, receptor (8, << ,), the antagonism
also resembles an M, mediated response. This behavior occurs because the relationship between
the agonist concentration and the M, signal can be greatly shifted to the right by AF-DX 116, yet

Model I Model I

- Contraction .

+) * : ;———» Contraction

-

@
-

Fig. 2

Simulation of the effects of AF-DX 116 (@) and pertussis toxin {O) on a response
mediated by Model I (A) and Model II (B). The dotted lines indicate the predicted
competitive shifts caused by AF-DX 116 (1.0 pM) at an M,-mediated response
(AFDX shift (M2)) and an M,-mediated response (AFDX shift (M3)).

nevertheless, it can still be more sensitive than the relatively insensitive M, response. Therefore,
AF-DX 116 would not cause a diminution in M, amplification under these conditions. It is only
when the sensitivity of the M, signal is about five-fold greater than the M, response that the
antagonistic effects of AF-DX 116 become prominent (five- to six-fold shift). Even under these
conditions, the AF-DX 116-induced shift is much less than that expected for antagonism of an M,
response (20-fold shift). The effects of pertussis toxin on Model I are shown by the open symbols
(0). It can be seen that, as the sensitivity the M, receptor exceeds that of the M, receptor, the
interactive response becomes pertussis toxin-sensitive. Thus, when the sensitivity of the M, signal
is much greater than that of the M, response, Model I predicts that the interactive response should
exhibit an M, antagonistic profile, yet be pertussis toxin-sensitive. This model explains why the
contractile response to oxotremorine-M in the guinea pig ileum is pertussis toxin-sensitive in the
presence of isoproterenol, yet nevertheless, it is only weakly antagonized by AF-DX 116. We have
previously described this rationale on a less mathematical basis (3,21).

Figure 2B shows the results of our simulations for Model II. For this interaction, where the
response depends on the activation of both receptor subtypes, the rules are simple - the
pharmacological antagonism resembles that expected for the less sensitive receptor signaling
mechanism. Since the response always depends on activation of the M, receptor as well as the M,,
it is completely pertussis toxin-sensitive. Thus, when the sensitivity of the M, signal is much
greater than that of the M, response, Model II predicts that the interactive response should be
pertussis toxin-sensitive, yet exhibit an M ; antagonistic profile. This situation could arise after the
sensitivity of the M, response has been greatly inhibited by 4-DAMP mustard treatment. An
example of this situation is described next.

M, and M, Receptors Interact to Mediate Contraction in the Absence of Relaxant Agents

So far, we have only described a role for the M, receptor in smooth muscle when there is active
relaxation mediated through cAMP. Recently, we have observed an unusual interaction between
M, and M, receptors in the guinea pig colon that is readily demonstrable in the absence of any
relaxant agents (25). In the guinea pig colon, the contractile response to muscarinic agonists is
pertussis toxin-insensitive, like that of many other smooth muscles. However, following extensive
M, receptor inactivation, the residual contractile response is pertussis toxin-sensitive. This
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sensitivity suggests a role for the M, receptor in contraction. Interestingly, the antagonistic profile
of this residual contractile response is M,-like. Thus, this response resembles the enigmatic
~ behavior of Models I and I which show that an interaction between M, and M, receptors can result
in a pertussis toxin-sensitive response with an M, antagonistic profile. Although the mechanism for
this interaction is unclear, it bears a resemblance to the muscarinic induced nonselective cation
conductance, which is a pertussis toxin-sensitive, M, gated conductance that depends on M,
receptor activation (49-52). The physiological significance of this contractile response in the colon
is questionable because it is only observed after extensive M, receptor inactivation. This
requirement may represent a limitation in the isolated tissue bath experiment where a global
activation of muscarinic receptors occurs following application of an agonist. It is possible that
Model I is the dominant mechanism at a subset of the cholinergic neuroeffector junctions in the
colon, whereas the standard M, receptor-mediated contraction may exhibit a different
postjunctional display.
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Summary

Compounds with high affinity for muscarinic M3 receptors have been used for many
years to treat conditions associated with altered smooth muscle tone or contractility
such as urinary urge incontinence, irritable bowel syndrome or chronic obstructive
airways disease. Mj; selective antagonists have the potential for improved toleration
when compared with non-selective compounds. Darifenacin has high affinity (pKi
9.12) and selectivity (9 to 74-fold) for the human cloned muscarinic Mj receptor.
Consistent with this profile, the compound potently inhibited M3 receptor mediated
responses of smooth muscle preparations (guinea pig ileum, trachea and bladder,
PA; 8.66 to 9.4) with selectivity over responses mediated through the M, (pAz 7.9)
and M, receptors (pA; 7.48). Interestingly, darifenacin also exhibited functional
tissue selectivity for intestinal smooth muscle over the salivary gland. The M3 over
M, and M, selectivity of darifenacin was confirmed in a range of animal models. In
particular, in the conscious dog darifenacin inhibited intestinal motility at doses
lower than those which inhibit gastric acid secretion (M; response), increase heart
rate (M, response) or inhibit salivary secretion. Clinical studies are ongoing to
determine if darifenacin has improved efficacy and or toleration when compared
with non-selective agents.

Key Words: muscarinic antagonists, smooth muscle, darifenacin

Five subtypes of human muscarinic receptors have been identified and cloned and these have
been designated M;, M, M3,M,; and Ms. Pharmacologically, M;, M,, M and My receptor
subtypes correlate with the M, Ma, M3 and M4 gene products (1), although a pharmacological
correlate of the M gene is only just being defined. Both M; and M; receptors are expressed in
smooth muscle and the M, receptor accounts for approximately 80% of the total receptor
population (2). Although the M, receptor expression is very high in smooth muscle its function
has yet to be fully defined since under normal physiological conditions the functional response
of smooth muscle is mediated through the M receptor. Agents with high affinity for muscarinic
M; receptors have utility in the treatment of a range of disorders associated with altered smooth
muscle contractility and tone such as, urinary incontinence, irritable bowel syndrome and
chronic obstructive airways disease. The clinical utility of available muscarinic receptor
antagonists is limited by the lack of selectivity leading to the classical antimuscarinic side effects
such as dry mouth, blurred vision, tachycardia and effects on cognitive function. Selective M3
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antagonists have the potential to inhibit smooth muscle contractility in the absence of M| and M,
mediated side effects. A research programme directed at identify M3 receptor antagonists has
culminated in the identification of ((S)-2-{1-[2-(2,3,-dihydrobenzfuran-5yl)ethyl]-3-
pyrrolidinyl}-2,2-diphenylacetamide) (Figure 1) (3)

A0~

Figure 1
Structural Formula of Darifenacin

In vitro pharmacology

The binding affinities of darifenacin in comparison to other- muscarinic antagonists with high
affinity for the Mj; receptor has been determined using membranes from CHO-K1 cells stably
expressing human M; - Ms receptors. The experiments were conducted at 25°C using 20 mM
HEPES buffer using [’H]-NMS as the radioligand. Under these conditions darifenacin had high
affinity and selectivity for the M3 receptor and is one of the few compounds which exhibited
preferential affinity for one receptor subtype (Table I). In contrast, tolterodine, like atropine,
was non-selective. These data are consistent with previous reports showing tolterodine does not
differentiate between muscarinic receptor subtypes (4). Like tolterodine, dicyclomine and
oxybutynin did not differentiate between muscarinic M; and M; receptors, although some
selectivity over M, M4 and M;s receptors was observed.

TABLEI

Binding Profile of Muscarinic Antagonists to the Human Cloned Muscarinic Receptors

M, M, M; M, M;
Darifenacin | 8.15+0.04 | 7.35+0.11 | 9.12+0.08 | 7.34 +0.08 | 8.03 £0.08
Tolterodine | 8.75+0.01 | 7.98+0.07 | 8.53+0.07 | 7.67+0.07 | 7.74+0.03
Oxybutynin | 8.69+£0.04 | 7.77+0.05 | 8.86+0.06 | 8.02+0.04 | 743x0.03
Dicyclomine | 8.70 +0.03 | 6.89+0.08 | 832+0.04 | 7.54+0.08 | 7.78 £0.05
Atropine 9.55+0.03 | 888x0.07 | 9.56+0.10 | 894+0.03 | 9.18 +0.03

Results are mean + S.E.M. pKi values (n= 4-8), Hill slopes did not differ from unity.
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Recently darifenacin has been radiolabelled and has proved to be a valuable ligand.
[PH]-Darifenacin binds with high affinity to the Mj receptor (Kp 0.33 nM) and with selectivity

- over the M receptor (Kp 1.6 nM); no specific binding to M, My and M; receptors was detected
(5). This radioligand should prove to be a valuable tool to study the tissue distribution and
pharmacology of M; receptors. Preliminary data from experiments comparing the binding of
[3H]-darifenacin with [3H]-n-methylscopolamine ([3H] NMS) (which binds non-selectively to
M - Ms) to homogenates of guinea pig brain indicate that as much as 80% of the sites bound by
[3H]-NMS are also bound by [3H]-darifenacin. As Figure 2 shows, scatchard analysis of
saturation curves for [3H]—darifenacin are curvilinear consistent with binding to M; and M3
receptors. Experiments are in progress to estimate the relative proportions of M; and M; bound
by [*H]-darifenacin. This contrasts the situation in the guinea pig bladder where similar
experiments indicate [*H]-darifenacin binds to one population of receptors representing 40-60%
of total muscarinic receptors. - This estimation of the Mj receptor population in the bladder is
slightly higher than previous estimates (2) and this may reflect differences in methodology since
these studies are the first to use a M3 selective ligand.

The profile of these muscarinic antagonists in functional studies was similar to that observed in
the above radioligand binding studies, although the magnitude of Mj selectivity was much
greater (Table I). Thus, darifenacin was a potent antagonist in smooth muscle preparations such
as the guinea pig ileum, bladder and trachea as well as on the human isolated bladder (pKb 9.72
+ 0.19) (6). These data suggest that the contractile responses of the human bladder is also
mediated via the M receptor. Interestingly, in studies investigating muscarinic receptors
controlling salivary secretion, darifenacin was shown to be 6-fold weaker than atropine as an
inhibitor of carbachol-stimulated **Rb efflux from the guinea pig submandibular gland despite
having similar potency on the ileum (7). Other compounds, such as zamifenacin, p-F-HHSiD
and RDS-127, have also demonstrated functional tissue selectivity (8). Indeed tolterodine has
shown some functional bladder selectivity over the salivary gland (4). The molecular basis for
this tissue selectivity remains unknown, but [*H]-darifenacin may prove to be a valuable tool to
investigate its basis. Similar results have been demonstrated using other receptor systems. In
functional studies the cloned ouya receptor displays pharmacological properties consistent with
those of the putative oy, receptor found in the prostate and this is distinct from the profile
obtained in membrane binding studies using the same cell line (9). Therefore, in a single cell
line the pharmacology of a gene product can vary depending on the technique (binding
compared with functional activity) used to investigate the properties of that receptor. Again the
molecular basis for this observation is unknown, but these results emphasis the need for a
combination of techniques to fully characterise new chemical entities and to classify receptor
subtypes. Alternatively, functional responses in tissues may be controlled by multiple receptors.
For example, salivation in response to pilocarpine is reduced in the Ms knockout mouse
(Yeomans et al, this meeting) suggesting a role for Ms receptors in the control of salivary
secretion. Thus the M3 over Ms selectivity of darifenacin may contribute to its smooth muscle
over salivary gland selectivity.
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Functional Profiles of Muscarinic Antagonists.
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Guinea Pig | GuineaPig | GuineaPig | Guinea Pig Rabbit Vas
Ileum Bladder Trachea Atria Deferens
Darifenacin | 9.44+0.07 | 8.66+0.14 | 870+009| 748+0.13| 7.90x0.08
Atropine 940+007 | 901+009| 920+0.10]| 8.72x0.06 9.54 + 0.09
Dicyclomin | 7.75+0.09 - - 6.09+0.17 | 7.70£0.081
e

Tolterodine” - 7.77 £ 0.06 - 768025 | 8.49+0.17
Oxybutynin - 744 +£0.16 - 7.12+029 | 7.90+0.14

Results are mean + S.E.M. pA; values, n= 5-8, 1 data taken from (10), 2 data taken from (7)
In vivo pharmacology

In anaesthetised dogs, small bowel motility was stimulated by intravenous administration of the
hormone, cholecystokinin. In the same animals salivary secretion was induced by stimulation of
the duct of the submandibular gland. Intravenous infusions of darifenacin potently inhibited
stimulated small bowel motility (EDsp 0.32 mcg/kg/min) in the absence of effects on heart rate
(11). Significantly, in the same experiments, darifenacin was less potent as an inhibitor of
salivary secretion (EDsp 2.16 mcg/kg/min) induced by electrical stimulation of the duct of the
submandibular gland. In contrast, atropine inhibited small bowel motility over the same dose
range as that which inhibited salivary secretion and increased heart rate (EDsg 0.26 to 0.36
mecg/kg/min).  Oral activity of darifenacin has been demonstrated in conscious dogs
instrumented to record heart rate and jejunal motility. The wetness of the mouth was measured
via pre-weighed swabs placed in the cheek jowls as a measure of salivary secretion. Darifenacin
inhibited small bowel digestive motility in a dose-related manner (EDso 0.1 mg/kg p.o.) in the
absence of effects on heart rate and with reduced effects on salivary secretion (EDso 0.3 mg/kg
p.o.) (Table HI, (12)).

A similar smooth muscle selectivity was observed in the conscious rat (13). In these studies
animals were surgically prepared to record bladder cystometry in response to saline infusions
into the bladder or salivary secretion in response to subcutaneous methacholine. Darifenacin
caused a dose-related inhibition of micturition pressure (EDso 0.089 mg/kg iv.) with
concomitant changes in micturition interval and volume, at doses lower than those required to
inhibit salivary secretion (EDso 0.48 mg/kg i.v.). Thus, although the molecular basis for the
functional smooth muscle selectivity of compounds, such as darifenacin, is unknown it does
translate from in vitro through to in vivo studies. The fact that the effects on smooth muscle
contractility and salivary secretion were measured in the same animals at the same time would
argue against experimental artefacts complicating the interpretation of the data.

In addition to inhibiting intestinal motility darifenacin has also been shown to increase intestinal
compliance (14). Thus following darifenacin, the pressure in the bowel at a given volume will
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be less. This may provide an additional benefit in the treatment of conditions associated with
altered gut motility patterns.

Muscarinic M; receptors are involved in the control of gastric acid secretion (15) and cognitive
function (16) and therefore inhibition of gastric acid secretion can be used as a measure of
muscarinic M; receptor blockade. Gastric acid secretion was stimulated by intravenous
infusions of pentagastrin in Heidenhain pounch dogs. Pirenzepine (EDsq 0.037 mg/kg p.o.), but
not methroctramine (EDsy >1.0 mg/kg p.o.), potently inhibited gastric acid secretion confirming
the role of M, receptors in this model (17). Atropine also inhibited acid secretion following
doses lower than those active on small bowel motility (Table IIT). In contrast, darifenacin had no
significant effect on acid secretion following doses as high as 3.0 mg/kg p.o.. These data are
consistent with the functional M3 over M, selectivity (30-fold) of darifenacin and demonstrate
that compounds which are selective over muscarinic M, receptors will have less effect on gastric
acid secretion. The ability to confirm the Mj selectivity of darifenacin in vivo would suggest
that the compound may have less adverse effects on cognitive function than non-selective
agents.

TABLE I

Effects of Darifenacin and Atropine on Heart Rate, Small Bowel Digestive Motility and Gastric
Acid in the Conscious Dog (n= 4-6).

Small Bowel Salivary Gastric Acid Heart rate
motility Secretion Secretion
(EDs50) (ED50) (ED50) (ED150)
Darifenacin 0.1 0.3 >3.0 >3.0
Atropine 0.04 0.06 0.007 0.2

The above preclinical studies have shown that darifenacin has high affinity for M3 receptors
over the other muscarinic receptor subtypes. This results in a preferential effect on smooth
muscle function in the absence of effects on heart rate (M) or gastric acid secretion (M;).
These effects are consistent with the known pharmacology of muscarinic receptors

Clinical Pharmacology

Tolterodine has been recently approved by the FDA for the treatment of the over active bladder.
The drug has been shown to reduce the frequency of micturition and the number of incontinent
episodes (17). Efficacy was achieved with a reduced incidence of moderate/severe episodes of
dry mouth. These data would suggest that the functional tissue selectivity of muscarinic
antagonists can translate to man. A low dose (1 mg) of tolterodine was associated with a higher
incidence of palpitations than placebo, although this was not seen with a higher dose (2 mg)
suggesting these effects may not be drug related (18). Alternatively an increased incidence of
tachycardia may reflect the lack of M3 over M, selectivity of tolterodine. Data from the Phase II
trials with darifenacin has yet to be published and so it remains to be proven whether the M
selectivity of this compound translates to improved toleration in man.
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Conclusions

Compounds with high affinity for muscarinic M; receptors have clinical utility in the treatment
of conditions associated with altered smooth muscle contractility and or tone. Darifenacin has
been shown to be selective for the Mj receptor over other muscarinic receptor subtypes both in
vitro and in vivo and to exhibit some functional tissue selectivity for smooth muscle over the
salivary gland. The recent approval of tolterodine for the treatment of the over active bladder
has confirmed the clinical utility of compounds with high affinity for the M3 receptor in the
treatment of these conditions. Comparative clinical trials between M3 selective agents such as
darifenacin’ and non-selective compounds, such as, tolterodine are required to confirm the
potential for improved toleration of receptor selective antagonists.
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Summary

A variety of neurons in gastrointestinal and genitourinary smooth muscle
express muscarinic auto- as well as heteroreceptors. These receptors are
found on the soma and dendrites of many cholinergic, sympathetic and
NANC neurons and on axon terminals. A given neuron may contain both
excitatory and inhibitory presynaptic muscarinic receptors. The subtypes
involved are species- and tissue-dependent, and neuronal M; to M,
receptors have been shown to be expressed in smooth muscle tissues. In
this study, the ability of several selective muscarinic receptor antagonists
to inhibit the effect of arecaidine propargyl ester (APE) on prejunctional
muscarinic receptors on sympathetic nerve endings in the rabbit anococ-
cygeus muscle (RAM) was investigated to characterise the receptor sub-
type involved. Electrical field stimulation (EFS) resulted in a release of
noradrenaline (NA) eliciting monophasic contractions due to stimulation
of postjunctional a;-adrenoceptors. The selective muscarinic agonist
APE did not reduce contractions to exogenous NA, but caused a con-
centration-related and N-methylatropine-sensitive inhibition of neuroge-
nic responses. All muscarinic antagonists investigated failed to affect the
EFS-induced contractions, but shifted the concentration-response curve
of APE to the right in a parallel and surmountable fashion. Schild analysis
yielded regression lines of unit slope, indicating competitive antagonism.
The following rank order of antagonist potencies (pA; values) was found:
tripitramine (9.10) > AQ-RA 741 (8.26) > himbacine (8.04) > (S)-dime-
thindene (7.69) > pirenzepine (6.46) > p-F-HHSID (6.27). A comparison
of the pA, values determined in the present study with literature binding
and functional affinities obtained at native or recombinant M; to Ms
receptors strongly suggests that NA release from sympathetic nerve en-
dings in RAM is inhibited by activation of prejunctional muscarinic M,
receptors.

Key Words: smooth muscle, presynaptic muscarinic receptors, rabbit anococcygeus muscle, noradrenaline release

Muscarinic receptors play an essential role in maintaining the contractile state of smooth muscle
‘throughout the body. It is now evident that many smooth muscle cells coexpress M, and M;
subtypes. The M; receptor mediates phosphoinositide hydrolysis and calcium mobilization,
whereas the M, receptor mediates an inhibition of adenylyl cyclase. While the role of the post-

* To whom correspondence should be addressed.
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junctional M subtype in smooth muscle contraction is well established, recent data also implicate
_the M; receptor in the control of smooth muscle tone (1-4). A variety of neurons in smooth mu-
scle express presynaptic muscarinic auto- and/or heteroreceptors, which serve to modulate the
rate of neuronal firing and the release of neurotransmitters. These receptors are found on the
soma and dendrites of many cholinergic, sympathetic and nonadrenergic-noncholinergic (NANC)
neurons and on axon terminals. A given neuron may contain both excitatory and inhibitory pre-
synaptic muscarinic receptors (5-9). The subtypes involved are species- and tissue-dependent.

Pharmacological and molecular cloning studies have revealed the existence of four neuronal
muscarinic receptor subtypes, M; to M, in gastrointestinal and genitourinary smooth muscle.
The guinea-pig ileum contains two types of neuronal muscarinic receptors. The inhibitory pre-
junctional autoreceptors have been classified as M receptors in the circular muscle (10), and as
M; in myenteric neurons of the longitudinal muscle (11). Muscarinic agonists cause a TTX-sensi-
tive increase in spontaneous acetylcholine release from myenteric neurons (12) and a membrane
depolarization (13) by stimulation of soma-dendritic M, autoreceptors. In the rar perfused
stomach, stimulation-evoked release of endogenous acetylcholine was decreased by muscarinic
receptor activation. Antagonist attenuation of this effect showed a profile in keeping with the in-
volvement of an inhibitory prejunctional M autoreceptor (14). The parasympathetic nerves in-
nervating the urinary bladder are endowed with prejunctional facilitatory and inhibitory musca-
rinic receptors. The facilitatory autoreceptors have been classified as M; in the rat (15, 16) and
rabbit urinary bladder (17). The inhibitory prejunctional muscarinic receptor appears to be M; or
M, in the rat urinary bladder (16, 18), M; in the rabbit bladder (17) and M, in the guinea-pig
bladder (19). In the rat stomach, it has been demonstrated that the oxotremorine-induced inhibi-
tion of stimulation-evoked release of endogenous noradrenaline (NA) from sympathetic nerve
terminals is mediated by prejunctional muscarinic M, heteroreceptors (20). Stimulation of soma-
dendritic muscarinic heteroreceptors, located on inhibitory nitrergic NANC neurons, causes a fall
in lower esophageal sphincter pressure of the opossum (21, 22). These receptors are selectively
activated by McN-A-343, and selectively antagonized by pirenzepine. Thus, Gilbert et al. de-
signated the muscarinic receptors on the NANC neurons as M, (21). However, the data do not
rule out the possibility that the My receptor mediates the relaxant response in the esophageal
sphincter. Muscarinic receptors mediating relaxation in rat duodenum via activation of inhibitory
NANC neurons were reported to be of the M; or M, subtype (23, 24). Our recent demonstration
of affinity estimates for a series of subtype-prefering muscarinic antagonists (25), e.g. pirenzepine
(7.90), AQ-RA 741 (7.28) and himbacine (6.80), lends support to the original M, receptor clas-
sification of this soma-dendritic muscarinic heteroreceptor (23). Electrical field stimulation (EFS)
of rabbit vas deferens results in a concomitant release of ATP and NA from sympathetic nerve
endings eliciting a biphasic contractile response. Prejunctional muscarinic heteroreceptors have
been described, which when activated cause inhibition of these effects (5, 26-28). The pharmaco-
logical profile (5, 26-28), transduction pathway (29) and immunoreactivity to specific anti-mu-
scarinic receptor antibodies (30) clearly indicate that these prejunctional muscarinic receptors do
not belong to the M,, M; and M;s subtypes. However, there are arguments for and against the
presence of M; and M, receptors. Perhaps the data may be reconciled by multiple, M, and My,
receptors or it may be that the prejunctional inhibitory muscarinic heteroreceptors in the vas defe-
rens are the rabbit homologues of the mammalian M; or M, subtype.

In the rabbit isolated anococcygeus muscle (RAM) with histamine-raised tone activation of
soma-dendritic muscarinic receptors has been reported to stimulate the release of nitric oxide
from inhibitory NANC neurons, thereby causing relaxation (31). Antagonist attenuation of the
relaxant effect of muscarine showed a profile in keeping with the involvement of a muscarinic M,
receptor: AQ-RA 741 = himbacine > tripitramine > p-F-HHSID = methoctramine = pirenzepine >
guanylpirenzepine (31). Thus, the isolated RAM is the first robust functional muscarinic M
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receptor model. The RAM receives, in addition to an inhibitory NANC innervation, a dense adre-
nergic motor innervation via sympathetic nerves. In the absence of intrinsic tone, EFS results in a
purely contractile response, mediated by the release of NA (32). The aim of the present study
was to investigate whether the NA-induced neurogenic contractions in RAM are modulated by
prejunctional muscarinic heteroreceptors.

Methods

Both anococcygeus muscles of male New Zealand white rabbits were incubated at 33°C in modi-
fied Krebs buffer, supplemented with L-tyrosine (0.01 mM) as NA precursor and with the NO-
synthase inhibitor L-NOARG (0.3 mM) to suppress NO-induced NANC-relaxations (31). Unless
stated otherwise, the Krebs buffer additionally contained cocaine (3 puM; inhibition of neuronal
NA-uptake,), corticosterone (3 pM; inhibition of extraneuronal NA-uptake;) and yohimbine (30
nM; to block prejunctional inhibitory op-adrenoceptors). EFS (1 or 2 Hz; 0.5 ms; 35 - 40 V) was
used to excite intramural nerves. In each experiment standard trains of 45 - 240 pulses were used
at each stimulation frequency at intervals of 15 - 20 min, and neurogenic responses were recor-
ded isotonically. The muscarinic agonist arecaidine propargyl ester (APE) was added to the bath
fluid 4 min before a stimulation period and allowed to remain in contact until the neurogenic re-
sponse had fully developed. The incubation time for other drugs was at least 30 min under conti-
nued electrical stimulation. To test effects of muscarinic antagonists concentration-response cur-
ves to APE were constructed in the absence and in the presence of 2 - 4 antagonist concentra-
tions (log interval = 0.48).

Data analysis

The effects of drugs were expressed as a percentage in relative change of the neurogenic con-
traction compared to preceeding control responses (no drug present). The apparent potency of an
agonist was expressed by its pECso value. Apparent affinities of the muscarinic antagonists (pA;
values) were derived from Schild plots constrained to slope of unity. Results are given as arith-
metic means + SEM. from at least three independent experiments. Differences between mean
values were tested for statistical significance by Student's 7 test; P < 0.05 was accepted as being
significant.

Drugs used

Pirenzepine and AQ-RA 741 (Thomae, Biberach/Germany), himbacine (Dr. W.C. Taylor,
Sydney/Australia), tripitramine (Dr. C. Melchiorre, Bologna/Italy), (S)-dimethindene (Zyma,
Munich/Germany), p-fluoro-hexahydro-sila-difenidol (p-F-HHSiD; Dr. R. Tacke, Wiirz-
burg/Germany) and arecaidine propargyl ester (APE; Dr. U. Moser, Frankfurt/M./Germany). All
other chemicals were of the highest grade available.

Results and Discussion

Sympathetic neurotransmission in RAM

In Krebs buffer not supplemented with yohimbine, cocaine and corticosterone, EFS at 2 Hz (40
V) produced tetrodotoxin (1 pM)-sensitive, rapid and reproducible contractions of the RAM,
with a maximum response obtained within 45 to 240 s. Cocaine (0.3 - 10 uM) induced an in-
crease in the neurogenic contractile response. This effect appeared to be maximal at a
concentration of 2 uM (182 +* 12 %). Treatment of the preparations with corticosterone (1 - 10
uM) slightly enhanced EFS-induced contractions, but caused an up to 400 % increase of the
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Contraction (% of Control)
100 —

B EFS (1Hz, 0.5 ms, 35V)
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Fig. 1

Tllustration of the effect of APE on response to EFS of the RAM. Trains of 45 - 240
pulses were used at intervals of 15 - 20 min. APE was incubated 4 min prior to the
stimulation period and kept throughout.

neurogenic contractions in tissues pretreated with 5 pM cocaine (33). The o-adrenoceptor
antagonist yohimbine (10 - 100 nM) increased contractile responses to EFS. This effect was
maximal at 30 nM (189 % 26 %). In order to minimize distortion of the EFS-induced contractions
by elimination processes such as neuronal and extraneuronal NA uptake and by stimulation of
inhibitory prejunctional c-adrenoceptors, all subsequent experiments were carried out in the
continuous presence of cocaine (3 pM), corticosterone (3 uM) and yohimbine (30 nM). Since it
is well known that the effectiveness of presynaptic inhibitory mechanisms is inversely related to
the intensity of nerve stimulation (26), in all the following experiments trains of 45 - 240 pulses
were applied at a stimulation frequency of 1 Hz (35 V).

At a stimulation frequency of 1 Hz the o;-selective antagonist prazosin (0.3 - 30 nM; pICsp =
8.54 + 0.8) and guanethidine (1 - 10 uM; pICs, = 5.56 + 0.13) inhibited the neurogenic con-
tractions to EFS in a concentration-dependent manner and abolished them at the highest concen-
tration used. In contrast, the B-adrenoceptor antagonist propranolol (0.01 - 1 pM), the cyclooxy-
genase inhibitor indomethacin (0.1 - 10 uM), the P2 receptor antagonists suramin (100 pM) and
pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid (100 pM) (34) as well as the muscarinic
receptor antagonist N-methylatropine (1 uM) did not significantly change the EFS-induced con-
tractions in RAM.

These results confirm and extend the findings of Creed et al. (32) that EFS-induced contractions
in RAM (in the presence of L-NOARG) are caused by exocytotic release of NA from
sympathetic nerves acting at postjunctional o;-adrenoceptors. Prejunctional facilitatory or
postjunctional inhibitory B-adrenoceptors appear not to be involved. Under the present
experimental conditions, the release of NA and the subsequent contractions are not modulated by
endogenous acetylcholine, ATP or prostanoids.
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Fig. 2

Antagonism of increasing concentrations (solid symbols) of (S)-dimethindene on
concentration-response curves for APE (control curve: open symbols) mediating in-
hibition of EFS-induced contractions in RAM (left panel). Numbers next to the con-
centration-response curves indicate the antagonist concentration. (S)-dimethindene
was added 30 - 40 min before and kept throughout. Symbols represent the mean with
S.EM. as vertical lines from 3 - 6 experiments. The right panel shows the corre-
sponding Schild plot, the slope of which (0.95 £ 0.10) was not significantly different
from unity.

Modulation of neurogenic contractions via prejunctional muscarinic heteroreceptors

The potent and specific muscarinic agonist APE (0.02 - 10 uM) (25) did not affect the basal ten-
sion of the unstimulated preparation. In addition, contractile responses to exogenous NA were
not affected by APE (10 uM), the pECs, value for NA being 7.81 + 0.08 in the absence of APE
and 7.72 + 0.11 in its presence. This suggests that a functional role of postsynaptic excitatory
muscarinic receptors in RAM is unlikely. APE produced a complete, concentration-dependent
and reversible inhibition of neurogenic contractions to sympathetic nerve stimulation at 1 Hz
(Fig. 1 and 2), the pECso value being 7.74 + 0.03. The inhibitory responses to APE were deter-
mined to be muscarinic in nature in that they were blocked by the muscarinic antagonists em-
ployed in the present study (see below). These data are consistent with the idea of prejunctional
muscarinic receptors mediating heteroinhibition of NA release in the RAM.

All muscarinic antagonists employed shifted the APE concentration-response curves parallel to
higher concentrations without any appreciable changes of basal tone or reduction of the maxi-
mum response; a representative plot for (S)-dimethindene is shown in Fig. 2 (left panel). Time-
matched controls demonstrated that during the course of experiments there was no significant
change in tissue sensitivity towards APE. For all the antagonists where Schild plots were ob-
tained they were linear and the slopes of the plots were not significantly different from unity
[illustrated for (S)-dimethindene in Fig. 2, right panel]. Thus all compounds behaved as competi-
tive muscarinic receptor antagonists. However, it is worth noting that tripitramine displayed
competitive antagonism of APE-induced inhibition of neurogenic contractions in RAM only at
high concentrations (0.03 - 0.3 uM). The reason for the limited antagonism by tripitramine at low
concentrations (1 - 10 nM) is unclear, but has also been observed previously at M, receptors in



408 Presynaptic Muscarinic Receptors Vol. 64, Nos. 6/7, 1999

guinea-pig atria and rabbit vas deferens (35). Further ekperiments are needed to clarify this issue.
A, values for the antagonists and slopes deduced from Schild analysis are listed in TABLE L.

TABLE I

Affinity Estimates (pA, Values; Antagonist Concentrations in Parentheses) and Slo-
pes of Schild Plots for Muscarinic Antagonists Causing Inhibition of APE-Induced
Decrease of Neurogenic Contractions to EFS in RAM. The Data are Presented as
Means + S.E.M.. Each Mean pA; Value was Obtained from n Determinations Inclu-
ding the Antagonist Concentrations Indicated. The Slopes of Schild Plots were not
Significantly Different from Unity and therefore the Given pA; Values were Calcula-
ted after Constraining the Slopes to Unity

Antagonist pA; uM Slope n
Pirenzepine 6.46 +0.04 0.3;1;3; 10) - 0.93+0.08 14
AQ-RA 741 826+005  (0.01;0.03,01;03) 106+008 13
Himbacine 804+003  (0.01;0.03;0.1;03)  0.98+0.05 12
Tripitramine 9.10 +0.04 (0.03%;0.1,0.3) 0.90+0.11 9
(S)-Dimethindene  7.69 + 0.05 (0.03;0.1; 0.3; 1.0) 0.95+0.10 14
p-F-HHSiD 6274028 (1;39) 8

* Lower concentrations showed no or limited antagonism.

Y The apparent pA, value was determined from the individual dose-ratios according
to the following equation: pA; = log (DR-1) - log [B], where B = concentration of
antagonist.

©) Higher concentrations of p-F-HHSID induced an increase of the basal tension and
suppressed neurogenic contractions.

The rank order of antagonist potency found in the present study was: tripitramine > AQ-RA 741
> himbacine > (S)-dimethindene > pirenzepine > p-F-HHSID. This rank order shows unequivo-
cally that the prejunctional muscarinic receptors mediating heteroinhibition of NA release in
RAM are of the M, subtype. In detail, an excellent correlation was found (r = 0.99) by comparing
the antagonist affinities from functional experiments in RAM with pK; values obtained in radioli-
gand binding assays at native and recombinant M, receptors (31, 36). Linear regression analysis
of these highly correlated measures revealed slopes not significantly different from unity and in-
tercepts not significantly different from zero. Much weaker correlations resulted when the anta-
gonist potencies in RAM were compared with the binding affinities (31, 36) at My (r=0.13), M;
(r =-0.44), M, (r = 0.63) and M;s receptors (r = 0.02). As far as comparisons of functional affini-
ties of the antagonists employed in the present study are concerned, there is a remarkable agree-
ment in the antimuscarinic potencies obtained in RAM and at M, receptors in guinea-pig atria (r
=0.99) and rabbit vas deferens (r = 0.98) (37 - 41).

Conclusions

The present study demonstrates that EFS-induced contractions in RAM (in the presence of L-
NOARG) are caused by exocytotic release of NA from sympathetic nerves acting at postjunctio-
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nal ay-adrenoceptors. An involvement of ATP as co-transmitter or a pre- or postjunctional
modulation of the neurogenic responses by endogenous ATP (from extraneuronal sources),
prostanoids and acetylcholine can be excluded. The evoked release of NA is controlled by pre-
junctional inhibitory muscarinic receptors. Examination of these heteroreceptors by the use of a
series of subtype-prefering key muscarinic antagonists provided strong evidence that they are of
the M, subtype. Any contribution of a second prejunctional muscarinic receptor is highly unlikely,
since no deviations from competitive behaviour of the antagonists employed were observed.
Postjunctional excitatory muscarinic receptors could not be identified in RAM.
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FUNCTION, SIGNAL TRANSDUCTION MECHANISMS AND PLASTICITY OF
PRESYNAPTIC MUSCARINIC RECEPTORS IN THE URINARY BLADDER

George T. Somogyi and William C. de Groat

Department of Pharmacology, University of Pittsburgh, Pittsburgh, PA 15261

“Summary

Presynaptic M, muscarinic receptors on parasympathetic nerve terminals in rat
urinary bladder strips are involved in an autofacilitatory mechanism that markedly

- enhances acetylcholine release during continuous electrical field stimulation. The
facilitatory muscarinic mechanism is dependent upon a PKC mediated second
messenger pathway and influx of extracellular Ca* into the parasympathetic nerve
terminals via L and N-type Ca?* channels. Prejunctional muscarinic facilitation has
also been detected in human bladders. The muscarinic facilitatory mechanism is
upregulated in hyperactive bladders from chronic spinal cord transected rats; and
the facilitation in these preparations is primarily mediated by M, muscarinic
receptors. Presynaptic —muscarinic receptors represent a new target for
pharmacological treatment of bladder hyperactivity. If presynaptic facilitation is
restricted to the bladder and not present in other tissues then drugs acting at this site
might be expected to exhibit uroselectivity.

Key Words: M, muscarinic receptors, presynaptic facilitation, acetylcholine release, urinary bladder

1. Introduction

The urinary bladder receives an innervation from both the parasympathetic and sympathetic divisions
of the autonomic nervous system. The sacral parasympathetic outflow provides the major excitatory
input to the detrusor muscle; whereas the lumbar sympathetic nerves provide an excitatory input to
the bladder neck and an inhibitory input to the detrusor. Parasympathetic excitatory nerves release
acetylcholine as well as the non-cholinergic transmitter, ATP. The relative importance of cholinergic
and purinergic excitatory mechanisms in the bladder varies between species; however, in humans
cholinergic excitatory transmission mediated by muscarinic receptors plays the major role.

Muscarinic receptors are present in both the smooth muscle and in the parasympathetic and
sympathetic nerve endings. In the bladder smooth muscle two types of postjunctional muscarinic
receptors have been identified in various species. In the rat a high density of M, and a lower density
of M, receptors have been detected (1). The M; receptors mediate the contractile response to neurally
released ACh; whereas M, receptors may inhibit adenylate cyclase and therefore suppress B-adreno-
ceptor mediated relaxation (2). There is also evidence for a significant role of M; muscarinic receptors
in the contractions of human bladders (3). Thus postjunctional muscarinic excitatory receptors in the
bladder are important targets for pharmacologic treatment of bladder hyperactivity.

Presynaptic muscarinic receptors have attracted less attention as possible targets for drug therapy
because in various organs (heart, ileum, salivary glands) (4) including the bladder (5, 6) it has usually

Address for Correspondence: George T. Somogyi, Dept. of Pharmacology, University of Pittsburgh,
Pittsburgh, PA15261, phone:412-648-9276; ¢-mail: somo+@pitt.edu
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been found that these receptors mediate an autoinhibitory control over ACh release. In the urinary
bladder, prejunctional inhibitory mechanisms are mediated by M, receptors (7, 8). However, recent
studies have also identified muscarinic facilitatory mechanisms in both parasympathetic and
sympathetic nerves in the urinary bladder (9). These mechanisms which have some unusual properties
may provide new targets for pharmacotherapy of hyperactive bladder disorders. This paper will
review experiments conducted on rat, cat and human bladders that have evaluated various features

of presynaptic modulation including: stimulation

parameters, species differences, signal

transduction mechanisms and plasticity induced
—o-cs by pathology.

——|S

304

n
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h

2. Activation of inhibitory and facilitatory
muscarinic prejunctional receptors.

-
=)
h

ACh release in rat urinary bladder strips is
influenced by various stimulation parameters
including frequency, pattern and duration of
o) stimulation. During intermittent field stimulation
—— (IS), consisting of short trains (10 shocks)

50 100 400 separated by 5 sec quiescent periods, presynaptic
Number of shocks facilitatory mechanisms were not activated and

Fig. 1. the duration of stimulation (5-360 shocks) had
Effects of number of shoclfs on therelease of radio-labeled {jttle effect on the total ACh output (non-
"H-ACh from the rat urinary bladder. The number of facilitatory stimulation). Therefore the output per

shocks (abscissa) was plotted against the released amount volley = decreased as the number of shocks

of ACh expressed as disintegration/sec/g (Bq/g). Note that . .
continuous stimulation (CS) released significantly higher 1ncreased. On the other hand, with continuous

amounts of ACh than intermittent stimulation (IS) at a Stimulation (CS) ~ ACh release per volley
frequency of 10 Hz. markedly increased as the number of shocks was
increased from 5 to 70 (facilitatory stimulation)
(Fig 1). The facilitation of ACh release was blocked by atropine or pirenzepine indicating that it was
mediated by M, muscarinic receptors (9).The contractions of rat bladder strips were also enhanced
by CS; and this enhancement was reduced by low concentrations of pirenzepine (10). The lower
range of CS (10 Hz, 100 shocks) which mimics the physiological firing rates of bladder
parasympathetic neurons (11) and which produces maximal bladder contractions elicits a marked
recruitment of ACh release. This recruitment does not occur in cardiac atrial tissue, the ileum
(12,13), or the trachea (14).

ACh release (Bg/g* 1000)

o
-
o

In the bladder both the CS- and the IS-evoked release were considerably enhanced by treatment with
eserine (6). The CS- and eserine-induced facilitation are likely mediated by a similar muscarinic
mechanism since both were blocked by atropine or pirenzepine. The marked facilitatory effect of
eserine on CS-evoked ACh release suggests that M, receptors are not fully activated by CS in the
absence of eserine. This facilitatory effect of eserine on ACh release was not detected in other tissues
such as ileum (19) and heart (Fig. 3).

In the urinary bladder the presynaptic inhibitory effect mediated by M, receptors does not appear to
be expressed during M facilitation since the facilitated release was inhibited to the same extent by
either the non-selective muscarinic blocker, atropine, which blocks M, and M, receptors or the M,
selective agent, pirenzepine (9). If M, inhibition were active it would be expected that atropine would
block the inhibition and produce less depression of ACh release than pirenzepine. Since this does not
occur we conclude that during CS, M, mechanisms are turned off, This raises the possibility that
presynaptic muscarinic receptor mechanisms in the urinary bladder are plastic and are capable of
functioning in either facilitatory (supposedly M,) or inhibitory (supposedly M,) modes depending on
the junctional ACh level.

It also seems likely that the M, facilitation is modulated by an inhibitory mechanism which is
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unmasked by intermittent stimulation. For example, a single short train of stimuli induced M,

facilitation; however, multiple short trains suppressed the facilitation (9). Presumably, periods of

quiescence, which occur during IS, allow for the early expression of inhibition, whereas, CS initially

blocks or delays the development of inhibition which eventually appears with longer trains of

stimulation (360 shocks) (9). In accordance with this proposal 360 shocks releases less ACh than 100

shocks (Fig. 1) suggesting that the release of ACh is not complete by the end of a 100 shock stimulus

train and that extending the train duration can inhibit the delayed release evoked by the initial volleys
in the stimulus train.

300+

] Bladder Interestingly muscarinic receptors at adrenergic

Heart nerve terminals in the rat bladder show the same

200+ stimulation dependent functions as those in

cholinergic terminals. When bladder strips are

stimulated by low frequency stimulation (2 Hz) the

inhibitory M, receptors are activated and as a result

NE release can be enhanced by atropine (15).

However, CS induced high release of ACh

CS(10Hz) 1S (10Hz) CS (0.4Hz) activates the presynaptic facilitatory M, receptors

Fig. 2 which enhance NE release. Under these

Tissue dependence of the muscarinic facilitation of ACh circumstances atropine suppresses norepinephrine

release. The ordinate shows the volley output of ACh release (16). These results indicate that ACh

(Bq/g) (ACh release for one stimulus pulse). Note that CS released from cholinergic terminals can interact

with 10Hz caused muscarinic facilitation only in the heterosynaptically with adjacent adrenergic
bladder, IS had the same effect in both tissues, whereas, terminals.

CS with 0.4Hz (100 shocks) caused higher release of ACh
in the heart than in the bladder.

100

Volley output of ACh (Ba/g)

3. Tissue dependence of muscarinic facilitation

The muscarinic facilitatory mechanism

distinguishes cholinergic nerve terminals in the
bladder from terminals in other tissues, such as heart (17, 18) (Fig. 2) , intestine (19) and striated
muscle (20), which exhibit different types of presynaptic modulatory mechanisms. In the urinary
bladder stimulation with high frequencies released more ACh per impulse than low frequencies. This
is opposite to the effect of high frequency stimulation on ACh release in cardiac (Fig. 2) as well as
in ileal tissues (12, 13, 21).

On the other hand, at cholinergic terminals in other organs atropine enhances the release of ACh by
blocking inhibitory M, or M, presynaptic muscarinic receptors and this effect is more prominent in
the presence of eserine (13, 19, 22). The inhibitory effect of eserine is attributable to a reduction in
ACh metabolism leading to an increase in its synaptic concentration, which results in amore effective
activation of the presynaptic inhibitory muscarinic receptors.

4. Species dependence of muscarinic facilitation:

After the identification of prejunctional muscarinic facilitation in the rat, studies in another laboratory
have provided evidence for a similar mechanism in the rabbit (23). Presynaptic facilitation has also
been detected at the parasympathetic nerve terminals in the human bladder. In human tissue the
facilitation also seems to be mediated by M, receptors (24). However, in cat bladders presynaptic
facilitation was not detected (Somogyi, unpublished). On the other hand, in the cat a prominent
frequency dependent, presynaptic facilitation occurs in the bladder parasympathetic ganglia (25). This
facilitation is not mediated by muscarinic receptors but does serve the same function to amplify
efferent activity passing from the spinal cord to the bladder.

3. Signal transduction mechanisms underlying muscarinic facilitation:

a) the role of protein kinase C (PKC): '
The phosphatidylinositol-PKC cascade is known to be one signal transduction pathway linked to M,
muscarinic receptors (26). In addition, activation of PKC can facilitate the release of various
transmitters including ACh in the peripheral and central nervous system (27). In the urinary bladder
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activation of PKC by phorbol dibutyrate (PDB) enhanced ACh release (Fig.3) in a concentration
dependent manner. However, an inactive phorbol ester, 4«-phorbol didecanoate, was ineffective (16).
Conversely, the PKC blocker, H-7 (28, 29) suppressed the facilitation of ACh release induced by
continuous stimulation (Fig. 3) or eserine, suggesting an important role of protein phosphorylation
in the facilitatory mechanism. H-7 did not block the non-facilitated release of ACh induced by
intermittent stimulation indicating that the PKC system only participates in transmitter release under
facilitatory conditions (16). However, H-7, like other PKC blockers, is not specific for PKC, and can
also block other kinases, such as PKA (29). Nevertheless, the specific PKA inhibitor, HA-1004 which
does not affect PKC (30, 31) did not affect the facilitated release of ACh in the urinary bladder (16).
In addition the stable analogue of cAMP, 8-Br cAMP, which activates PKA, did not alter ACh release
indicating that PKA is not involved in the M, facilitation of ACh release in the urinary bladder (16).
Thus it is reasonable to conclude that the effect of H-7 was mediated by an action on PKC and not on
PKA. The crucial role of PKC in M, facilitation is further supported by the fact that down regulation
of the enzyme by pretreatment of bladder
strips with a high concentration of a phorbol
ester (32) inhibited the facilitated release of
ACh (16).

~
o
|

o
o
I

However, the facilitation of ACh release
initiated by PKC stimulation was blocked by
atropine (16). This unexpected effect of
atropine was quantitatively similar to its
7 effect on CS or eserine-induced facilitation of
Control  PDB (0.5uM)  H-7 (S0uM)  PDB+H- ACh release, which would be attributed to

Fig. 3. block of M, receptors on cholinergic
The effect of activation or inhibition of PKC on the facilitated terminals. Thus, facilitation induced by PKC
release of ACh evoked by CS (10Hz/100shocks). The release of activation must also require functional M,
ACh is expressed as fractional release (the release of labeled receptors even if it is initiated down-stream

ACh expressed as percent of the tissue radioactivity). PDB . . tey s

significantly enhanced ACh release; whereas H -7 inhibited the from the receptors. Cholinergic fac111_tat1on

facilitated release. The PDB induced enhancement of the release therefore appears to be a self-amplifying
process, in which the released ACh feeds

was reduced by H-7 to the control level n Cd
back positively onto the M; muscarinic
receptors to further activate PKC and release

more ACh. This is consistent with the data indicating that the M, facilitatory mechanism is relatively
slow in the onset, and requires a relatively long time to reach its maximum (9).

Fractional release of ACh (%)
N
o
!

0.0

\l\

b. The role of calcium channels:
Facilitated ACh release in the urinary bladder was increased in a graded manner as Ca** concentration
in the bathing solution was increased from 1 to 2.5 mM, indicating that extracellular Ca™
concentration has an important role in the M, presynaptic facilitatory mechanism (9). The Ca** influx
which contributes to transmitter release from parasympathetic nerve terminals of the urinary bladder
occurs via several types of Ca?* channels. The relative importance of these channels varies under
different experimental conditions Under non-facilitatory stimulation conditions blockade of N
channels inhibits ACh release in mouse and rat bladder (33, 34, 35). Nifedipine, an L channel blocker,
did not significantly reduce release of ACh under non-facilitatory conditions. However, P and Q
channel blockers are effective in depressing excitatory transmission in the mouse bladder when
administered after blockade of N channels (34). Thus it would appear that under non-facilitatory
conditions, N channels play a prominent role, but that P and Q type channels can maintain a lower
level of transmitter release in the absence of N channels. A similar role for multiple types of Ca®*
channels has been demonstrated at other sites in the peripheral and central nervous system (36, 37).

In our studies in the rat bladder, enhancement of transmission by eserine, PDB or CS, all of which-
activate muscarinic presynaptic facilitatory mechanisms (9), unmasked a prominent contribution of
L channels to the release of ACh (35) (Fig. 4). The enhanced release (range: 2.4 to 11.8 fold) of ACh
induced by these three facilitating conditions was significantly reduced (range: 31 to 83%) by
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nifedipine, indicating a role for L type Ca® channels. In every instance in which nifedipine was
effective in reducing the facilitation, atropine also reduced or completely blocked the facilitation,
demonstrating an involvement of muscarinic receptors and indicating that muscarinic facilitation of
ACh release in the bladder is linked with L channel mechanisms.

The facilitation of ACh release induced by PKC activation was not completely abolished by nifedipine
(67%) nor by combined treatment with nifedipine and w-conotoxin ( w-CgTX) (79%) an N channel
blocker. The partial inhibition of the PKC-induced facilitation by L and N-type Ca* channel blockers
suggests that the PKC activation facilitates ACh release by mechanisms in addition to those dependent
on L and N type Ca®* channels; possibly involving P/Q type channels (34).

Based on the effectiveness of nifedepine, it appears that L channels play a major role in the facilitation
of ACh release by eserine (70% and 83% inhibition of release) as well as in the PDB enhancement of

ACh release (67% inhibition of release), but a
254 . lesser role (31% to 43% inhibition of release) in
the facilitation evoked by CS (Fig 4.). This
effectiveness correlates with the magnitude of
the facilitation and presumably the level of
muscarinic receptor activation; ie., eserine
produces the largest facilitation (e.g. 17 fold
increase in ACh release) and CS produces a
much smaller facilitation (e.g. 5.5 fold increase
in ACh release)(35).

Fractional release of ACh (%

Fig. 4. . s e
The effect of the L-type Ca® channel activation by BAY-K The remainder of the facilitation produced
8644 and L and N-type channel blockade on the facilitated ~ during CS appears to be due to activation of N
release of ACh in the urinary bladder. Note that the L-type  type Ca®" channels since combined treatment
channel blocker nifedipine significantly inhibited ACh with nifedipine and alow concentration (20nM)
release; whereas the N-type channel blocker w-conotoxin (- of -CgTX produced an almost complete block
Cgtx) alone did not block the release. A combination of of ACh release (86-91% inhibition) (Fig. 4).

nifedipine and w-CgTX markedly suppressed release. However, the administration of a higher

concentration (100nM) of w-CgTX alone did
not alter CS facilitation of ACh release. These data indicate that at cholinergic terminals Ca>* influx
through L channels is sufficient to produce a maximal CS-facilitation. However, after blockade of L-
channels, Ca?* influx through the N- channels can maintain approximately 50% of the muscarinic
facilitation (35) .

The effectiveness of L channels to facilitate transmitter release in the urinary bladder was also
demonstrated with BAY-K 8664, an agent that enhances the opening time of L. channels (Fig. 4) (16).
During IS, BAY-K 8664 elicited a large increase in ACh release (5 fold increase) This is consistent
with the more prominent role of L channels in the CS-induced facilitation of cholinergic transmission.
The effects of BAY-K 8664 were also reduced by atropine indicating that the increased concentrations
of ACh after Ca® channel activation are able to activate muscarinic autoreceptors to augment the
direct facilitatory action of BAY-K 8664 on L channels.

Because the facilitation of ACh release depends upon activation of muscarinic receptors, L channels
and PKC, it is tempting to speculate that muscarinic receptors act through a G protein to stimulate
phospholipase C which then increases the levels of diacylglycerol leading to the activation of PKC and
the subsequent phosphorylation and facilitation of the L channels (Fig. 5). The final step in this
hypothetical pathway receives support from other studies showing that: a) activators of PKC facilitate
transmission at various sites (16), b) PKC enhances L channel currents (38) and ¢) Ca** channel
subunits can be phosphorylated by PKC (38).

In contrast to the results obtained at nerve terminals in the urinary bladder, muscarinic receptor
mediated enhancement of Ca* channels is not a common finding at other sites in the nervous system.
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Indeed most studies have shown that muscarinic agonists inhibit Ca** channels (36, 38; 40) and/or
inhibit transmitter release (41, 42). Thus bladder efferent pathways seem to be unusual in this regard.
Consistent with the present findings it has recently been reported that muscarinic agonists can enhance
L type Ca® channel currents in the neurons of the major pelvic ganglia (43). A subpopulation of these
neurons provide the excitatory innervation to the bladder. This effect contrasts with the well known
inhibitory effect of muscarinic agonists on N and L type Ca** currents in sympathetic neurons from the
superior cervical ganglion (40).

6. Plasticity of the presynaptic muscarinic receptors in the bladder:

The urinary bladder in the rat undergoes a profound morphological and functional plasticity after
spinal cord injury. After the initial phase of spinal shock, a spinal reflex pathway emerges that
mediates automatic micturition and bladder hyperreflexia (44). In addition, coordination between the
external urethral sphincter and the bladder is lost resulting in functional bladder outlet obstruction and
an increase in bladder mass (45) which is accompanied by changes in the properties of the bladder
afferent (46) and efferent pathways (47). The above described changes in bladder function in spinal
cord transected (SCT) rats were also accompanied by a significant change in ACh release from
bladder nerves (48). These changes in ACh release were detected using a range of stimulation
frequencies in bladder strips from neurally intact (NI) and SCT rats. In NI rats ACh release was not
facilitated with CS at 2 Hz, 100 shocks but some facilitation occurred at 5 Hz and more prominently
at 10 and 40 Hz indicating a positive correlation between the degree of facilitation and the stimulation
frequency. However, when the frequency dependence of ACh release was analyzed in the SCT bladder
strips, it was noted that the release was facilitated at 2 Hz and reached a maximum at 10 Hz indicating
a left shift of the frequency response curve (Fig 6).

Since facilitation of ACh release

i Nifedipi -CgTX « . g e . .
%B’Rr?%p(&; (::”M " H-7 fedipine @97 isinhibited by atropine, atropine
ropine i 5! y uf 23 '+ :
~Kn P e phobal K\c"’ oa can be used to determine the
\" _ dibutyrate | v I degree of presynaptic M,

- v-}---H- facilitation of transmitter release.

@) »L \ L N The release of ACh at 2 and 5
Q DAG '“""‘°' channel  Hz stimulation in NI bladders

0. T was unchanged in the presence

of atropine indicating that there

was minimal M, facilitation

o under these conditions; whereas
\) ACh release was reduced by
atropine at 10 and 40 Hz
indicating that the release was

Fig. 5 facilitated at these frequencies
Schematic diagram of cholinergic terminals in the bladder showing the likely However atropeiilee Slg)presse(i

intracellular signalling mechanisms underlying the facilitation of transmitter .

release by muscarinic receptor (M) activation. G: G protein; PLC: ACh release n SCT bladders at

phospholipase C; PKC: protein kinase C. Agonists: solid arrows; antagonists: 2 and 5 Hz indicating that M,
facilitation must occur at a lower

dotted arrows.
frequency range in SCT bladders

strips (48) (Fig. 6).

The possible explanation for the left shift of the frequency response curves in SCT bladder strips is
that the presynaptic facilitatory muscarinic receptors or the signal transduction mechanisms are
upregulated in SCT bladders and thus the facilitation occurs in a lower frequency range (2-5 Hz),
where normally there is no or very slight facilitation of AChrelease. As aresult there is a more intense
muscarinic facilitation of ACh release at 2-5 Hz stimulation and a more prominent effect of atropine
to inhibit ACh release in SCT bladder strips than in NI bladder strips. An alternative explanation is
that presynaptic inhibitory muscarinic receptors are down-regulated in SCT bladders. The down
regulation of presynaptic M, muscarinic receptors under pathological circumstances has been
previously described in the lung (49).
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Interestingly the subtype of the facilitatory muscarinic receptors also appeared to be changed in SCT
bladders. This conclusion is based on the relative effectiveness of the M, receptor selective blocker,
pirenzepine and the M; selective blocker, 4-DAMP

g to suppress the facilitation. While in NI bladders the
5 o facilitation was blocked by pirenzepine (10-20 nM),
% the same concentration was ineffective in SCT
2 3] —e—sCT bladders. Conversely, in SCT bladders 4-DAMP
g = N was effective in a much lower concentration(10 nM)
3 % —O-ArNI than in NI bladders, indicating that M, rather than
£ 1] —O~Alr SCT M, muscarinic receptors mediate the facilitatory
e . release in SCT bladder preparations (50).

2 5 10 20 40 7. Conclusions: ,
Frequency (Hz) The efferent signals passing to the bladder from the
Fig. 6. spinal cord are amplified by  facilitatory

Frequency dependence of ACh release from neurally mechanisms either at the level of the bladder ganglia
intact (NI) and spinal cord transected (SCT) rats. The (cats) or at the parasympathetic nerve terminals (rat,
release of ACh was evoked by 100 shocks delivered at rabbit, human). The latter facilitation is mediated by
different frequencies, The release values in NI and SCT presynaptic M, muscarinic receptors. This
bladders are significantly different from each other facilitatory mechanism is upregulated after spinal

(P<0.05) at 5 and 10 Hz. Atropine significantly reduced s . .
ACh release in NI bladder strips at 10Hz and 40 Hg SOTdinjury and appears to be mediated by a different

stimulation, however in SCT bladders atropine reduced receptor subtyP e, ie., M; instead of M,. Muscar{nlc
the release at all frequencies. receptors are important targets 'for the medical

treatment of bladder hyperactivity. However, a
major side effect of antimuscarinic agents is dry mouth due to blockade of M; receptors in the
salivary glands. If presynaptic muscarinic facilitatory receptors are restricted to the bladder and not
present in the salivary glands, then it is possible that drugs targeting these receptors might exhibit
some degree of uroselectivity and reduce bladder hyperactivity with fewer side effects.
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Summary

Normal physiological voiding as well as generation of abnormal bladder
contractions in diseased states is critically dependent on acetylcholine-induced
stimulation of contractile muscarinic receptors on the smooth muscle (detrusor)
of the urinary bladder. Muscarinic receptor antagonists are efficacious in treating
the symptoms of bladder hyperactivity, such as urge incontinence, although the
usefulness of available drugs is limited by undesirable side-effects. Detrusor
smooth muscle is endowed principally with M, and M3 muscarinic receptors with
the former predominating in number. M; muscarinic receptors, coupled to
stimulation of phosphoinositide turnover, mediate the direct contractile effects of
acetylcholine in the detrusor. Emerging evidence suggests that M, muscarinic
receptors, via inhibition of adenylyl cyclase, cause smooth muscle contraction
indirectly by inhibiting sympathetically (B-adrenoceptor)-mediated relaxation. In
certain diseased states, M, receptors may also contribute to direct smooth muscle
contraction. Other contractile mechanisms involving M, muscarinic receptors,
such as activation of a non-specific cationic channel and inactivation of
potassium channels, may also be operative in the bladder and requires further
investigation. From a therapeutic standpoint, combined blockade of M; and M3
muscarinic receptors would seem to be ideal since this approach would evoke
complete inhibition of cholinergically-evoked smooth muscle contractions.
However, if either the M, or M; receptor assumes a greater pathophysiological
role in disease states, then selective antagonism of only one of the two receptors
may be the more rational approach. The ultimate therapeutic strategy is also
influenced by the extent to which pre-junctional M, facilitatory and M,
inhibitory muscarinic receptors regulate acetylcholine release and also which
subtypes mediate the undesirable effects of muscarinic receptor blockade such as
dry mouth. Finally, the consequence of muscarinic receptor blockade in the
central nervous system on the micturition reflex, an issue which is poorly studied
and seldom taken into consideration, should not be ignored.

Key Words: muscarinic receptors, bladder, detrusor, incontinence, M, muscarinic receptors, M; muscarinic
receptors

The process of micturition is critically dependent on the operation of a spinal-bulbospinal
reflex which comprises afferent (sensory) and efferent (motor) peripheral pathways which are
integrated and co-ordinated at spinal and supra-spinal centers (1). The lumbosacral
parasympathetic outflow provides the excitatory motor input to the urinary bladder smooth
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muscle (detrusor). Activation of the parasympathetic system is the major pathway by which
bladder contraction, and thus voiding, is achieved in man and primates (2). During the filling
phase, the parasympathetic drive is normally supressed thereby facilitating relaxation and low
pressure urine storage. However, in patients with various forms of detrusor hyperactivity, it is
thought that excessive cholinergic input accompanied by muscarinic receptor supersensitivity
contributes to the generation of involuntary detrusor contractions resulting in urinary
incontinence (3). This underlies the established usefulness of muscarinic receptor antagonists,
such as oxybutynin, in the treatment of urinary incontinence (3). The clinical utility of available
muscarinic antagonists is limited by their anti-cholinergic side-effects, mainly dry mouth.
Given the heterogeneity of muscarinic receptors, it may be possible to develop compounds with
receptor subtype specificity and greater selectivity for the bladder, provided one has a precise
understanding of the localization, pharmacology and functional role of the different receptors in
the urinary bladder. The primary objective of this article is to review the current knowledge in
this area from a multidisciplinary standpoint. The reader is also referred to recent reviews on
muscarinic receptors which cover additional aspects of smooth muscle pharmacology including
other genitourinary tissues (4, 5, 6).

Molecular and radioligand binding studies

The techniques of northern blot hybridization, reverse transcriptase polymerase chain reaction
(RT-PCR) and immunoprecipitation have yielded useful knowledge on the identity of the
muscarinic receptors in the bladder at the mRNA/protein level. Northern blot hybridization
analyses using receptor specific probes have revealed the presence of only m; and m3 mRNA in
the rat (7, 8) and pig (7) bladder. In semi-quantitative RT-PCR experiments, the presence of
only m; and m transcripts (1:1) could be detected in the human bladder (9). In contrast, studies
in the rat bladder have found m;, m;, ms and my transcripts (10). Using antisera directed against
each of the five muscarinic subtypes, only m; and ms subtypes could be precipitated from rat
(11, 12), rabbit (12), guinea-pig (12) and human (12) bladder membranes. Furthermore, it was
shown that the my: mj; ratio was 9:1 in the rat bladder and 3:1 in the bladders of other species
studied.

Saturation binding studies using non-selective radioligands ((*H]-N-methyl scopolamine, [H}-
quinuclidinyl benzylate) have established that the urinary bladder, regardless of species, is
enriched with muscarinic binding sites whose density has been reported to be in the range of 80
to 450 fmoles/mg of protein (13 — 18). High affinity specific [*H]-pirenzepine binding sites
have reported to be either absent (19) or present in low density (20) in the urinary bladder
excluding a major M receptor population in this tissue. The existence of multiple binding sites
in the rat urinary bladder was suggested by Monferinni et al. (17) who demonstrated that AF-
DX-116 competed for specific muscarinic binding sites labelled by [°H]-N-methyl scopolamine
in a heterogenous manner consistent with high affinity (possibly My) and low affinity (possibly
Ms) sites in the ratio of approximately 9: 1. However, studies in the rabbit (21), guinea-pig
(22), pig (18) and human (18, 23) bladder have indicated the almost exclusive presence of M,
receptors. One study in the human bladder has, surprisingly, shown the predominance of M3
receptors (20). While some of these discrepant findings may be species related, a more
plausible explanation is that the experimental conditions (ligand and ionic strength of buffer
used) in some of these reported studies were not optimal for allowing discrimination between
M, and M; muscarinic receptors. It is well know that the ionic strength of buffer in radioligand
binding studies affects the affinity estimates of ligands especially those which display M;
receptor selectivity (24). Indeed, competition binding studies conducted in Tris-EDTA buffer
and using tripitramine (25), a ligand that displays >100-fold selectivity for M, over M
receptors have clearly shown a dominant (60 — 80%) M, population (high affinity for
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triptramine, pK; = 9.4) and a smaller (20 — 40%) M3 population (low affinity for triptramine,
pK; = 7.1) in the urinary bladder of rat (26) and man (Fig. 1A & B). ‘

Overall, the results from radioligand binding studies closely parallel the findings from
immmunological studies which have also shown the greater abundance of the m; receptor
protein compared to the mj; receptor protein. Few studies have sought to investigate the
regional distribution of M, and M; receptors in the bladder body. This avenue of research may
be worthy of pursuit since the bladder dome and base have different functions during the
voiding phase.
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FIG. 1

Displacement of [*H]-N-methyl scopolamine specific binding by tripitramine in membranes
from rat (A) and human (B) bladder. Membranes were incubated with 1 nM [PH]-N-methyl
scopolamine and various concentrations of tripitramine in 50 mM Tris-EDTA buffer for 1.5 —
2 h at 25°C. Non-specific binding was defined with 1 pM atropine. The data are consistent.
with a heterogenous population of two sites: one with a high affinity for tripitramine (pK; g =
9.3 — 9.5) and the other with a low affinity for tripitramine (pK; @) = 7.1). The two sites,
corresponding to M, and M; receptors, are present in the ratio of approximately 4:1 in the rat
bladder and 3:2 in the human bladder.

Receptor-Effector mechanisms

Co-immunoprecipitation studies in the rat bladder (12) have shown that the m; and mj3 receptor
proteins couple to the Gi and G family of guanine nucleotide proteins, respectively,
activation of which would be expected to result in inhibition of adenylyl cyclase and
stimulation of phospholipase C, respectively.

Muscarinic receptor stimulation induces phosphoinositide hydrolysis in the guinea-pig (27), rat
(8) and human (19, 28) urinary bladder. The elevated levels of inositol phosphates presumably
causes release of intracellular calcium. The receptor mediating the phosphoinositide-
stimulatory response, which undergoes rapid and homologous desensitization (29), has been
pharmacologically characterized in cultured human detrusor cells (Fig. 2A) and shown to
display a high affinity (pA,) for 4-DAMP (9.0), an intermediate affinity for p-F-HHSID (7.4)
and a low affinity for pirenzepine (6.9) and methoctramine (6.3); these data being consistent
with the involvement of M3 muscarinic receptors (30).

Muscarinic agonists have been shown to inhibit adenylate cyclase in the rabbit (19), guinea-pig
(27) and human (19) bladder. This mechanism, under physiological conditions, may serve to
oppose B-adrenoceptor-mediated augmentation of cAMP levels in bladder smooth muscle (see
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below). Daniels et al. (31) have recently characterized the pharmacology of this response in
cultured human detrusor cells in which carbachol produces robust inhibition of forskolin-
stimulated cAMP accumulation (Fig. 2B). The inhibitory response to carbachol was
concentration-dependently inhibited by subtype-selective antagonists yielding the following
affinity estimates (pKg): pirenzepine (< 6.0), darifenacin (< 6.8), AQ-RA-741 (8.7),
tripitramine (8.9), PD 102807 (6.1), MT3 (< 5.0), himbacine (8.2); these values equate with the
pharmacologically defined M, receptor.
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FIG. 2

Muscarinic M;s-receptor mediated stimulation of phosphoinositide turnover (A) and M,-
receptor-mediated suppression of forskolin (For.)-stimulated c-AMP accumulation (B) in
cultured human detrusor cells. Data for (A) and (B) are taken from references (30) and (31),
respectively.

M, receptor-mediated signaling mechanisms, apart from inhibition of adenylate cyclase, have
been demonstrated in non-bladder smooth muscle and may also be operative in the urinary
bladder. For example, in the ileum of the guinea-pig, Ma-receptor agonism causes opening of
non-selective cation channels resulting in depolarisation (32) and, consequently, influx of
calcium. A similar mechanism has, thus far, not been demonstrated in the detrusor. In certain
tissues, such as canine colon, M, muscarinic receptor activation causes direct inhibition of
conductance through potassium channels (33). Interestingly, two studies have demonstrated an
inhibitory effect of carbachol on Karp (34) and Ca 2 activated K-channels (35) in bladder
smooth muscle from the guinea-pig and rat, respectively, although the pharmacology of these
responses were not thoroughly investigated. Lastly, M receptors in the bladder could
potentially activate Rho proteins, as demonstrated in airway smooth muscle (36), and cause
Ca®" sensitization of the contractile machinery.

Functional studies

Pharmacological antagonist characterization of muscarinic receptors mediating direct
contraction of detrusor muscle in rat (12, 37, 38) rabbit (39), mouse (40) guinea-pig (27),
monkey (41) and human (42) bladder suggests the singular involvement of M; receptors (Fig.
3A). This raises questions about the functional role of the M, receptor, which predominates in
every species studied.
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Emerging evidence, however, appears to shed light on the role of M, receptors in the bladder.
Under conditions in which M3 receptors are selectively alkylated, M receptors were shown to
reverse B-adrenoceptor-mediated relaxation (referred to as indirect contraction or re-
contraction) (38, 43) (Fig. 3B). In anesthetized rats, methoctramine, a selective M, receptor
antagonist, potently inhibits reflex volume-induced bladder contractions (38). Furthermore, pre-
treatment with propranolol decreased the inhibitory potency of methoctramine. Also, the
inhibitory potency of several antagonists correlated most favorably with their affinity for M
muscarinic receptors. These findings suggest that the role of M, receptors in the bladder may be
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FIG. 3

Demonstration of direct (Ms) and indirect (M) muscarinic contractile mechanisms in the
rat isolated bladder. A: Under standard assay conditions, (+)-cis-dioxolane produces
concentration-dependent  direct contractile responses which are antagonized by
methoctramine and darifenacin with affinity estimates (5.9 and 8.5, respectively) which are
consistent with the singular involvement of M3 muscarinic receptors. B: Under conditions
in which M receptors are preferentially alkylated (exposure to 4-DAMP mustard (40 nM,
1h) in the presence of methoctramine (0.3 uM)) and adenylyl cyclase is stimulated
(isoproterenol-induced relaxation of KCl-precontracted tissues)), (+)-cis-dioxolane
produces concentration-dependent recontractions (RECONT.) which are antagonized by
methoctramine and darifenacin with affinity estimates (6.8 and 7.6, respectively) that are
consistent with the involvement of both M, and M; muscarinic receptors. Data reproduced
from reference (38).
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to oppose B-adrenoceptors, activation of which facilitates bladder relaxation during urine
storage. It can therefore be postulated that, during bladder voiding, M3 receptors cause direct
smooth muscle contraction whereas M, receptors reverse sympathetically mediated smooth
muscle relaxation and these two effects synergise to cause more efficient discharge of urine.

Interestingly, this role of M, receptors appears to be enhanced during aging (26). Another
intriguing finding, which requires confirmation, is that following pelvic denervation or spinal
cord injury, M, receptors contribute to direct contractile responses in the urinary bladder (44).
Overall, the data suggest that both M, and M3 receptors may be functionally operative in the
detrusor, although their relative contributions may be altered during aging and by disease.

Parasympathetic nerves innervating the urinary bladder are endowed with pre-junctional
inhibitory and facilitatory muscarinic receptors that are differentially activated, depending upon
the frequency of nerve stimulation (10, 39, 45-50). At low frequences the inhibitory receptors
are preferentially activated, whereas the facilitatory mechanism predominates at high
frequencies. The prejunctional facilitatory muscarinic receptor appears to be M, in the rat (10,

46), rabbit (39) and human (48) urinary bladder and operates through a phospholipase C-
protein kinase C signal transduction pathway (49). The identity of the pre-junctional inhibitory
muscarinic receptor is at present a subject of controversy. It has been classified as M, or My in
the rat (10, 46, 51) rabbit (39, 47) and guinea-pig (50) bladder.

It has been proposed that the pre-junctional facilitatory M; muscarinic receptor in the bladder
modulates parasympathetic excitatory input to the bladder and serves as an amplification
mechanism during voiding. Although these receptors can be shown to modulate acetylcholine
release and contractile responses under in vitro conditions, evidence for their involvement in
vivo is rather tenous. For example, pirenzepine, which possesses selectivity for M receptors,
does not potently inhibit volume-induced bladder contractions in the anesthetized rat (38).
Nevertheless, one cannot dismiss a role of facilitatory M; receptors in the setting of
pathological conditions.

It is surprising that the role of central muscarinic receptors in bladder function has seldom been
investigated given the obligatory role of spinal and supra-spinal regulatory mechanisms in the
operation of the micturition reflex. Indeed, a notion which is rarely contemplated is that the
therapeutic efficacy of antimuscarinics may be due, in part, to blockade of central muscarinic
receptor blockade. It is possible that future endeavors to elucidate the central muscarinic
subtypes involved in lower urinary tract function may uncover novel targets for drug
intervention.

Therapeutics

Oxybutynin (52), propantheline (53) and more recently, tolterodine (54), are marketed anti-
muscarinics for treating the symptoms of urge incontinence. Oxybutynin displays some modest
(~ 7-fold) M3 over M, selectivity whereas both propantheline and tolterodine are non-selective
muscarinic receptor antagonists. In clinical trials, tolterodine has been shown to produce a
slightly lower incidence of dry mouth, compared to oxybutynin, although the mechanistic basis
of this observation is unclear (55). However, at tolerated therapeutic doses (1 and 2 mg, b.i.d),
tolterodine produces only modest improvement in symptoms. Among the new chemical entities
that are being clinically evaluated for urge incontinence, darifenacin (56), temiverine (NS-21)
(57), vamicamide (58), YM 46303 (59) are in the most advanced stage of development.
Darifenacin, which displays selectivity for M3 receptors, is expected to cause less tachycardia
owing to its low affinity for M; receptors but is expected to cause dry mouth. Vamicamide,
temiverine and YM-46303 are muscarinic antagonists which possess negligible or modest
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selectivity for M; receptors and are in different stages of clinical development for urinary
incontinence. The bladder-selective properties of vamicamide results from selective
accumulation in this tissue. Temiverine differs from other compounds in that it is also a potent
calcium-channel blocker. Finally, sustained-release oral formulations of oxybutynin (60) are
being developed for urge incontinence. While these products will clearly have a dosing
advantage (q.d. as opposed to t.i.d. with conventional oxybutynin), it is unclear whether they
would possess a better safety profile.

Filling Voiding
phase

Detrusor
relaxation

FIG. 4

A schematic diagram summarizing proposed mechanims underlying the stimulatory effects of
parasympathetic nervous system on the voiding process. During the filling phase, the
sympathoinhibitory drive to the bladder is tonically active and norepinephrine (NE) increases
the compliance of the bladder through B-adrenoceptor mediated relaxation of the detrusor (via
stmulation of adenylyl cyclase (AC)). The parasympathetic drive to the bladder, which is
normally supressed during the filling phase, is augmented during the voiding phase.
Acetylcholine (Ach), released from post-ganglionic cholinergic nerves interacts with post-
junctional M; muscarinic receptors to cause direct detrusor contraction (via phospholipase C
(PLC) stimulation) whereas activation of post-junctional M, muscarinic receptors inhibit B-
adrenoceptor mediated stimulation of AC thereby causing reversal of the relaxant tone to the
bladder. This dual mechanism causes more efficient and complete voiding of urine. Other
postulated M, contractile mechanisms, demonstrated in other smooth muscles and which could
also be operative in the bladder, include inhibition of K channels, activation of non-specific
cation channels and stimulation of Rho proteins. The magnitude of the post-junctional response
is also determined by the extent to which pre-junctional inhibitory (M»/M,) and facilitatory
(M) muscarinic receptors modulate Ach release.
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Conclusions

An extensive body of evidence, emanating from immunological, RT-PCR, northern blot and
radioligand binding studies, suggests that the muscarinic receptor protein/mRNA population in
the urinary bladder smooth muscle is comprised primarily of My/m, and Ms/m; receptor
subtypes with the former predominating in number. The role of Mj receptors in mediating
direct detrusor contraction is undisputed (Fig. 4). Emerging evidence that M, muscarinic
receptors cause smooth muscle contraction indirectly by inhibiting sympathetically (B-
adrenoceptor)-mediated relaxation and may also contribute, in certain diseased states, to direct
contractile responses (Fig. 4). Other contractile mechanisms involving M, muscarinic
receptors, such as activation of a non-specific cationic channel and inactivation of Karp
channels, may also perhaps be operative in the bladder and require further investigation (Fig.
4).

From a mechanistic standpoint, combined blockade of M; and M3 muscarinic receptors would
be therapeutically rewarding since this approach would evoke complete inhibition of
cholinergically-evoked smooth muscle contractions. However, if either M or Mj; receptors
assumes a greater pathophysiological role in disease states, then selective antagonism of only
one of the two receptors may be the more rationale approach. The ultimate therapeutic strategy
is also influenced by which subtypes mediate the undesirable effects of anti-muscarinic
blockade such as dry mouth. Additionally, since blockade of prejunctional (inhibitory and
facilitatory) receptors can potentially influence the amount of acetylcholine released and,
consequently, the magnitude of the post-junctional response, this element needs to be weighed
in while targeting antagonists for one or more muscarinic receptors. Lastly, the effects of
muscarinic receptor blockade in the central nervous system on bladder function, an issue which
is seldom taken into consideration, should not be ignored.
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Summary

In vitro bladder contractions in response to cumulative carbachol doses were
measured in the presence of selective muscarinic antagonists from rats which had their
major pelvic ganglion bilaterally removed (denervation, DEN) or from rats in which
the spinal cord was injured (SCI) via compression. DEN induced both hypertrophy
(505+51 mg bladder weight) and a supersensitivity of the bladders to carbachol
(EC4=0.7+0.1 uM). Some of the SCI rats regained the ability to void spontaneously
(SPV). The bladders of these animals weighed 184+17 mg, significantly less than the
bladders of non voiding rats (NV, 644492 mg). The potency of carbachol was greater
in bladder strips from NV SCI animals (ECy=0.54+0.1 uM) than either bladder strips
from SPV SCI (EC,,=0.93+0.3 uM), DEN or control (EC4=1.2+0.1 uM) animals.
Antagonist affinities in control bladders for antagonism of carbachol induced
contractions were consistent with M, mediated contractions. Antagonist affinities in
DEN bladders for 4-diphenlacetoxy-N-methylpiperidine methiodide (4-DAMP, 8.5)
and para fluoro hexahydrosilodifenidol (p-F-HHSID, 6.6); were consistent with M,
mediated contractions, although the methoctramine affinity (6.5) was consistent with
M, mediated contractions. p-F-HHSID inhibited carbachol induced contraction with
an affinity consistent with M, receptors in bladders from NV SCI (pKb=6.4) animals
and M; receptors in bladders from SPV SCI animals (pKb=7.9). Subtype selective
immunoprecipitation of muscarinic receptors revealed an increase in total and an
increase in M, receptor density with no change in M; receptor density in bladders
from DEN and NV SCI animals compared to normal or sham operated controls. M;
receptor density was lower in bladders from SPV SCI animals while the M, receptor
density was not different from control. This increase in M, receptor density is
consistent with the change in affinity of the antagonists for inhibition of carbachol
induced contractions and may indicate that M, receptors or a combination of M, and
M, receptors directly mediate smooth muscle contraction in bladders from DEN and
NV SCI rats.

Key Words: muscarinic receptors, bladder, spinal cord injury, incontinence, denervation

Acetylcholine, through its action at muscarinic receptors on smooth muscle cells, is the primary
neurotransmitter controlling bladder voiding (1, 2). Muscarinic receptor density and the contracile
response of bladder smooth muscle to muscarinic stimulation are greatest in the dome and lowest
in the base, allowing efficient bladder emptying (3). Pharmacological, biochemical and molecular
data provide ample evidence that muscarinic receptors are heterogenous in nature (4, 5, 6).
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Pharmacologic data, based on the actions of subtype selective antimuscarinic agents, can distinguish
at least three distinct subtypes of muscarinic acetylcholine receptors (M;, M,, and M;, 7). Molecular
techniques have identified five muscarinic receptor subtypes (6) arising from five separate genes.
Immunological and molecular studies revealed that most tissues including the urinary bladder
express a mixture of subtypes (8, 9).

Binding and subtype selective immunoprecipitation studies demonstrate that the majority of
muscarinic receptors in the urinary bladder are of the M, subtype (10, 11). On the other hand,
pharmacological studies using subtype selective antagonists indicate that the M, receptor subtype
mediates smooth muscle contraction (10). The M, receptor may be involved in inhibition of B-
adrenergic receptor induced relaxation. A contribution of the M, receptor to contraction in normal
bladder tissue can only be demonstrated indirectly, when the majority of M; receptors are
inactivated in an environment of increased B-adrenergic receptor activation and when the tissue is
prestimulated with a contractile agent such as potassium chloride (12, 13). The presence of
prejunctional M, facilitory and M, inhibitory receptors on parasympathetic nerves innervating the
rat bladder has been demonstrated both by acetylcholine release (14, 15) and muscle contraction
studies (16).

Unlike other mammalian species, the normal rat bladder does not contain intramural ganglia (17).
Bilateral ablation of the rat major pelvic ganglion (denervation, DEN) results in degeneration of
bladder axons (18) and a rat unable to void. When the spinal cord of rats is damaged at T9 (SCI-
decentralized), the rats frequently lose the ability to void spontaneously. The nonvoiding rat
bladders hypertrophy. Consequently, both DEN and SCI results in hypertrophy of the urinary
bladder. SCI rats have intact peripheral innervation of the bladder, although many can not void
spontaneously apparently due to damage of the spinal cord which blocks the message to void from
the micturition center. Thus, DEN and SCI are two different models of neurologic damage which
can result in a nonvoiding animal. We compared the function and density of muscarinic receptor
subtypes from the urinary bladders from SCI and DEN rats.

We measured the density of total, M, and M, receptors by subtype selective immunoprecipitation
and calculated affinity values for a panel of muscarinic antagonists for inhibition of carbachol
induced contractions three weeks after bladder denervation. Similar studies were performed on rats
10 days after SCI in order to compare the effects of DEN with decentralization on the density and
function of muscarinic receptor subtypes in the rat urinary bladder.

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 (Sigma Chemical Company, St. Louis, Mo), methoctramine,
4-DAMP, 4-DAMP mustard, and p-F-HHSID (Research Biochemicals International, Natick, MA),
[*HIQNB (43 Ci/mM Dupont-New England Nuclear Research Products, Wilmington, DE),
pansorbin (Calbiochem Inc., La Jolla, CA), digitonin (Gallard-Schlesinger Industries Inc., Carle

Place, NY).

Surgery: Rats (200-250 g female Sprague-Dawley rats from Ace Animals Inc., Boyertown, PA)
were anesthetized with 2% isoflurane in oxygen and a midline incision was made in the lower
abdomen. For bilateral denervation, both the left and right major pelvic ganglion were cauterized
with a Valleylab Inc.(Boulder, CO) handstitching pencil attached to a Model SSE 2 solid state
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electrosurgery device (Valleylab Inc., Boulder, CO). For sham operated animals, the plexus was .
exposed but left intact. For spinal cord injury a T8-T10 laminectomy was performed and the cord
was compressed with a 35 g weight for 10 min at T9. After surgery, urine was expressed by the use
of manual pressure on the lower abdomen of the animals twice daily.

Muscle Strips: Urinary bladders were removed from rats euthanized 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 mid-sagittal plane, then cut into longitudinal smooth muscle
strips (approximately 4 mm x 10 mm). The muscle strips were then suspended with 1 g of isometric
tension in tissue baths containing 15 ml of modified Tyrodes solution (125 mM NaCl, 2.7 mM KCl,
0.4 mM NaFL,PO,, 1.8 mM CaCl,, 0.5 mM MgCl,, 23.8 mM NaHCO,, and 5.6 mM glucose) and
equilibrated with 95/5% 0,/CO, at 37 °C. The strips were tested for their ability to contract in
response to electric field stimulation of 8 volts, 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) in order 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 approximately 1.25 cm
apart in 15 ml organ baths (Radnoti Glass Technology, Monrovia, CA).

Carbachol Concentration-Effect: Following equilibration to the bath solution for 30 minutes,
bladder strips were incubated for 30 minutes in the presence or absence of antagonist.
Concentration-effect curves were derived from the peak tension developed following cumulative
addition of carbachol (10 nM to 300 uM final bath concentration). An EC,, value for each strip was
determined from an nonlinear least squares sigmoidal curve fit of the data (Origin, MicroCal
Software, Inc., Northampton, Mass). The ECs, values determined in the presence of antagonist were
used to generate Schild plots in order to calculate pA, values for each antagonist. If the slope of the
Schild plot was not significantly different from unity, then the slope of the Schild plot was
constrained to unity in order to calculate the pKb value. When the slope of the Schild plot was
significantly less than unity, pA, values with slope are reported.

Immunoprecipitations: A two step solubilization procedure for immunoprecipitation (19) and
antibodies (10) were used as previously described. Muscarinic receptor density is reported as
fmoles/mg protein in the solubilized receptor preparations. '

Statistical and data analysis: Results are reported as means + S.E.M. The contractility data curves
were generated by a curve fitting program (Origin, MicroCal Software, Inc., Northampton, Mass)
based on a sigmoidal fit of the data for the concentration-effect curves and a linear fit for the Schild
plots. Statistical analysis of multiple group comparison was performed by analysis of variance
(ANOVA) with a post hoc Scheffé 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.

Results

General Findings: DEN induced hypertrophy of the rat urinary bladder. DEN bladders weighed
on average 505+51 mg ( n=9) which was significantly more (p<0.01) than sham operated DEN
bladders (98+5 mg, n=10). The bladders of SPV SCI animals weighed 184+17 mg (n=14),
significantly less than the bladders of NV SCI rats (64492 mg, n=10). Bladders from both SPV
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and NV SCI animals weighed significantly more than bladders from sham spinal cord injured animals
(105+5 mg, n=5). While the bladders from SCI animals contracted normally to electric field
stimulation, DEN bladders did not contract (data not shown).

Agonist Affinity: There was no difference between the ECy, values of carbachol for inducing
contractions in control and sham operated bladder strips (data not shown). As a consequence these
values were pooled for comparison to DEN bladders. The ECs, of carbachol for inducing
contractions in DEN bladders (0.71£0.09 pM) was significantly lower (p<0.05) than pooled sham
operated and control bladders (1.26+0.21 uM). The ECy, of carbachol for inducing contractions in
SPV SCI bladders (EC4;=0.93+0.3 uM) was not different from normal control or sham operated
control SCI bladders (1.8+0.3 pM), however the ECs, of carbachol for inducing contractions in NV
SCI bladders (EC;=0.54+0.1 uM) was significantly lower than either control.
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Fig. 1.

Carbachol Dose-Response Displacement curves and Schild plot (inserts) for p-F-HHSID,
Effect on Bladder Strips From Chronic Spinal Cord Injured Rats in-vitro. Each curve
represents the ‘average responses of muscle strip preparations expressed as the percent of
each individual strip’s maximal carbachol response. These maximal responses (average g
+ S.E.M.) for SPV SCI bladders were 2.5+0.3 for control (n=15); 3.10.3 (n=14) and
2.2+0.2 (n=14) for 0.3 and 3 pM p-F-HHSID respectively. The maximal responses for NV
SCI bladder strips were 2.4+ 0.3 for control (n=17); 2.7+0.3 (n=6), 2.1+ 0.2 (n=11), 2.6+
0.5 (n=13) and 2.5+ 0.6 (n=8) for 0.1, 0.3, 3, and 10 uM p-F-HHSiD respectively. There
was no significant difference in maximum between groups.

Antagonist Affinities: Schild analysis of the shift in the carbachol dose response curves for a series
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of muscarinic receptor antagonists revealed a dose dependent 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 M, receptors directly mediating muscle contraction (10,
16). However, as previously shown (20), in DEN bladders the affinities of 4-DAMP (pKb=8.510.2)
and p-F-HHSID (pKb=6.5+0.4) for inhibiting carbachol induced contractions are consistent with
M, receptors directly mediating muscle contraction (7, 12). The affinity of methoctramine for
inhibiting carbachol induced contractions in the DEN rat bladder (pA,=6.50.5) is consistent with
M, receptors directly mediating muscle contraction. This affinity is not different from the affinity
of methoctramine in control bladders. However, the slope of the Schild plot for DEN bladders was
0.60, significantly less than unity, as opposed to a slope not different from unity in control bladders.
In sham operated controls, the affinities of methoctramine (pKb=6.2+0.4) and p-F-HHSiD
(pKb=7.70.6) for inhibiting carbachol induced contractions are consistent with M, receptors
directly mediating muscle contraction as is the case in normal bladders. The affinity of p-F-HHSiD
for inhibiting carbachol induced contractions in bladders from NV SCI rats is consistent with M,
receptors directly mediating muscle contraction (pKb=6.4+0.2). However, in bladders from SPV
SCI and sham operated SCI animals, the affinity of p-F-HHSiD (pA,=7.9+0.2, slope=0.65,
pKb=7.5+0.2, respectively) is consistent with M; receptors mediating this response or possibly M,
and M, receptors in SPV SCT animals (Figures 1, 2).
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Fig. 2.

Antagonist Affinity for Inhibition of in-vitro Bladder Strip Contraction from Spinal Cord
Injured and Denervated Rats. Affinities were determined as described in methods.

Immunoprecipitation: The total muscarinic receptor density (fmoles/mg solubilized protein) in DEN
bladders was significantly (p<0.01) higher than in either sham operated or in unoperated control
bladders. Also as can be seen in figure 3, the density of M, 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 M, receptors. The sum of the M, and M; receptors
precipitated accounted for 87%, 92%, and 87% of the total receptors solubilized for unoperated
control, sham operated control, and denervated bladders, respectively.
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Total muscarinic receptor density in bladders from NV SCI animals was significantly higher
(p<0.01) than in control bladders. The increase in M, receptor density accounted for all this
increase, with no change in M, receptor density. Bladders from SPV SCI animals showed no
change in total receptor, or M, receptor density although there was a decrease in M; receptor
density. The sum of the M, and M; receptors precipitated accounted for 83%, 89%, and 87% of
the total receptors solubilized in bladders from NV SCIL, SPV SCI, and control animals, respectively.
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Fig. 3.

Precipitation of M, and M, Muscarinic Receptor Subtypes from the Bladder of Control,
DEN, SPV SCIL and NV SCI Rats. Receptors were labeled with [*H] QNB and
solubilized as described in Luthin et. @l (19). Data shown are average fmoles of
receptor/mg solubilized protein = S EM. from individual DEN (n=4) and NV SCI (n=6)
bladders, pooled normal (n=4) and pooled SPV SCI bladders (n=2) or the ratio of m2:m3
receptors. Protein concentration in the solubilized receptor preparation was
approximately 8% of the protein concentration in the crude homogenate. As compared
to filtration binding, approximately 50% of the muscarinic receptors were solubilized
(data not shown). ** denotes significant difference (p<0.01) from control.

Discussion

Bilateral ablation of the major pelvic ganglion produced rats unable to void. The bladders of these
animals were severely hypertrophied weighing 515% of control bladders. Compression injury to
the spinal cord of rats at T9 yielded two groups of animals with respect to their ability to void.
Some of the animals regained the ability to void spontaneously. The bladders from the SPV SCI
animals were mildly hypertrophied (187% of control). The rats that regained the ability to void
spontaneously on days 1 and 2 post-injury tended to have smaller bladders than the rats whose
spontaneous voiding recovered later (data not shown). The bladders from NV SCI rat were
severely hypertrophied weighing 657% of control bladders. Consistent with other reports, in
bladders from both NV SCI and DEN rats, we observed a shift to the left in the carbachol
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concentration effect curve termed “increased responsiveness” or “denervation induced
supersensitivity” (21, 22). The ECs, of carbachol for inducing contractions in these bladders was
significantly lower than in control bladders. The bladders from SPV SCI rats did not show a
supersensitivity to carbachol.

Despite the predominance of M, subtypes in rat bladder, pharmacologic evidence based on the
affinity of a panel of subtype selective muscarinic antagonists is most consistent with M; muscarinic
receptors directly mediating smooth muscle contraction (10, 20). Based on the pharmacological
data obtained with DEN and NV SCI rat bladders compared with normal and sham operated control
rat bladders, it appears that in these bladders, M, receptors provide a contractile function which is
mediated by M, receptors in normal and spontaneously voiding SCI bladders (Figure 2). The reason
that both 4-DAMP and p-F-HHSID produced affinities consistent with M, mediated contraction
while methoctramine yielded an affinity consistent with M; mediated contraction in DEN bladders
is unknown. The slope of the Schild plot of p-F-HHSID for inhibition of carbachol induced
contractions of SPV SCI bladders was less than one as was the slope of the Schild plot for
methoctramine inhitition of bladder contraction from DEN rats. One explanation for a Schild plot
having a slope of less than one is the interaction of more than one receptor subtype mediating the
response. It is possible that a combination of M, and M; receptors is mediating contraction in the
denervated and spinal cord injured hypertrophic bladder.

In general agreement with others, we show that denervation of the rat urinary bladder induced an
increase in the density of total muscarinic receptors (22, 23). The apparent change in function of
the M, receptor could be the direct result of the selective increase in M, receptor density in DEN
and NV SCI bladders (Figure 3). No increase in M, receptor density was seen in bladders from
SPV SCI rats. However, the M, receptor density in these bladders was lower than in normal
bladders.

The M,:M, receptor ratio is similar in both NV and SPV SCI bladders. Even though this ratio is
greater in SPV SCI rat bladders than in DEN bladders, M; receptors mediate carbachol induced
contractions in SPV SCI bladders while M, receptors mediate these contractions in DEN bladders.
Data from selective M, receptor alkylation studies using 4-DAMP mustard show that even though
a major proportion of M receptors are inactivated, carbachol induced contractions are still mediated
by M, receptors (24). Based on these finding, it appears that the absolute density of M, receptors,
is more important than the M,:M; 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 hypertrophied bladders may not allow for
straightforward comparison of the results between these paradigms.

In conclusion, in both DEN and NV SCI bladders unlike SPV SCI bladders, there is an increase in
M, muscarinic receptor density with no change in M, receptor density. The bladders from these
animals are severely hypertrophied and show an increased responsiveness to carbachol. The affinity
of muscarinic receptor antagonists for inhibition of carbachol induced smooth muscle contraction
switches from being consistent with M receptor mediated contraction in control bladders to M,
mediated or a combination of M, and M receptor mediated contraction in DEN and NV SCi

bladders.
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Summary

M, receptor stimulation results in the gating of nonselective cation channels in
several smooth muscle cell types. However the requirement for current activation
includes a rise in cytosolic calcium mediated by M, receptor induced calcium
release. This complex signaling system confers substantial complexity on the
interpretation of pharmacological experiments. M, and M, receptor stimulation
has also been linked to the inhibition of potassium channels in smooth muscle.
These signaling events are likely to play important roles in excitation/contraction
coupling.

Key Words: M, receptor, smooth muscle cells, M, signaling

Release of acetylcholine from parasympathetic nerves is the major determinant of tone in airway,
gastrointestinal, and genitourinary smooth muscle. The signaling mechanisms linking M,
muscarinic receptors to an increase in [Ca’]; in smooth muscle is well established, whereas the
molecular pathways and functional importance of signaling by postsynaptic M, receptors on
smooth muscle is poorly understood, despite the fact that these receptors comprise approximately
80% of the receptors in this tissue. In the heart, M, receptors couple to the opening of inward
rectifier potassium channels through the direct binding of By G protein subunits to the channel
(1-4). While this signaling pathway does not exist in smooth muscle cells, data from several
laboratories indicate that M, receptors on smooth muscle cells are linked to the opening of
another class of membrane ion channels, nonselective cation channels, and inhibit potassium
channel gating. This brief report will summarize information about the coupling processes
linking M, receptors and ion channels in smooth muscle.

M, Receptor Coupling to Nonselective Ion Channels in Smooth Muscle

The application of acetylcholine or muscarinic agonists to isolated smooth muscle cells results
in a stereotypic electrical response consisting of the transient activation of calcium-dependent
potassium and chloride channels, associated with the release of intracellular calcium, and the
sustained activation of nonselective cation channels. There is substantial agreement from several
laboratories that activation of nonselective cation channels which underlie slow excitatory
postsynaptic potentials (EPSP’s) observed following parasympathetic nerve stimulation of
smooth muscle preparations (5), requires M, receptor stimulation. The evidence for M, receptor
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involvement includes block of coupling by pertussis toxin (6-9), and the use of semi-selective
receptor antagonists and G/G, selective antibodies (9,10). However, the coupling is not as simple
as a unitary pathway between a single muscarinic receptor subtype and channel gating. While
a rise in [Ca®'; is not sufficient to activate the nonselective cation current (I,) (11-13), the
current is strongly facilitated by an increase in [Ca*"]; (11,14), resulting in a signaling process in
which a rise in [Ca®'],, as well as M, receptor binding, is required for channel opening (9,10).

In physiological terms, the dual nature of the coupling pathway translates to a requirement for
simultaneous stimulation of M, and M, receptors for current activation. This, of course, is exactly
what occurs when acetylcholine molecules are released from presynaptic nerve terminals and bind
the mixed population of M, and M; receptors expressed on the surface of smooth muscle cells.
In the laboratory, however, the dual requirement of M, receptor stimulation and a rise in [Ca™);
confers substantial interpretive difficulty on physiological experiments attempting to assess the
functional importance of M, receptors. Figures 1 and 2 illustrate this point and demonstrate the
requirement of simultaneous M, receptor coupling and increased [Ca®™); to activate I, the
experiments shown are from single equine tracheal myocytes loaded with the calcium-sensitive
fluorophor, fura-2 (9,10). As shown in Figure 1, if calcium release is evoked (and subsequent
release prevented) by exposure to caffeine, stimulation of M, and M, receptors is not sufficient
to activate I.,. The receptor subtype requirement is further dissected in Figure 2.

mACH (50 uM
SHEQM
Caffeine (8 mM)
/-
=
g [ v/ /-
L
§ [ —~// /)
105
Fig. 1

Muscarinic stimulation, but not calcium release, activates an Iyt current. Application of
caffeine to a single smooth muscle cell voltage-clamped at —60 mV induces a transient increase in
[CaZt]1 (upper trace) and a transient calcium-activated chloride current (lower trace). Application
of methacholine (mMACH) to the same cell following calcium refilling activates the transient
responses, but also a sustained rise in [Ca2*]y and a sustained, noisy ICat current. Used with
permission from Reference 9.
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Fig. 2
Muscarinic activation of ICq¢ requires My receptor binding and an increase in [Ca2+]i. A
The M3 receptor antagonist hexahydro-sila-difenidol blocks muscarinic release of Ca2t (and the
attendant calcium-activated chloride current) and Iy, indicating the Mp receptor stimulation alone
is not sufficient to activated I(a¢. B. Simultaneous application of methacholine to stimulate free
My receptors, and release of Ca2t with caffeine, activates Icat. Used with permission from
Reference 9.

In the presence of a concentration of the semi-selective M, receptor antagonist hexahydro-sila-
difenidol, predicted to block 97% of M, receptors and 28% of M, receptors, methacholine does
not stimulate calcium release and I, is not activated. Thus, stimulation of free M, receptors
alone is not sufficient to activate the current. Similarly, in the presence of 0.2 pM methoctramine
(predicted to block 95% of M, and 15% of M, receptors), calcium release and activation of the
calcium-activated chloride current occur normally, but I, channels do not open (not shown).
However, activation of the current can be reconstituted by separately inducing calcium release
with caffeine at the same time as M, receptor stimulation. The consequence for organ physiology
studies is apparent from Figure 2A, which shows that functional block of an M, receptor signaling
process is achieved with M, receptor antagonism.

M> Mediated Inhibition Of Potassium Currents In Smooth Muscle

Muscarinic receptor stimulation results in a profound inhibition of potassium conductance in
smooth muscle. Calcium-activated potassium channels are strongly inhibited both by release of
intracellular calcium, thus eliminating the calcium release events that drive spontaneous channel
activity (15,16), and by a membrane delimited inhibitory pathway between M, receptors and
single K, channels (17-21). Figure 3 illustrates these dual inhibitory coupling mechanisms. A
single, voltage-clamped smooth muscle cell is depolarized to activate potassium channels;
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spontaneous transient outward currents (STOCs) are seen superimposed on the whole-cell current.
These currents are strongly suppressed following the stimulation of calcium release with
caffeine. Following this suppression of potassium conductance associated with calcium release,
application of methacholine further suppresses the outward potassium current. This calcium-
independent effect is thought to be particularly important because cholinergic stimulation of
smooth muscle results in an increase in [Ca']; as well as a sustained depolarization, two events
that would otherwise strongly increase calcium-activated potassium channel activity.

20 mv

-60 Caoffeine

50 pA
i

i

Fig. 3
Methacholine inhibits STOCs and whole-cell KCy current in the presence of caffeine. STOC
activity and K currents were evoked by step depolarization to 20 mV. After inactivation of much
of the voltage-dependent current, application of caffeine induced an initial burst of KCg current
(partially cut-off) and inhibited STOC activity. In the continued presence of caffeine, preventing
subsequent calcium release, methacholine abolished the remaining STOCs and decreased the
sustained KT current. From Reference 21.

The inhibition of K, channel activity at a fixed level of calcium is likely to be an important
component of the sustained postsynaptic excitatory potential.

Postreceptor Coupling Mechanisms

Neither the processes interposed between M, receptor binding and I, activation, nor the
molecular identity of the I, channels themselves, have been determined. Although antibodies
directed against the C-terminal regions of inhibitory G protein o subunits block activation of I,
(9), these experiments do not discriminate between Ga. or Gy activation of the channel or related
regulatory proteins. M, receptors in atrial cells directly couple to the GIRK family of inward
rectifier potassium channels through the binding of Py subunits to the channel (1,3). Similarly,
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Ca® channels at presynaptic nerve terminals are inhibited by G-protein—coupled receptors acting
through a membrane delimited pathway (22-24). The binding site for By interaction with target
proteins has recently been localized using a peptide fragment of adenylyl cyclase 2 (25). This
fragment blocks G, stimulation of adenyl cyclase 2, phospholipase-f3, B-ARK, GIRKI
potassium channels (25), and phosphoinositol 3 kinase y (26), and inhibits neuronal Ca’* charmels
(3,27-29). A common sequence has been identified in these target proteins consisting of a
QXXER motif, or slight variant thereof. Interestingly, smooth muscle cells, in which M, receptor
expression is abundant, express neither GIRK1, nor o,,/a,5, ion channels that have been
associated with M, receptor signaling through Gg,. Rather, the o, subunit of voltage-dependent
calcium channels expressed in smooth muscle cells does not contain the QXXER domain,
explaining the absence of G protein mediated inhibition of Ca®* currents in smooth muscle.

Conclusions

Substantial evidence indicates the M, receptor stimulation is coupled to alterations in ion channel
gating in smooth muscle cells. The molecular details underlying this connection, and in some
cases the structure of the target channel, have yet to be determined. It is expected that
reconstitution of these signaling pathways in heterologous expression systems will shed
considerable light on these processes, as well as provide information that will allow specific
hypotheses about the functional importance of these coupling processes to be critically examined
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Summary

Airway smooth muscle expresses both M, and M; muscarinic receptors with the
majority of the receptors of the M, subtype. Activation of M, receptors, which
couple to G,, initiates contraction of airway smooth muscle while activation of M,
receptors, which couple to G;, inhibits B-adrenergic mediated relaxation. Increased
sensitivity to intracellular Ca®" is an important mechanism for agonist-induced
contraction of airway smooth muscle but the signal transduction pathways
involved are uncertain. We studied Ca*" sensitization by acetylcholine (ACh) and
endothelin- 1 (ET-1) in porcine tracheal smooth muscle by measuring contractions
at constant [Ca?] in strips permeabilized with Staphylococcal a-toxin. Both ACh
and ET-1 contracted airway smooth muscle at constant [Ca®*]. Pretreatment with
pertussis toxin for 18-20 hours reduced ACh contractions, but had no effect on
those of ET-1 or GTPyS. We conclude that the M, muscarinic receptor
contributes to airway smooth muscle contraction at constant [Ca®™] via the
heterotrimeric G-protein G;.

Key Words:  acetylcholine, airway smooth muscle contraction, endothelin, G-protein Gy, G-protein G,
staphylococcal a-toxin

Airway smooth muscle expresses endothelin (ET) and both M, and M, muscarinic receptors with
greater than 80% being of the M, subtype (1-5). Muscarinic M; and ET receptors couple to
phospholipase C to produce increases in inositol triphosphate (IP;) and diacylglycerol (DAG)
via the heterotrimeric G-protein G,. Activation of the M, muscarinic receptor inhibits adenylyl
cyclase via interaction with members of the pertussis toxin-sensitive G-protein family G
Activation of receptors which couple to G, initiates contraction of airway smooth muscle while
activation of receptors which couple to G; inhibits B-adrenergic receptor-mediated relaxation.

A rise in intracellular free Ca?* concentration ([Ca?'])) has long been recognized as the normal
trigger for smooth muscle contraction. However, it is now widely appreciated that many
contractile agonists act both to increase [Ca®"]; and to enhance the effectiveness of Ca* for
inducing contraction (6-12). The latter phenomenon can be readily demonstrated in membrane-
permeabilized smooth muscle strips as a leftward shift of the force-[Ca”"] curve or as an agonist-
induced contraction at constant [Ca®]. The signal transduction pathways involved in the
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regulation of Ca?®' sensitivity are complex and smooth muscle type-specific. In most smooth
muscle preparations, agonist-induced enhancement of Ca?* sensitivity or potentiation of Ca®'-
induced contractions involves a G-protein mediated cascade that results in inhibition of myosin
light chain phosphatase (9,13,14). This leads to an increase in the level of myosin light chain
phosphorylation with increased numbers of attached cross bridges and increased force. Tyrosine
kinases, protein kinase C, and thin filaments such as calponin are also involved (15-17).

A role for M, muscarinic receptors in the mediation of airway smooth muscle contraction has
not been demonstrated. Since M, muscarinic receptors, but not M, receptors, couple to G;, the
contribution of M, receptors to acetylcholine-induced contraction of airway smooth muscle can
be inferred from studies of the role of G, in contraction. Hence, we examined the effects of
inhibition of G; with pertussis toxin on cholinergic contractions of permeabilized porcine tracheal
smooth muscle strips at constant [Ca?].

Methods

Tissue Preparation. Young adult swine (50-70 Ibs) were sedated with ketamine (40 mg/kg i.m.),
anesthetized with sodium pentobarbital (30 mg/kg i.v.), and killed by exsanguination through the
femoral arteries. The tracheae were removed and placed in cold physiological salts solution for
transport to the laboratory. Tissues were stored for up to 48 hrs at 4°C in similar solutions
bubbled with 95% 0,/5% CO,. Pairs of tracheal smooth muscle strips 0.2-0.3 mm in width and
~12 mm in length were dissected from the posterior aspect of the upper half of the trachea using
a binocular microscope and were tied at either end with 6-0 silk suture for later attachment to
a chamber and force transducer (Grass FT-03).

Pertussis Toxin Treatment. Prior to o-toxin permeabilization, smooth muscle strips were
incubated in the presence or absence of pertussis toxin (20 pg/ml x 18-20 hrs at 31°C) in 500
wl of medium in a humidified atmosphere of 5% CO, in air. Preliminary results indicated better
preservation of contractile responses in tissues pretreated at this reduced temperature. The
culture medium was Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine
serum, 100 U/ml penicillin, 100 pg/ml streptomycin, 240 ng/ml amphotericin B, and 100 U/ml
nystatin. Pertussis toxin was prepared as a 500 pg/ml stock solution in water.
Permeabilization With Staphylococcal a-toxin. Before mounting in the chambers all tissue
strips were incubated for 50-60 min with 830 U/ml a-toxin in 300 pl of relaxing solution ([Ca™]
= 10®° M, composition given below).

Experimental Solutions. Pairs of permeabilized smooth muscle strips were mounted vertically
and studied simultaneously in identical 800 pl chambers made from 1/4 dram glass shell vials.
The chamber solution was stirred continuously with a magnetic bar. [Ca®'] was changed by
flushing the chambers with ~4ml of solution added through polyethylene tubing to the bottom of
the chamber. Excess solution was removed by suction at the top. All solutions contained (in
mM) 130 K propionate, 20 mono[tristhydroxymethyl)-aminomethane]maleate, 7.0 MgCl,, 4.6
Na,ATP, 2.0 ethyleneglycol-bis(B-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), 2.0
phosphocreatine, and 1.0 dithiothreitol plus 8 U/ml creatine phosphokinase, 10° M leupeptin,
and sufficient CaCl, to provide the desired concentration of free Ca® assuming a Ca’-EGTA
dissociation constant of 3 x 107 M. Solutions of 10° M and 3 x 10 M free Ca*" were prepared
and carefully adjusted to pH 7.10. Solutions of intermediate [Ca*"] were then made by mixing
these solutions in appropriate proportions. All experiments were performed at room temperature.
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Experimental Protocols. Effects of contractile agonists were evaluated in pairs of smooth
muscle strips that were preincubated, permeabilized, and studied in parallel by identical methods,
except for the presence or absence of pertussis toxin during pretreatment. Preliminary
experiments indicated that baseline forces of ~2 mN were optimal for active force generation in
these tissues. Hence, after permeabilization the tissues were bathed with relaxing solution (107
M free Ca?) and stretched until a stable baseline force of ~2 mN was obtained. All solutions used
here and subsequently contained 10 M calcium ionophore A23187 to deplete intracellular Ca**
stores. After 20 min the [Ca®*] was increased to 107 M, a value which typically increased force
by ~5% of the maximum Ca® response. Cumulative additions of GTP, acetylcholine (ACh),
atropine, endothelin-1 (ET-1), and GTPyS were then made at 10-15 min intervals. All drugs
were then washed out with 3 x 10® M free Ca®" solution and the difference between the
maximum force obtained in this solution and the force obtained in the relaxing solution prior
to the protocol was defined as the maximum Ca*-induced force in that smooth muscle strip.

Data Analysis. Drug-induced changes in isometric force at constant [Ca*"] were normalized by
the change in force induced by high [Ca®] in that strip. The GTPyS response was measured
relative to the value obtained prior to addition of GTP. Effects of pertussis toxin pretreatment
on force responses were analyzed by paired two-tailed t-tests with n = number of animals and
P < 0.05 considered significant.

Drugs and Chemicals. Culture reagents were purchased from Life Technologies (Gaithersburg,
MD) and o.-toxin was obtained from Calbiochem (La Jolla, CA). All other drugs and chemicals
were from Sigma (St. Louis, MO).

Results

Figure 1 shows a typical protocol in which 10®° M ACh induced contraction of an o-toxin-
permeabilized strip at constant 107 M free Ca®" in the presence of 5 x 10° M GTP. Atropine
reversed the ACh response. Subsequent additions of 107 M ET-1 and 10* M GTPyS also
produced contractions. ‘

15 min
GTPyS

4 mN
Atropine

GTP ACh ¢ ET-1

[Ca®] (M)

10° 4 107 } 3x10*
Fig. 1

Force tracing from a representative pig tracheal smooth muscle strip permeabilized
with o-toxin and contracted at constant [Ca*] by ACh, ET-1, and GTPyS.
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To investigate the role of the heterotrimeric G-protein, G; , in the potentiation of Ca**-induced
contractions by ET-1 and ACh, we studied strips pretreated with pertussis toxin to inactivate G;.
Strips were permeabilized with a-toxin and studied as shown in Figure 1. Contractions to ACh
were diminished in pertussis toxin-treated strips while responses to ET-1 and to GTPyS were
unaffected (Figure 2). A summary of data from 11 experiments with smooth muscle strips from
9 animals is given in Figure 3. A 28% decrease in ACh-induced force in pertussis toxin-treated
strips was statistically significant (P = 0.027, n = 9) while responses to other stimuli did not
differ between treated and control tissues. Maximum Ca?'-induced increases in force also did
not differ between treated and control strips (6.02 + 1.02 vs. 6.37 + 1.16 mN, P = 0.55,n=9).

Control
------ Pertussis

Atropine

Fig2. -

Force (as % of Ca*-induced) recorded at constant [Ca®'] in a representative pair
of permeabilized smooth muscle strips treated and untreated with pertussis toxin.

€ 15 ACh 404  ET- 80—, GTPyS

2 ]

%

e 30 - 60 4 o—"2

w10 -

- s

73' § 20 - io————oi 40 -

C

(o) 5 ]

@ 10 - 20 4

(1))

18

8

B 0 | | O | | 0 | |

b Control Pertussis Control Pertussis Control Pertussis
Fig. 3.

Active force responses to ACh, ET-1, and GTPyS in permeabilized tracheal
smooth muscle strips. © denotes individual animals. } denotes mean+SE, n = 9.
Figure is modified from ref. 22.
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Discussion

Muscarinic cholinergic receptors of types M, and M, are known to couple to the heterotrimeric
(large) G-proteins G, and G;, respectively, in airway smooth muscle (18). ET, and ET,
receptors are expressed in porcine airway smooth muscle (5) and each of these receptor subtypes
is thought to couple to G, as well as to G; (19). G, activation initiates contraction of airway
smooth muscle through release of Ca®* from intracellular stores and enhancement of Ca** entry,
while G; activation antagonizes relaxation through inhibition of adenylyl cyclase (2,20,21).
Although agonist stimulation is known to also increase contractile sensitivity to Ca?*, the roles
of G, and G,; in the enhancement of Ca**-sensitivity are not known.

.Permeabilized smooth muscle preparations have been used extensively to characterize the cellular
mechanisms that regulate Ca®* sensitivity. Although the chemicals used to permeabilize the cell
membrane may alter the function of relevant cellular pathways, Staphylococcal a-toxin is
thought to be less injurious to tissues than detergents such as P-escin. In these studies we
observed only minimal baseline drift or decay of contractions, consistent with good preservation
of contractile mechanisms.

We tested the role of G; in Ca sensitization by ACh and ET-1 (22) by studying tissues
incubated overnight in the absence or presence of pertussis toxin which is known to ADP-
ribosylate and irreversibly inactivate G; (23). Tracheal smooth muscle strips pretreated with
pertussis toxin showed smaller ACh-induced contractions at constant [Ca®*] while the responses
to ET-1 and GTPyS were unaltered (Figs. 2 and 3). These data indicate a novel function for
G; in mediating increases in Ca?" sensitivity and hence, indicate that G; and the M, muscarinic
receptor contribute directly to contraction. This conclusion contradicts a generally held belief
that the M, receptor/G; pathway contributes to contraction only indirectly via inhibition of
cAMP-mediated relaxation (20). In fact, our results agree with studies of the M,-selective
antagonist methoctramine in guinea pig airways which yielded Schild plots with slopes
significantly less than unity (24), consistent with contraction through a heterogeneous population
of receptors. The lack of effect of pertussis toxin on ET-1 responses indicates that endothelin
couples primarily to G, in porcine tracheal smooth muscle, consistent with other data from this
laboratory showing stimulation of IP, production by ET-1, but no inhibition of GTP-stimulated
adenylyl cyclase activity (25).

In summary, the signal transduction mechanisms of airway smooth muscle which enhance

myofilament Ca®* sensitivity involve both large and small G-proteins as has been demonstrated

in other smooth muscle types. Studies with pertussis toxin indicate that G,, in addition to its

known ability to inhibit relaxation, enhances airway smooth muscle contraction directly by

increasing Ca®* sensitivity. In this tissue the effects of ET-1 are mediated primarily by a G
protein other than G; (presumably G,), while the contractile effects of ACh are mediated, at least

in part, by G;. Hence, the M, receptor/G, pathway and the M, receptor/G; pathway appear to

operate in parallel to produce contraction of airway smooth muscle. These multiple actions of

ACh may contribute to the durability of cholinergic contractions in airway smooth muscle.
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Summary

In the lungs, acetylcholine released from the parasympathetic nerves stimulates M3
muscarinic receptors on airway smooth muscle inducing contraction and
bronchoconstriction. The amount of acetylcholine released from these nerves is
limited locally by neuronal Mp muscarinic receptors. These neuronal receptors are
dysfunctional in asthma and in animal models of asthma. Decreased Mp muscarinic
receptor function results in increased release of acetylcholine and in airway
hyperreactivity. Inflammation has long been associated with hyperreactivity and the
role of inflammatory cells in loss of neuronal M2 receptor function has been
examined. There are several different mechanisms for loss of neuronal My receptor
function. These include blockade by endogenous antagonists such as eosinophil
major basic protein, decreased expression of M receptors following infection with
viruses or exposure to pro inflammatory cytokines such as gamma interferon,
Finally, the affinity of acetylcholine for these receptors can be decreased by
exposure to neuraminidase.

Key Words: eosinophils, asthma, hyperreactivity, interferon-y

It has been well documented that asthma is associated with both airway hyperresponsiveness and
airway inflammation (1). Conditions associated with exacerbations of asthma often increase both
airway responsiveness and the intensity of airway inflammation. Conversely, a clinical response
to drugs that suppress inflammation, such as steroids, may be associated with a decrease in
responsiveness (2). The finding of temporary hyperresponsiveness in non-asthmatics in whom
airway inflammation has been induced either by viral infection, inhalation of allergen, or exposure
to ozone further highlights the association of airway hyperresponsiveness with airway
inflammation (3-5).

However, the mechanisms by which inflammatory cells cause hyperresponsiveness are unknown.
Recently is has become clear that the increase in airway responsiveness that occurs after viral
infections, allergen inhalation, or exposure to ozone may be mediated, at least in part, by increased
vagally-mediated reflex bronchoconstriction (6). This is the case both in experimental animals and
in humans.

The predominant neural control of the airways is provided by the parasympathetic nervous system
(7-9). A role for the parasympathetic nerves is suggested since anticholinergic drugs such as
atropine or ipratropium will, if given in adequate doses, cause bronchodilation in allergic asthma
(6,10-12). Release of acetylcholine from the parasympathetic nerves is limited locally by
inhibitory Mo muscarinic receptors on the nerves. Since hyperresponsiveness is thus associated
with increased release of acetylcholine from the parasympathetic nerves and with inflammation the
role of inflammatory cells and inflammatory mediators on M2 receptor function and expression
was examined.
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Inhibitory M3 receptors and release of acetylcholine in the lungs

Release of acetylcholine from parasympathetic nerve endings in the airways is limited by negative
feedback onto inhibitory Mo muscarinic receptors on the nerve endings. The importance of these
receptors is demonstrated by the fact that vagally-mediated bronchoconstriction can be potentiated
by as much as 5-8 fold when these receptors are blocked with selective antagonists such as
gallamine and methoctramine. Conversely, stimulating these receptors with the agonist pilocarpine
decreases vagally-mediated bronchoconstriction by as much as 80% (13).

These inhibitory M2 muscarinic receptors were originally demonstrated on the parasympathetic
nerve endings in the airways of guinea pigs (13) and have subsequently been demonstrated in all
species studied thus far , including humans (14-16). Neuronal M2 muscarinic receptors are
dysfunctional in three different guinea pig models of asthma; virus infection (17), antigen challenge
of sensitized animals (18) and ozone exposure (19). There is also evidence that the neuronal M2
receptors may be dysfunctional in some (20), but not all (21), patients with asthma.

The role of M2 receptor dysfunction in airway hyperresponsiveness

In cases where the M2 receptors are either permanently or transiently dysfunctional, loss of the
negative feedback normally provided by these receptors would be expected to potentiate vagally-
mediated reflex bronchoconstriction. Indeed, many agonists traditionally used to evoke
bronchoconstriction for the purpose of determining airway responsiveness cause smooth muscle
contraction, at least in part, by triggering a vagally-mediated reflex. Among these are histamine,
cold air and allergen (22,23),. Furthermore, even methacholine, which is often assumed to work
only via direct effects on airway smooth muscle, can cause a vagally-mediated reflex (24,25).
Thus, there is the potential for M3 receptor dysfunction, by increasing vagal acetylcholine release,
to increase the airway response to inhaled agonists.

The contribution of Mg receptor dysfunction to airway hyperresponsiveness has been
demonstrated in experimental animals. In these models M2 dysfunction can be prevented by a
variety of pre treatments, generally directed either at preventing airway inflammation or interrupting
the effects of specific inflammatory mediators (26-30). Such treatments not only prevent M2
receptor dysfunction, but also prevent airway hyperresponsiveness.

Evidence that inflammatory cells are responsible for M2 receptor dysfunction

The association of conditions characterized by airway inflammation with M receptor dysfunction
provides circumstantial evidence of a role for inflammatory cells in causing the M receptor
dysfunction. Thus studies were designed to establish a causative role for inflammation in loss of
M3 receptor dysfunction, and to determine the specific inflammatory mediators responsible.

Viral infections of the airways causes an intense inflammatory response characterized primarily by
neutrophils and mononuclear cells. At the same time, M2 receptor function is lost and vagally-
mediated hyperresponsiveness occurs. Pretreating guinea pigs with cyclophosphamide before
infecting them with parainfluenza virus depletes them of inflammatory cells and markedly
attenuates the airway inflammatory response (27). Under these circumstances, M2 receptor
function is preserved in some, but not all, animals. When viral content of the lungs was
determined in these experiments, it was demonstrated that animals with very high viral contents
lost M2 receptor function despite cyclophosphamide treatment, while in animals with lower viral
contents, prevention of airway inflammation preserves M receptor function. Thus viral infections
cause M3 receptor dysfunction via multiple mechanisms, some of which are leukocyte-dependent.

Inhalation of ozone also causes an influx of neutrophils into the lungs. When guinea pigs are
depleted of neutrophils by pretreatment with cyclophosphamide, M2 receptor function is
preserved, and hyperresponsiveness prevented (26). Thus ozone-induced M2 receptor

dysfunction is wholly leukocyte-dependent.
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In contrast to viral infections and ozone exposure, inhalation of allergens causes an inflammatory
response composed predominantly of eosinophils. Prevention of this eosinophil influx can be
achieved by pretreating animals with either antibody to interleukin-5 or with antibody to the
adhesion molecule very late activation antigen-4 (VLA-4) (28,29). After either pretreatment,
prevention of airway eosinophilia is accompanied by preservation of M2 receptor function and
inhibition of hyperresponsiveness.

Mechanisms of leukocyte-dependent My receptor dysfunction

Eosinophils in allergen-induced M3 receptor dysfunction: The mechanism by which leukocytes
cause M2 receptor dysfunction has been most clearly elucidated in the antigen-challenged guinea
pig. As noted above, inhalation of antigen to which the animal has been previously sensitized
causes an influx of eosinophils which appear to be a sine qua non for Mp receptor dysfunction and
airway hyperresponsiveness. Eosinophils are recruited not only to the lungs and airways, but
appear to be specifically concentrated in and around the airway nerves (31). Eosinophils are
present around and within the nerve bundles, around parasympathetic ganglia and along
postganglionic nerve fibers. Furthermore, the degree of M2 receptor dysfunction correlates with
the number of eosinophils in contact with the airway nerves (31). This association of eosinophils
with the airway nerves is also seen in airway tissue from patients who have died of severe asthma
(31).

The association of eosinophils with the airway nerves further supports their role in M2 receptor
dysfunction. The recognition that many selective My receptor antagonists are cationic (32) led to
speculation that one of the strongly cationic proteins of the eosinophil granule might be acting as an
endogenous antagonist. This speculation was strengthened when it was demonstrated that the
most plentiful protein of the eosinophil, eosinophil major basic protein (MBP), is an allosteric
antagonist at Mo muscarinic receptors (33,34). The Ki for this interaction is 1.5 X10-5M, which
is likely to be in the range of concentrations of this protein seen in sites of allergic response.
Furthermore, in the range of concentrations tested, MBP had no effect on the M3 muscarinic
receptors, which mediate the contractile effect of acetylcholine on airway smooth muscle.

It was possible to determine whether major basic protein was blocking the M2 receptor in vivo by
taking advantage of the fact that poly-anionic substance such as heparin can bind and neutralize
MBP. In addition, heparin can reverse the effect of MBP on binding of 3H-N-methyl scopolamine
to M2 receptors in vitro. When heparin was given intravenously to guinea pigs that had previousty
been challenged with allergen via inhalation, the heightened response to vagal stimulation was
decreased by 50% within 20 minutes (35). This attenuation of vagal hyperresponsiveness was
accompanied by return of full function of the M2 receptor. Similar effects were seen when MBP
was neutralized by treatment with other anionic substances such as poly-L-glutamic acid and
partially desulfated, non-anticoagulant heparin (36). Furthermore, pretreatment of animals with an
antibody to MBP prevents allergen-induced loss of Mp receptor function and airway
hyperresponsiveness (30).

The mechanisms by which eosinophils are selectively recruited to the airway nerves are
incompletely understood. The recent demonstration that airway parasympathetic neurons in culture
express the selective eosinophil chemoattractant eotaxin (37) may be relevant to this question . Nor
is the mechanism of eosinophil activation in the airway nerves understood. However, the finding
that NK1 receptor antagonists can prevent allergen-induced My receptor dysfunction without
preventing eosinophil recruitment to the nerves may suggest that tachykinins are involved in
eosinophil activation (38).

Eosinophils in ozone induced loss of M2 receptor dysfunction: Likewise, in ozone exposed guinea
pigs, there is loss of neuronal M2 muscarinic receptor function immediately following exposure
(19). While exposure to ozone does not increase the number of eosinophils in the bronchiolar
lavage, loss of M2 function also appears to be due to blockade of the receptors by eosinophil major
basic protein. Depletion of eosinophils with the antibody to interleukin-5 prior to ozone exposure
protects M2 receptor function and prevents hyperresponsiveness during the 24 hours following
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exposure (39). Eosinophil mediated blockade of My receptor function is acutely reversable with
heparin. The effects of major basic protein on neuronal M3 receptor function are short lived, two
days after exposure to ozone M2 receptor function is restored and hyperresponsiveness reversed
(figure 1).

Leukocytes in virus-induced My receptor dysfunction: Under normal circumstances, most airway
viral infections do not cause recruitment of eosinophils. Viral infections generally cause an
inflammatory response characterized primarily by neutrophils and mononuclear cells (40). While
depletion of inflammatory cells in virus infected guinea pigs protects neuronal M2 receptor function
(27), eosinophils are not the mechanism of dysfunction with viral infection. In contrast to the case
with allergen challenge, heparin does not reverse virus-induced Ma receptor dysfunction. Neither
does depletion of eosinophils with the antibody to interleukin-5 protect receptor function (figure 2).
Thus, the focus of studies on virus mediated loss of M2 function has switched to neutrophils and
mononuclear cells. While neutrophils and macrophages are known to express neuraminidase (41),
which decreases agonist binding to M3 receptors (see below), whether these cells actually produce
any substances, including mammalian neuraminidase, that can act as M2 receptor antagonists is not
yet known.
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Figure 1: Electrical stimulation of the vagus nerves (2 Hz, 0.2 ms, 5-10V, 22 sec.)
causes bronchoconstriction in anesthetized guinea pigs. Pilocarpine inhibits vagally
induced bronchoconstriction demonstrating the presence of functional Mp
muscarinic receptors (open circles; n= 6). Immediately after ozone (2 ppm for 4
hours; not shown) and one day (closed squares; n= 5), but not two days (closed
circles ; n= 4) post ozone, pilocarpine no longer inhibits vagally induced
bronchoconstriction demonstrating loss of neuronal Mz function only at one day
post ozone and recovery at 2 days post ozone.

Figure 2: Pilocarpine inhibits vagally induced bronchoconstriction (sce above) in
anesthetized guinea pigs demonstrating the presence of functional M2 muscarinic
receptors (open circles; n=5). In virus infected guinea pigs (filled circles; n= 6)
pilocarpine no longer inhibits vagally induced bronchoconstriction demonstrating
loss of neuronal M3 function. Depletion of eosinophils with anti-interleukin-5 does
not protect M2 receptor function (filled squares; n=5).

While there are no known M2 receptor antagonists produced by mononuclear cells, lymphocytes
responding to a viral infection produce large amounts of the anti viral cytokine interferon-y (42).
Using cultures of airway parasympathetic neurons, it has been demonstrated that interferon-y
causes both loss of expression of the gene encoding the Mp receptor and loss of the ability of
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muscarinic agonists to suppress release of acetylcholine from the cultured neurons (43). A similar
effect can be demonstrated when these cultured neurons are infected with parainfluenza virus
directly (43). Thus viral infections may cause loss of M3 receptor gene expression and function by
causing lymphocytes to produce interferon-y.

It may also be possible for viruses to interact directly with the M3 receptor on the nerves. The M2
receptor is heavily glycosylated, and sialic acid residues on the receptor appear to be involved in
agonist binding to the M2, but not the M3, receptor. Parainfluenza virus contains a neuraminidase
that can cleave these residues. When membrane preparations containing M2 receptors are exposed
to parainfluenza virus in vitro, this causes a ten-fold loss of agonist affinity. This effect can be
blocked by the neuraminidase inhibitor 2,3-dehydro-2-deoxy-N-acetylneuraminic acid, and can be
mimicked by an equivalent concentration of purified Clostridium perfringens neuraminidase (44).

Thus, it is possible for viruses to increase vagally-mediated bronchoconstriction by decreasing M2
receptor gene expression either indirectly, via production of interferon-g, or directly, via effects on
the nerves themselves. It is also possible that the virus, by producing neuraminidase,
deglycosylates the receptor, decreasing its ability to bind acetylcholine.

Interaction of viral infections with allergen sensitization: While under normal circumstances viral
infections do not cause an influx of eosinophils into the airways, the strong association of asthma
attacks with both viral infections (45) and airway eosinophilia (46) suggests that this may not be
the case in asthmatics. Indeed, viral infections associated with bronchospasm do tend to be
associated with airway eosinophilia (47). '

Although certain proteins of the respiratory syncytial virus may themselves lead to eosinophilia, the
explanation of this association of viral infections with acute airway eosinophilia in asthmatics may
also be related to the high incidence of atopy among patients with asthma. It has been
demonstrated that while viral infections generally cause both CD4+ and CD8+ lymphocytes to
produce interferon-y, both cell types are also capable of responding to viral infections by
producing interleukin-5 (48). This response in CD8+ cells tends to occur in an atopic milieu (i.e.,
one in which interleukin-4 is present to cause a switch between interferon-g production and
interleukin-5 production).

As outlined above, viral infection of guinea pigs normally causes an influx of neutrophils and
mononuclear cells, and produces M2 receptor dysfunction that cannot be reversed by heparin.
However, if the animal is first sensitized to a non-viral antigen via intraperitoneal injection, viral
infection then causes airway eosinophilia (49). Furthermore, the M2 receptor dysfunction that
occurs in this setting appears to be mediated by eosinophil major basic protein, as it can be acutely
reversed by heparin (49).

Conclusion

Ozone exposure, antigen challenge and viral infection are all associated with an influx of
inflammatory cells into the lungs. We have demonstrated that at least two inflammatory cells can
inhibit neuronal My receptor function. Eosinophilic airway inflammation, as seen in asthmatic
airways and after antigen challenge, may directly impair the function of neuronal M2 receptors in
the lungs. Positively charged proteins, especially major basic protein, may act as selective
allosteric antagonists at the M2 receptors. This may account for the ability of the negatively
charged molecules heparin and poly-1-glutamate to reverse the effects of antigen challenge. There
is at least one other inflammatory cell, as yet unidentified, which also appears to inhibit M2
receptor function. In addition, exposure of the M2 receptors to inflammatory cytokines, or viral
infection of the nerves or can inhibit expression of the neuronal M2 muscarinic receptors. Greater
understanding of these, and other, mechanisms of M2 receptor dysfunction may lead to the
development of new therapeutic strategies in asthma.
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Summary

Inhaled antimuscarinics, often called anticholinergics in clinical medicine, are
established as first line bronchodilators in COPD. Tiotropium has been developed
as a new generation antimuscarinic following ipratropium. Tiotropium is a
specific, highly potent antimuscarinic, demonstrating very slow dissociation from
muscarinic receptors. Dissociation from M,-receptors is faster than from M; or
M,, which in functional in vitro studies, appeared as kinetic receptor subtype
selectivity of M; and M, over M,. The high potency and slow receptor dissocia-
tion found its clinical correlate in significant and long lasting bronchodilatation and
bronchoprotection in patients with COPD and asthma. In asthma, protection
against methacholine challenge exceeded the study period of 48 hours. In COPD,
bronchodilatation of about 80% of the plateau was demonstrated after the first
dose. Following chronic once daily inhalation for 28 days, the improvement in
pulmonary function was sustained and there was a further increase in peak effects,
but more importantly a rising baseline, achieving steady state within 2 weeks.
Tiotropium achieves very stable long lasting effects with comparatively low varia-
tion of bronchodilatation between peak and trough (the level before the next
administration). Stable 24 hour effectiveness profiles the compound as the first
once daily bronchodilator. Clinical correlates of kinetic receptor subtype selective
blockade remain to be shown. Plasma levels of tiotropium at trough are in the low
_pg/ml range and are unlikely to explain the sustained effectiveness in the airways.
Slow dissociation from muscarinic receptors is likely to be responsible for the long
duration of action.

Key Words: tiotropium, bronchodilator, COPD, long-acting antimuscarinic, specific muscarinic

Bronchodilators in Chronic Obstructive Airways Disease (COPD)

Considering the physiological importance of muscarinic acetylcholine receptors, the thera-
peutic use of antagonists is surprisingly limited: pre-medication in anaesthesia and ophthalmology,
treatment of gastro-intestinal spasms, urge incontinence, duodenal ulcer, exocrine gland hyperse-
cretion and bronchial smooth muscle relaxation. This constraint is explained by the difficulty to
selectively target an organ or tissue. Muscarinic subtype selective agents may not solve this prob-
lem, as e.g. smooth muscle and salivary gland are stimulated by the same subtype, the
M;-receptor.
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Pharmacotherapy of the lung has the advantage that targeting is possible by inhalational
administration. One prerequisite is topical selectivity and quaternary antimuscarinics like ipratro-
pium have low oral systemic absorption, longer pulmonary duration of action and do not pene-
trate the blood-brain barrier as opposed to the uncharged tertiary analogues e.g. atropine (1).
The superior or at least comparable efficacy compared to beta,-agonists (2) combined with fewer
side effects (1) has made ipratropium the first line therapy in COPD (3), which is reflected in a
prominent place in treatment guidelines of major pulmonary clinical societies (4, 5). On chronic
treatment, outlined in a metaanalysis of 1445 patients with COPD by Rennard and colleagues (6),
there seems to be an advantage of ipratropium over beta,-agonists in that the former shows an
increase in the spirometric baseline. These considerations may explain why an improved anticho-
linergic/antimuscarinic is very attractive for the treatment of COPD. This report summarizes the
preclinical and early clinical observations with the new generation antimuscarinic, tiotropium, and
provides some theoretical basis for its observed effects.

Materials and Methods

Human muscarinic receptor studies: Assays were carried out as described (7) using membrane
preparations from stably transfected chinese hamster ovary-K1 cells (CHO), expressing the genes
for the human muscarinic receptors M, to M. The apparent dissociation constant Kp was deter-
mined from saturation experiments with *H-tiotropium iodide (1 to 4 h incubation) or *H-ipratro-
pium iodide (0.5 ~ 1 h) using equations derived from the law of mass action. The dissociation
reaction was studied after receptor—ligand equilibration and addition of 10° M unlabelled atro-
pine. The dissociation half-life was estimated from the log-linear plot. The dissociation rate con-
stant k.; was calculated by fitting the data to an exponential model. The association reaction was
modeled according to Snell (8). Parameter estimation was performed using the NLIN procedure
(SAS/STAT). The kinetically determined Kp was calculated as k.y/k;.

Determination of tiotropium plasma concentrations: The plasma samples were analyzed by
HPLC/Ion spray-MS. The limit of quantitation was 4.8 pg/ml of tiotropium bromide. Concentra-
tions below this limit were estimated from the measured values from all dose levels assuming the
concentration was proportional to the dose.

Preclinical Results and Discussion

Apparent dissociation constants Kp, for tiotropium ranging from 0.1 to 0.3 nM for the sub-
types of muscarinic receptors have been reported (7). The affinity for other neurotransmitters is
comparatively low (histamine H;: Kp = 81 nM, adrenergic «;: Kp= 15 pM) and unlikely to be of
biological relevance. These results demonstrate that tiotropium is a specific and highly potent
antagonist at muscarinic acetylcholine receptors M; to M; (as well as M, and Ms not shown here).

The apparent Kp‘s calculated from saturation experiments of tiotropium at CHO-membrane
preparations expressing the subtypes of human muscarinic receptors seem incubation time
dependent: consistent for all 5 subtypes, the values after 1 hour of incubation were 1.5 to 2.8
times higher than Kp’s after 4 hours. At Ms-receptors 1 hour incubation resulted 0.45 + 0.33 and
4 hours 0.25 + 0.29 (mean + SD [nM], n = 3). Even after 4 hours, the measured values were not
fitted exactly to a one receptor one ligand model curve, indicating a non-equilibrium state. Ipra-
tropium showed no such time dependency. Kinetically determined Kp-values calculated as kom'kon
were found to be 24-fold lower for tiotropium, and only 3-fold lower for ipratropium (at M;,
table I). ’

Tiotropium (0.6 to 6 nM) shifted concentration-effect curves of methacholine in isolated
tracheal preparations of guinea pigs dose-dependently to the right, indicating reversible antago-
nism (7). Comparison of the washout of tiotropium and ipratropium or atropine from guinea pig
ciliated cells (7), or guinea pig or human trachea (9) showed a much slower recurrence of
induced muscarinic effects following tiotropium. This quality is in agreement with slow dissocia-
tion from muscarinic receptors.
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TABLE 1
Dissociation Constants (k_)/k;) and Half-Lives of Muscarinic Receptor-Drug Complexes.
Tiotropium |  Ipratropium Tiotropium |  Ipratropium
Kp nM] ti2 [h]
M, 0.041 £0.038 0.183 £ 0.042 146+22 0.11 £ 0.005
@ 3) 4) 3)
M, 0.021 £0.003 0.195 £0.047 36105 0.035 £ 0.005
3) (3) @ @
M; 0.014 +£0.008 0.204 £ 0.045 347+£29 0.26+0.02
(&) 3 @ 3

Means + SD, () = number of experiments. Membrane preparations from CHO-K1-cells
expressing the human muscarinic receptor subtypes. The dissociation constant was kinetically
determined at 23°C. The dissociation reaction was initiated by addmon of 10”° M atropine.

In guinea pig, as well as human trachea, neuronal acetylcholine (ACh) release is inhibited by
prejunctional autoreceptors of the M;-subtype, whereas tracheal smooth muscle contraction is
mediated by Ms-receptors (10). The dissociation half-lives of both tiotropium and ipratropium,
showed a slower dissociation from Ms (8 x) than M, (3.5 x) or M; (1 x) receptors. The half-lives
range from minutes for ipratropium to hours for tiotropium. Therefore, kinetic control of subtype
selective blockade, i.e. M; and M; > M, is only likely to be shown by tiotropium. In vitro func-
tional evidence of subtype selectivity was provided by Takahashi and colleagues (9). In their
experiments tiotropium and atropine equally enhanced electric-field stimulated (EFS) neuronal
ACh-release from guinea pig trachea, but also blocked the neuronal cholinergic smooth muscle
contraction. This enhancement of ACh-release was lost two hours after start of washout of both
test drugs, at a time when airway smooth muscle neuronal cholinergic contraction was still
blocked by tiotropium, but no longer by atropine. Whether subtype selectivity will be translated
into higher efficacy or improved safety remains to be demonstrated in clinical trials.

Tiotropium provided long lasting protection against methacholine induced bronchospasm in
dogs and guinea pigs (7). The preclinical safety of this new antimuscarinic was demonstrated in
toxicological studies with inhalation, oral, or intravenous administration of up to 2 years duration.

Human Pharmacology

Several single and multiple
dose escalating trials with
tiotropium were conducted in
normal  volunteers. There
were no relevant drug-related
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mum five minutes post dose with subsequent rapid decline in less than 1 hour to very low levels
(in the 2 pg/ml range, fig. 1). At this low level, plasma tiotropium was eliminated with a terminal
phase half-life of 5-6 days, independent of the dose. ‘

Tiotropium in Asthmatic Patients

The clinical duration of action of tiotropium was studied in a randomized double-blind
5-period cross-over study including 12 mild asthmatic patients with documented hyperrespon-
siveness to inhaled methacholine by O’Connor and colleagues (11). Inclusion criteria were a
provoking concentration causing a 20% fall in FEV; (PCy) of less than 8 mg/ml, but a baseline
FEV, > 80% of the predicted normal value. Inhaled sympathomimetics and caffeinated beverages
were withheld for at least 8 hours before each study period. The study periods were: placebo and
tiotropium bromide (10, 40 and 80 pg single dose) administered as a powder in a lactose carrier
via the breath-activated Inhaler Ingelheim™. The washout period was 8 to 25 days. Pulmonary
function and PCy was assessed for 48 h (72 h in 4 patients).

TABLE I
% Increase of FEV, (Mean + SEM) Compared to Placebo

Time\Tiotropium: 10 pg 40 ug 80 ug Active vs. placebo p < 0.05.
2h 67+34 | 82439 | 100+27 |At36and 48 hafter drug admini-
12h 104+41 | 55+48 | 11.1+3.9 |stration FEV) did not differ sig-
24h 73+35 | 7.1+38 9.4+37 |nificantly from placebo.

Tiotropium caused a mild but statistically significant bronchodilation in a time-dependent but
not dose-dependent manner (table II). This patient group of mild asthmatics, on average, reacted
to less than 1 mg/ml methacholine. Tiotropium provided clinically significant protection (increase
of at least one doubling concentration) against the methacholine challenge in 11 of 12 patients at
10 pg and in all patients at 40 or 80 pg (table III). This protection was sustaine