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My first exposure to research was with a senior elective
research project in college. I wanted to find out how fish
without parathyroid glands regulated their calcium and
bone metabolism. Although I made little progress with
the project, I became intrigued with the process of dis-

covery. I was so influenced that I decided to enter a seven
year curriculum for both M.D. and Ph.D. degrees at West-
ern Reserve University, the first such program in the U.S.,
to study both medicine and pharmacological/biochemical
research.

I was fortunate to work in the laboratories of Earl Suther-
land and Theodore Rall shortly after they discovered
cyclic AMP. Within 6 to 12 months in the lab, I found that
beta adrenergic agonists activated adenylyl cyclase from
heart, liver and other tissues and that muscarinic agonists
inhibited the enzyme. The beta adrenergic agonists were
blocked by beta adrenergic antagonists and not alpha
adrenergic antagonists while the muscarinic cholinergic
agents were blocked by atropine. My first publication was
in the Journal of Biological Chemistry in 1962 [1] and
was one of several classical papers in the field at the time.
I discontinued research for two years during my clinical
residency training in internal medicine at Massachusetts
General Hospital. However, during this period I read jour-
nals and abstracts from the FASEB meetings. I developed
a notebook with a number of research ideas and experi-
ments to be done. I began to work on some of these ideas
when I joined Martha Vaughan’s laboratory at the NIH af-
ter my residency. As I was completing my three years of
fellowship training at NIH, cyclic GMP was emerging as
another possible second messenger regulated by several
hormones and drugs. I turned more and more of my in-
terests to cyclic GMP as I left NIH to join the faculty at
the University of Virginia with a primary appointment in
the Department of Medicine and a joint appointment in
the Department of Pharmacology.

The cyclic AMP field was becoming more and more pop-
ular while the new cyclic GMP field had attracted few
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scientists. I thought as a new young faculty member de-
veloping an independent research program that perhaps
there was a greater chance of success with less competi-
tion working with cyclic GMP. Most of our work with
cyclic GMP resulted in novel important information in
the field and we rapidly became quite productive.
Within several years we found that most tissues possessed
multiple isoforms of guanylyl cyclase with different
properties. As we examined the biochemical properties of
the isoforms, we accidentally found that azide, nitrite and
hydroxylamine activated the soluble isoform of guanylyl
cyclase [2]. This was an important finding since several
hormones which increased cyclic GMP levels in heart
and vascular preparations (acetylcholine and prosta-
glandins) failed to activate the enzyme in cell-free prepa-
rations. Our goals were 1) to determine the molecular
mechanisms of hormonal activation of guanylyl cyclase
and 2) find a biological function of cyclic GMP. To deter-
mine the molecular mechanism of hormone activation re-
quired an effect of hormones in cell extracts which didn’t
occur. We were determined to figure out how azide, ni-
trite and hydroxylamine activated the enzyme both in in-
tact tissue and tissue extracts. When these agents in-
creased cyclic GMP levels in various tissues including
smooth muscle strips, it became apparent that the first bi-
ological effect of cyclic GMP to be discovered was
smooth muscle relaxation (tracheal and gastrointestinal
smooth muscle). [3] We then learned that other smooth
muscle relaxants such as nitroglycerin and nitroprusside
were also activators of guanylyl cyclase. After several
years our observations all began to make sense in that ni-
tric oxide was the active principal of this growing list of
“nitrovasodilators” as we came to call these nitric oxide
prodrugs [4]. What an exciting moment in December
1976 to find that nitric oxide gas generated chemically in
the fume hood could activate soluble guanylyl cyclase
and increase cyclic GMP levels in numerous tissues [5,
6]. It was unprecedented that a gas and free radical con-
sidered to be a pollutant and toxic substance could active
an enzyme at nanomolar concentrations. Of course, there
were many disinterested skeptics of our work. We real-
ized much, but not all, of the significance of our work and
showed for the first time the molecular mechanism of
action of nitroglycerin, a drug used clinically for more
than a century. We also believed that nitric oxide would
be an intracellular second messenger to mediate the
effects of some hormones [7]. Because of the low con-
centrations of nitric oxide to produce the effects, it took
about eight years to develop the technology to prove our
hypothesis.

There were other exciting moments in the laboratory
when we discovered that heat stable enterotoxin (STa)
from some strains of E. coli that produced diarrhea also
activated the particulate isoform of guanylyl cyclase
(GC-C) [8]. This work led other laboratories to discover
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endogenous guanylin peptides that also activate GC-C.
After the discovery of atrial natruretic factor (atri-
opeptins) which was a vasodilator and renal natriuretic,
we thought that this new peptide hormone may also acti-
vate guanylyl cyclase. Indeed, the atriopeptins activated
other particulate isoforms of guanylyl cyclase (GC-A and
GC-B) [9]. In fact, the particulate isoforms of guanylyl
cyclase copurify with the receptors for these peptides
[10] since the particulate guanylyl cyclase possess an
outer membrane receptor domain, a transmembrane span,
an inner protein kinase-like domain and the inner cat-
alytic domain. The endogenous peptide ligands for some
of the other particulate isoforms of guanylyl cyclase have
not yet been identified.

Since our original publications with nitric oxide in 1977,
more than 55,000 publications have appeared describing
various aspects and effects of nitric oxide in a diverse area
of biology. Numerous biotechnology companies have
also been created. Attempts are being made by many
companies and academic laboratories to develop diag-
nostic and therapeutic agents for a broad spectrum of dis-
orders that are novel nitric oxide prodrugs (donors), nitric
oxide synthase inhibitors, guanylyl cyclase activators and
inhibitors, phosphodesterase inhibitors, nitric oxide and
peroxynitrite scavengers, etc. Inhaled nitric oxide at con-
trolled low concentrations is used for pulmonary hyper-
tension in infants, congenital heart disease and inhibition
of platelet aggregation in cardiopulmonary bypass
surgery.

It is not common for a scientist to witness their funda-
mental research have such a broad application in biology
and also result in the development of numerous therapeu-
tic agents for a variety of disorders. While I entered med-
icine and research for these reasons, it is generally un-
common to see your work have such an influence in bio-
logical research and patient care. I understand that the
field of nitric oxide research has benefited millions of
people. While much is known about nitric oxide in biol-
ogy and therapeutic applications, I believe that a great
deal of information is lacking and that much research is
yet to be done.

The ability of my laboratory to continue to contribute im-
portant information in both basic and translational re-
search remains a very high priority for us. There is noth-
ing more exciting than obtaining the answer to an impor-
tant experiment that permits major pieces of the puzzle
and information to come together that will have an im-
portant impact in biological research and hopefully med-
ical application.

In spite of the 55,000 publications in the field of nitric ox-
ide research, numerous important questions remain to be
answered. I suspect that we have only seen 20% of the
iceberg so far. Thus, I continue to remain excited and op-
timistic about research discoveries and their applications
[11]. My laboratory continues to remain a very heteroge-
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nous group of scientists with training in biochemistry,
molecular biology, genetics, pharmacology, physiology
and clinical medicine. We all learn from each other as we
search for answers to pressing questions. We believe that
our current work with guanylyl cyclase structure, mu-
tants, constructs for possible gene therapy and knock outs
can provide us and others with answers to understanding
important questions and model systems.

It is also a joy to work with talented young people who are
curious and ask lots of questions, some of which are crit-
ical to our work and plans. I have trained more than 100
young scientists in my lab who have become an extended
family and many now have senior positions around the
world. It is also exciting to see them become very pro-
ductive and successful. Since Earl Sutherland, my mentor
as a student, and his mentor Carl Cori both obtained the
Nobel Prize, I tell my trainees that at least one of them
needs to be invited to Stockholm in order not to break the
genetic lineage.
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