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Measurement of Regional
Tissue Physiology Using
Positrcn Emission

Tomography

Terry Jones

The means for noninvasively studying aspects of regional tissue
physiology using positron emission tomography are described.
This is illustrated in a review of quantitative methods that have
been developed and applied to the study of cerebral,

cardiac, pulmonary, and neoplastic tissues.

Introduction

Tracer compounds labelled with
y-ray-emitting radioisotopes have
been extensively used to measure
entities of regional tissue physiology.
Positron  emission  tomography
(PET), although requiring apprecia-
ble facilities and resources to imple-
ment, is seen as the most advanced
methodology for effecting in vivo
tracer studies in humans. The pur-
pose of this article is to define the
current methodological status of
PET for physiological monitoring
and to illustrate some of its uses to
date.

The PET scanner

The radioisotopes used for PET
scanning emit positrons when they
undergo radioactive disintegration.
These positively charged, electron-
like particles are captured by nega-
tively charged electrons. Both parti-
cles are annihilated, and two pho-
tons, each of 511 keV in energy, are
emitted at ~180° to each other. This
pattern of emission is used to accu-
rately localise in vivo the distribu-
tion of positron-emitting tracers
after their administration to a hu-
man subject. To record the emer-
gence of these pairs of photons from
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opposite sides of the body, radiation-
sensitive detectors are placed so as
to encircle the subject. These recog-
nise, by coincidence circuitry, the
simultaneous registration of the two
detected y-rays. If a sufficient num-
ber of coincidences and their corre-
sponding angular projections
through the body are recorded, then
it is possible by computer techniques
to reconstruct the transaxial distri-
butions of the tracer within the sub-
ject. These are displayed as images
representing the tomographic distri-
bution of tracer within the body. To
maximise the spatial resolution
within the transaxial tomogramme,
the aperture of each detector is made
as small as practical. To afford axial
resolution, a number of these coin-
cidence rings are aligned along the
body’s length. Figure 1 illustrates a
state-of-the-art PET scanner that
contains a total of 4,096 individual
detector elements, each of which is
5.6 mm wide and 12 mm high. Such
a scanner provides, under practical
use, a spatial resolution of ~7-8 mm
(FWHM) within each of the tomo-
graphic transaxial planes and an ax-
ial resolution of 7 mm (FWHM). This
array of detectors provides for the
continuous recording of tracer
within a 10-cm axial field of view.
This means, for example, that the
whole of the human myocardium or
most of the human brain can be con-
tinuously monitored and hence the
time courses of their regional radio-
active content followed. The spatial
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and temporal resolutions of a PET
scanner are complemented by the
ability to convert the picture ele-
ment counts within the recon-
structed tomogrammes into absolyte
units of the tissue’s radioactive cdn-
tent. This follows, since it is possiljle
to correct for perturbations in the
recorded counts caused by some db-
sorption of emitted +y-rays in the
body’s tissues.

Positron-emitting radioisotopes

thoq

The spatial, temporal, and qu:l

titative accuracies of the PET scang
ner are matched by the biologiddf
compatibility of the positron-emltg
ting radioisotopes that are used flog
the labelling of tracer moleculps
Principal among these are oxygds
15, nitrogen-13, and carbon-1%5
which, although having half-lives|¢f
2.1, 10, and 20.1 min, respective|yg'
are the longest lived y-ray-emittihg
forms of these basic biological e eé

ments. There is no suitable positro
emitting isotope of hydrogen but fl
orine-18, with a 110-min half-life,
used as a labelling substitute. The|
short-lived isotopes need to be ma
ufactured close to the site of th
application, and this is wusua 8
achieved with a particle accelerat 1
such as a cyclotron. It can be se¢m
that with these radioisotopes, t
scope for labelling biomolecules a
pharmaceuticals is immense. Ho
ever, to realise this, innovative a
fast radiochemical procedures af
needed to provide enough labell
compound to record meaningf]
tomogrammes with the PET scanng
Such specialised radiochemistry
already well advanced. Syntheti
procedures have been identifi¢d
whereby any one of ~80% of the
compounds contained in the phafr-
macopoeia could be labelled with
carbon-11 and purified for adminis-
tration to humans in ~40 min pf
chemistry after this isotope’s prp-
duction.
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Tracer kinetic models for
physiological measurement

To obtain quantitative values pf
physiological entities using tracers|it
is of course necessary to implemeht
tracer kinetic models that describe
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FIGURE 1.

Physical arrangement of modern positron emission tomography scanner that is
comprised of ~4,096 individual detector elements. These are arranged in 8 continuous rings
of coincident detectors that can record and reconstruct tomographic data of distribution of

positron-emitting isotopes within the human body.

the biological fate of the markers.
The scan data are used to solve the
respective kinetic equations to de-
rive tomographic values of the phys-
iological parameter of interest. In
such models, the tissue’s content of
tracer invariably needs to be ex-
pressed in terms of either the con-
centration of the isotope in the blood
and its time course or the amount of
radioactivity administered. It is here
that the quantitative accuracy of the
PET scanner is important. This fol-
lows, since the picture element re-
sponse within the reconstructed
tomogrammes can be calibrated
against the response of a well coun-
ter used to measure withdrawn
blood samples or aliquots of the total
amount of radioactivity adminis-
tered. If a sufficiently large vascular
volume is contained within the field
of view, as, for example, in the case
of cardiac studies, then the blood
concentration and the time course

can be obtained directly from within
the scan data. For extended reading
of PET methodology, Ref. 9 provides
a broad basis. Despite the technical
advantages that PET has for collect-
ing data that can be processed to
solve tracer models, the quantitative
PET procedures developed to date
are comparatively few. In effect, the
technology of PET has advanced fur-
ther than the ability to interpret the
recorded data. In the following sec-
tions, examples are given of where
the methodology has been devel-
oped to provide quantitative entities
of regional tissue function in hu-
mans. For this I have considered
those organs and tissues that have
been the focus of most attention.

Brain

The human brain has to date been
the principal organ of interest for use
of PET. The highly structured phys-
ical distribution of function within
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the cerebral tissues maximises th
use of PET’s spatial power. From th
physiological standpoint, emphasi
has been placed on relationships be
tween nutrient supply (blood flow])
and utilisation (energy metabolism].
In addition, haemodynamic relation|
ships such as the ratio of blood floy*
to blood volume have been exploreE
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together with blood-brain-barrie
transport and components withi
neurotransmitter pathways.
Methods established to measurg
regional cerebral blood flow using
PET have focussed principally on
the use of oxygen-15-labelled water],
although labelled methane has alsg
been used. The water studies hav¢
involved either intravenous injecf
tion of H,"O or the inhalation of
tracer amounts of CO, labelled wit}
0. The latter procedure results i1
a shift of the label from the CO, tq
the water pool within the lung tis
sue. This provides an input of la
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belled water into the arterial tree.
The earlier, slower generation of
PET scanners saw the introduction
of a steady-state administration of
H,"”0O and the recording of tomo-
graphic data under conditions of dy-
namic equilibrium. The faster scan-
ners enabled more transit measure-
ments to be carried out, either by
bolus administration or by buildup
measurements during a continuous
administration over a 2- to 3-min
period. In all cases, arterial blood
samples are withdrawn. These are
measured either in a well counter or
continuously with an on-line detec-
tor viewing the catheter through
which arterial blood is continuously
withdrawn. The regional values of
cerebral blood flow are computed as
milliliter per milliliter per minute.
The tracer kinetic models for meas-
uring flow were based on the simple
Fick principle in which a term for
the relative distribution volume of
the label within the tissues has to be
included. An average in vitro meas-
ured value for the ratio of brain tis-
sue to blood partitioning has been
used. Currently effort is focussed on
including this as a fitting term in the
kinetic equations in order to account
for it specifically for the tissue in
question. It remains to be seen if this
can be included systematically and
reliably in the processing of human
scan data. Values of cerebral blood
flow by themselves have found lim-
ited application, since they have
been shown to be more variable than
measurements of the cerebral tis-
sue’s metabolic rate. This means that
the coupling between flow and the
fractional extraction of a metabolic
substrate is variable, whereas the
metabolic rate is kept constant. PET
measurements of cerebral blood
flow have been used for brain acti-
vation studies. A review by Roland
(10) in a previous issue of NIPS cov-
ers this, and recent studies have
shown new information on how re-
gional cerebral physiology responds
to activation (7). The short 2.1-min
half-life of oxygen-15 makes it pos-
sible to repeat studies over a time
period that is acceptable for human
investigation. This area promises to
be of interest in neurological or psy-
chiatric conditions in which the nor-
mal physiological response to acti-
vation may be altered. There is a
continuing need for measurements
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of cerebral blood flow in order to
interpret the uptake and retention of
labelled metabolic substrates or
pharmaceuticals.

Regional cerebral metabolic rate.
Because oxygen and glucose are the
brain’s principle energy substrates,
PET methods have focussed on
measurements of their regional cer-
ebral utilisation rate. From the ki-
netic point of view, measurements
of oxygen consumption have associ-
ated with them less modelling as-
sumptions. Here the fate of the oxy-
gen is metabolic water, and simple
kinetic models include terms for
blood flow and the fractional arteri-
ovenous extraction of oxygen. An
additional component representing
the presence of oxygen-15 contained
within the vasculature has also been
included. Similar to the blood flow
methods, two approaches have been
developed. One involves the contin-
uous inhalation of oxygen-15 with
data collected under steady-state
conditions. The procedure is fol-
lowed by the above steady-state
measurement of blood flow. From
the two studies, values for the re-
gional tissue’s fractional extraction
of oxygen (arteriovenous difference)
can be derived. The product of ex-
traction, blood flow, and the arterial
content of oxygen provide an abso-
lute value of the regional cerebral
metabolic rate for oxygen (ml O,.
ml™".min™"). For accuracy, a third
procedure is introduced that in-
volves the subject inhaling trace
amounts of CO labelled either with
oxygen-15 or carbon-11. From the
corresponding scan data and blood
samples, regional cerebral blood vol-
ume can be obtained (ml/ml) and the
radioactivity present in the vascula-
ture during O inhalation can be
accounted for. The above sequence
of measurement has also been car-
ried out dynamically involving a few
breaths of 'O for oxygen uptake and
the injection of H,"°O for blood flow.
More recently, a single procedure
was reported involving only the in-
halation of '°O and fitting the kinetic
data to obtain values for the cerebral
metabolic rate for oxygen (6). In-
cluded in this fit are terms for blood
flow and the vascular component.
When more experience is gained
with this single procedure, rapid
metabolic, activation studies of re-
gional human brain promise to be-

Volume 3/December 1988

come a reality.

The measurement of regional cejr-
ebral glucose utilisation has religd
mainly on the use of the analogye
deoxyglucose labelled with fluoring-
18. The metabolic trapping of thiis
tracer provides a definable tracér
model and procedure. Glucose utili-
sation is obtained either from the
rate of uptake of the analogue or the
amount of activity accumulated at|a
period of time (mg-ml™"-min™"). In
both cases, the blood concentratidqn
of tracer has to be measured in paf-
allel to PET scanning. Some quep-
tions arise as to the relative affini{y
of the tissue’s utilisation of deoxy
glucose compared with that of naf
ural glucose. Although this can Hes
measured for normal cerebral tissup®
there is concern that it may be dif2
ferent for a disease state. Naturff
glucose, uniformly labelled with caf3
bon-11, has also been tried. Hoy
ever, the rapid metabolism of gl
cose and release of 'CO, togeth
with variable transitions into othgiZ.
metabolic pathways make the k
netic modelling of this tracer te
uous. More recently, efforts hay
gone into selectively labelling th
glucose with carbon-11 in the one g
six position. Here the aim is to pr
vide for more time before the loss
the metabolic products. It remains T
be seen how useful this approad
will prove to be.

®F-labelled deoxyglucose hg
been used for regional cerebral act
vation studies. However, many ce
ebral responses are rapid and subt
and require, in the same subject, r
peat test-to-control comparisons
achieve statistical significance. He
the '®F-deoxyglucose method wi
the 110-min half-life isotopes is n
as practical as oxygen-15 blood flo
or utilisation studies. To help ove
come this, use has been made
[''C]deoxyglucose.

The principal human use of oxy-
gen-15 and '°F-deoxyglucose fdr
measurements of cerebral metab
lism have been in neurological and
psychiatric research. The brevity ¢f
this review does not allow a discu-
sion of the clinical research resulfs
to date. However, experience hds
shown that studies involving conj-
bined measurements of oxygen utj-
lisation and blood flow or glucode
utilisation have defined pathophys-
iological profiles that would n¢t

-
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have been provided from any one
single meausurement. Indeed the in-
vestigative power of PET stems to a
large extent from being able to ap-
proach a pathological state from dif-
ferent tracer pathways, thereby
helping to piece together the under-
lying disturbances in tissue func-
tions. A simple example of this is the
study of patients shortly after suffer-
ing an acute stroke. Here it has been
shown that a state of mismatching
between the normally coupled cer-
ebral blood flow and oxygen utilisa-
tion rate can occur. This defines the
tissue’s response to the lesion and
possible mechanisms for its survival.

Cerebral haemodynamics. One
physiological entity that has been of
interest in cerebral vascular disease
is the relationship between regional
cerebral blood flow and blood vol-
ume. In the presence of falling per-
fusion pressures, brought about
through carotid stenosis, cerebral
blood flow appears to be maintained
through vasodilation, which mani-
fests itself as an increase in regional
cerebral blood volume.

Blood-brain barrier. Active trans-
port across the blood-brain barrier
has been studied regionally in the
human brain using PET scan data
and the time course of activity in the
arterial blood. An example of this is
the study of [""C]methylglucose,
which is transported but not me-
tabolised and has been used to in-
vestigate physiological changes to
the barrier in chronic diabetes.
Leakage of the barrier has been stud-
ied using the cation rubidium-82
(78-s half-life)- and gallium-68 (68-
min half-life)-labelled EDTA. When
combined with a measure of regional
cerebral blood flow, measurements
of the barrier can be obtained as a
permeability-surface area product.

Neurotransmitters and receptors.
There currently exists much interest
in using PET with labelled precur-
sors and neurotransmitter systems
and labelled ligands to delineate cer-
ebral receptors. Most advances have
been made into the dopaminergic
system with 'F-labelled vL-dopa
being used to define the synthesis of
dopamine. Various ligands such as
[''C]raclopride, [methyl-''C]spipe-
rone, and '°F-spiperone delineate
the D, postsynaptic receptors and
[''C]nomifensine delineates the pre-
synaptic reuptake site (11). Already

these dopaminergic markers have
formed an armamentarium to study
patients with movement disorders,
and again the combined use of selec-
tive markers has helped to describe
the underlying pathophysiologies.
Other systems successfully studied
with PET include diazapine and opi-
ate receptors (2), while much effort
is currently focussed on seeking suit-
able markers for the serotonergic
pathways. References 5 and 8 pro-
vided extensive reviews on the use
of PET for cerebral studies.

Heart

The second most intensive area for
PET application to date has been in
the myocardium with a particular
emphasis on coronary artery disease.
Here the concentration has been on
recording representations of regional
myocardial blood flow and, where
possible, relating these to myocar-
dial metabolism.

Myocardial blood flow. Measure-
ments of regional myocardial blood
flow with PET are not as advanced
as flow methods for the brain. The
use of inert diffusible tracers such as
H,'’O are hindered by the juxtapo-
sition of the cardiac chambers and
cross talk of tracer contained therein
onto the recording of activity within
the muscle wall. The initial ap-
proach to measuring flow was to use
cationlike tracers such as radioiso-
topes of rubidium (**Rb), potassium
(*®*K), and *N-labelled ammonia. The
high first-passage extraction and re-
tension of these tracers in the myo-
cardium provide an index of muscle
blood flow once the blood level has
decreased. Rubidium-82 with its 78-
s half-life has been useful for rapid
repeat measurement of myocardial
flow in transit ischaemic states. The
advent of faster PET scanners with
higher spatial resolution has seen a
focus once again on the purer flow
marker H,"®O. Here, in the devel-
oped kinetic model, terms are in-
cluded for cross talk from the cardiac
cavities. This is made possible by
delineating the time course of activ-
ity in the cavities themselves. Prom-
ising reports are emerging that dem-
onstrate that regional cardiac mus-
cle blood flow, the physiological
parameter most central to the man-
ifestation of myocardial ischaemia,

can be quantitated in humans by use
of PET.
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Myocardial metabolism. The godl
for measuring myocardial metabqg-
lism is to relate it to correspondin
measurements of blood flow,
thereby defining states of tissue ig-
chaemia. The first focus of attentio
was to use ''C-labelled fatty acidy.
Labelled palmitate has proved inter-
esting but [''CJacetate provides for
simpler approach to define 3-oxida-
tion. Even with this tracer, it has n
been possible to date to formulate
quantitative kinetic model. The su
cess of the use of *F-deoxyglucos
in the brain has led to its use in th
myocardium, not the least because
definable kinetic model is availabldg.
To date, comparisons between my
cardial glucose utilisation and i
dices of muscle blood flow using r
bidium-82, potassium-38, or *N
have provided interesting inform
tion on the pathophysiology of co
onary artery disease. The myoca
dium recovering from a transit i
chaemic event was shown t
increase its transport of glucose. Pa
tients with chronic states of unstabl
angina also show a higher uptake
glucose, and in those patients re
covering from a myocardial infarg
tion, an increase of glucose transpor
(**F-deoxyglucose) into the muscl
relative to the blood flow (**NH,) i
indicative of a good prognostic ouf]
come (3, 12).

The use of PET to study neurg
transmittor systems in the myocan
dium is less advanced than in th
brain. The exceptions to this are th
studies of the muscarinic recepto
using ['"C]JMQMB and the B-recepto
using [''C]CGP 12177 (3).

Lung
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Regional pulmonary physiology
studies using PET have been con}
fined to comparatively few centers
Nevertheless, methods have been
developed to measure tomographif
cally a number of physiological en}
tities that are of traditional interes}
in the study of the lung’s role in ga
exchange. Measurements have been
made of regional lung density (g/m
of thorax) using PET transmissioq
scans and blood volume (ml/ml o
thorax) obtained with ""CO-labellec
red blood cells. The scaled quanti
tative subtraction of these parame
ters provided tomographic measure
ments of regional extravascular lun
density (g/ml of thorax). These havg

—
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been used to study the distribution
of pulmonary oedema in both acute
and chronic cardiac disease. The dif-
ference between PET scans of H,*°O
and ""CO-red blood cells has been
used as a measure of exchangeable
extravascular water in the lung. The
subtraction of the values of regional
lung density from unity has been
used as a measure of regional lung
alveolar volume (ml/ml of thorax).
The ratio of this to regional extra-
vascular density provides indices of
regional alveolar size (ml/g of lung
tissue) in normal subjects. It has
been of interest to compute the ratio
between regional alveolar size and
blood volume. This has been shown
to decrease in the gravity-dependent
areas of the lung where gas exchange
is most efficient.

Tomographic measurements of re-
gional lung ventilation have been
possible by the continuous inhala-
tion of neon-19 (17.3-s half-life). A
simple steady-state kinetic model
has been used that expresses re-
gional ventilation in terms of the in-
spired and lung concentrations of
tracer. The solution of this model,
using the recorded data, provides
ventilation in milliliter per minute
per milliliter of alveolar volume. By
use of the additional measurements
of gas volume and extravascular
density, values of ventilation per
unit volume of the thorax and per
alveolus can be calculated. Tomo-
graphic measurements of the ratio
between regional lung ventilation
and blood perfusion are possible us-
ing the continuous intravenous in-
fusion of N solution. Here the
steady-state pulmonary concentra-
tion of tracer relative to that within
the right heart chambers represents
the balance between the isotope’s
delivery to the lung alveoli and its
removal by ventilation. By combin-
ing this ventilation-to-perfusion
measurement with that of ventila-
tion alone (*°Ne), it has been possible
to measure regional pulmonary per-
fusion per alveolus. These entities,
which contribute to pulmonary gas
exchange, were used to study smok-
ers and a range of respiratory dis-
eases including asthma and chronic
obstructive lung disease. Serial
measurements of regional lung red
blood cell volume (**CO-red blood
cells) and plasma volume ([*'C]al-
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bumin) provided values of regional
lung haematocrit.

The lung tissue’s rate of energy
metabolism is comparatively low.
Nevertheless, it has been possible to
measure regional lung glucose utili-
sation using '®F-deoxyglucose. The
sequestration of this glucose ana-
logue makes possible a measurement
of pulmonary metabolism that is
otherwise impossible from at-
tempted measurements of the small
arteriovenous differences of natural
glucose across the lung. '®F-deoxy-
glucose has been used clinically to
study interstitial lung disease. In sar-
coidosis, increased focal accumula-
tions of tracer were found and as-
cribed to the infiltration of inflam-
matory cells that are known to
metabolise glucose anaerobically.

Future use of PET scanning in
lungs is destined to focus on the se-
questration of labelled serotonin as
a marker of pulmonary endothelial
function. Also there is a prospect of
using labelled ligands to research the
role of alveolar B-receptors in pul-
monary diseases. Reviews of PET
lung studies are found in Refs. 3 and
4,

Tumours

There is a growing interest in us-
ing PET to study the pathophysiol-
ogy of human solid tumours. To
date, research has centred on the
measurement of tumour blood flow
and glucose and oxygen utilisation
using methods developed for brain
studies. Some uncertainty exists
with respect to extrapolating the use
of kinetic models developed and val-
idated for cerebral tissue for study-
ing the pathophysiology that exists
in tumours. Results to date have con-
firmed the glycolytic nature of neo-
plasms, and some centres use this to
detect the regrowth of tumours after
therapy. The relationship between
tumour blood flow and oxygen uti-
lisation has shown that the bulk of a
tumour’s blood flow is associated
with a comparatively low fractional
extraction of oxygen (small arterio-
venous O, difference). This presum-
ably reflects a tumour’s preference
for glycolysis and has been con-
firmed from studies of brain tumours
where the ratio of oxygen utilisation
to glucose utilisation is low com-
pared with that of normal surround-
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ing brain. It needs to be emphasizg¢d
that the recorded signals afe
weighted to the well-perfused areps
of the tumour. This may mask the
high fractional extraction of oxygén
that is believed to occur in the pp-
ripheral, poorly perfused areas of the
tumour, resulting in tissue anoxia
The search continues for markefs
of tumour proliferation and here lp-
belled amino acids have been us¢d
with PET to delineate protein syp-
thesis. More recently '°F-labellgd
deoxyuridine and ["'C]thymidine
were used to examine DNA synthp-
sis of human tumours. Other f
oneering studies include the use p
labelled ligands to delineate recept
activities in breast cancer, and ]
belled polyamines such as [''C]p
trescine have been shown to
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have also been used to measure drj&
delivery, concentration, and ti
course in human neoplastic tiss
Reviews of PET tumour studies a
contained in Refs. 1 and 3.
Reference 3 contains recent 1|
views of the clinical efficacy of PE
In this review the facilities ar
resources necessary to impleme
physiological measurements usi
PET are only discussed in outli
Also, no mention has been made pf
the logistical difficulties of coordi
nating the multi-disciplinary effqr
needed to effect innovative pr
grammes of study. These are furth
complicated by the pressure of ti
imposed by the rapid decay of th&
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important to stand back from the
practicalities and realise that, si
lar to any other area of investigatio

recorded data in scientific terms th
inevitably become the most impdr-
tant issues. Many centres are still pt
the stage of formulating the condi-
tions necessary to collect PET da(ﬂla.
Among these is the need to handfle
the vast amount of spatial and term-
poral data that modern PET scannefrs
are capable of collecting. Current]y
much emphasis is being placed ¢n
computer graphics techniques fo
condense these data and present
them in a form that can be comprg-
hended and appreciated by the sdgi-
entific community.
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Two Interac
Transduction Pathways
Regulate Collecting Duct
Water Transport

Yasuhiro Ando, Harry R. Jacobson, and Matthew D. Breyer

ing Signal

phate (IPs), are responsible for act
vation of PKC and elevation of intr4
cellular Ca** concentration ([Ca**];
respectively (15). Furthermore, th
latter results in activation of Ca®*"
calmodulin-dependent protein ki
nase. Phosphorylation of substrat
proteins by activated protein kinase
is believed to be essential to com
plete signal transduction. Durin
this signaling process, various bid
logically active metabolites of ara

Receptor-mediated signal transduction occurs through
phosphatidylinositol bisphosphate (PIP.;) breakdown and activation of
adenylate cyclase interacting to regulate cell function. Current studies
suggest that hormone-stimulated PIP, breakdown modulates the classic
cyclic AMP-mediated hydrosmotic action of vasopressin through
separate mechanisms attributable to activation of protein kinase C,
elevation of intracellular Ca** concentration, and generation of

arachidonate metabolites.

Introduction

The receptor-mediated break-

down of phosphatidylinositol bis-
phosphate (PIP,), a minor constitu-
ent of cell membrane phospholipids,
is employed by many biologically ac-
tive agents and hormones to initiate
two major intracellular signal trans-
duction events: the activation of pro-

H. R. Jacobson is the Director of the Division
of Nephrology, Department of Medicine, Van-
derbilt University School of Medicine, Nash-
ville, TN 37232, USA. Y. Ando and M. D.
Breyer are also in that division.
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chidonic acid (AA), e.g., prostaglan
dins, can be generated from the A4
released from DAG or its metabolit
phosphatidic acid or from the Aj
released by the Ca**- or PKC-actj
vated phospholipase A, (11, 15).!

The PIP, breakdown-initiated sig
naling system has been universall
documented in all mammalian cell
types so far examined. When meas
ured in a cell-free system with his
tone used as a common substratg
the total activity of PKC is highe
than that of adenosine 3’,5'-cycli
monophosphate (cAMP)-dependen|t
protein kinase (or protein kinase Al)
in most organs, including the kidney
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tein kinase C (PKC) and the mobili-
zation of Ca** from intracellular stor-
age pools. As is now well known,
two products of phospholipase C-
mediated PIP, hydrolysis, diacyl-
glycerol (DAG) and inositol triphos-

1P A

=4

! Although PIP, breakdown has been so far regarded as a prerequisite for DAG formatio
and PKC activation in intact cells, several mechanisms for PIP,-independent PKC activatioh
have been reported to exist in certain cells (e.g.. Farese et al., Science Wash. DC 236: 584,
1987; Besterman et al., Proc. Natl. Acad. Sci. USA 83: 6785, 1986; Peter-Riesch et al., J. Clin.
Invest 81: 1154, 1988. Also, needless to say, IP; formation is not the only way to increas¢
(Ca*"), e.g.. in hepatocytes, cAMP increases (Ca®*), by stimulating Ca?* influx. Likewis¢
phospholipase A; can be activated more directly via a receptor-coupled mechanism, e.gl
bradykinin stimulation of prostaglandin synthesis in fibroblasts.
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