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Dexamethasone-induced translocation of lipocortin (annexin) 1
to the cell membrane of U-937 cells

Egle Solito, *Sandra Nuti & 'Luca Parente

Departments of Pharmacology and *Immunology, Immunobiology Research Institute Siena, Via Fiorentina, 1-53100 Siena,

Italy

Lipocortin (annexin) 1 is a putative mediator of the inflammatory effects of glucocorticoids. By flow
cytometric analysis (FACS) we have studied the effect of dexamethasone on the cellular localization of
lipocortin 1. U-937 cells were incubated with or without 10 nM phorbol 12-myristate 13-acetate (PMA)
to induce cell differentiation. Then 1puM dexamethasone was added and incubation carried out for
increasing times (1—24 h). Dexamethasone caused a time-dependent biphasic translocation of lipocortin
1 from the intracellular compartment to the cell membrane with maximal membrane expression at 4 and
24 h. In differentiated U-937 cells the steroid-induced membrane accumulation of lipocortin 1 was
significantly higher than that of undifferentiated cells. The accumulation of the protein in the cell
membrane may precede its release which is stimulated by dexamethasone in differentiated U-937 cells.
Since extracellular lipocortin 1 has anti-inflammatory properties the modulation of the translocation/
secretion process of the protein by glucocorticoids may be part of their mechanism of action.
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Introduction Lipocortin (annexin) 1 is a member of a family
of proteins endowed with calcium and phospholipid binding
properties which has been proposed as a putative mediator of
the anti-inflammatory action of glucocorticoids. This hypo-
thesis is based on experimental evidence showing that steroid
drugs are able to induce the synthesis and/or release of the
protein (Goulding ef al., 1990) and that extracellular lipocor-
tin 1 shares many of the anti-inflammatory effects of
glucocorticoids (Becherucci et al., 1993). The extracellular
release of lipocortin 1 has been questioned by experimental
evidence showing that it is an intracellular protein lacking in
hydrophobic signal peptide (Frey et al., 1991). On the other
hand Christmas et al. (1991) have observed that lipocortin 1
is secreted by the human prostate gland through a novel
secretory mechanism of high sorting efficiency.

We have previously shown that dexamethasone induces the
expression of the mRNA of lipocortin 1 and the secretion of
the protein in differentiated, but not undifferentiated U-937
cells (Solito et al., 1991). These cells have been used in the
present paper to investigate by flow cytometric analysis
(FACS) the effect of dexamethasone on the cellular localiza-
tion of lipocortin 1.

Methods Intracellular and cell membrane immunofiuorescence
of U-937 cells U-937 cells plated at 5 X 10°ml~! were
incubated for 24 h either with or without 10 nM PMA. Then,
in the appropriate experiments, 1 uM dexamethasone was
added and cells further incubated for increasing times
(1-24h). To assess intracellular expression, cells were fixed
and permeabilized according to Dent et al. (1989). Immuno-
fluorescence was performed as described in the Beckton
Dickinson Monoclonal Handbook. Briefly, cells resuspended
in phosphate-buffered saline (PBS) containing 1% BSA were
incubated with human IgG (1 mg ml~!) for 20 min at 4°C to
prevent non-specific binding. After washing, the cells were
incubated either with the anti-CD14 antibody (1:10 dilution)
or with the anti-lipocortin 1 antibody (1:100 dilution) for
20min at 4°C. After washing the FITC anti-rabbit Ig
antibody (5 pgml-') was added and cells further incubated
for 20 min at 4°C. Before FACS cell viability was assessed by
the propidium iodide method, as described by Shapiro
(1988). Only viable cells have been used for the analysis.

! Author for correspondence.

Flow cytometric analysis (FACS) The quantitative FACS
was performed on a FACSTAR flow cytometer (Beckton
Dickinson) equipped with an Argon ion laser beam operating
at 488 nm using 200 mW of power to excite the FITC and
the propidium iodide. Log fluorescence histograms (256-
channel) were obtained from approx. 10000 viable cells for
each sample. With the Consort 30 Data Analysis System
from Beckton Dickinson, mean channel number fluorescence
was used to assess differences in fluorescence intensity.

Materials Human monocytic U-937 cells were obtained
from the American Type Culture Collection and cultured as
previously described (Solito ez al., 1991). Dexamethasone-21-
phosphate, phorbol 12-myristate 13-acetate (PMA), pro-
pidium iodide, were purchased from the Sigma Chemical
Company. Fluorescein  isothiocyanate  (FITC)-labelled
antibodies anti-human and anti-rabbit Ig were from Boeh-
ringer Mannheim Biochemica, Germany. FITC-labelled
antibody against CD14 was from Beckton-Dickinson, Moun-
tain View, CA, U.S.A. Human IgG were from Cappel, West
Chester, PA, U.S.A. Anti-human lipocortin 1 rabbit poly-
clonal antibody (no. 842) was kindly supplied by Dr J.L.
Browning, Biogen, Cambridge, MA, U.S.A. This antibody
recognized a human recombinant lipocortin 1 endowed with
anti-inflammatory activity (Becherucci et al., 1993).

Results U-937 cells incubated for 24 h with 10nM PMA
showed a dramatic increase in the membrane positivity
(59.1 £ 14.6% of positive cells) to CD14, a specific macro-
phage antigen, compared to control cells (0.3 +0.1%, n =6,
P<0.01). This result demonstrates that 24 h treatment with
10nM PMA induced immature monocytic U-937 cells to
differentiate into macrophage-like cells confirming previous
observations (Hoff et al., 1992).

Table 1 shows the results of intracellular and cell mem-
brane expression of lipocortin 1. U-937 cells incubated for
24h with 10 nM PMA (i.e. differentiated cells) showed an
approximately 30 fold increase of intracellular lipocortin 1
expression (60.3 = 0.4 mean fluorescence) as compared with
control (i.e undifferentiated) cells (2.4 £ 0.1). On the other
hand, the extent of lipocortin 1 expression on the membrane
was very similar in both differentiated (36.4 +2.4) and
undifferentiated cells (38.0 £ 3.1). Treatment with dexa-
methasone of differentiated cells caused a decrease of the
intracellular expression of the protein (6.9 £ 0.1 at 2h) and a
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Table 1 Intracellular and cell membrane expression of lipocortin 1 in U-937 cells

Dexamethasone Intracellular Cell membrane
incubation-times Control cells PMA-treated cells Control cells PMA-treated cells
(h) (mean fluorescence)

0 24101 60.3 & 0.4** 38.0%3.1 36.41+24

1 2310.1 8.4+ 0.2** 192120 458 £ 1.6%*

2 58103 6910.1 53.9+24 233.2 1 12.4**

4 25.1%0.5 2561+ 0.5 184.01 4.2 290.6 + 6.5**

8 50%0.1 13.1 £ 0.1** 37101 2610.1
16 16904 21.8 £ 0.6* 41.6+0.9 80.6 & 1.3**
24 151103 10.3+0.3* 4761 1.1 193.7 £ 8.2**

U-937 cells were incubated with or without 10 nM phorbol 12-myristate 13-acetate (PMA) for 24 h. Then 1 pM dexamethasone was
added and incubation carried out for different times. At the end of incubations, intracellular and cell membrane expression of
lipocortin 1 was determined by FACS as described in Methods. Data are means * s.e.mean of the channel number fluorescence
measured in the scans of 6 different cell preparations (n = 6). The mean non-specific fluorescence measured with the FITC-labelled
anti-human Ig antibody (intracellular: 11.5 % 0.8, n = 6; cell membrane: 5.9 £ 0.2, n = 20) has been subtracted from the table values.
*P<0.005, **P<0.001 vs corresponding control cell values (Student’s two-tailed ¢ test).

concurrent dramatic increase of membrane protein accumula-
tion (233.2% 12.4 at 2 h) which peaked at 4 h (290.6 % 6.5).
At 8 h, membrane expression fell to negligible amounts and
again increased at 16 and especially at 24 h (193.7 £8.2). In
control cells the glucocorticoid also induced a biphasic mem-
brane translocation of the protein which again peaked at 4 h
(184.0 £ 4.2) and 24 h (47.6 = 1.1). These values were, how-
ever, significantly lower than those of PMA-treated cells. In
separate experiments after 24 h PMA incubation, cells were
further incubated for increasing times (1-24 h) in absence of
dexamethasone. In these cells both intracellular and cell
membrane positivity of lipocortin 1 did not significantly
change with time as compared with the values observed after
24h PMA (not shown).

Discussion These results demonstrate that dexamethasone
induces a biphasic translocation of lipocortin 1 from the
intracellular compartment to the cell membrane of U-937
cells. The steroid effect is probably specific inasmuch as
glucocorticoids do not interfere with the differentiation pro-
cess induced by PMA in these cells (Hoff e al., 1992). We
have previously observed the release of lipocortin 1 from
differentiated U-937 cells stimulated with dexamethasone
(Solito er al., 1991). Since the steroid-induced membrane
accumulation is significantly higher in differentiated U-937
cells, the translocation of large amounts of lipocortin 1 to the
membrane may precede the release of the protein in the
extracellular milieu. Extracellular lipocortin 1 has anti-
inflammatory properties (Becherucci et al., 1993); it is then
conceivable that the modulation of the translocation/
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secretion of the protein by glucocorticoids represents part of
their mechanisms of action.

The time-course of steroid-induced membrane accumula-
tion of lipocortin 1 in differentiated U-937 cells shows that
the expression peaks at 4 h, decreases to very low amounts at
8h and increases again at 16 and 24 h. This pattern is
somewhat specular to what occurs intracellularly where the
initial high level of the protein decreases at 1-2h and in-
creases again at later times. The biphasic accumulation of
lipocortin 1 on cell membrane induced by dexamethasone
may appear surprising; however, a very similar time-course
has been reported previously for the release of ‘macrocortin’
(an earlier name for lipocortin 1) induced by hydrocortisone
in rat macrophages (Blackwell et al., 1981; Carnuccio et al.,
1981). These authors have shown that macrocortin is stored
preformed in macrophages and that hydrocortisone induces a
biphasic release of the protein. On the basis of the previous
and the present experimental evidence we propose that
glucocorticoids initially stimulate the translocation to the
membrane and release of the preformed lipocortin 1 with
subsequent depletion of intracellular stores. This process is
then followed by a new wave of synthesis which allows for
new protein to be translocated and released. Further work is
necessary to ascertain whether the resynthesis phase is a
steroid-stimulated event or whether there is an internal feed-
back mechanism which initiates protein synthesis when intra-
cellular concentrations fall below a certain level.
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Biological actions of purines on rat megakaryocytes:
potentiation by adenine of the purinoceptor-operated

cytoplasmic Ca?* oscillation
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We have found that adenine enhanced the purinoceptor-operated cytoplasmic Ca’* oscillation in rat
megakaryocytes at submillimolar concentrations. Guanine and other nucleic acid bases had no effect on
this system. Adenine enhanced the reaction intensity but had no effect on the threshold concentration of

ATP to evoke the oscillation.

Keywords: Adenine; purinoceptor; cytoplasmic Ca’* oscillation; rat megakaryocyte; Ca’*-activated K* current

Introduction We have previously reported that rat mega-
karyocytes responded to extracellularly applied ATP and
ADP by showing periodic activation of a Ca’*-dependent
K* current (Ixc,) reflecting oscillatory changes in cytoplasmic
Ca’* concentration ([Ca®*]) induced by novel subtype of
purinoceptor (Uneyama et al., 1993a). As the feature of Ixc,
oscillation in megakaryocytes is an advantage in investigating
the physiological properties of single cells, we can obtain
many interesting data with this experimental system
(Uneyama et al., 1993b,c; Akaike et al., 1993; Uneyama et
al., 1994). Thus we studied the effect of purines and
pyrimidines, and found that adenine had an enhancing effect
on the purinoceptor-induced Ixc, oscillation. This is the first
account of the modulatory effect of adenine on receptor
function.

Methods The isolation technique for megakaryocytes was
described previously (Uneyama et al., 1993a). Megakaryo-
cytes were used for electrical experiments within 8 h after
isolation. Electrical measurements were performed with the
modified perforated patch recording of Horn & Marty (1988)
as previously described (Uneyama et al., 1993a,b). The resist-
ance between the recording electrode filled with internal solu-
tion and the reference electrode in external solution was
4-6 MQ. The liquid junctional potential between the pipette
solution and the standard external solution was approx-
imately —3mV. The data were not compensated for this
potential. All experiments were performed at room
temperature (20-22°C). The ionic composition of standard
external solution was (in mMm): NaCl 150, KCl 5, MgCl, 1,
CaCl, 2, N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic
acid (HEPES) 10 and glucose 10. The pH was adjusted to 7.4
with tris [hydroxymethylJaminomethane (Tris)-OH. The com-
position of the patch-pipette solution was (in mM): KCl 150
and HEPES 10. The pH was adjusted to 7.2 with Tris-OH.

H-8 (N-[2-methylamino)ethyl]-5-isoquinoline sulphonamide
dihydrochloride) was obtained from Seikagaku Kogyo (Tokyo,
Japan) and all other drugs were obtained from Sigma (St.
Louis, U.S.A.). All drugs were dissolved in the standard
external solution just before use. Drugs were applied by a
rapid application method termed the ‘Y-tube’ method, as
described by Murase er al. (1990). With the use of this
technique, the drugs could be applied rapidly to megakaryo-
cytes within 20 ms.

Results At first, we examined the Ca?* mobilizing effects of
purines (adenine and guanine) and pyrimidines (cytosine and

! Author for correspondence.

uracil) on rat megakaryocytes. None of these drugs induced
any detectable outward current at concentrations up to 1 mM
(data not shown). However, in the presence of ATP (1 uM) or
ADP (0.01 uM), adenine markedly enhanced Ixc, spikes
induced by the purinoceptor stimuli. A typical current trace
is shown in Figure la. Adenine (1 mM) evoked Ixc, spikes
only in the presence of ATP in a good reproducible manner,
but another purine, guanine, had no effect. Pyrimidines also
had no enhancing effect on the Ixc, at concentrations up to
1 mM (data not shown). The action of adenine occurred
14+ 3s (n=7) after the drug application and diminished
31 11s (n=7) after the drug wash out.

As previously reported (Uneyama et al., 1993a), the ECs
value for ATP was about 3 pM, and the concentration (1 pM)
of ATP used in Figure la was the threshold one to evoke
Ixca. The synergistic action of adenine and sub-threshold
(0.3 uM) and over-maximal (100 puM) concentrations of ATP
was, therefore, examined (Figure 1b). Adenine (1 mM) had
no effect in the presence of these sub-threshold or supra-
maximal concentrations of ATP. Thus, the enhancing effect
by adenine was dependent on the ATP concentration, but the
receptor sensitivity for ATP was not so dramatically changed
as in the case of Ca?* and Mg?* (Uneyama et al., 1993a).

The concentration-dependency of the enhancing action of
adenine was investigated. The cells were pretreated with
adenine for 1 min before 3uM ATP application. Adenine
increased the frequency of Ixc, spikes in a concentration-
dependent manner, but did not enhance the current amp-
litude (Figure 2a). In Figures 2b and c, the quantitative
results are shown. Adenine exerted its enhancing action on
the current frequency from 1pM, and the EDs, value was
about 80 uM, but it failed to increase current amplitude at
concentrations up to 1 mM.

Then, we examined whether the enhancing action of
adenine was apparent when another agonist was used instead
of ATP. We used thrombin as the Ca?* mobilizer, because
thrombin also evoked repetitive Ixc, spikes in rat
megakaryocytes. However, in contrast to purinoceptor
stimulation, adenine (1 mM) failed to enhance 5uml~!
thrombin-induced Ixc, oscillation (data not shown).
Thrombin-1 Suml~! was a submaximal concentration to
evoke Ixc, oscillation in rat megakaryocytes. In addition,
co-administration of adenine (300 uM) and ATP (1 um)
showed the synergistic action in the presence of H-8 (10 um),
an inhibitor of adenosine 3’:5'-cyclic monophosphate (cyclic
AMP)-dependent protein kinase, or forskolin (1 uM), an
activator of adenylate cyclase (data not shown). Moreover,
even in the absence of Mg?* and Ca?* in the external solu-
tion, adenine enhanced the ATP-induced responses (data not
shown).
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Figure 1 (a) Response to adenine and guanine in the presence and absence of ATP. Note the adenine (1 mM) evoked Ik, spikes
only in the presence of 1 uM ATP. (b) Effect of adenine on the responses induced by low (0.3 uM) and high (100 uM) concentrations
of ATP. The megakaryocyte was voltage-clamped at a Vy of — 40 mV. Drugs were continuously applied for the period shown by
the bars above each response. Each current trace was obtained from two different cells.
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Figure 2 Concentration-dependent enhancement by adenine of the
ATP-induced Ixc, oscillation. (a) Typical current traces obtained
from the same cell. Vy; was — 40 mV. Adenine at each concentration
was applied 1 min prior to the application of ATP. The current
traces were obtained from a single cell, and a typical one of 5 cells
examined. (b) Quantitative results obtained from (a). The value of
frequency and maximum current amplitude (/,.x) Were normalized to
the value obtained with 3 uM ATP alone. Each value represents the
mean  s.e.mean of five to six cells.

Discussion Here we demonstrate that adenine enhanced the
purinoceptor-induced Ikc, oscillation in a concentration-
dependent manner. The other nucleic acid bases examined
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The nonpeptide neurotensin antagonist, SR 48692, used as a
tool to reveal putative neurotensin receptor subtypes
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The nonpeptide neurotensin (NT) antagonist, SR 48692, was recently shown to inhibit NT binding to
the cloned rat and human NT receptor and to antagonize NT effects in a variety of in vitro and in vivo
assays. Here, we show that, in contrast to its antagonistic action on NT-induced hypomotility in the rat,
SR 48692 failed to antagonize NT-induced hypothermia and analgesia in the mouse and rat. We suggest
that these effects might be mediated through a subtype of SR 48692-insensitive NT receptor.

Keywords: Nonpeptide neurotensin antagonist; SR 48692; neurotensin receptor subtypes; hypothermia; analgesia

Introduction Expression cloning studies have identified one
type of neurotensin (NT) receptor expressed in the central
nervous system and peripheral tissues of mammals (Tanaka
et al., 1990; Vita et al., 1993). Based on structure-activity
studies with peptide and pseudopeptide agonist analogues of
NT, it has been suggested recently that NT exerts its
hypothermic and analgesic effects in the rat and the mouse
through a central receptor subtype distinct from the cloned
NT receptor (Al Rhodan er al.,, 1991; Labbé-Jullié et al.,
1994). Distinction of receptor subtypes on pharmacological
grounds can be established with selective antagonists. We
recently described the biochemical and pharmacological pro-
perties of SR 48692, a potent nonpeptide antagonist of the
cloned NT receptor (Gully et al., 1993; Vita et al., 1993). In
the present study, we show that SR 48692 antagonizes the
hypolocomotor effect induced by i.c.v. injection of NT in the
rat. In contrast, the compound fails to inhibit the hypother-
mic and analgesic responses to i.c.v. injected NT in the
mouse and in the rat.

Methods Studies in mice Tests were performed on male
Swiss albino mice (CD1-Charles River, St-Aubin les Elbeuf,
France). NT was dissolved in saline and SR 48692 in
dimethyl sulphoxide (DMSO) and diluted in distilled water
(final DMSO concentration, 5%). Corresponding vehicles
were administered to controls. I.c.v. injections were per-
formed according to Haley & McCormick (1957). SR 48692
was administered either i.p. 30 min before or i.c.v. simul-
taneously with the i.c.v. injection of NT (100 ng). Hypother-
mia and analgesia were evaluated 30 min after NT injection.
Colonic temperature was measured with a thermistor probe
(Ellab RM6, Copenhagen). Analgesic activity was evaluated
by the tail flick test of D’Amour & Smith (1941) adapted for
mice. Statistical analysis was conducted using two-way
ANOVA.

Studies in rats Male OFA rats (130-160 g) from Iffa
Credo (I’Arbresle, France) were used for NT-induced hypo-
thermia, analgesia and hypomotility. I.c.v. injections (2 pl) of
NT dissolved in sterile saline were made free-hand in the
right lateral ventricle of conscious, non-restrained rats.
SR 48692 suspended in 0.01% of Tween 80 in distilled water
was administered orally (p.o.) at Smlkg~'. Corresponding
vehicles were administered to controls.

! Author for correspondence.

For hypothermia studies, the rectal temperature of all
animals was measured with a thermocouple probe (Bailey
Instrument) and animal groups with matched mean rectal
temperature were constituted. Sixty minutes later, various
doses of NT were injected i.c.v. The rectal temperature was
measured twice just before and 30 min after NT injection. A
dose of 400 ng NT was chosen for studies with SR 48692
which was administered p.o. at the indicated doses 60 min
before NT injection.

For NT-induced antinociception against phenyl-p-benzo-
quinone-induced writhings (PBQ test), the animals were
fasted 12h before the test and isolated throughout the
experiment. PBQ (20 mgkg~!, 12.5mlkg~') was given i.p.
immediately after i.c.v. injections of increasing doses of NT.
A dose of 100 ng NT was selected for antagonism studies
with SR 48692 which was given p.o. at the indicated doses,
60 min before NT injection. Abdominal writhings were
recorded visually between 5 and 30 min post PBQ.

For hypomotility experiments, animals were injected i.c.v.
with vehicle or various doses of NT. A dose of 100 ng NT
was selected for antagonism studies with SR 48692 which was
given p.o. at the indicated doses 60 min before NT injection.
Immediately after NT injection, the rats were placed in the
test cages, motility being automatically recorded (digital
image analysis system, Videotrack 512, View Point) during a
30 min period.

Statistical analysis was performed using ANOVA for
motility studies and the Kruskall Wallis test for the other
studies.

Drugs SR 48692, {2-[1-(7-chloro-4-quinolinyl)-5-(2,6-di-
methoxyphenyl) pyrazol-3-yl) carbonylamino] tricyclo (3.3.
1.1.37) decan-2-carboxylic acid}, was synthesized at Sanofi
Recherche (Montpellier, France). NT was from Neosystem
(Strasbourg, France) or Sigma (St Louis, MO, U.S.A).
Phenyl-p-benzoquinone (PBQ) from Sigma was solubilized
with 5% ethanol in distilled water.

Results Studies in mice SR 48692 (0.1-2.5mgkg~!, i.p.)
did not significantly affect the hypothermic and analgesic
responses to i.c.v. injections of 100 ng NT (Table 1). Note
also that SR 48692 alone has no intrinsic activity on body
temperature and tail flick latency (Table 1). When mice were
injected i.c.v. with a mixture of NT (100 ng) and SR 48692
(1 pg), their body temperature (32.7 £0.5°C) and tail flick
latency (7.5 £ 0.5s) as measured 30 min later were similar to



Table 1 Effect of SR48692 on the hypothermic and
analgesic resposes to neurotensin (NT) in mice

Colonic Tail flick
temperature latency
Treatment O (s)
Vehicle 37.0%0.2 48104
NT 100 ng 33.0+0.1* 7.8+0.5*
SR 48692 0.1 mg kg~! 37.0%0.1 4810.6
SR 48692 0.3 mgkg~' 36.7£04 56105
SR 48692 2.5mgkg™! 372%0.1 5.6%0.6
SR 48692 0.1 mgkg~!
+ NT 100 ng 33.5+£0.5* 7.8 +0.6*
SR 48692 0.3 mgkg™!
+ NT 100 ng 33.2£0.3* 7.2%0.4*
SR 48692 2.5mgkg™!
+ NT 100 ng 32.7+0.2* 8.6 £ 0.4*

SR 48692 was administered i.p. 30 min before i.c.v. injection
of NT. Colonic temperature and tail flick latency were
measured 30 min after NT injection. Values represent the
mean * s.e.mean from 6-15 mice per group. Two-way
ANOVA indicates a lack of interaction between SR 48692
and NT, and a lack of intrinsic activity of SR 48692 in both
tests.

*P<0.001 as compared to vehicle-injected animals.

those measured in animals injected with NT alone (32.9 *
0.3°C; 7.7 £ 0.4 s) (means * s.e.mean from 6 mice per group).
It was also noted that SR 48692 (1 pg, i.c.v.) displayed no
intrinsic effect on either parameter.

Studies in rats As shown in Figure la left, NT (400 ng,
i.c.v.) induced a significant hypothermia in rats. SR 48692
0.5, 1, 2, 4mg kg~") did not significantly modify the hypo-
thermia induced by 400 ng NT (Figure la, right). In the
dose-range studied, SR 48692 by itself did not affect body
temperature.

NT (100 ng, i.c.v.) significantly reduced the number of
writhings induced by PBQ in rats (Figure 1b, left). SR 48692
at 0.5, 1, 2 and 4mgkg™! did not significantly affect the
analgesia induced by 100 ng NT (Figure 1b, right).

I.c.v. administration of NT induced a dose-dependent and
significant reduction of spontaneous locomotor activity in the
rat (Figure Ic, left). SR 48692 (2mgkg~') significantly
(P<0.05) antagonized the hypomotility induced by 100 ng
NT (Figure lc, right).

Discussion Previous studies have shown that SR 48692
inhibited the binding of NT to and antagonized NT res-
ponses mediated through the cloned rat and human NT
receptors (Gully ez al., 1993; Vita et al., 1993). The present
data show that SR 48692 fails to antagonize the hypothermic
and analgesic responses elicited by NT in the mouse and the
rat. A lack of central bioavailability of i.p. or p.o.
administered SR 48692 can be ruled out since both routes of
administration of the antagonist led to a marked inhibition
of the turning behaviour induced by intrastriatal injection of
NT in the mouse (Gully et al., 1993). Furthermore, SR 48692
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Figure 1 Effect of SR 48692 on neurotensin (NT)-induced hypother-
mia (a), analgesia (b) and hypomotility (c) in rats. Left panels
present the NT dose-response relationships, right panels present the
effects of SR 48692 against NT i.c.v. injected at the dose indicated by
arrows in the corresponding left panels. In all studies, SR 48692 was
administered p.o. 60 min prior to NT injection. Rectal temperature
was measured 30 min after NT or vehicle injection. Antinociception
(writhing test) was evaluated between S and 30 min post phenyl-p-
benzoquinone (PBQ) which was given i.p. immediately after NT or
vehicle injection. Motility was monitored during a 30 min period
immediately following NT or vehicle injection. Values represent the
mean + s.e.mean from 10-30 rats per group. *P <0.05; **P <0.01
as compared to controls. #P<0.05 as compared to NT alone.

given p.o. to rats significantly antagonizes the hypokinetic
effect elicited by NT as reported here. Finally, we show that
direct injection of SR 48692 in the central nervous sytem also
fails to antagonize the hypothermic and analgesic effects of
NT in the mouse. We therefore propose as a possible expla-
nation for the present findings that NT-induced hypothermia
and analgesia may be initiated through a receptor pharmaco-
logically distinct from the cloned NT receptor. This con-
clusion is in full agreement with that recently proposed on
the basis of structure-activity studies with NT agonists (Al-
Rhodan et al., 1991; Labbé-Jullié et al., 1994). Further
studies will be necessary to characterize the structure, bio-
chemical properties and tissue distribution of the SR 48692-
insensitive NT receptor.
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Inhibition by spermine of the induction of nitric oxide synthase
in J774.2 macrophages: requirement of a serum factor

Csaba Szabo, Garry J. Southan, Elizabeth Wood, !Christoph Thiemermann & John R. Vane
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Polyamines are endogenous regulators of various cell functions. Nitric oxide (NO) is a cytostatic and
cytotoxic free radical which is produced by the inducible NO synthase (iNOS) in immuno-stimulated
macrophages. We tested whether spermine modulates the induction of iNOS in J774.2 macrophages.
Stimulation of macrophages by bacterial lipopolysaccharide (LPS) or y-interferon increased the
accumulation of nitrite in the culture medium. Spermine (10~°-10~* M) inhibited nitrite production
without causing cytotoxicity. This inhibition of NO formation by spermine was significantly reduced
when it was given 6 h after LPS. Spermine did not inhibit nitrite accumulation when foetal calf serum
was omitted from the tissue culture medium. Thus, spermine is an inhibitor of the induction of iNOS,
and its inhibitory activity requires the presence of a serum factor.

Keywords: Nitric oxide; lipopolysaccharide; spermine; polyamines

Introduction Endotoxin (bacterial lipopolysaccharide, LPS),
interleukin-1, tumour-necrosis factor and y-interferon (IFN)
either alone or in combination induce nitric oxide (NO)
synthase (iNOS) in macrophages resulting in the formation
of large quantities of NO, which serves as a cytotoxic
molecule with a key role in the antimicrobial activity of
immune-stimulated macrophages (Green & Nacy, 1993).

The polyamines, spermine, spermidine and putrescine are
endogenous regulators of proliferation, differentiation, func-
tional activation and macromolecular biosynthesis in all
mammalian cells (Selmeci et al., 1985; Morgan, 1987). High
concentrations of polyamines occur in foetal and neoplastic
tissues and in seminal fluid. These tissues represent antigenic
challenges that often do not elicit appropriate immune res-
ponse of the host organism (see: Selmeci er al., 1985; Nor-
mann, 1985; Morgan, 1987; Bulmer, 1992 for reviews). Here
we show that spermine inhibits the induction of iNOS in
activated macrophages.

Methods The mouse macrophage cell line J774.2 was cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) with
4x107*M L-glutamine and 10% foetal calf serum (FCS)
(Szabo et al., 1993). Cells were cultured in 96-well plates until
confluence. To induce iNOS, fresh DMEM containing E. coli
LPS (1 pgml~!) or y-interferon (IFN, 50 uml-!) was added
to the medium. Nitrite was measured after 24 h by the Griess
reaction’ (Szabd et al., 1993). Where appropriate, spermine
(10~¢-10-* M), dexamethasone (10-% M) or N°-monomethyl-
L-arginine (L-NMMA, 3 x 10-3M) were added to the
medium either together with LPS or 6 h after LPS. The effect
of spermine (10~°-10-* M) was also tested in DMEM with-
out FCS. Mitochondrial respiration was assessed by the
mitochondrial-dependent reduction of MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide] to formazan
(Szabd et al., 1993). DMEM, L-glutamine, LPS (E. coli,
serotype No. 0127:B8), dexamethasone phosphate, MTT and
spermine hydrochloride were from Sigma (Poole, Dorset).
NS-monomethyl-L-arginine monoacetate (L-NMMA) was
from Calbiochem (Nottingham). FCS was from AAP (West
Midlands). Murine y-interferon was from Genzyme (West
Malling, Kent). Values are expressed as mean * s.e.mean of n
observations, where n represents the number of wells studies
(9 wells from 3 independent experiments). Student’s unpaired
t test was used to compare means between groups. A P value
<0.05 was considered significant.

! Author for correspondence.

Results LPS or IFN increased nitrite concentrations in the
culture medium at 24 h (Figure 1). Co-administration of
spermine with LPS dose-dependently reduced the accumula-
tion of nitrite (Figure 1a). Nitrite production is due to induc-
tion of iNOS, for both L-NMMA (a NOS inhibitor,
3 X 10~° M) and dexamethasone (an inhibitor of iNOS induc-
tion, 10~%M) inhibited nitrite accumulation (Figure 1). The
induction of iNOS in the cells was associated with an inhibi-
tion of mitochondrial respiration, which was prevented by
spermine or L-NMMA (Figure 1b).

The effects of spermine or dexamethasone were reduced
when added to the medium 6 h after LPS (Figure 1a). This
reduction was not due to accumulation of nitrite before
addition of spermine or dexamethasone at 6 h, as there was
no significant nitrite accumulation at this stage (nitrite con-
centration was 1.8 £ 0.5 uM 6 h after LPS vs. 1.4+ 0.3 uM in
control, n=12).

Spermine did not inhibit nitrite accumulation when FCS
was omitted from the medium (Figure 1a). Without FCS, the
induction of nitrite production was attenuated by LPS, while
it was slightly enhanced by IFN (Figure 1a).

Discussion We show that spermine inhibits the accumula-
tion of nitrite in the medium of immune-stimulated J774.2
macrophages. This effect of spermine is less when added to
the medium 6 h after stimulation, suggesting that spermine
inhibits the induction, rather than activity of iNOS.
Similarly, other inhibitors of iNOS induction, such as dexa-
methasone (Figure 1a), interleukin-10 (Cunha et al., 1992) or
dihydropyridine calcium channel modulators (Szabd et al.,
1993) also show less potency in inhibiting the formation of
nitrite when given several hours after the stimulus of induc-
tion.

Cytotoxicity and/or a non-specific depression of cellular
respiration does not account for the inhibition of nitrite
accumulation seen with spermine, for spermine up to 10~*M
did not reduce viability. On the contrary, spermine partially
reverses the LPS-induced inhibition of cellular respiration.
This is likely to be due to inhibition of NO production by
spermine, for NO mediates the inhibition of mitochondrial
respiration in immune-stimulated macrophages (Green &
Nacy, 1993).

The inhibitory effect of spermine on nitrite accumulation
was only seen in the presence of FCS. This indicates that
serum modulates the activity of spermine, possibly by pro-
viding an endogenous inhibitor of iNOS induction which
synergizes with spermine or by activating spermine, e.g.
through its metabolism.
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Figure 1 Nitrite concentration in the supernatant of J774.2 macrophages 24 h after stimulation by bacterial lipopolysaccharide
(LPS) or y-interferon (IFN). Experiments were performed in DMEM either with 10% foetal calf serum (FCS) or without FCS.
Basal nitrite (~2.5 uM) has been subtracted from the values. Depicted are the effects of spermine (10-%, 105 and 10~*M; S6, S5
and S4 respectively), N°-monomethyl-L-arginine (L-NMMA, 3 X 10~> M) or dexamethasone (Dex, 1 pM) on nitrite accumulation.
The effect of 100 uM spermine or Dex on nitrite accumulation was also studied when these agents were given 6 h after LPS (post).
Data are expressed as means t s.e.mean of n=9 wells from 3 experimental days. *P<0.05 and **P <0.01 represent significant
differences in the presence of various inhibitors, when compared to control, or between groups as indicated. (b) Spermine (S) or
L-NMMA inhibit the depression of cellular respiration by LPS in J774.2 macrophages. Depicted are the effects of spermine
(10~*M) and L-NMMA (3 X 1073 M) on mitochondrial respiration in J774.2 macrophages stimulated by LPS for 24 h. Data are
expressed as means t s.e.mean of n =9 wells from 3 experimental days. *P <0.05 and **P <0.01 represent significant differences
when compared to basal values or between groups are compared as indicated; *P<<0.05 and *#P < 0.001 represent significant
restoration of the mitochondrial respiration in the presence of spermine or L-NMMA (together with LPS) when compared to LPS

alone.

Interestingly, the induction of iNOS by LPS was markedly
reduced in the absence of FCS. A likely explanation for this
finding is that some serum factor is required for the induc-
tion of iNOS by LPS. A candidate is LPS-binding protein
(LBP) which binds to LPS to form an LBD-LPS complex
which then binds to the CD14 receptor on the cell membrane
(Raetz et al., 1991). Induction of NOS by IFN, however, was
enhanced in the absence of FCS. This may be related to a
possible non-specific binding of IFN to plasma proteins pres-
ent in FCS.

Immunosuppression is frequently seen in tissues or
biological fluids containing high levels of polyamines. We
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Evidence from desensitization studies for distinct receptors for
ATP and UTP on the rat superior cervical ganglion

Gerald P. Connolly

Department of Physiology, University College London, Gower Street, London WCIE 6BT

Prolonged contact of the rat superior cervical ganglia (SCG) with the purine «,f-methylene-ATP
(«,8-Me-ATP) selectively depressed responses to ATP and «,8-Me-ATP but not responses to uridine
5'-triphosphate (UTP), potassium or adenosine. Prolonged contact with the pyrimidine UTP selectively
depressed responses to UTP but not responses evoked by a,8-Me-ATP, potassium or adenosine. These
results are consistent with the presence of P,-purinoceptors and pyrimidinoceptors on the rat SCG and
the hypothesis that pyrimidinoceptors exist within the nervous system.

Keywords: rat superior cervical ganglion; uridine-5'-triphosphate (UTP); a,B-methylene-ATP (a,8-Me-ATP); pyrimidinoceptor;

P,-purinoceptor

Introduction Based on the results of studies of the relative
order of potency of purine and pyrimidine 5’-nucleotides on
non-neuronal tissues it has been suggested that some tissues
contain distinct receptors that recognize either purines, e.g.
adenosine 5'-triphosphate (ATP) or pyrimidines e.g. uridine
5'-triphosphate (UTP), i.e. P,-purinoceptors and pyrimidino-
ceptors respectively (Seifert & Schultz, 1989; O’Connor et al.,
1991). In addition to agonist studies the effect of selective
desensitization by a,B-methylene-ATP («,8-Me-ATP), a slowly
degradable analogue of ATP has been employed to establish
if P,-purinoceptors are involved in the actions of ATP (Burn-
stock & Kennedy, 1985; Von Kugelgen et al., 1987; Saiag et
al., 1990). Comparable studies to support the existence and
presence of pyrimidinoceptors have been reported using UTP
which desensitizes responses of blood vessels evoked by UTP
(Von Kugelgen er al., 1987; Saiag et al., 1990) and rat
perfused liver (Haussinger et al., 1987). In contrast other
tissues have been shown to exhibit cross desensitization
between ATP and UTP suggesting these responses are
mediated via a common nucleotide receptor that recognizes
ATP and UTP (Pfeilschifter, 1990).

The effects of pyrimidines and their 5’-nucleotides on the
nervous system have received little attention from phar-
macologists. Some evidence for the presence of distinct P,-
purinoceptors and pyrimidinoceptors on sympathetic
neurones has been obtained by use of P,-purinoceptor
antagonists, suramin (Connolly et al., 1993), pyridoxal-
phosphate-6-azophenyl-2',5’-disulphonic acid (Connolly &
Harrison, 1994) and reactive blue 2 (unpublished observa-
tions) which selectively antagonized a,-Me-ATP but not
UTP-evoked depolarizations of the rat superior cervical
ganglion (SCG). In order to assess whether purine and
pyrimidine 5'-nucleotides activate distinct receptors on the
rat SCG the effects of desensitization by UTP or o,f-Me-
ATP on responses evoked by these nucleotides was deter-
mined.

Methods Ganglia were prepared for recording of d.c. poten-
tials via the internal carotid nerve and the body of the
ganglion as described before (Connolly er al., 1993). SCG
removed from male Sprague-Dawley rats (230-330 g) killed
with a lethal dose of urethane were desheathed and placed in
a recording bath and superfused (approx. 2 ml min~') with a
solution at pH 7.4 and 25 £ 1°C, containing (mM) NaCl 125,
NaHCO, 25, KClI 1, KH,PO, 1, MgSO, 1, glucose 10, CaCl,
0.1 and pre-oxygenated (5% CO,/95% O,).

Purines and UTP or potassium were applied for 2 or 1 min
respectively. To produce desensitization the flow of super-
fusate was stopped (approx. 30 min), ganglia were kept
oxygenated and after adjusting the volume of the bath (Ca.

0.5ml) 50 ul of superfusate was replaced with concentrated
a,8-Me-ATP or UTP and left in contact for 25 min before
restarting superfusion. Responses evoked by ATP (100 um)
were recorded in the presence of an A,-purinoceptor
antagonist, 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) at
1 pM, added to the superfusate throughout an experiment.
All drugs except for DPCPX (Research Biochemicals Inc.)
were bought from Sigma Chemical Co. (U.K.) and dissolved
as 10 or 100 mM stock solutions in superfusate. Salts were of
Analar grade. Differences between responses (mean t
s.e.mean) from eight ganglia unless stated otherwise were
considered significant (paired ¢ test) if P<0.05 and n=
number of ganglia.

Results The effect of a single or repeated application of
o,8-Me-ATP, UTP, potassium and adenosine on the d.c.
potential of single ganglia are shown in Figure 1. Prolonged
contact with 1 mM a,B-Me-ATP evoked a sustained depolar-
ization (378 £ 73 uV) and a significant depression of subse-
quent depolarization to a,f-Me-ATP but not depolarizations
evoked by UTP (Figure la,b) or potassium (5mM) (res-
ponses 163 and 65min before (144t9uV, 141117V
respectively) and 12 and 109 min after (143 £17uV, 119%
22puV respectively)), or hyperpolarization by adenosine
(100 uM) (responses 120 min before (94 + 18 uV) and 67 min
after (102 £ 23 pV)) (Figure 1a).

Prolonged contact with 1 mM «,8-Me-ATP in the presence
of DPCPX (1puM) evoked a sustained depolarization
(765 £ 188 uV) and a significant depression (P<<0.05) of all
subsequent depolarizations to ATP (cf. responses 132 and
74 min before (238 X 16 uV, 207 £ 36 uV respectively) and
15, 60 and 129 min after (11952, 1191 14, and 134
23 pV respectively)) but not depolarizations evoked by 100 uM
UTP (responses 162 and 101 min before (276 20 puV,
282 £ 50 uV respectively) and 36 min after (209 + 41 pV)) or
5mM potassium (186 min before (194 + 11 uV) and 151 min
after (255 % 54 uv)).

Prolonged contact with UTP at 1 or 10mM evoked a
sustained depolarization (185t 46puV, n=4; 891+ 55uV,
n=28) and a concentration-dependent depression of depolar-
ization evoked by UTP (Figure 1d,e). Depolarizations evoked
by «,8-Me-ATP (Figure 1d) or SmM potassium were not
significantly altered by prolonged contact with 1 mM UTP
(responses to potassium 112 and 18 min before (180 + 28 uV,
206 £ 42 uV respectively) and 46min after 1mM UTP
(183 £ 31 uV) (n=4)). Depolarizations evoked by «,p-Me-
ATP (Figures lc,e) or SmM potassium (responses 154 and
69 min before (165 25uV, 131+ 10V respectively) and
10mM 17 and 120 min after 10 mM UTP (156 + 30 pV and
118 £ 192 uV respectively)) or hyperpolarizations evoked by
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Figure 1 Effect of prolonged contact with a,f-methylene-ATP (a,8-Me-ATP) or uridine 5'-triphosphate (UTP) on the response of
the rat superior ganglion to «,8-Me-ATP, UTP, potassium or adenosine. (a) Response of a single ganglion evoked by potassium
(K*), a,p-Me-ATP, UTP and adenosine before (left hand) and after (right hand) 1 mm a,f-Me-ATP. (b) Summary of the effect of
1 mM a,B-Me-ATP on depolarizations evoked by 100 uMm a,f-Me-ATP (open columns) or 100 pM UTP (solid columns). Responses
are expressed as a percentage of the control response evoked by «,8-Me-ATP 53 min (177 £ 16 uV) or UTP (355 £ 29 uV) 102 min
before 1 mM «,B-Me-ATP. (c) Response of a single ganglion evoked by UTP, a,8-Me-ATP and adenosine before (left hand) and
after (right hand) 10 mM UTP. (d) and (¢) Summary of the effect of 1 or 10mM UTP on depolarizations evoked by 100 uMm
a,8-Me-ATP (open columns) or 100 um UTP (solid columns). Responses before application of 1 or 10mM UTP (n=4 or 8
respectively) are expressed as a percentage of the control response evoked by a,f-Me-ATP (150 £ 21 pV, 118 £ 15 pV respectively)
or UTP (208 £ 6 uV, 390 £ 66 uV respectively). In (b), (d) and (e) statistical differences between responses before (control) and
after application of a,f-Me-ATP or UTP are indicated by *P <0.05; **P<0.01 and ***P <0.001.

100 uM adenosine (responses 86 min before (183 % 20 puV)
and 138 min (149 X 17 uV) after 10 mmM UTP, see Figure I1c)
were not significantly altered by prolonged contact with
10 mMm UTP.

Discussion Selective desensitization by «,f-Me-ATP pro-
vides a means of identifying P,x-purinoceptors (Burnstock &
Kennedy, 1985) and prolonged contact with «,f-Me-ATP
selectively antagonized both ATP and a,f-Me-ATP-evoked
depolarizations of the rat SCG but not depolarizations
evoked by UTP, potassium and adenosine, indicating that
depolarization by ATP and a,p-Me-ATP but not by the other
agonists tested was mediated by P,x-purinoceptors. These
results also indicate that UTP-evoked depolarizations were
due to activation of distinct receptors, i.e. pyrimidinoceptors.
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Interdependence of contractile responses of rat small mesenteric
arteries on nitric oxide and cyclo-oxygenase and lipoxygenase

products of arachidonic acid
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1 We have examined the effects of nitric oxide inhibition, indomethacin and the dual lipoxygenase/
cyclo-oxygenase inhibitor, 3-amino-1-[m-(trifluoromethyl)-phenyl]-2-pyrazoline (BW755C), on the re-
sponses of small mesenteric arteries of Wistar rats, with and without endothelium, to noradrenaline,
potassium chloride, endothelin-1, acetylcholine and sodium nitroprusside.

2 Noradrenaline, potassium chloride and endothelin-1 caused concentration-dependent contraction of
small mesenteric arteries. Indomethacin (14 puM) attenuated the contractile response to both nor-
adrenaline and potassium chloride. The inhibitory action of indomethacin persisted in vessels treated
with CHAPS.

3 Acetylcholine produced concentration-dependent relaxation in these vessels. Indomethacin (14 uM)
had no significant effect on the acetylcholine concentration-response relationship.

4 NC-nitro-L-arginine methyl ester (L-NAME, 100 uM) potentiated the contractile response to both
noradrenaline and potassium chloride and inhibited acetylcholine-induced relaxation. Indomethacin
attenuated the effects of L-NAME.

5 BW?755C inhibited the contractile response to noradrenaline and potassium chloride but not to
endothelin-1. The inhibitory effects of BW755C persisted in the presence of indomethacin and in vessels
treated with CHAPS.

6 BW?755C enhanced endothelium-dependent relaxation, as assessed by the response to acetylcholine.
In the presence of indomethacin, BW755C produced a shift to the right of the concentration-response
curve to acetylcholine.

7 Inhibition of nitric oxide synthase with L-NAME, reversed the inhibitory effect of BW755C on
noradrenaline- and potassium-induced contraction. L-NAME and BW755C in combination resulted in a
shift to the right of the concentration-response curve to acetylcholine.

8 Sodium nitroprusside produced concentration-dependent relaxation of the vessels. Endothelium
removal reduced the maximum relaxation to nitroprusside. BW755C did not alter the response to
sodium nitroprusside in vessels with or without endothelium.

9 These data support the existence of two vasoconstrictor products of arachidonic acid released during
contraction of small mesenteric arteries with noradrenaline and potassium chloride: a cyclo-oxygenase
product and a lipoxygenase product both of which appear to be largely endothelium-independent.

Keywords: Mesenteric arteries; cyclo-oxygenase; lipoxygenase; nitric oxide; BW755C

Introduction

Endothelium-derived relaxing factors play a central role in
the control of vascular smooth muscle tone and therefore
vascular resistance (Baylis et al., 1990; Moncada et al., 1991).
Endothelium-dependent contracting factors have also been
described in a number of different vascular beds including the
aorta (Liischer & Vanhoutte, 1986; Diederich et al., 1990;
Dohi et al., 1990; Kato et al., 1990) and renal arcuate arteries
of spontaneously hypertensive rats (SHR) (Fu-Xiang et al.,
1992). Similar factors have also been described in Wistar-
Kyoto (WKY) rats, (Diederich et al., 1989; Koga et al., 1989,
Kato et al., 1990) although not consistently. Koga et al.
(1989) have shown that in the WKY aorta, endothelium-
dependent vasoconstrictor prostanoids develop with age.
Noradrenaline is known to release both endothelium-depen-
dent relaxing and contracting factors from rat arteries (Nigro
et al., 1990). The contracting factors described are cyclo-
oxygenase-dependent (Diederich et al., 1990; Liischer et al.,
1990) but the compounds responsible vary, depending upon
the species and vascular bed studied. In the aorta of both
WKY and SHR the contracting factor appears to be either

! Author for correspondence.

prostaglandin H, (Kato ez al., 1990; Fu-Xiang et al., 1992) or
thromboxane A, (Lin & Nasjletti, 1991); however, in mesen-
teric resistance vessels from SHR, Jameson et al. (1993) have
proposed that cyclo-oxygenase-generated superoxide anions
are responsible.

Kanner et al. (1992) have demonstrated that nitric oxide
inhibits lipid oxidation by both lipoxygenase and cyclo-
oxygenase, raising the possibility of an inter-relationship
between the endothelium-derived nitric oxide vasodilator sys-
tem and endothelium-derived vasoconstrictor prostanoids.

Arachidonic acid may be metabolised by at least three
different enzyme systems, namely, cyclo-oxygenase, lipoxy-
genases (5-, 12- and 15-) and a cytochrome P450-dependent
mono-oxygenase. Products of the cytochrome P450-depen-
dent mono-oxygenase may be further transformed by cyclo-
oxygenase (Carroll et al., 1992). A physiological role has yet
to be defined for many of the resulting compounds although
interest has focused on a possible role for lipoxygenase and
cytochrome P450 dependent mono-oxygenase products in the
control of vascular tone, the development of hypertension
(McGiff et al., 1991) and in compensatory renal hypertrophy
(Takahashi et al., 1993).

Lipoxygenase activity (5-, 12-, 15-) has been demonstrated
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within the endothelium and vascular smooth muscle from a
variety of vascular beds in all species studied (Larrue et al.,
1983; Farber et al., 1985; Revtyak et al., 1988; Shannon et
al., 1991). The main vasoactive products of the S-lipoxy-
genase enzyme are leukotriene C, and leukotriene D,. A
number of workers have shown that these two leukotrienes
constrict mesenteric arteries from rats and dogs (Feigen,
1983; Chapnick, 1984; Eimerl et al., 1986) although this is
not a universal finding (Stanton & Coupar, 1986).

Hydroxyeicosatetraenoic (HETE) acids, (products of the
lipoxygenase system) are also potent vasoactive compounds
with a variety of actions. 12-HETE, a product of the 12-
lipoxygenase pathway, is a directly acting vasoconstrictor
(Ma et al., 1991), and contributes to the effector mechanisms
of angiotensin II-induced vasoconstriction and modulates the
intracellular calcium response to arginine vasopressin, angio-
tensin II and endothelin (Saito et al., 1992). 15-HETE is the
major lipoxygenase product of cultured endothelial cells
(Larrue et al., 1983) and of the atherosclerotic vessel wall
(Henriksson et al., 1985). It is also a directly acting vasocon-
strictor in a number of vascular beds of the dog and under
certain circumstances may act as an endothelium-independent
vasodilator (Van Diest et al., 1990).

Metabolism of arachidonic acid via the lipoxygenase rather
than cyclo-oxygenase pathway may lead to the production of
reactive oxygen species (Hédnsch, 1990) which may accelerate
the destruction of nitric oxide and thus in the presence of
nitric oxide, will act as a vasoconstrictor. This raises the
possibility of a further link between the lipoxygenase and
nitric oxide pathways.

Lipoxygenase products of arachidonic acid metabolism are
potent vasoactive compounds with a variety of actions in
different vascular beds. There are very few data on their
effects in resistance sized arteries despite their postulated
roles in the development of hypertension. In this study we
have used the nitric oxide synthase inhibitor, NC-nitro-L-
arginine-methyl ester (L-NAME), indomethacin and the
combined lipoxygenase/cyclo-oxygenase blocker, 3-amino-1-
[m-(trifluoromethyl)phenyl]-2-pyrazoline (BW755C) (Higgs et
al., 1979) to examine the relative roles of cyclo-oxygenase
and lipoxygenase products of arachidonic acid and their
relationship to nitric oxide in the contractile properties of rat
small mesenteric arteries.

Methods

Preparation of blood vessels

Small mesenteric arteries (mean internal diameter of 165 * 8
pm, n = 102) were isolated from male Wistar rats (age 3-4
months, weight range 250—400 g, killed by CO, asphyxia or
pentobarbitone injection). The proximal jejunum was remov-
ed into iced buffer and third branch mesenteric arteries were
identified and dissected free of surrounding connective tissue.
The vessels were mounted on 40 um tungsten wires in a small
vessel myograph (Cambustion, Cambridge, UK) capable of
measuring isometric tension. The arteries were bathed in a
physiological salt solution (PSS) containing (mM): NaCl 119,
KCl14.7, CaCl, 2.5, MgSO, 1.17, NaHCO, 25, KH,PO, 1.18,
EDTA 0.026, glucose 5.5, pH 7.4, at 37°C, bubbled with 5%
CO, in O,. Maximal potassium activation was achieved by
KPSS (PSS with equimolar substitution of KCl for NaCl
resulting in final K* concentration 125 mM).

After equilibration for 1 h in PSS the passive tension/
internal circumference characteristics were determined (Mul-
vany & Halpern, 1977). The vessels were then set to an
internal circumference equivalent to 90% of that they would
have had when relaxed in situ under a transmural pressure of
100 mmHg. The maximum active tension is developed at
approximately this circumference (Mulvany & Halpern,
1977). The arteries were then maximally contracted for 2 min
every 10 min on five occasions, the first two contractions

being with KPSS and 5 pM noradrenaline followed by nor-
adrenaline 5 pM, KPSS alone and finally noradrenaline 5 pM
with KPSS. Any vessel that failed to develop a maximum
tension equivalent to a pressure of 100 mmHg was excluded.
In a series of vessels, the endothelium was removed, before
mounting, by perfusion with 0.3% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS) for 3 min.
The absence of functioning endothelium was confirmed by
the loss of relaxation to acetylcholine.

Experiment protocol

Cumulative concentration-response curves were constructed
to acetylcholine 0.01-100 uM for vessels with endothelium,
pre-contracted with 5 uM noradrenaline. The vessels were
then washed for 10 min in PSS and cumulative concen-
tration-response curves were constructed to noradrenaline
0.01-10 uM. The vessels were washed again for 10 min in
PSS, and cumulative concentration-response curves were con-
structed to potassium chloride 12—125 mM. Following this,
the vessels were further washed for 10 min in PSS and then
incubated in a number of different agents: indomethacin
14 uM; L-NAME 100 pM; indomethacin 14 uM and L-NAME
100 uM; BW755C 50 puM or 180 uM; BW755C 50 uM and
indomethacin 14 uM; BW755C 50 uM and L-NAME 100 pM.
Concentration-response curves were then repeated to acetyl-
choline, noradrenaline and potassium chloride in the presence
of the above combinations of BW755C, indomethacin and
L-NAME. The above protocol was repeated in a series of
vessels pretreated with CHAPS. Time controls were obtained
for the response to noradrenaline, potassium chloride and
acetylcholine, by repetition of the above protocol in the
absence of any other agent.

In further sets of vessels, concentration-response curves
were constructed to endothelin-1 0.1 nM—1pM alone or in
the presence of BW755C 50 uM and sodium nitroprusside
0.1 nM—10 pM, in vessels precontracted with 5 uM noradren-
aline, with or without pretreatment with CHAPS, prior to
and following incubation with BW755C 50 uM.

Drugs

The following were used: acetylcholine, indomethacin, L-
NAME, CHAPS, endothelin-1, (Sigma, Poole, Dorset),
sodium nitroprusside (Central Laboratories, Dublin, Ireland),
noradrenaline (Winthrop Laboratories, Guildford, Surrey),
BW755C (Welcome Laboratories, Beckenham, Kent). All
other reagents were obtained from BDH (Poole, Dorset). All
reagents were of Analar grade and solutions were prepared
fresh daily.

Statistically analysis

A Hill plot was constructed for each concentration-response
relationship. The — log concentration of the drug required to
produce 50% of the maximum response (pPECso M) was cal-
culated with a computerised curve fitting software package
(Graphpad Inplot version 3.14). Where curve fitting was not
appropriate the maximum responses were compared. In the
figures, concentrations are given as negative logarithms in
molar units. Tension was expressed as mN mm~' artery
length. Relaxation to acetylcholine and sodium nitroprusside
was expressed as a percentage of the initial pre-contraction to
noradrenaline. All values are given as mean % s.e.mean.
Differences between means were assessed with Student’s ¢ test
for paired or unpaired data as appropriate. P<0.05 was
taken as statistically significant.

Results

Noradrenaline, potassium chloride and endothelin-1 pro-
duced concentration-dependent contraction and acetylcholine
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and sodium nitroprusside concentration-dependent relaxation
of the vessels. Repetition of the concentration-response cur-
ves, as timed controls, did not significantly alter the response
to either noradrenaline (pECs, 5.89 +0.02 and 5.90 £ 0.01;
maximum response 2.57 £ 0.29 mNmm~' and 2.61%0.32
mNmm™') or potassium chloride (pECs, 1.26+0.02 and
1.23 £ 0.02; maximum response 2.08 £ 0.39 mN mm~! and
1.83 £ 0.35). However repetition of the acetylcholine concen-
tration-response curve led to a shift to the right of the curve
(pECs, 6.95 1 0.02 and 6.52 £ 0.03, P<<0.01), but no reduc-
tion in the maximum relaxation seen (96.5 £ 1.2% and 93.3
+2.4%).

Indomethacin

Indomethacin attenuated the maximum contractile response
to noradrenaline (3.17 £0.22mNmm~! versus 2.37 % 0.21
mN mm~! with indomethacin, P<0.05) and caused a shift
to the right of the concentration-response curve (pECs,

“

Active tension (mN mm~")

/l

5.88 £ 0.08 versus 5.61 £ 0.09 with indomethacin, P<<0.05)
(Figure 1). Indomethacin reduced the maximum contractile
response of the arteries to potassium chloride (3.27 £ 0.26
mNmm~! versus 2.58 £ 0.30 mN mm~! with indomethacin,
P<0.001) without a shift of the concentration-response
curve (Figure 1). Indomethacin did not affect the acetyl-
choline response of mesenteric arteries (Figure 1).

L-NAME

Inhibition of nitric oxide synthase with L-NAME produced a
shift to the left of the concentration-response curves to
noradrenaline (pECs 5.75 £ 0.08 versus 6.24 + 0.06 with L-
NAME, P<0.001) and to potassium chloride (pECs, 1.10 £
0.01 versus 1.43+£0.03 with L-NAME, P<0.01) and an
increase in the maximum contractile response to potassium
chloride (3.99 £ 0.57 mN mm~' versus 5.56 £ 0.69 mN mm™!
with L-NAME, P<0.05) (Figure 2). Acetylcholine induced
relaxation was virtually abolished by L-NAME (maximum
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Figure 1 The effect of indomethacin, 14 uM on the concentration-response relationship of small mesenteric arteries to noradrenaline
(a), potassium chloride (b) and acetylcholine (c). Indomethacin indicated by (@) in (a); (V) in (b) and (M) in (c); open symbols
indicate control values. In (a) and (b) n=8 and diameter =167 £ 9 um; in (c) n=9 and diameter = 185+ 9 um.
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Figure 2 The effect of NS-nitro-L-arginine methyl ester (L-NAME, 100 uM), on the concentration-response relationship of small
mesenteric arteries to noradrenaline (a), potassium chloride (b) and acetylcholine (c). L-NAME indicated by (@) in (a), (V) in (b) and
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relaxation 98.5 £ 3.6 versus 17.9 * 8.2% with L-NAME, P<
0.001) (Figure 2).

Indomethacin and L-NAME

Indomethacin attenuated the shift to the left of the concen-
tration-response curve and increase in the maximum response
to both noradrenaline, P<<0.02, and potassium, P<0.01,
seen with L-NAME alone (Figure 3). Whilst L-NAME alone
virtually abolished acetylcholine-induced relaxation (Figure
2), in the presence of the combination of indomethacin and
L-NAME, although there was a reduction in the maximum
relaxation seen (91.3% versus 58.2 % 13.3% with indome-
thacin and L-NAME, P<0.05), there was no shift to the
right of the concentration-response curve and the maximum
relaxation obtained was greater than that seen with L-NAME
alone, P<0.01, (Figure 3).

BW755C

BW755C decreased the maximum constrictor response of the
mesenteric arteries to potassium in a concentration-depen-
dent manner (3.33+0.22mN mm™' versus 2.24 % 0.18 mN
mm~' with BW755C 50pM, P<<0.001; 3.22+0.48 mN
mm~! versus 1.72+ 0.38 mN mm~' with BW755C 180 puM,
P <0.001). Reductions in the maximum constrictor response
to noradrenaline did not reach statistical significance (Figure
4). There was a shift to the right of the concentration-
response curves to noradrenaline (pECs, 6.06 * 0.06 versus
5.78 £ 0.06 with BW755C 50 uM, P<<0.01; 5.93 £ 0.01 versus
5.68 £ 0.01 with BW755C 180 um, P<0.001) and to potas-
sium chloride (pECs, 1.22+0.01 versus 1.18 £0.01 with
BW755C 50 uM, P<0.01; 1.20 £ 0.01 versus 1.19 % 0.01 with
BW755C 180 uM). BW755C did not alter either the pECs,
(6.82 £ 0.07 versus 6.82 * 0.06 with BW755C 50 uM) or max-
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Figure 3 The effect of NC-nitro-L-arginine methyl ester (L-NAME, 100 uMm), on the concentration-response relationship of small
mesenteric arteries to noradrenaline (a), potassium chloride (b) and acetylcholine (c) in the presence of indomethacin (14 um).
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imum response (95.6 £ 1.3% versus 96.4 * 0.6% with BW-
755C 50 uMm) to acetylcholine relative to its paired control
(Figure 5). However, repetition of the acetylcholine concen-
tration-response curve led to a shift to the right of the curve
(PECsp 6.9510.02 curve 1 versus 6.52+0.03 curve, P<
0.05) (Figure 5). When the acetylcholine response, in the
presence of BW755C, was compared to its time control it was
apparent that BW755C caused a significant shift to the left of
the concentration-response curve to acetylcholine, P<<0.01
(Figure 5). BW755C did not alter either the pECs, (8.12 &
0.39 versus 8.09 £ 0.21 with BW755C 50 uM) or the max-
imum response (3.05% 0.64 mNmm~' versus 3.42+0.26
mN mm~! with BW755C 50 uM) to endothelin-1.

BW755C and indomethacin

In the presence of indomethacin, BW755C still depressed the
maximum response to potassium (4.04 + 0.78 mN mm~! ver-
sus 3.20 £ 0.58 mN mm~' with BW755C and indomethacin,
P<0.01). The pECs, for potassium remained unchanged.

There was a small, although statistically significant, shift to
the right of the concentration-response curve to
noradrenaline (pECs, 5.69  0.03 versus 5.61 £ 0.02 with
BW?755C and indomethacin, P<<0.05). The fall in the max-
imum response to noradrenaline was not statistically
significant (4.07+0.67 mNmm~' versus 3.71 % 0.67mN
mm~! with BW755C and indomethacin). In the presence of
indomethacin, BW755C induced a shift to the right of the
concentration-response curve to acetylcholine of the order of
that seen in the appropriate timed control (pECs, 7.14 £ 0.01
versus 6.60 £ 0.09 with BW755C and indomethacin, P <0.01)
the maximum relaxation remained unchanged (97.8 £ 0.5%
versus 96.1* 1.0% with BW755C and indomethacin)
(Figure 5).

BW755C and L-NAME

Inhibition of nitric oxide synthase with L-NAME in the
presence of BW755C abolished the shift to the right of the
concentration-response curves to noradrenaline and potas-
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sium seen with BW755C alone (Figure 4), and resulted in an
increase in the maximum response to noradrenaline (4.61
0.34 versus 5.37 £0.37 with BW755C and L-NAME, P<
0.01) and shift to the left of the concentration-response curve
to potassium (pECs, 1.17£0.01 versus 1.27 £0.02 with
BW755C and L-NAME, P<0.01) (Figure 6). For both nora-
drenaline and potassium there was a shift to the left of the
concentration-response curves and increase in the maximum
response with the combination of L-NAME and BW755C
relative to BW755C alone, P<0.02 and P<<0.001, respec-
tively. The combination of L-NAME and BW755C produced
a shift to the right of the concentration-response curve to
acetylcholine (pECs, 6.72+0.03 versus 6.44+0.10 with
BW755C and L-NAME, P<<0.01) and reduced the maximum
relaxation seen (93.1 £1.9% versus 66.8+ 10.1% with
BW755C and L-NAME, P<0.05) (Figure 6).

CHAPS

Endothelial removal with CHAPS largely abolished acetyl-
choline-induced relaxation (maximum relaxation 96.5 * 1.2%
versus 4.3 * 3.1% following CHAPS, P <0.001) and resulted
in a shift to the left of the concentration-response curves and
increase in the maximum contractile response to both nora-
drenaline (pECs, 5.89 £0.02 versus 5.96 £ 0.08 following
CHAPS, P<0.05; maximum response 2.57 + 0.29 mN mm™!
versus 4.41 £ 0.48 mN mm~' following CHAPS, P<0.01)
and potassium chloride (pECs 1.26 £ 0.02 versus 1.21 £ 0.01
following CHAPS, P <0.05; maximum response 2.08 * 0.39
mN mm-~! versus 3.88+ 047 mNmm-~' following CHAPS,
P<0.02).

CHAPS and indomethacin

In arteries pretreated with CHAPS, indomethacin caused a
shift to the right of the concentration-response curve to
noradrenaline (pECs, 5.96 £ 0.08 versus 5.7510.06 with
indomethacin, P<<0.05) and potassium (pECs 1.21 £ 0.01
versus 1.07 * 0.05 with indomethacin, P <0.01) and reduced
the maximum contractile response to potassium (3.88 * 0.47
mN mm~! versus 3.51 £ 0.45mNmm-!, P<0.01) but not
noradrenaline (4.41 £0.48 mN mm~' versus 4.22 % 0.4]1 mN
mm~! with indomethacin) (Figure 7). Maximum relaxation
to acetylcholine increased in the presence of indomethacin
(4.3%3.1% versus 10.7%2.6% with indomethacin, P<
0.05).

CHAPS and BW755C

In arteries pretreated with CHAPS, BW755C still caused a
shift to the right of the concentration-response curves to
noradrenaline (pECs, 6.42 1 0.08 versus 5.75*0.02 with
BW755C, P<0.001) and potassium chloride (pECs, 1.34 +
0.02 versus 1.24 £ 0.03 with BW755C, P<<0.01) and reduced
the maximum contractile response to potassium (2.70 £ 0.39
mN mm~! versus 1.70 £ 0.25 mN mm~! with BW755C, P<
0.01) (Figure 8). Acetylcholine-induced relaxation was vir-
tually abolished in vessels pretreated with CHAPS, as would
be expected. However the addition of BW755C increased the
maximum relaxation seen (20.6 * 3.2% versus 30.2 * 3.6%
with BW755C, P<0.05) (Figure 8).

CHAPS and BW755C with indomethacin

In the presence of indomethacin, BW755C produced a small
though significant shift to the right of the concentration-
response curve to noradrenaline (pECs, 5.87 * 0.08 versus
5.72 1 0.03 with BW755C and indomethacin, P <0.05) and"
reduced the maximum response to potassium (4.57 £0.52
mN mm~! versus 3.39 + 0.44 mN mm~! with BW755C and
indomethacin, P <0.001) (Figure 9). The increased relaxation
to acetylcholine seen with BW755C alone, in these vessels,
was not seen with the combination of BW755C and indome-
thacin (19.5 £ 5.6% versus 18.8 £ 3.2% with BW755C and
indomethacin) (Figure 9).

Sodium nitroprusside

BW755C did not affect either the maximum response or the
pECs, to sodium nitroprusside in vessels with (pECs, 7.58
0.86 versus 6.75 * 1.24 with BW755C; maximum relaxation
81.9 £ 4.4% versus 93.6 £ 3.5% with BW755C) or without
endothelium (pECs, 7.09 £ 0.18 versus 7.21 £ 0.16 with BW-
755C; maximum relaxation 63.3 £ 1.4% versus 69.8 * 2.5%
with BW755C). However, the maximum relaxation to nitrop-
russide was reduced in vessels pretreated with CHAPS (81.9
+ 4.4% versus 63.3 1 1.6% following CHAPS, P<0.01).

Discussion

In this study we have demonstrated the presence of vasoac-
tive cyclo-oxygenase and non-cyclo-oxygenase derivatives of
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arachidonic acid in small mesenteric arteries of the rat. These
data also support the possibility of an interrelationship be-
tween arachidonic acid products and nitric oxide.
Indomethacin attenuated the contractile responses of small
mesenteric arteries to noradrenaline and potassium chloride.
Endothelium-dependent relaxation, as assessed by the res-
ponse to acetylcholine, was not affected. These data support
the presence of a cyclo-oxygenase-derived vasoconstrictor
released by both noradrenaline and potassium chloride in
these vessels. Similar vasoconstrictors have been previously
described in renal arcuate, but not in small mesenteric
arteries in WKY rats (Kato er al., 1990). The inhibitory effect
of indomethacin persisted in the absence of a, functioning
endothelium suggesting that the vasoconstrictor cyclo-oxy-
genase product responsible, originates within the vascular
smooth muscle rather than the endothelium. However, des-

pite pretreatment of the vessels with CHAPS, acetylcholine-
induced relaxation was not completely abolished; thus, it is
not possible totally to exclude the endothelium as the source
of the vasoconstrictor.

Inhibition of nitric oxide synthase, with L-NAME, potent-
iated the contractile response to noradrenaline and potassium
and inhibited endothelium-dependent relaxation of mesen-
teric arteries. The change in noradrenaline and potassium
sensitivity probably result from a combination of a decrease
in both basal and agonist-stimulated nitric oxide release. A
number of vasoconstrictors, including noradrenaline, have
been shown to stimulate nitric oxide release (Peach et al.,
1985). Repeated exposure of the mesenteric vessels to acetyl-
choline led to a loss of sensitivity. This is in keeping with the
findings of Furchgott et al. (1990) and suggests that there are
two stores of nitric oxide. The first is limited and readily
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available, released immediately on exposure to an endothe-
lium-dependent agonist such as acetylcholine but becomes
exhausted. The exposure to the agonist then initiates syn-
thesis of nitric oxide from L-arginine.

Kanner er al. (1992) suggested that nitric oxide may inhibit
arachidonic acid metabolism via both cyclo-oxygenase and
lipoxygenase pathways modulating the arachidonic acid cas-
cade and the generation of reactive oxygen species. In these
arteries the action of the combination of indomethacin and
L-NAME, on noradrenaline and potassium chloride-induced
contraction, could be explained by the sum of their individ-
ual actions, i.e. the negative effects of indomethacin and
positive effects of L-NAME. L-NAME alone virtually com-
pletely inhibited acetylcholine-induced relaxation; however, in
the presence of indomethacin and L-NAME, appreciable
relaxation occurred. This may be explained by the combina-
tion of inhibition of the cyclo-oxygenase-derived vasocon-
strictor, released by both noradrenaline and acetylcholine
and incomplete inhibition of nitric oxide synthase by L-
NAME. Alternatively, it is known that acetylcholine can
release another endothelium-derived relaxing factor (Raij et
al., 1988). This substance, endothelium-derived hyperpolariz-
ing factor, relaxes vascular smooth muscle through hyper-
polarization as a result of opening of potassium channels
(Van de Voorde et al., 1992). Rees et al. (1990) demonstrated
that L-NAME (100 uM) completely inhibited acetylcholine-
induced relaxation in rat aorta; however, indomethacin was
not used. Bennett et al. (1992) examined the effect of L-
NAME and NC-nitro-L-arginine (L-NOARG) on small rat
mesenteric arteries. They demonstrated that the potency of
the two inhibitors was time-dependent and that cyclo-oxy-
genase inhibition with indomethacin, potentiated acetylcho-
line-induced relaxation in the presence of both L-NAME and
L-NOARG.

BW?755C predominantly inhibits 5- and 12-lipoxygenase in
addition to cyclo-oxygenase, having little activity against 15-
lipoxygenase (Higgs et al., 1979; Salmon et al., 1983). BW-
755C, attenuated the contractile responses of the small
mesenteric arteries to noradrenaline and potassium chloride
and enhanced acetylcholine-induced relaxation (endothelium-
dependent). The effect of BW755C on the response to
noradrenaline and potassium was additional to that of the
cyclo-oxygenase inhibitor, indomethacin. Whilst BW755C
alone enhanced acetylcholine-induced relaxation, in the
presence of indomethacin this effect was lost. The effect of
BW755C on constrictor responses was independent of the
presence of an intact endothelium, whereas BW755C still
potentiated the residual response to acetylcholine after
endothelial removal. In vessels pre-treated with CHAPS,
BW?755C had an additional effect to that of indomethacin.
Thus these data support the presence of two vasoconstrictors,
one a lipoxygenase derivative, which contributes to tension
development induced by noradrenaline and potassium
chloride and the other a cyclo-oxygenase derivative, pro-
duced in response to acetylcholine.

A cyclo-oxygenase-derived vasoconstrictor has been des-
cribed by ourselves (Richards er al., 1990) and others (Lus-
cher et al., 1990) and is probably prostaglandin H, (Kato et
al., 1990). The ability of BW755C to modify the contractile
responses of rat isolated small mesenteric arteries has not
been previously studied, although Stanton & Coupar (1986)
using an isolated perfused mesentery preparation of the rat
demonstrated that BW755C and meclofenamate depressed
vasoconstrictor responses to noradrenaline. They found the
combined actions of meclofenamate and BW755C could be
partially reversed by addition of prostaglandin E,, but not by
leukotriene C, or leukotriene D, (products of S-lipoxygenase)
neither of which had any effect on vascular tone in this

preparation. Conversely Eimerl ez al. (1986) and Chapnick
(1984) have demonstrated that leukotriene C, and leukotriene
D, are potent vasoconstrictors in the mesenteric vascular bed.
These intermediates cannot therefore be discounted from
mediating the responses seen in this study. The majority of
published work on products of the lipoxygenase pathway has
been carried out in conduit arteries or whole vascular beds
and the results obtained depend on the species and vascular
bed studied (Van Diest er al, 1991). Thomas & Ramwell
(1986) and Van Diest et al. (1991) have demonstrated that
15-HETE is capable of invoking endothelium-independent
relaxation and producing vasoconstriction in canine and rat
isolated arteries depending upon the conditions studied.

Whilst it is possible that BW755C is inhibiting the produc-
tion of a 5- or 12-lipoxygenase-derived vasoconstrictor,
another possibility is that inhibition of cyclo-oxygenase and
5- and 12-lipoxygenase leads to increased metabolism of
arachidonic acid by either 15-lipoxygenase or cytochrome
P450-dependent mono-oxygenase and the interactions seen
are related to a vasoactive product of one of these pathways.
Enhanced production of a 15-lipoxygenase-derived vaso-
dilator could also explain the enhanced acetylcholine-induced
relaxation seen with BW755C, although this may also be the
result of inhibition of a vasoconstrictor. If this were so the
loss of this action in the presence of indomethacin cannot be
readily explained.

Inhibition of nitric oxide synthase with L-NAME reversed
the effect of BW755C on noradrenaline- and potassium-
induced contraction. This raises the possibility that BW755C
may lead to the generation of nitric oxide or inhibit its
destruction. A number of workers have suggested that BW-
755C inhibits oxygen free radical production from arachi-
donic acid (Semb & Vaage, 1991; Hinsch, 1990) although
Moncada et al. (1986), suggested that BW755C promotes
superoxide anion production. If BW755C inhibits lipoxygen-
ase-dependent free radical production it would potentiate the
action of nitric oxide and thus inhibit contraction and poten-
tiate acetylcholine-induced relaxation and its effect would be
attenuated by the absence of nitric oxide. However the action
of BW755C was largely independent of the endothelium,
arguing against the direct involvement of endothelium-der-
ived nitric oxide. Rees et al. (1990) demonstrated that L-
NAME (100 pM) completely inhibited acetylcholine-induced
relaxation in rat aorta. In our study in the presence of
BW755C, L-NAME inhibited acetylcholine-induced relaxa-
tion, although the effect was much less than would have been
expected, implying that BW755C promotes relaxation by an
independent mechanism.

In conclusion we have demonstrated the presence of endo-
thelium-independent cyclo-oxygenase and lipoxygenase-deriv-
ed vasoconstrictors in small mesenteric arteries of WKY rats.
BW?755C attenuates noradrenaline and potassium chloride-
induced contraction and potentiates endothelium-dependent
relaxation of small mesenteric arteries. The effects on con-
traction were additional to those seen with indomethacin
alone, were endothelium-independent and may be inhibited
by blockade of nitric oxide synthase. The exact mechanism of
action of BW755C in this system has not been elucidated and
further work is required to define the roles of the individual
lipoxygenase enzymes in the production of vasoactive sub-
stances including reactive oxygen species.

We thank Dr L. Poston for her help and advice in preparation of the
manuscript. BW755C was a kind gift from Wellcome Research
Laboratories, Beckenham, Kent. This work was supported by a
grant from the West Midlands Regional Health Authority.
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Relative roles of nitric oxide and cyclo-oxygenase and
lipoxygenase products of arachidonic acid in the contractile
responses of rat renal arcuate arteries
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1 We have examined the effects of inhibition of nitric oxide synthase, cyclo-oxygenase and lipoxy-
genase on the responses of renal arcuate arteries of Wistar rats, with and without endothelium, to
noradrenaline, potassium chloride, endothelin-1, acetylcholine and sodium nitroprusside.

2 Noradrenaline, potassium chloride and endothelin-1 caused concentration-dependent contraction of
the vessels. Indomethacin (14 uM) attenuated the contractile response to noradrenaline and to potassium
chloride. The inhibitory effect of indomethacin persisted following endothelial removal.

3 Acetylcholine produced concentration-dependent relaxation of the vessels which was potentiated by
indomethacin (14 uM).

4 NC-nitro-L-arginine methyl ester (L-NAME, 100 uM) did not affect the contractile response to either
noradrenaline or potassium chloride but abolished relaxation to acetylcholine. In addition, L-NAME
abolished the affects of indomethacin on acetylcholine-induced relaxation and noradrenaline- and
potassium chloride-induced contraction.

5 BWCT755C attenuated noradrenaline and potassium chloride-induced contraction. This effect per-
sisted in the presence of indomethacin.

6 In vessels pretreated with CHAPS, BW755C inhibited both noradrenaline and potassium chloride-
induced contraction. In these vessels BW755C had no additional inhibitory effect to indomethacin on
noradrenaline- and potassium-induced contraction.

7 Inhibition of nitric oxide synthase with L-NAME (100 uM) attenuated the effect of BW755C on
noradrenaline- and potassium-induced contraction.

8 BW?755C alone did not affect endothelium-dependent relaxation as assessed by the response to
acetylcholine. However, in the presence of indomethacin, BW755C inhibited acetylcholine-induced
relaxation.

9 BW?755C did not affect endothelium-independent relaxation as assessed by the response to sodium
nitroprusside in vessels with or without endothelium.

10 These data support the existence of two vasoconstrictor products of arachidonic acid released
during contraction of renal arcuate arteries with noradrenaline and potassium chloride. A cyclo-
oxygenase product which appears to be endothelium-independent and the other an endothelium-

dependent lipoxygenase product.
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Introduction

Endothelium-derived relaxing factors play a central role in
the control of vascular smooth muscle tone and therefore
vascular resistance (Baylis et al., 1990; Moncada ez al., 1991).
Nitric oxide is known to be tonically released and has major
influences on regional haemodynamics in particular within
the kidney, although the exact site of action remains conten-
tious (Tolins et al, 1990; Radermacher et al., 1990).
Endothelium-dependent contracting factors have also been
described in a number of different vascular beds including the
aorta (Liischer & Vanhoutte, 1986; Diederich et al., 1990;
Dohi et al., 1990; Kato et al., 1990) and renal arcuate arteries
of spontaneously hypertensive rats (SHR) (Fu-Xiang et al.,
1992). Similar factors have also been described in Wistar-
Kyoto (WKY) rats, (Diederich et al., 1989; Koga et al., 1989;
Kato et al., 1990) although not consistently. Koga et al.
(1989) have shown that in WKY aorta, endothelium-depen-
dent vasoconstrictor prostanoids develop with age. Nor-
adrenaline is known to release both endothelium-dependent
relaxing and contracting factors from rat arteries (Nigro et
al., 1990). The contracting factors described are cyclo-
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oxygenase-dependent (Diederich et al., 1990; Liischer et al.,
1990) but the compounds responsible vary depending upon
the species and vascular bed studied. In the aorta and intra-
renal arteries of both WKY and SHR the contracting factor
appears to be either prostaglandin H, (Kato ez al, 1990;
Fu-Xiang et al., 1992) or thromboxane A, (Lin & Nasijletti,
1991).

Arachidonic acid may be metabolized into its vasoactive
products by lipoxygenases (5-, 12- and 15-) a cytochrome
P450-dependent mono-oxygenase and by cyclo-oxygenase.
Lipoxygenase activity (5-, 12-, 15-) has been demonstrated in
human, bovine and rabbit vascular endothelium and vascular
smooth muscle, by functional studies, by the ability to con-
vert arachidonic acid to monohydroxyeicosatetraenoic acids
and by immunochemical techniques (Larrue et al., 1983;
Farber et al.,, 1985; Revtyak et al., 1988; Shannon et al.,
1991). Interest has focused on the role of lipoxygenase and
cytochrome P450-dependent mono-oxygenase products of
arachidonic acid in the control of vascular tone and the
development of hypertension. However, the role of lipoxy-
genase products in the control of vascular tone is controver-
sial.

The main vasoactive products of the 5-lipoxygenase en-
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zyme are leukotriene C, and leukotriene D, which are potent
vasoconstrictors of intrarenal arteries of rats (Badr et al.,
1987). 12-Hydroxyeicosatetraenoic acid (HETE), a product
of the 12-lipoxygenase pathway, likewise appears to have
vasoconstrictor properties and has been found to contribute
to the effector mechanisms of angiotensin II-induced vaso-
constriction (Saito er al., 1992). 12-HETE also modulates the
intracellular calcium response to arginine vasopressin, angio-
tensin II and endothelin. Other actions of 12-HETE include
inhibition of prostacyclin-induced renin secretion by rat renal
cortical slices (Antonipillai, 1990), and direct vasoconstrictor
actions in dog renal arcuate arteries (Ma et al., 1991). A
product of the 15-lipoxygenase pathway, 15-HETE, is a
directly acting vasoconstrictor in a number of vascular beds
of the dog (Van Diest et al., 1990). In addition, 15-HETE
may act as an endothelium-independent vasodilator in vessels
pre-contracted with prostaglandin F,, (Van Diest er al.,
1990). This may have physiological relevance as Larrue et al.
(1983) suggest that 15-HETE is the major lipoxygenase pro-
duct of cultured endothelial cells and 15-HETE is also the
major HETE of atherosclerotic vessel wall (Henriksson et al.,
1985).

There are at least two possible mechanisms by which the
nitric oxide pathway may interact with the lipoxygenase
pathway. Firstly lipoxygenase-dependent metabolism of ara-
chidonic acid can lead to superoxide anion production
(Hénsch, 1990), which may accelerate the breakdown of nit-
ric oxide. Secondly there is evidence that nitric oxide may
inhibit lipid oxidation by both lipoxygenase and cyclo-
oxygenase (Kanner et al., 1992).

It is clear that the lipoxygenase products of arachidonic
acid are potent vasoactive compounds. There are few data on
their effects on renal arcuate arteries. In this study we have
used indomethacin, the combined lipoxygenase/cyclo-oxy-
genase blocker, 3-amino-1-[m-(trifluoromethyl)phenyl]-2-py-
razoline (BW755C, Higgs et al., 1979) and the nitric oxide
synthase blocker, NS-nitro-L-arginine-methyl ester (L-
NAME), to examine the relative roles of cyclo-oxygenase and
lipoxygenase products of arachidonic acid and their relation-
ship to nitric oxide in the contractile properties of rat renal
arcuate arteries.

Methods

Preparation of blood vessels

Renal arcuate arteries (mean internal diameter of 168 + 10
pm, n = 114) were isolated from male Wistar rats (age 3-4
months, weight range 250—400 g). The rats were either killed
by CO, asphyxia or pentabarbitone injection. Pentabarbitone
was used, in a series of animals, to allow cannulation of the
main renal artery and perfusion of the kidney with 0.1% 3-
[(3-cholamidopropyl)-dimethylammonio]-1-propanesulphonate
(CHAPS) for 4min, prior to nephrectomy, to -effect
endothelium removal. The method of killing does not affect
the vascular responses obtained. The kidneys were removed
into iced physiological salt solution (PSS) containing (mM):
NaCl 119, KCl4.7, CaCl,2.5, MgSO,1.17, NaHCO, 25,
KH,PO, 1.18, EDTA 0.026 and glucose 5.5, pH 7.4; the
arcuate arteries were identified and dissected free of sur-
rounding connective tissue. The vessels were mounted on
40 pm tungsten wires in a small vessel myograph (Cambus-
tion, Cambridge), capable of measuring isometric tension.
The arteries were bathed in PSS at 37°C, bubbled with 5%
CO, in O,. Maximal potassium activation was achieved by
KPSS (PSS with equimolar substitution of KCl for NaCl
resulting in final K concentration of 125 mM).

After an equilibration period of 1h in PSS, the passive
tension/internal circumference characteristics were deter-
mined (Mulvany & Halpern, 1977). The vessels were then set
to an internal circumference equivalent to 90% of that they
would have had when relaxed in situ under a transmural

pressure of 100 mmHg. The maximum active tension is
developed at approximately this circumference (Mulvany &
Halpern, 1977). The arteries were then maximally contracted
for 2min every 10min on four occasions. The first two
contractions being with KPSS and 5 puM noradrenaline fol-
lowed by 5puM noradrenaline and finally KPSS. Any vessel
which failed to develop a maximum tension equivalent to a
pressure of 100 mmHg was discarded.

Experiment protocol

Cumulative concentration-response curves were constructed
sequentially, to acetylcholine, 0.01-100 uM, (arteries precon-
tracted with 5uM noradrenaline), noradrenaline 0.01-10 pM
and potassium chloride 12-125 mM. Each concentration of
agonist was left in contact with the vessels for 2 min, the
tension being recorded at the end of the period. Following
each concentration-response curve the vessels were washed
with PSS and rested in PSS for 10 min. Following the three
concentration-response curves the vessels were washed again
and allowed to rest for a further 10 min. Groups of vessels
(6-8 vessels in each group) were then incubated in a number
of different agents (one agent or pair of agents per group):
indomethacin 14 pM; L-NAME 100 pM; indomethacin 14 um
and L-NAME 100 uM; BW755C 50 uM or 180 uM; BW755C
S0puM and indomethacin 14 pm; BW755C S0puM and L-
NAME 100 uM. Concentration-response curves were then
repeated to acetylcholine, noradrenaline and potassium chlor-
ide in the presence of the appropriate agent or combination
of agents. The above protocol was repeated in groups of
vessels pretreated with CHAPS.

The experimental protocol involves repeating concentra-
tion-response curves to acetylcholine, noradrenaline and
potassium chloride on two occasions. In order to exclude
changes in sensitivity of the vessels with repeated exposure,
timed controls were performed. Concentration-response cur-
ves were obtained to acetylcholine, noradrenaline and potas-
sium chloride as above; the vessels were washed in PSS and
allowed to rest for 10 min. The concentration-response curves
were then repeated.

In two groups of vessels concentration-response curves
were constructed to endothelin-1 0.1 nM—1 pM, alone and to
endothelin-1 in the presence of BW755C 50 uM. Due to the
irreversible nature of endothelin-1-induced contraction it was
not possible to perform sequential concentration-response
curves to endothelin-1 alone and then with BW755C. Con-
centration-response curves were also constructed to sodium
nitroprusside 0.1 nM—10 puM, in vessels precontracted with
5pM noradrenaline, with or without pretreatment with
CHAPS, alone and in the presence of BW755C 50 uM.

Drugs

Acetylcholine, indomethacin, L-NAME, CHAPS, endothelin-
1 (Sigma, Poole, Dorset), sodium nitroprusside (Central
Laboratories, Dublin, Ireland), noradrenaline (Winthrop
Laboratories, Guildford, Surrey) and BW755C (Wellcome
Laboratories, Beckenham, Kent) were used. All other re-
agents were obtained from BDH (Poole, Dorset). All
reagents were of Analar grade and solutions were prepared
fresh daily.

Statistical analysis

A Hill plot was constructed for each concentration-response
relationship. The — log concentration of the drug required to
produce 50% of the maximum response (pECs, M) was cal-
culated with a computerised curve fitting software package
(Graphpad Inplot version 3.14). Where curve fitting was not
appropriate, the maximum responses were compared. In the
figures, concentrations are given as negative logarithms in
molar units. Tension was expressed as mN mm™' artery
length. Relaxation to acetylcholine and sodium nitroprusside
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was expressed as a percentage of the initial precontraction to
noradrenaline. All values are given as mean % s.e.mean.
Differences between means were assessed by Student’s ¢ test
for paired or unpaired data as appropriate. P<0.05 was
taken as statistically significant.

Results

Noradrenaline, potassium chloride and endothelin-1 pro-
duced concentration-dependent contraction and acetylcholine
and sodium nitroprusside concentration-dependent relaxation
of the vessels. Repetition of the concentration-response
curves, as timed controls did not significantly affect either the
pECs, or maximum response obtained to noradrenaline
(pECs 6.22 % 0.02 curve 1, versus 6.22 * 0.02 curve 2; max-
imum response 2.03 £ 0.34 mN mm™! curve 1, versus 2.02
0.37mN mm™! curve 2), potassium chloride (pECs 1.35%
0.02 curve 1, versus 1.40 * 0.02 curve 2); maximum response

1.09 £ 0.18 mN mm™! curve 1, versus 0.98 + 0.18 mN mm™*
curve 2) and acetylcholine (pECs, 5.95 £ 0.30 curve 1 versus
6.26 £ 0.11 curve 2; maximum response 23.8 + 4.7% curve 1
versus 23.1 £ 2.4% curve 2).

Indomethacin

Indomethacin attenuated the contractile response to nor-
adrenaline (pECs, 6.28 £ 0.04 versus 6.13 X 0.06 with indome-
thacin, P<<0.05; maximum response 1.84 * 0.27 mN mm™!
versus 1.48 £ 0.2l mN mm~! with indomethacin, P<0.01)
and potassium (maximum response 0.77 £ 0.20 mN mm ™!
versus 0.55*0.11 mN mm~! with indomethacin, P<0.01)
(Figure 1). Indomethacin potentiated acetylcholine-induced
relaxation (pECs, 5.96  0.06 versus 6.80 £ 0.13 with indo-
methacin, P<<0.001; maximum response 17.2 + 1.7% versus
36.5 % 3.3% with indomethacin, P<0.001) (Figure 1).
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Figure 1 The effect of indomethacin, 14 puM, on the concentration-response relationship of renal arcuate arteries to (a)
noradrenaline, (b) potassium chloride and (c) acetylcholine. In (a) and (b): (O, V) control; (@, V) indomethacin; n=8;
diameter = 180 £ 7 um. In (c): (O) control, (M) indomethacin; n =8; diameter = 160 + 7 um.
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Figure 2 The effect of indomethacin and NC-nitro-L-arginine methyl ester (L-NAME) on the concentration-response relationship
of rat renal arcuate arteries to (a) noradrenaline, (b) potassium chloride and (c) acetylcholine. In (a) and (b): (O, V) control; (@,
V) indomethacin plus L-NAME; n =8; diameter = 184 + 10 um. In (c); (O) control; (M) indomethacin plus L-NAME; n=8;

diameter = 156 + 11 um.
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L-NAME

L-NAME had no significant effect on the concentration-
response curves to either noradrenaline (pECs, 6.38 + 0.05
versus 6.47  0.05 with L-NAME; maximum response 2.03
0.28 mN mm~' versus 2.20 + 0.34 mN mm~! with L-NAME)
or to potassium chloride (pECs, 1.43 + 0.04 versus 1.43 +
0.03 with L-NAME). Acetylcholine-induced relaxation was
virtually abolished by L-NAME (maximum relaxation 19.1
2.2% versus — 3.2 1.2% with L-NAME, P<0.001. Nega-
tive relaxation implies contraction).

Indomethacin and L-NAME

In these vessels, the inhibitory effect of indomethacin on the
contractile response to noradrenaline and potassium was
abolished by the presence of L-NAME (noradrenaline pECs,
6.22 £ 0.04 versus 6.41 £ 0.05 with indomethacin and L-
NAME, P<0.05; maximum response 3.57 £ 0.46 mN mm™'
versus 3.651 0.47mN mm~' with indomethacin and L-
NAME, NS; potassium pECs, 1.40 £ 0.06 versus 1.44 + 0.05
with indomethacin and L-NAME, NS; maximum response
1.98 £ 0.03 mN mm~! versus 2.08 £ 0.28 mN mm~! with in-
domethacin and L-NAME, NS) (Figure 2). The enhanced
acetylcholine-induced relaxation seen in the presence of
indomethacin, was abolished by L-NAME (maximum relaxa-
tion 11.5%2.7% versus —0.5* 1.7% with indomethacin
and L-NAME, P<0.05) (Figure 2).

BW755C

BW755C attenuated the contractile response of the vessels, in
a concentration-dependent manner, to noradrenaline (pECs,
6.47 £ 0.03 versus 6.02 % 0.01 with BW755C 50 uM, P<
0.001, 6.48 £ 0.03 versus 5.56 £ 0.04 with BW755C 180 uM,
P<0.01; maximum response 1.94 * 0.53 mN mm~! versus
1.27 £ 0.15 mN mm~! with BW755C 50 uM, NS, 2.32 £ 0.59
mNmm~! versus 0.72 £ 0.22 mN mm~! with BW755C 180
pM, P<0.05) and potassium (pECs 1.45%0.04 versus
1.40 £ 0.03 with BW755C 50 uM, NS, 1.40+0.07 versus
1.13 £ 0.22 with BW755C 180 uM, NS; maximum response
0.77 £ 0.20 mN mm™! versus 0.20 * 0.08 mN mm™~' with BW
755C 50pMm, P<0.05, 092*0.31 mNmm~' versus
0.10 £ 0.06 nMN mm~' with BW755C 180pumM, P<0.05)
(Figure 3). BW755C did not alter the response to either
acetylcholine (pECs, 5.49 £ 0.12 versus 5.67 * 0.35 with BW
755C, NS; maximum response 11.5% 2.3% versus 12.1%

Active tension (mN mm~")

5.1% with BW755C, NS) or endothelin-1 (pECs, 7.13 £ 0.13
versus 7.44 £ 0.18 with BW755C, NS; maximum response
2241 0.71 mN mm™! versus 1.83 + 0.16 mN mm~! with BW
755C, NS).

BW?755C and indomethacin

In the presence of indomethacin, BW755C still attenuated the
contractile response to potassium (maximum response 1.02
0.22mN mm~! versus 0.38 £ 0.10 mN mm~! with BW755C
and indomethacin, P<<0.01) and caused a shift to the right
of the concentration-response curve to noradrenaline (pECs,
6.05 %+ 0.04 versus 5.88 * 0.03 with BW755C and indometha-
cin, P<<0.01) although the magnitude of the effect was small
compared to that seen with BW755C alone (Figure 4). The
combination of BW755C and indomethacin caused a shift to
the right of the acetylcholine concentration-response curve
(pECso 6.58 £0.09 versus 5.97 £0.15 with BW755C and
indomethacin, P<<0.001) and reduced the maximum relaxa-
tion seen (23.2% 1.15% versus 9.4 * 2.24% with BW755C
and indomethacin, P<0.05). This effect was directly op-
posite to that seen with indomethacin alone (Figure 1).

BW?755C and L-NAME

Inhibition of nitric oxide synthase with L-NAME signifi-
cantly reduced the shift to the right of the concentration-
response curves to noradrenaline and abolished that for
potassium, seen in the presence of BW755C alone, (nor-
adrenaline pECs, 6.12 % 0.04 versus 5.93 £ 0.02 with L-NAME
and BW755C, P<0.01; potassium pECs, 1.33 £ 0.01 versus
1.34 £ 0.07 with L-NAME and BW755C, NS) (Figure 5). The
maximum response to both noradrenaline and potassium in
the presence of BW755C and L-NAME (2.00 £ 0.24 mN
mm~' and 0.55%0.14 mN mm~' respectively) were signifi-
cantly greater than that seen with BW755C alone (1.27
0.15mN mm~' and 0.20 + 0.08 mN mm~! respectively), P<
0.02 and P <0.05 respectively. The combination of BW755C
and L-NAME virtually abolished acetylcholine-induced relax-
ation (maximum relaxation 1.30 * 2.10%). This effect was
not significantly different from that seen with L-NAME
alone.

CHAPS

Endothelial removal with CHAPS increased the maximum
contractile response to both noradrenaline (2.03 * 0.34 mN
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Figure 3 The effect of BW755C on the concentration-response relationship of rat renal arcuate arteries to (a) noradrenaline and
(b) potassium chloride. In (a) and (b): (O) control; (@) BW755C 50 uM; n = 7, mean diameter = 183 £ 10 um; (V) control; (V)

BW755C 180 uM; n = 5; mean diameter = 175 £ 15 um.
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Figure 4 The effect of BW755C on the concentration-response relationship of rat renal arcuate arteries to (a) noradrenaline and
(b) potassium chloride in the presence of indomethacin (1.4 um). In (a): (O) indomethacin; (@) indomethacin plus BW755C 50 um.
In (b): (V) indomethacin; (V) indomethacin plus BW755C 50 uM. In (a) and (b): n=6; diameter = 197 £ 8 pum.
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Figure 5 The effect of BW755C on the concentration-response relationship of rat renal arcuate arteries to (a) noradrenaline and
(b) potassium chloride in the presence of NC-nitro-L-arginine methyl ester (L-NAME 100 pm). In (a): (O) control; (@) L-NAME
plus BW755C 50 uM. In (b): (V) control; (V) L-NAME plus BW755C 50 uM. In (a) and (b): n=8; diameter = 138 £ 6 um.
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Figure 6 The effect of indomethacin (1.4 pM) on the concentration-response relationship of rat renal arcuate arteries, pretreated
with CHAPS, to (a) noradrenaline and (b) potassium chloride. In (a): (O) control; (®) indomethacin. In (b): (V) control; (V)
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Figure 7 The effect of BW755C (50 uM) on the concentration-res,
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nse relationship of rat renal arcuate arteries, pretreated with

CHAPS, to (a) noradrenaline and (b) potassium chloride. In (a): (O) control; (@) BW755C. In (b): (V) control; (W) BW755C. In

(a) and (b), n=6; diameter = 180 £ 18 um.

mm~! versus 4.52 + 0.48 mN mm~! following CHAPS, P<
0.001) and potassium chloride (1.09 £ 0.18 versus 2.50 £ 0.31
following CHAPS, P <0.006) without causing a shift of the
concentration-response curve. Acetylcholine-induced relaxa-
tion was largely abolished (maximum relaxation 23.8 + 4.7%
versus 5.10 + 1.4% following CHAPS, P <<0.003).

CHAPS and indomethacin

In renal arcuate arteries pretreated with CHAPS, indometh-
acin reduced the maximum contractile response to noradren-
aline, (4.52*0.48 mNmm~' versus 3.80 % 0.38 mN mm™!
with indomethacin, P <0.01) and potassium (2.50 £ 0.31 mN
mm~! versus 1.65% 0.26 mN mm~! with indomethacin, P <
0.001). There was a tendency for a shift to the right of the
concentration-response curves to both noradrenaline and
potassium but this did not reach statistical significance
(Figure 6).

CHAPS and BW755C

Following endothelial removal, BW755C still produced a
shift to the right of the concentration-response curve to
noradrenaline (pECs, 6.20 £0.02 versus 5.78 £0.01 with
BW755C, P<<0.01) and depressed the maximum response to
both noradrenaline (3.21 £ 0.78 mN mm™! versus 2.77 £ 0.70
mN mm~! with BW755C, P<0.05) and potassium (1.98 *
0.66 mN mm~"' versus 1.06  0.37 mN mm~! with BW755C,
P<0.05) (Figure 7).

CHAPS and BW755C with indomethacin

In the presence of indomethacin, in vessels pretreated with
CHAPS, there was no additional effect of BW755C on either
the maximum response or pECs, for noradrenaline (pECs,
5.90 £ 0.06 versus 5.81 £ 0.04 with indomethacin and BW-
755C; maximum response 4.88 X 0.62 versus 4.78 X 0.61 with
indomethacin and BW755C). In the presence of indometh-
acin, BW755C still reduced the maximum contractile res-
ponse to potassium (2.75+0.40 versus 1.63 £0.30 with
indomethacin and BW755C, P<<0.001).

Sodium nitroprusside

Neither endothelial removal nor BW755C affected either the
maximum response or the pECs to sodium nitroprusside

(PECso 4.30 £ 0.09 versus 4.41  0.28 with BW755C; 3.90 +
0.18 versus 4.17£0.32 with BW755C following CHAPS;
maximum response 99.8 £0.10% versus 98.4 + 0.80 with
BW755C; 95.6 £ 0.30% versus 98.3 £ 0.40% with BW755C
following CHAPS).

Discussion

In these vessels indomethacin enhanced endothelium-depen-
dent relaxation, as assessed by the response to acetylcholine
and attenuated the contractile responses to noradrenaline and
potassium chloride. These data confirm previous findings of a
cyclo-oxygenase-dependent vasoconstrictor in renal arcuate
arteries (Kato et al, 1990). The inhibitory effect of
indomethacin persisted in the absence of a functioning endo-
thelium suggesting that the vasoconstrictor responsible origi-
nates within the vascular smooth muscle rather than the
endothelium.

Inhibition of nitric oxide synthesis with L-NAME had no
effect on the contractile response to either noradrenaline or
potassium, but inhibited acetylcholine-induced relaxation.
This suggests that there is little stimulated nitric oxide release
during contraction of these vessels with noradrenaline or
potassium chloride. This may also explain the relatively poor
relaxation to acetylcholine and resistance to sodium nitro-
prusside, but does not explain the potentiation of contraction
seen following endothelial removal. These findings are com-
patible with those of Imig & Roman (1992) who examined
the effect of nitric oxide inhibition on the pressure-diameter
relationship of renal arterioles. Nitric oxide inhibition had no
effect on the diameter of either arcuate or interlobular vessels
whilst reducing the diameter of afferent arterioles at all per-
fusion pressures studied.

Kanner et al. (1992) have suggested that nitric oxide may
inhibit arachidonic acid metabolism via both cyclo-oxygenase
and lipoxygenase pathways modulating the arachidonic acid
cascade and the generation of reactive oxygen species. In
these arteries, indomethacin potentiated acetylcholine-indu-
ced relaxation; this relaxation was inhibited by L-NAME.
Indomethacin alone attenuated the contractile response to
both noradrenaline and potassium and this affect again was
inhibited by L-NAME. Thus these data suggest that nitric
oxide is released in these vessels by acetylcholine and on
contraction with noradrenaline and potassium chloride.
However the effects of nitric oxide are only apparent follow-
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ing removal of the cyclo-oxygenase-derived vasoconstrictor.

Inhibition of the lipoxygenase/cyclo-oxygenase pathway
with BW755C reduced the contractile responses of rat renal
arcuate arteries to noradrenaline and potassium chloride.
Acetylcholine-induced relaxation (endothelium-dependent)
was not affected by BW755C. The effect of BW755C on the
contractile response was unlikely to have been the result of
cyclo-oxygenase inhibition alone as the shift to the right of
the noradrenaline concentration-response curve seen Wwith
BW755C alone was greater than that seen with indomethacin
alone and in the presence of indomethacin, BW755C still
caused a shift to the right of the noradrenaline concen-
tration-response curve and reduced the maximum response to
potassium chloride. Endothelial removal with CHAPS atten-
uated the effect of BW755C and in these vessels BW755C
had little additional effect in the presence of indomethacin.
Thus these data support the presence of two vasoconstrictors,
one an endothelium-dependent lipoxygenase derivative and
the other an endothelium-independent cyclo-oxygenase deriv-
ative. The cyclo-oxygenase derived vasoconstrictor has been
previously described by ourselves (Richards et al., 1990) and
others (Liischer et al., 1990) and is probably prostaglandin
H, (Kato et al., 1990). BW755C predominately inhibits 5-
and 12-lipoxygenase in addition to cyclo-oxygenase having
little activity against 15-lipoxygenase (Higgs er al., 1979;
Salmon et al., 1983). There has been very little investigation
of the effects of lipoxygenase products in the renal vas-
culature but Badr et al. (1987) demonstrated that leukotriene
D, constricted intra-renal and efferent arterioles in the rat
and Ma et al. (1991) have shown that 12-HETE is a directly
acting vasoconstrictor in dog renal arcuate arteries. Thus it is
entirely feasible that these intermediates are active in med-
iating the responses seen in this study.

Whilst it is possible that BW755C is inhibiting the produc-
tion of a 5- or 12-lipoxygenase-derived vasoconstrictor,
another possibility is that inhibition of cyclo-oxygenase and
5- and 12-lipoxygenase leads to increased metabolism of
arachidonic acid by either 15-lipoxygenase or cytochrome
P450-dependent mono-oxygenase and the effects seen are
related to a vasoactive product of one of these pathways such
as 15-HETE or 5,6-, 8,9- and 11,12-EET which have all been
shown to have vasodilator properties (Van Diest er al., 1990;
Carroll et al., 1992).

The vasoconstrictor response to endothelin-1 was not
affected by BW755C. This finding is contrary to the data of
Fretschner et al. (1991) who examined the effect of endo-
thelin-1 in the split hydronephrotic kidney model. They dem-
onstrated that the response to endothelin-1 was attenuated
by a competitive leukotriene antagonist. The differences
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Molecular cloning and expression of human EP; receptors:
evidence of three variants with differing carboxyl termini
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1 The polymerase chain reaction (PCR) was used in combination with plaque hybridization analysis to
clone four variants of the EP; prostaglandin receptor from a human small intestine cDNA library.
2 Three of these variants, i.e. the EP;5, EP;z and EPsp, share the same primary amino acid sequence
except for their carboxyl termini, which diverge from one another at the same point, approximately 10
amino acids away from the end of the seventh membrane spanning domain of the receptor. The fourth
variant (EP3,;) has a nucleotide coding sequence identical to EP;, but has a completely different 3’
untranslated sequence.

3 The carboxyl termini of the three isoforms differ most obviously in length with the EP;, being the
longest (41 amino acids) and the EP;; being the shortest (16 amino acids). They also differ in content
with the EP;, containing 9 serine and threonines in its carboxyl terminus and the EP;; none.

4 Transient expression in eukaryotic cells showed that the human EP; receptor variants had similar but
not identical radioligand binding properties and differed in their functional coupling to second
messenger pathways. Up to 3 pmol mg~! protein of [*H}-prostaglandin E, binding could be obtained
with more than 95% specific binding. Using a reporter gene assay, as a measure of intracellular cyclic
;;II)WP levels, the EP;, coupled more efficiently to the inhibition of adenylyl cyclase than did the
3E-
5 PCR was used to confirm the presence of mRNAs encoding the four human EP; receptor variants in
tissues of the human small intestine, heart and pancreas. These findings indicate that the EP; receptor
variants identified here are likely to be expressed in tissues. The differences in the carboxyl termini at the
protein level, and in the 3’ untranslated regions at the mRNA level, could be profound in terms of the

regulation and functional coupling of these receptor isoforms.
Keywords: Prostaglandin; small intestine; cDNA; G-protein coupled; adenylyl cyclase; cyclic AMP inhibition; CAT assays

Introduction

The prostaglandins are locally acting hormones derived from
the metabolism of arachidonic acid by prostaglandin endo-
peroxide synthase (cyclo-oxygenase). They are very widely
distributed in animal tissues where they act on cell surface
receptors to produce a diverse range of physiological effects.
The prostaglandin receptors elicit cellular responses by
activating guanine nucleotide regulatory proteins (G-pro-
teins). Like other members of the superfamily of G-protein
coupled receptors their molecular structure is dominated by
seven hydrophobic regions that appear to represent mem-
brane-spanning a-helices.

The prostanoid receptor family is comprised of several
members according to the current classification (Coleman et
al., 1982). Separate receptors for prostaglandin D, (PGD,),
PGE,, PGF,, PGI, and thromboxane A, were originally
proposed based largely on agonist studies: these receptors
were respectively defined as DP, EP, FP, IP and TP. This
classification received further support by the development of
TP (Coleman et al., 1982) and DP receptor (Giles et al.,
1989) antagonists. A further subdivision of EP receptors into
3 subtypes (EP,, EP, and EP;) was proposed based on func-
tional studies and by the development of an EP receptor
antagonist (Coleman et al., 1982; 1987). Similar heterogeneity
of the other prostanoid receptors appears likely. Thus, sub-
divisions within the TP (Masuda et al., 1991; Furci et al.,
1992) and DP receptors (Woodward et al., 1993) have been
suggested.

! Author for correspondence.

The advent of a more detailed classification of the prostag-
landin receptors came with the cloning of a human TP
receptor (Hirata et al, 1991). Its deduced amino acid
sequence confirmed that the TP receptors are in the super-
family of G-protein coupled receptors and provided the basis
for the subsequent cloning of the mouse EP, (Honda et al.,
1993) and EP; receptors (Sugimoto et al., 1992). The subse-
quent cloning of two isoforms of the mouse EP; receptor
revealed heterogeneity that was not anticipated by previous
functional studies (Sugimoto er al., 1993). With respect to
their deduced amino acid sequences, the two isoforms, EPs,
and EPy, differ only in the sequence of their carboxyl-
terminal domains, this difference affecting approximately 30
amino acids changes both the interaction of these receptor
isoforms with G-proteins and their patterns of agonist-
promoted desensitization (Negishi ez al., 1993).

An important benefit of having a cloned receptor is the
ability to study its pharmacology in the absence of poten-
tially interfering receptors by the use of heterologous expres-
sion. Such types of studies have revealed significant species
differences in the pharmacology of cloned rodent G-protein
coupled receptors as compared with their human homo-
logues. It has been found that a change in just one amino
acid is sufficient to cause differences. For example, the rat
5-HT,s and human 5-HT,p, receptors are actually biochemical
homologues but a **T->N mutation in transmembrane (TM)
7 of the human 5-HT,p changes its pharmacology to the
extent that these receptors came to be defined as different
subtypes (Oksenberg et al., 1992). Similarly, a *'S->C muta-
tion in TMS of the mouse a,, adrenoceptor dramatically
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increases its affinity for the antagonist yohimbine relative to
the human a,, (Link ez al., 1992). This is significant because
[*H]-yohimbine is one of the main radioligands for the char-
acterization of a,-adrenoceptors. To improve our understand-
ing of the pharmacology of the human EP; receptors we
sought to clone and express these receptors. Using the
polymerase chain reaction (PCR) and homology-based
screening we found four human variants of this receptor.
Three of the variants represent changes at the protein level
and one at the mRNA level. One of the variants corresponds
to the mouse EP,, but the other three do not correspond to
any of the previously described mouse EP; receptors.

Methods

Reverse transcription/ PCR

A sense primer was designed from nucleotides (nt’s) 301-326
of the published mouse EP; receptor sequence (Sugimoto et
al., 1992) and corresponds to the proposed first extracellular
loop of the receptor. Its sequence is:

YGA(T/C)CC GTCG(T/G) GICGI CTITG (C/TYC/AXC/GITT*

An antisense primer was designed from nucleotides 775-797
of the published mouse EP; receptor sequence (Sugimoto et
al., 1992) and corresponds to the proposed sixth transmemb-
rane domain of the receptor. Its sequence is:

S AC(A/G)CA CATIA T(A/T/G/C)CCC AT(A/T/G/C)A(A/G)
(T/CO)TG®

The sense and antisense primers were used in a combined
reverse transcription/PCR reaction with total RNA from
human small intestine (Clontech). The reverse transcription
reaction (final volume, 140 pl) contained 14 pl 10 X PCR
buffer (Perkin Elmer), 3.5 pl RNasin (Boehringer Mannheim,
40uul~'), 35ul dNTP’s (5mM), 7pul random primers
(I1mgml™'), 14pul RNA (1pgpl~') and 7ul AMV reverse
transcriptase (Boehringer Mannheim, 25 u pl~!). The reaction
was incubated at room temperature (~24°C) for 10 min,
42°C for 1 h, 95°C for 5 min and was placed on ice. The PCR
reaction (final volume, 50 pl) contained 20 pl from the reverse
transcription reaction, 3 ul 10 X PCR buffer, 5ul dimethyl-
sulphoxide (DMSO), 5 pl sense primer (20 pM), 5 pl antisense
primer (20 uM) and 1pl Taq polymerase (Perkin Elmer,
2.5 upl~"). The following programme was used for the PCR:
94°C, 3 min; 50°C, 2 min; 72°C, 3 min; followed by 59 cycles
of 94°C, 1 min; 50°C, 2 min; 72°C, 3 min; and a final cycle of
72°C, 15 min; 4°C, 12 h.

Agarose gel electrophoresis of a sample (15 pl) of the PCR
reaction showed a single product of ~ 500 base pairs (bp).
The product was purified (Geneclean, Biol01 Inc.) and was
cloned into pBluescript-II KS(+) (Stratagene) using a G/C
tailing reaction according to the manufacturer’s instructions
(Boehringer Mannheim). Briefly, terminal transferase was
used to add a poly-dC extension on the purified PCR prod-
uct and a poly-dG extension on PstI digested pBluescript.
The samples were annealed and were used to transform E.
coli DHI10B cells by electroporation. A positive clone (B;)
was obtained and the nucleotide sequence of the PCR
product/insert was determined using ATaq-PCR sequencing
according to the manufacturer’s instructions (United States
Biochemicals). The sequence of clone B, shared ~80% iden-
tity with the mouse EP; receptor and was consistent with its
being a human homologue.

Isolation of a genomic clone

A human genomic library in AFixII (Stratagene) was screened
by plaque hybridization analysis (Sambrook et al., 1989)
using a ?P-labelled probe derived from clone B,. Nitro-
cellulose filters were used to take impressions of 440,000
recombinants (~20,000 recombinants/filter) which were

denatured, neutralized and baked for 2 h at 80°C. The filters
were prehybridized for 2h at 37°C in 50% formamide/l M
NaCl/1% SDS/100 ug ml~! herring sperm DNA and then
hybridized with the probe overnight at 37°C in the same
solution. The probe was labelled by nick-translation (Gibco/
BRL) and was used at a concentration of ~5 X 10° d.p.m.
ml-!. The filters were washed for 1h at 37°C in 2 x SSC/
0.1% SDS and then for 1 h at 53°C in 0.1 X SSC/0.1% SDS.
Autoradiographs were obtained and a positive clone was
identified (EP;A12) and was isolated following 2 additional
rounds of plaque hybridization analysis.

DNA was prepared from plate lysates of EP;A12 using
LambdaSorb (Promega). The DNA was digested with EcoRI
and an insert of ~ 13 kilobasepairs (kb) was obtained. Fur-
ther restriction enzyme analysis and Southern blotting (Sam-
brook et al., 1989) revealed a 2.4 kb BamHI fragment that
hybridized with the 3’P-labelled PCR product. This 2.4 kb
BamHI fragment was subcloned into pBluescript and its
nucleotide sequence was determined using Sequenase (United
States Biochemicals). An open reading frame was present
that had ~80% identity with the mouse EP; receptor
sequence. The amino terminus of this open reading frame
started in approximately the same region as that of the
mouse EP; amino terminus but the carboxyl terminus of the
human sequence ended at a point equivalent to TM6 of the
mouse EP; receptor. Examination of the nucelotide sequence
in this region of the human genomic clone was consistent
with an intron/exon boundary.

Isolation of cDNA clones

A human small intestine cDNA library in Agtl0 (Clontech)
was screened with the nick-translated PCR product using the
same conditions as described above for the genomic library.
From ~ 860,000 recombinants, 2 clones were obtained
(EP;27 and EP;32). Another ~ 460,000 recombinants were
screened under the same conditions except that the filters
were washed for 1h at 50°C in 1 x SSC/0.1% SDS. Four
clones were obtained (EP;1, EP;4, EP;19 and EP;21). All
were subcloned into the EcoRI site of pBluescript and were
found to contain nucleotide sequence identical to the geno-
mic clone. Although none contained complete open reading
frames, between the six clones three distinct alternative splic-
ing variants were present and complete open reading frames
could be constructed for all of them (see below). A third
screen of ~ 500,000 recombinants yielded a clone (EP,11.2)
that represented a fourth alternative splicing variant and
which contained a complete open reading frame. The latter
was obtained using a *’P-labelled RNA probe corresponding
to nt’s 506-952 (Figure 1) of the genomic clone. Filters were
prehybridized at 60°C in 6 x SSC/20 mM NaH,PO, (pH 7.6)/
1 x Denhardts/1 mM DTT/100 pg ml~! poly-A (United States
Biochemical) and were hybridized overnight in the same
solution containing 2 x 10° d.p.m. ml~! of the probe. Filters
were washed under increasingly stringent conditions with the
final wash at 60°C for 20 min in 0.1 X SSC/0.1% SDS.
EP;11.2 was plaque purified and subcloned into the EcoRI
site of pBluescript.

Full length plasmids encoding human EP; receptors

A sense PCR primer containing adjacent BstXI and Sspl
restriction sites was made to nucleotide sequence upstream of
the apparent translation start site (nt 57 in Figure 1). The
sequence of this primer, shown below, contained sequence
identical to that in the cDNA and genomic clones (nt’s 1-22
in Figure 1) as well as additional 5’ sequence (the additional
sequence is shown below in the smaller font, the BstXI site is
bold and the Sspl site is underlined).

¥GATCCACcGc66TGGAATATTGCCCCCTCCCGCTGCGGCTCT



This primer was used with an antisense primer (correspond-
ing to nt’s 657-679 in Figure 1) in a PCR reaction with the
2.4kb BamHI genomic clone as a template. A product of
~ 700 bp was obtained that was purified with Geneclean
(Biol01) and digested with BstXI, cleaving it at the 5’ end
and at a position corresponding to nt’s 499-510 in Figure 1.
The larger, ~ 500 bp, fragment was isolated from a low-
melting-point agarose gel and was used in a solid phase
ligation (Sambrook er al, 1989) with the 4.2 kb fragment
isolated from the digestion of the pBluescript EP;27 cDNA
clone with BstXI. [EP;27 starts at a position corresponding
to nt 497 in Figure 1 and thus contains the downstream
BstXI site as well as BstXI site immediately upstream in the
multiple cloning site of pBluescript.] E. coli XL1-Blue cells
were transformed and a clone was obtained (KS/EP;,, Figure
1) containing 1170 bases of the complete open reading frame,
56 bases of 5'-untranslated sequence and 504 bases of 3'-
untranslated sequence. KS/EP;, was digested with Sspl and
the coding fragment was ligated to EcoRV digested pBluesc-
ript to yield KS/EPS in which the orientation of the coding
sequence was such that the translation start site (nt’s 57-59)
was downstream of the T3 promotor.

A full length construct of EP;; (KS/EPsg) was obtained by
digesting the pBluescript clone of EP;19 with Bgl2 and Hind-
III and ligating the resulting small fragment with the large
fragment obtained from the digestion of KS/EP;, with the
same enzymes. The pBluescript clone of EP;11.2 was digested
with BamHI and the resulting small fragment was ligated to
the large fragment obtained from the digestion of KS/EPS
with BamHI to yield KS/EP;p.

Functional expression

The KS/EP;, clone was digested with SspI which cleaved it 2
bases upstream of nt 1 and again at nt 1421. The digest was
electrophoresed on a 1% agarose gel and the 1.4 kb fragment
was cut out and purified with Geneclean (Biol01). The
eukaryotic expression vector, pBC12BI (Cullen, 1987), was
digested with HindIII and BamHI, was blunt-ended with
Klenow, and was electrophoresed on a 1% low-melting-point
agarose gel. The 3.9 kb fragment was isolated and was used
in a solid phase ligation with the 1.4 kb Sspl fragment from
KS/EP;,. Cells were transformed and a clone was obtained
(PBC/EP;,).

The KS/EP; clone was used to prepare pBC/EP;: by
digesting pBC12BI with HindIII and BamHI, blunting, and
ligating the large fragment to the blunt-ended 1.2 kb frag-
ment obtained from digestion of KS/EP;; with Sspl and
Hinfl. pBC/EP;p, was made by digesting KS/EP;p with Hind-
III and Sspl and ligating the coding fragment to the large
fragment obtained from pBC12BI which had been cleaved
with BamHI, blunt-ended, and then cleaved with HindIII.

Functional expression was determined as previously des-
cribed (Pepperl & Regan, 1993) in a transient assay using
JEG-3 cells and an adenosine 3':5'-cyclic monophosphate
(cyclic AMP)-responsive chloramphenicol acetyl transferase
reporter gene (CRE-CAT). Briefly, JEG-3 cells were cotrans-
fected with DNA encoding pBC/EP; receptor variants and
the reporter gene using calcium phosphate precipitation. The
cells were maintained in DMEM/5% FBS for 36-40 h and
were then rinsed twice with DMEM and drugs were added.
They were incubated for 4h at 37°C and were harvested.
CAT assays were done using 50 pul cytosol, 200 nCi [*H}-
chloramphenicol and 300 uM butyryl CoA. The butyrylated
chloramphenicol was extracted into xylenes and the radio-
labelled product was measured by liquid scintillation count-
ing.

Radioligand binding

COS-7 cells were transfected as previously described (Regan
et al., 1988) with the pBC/EP; receptor constructs. Three
days later the cells were harvested and membranes were
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prepared by homogenization and differential centrifugation.
Membranes were resuspended in 50 mM Tris-HCl/10 mM
MgCl,/l mM EDTA/pH 7.4 at a concentration of ~ 1 mg
ml~' and were frozen at — 80°C. The membranes were
thawed, diluted with ice-cold 50 mM Tris HCl/pH 7.4 (TB),
and were dispersed with sonication. Binding was determined
in triplicate in a final volume of 200 ul for 30 min at 25°C.
Non-specific binding was defined with 10 uM PGE,. Reac-
tions were started by the addition of membranes and were
terminated by the addition of 4 ml of ice-cold TB followed
by rapid filtration through Whatman GF/B filters and 3
additional 4 ml washes with a cell harvester (Brandel). The
filters were dried, placed in 5 ml of scintillation fluid (Ready
Protein, Beckman), and counted (Beckman LS-380). Com-
petition studies were done with a final concentration of 5 nM
(H]}-PGE,. Data were analyzed by computer using the
EBDA/Ligand programme (McPherson, 1985).

Northern blot analysis

Preparation of human polyA*-RNA, electrophoresis and
transfer to a nylon membrane was done by the manufacturer
(Clontech, Multiple Tissue Northern, catalogue No. 7760-1).
Accordingly, polyA*-RNA was prepared by oligo(dT) cellu-
lose chromatography and electrophoresis was on 1.2%
agarose/formaldehyde gels. Probes were radiolabelled with
32P.dCTP by nick translation (Gibco/BRL) and were purified
by size exclusion chromatography (Chromaspin-10, Clon-
tech). Prehybridization was in 10ml of 44% formamide/
8.8 x Denhardt’s/88 ug ml~' herring sperm DNA/4.4 x SSPE/
1.8% SDS for 3 h at 42°C. Hybridization was for ~ 16 h at
42°C in 8ml of the prehybridization buffer containing
~ 1.5 x 10° c.p.m. ml~! of probe. Blots were rinsed 6 X 5 min
at 24°C in 2 x SSC/0.5% SDS and then 2 X 20 min at 50°C
in 0.1 X SSC/0.1% SDS. Exposures were made at — 80°C
using Kodak AR film.

PCR analysis of variant expression

Sense and antisense primers corresponding to TMS and the
3’-untranslated regions, respectively, of the human EP; recep-
tor variants were used in RT/PCR reactions to confirm the
expression of the variants in total RNA from human tissues.
The sense primer represents nt’s 774—791 (Figure 1) which is
common to all of the variants. The antisense primers are as
follows: EP;a, nt’s 1257—1274; EP;,;, nt’s 1356—1373; EPy,
nt’s 1164-1181; EPyp, nt’s 1166—1183 (Figure 2). The reverse
transcription reaction (final volume, 60pl) contained 6 pl
10 X PCR buffer (Boehringer Mannheim), 2 ul RNasin, 6 pl
dNTP’s (10 mM), 6 pul random primers (6-mers, 0.04 Ay,
pI=") or 6 ul p(dT);s (0.02 Aye pl~Y), 2 pl denatured (65°C for
10 min) RNA (1 pg ul~'), 12 ul MgCl, (25 mM), 0.6 pl acety-
lated BSA (10 mgml~') and 7 pl AMV reverse transcriptase.
The reaction was incubated at room temperature (~24°C)
for 10 min, 42°C for 45 min, 95°C for 5 min and was placed
on ice. The PCR reaction (final volume, 50 pl) contained 4 pl
from the reverse transcription reaction, 5 pul 10 X PCR buffer,
0.6 pl sense primer (25 uM), 0.6 pl antisense primer (25 uMm),
3ul MgCl,, 2 pl dNTP’s (1.25 mM), 1 pl tetra-methyl-ammon-
ium chloride (2.5mM) and 0.3 pl Taq polymerase (Perkin
Elmer, 5upl~'). An initial denaturation step at 94°C for
2min was followed by 35 cycles of 94°C, 15s; 60°C, 155;
72°C, 36s and a final step at 72°C for 6 min. Products were
analyzed by agarose gel (1.5%) electrophoresis followed by
staining with ethidium bromide.

Results

Using the polymerase chain reaction (PCR) and primers
designed from the first extracellular loop and sixth trans-
membrane (TM) domain of the mouse EP; prostaglandin
receptor (Sugimoto et al., 1992), a product of ~ 500 base
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pairs was obtained from human small intestine RNA. Ana-
lysis of the product’s nucleotide and deduced amino acid
sequence indicated that it was the human homologue of the
mouse EP; receptor. The PCR product was labelled with 32P
and was used to screen a human genomic library by plaque
hybridization analysis. A clone was isolated and was found
to contain nucleotide sequence identical to the PCR product,
however, downstream of nt 953 (Figure 1) the sequence of
the genomic clone diverged radically from the mouse EP;
receptor sequence. This divergence, which in the deduced
amino acid sequence corresponds to TM6, marks the beginn-
ing of an intron. Subsequent Southern blot analysis of the
genomic clone with a probe encoding TM7 from the human
EP;, receptor cDNA was negative, indicating that the down-
stream exon(s) were not present in this clone.

The 3?P-labelled PCR product was then used to screen a
human small intestine cDNA library. A total of 7 clones
were isolated and sequenced. One of these clones appeared to

correspond to the mouse EP;, (Sugimoto et al., 1993) but it
lacked some of the 5’ coding region. Between it and the
genomic clone, a full length clone encoding the human EP;,
was constructed. Later, two of the other cDNA clones were
found to have complete 5’ coding sequences which confirmed
the sequence of the recombinant receptor. The complete
nucleotide and deduced amino acid sequence of the human
EP;, clone is shown in Figure 1. The overall amino acid
identity of this clone with the mouse EP,, sequence is 79%
and identity in the transmembrane domains is 91%. Like the
mouse sequence, the human EP;, has a short third intracellu-
lar loop (~26 amino acids), two consensus sites for N-linked
glycosylation in the amino terminus and an aspartate residue
in TM7 that is conserved in other prostanoid receptors but is
an asparagine in other G-protein coupled receptors.
Among the other cDNA clones was one (EP;,,) that had a
coding sequence identical to the EP;, but which had a com-
pletely different 3’ untranslated sequence beginning in the
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L K M I F N Q T S V E H C K T H T E K Q@ K E ¢ N F F L I A V R L3
_ transmembrane 7
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GCT TCA CTG AAC CAG ATC TTG GAT CCT TGG GTT TAC CTG CTG TTA AGA AAG ATC CTT CTT CGA AAG TTT TGC CAG ATC AGG TAC CAC ACA AAC AAC
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1260 1270 1280 1290 1300 1310 1320 1330 1340 1350

TTTAT TGCAA TTCCT GCTTC CCTGA ATTTG CATAT TTCTT CCCAC CTGAG AAGGA TAATT ATATA TTTTA ATTTG GATTA TTTCT TCATT TTTAT CTTTT
1360 1370 1380 1390 1400 1410 1420 1430 1440 1450

TATTT TAATG ATTGT TTTGT CAGTA ATACC CATGG AGATC AACTT TATTA TTATA ATCCA TGCCT CTGAA TAITA GATTG GTTTC TTGGA TGGGA TTTTG
1460 1470 1480 1490 1500 1510 1520 1530 1540 1550

ATATG CATTT AAGAA GTTGG GAAGA ATTTC ACAGA TGATG ATTGG AGGAA AAGTG ATGAA AAGAA GACCT GTGTT CCAGG AGTTT TCTCC AACTT CAAAC
1560 1570 1580 1590 1600 1610 1620 1630 1640 1650

CTTTA CGTGA ATCTT AACCA AAGTG ACATC TTTAC ATTTC ATGAT AGCTT GCTTT TGCAA TATGA GTTTG AAAAA TCANG ATAAG CTTAT GATGG TGAAA
1660 1670 1680 1690 1700 1710 1720

AGTCA ACATA TTGAG AGTGA TAATT CAATT AATAG GATAT GAACT TAACG ACATA TAAAA GCAAA TGAGG GCAGG AGGG

Figure 1 Nucleotide (nt) and deduced amino acid sequence of the human EP;, receptor. The coding sequence is from nt’s 57 to
1226 and the 390 amino acid sequence is indicated using the single letter code. Putative transmembrane regions are indicated by the
double underline. The beginning of cDNA clone EP;27 is indicated by the arrow (¥) at nt 497. The beginning of an intron in the
genomic sequence is indicated by the arrow (¥) after nt 953. The single underlines are restriction enzymes sites that were used in
making recombinants: they are as follows, BstXI, nt’s 499-510; Bgl2, nt’s 1072-1077; BamHI, nt’s 1079-1084; and Sspl nt’s
1419-1424.



stop codon at nt 1227. The nucleotide and deduced amino
acid sequence of this and 2 other variants are shown in
Figure 2. The other 2 variants, EPyz and EP;p, share the
same nucleotide sequence as the EP;, up to nt 1133 but then
they diverge from each other and from the EP;,. With
respect to their amino acid sequences, this gives rise to 3

EP3A1

1130 1140 1150
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possible carboxyl terminal variants of the human EP; recep-
tor. Assuming that *°R marks the beginning, the carboxyl
terminus of the EP;, would consist of 41 amino acids, while
the EP;; and EP;p would consist of 16 and 39 amino acids,
respectively. There is no amino acid identity between the
variants in these regions nor is there any nucleotide sequence

1160 1170
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Figure 2 Nucleotide and
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1290 1300
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1360
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acid sequences of the human EP; receptor variants in their carboxyl termini and
3'-untranslated regions. From top to bottom: the EP,,,, the EP; and the EPy,. Sequences start with nt 1122 (aa. No 356) with
upstream sequences the same as in Figure 1 for the EP;,. Amino acid sequences that overlap with the EP,, are in bold type face.
The single underlines from nt’s 1196—1200 in the EPy; and nt’s 1530-1535 in the EP;, are HinfI and Sspl sites, respectively, that
were used in making recombinants.
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Figure 3 Inhibition of specific ['H]-PGE, binding to membranes
prepared from COS-7 cells that have been transfected with plasmid
DNA encoding the three human EP; receptor variants. Competitors
include natural prostaglandins and compounds that are selective for
the various prostaglandin receptor subtypes and are as follows: PGE,
(@), PGE, (O), MB28767 (A), AH13205 (¢), AH6809 (@),
U46619 (00), PGF,, (A), PGD, (H). (a) EP,,; (b) EPsp; (c) EPsg.
Binding was done as described in Methods with a final concentration
of 5 nM [*H}-PGE,. Data represent the means * s.c.mean from three
separate experiments, each performed in triplicate.

Table 1 Competition for the binding of PH]-prostaglandin
E, (PH)-PGE,;) to membranes prepared from COS-7 cells
transfected with plasmid DNA encoding alternative splicing
variants of the human EP; prostaglandin receptor'

Receptor variants (ICsy in nM)

Competitor EP3, EP;p EP3¢
MB28767 3 14 12
PGE, 15 32 20
PGE, 39 60 25
PGF,, 2300 9300 1200

'ICsy’s were calculated from the data shown in Figure 3 and
represent the pooled data from 3 separate experiments. Kgs
for the equilibrium saturation binding of [*H]-PGE, were: 1,
8 and 6nM for the EP;s, EP3p, and EPsg, respectively.

identity. This is in contrast to the mouse EP; receptor
variants which differ from one another because of a deletion
and frame-shift (Sugimoto et al., 1993).

The EP; receptor variants were cloned into a mammalian
expression vector and were expressed transiently in COS-7
cells. Membranes were prepared and radioligand binding was
determined using [PH]}-PGE,. Figure 3 shows the results of
competition studies using compounds predicted to have vary-
ing degrees of affinity for the EP; receptor. PGE,, PGE,, and
MB28767 (EP; selective) all potently inhibited [*H]-PGE,
binding; the rank order of potency for all the variants being
MB28767 > PGE, > PGE,. There were, however, differences
between the variants in the ICss for some of the competitors
(Table 1). For example, a 13 fold difference separated the
ICss of MB28767 and PGE, at the EP;,, whereas, only a 2
fold difference separated them at the EP;z. Most of this
difference could be accounted for by a higher affinity of
MB28767 for the EP;s. PGF,, also seemed to discriminate
between the variants to some extent, showing higher affinity
for the EP;, and EP3; as compared with the EP;p. The other
compounds competed very poorly or not at all. These
included the selective thromboxane receptor agonist, U46619,
the EP, selective antagonist, AH6809, the EP, selective
agonist AH13205, and PGD,.

The EP; receptor variants were also co-transfected into
JEG-3 cells with a cyclic AMP responsive-chloramphenicol
acetyltransferase reporter plasmid (CRE-CAT). This plasmid
responds to changes in intracellular cyclic AMP and has been
developed into a transient functional assay for receptors that
interact with adenylyl cyclase (Pepperl & Regan, 1993).
Figure 4 shows the inhibition of forskolin-stimulated CAT
activity by sulprostone for the EP;,, EP;p and EPsg receptor
variants. The curves are biphasic with an inhibition of CAT
activity occurring at low concentrations of sulprostone and a
reversal at higher concentrations. A similar type of dose-
response pattern has also been observed for a,-adrenoceptor
subtypes (Pepperl & Regan, 1993) and for muscarinic recep-
tors (Jones et al., 1991) using both this assay and/or direct
measurements of cyclic AMP. Figure 4 also shows that the
EP;, inhibited forskolin-stimulated CAT activity to a greater
extent than either the EP;p or EP;:. With respect to the
potency of sulprostone, large differences were not observed
between the variants, although, there was a tendency for
sulprostone to have a lower ECs, at the EP;,.

The full coding sequence of the human EP;, was radio-
labelled with 32P by nick-translation and was used as a probe
in Northern blot analyses to examine the distribution of EP,
receptor message in several human tissues. Figure 5 shows
that mRNA from human kidney hybridized strongly with the
probe. The most abundant message size was ~2.4kb but
other bands at 5.1 and 7kb were also observed. Longer
exposures revealed a small amount of the 2.4 kb message in
mRNA from the pancreas and heart.

The polymerase chain reaction (PCR) was used with
primer combinations that were specific for each of the cDNA
variants of the EP; receptor to determine if human tissues
contained mRNA that corresponded to these variants. Figure
6 shows that using human small intestine RNA and reverse
transcription followed by PCR, products were obtained that
represented each of the cloned EP; receptor variants. Similar
results were obtained with RNA from the human heart and
pancreas except that only a single band was observed with
primers that were specific for the EPsg.

Discussion

A human small intestine cDNA library was screened with a
PCR product encoding a portion of a human EP; receptor
and 4 unique cDNA variants of this receptor were identified.
One of these variants, the human EP,, appears to be the
homologue of the mouse EP,, (Sugimoto er al., 1993). A
second variant (EP;,,) contains the same coding sequence as
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Figure 4 Effects of sulprostone on forskolin-stimulated CRE-CAT
reporter gene activity after transient transfection of JEG-3 cells with
DNA encoding either: (a) the EP;, (B) and EP;p (O); or (b) the
EP;, (M) and EP; (O). Each curve is expressed as a percentage of
the forskolin-stimulated activity in the absence of sulprostone. Trans-
fections and CAT assays were done as described in Methods. Fors-
kolin was used at a final concentration of 1 puM. For (a) data are
representative of 2 experiments and for (b) data are representative of
4 experiments.

the EP;, but has a completely divergent 3’ untranslated
region beginning with the stop codon. The last two variants,
the human EP;z and EP;p, encode receptors with the same
amino acid sequence as the EP;, except for their predicted
carboxyl terminal domains. These carboxyl terminal sequence
differences appear to affect some of the ligand binding pro-
perties of these variants and their functional coupling to a
cyclic AMP responsive reporter gene. In addition, since the
3’-untranslated region can affect mRNA stability, the
existence of EP; receptor variants with alternative 3'-
untranslated sequences may also be important for regulating
the expression of these receptors.

It is interesting that nucleotide sequences of the human
EP;e and EP;p diverge from each other and from the EP;, at
exactly the same point (nt 1133, Figure 1); which is also
where the mouse EPy; diverges from the EP;, (Sugimoto et
al., 1993). In the case of cDNAs encoding the mouse EP;
receptors, the origin of this divergence involves a deletion of
89 nucleotides which results in a frame shift that changes the
sequence of the next 26 amino acids before a new termina-
tion codon is reached. For our human variants such a mech-
anism is not in evidence because the nucleotide sequences in
the divergent regions do not share identity. In either case
mRNA splicing involving exons encoding alternative car-
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Figure 5 Northern Blot of human mRNA'’s hybridized with the full
coding sequence (nt’s — 2 to 1421) of the human EP;, radiolabelled
with 2P by nick-translation. Hybridization, wash and exposure con-
ditions are described in Methods. Lane 1, heart; lane 2, brain; lane 3,
placenta; lane 4, lung; lane 5, liver; lane 6, skeletal muscle; lane 7,
kidney; lane 8, pancreas. The position of the size standards are
indicated. The blot was stripped and probed with a B-actin probe
that indicated that similar amounts of RNA were loaded in each
lane.
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Figure 6 Photograph of ethidium-stained agarose gel of the prod-
ucts of a reverse transcription/PCR reaction with primers specific for
each of the human EP; receptor cDNA variants. Lane 1 is a positive
control for the PCR reaction; lanes 2—5 are negative controls (no
templates); lanes 6—9 are positive controls using plasmid DNA
encoding each of the human EP; receptor variants; lanes 10-13 are
the results of the RT/PCR reaction using RNA from human small
intestine. In each set of reactions (ie. negative control, positive
control, small intestine), primers specific for the following variants
were used EPs;p, EPsy, EP3;, and EP;, . The expected product sizes
(bp) were as follows: EPsp, 409; EPsg, 407; EPs,, S500; and EP;3,,,
599. Standards (stds) are Haelll cleaved ®X174.

boxyl termini appears to be operational. The use of alterna-
tive splicing, as a mechanism of creating receptor hetero-
geneity, does not appear to be common among the G-protein
coupled receptors but it has been described for rhodopsin
and for the dopamine receptors. Thus, two variants of the
D,-dopamine receptor are known in which the use of alterna-
tive splicing creates ‘long’ and ‘short’ forms of the receptor
which differ in the lengths of their third intracellular loops
(Giros et al., 1989; Monsma et al., 1989; Dal Toso et al.,
1989). In addition, splice variants of the D;-dopamine recep-
tor have been described (Giros et al., 1991).

Besides the cDNAs encoding carboxyl terminal variants of
the EP; receptor we found evidence of an intron in the
human EP; receptor gene in a region corresponding to TM6.
We did not, however, find any cDNA clones that were
variants at this position. Considering that separate exons
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may encode TM1-6 and 7, respectively, it appears that the
complete human EP; receptor gene might be fairly complex
with multiple exons. This may also be true for other pros-
tanoid receptor genes. Thus, PCR products encoding the
thromboxane receptor were not obtained from human
genomic DNA when primers were used that spanned TM6
but they were obtained with other primer combinations
downstream of TM6 (data not shown).

The question arises as to whether or not these cDNA
variants are represented in mRNA from human tissues. The
answer to this appears to be yes, as judged by reverse tran-
scription coupled with PCR. Thus, antisense primers that
were unique to the 3’ regions of each of the variants were
used in combination with a sense primer common to all of
the variants. Four PCR products, corresponding to each of
the variants, were obtained using RNA from human small
intestine, as well as with RNA from human heart and pan-
creas. With RNA from human small intestine, however, the
primers specific for the EP;¢ consistently yielded two prod-
ucts: one of expected size and another that was 50—100 nt
longer. By analogy to the mouse EPy;, which contains an 89
bp deletion relative to the mouse EPs,, it is possible that the
human EP;e receptor represents a deletion of yet another
human EP; receptor variant. The finding that the larger of
the two products was obtained only with RNA from small
intestine and not with RNA from heart or pancreas, suggests
that EP; receptor variants may be uniquely expressed in
tissues. Additional studies, however, will be needed to define
the tissue specific expression of EP; receptor variants.

Further evidence that the EP; receptor cDNA clones
encoded functional receptors was obtained by radioligand
binding studies of the cloned receptors expressed in mam-
malian cells lacking endogenous EP; receptors. Thus, expres-
sion of the human EP; receptor variants in COS-7 cells
followed by radioligand binding with [*H]-PGE, have estab-
lished an EP; pharmacology. PGE, was found to bind with
high affinity as did the EP;-selective agonist, MB28767. The
EP,-selective agonist, AH13205, and the EP, selective
antagonist, AH6809, did not inhibit *H]-PGE, binding which
further confirms these receptors as EP;. The inhibitory
potency of PGF,, in the human variants was similar to that
reported for the cloned murine EP; receptors (Sugimoto et
al., 1993) and to native EP; receptors in the renal, gast-
rointestinal and reproductive tissues from various nonprimate
species (Sonnenberg et al., 1990; Watanabe et al., 1991,
Woodward et al., 1994). In contrast, PGD, exhibited minimal
activity at the human EP; variants, whereas, it is more active
at some nonprimate EP; receptors. Other differences in
potency also exist between the cloned murine and human EP;
receptors. For example, MB28767 is ~ 10 fold more potent
than PGE, at the human EP;, as compared with the murine
EP;,. In this regard, the murine EPs, is more similar phar-
macologically to the human EPs.

The radioligand binding of [*H]-PGE, to membranes pre-
pared from cells transfected with these EP; receptors offers
some distinct advantages over the use of naturally occurring
animal tissues. For example, at a concentration of 5nM
[’HJ-PGE,, 35pg of membrane protein from COS-7 cells
transiently transfected with the EP;, yielded ~ 37,100 d.p.m.
of specific [’H]-PGE, binding activity (3.2 pmol mg~! protein)
with only 2% nonspecific binding. Using membranes pre-
pared from the rat uterus, 20 pg of membrane protein yielded
~2,100d.p.m. of specific binding (309 fmol mg=' protein)
with 33% nonspecific binding (Woodward et al., 1994). The
recognition of EP; receptor heterogeneity combined with the
ability to study these variants in isolation increases the
likelihood that the biochemical differences between these
variants will be exploited pharmacologically.

The apparent differences in agonist binding between EP,
receptor variants could reflect differences in the efficiency of
coupling, or pattern of coupling, to G-proteins and second
messenger pathways. Native EP; receptors, previously char-
acterized in cells and tissues, inhibit adenylyl cyclase as part

of their second messenger pathway (Sonnenburg et al., 1990;
Matthews & Jones, 1993). The mouse EP; receptors that
have been stably expressed in cultured CHO cells (Sugimoto
et al., 1993) differ markedly in their inhibition of forskolin-
stimulated cyclic AMP formation. Thus, PGE, is ~ 3 orders
of magnitude more potent at the EP;, than it is at the EPs.
The isoforms also differ with respect to desensitization with
the EP;, being relatively sensitive and the EPj; resistant
(Negishi et al., 1993). The human EP; receptor variants also
seem to show differences with respect to their patterns of
coupling with adenylyl cyclase. In transiently transfected
human JEG-3 cells there was a biphasic effect on forskolin-
stimulated cyclic AMP-responsive CAT reporter gene
activity: first inhibition, and then reversal. It also appeared
that sulprostone could produce a greater degree of inhibition
at the EP;, as compared with either the EP;p or EPs.

Phosphorylation of G-protein coupled receptors on serines
and/or threonines present in the carboxyl terminal or third
intracellular loop is known to be critical in the process of
receptor desensitization (Lefkowitz, 1993). In addition,
tyrosines present in the carboxyl terminus of the B-adreno-
ceptor may have a role in the more specific process of
down-regulation, although, it is unknown if this also involves
phosphorylation (Valiquette et al., 1990). It is notable,
therefore, that the composition of the carboxyl termini of the
human EP; receptor variants differ markedly in these regards.
Thus, the carboxyl terminus of the EP;4 contains 7 serines, 3
threonines and 2 tyrosines; the EPs;: contains none of these
amino acids and the EP;j, contains S serines, 1 threonine and
1 tyrosine. If desensitization of EP; receptors specifically
involves phosphorylation of the carboxyl terminus, then the
human EPs;, and EP;p would be expected to be more affected
than the EPye.

Very recently the cloning of four EP; receptor variants
(EP3as, EP3g, EPyc, EP;3p) from the bovine adrenal medulla
was reported (Namba et al., 1993). Interestingly, all of these
bovine isoforms were variants starting with the same amino
acid in the carboxyl terminus as in the human variants;
however, only one is an actual homologue of the human
clones. Thus, the bovine EPsp, is a homologue of the human
EP;p. The human EP;,, which is a homologue of the mouse
EP,,, is not a homologue of the bovine EP;,. In addition,
none of the bovine variants are homologues of the mouse
EPy. In total, therefore, up to seven EP; receptor variants
may exist in any given species.

The identification and characterization of these EP; recep-
tor variants demonstrates a greater degree of complexity with
respect to alternative RNA splicing than previously thought
for the G-protein coupled receptors. It also raises intriguing
questions concerning the regulation and expression of these
isoforms and their physiological roles in mediating the
actions of endogenous prostaglandins. The potential for tis-
sue specific expression of each of the human EP; receptor
variants exists, as well as the possibility that the regulation of
receptor number rests not only at the level of the protein but
at the level of the mRNA. The differential expression of these
EP; receptor variants could affect a target tissue’s sensitivity
to drugs both in terms of responsiveness and the ability to
desensitize. Such differences could potentially be exploited for
therapeutic benefit.

Note added in proof

We have recently cloned a cDNA from a human skin fibroblast
library (Clontech) that represents an additional carboxyl terminal
variant of the EP; prostaglandin receptor. This variant, the EP;p, is
related to the human EPs;; and probably explains the doublet that
was observed in the PCR reaction (Figure 6, lane 11; also see
paragraph 4 of Discussion). As compared with the EPs;¢ (Figure 2),
the EP;p contains an additional 27 bases between nt’s 1133 and 1134.
The nucleotide and deduced amino acid sequence of this insert is
shown as follows.



SATG AGA AAA AGA AGA CTC AGA GAG CAA*
M R K R R L R E Q

The radioligand binding and functional coupling of this variant have
not been presently characterized.
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The effect of the ET4 receptor antagonist, FR 139317, on
['*I]-ET-1 binding to the atherosclerotic human coronary artery
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1 The distribution of ['*I}-endothelin (ET-1) binding sites on atherosclerotic human epicardial cor-
onary arteries has been studied by in vitro receptor autoradiography.

2 ["®I-ET-1 binding was to the tunica media and regions of neovascularization.

3 Competition studies were carried out in the presence of ET-1 and the ET, receptor antagonist, FR
139317. The ICsy values for ET-1 at the tunica media and regions of neovascularization were similar
(mean * s.e.mean of n =4 patients, 2.5+ 0.9 nM and 2.9 £ 0.9 nM, respectively) whereas ICs, values for
FR 139317 at regions of neovascularization (607 £ 34 nM) were significantly higher than those of the

tunica media (12.6 £ 2.4 nMm) (P<<0.0001).

4 These results indicate that ET, receptors are present on the tunica media of the diseased human
coronary artery whereas a different ET receptor subtype exists at regions of neovascularization.

Keywords: Endothelin; FR 139317; ET, binding site; tunica media; neovascularization; human coronary artery; atherosclerosis

Introduction

Endothelin (ET) is a vasoconstrictor peptide that also pos-
sesses mitogenic activity on cultured vascular smooth muscle
cells (see Yanagisawa & Masaki, 1989). ['*I]-ET-1 binding to
the tunica media, vasa vasorum and regions of neovas-
cularization of normal and diseased human coronary arteries
has been described (Dashwood et al., 1991; 1993). Neovas-
cularization associated with regions of atherosclerotic plaque
has been demonstrated in the human coronary artery (Barger
et al., 1984) and intimal hyperplasia is induced following
manipulation of the adventitial vasa vasorum (Barker et al.,
1993). Two ET receptor subtypes have been cloned from
cDNA libraries, ET, (where the affinity of ET-1>ET-
2> ET-3) and ETg (which shows equipotent affinity for all
three ET receptor isoforms and for sarafotoxins, Sakurai et
al., 1992). Here we have studied the effect of the ET, recep-
tor antagonist, FR 139317 ((R)2-[(R)-2-[(S)-2-[[1-(hexahydro-
1H-azepinyl)]-carbonyllamino-4-methyl-pentanoyl]Jamino-3-[3-
(1-methyl-1H-indolyl)]propionyljamino-3-(2-pyridyl) proprio-
nic acid] (Sogabe et al., 1992) on ['PI-ET-1 binding to
atherosclerotic human coronary arteries from patients under-
going cardiac transplantation.

Methods

['*I}FET-1 binding to coronary arteries from 7 patients
undergoing cardiac transplantation for ischaemic heart
disease was studied by in vitro autoradiography. Tissue was
obtained at surgery, frozen immediately in liquid nitrogen
and stored at —70°C until 10 pm serial sections were cut at
—20°C and thaw-mounted onto gelatinized microscope
slides. High- and low-resolution autoradiography was per-
formed as previously described (Moody et al., 1990). For
saturation analysis, slide-mounted sections were incubated in
buffer containing 1 to 1000 pM ['*I]-ET-1 alone (specific
activity 1800 to 2000 Ci mmol~', Amersham International,
Amersham, Bucks) and in the presence of 500 nM ET-1
(Bachem Fine Chemicals) to determine the degree of non-
specific binding. Competition studies were carried out by
incubating consecutive sections in the presence of 10-'°M to
1.5 x 10~ M unlabelled ET-1 or the ET, receptor antagonist,
FR 139317 (Fujisawa Pharmaceutical Co. Ltd., Osaka,

! Author for correspondence.

Japan). After incubation, low-resolution autoradiography
was carried out by apposing tissue to Hyperfilm *H (Amer-
sham, Bucks) for 6 to 16 days. Densitometric analysis was
performed on an IBAS imaging system (Kontron, Watford)
and the degree of binding to the tunica media and regions of
neovascularization determined from curves generated by '*I
microscales (Amersham, Bucks). High-resolution autoradio-
graphs were produced by dipping post-fixed tissue in nuclear
emulsion (LM-1, Amersham, Bucks) and exposing for up to
11 days. Underlying tissue was stained with haematoxylin
and eosin for histological examination and standard
immunocytochemical techniques used on selected sections to
identify endothelial cells. Binding to the tunica media and
microvessels (vasa vasorum and regions of neovasculariza-
tion) was confirmed on high-resolution autoradiographs. ICs,
values were calculated using non-linear regression analysis of
competitive binding curves (GraphPad InPlot, GraphPad
Software, San Diego, U.S.A.) from densitometric measure-
ments of *H Hyperfilm images. Analysis of high-resolution
autoradiographs was also carried out, where grain-counting
was performed on emulsion-coated sections that had been
incubated in ['*I]-ET-1 in the presence of increasing concen-
trations of ET-1 and FR 139317, at 200 times magnification,
on an Olympus Vanox microscope.

Results

['®I]-ET-1 bound to all vessels examined, binding being to
smooth-muscle cells of the tunica media as well as to perivas-
cular structures, identified as regions of neovascularization
(Figure 1). Abundant perivascular binding was associated
with regions of atherosclerotic plaque of diseased vessels
(Figure 2). The characteristics of ['*I]-ET-1 binding to vas-
cular tissue (Kp~ 150 pM) were essentially as previously des-
cribed by others (see Yanagisawa & Masaki, 1989). There
was a concentration-dependent reduction in ['*I}-ET-1 bind-
ing to sections incubated in the presence of unlabelled ET-1
and FR 139317 (Figure 3). Densitometric analysis of film
images indicated that binding to the tunica media and:
perivascular sites was inhibited by low concentrations of
ET-1 (mean * s.e.mean ICs, values, for n=4 patients,
25+209nM and 291 0.9nM respectively). Interestingly
reduction of ['*I-ET-1 binding to the tunica media by
FR 139317 was also achieved at low concentrations (mean
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Figure 1 High-resolution autoradiographs of ['*I]-endothelin-1
({"®I)-ET-1) binding to atherosclerotic human coronary artery.
Autoradiographs from competition study generated on nuclear emul-
sion. (a) Section incubated in 150 pMm ['*I]-ET-1 (TOT). (b) Binding
to section incubated in the presence of 100 nM unlabelled ET-1
(reduced to non-specific level, NSB). Underlying haematoxylin and
eosin stained tissue. TM = tunica media; Ath = atherosclerotic
plaque; IEL = internal elastic lamina; Neo = regions of neovas-
cularization; scale bar = 100 um.
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ICs, n=4 patients, 12.6 = 2.4 nM) whereas the ICs at
perivascular sites was significantly higher (mean ICs, n=4
patients 607 £ 34 nM: P<<0.0001, Table 1). Perivascular bin-
ding was confirmed to be to microvessels, or regions of
neovascularization, on high-resolution autoradiographs and
sections used for immunocytochemistry. Grain counts of
high-resolution autoradiographs from one patient (n= 56
sections) showed similar effects of FR 139317 on ['*I]-ET-1
binding to the tunica media and regions of neovasculariza-
tion (see Table 1).

Discussion

The constrictor effects of ET-1 and the distribution of ['*I]-
ET-1 binding sites on segments of human coronary artery
have been described previously (Dashwood et al., 1991;
1993). ET-1-induced vasoconstriction is suggested to be via
smooth muscle ET, receptors (Sakurai et al., 1992) and the
ET, receptor antagonist, FR 139317, has been shown to
inhibit ET-induced contractions of the guinea-pig pulmonary
artery (Cardell et al., 1993). A recent in vitro study has
demonstrated that distal] portions of human coronary arteries
are more sensitive to the constrictor effects of ET-1 than
proximal portions and that this vasoconstriction is mediated
via different ET receptors (Godfraind, 1993).

Raised plasma ET-1 levels have been reported in patients
with symptomatic atherosclerosis and atherosclerotic vessels
display ET-1-like immunoreactivity that is localized to
endothelial and smooth muscle cells (Lerman er al., 1991;
Dashwood et al., 1993). Neovascularization in the walls of
human coronary arteries has been reported using a cine-
matographic technique (Barger et al., 1984), the extent of
which is correlated with the severity of disease (Kamat et al.,
1987). Our autoradiographic data indicate that these regions
exhibit dense ['*I]-ET-1 binding (Dashwood et al., 1991;
1993).

ET, and ETj receptors have been cloned (Sakurai ez al.,
1992) and a number of subtype-selective compounds have
recently been synthesized. In the present study we have
shown that ['*I}-ET-1 binding to the atherosclerotic human
coronary artery is inhibited by the ET, selective antagonist,
FR 139317, in a concentration-dependent manner and have
demonstrated regional variations in the affinity of FR 139317
in diseased vessels. The ICs, for this compound at the tunica
media is similar to that reported for porcine and human
aortic microsomes (Sogabe et al., 1992) whereas, at regions
of neovascularization, FR 139317 displayed a significantly
lower inhibitory potency, approaching the low-affinity for
['*1]-ET-1 binding sites in porcine brain (Sogabe et al., 1992).

It has been suggested that a ‘microvessel’ ET receptor
exists at regions of neovascularization of the atherosclerotic
coronary artery and that this receptor differs in some way

Table 1 Inhibition of ['*I]-endothelin-1 (['*I]-ET-1)
binding to atherosclerotic human coronary artery: effect of
un- labelled ET-1 and FR 139317

Tunica media Neovascularization
IC;, (nM) ICy (nM)
A ET-1 25109 NS 29+09
FR139317 126+24 P<0.0001 607 + 34
B ET-1 0.52+0.2 NS 0.58 0.2
FR139317 6.5+0.2 P<0.0006 619+ 173

ICs, (nM) values derived from non-linear regression analysis
of competition experiments. The values represent mean *
s.e.mean, unpaired ¢ test; NS, not significant.

A Values derived from densitometric analysis of auto-
radiographs generated on film (7 =200 sections from 4
patients).

B Values derived from grain-counts of high-resolution
images from one patient (n = 56 sections).
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Figure 2 ['®I]-endothelin-1 (['®I]-ET-1) binding to perivascular regions of atherosclerotic human coronary artery. Autoradio-
graphs of binding to transverse sections (at 150 pm intervals) through the atheromatous region of a human coronary artery. Tissue
incubated in 150 pM ['*I)-ET-1; scale bar = 1 mm.
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Figure 3 Effects of endothelin-1 (ET-1) and FR139317 (FR) on ['®I]-ET-1 binding to atherosclerotic human coronary artery.
Above: autoradiographs from consecutive sections incubated in 150 pM ['*I]-ET-1 alone (total binding) and in the presence of
increasing concentrations of unlabelled ET-1 (1 to 1000 nM). Below: autoradiographs from sections incubated in ['*I]-ET-1 in the
presence of 1 to 1000 nM FR 139317. Arrows indicate binding to regions of neovascularization; scale bar = 1 mm.



from the binding site at the tunica media (Dashwood et al.,
1991). Our results with FR 139317 support this hypothesis
and provide evidence that this receptor is not of the ET,
subtype. FR 139317 has a low affinity for ETg binding sites
(Sogabe et al., 1992) and it is possible that this receptor may
predominate on microvessels. Alternatively binding may be
to non-isopeptide-selective ET receptors (Haynes et al.,
1993).

The role of ET at vasa vasorum and regions of neovas-
cularization is so far unclear. ETg-mediated constriction of
resistance vessels has recently been described (Rigel & Lappe,
1993) and it is possible that ET-induced constriction of the
vasa vasorum may lead to local ischaemia of the blood vessel
wall and subsequent intimal hyperplasia. Whether prolifera-
tion of the vasa vasorum precedes or follows plaque forma-
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that the microvessel binding sites identified in this study are
associated with ET-induced vessel growth at regions of cor-
onary artery demonstrating extensive athersclerotic change.
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Lithium-induced decrease in spontaneous Ca2* oscillations in

single GHj; rat pituitary cells

'"Mark A. Varney, Antony Galione & Steve P. Watson

University Department of Pharmacology, Mansfield Road, Oxford OX1 3QT

1 Measurement of [Ca’*}; in single rat pituitary GH; cells by dynamic single cell imaging techniques
dpmonstrated that under basal conditions there is a large variation in the temporal pattern of [Ca?*];
signalling between individual cells ranging from high frequency asynchronous oscillations to quiescence.

2 We have reported previously that treatment of GH; cells with 1 mM Li* (a concentration used
therapeutically in the treatment of manic depression) for 7 days reduces basal and thyrotrophin-releasing
hormone (TRH)-stimulated levels of mass inositol 1,4,5-trisphosphate [Ins(1,4,5)P;]. In the present
study, we show that this is associated with a reduction in the number of cells exhibiting basal Ca’*
oscillations over a sampling period of 60 s, whereas the maximum amplitude of oscillations is unaffected.

3 The pattern of [Ca?*]; responses to the agonist TRH varied considerably between individual cells,
making quantitation of the responses difficult; however, data obtained from measurements made on a
population of cells showed that increases in peak [Ca?*}; induced by high concentrations of TRH were
reduced in cells treated with 1 mM Li* for 7 days relative to control cells.

4 The sensitivity of the phosphoinositide pathway to [Ca’*]; was investigated by loading GH; cells with
BAPTA/AM at a concentration sufficient to lower ‘basal’ [Ca?*]; in a population of cells and to inhibit
agonist-stimulated increases in [Ca’*]. Under these conditions, basal and TRH-stimulated mass
Ins(1,4,5)P; levels were unaffected.

S These results demonstrate that a 7-day Li* treatment leads to an alteration in Ca’* signalling, in

partigl}lar by reducing the number of cells exhibiting high frequency Ca?* oscillations under basal
conditions. The significance of these results to the clinical effectiveness of Li* in the treatment of manic

depression is discussed.

Keywords: Rat pituitary; GH; cells; lithium; Ca?* oscillations; inositol 1,4,5-trisphosphate; TRH; BAPTA

Introduction

Lithium ions are used therapeutically at a serum level of
approximately 1 mM in the treatment of manic depression to
alleviate both the manic and depressive phases of this
disorder (reviewed in Wood & Goodwin, 1987). The
mechanism by which Li* produces its therapeutic effects is
not known although there is evidence for inhibition of the
adenylyl cyclase (Newman & Belmaker, 1987) and phospho-
inositide pathways (Berridge et al., 1982; 1989) and it has
been proposed that these effects are mediated at the level of
G-proteins (Avissar er al., 1988). However, this does not
provide an explanation for the selectivity of action of Li* to
manic depressive disease and a more widely accepted
hypothesis is the ability of Li* to inhibit metabolism of
certain inositol phosphates. At therapeutic concentrations,
Li* uncompetitively inhibits inositol monophosphatase (Hall-
cher & Sherman, 1980), a key enzyme in the metabolism of
inositol monophosphates. Inhibition of this enzyme by Li*
leads to a large accumulation of inositol monophosphates in
rat brain, and a corresponding reduction in inositol levels
(Allison & Stewart, 1971; Allison et al., 1976). In tissues
which have access to limited supplies of inositol, such as
brain because of the relatively poor ability of inositol to cross
the blood brain barrier, reduced inositol levels may lead to
reduced synthesis of phosphoinositides, and ultimately impair
receptor-stimulated phosphoinositide activity by reducing
production of the Ca’*-mobilizing second messenger
Ins(1,4,5)P; and 1,2-diacylglycerol which activates protein
kinase C (Berridge ez al. 1982; 1989). In support of this, the
majority of studies have reported a reduction in agonist-
stimulated generation of inositol phosphates and mass
Ins(1,4,5)P; in brain slices following chronic treatment with

! Author for correspondence at present address: Institute de Recher-
che Servier, Centre de Recherches de Croissy, 125, Chemin de
Ronde, 78290 Croissy sur Seine, France.

Li* (reviewed by Nahorski er al., 1991), although an
enhanced accumulation of Ins(1,4,5)P; has been described in
a few cases (Whitworth et al., 1990; Lee et al., 1992; Dixon et
al., 1992).

In order to investigate the interaction of Li* with the
phosphoinositide cycle in further detail, we have previously
set up a model using rat pituitary GH; cells. These cells were
chosen because, like neurones, they are electrically excitable
neurosecretory cells giving robust Ca?* and phosphoinositide
responses. Using these cells we have previously shown that
chronic treatment with 1 mM Li* reduces both basal and

- agonist-stimulated levels of mass Ins(1,4,5)P; and that this is

correlated with a reduction in Ca?* signalling and prolactin
secretion (Varney et al., 1992). The magnitude of the
inhibitory effects observed, however, were relatively small
(~20% inhibition), although we suggested that heterogeneity
may exist between cells in their susceptibility to Li*. In this
study we have addressed this by examining the effect of Li*
treatment on Ca’* signalling in individual GH; cells using
dynamic Ca?* imaging techniques.

Methods

" Li* treatment of rat pituitary cells

Rat pituitary GHj; cells were grown in Hams F10 medium
supplemented with 16% foetal calf serum. For experiments
however, cells were seeded into either flasks or 16-well plates
and grown in inositol-free Hams F10 medium (Gibco BRL)
supplemented with 5% foetal calf serum either in the absence
or presence of 1 mM LiCl as described previously (Varney et
al., 1992). All experiments were performed after a period of 7
days of treatment with Li*. Measurements of mass
Ins(1,4,5)P; was generally performed in multiwell plates,



although essentially identical results were obtained with cel-
lular suspensions following removal of cells from flasks by
incubation with trypsin.

Where appropriate, cells were loaded with BAPTA either
by incubation with 100 uM BAPTA/AM alone or with
100uM BAPTA/AM and 1pm fura-2/AM (for Ca®*
measurements). After 45 min incubation cells were washed,
resuspended in fresh buffer, and mass Ins(1,4,5P; and
population [Ca®*]; levels measured as described previously
(Varney et al., 1992).

Measurement of cytosolic free Ca** in single GH; cells

Cytosolic Ca’* levels ([Ca%*}) were measured in GH; cells
using the Ca’*-sensitive dye fura-2. Measurements of [Ca>*};
were carried out in cells grown on borosilicate glass cover-
slips. After 4 to 5 days in culture, cells were loaded with 3 um
fura-2/AM in 3 ml of Hanks buffer in the presence of 0.1%
Pluronic for 45min at room temperature. Coverslips were
washed twice in Hanks buffer, left for a further 10 min, and
transferred to a Teflon coverslip holder (Digitimer Ltd.; Wel-

wyn Garden City, Herts). All [Ca’*], measurements were -

performed at 22°C. The coverslip dish was placed on the
stage of a Zeiss Axiovert 35 inverted microscope equipped
for fluorescence microscopy. A 75 W xenon arc lamp com-
bined with interference filters of 350 and 380 nm, present in a
filler wheel changer (Ludl Electronic Products Ltd., Haw-
thorne, New York) was used for excitation of the loaded
fura-2. Excitation light was deflected by a dichroic mirror
(Zeiss FT 395 nm) into the microscope objective (X 40 Ach-
rostigmat oil immersion lens; n.a. 1.30) and onto the sample.
Excited light was collected from the sample through the
dichroic mirror and a 510 nm interference filter and directed
into an intensified CCD camera (Extended ISIS-M; Photonic
Science, U.K.). Care was taken to attenuate the excitation
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light as much as possible to avoid bleaching of the dye and
photodamage to cells. Pairs of images were captured every
2-3s with an image grabbing board (PixelPipeline; Percep-
tics Corp., Knoxville, TN, U.S.A.) fitted to an Apple Macin-
tosh Quadra 900 and controlled by the software IonVision
(Improvision, Coventry). Four frames were normally
averaged at each excitation wavelength, and the 350/380 nm
ratio calculated for each pair of images after subtraction of
the backgrounds. The mean [Ca?*]; levels were calculated
from each ratio image using the software IonVision. Cali-
bration of the signals as a function of [Ca?*}; was performed
with standard Ca?* solutions (Williams & Fay, 1990), and a
viscosity correction factor determined and applied as de-
scribed by Poenie (1990).

Agonists were added directly to the coverslip chamber at
the appropriate time with a Gilson pipette. A relatively large
volume of agonist was added to the chamber so as to ensure
rapid mixing (ie. 0.5ml agonist added to 2.5ml bath
volume).

Statistical analysis

Results are shown as mean * s.e.mean of at least three
separate experiments. Statistical analysis were performed by
the Wilcoxon Rank sum test, or Student’s ¢ test following a
non-significant Wilk-Shapiro Normality test. Statistical
significance was taken as P<<0.05.

Materials

[PHJ-Ins(1,4,5P; (specific activity 17-54 Cimmol-') was
obtained from New England Nuclear or Amersham Interna-
tional. Fura-2/AM and BAPTA/AM were obtained from
Molecular Probes. Thyrotrophin-releasing hormone (TRH)
and Ins(1,4,5)P; were purchased from Sigma. Tissue culture

Figure 1 Heterogeneity of [Ca®*]; in individual GHj cells under non-stimulated conditions, observed by dynamic video-imaging of
fura-2 at various time points (indicated on each time frame). The images are the ratios of those observed at 350 nm and 380 nm,
following background subtraction, and calibrated against Ca’* standards, as described in the Methods section. Images are
displayed in pseudocolour, with red representing high Ca?*, and blue low Ca?*.
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reagents such as medium (including custom-made inositol-
free Hams F10) were obtained from GIBCO, and plastic
tissue culture equipment from Griffiths & Neilson. All other
standard laboratory reagents were of Analytical grade.

Results

Single cell [Ca’* |; measurements

Measurement of Ca?* revealed a wide variation in basal
levels of [Ca’*]; between individual cells as exemplified in
Figure 1; some cells appeared quiescent since [Ca’*]; levels
did not change significantly over the recording period, whilst
others exhibited frequent, irregular spontaneous oscillations
in [Ca’*}. Two extreme examples of this behaviour are
shown in Figure 2a. In order to examine the action of Li* on
individual cells, the mean [Ca?*}; throughout a 60 s recording
period was measured in 370 cells treated with 1 mM Li* for 7
days and compared to the same number of control cells. The
frequency distribution histogram of mean [Ca’*]; levels over
a 60 s recording period revealed a clear shift to the left in the
Li*-treated group (Figure 2b). When results in individual
cells were pooled, cells treated with Li* had a significantly
(P<0.05) lower mean [Ca?*]; of 160 £ 7 nM as compared to
195+ 9nM in control cells (Figure 3a) a result which is
similar to values previously obtained in whole cell popula-
tions (Varney et al., 1992). This reduction in intracellular
Ca?* did not appear to be due to a change in cell viability as
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Figure 2 (a) A time-course of [Ca®*]; levels in 2 individual cells, one
of which displays [Ca®*]; oscillations (O), whilst the other is quies-
cent (@). A pair of images were acquired every 2 s, and [Ca?*]; levels
calculated by image analysis of the time-sequence of images. (b) A
frequency distribution histogram of mean [Ca?*]; levels in GH; cells
under non-stimulated conditions, recorded over a 60 s period, with
images acquired every 2s. Mean [Ca?*], levels were assigned into
groups which differed by 25 nM (i.e. 0-25, 26-50, etc) for a total of
370 control cells (open columns) and 370 chronic Li*-treated cells
(solid columns) Numbers on the abscissa scale refer to the upper
limit of the range.
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Figure 3 Summary of [Ca?*]; measurement in control GHj cells
(open columns) and chronic Li*-treated cells (solid columns). (a)
Mean basal [CaZ*];, (b) numbers of cells showing [Ca?*]; oscillations,
and (c) the mean maximum amplitude of these [Ca?*]; oscillations.
Data are summarised from 370 control and Li*-treated cells,
obtained from 21 experiments; values are mean with s.e.mean.
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(P<0.05).
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Figure 4 [Ca”*]; measurements in GH; cells. (a) Example traces of basal [Ca®*]; levels, and 1 uM TRH-stimulated levels (indicated
by the solid bar), in both control (a) and chronic Li*-treated cells (b). Note the variability of [Ca?*}; levels between cells under
basal conditions, and in response to TRH. Calibration bars indicating [Ca?*]; and time are shown, and apply to all traces.

both groups of cells exhibited a similar ability to exclude
trypan blue (not shown).

A more detailed analysis of basal [Ca’*], levels was per-
formed through the study of Ca’* oscillations in individual
GH; cells. Since the Ca?* oscillations were not easily defined
into individual oscillations or patterns (see Figure 2a), their
frequency could not be reliably calculated, and instead, cells
were defined as either oscillating or quiescent. A change in
[Ca?*); of greater than 100 nM over a 60 s recording period
was taken to define a cell as oscillating. The maximum
amplitude (maximum minus minimum [Ca’*]; level) was also
measured from cells which were defined as oscillating. This
analysis revealed that under non-stimulated conditions
48 £ 4% of control cells showed oscillations in Ca®* and that
following Li* treatment this number was significantly
reduced to 24 £ 8% (P <<0.05; Figure 3b). The maximal
amplitude of oscillations, however, was unaffected in cells
which displayed Ca®* oscillations in the two treatment
regimes (Figure 3c). This decrease in frequency of basal Ca?*
oscillations can also be seen by comparison of the represen-
tative Ca’* traces in single GHj cells before agonist stimula-
tion (Figure 4).

TRH-stimulated [Ca?*]; responses varied considerably
between individual GHj cells. Although, the majority of cells
responded to TRH with a rapid peak increase in [Ca?*];, this
was followed by more variable behaviour with some cells
showing an increase and some a decrease in frequency of
oscillations, while in others, a maintained increase in [Ca’*];
was observed (see Figure 4 for example traces). This
heterogeneity in [Ca’*]; responses to TRH prevented a
detailed quantitative analysis of traces from single cell
experiments. However, measuring the mean of TRH-
stimulated [Ca’*]; responses from many individual cells
revealed that a high concentration of TRH (1 uM) induces a
larger peak Ca®* response in control cells (658 £ 59 nM), as
compared to Li*-treated cells (492+49nM, n=135, 15-20
observations per experiment: P<<0.05). This small (~25%)
inhibitory effect of Li* against high concentrations of TRH
is similar to that described previously in a population of cells
(Varney et al., 1992).

Effect of [Ca’* ], levels on mass Ins(1,4,5)P;

When cells were loaded with 100 uMm BAPTA/AM for 30 min,
there was a reduction in basal [Ca?*]; in cell suspensions from
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Figure 5 Effect of TRH (100 nM) on [Ca?*}; responses in control (a)
and BAPTA-loaded cells (b) obtained from recordings made from a
whole coverslip. Traces are representative of two further
experiments. The addition of the agonist is shown by the arrow
head, and the relevant [Ca?*}; calibration bar is shown alongside the
traces.

20917 to 57+ 7nM (n =3, 12 observations) and little or
no detectable increase in [Ca’*]; was observed in BAPTA-
loaded cells on challenge with TRH (100 nM) or K* (70 mM)
(see Figure 5 for example traces). In contrast, mass
Ins(1,4,5)P; levels were similar in control (12.4 % 1.4 pmol
mg~' protein) and BAPTA-treated cells (11.3 % 1.2 pmol
mg~' protein), and in control (36.6 = 3.2 pmol mg~! protein)
and BAPTA-loaded cells (43.7 %+ 3.5 pmol mg~! protein)
challenged with 100 nM TRH for 10s.

Discussion

[Ca’* ] measurements

In a previous study we demonstrated that chronic treatment
of GH; cells with a therapeutic concentration of Li* reduced
basal and agonist-stimulated intracellular Ca’* levels in a
suspension of GH; cells (Varney et al., 1992). In this study
we have extended these observations to single cells using
dynamic video imaging techniques. The results demonstrate a
marked heterogeneity in [Ca®*]; signalling between single
GHj; cells. A sub-population of cells exhibit spontaneous,
irregular [Ca?*]; oscillations under basal conditions which are
asynchronous with respect to neighbouring cells. Although
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the limited sampling period used in this study (60s) may
underestimate the actual percentage of cells displaying [Ca?*};
oscillations, our result that approximately 50% of the GH,
cell population display oscillations within this period is in
agreement with results obtained for GH,C, cells where con-
siderably longer sampling times were used (Wagner et al.,
1993). The number of cells exhibiting [Ca’*]; oscillations in
the recording period was reduced in cells treated with Li*,
although the amplitude of the oscillations in the remaining
cells was not changed. The present results, therefore, demon-
strate that the previously reported decrease in ‘basal’ Ca?*
observed in a suspension of GH; cells following Li* treat-
ment (Varney et al., 1992) is mediated by either a reduction
in the frequency of spontaneous [Ca’*]; oscillations or an
increase in the sub-population of cells exhibiting quiescent
behaviour.

We have shown previously that chronic Li* treatment of
GH; cells results in a decrease in basal and TRH-stimulated
levels of mass Ins(1,4,5)P;. Since the role of Ins(1,4,5)P; is to
release Ca’* from intracellular stores, the altered Ca?* sig-
nalling in GH; cells following Li* treatment might be
explained by a Li*-induced decrease in phosphoinositide tur-
nover. An alternative explanation that the Li*-induced
decrease in Ca’* signalling results in a decreased phos-
phoinositide pathway activity seems unlikely as BAPTA-
loaded cells did not exhibit reduced basal or TRH-stimulated
levels of Ins(1,4,5)P; despite a marked reduction in intracel-
lular Ca?*. Consistent with this, increasing [Ca?*]; levels
using high K* or addition of a Ca?* ionophore did not alter
basal or TRH-stimulated formation of [PH]-inositol phos-
phates (M.A.V., unpublished observations). These data argue
against a role for Ca?* in the regulation of phospholipase C
in GH; cells.

The reduction in [Ca?*]; oscillations under non-stimulated
conditions may underlie the decrease in ‘basal’ prolactin
secretion reported previously following Li*-treatment
(Varney et al., 1992) as [Ca?*}], oscillations are believed to
control basal secretion in GH; cells (Schlegel er al., 1987).
The previously reported reduction in basal level of
Ins(1,4,5)P; following Li*-treatment (Varney et al., 1992)
may be responsible for the reduced [Ca’*}; oscillations. In
GH; cells, Ca?* oscillations are completely dependent on the
presence of extracellular Ca?* since they are blocked by
addition of dihydropyridine calcium channel blockers e.g.
nifedipine, or by the lowering of extracellular Ca?* (Schlegel
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et al., 1987, Wagner et al., 1993). Ca?* oscillations are thus
driven by entry of Ca?* through voltage-dependent Ca’*
channels. Recent models of Ca’* oscillations suggest that
Ca’* enhances its own release through a process of Ca’*-
induced Ca?* release (CICR) through ryanodine and
Ins(1,4,5)P; receptors (reviewed by Berridge, 1993).
Ins(1,4,5)P;-sensitive stores become more sensitive to
Ins(1,4,5)P; as they fill up with Ca?*, and once the Ca®*
reaches a critical amount the basal levels of Ins(1,4,5)P; may
be sufficient to release Ca?* through a process of CICR
(Missiaen et al., 1991). Thus in GHj; cells, the voltage-
dependent entry of Ca’* through spontaneous action poten-
tials may serve to prime the Ins(1,4,5)P;-sensitive stores such
that basal levels of Ins(1,4,5)P; are sufficient to cause Ca’*
release, resulting in the initiation of an oscillation. However,
in Li*-treated cells, lower basal levels of Ins(1,4,5)P;
effectively reduce the sensitivity of the stores, resulting in a
longer period between Ca?* discharge and therefore a reduc-
tion in the frequency of [Ca?*); oscillations.

In conclusion, these results show that treatment of GH,
cells with low concentrations of Li* reduces the likelihood of
spontaneous [Ca’*]; oscillations in single rat pituitary GH,
cells. An inhibitory action of an acute treatment with Li* on
oscillatory changes in a Ca”*-activated Cl- current in blowfly
salivary gland has also been described (Galione & Berridge,
1988). It can be speculated that the reduced levels of
Ins(1,4,5)P; observed in rat cerebral cortex following chronic
treatment with Li* may also lead to a decrease in Ca’*
signalling (Varney et al., 1992). The observation that [Ca®*];
oscillations occur in neurones (Murphy & Miller, 1989; Friel
& Tsien, 1992) and glia (Cornell-Bell ez al., 1990), and that
CICR may play an important role within neurones (Marrion
& Adams; 1992), suggest that changes in Ca?* mobilization
will induce a change in neuronal activity. Changes in basal
Ca?* levels can also influence responses to agonists. For
example, in acinar cells the pattern of agonist-induced Ca?*
oscillations is dependent on basal Ca* levels (Toescu et al.,
1993), while hippocampal neurones with higher resting levels
of [Ca’*); show increased responses to NMDA and K*
depolarization (Nakajima et al., 1993). An altered Ca?* sig-
nalling may therefore be an important modulatory
mechanism in Li*-sensitive cells.
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Induction of nitric oxide synthase in cultured vascular smooth
muscle cells: the role of cyclic AMP

K. Hirokawa, K. O’Shaughnessy, K. Moore, P. Ramrakha & 'M.R. Wilkins

Department of Clinical Pharmacology, Royal Postgraduate Medical School, Du Cane Rd, London W12 ONN

1 Interleukin-1B (IL-1B) is a potent stimulant of inducible nitric oxide synthase (iNOS) mRNA and
nitric oxide (NO) production in vascular smooth muscle (VSM) cells in culture. These studies investigate
the role of adenosine 3':5'-cyclic monophosphate (cyclic AMP) in this process.

2 Dibutyryl cyclic AMP (db cyclic AMP, 0.1-1 mM), forskolin (1-10 uM) and the phosphodiesterase
inhibitor, Ro 20-1724 (1-10 uM), all of which increase intracellular cyclic AMP, had no effect on NO
production when added alone but markedly enhanced NO production by IL-1B-stimulated VSM cells in
a dose-dependent manner. Consistent with a cyclic AMP-mediated action, isoprenaline (1-10 uM)
increased NO production from IL-1B-stimulated cells. Dibutyryl cyclic GMP (db cyclic GMP) had no
effect at concentrations up to 1 mM.

3 Pursuing these observations, iNOS protein levels were examined by Western blot analysis and iNOS
mRNA levels were measured by reverse transcription and amplification of the resultant cDNA using the
polymerase chain reaction. In addition to enhancing NO production, db cyclic AMP increased iNOS
protein and mRNA above that produced by IL-1B alone.

4 These data demonstrate a major effect of cyclic AMP on cytokine-induced NOS activity in VSM
cells, mediated at least in part by regulating synthesis of iNOS, and has implications for the

pathogenesis and management of septic shock.

Keywords: Nitric oxide; nitric oxide synthase; cyclic AMP; mRNA; polymerase chain reaction; vascular smooth muscle

Introduction

Nitric oxide (NO) is a potent vasodilator produced locally in
the vessel wall from L-arginine by the action of nitric oxide
synthase (NOS) (Moncada et al., 1991). Two major subtypes
of NOS have been described. One subtype is calcium-
dependent, expressed constitutively in endothelium and pro-
duces picomol amounts of NO. A second form of NOS is
calcium-insensitive and can be induced in endothelium and
vascular smooth muscle cells by endotoxin and some cyto-
kines to generate nanomol quantities of NO.

It is now clear that induction of NOS synthesis and
markedly increased NO production play a primary role in the
pathogenesis of septic shock. This condition is characterized
by pronounced hypotension which is resistant to treatment
with vasoconstrictor agents. In contrast, inhibition of NO
production with the L-arginine analogue, L-monomethyl-
arginine, has been shown to increase blood pressure in this
condition (Petros ez al., 1991) and has indicated a novel
therapeutic strategy. Reservations have been expressed, how-
ever, about the value of global inhibition of NO synthesis
(Nava et al., 1991) as NO released from other cells, such as
macrophages, may be important in combating infection.
Specific inhibition of iNOS activity in vascular tissues
requires a better understanding of the factors governing the
expression and function of this enzyme. Some progress has
been made in elucidating factors regulating iNOS activity in
endothelial, macrophage and neuronal cell lines (Nakane et
al., 1991; Brune & Lapetina, 1991; Gaillard ez al., 1991; 1992;
Bredt et al., 1992; Severn et al., 1992; Marotta et al., 1992;
Hortelano er al., 1992; 1993; Feinstein er al., 1993). One
factor that appears to play a role in regulating NO produc-
tion is adenosine 3’:5'-cyclic monophosphate (cyclic AMP)
but the effect of increasing cyclic AMP levels appears to
differ in different tissues such that it is not possible to
extrapolate from these studies to VSM cells. The purpose of
this study was to examine the effect of increasing cyclic AMP
on cytokine-stimulated iNOS activity in vascular smooth
muscle (VSM) cells.

! Author for correspondence.

Methods

Isolation and primary culture of rat aortic smooth
muscle cells

VSM cells were harvested from enzymatically dissociated rat
thoracic aorta according to the method of Beasley er al.
(1991) with some minor modifications. The thoracic aorta
was excised under sterile conditions from male Wistar rats
(300-350 g) and placed in ice cold Dulbecco’s Phosphate
Buffered Saline (PBS, Ca?* and Mg?*-free) with penicillin-
streptomycin 200 u ml~' and amphotericin B 25 pg ml~!. The
aorta was washed and transferred into a petri dish containing
Hanks Balanced Salt Solution (HBSS). Fat, connective tissue,
and adventitia were removed by blunt dissection. The cleaned
aortac were opened and the endothelium carefully scraped
off. Fine pieces of aorta were transferred into a 15 ml plastic
centrifuge tube and incubated for 90 min at 37°C in HBSS
containing CaCl, (0.2 mM), HEPES (15mM), collagenase
(type II-S, 1 mg ml~"), elastase (type III, 0.125 mg ml~'), and
bovine serum albumin (2 mg ml~!). The digested tissue was
triturated 10 times through an 18-gauge needle, sieved
through nylon mesh, and the resulting cell suspension cen-
trifuged at 200 g for 5min. The cells were resuspended in
Dulbecco’s modified Eagle’s medium (DMEM) containing
20% foetal calf serum, L-glutamine (2 mM), penicillin-
streptomycin (50 ul ml~') and amphotericin B (2.5 pg ml~")
and seeded into 25 cm? flasks. After reaching confluence, cells
were passaged by harvesting with trypsin-EDTA, seeded at a
ratio of 1:5 into 96-well plates, and grown in DMEM supple-
mented with 10% foetal calf serum, L-glutamine (2 mMm),
penicillin-streptomycin (50 uml~') and amphotericin B (2.5
pg ml~"). The cells were characterized as smooth muscle cells
by morphology and immunostaining with antibodies to
smooth muscle a-actin.

Experimental protocol and measurement of NO
production

All studies were carried out on VSM cells obtained between
the 4th and 10th passage. Cells were stimulated by incuba-



tion with interleukin-18 (IL-1B) at different concentrations
for varying periods of time up to 48 h. In preliminary
experiments we observed that IL-1B-stimulated nitrite pro-
duction was reduced in the presence of foetal calf serum
(Figure 1a). Foetal calf serum also stimulates mitosis. In
order to maximise the nitrite signal and to study quiescent
cells, all subsequent experiments were conducted in the
absence of foetal calf serum. Thus, 24 h prior to study, the
medium was changed to DMEM without phenol red contain-
ing 0.1% bovine serum albumin (low endotoxin) in place of
foetal calf serum; each well contained 100 pul of culture
medium.

NOS activity was assessed by measurement of nitrite pro-
duction (Griess reaction) over a timed period according to
the method of Zembowicz & Vane (1992) with some modifi-
cations. Supernatants (100 pl) were mixed with 100 ul of
Griess reagent (1% sulphanilamide in 5% H;PO, and 0.1%
naphthylethylenediamine dihydrochloride in a ratio of 1:1).
Following a 10 min incubation at room temperature, the
absorbance was read at 540 nm in a Titertek Multiscan Plus
MKII 96 well plate spectrophotometer. Standard curves were
determined by use of known concentrations of sodium nit-
rite. Nitrite levels reflect NOS activity in this system since no
other potential source of this ion exists.

This assay was used to examine the effect of a variety of
agents on NOS activity. The agents used were selected on the
basis of their known actions on protein kinases. Unless
indicated, all experiments were carried out using IL-18 10 ng
ml~! and were repeated on at least 4 occasions. Appropriate
controls were included in each 96-well plate to overcome
variation produced by differences in cell density. All wells in
each experiment were judged microscopically to be of similar
confluence.

Western blotting

VSM cells were cultured in 75 cm? culture flasks with serum-
free DMEM without phenol red containing antibiotics, L-
glutamine (2mM) and 0.1% bovine serum albumin (fatty
acid-free and low endotoxin) for 24 h and then stimulated
with IL-1B (10ngml~') in the presence or absence of db
cyclic AMP for periods of time up to 48 h. Culture super-
natant was then removed, divided into aliquots and stored
for the measurement of nitrite. The cells were washed with
PBS (5ml) 3 times and released by treatment with trypsin-
EDTA (2ml). The cells were then pelleted by centrifugation
(500 g, 5 min), resuspended in PBS and recentrifuged. The
final cell pellet was resuspended in 300 pl lysis buffer (Tris
HCl, 50 mM, pH 7.4) containing pepstatin A (5pgml™!),
chymostatin (1 pg ml~'), aprotinin (5pgml~'), leupeptin
(1 pg mi~"), dithiothreitol (1 mM) and phenylmethylsulphonyl
fluoride (100 puMm) and then lysed by quick freeze and thaw 3
times. The lysate was centrifuged at 16,000 g for 10 min and
the resultant clear supernatant stored at — 70°C until further
analysis.

Aliquots of cells lysate were used for protein assay (BCA
protein assay reagent, Pierce, Illinois, U.S.A.) and Western
blot analysis. VSM cell lysate containing 25 to 400 pg of
protein was reduced and separated on 7.5% SDS-PAGE
using prestained molecular weight markers (Sigma). Proteins
were electroblotted in 20% methanol, Tris (25 mM), glycine
(192 mM) pH 8.3 on nitrocellulose membranes (ECL-Hyper-
bond, Amersham International plc, Amersham, UK). The
membranes were blocked with 4% low fat milk in PBS for
2 h, washed 3 times in PBS containing 0.05% BSA, 0.05%
Tween-20, then incubated with rabbit anti-rat iNOS antibody
(diluted 1:5,000 in PBS, 0.1% BSA, Riveros-Moreno et al.,
1993) for 2 h, washed and finally incubated with a 1:20,000
dilution of goat anti-rabbit IgG conjugated to horseradish
peroxidase (ICN Flow, Oxford, UK) for 2 h. After successive
washes as before, the immunocomplexes were developed
using an enhanced horseradish peroxidase/luminol chemi-
luminescence reaction (ECL Western blotting detection
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reagents, Amersham International plc, Amersham, UK) and
detected with X-ray film.

Extraction of total RNA from VSM cells and analysis .
of INOS mRNA by reverse transcription-polymerase
chain reaction (RT-PCR)

Total RNA was extracted from VSM cells according to the
method of Chomczynski & Sacchi (1987). VSM cells cultured
in 96-well plates were homogenized in 1.5ml Eppendorf
tubes using 0.5ml of a solution containing guanidium iso-
thiocyanate (4 M), sodium citrate (25 mM, pH 7.0), 0.5% N-
lauroyl-sarcosinate and 2-mercaptoethanol (0.1 M). In order,
homogenates were mixed thoroughly with 50 ul sodium
acetate (2M, pH4.0), 0.5ml water-saturated phenol and
finally 0.2 ml chloroform/isoamyl alcohol (49:1 v/v). Homo-
genates were left on ice for 15 min and then centrifuged at
16,000 g for 15min at 4°C. The upper aqueous layer was
transferred to a new tube and RNA was precipitated twice
with isopropanol. The RNA pellet was finally washed with
70% ice-cold ethanol, dried, and dissolved in 20pul of
nuclease-free water.

Quantitative RT-PCR was performed using a method
which has previously been extensively validated (Nunez et al.,
1992). Two ul aliquots of total RNA were mixed with
25 pmol of a 15 mer random sequence primer before incuba-
tion for 2h at 37°C with 10 u Moloney murine leukaemia
virus reverse transcriptase (Pharmacia). The cDNA samples
were then diluted with nuclease-free water to a volume of
100 ul and stored at —20°C. Both iNOS and the ‘house-
keeper’ gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were measured in each sample. The primers used
were as follows: iNOS, sense 5'-CCTACCAAGGTGACCT-
GAAAG and antisense 5-TAATGAATTCAATGGCTTGA
(Nunokawa et al., 1993), GAPDH sense 5-GGTGTGAAA-
CACGAGAAATATGAC and antisense 5-TTGCAGGCT-
GGGTCCTCATTGTCA (Fort et al., 1985). PCR was per-
formed using 2.5 pl of the diluted cDNA sample in a total
reaction volume of 25ul with 1uM iNOS or GAPDH
primers, 1 unit of Taqg DNA polymerase (Promega Corp-
oration, Madison, U.S.A.) and 0.5uCi of [x-*?P]-dCTP
(> 5000 Ci mmol~'; Amersham International plc) (Brown et
al., 1993). Preliminary experiments were performed to ensure
that the PCR was terminated during the exponential phase of
amplification (data not shown). The amplification conditions
were: 26 cycles for GAPDH, 36 cycles for iNOS; each cycle
comprised 93°C for 30s, 60°C for 30s, 73°C for 1 min. An
aliquot (15 pl) of each PCR reaction was then separated by
electrophoresis through a 6% polyacrylamide gel. The gels
were exposed to Kodak-X-Omat XARS autoradiography film
to locate the specific product bands (of the expected size) on
the gel. These were excised and the amount of 2P incor-
porated quantified by liquid scintillation counting. The
specificity of the iNOS band was verified by DNA sequencing
using the deoxy chain termination method (Sanger et al.,
1977). The relative amounts of template cDNA at the start of
the PCR was assessed by measuring the quantity of PCR
product during the exponential phase of amplification. For
each cDNA sample, the counts (in c.p.m.) incorporated into
iNOS DNA were divided by the amount in the GAPDH
band to correct for variation in the extraction of RNA and
the efficiency of reverse transcription.

Materials

Interleukin-1p (IL-1B) was obtained from British Biotech-
nology (Oxford, UK), L-NMMA (NS-monomethyl-L-arginine)
and RO-20-1724 ([4-(3-butoxy-4-methoxybenzyl)-2-imidazo-
lidinone]) from Calbiochem (Nottingham, UK). Dibutyryl
cyclic AMP (db cyclic AMP) was a kind gift from Dr Une,
Daiichi Pharmaceutical Co Ltd (Tokyo, Japan). Anti-rat
iNOS antiserum was provided by Drs Riveros-Moreno and
Moncada, Wellcome Reserach Laboratories (Beckenham,
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Kent). All culture media, antibiotics, antifungal agents, tryp-
sin and EDTA were obtained from ICN Flow (Oxford, UK).
Plastics for culture were purchased from Falcon (Oxford,
UK). Fetal calf serum was from Imperial laboratories (West
Portway, UK). Unless stated otherwise, all reagents for RT-
PCR and all other reagents were obtained from Sigma Ltd
(Poole, UK).

Statistics

Where appropriate, data were analysed by ANOVA (Com-
plete Statistical System, StatSoft software) and statistical
significance assessed by Student’s unpaired 2-tailed ¢ test.
Differences were considered statistically significant when the
P-value was less than 0.05.

Results

Production of nitrite by VSM cells stimulated with
IL-1B

Mean nitrite concentration in media from unstimulated cells,
cultured in 96 well plates for 24 h and used in the studies
described here, was 2.9 £ 0.22 uM (n = 28 plates). Exposure
of cultured VSM cells to IL-1B increased nitrite concentration
in the supernatant in both a dose- and time-dependent man-
ner (Figure la and b). Mean nitrite concentration in media
from VSM cells cultured for 24 h with IL-1B (10 ngml~")
was 2421 2.6uM (n=28 plates). The variation between
plates was largely due to differences in the density of plated
cells; therefore for all experiments described, each 96 well
plate contained controls appropriate to the treatment
examined.

503
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Figure 1 (a) Incubation of vascular smooth muscle (VSM) cells with
interleukin-1p (IL-1B) for 24 h results in a dose-dependent increase in
nitrite concentration in the culture medium. This response was
greater in the presence of 0.1% BSA (solid columns) than with 10%
foetal calf serum (open columns). Data are mean * s.e.mean of 4
wells. *P<<0.01, IL-1B-treated cells relative to cells not exposed to
this cytokine. (b) Increase in nitrite concentration in culture medium
with time during incubation of VSM cells with IL-18 (10 ngml~").
Control represents cells cultured for 24 h without IL-1B. Data are
mean * s.e.mean of 4 wells at each time point. *P <<0.01, IL-1pB-
treated cells relative to control cells.

Accumulation of nitrite following incubation of cells with
IL-18 (10 ngml~') was inhibited by cycloheximide at all
concentrations and by L-NMMA in a dose-dependent man-
ner (Figure 2). Consistent with other reports (Szabo et al.,
1993), dexamethasone also had a significant inhibitory effect
at 10 uM (results not shown).

Effect of agents that increase cyclic AMP levels

Once the cellular response to IL-18 was characterized, we
studied the effect of a variety of agents that act to increase
intracellular cyclic AMP levels. Specifically, we examined the
effect of direct addition of cyclic AMP using the stable
analogue, db cyclic AMP; stimulating adenylyl cyclase (e.g.
with forskolin, isoprenaline); and inhibiting cyclic AMP
phosphodiesterase (e.g. with Ro 20-1724). These observations
were compared with the effect of increasing intracellular
cyclic GMP levels by the addition of db cyclic GMP.

db cyclic AMP increased nitrite levels in a dose-dependent
manner (0.01-1 mM) when co-incubated with IL-1B (10 ng
ml~') for 24 h, in contrast to db cyclic GMP which had no
effect (Figure 3). The mean increase in nitrite levels with

Nitrite concentration (pm)

0 4
Control IL-18 1 10 0.01 0.1 1
Cycloheximide t-NMMA
(um) (mm)

IL-18 (10 ng mI~")

Figure 2 Effect of cycloheximide and the L-arginine analogue, N°-
monomethyl-L-arginine (L-NMMA), on nitrite concentration in cul-
ture medium during incubation of VSM cells with interleukin-18
(IL-1B, 10 ng ml~") for 24 h. Data are meant s.e.mean of 4 wells.
*P<0.01 compared to IL-18 alone.
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Figure 3 Effects of db cyclic AMP (0.01-1 mMm) and db cyclic GMP
(0.01-1 mMm) on nitrite concentration in culture medium from VSM
cells incubated in the presence (solid columns) and absence (open
columns) of interleukin-18 (IL-18, 10 ngml-") for 24 h. The cyclic
nucleotides were present throughout the 24 h incubation period.
Increasing cyclic AMP levels with db cyclic AMP increased nitrite
concentration in the presence of IL-1B above that produced by the
cytokine alone (control, solid). In contrast, db cyclic GMP did not
affect the response to IL-1B. Neither db cyclic AMP nor db cyclic
GMP had any measurable effect on nitrite production in the absence
of IL-1B. Data are mean * s.e.mean of 4 wells. *P<<0.01 compared
to control cells incubated with IL-18 alone.



IL-1B8 (10 ngml~!) plus db cyclic AMP (1 mM) over that
produced by IL-1B (10 ng ml~') alone was 393 £ 71% (n =38
plates). Further experiments showed that potentiation of IL-
1B induced elevation of nitrite levels could be produced by
short, early exposure of the cells to db cyclic AMP i.e. for
the first 4 h of a 28 h incubation with IL-1B (Figure 4a). To
examine the effects of cyclic AMP on the activity of the
induced enzyme, VSM cells were incubated with IL-1B for
20 h, then washed and incubated with media containing db
cyclic AMP (1 mM) for 8 h; the final nitrite concentration in
the media was not significantly different from that in media
from cells similarly treated but incubated in the absence of
db cyclic AMP (Figure 4b). These data support a role for
cyclic AMP in the regulation of iNOS induction rather than
the activity of the enzyme itself.
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Figure 4 (a) VSM cells were incubated with interleukin-18 (IL-18,
10ngml-') in the presence and absence of db cyclic AMP
(0.01-1 mMm) for 4h; cells were then washed and incubated with
IL-18 (10 ngml~!') alone for a further 24 h. Control cells were
incubated without cytokine or cyclic nucleotide for 4 + 24 h. Nitrite
concentration therefore represents nitrite accumulation in culture
media during the last 24 h incubation period. Co-incubation with db
cyclic AMP resulted in a dose-dependent increase in nitrite concen-
tration in the medium above that produced by the cytokine alone.
Data are mean * s.e.mean of 4 wells and are representative of 4
experiments. *P<<0.01, **P <0.001 compared to control cells incu-
bated with IL-1B alone. (b) VSM cells were incubated with IL-1B
(10 ng ml~") in the presence or absence of AMP (1 mm) for 20 h;
cells were then washed and cultured for a further 8 h without IL-1p.
One group of wells previously exposed to IL-18 only for 0-20h
received db cyclic AMP (1 mM) during last 8 h incubation (20-28 h).
Control cells were incubated without cytokine or cyclic nucleotide
for 20 + 8 h. Nitrite concentration reflects nitrite accumulation in the
media during the last 8 h incubation period. The presence of db
cyclic AMP during the first 20 h incubation period but not the
subsequent 8 h period enhanced nitrite levels above that produced by
the effect of the cytokine alone. Data are mean * s.c.mean of 4 wells
and are representative of 4 experiments. *P <0.01, **P <0.001 com-
pared to control cells incubated with IL-1B alone.
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Forskolin (0.1-10 uM) and Ro 20-1724 (1-10 uM) had no
detectable effect on nitrite levels in the absence of IL-18 but
enhanced the production of nitrite in response to IL-1p in a
dose-dependent manner (Figure 5a). The mean increase in
nitrite concentration with IL-1B (10 ngml~!) and forskolin
(10 uM) above that produced by the cytokine alone was
259 + 48% (n = 5 plates). An inactive derivative of forskolin,
1,9-dideoxyforskolin (0.1-10 uM), had no effect on IL-18-
stimulated nitrite production. The Ro 20-1724 potentiated
the effect of forskolin on IL-1B stimulated nitrite production
(Figure Sa), in keeping with cyclic AMP as the common
mediator of this effect.

To pursue these observations further, the effect of
receptor-mediated changes in intracellular cyclic nucleotide
levels on nitrite levels was examined. The B-adrenoceptor
agonist, isoprenaline which elevates cyclic AMP, enhanced
nitrite production by IL-1B-stimulated VSM cells dose-
dependently (Figure Sb) but had no detectable effect in the
absence of the cytokine. The mean increase in nitrite levels
with IL-1B (10 ng ml~!) and isoprenaline (10 uM) above that
produced by the cytokine alone was 142+ 15% (n=4
plates). Ro 20-1724 increased further the effect of isopren-
aline on IL-1B-stimulated nitrite production (Figure 5b). The
a-adrenoceptor agonist, phenylephrine, had no effect on nit-
rite levels with or without IL-1B (data not shown).

Measurement of iNOS protein levels by Western blotting

Incubation of VSM cells with IL-18 (10 ng ml~!) produced a
single band (~ 130 kDa) on immunoblotting with anti-iINOS
antibody, consistent with iNOS protein. This band was not
detected in control cells (cultured in the absence of cytokine)
and increased in a time-dependent manner during culture
with IL-1B from 0-48 h (Figure 6a). Co-incubation of IL-18
(10 ng ml~") and db cyclic AMP (1 mM) increased the density
of staining with anti-INOS antibody at any given protein
concentration compared to IL-1B alone, while db cyclic AMP
alone produced no detectable band (Figure 6b). These data

a b
40
40
B
2
c
Q2 304
S
o
] 301
)
Q
c
Q
o
2
T 20 A
= 20
10 +— T T T 10— T T T
0o 0.1 1.0 10 0 0.1 1.0 10

[Forskolin] pm [Isoprenaline] pum

Figure 5 Effect of 2 doses of Ro 20-1724 (@, 1 pM and V¥, 10 pum),
a cyclic AMP phosphodiesterase inhibitor, on nitrite levels in media
from VSM cells incubated with interleukin-18 (IL-1B, 10 ng m1-') for
24 h together with increasing doses of (a) forskolin (0.1-10 pm) or
(b) isoprenaline (0.1-10 uMm): (M) represents cells incubated without
Ro 20-1724. Forskolin, isoprenaline and Ro 20-1724 alone caused
dose-dependent enhancement of IL-1B-induced nitrite production.
Both doses of Ro 20-1724 increased significantly the effect of for-
skolin or isoprenaline on IL-1B-induced nitrite production (P <0.05,
ANOVA). Data are mean * s.e.mean of 4 wells and are represen-
tative of 4 experiments.
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are consistent with cyclic AMP enhancing IL-1B-induced
iNOS protein synthesis.

Measurement of iNOS mRNA in VSM cells

In unstimulated VSM cells, iNOS mRNA was not detectable
after 36 cycles of PCR. However, after incubation with IL-18
(10 ng ml~!'), iNOS mRNA levels were readily detectable at
3 h and continued to increase up to 48 h (data not shown).
Consistent with the effect of cyclic AMP on IL-18-stimulated
nitrite production, incubation of VSM cells for 4h with
IL-1B and db cyclic AMP (1 mM) markedly enhanced mRNA
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Figure 6 Western blot analysis of iNOS in VSM cells. Supernatant
fraction of cell lysate was separated by SDS—PAGE, transferred to
nitrocellulose and blotted with anti-INOS antibody. A single band
was seen at ~ 130 kDa, of appropriate molecular weight for iNOS
protein. (a) Time-dependent increase in iNOS protein in VSM cells
incubated with interleukin-18 (IL-1B, 10 ng ml~!) for 0, 2, 4, 8, 16,
24, 32 and 48 h (lanes 1-8 respectively, 100 ug protein per lane). (b)
Enhancement of IL-1B-induced increase in iNOS protein levels by db
cyclic AMP. VSM cells were incubated with media alone (lane 1, 2),
IL-18 (10 ng ml-!, lanes 3-6), IL-1B plus db cyclic AMP (1 mM,
lanes 7-9), or db cyclic AMP alone (1 mM, lanes 10-12) for 24 h.
Different amounts of protein were subjected to SDS—PAGE (25 pg,
lanes 3, 7; 50 pg, lanes 4, 8; 100 pg, lane 1, 5, 9, 10; 200 pg, lanes 2,
6, 11; 400 pg, lane 12) to enable semi-quantitation of iNOS protein.
iNOS was readily detected in the 25 pg of protein of cells incubated
with IL-18 plus db cyclic AMP (lane 7) but required 100 pg of
protein from cell incubated with IL-1B alone (lane S), consistent with
db cyclic AMP enhancing iNOS protein synthesis. Data are represen-
tative of 3 experiments.

levels above that produced by IL-1B alone (Figure 7). IL-1B
did not affect the prevalence of GADPH mRNA.

Discussion

Several groups have reported that IL-1B is a powerful stimu-
lant of NO production in VSM cells in culture (Busse &
Mulsch, 1990; Beasley et al., 1991; Nakayama et al., 1992;
Scott-Burden et al., 1992). This effect is thought to be medi-
ated largely by increased synthesis of NOS. In support of this
we have shown that exposure to IL-1B is accompanied by
increased iNOS protein and mRNA levels and that the effect
of this cytokine on NO production is inhibited by cyclohex-
imide.

More importantly, however, these studies demonstrate a
clear effect of cyclic AMP in IL-1B-stimulated NO produc-
tion in VSM cells. Increasing intracellular cyclic AMP
concentration directly by the addition of db cyclic AMP
produced a marked shift to the left of the dose-response
curve for IL-1B. Similarly, indirect elevation of cyclic AMP
levels with forskolin, a phosphodiesterase inhibitor and
isoprenaline augmented significantly the production of NO at
a given concentration of IL-1B. Insight into some of the
mechanisms underlying this effect is provided by the
measurements of iNOS protein and mRNA levels. The effects
of db cyclic AMP on IL-1B-stimulated NO production were
accompanied by a further increase in iNOS protein levels and
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Figure 7 Measurement of mRNA levels for iNOS and GAPDH by
RT-PCR in VSM cells cultured for 4 h without interleukin-18 (IL-18)
(1) control, with IL-1B 10 ng ml~' (2) and with IL-18 10 ng ml~! plus
db cyclic AMP 1 mMm (3). (a) Inducible NOS mRNA was not detect-
ed at 36 cycles of PCR in control cells. IL-1B increased iNOS mRNA
levels and this was increased further in the presence of db cyclic
AMP. GAPDH measured at 26 cycles did not increase with IL-1B
with or without db cyclic AMP. (b) log,, ratio of iNOS to GAPDH
mRNA levels. Data (@) are mean * s.e.mean for 4 experiments.
*P<0.01 compared to control; **P <compared to IL-1B.



mRNA transcripts for iNOS, above that produced by IL-18
alone. This would suggest that cyclic AMP acts at least in
part by influencing iNOS synthesis by altering the steady-
state level of iINOS mRNA (but whether this is by increasing
transcription or reducing degradation rate is unknown). Since
submission of this paper Koide et al. (1993) have shown that
cyclic AMP-elevating agents such as forskolin and prosta-
glandin E, enhance NO production by interferon-y, IL-18
and tumour necrosis factor in VSM cells at the level of iNOS
mRNA expression, findings in agreement with our own
results.

Cyclic AMP can regulate the expression of a number of
genes through a conserved cyclic AMP-response element,
CRE (Yamamoto et al., 1988). The CRE is a palindromic
octanucleotide (TGACGTCA) which binds a number of
structurally related proteins constituting the ATF/CREB
family. These proteins usually bind as homodimers and can
exert both positive and negative effects on transcription
(Yamamoto et al., 1988; Karpinski et al., 1992). Evidence for
the existence of CRE domains in association with the iNOS
gene is currently lacking (there is no CRE sequence present
in the 5'-flanking region of mouse iNOS, Xie et al., 1993).
The absence of an effect of db cyclic AMP alone on nitrite
production suggests, however, that if CRE-dependent tran-
scription is operating in our system then this must be condi-
tional on the activation of the numerous cytokine-response
elements which have been identified in the iNOS promoter
region (Xie et al., 1993). The interactions are complex and
appear to vary between different cell types. Thus, isopren-
aline, 8-bromo cyclic AMP, db cyclic AMP and PGE, have
been reported to potentiate cytokine-stimulated NO produc-
tion in endothelial cells and Kupffer cells (Gaillard et al.,
1992; Durieu-Trautmann et al., 1993), whereas db cyclic
AMP inhibits this effect in macrophage and astroglial cells
(Marotta et al., 1992; Feinstein et al., 1993). Although
species differences may contribute to these apparent discre-
pancies, it is also possible that there are differences between
tissues in the regulation of inducible NOS synthase activity
which it may be possible to exploit therapeutically.
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Noradrenergic-nitrergic interactions in the rat anococcygeus
muscle: evidence for postjunctional modulation by nitric oxide

'Libomir Kasakov, Abebech Belai, *Mila Vlaskovska & *Geoffrey Burnstock

Department of Anatomy and Developmental Biology, University College London, Gower Street, London WCIE 6BT

1 The distribution of NADPH-diaphorase positive and catecholamine-containing nerve structures, and
functional noradrenergic-nitrergic interactions, were studied in the rat anococcygeus muscle.

2 The morphological findings demonstrated NADPH-diaphorase positive neurones mostly as aggre-
gates in intramural ganglia, nerve tracts and few single nerve fibres forming plexus-like structures.
3 The nitric oxide synthase inhibitor NS-nitro-L-arginine (L-NOARG) inhibited concentration-
dependently the nitrergic relaxation, an effect reversed by L-arginine. The drug had dual effects on
noradrenergic contractile responses: at lower concentrations (0.1-10 pM) it decreased the amplitude of
contractions and this was not affected by L-arginine; higher concentrations (50-500 uM) potentiated the
contractions, an effect that was prevented by L-arginine.

4 The electron acceptor, nitro blue tetrazolium (NBT) produced a rapid inhibition of the noradrenergic
contractile responses (ECs, 0.178 £ 0.041 um). The drug decreased the tone of the preparations. How-
ever, it potentiated concentration-dependently the nitrergic relaxations.

5 NBT (1 uM) had no significant effect on the relaxations induced by exogenously applied nitric oxide
(NO)-donor sodium nitroprusside (SNP, 0.01-50 um). However, the effect of NBT (0.1-10 uM) on the
electrically induced relaxation was significantly decreased by L-NOARG (10 and 50 pM). The inhibition
was of a non-competitive type.

6 Neither L-NOARG (100 pM) nor NBT (1 uMm) had any effect on the spontaneous or electrically-
induced release of *H-radioactivity from the tissues preincubated in [*H}-noradrenaline.

7 1t is concluded that L-arginine-NO pathway can modulate noradrenergic transmission in the rat

anococcygeus muscle at postjunctional, but not prejunctional site(s).
Keywords: Anococcygeus muscle (rat); NADPH-diaphorase; NC-nitro-L-arginine; nitro blue tetrazolium; [*H]-noradrenaline

release.

Introduction

Following the identification of the endothelium-derived relax-
ing factor (EDRF; Furchgott & Zawadzki, 1980) as the free
radical of nitric oxide (NO ; Palmer e al., 1987; Ignarro et
al., 1987) the so-called L-arginine-NO pathway has been
suggested to represent a widespread mechanism for the
regulation of cell function and communication (Moncada et
al., 1989; 1991; Moncada, 1992). The action of NO is
mediated by the stimulation of a soluble guanylyl cyclase
(Arnold et al., 1977) leading to the elevation of guanosine
3":5'-cyclic monophosphate (cyclic GMP) levels within the
target cells (Snyder & Bredt, 1991). It is well documented
that elevation of cyclic GMP can increase the release of
acetylcholine (ACh) from PC12 cells and noradrenaline (NA)
from the adrenal chromaffin cells, or decrease release of ACh
in the hippocampus, cerebral cortex, and skeletal neuromus-
cular junction, and that of NA from adrenergic nerves and
PC12 cells (for review see: Garthwaite, 1991). Recently, NO
has been implicated as an inhibitor transmitter-like substance
in the non-adrenergic, non-cholinergic (NANC) neurotrans-
mission in various preparations (Bult er al., 1990; Rand,
1992; Sanders & Ward, 1992). However, the interaction of
NO with other types of neurotransmission needs further
study. Controversial results have been reported that NO
inhibits the release of NA from the adrenergic nerves in
canine blood vessels (Cohen & Weisbrod, 1988; Greenberg et
al., 1989; 1990), that NO increases the release of NA in rat
mesenteric vasculature (Yamamoto et al., 1992), or that NO

Present address: ' Department of Comparative Physiology, Institute
of Physiology, Bulgarian Academy of Sciences, Sofia 1113, Bulgaria.
2 Department of Pharmacology, Higher Medical School, Sofia 1431,
Bulgaria.

3 Author for correspondence.

has no effect on either NA release from the noradrenergic
nerve terminals in the vasculature (Cederquist et al., 1991;
Toda & Okamura, 1992), or ACh release from the choliner-
gic nerves in guinea-pig ileum (Gustafsson et al., 1990b).

The rat anococcygeus muscle is a suitable non-vascular
autonomically-innervated tissue to study the noradrenergic-
nitrergic interactions. The electrical stimulation of intramural
nerves evokes a fast high-amplitude contractile response
which is largely mediated by NA (Gillespie, 1980); after
guanethidine the application of identical stimulation evokes a
rapid relaxation of the precontracted anococcygeus muscle
(for review see Gillespie, 1980) which is mediated mainly by
NO-related mechanisms (Hobbs & Gibson, 1990; Martin &
Gillespie, 1990). The nerve terminals supplying the anococ-
cygeus muscle comprise a dense network in which 60—70%
of the fibres are noradrenergic and up to 40% are considered
NANC terminals, with only about 5% of all nerve terminals
having cholinergic characteristics (Burnstock er al., 1978).
More data are required about the presence and pattern of
distribution of NO-containing nerve fibres and neurones in
the rat anococcygeus muscle.

In preliminary experiments we found that the inhibition or
potentiation of the relaxant responses produced by NC-nitro-
L-arginine (L-NOARG) or nitro blue tetrazolium (NBT)
respectively, which are chemical agents that may alter the
activity of nitric oxide synthesis (EC 1.14.23; NOS) (Palmer
et al., 1988; Gibson et al., 1990; Hobbs & Gibson, 1990;
Hope et al., 1990), corresponded to marked reciprocal effects
on the contractile responses (Kasakov et al., 1991). The aim
of the present investigation was to characterize further the
effects of L-NOARG and NBT on the neurogenic responses
of the rat anococcygeus muscle and to investigate the effect
of L-NOARG amd NBT on the basal, as well as stimulus-
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evoked, release of tritium (*H) from the noradrenergic ter-
minals in the muscle preincubated with [*’H}-NA. In addition
we have examined the distribution and localization of
NADPH-diaphorase containing neuronal structures in the rat
anococcygeus muscle.

Methods

General

Male Sprague-Dawley rats (200—250 g) were killed by an
overdose of CO, and exsanguination and the anococcygeus
muscles were excised. The isolated preparations were placed
horizontally between pairs of platinum ring (4 mm diameter)
electrodes (10 mm apart) in 1ml plastic (high density
polythene) double-jacketed organ baths (37°C). Tissues were
perfused at a constant flow of 1.2 mlmin~! (0.6 ml min~! in
’H release experiments) by means of a peristaltic pump
(Watson-Marlow) with a medium of the following composi-
tion (mM): NaCl 136.9, KCl 2.7, CaCl, 1.8, MgCl, 0.6,
NaHCO, 11.9, KH,PO, 0.5, glucose 11.5, containing (mg1-")
albumin 25, ascorbic acid 100, atropine 0.7, bacitracin 30,
EDTA 10, and gassed with 5% CO, in O, (pH 7.4-7.6). The
preparations were stretched to a 5mN initial tension and
allowed to equilibrate for 90 min. One end of the preparation
was tied to a Grass FT 03C force-displacement transducer
connected to a Gould 2200S recorder for registration of the
isometric changes of the tension. The preparations were
stimulated electrically for 10s (60s in >H release
experiments) with trains of rectangular pulses of 0.6 ms dura-
tion, 20 Hz and 60V delivered by Grass SD9 stimulators
triggered by a D100 Digitimer (Digitimer Ltd, Herts) every
130 s (twice at 45 min intervals in *H release experiments).
Drugs were added to the medium reservoir (continuous treat-
ment) or infused for short periods of time into the perfusate
at a flow rate of 0.3 ml min~! close to the preparation via a
side-way canula by means of a peristaltic pump (intermittent
treatment).

Fluorescence histochemistry

The anococcygeus muscles were dissected and stretched on a
Slygard silicone rubber plate, and fat and connective tissues
were cleared carefully. The stretched tissues were immersed in
a 2% glyoxylic acid solution in 0.1 M phosphate buffer,
pH 7.4, for 1.5h at room temperature. After incubation the
tissue samples were transferred onto clean glass slides, dried
until translucent and placed in an oven at 80°C for 4 min.
The tissues were then mounted with liquid paraffin and
catecholamine containing nerve fibres were viewed under a
Zeiss photomicroscope fitted for epifluorescence with ultra-
violet filters.

NADPH-diaphorase staining

Stretched and cleaned tissues were fixed in 4% parafor-
maldehyde in phosphate buffered saline (PBS) for 2 h at 4°C.
The tissues were then washed 10 times (each for 10 min) with
80% alcohol, dehydrated, rehydrated and washed 3 times
(each for 5 min) with PBS containing 0.1% Triton X-100.
For NADPH-diaphorase staining the tissues were incubated
in 0.1 M Tris. HCI (pH 7.4) containing 1.2 mM B-NADPH,
2.4mM NBT and 15.2 mM L-malic acid at 37°C for 1.5-2 h.
After incubation the tissues were transferred onto clear glass
slides, mounted with citifluor (glycerol:PBS) and the
neurones and nerve fibres stained for NADPH-diaphorase
were viewed with a light microscope.

Radiolabelled release experiments

The changes in NA-levels were monitored by the levels of
3H-radioactivity in the perfusate and in the tissue. After

Figure 1 Microphotographs showing: (a) The distribution of cate-
cholamine-containing nerve fibres on whole-mount preparation of
the rat anococcygeus muscle. (b) NADPH-diaphorase containing
single fibres forming plexus-like structures. (c¢) NADPH-diaphorase
stained neurones in groups forming ganglion structures. Sometimes
single neurones were seen lying between the ganglia structures. (d)
Prominent nerve tracts which could be followed across the prepara-
tions and connecting ganglion structures. Calibration bars = 30 pm.

isolation (as described above) the tissues were incubated for
60 min in continuously gassed medium containing 0.1 uM
tritium labelled (—)-noradrenaline (PH]}-NA, Amersham; Sp.
Act. 1850 GBq mmol~!; two preparations in 2 ml medium) at
37°C. After rinsing 5 times with 3 ml medium each prepara-
tion was placed in an organ bath between stimulating elect-
rodes as described above. The bath chambers were perfused
(0.6 ml min~!) with a cocaine-containing (10 pM) medium.



G
I—»

POSTJUNCTIONAL MODULATION BY NITRIC OXIDE 405

NA

r

1N

L-NOARG
c r d

-

Figure 2 The neurogenic responses of the rat anococcygeus muscle induced by electrical field stimulation (60 V, 20 Hz, 0.6 ms, 10's
duration at 130s interval). The mechanograms are original recordings of the consecutive responses of one preparation and are
representative of all experiments of this series. (a) The electrically induced contractions in the presence of atropine (1 um) an
inhibition of the contractile response by guanethidine (G; 50 uM). (b) Complete block of the contractile response to electrical
stimulation applied at 60th min of the guanethidine treatment and the effect of exogenously applied noradrenaline (NA; 1 pM). (c)
The electrically induced relaxations (guanethidine 50 uM and atropine 1 puM present) of the precontracted (NA 1 pm) muscle and the
application of NC-nitro-L-arginine (L-NOARG, 100 uM). (d) The inhibition of relaxation after 30 min L-NOARG treatment. The
time elapsed after each treatment is indicated by the dot. Arrows show the beginning and onward flow of the medium containing
the respective drug(s). Note that atropine (1 puM) is present from (a) to (d). The bars represent 10 mN (vertical) and 2 min

(horizontal).

After 90 min pre-collection period the perfusate was collected
for 63 min divided into 21 consecutive intervals of 3 min each
(collections 7, 8, 10, 11, 12, 19, 20 were discarded). Drugs
were applied with the perfusion medium at the end of collec-
tion 9 (27th min) and were present throughout the next 12
collections. Samples (1 ml) from each collection were added
to 2ml Ready-gel (Beckman) scintillation cocktail and *H-
radioactivity was counted in a Beckman 5300 liquid scintilla-
tion system. The perfusion was stopped immediately after the
last collection, the preparations were weighed and dissolved
in 0.2 ml Soluene 100 (Packard) tissue solubilizer, and the
total tissue *H-radioactivity was counted as described above.
The basal outflow, as well as stimulus-evoked overflow, of
tritium was calculated as a percentage fractional rate (FR%)
as described previously (Kasakov et al., 1988). The FR
values of the discarded collections were estimated by a linear
approximation from d.p.m. (disintegrations per minute)
values in the collections prior to and after the discarded
period. The changes in the stimulus-evoked release or spon-
taneous efflux of *H were quantified as S,/S, ratio (the integ-
ral increase of *H release over the basal level in collections
16, 17 and 18 versus the identical increase of *H release in
collections 4, 5 and 6) or as B,s/B; ratio (the level of *H in
collection 15 versus the level of *H in collection 3). The basal
levels of *H release during S, and S, were estimated by a
linear approximation from the values in collections 3 and 9
or collections 15 and 21.

Drugs used

The drugs used were: albumin (bovine, fraction V), L-
ascorbic acid, atropine sulphate, bacitracin, cocaine hydro-
chloride, ethylenediamine tetraacetic acid disodium salt
(EDTA), NC-nitro-L-arginine (L-NOARG), nitro blue tet-
razolium (NBT), noradrenaline hydrochloride, B-NADPH,
sodium nitroprusside (all from Sigma) and guanethidine
monosulphate (Ismelin, CIBA). All drugs were first prepared
in distilled water as stock solutions.

Statistical analysis

Quantitative data are expressed as mean * s.e.mean and the
differences between two means were evaluated by Student’s
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Figure 3 The effect of NOC-nitro-L-arginine (L-NOARG) on the
neurogenic relaxation (a) and contraction (b) of the rat anococcygeus
muscle induced by electrical field stimulation (see legend for Figure
2). The effect of L-NOARG in the absence (O) and presence (<) of
L-arginine is shown. Each point represents the mean * s.e.mean of 4
to 7 experiments.

two-tailed ¢ test for paired or unpaired observations as ap-
propriate. A probability of less than 0.05 was considered
statistically significant. n denotes the number of preparations.
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Figure 4 The effect of nitro blue tetrazolium (NBT) on the electrically induced responses of the rat anococcygeus muscle induced
by electrical field stimulation (see legend to Figure 2). The mechanographs are original recordings from two experiments and are
representative of all experiments of this series. (a) Neurogenic contractions and the inhibitory effect of NBT (1 uM) in the absence
of guanethidine. (b) Neurogenic relaxations of the precontracted muscle (by noradrenaline, NA, 1uM) in the presence of
guanethidine (50 pum) and atropine (1 pM). (c) Neurogenic relaxations in the presence of NBT (1 uMm). (d) Restoration of the initial
tone and neurogenic relaxations after the wash out of NBT (W). Note that atropine (1 puM) is present from (a) to (b). The bars
represent 30 mN (vertical) and 5 min (horizontal). The time elapsed after NBT and W is indicated by the dot.

Results

NADPH-diaphorase and catecholamine staining

The NADPH-diaphorase reaction used for the histochemical
studies is based on the NADPH-dependent reduction of NBT
(an electron accepting substrate for NADPH-diaphorase and
one of the constituent chemicals of the staining solution) to
produce a visible formazan product (Hope et al., 1990).
There were single nerve fibres, nerve tracts and neuronal cell
bodies that stained for NADPH-diaphorase (Figure 1b,c,d).
The neurones were found mostly in aggregates as intramural
ganglia with some single neurones lying between the ganglion
structures (Figure lc,d). There were few single nerve fibres
forming plexus-like structures (Figure 1b). However, several
thin and thick nerve tracts could be followed across the
preparations connecting ganglionic structures (Figure lc,d).

The fluorescence histochemistry revealed a dense innerva-
tion of the rat anococcygeus muscle by catecholamine-
containing nerve fibres (Figure la).

Effect of L-NOARG and NBT on the contractile and
relaxant responses

In atropine-containing medium the preparations responded
to electrical stimulation with fast high-amplitude contractions
which increased in amplitude as stimulation continued and
rapidly relaxed to the prestimulation level at its cessation
(Figure 2a). After application of guanethidine (50 uM) the
contractile responses rapidly attenuated and in 46-—60 min
were almost completely inhibited (Figure 2b). The applica-
tion of NA (1 pM) in the presence of guanethidine (1 uM) and
atropine (1 uM) induced a sustained increase of the tone that
reached similar or higher amplitude than the neurogenic
contractions and remained unchanged until NA was present
(Figure 2b). Applied at that level, the electrical stimulation
with identical parameters evoked fast high-amplitude relaxa-
tions which reached the maximum before the stimulation
terminated followed by a slow restoration of the prestimula-
tion tone (Figure 2c). The relaxations were inhibited by
L-NOARG (100 uM). This effect was combined in many
preparations with a slight increase of the tone (Figure 2d).

The effect of L-NOARG on the mechanical responses of
the rat anococcygeus muscle was studied in a concentration
range of 0.1 to 500puM. It was found that L-NOARG
inhibited concentration-dependently the relaxant responses
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Figure 5 The effect of nitro blue tetrazolium (NBT) on neurogenic
contraction (a) and relaxation (b) of the rat anococcygeus muscle
induced by electrical field stimulation (see legend to Figure 2). Each
point represents the mean + s.e.mean of 7 to 9 experiments.

(Figure 3a). This inhibitor effect was antagonized by L-
arginine (500 uM) (Figure 3a). When L-NOARG was applied
in concentrations higher than 10 uM it caused in 50% of all
preparations an additional rise in tension which varied from
15 to 30% of the tone generated in the presence of NA. As is
shown in Figure 3b, lower concentrations of L-NOARG
(0.1-50 uM) attenuated concentration-dependently the con-



tractile responses. On the contrary higher concentrations
(100-500 uM) L-NOARG induced a potentiation of the con-
tractile responses. L-Arginine (500 uM) antagonized the L-
NOARG-induced potentiation of the contractile responses
but did not affect L-NOARG-induced decrease of the
neurogenic contractions. NBT was applied in a concentration
range of 0.01-50 pM. It was found that NBT produced a
rapid inhibition of the contractile response (Figure 4a). The
results of these experiments are summarized in Figure Sa.
EC,, estimated for the inhibition of contractile response was
0.178 £ 0.041 um. The response to exogenously applied NA
(1 pM) was inhibited by NBT (0.5puM) by 30-35% (not
shown). In another series of experiments the effect of NBT
on the neurogenic relaxation was investigated. It was found
that NBT produced a rapid decline of the tone. Despite the
lower tone of the preparation, relaxations evoked by elect-
rical field stimulation were greatly potentiated in the presence
of NBT (Figure 4c). The effect was concentration-dependent
and eliminated soon after the wash out of the substance
(Figure 4d). The results of these experiments are summarized
in Figure 5b. The Effect of NBT on the relaxations induced
by the exogenously applied NO-donor sodium nitroprusside
(SNP) was investigated. It was found that NBT (1 uM) did
not change significantly the relaxation induced by SNP. The
results of these experiments are shown in Figure 6. However
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Figure 6 Sodium nitroprusside (SNP)-induced relaxation of rat
anococcygeus muscle in the absence (O) and presence (©) of nitro
blue tetrazolium (NBT, 1 pm). SNP was applied intermittently for
4 min at 20 min intervals. The initial concentrations were appropri-
ately adjusted to give the final concentrations required. With this
experimental protocol no tachyphylaxis towards SNP was observed.
Each point represents the mean * s.e.mean of 7 experiments.
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Figure 7 The effect of nitroblue tetrazolium (NBT) on the neuro-
genic relaxation of the rat anococcygeus muscle induced by electrical
field stimulation (see legend to Figure 2) in the absence (O) and
presence of NC-nitro-L-arginine at concentrations of 10 uM (<) and
50 um (A). Each point represents the mean * s.e.mean of 6 or 7
experiments.
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the potentiating effect of NBT on the electrically evoked
relaxation was significantly antagonized in a non-competitive
manner by L-NOARG (Figure 7).

Effect of L-NOARG and NBT on *H release

The data presented above showed that L-NOARG and NBT
may strongly inhibit and potentiate respectively the nitrergic
relaxant responses in the rat anococcygeus muscle. At the
same time L-NOARG and NBT were powerful modulators of
the noradrenergic contractile responses. These effects might
result from a pre-junctional or a postjunctional nitrergic
modulation of the noradrenergic transmission in the anococ-
cygeus muscle. Therefore the next step was to investigate the
effect of L-NOARG and NBT on the spontaneous as well as
the electrically induced release of *H in the anococcygeus
muscle. The electrical stimulation of non-treated preparations
induced a rapid substantial increase in the level of *H in the
perfusate which corresponded to the twitch contractile res-
ponse of the muscle. A second stimulation produced similar
contractile response and 3H release (Figure 8). L-NOARG
applied at a concentration of 100 puM, which produced a
nearly complete block of the relaxations, potentiated the
contractile response but did not change the spontaneous or
the electrically induced release of *H. NBT at a concentration
of 1uM, which strongly inhibited the contractile response,
also did not change the release of *H. It was found that some
15% of the total *H activity which accumulated in the tissue
during the incubation period was released in the superfusate
under this experimental protocol. The total release was
changed neither by L-NOARG nor NBT. The results of these
experiments are summarized in Table 1.
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Figure 8 ‘No drugs’ contractile response of the rat anococcygeus

muscle induced by electrical field stimulation (b; 60 V, 20 Hz, 0.6 ms,
60 s duration twice at 45 min interval). The corresponding fractional
rate (FR %) of *H release measured in the perfusate is shown in (a).
The mechanogram is an original recording from one experiment and
is representative of all experiments of this series. The bars represent
10mN (vertical) and 5min (horizontal). Note the different time
scales; the mechanical activity is recorded at a paper advance of
3 mm min~'. Each point in the >H fractional rate graph represents
the values of *H-radioactivity in the superfusate of 21 consecutive
3 min collections of 4—8 experiments.
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Table 1 The effect of N-nitro-L-arginine (L-NOARG) and nitro blue tetrazolium (NBT) on the contractile response and corresponding *H

release in the rat anococcygeus muscle

Total release

0-63 min

B,s/B; Sa/S; A4, (%)
Control 0.95£0.05 0.98 £ 0.03 0.91 £0.02 18.79 + 1.22

(n=06) (n=25) (n=06) (n=6)
L-NOARG 0.09 £ 0.03 0.93 £ 0.04 1.22 £ 0.08** 1546 £ 1.29
(100 pm) (n=8) (n=8) (n=8) (n=8)
NBT 0.91 £0.08 1.01 £0.07 0.67 £ 0.02** 15.2 +0.66
(1 p™m) (n=4) (n=4) (n=4) (n=4)

The effect of L-NOARG and NBT on spontaneous (B,s/Bs, the ratio of *H-radioactivity in collections 15 and 3), electrically induced
(Sy/S), the ratio of the integral increase of *H release over the basal level in collections 16, 17 and 18 and the identical increase of *H
release in collections 4, 5 and 6) at 60 V, 20 Hz, 0.6 ms, 60 s duration twice at 45 min interval, percentage total release of *H and
amplitude of the contractile responses (A,/A,, the ratio of the amplitude of contractile responses (mm) induced by S, and S,), in the
rat anococcygeus muscle. n denotes number of preparations. **P <<(.01.

Discussion

The morphological findings in the present study have demon-
strated the presence of neurones and nerve fibres that contain
NADPH-diaphorase in the rat anococcygeus, similar to that
reported by Dail er al. (1993). Hope et al. (1991) have
revealed that neuronal NADPH-diaphorase is an NO-
synthase (NOS) and the co-localization of NOS and
NADPH-diaphorase has been shown by others, establishing
that NADPH-diaphorase staining accounts for the presence
of NOS in neuronal structures (Bredt ef al., 1991; Belai e? al.,
1992; Bredt & Snyder, 1992). The brain tissue has been shown
to contain a cystolic (soluble) isoform of NOS while vascular
endothelium contains a particulate isoform (Bredt & Snyder,
1990; Schmidt et al., 1991; Mitchell ez al., 1991a). Unlike
brain and endothelium, the rat anococcygeus muscle is
reported to contain both particulate and soluble NOS
activity (Mitchell ez al.,, 1991b). The authors have demon-
strated that NOS is localized specifically in the NANC
neuronal components rather than smooth muscle cells, as the
activity of NOS in the rat anococcygeus is dependent on the
presence of calcium, unlike the inducible NOS which has
calcium/calmodulin independent activity (Mitchell et al.,
1991b). These findings suggest that NO (or a related
molecule) is one of the NANC neurotransmitters in the rat
anococcygeus muscle. The presence of dense catecholamine-
containing nerve fibres supports the previous findings that
the majority of the fibres supplying the muscle are
noradrenergic (Burnstock et al., 1978).

The present investigation has demonstrated that modula-
tion of the NO-dependent relaxation of rat anococcygeus
muscle corresponded to reciprocal modulatory effects on the
neurogenic contractile responses of the muscle.

We utilized this finding to study the level at which the
interaction between two neurotransmitter mechanisms may
occur. The inhibition of the relaxation corresponded to an
increase in the amplitude of the contractions evoked by
electrical nerve stimulation or exogenously applied NA.
However, the corresponding release of *H from the nerve
terminals supplying the tissue remained unchanged. Further-
more, the potentiation of NO-related relaxation corres-
ponded to a marked inhibition of the contractile response.
Again there were no changes in the release of *H from the
nerve terminals. These findings strongly suggest that NO-
modulation of noradrenergic responses occurs at postjunc-
tional but not prejunctional site(s). Similar findings have
been reported recently for the rat tail artery (Bucher ez al.,
1992), in which neurogenic vasoconstriction is modulated by
NO and this modulation is not due to a prejunctional action
of NO. In a recent investigation Brave et al. (1993) found
that L-NOARG did not change the electrically-induced
release of *H in the rat anococcygeus preloaded with [*H]-
NA. The authors concluded that endogenous nitrate NANC

transmitter did not influence release of NA from the sym-
pathetic nerves in the rat anococcygeus muscle. The negative
postjunctional modulation of the contractile response of the
rat anococcygeus muscle by NO is an example of the
physiological antagonism between the excitatory (NA) and
inhibitory (NO) transmitter mechanisms which may contri-
bute to the balance of the excitatory and inhibitory inputs in
the autonomically innervated tissues.

The data presented here show that inhibition of NOS by
high concentrations of L-NOARG (0.1-0.5 uM) potentiates
the neurogenic contraction. Similar potentiation of the con-
tractile responses by NOS-inhibitors has also been described
by other authors (Gustafsson et al., 1990a; Belvisi et al.,
1991). This effect is most likely due to elimination of the
relaxant effect of NO. This seems to be a specific effect since:
(1) at the same concentrations, L-NOARG completely
inhibited the neurogenic relaxations of the rat anococcygeus
muscle that are mediated by NO-related mechanism(s) (Mar-
tin & Gillespie, 1990); (2) potentiation was reversed by L-
arginine. This also implies that generation of NO may contri-
bute to the continuous low, or negligible, tone of this smooth
muscle. This is further supported by the observation that in a
great number of preparations L-NOARG inhibited the relax-
ation and induced a further rise of the tone of the precon-
tracted tissue. The existence of a physiologically significant
continuous generation of NO has also been suggested in the
gastrointestinal tract (Wiklund ez al., 1993). It may serve as
an ubiquitous mechanism for a physiological adjustment of
the tone of the smooth muscles. In the present study it has
been additionally found that L-NOARG at lower concentra-
tions (0.1-50 uM) attenuated the neurogenic contractions and
that L-arginine did not reverse this effect. Similar results have
been reported for dog mesenteric artery (Toda & Okamura,
1990). Recently it has been found that N®-monomethyl-L-
arginine but not L-NOARG (20 uM) was a partial agonist for
NOS (Archer & Hampl, 1992). In the present investigation
L-NOARG produced its maximal inhibitory effect on the
contractile responses at concentrations of 1—50 pM. It is most
likely to be a non-specific effect of which the mechanism has
yet to be unravelled.

NBT is an electron acceptor in the NADPH-diaphorase
reaction and a constituent of the recipes for the NADPH-
diaphorase visualization (Hope et al., 1990). We reported
here that NBT dose-dependently potentiated the NO-
mediated relaxation of the rat anococcygeus muscle. It is
unlikely to be primarily due to an inhibition of the excitatory
transmitter mechanisms since atropine and guanethidine were
present throughout the experiment. NBT might potentiate
the neurogenic relaxation in the rat anococcygeus muscle by
a stimulation of NO synthesis/release. As NO is not stored in
the nerve terminals, NOS is more likely to be the primary
target for the action of NBT. This suggestion is supported by
two findings: (1) NBT had no effect on the relaxation



induced by the NO-donor molecule SNP and (2) NBT-
induced potentiation of the electrically induced relaxation of
rat anococcygeus muscle was significantly decreased by the
specific NOS inhibitor L-NOARG. This is however a non-
competitive antagonist effect. Recently, Davisson et al. (1993)
reported that NBT produced substantial hypotension and
vasodilatation in rats. The authors suggested that these
effects of NBT involve an augmentation of NO synthesis/
release. It has been shown that NBT at a concentration of
50 uM completely inhibited NOS with a K;, with respect to
L-arginine, of 11 pM (Hope et al., 1991). In the present
investigation, NBT potentiated the relaxation at much lower
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concentrations (0.01-1puM). The present study does not
verify the exact mechanism of this activation but it seems
plausible to suggest that at these lower concentrations NBT
acts as a substrate activator of NOS, whereas at higher
concentrations it is a competitive inhibitor of NOS. The
finding that NBT is able, at lower concentrations, to poten-
tiate the NO-dependent relaxation in the rat anococcygeus
muscle could be a useful tool in future investigations.
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Mechanisms of sympathetic enhancement and inhibition of
parasympathetically induced salivary secretion in anaesthetized
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Keywords:

1 The effects of superimposed and continuous sympathetic nerve stimulation on submandibular
parasympathetic salivation were investigated in anaesthetized dogs.

2 Superimposed sympathetic nerve stimulation (1-2 min) initially enhanced and later inhibited salivary
secretion induced by parasympathetic nerve stimulation (2—-8 Hz) in glands with uncontrolled blood
supply or constant-flow vascular perfusion. Propranolol (0.05 mg kg~!, i.a.) did not affect the diphasic
sympathetic action whereas phentolamine (0.1 mg kg~!, i.a.) abolished it. Prazosin (0.025 mgkg~!, i.a.)
greatly lessened the initial enhancement while yohimbine (0.025 mg kg™, i.a.) alleviated the late inhibi-
tion.

3 Salivary secretion, induced by parasympathetic nerve stimulation (4 Hz) or acetylcholine infusion
(10 pgkg™' min~!, i.a.), was abolished by atropine (0.05mgkg', i.a.), increased by phenylephrine
infusion (0.25 pg kg~' min~!, i.a.) and depressed by clonidine infusion (0.75 pg kg~! min~!, i.a.). Hexa-
methionium (12.5mgkg~!, i.a.) abolished the nerve-induced secretion but had no effect on the
acetylcholine-induced secretion.

4 Continuous background sympathetic nerve stimulation decreased parasympathetic nerve-induced
salivary secretion in glands with uncontrolled blood supply or constant-flow vascular perfusion.

5 These results show that parasympathetic salivation can be modified by the sympathetic system at the
postsynaptic level; enhancement is via a,-adrenoceptors whereas inhibition is via ay-adrenoceptors.

Parasympathetic salivation; sympathetic enhancement of salivary flow; sympathetic inhibition of salivary flow;

postsynaptic a;-adrenoceptors; postsynaptic a-adrenoceptors

Introduction

In experimental animals, parasympathetically induced sali-
vary secretion from the submandibular gland is usually
diminished by superimposed sympathetic nerve stimulation
(Langley, 1878; Emmelin, 1955). This effect has long been
thought to be the result of a reduced blood flow brought
about by sympathetic vasoconstriction (Garrett, 1987). How-
ever, Lung (1990a) has recently demonstrated, in canine sub-
mandibular gland having either uncontrolled blood supply or
constant flow vascular perfusion, that superimposed sym-
pathetic nerve stimulation (1-2min) initially enhances but
later diminishes the parasympathetically induced secretion,
indicating that the sympathetic action on parasympathetic
salivation, apart from being independent of the concurrent
blood flow response, is diphasic. The present study was
therefore undertaken to investigate the mechanisms underly-
ing the diphasic sympathetic influence on the parasym-
pathetic salivary secretion. Some of the results have been
presented in abstracts (Lung, 1990b; 1991; 1992).

Methods

Mongrel dogs (18-22kg body weight) of either sex were
anaesthetized by intravenously administered sodium pen-
tobarbitone (30 mg kg™'); supplementary doses (10 mg kg™")
were given when necessary. Body temperature (rectal) was
maintained at 37°C by placing an electric heating pad
underneath the animal. Ventilation was monitored via a
tracheal cannula and systemic arterial pressure from a can-
nulated femoral artery. Heparin (1000 u h~!) was given via a
cannulated femoral vein.

Measurement of submandibular arterial blood flow and
pressure

Submandibular arterial blood flow and pressure were
measured as previously described (Lung, 1990a). For deter-
mining the arterial flow, an ultrasonic flow sensor (2S,
Transonic System) was placed around the facial artery just
proximal to the origin of the glandular branch, the major
arterial supply to the dog submandibular gland. A catheter
was inserted retrogradely into the facial artery with its tip
advanced to the origin of the glandular branch for measuring
the submandibular arterial pressure or for intra-arterial injec-
tion of drugs.

Vascular perfusion of submandibular gland

Vascular perfusion of the gland was performed as previously
described (Lung, 1990a). The glandular branch was perfused
at a constant flow rate with blood from a femoral artery. The
perfusion rate was adjusted to give a perfusion pressure close
to the systemic arterial pressure. Changes in vascular resis-
tance were reflected by changes in the mean arterial perfusion
pressure.

Measurement of salivary secretion

Salivary secretion was measured as previously described
(Lung, 1990a). The submandibular duct was retrogradely
cannulated and the catheter was connected to a bottle in
which the secreted saliva displaced a saline solution. Drops
of saline (0.025 ml in volume) displaced from the bottle were
measured; salivary flow was calculated from the time interval
between falling drops.
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Electrical stimulation of autonomic nerves

Electrical stimulation of the autonomic nerves to the sub-
mandibular gland was carried out as previously described
(Lung, 1990a). The tied peripheral ends of both nerves were
stimulated by bipolar platinum electrodes with varying fre-
quency at fixed supramaximal voltage (5V for parasym-
pathetic nerve and 20 V for sympathetic nerve) and pulse
duration (1 ms).

Drugs

Drugs were dissolved in saline solution and all were infused
intra-arterially at the rate of 0.1 ml min~! into the subman-
dibular gland, either via the facial arterial catheter in
preparations with uncontrolled blood supply or via the per-
fusion circuit in preparations with constant flow vascular
perfusion. They included: acetylcholine chloride (Sigma),
noradrenaline hydrochloride (Sigma), phenylephrine hydro-
chloride (Sigma), clonidine hydrochloride (Sigma), pro-
pranolol hydrochloride (Sigma), phentolamine hydrochloride
(Regitine, Ciba), prazosin hydrochloride (Pfizer), yohimbine
hydrochloride (Sigma), atropine sulphate (Merck) and hexa-
methonium bromide (Sigma). Doses are expressed as weights
of the salts.

Experimental protocol

Salivary secretion was induced by either parasympathetic
nerve stimulation or intra-arterial acetylcholine infusion;
salivary flow reached a maximum within 10s and then de-
clined to a steady level within 30 s as previously reported for
parasympathetic stimulation (Lung & Wang, 1990). The
steady state parasympathetic salivary secretion was found to
remain unchanged throughout a stimulation period of
5—6 min. Sympathetic nerve stimulation or arterial applica-
tion of a sympathomimetic drug was superimposed for a
period of 1-2 min after the parasympathetic nerve stimula-
tion had attained a steady salivary response. In some
experiments, parasympathetic salivary secretion was studied
against a background of continuous sympathetic nerve
stimulation. Ganglionic, cholinergic as well as adrenergic
(B-adrenoceptor, a-adrenoceptor or its sub-types) blockades
were induced 5 min before the stimulation of parasym-
pathetic salivary secretion. The adequacy of parasympathetic
ganglionic blockade was tested by the abolition of the
secretory response to preganglionic nerve stimulation. The
individual receptor blockade was tested by the abolition of
the response of corresponding receptor agonist.

Data recording and analysis

All pressure and flow variables were recorded on magnetic
tape (Store 14, Racal) and an oscillographic chart-recorder
(28008, Gould) and mean values were calculated. Data were
given as means ¥ s.e.means. Student’s ¢ tests were used to
determine the level of significance of difference between the
means.

Results

Parasympathetic nerve stimulation induced a frequency-
dependent steady state salivary flow (2-8 Hz) in dog sub-
mandibular glands having uncontrolled blood supply or
constant flow vascular perfusion. The response was abolished
by hexamethonium (12.5mgkg~!, i.a., P<0.05, n=4) or
atropine (0.05mgkg~!, i.a., P<0.05, n=4). Superimposed
sympathetic nerve stimulation (20 Hz for 1 min) initially
enhanced (at 5-10s) but later inhibited (at 50-60 s)
parasympathetically induced salivary secretion, whether or
not the gland received uncontrolled blood supply or
constant-flow vascular perfusion (Figure 1); the inhibitory

response persisted with slow recovery after the end of sym-
pathetic stimulation (Figure 4).

Against a background of continuous sympathetic nerve
stimulation (20 Hz), salivary secretion induced by parasym-
pathetic nerve stimulation at various frequencies (2-8 Hz)
was significantly reduced, whether or not the gland received
uncontrolled blood flow or constant-flow vascular perfusion
(Figure 2).

The effects of various adrenoceptor blockers on the
diphasic sympathetic action on parasympathetic nerve-
induced salivary secretion were studied in glands with
constant-flow vascular perfusion (Figure 3). Propranolol had
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Figure 1 Effects of superimposition of sympathetic nerve stimula-
tion (SSS; 20 Hz of 1min duration) on parasympathetic nerve-
induced salivary secretion (PIQs) in dog submandibular glands with
uncontrolled blood supply (a and b) or constant-flow vascular per-
fusion at a normal blood flow rate (c and d). Change in PIQs to SSS
at 5-10s (a and c); change in PIQs to SSS at 50-60s (b and d).
Number of animals in each group is 15. *P <0.05 when compared to
the corresponding control (the steady state parasympathetic salivary
flow just prior to sympathetic nerve stimulation).
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Figure 2 Effects of continuous background sympathetic nerve stim-
ulation (CSS; 20 Hz) on the parasympathetic nerve induced salivary
secretion (PIQs; of 1 min duration) in dog submandibular glands
with uncontrolled blood supply (a and b) or constant-flow vascular
perfusion at a normal blood flow rate (c and d). Change in PIQs to
CSS at 5-10s (a and c); change in PIQs to CSS at 50-60s (b and
d). Number of animals in each group is 6. *P<<0.05 when compared
to corresponding normal response (the parasympathetic salivary res-
ponse without background sympathetic nerve stimulation).
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no effect on the sympathetic action whereas phentolamine
abolished the diphasic response. Prazosin greatly lessened the
initial response but yohimbine alleviated the late response
(Figure 4).

Salivation was also induced by intra-arterial infusion of
acetylcholine (10 pgkg~'min~'). As with parasympathetic
nerve stimulation, salivary flow showed an initial peak fol-
lowed by a slight decline to a steady state flow (Figure 6).
The salivary flow to acetylcholine was found to be unaffected
by hexamethonium (12.5mgkg~!, i.a., P=NS, n=4) but
abolished by atropine (0.05 mgkg~', i.a.,, P<0.05, n=4).

The effects of various adrenoceptor agonists on salivary
secretion induced by parasympathetic nerve stimulations or
by intra-arterial acetylcholine infusion were studied in glands
with constant-flow vascular perfusion (Figure 5). Phenyleph-
rine potentiated parasympathetic salivation with a maximum
occurring at 10 s after the onset of the response (Figure 6);
but subsequent additional superimposed sympathetic nerve
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Figure 3 Effects of adrenoceptor blocking agents on the effects of
superimposed sympathetic nerve stimulation (SSS; 20 Hz of 1 min)
on the parasympathetic nerve-induced salivary secretion (PIQs) in
dog submandibular glands with constant-flow vascular perfusion at a
normal blood flow rate. (a) Changes in PIQs to SSS at 5-10s; (b)
change in PIQs to SSS at 50-60s. Normal (@, n = 15); after prop-
ranolol  (0.05 mg kg~' min~"', n=238); after phentolamine
(0.1 mgkg~' min~', B, n = 6); after prazosin (0.025 mg kg~' min~!,
A, n=28); after yohimbine (0.025mgkg~'min~', A, n=8); after
prazosin and yohimbine (0.025mgkg~'min~' each, O, n=3).
*P<0.05 when compared to the corresponding control (the steady
state parasympathetic salivary flow just prior to sympathetic nerve
stimulation). P <{0.05 when compared to the normal response.

stimulation could only elicit the late inhibitory action (Figure
7). Clonidine decreased parasympathetic salivation with the
steady response reached at 60 s after the onset of the res-
ponse (Figure 6) with the succeeding additional superimposed
sympathetic nerve stimulation capable of causing an initial
enhancement and a late inhibition on secretion (Figure 7).

Discussion

This study demonstrated, for the first time, that maximal
sympathetic nerve stimulation could exert a diphasic action,
an initial enhancement followed by an inhibition, over a wide
range of salivary flow caused by parasympathetic nerve stim-
ulation (2-8 Hz) (Figure 1). The events occurred whether the
submandibular gland received uncontrolled blood supply or
constant-flow vascular perfusion at resting blood flow rate.
We have previously shown that as long as blood flow to the
gland is maintained at a normal flow rate, secretory response
to parasympathetic nerve stimulation (0.5-32 Hz) is not
significantly affected (Lung, 1990a). Therefore, the sym-
pathetic diphasic action on parasympathetic salivary sec-
retion is not related to concurrent vascular changes.
Interestingly, continuous background sympathetic nerve
stimulation was found to exert a single action on parasym-
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Figure 4 Experimental record illustrating the effects of adrenoceptor
blockers on the effects of superimposed sympathetic nerve stimula-
tion (20 Hz) on parasympathetic nerve induced salivary secretion
(2 Hz) in a submandibular gland with vascular perfusion. (a) Normal
response; (b) after prazosin (0.025 mg kg~' min~'); (c) after prazosin
(0.025mgkg~'min~') and  yohimbine  (0.025 mgkg~' min~").
Systemic arterial pressure (BP); arterial perfusion pressure (Ppa);
salivary flow measured by a drop-counter (Dss); duration of
parasympathetic nerve stimulation ( ); duration of superim-
posed sympathetic nerve stimulation (- — — -).




414 M.A. LUNG

pathetic salivation, decreasing salivary flow (Figure 2).
Hence, it seems that the initial enhancement in parasym-
pathetic salivary flow in response to superimposed sym-
pathetic intervention is a relatively transient event whereas
the late inhibition is the steady-state response and the two

sympathetic effects may be operating via different
mechanisms.
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Figure 5 Effects of adrenoceptor agonists on parasympathetic
salivation (PIQs) induced by nerve stimulation (NStim; 4 Hz) or
acetylcholine infusion (ACh, 10pgkg 'min~') in glands with
constant-flow vascular perfusion at a normal blood flow rate. After
phenylephrine (0.25 pg kg~ min~!, a and b); after clonidine (0.75 pg
kg~'min~', ¢ and d). Change in PIQs at 5-10s (a and c); change in
PIQs at 50-60s (b and d). Number of animals in each group is 5.
*P<0.05 when compared to the corresponding control (the steady
state parasympathetic salivary flow just prior to adrenoceptor
agonist infusion).

BP 150

The inhibitory effect of superimposed sympathetic stimula-
tion on parasympathetic salivation was observed to persist
with slow recovery after the end of sympathetic stimulation
(Figure 4). Since the sympathetic nerve was maximally
stimulated in the present study, a very high concentration of
sympathetic neurotransmitter(s) would be expected to occur
in the vicinity of the responding receptors. Unlike acetyl-
choline which is rapidly hydrolysed after its release from
parasympathetic nerves, enzymatic metabolism is not the
primary mechanism for termination of action of the primary
neurotransmitter, noradrenaline, released from sympathetic
nerves and several processes including simple diffusion away
from the receptor sites and reuptake into the nerve terminals
or effective cells are involved (Katzung, 1992). The per-
sistence of the inhibitory response after the end of maximal
sympathetic nerve stimulation may be related to the slow
clearance of the sympathetic neurotransmitter from the
receptor site.

The inhibitory effect of superimposed sympathetic stimula-
tion on parasympathetic salivation was greater at higher
salivary flows (at 4—8 Hz parasympathetic nerve stimulation)
whereas the inhibition in response to continuous background
sympathetic nerve stimulation was much stronger at low
salivary flow (at 2 Hz parasympathetic nerve stimulation).
(Figures 1 and 2). The difference in the degree of inhibition
in the two types of sympathetic interventions at various
salivary flow states may be related to the presence of initial
enhancement in the superimposed type and its absence in the
continuous one; the stronger initial enhancing effect on low
salivary flow state may have a bigger counterbalancing effect
on the late inhibitory action than in the higher salivary flow
situation.

The diphasic sympathetic effects on parasympathetic
salivation were greatly lessened by phentolamine but
unaffected by propranolol, suggesting that the sympathetic
nerve exerts its action via the a-adrenergic mechanism.
Prazosin, an a,-adrenoceptor blocker, was found to abolish
the initial enhancing effect but not affect the late inhibitory
response. Yohimbine, an a,-adrenoceptor blocker, had no
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Figure 6 Experimental record illustrating the effects of adrenoceptor agonists on parasympathetic salivary secretion induced by

acetylcholine. Acetylcholine infusion (10 pg kg~' min~',

); phenylephrine (0.25 ug kg~' min~', - - -) in (a) and clonidine
(0.75pgkg™'min~!, — — -) in (b). Abbreviations as in Figure 4.
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Figure 7 Experimental record illustrating the effects of superimposed sympathetic nerve stimulation and adrenoceptor agonists on

parasympathetic nerve-induced salivary secretion. Parasympathetic nerve stimulation, (4 Hz,

); sympathetic nerve stimulation

(20Hz, - - - *); phenylephrine (0.25pugkg ' min~!, - — - -) in (a) and clonidine (0.75 pgkg='min~!, - — — ) in (b).

effect on the initial response but abolished the late inhibitory
action. Simultaneous administration of both a-adrenoceptor
sub-type blockers resulted in a significant reduction of the
diphasic sympathetic response (Figure 3). Hence, the sym-
pathetic enhancing action on parasympathetic salivation is
related to the a,-adrenoceptor mechanism while the sym-
pathetic inhibitory action is through the aj-adrenoceptor
mechanism.

Parasympathetic salivation, induced whether by nerve
stimulation or by intra-arterial administration of acetyl-
choline, was found to be abolished by atropine, enhanced by
phenylephrine and depressed by clonidine (Figure S); how-
ever, hexamethonium abolished the nerve-induced response
without affecting the acetylcholine-induced salivary flow. The
findings, apart from providing further support for the sugges-
tion that the enhancing effect is via an «,-adrenergic
mechanism and the inhibitory effect via the a,-adrenergic
mechanism, indicate that the interactions between the
parasympathetic and sympathetic nerve stimulations on
salivary secretion may have occurred at the postsynaptic
level.

Since the initial augmentation in salivary secretion by sym-
pathetic superimposition appears to be a transient event, the
response may be due to a heightened excitability of the
secretory cells caused by preceding parasympathetic nerve
stimulation (Langley, 1889) or the contraction of the
myoepithelial cells which help in the squeezing of saliva from
the ductal system (Emmelin ez al., 1969). Sympathetic con-
traction of myoepithelial cells has been found to be exclus-
ively an a-adrenergic activity; this is in agreement with our
finding that the sympathetic enhancing effect is via an a,-
adrenergic activity. It has also been shown that the
myoepithelial cells are affected by both divisions of the
autonomic nervous system in the same direction (Garrett,
1987). A continuous background maximal sympathetic nerve
stimulation would have maximally contracted the
myoepithelial cells and this would result in the elimination of
their enhancing effect on salivary secretion in the subsequent
parasympathetic nerve stimulation, favouring the manifesta-
tion of the steady state sympathetic inhibitory action. This
may explain why a continuous background sympathetic
nerve stimulation causes only a single depreciating action on
the parasympathetic nerve induced salivary secretion. How-
ever, further experiments are required for verification.

Some workers have reported a presynaptic a,-adrenoceptor
inhibition of cholinergic transmission in the dog subman-
dibular gland, based on the finding that intravenous yohim-
bine induces spontaneous salivary secretion with the response
abolished after the section of the chorda tympani nerve
(Montastruc et al., 1989). Postsynaptic a,-adrenoceptor
receptors have been localized in the submandibular gland of
some animal species (Bylund & Martinez, 1981). Results of
this study have clearly demonstrated the functional occur-
rence of sympathetic and parasympathetic interactions on
salivary secretion at postsynaptic level, suggesting the
presence of inhibitory postsynaptic «,-adrenoceptors in the
dog submandibular gland. It is reasonable to assume that
the tonic sympathetic discharge to the gland as well as the
circulatory catecholamines, especially under stress conditions,
would have inhibited salivary secretion via the postsynaptic
a,-adrenoceptors. Initiation of secretory action of the acinar
cells under normal circumstances may depend not only on
parasympathetic activation but also on the removal of the
postsynaptic a,-adrenoceptor inhibition. In the studies of
Montastruc and his co-workers, yohimbine infusion could
have removed the aj-adrenoceptor postsynaptic inhibition
resulting in predominant parasympathetic activation and
spontaneous salivary secretion; absence of yohimbine-
induced spontaneous salivary secretion after the section of
the chorda tympani nerve can occur if the secretory activity
of the acinar cells requires direct activation by the parasym-
pathetic nerve. However, further experiments with the use of
antagonists or agonists with selectivity for either presynaptic
or postsynaptic a,-adrenoceptors are required to rule out the
possibility of a presynaptic a,-adrenoceptor-mediated inhibi-
tion. Hence parasympathetic salivary secretion in the dog can
be inhibited by the sympathetic system, not only at presynap-
tic level as suggested by other workers (Monstastruc, 1989)
but also at the postsynaptic level as shown in this study.
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The renal handling of dopamine originating from L-DOPA and !

y-glutamyl-L-DOPA

M. Pestana & ?P. Soares-da-Silva

Department of Pharmacology and Therapeutics, Faculty of Medicine, 4200, Porto, Portugal

1 The formation and outflow of dopamine and its deaminated metabolite 3,4-dihydroxyphenylacetic
acid (DOPAC) was studied in cortical fragments of the rat kidney loaded with L-B-3,4-dihydroxy-
phenylalanine (L-DOPA) or y-glutamyl-L-DOPA (GluDOPA). Dopamine and DOPAC in the tissues
and in the effluent were assayed by means of h.p.l.c. with electrochemical detection.

2 In rats given 30 mgkg~! L-DOPA, tissue and outflow levels of both dopamine and DOPAC were 3
fold those observed with a lower dose of L-DOPA (10 mg kg™!). In rats given GluDOPA (16.7 mg kg™")
levels of dopamine in renal tissues and in perifusate samples were found to be higher than those
obtained with an equimolar dose of L-DOPA (10 mgkg™'); however, no significant difference was
observed for DOPAC. The outflow of both dopamine and DOPAC in kidney slices of rats injected with
L-DOPA (10 and 30 mgkg~') or GluDOPA (16.7 mg kg~") was found to decline monophasically with
similar slopes of decline. The rate constants of loss (k, min~!) of DOPAC (10 mgkg~' L-DOPA,
k =0.0070; 30 mgkg~! L-DOPA, k =0.0087; 16.7 mgkg~' GluDOPA, k = 0.0080) were 2 to 3 fold
those of dopamine (10 mgkg=' L-DOPA, k =0.0027; 30 mgkg~! L-DOPA, k =0.0034; 16.7 mgkg™'
GIluDOPA, k = 0.0030). With both precursors the DOPAC/dopamine ratio in perifusate samples were
2.0 fold those in the tissues.

3 Tissue and outflow levels of dopamine after incubation of renal tissues with L-DOPA, 50 and 100 uM
were found to be lower than those observed with GluDOPA (50 and 100 puM). DOPAC/dopamine ratios
in tissues and perifusate samples of experiments performed with L-DOPA were significantly higher
(P<0.01) than those observed with GluDOPA. The outflow of both dopamine and DOPAC in renal
slices incubated with L-DOPA (50 and 100 uM) were found to decline with time, but presented a biphasic
shape. DOPAC/dopamine ratios in perifusate samples were 3 fold that in the tissues with both
precursors.

4 In conclusion, the present results show that both L-DOPA and GluDOPA give origin to substantial
amounts of dopamine and the newly-formed amine undergoes considerable deamination to DOPAC.
However, dopamine originating from GluDOPA was less deaminated than that resulting from L-DOPA;
it appears that this different behaviour may concern aspects related to the formation of the amine and
also those related to its deamination and disposition, namely the processes involved in the access of

newly-formed dopamine to MAO.

Keywords: L-DOPA; GIluDOPA; dopamine; DOPAC; rat kidney

Introduction

Epithelial cells of renal proximal convoluted tubules are
endowed with a high aromatic L-amino acid decarboxylase
(AAAD) activity (Hayashi ez al., 1990) and a considerable
amount of the renal dopamine is believed to derive largely
from the decarboxylation of circulating or filtered 3,4-di-
hydroxyphenylalanine (DOPA) in these cellular elements. In
the last few years, increasing evidence has suggested that
renal dopamine, through the activation of specific receptors,
may be of importance in the regulation of tubular sodium
reabsortion as a result of the inhibition of both Na*-K*
ATPase and Na*-H* antiport activities (Bertorello et al.,
1988; Felder et al., 1990). Since dopamine can be formed in
the cells or in the proximity of the cells which are endowed
with dopamine receptors, it has been hypothesized that
dopamine in the kidney may act as a paracrine and/or auto-
crine substance (Siragy et al., 1989). The fate and outflow of
newly-formed dopamine in tubular epithelial cells is a matter
of considerable importance since, in order to be active at its
receptor sites, the amine is expected to be able to leave this
cellular compartment. On the other hand, renal tissues are
endowed with one of the highest monoamine oxidase (MAO)
activities in the body (Youdim et al., 1988) and deamination

! On leave from Dept. of Nephrology, Faculty of Medicine, 4200
Porto, Portugal.
2 Author for correspondence.

of newly-formed dopamine into 3,4-dihydroxyphenylaceti¢
acid (DOPAC) represents a major pathway for the inactiva:
tion of the amine (Fernandes & Soares-da-Silva, 1990; Fer-
nandes et al., 1991). :

The physiological role of renal dopamine has recently
gained further relevance with the observations that in some
hypertensive patients, namely those with sodium sensitive
hypertension, an inherited or acquired defect in the renal
handling of dopamine may be of some pathophysiological
importance (Gill et al., 1988; Lee et al., 1990; Williams et al.;
1990). Neither dopamine nor its precursor L-DOPA appear,
however, particularly suitable for the correction of the
hypothetical deficit of renal dopaminergic mechanisms in
hypertension, mainly because of their extrarenal actions (Lee,
1988). y-Glutamyl-L-DOPA (GluDOPA), on the other hand,
is a synthetic dipeptide which also gives origin to dopamine
(Wilk et al., 1978; Worth et al., 1985; Boateng et al., 1990;
Soares-da-Silva et al., 1992b). GluDOPA itself is devoid of
pharmacological actions but it is converted, preferentially in
the kidney, to L-DOPA and subsequently to dopamine by thé
sequential actions of the brush border enzyme y-glutamyl
transpeptidase (y-GT) and the intracellular AAAD (Lee,
1988). GluDOPA has been demonstrated to increase effective
renal plasma flow, glomerular filtration rate and sodium and
water excretion and to decrease plasma renin activity; these
effects are antagonized by either carbidopa or (+)-sulpiride
(Jeffrey et al., 1988; MacDonald et al., 1988). Infusion of
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GIuDOPA (25 pg kg~ ' min~') in healthy volunteers over 10 h
has been demonstrated to result in an increased output of
urinary L-DOPA, dopamine and DOPAC (MacDonald ez al.,
1989). Apparently, some of the L-DOPA originating from
GIuDOPA escapes decarboxylation into dopamine and the
deamination of the newly-formed amine to DOPAC also
appears to be a quantitatively important process. These two
events may tend to limit the intrarenal availability of
dopamine originating from GluDOPA.

The aim of the present work was to compare the renal
handling of dopamine originating from either L-DOPA or
GIluDOPA and additionally to determine the kinetic para-
meters of the outflow of newly-formed dopamine and of its
deaminated metabolite DOPAC. A preliminary account of
some of these findings has been presented (Pestana & Soares-
da-Silva, 1992).

Methods

Male Wistar rats (Biotério do Instituto Gulbenkian de Cién-
cia, Oeiras, Portugal) 45-60 days old and weighing 200250
g were used. Animals were kept three per cage under con-
trolled environmental conditions (12 h light/dark cycle and
room temperature 24°C). Food and tap water were allowed
ad libitum and the experiments were all carried out during
daylight hours. In some experiments, rats were given L-3,4-
dihydroxyphenylalanine (L-DOPA; 10 and 30 mg kg~!, i.p.)
or y-L-glutamyl-L-DOPA (GluDOPA; 16.7 mgkg~!, i.p., an
equimolar dose for 10 mg kg~' L-DOPA) and killed by de-
capitation under ether anaesthesia 15 min after the dopamine
precursor had been given; control rats were given the vehicle.
The kidneys were removed, rinsed free from blood with
saline (0.9% NaCl), placed on an ice-cold glass plate and the
kidney poles removed; thereafter, slices approximately 2.0
mm thick were obtained and four cortical fragments weigh-
ing about 60 mg were prepared with a scalpel and placed in
glass perifusion chambers; the process of preparing the renal
fragments and placing them in the perfusion chambers took
no more than 15 min.

In another series of experiments, rats were killed by
decapitation under ether anaesthesia and four cortical frag-
ments were prepared as described above. The preparations
were preincubated for 30 min with 2 ml of warm (37°C) and
gassed (95% O, and 5% CO,) Krebs solution. Thereafter, the
cortical slices were incubated for 15 min in 2 ml Krebs solu-
tion with added L-DOPA (50 uM and 100 pM), GluDOPA
(50 uM and 100 pM) or in the absence of either substrate.
After the incubation, the renal tissues were transferred to
individual glass perifusion chambers.

In both series of experiments the preparations were peri-
fused with warm (37°C) and gassed (95% O, and 5% CO,)
Krebs solution at a rate of 350 plmin~' and allowed a
30 min stabilization period. Thereafter, five consecutive 10
min perifusate samples were collected into glass test tubes
kept on ice and containing 500 pl of 2 M perchloric acid. The
composition of the Krebs solution was as follows (in mM):
NaCl 118, KCl4.7, CaCl,2.4, MgSO,1.4, NaHCO;, 25,
KH,PO, 1.2, EDTA 0.4 and glucose 11, tropolone (50 uMm)
was added to the Krebs solution in order to inhibit the
enzyme catechol-O-methyltransferase (COMT). At the end of
the perifusion period, renal fragments were collected, blotted
with filter paper and placed in 2 ml of 0.2 M perchloric acid.

Several attempts were made in order to reproduce in in vitro
experiments the conditions obtained under in vitro ex vivo
experiments. In some experiments the washing period was
prolonged up to 50 min, whereas in others, two additional
perifusate samples (10 min each) were collected. In order to
have a reasonable wash of the preparations and to obtain
detectable amounts of dopamine and DOPAC in the effluent,
the optimal timing is the 30 min washing period and to
collect the perifusate samples for up to 50 min. As shown
below (in the results section), in the in vitro series of

experiments the outflow of both dopamine and DOPAC
failed to exhibit a monophasic decline, as evidenced by their
upward concave shape; for this reason no kinetic analysis of
the outflow of both dopamine and DOPAC was performed.
In both series of experiments (in vitro ex vivo and in vitro
experiments), the acidified perifusates and tissue fragments
maintained in perchloric acid were kept at 4°C for the next
24h till quantification of catecholamines. The assay of
dopamine and DOPAC in renal tissues and samples of the
perifusate was performed by means of high performance
liquid chromatography (h.p.l.c.) with electrochemical detec-
tion, as previously described (Soares-da-Silva & Fernandes,
1992). The lower limit for detection of dopamine and
DOPAC was, respectively, 8 and 14 pmol g~'.

Statistics

The levels (in nmol g~! 10 min~!) of dopamine and DOPAC
in the perifusate were logarithmically transformed, plotted
against the time of perifusion and the slope of decline cal-
culated by linear regression analysis. The rate constants of
efflux of dopamine or DOPAC were calculated by dividing
the levels of the amine or amine metabolite (nmol g=! min~!)
in the last efflux sample by the tissue content (nmol g~!) at
the end of the experiment (k = rate of efflux/tissue content).
Results are means * s.e.mean of values for the indicated
number of experiments. Values for the rate constant of loss
(k) are geometric means with 95% confidence intervals.
Statistical significance was determined by the Tuckey-Kramer
method (Sokal & Rohlf, 1981). A P value less than 0.05 was
assumed to denote a significant difference.

Results

As shown in Table 1, administration of L-DOPA resulted in
an increased accumulation of newly-formed dopamine and of
its deaminated metabolite DOPAC in cortical tissues of the
rat kidney; the tissue levels of dopamine (DOPAC was not
detectable) of rats given the vehicle were substantially lower
than those observed in rats treated with the lowest dose of
L-DOPA used. The tissue levels of both dopamine and
DOPAC after 30 mgkg™' L-DOPA had been given were
found to be 3 fold those observed after the administration of
a lower dose of L-DOPA (10 mgkg~'). DOPAC/dopamine
tissue ratios were found to be similar with both 10 and
30 mg kg~' L-DOPA. Administration of GluDOPA (16.7 mg
kg™') also resulted in a substantial accumulation of dopa-
mine and DOPAC in renal tissues; however, the tissue
accumulation of dopamine was nearly twice that found with
an equimolar dose of L-DOPA (10 mg kg~!). By contrast, the
tissue accumulation of DOPAC in the group of animals
injected with GluDOPA was 30% less than that in the group
treated with an equimolar dose of L-DOPA. This resulted in
the DOPAC/dopamine tissue ratio in the group injected with
GIuDOPA being lower (P<<0.01) than that in the group of
rats given L-DOPA (10 mgkg™).

The outflow of both dopamine and DOPAC in renal tis-
sues of animals injected with L-DOPA (10 and 30 mg kg™!)
or GluDOPA (16.7 mg kg~') was found to decline progres-
sively with time and reflected the dopamine and DOPAC
tissue contents (Figure 1). Under these conditions, similar
values for the slope (min~!) of decline of both dopamine
(10 mg kg~! L-DOPA, slope = 0.0206; 30 mg kg~! L-DOPA,
slope = 0.0193; 16.7 mg kg~' GIuDOPA, slope = 0.0172) and
DOPAC (10 mg kg™' L-DOPA, slope = 0.0171; 30 mg kg~ L-
DOPA, slope =0.0189; 16.7mgkg~! GIuDOPA, slope =
0.0153) were found to occur; this was observed in experiments
performed with both L-DOPA and GluDOPA. The rate con-
stant of loss (k) of DOPAC was found to be 2.5 fold lower
than that obtained for dopamine (Table 2). However, no
significant differences were observed in k values in
experiments performed with either L-DOPA or GluDOPA.
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Table 1 Tissue levels of dopamine and DOPAC (in nmol g~') and DOPAC/dopamine ratios at the end of perifusions performed in
slices of renal cortex of rats given L-DOPA (10 and 30 mg kg~'), GluDOPA (16.7 mgkg~') and control animals (injected with the

vehicle)

Dopamine
(nmol g-")

0.032 % 0.003
13.6%£2.7
409 £ 54*
224+ 3.4*

Control

L-DOPA 10 mgkg~!
L-DOPA 30 mgkg™!
GIuDOPA 16.7 mg kg~!

DOPAC
(nmol g~')

DOPAC|Dopamine

<0.014

40t1.2
154+ 1.2*

27108

0.35+0.05
0.40 £ 0.08
0.14 £ 0.01*

Results shown are means * s.e.mean of 8 to 12 experiments per group.
Significantly different (*P<<0.01) from corresponding values for L-DOPA 10 mgkg~'.

For both L-DOPA and GluDOPA, DOPAC/dopamine ratios
in the perifusate were 2 fold those observed in the tissues and
remained constant with time (Figure 2). However, the
DOPAC/dopamine ratio in the perifusate of experiments per-
formed with tissues from rats injected with 10 and 30 mg
kg~! L-DOPA, respectively 0.79 + 0.09 and 0.73 * 0.10, was
twice that observed in the group of animals treated with
GluDOPA (0.34 + 0.02) (Figure 2).

It might be hypothesized that the comparatively higher
formation of dopamine after the administration of Glu-
DOPA than after L-DOPA could be related to its preferential
metabolism in renal tissues. However, the fact that the in-
creased accumulation of the amine is accompanied by a
significant reduction in its deamination to DOPAC suggests
that the dopamine formed from GIuDOPA is handled
differently from that originating from L-DOPA. To evaluate
this possibility, a series of experiments was performed under
in vitro conditions, i.e., the renal tissues were incubated with
either L-DOPA or GluDOPA before being perifused; the
preferential decarboxylation of L-DOPA in other tissues was
eliminated in this way. The accumulation of dopamine and
DOPAC in renal tissues previously loaded with L-DOPA (50
and 100 pM) and GluDOPA (50 and 100 puM) was found to
be dependent on the concentration of the amine precursor
used (Table 3); the tissue levels of dopamine (DOPAC was
not detectable) in renal fragments incubated in the absence of
either substrate was 100 fold lower than those observed in
tissues incubated with the lowest concentration of L-DOPA.
The tissue accumulation of dopamine after incubation with
L-DOPA was lower than that observed with equimolar con-
centrations of GluDOPA; this was particularly evident at the
higher concentrations of L-DOPA and GluDOPA. In con-
trast, the levels of DOPAC at 50 and 100 pM L-DOPA did
not differ significantly from those obtained in the presence of
GIluDOPA (50 and 100 pM). This resulted in the DOPAC/
dopamine ratio in renal tissues loaded with L-DOPA 50 and
100 uM being significantly higher (P <<0.01) than that observed
in cortical slices previously incubated with equimolar concen-
trations of GluDOPA (Table 3).

The outflow of dopamine and DOPAC in renal tissues
loaded with L-DOPA (50 and 100 pM) or GluDOPA (50 and
100 uM), was found to decrease progressively with time, but
did not exhibit a monophasic decline, as evidenced by their
upward concave shape (Figure 3). In some experiments, the
collection of the perifusate was extended up to 70 min, but
the levels of dopamine in the perifusate were too low
(especially with 50 uM L-DOPA) to perform a kinetic anal-
ysis. The levels of dopamine in the overflow of renal tissues
incubated with GluDOPA (50 and 100 uM) were higher than
those observed with L-DOPA (Figure 3). This was particular-
ly evident (P <0.01) at the higher concentrations of the two
precursors; dopamine levels in the effluent were 4 fold higher
with GluDOPA (100 pM) than with L-DOPA (100 uM). By
contrast, the levels of DOPAC in the overflow were similar
(GIluDOPAC 50 uM) or increased 2 fold over (GluDOPA
100 uM) those observed with L-DOPA.

DOPAC/dopamine ratios in the perifusate were found to
be higher (P<<0.01) than those in the tissues and to increase
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Figure 1 Outflow (in nmol g=' 10 min~') of (a) dopamine and (b)
DOPAC in perifusate samples of renal cortical slices obtained from
rats injected with L-DOPA (10 and 30mgkg~') and GluDOPA
(16.7mgkg-"). Each point represents the mean of 8 to 12
experiments per group; s.e. mean values were less than 10% of
respective mean values. Linear coefficient values were in rats given
10 mgkg~! L-DOPA; dopamine, r =0.9991, n=40; DOPAC, r=
0.9968, n=40; in rats given 30mgkg~' L-DOPA; dopamine,
r=0.9988, n=60; DOPAC, r=0.9964, n=60; and in rats given
16.7mgkg~! GluDOPA; dopamine, r=0.9975; n=40; DOPAC,
r=0.9970, n = 40. L-DOPA (10 mg kg~', O); L.-DOPA (30 mgkg~!,
®) and GluDOPA (16.7mgkg~', W).

progresssively throughout the perifusion period (Figure 4);
this was found to be particularly evident with L-DOPA. In
addition, the DOPAC/dopamine ratio in the perifusate of
experiments performed in tissues loaded with L-DOPA (50
and 100 uM) was significantly higher (P<<0.01) than that
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Table 2 Rate constant of loss (k) of dopamine and DOPAC in renal cortical slices of rats given L-DOPA 10 and 30 mg kg~! or

GIluDOPA 16.7 mg kg~!

Dopamine
k (min~')

L-DOPA 10 mgkg™'
L-DOPA 30 mg kg~!
GIuDOPA 16.7 mg kg™'

0.0027 (0.0034, 0.0022)
0.0034 (0.0042, 0.0027)
0.0030 (0.0040, 0.0023)

DOPAC
k (min~')

0.0070 (0.0085, 0.0061)*
0.0087 (0.0099, 0.0075)*
0.0080 (0.0112, 0.0057)*

Results shown are means * s.e.mean of 8 to 12 experiments per group.
Significantly different from corresponding values for dopamine (*P <0.05).

Table 3 Tissue levels of dopamine and DOPAC (in nmol g~') and DOPAC/dopamine ratios at the end of perifusions of slices of rat
renal cortex previously loaded with L-DOPA (50 and 100 uM) and controls (tissues incubated in the absence of either substrate)

Dopamine

(nmol g~Y)
Control 0.024 + 0.006
L-DOPA 50 uM 24103
L-DOPA 100 uM 34104
GluDOPA 50 pm 32106
GIluDOPA 100 um 8.4+ 0.9*t

DOPAC DOPAC/Dopamine
(nmol g~")

<0.014

0.7+0.2 0.31 £0.07

0.1+0.2 0.31 £0.02

0.5+0.1 0.15 £ 0.02*

1.6 £ 0.3t 0.19 £ 0.01*

Results shown are means * s.e.mean of 4 to 8 experiments per group.
Significantly different from corresponding values for L-DOPA (*P<0.01) and 50 GluDOPA (1P <0.05).
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Figure 2 Proportion of DOPAC to dopamine in 10 min perifusate
samples collected from renal cortical fragments obtained from rats
injected with 10 mg kg~ L-DOPA (O) and 30 mg kg~' L-DOPA (@)
and 16.7mgkg~! GluDOPA (W). Each point represents the mean
with s.e.mean of 4 to 5 experiments per group. Significantly different
from corresponding values for GluDOPA (*P<0.01) using the
Tuckey-Kramer method.

observed in the effluent of renal slices incubated with
GIuDOPA (50 and 100 pm) (Figure 4).

Discussion

The results presented here show that, in the kidney, both
L-DOPA and GluDOPA give origin to substantial amounts
of dopamine and the newly-formed amine undergoes con-
siderable deamination to DOPAC. The analysis of the
outflow of dopamine and DOPAC in the in vitro ex vivo
experiments reveals the presence of a monocompartmental
system with MAO activity which is in a steady state of efflux.
Under these conditions, a significantly higher rate constant of
loss of DOPAC in comparison with that for dopamine
indicates that the amine metabolite leaves the cellular com-
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Figure 3 Outflow (in nmol g~! 10 min~') of (a) dopamine and (b)
DOPAC in perifusate samples of renal cortical slices previously
incubated with 50 uMm L-DOPA (O), 100 um L-DOPA (@), 50 um
GIluDOPA (0O) and 100 um GluDOPA (B). Each point represents
the mean of 4 to 8 experiments per group; s.e.mean values were less
than 10% of respective mean values.
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Figure 4 Proportion of DOPAC to dopamine in 10 min perifusate
samples collected from renal cortical slices previously incubated with
50 um L-DOPA (O), 100 um L-DOPA (@), 50 um GluDOPA (O)
and 100 pmM GluDOPA (B). Each point represents the mean with
s.e.mean of 4 to 5 experiments per group. Significantly different from
corresponding values for GluDOPA (*P <0.01) using the Tuckey-
Kramer method.

partment more easily than does the parent amine. The data
presented here also provide evidence favouring the view that
dopamine formed from GluDOPA does not behave similarly
to dopamine originating from L-DOPA; this different behavi-
our concerns the aspects related to the formation of the
amine and also those related to its deamination and disposi-
tion, namely the processes involved in the access of newly-
formed dopamine to MAO.

Several lines of evidence support the view that most of the
renal dopamine has its origin in tubular epithelial cells as a
result of decarboxylation of circulating or filtered L-DOPA
by AAAD; the conversion of L-DOPA to dopamine in renal
sympathetic nerves has, on other hand, been demonstrated to
be of minor importance (Baines, 1982; Soares-da-Silva et al.,
1992a). The results presented here show that both L-DOPA
and GIuDOPA, cither after systemic administration of the
compounds or following incubation of renal tissues, give
origin to substantial amounts of dopamine. The levels of
dopamine were, however, significantly higher both in the
tissues and in the effluent of cortical slices of animals given
GIuDOPA than in animals given an equimolar dose of L-
DOPA. This is in agreement with the results of previous
studies (Wilk et al., 1978) and appears to be consistent with
the preferential metabolism of GluDOPA in renal tissues,
which is dependent on the fact that the kidney has by far the
greatest activity of y-GT in the body (Albert et al., 1961).
However, the finding that the levels of dopamine were also
significantly higher both in the tissues and in the effluent of
cortical slices incubated with GluDOPA suggests that tubular
epithelial cells may have handled differently the dopamine
originating from GluDOPA and L-DOPA. This suggestion is
supported by the findings that the levels of DOPAC were
comparatively lower, both in tissues and perifusate samples
of experiments performed with GIuDOPA both in vitro ex
vivo conditions and in in vitro conditions; this would favour
the view that the dopamine formed from GluDOPA is less
available for deamination than the amine formed from L-
DOPA.

Following systemic administration, circulating L-DOPA
has access to tubular epithelial cells after being taken up at
the basolateral cell border, whereas filtered L-DOPA may
enter the cell through the apical border (Chan, 1976; Baines
& Chan, 1980; Barthelmebs et al., 1990); in both cases,
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L-DOPA undergoes rapid decarboxylation by cytosoli¢
AAAD. Considering the predominant localization of y-GT in
the brush border membrane of proximal tubular cells (Wilk
et al., 1978), GluDOPA must have access to this cell border
(Barthelmebs et al., 1990), before giving origin to L-DOPA
and subsequently to dopamine. This sequence of events
would favour the possibility that the dopamine formed from
GIuDOPA may behave similarly to that dopamine formed
from L-DOPA entering the tubular cell mainly through the
luminal border; the observation that the DOPAC/dopamine
ratios in perifusate samples of experiments in which rats were
given L-DOPA were similar to those observed when kidney
slices were incubated with GluDOPA agrees with this sugges-
tion. On the other hand, DOPAC/dopamine ratios in
perifusate samples of kidney slices loaded in vitro with L-
DOPA, a situation in which most of L-DOPA appears td
enter the cell through the basolateral border, were found to
present a pattern which indicates an increased degree of
deamination of newly-formed dopamine. MAO activity is
exclusively located in the mitochondria and in epithelial cells
of proximal tubules; these organelles have a predominant
localization in the basal pole of the cell. Thus, it might be
hypothesized that the dopamine formed from GluDOPA
would be less available to be deaminated. Differences in the
extent of deamination of dopamine are, therefore, one possi-
ble explanation for the increased dopamine levels observed in
both the tissues and the perifusate samples of cortical slices
previously loaded with GluDOPA. .

In spite of differences in the extent of deamination of
dopamine, the results presented here show that