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Acute hypoxia modifies cAMP levels induced by
inhibitors of phosphodiesterase-4 in rat carotid
bodies, carotid arteries and superior cervical ganglia
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130, Lisbon, Portugal

Background and purpose: Phosphodiesterase (PDE) inhibitors are useful to treat hypoxia-related diseases and are used in
experiments studying the effects of oxygen on 3’-5’-cyclic adenosine monophosphate (cAMP) production. We studied the
effects of acute hypoxia on cCAMP accumulation induced by PDE inhibitors in oxygen-specific chemosensors, the carotid bodies
(CBs) and in non-chemosensitive CB-related structures: carotid arteries (CAs) and superior cervical ganglia (SCG).
Experimental approach: Concentration-response curves for the effects of a non-specific PDE inhibitor [isobutylmethylxan-
thine (IBMX) ], PDE4 selective inhibitors (rolipram, Ro 20-1724) and a PDE2 selective inhibitor (erythro-9-(2-hydroxy-3-
nonyl)adenine) on cAMP levels were obtained in normoxic (20% O,/5% CO,) or hypoxic (5% O,/5% CO;) conditions.

Key results: Responses to the PDE inhibitors were compatible with the presence of PDE4 in rat CBs, CAs and SCG but in the
absence of PDE2 in CAs and CBs. Acute hypoxia enhanced the effects of IBMX and PDE4 inhibitors on cAMP accumulation in
CAs and CBs. In SCG, acute hypoxia reduced cAMP accumulation induced by all the four PDE inhibitors tested. Differences
between the effects of Ro 20-1724 and rolipram on cAMP were found in CAs and CBs during hypoxia.

Conclusions and implications: The effects of PDE4 inhibitors could be potentiated or inhibited by acute hypoxia depending
on the PDE isoforms of the tissue. The similarities between the characterization of PDE4 inhibitors at the CBs and CAs, under
normoxia and hypoxia, did not support a specific role for cCAMP in the oxygen-sensing machinery at the CB and suggested that
no direct CB-mediated, hyperventilatory, adverse effects would be expected with administration of PDE4 inhibitors.
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Introduction

The carotid body (CB) is a small paired organ located in the
bifurcation of the common carotid artery (CA) and is sensitive
to changes in blood Po;, Pco, and pH. Morphologically, CB
includes specific chemoreceptor cells (type I or glomus cells),
sustentacular cell (type II) vessels that originate from the
common CA bifurcation, sensory nerve endings of the carotid
sinus nerve and efferent nerve endings from the superior
cervical ganglia (SCG) and glossopharyngeal nerve
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(McDonald and Mitchell, 1975). Arteries and efferent nerve
endings at the CB can be considered non-chemosensitive
structures in comparison with type I and II cells and the
sensory endings of the carotid sinus nerve.

Hypoxia is the primary stimulus that activates CB
chemosensors triggering respiratory reflexes in order to adjust
ventilation to the metabolic needs. Although the chemosen-
sory mechanism of the CB is poorly understood, several
studies suggested that 3’-5’-cyclic adenosine monophosphate
(cAMP) plays a modulatory role in the oxygen-sensing
machinery in this organ (Delpiano and Acker, 1991; Gonzalez
et al., 1994; Chen et al., 1997). cAMP is the second messenger
common to metabotropic receptors coupled to adenylyl
cyclase (AC, E.C. 4.6.1.1). In the CB, levels of CAMP are regu-
lated by the stimulatory effects of adenosine mediated by A,a
and A, receptors (Monteiro et al., 1996; Chen etal., 1997;
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Conde et al., 2006), by B-adrenoceptor activity (Mir et al.,
1984) and by dopamine D, and D, receptors (Mir et al., 1984;
Almaraz et al., 1991; Batuca et al., 2003; receptor nomencla-
ture follows Alexander et al., 2008).

Hydrolysis of cAMP is mediated by cyclic nucleotide phos-
phodiesterases (PDE, E.C. 3.1.4.17). So far, 11 kinetically dis-
tinct PDE isoforms have been identified. These isoforms differ
in their affinity for substrates [CAMP and/or 3’-5’-cyclic gua-
nosine monophosphate (cGMP)], their response to modula-
tors and their pharmacological inhibitors (Bender and Beavo,
2006).

PDE inhibitors are useful in the treatment of several patho-
logical conditions related to hypoxia such as pulmonary
hypertension, chronic obstructive pulmonary disease and
asthma (see Jeon et al., 2005) and are also common tools used
to indirectly study AC activity in response to different oxygen
concentrations.

Frequently, studies measuring cAMP in the CB under acute
hypoxic and normoxic conditions have used the non-isoform-
selective PDE inhibitor, isobutylmethylxanthine (IBMX,
500 uM) (Mir et al., 1984; Pérez-Garcia et al., 1990; 1991; Del-
piano and Acker, 1991; Batuca et al., 2003). However, PDE
activities of the CB have never been characterized and the
interpretation of the effects of IBMX could also be confused by
changes in PDE activity caused by hypoxia itself. For instance,
acute hypoxia (20 min) increased the activity of a Ca*-
dependent PDE in CB (Hanbauer and Lovenberg, 1977), and
chronic hypoxia (7 or 12 days) regulates PDE4 activity in
pulmonary arteries (Millen et al., 2006) as well as the activity of
cAMP-PDE in rat blood (Spoto et al., 1998).

In this study, a pharmacological characterization of the PDE
activity present in whole CB, CA and SCG was performed in
normoxic and acute hypoxic conditions. CAs and SCG were
used as non-chemosensitive structures related to the CBs. This
methodological approach has been used previously (Conde
and Monteiro, 2004), due to the small size of rat CBs. PDE in
these tissues has never been characterized and the effects of
oxygen concentrations on their PDE activity are unknown. If
cAMP accumulation is relevant to the specificity of oxygen-
sensing machinery in chemosensitive tissues, an effect of
hypoxia on cAMP catalytic enzymes could be expected.

Manipulation of cyclic nucleotides with PDE inhibitors has
been used to induce vasodilation in clinical studies, but the
functional effects of cAMP-PDE inhibitors during different
oxygen exposures are not known. The long forms of the PDE4
sub-types can be phosphorylated by protein kinase A, causing
a conformational change and a 60% to 250% increase in
activity of the catalytic domain that leads to an increased
affinity for rolipram (Bender and Beavo, 2006). We hypoth-
esized that acute (30 min) changes in oxygen concentrations
could affect the degree of PDE phosphorylation and, conse-
quently, the potency and efficacy of PDE inhibitors.

The results of this work will contribute towards interpreting
data obtained when PDE inhibitors are used as tools to
manipulate cAMP in these tissues, to characterize PDE in
oxygen-chemosensitive and non-chemosensitive tissues and
to study the potential tissue-specific modulation of PDE
inhibitors in hypoxia-related disease conditions. A prelimi-
nary report of some of these findings has been published in
the proceedings of a conference (Nunes et al., 2009).
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Methods

Surgical procedures

All animal care and experimental procedures were carried out
in accordance with the European Union directives for the use
of experimental animals (Portuguese laws no. 1005/92 and
1131/97). We used CBs, SCG and CAs, isolated from adult
(approximately 3 months old) male and female Wistar rats (n
= 188). Rats were obtained from the Faculty of Medical Sci-
ences animal facilities, kept at a constant temperature (21°C)
with a regular light (08-20 h) and dark (20-08 h) cycle, with
food and water ad libitum. Surgical procedures for isolation of
the tissues in situ have been described previously (Batuca
etal., 2003; Conde and Monteiro, 2004; 2006). In brief, rats
were anaesthetized with sodium pentobarbital (60 mg-kg™
i.p.), then tracheostomized to allow spontaneous breathing
during the surgical procedure (approximately 30 min). After
the CBs, SCG and CAs had been removed, the animals were
killed by an intracardiac injection of a lethal dose of pento-
barbital. The tissues removed with intact endothelium were
weighed (the mean weight of the rat CBs, CAs and SCG were
148 pg, 1.579 mg and 1.360 mg respectively) and further pre-
pared as follows.

Effects on cAMP content of oxygen concentrations during the
recovery pre-incubation period

The rat CBs, SCG and CAs were removed in vivo and pre-
incubated to allow recovery from the surgical procedures in a
37°C shaker bath for 15 min in a medium containing (in
mM): NaCl 116, NaHCO; 24, KC1 5, CaCl; 2, MgCl, 1.1, HEPES
10, glucose 5.5 and adjusted to pH 7.40 (Pérez-Garcia et al.,
1990). This medium composition was used in all experiments
throughout the work. Two groups of experiments were per-
formed in order to study the effect of oxygen concentrations:
hyperoxia (95% O,/5% CO,, Po, = 677 mmHg) and normoxia
(20%0,/5%CO0O,, Po, = 142 mmHg) during the pre-incubation
period. After the pre-incubation period, all the CBs, SCG and
CAs were incubated in a fresh incubation medium containing
500 uM of IBMX, a non-selective PDE inhibitor, equilibrated
in normoxia or hypoxia (5% 0,/5% CO,, Po, = 33 mmHg) for
30 min. This incubation period was chosen because we have
previously shown that cAMP concentrations obtained during
incubations of 30 min were significantly higher than those
obtained during 10 min (Batuca et al., 2003) and maintained
normal values of cellular viability (Conde and Monteiro,
2004).

Effects of hypoxia on cAMP content in CBs, SCG and CAs in the
absence of PDE inhibitors

CBs, SCG and CAs with intact endothelium were removed
in vivo and pre-incubated in a 37°C shaker bath in incubation
medium (previously described) adjusted to pH 7.40 and
equilibrated with 20% O,/5% CO,. After 15 min, the tissues
were incubated for 30 min in a fresh medium at 37°C, pH
7.40, in the absence of any inhibitor. The tissues were divided
into two experimental groups: one equilibrated in normoxia
and the other equilibrated in hypoxia.



Effect of PDE inhibitors on cAMP content in CBs, SCG and CAs

Tissues (CBs, SCG and CAs) previously pre-incubated with
20% O,/5% CO for 15 min were incubated in a fresh medium
in the presence of PDE inhibitors. The PDE inhibitors used
were IBMX (non-selective PDE inhibitor, 0.3-500 uM), Ro
20-1724 (PDE4 selective inhibitor, 0.1-100 uM), rolipram
(PDE4 selective inhibitor, 0.1-100 uM) and erythro-9-(2-
hydroxy-3-nonyl)adenine (EHNA) (PDE2 selective inhibitor,
0.1-100 uM). Only one PDE inhibitor at one concentration
was tested in each experiment. The incubation medium con-
taining each PDE inhibitor was equilibrated with 20% O,/5%
CO, or 5% 0,/5% CO; in a shaker bath at 37°C for 30 min,
which corresponds to the period necessary to detect changes
in the kinetic properties of PDEs (Hanbauer and Lovenberg,
1977).

Cyclic nucleotide extraction and quantification

After incubation, CBs, SCG and CAs were immersed in cold
6% (w/V) trichloroacetic acid (600 uL) for 10 min, weighed on
an electrobalance (mc 215 Sartorius, Madrid, Spain), homog-
enized using a Potter glass homogenizer at 2-8°C and centri-
fuged at 12 000 g for 10 min at 4°C. The supernatants were
washed four times with 3 mL of water saturated with diethyl
ether solution (50:50), collected for lyophilization (Christ
Alpha 1-2 B. Brawn, Biotech International, Melsungen,
Germany) and stored at —20°C until cAMP quantification by
enzyme immunoassay, using an EIA commercial kit (RPN
2255 GE Healthcare Bio-Sciences AB, Uppsala, Sweden).

Data analysis and statistical procedures

cAMP content present in CBs, SCG and CAs was expressed in
picomoles per milligram of tissue (pmol/mg tissue) instead of
mg protein due to the small size of the CB (ca 150 ug, see
above). Data were evaluated using Graph Pad Prism (Graph-
Pad Software Inc., version 4, San Diego, CA, USA) and
expressed as means = SEM. Statistical differences between two
pre-incubation conditions in the CBs, between normoxic and
hypoxic basal cAMP levels in the three different tissues,
between cAMP levels from normoxic and hypoxic CAs incu-
bated with 1 uM and 30 uM of IBMX and between normoxic
and hypoxic cAMP levels in SCG incubated with 100 uM of
EHNA were assessed by the Mann-Whitney non-parametric
test. Comparison between the hypoxic effects on different
PDE inhibitors in CBs was performed by two-way analysis of
variance with Bonferroni’s post-test. Concentration-response
curves for the effects of inhibitors were analysed using sig-
moidal curve-fitting analysis, extrapolating the E.. [mean
maximal effect (%) observed in cAMP levels] and the ECs
value (concentration of inhibitor required to elicit 50% of
maximum effect observed) for each inhibitor. The comparison
between concentration-response curves for the effects of the
PDE inhibitors was assessed using Graph Prism to compare
the curve-fitted points (log ECso and Hill slope). The null
hypothesis (one curve for all data sets) was rejected on the
basis of the F-test. In all cases, P-values of 0.05 or less were
considered as significant differences. Also, n corresponds
to the number of different experiments performed in
each group.
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Materials

Sodium pentobarbital, IBMX, 4-[3-(cyclopentyloxy)-4-
methoxy-phenyl]-2-pyrrolidinone (rolipram), 4-[(3-butoxy-4-
methoxyphenyl)-methyl]-2-imidazolidinone (Ro 20-1724)
and EHNA were obtained from Sigma (St. Louis, MO, USA).
Rolipram and Ro 20-1724 were dissolved in dimethyl sul-
phoxide in 1 and 5 mM stock solutions and all subsequent
dilutions were made in incubation medium.

Results

Effects of oxygen concentrations during the recovery
pre-incubation period on cAMP content

In previous studies where cAMP was quantified, the CBs were
allowed to recover from the ischaemia, to which the prepara-
tions were submitted during dissection, with a pre-incubation
period of 15 min in a medium equilibrated with 100% O/5%
CO; or 95% 0,/5% CO, (Pérez-Garcia et al., 1990; Almaraz
et al., 1991; Monteiro et al., 1996; Chen et al., 1997; Batuca
et al., 2003). As hyperoxia is not a physiological condition
and prolonged exposure to normobaric hyperoxia attenuates
CB chemosensory response to hypoxia (Mokashi and Lahiri,
1991; Torbati etal., 1993; Mokashi et al., 1994), an initial
group of experiments was carried out to define the oxygen
concentrations to be used during the recovery from
ischaemia, in this study. This rationale was applied to the
three preparations used in the present work and the results are
shown in Figure 1. In these experiments, the non-specific PDE
inhibitor IBMX in a high concentration (500 uM) was added
to the incubation medium, keeping all the other experimental
conditions (recovery and incubation time as well as medium
composition) constant throughout the different group of
experiments (see Methods section). In light of the absence of
statistically significant differences (P > 0.05, Mann-Whitney
test) between the two pre-incubation conditions for CBs, CAs
and SCG, we decided to perform all the experiments pre-
incubating these tissues with 20% O,/5% CO,, which is com-
parable to an atmospheric oxygen concentration.

Effects of hypoxia on cAMP content in CBs, SCG and CAs in the
absence of PDE inhibitors

In the absence of PDE inhibitors, the basal cAMP content
observed in CBs, SCG and CAs incubated with 20% O,/5%
CO; is shown in Figure 2. It is apparent here that, in nor-
moxia, CAMP accumulation was higher in CBs than in other
tissues (CBs > SCG > CAs) and that hypoxia did not signifi-
cantly modify cAMP concentrations in either CBs or SCG, but
decreased cAMP levels in CAs (P < 0.001). As expected, in
these group of experiments, CAMP content in both normoxic
and hypoxic conditions was clearly lower, about half that
obtained in the presence of 500 uM of IBMX (Figure 1).

Effect of PDE inhibitors on cAMP content in CBs

The effects of PDE inhibitors on CBs were assayed indirectly
quantifying cAMP content. The concentrations used for each
inhibitor were selected according to the published ICs, values:
rolipram = 1uM; Ro 20-1724 = 2 uM; IBMX = 2-50 uM

British Journal of Pharmacology (2010) 159 353-361
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Figure 1 Effect of different pre-incubation conditions on cAMP
levels of carotid body (CB, n = 6-9), superior cervical ganglia (SCG,
n=2-5) and carotid artery (CA, n=4-5) in response to hypoxia (5%
0,/5% CO;) and in the presence of isobutylmethylxanthine
(500 uM). Tissues were pre-incubated in (A) hyperoxia (95% O,/5%
COy,) or (B) normoxia (20% 0,/5% CO,). P > 0.05.
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Figure 2 Effects of hypoxia on cAMP levels (expressed as pmol/mg
tissue) in rat carotid bodies (CBs, n = 15), superior cervical ganglia
(SCG, n=11) and carotid arteries (CAs, n=11-12) in the absence of
PDE inhibitors. Data represent means = SEM ***P < 0.001 Mann-
Whitney non-parametric test, corresponding to the differences
between normoxia and hypoxia.

(Bender and Beavo, 2006) and EHNA = 2 uM (Podzuweit et al.,
1995). EHNA (0.1-100 uM) did not modify cAMP concentra-
tions in CBs incubated in either normoxia or hypoxia.
However, IBMX (0.3-500 uM), rolipram (0.1-100 uM) and Ro
20-1724 (0.1-100 uM) increased cAMP content in CBs in a
concentration-dependent manner in normoxia (Figure 3) and
hypoxia shifted their concentration-response curves to the
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left. This shift was statistically significant (P < 0.001) for IBMX
and rolipram but not for Ro-20-1724 (Figure 3). This effect of
hypoxia was apparent only for concentrations <100 uM for
the specific PDE4 inhibitors and higher than 50 uM for the
non-selective PDE inhibitor IBMX. The ECs, and Ep.« values
calculated for concentrations between 0.1 and 100 uM for Ro
20-1724 and rolipram and between 0.1 and 500 uM for IBMX
are presented in Table 1. The E.,.« values found in normoxia
for concentrations between 0.1 and 100 uM were similar for
rolipram, Ro 20-1724 and IBMX (56 * 11%, 35 = 8% and 37
+ 13%, respectively, Figure 3). The effect of hypoxia on cAMP
accumulation caused by PDE inhibition was more pro-
nounced in the case of rolipram (Figure 3), although no
apparent changes in drug potency (ECs)) were observed
(Table 1). The ECs, values obtained for Ro 20-1724 and rolip-
ram in the CBs were <10 uM (Table 1).

Effects of PDE inhibitors on cAMP content in CAs

The effects of PDE inhibitors were also tested in rat CAs, both
in normoxic and hypoxic conditions. As observed with the
CBs, EHNA (0.1-100 uM) did not affect the cAMP levels in
CAs either in normoxia or hypoxia. The effects of Ro 20-1724
(0.1-100 uM) and rolipram (0.1-100 uM) on cAMP in the CAs
incubated with 20% O,/5% CO, were similar and caused
increases <40% (Figure 4A,B). Hypoxia clearly heightened the
effects of both PDE4 selective inhibitors on cAMP content,
specifically with higher concentrations of rolipram (>10 uM)
and low concentrations of Ro 20-1724 (1 uM) (Figure 4A,B).
The difference between cAMP accumulation in CAs during
normoxia and hypoxia was particularly evident with rolipram
(P < 0.0001, Figure 4A). Increases in cAMP accumulation
caused by IBMX in CAs in both normoxic and hypoxic con-
ditions were clearly more accentuated than those observed
with Ro 20-1724 and rolipram (Figure 4C). These increases in
cAMP in CAs induced by the non-specific PDE inhibitor,
IBMX, apparently involve two mechanisms, one observed at
low concentrations (<30 uM) which was heightened by
hypoxia, and another observed with very high concentrations
(0.1-1 mM) which was not modified by changes in oxygen
(Figure 4C). The comparisons between the potency of the
PDE4 inhibitors and the magnitude of their effects on cAMP
are shown in Table 1 and expressed as ECso and Enma. In this
table, the effects on cAMP content in CAs induced by low
(1-100 uM) concentrations of IBMX are shown separately in
order to emphasize the effect of hypoxia observed in these
experimental conditions.

Effect of PDE inhibitors on cAMP content in SCG

In rat SCG, the effects of rolipram, Ro 20-1724, IBMX and
EHNA on cAMP levels were also compared in normoxic and
hypoxic conditions (Figure 5). Concentration-dependent
increases in cAMP levels in normoxia were particularly
evident for the PDE4 inhibitors: IBMX, Ro 20-1724 and rolip-
ram (Figure 5A-C). In normoxia, the efficacy of the three
inhibitors was similar (Figure SA-C and Table 1). In contrast
with the results obtained with CBs and CAs, in SCGs, hypoxia
caused a statistically significant reduction in the effects of the
PDE4 inhibitors on cAMP accumulation (Figure SA-C).
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Figure 3 Effects of PDE4 inhibitors on cAMP levels in rat carotid
bodies (CBs). Concentration-response curves of (A) rolipram, (B) Ro
20-1724 and (C) isobutylmethylxanthine (IBMX) for effects on cCAMP
levels induced during normoxia (20%0,) [0% effect — 0.75 = 0.08
pmol cAMP/mg (n = 15) ] and hypoxia (5%0,) (0% effect — 0.63 =
0.05 pmol cAMP/mg (n =15). *P < 0.05 and ***P < 0.001 two-way
analysis of variance with Bonferroni’s post hoc test. Data values rep-

resent means = SEM.

o
<

The effects of EHNA on cAMP accumulation in SCG were
concentration-dependent (0.1-100 pM) and more pro-
nounced (=50%) than those obtained in CAs (<6%) and CBs
(<10%). However, this effect was clearly less than those of the
PDE4 inhibitors and apparently was not modified by hypoxia,
except with concentrations higher than 10 uM (P < 0.05 com-
paring the effects of 100 uM in normoxia and hypoxia)
(Figure 5D).

Discussion

A comparison between the effects of different PDE inhibitors
in a functional study using tissues structurally related to
peripheral oxygen chemosensors suggested that the in vivo
effects of PDE inhibitors could be affected by acute hypoxia
and demonstrated the presence of PDE4 isoforms in rat CBs,
CAs and SCG. PDE2 appears to be absent in CBs and CAs and
slightly active in SCG. The effects of PDE inhibitors on cAMP
accumulation were increased by acute hypoxia in CBs and
CAs but reduced in SCG. The differences in the sensitivity to
hypoxia between cAMP accumulation induced by the two
PDE4 selective inhibitors, rolipram and Ro 20-1724 indicate
that they probably operate through different PDE4 isoforms.

This work was focused on PDE that use CAMP as a specific
substract (PDE4, PDE7 and PDES8) and that are not modulated
by cGMP, because cGMP levels are negligible and difficult to
assess in a functional study of the CBs (Fidone et al., 1990).
PDE4 isoenzymes are characterized by high affinity and speci-
ficity for cAMP, low Ky (1.2-10 uM), insensitivity to Ca*" and
cGMP, selective inhibition by the archetypal rolipram and Ro
20-1724 (ICso of 1 uM and 2 uM, respectively) (Bender and
Beavo, 2006). No specific inhibitors are available for PDES,
but it is known that both PDE7 and PDES8 are insensitive to
rolipram (Lugnier, 2006). IBMX is a commonly used tool to
produce non-specific inhibition of PDEs1-5, but is devoid of
effects on PDE7, PDE8 and PDE9 (Dousa, 1999; Lugnier,
2006). In addition to rolipram, Ro 20-1724 and IBMX, which
allow the identification of PDE4, we have also investigated
the effects of EHNA on cAMP accumulation in CBs, CAs and
SCG. EHNA is a selective PDE2 (ICso = 2 uM, Podzuweit et al.,
1995) inhibitor and PDE2 hydrolyses both cAMP and cGMP
and is activated by cGMP (Lugnier, 2006). The rationale for
including the effects of EHNA was that it also inhibits adenos-
ine deaminase (K = 10° M) (Agarwal et al., 1977) and has
been used as a tool to prevent adenosine degradation in
experiments aimed to investigate the effects of adenosine
receptors on cAMP in CBs (Monteiro et al., 1996).

Molecular characterizations of PDE have been extensively
performed in systemic arteries and demonstrate that PDE3

British Journal of Pharmacology (2010) 159 353-361



AR Nunes et al

Hypoxia modifies effects of PDE inhibitors

358

10
[Ro 20-1724] M

O 20 % 0;(n= 5-8)

1
m JI. - o "
\ !
*
~, 1 @
.l_f o (=]
f—ed H o = ! 3
(s3] —
S = b P I
La- o H - w @ H
§ = £ E £ L )
w G ¢ m R e
Ly HHoE Jdg \
-_— \ = = 2
[ 3 Q (=) &
o ﬁm; o M
£ 5 T ® -
8 G e 2 ¥
]
]
o e I
_ " 1 L] 1 L) 1 L) ] L ¥ L
I T T T T T T T T 1 wn o w o n o o mn o Wm o
L g WL e wr g Wweo wow N S M~ B NS ~ BN
N 2 K~ I N O ~ o N N - = -
o N ™ o o 1
(aseaiaun o) JWy2
< (sseasoul %) dINYD o

=111

105 104 103
[IBMX] M
= 0.01 pmol-mg™ (n

10-%

107

.25
2000+

— 15004
1000+
500+

asealoul %) dINY2

arteries (CAs) incubated in normoxia [20%0,; 0% of effect corre-
sponds to 0.19 = 0.02 pmol-mg™" (n=12) ] and hypoxia [5%0,; 0%
Concentration-response curve of (A) rolipram, (B) Ro 20-1724 and

(C) isobutylmethylxanthine (IBMX) for effects on cAMP levels. **P <
0.01 and ***P < 0.001 two-way analysis of variance with Bonferroni’s

Figure 4 Effects of PDE4 inhibitors on cAMP levels in rat carotid
post hoc test. Values represent means += SEM.

of effect corresponds to 0.11

‘eljbueb

[ed1AIRD Jopadns ‘DS ‘Buiyiuex|AYIsWAINGos! ‘XING! ‘SIAS] dINY? Ul PAAISSAO (95) 109449 [eWIXRW UBaW 27 1D3)49 |ewiXew dY) JO 940§ s9onpoud ey} uoneusduod Bnip 0553 ‘Apoq proded ‘g) ‘Aiaye prosed ‘v

‘WA 00L—L XINGI 104 pajejndjed **“3 pue 0533,

8¢ ¥ 7T« 6'87x 0Z ¥ 081« SSx 0 * ¥S [10 vl ¥ LE 6l L€ F €91 S'g €1 ¥ 8l - v
9L ¥ 96 0/ /€ T 202 991 6l F 68 61 6L ¥ 90C 8/ 8 ¥ ¢8 9y vl ¥ 091 9'g DDS
0Z ¥ 61¢ 001< €T F LhL 001< oL *8S LT 8 ¥ S¢ 6L 67 F CLL VT LL ¥ 95 44 ko)
(%) ™3 (W) o33 (%) ™3 (wmn) 0533 (%) ™3 (W) 9533 (%) ™3 (wm) 9533 (%) ™3 (wr) o3 (%) ™3 (wm) 9533
0 %S 0 %07 0 %S 20 %07 0 %S 20 %02

(AT 005=£°0) X!

(W1 001—-1°0) ¥Z/1-0Z 0¥

(WM 001~1°0) wpidijoy

(20 %S) eixodAy pue (20 9,07) eixowdou Ul ($Z/1-0Z oY pue weidijol “XINgl) s101qiyul asessisaipoydsoyd jo sapuajod pue sapediyys ay) usamiaq uostiedwod)

L 3lqeL

British Journal of Pharmacology (2010) 159 353-361



A
250 ——0O 20%0, (n=6-8)
——=® 5%0, (n=5-8)
200+ o
o
[7;]
g 150+
o
=
£ 100+
o
=
< 504
n-
LJ L) L) L]
104 107 104 104 104
[Rolipram] M
C
2509— 0O 20%0, (n=5-9) *k
-- @ 5%0, (n=5-9)
2004
o
w
g 1504
o
=
2 1004
[+ 8
=
T 50
L E

L] L L] L]
107 104 104 10+ 107
[IBMX] M

Hypoxia modifies effects of PDE inhibitors

AR Nunes et al 359
B
2509—p 20% 0, (n=6-10) ok
———® 5% 0; (n=6-10)
2004

cAMP (% increase)
g

50+
04
L 1] L] L
104 107 10+ 104 104
[Ro 20-1724]1 M
D
250+

— O 20%0, (n=5-8)
2004~ e 5% OZ (n=5—8:}

cAMP (% increase)
-
g

T T L] 1
10* 107 104 10° 10
[EHNA] M

Figure 5 Concentration-response curves for the effects of (A) rolipram, (B) Ro 20-1724, (C) isobutylmethylxanthine (IBMX) and (D)
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and ***P < 0.001. Data values represent means = SEM.

and PDF4 families are the more active isoforms in aorta,
coronary and renal arteries (Phillips et al., 2005). The charac-
terization of PDE4 in CA was here performed for the first time
because, so far, there was only one report, in bovine tissue,
where three types of PDE were postulated: a PDE with high
affinity for cAMP, two types of PDE with mixed affinity for
cAMP and cGMP and a third type with high affinity for cGMP
(Murtaugh and Bhalla, 1979). PDE2 is probably present in
CAs, but, as found in pulmonary (Pauvert et al., 2002) and
aortic arteries (Palmer et al., 1998) its activity is so much lower
than, for instance, that of PDE4 (Phillips et al., 2005) that the
consequences of its inhibition did not seem to be relevant in
a pharmacological approach such as this. IBMX, apart from its
ability to inhibit PDE non-selectively (K; = 1-10 uM, Dousa,
1999) and ICso = 2-50 uM, (Bender and Beavo, 2006), is a
xanthine able to antagonize adenosine receptors at the same
order of concentration (K; = 7-28 uM, Daly, 1991). In arteries,
the adenosine receptors are mainly of the A,-receptor sub-type
positively coupled to AC (http://www.iuphar-db.org/GPCR/
index.jsp) and, as a consequence, the increase in cAMP accu-
mulation after IBMX observed in CAs cannot be attributed to
its antagonism of adenosine receptors.

An initial work regarding PDE isoforms in the CB appeared
in 1977 (Hanbauer and Lovenberg, 1977), but no further
studies are known and the characterization of PDE isoforms

has never been performed in the CB. These authors provided
evidence for a Ca*"-dependent PDE in the CB and we have
here characterized a PDE4, known as a Ca"-independent
enzyme. In the CBs, the presence of active PDEs, other than
PDE4 and sensitive to IBMX, was not conclusively shown
because non-selective doses of the PDE4 inhibitors caused
increases in cAMP of the same order of magnitude as those
after IBMX and the contribution of the vascular component
of the CB cannot be discarded. In addition, the selective PDE2
inhibitor EHNA (2.5-100 uM) did not modify cAMP concen-
trations in CBs. This is an interesting finding that validates
the use of EHNA as a tool for manipulating endogenous
concentrations of adenosine at the CB without apparent
interference with PDE activities.

In the absence of PDE inhibitors, no changes in cAMP levels
were observed in the CBs in response to hypoxia, although
other studies have shown such changes previously (Pérez-
Garcia et al., 1990). Species differences (rabbit, in the experi-
ments by Pérez-Garcia et al., 1990) in the overall balance of
AC/PDE could contribute to this difference in cAMP values
obtained in response to changes in oxygen concentrations. In
addition to species, other differences in the experimental pro-
cedures were found between the work of Pérez-Garcia et al.
(1990) and the present one. In the earlier study, CBs were
removed from CB bifurcations in vitro, allowed to recover in
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hyperoxic conditions and the effect of hypoxia was calculated
from the comparison between cAMP concentrations obtained
during incubations in 100% and 5% O2. We postulated that
this latter issue could also contribute to the differences in
cAMP accumulation because we have provided evidence that
differences in the pre-incubation medium used to allow
recovery of the preparations from surgical procedures did not
cause significant changes in responses to further incubation.

The profile of responses to PDE inhibitors found in SCG,
with the selective PDE inhibitors, rolipram and Ro 20-1724
more potent than IBMX, was compatible with a PDE 4 family
predominantly active in cAMP hydrolysis. A similar potency
for Ro 20-1724 was also found in a biochemical study that
characterized a PDE4 in SCG in normoxic conditions (Giorgi
et al., 1994). In this study, cGMP did not stimulate or inhibit
PDE activity in SCG, suggesting that PDE 2 and PDE3 are
absent or inactive (Giorgi et al., 1994). The results obtained
here with the selective PDE2 inhibitor EHNA in SCG were not
as clear as those obtained with CBs or CAs and did not allow
the exclusion of PDE2 because a small concentration-
dependent increase, attenuated by hypoxia, was observed
with EHNA.

Hypoxia heightened the effects of PDE4 inhibitors on cAMP
accumulation in CBs and CAs but, surprisingly, caused the
opposite effect in SCG. In measuring cAMP, we cannot
exclude the possibility that the effects of hypoxia include
changes in AC. However, several data strongly support the
hypothesis that oxygen concentrations selectively modify
PDE activity. In the absence of PDE inhibitors, hypoxia did
not increase basal cAMP values: they remained constant
(SCG) or decreased (CAs and CBs). In addition, if the observed
changes induced by hypoxia in cAMP concentrations were
due to changes in AC activity, the differences found between
the effects of hypoxia on different PDE inhibitors in the same
preparation would be difficult to explain and changes in
cAMP concentrations would be more pronounced with high
concentrations of the PDE inhibitors when the catalytic
pathway is completely blocked.

Increases in PDE activity induced by chronic hypoxia have
been reported in a few studies (Maclean et al., 1997; Spoto
et al., 1998; Hashimoto et al., 2004; Millen et al., 2006), but
the effects of acute hypoxia are confined to the report of the
increased activity of a Ca*-dependent activator of cyclic
nucleotide PDE in rat CB (Hanbauer and Lovenberg, 1977).

Currently, the PDE4 family represents the largest PDE
family constituted by four genes A, B, C and D, but inhibitors
targeting specific PDE splice variants are not available.
Although rolipram and Ro 20-1724 do not apparently display
isoform selectivity and present similar ICs, in purified enzyme
preparations, some differences have been reported previously.
Rolipram caused a much greater increase in isoprenaline-
induced cAMP accumulation in rat pulmonary microvascular
endothelial cells than Ro 20-1724 (Thompson et al., 2002).
The rank order of potency for recombinant human PDE4C
inhibition was rolipram > denbufyllin > Ro 20-1724 > IBMX
(Engels et al., 19935). In general, rolipram is more potent than
Ro 20-1724 in all (A, B, C and D) human PDE4 isoforms
(Wang et al., 1997). In the experimental conditions of the
present work, rolipram was devoid of effect in CAs in nor-
moxia, and Ro 20-1724 was more potent than rolipram in the
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SCG and CA in hypoxia. The exact meaning of these findings
is not clear but could suggest that specific PDE4 isoforms in
the tissues are regulated in opposite directions by oxygen
concentrations. In chronic experimental conditions, hypoxia
increased the expression of PDE4 A, B and D in human pul-
monary artery smooth muscle cells, but no overall increase in
PDE4 activity was observed (Millen et al., 2006).

In conclusion, this pharmacological approach indicates
that acute hypoxia could simultaneously potentiate cAMP
production in systemic arteries induced by PDE4 inhibitors
and reduce cAMP accumulation in sympathetic ganglia
(SCG). The similarities between the characterization of PDE4
inhibitors at the CBs and CAs, under normoxia and hypoxia,
did not support a specific role for cAMP in the oxygen-sensing
machinery at the CB and suggests that probably no direct
CB-mediated hyperventilatory adverse effects would be
expected with administration of PDE4 inhibitors. Systemic
vasodilator and, in general, smooth muscle-relaxing proper-
ties of specific PDE4 inhibitors, like rolipram, could be pref-
erentially apparent in acute hypoxic conditions.
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