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The ability of denbufylline to inhibit cyclic nucleotide
phosphodiesterase and its affinity for adenosine
receptors and the adenosine re-uptake site
'C.D. Nicholson, S.A. Jackman & 2R. Wilke

Beecham-Wulfing Res. Labs., D3212 Gronau (Leine), F.R.G.

1 Denbufylline has been examined for its ability to inhibit cyclic nucleotide phosphodiesterase
isoenzymes from rat cardiac ventricle and cerebrum, as well as for its affinity for adenosine A1 and
A2 receptors and the re-uptake site. For comparison, SK&F 94120, theophylline and 3-isobutyl-1-
methyl-xanthine (IBMX) were examined as phosphodiesterase inhibitors whilst N6-
cyclohexyladenosine, R(-)-N6-(2-phenylisopropyl)-adenosine, 5'-N-ethylcarboxamido-adenosine, 2-
nitrobenzylthioinosine, theophylline and IBMX were examined for their affinity for adenosine
binding sites.
2 This investigation confirmed the presence of four phosphodiesterase activities in rat cardiac
ventricle; in rat cerebrum only three were present.
3 Denbufylline selectively inhibited one form of Ca2"-independent, low Km cyclic AMP phospho-
diesterase. The form inhibited was one of two present in cardiac ventricle and the sole one in
cerebrum. This form was not inhibited by cyclic GMP. The inotropic agent SK&F 94120 selectively
inhibited the form of cyclic AMP phosphodiesterase which was inhibited by cyclic GMP present in
cardiac ventricle. Theophylline and IBMX were relatively non-selective phosphodiesterase inhibi-
tors.
4 Denbufylline was a less potent inhibitor of ligand binding to adenosine receptors than of cyclic
AMP phosphodiesterase. This contrasted with theophylline, which had a higher affinity for aden-
osine receptors, and IBMX which showed no marked selectivity. Denbufylline, theophylline and
IBMX all had a low affinity for the adenosine re-uptake site.
5 Denbufylline is being developed as an agent for the therapy of multi-infarct dementia. The
selective inhibition of a particular low Km cyclic AMP phosphodiesterase may account for the
activity of this compound.

Introduction

This investigation was carried out to characterise
further the activity profile of the alkylxanthine den-
bufylline (1,3-di-n-butyl-742'-oxopropyl)-xanthine).
This compound has previously been shown to
increase the oxygen tension (Po2) and function of
partially ischaemic skeletal muscle (Angersbach &
Ochlich, 1984), to enhance the retention of informa-
tion (Nicholson et al., 1988) and to improve the flow
properties of blood (Jukna & Nicholson, 1987). It is
presently undergoing clinical evaluation in dementia
(see existing data generated by O'Connolly et al.,
1986; 1988).

1 Present address: Organon Laboratories Ltd., Newhouse,
Lanarkshire ML1 5SH, Scotland.
2 Author for correspondence.

The ability of alkylxanthines to inhibit the effects
of adenosine and cyclic nucleotide phosphodiesterase
has been known since the work of Ther and collabo-
rators (1957) and Sutherland and coworkers
(Sutherland & Rall, 1958; Butcher & Sutherland,
1962), respectively. It has more recently become
apparent that alkylxanthines are competitive antago-
nists at extracellular adenosine receptors (Londos et
al., 1978; Burnstock & Meghji, 1981; Fredholm &
Persson, 1982; Nicholson, 1982; Schwabe et al.,
1983) and may inhibit the cellular re-uptake of aden-
osine (Stefanovich, 1983; Fredholm & Lindstrom,
1986). Many alkylxanthines are more potent aden-
osine receptor antagonists than inhibitors of cyclic
nucleotide phosphodiesterase (Smellie et al., 1979;
Wu et al., 1982).
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In this study, the ability of denbufylline to inhibit
cyclic nucleotide phosphodiesterase from rat cerebral
cortex and cardiac ventricle was examined. In mam-
malian tissue cells, several distinct molecular forms
of cyclic nucleotide phosphodiesterase exist
(Thompson & Appleman, 1971; Weishaar et al.,
1985; Reeves et al., 1987). Accordingly, we examined
the ability of denbufylline to inhibit separated phos-
phodiesterase isoenzymes. For comparison, theo-
phylline, 3-isobutyl-1-methyl-xanthine (IBMX) and
the inotropic agent SK&F 94120 (Gristwood et al.,
1986a) were also evaluated.
On the basis of their ability to mediate inhibition

or activation of adenylate cyclase and agonist order
of potency, extracellular adenosine receptors have
been subdivided into A1 and A2 receptors (van
Calker et al., 1979; Bruns et al., 1986). We have
therefore determined the affinity of denbufylline for
both A1 and A2 adenosine receptors as well as the
adenosine re-uptake site, using ligand binding tech-
niques. In these assays, theophylline, IBMX, R(-)-
N6-(2-phenylisopropyl)-adenosine (R-PIA), N6-
cyclohexyladenosine (CHA), 5'-N-ethylcarboxa-
midoadenosine (NECA) and 2-nitrobenzylthioino-
sine (NBI) were additionally examined. Part of this
work was presented at the British Pharmacological
Society (Nicholson & Wilke, 1987).

Methods

The study was performed using tissue obtained from
adult male Wistar rats killed by cervical dislocation.
Tissues were rapidly removed and placed in the rele-
vant buffer; all preparative procedures were per-
formed at 40C.

Separation ofcyclic nucleotide phosphodiesterase
activities

Cyclic nucleotide phosphodiesterase activities were
separated by use of a modification of the methods of
Reeves et al. (1987). Rat cerebral cortex and cardiac
ventricle were homogenized, with a Potter S homog-
enizer, in 8-10 volumes of buffer (composition in
mM: Bis-Tris 20, 2-mercaptoethanol 5, benzamidine
2, EDTA 2, phenylmethanesulphonylfluoride
(PMSF) 0.05, sodium acetate 50; pH 6.5).
Genapol x 0.15% (v/v) was included in the cerebral
cortex assays to aid extraction of membrane bound
phosphodiesterase (Strada et al., 1984). The cerebral
homogenates were filtered through glass wool, soni-
cated three times for 20s at 100W and filtered
through a Millex GS 0.22Mm filter unit. This step
was omitted for the ventricular homogenates. The

homogenates were then centrifuged (15,000 g for
15min cardiac tissue; 100,000 g for 60min cerebral
tissue) and the supernatants applied to columns
(17cm x 1.6 cm) of Q sepharose Fast Flow
(Pharmacia) pre-equilibrated with homogenization
buffer. The flow rate was 70 ml h-1. The column was
washed with 100 ml of buffer and phosphodiesterase
activities eluted with a linear gradient of 0.05-1.OM
sodium acetate in buffer. The eluate was collected in
7 ml fractions and analysed for phosphodiesterase
activity. For storage, ethylene glycol was added to a
final concentration of 30% (v/v) and fractions were
stored at - 20°C.

Assay ofphosphodiesterase activity

Phosphodiesterase activity was assayed by the radio-
chemical procedure described by Arch & News-
holme (1976). The incubation medium consisted of
50mM Tris/HCl, 6mm MgCl2, 2.5 mm dithiothreitol,
0.05mg ml-' 5'nucleotidase, 0.23mg ml-1 bovine
serum albumin and the relevant concentrations of
[3H]-adenosine 3':5'-cyclic monophosphate ([3H]-
cyclic AMP), [3H]-guanosine 3': 5'-cyclic mono-
phosphate ([3H]-cyclic GMP), cyclic GMP, calmo-
dulin and Ca2+; pH 7.5. The reaction was initiated
by the addition of 30yl of enzyme preparation and
tubes were incubated for 10min at 30°C. The reac-
tion was terminated by the addition of 1.2ml of an
anion-exchange resin slurry (BIO-RAD AG 1 x 8,
200400 mesh). The tubes were centrifuged (200 g for
15min) and a portion (0.25ml) of supernatant was
added to 5 ml of scintillation fluid (Aqualuma).
Radioactivity was measured in a liquid scintillation
counter.
The total radioactivity in the substrate at zero

time was measured in the supernatant when all the
substrate had been converted into product by addi-
tion of commercial phosphodiesterase (10 Mg). Assays
were conducted in the linear reaction range, where
less than 50% of the initial substrate was hydrolysed.
All assays were repeated at least three times.

Determination of V..la1 and Kmfor the
phosphodiesterase activities and Ki valuesfor
inhibitors

For determination of V,,, and Km the concentration
of label ([3H]-cyclic AMP or [3H]-cyclic GMP) was
kept constant in the presence of increasing amounts
of unlabelled substrate. Ki values were obtained by
using substrate and inhibition concentrations in the
range of Km and Ki values, respectively. Data were
analysed by least squares linear regression analysis.
Results are expressed as means (± s.e.mean).
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Figure 1 Separation profiles of cyclic nucleotide phosphodiesterase activities from rat cerebral cortex (a) and
cardiac ventricle (b). Fractions were assayed with 1IM cyclic AMP (0), 1/uM cyclic AMP and Ca2+/calmodulin
(0.1 mm per 75 u) (M), 1 M cyclic AMP and 1pM cyclic GMP (V) and 1,uM cyclic AMP and 100pM denbufylline
(0).

Adenosine receptor and re-uptake site ligand binding
assays

The A1, [3H]-CHA, binding assays and the A2,
[3H]-NECA, binding assays were performed as
described by Bruns et al. (1986). The [3H]-NBI
binding assays to the adenosine re-uptake site were
carried out according to Marangos et al. (1982).

Brains were removed and one gram of the relevant
tissues (whole brain minus cerebellum, for the [3H]-
CHA and [3H]-NBI assays, and striata, for the
[3H]-NECA assays) were homogenized in 50mM
Tris-HCl (pH 7.4) supplemented with 10pM PMSF
for 30s with a Potter S homogenizer, 10 strokes at
1500 r.p.m. The homogenate was diluted and centri-
fuged at 42,000g for 18 min. The pellet was re-

Table 1 Kinetic properties of cyclic nucleotide phosphodiesterases from rat cerebrum and cardiac ventricle

Tissue

Km
PDE cyclic AMP

activity (pM)

Cerebrum Peak I
Peak II
Peak III

Cardiac Peak I
ventricle Peak II

Peak III
Peak IV

35
40
2
2
50*
1.6
0.8

Km
cyclic GMP

(JM)

5

4
50

2
40*

>50
5

Effector

Ca2 +/calmodulin
Ca2+/calmodulin, cyclic GMP
None
Ca2 +/calmodulin
Cyclic GMP stimulated
None
Cyclic GMP inhibited

* Positive cooperativity.
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suspended with the Potter S homogenizer in
Tris-HCl buffer and the centrifugation step repeated.
The pellet was then resuspended in Tris-HCI buffer,
which contained 1 mm EDTA, and stored in plastic
vials in liquid nitrogen. The membranes were used
within one week.

All incubations were performed in triplicate in
12 x 75 mm polycarbonate tubes in a shaking water
bath. Tubes contained 1 ml of 50mM Tris-HCl (pH
7.4) and 2.5 or 0.1 units ml' of adenosine deami-
nase in the [3H]-CHA and [3H]-NECA assays,
respectively. Adenosine deaminase was omitted from
the [3H]-NBI assays. Membranes obtained from
2mg of tissue in 400up1 buffer were used in the [3H]-
CHA assay whilst for the [3H]-NECA or [3H]-NBI
assays the membranes from 5 mg of original tissue
were used suspended in 400up1 of buffer, respectively.
The radiolabelled ligand concentrations were 2.5 nM
[3H]-CHA, 4nm [3H]-NECA and 0.6 nm [3H]-NBI.
Non-specific binding was determined by the addition
of 50ym PIA, 100 pM N6-cyclopentyladenosine
(CPA) and 5 yM NBI in the A,, A2 and re-uptake site
assays, respectively. In the [3H]-NECA assays, 50 nm
CPA was included in all assays to eliminate Al
binding (Bruns et al., 1986; this was confirmed by us
in preliminary experiments).

Incubations were for 90min at 37°C for the [3H]-
CHA assays and at 25°C for 60min and 10min for
[3H]-NECA and [3H]-NBI assays, respectively. Pre-
liminary experiments had shown that incubation
times were sufficient to ensure an equilibrium in
receptor occupation. Incubations were terminated by
the addition of 3.8 ml ice cold buffer (50mm Tris-
HCl, lOmM MgCl2; pH 7.4) followed by rapid fil-
tration through 2.4cm GF/B filters under reduced
pressure using a Millipore 1225 sampling manifold.
Filters were washed with three 3.8 ml portions of
buffer. The damp filters were placed in scintillation
vials and 5 ml of Aqualuma added. The vials were
left overnight, shaken and radioactivity counted in a
liquid scintillation counter. All assays were repeated
at least three'times.

Data analysis

Specific receptor binding was defined as total
binding minus non-specific binding. Composite KD
values for receptor sites occupied by radioligand
were calculated from IC50 values for displacement of
unlabelled ligand using the equation: KD = IC50
- L where L = 3H-ligand concentration. Kinetic
constants for the inhibition of ligand binding to A1
and A2 receptors and the re-uptake site were deter-
mend as described by Bruns et al. (1986). Results are
expressed as means (+ s.e.mean).

Materials

Denbufylline was synthesized in these laboratories
by Dr J. Goring and SK&F 94120 ((5-acetimidop-
henyl)pyrazin-(lH)-one) was a gift from Smith Kline
& French. The sources for the remaining compounds
were as follows: [3H]-CHA and [3H]-NBI (New
England Nuclear); [3H]-NECA (Amersham/
Buchler); CHA (Boehringer, Mannheim); CPA
(Research Biochemicals); R-PIA, NECA, NBI,
IBMX, theophylline, adenosine deaminase (Type IV
from bovine spleen) and PMSF (Sigma). GF/B filters
were from Whatman and the Aqualuma scintillation
fluid was from J.T. Baker.

Apart from NBI, all compounds were dissolved in
buffer. NBI was dissolved in DMSO, appropriate
quantities of the vehicle were added to the binding
assay controls in these experiments.

Results

The phosphodiesterase activity profile obtained from
rat cerebral and cardiac ventricle homogenates is
shown in Figure 1. The kinetic properties of the
separated activities and their modulation by Ca2 I/
calmodulin and cyclic GMP are shown in Table 1.

Three activities were separated from cerebral
tissue. The first two peaks eluted were Ca2 I/
calmodulin-dependent and had a greater affinity for
cyclic GMP than cyclic AMP. Hydrolysis of cyclic
AMP by the second peak was activated by cyclic
GMP. The third peak isolated from rat cerebral
tissue had a lower Km for cyclic AMP than for cyclic
GMP and was not inhibited by cyclic GMP. The
hydrolysis of cyclic nucleotides by all phosphodi-
esterase activities from cerebral tissue followed
simple Michaelis-Menten kinetics.
Four peaks of phosphodiesterase activity were iso-

lated from cardiac tissue. In contrast to cerebral
tissue, only peak one was Ca2+/calmodulin-
dependent. In cardiac tissue, this form of phosphodi-
esterase had high and equal affinity for cyclic AMP
and cyclic GMP. The second peak was dependent
upon cyclic GMP for activation, showed positive co-
operativity and had relatively low affinity for both
cyclic GMP and cyclic AMP. Peaks III and IV both
had a higher affinity for cyclic AMP than cyclic
GMP, although the selectivity was much greater for
peak III than peak IV. The hydrolysis of cyclic AMP
by peak IV was inhibited by cyclic GMP. Peaks I,
III and IV followed linear Michaelis-Menten
kinetics.
The inhibition of the phosphodiesterase activities

is shown in Table 2. Theophylline and IBMX were
relatively non-selective inhibitors of all phosphodi-
esterase (PDE) activities, IBMX being more potent
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Table 2 Inhibition constants of inhibitors of cyclic nucleotide phosphodiest-,rases from rat cerebrum and cardiac
ventricle

Tissue
PDE

activity

Cerebrum Peak I
Peak II
Peak III

Cardiac Peak I
ventricle Peak II

Peak III
Peak IV

Denbufylline
Ki
(pM)

N.I.
(20)

0.7 ± 0.2

(30)
N.I.

0.8 + 0.3
(40)

SK&F 94120
Ki
(PM)

N.I.
N.I.
N.I.
N.I.
N.I.
N.I.

1.5 + 0.5

IBMX
Ki
(aM)

44+3
18 + 5
14+6
7 + 2

11 + 2
12 + 4
3.4 + 0.8

Theophylline
Ki
(pM)

442+28
240 + 10
142 + 13
108 + 22
220 ± 34
176 + 20
58 + 9

Data shown are mean + s.e.mean (n = 3). (% inhibition) at 100pM. N.I. = no inhibition up to 100pM.

than theophylline. Denbufylline was a potent and
selective inhibitor of peak III (cyclic AMP-specific
PDE) from both tissues. The competitive nature of
the inhibition of denbufylline is shown in Figure 2.
SK&F 94120 selectively inhibited peak IV (cyclic
GMP-inhibited PDE) eluted from cardiac tissue.
This low Km cyclic AMP phosphodiesterase was
only weakly inhibited by denbufylline; it was absent
in cerebral tissue.
The inhibition of [3H]-CHA, [3H]-NECA and

[3H]-NBI binding is shown in Figure 3. The relative
potencies of CHA, NECA, R-PIA and NBI served to
characterize the [3H]-CHA as the A, receptor, the
[3H]-NECA site as the A2 receptor and the [3H]-
NBI site as the re-uptake site. The orders of potency
were CHA 2 R-PIA > NECA for the A1 site,
NECA > R-PIA > CHA for A2 binding and
NBI > R-PIA, CHA and NECA for the re-uptake
site. Denbufylline displaced [3H]-CHA from A1 and

0.3-

0.2

1/[cyclic AMPI (>M-1 )

Figure 2 Competitive inhibition of fraction III cyclic
nucleotide phosphodiesterase from rat cerebral cortex
by denbufylline 1 (0), 3 (-) and 10 (-) pM. (0)
Control in absence of denbufylline.
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Figure 3 The inhibition of [3H]-N6-cyclohexyl-
adenosine ([3H]-CHA) (a) and [3H]-2-nitrobenzyl-
thioinosine ([3H]-NBI) (c) binding to rat cortical mem-
branes and of [3H]-5'-N-ethylcarboxamidoadenosine
([3H]-NECA) (b) binding to rat striatal membranes.
Compounds examined as inhibitors of [3H]-CHA and
[3H]-NECA binding were CHA (0),R(-)N6-42-
phenylisopropyl)adenosine (A), NECA (El) and NBI
(0). These compounds and additionally dipyridamole
(U) were examined as inhibitors of [3H]-NBI binding.
Results are presented as means with vertical lines
showing s.e.mean (n > 3).

4-1
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Table 3 The affinity of alkylxanthines for extra-
cellular adenosine receptors and the adenosine re-
uptake site (rat brain)

Compound

Denbufylline
IBMX
Theophylline

Al
[3H]-CHA

Ki
(uM)

20 + 5
1.8 +0.7
14+ 1

A2
[3H]-NECA

Ki
(uM)

46 + 2
10± 3
24 + 2

Uptake
[3H]-NBI

Ki
(JM)

200 + 22
690 + 82
1100 + 57

[3H]-NECA from A2 receptors (Table 3). However,
the affinity of denbufylline for the adenosine recep-

tors was markedly lower than for cerebral low Km
cyclic AMP phosphodiesterase (Table 2). IBMX had
a greater affinity for adenosine receptors than den-
bufylline, its affinity for Al receptors being greater
than for A2. IBMX was a less effective inhibitor of
phosphodiesterase than of ligand binding to aden-
osine Al receptors. Theophylline had greater affinity
for A1 receptors than for A2 receptors and for both
extracellular adenosine receptors than for cyclic
nucleotide phosphodiesterase. All three xanthines
had a low affinity for the adenosine re-uptake site.

Discussion

The present study has demonstrated the presence of
four cyclic nucleotide phosphodiesterase isoenzymes
in rat heart. As judged by their kinetic properties
and their sensitivity to the modulators Ca2 I/
calmodulin and cyclic GMP and the selective inhibi-
tor SK&F 94120, the phosphodiesterase activities in
rat myocardium appear similar to those previously
found in human and guinea-pig myocardium (Reeves
et al., 1987). The previous study of Reeves et al.
(1987) was the first demonstration of two forms of
Ca2'-independent cyclic nucleotide phosphodiester-
ase with a high affinity for cyclic AMP in cardiac
muscle. These two isoenzymes may, however, be
present in many tissues. Two such low Km cyclic
AMP phosphodiesterases have previously been
separated from calf liver homogenates (Yamamoto et
al., 1984) and adipocytes (Weber & Appleman, 1982).
Their detection has been made possible by the
improved separation properties of modern chro-
matographic medium (Reeves et al., 1987). The
nomenclature used for the classification of phospho-
diesterase isoenzymes varies between groups. In this
paper, we have based our descriptions of the phos-
phodiesterase isoenzymes upon their order of elution
by QAE-Sepharose with an increasing salt gradient,
their substrate affinities, effector characteristics and
the activity of inhibitors. Thus in our hands, cardiac
peak III is a Ca2'-independent low K. cyclic AMP

phosphodiesterase which is not inhibited by cyclic
GMP. This is similar to the third elution peak
obtained by Reeves et al. (1987) from guinea-pig
heart and the fourth elution peak obtained by this
group from human heart. Reeves et al. (1987) based
their nomenclature on data obtained from human
heart and termed this phosphodiesterase PDE IV.
The cardiac peak IV isoenzyme, in the present study,
was termed PDE III by Reeves et al. (1987), because
of its order of elution from human tissue. In our
opinion, the most useful classification of phosphodi-
esterase isoenzymes presently available is that
recently described by Beavo (1988). This classi-
fication assumes there are families of phosphodi-
esterase isoenzymes. According to this nomenclature,
cardiac peak I phosphodiesterase and cerebral peak
I and II phosphodiesterase belong to the
calmodulin-stimulated family. Cardiac peak II phos-
phodiesterase is a cyclic GMP-stimulated phospho-
diesterase. Cerebral peak III and cardiac peak III
belong to the cyclic AMP-specific phosphodiesterase
family. This is the isoenzyme that most investigators
have referred to in the past as the 'low K.' cyclic
AMP PDE. It is selectively inhibited by Ro 20-1724
and by rolipram and, as shown in this study, by den-
bufylline. Cardiac peak IV is a member of the cyclic
GMP-inhibited phosphodiesterase family. This iso-
enzyme is selectively inhibited by SK&F 94120 and
by a number of positive inotropic agents (Weishaar
et al., 1985).
The present investigation has shown that rat cere-

bral tissue, in contrast to cardiac ventricle, contains
not more than three phosphodiesterases, only one of
which is a Ca2"-independent isoenzyme with a high
affinity for cyclic AMP. The detection of two forms
of Ca2+/calmodulin-stimulated phosphodiesterase in
cerebral tissue confirms previous findings (Kincaid et
al., 1984; Strada et al., 1984). Both Ca2+/calmodulin-
stimulated phosphodiesterases have low affinity for
cyclic AMP. This contrasts with the cardiac ventri-
cle, where the Ca2+/calmodulin-stimulated enzyme,
as shown in the present study and previously by
others (Reeves et al., 1987) has a high affinity for
cyclic AMP.
With the presently available separation techniques

it is not possible to ensure that all forms of phospho-
diesterase will be resolved, that the isoenzymes will
be separated in their physiological state or that the
relative recovery of the different phosphodiesterase
isoenzymes will be identical between tissues (see
Appleman et al., 1982, for further discussion of these
points). However, there is strong evidence that two
Ca2"-independent phosphodiesterases with a high
affinity for cyclic AMP do co-exist in tissues and
that they are not simply separation artefacts. The
two such cyclic AMP low Km isoenzymes identified
by Reeves et al. (1987) and ourselves display simple
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Michaelis-Menten kinetics, suggesting that the
hyperbolic kinetics for cardiac Ca2"-independent
low Km cyclic AMP phosphodiesterase observed pre-
viously (Weishaar et al., 1985; 1986) were due to the
incomplete separation of two isoenzymes. This sug-
gestion is supported by the findings of ourselves and
others (Yamamoto et al., 1984; Reeves et al., 1987)
that selective inhibitors of the two cyclic AMP phos-
phodiesterase subtypes can be identified. The pre-
sence of two forms of cyclic AMP phosphodiesterase,
which differ in their tissue distribution and which
can be selectively inhibited, suggests that compounds
can be developed to influence selectively tissue func-
tion.

In contrast to theophylline and IBMX, which are
non-selective inhibitors of phosphodiesterase iso-
enzymes (Davis, 1984; Lugnier et al., 1986; Weishaar
et al., 1986), denbufylline selectively inhibits one
form of Ca2"-independent cyclic AMP phosphodi-
esterase in both rat heart and brain. This is the first
account of an alkylxanthine selectively inhibiting a
low Km cyclic AMP phosphodiesterase. Interestingly,
denbufylline has weak inotropic activity (Nicholson,
unpublished information) and little effect on arterial
blood pressure (Angersbach & Ochlich, 1984;
Nicholson & Angersbach, 1986). In contrast, com-
pounds such as SK&F 94120, which selectively
inhibit the denbufylline insensitive, cyclic GMP
inhibited low Km cyclic AMP phosphodiesterase,
produce positive inotropy (Gristwood et al., 1986b)
and have marked vasodilator activity (Gristwood et
al., 1986a). These data support the hypothesis that
selective inhibitors of the different Ca2"-independent
low Km cyclic AMP phosphodiesterases can selec-
tively affect tissue function. Denbufylline improves
recollection of information in mice and gerbils in
which a learning or memory deficit has been induced
by forebrain ischaemia (Nicholson et al., 1988) and,
in this regard, cyclic AMP has been postulated to
influence synaptic efficacy and memory formation
(Goelet et al., 1986; Gray & Johnston, 1987). Conse-
quently, selective inhibition of a cerebral cyclic AMP
phosphodiesterase may account for the enhancing
effect of denbufylline on learning and memory.

In addition to their ability to inhibit the hydro-
lysis of cyclic nucleotides, alkylxanthines are potent
adenosine receptor antagonists (Londons et al, 1978;
Burnstock & Meghji, 1981; Schwabe et al., 1985).
The present study has shown that denbufylline does

bind to adenosine A1 and A2 receptors. However, it
is a more potent inhibitor of cerebral, high-affinity
cyclic AMP phosphodiesterase than of ligand
binding to adenosine receptors. Selective adenosine
receptor antagonists, such as theophylline and caf-
feine, reduce cerebral blood flow (Mathew et al.,
1983; Grome & Stefanovich, 1986). Denbufylline, on
the other hand, increases the blood flow and oxygen
tension of the oligaemic cortex (Nicholson &
Angersbach, 1986) at doses which enhance retention
of information (Nicholson et al., 1988), which indi-
cates that it is not effectively antagonising the effects
of adenosine at these doses. Further evidence for this
is that denbufylline, at doses greater than those
which enhance learning or memory formation,
neither potentiates nor attenuates ischaemia-induced
neuronal damage (Jukna & Nicholson, unpublished
information). Adenosine antagonists and uptake
inhibitors potentiate (Jarrott & Domer, 1980;
Rudolphi et al., 1987a) and reduce (Rudolphi et al.,
1987b) ischaemic neuronal damage, respectively. The
lack of an effect of denbufylline is presumably a
reflection of the relatively low affinity of denbufylline
for neuronal adenosine receptors and the re-uptake
site.

In summary, this investigation has confirmed pre-
vious findings (Reeves et al., 1987) of four cyclic
nucleotide phosphodiesterase isoenzymes in cardiac
tissue. The same separation techniques reveal only
three isoenzymes in cerebral tissue. Denbufylline is
an alkylxanthine which selectively inhibits one form
of Ca2"-independent low Km cyclic AMP phospho-
diesterase. This is one of two such isoenzymes in
cardiac tissue and the sole one in the cerebrum. Den-
bufylline is a weak inhibitor of other forms of cyclic
nucleotide phosphodiesterase and has a relatively
low affinity for extracellular adenosine receptors and
the re-uptake site. The selective inhibition of a cyclic
AMP-specific phosphodiesterase may largely be
responsible for the pharmacological effects of this
compound, particularly as regards the increase in
nutrition and metabolism of the oligaemic cortex
and the enhancement of the retention of information.

The authors thank Elisabeth Fritsch, Susanne Madge and
Wolfgang Langenberg for their technical assistance in this
study and Gudrun Brzezinski for her secretarial work in
preparing the manuscript.
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