
Introduction
Cyclic nucleotides cAMP and cGMP are degraded by at
least 11 families of phosphodiesterases (PDEs 1–11) clas-
sified according to their gene sequence, substrate speci-
ficity, biochemical regulation, and sensitivity to
inhibitors (1, 2). The cAMP-specific PDE4 has attract-
ed considerable attention for the treatment of airway
inflammatory diseases, since its inhibition results in
attenuated inflammatory responses (1, 3, 4). However,
the therapeutic potential of PDE4 inhibitors has been
limited by the side effects of nausea and emesis, observed
both in humans and in various animal species following
the administration of structurally diverse compounds

(5–9). A major challenge in the development of new gen-
erations of PDE4 inhibitors is the improvement of the
therapeutic index of this class of compounds.

PDE4 enzymes use a common binuclear ion center as
the core catalytic machinery (10). The reversible bind-
ing of the cation cofactors (e.g., Mg2+) results in the
presence of two coexisting conformers that bind
inhibitors differently: the holoenzyme (enzyme bound
with Mg2+) and the apoenzyme (free enzyme) (11, 12).
In the past, it was observed that the potency of some
inhibitors (e.g., rolipram) on PDE activity deviated
from their affinity at the high-affinity rolipram bind-
ing site (HARBS); this led to the proposal that
inhibitors with a reduced potency on the HARBS may
have an improved therapeutic index over that of first-
generation compounds (13–15). It has now been clari-
fied that the HARBS corresponds to the holoenzyme
conformer responsible for PDE4 catalysis (11, 12).

The PDE4 family is composed of four subtypes
(PDE4A–D) and multiple splice variants (16). If it were
possible to identify the subtype(s) responsible for the
beneficial and the side effects associated with PDE4 inhi-
bition, then subtype-selective inhibitors devoid of the
tendency to induce nausea and vomiting could be devel-
oped. The mechanism of the emetic response associated
with PDE4 inhibitors is thought to be a consequence of
the inhibition of PDE4 in nontarget tissues (9, 13). It is
believed that PDE4 inhibitors produce a pharmacologi-
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cal response analogous to that of a presynaptic α2-
adrenoceptor inhibition by elevating intracellular levels
of cAMP in noradrenergic neurons. Therefore, by remov-
ing an inhibitory mechanism, PDE4 inhibitors are
thought to modulate the release of mediators (5-HT,
substance P, noradrenaline) involved in the onset of the
emetic reflex (17). The ability of PDE4 inhibitors to
reverse α2-adrenoceptor agonist–mediated anesthesia
confirms the postulate that these inhibitors have effects
similar to those of α2-adrenoceptor antagonists (17–19).
In the presence of a PDE4 inhibitor, the percentage of
animals exhibiting loss of the righting reflex was
reduced, and the duration of anesthesia was shortened
(17–19). It was further demonstrated that assessing the
anesthesia-reversing effect of PDE4 inhibitors is a novel
way of evaluating the emetic potential of this class of
compounds in species that do not have a vomiting reflex
(e.g., rodents) (19). Observations made in rats indicate
that this model is functionally dependent on PDE4, spe-
cific for α2-adrenoceptor agonist–mediated anesthesia,
and related to emesis induced by PDE4 inhibitors (19).
In the present study, a combination of pharmacological
and genetic approaches was used to clarify the roles of
PDE4 subtypes in reversing α2-adrenoceptor–mediated
anesthesia, a behavioral correlate of PDE4 inhibitor–
induced emesis in non-vomiting species. The relative role
of PDE4 subtypes was studied through the use of this
model and of mice deficient in PDE4B and PDE4D.

Methods
Duration of anesthesia. Experiments were performed on
C57BL/6 mice (male, 15–28 g) obtained from Taconic
(Germantown, New York, USA), on 129SvJ mice (male,
23–28 g) from The Jackson Laboratory (Bar Harbor,
Maine, USA), or on PDE4B- and PDE4D-deficient
mice and their littermates (male, 14–48 g) generated at
Stanford University on the mixed background
C57BL/6 × 129/Ola (20, 21). They were housed in a
temperature- and humidity-controlled environment,
in groups of four or five, with food and water available
ad libitum. A period of 5 to 6 days of acclimatization
was allowed prior to experimentation. Experimental
procedures were approved by the Animal Care Com-
mittee at Merck Frosst Centre for Therapeutic
Research, in accordance with the guidelines of the
Canadian Council on Animal Care.

Experiments were conducted following procedures
previously described (17, 19). Briefly, mice were anes-
thetized with the combination of xylazine (10 mg/kg)
and ketamine (80 mg/kg) or with sodium pentobarbital
(50 mg/kg) administered in a single intraperitoneal
injection. Fifteen minutes later, the animals were inject-
ed subcutaneously with various concentrations of test
compound (0.001–30 mg/kg) or vehicle and were subse-
quently placed in dorsal recumbency. All test com-
pounds were freshly dissolved in 60% (vol/vol) polyeth-
ylene glycol (PEG; molecular weight 200) in saline each
day and administered in a dosing volume of 10 µl/g of
body weight. The return of the righting reflex (i.e., when

the animal no longer remained on its back and turned
itself spontaneously to prone position) was used as an
endpoint to measure the duration of anesthesia. Under
sodium pentobarbital–induced anesthesia, the experi-
ments were terminated at 120 minutes after test com-
pound injection. For animals that had not restored their
righting reflex by that time, we recorded the maximal
amount of time allowed.

Plasma and brain tissue. At the end of the experiment,
samples of plasma and brain tissue were collected for
quantification of test compounds. One hour after dos-
ing, sampling was performed from the group treated
with the highest dose of the test compound in ques-
tion. The animals were euthanized with a CO2 cham-
ber. The blood was collected by cardiac puncture in
heparinized microtubes (Becton Dickinson and Co.,
Franklin Lakes, New Jersey, USA) and centrifuged for 5
minutes (5,585 g; VWR scientific microcentrifuge,
model V; VWR Canlab, Mississauga, Ontario, Canada),
and the plasma was stored at –80°C. The animals were
perfused with 15 ml of saline via the left ventricle, and
the brains were removed and stored at –80°C until ana-
lyzed. The samples were analyzed either by HPLC
(Alliance Waters 960; Waters Corp., Milford, Massa-
chusetts, USA) or by liquid chromatography coupled
to mass spectrometry (API 100 and API 2000; MDS
Sciex, Concord, Ontario, Canada).

PDE4 assays. Four representative human enzymes,
PDE4A248 (HSPDE4A4B248-886) and its PDE4B, PDE4C,
and PDE4D equivalents, with the divergent N-termini
of the splice variants truncated at the conserved Gln-
Thr dipeptide upstream of the catalytic domain for each
PDE4 subtype, were expressed as GST fusion proteins
and purified to homogeneity from Sf9 cells according
to the published procedure (11). IC50 values (mean ± SD,
n ≥ 3) of inhibitors were determined from an 11-point
dose-response curve performed in duplicate at 0.1 µM
3H-cAMP in 20 mM HEPES (pH 7.5), 10 mM MgCl2, 1
mM EDTA, and 100 mM KCl at 30°C (12).

Brain stems were dissected from PDE4B- and PDE4D-
deficient mice and their wild-type littermates and were
homogenized in hypotonic buffer containing protease
inhibitors (22). Aliquots of homogenates were assayed
for PDE activity using 1 µM cAMP as substrate. PDE
activity was assessed in the absence (total activity) or
presence of 10 µM rolipram (rolipram-insensitive activ-
ity). The rolipram-sensitive activity (PDE4 activity) was
obtained by subtracting the rolipram-insensitive activ-
ity from the total PDE activity. Values were corrected for
the amount of extract protein added to the assay.

Western blot analysis. Brain stems were dissected from
adult PDE4B- and PDE4D-deficient mice and their
wild-type littermates and immediately homogenized
(30 strokes in a Dounce homogenizer) in a buffer con-
taining 50 mM Tris-Cl (pH 7.5), 250 mM NaCl, 5%
glycerol, 10 mM NaF, 1 mM EDTA, 0.2 mM EGTA, 10
mM sodium pyrophosphate, 1 mM sodium ortho-
vanadate, a protease inhibitor mixture (Roche Applied
Science, Indianapolis, Indiana, USA), 1 mM Pefabloc
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SC (Roche Diagnostics), 1% NP-40, and 10 mM β-mer-
captoethanol. After centrifugation at 16,000 g for 20
minutes, the supernatant was immunoprecipitated
with a PDE4D-specific mAb, M3S1, or a PDE4B-spe-
cific polyclonal antibody, K118. The immunoprecipi-
tated PDE4D and PDE4B proteins were further detect-
ed by Western blot analysis using a PDE4D-specific
mAb, 61D10E (a gift from ICOS Corp., Bothell, Wash-
ington, USA), or a PDE4B-specific polyclonal anti-
body, K118, respectively. The immunoprecipitation
and Western blotting procedures were carried out as
previously described (23).

Data presentation and statistical evaluation. The duration
of anesthesia, following a given treatment, is expressed
in time (minutes). Comparisons between vehicle- and
test compound–treated mice were performed in sepa-
rate animals, and each animal was used to generate
only one data point at any given concentration of drug
treatment. All data in the text and figures are expressed
as the mean ± SEM, and n represents the number of
animals tested for each concentration of test com-
pound (n = 5 unless indicated otherwise). Statistically
significant differences among groups were determined
using ANOVA with multiple comparisons (Bonferroni
test). Differences were considered to be statistically sig-
nificant for P values less than 0.05.

Drugs. The PDE4 inhibitors (R)-rolipram, (S)-roli-
pram (15), and 6-(4-pyridylmethyl)-8-(3-nitrophenyl)-
quinoline (PMNPQ) (24) were synthesized at Merck
Research Laboratories (Montreal, Quebec, Canada).
(R)-N-{4-[1-(3-cyclopentyloxy-4-methoxyphenyl)-2-(4-
pyridyl)ethyl]phenyl}N′-ethylurea (CT-2450) (25) was
synthesized at Celltech Pharmaceuticals Ltd. (Slough,
United Kingdom). Their potency against the PDE4
subtypes is presented in Table 1. The biochemical char-
acterization of PMNPQ was previously published
under the incorrect name of RS14203 following a mis-
take in the identification of the compound (11, 26).
The following drugs and test compounds were also
used: erythro-9-(2-hydroxy-3-nonyl)adenine hydro-
chloride (EHNA; BIOMOL Research Laboratories Inc.,
Plymouth Meeting, Pennsylvania, USA), milrinone and
dipyridamole (Sigma-Aldrich Canada Ltd., Oakville,
Ontario, Canada), xylazine (Rompun; Bayer, Etobicoke,
Ontario, Canada), ketamine (Ketaset; Ayerst, Montre-
al, Quebec, Canada), polyethylene glycol (PEG; molec-
ular weight 200; Sigma, Milwaukee, Wisconsin, USA),
vinpocetine and dipyridamole (Tocris Cookson Inc.,
Ballwin, Missouri, USA), sodium pentobarbital (Som-
notol; MTC Pharmaceuticals, Cambridge, Ontario,
Canada), and MK-912 (synthesized at Merck Research
Laboratories, Rahway, New Jersey, USA).

Results

C57BL/6 mice

Duration of anesthesia. In C57BL/6 mice, the combined
administration of xylazine (10 mg/kg) and ketamine
(80 mg/kg) induced loss of righting reflex within 15

minutes following injection. The duration of anes-
thesia measured was approximately 50 minutes. A
difference in the anesthesia period could be seen
when using a different strain of mice (129SvJ strain:
35 ± 2 min; n = 8). In C57BL/6 mice, the duration of
anesthesia induced by the xylazine/ketamine combi-
nation was significantly reduced by the administra-
tion of MK-912, a potent and brain-penetrant α2-
antagonist (27) (Figure 1).

PDE inhibitors. The roles of various PDEs in the hyp-
notic effect of the α2-adrenoceptor–mediated anes-
thetic regimen were studied using selective and mixed-
type PDE inhibitors. Vinpocetine (PDE1 inhibitor),
EHNA (PDE2 inhibitor), milrinone (PDE3 inhibitor),
and dipyridamole (PDE5/6/9/10/11 inhibitor) (28) had
no significant effect on the duration of xylazine/keta-
mine–induced anesthesia at the doses tested (3–30
mg/kg, subcutaneously) (Figure 2a). In contrast,
PMNPQ (PDE4 inhibitor; 0.001–1 mg/kg, subcuta-
neously) reduced the duration of anesthesia in a dose-
dependent manner (Figure 2). PMNPQ was the most
potent PDE4 inhibitor tested in this model, followed in
potency by (R)-rolipram and (S)-rolipram (the less
active enantiomer) (Figure 2b). CT-2450 had no effect
at the doses tested (3–30 mg/kg) following a subcuta-
neous administration (Figure 2b).

To rule out the possibility of a decreased absorption
or distribution to the brain of the inactive PDE
inhibitors tested, samples of plasma and brain tissue
were collected at the end of the experiment from treat-
ed animals. Analysis of these samples revealed signifi-
cant amounts of the PDE inhibitors both in plasma
and in brain tissue (Table 2).

Sodium pentobarbital. The ability of the PDE4 inhibitor
PMNPQ to reduce the duration of anesthesia was test-
ed against an anesthetic regimen that was not α2-
adrenoceptor–mediated (sodium pentobarbital, 50
mg/kg, intraperitoneally) (29). Under these experi-
mental conditions, vehicle-treated C57BL/6 mice slept
for a mean period of 98 ± 5 minutes (n = 4). The dura-
tion of anesthesia was affected neither by 3 mg/kg sub-
cutaneous MK-912 (96 ± 6 minutes; n = 6) nor by 0.1–1
mg/kg subcutaneous PMNPQ (103 ± 2 minutes at
highest dose; n = 5).
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Table 1
Potency of structurally diverse PDE4 inhibitors against human PDE4
subtypes

Compounds IC50 (nM)

PDE4A PDE4B PDE4C PDE4D

PMNPQ 0.07 ± 0.01 0.05 ± 0.01 0.14 ± 0.07 0.08 ± 0.04
(R)-rolipram 3.5 ± 2 5.5 ± 4 32 ± 20 4 ± 2
(S)-rolipram 47 ± 24 130 ± 50 700 ± 500 29 ± 18
CT-2450 0.9 ± 0.6 0.7 ± 0.4 1.6 ± 0.9 0.5 ± 0.4

IC50 values (mean ± SD, n ≥ 3) were determined using GST-PDE4A248 and its
PDE4B, PDE4C, and PDE4D equivalents (11). Under these conditions, the
IC50 values were similar to the apparent KI values.



Characterization of the PDE4D-deficient and
PDE4B-deficient mouse phenotypes

PDE protein expression and activity. The hypnotic action of
α2-adrenoceptor agonists is mediated at the brain stem
level (30). Western blot analysis demonstrated that
immunoreactive PDE4D and PDE4B could not be
detected in brain stems of PDE4D-deficient and
PDE4B-deficient mice, respectively (Figure 3). cAMP
hydrolysis was measured in brain stem extracts from
PDE4D- and PDE4B-deficient mice and their respective
wild-type littermates in the presence or absence of 10
µM of rolipram. Total PDE activity was decreased in the
PDE4D-deficient mice compared with their wild-type
littermates. This attenuated PDE activity was solely due
to a decrease in rolipram-sensitive PDE activity (PDE4
activity) (Figure 4a). In contrast, no significant changes
in the total or in the rolipram-sensitive PDE activity
were observed in the PDE4B-deficient mice compared
with their wild-type littermates (Figure 4b).

Duration of anesthesia. The contribution of PDE4B and
PDE4D to the anesthesia-reversing effect of PDE4
inhibitors was evaluated using mice deficient in either
subtype and their littermates. Loss of righting reflex
was observed in all mice during the first 15 minutes fol-
lowing administration of the xylazine (10 mg/kg)/ket-
amine (80 mg/kg) combination, independent of the
genotype. Under vehicle conditions, anesthesia lasted
an average of 37 ± 6 minutes (n = 7) in PDE4B wild-type
mice and 32 ± 4 minutes in the PDE4D wild-type ones.
Although the PDE4B-deficient mice exhibited a dura-
tion of anesthesia similar to that of their wild-type and
heterozygote littermates (Figure 5b), the PDE4D-defi-
cient mice had shorter duration of anesthesia under
vehicle treatment compared with their wild-type litter-
mates (Figure 5a). However, under sodium pentobar-
bital–induced anesthesia (50 mg/kg, intraperitoneally),
the PDE4D-deficient mice had a sleeping time (71 ± 11
minutes; n = 6) similar to that of their heterozygote 
(70 ± 13 minutes; n = 6) or wild-type littermates (71 ± 16
minutes; n = 6).

α2-Antagonist. Compared with vehicle treatment, MK-
912 (1 mg/kg, subcutaneously; positive control) signif-
icantly reduced the duration of anesthesia of all mice
independent of their genotype. In PDE4D- and
PDE4B-deficient mice the reduction in the anesthesia
period was similar in magnitude to that observed in
their wild-type and heterozygote littermates (Figure 5).

PDE4 inhibitor. The contribution of PDE4 subtypes
other than PDE4B and PDE4D was evaluated in this
model by treatment of PDE4B- and PDE4D-defi-
cient mice with the PDE4 inhibitor PMNPQ (0.3
mg/kg, subcutaneously). Treatment with PMNPQ
significantly reduced the duration of anesthesia
induced by the combination of xylazine and keta-
mine in the PDE4B-deficient mice (60% ± 14%) as
well as in the wild-type (60% ± 9%) and heterozygote
mice (58% ± 9%) compared with their respective vehi-
cle-treated littermates (Figure 5b).

In the PDE4D mice, treatment with PMNPQ also sig-
nificantly reduced the duration of anesthesia induced
by the combination of xylazine and ketamine in the
wild-type mice compared with their vehicle-treated lit-
termates (49% ± 10%) (Figure 5a). In contrast, the dura-
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Figure 1
Effect of MK-912 on the duration of anesthesia induced by the com-
bination of xylazine (10 mg/kg) and ketamine (80 mg/kg) in C57BL/6
mice. Fifteen minutes after the induction of anesthesia, mice were
injected with increasing doses of MK-912 (n = 5 per dose) or vehicle
(PEG 60%; n = 34). The duration of anesthesia was assessed by the
return of the righting reflex. Results are expressed as mean ± SEM.
*Significantly different from vehicle group at P < 0.05.

Table 2
Plasma and brain concentrations of PDE inhibitors

Type PDE inhibitor Dose Brain concentration Plasma concentration n Human whole-blood TNF-α
(mg/kg, s.c.) (µM; 1 hour post-dosing) (µM; 1 hour post-dosing) inhibition IC50 (µM)

1 Vinpocetine 30 6.78 ± 2.56 0.87 ± 0.39 5 20 µM: 6% inhibitionA

2 EHNA 30 8.61 ± 1.96 12.01 ± 2.54 4 20 µM: 21% inhibitionA

3 Milrinone 30 11 ± 3.98 107 ± 8.4 6 20–29A,B

4 PMNPQ 1 0.42 ± 0.06 0.11 ± 0.01 6 0.05B

4 (R)-rolipram 1 0.43 ± 0.04 0.24 ± 0.05 6 2.2B

4 (S)-rolipram 1 0.48 ± 0.09 0.42 ± 0.1 6 8.5B

4 CT-2450 30 0.38 ± 0.13 4.65 ± 0.3 6 2.5C

5/6/9/10/11 Dipyridamole 30 0.13 ± 0.04 3.84 ± 1.55 5 37B

AValue taken from ref. 39. BValue taken from ref. 26. CValue taken from ref. 15. s.c., subcutaneously.



tion of anesthesia was not significantly modified in the
PDE4D-deficient mice treated with PMNPQ compared
with their respective vehicle-treated littermates (reduc-
tion of 27% ± 7%). An intermediate effect was observed
in the group of PDE4D-heterozygote mice treated with
PMNPQ (mean reduction of 36% ± 10%) (Figure 5a).

Discussion
The administration of many PDE4 inhibitors has been
associated with the side effect of nausea and vomiting.
These debilitating adverse events are a significant issue
in the therapeutic use of PDE4 inhibitors. Conse-
quently the improvement of the therapeutic window of
new generations of PDE4 inhibitors has been a major
challenge. It has been previously suggested that the
activity on the HARBS of PDE4 correlates with the side
effects of emesis and that, hence, PDE4 inhibitors
exhibiting a reduced activity on this conformer should
have attenuated side effects (13, 15, 31). However, it has
now been clarified that the HARBS coincides with the
holoenzyme responsible for PDE4 catalysis (11, 12).

An alternative approach to improving the therapeu-
tic index of new generations of PDE4 inhibitors would
be to design PDE4 subtype–selective inhibitors, if it
could be shown that nausea and vomiting are depend-
ent on a specific PDE4 subtype. The recent demon-
stration that the emetic potential of PDE4 inhibitors
can be assessed in non-vomiting species (e.g., rodents)
has opened the possibility of using a genetic approach
to evaluate the role of specific PDE4 subtypes in
knockout mice (17, 19).

It has been shown that the ability of PDE4
inhibitors to reduce the duration of anesthesia
induced by an α2-adrenoceptor agonist–mediated

anesthetic regimen (xylazine/ketamine)
can be used as a behavioral correlate of
emesis in non-vomiting species (e.g.,
rodents) (17, 19). Our present findings
in normal mice are in agreement with
this notion. As previously observed in
rats (19), PDE4 plays a pivotal role in
anesthesia induced by α2-adrenoceptor
activation in mice. The administration
of PDE4 inhibitors significantly and
specifically reduced the duration of
anesthesia induced by the xylazine/ket-
amine combination. Furthermore, the
potency of the various PDE4 inhibitors
in reducing the anesthesia period in
mice was reflective of their respective
propensity to induce emesis in ferrets
(9). The tendency of PDE4 inhibitors to
reduce the anesthesia period was corre-
lated with the proportion of com-
pound present in the brain relative to
plasma [PMNPQ, 391% ± 55%; (R)-
rolipram, 291% ± 37%; (S)-rolipram,
114% ± 20%; CT-2450, 9% ± 3%]. How-
ever, it is important to note that the

concentrations of the various PDE4 inhibitors in the
brain were studied at the end of the experiment (1
hour after dosing) rather than at wake-up time. With
the readily brain-permeable PDE4 inhibitors (PMNPQ,
(R)-rolipram, and (S)-rolipram), the ability to shorten
the duration of anesthesia correlated with the poten-
cy of inhibition of PDE4 enzyme and inhibition of
TNF-α release from LPS-stimulated whole blood, a
cellular marker of nonselective PDE4 inhibition (32).
CT-2450, which was more potent than (R)- or (S)-
rolipram in the PDE4 enzyme assay, was less active at
reducing the anesthesia period. This is probably relat-
ed to its weak capacity for brain penetration or to its
pharmacokinetics. Nevertheless, since the absolute
brain concentration of CT-2450 was similar to that of
the other PDE4 inhibitors studied, it is possible that
CT-2450 further fractionates within specific areas of
the brain because of its limited partitioning between
plasma and brain.
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Figure 2
Effect of PDE inhibitors on the duration of anesthesia induced by the combination of
xylazine (10 mg/kg) and ketamine (80 mg/kg) in C57BL/6 mice. Fifteen minutes after
the induction of anesthesia, mice were injected with (a) increasing doses of vinpocetine
(PDE1 inhibitor; n = 5 per dose), EHNA (PDE2 inhibitor; n = 4–8 per dose), milrinone
(PDE3 inhibitor; n = 2–6 per dose), PMNPQ (PDE4 inhibitor; n = 5 per dose), dipyri-
damole (PDE5/6/9/10/11 inhibitor; n = 4–5 per dose) or vehicle (PEG 60%; n = 34); or
(b) increasing doses of PMNPQ, (R)-rolipram, (S)-rolipram, CT-2450 (n = 5 per dose
tested), or vehicle (PEG 60%; n = 34). The duration of anesthesia was assessed by the
return of the righting reflex. Results are expressed as mean ± SEM. *Significantly dif-
ferent from vehicle group at P < 0.05.

Figure 3
Western blot analysis from the brain stem of PDE4D- and PDE4B-
deficient mice and their wild-type littermates. Left: Expression of
PDE4D proteins in the brain stem of PDE4D-deficient mice (–/–)
and their wild-type littermates (+/+). A mixture of recombinant
PDE4D3 and PDE4D5 (Rec) was loaded for control. Right: Expres-
sion of PDE4B proteins in the brain stem of PDE4B-deficient mice
(–/–) and their wild-type littermates (+/+).



The contribution of the different subtypes of PDE4
to the anesthesia-reversing effect of PDE4 inhibitors
was evaluated using mice that were deficient in PDE4D
and PDE4B. Loss of the righting reflex following injec-
tion with the α2-adrenoceptor agonist–mediated anes-
thetic regimen occurred in all mice, independent of
their genotype. Moreover, following treatment with
MK-912, a significant genotype-independent reduction
in the duration of the anesthesia was observed, sug-
gesting the presence of a functional cell surface α2-
adrenoceptor in all groups of mice.

While PDE4B-deficient mice injected with xylazine/
ketamine had a duration of anesthesia similar to that
of their wild-type or heterozygote littermates, PDE4D-
deficient mice had a shorter sleeping time compared
with their wild-type littermates. However, no genotype-
related differences were seen in PDE4D-deficient mice
under sodium pentobarbital–induced anesthesia. The
anesthetic effect of sodium pentobarbital is mediated
not by the α2-adrenoceptor, but rather through an
enhancement of the γ-aminobutyric acid–mediated
(GABA-mediated) inhibition of synaptic transmission
(29). Taken together, these results indicate that
PDE4D, but not PDE4B, has a modulating effect on
the activity of the α2A-adrenoceptor, the receptor sub-
type responsible for the hypnotic effect of α2-adreno-
ceptor agonists (19, 33).

The hypnotic action of α2-adrenoceptor agonists is
believed to be mediated at the locus coeruleus (30).

Both ascending and descending noradrenergic fibers
originate from that brain stem nucleus to innervate
the CNS (34). Consistently, PDE4D-deficient mice
showed a decrease in rolipram-sensitive PDE activity
in the brain stem, compared with their wild-type lit-
termates. Although immunoreactive PDE4B was
detected in the hindbrain, the contribution of this
subtype to the overall PDE activity must be minimal
since no changes were observed in PDE4B-deficient
mice. The α2-adrenoceptor is negatively coupled to
adenylyl cyclase, and the inhibition of the activity of
adenylyl cyclase is believed to play a critical role in the
hypnotic effect of α2-adrenoceptor agonists (18).
Hence, by elevating the intracellular levels of cAMP,
the inhibition of PDE4D may trigger a series of down-
stream events offsetting the anesthesia induced by 
α2-adrenoceptor agonists.

We studied the possible role of PDE4 subtypes other
than PDE4D or PDE4B in this model by evaluating
the effect of PMNPQ (pan-specific PDE4 inhibitor) on
the duration of anesthesia induced by xylazine/keta-
mine in PDE4D- and PDE4B-deficient mice and their
littermates. In contrast to what was observed with
PDE4B-deficient mice and with PDE4D wild-type
mice, the pharmacological inhibition of the remaining
PDE4 subtypes in the PDE4D-deficient mice with
PMNPQ had no effect on the duration of anesthesia
compared with that of the vehicle-treated PDE4D-
deficient mice. Thus, these observations demonstrate
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Figure 4
PDE activity in the brain stem of PDE4D-deficient (a) and
PDE4B-deficient (b) mice and their wild-type littermates.
PDE activity was determined using 1 µM cAMP as substrate
in the absence (total activity) or presence (rolipram-insensi-
tive activity) of 10 µM rolipram. The rolipram-sensitive activ-
ity (PDE4 activity) was obtained by subtracting the rolipram-
insensitive activity from the total PDE activity. Values were
corrected for the amount of protein added to the assay.
Results are expressed as mean ± SEM (n = 3–9). *Signifi-
cantly different at P < 0.05.

Figure 5
Effect of MK-912 and PMNPQ on the duration of
anesthesia induced by the combination of xylazine
(10 mg/kg) and ketamine (80 mg/kg) in PDE4D-
deficient (a) and PDE4B-deficient (b) mice (–/–)
and their littermates (wild-type, +/+; heterozygote,
+/–). Fifteen minutes after the induction of anes-
thesia, mice were injected with MK-912 (1 mg/kg,
subcutaneously), PMNPQ (0.3 mg/kg, subcuta-
neously), or vehicle (PEG 60%). The duration of
anesthesia was assessed by the return of the right-
ing reflex. Results are expressed as mean ± SEM.
*Significantly different at P < 0.05.



that inhibition of PDE4D is playing a key role in the
reduction of the duration of anesthesia seen with the
PDE4 inhibitor PMNPQ. In agreement with this view,
it is interesting that the pharmacological inhibition of
all subtypes of PDE4 with the pan-specific inhibitor
PMNPQ in the wild-type PDE4D mice produced a
reduction in the duration of anesthesia similar in mag-
nitude to that produced by the single genetic inactiva-
tion of PDE4D (Figure 5).

The fact that MK-912 was effective at reversing the
duration of anesthesia in PDE4D-deficient mice while
PMNPQ was not suggests that these two agents pro-
duce their pharmacological actions by different mech-
anisms. MK-912 is an α2-adrenoceptor antagonist (27)
and is thought to reverse the anesthetic effect of
xylazine/ketamine by displacing the agonist at the cell
surface receptor level. In contrast, the PDE4 inhibitor
PMNPQ is believed to produce its effect via the intra-
cellular inhibition of PDE4D, as discussed above. Since
this particular subtype is inactivated in PDE4D-defi-
cient mice, no further decrease in the duration of anes-
thesia could be achieved with PMNPQ.

The present findings support a critical role of
PDE4D in α2A-adrenoceptor signaling. In situ
hybridization of the rat brain using 35S-RNA probes
revealed that only α2A mRNA was detected in the
locus coeruleus, giving the most intense signal of the
entire brain (35). Moreover, the expression of α2A

mRNA in noradrenergic neurons strongly suggests
that this subtype of the α2-adrenoceptor functions as
a presynaptic autoreceptor (35). Thus, the genetic
inactivation of PDE4D may produce an elevated level
of intracellular cAMP in presynaptic sympathetic neu-
rons, opposing the inhibitory mechanism associated
with the activation of the α2A-adrenoceptor. Conse-
quently, it may imply that PDE4D-deficient mice have
an exaggerated sympathetic nerve activity compared
with wild-type mice under stress conditions. This
would be consistent with the observation that
PDE4D-deficient mice had a reduced sleeping time
under xylazine/ketamine–induced anesthesia.

In conclusion, on the basis of the present functional
study, we propose that PDE4D is the subtype respon-
sible for the emetic side effect associated with the
administration of pan-specific PDE4 inhibitors. The
nature of the PDE4D splice variant involved remains
to be determined, along with its phosphorylation sta-
tus, since phosphorylation has been shown to influ-
ence the potency of certain PDE4 inhibitors in increas-
ing cAMP concentrations (36–38). Furthermore, the
possible contribution(s) of PDE4A and/or PDE4C
remains to be investigated.
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