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The influence of chronic antidepressant administration on ex-
pression of the three major phosphodiesterase (PDE) 4 sub-
types found in brain (PDE4A, PDE4B, and PDE4D) was exam-
ined. The treatments tested included representatives of four
major classes of antidepressants: selective reuptake inhibitors
of serotonin (sertraline and fluoxetine) or norepinephrine (desi-
pramine), a monoamine oxidase inhibitor (tranylcypromine), and
electroconvulsive seizure. Expression of PDE4A and PDE4B,
but not PDE4D, mRNA and immunoreactivity were significantly
increased in rat frontal cortex by chronic administration of each
of the four classes of antidepressants. We also found that
antidepressant administration significantly increased the ex-
pression of PDE4B mRNA in the nucleus accumbens, a brain
region thought to mediate pleasure and reward that could also

contribute to the anhedonia often observed in depressed pa-
tients. In contrast, expression of PDE4A and PDE4B were not
influenced by short-term treatment (1 or 7 d) and were not
influenced by chronic administration of nonantidepressant psy-
chotropic drugs (cocaine or haloperidol), demonstrating the
time dependence and pharmacological specificity of these ef-
fects. Upregulation of PDE4A and PDE4B may represent a
compensatory response to antidepressant treatment and acti-
vation of the cAMP system. The possibility that targeted inhi-
bition of these PDE4 subtypes may produce an antidepressant
effect is discussed.
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Although antidepressant drugs are widely prescribed for a variety
of affective illnesses, the molecular and cellular adaptations that
underlie the therapeutic action of these treatments have remained
obscure. Moreover, the targets for development of therapeutic
agents have remained primarily unchanged over the past 40 years
(i.e., inhibition of monoamine reuptake and metabolism). Recent
studies have demonstrated adaptations at several levels of the
cAMP signal transduction cascade in response to antidepressant
treatments, including increased coupling of stimulatory G-protein
and adenylyl cyclase (Ozawa and Rasenick, 1991), increased
levels of cAMP-dependent protein kinase (Nestler et al., 1989;
Perez et al., 1989, 1991), and increased expression and function of
the cAMP response element binding protein (CREB) (Nibuya et
al., 1996). These findings support the hypothesis that the action of
antidepressant treatment is mediated, in part, by increased func-
tion of the cAMP signal transduction cascade (Duman et al.,
1997).

The possibility that the cAMP system is involved in the mech-
anism of action of antidepressants is supported by basic and
clinical studies of inhibitors of phosphodiesterase (PDE), the
enzyme responsible for metabolism of cAMP. Preclinical studies
demonstrate that PDE inhibitors have antidepressant-like effects
in behavioral models (Wachtel and Schneider, 1986; Griebel et

al., 1991; O’Donnell, 1993). Moreover, clinical trials demonstrate
that rolipram, a specific inhibitor of the high-affinity cAMP PDE
(PDE4), has antidepressant efficacy in depressed patients
(Horowski and Sastre-Y-Hernandez, 1985; Bobon et al., 1988;
Fleischhacker et al., 1992). Treatment with papaverine, a non-
specific PDE inhibitor, was also found to have antidepressant
efficacy in a case report (Malison et al., 1997). However, the
clinical use of PDE inhibitors as antidepressants has been limited
because of their side effects, most notably nausea.

The molecular identification of several different PDE4 sub-
types raises the possibility that there is one isoform that mediates
the antidepressant action of rolipram but not the side effects.
Within the PDE4 family, which is one of at least nine major PDE
families, there are four subtypes, referred to as PDE4A–PDE4D
(Beavo, 1994; Conti et al., 1995; Conti and Jin, 1999). Three of
these (PDE4A, PDE4B, and PDE4D) are expressed at relatively
high levels in brain, whereas the fourth subtype (PDE4C) is very
low or not present in most brain regions (Engels et al., 1995; Iona
et al., 1998).

In the present study, we examined the influence of chronic
antidepressant treatment on the expression of PDE4 isoforms in
brain in an attempt to identify a subtype(s) that is involved in
antidepressant action. This approach is based on the finding that
expression of PDE4 is induced by activation of the cAMP system
(for review, see Conti et al., 1995; Conti and Jin, 1999) and that
antidepressant treatment activates the cAMP cascade. This sug-
gests that the relevant PDE4 isoform(s) would be upregulated by
antidepressant treatment. In support of this possibility, a recent
study has demonstrated that PDE4A immunoreactivity is in-
creased by administration of desipramine (Ye et al., 1997). The
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present study extends this work by demonstrating that levels of
PDE4A and PDE4B, but not PDE4D, are upregulated by several
different classes of antidepressant treatment but not by nonan-
tidepressant psychotropic drugs.

MATERIALS AND METHODS
Animals and treatment paradigms. Male Sprague Dawley rats (150–200
gm) (CAMM, Wayne, NJ) were group housed and maintained on a 12 hr
light /dark cycle with food and water available ad libitum. All treatments
were according to standard protocols as described previously (Nibuya et
al., 1995, 1996). Rats were administered (once daily) electroconvulsive
seizure (ECS) via earclip electrodes (50 mA, 0.3 sec) or received sham
treatment (handled identically as those that received ECS but without
electrical stimulation). For drug treatments, groups of rats were admin-
istered tranylcypromine (7.5 mg/kg for 7 d, then 10 mg/kg for 7 d),
desipramine (15 mg/kg), sertraline (10 mg/kg), fluoxetine (5 mg/kg),
haloperidol (2 mg/kg), cocaine (15 mg/kg), or vehicle (DMSO for all
treatments) once daily for 14 d via intraperitoneal injection. Animals
were decapitated 3 hr after the last treatment in all cases, except for ECS
in which animals were decapitated 2 hr after the last ECS treatment.
Brains were removed and frozen immediately on dry ice for in situ
hybridization, or sections of frontal cortex and hippocampus were dis-
sected and frozen on dry ice for either Northern blot or immunoblot
analysis as described below. All animal use procedures were in strict
accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the Yale Animal Care
and Use Committee. The drugs used for these studies were obtained
from the following sources: tranylcypromine, desipramine, and haloper-
idol were purchased from Sigma (St. Louis, MO); fluoxetine was pro-
vided by Lilly Research Laboratories (Indianapolis, IN); sertraline was
obtained from Pfizer Central Research (Groton, CT); and cocaine was
obtained from the National Institute on Drug Abuse (Baltimore, MD).

In situ hybridization analysis. Analysis of PDE4A, PDE4B, and PDE4D
mRNA by in situ hybridization was conducted as described previously by
this laboratory (Nibuya et al., 1995). PDE4A-, PDE4B-, and PDE4D-
specific cDNA clones were used to generate 35S-labeled riboprobes.
Coronal brain sections were hybridized with 35S-labeled PDE4 subtype
riboprobes (10 6 cpm/section) for 18 hr at 55°C in buffer containing 50%
formamide, 0.6 M NaCl, 10 mM Tris, 13 Denhardt’s solution, 2 mM
EDTA, 10 mM DTT, 10% dextran sulfate, 50 mg/ml salmon sperm DNA,
and 250 mg/ml tRNA. The sections were washed in 23 SSC at 25°C and
then treated with 20 mg/ml RNase A for 45 min in 0.5 M NaCl, 10 mM
Tris, and 1 mM EDTA. The sections were then washed twice in 0.23 SSC
at 55°C, 30 min per wash. The sections were dried, exposed to Hyperfilm
(Amersham, Arlington Heights, IL), and subsequently counterstained
with cresyl violet to allow alignment with the autoradiogram. The spec-
ificity of the hybridization was confirmed by demonstrating that 35S-
labeled sense PDE4A, PDE4B, and PDE4D riboprobes did not yield any
significant hybridization (data not shown).

Northern blot analysis. Total RNA was isolated from sections of frontal
cortex or hippocampus by the guanidine isothiocyanate–cesium chloride
centrifugation method, and levels of PDE4 subtype mRNA was deter-
mined by Northern blot analysis (Nibuya et al., 1995). PDE4A, PDE4B,
and PDE4D cDNA clones were used to generate 32P-labeled riboprobes.
Briefly, 20 mg of total RNA was electrophoresed on a 1% agarose gel, and
the RNA was transferred to nitrocellulose filters. The resulting filters
were then incubated with the 32P-labeled PDE4 riboprobes for 18 hr at
65°C and washed in 23 SSC (0.15 M NaCl and 0.015 M sodium citrate, pH
7.0) and 0.1% SDS at 65°C for 30 min, and then twice in 0.23 SSC and
0.1% SDS at 65°C for 60 min. Levels of total RNA for each lane were
determined by reprobing the nitrocellulose filters with a 32P-labeled
cyclophilin cDNA probe, which was radiolabeled using a random prime
kit (Stratagene, La Jolla, CA). The radiolabeled mRNA bands were
visualized by autoradiography and quantified with a laser densitometer.
The level of PDE4 subtype mRNA was normalized to cyclophilin mRNA
levels to account for differences in the amount of RNA per lane.

Immunoblot analysis. After decapitation, brains were removed rapidly,
and the frontal cortex and hippocampus were dissected and frozen on dry
ice. The hippocampus was homogenized (50 mg wet weight /ml) in 1%
SDS, and each sample (10–40 mg of protein) was subjected to SDS-
PAGE as described previously (Beitner-Johnson et al., 1992). Final
concentrations of samples were adjusted to contain the following: 50 mM
Tris, pH 6.7, 4% glycerol, 4% SDS, 2% b-mercaptoethanol, and bromo-
phenol blue as a marker. Samples were boiled for 3 min and loaded onto

7.5% acrylamide–0.8% bisacrylamide resolving gels. Proteins in gels
were then electrophoretically transferred to nitrocellulose. After electro-
phoretic transfer, the nitrocellulose filters were incubated in immunoblot
buffer [2% milk in a buffer containing 10 mM sodium phosphate, pH 7.2,
140 mM NaCl, and 0.05% Tween 20 (Sigma)]. The filters were probed
with monoclonal antibodies directed against PDE4A–PDE4D recombi-
nant protein at a dilution of 1 mg/ml. Murine monoclonal antibodies were
generated against baculovirus-expressed recombinant PDE4A–PDE4D
proteins. Each antibody has been shown to be specific for its respective
PDE4 isozyme in that there is no cross-reactivity with other PDE4
recombinant protein. The filters were then incubated with goat anti-
mouse antibody (1:2000) conjugated with horseradish peroxidase (Vector
Laboratories, Burlingame, CA). The nitrocellulose filters were devel-
oped using the enhanced chemiluminescence system and exposed to
Hyperfilm (Amersham). For the blocking experiments, each antibody
was preincubated with its corresponding recombinant protein at a con-
centration of 1 mg/ml antibody and 10 mg/ml recombinant protein for 2
hr at room temperature. The antibody was then diluted in immunoblot
buffer and incubated with nitrocellulose filters as described above.

Data analysis. Levels of PDE4 mRNA were determined by outlining
the band on Northern blots or the regions of interest on in situ hybrid-
ization sections, which were then quantified on the MacIntosh-based
NIH Image analysis program (version 1.52); an equivalent area on each
Northern blot or brain section was outlined for the various samples. 14C
step standards were used to verify the linearity of densitometry. For in
situ hybridization sections, the following regions were analyzed: frontal
cortex (see Results), nucleus accumbens, dentate gyrus granule cell layer,
and CA3 and CA1 pyramidal cell layers. For each animal, both sides of
two individual brain sections were analyzed, for a total of four determi-
nations, and the mean 6 SEM was determined. The results were then
subjected to statistical analysis. Experiments containing three groups or
more (see Animal and treatment paradigms) were subjected to a one-way
ANOVA, with a significance level of p , 0.05, and Fisher’s post hoc test.
Experiments containing two groups were subjected to Student’s t test,
with significance determined at the p , 0.05 level.

RESULTS
Regulation of PDE4 isoform mRNA by antidepressant
treatment: in situ hybridization analysis
Riboprobes specific for the different PDE4 isoforms were used to
examine the distribution and regulation of PDE4A, PDE4B, and
PDE4D in brain (Fig. 1). Expression of PDE4A was observed in
deep layers of cerebral cortex and the major subfields of hip-
pocampus (dentate gyrus granule cell layer, CA3 and CA1 pyra-
midal cell layers). PDE4B mRNA is expressed in the more
superficial layers of frontal and parietal cortex and is expressed at
much lower levels in the hippocampus (i.e., there is little or no
expression in the dentate gyrus granule cell layer). PDE4D is
expressed at relatively high levels in deep layers of cerebral cortex
and hippocampus. These expression patterns are similar to those
reported in a previous study for PDE4A, PDE4B, and PDE4D
(Engels et al., 1995). The PDE4C isoform is not expressed in any
brain region examined, with the exception of the olfactory bulb
(Swinnen et al., 1989a; Engles et al., 1995).

We next examined the influence of antidepressants on expres-
sion of the PDE4 isoforms. Chronic antidepressant administra-
tion (10 d for ECS and 14 d for antidepressant drugs) significantly
increased the expression of PDE4A and PDE4B, but not PDE4D,
mRNA in frontal cortex (Fig. 1). The antidepressants tested
included a norepinephrine selective reuptake inhibitor (desipra-
mine), two serotonin selective reuptake inhibitors (fluoxetine and
sertraline), a monoamine oxidase inhibitor (tranylcypromine),
and ECS. A similar upregulation of PDE4A and PDE4B was
observed in parietal cortex but not in the dentate gyrus granule
cell layer or CA3 and CA1 pyramidal cell layers of hippocampus
(Fig. 1).

Expression of the three PDE4 isoforms was also examined in
the nucleus accumbens, a brain region involved in reward. The
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expression levels of PDE4A, PDE4B, and PDE4D mRNA are
relatively similar in this brain region, although levels of PDE4B
tend to be slightly higher, as reported previously (Engels et al.,
1995). We found that chronic antidepressant treatment signifi-
cantly increased the levels of PDE4B mRNA in nucleus accum-
bens (Fig. 2). In contrast, levels of PDE4A and PDE4D were not
significantly influenced by the antidepressants tested (see Fig. 2
for representative autoradiograms).

The time course for upregulation of PDE4A and PDE4B
mRNA in response to sertraline administration was investigated
in further detail (Table 1). One day of sertraline administration
did not influence levels of PDE4A or PDE4B mRNA in the
frontal cortex or levels of PDE4B mRNA in nucleus accumbens.
After 7 d of drug administration, there was a tendency for levels
of PDE4A and PDE4B mRNA to be increased, but these effects
were not statistically significant. Only after 14 d of sertraline
administration were levels of PDE4A and PDE4B mRNA signif-
icantly increased.

To examine the pharmacological specificity of these effects, the
influence of chronic administration of nonantidepressant psych-
otropic drugs was tested. This included cocaine, a psychostimu-
lant and monoamine reuptake blocker, and haloperidol, an anti-
psychotic and nonselective dopamine receptor antagonist.
Expression of PDE4A in frontal cortex was not influenced by
either cocaine or haloperidol treatment (vehicle, 100 6 12; co-
caine, 95 6 3; haloperidol, 105 6 17; mean 6 SEM percent of
vehicle; n 5 4 per group). Chronic administration of haloperidol
did not significantly influence the expression of PDE4B in frontal
cortex or nucleus accumbens (Fig. 3). Chronic administration of
cocaine did not influence the expression of PDE4B in frontal
cortex but did decrease levels of PDE4B mRNA in nucleus
accumbens, in contrast to the increase that was observed in
response to antidepressant treatment.

The expression pattern of PDE4A, PDE4B, and PDE4D
mRNA in the area postrema was also examined. This brain region
is known to mediate nausea and emesis, which are major side

Figure 1. Chronic antidepressant administration increases the expression of PDE4A and PDE4B mRNA in rat frontal cortex. Rats were treated with
vehicle or antidepressants as described in Materials and Methods, and levels of PDE4A, PDE4B, and PDE4D mRNA were determined by in situ
hybridization analysis. The antidepressants tested included tranylcypromine (TCP), desipramine (DMI ), fluoxetine (FLU ), sertraline (SER), and
electroconvulsive seizure (ECS). Representative autoradiograms are shown, including sections at the level of the frontal cortex (FC) and parietal cortex
(Par Ctx), which includes hippocampus. The CA3 and CA1 pyramidal and dentate gyrus (DG) cell layers of the hippocampus are indicated. Levels of
mRNA were quantified by densitometry and are shown in the bar graph in the bottom panel. The results are expressed as mean 6 SEM percent of control;
n 5 4 per group. *p , 0.05 compared with control (ANOVA and Fisher’s post hoc test).
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effects of PDE4 inhibitors, such as rolipram, that have been tested
for the treatment of depression (Hyde et al., 1996). Although
these side effects may also be mediated by inhibition of peripheral
PDE4, it is possible that central inhibition may also contribute to
the nausea and emesis. The area postrema is located on the floor
of the fourth ventricle at its most caudal extent and appears just
below the cerebellum in cross section (Fig. 4). The relative
expression of PDE4A mRNA in the area postrema was not higher
than the surrounding brainstem structures. Expression of PDE4B

mRNA in the area postrema tended to be slightly higher than the
very low level of expression in the surrounding brainstem. Levels
of PDE4D mRNA in the area postrema appeared to be the
highest of the three isoforms, although the background levels
were also slightly higher. These findings are preliminary and must
be confirmed by immunohistochemical analysis and also by char-
acterization of additional mammalian species. However, the re-
sults suggest that PDE4D may be the predominate isoform in the
area postrema.

Northern blot analysis of PDE4A and PDE4B mRNA
Regulation of PDE4A and PDE4B mRNA was further examined
by Northern blot analysis of dissected sections of frontal cortex
and hippocampus. The PDE4A-specific riboprobe hybridizes
with one major mRNA transcript of ;4.5 kb and the PDE4B-
specific probe with one major transcript of ;4.0 kb (Fig. 5).
Similar mRNA transcripts for PDE4A and PDE4B have been
reported previously (Swinnen et al., 1989a). These probes do not
hybridize with PDE4D mRNA transcripts, which are ;5.8–7.4 kb
(Swinnen et al., 1989b). These results demonstrate the specificity
of the riboprobes for Northern blot, as well as for in situ hybrid-
ization analysis.

Chronic administration of tranylcypromine or sertraline signif-
icantly increased the expression of PDE4A and PDE4B mRNA in
sections of frontal cortex but not hippocampus (Fig. 5). The level
of increase observed, twofold to threefold relative to vehicle-
treated controls, appears to be greater than that observed with in
situ hybridization analysis. The reason for this difference is not
clear but could be related to the method of analysis or the cellular
distribution of mRNA. The time course for sertraline regulation
of PDE4B was also examined by Northern blot. Administration of
sertraline for 1 or 7 d did not significantly increase levels of
PDE4B mRNA, although there was a tendency for an increase at
the longer time point (1 d, 106 6 19; 7 d, 128 6 16; mean 6 SEM
percent of vehicle; n 5 4 per group). These data support the
results of our in situ hybridization studies and demonstrate that
chronic antidepressant administration increases the expression of
PDE4A and PDE4B mRNA in cerebral cortex.

Immunoblot analysis of PDE4 isoforms
Antibodies directed against recombinant PDE4 isoform protein
were used for immunoblot analysis. The PDE4A-specific antibody
recognizes several proteins in homogenates of frontal cortex, but
only two major bands are competed for by preincubation of the
antibody with recombinant PDE4A protein (Fig. 6). These pro-

Figure 2. Chronic antidepressant administration increases expression of
PDE4B mRNA in the nucleus accumbens. Rats were treated with vehicle
or antidepressants as described in Materials and Methods, and levels of
PDE4A, PDE4B, and PDE4D mRNA in the nucleus accumbens (NAc)
were determined by in situ hybridization analysis. The antidepressants
tested were tranylcypromine (TCP), desipramine (DMI ), fluoxetine
(FLU ), sertraline (SER), and electroconvulsive seizure (ECS). Represen-
tative autoradiograms are shown in the panels on the lef t. Levels of
mRNA were quantified by densitometry and are shown in the bar graph
on the right. Levels of PDE4A and PDE4D were not significantly influ-
enced by any of the treatments tested (data not shown). The results are
expressed as mean 6 SEM percent of control; n 5 4 per group. *p , 0.05
compared with control (ANOVA and Fisher’s post hoc test).

Table 1. Time course for sertraline regulation of PDE4A and
PDE4B mRNA

Treatment (d)
PDE4A Fron-
tal cortex

PDE4B Fron-
tal cortex

PDE4B Nucleus
accumbens

(mean 6 SEM percent of vehicle)
Control 100 6 8 100 6 11 100 6 10
Sertaline

1 d 95 6 8 106 6 17 103 6 15
7 d 119 6 5 127 6 12 120 6 10

14 d 121 6 7* 184 6 15* 152 6 16*

Rats were treated with vehicle or sertraline for 1, 7, or 14 d as described in Materials
and Methods, and levels of PDE4A or PDE4B mRNA were measured by in situ
hybridization analysis. Levels of mRNA were quantified in the regions indicated by
densitometry. The results are expressed as mean 6 SEM percent of control; n 5 3
or 4 per group. *p , 0.05 compared with control (ANOVA and Fisher’s post hoc
test).
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teins are ;75 and 110 kDa (also referred to as PDE4A1 and
PDE4A5) and correspond to the two major PDE4A isoforms
reported previously (Cherry and Davis, 1995; McPhee et al.,
1995; Shakur et al., 1995; Ye et al., 1997; Iona et al., 1998). The
75 kDa isoform is a minor band that runs just above one of the
nonspecific bands. A minor isoform of ;102 kDa has been re-
ported (Ye et al., 1997) but was not observed by Iona et al. (1998).
This form of PDE4A was not consistently observed in the present
study. Levels of the 110 kDa form were significantly increased in
frontal cortex, but not hippocampus, by antidepressant treatment
(Fig. 6). Upregulation of the 110 kDa band ranged from 140%
(desipramine) to greater than 200% (tranylcypromine or ECS)
relative to vehicle-treated control. The 75 kDa form was difficult
to quantify, because it was not always possible to resolve it from
the closely migrating nonspecific protein. These results suggest
that upregulation of PDE4A mRNA lead to increased expression
of PDE4A protein, as measured by the 110 kDa protein.

Immunoblot analysis of PDE4B demonstrated the presence of
three specific forms of 91, 83, and 71 kDa. The presence of the 91
kDa form, also referred to as PDE4B1, in brain was recently
reported, but this study only observed trace amounts of the 71
kDa form, also called PDE4B2 (Iona et al., 1998). However, the
presence of an mRNA transcript specific to this form was ob-
served in several brain regions, demonstrating its presence in
brain (Bolger et al., 1994). The 83 kDa is a relatively minor form
that has been observed in a previous study (Iona et al., 1998).
Levels of the 91 kDa form were significantly increased in homog-
enates of frontal cortex but not in hippocampus by chronic anti-

depressant treatment. This upregulation was again lowest for
desipramine (133%) and highest for tranylcypromine and ECS
(230 and 290%, respectively) relative to the vehicle-treated group.
The 71 kDa form was also significantly upregulated by chronic
antidepressant administration, although the level of regulation
was not as great as observed for the 91 kDa protein (sertraline,
134 6 16; tranylcypromine, 150 6 20; ECS, 178 6 20; mean 6
SEM percent of vehicle; n 5 4; p , 0.05; ANOVA and Fisher’s
post hoc test). There was a tendency for desipramine administra-
tion to increase the 71 kDa protein (127 6 19% of vehicle), but
this effect was not significant.

The PDE4D-specific antibody recognized three major proteins
of 105, 98, and 93 kDa (also referred to as PDE4D3, PDE4D5,
and PDE4D4, respectively) that were blocked by preincubation
with recombinant protein. These three forms have been reported
previously (Bolger et al., 1997; Iona et al., 1998; Jin et al., 1998).
None of these forms of PDE4D were regulated by antidepressant
administration, consistent with the lack of effect of these treat-
ments on levels of mRNA. Two additional short forms of PDE4D
of 71 and 68 kDa, also referred to as PDE4D1 and PDE4D2, have
been reported in other tissues but not in brain (Bolger et al., 1997;
Iona et al., 1998; Jin et al., 1998), and these forms were not
observed in the present study.

DISCUSSION
The results of this study demonstrate that chronic antidepressant
administration increases the expression of PDE4A and PDE4B in
cerebral cortex and expression of PDE4B in nucleus accumbens.

Figure 4. Expression of PDE4A,
PDE4B, and PDE4D mRNA in area
postrema. Levels of PDE4A, PDE4B,
and PDE4D mRNA in the area pos-
trema were determined by in situ hy-
bridization analysis. The relative den-
sity of PDE4A and PDE4B was
relatively low compared with the ex-
pression of PDE4D. Representative
autoradiograms for each of the PDE4
isoforms are shown. Similar results
were obtained in sections taken from
three different rats.

Figure 3. Influence of chronic cocaine or haloperidol administration on expression of PDE4B mRNA. Rats were treated with vehicle (Veh), cocaine
(COC), or haloperidol (HAL) as described in Materials and Methods. Levels of PDE4B mRNA in the frontal cortex (Fr Ctx) and nucleus accumbens
(NAc) were determined by in situ hybridization analysis. Representative autoradiograms are shown in the panels on the lef t. Levels of mRNA were
quantified by densitometry and are shown in the bar graph on the right. Levels of PDE4A and PDE4D mRNA were not significantly influenced by any
of the treatments tested (data not shown). The results are expressed as mean 6 SEM percent of control; n 5 4 per group. *p , 0.05 compared with
control (ANOVA and Fisher’s post hoc test).
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In contrast, expression of PDE4D was not influenced by antide-
pressant administration in either of these brain regions. Upregu-
lation of PDE4A and PDE4B is observed in response to several
different classes of antidepressants, including serotonin and nor-
epinephrine selective reuptake inhibitors. In addition, the effect
of antidepressants appears to be dependent on chronic adminis-
tration, because 14, but not 1 or 7, d of sertraline treatment
increases the expression of PDE4A and PDE4B. Regulation of
PDE4A and PDE4B appears also to be specific to antidepres-
sants, because chronic administration of a nonantidepressant psy-
chotropic drug (cocaine or haloperidol) does not upregulate these
PDE4 isoforms. Together, the results of the present study suggest
that upregulation of PDE4A and PDE4B may represent a com-
pensatory response to antidepressant treatments.

Upregulation of PDE4A and/or PDE4B suggests that antide-
pressant treatment regulates the cAMP system in cerebral cortex
and nucleus accumbens. Brain imaging studies have demon-
strated abnormalities in cortical areas in depressed patients, and
cerebral cortical dysfunction could contribute to the cognitive
deficits associated with depression (Drevets et al., 1997; Mayberg
et al., 1997). Although the functional effects of activation of the
cAMP system in cerebral cortex are more complex and difficult to
determine, studies in hippocampus demonstrate that the cAMP

system is involved long-term potentiation, a cellular model of
learning and memory. The cAMP system could serve a similar
function in cerebral cortex, and activation of this system by
antidepressants could contribute to the amelioration of the cog-
nitive abnormalities observed in depression.

The nucleus accumbens is a dopaminergic target area known to
play a major role in reward and craving, and an imbalance of this
system could contribute to the anhedonia often observed in de-
pression (Serra et al., 1992; Self and Nestler, 1995; Jimerson,
1987). A role for the cAMP system in the function of the nucleus
accumbens is supported by recent behavioral studies of cocaine
self-administration in rats (Self et al., 1998). These studies dem-
onstrate that activation or inhibition of the cAMP pathway has
profound effects on the rewarding actions of psychostimulants.
The finding that chronic cocaine treatment downregulates
PDE4B mRNA in nucleus accumbens provides further support
that the cAMP system is involved in the actions of psychostimu-
lants. In addition to regulation of PDE4B, previous studies have
demonstrated that chronic antidepressant administration in-
creases levels of adenylyl cyclase in nucleus accumbens (Serra et
al., 1992). These findings suggest that regulation of the cAMP
pathway, including PDE4B, by antidepressants may influence
reward and motivation and could thereby contribute to the ther-
apeutic action of these treatments.

The mechanisms underlying the upregulation of PDE4A and
PDE4B expression in brain may involve activation of gene ex-
pression in response to stimulation of the cAMP pathway. This
possibility is supported by studies in cultured cells that demon-
strate that the cAMP system activates PDE4 gene expression. For
example, activation of the cAMP system by stimulation of
b-adrenergic receptors or direct activation of adenylyl cyclase or
cAMP-dependent protein kinase increases the expression of
PDE4A and PDE4B in human monocytes (Torphy et al., 1995;
Verghese et al., 1995; Manning et al., 1996). b-adrenergic recep-
tor activation also appears to regulate the expression of PDE4A
mRNA and enzyme activity in brain, because treatment with a
b-adrenergic receptor antagonist decreases expression of this
isoform (Ye and O’Donnell, 1996; Ye et al., 1997). Activation of
the cAMP pathway also increases the expression of PDE4B in
sertoli cells (Swinnen et al., 1991) and PDE4A in Jurkat lym-
phoma cells (Engels et al., 1994). Based on these findings, it is not
surprising that chronic antidepressant administration increases
the expression of PDE4A and PDE4B, because these treatments
upregulate the cAMP signaling pathway (Nestler et al., 1989;
Perez et al., 1989; Ozawa and Rasenick, 1991; Nibuya et al., 1996)
(Fig. 7). However, the exact mechanisms underlying upregulation
of PDE4A and PDE4B in brain must be examined. The human
and rat PDE4B genes contain potential CRE elements that could
mediate increased transcription of these genes in response to
activation of the cAMP pathway (Monaco et al., 1994; Huston et
al., 1997). Although there are no CRE elements in the human or
rat PDE4A genes, only a small portion of the 59 untranslated
region of these genes has been sequenced (Bolger et al., 1994;
Sullivan et al., 1998). Alternatively, increased mRNA stability
could contribute to the upregulation of PDE4A and PDE4B
expression.

The regional specificity for regulation of PDE4A and PDE4B
and the selectivity for these isoforms, but not PDE4D, are more
difficult to explain. Antidepressants are reported to influence the
cAMP system in both cerebral cortex (Nestler et al., 1989; Perez
et al., 1989; Ozawa and Rasenick, 1991) and hippocampus
(Nibuya et al., 1996), suggesting that expression of PDE4A and

Figure 5. Chronic antidepressant administration increases the expres-
sion of PDE4A and PDE4B mRNA in rat frontal cortex as determined by
Northern blot analysis. Rats were treated with vehicle (Veh), sertaline
(SER), or tranylcypromine (TCP) for 14 d, and levels of PDE4A and
PDE4B mRNA in frontal cortex (FC) and hippocampus (HP) were
determined by Northern blot analysis. Representative autoradiograms for
frontal cortex are shown in the top panels. Levels of mRNA were quan-
tified by densitometry and are shown in the bar graph in the bottom panel.
The results are expressed as mean 6 SEM percent of control; n 5 4 per
group. *p , 0.05 compared with control (ANOVA and Fisher’s post hoc
test).
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PDE4B would occur in both brain regions. Expression of the
short forms of PDE4D (PDE4D1 and PDE4D2) in cultured cells
is also increased by activation of the cAMP system (Swinnen et
al., 1989b; Swinnen et al., 1991; Sette et al., 1994b), suggesting
that this PDE isoform should also be regulated by antidepressants
in brain. However, the absence of these forms in brain (Iona et al.,
1998; present study) may indicate that this portion of the pro-
moter is silent in brain. Thus, the differences in the cellular
expression of the PDE4 isoforms and the presence or absence of
transcriptional enhancers or repressors in these cells may mediate
the selective regulation of PDE4A and PDE4B by antidepressant
treatment in brain. For example, in monocytes, activation of the
cAMP system increases the expression of PDE4A and PDE4B
but not PDE4C and PDE4D (Torphy et al., 1995; Verghese et al.,

1995; Manning et al., 1996). In Jurkat cells, activation of the
cAMP pathway increases expression of PDE4A and PDE4D but
not PDE4B and PDE4C (Engels et al., 1994). In SH-SY5Y cells,
a neuronal cell line, none of the PDE4 isoforms are regulated by
activation of the cAMP system (Engels et al., 1994). The results
of the present study suggest that a similar, or even more complex,
level of regulatory diversity for the PDE4 genes exists in different
cell types in brain.

Although the expression studies indicate that PDE4A and
PDE4B are regulated by antidepressants, the results do not ex-
clude the possibility that the activity of PDE4D is regulated.
PDE4D is expressed in many limbic brain regions thought to
mediate antidepressant actions, including cerebral cortex and
hippocampus, and it is possible that phosphorylation-induced

Figure 6. Chronic antidepressant administration increases the expression of PDE4A and PDE4B immunoreactivity in rat frontal cortex. In the top panel,
the specificity of the PDE4 antibodies was examined. Each antibody was incubated with the corresponding recombinant protein (11) or with buffer only
(–). The antibodies were then used for immunoblot analysis of frontal cortex. Molecular weight markers are shown on the lef t and the location of
immunoreactive bands on the right of each panel. The immunoreactive bands that were not blocked by preincubation with recombinant protein are
labeled nonspecific (NS). The PDE4A antibody recognizes one major specific band that is blocked by preincubation with recombinant protein of ;110
kDa. There is also a minor band of 75 kDa that runs just above the nonspecific band and is therefore difficult to resolve. The PDE4B antibody recognizes
three bands that are blocked of 91, 83, and 71 kDa. The PDE4D band recognizes three bands that are blocked of 93, 98, and 105 kDa. The middle panel
shows representative immunoblots of frontal cortex from vehicle- or antidepressant-treated rats. Levels of immunoreactivity were quantified by
densitometry and are shown in the bar graph in the bottom panel. The results are expressed as mean 6 SEM percent of control; n 5 4 per group. *p ,
0.05 compared with control (ANOVA and Fisher’s post hoc test).
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activation of this isoform occurs in response to antidepressant
treatments. PDE4D is reported to be phosphorylated and acti-
vated by cAMP-dependent protein kinase (Sette et al., 1994a),
and it is possible that PDE4D is regulated in a similar manner in
response to antidepressant treatment. Further studies will be
required to determine the influence of antidepressant adminis-
tration on the phosphorylation state and activity level of PDE4D.

Upregulation of PDE4 gene expression in response to sus-
tained activation of the cAMP pathway is thought to represent a
compensatory adaptation that would reduce cAMP levels back to
baseline (Conti et al., 1995; Houslay and Milligan, 1997) (Fig. 7).
Upregulation of PDE4A and PDE4B could serve a similar func-
tion in brain in response to sustained elevation of cAMP levels. If
this is the case, it is possible that increased expression of PDE4A
and PDE4B could reduce the maximal response to antidepres-
sants (Fig. 7). In addition, regulation of the activity of these PDE
isoforms (e.g., via their phosphorylation) could also contribute to
the time lag in the therapeutic action of these treatments. These
findings raise the possibility that selective inhibitors of the

PDE4A and PDE4B may have antidepressant efficacy and could
enhance the response to other classes of antidepressants but
without the side effects of nonselective PDE4 inhibitors. The
latter possibility is supported by our preliminary finding that
PDE4A and PDE4B are expressed at relatively low levels in area
postrema, a brain region known to influence nausea, and that
levels of PDE4D are expressed at higher levels in this brain
region. Based on these findings, it is reasonable to suggest that
PDE4A and PDE4B may represent potentially interesting targets
for the development of novel therapeutic agents.
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