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ABSTRACT We investigated the regional distribution and cellular localization of
mRNA coding for the cAMP-specific phosphodiesterase 7A (PDE7A) in rat brain and
several peripheral organs by in situ hybridization histochemistry. The regional expres-
sion of two splice variants, PDE7A1 and PDE7A2, was examined by RT-PCR using RNA
extracted from several brain regions. PDE7A mRNA was found to be widely distributed
in rat brain in both neuronal and nonneuronal cell populations. The highest levels of
hybridization were observed in the olfactory bulb, olfactory tubercle, hippocampus,
cerebellum, medial habenula nucleus, pineal gland, area postrema, and choroid plexus.
Positive hybridization signals were also detected in other areas, such as raphe nuclei,
temporal and entorhinal cortex, pontine nuclei, and some cranial nerve motor nuclei.
Both mRNA splice forms were differentially distributed in several areas of the brain
with the striatum expressing only PDE7A1 and the olfactory bulb and spinal cord
expressing PDE7A2 exclusively. In peripheral organs the highest levels of PDE7A
hybridization were seen in kidney medulla, although testis, liver, adrenal glands,
thymus, and spleen also presented high hybridization signal. These results are consis-
tent with PDE7A being involved in the regulation of cAMP signaling in many brain
functions. The consistent colocalization with PDE4 mRNAs suggests that PDE7A could
have an effect on memory, depression, and emesis. The results offer clear anatomical
and functional systems in which to investigate future specific PDE7 inhibitors. Synapse
40:201–214, 2001. © 2001 Wiley-Liss, Inc.

INTRODUCTION

Cyclic AMP (cAMP) plays a key role in signal trans-
duction in a wide variety of cellular responses such as
gene transcription (Lalli and Sassone-Corsi, 1994), ac-
tivation of ion channels (Goulding et al., 1994; Zagotta
and Siegelbaum, 1996), neurotransmitter biosynthesis
(Kaufman, 1995) and release (Kandel and Schwartz,
1982), survival of dopaminergic neurons (Yamashita et
al., 1997), synaptic facilitation and potentiation (Zhong
and Wu, 1991), and as a response regulator (Morimoto
and Koshland, 1991). cAMP is synthesized by the en-
zyme adenylyl cyclase (Houslay and Milligan, 1997).
However, the only mechanism for its degradation is
through the action of cyclic nucleotide phosphodiester-
ases (PDEs), which catalyze the hydrolysis of 39,59-
cyclic nucleotides into 59-nucleoside monophosphates.
PDEs have so far been classified into at least 11 fami-
lies, based on their substrate specificity, cofactor re-
quirement, and selective inhibition by different com-

pounds (Conti and Jin, 1999; Fawcett et al., 2000).
They have different regulatory properties and intracel-
lular location, with particular isoforms being expressed
in a cell-specific fashion (Conti and Jin, 1999). Families
4, 7, and 8 specifically hydrolyze cAMP, with PDE7 and
PDE8 having a higher affinity for this substrate. The
PDE4 family is the largest described, with at least four
different genes (PDE4A, PDE4B, PDE4C, and PDE4D)
(Houslay et al., 1998) each one expressing several
splice variants. Two members of each of the PDE7 and
PDE8 families have been cloned, PDE7A (Michaeli et
al., 1993; Soderling et al., 1998), PDE7B (Hetman et
al., 2000; Sasaki et al., 2000), and PDE8A (Fisher et al.,
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1998) and PDE8B (Hayashi et al., 1998), respectively.
PDE4 isozymes are characterized by their specific sen-
sitivity to rolipram, a selective PDE4 inhibitor, and are
found differentially distributed in the rat brain (Cherry
and Davis, 1999; Pérez-Torres et al., 2001). There is
scarce information about the distribution PDE7 and
PDE8 transcripts in the central nervous system, but
both mRNAs have been detected in mouse brain by
Northern blot analysis (Bloom and Beavo, 1996; Soder-
ling et al., 1998) and in human and rat tissues by
RT-PCR (Hoffman et al., 1998). Additionally, PDE7A
mRNA has been visualized by in situ hybridization in a
few adult and embryonic rat brain regions in a prelim-
inary study (Hoffman et al., 1998). More recently it has
been shown that PDE7A is also expressed in the im-
mune system and can participate in the regulation of
T-cell activation (Li et al., 1999). The identification of
selective PDE7 inhibitors (Martı́nez et al., 2000) could

represent a new strategy to treat T-cell-related dis-
eases.

Selective inhibitors of cAMP-specific PDEs have been
suggested as therapies for the treatment of several
human diseases, predominantly disorders of the im-
mune and inflammatory systems (Teixeira et al., 1997)
or disorders of the central nervous system such as
depression (Houslay et al., 1998), multiple sclerosis
(Genain et al., 1995), ischemia-reperfusion injury (Kato
et al., 1995), and Alzheimer’s (McGeer and McGeer,
1995) and Parkinson’s diseases (Hulley et al., 1995). In
particular, PDE4 inhibitors such as rolipram have been
used in humans for the treatment of some of the above
diseases (Genain et al., 1995). However, the extensive
side effects associated with the use of PDE4 inhibitors
(nausea, vomiting, and increased gastric acid secre-
tion) (Horowski and Sastre-y-Hernandez, 1985) have
prevented their widespread therapeutic use. These side

TABLE I. PDE7A mRNA Distribution in rat brain

Brain area PDE7A Brain area PDE7A

The levels of expression are indicated by “1” for low hybridization signal up to “111” for highest hybridization signal; “2” not detected.

Cortex
Parietal cortex

layer II, III 11
layer IV 111
layer V 11
layer VI 11

Frontal cortex 11
Cingulate cortex 11
Retrospenial cortex 1/11
Entorhinal cortex 11

Olfactory system
Olfactory bulb 111
Anterior olfactory nucleus 11
Olfactory tubercle 11
Piriform cortex 111
Islands of Calleja 1/11
Islands of Calleja, major island 1/11
Sub, ependyma layer and olfactory ventricle 1/11

Basal ganglia and related areas
Caudate-Putamen 11
Accumbens 2
Ventral pallidum 1
Substantia nigra

pars compacta 11
pars reticulata 11

Limbic areas
Ammon’s horn

CA1 (pyramidal cell layer) 11
CA2 (pyramidal cell layer) 11/111
CA3 (pyramidal cell layer) 11/111
CA4 (pyramidal cell layer) 11/111

Dentate gyrus 111
Induseum griseum 1/11
Subiculum 11
Pre, parasubiculum 11
Amygdala 11
Lateral septal nucleus 1
Medial septal nucleus 1

Thalamus and Hypothalamus
Medial habenular nucleus 11/111
Lateral habenular nucleus 1/11
Ventroposterior thalamic nuclei 1/11
Laterodorsal thalamic nucleus 1/11
Mediodorsal thalamic nucleus 1/11
Reticular thalamic nucleus 1
Medial geniculate nucleus 1/11
Zona incerta 11
Internal capsule 1/11

Ventromedial hypothalamus 1
Dorsomedial hypothalamic nucleus 1
Pineal gland 111

Brainstem
Raphe nuclei

dorsal 1/11
median 1
magnus 1
pallidus 2/1
obscurus 2

Red nucleus 11
Principal oculomotor nerve 11
Superior colliculus 1/11
Pontine nucleus 11/111
Parabigeminal nucleus 1/11
Reticulotegmental nucleus pons 1/11
Nucleus of the spinal tract of the trigeminus 1/11
Vestibular nuclei 1/11
Hypoglossal nucleus 11
Prepositus hypoglossal nucleus 1/11
Lateroreticular nucleus 1
Accessory facial nucleus 11
Facial nucleus 1
Nucleus of the solitary tract 1/11
Inferior olive 1/11
Cuneate nuclei 11
Area postrema 1
Dorsal cochlear nuclei 1/11
Gracile nucleus 11
Ventral tegmental nucleus 11
Sensory root trigeminal nerve 1
Principal sensory trigeminal nerve 1
Kölliker-Fuse nucleus 1
Dorsal motor nucleus of vagus

Cerebellum
Molecular layer 2
Granular layer 11/111
Purkinje cell layer 111
White matter 2
Cerebellar nuclei 1

Nonneuronal structures
Interpeduncular nuclei 1/11
Cerebral peduncle 1/11
Middle cerebellar peduncle 1
Choroid plexus 11/111
Aqueduct 1
Lateral ventricle 11
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effects are perhaps attributable to their low selectivity
for the different PDE4 isoforms. The diversity of this
large superfamily of enzymes provides an array of dif-
ferent targets for the control of the cellular signaling
processes in which they are involved and make PDEs
very promising targets for the pharmacology of dis-
eases in which modulation of cyclic-nucleotide signal-
ing could play a pivotal role.

An important step for understanding the regula-
tion of cyclic nucleotides in normal and disease states
is the identification of the sites of synthesis of the
entire PDE superfamily. In the present article we
examine the regional and cellular distribution of the
mRNA coding for PDE7A in the adult rat brain as
well as in some peripheral organs using in situ hy-
bridization histochemistry. Our study reveals that
PDE7A mRNA has a widespread distribution in both
neuronal and nonneuronal cell populations. We have
also studied by RT-PCR the differential distribution

of the two known PDE7A mRNA splice variants,
PDE7A1 and PDE7A2, in RNA extracted from sev-
eral rat brain regions.

MATERIALS AND METHODS
Tissue preparation

Adult male Wistar rats (200–300g) were purchased
from Iffa Credo (Lyon, France). Animal care followed
the Spanish legislation on “Protection of animals used
in experimental and other scientific purposes” in agree-
ment with the European (E.E.C) regulations (O.J. of
E.C. L358/1 18/12/1986). The animals were killed by
decapitation. The brains were frozen on dry ice and
kept at -20°C. Tissue sections, 14 mm thick, were cut on
a microtome-cryostat (Microm HM500 OM, Walldorf,
Germany), thaw-mounted onto APTS (3-aminopropyl-
triethoxysilane; Sigma, St. Louis, MO) coated slides,
and kept at 220°C until used.

Fig. 1. Regional distribution of
PDE7A mRNA in the rat brain.
A1–H1: Film autoradiograms show-
ing hybridization patterns with the
32P-labeled oligonucleotide rPDE7A.
A2–H2: The same hybridized slides
stained with cresyl violet. Coronal
brain sections are presented from A
to H in a rostrocaudal progression,
but E being a sagittal brain section.
Bar 5 4 mm. Anterior cingulate cor-
tex (Acg), area postrema (AP), cere-
bellum (Cb), cerebellar nuclei
(CbN), choroid plexus (chp), cau-
date-putamen (CPu), entorhinal
cortex (Ent), frontal cortex (Fr), hip-
pocampal formation (Hp), inferior
olive (IO), lateral ventricle (LV), me-
dial habenular nucleus (MHb), ol-
factory bulb (Ob), parasubiculum
(PaS), pineal gland (Pi), piriform
cortex (Pir), pontine nuclei (Pn), pre-
subiculum (Prs), principal sensory
trigeminal nerve (Pr5), red nucleus
(RN), retrospenial cortex (RSpl), re-
ticulotegmental nucleus pons
(RtTg), nucleus of the spinal tract of
the trigeminus (Sp5), superficial
gray layer of superior colliculus
(SuG), olfactory tubercle (Tu), ves-
tibular nuclei (Ve), ventral tegmen-
tal nucleus (Vtg), principal oculomo-
tor nerve (3), facial nucleus (7).
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In situ hybridization histochemistry

A 45-base oligodeoxyribonucleotide complementary
to the common amino region for the isoforms PDE7A1
and PDE7A2 was used as a hybridization probe to
detect PDE7A mRNA. This region was chosen because
it shares no similarity with other members of the dif-
ferent PDE families. The oligodeoxyribonucleotide
used (rPDE7A) was complementary to bases 238–194
(Acc. no. U68171) and was synthesized by Pharmacia
Biotech (Little Chalfont, UK).

The oligonucleotide was labeled at its 39-end using
[a-32P]dATP (3000 Ci/mmol, New England Nuclear,
Boston, MA) and terminal deoxynucleotidyltransferase
(TdT, Roche Molecular Biochemicals, Mannheim, Ger-
many). The labeling reaction, purification of the probe,
tissue treatment before hybridization, and hybridiza-
tion procedures were carried out as described by To-
miyama et al. (1997). Autoradiograms were generated
by apposing the hybridized tissue sections to bmax
films (Amersham, Buckinghamshire, UK) for 4 weeks
at -70°C with an intensifying screen.

The specificity of the autoradiographic signal ob-
tained in the in situ hybridization experiments was
verified with a series of routine controls. The addition
in the hybridization solution of a 50-fold excess of the

same unlabeled oligonucleotide resulted in the com-
plete abolition of the specific hybridization signal; the
remaining signal was considered to be the background
level. The thermal stability of the hybrids was exam-
ined by washing at increasing temperatures: a sharp
decrease in the hybridization signal was observed at a
temperature consistent with the Tm of the hybrids

Duplicates of the hybridized sections were dipped in
autoradiographic emulsion, Hypercoat LM-1 emulsion
(Amersham). The emulsion was developed after 6
weeks exposure at 4°C in Kodak D19. Sections were
examined using bright- and dark-field light microscopy
(Leitz, Laborlux S, Wetzlar, Germany). For anatomical
reference, sections close to those used were stained
with cresyl violet.

Reverse transcriptase-polymerase chain
reaction amplification

Oligonucleotide primers used for PCR amplification
of PDE7A splice variants A1 and A2 were designed
according to the published sequences. Oligonucleotides
were as follows: PDE7AR1 (944-924, Acc. no. U77880),
PDE7A1F (32-53, Acc. no. L12052), PDE7A2F (89-111,
Acc. no. U68171), PDE7AF1 (139-161, Acc. no.
U68171), PDE7AR2 (706-685, Acc. no. U77880).

Total RNA from Jurkat cells and selected rat brain
regions was isolated by the acid guanidinium thiocya-
nate-phenol-chloroform extraction technique (Chomczyn-
ski and Sacchi, 1987) and treated with RNase-free DNase
(Roche Molecular Biochemicals). RNA (5 mg total) was
reverse-transcribed into cDNA using standard protocols
with PDE7AR1. The PCR amplifications were performed
with the oligonucleotide PDE7AR1 and the specific oligo-
nucleotides for PDE7A1 (PDE7A1F) or PDE7A2
(PDE7A2F) (30 sec at 94°C, 30 sec at 70°C, and 90 sec at
72°C for 35 cycles). Then a nested PCR amplification was
developed with the oligonucleotides PDE7AF1 and
PDE7AR2 using 1% of the volume of the previous PCR
reaction products (30 sec at 94°C, 30 sec at 70°C, 70 sec at
72°C for 30 cycles). All PCR-derived fragments were elec-
trophoretically separated on a 1.5% Tris/borate/EDTA
agarose gel. The electrophoresed DNA was transferred
to a nylon membrane (Nytran) and hybridized with
the PDE7A-specific 32P-labeled oligonucleotide probe
rPDE7A to confirm the identity of all PCR amplified
bands (data not shown).

Fig. 2. Distribution of PDE7A mRNA in the neocortex. Note the
enrichment of the hybridization signal in layer IV (A). B: The same field
from a consecutive section stained with cresyl violet. Bar 5 0.5 mm.

Fig. 3. Localization of PDE7A mRNA in cells of the anterior olfactory
nucleus (A), different layers of the olfactory bulb (B), piriform cortex
(C), major island of Calleja (D), olfactory tubercle and islands of
Calleja (E). A1–E1: Photomicrographs from emulsion autoradiogram,
obtained with dark-field illumination. Autoradiographic grains are
seen as bright points. A2–E2: Bright-field photomicrographs from the
same sections stained with cresyl violet. Asterisk indicates tissue
light. Bar 5 0.4 mm (A) and 0.1 mm (B–E). Intrabulbar part of the
anterior commissure (aci), dorsal (AOD), lateral (AOL), medial (AOM)
and ventral (AOV) anterior olfactory nuclei, ependymal layer (E),
ependymal and subependymal layer of the olfactory ventricle (E/OV),
external plexiform layer (EPL), glomerular layer (Gl), islands of
Calleja (ICj), major island of Calleja (ICjM), internal granule cell layer
(IGr), mitral cell layer (Mtr), piriform cortex (Pir), olfactory tubercle
(Tu).
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RESULTS
The distribution of the PDE7A mRNA visualized by in

situ hybridization histochemistry in the rat brain (sum-
marized in Table I) and in peripheral organs showed a
heterogeneous pattern. Labeled brain nuclei were identi-
fied by comparison of the film autoradiograms both with
cresyl violet staining of the hybridized tissues and acetyl-
cholinesterase activity of neighboring sections. The high-
est levels of expression in the brain were found in the
hippocampus, cerebellum, pineal gland, and olfactory
bulb. In peripheral organs the highest levels were ob-
served in thymus, kidney, and testis.

Cortex

PDE7A mRNA was observed in different areas of the
cortex (Fig. 1). A homogeneous hybridization pattern of
intermediate intensity could be observed in frontal cor-
tex (Fig. 1A1) and in cingulate cortex (Fig. 1B1,C1). In
the retrospenial cortex (Fig. 1D1) labeled cells were
concentrated in layer II-III, whereas scattered hybrid-
izing cells could be seen throughout the rest of the
layers. The parietal cortex (Fig. 1B1) presented high
hybridization levels in all layers, being especially high
in layer IV (Fig. 2A). In the entorhinal cortex, the
strongest hybridization signal could be observed in
large stellate cells of layer II, while weak hybridization
levels could be seen in cells scattered throughout the
rest of the layers (Fig. 1D1).

Olfactory system

The mRNA encoding PDE7A was abundant in the
olfactory bulb (Fig 1E). The strongest hybridization
signal was found in the internal granule cell layer and
the mitral cell layer and the interneurons of the glo-
merular layer (Fig. 3B1). Moderate levels of PDE7A
mRNA were detected in the medium-sized tufted cells
of the external plexiform layer. In the anterior olfac-
tory nucleus (Figs. 1A, 3A1) high levels of PDE7A
mRNA were detected in the dorsal and lateral nuclei.
The ependyma and subependyma layer and olfactory
ventricle were enriched in PDE7A mRNA (Figs. 1A1,
3A1).

In the olfactory tubercle, PDE7A mRNA was present
in many scattered, very intensely labeled cells, both in
the pyramidal cell layer and polymorph cell layer (Figs.
1B1,E, 3E1) some associated with the cell clusters of
the islands of Calleja (Fig. 3E1), including the insula
magna (Fig. 3D1). In the piriform cortex the strongest
hybridization signal was observed in cells from layer II
(Fig. 3C1).

Basal ganglia and related areas

A moderate hybridization signal for PDE7A mRNA
was observed in caudate-putamen (Fig. 1B1). The sub-
stantia nigra pars reticulata and the pars compacta
presented intermediate levels of PDE7A mRNA (Fig.
5C1).

Limbic areas

The hippocampal formation presented very high hy-
bridization signals of PDE7A mRNA (Fig. 1C1,E, 4B1).
Very strong hybridization signals were also seen in the
granule cell layer of the dentate gyrus and the pyrami-
dal cell layer of Ammon’s horn, particularly in the CA3
field. The subiculum, presubiculum, and parasubicu-
lum showed intermediate levels of PDE7A mRNA (Fig.
1F1). A low hybridization signal was detected in the
lateral and medial septal nuclei (Fig. 1B1). Few
strongly labeled cells were seen in the indusium gri-
seum (Fig. 4E). Intermediate to low hybridization sig-
nals were detected in some amygdaloid nuclei (Fig. 5E).

Thalamus and hypothalamus

PDE7A transcripts were present at intermediate lev-
els in the lateral and medial ventroposterior thalamic
nuclei as well as in the laterodorsal, reticular, and
mediodorsal thalamic nuclei (Fig. 1C).

High hybridization levels were observed in the me-
dial habenular nucleus, whereas moderate levels of
expression were seen in the lateral habenular nucleus
(Fig. 1C). Low hybridization signals were present in
the medial geniculate nucleus (Figs. 1D, 4C). A strong
hybridization signal was detected in the pineal gland
(Fig. 1F). In the hypothalamus, moderate PDE7A
mRNA levels were detected in the ventromedial hypo-
thalamus and in the compact area of the dorsomedial
hypothalamic nucleus (Fig. 1C).

Brainstem

The pontine nuclei showed high levels of hybridiza-
tion signal (Fig. 1D,E). Other midbrain structures pre-
senting intermediate to low levels of hybridization sig-
nals included the superior colliculus, particularly the
superficial gray layers (Figs. 1E,F, 5A), the reticulote-
gmental nucleus of the pons (Fig. 1F), the parabigemi-
nal nucleus and the red nucleus (Figs. 1E, 4D).

Certain raphe nuclei showed low hybridization sig-
nals. These include the dorsal raphe nucleus (Fig. 6A),
median raphe nucleus (Fig. 6B), and the raphe magnus
nucleus (Fig. 6C). A clear hybridization signal could be
seen in the raphe pallidus (Fig. 6C), in contrast with its
absence in the raphe obscurus. A clear hybridization
signal was observed in the ventral tegmental nucleus
(Fig. 1F).

Fig. 4. Distribution of PDE7A mRNA in cells of the choroid plexus
(A), hippocampal formation (B), dorsal part of the medial geniculate
nucleus (C), red nucleus (D), and induseum griseum (E). A1–E1:
Dark-field photomicrographs from emulsion dipped sections. A2–E2:
Bright-field photomicrographs from the same sections stained with
cresyl violet. Asterisk in E1 indicates tissue light in the cerebral
longitudinal fissure. Bar 5 0.2 mm (B) and 0.1 mm (A,C–E). Bra-
chium of the superior colliculus (bsc), fields one (CA1) and four (CA4)
of Ammon’s horn, corpus callosum (cc), dentate gyrus (DG), induseum
griseum (IG), stratum lacunosum moleculare of Ammon’s horn
(LMol), dorsal part of the medial geniculate nucleus (MGD), molecular
layer of the dentate gyrus (Mol), marginal zone of the medial genic-
ulate (MZMG), stratum radiatum of Ammon’s horn (Rad).
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Hybridization signal for PDE7A mRNA could be ob-
served in the principal oculomotor nerve (Fig. 1D),
hypoglossal nucleus (Fig. 7E), facial nucleus (Fig. 1G),
nucleus of the spinal tract of the trigeminus (Fig. 1H),
sensory root of the trigeminal nerve (Fig. 1F), principal
sensory trigeminal nerve (Fig. 1F), the dorsal motor
nucleus of vagus (Fig. 7D), and accessory facial nu-
cleus. Intermediate levels of hybridization were seen in
the vestibular nuclei (Fig. 1E,G), prepositus hypoglos-
sal nucleus, nucleus of solitary tract (Fig. 5E), and
dorsal cochlear nuclei (Fig. 1G). Moderate hybridiza-
tion signals were observed in the area postrema (Figs.
1H, 7B), gracile (Fig. 7A), and cuneate nuclei (Fig. 7C).
Labeled cells were also detected in the lateral reticular
nucleus (Fig. 7F) and in the inferior olive (Fig. 1E).

Cerebellum

One of the highest hybridization signals for PDE7A
mRNA in rat brain was observed in Purkinje cells and
in granular layer (Fig. 6D) of cerebellum (Fig. 1E). Low
levels of expression were observed in the deep cerebel-
lar nuclei (Fig. 1G).

Nonneuronal structures

Low levels of hybridization signal for PDE7A mRNA
were observed in white matter structures, including
the corpus callosum (Figs. 1B, 4E) and the anterior
commissure (Fig. 1A). Moderate levels of PDE7A
mRNA were seen in the cerebral peduncle (Fig. 5F) and
in the interpeduncular nuclei (Fig. 5D), and low levels of
expression in the middle cerebellar peduncle (Fig. 1F).

Moderate hybridization levels were also detected in
the choroid plexus (Figs. 1C, 4A), the ependymal lining
of the cerebral aqueduct (Fig. 5B). A strong hybridiza-
tion signal was seen in the lateral ventricle (Fig. 1B).

Peripheral organs

PDE7A mRNA expression was analyzed in rat testis,
thymus, spleen, liver, adrenal glands, and kidney. In
testis, a high hybridization signal was observed in the
interstices between the convoluted seminiferous tu-
bules (Fig. 8A), corresponding to Leydig cells (Fig. 8B).
PDE7A mRNA hybridization levels were high and pre-
sented a homogeneous distribution in the thymus lob-
ules, with no differences between cortex and medulla
(Fig. 8C).

In the spleen, PDE7A mRNA hybridization showed a
patchy distribution, with much higher signals detected
in the white pulp, or Malpighian bodies, than in the red
pulp (Fig. 8D,E).

A gradient in the intensity of the hybridization sig-
nal was observed in the adrenal gland cortical layers
(Fig. 8F). High hybridization levels were seen in the
zona glomerulosa, decreasing toward the zona fascicu-
lata and the zona reticularis. In the adrenal medulla,
moderate hybridization levels for PDE7A mRNA were
observed throughout.

The liver lobule presented low levels of PDE7A
mRNA expression around the central vein (Fig. 8G).
The signal detected was attributable to the liver cell
plates located between the liver sinusoids.

In kidney, the medulla (Fig. 8H) and the collecting
tubules (Fig. 8I) exhibited very high hybridization sig-
nal for PDE7A mRNA, especially in the papillary ducts
of Bellini (Fig. 8J). PDE7A transcripts were also
present at high levels in the epithelium of the renal
papilla (Fig. 8J). In the cortex, intermediate levels were
observed in the medullary rays (Fig. 8H).

Distribution of PDE7A1 and PDE7A2 splice
variants by RT-PCR

Experiments were carried out to attempt to amplify
by PCR the two splice variants PDE7A1 and PDE7A2
from RNA isolated from nine rat brain areas: olfactory
bulb, cortex, midbrain, thalamus, hippocampus, stria-
tum, cerebellum, brainstem, and spinal cord. PCR
products of the expected size for PDE7A1 and PDE7A2
were identified in some brain areas, shown in Figure 9.
PDE7A1 was amplified in midbrain, thalamus, and
striatum. Less intense bands were observed in the cer-
ebellum, cortex, and brainstem. A very weak band
could be appreciated in the hippocampus. However, no
bands could be amplified in the RNAs from olfactory
bulb and spinal cord, although PDE7A1 could be am-
plified when higher RNA concentrations from olfactory
bulb were used in the reaction (data not shown).
PDE7A2 was clearly amplified in spinal cord, cortex,
olfactory bulb, thalamus, hippocampus, and brainstem.
Weak bands were obtained in cerebellum and mid-
brain, whereas no band could be observed in the stria-
tum.

DISCUSSION

We examined the cellular and regional distribution
of PDE7A in the rat brain and several peripheral or-
gans by using an oligonucleotide complementary to the
mRNA coding for this isozyme. Our results show that
PDE7A mRNA is widely and heterogeneously distrib-
uted in the brain and expressed in both neuronal and
nonneuronal cells. In peripheral organs, the hybridiza-
tion signal presents a heterogeneous cellular distribu-
tion with the exception of the thymus, where the ex-
pression of PDE7A mRNA is homogeneous. A further
degree of complexity is found when the distribution of
the two reported spliced forms of this mRNA is exam-
ined by RT-PCR. While cortex, midbrain, brainstem,
thalamus, hippocampus, and cerebellum appear to ex-
press both forms, only PDE7A1 mRNA is amplified
from the striatum and PDE7A2 in spinal cord and
olfactory bulb.

To our knowledge, this is the first detailed report of
the regional and cellular distribution of PDE7A mRNA
in the rat. Previous studies have only partially ad-
dressed this issue using RT-PCR and in situ hybridiza-
tion histochemistry (Hoffmann et al., 1998). The wide
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Fig. 5. Cellular localization of PDE7A mRNA in the superior col-
liculus (A), aqueduct (B), substantia nigra (C), interpeduncular nuclei
(D), posteromedial cortical amygdaloid nucleus (E), and cerebral pe-
duncle (F). Dark-field photomicrographs from emulsion-dipped hy-
bridized sections (A1–F1). A2–F2: The same sections stained with

cresyl violet. Bar 5 0.1 mm. Aqueduct (Aq), cerebral peduncle (cp),
interpeduncular nuclei (IP), periaqueductal grey (PAG), substantia
nigra pars compacta (SNc) and pars reticulata (SNr), superficial gray
layer of superior colliculus (SuG), zonal layer of superior colliculus
(Zo).



distribution of PDE7A mRNA suggests that this en-
zyme may be involved in regulating cAMP levels in
cells with a wide range of functions.

Distribution of PDE7A mRNA in brain and
peripheral organs: Comparison with

ther phosphodiesterases

When PDE7A mRNA localization is compared with
that of the other four members of cAMP-dependent PDE4
family (Pérez-Torres et al., 2001), some overlap of the
expression pattern can be observed. The presence in the
rat brain of other cAMP-specific phosphodiesterases,
such as PDE7B (Hetman et al., 2000; Sasaki et al., 2000),
PDE8 (Fisher et al., 1998; Hayashi et al., 1998), and the
cAMP- and cGMP-specific PDE10A (Loughney et al.,
1999) has been reported, in all cases by Northern blot

analysis. The recently described cAMP- and cGMP-spe-
cific PDE11A (Fawcett et al., 2000), however, has not
been found to be expressed in brain.

In this study we also detected PDE7A mRNA expres-
sion in the Leydig cells, where the endocrine function of
the testis takes place. Since the synthesis of testoster-
one is mediated by cAMP, PDE7A could conceivably
play a role in the regulation of this process.

In the spleen, the white pulp, made up of diffuse and
nodular lymphoid tissue, presents high levels of
PDE7A mRNA. The red pulp, formed by the venous
sinuses, in contrast shows low levels. PDE7A mRNA is
homogeneously distributed in the thymus, in both med-
ullar and cortical areas. The lymphocytes that do not
degenerate within the organ go on to differentiate in
the peripheral lymphoid organs into T lymphocytes. In

Fig. 6. Expression of PDE7A
mRNA in the dorsal (A) and median
(B) raphe nuclei, raphe magnus and
pallidus nuclei (C), cerebellum (D),
and nucleus of the solitary tract (E).
Arrows in D1 indicate labeled Pur-
kinje cells. Asterisk in C1 marks
tissue light in the basilar artery.
A1–E1: Photomicrographs from
emulsion autoradiograms, obtained
with dark-field illumination. A2–E2:
Bright-field photomicrographs from
the same sections stained with cresyl
violet. Bar 5 0.1 mm. Granular layer
(GrL) and molecular layer (ML) of
the cerebellum, pyramidal tract (py),
raphe magnus nucleus (RMg), raphe
pallidus nucleus (RPa), white mat-
ter (wm).
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Fig. 7. Distribution of cells expressing PDE7A mRNA in the gracile nucleus (Gr) (A), area postrema
(AP) (B), cuneate nuclei (Cu) (C), dorsal motor nucleus of vagus (10) (D), hypoglossal nucleus (12) (E), and
lateroreticular nucleus (LRt) (F). Dark-field photomicrographs from emulsion-dipped tissue (A1–F1).
A2–F2: The same sections stained with cresyl violet. Bars 5 0.1 mm.



fact, PDE7A expression has been described in two hu-
man T-cell lines (Bloom and Beavo, 1996) and in hu-
man CD41 and CD81 T-lymphocytes (Giembycz et al.,
1996). It has also been recently demonstrated that

PDE7 induction and the consequent suppression of
cAMP-dependent protein kinase A (PKA) activity is
required for T-cell activation (Li et al., 1999). All these
data indicate that PDE7A may be a good target for the

Fig. 8. Distribution of PDE7A
mRNA in peripheral organs: testis
(A,B) where it is expressed in Ley-
dig cells, thymus (C), spleen (D,E),
having a prominent expression in
white pulp, adrenal glands (F)
mainly expressed in the zona glo-
merulosa, liver (G), and kidney (H)
being clearly present in the collect-
ing ducts (I) and papillary ducts of
Bellini (J). A,D,H: Film autoradio-
grams. B,C,E–G,I,J: Photomicro-
graphs from emulsion autoradio-
grams, obtained with dark-field
illumination. Bars 5 4 mm (A,D,H)
and 0.1 mm (B,C,E–G,I,J). Collect-
ing tubules (ct), central vein (cv),
cortex (Cx), epithelium of the renal
papilla (erp), Leydig cells (Lc), me-
dulla (Md), papillary ducts of Bellini
(pdB), red pulp (rp), white pulp (wp),
zona fasciculata (ZF), zona glo-
merulosa (ZG), zona reticularis
(ZR).
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development of selective inhibitors of T-cell response.
The presence of PDE7 mRNA in B lymphocytes has
also been demonstrated by RT-PCR (Gantner et al.,
1998). This is of particular interest, since a variety of
B-cell responses are modulated by cAMP (Holte et al.,
1988).

A gradient of expression for PDE7A mRNA has been
detected in the adrenal cortical layers. The highest
expression was observed in the zona glomerulosa, de-
creasing in the zona fasciculata, and with low levels in
the zona reticularis, where it could be involved in the
regulation of hormone secretion.

In the adrenal medulla, intermediate levels of
PDE7A mRNA are found. The catecholamines epineph-
rine and norepinephrine are contained in the cells of
the medulla. Unlike the steroid hormones of the cortex,
they accumulate at high concentrations in the cells,
being involved in blood pressure, heart rate, and car-
diac output. A cAMP-dependent basal catecholamine
release has been described (Mazzocchi et al., 1999)
where cAMP-specific PDE7A could play a role.

Several cyclic nucleotide phosphodiesterases have
been described in the kidney (Dousa, 1999), where they
participate in different regulatory pathways. We found
that the PDE7A hybridization signals are present in
the collecting tubules and absent in the nephron struc-
tures. Thus, intermediate levels of PDE7A mRNA are
seen in the medullary rays and in the papillary ducts of
Bellini. Higher activity of PDE4 and, to a lesser degree
PDE3, have been proposed as responsible for nephro-
genic diabetes insipidus (NDI) by the use of specific
inhibitors (Takeda et al., 1991). The lack of specific
PDE7 inhibitors in those studies and the presence of
PDE7A mRNA described here suggests its possible im-
plication in the regulation of cAMP levels in the col-
lecting ducts.

PDE7A functions

The lack of specific inhibitors has prevented an anal-
ysis of the correlation between the localization of
PDE7A enzyme and the functions mediated by this
(these) enzyme(s). In the case of the PDE4 family the
availability of several inhibitors, particularly rolipram,
has made possible an extensive examination of the
functions associated with the regulation of cAMP levels
by the PDE4 enzyme family (Bach et al., 1999; Barad et

al., 1998; Bertolino et al., 1988; Heaslip and Evans,
1995; Hebenstreit et al., 1989; Takahashi et al., 1999).
The KD of PDE7 for cAMP is about 10-fold higher than
that of PDE4, suggesting a role for PDE7 when low
levels of substrate are present. It will be interesting to
see, once PDE7 inhibitors are available (Martı́nez et
al., 2000), if they also produce behavioral, cellular, or
molecular effects similar to rolipram.

CONCLUSIONS

PDE7A mRNA is present not only in several neuro-
nal populations, but also in nonneuronal populations in
brain and peripheral tissues. In the brain, splice forms
of this mRNA show clear regional differences. These
results provide information for more selective studies
on the functions regulated by this enzyme, once other
tools such as antibodies and selective inhibitors are
available.
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