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cGMP has been implicated in the regulation of many essential
functions in the brain, such as synaptic plasticity, phototrans-
duction, olfaction, and behavioral state. Cyclic nucleotide
phosphodiesterase (PDE) hydrolysis of cGMP is the major
mechanism underlying the clearance of cGMP and is likely to
be important in any process that depends on intracellular
cGMP. PDE9A has the highest affinity for cGMP of any PDE,
and here we studied the localization of this enzyme in the rat
brain using in situ hybridization. PDESA mRNA is widely dis-
tributed throughout the brain with varying regional expression.
The pattern of PDESA mRNA expression closely resembles that

of soluble guanylyl cyclase (sGC) in the rat brain, suggesting a
possible functional association or coupling of these two en-
zymes in the regulation of cGMP levels. Most of the brain areas
expressing PDESA mRNA also contain neuronal nitric oxide
synthase (NOS), the enzymatic source of NO and the principal
activator of sGC. PDE9A is the only cGMP-specific PDE with
significant expression in the forebrain, and as such is likely to
play an important role in NO-cGMP signaling.
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The biological effects of cGMP are dependent on its intracellular
concentration, determined by its rate of formation and its rate of
hydrolysis. Cyclic nucleotide phosphodiesterases (PDEs) are a
large group of enzymes that participate in a wide variety of
functions in different organs, including the brain (Dousa, 1999).
All known PDEs can be divided into three groups: (1) PDEs
hydrolyzing both cAMP and cGMP (PDEl, PDE2, PDE3,
PDEI10, and PDEI11l), (2) PDEs hydrolyzing cAMP (PDE4,
PDE7, and PDES), and (3) cGM P-specific PDEs. Currently this
last group of PDEs includes three families: PDES, PDE6, and
PDEYA, of which PDES has been found to be expressed mainly in
the cerebellum (Kotera et al., 1997), and PDE®6 is the phospho-
diesterase involved in visual transduction in the retina (Stryer,
1986; Gillespie, 1990). PDEYA is the PDE with the highest
affinity for cGMP (Soderling et al., 1998), and therefore is likely
to be important in determining intracellular cGMP levels and
therefore activation of cGMP-dependent signaling pathways.
However, no previous studies have investigated the localization of
PDEOA in the brain.

c¢GMP plays an important role in many processes in the CNS,
including synaptic plasticity (Bernabeu et al., 1996; Barcellos et
al., 2000; Halcak et al., 2000), phototransduction (Fesenko et al.,
1985), and olfaction (Zufall and Leinders-Zufall, 1998). Nitric
oxide (NO) is a powerful activator of the soluble form of the
cGMP-synthesizing enzyme guanylyl cyclase (Katsuki et al,
1977; Miki et al., 1977). Investigations comparing distribution of
the neuronal NO-generating enzyme (NOS) with that of nitric
oxide-stimulated ¢cGMP accumulation in the rat brain have
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shown a parallel distribution of NOS and NO-stimulated cGMP
accumulation (Southam and Garthwaite, 1993; De Vente et al.,
1998). ¢cGMP is likely to be important in the regulation of
behavioral state through the NO-cGMP signal transduction sys-
tem (Burlet et al., 1999; Cudeiro et al., 2000). Studies using
inhibitors of nitric oxide synthase have shown inhibition of sleep
with blockade of enzyme activity in the rabbit (Kapas et al.,
1994b) and the rat (Dzoljic and De Vries, 1994; Kapas et al.,
1994a; Dzoljic et al., 1996; Burlet et al., 1999). Other studies have
shown a facilitatory effect of NO on arousal and REM generation
mechanisms in target areas of the laterodorsal tegmental nucleus
(LDT) and pedunculopontine tegmental nucleus (PP T) (Williams
et al., 1997): the thalamus (Pape and Mager, 1992) and medial
pontine reticular formation (Leonard and Lydic, 1997). As a
major mechanism underlying the clearance of cGMP, cyclic nu-
cleotide PDE hydrolysis of cGMP may play an important role in
behavioral state regulation and also in other processes in which
the NO-cGMP signal transduction system is involved. Our initial
Northern blot studies showed strong expression of PDE9A in
several regions of the forebrain, and we pursued this observation
further to determine the regional expression of PDE9A mRNA.

MATERIALS AND METHODS

Animals. All procedures used conform to the National Institutes of
Health guidelines for the care and use of laboratory animals.

Isolation of total RNA from rat brain. Male Sprague Dawley rats at 4
weeks of age were anesthetized with sodium pentobarbital before differ-
ent brain regions were excised and stored in RNAlater (Ambion, Austin,
TX) at 4°C. Total RNAs were prepared using the RNeasy Midi kit
(Qiagen, San Diego, CA) according to the manufacturer’s instructions.
The integrity and concentration of RNA samples were determined by
agarose gel electrophoretic analysis and spectrophotometry.

Preparation of DNA and RNA probes. Using rat brain total RNA and
primers I and IV, corresponding to the mouse cDNA sequence (Gen-
Bank accession number AF068247, nucleotides 529-546 and 1236-1216
accordingly) (Table 1), a rat PDE9A fragment was obtained by RT-PCR.
Reverse transcription was performed using the RETROscript kit (Am-
bion). PCR was performed with Tag DNA polymerase under the condi-
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Table 1. Oligonucleotides used for preparation DNA and RNA probes

Oligo name Sequence (5'-3") Nucleotide residues”
I aagaagttgacacctcga 529-546
II atatgttcttaaacagctcag 668—-649
111 cgacatctcaccgctggagaa 962-983
v gacttcattggagatatcacagc 1236-1216

“Nucleotide residues correspond to the mouse PDE9A cDNA sequence reported in
GenBank accession number AF068247.

tions recommended by the manufacturer (Promega, Madison, WI). The
PCR fragment (primers I, IV) was cloned in pGEM-T Easy vector and
sequenced. This construct was used for synthesis of PCR-amplified
products of rat PDE9A c¢cDNA (primers I and II, probe A; III and IV,
probe B) (Table 1). Probes A and B were labeled by the DECAprime II
(Ambion) and used for Northern blot analysis. There are four mRNA
transcripts for the PDE9A gene in humans, arising from alternative
splicing of the first six exons at the N-terminal end (Guipponi et al.,
1998). Probes A and B are targeted to regions of the rat PDE9A gene that
are 3’ to the sequence corresponding to the first six exons of the human
gene, and thus if multiple transcripts of the rat PDE9A gene exist, arising
from alternative splicing similar to that in human, probes A and B should
recognize all of these transcripts.

PCR products A and B were subcloned into pGEM-T Easy Vector.
The EcoRI-EcoRI fragments of these plasmids containing the PDE9A
fragments were then subcloned into pGEM-9zf(-) vector. The orienta-
tion of each fragment and fidelity of the PCR were tested by sequence
analysis. The templates for generation of the antisense and sense RNA
probes were made by linearizing this new construction using Xbal and
Sall. Riboprobes labeled with S were prepared using an RNA labeling
kit (Amersham Pharmacia Biotech, Arlington Heights, IL) following the
manufacturer’s recommendations. The labeled probes were then stored
at —20°C and used within 1 week. All figures shown were obtained from
experiments using probe B (or its complement in Fig. 2B), except Figure
5A, obtained using probe A. Probes A and B share 33-44% and 40-50%
of homology, respectively, with other PDEs. The A and B probes gave
identical results.

Northern blot analysis. Northern blot analysis was performed essen-
tially as described (Selden, 1989). Ten micrograms of total RNA from the
basal forebrain, cortex, cerebellum, medulla, midbrain, hippocampus,
thalamus, pons, and olfactory bulb were separated on a denaturing
agarose gel, transferred to a nylon membrane and hybridized with a
32P-labeled DNA probe at 42°C in ULTR Ahyb (Ambion) overnight. The
membrane was washed twice for 5 min in 2X SSC, 0.1% SDS at 42°C,
twice for 15 min in 0.1X SSC, 0.1% SDS at 42°C and exposed to Kodak
(Eastman Kodak, Rochester, NY) X-OMAT AR film.

Tissue preparation. Sprague Dawley rats, 26- to 30-d-old, were used.
Rats were decapitated under sodium pentobarbital anesthesia (50 mg/kg,
i.p.) and perfused through the ascending aorta with 50 ml of heparinized
0.1 M sodium phosphate buffer, pH 7.4 (PBS), containing 0.9% sodium
chloride (NaCl), followed by 150 ml of freshly prepared 4% paraformal-
dehyde in PBS containing 0.25% glutaraldehyde (fixative solution). The
brains were removed, post-fixed in the same fixative solution, then
dehydrated in 50% ethanol for 3 hr, in 70% ethanol overnight, in 95%
ethanol for 2 hr, twice in 100% ethanol for 2 hr each, cleared in xylene
twice for 1 hr, then infiltrated with Paraplast Plus and embedded. Tissue
was stored at 4°C until sectioning. For in situ hybridization 8 um sections
were cut on a rotary microtome and collected onto positively charged
microscope slides (Superfrost Plus; Fisher Scientific, Pittsburgh, PA).
The slides were dried at 37°C and stored at 4°C until use. To process the
slides they were brought to room temperature, rinsed twice for 10 min in
xylene to remove the paraffin, hydrated in a graded series of ethyl alcohol
solutions (100, 95, 85, 70, 50, and 30%), then rinsed in 0.85% NaCl for
5 min and in PBS for 5 min, post-fixed in freshly prepared 4% parafor-
maldehyde in PBS for 30 min, rinsed twice in PBS for 5 min, treated with
proteinase K (PK) solution (0.5 pg/ml PK, 50 mm EDTA, pH 8.0, 100
mM Tris, pH 8.0), rinsed in H,O, acetylated with 0.25% acetic anhydride
in 0.1 M triethanolamine pH 8.0 for 10 min, rinsed in 2X SSC, dehydrated
and delipidated through graded alcohol and chloroform, and dried for
30 min.

In situ hybridization. Hybridization was performed at 55°C for 16-20 hr
in a solution of 50% deionized formamide, 10 mm Tris HCI, pH 7.5, 1
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Figure 1. Northern blot analysis of regional PDE9A expression. PDE9A
mRNA expression was highest in the basal forebrain, cerebellum, and
olfactory bulb. Northern blot contained 10 ug of rat total RNA per lane.
The blot was hybridized with PDE9A and cyclophilin probes. Cyclophilin
was measured to ensure equal loading of RNA on the blot. Relative size
(in kilobases) is indicated on the left based on mobility of an RNA ladder.
Cyclophilin mRNA migrated at ~0.7 kb. PDE9A was expressed in all
nine brain tissues and migrated at ~2.0 kb mRNA. /, Basal forebrain; 2,
cortex; 3, cerebellum; 4, medulla; 5, midbrain; 6, hippocampus; 7, thala-
mus; 8, pons; 9, olfactory bulb.

mM EDTA, pH 8.0, 1X Denhardt’s solution, 10% dextran sulfate, 0.1%
SDS, 0.1% sodium thiosulfate, 0.1% DTT, 0.02% sheared salmon sperm
DNA, 0.02% yeast tRNA, and 0.1% total yeast RNA. The **S-labeled
cRNA probe was added to the hybridization solution at a concentration
of 107 cpm/ml. After hybridization the slides were rinsed in 2Xx SSC at
room temperature, incubated in 20 pg/ml RNase Al for 30 min at room
temperature, washed once in 2X SSC at 50°C for 1 hr and twice in 0.2X
SSC for 1 hr at 55 and 60°C. After these procedures, slides were
dehydrated in an ethanol water series in the presence of 0.3 M ammonium
acetate (50, 70, and 95%) and 100% ethanol, after which they were dried
and exposed to Amersham Hyperfilm-Bmax for 48 hr. Finally, the slides
were dipped into undiluted Kodak NTB-2, exposed at 4°C for 3 to 4
weeks, and developed at 15°C with freshly prepared Kodak Developer
D-19 and Fixer.

RESULTS

Northern blot analysis indicated that PDE9A mRNA was ex-
pressed in one transcript throughout the brain. The levels of this
expression were different from region to region. The highest
expression of PDE9A mRNA was detected in the basal forebrain,
cerebellum, and olfactory bulb (Fig. 1, lanes 1, 3, 9).

To examine the localization of the PDE9A mRNA in the rat
brain we performed in situ hybridization analysis. Sagittal section
of the whole brain (Fig. 24) showed labeling in the: glomerular
layer (Gl) of the olfactory bulb, anterior olfactory nucleus (AN),
neocortex (NC), layers II, V, and VI, caudoputamen (CP) of the
striatum, olfactory tubercle (OT), hippocampal area CAl, den-
tate gyrus (DG), pontine gray nuclei (PG), Purkinje cell (PC),
and granular (Gr) layers of the cerebellum. No labeling was
observed with the sense probe (Fig. 2B).

Olfactory system
Within the main olfactory bulb, heavily labeled PDE9A mRNA-
expressing cells were seen in the Gl and Gr layers (Fig. 3). In the

accessory olfactory bulb, strong expression was detected in the
AN (Fig. 2A4).

Cerebral cortex

The neocortex was rich in PDE9A mRNA-containing cells (Fig.
4A). Intense hybridization signal was observed in layer V and less
so in layers II and V1. In layers III and IV weak expression of
PDE9A mRNA in scattered cells was observed. In addition,
strong expression of PDE9A was found in the insular area of
allocortex (In) (Fig. 5A4,B).
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Figure 2. In situ hybridization assay of PDE9A expression in the whole
rat brain. A, Antisense probe for PDE9A demonstrates specific labeling in
discrete regions of the brain. Labeling, indicating PDE9A mRNA expres-
sion, was found in the glomerular cell layer (G/) of the olfactory bulb,
anterior olfactory nucleus (AN), neocortex (NC), olfactory tubercle
(OT), caudoputamen (CP) of the striatum, dentate gyrus (DG), pontine
gray nucleus (PG), Purkinje cells (PC), and granular layer (Gr) of the
cerebellum. B, Corresponding sense probe shows background labeling.
Scale bars, 1 mm.

Figure 3. In situ hybridization assay of PDE9A expression in the main
olfactory bulb. 4, A coronal section of the olfactory bulb. B, Higher
magnification of a portion of the olfactory bulb. Labeling, indicating
PDEY9A mRNA expression, was found in the granular cell layer (Gr) and
in the glomerular cell layer (G/). Labeling of only scattered cells was
found in the external plexiform layer (EP). Scale bars, 100 pwm.

Hippocampus

PDE9A mRNA was strongly expressed in the DG and moderately
in the pyramidal cell layer of the CAl region of the hippocampus
(Fig. 4B). Interestingly, no detectable labeling of CA2-4 was
observed, demonstrating a high degree of variation in expression
within a given anatomical structure. Such variation within ana-
tomically defined structures was seen in other locations as well.
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Figure 4. In situ hybridization assay of PDE9A expression in the neo-
cortex. A, A coronal section of the neocortex. B, A coronal rat brain
section at the hippocampal level. Labeling, indicating PDE9A mRNA
expression, was found in the layers 11, V, and VI of the neocortex, in the
dentate nucleus (DG), and in the CAl area of the hippocampus. Scale
bars, 100 wm.

Basal ganglia

In the medial CP and the bed nucleus (BN) of the stria terminalis
the expression of PDE9A mRNA was moderate (Fig. 54,B).
Strong labeling was detected in the striatal fundus (SF), part of
the nucleus accumbens (Fig. 54,B). There was also a strong signal
in the septal nuclei (SN) (lateral/dorsal, lateral/intermediate,
lateral/ventral) (Fig. 54,B).

Basal forebrain

Extensive and intense labeling was observed also in the OT, the
islands of Calleja (IC) (Fig. 54,D), and the magnocellular pre-
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optic nucleus (MaPO) (Fig. 5B,E). The amygdaloid nuclei (me-
dial, basolateral, basomedial) also showed strong expression of
PDE9A mRNA (Fig. 5C).

Thalamus and hypothalamus

The expression of PDE9A mRNA was moderate in the reticular
thalamic nucleus (R) and weak in the paracentral thalamic nu-
cleus (Pc), nucleus gelatinosus (Ge) of the thalamus, laterodorsal
nucleus (LD) of the thalamus, and ventrobasal (VB) complex of
the thalamus (Fig. 5C). The medial preoptic (MP) area of hypo-
thalamus showed moderate expression of PDE9A mRNA (Fig.
5B). In the ventrobasal nuclear complex of the hypothalamus
[dorsomedial (DM) and ventromedial (VM) nuclei] weak PDE9A
mRNA expression was detected (Fig. 5F).

Midbrain

In most of the midbrain areas expression of PDE9A mRNA was
hardly distinguishable compared with the background. Only in
the trochlear nucleus was weak expression of PDE9A mRNA
detectable (data not shown).

Pons
PDEY9A mRNA was expressed strongly in the PG (Fig. 2), the
trigeminal nucleus (TN), and the inferior olive nucleus (ON)
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Figure 5. In situ hybridization assay of
PDEOYA expression in deep gray structures
and the basal forebrain. 4, A coronal sec-
tion of the forebrain through the islands of
Calleja. Labeling, indicating PDE9A
mRNA expression, was found in the neo-
cortex (NC), insular area of the allocortex
(In), septal nucleus (SN), caudoputamen
(CP), striatal fundus (SF), olfactory tuber-
cle (OT), and islands of Calleja (IC). B, A
coronal section of the forebrain through the
magnocellular preoptic nucleus. Labeling
was detected in the neocortex (NC), insular
area of the allocortex (In), septal nucleus
(SN), caudoputamen (CP), bed nucleus of
stria terminalis (BN), striatal fundus (SF),
olfactory tubercle (OT'), magnocellular pre-
optic nucleus (MaPO), and medial preoptic
nucleus (MP) of the hypothalamus. C, A
coronal section of the forebrain through the
thalamus and hippocampus. Labeling was
observed in the paracentral nucleus (Pc),
reticular nucleus (R), nucleus gelatinosus
(Ge), lateral dorsal nucleus (LD), and ven-
trobasal complex of the thalamus (V B), and
the ventromedial (VM) and dorsomedial
(DM) nuclei of the hypothalamus. D,
Higher magnification of the islands of
Calleja. Strong labeling was seen in the
olfactory tubercle (OT) and islands of
Calleja (IC). E, Higher magnification of the
preoptic magnocellular area of the basal
forebrain. Strong labeling was found in the
olfactory tubercle (OT'), magnocellular pre-
optic nucleus (MaPO), and striatal fundus
(SF). F, Higher magnification of the hypo-
thalamus. Labeling was detected in the ven-
tromedial (M) and dorsomedial (DM ) nu-
clei. Scale bars: A-C, 1 mm; D-F, 100 pwm.

(Fig. 64,B). The facial (FN), raphe (RN), and dorsal tegmental
(DT) nuclei showed moderate expression of PDE9A mRNA
(Fig. 6A).

Cerebellum

The heaviest PDE9A mRNA was found in the PC layer, which
contains the large cell bodies of Purkinje neurons that are ar-
ranged side by side in a single layer (Fig. 74,B). The Gr had weak
expression of PDE9A mRNA (Fig. 7B). The molecular layer of
cerebellum did not display any specific labeling for PDE9A
mRNA (Fig. 7B).

Table 2 summarizes the intensities of expression in various
brain regions. The specificity of the riboprobes used for in situ
hybridization was confirmed by four lines of evidence. First, there
was no specific hybridization with the sense probe (Fig. 2B).
Second, RNase-treated sections did not hybridize to the probe.
Third, the results obtained using two different riboprobes were
identical. Fourth, Northern blot analysis showed that the anti-
sense riboprobes used in our experiment hybridized to unique rat
PDEYA transcripts of 2 kb, demonstrating that no cross-
hybridization to other transcripts occurred. No other PDE has a
transcript of size similar to PDE9A (Soderling et al., 1998).
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Figure 6. In situ hybridization assay of PDE9A expression in the pons. 4,
A coronal section of the pons. Labeling, indicating PDE9A mRNA
expression, was found in the dorsal tegmental nucleus (D7), facial nucleus
(FN), raphe nucleus (RN), trigeminal nucleus (TN ), olive nucleus (ON),
and locus coeruleus (LC). B, High magnification of the region containing
olive neurons. Scale bars: 4, 1 mm; B, 100 wm.

DISCUSSION

In the present study the distribution pattern of PDE9A mRNA
expression was investigated in the rat brain by in situ hybridiza-
tion using antisense RNA probes. The expression pattern gener-
ally agrees with that obtained by using Northern blot analysis.
The strongest expression of PDE9A mRNA was detected in the
following regions of the forebrain: the olfactory bulb and olfac-
tory tubercle, the allocortex, the neocortex, the dentate gyrus and
CALl region of the hippocampus, specific thalamic nuclei, the
islands of Calleja and magnocellular preoptic nucleus of the basal
forebrain, the amygdala, and the striatal fundus. In the hindbrain,
strong signal was observed in the pontine gray nucleus, the
trigeminal and inferior olive nuclei of the pons, and the Purkinje
cells of the cerebellum.

It is useful to compare the distribution of PDE9A with other
PDEs that hydrolyze cGMP (Table 3). The distribution of
PDE9A mRNA in the rat brain overlaps significantly with the
distribution of PDE1B mRNA (Furuyama et al., 1994; Polli and
Kincaid, 1994; Yan et al., 1994). PDE1B mRNA expression was
found in the caudate putamen, nucleus accumbens, olfactory
tubercle, olfactory bulb, dentate gyrus, pyramidal cells of the
hippocampus (CA1-CA4), and cerebral cortex. All of these re-
gions except CA2-CA4 of the hippocampus express PDE9A
mRNA as well. In contrast to PDE9A mRNA expression, PDE1B
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Figure 7. In situ hybridization assay of PDE9A expression in the cere-
bellum. 4, A coronal section of the cerebellum. Labeling, indicating
PDEY9A mRNA expression, was found in the Purkinje cell layer (PC) and
granular layer (Gr). No labeling was found in the molecular layer. B, High
magnification of the cerebellum. Scale bars: A, 1 mm; B, 100 wm.

mRNA expression was not detectable in the islands of Calleja and
was expressed to a much lesser extent in Purkinje cells of the
cerebellum. PDE2 mRNA is highly expressed in the limbic system
of the rat brain (the medial habenula, CA1-CA3 areas and
dentate gyrus of the hippocampus, subiculum, olfactory and en-
torhinal cortices, amygdala, and nucleus accumbens) (Repaske et
al., 1993). Some regions of the limbic system, such as the CAl
region of the hippocampus, dentate gyrus, amygdala, and basal
ganglia express PDE9A mRNA as well. Strong expression of
PDES was found only in Purkinje cells of the cerebellum, where
a very strong signal for PDE9A mRNA was also detected (Kotera
et al., 1997). Expression of mRNA for PDE10, as well as PDE9A,
PDEI1B, and PDEIC, was observed in the olfactory tubercle
(Fujishige et al., 1999). Such expression of different PDE families
in the same brain region may indicate redundancy of function,
different pathways for regulating different PDEs within the same
cell, or expression in different cell types within the same region.
It is likely that the expression of PDEs in a particular region
correlates with their functional importance in that region. For
example, it has been shown that the high level of cGM P-specific
PDE®6 in the retina underlies a crucial role for this enzyme family
in the visual transduction cascade (Stryer, 1986; Gillespie, 1990),
and the high level of cGMP-stimulated PDE (PDE2) in the
adrenal cortex mediates most of the effects of atrial natriuretic
peptide on aldosterone production (MacFarland et al., 1991).
Interestingly, the pattern of PDE9A mRNA expression closely
resembles that of soluble guanylyl cyclase (sGC) in the rat brain
(Matsuoka et al., 1992; Furuyama et al., 1993; Burgunder and
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Table 2. Summary of PDE9A mRNA expression in the rat by in situ
hybridization

PDEYA

Brain region mRNA
Olfactory bulb

Glomerular layer ++++

Internal granular layer ++++

Anterior olfactory nucleus ++++
Allocortex

Insular area ++++
Hippocampus

Pyramidal cells in the CA1 ++

Dentate gyrus ++++
Neocortex

Layer I1 +++

Layer III +

Layer IV +

Layer V ++++

Layer VI +++
Basal forebrain

Olfactory tubercle ++++

Islands of Calleja ++++

Magnocellular preoptic nucleus +4+++

Amygdala +++
Basal ganglia

Septal nuclei +++

Caudate putamen ++

Bed nucleus of stria terminalis ++

Striatal fundus ++
Thalamus

Reticular thalamic nucleus ++

Paracentral nucleus +

Nucleus gelatinosus +

Lateral dorsal nucleus +

Ventrobasal complex +
Hypothalamus

Ventrobasal nuclear complex +

Medial preoptic area ++
Midbrain

Trochlear nucleus +
Pons

Facial nucleus ++

Pontine gray nucleus +++

Trigeminal nucleus +++

Raphe nucleus ++

Dorsal tegmental nucleus ++

Inferior olive nucleus +++
Cerebellum

Purkinje cells ++++

Granular layer +

++++, Very strong; +++, strong; ++, moderate; +, weak.

Cheung, 1994; Giuili et al., 1994), suggesting a coordinated action
of these two enzymes in the regulation of cGMP levels in the
CNS. The localization of PDE9A mRNA also largely overlaps
with NO synthase distribution (Bredt et al., 1990; Rodrigo et al.,
1994), although in some cases they are located in adjacent cells
and cell layers. In the cerebellum, for example, NO synthase is
absent from the Purkinje cells, but its mRNA is heavily expressed
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in the nearby granule and basket cells. Similarly, a difference
between PDE9A and NO synthase mRNA localization may occur
in the striatum, where we detected expression of PDE9A mRNA
throughout this area, whereas only some isolated cells were found
to contain a strong signal corresponding to NOS mRNA (Giuili et
al., 1994). These data are consistent with direct evidence ob-
tained in the cerebellum that NO is an intercellular signaling
agent (Garthwaite, 1991).

The strong PDE9A mRNA expression found in the magnocel-
lular preoptic nucleus (MCP) of the basal forebrain, a region
implicated in behavioral state control (McGinty and Sterman,
1968; Lucas and Sterman, 1975; Szymusiak and Satinoff, 1984;
Szymusiak and McGinty, 1986, 1989a,b, 1990; Detari and
Vanderwolf, 1987), suggests a role for this enzyme in sleep-wake
regulation. The MCP contains a population of large cholinergic
neurons as well as noncholinergic neurons (Gritti et al., 1993).
Arousal-related functions are mediated by magnocellular cholin-
ergic neurons (Buzasaki and Gage, 1989), whereas GABAergic
neurons located within magnocellular regions of the basal fore-
brain are hypothesized to mediate sleep-promoting functions
(Szymusiak, 1995; Wenk, 1997). The interaction between
GABAergic and cholinergic neurons in this region has been
suggested to regulate behavioral state (Szymusiak, 1995). PDE9A
may participate in this regulation as an important determinant of
intracellular cGMP concentration. Important evidence support-
ing this hypothesis is the demonstration that the magnocellular
preoptic nucleus contains nitric oxide synthase-expressing neu-
rons (Bredt et al., 1990; Rodrigo et al., 1994) as well as projecting
axons from the nitric oxide synthase containing cholinergic neu-
rons of the LDT (Woolf and Butcher, 1986; Semba and Fibiger,
1989). The localization of PDE9A mRNA to preoptic magnocel-
lular neurons has provided the first indication that PDE9A may
play a role in the regulation of behavioral state.

PDE9A mRNA is highly expressed in the glomerular and
granular cell layers of the olfactory bulb, where the expression of
sGC (Matsuoka et al., 1992; Burgunder and Cheung, 1994) and
NOS mRNA are also found (Bredt et al., 1990; Vincent and
Kimura, 1992). It has already been suggested that the NO-cGMP
signaling system is implicated in the formation of olfactory mem-
ory and also in olfactory adaptation (Bicker et al., 1996; Hopkins
et al.,, 1996). PDE9A and other phosphodiesterases that hydrolyze
cGMP are expected to be important for these processes as reg-
ulators of intracellular cGMP concentration.

NO and ¢cGMP also appear to act as synaptic signaling agents
in the hippocampus and cerebellum. They are involved in long-
term depression (LTD) (Hartell, 1996) as well as long-term po-
tentiation (LTP) (Schuman and Madison, 1991; Chetkovich et al.,
1993; Selig et al., 1996; Son et al., 1998) and thus may play an
important role in the biochemical mechanisms of learning and
memory. Mechanisms controlling the formation and degradation
of cGMP may have a key role in the modulation of LTD recorded
from Purkinje neurons (Hartell, 1996). These cells express a high
level of sGC (Matsuoka et al., 1992; Furuyama et al., 1993;
Burgunder and Cheung, 1994; Giuili et al., 1994). We found that
they also highly express PDE9A mRNA. It is known that simul-
taneous, repetitive activation of parallel fibers (PF), the axons of
cerebellar granule cells that highly express NOS, and climbing
fibers, the axons of inferior olivary neurons, leads to LTD of
transmission at the PF-Purkinje cell synapse (Ito et al., 1982). It
is possible that PDE9A participates in this process as an enzyme
controlling cGMP levels. It was noticed that application of zap-
rinast, an inhibitor of PDE9A and other cGM P-specific PDEs, led
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Table 3. Comparison of PDE9A mRNA localization with other PDEs

Brain regions

PDEY9A*

PDE1A”

PDE1B><¢

PDE1C* PDEY PDE5 PDEI1("

Olfactory bulb
Glomerular layer
External plexiform layer
Internal granular layer
Anterior olfactory nucleus
Hippocampus
Pyramidal cells in the CA1
Pyramidal cells in the CA2
-CA4
Dentate gyrus
Neocortex
Layer I
Layer II
Layer III
Layer IV
Layer V
Layer VI
Basal forebrain
Olfactory tubercle
Islands of Calleja
Magnocellular preoptic nucleus
Amygdala
Basal ganglia
Septal nuclei
Caudate putamen
Striatum
Bed nucleus of stria terminalis
Nucleus accumbens
Thalamus
Reticular thalamic nucleus
Medial habenular nucleus
Hypothalamus
Medial preoptic area
Midbrain
Pons
Facial nucleus
Pontine gray nucleus
Trigeminal nucleus
Raphe nucleus
Dorsal tegmental nucleus
Inferior olive nucleus
Cerebellum
Purkinje cells
Granular layer

+ o+

+ + + +

+ o+

I+ +

+ + + + o+

+

I+

ok

+

I+ I+

+

+ o+ o+

+

T

+ +

+ o+ o+

+, Significant signal present; *, weak signal above background; —, no detectable signal.

“This study (rat; *>S-labeled riboprobes).
®Yan et al. (1994) (mouse; >>S-labeled riboprobes).

“Furuyama et al. (1994) (rat; 3°S-labeled oligonucleotides).
9Polli et al. (1994) (mouse; >S-labeled riboprobe).
“Yan et al. (1996) (mouse; **S-labeled riborobe).

fRepaske et al. (1993) (rat; 3°S-labeled riboprobe).

sKotera et al. (1997) (rat; nonradioactive riboprobe).

"Fujishige et al. (1999) (rat; nonradioactive riboprobe).

to LTD of PF responses (Hartell, 1996). On the other hand, the tory response. This may indicate that PDE9A, which is IBMX-

application of the nonspecific phosphodiesterase

inhibitor insensitive but zaprinast-sensitive, may be involved in this synap-

1-methyl-3-isobutylxanthine (IBMX), to which PDE9A is not tic response and that cGMP accumulation is associated with
sensitive, led to a dramatic potentiation of the evoked PF excita- synaptic depression at this synapse.
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c¢GM P-regulated processes in the hippocampus play an impor-
tant role in the early stages of memory consolidation (Bernabeu
et al., 1996). Using a passive avoidance task, it was observed that
the level of cGMP in the hippocampus increased immediately
after training and that administration of an analog of cGMP into
the hippocampus immediately after training enhanced memory
performance. In addition, infusion of an sGC inhibitor immedi-
ately after training caused full elimination of the training effect
(Bernabeu et al., 1997). In another study, the effects of
7-nitroindazole, a selective inhibitor of nNOS, and zaprinist were
evaluated in an object recognition task in rats based on the
differential exploration of new and familiar objects (Prickaerts et
al., 1997). 7-Nitroindazole impaired the discrimination between
objects, whereas zaprinist facilitated object recognition and re-
stored the recognition deficit caused by 7-nitroindazole. These
data suggest that the NO-cGMP signal transduction pathway is
involved in memory formation in this task and that PDEs hydro-
lyzing cGMP, in particular PDE9A, which is expressed in the
CALl pyramidal neurons of the hippocampus, may participate as
important determinants of intracellular cGMP concentration.

Thus, in the basal forebrain, olfactory bulb, cerebellum, and
hippocampus, regions known to be associated with behavioral
state regulation, olfaction, motor control, and learning, the NO—
cGMP signaling pathway appears to play an important role. In
these regions we have found strong expression of PDE9A. We
therefore propose that in these regions and in the functions
subserved by these regions, PDE9A is important because its high
affinity for cGMP makes it a major regulator of intracellular
c¢GMP concentration. Determining the precise cellular localiza-
tion of PDE9A and the mechanisms underlying the regulation of
its expression and activity will be crucial in understanding the
exact physiological role of this enzyme.
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