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Abstract

We have examined the distribution of four different cyclic AMP-specific phosphodiesterase isozyme (PDE4A, PDE4B, PDE4C
and PDE4D) mRNAs in the brain of different species by in situ hybridization histochemistry and by autoradiography with
[*HJrolipram. We have compared the localization of each isozyme in human brain with that in rat and monkey brain. We have
found that the four PDE4 isoforms display a differential expression pattern at both regional and cellular level in the three species.
PDE4A, PDE4B and PDE4D are widely distributed in human brain, with the two latter appearing more abundant. In contrast,
PDE4C in human brain, presents a more restricted distribution, limited to cortex, some thalamic nuclei and cerebellum. This is
at variance with the distribution of PDE4C in rat brain, where it is found exclusively in olfactory bulb. In monkey brain, the
highest expression for this isoform is found in the claustrum, and at lower levels in cortical areas and cerebellum. PDE4B
presented a broad distribution, being expressed in both neuronal and non neuronal cell populations. In general, the distribution
of binding sites visualized with [*HJrolipram correlated well with the expression of each PDE4 isozyme. © 2000 Elsevier Science
B.V. All rights reserved.
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sis (Kaufman, 1995) and release (Kandel and Schwartz,
1982), as a response regulator (Morimoto and
Koshland, 1991), survival of dopaminergic neurons

1. Introduction

Intracellular cyclic adenosine 3',5-monophosphate

(cAMP) plays an important role as a second messenger
molecule controlling multiple cellular processes. It
serves to transduce the action of a wide variety of
neurotransmitters, hormones and can modulate signal
transduction processes regulated by a range of growth
factors, cytokines, and other agents. Some of the
known functions of cAMP are gene transcription (Lalli
and Sassone-Corsi, 1994), neurotransmitter biosynthe-
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(Yamashita et al., 1997), synaptic facilitation and po-
tentiation (Zhong and Wu, 1991) among others.

In order to understand the basic mechanisms under-
lying these functions, it is necessary to define how levels
of cAMP are regulated. Its synthesis is controlled in
neurons, by a variety of membrane neurotransmitter
receptors, including subtypes of the dopamine, sero-
tonin and noradrenergic receptors. These act by means
of coupling of GTP-binding (G) proteins to adenylyl
cyclase either to stimulate or inhibit formation of
cAMP (Houslay et al., 1998). The hydrolysis of cAMP
is catalyzed by a family of enzymes called phosphodi-
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esterases (PDE). Eleven members of this family have
been described until present, and classified on the basis
of substrate specificity, kinetic properties, sensitivity to
specific inhibitors, tissue distribution and sequence
derived information (Fawcett et al., 2000; Soderling
and Beavo, 2000).

In this work, we have focused on the cAMP-specific
phosphodiesterase 4 family (PDE4). Four kinds of
PDE4 isozymes (PDE4A, PDE4B, PDE4C and
PDEA4D) are encoded by different gene loci, and each of
them has been shown to produce several mRNAs by
alternative splicing (Bolger et al., 1994). This group of
isozymes is widely expressed in many tissues. These
include the brain, where PDE4 is likely to be involved
in processes such as control of mood, emesis and
olfactory sensory transduction (Beavo, 1995). They are
characterized by a low K,,, Ca’ " -insensitivity, specific-
ity for cAMP as a substrate and sensitivity to the
specific inhibitor rolipram.

The widespread distribution and highly tissue-specific
patterns of expression of PDE4 isozymes in human
tissues has opened the opportunity for the development
of PDE4 inhibitors that would be useful in the treat-
ment of human disease. Over the past decade, PDE4
inhibitor research has focused on two broad therapeutic
areas, notably the CNS, with emphasis on depression,
and in disorders of the immune and inflammatory
systems.

Rolipram is one of the most potent and widely
studied compound in the group of neuroactive cAMP-
PDE inhibitors. Rolipram is a selective inhibitor of
PDE4 that preferentially inhibits cCAMP in brain, thus
enhancing the intracellular availability of cerebral
cAMP in the absence of direct stimulation of neuro-
transmitter receptors (Schneider, 1984; Schneider et al.,
1986). Rolipram was described as a novel pharmacolog-
ical approach for the treatment of endogenous depres-
sion (Watchel, 1983). Rolipram exhibits anti-depressant
effects in models predictive of anti-depressant activity
(Watchel and Schneider, 1986) and has been shown to
be clinically effective (Zeller et al., 1984). However, its
side effects (specially gastrointestinal actions, like nau-
sea, pyrosis and emesis) due to the low degree of
selectivity for the different PDE4 isoforms (Horowski
and Sastre-y-Hernandez, 1985), have been the draw-
back for clinical application.

The aim of the present study was to map in detail the
regional and cellular distribution of the four transcripts
of PDE4 in human brain, in comparison with experi-
mental animal (rodent and non-human primate). We
have also studied how their distribution correlate with
that of [*H]rolipram binding sites (a measurement of
protein expression). From the comparison between the
distribution of mRNA and corresponding binding sites,
inferences could be drawn on the localization of these
cAMP PDEs in many brain regions.

Recent studies present evidence on the fact that
specific structural differences among various members
of the PDE4 family account for markedly different
regulatory properties (Torphy and Page, 2000). The
exquisite degree of tissue selectivity presented by PDE4
isozymes can help to obtain new classes of inhibitors by
targeting to a single PDE4 isozyme.

2. Material and methods
2.1. Specimens

Adult male Wistar rats (n=4) (200-300 g) were
purchased from Iffa Credo (Lyon, France). The ani-
mals were killed by decapitation, brains were removed
quickly, frozen on dry ice and kept at —20°C. Two
male and one female monkey brains (Macaca fascicu-
laris, age between 3 and 7 years old, weight range
2.4-2.7 kg, mean postmortem delay 1 h) were used.
The animals were sacrificed by administration of an
overdose of sodium pentobarbital. All the procedures
conformed to the European Communities Council di-
rective of November 24, 1986 (86/609/EEC). Human
brain tissues (three female and one male; mean age
70-years-old, range 60—76, mean postmortem delay 10
h, range 5-23) were obtained from Neurological Tissue
Bank, University of Barcelona, Hospital Clinic,
(Barcelona, Spain). Human brains were from subjects
without clinical or histopathological evidence of neuro-
logical or psychiatric disease. The brains were dissected,
one hemisphere was sliced, frozen on dry ice and kept
at — 20°C. Tissue sections, 14 um thick, were cut using
a microtome-cryostat (Microm HM500 OM, Walldorf,
Germany), thaw-mounted onto APTS (3-aminopropyl-
triethoxysilane; Sigma, St Louis, MO) coated slides,
and kept at — 20°C until use.

2.2. In situ hybridization histochemistry

Oligonucleotide probes for PDE4A, PDE4B, PDE4C
and PDE4D were complementary to regions of each
mRNA that share little similarity among the PDE
family. They were purchased from Amersham Pharma-
cia Biotech (Little Chalfont, UK). For monkey and
human, the oligonucleotides used were complementary
to the following bases; 2323-2374 of the human
PDE4A cDNA (GenBank acc. no. L20965); 24102455
of the human PDE4B cDNA (GenBank acc. no.
L20971); 2333-2378 of the human PDE4C cDNA
(GenBank acc. no. U66347) and 1916-1960 of the
human PDE4D c¢cDNA (GenBank acc. no. U50159).
For the rat, they were complementary to bases 3649—
3693 of the rat PDE4A cDNA (GenBank acc. no.
L27057); 2639-2687 of the rat PDE4B cDNA (Gen-
Bank acc. no. U95748); 25-69 of the rat PDE4C
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cDNA (GenBank acc. no. M25347) and 1727-1772 of
the rat PDE4D c¢cDNA (GenBank acc. no. U09455).
They were 3'-end-labeled with terminal deoxynucle-
otidyltransferase and [*?P]a-dATP (3000 Ci/mmol, New
England Nuclear, Boston, USA). The procedure for in
situ hybridization was essentially as described earlier
(Tomiyama et al., 1997). Hybridized sections were ex-
posed to Hyperfilm B-max (Amersham) for 3—5 weeks
at — 70°C with intensifying screens. Duplicates of the
hybridized sections were dipped in autoradiographic
emulsion, Hypercoat LM-1 emulsion (Amersham). Af-
ter 5—8 weeks, the emulsion was developed in Kodak
D-19. Sections were examined using bright- and dark-
field light microscopy (Leitz, Laborlux S, Wetzlar, Ger-
many). For anatomical reference, the same sections or
close to them were stained with cresyl violet. Brain
areas and nuclei were identified using several atlases of
the rat (Millhouse and Heimer, 1984; Millhouse, 1987;
Paxinos, 1995; Paxinos and Watson, 1998), monkey
(Szabo and Cowan, 1984; Stuart et al., 1986) and
human brain (Dewulf, 1971; Nieuwenhyus et al., 1988;
Paxinos, 1990; Parent, 1996).

Several routine controls were carried out to deter-
mine the specificity of the hybridization signals. For a
given oligonucleotide probe, the hybridization signals
were completely blocked by competition of the labeled
probe with the presence of 50-fold excess of the same
unlabeled oligonucleotide. Melting curve analyses
showed that melting temperatures of the formed hy-
brids were in god agreement with the theoretically
predicted values (Albretsen et al., 1988).

2.3. Acetylcholinesterase histochemistry

For anatomical reference, sections close to the ones
used for in situ hybridization and radioligand binding
autoradiography were stained for acetylcholinesterase
activity essentially as earlier described by Karnovsky
and Roots (1964).

2.4. Autoradiography

[methyl -*H]rolipram (85 Ci/mmol) was purchased
from Amersham. ( &+ )-rolipram was a generous gift
from Almirall Prodesfarma (Barcelona, Spain). The
incubation procedure was according to that earlier pub-
lished by Kaulen et al. (1989), with minor modifica-
tions. The sections were preincubated for 15 min at
room temperature in 150 mM phosphate buffer, pH
7.4, containing 2 mM MgCl, and 100 pM dithiothrei-
tol. They were then incubated for 1 h at 0°C in the
same buffer with [*H]rolipram 10 nM for human and 2
nM for rat. Adjacent sections were incubated in the
presence of 1 uM ( £ )-rolipram to determine the non-
specific binding. After incubation, the sections were
washed twice for 5 min each in the same buffer at 0°C,

dipped in distilled water at 0°C and rapidly dried under
a cold air stream (4°C). Autoradiograms were gener-
ated by apposing the labeled tissue sections to a hy-
perfilm  3H (Amersham) together with plastic
*H-standards (*H-Microscales, Amersham, UK) in X-
ray cassettes at 4°C during 3 months for human brain
sections and 4 weeks for rat brain sections.

3. Results

The specificity of labeling of [*H]rolipram binding
sites has been earlier documented for rat brain (Kaulen
et al., 1989). [*H]rolipram binding to all mammalian
brain regions examined (see an example in Fig. 1Al
and C1) was completely blocked by rolipram (Fig. 1A2
and C2), in good agreement with the earlier report.
Human and monkey brain sections were hybridized
with the same specific oligonucleotide probes comple-
mentary to each of the PDE4 human isozyme mRNAs.
Rat brain coronal sections were hybridized with the
corresponding specific rat oligonucleotide probes. Fig.
I1B1 shows an example of the hybridization pattern
obtained with a 3?P-labeled oligonucleotide complemen-
tary to PDE4B mRNA in human visual cortex. Fig.
1B2 is an adjacent section, where the hybridization
signals are blocked by cohybridization with an excess of
the same unlabeled probe, resulting in background
levels. The same is shown in Fig. 1D1 and D2 for the
hybridization signal of PDE4A in the rat brain.

The four isozyme mRNAs and rolipram binding sites
showed, in all species studied, a wide and differential
distribution in the different brain areas examined. Table
1 summarizes the results obtained for the three species
analyzed.

3.1. Distribution of PDE4 isozyme mRNAs and
[PHJrolipram binding sites in human brain

PDE4A, PDE4B and PDE4D transcripts presented a
widespread distribution and a differential pattern
throughout the human brain. In contrast, PDE4C
mRNA was detected at moderate levels in a few brain
areas. It is worth to notice the expression of PDE4B
not only in neurons but also in white matter tracts, pia
and ependymal cells.

3.1.1. Cerebral cortex

In temporal cortex PDE4A mRNA presented the
highest hybridization signal (Fig. 2A2) in intermediate
layers, PDE4B (Fig. 2A3) and PDE4D (in a bilaminar
fashion) (Fig. 2AS5) were at high levels, and PDE4C
mRNA at moderate levels (Fig. 2A4). The expression in
frontal and cingulate cortex was moderate for PDE4A
and PDE4D, and low for PDE4B and PDE4C. In
parietal cortex PDE4A, PDE4B and PDE4D were ex-
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pressed at low levels whereas PDE4C was absent. Mod-
erate levels of all four isozymes were observed in visual
cortex (Fig. 2B2-B5) being PDE4B mRNA expressed
at high levels in cortical white matter (Fig. 2A3 and
B3). High densities of [*H]rolipram binding sites were
visualized through the cerebral cortex; in frontal, cingu-
late, parietal, temporal and visual cortex (Fig. 2A1 and
B1), including white matter.

3.1.2. Basal ganglia and related areas

Weak hybridization signals for PDE4A and PDE4B
mRNAs were appreciated in the head of caudate nu-
cleus and in putamen, including the striatal cell bridge
(Fig. 3A2-C2 and A3-C3). PDE4B transcripts were
detected at moderate levels in magnocellular cell groups
of the nucleus basalis of Meynert (Fig. 3C3), but the

highest hybridization levels were seen in fiber tracts
such as the capsula interna (Fig. 3A3) and anterior
commissure (Fig. 3C3). The globus pallidus, presented
some labeled cells for PDE4B mRNA (Fig. 3C3) with
no apparent differences between the external and inter-
nal segments of the globus pallidus. Moderate hy-
bridization signal for PDE4B mRNA could be
appreciated in one of the bands of myelinated fibers in
the globus pallidus; the external medullary lamina (Fig.
3C3). Low levels of PDE4D mRNA were detected in
the caudate nucleus, putamen and globus pallidus.
PDEA4C did not show any specific hybridization signal
in these nuclei. [*H]rolipram binding site densities were
high in putamen (Fig. 3A1-Cl), striatal cell bridge
(Fig. 3A1) and nucleus basalis of Meynert (Fig. 3C1),
low in caudate nucleus (Fig. 3A1), globus pallidus (Fig.

Fig. 1. Control experiments for [*H]rolipram binding sites and hybridization signals in human visual cortex (A1-B2) and rat brain (C1-D2). (A1)
[*H]rolipram (10 nM). (A2) non-specific binding determined with 10 ~¢ M (4 )rolipram. (B1) Hybridization signal obtained with a 3?P-labeled
oligonucleotide complementary to PDE4B mRNA. (B2) The hybridization signal obtained with the labeled oligonucleotide in B1 is blocked by
competition with a 50-fold excess of the corresponding unlabeled probe. (C1) [*H]rolipram (2 nM) binding sites in a sagittal section of the rat
brain. (C2) non-specific binding determined with 10~¢ M ( + )rolipram. (D1) Hybridization signal obtained with a 32P-labeled oligonucleotide
complementary to PDE4A mRNA. (D2) The hybridization signal obtained with the labeled oligonucleotide in D1 is blocked by competition with

a 50-fold excess of the corresponding unlabeled probe. Bar: 5 mm.

Figs. 2—-5: Regional distribution of [*H]rolipram binding sites and PDE4 isozyme mRNAs in several human brain regions. Pictures are digital
photographs from film autoradiograms. Total binding visualized with [*H]rolipram [10nM]. Distribution of PDE4A, PDE4B, PDE4C, and
PDE4D mRNAs determined by in situ hybridization with the corresponding *?P-labeled oligonucleotide.
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3C1), external medullary lamina (Fig. 3C1) and white
matter tracts. PDE4A mRNA was the only PDE4
isozyme expressed in claustrum (Fig. 3B2) where mod-
erate densities of [*HJrolipram binding sites were also
observed (Fig. 3B1).

The paranigral nucleus was clearly enriched in
[*H]rolipram binding sites, high densities were also
visualized in densely packed neurons of the substantia
nigra pars compacta, whereas, in the pars lateralis they
were present at moderate levels (Fig. 3D1), where, in
contrast, no hybridization signal for any PDE4 isozyme
could be detected.

3.1.3. Hippocampal formation

High levels of PDE4A, PDE4B and PDE4D mRNAs
were detected in the entire hippocampal formation (Fig.
4A2-A4), PDE4C did not show any specific hybridiza-
tion signal.

PDE4A, PDE4B and PDE4D mRNAs were present
at high levels in the pyramidal cell layer of CA2 (Fig.
4A2-A4). They were also expressed in CA3 and CAl
fields, being PDE4A at lower levels than the others. In
the granule and the polymorphic cell layers of dentate
gyrus strongly labeled cells were detected for PDE4A,
PDE4B and PDE4D, low expression in the stratum
lacunosum-moleculare, except PDE4B that presented
high expression levels. Again, PDE4B mRNA was
widely found in the white matter and in many fibers
tracts, as fimbria and angular bundle (Fig. 4A3).

In the subicular complex, strong hybridization signals
for PDE4A, PDE4B and PDE4D could be observed in
the pyramidal cell layer of the subiculum (Fig. 4A2—
A4) and in layer II of pre- and parasubiculum. The
entorhinal cortex was clearly enriched in these three
isozymes, PDE4A mRNA was present at high levels in
layers IIT and V (Fig. 4A2), and at lower levels in layers
IT and VI. Moderate to high hybridization signal for
PDE4B mRNA was visualized in layer V, and lower in
the rest of the layers (Fig. 4A3). PDE4D mRNA
showed also high levels of hybridization in layer V and
cell islands of layer II (Fig. 4A4), and a few labeled
cells in layer III. In addition, the perirhinal cortex
showed moderate to high levels of both PDE4A and
PDE4B mRNAs, whereas, PDE4D mRNA was de-
tected at lower levels (Fig. 4A2—-A4).

High densities of [*HJrolipram binding sites were
found in the pyramidal cells layers of CAl and CA2,
while binding density was moderate in the CA3 (Fig.
4A1). Binding sites were also seen at high densities in
stratum oriens, stratum radiatum and stratum lacuno-

sum-moleculare of CA1 and CA2 fields, at moderate
densities in the molecular and granule cell layer of
dentate gyrus, and lower in the polymorphic cell layer.
Moderate binding site densities were also detected in
subiculum, pre- and parasubiculum as well as in both
entorhinal and perirhinal cortex, with no apparent gra-
dient among the different layers. The silver grain inten-
sity of autoradiograms was lower over the white matter,
fiber tracts, and fimbria (Fig. 4A1).

Low levels of PDE4A, PDE4B and PDE4D mRNA
were detectable in the amygdaloid nuclei. [*H]rolipram
binding sites were present at moderate densities in these
nuclei (Table 1).

3.1.4. Thalamus

Low levels of PDE4A mRNA were observed in many
nuclei of the anterior part of the thalamus (Fig. 4B2),
such as the lateroposterior, the medial, the central and
the ventral posteriolateral (including its accesory pars)
thalamic nuclei. In contrast, moderate levels of PDE4A
transcripts were detectable in the posterior thalamic
nuclei (Fig. 4C2), lateral pulvinar and inferior nuclei.
No hybridization signal was detected in the medial
pulvinar nucleus.

PDE4B probe hybridized at moderate levels in the
laterodorsal and medial nuclei. Low levels were found
in the accesory pars of the ventral posteriolateral nu-
cleus, the central and the parafascicular nuclei (Fig.
4B3). In the posterior thalamic nuclei (Fig. 4C3), mod-
erate levels were observed in the lateral and inferior
pulvinar nuclei, being lower in the medial pulvinar
nucleus.

PDEA4C transcripts were only found at low intensity
in a few thalamic nuclei, like the medial and the lat-
erodorsal thalamic nuclei (Table 1).

In the anterior thalamic nuclei (Fig. 4B4), PDE4D
mRNA showed moderate hybridization levels in medial
nucleus, low levels in laterodorsal, central and parafas-
cicular nuclei. Expression of PDE4D mRNA was also
seen in the posterior thalamic nuclei (Fig. 4C4), being
higher in the lateral pulvinar than in both inferior and
medial pulvinar.

Remarkable densities of [*H]rolipram binding sites
were observed throughout the thalamic nuclei. In the
anterior thalamic nuclei (Fig. 4B1), high densities were
observed in the accesory pars of ventral posteriolateral
nucleus, as well as in the laterodorsal and medial nuclei.
Moderate to high levels were also found in the latero-
posterior nucleus. Lower binding site densities were
detected in the central and parafascicular nuclei. Con-

Fig. 2. Regional distribution of [*HJrolipram binding sites and PDE4 isozyme mRNAs in human cortex (A1-A35, temporal, and B1-B35, visual)
and cerebellum (C1-C5). A1-Cl, [*H]rolipram binding sites; A2—C2, PDE4A mRNA; A3-C3, PDE4B mRNA; A4-C4, PDE4C mRNA; A5-C5,
PDE4D mRNA. Note the high density of binding sites in the molecular layer of the cerebellum and the strong hybridization signal for PDE4B

mRNA in the white matter. Bar: 5 mm.
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cerning the posterior thalamic nuclei (Fig. 4C1), moder-
ate to high densities of binding sites were observed in
the lateral and medial pulvinar nuclei, being lower in
the inferior pulvinar.

The reticular nucleus presented a typical pattern of
PDE4 expression (Fig. 4, panels B and C). Both
PDE4A and PDE4B mRNA showed moderate levels in
the posterior part of the reticular nucleus, with lower
levels detected in its anterior part. Similar pattern of
PDEA4D transcripts and [*H]rolipram binding sites were
observed, but at higher levels. No hybridization signal
of PDE4C mRNA was seen in this nucleus.

Both PDE4A and PDE4D mRNA were present at
high levels in the six main laminae of the lateral genicu-
late body. High hybridization signals of both tran-
scripts were mainly seen in the multipolar cells of the
six laminae, without apparent differences between the
pars magnocellular and pars parvocellular. Low levels
were detected in the medial geniculate body, mainly in
the dorsal and ventral divisions (Fig. 4C2 and C4,
respectively). Few PDE4B mRNA labeled cells were
appreciated in the medial geniculate body (mainly in
dorsal and ventral division) as well as in the different

laminae of the lateral geniculate body (Fig. 4C3).
[*H]rolipram binding sites were visualized in the differ-
ent laminae of lateral geniculate body at intermediate
to low densities (Fig. 4C1).

3.1.5. Brainstem

Pontine nuclei expresssd PDE4A, PDE4B and
PDE4D mRNAs (Fig. 5A2—-A4). PDE4B presented a
diffuse hybridization signal in the reticular (ventral,
medial and dorsal) nuclei (Fig. 5B3). Somatosensory
nuclei, such as the cuneate, the gracile and the spinal
trigeminal showed intermediate hybridization signals
for PDE4B (Fig. 5B3 and C3) and for PDE4D (Fig.
5B4 and C4). The hypoglossal nucleus weakly expressed
PDE4B mRNA. In addition, moderate levels of PDE4B
mRNA were observed in the inferior olivary complex,
including the principal and medial nuclei where also
high hybridization signal for PDE4D was seen, spe-
cially in the principal nucleus (Fig. 5B3 and B4, respec-
tively). In the nucleus of the solitary tract, both PDE4B
and PDE4D transcripts were detected in the different
subnuclei. Moderate to high levels were visualized in
both paracommissural and commissural solitary nuclei

Fig. 3. Distribution of [*H]rolipram binding sites (A1-D1), PDE4A mRNA (A2-D2), and PDE4B mRNA (A3-D3) in human basal ganglia.
Note the presence of PDE4B mRNA in the nucleus basalis of Meynert and the anterior commissure. Bar: 5 mm.
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Fig. 4. Visualization of [*H]rolipram binding sites and several PDE4 mRNAs in the hippocampal formation (A1—A4), the anterior thalamic nuclei
(B1-B4) and the posterior thalamic nuclei (C1-C4) of the human brain. A1-C1, [*H]rolipram binding sites; A2—C2, PDE4A mRNA; A3-C3,
PDE4B mRNA; A4-C4, PDE4D mRNA. Note the high density of binding sites in many thalamic nuclei and the high levels of expression of
PDE4D mRNA in the corpus geniculatum laterale. Bar in A4: 2 mm (A4 = Al = A2 =A3). Bar in B4: 3 mm (B4 = Bl = B2 = B3). Bar in C4:

4 mm (C4=Cl =C2=C3).

and lower levels in the intermediate solitary nucleus
(Fig. 5B3 and B4, respectively). No hybridization signal
for PDE4A mRNA could be observed in the solitary
tract (Fig. 5B2).

[PH]rolipram binding sites were visualized at high
concentrations in the interpeduncular (Fig. 3D1), and
in the pontine nuclei, including the longitudinal fiber
bundles of the pontine nucleus, mostly the corticospinal
tract. Intermediate densities were found in the raphe
magnus (Fig. 5A1), whereas, higher densities were ob-

served in dorsal raphe nucleus, caudal linear nucleus of
the raphe and superior colliculus (Fig. 3D1).

High densities of [*H]rolipram binding sites were
observed in different nuclei of the motor cranial nerves;
the hypoglossal (Fig. 5B1), facial, and abducens nuclei
(Fig. 5A1). High densities were found in both paracom-
missural and commissural solitary nuclei, whereas,
moderate densities were observed in the intermediate
nucleus as well as the solitary tract (Fig. 5B1). The
silver grain intensity was moderate over the cuneate



360 S. Pérez-Torres et al. /Journal of Chemical Neuroanatomy 20 (2000) 349—374

nucleus, mostly in the rotunda and triangular part, as
well as in the external cuneate nucleus. Inter-
mediate densities of [*HJrolipram binding sites were
also visualized in the lateral reticular nuclei,
gracile nucleus and in the inferior olivary complex
with the principal nucleus of the olivary complex
presenting higher densities of binding sites than the
medial nucleus (Fig. 5B1). Low binding densities were
also visualized in the superior olivary nucleus (Fig.
SA1).

The pineal gland showed high levels of PDE4D
mRNA; two types of cells could be differentiated —
large and strongly labeled cells arranged in lobules, and
small cells with low labeling. Moderate levels of PDE4B
transcript were also observed in this gland with no
apparent distinction between the two types of cells. No
hybridization signal of both PDE4A and PDE4C
mRNA were detectable. Moderate concentrations of
[PH]rolipram binding sites were also visualized in the
pineal gland (Table 1).

Fig. 5. Visualization of [*H]rolipram binding sites and several PDE4 mRNAs at different levels of the human brainstem. A1-Cl; [*H]rolipram
binding sites. A2—C2, PDE4A mRNA; A3-C3, PDE4B mRNA. A4-C4, PDE4D mRNA. Note the absence of PDE4A mRNA in the spinal cord
and the high levels of hybridization signal for PDE4D mRNA in the inferior olive as well as in the gelatinous layer of the spinal trigeminal
nucleus. Bar in A4: 3 mm (A4 =Al = A2 =A3). Bar in B4: 3 mm (B4 =Bl =B2 =B3). Bar in C4: 2 mm (C4=C1 =C2=C3).
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Fig. 6. Comparison of the distribution of [*HJrolipram binding sites and PDE4 isozyme mRNAs in the human cerebellum. (A) is a bright-field
photomicrograph of the cerebellar cortex stained with cresyl violet. (B) is a bright field photomicrograph from film autoradiogram with
[*H]rolipram [10 nM]. (C—F) are dark-field photomicrographs from emulsion-dipped sections showing the presence of PDE4A (C), PDE4B (D),
PDE4C (E) and PDE4D (F) mRNA. Note the presence of high densities of [*H]rolipram binding sites in the molecular layer and the labeling of
PDE4B and PDE4D mRNA in the Purkinje cells. Bar in A: 0.3 mm (A=C=D=E=F). Bar in B: 0.5 mm.

3.1.6. Spinal cord

High hybridization signals for PDE4B (Fig. 5C3) and
PDE4D mRNA (Fig. 5C4) and low for PDE4A mRNA
(Fig. 5C2) were observed in the gelatinous layer of the
caudal spinal trigeminal nucleus. Few labeled cells con-
taining PDE4B and PDE4D mRNAs were detectable in
the spinal accessory nucleus (Fig. 5C3 and C4). PDE4B
mRNA was also seen in the white matter (Fig. 5C3).
PDE4C mRNA was not detected in the spinal cord.
Very high densities of [*H]rolipram binding sites were
visualized in the gelatinous layer of the caudal spinal
trigeminal nucleus and moderate densities were seen in
the spinal accessory nucleus (Fig. 5C1). The spinal
trigeminal nucleus presented high densities of
[PHJrolipram binding sites, in particular, in the caudal
pars of this nucleus (Fig. 5B1). These high densities
were extending caudally as far as the second cervical
spinal segment, reaching the highest levels in the sub-
stantia gelatinosa (Fig. 5C1). Low densities of binding
sites were visualized in the interpolar pars of the spinal
trigeminal nucleus.

3.1.7. Cerebellum

High levels of hybridization of PDE4A (Fig. 2C2 and
6C), PDE4B (Fig. 2C3 and 6D) and PDE4D (Fig. 2C5
and 6F) mRNA were secen in the granule cell layer of
the cerebellum, whereas no signal was detected in the
molecular layer. The only specific hybridization signal
of PDE4C mRNA was detected at moderate levels in
the granule cell layer of the cerebellum (Fig. 2C4 and
6E). Purkinje cells were labeled for PDE4B and
PDE4D mRNA (Fig. 6D and F, respectively). High
densities of [*H]rolipram binding sites were visualized in
the granule cell layer of the cerebellum, although the
silver grain intensity of autoradiograms was much
higher in the molecular layer of the cerebellum (Fig.
2C1 and 6B). In addition, both PDE4B mRNA
(Fig. 2C3) and [*H]rolipram binding sites were de-
tectable at moderate levels in the white matter (Fig.
2C1). The dentate nucleus presented moderate to high
concentrations of [*H]rolipram binding sites (Fig. 2C1),
whereas, PDE4A (Fig. 2C2), PDE4B (Fig. 2C3) and
PDE4D (not shown) mRNAs were detected at low
levels.
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3.2. Distribution of PDE4 isozyme mRNAs in monkey
brain

Monkey brain coronal sections were hybridized with
the same specific oligonucleotide probes complementary
to each of the PDE4 human isozyme mRNAs. PDE4A,
PDE4B, and PDE4D mRNAs were detected in rela-
tively high concentrations in many brain areas,
whereas, PDE4C mRNA expression was seen in more
restricted brain areas.

3.2.1. Cerebral cortex

Both PDE4A and PDE4B mRNA were detected at
high levels in temporal cortex, and at low levels in
frontal, cingular and parietal cortex. In addition, mod-
erate levels of expression of PDE4B mRNA were also
seen in the insular cortex (Fig. 7A2 and A3). Both
PDE4C and PDE4D mRNA presented moderate levels
of hybridization signal in the entire cerebral cortex
(Fig. 7A4 and A)).

3.2.2. Basal ganglia and related areas

PDE4B mRNA were present at intermediate density
in the putamen and also in the globus pallidus (Fig.
7A3). The claustrum was the region, where PDE4C
mRNA exhibited the highest levels of expression (Fig.
TA4).

3.2.3. Hippocampal formation

Moderate levels of PDE4A mRNA were seen in the
pyramidal cell layer of the CAl, being lower in the
pyramidal cells of CA2, and CA3 fields. High levels of
hybridization were seen in dentate gyrus for PDE4A
and PDE4D (Fig. 7A2). High hybridization levels for
PDE4D were detected in the pyramidal cell layer of
CA2 and CA3 fields and intermediate hybridization
in pyramidal cell layer of CAl (Fig. 7AS). Entorhinal
cortex showed high levels of expression of both

PDE4A and PDE4B mRNA (Fig. 7A2 and A3),
whereas, PDE4D and PDE4C mRNAs were detectable
at moderate and low levels, respectively (Fig. 7A4 and
AS).

3.2.4. Thalamus

PDE4B mRNA was detected at moderate levels in
ventral-lateral and ventroposterior nuclei of the thala-
mus (Fig. 7A3). Lower expression of PDE4C mRNA
could be observed in the same nuclei (Fig. 7A4).
PDE4D mRNA showed moderate levels of hybridiza-
tion signal in the lateral geniculate nucleus (Fig. 7A5).
PDE4B mRNA (Fig. 7A3), and PDE4C mRNA were
detected with a weaker hybridization signal in this
nucleus (Fig. 7A4).

3.2.5. Cerebellum

The cerebellar cortex showed relatively strong hy-
bridization signals for PDE4A, PDE4B, PDE4C and
PDEA4D in the granule cell layer of the cerebellum (Fig.
7B2-BS5). In the cerebellar nuclei, PDE4A was present
at low levels (Fig. 7B2), PDE4B at high, specially in the
lateral, interpositus and at lower levels in the fastigial
nucleus and PDE4D was also present, mostly in the
lateral nucleus (Fig. 7B3 and B5). PDE4B mRNA was
the only isozyme that showed high levels of specific
hybridization in white matter (Fig. 7B3).

3.3. Distribution of PDE4 isozyme mRNAs and
[HJrolipram binding sites in rat brain

Abundant levels of PDE4A, PDE4B and PDE4D
mRNAs expression were detected in different neuronal
populations in many brain areas. On the contrary,
hybridization signal for PDE4C mRNA was detected
exclusively in the internal plexiform and internal granu-
lar layers of the olfactory bulb (not shown). Although
PDE4B mRNA expression was most conspicuous in

Fig. 7. Comparison of the distribution of PDE4 isozyme mRNA determined by in situ hybridization in several regions of the monkey brain.
Pictures are digital photographs from film autoradiograms. A1-BI are consecutive sections to A3—B3 stained for acetylcholinesterase activity.
A2-B2, PDE4A mRNA; A3-B3, PDE4B mRNA; A4-B4, PDE4C mRNA; A5-B5, PDE4D mRNA. Note the high levels of signal for PDE4B
mRNA in the putamen and in white matter and the high intensity of PDE4C labeling in the claustrum. Bar: 5 mm.
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Fig. 8. Regional distribution of [*HJrolipram binding and several PDE4 isozyme mRNAs in consecutive sections of the rat brain at different
rostrocaudal levels. A1-H1, [*H]rolipram [2 nM]. Autoradiographic images of PDE4A mRNA (A2-H2), PDE4B mRNA (A3-H3) and PDE4D
mRNA (A4-H4) visualized by in situ hybridization with the corresponding labeled oligonucleotide. Pictures are digital photographs from film

autoradiograms. Bar: 2 mm.

neurons, it was also detected in non-neuronal cells in
many fiber tracts throughout the brain. Glial cells
presented moderate levels of PDE4B mRNA.

3.3.1. Cerebral cortex

The parietal cortex showed high levels of PDE4A
mRNA (layers V and VI), PDE4D mRNA (layers IV
and deep part of VI), and PDE4B mRNA (layers
II-111) and [*HJrolipram binding sites (layers I1-III).
The cinguiate cortex presented high expression levels of
PDE4D mRNA, mainly in layer II-III, (Fig. §B4)
moderate levels of PDE4A mRNA expression in layer
V (Fig. 8B2), and low levels of PDE4B mRNA in layer
II-1II. Few PDE4B mRNA labeled cells were also
detected in layer I (Fig. 8B3). High densities of
[PH]rolipram binding sites were seen in the cingulate
cortex with a homogeneous labeling in all the layers
(Fig. 8B1). In the retrosplenial cortex, both PDE4D
and PDE4A mRNAs showed high expression levels,

with PDE4D mRNA being present in layer II-III and
PDE4A mRNA in layer V (Fig. 8E4 and E2, respec-
tively). Low levels of PDE4B mRNA transcripts were
detected in layer II-III (Fig. 8E3). Low to moderate
densities of [*HJrolipram binding sites were also found
in this area (Fig. 8E1).

3.3.2. Olfactory system

In the anterior olfactory nucleus, high levels of both
PDE4A (Fig. 8A2) and PDE4D mRNA (Fig. 8A4)
were present in all the different parts of this nucleus;
external, lateral, dorsal, medial and ventroposterior
part, whereas, intermediate levels of mRNA coding for
PDE4B were observed (Fig. 8A3). Binding sites for
[PH]rolipram were also visualized in this brain area
(Fig. 8A1).

The main olfactory nucleus presented a laminar dis-
tribution of PDE4A, PDE4B and PDE4D mRNAs.
High levels of both PDE4A (Fig. 9B) and PDE4D
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Fig. 8. (Continued)

mRNA (Fig. 9D) were detected in the glomerular layer
of the olfactory nucleus, close to the olfactory nerve,
with PDE4B mRNA being expressed at moderate levels
(Fig. 9C). High levels of PDE4A and PDE4D mRNAs
were also observed in the mitral cell layer, including the
sublayer of middle tufted cells, as well as in both
external and internal plexiform layers, whereas, PDE4B
mRNA expression was moderate. The densest accumu-
lations of PDE4A and PDE4D mRNAs were found in
the internal granule cell layer. Few PDE4B mRNA
labeled cells were present in this layer. [*H]rolipram
binding sites (Fig. 8Al) were visualized in the main
olfactory nucleus, the highest densities being found in
the internal granule cell layer.

Strong hybridization signals for PDE4A, PDE4B and
PDE4D mRNAs were observed in the dense pyramidal
cell layer (layer II) of the piriform cortex (Fig. 8B2—
B4), in contrast, low binding site densities were visual-
ized with [*H]rolipram (Fig. 8B1).

Intermediate levels of mRNA coding for PDE4A and
PDE4B were present in the olfactory tubercle (Fig. 8B2

and B3); the highest levels were detected in the dense
cell layer, and moderate levels in the multiform cell
layer. In both layers PDE4D mRNA expression was
low (Fig. 8B4). Intermediate to low densities of
[*H]rolipram binding sites were found in the olfactory
tubercle (Fig. 8B1).

Intermediate levels of PDE4A mRNA and low levels
of PDE4D mRNA were present in the granule cell
clusters of the islands of Calleja. PDE4B mRNA was
often seen on the external borders of cells clusters,
whereas, labeled cells inside the clusters could be occa-
sionally observed. A similar distribution pattern ap-
peared in the insula magna.

3.3.3. Basal ganglia and related areas

The highest hybridization signal observed corre-
sponded to PDE4B mRNA in the nucleus accumbens,
being the labeled cells more numerous in the shell pole
than in the core pole. The caudate-putamen presented
high levels of PDE4B mRNA expression (Fig. 8B3),
mostly in the dorsolateral part and presenting a patchy
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Fig. 9. Cellular localization of several PDE4 mRNA in serial coronal sections of the rat main olfactory bulb. Autoradiographic images are
presented as darkfield photomicrographs from emulsion-dipped tissue sections in which autoradiographic grains are seen as bright points. (A)
bright-field photomicrograph from a consecutive section to B—D stained with cresyl violet. (B) PDE4A mRNA. (C) PDE4B mRNA. (D) PDE4D

mRNA. Bar: 1 mm.

distribution. Low hybridization signals for PDE4A and
PDE4D mRNAs were detected in the accumbens nu-
cleus and caudate-putamen (Fig. 8B2 and B4). PDE4B
mRNA densities were high in corpus callosum and low
in the anterior commissure (Fig. 8B3). In the genus
corpus callossum, low densities of binding sites of
[*H]rolipram were detectable in comparison with the
high densities observed in the accumbens nucleus and
caudate-putamen, without apparent gradient in both
striatal areas (Fig. 8B1).

Intermediate levels of hybridization for PDE4D
mRNA were seen in spaced and small cells of the
substantia nigra pars reticulata, and pars compacta
(Fig. 8D4 and E4). PDE4A mRNA was mainly ob-
served in the pyramidal and fusiform cells of the pars
compacta and in the medium and large ovoid cells of
the pars reticulata (Fig. 8D2 and E2). No specific
hybridization signal of PDE4B mRNA was detectable
in the substantia nigra (Fig. 8D3 and E3). Moderate
densities of [*H]rolipram binding sites were localized in
pars reticulata, although lower concentrations were
found in pars compacta (Fig. 8E1 and D1).

3.3.4. Septum and hippocampal formation

PDE4A mRNA presented a homogeneous distribu-
tion at intermediate densities in the lateral septum.
Labeled cells were seen in the ventral part (type III
neurons), in the dorsal part (type I) and at high levels in
the intermediate part (type IIb neurons), PDE4A
mRNA was detectable in the large cells of the medial
septum and in the vertical limb of the diagonal band
(Fig. 8B2). Strongly labeled cells were also seen in the
septohippocampal nucleus. PDE4B mRNA showed a
similar distribution to PDE4A mRNA but at lower

expression levels (Fig. 8B3). PDE4D mRNA was de-
tected in the lateral septal nucleus in type I neurons of
the dorsal part (Fig. 8B4). Few labeled cells were also
observed in type I neurons of the vertical limb of the
diagonal band, as well as in the septohippocampal
nucleus. High densities of [*H]rolipram binding sites
were also found in the lateral septum, particularly in its
dorsal part (Fig. 8B1).

All three PDE4 mRNAs were highly expressed in the
pyramidal cell layer of the CA2, whereas, in CAl and
CA3 expression of PDE4A and PDE4D was intermedi-
ate to high and very low for PDE4B. The granule cell
layer of the dentate gyrus contained intermediate to
high levels of PDE4A and PDE4D and no expression
of PDE4B, whereas, polymorphic cells presented inter-
mediate levels for PDE4D and low for PDE4A and
PDE4B mRNA (Fig. 8 panels C and D and Fig.
10B-D). In the pyramidal cell layer of the subiculum
and in layers II and III of the pre- and para-subiculum,
moderate to high levels of mRNA expression was ob-
served for the three isoforms (Fig. 8F2—F4). In the
indusium griseum, few labeled cells were seen for
PDE4A, PDE4B and PDE4D.

High densities of [*H]rolipram binding sites were
detected in the entire hippocampus, specially in the
pyramidal cell layer of the CA1 (Fig. 8C1 and D1 and
Fig. 10A). Moderate densities were visualized in pyra-
midal cells layer of CA2, CA3, in both, granule and
polymorphic cell layer of the dentate gyrus and in the
stratum lacunosum-moleculare. Lower binding site den-
sities were present in the stratum oriens and stratum
radiatum (Fig. 10A). High densities were also detected
in the pyramidal cell layer of the subiculum, including
the pre- and parasubiculum, mostly in their layers II
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and IIT (Fig. 8F1) and in the indusium griseum (Fig.
8Cl1).

In the entorhinal cortex, moderate levels of PDE4A
mRNA were detected in layers II and V (Fig. 8F2),
high PDE4D mRNA levels in layers II and III and
moderate to low levels of PDE4B mRNA in layer II
(Fig. 8F4 and F3, respectively).

The different nuclei of the amygdala showed differen-
tial expression for the three PDE4 isozymes. High levels
of transcripts for PDE4A mRNA were observed in the
amygdalopiriform transition area, in both the superfi-
cial layer 2 and the deep layer 3. Also, high transcrip-
tion levels for PDE4B mRNA were visualized in the
medial amygdaloid group, mainly in the anterodorsal
part in the small cells of the bed nucleus of the acces-
sory tract of the olfactory amygdala, as well as in the
sublamina 1-o and in the supratangential layer of the
anterior cortical nucleus. PDE4D mRNA strongly la-
beled cells were appreciated in the posteroventral part
of the medial amygdaloid group (Table 1). In contrast,
low densities of [*HJrolipram binding sites were visual-
ized in the amygdaloid complex, mainly in the medial
and basolateral amydaloid nuclei, as well as in the
amygdalopiriform transition area (Fig. 8D1).

3.3.5. Diencephalon

In the thalamus, the levels of PDE4A mRNA were
moderate to high in the laterodorsal and ventroposte-
rior nuclei (Fig. 8C2 and D2), and lower in the
mediodorsal, parafascicular, lateroposterior and reticu-
lar thalamic nuclei. PDE4B mRNA was present at very
high hybridization levels in many intralaminar nuclei,

such as centromedial, centrolateral, intermediodorsal,
and reuniens, whereas, moderate levels were seen in the
parafascicular thalamic nucleus (Fig. 8C3 and D3). The
levels of PDE4D mRNA were high in the ventroposte-
rior nucleus (Fig. 8C4 and D4) and moderate in the
nuclei of the posterior thalamus group, as well as in the
parafascicular and laterodorsal thalamic nuclei. Strong
hybridization signals for PDE4A, PDE4D and moder-
ate for PDE4B mRNAs were detected in the medial
and lateral habenular nucleus (Fig. 8C2—-C4 and Fig.
11C-E). Both PDE4A and PDE4D mRNA showed
intermediate levels of hybridization in the lateral genic-
ulate nucleus (ventral and dorsal pars), PDE4D mRNA
levels were high in the medial geniculate nucleus (Fig.
8E4), where PDE4A mRNA and PDE4B mRNA were
present at intermediate levels (Fig. 8E2 and E3). Mod-
erate densities of bound [*H]rolipram were found in
many thalamic nuclei, such as the mediodorsal and
ventroposterior nuclei (Fig. 8C1 and D1), with higher
densities in the laterodorsal and lateroposterior nuclei,
as well as in the posterior and the parafascicular thala-
mic nuclei. High densities of binding were also localized
in the medial and dorsal geniculate nucleus (Fig. 8EI).
Low levels of binding sites were visualized over the
habenular nuclei (Fig. 8D1 and Fig. 11 B). In addition,
moderate levels of both PDE4A and PDE4D mRNA
were found in the zona incerta, although lower levels of
PDE4B mRNA and [*H]rolipram binding sites were
detected in this region (Table 1).

In the hypothalamus, (Fig. 8D2 and D4) both
PDE4A and PDE4D mRNA transcripts were present at
high levels in the medial mammillary nucleus. High

Fig. 10. Distribution of [*H]rolipram binding sites and PDE4 mRNAs in serial coronal sections through the rat hippocampal formation. A is a
bright-field photomicrograph from a film autoradiogram showing the [*H]rolipram binding sites. B, C and D are dark-field photomicrographs
from emulsion-dipped tissue. B; PDE4A mRNA. C; PDE4B mRNA. D; PDE4D mRNA. Note the lack of detectable hybridization signal for
PDE4B mRNA in the dentate gyrus. The different layers of the hippocampus are indicated in panel A. Bar; 0.5 mm.
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Fig. 11. Distribution of [*H]rolipram binding sites and PDE4 mRNAs in the rat habenula. A is a bright-field photomicrograph from a consecutive
section to C stained with cresyl violet. B is a bright-field photomicrograph from a film autoradiogram showing the [*H]rolipram binding sites. C,
D and E are dark-field photomicrographs from emulsion-dipped tissue. C; PDE4A mRNA. D; PDE4B mRNA. E; PDE4D mRNA. Note the high
density of grains in the lateral habenular nucleus for all the mRNAs. Bar in A (A=C=D =E); 150 pm. Bar in B; 250 pm.

levels of PDE4A mRNA were detected in the supra-
mammillary nucleus, and lower levels in the lateral
mammillary nucleus. In contrast, few -PDE4D mRNA
labeled cells were detected in the lateral mammillary
nucleus, whereas, strongly labeled cells were observed
in the supramammillary nucleus. Intermediate levels of
mRNA for PDE4B were only found in the medial
mammillary nucleus (Fig. 8D3). High densities of
[*H]rolipram binding sites were seen in both medial and
lateral mammillary nucleus and low densities in the
supramammillary nucleus (Fig. 8D1).

PDE4A mRNA showed few strongly labeled cells in
the periventricular hypothalamic nucleus. Low levels of
PDE4A and PDE4D transcripts were seen in the ven-
tromedial and posterior hypothalamic nuclei as well as
in the polymorphic cells of the arcuate nucleus, specifi-
cally in the dorsal and lateral part. PDE4B mRNA was
detected in the dorsomedial, central and lateral part of
the ventromedial hypothalamic nuclei and in the dorsal
part of the dorsomedial hypothalamic nucleus. Low
densities of [*HJrolipram binding sites were visualized in
the dorsomedial and ventromedial hypothalamic nu-
cleus and in the medial-posterior part the arcuate hypo-
thalamic nucleus.

3.3.6. Brainstem

Many nuclei of the brainstem were enriched in
mRNA transcripts of the three isozymes, as summa-
rized in Table 1. It is worth to notice the high expres-
sion of PDE4A and PDE4D mRNA in the pontine
nuclei, the different parts of the interpenduncular nu-
cleus (Fig. 8E2, E4, F2 and F4) and in the reticuloteg-
mental nucleus of the pons. High levels of PDE4A
mRNA were detected in the pedunculopontine and
ventral tegmental nuclei. Moderate levels of PDE4B
mRNA were seen in the cerebral peduncle and pontine
nuclei (Fig. 8E3). Few labeled cells for PDE4B mRNA
were seen in the lateral and caudal pars of the interpe-
duncular nucleus. In contrast, the pons showed only
very low densities of specifically bound [*H]rolipram,
with the highest densities being found in the interpe-
duncular nucleus (Fig. 8E1).

Intermediate to high levels of PDE4D mRNA were
seen in the giant and large neurons of the red nucleus
and low levels in the medium size cells of this nucleus
(Fig. 8E4). No signal for both PDE4A and PDE4B
mRNA was detected in this nucleus. Intermediate levels
of PDE4D mRNA were seen in the ventromedial and
dorsomedial part of the dorsal raphe nuclei (Fig. 8F4),
being both PDE4A and PDE4B mRNAs undetectable.
Low levels of PDE4D mRNA were detected in the
raphe magnus (Fig. 8E4). No hybridization signals of
any PDE4 isozymes were seen neither in the raphe
pallidus nor in the raphe obscurus. Very low
[*H]rolipram binding site densities were observed in the
dorsal raphe nucleus and in the red nuclei (Fig. 8F1
and El).

High levels of PDE4B mRNA were found in the
pineal gland, whereas, no hybridization signals of both
PDE4A and PDE4D mRNA neither [*H]rolipram bind-
ing were detected in this gland (Table 1).

In the superior colliculus, PDE4D mRNA was
present at high levels, specially in the superior gray
layer (Fig. 8E4), PDE4A mRNA was detected at mod-
erate levels in the superior gray layer, as well as in the
intermediate gray and white layer (Fig. 8E2) and
PDE4B mRNA was visualized at moderate levels in the
optical layer and superior gray layer, and at lower
levels in the intermediate white layer (Fig. 8E3).
[*H]rolipram binding sites were detected at low densities
with no apparent differences among the layers (Fig.
8E1).

Intermediate levels of PDE4A, PDE4B and PDE4D
mRNA were found in the middle subdivision of the
parabigeminal nucleus (Fig. 8F2—F4). Similarly, inter-
mediate binding site densities of [*H]rolipram were
visuallized in this area (Fig. 8F1).

PDE4B mRNA was detected at very high levels in
the inferior olivary complex, in the dorsal and principal
accessory olive, as well as in the subnuclei A, B and C
of the medial olivary nucleus (Fig. 8G3 and H3). The
trigeminal sensory nuclei presented intermediate to high
levels of PDE4A, PDE4B and PDE4D mRNA, mainly
in the caudal subdivision of the spinal trigeminal nu-
cleus (including oral, dorsal and ventral part), as well as
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in layers II and III of the caudal subdivision of this
nucleus (Fig. 8G2-G4 and H2-H4). In addition, mod-
erate levels of PDE4B mRNA were detected in the
spinal trigeminal tract (Fig. 8G3 and H3).

The part parvocellular and magnocellular of the me-
dial vestibular nucleus contained high hybridization
levels of PDE4D mRNA (Fig. 8G4), moderate levels of
PDE4A mRNA (Fig. 8G2) and a few PDE4B mRNA
labeled cells (Fig. 8G3) The spinal vestibular nucleus
presented high contents of PDE4D mRNA, moderate
for PDE4A mRNA and low for PDE4B mRNA. The
central part of the dorsal cochlear nuclei (Fig. 8G4)
presented high expression levels of PDE4D mRNA,
moderate levels of PDE4A mRNA (Fig. 8G2) and low
of PDE4B mRNA (Fig. 8G3). The cuneate and gracile
nuclei presented moderate levels of hybridization for
both PDE4A and PDE4D mRNA (Fig. 8H2 and H4)
and low for PDE4B mRNA (Fig. 8H3). The nucleus of
the solitary tract contained moderate levels of PDE4A
mRNA and low of PDE4B mRNA (Fig. 8G2 and G3).
Strongly labeled cells for PDE4A mRNA were seen in
the principal oculomotor nucleus, including the parvi-
cellular part and the supraoculomotor periaqueduct
(Fig. 8E2), whereas, a few PDE4D mRNA labeled cells

could be observed (Fig. 8E4). The ependymal cells of
the area postrema presented high hybridization signal
for PDE4D mRNA (Fig. 8H4) and intermediate signal
for PDE4B mRNA (Fig. 8H3).

High densities of [*H]rolipram binding sites were
localized in the nucleus of the solitary tract and in the
inferior olivary complex (Fig. 8 G1). Moderate densities
were found in the dorsal cochlear, mainly in the first
(molecular) layer (Fig. 8G1), gracile and cuneate nuclei,
as well as in the area postrema (Fig. 8H1). Lower
binding site densities were detected in the spinal trigem-
inal nucleus, and in the medial, spinal and lateral
vestibular nuclei (Fig. 8G1).

3.3.7. Cerebellum

The granule cell layer of the cerebellum showed very
strong hybridization signals for PDE4B and PDE4D
mRNAs, and moderate levels of PDE4A mRNA and
[*H]rolipram binding sites (Fig. 8G2-G4, H2—-H4 and
Fig. 12B-D). Moderate to high levels of PDE4B
mRNA were also detected in the white matter of the
cerebellum (Fig. 12C). In contrast, the molecular layer
only presented high densities of [*HJrolipram binding
sites (Fig. 12A). No hybridization signals of any of the

Fig. 12. Distribution of [*H]rolipram binding sites and PDE4 mRNAs in the rat cerebellum in serial sections. A is a bright-field photomicrograph
from a film autoradiogram showing the [*H]rolipram binding sites. B, C and D are dark-field photomicrographs from emulsion-dipped tissue. B;
PDE4A mRNA. C; PDE4B mRNA. D; PDE4D mRNA. Note the high density of binding sites in the molecular layer. Note the presence of
PDE4B mRNA in the white matter. Bar in A; 250 pm. Bar in B (B=C =D); 200 pum.
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four PDE4 isozymes could be appreciated in the Purk-
inje cell layer. Several cerebellar nuclei contained high
hybridization levels of PDE4D mRNA (dentate, fasti-
gial and intermediate), and moderate for PDE4A
mRNA (interpositus, lateral parvicellular and lateral
dentate) Fig. 8G4 and 8G2, respectively. Lower binding
site densities of [*H]rolipram were detected in the deep
cerebellar nuclei.

4. Discussion

By using oligonucleotide probes that selectively rec-
ognize the transcripts of the four isozyme forms of the
PDE4 family (PDE4A, PDE4B, PDE4C and PDE4D),
we have examined their regional distribution and com-
pared them in the brain of human, monkey and rat.
Our results show that in the brain of these three species,
PDE4A, PDE4B and PDE4D mRNA expression is
abundant and widely distributed, not only in neuronal
cells but also in white matter cells, especially PDE4B
and PDE4D. An important finding is the presence of
PDE4C mRNA in some brain structures in both hu-
man and monkey, contrasting with the restricted ex-
pression of this mRNA in the rat brain, where it is
found exclusively in olfactory bulb. In parallel, and by
using the PDE4-specific inhibitor [?HJrolipram, we have
visualized the binding sites in the brain of the three
species. To our knowledge, this is the first detailed
report of the distribution of the four PDE4 isozymes in
human and monkey. Earlier studies have only partially
addressed this issue using Northern blot and RT-PCR
assays.

4.1. PDE4 mRNAs distribution in human brain

We have found that in human brain, the four PDE4
isozyme mRNAs presented a differential pattern of
expression at both regional and cellular level. PDE4B
and PDE4D were the most abundant isoforms found in
human brain followed by PDE4A. In contrast, PDE4C
appeared to be a minor isoform present only in areas of
the brain such as cerebral cortex, few thalamic nuclei
and cerebellum. Earlier studies have shown the presence
of PDE4C mRNA by Northern blot analyses (Engels et
al., 1995b; Obernolte et al., 1997) and RT-PCR (En-
gels et al., 1994) in RNA from total human brain. In
fact, PDE4C isozyme cDNA was isolated from a
cDNA library from human substantia nigra (Engels et
al., 1995b). We did not detect in our in situ hybridiza-
tion experiments, the presence of PDE4C mRNA in
human substantia nigra.

We have studied the cellular expression for the four
isozymes in different human brain areas; cortex, basal
ganglia, limbic system, thalamus, pons-medulla, spinal
cord and cerebellum. There are no other reports on the

regional and cellular distribution of the PDE4 isoforms
in human brain. The presence of PDE4A mRNA in
total human brain has been shown by RT-PCR analy-
sis (Engels et al., 1994) and by Northern blot analysis
(Owens et al., 1997) in areas such as thalamus, hypo-
thalamus and substantia nigra.

The results presented here show a differential re-
gional distribution in the human brain of the mRNAs
coding for the four PDE4 isozymes in neuronal and
non-neuronal cells. It is worth to notice the expression
of PDEA4C in cortex and cerebellum, the predominance
of PDE4B in basal ganglia and white matter tracts, and
the presence of PDE4A, PDE4B and PDE4D in the
hippocampal formation. In some tissue sections, where
pia matter was present, these aforementioned isozyme
mRNAs were detected. Their presence in cell types such
as ependymal cells and blood vessels cannot be
excluded.

4.2. PDE4 mRNAs distribution in monkey brain

In the few regions analyzed, the distribution of PDE4
transcripts was very similar to that observed in human
brain. For example, the presence of PDE4A in cortex
and hippocampus but not in putamen, the enrichment
of PDE4B in cortex, basal ganglia and white matter
tracts and of PDE4D in cortex and hippocampus, as
well as the presence of PDE4C in cortex and cerebel-
lum. All four isozymes were expressed in cerebellum,
and especially in granule cells. In addition, PDE4C
mRNA was found in claustrum at very high expression
levels.

4.3. PDE4 mRNAs distribution in rat brain

In agreement with earlier literature (Engels et al.,
1995a), the expression of PDE4C was exclusively found
in the olfactory bulb. The other three isozymes were
very abundant in the rat brain, especially, in the ante-
rior brain, cortex and olfactory bulb. There were, how-
ever, some regions where they showed a distinct
expression pattern, including areas such as the nucleus
accumbens, hippocampal formation, pontine nuclei,
raphe nuclei, inferior olive, area postrema, deep cere-
bellar nuclei and spinal cord. PDE4A, PDE4B and
PDE4D showed a neuronal distribution in all brain
areas examined. In addition, PDE4B mRNA was also
present in white matter tracts.

PDE4D and PDE4A mRNA showed, in general, a
widespread and similar distribution in rat brain, with
few exceptions. For example and in agreement with
earlier studies (Iwahashi et al., 1996), PDE4A mRNA
was predominantly expressed in many nuclei of the
septum, whereas, PDE4D mRNA could be detected
only in the lateral septum. In contrast, PDE4D was the
major isoform in brainstem nuclei such as facial nu-
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cleus, cerebellar nuclei or area postrema, where PDE4B
mRNA was also detected but at lower levels. The
pattern of expression observed in the areca postrema
does not agree with the results reported by Iwahashi et
al. (1996), since they also detected PDE4A mRNA in
this area.

4.4. Species differences in PDE4 isoforms distribution

The regional expression of three most abundant
PDE4 isoforms in a wide variety of neuronal cell types
(4A, 4B and 4D) in the rat brain was very similar to
that observed in human brain. There were some differ-
ences in areas such as hippocampus and cerebellum and
the shared characteristic localization of PDE4B in
white matter tracts. The most remarkable difference
was the expression pattern of PDE4C mRNA. In hu-
man and monkey, it was found at intermediate levels in
several cortical areas and cerebellum, and at higher
levels, in the monkey’s claustrum, whereas, in the rat
brain, and in agreement with earlier studies (Engels et
al., 1995a), PDE4C mRNA expression was restricted to
the olfactory bulb.

PDE4A mRNA showed important differences among
the three species. In rat brain, PDE4A mRNA was
found at moderate levels in several brainstem nuclei, as
earlier described by Iwahashi et al. (1996). However, no
hybridization signal of PDE4A mRNA could be de-
tected in the human brainstem nuclei, except in the
pontine nucleus.

PDE4D mRNA was the only PDE4 isozyme ex-
pressed in the rat raphe nuclei, in contrast with the
results described by Iwahashi et al. (1996), who re-
ported expression of PDE4A and PDE4B mRNA in
this nuclei. Nevertheless and in agreement with Iwa-
hashi et al. (1996), high levels of PDE4D mRNA were
also visualized in the interpeduncular nucleus, the supe-
rior colliculus and the reticulotegmental nucleus of the
pons. No PDE4D mRNA was detected in these nuclei
in the human brain.

The particular distribution pattern of PDE4B tran-
script in many fiber tracts and neurons was highly
conserved among the different species studied. PDE4B
mRNA distribution in rat and human brain showed,
however, some differences. PDE4B mRNA was visual-
ized in hypoglossal nucleus, cerebellar nuclei and Purk-
inje cells of the human brain. However, in accordance
with earlier studies (Iwahashi et al., 1996), no PDE4B
mRNA was present in these rat brain regions.

4.5. Correlation between PDE4 mRNA and protein
expression

There are different ways to study the protein expres-
sion of the PDEs. One consists in measuring the enzy-
matic activity (Thompson and Appleman, 1971), but

this technique lacks anatomical resolution. A second
way is to use the property of rolipram to bind with
nanomolar affinity to the PDE4s, outside of the cata-
lytic site, at the so-called high affinity binding site.
[PH]rolipram has been earlier used to visualize, by
autoradiography, the regional distribution of its bind-
ing sites in rat brain (Kaulen et al., 1989). However,
these first studies were limited due to the low specific
activity of the radioligand available at that time. We
have now used a high specific activity [*H]rolipram,
which generates autoradiograms with a high degree of
resolution. In analyzing these autoradiograms, several
factors should be taken into account. First, the quench-
ing of the white matter (white matter tracts will gener-
ate less grain density in spite of the equal amount of
bound radioactivity (Geary and Wooten, 1985). An-
other factor to consider is that ligand autoradiography
performed in isotonic conditions (present work) allows
the visualization of [*H]rolipram binding sites corre-
sponding probably to membrane bound enzyme and
cytoplasmic molecules. A limitation of rolipram is that
it is not isozyme specific and labels all four PDE4
forms. In the absence of selective inhibitors of the
binding of rolipram to the different isozymes, it is
impossible to differentiate the isozyme components of
the binding of rolipram to the tissue. Nevertheless,
taking into account the differential localization of the
mRNAs coding for the PDE4 isoforms, our results
suggest areas of the brain where the coincidence of the
expression of specific isozyme mRNA and rolipram
binding sites can be used to select these selective in-
hibitors, when available. For example, the olfactory
bulb should be rich in PDE4A, PDE4C and PDE4D,
whereas, the nucleus accumbens appears to be enriched
in the PDE4B form which is also present exclusively in
the nucleus of the inferior olive. In the hippocampus,
the granule cell layer expresses PDE4A and PDE4D,
being PDE4B undetected, particularly in the posterior
part. Similar differences are also seen in the pyramidal
cell layer of the CAl. An interesting observation is the
absence of PDE4A expression in the area postrema in
the rat. This could be a region to select isozyme specific
inhibitors, specially if this difference is conserved
among the species, due to the fact that emesis is an
important, limiting side effect of PDE4 inhibitors
(Horowski and Sastre-y-Hernandez, 1985). The pres-
ence of PDE4s in the area postrema points to their
possible involvement in mediating this effect.
Comparison of our data on the distribution of
PDE4A, PDE4B, PDE4C and PDE4D mRNA in rat
brain does generally agree with the protein localization
of each one of these isozymes by immunohistochemistry
(Cherry and Davis, 1999) with a few exceptions. For
example, PDE4B mRNA was detected at high levels in
the pyramidal cell layer of the CA2 and PDE4A
mRNA was also observed in the dentate gyrus but
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these two regions did not show immunolabeled cells
neither with anti-PDE4B nor with PDE4A antibodies.
We could not detect PDE4B mRNA in rat dentate
gyrus, in contrast with the immunolabeling with the
anti-PDE4B antibody described in this area (Cherry
and Davis, 1999). An extrinsic origin of the protein
could explain this discrepancy.

Comparison of the present results on the localization
of [PHJrolipram binding sites with the immunohisto-
chemical localization of the PDE4s (Cherry and Davis,
1999) reveals interesting similarities. For example, the
anti-PDE4B antibody immunoreaction in the molecular
layer of the cerebellum, agrees with the high densities of
binding sites found in this layer (present results; Kaulen
et al., 1989). In contrast, we were unable to detect any
PDE4 isozyme mRNA in this layer, but expression was
observed both in granule cells and in Purkinje cells,
which extend their processes (axons and dendrites, re-
spectively) into the molecular layer. Comparison of the
data derived from in vitro autoradiography with in situ
hybridization studies is difficult due to the fact that by
in situ hybridization histochemistry the cell bodies that
contain the mRNAs coding for each isozyme are de-
tected; whereas, with receptor autoradiography, the
PDE4 protein(s), could be visualized in the cell bodies
as well on distal processes. In our case, comparison is
further hindered, as it was mentioned before, by the
failure of currently available radioligand to individually
label PDE4A, PDE4B, PDE4C and PDE4D isozymes,
due to the lack of specific inhibitors for each PDE4
isozyme. In general, the distribution of [*HJrolipram
binding sites agrees well with the summation of the
distribution of the four PDE4 isoform mRNAs (our
results) and with the immunolocalization of all four
PDE4 isozymes (Cherry and Davis, 1999). But there are
some exceptions, for example, in the olfactory tubercle,
piriform cortex and in the pontine nuclei, we have
detected high levels of PDE4A, PDE4B and PDE4D
mRNAs. In contrast, and in agreement with earlier
studies (Kaulen et al., 1989), low densities of
[*H]rolipram binding sites are visualized in these re-
gions. It is tempting to speculate that at least part of
the PDE4s expressed in these nuclei could be presynap-
tically located.

In agreement with our observation on PDE4B
mRNA localization in fiber tracts, both in rat and
human brain, [*H]rolipram binding sites were also
present in fibers in these two species, specially, when the
quenching factor is taken into account. This distribu-
tion in rat brain correlated also with that of the anti-
PDE4B immunoreactivity (Cherry and Davis, 1999).

The distribution of [*HJrolipram binding sites in rat
brain correlated, in general, with [?H]cyclic-AMP bind-
ing sites described by Araki et al. (1992).

[PH]cyclic-AMP binding sites distribution by mem-
brane binding assay has been also reported in human

brain (Schneider et al., 1986). In agreement with our
results, these authors found high levels of binding sites
in several brain regions such as frontal, occipital, tem-
poral and parietal cortex, hippocampus and cerebellar
cortex. In addition, membrane binding studies have
been reported in Alzheimer’s disease post-mortem
brain. (Bonkale et al., 1999). Results showed an alter-
ation of [*’H]JcAMP binding to cytosolic but not particu-
late protein kinase A, in the entorhinal cortex in
Alzheimer’s disease brain.

4.6. PDE4 function

Overlapping expression of the four PDE4 isozymes
was observed in brain regions involved in processes of
learning and memory; such as the olfactory system and
the hippocampus. cAMP-specific PDE4 isozymes could
play an important role in processes of learning and
memory. In fact, the dunce gene of Drosophila
melanogaster was the first gene isolated that affected
behavior (Dudai et al., 1976), flies with mutations in
dunce are deficient in learning and memory (Davis,
1996). Biochemical analysis of brain extracts from
dunce flies showed them to be deficient in cAMP PDE
activity (Byers et al., 1981). Mammalian PDE4 cDNAs
were subsequently isolated by using the dunce cDNA to
probe mammalian cDNA libraries (Davis et al., 1989).

Rolipram is a selective cAMP phosphodiesterase type
4 inhibitor that preferentially increases cAMP levels in
the brain in the absence of stimulation of neurotrans-
mitter receptors (Schneider, 1984; Schneider et al.,
1986). Most of the information available on the possi-
ble role of PDEs derives from the studies done, with
rolipram and few other molecules. Rolipram can inter-
fere with many activities of the brain cells, mood,
depression, anxiety, memory. For example, the effects
of rolipram administration on cellular and animal mod-
els of memory formation (Barad et al., 1998; Bach et
al., 1999) have shown that amplification of signals
through the cCAMP pathway may lower the threshold
for generating long-lasting, long-term potentiation and
increase behavioral memory. Rolipram, at concentra-
tions not affecting basal cAMP levels, increases cAMP
responses in hippocampal slices to stimulation with
forskolin and induces persistent longterm potentiation
in CA1 after a single tetanic train (Barad et al., 1998).
Rolipram treated rats exhibit some anxiolytic-like activ-
ity in the elevated plus-maze test (Silvestre et al., 1999b)
which appears to be independent of the concurrent
reduction in the locomotor activity. It has been also
shown that rolipram induced potent and dose-depen-
dent hypoactivity in rats (Silvestre et al., 1999a) de-
creasing both locomotion and rearing, effect that may
be modulated by the cholinergic system. It is worth to
notice the high densities of [*H]rolipram binding sites
present in human in the nucleus basalis of Meynert, the
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area containing the cell bodies of the cholinergic neu-
rons projecting to the neocortex and which degenerates
in Alzheimer’s disease brains. Further evidence for a
close relationship between PDE4D and muscarinic
cholinergic mechanisms has been recently shown in the
lung of the knock out mice of this enzyme (Hansen et
al., 2000) (see below).

Rolipram has anti-depressant effects, and it has been
shown that anti-depressants modify PDE4 expression
(Takahashi et al., 1999). Emesis is one of the most
common side effects of PDE4 inhibitors administration.
The mechanism by which PDE4 inhibition results in
increased vomiting and nausea in species such as dog
and human (Bertolino et al., 1988; Hebenstreit et al.,
1989; Heaslip and Evans, 1995) is not fully understood,
but probably includes both central and peripheral sites
of actions. The presence of mRNAs coding for PDE4B
and PDE4D in the area postrema, a region which is
known to mediate these effects (Borinson and Wang,
1953; Carpenter et al., 1988), suggests that cCAMP sig-
naling modification in this area could mediate the
emetic effects of PDE4 inhibitors.

Many other central and peripheral effects have been
described after administration of PDE4 inhibitors; as
anti-inflammatory and also related to their intriguing
presence in white matter in multiple sclerosis and in
allergic encephalitis, an animal model of multiple scle-
rosis (Sommer et al., 1995). There are also studies on
the inhibition of LPS-induced expression of TNF-a in
the rat brain (Buttini et al., 1997), on the reduction of
neuronal damage following cerebral ischemia in the
gerbil (Kato et al., 1995), Alzheimer’s disease (McGeer
et al., 1990; McGeer and McGeer, 1995) and others.

The fine tuning of intracellular levels of cAMP ap-
pears to be an important regulatory mechanism in
several brain functions. It has been speculated that each
PDE isozyme plays slightly different roles. The inacti-
vation of one PDE should produce a loss of function.
Flies deficient in the D. melanogaster dunce PDE (ho-
mologue of the mammalian PDE4D) display impair-
ments in the central nervous system and reproductive
functions (Dudai et al., 1976). Mice deficient in PDE4D
exhibit delayed growth, as well as reduced viability and
female fertility (Jin et al., 1999). In these knock out
mice, the airways are no longer responsive to choliner-
gic stimulation (Hansen et al., 2000). The lung pheno-
type of the PDE4D-deficient mice demonstrates that
this gene plays a non-redundant role in cAMP
homeostasis. Elimination of a single PDE4 gene causes
a significant reduction in PDE activity and an increase
in resting and stimulated cAMP levels in the lung,
indicating that the other PDE4s are not upregulated,
thus, supporting the idea that each PDE could have
unique and non-overlapping functions in cell signalling.
This is an important point for the development of
PDE4 isozyme-specific inhibitors as therapeutic agents.

In conclusion, our studies have demonstrated that
PDEA4A, PDE4B, PDE4C and PDE4D present a differ-
ential cellular distribution in human, monkey and rat
brain. This suggests that the different isozymes could be
associated also to distinct functions. The development
of specific inhibitors for each PDE4 isozyme will allow
to proof their implication in different functions. Studies
with animal lesions and human neuropathologies could
help to elucidate a most precise and detailed cellular
localization of the expression of these isozymes. Our
results had pinpoint areas in human and rat brain
where these different effects could be studied.
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Appendix A. Index of structures

3, oculomotor nucleus; 3V, 3rd ventricle; 4, trochlear
nucleus; 6, abducens nucleus; 7, facial nucleus; 11,
spinal accessory nucleus; 12, hypoglossal nucleus; ac,
anterior commissure; Acb, accumbens nucleus; Acc,
pars accessoria of the ventral posteromedial nucleus of
the thalamus; ACg, anterior cingulate cortex; Acs7,
accessory facial nucleus; Amy, amygdala; AON, ante-
rior olfactory nucleus; AP, area postrema; B, basal
nucleus of Meynert; C, caudate nucleus; CAl, CAl
field of the hippocampus; CA2, CA2 field of the
hippocampus; CA3, CA3 field of the hippocampus;
cAMP, cyclic adenosine 3',5'-monophosphate; Cb, cere-
bellum; CbN, cerebellar nuclei; cc, corpus callossum;
Ce, central thalamic nucleus; CG, central gray; Cl,
claustrum; CLi, caudal linear nucleus of the raphe; CM,
central medial thalamic nucleus; cp, cerebral peduncle;
CPu, caudate-putamen; Cu, cuneate nucleus; DC, dor-
sal cochlear nuclei; De, dentate nucleus; DG, dentate,
gyrus; DR, dorsal raphe nucleus; E, ependymal layer of
the main olfactory bulb; Ent, entorhinal cortex; EPL,
external plexiform layer of the main olfactory bulb; Fr,
frontal cortex; Ge5, gelatinous layer of the caudal
spinal trigeminal nucleus; GI, glomerular layer of the
main olfactory bulb; GP, globus pallidus; Gr, gracile
nucleus; GrDG, granule cell layer of the dentate gyrus;
GrL, granular layer of the cerebellum; Hb, habenula;
Hp, hippocampal formation; IG, indusium griseum;
IGr, internal granule cell layer of the main olfactory
bulb; IMD, intermediodorsal thalamic nucleus; 10, in-
ferior olive; IOM, medial nucleus of the inferior olive;
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IOPr, principal nucleus of the inferior olive; IP, interpe-
duncular nucleus; IPL, internal plexiform layer of the
main olfactory bulb; LD, laterodorsal thalamic nucleus;
LGB, lateral geniculate body; LHb, lateral habenular
nucleus; Mol, stratum lacunosum moleculare of the
hippocampus; LP, lateroposterior thalamic nucleus;
LRt, lateroreticular nucleus; LSD, lateral septal nu-
cleus, dorsal part; LVPO, lateroventral periolivary nu-
cleus; M, medial thalamic nucleus; M.Tf, sublayer of
middle tufted cells; MD, mediodorsa thalamic nucleus;
MGB, medial geniculate body; MGD, medial genicu-
late nucleus, dorsal part; MHb, medial habenular nu-
cleus; ML, molecular layer of the cerebellum; MM,
medial mammillary nucleus, medial part; MOB, main
olfactory bulb; MoDG, molecular layer of the dentate
gyrus; Mtr, mitral cell layer of the main olfactory bulb;
MVPO, medioventral periolivary nucleus; Or, stratum
oriens of the hippocampus; PaS, parasubiculum; PBg,
parabigeminal nucleus; PDE, phosphodiesterase; Pf,
parafascicular thalamic nucleus; PI, inferior pulvinar
thalamic nucleus; Pir, piriform cortex; PL, lateral pul-
vinar thalamic nucleus; PM, medial pulvinar thalamic
nucleus; PN, paranigral nucleus; Pn, pontine nuclei; Po,
posterior thalamic nucleus; PoDG, polymorphic cell
layer of the hippocampus; Prk, Purkinje cells; PrS,
presubiculum; Pu, putamen; Py, pyramidal cell layer of
the hippocampus; R, red nucleus; Rad, stratum radia-
tum of the hippocampus; Re, reuniens thalamic nu-
cleus; RMg, raphe magnus nucleus; RSpl, retrospenial
cortex; Rt, reticular thalamic nucleus; RtTg, reticulo
tegmental nucleus of the pons; S, subiculum; SC, supe-
rior colliculus; SHi, septohippocampal nucleus; SNC,
substantia nigra, pars compacta; SNR, substantia ni-
gra, pars reticulata; Sol, nucleus of the solitary tract;
SO, superior olive; Sp5, spinal trigeminal nucleus;
Sp5C, spinal trigeminal nucleus, caudal part; Th, thala-
mus; Tu, olfactory tubercle; Ve, vestibular nuclei; VPL,
ventral posterolateral thalamic nucleus; VPM, ventral
posteromedial thalamic nucleus; wm, white matter.
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