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Abstract

The distributions of the type I and type II isoforms of cGMP-dependent protein kinase were determined in the rat brain using
immunohistochemistry and in situ hybridization, and compared with the localization of NO synthase determined with NADPH-
diaphorase histochemistry. The type I cGMP-dependent protein kinase was highly expressed in the Purkinje cells of the cerebellar
cortex, where it was closely associated with the NO synthase containing granule and basket cells. This kinase was also found in
neurons in the dorsomedial nucleus of the hypothalamus, where it may be regulated by NO or atriopeptides. The type I kinase
was not detected in other central neurons. In contrast, the type II kinase was widely distributed in the brain. In particular, it was
highly expressed in the olfactory bulb, cortex, septum, thalamus, tectum and various brainstem nuclei. Many regions expressing
this kinase also contained, or received innervation from NO synthase positive neurons. These results indicate that type I
cGMP-dependent protein kinase may act as a downstream effector for NO only in the cerebellar cortex and the dorsomedial
hypothalamus. The type II cGMP-dependent protein kinase appears to be a major mediator of NO actions in the brain. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Cyclic guanosine 5%-monophosphate (cGMP) medi-
ates the physiological actions of two distinct intercellu-
lar messengers in the nervous system; the atriopeptides
and nitric oxide (NO). Atriopeptides act on a unique
family of cell surface receptors, the particulate guanylyl
cyclases, which have a single transmembrane domain
and an intracellular catalytic domain (Garbers, 1992).
NO, which can diffuse freely across cell membranes,
acts on the soluble isoforms of guanylyl cyclase, bind-
ing to the heme moiety of the protein, which causes its
activation (Ignarro, 1991; Hobbs, 1997). The resultant
increases in cGMP are thought to underlie the physio-
logical actions of the atriopeptides and NO.

There appear to be three main classes of intracellular
targets for cGMP, cGMP-regulated phosphodi-
esterases, cGMP-gated ion channels and cGMP-depen-
dent protein kinases. By altering phosphodiesterase
activity, cGMP can regulate the intracellular levels of
cAMP (Beavo, 1995). cGMP-gated ion channels are
well studied in photoreceptors and olfactory epithelium,
and more recent studies have shown that they are also
expressed in the brain (El-Husseini et al., 1995a). Fi-
nally, by activating specific protein kinases, cGMP may
regulate the function of numerous substrate proteins to
affect cell function in a manner analogous to that of
cAMP acting through cAMP-dependent protein kinase.

Two distinct types of cGMP-dependent protein ki-
nase have been identified in the brain, which differ in
their catalytic and regulatory properties (Gamm et al.,
1995). Type I (cGKI) occurs in two isoforms which
arise from alternative splicing of a single gene which is
highly expressed in smooth muscle, lung and platelets
(Sandberg et al., 1989; Wernet et al., 1989). Biochemi-
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cal and immunohistochemical studies indicate that in
the brain cGKI is concentrated in the Purkinje cells in
the cerebellum (Lohmann et al., 1981; De Camilli et al.,
1984).

A second gene, encoding a distinct cGMP-dependent
protein kinase (cGKII) was recently characterized from
mouse brain and rat intestine (Uhler, 1993; Jarchau et
al., 1994). More recently, others have cloned the human
cGKII, and mapped it to chromosome 4 (Fujii et al.,
1995; Orstavik et al., 1996). The various cAMP-depen-
dent protein kinase isoforms are differentially expressed
in the brain, indicating that functional differences in
cAMP responses may be mediated by specific kinases
(Cadd and McKnight, 1989). Likewise we showed using
reverse transcriptase-PCR analysis and in situ hy-
bridization that the distribution of cGKII is much
different from that of cGKI, with cGKII like NO
synthase, being widely expressed in the brain (El-Hus-
seini et al., 1995b). This led us to advance the hypothe-
sis that cGKII is a major target for NO/cGMP
signalling in the nervous system. In the present report
we have determined the distribution of the two cGMP-
dependent protein kinases in the brain in detail. We
also compare the relationship of NO synthase-positive
neurons to those expressing the cGMP-dependent
protein kinases.

2. Materials and methods

All animal procedures were in strict accordance with
the NIH Guide for the Care and Use of Laboratory
Animals and were approved by the local Animal Care
Committee. Adult male Wistar rats were obtained from
the Animal Care Centre of the University of British
Columbia. They were deeply anaesthestized with pento-
barbital and perfused through the ascending aorta with
100 ml 0.9% NaCl, followed by 300 ml of a fixative
solution containing 4% paraformaldehyde in 0.1 M
sodium phosphate buffer (pH 7.4). The brain was dis-
sected out, immersed in fixative for 2 h at 4°C, and then
incubated in 15% sucrose in 0.1 M phosphate buffered
saline (PBS) overnight at 4°C. Coronal and parasaggi-
tal sections were cut at 30 mm on a freezing microtome
and collected in PBS containing 0.02% sodium azide for
immunohistochemistry. For in situ hybridization, 10
mm thick sections were thaw-mounted onto 3-
aminopropyltriethoxysilane/chrome alum-coated slides
and stored at −80°C. All solutions were prepared with
RNAse-free reagents and diethyl pyrocarbonate-
treated, autoclaved water.

2.1. Immunohistochemistry and enzyme histochemistry

A 16 residue synthetic peptide (CDEPPPDDNSGW-
DIDF) corresponding to the conserved C-terminal of

bovine and human cGKIa and b was synthesised and
coupled to keyhole limpet hemocyanin, and used to
immunize New Zealand white rabbits. The sera was
applied onto an agarose column to which the immuno-
gen was thio-linked. Antibody was eluted from the
column with 0.1 M glycine (pH 2.5) and the antibody
solution was neutralized to pH 7.0 with saturated Tris
base.

The antibody was tested using Western blotting. Ho-
mogenates from rat cerebellum, cortex, thalamus and
pons-medulla were separated on 8.5% SDS-PAGE gels,
and transferred to nitrocellulose membranes which were
incubated in blocking solution of 50 mM Tris-buffered
saline (pH 7.4) containing 0.05% Tween-20 (TBST) and
5% milk powder. After rinsing, the membranes were
incubated with primary antibody overnight at 4°C in
TBST containing 1% bovine serum albumin (BSA). The
membranes were then rinsed and incubated with
horseradish peroxidase-linked secondary antibodies
(1:5000 dilution; Amersham). After washing, im-
munoreactive proteins were detected with enhanced
chemilumenescence (ECL, Amersham).

For immunohistochemistry the ABC immunoperoxi-
dase method was used as previously described (Vincent
et al., 1994). Brain sections were obtained from male
Sprague–Dawley rats perfused with 4% paraformalde-
hyde in 0.1 M PBS (pH 7.4). The brains were rinsed in
15% sucrose and 30 mm thick sections were cut on a
freezing microtome and washed in 0.02 M PBS. The
antibody to cGKI was diluted 1:5000 in PBS containing
0.3% Triton X-100 (PBST) and 2% normal goat serum
(NGS) for 24 h at 4°C. The sections were then rinsed
3×20 min in PBST, and incubated with biotinylated
sheep anti-rabbit secondary antibody (Vector Labora-
tories) diluted 1:1000 in PBST containing 2% NGS for
1 h at room temperature. The sections were again
rinsed 3×20 min in PBST, and incubated for 1 h with
an avidin-biotinylated horseradish peroxidase complex
(ABC Elite, Vector Laboratories, Burlingame, CA) in
PBST. Following a final series of rinses in PBST, the
immunoreactivity was revealed using diaminobenzidine
with nickel ammonium sulphate (Vincent et al., 1994).
Control sections were processed in parallel with the
exception that normal rabbit serum was used in place
of the cGKI antibody. Also, sections and Western blots
were examined using antibody preabsorbed overnight
with the synthetic peptide antigen (50 mg/ml antibody,
diluted 1:10), and these showed no immunoreactivity.

The expression of cGKI and NO synthase was exam-
ined on single sections using a double staining proce-
dure (Vincent et al., 1994). The sections were first
stained for NADPH-diaphorase histochemically to lo-
calize NO synthase (Hope et al., 1991). The sections
were incubated in PBS containing 1 mg/ml b-NADPH
and 0.1 mg/ml nitro blue tetrazolium, with 0.3% Triton
X-100, at 37°C for 30–60 min. They were then rinsed
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thoroughly in PBS and stained for cGKI-immunoreac-
tivity using the method described above. This method
resulted in blue staining of NO synthase containing
cells and processes, and brown staining of cGKI-im-
munoreactive structures, allowing the simultaneous de-
tailed examination of the dendritic and axonal
processes of both populations of stained cells. Sections
incubated for NADPH-diaphorase without NADPH
served as a control.

2.2. In situ hybridization

The frozen sections were thawed in 4%
paraformaldehyde, incubated with 1 mg/ml proteinase
K for 10 min, and then treated with 0.25% acetic
anhydride–1.5% triethanolamine. The sections were se-
quentially dehydrated in 50, 70, 90, and 95% ethanol,
then rehydrated. Sense and antisense 35S-labelled ribo-
probes were synthesized using T7 and Sp6 RNA poly-
merases, respectively, from a 713-bp cGK II PCR
product subcloned into the PCRII vector (El-Husseini
et al., 1995b). Probes were prepared in a hybridization
solution containing 600 mM NaCl, 10 mM Tris (pH
7.5), 0.02% Ficoll, 0.02% bovine serum albumin, 0.02%
polyvinylpyrolidone, 1 mM EDTA, 0.01% salmon
sperm DNA, 10% dextran, 0.1% sodium dodecyl sul-
phate, 0.1% sodium thiosulphate, 100 mM dithiothrei-
tol, and 0.005% yeast tRNA. The probe was applied at
5×105 cpm to the sections on a slide, and incubated
for 16 h at 54°C. Following hybridization the sections
were rinsed with 2×saline–sodium citrate (SSC),
treated with RNAse (20 mg/ml) for 30 min, washed with
2×SSC at 55°C for 1 h, and then with 0.1×SSC at
60°C for 2 h. The slides were then exposed to X-Omat
X-ray film (Kodak) for 2–3 weeks.

3. Results

3.1. Type I cGMP-dependent protein kinase

The affinity-purified antibody to cGK1 was first
characterized using Western blotting. Crude protein
extracts were prepared from rat cerebellum, cortex,
thalamus and pons-medulla, and resolved by SDS-
PAGE. After blotting, the membrane was incubated
with the antibody to cGKI and detected with chemilu-
minescence. A single band of about 76 kDa was de-
tected at antibody dilutions of 1:5000 in the cerebellar
extracts but not in other brain regions (Fig. 1).

We next undertook immunohistochemical studies to
determine in detail the distribution of cGKI in the
brain. Consistent with the Western blotting, and previ-
ous immunohistochemical studies (Lohmann et al.,
1981; De Camilli et al., 1984), the Purkinje cells of the
cerebellar cortex were found to be intensely stained for

cGKI (Fig. 2A). The staining was found throughout the
dendritic tree in the molecular layer, and in the cell
soma. The Purkinje cell nuclei were unstained. The
axons leaving the Purkinje cells through the granule cell
layer, and into the subcortical white matter were also
well stained. The nerve terminals of the Purkinje cells in
the deep cerebellar nuclei, and in the vestibular nucleus
were also well stained.

The rest of the brain was thoroughly examined for
cGKI immunoreactivity, however, only one other brain
region displayed positive staining. A small cluster of
neurons in the compact portion of the dorsomedial
nucleus of the hypothalamus displayed positive cGKI
immunoreactivity (Fig. 2B and C). Staining was evident
in cell bodies and short dendritic processes in this
region (Fig. 3A and B). Staining of the dorsomedial
hypothalamic neurons and the Purkinje cells was not
seen when the antibody was preabsorbed with the
peptide antigen prior to immunostaining.

Double staining for NADPH-diaphorase and cGKI
was consistent with previous reports that in the cerebel-
lar cortex, NO is produced by NO synthase in granule
cells and their processes and in the basket cells in the
molecular layer, but not in the Purkinje cells, which
were negative for NADPH-diaphorase activity. NO
produced in these compartments would, therefore, be in
close proximity to the cGKI in the Purkinje cell bodies
and dendrites (Fig. 3D and E).

In the hypothalamus, double staining also indicated
that the cGKI-positive cells did not express NO syn-
thase, although there were weakly-stained NO synthase
neurons within the dorsomedial nucleus. At the caudal
levels, the cGKI-positive cell group in this area was

Fig. 1. Western blot of rat brain homogenates detected using affinity-
purified rabbit antibody to cGKI. The 76 kDa kinase was highly
expressed in the cerebellum (Cer), but not in the thalamus (Thal),
hippocampus (Hip) or cortex (Cor).
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Fig. 2. Immunohistochemical localization of cGKI in the rat brain. (A) The dendrites, cell bodies and axons of the Purkinje cells of the cerebellar
cortex are intensely stained. (B, C) Many, closely clustered, small cells of the compact portion of the dorsomedial nucleus of the hypothalamus
also displayed staining for the kinase. The scale bar indicates 100 mm in A, 500 mm in B and 130 mm in C.
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Fig. 3. Immunoperoxidase staining of cGKI in the dorsomedial hypothalamic nucleus, illustrates the cluster of positive neurons along the third
ventricle (V) (A). At higher magnification the unstained nuclei of these small cells are apparent, as are their many stained processes (B). (C–E)
Double staining for NADPH-diaphorase histochemistry with a blue formazan reaction, and immunoperoxidase staining for type I cGMP-depen-
dent protein with a brown DAB reaction. In the hypothalamus (C) the kinase-positive cells of the dorsomedial nucleus (DMC) do not express NO
synthase, but are closely associated with NADPH-diaphorase positive cells in the premammillary (PM) nucleus. In the cerebellar cortex, NO
synthase is present in granule cells and basket cells, while the kinase is concentrated in the Purkinje cells (D). In a tangential section through the
Purkinje cell layer, the kinase-positive Purkinje cell bodies can be seen to be surrounded by stained basket cells and their processes (E). Scale bar
indicates 250 mm in A, and 100 mm in B, C, D and E.
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closely associated with NO synthase positive neurons in
the perifornical, dorsal premammillary and supramam-
millary nuclei (Fig. 3C).

3.2. Type II cGMP-dependent protein kinase

In contrast to cGKI, which had a very restricted
distribution in the brain, cGKII was widely expressed. In
situ hybridization demonstrated cGKII mRNA in neu-
rons throughout the brain. High levels of cGKII mRNA
were obvious in the olfactory bulb, the outer layers of
the cerebral cortex, the septum, the thalamus, the supe-
rior colliculus, the locus ceruleus, the pontine nuclei and
the nucleus of the solitary tract (Fig. 4). Other regions
showing high levels of cGKII expression included the
pyriform cortex, and the lateral amygdala (Fig. 5).

The extensive expression of cGKII in the thalamus
was analyzed in further detail in a series of coronal
sections (Fig. 5). In the anterior thalamus dense labelling
was observed in the paratenial nucleus, the anterior
medial and the anteroventral nuclei (Fig. 5A). The
laterodorsal nucleus showed strong labelling, while the
ventral nuclei were less intensely labelled (Fig. 5B). In
the midline the intralaminar nuclei were also labelled
with the reuniens nucleus displaying particularly high
labelling. The medial habenula was also intensely la-
belled (Fig. 5B and C). At more caudal levels, there was
pronounced labelling in the lateral geniculate nucleus,
the intralaminar nuclei and the posterior thalamic nuclei

(Fig. 5C and D). The subthalamic nucleus was also very
strongly labelled (Fig. 5C and D).

4. Discussion

Although the distribution of NO synthase in the brain
is well known, and the role of the NO/cGMP signal
transduction system is beginning to be understood, little
is known regarding the localization of the downstream
effectors in this pathway. A key mediator of signalling
via NO and cGMP appears to be the cGMP-dependent
protein kinase. In the vascular system, activation of
cGKI by the NO/cGMP pathway is thought to underlie
endothelium-dependent relaxation (Butt et al., 1993).
Two isoforms of cGKI have been identified which arise
from alternative splicing from a single gene. The type Ia
and type Ib isoforms differ only in the N-terminal 100
amino acids or so, the rest of the molecules being
identical (Butt et al., 1993). Both isoforms are expressed
in vascular smooth muscle, while type Ia is the predom-
inant form in the lung and the cerebellum (Keilbach et
al., 1992).

We have generated an antibody to the conserved
C-terminal region of cGKI, which should detect both the
a and the b isoforms. Western blotting demonstrated
that the antibody could detect a single protein band of
76 kDa in the cerebellum, corresponding to the predicted
size of cGKIa (Sandberg et al., 1989; Wernet et al., 1989;

Fig. 4. Expression of cGKII mRNA in the rat brain determined with in situ hybridization. Detection of kinase mRNA in parasaggital sections
was achieved with an antisense riboprobe generated from the kinase cDNA. Very strong labelling was detected in the thalamus (TH), the
triangular septum (TS) and locus ceruleus (LC). Strong labelling was seen in the superior colliculus (SC), olfactory bulb (OB) and the outer layers
of the neocortex. Other brain regions had low or undetectable levels of expression.
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Fig. 5. Expression of cGKII in darkfield images of coronal sections through the rostral (A) to caudal (D) extent of the rat thalamus. At rostral
levels the kinase was highly expressed in the paratenial nucleus and the anteriomedial nucleus of the anterior thalamus (AT). Very high expression
was also detected in the medial habenula (MH), subthalamic nucleus (ST), lateral amygdala (LA), lateral geniculate (LG) and pyriform cortex
(PCX). The intralaminar nuclei of the thalamus (IT) express high levels of cGKII, while the ventrolateral nucleus (VL) expresses moderate levels.

Butt et al., 1993). Immunohistochemical analysis indi-
cated that cGKI was very highly expressed in the
Purkinje cells, being present within the dendritic trees,
cell bodies, axons and nerve terminals. These observa-
tions are consistent with previous work using other
antibodies (Lohmann et al., 1981; De Camilli et al.,
1984).

The NADPH-diaphorase histochemistry indicates
that in the cerebellar cortex NO synthase is present in the
granule cells and their parallel fibres and in basket cells
in the molecular layer, as noted previously using this
method or NO synthase immunohistochemistry (Vin-
cent, 1996). A major downstream target of the NO
produced in these compartments would appear to be the
cGKI that is concentrated in the Purkinje cell bodies and
dendrites. Evidence from in situ hybridization and im-
munohistochemistry indicates that soluble guanylyl cy-
clase is also highly expressed in Purkinje cells (Ariano et
al., 1982; Nakane et al., 1983; Matsuoka et al., 1992;
Furuyama et al., 1993).

Although the axons and nerve terminals of the Purk-
inje cells express high levels of cGKI immunoreactivity,
they do not appear to innervate NO synthase positive
neurons. The neurons of the deep cerebellar nuclei and
the vestibular nucleus do not express NO synthase, or

NADPH-diaphorase activity (Vincent and Kimura,
1992; Rodrigo et al., 1994). Thus the role of cGKI in the
Purkinje cell axons and terminals in these areas is
puzzling.

We have discovered that the cells of the dorsomedial
nucleus of the hypothalamus express cGKI immunoreac-
tivity. Previous studies have demonstrated that neurons
in this nucleus express high levels of galanin immunore-
activity (Skofitsch and Jacobowitz, 1985; Melander et
al., 1986). The dorsomedial nucleus of the hypothalamus
is thought to be involved in reproductive, cardiovascu-
lar, locomotor, circadian and ingestive behaviours
(Bernardis and Bellinger, 1987; Luiten et al., 1987). It
may also play a role in hypothalamic responses to stress.
These actions appear to be mediated by the extensive
connections between the dorsomedial nucleus and other
nuclei of the hypothalamus (Ter Horst and Luiten, 1986;
Luiten et al., 1987; Thompson et al., 1996). The supraop-
tic and paraventricular nuclei express NO synthase and
innervate the dorsomedial nucleus. This suggests that
NO-induced cGMP in the dorsomedial nucleus may play
a role in the regulation of fluid balance via the subforni-
cal organ and its reciprical connections with these
regions. Indeed, lesions of the dorsomedial nucleus
induces hypodipsia (Bernardis and Bellinger, 1987).
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The cGKI immunoreactive cells in the hypothalamus
may also respond to atriopeptides following the activa-
tion of particulate guanylyl cyclases. de Vente et al.
(1989) have demonstrated strong cGMP immunostaining
in neurons in what appears to be the dorsomedial
hypothalamic nucleus (c.f. their Fig. 16) after stimula-
tion with atrial natriuritic peptide. Indeed, these appear
to be the only neurons in the brain which show an
increase in cGMP in response to the atriopeptide (de
Vente et al., 1989). NPR-B is the primary natriuretic
peptide receptor in the hypothalamus, and by inference
CNP would be predicted to be the primary active
natriuretic peptide in this region (Langub et al., 1995).

In marked contrast to the restricted distribution of
cGKI, cGKII is very widely expressed throughout the
brain. In the cortex, cGKII mRNA, like that for soluble
guanylyl cyclase (Matsuoka et al., 1992; Furuyama et al.,
1993; Burgunder and Cheung, 1994) is concentrated in
layers II–III, and is particularly high in the pyriform
cortex. These regions contain a dense network of NO
synthase fibres derived from local neurons present
throughout the cortex (Vincent and Kimura, 1992; Ro-
drigo et al., 1994). Fibre networks in the outer layers of
the cerebral cortex also display a dense staining for
NO-induced cGMP-immunoreactivity (de Vente et al.,
1998).

We could detect no cGKI staining in the hippocampal
formation using our antibodies which are specific for the
C-terminal of cGKI and do not recognize cGKII. Fur-
thermore, cGKII mRNA expression was very low in the
hippocampus. Likewise, we could not detect any cGKI
immunoreactivity or cGKII expression in the striatum.
This contrasts to one earlier report in which staining of
medium-spiny cells was noted (Ariano, 1983). It is
interesting to note that regions such as the hippocampus
and striatum, which express high levels of soluble guany-
lyl cyclase (Matsuoka et al., 1992; Furuyama et al., 1993;
Burgunder and Cheung, 1994), but do not appear to
express much if any cGMP-dependent protein kinase, do
express very high levels of a cGMP-stimulated phospho-
diesterase (Sonnenburg et al., 1991; Repaske et al., 1993).
Thus, in these regions the major role of cGMP may be
to regulate cAMP levels via changes in phosphodi-
esterase activity, rather than to directly activate a protein
kinase. Indeed there is evidence that the actions of cGMP
on calcium currents in hippocampal neurons are medi-
ated through phosphodiesterase-induced reductions in
cAMP levels (Doerner and Alger, 1988).

The thalamus expresses very high levels of cGKII
mRNA. Thalamic expression of soluble guanylyl cyclase
has also been described (Furuyama et al., 1993; Burgun-
der and Cheung, 1994). In the adult thalamus, NO
synthase-containing neurons are restricted to the par-
aventricular, rhomboid and central medial nuclei of the
midline, and the dorsal and ventral lateral geniculate
(Mitrofanis, 1992; Vincent and Kimura, 1992; Gabbott

and Bacon, 1994; Bertini and Bentivoglio, 1997). High
densities of NADPH-diaphorase positive fibres are found
in the anteroventral and anteromedial nuclei, the midline
nuclei, the anterior intralaminar nuclei and the geniculate
(Vincent and Kimura, 1992; Bertini and Bentivoglio,
1997). The fibres in the anteroventral and anteromedial
nuclei may arise from the NO synthase-positive neurons
of the medial mammillary nucleus, the laterodorsal and
pedunculopontine tegmental nuclei or the ventral lateral
geniculate (Vincent and Kimura, 1992; Bertini and Ben-
tivoglio, 1997). The mesopontine NO synthase neurons
and hypothalamic NO synthase neurons innervate the
midline nuclei (Otake et al., 1995). Indeed, we have
shown that stimulation of the mesopontine tegmental
neurons leads to an increase in NO production in the
thalamus (Williams et al., 1997) and a NO-dependent
activation of cGKII (El-Husseini et al., 1998).

The subthalamic nucleus is one regions in which cells
appear to express both NO synthase (Vincent and
Kimura, 1992; Endoh et al., 1994; Northington et al.,
1996) and cGKII. Subthalamic neurons also express high
levels of soluble guanylyl cyclase (Giuili et al., 1994).
Indeed, both NOS-immunoreactivity and NO-induced
cGMP-immunoreactivity have been detected in subthala-
mic neurons and fibres (de Vente et al., 1998). This
indicates that NO produced in subthalamic neurons
could act in an autocrine fashion, activating cGKII in
these cells. NO synthase itself may be one potential target
for cGKII phosphorylation (Dinerman et al., 1994).

It is puzzling that the medial habenula is almost devoid
of any NADPH-diaphorase or NO synthase activity,
while the lateral habenula has an intense network of NO
synthase fibres and terminals (Vincent and Kimura, 1992;
Bertini and Bentivoglio, 1997). In contrast, the medial
habenula expresses among the highest levels of mRNA
for soluble guanylyl cyclase and cGKII in the brain
(Matsuoka et al., 1992; Furuyama et al., 1993; Burgunder
and Cheung, 1994; El-Husseini et al., 1995b). It may well
be that the soluble guanylyl cyclase and cGKII are
transported to the terminals of the medial habenular
neurons in the interpeduncular nucleus, a region contain-
ing a large number of NO synthase neurons (Vincent and
Kimura, 1992; Rodrigo et al., 1994). A dense network of
NO-induced cGMP staining is seen in the interpeduncu-
lar nucleus (de Vente et al., 1998). Thus NO produced
by neurons in the interpeduncular nucleus may serve to
increase cGMP in the axon terminals of the medial
habenular neurons.

The locus ceruleus expresses very high levels of soluble
guanylyl cyclase (Matsuoka et al., 1992; Furuyama et al.,
1993). We have found high expression of cGKII in this
region as well. These observations are consistent with
electrophysiological studies indicating that NO can affect
locus ceruleus activity via cGMP-dependent protein
kinase (Xu et al., 1994; Pineda et al., 1996). The locus
ceruleus neurons do not express NO synthase, and the
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source of endogenous NO which could affect these
neurons remains to be determined. The laterodorsal and
pedunculopontine tegmental nuclei lie just medial to the
locus ceruleus and express very high levels of NO
synthase (Vincent and Kimura, 1992) and soluble guany-
lyl cylclase (Furuyama et al., 1993). Indeed, in both there
is strong labelling of fibres throughout this regions for
NO-induced cGMP immunoreactivity (de Vente et al.,
1998). Thus NO may diffuse from these cells to act on
the locus ceruleus neurons.

The targets for cGMP-dependent phosphorylation in
the brain are largely unknown. We have demonstrated
that cGKII undergoes cGMP-dependent phosphoryla-
tion in neurons, and this can be regulated in vivo by NO
(El-Husseini et al., 1998). In addition, we observed a
number of other thalamic proteins whose phosphoryla-
tion was regulated by NO and cGMP, however, these
remain to be characterized (El-Husseini et al., 1998).
Others have recently noted that many substrate proteins
for cGMP-dependent protein kinase are present in brain
(Wang and Robinson, 1995, 1997).

The best characterized neuronal substrate for cGKI is
G-substrate, a small protein with some similarities to the
protein phosphatase inhibitors DARPP-32 and inhibitor
1 (Aswad and Greengard, 1981). G-substrate co-local-
izes with cGKI in the Purkinje cells of the cerebellar
cortex (Detre et al., 1984). It has also been reported to
be present in the neuropil of the thalamus (Qian et al.,
1996), suggesting that it may also function as a substrate
for cGKII, which we have shown to be highly expressed
in thalamic neurons. G-substrate has recently been
cloned (Hall et al., 1999), and in situ hybridization by
this group indicates specific expression in the Purkinje
cells and what appears to be the dorsomedial hypothala-
mic nucleus (c.f. their Fig. 4C). These observations
indicate that in both of these two cell groups cGKI and
G-substrate may form a specific signal transduction
pathway.

The phosphorylation of protein phosphatase inhibitor
1 in smooth muscle by cGKI has been demonstrated
(Tokui et al., 1996), indicating that this may be one
mechanism by which cGMP can modify the calcium-sen-
sitivity of these cells. Furthermore, both NO and the
atriopeptides have been shown to result in cGMP-depen-
dent phosphorylation of DARPP-32 (Tsou et al., 1993).
Together these observations indicate that inhibition of
protein phosphatases may be an important downstream
effect of cGMP. Other potential targets for cGMP-de-
pendent phosphorylation have been identified in some
systems. Phosphorylation of ryanodine receptor purified
from skeletal muscle (Suko et al., 1993) and IP3 receptors
from smooth muscle (Komalavilas and Lincoln, 1994)
by cGKI has been documented. The present results point
to cGKII as a major downstream effector for NO action
in the brain. It will thus be crucial to identify the
neuronal substrates for this protein kinase.
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