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Abstract

The cyclic nucleotides cAMP and cGMP are common signaling molecules
synthesized in neurons following the activation of adenylyl or guanylyl cyclase.

In the striatum, the synthesis and degradation of cCAMP and cGMP is highly
regulated as these second messengers have potent effects on the activity of
striatonigral and striatopallidal neurons. This review will summarize the literature
on cyclic nucleotide signaling in the striatum with a particular focus on the impact
of cAMP and cGMP on the membrane excitability of striatal medium-sized spiny
output neurons (MSNSs). The effects of non-selective and selective
phosphodiesterase (PDE) inhibitors on membrane activity and synaptic plasticity
of MSNs will also be reviewed. Lastly, this review will discuss the implications of
the effects PDE modulation on electrophysiological activity of striatal MSNs as it
relates to the treatment of neurological disorders such as Huntington’s and

Parkinson’s disease.
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Abbreviations

adenosine 3’-5’-cyclic monophosphate (CAMP)
adenosine triphosphate (ATP)

adenylyl cyclase (AC)

autosomal-dominant striatal degeneration (ADSD)
cAMP response element binding protein (CREB)
cAMP-dependent protein kinase (PKA)
cGMP-dependent protein kinase (PKG)

cyclic nucleotide-gated channel (CNGC)

cyclic nucleotide phosphodiesterase (PDE)
dopamine (DA)

dopamine and cAMP regulated phosphoprotein MW 32 kDa (DARPP-32)
guanosine 3’-5’-cyclic monophosphate (cGMP)
G-protein coupled receptors (GPCRS)

GTP exchange protein activated by cAMP (EPAC)
Huntington’s disease (HD)

levodopa (L-DOPA)

long-term depression (LTD)

long-term potentiation (LTP)

medium-sized spiny output neuron (MSN)

neuronal nitric oxide synthase (NNOS)



nitric oxide (NO)
N-methyl-d-aspartate (NMDA)
Parkinson’s disease (PD)
particulate guanylyl cyclase (pGC)
protein phosphatase-1 (PP1)

soluble guanylyl cyclase (sGC)



Introduction

Synthesis and degradation of cAMP and cGMP in striatal neurons

A variety of striatal neurotransmitters exert their actions via stimulation of
membrane bound G-protein coupled receptors (GPCRs). Activation of GPCRs
by neurotransmitters such as dopamine (DA) or adenosine stimulates the
production of intracellular second messengers such as adenosine 3’-5’-cyclic
monophosphate (CAMP), which is synthesized from adenosine triphosphate
(ATP) following activation of adenylyl cyclase (AC) (see Figure 1). In most cases
neurotransmitter receptors are functionally coupled to AC via either a stimulatory
(Gori, Gs) or inhibitory G-protein (Gi) (see [1] for review). Additionally, the
resulting influx of Caz+into the cell during activation of N-methyl-d-aspartate
(NMDA) receptors or voltage-gated Caz+ channels can mediate a calmodulin-
dependent activation or inhibition of specific isoforms of AC [2]. Indeed, it is
plausible that cAMP synthesis is controlled via a variety of neurotransmitter
interactions targeting both GPCRs and ligand- and voltage-gated ion channels.
Downstream effector pathways regulated by AC-cAMP signaling include cAMP-
dependent protein kinase (PKA), GTP exchange protein activated by cAMP
(EPAC), and cyclic nucleotide-gated channels (CNGC).

Despite receiving less attention relative to cAMP, guanosine 3’-5’-cyclic

monophosphate (cGMP) has been shown to play important roles in critical



biological processes such as cognition and memory, hemodynamic regulation,
immune response, and motor function. cGMP is synthesized in striatal medium-
sized spiny output neurons (MSNSs) and cholinergic interneurons following
stimulation of membrane bound particulate guanylyl cyclase (pGC) or soluble
guanylyl cyclase (sGC). Activation of pGC is mediated by natriuretic peptides,
whereas activation of sGC is mediated by the gaseous neuromodulator nitric
oxide (NO) [3-5]. The NO-sensitive sGC isoform is the primary enzyme
responsible for cGMP synthesis [5]. In the striatum, NO is produced in a
subclass of aspiny interneurons expressing neuronal NO synthase (nNNOS) [6-
10]. Transient elevations of cGMP produced by NO-dependent activation of sGC
can modulate the function of several effector enzymes including CNGCs, cGMP-
dependent protein kinases (PKGs), and various cyclic nucleotide

phosphodiesterases (PDEs) [11].

PDEs regulate both spatial and temporal aspects of cCAMP and cGMP
signaling within distinct subcellular compartments of striatal neurons [12, 13].
Both cAMP and cGMP are metabolized via dual-substrate or subtype-specific
PDEs to 5’-AMP or 5’-GMP, respectively. The PDE gene superfamily is
comprised of eleven distinct families based on sequence homology, substrate
specificity, and regulation [12, 14, 15]. Unique splice variants containing different
N-terminal regulatory domains are found within each PDE family, giving rise to
close to 100 individual proteins. PDE families can be grouped into three divisions

according to substrate specificity; CAMP PDEs (PDE4, PDE7 and PDES8), cGMP



PDEs (PDE5, PDE6 and PDE9), and dual-substrate PDEs (PDE1, PDE2, PDES3,
PDE10 and PDE11). The majority of the above PDE isoforms are expressed in
striatum (e.g., PDE 1, 2, 3, 4, 8, 9, and 10) [14, 16]. In many cases, different
isoforms are thought to be differentially distributed and compartmentalized within
individual striatal neurons. This differential sub-cellular targeting of striatal PDEs
may play a critical role in determining the impact of cyclic nucleotide signaling on
neuronal membrane excitability and synaptic plasticity. Therefore, drugs
targeting specific PDE isoforms have the potential to elevate cyclic nucleotide
concentrations within specific sub-compartments of the cell to enhance cyclic
nucleotide signaling. For many years non-selective PDE inhibitors such as IBMX
have been broadly used to investigate various physiological effects of cyclic
nucleotides in brain regions such as striatum. The discovery and production of
isoform specific PDE inhibitors will facilitate more selective manipulations of
cyclic nucleotide tone within given cell populations, and potentially, within
different subcellular compartments. Increasing numbers of studies have begun
to evaluate the role of specific PDE isoforms on striatal function and behavior.
This can be achieved pharmacologically using isoform-specific PDE inhibitors or
genetically using mice lacking specific PDE isoforms. Some of these studies
have examined the ability of PDE manipulations to affect measures of neuronal
membrane excitability and synaptic plasticity of neuronal pathways in striatum.
Outcomes from these studies (reviewed below) will be useful in assessing the

potential of PDE inhibitors as therapeutic agents in a variety of neurological



disorders characterized by impaired neuronal function and synaptic plasticity in

striatal MSNSs.

Cyclic nucleotide signaling

As mentioned above, cCAMP and cGMP signaling can affect a variety of
downstream targets via the activation of PKA and PKG, respectively (see Figure
1). The activation of these kinases is thought to lead to the phosphorylation of
numerous other proteins including ion channels and phosphatases involved in
modulating neuronal membrane excitability. For example, in the striatum,
activation of DA and cAMP regulated phosphoprotein MW 32 kDa (DARPP-32) is
thought to play a critical role in mediating many of the neuromodulatory effects of
DA on local striatal GABAergic and glutamatergic transmission [1]. The PKA- or
PKG-mediated phosphorylation of DARPP-32 on Thr-34 activates the inhibitory
phosphatase action of DARPP-32 and drives the dephosphorylation and
inhibition of protein phosphatase-1 (PP1). This enables PKA to induce the
phosphorylation of other target substrates such as cAMP response element
binding protein (CREB). Interestingly, activation of CREB initiates gene
transcription thought to be involved in long-term synaptic plasticity and memory

formation [17-19].

As mentioned above, PKG is also a potent activator of striatal DARPP-32

[1]. Studies performed in striatal brain slices have shown that the NO-sGC-



cGMP mediated stimulation of PKG results in increased DARPP-32 (Thr-34)
phosphorylation in MSNs [20, 21]. The PKG-mediated phosphorylation of
DARPP-32 is rapid, transient and requires a coincidental increase in intracellular
calcium levels induced following glutamatergic stimulation of NMDA, AMPA and
metabotropic glutamate 5 receptors [20, 21]. Acting in concert, the PKA/PKG
effector pathways play a key role in regulating long-term changes in striatal
synaptic efficacy [22], and as such, are likely to be critically involved in the
planning and execution of complex motor behaviors [23].

The remainder of this review will describe how regulation of cCAMP/cGMP
signaling modifies striatal MSN excitability and corticostriatal synaptic plasticity.
The role of specific PDE subtypes in regulating these key processes and the
potential utility of sub-type specific PDE inhibitors/activators for reversing
pathophysiological changes in membrane excitability and synaptic plasticity will

be discussed.

Modulation of striatal neuronal excitability by cyclic nucleotides and PDEs

Striatal projection cells (i.e., MSNs) express very high levels of ACs,
sGCs, and various PDEs. Indeed, numerous PDEs appear to play a complex
role in the regulation of both cGMP and cAMP signaling cascades in both
striatonigral and striatopallidal MSNs [13]. Several PDE isoforms/families are

highly expressed in the striatum including the dual substrate enzymes PDE1B,



10

PDEZ2A, and PDE10A. The cAMP specific enzymes PDE3A, PDE3B, PDE4D,
PDE7B, and PDES8B are also prominently expressed in striatum. The cGMP
specific enzyme PDE9A is moderately expressed in the striatum and appears to
regulate tonic levels of cGMP [14].

Activation of AC and sGC in the striatum is controlled by a variety of
different neurotransmitters (e.g., DA, 5HT, adenosine, glutamate) which act
through GPCRs and stimulation of NO synthesis, respectively [1]. Numerous
studies from our lab and others have shown that under physiological conditions,
drugs that augment cAMP or cGMP levels in MSNs (e.g., PDE inhibitors or
cyclase activators) facilitate spontaneous and evoked corticostriatal transmission
[24-26]. Conversely, drugs that decrease cyclic nucleotide production (e.g.,
cyclase inhibitors) or block protein kinase activity have opposite effects [24, 26,
27]. For example, pioneering studies by Michael Levine’s group revealed that
bath application of the AC activator forskolin enhanced the amplitude and
duration of cortically-evoked glutamatergic synaptic responses in a dose-
dependent manner [24]. The facilitatory effects of forskolin on glutamatergic
transmission were blocked by bath application of PKA inhibitors and mimicked by
similar application of a PKA activator. Forskolin was also shown to enhance the
excitatory effects of local perfusion of glutamate receptor agonists on membrane
activity [24]. Furthermore, application of a PKA inhibitor alone decreased the
amplitude of cortically-evoked excitatory post synaptic potentials (EPSPs) [24].

Studies in organotypic co-cultures of corticostriatal networks have also shown
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that PKA inhibition can eliminate NMDA receptor-mediated plateau
depolarizations [28]. Taken together, these outcomes indicate that activation of
AC-cAMP-PKA signaling in striatal MSNs facilitates corticostriatal transmission
and potentiates the excitatory effects of AMPA and NMDA receptor activation. It
is also now clear that excitatory responses induced by NMDA are potentiated by
D1 and attenuated by D2 receptor stimulation [29-34]. Given that the D1 family
of DA receptors is positively coupled to AC and D2-like receptors are negatively
coupled to AC [1], it is very likely that stimulation of postsynaptic AC-cCAMP-PKA
signaling by D1-like receptors is a primary signaling pathway by which DA
facilitates corticostriatal transmission. Conversely, D2 receptor activation
produces the opposite effect in part by suppressing AC-cAMP-PKA signaling
cascades in both pre- and postsynaptic elements (Figure 1).

Our laboratory has focused on how striatal NO-sGC-cGMP signaling
modulates the membrane properties of MSNs and their responsiveness to
excitatory corticostriatal synaptic transmission. Striatal NO is synthesized by a
subclass of relatively aspiny GABAergic interneurons which express nNOS [35].
These NO interneurons make sparse synaptic contacts with the more distal
dendrites of sGC-expressing MSNs [36]; although see also [37, 38]. Given the
gaseous and diffusible nature of NO, synaptic connections may not be required
for NO-mediated activation of the postsynaptic SGC receptor. In any event,
several studies performed in intact rats found that striatal NO-sGC-cGMP

signaling acts to enhance the membrane excitability of striatal MSNs and
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facilitate corticostriatal transmission [25-27, 35, 39, 40]. Early work suggested
that reverse dialysis of NO generating compounds increased the basal firing rate
and burst duration of striatal neurons recorded in anesthetized rats [35].
Conversely, drugs designed to deplete NO such as nNOS inhibitors or NO
scavengers have been shown to suppress spontaneous firing [39], possibly via
decreasing the amplitude of spontaneously occurring, glutamate-driven
depolarized plateau potentials (i.e., up events) and by hyperpolarizing the
membrane potential of MSNs [26]. NO scavengers also decrease the
responsiveness of striatal MSNs to both depolarizing current injections [35] and
cortical stimulation [26]. Similar inhibitory effects are observed with systemic or
intracellular administration of sGC inhibitors [26, 27, 40]. The inhibitory effects of
NNOS and sGC inhibitors on the membrane excitability of striatal MSNs recorded
in vivo were observed to be at least partially reversed by cGMP or cGMP
analogues, indicating that NO and cGMP act to enhance MSN activity and
increase their responsiveness to corticostriatal input [26].

Consistent with observations with NO generators and cGMP, we have
found that systemic, intrastriatal, and intracellular administration of various
selective and non-selective PDE inhibitors increases membrane excitability and
responsiveness of MSNs to corticostriatal drive [25-27]. For example,
intracellular application of the PDE inhibitor zaprinast depolarized the membrane
potential of MSNs and increased duration of the depolarized up states which are

known to be driven by cortical input [26]. Likewise, intracellular injection of the
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PDE10A inhibitor papaverine depolarized the average membrane potential and
increased the duration of the depolarized up states (unpublished observations).
We also found that reverse dialysis of the PDE10A inhibitors papaverine or TP-
10 increased cortically-evoked spike activity of MSNs and total number of spikes
elicited per stimulation [25]. Intrastriatal infusion of TP-10 also decreased the
onset latency of cortically-evoked spikes and reduced the variance in latency to
spike, suggesting that when activated, PDE10A may filter asynchronous or weak
cortical input to MSNs by suppressing cyclic nucleotide production [25].
Together, these findings indicate that inhibition of striatal PDE10A activity, and
the resulting increase in CAMP/cGMP tone, increases the responsiveness of
MSNSs to glutamatergic corticostriatal transmission.

It is well known that striatal output is relayed by MSNs making up one of
two pathways: 1) the “direct” pathway (striatonigral MSNs) or, 2) the “indirect”
pathway (striatopallidal MSNs). Given that there is no evidence for significant
differential expression of PDE10A mRNA or protein in striatopallidal or
striatonigral MSNs [41-44], we predicted that PDE10A inhibitors would have
identical effects on identified striatopallidal and striatonigral MSNs. We found
that a robust increase in cortically-evoked activity was apparent in putative
striatopallidal MSNs following systemic administration of TP-10 [25].
Surprisingly, TP-10 administration did not affect cortically-evoked activity in
antidromically-identified striatonigral MSNs. Based on these findings, we predict

that PDE10A inhibition has a greater facilitatory effect on corticostriatal synaptic
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activity in striatopallidal as compared to striatonigral MSNs [25]. This hypothesis
is strongly supported by studies by Snyder and colleagues demonstrating that
papaverine increases DARPP-32 and GIuR1 (AMPA) receptor phosphorylation
much more robustly in identified striatopallidal versus striatonigral MSNs [45].
However, it should also be noted that other studies have shown that PDE10A
inhibition has similar effects on gene expression in striatopallidal as compared to
striatonigral MSNs [46]. Thus, TP-10 was found to elevate p-CREB in all MSNs
and similar increases in substance P and enkephalin mRNA were also observed
with this compound [46]. Together, the above studies suggest that while
PDE10A inhibition may exert more widespread and potent changes in
responsiveness to excitatory synaptic drive in striatopallidal MSNs, it can also
induce potent effects on intracellular signaling and gene expression in
striatonigral MSNs.

In support of the above conclusion, we found that TP-10 administration
increased the incidence of antidromic responses observed in identified
striatonigral MSNs [25]. Therefore, it is likely that PDE10A inhibition increases
the axonal, and potentially, terminal excitability of striatonigral MSNs. This
finding is not surprising given that PDE10A is transported to the axons and
terminals of MSNs and, based on Western blot analysis, the terminal
concentration of the protein appears to be at least as high as in striatum [43].
Taken together, these findings strongly indicate that PDE10A inhibition increases

striatal output from both striatopallidal and striatonigral MSNs. However, it is
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likely that the facilitatory effect on striatonigral MSNs is mediated via direct

excitatory effects on axons, and potentially, nerve terminals.

Modulation of striatal synaptic plasticity by cyclic nucleotides and PDEs

Corticostriatal synaptic plasticity is believed to occur in a bidirectional
manner and both long-term depression (LTD) and long-term potentiation (LTP)
can be observed in direct and indirect pathway MSNs under appropriate
conditions [47]. A variety of studies have also shown that interactions between
striatal DA and NO signaling play a critical role in the regulation of short and
long-term synaptic plasticity [27, 36, 39, 48, 49]. In many cases this is thought to
occur via cyclic nucleotide-dependent actions on protein kinase and phosphatase
activities [20, 50]. In the intact animal, NO release can be evoked by high
frequency stimulation (30 Hz) of corticostriatal pathway in a manner that depends
on NMDA and DA D1/5 receptor activation [40]. This facilitation of NO signaling
may also act in a retrograde manner to potentiate presynaptic glutamate release
[39, 51]. Consistent with this, we found that systemic administration of a nNOS
inhibitor abolished excitatory responses observed in striatal MSNs during high
frequency stimulation of the frontal cortex [27]. Furthermore, inhibition of nNOS
activity was shown to increase the magnitude of D2 receptor-mediated short-term
depression of cortically-evoked spike activity induced during phasic stimulation of

frontal cortical afferents [39]. Therefore, corticostriatal transmission may be
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preferentially detected and amplified under some conditions by nNOS
interneurons in a feed-forward excitatory manner which may initiate the
synchronization of local network activity with synaptically-driven events. In
addition, disruption of NO signaling would be expected to impede the integration
of corticostriatal transmission and short-term plasticity within striatal networks
[26, 39, 40]. The above interpretation is supported by studies showing that
pharmacological or genetic downregulation of striatal nNOS activity has profound
effects on striatal output as measured in electrophysiological [35, 52] and
behavioral studies [23].

In addition to the above in vivo studies showing that NO-sGC-cGMP
signaling can facilitate corticostriatal transmission and short-term synaptic
plasticity, studies performed in brain slice preparations from both rats and mice
have frequently reported inhibitory effects (i.e., LTD) of NO-sGC-cGMP signaling
on excitatory corticostriatal transmission [22]. A potential parsimonious
explanation for this apparent discrepancy between in vivo and in vitro studies is
that high frequency stimulation of the corticostriatal pathway can be integrated
differently in intact versus reduced striatal preparations in a manner mediated by
NO-sGC-cGMP signaling. This differential processing by NO is not likely due to
differences in down-stream effector molecules such as cGMP versus protein
nitrosylation/nitration, as similar mechanisms are implicated in studies using in
vivo and in vitro preparations (e.g., SGC and PDEs play a key role in NO-cGMP

mediated effects in all of these studies). Studies showing that stimulation
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protocols known to produce LTD of corticostriatal neurotransmission in vitro,
actually lead to LTP in vivo [53], instead suggest that these differences may be
related to changes in neuronal properties and network states that have been
observed in comparisons across intact and reduced preparations (e.g., see [54]).
Interestingly, a similar reversal of LTD to LTP in vitro occurs following removal of
magnesium from the bath perfusate [55]. It is therefore likely that typical
electrical stimulation protocols (e.g., 100 Hz tetanic high frequency stimulation),
when applied to the intact preparation versus a brain slice, will induce a greater
activation of glutamatergic drive onto postsynaptic AMPA receptors and more
robust depolarization-induced removal of the voltage-dependent magnesium
block of NMDA receptors, commonly leading to an LTP-like state. Conversely,
similar stimulation of corticostriatal signaling in brain slices commonly leads to
LTD in the absence of the removal of magnesium block of NMDA receptors or
other depolarizing stimuli. This is supported further by studies showing that LTD-
induction in the mature striatum is not NMDA receptor dependent, whereas LTP
requires a state where activation of these channels can occur such as during DA
D1/5 receptor co-activation (Reviewed in [56]). Similar to LTP, stimulation of
striatal NOS activity also requires NMDA and D1/5 receptor co-activation
(Reviewed in [57]), thus it is more readily apparent how corticostriatal pathway
activation could lead to a NO-sGC-cGMP-dependent LTP-like state, versus an
LTD-like phenomenon. Nonetheless, it is possible that NO signaling may act to

facilitate and stabilize the dominant state of short- or long-term synaptic plasticity
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occurring across corticostriatal synapses (i.e., primarily potentiation when
postsynaptic NMDA receptors are activated, or depression in the absence of this
activation). Future investigations using novel genetic and optical approaches
should be useful for determining the role of NO in bidirectional synaptic plasticity
at both excitatory and inhibitory synapses onto identified striatonigral and

striatopallidal MSNs.

Impact of cyclic nucleotide signaling and phosphodiesterase function on
the activation of transmembrane ion channels and receptors

Considerable evidence indicates that cyclic nucleotides control membrane
excitability via direct effects on cyclic nucleotide gated ion channels or indirectly
via activation of PKA and PKG, and subsequent phosphorylation of
transmembrane ion channels, neurotransmitter receptors, and other signaling
molecules [see [1, 5] for review]. One example of a transmembrane ion channel
that is directly modulated by cyclic nucleotides is the hyperpolarization-activated
cyclic nucleotide-gated (HCN) channel [see [58], for review]. HCN channels are
activated at resting membrane potentials (i.e., hyperpolarized states) and this
activation is often facilitated by direct interaction with cyclic nucleotides. HCN
channels are permeable to Na+ and K+. Channel opening induces membrane
depolarization and reduces membrane resistance, resulting in complex changes
in neuronal excitability and synaptic plasticity. While HCN channels are

expressed only in low levels in the striatum [59] they have been shown to
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potently regulate the membrane activity of at least some striatal neuron
populations [60].

As discussed above, both PKA and PKG can affect the activity and
trafficking of transmembrane ion channels and neurotransmitter receptors
through activation of the DARPP-32 signaling cascade [1, 61] or via direct
mechanisms [62]. While direct effects of PKG have not been well studied, PKA
has been shown to phosphorylate the NMDA NR1 and AMPA GIluAl receptor
subunits, leading to their insertion in the cell membrane and an increase in
inward depolarizing currents [62]. PKA can also phosphorylate GABA 31 and 33
subunits leading to decreased channel activity and ClI- influx. These actions of
PKA are largely permitted by DARPP-32 inhibition of PP-1 [61]. PKA has also
been shown to phosphorylate Navl and Cavl channels leading to decreased
channel activity, whereas opposite effects are observed with Cav1.2 and Cav1.3
subunit phosphorylation [62]. Interestingly, PKA and PKG appear to have
opposite effects on neuronal Na+/K+ ATPase activity with the former having

inhibitory and the later having excitatory effects [61, 63].

Manipulating cyclic nucleotide signaling and phosphodiesterase function

for the treatment of Huntington’s and Parkinson’s disease

It is likely that numerous different PDE isoforms act collectively in striatal

neurons to regulate intracellular availability of cyclic nucleotides within specific
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subcellular compartments. Because of this tight control of cAMP and cGMP
signaling, PDEs are in position to regulate the function of a host of signaling
effector molecules involved in fine-tuning the electrical activity patterns of striatal
neurons. Given that these activity patterns are thought to be abnormal in
diseases of the basal ganglia such as Huntington’s disease (HD) and Parkinson’s
disease (PD), this key function of PDEs has tremendous ramifications for the
treatment of neurological disorders. In addition to abnormal firing patterns,
aberrant forms of synaptic plasticity are thought to exist within the striatum in a
number of prevalent movement disorders. Therefore, effective treatments for
diseases of the basal ganglia, in which normal planning and initiation or
suppression of motor behaviors are impaired, will likely be capable of reversing
abnormal striatal neuronal excitability and synaptic plasticity. Recent advances

towards this goal are detailed below.

Huntington’s disease

HD is an inherited, neurodegenerative disorder characterized by the
presence of excessive trinucleotide repeats in the Huntingtin gene resulting in
programmed cell death in cortical and striatal regions [64]. Hallmark pathology of
HD includes loss of corticostriatal pyramidal cells and striatal MSNs, particularly
striatopallidal cells of the indirect output pathway. Striatopallidal MSNs are

thought to degenerate as a result of overexpression of huntingtin protein
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produced by the HD gene, however, the exact pathophysiology leading to cell
loss remains unknown [64]. Preclinical studies of HD models have shown age-
dependent abnormalities in the modulation of corticostriatal transmission by DA
[65, 66]. This pathophysiology is characterized by early symptomatic increases
in glutamate release and progressive decreases in glutamate release in late
stages of the disease [67]. Drugs that downregulate DA transmission (e.g.,
tetrabenazine, DA receptor antagonists) have been shown to reverse these
pathophysiological changes in HD models [67] and reduce chorea and motor
symptoms in patients with HD [68].

In rodent models of HD, striatal CAMP levels decrease as the disease
progresses from presymptomatic to symptomatic stages [69]. Other studies
revealed that the mutant huntingtin protein impairs cAMP signaling and CREB
function [69] and that cCAMP levels are reduced in the CSF of HD patients
compared to controls [70, 71]. Additionally, nNOS mRNA is much lower in the
striatum of HD patients compared to control subjects [72] indicating that NO
synthesis is likely to be depressed. Given this, the above changes are likely to
lead to reduced cGMP tone and PKG hypoactivity in sGC-containing MSNs.
Further recent studies have reported that PDE10A and PDE1B mRNA and
protein are reduced in the striatum in mouse models of HD [73, 74], but see also
[75]. Complementary outcomes have been reported in postmortem studies
comparing time-matched brain samples from controls and HD patients [76]. Itis

currently unclear to what extent the above mentioned decreases in markers of
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cAMP/cGMP and PDE signaling result from disease-induced MSN death versus
alterations in striatal function induced by mutant huntingtin. In the case of nNOS,
however, cell death is likely not a major factor contributing to decreased striatal
NNOS mRNA levels as a selective sparing of somatostatin/NPY/nNOS
expressing interneurons is consistently observed in postmortem tissue from HD
patients and in animal models [72, 77-80].

As mentioned above, agents such as PDE inhibitors, which augment
cAMP/cGMP tone in striatal MSNSs, increase measures of spontaneous and
evoked corticostriatal transmission in normal animals. These agents can also
induce LTD of corticostriatal transmission (reviewed in [22]). Despite these
studies, it is not known whether decreases in cyclic nucleotide levels in the HD
striatum can lead to abnormal glutamatergic transmission observed in early and
late stages of this disease. However, the PDE10A inhibitor TP-10 has been
reported to have neuroprotective effects in HD models [81]. In these preclinical
studies quinolinic acid lesions of the striatum and pathology in the cortex and
striatum observed in R6/2 mice were all significantly attenuated by administration
of TP-10 [81, 82]. Together these findings indicate that elevations in cyclic
nucleotide tone can act to offset some of the pathophysiological disturbances
occurring in corticostriatal pathways in HD. It is also possible that enduring
abnormalities in the synthesis and catabolism of cyclic nucleotides may
contribute to the abnormalities in corticostriatal transmission observed in

preclinical models and patients with HD. Indeed, treatment with PDE inhibitors
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may boost cyclic nucleotide tone and alleviate homeostatic imbalances between
different PDE isoforms which may be up- or downregulated as a result of
pathophysiological changes (e.g., hyperdopaminergia; glutamatergic
dysregulation) in the HD striatum. An understanding of how these complex
phenomena may contribute to the HD phenotype will require further studies
aimed at investigating the role of different PDE isoforms in regulating MSN
neuron activity and corticostriatal transmission in identified projection pathways.
Finally, the exact role of cCAMP and cGMP in this PDE regulation will also need to
be characterized in striatonigral and striatopallidal MSNs in presymptomatic and

symptomatic HD models.

Parkinson’s disease and related disorders

PD is a neurodegenerative disorder first described by James Parkinson
almost two centuries ago [83] and defined by loss of DAergic neurons in the
substantia nigra pars compacta [84]. The DAergic denervation in PD results in
dysregulation of neuronal activity within the striatum and downstream basal
ganglia nuclei, which is associated with motor dysfunction. One cardinal
pathophysiological feature of PD is an increase in overall firing activity in
striatopallidal pathway MSNs and a decrease in activity in the striatonigral
pathway [85]. In terms of synaptic plasticity, corticostriatal transmission is

abnormally enhanced following chronic DA depletion and striatal LTD is absent in
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rodent models of PD potentially due to loss of D2 receptor activation [47, 86].
The gold standard pharmacotherapy for PD rests on treatment with the DAergic
precursor levodopa (L-DOPA); however prolonged treatment with L-DOPA can
result in the development of severe motor side effects such as dyskinesias and
other motor fluctuations [87].

Given the above, there is clearly a necessity to identify novel non-
dopaminergic mechanisms as new therapeutic targets for PD. Among these,
sGC-cGMP-PKG signaling is emerging as a promising candidate for second
messenger-based therapies for the amelioration of PD symptoms [88].
Numerous findings indicate that cGMP is an important cellular intermediary which
controls functional interactions between DA and glutamate in the normal and
parkinsonian striatum [20, 89]. Indeed, converging evidence from animal models
indicates that alterations in cGMP homeostasis may contribute to
pathophysiological changes in basal ganglia circuits observed in PD. Specifically,
the regulation of corticostriatal synaptic transmission by sGC-cGMP signaling is
likely to be disrupted in the parkinsonian striatum as an upregulation of sGC
expression and activity (i.e., cGMP synthesis) have been reported in MPTP-
treated mice [90, 91]. Interestingly, the net effect of these complex
neuroadaptations induced by striatal DA depletion can be mimicked by acute D2
(but not D1) receptor antagonism [92, 93]. Given that the vast majority of D2
receptors are localized in MSNs of the so-called “striatopallidal or indirect

pathway”, the above studies suggest that alterations in cGMP signaling observed
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after striatal DA-depletion are cell-type and synapse specific (i.e., occurring in
cortico-striatopallidal pathways). Consistent with the work of Chalimoniuk and
colleagues, together with our collaborators we recently showed that striatal tissue
levels of cGMP are abnormally elevated in 6-OHDA lesioned rats [94]. We also
found that systemic administration of the sGC inhibitor ODQ, using a dose which
normalized the DA depletion-induced elevations in striatal cGMP levels, reversed
the abnormal elevations in striatal MSN firing. In addition, systemic and
intrastriatal infusion of a sGC inhibitor significantly reduced the increase in
cytochrome oxidase (i.e., marker of neuronal activation) levels observed in the
subthalamic nucleus of 6-OHDA lesioned animals [94], implicating increased
striatal cGMP tone in the pathophysiological overactivation of striatopallidal
output observed in the parkinsonian striatum. Moreover, in the same study, sGC
inhibition significantly improved deficits in forelimb stepping performance in 6-
OHDA lesioned rats and completely reversed similar measures of forelimb
akinesia in MPTP-treated mice [94]. Taken together, the above studies indicate
that sGC-cGMP-PKG signaling can be modulated as an approach for treating
PD, and potentially, other neurological disorders associated with overactive
corticostriatal transmission.

As with HD (see above), it is plausible that PDE inhibitors may be useful
for treating dyskinetic side effects observed in patients with PD who have been
treated with L-DOPA for an extended period (>5-10 years). This is supported by

recent studies performed in animal models of L-DOPA-induced dyskinesia.
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These reports have shown that the non-selective PDE inhibitor zaprinast
reverses decreases in striatal cyclic nucleotide levels and abnormal involuntary
movements induced by L-DOPA administration [89, 95]. Studies in striatal brain
slice preparations have revealed that dyskinetic animals lack the ability to
reverse previously induced LTP (i.e. there is a lack of bidirectional plasticity)
within the corticostriatal pathway [96]. Because this persistent LTP of
corticostriatal transmission is reversed by PDE inhibitors [95], it is likely that
deficits in cyclic nucleotide signaling contribute in an important way to
abnormalities in synaptic plasticity observed in models of L-DOPA-induced
dyskinesia.

In line with the above studies, the PDE10A inhibitor papaverine has been
shown to reduce stereotypies observed following apomorphine administration
[97] and hyperactivity induced by the psychostimulants phencyclidine and
amphetamine [93]. We have also observed that co-administration of the
PDEZ10A inhibitor TP-10 with L-DOPA reduces the severity of hyperkinesias and
dystonia observed in dyskinetic 6-OHDA-lesioned rats (unpublished observation).
Given these observations, it is likely that selective PDE inhibitors will be useful
pharmacological tools for reversing pathophysiological and behavioral correlates
of hyperdopaminergia induced by L-DOPA therapy, potentially, because these
agents are able to restore bidirectional corticostriatal plasticity and activate

striatopallidal pathways.
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A related PD-like neurological disorder, autosomal-dominant striatal
degeneration (ADSD), is a movement disorder characterized by bradykinesia,
dysarthria, and muscle rigidity, but lacking the presence of tremors associated
with PD. ADSD is a genetic disorder caused by a complex frameshift mutation in
the PDEB8B gene and results in loss of enzyme activity and cAMP metabolism
[98]. Together with the above studies of PDE function in HD and PD, the
involvement of PDE8B in the etiology of ADSD highlights the importance of cyclic

nucleotides and PDEs in regulation of motor function.

Conclusions

Despite increasing attention directed towards the role of cAMP and cGMP
signaling in neurological disorders and side effects of current drug treatments,
little is known about the function of many of the PDE families, isoforms, and
splice variants as it pertains to the regulation of striatal neuronal excitability and
synaptic transmission. Given the strong expression of AC, sGC, and nhumerous
PDEs in striatal neurons, it is likely that future studies examining the impact of
selective pathway inhibitors and activators on the regulation of neuronal
excitability and synaptic plasticity in naive animals and models of basal ganglia
dysfunction will be invaluable for the development of novel pharmacotherapies

for the treatment of these devastating diseases affecting basal ganglia function.
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Figure Legends

Figure 1. Schematic diagram of the roles of DA-AC-cAMP-PKA and NO-
sGC-cGMP-PKG signaling and PDE function in the regulation of MSN
membrane excitability. (1) DA released from DA terminals binds to D1-like or
D2-like DA receptors on the postsynaptic MSN and leads to either stimulation or
inhibition of AC, respectively. (2) Increases in cAMP tone will activate PKA which
can phosphorylate DARPP-32 to have complex effects on downstream signaling
pathways, neurotransmitter receptors, and voltage-gated ion channels (see [1]
for review). (3) cAMP (along with cGMP) can also stimulate CNGCs in the
plasma membrane which can lead to cation influx and membrane depolarization.
(4) Tonic NO signaling increases glutamatergic transmission across
corticostriatal synapses potentially via nitrosylation of presynaptic release
proteins or a sGC-cGMP-dependent mechanism. (5) NO transmission can also
activate sGC in the postsynaptic MSN and stimulate cGMP production. cGMP
can activate CNGC (see step 3), stimulate PDEs (6), or activate PKG (7).
Transient activation of NO-sGC-cGMP signaling in the intact striatum increases
the responsiveness of MSNs to excitatory glutamatergic drive and facilitates
short-term potentiation of corticostriatal synaptic transmission (see above and
[57] for review). More robust stimulation of NO-sGC-cGMP-PKG signaling
performed in striatal slice preparations can induce LTD of corticostriatal synaptic

transmission (see [22] for review). Together these studies suggest that like DA
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D1/5 receptor modulation, the net impact of NO-sGC-cGMP-PKG signaling on
membrane excitability may depend on the steady-state membrane potential of
MSNs and interactions with glutamateric drive and NMDA receptor activation

(Modified with permission from [57]).
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