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Abstract

Deficits in brain function that are associated with aging and age-related diseases benefit very little
from currently available therapies, suggesting a better understanding of the underlying molecular
mechanisms is needed to develop improved drugs. Here, we review the literature to test the
hypothesis that a break down in cyclic nucleotide signaling at the level of synthesis, execution,
and/or degradation may contribute to these deficits. A number of findings have been reported in
both the human and animal model literature that point to brain region-specific changes in Galphas
(a.k.a. Gas or Gsa), adenylyl cyclase, 3’,5’-adenosine monophosphate (CAMP) levels, protein
kinase A (PKA), cAMP response element binding protein (CREB), exchange protein activated by
cAMP (Epac), hyperpolarization-activated cyclic nucleotidegated ion channels (HCNs), atrial
natriuretic peptide (ANP), brain natriuretic peptide (BNP), soluble and particulate guanylyl
cyclase, 3’,5’-guanosine monophosphate (cGMP), protein kinase G (PKG) and phosphodiesterases
(PDEs). Among the most reproducible findings are 1) elevated circulating ANP and BNP levels
being associated with cognitive dysfunction or dementia independent of cardiovascular effects, 2)
reduced basal and/or NMDA-stimulated cGMP levels in brain with aging or Alzheimer’s disease
(AD), 3) reduced adenylyl cyclase activity in hippocampus and specific cortical regions with aging
or AD, 4) reduced expression/activity of PKA in temporal cortex and hippocampus with AD, 5)
reduced phosphorylation of CREB in hippocampus with aging or AD, 6) reduced expression/
activity of the PDE4 family in brain with aging, 7) reduced expression of PDE10A in the striatum
with Huntington’s disease (HD) or Parkinson’s disease, and 8) beneficial effects of select PDE
inhibitors, particularly PDE10 inhibitors in HD models and PDE4 and PDES inhibitors in aging
and AD models. Although these findings generally point to a reduction in cyclic nucleotide
signaling being associated with aging and age-related diseases, there are exceptions. In particular,
there is evidence for increased cAMP signaling specifically in aged prefrontal cortex, AD cerebral
vessels, and PD hippocampus. Thus, if cyclic nucleotide signaling is going to be targeted
effectively for therapeutic gain, it will have to be manipulated in a brain region-specific manner.

Graphical abstract

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly

Keywords

Page 2

*

Gas Gai “ANP/BNP NOS—»NG
\'A’E:'/ %C
N

cAMP ——PDEs ——icGMP™

Epaép,lm\ eNGE l %

c PKG

\pCREBf*T/

CRE transcription

**Disrupted in brain with aging or age-related diseases

sGC

aging; age-related cognitive decline; mild cognitive impairment; cyclic nucleotides; cAMP;
cGMP; phosphodiesterase; memory; Alzheimer’s disease; Huntington’s Disease; Parkinson’s
Disease; hippocampus; cortex; striatum; cerebellum; PDE1; PDE2; PDE3; PDE4; PDE5; PDE7;
PDES; PDE9; PDE10; PDE11,; cyclase; natriuretic peptide

1. Introduction

3’,5’-cyclic nucleotides (CAMP and cGMP) are intracellular signaling molecules that
regulate a myriad of processes in the central nervous system (CNS), including neurogenesis,
the establishment of neuronal circuitry, apoptosis, plasticity, sleep, sensorimotor gating,
mood stability, memory and other cognitive functions [1-12]. Aging and age-related
diseases, including Alzheimer’s disease, Huntington’s disease (HD), and Parkinson’s
disease (PD), are associated with impairments in many, if not all, of these processes (e.g.,
[13-16]), suggesting cyclic nucleotide signaling may be compromised in these patient
populations.

Both the cCAMP and cGMP pathways are composed of numerous molecules responsible for
the synthesis, execution, and breakdown of their signals (Figure 1). It has long been known
that CAMP is synthesized in the brain by transmembrane adenylyl cyclases (ACs), which are
activated by Gas and inhibited by Gai [17]. More recently, however, it was shown that
CAMP is also synthesized in the brain by soluble ACs, which are expressed in mammalian
glia and neurons and are activated by bicarbonate and calcium [18]. cGMP is synthesized by
particulate guanylyl cyclases (pGCs), which are activated by natriuretic peptides, and
soluble guanylyl cyclases (sGCs), which are activated by nitric oxide (NO) [19]. cCAMP
activates protein kinase A (PKA), exchange protein activated by cAMP (Epac), and cyclic
nucleotide gated channels; whereas, cGMP activates protein kinase G (PKG) and cyclic
nucleotide gated channels. Activation of either the cAMP or cGMP pathways can ultimately
lead to activation (i.e., phosphorylation) of cAMP response element binding protein (CREB)
to facilitate transcription of CRE-dependent genes. CAMP and cGMP are degraded by 11
families of phosphodiesterases (PDEs), some of which are allosterically modulated by
cAMP and cGMP themselves [20]. Here we review the literature to test the hypothesis that
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dysfunction in the synthesis, execution, and/or degradation of cAMP/cGMP signals occurs
in the central nervous system and/or circulation with aging and age-related diseases.

2. Alterations in cyclic nucleotide signaling associated with aging

Studies show mixed results regarding the effect of age on cAMP synthesis. Reductions in
basal and Gas-stimulated AC activity were correlated with increasing age in human brain
samples (region not specified, [21]). Unfortunately, animal studies are highly conflicted with
regard to reports of age-related changes in AC activity. In any given brain region
(hippocampus, cortex, striatum and cerebellum), approximately half of animal studies
showed age-related reductions in AC activity and the other half of studies showed no age-
related change in AC activity [22-28].

Reports of age-related changes in CAMP levels in human tissue are sparse and those in
rodent brain are somewhat conflicting, but some general trends emerge (Figure 2B). In
humans and rodents, basal cCAMP levels were decreased in aged vs. young adult white blood
cells [29-32]). cAMP levels were also reduced in serum from aged vs. young adult rodents,
[33], but remained unchanged in aged human cerebral microvessels [34,35]. Basal CAMP
levels do not appear to change with age in the rodent hippocampus [22,25,36,37]; however,
traumatic brain injury (TBI) reduces hippocampal cAMP levels significantly more in aged
vs. young adult rodent hippocampus [36]. Similarly, basal cCAMP levels do not appear to
differ between aged and young adults in the rodent cerebellum [22,25] (but see [38]); but,
norepinephrine- and kainite-stimulated cAMP levels appear to be significantly diminished in
cerebellum of aged rodents [37]. In contrast, basal CAMP levels do appear to decrease in
aged rodent cortex [22,25,39,40] (but see [36,37]), as do basal cCAMP levels in thalamus
and/or hypothalamus [25,36] (but see [37]). In this light, it is then striking that infusion of a
cAMP analogue specifically into prefrontal cortex actually mimics—instead of rescues—
age-related deficits in working memory; whereas, infusion of a CAMP blocker reverses age-
related deficits in working memory and corresponding neurophysiological endpoints [41—
43]. This ability of a cAMP blocker to reverse working memory deficits is particularly
difficult to reconcile with the fact that PKA activity is also significantly decreased in
prefrontal cortex of aged vs young adult rodents [44], as it is in rodent hippocampus [44,45],
rodent serum[33], and fly brain [46]. PKA activity is not always reduced with aging,
however, as increased PKA activity was noted in cerebral microvessels from aged vs. young
adult rodents [47]. Thus, the effect of aging on cAMP levels appears to be brain region
specific.

The effects of age on CAMP-PDE expression and/or activity are widely variable, depending
on the specific isoform and tissue (Table). No change was seen in cAMP-PDE activity in
aged rat serum [33], but high Km cAMP-PDE activity was found to be increased in cortex
and hippocampus of aged vs. young adult rodents [48,49]. The isoform(s) responsible for the
increased cortical CAMP-PDE activity is unclear given that both PDE4 and PDE7A
expression and/or activity appear to be downregulated in cortex and PDES8 shows no change
[50-53] (Table). Given that PDE7A mRNA was reduced in aged rat cortex, it is interesting
to note that a PDE7A single nucleotide polymorphism (SNP) was genetically linked to age-
related cognitive decline in 3 replication cohorts and a joint analysis [54]. Decreases in
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PDE4 expression and activity have also been noted in striatum and cortex of both rat and
monkey [50-53], including in dorsolateral prefrontal cortex [51]. The latter data are
consistent with findings that the PDE4 inhibitor rolipram impairs working memory in
monkeys in a manner that correlates with advancing age [41], but are difficult to reconcile
with the suggestion that a PDE4 inhibitor improves working memory in elderly humans (see
[55]). Decreases in PDE4 expression and activity have also been reported in cerebellum of
rat [53,56], but were not replicated in monkey [57]. In contrast, an increase in PDE4 activity
was reported in the basal forebrain of aged vs. young adult rats [58]. Although PDE4 protein
expression decreases in hippocampus [56,57] (but see [53]), PDE1C, PDES8A, and PDE11A
expression increased in aged vs. young adult rodent hippocampus [50]. These increases in
PDELC, PDE8A, and PDE11A may account for the age-related increases in high Km
cAMP-PDE activity that were described above [48] as well as age-related increases in
hippocampal cGMP-PDE activity that have been reported [49]. These region-specific
changes in PDE expression/activity suggest it will be important to target this signaling
cascade in a region-specific manner in order to obtain efficacy with minimal side effects.

Consistent with a role for upregulated cCAMP-PDE activity in the pathophysiology of age-
related cognitive decline, a number of cAMP-PDE inhibitors have demonstrated therapeutic
effects in both preclinical and clinical studies. In addition to antagonizing adenosine
receptors, caffeine is known to inhibit PDEs, particularly cAMP-PDE activity [59]. In
elderly women, higher caffeine consumption reduced the risk of developing cognitive
impairment [60] and slowed the rate of cognitive decline [61]. Studies in rodents similarly
show that chronic caffeine can prevent the onset of age-related cognitive decline [62—64]
(but see [65]). PDE inhibitors targeting specific CAMP- or dual-specific PDEs have also
shown pro-cognitive effects in aging. A drug containing the PDE1 inhibitor vinpocetine
improved memory function in elderly subjects [66], as have 2 novel PDE4 inhibitors from
Dart Neuroscience and Tetra Discovery Partners (see [55]). In animal models,
pharmacological inhibition or genetic deletion of PDE2 [67], PDE3 [68], PDE4 [69-72], and
PDESB [73] have all provided protection against some type of age-related cognitive decline.
These studies suggest that increasing cCAMP signaling in a brain region-specific manner may
prove a viable mechanism for treating age-related decline in brain function.

A handful of studies have examined potential age-related changes in the NOS-sGC pathway
that might contribute to alterations in cGMP synthesis. Findings are highly contradictory
with regard to age-related changes in NOS activity. Blum-Degen and colleagues found no
difference in NOS activity in aged vs. young human parietal cortex, nucleus accumbens or
cerebellum [74]. In the animal literature, however, there are an equal number of findings that
report increased, decreased, or no change in NOS activity in aged vs. young hippocampus,
cerebellum and cortex, without obvious differences in methodology to account for the
discrepant findings [49,75-83]. Reports across species are more consistent with regard to
age-related changes in GC expression and/or activity. Expression of sGC decreases between
60 to 90 years of age in human frontal, prefrontal, parietal, and orbital frontal cortex as well
as nucleus accumbens [84], and GC activity is reduced in aged vs. young adult rodent
hippocampus and cerebellum [49,80]. Consistent with the idea that reduced sGC activity
accompanies aging, NO donors—which would stimulate sGC activity—rescue age-related
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memory impairments in both rats [85] and crickets [86]. Together, these studies suggest
aging may be associated with reduced cGMP synthesis in the brain (Figure 2B).

In contrast to the studies noted above implicating reduced cGMP synthesis via SGC, studies
of ANP and BNP would argue for increased cGMP synthesis via pGCs. Studies examining
age-related changes in natriuretic peptides (agonists for pGC receptors), have all focused on
circulating levels. In humans, circulating levels of ANP are 4 times higher in healthy elderly
vs. young adults, and increasing levels correlated with increasing age between 70-102 years
of age [87]. In contrast, circulating levels of BNP did not increase with age between 30 and
72 years of age [88]; however, circulating levels of BNP did increase with age after 75 years
in humans [89-91], at least in those without dementia [90]. Elevated BNP levels in those
over 60 years of age are associated with increased risk of developing a cognitive disorder
[90] as well as lower scores and more rapid rates of cognitive decline on tests such as the
mini mental state exam (MMSE), Trails B, and logical memory tests [91-94]. It is important
to acknowledge that several of these studies also associated higher BNP with increased
incidence of CVD, which by itself is a known risk factor for cognitive dysfunction
[89,91,92]. That said, 2 studies were able to show that elevated BNP remained
independently associated with poor cognitive performance even after adjusting for CVD
factors [91,93], and a 3" study showed an association between elevated BNP and lower
MMSE scores in a group of older adults that all had CVD [94]. Taken together, these data
suggest that elevated BNP increases risk for poor cognitive performance in the elderly,
independent of any effect on CVD. It remains to be determined if ANP and/or BNP may
also increase with aging in the brain.

At the level of cGMP itself, the directionality of age-related changes appears to be tissue-
specific. Perhaps consistent with the age-related increases in circulating ANP and BNP
noted above in humans, cGMP levels are increased in white blood cells taken from aged vs.
young adult humans [29,31] and serum taken from aged vs. young adult rodents [33]. In
contrast, however, cGMP levels are reduced in platelets taken from aged vs. young adult
humans [95]. Reports of cGMP levels in aged human brain are lacking, but studies in
rodents have identified decreased cGMP levels in aged vs. young adult cerebellum
[25,37,49,96] (but see [80]) and hippocampus [49,80] (but see [25], but not cortex [49].
Glutamate-stimulated cGMP accumulation is also severely compromised in aged vs. young
adult rodent hippocampus and cerebellum [49,80,97]. To make matters worse, cGMP-PDE
activity appears to be increased in aged vs. young rodent hippocampus and cerebellum [49],
possibly due to an upregulation of PDE5SA and PDE10A expression [50]. Consistent with a
reduction in cGMP levels, PKG activity is also decreased in aged vs. young rat cerebellum
[96]. Further, PDE2 [67], PDE3 [68], and PDES5 inhibitors reverse age-related deficits in
pCREB, LTP, and/or memory in rodents [98-100] (but see [67]). Thus, increasing cGMP
signaling may also prove a viable path forward for treating age-related decline in brain
function.

Consistent with the majority of evidence described above that points to reduced cAMP and
cGMP signaling in the aged brain, most studies examining age-related changes in CREB
have identified reduced function. The vast majority of aging studies that examine CREB
signaling focus on the hippocampus, with a few studies focusing on specific subregions of
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cortex. In humans, hippocampal CREB levels decreased with increasing age [101]. In
rodents, numerous studies report a significant decrease in basal and/or training-induced
phosphorylation of CREB (pCREB) in aged vs. young adult rodent hippocampus [36,102—
106], with only 1 study suggesting this age-related impairment in pCREB is restricted to
cognitively impaired subjects [103]. Further, CREB overexpression into rodent CA1l is
sufficient to rescue age-related memory and neurophysiological deficits [107]. In cortex of
aged vs. young adult rodents, pCREB appears to be diminished in parietal regions [36] yet
increased in prefrontal regions [41,43]. Again, these data suggest a brain region-specific
change in cyclic nucleotide signaling accompanies aging, with decreases in hippocampus
and some cortical regions but increases specifically in prefrontal cortex

3. Alterations in cyclic nucleotide signaling associated with Alzheimer’s

Disease, mild cognitive impairment (MCI), and dementia

Studies in patients, rodents, and in vitro models suggest that brain region-specific alterations
in CAMP signaling may contribute to dementia-related pathology. Gas-stimulated AC
activity appears to be reduced in hippocampus [108-111], temporal cortex [21,112], frontal
cortex [21], occipital cortex [21], and cerebellum [21,109] (but see [112]) of AD or dementia
patients vs. controls. Reports of basal and forskolin-stimulated AC activity in patients are
somewhat contradictory. The majority of reports suggest AD is accompanied by reductions
in basal and/or forskolin-stimulated AC activity in hippocampus [109-111,113] (but see
[108]) and temporal cortex [21,114] (but see [112]), but no change in AC activity in
cerebellum [21,112] (but see [109]) or occipital cortex [21]. Reports of AC activity in frontal
cortex of AD patients are mixed [21,114]. The decreased AC activity that has been measured
in tissue from patients does not appear to be driven by increased expression and/or activity
of Gaii [109,114,115], reduced expression of Gas [108], or global reductions in AC
expression [116], although specific reductions in AC1 and AC2 (but not AC5, AC6, AC7 or
ACB8) expression may contribute to the reduced AC activity observed in AD hippocampus
and cortex [117,118].

In addition to evidence for reduced cAMP synthesis, there is also evidence for reduced
levels of cAMP and cAMP effector molecules in AD patients in select tissues. CAMP levels
are lower in polymorphonuclear granulocytes (PMNLS) taken from AD patients vs. age-
matched controls [31]. /n vitro and rodent studies show that overexpression of BACEL (j8-
site amyloid precursor protein-cleaving enzyme 1) or infusion of AB1-42 are sufficient to
decrease CAMP levels in brain lysates [119] and the hippocampus [120], respectively. In a
separate line of studies, significant reductions in cAMP binding were measured in the
cytosolic fraction, but not particulate fraction, of entorhinal cortex and subiculum taken from
AD patients with severe amyloid deposits [121]. A similar trend toward reduced cCAMP
binding was also observed in cytosolic fractions of hippocampal subfields of AD patients
with severe amyloid deposits [121]. Studies in AD patients, rodent models, and /n vitro
models also report reduced PKA expression and/or activity [119,122-126] (but see [112]).
Importantly, hippocampal deficits in AD models are reversed when cAMP levels are
increased, either by stimulating AC activity with forskolin [127] or, as discussed below,
reducing CAMP-PDE expression or activity [120,125,128-134]. Further, the ability of
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cAMP-elevating agents to reverse/prevent Ap1-42-induced hippocampal deficits requires
PKA [125,127,131]. Together, these studies strongly suggest that reduced cAMP signaling
via PKA is a key feature of AD pathology (Figure 2C).

Reports on HCN channels and Epac are less consistent than those described above for PKA.
Reduced expression of HCN1 was found in the temporal lobe of AD patients and
experiments in mice and N2A cells suggest a loss of HCN1 function is sufficient to enhance
AP generation [135]. That said, /77 vivo infusion of Ap1-42 into rat CA1 increased HCN1
mMRNA expression, suggesting either a species difference or a complex negative feedback
loop [136]. /n vivo infusion of Ap1-42 into rat CAL also decreased HCN2 mRNA
expression [136], which in vitro studies suggest should reduce secretion of Ap [137].
Isoform-specific changes in the Epacs are also associated with AD. Namely, Epac2 protein
expression appears to be reduced while Epacl expression appears to be increased in frontal
cortex of AD patients [138]. The net effect of these isoform-specific changes is yet to be
determined; however, it is known that Epacl activity regulates secretion of the protective
soluble form of APP, sAPPa. (role of Epac2 not reported, [139,140]). Thus, further studies
are required to better understand the role that altered HCN or Epac function may play in the
symptomatology of AD.

Localized increases in CAMP signaling may also contribute to the pathology of AD.
Increased cAMP levels have been measured in cerebral vessels of AD patients vs. healthy
controls [34,35]. Although 2 studies found no difference in CSF cAMP levels of AD patients
relative to age-matched controls [141,142], one study found elevated CAMP levels in AD
patients [143]. Interestingly, the elevated CSF cAMP levels found in the latter study
correlated with CSF tau protein levels [143]. PKA is tightly associated with Tau
neurofibrillary tangles (NFTs) [144] and is known to hyperphosphorylate Tau, particularly at
residues S198, S199, S214, and S409 [144-147]. Further, Tau-pS214 and Tau-pS409 are
only found in AD tissue [144]. Such a localized mechanism may explain why select studies
have shown low doses, but not high doses, of PKA inhibitors are able to reverse AD model
pathology [148-150]—despite the fact that global PKA activity is largely reduced in AD
patients and animal models (as described above, [119,122-126]) and mechanisms that
increase CAMP/PKA/CREB signaling appear to prevent and/or reverse AD-related deficits
[120,124,125,127-133,151-159]. That said, PKA phosphorylation of Tau does not always
promote neurofibrillary tangles. For example, if PKA phosphorylates Tau at S214 after
glycogen synthase kinase-3p (GSK-3p) phosphorylates Thr214, then paired helical
filaments (PHFs) are formed; however, if PKA phosphorylates S214 before GSK-3
phosphorylates Thr214, then pTau does not form PHFs [160]. Indeed, the PKA
phosphorylation of Tau that reduces its affinity for microtubules also reduces its assembly
into PHFs [161], perhaps because prior phosphorylation of Tau by PKA makes some Tau
sites less accessible to other kinases [162,163].

In addition to reductions in the synthesis of cAMP, there may also be AD-associated
alterations in the degradation of cAMP by cAMP-specific or dual-specific PDE families.
Increased expression of PDE3 was observed in AD cerebrovessels [155]. Soluble and
fibrillary amyloid-p1-42 (AB1-42) increased PDE4B expression in cultured microglia,
leading to increased neuroinflammation [164]. In early-stage AD patients, PDE4B mRNA
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along with PDE4A mRNA expression are increased in entorhinal cortex; however, PDE4A
mMRNA expression is reduced in frontal cortex and CA2 of late-stage AD patients [156].
PDE4D1 mRNA was doubled in the hippocampus of an AD patient, while PDE4D2 and
PDE4D3 remained unchanged and PDE4D5-9 were dramatically reduced [165]. PDE4D
MRNA expression was also increased in the putamen of patients with AD [156], but reported
as unchanged in temporal cortex of AD patients [141]. PDE7A mRNA is reduced in dentate
gyrus (DG) of hippocampus, while PDE8B expression is increased in DG and CA2 of
hippocampus [166]. No change in expression was noted for the dual-specific PDE10A in
temporal cortex [141] or the dual-specific PDE2A in cortex, hippocampus, striatum or
cerebellum of AD patients [167]. Thus, AD-associated changes in PDE expression/activity
are clearly isoform and brain-region specific.

Although not all studies identify an upregulation of CAMP-PDE expression or activity in AD
patient and model studies, PDE inhibitors have demonstrated efficacy in humans and
animals models. High caffeine intake in woman over 65 significantly reduced incident
dementia [60], and caffeine reversed cognitive deficits, Tau hyperphosphorylation, and Af
burden in AD mouse models [168-170]. Although results with the PDE1 inhibitor
vinpocetine have been mixed in patients with MCI or AD [171-173], the PDE3 inhibitor
cilostazol and various PDE4 inhibitors have been reported as producing beneficial effects in
patients with MCI or dementia [55,153,154,174-179]. PDE3 and PDE4 inhibitors, along
with PDE2 and PDE? inhibitors, have also reversed or prevented the onset of deficits in
rodents AD models [128-134,155-157,180,181] and /n vitro models of AB cytotoxicity
[124,125,134,158,159]. Together, these studies suggest that inhibition of cAMP-PDE
activity may prove beneficial in the context of AD and related dementias.

With regard to signals that drive cGMP synthesis, a striking number of studies have
associated elevated BNP levels in blood and/or plasma with the existence, severity or risk of
developing, mild cognitive impairment (MCI), MCI to AD conversion, AD, and/or vascular
dementia (VVaD) [88,182-190] (but see [90]). Although several of these studies were
confounded by the fact that the patient populations were significantly older than the healthy
controls [183-185,187], 2 studies demonstrated elevation in patient BNP levels with no
difference in age between healthy controls vs. AD and/or MCI patients [88,182], suggesting
a dissociation between age-related and disease-related elevations in BNP. Of course, BNP
and ANP are well-known markers of cardiovascular disease (CVD) and CVD is a risk factor
in and of itself for dementia. That said, select studies have demonstrated an association
between elevated BNP or ANP levels and dementia independent of CVD risk factors
[183,184,187,189,190]. Indeed, Tykkynen and colleagues have suggested that these elevated
BNP levels may reflect a pathogenic process in the brain and, thus, could be used as a
circulating marker of neuronal damage [183]. In this context, it is interesting to note that Hu
and colleagues not only found elevated BNP in plasma of MCI and AD patients, they also
showed that plasma levels of BNP correlated with CSF levels of Ap1-42 [186]. Although
Llano and colleagues did not find a significant increase in BNP in MCI or AD patients
relative to controls, they did identify BNP as a member of a 4-protein signature that was able
to differentiate diagnosis [191]. It remains to be determined if MCI and/or AD are associated
with BNP changes in brain.
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Fewer studies have examined the association between ANP and dementia. ANP levels did
not correlate with cognitive function in demented patients [190], but higher levels of ANP
were associated with dementia [192,193] or the conversion from MCI to AD/dementia
[194]. Unfortunately, studies examining ANP are largely confounded by increased age in the
patient population versus controls [192-194]. With regard to the role of ANP in
vasoconstriction, it is interesting to note that Schneider and colleagues showed anti-
hypertensive therapy in patients with higher baseline ANP—Dbut not low baseline ANP—
reduced the rate of converting from MCI to AD, particularly in patients younger than 72
years old [194], suggesting ANP levels may prove a worthwhile patient selection biomarker
for use of anti-hypertensive therapies in this context[194].

In addition to the potential for increased signals upstream of pGCs, AD also appears to be
associated with increased signaling upstream of sGCs. Relative to healthy age-matched
controls, reduced expression of an endogenous NOS inhibitor in CSF [195] and increased
NOS activity in platelets of AD patients has been reported [95]. Increased NOS expression
has also been noted in hippocampus of AD patients [196] as well as microglia and
monocytes treated with AB1-40 [197]. Increased NOS activity would provide additional NO
that could activate sGC.

These increases in NOS signaling may reflect a compensatory change in response to reduced
expression and/or activity of sGCs. Indeed, decreased activity of sGC—but not pGC— was
noted in superior temporal cortex of AD patients [198] and decreased activity and/or
expression of sGC was noted in reactive astrocytes of AD patients [199] and cultured
astrocytes treated with AB1-40 or AB25-35 [200]. Consistent with the idea that AD is
associated with a loss of sGC signaling, cGMP levels are significantly reduced in CSF of
AD patients vs. age-matched controls, and lower CSF cGMP levels significantly correlate
with worsening performance on the mini mental state exam (MMSE) [141,142] (but see
[143]). cGMP levels are also reduced in platelets taken from AD patients [95]. AD mouse
models fail to show an upregulation of cGMP levels following NMDA receptor activation in
hippocampus [201], and hippocampal slices fail to show an LTP-induced upregulation of
cGMP when treated with Ap1-42 [202]. Importantly, treatments that elevate cGMP
signaling rescue microglial inflammation [203], synaptosomal glutamate and glucose
transport deficits [204], cytotoxicity [205], and LTP deficits that are caused by A infusion
[202] or are found in AD patient synaptosomes [206]. Further, rescue of AD-related deficits
by cGMP elevating agents (i.e., NO donors, sGC stimulators, cGMP analogues, PDE
inhibitors) occurs in a PKG-dependent manner [202,205,207]. In light of these findings, it is
difficult to reconcile studies reporting positive effects of methylene blue in AD, given its
well-established ability to decrease cGMP signaling by inhibiting NOS and sGC [208]. That
said, methylene blue has a number of molecular and cellular targets beyond cGMP-related
targets [208]. Taken together, these studies strongly argue for impairment of sGC/
cGMP/PKG signaling in AD (Figure 2C).

In addition to reduced cGMP synthesis via sGC, AD may also be associated with increased
cGMP degradation by cGMP-PDEs. A 5-fold increase in expression of the cGMP-specific
PDESA has been reported in temporal cortex of AD patients vs. controls [141], with no
significant change found in the expression of the cGMP-specific PDE9A or the dual-specific
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PDEs PDE2A and PDE10A [141,167]. Consistent with a disease-related increase in PDESA
expression, PDESA inhibitors are able to improve LTP deficits in synaptosomes from AD
patients [206] as well as reduce cytotoxicity, Ap burden, Tau hyperphosphorylation, synaptic
dysfunction and memory deficits in AD mice [207,209-213] in a PKG-dependent manner
[207]. Both the decrease in sGC and the increase in PDESA noted in AD patients would be
expected to specifically reduce cytosolic pools of cGMP, as opposed to membrane/
particulate pools of cGMP. This stands in contrast to the fact that protective SAPPa appears
to increase cGMP by activating a pGC [214]. While PDE5A is thought to regulate pools of
cGMP downstream of sGC, PDE9A is thought to regulate pools of cGMP that are
downstream of pGCs [215]. This may explain why PDE9A inhibitors were able to improve
cytoxicity, plasticity, and memory deficits in AD mice [216,217], but failed to improve
cognition or behavior in AD patients [218]—because a PDE9A inhibitor would not target
the cytosolic pools of cGMP that are compromised in AD.

Consistent with the pattern of reduced cAMP and cGMP signaling in AD, studies in
patients, rodent models, and /n vitro models report reduced levels of pPCREB
[101,119,120,130,132,152,219] (but see [220]), and reduced CRE-mediated transcription
[151,221-226]. Importantly, hippocampal deficits in AD models are reversed when CREB is
overexpressed [151,152]. Further, the ability of cAMP-elevating agents to reverse/prevent
AB1-42-induced hippocampal deficits generally corresponds with a restoration of pCREB
levels [124,127,131,133,134] (but see, [130]). Together, these studies point to lost CREB
function as a key mechanism of cognitive deficits in AD.

4. Alterations in cyclic nucleotide signaling associated with Huntington’s

Disease

HD results from an expansion of a trinucleotide CAG repeat in the mutated Auntingtin gene
(mHTT). The hallmark symptoms associated with Huntington’s disease are uncontrolled
choreiform movements that appear to be related to degeneration of medium spiny neurons in
the indirect pathway of the striatum. It is increasingly being recognized, however, that
depression and cognitive deficits are prevalent in these patients prior to the appearance of
motor deficits due to dysfunction in the hippocampus and cortex, and this array of deficits
can be found in several HD mouse models. [11].

Findings in patients with HD and HD animal models point to altered cAMP signaling in the
striatum, hippocampus and cortex (Figure 2D). In HD patients, decreased cCAMP levels have
specifically been measured in parietal cortex and lymphoblastoid cells [227]. In HD mouse
models, reduced cAMP levels have similarly been measured in cortex and striatum [227],
the latter possibly related to a decrease in synthesis by AC5 [228] and/or increased
degradation by PDE4 [229]. Although PDE4A mRNA expression does not appear to change
in either striatum or cortex of HD mouse models [230], PDE4B expression and PDE4
activity is increased in these regions [229]. This HD-related increase in PDE4 activity
appears to be driven by mHTT sequestering DISC1, a protein that would normally bind to
and inhibit PDE4B [229]. Reversal studies suggest this increase in striatal PDE4 activity
drives the depression-like phenotypes, but not the motoric phenotypes, seen in HD mouse
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models [229]. Increased PDE4 activity would be expected to decrease CAMP levels, thereby
reducing PKA activity. Indeed, reduced PKA activity in striatum has been reported in HD
mice, albeit related to overexpression of PKA regulatory subunits that occurs due to mHTT
impairing proteosomal breakdown of those regulatory subunits [231]. In contrast, PKA
activity appears to be increased in hippocampus of HD mice, possibly due to a loss of PDE4
signaling [232,233]. Specifically, PDE4AX, but not PDE4A1 or PDE4AS5, along with
PDE4D1 and PDE4D3 appear to be decreased in hippocampus of HD mice, thus, causing
increased PKA activity specifically within the cytosol but not the nucleus [232,233]. Human
embryonic stem cell-derived neurons carrying mHTT show reduced expression of a PKA
inhibitor, which would also argue for increased PKA activity in the disease state [234].

HD mouse models have also shown reduced cGMP levels in hippocampus, possibly related
to a loss of nNOS signaling that could ultimately lead to lower levels of NO-stimulated sGC
activity [235]. The HD-related decrease in cAMP and cGMP levels appears to drive
compensatory decreases in the expression of PDE10A and PDE1B [228,230], but not
PDESA or PDE9A [235]. Indeed, numerous studies report reductions in PDE10A expression
in striatum and select cortical regions in both HD patients [230,236—238] and HD animal
models [228,230,239-241], and yet PDE10A inhibitors have repeatedly been shown to
rescue behavioral, neurodegenerative, and electrophysiological deficits in HD animal models
[228,233,242-244]. The therapeutic benefit of PDE10A inhibitors in HD mice correlates
with an ability to increase pCREB in striatum, cortex, and hippocampus [228,233,243,244].
The ability of PDE10A inhibitors to reverse hippocampus-dependent plasticity and memory
deficits in HD animal models may be directly related to this increase in hippocampal
pCREB, as CRE-dependent transcription is compromised in both patients and HD mice due
to a loss of CREB binding protein [245]. The fact that PKA activity is already increased in
HD hippocampus [232,233] may suggest that PDE10A inhibitors are increasing pCREB in
the hippocampus by restoring PKG activity, although the PKA- vs. PKG-dependent nature
of the effect remains to be determined.

5. Alterations in cyclic nucleotide signaling associated with Parkinson’s

Disease

PD is caused by degeneration of the dopaminergic neurons in the substantia nigra pars
compacta that innervate the striatum. It is well understood that patients with PD not only
exhibit the classic motor symptoms that define the disease (e.g., resting tremor and
bradykinesia), they also demonstrate cognitive deficits, particularly in later stages of the
disease [15]. The majority of Parkinson’s animal models examining cyclic nucleotide
signaling endpoints employ either 6-hydroxydopamine (6-OHDA) or 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) to lesion dopaminergic neurons in the substantia
nigra pars compacta (SNpc) [246]. 6-OHDA must be stereotaxically injected directly into
the SNpc, where it is taken into neurons by the dopamine transporter (DAT) and
accumulated in the mitochondria [246]. In contrast, MPTP is delivered systemically because
it crosses the blood brain barrier. MPTP is taken up by astrocytes and converted to the active
molecule MPP+, which is then taken up by the DAT on neurons and collected in both
mitochondria and synaptic vesicles [246]. MPTP is generally regarded as the stronger of the
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2 toxin models given evidence in humans that it creates a syndrome representing idiopathic
parkinsonism [246]. Although both models lesion dopaminergic input to the striatum, they
appear to produce opposite effects on striatal cyclic nucleotide signaling.

Studies in patients have reported increases in cyclic nucleotide signaling, particularly that
via cGMP, being associated with pharmacological and electrophysiological therapeutic
approaches. A meta-analysis of 13 articles showed that PD risk is reduced with higher
consumption of caffeine, a compound able to increase cAMP and cGMP by inhibiting PDEs
[247]. This might suggest that increased PDE activity is a driver of PD; however, studies in
patients implicate reduced expression of PDE4D [248], PDES8B [249], and PDE10A [250] in
the pathology of parkinsonism. Deep brain stimulation (DBS) of the subthalamic nucleus
(STN) is used to treat patients with PD, and this treatment transiently increases cGMP
signaling in the striatum of PD patients [251-253]. Unfortunately, these studies did not
include healthy controls, so it is unclear if this transient increase in cGMP seen in patients
might reflect a reversal of a disease-related reduction in striatal cGMP signaling. One study
identified reduced NOS expression in the striatum of PD patients, which could lead to less
cGMP production via sGCs [254]. L-DOPA, a drug used to treat PD patients by restoring
dopamine levels, also increases cGMP levels as measured in serum [255,256] (but not
plasma [257]) and CSF [257] of patients.

The fact that therapeutic efficacy correlates with increased cGMP might suggest that reduced
cGMP signaling is inherent to PD pathology; however, direct evidence is lacking. Several
studies show there are no basal differences in CSF cGMP levels between untreated PD
patients and healthy controls [258-260]. In contrast, findings with regard to CSF cAMP
levels are mixed with one study finding no change [259], and one study finding reduced
cAMP in CSF of PD patients vs. controls [260]. The suggestion of reduced cCAMP signal
transduction in PD is supported by /n vitro studies showing disease-related mutations in
LRRK2 and alpha synuclein interfere with activity of PKA and CREB, respectively
[261,262]. Thus, more work is needed in PD patient samples to understand whether a brain
region-specific reduction in cAMP or cGMP signaling may be inherent to the disease state
or if increasing cyclic nucleotide signaling might simply be a means of providing therapeutic
relief by compensating for signaling dysfunction elsewhere.

Generally speaking, experiments examining the striatal effects of the 6-OHDA model more
readily argue for decreased cGMP and increased cAMP in striatum being associated with
parkinsonism. 6-OHDA lesions of the substantia nigra appear to reduce cGMP in the
striatum and globus pallidus (GP) (similar trend in cortex) while increasing CAMP in the
striatum [263-265]. The downregulation of striatal cGMP produced by 6-OHDA may be
related to reduced NOS activity [265,266], which could lead to lower levels of NO and
reduced activation of sGC. The downregulation of striatal cGMP by 6-OHDA may also be
related to increased PDE1B expression [264,265]. In contrast, the 6-OHDA-induced increase
in CAMP may be related to lesion-induced decreases in PDE10A expression [264] that are
similar to those measured in PD patients [250]. Such a bimodal regulation of PDE1B vs.
PDE10A has previously been measured in mouse models unrelated to PD, with decreased
PDE1B expression corresponding to increased PDE10A expression [267,268]. Such a
bimodal regulation may be related to the fact that PDE1B appears to be enriched in the
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striatonigral pathway while PDE10A appears to be enriched in the striatopallidal pathway
[269]. Taken together, these results might suggest that 6-OHDA 1) reduces cGMP
specifically in the striatonigral pathway via downregulation of NOS and upregulation of
PDELB, and 2) increases CAMP specifically in the striatopallidal pathway by decreasing
PDE10A expression.

Results from experiments using the MPTP model are mixed in terms of implicating
increased vs. decreased cyclic nucleotide signaling as a root cause of pathology. In mice, in
vivo MPTP appears to increase NOS expression/activity, GCB1 expression, GC activity, and
cGMP levels in striatum and midbrain [270,271]. Increased striatal cGMP signaling in
response to MPTP would stand in stark contrast to the decreased cGMP signaling that is
caused by 6- OHDA lesions, as described above. In rats, however, MPTP reduced cGMP and
cAMP levels in striatum [272]—the former effect in concert with effects of 6-OHDA but the
latter effect, again, standing in contrast. Importantly, MPTP-induced deficits in rat striatal
cAMP and cGMP levels were reversed by the PDEL inhibitor vinpocetine, as were the
MPTP-induced motoric deficits [272]. Further, increasing cGMP signaling via PKG using
vasonatrin, a manmade natriuretic peptide, reversed MPP+-induced cytotoxicity of cultured
mouse striatal neurons [273]. Some attenuation of MPTP neurotoxicity was also achieved
with a low dose of rolipram, an inhibitor of the cAMP-specific PDE4 isoforms [274]. Thus,
while reports of the direct effect of MPTP on cyclic nucleotide levels somewhat conflict
with each other and those reported for the 6-OHDA model, they do seem to parallel findings
in humans in terms of showing a beneficial effect of drugs that increase cGMP and/or cAMP
signaling.

6. Summary and conclusions

In summary, aging and age-related diseases appear to be associated with region and, in some
cases, subcellular compartment-specific changes in cAMP and cGMP signaling. For
example, aging and AD are associated with decreased cAMP signaling in hippocampus, yet
select studies implicate increased CAMP signaling in prefrontal cortex and cerebral vessels,
respectively. In contrast, HD is associated with increased CAMP signaling in the
hippocampus and decreased cAMP signaling in cortex and striatum. This suggests that
cyclic nucleotide signaling will have to be targeted in a region-specific manner if therapeutic
efficacy is to be obtained in absence of side effects. Adding an additional level of complexity
are reports suggesting that cyclic nucleotide changes may be occurring only within select
subcellular compartments, such as in the case of AD studies identifying disturbances in
cytosolic but not membrane compartments.

Fortunately, it may be possible to target cyclic nucleotide signaling in both a brain region-
specific and a compartment-specific manner. For example, PDE11A is selectively expressed
in the hippocampal formation [50]. Further, it is enriched in cytosolic over membrane and
nuclear compartments [275], and its relative enrichment in cytosol can be amplified by
disrupting PDE11A homodimerization [276]. Thus, a PDE11-targeted therapeutic would
preferentially modulate cAMP and cGMP signaling within the cytosol of the hippocampus,
specifically within CA1 and subiculum. This, coupled with the fact that PDE11A plays a key
role in social memory formation, mood stabilization, and social interaction behaviors [276—
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279], suggests PDE11A may be an ideal therapeutic target to address cyclic nucleotide
disturbances in a disease like AD. On the other hand, PDE10A is enriched in the striatum

Wi
ca
de

th little expression in the hippocampus. So, while PDE10A would not be a likely
ndidate for AD treatment, it would be an ideal mechanism for targeting the striatal CAMP
ficits that are seen in HD patients because it would not exacerbate the heightened

hippocampal cAMP signals that may be associated with that disease. Promisingly, drugs that
increase cyclic nucleotide signaling, particularly PDE inhibitors, have demonstrated promise

in

both the clinic and animal models, suggesting the viability of targeting this signal

transduction system for the treatment of age-related cognitive decline and age-related
diseases.

Acknowledgments

Th
Ne

References
1.

is work was supported by NIMH 1R01MH101130 and NIAG 1R01AG054839. The author would like to thank
ema Patel for assistance with Figure 1.

Kaplan A, Kent CB, Charron F, Fournier AE. Mol Neurobiol. 2014; 49:1077-1086. [PubMed:
24271658]

. Averaimo S, Nicol X. Front Cell Neurosci. 2014; 8:376. [PubMed: 25431549]

3. Nicol X, Gaspar P. Eur J Neurosci. 2014; 39:1742-1751. [PubMed: 24628976]

. Heckman PR, Blokland A, Ramaekers J, Prickaerts J. Neurobiol Learn Mem. 2015; 119:108-122.

[PubMed: 25464010]

. Luo J, Phan TX, Yang Y, Garelick MG, Storm DR. J Neurosci. 2013; 33:6460-6468. [PubMed:

23575844]

6. Fiscus RR. Neurosignals. 2002; 11:175-190. [PubMed: 12393944]
7. Favilla C, Abel T, Kelly MP. J Neurosci. 2008; 28:13952-13956. [PubMed: 19091983]

10.
11.

12.

13.

14.

15.

16.

17.
18.

19.

. Kanes SJ, Tokarczyk J, Siegel SJ, Bilker W, Abel T, Kelly MP. Neuroscience. 2007; 144:239-246.

[PubMed: 17081698]

. Kelly MP, Isiegas C, Cheung YF, Tokarczyk J, Yang X, Esposito MF, Rapoport DA, Fabian SA,

Siegel SJ, Wand G, Houslay MD, et al. Neuropsychopharmacology. 2007; 32:577-588. [PubMed:
16738544]

Merz K, Herold S, Lie DC. Eur J Neurosci. 2011; 33:1078-1086. [PubMed: 21395851]

Giralt A, Saavedra A, Alberch J, Perez-Navarro E. J Huntingtons Dis. 2012; 1:155-173. [PubMed:
25063329]

Kelly MP, Stein JM, Vecsey CG, Favilla C, Yang X, Bizily SF, Esposito MF, Wand G, Kanes SJ,
Abel T. Mol Psychiatry. 2009; 14:398-415. 347. [PubMed: 19030002]

Apple DM, Solano-Fonseca R, Kokovay E. Biochem Pharmacol. 2017; 141:77-85. [PubMed:
28625813]

Kane, RL., Butler, M., Fink, HA., Brasure, M., Davila, H., Desai, P., Jutkowitz, E., McCreedy, E.,
Nelson, VA., McCarten, JR., Calvert, C., et al. Interventions to prevent age-related cognitive
decline, mild cognitive impairment, and clinical alzheimer's-type dementia. Rockville (MD): 2017.

Ffytche DH, Creese B, Politis M, Chaudhuri KR, Weintraub D, Ballard C, Aarsland D. Nat Rev
Neurol. 2017; 13:81-95. [PubMed: 28106066]

Dean GE, Weiss C, Morris JL, Chasens ER. Nurs Clin North Am. 2017; 52:387-404. [PubMed:
28779821]

Neves SR, Ram PT, lyengar R. Science. 2002; 296:1636-1639. [PubMed: 12040175]

Chen J, Martinez J, Milner TA, Buck J, Levin LR. Brain Res. 2013; 1518:1-8. [PubMed:
23611875]

Kobialka M, Gorczyca WA. Acta Biochim Pol. 2000; 47:517-528. [PubMed: 11310956]

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly

20.
21.

22.
23.
24,
25.
26.

217.

28.
29.
30.
31.
32.

33.

34.
35.
36.

37.
38.
39.
40.
41.

42.

43.

44,

45.

46.

47.
48.
49.
50.

51.

52.

Page 15

Francis SH, Blount MA, Corbin JD. Physiol Rev. 2011; 91:651-690. [PubMed: 21527734]

Cowburn RF, O'Neill C, Ravid R, Alafuzoff I, Winblad B, Fowler CJ. J Neurochem. 1992;
58:1409-1419. [PubMed: 1548475]

Hara H, Onodera H, Kato H, Kogure K. Neuroscience. 1992; 46:475-488. [PubMed: 1347408]
Sugawa M, May T. Brain Res. 1993; 618:57-62. [PubMed: 8402178]

Sugawa M, May T. Arch Gerontol Geriatr. 1994; 19(Suppl 1):235-246.

Puri SK, Volicer L. Mech Ageing Dev. 1981; 15:239-242. [PubMed: 6265714]

Makman MH, Ahn HS, Thal LJ, Dvorkin B, Horowitz SG, Sharpless NS, Rosenfeld M. Adv Exp
Med Biol. 1978; 113:211-230. [PubMed: 753089]

Makman MH, Ahn HS, Thal LJ, Sharpless NS, Dvorkin B, Horowitz SG, Rosenfeld M. Brain Res.
1980; 192:177-183. [PubMed: 7378778]

Araki T, Kato H, Fujiwara T, Itoyama Y. Brain Res. 1995; 704:227-232. [PubMed: 8788918]
Tam CF, Walford RL. J Immunol. 1980; 125:1665-1670. [PubMed: 6106029]

Birkenfeld A, Ben-Zvi A. Clin Exp Immunol. 1984; 55:651-654. [PubMed: 6323074]

Fulop T Jr, Kekessy D, Foris G. Mech Ageing Dev. 1990; 52:277-285. [PubMed: 2157926]

Kostromin AP, Berdyshev GD, Demidov SV, Kuibeda VV. Z Alternsforsch. 1984; 39:351-355.
[PubMed: 6099007]

Hu R, Yuan B, Wei X, Zhao L, Tang J, Chen D. J Ethnopharmacol. 2007; 111:248-254. [PubMed:
17386985]

Grammas P, Roher AE, Ball MJ. Neurobiol Aging. 1994; 15:113-116. [PubMed: 8159257]
Martinez M, Hernandez Al, Hernanz A. Brain Res. 2001; 922:148-152. [PubMed: 11730714]

Titus DJ, Furones C, Kang Y, Atkins CM. Neuroscience. 2013; 231:182-194. [PubMed:
23238576]

Schmidt MJ, Thornberry JF. Brain Res. 1978; 139:169-177. [PubMed: 202373]
Austin JH, Connole E, Kett D, Collins J. AGE. 1978; 1:121-124.

Zimmerman |, Berg A. Mech Ageing Dev. 1974; 3:33-36. [PubMed: 4368865]
Berg A, Zimmerman ID. Mech Ageing Dev. 1975; 4:377-383. [PubMed: 180360]

Ramos BP, Birnbaum SG, Lindenmayer I, Newton SS, Duman RS, Arnsten AF. Neuron. 2003;
40:835-845. [PubMed: 14622586]

Wang M, Gamo NJ, Yang Y, Jin LE, Wang XJ, Laubach M, Mazer JA, Lee D, Arnsten AF. Nature.
2011; 476:210-213. [PubMed: 21796118]

Vandesquille M, Baudonnat M, Decorte L, Louis C, Lestage P, Beracochea D. Neurobiol Aging.
2013; 34:1599-1609. [PubMed: 23352115]

Karege F, Schwald M, Lambercy C, Murama JJ, Cisse M, Malafosse A. Brain Res. 2001; 903:86-
93. [PubMed: 11382391]

Karege F, Lambercy C, Schwald M, Steimer T, Cisse M. Neurosci Lett. 2001; 315:89-92.
[PubMed: 11711222]

Laviada ID, Galve-Roperh I, Malpartida JM, Haro A. Mech Ageing Dev. 1997; 97:45-53.
[PubMed: 9223125]

Cashman RE, Grammas P. Mol Chem Neuropathol. 1995; 26:247-258. [PubMed: 8748927]
Stancheva SL, Alova LG. Gen Pharmacol. 1991; 22:955-958. [PubMed: 1662175]
Chalimoniuk M, Strosznajder JB. Mol Chem Neuropathol. 1998; 35:77-95. [PubMed: 10343972]

Kelly MP, Adamowicz W, Bove S, Hartman AJ, Mariga A, Pathak G, Reinhart V, Romegialli A,
Kleiman RJ. Cell Signal. 2014; 26:383-397. [PubMed: 24184653]

Carlyle BC, Nairn AC, Wang M, Yang Y, Jin LE, Simen AA, Ramos BP, Bordner KA, Craft GE,
Davies P, Pletikos M, et al. Proc Natl Acad Sci U S A. 2014; 111:5036-5041. [PubMed:
24707050]

Kelly, MP. Putting together the pieces of phosphodiesterase distribution patterns in the brain: A
jigsaw puzzle of cyclic nucleotide regulation. In: Brandon, NJ., West, AR., editors. Cyclic
nucleotide phosphodiesterases in the central nervous system: From biology to disease. John Wiley
& Sons, Inc; New Jersey: 2014.

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.
68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 16

Tohda M, Murayama T, Nogiri S, Nomura Y. Biol Pharm Bull. 1996; 19:300-302. [PubMed:
8850327]

De Jager PL, Shulman JM, Chibnik LB, Keenan BT, Raj T, Wilson RS, Yu L, Leurgans SE, Tran
D, Aubin C, Anderson CD, et al. Neurobiol Aging. 2012; 33:1017, e1011-1015.

Prickaerts J, Heckman PRA, Blokland A. Expert Opin Investig Drugs. 2017; 26:1033-1048.

Kato H, Araki T, Chen T, Itoyama Y, Kogure K. Methods Find Exp Clin Pharmacol. 1998; 20:403—
408. [PubMed: 9701778]

Harada N, Nishiyama S, Ohba H, Sato K, Kakiuchi T, Tsukada H. Synapse. 2002; 44:139-145.
[PubMed: 11954045]

Asanuma M, Nishibayashi S, lwata E, Kondo Y, Nakanishi T, Vargas MG, Ogawa N. Brain Res
Mol Brain Res. 1996; 41:210-215. [PubMed: 8883954]

Boswell-Smith V, Spina D, Page CP. Br J Pharmacol. 2006; 147(Suppl 1):5S252-257. [PubMed:
16402111]

Driscoll I, Shumaker SA, Snively BM, Margolis KL, Manson JE, Vitolins MZ, Rossom RC,
Espeland MA. J Gerontol A Biol Sci Med Sci. 2016; 71:1596-1602. [PubMed: 27678290]

Vercambre MN, Berr C, Ritchie K, Kang JH. J Alzheimers Dis. 2013; 35:413-421. [PubMed:
23422357]

Costa MS, Botton PH, Mioranzza S, Souza DO, Porciuncula LO. Neuroscience. 2008; 153:1071-
1078. [PubMed: 18436387]

Leite MR, Wilhelm EA, Jesse CR, Brandao R, Nogueira CW. Exp Gerontol. 2011; 46:309-315.
[PubMed: 21122814]

Vila-Luna S, Cabrera-Isidoro S, Vila-Luna L, Juarez-Diaz |, Bata-Garcia JL, Alvarez-Cervera FJ,
Zapata-Vazquez RE, Arankowsky-Sandoval G, Heredia-Lopez F, Flores G, Gongora-Alfaro JL.
Neuroscience. 2012; 202:384-395. [PubMed: 22155266]

Shukitt-Hale B, Miller MG, Chu YF, Lyle BJ, Joseph JA. Age (Dordr). 2013; 35:2183-2192.
[PubMed: 23344884]

Richter Y, Herzog Y, Eyal I, Cohen T. J Diet Suppl. 2011; 8:158-168. [PubMed: 22432687]
Domek-Lopacinska K, Strosznajder JB. Brain Res. 2008; 1216:68-77. [PubMed: 18499090]
Yanai S, Toyohara J, Ishiwata K, Ito H, Endo S. Neuropharmacology. 2017; 116:247-259.
[PubMed: 27979612]

Kumar A, Singh N. Biomed Pharmacother. 2017; 88:698-707. [PubMed: 28152479]

Drott J, Desire L, Drouin D, Pando M, Haun F. Eur J Pharmacol. 2010; 634:95-100. [PubMed:
20223232]

de Lima MN, Presti-Torres J, Garcia VA, Guimaraes MR, Scalco FS, Roesler R, Schroder N.
Neuropharmacology. 2008; 55:788-792. [PubMed: 18619476]

Bach ME, Barad M, Son H, Zhuo M, Lu YF, Shih R, Mansuy I, Hawkins RD, Kandel ER. Proc
Natl Acad Sci U S A. 1999; 96:5280-5285. [PubMed: 10220457]

Tsai LC, Chan GC, Nangle SN, Shimizu-Albergine M, Jones GL, Storm DR, Beavo JA, Zweifel
LS. Genes Brain Behav. 2012; 11:837-847. [PubMed: 22925203]

Blum-Degen D, Heinemann T, Lan J, Pedersen V, Leblhuber F, Paulus W, Riederer P, Gerlach M.
Brain Res. 1999; 834:128-135. [PubMed: 10407101]

Jesko H, Chalimoniuk M, Strosznajder JB. Neurochem Int. 2003; 42:315-322. [PubMed:
12470705]

Liu P, Smith PF, Appleton I, Darlington CL, Bilkey DK. Neurobiol Aging. 2004; 25:547-552.
[PubMed: 15013576]

Liu P, Smith PF, Appleton I, Darlington CL, Bilkey DK. Neuroscience. 2003; 119:679-687.
[PubMed: 12809689]

Liu P, Smith PF, Appleton I, Darlington CL, Bilkey DK. Hippocampus. 2005; 15:642—655.
[PubMed: 15884044]

Strosznajder JB, Jesko H, Zambrzycka A, Eckert A, Chalimoniuk M. Neurosci Lett. 2004;
370:175-179. [PubMed: 15488318]

Vallebuona F, Raiteri M. Eur J Neurosci. 1995; 7:694-701. [PubMed: 7542528]

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.
103.

104.
105.

106.
107.
108.

Page 17

Mollace V, Rodino P, Massoud R, Rotiroti D, Nistico G. Biochem Biophys Res Commun. 1995;
215:822-827. [PubMed: 7488047]

Yu W, Juang S, Lee J, Liu T, Cheng J. Neurosci Lett. 2000; 291:37-40. [PubMed: 10962148]

Law A, O'Donnell J, Gauthier S, Quirion R. Neuroscience. 2002; 112:267-275. [PubMed:
12044445]

Ibarra C, Nedvetsky PI, Gerlach M, Riederer P, Schmidt HH. Brain Res. 2001; 907:54—-60.
[PubMed: 11430885]

Paul V, Reddy L, Ekambaram P. Indian J Physiol Pharmacol. 2005; 49:179-186. [PubMed:
16170986]

Matsumoto Y, Matsumoto CS, Takahashi T, Mizunami M. Front Behav Neurosci. 2016; 10:166.
[PubMed: 27616985]

Davis KM, Fish LC, Minaker KL, Elahi D. J Gerontol A Biol Sci Med Sci. 1996; 51:M95-101.
[PubMed: 8630708]

Marksteiner J, Imarhiagbe D, Defrancesco M, Deisenhammer EA, Kemmler G, Humpel C. Exp
Gerontol. 2014; 50:114-121. [PubMed: 24333505]

Nilsson K, Gustafson L, Hultberg B. Dement Geriatr Cogn Disord. 2008; 25:88-96. [PubMed:
18057891]

Hiltunen M, Kerola T, Kettunen R, Hartikainen S, Sulkava R, Vuolteenaho O, Nieminen T. Ann
Med. 2013; 45:74-78. [PubMed: 22680229]

Daniels LB, Laughlin GA, Kritz-Silverstein D, Clopton P, Chen WC, Maisel AS, Barrett-Connor
E. Am J Med. 2011; 124:670, e671-678. [PubMed: 21683832]

van Vliet P, Sabayan B, Wijsman LW, Poortvliet RK, Mooijaart SP, de Ruijter W, Gussekloo J, de
Craen AJ, Westendorp RG. Neurology. 2014; 83:1192-1199. [PubMed: 25142900]

Feinkohl 1, Sattar N, Welsh P, Reynolds RM, Deary 1J, Strachan MW, Price JF. E.-T.D.S.1.
Edinburgh Type 2 Diabetes Study. PL0oS One. 2012; 7:e44569. [PubMed: 22973461]

Gunstad J, Poppas A, Smeal S, Paul RH, Tate DF, Jefferson AL, Forman DE, Cohen RA. Am J
Cardiol. 2006; 98:538-540. [PubMed: 16893713]

Kawamoto EM, Munhoz CD, Glezer I, Bahia VS, Caramelli P, Nitrini R, Gorjao R, Curi R,
Scavone C, Marcourakis T. Neurobiol Aging. 2005; 26:857-864. [PubMed: 15718044]

Scavone C, Munhoz CD, Kawamoto EM, Glezer I, de Sa Lima L, Marcourakis T, Markus RP.
Neurobiol Aging. 2005; 26:907-916. [PubMed: 15718050]

Piedrafita B, Cauli O, Montoliu C, Felipo V. Learn Mem. 2007; 14:254-258. [PubMed: 17412964]

Palmeri A, Privitera L, Giunta S, Loreto C, Puzzo D. Behav Brain Res. 2013; 240:11-20.
[PubMed: 23174209]

Orejana L, Barros-Minones L, Jordan J, Puerta E, Aguirre N. Neurobiol Aging. 2012; 33:625,
e611-620.

Devan BD, Pistell PJ, Duffy KB, Kelley-Bell B, Spangler EL, Ingram DK. NeuroRehabilitation.
2014; 34:101-111. [PubMed: 24284467]

Yamamoto-Sasaki M, Ozawa H, Saito T, Rosler M, Riederer P. Brain Res. 1999; 824:300-303.
[PubMed: 10196463]

Porte Y, Buhot MC, Mons N. Neurobiol Aging. 2008; 29:1533-1546. [PubMed: 17478013]

Xu J, Rong S, Xie B, Sun Z, Deng Q, Wu H, Bao W, Wang D, Yao P, Huang F, Liu L. J Gerontol
A Biol Sci Med Sci. 2010; 65:933-940. [PubMed: 20530246]

Dagnas M, Guillou JL, Prevot T, Mons N. J Neurosci. 2013; 33:1954-1963. [PubMed: 23365234]

Hattiangady B, Rao MS, Shetty GA, Shetty AK. Exp Neurol. 2005; 195:353-371. [PubMed:
16002067]

Kudo K, Wati H, Qiao C, Arita J, Kanba S. Brain Res. 2005; 1054:30-37. [PubMed: 16054117]
Yu XW, Curlik DM, Oh MM, Yin JC, Disterhoft JF. Elife. 2017; 6

O'Neill C, Wiehager B, Fowler CJ, Ravid R, Winblad B, Cowburn RF. Brain Res. 1994; 636:193—
201. [PubMed: 8012802]

109. Schnecko A, Witte K, Bohl J, Ohm T, Lemmer B. Brain Res. 1994; 644:291-296. [PubMed:

7914148]

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly

110.
111.
112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

Page 18

Ohm TG, Bohl J, Lemmer B. Prog Clin Biol Res. 1989; 317:501-509. [PubMed: 2557639]
Ohm TG, Bohl J, Lemmer B. Brain Res. 1991; 540:229-236. [PubMed: 2054615]

Bonkale WL, Fastbom J, Wiehager B, Ravid R, Winblad B, Cowburn RF. Brain Res. 1996;
737:155-161. [PubMed: 8930361]

Ohm TG, Schmitt M, Bohl J, Lemmer B. Neurobiol Aging. 1997; 18:275-279. [PubMed:
9263191]

Cowburn RF, O'Neill C, Ravid R, Winblad B, Fowler CJ. Neurosci Lett. 1992; 141:16-20.
[PubMed: 1508395]

Brinton RD, Yamazaki R, Gonzalez CM, O'Neill K, Schreiber SS. Brain Res, Molecular Brain
Research. 1998; 57:73-85.

Dewar D, Horsburgh K, Graham DI, Brooks DN, McCulloch J. Brain Res. 1990; 511:241-248.
[PubMed: 2110494]

Yamamoto M, Gotz ME, Ozawa H, Luckhaus C, Saito T, Rosler M, Riederer P. Biochim Biophys
Acta. 2000; 1535:60-68. [PubMed: 11113632]

Yamamoto M, Ozawa H, Saito T, Hatta S, Riederer P, Takahata N. J Neural Transm (Vienna).
1997; 104:721-732. [PubMed: 9444571]

Chen Y, Huang X, Zhang YW, Rockenstein E, Bu G, Golde TE, Masliah E, Xu H. J Neurosci.
2012; 32:11390-11395. [PubMed: 22895721]

Zhang C, Cheng Y, Wang H, Wang C, Wilson SP, Xu J, Zhang HT. J Alzheimers Dis. 2014;
38:269-280. [PubMed: 23948935]

Bonkale WL, Cowburn RF, Ohm TG, Bogdanovic N, Fastbom J. Brain Res. 1999; 818:383-396.
[PubMed: 10082824]

Kim SH, Nairn AC, Cairns N, Lubec G. J Neural Transm Suppl. 2001:263-272. [PubMed:
11771749]

Liang Z, Liu F, Grundke-Igbal I, Igbal K, Gong CX. J Neurochem. 2007; 103:2462—2470.
[PubMed: 17908236]

Du H, Guo L, Wu X, Sosunov AA, McKhann GM, Chen JX, Yan SS. Biochim Biophys Acta.
2014; 1842:2517-2527. [PubMed: 23507145]

Vitolo OV, Sant'Angelo A, Costanzo V, Battaglia F, Arancio O, Shelanski M. Proc Natl Acad Sci
U S A. 2002; 99:13217-13221. [PubMed: 12244210]

Shi J, Qian W, Yin X, Igbal K, Grundke-Igbal I, Gu X, Ding F, Gong CX, Liu F. J Biol Chem.
2011; 286:14639-14648. [PubMed: 21367856]

Wang QW, Rowan MJ, Anwyl R. Neurobiol Aging. 2009; 30:1608-1613. [PubMed: 18272254]
Gong B, Vitolo OV, Trinchese F, Liu S, Shelanski M, Arancio O. J Clin Invest. 2004; 114:1624—
1634. [PubMed: 15578094]

Sierksma AS, Rutten K, Sydlik S, Rostamian S, Steinbusch HW, van den Hove DL, Prickaerts J.
Neuropharmacology. 2013; 64:124-136. [PubMed: 22771768]

Sierksma AS, van den Hove DL, Pfau F, Philippens M, Bruno O, Fedele E, Ricciarelli R,
Steinbusch HW, Vanmierlo T, Prickaerts J. Neuropharmacology. 2014; 77:120-130. [PubMed:
24067928]

Wang G, Chen L, Pan X, Chen J, Wang L, Wang W, Cheng R, Wu F, Feng X, Yu Y, Zhang HT, et
al. Oncotarget. 2016; 7:17380-17392. [PubMed: 26980711]

Wang C, Yang XM, Zhuo YY, Zhou H, Lin HB, Cheng YF, Xu JP, Zhang HT. IntJ
Neuropsychopharmacol. 2012; 15:749-766. [PubMed: 21733236]

Cheng YF, Wang C, Lin HB, Li YF, Huang Y, Xu JP, Zhang HT. Psychopharmacology (Berl).
2010; 212:181-191. [PubMed: 20640406]

Perez-Gonzalez R, Pascual C, Antequera D, Bolos M, Redondo M, Perez DI, Perez-Grijalba V,
Krzyzanowska A, Sarasa M, Gil C, Ferrer I, et al. Neurobiol Aging. 2013; 34:2133-2145.
[PubMed: 23582662]

Saito Y, Inoue T, Zhu G, Kimura N, Okada M, Nishimura M, Kimura N, Murayama S, Kaneko S,
Shigemoto R, Imoto K, et al. Mol Neurodegener. 2012; 7:50. [PubMed: 23034178]

Eslamizade MJ, Saffarzadeh F, Mousavi SM, Meftahi GH, Hosseinmardi N, Mehdizadeh M,
Janahmadi M. Neuroscience. 2015; 305:279-292. [PubMed: 26254243]

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly

137.

138.

139.
140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.
159.
160.

161.

162.

163.

Page 19

Frykman S, Inoue M, Ikeda A, Teranishi Y, Kihara T, Lundgren JL, Yamamoto NG, Bogdanovic
N, Winblad B, Schedin-Weiss S, Tjernberg LO. Biochem Biophys Res Commun. 2017; 483:352—
358. [PubMed: 28017718]

McPhee I, Gibson LC, Kewney J, Darroch C, Stevens PA, Spinks D, Cooreman A, MacKenzie SJ.
2005; 33:1330-1332.

Zaldua N, Gastineau M, Hoshino M, Lezoualc'h F, Zugaza JL. 2007; 581:5814-5818.

Maillet M, Robert SJ, Cacquevel M, Gastineau M, Vivien D, Bertoglio J, Zugaza JL, Fischmeister
R, Lezoualc'h F. Nat Cell Biol. 2003; 5:633-639. [PubMed: 12819788]

Ugarte A, Gil-Bea F, Garcia-Barroso C, Cedazo-Minguez A, Ramirez MJ, Franco R, Garcia-Osta
A, Oyarzabal J, Cuadrado-Tejedor M. Neuropathol Appl Neurobiol. 2015; 41:471-482.
[PubMed: 25488891]

Hesse R, Lausser L, Gummert P, Schmid F, Wahler A, Schnack C, Kroker KS, Otto M, Tumani H,
Kestler HA, Rosenbrock H, et al. Alzheimers Res Ther. 2017; 9:17. [PubMed: 28274265]

Martinez M, Fernandez E, Frank A, Guaza C, de la Fuente M, Hernanz A. Brain Res. 1999;
846:265-267. [PubMed: 10556645]

Jicha GA, Weaver C, Lane E, Vianna C, Kress Y, Rockwood J, Davies P. J Neurosci. 1999;
19:7486-7494. [PubMed: 10460255]

Wang HH, Li Y, Li A, Yan F, Li ZL, Liu ZY, Zhang L, Zhang J, Dong WR, Zhang L. Mol
Neurobiol. 2016

Robertson J, Loviny TL, Goedert M, Jakes R, Murray KJ, Anderton BH, Hanger DP. Dementia.
1993; 4:256-263. [PubMed: 8261023]

Zhang Y, Li HL, Wang DL, Liu SJ, Wang JZ. J Neural Transm (Vienna). 2006; 113:1487-1497.
[PubMed: 16465464]

Eftekharzadeh B, Ramin M, Khodagholi F, Moradi S, Tabrizian K, Sharif R, Azami K, Beyer C,
Sharifzadeh M. Behav Brain Res. 2012; 226:301-308. [PubMed: 21856333]

Amini E, Nassireslami E, Payandemehr B, Khodagholi F, Foolad F, Khalaj S, Hamedani MP,
Azimi L, Sharifzadeh M. Physiol Behav. 2015; 149:76-85. [PubMed: 26037462]

Ueda K, Yagami T, Kageyama H, Kawasaki K. Neurosci Lett. 1996; 203:175-178. [PubMed:
8742021]

Pugazhenthi S, Wang M, Pham S, Sze CI, Eckman CB. Mol Neurodegener. 2011; 6:60. [PubMed:
21854604]

Yiu AP, Rashid AJ, Josselyn SA. Neuropsychopharmacology. 2011; 36:2169-2186. [PubMed:
21734652]

Taguchi A, Takata Y, Ihara M, Kasahara Y, Tsuji M, Nishino M, Stern D, Okada M.
Psychogeriatrics. 2013; 13:164-169. [PubMed: 25707423]

Tai SY, Chien CY, Chang YH, Yang YH. Neurotherapeutics. 2017; 14:784-791. [PubMed:
28194663]

Maki T, Okamoto Y, Carare RO, Hase Y, Hattori Y, Hawkes CA, Saito S, Yamamoto Y, Terasaki
Y, Ishibashi-Ueda H, Taguchi A, et al. Ann Clin Transl Neurol. 2014; 1:519-533. [PubMed:
25356424]

Perez-Torres S, Mengod G. International Congress Series. 2003; 1251:127-138.

Smith DL, Pozueta J, Gong B, Arancio O, Shelanski M. Proc Natl Acad Sci U S A. 2009;
106:16877-16882. [PubMed: 19805389]

Cameron RT, Whiteley E, Day JP, Parachikova Al, Baillie GS. FEBS Open Bio. 2017; 7:64-73.
Bate C, Williams A. Biology (Basel). 2015; 4:591-606. [PubMed: 26389963]

Zheng-Fischhofer Q, Biernat J, Mandelkow EM, Illenberger S, Godemann R, Mandelkow E. Eur
J Biochem. 1998; 252:542-552. [PubMed: 9546672]

Schneider A, Biernat J, von Bergen M, Mandelkow E, Mandelkow EM. Biochemistry. 1999;
38:3549-3558. [PubMed: 10090741]

Raghunandan R, Ingram VM. Biochem Biophys Res Commun. 1995; 215:1056-1066. [PubMed:
7488031]
Shea TB, Cressman CM. Cell Mol Neurobiol. 1999; 19:223-233. [PubMed: 10081606]

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.
175.

176.
177.

178.
179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Page 20

Sebastiani G, Morissette C, Lagace C, Boule M, Ouellette MJ, McLaughlin RW, Lacombe D,
Gervais F, Tremblay P. Neurobiol Aging. 2006; 27:691-701. [PubMed: 15993984]

McLachlan CS, Chen ML, Lynex CN, Goh DL, Brenner S, Tay SK. Arch Neurol. 2007; 64:456—
457. [PubMed: 17353396]

Perez-Torres S, Cortes R, Tolnay M, Probst A, Palacios JM, Mengod G. Exp Neurol. 2003;
182:322-334. [PubMed: 12895443]

Reyes-lIrisarri E, Markerink-Van Ittersum M, Mengod G, de Vente J. Eur J Neurosci. 2007;
25:3332-3338. [PubMed: 17553001]

Arendash GW, Mori T, Cao C, Mamcarz M, Runfeldt M, Dickson A, Rezai-Zadeh K, Tane J,
Citron BA, Lin X, Echeverria V, et al. J Alzheimers Dis. 2009; 17:661-680. [PubMed:
19581722]

Arendash GW, Schleif W, Rezai-Zadeh K, Jackson EK, Zacharia LC, Cracchiolo JR, Shippy D,
Tan J. Neuroscience. 2006; 142:941-952. [PubMed: 16938404]

Laurent C, Eddarkaoui S, Derisbourg M, Leboucher A, Demeyer D, Carrier S, Schneider M,
Hamdane M, Muller CE, Buee L, Blum D. Neurobiol Aging. 2014; 35:2079-2090. [PubMed:
24780254]

Valikovics A, Csanyi A, Nemeth L. Ideggyogy Sz. 2012; 65:115-120. [PubMed: 23136730]
Thal LJ, Salmon DP, Lasker B, Bower D, Klauber MR. J Am Geriatr Soc. 1989; 37:515-520.
[PubMed: 2715559]

Szatmari SZ, Whitehouse PJ. Cochrane Database Syst Rev. 2003:CD003119. [PubMed:
12535455]

Avrai H, Takahashi T. Am J Geriatr Psychiatry. 2009; 17:353-354. [PubMed: 19307864]

Sakurai H, Hanyu H, Sato T, Kume K, Hirao K, Kanetaka H, lwamoto T. Geriatr Gerontol Int.
2013; 13:90-97. [PubMed: 22672107]

Tai SY, Chen CH, Chien CY, Yang YH. BMC Neurol. 2017; 17:40. [PubMed: 28231822]

lhara M, Nishino M, Taguchi A, Yamamoto Y, Hattori Y, Saito S, Takahashi Y, Tsuji M, Kasahara
Y, Takata Y, Okada M. PLoS One. 2014; 9:89516. [PubMed: 24586841]

Treves TA, Korczyn AD. Dement Geriatr Cogn Disord. 1999; 10:505-510. [PubMed: 10559567]
Saletu B, Anderer P, Fischhof PK, Lorenz H, Barousch R, Bohmer F. Biol Psychiatry. 1992;
32:668-681. [PubMed: 1457622]

Costa DA, Cracchiolo JR, Bachstetter AD, Hughes TF, Bales KR, Paul SM, Mervis RF, Arendash
GW, Potter H. Neurobiol Aging. 2007; 28:831-844. [PubMed: 16730391]

Park SH, Kim JH, Bae SS, Hong KW, Lee DS, Leem JY, Choi BT, Shin HK. Biochem Biophys
Res Commun. 2011; 408:602-608. [PubMed: 21530492]

Soares HD, Potter WZ, Pickering E, Kuhn M, Immermann FW, Shera DM, Ferm M, Dean RA,
Simon AJ, Swenson F, Siuciak JA, et al. Arch Neurol. 2012; 69:1310-1317. [PubMed:
22801723]

Tynkkynen J, Hernesniemi JA, Laatikainen T, Havulinna AS, Salo P, Blankenberg S, Zeller T,
Salomaa V. J Neurol. 2017; 264:503-511. [PubMed: 28039523]

Tynkkynen J, Laatikainen T, Salomaa V, Havulinna AS, Blankenberg S, Zeller T, Hernesniemi JA.
J Alzheimers Dis. 2015; 44:1007-1013. [PubMed: 25408211]

Hilal S, Chai YL, Ikram MK, Elangovan S, Yeow TB, Xin X, Chong JY, Venketasubramanian N,
Richards AM, Chong JP, Lai MK, et al. Medicine (Baltimore). 2015; 94:e297. [PubMed:
25569645]

Hu WT, Holtzman DM, Fagan AM, Shaw LM, Perrin R, Arnold SE, Grossman M, Xiong C,
Craig-Schapiro R, Clark CM, Pickering E, et al. Neurology. 2012; 79:897-905. [PubMed:
22855860]

Kara K, Mahabadi AA, Weimar C, Winkler A, Neumann T, Kalsch H, Dragano N, Moebus S,
Erbel R, Jockel KH, Jokisch M. J Alzheimers Dis. 2017; 55:359-369. [PubMed: 27636851]
Kondziella D, Gothlin M, Fu M, Zetterberg H, Wallin A. Neuroreport. 2009; 20:825-827.
[PubMed: 19424098]

Mirza SS, de Bruijn RF, Koudstaal PJ, van den Meiracker AH, Franco OH, Hofman A, Tiemeier
H, Ikram MA. J Neurol Neurosurg Psychiatry. 2016; 87:356-362. [PubMed: 25918047]

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly

190.
191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.
205.
206.

207.

208.
209.

210.

211

212.

213.

214.

215.

216.

Page 21

Naito J, Naka Y, Watanabe H. Geriatr Gerontol Int. 2009; 9:242-245. [PubMed: 19702933]
Llano DA, Devanarayan V, Simon AJ. I. Alzheimer's Disease Neuroimaging. Alzheimer Dis
Assoc Disord. 2013; 27:233-243. [PubMed: 23023094]

Holm H, Nagga K, Nilsson ED, Ricci F, Melander O, Hansson O, Bachus E, Magnusson M,
Fedorowski A. J Intern Med. 2017; 282:94-101. [PubMed: 28407377]

Buerger K, Ernst A, Ewers M, Uspenskaya O, Omerovic M, Morgenthaler NG, Knauer K,
Bergmann A, Hampel H. Biol Psychiatry. 2009; 65:979-984. [PubMed: 19344890]

Schneider P, Buerger K, Teipel S, Uspenskaya O, Hartmann O, Hansson O, Minthon L, Rujescu
D, Moeller HJ, Zetterberg H, Blennow K, et al. Biol Psychiatry. 2011; 70:145-151. [PubMed:
21457948]

Abe T, Tohgi H, Murata T, Isobe C, Sato C. Neurosci Lett. 2001; 312:177-179. [PubMed:
11602339]

Yew DT, Wong HW, Li WP, Lai HW, Yu WH. Neuroscience. 1999; 89:675-686. [PubMed:
10199604]

Combs CK, Karlo JC, Kao SC, Landreth GE. J Neurosci. 2001; 21:1179-1188. [PubMed:
11160388]

Bonkale WL, Winblad B, Ravid R, Cowburn RF. Neurosci Lett. 1995; 187:5-8. [PubMed:
7617301]

Baltrons MA, Pifarre P, Ferrer |, Carot JM, Garcia A. Neurobiol Dis. 2004; 17:462-472.
[PubMed: 15571982]

Baltrons MA, Pedraza CE, Heneka MT, Garcia A. Neurobiol Dis. 2002; 10:139-149. [PubMed:
12127152]

Duszczyk M, Kuszczyk M, Guridi M, Lazarewicz JW, Sadowski MJ. Neurochem Int. 2012;
61:976-980. [PubMed: 22841892]

Puzzo D, Vitolo O, Trinchese F, Jacob JP, Palmeri A, Arancio O. J Neurosci. 2005; 25:6887—
6897. [PubMed: 16033898]

Paris D, Town T, Parker TA, Tan J, Humphrey J, Crawford F, Mullan M. Exp Neurol. 1999;
157:211-221. [PubMed: 10222124]

Mattson MP, Guo ZH, Geiger JD. J Neurochem. 1999; 73:532-537. [PubMed: 10428048]
Wirtz-Brugger F, Giovanni A. Neuroscience. 2000; 99:737-750. [PubMed: 10974437]

Prieto GA, Trieu BH, Dang CT, Bilousova T, Gylys KH, Berchtold NC, Lynch G, Cotman CW. J
Neurosci. 2017; 37:1197-1212. [PubMed: 27986924]

Zhang J, Guo J, Zhao X, Chen Z, Wang G, Liu A, Wang Q, Zhou W, Xu Y, Wang C. Behav Brain
Res. 2013; 250:230-237. [PubMed: 23685322]

Oz M, Lorke DE, Hasan M, Petroianu GA. Med Res Rev. 2011; 31:93-117. [PubMed: 19760660]
Fiorito J, Saeed F, Zhang H, Staniszewski A, Feng Y, Francis YI, Rao S, Thakkar DM, Deng SX,
Landry DW, Arancio O. Eur J Med Chem. 2013; 60:285-294. [PubMed: 23313637]

Puzzo D, Loreto C, Giunta S, Musumeci G, Frasca G, Podda MV, Arancio O, Palmeri A.
Neurobiol Aging. 2014; 35:520-531. [PubMed: 24112792]

Cuadrado-Tejedor M, Hervias I, Ricobaraza A, Puerta E, Perez-Roldan JM, Garcia-Barroso C,
Franco R, Aguirre N, Garcia-Osta A. Br J Pharmacol. 2011; 164:2029-2041. [PubMed:
21627640]

Puzzo D, Staniszewski A, Deng SX, Privitera L, Leznik E, Liu S, Zhang H, Feng Y, Palmeri A,
Landry DW, Arancio O. J Neurosci. 2009; 29:8075-8086. [PubMed: 19553447]

Garcia-Barroso C, Ricobaraza A, Pascual-Lucas M, Unceta N, Rico AJ, Goicolea MA, Salles J,
Lanciego JL, Oyarzabal J, Franco R, Cuadrado-Tejedor M, et al. Neuropharmacology. 2013;
64:114-123. [PubMed: 22776546]

Barger SW, Mattson MP. Biochem J. 1995; 311(Pt 1):45-47. [PubMed: 7575479]

Lee DI, Zhu G, Sasaki T, Cho GS, Hamdani N, Holewinski R, Jo SH, Danner T, Zhang M, Rainer
PP, Bedja D, et al. Nature. 2015; 519:472-476. [PubMed: 25799991]

Li J, Liu CN, Wei N, Li XD, Liu YY, Yang R, Jia YJ. Brain Res. 2016; 1642:327-335. [PubMed:
27071547]

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly

217.

218.

219.

220.

221.

222.

223.

224.
225.

226.
227.

228.

229.

230.

231

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.
243.

Page 22

Kroker KS, Mathis C, Marti A, Cassel JC, Rosenbrock H, Dorner-Ciossek C. Neurobiol Aging.
2014; 35:2072-2078. [PubMed: 24746365]

Schwam EM, Nicholas T, Chew R, Billing CB, Davidson W, Ambrose D, Altstiel LD. Curr
Alzheimer Res. 2014; 11:413-421. [PubMed: 24801218]

Tong L, Thornton PL, Balazs R, Cotman CW. J Biol Chem. 2001; 276:17301-17306. [PubMed:
11278679]

Muller M, Cardenas C, Mei L, Cheung KH, Foskett JK. Proc Natl Acad Sci U S A. 2011,
108:13293-13298. [PubMed: 21784978]

Giambarella U, Murayama Y, lkezu T, Fujita T, Nishimoto |. FEBS Lett. 1997; 412:97-101.
[PubMed: 9257698]

Echeverria V, Ducatenzeiler A, Chen CH, Cuello AC. Neuroscience. 2005; 135:1193-1202.
[PubMed: 16181736]

lkezu T, Okamoto T, Komatsuzaki K, Matsui T, Martyn JA, Nishimoto I. EMBO J. 1996;
15:2468-2475. [PubMed: 8665854]

Saura CA. Neurodegener Dis. 2012; 10:250-252. [PubMed: 22236576]

Arvanitis DN, Ducatenzeiler A, Ou JN, Grodstein E, Andrews SD, Tendulkar SR, Ribeiroda-Silva
A, Szyf M, Cuello AC. J Neurochem. 2007; 103:216-228. [PubMed: 17587310]

Satoh J, Tabunoki H, Arima K. Dis Markers. 2009; 27:239-252. [PubMed: 20037212]

Gines S, Seong IS, Fossale E, Ivanova E, Trettel F, Gusella JF, Wheeler VVC, Persichetti F,
MacDonald ME. Hum Mol Genet. 2003; 12:497-508. [PubMed: 12588797]

Beaumont V, Zhong S, Lin H, Xu W, Bradaia A, Steidl E, Gleyzes M, Wadel K, Buisson B,
Padovan-Neto FE, Chakroborty S, et al. Neuron. 2016; 92:1220-1237. [PubMed: 27916455]
Tanaka M, Ishizuka K, Nekooki-Machida Y, Endo R, Takashima N, Sasaki H, Komi Y,
Gathercole A, Huston E, Ishii K, Hui KK, et al. J Clin Invest. 2017; 127:1438-1450. [PubMed:
28263187]

Hebb AL, Robertson HA, Denovan-Wright EM. Neuroscience. 2004; 123:967-981. [PubMed:
14751289]

Lin JT, Chang WC, Chen HM, Lai HL, Chen CY, Tao MH, Chern Y. Mol Cell Biol. 2013;
33:1073-1084. [PubMed: 23275441]

Giralt A, Saavedra A, Carreton O, Xifro X, Alberch J, Perez-Navarro E. Hum Mol Genet. 2011;
20:4232-4247. [PubMed: 21835884]

Giralt A, Saavedra A, Carreton O, Arumi H, Tyebji S, Alberch J, Perez-Navarro E. Hippocampus.
2013; 23:684-695. [PubMed: 23576401]

Feyeux M, Bourgois-Rocha F, Redfern A, Giles P, Lefort N, Aubert S, Bonnefond C, Bugi A,
Ruiz M, Deglon N, Jones L, et al. Hum Mol Genet. 2012; 21:3883-3895. [PubMed: 22678061]
Saavedra A, Giralt A, Arumi H, Alberch J, Perez-Navarro E. PLoS One. 2013; 8:e73664.
[PubMed: 24040016]

Ahmad R, Bourgeois S, Postnov A, Schmidt ME, Bormans G, Van Laere K, Vandenberghe W.
Neurology. 2014; 82:279-281. [PubMed: 24353339]

Wilson H, Niccolini F, Haider S, Marques TR, Pagano G, Coello C, Natesan S, Kapur S, Rabiner
EA, Gunn RN, Tabrizi SJ, et al. J Neurol Sci. 2016; 368:243-248. [PubMed: 27538642]

Russell DS, Barret O, Jennings DL, Friedman JH, Tamagnan GD, Thomae D, Alagille D, Morley
TJ, Papin C, Papapetropoulos S, Waterhouse RN, et al. JAMA Neurol. 2014; 71:1520-1528.
[PubMed: 25322077]

Leuti A, Laurenti D, Giampa C, Montagna E, Dato C, Anzilotti S, Melone MA, Bernardi G,
Fusco FR. Neurobiol Dis. 2013; 52:104-116. [PubMed: 23220622]

Hu H, McCaw EA, Hebb AL, Gomez GT, Denovan-Wright EM. Eur J Neurosci. 2004; 20:3351—
3363. [PubMed: 15610167]

Miller S, Hill Della Puppa G, Reidling J, Marcora E, Thompson LM, Treanor J. J Huntingtons
Dis. 2014; 3:333-341. [PubMed: 25575954]

Harada A, Suzuki K, Kimura H. J Pharmacol Exp Ther. 2017; 360:75-83. [PubMed: 27811172]
Giampa C, Laurenti D, Anzilotti S, Bernardi G, Menniti FS, Fusco FR. PLoS One. 2010;
5:13417. [PubMed: 20976216]

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly

244.

245.

246.
247.
248.

249.

250.

251.

252.

253.

254.

255.
256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.
270.
271.

Page 23

Giampa C, Patassini S, Borreca A, Laurenti D, Marullo F, Bernardi G, Menniti FS, Fusco FR.
Neurobiol Dis. 2009; 34:450-456. [PubMed: 19281846]

Giralt A, Puigdellivol M, Carreton O, Paoletti P, Valero J, Parra-Damas A, Saura CA, Alberch J,
Gines S. Hum Mol Genet. 2012; 21:1203-1216. [PubMed: 22116937]

Schober A. Cell Tissue Res. 2004; 318:215-224. [PubMed: 15503155]
Qi H, Li S. Geriatr Gerontol Int. 2014; 14:430-439. [PubMed: 23879665]

Kaut O, Schmitt I, Tost J, Busato F, Liu Y, Hofmann P, Witt SH, Rietschel M, Frohlich H,
Waullner U. Neurogenetics. 2017; 18:7-22. [PubMed: 27709425]

Azuma R, Ishikawa K, Hirata K, Hashimoto Y, Takahashi M, Ishii K, Inaba A, Yokota T, Orimo
S. Mov Disord. 2015; 30:1964-1967. [PubMed: 26769607]

Niccolini F, Foltynie T, Reis Marques T, Muhlert N, Tziortzi AC, Searle GE, Natesan S, Kapur S,
Rabiner EA, Gunn RN, Piccini P, et al. Brain. 2015; 138:3003-3015. [PubMed: 26210536]

Galati S, Mazzone P, Fedele E, Pisani A, Peppe A, Pierantozzi M, Brusa L, Tropepi D, Moschella
V, Raiteri M, Stanzione P, et al. Eur J Neurosci. 2006; 23:2923-2928. [PubMed: 16819981]

Stefani A, Fedele E, Galati S, Pepicelli O, Frasca S, Pierantozzi M, Peppe A, Brusa L, Orlacchio
A, Hainsworth AH, Gattoni G, et al. Ann Neurol. 2005; 57:448-452. [PubMed: 15732123]

Stefani A, Fedele E, Galati S, Raiteri M, Pepicelli O, Brusa L, Pierantozzi M, Peppe A, Pisani A,
Gattoni G, Hainsworth AH, et al. J Neural Transm Suppl. 2006:401-408. [PubMed: 17017559]

Bockelmann R, Wolf G, Ransmayr G, Riederer P. J Neural Transm Park Dis Dement Sect. 1994;
7:115-121. [PubMed: 7536004]

Chalimoniuk M, Stepien A. Pol J Pharmacol. 2004; 56:647-650. [PubMed: 15591656]

Brodacki B, Chalimoniuk M, Wesolowska J, Staszewski J, Chrapusta SJ, Stepien A, Langfort J.
Parkinsonism Relat Disord. 2011; 17:689-692. [PubMed: 21802341]

Navarro JA, Jimenez-Jimenez FJ, Molina JA, Benito-Leon J, Cisneros E, Gasalla T, Orti-Pareja
M, Tallon-Barranco A, de Bustos F, Arenas J. J Neurol Sci. 1998; 155:92-94. [PubMed:
9562329]

lkeda M, Sato I, Yuasa T, Miyatake T, Murota S. J Neural Transm Gen Sect. 1995; 100:263-267.
[PubMed: 8748672]

Oeckl P, Steinacker P, Lehnert S, Jesse S, Kretzschmar HA, Ludolph AC, Otto M, Ferger B. PLoS
One. 2012; 7:e32664. [PubMed: 22396786]

\olicer L, Beal MF, Direnfeld LK, Marquis JK, Albert ML. Neurology. 1986; 36:89-92.
[PubMed: 2867490]

Muda K, Bertinetti D, Gesellchen F, Hermann JS, von Zweydorf F, Geerlof A, Jacob A, Ueffing
M, Gloeckner CJ, Herberg FW. Proc Natl Acad Sci U S A. 2014; 111:E34-43. [PubMed:
24351927]

Kim S, Park JM, Moon J, Choi HJ. Exp Neurol. 2014; 252:63-74. [PubMed: 24252179]

Giorgi M, D'Angelo V, Esposito Z, Nuccetelli V, Sorge R, Martorana A, Stefani A, Bernardi G,
Sancesario G. Eur J Neurosci. 2008; 28:941-950. [PubMed: 18717735]

Sancesario G, Morrone LA, D'Angelo V, Castelli V, Ferrazzoli D, Sica F, Martorana A, Sorge R,
Cavaliere F, Bernardi G, Giorgi M. Neurochem Int. 2014; 79:44-56. [PubMed: 25452081]

Sancesario G, Giorgi M, D'Angelo V, Modica A, Martorana A, Morello M, Bengtson CP,
Bernardi G. Eur J Neurosci. 2004; 20:989-1000. [PubMed: 15305867]

Barthwal MK, Srivastava N, Dikshit M. Redox Rep. 2001; 6:297-302. [PubMed: 11778847]

Hufgard JR, Williams MT, Skelton MR, Grubisha O, Ferreira FM, Sanger H, Wright ME, Reed-
Kessler TM, Rasmussen K, Duman RS, Vorhees CV. Psychopharmacology (Berl). 2017;
234:1803-1813. [PubMed: 28337525]

Oliva AA Jr, Kang Y, Furones C, Alonso OF, Bruno O, Dietrich WD, Atkins CM. J Neurochem.
2012; 123:1019-1029. [PubMed: 23057870]

Nishi A, Snyder GL. J Pharmacol Sci. 2010; 114:6-16. [PubMed: 20716858]
Chalimoniuk M, Langfort J. Neurochem Int. 2007; 50:821-833. [PubMed: 17379358]

Chalimoniuk M, Langfort J, Lukacova N, Marsala J. Biochem Biophys Res Commun. 2004;
324:118-126. [PubMed: 15464991]

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kelly

272.
273.

274.

275.

276.

277.

278.

279.

280.

281.
282.

Page 24

Sharma S, Deshmukh R. Neuroscience. 2015; 286:393-403. [PubMed: 25514048]

Zhao HK, Chen BY, Chang R, Wang JB, Ni F, Yang L, Dong XC, Sun SH, Zhao G, Fang W, Ma
QR, et al. Peptides. 2013; 49:117-122. [PubMed: 24055805]

Yang L, Calingasan NY, Lorenzo BJ, Beal MF. Exp Neurol. 2008; 211:311-314. [PubMed:
18328479]

Kelly, MP. Pdel1a. In: Choi, S., editor. Encyclopedia of signaling molecules. Springer New York;
New York, NY: 2016. p. 1-23.

Pathak G, Agostino MJ, Bishara K, Capell WR, Fisher JL, Hegde S, Ibrahim BA, Pilarzyk K,
Sabin C, Tuczkewycz T, Wilson S, et al. Mol Psychiatry. 2016

Hegde S, Capell WR, Ibrahim BA, Klett J, Patel NS, Sougiannis AT, Kelly MP.
Neuropsychopharmacology. 2016; 41:2920-2931. [PubMed: 27339393]

Hegde S, Ji H, Oliver D, Patel NS, Poupore N, Shtutman M, Kelly MP. Neuroscience. 2016;
335:151-169. [PubMed: 27544407]

Kelly MP, Logue SF, Brennan J, Day JP, Lakkaraju S, Jiang L, Zhong X, Tam M, Sukoff Rizzo
SJ, Platt BJ, Dwyer JM, et al. Proc Natl Acad Sci U S A. 2010; 107:8457-8462. [PubMed:
20404172]

Zimmerman ID, Berg AP. Mech Ageing Dev. 1975; 4:89-96. [PubMed: 168444]
Puri SK, Volicer L. Mech Ageing Dev. 1977; 6:53-58. [PubMed: 189140]

Giorgi M, Squitti R, Bonsi P, Paggi P, Toschi G. Neurochem Int. 1994; 25:493-500. [PubMed:
7849578]

Cell Signal. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kelly

Page 25

HIGHLIGHTS

Aging is associated with decreased cAMP/cGMP signaling in most brain
regions but increased cCAMP signaling in prefrontal cortex and cerebral
microvessels

Alzheimer’s is associated with decreased cAMP/cGMP in hippocampus and
temporal cortex but increased cCAMP in microvessels

Huntington’s is associated with decreased cCAMP/cGMP in striatum and
cortex but increased cAMP signaling in hippocampus

Therapeutic efficacy in Parkinson’s correlates with increasing cGMP
signaling

PDE inhibitors rescue deficits associated with aging, Alzheimer’s,
Huntington’s, and Parkinson’s Disease
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Figure 1.
Signaling cascades responsible for the synthesis, execution, and break down of cAMP and

cGMP signals. G-protein coupled receptors activate heterotrimeric G-proteins containing
either an inhibitory (Gi) or stimulatory (Gs) alpha subunit (by facilitating displacement of a
bound GDP for GTP) that acts on transmembrane adenylyl cyclase (tAC). In contrast, and
calcium and bicarbonate (HCO3) activate soluble AC (sAC). ACs synthesize the formation
of 3°,5’-cyclic adenosine monophosphate (cCAMP) from ATP. cAMP can then activate
exchange protein activated by cAMP (Epac), protein kinase A (PKA), or cyclic nucleotide
gated channels (CNGs). Natriuretic peptides (NPs) activate particulate guanylyl cyclase
(pGC)-coupled receptors, and nitric oxide (NO) stimulates soluble GC (sGC). GCs
synthesize the formation of 3’,5’-cyclic guanosine monophosphate (cGMP) from GTP.
cGMP activates protein kinase G (PKG) and CNGs. Activation of PKA and/or PKG leads to
phosphorylation and activation of the transcription factor cAMP response element binding
protein (CREB). 11 families of 3’,5’-cyclic nucleotide phosphodiesterases (PDESs) hydrolyze
CcAMP and/or cGMP, and the activity of select PDEs (indicated by*) is allosterically
regulated by cAMP or cGMP.
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B) Aging
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Figure 2.
Aging, Alzheimer’s Disease, and Huntington’s Disease are generally associated with

reduced cCAMP and cGMP signaling in brain compared to normal levels. A) Normal
signaling seen in young adult brain. Targets that appear to change in response to age or
disease relative to this baseline are underscored in subsequent panels, and increases/
decreases are indicated by a change in the relative font size (e.g., smaller font means
decreases were noted). B) Studies in most brain regions indicate that aging is associated with
reductions in basal or stimulated cCAMP levels, PKA activity, soluble guanylyl cyclase (SGC)
activity, cGMP levels, PKG activity, and CREB activity (as measured by phosphorylation or
rates of CRE-dependent transcription) and increased phosphodiesterase (PDE) activity. C)
Relative to the healthy age-matched controls, which already show reduced cAMP/cGMP
signaling as outlined in panel B, Alzheimer’s disease patients/models demonstrate even
further reductions in the aforementioned targets as well as reductions in adenylyl cyclase
(AC) activity and cyclic nucleotide gated channels (cNGC). D) Similar, changes can also be
seen in Huntington’s Disease patients/models, with the notable exception that most studies
report decreases in PDE expression/activity. *opposite effect noted in select tissues (e.g.,
increased cAMP signaling in aging prefrontal cortex or HD hippocampus, specifically)—see
main text. **age/disease-related changes have been noted, but directionality (increase vs.
decrease) depends on specific isoform and/or brain region—see main text.
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