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Abstract

Developing therapeutics for traumatic brain injury remains a challenge for all stages of recovery.
The pathological features of traumatic brain injury are diverse, and it remains an obstacle to be
able to target the wide range of pathologies that vary between traumatic brain injured patients and
that evolve during recovery. One promising therapeutic avenue is to target the second messengers
cAMP and cGMP with phosphodiesterase inhibitors due to their broad effects within the nervous
system. Phosphodiesterase inhibitors have the capability to target different injury mechanisms
throughout the time course of recovery after brain injury. Inflammation and neuronal death are
early targets of phosphodiesterase inhibitors, and synaptic dysfunction and circuitry remodeling
are late potential targets of phosphodiesterase inhibitors. This review will discuss how signaling
through cyclic nucleotides contributes to the pathology of traumatic brain injury in the acute and
chronic stages of recovery. We will review our current knowledge of the successes and challenges
of using phosphodiesterase inhibitors for the treatment of traumatic brain injury and conclude with
important considerations in developing phosphodiesterase inhibitors as therapeutics for brain
trauma.
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1. INTRODUCTION

Traumatic brain injury (TBI) has been hampered in therapeutic development in both the
acute and chronic recovery stages [1, 2]. Not only is there a lack of therapeutics adequately
addressing the unique consequences of brain trauma, but there is a lack of understanding in
the molecular and circuitry changes induced by TBI that need to be targeted with
therapeutics. Therapeutic development has also been impeded by the issue that the targets

Correspondence: Dr. Coleen M. Atkins, Department of Neurological Surgery, The Miami Project to Cure Paralysis, University of
iami Miller School of Medicine, Miami, Florida, 33136, USA, Tel: 305-243-4698, Fax: 305-243-3914, catkins@med.miami.edu.
Authors contributed equally
DISCLOSURE/CONFLICT OF INTEREST
The authors of this paper declare no conflict of interest pertaining to this manuscript.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Titus et al.

Page 2

are changing as the TBI survivor recovers and develops coping strategies [3]. An enormous
amount of change occurs in the brain in the acute to chronic time windows after brain
trauma and even these transitions from acute to subacute to chronic recovery have yet to be
identified [4]. Progressive secondary injury coupled with endogenous reparative strategies
render the injured brain a moving target for therapeutics. Nevertheless, these are critical
issues of importance in understanding the molecular, physiological and circuitry changes
that underlie the behavioral problems that develop as a consequence of TBI.

A therapeutic target that is evolving and developing into a key player in multiple recovery
mechanisms is phosphodiesterases (PDESs). PDEs subserve a variety of basic functions in the
brain. They are involved in synaptic plasticity, homeostasis, and a number of basic
behaviors including cognition, anxiety, and mood regulation [5, 6]. PDEs are critically
important in neuronal functioning because they are key regulators of the second messenger
cyclic nucleotides. Cyclic nucleotides consist of cyclic adenosine 3’-5’-monophosphate
(cAMP) and cyclic guanosine 3’-5’-monophosphate (¢cGMP) and are important second
messengers in a variety of cells within the central nervous system (CNS). Cyclic nucleotides
are synthesized by adenylyl cyclases (ACs) from ATP and guanylyl cyclases (GCs) from
GTP to exert signaling cascades within neurons, microglia, and astrocytes. A key step in
control of their activities is hydrolysis to the inactive molecules AMP and GMP. This is
performed by the enzymes PDEs, which can be broadly divided into three categories, PDEs
that hydrolyze cAMP preferentially, PDEs that hydrolyze cGMP only, and PDEs that
hydrolyze both cAMP and cGMP [5].

Eleven PDEs families have been identified with differing specificity towards cCAMP and
cGMP [5]. These families are numbered 1-11, with individual genes denoted by a letter
(e.g., PDE4D being the D gene of the PDE4 family). The PDE4, PDE7, and PDES8 family
members are cAMP-specific. The PDE5, PDE6, and PDE9 family members are cGMP-
specific. The PDE1, PDE2, PDE3, PDE10, and PDE11 family members hydrolyze both
cAMP and cGMP. There are between one to four genes for each PDE family, and within
each gene family, numerous splice variants exist and are denoted by a number (e.g.,
PDE4D3 being splice variant 3 of PDE4D) [5].

Of the 11 PDE families, perhaps the most investigated in the context of brain injury is
PDE4. PDE4 is highly specific for cAMP, with a low Km of 1-3 pM [7]. It is not sensitive
to cGMP or calcium, but is sensitive to rolipram, a prototypical PDE4 inhibitor. There are
four PDEA4 genes, 4A, B, C, and D and they are unique within the PDEs by having an
upstream conserved region (UCR) which responds to intracellular signals to regulate their
activity. The different families are also multiply spliced resulting in different subgroups:
long, short, supershort, and dead-short isoforms (Fig. 1). Long isoforms contain both a
UCR1 and UCR?2, short isoforms lack UCR1 but do contain UCR2, whereas super-short
isoforms lack UCRL1 and have truncated UCR2 regions; the dead-short isoforms have a
truncated catalytic domain and lack both UCR1 and UCR?2 [8, 9]. This results in differential
regulation because UCR1 can be phosphorylated by protein kinase A (PKA) which activates
the enzyme whereas short isoforms can be phosphorylated by phosphoinositide-3-kinase as
well as extracellular signal-regulated kinase (ERK) 1/2 in the catalytic domain, resulting in
inhibition of the enzyme [10, 11]. The differential regulation of the enzymes suggests that
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they do not exert redundant functions in the CNS. In fact, isoform-specific knockout mice
studies have revealed that PDE4B and PDE4D in particular, subserve very different
functions in the brain. PDE4B is involved in anxiety and inflammation, whereas PDE4D is
involved in memory formation, adult neurogenesis, and depression [12-17]. Given the
diversity of PDEs in the CNS and their various functions, it is important to understand their
differential contributions to the pathology of CNS injury and their role in recovery.

This review provides an overview of the regulation of the PDEs and cyclic nucleotide
signaling after brain injury, and therapeutic strategies targeting PDES to improve outcome
after CNS injury. Strategies to refine PDE4 inhibitors as therapeutics for brain injury are
also discussed.

2. CHANGES IN cAMP SIGNALING AFTER TBI

Many intracellular signaling cascades are activated acutely following TBI, however, the
cAMP-PKA signaling pathway is unusual in that this pathway is one of the few that is
acutely depressed after TBI [18, 19]. Fluid-percussion brain injury, a brain injury model that
results in both focal and diffuse injury within the brain, decreases levels of cAMP within
both the injured cortex and hippocampus by 15 minutes after trauma. These changes begin
to normalize and within three days, cAMP levels are back to sham, non-injured levels. In
contrast to fluid-percussion brain injury, one study has reported no change in cAMP levels
after controlled cortical impact, a more focal brain injury model [20]. The depression of
cAMP levels parallels decreases in PKA phosphorylation at Thr197 on the catalytic site [18,
21]. Thus, unlike many other signaling molecules such as the calcium/calmodulin-dependent
protein kinases, ERK, and protein kinase C which are activated acutely after brain trauma,
both cAMP and PKA are transiently downregulated [18, 22-28].

Recently, we found that changes in cAMP levels are sensitive to injury severity. The
aforementioned changes were in reference to moderate brain injury severity. In contrast,
mild fluid-percussion brain injury has no significant effect on cCAMP levels within the
hippocampus in young adult animals, although as discussed in Section 4, this does not hold
true for aged animals [19]. In addition, cortical changes in cAMP after mild TBI are less
significant than what is observed after moderate TBI and independent of age.

An interesting twist on this pathway is the injury-induced changes in the transcription factor
cyclic AMP-responsive-element-binding protein (CREB), an important downstream target
of cCAMP-PKA signaling. Numerous studies have reported that CREB phosphorylation
increases within minutes after brain trauma and continues to rise for up to 1 week post-
injury [23, 24, 26, 29]. The differential response of CREB versus cCAMP and PKA to brain
trauma may be due to a number of reasons; however, no study has yet deciphered the cause
or meaning of this dissociation. CREB phosphorylation at this site (Ser133) is mediated by
numerous protein kinases beyond PKA, including calcium/calmodulin-dependent protein
kinase 1V and pp90RSK, which are also known to be upregulated after brain trauma [23, 30,
31].

Like TBI, other models of brain injury such as ischemia report similar changes in the
cAMP-PKA-CREB signaling pathway. There is a significant increase in CREB
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phosphorylation after ischemic brain injury [32]. However, the sustained effect of ischemia
significantly depresses levels of CAMP, cytosolic PKA catalytic subunit 8, nuclear PKA
catalytic subunits a and 8, and CREB-DNA binding activity in both the cortex and
hippocampus [33].

These studies raise interesting questions, how are cCAMP levels decreased after brain injury
and what are the functional consequences of these decreases? We will attempt to answer
these questions in the following sections and discuss the putative mechanisms that
contribute to decreases in CAMP levels after TBI (Section 3) and how changes in cAMP and
PDE signaling contribute to the pathomechanisms of acute (Section 6) and chronic TBI
(Section 7).

3. PHOSPHODIESTERASE REGULATION IN BRAIN TRAUMA

Using the fluid-percussion brain injury model, we have characterized the regulation of a
number of PDE isoforms after TBI [34]. After fluid-percussion brain injury, PDE1A protein
levels increased rapidly and dramatically within one hour in the injured cerebral cortex, and
remained elevated for at least one day thereafter. However, mRNA levels of PdelA did not
change post-injury, suggesting that the increase was not due to gene regulation, but rather
was due to translational regulation and/or decreased protein turnover. In the non-injured
brain, PDE1A mRNA is most strongly present in the cortex and hippocampus [35].
Similarly after TBI, PDELA expression was restricted to neurons in the cerebral cortex,
particularly in layers 1\VV/V, in both the injured and non-injured brain. Subcellularly, PDE1A
localized mainly to the soma and proximal dendrites, and was essentially absent from the
nucleus. In contrast, PDE1B levels significantly decreased after TBI, and PDE1C levels did
not significantly change after TBI.

Examination of other PDEs within the brain revealed that many were unaltered with brain
trauma. Levels of PDE3A, 8A, or 8B were unchanged between 30 minutes to one week
post-injury [34]. Further studies are required to investigate whether these particular isoforms
contribute to chronic recovery mechanisms in TBI.

In contrast, significant alterations were observed with many of the PDE4 isoforms after TBI
[34]. Phosphorylation of PDE4A long isoforms at the PKA phosphorylation site were
significantly increased after TBI, remaining high for at least one week. PDE4A mRNA is
highly expressed in all cortical regions within the non-injured brain [35]. In both the injured
and non-injured parietal cortex, phospho-PDE4A expression was predominantly restricted to
neurons throughout all cortical layers. Furthermore, this expression was almost exclusively
nuclear. The increased phosphorylation of PDE4A may be responsible, in part, for the
decrease in CAMP levels after TBI since PKA phosphorylation of the long isoforms
increases PDE4A activity [36]. Interestingly, total PDE4A5 and PDE4AS8 (both long
isoforms) protein levels decreased over this same time period.

Two isoforms in particular that exhibited dramatic, increased expression within the injured
brain were PDE4B2 and PDE4D?2 [36]. PDE4B2 levels significantly increased (~10-fold)
within one hour after TBI and did not return to sham, non-injured levels until one week post-
injury. This paralleled an increase in mRNA expression (~20-fold increase) for this short
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isoform. In both the injured, ipsilateral parietal cortex as well as the non-injured parietal
cortex, PDE4B2 expression was predominantly localized to dendrites. However, PDE4B2
MRNA is most highly expressed in the non-injured hippocampus, although some expression
is observed throughout the cortex [37]. Further experiments are needed to evaluate whether
hippocampal changes in PDE4B2 are as pronounced as the cortical increases. In contrast to
PDE4B?2, the levels of the long isoforms PDE4B1, 3 and 4 did not significantly change over
this time period.

The other short splice variant that significantly increased after TBI was PDE4D2 [34]. This
increase paralleled the changes in PDE4B2, increasing within one hour after TBI, and
remaining elevated for up to one week post-injury. Likewise, Pde4D2 mRNA levels
increased by ~80-fold. Although PDE4D2 mRNA is found in the cerebral cortex, PDE4D2
protein expression is virtually undetectable in the contralateral and non-injured cortex [34,
38]. In the injured brain, PDE4D2 expression was found throughout the entire ipsilateral
cortex, making it an excellent marker for the injured brain. Furthermore, PDE4D2 was
absent from neurons and astrocytes. Expression of PDE4D3 and PDE4D4 (long variants) did
not significantly change after TBI.

It is significant to note that the genes for both PDE4B2 and PDE4D2, the isoforms that
showed the most pronounced changes after TBI, contain cAMP-response elements in their
promoters, and increased intracellular cAMP upregulates expression of both isoforms [39-
41]. However, with respect to regulation of these genes by cAMP, the activation of CREB
during fluid-percussion brain injury is delayed relative to the upregulation seen for PDE4B2
and PDE4D?2 [18]. Besides CRE elements, the PDE4B2 promoter also contains an NF-xB
canonical site [13, 39]. These isoforms regulate pro-inflammatory cytokine expression
within inflammatory cells [13, 40, 42, 43]. The initial increases observed with these
isoforms may be due to regulation through the NF-xB pathway within inflammatory cells,
whereas the sustained increases may be through the cAMP pathway.

Like PDE1A, PDE4B2, and PDE4D2, PDE10A protein levels significantly increased after
TBI within the injured parietal cortex (~2-fold), albeit much more modestly than the others
[34]. The increase in PDE10A is likely due to increased gene transcription, since Pde10A
mMRNA levels were significantly increased by ~10-fold. PDE10 is most strongly expressed
within striatum, although it also found at reduced levels within the cerebral cortex [35, 44,
45]. Further work is needed to determine if striatal expression of PDE10A is also regulated
by brain injury.

In summary, many but not all, PDE genes and protein expression were upregulated after
brain trauma. Most notable include PDE1A, PDE4B2, PDE4D2, and PDE10A, as well as
phosphorylation of PDE4A. However, whether these protein changes are the direct cause of
the decrease in cCAMP levels after TBI has yet to be directly tested. The consequences of
these dramatic changes in protein expression are still unknown, although as described in
section 6, several may be involved in the inflammatory response to TBI. In addition,
whether any of these isoforms are regulated in the chronic phase of recovery after TBI is an
area that deserves exploration.
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4. INTERACTION OF AGE, TBI AND cAMP

Cognitive dysfunction is one of the most common deteriorating effects of aging in the
elderly population. Aging in normal individuals diminishes a variety of cognitive functions,
and in particular the consolidation of long-term memories [46]. The hippocampus, a
subcortical structure critical for learning and memory, is often implicated in age-related
memory deficits [47]. Evidence from human as well as animal studies indicates that aging
leads to multiple changes in the hippocampus. These include synaptic dysfunction and
deficits in gene expression during memory formation [46]. Together, these studies suggest
that age-related cellular signaling changes in the hippocampus likely contribute to memory
impairments in the elderly population.

One cell signaling pathway that exhibits several age-related changes is the CAMP-PKA-
CREB cascade. Several studies have converged to conclude that basal CREB
phosphorylation is lower in pyramidal cells of all subregions of the hippocampus of aged
animals as compared to young adult animals [48-53]. The upstream mechanisms that result
in this decrease in basal CREB phosphorylation are still being delineated. We and others
have shown that basal cAMP levels are not altered in the hippocampi of aged animals [19,
54]. However, there are suggestions that this decrease in basal CREB phosphorylation may
be due to increased phosphatase activity since studies have reported age-related increases in
phosphatase levels [52, 55].

Additionally, activation of the cCAMP-PKA-CREB cascade during learning is deficient in
aged animals and this is correlated with age-related cognitive deficits. In a hippocampal-
dependent learning paradigm, Monti et al., observed an increase in CREB phosphorylation
in the hippocampus 24 hours following learning in young adult animals, but not in aged
animals [56]. Although total levels of CREB were unaltered, stimulation of CREB
phosphorylation and CREB-mediated gene transcription required for long-term memory
formation was dramatically diminished in the aged hippocampus. This deficit in activation
of CREB has been suggested to be due to decreases in basal AC expression or regulation
[57-59]. Another possibility is dysregulation of PKA since PKA activity levels are
depressed with age [60, 61]. Thus, these studies suggest that not only are there alterations in
basal CREB phosphorylation levels, but the ability to stimulate CREB phosphorylation and
transcription in the aged hippocampus is also deficient during memory formation [53].

Efforts to positively impact the cAMP-PKA-CREB signaling pathway have met with
success to improve age-related cognitive deficits. Increasing cCAMP levels either directly by
cAMP analogs or indirectly by inhibition of PDEs reversed the aged-related memory and
synaptic plasticity deficits in aged rodents and in a mouse model of Alzheimer’s disease
[62—64]. Rolipram is a PDE4 inhibitor that increases cAMP levels both in vitro and in vivo
[65]. Application of a low concentration of rolipram during tetanization converted transient
long-term potentiation (LTP) into long-lasting late LTP in hippocampal slices from non-
injured aged animals [63, 64, 66]. Administration of a low dose of rolipram to elevate CAMP
levels without affecting basal levels improved contextual fear conditioning in aged mice and
reversed the age-related deficits in spatial memory in the water maze [63, 64].
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Age is one of the most significant prognostic indicators of TBI outcome. A mild TBI that
has little or no effect on cognitive functioning in a child or young adult can result in
prolonged cognitive disability in aged individuals [3]. There are a number of pathologies
that are particularly exacerbated with age after TBI, including intracerebral hemorrhage,
elevated glial and macrophage responses, brain tissue damage and disproportionate white
matter loss [67, 68]. These pathological changes result in the highest rates of TBI-associated
hospitalizations and death in the elderly [69]. TBI is also an epigenetic risk factor for
Alzheimer’s and Parkinson’s diseases [70, 71]. Thus, TBI is a significant health problem in
the elderly and likely to increase as our population ages.

The detrimental effects of aging on outcome after brain trauma have been recapitulated in
animal models. One of the first studies investigated the relationship of calcium dynamics
and age since calcium is an important initiating pathomechanism acutely after TBI. Hovda’s
group found that TBI results in higher levels of calcium accumulation in the hippocampi of
aged animals [72]. This could result in significant dysregulation of key calcium-dependent
pathways involved in synaptic function and plasticity, in particular since this study also
found that intracellular calcium levels returned to basal levels much more slowly in aged
animals after TBI [72]. Later studies investigated other pathological features of TBI in aged
animals and several have reported increased oxidative damage and upregulation of pro-
inflammatory cytokines [73-78]. In contrast, expression of neuroprotective genes such as
hypoxia inducible factor-1a was suppressed following TBI in aged mice [79]. Thus, TBI
results in an imbalance between pro-inflammatory cytokines and the expression of
neuroprotective genes in aged animals.

Aging results in not only increased inflammation and neuronal death, but also synaptic
dysfunction after TBI. Interestingly, these previous studies did not detect any systemic
complications due to age since key factors that could contribute to the secondary injury
progression such as hypoxia, blood pressure, and weight loss were not altered with age [76,
80, 81]. These studies have also found that the worsened pathology with age corresponds to
behavioral deficits. Both cognitive and motor function are more severely impaired in aged
animals as compared to young adult animals after TBI [75, 77, 81, 82].

Given the well-known age-related changes in cCAMP-mediated signaling in the aged brain,
we examined changes in CAMP in aged animals as compared to young adult animals after
both mild and moderate TBI [19]. We found that cAMP levels were altered in an injury
severity-dependent manner (Fig. 2). Using the fluid-percussion brain injury model as a
clinically relevant model, we found that mild TBI resulted in a significant decrease in
hippocampal cAMP levels in aged animals, but not in young adult animals. In contrast,
moderate TBI significantly lowered cAMP levels in both young adult and aged animals.
Using the hippocampal slice preparation, we also investigated the electrophysiological
consequences of these differential responses to mild and moderate TBI. At two weeks post-
injury, the effects of mild and moderate TBI on basal synaptic transmission and paired-pulse
facilitation in area CA1 region of the hippocampus were assessed. Both mild and moderate
TBI resulted in hypoexcitability of the Schaffer collateral-evoked field excitatory
postsynaptic potential for both age groups as measured by the input-output curve. This
depression in basal synaptic transmission was not rescued with rolipram treatment with
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either age group. Paired-pulse facilitation, a measure of short-term pre-synaptic plasticity,
was depressed after moderate TBI, but not mild TBI, in both young adult and aged
hippocampal slices. Inhibition of PDE4 with rolipram could not restore this form of short-
term plasticity as well. These results indicate that there are similar basal synaptic
transmission deficits in both young adult and aged animals after TBI that are therapeutically
inaccessible with PDE4 inhibitors.

Hippocampal LTP, a physiological model for learning and memory that requires activation
of the cAMP-PKA-CREB pathway, was also investigated [83]. For both age groups, there
was a decrease in the ability to maintain the synaptic potentiation, suggestive of a signaling
deficit in the expression phase of LTP [19]. Thus, we evaluated whether rolipram could
rescue this deficit (Fig. 3). Rolipram rescued LTP in both young adult and aged animals
after mild TBI, but rescued LTP only in young adult but not aged animals after moderate
TBI [19]. These results suggest that there are differential injury severity consequences of
TBI on young adult versus aged animals. Although PDE4 inhibitors may be effective after
mild TBI, targeting other pathomechanisms is also required for moderate TBI in the aged
population.

5. ROLE OF cGMP-PDES AND TBI

While the roles played by cAMP-PDEs during brain trauma are by no means completely
clear, the roles of cGMP-PDEs are even more poorly defined. However, a growing body of
work suggests that inhibition of cGMP-PDEs may be a useful therapeutic intervention after
brain injury, albeit with certain caveats.

Very few studies have investigated changes in cGMP and cGMP-specific PDEs after TBI.
Povlishock’s group has reported that basal cGMP levels are unaltered after lateral fluid-
percussion brain injury [84]. However, there were differential effects on cGMP levels with
NMDA stimulation. NMDA induced a decrease in cGMP in the non-injured, contralateral
hippocampus, but interestingly, resulted in an increase in cGMP levels in the injured,
ipsilateral hippocampus. This effect was only observed in the acute post-injury time period,
60 minutes post-TBI, and stimulated cGMP levels normalized by two weeks post-injury. We
have observed analogous transient changes in cGMP-PDEs after fluid-percussion brain
injury. PDEL1 is a calcium/calmodulin-dependent PDE that hydrolyzes primarily cGMP,
although PDE1C also hydrolyzes both cAMP and cGMP. Levels of PDE1A significantly
increased within 30 minutes post-TBI within neurons and returned to baseline by one week
[34]. Although further work is required in this area, several TBI studies using non-specific
PDEL1 inhibitors such as caffeine and amantadine have reported improvements in cognitive
outcome and reduced inflammation [85, 86].

Another potentially promising therapeutic target is PDE10A. PDE10A is a cGMP-PDE
localized predominantly within the striatum [35, 45]. In fluid-percussion brain injury, we
observed a significant upregulation of PDE10A in the injured parietal cortex in the acute
recovery period between six hours to one day post-injury [34]. Gait deficits are an important
deleterious consequence of brain trauma and further work is needed to determine if PDE10A
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inhibitors, which are currently used for Huntington’s disease, may be a viable therapeutic
avenue for TBI [87-89].

Much of the work regarding the cGMP-PDEs in CNS injury has focused on PDES5, the
enzyme inhibited by sildenafil (Viagra) and tadalafil (Cialis). Work from Garcia’s group has
shown that the non-selective cGMP-PDE inhibitor, zaprinast, reduced neuronal death after
cortical cryoinjury and these beneficial effects were essentially mimicked by the PDE5
selective inhibitor, sildenafil [90, 91]. These effects appeared to be multimodal, with
enhanced astrogliosis and angiogenesis in the lesioned area and suppression of microglia
infiltration. In glia cells around the lesion site, sildenafil significantly upregulated the
expression of neuroprotective metal-binding cysteine-rich proteins, metallothioneins 1/11
[91]. After cerebral ischemia, tadalafil administration was found to facilitate recovery and
improve short-term memory deficits by increasing cGMP levels and reducing neuronal
apoptosis [92]. In a middle-aged mouse ischemic brain model, sildenafil significantly
increased the number of neural stem cells, as well as their neuronal and oligodendrocyte
progeny [93]. Furthermore, after experimental subarachnoid hemorrhage (SAH), PDE5
activity, but not expression, increased with a concomitant decrease in cGMP levels [94].
Post-SAH administration of sildenafil significantly decreased PDES5 activity, restored cGMP
levels, decreased cerebral vasospasm and neuronal cell death, and improved functional
recovery with minimal physiological side effects [94].

However, results from other studies indicate that therapies that target cGMP-PDEs must also
take into account how intracellular cGMP will be increased. A number of reports suggest
that nitric oxide (NO) activation of the protein kinase G (PKG) pathway may be very
detrimental to recovery after brain injury. NO has synaptotoxic actions and NO induction of
the GC-PKG pathway has been shown to result in synapse elimination in the CNS, leading
to the proposal that it may possibly underlie cognitive deficits in several neurological
disorders [95, 96]. For example, the selective serotonin reuptake inhibitor sertraline protects
against transient global ischemia-induced behavioral despair, and these beneficial effects are
reversed by NO upregulation [97]. Hypothermia therapy also inhibits NO production during
cerebral ischemia and upregulation of inducible nitric oxide synthase (iNOS), which might
account, at least in part, for the neuroprotective effects of this treatment [98, 99]. In short, it
appears that NO activation of the GC-PKG pathway may be deleterious, particularly when it
leads to induction of iNOS, and some or most of these deleterious effects may be due to NO
itself or its peroxide byproducts driven by iNOS. In support of this hypothesis, the NO
donor, ZIM-289, was found to alleviate cerebral ischemic-reperfusion injury through
inhibition of neuronal NOS and stimulation of the soluble GC-cGMP pathway [100]. The
combination therapy of NO donors and PDE5 inhibitors appears to facilitate neurogenesis,
oligodendrogenesis, and angiogenesis after stroke [101]. However, given the complex roles
of both iNOS and neuronal NOS in the recovery and pathomechanisms of TBI, this
therapeutic route is a challenge for TBI [102, 103].

Guanylyl cyclase activation, and thus cGMP upregulation, can be accomplished by
messengers other than NO. One such well-studied activator is atrial natriuretic peptide
(ANP), which has been shown to be protective after cerebral ischemia or hemorrhage [104].
One study has shown that stimulation of the cGMP-PKG pathway by ANP, but not by NO,
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induced morphological changes in microglia through cytoskeleton reorganization [105].
Furthermore, this upregulation of cGMP by ANP did not lead to upregulation of iNOS or
tumor necrosis factor-a (TNF-a) expression. In an oxide-injury model, NO and
peroxynitrite formation was highly damaging to neurons; however, the PDE inhibitor,
propentofylline, could almost entirely block this damage, suggesting PDE inhibitors as
therapeutically useful in limiting oxidative damage in neurons [106]. While propentofylline
is not selective for cAMP- versus cGMP-PDEs, its beneficial effects may be in this non-
selectivity. Indeed, axon regeneration of spinal cord neurons was shown to be improved by a
combination of cGMP and cAMP upregulation [107].

It is worth noting that in one study using controlled cortical impact, the continuous
administration of a cGMP analogue, 8-bromo-cGMP, significantly worsened injury [108]. In
that study, these treatments exacerbated brain edema and worsened blood-brain barrier
disruption in the injured hemisphere at 24 hours after injury. However, it is still possible that
NO activation may underlie, at least in part, these detrimental effects, as well as activation
of the “wrong” cGMP pathway. GC can be divided into two main groups: the membrane-
bound or particulate GC, and the cytosolic GC. In the spinal cord, natriuretic peptides
activate the particulate GC pool, leading to cGMP accumulation in GABAergic structures
[109]. It is thus possible that activation of the particulate GC pool, or isoforms not involved
in the NO pathway, may underlie the therapeutic effects.

Relevant to the above is that the dual-specific PDE, PDES3, is strongly expressed in
endothelial cells and the PDE3-selective inhibitor, cilostazol, appears to strengthens barrier
integrity in brain endothelial cells [110, 111]. Furthermore, in ischemia-reperfusion injury,
PDES3B levels increase in neurons and astrocytes, with activation in the latter being stronger
[110].

Finally, it is noteworthy that the promoter for PDE5A is responsive to both cAMP and
cGMP [112, 113]. Thus, it is possible that treatments that selectively increase CAMP levels
may not be useful in all brain injury models, since they could effectively decrease cGMP
levels as an unintended consequence. This may explain some of the reported discrepancies
in the use of PDE4 inhibitors in brain injury [114, 115].

In summary, there is sufficient data to suggest that increasing intracellular cGMP levels may
be therapeutically beneficial after TBI. However, this should be done without increasing NO
levels, since depending on the recovery period, this could be deleterious, in particular for the
acute time period characterized by lipid oxidation and blood-brain barrier breakdown.
Furthermore, there is also evidence for the beneficial effects of specifically targeting PDES5,
and that a combination therapy that specifically targets both cGMP- and CAMP-PDEs may
be optimal.

6. PDE4 INHIBITORS AS ANTI-INFLAMMTORY AGENTS FOR TBI

Inflammation is an important cause of progressive secondary injury in brain injury [116].
This pathomechanism is a highly dynamic, intricate process regulated by a diverse array of
molecules, including cAMP. The ubiquitous nature of CAMP has been exploited to treat a
variety of inflammatory diseases, through its effectors PKA and the transcription factor
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CREB. Elevating cAMP signaling by PDE4 inhibition has been shown to decrease
inflammation through attenuation of pro-inflammatory cytokine production in a variety of
CNS and systemic inflammatory conditions [117].

After trauma, blood-brain barrier dysfunction is acutely observed as well as activation of
inflammatory cells including microglia, invading neutrophils, and macrophages/monocytes
[116]. Activation and recruitment of inflammatory cells into the injured brain generates pro-
inflammatory cytokines, free radicals and other damaging molecules [116]. Clinical studies
have corroborated the increases in pro-inflammatory cytokines and chemokines using
biomarkers [118, 119]. Two potent pro-inflammatory cytokines induced by TBI are TNF-a
and interleukin-1p (IL-1B) [120-124]. These cytokines are highly cytotoxic, potentiate the
inflammatory process in TBI, and are regulated by cAMP signaling.

The benefits of PDE4 inhibition in reducing inflammation and improving histopathology
have been well-studied in rodent models of ischemia, multiple sclerosis, stroke, and TBI.
After ischemia, PDE4 inhibitors have been found to improve neuronal survival, reduce
infarct size, and attenuate inflammation and blood-brain barrier breakdown [125-129]. In a
model of multiple sclerosis, experimental autoimmune encephalomyelitis, rolipram and
other drug therapies to increase CAMP levels prevents the progression of neurodegeneration
and demyelination [130-132]. Together, these studies indicate that targeting PDE4 is
effective in reducing neuroinflammation in a variety of disorders.

Contrary to the neuroprotective benefits observed in these models, general PDE4 inhibition
has had mixed results for TBI. We initially reported that pre-treatment with rolipram 30
minutes prior to fluid-percussion brain injury reduced inflammation, cortical contusion
pathology, and improved neuronal survival [18]. Both TNF-a and IL-1 upregulation were
attenuated by rolipram treatment, when given either prior to injury or within 30 minutes
post-injury [18, 115]. These results suggested that, like in other CNS injury models, PDE4
inhibitors may be successful at reducing neuroinflammatory signaling in TBI.

However, when rolipram or other structurally distinct PDE4 inhibitors were given in the
post-injury recovery period for TBI, cortical contusion volume increased, blood-brain
barrier breakdown was aggravated, and hemorrhage in the injured cortex was observed
[115]. This was not model-dependent, since this result was observed in two distinct brain
injury models, fluid-percussion brain injury and controlled cortical impact [114, 115].

The finding that PDE4 inhibitors increased bleeding in the injured cortex remains
unexplained as this has not been reported in other CNS injury models such as ischemia or
spinal cord injury [133, 134]. The PDE4D subfamily has been identified in endothelial cells
and vascular smooth muscle and may be involved in conferring the vasodilative properties
of rolipram [135-139]. In accordance with this, we tested a PDE4 inhibitor that was more
selective towards PDE4D as compared to PDE4A or PDE4B and found that this particular
inhibitor recapitulated the worsening of pathology seen with the general PDEA4 inhibitor
rolipram [115]. This raises the possibility that more selective targeting of particular PDE4
isoforms may be a more successful approach in reducing neuroinflammation and improving
recovery in the acute phase of TBI.
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Given the numerous studies reporting that PDE4 inhibitors reduce expression and secretion
of TNF-a and IL-1 from activated microglia, further work is required to determine if more
isoform-selective PDE4 inhibitors have the capability of reducing neuroinflammation after
TBI [39, 140-145]. In particular, the PDE4B subfamily has been well-studied in systemic
inflammation models. It is well-established in other injury and inflammation models that
PDEA4B, but not PDE4A or PDE4D, induces expression of the pro-inflammatory cytokine
TNF-a in circulating monocytes and macrophages [13, 14, 146, 147]. PDE4B2 expression is
induced in several inflammatory cell populations, and in particular neutrophils,
macrophages, and T-cells [13, 42, 147, 148]. Studies using PDE4B knockout mice have
highlighted the role of PDE4B in pro-inflammatory cytokine production. TNF-a production
by macrophages in response to an inflammatory stimulus is impaired in macrophages
obtained from PDE4B gene-deleted mice [13, 14]. Knockout studies of PDE4B have also
discovered that PDE4B is necessary for neutrophil chemotaxis [42]. Recently, it has been
reported that the PDE4B subfamily is elevated in activated microglia and macrophages after
TBI [149]. Neutrophils are usually the first to infiltrate after TBI; they arrive within hours
and peak around 24 hours post-TBI and contribute to edema and apoptotic neuronal death
[150, 151]. The temporal dynamics of macrophage, monocyte and lymphocyte infiltration is
more variable; the macrophage/monocyte population typically peaks around one to two days
and lymphocytes can be identified as soon as two days after injury [116]. The infiltration
and activation of these inflammatory cells also contribute to the pathology of TBI and
pharmacological targeting of PDE4B in specific inflammatory cell populations may provide
a means for reducing inflammation without vascular perturbations and would be greatly
advantageous over current inhibitors.

7. PDE4 INHIBITORS AS COGNITIVE ENHANCERS FOR TBI

As discussed in the previous section, the use of PDE inhibitors in the acute phases of TBI
requires careful consideration of the isoform targeted and the relevant cell population. In
chronic stages of TBI recovery, the pathomechanisms shift to synaptic and axonal
dysfunction, circuitry reorganization, depressed neurogenesis, and ongoing
neurodegeneration and atrophy. The molecular pathways that underlie these chronic
pathomechanisms remain to be elucidated and very little is known how the cAMP-PKA-
CREB signaling pathway is regulated chronically after TBI.

To begin to investigate how this pathway is altered chronically after TBI, we first
investigated basal changes in these molecules after TBI. Unlike in the acute stages of TBI
recovery where CREB phosphorylation undergoes significant upregulation, we found that
phospho-CREB levels were significantly reduced at three months post-TBI in the fluid-
percussion brain injury model [152]. In addition, in hippocampal slices pharmacologically
stimulated with either glutamate or high potassium depolarization, we found that stimulation
of phospho-CREB was significantly impaired at three months post-TBI [152]. These results
suggest that increasing cCAMP levels to boost CREB phosphorylation during learning may
improve hippocampal synaptic function.

The effect of PDE4 inhibitors has been extensively investigated in other brain injury models
besides TBI. PDE4 inhibition with rolipram ameliorates learning and memory deficits after
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cerebral ischemia [33, 126, 129]. In addition, administration of rolipram 24 hours before
hypoxia protects from permanent neurological dysfunction induced by perinatal hypoxic-
ischemic brain injury [153]. Together, and results from other models such as Alzheimer’s
disease and psychosis, supports the premise that PDE4 inhibition is a promising therapeutic
target for cognitive enhancement [62, 154].

In the context of chronic recovery after brain trauma, TBI-induced cognitive impairments
are consistently found in TBI patients from months to years after the initial injury [155].
These deficits have been linked to several memory modalities; however, declarative memory
deficits are prevalent among TBI survivors [156]. The unique susceptibility of hippocampus
to brain injury, even when not directly damaged results in declarative memory deficits [157].
Rehabilitative strategies, such as neurotransmitter receptor agonists, neurotransmitter
reuptake inhibitors or drugs that enhance neurotransmitter release, have been used with
limited success in restoring cognitive function after brain injury [1]. To test whether the
PDE4 inhibitor rolipram could improve cognitive function after TBI, we administered
rolipram to animals at two weeks after fluid-percussion brain injury and tested them on a
variety of hippocampal-dependent learning tasks. We found that rolipram improved both cue
and contextual fear conditioning, water maze performance, and spatial working memory
[158]. These improvements resulted in consolidation of the memories because when we
tested animals one month after fear conditioning, TBI animals treated with rolipram still
exhibited memory retention. Progressive atrophy of the hippocampus induced by TBI was
unaffected by rolipram treatment in this time period, suggesting that rolipram worked to
improve cognitive deficits by acting on synaptic signaling pathways rather than cellular loss.
To directly test this hypothesis, we analyzed changes in phospho-CREB levels after cue and
contextual fear conditioning. In non-injured animals, phosphorylated CREB levels
significantly increased within the hippocampus after fear conditioning. However, this
increase was not observed in TBI animals. When 1TBI animals were treated with rolipram
prior to fear conditioning, the learning-induced increase in CREB phosphorylation was
restored, indicating that rolipram boosted cAMP signaling [158]. These results suggest that
enhancement of CAMP levels during learning is a viable therapeutic route for the treatment
of chronic cognitive impairments for TBI survivors. Whether PDE4 inhibitors can improve
other aspects of pathomechanisms such as inflammation, atrophy, and axonal dysfunction in
the chronic stages of TBI recovery are important questions remaining to be addressed.

8. CONCLUSIONS AND FUTURE DIRECTIONS

The utility of PDE4 inhibitors to reduce neuroinflammation in the acute recovery stage of
TBI remains an important area of research. PDE4B, in particular, is a well-validated target
for reducing TNF-a production, an important pathomechanism of TBI [116]. However, it
remains to be established whether PDE4B is the critical isoform to target to reduce TNF-a
levels and inflammation after TBI. Understanding the critical PDE4 isoforms to target and
whether other PDEs such as PDE5 should be considered as TBI therapeutics are areas of
ongoing research in the TBI field. In addition, further studies that identify the cell types that
upregulate expression of PDE isoforms is important in developing rationally-derived
therapies. PDE4 inhibitors are in clinical development for age-related cognitive decline and
approved for chronic obstructive pulmonary disorder [159, 160]. Understanding how PDE4
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inhibitors could potentially contribute to vascular injury in brain trauma is important,
especially in the context of brain injury incidence in the elderly [161].

Developing a PDE4 inhibitor in the chronic recovery stage of TBI appears to be highly
promising. However, rolipram results in side effects of hausea and emesis in humans,
hampering its development as a cognitive enhancer [162]. In the past few years, it has
become clear that PDE4D mediates the emetic effects of rolipram, although PDE4B may
contribute as well [163, 164]. Thus, the development of isoform-selective inhibitors that
obviate this side-effect but retain the ability for cognitive enhancement is a promising
strategy. Although few isoform-selective inhibitors exist to date, structural analyses of PDE4
is leading to the development of more selective PDE4B and PDE4D inhibitors that may
begin to address the challenges of potential side effects [165].

TBI is a complicated problem, likely requiring more than just one targeted solution.
Targeting PDEs and in particular, PDE4 isoforms, may develop into one aspect of the
arsenal against the pathomechanisms of TBI. However, the failure of numerous clinical
trials to date in the treatment of TBI suggests that the heterogeneous nature of TBI requires
rigorous preclinical studies that address the complexity of TBI pathomechanisms [166]. As
our understanding improves of how cyclic nucleotides and PDEs change after TBI and
contribute to the pathomechanisms as well as endogenous recovery mechanisms of TBI, so
will our understanding of how to harness their power to improve recovery after TBI.
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ABBREVIATIONS
AC Adenylyl cyclase
ANP Atrial natriuretic peptide
cAMP 3’,5’-Cyclic adenosine monophosphate
cGMP 3’,5’-Cyclic guanosine monophosphate
CNS Central nervous system
CREB Cyclic AMP-responsive-element-binding protein
ERK Extracellular signal-regulated kinase
GC Guanylyl cyclase
IL-1B8 Interleukin-1 beta
iNOS Inducible nitric oxide synthase
LTP Long-term potentiation
NO Nitric oxide
PDE Phosphodiesterase
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PKA Protein kinase A
PKG Protein kinase G
SAH Subarachnoid hemorrhage
TBI Traumatic brain injury
TNF-a Tumor necrosis factor-alpha
UCR Upstream conserved region
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Fig. 1.
PDE4 isoforms and their post-translational regulation. PDE4 isoforms are classified based

on the presence of their upstream conserved regions (UCR) and each isoform is
differentially regulated by PKA and ERK 1/2 phosphorylation; these posttranslational
modifications result in either an increase (+) or decrease (=) in PDE activity.
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Fig. 2.

Legvels of CAMP are altered in an injury-severity dependent manner. A) Hippocampal cCAMP
levels were significantly decreased in aged animals, but not in young adult animals
following mild TBI. B) Moderate TBI significantly lowers hippocampal cCAMP levels in
both young adult and aged animals. Adapted from [17].
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Fig. 3.

Time (mins)

Differential effects of the PDE4 inhibitor rolipram in rescuing LTP deficits after mild versus
moderate TBI. Rolipram improved LTP expression in both young adult and aged animals
after mild TBI (A), but rescued LTP only in young adult animals after moderate TBI (B). V,
vehicle; R, rolipram. Adapted from [17].

Curr Pharm Des. Author manuscript; available in PMC 2015 January 01.



