Chapter 5

Phosphodiesterase-4B as a Therapeutic Target
for Cognitive Impairment and Obesity-Related
Metabolic Diseases

Steven J. Clapcote

Abstract People in modern, affluent societies are living longer but also becoming
increasingly overweight. With increased life expectancy comes increased risk of
developing age-related cognitive decline and neurodegenerative diseases, such that
an increasing proportion of life may be lived with cognitive impairment as age
increases. Obesity is associated with poorer cognitive function in elderly subjects,
and often leads to ill-health arising from various complications such as metabolic
syndrome and type-2 diabetes mellitus. This chapter provides an overview of the
effects of administering pan-phosphodiesterase-4 (PDE4) inhibitors to animal mod-
els of cognitive ageing, Alzheimer’s disease, frontotemporal dementia, fragile X
syndrome, obesity and diabetes. Inhibition of the PDE4B subtype specifically is
discussed as an approach to avoid the emetic side effects of pan-PDE4 inhibitors,
whilst retaining their therapeutic effects. Finally, the findings of rodent studies that
employ genetic and pharmacological approaches to specifically target PDE4B are
discussed in relation to the potential utility of PDE4B-selective inhibitors for the
treatment of cognitive impairment and obesity-related metabolic diseases.

Keywords Phosphodiesterase-4 ¢ PDE4B ¢ cAMP signalling ¢ Rolipram e
Cognitive enhancement * Alzheimer’s disease ¢ Frontotemporal dementia * Fragile
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5.1 Introduction

Cyclic adenosine monophosphate (cAMP) is a second messenger used for intracel-
lular signal transduction to regulate a wide range of biological processes, such as the
cellular response to neurotransmitters in the central nervous system (CNS) (Houslay
et al. 2007). Intracellular concentrations of cAMP are regulated by its synthetase,
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adenylyl cyclase, and its hydrolase, the cAMP-specific phosphodiesterases.
Phosphodiesterase-4 (PDE4) is the predominant enzyme that selectively hydrolyses
and inactivates cAMP. Thus, inhibitors of PDE4 provide a pharmacological strategy
to increase prevailing cAMP levels in relevant target tissues. The PDE4 family com-
prises four subtypes (A-D), each encoded by a separate gene, which have clearly
distinct expression patterns at the regional and cellular levels (Richter et al. 2013).
These enzymes are expressed throughout the body, with the highest levels of activ-
ity and protein found in the brain (Richter et al. 2013).

PDE4B is expressed in various isoforms across a wide range of human tissues,
including adipose tissue, whole blood, liver and brain (Bunnage et al. 2015). All five
PDE4B isoforms identified in mammals contain the catalytic domain (Zhang 2009).
The long isoforms PDE4B1 (736 a.a.), PDE4B3 (721 a.a.) and PDE4B4 (659 a.a.)
contain both Upstream Conserved Region 1 (UCR1) and Upstream Conserved
Region 2 (UCR2); the short isoform PDE4B2 (564 a.a.) lacks UCR1; and the super-
short isoform PDE4B5 (484 a.a.) lacks UCRI and has a truncated UCR2 (Shepherd
et al. 2003; Cheung et al. 2007; Fatemi et al. 2008). Long isoforms are activated by
protein kinase A (PKA)-mediated phosphorylation of a single serine residue in
UCRI1 (MacKenzie et al. 2002), and are inhibited by extracellular signal-related
kinase-2 (ERK2)-mediated phosphorylation of a single serine residue located within
the C-terminal portion of the catalytic domain (Baillie et al. 2000). Conversely, the
short isoform PDE4B?2 is activated by ERK2 phosphorylation (Baillie et al. 2000).
PDE4B?2 is the predominant and often only isoform present in tissues outside the
CNS, while the CNS contains the long (PDE4B1, 4B3, 4B4), short (PDE4B2) and
super-short (PDE4B5) isoforms (Bunnage et al. 2015). This chapter discusses the
potential utility of PDE4 inhibitors, especially those selective for PDE4B, in the
treatment of cognitive impairment and obesity-related metabolic diseases.

5.2 Effects of Pan-PDE4 Inhibitors on Cognitive Impairment

Long-term memory formation following new protein synthesis relies on the expres-
sion of genes upregulated by cAMP response element binding protein (CREB)
(Guzowski and McGaugh 1997). A transcription factor, CREB is phosphorylated and
activated by PKA via an increase in cAMP, and regulates gene transcription by bind-
ing to the cAMP response element on target genes (Habener 1990). As a consequence,
PDE4 enzymes, as regulators of cAMP gradients and ultimately CREB, are promising
targets for the development of cognition-enhancing agents (Randt et al. 1982; Ghavami
et al. 2006; Richter et al. 2013). PDE4 inhibitors are drugs used to block the degrada-
tive action of PDE4 on cAMP. The prototypical PDE4 inhibitor is rolipram (CAS:
61413-54-5), a non-subtype-selective or pan-PDE4 inhibitor (targeting all of four sub-
types) with a half-life of 3 h that readily passes through the blood-brain barrier, is
rapidly cleared by the kidneys, and does not accumulate in the tissues (Schneider
1984; Krause and Kuhne 1988). Rolipram engages the N-terminal UCR2 domain
(truncated in super-short isoform PDE4BS), thereby closing UCR2 across the PDE4
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active site and preventing access of cAMP (Burgin et al. 2010). It has an inhibitory
concentration 50% (ICsq) value of 225 nM against PDE4B and 228 nM against
PDE4D (Burgin et al. 2010; Fox et al. 2014). PDE4B knockout (KO; Pde4b™™M)
mice (see Sects. 5.3.1 and 5.5.1) show a partial (~50%) reduction in sensitivity to
rolipram (3.2 mg/kg) in a conditioned avoidance response task (Siuciak et al. 2007),
suggesting that the effect of rolipram in this test is mediated, in part, through PDE4B.
The primary effect of inhibition of PDE4 is the elevation in intracellular levels of
cAMP (Scheider 1984), which is assumed to regulate transcription of various target
genes by increasing cAMP-dependent PKA activity. Pan-PDE4 inhibitors, such as rolip-
ram, have shown therapeutic benefit in preclinical models of psychiatric and neurologi-
cal conditions including memory and cognition impairments (Ghavami et al. 2006;
Richter et al. 2013). It has thus been postulated that PDE4 inhibition may promote
improved synaptic function or ‘synaptic resilience’ (Bales et al. 2010). This section
gives an overview of inhibition of PDE4 as a potential therapeutic strategy for cognitive
impairment, focussing on evidence from animal model studies of cognitive ageing,
Alzheimer’s disease, frontotemporal dementia, and fragile X syndrome (Table 5.1).

5.2.1 Age-Associated Cognitive Decline

Cognitive ageing is a lifelong process of gradual, ongoing, yet highly variable
changes in cognitive function that occurs as people get older. Mental capabilities
that decline from middle age onwards include aspects of memory, executive func-
tions, processing speed and reasoning. All of these so-called ‘fluid’ mental abilities
are important for carrying out everyday activities, living independently and leading
a fulfilling life (Deary et al. 2000). Individuals may, for example, have difficulty
driving a car, making financial decisions, or following directions for prescription
medicines (Blazer et al. 2015). Life expectancy in developed countries has increased
substantially (Hicks and Allen 1999), such that an increasing proportion of life may
be lived with cognitive impairment as age increases.

In a Barnes maze, aged (18-month-old) C57BL/6 mice given rolipram (0.05 pM/
day, i.p.) on days 15-40 of training showed a reduced number of errors, and an
increased percentage reached a learning criterion, compared with controls (Bach
et al. 1999). In contextual fear conditioning, rolipram (0.1 pmol/kg, s.c.) given
30 min before training increased contextual freezing after 24 h in both young
(12—16-week-old) and aged (18 month-old) C57BL/6 mice compared with controls
(Barad et al. 1998). The effective dose increased cAMP signalling without affecting
basal levels of cAMP (Barad et al. 1998). In a novel object recognition test, aged
(23-month-old) rats given rolipram (0.1 mg/kg) immediately after training showed
enhanced memory after 24 h, compared with controls (de Lima et al. 2008). The
efficacy of this post-training treatment ruled out the possibility that the rolipram
effects were due to drug-induced behavioural or sensory alterations at training. In a
Morris water maze, aged (20-month-old) C57BL/6NTac mice given another pan-
PDE4 inhibitor, HT-0712 (0.15 mg/kg/day, i.p.), 20 min before training over 15
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days demonstrated enhanced memory of the location of an escape platform after 10
and 15 days of training compared with controls (Peters et al. 2014). In both contex-
tual and trace fear conditioning, aged (20—-24-month-old) C57BL/6NTac mice given
HT-0712 (0.1 mg/kg, i.p.) 20 min before training showed increased freezing after
24 h compared with controls (Peters et al. 2014).

Adult rats of an unspecified age were given four different doses of rolipram
(0.01, 0.03, 0.1, and 0.3 mg/kg) 3 h after the last training trial on each of 4 days in
the Morris water maze (Hosseini-Sharifabad et al. 2012). Rats given 0.03 mg/kg
rolipram showed a shorter escape latency and distance swum on the second day of
training. In a probe trial at the end of training, with the escape platform removed,
rats treated with 0.03 mg/kg rolipram spent more time at the target location, indicat-
ing enhanced spatial reference memory. Other doses of rolipram did not show any
differences compared with controls. Thus, rolipram enhanced spatial memory con-
solidation in an inverted U-shaped dose-response curve, such that higher doses of
rolipram were not as efficacious as lower doses in improving hippocampus-
dependent learning (Hosseini-Sharifabad et al. 2012). This might be explained by
sedative effects, which have been observed in mice following the administration of
rolipram at higher doses (>0.12 mg/kg), demonstrated by dose-dependent hypoac-
tivity in the open field task (Griebel et al. 1991; Barad et al. 1998; Hu et al. 2011).

Presynaptic ChAT activity was found to be reduced in the frontal cortex and the
hippocampus of aged (24-month-old) rats, but was restored to young-adult control
levels by rolipram treatment (0.1 mg/kg/day) for 14 days (Asanuma et al. 1993).
Since the 5" upstream region of the rat ChAT gene contains a CREB binding site
(Bejanin et al. 1992), it is possible that the function of rolipram in improving mem-
ory in aged rodents may be partly implemented through the enhancement of ChAT
activity via phosphorylation of CREB (pCREB).

By contrast with the rodent findings, aged (18-30 years) macaque monkeys
given rolipram 1 h prior to training in a spatial delayed response task showed no
difference in working memory (number of trials correct) at lower doses (0.01-1 pg/
kg, i.m.), and performed significantly worse than vehicle-treated controls following
the highest dose (0.01 mg/kg, i.m.) (Ramos et al. 2003). Another pan-PDE4 inhibi-
tor, etazolate (delivered near the recorded neurones by iontophoresis), was found to
reduce the memory-related firing rate of prefrontal cortical neurones in a single
aged (17-year-old) male macaque as it performed the oculomotor delayed response
spatial working memory task (Wang et al. 2011a). The apparent discrepancy
between the aged rodent and monkey findings may exist because only hippocampus-
dependent reference memory was assessed in the rodent studies, whereas only pre-
frontal cortex-dependent working memory was assessed in the monkey studies. The
impairment of prefrontal cortical function by PDE4 inhibition in aged monkeys
may be related, in part, to possible decreases in cortical PDE4 subtype expression
that occur with age. In aged (25-month-old) rats, PDE4D mRNA expression is
reduced in the cortex and cerebellum, and PDE4A mRNA expression is reduced in
the striatum, whereas PDE4B mRNA expression in the hippocampus, cortex, stria-
tum and cerebellum shows no change compared with young (5-month-old) rats
(Kelly et al. 2014).
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5.2.2 Alzheimer’s Disease

Alzheimer’s disease (AD) is a chronic neurodegenerative condition characterised by
progressive cognitive decline, memory loss and personality changes, eventually lead-
ing to death. The prevalence of AD increases with life expectancy, being rare before
the age of 60 but affecting more than one-third of people over the age of 90 (Querfurth
and LaFerla 2010). Absolute confirmation of diagnosis can only be made by a post-
mortem examination of the brain to demonstrate the neuropathological changes first
described by Alois Alzheimer, namely plaques and tangles (Alzheimer 1907). The
extracellular plaques, formed by fibrillary aggregates of amyloid-f (Ap) peptides,
together with the intraneuronal neurofibrillary tangles formed by hyperphosphory-
lated tau protein, are thought to be the causative agents in AD (Hardy 2009).

There is a growing body of evidence suggesting that neuroinflammation can con-
tribute to AD pathogenesis (Heppner etal. 2015). High levels of the pro-inflammatory
cytokine tumour necrosis factor-alpha (TNFa) have been detected in AD patients
(Fillit et al. 1991; Tarkowski et al. 1999). A recent study used PET imaging to mea-
sure TSPO, a biomarker for inflammation, in amyloid-positive AD patients and
amyloid-negative controls (Kreisl et al. 2013). AD was found to be associated with
increased inflammation in the brain, mostly in temporal and parietal regions known
to be affected by amyloid plaque pathology. In these same regions, increased inflam-
mation correlated with amyloid burden and with the degree of cognitive impair-
ment. Early-onset AD patients showed greater inflammation than late-onset patients
(Kreisl et al. 2013), which might explain the more precipitous disease course typi-
cally seen in early-onset patients. The immune system may thus provide novel
routes for the treatment of AD.

Cyclic AMP signalling is involved in the regulation of postsynaptic, protein
synthesis-dependent long-term potentiation (LTP) in the hippocampus (Kandel
2001), a form of synaptic strengthening thought to underlie the formation and per-
sistence of memory (Malenka and Bear 2004). Rolipram has been shown to potenti-
ate LTP in hippocampal slice preparations (Barad et al. 1998). Ap peptides strongly
inhibit LTP in hippocampal slices (Cullen et al. 1997; Itoh et al. 1999; Vitolo et al.
2002), but Ap-induced inhibition of LTP is reversed by rolipram (Vitolo et al. 2002),
suggesting a direct effect of Ap on the cAMP signalling pathway. Similarly,
Ap-induced reduction in the spine density of pyramidal hippocampal neurones is
attenuated by rolipram (Smith et al. 2009). Treatment with rolipram (0.5 mg/kg/day,
i.p.) beginning 12-13 prior to the onset of training reversed the impairments in
Morris water maze and passive avoidance tests of rats infused with aggregated Ap
peptides into the hippocampal CA1 (Cheng et al. 2010; Wang et al. 2012). Rolipram
also reversed the LTP deficit of hippocampal slices from 3-month-old APP/PSEN1
double-transgenic mice, which overexpress both mutant APP-K670N,M671L under
the control of the hamster PRNP promoter (Tg(APPSWE)2576Kha) and PSEN1-
M146L under the control of the human PDGFB promoter (Tg(PDGFB-
PSEN1M146V)3Jhd) (Gong et al. 2004). Acute rolipram treatment (0.03 mg/kg,
s.c.) 30 min before training reversed the deficit of APP/PSEN1 mice in contextual
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fear conditioning but not in a radial-arm water maze. Chronic rolipram treatment
(0.03 mg/kg/day, s.c.) for 3 weeks, followed by a 3-month hiatus, showed persistent
effects by reversing the deficits of 6-month-old APP/PSENI mice in hippocampal
LTP, contextual fear conditioning, a radial arm water maze and a Morris water
maze, but had no effect on AP load (Gong et al. 2004). Pyramidal hippocampal
neurones from APP/PSENI mice given rolipram (0.03 mg/kg) daily for 3 weeks
from either 3 or 15 months of age showed increased spine density, dendrite area and
diameter, and spine head diameter compared with neurones from vehicle-treated
APP/PSEN1 mice (Smith et al. 2009). Rolipram (0.1 mg/kg, i.p.) given 30 min
before training also reversed the deficit of 9-month-old mutant APP-K670N,M671L
transgenic mice in contextual fear conditioning, but had no effect on contextual
conditioning in wild-type (WT) mice (Comery et al. 2005).

Several observations suggest that the beneficial effects of rolipram in rodent
models of AD are mediated, at least in part, through PDE4B. The transcription of
PDE4B is upregulated in area CA1 of the hippocampus after LTP induction (Ahmed
and Frey 2005), suggesting a specific role for PDE4B in this form of synaptic plas-
ticity. PDE4B transcription is also upregulated in microglial cells exposed to Ap
peptides, resulting in an increased production of TNFa, but rolipram markedly
reduces the release of TNFa from Af-stimulated microglia cells (Sebastiani et al.
2006). In inflammatory cells from PDE4B, but not PDE4A or PDE4D, KO mice,
TNFa production in response to an inflammatory stimulus (lipopolysaccharide,
LPS) is reduced by over 50% (Jin and Conti 2002; Jin et al. 2005), while PDE4B-
selective inhibitors (see Sect. 5.5.1) similarly blunt monocytic production of TNFo
in vitro and in vivo (Naganuma et al. 2009; Suzuki et al. 2013). PDE4B mRNA
expression across the brain remains stable throughout the ageing process in rats,
whereas aged (25-month-old) rats show reduced expression of PDE4A and PDE4D
mRNA in some brain regions (Kelly et al. 2014). Finally, PDE4B is the only sub-
type of PDE4 expressed in the locus coeruleus (Cherry and Davis 1999), a brain
region affected by neurofibrillary degeneration early in the course of events leading
to AD (Grudzien et al. 2007).

5.2.3 Frontotemporal Dementia

Mutations in the MAPT gene encoding the tau protein cause frontotemporal demen-
tia with parkinsonism-17 (FTDP-17), or Pick’s disease, a rare neurodegenerative
disorder that affects the frontal and temporal lobes of the brain. Clinical manifesta-
tions of FTDP-17, including behavioural and personality changes, cognitive impair-
ment, and motor symptoms, usually become noticeable in a person’s forties or fifties
(Hutton et al. 1998). FTDP-17 is a tauopathy, characterized by an abnormal build-up
of tau proteins in neurones, accumulating into spherical aggregations known as ‘Pick
bodies’ (Piguet et al. 2011). Expression of human tau containing the most common
FTDP-17 mutation, P301L (Hutton et al. 1998), in forebrain neurones under the
control of the Camk2a promoter results in progressive age-related neurofibrillary
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tangles, loss of neurones and generalized forebrain atrophy, and spatial reference
memory impairments in rTg(tauP301L)4510 transgenic mice (Santacruz et al.
2005). At 3—4 months, these mice model early-stage disease; by 8 months they
resemble a more severe stage of the human disease.

Tau can be degraded by both lysosomal processes, such as autophagy, and the
ubiquitin-proteasome system (Lee et al. 2013). Cyclic AMP-dependent PKA phos-
phorylation of the proteasome enhances proteolytic activity (Asai et al. 2009).
Exposure of cortical brain slices from rTg(tauP301L)4510 mice aged 3—4 months to
rolipram for 8 h reduced the amounts of total and insoluble tau (Myeku et al. 2016).
To assess the effect of rolipram on tauopathy-associated cognitive impairment, 3—4
month-old rTg(tauP301L)4510 mice were given rolipram (0.03 mg/kg, i.p., twice
daily) for 21 days and then tested for spatial learning in the Morris water maze 6 h
after the final administration. Untreated rTg(tauP301L)4510 mice showed an
increased escape latency on the fourth (last) day of training, whereas the learning
curve of rolipram-treated rTg(tauP301L)4510 mice was indistinguishable from that
of WT mice (Myeku et al. 2016). Unfortunately, a probe trial to assess spatial mem-
ory retention at the end of learning was not undertaken. When experimental animals
have deficits during probe trials, this dissociates memory from performance because
measures recorded on probe trials are insensitive to swimming speed (Vorhees and
Williams 2006).

PKA is known to phosphorylate tau at Ser214 (pS214) (Zhu et al. 2010). Brain
extracts from rolipram-treated rTg(tauP301L)4510 mice showed a reduced total
level of tau, but an increased level of pS214 tau, indicating that PKA activity was
enhanced (Myeku et al. 2016). To assess proteome function in vivo,
rTg(tauP301L)4510 mice were crossed with mice overexpressing a transgenic
reporter for proteasome activity (ubiquitinated fragment fused to GFP). Normally,
the GFP fusion protein is hydrolyzed rapidly by the proteasome, such that GFP is
undetectable in normal cells (Peth et al. 2013). However, the transgenic
rTg(tauP301L)4510-GFP mice showed accumulation of GFP puncta, indicating
proteasome dysfunction, which increased with worsening tauopathy from 5 to 8
months. However, rolipram treatment reduced the levels of GFP in the hippocampus
and cortex of rTg(tauP301L)4510-GFP mice (Myeku et al. 2016), indicating that
rolipram improved proteasome activity in mice with tauopathy. This reinforces the
concept that altered cAMP-PKA signalling is an important determinant of protea-
some activity in vivo.

In 8-10-month-old rTg(tauP301L)4510 mice with more advanced tauopathy,
rolipram treatment for 3 weeks had no significant benefits on proteasome activity,
tau levels or cognition (Myeku et al. 2016). Nonetheless, given the ability of rolip-
ram to promote proteasome activity, reduce tau and ameliorate spatial learning
defects in mice during early-stage disease, it would be interesting to test whether
enhancement of proteasomal function by rolipram treatment would enhance the
clearance of pathogenic protein aggregates in animal models of other cerebral pro-
teopathies, particularly Alzheimer’s disease, which is considered a secondary
tauopathy.
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5.2.4 Fragile X Syndrome

Inhibition of PDE4 has also shown promise as a therapeutic strategy for cognitive
impairment in a neurodevelopmental disorder. Fragile X syndrome (FXS) is the
most common monogenic cause of intellectual disability and autism (Bagni and
Oostra 2013; McCary and Roberts 2013). The FMRI gene contains a CGG repeat
present in the 5'-untranslated region which can be unstable upon transmission to the
next generation. The repeat is up to 55 CGGs long in the normal population. In
patients with FXS, a repeat length exceeding 200 CGGs generally leads to methyla-
tion of the repeat and the promoter region, which is accompanied by silencing of the
FMRI gene. The disease is a result of lack of expression of the fragile X mental
retardation protein (FMRP) (Verkerk et al. 1991), leading to severe symptoms,
including intellectual disability, autistic behaviours, hyperactivity and childhood
seizures. FMRP is an RNA binding protein whose function is incompletely under-
stood, but is believed to be involved in translational regulation (Bagni and Oostra
2013). This is of particular interest because new protein synthesis is required for
LTP (Malenka and Bear 2004).

A key to understanding FMRP function is to identify its RNA targets. High-
throughput sequencing of RNAs isolated by crosslinking immunoprecipitation has
been used to capture FMRP-mRNA interactions present in WT mouse brain, but not
in Fmrl KO mouse brain, at postnatal days 11-25 (Darnell et al. 2011). This approach
identified a robust set of 842 FMRP target transcripts that includes ADCY1 and
ADCY5, encoding adenylyl cyclases, and PDE4B, but not the other PDE4 subtypes.
Thus, FMRP regulates the expression of proteins involved in the regulation of cAMP
levels. Consistent with this finding, overexpression of FMRP was found to increase
the production of cAMP experimentally induced by the adenylyl cyclase activator
forskolin or prostaglandin E, in neural cells (Berry-Kravis and Ciurlionis 1998).

It has been postulated that the ability of FMRP to repress translation of target
mRNAs suggests that FXS may result from the overexpression of specific dosage-
sensitive genes through loss of translational suppression (Darnell and Klann 2013).
The expression levels of ADCY 1, ADCYS5 and PDE4B in brain from FmrI KO mice
or FXS patients are unknown, but it might be expected that upregulation of ADCY 1/5
would increase cAMP synthesis, whereas upregulation of PDE4B would increase
cAMP hydrolysis. Platelets, lymphoblastoid cells and neural cells from FXS patients
have shown unaltered basal levels of cAMP, but decreased levels of cAMP produc-
tion (Berry-Kravis and Huttenlocher 1992; Berry-Kravis and Sklena 1993; Berry-
Kravis et al. 1995; Kelley et al. 2007). Consistent with these findings, platelets and
cortex from Fmrl KO mice and heads from finrl null Drosophila fruit flies showed
unaltered basal cAMP levels, but decreased levels of cAMP production (Kelley
et al. 2007), indicating that a robust defect in cAMP production in FXS is conserved
across species. These observations have led to the ‘cAMP theory of FXS’, which
posits that alterations in the cAMP pathway may result, in part, from dysregulated
expression of proteins involved in the cAMP cascade (Kelley et al. 2008).
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The human and Drosophila FMR1 genes are reported to contain CREB binding
sites and to be regulated by CREB-mediated gene transcription (Hwu et al. 1997;
Smith et al. 2006; Kanellopoulos et al. 2012), such that elevating cAMP levels
might be expected to upregulate FMRP expression, via activation of PKA and
CREB. Consistent with this, the provision of rolipram (200 pM) in the diet for 5-6 h
both restored fimr! mRNA expression to WT levels and eliminated a robust olfac-
tory learning deficit in heterozygous fmrl null flies (Kanellopoulos et al. 2012).
Rolipram also abrogated a long-term (24-h) olfactory memory deficit in heterozy-
gous fimrl null flies, but only when fed both before and after training (Kanellopoulos
et al. 2012). In another fly study, chronic (9-day) dietary administration of rolipram
at both low (50 pM) and high (500 pM) doses rescued immediate-recall (<2 min)
and short-term (1 h) memory deficits of fimr/ null flies in a conditioned courtship-
associative memory test, but only the high dose rescued developmental malforma-
tion of the mushroom bodies (Choi et al. 2015), important structures for olfactory
learning and memory in Drosophila. This finding suggests that the cognitive pheno-
type is not irreversibly determined by pathogenic developmental circuitry. Acute
(12-h) dietary administration of rolipram at 50 uM also rescued the immediate-
recall of finrl null flies in the olfactory conditioning test (Choi et al. 2015).

Fmrl KO mice have exhibited impaired novel object recognition in several stud-
ies (Ventura et al. 2004; Restivo et al. 2005; Pacey et al. 2011), but the effect of
rolipram on this cognitive phenotype has not been tested. However, administration
of rolipram (0.03 mg/kg/day, s.c.) for 8 weeks, followed by a 3—5 week hiatus, has
been shown to abrogate a robust neurophysiological phenotype, enhanced long-
term depression (LTD), in Fmrl null mice (Huber et al. 2002; Choi et al. 2015).

5.3 Metabolic Effects of PDE4 Inhibition

The combined effects of less physical activity and the consumption of calorie-dense
diets have led to unprecedented levels of overweight and obesity in affluent, seden-
tary societies (Baker 2015). As obesity rates rise among adults, metabolic complica-
tions of obesity, such as metabolic syndrome, are becoming more common. The
main sign of metabolic syndrome is abdominal obesity, along with elevated blood
pressure, elevated fasting plasma glucose, high serum triglycerides, and low high-
density lipoprotein levels (Alberti et al. 2005). People with metabolic syndrome
have a fivefold greater risk of developing type-2 diabetes (Stern et al. 2004) (see
Sect. 5.3.2). Obesity can also exacerbate the age-related decline in physical and
cognitive function in older people, and increases the risk for chronic diseases that
result in poor quality of life, such as hypertension, coronary heart disease and stroke,
osteoarthritis and cancer (Kopelman 2007; Wolf et al. 2007). Neuroimaging studies
show increased brain atrophy in overweight and obese elderly subjects (Raji et al.
2010; Cherbuin et al. 2015). Obesity-related ill-health thus poses a serious, estab-
lished and growing burden with consequences for individuals, healthcare services
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and wider society (Wang et al. 2011b). This section gives an overview of inhibition
of PDE4 as a potential therapeutic approach for obesity and diabetes.

5.3.1 Obesity

The C57BL/6J and C57BL/6N mouse strains both develop obesity when allowed ad
libitum access to a high-fat diet, but remain lean and physically normal when
restricted to a standard diet (Collins et al. 2004; Nicholson et al. 2010; Podrini et al.
2013). Obesity in mice fed a high-fat diet leads to upregulation of pro-inflammatory
processes (Pistell et al. 2010), increased production of reactive oxygen species
(ROS) (Zhang et al. 2005), increased apoptosis and neurodegeneration, and
decreased neurogenesis (Cai 2013), which together lead to decreased brain vol-
umes, particularly of the hippocampus, and impaired memory and other cognitive
deficits (Jeon et al. 2012).

When high-fat diet-fed C57BL/6J mice were treated with rolipram (2 mg/kg/day,
oral gavage) for 12—14 weeks, they showed resistance to weight gain and had less body
fat, even though their food intake was unaltered. These mice also showed an increased
basal metabolic rate, with higher oxygen consumption and higher body temperatures
in the fasting state, but unaltered physical activity levels. Furthermore, rolipram-
treated mice had lower ROS levels in white adipose tissue (WAT), increased mitochon-
drial biogenesis in skeletal muscle, improved exercise tolerance on a treadmill, and
increased glucose tolerance (Park et al. 2012). The dose of rolipram used (2 mg/kg) is
greater than a dose (0.12 mg/kg) that showed sedative effects in mice in another study
(Griebel et al. 1991). Consistent with the metabolic effects of rolipram, chronic
obstructive pulmonary disease (COPD) patients treated with another pan-PDE4 inhib-
itor, roflumilast, showed reductions in body weight, with greater weight loss observed
in individuals having a higher body mass index (BMI) (Gupta 2012). Roflumilast also
shown an anti-obesity effect in women with polycystic ovary syndrome (PCOS), a
disorder associated with insulin resistance and obesity. All of the women had been
pretreated with metformin, the most widely used medication for type-2 diabetes (see
Sect. 5.3.3), and were randomized to either continue on metformin alone, or in combi-
nation with roflumilast. Over 12 weeks, patients on metformin alone gained weight
and showed increases in BMI and visceral adipose tissue (VAT) area, whereas those on
metformin + roflumilast lost weight and showed reductions in BMI and VAT area
(Jensterle et al. 2014).

Evidence that PDE4B may be a mediator of some of the metabolic effects of
rolipram is provided by PDE4B KO mice, which are leaner, with lower fat pad
weights, smaller adipocytes, and decreased serum leptin levels, when fed either a
standard diet or a high-fat diet (Zhang et al. 2009), indicating that PDE4B defi-
ciency can reduce adiposity. In WT mice, the high-fat diet decreased locomotor
activity, but PDE4B deficiency almost completely blunted this reduction. PDE4B
KO mice on a high-fat diet also showed lower levels of TNFa mRNA and macrophage
infiltration in WAT, indicating that PDE4B deficiency can also suppress some
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important obesity-induced inflammatory changes. Although the basal level of cAMP
was unaltered in adipocytes from PDE4B KO mice, PDE4B-deficient adipocytes
showed a greater accumulation of cAMP when experimentally exposed to the ade-
nylyl cyclase activator isoproterenol, suggesting that PDE4B is involved in cAMP
regulation in adipocytes. Nevertheless, insulin sensitivity was not improved in
PDE4B KO mice because no differences from WT mice were observed in levels of
fasting serum glucose and insulin or in glucose tolerance and insulin tolerance tests
(Zhang et al. 2009). Cross-species support for a role for PDE4B in the regulation of
adiposity comes from the finding that genetic variation in PDE4B affects subcutane-
ous fat thickness in both pigs and humans (Lee et al. 2011). These findings suggest
that PDE4B inhibitors could have utility in the treatment of obesity and associated
metabolic complications.

5.3.2 Alcoholic Fatty Liver

Excessive alcohol consumption is associated with greater risk of obesity and large
waist circumference (Arif and Rohrer 2005). In the liver, the first response to exces-
sive alcohol consumption is the development of large fatty globules (hepatic steato-
sis). Although alcoholic fatty liver is reversible and typically has no associated
symptoms, steatosis is the first stage of alcoholic liver disease, which can progress
to alcoholic hepatitis and eventually cirrhosis (O’Shea et al. 2010). In the most
widely used model for alcoholic liver injury, male C57BL/6J mice are fed the
Lieber-DeCarli liquid diet containing ethanol [5% (v/v)] ad libitum for 4 weeks
(Lieber et al. 1989). C57BL/6J is a strain of mice that voluntarily drink a large
amount of ethanol (Yoneyama et al. 2008). In this alcoholic liver injury model, the
mRNA levels for all PDE4 subtypes, PDE4A-D, are significantly upregulated 1-2
weeks after starting 5% ethanol compared with controls on an isocaloric liquid diet.
This increase in PDE4 expression is accompanied by elevated PDE4 enzymatic
activity and a decrease in cAMP and pCREB levels in the liver (Avila et al. 2016).
To examine the role of PDE4 in alcohol-induced hepatic steatosis, Avila et al.
(2016) employed both pharmacological (rolipram; 5 mg/kg, 3 times/week, 4 weeks)
and genetic (PDE4B KO) interventions to inhibit the activity of PDE4 and prevent
the degradation of cAMP in the alcoholic liver injury model. Both rolipram and
PDE4B KO led to significant reductions in fat accumulation and free fatty acid lev-
els in the liver, and prevented the ethanol-mediated decrease in hepatic levels of
cAMP and pCREB (Avila et al. 2016). The comparable effectiveness of both pan-
PDE4 (rolipram) and specific PDE4B (PDE4B KO) inhibition suggests a predomi-
nant pathogenic role for PDE4B (among the PDE4 subtypes) in the development of
alcohol-induced hepatic steatosis. PDE4B thus could serve as a therapeutic target in
the treatment of alcoholic fatty liver disease. Although neither intervention for inhib-
iting PDE4 affected food consumption or ethanol metabolism (Avila et al. 2016), it
is notable that lower doses of rolipram (0.5-1 mg/kg) were previously shown to
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reduce ethanol intake in male C57BL/6J mice in 24-h two-bottle choice tests (Hu
et al. 2011; Blednov et al. 2014).

5.3.3 Diabetes

Diabetes mellitus in humans is a genetically and clinically heterogeneous group of
glucose intolerance syndromes. Type-2 (non-insulin-dependent) diabetes is the more
prevalent clinical form, in which obesity associated with progressively more severe
insulin resistance is a common predictor of the pre-diabetic state. In patients with
newly diagnosed type-2 diabetes, without COPD, roflumilast treatment led to reduc-
tions in glycated haemoglobin and fasting plasma glucose levels (Wouters et al.
2012). Consistent with this improvement in glycaemic variables, an animal model of
type-2 diabetes, the Lepr®® mouse (Hummel et al. 1966), showed reduced food and
water consumption, reduced glycated haemoglobin levels, reduced blood glucose
levels, increased fasted serum insulin levels, preserved pancreatic islet morphology
and insulin production in pancreatic islet f cells, and minimal islet atrophy in
response to 28-day treatment with roflumilast-N-oxide (3 mg/kg/day), the active
metabolite of roflumilast (Vollert et al. 2012). Rolipram, roflumilast and roflumilast-
N-oxide all increase serum levels of glucagon-like peptide-1 (GLP-1) (Park et al.
2012; Vollert et al. 2012; Ong et al. 2009), a cAMP-regulated gut hormone that
increases insulin secretion from  cells (Gevrey et al. 2002; Holz and Habener 1992),
and promotes satiety and suppresses energy intake in humans (Flint et al. 1998).

Type-1 (insulin-dependent) diabetes usually has an autoimmune T cell-mediated
aetiology in which the pre-diabetic state is characterized by development of autoan-
tibodies against certain proteins expressed by p cells, including insulin. The risk for
development of type-1 diabetes is increased by obesity and may occur at an earlier
age among obese individuals with a predisposition. Obesity also increases the risk
for comorbidities among individuals with type-1 diabetes, especially metabolic syn-
drome, and microvascular and macrovascular diseases (Polsky and Ellis 2015). In
an animal model of type-1 diabetes, the non-obese diabetic (NOD) mouse (Makino
et al. 1980), treatment with rolipram (14 mg/kg, twice daily) for 4 weeks, from 12
to 16 weeks of age, had a lasting protective effect, associated with a significant
reduction in the severity of insulitis, an inflammation of the islets of Langerhans
(Liang et al. 1998). By 27 weeks of age, 80% of untreated NOD mice had diabetes,
whereas only 20% of rolipram-treated mice were hyperglycaemic. Thus, 11 weeks
after withdrawing drug therapy, the incidence of disease was still three to four times
lower (Liang et al. 1998).

The inability of insulin to suppress hepatic glucose output is a major aetiological
factor in the hyperglycaemia of type-2 and type-1 diabetic patients (DeFronzo et al.
1982). Biguanides such as metformin have an antihyperglycaemic action primarily
by inhibiting hepatic glucose output via inhibition of glucagon-induced cAMP/
PKA signalling (Miller et al. 2013). Although biguanides are known to phosphorylate
AMP-activated protein kinase (AMPK), it is unclear how their glucose-lowering
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effect is related to AMPK activation. However, it was recently demonstrated using
a small-molecule AMPK activator (compound 991) that AMPK activation antago-
nizes glucagon signalling by S304 phosphorylation and activation of PDE4B,
thereby lowering cAMP levels and decreasing PKA activation in intact hepatocytes.
In hepatocytes from mice bearing a liver-specific deletion of the two AMPK cata-
lytic subunits, these effects of compound 991 treatment were lost (Johanns et al.
2016). PDE4B activation could thus explain the reduction in glucagon-stimulated
cAMP levels by biguanides (Miller et al. 2013).

5.4 Adverse Effects of PDE4 Inhibition

5.4.1 Role of PDE4D in Nausea and Emesis

In principle, PDE4 inhibitors have considerable therapeutic potential. In practice,
however, their clinical utility has been compromised by mechanism-associated side
effects that limit maximally tolerated doses. Severe dose-limiting emesis following
the administration of pan-PDE4 inhibitors has been observed humans and various
animal species endowed with a vomiting reflex (Heaslip and Evans 1995; Robichaud
et al. 2001). For example, in two separate macaque studies, the maximum tolerated
doses of rolipram were 0.01 and 0.03 mg/kg, respectively, but the next highest dose
of 0.05 mg/kg was not tolerated due to emesis (Ramos et al. 2003; Rutten et al.
2008). Although both PDE4B and PDE4D mRNAs are expressed in the area pos-
trema, the chemosensitive trigger zone in the brain stem (Mori et al. 2010), PDE4D
appears to be of particular importance in emesis.

As mice are unable to vomit, reduction in the duration of xylazine/ketamine-
induced anaesthesia is used as a behavioural surrogate measure of emesis.
Application of this procedure to PDE4B KO and PDE4D KO mice provided the
following observations giving credence to the notion that PDE4D inhibition is
responsible for the emetic side effect of pan-PDE4 inhibitors: (1) the duration of
xylazine/ketamine-induced anaesthesia in PDE4D KO mice was significantly
shorter compared with WT mice, whereas the anaesthetic affected PDE4B KO and
WT mice to the same degree; (2) a PDE4 inhibitor significantly reduced the dura-
tion of anaesthesia in WT mice but not in PDE4D KO mice; (3) PDE4 activity in the
brainstem of PDE4D KO mice was markedly lower compared with WT and PDE4B
KO mice, indicating that PDE4D is the principle regulator of cAMP metabolism in
the brainstem (Robichaud et al. 2002).

PDE4D-selective compounds that fully inhibit PDE4D activity have been found
to potently reduce anaesthesia in the xylazine/ketamine test at doses (0.01 or
0.03 mg/kg) that showed maximal cognitive benefit in the novel object recognition
test, thus corroborating the association of PDE4D inhibition with emesis. However,
other PDE4D-selective compounds that only partially inhibit PDE4D had little or
no effect on anaesthesia duration, even at a dose (3 mg/kg) 1000x that which showed
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maximal cognitive benefit (0.003 mg/kg) (Burgin et al. 2010), suggesting that par-
tial inhibitors of PDE4D are likely to have better tolerability with regard to emesis.

5.4.2 Vascular Injury

In addition to the gastric adverse effects, a worrisome vascular toxicity has been
observed in various organs during preclinical toxicology testing of pan-PDE4 inhib-
itors in laboratory animals including rats, dogs and monkeys (Giembycz 2005).
Rats are particularly sensitive to the development of vascular injury following treat-
ment with PDE4 inhibitors. In one study, rolipram was administered orally at a
range of doses to rats for up 14 days, after which the animals were necropsied
(Larson et al. 1996). No lesions were seen at a dose of 10 mg/kg, whereas inflam-
mation and a necrotizing vasculitis in the mesentery and interstitial areas of the liver
were clearly evident at a dose of 30 mg/kg. At the highest dose (100 mg/kg), rolip-
ram was lethal (Larson et al. 1996). These findings demonstrate that repeated expo-
sure to rolipram can cause vascular injury and death in rats, but it is noteworthy that
the doses administered (>30 mg/kg/day) are at least 60 times higher than the daily
doses that have shown cognition-enhancing effects in rodent models of age-
associated cognitive impairment (0.1 mg/kg; de Lima et al. 2008), Alzheimer’s dis-
ease (0.03-0.5 mg/kg; Gong et al. 2004; Comery et al. 2005; Cheng et al. 2010;
Wang et al. 2012) and frontotemporal dementia (0.06 mg/kg; Myeku et al. 2016)
(see Sect. 5.2). Vascular toxicity has not been reported in humans, although mesen-
teric vasculopathy is difficult to monitor in human clinical trials (Burgin et al. 2010).
To date, little is known about the role of the four individual PDE4 subtypes (A-D)
in the development of vascular injury, but mesenteric vasculopathy has not been
observed in initial studies of rats, mice and dogs treated with PDE4D inhibitors that
partially inhibit enzyme activity (Burgin et al. 2010).

5.5 Selective Inhibition of PDE4B

5.5.1 Specific Inhibition of PDE4B in Mice

Evidence supporting the notion that subtype-selective pharmacological inhibition
of PDE4B might have pro-cognitive effects is provided by a study of mice with a
missense mutation (Y358C) in the catalytic domain of PDE4B (McGirr et al. 2016).
At the cAMP binding site, there is an interaction between the central phosphate
group of cAMP and H406 in PDE4B1. Though the Y358 residue is located within
the catalytic domain, it is neither at the site of cAMP binding nor rolipram binding
(Richter et al. 2001). The Y358C mutation severely disrupts the docking position of
cAMP, as the side chain of K282 bisects the binding site, resulting in partial (27%)
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inhibition of enzymatic activity. This magnitude of PDE4 inhibition is proportionate
with the physiological 33% inhibition of cAMP hydrolysis when PDE4B]1 is phos-
phorylated by ERK2 (Baillie et al. 2000). This contrasts with the >70% inhibition
of PDE4D7 elicited by D159687, a PDE4D partial inhibitor that has shown pro-
cognitive effects in mice and rats (Burgin et al. 2010). Partial inhibition of PDE4B
is likely to maintain spatial and temporal aspects of cAMP signalling. Indeed, hip-
pocampal slices from homozygous PDE4BY*3C (Pde4b*™M) mice have similar
basal levels of cAMP to WT mice, but show a greater accumulation of cAMP when
experimentally exposed to forskolin, either alone or in combination with rolipram
(McGirr et al. 2016).

Young adult (12-week-old) PDE4BY**%¢ mice show enhancements in spatial
working memory in the Y-maze, in spatial memory acquisition, retention and rever-
sal in the Morris water maze, and in object location recognition. The enhancement in
object location recognition was greater when mice were tested in an aversive envi-
ronment, suggesting that PDE4BY3%¢ mice were less anxious. Indeed, PDE4BY33¢
mice exhibited lower anxiety and greater exploratory behaviour in the elevated plus
maze, open field, light-dark box and hole-board tests. Additionally, PDE4BY33¢
mice show enhanced LTP, but unaltered basal synaptic transmission and LTD, in hip-
pocampal slices, as well as increased pCREB levels and dendritic spine density in
both the hippocampus and amygdala, and enhanced neurogenesis in the adult dentate
gyrus (McGirr et al. 2016).

Notwithstanding the obvious differences between a genetic manipulation from
conception versus a pharmacological manipulation in adulthood, these results sug-
gest potential outcome measures to investigate in mice treated with compound A,
A-33 or other PDE4B-selective inhibitors. It remains to be established whether the
cognitive enhancement exhibited by 12-week-old PDE4BY*3¢ mice persists into old
age or when challenged with MK-801 (dizocilpine), an N-methyl-D-aspartate
(NMDA) receptor antagonist that is used to model symptoms of schizophrenia
(Zhang et al. 2000). It would also be interesting to challenge PDE4BY3%¢ mice with
a high-fat diet, and to determine whether the Y358C mutation has cognitive benefits
in mouse models of AD or FXS.

PDE4B KO mice (see Sect. 5.3.1), by contrast, show enhanced basal synaptic
transmission and LTD, but unaltered LTP, in hippocampal slices (Rutten et al. 2011),
and unaltered spatial memory acquisition and retention (Rutten et al. 2011; Siuciak
et al. 2008; Zhang et al. 2008), but impaired reversal learning (Rutten et al. 2011),
in the Morris water maze. PDE4B KO mice also exhibit a moderately anxiogenic
behavioural profile with decreased exploratory activity in the hole-board and light-
dark box tests (Zhang et al. 2008), decreased locomotor activity in some open field
tests (Rutten et al. 2011; Siuciak et al. 2008; Zhang et al. 2008), but unaltered per-
formance in the elevated plus maze (Siuciak et al. 2008). Like PDE4BY3%¥C mice,
PDE4B KO mice have enhanced adult neurogenesis in the dentate gyrus (Zhang
et al. 2008).

The neuronal signalling network is set up to maintain an optimal range for cAMP
signalling in the brain, such that both the excessive activation and deactivation of
the cAMP-PKA signalling pathway may induce the impairment of learning and
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memory (Sato et al. 2004). Thus, the divergent behavioural phenotypes of the
PDE4BY3%¢ and PDE4B KO mice may be due to the different magnitudes of PDE4B
inhibition elicited by the KO mutation (full inhibition) versus the Y358C mutation
(partial inhibition).

5.5.2 PDE4B-Selective Inhibitors

Clinical studies of rolipram were limited by side effects including nausea and eme-
sis that are thought to arise from inhibition of the PDE4D subtype. Various strategies
have been employed to develop compounds with a reduced side effect profile
(Maurice et al. 2014). The development of PDE4D partial inhibitors has been an
effective strategy to achieve efficacy while reducing the side effect liabilities in pre-
clinical species (Burgin et al. 2010). A complementary approach to overcome the
tolerability issues of pan-PDE4 inhibitors is the development of PDE4B-selective
inhibitors that capture therapeutic effects while avoiding PDE4D that mediates eme-
sis and nausea (Srivani et al. 2008). In recent years, a number of compounds that
selectively inhibit PDE4B over PDE4D have been developed for their use as thera-
peutic agents, as reviewed extensively elsewhere (Azam and Tripuraneni 2014).
However, to date, in vivo tests have been reported for only two PDE4B-selective
inhibitors.

Compound A (2-[4-[[2-(3-fluoro-4-methoxy-phenyl)-7,8-dihydro-6H-
thiopyrano[3,2-d]pyrimidin-4-yl] amino]phenyl]acetic acid) has an ICs, of 5.5
and 26 nM against human and mouse PDE4B2, respectively, and is selective for
PDE4B2 over both human and mouse PDE4D2 (80- and 29-fold, respectively)
(Suzuki et al. 2013). In mice, oral administration of compound A (3—100 mg/kg) had
a dose-dependent anti-inflammatory effect by inhibiting the elevation of the plasma
concentration of TNFa induced by injection of LPS. However, compound A was
less effective against neutrophil accumulation in the lung induced by inhalation of
LPS, showing a reduction only at the highest dose tested (300 mg/kg) (Suzuki et al.
2013).

Another compound, A-33 (2-(4-{[2-(5-chlorothiophen-2-yl)-5-ethyl-6-118
methylpyrimidin-4-yl]Jamino } phenyl)acetic acid), is reported to have ICs, values of
19 and 32 nM against human PDE4B1 and 27 nM against PDE4B3 measured
in vitro, and to be 113-fold and 49-fold more selective towards PDE4B1 as com-
pared to PDE4D3 and PDE4D7, respectively (Naganuma et al. 2009; Fox et al.
2014; Titus et al. 2016). A-33 binds to a C-terminal regulatory helix termed CR3
(Control Region 3) that is present in all PDE4B isoforms, thereby locking the
enzyme in an inactive ‘closed’ conformation (Fox et al. 2014). In mice, oral admin-
istration of A-33 (14 mg/kg) reduced LPS-induced TNFa production (Naganuma
et al. 2009), while a median effective dose (EDs) of 0.1 mg/kg had antidepressant
effects in the forced swim test (Titus et al. 2016). The half-life of A33 in the mouse
brain is 3.8—4.5 h (Titus et al. 2016). In ferrets, oral administration of A-33 (12.5 mg/
kg) reduced LPS inhalation-induced neutrophil accumulation in the lungs by 44%,
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while a much higher dose of 100 mg/kg was tolerated without emesis (Naganuma
et al. 2009). In a rat model of traumatic brain injury, A-33 was recently shown to
have pro-cognitive effects (Titus et al. 2016; see Sect. 5.5.3).

An alternative approach to activating the cAMP-PKA signalling pathway in the
mammalian brain may eventually be provided by photoactivated adenylyl cyclase
(PAC), an emerging optogenetic tool that has been shown to increase intracellular
cAMP levels and alter behaviour in Drosophila flies and Caenorhabditis elegans
nematodes upon stimulation by blue light (Schroder-Lang et al. 2007; Weissenberger
et al. 2011).

5.5.3 Traumatic Brain Injury

The majority of survivors of moderate and severe traumatic brain injury (TBI)
have chronic neurobehavioural sequelae, including impairment in cognitive
domains such as frontal executive functions, attention, short-term memory and
learning, speed of information processing, and speech and language functions
(Arciniegas et al. 2002). The high prevalence of cognitive impairment is due, in
part, to the vulnerability of the hippocampus, which exhibits progressive bilateral
atrophy even when not initially damaged (Bigler et al. 2002). There are currently
no effective treatments to improve TBI-induced cognitive impairment (Wheaton
et al. 2009), but potential therapeutic approaches have been evaluated in animal
models of TBI.

In one of the oldest and most commonly used models, TBI is surgically induced
in young adult male Sprague-Dawley rats by lateral fluid-percussion injury
(Kabadi et al. 2010). In this rat lateral fluid-percussion model, hippocampal levels
of cAMP show an acute decrease from 15 min to 4 h post-surgery (Atkins et al.
2007), associated with an elevated level of PDE4B2 (short isoform), but not
PDE4B1/3/4 (long isoforms), between 1 and 24 h post-surgery (Wilson et al.
2016). Levels of TNFa, a pro-inflammatory cytokine mediated by PDE4B (Jin
and Conti 2002), are enhanced maximally within 3-8 h post-surgery and return to
non-injured levels by 24 h post-surgery (Titus et al. 2016). At 3 months post-sur-
gery, the chronically injured hippocampus shows decreased levels of basal pPCREB
(Atkins et al. 2009), but PDE4B isoforms are not upregulated and TNF« is not
detectable (Titus et al. 2016).

The potential utility of the PDE4B inhibitor A-33 (see Sect. 5.5.2) for cognitive
manifestations of TBI has been evaluated in the rat lateral fluid-percussion model
by Titus et al. (2016). Ex vivo assessment of synaptic plasticity in ipsilateral hip-
pocampal slices from rats at 3 months post-surgery revealed a significant reduc-
tion in basal synaptic transmission and impaired expression of LTP. Bath
application of A-33 (300 nM) in artificial CSF to hippocampal slices significantly
reduced the deficits in basal synaptic transmission and rescued LTP expression
(Titus et al. 2016).
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To determine whether PDE4B inhibition by A-33 would restore cognitive func-
tion in vivo during the chronic TBI recovery period, rats received A-33 (0.3 mg/kg,
1.p.) 30 min before cue and contextual fear conditioning, water maze training and a
delayed match-to-place task in the water maze between 3—4 months post-surgery.
Retention of learned behaviour or of learning was measured 1 day and 1 month after
training. Treatment with A-33 significantly reversed the TBI-induced deficits in cue
and contextual fear conditioning and water maze retention, but did not enhance the
performance of non-injured rats (Titus et al. 2016).

When the rats were killed at 5 months post-surgery, after behavioural testing, the
intermittent A-33 treatment (eight doses over 4 weeks) was found to have had no
effect on the significant atrophy and microglia accumulation (quantified using Ibal
immunostaining) observed in the cortex and hippocampus (Titus et al. 2016). A-33
administered 3—4 months post-surgery thus appears to have pro-cognitive benefits
in injured rats, without reversing the pathology caused by TBI. Similarly, rolipram
(0.03 mg/kg, i.p.) was previously shown to rescue the cognitive deficits of TBI rats
in the fear conditioning and water maze tests, but had no effect on hippocampal
atrophy in TBI rats at 8 weeks post-surgery (Titus et al. 2013). As the administration
of A-33 (0.3 mg/kg, i.p.) at 5 h post-surgery was shown to reduce TNFa levels at 6 h
post-surgery (Titus et al. 2016), it would be interesting to test whether the adminis-
tration of A-33 within 24 h post-surgery, when TNFa levels are higher, would reduce
the TBI-related neural damage.

To evaluate the feasibility of A-33 for inhibiting PDE4B in the injured brain,
brain concentrations of A-33 at the dose used for behaviour assessment (0.3 mg/kg)
were measured. Rats received A-33 at 3 months post-surgery and were decapitated
30 min later for the collection of trunk blood and brain tissue. Quantification of
A-33 levels in plasma and brain tissue (cortex and hippocampus combined) by mass
spectrometry revealed that A-33 has low brain distribution, with a similar B/P
(brain/plasma) ratio of 3.2% in TBI rats and 2.4% in non-injured controls (Titus
et al. 2016). Despite its low brain penetration, brain levels of A-33 were four to
fivefold higher than the ICs, against PDE4B measured in vitro (see Sect. 5.5.2), sug-
gesting that A-33 can attain relevant concentrations in the brain against the PDE4B
target. A caveat is that the rats were not perfused before decapitation, so the brain
tissue analysed contained cerebral blood. The ability of systemically administered
A-33 to cross the blood-brain barrier and reach its site of action thus requires further
investigation.

A-33 treatment was found to rescue the decrease in pCREB levels in the hippo-
campus of TBI rats (Titus et al. 2016), suggesting that a signalling pathway in the
brain known to be regulated by PDE4B is inhibited with A-33. This finding provides
support for the notion that A-33 improved learning and memory in TBI rats by alter-
ing cAMP signalling rather than the pathology caused by TBI. However, because
inhibition of PDE4B in the brain after A-33 treatment was not directly measured by
Titus et al. (2016), it is currently unknown whether brain-specific inhibition of
PDE4B was the underlying mechanism for the improvements in learning and
memory.
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5.6 Concluding Remarks

Affluent, sedentary societies are becoming increasingly elderly and overweight,
thus presenting a major challenge to prolong health in an ageing population. Indeed,
‘Adding life to years as well as years to life’ has become something of a mantra in
health policy circles (World Health Organization 2002). Inhibition of PDE4 in pre-
clinical rodent models has shown promise as a therapeutic strategy for age-related
neurodegenerative conditions and obesity-related metabolic diseases, as well as for
FXS, the most common inherited cause of intellectual disability. But the clinical
application of pan-PDE4 inhibitors has been hampered by adverse side effects that
limit maximally tolerated doses. The findings of cognitive enhancement in
PDE4BY3%¢ mice (McGirr et al. 2016), pro-cognitive effects of a non-emetic
PDE4B-selective inhibitor (A-33) in a rat model of TBI (Naganuma et al. 2009;
Titus et al. 2016), and resistance to obesity in PDE4B KO mice (Zhang et al. 2009)
highlight the PDE4B subtype as a promising target for the development of therapeu-
tic interventions in both neurological and metabolic disorders.
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