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Abstract

Traumatic brain injury (TBI) initiates a deleterious inflammatory response that exacerbates
pathology and worsens outcome. This inflammatory response is partially mediated by a
reduction in cAMP and a concomitant upregulation of cCAMP-hydrolyzing phosphodiesterases
(PDEs) acutely after TBI. The PDE4B subfamily, specifically PDE4B2, has been found to
regulate cAMP in inflammatory cells, such as neutrophils, macrophages and microglia. To
determine if PDE4B regulates inflammation and subsequent pathology after TBI, adult male
Sprague Dawley rats received sham surgery or moderate parasagittal fluid-percussion brain
injury (2 £ 0.2 atm) and were then treated with a PDE4B - selective inhibitor, A33, or vehicle
for up to 3 days post-surgery. Treatment with A33 reduced markers of microglial activation
and neutrophil infiltration at 3 and 24 hrs after TBI, respectively. A33 treatment also reduced
cortical contusion volume at 3 days post-injury. To determine whether this treatment paradigm
attenuated TBI-induced behavioral deficits, animals were evaluated over a period of 6 weeks
after surgery for forelimb placement asymmetry, contextual fear conditioning, water maze per-
formance and spatial working memory. A33 treatment significantly improved contextual fear
conditioning and water maze retention at 24 hrs post-training. However, this treatment did not
rescue sensorimotor or working memory deficits. At 2 months after surgery, atrophy and neu-
ronal loss were measured. A33 treatment significantly reduced neuronal loss in the pericontu-
sional cortex and hippocampal CA3 region. This treatment paradigm also reduced cortical,
but not hippocampal, atrophy. Overall, these results suggest that acute PDE4B inhibition may
be a viable treatment to reduce inflammation, pathology and memory deficits after TBI.

Introduction

Every year approximately 1.7 million people suffer a traumatic brain injury (TBI) in the United
States [1]. This is a serious clinical problem that results in an estimated 3-5.3 million people
living with lasting TBI-related disabilities, at a total cost of approximately $60 billion dollars
annually [1-3]. A majority of TBI survivors go on to develop cognitive impairments, often
resulting in reduced quality of life and increased economic burden for the individual and their
family [4-8]. Treatments aimed at reducing inflammation and, consequently, the extent of
damage after TBI are a potential strategy for attenuating these cognitive impairments. In
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experimental models of CNS injury, elevating cAMP levels through inhibition of cAMP-
hydrolyzing phosphodiesterases (PDEs) is an effective strategy for reducing inflammation and
improving outcome [9]. Development of an inhibitor to target selective PDE isoforms involved
in inflammation after TBI would greatly facilitate clinical development.

The anti-inflammatory benefits of increasing cAMP levels are well documented in experi-
mental models of TBI, spinal cord injury (SCI), cerebral ischemia and multiple sclerosis (MS)
[10-13]. Of the 11 identified PDE families, PDE4, PDE7 and PDES are specific for cAMP [9,
14]. In the context of inflammation and CNS injury, PDE4 is one of the more extensively
studied cAMP-specific PDEs and is a major cAMP-hydrolyzing enzyme in the brain [15-18].
The PDE4 superfamily consists of 4 subfamilies: PDE4A, 4B, 4C and 4D. Each subfamily is
encoded by a single gene, and there are multiple isoforms within each subfamily [14, 19]. Pan-
PDE4 inhibitors, such as rolipram, have been used to reduce tumor necrosis factor (TNF) lev-
els and neutrophil accumulation in models of systemic inflammation and CNS injury, such as
SCI, cerebral ischemia and TBI [10, 12, 13, 20]. Previously, we reported that pre-injury treat-
ment with rolipram rescued cAMP signaling deficits and reduced inflammation after TBI, as
measured by a decrease in TNF and interleukin-1f (IL-1B) levels [12]. When administered
after TBI, rolipram reproduced the anti-inflammatory benefits observed with pre-injury treat-
ment, but also resulted in increased hemorrhage [21, 22]. These results suggest that the anti-
inflammatory benefits of acute pan-PDE4 inhibition are overshadowed by vascular perturba-
tions after TBI [21, 22]. Altogether, the hemorrhagic and emetic effects observed with pan-
PDE4 inhibitors underscores the need for more refined approaches for targeting PDE4 sub-
families to reduce inflammation and improve recovery after TBI [23, 24].

The development of PDE4 subfamily knockout mice has further clarified the functions of
each of these subfamilies. One of the major findings is the role of the PDE4B subfamily in reg-
ulating inflammatory signaling. Specifically, PDE4B has been shown to regulate TNF produc-
tion and neutrophil recruitment [25, 26]. After TBI, neutrophils are the first immune cell
population to infiltrate the injured brain [27]. Neutrophils are found in the brain within a few
hours after trauma, and peak accumulation occurs around 24 hrs after injury [28, 29]. Preclini-
cal studies have demonstrated that neutrophil accumulation is associated with poor histopath-
ological and behavioral outcome after TBI, and treatments aimed at reducing neutrophil
accumulation attenuate these TBI-induced pathologies [30-33]. These studies suggest that
treatments for reducing neutrophil accumulation, such as PDE4B inhibition, are potential
therapeutics for attenuating inflammation and improving outcome after TBL

In addition to regulating neutrophil recruitment, several studies have demonstrated that
augmenting cAMP signaling leads to an upregulation of anti-inflammatory markers, such as
Arginase 1 (Argl), in macrophages and microglia [34-38]. Argl and inducible nitric oxide
synthase (iNOS) are competitive enzymes, and the dichotomous relationship between iNOS
and Argl in regulating L-arginine metabolism and inflammation has led to the use of these
enzymes as pro—and anti-inflammatory markers, respectively [39-41]. However, whether the
PDE4B subfamily is responsible for modulating cAMP signaling in iNOS or Argl-producing
pathways in inflammatory cells after TBI is unknown.

The PDE4B subfamily consists of 5 known isoforms, PDE4B1-5. In the context of inflam-
mation, the PDE4B2 isoform is of particular importance due to its regulation by inflammatory
stimuli such as lipopolysaccharide (LPS) and TNF [15, 42, 43]. Furthermore, increased expres-
sion of PDE4B2 has been associated with a pro-inflammatory phenotype in macrophages,
microglia and neutrophils [15, 42-44]. Increased PDE4B2 expression has also been reported in
experimental models of SCI, MS and TBI [15, 45, 46]. Altogether, these findings suggest a
potential role for PDE4B2 in regulating the inflammatory response in multiple CNS injury
and disease models, including TBI.
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The PDE4B-specific inhibitor, A33, has made it possible to study the therapeutic benefits of
targeting PDE4B in a variety of neurological conditions [47, 48]. A33 has a half-life of approxi-
mately 3.8-4.5 hrs in the mouse brain, and is over 50-fold more selective for PDE4B (ICs = 27
nM) over PDE4D (IC5, = 1569 nM) and other PDEs (IC5, > 10uM) [49, 50]. This selectivity is
due to a single amino acid polymorphism in the C-terminus of PDE4B, termed CR3 (Control
Region 3) [49, 51]. CR3 is conserved in all PDE4B isoforms and co-crystal structure studies
have revealed that A33 inhibits PDE4B by promoting a closed conformation [49, 51]. The
A33-mediated inactive conformation is due to CR3 closing over the active site of PDE4B and
preventing access to cAMP [49, 51]. Overall, the improved specificity of A33 over available
pan-PDE4 inhibitors that access the CNS, such as rolipram, makes it an important reference
compound for evaluating the anti-inflammatory effects of PDE4B inhibition.

The connection between inflammation and cAMP signaling has been extensively studied in
multiple models of CNS injury and disease [11, 13, 15, 52]. However, lack of subtype-selective
PDE4 inhibitors has hampered the development of this therapeutic approach for TBI [21, 22].
In this study, we characterized the effect of a PDE4B-selective inhibitor, A33, on inflammation,
pathology and behavioral deficits after TBI. We report that treatment with A33 reduced neu-
trophil accumulation, microglia activation, cortical contusion volume, memory deficits, neu-
ronal loss and cortical atrophy after TBI. These results support the use of PDE4B-selective
inhibitors as a treatment for TBI.

Materials and methods
Surgery

All experimental procedures were in compliance with the NIH Guide for the Care and Use
of Laboratory Animals and approved by the University of Miami Animal Care and Use Com-
mittee (IACUC protocol number: 17-004). Prior to surgery, animals were randomized to
receive sham or TBI surgery, and treatment with A33 or vehicle. To determine the minimum
number of animals needed for each experiment, a power analysis was performed to detect a
20% difference between treatment groups with power set at 80% and significance at 0.05. A
minimum n value of 3 for biochemical studies and 10 for behavioral measures was deter-
mined. Adult male Sprague Dawley rats (2-3 months old, Charles River Laboratories) were
anesthetized (3% isoflurane, 70% N,0, 30% O,) and received a 4.8 mm diameter craniotomy
at 3.8 mm posterior to bregma and 2.5 mm lateral to midline over the right parietal cortex. A
plastic luer lock adapter was fastened at the craniotomy site with cyanoacrylate and dental
cement. Animals were fasted overnight (12-16 hrs) with water ad libitum. Animals were re-
anesthetized (5 min induction with 3% isoflurane, 70% N,O, 30% O,, maintenance with 1%
isoflurane, 70% N,O, 30% O,), intubated and mechanically ventilated (Stoelting) and given
rocuronium (10 mg/kg, i.a.) and penicillin G (20,000 IU/kg, i.m.). Head and body tempera-
ture were maintained at normothermic temperatures (37 + 0.5°C) using rectal and temp-
oralis muscle thermistors connected to feedback-regulated heating lamps. Physiological
parameters (blood pO,, pCO, and pH, mean arterial blood pressure) were monitored via a
tail artery catheter and maintained at normal levels. Brain trauma was produced with a fluid-
pulse (14-16 ms duration, 2.0 + 0.2 atm) at the craniotomy site. Sham-operated animals
received all surgical procedures identical to the TBI animals with the exception of the fluid-
pulse. At the end of the surgery, animals received buprenorphine (0.01 mg/kg, s.c.) to mini-
mize pain and distress. Criteria for exclusion from the study were: mortality, >15% loss of
body weight, non-resolving infection at the surgical site, inability to feed or drink, motor
paralysis, listlessness, self-mutilation, excessive grooming leading to loss of dermal layers,
spontaneous vocalization when touched or poor grooming habits. Attrition rate was 3.5% for
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sham animals (1 animal due to mortality, 1 due to infection) and 7% for TBI animals (4 ani-
mals due to mortality after surgery).

A33 synthesis

Compound A33 (2-(4-([2-(5-chlorothiophen-2-yl)-5-ethyl-6-methylpyrimidin-4-yl]amino)
phenyl)acetic acid; CAS 915082-52-9) was synthesized as described previously [48].

Flow cytometry

For flow cytometry experiments, animals received either vehicle (5% DMSO in saline, 6 ml/kg,
i.p.) or A33 (0.3 mg/kg, 6 ml/kg, i.p.) at 30 min after TBI. For the 24 hr endpoint, animals
received a second dose of either vehicle or A33 at 5 hrs post-surgery. At 3 or 24 hrs post-sur-
gery, animals were deeply anesthetized (3% isoflurane, 70% N,O, 30% O,, 5 min) and transcar-
dially perfused with PBS (4°C), pH 7.4, (75 mL) for 6 minutes. The ipsilateral parietal cortex
was dissected on ice. Tissue was mechanically dissociated into a single-cell suspension and
cells were labeled for surface markers CD45 Alexa 647 (202212, 1.25 pg/ml, BioLegend) and
CD11b v450 (53-4321-80, 1 pug/ml, eBioscience). The surface markers CD45 and CD11b were
used to distinguish between CD45'°" microglia (CD45'°Y, CD11b*) and CD45"8" infiltrating
myeloid-lineage cells (CD45™€", CD11b"). Neutrophils are a subset of infiltrating myeloid-
lineage cells and were labeled with RP-1 PE (550002, 20 ug/ml, BD Bioscience) to distinguish
them from other CD45™€" cells. Dead cells were excluded from analysis by labeling with
LIVE/DEAD Fixable Near-IR dead cell stain (L10119, 1 pl/ml, Life Technologies). Cells were
fixed and permeabilized with BD Cytofix/Cytoperm Fixation/Permeabilization kit (554714,
BD Biosciences). For intracellular labeling, the cells were probed for either PDE4B2 (ABS181,
2 ug/ml, EMD Millipore), or iNOS Alexa 488 (53-5920, 5 pg/ml, eBioscience) and Argl PE
(IC5868P, 7.5 pg/ml, R&D Systems). PDE4B2 staining was detected with PE-conjugated sec-
ondary antibody (12-4739-81, 10 pg/ml, eBioscience). Antibody isotype controls provided by
manufacturers were used to establish gates during analysis. Flow cytometry data was acquired
on a BD LSR II flow cytometer (BD Biosciences). Data collection was performed using BD
FACSDiva 8.0.1 (BD Biosciences) and analyzed with Kaluza 1.2 software (Beckman Coulter).

Brain and plasma A33 levels

At 30 min and 5 hrs post-surgery, animals received A33 (0.3 mg/kg, 6 ml/kg, i.p.). At 6 hrs
post-surgery, animals were anesthetized (3% isoflurane, 70% N,O, 30% O,, 5 min) and decapi-
tated. The ipsilateral and contralateral parietal cortex and hippocampus were dissected, snap
frozen in liquid nitrogen and stored at -80°C. The cortical and hippocampal tissue from each
side were combined for analysis. Trunk blood was collected after decapitation, diluted with
500 mM K*—EDTA (pH 8.0) and centrifuged at 3000 x g (10 min, 4°C). Plasma was removed
and stored at -80°C. Protein was precipitated with 0.1% formic acid and A33 levels were quan-
tified by liquid chromatography-tandem mass spectrometry as previously described [50].

cAMP ELISA

Animals received either A33 (0.3 mg/kg, 6 ml/kg, i.p.), or vehicle (5% DMSO in saline, 6 ml/
kg, i.p.) at 30 min and 5 hrs post-surgery. At 6 hrs post-surgery the animals were anesthetized
(3% isoflurane, 70% N,O, 30% O,, 5 min), decapitated and the ipsilateral parietal cortex was
dissected at 4°C, snap frozen in liquid nitrogen and stored at -80°C. Samples were assayed in
duplicate according to the manufacturer’s protocol using a cAMP ELISA (ADI-900-066, Enzo
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Life Science), and normalized to total protein using a Coomassie Plus assay (23236, Thermo-
Fisher Scientific).

Cortical contusion volume

Animals received vehicle (5% DMSO in saline, 6 ml/kg, i.p.) or A33 (0.3 mg/kg, 6 ml/kg, i.p.)
at 30 min post-TBI and once daily for 3 days. At 3 days post-surgery, animals were anesthe-
tized (3% isoflurane, 70% N,O, 30% O,, 5 min), and transcardially perfused with 0.9% isotonic
saline (80 mL), followed by 4% paraformaldehyde in 0.1 M phosphate buffer (4°C, 210 mL),
pH 7.4. The brains were embedded in paraffin, sectioned (10 pm thick) and stained with
hematoxylin and eosin (H&E). Cortical contusion volume was evaluated in serial brain sec-
tions (150 um apart) by contouring the entire contusion at 20x magnification using Neurolu-
cida 10.50.2 (MBF Bioscience) and an Olympus BX51 microscope (Olympus America). The
cortical contusion boundaries were defined by edematous tissue, pyknotic cells and an accu-
mulation of red blood cells and infiltrating leukocytes at the border between the parietal cortex
and external capsule.

Behavioral experiments

Animals received sham surgery or moderate parasagittal fluid-percussion brain injury and
were then given A33 (0.3 mg/kg, 6 ml/kg, i.p.) or vehicle (saline, 6 ml/kg, i.p.) at 30 min and

5 hrs post-TBI, and once daily for 3 days. From 1-6 weeks post-surgery, animals were then
tested serially on the cylinder test (1 week post-surgery), contextual fear conditioning (2 and 6
weeks post-surgery), water maze (3 weeks post-surgery) and spatial working memory (4 weeks
post-surgery). At 8 weeks post-surgery, animals were perfused and their brains were evaluated
for atrophy and neuronal loss. All behavioral tests and histopathological assessments were con-
ducted by an investigator blinded to treatment groups.

Cylinder test

Animals were evaluated for spontaneous forelimb placement in a transparent Plexiglas cylin-
der (20 cm diameter x 30 cm height) for 5 min. The cylinder dimensions encouraged vertical
exploration [53]. Animals were first evaluated for baseline behavior in the cylinder test at 1-3
days prior to surgery, and were re-evaluated at 1 week post-surgery. The number of times the
right or left forelimb made contact with the wall while the animal was rearing was counted.
Asymmetry index was calculated by dividing the number of contralateral (left) forelimb
touches by total forelimb touches. For each animal, asymmetry index at 1 week post-surgery
was normalized to baseline asymmetry index to account for any pre-operative bias [54].

Fear conditioning

Animals were habituated to the fear conditioning apparatus (30.5 x 24.1 x 21 cm, Coulbourn
Instruments) for 10 min to facilitate contextual fear conditioning [55]. The following day, ani-
mals were returned to the apparatus for 3.5 min. After the initial 2 min, a 30 sec tone (75 dB,
2.8 kHz) was delivered that coterminated with a 1 mA foot shock (1 sec duration). Animals
remained in the apparatus for 1 min post-shock. The apparatus was cleaned with 70% ethanol
between each trial. At 24 hrs and 1 month (6 weeks post-surgery) after training, contextual
fear conditioning was evaluated by placing the animals in the apparatus and measuring freez-
ing for 5 min. Contextual fear conditioning comparisons were made between freezing on the
training day during the initial 2 min, designated as training, and freezing in the context on the
testing days. Video-based analysis was used to quantify freezing behavior (FreezeFrame 3.32,
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Coulbourn Instruments). Shock threshold was measured at 6 weeks post-surgery after comple-
tion of contextual fear conditioning. Animals received a 1 sec foot shock every 30 sec in 0.02
mA increments beginning at 0.1 mA. The minimum shock intensity required to elicit a flinch,
jump or vocalization was recorded.

Water maze

Animals were tested for spatial memory deficits using a water maze. The circular pool (122 cm
diameter, 60 cm height) used for the water maze was filled with opaque water (24°C) and sur-
rounded by distinct extra-maze cues. The escape platform (9.3 cm diameter) was submerged
1.5 cm below the surface of the water and remained invariant in location. Animals received
four 60 sec acquisition trials per day for 4 days with an intertrial interval of 4-6 min. If the ani-
mal was unable to reach the platform within 60 sec, it was guided to the platform and remained
on the platform for 10 sec. After 4 training days, a probe trial (90 sec duration) was given with
the platform removed. Escape latency, path length, time spent in target quadrant and average
velocity were analyzed with EthoVision XT 10 software (Noldus Information Technology).

Working memory

Using a water maze, animals received 4 paired trials per day for 2 days with a 5 sec delay
between trials. The platform and release location remained invariant for each paired trial.
Maximum trial duration was 60 sec. If the animal did not reach the platform within 60 sec, it
was guided to the platform and remained on the platform for 10 sec. After a 5 sec delay, the
animal was released into the water at the previous release location. The escape path length for
the location and match trials on day 2 were analyzed using EthoVision XT 10 software (Noldus
Information Technology).

Atrophy

At the completion of behavioral testing, animals were anesthetized (3% isoflurane, 70% N,O,
30% O,, 5 min) and transcardially perfused with 0.9% isotonic saline (80 mL), followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (4°C, 210 mL), pH 7.4. The brains were embedded
in paraffin, sectioned (10 pm thick) and stained with H&E plus Luxol fast blue. Slides were digi-
tized at 7200 dpi (3.5 pm/pixel) using Quickscan PathScan Enabler IV (version 3.60.0.12). Serial
sections (150 pm apart) were evaluated for atrophy by contouring the ipsilateral and contralat-
eral cortex and hippocampi from -3.3 to -6.8 mm bregma using Neurolucida 11.11.2 software
(MBF Bioscience). To account for differences in tissue shrinkage, percent atrophy was deter-
mined by calculating the difference between ipsilateral and contralateral volume, and normaliz-
ing to the contralateral volume. Representative images were acquired at 20x using an Olympus
BX51 microscope (Olympus America) and StereoInvestigator 5.65 software (MBF Bioscience).

Neuronal counts

Sections were antigen-retrieved using citrate buffer (10 mM citrate, pH 6.0, 80°C) for 20 min,
blocked for 1 hr at RT in blocking buffer (PBS containing 3% normal horse serum and 0.4%
TX-100), then incubated overnight at 4°C with mouse anti-NeuN antibodies (clone A60,
MAB377, 1:500, EMD Millipore) in blocking buffer. Sections were rinsed with PBS and 0.4%
TX-100, and then incubated with biotinylated horse anti-mouse antibodies (BA-2001, 1:200,
Vector Laboratories) for 90 min at RT in blocking buffer. Sections were rinsed with PBS

and 0.4% TX-100 and incubated with VECTASTAIN Elite ABC HRP (PK-6100, Vector Labo-
ratories) for 90 min at RT in PBS and 0.4% TX-100. Sections were then rinsed in PBS and
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developed for up to 3 minutes at RT in Sodium Acetate (50 mM)—Imidazole Buffer (15 mM),
pH 7.2, supplemented with 2.5% Nickel Ammonium Sulfate (w/v), 0.05% diaminobenzene (w/
v) and 0.009% H,O, (v/v). Sections were processed in parallel for immunohistochemistry. The
parietal cortex and CA3 region of the hippocampus were contoured near the epicenter of
injury from -5.0 to -5.6 mm bregma at 4x magnification using an Olympus BX51 microscope
(Olympus America) and Stereolnvestigator 5.65 software (MBF Bioscience). NeuN™ cells were
counted at 60x magnification (1.42 NA objective) using a 35 x 35 um counting frame. A 141 x
92 um sampling grid was used for the CA3 region of the hippocampus and a 200 x 200 pm
sampling grid was used for the parietal cortex. For hippocampal CA3 cell counts, Q values ran-
ged from 106-285 and CE?/CV? values were 0.0001, 0.0005 and 0.0002 for sham, vehicle- and
A33-treated TBI animals, respectively. For cortical cell counts, Q values ranged from 242-697
and CE*/CV? values were 0.00001, 0.00039 and 0.00009 for sham, vehicle- and A33-treated
TBI animals, respectively. Representative images were acquired at 20x using an Olympus BX51
microscope (Olympus America) and StereoInvestigator 5.65 software (MBF Bioscience).

Data analysis

Data presented are mean + SEM. Significance was designated at p<0.05. Statistical compari-
sons were made using GraphPad Prism 6.05 and SigmaPlot 11.0. Plasma A33 levels, flow
cytometry and cortical contusion volume were analyzed using an unpaired Student’s t-test.
Asymmetry index, cAMP ELISA, shock threshold, time spent in target quadrant, swim veloc-
ity, working memory match trials and cortical and hippocampal atrophy results were analyzed
using a one-way ANOVA and post-hoc Student-Newman-Keuls. Contextual fear condition-
ing, water maze escape latency and path length were assessed using a repeated-measures two-
way ANOVA (treatment x trial) and post-hoc Student-Newman-Keuls. Brain A33 levels (sur-
gery x ipsi/contra), working memory path length (treatment x trial), and cortical and hippo-
campal CA3 neuronal counts (treatment x ipsi/contra) were assessed using a two-way
ANOVA and post-hoc Student-Newman-Keuls.

Results
PDE4B2 is expressed in inflammatory cells acutely after TBI

PDE4B2 has been implicated in the acute inflammatory response in multiple CNS injury and
disease models [15, 46]. However, whether PDE4B2 has a role in the acute inflammatory re-
sponse after TBI was unknown. To evaluate this, we used flow cytometry to determine whether
PDE4B2 expression was increased in microglia (CD45"", CD11b*) and infiltrating myeloid-
lineage cells (CD45"#" CD11b") at 24 hrs after TBL. This time point was selected because
PDE4B?2 is elevated in the injured cortex at 24 hrs after TBI, and it also corresponds to the
peak of neutrophil infiltration [27, 30, 45]. At 24 hrs post-surgery, there were few PDE4B2*/
CD11b" cells in the ipsilateral parietal cortex of sham animals (Fig 1A), and this nearly dou-
bled in TBI animals (Fig 1B and 1C). The increase in PDE4B2*/CD11b" cells after TBI was
due to both an increase in PDE4B2-expressing microglia and the infiltration of PDE4B2" mye-
loid-lineage cells (Fig 1B and 1C). These results suggest that the previously reported increase
in PDE4B2 expression after TBI by western blotting may be due, in part, to an increase in both
PDE4B2-expressing microglia and myeloid-lineage cells [45].

Levels of A33 in the brain and plasma

To determine if A33 can reach concentrations in the rat brain capable of inhibiting PDE4B in
vivo, we measured levels of A33 in the brain after sham and TBI surgery. Animals received
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Fig 1. PDE4B2 is expressed in microglia and infiltrating myeloid-lineage cells in the injured cortex at 24 hrs post-TBI.
Representative scatter plots from the ipsilateral parietal cortex of (A) sham and (B) brain-injured animals. (C) Quantification of
PDE4B2" inflammatory cells in the cortex at 24 hrs post-surgery. Mean + SEM, n= 8-10/group, *p<0.05, **p<0.01, ***p<0.001
vs. Sham, Student’s unpaired t-test. ND = not detectable.

https://doi.org/10.1371/journal.pone.0178013.g001

sham or TBI surgery and were then treated with A33 (0.3 mg/kg, i.p.) at 30 min and 5 hrs
post-surgery. This treatment schedule was chosen because we previously found that A33 treat-
ment at 0.3 mg/kg (i.p.) significantly reduced TNF levels when administered at these acute
time points after injury [50]. Additionally, the dose of A33 used in this study (0.3 mg/kg, i.p.)
did not alter baseline cognitive measures when evaluated in sham rats and naive mice, elimi-
nating a potential confound when comparing to an effect on TBI animals [47, 50]. At 6 hrs
post-surgery, brain and plasma samples were collected to measure A33 levels using tandem lig-
uid chromatography—mass spectrometry. Plasma levels of A33 were similar between sham
and TBI animals (Fig 2A). Interestingly, brain A33 levels were significantly higher in TBI ani-
mals as compared to sham animals (Fig 2A). Brain levels reached values that were 4 to 7-fold
greater than the ICs, against PDE4B3 measured in vitro (27 nM or 10.4 ng/ml) [49, 50]. How-
ever, A33 had a relatively low brain distribution in the ipsilateral brain, with a brain/plasma
ratio of 2.2 + 0.2% and 4.2 * 0.6% for sham and TBI animals, respectively. These results indi-
cate that A33 can reach levels in the brain capable of inhibiting PDE4B.

To determine whether this treatment paradigm rescued basal cAMP deficits after TBI, the
ipsilateral parietal cortex was evaluated at 6 hrs after sham or TBI surgery. This time point cor-
responds to previous studies demonstrating that cAMP is depressed in the injured cortex
within 15 minutes after injury, and this depression persists for up to 3 days after moderate TBI
[12, 56]. At 6 hrs after surgery, basal cCAMP levels were significantly reduced in TBI animals as
compared to sham animals. However, A33 treatment did not significantly increase cAMP lev-
els in the injured cortex at 6 hrs post-injury (Fig 2B).

Neutrophil accumulation is reduced with A33 treatment after TBI

Neutrophils infiltrate the injured brain within hours after TBI, and accumulation of neutro-
phils is associated with increased neuronal damage and worsened outcome [28, 30, 31]. Given
that PDE4B knockout mice have reduced neutrophil infiltration [26], we determined whether
a PDE4B inhibitor could reduce neutrophil accumulation after TBI. To evaluate this, flow
cytometry was used to determine neutrophil accumulation in the ipsilateral parietal cortex of
vehicle and A33-treated TBI animals at 3 and 24 hrs after surgery (Fig 3). Neutrophils were
identified as a subset of infiltrating myeloid-lineage cells (CD45™¢", CD11b") using a rat neu-
trophil-specific marker, RP-1 [57, 58]. At 3 hrs post-injury, neutrophils were present in the
injured cortex of both vehicle and A33-treated animals (Fig 3A and 3B), but were not reduced
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Fig 2. Distribution of A33 to the brain and plasma and effects on cAMP levels. (A) A33 levels were
measured in the plasma and brain at 1 hr after A33 administration (0.3 mg/kg, i.p.). A33 levels were
significantly higher in the brains of TBI animals as compared to sham animals (main effect of surgery: F1,6)=
11.986, p=0.009 for brain A33 levels). Mean + SEM, n = 3/group, two-way ANOVA with post-hoc Student-
Newman-Keuls (brain), Student’s unpaired t-test (plasma). (B) Total cAMP levels were significantly
decreased in the ipsilateral parietal cortex of vehicle- and A33-treated TBI animals as compared to sham
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animals. A33 treatment did not increase total cAMP in the cortex at 6 hrs post-injury as compared to vehicle-
treated TBI animals. Mean + SEM, n=9-12/group, **p<0.01, ***p<0.001 vs. Sham, one-way ANOVA with
post-hoc Student-Newman-Keuls.
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with A33 treatment at this time point (Fig 3C). At 3 hrs post-injury, neutrophils made up
approximately 80% of infiltrating myeloid-lineage cells in both vehicle and A33-treated TBI
animals (Fig 3D). When evaluated at 24 hrs after TBI, A33-treated TBI animals had signifi-
cantly reduced infiltrating myeloid-lineage cells and neutrophils (Fig 3E-3G), with neutro-
phils making up approximately 90% of the infiltrating myeloid-lineage population in the
injured brain (Fig 3H).

In addition to measuring neutrophil accumulation, iNOS and Argl were used as markers
to determine whether A33 treatment alters the activation state of microglia (CD45"™", CD11b")
and infiltrating myeloid-lineage cells (CD45"8" CD11b") at 3 hrs and 24 hrs after TBI (Fig 4).
At 3 hrs post-injury, acute PDE4B inhibition increased the percentage of Argl-expressing infil-
trating myeloid-lineage cells and microglia, however A33 treatment had no effect on iNOS lev-
els in either cell population (Fig 4A-4D). At 24 hrs post-injury, A33 treatment had no effect on
iNOS or Argl-expressing microglia or infiltrating myeloid-lineage cells (Fig 4E-4H).

Cortical contusion volume is reduced with A33 treatment

While there are many factors that contribute to the developing contusion after brain injury,
inflammation is one of the key driving forces [32, 59, 60]. Given that acute A33 treatment
reduced inflammation, we next wanted to determine whether this treatment also reduced con-
tusion volume. At 3 days after TBI, which corresponds to a time point when cortical contusion
volume can be reliably quantified, animals were perfused and the brains were sectioned and
stained with H&E to visualize the contused tissue [12, 21]. At 3 days post-injury, acute A33
treatment significantly reduced cortical contusion volume as compared to vehicle-treated TBI
animals (Fig 5). This indicates that PDE4B inhibition with A33 can reduce a major pathology
indicator when administered early after brain injury.

Effects of a PDE4B inhibitor on behavioral recovery after TBI

Given that acute A33 treatment reduced inflammation and cortical contusion volume, we
determined whether this treatment paradigm also reduced sensorimotor and learning and
memory deficits after TBI. From 1 to 6 weeks post-surgery, animals were serially evaluated for
sensorimotor and learning and memory deficits using the cylinder test, contextual fear condi-
tioning, water maze and a working memory task.

To evaluate sensorimotor deficits, we utilized the cylinder test. This task quantifies spontane-
ous asymmetrical forelimb use and reliably detects deficits in models that produce substantial uni-
lateral damage, such as TBI and focal cerebral ischemia [16, 53, 61, 62]. At 1 week post-surgery,
vehicle-treated TBI animals had significantly reduced contralateral forelimb use as compared to
sham animals, as indicated by a decrease in asymmetry index (Fig 6). A33 treatment did not sig-
nificantly improve contralateral forelimb use as compared to vehicle-treated TBI animals.

Next, to determine whether this treatment paradigm reduced TBI-induced associative
memory deficits, animals received contextual fear conditioning (Fig 7). There was no signifi-
cant difference in baseline freezing between treatment groups. At 24 hrs after training, all ani-
mal groups exhibited significantly increased freezing. However, vehicle-treated TBI animals
had significantly reduced contextual freezing as compared to sham animals and this was
improved with A33 treatment at 24 hrs post-training (Fig 7A). When re-evaluated at 1 month
after training, the improvement in contextual fear conditioning with A33 treatment was not
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Fig 3. Neutrophil accumulation is reduced with A33 treatment at 24 hrs after TBI. Representative CD45/CD11b and CD45/RP-
1 scatter plots from the ipsilateral parietal cortex of (A) vehicle-treated and (B) A33-treated animals at 3 hrs post-injury. CD45/RP-1
scatter plots were gated on total CD11b* cells. (C) Quantification of total CD11b* cells, microglia, infiltrating CD11b* cells and
neutrophils in vehicle-treated and A33-treated TBI animals at 3 hrs post-injury. (D) Percentage of infiltrating CD11b* cells that are
neutrophils (CD45"9", CD11b*, RP-1*). Representative CD45/CD11b and CD45/RP-1 scatter plots at 24 hrs post-injury in (E)
vehicle-treated and (F) A33-treated animals. (G) Quantification of total CD11b* cells, microglia, infiltrating CD11b* cells and
neutrophils. (H) Percentage of infiltrating CD11b* cells that are neutrophils at 24 hrs after TBI. Mean + SEM, n = 10/group (3 hrs),
n=>5/group (24 hrs), **p<0.01 vs. TBI+Vehicle, Student’s unpaired t-test. (RP-1 = rat neutrophil marker).

https://doi.org/10.1371/journal.pone.0178013.9003
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Fig 5. Acute PDE4B inhibition reduced cortical contusion volume at 3 days after TBI. Representative images of
the ipsilateral parietal cortex stained with H&E from (A,C) vehicle-treated and (B,D) A33-treated animals at 3 days
post-injury. Representative bregma level -6.3 mm. Scale bars (A,B) 1 mm and (C,D) 500 um. (E) Quantification of
contusion volume. Mean + SEM, n= 10/group, ***p<0.001 vs. TBI+Vehicle, Student’s unpaired t-test.

https://doi.org/10.1371/journal.pone.0178013.9005

maintained. Shock threshold assessment revealed no significant difference between treatment
groups in the minimal shock intensity needed to elicit a flinch, jump or vocalization (Fig 7B).

To determine if acute PDE4B inhibition reduced TBI-induced spatial memory deficits, ani-
mals were evaluated using the water maze task. At 3 weeks post-surgery, vehicle-treated TBI
animals had significantly impaired spatial learning acquisition as compared to sham animals,
and this was not improved with A33 treatment (Fig 8A and 8B). However, memory retention
was significantly improved with A33 treatment. During the probe trial, A33-treated TBI ani-
mals spent significantly more time in the target quadrant as compared to vehicle-treated TBI
animals (Fig 8C). There was no significant difference in swim velocity between treatment
groups (Fig 8D).

At 1 month post-surgery, the animals were evaluated for working memory [50, 63, 64].
Both vehicle and A33-treated TBI animals had significantly impaired working memory as
compared to sham animals, however, A33 treatment did not rescue these working memory
deficits (Fig 9). Together, these results indicate that acute PDE4B inhibition partially rescues
long-term memory deficits, but does not improve short-term working memory or sensorimo-
tor deficits after TBI.

A33 treatment reduced TBI-induced atrophy and neuronal loss

After TBI, the injured cortex and hippocampus are prone to progressive atrophy [65, 66]. To
determine whether acute A33 treatment reduced cortical and hippocampal atrophy after TBI,
animals were evaluated at 2 months post-surgery. At this time, both vehicle and A33-treated
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Mean + SEM, n= 12-14/group, *p<0.05 vs. Sham, one-way ANOVA with post-hoc Student-Newman-Keuls.

https://doi.org/10.1371/journal.pone.0178013.9006

A B
80+ 1.09c=33 Sham
 —1* == TBl+Veh
2 08_: TBI+A33
604 . £
o * -
£ * = 0.6
5 2
g 401 k3 e o
L £ 0.4-
X X
20- 9
W f’ O'Z-m
0--[3 I 0.0-
Training Day1 Day 30 Flinch Jump Vocalize

Fig 7. Acute PDE4B inhibition reduced contextual fear conditioning deficits at 2 weeks after TBI. (A)
At 24 hrs and 1 month after training, animals were evaluated for contextual fear conditioning. At both 24 hrs
and 1 month after training, vehicle-treated TBI animals froze significantly less than sham animals. A33-treated
TBI animals froze significantly more than vehicle-treated TBI at 24 hrs, but not at 1 month, after training. A
main effect of treatment (F2, 72) = 6.996, p=0.003), a main effect of trial (F», 70)= 169.111, p<0.001) and a
significant interaction of treatment x trial (F(4, 72y = 4.931, p=0.001) were observed. *p<0.05, ***p<0.001 vs.
Sham Day 1, **p<0.01 vs. Sham Day 30, “p<0.001 vs. Training, *p<0.01 vs. TBI+Vehicle Day 1, repeated-
measures two-way ANOVA with post-hoc Student-Newman-Keuls. (B) Shock threshold was similar between
all treatment groups. Mean + SEM, n = 12-14/group, one-way ANOVA with post-hoc Student-Newman-Keuls.

https://doi.org/10.1371/journal.pone.0178013.g007
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Fig 8. Acute PDE4B inhibition attenuated spatial memory deficits in the water maze task at 3 weeks
post-TBI. During training, (A) escape latency and (B) path length were significantly increased in the vehicle-
treated TBI animals as compared to sham (main effect of treatment: F5 111)=5.446, p=0.008 and F5 111y =
5.292, p=0.010 for escape latency and path length, respectively), repeated-measures two-way ANOVA with
post-hoc Student-Newman-Keuls. (C) During the probe trial, the percentage of time spent in the target
quadrant (TQ) was significantly decreased in the vehicle-treated TBI animals as compared to sham and
A33-treated TBI animals. (D) There was no difference in swim velocity between any of the treatment groups.
Mean + SEM, n=12-14/group, *p<0.05, **p<0.01 vs. TBI+Vehicle, one-way ANOVA with post-hoc Student-
Newman-Keuls.
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TBI animals had significant cortical and hippocampal atrophy as compared to sham animals
(Fig 10). Cortical, but not hippocampal, atrophy was reduced in A33-treated TBI animals as
compared to vehicle-treated TBI animals (Fig 10).

After TBI, the parietal cortex and CA3 region of the hippocampus are particularly vulnera-
ble to neuronal loss [12, 67]. When quantifying neuronal loss in the pericontusional cortex
(Fig 11) and CA3 region of the hippocampus (Fig 12), both vehicle and A33-treated TBI ani-
mals had a significant reduction in NeuN™ cells as compared to sham animals. A33 treatment
partially reduced neuronal loss in both the pericontusional cortex (Fig 11) and CA3 region of
the hippocampus (Fig 12). These results suggest that a PDE4B inhibitor delivered acutely after
TBI reduces neuronal loss and atrophy at chronic time points after injury.

Discussion

Approximately 80% of TBI survivors will develop learning and memory deficits [4]. Therapeu-
tics targeting the TBI-induced inflammatory response have yielded promising results in
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A33-treated TBI animals had significantly impaired working memory, as measured by an increase in path
length in the match trial as compared to sham animals. Mean + SEM, n= 12-14/group, *p<0.05, **p<0.01 vs.
Sham, one-way ANOVA with post-hoc Student-Newman-Keuls.
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preclinical studies for reducing neuronal loss and memory deficits [29, 68-70]. In this study,
we set out to determine whether a PDE4B-selective inhibitor, A33, would reduce inflammation
and improve outcome after TBIL. The results of this study demonstrate that acute treatment
with a PDE4B-selective inhibitor, A33, reduces inflammation, pathology and memory deficits
after TBI. The partial rescue in memory deficits, atrophy and neuronal loss after TBI is sugges-
tive that the therapeutic benefits of acute PDE4B inhibition persist for weeks after treatment.
In 2009, Naganuma and colleagues reported the discovery of a PDE4B-selective inhibitor,
compound 33 [48]. Prior to the discovery of compound 33, now termed A33, the high struc-
tural similarity between PDE4B and PDE4D precluded the development of PDE4B-selective
inhibitors [48, 49]. In this seminal paper, Naganuma ef al. demonstrated that A33 was not only
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Fig 10. Acute PDE4B inhibition reduced cortical atrophy at 2 months post-injury. Representative
images of the ipsilateral parietal cortex and hippocampus of (A) sham, (B) vehicle-treated and (C) A33-treated
TBI animals stained with H&E plus Luxol fast blue. Representative images at -6.3 mm bregma, scale bar

500 pm. (D) Quantification of % atrophy. Both vehicle and A33-treated TBI animals had significantly increased
cortical and hippocampal atrophy as compared to sham animals. A33-treated TBI animals had reduced
cortical, but not hippocampal, atrophy as compared to vehicle-treated TBI animals. Mean + SEM, n=11-14/
group, **p<0.01, ***p<0.001 vs. Sham, #p<0.001 vs. TBI+Vehicle, one-way ANOVA with post-hoc Student-
Newman-Keuls.

https://doi.org/10.1371/journal.pone.0178013.9010
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Fig 11. A33 treatment reduced neuronal loss in the pericontusional cortex at 2 months post-injury. Representative images
of the ipsilateral parietal cortex of (A) sham, (B) vehicle-treated and (C) A33-treated TBI animals, immunolabeled for mature neurons
using NeuN. Representative images at -5.3 mm bregma, scale bar 250 um. (D) Quantification of NeuN* cells in the ipsilateral and
contralateral parietal cortex. The number of NeuN* cells were significantly reduced in the ipsilateral parietal cortex in both vehicle and
A33-treated TBI animals as compared to sham animals. A33 treatment rescued neuronal loss in the pericontusional cortex as
compared to vehicle-treated TBI animals. (main effect of treatment: F» 64)=19.21, p<0.0001; main effect of region (ipsi vs. contra):
Fi1, 64) = 93.68, p<0.0001; interaction of treatment x region: F,, e4) =43.89, p<0.0001.) Mean + SEM, n= 10-13/group, ***p<0.001 vs.
Ipsi/Contra Sham, #p<0.001 vs. Ipsi TBI+Vehicle, *p<0.001 vs. Ipsi TBI+A33, two-way ANOVA with post-hoc Student-Newman-Keuls.
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highly selective for PDE4B, but also had good pharmacokinetic properties, with 85% bioavail-
ability in mice when administered orally [48]. However, whether systemic administration

of A33 reached levels capable of inhibiting PDE4B in the rat brain acutely after TBI was
unknown. Thus, we measured A33 in the brain at 6 hrs after sham or TBI surgery. At 6 hrs
post-surgery, A33 reached concentrations 4 to 7-fold above the ICs, for PDE4B. Furthermore,
A33 levels were nearly 2-fold higher in the injured brain than in the uninjured. The increased
distribution of A33 in the acutely injured brain are contrary to what was previously observed
in chronic A33-treated animals, where there was no significant difference in brain A33 levels
in sham versus TBI animals [50]. The increased levels of A33 in the injured brain are likely due
to blood-brain barrier (BBB) breakdown at this early time point after TBI [71]. However, the
brain/plasma ratio was relatively low in both sham and TBI animals, possibly due to a high
efflux of A33 (efflux ratio = 14.4) [50]. One caveat of these results is that the animals were

not perfused prior to tissue collection. Therefore, when measuring brain levels of A33, both

PLOS ONE | https://doi.org/10.1371/journal.pone.0178013 May 19,2017 18/30


https://doi.org/10.1371/journal.pone.0178013.g011
https://doi.org/10.1371/journal.pone.0178013

o @
@ ’ PLOS | ONE PDE4B inhibition as a treatment for TBI

s

500009 =3 Ipsi
&3 Contra
40000+

30000

20000+

CA3 NeuN* cells

10000

Fig 12. Treatment with a PDE4B inhibitor reduced neuronal loss in the hippocampal CA3 region at 2 months
post-injury. Representative images of the ipsilateral CA3 region of the hippocampus immunolabeled for mature
neurons using NeuN in (A) sham, (B) vehicle-treated and (C) A33-treated TBI animals. Representative images at
-5.3 mm bregma, scale bar 250 ym. (D) Quantification of NeuN* cells in the ipsilateral and contralateral CA3 region
of the hippocampus. Vehicle and A33-treated TBI animals had significantly reduced NeuN™ cells in the ipsilateral
hippocampal CA3 region as compared to sham animals. A33 treatment partially rescued neuronal loss in the
ipsilateral hippocampal CA3 region as compared to vehicle-treated TBI animals. (main effect of treatment: F5 64y =
8.977, p=0.0004; main effect of region (ipsi vs. contra): Fy, e4) = 18.45, p<0.0001; interaction of treatment x region:
I-;z, 64)= 13.38, p<0.0001.) Mean + SEM, n = 10-13/group, **p<0.01, ***p<0.001 vs. Ipsi/Contra Sham, *p<0.01,
#2p<0.001 vs. Ipsi TBI+Vehicle, two-way ANOVA with post-hoc Student-Newman-Keuls.
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residual blood and brain tissue were evaluated. Studies are currently in progress to improve
the pharmacokinetics of A33, specifically regarding chemical modifications that will increase
A33 distribution in the brain.

In addition to examining the distribution of A33 in the injured brain, we tested whether
this PDE4B-selective inhibitor was capable of augmenting cAMP levels after TBI. A recent
study by Zhang et al. demonstrated that A33 augments cAMP levels in isoproterenol-stimu-
lated hippocampal cells [47]. In the context of TBI, we previously reported that the pan-PDE4
inhibitor, rolipram, rescued basal cAMP deficits [12]. However, contrary to those previous
studies, we found that A33 did not significantly increase basal cAMP levels after TBI. This neg-
ative result is likely because rolipram inhibits all PDE4 subfamilies, whereas A33 is selective
for PDE4B. While this study focused on the PDE4B subfamily, we previously reported that
PDE4D2 expression and PDE4A5 phosphorylation are significantly increased in the injured
cortex acutely after TBI [45]. Thus, PDE4A and 4D subfamilies may have contributed to the
decrease in basal cCAMP levels after TBI. Furthermore, previous studies have demonstrated
that PDE4B regulates cAMP levels near the plasma membrane and in mitochondria, but not in
the cytosol [72, 73]. In contrast, PDE4D predominantly hydrolyzes cytosolic cAMP [72]. Con-
sequently, the cAMP assay used in this study may not have been sensitive enough to detect
PDE4B-mediated changes in basal cAMP levels after TBI. Future studies evaluating PDE4B
inhibitors would benefit from the use of cAMP-sensitive fluorescent sensors to detect localized
changes of cAMP [72].
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The short PDE4B isoform, PDE4B2, has been implicated in regulating the activation of
inflammatory cells, such as macrophages, microglia and neutrophils [15, 42, 43]. In a previous
study, we found that PDE4B2 is significantly increased in the injured cortex and hippocampus
as early as 30 min post-injury, and remained elevated up to 24 hrs after TBI [45, 74]. However,
whether PDE4B2 was upregulated in particular inflammatory cell populations in the injured
cortex had not been determined. Using flow cytometry, we found that PDE4B2-expressing
CD11b" cells were significantly increased in the injured cortex at 24 hrs after TBI. This in-
crease in PDE4B2" cells was due to an increase in both PDE4B2-expressing microglia and
infiltrating myeloid-lineage cells. However, the mechanism that regulates this increase in
PDE4B2 expression in inflammatory cells is unknown. One possible mechanism for the TBI-
induced increase in PDE4B2 expression in microglia and infiltrating myeloid-lineage cells is
through toll-like receptor 4 (TLR4) signaling. Several studies have reported that TLR4 signal-
ing, via LPS stimulation, increases expression of PDE4B2 [25, 43, 75]. After TBI, the time
course of TLR4 upregulation parallels the acute increase observed in PDE4B2 expression, and
TLR4 has been shown to localize to microglia and neutrophils acutely after injury [76-78].
Furthermore, TLR4 knockout mice have reduced inflammation and improved outcome after
TBI [79]. Altogether, these findings suggest that additional studies delineating the mechanisms
that regulate PDE4B2 expression could provide additional targets, such as TLR4, for reducing
inflammation and improving recovery after TBI.

After TBI, neutrophil accumulation has been associated with histopathological damage and
poor recovery [28, 30, 31]. Treatment strategies aimed at reducing neutrophil accumulation
after TBI have yielded positive results, with improved neuronal survival and behavioral recov-
ery [32, 33]. Given that PDE4B knockout and A33-treated mice have reduced neutrophil accu-
mulation in systemic models of inflammation, we tested whether A33 treatment reduced
neutrophil accumulation after TBI [26, 48]. Using flow cytometry, we determined whether
A33 treatment reduced neutrophil accumulation at 3 and 24 hrs after TBI, which corresponds
to the early and peak infiltration time points after injury [27]. At 24 hrs, but not 3 hrs after
injury, A33 treatment significantly reduced neutrophil accumulation. The reduction in peak
neutrophil accumulation at 24 hrs but not at 3 hrs suggests that the immediate influx of neu-
trophils after TBI may not be dependent on PDE4B-regulated pathways. While the exact
mechanism responsible for the A33-mediated reduction in neutrophil accumulation at 24 hrs
after TBI is unknown, studies using PDE4B knockout mice suggest that these findings are due
to decreased CD18 expression in circulating neutrophils [26]. CD18 is an important mediator
of neutrophil-endothelial cell adhesion and infiltration, and expression of CD18, like PDE4B2,
is regulated by TLR4 signaling [80-82]. Overall, these results suggest that PDE4B is a possible
therapeutic target for reducing peak neutrophil accumulation after TBI.

Pan-PDE4 inhibitors have been found to regulate the activation state of microglia and mac-
rophages during the early inflammatory response after CNS injury [34, 38]. Two commonly
used markers of classical (M1) and alternative (M2) activation are iNOS and Argl, respectively
[38, 39, 41, 83, 84]. Therefore, in this study we used iNOS and Argl as markers to determine
whether the PDE4B-selective inhibitor, A33, alters the activation state of microglia and mye-
loid-lineage cells after TBI. At 3 hrs, but not 24 hrs after injury, A33 treatment significantly
increased the percentage of Argl-expressing microglia and infiltrating myeloid-lineage cells.
The upregulation of Argl at 3 hrs, but not 24 hrs, in the A33-treated TBI animals suggests that
this effect does not persist at longer time points after A33 treatment, given that the final dose
was administered at 5 hrs after TBI. Due to the emerging evidence on the complexity of M1/
M2 phenotypes, we cannot definitively conclude whether acute PDE4B inhibition induces an
M2 activation state after TBI [85-88]. Nevertheless, the reduction in neutrophil accumulation
at 24 hrs post-injury, which was preceded by an early increase in Argl-expressing microglia
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and infiltrating myeloid-lineage cells, is suggestive of a more anti-inflammatory/pro-reparative
environment with A33 treatment.

While we previously demonstrated that acute PDE4B inhibition reduces TNF levels after
TBI, future studies will benefit from a more comprehensive assessment of changes in the cyto-
kine and chemokine profile with PDE4B inhibition [50]. Several studies have demonstrated
that PDE4 negatively regulates cAMP levels in pathways that control the expression and anti-
inflammatory effects of interleukin 4 (IL-4), IL-13 and IL-10 [37, 52, 89, 90]. These cytokines,
as well as Argl, are considered M2 markers in microglia and macrophages [41, 91, 92]. More-
over, these markers are regulated by cAMP-Stat6 (signal transducer and activator of trans-
cription 6) signaling pathways, suggesting that PDE4B inhibition may induce expression of
multiple M2 markers [36, 93]. Overall, a greater understanding of the anti-inflammatory ac-
tions of PDE4B inhibitors would have therapeutic implications not just for TBI, but also for
CNS injuries and diseases where PDE4B is upregulated.

Cerebral contusions and hematomas are a common type of mass lesion after TBI [59, 94].
These lesions can be life-threatening and lead to life-long disabilities if not properly mitigated,
which in clinical settings is often accomplished through surgical intervention [95, 96]. Preclini-
cal studies have implicated the acute inflammatory response in exacerbating cerebral contu-
sions and hematomas [60, 97]. This inflammatory response further drives BBB breakdown,
increases hemorrhage and exacerbates the developing contusions [32, 71]. Thus, a therapeutic
that has the ability to attenuate the acute inflammatory response may also reduce the extent of
hemorrhage and contusion after TBI. At 3 days post-injury, we found that A33 treatment sig-
nificantly reduced contusion volume. These results differed from what we previously observed
when evaluating the pan-PDE4 inhibitor, rolipram, acutely after TBI [21, 22]. While pan-
PDE4 inhibition worsened cortical contusions acutely after TBI, acute PDE4B inhibition
reduced cortical contusions [21, 22]. This reduction in contusion volume is suggestive of a
reduction in BBB breakdown in A33-treated TBI animals. BBB breakdown is seen within min-
utes to hours after TBI and is associated with neutrophil infiltration [27, 71, 98, 99]. Thus, the
reduction in both neutrophil accumulation and cortical contusion volume in A33-treated TBI
animals suggests that PDE4B may be a biological target for reducing BBB breakdown after
TBI. One possible mechanism for this reduction in BBB breakdown may be through upregula-
tion of endothelial adherens junctions, such as VE-cad (vascular endothelial cadherin) [100].
VE-cad is essential for proper BBB function, and expression of VE-cad is positively regulated
by cAMP signaling [101, 102]. Furthermore, augmented VE-cad levels are associated with
reduced BBB breakdown acutely after TBI [103]. Regardless of the mechanism, the reduction
in cortical contusion volume in this study supports the use of PDE4B inhibitors as a treatment
for attenuating cerebral contusion progression after TBI.

Learning and memory deficits are common long-term consequences in both experimental
and clinical TBI [2, 4, 53, 64]. Previously, we reported that delayed A33 treatment reduced
memory deficits at 3 months post-TBI, but the treatment was limited to 30 min prior to train-
ing in the learning task [50]. In this study, we tested whether acute A33 treatment reduced
TBI-induced memory deficits several weeks after the treatment period. We found that acute
A33 treatment partially rescued memory recall in the water maze task. This improvement in
recent memory recall was further supported by a partial rescue in contextual fear conditioning
deficits at 24 hrs post-training. However, the improvement in contextual fear conditioning
was not persistent, and remote recall at 1 month post-training (6 weeks after surgery) was not
improved with A33-treatment. These results suggest that the memory trace during recall and
consolidation at the 24 hr testing time point was not sufficient to sustain the fear memory at 1
month after training [104, 105]. This long-term cognitive decline may be due in part to the
progressive hippocampal atrophy caused by TBI, which was not mitigated with acute A33
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treatment [66, 106]. Acute A33 treatment did significantly reduce cortical atrophy, as well as
neuronal loss in the hippocampal CA3 region and pericontusional cortex. Although the reduc-
tion in hippocampal CA3 neuronal loss may have partially reduced TBI-induced memory defi-
cits, this neuronal sparing was not enough to demonstrably reduce hippocampal atrophy. The
apparent discrepancy between the improved CA3 neuronal survival and unaffected hippocam-
pal atrophy may be due to the combined reduction in the number and volume of remaining
neurons in the hippocampus [66]. While we quantified the number of remaining neurons in
the hippocampal CA3 region, we did not measure neurite length and synaptic density. Several
studies have demonstrated that TBI causes a decrease in dendrite length and synaptic density
in the hippocampus [107-109]. Therefore, the partial rescue in the number of hippocampal
CA3 neurons may have been surpassed by the atrophy of the remaining neurons in the A33-
treated TBI animals. Future studies attempting to reduce hippocampal atrophy may benefit
from a more extended treatment course with A33 after injury. Altogether, this study suggests
that acute A33 treatment is capable of improving recent memory recall at chronic time points
after TBI, possibly through a partial reduction in CA3 neuronal loss.

The neuroprotective benefits of pan-PDE4 inhibitors are well documented in models of
TBI, SCI and cerebral ischemia [12, 13, 110]. After TBI, neuronal damage in the injured cortex
and hippocampus can be seen within minutes after injury and progresses to measurable neuro-
nal loss within hours [27, 111, 112]. In this study, we examined some of the anti-inflammatory
actions of A33 treatment as a potential mechanism for reducing neuronal loss and memory
deficits after TBI. However, an unexplored mechanism in which A33 may prevent neuronal
loss after TBI is through cell survival pathways. Previously, we reported that chronic A33 treat-
ment significantly increased basal levels of phosphorylated cyclic AMP-response element-
binding protein (CREB) in the injured hippocampus [50]. CREB acts downstream of cAMP
and increased levels of phosopho-CREB (Ser133) are often used as a surrogate measure to eval-
uate increases in cAMP signaling [64, 113]. In cell survival pathways, phosopho-CREB can
activate transcription of anti-apoptotic genes, such as bcl-2 (B-cell lymphoma 2) [114]. Fur-
thermore, preclinical TBI studies have demonstrated that overexpression of Bcl-2 attenuates
both cortical and hippocampal CA3 neuronal loss [115, 116]. However, in this study we did
not examine whether pro-survival pathways were augmented in neurons when treated with
A33 acutely after TBI. One potential mechanism in which increasing cAMP, via PDE4B inhibi-
tion, may promote neuronal survival is through elevated mitochondrial CREB activation
[117]. Mitochondria play a major role in regulating apoptotic signaling, and some of these
anti-apoptotic pathways involve mitochondrial CREB-mediated activation of cell survival
pathways [114]. In support of this hypothesis, studies have demonstrated that PDE4B2 and an
associated anchoring protein, DISC1 (disrupted in schizophrenia 1), colocalize in neuronal
mitochondria [73, 118]. Furthermore, we previously found that PDE4B2 is upregulated in cor-
tical and hippocampal dendrites early after brain injury [45, 74]. However, whether the TBI-
induced increase in neuronal PDE4B2 expression occurs within mitochondria is unknown.
Moreover, whether PDE4B2 negatively regulates CREB-mediated neuronal survival pathways
has not yet been established. With the development of PDE4B-selective inhibitors, such as
A33, future studies could explore the role of PDE4B as a dual anti-inflammatory/pro-survival
target for a wide array of neurological injuries and diseases.

This is the first study to investigate the therapeutic potential of acute treatment with a
PDE4B-selective inhibitor after TBI. While we found that A33 treatment reduced several TBI-
induced pathologies, there are several limitations of the current study. The early administra-
tion of A33 at 30 min post-injury is a significant limitation with regards to clinical translation.
This treatment time was chosen to optimize observing a potential effect of A33, given the rapid
onset of inflammation after TBI [27, 119-121]. However, this time point is not feasible for
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many TBI patients. On average, the earliest time point a TBI patient is evaluated and treated
by a physician varies between 1-6 hrs after injury [122, 123]. Therefore, future studies are
needed to evaluate the therapeutic time window for acute A33 treatment after TBI. Another
limitation of the current study is the lack of efficacy of A33 to improve several cognitive mea-
sures evaluated in this study. While acute A33 treatment rescued deficits in contextual fear
conditioning and water maze retention, neither working memory nor contextual fear condi-
tioning at 1 month post-training were improved. The lack of efficacy could have been due to a
suboptimal dosing schedule. Assessing a dose-response curve, as well as evaluating other dos-
ing schedules, are necessary to increase the likelihood for successful clinical translation in
future studies. Another possible explanation for the lack of efficacy observed in some of the
behavioral measures is the possible contribution of other PDE4 subfamilies to TBI-induced
cognitive deficits. We previously reported that phospho-PDE4A5 and PDE4D2 are elevated in
the injured cortex and hippocampus acutely after TBI [45, 74]. Previous studies have demon-
strated a potential role for these PDE4 isoforms in cognition. Li et al. reported that knockout
of PDE4D enhanced water maze retention and novel object recognition [124]. Additionally, a
study from Havekes et al. demonstrated that augmenting levels of PDE4A5 in mice impaired
both contextual fear conditioning and novel object recognition [125]. Therefore, other PDE4
subfamilies may have contributed to the cognitive deficits caused by TBI. Future studies evalu-
ating the therapeutic window and dose-response curve of acute A33 treatment, as well as
investigating the contribution of other PDE4 isoforms to TBI pathology, will clarify the poten-
tial of PDE4B-selective inhibitors as acute therapeutics for TBL

Over the last 40 years, there has been extensive development in the use of pan-PDE4 inhibi-
tors as anti-inflammatory treatments [126, 127]. Currently, there are two FDA-approved pan-
PDE4 inhibitors available for clinical use, Roflumilast and Apremilast [128, 129]. However,
lack of specificity for individual PDE4 subfamilies has hindered their use after TBI. Overall,
this study demonstrated that a PDE4B-selective inhibitor, A33, can reduce inflammation, his-
topathology and memory deficits after TBI. The multifactorial and beneficial effects observed
with A33 treatment support the use of PDE4B inhibitors as an anti-inflammatory, and possibly
neuroprotective, treatment strategy for TBI.
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