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Abstract

Cyclic AMP suppresses immune cell activation and inflammation. The positive feedback loop of
pro-inflammatory cytokine production and immune activation implies that cytokines may not only
be regulated by cyclic AMP but conversely regulate cyclic AMP. This study examined the effects
of TNF-a and IL-1 on cyclic AMP-phosphodiesterase (PDE) signaling in microglia in vitro and
after spinal cord or traumatic brain injury (SCI, TBI). TNF-a or IL-1f stimulation produced a
profound reduction (>90%) of cyclic AMP within EOC2 microglia from 30min that then
recovered after IL-1f but remained suppressed with TNF-a through 24h. Cyclic AMP was also
reduced in TNF-a-stimulated primary microglia, albeit to a lesser extent. Accompanying TNF-a-
induced cyclic AMP reductions, but not IL-1p, was increased cyclic AMP-PDE activity. The role
of PDEA4 activity in cyclic AMP reductions was confirmed by using Rolipram. Examination of
pded mRNA revealed an immediate, persistent increase in pdedb with TNF-a; IL-1f increased all
pde4 mRNAs. Immunoblotting for PDE4 showed that both cytokines increased PDE4AL, but only
TNF-a increased PDE4B2. Immunocytochemistry revealed PDE4B nuclear translocation with
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TNF-a but not IL-1p. Acutely after SCI/TBI, where cyclic AMP levels are reduced, PDE4B was
localized to activated OX-42* microglia; PDE4B was absent in OX-42" cells in uninjured spinal
cord/cortex or inactive microglia. Immunoblotting showed PDE4B2 up-regulation from 24h to
1wk post-SCl, the peak of microglia activation. These studies show that TNF-a and IL-15
differentially affect cyclic AMP-PDE signaling in microglia. Targeting PDE4B2 may be a putative
therapeutic direction for reducing microglia activation in CNS injury and neurodegenerative

diseases.

Keywords

cyclic AMP; phosphodiesterase; Rolipram; TNF-a; IL-1f; inflammation; CNS

Introduction

Central nervous system (CNS) injury induces an acute up-regulation of pro-inflammatory
cytokines, including tumor necrosis factor (TNF)-a and interleukin-1p (IL-1p) (Streit et al.,
1998; Yakovlev and Faden, 1994). These cytokines in turn initiate immune cell activation
(Goodman et al., 2008; Pearse et al., 2004a) and play a central role in secondary neural
damage (Pearse and Jarnagin, 2011), gliosis (Selmaj et al., 1991), and exacerbate
neurological dysfunction. Although neurons and astrocytes have been reported to express
pro-inflammatory cytokines (Breder et al., 1993; Sharif et al., 1993), activated microglia
appear to be the predominant source in the CNS for a plethora of inflammatory mediators
under pathological conditions (Lucin and Wyss-Coray, 2009), including TNF-a and IL-18
(Kita et al., 1997; Rice et al., 2007).

Microglial cell activation is a histopathological hallmark of CNS injury and
neurodegenerative conditions. Pro-inflammatory cytokines released by injury-perturbed
microglia are responsible for triggering a positive feedback loop of continual cytokine
secretion and auto-activation (Pearse et al., 2004a). Although both IL-1f and TNF-a
contribute to neuro-inflammation, these cytokines interact through structurally unrelated
receptors (Baud and Karin, 2001; Wajant et al., 2003), exhibit differences in their
downstream signaling pathways (Dunne and O’Neill, 2003), and display a temporal profile
of expression following CNS injury that is disparate (Kinoshita et al., 2002; Vitarbo et al.,
2004).

The ubiquitous cyclic adenosine monophosphate (cyclic AMP) pathway is one intracellular
signaling cascade that prevents cellular reactivity and maintains homeostasis (Caggiano and
Kraig, 1999). Addition of cyclic AMP analogs, adenylyl cyclase (AC) activators or
phosphodiesterase (PDE) inhibitors, which elevate intracellular cyclic AMP levels, have
been shown to retard microglia activation and antagonize pro-inflammatory cytokine
production (Serezani et al., 2008). Although cyclic AMP signaling has been shown to
regulate microglial cell reactivity and TNF-a and IL-1p production, it has not been
demonstrated conversely how these pro-inflammatory cytokines can comparatively affect
cyclic AMP signaling, a situation that occurs physiologically following CNS injury. Pro-
inflammatory cytokines could decrease cyclic AMP levels and promote microglia activation
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through two main effectors, a down-regulation of AC activity and/or an increase in PDE
activity (Ma et al., 1999; Patrizio, 2004). Previously we have shown that following spinal
cord injury (SCI) and traumatic brain injury (TBI) there is a profound, acute decrease in
cyclic AMP levels that can be reversed by the PDE4 inhibitor, Rolipram (Atkins et al., 2007;
Pearse et al., 2004b). This would imply that PDE4, which accounts for the majority of PDE
activity in the CNS (Kleppisch, 2009), is the predominant PDE in immune cells
(macrophages, eosinophils, neutrophils and microglia) (Semmler et al., 1993; Ghosh and
Pearse, 2010) and has been identified in the injured spinal cord (Whitaker et al., 2008),
could be regulated by pro-inflammatory cytokines such as TNF-a and IL-1f to decrease
cyclic AMP. Rolipram, and other PDE4 inhibitors, in addition to preventing injury-induced
decreases in cyclic AMP, also have potent anti-inflammatory actions (Bao et al., 2011;
Atkins et al., 2007; Pearse et al., 2004b). Collectively this work implies that cyclic AMP
dysregulation after CNS injury may be central to microglia activation and their ensuing
auto-activation through pro-inflammatory cytokine production.

The objective of the current study was to examine how TNF-a and IL-1f temporally alter
cyclic AMP levels and regulate PDE4 expression, protein production, sub-cellular
localization and activity in microglia. The work in particular sought to determine whether
these cytokines differentially affected cyclic AMP-PDE signaling based upon their distinct
signaling pathways and whether changes induced by either TNF-a or IL-1f could be
reversed by PDE4 inhibition. Lastly, the identification of which PDE4 gene products were
expressed acutely after SCI and TBI in activated microglia was determined. This study
provides a novel understanding of the molecular mechanisms involved in pro-inflammatory
cytokine regulation of microglial cell activation and offers a putative therapeutic direction
for targeting inflammation in CNS injury and neurodegenerative diseases.

Materials and Methods

Cell Culture and Viral Vectors

EOC2 Microglia Culture—The immortalized murine microglia cell line, EOC2
(CRL-2467, purchased from ATCC, Manassas, VA) was employed for these studies as they
exhibit both phenotypical and functional properties of primary microglial cells (Walker et
al., 1995). Microglia were cultured at 37°C, 5% CO, in Dulbecco’s modified Eagle’s
medium supplemented with 10% heat-inactivated fetal bovine serum (HyClone, Logan, UT),
20% Ladmac conditioned media (ATCC), 100 units/ml penicillin and 100 pg/ml
streptomycin (Sigma-Aldrich, St. Louis, MO). For pro-inflammatory cytokine stimulation
experiments, microglia were seeded on either 100 mm or 60 mm culture dishes (1x10° or
5x10° cells/dish, respectively; for biochemistry) or 4-well chamber slides (5x10° cells/well;
for immunocytochemistry) and grown to 60-70% confluence. Cytokine stimulation involved
the addition of either TNF-a (10ng/ml; R&D, Billerica, MA) or IL-1B (5ng/ml; R&D), with/
without Rolipram (10 pm, Sigma), for time intervals between 0 to 24h. These concentrations
have been used in previous in vitro studies of microglial cell activation (Pearse et al., 2004a)
and are similar to the tissue levels seen following CNS trauma, which have been measured
at 1-10ng/ml (Bethea et al., 1999). Cytokines were added in 1ul water while Rolipram was
used in 1l of 100% Dimethyl sulfoxide (DMSO); the amounts of these agents were based
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upon the final desired concentrations in culture as described above. Water or DMSO was
used as a vehicle-only in untreated, control cultures; DMSO was found not to affect
microglial activation when given alone as such a dilute concentration. Except for the time
course studies of cyclic AMP and PDE4 activity/mRNA changes in which 5 time points
were examined (0, 0.5, 3, 12 and 24h post-stimulation were examined), all other work
employed an endpoint period of 3 and/or 24h after cytokine exposure, time points in which
protein changes would be expected (3h) or at which microglia cells have undergone a
complete morphological change to an activated phenotype (24h).

Primary Microglia Culture—Primary microglial cells were collected from the
dissociated cerebral cortex of adult Fisher rats according to procedures by Mecha et. al.,
(2011); modifications were made to permit the isolation of purified microglia (>90%) from
adult rather than postnatal rats. Briefly, the cortical lobes were dissected and cut into 2mm
pieces to allow easy trituration. The tissue was suspended in cold DMEM (Dulbecco’s
Modified Eagle Medium, Gibco, Life Technologies Corporation) and triturated using a
P-1000 plastic tip. The cell suspension was passed through a 100 um cell strainer followed
by centrifugation at X1000 rpm for 10min. The supernatant was removed and the pellet re-
suspended in DMEM containing 10% FBS and 10% horse serum (Gibco, Life Technologies
Corporation). The cell suspension was plated on polylysine coated T75 flasks and incubated
at 37°C for 7 to 10 days. Thereafter, cultures were placed on an orbital shaker at X230 rpm
for 3 hours. The cell suspension, containing the microglial cell population, was taken for
centrifugation for 10min at X1000 rpm to obtain the microglial cell fraction in the pellet.
The pellet was collected, resuspended in the same media as above and the number of viable
cells was determined using Trypan Blue followed by quantification using a Neubauer’s
chamber. An average yield of ~5x10° cells was obtained per rat brain. The cell suspension
was diluted to the desired cell concentration and plated for at least 24h for use in in vitro
experiments according to the same experimental schema as described for the EOC2
microglial cell line.

Lentiviral Vectors—A replication incompetent Lentiviral Vector (LV) encoding a pdedb
short hairpin RNA (shRNA) was obtained from Santa Cruz Biotechnology Inc. (Cat. No.
sc-44003-V) as a pool of concentrated, transduction-ready viral particles composed of three
target-specific constructs that encoded a 19-25 nucleotide (plus hairpin) shRNA designed to
knock down gene expression of pdedb isoforms.

TBI was performed using 4 adult male Sprague Dawley rats (300-400g, Charles Rivers
Laboratories, Wilmington, MA; 2 sham and 2 injured animals), while for SCI, 73 adult
female Fischer rats (180-200g, Harlan Laboratories, Indianapolis, IN; 12 uninjured and 61
injured animals) were used. All experimental procedures were performed in compliance
with the National Institute of Health Guide for the Care and Use of Laboratory Animals and
approved by the University of Miami Institutional Animal Care and Use Committee.

Spinal Cord Contusion Injury Model—Contusion injury was induced by the MASCIS
weight drop device developed at New York University (Gruner, 1992). Prior to surgical
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procedures, animals were weighed and anesthetized by i.p. injection (45mg/kg ketamine,
5mg/kg xylazine). An adequate level of anesthesia was determined by monitoring the
corneal and hind limb withdrawal reflexes. Animals were prepared pre-operatively as
described previously (Ghosh et al., 2012). A laminectomy performed at thoracic vertebra T8
exposed the dorsal surface of the spinal cord underneath (T9) without disrupting the dura
mater. The exposed spinal cord was moderately injured by dropping a 10.0g rod from a
height of 25.0mm. The contusion impact height, velocity and compression were monitored.
Animals (n=3) were excluded immediately when height or velocity errors exceeded 7% or if
the compression distance was not within the range of 1.75 to 2.25mm. After injury, the
muscles were sutured in layers and the skin closed with metal wound clips. The rats were
allowed to recover in a warmed cage with water and food easily accessible. Post-operative
care was then administered as described in Patel et al. (2010).

Fluid-percussion Brain Injury Model—Fluid-percussion TBI was performed as
described previously (Atkins et al., 2007). Briefly, animals were anesthetized with 3%
isoflurane, 70% N,O, and 30% O,. The animals received a 4.8mm craniotomy (3.8mm
posterior to bregma, 2.5mm lateral to midline) over the right parietal cortex and a beveled
plastic 18 gauge syringe hub was secured to the craniotomy with cyanoacrylate and dental
cement. At 24h after recovery from the craniotomy, the animals were re-anesthetized,
intubated, and mechanically ventilated (Stoelting, Wood Dale, IL, USA) with 0.5%
isoflurane, 70% N»,O, and 30% O-. Pancuronium bromide (1.0mg/kg) was administered
through the tail artery to immobilize the rats. A moderate (2.0+0.2atm) fluid-percussion
pulse (22ms duration) was delivered to the right parietal cortex. Sham-operated rats received
all of the surgical manipulations, with the exception of the fluid-percussion pulse.
Physiological monitoring and post-operative care was performed as described elsewhere
(Atkins et al., 2007).

Animal Perfusion and Tissue Extraction—For animal perfusion, at 24h after SCI or
TBI, rats were deeply anesthetized [SCI, 70mg/kg ketamine, 10mg/kg xylazine; TBI, 3%
isoflurane and 70% N»O] and transcardially perfused, first with physiological saline [SCI,
200ml; TBI, 2 min, 4°C, 75ml) and then with ice-cold phosphate-buffered 4%
paraformaldehyde (0.1M, pH 7.4; SCI, 500ml; TBI, 350ml); extracted CNS tissue
underwent post-fixation and cryoprotection as described elsewhere (Schaal et al., 2007). The
T7-T11 thoracic spinal cord (20-mm-long piece) or the brain (10mm length from BR +2.00
to —8.00), which contained the injury site, was dissected. The spinal cords were embedded in
Tissue-Tek for cryosectioning at 40um (saggital) on a Leica CM3050S Cryostat (Leica
Microsystems Inc., Buffalo Grove, IL). The brains were sectioned in PBS (50 um thick,
coronal) with a Leica vibratome (Leica Microsystems, Inc., Exton, PA). Every sixth section
was collected (for 6 series in buffer; PB 0.1M pH 7.4, 0.1% NaN3) and stored at 4°C until
further processing. For mRNA and protein analysis by Q-PCR and western blotting,
respectively, animals were deeply anesthetized at endpoint as above and 5-mm pieces of
spinal cord encompassing the injury/graft site was taken, snap frozen at —80°C in liquid
nitrogen and stored in liquid nitrogen until further processing.
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Molecular Biology

RNA isolation and quantitative PCR analysis (QPCR)—Quantitative Real Time
Polymerase Chain Reaction (QPCR) was used to quantify mRNA expression of different
pde4 genes in cytokine-activated and naive control microglia temporally (0, 30min, 1h, 3h,
12h and 24h) grown on 100mm dishes or from spinal cords (T7-9; 5mm piece) from animals
uninjured or temporally post-SCI (0, 2h, 24h, 3d, 1wk, 2wk, 4wk and 8wk). Following
isolation of total RNA using Trizol (Invitrogen, Carlsbad, CA), cell lysates or tissue
homogenates were treated with DNAse (Invitrogen) and the reaction terminated by heating
at 65°C for 10min. To permit mMRNA analysis, 2ug of total RNA was reverse-transcribed
into cDNA using the Bio-Rad first-strand cDNA synthesis kit as per manufacturer’s
instructions (Biorad, Hercules, CA). After chloroform (200ul) addition, samples were
centrifuged and the aqueous layer transferred to a fresh tube. Isopropanol (600pul) was then
added, followed by centrifugation to pellet the RNA and a 75% ethanol rinse. Samples were
resuspended in 100ul RNase-free H,0 and treated with a RNA clean-up kit (SABiosciences,
Frederick, MD) for subsequent gPCR. The concentration and purity of RNA were
determined using a Nanodrop spectrophotometer (ThermoFisher Scientific, Pittsburgh, PA)
at 260/280 nm. The gPCR was carried out in 96-well plates for each of the samples in
triplicates using the Eppendorf Mastercycler EP Realplex System (Eppendorf, Westbury,
NY). The mRNA levels for each target pde4 gene was quantified by SYBR Green-based
gPCR using the QuantiTect SYBR Green PCR kit (Qiagen Inc, Valencia CA) according to
manufacturer’s instructions using specific custom primers against the different pde4 gene
products. The primers used were: pdeda: 5'-tcaaaggtcaaaggccagag-3’, 5'-
tttcaaggctgaaggaatgg-3’; pdedb: 5'-atgataccccagagceccttc-3/, 5/-gecttctecctecttttce-3’; pdedd:
5’-agtggtaccagagcacaatcc-3/, 5’-cttcctccacctgacttcca-3’; and as a control, gapdh: 5/-
atggccttcegtgttectac-3/, 5’-gectgcttcaccaccttct-3'. Melting curve analysis confirmed the
specificity of each reaction. The reaction was performed using 5ul of cODNA, 0.25-0.5uM of
primer, and 2x SYBR Green Super Mix (Qiagen) with a final volume of 25uL.
Quantification was performed using the standard curve method. Values of the relative
amount of gene expression for specific pde4 mRNA were normalized to the transcript
amounts of the constitutively expressed gene, glyceraldehyde-3-phosphate dehydrogenase
(gapdh), which served as an internal standard. The relative expression levels of target pde4
mRNA was calculated from the measured threshold cycles (Ct) by a standard curve.

Biochemistry

Western Blot Analysis—Immunoblotting was used to quantify protein production of
different PDE4 isozymes in cytokine-activated and naive control microglia temporally (0,
30min, 1h, 3h, 12h and 24h) grown on 100mm dishes or tissue homogenates obtained from
spinal cords (T7-9; 5mm piece) from animals uninjured or temporally post-SCI (24h, 3d,
1wk, 2wk and 4wk) according to previously published methods (Pearse et al., 2001).
Briefly, microglia were treated with ice-cold lysis buffer: 15mM Tris pH 7.6, 0.25M
sucrose, ImM MgCl,, ImM EGTA, 1mM DTT, 1.25ug/ml pepstatin A, 10ug/ml leupeptin,
25ug/ml aprotinin, 1mM benzamidine, 0.5mM PMSF, 1mM NagVO,, 50mM NaF, 2mM
NayP,07, and 1X Complete Mini Roche cocktail protease inhibitor (Roche, Indianapolis,
IN). Next, lysates were assayed for total protein concentration using the Coomassie Plus
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protein assay (Bio-Rad Laboratories, Hercules, CA). The extracted samples were boiled
with 1X SDS sample buffer for 10min at 100°C. Then equal amounts of protein (30ug/lane)
from each sample underwent gel electrophoresis (10% SDS-PAGE) and were transferred to
Polyvinylidene fluoride (PVDF) membranes. PVDF membranes were blocked with 3% BSA
in Tris buffered saline with 0.1% Tween (TBST; 50mM Tris HCI, pH 7.4, 150mM NaCl and
0.1% Tween), then probed with pan-PDE4-specific primary antibodies. The primary
antibodies used were rabbit anti-PDE4A, anti-PDE4B and anti-PDE4D (1:500, Santa Cruz
Biotechnology Inc., Santa Cruz, CA), anti-PDE4B2 (1:1,000, EMD Millipore, Billerica,
MA) and mouse anti-p-actin (1:10,000, Sigma-Aldrich). These pan-PDE4 antibodies
recognize all spliced variants of the specific PDE4 gene product, A, B or D. Identification of
specific PDE4 spliced variants was made based upon known molecular weights. Specific
bands were visualized with HRP-conjugated secondary antibodies (1:5,000, Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) using a chemiluminescence detection
kit, Supersignal West PICO (Pierce, Rockford, IL) and developed on film (GeneMate, Blue
basic Autorad Film, Bioexpress, UT). The optical density of the bands (arbitrary units) was
measured with an imaging Densitometer (Bio-Rad) and levels of each of the PDE4 bands
were normalized to B-actin within each sample run in the same gel.

Cyclic AMP Assay—The cyclic AMP assay was used to measure changes in cyclic AMP
levels in cytokine-activated and naive control microglia temporally (0, 30min, 1h, 3h, 12h
and 24h) grown on 60mm dishes. Microglial cell cultures were lysed by the addition of 1X
cell lysis buffer (Cell Signaling Technology Inc., Danvers, MA), containing IBMX (0.5mM;
Tacris, Ellisville, MI) and Rolipram (100uM; Sigma), and incubated for 30min on ice. The
total cell lysates were centrifuged for 10min at 1,000 x g at 4°C. Protein concentrations were
determined using the Bio-Rad modified Bradford protein assay with BSA as standard (Bio-
Rad Laboratories). Supernatants were analyzed for total cyclic AMP levels using a cyclic
AMP detection kit (cyclic AMP-Glo™ Assay; Promega Corporation, Madison, W1) as per
manufacturer’s instructions. Levels of cyclic AMP were expressed as a percentage of the
naive control.

Phosphodiesterase Activity—Levels of cyclic AMP-specific PDE activity were
measured in cytokine-activated and naive control microglia temporally (0, 30min, 1h, 3h,
12h and 24h) grown on 60mm dishes. Microglial cell cultures were lysed by the addition of
1X cell lysis buffer (Cell Signaling Technology Inc.) containing cocktail protease inhibitors
(Roche) and total protein concentration estimated using the Bio-Rad modified Bradford
protein assay with BSA as standard (Bio-Rad Laboratories). Lysates were assayed for total
cyclic AMP-PDE activity using a cyclic AMP-PDE-specific PDE-Glo ELISA kit (Promega
Corporation). A final concentration of 25g protein was used per assay with each assay
carried out in triplicate as per the manufacturer’s instructions. The enzymatic reaction was
performed using cyclic AMP as a substrate (ImM final concentration) in the presence of
enzyme inhibitors or the enzyme alone. The reaction mixture was incubated at 25°C for
30min and then stopped by the addition of PDE-Glo™ Termination Buffer containing
IBMX at a final concentration of 0.5mM. As a negative control, heat-inactivated, total
microglial cell lysates were incubated in the above-mentioned buffer at 30°C for 15min and
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then 1mM of cyclic AMP was added. Total cyclic AMP-PDE specific activity was obtained
in pmoles/min/mg protein.

Immunocytochemistry—For immunofluorescence microscopy, cytokine-treated or naive
control microglial cells were grown on 4-well glass chamber slides (Lab-Tek Inc., Grand
Rapids, MI) and fixed at specific time points post-stimulation with 4% paraformaldehyde in
0.1M PBS. Fixed cells were then rinsed using 1X PBS, permeabilized with 0.1% Triton-X
100 for 5min at 37°C, and then incubated with 2% BSA in PBS for 1h to block non-specific
binding. Primary anti-pan-PDE4 antibodies (as described for immunoblotting) were added
for 2h at 25°C, followed by 3X washes with PBS. The cell morphology was demarcated
using a fluorescent-conjugated antibody against actin, Phalloidin-488 (1:200, Life
Technologies Corporation, Grand Island, NY). To confirm cellular localization of the
PDE4B2 splice variant, a PDE4B2-specific antibody (1:100, EMD Millipore) was used for
immunohistochemistry according to the protocol above. In addition to
immunohistochemistry for PDE4s, specific antibodies recognizing cyclic AMP (1:200,
Abcam, Cambridge, MA) and TNF-a (1:200, MyBioSource, LLC San Diego, CA),
macrosialin (mouse anti rat CD68/ED1, 1:200, AbD Serotec, Raleigh, NC), a lysosomal
protein expressed on activated, mononuclear phagocytes (Damoiseaux et al., 1994; Pearse et
al., 2004a) and CD11b (OX-42, 1:100, AbD Serotec), also highly expressed on activated,
mononuclear phagocytes, were also employed using the aforementioned methodology.
Specific protein localization was detected by incubation for 1h with Alexa-594 or Alexa-438
conjugated goat anti-rabbit secondary antibodies (Life Technologies Corporation).
Incubation with Hoechst 33342 for 10 min (1:1000; Life Technologies Corporation)
permitted labeling of cell nuclei. Immunostained slides were coverslipped with Vectashield
mounting medium (Vector Laboratories, Burlingame, CA) and kept protected from light at
4°C until observation to avoid photo-bleaching. The localization of PDE4 protein in samples
was imaged and assessed in at least three random fields per slide using a LSM510 confocal
laser-scanning microscope (Carl Zeiss, Jena, Germany).

Immunohistochemistry—Free-floating, coronal brain sections (50um-thick; Bregma
-4.2mm) or saggital spinal cord sections (40um-thick; at the injury epicenter) were used for
immunohistochemical localization of PDE4 proteins in activated microglia after sham
surgery or SCI/TBI by previously described methods (Barakat et al., 2005). Primary anti-
PDE4 antibodies (as described for immunoblotting) and mouse anti-OX-42 (1:200; Wako,
Richmond, VA) were used. For visualization, the secondary antibodies, goat anti-mouse
Alexa-488 and anti-rabbit Alexa-594 (Invitrogen) were employed as well as Hoechst 33342
(1:500; dilution, Invitrogen, Eugene, OR) to detect cell nuclei. Specific PDE4 staining was
confirmed using secondary or primary antibody only controls. Sections were mounted onto
Snowcoat X-tra slides (Surgipath, Richmond, IL) and coverslipped with Vectashield
mounting medium (Vector Laboratories, Burlingame, CA).

Flow Cytometry—A 5mm piece of the injured spinal cord was extracted 3d post injury
into RPMI medium + 10% FCS. The tissue was immediately placed on a 70um nylon cell
strainer and was homogenized through the strainer using the black rubber surface of a 1ml
syringe. After 3X rinses with HBSS, a single cell suspension was obtained, which was then
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transferred to FACS tubes and centrifuged at 1,400 rpm for 5min at 4°C. The supernatant
was removed and replaced with 1ml of FACS buffer (HBSS containing 2% FCS and 0.1%
NaN3) and the pellet re-suspended to obtain a uniform suspension. The cell suspension was
then fixed using 2% paraformaldehyde in 0.1M PBS on ice for 15min followed by 2X
washes with PBS. The cells were counted and 2x106 cells were used for flow cytometry
analysis with each set of markers. For immunostaining, the cells were first permeabilized for
5min using 0.1% Triton X100 in PBS followed by blocking through incubation with 5%
heat-inactivated goat serum for 30min at room temperature. Thereafter, anti-rabbit PDE4A
or PDE4B polyclonal antibody (1:200, Santa Cruz Biotechnology) and anti-mouse OX-42
monoclonal antibody (1:200, Wako, Richmond, VA) was added to the cell suspension for 2h
incubation at room temperature. Cells were washed with staining buffer and incubated in
secondary antibody conjugated with goat anti-rabbit Alexa-594 and goat anti-mouse
Alexa-488 (Invitrogen) for 1h at room temperature (in the dark). Cells were next washed 3X
with FACS buffer and finally suspended in 300ul staining buffer. Flow cytometry
acquisition was carried out using FITC and APC channels on the Becton Dickinson (BD)
FACS Calibur Flow Cytometric Analyzer. The Mean Value of Fluorescence was obtained
from the gating of 10,000 cells.

Confocal Microscopy and Image Analysis—Images were acquired by sequential
scanning of the immunostained cells or tissue sections with an Olympus Fluorescence
microscope (Olympus, Fluoview FV 1000) or a confocal laser-scanning microscope (Carl
Zeiss, LSM 500) at laser lines of 405, 488 and 594 nm. For presented images, the tonal
range and sharpness (smart sharpen, 0.9 pixels) of the Tiff files were normalized using
Adobe Photoshop CS2 (Adobe Systems Inc., San Jose, CA).

Statistical significance was determined by performing a one-way analysis of variance
(ANOVA) followed by Bonferroni test. Differences were considered significant at *p< 0.05.
All errors are given as the SEM.

EOC2 Microglia treated with either TNF-a and IL-1f exhibited a characteristic pattern of
morphological and immunophenotypical activation

Naive EOC2 microglia exhibited a stellate morphology characteristic of resting CNS
microglia and rarely expressed the lysosomal protein macrosialin (ED1; Figure 1A-C),
which is present only in activated cells of the monocytic lineage. Within 24h of stimulation
with either TNF-a (Figure 1D-F) or IL-1p (Figure 1G-I), the morphology of the microglial
cells changed to a rounded phenotype and robust immunoreactivity for ED1 was observed.
No definitive difference in morphology or ED1 staining was observed between TNF-a and
IL-1p activated microglia.
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TNF-a and IL-18 dramatically reduced cyclic AMP levels in EOC2 microglia, though their
regulation of cyclic AMP was disparate

In microglia exposed to either TNF-a or IL-1p, a pronounced reduction in cyclic AMP
levels was observed within 30min of stimulation (TNF-a, decrease to 3.4+2.0% of
untreated; IL-1p, decrease to 0.5+£0.2% of untreated; Figure 2). While a biphasic recovery of
cyclic AMP was observed at 1h (71.9£23.5%) and 12h (24.2+15.0%) following IL-1
compared to untreated controls, TNF-a induced a persistent reduction in cyclic AMP
through 24h post-stimulation. At 24h after cytokine challenge, cyclic AMP levels were at
7.5+5.3% and 1.1+0.3% of untreated controls, respectively, for TNF-a and IL-1p treated
microglia (Figure 2).

Expression of pde4a, b and d mRNA was increased by IL-1B, but only pde4b was elevated
by TNF-a in EOC2 microglia

The expression of mMRNA for pdeda, b and d was measured in naive and cytokine challenged
microglia from 30min to 24h (Figure 3). Expression of pdeda remained largely unchanged
or slightly decreased (0.4-fold reduction at 3h) in microglia following TNF-a stimulation
(Figure 3A). A pronounced and persistent increase in pdeda mRNA, however, was observed
with IL-1p, with a 2.4—fold increase in expression at 30min, a 3.1-fold increase at 12h and
elevated expression still present at 24h. Significant, transient increases in pdedb expression
were observed with both TNF-a and IL-1f stimulation in microglia, though the temporal
timing of this change differed between cytokines (Figure 3B). While an increase in pdedb
MRNA was observed with IL-1f within 30min of stimulation (3.7-fold increase), peaking at
1h (4.5-fold increase), TNF-a induced increases in pdedb were not seen until 1h post-
stimulation (5.1-fold increase) and pdedb mRNA levels remained elevated through 12h (1.8-
fold increase). TNF-a failed to increase expression of pde4d mRNA in microglia, instead a
significant reduction in pde4dd mRNA from 3 to 24h post-stimulation was observed (24h,
0.5-fold decrease; Figure 3C). Biphasic, transient increases in pdedd expression occurred in
microglia in response to IL-1f stimulation at 30min (2-fold increase) and 12h (2.6-fold
increase; Figure 3C).

Both TNF-a and IL-1p stimulation enhanced production of PDE4A1, while TNF-a also
induced a strong production of PDE4B2 in EOC2 microglia

Very low basal production or undetectable amounts of PDE4A, B and D were observed in
naive microglia (Figure 4). At 24h after challenge with TNF-a or IL-1p (Figure 4B-C),
significant PDE4A immunoreactivity was observed in the cytoplasm of phalloidin-488-
labeled microglia, being significantly more pronounced in those treated with TNF-a.
Similarly, increased PDE4B immunoreactivity within the cytoplasm of microglia was
observed at 24h after cytokine stimulation (Figure 4D-F). Like PDE4A, PDE4B
immunoreactivity was significantly greater following TNF-a exposure. No observable
changes in PDE4D immunoreactivity in microglia was observed among experimental
conditions (Figure 4G-I).

Western blot analysis of cell lysates obtained from TNF-a-stimulated microglia showed
significant increases in the short isoforms of PDE4A and B, PDE4A1 and PDE4B2, with
molecular weights of 66 and 68kDa, respectively (Figure 5A-B). PDE4AL1 exhibited a
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significant increase from 30min to 12h (30 min, 87.0% increase; 24 h, 94.4% increase) after
TNF-a-stimulation (Figure 5A), while PDE4B2 was significantly elevated at 30min (76.7%
increase) and continued to gradually increase through 24h (206.7% increase; Figure 5B).
IL-1p also increased PDE4AL in microglia, from 1 to 12h post-stimulation (1h, 56.5%
increase; 12h, 40.6% increase; Figure 5C), though no change in PDE4B2 was observed
(Figure 5D). Longer isoforms of PDE4A and B as well as PDE4D were not detected in naive
or cytokine stimulated microglia with the antibodies employed.

TNF-a and IL-1p induced a different subcellular localization of PDE4B in activated EOC2

microglia

While PDE4A was localized to the cytoplasm under naive conditions and following TNF-a
and IL-1p stimulation, PDE4B exhibited a disparate subcellular localization among the two
pro-inflammatory cytokines (Figure 6). In TNF-a-treated microglia, PDE4B was almost
exclusively localized to the nucleus at 3h (and up to 12h) after stimulation (Figure 6A—C). In
contrast, at 3h, PDE4B was localized predominantly to the cytoplasm after IL-1f exposure
(Figure 6D-F). Subcellular localization of PDE4B in the nucleus of microglia after TNF-a
(Figure 6G-H) and the cytoplasm following IL-1f (Figure 61-J) was confirmed by
histogram analysis of a 0.5um cell slice under confocal microscopy.

PDE4B2 contains a putative nuclear localization sequence (NLS)

Bioinformatics analysis using PredictNLS (http://www.predictprotein.org) was performed
on PDE4B, cyclic AMP-specific (Mus musculus; GenBank: CAM26138.1) sequence as
shown in the Supplemental Materials section. A potential NLS shown in red (DREKKKK)
was detected in this sequence, which exhibited an amino acid sequence similarity to the
generalized NLS sequence of [DE]JRXKKKK that has been found to occur in 15 other
nuclear proteins of eukaryotic origin. Analysis of PDE4B isoforms from Homo sapiens
(ACCESSION NP_002591) and Rattus norvegicus (ACCESSION NP_058727) also
revealed this putative NLS sequence and showed it to be highly conserved across species.

TNF-a and IL-1B up-regulated cyclic AMP-dependent PDE activity in EOC2 microglia

We measured total cyclic AMP-dependent PDE activity in lysates from microglia
challenged with TNF-a or IL-1p (Figure 7). TNF-a exposure resulted in a rapid, significant
increase in cyclic AMP-PDE activity over naive controls within 30min (2.7-fold) that
remained elevated, and even substantially increased, by 24h (7.3-fold). In contrast, cyclic
AMP-PDE activity changes with IL-1 were transient, significantly increasing only at 12h
post-stimulation (2.9-fold).

Rolipram inhibited TNF-a-induced reductions in cyclic AMP levels and abrogated PDE4
induction in activated EOC2 microglia

To address the involvement of PDE4 in the dramatic reductions of cyclic AMP levels within
microglia by TNF-a and IL-18 we employed the PDE4 inhibitor Rolipram (Figures 8 and 9).
The 3h post-stimulation period was chosen for this investigation due to the pronounced
reductions in cyclic AMP that occurred under both conditions at this time. In naive
microglia, immunocytochemistry revealed high levels of cytoplasmic cyclic AMP, modest
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immunoreactivity for TNF-a and very low amounts of PDE4A and B staining (Figure 8A—
D, 9A-D). At 3h after TNF-a exposure, the level of cyclic AMP immunostaining was
significantly reduced (54% reduction, 8E), TNF-a immunoreactivity was pronounced (3.4-
fold elevation over untreated controls, 8F) and both PDE4A (8G) and PDE4B (8H)
immunoreactivity was significantly increased (6.1-fold and 26.2-fold, respectively) with
proteins localized to the cytoplasm or nucleus, respectively. The simultaneous addition of
Rolipram with TNF-a completely reversed its effects on cyclic AMP (8l), reduced the
amount of TNF-a and PDE4A immunoreactivity to levels comparable to that of naive
controls (8J and 8K, respectively) and partially abated increases in PDE4B immunostaining
(8L). Similar to TNF-a, IL-1 exposure dramatically reduced cyclic AMP staining (46.7%
reduction, 9E) and increased levels of TNF-a (2.8-fold increase, 9F), PDE4A (1.7-fold
increase, 9G) and B (9.4-fold increase, 9H), though the changes in TNF-a and PDE4
immunoreactivity were less pronounced than that seen with TNF-a exposure. The use of
Rolipram during IL-1f stimulation recovered cyclic AMP to levels significantly higher
(20%) than untreated controls (91), diminished TNF-a immunoreactivity (9J), abrogated
PDE4A staining (9K) and reduced PDE4B (9L) to levels comparable to that of naive
controls.

Knockdown of pde4b in microglia prevented TNF-a-induced reductions in cyclic AMP
levels in activated EOC2 microglia

To investigate the role of PDE4B in mediating cyclic AMP changes in response to TNF-a,
specific PDE4B knockdown was achieved using lentiviral vector mediated pdedb shRNA
infection of microglia (LV-pdedb-shRNA,; Figure 10). At 48h after infection of microglia
with LV-pdedb-shRNA and 1h of TNF-a stimulation, the cytokine-induced increase in
PDE4B was dose-dependently (based upon the LV multiplicity of infection, MOI) reduced
by up to 77.6% (MOI 60; Figure 10A). Investigation of cyclic AMP levels in the same
paradigm demonstrated that LV-pdedb-shRNA at a MOI of 10 effectively abated TNF-a
induced reductions and when employed at a greater MOI, of 60, significantly increased
cyclic AMP levels (2-fold) above that of the naive microglia controls (Figure 10B).

Cyclic AMP levels are significantly reduced in primary microglia upon exposure to TNF-a

or IL-1B

In primary microglia exposed to either TNF-a or IL-1f, a significant reduction in levels of
cyclic AMP was observed at 24h after stimulation (TNF-a, decrease to 70.2+7.2% of
untreated; IL-1p, decrease to 80.0+2.9% of untreated; Figure 11). The lysosomal marker
ED1 was used for identification of activated microglia (Damoiseaux et al., 1994; Pearse et
al., 2004a); untreated primary microglia controls exhibited pronounced ED1
immunoreactivity, which is indicative of the induction of cell reactivity that is known to
occur during tissue harvesting and cell isolation (Hurley et al., 1999; Pearse et al., 2004a).

TNF-a and IL-1p stimulation enhanced production of TNF-a, PDE4A and PDEB, specifically
PDE4B2, in primary microglia

Immunocytochemical staining for TNF-a and PDE4 gene products in primary microglia
showed the presence of TNF-a, PDE4A, PDE4B and the spliced variant, PDE4B2 (Figure
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12). At 24h after challenge with TNF-a or IL-1, significant increases in TNF-a (TNF-a,
increased 217%; IL-1P, increased 146%; Figure 12A-C), PDE4A (TNF-q, increased 169%;
IL-1B, increased 147%; Figure 12E-G) and PDE4B (TNF-a, increased 170%; IL-1p,
increased 143%; Figure 121-K) were observed in ED1* microglia. Similarly, the PDE4B
spliced variant, PDE4B2, exhibited 226% and 211% increases in immunoreactivity at 24h
after TNF-a or IL-p1 exposure, respectively, compared to untreated controls (Figure 12M-
0).

Western blot analysis of cell lysates obtained 24h after TNF-a stimulation of primary
microglia showed a 7.1-fold increase in the short isoform of PDE4B, PDE4B2 (MW
~68kDa), but not PDE4A1 (Figure 13). Similarly, IL-1f also increased only PDE4B2 (3.3-
fold) 24h after stimulation of primary microglia (Figure 13).

PDE4B mRNA and PDE4B2 protein was induced acutely following SCI during the period of
injury-induced microglial cell activation and was expressed in the majority of OX-42*
microglia-macrophages

We next examined the temporal profile of PDE4B expression and production following SCI
as well as its cellular context, in OX-42* microglia-macrophages (Figure 14). Quantitative
PCR for pdedb within the injury epicenter from 2h to 8wk following SCI showed a biphasic
increase in expression, at 2-24h (peak at 2h, 2.2-fold increase; Figure 14A) and at 4-8wk
post-injury (peak at 4wk, 2.0-fold increase). Western blot analysis showed a significant up-
regulation of PDE4B2, with an apparent molecular weight of 68kDa, from 24h (2-fold) to
1wk post-SCI (1.5-fold), which peaked at 3d (2.4-fold) and had returned to uninjured control
levels by 4wk (Figure 14B). To examine the protein production of PDE4 specifically within
microglia we performed flow cytometric analysis of tissue from the injury epicenter at 3d
post-SCI and gated OX-42*/PDE4A~, OX-42*/PDE4A* and OX-42*/PDE4B* cells. While
only a modest percentage of OX-42* cells were immunoreactive for PDE4A (Average,
12.1%), the majority were PDE4B™ (Average, 65.9%; Figure 14C).

PDE4B was localized to activated, but not inactive, microglia following acute SCI and TBI

To further confirm the identity of the cell type(s) expressing PDE4B after CNS injury we
next examined the co-localization of PDE4B in OX-42* microglia-macrophages at 24h after
SCI or TBI in tissue sections using immunohistochemistry. PDE4B was not expressed in
either uninjured spinal cord or cortex (Supplemental Figure 1), nor was PDE4B found
within resting, inactive microglia. At 24h following SCI, PDE4B was highly expressed
within the lesion site and immediate injury penumbra, where OX-42* activated microglia
were located (Figure 15A-D). Examination of PDE4B:0X-42 co-localization revealed that
many OX-42* microglia expressed PDE4B, though there were OX-42* cells present further
from the lesion that were not PDE4B* and some PDE4™* cells found within the lesion that
were not immunoreactive for OX-42. In injured brain at 24h after trauma, PDE4B
immunostaining was found both within the gray matter of the injured cortex as well as in the
white matter of the adjacent corpus callosum (Figure 15E-H). In both areas, PDE4B was
always co-localized with OX-42* microglia. PDE4B immunoreactivity appeared to be
predominantly nuclear. PDE4B appeared not to be localized to OX-42* microglia that
exhibited a stellate appearance (inactive) or OX-42* foamy macrophages.
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Discussion

Our studies demonstrate that not only are cyclic AMP levels critical for suppressing immune
cell activation and pro-inflammatory cytokine production (Aronoff et al., 2004; Ghosh and
Pearse, 2010), but that pro-inflammatory cytokines conversely regulate cyclic AMP
signaling in microglia. This work sheds additional light on the intricacies of the intracellular
signaling cascades involved in the auto-regulatory loop of pro-inflammatory cytokine-
induced microglial cell activation (Aloisi, 2001; Pearse et al., 2004a). Specifically, in the
present study we demonstrate that both TNF-a and IL-1f trigger a rapid and profound
reduction in microglia (EOC2) cyclic AMP, which occurs as a biphasic change with IL-15
but was a persistent suppression with TNF-a through 24h. The effect of these cytokines in
down-regulating cyclic AMP was also confirmed in primary microglia. The involvement of
PDE4 in cyclic AMP reductions within microglia in response to both TNF-a and IL-1 was
identified by the simultaneous addition of the PDE4 inhibitor Rolipram, which abrogated
these effects. We show that PDE4A1 and PDEB2 were up-regulated in both EOC2 and
primary microglia by these pro-inflammatory cytokines. The use of molecular knockdown
with interference RNA demonstrated that PDE4B2 was involved in the down-regulation of
cyclic AMP in activated microglia following TNF-a stimulation; future studies seek to
identify whether PDE4A1 shares a similar function. In models of CNS injury, SCI and TBI,
injury-induced PDE4B2 was demonstrated during the peak of microglia activation (Pineau
and Lacroix, 2007); flow cytometry and immunohistochemistry showed that PDE4B
expression was largely restricted to OX-42* activated microglia and macrophages.
Importantly, the current study demonstrates the putative therapeutic potential of targeting
PDE4B2 to reverse microglial cell activation after CNS injury and neurodegenerative
diseases where microglia activation is implicated as a primary cause of tissue injury and
neurological dysfunction (Kreutzberg, 1996).

TNF-a and IL-1B are among the most important and pleiotropic cytokines in regulating
inflammatory and immune responses in the CNS following trauma, infections and in chronic
neurodegenerative or demyelinating disorders (Bartholdi and Schwab, 1997; Wang et al.,
1996). TNF-a and IL-1f interact with their receptors TNFR1/2 or IL1R1/2, respectively,
which are found on microglia (Dopp et al., 1997; Wang et al., 2006), mediating the gene
expression of a number of cytokines and chemokines through the ERK, p38, JNK and NFxB
intracellular signaling pathways that further potentiate immune cell activation, migration,
phagocytosis and antigen presentation (Weber et al., 2010). A key component of the
activation of a number of immune cell types (neutrophils, macrophages, microgliaand T
cells), is the down-regulation of cyclic AMP, which appears to maintain immune cell
inactivation through the persistent suppression of pro-inflammatory cytokine and chemokine
gene expression (Minguet et al., 2005). Exposure of immune cells to a variety of activating
stimuli from endotoxins to phospholipids and cytokines produces a rapid reduction in cyclic
AMP and the initiation of morphological and immunophenotypical changes that are
characteristic of cellular reactivity. In the current study we show that stimulation of naive
EOC2 microglia with either TNF-a or IL-1f, to induce their activation, produces a rapid
(within 30min) and dramatic (>90%) reduction in cyclic AMP. Simultaneous addition of the
PDE4 inhibitor Rolipram, to prevent cyclic AMP hydrolysis, significantly abrogated cyclic
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AMP reductions implying that PDE4 activity was essential to pro-inflammatory cytokine-
induced cyclic AMP decreases. The observed down-regulation in cyclic AMP levels was
confirmed in primary microglia, supporting the physiological relevance of the EOC2
microglial cell line used to examine this effect.

Temporal examination of cyclic AMP changes in response to cytokine stimulation revealed
significant differences in microglial cyclic AMP levels following TNF-a and IL-1B. The
observed disparity between cytokines, with a transient and complete cyclic AMP recovery at
1h following IL-18 compared to a persistent decrease through 24h with TNF-a, may be due
to differences in the inflammatory gene expression programs they induce (Ortis et al., 2010).
One such example is IL-1p’s strong induction of cyclooxygenase-2 (COX-2) expression and
prostanoid production, which can then in turn act to elevate cyclic AMP; TNF-a induces
only weak COX-2 expression (Levi et al., 1998). IL-1p can also increase the expression of
the cyclic AMP elevating peptide, pituitary-adenylate-cyclase-activating polypeptide
(PACAP; Hannibal et al., 1999). It is also possible that this rebound in cyclic AMP levels at
1h after IL-1p stimulation could be responsible for triggering the observed later increase in
PDE activity and reductions in cyclic AMP levels through 24 h. While TNF-a and IL-1f
appear to produce similar phenotypical changes in microglia, it is not yet clear whether
differences in the way these cytokines affect cyclic AMP-PDE signaling could provide
functionally distinct cellular responses.

Previous work by Patrizio (2004), using a very high concentration (50ng/mL) of TNF-a in a
pre-treatment (4—24h) approach, rather than simultaneous addition in activated microglia
exposed to a combination of forskolin (FSK) and the PDE inhibitor 3-isobutyl-1-methyl-
xanthine (IBMX) to promote cyclic AMP accumulation, showed that TNF- in this
paradigm could reverse cyclic AMP accumulation independent of PDE. The inhibition of
cyclic AMP accumulation appeared to be due to a down-regulation of adenylyl cyclase
activity through an NFxB-regulated mechanism. The previous work differs significantly
from the current study in which we have examined the transition of naive microglia to a
morphologically and immunophenotypically active cell by TNF-a (or IL-10) where
homeostatic cyclic AMP levels are proposed to be responsible for maintaining microglia in
an inactive state (Bourne et al., 1974; Steininger et al., 2011). While we demonstrate in the
acute post-cytokine stimulation period (within 3 h) that PDE4 inhibition can reverse the
inhibitory effects of TNF-a and IL-1f on cyclic AMP, implying that initial changes are due
to cyclic AMP hydrolysis, persistent cyclic AMP reductions could also involve a down-
regulation of adenylyl cyclase activity as suggested by Patrizio (2004) once the paradigm
switches from an initial transition to the maintenance of microglia activation. Similar to the
negative regulation of adenylyl cyclase activity by TNF-a through NF«B, it is also likely
that TNF-a can also increase PDE4 expression and activity through NFxB. Although not
examined in mononuclear phagocytes, TNF-a has been previously shown in carcinoma cells
to increase PDE mRNA expression in a temporally-related fashion to NF«xB activation
(Pang et al., 1992). Converse to cytokine-induced reductions in cyclic AMP signaling, cyclic
AMP can antagonize immune cell activation and function through the suppression of
promoter activity of pro-activation genes by DNA bound, phosphorylated CREB (Wen et
al., 2010), the inhibition of NFxB signaling by phosphorylated PKA (Neumann et al., 1995),
or through the actions of EPAC (Steininger et al., 2011).
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Studies using other immune cell activators, lipopolysaccharide (LPS) or interferon-y (IFN-
v), in activated microglia cultures have shown that pre-treatment for 24h, but not post-
treatment or simultaneous addition, can retard cyclic AMP accumulation in response to the
[3-adrenergic agonist, isoproterenol, adenylyl cyclase activator FSK or prostaglandin Eo
(PGE) (Patrizio et al., 1995). Like the current study, PDE4 inhibition using Rolipram
prevented the inhibitory effects of LPS and IFN-y on induced cyclic AMP accumulation.

Examination of pde4 mRNA and protein changes in response to TNF-a and IL-1f revealed,
like their cyclic AMP effects, that significant differences existed among the pro-
inflammatory cytokines in pde4 regulation. While both TNF-a and I1L-1f increased pdedb
expression, only IL-1p additionally increased pdeda and pdedd. Work to date examining
pded gene promoter regulatory elements for pdeda (McCabhill et al., 2008), pdedb (D’Sa et
al., 2002), and pde4d (D’Sa et al., 2002; Le Jeune et al., 2002) have identified cyclic AMP
responsive elements (CRE) that allow pde4 expression to be regulated, in most cases
positively, by cyclic AMP-CREB as a feedback mechanism for reducing cyclic AMP levels.
Indeed, the observed differences in pde4 mRNA expression between the cytokines may be
related to the observed transient recovery of cyclic AMP after IL-1f that could lead to the
additional induction of pdeda and d expression.

Immunoblotting demonstrated that TNF-a stimulation induced an increase in PDE4A1 and
PDE4B2 while PDE4B2 was also increased with IL-15 in microglia. PDE4B?2 is the short-
form isozyme (~68 kDa) of PDE4B that contains an upstream conserved region-2 (UCR-2)
but not UCR-1, meaning that its activity is not regulated by PKA phosphorylation, though
ERK phosphorylation enhances its activity (Baillie et al., 2000). Expression of the PDE4B
gene has been shown to be induced in many immune cell populations (Baillie et al., 2000;
MacKenzie and Houslay, 2000; Sebastiani et al., 2006), including circulating human
monocytes (Wang et al., 1999) in response to immune activators, like LPS. The importance
of PDE4B in regulating inflammatory responses was demonstrated by Jin et al. (2002; 2005)
in which LPS-induced TNF-a production was significantly attenuated in peripheral
leukocytes and macrophages from PDE4B, but not PDE4D, knockout mice. PDE4B2 has
been shown to be the only PDE4B variant with increased expression around blood vessels
and parenchyma in infiltrating T cells and macrophages/microglia following the induction of
experimental autoimmune encephalomyelitis (EAE; Reyes-lIrisarri et al., 2007). PDE4B2
has also been demonstrated to enhance T cell activation and IL-2 production following
compartmentalization in lipid rafts close to the immunologic synapse and sites of high cyclic
AMP generation early in the T cell activation process (Arp et al., 2003). It therefore appears
that PDE4B?2 is a key regulator of immune cell activation.

Although both TNF-a and IL-1p increased PDE4B, immunocytochemistry revealed a very
distinct difference in the subcellular localization of PDE4B following exposure to these pro-
inflammatory cytokines at 3, but not 24 hours. While PDE4B was present within the
cytoplasm at 3 hours following IL-1p, after TNF-a, PDE4B was predominantly localized to
the nucleus of microglia. It has shown that both PDE4B (Huston et al., 2008; Lugnier et al.,
1999) and PDE4D (Chandrasekaran et al., 2008; Lugnier et al., 1999) can be present within
the nucleus of other cell types including human embryonic kidney cells (HEK-B2), mouse
NIH-3T3 fibroblasts and cardiac cells. Previous studies had suggested a role for cyclic
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AMP-dependent PDEs within the nucleus through putative identification of cyclic AMP-
specific PDE activity (Londesborough and Jonkkari, 1982), high cyclic AMP hydrolytic
activity in the nucleus (Lugnier et al., 1999) and PDE binding to chromatin (Lupidi et al.,
1990). Huston and colleagues (2008) demonstrated that the ability of EPAC to trigger
nuclear/cytoplasmic trafficking of DNA-dependent protein kinase (DNA-PK), a critical
kinase that acts to repair double-stranded breaks (DSBs) in damaged DNA and that also
phosphorylates the cell survival kinase PKB/AKkt in the cytoplasm, is primarily gated by the
level of cyclic AMP degradation through the cyclic AMP-hydrolyzing activity of nuclear
PDE4B. In this paradigm PDE4B was constitutively localized to the nucleus. Although
cytokine stimulation of microglia often leads to their apoptosis (Jones et al., 1997), it is yet
to be determined what is the role of the transient nuclear translocation of PDE4B from the
cytoplasm in activated microglia in the current study and whether such translocation
involves either a cyclic AMP hydrolytic function of PDE4B in the nucleus or whether
PDE4B participates as a scaffolding molecule with other signaling intermediaries. Through
the use of PredictNLS we have shown that PDE4B2 may contain a putative [DE]JRXKKKK
NLS sequence, which was highly conserved among species.

Due to the importance of PDE4B in regulating cellular activation and immune responses in
other immune cell types as well as its persistent up-regulation in microglia following
stimulation with either TNF-a or IL-1f, as observed in the current study, we next employed
an interference RNA approach to determine its role in microglial cyclic AMP changes in
response to TNF-a. We demonstrated that this approach produces substantial reductions in
PDE4B and prevented TNF-a-induced decreases in cyclic AMP. Therefore, like other
immune cells, macrophages and leukocytes (Jin et al., 2002; 2005; Wang et al., 1999),
PDE4B appears to be the major PDE4 enzyme responsible for cyclic AMP hydrolysis and
ensuing cell activation in microglia in response to pro-inflammatory cytokines.

To determine the significance of these in vitro changes to CNS injury, we next examined
temporal changes and cellular localization of PDE4B in two models of CNS trauma, SCI
and TBI. Following SCI there was a rapid increase in both PDE4B2 mRNA (2h) and protein
(24h) that persisted during the peak of microglia activation. Flow cytometry of OX-42*
microglia-macrophages confirmed that among PDE4 gene products, PDE4B was the protein
that was most highly expressed in these cells acutely post-injury. Immunohistochemistry
confirmed that PDE4B was localized to activated OX-42* microglia both within and near to
the injury site after both SCI, in agreement with Whitaker et al. (2008), and TBI, though it
was not present within detectable amounts in uninjured tissue from the same CNS regions or
within OX-42 microglia that appeared to have an inactive or less activated phenotype
(lacking the morphology of a fully-activated phagocyte).

Here we demonstrate that the pro-inflammatory cytokines, TNF-a and IL1-f potently reduce
cyclic AMP within microglia as they transition to a morphologically and
immunophenotypically activated phenotype. These changes appear to be related to an
increase in cyclic AMP-specific PDE activity that is largely mediated through PDE4B2.
Interestingly, PDE4B2 may act both within the cytoplasm and nucleus to achieve these
changes and initiate a gene expression program that results in microglial cell activation.
Importantly we demonstrate that such changes in PDE4B also occur in microglia-
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macrophages following CNS injury, after both SCI and TBI, like EAE (Reyes-Irisarri et al.,
2007), suggesting that selective targeting of PDE4B2 may be a promising therapeutic
direction for restricting microglial cell activation and providing neuroprotection after CNS
injury, a result that has been shown previously with the broad spectrum PDE4 inhibitor,
Rolipram.
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Figure 1. Stimulation of EOC2 microglia with TNF-a and IL-18 induced morphological and
immunophenotypical changes characteristic of cell activation

A-C. Naive microglia exhibited a stellate morphology with complex filopodial architecture
under phase microscopy (A). The lysosomal protein macrosialin (ED1) was not expressed
(B—C). D-F. Following stimulation with 10ng TNF-a for 24h, microglia underwent a
pronounced morphological change to a rounded phenotype (D) and expressed ED1 (E-F).
G-I. An indistinguishable morphological (G) and immunophenotypical change (H-I)
occurred 24h after 5ng IL-1 challenge. All cultures were stained with Hoechst to identify
cell nuclei. Scale bar = 15um.
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Figure 2. Pronounced and persistent reductions in EOC2 microglial cyclic AMP occurred
following exposure to pro-inflammatory cytokines

Within 30min of TNF-a or IL-1[ exposure a pronounced reduction in cyclic AMP was
observed in microglia. In TNF-a-treated microglia, cyclic AMP levels remained persistently
at this very low level through 24h while following IL-1p addition to microglia there were
transient recoveries of cyclic AMP levels at 1 and 12h. Cyclic AMP levels are expressed as
a percent of naive controls. Results shown are the averages from 4 independent culture plate
replicates for each treatment and time point examined. Errors are given as SEMs. Statistical
significance to naive controls; **p<0.01 and ***p<0.001.
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Figure 3. Both TNF-a and IL-1B increased expression of pdedb transcripts in EOC2 microglia
while IL-1f also increased pdeda and pdedd expression

A. Following TNF-a-treatment of microglia there was a modest reduction in pdeda
expression, however, IL-1f enhanced pdeda expression at all time points examined. B. A
dramatic increase in pdedb expression following TNF-a exposure was observed beginning
at 1h, with expression remaining significantly elevated through 12h. Stimulation of
microglia with IL-1p produced a more rapid and transient increase in pde4db mRNA
expression. C. For pdedd expression there was only a transient increase in expression at 12h
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after IL-1p stimulation. The expression of pded transcripts is expressed as a -fold change
over their individual expression in naive microglia. Results shown are the averages from 3
independent culture plate replicates for each treatment and time point examined. Errors are
given as SEMs. Statistical significance to naive controls; *p<0.05, **p<0.01 and
***p<0.001.
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Figure 4. PDE4A and B, but not D, protein was observed in TNF-a and IL-1p stimulated EOC2
microglia by immunocytochemistry

A-C. In comparison to naive microglia (A), where little PDE4A was detected, stimulation
with TNF-a (B), and to a lesser degree IL-18 (C), significantly increased cytoplasmic and
membrane PDE4A immunoreactivity in microglial cells at 24h. D-F. Similar to PDE4A,
PDE4B immunoreactivity was low in naive microglia (D). At 24h after TNF-a stimulation
(E), but not IL-1p (F), increased cytoplasmic staining for PDE4B was evident. G-1. PDE4D
immunoreactivity was not detectable in naive (G) or TNF-a (H) and IL-1f (1) stimulated
microglia. All cultures were stained with Phalloidin-Alexa 488 for cell morphology and
Hoechst to identify nuclei. Scale bar = 10pm.
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Figure 5. The exposure of EOC2 microglia to TNF-a increased the level of PDE4A1 and B2,

while IL-18 enhanced only PDE4A1l

A-B. TNF-a significantly increased both PDE4A1 (A; 66kDa; 30min to 12h) and PDE4B2
(B; 68kDa; 30min to 24h) protein in microglia compared to naive controls (gray bars). C-D.
An increase in PDE4AL1 (C; 1 to 12h), but no change in PDE4B2 (D), was observed after
IL-18. No other molecular weight bands for either PDE4A or 4B were detected under the
experimental conditions used and with the antibodies employed. PDE4D could not be
detected by western blot in naive or treated EOC2 microglia. Results shown are the averages
from 5 independent culture plate replicates for each treatment and time point examined.
Errors are given as SEMs. Statistical significance to naive controls is indicated at *p<0.05,

**p<0.01 and ***p<0.001.
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Figure 6. Nuclear translocation of PDE4B occurred in EOC2 microglia after TNF-a, but not
IL-1f stimulation
A-C. TNF-a exposure produced a robust translocation of PDE4B to the nucleus as

evidenced by pronounced PDE4B immunoreactivity in microglia nuclei (C) at 3h after
stimulation D-F. In contrast, PDE4B immunoreactivity was confined to the cytoplasm of
microglia (F) at 3h following IL-1p. Histogram analysis of 0.5 pm-thick sections under
confocal microscopy clearly showed the nuclear (G—H) or cytoplasmic (I-J) staining of
PDE4B in microglia at 3h after TNF-a or IL-10 stimulation, respectively. Results shown are
the averages from 3 independent culture plate replicates for each treatment examined. All
cultures were stained with TO-PRO3 or Hoechst to identify cell nuclei. Scale bars = 15um
and 10um.
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Figure 7. Total cyclic AMP dependent PDE activity increased in EOC2 microglia, being rapid
and persistent with TNF-a but delayed and transient after 1L-18

TNF-a acutely increased cyclic AMP-dependent PDE activity in microglia within 30min of
stimulation; activity remained significantly elevated at all time points examined and peaked
at 24h. IL-1p produced only a transient increase in cyclic AMP dependent PDE activity at
12h after stimulation. Cyclic AMP-dependent PDE activity is expressed as a —fold change
over naive controls. Results shown are the averages from 4 independent culture plate
replicates for each treatment and time point examined. Errors are given as SEMs. Statistical
significance to naive controls is indicated at **p<0.01 and ***p<0.001.
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Figure 8. Rolipram prevented cyclic AMP loss and abrogated increased TNF-a, PDE4A and 4B
in EOC2 microglia following TNF-a stimulation

A-D. Naive microglia exhibited high levels of cyclic AMP, cytoplasmic (likely vesicular)
TNF-a immunoreactivity but negligible levels of PDE4A and 4B. E-H. TNF-a stimulation
produced a dramatic loss in cyclic AMP, elevated TNF-a production as well as increased
PDE4A and 4B at 3h. I-L. Simultaneous application of Rolipram with TNF-a application
abated the loss of cyclic AMP and prevented increases in TNF-a, PDE4A and 4B. M-P.
Quantification of protein levels (by area of immunoreactivity per cell) shows changes in
cyclic AMP (M), TNF-a (N), PDE4A (O) and PDE4B (P) among conditions. Results shown
are the averages from 4 independent culture plate replicates for each treatment examined.
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All cultures were stained with Hoechst to identify cell nuclei. Statistical significance to
naive controls is indicated at *p<0.05 and ***p<0.001 or ***p<0.001 versus TNF-a
stimulated cultures. Scale bars = 15um.
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Figure 9. Rolipram prevented cyclic AMP loss and prevented increases in TNF-a, PDE4A and B
in EOC2 microglia following IL-1f stimulation

A-D. Cyclic AMP, TNF-a, PDE4A and B immunoreactivity in naive microglia. E-H. IL-1
stimulation produced a dramatic loss in cyclic AMP, elevated TNF-a production as well as
increased PDE4B in microglia within 3h of exposure. I-L. Simultaneous application of
Rolipram with IL-1f application abated the loss of cyclic AMP, prevented increases in TNF-
a and PDE4B and reduced PDE4A. M—-P. Quantification of protein levels (by area of
immunoreactivity per cell) shows changes in cyclic AMP (M), TNF-a (N), PDE4A (O) and
PDE4B (P) among conditions. Results shown are the averages from 4 independent culture
plate replicates for each treatment examined. All cultures were stained with Hoechst to
identify cell nuclei. Statistical significance to naive controls is indicated at *p<0.05 and
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***n<0.001 or *p<0.05, **p<0.01 and ***p<0.001 versus IL-1p stimulated cultures. Scale
bars = 15um.
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Figure 10. Lentiviral vector delivery of LV-PDE4B-shRNA reduced TNF-a-induced PDE4B2
increases and reversed cyclic AMP decreases in EOC2 microglia

A. Pre-infection of microglia for 48h with different LV-pdedb-shRNA MOIs prevented
TNF-a-induced increases in PDE4B2 at 1h post-stimulation compared to un-infected, TNF-
a-treated controls. A MOI =30 was most effective. B. LV-pdedb-shRNA (MOls 10 and 30)
in the same paradigm also completely reversed TNF-a-induced reductions in cyclic AMP
levels. When employed at a MOI of 60, LV- pded4b-shRNA not only reversed but
significantly increased cyclic AMP levels over that of naive microglia controls. PDE4B2
protein and cyclic AMP levels are expressed as a percent of naive microglia controls.
PDE4B2 densitometry values were normalized to —actin to control for protein loading after
30ug of protein was run per lane. Results shown are the averages from 3 independent culture
plate replicates for each treatment examined. Errors are given as SEMs. Statistical
significance to naive controls is indicated at *p<0.05 and **p<0.01.
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Figure 11. Exposure of adult cortex-derived microglia to pro-inflammatory cytokines reduces
cyclic AMP levels

A. Primary microglia, expressing ED1, show modest levels of cyclic AMP
immunoreactivity. When challenged with either TNF-a (B) or IL-1f (C), there is a
significant reduction in cyclic AMP at 24h after stimulation. D. Quantification of cyclic
AMP levels after cytokine challenge. Results shown are the averages from 3 independent
culture plate replicates for each treatment examined. Cultures were stained with Hoechst to
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identify cell nuclei. Errors are given as SEMs. Statistical significance to naive controls is
indicated at *p<0.05 and **p<0.01. Scale bar = 8um.
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Figure 12. Increased TNF-a, as well as PDE4A, B and B2, are observed in primary microglia 24h

following either TNF-a or I1L-1f stimulation

A-C. TNF-a immunoreactivity is increased in TNF-a (B) and IL-1p (C) stimulated primary

microglia compared to naive controls (A). E-J. Levels of PDE4A and 4B are increased in

primary microglia upon stimulation with TNF-a (F and 1) and IL-1f (G and J) compared to
naive controls (E and K). M-0O. Specifically, PDE4B2 levels are significantly enhanced in

primary microglia following exposure to TNF-a (N) and I1L-1f (O) compared to naive
controls (M). Quantification of protein levels (by area of immunoreactivity per cell) shows
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changes in TNF-a (D), PDE4A (H), PDE4B (L) and PDE4B2 (P) among conditions.
Results shown are the averages from 4 independent culture plate replicates for each
treatment examined. Cultures were stained with Hoechst to identify cell nuclei. Image insets
show ED1 immunoreactivity for the lettered region. Errors are given as SEMs. Statistical
significance to naive controls is indicated at *p<0.05, **p<0.01 and ***p<0.001. Scale bar =
10um.
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Figure 13. Both TNF-a and IL-1B increase the levels of PDE4B2 in primary microglia
A-B. Although PDE4AL1 (A; observed MW of ~66kDa) showed a trend towards

enhancement with TNF-a and IL-1f stimulation, significant increases were only observed
with PDE4B2 (B; observed MW of ~68kDa) in primary microglia compared to naive
controls. C. Quantification of PDE4A1 and B2 levels using immunoblot densitometry values
(arbitrary units) normalized to -actin. Results shown are the averages from 4 independent
culture plate replicates for each treatment condition; two replicates are presented on the blots
in A and B. Errors are given as SEMs. Statistical significance to naive controls is indicated
at *p<0.05 and **p<0.01.
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Figure 14. Increased PDE4B2 mRNA and protein are observed following acute SCI during the
peak of microglial cell activation, particularly within OX-42+ cells

A. A biphasic increase in pde4b mRNA is observed after contusive SCI from 2—-24h and at
4-8wk. The line at 1.0 indicates the average expression level of uninjured controls with
temporal SCI data expressed as a —fold change over uninjured levels. B. PDE4B2 is
significantly increased after SCI from 24h to 1wk compared to uninjured controls. C. Flow
cytometry analysis of PDE4*/OX-42* cells within three samples (51-3) of the injured spinal
cord at 3d after SCI shows that the majority of OX-42* microglia-macrophages express
PDE4B while only a small population is PDE4A*. Results shown are the averages from 5
animals for each time point examined. Errors are given as SEMs. Statistical significance to
naive controls is indicated at *p<0.05, **p<0.01 and ***p<0.001.
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Figure 15. PDE4B is expressed in activated, but not resting, microglia acutely following CNS
injury (SCl and TBI)

A-D. In OX-42*/Hoechst™ microglia-macrophages (A-B) located within the injury site at
24h following contusive SCI there is pronounced PDE4B immunoreactivity (C-D; white
arrows indicate cells that are OX-42*/PDE4B™). OX-42* microglia located outside of the
immediate injury site that exhibited a stellate morphology, characteristic of resting
microglia, had no PDE4B immunoreactivity (red arrows). White dotted lines on panels A-D
indicate the border of the injury epicenter. Scale bar = 40 pm. E-H. Similar to SCI, fluid
percussion TBI led to extensive PDE4B immunoreactivity within OX-42* microglia-
macrophages in both white matter (A-B; corpus callosum, CC) and gray matter (C-D;
parietal cortex, CTX) regions at 24h following trauma (white arrows indicate cells that are
OX-42*/PDE4B*, white dotted line delineates the border between white and gray matter).
Stellate microglia and foamy macrophages did not exhibit PDE4B immunoreactivity (red
arrows). Sections were stained with Hoechst to identify cell nuclei. Scale bar = 40um.
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