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A B S T R A C T

Emerging evidence links changes in the gut microbiome and intestinal barrier function to alterations in CNS
function. We examined the role of endotoxin-responsive, cAMP-specific, Pde4 subfamily b (Pde4b) enzyme in gut
dysbiosis induced neuro-inflammation and white matter loss following spinal cord injury (SCI). Using a thoracic
contusion model in C57Bl/6 wild type female mice, SCI led to significant shifts in the gut bacterial community
including an increase in the phylum Proteobacteria, which consists of endotoxin-harboring, gram-negative bac-
teria. This was accompanied by increased systemic inflammatory marker, soluble CD14, along with markers of
the endoplasmic reticulum stress response (ERSR) and inflammation in the SCI epicenter. Deletion of Pde4b
reduced epicenter expression of markers for the ERSR and inflammation, at both acute and chronic time points
post-SCI. Correspondingly, expression of oligodendrocyte mRNAs increased. Within the injury penumbra, in-
flammatory protein markers of activated astrocytes (GFAP), macrophage/microglia (CD11b, Iba1), and the
proinflammatory mediator Cox2, were decreased in Pde4b−/− mice. The absence of Pde4b improved white
matter sparing and recovery of hindlimb locomotion following injury. Importantly, SCI-induced gut dysbiosis,
bacterial overgrowth and endotoxemia were also prevented in Pde4b−/− mice. Taken together, these findings
indicate that PDE4B plays an important role in the development of acute and chronic inflammatory response and
consequent recovery following SCI.

1. Introduction

Over 10,000 individuals in the U.S. suffer traumatic SCI annually,
and an estimated six million people currently live with paralysis
(christopherreeve.org). In addition to the loss of limb function, acute
and chronic pathophysiological changes alter organ function, including
bowel function (Lynch et al., 2001) and gut dysbiosis (Kigerl et al.,
2016). These changes, combined with an increase in sedentary lifestyle,

lead to obesity (Gater Jr., 2007). These metabolic pathologies can lead
to metabolic syndrome, which affects> 55% of patients (Nelson et al.,
2007). Bowel dysfunction, in particular, exacerbates these metabolic
changes and leads to both peripheral and central chronic inflammation
(Sun & Chang, 2014; Schippa & Conte, 2014; Peterson et al., 2015).

The intestinal microbiota comprise> 99% of the bacterial mass in
the body and are the principal source of pathogen-associated molecular
patterns in many diseases. Only trace quantities of gut bacteria and
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bacterial products, such as lipopolysaccharide (LPS), reach the portal
circulation under normal conditions. Gut dysbiosis develops, following
a blunt insult, when the composition of the gut microbiota is changed
such that pro-inflammatory, pathogenic bacteria overwhelm non-
pathogenic and/or beneficial gut bacteria. Dysbiosis causes increased
intestinal endotoxin production and bacterial translocation, in which
gut bacteria and bacterial products migrate from the intestinal lumen
into extra-intestinal sites (Joscelyn & Kasper, 2014), likely leading to
chronic systemic inflammatory responses. Gut microbiome changes
have been linked to alterations in CNS function (Liu et al., 2004;
Burokas et al., 2015; Bienenstock et al., 2015; Mayer et al., 2015; Li &
Zhou, 2016; Klingelhoefer & Reichmann, 2015; Mulak & Bonaz, 2015;
Nemani et al., 2015) and SCI triggers dysbiosis (Kigerl et al., 2016).

Cyclic AMP (cAMP) is a regulator of microglia homeostasis and
inflammatory cytokine expression (Ghosh et al., 2012; Laskin &
Pendino, 1995). cAMP levels are critically regulated by phosphodies-
terases (PDEs) which degrade cAMP and modulate cAMP signaling
(Pearse & Hughes, 2016; Lugnier, 2006). Of the cAMP-specific PDEs,
the PDE4 family is the preferred therapeutic target for the treatment of
inflammatory diseases, depression, and cognitive deficits (Spina, 2008;
Houslay, 2010). Pde4 represents a large family, with 4 genes (Pde4a/b/
c/d) encoding over 20 distinct isoforms. PDE4B is essential in LPS-in-
duced tumor necrosis factor α (TNFα) production (Jin & Conti, 2002;
Jin et al., 2005). Microglia detect endotoxin through toll-like receptor 4
(TLR4), leading to production of inflammatory cytokines TNFα, inter-
leukin 1 (IL1), and nitric oxide (Laskin & Pendino, 1995; Buttini et al.,
1997; Zhang et al., 2002), which contribute to neuronal damage. Per-
ipheral inflammation leads to increased monocyte chemoattractant
protein (MCP1) levels, which mediates immune cell infiltration into the
CNS (D'Mello et al., 2009). The nonspecific PDE4 inhibitor rolipram
attenuates microglial activation in response to endotoxin (Ghosh et al.,
2012; Buttini et al., 1997; Kiebala & Maggirwar, 2011; Schaal et al.,
2012; Sebastiani et al., 2006). There are conflicting reports as to
whether rolipram can enhance functional recovery after contusive SCI
(Schaal et al., 2012; Koopmans et al., 2009; Whitaker et al., 2008;
Iannotti et al., 2011; Costa et al., 2013; Beaumont et al., 2009). While
these studies implicate a role of PDE4 in glial activation, white matter
loss, axonal degeneration, and inflammation, the ability of rolipram to
non-selectively inhibit all members of the PDE4 family precludes the
ability of these studies to identify the isoform(s) most responsible for
these secondary processes post-SCI.

We hypothesized that intestinal microbiome dysbiosis, which is
known to increase gut permeability and peripheral endotoxemia, acti-
vates the TLR4/TNFα/PDE4B axis and drives acute changes in neural
function after SCI. This upregulation of PDE4B, in turn, leads to chronic
dysfunction in metabolic status after SCI, feeding forward to exacerbate
inflammation and limit functional recovery. We used Pde4b−/− mice
(Blake et al., 2017) in a contusive thoracic model of SCI to investigate
the role of PDE4B in neuroinflammation and white matter loss post-
injury.

2. Materials and methods

2.1. Surgical procedures

All surgical intervention, care, and treatment of animals were in
strict accordance with the PHS Policy on Humane Care and Use of
Laboratory Animals (National Research Council, 2015) and University
of Louisville Institutional Animal Care and Use Committee and
Institutional Biosafety Committee guidelines, with the exception that all
animals received no antibiotic treatment post-operatively. The genetic
background of all strains used in this study was C57BL/6. At most, 4
mice were housed per cage, and all individuals were housed with
members of the same experimental group to avoid coprophagic cross-
contamination. Pde4b−/− mice (generated by Dr. Marco Conti, UCSF,
San Francisco, CA) and WT littermates were housed and bred under

similar conditions in University of Louisville animal facility. Adult fe-
male mice (6–8weeks old, 18–22 g) were anesthetized using a 2.0%
avertin solution (2,2,2-tribromoethanol) administered at 240mg/kg
intraperitoneally (IP) and prepared as described (Benton et al., 2008).
All mice received either sham T9 laminectomies or 50 kdyn contusions
using the IH impactor (Infinite Horizons Inc., Lexington, KY) as de-
scribed (Benton et al., 2008; Mahoney et al., 2009; Scheff et al., 2003).
Moderate contusions were chosen to maximize the likelihood of de-
tection of either improvement or further deficit of functional recovery
following therapeutic intervention, as they produce injuries that con-
sistently yield functional deficits that plateau within the middle of the
Basso Mouse Scale (BMS). For functional assessment, mice were scored
by the BMS (Basso et al., 2006) one week prior to surgery and weekly
after SCI. All raters were trained and certified at Ohio State University
by Dr. Basso and were blinded to genotype and/or treatment group.

2.2. TreadScan® analysis

Recording and analysis of mice placed on a motor-driven translu-
cent treadmill were performed as described (Beare et al., 2009), except
the blinded scorer set the treadmill at the best walking speed for each
untrained mouse, as determined by slowly increasing the treadmill
speed until the animal was consistently walking with minimal lateral/
longitudinal movement (Beare et al., 2011). Locomotion was recorded
from below at 100 frames/s, and TreadScan® software (CleverSys, Re-
ston, VA) was used to track and quantify overall run speed, mean in-
stantaneous, hindlimb swing time, stride length, toe spread, and front
and rear track width. Baseline TreadScan® analysis was performed
3 days prior to injury. Terminal TreadScan® analysis was performed at
6 weeks post-SCI.

2.3. Quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from spinal cord tissue of sham and con-
tused mice (n=4/group) from the injury epicenter (4 mm) at 3 h,
2 days, and 42 days post-contusion using Trizol (Invitrogen, Carlsbad,
CA) according to the manufacturer's instructions. Total RNA was
quantified by UV spectroscopy and RNA integrity was confirmed on an
ethidium bromide stained formaldehyde agarose gel. cDNA was syn-
thesized with 1 μg of total RNA using the High Capacity cDNA Synthesis
Kit (Applied Biosystems, Foster City, CA) in a 20 μl reaction volume. As
controls, mixtures containing all components except the reverse tran-
scriptase enzyme were prepared and treated similarly. All cDNAs and
control reactions were diluted 10× with nuclease-free water before
using as a template for qPCR.

qPCR was performed using an ABI 7900HT Real-time PCR instru-
ment (Applied Biosystems, Foster City, CA). Briefly, diluted cDNAs
were added to Taqman universal PCR master mix and run in triplicate.
Target and reference gene PCR amplification was performed in separate
tubes with Assay on Demand™ primers (Applied Biosystems, Foster
City, CA) as follows: Atf4 (Mm00515324_m1), Chop (Mm01135937_g1),
Claudin 11 (Mm00500915_m1), Gadd34 (Mm00492555_m1), Grp78
(Mm01333323_g1), Mbp (Mm00521980_1), Olig2 (Mm01210556_m1),
Xbp1 (Mm00457359_m1), Nse (Mm00468052_m1), Map2
(Mm00485230_m1), Gfap (Mm00546086_m1), CD45
(Mm01293577_m1), Ccl2 (Mm00441242_m1), Tnfα
(Mm00443258_m1), Il-1β (Mm00434228_m1), Il6 (Ms00446190_m1),
and Atf6α (Mm01295325_m1). The RNA levels were quantified using
the ΔΔCT method. Expression values obtained from triplicate runs of
each cDNA sample were normalized to triplicate value for Gapdh (re-
ference gene, 4352661) from the same cDNA preparation. Transcript
levels are expressed as fold changes compared with respective levels in
sham or uninjured controls as indicated. For qPCR analysis of the PDE4
subfamily, protocols and primers were used as previously described
(Gobejishvili et al., 2011).
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2.4. Tissue processing and immunohistochemistry

At the end of the experiment, mice were anesthetized IP with a 2.0%
avertin solution (240mg/kg). Spinal cords were dissected, frozen on
dry ice, and longitudinally sectioned at 20 μm on a cryostat. Sections
were thaw mounted on microscope slides (Fisher Scientific, Pittsburgh,
PA) and stored at −80 °C. Slides were warmed at 37 °C for 10min and
fixed in ice-cold methanol for 20min. Spinal cord sections were blocked
in TBS+ 0.1% Triton X-100, 0.5% BSA, and 10% normal donkey serum
for 1 h at 25 °C and then incubated overnight at 4 °C with primary an-
tibodies (Table 1) in a blocking buffer, followed by incubation in sec-
ondary antibodies at 25 °C for 1 h. Negative controls included appro-
priate species-specific non-immune Ig subtypes instead of primary
antibodies. TRITC (1:200)-, FITC (1:200)-, CY5 (1:200) or AMCA
(1:100)-conjugated donkey secondary antibody F(ab′)2 fragments and
normal donkey serum (017-000-121) were purchased from Jackson
Immunoresearch (West Grove, PA).

For the assessment of white matter sparing, animals were anesthe-
tized IP with avertin and spinal cords were dissected after transcardial
perfusion with PBS and 4% PFA. Cords were submerged in 4% PFA
overnight at 4 °C, stored in a 30% sucrose solution for 72 h at 4 °C, and
cut serially in 20 μm coronal sections on a cryostat 1 cm caudal and
rostral to the injury epicenter. Sections were thaw mounted on micro-
scope slides and stored at −80 °C. Eriochrome cyanine staining was
performed to delineate spared myelin (Scheff et al., 2003; Magnuson
et al., 2005; Myers et al., 2011).

2.5. Image quantitation

All images were captured with a Nikon TE 300 inverted microscope
equipped with a Spot CCD camera using identical exposure settings. For
all tissue assessments, every fifth horizontal/longitudinal section (11 to
12 20 μm-thick sections) from each cord was stained and photographed
with a 10× objective and stitched with Elements™ software during
acquisition. Elements™ software was used to threshold baseline
brightness and contrast identically for each image for all quantitative
object and field measurements. The areas of the regions of interest
(ROI) were centered on the contusion epicenters and quantified by a
scorer blinded to genotype. The injury epicenter was defined as the
domain exhibiting significant GFAP immunoreactivity (Benton et al.,
2008; Whetstone et al., 2003). The injury penumbra was defined as
500 μm rostral and caudal to the epicenter (Myers et al., 2011;
Fassbender et al., 2011). The mean areas quantified from the injured
cords were used to define the ROIs that were used to quantify sham
control cords at roughly T9 (Benton et al., 2008). To assess the presence
of inflammatory markers, the total area within the injury penumbra
positive for either GFAP, COX2, CD11b, or Iba1 was quantified by di-
gital image analysis using the basic densitometric thresholding features
of Elements™ software, similar to methods previously reported
(Donnelly et al., 2009). Threshold values were obtained and set for each

marker and held constant for each image quantified.

2.6. Bacterial 16S rRNA gene sequencing

Methods have been adapted from those developed for the NIH-
Human Microbiome Project (Aagaard et al., 2013; Gevers et al., 2012).
Briefly, bacterial genomic DNA was extracted using MO BIO PowerSoil
DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA). The 16S rRNA
gene V4 region was amplified by PCR and sequenced in the MiSeq
platform (Illumina, San Diego, CA) using the 2×250 bp paired-end
protocol and yielding pair-end reads that overlap almost completely.
The primers used for amplification contain adapters for MiSeq se-
quencing and single-end barcodes allowing pooling and direct se-
quencing of PCR products (Caporaso et al., 2012; Caporaso et al.,
2010).

2.7. 16S rRNA marker gene analysis

Our 16S rRNA gene data pipeline incorporates phylogenetic and
alignment-based approaches to maximize data resolution. Read pairs
were de-multiplexed based on the unique molecular barcodes, and
reads were merged using FASTQ-join (Erik Aronesty, 2011) in
Quantitative Insights Into Microbial Ecology (QIIME). Merged reads
were trimmed and a quality filter applied to the resulting merged reads.
De-multiplexed and quality filtered FASTQ files were passed into the
QIIME analysis pipeline. Operational taxonomic unit (OUT) tables were
generated in BIOM format using a closed-reference OTU picking
method. The Greengenes database was used to identify the taxonomic
classification of the 16S rRNA sequence reads. Core diversity analyses
were performed in QIIME, including alpha diversity (within a sample)
and beta diversity (between samples). Principal coordinate analysis
(PCoA) was performed using the unweighted UniFrac method in QIIME.
OTU tables were sub-sampled at an even rarefaction depth of 147313
reads to control for coverage difference between samples and to ensure
even sampling of the reads.

2.8. Endotoxin assay

Blood from 6week contused mice was drawn transcardially at the
time of euthanasia, and serum samples were collected after cen-
trifugation. Plasma endotoxin levels were measured using Limulus
Amebocyte Lysate test kit (Lonza, Walkersville, MD) according to the
manufacturer's instructions.

2.9. Experimental design and statistical analysis

Power analyses were calculated for all outcome measures prior to
the study to determine adequate sample size and power (Lenth, 2006-
2009).

Table 1
List of antibodies used for immunohistochemical staining.

Antigen/clone Antibody type Catalog # Dilution Vendor

PDE4B prb ab14611 1:200 Abcam, Cambridge, MA
NeuN pgp ABN900 1:200 Millipore, Billerica, MA
Olig2 pg sc-19969 1:200 Santa Cruz, CA
GFAP pc AB5541 1:500 Millipore, Billerica, MA
Cox2 pm 160126 1:200 Cayman Chem, MI
CD11b/c mr 553311 1:200 BD Biosciences, CA
Iba1 prb 019-19741 1:200 Wako, Richmond, VA
Mouse IgG isotype control – 08-6599 – Invitrogen, Carlsbad, CA
Rabbit IgG isotype control – 08-6199 – Invitrogen, Carlsbad, CA
Rat IgG isotype control – ab37361 – Abcam, Cambridge, MA
Chicken IgY isotype cntrl – sc-2718 – Santa Cruz, CA

prb=polyclonal rabbit; mr=monoclonal rat; mm=monoclonal mouse; pg=polyclonal goat; pc= polyclonal chicken; pgp=polyclonal guinea pig.
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2.9.1. BMS
Weekly BMS scores and subscores were analyzed using repeated

measures ANOVA with the main effects of week (within subjects) and
group (between subjects). Following a significant main effect,
Bonferroni post hoc t-tests for multiple comparisons were used to de-
termine significant differences between pairs.

2.9.2. qPCR
Naïve, 3 h, and 48 h qPCR results were analyzed with two-way

ANOVA (timepoint and mouse groups= between groups) followed by
Bonferroni post hoc t-tests for multiple comparisons.

48 h and 42 day qPCR: Because numerous independent t-test com-
parisons of WT and KO mice for multiple markers analyzed with qPCR
would increase the likelihood of a Type I error, WT and KO mice were
compared within subsets of transcripts that were grouped according to
function [endoplasmic reticulum stress response (ERSR), oligoden-
drocyte, neuronal, inflammation and other]. Repeated measure ANOVA
was used to analyze 48 h and 42 day qPCR genes data separately
(transcript=within groups, and mouse= between groups) followed by
Bonferroni post hoc t-tests for multiple comparisons.

2.9.3. 16S rRNA marker gene analysis
Nonparametric, Monte Carlo permutations were used to determine

p-values and the Bonferroni method was used for correcting multiple
comparisons.

2.9.4. Spared white matter
White matter from 10 sections each rostral and caudal from the

lesion epicenter, as well as epicenter, of WT and Pde4b−/− mice cords
was quantified. To avoid a Type I error, repeated measures ANOVA was
used to compare mice within rostral and caudal cord sections (cord
sections/distance=within subjects; mouse group= between). The WT
and Pde4b−/−mice were compared using Bonferroni post hoc t-tests for
multiple comparisons following a significant main effect for Group.
Epicenter group means were compared using an Independent t-test
between means with unequal variance (Levene's test for equal var-
iance).

Datasets contained missing data (e.g., BMS subscores [criteria for
subscore not achieved by all mice at early post-injury time points];
qPCR data) that when analyzed with standard maximum likelihood
methods in repeated measures analyses results in the loss of the entire
data of the mouse. A powerful and unbiased method to handle these
occurrences with no loss of data was achieved using the SPSS “mixed-
effects” analysis procedure which was utilized in all ANOVA procedures
(Duricki et al., 2016). All data were analyzed using IBM SPSS (v.22,
v24) and are represented as means and sample standard deviations
(SD). The Bonferroni post hoc t-test output report of t critical values
(t(crit)) in SPSS are mean difference (t(diff)) values. For all other analyses,
two-tailed Student's t-tests assuming equal variance were performed.

3. Results

3.1. SCI-induces an acute increase in Pde4b expression

Previous studies have shown that Pde4b mRNA expression increases
following traumatic insults such as TBI and SCI, and PDE4B protein co-
localizes with inflammatory CD11b/c-positive microglia and macro-
phages within the area of trauma (Atkins et al., 2007; Pearse et al.,
2004). We examined Pde4 family mRNA expression in the context of
mouse contusive injury. Whereas Pde4a (t(5)= 8.3, p < 0.0001) was
downregulated, only Pde4b was significantly upregulated 3 h following
injury (t(5) = 9.1, p < 0.0001; Fig. 1A). These results are also con-
sistent with data obtained from a rat model of moderate SCI that de-
monstrated an early upregulation of Pde4b mRNA and protein expres-
sion (Ghosh et al., 2012). We further examined the expression of
specific Pde4b isoforms affected by SCI. qPCR analysis using primers

selective for Pde4b long forms 1,3, and 4 revealed a significant down-
regulation in expression following SCI (t(5)= 8.2, p < 0.0001;
Fig. 1B). However, qPCR analysis demonstrated that SCI resulted in a
robust induction of Pde4b2 (15-fold; t(5)= 9.5, p < 0.0001; Fig. 1B)
and a modest induction of Pde4b5 (1.7 fold; t(5) = 5.6, p=0.002) short
forms. The expression of Pde4b2 returned to baseline by 48 h post-SCI,
and this peak expression at 3 h paralleled peak mRNA expression of key
inflammatory markers, TNFα and IL-1β, within the injury epicenter
(data not shown). This pattern of Pde4b2 expression was consistent with
PDE4B protein expression, which colocalized primarily with penumbral
activated microglia/macrophage (Fig. 1D–G). These data are consistent
with our recent study demonstrating the strong induction of Pde4b in
primary microglia by TNFα and HMGB1 (Pilakka-Kanthikeel et al.,
2012). Moreover, these peaks of expression preceded a significant in-
crease in systemic endotoxemia at 48 h post-injury (Fig. 1C). Taken
together, these results suggest that SCI-induced early induction of
Pde4b2 is not mediated by endotoxemia, but rather by inflammation
and DAMPs (e.g. HMGB1) generated locally in the injured spinal cord.

4. SCI-induced expression of Pde4b plays a contributory role in the
induction of acute inflammatory and ER stress responses

To examine whether PDE4B plays a contributory role in SCI-induced
acute inflammation, we compared the inflammatory responses of WT to
Pde4b−/− mice at 48 h post-injury. The epicenters of acutely injured
Pde4b−/− mice exhibited reduced expression of the general hemato-
poietic marker mRNA, CD45 (F(6)= 39.5, p=0.021, Fig. 2A), and in-
duction of proinflammatory cytokines Tnfα (F(6)= 1.1, p=0.009) and
Il1β (F(16) = 2.7, p=0.022) mRNAs were similarly lower relative to
WT. The epicenters of acutely injured Pde4b−/− animals exhibited re-
duced or no induction of several ER stress mRNAs, including Atf4
(F(8)= 0.7, p=0.039), Grp78 (F(8)= 4.2, p=0.001), Atf6α
(F(8)= 0.9, p=0.011), and the pro-apoptotic transcription factor, Chop
(F(8)= 2.0, p=0.014; Fig. 2B). Whereas acutely injured epicenters
exhibited no difference between WT and Pde4b−/− mice among the
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expression of mRNAs specific for neurons (Nse, Map2) or astrocytes
(Gfap), a small but significant preservation of expression for the oli-
godendrocyte specific mRNA Olig2 was observed in Pde4b−/− mice
(Fig. 2C).

5. Moderate contusive SCI induces bacterial overgrowth and gut
dysbiosis

Recently, in a moderate T9 spinal cord contusion model, conven-
tional bacterial culture methods indicated the presence of bacterial
overgrowth (Kigerl et al., 2016). Since bacterial overgrowth can lead to
the development of intestinal barrier dysfunction (i.e. leaky gut), we
obtained a quantitative estimation of SCI-induced bacterial overgrowth.
Quantitative 16S rRNA PCR was employed that detected bacterial load
across a range of 1.1× 109 down to 0.4×109 16S copies/1 ng total
fecal DNA. Consistently, a 2.5-fold increase in the total bacterial load as
indicated by an increase in the 16S rRNA gene copy number was ob-
served by 1week post-SCI. This increase in bacterial growth was sus-
tained throughout 6 weeks post-injury (Fig. 3A). In comparison. Mi-
crobial dysbiosis is also a significant feature that accompanies bacterial
overgrowth and can contribute to increased intestinal endotoxin pro-
duction and compromised gut barrier function, leading to increased
intestinal endotoxin production, compromised gut barrier function,
increased intestinal barrier permeability, and translocation of bacterial
and bacterial products. These microbial and gut-associated changes can
lead to peripheral endotoxemia causing activation of immune cells,
chronic inflammation, and organ injury. Hence, the impact of SCI on
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(Tnfα and Il1β) at 48 h post-SCI in Pde4b−/− mice relative to WT. (B) Pde4b
deletion reduced ER stress mRNAs Atf4, Chop, Grp78, and Atf6α at 48 h post-
injury. (C) Significantly greater preservation of Olig2 expression was observed
at 48 h post-injury in Pde4b−/− mice relative to WT. Data are means ± S.D.
(n=4, *p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 3. SCI alters gut microbiome size and composition and increases peripheral
endotoxemia in a Pde4b–dependent fashion. WT mice were contused, and fecal
pellets were collected and analyzed at the indicated time points. Using meta-
genomics analysis of bacterial 16S rRNA, OTU tables were generated using a
closed-reference OTU picking method. (A) Total bacterial load was significantly
different from uninjured sham controls by 1 week, and up to 42 days, post-in-
jury. Data are mean ± S.D. (n=6, ***p < 0.001). (B) Total bacterial load
(bacterial 16S operational taxonomic units (OTUs)/10 ng of fecal DNA) is lower
in Pde4b−/− mice (n=5) relative to WT (n= 5) 42 days after SCI. (C–E) The
Greengenes database was used to identify the taxonomic classification of the
16S rRNA sequence reads. Core diversity analyses were performed in QIIME,
including α diversity (within a sample) and β diversity (between samples). A
decrease in the ratio of Firmicutes: Bacteroidetes, a measure of microbial di-
versity and pathology, was observed by 42 dpi in WT, but not Pde4b−/−, mice.
Gram-negative, endotoxin-producing Proteobacteria increase by 42 dpi in WT
(C), but not Pde4b−/− (D), mice. Data are means (n=6). The relative com-
position of Firmicutes, Bacteriodetes, and Proteobacteria do not change in
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dotoxin levels were decreased in Pde4b−/− (n=5) mice relative to WT mice
(n= 5) 6weeks post-SCI. Data are means± S.D. (*p < 0.05).
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the gut microbiome composition was also examined by metagenomic
analysis of the fecal DNA by amplification of the V3-V5 regions of the
16S rRNA gene and large-scale parallel pyrosequencing using the Illu-
mina MiSeq platform and analyzed with QIIME software and Ribosomal
Database Project (RDP) classifier. Significant gut microbial dysbiosis
accompanied SCI-induced bacterial overgrowth. Specifically, in WT
mice, SCI-induced microbial dysbiosis was characterized by an expan-
sion of Bacteroidetes and a reduction of Firmicutes (Fig. 3C,D). Bacter-
oidetes and Firmicutes constitute the two major bacterial phyla of the gut
microbiome and alterations in their ratio can negatively impact gut
health. Moreover, the SCI-induced microbial dysbiosis was also char-
acterized by an increase in the phylum Proteobacteria (Fig. 3E), which is
comprised of Gram-negative bacteria that contain LPS (endotoxin) in
their cell wall. It is noteworthy, that increase in Proteobacteria observed
in many disease states correlates with increased systemic levels of en-
dotoxin and inflammation. Pde4b−/− mice did not experience sig-
nificant expansion in the Proteobacteria phylum as observed in WT mice
(t(13) = 2.2, p=0.0497; Fig. 3D). Moreover, ratios of Bacteriodetes and
Firmicutes remained unchanged after SCI in Pde4b−/− mice (Fig. 3D,E).
In correlation with these lack of changes in the gut microbiome com-
position, plasma endotoxin levels were significantly lower in Pde4b−/−

mice as compared to WT mice (t(8)= 2.9, p=0.0171; Fig. 3F).

6. Deletion of Pde4b reduces chronic inflammatory responses and
lowers chronic ER stress following SCI

By 42 days post-injury, the increase in resident gut Gram-positive
bacteria correlated with an increase in sCD14, a marker of systemic
inflammation (Duricki et al., 2016) in WT mice (t(4)= 3.26, p=0.031,
Fig. 4A). This increase was mitigated in Pde4b−/− mice (Fig. 4A).
Whereas inflammation persisted in WT mice at 42 days after SCI, Il-1β
(F(16) = 1.0, p < 0.001) and Tnfα (F(6) = 1.3, p < 0.001) mRNAs re-
mained at significantly lower levels in Pde4b−/− mice. (Fig. 4B). The
lower mRNA expression of the ER stress markers Chop (F(9)= 1.3,
p < 0.0001) and Gadd34 (F(9) = 1.5, p < 0.0001) in Pde4b−/− mice
was also maintained in the chronically injured animals (Fig. 4B). No
differences in the expression values between WT and Pde4b−/− unin-
jured animals existed among any of the markers tested, except for two
involved in ER stress. Uninjured Pde4b−/− mice had lower expression
of Chop (mean=7.40, t(9)= 1.30, p=0.023) and Grp78
(mean=4.68, t(9)= 1.60, p=0.047) mRNAs relative to WT uninjured
expression of Chop (8.30) and Grp78 (5.58) mRNAs.

Forty-two days after SCI, longitudinal sections of WT and Pde4b−/−

spinal cords were stained and quantified immunohistochemically
(Table 1) to assess the effects of PDE4B on inflammation following in-
jury. The injury penumbra of Pde4b−/− mice exhibited significantly
less localization of GFAP+ astrocytes (p < 0.001; post-hoc, p=0.005;
Fig. 5B,F,I) relative to WT (Fig. 5A,C,I), and the proinflammatory PGE2-
catalyzing, inducible COX2 was similarly reduced (p < 0.001; post-hoc,
p=0.001) after injury (Fig. 5B,G,J) relative to WT (Fig. 5A,G,J).
Pde4b−/− mice expressed reduced penumbral localization of two mi-
croglial/macrophage markers, CD11b (p < 0.001; post-hoc,
p < 0.001; Fig. 6B,C) and Iba-1 (p < 0.001; post-hoc, p < 0.001;
Fig. 6B,D), relative to WT (Fig. 6A,C,D).

While no changes in expression of neural or astrocytic markers were
observed 42 days post-injury, Pde4b−/− mice maintained higher levels
of oligodendrocyte-specific Olig2 (F(9) = 1.1, p < 0.0001) and Mbp
(F(9) = 0.6, p < 0.0001; Fig. 4D) mRNAs. Consistent with the in-
creased expression of Olig2 and Mbp mRNAs within the injury epicenter
at 42 dpi, eriochrome cyanine staining of white matter revealed a sig-
nificant increase in spared white matter in the epicenters of Pde4b−/−

mice relative to WT at 42 dpi (t(5) = 4.9, p=0.001; Fig. 7D–F). This
improvement in spared white matter persisted up to 160 μm both ros-
trally and caudally beyond the injury epicenter. Together, these data
suggest that global Pde4b deletion improves sparing of oligoden-
drocytes within the injury epicenter.

7. Deletion of Pde4b improves functional recovery after thoracic
SCI

As early as 14 dpi (t(31) = 0.56, p=0.035), Pde4b−/− mice showed
enhanced locomotor function (F(1,191) = 57.2, p < 0.0001), which was
sustained through 42 days post-SCI (21 dpi, t(28) = 1.1, p=0.001; 28
dpi, t(27) = 1.4, p < 0.0001; 35 dpi, t(28) = 1.0, p=0.006; 42 dpi,
t(28) = 1.3, p=0.004; Fig. 7A). The increase in BMS above 5 is sig-
nificant in the non-linear BMS scale, as it reflects the restoration of the
capacity for plantar stepping and weight support (Basso et al., 2006).
BMS subscore analysis revealed a significantly greater number of
Pde4b−/− mice with improved motor function (F(1, 5) = 42.4,
p < 0.0001) beginning 14 days post-injury (t(18) = 1.9, p=0.005),
with primarily an improvement in hindlimb coordination relative to
WT mice throughout the experiment (21 dpi, t(20) = 2.4, p=0.021; 28
dpi, t(21) = 2.2, p=0.018; 35 dpi, t(22) = 3.0, p=0.002; 42 dpi,
t(22) = 2.9, p=0.012; Fig. 7B). Impact force and displacement of the
contusive injuries were not significantly different between groups and
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Fig. 4. Deletion of Pde4b reduces markers of inflammation and ER stress in the
epicenters of chronic SCI. (A) Plasma levels of sCD14 were significantly in-
creased in WT, but not Pde4b−/−, mice by 42 dpi. Data are mean ± S.D.
(n= 6, *p < 0.05). (B) qPCR analysis revealed significant decreases in mRNA
markers for the pro-inflammatory cytokines Tnfα and Il1β chronically in
Pde4b−/− mice. (C) Pde4b deletion reduced the ER stress mRNAs Chop and
Gadd34 at 42 dpi. (D) Increased expression of Olig2 and an mRNA marker for
mature oligodendrocytes (Mbp) was observed at 42 dpi in Pde4b−/− mice. Data
are expressed as fold changes in transcript levels normalized to their respective
naive controls (ΔΔCt). Data are means ± S.D. (n= 4, *p < 0.05, **p < 0.01,
***p < 0.001).
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no significant differences in morbidity or mortality rates were observed
(data not shown). At 42 days post-injury, TreadScan® analysis revealed
a small, but significant increase in front right stance time (F(1, 14)= 5.2,
p=0.039; post-hoc, p=0.047) in Pde4b−/− mice relative to WT mice
(Fig. 7C). Additionally, an increase in front track width (F(1, 25)= 6.1,
p= 0.021; post-hoc, p=0.003) and left foot base of support (F(1,
18) = 5.9, p=0.026; post-hoc, p=0.001) was observed in the WT mice
relative to Pde4b−/− mice after injury, despite similar baseline values
between groups in uninjured animals (Fig. 7C). Pde4b−/− mice ex-
hibited a reduced maximum longitudinal deviation (mean=1.08mm)
relative to WT mice (mean=1.19mm) following injury (t(13)= 2.4,
p=0.033), as well as a decreased maximum lateral deviation
(mean=9.09mm) relative to WT mice (mean=11.60mm) at 42 dpi
(F(1, 20)= 15.6, p= 0.001; post-hoc, p=0.008). Similarly, Pde4b−/−

mice exhibited a reduced minimum lateral deviation
(mean=−0.05mm) relative to WT (mean=7.23) post-injury (F(1,
15) = 10.6, p=0.006; post-hoc, p=0.004). These increases in front
track width, left foot base of support, maximum longitudinal deviation,
and maximum lateral deviation after injury are consistent with a
greater severity of contusion and lower BBB scores in rats (Avila et al.,
2017) and, correspondingly, lower scores in Pde4b−/− mice suggest a
greater degree of recovery relative to WT. No significant differences
were observed between groups in hindlimb swing time, stride length,
rear track width, or overall run speed, either before or following injury
(data not shown). Together, these data suggest that global Pde4b de-
letion improves recovery from contusive SCI and suggests that the im-
proved sparing of oligodendrocytes and inflammation within the injury
epicenter contributes to this functional recovery.

8. Discussion

Recent pre-clinical and clinical work has shown that SCI sequelae
are associated with the development of gut-associated changes in-
cluding gut microbial dysbiosis and barrier dysfunction (Kigerl et al.,
2016; Joscelyn & Kasper, 2014; Lakatos et al., 2011). Further, pre-
clinical studies in a mouse model showed that dysbiotic gut microbes
negatively impact recovery of neurological function and enhances
neuropathology after SCI (Kigerl et al., 2016). Although these studies
implicate the role of gut dysbiosis in SCI, the underlying mechanisms
that drive this pathogenesis remain largely undetermined. Gut dysbiosis

involves dynamic changes in the microbial membership that are qua-
litative and quantitative and disease-dependent (Krizsan-Agbas et al.,
2014). Hence, to address the gut-controlled mechanisms that contribute
to SCI pathogenesis, we examined the impact of SCI on gut dysbiosis.
The 2.5-fold increase in 16S rDNA copy number seen at 1 week post-
SCI, which was sustained throughout 42 dpi, indicates a substantial
increase in total bacterial numbers. SCI patients suffer gastrointestinal
(GI) function disorder (Gungor et al., 2016), which is associated with
intestinal bacterial overgrowth. Further, this bacterial overgrowth
could also contribute to shifts in the microbial phyla and gut microbial
dysbiosis as has been recently documented in SCI patients (Lakatos
et al., 2011). Besides the increase in Bacteroidetes and reduction in
Firmicutes, there was a significant increase in the phylum Proteobacteria
at 42 days post-SCI. The expansion of the phylum Proteobacteria is
physiologically significant because it includes Gram negative bacteria, a
major source of endotoxin. The Proteobacteria phylum includes a wide
variety of pathogenic species, such as Escherichia, Salmonella, Vibrio,
and Helicobacter (Carding et al., 2015).

Bacterial dysbiosis and expansion of the Proteobacteria phylum is
linked with increased systemic endotoxemia, activation of peripheral
monocytes/macrophages, and inflammation (Pan et al., 2014; Schulz
et al., 2016). In the present studies, commensurate with the expansion
of the Proteobacteria phylum and impaired gut barrier function, SCI
increased plasma sCD14 (Fig. 4A). Increased release of sCD14 from
monocytes occurs in response to stimulation with endotoxin and other
microbial antigens (Bull-Otterson et al., 2013) and, therefore, provides
evidence for direct, chronic endotoxin activation of monocytes and
macrophages in vivo. sCD14 is also a clinical indicator of gut microbial
translocation and correlates with serum bacterial 16SrDNA and sys-
temic immune activation (Mutlu et al., 2012). Following SCI, the gut-
mediated peripheral changes correlated with increased spinal cord ER
stress, oligodendrocyte cytotoxicity, and locomotor functional loss.
These data indicate that SCI-induced peripheral inflammation is linked
to the development of CNS inflammation. Collectively, these results
implicate the SCI-induced expansion of the Gram-negative Proteo-
bacteria bacteria, gut barrier dysfunction, and translocation of microbial
products as playing a major role in initiating and sustaining peripheral
and CNS inflammation.

Previous work has shown that PDE4B plays a critical role in med-
iating inflammatory changes induced by endotoxin (Jin et al., 2005;

Fig. 5. Pde4b−/− mice exhibit reduced penumbral inflammation 42 days following SCI. The mean percent area of the injury penumbra positive for the inflammatory
markers GFAP (green; A,B,C,F,I) and COX2 (purple; A,B,D,G,J) were significantly reduced by 42 dpi in Pde4b−/− mice (***p < 0.001). Data are± S.D. (WT, n= 4;
Pde4b−/−, n= 4). Bars= 100 and 500 μm. Data are means ± S.D. (n= 4, ***p < 0.001). Epicenter borders are designated with solid lines; white/gray matter
borders are designated with dashed lines. Bars= 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fernandez-Real et al., 2005). More recently, we demonstrated that
peripheral endotoxemia leads to brain inflammatory changes via in-
duction of Pde4b expression (Pilakka-Kanthikeel et al., 2012). PDE4
provides the highest proportion of phosphodiesterase activity in the
CNS (Gobejishvili et al., 2008). After thoracic contusive SCI, the ex-
pression of Pde4b2 mRNA is most significantly induced. However, there
are conflicting data on the effectiveness of inhibiting PDE4 with the
non-selective drug rolipram as a means to improve outcomes following
SCI (Pearse & Hughes, 2016; Iannotti et al., 2011; Costa et al., 2013).
For example, Pearse et al. (Pearse et al., 2004) found that rolipram
increased the number of central myelinated axons, while Schaal et al.
(Schaal et al., 2012) found no improvement. Ianotti et al. (Iannotti
et al., 2011) showed that rolipram improved white matter sparing,
while Beaumont et al. (Beaumont et al., 2009) found no change. Ianotti
et al. (Iannotti et al., 2011) found that rolipram improved BBB open-
field hindlimb locomotor function for all 4 weeks tested, while Pearse
et al. (Pearse et al., 2004) detected significant improvements in BBB
scores for only a more modest 2 out of 8 weeks tested. When this ex-
periment was repeated at a higher sub-cutaneous dose (1.2 mg/kg/day)
for a longer duration (28 days), no improvement in hindlimb locomotor
function was detected (Kleppisch, 2009). On the other hand, a higher
sub-cutaneous regimen of 3.18mg/kg/day for two weeks yielded the

greatest, most consistent improvement in BBB score for up to 8 weeks
(Costa et al., 2013). We used Pde4b−/− mice to investigate secondary
consequences following traumatic injury for two reasons: to avoid
pharmacokinetic and pharmacodynamic issues of dosing, route of ad-
ministration, as well as off-target effects (Wang et al., 2006), and to
investigate the specific effects of PDE4B inhibition, rather than broad
inhibition of all PDE4 isoforms. Present data indicate that it is PDE4B
which plays a causal role in SCI-induced pathogenic changes including
inflammation and ER stress within the spinal cord.

The decreases in inflammatory responses following SCI in Pde4b−/−

mice may contribute to the improved oligodendrocyte sparing ob-
served. However, it is also well established that oligodendrocytes,
possessing high protein translation requirements, are particularly sen-
sitive to injury-induced ERSR (Murphy DLA et al., 1987; Southwood
et al., 2002; Lin et al., 2007; Pennuto et al., 2008; Ohri et al., 2011).
Acute IL-6 mRNA levels within the spinal cord were higher in PDE4b
mice relative to WT. Sustained, chronic exposure of IL-6 is pro-in-
flammatory via trans-signaling pathways; yet acute, classic-signaling of
IL-6 has been shown to be involved in liver regeneration, anti-apoptotic
signaling, hematopoiesis, and the protection of intestinal epithelial cells
(Narazaki & Kishimoto, 2018; Scheller et al., 2011). We speculate that
because IL-6 levels were not different between genotypes at 42 dpi (not
shown), the chronic, pro-inflammatory effects of IL-6 were not present
in Pde4b−/− mice, and the increased acute IL-6 levels may have con-
tributed to the functional recovery of this genotype.

Our inflammatory response data are consistent with recent studies
employing interference RNA specific to Pde4b (Ohri et al., 2013;
Komatsu et al., 2013; Gurney et al., 2015; Ji et al., 2016) and subtype-
specific, allosteric inhibitors (Gurney et al., 2015). However, consistent
with studies using PDE4 antagonists, PDE4B inhibition is possibly ef-
ficacious not simply via its anti-inflammatory effects. PDE4B-dependent
increases in neurogenesis (McGirr et al., 2016; Houslay et al., 2005),
neuronal survival, neural plasticity, synaptic strengthening, and re-
myelination repair (Bretzner et al., 2010) could also contribute. The
increase in oligodendrocyte sparing within the epicenter of Pde4b−/−

mice are consistent with some of these studies. Given that the beha-
vioral deficits following a thoracic contusive injury primarily correlate
with white, not gray, matter loss (Basso et al., 2006; Magnuson et al.,
2005), we suggest that the increased sparing of oligodendrocytes after
Pde4b deletion may more significantly contribute to hindlimb func-
tional recovery. Identical conclusions were reached in studies that
modified the ERSR concomitant with SCI (Pennuto et al., 2008; Ohri
et al., 2011). Similarly, Bretzner et al. (Bretzner et al., 2010) reported
that rolipram treatment, at a drug regimen that increased neuronal
sparing, but not the number of central myelinated axons (Schaal et al.,
2012), failed to improve thermal hypersensitivity or performance on
the cylinder test and food-pellet reaching tasks, suggesting that oligo-
dendrocyte sparing is more consequential than neuronal survival to
functional improvement after thoracic contusive SCI.

While the use of PDE4B-selective inhibitors in preclinical studies is
new, general PDE4 inhibitors have reduced neuroinflammation in many
studies (Schaal et al., 2012; Atkins et al., 2007; Pearse et al., 2004;
Houslay et al., 2005; Gonzalez-Garcia et al., 2013). Present data sup-
port the need to develop PDE4B-selective inhibitors, such as the PDE4B-
NAMs (Komatsu et al., 2013). While the blood brain/spinal cord barrier
is compromised in traumatic CNS injury, efforts to develop selective
inhibitors must focus on BBB-penetrant, well-tolerated molecules that
limit the nausea and emesis generated by PDE4D activation.

It is important to note that the current study is correlative and does
not establish that gut dysbiosis directly exacerbates pro-inflammatory
responses within the spinal cord. Dysbiotic bacterial overgrowth has
been directly shown to exacerbate inflammation, lesion volume, and
functional deficits following two distinct experimental stroke mouse
models (Singh et al., 2016). Future studies must similarly compare re-
covery after SCI in germ free mice colonized with either dysbiotic or
control microbiota to establish a direct, causal link between gut
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that Pde4b−/− mice (n=5) exhibit significantly greater sparing of white
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lative to WT (n=5, *p < 0.01) at 42 dpi.
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dysbiosis and inflammation in the spinal cord.

9. Conclusions

What is evident from current data is that therapies targeting
changes in the gut microbiome, intestinal barrier permeability, and the
resultant systemic inflammatory response may limit both acute and
chronic SCI-induced pathology. Probiotic treatment has abrogated in-
flammation in alcohol-induced liver pathology (Pan et al., 2014; Wang
et al., 2011), type 2 diabetes (Wen & Duffy, 2017), inflammatory bowel
disease (Holleran et al., 2017), as well as SCI-induced inflammation
(Kigerl et al., 2016). Combining complementary therapies that limit
initial gut dysfunction with therapies that abrogate the peripheral and
central inflammatory responses may prove effective at limiting sec-
ondary cell death and chronic metabolic pathology and, ultimately,
enhancing functional recovery.
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