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Abstract

Due to recent military conflicts and terrorist attacks, blast-induced traumatic brain injury (bTBI) 

presents a health concern for military and civilian personnel alike. Although secondary blast 

(penetrating injury) and tertiary blast (inertia-driven brain deformation) are known to be injurious, 

the effects of primary blast caused by the supersonic shock wave interacting with the skull and 

brain remain debated. Our group previously reported that in vitro primary blast exposure reduced 

long-term potentiation (LTP), the electrophysiological correlate of learning and memory, in rat 

organotypic hippocampal slice cultures (OHSCs) and that primary blast affects key proteins 

governing LTP. Recent studies have investigated phosphodiesterase-4 (PDE4) inhibition as a 

therapeutic strategy for reducing LTP deficits following inertia-driven TBI. We investigated the 

therapeutic potential of PDE4 inhibitors, specifically roflumilast, to ameliorate primary blast-

induced deficits in LTP. We found that roflumilast at concentrations of 1 nM or greater prevented 

deficits in neuronal plasticity measured 24 h post-injury. We also observed a therapeutic window 

of at least 6 h, but <23 h. Additionally, we investigated molecular mechanisms that could elucidate 

this therapeutic effect. Roflumilast treatment (1 nM delivered 6 h post-injury) significantly 

increased total AMPA glutamate receptor 1 (GluR1) subunit expression, phosphorylation of the 

GluR1 subunit at the serine-831 site, and phosphorylation of stargazin at the serine-239/240 site 

upon LTP induction, measured 24 h following injury. Roflumilast treatment significantly increased 

PSD-95 regardless of LTP induction. These findings indicate that further investigation into the 

translation of PDE4 inhibition as a therapy following bTBI is warranted.
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1. Introduction

Traumatic brain injury (TBI) is defined as a disruption of brain function due to mechanical 

forces acting on the head (Ommaya and Gennarelli, 1974). Since 2000, there have been 

approximately 350,000 diagnosed TBIs among U.S. military personnel, with 83% of these 

injuries considered mild TBI (mTBI) (DVBIC, 2016). Exposure to blast is the leading cause 

of TBIs for military personnel (Hoge et al., 2008; Rigg and Mooney, 2011). The 

biomechanics of blast-induced TBI (bTBI) are multi-phasic and can include penetrative 

injury and acceleration-based deformation (McIntosh et al., 1989; Tecoma et al., 1989); 

however, injury due to shockwave exposure, often referred to as primary blast injury, 

remains debated (Bass et al., 2012). Studying primary blast injury using in vivo models can 

be difficult due to the associated challenges of eliminating head motion and providing 

adequate thoracic protection (Gullotti et al., 2014). In comparison, our in vitro primary blast 

injury model isolates the shock wave component of blast from the other, confounding phases 

of injury (Effgen et al., 2012). The precisely controlled biomechanics of our injury model 

enables the study of neuronal dysfunction following primary blast injury in isolation (Effgen 

et al., 2012, 2016; Hue et al., 2014; Vogel et al., 2016b).

One common clinical symptom of bTBI is memory impairment (Kontos et al., 2013). 

Behavioral and ultrastructural changes in rodents following in vivo blast exposure suggest 

that the hippocampus is especially vulnerable to bTBI (Beamer et al., 2016; Cernak et al., 

2001; Rubovitch et al., 2011). Long-term potentiation is the primary experimental model for 

investigating synaptic plasticity on a cellular level and is known to occur within the 

hippocampus (Bliss and Collingridge, 1993). It is well-documented that blast exposure in 

animals negatively affected hippocampal LTP, but this observation was not universal among 

preclinical models of blast TBI (Effgen et al., 2016; Goldstein et al., 2012; Huber et al., 

2013; Vogel et al., 2016a; Yin et al., 2014). We have previously reported that 24 h post-

injury, primary blast reduced the expression and phosphorylation of AMPA-GluR1 subunits 

(Vogel et al., 2016b), a key transmembrane receptor required for the induction and 

maintenance of LTP (Lee et al., 2000; Makino and Malinow, 2009; Mammen et al., 1997). 

We also observed that modulation of the second messenger cyclic adenosine monophosphate 

(cAMP) rescued blast-induced deficits in neuronal plasticity and the expression of key 

proteins involved in LTP maintenance (Vogel et al., 2016b). Those results suggested that 

modulation of the cAMP pathway could have therapeutic potential in preventing memory 

deficits following primary bTBI. Intriguingly, increasing cAMP through 

phosphodiesterase-4 inhibition was effective in improving outcome in some experimental 

models of TBI and also reduced cognitive impairments associated with Alzhemer’s disease, 

schizophrenia and aging (Gong et al., 2004; Maxwell et al., 2004; Smith et al., 2009; Titus et 

al., 2014; Wiescholleck and Manahan-Vaughan, 2012). Currently, there are no clinically-

approved treatments for TBI (Silverberg et al., 2016).

This study examined the ability of PDE4 inhibitors, including roflumilast, to prevent 

primary blast-induced deficits in plasticity and the expression of key proteins necessary for 

LTP. Roflumilast is FDA-approved for treatment of chronic obstructive pulmonary disorder 

(COPD), making it an attractive therapeutic candidate. We observed that delivery of a PDE4 

inhibitor immediately post-blast preserved neuronal plasticity measured 24 h following 
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injury in vitro. When varying the time post-injury of drug delivery, the therapeutic window 

of PDE4 inhibitors following primary blast was 6 h post-injury. Phosphodiesterase-4 

inhibition post-blast reversed blast-induced changes in protein expression/phosphorylation 

for key targets in the LTP pathway, including phosphorylation of AMPA-GluR1 subunits 

(pGluR1) at the serine-831 (Ser831) site, total GluR1 expression, and phosphorylation of 

stargazin (pStargazin) at the serine-239/240 (Ser239/240) site upon LTP induction. 

Roflumilast treatment significantly increased total postsynaptic density protein-95 (PSD-95) 

expression regardless of LTP induction. These findings indicate that further investigation 

into the therapeutic potential of PDE4 inhibition following bTBI is warranted.

2. Materials and methods

2.1. Organotypic hippocampal slice culture

All animal procedures were approved by the Columbia University Institutional Animal Care 

and Use Committee (IACUC). OHSCs were generated from P8-P10 Sprague Dawley rats as 

previously described (Effgen et al., 2012, 2014; Morrison et al., 2006; Vogel et al., 2016a). 

In brief, the hippocampus was excised, cut into 400 μm thick sections, and plated onto 

Millicell inserts (EMD Millipore, Billerica, MA) in Neurobasal medium supplemented with 

2 mM GlutaMAX™, 1X B27 supplement, 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), and 25 mM D-glucose (Life Technologies, Grand 

Island, NY). Following plating, cultures were fed every 2–3 days with full serummedium, 

containing 50%MEM, 25% Hank’s Balanced Salt Solution, 25% heat inactivated horse 

serum, 2 mM GlutaMAX, 25 mM D-glucose, and 10 mM HEPES (Sigma). Cultures were 

maintained for 10–14 days prior to blast injury.

2.2. Primary blast exposure

Blast injury methods have been described previously in detail (Effgen et al., 2012, 2014; 

Hue et al., 2014; Hue et al., 2013; Panzer et al., 2012; Vogel et al., 2016a). Cultures were 

placed into sterile bags, filled with pre-warmed, serum-free medium, pre-equilibrated with 

5% CO2 at 37 °C. Any air bubbles were removed from the bag, which was sealed and placed 

into the receiver column. The receiver column was filled with pre-warmed water (37 °C), 

sealed with a silicone membrane, and the shock tube was fired. Piezoresistive pressure 

transducers (Endevco 8530B-500, San Juan Capistrano, CA, USA) recorded incident 

pressure at the shock tube exit and inside the fluid-filled receiver. Peak overpressure, 

duration, and impulse were recorded, processed, and quantified as previously described 

(Effgen et al., 2012, 2014; Hue et al., 2013; Vogel et al., 2016a). Sham cultures were treated 

identically except the shock tube was not fired.

Based on previous studies, a blast exposure intensity was utilized that produced consistent 

deficits in LTP, characterized by the peak pressure, duration, and impulse of the in-air shock 

wave (336 ± 8 kPa, 0.84 ± 0.01 ms, 87 ± 2 kPa·ms) and the in-fluid pressure transient (598 

±15 kPa, 1.85 ±0.30 ms, 440 ±13 kPa·ms) (Vogel et al., 2016a). Following blast or sham 

exposure, cultures were immediately removed from the receiver and returned to the 

incubator in fresh, full serum medium. Cultures were maintained in full serum medium until 

the indicated time points.
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2.3. Drug treatment

A stock solution of roflumilast (SML1099, Sigma-Aldrich) was dissolved in DMSO at a 

final concentration of 200 μM. The drug was further diluted in fresh, full serum medium 

(≤0.07% DMSO) at indicated concentrations: 100 pM, 1 nM, 10 nM, and 100 nM. Cultures 

were placed into drug-containing medium immediately following blast injury. In a separate 

set of cultures, roflumilast (1 nM) or DMSO vehicle was delivered to OHSCs at varying 

times following blast exposure: 0 h, 1 h, 6 h, and 23 h. To further evaluate the effect of 

delayed roflumilast delivery, a separate set of cultures were treated with roflumilast 24 h 

following injury and function was evaluated 48 h following injury.

A stock solution of piclamilast (SML0585, Sigma-Aldrich), another PDE4 inhibitor, was 

dissolved in DMSO at a final concentration of 10 μM. The drug was further diluted in fresh, 

full serum medium (≤0.07% DMSO) to 5 nM, which was used to treat cultures at the 

indicated time points following blast exposure.

A stock solution of ibudilast (I0157, Sigma-Aldrich), another PDE4 inhibitor, was dissolved 

in DMSO at a final concentration of 200 mM. The drug was further diluted in fresh, full 

serum medium (≤0.07% DMSO) to 1 μM, which was used to treat cultures at the indicated 

time points following blast exposure.

A stock solution of papaverine (CDS021481, Sigma-Aldrich), a partially selective PDE10A 

inhibitor, was dissolved in DMSO to 400 μM. The drug was further diluted in fresh, full 

serum medium (≤0.07% DMSO) to 200 nM, which was used to treat cultures at the 

indicated time points following blast exposure.

For all experiments, an additional group of injured or sham cultures were treated with 

DMSO vehicle (0.07%) for comparison to drug-treated cultures.

2.4. Electrophysiology

Electrophysiological activity within the OHSC was recorded using 60-channel MEAs (8 × 8 

electrode grid without the corners, 30 μm electrode diameter, 200 μm electrode spacing) at 

the indicated time points following blast injury (60MEA200/30iR-Ti-gr, Multi-Channel 

Systems, Reutlingen, Germany). OHSCs were perfused with aCSF (norm-aCSF) containing 

125 mM NaCl, 3.5 mM KCl, 26 mM NaHCO3, 1.2 mM KH2PO4, 2.4 mM CaCl2, 1.3 mM 

MgCl2, 10 mM HEPES, and 10 mM glucose (pH=7.40), which was bubbled with 5% 

CO2/95% O2 and warmed to 37 °C, as previously described (Yu and Morrison, 2010). 

Recordings were acquired with an MEA1060-BC amplifier and data acquisition system 

(Multi-Channel Systems). Neural signals were recorded at 20 kHz with a 6 kHz analog, anti-

aliasing filter and then further filtered in MATLAB, using an eighth-order, digital low-pass 

(1000 Hz) and a fourth-order, digital, high-pass (0.2 Hz) Butterworth filter.

2.5. Spontaneous activity

Spontaneous neural activity was measured by recording continuously for 3 min from all 

electrodes within the hippocampus, as previously described (Vogel et al., 2016a). In brief, 

neural event activity was detected based on the multi-resolution Teager energy operator 

(Choi et al., 2006; Kang et al., 2014; Kang and Morrison, 2014, 2015; Patel et al., 2015). 
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Data from each electrode was segregated by anatomical ROI (dentate gyrus [DG], cornu 

ammonis 1 [CA1], cornu ammonis 3 [CA3]). The effect of blast injury and drug-treatment 

on spontaneous event rate, magnitude, and duration were analyzed by two-way ANOVA 

with statistical significance set as p < 0.05 (SPSS v22, IBM; Armonk, NY). It is important to 

note that there no significant difference between vehicle-treated cultures and roflumilast-

treated cultures was observed for the number of electrodes per region.

Spontaneous network synchronization was also quantified using previously published 

methods (Kang et al., 2014; Li et al., 2007; Li et al., 2010; Patel et al., 2012; Vogel et al., 

2016a). In brief, correlation between neural events was calculated for each electrode pair 

based upon neural event-timing, where two events occurring within 1.5 ms were considered 

synchronous, and the total number of events. A correlation matrix was constructed which 

represented the strength of correlation between electrode pairings. To determine statistical 

significance, this data was compared to randomized surrogate time-series data without 

correlated activity, but with an equal event-rate, to identify significantly synchronized 

clusters. The global synchronization index (GSI), ranging from 0 (random, uncorrelated 

activity) to 1 (perfectly synchronous, correlated activity on all electrodes), was calculated 

from the clusters of electrodes with the highest (significant) degree of synchronization. This 

analysis was based upon the eigenvalues of the correlation matrix, which represented 

correlation strength, and associated eigenvectors, which represented the cluster of electrodes. 

The effects of blast exposure and drug-treatment on GSI were analyzed by two-way 

ANOVA, with statistical significance set as p < 0.05.

2.6. Stimulus-response curves

Stimulus-response (SR) curves were generated by applying a constant current, bi-phasic, bi-

polar stimulus (100 μs positive phase followed by 100 μs negative phase) of increasing 

magnitude (0–200 μA in 10 μA increments) to electrodes located in the Schaffer collateral 

(SC) pathway. As in previous studies, each electrode’s response was fit to a sigmoidal curve, 

and three parameters were quantified: Rmax, represented the maximum amplitude of the 

evoked response, I50 represented the current necessary to generate a half-maximal response, 

and the term m, represented the slope of the sigmoidal fit (Yu and Morrison, 2010). As 

before, data from each electrode was segregated by anatomical ROI. Each parameter (I50, m, 

Rmax) for an electrode was averaged within a region to determine that regional response for 

any given slice. Data reported for each region is the average across slices within a given 

experimental group. The effects of blast exposure and drug-treatment on individual SR 

parameters were analyzed by two-way ANOVA with statistical significance set as p < 0.05.

2.7. Long-term potentiation

Following SR recordings, the ability to induce LTP by electrical stimulus was measured as 

previously described (Vogel et al., 2016a). Baseline response was evoked by stimulating at 

I50 across the SC pathway once per minute for 30 min. LTP was induced by stimulating with 

a high-frequency stimulus (HFS) that consisted of three trains of 100 Hz pulses applied for 1 

s at I50 magnitude, with each train separated by 10 s. Immediately following LTP induction, 

post-induction response was evoked by stimulating at I50 once every minute for 60 min. LTP 

induction was calculated as percent potentiation above baseline based on the last 10 min of 
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recording in each recording window. To ensure only stable responses were included for 

analysis, electrodes were discounted if the coefficient of variance (pre or post-induction) was 

>20% (Heuschkel et al., 2002). The average number of discounted electrodes was 12%, and 

slices for which >50% of electrodes were discounted were removed from analysis. Only 

electrodes within the CA1 dendritic field and without spike-contamination were included in 

the analysis. The effect of drug treatment was analyzed by ANOVA, followed by Tukey 

HSD post hoc tests with statistical significance set as p < 0.05. For the dose response study, 

the effect of roflumilast concentration was analyzed by ANOVA, followed by Tukey HSD 

post hoc tests with statistical significance set as p < 0.05.

2.8. Cell death measurement

Propidium iodide (PI) fluorescence was used to observe the effect of roflumilast on cell 

viability. Cell death was measured immediately prior and 24 h following injury using 2.5 μM 

PI (Life Technologies) in serum-free medium. Previous studies with this injury model have 

reported that blast injury caused minimal cell death (Effgen et al., 2014; Vogel et al., 2016a). 

Cultures were treated with full serum medium containing either 1 nM roflumilast or DMSO 

(0.07%) vehicle at 6 h post-injury. Cell death was determined for ROI, as previously 

described, using MetaMorph (Molecular Devices, Downingtown, PA), and reported as 

percentage area (Cater et al., 2006; Effgen et al., 2012, 2014; Vogel et al., 2016a). To 

confirm OHSC viability, a subset of cultures were exposed to blast and either roflumilast or 

vehicle treatment, and subsequently subjected to an excitotoxic exposure of glutamate (10 

mM for 3 h) 24 h following blast exposure (18 h following drug delivery). OHSC were 

returned to fresh serum-free medium following excitotoxic exposure, and cultures were 

imaged for cell death 24 h later. Cell death was analyzed by ANOVA, followed by Tukey 

HSD post hoc tests with statistical significance set at p < 0.05.

2.9. Chemically-induced LTP (chemLTP)

In a separate set of cultures, LTP was chemically induced. The chemLTP protocol replaced 

electrical LTP induction with a 3 min perfusion with a modified aCSF solution (gly-aCSF) 

(Lu et al., 2001): norm-aCSF containing 200 μM glycine and 0 mM MgCl (reduced from 1.3 

mM). Perfusate was then switched back to norm-aCSF for 20 min prior to assessing LTP 

induction. LTP was quantified as described above, including procedures to include only 

stable recordings from the CA1 dendritic field that did not contain spikes. The effect of 

drug-treatment was analyzed by ANOVA with statistical significance set as p < 0.05.

2.10. Western blotting

For each condition tested by Western blotting, 8 slice cultures from 2 different animals were 

collected for protein extraction at the indicated time points. Protein concentrations were 

determined by the BCA assay according to the manufacturer’s instructions (Thermo Fisher 

Scientific, Waltham, MA, USA), and 50 μg of protein per sample was separated on a 4–12% 

Bis-Tris gel (Life Technologies) and transferred to a nitrocellulose membrane by semi-dry 

transfer, as previously described (Vogel et al., 2016a). The membrane was blocked in TBS 

(pH 7.4) with 1% BSA for 90 min. Membranes were incubated overnight at 4 °C with 

primary Ab (total GluR1 [RRID:AB_1977216, 1:1000], phosphorylated GluR1-Ser831 

[RRID:AB_1977218, 1:500], total PSD-95 [RRID:AB_ 2092361, 1:500], phosphorylated 
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stargazin-Ser239/240 [RRID:AB_ 10807145, 1:500], β-actin [RRID: AB_476692, 1:2000]) 

in TBS with Tween (TBS-T, 0.1% Tween-20, pH 7.4) and 0.25% BSA. To detect protein 

bands, the membranes were labeled with a corresponding secondary Ab (Donkey anti-Rabbit 

Alexa Fluor 488 or Goat anti-Mouse Alexa Fluor 647, Life Technologies). Fluorescence was 

detected using a CRi Maestro 2 Imaging System (Perkin Elmer). The bands were quantified 

using ImageJ software. Average fluorescence was quantified from, at minimum, 4 lysates 

per exposure group (8 slices per lane, 32 slices in total). All cultures were exposed to blast 

injury and received either 1 nM roflumilast or DMSO vehicle at 6 h post-injury. At 24 h 

post-injury, cultures were exposed to aCSF containing 200 μM glycine (LTP induction) or 

DMSO vehicle (No LTP induction) prior to cell lysis. The effects of drug-treatment and 

chemLTP treatment were analyzed by two-way ANOVA with statistical significance set as p 
< 0.05.

3. Results

3.1. PDE4 inhibitors prevented LTP deficits after blast

Our group previously observed that 1 μM roflumilast delivered immediately post-blast 

prevented LTP deficits measured 24 h following injury (Vogel et al., 2016b). When delivered 

immediately following blast exposure, roflumilast (concentrations ≥1 nM) was efficacious in 

preventing blast-induced LTP deficits 24 h post-injury (Fig. 1), as compared to blast-injured 

cultures treated with vehicle or 100pM roflumilast. Alternative PDE4 inhibitors, ibudilast 

and piclomilast, were similarly effective in preventing blast-induced LTP deficits.

PDE4 enzymes are present in abundance across the hippocampus, including dendrites of 

CA1 neurons, and have been attributed with maintaining basal levels of cAMP (Ahmed and 

Frey, 2003; Cherry and Davis, 1999; Perez-Torres et al., 2000). This contrasts with PDE10A 

which also inhibits degradation of cAMP; however, basal expression of PDE10A within the 

hippocampus is limited to cell bodies, with no discernable expression in the dendritic or 

axonal processes (Seeger et al., 2003). We observed that treatment with the PDE10A 

inhibitor papaverine immediately following blast did not prevent LTP deficits measured 24 h 

post-injury.

3.2. Delayed roflumilast treatment prevented LTP deficits after blast

We varied the time of roflumilast delivery, using the minimum therapeutic roflumilast 

concentration (1 nM), to determine the duration of the therapeutic window. Roflumilast 

delivered at 1 and 6 h post-injury prevented LTP deficits 24 h following blast exposure (Fig. 

2). In contrast, roflumilast delivered 23 h post-injury did not prevent LTP deficits measured 

1 h later. To verify that inefficacy of 23-h delayed drug delivery was not due to minimal 

exposure time, we delivered the drug 23 h post-injury in a separate set of cultures and 

observed an LTP deficit when recording after an additional 24 h (47 h post-injury).

3.3. Roflumilast treatment prevented deficits in glycine-induced LTP after blast

The gly-aCSF activates synaptic NMDA receptors, allowing Ca2+ ions to enter the dendritic 

spine, similar to electrically-induced LTP (Lu et al., 2001). Roflumilast (1 nM) delivered 6 h 

post-blast exposure significantly enhanced glycine-induced potentiation 24 h post-blast, as 
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compared to vehicle (Fig. 3). We had previously reported that blast exposure significantly 

reduced glycine-induced potentiation 24 h post-blast, as compared to a sham exposure, 

which was confirmed in the current study (Vogel et al., 2016b).

3.4. Roflumilast treatment prevented deficits in spontaneous activity after blast

Blast exposure significantly decreased spontaneous event rate across all ROI for vehicle-

treated cultures as compared to vehicle-treated sham cultures (Fig. 4). Roflumilast (1 nM) 

delivered 6 h post-blast, prevented the decrease in spontaneous event rate across all ROI at 

24 h, as compared to vehicle treated cultures. There was no effect of blast or drug exposure 

on spontaneous event magnitude for any ROI. Roflumilast significantly reduced event 

duration in all ROI, as compared to sham + vehicle, and in CA1 and CA3, as compared to 

blast + vehicle. Roflumilast also rescued blast-induced deficits in GSI.

3.5. Roflumilast treatment did not affect basal evoked function or cell viability

We previously reported that blast exposure had minimal effect on basal evoked function, 

measured through SR (Vogel et al., 2016a; Vogel et al., 2016b). We observed no significant 

effect of blast exposure or roflumilast delivery in any ROI on SR parameters 24 h post-injury 

(data not shown). We observed no significant effect of blast exposure or roflumilast in any 

ROI on cell viability; exposure of cultures to excitotoxic concentrations of glutamate 

verified the presence of viable cells after blast (data not shown).

3.6. After blast, roflumilast preserved protein transduction pathways necessary for LTP 
induction

Phosphorylation of GluR1-Ser831 has been shown to be a key molecular step for induction 

of LTP (Lee et al., 2000). We previously reported that blast exposure significantly reduced 

phosphorylation of GluR1-Ser831 and expression of total GluR1 after glycine-exposure 24 h 

postblast (Vogel et al., 2016b). We found in this study that after blast exposure and LTP-

induction, increased phosphorylation of GluR1-Ser831 was eliminated (Fig. 5A). However, 

post-injury treatment with roflumilast restored GluR1-Ser831 phosphorylation after LTP 

induction. In the absence of LTP induction, roflumilast did not affect levels of 

phosphorylation for GluR1-Ser831.

Blast exposure eliminated the increase of total GluR1 expression normally observed after 

LTP induction (Vogel et al., 2016b). However, post-injury treatment with roflumilast 

increased total GluR1 expression after LTP induction (Fig. 5B). In the absence of LTP 

induction, roflumilast did not affect total expression of GluR1.

Our group has previously observed that primary blast exposure significantly reduced 

expression of PSD-95 and phosphorylation of stargazin at the Ser239/240 site 24 h post-

injury (Vogel et al., 2016b). In this study, roflumilast significantly increased total expression 

of PSD-95 regardless of LTP induction (Fig. 5C). PSD-95 expression after LTP induction 

was the same for either vehicle-treated or roflumilast-treated cultures. LTP induction was 

previously shown to not affect total PSD-95 expression (Kim et al., 2007). Post-blast, 

phosphorylation of stargazin-Ser239/240 was not increased after LTP induction (Fig. 5D). 

However, post-injury treatment with roflumilast restored stargazin-Ser239/240 
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phosphorylation after LTP induction. In the absence of LTP induction, roflumilast did not 

affect levels of phosphorylation for GluR1-Ser831.

4. Discussion

We previously reported that a PDE4 inhibitor, roflumilast at high concentration, prevented 

neuronal dysfunction after primary blast exposure (Vogel et al., 2016b), and herein, we 

report molecular mechanisms by which PDE4 inhibitors may be preserving LTP induction. 

Although we focused on changes in proteins critical for LTP, additional mechanisms may 

also be responsible, in part, for disruption of neuronal plasticity after blast, including 

changes to cable properties of dendrites, electrotonic coupling, or ion channels in dendrites 

altering excitatory postsynaptic potential-spike (E-S) coupling. We observed that roflumilast 

(1 nM) increased LTP when treatment was delayed by up to 6 h post-injury but was not 

effective when delivered 23 h post-injury. We also observed that roflumilast increased 

protein expression and phosphorylation caused by LTP induction that was previously lost 

when slices were exposed to blast (Vogel et al., 2016b). Roflumilast restored the increase in 

pGluR1-Ser831, expression of total GluR1, and pStargazin-Ser239/240 upon LTP induction 

24 h following blast exposure. Additionally, roflumilast increased PSD-95 expression, 

regardless of LTP induction, at 24 h following blast exposure. These observations suggest 

that modulation of the cAMP pathway through inhibition of PDE4 can prevent primary 

blast-induced alterations in proteins critical for synaptic plasticity.

Investigation of blast-induced alteration of cAMP has been limited. One study observed that 

3′,5′-cAMP did not significantly change in pre-frontal cortex using one rodent mild blast 

injury model (Kochanek et al., 2013). Conversely, FPI studies observed hippocampal cAMP 

levels decreased between 15 min and 24 h following injury (Atkins et al., 2007; Dhillon et 

al., 1995; Titus et al., 2013a). Increased hippocampal PDE4 expression was observed 

between 1 and 24 h following FPI in rats (Wilson et al., 2016). Studies using PDE4 

inhibitors have demonstrated that a cAMP-dependent mechanism is a part of the 

pathogenesis of TBI and modulation of this pathway can prevent electrophysiological 

deficits measured in vitro and cognitive deficits measured in vivo after blast (Eakin et al., 

2013; Titus et al., 2013b).

Previous work showed PDE4 inhibitors can enhance hippocampal-dependent memory and 

LTP in animals (Randt et al., 1982; Rutten et al., 2008; Wang et al., 2012). The current study 

observed that roflumilast concentrations of at least 1 nM preserved plasticity after blast (Fig. 

1). Alternative PDE4 inhibitors (piclamilast, ibudilast) similarly preserved plasticity. 

Although no other study has investigated the therapeutic potential of PDE4 inhibition after 

blast, several studies have observed that PDE4 inhibition preserved LTP measured 2 weeks 

and 12 weeks following FPI in rats (Titus et al., 2013b; Titus et al., 2016). The effectiveness 

of either ibudilast or piclamilast following TBI is unknown; however, ibudilast prevented 

LTP-deficits in cortical cell cultures after microglia activation (Mizuno et al., 2004). Similar 

findings across biomechanically distinct models provide greater confidence in the 

therapeutic potential of PDE4 inhibition following injury (Dixon et al., 1987; Panzer et al., 

2012; Thibault et al., 1992). Conversely, we found that the PDE10A inhibitor papaverine 

was unable to rescue plasticity after blast injury. A previous study observed that PDE10A 
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expression decreased at 1 h post-FPI in rats, whereas PDE4 expression increased (Wilson et 

al., 2016). It is possible that this change in expression leads to the observed deficits in in 

CA1 synaptic plasticity (Rutten et al., 2008). The contrasting abilities of PDE4 and PDE10A 

inhibitors to prevent blast-induced deficits in hippocampal LTP suggests that there may be 

an important subcellular effect and regulation of recovery following blast.

Previous studies found that PDE4 inhibition at 2 weeks (Titus et al., 2013b) and 3 months 

(Titus et al., 2016) post-FPI improved both LTP in vitro and cognition in vivo. This contrasts 

with our observation that delayed PDE4 inhibition (23 h post-injury) did not prevent blast-

induced LTP deficits. One possible explanation is that our study delivered the PDE4 

inhibitor at acute time points following injury, whereas the aforementioned non-blast studies 

delivered PDE4 inhibitors at subacute time points after injury and during LTP induction with 

electrical stimulation. Our findings showing efficacy with a 6 h delayed treatment exceed the 

current target for an extended therapeutic window within clinical trials (3 h post-TBI) (Wang 

et al., 2006). PDE4 inhibition may provide an extended delivery window making it an 

exciting prospect.

PDE4 inhibition by roflumilast reversed negative effects of blast on network synchronization 

and spontaneous event rate measured 24 h following injury (Fig. 3). In cortical neurons, 

PDE4 inhibition increased spontaneous spike-rate (Castro et al., 2010). Increasing cAMP 

concentration increased spontaneous spike rate in the hippocampus, but decreased burst 

duration (Niedringhaus et al., 2013). Niedringhaus and colleagues suggested collective 

network activity contracted and reorganized into shorter episodes following PKA activation, 

which could explain the observed changes in event rate and duration in our study. We 

observed that blast did not alter spontaneous event duration, but roflumilast treatment 

decreased duration. More research is needed to confirm if the protective effect of PDE4 

inhibition on spontaneous neural function following TBI will translate to animal studies.

We observed that measures of basal evoked function were unaffected by PDE4 inhibition. 

Several studies observed that TBI-induced deficits in hippocampal input/output (I/O) curves 

were improved following PDE4 inhibition in rats (Titus et al., 2013b). There was no 

observable effect on I/O curves or PPF in PDE4D genetic KO mice (Rutten et al., 2008). 

These data suggest that PDE4 inhibition can repair deficits in synaptic plasticity without 

negatively affecting basal evoked function.

We observed that roflumilast significantly increased glycine-induced LTP measured 24 h 

following blast exposure (Fig. 4). PDE4 inhibitors’ effect on chemical LTP is unclear. One 

study observed that in vivo blast injury decreased chemical LTP (via rolipram/forskolin) in 

hippocampal slices measured 2 weeks following injury (Goldstein et al., 2012). Our group 

previously found that rolipram/forskolin-induced LTP was not decreased by blast at 24 h 

following in vitro primary blast (Vogel et al., 2016b). The varied responses may be due to 

several differences between these studies, in terms of injury model, blast injury mechanics, 

and observation time post-injury.

This study is the first to report that PDE4 inhibitors prevented changes in protein expression 

after primary blast. Roflumilast treatment significantly increased phosphorylation of GluR1-
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Ser831 when LTP was induced, as compared to injured, vehicle-treated cultures. Several 

studies show that increasing cAMP concentration promotes AMPA receptor function, both 

directly and indirectly (Blitzer et al., 1998; Oh et al., 2006). We observed that when LTP was 

induced after injury, roflumilast treatment significantly increased expression of total GluR1 

subunits compared to vehicle-treated cultures. However, this finding contrasts with another 

study in which rolipram did not increase total GluR1 expression in rat hippocampal neuronal 

cultures (Andreetta et al., 2016). More studies are needed to understand the influence of 

PDE4 inhibitors on AMPARs following injury.

The proteins PSD-95 and stargazin are critical for anchoring AMPARs at the postsynaptic 

membrane during LTP (Bats et al., 2007; Colledge et al., 2003). Here we observed that 

roflumilast treatment significantly increased expression of total PSD-95 after injury 

regardless of LTP induction. Forskolin activation of the cAMP pathway was found to prevent 

NMDA-induced loss of PSD-95, implicating cAMP in the regulation of PSD-95 (Colledge et 

al., 2003). We also observed that roflumilast significantly increased pStargazin-Ser239/240 

after injury when LTP was induced. Although the effect of PDE4 inhibitors on stargazin 

phosphorylation has not been studied previously, ghrelin, an activator of both PKA and 

protein kinase C (PKC), increased pStargazin-Ser239/240 (Ribeiro et al., 2013). It is 

important to note that the Ser239/240 site is phosphorylated by PKC, but there is evidence of 

crosstalk between the PKA and PKC pathways (Mao et al., 2007; Roberson et al., 1999). 

Our working hypothesis for blast-induced LTP deficits is that degradation of PSD-95 led to a 

reduced ability of GluR1-containing AMPARs to immobilize at the PSD, which prevented 

phosphorylation of GluR1-Ser831 and thus reduced potentiation (Fig. 6). It is possible that 

PDE4 inhibition restored LTP induction by preventing blast-induced PSD-95 degradation 

which enables immobilization and phosphorylation of GluR1-containing AMPARs at the 

PSD and, ultimately, increased potentiation.

Although we report that PDE4 inhibition following primary blast injury preserves LTP, there 

are some limitations associated with this study. The use of an in vitro culture model prevents 

direct comparisons between electrophysiology and cognitive function observed in vivo 
(Goldstein et al., 2012; Patel et al., 2014). A benefit of our injury model is that it provides 

precise control over the injury biomechanics, which is difficult to achieve with in vivo injury 

models. Another limitation of this study is the induction of LTP via glycine exposure in 

cultures lysed for Western blotting. This study required that chemical induction be employed 

due to the number of slices needed for Western blotting. Glycine-induced LTP generated 

hallmark signs of electrically-induced LTP, including increased electrical response, 

phosphorylation of AMPA-GluR1 subunits, and activation of CaMKII (Lu et al., 2001). 

Another limitation of this study is that we did not evaluate total stargazin expression. As 

phosphorylation of stargazin is necessary to bind AMPARs to PSD-95 at the postsynaptic 

density, we viewed phosphorylated stargazin as a surrogate for AMPAR translocation, which 

was the mechanism we wished to investigate. As such, we felt that total stargazin levels were 

not critical to the mechanism for blast-induced LTP dysfunction and chose not to include 

total stargazin. Another limitation of this study is that it is possible that roflumilast mediated 

its preservative effect via alternative mechanisms other than those explored here. These 

alternative mechanisms could include changes to dendritic cable or ion channel properties or 

electrotonic coupling that could influence E-S coupling (Reeves et al., 1995; Smith et al., 
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1993; Witgen et al., 2005). Additionally, roflumilast may influence other synaptic plasticity 

proteins outside of those studied here (Atkins et al., 2009; Bell et al., 2009; D’Ambrosio et 

al., 1998). Finally, this study may be limited by the use of a pan-PDE4 inhibitor, like 

roflumilast, over a subtype-specific inhibitor. Pan-PDE4 inhibitors can induce emetic effects 

in patients, limiting their clinical effectiveness (Titus et al., 2016); however, a recent study 

observed that non-emetic doses of roflumilast improved memory in rodents (Vanmierlo et 

al., 2016). In that study, free brain concentrations of roflumilast were estimated to be 10.37 

nM, which is greater than our lowest effective concentration tested (1 nM). Time scaling 

between slice cultures and humans may also be a necessary consideration moving forward 

(Panzer et al., 2014).

In summary, we report that PDE4 inhibitors preserved LTP induction in the hippocampus 

after primary blast. We found the minimal therapeutic concentration of roflumilast was 1 nM 

and the therapeutic window was at least 6 h, but <23 h. Roflumilast treatment postblast 

increased phosphorylation or expression of proteins critical for LTP induction including 

AMPAR-GluR1 (total and pGluR1-Ser831), and pStargazin-Ser239/240 when LTP was 

induced. Regardless of LTP induction, roflumilast treatment post-blast increased total 

PSD-95 expression. Future studies will investigate the potential of PDE4 inhibitors to 

prevent cognitive deficits after in vivo blast injury.
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Fig. 1. 
Effect of PDE inhibitors on LTP measured 24 h following primary blast injury. A) Cultures 

were treated with either DMSO (vehicle), roflumilast (RFM), piclamilast (PIC), ibudilast 

(IBD), or papaverine (PAP) immediately following blast exposure. LTP was significantly 

increased in cultures that received roflumilast (1 nM or greater), piclamilast, or ibudilast 

compared to those receiving vehicle. LTP in cultures that received 100 pM roflumilast or 

papverine was not significantly different from those receiving vehicle. Potentiation was 

evaluated 60 min following HFS. B) Examples of field potentials from a single CA1 

dendritic field electrode prior to and following LTP induction in a slice culture exposed to 

blast and subsequently treated with 1 nM RFM. C) Average electrode response over time for 

cultures exposed to blast and immediately treated with either 1 nM roflumilast or DMSO 

vehicle. High-frequency LTP was induced at 30 min. (Mean ± S.E.M.; n ≥ 6; *p < 0.05, as 

compared to blast + vehicle, #p < 0.05, as compared to blast + 100 pM RFM.)
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Fig. 2. 
Effect of roflumilast delivery time on LTP measured after primary blast injury. Cultures 

were treated with either DMSO (vehicle) or 1 nM roflumilast at increasing times post-blast 

exposure (1, 6 or 23 h). LTP was significantly increased in cultures that received roflumilast 

at 1 or 6 h post-blast, as compared to time-matched vehicle treatment. Cultures that received 

vehicle or roflumilast at 23 h post-blast were unable to significantly potentiate. When 

cultures were treated with vehicle or roflumilast at 23 h post-injury and LTP was evaluated 

after an additional 24 h (47 h post-blast), potentiation was not increased by treatment. 

Potentiation was evaluated 60 min following HFS. (Mean ± S.E.M.; n ≥ 6; *p < 0.05, as 

compared to time-matched blast + vehicle, #p < 0.05, as compared to blast + roflumilast 

delivered at 23 h.)
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Fig. 3. 
Roflumilast treatment significantly increased glycine-induced LTP 24 h following blast 

exposure. LTP was significantly increased in injured, roflumilast-treated (1 nM delivered 6 h 

post-injury) cultures when induced by gly-aCSF at 24 h following injury, as compared to 

injured, vehicle-treated cultures also induced by gly-aCSF. Potentiation was evaluated 60 

min following end of chemical LTP induction protocol. (Mean ± S.E.M.; n ≥ 7, *p < 0.05, as 

compared to blast+ vehicle.)
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Fig. 4. 
Roflumilast treatment affected spontaneous activity measured 24 h following blast exposure. 

A) Event rate (Hz) was significantly depressed across all regions for injured, vehicle-treated 

(6 h) cultures, as compared to sham + vehicle treatment. Roflumilast (1 nM) treatment 6 h 

following blast significantly increased event rate, as compared to injured, vehicle-treated 

cultures, returning it to sham levels. B) Event magnitude (μV) was unaffected by either blast 

exposure or roflumilast treatment. C) Blast exposure did not significantly affect event 

duration (ms); however, roflumilast exposure 6 h following blast significantly depressed 

event duration, as compared to vehicle-treated sham or blast cultures in CA1 and CA3 

regions (only was significantly depressed in DG for blast + vehicle). D) GSI was 

significantly depressed for injured, vehicle-treated cultures, as compared to sham + vehicle 

treated slices; however, roflumilast treatment following blast injury significantly increased 

GSI, as compared to injured, vehicle-treated cultures, returning it to sham levels. E) An 

example of an identified spontaneous field event. (Mean ± S.E.M.; n ≥ 7, *p < 0.05, as 

compared to sham + vehicle; #p < 0.05, as compared to blast + vehicle.)
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Fig. 5. 
Roflumilast treatment 6 h following blast injury altered protein expression measured 24 h 

post-injury. Protein expression (normalized to loading control β-actin)was evaluated at 24 h 

following blast for four protein targets critical to LTP: pGluR1-Ser831 (A), total GluR1 (B), 

total PSD-95 (C), and pStargazin-Ser239/240 (D). Cultures were exposed to blast and 

treated with either DMSO (vehicle) or 1 nM roflumilast 6 h following injury. At 24 h post-

injury, cultured were treated with either aCSF+DMSO (No LTP Induction) or aCSF+200 

μMglycine (LTP induction) prior to cell lysis. Roflumilast treatment significantly increased 

pGluR1-Ser831, total GluR1, total PSD-95, and pStargazin-Ser239/240 when LTP was 

induced, as compared to injured, vehicle-treated cultures. Roflumilast treatment significantly 

increased total PSD-95 when LTP was not induced, as compared to injured, vehicle-treated 

cultures. LTP induction significantly increased pGluR1-Ser831 and pStargazin-Ser239/240 

in injured, roflumilast-treated cultures. Representative bands from each group are shown 

below the graphs, along with the size of the identified protein. (Mean ± S.E.M.; n ≥ 4, *p < 

0.05, as compared to LTP-matched vehicle treatment, #p < 0.05 as compared to treatment-

matched, non-LTP induction.)
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Fig. 6. 
Hypothesized mechanism for the prevention of primary blast-induced long-term potentiation 

(LTP) deficits via phosphodiesterase-4 (PDE4) inhibition. On the left is a dendritic spine 

exposed to blast, and on the right, is a dendritic spine that has been treated with roflumilast 

after blast. Our findings suggest that primary blast exposure reduces expression of PSD-95, 

which in turn prevents immobilization and phosphorylation of glutamate receptor-1 

(GluR1)-containing α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 

(AMPARs) at the PSD, a necessary step for potentiation. We hypothesize that PDE4 

inhibition maintains expression of PSD-95 (by a mechanism to be determined), which then 

allows for the downstream immobilization and phosphorylation of GluR1 subunits necessary 

for LTP induction.
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