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Abstract

The pathology caused by traumatic brain injury (TBI) is exacerbated by the inflammatory
response of the injured brain. Two pro-inflammatory cytokines that contribute to inflammation
after TBI are tumor necrosis factor-a. (TNF-a) and interleukin-1p (IL-1pB). In previous studies
using the parasagittal fluid-percussion brain injury model, we reported that the anti-inflammatory
drug rolipram, a phosphodiesterase 4 inhibitor, reduced TNF-a and IL-1p levels and improved
histopathological outcome when administered 30 min prior to injury. We now report that
treatment with (z)-rolipram given 30 min after injury significantly reduced TNF-a levels in the
cortex and hippocampus. However, post-injury administration of (z)-rolipram significantly
increased cortical contusion volume and increased atrophy of the cortex as compared to vehicle-
treated animals at 10 days post-injury. Thus, despite the reduction in pro-inflammatory cytokine
levels, histopathological outcome was worsened with post-TBI (£)-rolipram treatment. Further
histological analysis of (z)-rolipram-treated TBI animals revealed significant hemorrhage in the
contused brain. Given the well known role of (£)-rolipram to increase vasodilation, it is likely that
(x)-rolipram worsened outcome after fluid-percussion brain injury by causing increased bleeding.
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Introduction

An estimated 1.7 million traumatic brain injuries (TBIs) occur each year in the United
States, and more than 3 million people are coping with disabilities from TBI (Faul et al.
2010; Zaloshnja et al. 2008). TBI is characterized by several pathological changes in the
brain that include hemorrhage, neuronal apoptosis, and diffuse axonal tract damage and all
of these pathologies are exacerbated by the inflammatory signaling initiated after injury
(Bramlett and Dietrich 2002; Keane et al. 2001; Zhang et al. 2005). These pathologies
continue from hours to days after the initial trauma, rendering them therapeutically
accessible.

After TBI, activated microglia migrate rapidly to the injury site, and release neurotoxic pro-
inflammatory cytokines that initiate neuronal death. Activated microglia initiate a positive-
feedback mechanism by upregulating the expression and secretion of pro-inflammatory
cytokines in nearby astrocytes as well (Merrill 1991). Two prominent pro-inflammatory
cytokines released after TBI by microglia and astrocytes are tumor necrosis factor-a (TNF-
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a) and interleukin-1p (IL-1p). Numerous studies have documented rapid increases in TNF-
a and IL-1p mRNA and protein levels within 1 hr of trauma (Kinoshita et al. 2002; Shohami
et al. 1994; Taupin et al. 1993; Vitarbo et al. 2004; Yan et al. 1992). Clinical studies have
also reported increases in TNF-a in the cerebrospinal fluid of TBI survivors (Goodman et al.
1990; Ross et al. 1994).

The phosphodiesterase (PDE) 4 isoforms B2 and D2 are found in inflammatory cells such as
microglia, and inhibition of PDE 4 with a selective inhibitor, rolipram, decreases
inflammatory signaling in microglia (Ariga et al. 2004; Jin et al. 2005; Reyes-Irisarri et al.
2007; Zhang et al. 2002). PDE 4 inhibitors have been widely-utilized by the pharmaceutical
industry as anti-inflammatory drugs, and in particular, for the treatment of asthma and
chronic obstructive pulmonary disease (Torphy 1998). In a previous study using the fluid-
percussion brain injury (FPI) model, we found that (x)-rolipram significantly reduced levels
of the pro-inflammatory cytokines TNF-a and IL-1p when given prior to the TBI (Atkins et
al. 2007).

In several CNS injury models, several studies have found that elevation of cyclic AMP
(cAMP) with rolipram decreases inflammation and improves neuronal survival and axonal
regeneration. In spinal cord injury, rolipram in doses ranging from 0.5-3 mg/kg given
continuously after injury increased the number of spared axons and oligodendrocytes and
resulted in motor improvements (Beaumont et al. 2009; Koopmans et al. 2009; Nikulina et
al. 2004; Pearse et al. 2004; Whitaker et al. 2008). In transient global ischemia, which
typifies the ischemic damage seen after cardiac arrest, rolipram at 0.3 mg/kg given daily
improved hippocampal cell survival whereas rolipram at 3 mg/kg given daily for 7 days
improved hippocampal-dependent learning (Block et al. 2001; Block et al. 1997; Imanishi et
al. 1997; Kato et al. 1995; Lee et al. 2004; Li et al. 2011). We have found that (£)-rolipram,
when given prior to parasagittal FPI, increases neuronal survival in the cerebral cortex and
hippocampus, and decreases inflammation (Atkins et al. 2007). However, those experiments
were only proof-of-concept and it is important to assess the effects of (+)-rolipram in a post-
injury treatment paradigm for TBI. In this study, we tested the hypothesis that post-injury
treatment with (z)-rolipram would improve histopathology and decrease markers of
inflammation after TBI.

Materials and Methods

Fluid-percussion brain injury model

All surgeries were in compliance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals, the Society for Neuroscience Guidelines for the Use of
Animals in Neuroscience Research, and approved by the University of Miami Institutional
Animal Care and Use Committee. Adult male Sprague Dawley rats (7=73, 280-300 gm,
Charles Rivers Laboratories, Wilmington, MA) were anesthetized with 3% isoflurane, 70%
N0, and 30% O, and received a 4.8 mm craniotomy (3.8 mm posterior to bregma, 2.5 mm
lateral to the midline) over the right parietal cortex. Twenty-four hr after the craniotomy, the
animals were re-anesthetized (3% isoflurane, 70% N,O, and 30% O5), immobilized with
pancuronium bromide (1.0 mg/kg), and mechanically ventilated with 1% isoflurane, 70%
N0, and 30% O,. When physiological measurements had stabilized, the animals received a
fluid-percussion pulse (1.8-2.2 atmospheres) or sham injury. Blood gases, blood pH and
mean arterial blood pressure were monitored for 30 min prior to the FPI or sham surgery and
up to 3 hr post-injury to maintain normal levels.

Drugs were dissolved in 100% ethanol at 10 mg/ml, and then diluted in saline (final ethanol
concentration 5%) to be administered at 6 ml/kg. (x)-Rolipram was obtained from Sigma-
Aldrich (Sigma-Aldrich, St. Louis, MO). Ro 20-1724, (R)-(-)-Rolipram, and (S)-(+)-
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Rolipram were obtained from Tocris Bioscience (Ellisville, MO). For these studies, (£)-
rolipram doses ranging from 0.5 to 6 mg/kg were tested since previous studies with other
CNS injury models have reported efficacy with doses typically ranging from 0.3-3 mg/kg
given either immediately or 6 hr post-injury, and then either daily or continuously until
analysis (Block et al. 1997; Imanishi et al. 1997; Kato et al. 1995; Li et al. 2011; Pearse et
al. 2004). Additionally, in previous experiments with FPI, pre-treatment with (£)-rolipram
improved histopathology in doses ranging from 0.3 mg/kg to 3 mg/kg (Atkins et al. 2007).
For chronic administration of (z)-rolipram (Fig. 3), animals were treated with vehicle (5%
ethanol in saline) or (z)-rolipram (3 mg/kg, intravenously) at 30 min post-surgery, and then
subcutaneously (3 mg/kg/day) using Alzet infusion pumps (DURECT Corporation,
Cupertino, CA) until perfusion at day 10 post-surgery (Table I).

Cytokine ELISAs

Tissue was briefly sonicated on ice (14 s, setting 2, Branson sonifier 450, Danbury, CT) in
10 volumes/weight of lysis buffer supplemented with 0.1% Igepal CA-630. Total protein
was measured using the Coomassie Plus assay kit (Bio-Rad Laboratories, Hercules, CA).
Cytokine levels were measured using an 11-1p or TNF-a ELISA kit (R&D Systems,
Minneapolis, MN).

Histopathology analysis

Animals were anesthetized and perfused transcardially with saline (75 mL) and 4%
paraformaldehyde (350 mL) in 0.1M phosphate buffer (PB), pH 7.4. The brains were
embedded in paraffin and sectioned 10 pum thick. Serial sections were stained with
hematoxylin and eosin (H&E) for contusion volume analysis or stained with H&E plus
Luxol fast blue for atrophy measurements. Contusion volumes were assessed by an
investigator blinded to the treatment groups by tracing H&E stained sections 150 wm apart
over the entire extent of the contusion using Neurolucida 7.50.1 software (MicroBrightField,
Inc., Williston, VT) and an Axiophot 200M microscope (Carl Zeiss Microlmaging, Inc.,
Thornwood, NY) with a 10X objective. Atrophy was determined by tracing H&E and Luxol
fast blue stained sections 300 pwm apart between bregma levels —3.3 to —=6.8 mm using the
Neurolucida 7.50.1 software program (MicroBrightField, Inc.) by an investigator blinded to
the treatment groups. As a measure of atrophy, both the ipsilateral and contralateral
structures were contoured to calculate the difference in volume between the ipsilateral and
contralateral structure normalized to the contralateral structure volume. Images were taken
with a 20X objective and montaged using the virtual slice module in the Neurolucida 7.50.1
software program (MicroBrightField, Inc.).

Immunohistochemistry

Paraffin sections were antigen-retrieved with citric acid (10 mM, pH 6.0, 80°C, 30 min),
then blocked for 1 hr at room temperature (RT) in DAKO protein block serum free solution
(Dako, Carpinteria, CA). Sections were incubated with biotinylated anti-rat 1gG (1:100,
Vector Laboratories, Burlingame, CA) or anti-rat albumin (1:1000, MP Biomedicals,
Aurora, OH). Albumin immunostaining was developed with biotinylated secondary
antibodies (1:200, Vector Laboratories), and then all sections received ABC Elite and DAB
(Vector Laboratories). Sections without primary antibody were run in parallel.

Images of albumin and endogenous IgG immunostaining were taken with a 20X objective
on an Olympus BX51 microscope (Olympus America, Inc., Center Valley, PA) using
identical settings for all images and quantified after inversion on MetaMorph 6.3r5
(Molecular Devices, LLC, Sunnyvale, CA). Integrated intensity was quantified by averaging
6 boxes randomly placed in the parietal cortex by an investigator blinded to the treatment
groups.
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Cerebral blood flow measurements

Animals received (z)-rolipram (3 mg/kg intravenously) or vehicle (5% ethanol in saline) at
30 min post-FPI. At 3 hr post-FPI and while still anesthetized with 1% isoflurane, 70% N5O,
and 30% O, 65 wM/Ci/kg 14C-iodantipyrine (Perkin Elmer, Waltham, MA) dissolved in 1
ml of saline was infused intravenously at a constant rate over 45 sec via a Harvard infusion
pump (Dietrich et al. 1996; Wei et al. 1980). Arterial blood samples were collected at 2 sec
intervals from a femoral artery catheter in pre-calibrated 20 .l heparinized capillary pipettes
(Radiometer Medical, Carlsbad, CA). Animals were immediately decapitated after the
infusion, and the brain was dissected and frozen by gradual immersion in liquid nitrogen.
Brains were sectioned on a cryostat for coronal sections 20 im thick. Sections were dried on
slides, and exposed to Kodak Hyperfilm beta-max film (BioMax MR, Eastman Kodak
Company, New Haven, CT) for 10 days. Standards used were poly(14C) methyl
methacrylate (GE Healthcare, Piscataway, NJ) previously calibrated in our laboratory.
Avrterial blood samples were dried on filter paper and counted for 14C activity using a
LS6500 liquid scintillation counter (Beckman Coulter, Inc., Indianapolis IN) in Bio-Safe I1
scintillation cocktail (Research Products International Corp., Mount Prospect, IL) and the
arterial concentration curve for iodoantipyrine was calculated as previously described
(Sakurada et al. 1978). Sections were analyzed by scanning in sections using the MCID Elite
6.0 program (Imaging Research Inc., Linton, Cambridge, England), and densitometry of the
ipsilateral and contralateral parietal cortex was conducted using region of interest
measurements and analyzed using MCID Elite 6.0 software. Images were averaged for each
group to show the average cerebral blood flow (CBF) at bregma levels +0.7, +0.2, -0.8,
-1.8,-3.8, -4.8, -5.8, and -7.3 mm.

Statistical analyses

Results

Data represent mean £ SEM and were analyzed using one-way ANOVAs with post hoc
Tukey t-tests. Significance was set at £< 0.05.

To assess the effects of post-injury treatment with rolipram on inflammatory signaling after
TBI, (z)-rolipram was administered 30 min post-injury and pro-inflammatory cytokines
were measured 3 hr post-injury, a time point when IL-18 and TNF-a levels are significantly
increased (Kinoshita et al. 2002; Vitarbo et al. 2004). Based on the previous literature, a
range of doses from 0.5 mg/kg to 6 mg/kg were tested to determine the most effective dose
of (x)-rolipram that reduced IL-1p and TNF-a levels (Atkins et al. 2007; Block et al. 1997;
Imanishi et al. 1997; Kato et al. 1995; Li et al. 2011; Pearse et al. 2004). Post-injury
treatment with (£)-rolipram reduced TNF-a levels in both the injured parietal cortex and
hippocampus at doses of 1 and 3 mg/kg (Fig. 1). IL-1p levels were nonsignificantly reduced
at doses of 3 and 6 mg/kg.

To determine if the dose of (£)-rolipram that was most effective in reducing TNF-a levels
also improved histopathology, animals were treated with 3 mg/kg rolipram 30 min or 3 hr
post-injury. These two time points were chosen as an initial determination of the therapeutic
time window of rolipram treatment for TBI due to the rapid changes in inflammatory
signaling and hemodynamics that occur in the minutes to hours after TBI (Ziebell and
Morganti-Kossmann 2010). Cortical contusion volumes were assessed at 3 days post-injury,
a time point when cortical contusion volumes are easily and reliably quantified (Atkins et al.
2007). (x)-Rolipram treatment had no significant effect on cortical contusion volume (Fig.
2).
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An analysis at a longer survival time point, 10 days post-injury, indicated that continuous
(x)-rolipram treatment (3 mg/kg) for 10 days post-injury caused a pronounced cavitation of
the cortex (Fig. 3). There was also a significant increase in contusion volume and atrophy of
the ipsilateral cortex at this longer survival time point. These results indicate that (£)-
rolipram at longer survival time points worsened histopathology after TBI.

Rolipram has two PDE4 binding states, a low affinity binding state where it inhibits CAMP
hydrolysis, and a high affinity binding state that does not affect cAMP hydrolysis (Jacobitz
et al. 1996; Souness and Rao 1997). We hypothesized that the effects of (x)-rolipram used in
the previous experiments were due to effects on cCAMP hydrolysis. To test this hypothesis,
cortical contusion volumes at 3 days post-FPI were assessed in animals treated with 7-(-)-
rolipram or &(+)-rolipram. /R-(-)-rolipram exhibits an order of magnitude higher binding
specificity to the low-affinity binding state as compared to S-(+)-rolipram (Barnette et al.
1996; Schneider et al. 1986). For comparison, a structurally distinct PDE 4 inhibitor, Ro
20-1724 which binds both the high and low-affinity binding sites was tested (Zhao et al.
2003). A low dose of the R-(-)-rolipram enantiomer (0.1 mg/kg), but not S-(+)-rolipram or
Ro 20-1724, given daily for 3 days beginning at 30 min post-injury, increased hemorrhage
and significantly increased cortical contusion size in TBI-treated animals at 3 days post-
injury (Fig. 3). There were no measureable differences on effects of blood gases, blood
pressure, or blood pH.

Both endogenous albumin (Fig. 5) and 1gG (Fig. 6) immunostaining at 3 days post-injury
was significantly increased in (£)-rolipram-treated animals (3 mg/kg daily, beginning at 30
min post-injury) as compared to vehicle-treated animals. An analysis of the contralateral
cortex indicated that the increase in albumin and IgG immunostaining with (z)-rolipram
treatment was restricted to the ipsilateral cortex.

CBF using 1*C-iodantipyrine autoradiography was assessed in animals treated with ()-
rolipram (Fig. 7). In accordance with previous results, there was a significant reduction in
CBF in the injured parietal cortex at 3 hr post-TBI (Dietrich et al. 1996; Dietrich et al. 1998;
Wei et al. 1980). However, unlike studies with non-injured animals, (x)-rolipram treatment
did not increase CBF in TBI-treated animals (Rutten et al. 2009).

Discussion

In this study we found that post-injury treatment with (£)-rolipram, a known anti-
inflammatory and vasodilatory drug, reduced pro-inflammatory cytokine levels of TNF-a.,
but increased hemorrhage and blood-brain barrier breakdown. The changes in IL-1p levels
were inconclusive and further experiments may clarify whether (x)-rolipram in a post-
treatment paradigm could also reduce levels of this or other pro-inflammatory cytokines
after brain trauma. In addition, although rolipram is known to increase CBF in non-injured
animals, we found that (x)-rolipram did not rescue the decrease in CBF observed in TBI
animals (Rutten et al. 2009).

These results are not in accordance with our earlier study demonstrating that (x)-rolipram
was highly effective in reducing histopathological changes when given 30 min prior to brain
trauma (Atkins et al. 2007). Pre-treatment with (z)-rolipram during FPI decreased cortical
contusion volume and levels of the pro-inflammatory cytokines, IL-1p and TNF-a. This
result was supported by multiple studies reporting that rolipram works in a variety of CNS
injury paradigms. Using similar doses of rolipram between 0.3-3 mg/kg, rolipram given 6 hr
after cerebral ischemia and then daily until assessment improved hippocampal neuronal
survival and behavioral recovery as assessed by water maze performance (Block et al. 1997;
Li etal. 2011; Nagakura et al. 2002). In spinal cord injury studies, continuous post-injury
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treatment with rolipram in doses between 0.5-3 mg/kg improved oligodendrocyte survival
and locomotor recovery (Beaumont et al. 2009; Koopmans et al. 2009; Nikulina et al. 2004;
Pearse et al. 2004; Whitaker et al. 2008). Since the doses and treatment schedule in this
study were similar to what was observed in previous studies demonstrating efficacy in spinal
cord injury and cerebral ischemia, we speculate that the differential outcome observed with
rolipram treatment with FPI may be due to differences in model-specific, pathological and
hemodynamic changes.

Although (£)-rolipram did work as an anti-inflammatory drug to reduce pro-inflammatory
cytokine levels in the FPI model, it increased bleeding in the injured brain. Both endothelial
and smooth muscle cells contain PDEs, including several isoforms of PDE 4, the target of
rolipram (Birk et al. 2004; Santos-Silva et al. 2008; Zhu et al. 2004). Application of rolipram
or other PDE 4 inhibitors mediate smooth muscle relaxation and blood vessel dilation
(Mehats et al. 2003; Miwa et al. 2009; Willette et al. 1997). However, vasoconstriction is
typically observed after TBI and vasodilators have been shown to improve outcome after
TBI (Ahn et al. 2004; Hayward et al. 2011; Lin et al. 2001; Maeda et al. 2005; Park et al.
2009; Ueda et al. 2004). In the brain at doses 100-fold lower than in our studies, rolipram
increases local CBF in select regions of the brain including the temperoparietal cortex
(Rutten et al. 2009). We speculate that vascular reactivity to rolipram may be altered after
TBI, such that although the decrease in CBF cannot be rescued with rolipram, vulnerable
areas of the brain may be prone to vasodilation and consequently increased bleeding with
rolipram. Further studies with more detailed vessel staining and electron microscopy are
needed to clarify why (£)-rolipram aggravated hemorrhage around the vulnerable cortical
blood vessels, but did not increase CBF.

There are indications in the literature that rolipram can result in drug-induced vascular injury
(Losco et al. 2004; Mecklenburg et al. 2006; Zhang et al. 2008). In one study of hypoxia-
ischemia, rolipram increased lesions in the periventricular white matter and deep cortex
suggesting that rolipram could have deleterious effects in some injury paradigms (Chang et
al. 2008). In another study, rolipram was found to have no improvement in locomotor
recovery after transient ischemia until cessation of rolipram treatment (Hatinen et al. 2008).
This was due to acute side effects of rolipram causing decreased locomotion which has been
reported in several studies (Barad et al. 1998; Hu et al. 2011; Silvestre et al. 1999).

Numerous studies have reported that rolipram blocks the expression and secretion of TNF-a
and IL-1p from activated microglia, decreasing the inflammatory response potentially by
increasing CAMP levels and activating PKA to suppress transcription of TNF-a and IL-1p
(Foey et al. 2003; Prabhakar et al. 1994; Si et al. 1998; Suzumura et al. 1999; Verghese et al.
1995; Yoshikawa et al. 1999; Zhang et al. 2002). Our results that (x)-rolipram reduced TNF-
a are in agreement with these previous studies that rolipram can reduce inflammation after
TBI. (¥)-Rolipram has two binding states to PDE 4, a low affinity binding state that inhibits
cAMP hydrolysis, and a high affinity binding state that limits other non-cAMP actions of
PDE4, including the prevention of apoptosis or neutrophil enzyme secretion (Houslay and
Adams 2003; Zhu et al. 1998). To determine if the worsening hemorrhage and breakdown of
the blood brain barrier were due to effects of cAMP or other non-cAMP actions on PDE 4,
we tested whether R-(=)-rolipram versus S-(+)-rolipram would worsen cortical contusions
since R-(-)-rolipram has a higher binding specificity to the cAMP catalytic site as compared
to S-(+)-rolipram. In addition, we assessed a structurally distinct inhibitor, RO 20-1724
which binds both the low and high affinity binding state (Zhao et al. 2003). Since R-(-)-
rolipram, but not S-(+)-rolipram or Ro 20-1724 increased cortical contusion volume, these
results suggest that the worsening of histopathology and hemorrhage into the injured brain
were due to the actions of decreasing cCAMP hydrolysis.
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Rolipram is also known to cause a rebound effect and induce increased PDE activity.
Systemic administration of rolipram has been found to induce PDE 4D protein levels and
subsequently decrease CAMP levels in the cortex and hippocampus below non-injured levels
(Dlaboga et al. 2006; Giorgi et al. 2004). Indeed, in vascular smooth muscle cells PDE 3 and
4 activities and levels are regulated by cAMP, suggesting that daily administration of
rolipram may have resulted in the opposite intended effect (Campos-Toimil et al. 2008;
Tilley and Maurice 2002). Additionally, in non-injured animals, rolipram exhibits an
inverted U-shaped dose-response curve such that at higher doses rolipram is not as
efficacious as lower doses in improving hippocampal-dependent learning in non-injured
animals (Hosseini-Sharifabad et al. 2012). Thus, careful consideration of rolipram dose is
important and may have contributed to the lack of efficacy we observed using doses ranging
from 0.1 to 3 mg/kg with the FPI model.

In summary, we report that (£)-rolipram, when given in a post-injury treatment paradigm for
the FP1 model, exacerbated neurological damage, worsened breakdown of the blood-brain
barrier, and impaired behavioral recovery. These results suggest that caution is required in
extrapolating the use of PDE inhibitors to different injury models.
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Fig. 1.

Post-injury (£)-rolipram reduced cytokine levels in the injured parietal cortex. IL-1p (A) and
TNF-a (B) levels were assayed by ELISA at 3 hr after moderate parasagittal FP1. Animals
received vehicle or (£)-rolipram intravenously (i.v.) 30 min after trauma. ()-Rolipram
treatment nonsignificantly reduced IL-1p levels and significantly reduced TNF-a levels (*P
< 0.05 for rolipram-treated versus vehicle-treated animals) in a concentration-dependent
manner as compared to vehicle treatment of TBI animals (dotted line). Data represent mean
+ SEM, n = 3 vehicle-treated TBI animals, n = 3 0.5 mg/kg (£)-rolipram-treated TBI
animals, n = 4 1 mg/kg (x)-rolipram-treated TBI animals, n = 3 3 mg/kg (£)-rolipram-treated
TBI animals, n = 4 6 mg/kg ()-rolipram-treated TBI animals.
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Fig. 2.

Early measurements of cortical contusion size were not affected by post-injury (£)-rolipram
treatment. Animals received (A) vehicle (5% ethanol) or (+)-rolipram (3 mg/kg, i.v.) at (B)
30 min or (C) 3 hr after moderate parasagittal FPI, then once per day for 3 days
(intraperitoneally, i.p.). Brains were analyzed at 3 days post-injury and sections were stained
with H&E. Shown is bregma level —5.8 mm. Scale bars 500 um. Scatter plot and mean +
SEM of the cortical contusion volumes (D). n = 7 vehicle-treated TBI animals, n = 6 (&)-
rolipram-treated 30 min post-injury animals, n = 7 ()-rolipram-treated 3 hr post-injury
animals.
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Fig. 3.

Chronic consequences of post-injury (z)-rolipram treatment. Post-injury administration of
rolipram increased atrophy and cavitation of the ipsilateral parietal cortex (A). Animals
received vehicle (5% ethanol) or (£)-rolipram (3 mg/kg, i.v.) 30 min after moderate
parasagittal FPI or sham surgery, then continuously until perfusion (subcutaneously via
osmotic miniature pumps). Animals were perfused 10 days post-surgery. Shown are H&E
and Luxol fast blue stained sections at bregma level —5.3 mm. Scale bars 500 wm. Contusion
volumes (B) were significantly greater in (£)-rolipram-treated TBI animals as compared to
vehicle-treated TBI animals at 10 days post-injury (***£ < 0.001 for sham versus (x)-
rolipram-treated TBI animals, #P < 0.01 for vehicle-treated versus (£)-rolipram-treated TBI
animals). TBI-induced atrophy of the parietal cortex (C) was increased in (z)-rolipram-
treated animals (**P < 0.01 and ***P < 0.001 for sham versus TBI animals, #£ < 0.01 for
vehicle-treated versus (£)-rolipram-treated TBI animals). Mean + SEM, n = 3 vehicle-
treated sham animals, n = 5 vehicle-treated TBI animals, n = 4 (z)-rolipram-treated TBI
animals.
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Fig. 4.

Administration of the (/)-(-)-rolipram enantiomer 30 min post-injury worsened pathology
when assessed 3 days after TBI. Representative sections from animals treated with PDE 4
inhibitors (A). Sections were stained with H&E. Shown is bregma level =5.8 mm. Scale bars
500 wm. Animals received vehicle (5% ethanol) or PDE 4 inhibitors (0.1 mg/kg, i.v.) 30 min
after moderate parasagittal FPI, then once per day for 3 days (i.p.). Contusion volume
analysis (B). Physiological parameters (C) of animals 15 min after the first intravenous
treatment with vehicle or PDE 4 inhibitors. Mean = SEM, n = 3 vehicle-treated animals, n =
4 Ro 20-1724-treated animals, n = 4 (R)-(-)-rolipram-treated animals, n = 4 (S)-(+)-
rolipram-treated animals, *P < 0.05 for vehicle-treated versus (/)-(-)-rolipram-treated FPI
animals.
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Fig. 5.

Endogenous albumin immunoreactivity increased with post-injury administration of (x)-
rolipram. Animals received vehicle (5% ethanol) or (x)-rolipram (3 mg/kg, i.v.) 30 min or 3
hr after moderate parasagittal FPI, then once per day (i.p.) until perfusion. Animals were
perfused at 3 days post-injury and paraffin-embedded sections were immunostained for anti-
rat albumin (A). Images shown are at bregma level —4.3 mm. Scale bars 250 pm.
Quantification of immunostaining (B). Endogenous albumin immunoreactivity significantly
increased in (x)-rolipram-treated animals treated at either 30 min or 3 hr post-injury as
compared to vehicle-treated animals. Mean + SEM, n = 7 vehicle-treated animals, n = 5 (£)-
rolipram-treated animals at 30 min post-injury, n =5 (x)-rolipram-treated animals at 3 hr
post-injury, *P< 0.05, **P < 0.01, ***P< 0.001 for TBI+vehicle versus TBI+rolipram.
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Fig. 6.

Post-injury administration of (£)-rolipram increased IgG immunoreactivity in the ipsilateral
parietal cortex. Animals received vehicle (5% ethanol) or (z)-rolipram (3 mg/kg, i.v.) 30
min or 3 hr after TBI, and then once per day (i.p.) for 3 days. Sections were immunostained
for endogenous 1gG levels (A). Images were taken at bregma level —4.3 mm. Scale bars 250
pm. The intensity of 1gG immunostaining was quantified in the parietal cortex (B).
Endogenous IgG levels were significantly increased in (z)-rolipram-treated animals as
compared to vehicle-treated animals. Mean + SEM, n = 7 vehicle-treated animals, n = 5 (£)-
rolipram-treated 30 min post-injury animals, n = 5 (x)-rolipram-treated 3 hr post-injury
animals, *P< 0.05, **P< 0.01, ***P< 0.001 for TBI+vehicle versus TBI+rolipram.
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Fig. 7.

Measurements of CBF were unaffected by (z)-rolipram treatment in TBI animals. CBF in
the ipsilateral cortex at 3 hr post-injury was quantified using C-iodantipyrine as the tracer
and autoradiography. Images from bregma level +0.7 mm to —=7.3 mm are shown for (A)
sham, (B) vehicle-treated TBI animals, and (C) (£)-rolipram-treated TBI animals (3 mg/kg,
i.v.). Images represent that average CBF at each bregma level for each treatment group (n =
4 animals per group). A significant decrease in CBF (D) was observed for both vehicle and
(z)-rolipram-treated TBI animals as compared to sham animals. Mean + SEM, n=4
animals/group, ***P< 0.001 for sham versus TBI animals.
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Experimental design: outcome measurements, treatment schedule, doses and endpoint times

Table |

Outcome Treatment time Dose Endpoint N value
ELISA 30" post 0.5-6 mg/kg 3 hr post 34
Contusion volume 30" post, then daily 0.1or3mg/kg 3 days post 4-7
Atrophy 30" post, then continuously 3 mg/kg 10 days post 3-5
BBB breakdown 30" post, then daily 3 mg/kg 3 days post 6-7
Cerebral blood flow 30" post 3 mg/kg 3 hr post 4
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