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Abstract
Traumatic human spinal cord injury causes devastating and long-term hardships. These are due to
the irreparable primary mechanical injury and secondary injury cascade. In particular,
oligodendrocyte cell death, white matter axon damage, spared axon demyelination, and the ensuing
dysfunction in action potential conduction lead to the initial deficits and impair functional recovery.
For these reasons, and that oligodendrocyte and axon survival may be related, various neuroprotective
strategies after SCI are being investigated. We previously demonstrated that oligodendrocytes in the
adult rat epicenter ventrolateral funiculus express 3′-5′-cyclic adenosine monophosphate-dependent
phosphodiesterase 4 subtypes and that their death was attenuated up to 3 days after contusive cervical
spinal cord injury when rolipram, a specific inhibitor of phosphodiesterase 4, was administered. Here,
we report that 1) there are more oligodendrocyte somata in the adult rat epicenter ventrolateral
funiculus, 2) descending and ascending axonal conductivity in the ventrolateral funiculus improves,
and that 3) there are fewer hindlimb footfall errors during grid-walking at 5 weeks after contusive
cervical spinal cord injury when rolipram is delivered for 2 weeks. This is the first demonstration of
improved descending and ascending long-tract axonal conductivity across a spinal cord injury with
this pharmacological approach. Since descending long-tract axonal conductivity did not return to
normal, further evaluations of the pharmacokinetics and therapeutic window of rolipram as well as
optimal combinations are necessary before consideration for neuroprotection in humans with spinal
cord injury.
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In addition to white matter axon damage, oligodendrocyte cell death (Emery et al., 1998),
spared axon demyelination (Bunge et al., 1993; Kakulas, 1999; Buss et al., 2004; Guest et al.,
2005), and the ensuing dysfunction in action potential conduction (Hayes et al., 1993) lead to
the initial deficits of traumatic human spinal cord injury (SCI) and impair functional recovery.
We previously demonstrated that oligodendrocytes in the adult rat epicenter ventrolateral
funiculus (VLF) express 3′-5′-cyclic adenosine monophosphate (cAMP)-dependent
phosphodiesterase 4 (PDE4) subtypes and that their death was attenuated up to 3 days after
contusive cervical SCI when rolipram, a specific inhibitor of PDE4, was administered
(Whitaker et al., 2008). Also, it was shown that treating adult rats with rolipram for 2 weeks
after contusive thoracic SCI promoted more oligodendrocyte-myelinated axons in the VLF and
fewer hindlimb footfall errors during grid-walking (Pearse et al., 2004). We hypothesized that
this could be due to rolipram treatment for 2 weeks after contusive SCI resulting in more
oligodendrocytes being present in the VLF. The VLF contains long-tract axons that conduct
descending (Loy et al., 2002) and ascending (Deriu et al., 2001; Beaumont et al., 2006)
potentials that evoke activity in the hindlimb gastrocnemius and jaw masseter muscles,
respectively, and are important for hindlimb function (Loy et al., 2002; Schucht et al., 2002;
Cao et al, 2005b; Beaumont et al., 2006). We also hypothesized that the presence of more
oligodendrocytes in the VLF after rolipram treatment would lead to improved descending and
ascending axonal conductivity in the VLF and hindlimb function after contusive SCI.

EXPERIMENTAL PROCEDURES
All methods were approved by the Institutional Animal Care and Use Committee at the
University of Louisville. They were conducted in accordance with the National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80–
23, revised 1996). All efforts were made to minimize the number of animals used and their
suffering. Twelve adult (228–267g) female Sprague Dawley rats (Charles River Laboratories,
Inc., Wilmington, MA) were anesthetized with sodium pentobarbital (40–50mg/kg, IP).
Contusive injuries of 175 ± 5 actual kilodynes were produced at the cervical 5–6 (C5-C6)
segments (Onifer et al., 2007; Whitaker et al., 2008) with an Infinite Horizon Impactor
(Precision Systems and Instrumentation, LLC, Fairfax Station, VA). Two model 2002 (0.5μl/
hr) ALZET® mini-osmotic pumps (DURECT Corp., Cupertino, CA) were inserted
subcutaneously post-SCI (Pearse et al., 2004; Whitaker et al., 2008). Six rats received rolipram
(0.5mg/kg/day each pump, Sigma, St. Louis, MO), dissolved in dimethyl sulfoxide (DMSO,
Sigma), and six rats received DMSO only for 2 weeks post-SCI. The data of one rat in the
rolipram-treated group was removed from the study because of its morbidity.

Each rat underwent behavioral assessments at week 5 post-SCI. Grid-walking was assessed on
an elevated 118cm2 plastic-coated wire grid that had 5 × 4.5cm holes (Onifer et al., 2005).
Four minutes of walking were filmed for analysis. The total numbers of forelimb and hindlimb
footfall errors were counted for each rat then divided by the total number of steps. The
percentages were subtracted from 100% to determine the percentages of steps without footfall
errors. Locomotion in the open field was assessed with the Basso, Beattie, and Bresnahan
(BBB) locomotor rating scale (Basso et al., 1995). The average number of steps, percentages
of forelimb and hindlimb steps without footfall errors, and the BBB scores were compared
between groups using independent t-tests.
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Each rat underwent long-tract electrophysiological assessments after the behavioral
assessments. We previously reported that transcranial magnetic motor evoked potentials
(tcMMEPs) (Loy et al., 2002) and magnetically evoked interenlargement responses (MIERs)
(Beaumont et al., 2006) are conducted by axons in the VLF of the adult rat thoracic spinal cord.
Descending neurotransmission through the SCI site was assessed with the tcMMEP procedure
(Linden et al., 1999). Evoked potentials (EPs) were elicited twice to ensure replication at 70%
maximum output using a 50mm circular Magstim stimulating coil (Jali Medical Inc., Woburn,
MA) positioned over the cranium. Electromyographic (EMG) responses were recorded
simultaneously from both gastrocnemius muscles with 26-G needle electrodes connected to
AI 405 head stages and a CyberAmp 380 (Axon Instruments, Inc., Union City, CA) in
Axoscope. Ascending neurotransmission through the SCI site was assessed with the MIER
procedure (Beaumont et al., 2006). The EPs were elicited twice at 80% of maximum output
using a 25mm figure-8 Magstim stimulating coil (Jali Medical Inc.) located over the sciatic
nerve at hip level, 2 Magstim 200 stimulators, a Bi-stimulation module (Jali Medical Inc.), and
a bi-stimulation protocol with a 2ms delay between pulses. The EMG responses were recorded
simultaneously from both masseter muscles as described above. Acquired data from both
procedures were analyzed with Axograph 4.0 (Axon Instuments, Inc.). A binomial proportion
test was used to compare the percentages of rats in both groups in which tcMMEPs could be
evoked. Paired t-tests were used to compare the average onset latencies and peak-to-peak
amplitudes of the tcMMEPs and MIERs recorded at baseline and at week 5 post-SCI.

Rats were anesthetized with sodium pentobarbital (120mg/kg, IP). Transcardial perfusions
were performed with heparinized and oxygenated calcium-free Tyrodes solution, 0.1M
phosphate buffer, pH 7.4 (PB), containing 4% paraformaldehyde, and PB. The C3-C8 spinal
cord segments were removed and cryoprotected in PB containing 30% sucrose at 4°C for 3–4
days. They were sectioned at 20μm in the transverse plane with a cryostat. Sections at 200μm
intervals were stained with 0.5% cresyl violet (Magnuson et al., 2005; Beaumont et al.,
2006). Adjacent sections were immunostained with a combination of mouse anti-adenomatus
polyposis coli (APC, 1:150, Calbiochem, San Diego, CA) and rabbit anti-phospho-(Ser/Thr)
Protein Kinase A substrates (PKA, 1:200, Cell Signaling Technology, Danvers, MA) to
visualize mature oligodendrocytes and cAMP-dependent phosphorylated PKA substrates
(Whitaker et al., 2008).

Cresyl violet-stained sections were examined with a Nikon Eclipse E400 microscope (Nikon,
Tokyo, Japan). As described (Magnuson et al., 2005; Beaumont et al., 2006), digitized images
of each rat’s injury epicenter were opened in Appleworks v6.0 and traced using an Intuos
drawing tablet (Wacom, Vancouver, WA). The area of spared white matter was determined
using ImageJ software (v.1.32j, NIH) and compared between groups using an independent t-
test for groups with equal variance.

Confocal images of the VLF through each rat’s injury epicenter were obtained with an Olympus
laser confocal microscope and digitized with Olympus Optical Laser Fluoview 500 software
(Olympus Optical, Melville, NY) (Whitaker et al., 2008). Randomly selected left or right side
VLF in 2 sections 200μm apart were quantified using ImageJ software then converted to cells/
cm2 (Whitaker et al., 2008). The oligodendrocyte somata numbers found in both sections were
averaged and the groups were compared using an independent t-test. Lastly, Spearman rank
correlations were used to examine the relationships among the number of oligodendrocyte
somata in the VLF, MIER amplitudes, and the percentages of hindlimb steps without footfall
errors.
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RESULTS
At week 5 post-SCI, the spared white matter areas at the injury epicenters of the DMSO-treated
rats and the rolipram-treated rats were not significantly different (Supplementary Table 1). The
numbers of oligodendrocyte somata in the VLF of the rolipram-treated rats were greater than
(p<.001) those in the DMSO-treated rats (Fig. 1).

The onset latencies and peak-to-peak amplitudes of the tcMMEPs at baseline (Fig. 2A) were
6.3 ± 0.9ms and 14.2 ± 5.6mV, respectively. At week 5, rolipram was effective (p<.01) in
maintaining the tcMMEPs. Four of five rolipram-treated rats had responses. Five of six DMSO-
treated rats did not. The onset latencies (6.6 ± 0.9ms) of the tcMMEPs seen in the 4 rolipram-
treated rats were not different than those at baseline. The amplitudes were less than (p<.01)
those at baseline (Fig. 2B).

The onset latencies and peak-to-peak amplitudes of the MIERs at baseline (Fig. 2C) were 6.7
± 0.7ms and 0.6 ± 0.26=0.3mV, respectively. In contrast to the tcMMEPs, MIERs were
observed in all rats at week 5 post-SCI. The onset latencies of both groups (6.8 ± 0.6ms and
6.6 ± 0.7ms) were similar and not different than those at baseline. The amplitudes of the
rolipram-treated rats were larger than (p<.05) those of the DMSO-treated rats (Fig. 2D) and
were similar to those at baseline. The amplitudes of the DMSO-treated rats were less than (p<.
05) those at baseline.

At week 5, there were no differences during the grid-walking assessment between the rolipram-
treated rats’ and DMSO-treated rats’ total number of steps (19.4 ± 3.4 and 19.2 ± 5.2) and
between their percentage of forelimb steps without footfalls errors (Fig. 3). The rolipram-
treated rats had a higher (p<.05) percentage of hindlimb steps without footfall errors than the
DMSO-treated rats. The BBB scores of the rolipram-treated rats (14.2 ± 1.8) and the DMSO-
treated rats (13.4 ± 0.8) were similar (p=.07).

The 4 rolipram-treated rats in which tcMMEPs could be evoked had more oligodendrocyte
somata in their VLF (p<.05), larger MIER amplitudes (p<.05), and a higher percentage of
hindlimb steps without footfall errors (p<.05) than the 5 DMSO-treated rats without tcMMEPs.
Among all injured and treated rats (n=11), there was a positive correlation (rS=.74, p=.01)
between MIER amplitudes and the numbers of oligodendrocyte somata in the VLF (Fig. 4A).
However, there was no correlation between the percentage of hindlimb steps without footfall
errors and the numbers of oligodendrocyte somata in the VLF (rS=.56, p=.077; Fig. 4B) nor
between the percentage of hindlimb steps without footfall errors and MIER amplitudes (rS=.
42, p>.05; Fig. 4C).

DISCUSSION
We previously demonstrated that oligodendrocyte death in the adult rat epicenter VLF was
attenuated up to 3 days after contusive cervical SCI when rolipram was administered (Whitaker
et al., 2008). Here, we report that 1) there are more oligodendrocyte somata in the adult rat
epicenter VLF, 2) axonal conductivity in the VLF improves, and that 3) there are fewer
hindlimb footfall errors during grid-walking at 5 weeks after contusive cervical SCI when
rolipram is delivered for 2 weeks.

The spared white matter areas at the epicenters of the contusive cervical SCI were not different
between rolipram-treated rats and DMSO-treated rats. More oligodendrocytes and myelin
sparing, tcMMEPs with increased amplitudes, and improved locomotion in the absence of
white matter or axon sparing at the SCI epicenter also have been observed after other
pharmacological treatments (Wrathall et al., 1997; Rabchevsky et al., 2000) or cell
transplantation (Cao et al., 2005a).
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Similar to previous reports about adult rats with contusive cervical SCI (Soblosky, et al.,
2001; Pearse et al., 2005; Gensel et al., 2006; Sandrow et al., 2008), deficits in hindlimb
function were seen. Our data show that rolipram treatment for 2 weeks resulted in fewer
hindlimb footfall errors during grid-walking. In contrast, the impaired BBB scores of the rats
were not improved by rolipram treatment after contusive cervical SCI. These results are similar
to those of fewer hindlimb footfall errors during grid-walking and no improvement in BBB
scores at 8 weeks after contusive thoracic SCI when rolipram was similarly delivered (Pearse
et al., 2004). Since the rolipram-treated rats in which tcMMEPs were evoked had fewer
hindlimb footfall errors than the DMSO-treated rats without tcMMEPs, it could be suggested
that the improved descending VLF axonal conductivity played a role in this outcome. Indeed,
another strategy to repair the injured spinal cord using multineurotrophin-expressing glial-
restricted precursor cell transplantation also resulted in improved descending axonal
conductivity along with better hindlimb function (Cao, 2005a).

The present data provide evidence that treating adult rats with rolipram after contusive SCI
leads to more oligodendrocytes in the VLF. This in turn translates to tcMMEPs being found
in more of these rats, MIERs with recordings of increased amplitudes, and improved hindlimb
function. It also was previously demonstrated that treating adult rats with rolipram after
contusive SCI led to more oligodendrocyte-myelinated axons in the VLF (Pearse et al.,
2004). Since oligodendrocyte death (Emery et al., 1998) and spared axon demyelination
(Bunge et al., 1993; Kakulas, 1999; Buss et al., 2004; Guest et al., 2005) occur in the human
spinal cord after injury, these experimental results collectively suggest that rolipram may be a
protective strategy for oligodendrocytes, myelin, or both.

Adult rat phrenic nerve activity ipsilateral to a cervical spinal cord hemisection was reported
to return after rolipram treatment (Kajana & Goshgarian, 2008). We demonstrate for the first
time that descending and ascending long-tract axonal conductivity improves across a SCI with
this pharmacological approach. Since descending long-tract axonal conductivity did not return
to normal, further evaluations of the pharmacokinetics and therapeutic window of rolipram are
necessary. Moreover, combining rolipram with thalidomide to attenuate secondary injury
(Koopmans et al., 2009) and with cell grafts and transplants to engender axon regeneration
(Nikulina et al., 2004; Pearse et al., 2004), but not when combined with myelin inhibition
(Wang et al., 2006) nor with enriched housing and daily behavior assessment training (Dai et
al., 2009), have led to a synergistic effect. Before rolipram and other newly developed PDE4
inhibitors with fewer side effects can be considered for neuroprotection and axonal
regeneration in humans with SCI, optimal combination(s) additionally will need to be
rigorously determined.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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APC  

adenomatus polyposis coli
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BBB  
Basso, Beattie, and Bresnahan

C  
cervical

cAMP  
3′-5′-cyclic adenosine monophosphate

DMSO  
dimethyl sulfoxide

EMG  
electromyographic

EPs  
evoked potentials

MIERs  
magnetically evoked interenlargement responses

PB  
0.1M phosphate buffer, pH 7.4

PDE  
phosphodiesterase

pPKA  
phospho-(Ser/Thr) Protein Kinase A substrates

SCI  
spinal cord injury

tcMMEPs  
transcranial magnetic motor evoked potentials

VLF  
ventrolateral funiculus
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Figure 1.
More oligodendrocytes were in chronic contusive SCI after rolipram treatment. Images of
representative transverse sections show APC- (red) and PKA- (green) immunopositive
oligodendrocytes in the C5-C6 spinal cord VLF of a DMSO-treated rat (A) and of a rolipram-
treated rat (B). Significantly more oligodendrocytes somata were in the VLF of rolipram-
treated rats (n=5) than DMSO-treated rats (n=6) at week 5 post-SCI (C). *: p<.001. Error bars
represent standard deviations. Scale bar=50μm.
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Figure 2.
Neurotransmission through the VLF of rats with C5-C6 contusive injury was better after
rolipram treatment. (A) Representative example of a tcMMEP recorded from a gastrocnemius
muscle of a normal rat. (B) The peak-to-peak amplitudes of the tcMMEPs of rolipram-treated
rats (n=4) at week 5 post-SCI were significantly less than those at baseline. (C) Representative
example of a MIER recorded from a masseter muscle of a normal rat. (D) The peak-to-peak
amplitudes of the MIERs of rolipram-treated rats (n=5) at week 5 post-SCI were significantly
larger than those of DMSO-treated rats (n=6) and similar to those at baseline. **: p<.01. *: p<.
05. Error bars represent standard deviations.
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Figure 3.
Grid-walking by rats with C5-C6 contusive SCI was improved after rolipram treatment. The
percentage of hindlimb steps without footfall errors of the rolipram-treated rats (n=5) at week
5 post-SCI was significantly greater than those of the DMSO-treated rats (n=6). There was no
difference in the percentage of forelimb steps without footfall errors between the groups. *:
p<.05. Error bars represent standard deviations.
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Figure 4.
A positive correlation (rs=0.74, p=.01, n=11) existed between the MIER amplitudes and the
numbers of oligodendrocyte somata in the VLF (A) but not between the percentage of hindlimb
steps without footfall errors and the numbers of oligodendrocyte somata in the VLF (B) nor
between the percentage of hindlimb steps without footfall errors and the MIER amplitudes
(C). Filled circles: Rolipram-treated rats. Open circles: DMSO-treated rats.
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