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Abstract

Rolipram, a specific inhibitor of the phosphodiesterase IV (PDE IV), has recently been shown to exert neuroprotective effects in an Alzheimer
transgenic mouse model and in hypoxic—ischemic damage in the rat brain. It activates the cAMP-dependent protein kinase (PKA)/cAMP
regulatory element-binding protein (CREB) signaling pathway and it inhibits inflammation. We tested the neuroprotective effects of the specific
PDE IV inhibitor rolipram in C57BL/6 mice treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). We found that rolipram
administered at 1.25 mg/kg or 2.5 mg/kg doses significantly attenuated MPTP-induced dopamine depletion in the striatum, and reduced the loss of
tyrosine hydroxylase-positive neurons in the substantia nigra. There was a bell-shaped dose effect with greater efficacy at the 1.25 mg/kg dose
than 2.5 mg/kg and a higher dose of rolipram, 5 mg/kg, had no protective effect and even increased the mortality of animals when co-administered
with MPTP. Rolipram did not interact with MPTP in its absorption into the brain and in its metabolism to 1-methyl-4-phenylpyridinium (MPP").
Our data show a neuroprotective effect of the PDE IV specific inhibitor rolipram against dopaminergic neuron degeneration, suggesting that PDE

IV inhibitors might be a potential treatment for Parkinson’s disease.
© 2007 Elsevier Inc. All rights reserved.
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Rolipram is a specific inhibitor of phosphodiesterase IV
(Barad et al., 1998). It has previously been shown to exert
protective effects in animal models of inflammation including
experimental allergic encephalomyelitis (Dinter et al., 2000;
Martinez et al., 1999). It has several potential mechanisms by
which it could exert neuroprotective effects. It acts on
macrophages to exert anti-inflammatory effects. Specifically,
it can block lipopolysaccharide and tumor necrosis factor alpha-
induced increases in inducible nitric oxide synthase as well as
superoxide anion production from microglial cells (Beshay et
al., 2001; Zhang et al., 2002). In addition, it can increase
phosphorylation of cyclic AMP response element binding
protein (CREB), which may exert neuroprotective effects by
increasing the expression of growth factors such as BDNF
(MacKenzie and Houslay, 2000). Inhibiting BDNF expression
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in the substantia nigra causes a loss of dopaminergic neurons
(Porritt et al., 2005). Increased activity of CREB protects
against hypoxia-induced damage in neonatal rats and it
improves memory and synaptic transmission in a transgenic
mouse model of Alzheimer’s disease (Lee et al., 2004; Gong
etal., 2004). A previous study showed that several other type IV
phosphodiesterase inhibitors showed efficacy against MPTP
toxicity (Hulley et al., 1995). In the present experiments, we
therefore investigated whether administration of rolipram, a
specific phosphodiesterase IV inhibitor, could exert neuropro-
tective effects against MPTP-induced neurotoxicity.

Rolipram obtained from Schering Aktiengesellschaft in
Germany, is the racemate of 4-(3’-cyclopentyloxy-4’-methoxy-
phenyl)-2-pyrrolidone, has good solubility in polar organic
solvents like ethanol or dimethyl sulfoxide (DMSO), but is only
sparingly soluble in water. Therefore, DMSO was used as the
vehicle to deliver rolipram. DMSO has been widely used as a
solvent for delivering a variety of non-water-soluble com-
pounds to experimental animals. There were controversial


mailto:fbeal@med.cornell.edu
http://dx.doi.org/10.1016/j.expneurol.2007.02.010

312 Brief Communication

reports that DMSO may have potential neuroprotective effects
(Repineetal., 1981; Shimizu etal., 1997; Little etal., 1981, 1983).
We observed that a DMSO injection volume exceeding over 4 ml/
kg causes mortality in mice. DMSO used as a vehicle was reported
to be non-toxic at a dose of 2 ml/kg (Ginsberg et al., 2003). MPTP
(Sigma, St. Louis, MO) was administered to 12 week-old male
C57Bl/6 mice (Jackson Laboratories, Bar Harbor, ME) with two
different i.p. dosage regimens in our two separate experiments,
i.e. 15 mg/kg every 2 h for 3 doses and 10 mg/kg every 2 h for
4 doses. Rolipram, 1.25 mg/kg, 2.5 mg/kg and 5 mg/kg, was
injected i.p. 1 h before the first MPTP injection, between the
MPTP injections, 1 and 12 h after the last MPTP injection
(cumulative doses of 5 mg/kg, 10 mg/kg and 20 mg/kg over 24 h).
Control mice were injected with the same volume of pure DMSO
(1.6 ml/kg, 6.4 ml/kg over 24 h).

Animals were sacrificed 7 days after the MPTP injection and
the striata were rapidly dissected and kept at —80 °C for
catecholamine measurement. Midbrains of these mice were fixed
with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4)
for histology. Mice treated with MPTP 15 mg/kg, 3 doses with/
without rolipram 1.25 mg/kg were sacrificed 90 min after the last
dose of MPTP and striata were dissected for measurement of
MPP" levels.

Striatal dopamine (DA) and its metabolites 3,4-dihydroxy-
phenylacetic acid (DOPAC) and homovanillic acid (HVA) were
measured by high-performance liquid chromatography (HPLC)
with electrochemical detection as previously described (Yang et
al., 2005) and MPP" was measured by HPLC with a
fluorescence detector (Naoi et al., 1987). Midbrain sections
(50 pm) including substantia nigra were prepared for tyrosine
hydroxylase (TH) immunohistochemistry and Nissl staining
and the cells in the substantia nigra pars compacta (SNpc) were
counted using the optical fractionator method as described
previously (Yang et al., 2005).

The data are expressed as the means +standard error of mean.
Statistical comparisons were made by one-way analysis of
variance followed by Tukey—Kramer test for multiple group
comparisons.

Fig. 1 shows protective effects of rolipram on MPTP treated
mice. In our initial trial, both the 1.25 mg/kg and 2.5 mg/kg
rolipram dose regimens significantly protected dopamine and its
metabolite levels in the striatum of mice treated with MPTP,
15 mg/kg for 3 doses (Fig. 1A). The 1.25 mg/kg dose regimen
showed better protection than 2.5 mg/kg one. However, the
5 mg/kg dose regimen had no protective effect and increased the
mortality of animals when co-administered MPTP in our second
experiment. We were, therefore, unable to measure dopamine
and its metabolites in this high dose rolipram group. The
protective effect of rolipram was confirmed in a second
experiment (Fig. 1B), with the 1.25 mg/kg rolipram dose used
in mice treated with MPTP 10 mg/kg for 4 doses. The neuro-
toxic effect of MPTP on dopaminergic TH-positive neurons in
the SNpc was significantly attenuated by co-injection with
1.25 mg/kg rolipram (Figs. 1C and D), and this was confirmed
with Nissl stained neuron counts (Fig. 1E). MPP" levels at
90 min after MPTP injection showed no significant difference
between animals treated with MPTP/vehicle and with MPTP/

rolipram (4.24+0.5 vs. 4.15+£0.2 ng/mg wet tissue). This
indicates that rolipram has no effect on MPTP uptake into brain
or MPTP metabolism to MPP".

In the present experiments, we show that administration of
the specific phosphodiesterase IV inhibitor rolipram exerts
neuroprotective effects in the MPTP model of Parkinson’s
disease in mice. We found that it significantly attenuates MPTP-
induced dopamine depletion and it protects against loss of
tyrosine hydroxylase immunoreactive neurons in the substantia
nigra. The effects show an inverted dose response trend.
Efficacy at the 1.25 mg dose was better than 2.5 mg dose. A
higher dose of rolipram, 5 mg/kg, had no protective effect and
even increased the mortality of animals when co-administered
with MPTP. Rolipram’s effects did not appear to be due to
alteration in the pharmacokinetics or metabolism of MPTP,
since MPP" levels were unaltered.

Rolipram may exert its neuroprotective effects by two
different mechanisms. It has been shown in numerous studies to
block the effects of inflammatory cytokines on macrophages
and in particular to block the induction to iNOS (Beshay et al.,
2001; Zhang et al., 2002). iNOS knockout mice are resistant to
MPTP toxicity (Dehmer et al., 2000; Liberatore et al., 1999).
Furthermore, rolipram may block microglial produced super-
oxide. Mice deficient in NADPH oxidase also are partially
resistant to MPTP neurotoxicity (Wu et al., 2003). The doses of
rolipram required for anti-inflammatory effects are in the range
used in the present experiments (Dinter et al., 2000; Martinez
et al., 1999).

An alternative mechanism of protection is by increasing
phosphorylation of CREB which occurs with low doses of
rolipram (Gong et al., 2004; Monti et al., 2006). CREB is a
transcription factor, which modulates the production of a
number of growth factors including NGF and BDNF.
Administration of BDNF is neuroprotective against MPTP
and 6-hydroxydopamine (Porritt et al., 2005; Frim et al., 1994;
Tsukahara et al., 1995). It is, therefore, possible that increased
phosphorylation of CREB mediated by activation of protein
kinase A due to increased cyclic AMP may play a role in the
neuroprotective effects of rolipram. CREB-dependent tran-
scriptional activation protects against polyglutamine-induced
cytotoxicity (Shimohata et al., 2005). Our studies are
consistent with a previous report that other inhibitors of type
IV phosphodiesterases produced neuroprotective effects
against MPTP toxicity (Hulley et al., 1995). It was demon-
strated that they increased survival of dopaminergic neurons in
culture and they reduced MPTP-induced dopamine depletion
in the striatum of C57 BIl/6 mice. Our studies, therefore,
provide further evidence that administration of phosphodies-
terase IV inhibitors might be useful as a potential treatment for
Parkinson’s disease. The inverted dose—response curve,
however, would suggest that one would have to obtain an
optimal dosage. Rolipram was previously under development
as an anti-depressant but clinical development was halted due
to nausea at higher doses. Other phosphodiesterase inhibitors
are currently under development and appears to be better
tolerated, and therefore, more attractive as neuroprotective
agents.
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