
The L-type channel antagonist isradipine is neuroprotective in a
mouse model of Parkinson’s disease

E Ilijica, JN Guzmana, and DJ Surmeiera

aDepartment of Physiology, Northwestern University Feinberg School of Medicine, Chicago, IL
60611, USA

Abstract
The motor symptoms of Parkinson’s disease (PD) are due to the progressive loss of dopamine
(DA) neurons in substantia nigra pars compacta (SNc). Nothing is known to slow the progression
of the disease, making the identification of potential neuroprotective agents of great clinical
importance. Previous studies using the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
model of PD have shown that antagonism of L-type Ca2+ channels protects SNc DA neurons.
However, this was not true in a 6-hydroxydopamine (6-OHDA) model. One potential explanation
for this discrepancy is that protection in the 6-OHDA model requires greater antagonism of
Cav1.3 L-type Ca2+ channels thought to underlie vulnerability and this was not achievable with
the low affinity dihydropyridine (DHP) antagonist used. To test this hypothesis, the DHP with the
highest affinity for Cav1.3 L-type channels – isradipine – was systemically administered and then
the DA toxin 6-OHDA injected intrastriatally. Twenty-five days later, neuroprotection and plasma
concentration of isradipine were determined. This analysis revealed that isradipine produced a
dose-dependent sparing of DA fibers and cell bodies at concentrations achievable in humans,
suggesting that isradipine is a potentially viable neuroprotective agent for PD.
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Introduction
PD is a slowly progressing neurodegenerative condition whose presenting motor symptoms
– bradykinesia, rigidity and tremor– are attributable to the loss of DA neurons (Riederer and
Wuketich, 1976). Postmortem analysis of PD patient brains has revealed a striking loss of
tyrosine hydroxylase (TH) immunoreactive, DA neurons in the SNc and relative sparing of
DA neurons in the neighboring ventral tegmental area (VTA) (Hirsch et al., 1988). As
nothing is known to slow the progression of the disease, the identification of neuroprotective
agents in PD is of considerable importance.

One potential target for neuroprotective therapies in PD is the L-type Ca2+ channel with a
Cav1.3 pore-forming subunit. The rationale for targeting these channels comes from an
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appreciation of the potentially deleterious consequences of elevations in intracellular Ca2+

(Gleichmann and Mattson, 2010) and the recent discovery that vulnerable SNc DA neurons
have an usually strong engagement of Cav1.3 L-type Ca2+ channels during autonomous
pacemaking (Guzman et al., 2010; Khaliq and Bean, 2010). This influx has been shown to
increase mitochondrial oxidant stress in SNc DA neurons and this stress is exacerbated in a
genetic model of PD (Guzman et al., 2010). In principle, this stress should increase the
sensitivity to mitochondrial toxins used to create animal models of PD. In agreement with
this inference, previous work has shown that antagonizing L-type Ca2+ channels by systemic
administration of the DHP nimodipine increased the resistance of SNc DA neurons to both
acute and chronic challenge with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
administration (Chan et al., 2007; Kupsch et al., 1995; Kupsch et al., 1996). However,
systemic administration of nimodipine did not protect SNc DA neurons against a challenge
with 6-hydroxydopamine (6-OHDA) (Sautter et al., 1997).

The reason for this apparent discrepancy is unclear. Although both 6-OHDA and MPTP
disrupt mitochondrial function, they do so through different mechanisms (Bove et al., 2005).
As a consequence, it is possible that protection against 6-OHDA toxicity requires a greater
reduction in Ca2+ influx through L-type channels. The efficacy of systemically administered
DHPs in antagonizing Cav1.3 Ca2+ channels in SNc DA neurons depends upon their
bioavailability and potency. In this regard, DHPs are heterogeneous (Eisenberg et al., 2004).
Although nimodipine has good brain bioavailability (Kupsch et al., 1996), it has a relatively
low affinity for Cav1.3 Ca2+ channels (Sinnegger-Brauns et al., 2009). In contrast,
isradipine has much higher (>40 fold) affinity for Cav1.3 channels as well as good brain
bioavailability (Bonci et al., 1998; Fitton and Benfield, 1990; Sinnegger-Brauns et al.,
2009). Another relevant factor is DHP potency at Cav1.2 Ca2+ channels found in the
cardiovascular system (Simuni et al., 2010). The antagonism of these channels limits the
dose of DHPs that can be used for neuroprotective purposes. Theoretically, the ideal DHP
for protecting SNc DA neurons would be one that was selective for Cav1.3 channels.
Although none of the known DHPs have a higher affinity for Cav1.3 channels than Cav1.2
channels, the DHP that comes the closest is isradipine, which has nearly equal potency at
Cav1.2 and Cav1.3 channels (Sinnegger-Brauns et al., 2009).

The studies reported were designed to test the hypothesis that isradipine would protect SNc
DA neurons and fibers in a progressive model of PD created by intrastriatal injection of 6-
OHDA. We found that indeed isradipine produced a dose-dependent protection in this
model. Moreover, it was found that the plasma concentrations of isradipine that led to
protection were within those that can be safely achieved in humans.

Methods
Animals and Surgical Procedures

Male C57BL/6 mice (6–7 weeks old and 20±1 g) were purchased from Jackson Laboratory
(Bar Harbor, Maine). Animals were handled according to the guidelines established by the
Northwestern University Animal Care and Use Committee, the National Institutes of Health
and the Society for Neuroscience.

All of the experiments shown, isradipine was delivered by subcutaneous Alzet osmotic
minipumps (model 2004; Alzet, Cupertino, CA). These minipumps were found to provide a
more reliable, sustained elevation in plasma isradipine concentration than other strategies.
Pumps were loaded with isradipine dissolved in vehicle (DMSO/PEG300) at a concentration
of 3mg/kg/day. There were nine mice in isradipine and seven mice in vehicle treated group.
Isradipine was continuously delivered with a flow rate of 0.25ml/hr for 28 days. Prior
implantation, pumps were placed in 0.9% saline overnight at 37°C to insure immediate
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release of the drug. Pumps were implanted subcutaneously following manufacturer’s
guidelines. Briefly, under short-term anesthesia, an incision was made between scapulas and
a subcutaneous pocket was formed via blunt dissection. The infusion end of the pump was
placed away from the site of incision, which was closed with wound clips. On day 3 post
implantation, striatal unilateral lesion with 6-OHDA (Sigma Chemical Co., St. Louis, MO)
was performed stereotaxically as following: mice were anesthetized with ketamine/xylazine
mixture and then immobilized on a stereotaxic frame (Model μ 940, David Kopf
Instruments, Tujunga, CA) with a Cunningham adaptor (Harvard Apparatus, USA). For
injection into the dorsal striatum, a hole was drilled at 0.4 mm anterior and 1.8 mm lateral to
bregma. 6-OHDA was dissolved in saline with 0.02 % ascorbic acid and injected by
calibrated glass micropipette (2-000-00, Drumond Scientific Company, Broomall, PA), at a
depth of 2.9 mm from dura at a rate 0.1 μl/min. The concentrations and volumes of 6-OHDA
to be injected in the striatum had been determined in preliminary experiments. To maximize
tissue retention of 6-OHDA, the micropipette was left in situ for another 3 min before slow
retraction.

Histology and stereology
Twenty-five days after the lesion, animals were sacrificed for biochemical and anatomical
analysis. For anatomical analysis, animals were perfused through the aorta, first with 0.9%
NaCl and then with 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were removed
and cryoprotected in 30% sucrose/phosphate buffered saline (PBS) overnight at 4°C. Serial
coronal sections (30 μm) were cut throughout the striatum and the midbrain and processed
for microscopic analysis. For TH immunohistochemistry, following over-night incubation of
free-floating sections with primary TH antibody raised in rabbit (Affinity BioReagents,
Golden, CO, USA; dilution 1:1000), sections were rinsed and incubated for one hour with
biotinylated anti-rabbit IgG (1:500, Amersham, Piscataway, NJ). After rinsing in PBS,
sections were incubated with ABC Elite Kit (Vector, Burlingame, CA), and processed for
diaminobenzidine reaction. Sections were then mounted on gelatinized slides, left to dry
overnight, dehydrated in ascending alcohol concentrations and mounted with Permount
mounting medium (Fisher Scientific). Another adjacent series of midbrain sections was
processed for fluorescence microscopy of TH immunohistochemistry and ethidium bromide
counterstaining. Briefly, bound primary antibodies (as above) were visualized by secondary
antibodies coupled to Alexa 488 (Invitrogen, Carlsbad, CA). After rinsing in PBS, sections
were incubated in 0.005% ethidium bromide for 1 hour at room temperature and mounted
with Vectashield (Vector). Bright field and immunofluorescence images were acquired with
a Spot RT CCD video camera (Diagnostic Instruments, Sterling Heights, MI) mounted on a
Nikon Eclipse 800 microscope (Nikon, Instech Co., Kanagawa, Japan) and processed with
Adobe Photoshop CS4 (Adobe Systems Inc., San Jose, CA) to adjust contrast and
brightness.

Estimates of the number of TH positive cells in SNc were obtained by the optical
fractionator method and unbiased counting rules (West et al., 1991). The borders of the SNc
at all levels in the rostro-caudal axis were defined according to McCormack (McCormack et
al., 2002) with a modification. The medial border was defined by a vertical line passing
through the medial tip of the cerebral peduncle and by the medial terminal nucleus of the
accessory nucleus of the optic tract, when present in sections, thereby excluding the TH
positive cells in the VTA. Ventral border excluded the TH positive cells in SN pars
reticulata. Sampling was done using the Zeiss Axioplan 2 Imaging microscope (Cals Zeiss
MicroImaging, Inc. Thornwwod, NY) with assistance from a computerized stereology
system (Stereo Investigator, MicroBrightField, Colchester, VT). From each animal, SNc was
delineated at 4X magnification in every third section with counting areas of 150 × 150 μm.
The counting frame (80 × 80 μm) was placed randomly on the first counting area and
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systematically moved through all fields. The estimate of the total number of neurons was
calculated according to the optical dissector formula (for more details, see Oorschot)
(Oorschot, 1996). The co-efficient of error was calculated according to Gundersen and
Jensen (Gundersen and Jensen, 1987), and values 0.10 were accepted. TH-positive cells
were counted using a 40X objective (NA 0.95) only when the nucleus could be identified.
The data are presented as percentage of the intact side.

The optical density of the TH positive fibers in the striatum was determined from five
coronal sections from each animal, throughout the whole rostro-caudal extension of the
striatum (AP anatomical levels: +1.1 to −1.7 mm, with respect to bregma, according to
Franklin and Paxinos) (Franklin and Paxinos, 1997). Fiber densities were measured in
digitalized images using the NIH ImageJ 1.42 version. The data are presented as percentage
of the intact side, which was defined as 100%.

Biochemical analysis of isradipine concentration
For determination of isradipine in the plasma, 1.0 ml of blood was drawn from anesthetized
mice directly from the heart and incubated at room temperature in heparin-coated vials for
30 min. After centrifugation, supernatants were collected, transferred to capped
polypropylene test tubes, and stored at −80°C until the day of the assay. All samples were
wrapped in aluminum foil during the procedure. Blood levels of isradipine were measured
by liquid chromatography-tandem mass spectrometry. In brief, 10 μL of a methanolic 100
ng/mL nifedipine (internal standard) solution and 0.1 mL of a plasma sample were mixed in
a polypropylene tube and centrifuged. The sorbent of each well of an Oasis HLB 30 μm (30
mg) μElution Plate (Waters Chromatography, Milford, Massachusetts) was conditioned with
0.5 mL of methanol and 0.5 mL of water, the prepared sample was applied to the
conditioned sorbent, and vacuum was applied. The sorbent was washed with 0.5 mL of 5%
methanol in water. Samples were eluted with 0.2 mL of methanol, dried under vacuum,
reconstituted with 100 μL of mobile phase, and eluted isocratically from a Synergi 4 μ Max-
RP 80A column (50 × 2.0 mm, Phenomenex, Torrance, California), with a mobile phase
consisting of water containing 0.1% formic acid:acetonitrile containing 0.1% trifluoroacetic
acid (30:70, vol:vol) at a flow rate of 0.125 mL/min. The API 3000 LC-MS/MS system
(Applied Biosystems, Foster City, California) was operated with its electrospray source in
the positive ionization mode. Mass-to charge ratios of the precursor-to-product ion reactions
monitored were 347.2 → 315.1 for nifedipine and 372.1 → 312.2 for isradipine.
Concentrations were calculated by comparing isradipine/nifedipine peak area ratios to those
of a standard curve prepared in blank plasma. The plasma isradipine standard curve was
linear for isradipine concentrations from 0.5 to 500 ng/mL with inter-assay coefficients of
variation of less than 10%.

Statistical Analysis
Data analyses were done with IGOR Pro 6.0 (WaveMetrics), Graphpad Prism 5.0 (GraphPad
Software) and MATLAB (MathWorks). Non-normal distributions were assumed for all data
sets that were analyzed with nonparametric tests Kruskal–Wallis ANOVA and Mann-
Whitney. Probability threshold for statistical significance was P<0.05. A nonlinear
regression model was used to fit dose-response data with a modified Hill equation model
using MATLAB; coefficients were constrained to integers between 1 and 4.

Modeling DHP interaction with Cav1.3 Ca2+ channels: The assumptions and methods used
in this calculation have recently been described in detail elsewhere (Surmeier et al., 2010).
The model was implemented in MATLAB using modulated receptor model originally
proposed by Bean (Bean, 1989) using estimates of the isradipine and nifedipine KDs
generated by Sinegger-Brauns et al. (Sinnegger-Brauns et al., 2009)
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Results
In preliminary experiments, unilateral striatal lesions were made with decreasing doses of 6-
OHDA to determine a dose that would produce roughly a 60% loss of SNc DA neurons 3–4
weeks after injection. Injection of 3.5 μg 6-OHDA induced a complete loss of TH positive
fibers in the whole dorsal part of the striatum (caudate-putamen) and near a complete loss of
TH positive DA cell bodies in SNc (Figure 1A). In contrast, 2.5 μg of 6-OHDA only
partially lesioned SNc DA neurons (Figure 1B). To ensure that the loss of TH
immunoreactivity was a reflection of cell loss and not phenotypic downregulation (Sauer
and Oertel, 1994), coronal sections of the mesencephalon were counterstained with ethidium
bromide. TH and ethidium bromide staining were tightly correlated in sections of the ventral
midbrain (Fig. 1C), arguing that TH immunoreactivity 3–4 weeks after lesioning was a
reliable index of neuronal survival.

Twenty-five days after unilateral intrastriatal injections of 2.5 μg of 6-OHDA, mice were
sacrificed, their blood collected and the concentration of isradipine in the plasma samples
determined using LC-MS/MS. Unexpectedly, with nominally the same amount of isradipine
being delivered by the subcutaneous Alzet osmotic minipumps, plasma concentration varied
considerably (2.6–46.7 ng/ml). The source of this variability was not determined, but was
most likely due to variation in pump performance based upon examination of the pump
contents after animal sacrifice. Inadvertently, this provided us with information about the
relationship between plasma isradipine concentration and protection.

The extent of terminal fiber loss induced by intrastriatal 6-OHDA lesions was assessed by
TH-immunohistochemistry in serial coronal sections throughout the rostro-caudal extent of
the striatum. A quantitative measure of striatal TH fiber density was obtained by optical
density measurements at 5 defined levels. By comparison with striatal TH density on the
intact side of the brain, there was extensive loss of TH positive fibers on the lesion side in
the vehicle-pretreated mice (> 90% loss, n=8) (Fig. 2A). Pre-treatment with isradipine
significantly reduced the 6-OHDA induced fiber loss (Fig. 2B). Plots of plasma isradipine
concentration and TH fiber density were well-fit with the sum of a constant factor (TH fiber
density with no isradipine) and a Hill function having an IC50=7.2 ng/ml (19 nM) and a
slope factor of 3 (Fig. 2 C). Plots of the relationship between plasma isradipine
concentration and protection in individual mice also consistently showed a dose-dependence
(Fig. 2D).

The number of surviving SNc DA neurons was determined by stereological analysis using
the optical fractionator principle. To minimize variability in the immunohistochemical
staining between samples, the number of surviving neurons was expressed as a percentage
of those present on the unlesioned SNc (Kirik et al., 1998). As with striatal TH fibers,
isradipine afforded significant protection against 6-OHDA. Protection was seen at all rostro-
caudal levels of the SNc (Fig. 3A). As with fibers, the effect of isradipine on cell bodies was
dose-dependent. Plots of plasma isradipine concentration and TH cell number were well-fit
with the sum of a constant factor (TH cell number with no isradipine) and a Hill function
having an IC50=5.0 ng/ml (13 nM) and a slope factor of 3 (Fig. 3B). Plots of the
relationship between plasma isradipine concentration and protection in individual mice also
consistently revealed a dose-dependence (Fig. 3C).

To generate a rough estimate of the proportion of Cav1.3 Ca2+ channels antagonized at
protective concentrations of isradipine, a model of receptor binding was used. The model
was based upon the modulated receptor hypothesis originally proposed by Bean (Bean,
1989) for DHP binding to L-type channels. Bean showed that the affinity of DHPs for L-
type channels is voltage-dependent, increasing with depolarization. This model has recently

Ilijic et al. Page 5

Neurobiol Dis. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



been adapted to compare isradipine and nifedipine (a lower potency antagonist) binding to
Cav1.3 channels in SNc DA neurons, assuming an average membrane potential of −60 mV
(Surmeier et al., 2010). What this relationship suggests is that at the threshold for protection
against 6-OHDA (~ 3 ng/ml, ~8 nM isradipine), about 60% of the Cav1.3 Ca2+ channels are
antagonized in SNc DA neurons (Fig. 3F, grey shading). At higher isradipine
concentrations, the fraction of the Cav1.3 channels available falls and protection increases.
Based upon the plateauing of the dose-response curve for cell bodies near 50 ng/ml (~135
nM), almost complete protection of cell bodies appears to require antagonizing roughly 95%
of the Cav1.3 channels (Fig. 3F, red line). This level of channel antagonism by nifedipine or
nimodipine (which has a similar affinity for Cav1.3 channels (Bonci et al., 1998)) would
appear to require at least an order of magnitude higher concentration than isradipine because
of the lower potency of these DHPs.

Discussion
The main finding of this study was that in mice, systemically administration of the DHP L-
type calcium channel antagonist isradipine protected striatal dopaminergic terminals and
parent SNc cell bodies against intrastriatal injection of the toxin 6-OHDA (2.5 μg). In the
absence of isradipine, this insult decreased striatal TH fiber density by ~90% and
dopaminergic neurons in the SNc by ~70% within 25 days. The protection afforded by
isradipine in this model of PD was evident at all levels of the striatum and mesencephalon.
Neuroprotection was dose-dependent, with an estimated plasma isradipine IC50 of 13 nM
for cell bodies and 19 nM for terminals. These plasma concentrations are in the range
achieved in humans with doses of isradipine within those approved for the treatment of
hypertension (Ganz et al., 2005; Shenfield et al., 1990), suggesting that isradipine could be a
viable neuroprotective agent in early stage PD.

DHPs are neuroprotective in the 6-OHDA model
Previous studies have shown that in both primates and mice, DHP antagonism of L-type
calcium channels protects the cell bodies of SNc dopaminergic neurons against MPTP,
another commonly used dopaminergic neuron toxin (Chan et al., 2007; Kupsch et al., 1995;
Kupsch et al., 1996). The earlier of the studies used the DHP nimodipine, which has a
roughly 40 fold lower affinity than isradipine for Cav1.3 L-type calcium channels (Huber et
al., 2000; Sinnegger-Brauns et al., 2009). These channels, rather than the more commonly
found channels with a Cav1.2 subunit, have been implicated in pacemaking and
vulnerability of SNc DA neurons to toxins (Chan et al., 2007). The difference in DHP
potency at Cav1.3 channels could explain the failure of these earlier studies to see protection
of striatal dopaminergic terminals, even though cell bodies were protected. In our hands, the
estimated IC50 for protection of cell bodies (~10 nM) was lower than that for protection of
striatal dopaminergic terminals (~20 nM). Based upon our modeling, these isradipine
concentrations will achieve roughly 60% and 80% antagonism of Cav1.3 channels
respectively in pacemaking SNc DA neurons. The difference in the sensitivity of the two
regions to isradipine could be interpreted in two ways. One interpretation is that terminals
are more sensitive to toxins than cell bodies, demanding more complete antagonism of L-
type channels to achieve protection. The other is that terminals are more hyperpolarized than
cell bodies, diminishing the ability of DHPs to antagonize L-type channels (Bean, 1984). In
either case, the reported failure of nimodipine to protect dopaminergic terminals against
MPTP could simply be a consequence of the difficulty in achieving an adequate antagonism
of Cav1.3 channels with this relatively low potency DHP, rather than the lack of Cav1.3
channel involvement in terminal degeneration.

The same caveat applies to an earlier study reporting that nimodipine did not protect either
dopaminergic terminals (as measured by striatal DA levels) or cell bodies following
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intrastriatal injection of 6-OHDA (Sautter et al., 1997). Although isradipine failed to protect
against near total 6-OHDA lesions in our hands (data not shown), this was not the basis for
the discrepancy, as their lesions were very comparable to ours. Rather, it is more likely that
the apparent discrepancy was due to the reliance upon nimodipine. At the plasma
concentrations estimated in the Sautter et al. study (~70 nM), nimodipine will antagonize
fewer Cav1.3 channels (~50%) than isradipine at the concentrations found to be protective in
our study (Fig. 3B).

Why are DHPs neuroprotective?
All of the toxins commonly used to kill SNc dopaminergic neurons and produce a
parkinsonian state, including 6-OHDA, are thought to target mitochondria (Przedborski et
al., 2004). Following toxin administration, signs of mitochondrial oxidant stress rise, leading
ultimately to the engagement of signaling pathways underlying apoptosis (Mochizuki et al.,
1996; Tatton and Kish, 1997; Vila et al., 2001; Vila and Przedborski, 2003). Commonly,
manipulations that lower mitochondrial oxidant stress diminish the sensitivity to these toxins
(Chan et al., 2007)

Recent work by our group has shown that Ca2+ entry through L-type channels elevates
mitochondrial oxidant stress in SNc DA neurons (Guzman et al., 2010). The oxidant stress
appears to be a consequence of the metabolic burden created by the need to remove Ca2+

from the cytosolic space by adenosine triphosphate dependent mechanisms. This basal
oxidant stress should elevate the sensitivity of SNc DA neurons to mitochondrial toxins.
Hence, antagonizing L-type channels should be neuroprotective in toxin-based PD models.

Although it was not explicitly examined in our study, antagonizing L-type Ca2+ channels
should diminish the impact of toxins even after they have been administered as long as the
interval between the events is relatively short. If the interval between toxin and isradipine
administration is stretched to a week, no protection is evident (Schuster et al., 2009).

Are DHPs of potential therapeutic value for early stage PD?
The broader goal of this study was to determine whether there was pre-clinical support for
the proposition that isradipine has neuroprotective potential in PD. As outlined above,
previous experimental studies in rodent and primate MPTP models support this proposition,
but the evidence that DHPs were protective in the 6-OHDA model was lacking. As these are
both models of PD, this discrepancy was puzzling. The studies reported here have resolved
this issue, pointing to the potency of the antagonist used in the previous studies and the
degree of Cav1.3 Ca2+ channel antagonism as critical to protection.

Another key point of our study was a determination of the plasma concentration range in
which protection was achieved. DHPs, including isradipine, are approved for human use for
the treatment of hypertension (Nelson et al., 1986). In humans, pharmacokinetic analysis has
shown ~2 ng/ml (~5 nM) plasma concentrations of isradipine with 5 mg/day (Park et al.,
2009), rising to ~8 ng/ml (22 nM) with 10 mg/day (Clifton et al., 1988). These are clearly
within the range achieving protection in our studies. At 30 mg/day, the plasma concentration
of isradipine rises to around 40 nM – a concentration that should achieve robust protection
of SNc dopaminergic cell bodies and terminals (Johnson et al., 2005). As isradipine is
lipophilic and effectively crosses the blood-brain barrier, its concentration at SNc
dopaminergic neuron membranes could be even higher (Anekonda et al., 2011; Kupsch et
al., 1996; Uchida et al., 2000).

The obvious limitation in these studies is that they use a toxin model of PD. Although these
models mimic the parkinsonian phenotype, they have limited predictive validity as none of
the agents shown to be protective in these models have proven to be unequivocally
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protective in humans. Nevertheless, it is reasonable to assume that a drug with
neuroprotective value in PD will be protective in these models.

Another line of evidence supporting the potential value of isradipine comes from
epidemiological studies. DHPs have been used for years to treat hypertension, establishing a
database that can be queried. There are three recently published studies that have pursued
this question. One small study failed to find any alteration in PD risk with use of Ca2+

channel antagonists (Simon et al., 2010); however, as Ca2+ channel antagonists used to treat
hypertension are very heterogeneous in channel specificity and pharmacokinetics, the failure
to distinguish between them is a major limitation, particularly in a study of this size. In
contrast, two larger, more focused studies have found that DHPs significantly reduce the risk
of PD (Becker et al., 2008; Ritz et al., 2010). The latter study of a large Danish population
revealed that protection was conferred only by DHPs that crossed the blood-brain barrier,
and in this group the effect was substantial (~30% reduction in risk) (Ritz et al., 2010).
Given the relatively short (2 year) treatment required for inclusion in this study and the
relatively low potency of most DHPs at Cav1.3 channels (as discussed above), this is a
striking outcome.

Conclusion
The studies presented show that systemic administration of isradipine is capable of
protecting striatal dopaminergic terminals and SNc dopaminergic cell bodies against a slow,
progressive insult created by intrastriatal injection of 6-OHDA. The effect of isradipine was
dose-dependent spanning a range of plasma concentrations achievable within humans at
doses that are approved for the treatment of hypertension. These data add to a growing pre-
clinical and epidemiological collection of studies supporting the potential value of isradipine
as neuroprotective agent in early stage PD.
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Research Highlights

• Using a progressive model of Parkinson’s disease created by intrastriatal 6-
hydroxydopamine, the neuroprotective potential of the L-type Ca2+ channel
antagonist isradipine was tested.

• Isradipine is dihydropyridine approved for human use in the treatment of
hypertension.

• Systemic administration of isradipine protected both striatal dopaminergic
terminals and parent cell bodies.

• Protection was dose-dependent and afforded by plasma concentrations of
isradipine achievable in humans within FDA guidelines.
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Fig 1.
Near complete lesion and partial nigrostriatal lesion induced with different 6-OHDA doses.
(A) Unilateral intrastriatal injection of 3.5 μg 6-OHDA caused a near complete elimination
of TH-immunoreactive fibers throughout the rostro-caudal axis of lateral striatum (A) and a
near complete loss of SNc DA cells (B). SNc is shown in coronal sections at different levels
of mouse midbrain in rostro-caudal order. (C) Fluorescence microphotographs of TH
positive neurons counterstained with ethidium bromide in coronal sections through the
midbrain of mice injected with 2.5 μg 6-OHDA. On the side contralateral to the lesion
(intact side) the SNc contained a normal number of large neurons with dendrites positive for
TH fluorescence. Ethidium bromide counterstaining overlaped with TH positive neurons.
Ipsilateral to the injection site (lesion side) there were few viable neurons labeled with TH
and ethidium bromide fluorescence. Ctx - cortex, CPu-caudate putamen (striatum), GP-
globus pallidus, VTA-ventral tegmental area, SNc – substantia nigra pars compacta, SNr -
substantia nigra pars reticulata, TH – tyrosine hydroxylase, Et-Br - ethidium bromide.
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Fig 2.
Isradipine pre-treatment reduced 6-OHDA induced neurotoxicity at the striatal level.
Representative microphotographs showing TH immunoreactive fibers in the striatum after
unilateral 6-OHDA injection in mice pretreated with (A) vehicle, and with (B) isradipine
(plasma concentration 10.4 ng/ml). Approximately equally spaced, five coronal sections of
the left striatum are shown. Protection afforded by isradipine was evident in all rostro-caudal
levels. (C) The curve shows a nonlinear regression of relative TH+ striatal fiber density and
isradipine plasma concentration with a Hill coefficient of 3 and an IC50=7.2 ng/ml. Starting
point of the curve is at the median of TH positive fibers in the vehicle group (median=9.7,
n=7). (D) Protective effect of isradipine at the striatal level was dose-dependent as shown
from 6 mice. (E) Box-plots summarizing the relative percent TH+ fiber density in the
vehicle (n=8), and isradipine pretreated group (n=7). Isradipine significantly reduced toxic
effect of 6-OHDA in the striatum. Statistical significance in all plots is shown by asterisks
and determined using non-parametric test (Kruskal-Wallis ANOVA). Probability (P)
threshold for statistical significance was 0.05. Cpu – caudate-putamen, GP-globus pallidus,
Acb – nucleus accumbens
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Fig 3.
Isradipine pre-treatment increased the number of surviving SNc DA cells after 6-OHDA
induced degeneration. (A) Microphotographs of coronal sections through the ventral
mesencephalon showing TH positive cells on the intact side, 6-OHDA injected group
(column “6-OHDA+ vehicle”), and 6-OHDA injected group pretreated with isradipine
(column “6-OHDA + isradipine”). Sections show four different levels of the SNc. Note
increased number of TH positive cells in isradipine pretreated group (plasma concentration
10.4 ng/ml). (B) The curve shows a nonlinear regression of relative TH+ cells and isradipine
plasma concentration with a Hill coefficient of 3 and an IC50=5.0 ng/ml. (C) Protective
effect of isradipine at the nigral level was dose-dependent as shown from 6 mice. (D) Box-
plots summarizing the relative percent TH positive cells in the vehicle (n=8), and isradipine
pretreated group (n=7). Isradipine significantly reduced toxic effect of 6-OHDA at the level
of DA cell bodies. Statistical significance in all plots is shown by asterisks and determined
using non-parametric test (Mann-Whitney test). Probability (P) threshold for statistical
significance was 0.05. (E) Box-plots summarizing the relative percent of TH positive cells in
the ventral tegemental area (VTA) after striatal 6-OHDA injection in both vehicle and
isradipine pretreated animals (no significant difference is found). (F) Plot of the fraction of
L-type calcium channels as a function of isradipine concentration (red line) and of lower
affinity antagonist nifedipine (green line) at −60mV. Roughly 60% of Cav1.3 channels are
antagonized by ~3 ng/ml of isradipine (~8 nM) which is the threshold for protection against
6-OHDA. Almost complete protection of cell bodies is achieved by 50 ng/ml (~135 nM) of
isradipine that antagonizes 95% or more of channels.
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