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Abstract
Dopaminergic neurons in the substantia nigra (SN) selectively die in Parkinson’s disease (PD), but
it is unclear how and why this occurs. Recent findings implicate prostaglandin E2 (PGE2) and two
of its four receptors, namely EP1 and EP2, as mediators of degenerative and protective events in
situations of acute and chronic neuronal death. EP1 activation can exacerbate excitotoxic damage in
stroke models and our recent study showed that EP1 activation may explain the selective sensitivity
of dopaminergic neurons to oxidative stress. Conversely, EP2 activation may be neuroprotective,
although toxic effects have also been demonstrated. Here we investigated if and how EP2 activation
might alter the survival of dopaminergic neurons following selective low-level oxidative injury
evoked by the neurotoxin 6-hydroxydopamine (6-OHDA) in primary neuronal cultures prepared
from embryonic rat midbrain. We found that cultured dopaminergic neurons displayed EP2 receptors.
Butaprost, a selective EP2 agonist, significantly reduced 6-OHDA neurotoxicity. EP2 receptors are
coupled to stimulatory G-proteins (Gs), which activate adenylate cyclase, increasing cAMP
synthesis, which then activates protein kinase A (PKA). Both dibutyryl cAMP and forskolin reduced
dopaminergic cell loss after 6-OHDA exposure. Conversely, KT5720 and H-89, two structurally
distinct high-affinity PKA inhibitors, abolished the protective effect of butaprost, implicating cAMP-
dependent PKA activity in the neuroprotection by EP2 activation. Finally, we show that melanized
dopaminergic neurons in the human SN express EP2. This pathway warrants consideration as a
neuroprotective strategy for PD.
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INTRODUCTION
Neurodegenerative diseases often target specific neuronal groups in the CNS. In Parkinson’s
disease (PD), midbrain dopaminergic neurons from the substantia nigra pars compacta (SNc)
are selectively vulnerable [18]. We successfully mimicked this selective loss in cultures of
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embryonic rat midbrain neurons with 6-hydroxydopamine (6-OHDA), imposing low oxidative
stress [8]. Inflammation can contribute to or accelerate neuronal death through the induction
of cyclooxygenases (COX’s), neurotoxic cytokines, and production of reactive oxygen species
[17]. We previously showed that COX-2, the COX isoform induced in the periphery by
inflammation, was required for selective loss of dopaminergic neurons exposed to 6-OHDA
[6].

Prostaglandin E2 (PGE2), a major product of COX activity, acts on four receptors, EP1–4
[12]. We previously identified EP1 and EP2 receptors on dopaminergic neurons in rat SNc
using immunohistochemistry and reported that PGE2, by activating EP1, accounted for
selective toxicity in culture [7]. In contrast, several studies suggest that EP2 activation may be
neuroprotective in situations that produce neuronal death such as ischemia [22,26], excitoxicity
[4], and oxidative stress [13], although EP2-mediated neurotoxicity was also reported [20,33,
35]. Here, we examined the effects of EP2 activation on dopaminergic cell death in our in
vitro selective neurotoxicity model. We demonstrate for the first time that dopaminergic
neurons in both human SNc and primary cultures of embryonic rat midbrain possess EP2
receptors. Importantly, EP2 agonists protected these neurons against 6-OHDA-mediated
oxidative stress in culture. Neuroprotection was also conferred by cAMP analogs and was
blocked by PKA inhibitors, introducing the EP2 receptor signal transduction pathway as a
possible strategy for neuroprotection in PD.

MATERIALS AND METHODS
Cultures from 14–15 day embryonic rat midbrain were established as previously described
[6–8] in accordance with NIH and Institutional guidelines. Cells were plated onto
polyornithine-coated 24-well plates at 1.3 × 105 cells per well, and maintained at 100%
humidity at 37°C in an atmosphere of 6–8% CO2/92–94% air throughout. After 36–40 hours,
medium was replaced with defined medium (DM) [6–8]. Approximately 5% of the cells were
dopaminergic neurons.

Treatments were performed on day-in-vitro 7 (DIV7). Medium was replaced with fresh DM
containing drugs (Sigma, unless otherwise noted) in vehicle or vehicle alone (final vehicle
concentrations noted in parentheses) for 30 minutes before and during exposure to 6-OHDA
overnight. 6-OHDA stock solutions were prepared fresh in ice-cold 0.001N HCl (1 × 10−6 N).
Butaprost (Cayman Chemical, Ann Arbor, MI) was dissolved in methyl acetate (0.2%).
Dibutyryl cAMP was dissolved in water (1%). Forskolin and protein kinase A inhibitors H-89
and KT5720 were dissolved in ethanol (0.5–0.01%). Vehicles had no effect on cell survival
([6] and data not shown). Cultures were fixed for immunocytochemistry (ICC) after treatment.

Dopaminergic neurons were identified by ICC with a mouse monoclonal antibody to tyrosine
hydroxylase (anti-TH; 1 µg/ml; Chemicon, Temecula, CA) and visualized with the anti-mouse
peroxidase ABC kit using 3,3’-diaminobenzidine (DAB) as the chromagen (both from Vector
Labs, Burlingame, CA) [6,7]. Dopaminergic neurons were quantified by counting TH
immunoreactive (TH+) cells (a stained cell body with at least one process) in perpendicular
strips spanning the diameter of the culture well using a Nikon inverted microscope (100x
magnification) under bright-field illumination..

To localize EP2 receptors in vitro, fixed cultures underwent double-label ICC with a polyclonal
rabbit anti-EP2 antibody (Cayman) and mouse anti-TH (above). After fixation and blocking,
cultures were incubated with anti-EP2 (0.25 µg/ml) or non-immune rabbit IgG (0.25 µg/ml;
Cayman) and anti-TH (1 µg/ml) in ICC buffer (0.2% Triton X-100, 1% bovine serum albumin
in 0.01 M phosphate buffered saline, pH 7.4) overnight at 4°C. EP2 was visualized using
peroxidase-conjugated goat anti-rabbit antibody (Vector) and DAB with nickel enhancement.
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Dopaminergic neurons were visualized with biotinylated anti-mouse antibody (Vector) and
streptavidin-Alexa Fluor 488 (Invitrogen, Carlsbad, CA).

Adult autopsy brain specimens, a kind gift from the Section on Neuropathology/Clinical Brain
Disorders Branch, National Institute of Mental Health, NIH, US Department of Health and
Human Services, Bethesda, MD, were obtained through the Medical Examiner’s office of the
District of Columbia under IRB-approved protocol 90-M-0142 with informed consent from
next-of-kin. Tissue was examined and processed under anonymous conditions as previously
described, without any traceable identifier [2]. Fresh-frozen 14 µm serial coronal sections
through the midbrain containing the substantia nigra were cut and stored at −80°C. For staining,
sections were thawed, air-dried for 30 minutes and fixed with 4% paraformaldehyde (30
minutes) at room temperature (RT). Endogenous peroxidase activity was quenched with 3%
H2O2 in ICC buffer with 10% normal goat serum (NGS) for 30 minutes at RT. Sections were
blocked for 90 minutes at RT with 10% NGS in ICC buffer and incubated overnight at 4°C,
with anti-EP2 receptor antibody or non-immune rabbit IgG (both 0.25 µg/ml, Cayman) in 1%
NGS/ICC buffer. EP2 receptors were visualized using the Vectastain peroxidase ABC kit and
DAB/nickel (Vector). Dopaminergic neurons were identified by melanin content.

Statistical analysis was performed using GraphPad software (San Diego, CA). Data from 2–5
independent experiments (treatment groups containing quadruplicate cultures) are presented
as mean percent survival relative to untreated controls. Error bars represent the standard errors
of the mean (SEM). Significant differences between groups were identified by analysis of
variance (ANOVA), followed by post hoc analysis with Dunnett’s test for multiple
comparisons, or Student’s t-test for single comparisons. Significance was set at p<0.05.

RESULTS/DISCUSSION
Previously we showed that EP2 receptors were present on dopaminergic neurons in the SNc
of adult rat [7]. Now we asked whether dopaminergic neurons and/or other cells displayed EP2
receptors in cultures of the embryonic rat midbrain. EP2 and TH double-label ICC was
performed on DIV7 cultures. EP2-immunoreactive (EP2+) cells were visualized by HRP-DAB
and dopaminergic neurons were identified by TH-immunoreactivity (TH+) and visualized with
a green fluorophore. It should be noted that only dopaminergic neurons contain TH in these
cultures. Results demonstrate that EP2+ cells are present in midbrain cultures (Fig. 1A; black
arrows), and that some EP2+ cells are dopaminergic neurons (Fig.1B; white arrows). Co-
localization is apparent in a merged composite of bright field and fluorescent signals (Fig. 1C;
black arrows). Note that not all TH+ cells are EP2+. Due to the absence of (light-quenching)
DAB, a brightly fluorescent TH+ neuron devoid of EP2 immunoreactivity is prominent in the
merged micrograph (Fig. 1C; dashed black arrow). In addition, not all EP2+ cells are
dopaminergic neurons, although the spheroid morphology of EP2-stained cell bodies suggests
that they are neurons (Fig. 1C; white arrowhead). Antibody specificity for EP2 was verified
by substituting primary antibody with non-immune rabbit IgG and processing sister cultures
in parallel (Fig. 1D–F). Immunostaining was absent in these cultures (compare Fig. 1D with
Fig. 1A), and in the images showing a DAB-negative TH+ neuron (Fig 1E, F; arrows).
Surrounding cells were also devoid of DAB staining (Fig. 1D, F).

Having verified that a number of dopaminergic neurons possess EP2 receptors, we tested
whether EP2 stimulation would influence the survival of dopaminergic neurons in response to
low-level oxidative stress. Five micromolar concentrations of 6-OHDA will selectively and
reproducibly kill 40–60% of the dopaminergic neurons in these cultures without affecting the
survival of other neurons [8]. We chose to use butaprost, a well-characterized and highly
preferential EP2 agonist with a reported affinity for EP2 of 91 nM [1]. Butaprost failed to cause
EP1-mediated neurotoxicity at concentrations up to 25 µM, in sharp contrast to EP1 agonists
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and PGE2 itself [7]. Butaprost has a reported affinity for EP3 of 1.6 µM [1], but these receptors
were only found in the midbrain on non-dopaminergic cells outside the SNc [7]. Cultures were
incubated with 50 nM, 500 nM and 25 µM butaprost 30 minutes prior to and throughout a 24-
hour challenge with 5 µM 6-OHDA (Fig. 1G). As expected, 5 µM 6-OHDA decreased the
survival of dopaminergic neurons by 40% (p<0.001). Concentrations of butaprost of 500 nM
and 25 µM significantly attenuated 6-OHDA toxicity (p< 0.001); numbers of surviving
dopaminergic neurons were similar to those of controls (94 ± 4.9% and 89 ± 6.6%,
respectively). A concentration of butaprost (50 nM) below its Ki for EP2 failed to protect,
indicating that protection was due to receptor activation. Thus, stimulation of the EP2 receptor
is neuroprotective for dopaminergic neurons exposed to 5 µM 6-OHDA, consistent with a
report showing that EP2 receptor activation protected cultured cortical neurons against
oxidative stress [13]. While EP2 presence on dopaminergic neurons suggests that
neuroprotection is likely direct, it is also possible that these effects are indirect and mediated
by non-dopaminergic cells that also bear these receptors.

EP2 receptors are coupled to Gs proteins, initiating a signal transduction cascade that begins
with increased production of cAMP [30]. Increased cAMP levels activate a protein kinase
(PKA) that initiates downstream signaling events that can change protein structure, activity,
and gene expression [25,34]. Others have shown that the cAMP/PKA pathway mediated
estrogen-stimulated outgrowth of neuritic processes of dopaminergic neurons in culture [3]
and similarly, dopamine-induced process outgrowth of striatal neurons [31]. Importantly,
cAMP improves survival of dopaminergic neurons by itself [28], when challenged with 1-
methyl-4-phenyl-pyridinium ion [16,19], and PC12cells in response to 6-OHDA [15].

If the neuroprotective effect of EP2 activation is mediated through cAMP-dependent PKA,
then it should be mimicked by increasing intracellular cAMP. Cultures were incubated with 1
mM dibutyryl cAMP, a membrane-permeable cAMP analogue, or 10 nM forskolin, an activator
of adenylate cyclase [32], for 30 minutes prior to and throughout overnight incubation with 5
µM 6-OHDA. Both dibutyryl cAMP (Fig. 2A) and forskolin (Fig. 2B) significantly improved
the survival of dopaminergic neurons in 6-OHDA-treated cultures (p < 0.04 and p < 0.01,
respectively). However, neither was able to completely prevent 6-OHDA neurotoxicity. That
is, survival of TH+ cells was improved by dibutyryl cAMP from 53 ± 4.4% to 72 ± 8.3%, and
by forskolin from 43 ± 4.1% to 67 ± 7.1 %, or reductions in toxicity of about 60%. Incomplete
protection could be explained by differences in the kinetics of cAMP elevation between these
compounds and physiologically localized EP2/Gs-mediated induction. Higher concentrations
of these agents can also be neurotoxic (unpublished observations).

The transcription factor CREB, a target of PKA activity, has a confirmed role in promoting
neuronal survival [24]. However, cross talk between the cAMP/PKA system and other signal
transduction pathways must also be considered. For example, elevated levels of cAMP
stimulate the mitogen-activated protein (MAP) kinase cascade in PC12 cells [14]. To test
whether PKA activity was required for neuroprotection we used two selective and structurally
distinct PKA inhibitors, H-89 (Ki= 48 nM; [10]) and KT5720 (Ki= 60 nM; [21]). Neither
inhibitor alone altered neuronal survival in 6-OHDA treated or control cultures during 24-hour
exposure (data not shown). Next, neuronal cultures were incubated with 500 nM butaprost for
30 minutes prior to and throughout exposure to 6-OHDA in the presence or absence of the
PKA inhibitors (Fig. 2C). As before, 6-OHDA killed about 40% of dopaminergic neurons
(black bar; p<0.001) and butaprost protected these neurons; survival was similar to untreated
control cultures (90 ± 7.2 %; grey bar). However, this protection was attenuated by the presence
of 50, 100 and 200 nM concentrations of KT5720 (diagonally striped bars) and H-89
(horizontally striped bars). Essentially, the survival of dopaminergic neurons was reduced to
that of cultures exposed to 6-OHDA alone. Thus, the protection of dopaminergic neurons
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against oxidative stress by selective activation of Gs-coupled EP2 receptors apparently required
PKA activity.

Having shown that EP2 receptors are indeed present on, and, if activated, protective for
dopaminergic neurons of the rat midbrain, we determined whether our observations had
relevance to the human CNS. Such validation is often omitted, even though substantial
interspecies variations have been documented. For example, differences in EP1–EP4 receptor
mRNA expression in neuronal cortical cultures depend on the species from which they were
prepared even within the same genus (rat versus mouse) [5,36]. Therefore, we probed the SNc
of two autopsy cases for the presence of EP2 receptors on dopaminergic neurons. Both cases,
a 31 year-old African-American female and a 66 year-old Caucasian female, had undergone
neuropathological examination and displayed no noticeable pathology indicative of any
neurodegenerative disease. Post-mortem intervals were recorded as 26.5 and 29.5 hours,
respectively. Midbrain sections were processed for EP2 immunohistochemistry and
dopaminergic neurons were identified by the presence of neuromelanin (brown), a feature that
has been employed in human neuroanatomical studies [11,23].

Results from the first case (cause of death; arteriosclerotic cardiovascular disease) are
illustrated (Fig. 3), and reflect findings from both cases. Immunoreactivity for EP2 receptors
(blue-black) was detected on a number of melanin-containing (brown) dopaminergic neurons
(Fig. 3A; arrows), as well as on a few non-melanized cells (e.g. see arrowhead). Because not
all of the dopaminergic neurons of the human SNc contain melanin, it is possible that these
neurons are also dopaminergic. The specificity of EP2 labeling was confirmed by the absence
of labeling when EP2 antibodies were replaced by an identical concentration of non-immune
rabbit IgG. In this case, only melanin-positive cells were visible (Fig. 3B). The presence of
EP2 receptors on a majority of dopaminergic neurons in the human SNc raises the possibility
that EP2 receptor activation may protect these neurons as well.

While non-steroidal anti-inflammatory drugs that inhibit COX activity were the first to indicate
that suppression of inflammation could have a neuroprotective effect [27], COX-2 inhibition
can have deleterious cardiovascular effects [29] and might adversely affect memory
consolidation [9], necessitating new therapeutic approaches. Direct activation of EP2 by its
natural ligand PGE2 or broadly active EP receptor agonists would be unlikely to provide
effective neuroprotection because cross-activation of other EP receptors that lead to neuronal
death, as we have shown for EP1, may override the neuroprotective potential of EP2 receptor
activation [7]. This could explain why butaprost failed to protect dopaminergic neurons
challenged directly with 2.5 nM PGE2 (data not shown). Nevertheless, it is clear that PGE2
and at least two of its receptors are critically positioned to play decisive roles in the survival
of dopaminergic neurons and that EP2-selective agonists deserve further exploration as
therapeutic candidates for PD.
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Figure 1. EP2 receptors are present on cultured midbrain dopaminergic neurons and protect
dopaminergic neurons against 6-OHDA toxicity
Cultures were established and processed at DIV7 for double-label ICC with anti-TH to identify
dopaminergic neurons by fluorescence (B, C, E, and F), and anti-EP2 (A, C), or non-immune
rabbit IgG (D, F) by peroxidase/DAB. Composite images are depicted in (C) and (F),
respectively. (A): EP2+ cells (black arrows), (B): TH+ cells (white arrows); (C): TH+/EP2+

cells (black arrows), TH+/EP2− cell (dotted arrow), TH−/EP2+ cell (white arrowhead).
Incubation with non-immune rabbit IgG and anti-TH only visualizes fluorescent TH+ cells (E;
white arrow and F; black arrow). Scale bar = 25 µm. (G): Cultures were pre-treated for 30
minutes on DIV7 with 0 (black bar), 500 and 25,000 nM butaprost (grey bars) followed by
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overnight exposure to 5 µM 6-OHDA. After fixation, cultures were processed for TH ICC to
identify surviving dopaminergic neurons. Bars represent percent survival of TH+ cells (+ SEM;
error bars). Mean of controls: 47 ± 5, n = 22. *p < 0.001 compared to 6-OHDA alone, Dunnett’s
test.
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Figure 2. EP-2 receptor-mediated neuroprotection requires the cAMP/PKA pathway
(A): DIV 7 cultures were pre-treated for 30 minutes with 1 mM dibutyryl cAMP (Bt2cAMP)
or 10 nM forskolin and throughout overnight exposure to 5 µM 6-OHDA. TH ICC was
performed to identify dopaminergic neurons. Bars represent percent survival of TH+ cells (+
SEM; error bars). Mean of controls: 64 ± 2.3, n = 20. *p < 0.05 compared to 6-OHDA alone,
Student’s t-test. (B): DIV 7 cultures were pre-treated with 0, 50, 100, and 200 nM KT5720 or
H-89 for 30 minutes before and throughout overnight exposure to 5 µM 6-OHDA. TH ICC
was performed to identify dopaminergic neurons. Bars represent percent survival of TH+ cells
(+ SEM; error bars). Mean of controls: 59 ± 5, n = 40. Black bar: 6-OHDA alone; gray bar: 6-
OHDA + butaprost; bars with diagonal stripes: 6-OHDA + butaprost + KT5720; bars with
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horizontal stripes: 6-OHDA + butaprost + H-89. *p < 0.001 compared to 6-OHDA alone,
Dunnett’s test.
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Figure 3. EP2 receptors are present on dopaminergic neurons in the human substantia nigra
Adjacent 14 µm coronal sections of adult human midbrain were processed for
immunohistochemistry with anti-EP2 (A) or non-immune rabbit IgG (B). EP2
immunoreactivity is demonstrated in melanized dopaminergic neurons (arrows) and non-
melanized cells (arrowhead) in a representative section. No staining is apparent in the control
section. Scale bar = 25 µm.
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