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Abstract
The extracellular signal-regulated kinases (ERKs) 1, 2, and 5 have been shown to play distinct
roles in proliferation, differentiation, and neuronal viability. In this study, we examined ERK1, 2,
and 5 expression and activation in the substantia nigra (SN), striatum (STR), and ventral tegmental
area (VTA) during aging. An age-related decrease in phosphorylated ERK5 was observed in the
SN and STR, whereas an increase in total ERK1 was observed in all three regions. In primary
cultures of the SN and VTA, inhibition of ERK5 but not ERK1 and 2 significantly decreased DA
neuronal viability. These data suggest that ERK5 is essential for the basal survival of SN and VTA
dopaminergic neurons. These are the first studies to examine ERK1, 2, and 5 expression and
activation in the SN, STR, and VTA during aging and the relative roles of ERK1, 2, and 5 in basal
survival of SN and VTA dopaminergic neurons. These data raise the possibility that a decline
ERK5 signaling may play a role in age-related impairments in dopaminergic function.

Keywords
Brain; aging; ERK5; ERK1/2; Striatum; Substantia nigra; Ventral tegmental area;
Fischer-344xBrown Norway F1 hybrids (F344xBN F1); MAP kinases

© 2013 Elsevier Inc. All rights reserved.
*Corresponding author: Dr. Jane E. Cavanaugh, Department of Pharmacology, 455 Mellon Hall, Duquesne University, Phone: (412)
396-6358, Fax: (412) 396-4660, cavanaughj@duq.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosure statements
a) The authors have no actual or potential conflicts of interest.
b) All animals were maintained in temperature-controlled rooms in the barrier facility maintained by Duquesne University or the
University of Pittsburgh. Animals were housed in accordance with Guidelines for the Care and Use of Animals, at 23 °C with lights
on between 1900 and 0700 hr. Animals were fed and watered ad libitum, and the woodchips in their cages changed every other day.
Full-time trained animal care personnel performed all animal handling and maintenance. The directors of the Duquesne University and
the University of Pittsburgh animal facilities and veterinarians supervised animal care. All animal care was overseen by the
Institutional Animal Care and Use Committee (IACUC) within each university.

NIH Public Access
Author Manuscript
Neurobiol Aging. Author manuscript; available in PMC 2015 March 01.

Published in final edited form as:
Neurobiol Aging. 2014 March ; 35(3): 669–679. doi:10.1016/j.neurobiolaging.2013.09.031.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Extracellular signal-regulated kinase (ERK) 1, 2, and 5 members of the mitogen-activated
protein kinase (MAPK) family regulate many physiological processes during
neurodevelopment, including apoptotic cell death and the maintenance of neuronal viability
following oxidative insults (Cavanaugh, 2004; Liu et al., 2003; 2006; Satoh et al., 2011;
Watson et al., 2001; Xia et al., 1995). Age-associated changes in ERK1 and 2 expression
and activation have been observed, although the nature of those changes is controversial. For
example, Song and colleagues (2007) reported an increase in p-ERK1 and 2 levels in the
hippocampus, frontal cortex, and striatum in 24-month old animals. However, Mo and
colleagues (2005) demonstrated a decrease in p-ERK1 and 2 levels in these same brain
regions in 22-month old rats. Although, ERK5 expression has not been studied in the aging
brain, Liu and colleagues (2003; 2006) observed high levels of ERK5 in early embryonic
stages that decreased in the whole brain and cortex of postnatal and adult Sprague-Dawley
rats.

To date, no studies have been performed to examine the relative expression and activation of
ERK1, 2 and 5 in dopaminergic regions of the brain with aging or their roles in the survival
of dopamine (DA) neurons. Although ERK5 has been shown to be crucial for the basal
survival of MN9D dopaminergic cells (Cavanaugh et al., 2006), its role in the survival of
primary DA neurons has not been explored. In this study, we examined the expression and
activation of ERK1, 2, and 5 in the SN, STR, and VTA during aging. Further, we sought to
examine the relative roles of these ERK isoforms in DA neuronal survival. Due to the
involvement of dopaminergic neuronal systems in Parkinson’s disease and other mental
disorders, elucidation of cellular signaling alterations that responsible for the decrease in
dopaminergic function with age may advance our understanding of neurological disorders
and lead to the identification of novel drug targets for these conditions.

2. Materials and Methods
Animals

To determine ERK expression in the SN, STR, and VTA with age, young (3 mo.), middle-
aged (13 mo.), and old (23 mo.) male Fischer-344xBrown Norway F1 hybrids (F344xBN
F1) rats were obtained from the National Institute on Aging colonies (Harlan Sprague-
Dawley, Indianapolis, IN). For primary neuronal cultures, timed pregnant Sprague-Dawley
rats (Hilltop Laboratory Inc., Scottdale, PA) were used. Animals were single-housed in a
12:12 light: dark cycle and provided with water and rat chow ad libitum. All procedures
were conducted in accordance with the guidelines for the NIH Care and Use of Laboratory
Animals and approved by the Duquesne University or the University of Pittsburgh
Institutional Animal Care and Use Committees.

Western blot analysis
Tissues were isolated, frozen on dry ice and stored at −80 °C. All reagents were purchased
from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. Tissue samples were
sonicated in ice-cold 1:20 (w/v) lysis buffer as previously described (Allen et al., 2011).
Total homogenate was centrifuged at 11,000 rpm for 30 minutes at 4 °C and the supernatant
was collected and stored at −80 °C. Total protein content was assessed by Bradford protein
assay (Bio-Rad, Hercules, CA) and 60 µg of protein was loaded on an 8% SDS-PAGE gel
and transferred to a nitrocellulose membrane (Licor Biosciences, Lincoln, NE). After
transfer, membranes were washed for 5 minutes with 1X PBS and blocked for 1 h in a
caseinblocking buffer (Licor Biosciences) at room temperature. Membranes were incubated
overnight at 4°C in primary antibody in the casein blocking buffer with 0.1% Tween-20.
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Antibodies included rabbit anti-phospho-ERK1/2 (Cell Signaling Cat. No. 9101), mouse
anti-total ERK1/2 (Cell Signaling Cat. No. 9107), rabbit anti-phospho-ERK5 (Cell Signaling
Cat. No. 3371), and rabbit anti-total ERK5 (Sigma-Aldrich Cat. No. E1523). Mouse anti-α-
Tubulin (Sigma-Aldrich Cat. No. T5168) was used as a loading control. After incubation
with primary antibody, blots were washed in 1X PBS solution with 0.1% Tween-20 (1X
PBS-T) and incubated with goat antirabbit (Licor Biosciences, Cat. No 926-68021) and goat
anti-mouse (Licor Biosciences, Cat. No 926-32210) secondary antibodies for 1 h at room
temperature. After washing the membranes with 1X PBS-T, the protein bands were
visualized on an Odyssey Infrared Imager and quantified with Odyssey software (Licor
Biosciences).

Primary dissociated dopaminergic SN and VTA neuronal culture and treatment
Cultures were prepared as previously described in Ding et al, 2004 with minor
modifications. Postnatal day 0 rat brains were isolated under sterile condition into cold
Gey’s Balanced Salt Solution (1.55 mM CaCl2, 5 mM KCl, 0.22 mM KH2PO4, 1.05 mM
MgCl2, 137 mM NaCl, 2.7 mM NaHCO3, 0.84 mM NaH2PO4, and 5.5 mM glucose pH
7.25). Coronal sections of the SN and VTA were isolated under a dissecting microscope.
The tissue was then incubated in a solution containing 20 units/ml of papain and dissolved in
a disassociation media (DM) containing 90 mM Na2SO4, 30 mM K2SO4, 5.8 mM MgCl2,
0.25 mM CaCl2, 10 mM 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (Hepes), 20
mM glucose, 0.5% phenol red, 1 mM kynurenic acid and 10 mM MgCl2 for 1 h in a roller
drum incubator (Schuett-biotec Gmbh, Göttingen, Germany) at 35 °C. After incubation in
the papain, the tissue was washed several times in DM, followed by washes in trituration
media (TM; 1 mg/ml Bovine Serum Albumin (BSA), 10 mM Hepes, 1mg/ml trypsin
inhibitor, 1 mM kynurenic acid, 10 mM MgCl2, 5% fetal bovine serum), then finally two
washes with feeding media (FM; 2% rat serum, 2% fetal bovine serum, B27 Supplement
Supplement (Life Technologies, Grand Island, NY), 0.225% glucose, 1 mM L-glutamine,
100 units/ml penicillin, 100 µg/ml streptomycin, 10 mM Hepes, and 0.9 mM sodium
pyruvate in BME). After washes the tissue was mechanically dissociated with a fire-polished
pipet in TM. The slurry of cells was put through a concentration gradient 10mg/ml BSA,
10mg/ml trypsin inhibitor, 1 mM kynurenic acid, 10 mM MgCl2, 5% fetal bovine serum in
BME to concentrate neurons and remove debris. The pellet was resuspended in FM. Cells
were plated on 16 well Nunc chambered slides (Thermofischer Scientific, Pittsburgh, PA),
coated with 200 µg/ml poly-d-lysine and 5 µg/ml laminin (Life Technologies) at a
concentration of 30,000 live cells/well determined by trypan blue cell exclusion with a
hemocytometer. Cultures were maintained at 37 °C in 5% CO2. As soon as the cultured
primary cells are attached to the plate, at least one hour following plating, the treatments
with DMSO and inhibitors BIX02189 (Selleck Chemicals, Houston, TX), or U0126 (Sigma-
Aldrich) (all 10 µM) were done.

Immunocytochemical staining
At 2, 4, 6, and 8 days in vitro (DIV) slides were fixed in 4% paraformaldehyde and 4%
sucrose in PBS for 30 minutes. The slides were washed 3 times in wash buffer (0.1% Tween
20, sodium azide in PBS). Following washes, the slides were incubated in blocking solution
of 5% BSA (Sigma-Aldrich), 0.1% glycine, 5% goat serum (Jackson Immuno, West Grove,
PA), and 0.3% Triton X-100 (Bio-Rad) in PBS with sodium azide for 1 h. After blocking,
cultures were incubated in rabbit anti-TH antibody (PelFreez, Rogers, AR ) overnight at a
concentration of 1:5000 in blocking buffer. Following three washes, the cultures were
incubated with Alexa Fluoro 546 goat anti-mouse (1:1000, Molecular Probes, Life
Technologies) in blocking buffer 2 h and Hoechst 33342 (10 µg/ml) for 15 minutes. The
slides were washed and cover slipped with Fluoromount (Southern Biotech Birmingham,
AL).
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Data Collection and Image Analysis
Images were captured with MetaMorph Imaging Software (7.1, Universal Imaging,
Downingtown, PA) using a Retiga 1300R digital CCD camera (QImaging, Burnaby, British
Columbia, Canada). TH+ cells and total cell number were obtained using the cell count
macro within the MetaMorph software after verifying the accuracy with manual counting of
the cells.

SH-SY5Y cells culture and treatment
Human dopaminergic neuroblastoma SH-SY5Y cells were cultured in DMEM (Gibco Life
Technologies) supplemented with 10% (v/v) fetal bovine serum (Atlanta Biologicals,
Atlanta, GA), 0.05 U/ml penicillin and 0.05 mg/ml streptomycin and maintained at 37 °C in
a humidified 5% CO2 atmosphere. For treatment with inhibitors, SHSY5Y cells were seeded
in 96-well plates at a density of 15,000 cells/well. Cell viability was assessed after 24 and 48
h of U0126 (10 µM) or BIX 02189 (10 µM) exposure.

Cell Titer-Glo assay
To determine SH-SY5Y cell viability, ATP levels were assessed using luciferase-based Cell
Titer Glo assay with a modification (25µl reagent in 50µl media; Promega Inc., Madison,
WI). Luminescence was measured on a microplate reader (Victor3 1420 multilabel counter,
PerkinElmer, MA, USA).

Statistical Analysis
GraphPad Prism 5 Software (San Diego, CA) was used for statistical analysis. Data are
expressed as mean ± SEM. For the aging study, statistical comparison was performed using
a one-way analysis of variance (ANOVA) followed by the appropriate post hoc test as noted
for each analysis. A two-tailed Student's t-test for unpaired data was also used for statistical
comparisons. For viability studies, statistical significance was determined by two-way
ANOVA followed by the Bonferroni post hoc test. Statistical significance was defined at p <
0.05.

3. Results
Age-related changes in ERK5 phosphorylation

We observed no age-related changes in total ERK5 expression in the SN, STR, or VTA (Fig
1–3), but found a decrease in p-ERK5 in old and middle aged animals as compared to young
animals in the SN and STR (Figs. 1 and 2, respectively). The decline in p-ERK5 with aging
was observed when the ratio of p-ERK5 was taken with either α-tubulin or total ERK5. We
were not able to detect p-ERK5 in the VTA (Fig. 3), which could be due to either low ERK5
expression or low phosphorylation in this region.

Age-related changes in ERK1 and 2
In contrast to ERK5, age-related increases in total ERK1 expression were observed in each
of these regions (Figs. 1, 2, and 3). In the SN and VTA, we did not observe any changes in
ERK2 expression but in the VTA we observe a trending increase in ERK2 expression
starting at middle age (Fig. 1–3). This trend is significant when the young and middle age
groups were compared using student’s t-test (p = 0.023, Fig. 3). We did not observe any
significant changes in p-ERK1 and p-ERK2 with age in SN (Fig. 1) or VTA (Fig. 3) regions.
However, an increase in p-ERK2 was observed in the STR starting at middle age (Fig. 2)
when the ration of p-ERK2 was taken with either α-tubulin or total ERK2. In the VTA,
trending decreases in the amount of p-ERK1 and p-ERK2 were observed with age when the
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ratio of p- ERK1 and p-ERK2 were taken with total ERK1 and total ERK2, respectively
(Fig. 3). However, this trend was not significant.

Inhibition of ERK1/2 or ERK5 activation by U0126 or BIX02189
In order to determine the distinct roles of the forms of ERK in the basal survival of DA
neurons, we examined the impact of MEK inhibitors that specifically block either ERK1 and
2 or ERK5 phosphorylation by western analysis in primary cultures from the SN and VTA.
It has been reported that the MEK1/2 inhibitor, U0126, also blocks MEK5 phosphorylation,
thereby inhibiting ERK1, 2, and 5 activities (Cavanaugh et al., 2006; Kamakura et al., 1999).
However, others have reported that U0126 does not inhibit ERK5 signaling (Mody et al.,
2001). This suggests that U0126 could be specific depending on the type of cells,
stimulation, and concentration used. Hence, it is important to test whether or not U0126
blocks ERK1, 2, and/or 5 phosphorylation in our system. Our results indicate that U0126
significantly blocked ERK1 and 2, but not ERK5, phosphorylation in primary SN and VTA
cultures at any time point or dose tested in this study (Fig. 4A and 4B).

Recently, BIX02189 was developed as a selective pharmacological inhibitor of the MEK5/
ERK5 pathway (Obara et al., 2011; Tatake et al., 2008). Our results confirm these reports as
BIX02189 (10 µM) blocked ERK5, but not ERK1 or 2, phosphorylation at 12 and 24 hours
in primary SN and VTA cultures (Fig. 4C and 4D).

Role of ERK5 in the basal survival of primary cells in SN and VTA cultures
To examine the role of the ERK pathways in the basal survival of DA neurons, we treated
SN and VTA cultures on DIV 0 with U0126 (10 µM) or BIX02189 (10 µM). The DA
neuronal and total cellular viability was then determined at DIV 2–8 by counting TH+

neurons and Hoechst-stained nuclei. As is usual with these primary DA cultures, we
observed a decline in the number of TH+ neurons and an increase in the number of Hoechst-
stained nuclei in both the SN and VTA with increasing DIV in the vehicle group. The TH+
neurons are only 5–10% of the total cells in culture. Therefore even as the number of DA
neurons decreases, the percent of total cells may not decrease. In addition, the glia in the
culture continue to divide with time. By DIV 2, treatment of SN and VTA primary cultures
with BIX02189 decreased the number of cell in both the SN (45%; Fig. 5F) and VTA
cultures (47%; Fig. 6F). This effect was even more profound when DA neurons were
counted separately: DA neurons were reduced by 67% in SN and 69% in VTA (Fig. 5E and
6E) culture. Similarly, at DIV 4, 6, and 8, significant losses of DA neurons and total cells
were observed in the SN and VTA cultures treated with BIX02189 as compared to the
vehicle treated cells. In contrast, U0126 treatment did not cause a significant decrease in DA
neurons or total cells in cultures of the SN (Fig. 5E and 5F) or VTA (Fig. 6E and 6F) by
DIV 2. A significant loss of DA neurons was observed at DIV 4, 6, and 8 with U0126 in the
VTA (Fig. 6E), but not SN (Fig. 5E). Similarly, a significant loss of total cells was observed
at DIV 4, 6, and 8 with U0126 in the VTA (Fig. 6F). In contrast, a significant decrease in the
total number of cells was only observed at DIV 8 in the SN following U0126 treatment (Fig.
5F). At every time point examined the percentage loss of both DA neurons and total cells in
the SN and VTA cultures was greater following BIX02189 treatment as compared to U0126
treatment. When the ratio of the number of DA neurons to that of total cells was determined
for SN and VTA cultures, there was a significant loss of DA neurons following BIX02189,
but not U0126, treatment as compared to the vehicle controls for all the DIV (Fig.7A and
7B).

ERK5 is necessary for basal survival of SH-SY5Y cells
Primary dissociated SN and VTA cultures contain other neuronal cell types (e.g., GABA
neurons) and glia that have been shown to protect DA neurons against oxidative stress (Hou
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et al., 1997). Thus, it is possible that the MEK inhibitors were influencing DA neurons
indirectly via the inhibition of ERK signaling in other cells. In an attempt to examine this
possibility, we tested the effect of MEK inhibitors on the human neuroblastoma SH-SY5Y
cell line, which has been shown to possess many characteristics of dopaminergic neurons,
including the presence of TH and dopamine β-hydroxylase and the capacity to synthesize
DA (Biedler et al., 1973; Cheung et al., 2009; Oyarce and Fleming, 1991; Xie et al., 2010).
SH-SY5Y cells were treated with U0126 (10 µM) or BIX02189 (10 µM) for 24 and 48 hrs.
Our results show a loss of SH-SY5Y cell viability with BIX02189, but not U0126, treatment
at 24 and 48 hrs (Fig. 8).

4. Discussion
We examined the levels of total and phosphorylated ERK 1, 2, and 5 in several
dopaminergic brain regions brain regions as a function of age. We then sought to determine
the importance of ERK phosphorylation in the survival of DA neurons emanating from the
SN and VTA. In contrast to previous studies in which no ERK5 mRNA or protein
expression was detected in the SN, STR and VTA of the adult mouse brain and generally
thought to be absent in most areas of the adult brain (Di Benedetto et al., 2007; Pan et al.,
2012), we were able to detect both total and phosphorylated ERK5 protein in each adult
brain region examined with the exception of p-ERK5 in the VTA. Unpublished data from
our laboratory show that we are able to detect ERK5 expression using
immunohistochemistry and western blot in the same strain of mice (C57Bl/6) used by Pan et
al., 2012 and Di Benedetto et al., 2007. Therefore, we think this difference could be
associated with the primary ERK5 antibody and/or the technique used for detection. For
example, Pan and colleagues used an ERK5 antibody generated in their laboratory.
Moreover, Pan and colleagues (2012) used immunohistochemistry to detect ERK5 protein
and Di Benedetto and colleagues (2007) used in situ hybridization to detect mRNA. Neither
group performed western blot analysis to confirm the presence of ERK5 protein in adult
brain. Using western blot analysis, several studies have reported the presence of ERK5 in
several adult brain regions such as the hippocampus and cortex/prefrontal/frontal cortex in
humans and rodents (Yoon et al., 2005, Liu et al., 2006, Dwivedi et al., 2007). Our findings
suggest that whereas total ERK 1, 2, and 5 and phosphorylated ERK 1 and 2 either remain
unchanged or increase with age in the SN, STR, and VTA, ERK5 phosphorylation decreases
with age in the SN and STR. Moreover, inhibition of ERK5 phosphorylation by BIX02189
reduced the survival of cultured DA neurons with little effect of inhibition of ERK 1 and 2.
The function and viability of dopaminergic neurons depend on the availability of
neurotrophic factors and subsequent activation of survival signaling (Lindgren et al., 2008;
Kramer et al., 2007; Pascual et al, 2008; Kim et al., 2011; Hidalgo-Figueroa et al., 2012).
This study highlights the importance of ERK5 signaling in supporting the viability of
dopamine neurons that may play a crucial role in maintaining mature dopaminergic neurons
during adulthood. Age-related declines in this signaling could lead to the degeneration and
death of dopaminergic neurons.

ERK 1, 2, and 5 as a function of age
In the present study, we observed an age-related decrease in ERK5 phosphorylation in the
SN and STR (Fig. 1 and 2). In addition, we observed an increase in ERK2 phosphorylation
in the STR with age (Fig. 2). These data suggest the possibility that cross-talk between these
signaling pathways occurs in STR such that an increase p-ERK2 expression occurs to
compensate for the decrease in p-ERK5. Evidence for cross-talk between the ERK1, 2, and 5
pathways has been previously suggested (Barros and Marshall, 2005; Mody et al., 2001).
For example, pharmacological inhibition of ERK1 and 2 phosphorylation leads to a
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sustained activation of MEK5 and ERK5 following growth factor stimulation in HeLa cells
(Mody et al., 2001).

Role of ERK5 in the survival of DA neurons
Previously, we have reported that ERK1, 2, and 5 are important for the basal survival of
MN9D cells (Cavanaugh et al., 2006). However, this phenomenon had not previously been
tested in primary DA neuronal cultures due to the lack of specific pharmacological inhibitors
of the MEK5/ERK5 pathway. The development of these specific inhibitors, such as
BIX02189, has allowed comparison of the roles of ERK1/2 and ERK5 isoforms in the basal
survival of primary dissociated SN and VTA cultures. Using BIX02189 as a specific
inhibitor of the upstream ERK5 kinase, MEK5, we observed a significant loss of DA
neurons, total cells, and the number of DA neurons as a percentage of the total cells starting
at DIV 2 in the SN and VTA cultures (Fig. 5–7). In contrast, U0126, an inhibitor of ERK1/2
phosphorylation had no such effect at DIV 2 in the SN and VTA cultures (Fig. 5–6).
Similarly, in SH-SY5Y cells, cell viability significantly decreased following BIX02189, but
not U0126, treatment (Fig. 8). However, following U0126 treatment there is a significant
decline in the DA neurons and total cells at later time points (DIV 4, 6, and 8) in the VTA
culture (Fig. 6). Although not significant, the percentage loss of DA neurons and total cells
in the SN culture were similar to the VTA culture following U0126 treatment at DIV 4, 6
and 8. These data suggest that a loss of ERK1/2 signaling during early DIV results in an
increased vulnerability of SN and VTA DA neurons and other cells at later time points.
However, the number of DA neurons as a ratio of total cells is not decreased in these same
cultures at any time point following U0126 treatment (Fig. 7). Together, these data suggest
that ERK5 is necessary for the basal survival of DA neurons in the SN and VTA at early
DIV. These results are in accord with a previous study in which targeted deletion of ERK5
in the developing nervous system reduced the density of dopaminergic neurons in the
olfactory bulb (Zou et al., 2012).

Possible relation to neurotrophic factors
Loss of motor functions and PD are associated with an age-related loss of nigral DA neurons
(Eriksen et al., 2009; Fearnley and Lees, 1991; Fox et al., 2001; Morgan et al., 1987) and/or
dysfunction in the nigrostriatal dopaminergic pathways (Carlsson and Winblad 1976;
Gerhardt et al., 1995; Irwin et al. 1994; McGeer et al., 1977; Yue et al., 2012; Yurek et al.,
1998). These DA neuronal impairments may be associated with the age-related decreases in
ERK5 activation observed in the present study. Neurotrophic factors (NTFs) essential for
DA neuron survival, including glial cell line-derived neurotrophic factor (GDNF), brain
derived neurotrophic factor (BDNF), nerve growth factor (NGF) and neuregulin (NRG),
have been shown to activate the ERK5 pathway (Carlsson et al., 2011; Cavanaugh et al.,
2001; Dickerson, 2010; Esparis-Ogando et al., 2002; Fox et al., 2001; Hayashi et al., 2001;
Obara et al., 2009). Moreover, a critical role for ERK5 in NTF-induced survival of immature
cortical, cerebellar, dorsal root ganglia, and superior cervical ganglion neurons has been
reported (Finegan et al., 2009; Liu et al., 2003; Shalizi et al., 2003; Watson et al., 2001).
Age-related declines in GDNF protein and GDNF and NRG receptors (GFR α-1 and ErbB4,
respectively) have been noted in dopaminergic brain regions (Dickerson et al., 2009; Pruett
and Salvatore, 2010; Yurek and Fletcher-Turner, 2001) and several NTFs are particularly
low in the SN of patients with Parkinson’s disease (Jenner and Olanow, 1998; Mogi et al.,
1999; Siegel and Chauhan, 2000).

These observations, along with our current data, suggest that age-associated declines in
nigral DA neurons (Eriksen et al., 2009; Fearnley and Lees, 1991; Fox et al., 2001; Morgan
et al., 1987) and motor functions (Allen et al., 2011; Bennett et al., 1996; Boger et al., 2006;
Irwin et al., 1994; Yue et al., 2012) could be a consequence of decreased ERK5 activation
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resulting from reduced NTF signaling. It may also be noteworthy that inhibition of the
ERK5 pathway has been shown to reduce GDNF mRNA and protein levels in some cells
(Obara et al., 2011), suggesting a feedback loop in which MEK5-ERK5 signaling is further
decreased.

In conclusion, we present evidence for age-related changes in total and phosphorylated
ERK1, 2, and 5 in DA-rich brain regions during normal aging. Further, we have elucidated
distinct roles of ERK1/2, and 5 in the basal survival of DA neurons and total cells in SN and
VTA primary cultures. As our data suggest that ERK5 activation is essential for the survival
of dopaminergic neurons, the use of NTFs that activate ERK5 could be a viable therapeutic
option to decrease DA neuronal vulnerability and, thereby, reduce age-related motor deficits
and the risk of parkinsonism.
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Figure 1. Total and phosphorylated ERK1, 2, and 5 expressions in the substantia nigra (SN)
from young, middle and old male F344xBN F1 hybrid rats
(A) Immunoblot analysis of total and phosphorylated ERK1, 2, and 5 expression in the SN.
(B) Quantification of the immunoblots using Licor Odyssey software. The values are
calculated using the integrated intensity. Protein expression was standardized to α-Tubulin
and basal total protein. n=10 for each age. Data are expressed as mean ± SEM. * p < 0.05
indicates a difference compared to the young age group. # p < 0.05 indicates a difference
compared to the middle age group. p values were determined by analysis of variance
followed by post hoc Student-Newman-Keuls.
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Figure 2. Total and phosphorylated ERK1, 2, and 5 expressions in the striatum (STR) from
young, middle and old male F344xBN F1 hybrid rats
(A) Immunoblot analysis of total and phosphorylated ERK1, 2, and 5 expression in the STR.
(B) Quantification of the immunoblots using Licor Odyssey software. The values are
calculated using the integrated intensity. Protein expression was standardized to α-Tubulin
and basal total protein. n=10 for each age. Data are expressed as mean ± SEM. ** p < 0.01
and * p < 0.05 compared to the young age group by analysis of variance followed by post
hoc Student-Newman-Keuls.
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Figure 3. Total and phosphorylated ERK1, 2, and 5 expressions in the ventral tegmental area
(VTA) from young, middle and old male F344xBN F1 hybrid rats
(A) Immunoblot analysis of total and phosphorylated ERK1, 2, and 5 expression in the
VTA. (B) Quantification of the immunoblots using Licor Odyssey software. The values are
calculated using the integrated intensity. Protein expression was standardized to α-Tubulin
and basal total protein. n=5 for each age. Data are expressed as mean ± SEM. * p < 0.05
indicates a difference compared to the young age group by analysis of variance followed by
post hoc Student-Newman-Keuls.

Parmar et al. Page 14

Neurobiol Aging. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Inhibition of ERK1/2 and ERK5 phosphorylation by U0126 and BIX02189,
respectively
Immunoblot analysis indicating selective inhibition by U0126 (10 µM) of ERK1/2
phosphorylation in the primary dissociated neuronal culture prepared from (A) substantia
nigra and (B) ventral tegmental area. Immunoblot analysis indicating selective inhibition by
BIX02189 (10 µM) of ERK5 phosphorylation in the primary dissociated neuronal culture
prepared from (C) substantia nigra and (D) ventral tegmental area. Data are expressed as
mean ± SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001 indicates indicate a difference
compared to the no treatment by analysis of variance followed by post hoc Student-
Newman-Keuls.

Parmar et al. Page 15

Neurobiol Aging. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Effect of pharmacological inhibition of ERK1/2 and ERK5 phosphorylation on the
basal survival of DA neurons in primary dissociated substantia nigra cultures
At DIV 0, cultures were treated with U0126 (10 µM) and BIX02189 (10 µM) and on A) DIV
2, B) DIV 4, C) DIV 6 and D) DIV 8 cultures were fixed and immunostained for TH (red
fluorescence) to label DA neurons and bisbenzimide H33258 (Hoechst – blue fluorescence)
to label all cell nuclei. Data were quantified for E) number of TH+ cells and F) number of
total cells (Hoechst). Data are expressed as mean ± SEM. * p < 0.05, ** p < 0.01 and *** p
< 0.001 indicates a difference as compared to respective vehicle treatment by two-way
ANOVA followed by the Bonferroni post hoc test.
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Figure 6. Effect of pharmacological inhibition of ERK1/2 and ERK5 phosphorylation on the
basal survival of DA neurons in primary dissociated ventral tegmental area cultures
At DIV 0, cultures were treated with U0126 (10 µM) and BIX02189 (10 µM) and on A) DIV
2, B) DIV 4, C) DIV 6 and D) DIV 8 cultures were fixed and immunostained for TH (red
fluorescence) to label DA neurons and bisbenzimide H33258 (Hoechst – blue fluorescence)
to label all cell nuclei. Data were quantified for E) number of TH+ cells and F) number of
total cells (Hoechst). Data are expressed as mean ± SEM. * p < 0.05, ** p < 0.01, *** p <
0.001 and **** p < 0.0001 indicates a difference as compared to respective vehicle
treatment by two-way ANOVA followed by the Bonferroni post hoc test.
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Figure 7.
Loss of TH+ cells with respect to total cell loss in primary dissociated neuronal cultures
prepared from A) substantia nigra and B) ventral tegmental area for all the DIV. Data are
expressed as mean ± SEM. Data are expressed as mean ± SEM. * p < 0.05 indicate a
difference as compared to respective vehicle treatment by two-way ANOVA followed by
the Bonferroni post hoc test.
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Figure 8. Effect of pharmacological inhibition of ERK1/2 and ERK5 phosphorylation on the
basal survival of human dopaminergic neuroblastoma SH-SY5Y cells
SH-SY5Y cells were treated with U0126 (10 µM) and BIX02189 (10 µM) for 24 and 48 h.
After 24 and 48 h, cell viability was determined by measurement of ATP levels using a Cell
Titer-Glo Luminescent Cell Viability Assay. Data are expressed as mean ± SEM. ** p <
0.01 and *** p < 0.001 indicates a difference as compared to respective vehicle treatment by
two-way ANOVA followed by the Bonferroni post hoc test.
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