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Introduction 

Parkinson’s disease (PD) results in part from the progressive loss of dopamine (DA) 
neurons projecting from substantia nigra (SN) to striatum. Although the cause of this 
neurodegenerative process is unknown, one candidate is oxidative                        
stress. This is likely to result from exposure to environmental toxins, perhaps coupled with one 
or more risk factors, which results in an increased vulnerability. Such increased vulnerability 
could include genetic predisposition, emotional or physical stress, traumatic brain injury, or 
exposure to certain recreational drugs. Our hypotheses regarding these matters are under 
continual refinement as we and others collect and publish additional data. Currently, we are 
guided by the following conceptualization (see also Figure 1 and accompanying legend): 

Exercise reduces the neurological consequences that would otherwise develop in 
some individuals as a result of toxin exposure. This results in part from an exercise-
induced increase in neurotrophic factors (NTFs) acting thought intracellular cascades, 
such as those involving the kinases ERK and Akt. This NTF/kinase axis produces its 
ameliorating effects in several complimentary ways, including (a) reducing the 
vulnerability of DA neurons to the toxin, (b) increasing the functional capacity of residual 
DA neurons, and (c) facilitating the transfer of some functions previously attributable to 
DA neurons to other projections, including those utilizing serotonin. These effects of 
exercise are promoted by low levels of stress (which exercise itself may elicit), but are 
inhibited by high levels of stress. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: A schema for the impact of exercise on DA neurons. Cellular stress can result from many factors 
including ROS, mitochondrial deficiency, and proteasomal dysfunction. These insults can, in turn, be initiated as 
a result of environmental or genetic factors and be influenced by variables such as diet and physical activity. We 
hypothesize that (1) Exercise increases expression of several neurotrophic factors (NTFs), including GDNF and 
BDNF. These, in turn (2) activate intracellular signaling cascades including Ras/ERK and PI3K/Akt, leading to 
the phosphorylation of protein kinases (p-kinase) and activation of downstream elements. (3) Mild cellular stress 
can lead to a similar activation of survival cascades, which we and others have termed preconditioning. 
Together, these actions can often (A) protect DA neurons from death. NTFs can also (B) increase the 
capacity of remaining DA neurons by (4) both activating and inducing TH, thereby increasing DA synthesis. 
This, coupled with (5) a decrease in DAT activity, leads to (6) increase DA overflow. Moreover, if the loss of DA 
neurons is large (typically >90%), there will be an (7) increase in DA receptors. Together with the increased DA 
overflow, this is to (C) compensate for DA neuron loss. Some elements of our model are not shown, including 
a transfer of some functions to other systems (e.g., serotonin) and an alteration in synaptic number.

  
 

Below we summarize our studies performed during the tenure of this research program, 
2003-2008. 
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Body 

1. Exercise can protect DA neurons from toxin-induced stress 

Casting: Although the hypothesis that forced exercise via unilateral casting reduces the 
behavioral and biological effects of DA-specific neurotoxins has now been supported by three 
papers from our group (Tillerson et al., 2001; 2002; Cohen et al., 2003), our additional 
unpublished experiments, and a number of reports from several labs, we recently have not been 
able to replicate the effect. Several attempts to resolve this problem, as well as efforts by our 
collaborator Dr. Tim Schallert, have not been successful. There are several possible reasons for 
this, though none are very satisfying. First, our animals may be experiencing more stress and, if 
so, this might be potentiating the effects of the toxin. Possible origins of the stress include an 
infection (our animal quarters has had a problem with pin-worms from time to time) and the 
chemicals being used to eradicate that infection, being housed in a room with female rats (due 
to a temporary shortage of space), and a tighter cast (employed to reduce the number of 
animals who are able to remove their cast). Second, we noticed in retrospect that our lesions 
have become somewhat larger – perhaps we have reached a lesion size against which exercise 
is ineffective. We hope to resolve the problem in the future. However, we have moved to other 
forms of exercise for the time being. 

Treadmill: We have also examined the effect of treadmill running on the vulnerability of 
DA neurons in the SN against 6-OHDA. As mentioned earlier, infusion of 6-OHDA into the 
striatum produces a progressive degeneration of the nigrostriatal pathway that occurs over 
months. Additionally, 2-4 weeks of treadmill running has been shown to protect against other 
forms of toxicity, particularly ischemic damage. Thus, in the next experiment animals were 
trained for 3 days on the treadmill and then forced to run for 5 day/wk at 15 m/min for 30 min for 
2 weeks. At the end of the 2 week running period, animals received an infusion of 16 µg 6-
OHDA into the striatum. After a 3-day recovery period, animals were run on the treadmill for 4 
days, perfused, striatum sectioned and assayed by immunohistochemistry (IHC). Unfortunately, 
the was small. This could have been caused by our inability to get male Sprague-Dawley rats to 
run on a treadmill without the use of a mild shock to encourage them to move out of the start 
box during the training period. This may have resulted in enough stress to block the effects of 
the exercise. Second we may have been using the wrong strain and or sex.  

After consulting with two other researchers who have used treadmill running, we have 
decided to use female Long Evans rats, which are reported to require less coaxing to run on the 
treadmill than male rats previously used (Sprague Dawley). These studies were promising. The 
animals appear to learn to run on the treadmill with little if any coaxing and the mild shock 
during training was unnecessary. However, because of a lack or resources, these studies are 
also not on hold. However, in collaboration with Dr. Judy Cameron and with support from 
NINDS we have begun to explore the effects of treadmill running in MPTP-treated rhesus 
monkey. These studies are extremely promising 

We have examined six monkeys (age 16-20 y). Two of these ran 1 hr/day, 5 days/wk for 
3 mo before and 7 more weeks after a unilateral dose of MPTP (0.8 mg via the right carotid). 
One of these ran at 60% max heart rate, the other at 80% max, intensities that our colleagues at 
the University of Colorado have shown can be tolerated by patients with PD (Schenkman et al., 
2008); M. Schenkman, personal communication). A third monkey was run at 80% max heart 
rate but only after MPTP injection. Results were compared with comparably aged monkeys 
removed from their home cages each day for 60 min but not otherwise exercised. Behavioral 
analysis using the Motor Assessment Panel (mMAP) indicated that the sedentary monkey did 
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not use the left hand after MPTP, whereas the exercised monkeys showed a significant 
behavioral protection. Each animal was assessed using the PET ligand 11C-DTBZ for vesicular 
monoamine transporter, type 2 (VMAT2) (results not shown) and then sacrificed for biochemical 
assessment of tyrosine hydroxylase (TH), the high affinity DA transporter (DAT), and VMAT2. 
These results showed show that exercise 
significantly reduced the MPTP-induced loss 
of TH, DAT, and VMAT protein (Figure 2). 
Collectively, these findings in a limited number 
of animals support the hypothesis that running 
not only reduced the functional deficit caused 
by MPTP but also attenuated the loss of DA 
terminals and increased the capacity for the 
net efflux of DA into extracellular space.  

Running wheel: The most common 
form of exercise used for rodents is running in 
a wheel, typically attached to the home cage 
and available ad libitum. Thus, in 2005 we 
began to use this approach in our models of 
PD. This work has been a collaborative 
venture with Dr. Richard Smeyne at St. Jude 

Children’s Research Hospital, Memphis. In one of these 
experiments, performed under the direction of Dr. 
Smeyne, female mice were housed for 3 mo with access 
to running wheels and housed either in standard cages 
or under environmental enrichment cages. They were 
then given MPTP and a week later, animals were 
sacrificed and cell counts for TH+ cells in SN were 
obtained. Smeyne observed that  access to running 
wheels ± EE abolished the loss of TH+ cells normally 
produced by the toxin. This effect has recently been 
replicated by us using male mice allowed unlimited 
access to running wheels for 3 mo prior to and 3.5 wks 
after a lower dose of MPTP (7.5 mg/kg x 4). 
Furthermore, we showed that 3.5 wks of running initiated 
one week after MPTP also attenuated loss of TH+ cells 
in SN, (Figure 3), presumably an example of 
“neurorescue.” 

Con MPTPCon MPTP Con MPTPCon MPTPCon MPTPCon MPTP
SED 60% 80% SED 60% 80%

Caudate Putamen

TH

VMAT

actin

DAT

actin  
 
Figure 2: The immunoblot of monkey caudate and 
putamen from Project 3. Shown is the side of the 
MPTP injection and the control side of a sedentary 
(SED) animal and ones who ran at 60% and 80% max 
heart rate. β-Actin levels were assessed as an equal 
protein loading control.

 Parallel experiments in 6-OHDA-treated adult 
male rats have yielded comparable results. After 3 

months of continuous access to a running wheel, the rats were given a unilateral injection of 6-
OHDA into the medial forebrain bundle (MFB) through which the SN-striatal DA projection 
courses. They were then allowed to run for 5 more weeks after a 1-week interlude, thereby 
paralleling the protocol used in female monkeys (see above). Brains were then removed for 
biochemical and histochemical analyses. As shown in representative photomicrographs (Figure 
4, next page), running dramatically reduced the 6-OHDA-induced loss of TH+ cells in SN. 
Moreover, the protection of TH+ cells in the SN was highly correlated with protection in striatum 
of TH protein and DAT as assessed by western immunoblotting (WB) (Figure 5, r2 = 0.753, next 
page) and of tissue DA as reflected by HPLC analysis (r2 = 0.77, p = 0.04, t-test). No effect of 
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Figure 3: Neurorescue experiment: 
Effect of post-MPTP running on TH+ 

neurons in SN. Male mice were housed 
1/cage either in standard cages or with 
24-hr access to a running wheel for 3.5 
wks 1 wk post MPTP (4 x 7.5 mg/kg) or 
saline at 2 hr intervals. MPTP reduced 
TH+ SN cells, an effect significantly 
attenuated by 3.5 wks of running (*p 
<0.001 ANOVA). Data were collected at 
Univ. Pittsburgh (Zigmond) and analyzed 
at St. Jude’s (Smeyne). 
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exercise on contralateral TH, DAT, or DA was 
observed in these animals, allowing us to 
express the data as a ratio of ipsilateral to 
contralateral.  

Collectively, these data reveal that the 
protective effects of exercise are generalized 
across species (monkeys, rats, mice), 
gender (males, females), toxins (6-OHDA, 
MPTP), route (i.p. versus intracranial), and 
housing location (Pittsburgh vs. St. Jude’s). 
Furthermore, the protection of cell bodies is 
highly correlated with that of terminals (as 
assessed by multiple, independent assays) and 
that efficacy can occur when exercise is 
provided before (protection) or after (rescue) 
toxin is applied, thereby avoiding potential 
confounding effects of exercise on DAT function and 
paralleling the post-MPTP exercise protection observed 
in mice. 

 

 
Figure 4: Effect of running on TH+ cells in rat SN 
ipsilateral to an intra-MFB injection of 6-OHDA (0.6 
μg). Shown are representative sections from 
animals showing a 50% cell loss (sedentary, left) 
and 20% cell loss (running, right). Group averages: 
52 ± 12 % of contralateral side (no exercise) and 87 
± 7% of control (exercise), p = 0.04 two-tailed t-test; 
n = 4 and 5 respectively. (See text.) 

Use of micro-PET in our 6-OHDA model of PD: 
One of the problems that we and others have in studying 
interventions in animal models of PD is the inability to 
examine progressive biological changes in the same 
animal. We therefore have performed a pilot study to 
investigate the utility of microPET to monitor changes in 
DA terminals in rats given unilateral injections of 6-
OHDA. The cost of the scans was covered by the PET 
center itself.  

Rats received 6-OHDA (0.75 - 3.0 μg) delivered 
into the MFB. After 7 or 28 days, the animals underwent 
PET imaging using ligands for the DA transporter (DAT) 
([11C] β-CFT) and/or the D2-receptor ([11C] raclopride). DA release was assessed using D2 
receptor imaging before and after amphetamine challenge (4 mg/kg i.p). The extent of striatal 

denervation was assessed by DA tissue content 
measured by HPLC. Data were expressed relative to the 
nonlesioned striatum. [11C] β-CFT binding was reduced in 
lesioned striatum (range: -18 to -62%) (Figure 6), with the 
reduction being correlated with dose of 6-OHDA and DA 
depletion. Modest increases in [11C]raclopride binding in 
lesioned striatum relative to the nonlesioned side were 
observed in rats that received the highest dose of 6-OHDA 
(+16 and +35%), suggesting that D2 upregulation 
occurred only after pronounced DA denervation.  

TH+ Terminals (% control)
0 20 40 60 80 100 120 14

TH
+

C
el

ls
 (%

 c
on

tro
l)

0

20

40

60

80

100

120

0

r2= 0.75

Sedentary
Exercise

 
Figure 5: Correlation between loss of 
TH+ cells in SN and TH+ in striatum in 6-
OHDA treated rats provided with 3 mo of 
running exercise (yellow square) or 
maintained in home cage (red circle). 
Similar results were obtained for striatal 
DAT and DA vs. TH+ cells. 

Figure 6. [C-11] β-CFT asymmetry (%) 
in 6-OHDA treated animals (n=5) and 
6-OHDA + exercise (n=6). 
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Amphetamine pretreatment resulted in greater 
asymmetry in [11C]raclopride binding between the lesioned 
and control striatum (range: +7% to +48%), suggesting 
attenuated DA release in the lesioned striatum. MicroPET 
was also able to detect a significant attenuation of DAT 
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loss in animals subjected to forced limb use immediately following 6-OHDA infusion compared 
to lesioned animals that did not undergo motor therapy (p<0.001) (Lopresti et al., 2004). We 
conclude that microPET is useful for making non-invasive assessments of DA function in rodent 
models of PD, and may be applied in longitudinal studies to assess the response to putative 
therapies for PD. Unfortunately, our attempts to obtain funding to continue these studies have 
not been successful and they are currently on hold. 

2. Exercise increases NTFs 

Fig. 7: Changes in mouse striatal 
mRNA for BDNF as a function of 
days of running. Mean ± SEM. 

Our hypothesis is that exercise confers protection by 
increasing the availability of trophic factors, including GDNF 
and BDNF (Figure 1). We have shown that exercise can 
increase BDNF and GDNF. Indeed, we find that the amount of 
exercise required for this effect is rather low: We have 
observed marked increases in these NTFs in mice subjected 
to a limited amount of motor training: 18 trials on an elevated 
beam over 11 days was sufficient to increase GDNF and 
BDNF collected 7 days later. At present, we are examining the 
time course of changes in NTF message and protein in 
collaboration with Dr. Smeyne. Our initial observation suggest 
that exercise increases gene expression for both GDNF and 
BDNF (Figure 7).In the future, we hope to use conditional 
knockout animals and/or blocking antibodies for these NTFs 
to determine whether these changes in NTF expression are 
essential to exercise-induced protection. 

3. GDNF can protect in cell-based models 
 a. MN9D. Many of our studies have used MN9D cells 
as models of DA neurons, and in fact we have now accepted 
the responsibility for distributing these cells to other labs with 
the approval of  Dr. Alfred Heller, who developed these cells 
(he has retired) and the University of Pittsburgh (which owns 
the intellectual property rights). These cells have a number of 
the salient characteristics of DA neurons, including the ability 
to synthesize and store DA and to respond to GDNF. We find 
that 6-OHDA produces a concentration- and time-dependent 
death of these cells, and that these effects are attenuated by 
the addition of GDNF. Specifically, GDNF (10 ng/ml) 
protected MN9D cells against 6-OHDA (250 μM) and this was 
blocked by inhibitors of pERK and pAkt (Figure 8; Ugarte et 
al., 2003; Leak et al, 2007). 

 b. Primary DA: Although cell lines have the advantage that they provide a relatively 
homogenous population of cells that can be readily transfected and with which stanradr 
biolchemical analyses can be performed, they are obviously not primary neurons. Thus, we 
have established the methods necessary for studying primary DA neurons in culture. Previous 
studies of such cells failed to obtain specific 6-OHDA-induced DA cell loss; they also have 
ustilized 6-OHDA in a manner that causes a great deal of non-specific damage. Thus, we have 
developed a paradigm to obtain such selective effects on primary dissociated cultures of DA 
neurons from rats and mice. We prepared dissociated cultures from the SN region of rat pups 
(P0) and exposed them to 6-OHDA (40-250 μM; 15 min), producing a specific loss of TH+ cells 

Fig. 8: MN9D cells were treated 
with 250 μM 6-OHDA for 30 min, 
alone or with 10ng/ml GDNF. 
GDNF and 6-OHDA were applied 
in the absence or presence of the 
MEK inhibitor U0126 (5-10 μM) or 
PI3K inhibitor LY294002 (10-
50μM). Counts of viable Hoechst 
stained nuclei were performed 24 
hrs after 6-OHDA was removed. 
Data are mean ± SEM for 4-5 
independent experiments.
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while sparing GABAergic neighbors. In this preparation we observed that GDNF (100 ng/ml) 
blocked 6-OHDA-induced TUNEL labeling at 3 hr (Ding et al., 2004). 
4. GDNF can protect in animal models 
 It has been shown by several previous investigators that GDNF can protect against the 
effects of 6-OHDA. We have carried out a series of experiments to extend these observations. 
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Figure 9. Effect of GDNF (9 μg/3 μl) 
or vehicle pre-treatment on TH- and 
FG+ cells in the SN after intrastriatal 
6-OHDA (4 μg/0.75 μl) or vehicle 
infusion in rat. Mean ± SEM of 6-
9/group  

 Effect of GDNF on the 6-OHDA-induced loss of TH, DAT, and VMAT2 
immunoreactivity in the striatum:  Rats received the retrograde tracer FluoroGold (FG) into 
striatum followed 1 wk later by 9 µg GDNF and 6 hr later by 6-OHDA (4 µg). 6-OHDA caused a 
loss of FG+ and TH+ cells in SN 2-8 wk later. At 2 wk post-operative, animals treated with 6-
OHDA alone displayed loss of each of the major 
phenotypic markers for DA neurons as assessed by an 
IHC analysis of striatum. These markers included tyrosine 
hydroxylase (TH), the high affinity DA transporter (DAT), 
and the vesicular monoamine transporter, type 2 (VMAT2). 
The loss remained constant for the 8-week duration of the 
study (p < 0.001). GDNF alone had no significant effect on 
the number of TH+ cells at any time point (p > 0.05). 
Moreover, to our initial surprise, pretreatment with GDNF 6 
hrs prior to 6-OHDA infusion did not protect against the 
loss of these markers at 2 wks. However, these markers 
gradually recovered over 4-8 wks, with a ~70% reduction in 
lesion size at 4 wks and an ~80% reduction in lesion size 
at 8 wks (p < 0.001) (Figure 9). Treatment with vehicle or 
GDNF alone had no effect on levels of any of these 
phenotypic markers. 

 6-OHDA-induced loss of TH+ cells in the SN could have been a result of a loss of the DA 
phenotype rather than actual cell death or degeneration. Indeed, our studies with FG suggest 
that initially there is a loss of the DA phenotype; however, this is accompanied by a slower but 
inexorable loss of the cells themselves. A 57% loss of FG+ cells was observed at 2 wks in 
animals given 6-OHDA alone (p < 0.001), which was even greater at 4 wks (78%; p < 0.05) and 
8 wks (83%; p < 0.001), indicating that 6-OHDA caused a gradual but profound loss of the DA 
cells projecting from SN to striatum.  

 In summary, GDNF given just prior to 6-OHDA protects the DA neurons from 6-OHDA. 
However, whereas no significant loss of cells was detected over the period examined (2 – 8 wk), 
it took 8 weeks for the restoration of the major phenotypic markers of DA neurons. (In our 
summary of accomplishments last year, we alluded to this work. However, since we were still 
completing the project no data were presented.) 

5. GDNF may act in part through the activation of ERK and Akt 
 A major focus of our work is to determine the signaling cascades associated with GDNF-
induced protection of DA neurons. Early in our studies, we have found that the protection 
afforded by exposure of MN9D cells to GDNF (10-100 ng/ml for 15 min) could be blocked by the 
MEK inhibitor U0126 (5-10µM) as well as the inhibitor of Akt phosphorylati8on LY294002 (10-50 
µM) (Figure 8, previous page; Ugarte et al., 2003). Later we observed that this was 
accompanied by an increase in phosphorylated ERK1/2 (pERK), an increase in ERK activity as 
assessed in a kinase activity assay using the transcription factor Elk1, a well-known ERK target, 
and an increase in pCREB, and an increase in pAkt (data not shown).  
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We also examined the effect of 
forced limb use, running, and GDNF on 
activation of ERK1/2 in our animal 
models of the DA loss that 
accompanies PD. As indicated by WB, 
forced use of one limb increased 
pERK1/2 by 4-fold in the contralateral 
striatum at 24 hr, and levels remained 
high for the 7-day casting period. In the 
SN, the increase in pERK1/2 was more 
gradual but reached a comparable level 
within 7 days. We have also found that 
running causes an increase in pERK, 
as well as pAkt. Moreover, the direct 
injection of GDNF into either rat and 
mouse striatum also produced a 
marked increase of pERK1/2 in both 
striatum and SN. In each case, the 
changes occurred primarily within 
dopamine neurons (i.e., neurons that 
were TH+) of the SN as indicated by double label confocal microscopy (e.g., Figure 10).  

 
 
Figure 10: Effect of intrastriatal GDNF on pERK. Animals 
received intrastriatal GDNF or vehicle. After 24 hrs, the 
animals were perfused, representative sections of SN labeled 
with anti-pERK1/2 and anti-TH, and then viewed with confocal 
microscopy. In ipsilateral SN the vast majority of TH cells 
were dual-labeled, whereas no pERK staining was observed 
in the contralateral SN. 

Role of ERK 5: ERK5 is also a member of the 
MAPK family. Although its biological function is poorly 
defined, it is known to be activated by NTFs and thus 
may play a role in cell survival. Indeed, our preliminary 
data indicate that GDNF (10 ng/ml) activates ERK5 in 
MN9D cells and that U0126 (10 µM), which blocks the 
protective effects of GDNF, also blocks ERK5 activation. 
We also observed that U0126 decreased basal survival 
of these cells. Since U0126 blocks the phosphorylation of 
ERK5 as well as ERK1/2, we wished to determine which 
ERK isoform(s) were critical to this effect. Cells were 
transfected with either dnERK5 or dnMEK1, the specific 
upstream activator of ERK1/2. Transfection of MN9D 
cells with either dominant negative construct reduced 
basal cell survival (Figure 11). Moreover, transfection of 
the cells so as to increase ERK1/2 activity inhibited 6-
OHDA-induced cell death. A similar trend was observed 
for treatments that increased ERK5 activity but the effect 
was not significant (data not shown). These studies 
demonstrate a role for ERK5 in basal DA cell survival, 
and may also point to a difference between ERK1/2 and 

5 in influencing protection of DA cells from oxidative stress (Cavanaugh, 2006).  

 

 
 
Figure 11: Effects of transfection with 
dominant negative MEK1 or ERK5 on 
basal MN9D cell survival. Cells were 
also co-transfected with a luciferase 
reporter plasmid and the number of 
lucerfase-positive cells counted after 24 
hr. Shown is the mean ± SEM. Shown 
are means ± SEM. Results are 
representative of 3 independent 
experiments.  

 Effect of GDNF on pERK levels in mouse striatum: We have also established a 
mouse model in which to examine the effects of GDNF in order to take advantage of the 
availability of mouse lines in which one or more NTF or NTF receptor is knocked out. In these 
studies, GDNF was infused into the striatum and striatal pERK1/2 was analyzed by IHC at 24 
hr. GDNF caused a unilateral dose-dependent increase in the phosphorylation of ERK1/2 in the 
striatum that was significant at 0.045 µg GDNF and peaked at 0.45 µg, reaching 330% of 
vehicle control. At 4.5 μg of GDNF, the rise in phosphorylation appeared to decrease slightly 
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from the effect at 0.45 µg. However, this 
decrease was not significant. 
Comparable data were obtained via 
Western blot analysis.    
 The temporal effects of high 
and low GDNF on pERK1/2: The 
infusion of 0.45 µg GDNF caused a time-
dependent increase in pERK1/2 in the 
ipsilateral striatum analyzed by IHC that 
was detectable by 3 hr (p < 0.01), 
reached 420% above control by 7 days 
but was back to basal levels by 4 weeks. 
Infusion of 4.5 µg GDNF also caused a 
time-dependent increase in pERK1/2 
that appeared slightly lower than the 
effect of 0.45 µg GDNF, although the 
difference was not significant. Seven 
days after administration of 4.5 µg GDNF 
there was a small region of 
downregulation of ERK1/2 
phosphorylation around the needle track 
despite the fact that pERK1/2 was still 
increased in the remaining ipsilateral 
striatum (Lindgren et al., 2008; Figure 
12). In contrast, only the higher dose of 
GDNF activated Akt, raising the 
possibility that Akt played a critical role. 

Effect of high and low dose 
GDNF on toxicity induced by 6-OHDA: 
Mice injected with vehicle, 0.45 µg or 4.5 µg GDNF received 6-OHDA (0.5 μg) into the striatum 
6 hr later. After 4 weeks, the mice were sacrificed, and the presence of DA terminals in the 

striatum was analyzed by IHC for TH, a 
marker for these neurons. 6-OHDA by 
itself caused a large loss of TH 
immunoreactivity at the site of toxin 
injection. Injection of 4.5 µg GDNF 
significantly reduced the 6-OHDA-induced 
loss of TH immunoreactivity by 75%. In 
contrast, 0.45 µg GDNF did not have any 
apparent effect on the 6-OHDA-induced 
TH loss (Lindgren et al., 2008; Figure 13). 
In summary, GDNF protected against the 
effects of 6-OHDA in the mouse as in the 
rat. However, contrary to our in vitro 
results, whereas 0.45 μg GDNF produced 
a maximal increase in striatal pERK levels, 
it did not protect against 6-OHDA – a 
significantly higher concentration of GDNF 
was required for the latter effect. We will 

Figure 12: Effect of intrastriatal GDNF on striatal pERK1/2 
as a function of time. Animals received vehicle, 0.45 µg 
GDNF or 4.5 µg GDNF into the striatum. After 3h, 24h, 7 
days, or 4 weeks the animals were perfused and brain 
sections were labeled with anti-pERK1/2. A. The labeled 
sections were scanned and quantified using Metamorph 
software. The measured immunoreactivity in the ipsilateral 
striatum is expressed as a percent of the non-injected 
contralateral striatum in all animals, including vehicle 
controls. Data are mean ± SEM. *P<0.05, **P<0.01 vs. 
vehicle, ANOVA followed by Dunnett’s. B. Representative 
slides of a vehicle injected animal (top), an animal injected 
with 0.45 µg of GDNF (middle), and an animal injected with 
4.5 μg of GDNF (bottom). The slides to the left are unaltered 
scanned images, whereas the images on the right were 
modified with Metamorph software to visualize intensity 
differences. 

 
 
Figure 13. Effect of GDNF on TH+ loss induced by 6-
OHDA. Mice received vehicle or GDNF into striatum. Six 
hr later, 6-OHDA (0.5 μg/0.5μl at 0.1 µl/min) or saline was 
infused in the striatum at the same site. Images obtained 
from tissue obtained 4 wk later, sectioned, stained for TH, 
and quantified using Metamorph software. Mean ± SEM 
for 6/group. *P<0.01 vs. vehicle. Note that GDNF-induced 
protection was observed at 4.5 μg but not 0.45 μg.  
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be examining other possible explanations for the cellular 
basis of GDNF protection, beginning with a possible role 
for Akt as suggested by our initial data. 

6. The effects of pERK depend in part on it localization; 
its neuroprotective actions may involve a suppression 
of BimEL 
 Developing constitutively active (CA) forms of 
ERK. The capacity to over-express active ERK isoforms is 
essential to our research objectives. It has been shown, 
however, that substituting T183 and Y185 on ERK2 with 
glutamate does not mimic phospho-T183 and phospho-
Y185. The resulting double mutant cannot function as the 
constitutively active version of the kinase. To circumvent 
this problem, we employed co-expression of caMEK with 

wt ERK1 or 2 respectively, and have shown that we 
can over-express pERK1 and pERK2 (Figure 14).  

 Directing the cellular localization of key 
molecules: It is important that we be able to control 
the localization of pERK isoforms if we are to 
determine conclusively whether the compartment 
within which pERK resides is a crucial factor in 
determining its impact on cell survival. As a first step in 
accomplishing this, we created constructs in which 
either the NLS or NES sequences were fused to 
EGFP or to ERK. We then expressed them in HEK293 
cells and in MN9D cells. These sequences 

successfully directed the fused proteins to the nucleus (NLS) or cytoplasm (NES) (Figure 15). 
Furthermore, we have mutated the leucine residues at 33 and 37 to alanine on the caMEK1 
gene to disrupt the NES motif and the aspartic acid at 316 to alanine on the ERK2 gene (termed 
316A) to abrogate its association to MEK1 without affecting its capacity to be phosphorylated 
(activated) and function as a kinase. This construct was then co-expressed in HEK293 cells with 
the ERK2-316A gene fused with NLS sequence. Twenty-four hours post-transfection, the cells 
were immunostained with pERK and counter-stained with Hoechst staining. The wt ERK2 gene 
with NLS sequence was used as control. Without the NLS sequence, the pERK2 was localized 
largely in the cytoplasm. However, after the modification, the pERK2 in the nucleus was 
significantly increased, reflecting the expected function of NLS sequence. Moreover, the co-
expression of these two constructs resulting in a significant increase in cell death, both under 
basal conditions and in response to H2O2. We also can separate nuclear from cytoplasmic 
proteins by subcellular fractionation. This work is being readied for publication. 

 
Figure 15: Localization of GFP fused with NES 
or NLS, and transfected into MN9D cells using 
Lipofectamine (Invitrogen). Nuclei were stained 
for Hoechst (red) and GFP was visualized by 
green immunofluoresence. 

 

     
Figure 14. Ca and dnERK1 and ERK2 
expression in HEK293 cells. The coding 
sequences of each construct was first 
cloned into pcDNA3.1 with V5 and His tags 
and transfected. Exp, expressed; End, 

d

 The role of BimEL: Neurotrophic factors such as GDNF or BDNF are able to protect 
against stress-induced cell death. However, the cellular events that underlie this protection are 
not well understood. In this study, we examine the protective characteristics of individual and 
combined treatments with GDNF and BDNF in SH-SY5Y cells under the insult of H2O2. Our 
observations indicate that the ability of GDNF and BDNF is accompanied by a decrease in 
pERK and in BimEL (Figure 16, next page). Inhibition of ERK activation with U0126 reversed 
the decrease in BimEL and abolished the protection, suggesting that ERK is a key MAP kinase 
regulating BimEL and that this interaction played a significant role in protection by the trophic 
factors. Finally, clones in which BimEL was constitutively knocked down had higher tolerance 
towards H2O2 and an attenuated protection by the trophic factors. Collectively, the results 
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suggest that GDNF and BDNF can act via a pERK-
mediated regulation of BimEL to reduce the vulnerability of 
SH-SY5Y cells to oxidative stress. 

7. Prior exposure to low levels of stress can lead to a 
protective, “preconditioning” effect 
 a. Short-term studies with MN9D and 6-OHDA: 
Our basic assumption is that protective treatments alter 
both post-translational and translational events so as to 
reduce the vulnerability of the affected cells. Such 
treatments include GDNF and 6-OHDA (despite its 
neurotoxic consequences) Given our observation that the 6-
OHDA-induced phosphorylation of ERK serves to reduce 
the cell death caused by that toxin, it seemed reasonable to 
predict that low concentrations of 6-OHDA could actually 
precondition cells against later higher concentrations of 6-
OHDA. We have, indeed, shown that this was the case. 
Brief exposure to subtoxic 6-OHDA (2.5 – 10 μM) 
significantly reduced the vulnerability of MN9D cells to a 30 
min-exposure to a toxic 6-OHDA concentration (50-200 µM) 
delivered 6 hr later when viability was measured 24 hr later 
by Hoechst staining (Figure 17) (Leak et al., 2007). 

 

We have gone on to show that 6-OHDA preconditioning 
was associated with fundamental changes in the protein profile 
of the MN9D cells, which included changes in gene expression, 
alterations in protein synthesis, and post-translational state. 
Although we have not yet examined the effects of GDNF on 
gene expression in these cells, we have performed preliminary 
analyses of the effects of 6-OHDA alone. MN9D cells, when 
exposed to 6-OHDA, show a rapid, robust change in expression 
profile using MG430 whole genome oligonucleotide microarrays. 
For example, 6 hr after a 30-min exposure to a sub-toxic 
concentration of 6-OHDA (5 µM) we identified a number of gene 
expression changes related to cellular signaling, apoptosis, 
oxidative phosphorylation, chaperone molecules and structural 
proteins. In addition, there was increased phosphorylation of 
ERK, Akt, and JNK, and inhibitors of the phosphorylation of each 

kinase blocked preconditioning. These results have been published (Leak et al., 2007). 

Figure 16: Comparison of protection 
by GDNF (20 ng), BDNF (20 ng), and 
the combination in SH-SY5Y cells 
exposed to H2O2. (60 μM) for 24 hrs. 
Viability was assayed with the WST-1 
reagent. Shown are means ± SEM 
from 3 independent experiments. 
(Adding NTFs at 2x concentration did 
not produce further protection.)  

Figure 17: Effect of prior exposure 
of MN9D cells to subtoxic 
concentrations of 6-OHDA on the 
subsequent response to a 
concentration of 6-OHDA that 
normally represents the 
approximate LD50 (50 µM). 

b. Longer-term studies with PC12 and MG132: We have selected PC12 cells, a line 
more generally available than MN9D cells and about which considerably more is known. PC12 
cells have the added advantage that they do not change with successive passages as much as 
do MN9D cells and thus seem a better model for longer experimental time frames. In our initial 
studies, we found as expected that PC12 cells did not take up 3H-DA. Thus, we chose to make 
use of PC12 cells stably transfected with human DA transporter (kind gift of Dr. Gonzalo Torres 
at the University of Pittsburgh) to ensure rapid high affinity uptake of 6-OHDA into the cell within 
a short exposure interval. We first confirmed a high expression of TH and nomifensine-sensitive 
DA uptake. Given that cellular stress is often chronic, we decided to examine a long-term 
treatment to test the hypothesis that otherwise healthy cells exposed even to a chronic insult 
would be protected against subsequent insults. 6-OHDA was not suitable for long-term 
exposures because it rapidly oxidizes under culture conditions. Thus, we applied the 
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proteasome inhibitor MG-132 chronically to PC12 cells.  

Cells were grown for 2 weeks in 0.1μM MG-132 and 
then continuously maintained in the presence of this 
inhibitor. The treatment reduced chymotrypsin-like 
proteasome activity by 47% and was associated with 
protection against both 6-OHDA (100 mM) (Figure 18) and 
higher dose MG132 (40 mM). Protection developed slowly 
over the course of the first 2 weeks of exposure and was 
chronic thereafter. There was no change in total glutathione 
levels after MG132. Buthionine sulfoximine (100 mM) 
reduced glutathione levels by 60% and exacerbated 6-
OHDA toxicity to the same extent in both MG132-treated 
and control cells, without reducing MG132-induced 
protection. Chronic MG132 resulted in elevated antioxidant 
proteins CuZn superoxide dismutase (SOD, +55%), MnSOD 
(+21%), and catalase (+15%), as well as chaperone heat 
shock protein 70 (+42%). Examination of SOD enzyme 
activity revealed higher levels of CuZnSOD (+40%), without 
any change in MnSOD activity. We further assessed the 
mechanism of protection by reducing CuZnSOD levels with 
two independent siRNA sequences, both of which 
successfully attenuated protection against 6-OHDA.. 
Previous reports suggested that artificial overexpression of 
CuZnSOD in dopaminergic cells is protective. Our data 
complement such observations, revealing that dopaminergic 
cells are also able to use endogenous CuZnSOD in self-
defensive adaptations to chronic stress, and that they can 
even do so in the face of extensive glutathione loss. These results have now been published 
(Leak et al., 2008). 
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Figure 18: PC12 cells chronically treated 
with 0 or 0.1 μM MG-132 were exposed to 
a challenge of 100 μM 6-OHDA. Cells 
were lysed and assayed for ATP levels (A) 
or stained with Hoechst reagent (B) 24 hrs 
after the challenge. * p < 0.05 compared to 
non-MG-132 treated control cells, 
Bonferroni post-hoc. 

 c. Studies of methamphetamine: Mild stress can protect against a subsequent larger 
insults, a phenomenon termed “preconditioning” or “tolerance.” We sought to determine if a mild 
stressor could also protect cells in a model of the dopamine deficiency associated with 
Parkinson's disease. We used methamphetamine and 6-hydroxydopamine (6-OHDA) as 
sources of oxidative stress and MN9D cells as a model of dopamine neurons. We observed that 
prior exposure to subtoxic concentrations of methamphetamine (0.1 - 0.5 mM) protected these 
cells against 6-OHDA toxicity, whereas higher concentrations of methamphetamine (3 – 5 mM) 
did not. The protection by methamphetamine was accompanied by a decrease in uptake of both 
[3H]dopamine and 6-OHDA into the MN9D cells, which may have accounted for some of the 
apparent protection. However, a number of other effects of methamphetamine exposure 
suggested that the drug also affected basic cellular survival mechanisms. First, although 
preconditioning with methamphetamine decreased pERK levels, it also enhanced the 6-OHDA-
induced increase in pERK1/2. Second, this was accompanied by an increase in the apparent 
activity of MEK1/2 and a decrease in the apparent activity of protein phosphatase 2A. Third, the 
pro-survival protein Bcl-2 was upregulated by methamphetamine exposure. Our observations 
suggest that exposure to subtoxic methamphetamine concentrations can cause a complex 
change in dopamine cells, resulting in a decrease in the vulnerability of those cells to 
subsequent oxidative stress. These observations are consistent with other studies involving 
exposure of dopamine cells to stress and may have implications for the development of new 
therapies for the prevention or treatment of PD. A manuscript is in the final stages of submission 
for publication. 

 

14



8. 6-OHDA may trigger a defensive increase in phosphokinase levels.  

In our in early vitro studies with MN9D cells, we also observed that ERK was activated 
by 6-OHDA itself. This initially appeared to us to be paradoxical since it suggested that a toxic 
stimulus initiating a neuroprotective response. One possibility was that pERK served as a pro-
survival response after GDNF and a pro-death response after 6-OHDA. A precedent for such a 
dichotomy exists, and our studies of 6-OHDA preconditioning are consistent with this 
formulation (see above). However, it was also possible that the pERK response to 6-OHDA we 
saw represented a defensive reaction to oxidative stress, and this appears to be the case: 
MN9D cells were treated with 6-OHDA (250 µM) and the time course of changes in pERK 
isoforms was determined. We observed that pERK1 and pERK2 were increased 25-fold at 15 
min but returned to baseline by 30 min. After removing 6-OHDA, a smaller sustained peak in 
pERK1/2 arose between 3-6 hr and persisted for several more hr. This late pERK peak was 
temporally associated with activation of caspase-3 and cell death. Phosphorylation of CREB, 
one of the molecules that ERK phosphorylates through its action on RSK, also occurred during 
both the transient and sustained 6-OHDA-induced pERK activation. Addition of U0126 (5 µM) 
before and during toxin exposure to block the first pERK peak, significantly increased cellular 
vulnerability to 6-OHDA (50-250 µM) . No such effect was seen if U0126 was provided after this 
initial peak. These data suggest that the initial transient activation of ERK after oxidative stress 
is a compensatory response to reduce cellular vulnerability. Inhibiting the second, sustained 
pERK peak had no detectable effect on cell viability (Lin et al., 2008).  

Next, 6-OHDA (3 µg in 2 µl) was injected into rats along the MFB and increased 
activation of pERK1/2 was assessed in the SN and striatum after sacrificing our animals by 
focused microwave irradiation. Again, a 
combination of WB and ICC was used. The 
activation of ERK1/2 in response to 6-OHDA 
was observed in cells as early as 15 min in the 
SN and persisted for at least 24 hrs post-
infusion. Double labeling for pERK1/2 and TH 
revealed that the increase in pERK1/2 was in 
DA neurons in the SN (Figure 19). In the 
striatum, increases in pERK1/2 were first 
observed at 1 hr and persisted for at least 24 
hrs. Activation of ERK1/2 was observed in 
fibers as well as cells in the striatum. We 
believe that the increase in pERK1/2 in fibers in 
the striatum is in TH immunoreactive terminals; 
however, double labeling is still needed to show co-localization of pERK1/2 and TH in the 
striatum. As in the case of the MN9D cells, we hypothesize that the activation of pERK1/2 within 
DA cells of SN and DA fibers within the striatum is a self-protective response to counteract the 
effects of 6-OHDA-induced oxidative stress. Experiments are ongoing to determine the precise 
role of pERK1/2 in oxidative-induced damage to the nigrostriatal pathway after infusion of 6-
OHDA into the MFB (Smith et al., 2004; Castro et al., 2005). We anticipate completing this work 
within the next few months. 

 
Figure 19: Endogenous pERK1/2 (red) in rat SN 24 hr 
after intra-MFB injection of 6-OHDA (3 µg/ 2 ul). Note 
absence of TH (green) in the nucleus of the two large cells 
in the left hand panel contrasted by the presence of pERK 
throughout the cell in the middle panel (arrows). 

We also observed an increase in pERK1/2 when rats were given intrastriatal 6-OHDA 
(6 µg in 1 µl). This increase could be detected by 15 min and persisted for several hours. A 
similar temporal profile was observed for pJNK, although the peak increase was lower than for 
pERK. The morphology of the cells containing the increased activated MAP kinases suggests 
that they were the principal target neurons for the DA projection from SN, the medium spiny 
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neurons, although this has not yet been confirmed by double labeling. The increases in MAP 
kinases were accompanied by a delayed increase in cfos, which was first detectable at 1 hr and 
remained for at least 3 hr. No changes in activated MAP kinases or cfos were observed in the 
substantia nigra (Smith et al., 2004, Fischer et al., 2005). Activation of ERK1/2 and cfos 
induction has previously been reported following administration of drugs that activate DA 
receptors, and the induction of cfos can be attenuated by the administration of a DA antagonist. 
Thus, we hypothesize that changes in activated MAP kinases and in cfos represent the effects 
of endogenous DA being released in response to the neurotoxic actions of 6-OHDA. This 
suggests that initial changes in striatal pERK and cfos would be useful as short-term indices of 
the efficacy of neuroprotective treatments. This work is being prepared for publication. 

9. The product of the LRRK2 gene protects DA neurons due in part of ERK activation; 
this does not occur with the Y1699C mutation. 

As indicated in our Introduction, PD is likely to involve interactions between environment 
and genetics. Recently, mutations in LRRK2 have been identified as a major factor in PD. 
Moreover, LRRK2 contains a kinase domain, raising the possibility that its actions are related in 
some way to the NTF-kinase axis that is central to our interests. Thus, we have decided to 
characterize functional differences between wild-type LRRK2 and Y1699C mutant in response 
to oxidative stress. The constructs containing human LRRK2 wild-type gene and Y1699C 
mutant fused with GFP at the C-terminal in the mammalian expression vector pCDNA3.1 were 
kind gifts from Dr. Matthew Farrer and the Neurogenetics Laboratories, Mayo Clinic, 
Jacksonville. In our initial characterization, we have selected HEK293 cells as the host for the 
wild-type LRRK2 and Y1699C mutant and H2O2 as the stressor. This allows us to achieve high 
transient transfection efficiency and a readily reproducible insult in order to begin to examine the 
initial interaction between LRRK2 and oxidative stress.  

Changes in basal cell physiology due to expression of wild-type LRRK2 and 
Y1699C mutant: First, we examine changes in basal cell viability and basal levels of pERK and 
pJNK due to expression of wild-type LRRK2 or Y1699C mutant in HEK293 cells. To ensure high 
transfection efficiency, we monitored the expression of each LRRK2 gene by fluorescence 
microscopy via their GFP moiety fused to their C-terminal, finding that at least 70% of our cells 
exhibited the green fluorescence demonstrating the efficacy of this approach. The presence of 
wild-type LRRK2 and Y1699C mutant in HEK293 cells was also visualized by probing 
immunoblots with an antibody recognizing GFP. No band was detected in lysate derived from 
cells transfected with the empty vector (pcDNA3.1). We have also failed to detect endogenous 
wild-type LRRK2 in HEK293 cells with several commercially available antibodies.  

Expression of either wild-type or mutant LRRK2 decreased the pERK level, with the 
mutant producing a larger decrease than the wild-type when compared to cells transfected with 
pcDNA3.1. These changes were not associated with alterations in total ERK. Moreover, no 
visible changes in the expression level of pJNK and total JNK were detected. Expression of 
wild-type LRRK2 and the Y1699C mutant for 24 hours consistently resulted in a 40% drop in 
basal cell viability of HEK293 cells. A similar observation has also been reported in studies 
where wild-type and mutant LRRK2 were expressed in other cell types, suggesting that over-
expression of these proteins in mammalian cells could be toxic.  

Cells expressing wild-type LRRK2 are more resistant to oxidative stress than cells 
expressing Y1699C mutant: Next, we examined the interaction of LRRK2 and H2O2, using a 
concentration of the peroxide that is roughly at the EC50 for toxicity (150 μM). At 4 hr after the 
plasmid transfection process no visible cell death was observed. However, at 18 hr of H2O2 
treatment, we observed that cells expressing LRRK2 wild-type gene exhibited higher resistance 
towards H2O2 toxicity with 27% cell death as opposed to 50% cell death in cells expressing 
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Y1699C mutant under the same treatment (Figure 20a). Cells expressing wild-type LRRK2 
elicited a significantly higher pERK level in response to H2O2 toxicity than cells expressing 
Y1699C mutant (Figure 20b). No such change was observed for pJNK. Thus, the results 
suggest potential cross-talk between LRRK2 and the ERK pathway. Moreover, the observed 
higher level of pERK consistently correlated with a lower H2O2-induced cell death in cells 
expressing wild-type LRRK2 as compared to those expressing Y1699C mutant. We intend to 
perform subsequent experiments to examine any causative relationship between ERK activation 
and attenuation in cell death. 

 
 
 

Figure 21: Impact of LRRK2 wild-type gene and 
Y1699C mutant gene expression on H2O2-
induced cell death. (A) Attenuation of H2O2-
induced cell death for cells expressing LRRK2 
wild-type gene, but not in cells expressing 
Y1699C mutant gene. Percentage cell death 
induced by H2O2 among cells transfected with 
pCDNA3.1, expressing LRRK2 wild-type or 
Y1699C mutant gene is normalized against 
untreated cells transfected with the same vector 
or expressing the same proteins. Data are 
means ± SEM, at least 24 readings per data 
point, from six independent experiments. * p < 
0.05 versus viability of cells transfected with 
pCDNA3.1 after 150 μM of H2O2 treatment for 
18 hours. (B) Corresponding changes in 
activated ERK, total ERK, activated JNK, and 
total JNK in HEK293 cells expressing LRRK2 
wild-type gene or Y1699C mutant gene with and 
without chronic treatment with 150 μM of H2O2 
for 18 hours. β-Actin was used as loading 
control. 
 

 
In summary, it appears that the wild-type form of LRRK2, but not the Y1699C mutant 

reduces the vulnerability of HEK293 cells to the oxidative stress imposed by H2O2. This is 
associated with an increase in pERK, which also is produced by wild-type gene expression. 

Key Research Accomplishments  
• Physical exercise increases the resistance of DA neurons in mouse and rat to the 

specific neurotoxins 6-OHDA (mouse, rat) and MPTP (mouse) 

• The effects of exercise could be mimicked by GDNF. However, full restoration of the DA 
phenotype required 4-8 weeks. 

• Increases in pERK1/2 and pAkt were associated with the neuroprotective effects of 
exercise and GDNF, and comparable effects of GDNF could be seen in  in DA cells 
studied in culture.  
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• The nature of the actions of pERK depend on the amplitude of the change, its time 
course, and its subcellular localization. 

• Inhibition of proteasomal function increased the resistance of MN9D and PC12 cells to 
the toxic effects of proteasome inhibition (MG-132) and oxidative stress (6-OHDA). This 
may be due in part to changes in phosphokinases and in the expression of SOD. 

• LRRK2 increased resistance of HEK293 cells to oxidative stress (H2O2) more effectively 
that did the Y1699C mutant. This was associated with an increase in pERK1/2 cells 
produced by the wild-type but not the mutant form of the gene. 

Reportable Outcomes 
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Conclusions 
 Physical exercise is a viable approach to the treatment of PD. This is made clear by our 
own work and that of several other groups studying both animal models and humans. It is likely 
to involve a preconditioning phenomenon whereby exercise triggers an increase in neurotrophic 
factor expression, which in turn produces a variety of translational and post-translational 
modifications. Understanding the parameters of protective exercise will be critical to proscribing 
an effective exercise regimen. Moreover, understanding the mechanism of action of exercise 
should provide insights into the development of drug therapies. 
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Neuroprotective Role of ERK1/2 and
ERK5 in a Dopaminergic Cell Line
Under Basal Conditions and in
Response to Oxidative Stress

Jane E. Cavanaugh,1* Juliann D. Jaumotte,2 Joan M. Lakoski,1

and Michael J. Zigmond1,2

1Department of Pharmacology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania
2Department of Neurology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania

Loss of motor function in Parkinson’s disease is due in
part to degeneration of dopamine (DA) neurons. Phar-
macological evidence suggests that the mitogen-acti-
vated protein kinase signaling pathways involving ex-
tracellular signal-regulated kinases (ERKs) play impor-
tant roles in neuroprotection of DA neurons. However,
the relative roles of the several ERK isoforms in the via-
bility of DA neurons have not yet been determined. In
the present study, we investigated the contributions of
ERK5, as well as ERK1/2, to MN9D cell survival under
basal conditions and in response to 6-hydroxydopa-
mine (6-OHDA). We observed that U0126, an inhibitor
of ERK activation, decreased basal survival of these
cells. To differentiate between ERK1/2 and ERK5, cells
were transfected with a dominant negative form of ei-
ther ERK5 or MEK1, the upstream activator of ERK1/2.
Transfection of MN9D cells with either dominant nega-
tive construct mimicked U0126, reducing cell survival.
Moreover, transfection of the cells in such a way as to
increase ERK5 or ERK1/2 activity inhibited 6-OHDA-
induced cell death, although this effect was significant
only in the case of ERK1/2 activation. These studies
suggest that activations of ERK5 and ERK1/2 both pro-
mote basal DA cell survival and that ERK1/2 also pro-
tects DA cells from oxidative stress. These are the first
studies to demonstrate a role for ERK5 in DA neuronal
survival and to investigate the relative roles of ERK1/2
and ERK5 in basal DA survival and neuroprotection
from oxidative stress. VVC 2006 Wiley-Liss, Inc.

Key words: 6-hydroxydopamine; cell death; MAPK; MN9D
cells; Parkinson’s disease

Parkinson’s disease is a debilitating neurodegenera-
tive disease that involves motor deficits attributed to the
loss of dopamine (DA) neurons in the substantia nigra
pars compacta. Although the cause of DA cell death is
not fully understood, there is substantial evidence that
oxidative stress is a contributing factor (Lotharius and
Brundin, 2002). To develop strategies to prevent DA
neuronal cell death, studies are necessary to explore the

relevant cellular processes. The present study aims to
examine the role of extracellular signal regulated kinase
(ERK) isoforms, members of the mitogen-activated pro-
tein kinase (MAPK) family, in DA neuronal survival.

The best studied of the ERK isoforms are ERK1 and
-2 (ERK1/2), which have been shown to be important for
neuroprotection from toxic insults such as DNA damage,
trophic factor deprivation, and oxidative stress, all of
which are thought to play a role in neurodegeneration
(Xia et al., 1995; Hetman et al., 1999). Previously, we
have provided evidence indicating that activation of ERK
plays a role in growth factor-mediated neuroprotection
from 6-hydroxydopamine (6-OHDA) toxicity in a dopa-
minergic cell line (Ugarte et al., 2003). However, the na-
ture of the ERK isoform involved in this protection is
unknown. In 1995, Zhou and coworkers reported the ex-
istence of an ERK isoform, ERK5. Although many stud-
ies, have implied that ERK1/2 is responsible for the neu-
roprotection that has been observed, those studies have
relied largely on the pharmacological inhibitors PD98059
and U0126, drugs that also inhibit the ERK5 pathway
(Kamakura et al., 1999; Mody et al., 2001). Thus, some of
the functions attributed to ERK1/2 might actually be car-
ried out by ERK5, which also has been shown to play a
role in neuronal survival. Although some support for this
possibility exists in other cell types (Watson et al., 2001;
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Liu et al., 2003; Shalizi et al., 2003), a role for ERK5 in
DA neuronal survival has not been explored.

In the present study, we examined the roles of
ERK1/2 and ERK5 in DA neuronal survival by using 6-
OHDA and MN9D cells. 6-OHDA is a structural analog
of catecholamines that is concentrated into neurons via
uptake by the high-affinity transport system located at
catecholaminergic terminals. After uptake, 6-OHDA is
rapidly oxidized into the cytotoxic compounds 6-OHDA
quinone and hydrogen peroxide and produces oxidative
stress, ultimately leading to cell death (Zigmond and
Keefe, 1997). MN9D cells are a dopaminergic cell line
formed through the fusion of an embryonic dopaminergic
cell from the mouse ventral mesencephalon and a neuro-
blastoma cell. These cells express ERK and tyrosine
hydroxylase (TH) and are susceptible to 6-OHDA toxic-
ity (Oh et al., 1995, 1998; Choi et al., 1999, 2000;
Ugarte et al., 2003). The results presented here suggest
that both ERK1/2 and ERK5 are important for DA neu-
ronal survival under basal conditions and following a
toxic insult.

MATERIALS AND METHODS

Materials

The following plasmids were used in this study: the
dominant negative and constitutively active MEK1 (Mansour
et al., 1994), the wild-type and dominant negative ERK5
(Kato et al., 1997), the dominant negative and constitutively
active MEK5 (Kato et al., 1997), the dominant negative and
constitutively active MEF2C (Han et al., 1997), and a lucifer-
ase reporter plasmid (PUH-luc; Boeckman and Aizenman,
1996; Rameau et al., 2000). The polyclonal ERK5 antibody
to the C-terminal 100-amino-acid sequence of ERK5 has
been previously described (Cavanaugh et al., 2001). The poly-
clonal antiphospho-p44/42 MAPK (ERK1/2) antibody was
purchased from Cell Signaling Technology, Inc. (Beverly,
MA).

Cell Cultures

Drs. A. Heller and L. Won (University of Chicago)
kindly provided the MN9D cell line used in these studies
(Choi et al., 1992). Cells were maintained in DMEM (Sigma,
St. Louis, MO) containing 10% fetal bovine serum (FBS;
Hyclone, Logan, UT) for passing cells and experiments in se-
rum-containing medium with 50 U/ml each of penicillin and
streptomycin. When indicated, cells were cultured in serum-
free DMEM or in a defined medium consisting of Neurobasal
medium supplemented with B27 (Invitrogen, Carlsbad, CA).

MN9D cells maintained in serum (10%), serum-free,
and defined medium had distinctly different cellular morphol-
ogies (see Fig. 1). In serum-containing medium and neuro-
basal medium, MN9D cells were larger and had processes sim-
ilar to those of primary neuronal cells. In contrast, cells ap-
peared rounded and had fewer processes when maintained in
serum-free medium for 24–48 hr. Therefore, cells maintained
in serum-containing medium exhibit a more neuronal-like
phenotype and enhanced survival compared with cells main-
tained in serum-free medium.

6-OHDA Treatment

A stock solution (10 mM) of 6-OHDA (Sigma) was
prepared in vehicle containing the metal chelator diethylene-
triamine pentaacetic acid (DETAPAC; 10 mM) and ascorbic
acid (0.15%) to minimize extracellular oxidation of 6-OHDA
(Ding et al., 2004). The stock solution was aliquoted, quickly
frozen on dry ice, and stored at –808C until use. Immediately
before each treatment, a small aliquot of 6-OHDA was ana-
lyzed by HPLC coupled with electrochemical detection
(Smith et al., 2002) and employing a 100 lM 6-OHDA stand-
ard made in 0.1 N HClO3 acid to identify the proper peak.
The detection limit of the system was 5 nM. 6-OHDA stored
at –808C was stable for at least 6 months as determined by
HPLC analysis of the compound.

Cells were treated with 6-OHDA (50–250 lM) for 15
min in serum-free DMEM. After treatment, the 6-OHDA-

Fig. 1. MN9D cells cultured in various media had distinct morphologies. A: MN9D cells cultured
in medium containing 10% serum. B: MN9D cells cultured in serum-free medium. C: MN9D
cells cultured in defined medium (Neurobasal with B27 supplement). All pictures were taken with
203 long-working-distance objective with a Retiga 1300R 12-bit cooled CCD digital camera (Q
Imagining, Barnaby, British Columbia, Canada).
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containing serum-free medium was removed and replaced
with 10% serum-containing DMEM or serum-free DMEM as
indicated.

U0126 Treatment

A stock solution (10 mM) of U0126 (Cell Signaling
Technology) was prepared in dimethylsulfoxide (DMSO).
The stock solution was aliquoted and stored at –208C until
use. U0126 (1–10 lM) was added to the cells, and viability
was measured 24 hr following treatment. The final concentra-
tion of DMSO for all treatments was 0.1%.

Quantitation of Cell Viability

To visualize nuclear morphology, cells were fixed in 4%
paraformaldehyde/4% sucrose and stained with 2.5 lg/ml
Hoechst 33258 (bisbenzimide; Sigma) 24 hr following treat-
ment. Because most cells that are dead lift off the culture
plates, cell viability is reported as the number of live cells per
well. Uniformly stained nuclei were scored as healthy, viable
neurons. Condensed or fragmented nuclei were scored as apo-
ptotic.

MN9D cell viability was also measured by using the
CellTiter Glo Luminescent Cell Viability Assay (Promega,
Madison, WI) as described by the manufacturer. This assay is
based on a luciferase reaction that requires ATP. Therefore,
the lumination produced is proportional to the amount of
ATP and provides an indication of cellular metabolic activity.

Transient Transfection of MN9D cells

MN9D cells were plated (100,000 cells/well; 24 well
plate) overnight and transiently transfected with Lipofectamine
2000 (Invitrogen), a lipid-based transfection method (Hetman
et al., 2000, 2002). Cells were cotransfected with an expres-
sion vector encoding luciferase (PUHluc) as a reporter for trans-
fected cells, and cell death was scored in the transfected cells as a
loss of luciferase activity by using the Steadylite luminescence
assay as previously described (Boeckman and Aizenman, 1996;
Rameau et al., 2000). Transfection efficiency was typically 60–
70%.

Western Analysis

MN9D cells were plated (500,000 cells/35-mm plate)
overnight in 10% serum-containing medium and treated with
U0126 (1–10 lM). After treatment, Western blot analyses of
ERK5 and phosphorylated ERK1/2 were performed as previ-
ously described (Cavanaugh et al., 2001). The same blots were
stripped and reprobed for a-tubulin to test for equal protein
loading. An antiphospho-ERK1/2 antibody was used to rec-
ognize the phosphorylated form of ERK1/2, indicative of
ERK1/2 activation. Phosphorylation of ERK5 was observed
as a shift in ERK5 mobility, which we and others have shown
is indicative of the formation of pERK5 and ERK5 activation
(Kato et al., 1997; Cavanaugh et al., 2001). Furthermore, pre-
vious reports have shown that treatment with phosphatases
inhibits phosphorylation of ERK5 noted by a loss of the
higher molecular weight band (Kamakura et al., 1999; Busch-
beck et al., 2002; Garcia et al., 2002).

Statistical Analysis

The data were analyzed with SPSS 12.01 statistical soft-
ware (SPSS, Chicago, IL) via two-way analysis of variance
(ANOVA), followed by post hoc testing with Bonferroni
error correction or a univariate analysis of variance (UNIA-
NOVA), followed by pairwise comparisons as indicated.

RESULTS

Survival of MN9D Cells Under Basal
Conditions and in Response to 6-OHDA
Was Influenced by the Culture Medium

There is ample evidence that the characteristics
of cells in culture are highly dependent on the medium
in which they are grown (Wolinsky et al., 1985; Brewer,
1995; Ricart and Fiszman, 2001; Ward et al., 2004). Con-
sistently with these observations, we found that MN9D
cells maintained in serum-containing (10%), serum-free,
or defined medium had distinct cellular morphologies
(Fig. 1). Moreover, basal cell viability was significantly
higher in the presence of 10% serum than in the absence
of serum (Fig. 2). In each medium, 6-OHDA significantly
decreased cell viability in a concentration-dependent man-
ner, as measured by nuclear staining (33–67% decrease;
Fig. 2A) or ATP levels (23–60% decrease; Fig. 2B). How-
ever, toxicity of 6-OHDA was influenced by the nature of
the culture medium. Toxicity, as determined by a reduc-
tion of ATP levels and bisbenzimide staining, was signifi-
cantly reduced in cells maintained in 10% serum-contain-
ing medium compared with cells in serum-free or defined
medium. To be able to distinguish 6-OHDA-induced cell
death from that produced by trophic factor withdrawal in
cells maintained in serum-free medium, we chose to use
10% serum-containing medium as our standard condition
and employed it for the remainder of our studies.

Pharmacological Inhibition of ERK1/2
and ERK5 Activation Decreased Basal Cell
Survival in MN9D Cells

We have previously shown that exposure of MN9D
cells to U0126 for 1–2 hr had no effect on basal survival
(Ugarte et al., 2003; Lin et al., 2004). However, the
impact of a longer exposure to U0126 has not been pre-
viously explored. After 24 hr of exposure to U0126 (1–
10 lM) or vehicle (DMSO), MN9D cell death was deter-
mined by bisbenzimide staining. Twenty-four-hour ex-
posure to U0126 significantly decreased the number of
live cells in a concentration-dependent manner (Fig. 3A).
This increase in cell death correlated with a concentra-
tion-dependent decrease in ERK1/2 and ERK5 phos-
phorylation, indicating a role for ERK1/2 and/or ERK5
activation in survival (Fig. 3B).

Transfection With Dominant Negative MEK1
or Dominant Negative ERK5 Decreased
Basal Survival of MN9D Cells

To determine the relative roles of ERK1/2 and
ERK5 in basal dopaminergic cell survival, we transiently
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transfected MN9D cells with a dominant negative MEK1
or a dominant negative ERK5 to block specifically the
ERK1/2 or ERK5 pathway, respectively. As a control,
cells were transfected with an empty vector (pcDNA3),
and all cells were transfected with equal amounts of

DNA. Transfection with the dominant negative con-
structs decreased basal cell survival in a concentration-de-
pendent manner in serum-containing medium, suggesting
that both ERK1/2 and ERK5 activity are necessary for
serum-promoted survival under basal conditions (Fig. 4).

Fig. 3. Inhibitors of ERK1/2 and ERK5 pathways increased basal
cell death in MN9D cells. A: U0126 (0–10 lM), an inhibitor of the
upstream ERK1/2 and ERK5 MAPKKs, MEK1 and MEK5, respec-
tively, increased basal cell death in a dose-dependent manner. MN9D
cells were maintained in 10% serum medium. At 24 hr following
U0126 treatment, morphology of MN9D cell nuclei was examined
by using bisbenzimide dye (Hoechst). The numbers of live cells were
quantified as for Figure 2. Error bars show SEM. Raw data were an-
alyzed via two-way ANOVA, followed by Bonferroni post hoc anal-
ysis. *P < 0.05 compared with vehicle control. B: U0126 inhibited
ERK1/2 and ERK5 activation in a dose-dependent manner. Cell
lysates were prepared, and 20 lg of total protein was used for West-
ern analysis with antibodies recognizing ERK5 (1:1,000) or phospho-
rylated (P) ERK1/2 (1:1,000). Phosphorylation of ERK5 was
observed as an upward shift in ERK5 mobility, indicative of ERK5
activation. The antiphospho-ERK1/2 antibody recognizes the phos-
phorylated and activated ERK1/2, indicative of ERK1/2 activation.
Western analysis of a-tubulin was used to determine protein loading.
Data are representative of three independent experiments.

Fig. 2. 6-OHDA increased cell death in a concentration-dependent
manner in 10% serum containing, serum-free, and defined media. A:
At 24 hr following 15 min of stimulation with 6-OHDA (0–250 lM),
morphology of MN9D cell nuclei was examined by using bisbenzimide
dye (Hoechst). Evenly stained nuclei, characteristic of healthy cells, and
condensed or fragmented nuclei, characteristic of apoptotic cells, were
quantified. Because late-stage apoptotic cells detached from the culture
dish at 24 hr following 15 min of treatment with 6-OHDA, we quanti-
tated cell death by counting the number of live cells remaining. 6-
OHDA-induced apoptosis in a dose-dependent manner in all media.
Cultures maintained in serum-free or defined medium had fewer live
cells under basal conditions (vehicle) than cultures maintained in 10%
serum. B: Loss of ATP, indicative of cell death, was measured in
MN9D cells 24 hr following 15 min of 6-OHDA (0–250 lM) expo-
sure using the CellTiter Glo assay according to the manufacturer’s pro-
tocol. Similar to the results with bisbenzimide staining, 6-OHDA
decreased ATP levels in a dose-dependent manner in all media. Cul-
tures maintained in serum-free or defined medium had lower basal (ve-
hicle) ATP levels than cultures maintained in 10% serum. Results (A,B)
are averages of five to seven independent experiments. Error bars show
SEM. Raw data were analyzed via two-way ANOVA, followed by
Bonferroni post hoc analysis. *P < 0.05 compared with vehicle control
in the same medium, **P < 0.05 compared with vehicle in 10% serum
medium.
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Transfection With Constitutively Active
MEK5 and Wild-Type ERK5 Increased Basal
Survival of MN9D Cells

As noted in the introductory paragraphs, the ERK1/
2 pathway has been implicated in neuronal survival fol-
lowing several toxic insults. However, such studies have
used pharmacological inhibitors that have been shown to
block the activation of MEK5 as well as MEK1, thereby
inhibiting activation of both ERK5 and ERK1/2. There-
fore, to distinguish between the ERK1/2 and the ERK5
pathways and to establish their relative roles in dopaminer-
gic cell survival, MN9D cells were transiently transfected
with either a constitutively active MEK1 to activate
ERK1/2 signaling or a constitutively active MEK5 plus
wild-type ERK5 to activate ERK5 signaling. Cotransfec-
tion of a constitutively active MEK5 and wild-type ERK5
was necessary to activate the ERK5 pathway effectively
(Cavanaugh et al., 2001; Kondoh et al., 2006; Namakura
et al., 2006; Ranganathan et al., 2006).

Cotransfection with a constitutively active MEK5
and wild-type ERK5 increased basal cell survival (28%) of
MN9D cells. In contrast, transfection with constitutively
active MEK1 decreased basal cell survival, suggesting that,
among the three isoforms, it is ERK5 that serves to pro-
mote the basal survival of MN9D cells.

Transfection With Constitutively Active MEK1
or Constitutively Active MEK5 and Wild-Type
ERK5 Decreased 6-OHDA-Induced MN9D
Cell Death

To examine the relative roles of the ERK1/2 and
ERK5 pathways in cell survival following oxidative stress,
MN9D cells transfected with constitutively active mem-
bers of these pathways were briefly exposed to 6-OHDA
and examined 24 hr later (see Fig. 6). Transfection with
these constructs tended to decrease 6-OHDA-induced
toxicity, suggesting that the ERK1/2 and ERK5 path-
ways might both play an important role in the neuropro-
tection of dopaminergic cells following oxidative stress.
However, the protection was significant only following
transfection with constitutively active MEK1.

MEF2C May Be a Critical Downstream
Target in ERK5-Mediated Survival

The targets for ERK1/2 and ERK5 overlap but are
not identical. For example, they both activate the tran-
scription factors c-Myc and Sap1a in neuronal and non-
neuronal cell types (Kato et al., 1997; English et al., 1998;
Yang et al., 1998; Kamakura et al., 1999; Marinissen
et al., 1999); however, ERK1/2 phosphorylates and acti-
vates Elk-1, whereas ERK5 does not. Similarly, ERK5,
but not ERK1/2, phosphorylates and activates MEF2A
and MEF2C (Gille et al., 1992; Marais et al., 1993; Kato
et al., 1997; English et al., 1998; Yang et al., 1998; Mari-
nissen et al., 1999; Cavanaugh et al., 2001).

To examine a possible downstream target for ERK5
in dopaminergic neuronal survival, we transiently trans-
fected MN9D cells with a constitutively active MEF2C
and examined basal cell survival and 6-OHDA-induced
toxicity 24 hr later (Figs. 5, 6). Transfection with consti-
tutively active MEF2C increased basal cell survival and
inhibited 6-OHDA-induced cell death, suggesting that
MEF2C is important for MN9D cells survival and may be
the downstream target of ERK5 in these cells.

DISCUSSION

In the present study, we examined the role of
ERK1/2 and ERK5 in basal and 6-OHDA-induced death
of dopaminergic MN9D cells. Transfection with constitu-
tively active components of the ERK5 pathway increased
basal survival but did not significantly inhibit 6-OHDA-
induced toxicity. In contrast, transfection with constitu-
tively active MEK1, the upstream kinase of ERK1/2,
decreased basal survival but significantly inhibited further
cell death produced by 6-OHDA. Inhibition of either
ERK pathway with appropriate dominant negative con-
structs decreased basal MN9D cell survival. These data
suggest that ERK5 may play a larger role in basal survival
of dopaminergic cells and that ERK1/2 is more important
for survival of dopaminergic cells during exposure to acute
oxidative stress. Our data also suggest that the MEF2C
transcription factor, a downstream target of ERK5, may
play a role in MN9D cell survival. To our knowledge, this
is the first study to show evidence that ERK1/2 and

Fig. 4. Transfection with dominant negative MEK1 or ERK5
decreased basal MN9D cell survival. MN9D cells maintained in 10%
serum were transfected with a lipid-based transfection (Lipofectamine
2000) method according to the manufacturer’s instructions. MN9D
cells were transiently transfected with dominant negative MEK1 or
dominant negative ERK5 to inhibit the activity of the ERK1/2 and
ERK5 pathways, respectively. Cells were also cotransfected with a
luciferase reporter plasmid (PUH-luc) and pcDNA3 to keep the total
amount of DNA constant. Loss of transfected cells was measured
24 hr following transfection using the Steadylite luciferase reporter
assay according to the manufacturer’s protocol. Data are expressed as
percentage control. Results are representative of three independent
experiments. Error bars show SEM. Raw data were analyzed via
two-way ANOVA, followed by Bonferonni post hoc analysis. *P <
0.05 compared with control.
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ERK5 play distinct roles in the survival of a dopaminergic
neuronal cell type following oxidative stress and under ba-
sal conditions.

Influence of Serum on Survival of MN9D Cells

Previous results from our laboratory have shown
that 6-OHDA increases MN9D cell death in a concentra-
tion-dependent manner (Ugarte et al., 2003). However,
in that previous study, MN9D cells were maintained in
serum-free medium that by itself increased basal cell
death. In the present study, we examined spontaneous
and 6-OHDA-induced cell death in medium containing
10% serum as well as in serum-free medium. Cells main-
tained in the presence of serum had a higher level of sur-
vival and a lower vulnerability to 6-OHDA. The increased
a toxicity of 6-OHDA in serum-free medium may be a
result of the cells being in an already compromised state
because of growth factor withdrawal. In defined medium,
MN9D cells did not proliferate as rapidly as when they
were maintained in 10% serum medium. Therefore, the
increase in 6-OHDA-induced toxicity in cells cultured in
defined medium may be due to this decrease in prolifera-
tion. These results are consistent with the well-known
effects of trophic factors on various neurons, including
those of dopaminergic origin.

Role of ERK1/2 in Basal Survival

The MAPK intracellular signaling pathways appear
to play a key role in the regulation of the cell survival of
many cells, including neurons. As noted in the introduc-
tory paragraphs, the best studied of these kinases, ERK1/2,
has been shown to be important for neuroprotection from
a variety of toxic insults thought to play a role in neurode-
generation (Xia et al., 1995; Hetman et al., 1999). ERK1/
2 also has been implicated in trophic factor-induced pro-
tection from insults (Hetman et al., 1999, 2000). Further-
more, the recent literature suggests that sustained activation
of the ERK1/2 signaling cascade might also contribute to

Fig. 5. Transfection with constitutively active components of the
ERK5 pathway increased basal survival in MN9D cells. MN9D cells
maintained in 10% serum were transfected by using a lipid-based
transfection (Lipofectamine 2000) method according to the manufac-
turer’s instructions. MN9D cells were transiently transfected with
constitutively active MEK1 or constitutive active MEK5 and wild-
type ERK5 to activate the ERK1/2 and ERK5 pathways, respec-
tively, or constitutively active MEF2C, a downstream target of
ERK5. In all cases, cells were cotransfected with a luciferase reporter
plasmid (PUH-luc). The total amount of DNA was kept equal for
each transfection condition with addition of pcDNA3 when neces-
sary. MN9D cell viability was measured 48 hr following transfection
by using the Steadylite luciferase reporter assay according to the man-
ufacturer’s protocol. Data are expressed as percentage control (co-
transfection of PUH-luc and pcDNA3 set as 100%). Transfection
with constitutively active MEK5 þ wild-type ERK5 or constitutively
active MEF2C increased basal survival. In contrast, transfection with
constitutively active MEK1 decreased basal survival. Results are rep-
resentative of four or five independent experiments. Error bars show SEM.

Fig. 6. Transfection with constitutively active components of the
ERK1/2 or ERK5 pathways decreased 6-OHDA-induced toxicity in
MN9D cells. MN9D cells maintained in 10% serum were transfected
with constitutively active members of the ERK1/2 and ERK5 signal-
ing cascades, as noted for Figure 5. On the day following transfec-
tion, MN9D cells were treated with 0, 50, or 100 lM 6-OHDA for
15 min. Loss of transfected cells was measured 24 hr following 6-
OHDA treatment by using the Steadylite luciferase reporter assay
according to the manufacturer’s protocol. Data are expressed as per-
centage control (vehicle treatment for each transfection condition set
as 100%). Transfection with constitutively active MEK1, constitu-
tively active MEK5 þ wild-type ERK5, or constitutively active MEF2C
decreased 6-OHDA toxicity. Results are representative of four or
five independent experiments. Error bars show SEM. Raw data were
analyzed via UNIANOVA, followed by pairwise comparison of the
means. **P < 0.05 compared with PUH-luc-transfected cells.
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neuronal cell death, insofar as activated ERK1/2 retained
in the nucleus increased cell death (Kulich and Chu, 2001;
Stanciu and DeFranco, 2002). In the present study, activa-
tion or inhibition of the ERK1/2 pathway via transfection
with a constitutively active or a dominant negative MEK1,
respectively, decreased basal MN9D cell survival. These
data suggest that the role of the ERK1/2 pathway in basal
dopaminergic cell death may be dependent on the mainte-
nance of a delicate balance between activated and nonacti-
vated ERK1/2 within the cell. Overstimulation of the
ERK1/2 pathway may lead to nuclear retention of acti-
vated ERK1/2 and subsequently to cell death. Similarly,
inhibition of basal ERK1/2 activity via transfection with a
dominant negative MEK1 might also tip the balance in
favor of cell death. Future studies will be conducted to
examine the localization of ERK1/2 within dopaminergic
cells.

Influence of ERK1/2 in Response
to Oxidative Stress

We observed that transfection of MN9D cells with
constitutively active MEK1 blocked the toxic effects of 6-
OHDA. In contrast, sustained activation of ERK1/2 has
been shown to contribute to 6-OHDA-induced neuro-
toxicity in the CNS-derived dopaminergic B65 cell line
(Kulich and Chu, 2001; Zhu et al., 2002, 2003). This
apparent discrepancy may be due to the use of a different
cell line and/or protocol for exposing cells to the neuro-
toxin. For example, whereas many previous studies have
exposed cells to 6-OHDA for relatively long periods, our
exposures were limited to 15 min to minimize the oxida-
tion of 6-OHDA prior to its uptake into the MN9D cells
(see Ding et al., 2004). In addition, data from our research
group have shown that, as in B65 cells, MN9D cells ex-
hibit both transient and sustained peaks of 6-OHDA-
induced ERK1/2 and ERK5 activation as indicated by
Western blot analysis in MN9D cells (Lin et al., 2004).
We find that inhibition of the transient increase of ERK
activation by U0126, which peaks at 15 min, increases 6-
OHDA-induced toxicity. However, we have not yet
identified a role for the second, sustained peak of ERK
activation in DA cell survival.

Role of ERK5 and MEF2C in Determining
Viability of MN9D Cells

Similar to ERK1/2, recent results from dorsal root
ganglion, cortical, and cerebellar neurons suggest a role
for ERK5 in neuronal survival (Watson et al., 2001; Liu
et al., 2003; Shalizi et al., 2003). In cortical and cerebellar
neurons, ERK5 plays a larger role in neuronal survival
during embryonic development than during postnatal de-
velopment. Consistent with these findings, the present
studies suggest that activation of ERK5 contributes to ba-
sal DA cell survival. Although activation of the ERK5
pathway also provided some neuroprotection from acute
6-OHDA toxicity in MN9D cells, our data suggest that
this role was less than that of ERK1/2. Thus, mainte-
nance of basal survival by ERK5 may be more important

for protection from chronic exposure to toxins. Current
studies in our laboratory are being conducted to explore
the effect of the ERK5 pathway neuronal survival follow-
ing chronic exposure to a neurotoxin.

The MEF2 proteins constitute a family of transcrip-
tion factors that includes MEF2C as a downstream target
of ERK5 (Kato et al., 1997; English et al., 1998; Marinis-
sen et al., 1999). MEF2C has been shown to play a role
in the survival of some types of neurons (Bonni et al.,
1999; Mao et al., 1999); however, a role for MEF2C in
DA neuronal survival has not been previously reported.
We have now shown that constitutive activation of
MEF2C significantly increases basal cell survival and
decreases 6-OHDA-induced cell death in MN9D cells.
These data further support a role for ERK5 in basal dopa-
minergic cell survival and suggest that MEF2C might be a
target of the ERK5 signaling pathway in DA neuronal
cells.

Interactions Between ERK1/2 and ERK5

Our studies support the hypothesis that ERK1/2
and ERK5 are important for DA neuronal survival. Inhi-
bition of these pathways, either pharmacologically or by
using transient transfection with dominant negative mu-
tants, decreased MN9D cell survival in a concentration-
dependent manner. These data suggest that the ERK1/2
and ERK5 pathways may interact to promote basal sur-
vival of DA neuronal cells. Although ERK1/2 and ERK5
activate distinct downstream targets, such as Elk-1 and
MEF2C, respectively, they also act on common targets,
such as the cMyc and Sap1a transcription factors (Gille
et al., 1992; Kato et al., 1997; English et al., 1998; Kama-
kura et al., 1999; Marinissen et al., 1999; Cavanaugh
et al., 2001). Therefore, it is possible that these pathways
activate common targets such as cMyc or Sap1a in DA
neuronal cells to promote cell survival, and maximal acti-
vation of these transcription factors may require both ERK
pathways. Alternatively, DA neurons may require simul-
taneous activation of the distinct ERK1/2 and ERK5
transcription factors Elk-1 and MEF2C, respectively, for
survival.

Knowledge of these signaling mechanisms in DA
neurons should greatly aid in the development of new
therapeutic approaches for neurodegenerative diseases,
specifically, Parkinson’s disease. Results from this study
provide new information on the ERK signaling pathways
that play a role in the neuroprotection and basal survival
of DA neurons. Future studies will examine whether
there is cross-talk between the ERK1/2 and the ERK5
pathways or whether these kinases are working independ-
ently to increase DA neuronal survival.
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Rapid Activation of ERK by
6-Hydroxydopamine Promotes Survival
of Dopaminergic Cells

Eva Lin, Jane E. Cavanaugh, Rehana K. Leak, Ruth G. Perez,
and Michael J. Zigmond*

Pittsburgh Institute for Neurodegenerative Diseases, University of Pittsburgh, Pittsburgh, Pennsylvania

Isoforms of the mitogen-activated protein kinase ERK
have been implicated in both cell survival and cell death.
In the present study we explored their role in cell viability
in response to oxidative stress. Using the dopaminergic
MN9D cell line, we determined that cell death occurred
in a concentration-dependent manner after exposure to
6-hydroxydopamine (6-OHDA). The toxicity of 6-OHDA
was mediated through generation of reactive oxygen
species and was accompanied by a large increase in
phosphorylated ERK1/2 but no significant increase in
phosphorylated ERK5. 6-OHDA produced a distinct tem-
poral pattern of ERK1/2 activation, with phosphorylated
ERK1/2 peaks occurring after 10–15 min (25-fold in-
crease) and 6–24 hr (13-fold increase). Inhibition of the
early phosphorylated ERK1/2 peak with U0126 in-
creased the generation of reactive oxygen species by
6-OHDA as well as 6-OHDA-induced toxicity, whereas
inhibition of the late peak did not affect 6-OHDA-induced
cell death. The time course of phosphorylation of the
prosurvival protein CREB mimicked the temporal profile
of ERK1/2 activation after 6-OHDA, and blocking the
early phospho-ERK1/2 peak also abolished CREB acti-
vation. In contrast, activation of caspase-3 by 6-OHDA
was delayed, occurring after about 6 hr, and this activa-
tion was increased by inhibition of the first phosphoryl-
ated ERK1/2 peak. These results suggest that the rapid
activation of ERK1/2 in dopaminergic cells by oxidative
stress serves as a self-protective response, reducing
the content of reactive oxygen species and caspase-3
activity and increasing downstream ERK1/2 sub-
strates. VVC 2007 Wiley-Liss, Inc.

Key words: cell death; MAPK; MN9D; oxidative stress;
Parkinson’s disease

Although the cause of idiopathic Parkinson’s disease
(PD) is unknown, signs of heightened oxidative stress and
reduced antioxidant capacity are present in post-mortem
PD brains; this and other evidence suggest a role for
oxidative stress (Jenner and Olanow, 1998; Olanow and
Tatton, 1999). Thus, determining how dopamine (DA)
neurons protect themselves from oxidative stress may be
of considerable clinical significance because PD may result
from a failure of these defense mechanisms, and boosting

the defenses may protect DA neurons. In previous studies
we have used the neurotoxin 6-hydroxydopamine
(6-OHDA) to produce selective oxidative stress in a DA
cell line and have studied how exogenous glial cell line–
derived neurotrophic factor (GDNF) protects against such
oxidative stress (Zigmond, 1997; Ugarte et al., 2003; Ding
et al., 2004). In this report we explore the presence of
intrinsic mechanisms for defending against oxidative stress.

Mitogen-activated protein kinases (MAPKs), in-
cluding extracellular signal–regulated kinases (ERKs),
have been implicated in the response to reactive oxygen
species (Guyton et al., 1996a; Dudek et al., 1997; Bonni
et al., 1999; Harada et al., 2004). Mitogens, growth fac-
tors, and other extracellular stimuli activate MEK1/2
through the Ras/Raf pathway; MEK1/2 then phospho-
rylates and activates ERK1/2 (Seger and Krebs, 1995).
To promote survival, phosphorylated ERK1/2 (pERK1/
2) activates transcription factors such as cAMP response
element–binding protein (CREB) and Elk, thereby
increasing transcription of neurotrophic factors such as
brain-derived neurotrophic factor (BDNF) and GDNF,
as well as prosurvival genes such as Bcl-2 (Finkbeiner
et al., 1997; Finkbeiner, 2000).

Oxidative stress itself can stimulate phosphorylation
of the ERK family of MAPKs. Once phosphorylated,
the activated ERK can affect cellular responses in either
a prosurvival or a prodeath manner depending on the
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kinetics and duration of its activation (Pouyssegur et al.,
2002). For example, when activation is rapid and tran-
sient, pERK tends to enhance survival (Xia et al., 1995;
Guyton et al., 1996b; de Bernardo et al., 2004; Luo and
DeFranco, 2006), but when activation is delayed and
sustained, pERK can lead to cell death (Kulich and Chu,
2001; Seo et al., 2001; Stanciu and DeFranco, 2002;
Canals et al., 2003). Thus, in the present study, we
assessed how increased pERK caused by oxidative stress
affected cell viability in MN9D cells, a cell line with do-
paminergic characteristics. The cells were exposed to the
dopaminergic toxin 6-OHDA, and both pERK and cel-
lular viability were monitored. We conclude that in our
system, the stress-induced increase in pERK exerted a
self-protective influence through a reduction of reactive
oxygen species (ROS), an increase in activated CREB,
and inhibition of caspase-3 activation.

MATERIALS AND METHODS

Cell Culture

MN9D cells, a fusion of rostral mesencephalic neurons
from embryonic C57BL/6J (E14) mice with N18TG2 mouse
neuroblastoma cells (Choi et al., 1991), were a gift from Drs.
Alfred Heller and Lisa Won. For all experiments, cells were
grown on Primaria plates (BD-Falcon Biosciences, Bedford,
MA) in Dulbecco’s Modified Eagle’s Medium [DMEM; D5648
(containing pyridoxol HCl); Sigma, St. Louis, MO] at a pH of
7.2, supplemented with 50 units/mL penicillin, 50 mg/mL
streptomycin, and 10% fetal bovine serum (Hyclone, Logan,
UT). Cells were maintained at 378C with 5% CO2 and used in
their undifferentiated state between passages 8 and 20.

Experimental Treatments

Cells were plated the day before treatment at 15,000
cells/well in triplicate in 96-well Primaria plates (0.32 cm2

surface area) for viability determination or at 500,000 cells/
well in six-well Primaria plates (9.6 cm2 surface area) for lysate
collection. 6-OHDA (Sigma, St. Louis, MO), a readily oxi-
dizable analogue of dopamine, was prepared in a vehicle
containing DETAPAC (diethylenetriamine pentaacetic acid,
10 mM; Sigma, St. Louis, MO) and 0.015% ascorbic acid and
bubbled with nitrogen gas for 10 min to reduce oxidative
degradation. Using this protocol, we noted little oxidation of
6-OHDA after 30 min, ensuring that the effects of 6-OHDA
on cells would be a result of generation of intracellular ROS
rather than a general cytotoxic effect (Ding et al., 2004).
There appeared to be lot-to-lot variability in the 6-OHDA,
which over time shifted the EC50 for MN9D cells in different
experiments. We have seen this before (Ding et al., 2004),
and others have reported this as well. Nonetheless, regardless
of the EC50, we found that a given treatment always had
comparable effects on viability and ERK phosphorylation over
the course of the experiments when those effects were
expressed as percentages of the impact of the proper vehicle
control. The medium was changed to serum-free medium
(SFM) for 4–6 hr to reduce basal pERK levels; the cells were
then treated with 6-OHDA. To prevent cell division, the cells
remained in serum-free media until evaluation 24 hr later.

In experiments designed to block ERK phosphorylation
at particular times, we used U0126 (Calbiochem, San Diego,
CA), a reversible inhibitor of ERK (Dudley et al., 1995;
Favata et al., 1998; Appert-Collin et al., 2005; Yuan et al.,
2006). U0126 (5 lM) was prepared in dimethyl sulfoxide
(Sigma, St. Louis, MO) and added to the cells 1 hr prior to 6-
OHDA delivery. After exposure to 6-OHDA, the medium
was replaced with SFM for 24 hr.

Cell Viability Measurement

Cell viability was determined by two methods. First, to
determine nuclear condensation using Hoechst stain, the cells
were fixed in 4% formaldehyde/4% sucrose for 20 min. The
fixative was removed, and 1 lg/mL of Hoechst 33258 (Sigma,
St. Louis, MO) was added for 20 min. Stained cells were stored
in PBS with 0.02% azide at 48C. Analysis of stained cells was
performed by counting five independent fields in each well at
203 magnification. Cells were considered viable if their nuclei
exhibited a rounded morphology without fragmentation or
nuclear condensation, whereas cells were classified as dead if
their nuclei were fragmented or condensed and more brightly
stained. Second, as a test for loss of cell membrane integrity, lac-
tate dehydrogenase (LDH) release was measured using the Cyto-
Tox96 Non Radioactive Cytotoxicity Assay (Promega, Madi-
son, WI), performed according to the manufacturer’s protocol.
Cells were plated and treated in 96-well plates as described
above. Twenty-four hours after removal of 6-OHDA, 50 lL
of media from each experimental well was transferred to a new
96-well plate. The remaining cells in the wells were lysed with
the manufacturer’s lysis buffer, and 50 lL from each well was
also transferred to the same 96-well plate. A substrate mix
provided by the manufacturer was next added to each well and
incubated for 30 min at room temperature, and then a stop
solution was added to terminate the reaction. Absorbance read-
ings were taken at 490 nm. The percentage of cell death was
determined by the formula

Percent cytotoxicity ¼ ½media ðOD490Þ=ðmedia ðOD490Þ
þ remaining cells ðOD490Þ� 3 100:

Some cell death was observed even in the absence of any treat-
ment. This was probably in large part a result of serum deprivation.

Western Blot

At varying times after exposure to 6-OHDA exposure, as
described above, the cells were washed with Dulbecco’s PBS
and then lysed in either 1% Nonidet P40 buffer containing
aprotinin, leupeptin, and AEBSF or 1% Triton X-100 buffer
containing 20 mM Tris (pH 6.8), 137 mM NaCl, 25 mM beta
glycerophosphate, 2 mM NaPPi, 2 mM EDTA, 1 mM
Na3VO4, 10% glycerol, 5 lg/mL leupeptin, 5 lg/mL aproti-
nin, 2 mM benzamidine, 0.5 mM DTT, and 1 mM PMSF.
The lysates were centrifuged at 15,000 rpm for 10 min at 48C.
Protein content of the supernatant was determined by the BCA
assay (Pierce, Rockford, IL). Equal amounts of protein (20 lg)
from each treatment were then separated on SDS gels and
transferred to nitrocellulose membrane (BioRad Laboratories,
Hercules, CA) for Western blot analysis. Blots were blocked in
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5% nonfat milk in TBS for 1 hr prior to incubation overnight
at 48C in primary antibody (pERK1/2, total ERK5, cleaved
caspase 3, pCREB, Cell Signaling, Beverly, MA; b-actin or a-
tubulin, Sigma, St. Louis, MO). Blots were then incubated
with secondary antibody (horseradish peroxidase–conjugated
antirabbit or -mouse, Calbiochem, San Diego, CA). Proteins
were visualized with enhanced chemiluminescence (NEN,
Boston, MA). Signal was quantified using the MCID Elite pro-
gram (Imaging Research, St. Catharines, Ontario, Canada).
Blots were stripped and reprobed for total ERK and total
CREB (Cell Signaling, Beverly, MA) in order to normalize the
phosphoprotein levels.

ERK1/2 Kinase Assay

Cells were plated in six-well plates, treated, and lysed as
noted above for Western blot analysis. Immunoprecipitation
and kinase assays of pERK1/2 were performed according to the
manufacturer’s protocol (p44/p42 Kinase Assay Kit, Cell Signal-
ing, Beverly, MA). In brief, pERK1/2 was immunoprecipitated
from lysates collected after 6-OHDA treatment on beads
coupled to pERK1/2 antibody. The bead-bound pERK1/2
was then incubated with exogenous Elk (Elk-1 Fusion Protein,
Cell Signaling, Beverly, MA), and phospho-Elk levels were
determined by Western blot analysis of assay samples as
described above (p-Elk, Cell Signaling, Beverly, MA).

ROS Assay

Cells were plated as described above in 96-well Primaria
plates and were preincubated with 5 lM H2DCF [5-(and-6)-
chloromethyl-20,70-dichlorodihydrofluorescein diacetate acetyl
ester; Molecular Probes, Carlsbad, CA] for 1 hr prior to treat-
ment with 6-OHDA. This cell-permeant indicator remained
nonfluorescent until converted to DCF by removal of the ac-
etate groups by intracellular esterases after oxidation in the
cell. The uninternalized H2DCF reagent was washed out, and
the cell medium was replaced with SFM before 6-OHDA
treatment. After removal of 6-OHDA, cells received fresh
SFM, and readings (excitation 480/emission 530) were taken
on a Cytofluor 2300 fluorescent plate reader 24 hr later to
measure the fluorescent cleavage product dichlorofluorescein
(DCF), an index of ROS formation.

Statistical Analysis

Data represent the mean 6 SEM for each experimental
condition. All experiments were repeated on separate occa-
sions a minimum of three times using duplicate or triplicate
samples for each treatment condition. Data from all experi-
mental conditions were analyzed by analysis of variance
(ANOVA) using SPSS V10.1 (SPSS Inc., Chicago, IL) or
GraphPad Prism (San Diego, CA). When the ANOVA results
were significant at P < 0.05, post hoc tests were carried out
using the methods of Bonferroni, Tukey, and Dunnets.

RESULTS

Concentration-Dependent MN9D Cell Death in
Response to 6-OHDA

6-OHDA caused the death of MN9D cells in a
concentration-dependent manner, as measured by

Hoechst staining 24 hr after a 30-min exposure to the
toxin (Fig. 1A, black bars). For example, 24 hr after ex-
posure to 100 lM 6-OHDA, cell loss was approximately
50%, as measured by Hoechst staining. In contrast, 6-
OHDA-induced LDH release, a measure of the loss of
membrane integrity that characterizes necrosis, was not
significantly increased in the cells except at the highest
concentration of 6-OHDA (1,000 lM, P < 0.05; Fig.
1B). These results suggest that under our conditions, cell
death by 6-OHDA resulted primarily from apoptotic-
like cell death involving nuclear condensation rather

Fig. 1. 6-OHDA killed MN9D cells in a concentration-dependent
manner and increased ROS generation. Cells were treated for 30 min
with 6-OHDA. A: Cell viability as determined by Hoechst staining
24 hr after 6-OHDA removal showing that 6-OHDA increased
apoptotic-like cell death in a concentration-dependent manner and that
the addition of the antioxidant NAC (20 mM) protected against 6-
OHDA-induced cell death. Data represent the mean 6 SEM of three
independent experiments. *P < 0.05. Significance of differences
between vehicle and 20 mM NAC at each 6-OHDA concentration
determined. B: Minimal necrotic-like cell death resulting from 6-
OHDA at low concentrations. LDH assays conducted on cells treated
with increasing concentrations of 6-OHDA. LDH release was measured
24 hr after 6-OHDA removal. Data represent the mean6 SEM of three
independent experiments. C: Cells treated with increasing concentra-
tions of 6-OHDA (100–400 lM); ROS levels after 24 hr monitored
with the DCF assay. Addition of NAC (20 mM) blocked the 6-
OHDA-induced generation of ROS. Data represent the mean 6 SEM
of three independent experiments; *P < 0.05, significant difference
between 0 and 20 mMNAC at the 6-OHDA concentration indicated.
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than from the necrotic-like cell death associated with
loss of membrane integrity.

Toxicity of 6-OHDA Was Mediated through
Generation of ROS

To determine whether the addition of 6-OHDA
resulted in the generation of ROS in our cells, we used
H2DCF, a cell-permeant indicator, to measure the pro-
duction of ROS 24 hr after 6-OHDA treatment. 6-
OHDA (100–400 lM) caused a concentration-dependent
increase in intracellular ROS (P < 0.05; Fig. 1C, black
bars). Next, to confirm the role of ROS production in 6-
OHDA-induced toxicity, we applied the antioxidant N-
acetyl-cysteine (NAC; 20 mM) to cells 1 hr prior to a 30-
min treatment with 6-OHDA (100–400 lM). NAC was
also present in the media during the 24 hr after removal
of 6-OHDA. The presence of NAC significantly pro-
tected the cells against death at each concentration of 6-
OHDA, as determined by Hoechst stain (P < 0.05; Fig.
1B, gray bars). In addition, NAC significantly decreased
the amount of ROS generated by 200 and 400 lM 6-
OHDA, as measured by DCF (P < 0.05; Fig. 1C, gray
bars). These data suggest that 6-OHDA-induced toxicity
was associated with the generation of ROS as has previ-
ously been suggested (Choi et al., 1999).

6-OHDA Produced a Distinct Temporal Pattern
of ERK Phosphorylation with Two pERK Peaks

The addition of a toxin to cells should activate vari-
ous prodeath cascades but might also activate prosurvival
cascades as the cells respond to protect themselves.
ERK1/2 can be activated in a biphasic pattern after an
insult (Stanciu et al., 2000; Cavanaugh et al., 2001;
Kulich and Chu, 2001). To investigate the temporal pro-
file of ERK isoform activation after a brief exposure of
MN9D cells to 6-OHDA, the cells were treated for
30 min with 6-OHDA (250 lM), and pERK levels were
monitored before, during, and after removal of the toxin.
We found that 6-OHDA elicited two distinct peaks of
pERK1/2 formation: the first peak was large (25-fold),
early, and transient (10–15 min); the second was smaller
(13-fold) and sustained, for 6–24 hr (Fig. 2A).

Like ERK1/2, ERK5, a member of the MAPK
family, is activated by growth factors and has been impli-
cated in neuronal survival (Cavanaugh et al., 2001;
Watson et al., 2001; Liu et al., 2003; Shalizi et al., 2003).
ERK5 has been shown to promote survival of embryonic
cortical neurons via stimulation of the MEF2C transcrip-
tion factor (Liu et al., 2003). Thus, we also evaluated
the activation pattern of this ERK isoform. Following
6-OHDA, there was not a significant increase in pERK5,
although a small, 20% activation may have occurred after
30 min (Fig. 2B).

Increased pERK1/2 Levels Were Associated with
Increased ERK Activity

To determine whether the phosphorylated ERK
was indeed an active kinase, we examined the activity of

ERK1/2 following 6-OHDA by measuring its ability to
phosphorylate the downstream substrate Elk. pERK1/2
was immunoprecipitated from cell lysates collected after
15 and 30 min of exposure to 250 lM 6-OHDA. The
immunoprecipitated pERK was then incubated with ex-
ogenous Elk. As before, a 15-min exposure to 6-OHDA
treatment caused an increase in pERK1/2, which
returned to basal levels by 30 min (Fig. 3A). This was
associated with a parallel increase in the ability of the
lysate to phosphorylate exogenous Elk (Fig. 3B). The
addition of the MEK inhibitor U0126 (5 lM) successfully
blocked phosphorylation of ERK1/2 (Fig. 3A) and com-
pletely prevented the subsequent activation of Elk (Fig.
3B). Therefore, ERK1/2 phosphorylated in response to
6-OHDA was an active kinase able to phosphorylate a
specific downstream target.

Inhibition of Early pERK1/2 Peak Increased
6-OHDA Toxicity and Increased ROS
Generation, But Inhibition of Late Peak Had
No Effect on 6-OHDA-Induced Cell Death

Short-lived activation of ERK is associated with cell
survival (Xia et al., 1995; Guyton et al., 1996b; de

Fig. 2. Two 6-OHDA-induced peaks of ERK1/2 and ERK5. West-
ern blot analysis showing pERK1/2 and pERK5 levels during and up
to 24 hr after 6-OHDA removal. A: A representative Western blot
showing the two distinct peaks of pERK1/2: one early and transient,
peaking at 15 min and returning to near baseline by 30 min, and the
second delayed and sustained, starting 3–6 hr after removal of 250 lM
6-OHDA removal and persisting up to 24 hr. Data are from three in-
dependent experiments. Vehicle controls for each time showed no
effect on pERK1/2 (not shown). The corresponding bar graph repre-
sents data quantified from three independent experiments. B: No sig-
nificant activation of ERK5 in response to 250 lM 6-OHDA,
although there was suggestion of a pattern similar to that of pERK1/2.
Data are from three independent experiments. Vehicle controls for
each time showed no effect on pERK5 (data not shown).
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Bernardo et al., 2004). However, sustained pERK activa-
tion has been correlated with cell death (Kulich and Chu,
2001; Seo et al., 2001; Stanciu and DeFranco, 2002;
Canals et al., 2003). To study the impact of both
pERK1/2 peaks on cell survival in our model, we again
measured the effect of the MEK inhibitor U0126 on via-
bility at various times before and after exposure to 6-
OHDA. The addition of U0126 (5 lM) 1 hr prior to and
during the 30-min 6-OHDA exposure in order to block
the first ERK1/2 activation peak significantly reduced
cell viability by 24 hr at all 6-OHDA concentrations (P <
0.05; Fig. 4A, gray bars), suggesting the first pERK peak
was associated with a self-protective response.

To determine if the increased sensitivity to 6-
OHDA was associated with an increase in ROS, MN9D

cells loaded with H2DCF were treated for 30 min with
6-OHDA (100–400 lM) with or without U0126. Inhi-
bition of the first 6-OHDA-induced pERK1/2 peak sig-
nificantly increased the amount of cellular ROS gener-
ated in a concentration-dependent manner at 100 and
400 lM (P < 0.05; Fig. 4B), suggesting that the early
activation of ERK promotes cell survival, at least in part,
through its ability to suppress an accumulation of ROS.

Fig. 4. Increased cell death and generation of ROS from blocking of
first pERK1/2 peak, no detectable effect on cell viability from inhi-
bition of second pERK1/2 peak. A: Decreased cell viability at all 6-
OHDA concentrations after adding U0126 1 hr prior to and during
6-OHDA treatment to block the first pERK1/2 peak (*P < 0.05,
significant difference between 0 and 5 lM U0126 at the 6-OHDA
concentration indicated). B: Generation of ROS after 24 hr as deter-
mined by the DCF assay in cells treated with 6-OHDA with and
without the addition of 5 lM U0126 to block the early peak of
ERK1/2 activation. ROS increased at all 6-OHDA concentrations
(100–400 lM) after application of U0126 to block the early peak.
Data represent the mean 6 SEM of three independent experiments
(*P < 0.05, significant difference between vehicle and U0126 at the
6-OHDA concentration indicated). C: No detectable affect on cell
viability from 1-hr application of U0126 6 and 24 hr after removal
of 6-OHDA to block the delayed sustained pERK peak, measured
by the Hoechst stain. Data represent the mean 6 SEM of three inde-
pendent experiments.

Fig. 3. pERK1/2, an active kinase, generated during 6-OHDA treat-
ment. Kinase assays with exogenous Elk were carried out after
immunoprecipitation of pERK1/2 from cells treated with 6-OHDA.
A: Western blot analysis confirming immunoprecipitation of
pERK1/2 from lysates and blocking of phosphorylation of ERK
by addition of MEK inhibitor U0126. B: Representative Western
blot of pElk levels showing paralleling of activation of pElk. The
addition of U0126 also blocked phosphorylation of Elk. The corre-
sponding bar graph represents data quantified from three independent
experiments.
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To determine if the second peak of pERK was asso-
ciated with the toxic response to 6-OHDA, we exposed
cells to U0126 for 1 hr beginning either 5 or 23 hr after
treatment with 6-OHDA and then measured cell survival
after 24 hr. This treatment did not cause any significant
change in cell viability compared to the viability of cells
treated with 6-OHDA alone (Fig. 4C), suggesting that
the late peak of ERK1/2 activation did not further con-
tribute to cell death under our conditions.

CREB Phosphorylation Paralleled
6-OHDA-Induced Temporal Activation of ERK

Many prosurvival effects of ERKs are partly medi-
ated via CREB. For example, increased pCREB facili-
tates the actions of pERK1/2 at least in part by increas-
ing the transcription of neuroprotective proteins BDNF
and Bcl-2 (Finkbeiner et al., 1997; Finkbeiner, 2000).
To determine whether CREB might also be involved in
the response to 6-OHDA, the activation state of CREB
was evaluated by Western blot analysis. After 6-OHDA
treatment, the temporal pattern of phosphorylation of
CREB (Fig. 5A) mimicked the activation profile of
pERK1/2, showing two peaks of activation, one early
and transient and the other delayed and sustained. This
suggested that CREB might be involved in the down-
stream prosurvival signaling of ERK after 6-OHDA ex-
posure. Moreover, the addition of U0126 for 30 min
beginning with the addition of 6-OHDA blocked not
only the initial peak of pCREB but also the later peak
(Fig. 5B, C, gray bars), further supporting the idea that
rapid activation of ERK1/2 by oxidative stress serves as
a self-protective response for the cells by increasing acti-
vation of prosurvival ERK1/2 substrates.

Activation of Caspase-3 Was Correlated with Cell
Death, and Inhibition of the First pERK1/2 Peak
Increased Caspase-3 Activation

Caspase-3 is activated by cleavage. In many cell
types this event signals the cell to enter a path of pro-
grammed cell death. To further assess the mechanism of
ROS-induced cell death mediated by 6-OHDA, levels
of the cleaved and uncleaved forms of caspase-3 were
measured in cells exposed to 6-OHDA (250 lM) for
30 min. Caspase-3 activation could be detected within
3 hr and was sustained up to 24 hr (Fig. 6A, B, black
bars). Inhibition of the early pERK1/2 peak by U0126
(5 lM) led to a significant increase in cleaved caspase-3
level as measured 3 and 6 hr after 6-OHDA removal (P
< 0.05; Fig. 6B, gray bars). These results suggest that
6-OHDA-induced cell death occurs at least in part
through the caspase-3 pathway, which could be sup-
pressed by ERK1/2 activation.

DISCUSSION

Because increased oxidative stress in DA neurons is
a central component of PD pathophysiology, our study
focused on the functional significance of increased

pERK resulting from oxidative stress in an in vitro
model of DA loss using the dopaminergic cell line
MN9D and the selective neurotoxin 6-OHDA. After
the 6-OHDA treatment regimen, cells responded by
rapidly increasing pERK1/2 levels. This was accompa-
nied by increased ERK activity (as measured by a kinase
assay), increased CREB phosphorylation, reduced ROS
production, and reduced caspase-3 cleavage. These find-
ings suggest that dopaminergic neuronal cells can respond
to oxidative insults in a defensive fashion in order to
protect themselves from injury, even in the absence of
pharmacological intervention.

6-OHDA Stimulates ROS and Apoptosis in
MN9D Cells

6-OHDA caused an increase in ROS in MN9D
cells. That this ROS increase played a causal role in the

Fig. 5. CREB phosphorylation following 6-OHDA-induced ERK
activation and inhibition of activation after first pERK peak. A:
Western blot analysis of cells treated with 250 lM 6-OHDA for 30
min using pCREB antibody. Phosphorylation of ERK substrate
CREB mimicked temporal activation pattern of ERK over the time
evaluated. Data are from three independent experiments. B, C:
Western blot analysis of cells treated with 250 lM 6-OHDA with
and without the addition of 5 lM U0126 for 30 min using pCREB
antibody. Inhibition of the early pERK peak blocked CREB activa-
tion throughout. Actin was included as a control. Data are from three
independent experiments.
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cell death is suggested by our finding that the antioxi-
dant NAC reduced cell death and that the neuroprotec-
tive effects of ERK were accompanied by a reduction in
ROS. Several observations indicated that cell death was
largely apoptotic: 6-OHDA produced nuclear condensa-
tion rather than swelling, little if any LDH release was
measurable after 6-OHDA in our cells, and caspase-3, an
executioner caspase, was activated, particularly in the
presence of U0126. In addition, we have preliminary
data indicating that MN9D cells exposed to 6-OHDA
also showed biphasic activation of the MAP kinase c-jun
N-terminal kinase (JNK), a kinase implicated in apopto-
sis (Luo et al., 1998; Choi et al., 1999). Collectively,
these findings suggest that in our model 6-OHDA-
induced increase in intracellular ROS can lead to cell
death mainly via apoptosis but that this is attenuated as a
result of a rapid increase in ERK activation and a subse-
quent increase in a cascade of neuroprotective events,
leading to reduced oxidative stress.

Increased pCREB and Decreased Caspase-3
Cleavage Modulate ERK-Induced Protection

Our data raise the possibility that ERK-dependent
suppression of vulnerability to 6-OHDA results in part
from increased phosphorylation of CREB. CREB phos-
phorylation is assumed to be a nuclear event. Thus,

although we did not observe translocation of pERK to
the nucleus after short-term 6-OHDA treatment at any
time after toxin exposure (data not shown), the CREB
data may indicate that a small or transient translocation
of pERK into the nucleus occurred or that cytoplasmic
pERK can act indirectly on CREB through an interme-
diary, as previously suggested (Ranganathan et al., 2006).
Increased pCREB facilitates the prosurvival actions of
pERK1/2 by increasing the transcription of the neuro-
protective proteins BDNF and Bcl-2 (Finkbeiner et al.,
1997; Finkbeiner, 2000). CREB phosphorylation has
also been linked to inhibition of caspase 3, and thus
CREB may serve as an intermediary between the
increase in pERK and the caspase 3 cleavage that we
observed, as supported by others (Allan et al., 2003).

Functional Significance of 6-OHDA-Induced
Activation of ERK

Our findings suggest that dopaminergic neuronal
cells have the inherent capacity to resist the toxic effects
of oxidative stress. Our research group also has observed
the activation of ERK1/2 in dopaminergic neurons in the
substantia nigra after intracerebral injection of 6-OHDA
into rats (Castro and Smith, 2005), suggesting that the hy-
pothesis we derived from our cell culture data also holds
true for the intact animal. These in vivo data complement
our MN9D data and focus further attention on pERK1/2
as a potential neuroprotective candidate in PD.

Transient Activation of ERK Protects MN9D Cells

Blocking ERK phosphorylation using the MEK in-
hibitor U0126 effectively blocks phosphorylation of both
ERK1/2 and ERK5 (Davies et al., 2000). We noted
that ERK activation occurred in a biphasic manner after
6-OHDA exposure in our cells, with the first phase of
ERK activation occurring within a few minutes of 6-
OHDA exposure. Whereas that initial phosphorylation
of ERK1/2 was dramatic, the activation of ERK5 was
not significant, leading us to hypothesize that most if not
all the effects of U0126 in our study were attributable to
a blockade of ERK1/2 phosphorylation. A primary role
for ERK1/2 isoforms in protecting against oxidative
stress was further supported by our recent findings using
both dominant-negative and constitutively active ERK
constructs. In that study, we demonstrated that transfec-
tion of constitutively active MEK1 inhibited 6-OHDA-
induced cell death, suggesting that elevated expression of
ERK1/2 can protect against 6-OHDA toxicity. Our
current study found that 6-OHDA itself activates
ERK1/2 in a biphasic manner and that the large early
and transient peak contributes to the survival of the cells in
a self-protective response to the toxin. Because of the nec-
essarily chronic nature of dominant-negative or constitu-
tively active ERK constructs, this methodology could not
be used to distinguish between the two peaks of ERK
activation, one of which was complete within 30 min of
6-OHDA exposure. Thus, transient U0126 treatment

Fig. 6. Late activation of caspase, involvement in 6-OHDA-induced
cell death, and increase after inhibition of first pERK peak. A, B:
Western blot analysis of lysates collected from cells treated with 250
lM 6-OHDA with and without the addition of 5 lM U0126 for
cleaved caspase-3, caspase-3 zymogen, and actin. Capase-3 activation
began approximately 3 hr after removal of 6-OHDA, and inhibition
of the first pERK peak increased caspase-3 activation (*P < 0.05,
significant difference between 6-OHDA and 6-OHDA 1 U0126 at
the time indicated).
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allowed us to dissect out the relative role of the two
pERK peaks in a manner not possible with traditional
molecular biological techniques.

We noted that the ability of U0126 to increase the
toxic effects of 6-OHDA was greatest at the highest
concentration of 6-OHDA, with a further loss of 50%
more cells as a result of ERK inhibition. At lower 6-
OHDA doses, the effect was more modest. It is possible
that the 6-OHDA-induced increase in pERK coincided
with activation of other signaling cascades, such as PI3K/
Akt, particularly at lower doses. Indeed, in a preliminary
experiment we also observed 6-OHDA-induced activa-
tion of Akt under the same paradigm as that in the pres-
ent study. Furthermore, we have also demonstrated that
inhibitors of either ERK or Akt activation caused loss of
protection for GDNF against 6-OHDA (Ugarte et al.,
2003). Another signaling molecule that may have com-
pensated against 6-OHDA when U0126 was applied is
NF-jB (Park et al., 2004). Coordinated regulation of
multiple signaling cascades occurs in many cell types
and is consistent with the idea that cells can mount an
endogenous defense via multiple signaling pathways.

In contrast to the effects of blocking the early
pERK peak, blocking the later pERK peak did not pro-
duce a measurable effect on cell viability after short ex-
posure to 6-OHDA. The rather modest difference in vi-
ability depending on whether U0126 was present with
the late peak may be because the later induction was
only inhibited for 1 hr. We added U0126 1 hr prior to
each collection time in part because exposure to U0126
for long periods caused cells to die even without the
addition of 6-OHDA, confounding interpretation of the
data (unpublished data and Cavanaugh et al., 2006).
However, a preliminary experiment with chronic U0126
suggested that there was no additional effect on 6-
OHDA toxicity when U0126 remained for the entire
time beyond the drop in basal viability.

Our observations contrast with those of a previous
study, which found that 6-OHDA induced sustained
ERK1/2 activation that led to cell death (Kulich and
Chu, 2001). However, the protocols of the two studies
differed significantly in concentration and duration of 6-
OHDA exposure and cell lines and pERK inhibitors
used, and thus a direct comparison is not possible. On
the other hand, these studies serve as a reminder that
ERK activation and its functional significance are influ-
enced by differences in cell type, stimuli, and details of
the protocol. It is likely that further understanding of
these influences will provide critical insight into how
changes in ERK1/2 activation influence the resiliency of
DA neurons. Our efforts to characterize ERK1/2 in do-
paminergic cells under various conditions that elevate
ROS, as initiated in the present study, might be impor-
tant for understanding the role of ERK1/2 in human
DA cell survival. For example, it is possible that ERK1/
2 levels may vary as a function of stage of PD and of the
precise topographical region in the substantia nigra, as
these are known to have varying inherent vulnerabilities
(Damier et al., 1999; Braak et al., 2003).

In conclusion, ERK can play a regulatory role in
both cell survival and cell death depending on the con-
ditions of the study. This has ramifications for the clini-
cal application of findings related to this pathway and
underscores the importance of characterizing the role of
ERK1/2 and its spatiotemporal profile in each system
being targeted. In our system, pERK1/2 appeared to
play a prosurvival role in cells exposed to oxidative
stress. These results are consistent with many previous
studies on this important, ubiquitous kinase. For exam-
ple, the involvement of pERK in fundamental processes
related to cell survival is strongly suggested by studies of
ERK knockout animals (Pages et al., 1999; Mazzucchelli
et al., 2002; Saba-El-Leil et al., 2003) and by recent
studies demonstrating the involvement of ERK in the
neuroprotective effects of granulocyte colony-stimulating
factor and erythropoietin in response to 6-OHDA
(Signore et al., 2006; Huang et al., 2007). Finally, our
data highlight the role of ERKs in the most basic life
and death decisions in cells and indicate their relevance
to the protection of DA neurons against the type of
insults that occur during PD pathogenesis. Knowing the
mechanisms underlying this self-protective activity
should not only elucidate the role of ERK activation in
cell viability decisions but may also identify points of
intervention for enhancing dopaminergic neuronal sur-
vival in human conditions.
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Activation of the Extracellular Signal-
Regulated Kinases 1 and 2 by Glial Cell
Line-Derived Neurotrophic Factor and Its
Relation to Neuroprotection in a Mouse
Model of Parkinson’s Disease

Niklas Lindgren, Rehana K. Leak, Kirsten M. Carlson, Amanda D. Smith,
and Michael J. Zigmond*

Pittsburgh Institute for Neurodegenerative Diseases, University of Pittsburgh, Pittsburgh, Pennsylvania

Glial cell line-derived neurotrophic factor (GDNF) has
been shown to be neuroprotective in animal models of
the dopamine deficiency in Parkinson’s disease. To
examine the role of the extracellular signal-regulated
kinases 1 and 2 (ERK1/2) in this process, we infused a
single dose of GDNF into the striatum of mice and ana-
lyzed the effect on ERK1/2 by immunohistochemistry
and Western blot analysis. GDNF caused an increase in
the phosphorylation of ERK1/2 both in the striatum and
in tyrosine hydroxylase-positive neurons in the substan-
tia nigra. In the striatum, the increase in ERK1/2 phos-
phorylation was evident by 3 hr and persisted for at
least 7 days, whereas, in the substantia nigra, an
increase in phosphorylated ERK1/2 was first evident at
24 hr and persisted for at least 7 days. The increase in
phosphorylated ERK1/2 was maximal at 0.45 lg GDNF
at the time points examined. GDNF also protected do-
pamine terminals against the loss of tyrosine hydroxy-
lase immunoreactivity normally associated with the
intrastriatal administration of 6-hydroxydopamine (0.5
lg/0.5 ll). However, this was observed only at a much
higher dose of GDNF, 4.5 lg. Thus, our results suggest
that the ability of GDNF to protect dopamine neurons
cannot be explained solely in terms of its influence on
ERK1/2 and that the role of other signaling pathways
should be explored. VVC 2008 Wiley-Liss, Inc.

Key words: Akt; 6-hydroxydopamine; dopamine; GRFa1;
neuroprotection; neurotrophic factors; striatum; RET

Since the discovery of glial cell line-derived neuro-
trophic factor (GDNF; Lin et al., 1993), there have been
high expectations for its neuroprotective potential, partic-
ularly with regard to Parkinson’s disease (PD; Bohn,
1999; Kirik et al., 2004). Although clinical observations
have been mixed (Sherer et al., 2006), we and others
believe that trophic factors such as GDNF represent a
promising avenue for the development of therapeutic
interventions. Indeed, in addition to positive clinical find-
ings (Patel et al., 2005; Slevin et al., 2005), numerous

studies using in vitro (Hou et al., 1996; Nicole et al.,
2001; Ugarte et al., 2003; Ding et al., 2004) and in vivo
models of PD (Hoffer et al., 1994; Kearns and Gash,
1995; Tomac et al., 1995; Gash et al., 1996; Winkler
et al., 1996; Choi-Lundberg et al., 1997; Akerud et al.,
2001) have shown that GDNF can protect dopamine
(DA) neurons against toxic insults and can even have
restorative effects (Love et al., 2005).

GDNF is generally believed to exert its biological
effects through its coreceptor complex, GFRa1 and RET
(Jing et al., 1996; Treanor et al., 1996; Cacalano et al.,
1998), and the mRNAs for these proteins are present
within the substantia nigra (SN; Trupp et al., 1996;
Golden et al., 1998; Smith et al., 2003). Most of what we
know about the intracellular mechanism of action of
GDNF comes from in vitro studies, which have focused
mainly on the extracellular signal-regulated kinases 1 and
2 (ERK1/2). For example, ERK1/2 appears to mediate
the neuritic outgrowth induced by GDNF (Chen et al.,
2001; Wiklund et al., 2002; Garcia-Martinez et al., 2006),
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and ERK1/2 also is involved in some of the neuroprotec-
tive effects of GDNF according to studies from our group
(Ugarte et al., 2003) and others (Nicole et al., 2001;
Onyango et al., 2005). However, little is known about
the signaling mechanisms underlying the neuroprotective
effects of GDNF in animal models.

Salvatore and coworkers (2004) observed that an
intrastriatal infusion of GDNF caused a 55% increase in
phospho-ERK2 (pERK2) in the striatum and a 26%
increase in pERK1 in the SN at 4 weeks postinfusion.
However, in their study, as in most studies that examine
the neuroprotective potential of the GDNF protein, high
concentrations of GDNF were used (10 lg or more;
Hoffer et al., 1994; Kearns and Gash, 1995; Tomac et al.,
1995; Winkler et al., 1996; Lapchak et al., 1996; Salvatore
et al., 2004). These microgram amounts of GDNF can be
assumed to yield local concentrations of GDNF in the
micromolar range (see Discussion) and are in contrast to
in vitro experiments showing high-affinity binding of
GDNF to GFRa1/RET in the nanomolar to picomolar
range (Jing et al., 1996; Treanor et al., 1996; Sanicola
et al., 1997; Trupp et al., 1998). Thus, the goal of the
present study was to characterize the effect of GDNF on
pERK1/2 as a function of trophic factor concentration
and then to relate that concentration to the neuroprotec-
tive effects of GDNF against 6-hydroxydopamine (6-
OHDA). A portion of these results was presented at the
annual meeting of Society for Neuroscience (2005 and
2006) and the Dopamine 50 Years Symposium (May,
2007).

MATERIALS AND METHODS

All reagents were purchased from Sigma-Aldrich (St.
Louis, MO) unless indicated otherwise and were of the high-
est available purity. GDNF and its vehicle were kindly pro-
vided by Amgen (Thousand Oaks, CA), and 6-OHDA was
obtained from Regis Technologies (Morton Grove, IL).

Animals

We used male C57BL/6 mice (Hilltop Lab Animals
Inc., Scottdale, PA) weighing 25 g at 2 months of age. The
animals were housed in groups of four in clear Plexiglas cages
containing Aspen Sani-Chip bedding (P.J. Murphy Forest
Products Corp., Montvillem, NJ), maintained on a 12-hr
light/dark cycle and given irradiated Purina rodent chow (TR
LAST, Gibsonia, PA) and water ad libitum.

Dose-Response and Temporal Analysis of GDNF
Effects on pERK1/2

For the dose-response and temporal analysis experi-
ments, animals (n 5 4–10 animals/group in each experiment)
were anesthetized with Equithesin (25 mg/kg pentobarbital,
P3761, and 150 mg/kg chloral hydrate C8383; Sigma-Aldrich)
and placed in a Kopf stereotaxic apparatus (David Kopf Instru-
ments, Tujunga, CA) with a Cunningham mouse adaptor
(Stoelting, Wood Dale, IL). GDNF was infused unilaterally
(0.1 ll/min) into the striatum (0.8 mm posterior and 2.0 mm
lateral to bregma and 3.5 mm ventral to the flat skull) using a

Hamilton syringe (Hamilton Company, Reno, NV) in ac-
cordance with a stereotaxic mouse brain atlas (Paxinos and
Franklin, 1997). Concentrations of GDNF were varied within
a fixed volume of 1.5 ll vehicle (citrate buffer, pH 7.2; pro-
vided by Amgen). The syringe was left in place for 5 min af-
ter the infusion was terminated to allow for diffusion into tis-
sue and to minimize leakage up the needle track. Control ani-
mals received injections of vehicle only. Animals were killed
by perfusion (for immunohistochemical analysis) or microwave
irradiation (for Western blot) at one of up to four different
time points after surgery, 3 hr, 24 hr, 7 days, or 4 weeks. In
the dose-response study, animals were injected with 0.0045–
4.5 lg of GDNF and killed by perfusion (for immunohisto-
chemical analysis) 24 hr later.

GDNF Protection Against 6-OHDA

Animals (6 animals/group) were anesthetized with iso-
flurane on a gas anesthesia platform (Stoelting), mounted in a
Kopf stereotaxic apparatus with a Cunningham mouse adap-
tor. GDNF (0.1 ll/min) or vehicle was infused into the stria-
tum in a fixed volume of 1.5 ll at one of two different con-
centrations (0.45 and 4.5 lg) at the same coordinates as
described above. Six hours later, 6-OHDA (0.5 lg/0.5 ll at
0.1 ll/min) or 2 mg/ml ascorbic acid in saline was infused in
the striatum at the same site as the GDNF infusion. The ani-
mals were killed by perfusion 4 weeks after surgery.

Immunohistochemical Analysis

Animals were deeply anesthetized with Equithesin and
perfused through the heart with 10 ml of 0.1 M phosphate
buffer (pH 7.2) containing 1.0 mM sodium fluoride (a phos-
phatase inhibitor to stabilize phosphokinases) and 1.0% sodium
nitrate (a vasodilator), followed by 20 ml of 4% formaldehyde
containing 1.0 mM sodium fluoride. The brain was removed
and postfixed in the same solution for 12 hr at 48C. This was
followed by cryoprotection in 30% sucrose in 0.1 M phos-
phate buffer (pH 7.2) for 48 hr at 48C. Sections were cut at
40 lm in the coronal plane on a freezing microtome from the
front of the striatum to the end of the retrorubral field. Unless
otherwise noted, every sixth section was analyzed for a given
antibody.

All reagents for immunohistochemistry were diluted in
0.01 M phosphate-buffered saline (PBS; pH 7.6), which was
also used for washes between incubations unless specified oth-
erwise. Sections were pretreated with 0.5% sodium borohy-
dride and 0.1% hydrogen peroxide for 15 min each, with sev-
eral changes of buffer between the pretreatments. As a block-
ing step, sections were then incubated in 10% normal donkey
serum (Jackson Immunoresearch, West Grove, PA) and 0.3%
Triton X-100 for 1–2 hr at room temperature on a rotator.
This was followed by incubation in primary antibody diluted
in 1% normal donkey serum and 0.3% Triton X-100 over-
night on a rotator at 48C. The primary antibodies used were
rabbit polyclonal anti-pERK1/2 (Thr202/Tyr204; 1:200; Cell
Signaling, Danvers, MA; catalog No. 9101), polyclonal anti-
GDNF (1:1,000; R&D Systems, Minneapolis, MN; catalog
No. AF-212-Na), and monoclonal anti-tyrosine hydroxylase
(TH; 1:1,000; Chemicon International, Temecula, CA; cata-
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log No. MAB318). Sections were then exposed to appropriate
biotinylated secondary antibodies (Jackson Immunoresearch;
1:200) in the same diluent for 90–120 min on a rotator at
room temperature, which was followed by exposure to Vec-
tastain Elite avidin-biotin reagents (Vector, Burlingame, CA)
with 0.3% Triton X under the same conditions. After a 10-
min preincubation in diaminobenzidine (20 mg in 100 ml
Tris buffer, pH 7.2), hydrogen peroxide was added to begin
the peroxidase reaction (final dilution 0.01%) and terminated
by buffer washes within 10 min. The free-floating sections
were mounted and allowed to dry overnight at room temper-
ature. The sections were then exposed to a 0.04% solution of
osmium tetroxide (for stabilization of the diaminobenzidine
signal against photobleaching) in 0.1 M phosphate buffer for
3–5 sec, washed, dehydrated in a graded series of ethanols,
cleared in xylenes, and coverslipped with Permount (Fisher
Scientific, Pittsburgh, PA).

Double-Label Immunofluorescence

To determine the extent of pERK1/2 expression in DA
neurons, we used double-immunofluorescent labeling with
rabbit anti-pERK1/2 (1:150) and mouse anti-TH (1:2,000) in
10 mM PBS with 1% normal donkey serum, 1% normal goat
serum, and 0.3% Triton X-100, after a blocking step in 10%
normal donkey and 10% normal goat serum. Sections were
subsequently labeled with Alexa Fluor 488 (goat anti-mouse)
and Alexa Fluor 555 (donkey anti-rabbit) at concentrations of
1:500 each (Molecular Probes, Invitrogen, Carlsbad, CA) in
PBS with 0.3% Triton X-100 for 2 hr at room temperature,
washed, mounted, coverslipped, and viewed with confocal
microscopy for double- or single-labeled profiles (FluoView
FV1000; Olympus, Center Valley, PA). All sections were
stained at the same time and imaged with the same confocal
settings. Omitting either primary antibody (TH or pERK1/2)
from these steps resulted in loss of fluorescent signal.

Western Blot Analysis

To maintain in vivo levels of phosphorylation in the
brains in post-mortem samples, animals were killed using a
TMW-6402C system (Muromachi Kikai Tokyo, Japan), com-
posed of a microwave power generator and applicator unit
specialized to restrain a mouse and direct the microwave beam
to the head. The animals (n 5 8–9/group) were exposed to
4.75 kW of radiation for 1.17 sec to inactivate enzymes that
might otherwise dephosphorylate the kinases (O’Callaghan
and Sriram, 2004). The striata were then dissected out on an
ice-cooled surface, frozen on dry ice, and stored at –808C.
Thawed tissue samples were sonicated in 500 ll of 1% sodium
dodecyl sulfate and boiled for 10 min. Aliquots (12.5 ll) of
the homogenate were used for protein content determinations.
Equal amounts of protein from each sample were loaded onto
10% polyacrylamide gels, and the proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidine difluoride membranes (Bio-Rad,
Hercules, CA). The membranes were probed using polyclonal
antibodies that selectively detect pERK1/2 (Thr202/Tyr204;
1:3,000; Cell Signaling; catalog No. 9101) and total ERK1/2
proteins (1:1,000; Cell Signaling; catalog No. 9102). Antibody

binding was revealed by incubation with goat anti-rabbit
horseradish peroxidase-linked IgG (1:10,000; Calbiochem, San
Diego, CA) and the Western Lightning immunoblotting
detection method (Perkin Elmer, Boston, MA) on X-ray film
(Kodak Bio-Max MR). Quantification of optical density of
the bands corresponding to the pERK1/2, total-ERK1/2
bands was done in UnScanIt software (Silk Scientific, Orem,
UT).

Data and Statistical Analysis

The immunohistological sections were photographed
with a Nikon Supercool 9000 scanner (Nikon Inc., Melville,
NY) and analyzed in blind fashion in MetaMorph software
(Molecular Devices, Sunnyvale, CA). Data were calculated as
the average optical density in three sections centered around
the needle track. The optical density of the infused striatum
was expressed as a percentage of the contralateral striatum,
with immunoreactivity in the overlying sensory cortex used
for background subtraction. This effectively controlled for
minor variability in immunohistochemical staining between
runs. The TIFF images (Fig. 3) were pseudocolored in Meta-
Morph.

The statistical analyses were performed in Prism 3.03
(GraphPad Software, San Diego, CA), using one-way ANOVA,
followed by Dunnett’s or Newman-Keuls tests. Results were
deemed significant at P < 0.05.

RESULTS

Effects of Intrastriatal GDNF on Striatal pERK1/2

GDNF was infused into the striatum, and striatal
pERK1/2 was analyzed by immunohistochemistry at
24 hr (Fig. 1). GDNF caused a unilateral dose-dependent
increase in the phosphorylation of ERK1/2 in the stria-

Fig. 1. Effect of intrastriatal GDNF on striatal pERK1/2 as a func-
tion of GDNF dose. GDNF was infused into the striatum. Twenty-
four hours later, the animals were perfused and brain sections were
labeled with anti-pERK1/2. The labeled sections were then scanned
and quantified using Metamorph software. The immunoreactivity is
expressed as percentage of the noninjected contralateral side for all
data points, including vehicle (n 5 4–6 animals). Data are mean 6
SEM. **P < 0.01 vs. vehicle, ANOVA followed by Dunnett’s test.
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tum that was significant at 0.045 lg GDNF and peaked at
0.45 lg, reaching 330% of vehicle control. At 4.5 lg
GDNF, the rise in ERK1/2 phosphorylation appeared to
decrease slightly from the effect at 0.45 lg. However, this
decrease was not significant. There was no observable
effect in the striatum on the contralateral side to the injec-
tion in any of the animals.

Effect of High- and Low-Dose of GDNF on
pERK1/2 Analyzed Via Western Blot

To validate the data obtained by immunohisto-
chemistry, two doses of GDNF and saline were chosen
for analysis by Western blotting. Animals were given
intrastriatal GDNF (0.45 or 4.5 lg) or vehicle and killed
by microwave irradiation 24 hr after surgery to inactivate
protein phosphatases rapidly. Lysates were then prepared
and analyzed by Western blotting. In the animals injected
with 0.45 lg GDNF, pERK1 in the ipsilateral striatum
increased to 331% above that in saline-injected animals,
and pERK2 increased to 180%. Comparable results were
obtained with 4.5 lg GDNF (Fig. 2). Samples from the
contralateral striatum were also analyzed, and the results
indicated that GDNF did not produce any change in the

level of pERK1/2 on this side of the brain (data not
shown).

Temporal Effects of High- and Low-Dose GDNF
on pERK1/2

The increase in pERK1/2 caused by the intrastriatal
infusion of 0.45 lg GDNF was detectable in the ipsilateral
striatum by 3 hr (P < 0.01) using immunohistochemistry.
The increase reached 420% above control by 7 days, but
the level was back to basal by 4 weeks (Fig. 3). Infusion of
4.5 lg GDNF (Fig. 3A) also caused a time-dependent
increase in pERK1/2 that actually appeared slightly lower
than the effect of 0.45 lg GDNF, although the difference
was not significant. Seven days after administration of 4.5
lg GDNF, there was a small region of down-regulation
of ERK1/2 phosphorylation around the needle track with
a surrounding halo of increased pERK1/2 (Fig. 3B).

Intrastriatal GDNF also increased pERK1/2 in SN,
although the effects were delayed relative to the effects in
the striatum, insofar as we did not observe any nigral
ERK1/2 phosphorylation 3 hr after the injection (data
not shown). At 24 hr, pERK1/2-labeled SN neurons
appeared ipsilateral to the striatal infusion in all animals
(Fig. 4A). No such effect was detected in any animals
infused with vehicle (Fig. 4A). Phosphorylation persisted
for at least 7 days and was confined to TH-positive cells as
shown by immunofluorescent double labeling (Fig. 4B).
Vehicle-injected animals showed no pERK1/2 immuno-
labeling within TH-positive profiles. Similarly, the con-
tralateral nigra had TH-positive profiles without any de-
tectable pERK1/2 signal (shown for the same animal as in
upper panels of Fig. 4B, using the same confocal settings).
Omission of primary antibody also resulted in loss of
pERK1/2 signal. Finally, at 4 weeks, the level of nigral
phosphorylation was back to basal, undetectable levels
(data not shown).

It was possible that the total amount of ERK1/2
might be altered by GDNF at one or more of the time
points examined and thereby partially obscure the real
effect on the levels of pERK1/2. Therefore, animals were
injected with 0.45 or 4.5 lg GDNF, and total ERK1/2
was assessed by Western blotting. Neither of the doses
altered the levels of ERK1/2 proteins at any time exam-
ined (data not shown).

Diffusion of GDNF Into Striatum

Three hours after administration of 0.45 lg GDNF,
diffusion of GDNF immunoreactivity was limited to the
vicinity of the needle track (Fig. 5), whereas the effect of
4.5 lg of GDNF was more widespread. By 24 hr, GDNF
immunoreactivity was found throughout the ipsilateral
striatum, with spillover into cortex. GDNF immunoreac-
tivity remained high in the striatum at 7 days, albeit at a
level that was considerably less than that at 24 hr. At 7
days after 4.5 lg GDNF infusion, GDNF immunoreac-
tivity was lower than that at 24 hr but markedly higher
than the effect of 0.45 lg GDNF after 7 days. Four weeks
after infusion of either dose, immunoreactivity remained

Fig. 2. Effect of intrastriatal GDNF on striatal pERK1/2 as measured
by Western blot analysis. Animals received vehicle, 0.45 lg GDNF,
or 4.5 lg GDNF into the striatum. After 24 hr, the animals were
killed by focused microwave irradiation. Samples were labeled with
antibodies to pERK1/2 and total ERK1/2. A: Representative blots
of pERK1/2 (top) and total ERK1/2 protein levels (bottom). B:
Quantification of Western blot. The pERK1/2 values are divided by
the levels of total ERK1/2 protein in each sample and expressed as
percentage of control (n 5 8–9 animals). Data are mean 6 SEM.
**P < 0.01 vs. vehicle, ANOVA followed by Newman-Keuls test.
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only around the needle track. The diffusion sphere of
GDNF did not reach the midbrain at either dose. How-
ever, light anterograde labeling was observed ipsilaterally
in the SN pars reticulata at 24 hr (data not shown), as has
previously been reported after up-regulation of GDNF in
the striatum by lentiviral vectors (Georgievska et al., 2004).

Effect of High- and Low-Dose GDNF on Toxicity
Induced by 6-OHDA

Mice injected with vehicle or either 0.45 lg or 4.5
lg GDNF received 6-OHDA (0.5 lg) into the striatum
6 hr later. After 4 weeks, the mice were killed, and the
presence of DA terminals in the striatum was analyzed by
immunohistochemistry for TH, a marker for these neu-
rons. 6-OHDA by itself caused a large loss of TH immu-
noreactivity at the site of toxin injection (Fig. 6). Injec-
tion of 4.5 lg GDNF reduced the 6-OHDA-induced loss
of TH immunoreactivity by 75%. In contrast, 0.45 lg
GDNF did not have any apparent effect on the 6-
OHDA-induced TH loss (Fig. 6).

DISCUSSION

GDNF and Neuroprotection

Previous studies of neuroprotection by GDNF in
6-OHDA models have involved microgram to high-
milligram amounts of GDNF, and this apparent need for

high doses of GDNF was supported by our results. With
our neuroprotective dose of 4.5 lg (�100 pmoles), the
maximal diffusion we observed had a diameter of about 4
mm and thus a volume of �35 ll. From this we infer that
the neuroprotective concentration would be in the low
micromolar range (0.1 lmole in 35 ll). Obviously, such a
calculation is very rough; nonetheless, it does contrast
sharply with the Kd derived from in vitro studies, which
is in the picomolar to nanomolar range (Jing et al., 1996;
Treanor et al., 1996; Sanicola et al., 1997; Trupp et al.,
1998).

If it is true that GDNF is neuroprotective only at
relatively high doses, this would have obvious clinical
implications. Indeed, it has recently been suggested that
the mixed clinical observations with the effects of GDNF
in patients with PD may result from differences in the
available concentrations of the trophic factor resulting
from differences in delivery methods and consequent dif-
ferences in diffusion (Salvatore et al., 2006). Our results
also raise questions about the mechanism of action of the
neurotrophic factor.

It is, of course, possible that the discrepancy
between the neuroprotective dose of GDNF in animal
models and the affinity of the trophic factor for its pre-
ferred receptor results from the failure of dissociated cells
to reflect the in vivo affinity of the GDNF receptor com-
plex for its ligand. However, it seems equally plausible
that there are targets other than or in addition to the

Fig. 3. Effect of intrastriatal GDNF on striatal pERK1/2 as a func-
tion of time. Animals received vehicle, 0.45 lg GDNF, or 4.5 lg
GDNF into the striatum. After 3 hr, 24 hr, 7 days, or 4 weeks, the
animals were perfused and brain sections were labeled with anti-
pERK1/2. A: The labeled sections were scanned and quantified in
Metamorph software. The measured immunoreactivity in the ipsilat-
eral striatum is expressed as a percentage of the noninjected contralat-
eral striatum in all animals, including vehicle controls (n 5 4–10 ani-

mals). Data are mean 6 SEM. *P < 0.05, **P < 0.01 vs. vehicle,
ANOVA followed by Dunnett’s test. B: Representative slides of a
vehicle-injected animal (top), an animal injected with 0.45 lg
GDNF (middle), and an animal injected with 4.5 lg GDNF
(bottom) on the right side in the picture, sacrificed 7 days after the
injection. The slides to the left are unaltered scanned images, whereas
the images on the right were modified in Metamorph software to
visualize intensity differences.
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GFRa1-RET complex that have much lower affinity for
GDNF and are involved in neuroprotection. The most
likely alternative through which GDNF might exert its
neuroprotective actions would be GFRa2, to which
GDNF has been previously shown to bind (Baloh et al.,

1997, 1998; Jing et al., 1997; Klein et al., 1997). GFRa2
as well as GFRa3 is expressed at low levels in the basal
ganglia compared with GFRa1 (Trupp et al., 1998), and
suboptimal ligand–receptor pairs can mediate RET sig-
naling (Sanicola et al., 1997; Trupp et al., 1998; Eketjall

Fig. 4. Effect of intrastriatal GDNF on nigral pERK1/2. Animals
received vehicle, 0.45 lg GDNF, or 4.5 lg GDNF into the striatum.
After 3 hr (not shown), 24 hr, or 7 days, the animals were perfused (n5
4–8 animals). A: Sections were labeled with anti-pERK1/2. Represen-
tative sections are shown. The regions of magnification were modified
in Metamorph software to visualize intensity differences. B: Nigral sec-

tions were double labeled for pERK1/2 (rabbit Ab) and TH (mouse
Ab) and then incubated with Alexa Fluor 488 (goat anti-mouse) and
Alexa Fluor 555 (donkey anti-rabbit) and viewed by confocal micros-
copy. In the ipsilateral SN, the vast majority of TH cells were dually la-
beled, whereas no pERK1/2 staining was observed in the contralateral
SN 24 hr following an injection of 0.45 lg of GDNF into the striatum.
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et al., 1999; Scott and Ibanez, 2001). Another option
would be GFRa signaling without RET, which also has
been reported (Poteryaev et al., 1999; Trupp et al., 1999).

ERK Phosphorylation and Its Role in
Neuroprotection

A second issue raised by our results is the intracellu-
lar mechanism of the protective effects of GDNF; our
findings suggest that neuroprotection by the neurotrophic

factor is unlikely to be explained in terms of this increased
pERK1/2 alone. This is because the level of pERK1/2
observed following a protective dose of GDNF (4.5 lg)
was not higher than that observed with a nonprotective
dose (0.45 lg) at any of the times examined. Further-
more, the protective 4.5-lg dose caused a sphere of
down-regulated ERK1/2 phosphorylation around the
injection site after 7 days, which was not present after
administration of 0.45 lg GDNF. However, despite
down-regulation of ERK1/2, there was still neuroprotec-

Fig. 5. Diffusion of GDNF after intrastriatal administration as a function of time. Animals were
intrastriatally infused with saline or 0.45 lg or 4.5 lg of GDNF and then perfused 24 hr after
injection. After 3 hr, 24 hr, 7 days, or 4 weeks, the animals were perfused, and brain sections were
labeled with an antibody against GDNF. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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tion of DA terminals in the vicinity of the cannula track.
This is further evidence supporting the hypothesis that
the protection by GDNF of DA cannot be fully explained
by increased pERK1/2 levels.

Some recent studies conducted in vitro support the
conclusion that GDNF-induced neuroprotection involves
factors other than enhanced ERK1/2 phosphorylation.
Soler and colleagues (1999) showed that the neurotrophic
effect exerted by GDNF on cultured motor neurons was
not mediated via MEK1/2 activation and subsequent
ERK1/2 phosphorylation. The same result has been
obtained on cytoplasmic hybrid cells made of mitochon-
drial DNA from PD patients exposed to hydrogen perox-
ide (Onyango et al., 2005) and enteric neurons exposed
to hyperglycemia (Anitha et al., 2006).

Of course, we cannot rule out the possibility that
the localization of the pERK1/2 produced by GDNF is
dose dependent. For example, 4.5 lg GDNF may result
in an increase in pERK1/2 in different DA cells or a dif-
ferent cellular compartment of those cells from 0.45 lg
GDNF. Although studies are underway to examine this
possibility, we are unaware of any literature to support
such an explanation. It is also possible that the temporal
kinetics of the changes in pERK caused by 0.45 and 4.5
lg GDNF are different in a manner that is not reflected at
the times we have selected for our analysis. For example,
4.5 lg GDNF may cause a higher maximum between
24 hr and 7 days or a longer period of elevation between
7 days and 4 weeks; if so, this would not have been
observed in our study. In any event, it is also important to
note that this study does not rule out the possibility that

increased levels of ERK1/2 phosphorylation are still
essential for neuroprotection, showing only that the
increase in pERK1/2 in nigrostriatal DAergic neurons is
not sufficient by itself.

Additional Insights Into the Signaling Underlying
GDNF Protection

We have made two observations in preliminary
studies that are consistent with the assumption that con-
ventional cascades involving ERK1/2 are insufficient to
explain GDNF-induced neuroprotection against 6-
OHDA. First, whereas the MEK inhibitor SL-327 (100
mg/kg, i.p.) abolished the increase in pERK1/2 produced
by the lower dose of GDNF (0.45 lg), it did not block
the increased pERK1/2 produced by the higher, protec-
tive GDNF dose (4.5 lg) on pERK1/2. These results
were surprising to us and might reflect a shift in the intra-
cellular route by which GDNF activates pERK1/2. It
also demonstrates that, in future projects in which the role
of ERK1/2 is evaluated by inhibiting this signaling path-
way, means other than pharmacological blockers of
MEK1/2 will probably be needed.

The proposal that the Ras/ERK pathway is insuffi-
cient to explain GDNF-induced protection of DA neu-
rons is further supported by a second preliminary observa-
tion. We have found that, whereas the low, nonprotective
dose of GDNF (0.45 lg) does not phosphorylate Akt, the
high protective dose of GDNF (4.5 lg) does cause a large
increase in this phosphokinase in the striatum. This raises
the new possibility of a causal connection between Akt

Fig. 6. Effect of GDNF on the loss of tyrosine hydroxylase induced by
6-OHDA. Animals received vehicle or 0.45 lg or 4.5 lg of GDNF
into the striatum. Six hours later, 6-OHDA (0.5 lg/0.5 ll at 0.1 ll/
min) or saline was infused in the striatum at the same site as the GDNF
infusion. After 4 weeks, the animals were perfused and brain sections
were labeled with an antibody to TH. Sections were then scanned and

quantified in Metamorph software. The measured immunoreactivity in
the ipsilateral striatum is expressed as a percentage of that in the nonin-
jected contralateral striatum in all animals, including vehicle controls
(n 5 6 animals). Data are mean 6 SEM values. P < 0.01 vs. vehicle,
ANOVA followed by Newman-Keuls test. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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phosphorylation and GDNF-induced neuroprotection,
which is consistent with a growing body of data from in
vitro experiments proposing that the neuroprotective
properties of GDNF are mediated at least in part by the
PI3K/Akt pathway (Soler et al., 1999; Ugarte et al., 2003;
Onyango et al., 2005; Srinivasan et al., 2005; Anitha
et al., 2006; Nakamura et al., 2006) and more recent stud-
ies showing that Akt can mediate neuroprotection in ani-
mal models of PD (Ries et al., 2006; Weinreb et al.,
2007). We are currently exploring these issues.

Comparison of Immunohistochemistry and
Western Blotting

In this study we have shown that the increases in
pERK1/2 measured via immunohistochemical analysis
provides results that are comparable to those obtained via

Western blotting, even though the pERK antibody used
does not distinguish between the p44 and p42 isoforms in
immunohistochemistry. Although Western blotting is
generally considered more quantitative than is immuno-
histochemistry, there are methodological advantages to
using histochemical analysis. First, to maintain phos-
phorylation levels at close to pre-mortem levels, Western
blot analysis demands either the approach that we
have adopted—sacrifice by microwave (O’Callaghan and
Sriram, 2004)—or a rapid dissection (Svenningsson et al.,
2000). However, neither microwave nor rapid dissection
appears necessary for immunohistochemical analysis; per-
fusion with a fluid that contains a phosphatase inhibitor is
adequate. Second, it is likely that histochemical analysis is
often a more sensitive approach, because it permits the
detection of highly localized changes in pERK1/2. For
example, the down-regulation of pERK1/2 we observed
near the infusion needle would have been missed with
Western blotting alone. Finally, as shown by our dual-im-
munofluorescence analysis, the cellular resolution afforded
by immunohistochemistry allows one to measure signaling
changes specific to dopaminergic cells, thereby yielding
superior anatomical information lost in studies on crude ho-
mogenates. Thus, our observation that immunohistochem-
istry can provide a quantitative result comparable to that of
Western blotting should be of general interest.

CONCLUSIONS AND FUTURE DIRECTIONS

Two major conclusions can be drawn from our
results, each raising important questions. The amount of
GDNF that was neuroprotective in our model of PD was
extremely high relative to the reported affinity of the pep-
tide for its classical receptor complex in vitro. This raises
questions about the receptor through which GDNF exerts
its neuroprotective influence or the relevance of these in
vitro results to the in vivo condition. Second, there was
no correlation between GDNF-induced activation of
ERK1/2 and protection against the loss of TH immunor-
eactivity in the striatum by 6-OHDA, indicating that
other signaling pathways may be involved, perhaps in
conjunction with ERK1/2 or on their own. One candi-
date is the PI3K/Akt pathway. We have provided a
model that outlines these proposals and provides a con-
ceptual framework for our ongoing studies (Fig. 7).
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Neurodegenerative conditions such as sporadic Parkinson’s
disease (PD) occur only in a minority of individuals and
usually do not manifest themselves until advanced age. One
explanation for this phenomenon is that cells possess self-
defenses against cellular stress, but that these adaptive
mechanisms become less effective with age and in certain
disease states. A type of cellular stress thought to be present
for decades in individuals with PD is the presence of
misfolded and damaged proteins, resulting in the progressive
accumulation of dystrophic neurites and inclusions across
many brain regions (Braak et al. 2003). This observation
raises the possibility that in PD affected cells deal with a high
burden of damaged proteins over an extended timeframe.
Studying adaptive defenses to such cellular stressors may
yield insight into what keeps illnesses at bay in most
individuals and/or what delays neurodegeneration in indi-
viduals who do finally develop disease. Moreover, learning

how to boost such endogenous defenses pharmacologically
without applying stress per se may lead to treatments that
slow the progression of neurodegeneration even further.
The proteasome is a multicatalytic complex engaging in

proteolysis of misfolded, oxidized, and aggregated proteins.
A reduction in its activity has been observed in Alzheimer’s
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Abstract

To study whether and how cells adapt to chronic cellular

stress, we exposed PC12 cells to the proteasome inhibitor

MG132 (0.1 lM) for 2 weeks and longer. This treatment re-

duced chymotrypsin-like proteasome activity by 47% and was

associated with protection against both 6-hydroxydopamine

(6-OHDA; 100 lM) and higher dose MG132 (40 lM). Pro-

tection developed slowly over the course of the first 2 weeks

of exposure and was chronic thereafter. There was no change

in total GSH levels after MG132. Buthionine sulfoximine

(100 lM) reduced GSH levels by 60%, but exacerbated

6-OHDA toxicity to the same extent in both MG132-treated

and control cells and failed to reduce MG132-induced

protection. Chronic MG132 resulted in elevated antioxidant

proteins CuZn superoxide dismutase (SOD; +55%), MnSOD

(+21%), and catalase (+15%), as well as chaperone heat-

shock protein 70 (+42%). Examination of SOD enzyme

activity revealed higher levels of CuZnSOD (+40%), with no

change in MnSOD. We further assessed the mechanism of

protection by reducing CuZnSOD levels with two independent

siRNA sequences, both of which successfully attenuated

protection against 6-OHDA. Previous reports suggested that

artificial over-expression of CuZnSOD in dopaminergic cells is

protective. Our data complement such observations, revealing

that dopaminergic cells are also able to use endogenous

CuZnSOD in self-defensive adaptations to chronic stress, and

that they can even do so in the face of extensive GSH loss.

Keywords: 6-hydroxydopamine, dopamine transporter, gluta-

thione, Parkinson’s disease, proteasome.
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disease, PD, and with advancing age (Conconi et al. 1996;
Friguet et al. 2000; Keller et al. 2000a,b; Lopez Salon et al.
2000; Merker et al. 2001; Keck et al. 2003; McNaught et al.
2003). For example, there is an average 44% loss in
chymotrypsin-like proteasome activity in postmortem PD
nigra (McNaught et al. 2003). If and how dopaminergic cells
might adapt to this burden to prolong the course of
degeneration in PD has not been explored, but deserves
further study, both in the human disease as a function of
illness duration and in those PD models using pharmaco-
logical proteasome inhibitors (Rideout et al. 2001;
McNaught et al. 2002; Ding et al. 2003; Fornai et al.
2003; Mytilineou et al. 2004; Inden et al. 2005; Miwa et al.
2005; Rideout et al. 2005; Sun et al. 2006). Many such
reports have indicated that short-term proteasome inhibition
with pharmacological compounds can indeed elicit protec-
tion against cellular stress (Bush et al. 1997; Lee and
Goldberg 1998b; Lee et al. 2004; Sawada et al. 2004; Inden
et al. 2005; Yamamoto et al. 2007). Furthermore, protea-
some inhibition has been shown to activate both pro-survival
and pro-apoptotic pathways, with the former response
predominating at low concentrations of the inhibitor (Lin
et al. 1998; Yew et al. 2005). Therefore, it seemed possible
that even chronic exposure to a proteasome inhibitor at a
subtoxic concentration might elicit an adaptive response that
could be dissected in vitro. In support of our hypothesis,
Ding et al. (2003) noted that dopaminergic SH-SY5Y cells
were rendered more resilient against oxidative stress and
serum withdrawal with 12 or more weeks of exposure to a
proteasome inhibitor, by an unknown mechanism. Such
defensive responses to stress are akin to the phenomenon of
‘‘preconditioning’’ or ‘‘tolerance’’ in studies of ischemia,
where it has long been known that sublethal acute ischemic
episodes protect against longer ischemic episodes (Murry
et al. 1986; Kitagawa et al. 1990). Studies of precondition-
ing, however, have been limited to short-term exposures to
sublethal stressors. The present report extends those studies
to a model with a longer-term stress to better emulate the
chronic conditions in human neurodegenerative diseases and
aging.
One of the best characterized proteasome inhibitors is

MG132, a potent inhibitor of the chymotrypsin-like activity
of the proteasome that also affects cathepsins and calpains,
effectively increasing the burden of misfolded proteins and
concomitant cellular stress (Lee and Goldberg 1998a;
Kisselev and Goldberg 2001; Fuertes et al. 2003; Rodgers
and Dean 2003). Thus, in the present study, MG132 was
applied to PC12 cells from days to weeks, and then for
months onwards, to examine whether this chronic stress
would alter the vulnerability of these dopaminergic cells to
further injury. In this study, we report the novel observation
that a chronic treatment to raise damaged protein levels
actually resulted in higher resilience against oxidative stress,
that the adaptive response was mediated at least in part by

CuZn superoxide dismutase (SOD), and that protection was
uncoupled from extensive GSH loss.

Materials and methods

Chemicals and antibodies
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO,

USA), unless specified otherwise. Primary and secondary antibodies

were purchased and used as follows: mouse anti-tyrosine hydro-

xylase (TH; 1 : 1000 for immunocytochemistry and 1 : 10 000 for

immunoblotting; Chemicon, Temecula, CA, USA), rabbit anti-

MnSOD (1 : 5000; Upstate Inc., Charlottesville, VA, USA), rabbit

anti-CuZnSOD (1 : 500, Upstate Inc.), mouse anti-catalase

(1 : 5000; Sigma-Aldrich), rabbit anti-inducible heat-shock protein

70 (Hsp70, 1 : 1000; Stressgen, San Diego, CA, USA), mouse anti-

ubiquitin conjugated proteins (1 : 500; Santa Cruz Biotechnology,

Santa Cruz, CA, USA), mouse anti-a-tubulin (1 : 5000; Sigma-

Aldrich), mouse anti-b-actin (1 : 50 000; Sigma-Aldrich), rabbit

anti-b-actin (1 : 10 000; Abcam, Cambridge, MA, USA), rabbit

anti-GSH (1 : 300; Chemicon), infrared anti-rabbit and anti-mouse

IgG (1 : 10 000 for western blots and 1 : 1000 for In Cell Westerns;

LI-COR Biotechnology, Lincoln, NA, USA), and Alexa Fluor 488

goat anti-mouse IgG (1 : 1000; Molecular Probes, Eugene, OR,

USA). Omission of either primary or secondary antibodies from the

assays resulted in loss of signal.

Cell maintenance
PC12 cells were left in their undifferentiated state so as to be able

to continuously apply MG132 out to a maximum of 6 months as

the studies proceeded. In preliminary studies, however, we found a

lack of high-affinity tritiated dopamine (3H-DA) uptake in

undifferentiated PC12 cells. Thus, to ensure rapid uptake of 6-

hydroxydopamine (6-OHDA) and specific oxidative breakdown

within the intracellular milieu, we obtained PC12 cells stably

transfected with the human DA transporter under control of the

CMV promoter (gift of Gonzalo E. Torres, University of

Pittsburgh). These cells were maintained at 37�C with 5% CO2

in low glucose Dulbecco’s modified Eagle’s medium (Invitrogen,

Carlsbad, CA, USA), supplemented with 5% horse serum, 5% fetal

bovine serum (Invitrogen) and 50 lg/mL G418 (Cellgro, Herndon,

VA, USA). Cells were plated at a density of 1061 cells per mm2

(30 000/well in a 96-well plate) on collagen-coated plates (Becton

Dickinson, Franklin Lakes, NJ, USA). Treatments or assays were

typically made or initiated 24 h after plating. For siRNA treatments

only, cell density was increased to 1415 cells per mm2 (40 000/well

in a 96-well plate) to achieve high confluence at the time of

transfection.

Toxin treatments
To produce chronic stress, cells were maintained in 0.1 lM peptide

aldehyde MG132 (Cbz-leu-leu-leucinal), purchased from EMD

Bioscience (San Diego, CA, USA). MG132 was made up as a

1 mM stock solution in dimethyl sulfoxide (DMSO) and then

freshly diluted only 1 lL per 10 mL media to minimize DMSO

exposure. For the second, challenge treatments we chose 6-OHDA

(Sigma-Aldrich Co. or Regis Technologies, Inc., Morton Grove, IL,

USA) and high dose MG132. Although many in vitro studies of

� 2008 The Authors
Journal Compilation � 2008 International Society for Neurochemistry, J. Neurochem. (2008) 106, 860–874
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6-OHDA use long incubation intervals, 6-OHDA oxidizes rapidly

to hydrogen peroxide and other toxic by-products under typical

culturing conditions (Ding et al. 2004; Hanrott et al. 2006; Saito
et al. 2007). Thus, we prepared 6-OHDA in a vehicle composed of

0.15% ascorbic acid and 10 mM of the metal chelator diethylene-

triamine pentaacetic acid, flushed with nitrogen for 10 min before

use to help remove oxygen. 6-OHDA made in this vehicle was then

diluted 10-fold in media added to the wells for 30 min. This

procedure was designed to limit the potential confound of oxidation

products within the media and increase intracellular breakdown

(Clement et al. 2002; Ding et al. 2004). MG132 was left in the

media during and after 6-OHDA, because we reasoned that cells in

neurodegenerative conditions in aged humans would continue to

suffer from cellular stress and misfolded proteins while exposed to

an oxidative insult. For a challenging, test dose of MG132, 40 lM
was chosen from a pilot dose–response curve, and, unlike

6-OHDA, MG132 or the same volume of DMSO were left in for

another 24 h before cellular viability was assessed as described

below.

Studies of chronic MG132-induced changes in vulnerability to

6-OHDA were initiated with exposure to the inhibitor ranging from

2 weeks to 6 months and averaged across time. Comparisons were

always made to control, non-MG132 treated cultures maintained and

assayed side-by-side with simultaneous passaging or plating at the

same density. No difference in results were observed with exposure

to MG132 beyond that of 2 weeks; however, slight shifts in the

EC50 for toxins and in the degree of MG132-induced protection

were observed across toxin batches and/or periods of storage of

these compounds. This was especially true for 6-OHDA, as reported

by us previously (Ding et al. 2004; Lin et al. 2008). Therefore,
small aliquots of both toxins were rapidly flash-frozen as concen-

trated stocks, which helped minimize inter-experimental variability

for statistical analyses.

To produce GSH depletion, buthionine sulfoximine (BSO;

100 lM) was freshly dissolved in sterile phosphate-buffered saline

(PBS) as a 10 mM stock. Twenty-four hours after plating, cells were

treated in media with indicated concentrations of BSO, or the same

volume of PBS, for 24 h before 6-OHDA. BSO was then left in

during and after 30 min 6-OHDA treatments until the indicated time

of assay. Details on ensuring BSO efficacy follow, in the section

below on In Cell Western infrared assays for GSH.

Tyrosine hydroxylase immunocytochemistry
For staining cells with antibodies against TH, a rate-limiting enzyme

for DA biosynthesis, cells were fixed with 2% p-formaldehyde in

PBS. Non-specific secondary binding was then minimized by

blocking in 10% normal goat sera (Jackson Immunochemicals, West

Grove, PA, USA) diluted in 0.3% Triton X-100 in PBS for 1 h. Cells

were subsequently incubated overnight with a mouse antibody

against TH diluted in 1% normal serum and 0.3% Triton X in PBS.

Cells were then washed three times in PBS and subjected to

secondary incubation with Alexa Fluor 488 goat anti-mouse IgG

diluted in 2% normal serum and 0.3% Triton X in PBS. At the end

of 1 h cells were washed again two times in PBS and stained with a

10 lg/mL solution of Hoechst 33258 (bisbenzimide) for 20 min

before a final wash. Photography under brightfield, UV, or FITC

illumination was then performed on a Nikon Inverted Eclipse TE

2000 microscope (Fryer Inc., Carnegie, PA, USA).

Western blotting
Cells were lysed for immunoblotting with cell lysis buffer (Cell

Signaling, Danvers, MA, USA) with added protease inhibitor

cocktail (Sigma-Aldrich). Lysates were sonicated for 5 s and

subjected to centrifugation (15 min at 15 000 g) for measurements

of protein content in the supernatant by the bicinchoninic acid

(BCA) method (Pierce, Rockford, IL, USA). Equal amounts of

protein (20 lg) from each treatment were separated on sodium

dodecyl sulfate gels and transferred to Immobilon FL PVDF

membranes (BioRad Laboratories, Hercules, CA, USA). Non-

specific binding was reduced by incubating membranes in a fish

serum blocking solution at full strength (LI-COR Biotechnology) for

1 h prior to overnight treatment at 4�C with primary antibodies

diluted in the same blocking solution. Mouse or rabbit anti-b-actin
antibodies were always used as a concurrent loading control. Blots

were then washed three times in Tris-buffered saline with 0.1%

Tween (BioRad Laboratories) and incubated 1 h with infrared

secondary antibodies raised against the appropriate species, fluo-

rescing at either 700 or 800 nm. After three washes in Tris-buffered

saline–Tween, blots were visualized on an Odyssey Infrared Imager

(LI-COR Biotechnology) and fluorescent signal from each protein

band quantified with Odyssey software.

Proteasome activity assay
Chymotrypsin-like proteasome activity of the cytosolic 26S particle

was assessed using published methods, where emitted fluorescence

is in direct proportion to proteasome activity (Kisselev and Goldberg

2005). Briefly, we suspended cells in 50 mM Tris–HCl, pH 7.5,

250 mM sucrose, 5 mM MgCl2, 2 mM ATP, 1 mM dithiothreitol,

0.5 mM EDTA, and 0.025% digitonin. Following 5 min of

permeabilization, cytosol was separated out by centrifugation at

20 000 g for 15 min at 4�C. Cytosolic extract was then added to the

assay buffer at a final dilution of 0.25 lg/lL, as determined by the

BCA method. The buffer consisted of 50 mM Tris–HCl, pH 7.5,

40 mM KCl, 5 mM MgCl2, 0.5 mM ATP, 1 mM dithiothreitol, and

0.05 mg/mL bovine serum albumin. Fluorogenic substrate for the

20S proteasome, Suc-LLVY-amc (Biomol International, Plymouth

Meeting, PA, USA) was freshly prepared and then added to the

assay buffer at 100 lM to specifically measure cleavage at the

chymotrypsin-like site. For each group, duplicate samples were

always pre-treated for 30 min at 37�C with 20 lM epoxomicin

(Peptides International, Louisville, KY, USA). Epoxomicin is

considered a more specific inhibitor of all three proteasome sites

and was used to estimate the fraction of proteolytic activity resulting

from enzymes other than the proteasome during the assay (Kisselev

and Goldberg 2005). Fluorescence was recorded every 20 min over

the course of 1 h (excitation 380 nm and emission 460 nm), and the

raw values at each timepoint compared with the linear range of

7-amino-4-methylcoumarin standards (Bachem, Torrance, CA,

USA), diluted 0.1–10 lM.

Viability assays
Cell viability was measured 24 h after treatment in two ways, by

measuring ATP levels or counting viable nuclei. First ATP levels

were assayed by a proprietary luciferase based reaction with Cell

Titer Glo (Promega Inc., Madison, WI, USA), added according to

the manufacturer’s instructions and read 20 min later on a

microplate reader (L-Max II; Molecular Devices, Sunnyvale, CA,
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USA). Second, cells were fixed with a 2% p-formaldehyde solution

in PBS and stained with Hoechst solution as above. Blind counts of

viable cells were performed following UV-illuminated digital

capture of nuclei from the center of each well, as described

previously (Leak et al. 2006). For one set of experiments, ATP level

assays were also performed 48 h after 6-OHDA removal instead of

24 h, as indicated in the Results section.

3H-dopamine uptake
Cells were incubated with 200 nM 3H-DA (specific activity 59.3 Ci/

mmol; American Radiolabeled Chemicals, St Louis, MO, USA) in

PBS for 15 min at 37�C (Leak et al. 2006). Negative control wells

were incubated with the high-affinity DA transporter blocker

nomifensine (40 lM) for 10 min prior to and during the assay.

Cells were then washed three times with PBS and total tritium

extracted with ethanol and perchloric acid for counts by liquid

scintillation spectroscopy (Beckman LS-1800; Beckman Coulter,

Inc., Fullerton, CA, USA). Counting efficiency for tritium was 0.58,

and results were expressed as dpm.

Glutathione assay
For measuring total GSH in a relatively high-throughput manner, an

assay was developed using the infrared In Cell Western system (LI-

COR Biotechnology). A rabbit antibody raised against both

oxidized and reduced GSH was applied together with a mouse

antibody against a-tubulin and visualized with infrared secondary

IgGs. Specificity controls for the GSH antibody included various

concentrations of BSO treatments to ensure dose-dependent loss of

GSH staining, as well as depletion of signal by pre-adsorption of the

antibody with excess GSH tripeptide purchased in its reduced form

(Sigma-Aldrich). A 100 lM concentration of BSO was then chosen

for viability experiments, as it did not by itself result in any loss of

a-tubulin signal or of ATP levels by Cell Titer Glo, and so was

deemed non-toxic. For the remaining GSH assays, cells were fixed

with p-formaldehyde at 3, 6, or 24 h after treatment with BSO ± 6-

OHDA and stored in PBS-azide until incubation in 10% normal goat

serum in 0.3% Triton X-100 in PBS for 1 h. Then cells were then

exposed overnight to rabbit anti-GSH and mouse anti-a-tubulin
diluted in 1% normal goat serum and 0.3% Triton X in PBS. The

following day, cells were rinsed three times in PBS and incubated

for 1 h in infrared goat anti-mouse (700 nm) and goat anti-rabbit

(800 nm) secondary IgG, diluted in 2% normal serum and 0.3%

Triton X in PBS. Plates were finally washed three times in PBS and

infrared emissions from each well-bottom read on the Odyssey

Imager. GSH levels as measured by this system were expressed as

anti-GSH fluorescence intensity divided by anti-a-tubulin fluores-

cence intensity. The original images generated by this sensitive

system are in a gray scale rather than color (as shown in Figures)

and their bit-depth of 16 yields 216 or 65 536 intensity levels.

Superoxide dismutase activity assays
Cells were harvested in PBS 24 h after plating. An aliquot of this

was removed for BCA protein content assay as usual. Cells in PBS

were spun at 2000 g for 10 min at 4�C and resuspended and

homogenized in 20 mM HEPES buffer, pH 7.2, containing 1 mM

EGTA, 210 mM mannitol, and 70 mM sucrose. The homogenized

solution was recentrifuged at 1500 g for 5 min at 4�C, the

supernatant collected, and 5 lg protein from each sample mixed

with tetrazolium salt in each well as per manufacturer’s directions

for detection of superoxide radicals (Cat No.706002; Cayman

Chemicals, Ann Arbor, MI, USA). A second set of duplicate

samples were simultaneously treated with 2 mM potassium cyanide,

an inhibitor of CuZnSOD, to permit assessment of MnSOD activity

(Saggu et al. 1989). Absorbance was read at 450 nm and enzyme

activity calculated from absorbance of SOD standards, after

ensuring raw values were within their linear range.

RNA interference
For RNA interference, cells were plated at high confluency in

accordance with the manufacturer’s instructions for Lipofectamine

2000 (Invitrogen). siRNA concentrations were based on the

manufacters’s recommendations for rat cell lines (500 pmol for

six-well plates with 3.5 cm diameter wells). Our pilot testing range

for knockdown by immunoblotting was 25–500 pmol for each

siRNA sequence. We chose to focus upon concentrations that

produced a knockdown of CuZnSOD back to naı̈ve control values

within 24 h, so as to minimize adverse effects upon basal viability

by long-term loss of a critical protein. From the pilot data, we chose

to treat cells with 300 pmol ‘‘All Stars’’ negative control siRNA

(Qiagen Inc., Valencia, CA, USA) or CuZnSOD siRNA (see below)

in Opti-MEM/Glutamax transfection media (Invitrogen) with 5 lL
Lipofectamine per 100 pmol siRNA in six-well plates (31 pmol/

cm2). The proprietary, negative control siRNAwas designed to have

no known homology to mammalian genes but enter the RNA-

induced silencing complex. Two different CuZnSOD sequences

were used, one from Qiagen Inc. (antisense sequence rUUAAUC-

CUGUAAUCUGUCCdTdG) and one from Dharmacon (Lafayette,

CO, USA; antisense sequence 5¢-P.UUCACCGCUUGCCUUCUG-
CUU). Both sequences gave similar knockdown values at 300 pmol.

For viability experiments in 96-well format (0.6 cm diameter

wells), cells plated at the same number per unit surface area were

treated with 8.82 pmol negative control or CuZnSOD siRNA

(31 pmol/cm2, final concentration of 88 nM). After 5 h, Opti-MEM

was replaced with regular medium and cells were treated 24 h later

with 6-OHDA or vehicle as usual, except that the concentration of

6-OHDA was doubled (200 lM) as the cell plating density for

transfections was higher than before and affected the EC50. Cells

were assayed with Cell Titer Glo 24 h after 6-OHDA as usual.

Statistical analyses
Data are presented as mean ± SEM from three to seven independent

experiments, each performed in triplicate wells or more and

analyzed using two-tailed t-test when there were only two groups

or otherwise by ANOVA (SPSS V10.1; SPSS Inc., Chicago, IL, USA).

Post hoc comparisons following ANOVA were performed using the

method of Bonferroni. Results were deemed significant when

p £ 0.05.

Results

MG132 caused no overt change in morphological
appearance of PC12 cells
MG132 treated cells showed no detectable change in cellular
appearance or TH enzyme expression, as assessed with
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brightfield images (Fig. 1a and b), Hoechst nuclear staining
(Fig. 1c and d), and immunocytochemistry (Fig. 1e and f).
Immunoblotting with anti-TH antibodies also revealed no
MG132-induced change in TH protein levels (Fig. 1g), in
support of the immunocytochemical results. Further, no
neurite extension or signs of differentiation were observed
over the course of 6 months of exposure.

MG132 decreased proteasome activity
In our model, chronic exposure to 0.1 lM MG132 reduced
chymotrypsin-like activity in cytosolic extracts by 47%

(Fig. 2a), indicating that our toxin was effective at this
concentration. Fluorescence increased linearly over time
during the assay for proteasome activity, but with no further
change between groups (20 min reading shown in Fig. 2a).
As a negative control, treatment of aliquots of the same
extracts with epoxomicin (20 lM) before and during the
assay itself dropped fluorescent emissions in both control and
MG132 samples by an average of 99%.
With successful reduction of proteasome activity, one

would expect substrate turnover to decrease and the levels of
ubiquitin-conjugated proteins to rise. Thus, we probed
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Fig. 1 Chronic MG132 treatment did not

affect morphological appearance of PC12

cells. Brightfield (a and b), Hoechst staining

(c and d) and TH immunolabeling (e and f)

of naı̈ve control (a, c, and e) versus chronic

MG132-treated cells (b, d, and f). Cells

were fixed and stained 48 h after side-by-

side passaging and plating at equal densi-

ties. Images were captured at the same

exposure settings for both groups.

Immunoblotting verified the lack of effect

upon levels of TH protein (g). Total TH

levels were expressed as a fraction of

b-actin label to control for variations in

protein loading and presented as mean +

SEM from six independent experiments.

Scale bar, 50 lm (a–f).
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control and MG132 treated cells for ubiquitin-conjugated
proteins. In MG132 treated cells we found a trend for
increased levels of such proteins by two-tailed t-test
(p = 0.076, one-tailed t-test, p value = 0.038, six indepen-
dent sets; Fig. 2b). The 42% rise in ubiquitin conjugates with
proteasome inhibition was noted by quantifying the entire
visible MW range (250–15 kDa), but the typical spread of
proteins most affected were those at higher molecular
weights. This pattern has been noted in figures from other
authors, some of them also using MG132 (Fujimuro et al.
1994; Elkon et al. 2001; Ohtake et al. 2007). We show a
representative immunoblot from two sets of experimental
samples harvested 6 months apart, to illustrate how the
response did not appear to vary over time (Fig. 2b, right
panel).

MG132 protected against oxidative stress and higher
concentrations of MG132
Chronic MG132 exposure attenuated the toxic effects of 6-
OHDA as well as a high concentration of MG132, as
measured by both ATP level assay (Cell Titer Glo) and the
Hoechst nuclear stain (Fig. 3a–d). The MG132-induced rise
in viability following 6-OHDA treatment typically ranged
from 25% to 30% with these assays (Fig. 3a and b). A

similar pattern was observed for high dose MG132 post-
treatment, with �30% rise in viability apparent with both
assays (Fig. 3c and d). Subsequent experiments focused
solely upon 6-OHDA, as it is considered to be a classic
model of oxidative stress for catecholaminergic cells (Zig-
mond and Keefe 1997). Furthermore, as ATP levels are likely
to be more indicative of functionally protected cells than the
appearance of Hoechst-stained intact nuclei, the Cell Titer
Glo assay was chosen for subsequent viability assays.
The PC12 cells used here were stably transfected with the

human DA transporter to achieve rapid, high-affinity trans-
port of 6-OHDA within a short interval and prevent its
extracellular breakdown in media [see Materials and meth-
ods; discussed at length by Clement et al. (2002)]. To gauge
whether MG132 by itself might reduce intracellular entry of
6-OHDA, we examined the uptake of 3H-DA across the
plasma membrane. We found that chronic MG132 treatment
did not reduce 3H-DA uptake, instead, a 36% increase was
observed (Fig. 3e). In contrast, the DA transport blocker
nomifensine applied during the assay effectively reduced
3H-DA uptake, supporting the specificity of our measure. We
inferred from these data that any MG132-induced protection
against 6-OHDA could not be attributed to reductions in
toxin entry.
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Protection against 6-OHDA was not elicited or submaximal
with short-term MG132 treatment, and was lost upon
MG132 removal
To examine whether protection could be elicited with a
short interval of exposure to MG132, naı̈ve PC12 cells were
exposed to 0.1 lM MG132 for 24 h prior to 6-OHDA
treatment. MG132 was then left in during and after
6-OHDA (24 h), as this was also the protocol for all the
chronic stress experiments (see Materials and methods).
Thus, the previously naı̈ve cells had experienced a total
interval of 48.5 h of 0.1 lM MG132 at the time of viability
assay (Fig. 4a). Such short-term treatment failed to confer
any protection, cause significant cell loss, or hyperprolifer-
ation by itself, suggesting that a longer period of exposure
was required for protection and supporting the hypothesis
that growth rates remained constant. Then we examined
closely the interval between lack of protection (1 day
exposure before application of 6-OHDA) and the ‡14-day
period. For this, naı̈ve control cells were treated with
0.1 lM MG132 for 4, 8, or ‡14 days at time of 6-OHDA.
Thus, the 4 and 8 days groups were plated at days 3 and 7

for 6-OHDA treatment the next day, and assayed at days 5
and 9, 1 day after 6-OHDA, respectively. In these exper-
iments, we found a smaller degree of protection at 4 days
(20% rise in viability from controls) and 8 days (14% rise)
relative to exposure for 14 days or longer (32% rise;
Fig. 4b).
We then proceeded to characterize basal viability in cells

grown for 0, 3, 7, or > 14 days in MG132, and plated for
Cell Titer Glo assay after an additional 24 h (0, 4, 8, or
> 14 days at assay) or 48 h (0, 5, 9, or > 14 days when
assayed). No differences in cell density were observed across
time between any groups (Fig. 4c). Next, we asked whether
the MG132 treatment simply delayed cell death for 24 h or
could effect longer-lasting protection (48 h after removal of
6-OHDA). We found robust MG132-induced protection even
2 days after 6-OHDA removal (Fig. 4d). Finally, we exam-
ined if the protection would linger in the long-term absence
of MG132. However, we found that a removal of the
stimulus for 2 weeks resulted in loss of protection and a
complete reversal back to the original state of vulnerability to
6-OHDA (Fig. 4e).
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MG132-induced protection against 6-OHDA was not
mediated by an increase in GSH
Previous studies suggested that short-term treatment with
proteasome inhibitors increased GSH synthesis in PC12 cells
and may have conferred protection against 6-OHDA and

hydrogen peroxide (Yamamoto et al. 2007). We therefore
investigated whether long-term treatment with MG132
protected PC12 cells against 6-OHDA by a GSH-dependent
mechanism. To accomplish this, we first developed the assay
for total GSH described in the Materials and methods section
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and illustrated in Fig. 5a and b. An immunocytochemical
method such as this will not discriminate free GSH from
GSH-protein adducts, but one would expect both measures to
rise and fall in parallel under most circumstances. First we
verified in naı̈ve controls that BSO treatment for 24 h
reduced the GSH signal in a concentration-dependent manner
without affecting cell density (12.5–100 lM). Higher con-
centrations of BSO resulted in loss of a-tubulin signal (data
not shown), thus, we chose the 100 lM concentration for our
following experiments.
Naı̈ve and MG132 treated cells were then exposed to

BSO ± 6-OHDA or their respective vehicles to examine
whether GSH depletion would attenuate protection (Fig. 5c).

However, BSO significantly exacerbated the toxicity of
6-OHDA in both control and MG132 treated cells to the
same extent (29% BSO-induced drop in naı̈ve cells and 31%
drop in MG132 treated cells), failing to reduce the extent of
MG132-induced protection against 6-OHDA (34% rise in
viability in the absence of BSO and 32% rise in viability in
the presence of BSO). BSO had no effect upon basal viability
by itself in either group, as expected from the lack of effect
upon a-tubulin signal noted above.
To ensure that BSO actually reduced GSH to the same

extent in both control and MG132 treated cells, both groups
were assayed for GSH after BSO ± 6-OHDA or their
respective vehicles, 3, 6, and 24 h later (Fig. 5d–f). How-
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ever, we found that the difference in GSH between naı̈ve and
MG132 pre-treated cells was not statistically significant
under any treatment condition. Indeed, BSO resulted in
�60% loss of GSH at each time irrespective of treatment
group. At 24 h, there was a significant 6-OHDA induced rise
in GSH levels in control cells not treated with BSO, an effect
of 6-OHDA which did not quite reach significance in cells
treated with MG132 (Bonferroni post hoc: p = 0.08)
(Fig. 5f).

CuZnSOD, MnSOD, catalase, and Hsp70 were higher in
MG132 treated cells
6-Hydroxydopamine has been shown to generate the super-
oxide radical (Heikkila and Cohen 1973) and is commonly
used to model intracellular toxicity caused by oxidative
stress. Therefore, protection against 6-OHDA might be
expected to be provided by antioxidant enzymes, prominent
among which are cytosolic CuZnSOD (Asanuma et al. 1998;
Pong et al. 2000; Barkats et al. 2002), mitochondrial
MnSOD (Callio et al. 2005), and catalase (Tiffany-Castigli-
oni et al. 1982; Hanrott et al. 2006; Saito et al. 2007). We
thus began to determine whether these protective enzymes
were higher in MG132 chronically treated cells with
immunoblotting, and found significantly higher levels of
MnSOD (21%), CuZnSOD (55%), and catalase (15%)
following MG132 treatment (Fig. 6). Hsp70 is known to
rise upon cellular exposure to misfolded proteins, such as
would be expected to occur after treatment with MG132
(Bush et al. 1997; Lee and Goldberg 1998b). Therefore, we
also measured inducible Hsp70 levels by immunoblotting,
and found that levels of Hsp70 were 42% higher in MG132

treated cells (Fig. 6). In contrast, no significant change in
another chaperone, Hsp25, was observed (data not shown).

CuZnSOD down-regulation by RNA interference attenuated
MG132 induced protection against 6-OHDA
CuZnSOD has a high level of endogenous expression in
nigral DA neurons (Zhang et al. 1993; Kunikowska and
Jenner 2001, 2003), and has been shown to be protective
against 6-OHDA (Asanuma et al. 1998; Pong et al. 2000;
Barkats et al. 2002). We thus focused our attention on the
next hypothesis that CuZnSOD played a key role in the
protection afforded by MG132. First we examined SOD
activity to determine whether it increased in parallel to the
MG132-induced increase observed in SOD proteins. We
observed that CuZnSOD activity was increased by 40%
(Fig. 7a). This was not accompanied by a detectable change
in MnSOD activity, suggesting that the modest rise in
MnSOD apparent by immunoblotting was beyond the
sensitivity of the activity assay or that it did not represent
an increase of active protein. Cells harvested over the course
of the initial 2 weeks in MG132 were also probed for
CuZnSOD levels. A slow incremental rise was found – 100%
for controls, 123% ± 10 at 4 days, 128% ± 9 at 8 days, and
147% ± 4 at > 14 days spent in 0.1 lM MG132 (four
independent observations, p < 0.05, Bonferroni post hoc).
Ubiquitin-conjugated protein levels also rose progressively,
but with the higher variability also apparent in Fig. 2 – 100%
for controls, 111% ± 9 at 4 days, 121% ± 16 at 8 days, and
140% ± 25% for 14+ days (four independent observations).
Finally, to test whether there was indeed a causal

relationship between protection and CuZnSOD levels, we

**

0

20

40

60

80

100

120

140

Control 0.1 μM MG

C
at

al
as

e 
/ β

-a
ct

in

0

20
40

60

80

100

120

140

M
nS

O
D

 / 
β-

ac
tin

C
uZ

nS
O

D
 / 

β-
ac

tin

Control 

CuZnSOD

MnSOD

β-actin

β-actin

0.1 μM MG

Control 0.1μM MG

Catalase

β-actin

Hsp 70

β-actin

**

**

0
20
40
60
80

100
120
140
160
180

Control 0.1 μM MG

**
Control 0.1μM MG Control 0.1μM MG

Control 0.1μM MG

0
20
40
60
80

100
120
140
160

H
sp

 7
0 

/ β
-a

ct
in

Control 0.1 μM MG

Fig. 6 Chronic MG132 was associated with higher protein levels of

three antioxidant enzymes and a stress-responsive chaperone.

(a) Protein levels of SODs, catalase, and inducible Hsp70 were

assessed by western immunoblotting with infrared secondary probes.

b-Actin served as a loading control. Data are presented as mean +

SEM from three to seven independent experiments. Two-tailed t-test:

**p < 0.05 versus control naı̈ve cells.

� 2008 The Authors
Journal Compilation � 2008 International Society for Neurochemistry, J. Neurochem. (2008) 106, 860–874

Chronic MG132 reduces oxidative toxicity | 869



used RNA interference with two independent sequences. So
as to minimize adverse effects upon basal viability by loss
of a protective molecule, we strove to achieve knockdown
only to the basal values of naı̈ve control cells. For this, a
small pilot immunoblotting study was undertaken to yield
information on siRNA dose and knockdown temporal
profile. Using these preliminary data it was determined
with both sequences that 31 pmol/cm2 of siRNA reduced
CuZnSOD levels in MG132 treated cells to near-control
values at 24 h (Fig. 7b and c, left panels), the chosen time

of 6-OHDA treatment for the viability experiments pre-
sented below.
For each sequence, we repeated the siRNA knockdown for

6-OHDA toxicity studies with the same concentration
(31 pmol/cm2 or 88 nM siRNA). 6-OHDAwas administered
at 200 lM because of increased confluence expected of the
Lipofectamine protocol, 24 h after siRNA treatment and cell
viability was measured as usual 24 h thereafter. Knockdown
with either sequence resulted in significant loss of MG132-
induced protection against 6-OHDA, in that we observed a
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32% drop with siRNA sequence 1 and a 27% drop with
siRNA sequence 2 (Fig. 7b and c, right panels). CuZnSOD
knockdown thus rendered MG132 treated cells comparable
with controls in their sensitivity to oxidative stress. Slight
differences in viability between the two siRNA sequences
may be attributable both to differences in siRNA transfection
efficiency and in the toxicity of 6-OHDA and MG132
batches (see Materials and methods). In contrast to findings
with BSO where basal GSH levels were dropped by 60%
(see Fig. 5), the slight CuZnSOD knockdown in naı̈ve
controls with either sequence failed to significantly affect
their response to 6-OHDA.

Discussion

Characterization of model and effect of MG132 on cellular
resilience
We began by characterizing our new model of chronic stress.
First the MG132 treatment did not produce overt changes in
cellular morphology or TH expression, nor were signs of
neurite extension or differentiation observed over the course
of 6 months. Second, we showed that MG132 in this
paradigm inhibited chymotrypsin-like proteasome activity
by 47%, as measured by a highly specific assay for the
cytosolic 26S particle (Kisselev and Goldberg 2005). A
statistical trend towards an average 42% rise in levels of
ubiquitin-conjugated proteins was observed (two-tailed p
value of 0.076 and one-tailed p value of 0.038). Exposure to
MG132 was then found to protect against 6-OHDA, with the
protection developing over the course of 2 weeks. Protection
was verified by two independent assays – cell counts
(Hoechst-stained live nuclei) and an index of ATP levels
(Cell Titer Glo). We also observed that chronic MG132
exposure decreased the toxic effects of a much higher
concentration of MG132, a treatment which would not rely
upon the DA transporter for inducing toxicity and was
suggestive of non-specific ‘‘cross-tolerance’’ (see below).
Finally, nomifensine-sensitive uptake through the high-
affinity DA transporter was slightly increased by MG132
(36%). This latter finding suggested that any MG132-
induced protection against 6-OHDA could not be readily
explained by reductions in DA transporter function. In sum,
the reduction in the toxic effects of both 6-OHDA and high-
dose MG132 as measured by two independent assays is
suggestive of a non-specific cross-tolerance against multiple
types of injury. Interestingly, a previous preconditioning
study of ours showed that acute sublethal 6-OHDA also
induced cross-tolerance against normally toxic levels of
MG132 (Leak et al. 2006).

The possible involvement of cathepsins and calpains, in
addition to the proteasome, in our MG132 model system
would be expected to increase damaged proteins and cellular
stress as well, and was not viewed as undesirable for our

particular questions. Nevertheless, in preliminary studies we
also found that epoxomicin, still believed to be more specific
than MG132, elicited protection against 6-OHDA, but within
a narrow range of concentration (�1.25 nM). This is
consistent with previous work showing that epoxomicin
and lactacystin are protective against oxidative insults in
other models (Lee et al. 2004; van Leyen et al. 2005),
although these other models did not involve chronic pre-
treatments. At higher doses (> 2.5 nM) epoxomicin led to
cell death of the entire population over the course of 2 or
more weeks. We emphasize here that in our model, high
enough stress levels are expected to cause an exacerbation of
toxicity instead of protection, in an inverted U-shaped dose–
response curve. For example, one study on SH-SY5Y cells
noted that 200 lM MG132 potentiated 50 lM 6-OHDA
toxicity (Elkon et al. 2001). In PC12 cells, we similarly
found that higher concentrations of MG132 (4 lM) actually
exacerbated 6-OHDA toxicity, doubling the drop in viability
after 50 lM 6-OHDA (19% loss in ATP in control cells and
40% loss with high dose MG132).
In our PC12 model, in contrast to long-term exposures to

MG132 of 14 days or longer, short-term, 24 h exposure was
insufficient to elicit any protection, and protection was
submaximal with exposure to 4 and 8 days of MG132.
Protection was still apparent 48 h after removal of the 6-
OHDA challenge. In contrast, removal of the MG132
stimulus for 14 days resulted in a complete loss of acquired
adaptive defenses and a reversal to the original state of
vulnerability to 6-OHDA. These data suggest that the effect
does not appear to represent delay of inevitable 6-OHDA-
induced cell death but that the stimulus must be prolonged
and maintained for this adaptive response.

Mechanism of protection against 6-OHDA
In an effort to determine the mechanism underlying the
protection against reactive oxygen species conferred by
chronic MG132, we first examined GSH antioxidant
defenses. We observed that 100 lM BSO, which reduced
overall GSH levels by 60%, did not affect the degree of
MG132-induced protection against 6-OHDA at all. Instead, it
successfully enhanced the toxicity of 6-OHDA in both
control and MG132 treated cells by almost precisely the
same extent, showing that the overall levels of GSH were not
simply in excess of cellular requirements in this paradigm. 6-
OHDA treatment caused a slight increase in GSH levels in
naı̈ve cells 24 h following removal, perhaps as an adaptive
response to oxidative injury. In contrast, MG132 did not
cause a significant change in GSH levels from that of control
cells under any treatment condition. Therefore, we conclude
that GSH was equally important for defense against oxidative
stress in both control and MG132 treated groups, and that
protection arising from MG132 exposure per se was
unrelated to GSH. These findings are important in light of
the well-known drop in GSH levels in the substantia nigra in
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early PD (Dexter et al. 1994), and illustrate that cells, at least
initially, are able to rely upon alternate pathways for adaptive
defenses in the face of extensive GSH loss.
Next, we examined four well-known defensive proteins –

catalase, MnSOD, CuZnSOD and Hsp70 – and found levels
of each to be significantly higher in MG132 treated cells. No
significant changes in Hsp25 or TH levels argue against
global, non-specific changes. In our study, we have no
evidence regarding whether the above changes represent an
increase in protein synthesis, a decrease in protein degrada-
tion, or both. However, microarray studies have shown
transcriptional changes with proteasome inhibitors (Yew
et al. 2005), and previous studies reported an increase in Hsp
mRNA with MG132 (Bush et al. 1997; Lee and Goldberg
1998b). Furthermore, a recent Arabidopsis study revealed
that microRNA suppression of CuZnSOD gene expression is
released by oxidative stress and plays a critical role in the
subsequent induction of stress-induced tolerance (Sunkar
et al. 2006).
As blotting revealed a trend towards a rise in ubiquitinated

proteins, which could have included CuZnSOD (Kabuta
et al. 2006), one might wonder whether the defensive
proteins assayed were actually functional. This hypothesis
was inconsistent with our observations that functional
enzyme activity levels of CuZnSOD were higher with
MG132 and that knockdown of CuZnSOD with each of
two independent siRNA sequences attenuated protection. We
reasoned that knockdown of CuZnSOD levels to approxi-
mate that of naı̈ve controls would minimize adverse effects
upon basal viability and allow some CuZnSOD to be present
for normal homeostatic function. This strategy also allowed
us to test whether similar 6-OHDA induced toxicity values
would then arise as in controls. Overall, the data support the
hypothesis that CuZnSOD, but not GSH, mediated chronic
MG132-induced protection. Whether catalase and Hsp70
similarly contribute to chronic stress-induced protection
remains to be determined.
Prior studies have used virally mediated or transgenic

over-expression of CuZnSOD to examine whether this
protein can be protective in models of PD (Przedborski
et al. 1992; Asanuma et al. 1998; Barkats et al. 2002, 2006;
Choi et al. 2006; Wang et al. 2006). One in vivo study of
CuZnSOD knockouts showed increased DA terminal degen-
eration in a PD model (Zhang et al. 2000). Our present study
extends such observations by indicating that dopaminergic
cells faced with long-term stress also use this enzyme for
endogenous self-defense. There is a prominent loss of
CuZnSOD mRNA from the ventral midbrain in 6-OHDA-
treated rats, MPTP-treated monkeys, and human PD (Ku-
nikowska and Jenner 2001, 2003), as well as anatomical
observations of high endogenous expression of CuZnSOD
within melanized human DA neurons (Zhang et al. 1993).
Thus, it can be speculated that endogenous CuZnSOD plays
a critical role in self-protecting DA neurons. Whether this

enzyme is higher in DA cells experiencing high levels of
damaged proteins in vivo is not clear, but with our novel
findings we suggest that CuZnSOD is worthy of detailed
characterization across all the brain regions exhibiting
synuclein-positive inclusions, preferably as a function of
the Braak staging of PD (Braak et al. 2003).

Implications for in vivo studies of proteasome inhibition
Studies involving the intracerebral administration of pro-
teasome inhibitors typically find dopaminergic cell death
rather than protection (Fornai et al. 2003; McNaught et al.
2003; McNaught 2004; Miwa et al. 2005; Schapira et al.
2006; Sun et al. 2006), although a large number of studies
with systemic treatments failed to find toxicity (Beal and
Lang 2006). In contrast, a few studies actually show
protection of DA neurons with intracerebral proteasome
inhibitors (Sawada et al. 2004; Inden et al. 2005). Such
varying effects of proteasome inhibitors have been dis-
cussed as concentration dependent, with low doses eliciting
adaptive responses (Lin et al. 1998; Sawada et al. 2004;
Setsuie et al. 2005) as seen in the present study. Our
findings also carry some implications for the use of
proteasome inhibitors in cancer treatment (Zavrski et al.
2007), for they suggest that there may be a ‘‘paradoxical’’
resilience in those tumor cells that fail to experience high
enough concentrations of the drug.

Conclusions

The motor symptoms of PD progress slowly despite a
reduction in nigral proteasome activity (McNaught et al.
2003). The present report examined whether PC12 cells
might adapt to chronic MG132, a treatment that dropped
chymotrypsin activity by 47% and was expected to increase
levels of cellular stress. MG132 at a sublethal dose of
0.1 lM did not appear to affect cell growth rates and
rendered PC12 cells resistant to both the oxidative toxicity
of 6-OHDA (100 and 200 lM) and to normally lethal
concentrations of MG132 (40 lM). The decrease in
6-OHDA vulnerability was independent of GSH but was
associated with higher levels of several defensive proteins.
Evidence was then obtained suggesting that enzymatically
active CuZnSOD played a key role in MG132-induced
resilience to oxidative stress. When considered together
with similar reports in the literature, these data indicate that
the ability to mount defensive responses to injury is a
fundamental and intrinsic cellular property. Whether similar
adaptations serve to reduce the incidence of neurodegener-
ative diseases and delay its appearance in those that develop
such conditions in their older years deserves further
examination. Our results also raise the possibility that
increasing endogenous defenses through drug treatment or
gene therapy will delay the progression of such illnesses
even further.
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:

(LRRK2) is a recently identified gene that, when mutated at specific locations,
results in the onset of parkinsonian symptoms with clinical features indistinguishable from idiopathic
Parkinson's disease. Based on structural and domain analysis, LRRK2 is predicted to function as a stress-
responsive protein scaffold mediating the regulation of mitogen activating protein kinase (MAPK) pathways.
Consistent with this notion, our results supported the notion that expression of wild-type LRRK2 but not
Y1699C or G2019S mutants enhanced the tolerance of HEK293 and SH-SY5Y cells towards H2O2-induced
oxidative stress. This increase in stress tolerance was dependent on the presence of the kinase domain of the
LRRK2 gene and manifested through the activation of the ERK pathway. Collectively, our results indicated
that cells expressing LRRK2 mutants suffer a loss of protection normally derived from wild-type LRRK2,
making them more vulnerable to oxidative stress.

Published by Elsevier Inc.
Introduction

Leucine-rich repeat kinase 2 (LRRK2), amember of the ROCO protein
family, is a recently identified gene whose mutants have been linked
to the onset of parkinsonian symptoms (Haugarvoll and Wszolek,
2006; Klein and Schlossmacher, 2006; Olanow, 2007; Whaley et al.,
2006). Sequence domain analysis of this gene has revealed that the
285 kDa protein for which it encodes comprises ROC, COR, kinase, and
WD40 domains, in that order, with the ROC domain beginning after
the first 1000 amino acids (Jain et al., 2005;West et al., 2005). The ROC
domain, with its GDP/GTP bindingmotif has been shown to be capable
of altering the kinase activity of LRRK1, a paralog of LRRK2 (Korr et al.,
2006). To date, the impact of these mutations on wild-type LRRK2 is
yet unclear.

Expressions of LRRK2 mutant genes, such as Y1699C and
R1441C, result in a loss of basal cell viability in SHSY5Y cells
(Greggio et al., 2006; West et al., 2005) demonstrating their innate
toxicity. Since G2019S and I2020T mutants show higher kinase
activities than wild-type LRRK2, it has been speculated that
alteration of kinase activity is involved in the manifestation of
parkinsonian symptoms caused by LRRK2 mutations (Bialecka et al.,
2005; Tomiyama et al., 2006; West et al., 2005). However, further
investigation showed that different LRRK2 mutants have different
inherent kinase activity based on an auto-phosphorylation assay.
Indeed, some mutants have lower kinase activity than the wild-
irect.com).

nc.
type counterpart. For example, it has been shown that the Y1699C
mutant has lower kinase activity than wild-type LRRK2 and yet has
the highest propensity to elicit the formation of protein aggregates
(Greggio et al., 2006). Therefore, it is uncertain whether changes in
kinase activities among the LRRK2 mutants contribute to the cause
of pathology.

Phylogenetic analysis of the LRRK2 kinase domain has revealed
sequence similarity to the receptor interaction protein (RIP) protein
family as well as mixed lineage kinases (Meylan and Tschopp, 2005;
Xu et al., 2001), raising the possibility of parallel functions among
these kinases. In fact, Meylan and Tschopp (2005) have termed LRRK1
and LRRK2 as RIP6 and RIP7 respectively. Both of these kinase families
participate in the signaling events in response to cellular stresses
caused by various stimuli (Gloeckner et al., 2006). Therefore, it is likely
that LRRK2 wild-type gene product is also involved in stress-induced
signaling events leading to cell death.

In this study, our main objective was to investigate whether LRRK2
is involved in a stress-induced signaling cascade mediating cell death
and, if so, to identify differential responses derived from LRRK2 wild-
type, Y1699C and G2019S mutant genes in these events. Our results
suggest that expression of LRRK2 wild-type or Y1699C mutant genes
in HEK293 cells suppressed basal levels of activated ERK but not JNK,
independent of its kinase domain. Moreover, the presence of LRRK2
wild-type gene product but not Y1699C or G2019S mutant gene
product conferred protection against H2O2-induced cell death through
activation of the ERK pathway mediated by its kinase domain in
HEK293 and SH-SY5Y cells. Therefore, based on our results, this multi-
functional domain LRRK2 gene is able to affect the activation of the
ERK pathway.

mailto:lioukf@upmc.edu
http://dx.doi.org/10.1016/j.nbd.2008.06.016
http://www.sciencedirect.com/science/journal/09699961
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Materials and methods

Materials

The LRRK2 wild-type, Y1699C, and G2019S mutant genes fused
with GFP on their C-terminal in pCDNA3.1 expression vector were a
kind gift from Dr. Matthew Farrer of the Neurogenetics Laboratories,
Mayo Clinic Jacksonville. All the chemicals were obtained from Fisher
Scientific (Pittsburgh, PA, USA) and all the inhibitors were obtained
from BIOMOL (Plymouth Meeting, PA, USA) unless otherwise stated.

Cell culture

HEK293 cells (ATCC, Manassas, VA, USA) were maintained in
DMEM media supplemented with 10% fetal bovine serum (Hyclone,
Logan, UT, USA). SH-SY5Y cells, a kind gift from Dr. James P. Bennett Jr,
University of Virginia were maintained in DMEM media supplemen-
ted with 10% fetal bovine serum (Hyclone, Logan, UT, USA). The cells
were plated in various configurations at 80% confluence before
undergoing transfection. The transfection process was performed
before treatments with either inhibitors or H2O2.

Transfections

Transfection of various constructs into HEK293 cells were
performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
in accordancewith themanufacturer's instructions. In brief, cells were
seeded in various configurations to yield 80% confluency. In the case of
HEK293 cells, cell densities were 20,000 cells per well of a 96-well
plate and 1×106 cells per well of a 6 cm plate. As for SH-SY5Y cells, cell
densitieswere 100,000 cells perwell of a 96-well plate and 5×106 cells
perwell of a 6 cm plates. After optimization, we found that the optimal
DNA/lipofectamine ratio for HEK293 cells and SH-SY5Y cells were 1:3
and 1:2 respectively. To instigate transfection, conditioned medium
was first replaced with Opti-I media (Invitrogen, Carlsbad, CA, USA).
Then, the correct amounts of DNA and Lipofectamine 2000 reagent
were added to Opti-I medium and incubated at room temperature for
5 min. After a further incubation at room temperature for 15 min, the
DNA–lipofectamine complex was added drop-wise evenly throughout
the areawith cells. Then, the cellswere incubated at 37 °C for 4 h before
the medium was changed completely back into growth medium. The
transfection efficiency was estimated by eye under fluorescence
illumination to visualize GFP and compared to the total number of
cells under bright field illumination for HEK293 cells typically showing
at least 70% transfection efficiency. On the other hand, the transfection
efficiency for SH-SY5Y cells was determined by counting GFP+ cells
over total cell number indicating that the efficiency was on average
about 13%.

H2O2 and inhibitor treatment

Chronic treatments of H2O2, U0126 (BIOMOL, Plymouth Meeting,
PA), were carried out after transfection when Opti-I medium was
replaced with growth media. Cells were pre-treated with MEK1
inhibitor (U0126) for 1 h before H2O2 was introduced into the
medium. Typically, total cell death was quantified byWST-1 assay and
necrotic cell death as described below.

Assessment of cell survival by WST-1 assay

Cell viability of HEK293 cells was determined using the WST-1
assay kit (Roche, Penzberg, Germany) in accordance with the
manufacturer's recommended protocol. In brief, after the respective
treatments, the spent medium was removed, replaced with fresh
growthmedium, and incubated at 37 °C for 3 h. The mediumwas then
replaced again with fresh growth medium supplemented with 10%
WST-1 reagent. This was followed by an additional incubation at 37 °C
for 30–60 min. Changes in cell viability were reflected by changes in
optical density detected at 420 nm, which was measured using a
spectrophotometer microplate reader (SpectraMax 340, Molecular
Devices, Sunnyvale, CA, USA). All values in the figures were calculated
from at least 2–3 independent experiments with each experiment
containing at least 6–8 replicates in each experimental condition.

Assessment of necrosis by LDH assay

Necrosis is characterized by early loss of cell membrane integrity and
the release of cytosolic lactate dehydrogenase (LDH). Hence, LDH release
was measured in the present study to quantify necrotic cell death using
the LDH assay kit developed by Pointe Scientific, Inc. (Fisher Scientific,
Pittsburgh, PA, USA). In brief, 30 µl of the spent medium was collected
from each treatment condition and mixed with 150 µl of reagent
comprised of Reagent A and Reagent B pre-mixed in a ratio of 1:6.
Changes in optical density at 340 nm were measured using a spectro-
photometric microplate reader and the maximum reaction rate was
calculated to reflect the LDH level in the spent medium. The percentage
of LDH release under each experimental condition was then calculated
against the total cellular contents of LDH in control wells. Total LDH
contents were assessed by subtracting the amount of LDH in untreated
cell culture medium (total viable cells) from that in cultures lysed with
1% Triton X-100 for 10 min (total release).

Assessment of cell survival by cell count post-stained with Hoechst stain

Cell density of SH-SY5Ycells expressing LRRK2 wild-type, Y1699C
or G2019S mutant was determined by direct cell count due to the
presence of GFP fusion to each of the genes. Twenty-four hours after
treatment with H2O2, the cells were fixed with 4% para-formalde-
hyde and 4% sucrose in PBS for 20 min at room temperature. Then,
the cells were permeablized with 0.1% Triton X-100 in PBS for
another 20 min at room temperature. Afterwards, the cells were
stained with Hoechst stain for 1 h before it was replaced with PBS.
Then, the cells were observed via fluorescent microscopy. For each
treatment conditions, three independent frames of the cells were
captured showing cells expressing LRRK2–GFP fusion. The same
frames of the cells stained with Hoechst stain to reveal total number
of cells was captured too. In this way, the number of cells expressing
LRRK2 (wild-type and mutants) and the total of cells were
determined by direct cell count. In this manner, the percentage
survival of SH-SY5Y cells expressing each of the LRRK2 genes was
determined. In addition, the change in percentage survival of SH-
SY5Y cells in response to H2O2 insult was also determined.

Deletion mutant construction in mammalian expression vector

The deletion mutants for wild-type LRRK2 and Y1699Cmutant genes
were createdusing the sameapproach. In each case, thegenewas cutwith
endonucleases Cla I (New England Biolabs, Ipswich, MA, USA) and Pac I
(New England Biolabs, Ipswich, MA, USA), respectively, to remove the
kinasedomain.Meanwhile, twooligomersof sequences “CGAGCGGCCGC-
GAT” and “CGCGGCCGCT”were synthesized and annealed to forma linker
with ends compatible to Cla I and Pac I sites respectively. Then, the linker
was used to connect the open ends of the deleted genes giving rise to the
pair of deletion mutants corresponding to LRRK2 wild-type gene and
Y1699C mutant gene. The excision sites of the deletion mutants were
sequenced. In addition,we retained the parental vector pCDNA3.1 and the
GFP fusion at the C-terminal for the deletion mutants.

PAGE and Western blotting

Standard PAGE and Western blotting protocols recommended by
Cell Signaling Technology (Danvers, MA, USA) were used in this study.
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Statistical analysis

Results are reported as mean value±SEM. The significance of
difference between means was assessed by ANOVA and post hoc
Fisher's protected least significant difference (PLSD) tests, with pb0.05
considered statistically significant.
Fig. 1. Impact of wild-type LRRK2 and its mutants Y1699C and G2019S on basal cell viabilit
0–300 µM of treatment of H2O2 for 18 h in HEK293 cells; (B) Changes in percentage cell dea
H2O2 for 18 h in HEK293 cells; (C) Decrease in basal cell viability in HEK293 cells expressin
24 readings per data point, from six independent experiments. ⁎pb0.01, #pb0.01, %pb0
ANOVA and post hoc Fisher's protected least significant difference (PLSD) tests; (D) Attenu
expressing mutant Y1699C or G2019S. Percentage cell survival after H2O2 insult among cel
G2019S is normalized against untreated cells transfected with the same vector or expressi
six independent experiments. ⁎pb0.01 versus viability of cells transfected with pCDNA3.1 a
hoc Fisher's protected least significant difference (PLSD) tests.
Results

In this study, we characterized functional differences between wild-
type LRRK2 and its mutants (Y1699C and G2019S) in response to oxi-
dative stress. We had selected HEK293 cells as host for expressing these
genes as we consistently attained at least 70% transfection efficiency. In
y and under the insult of H2O2 in HEK293 cells. (A) Cell survival profile in response to
th due to necrosis as estimated by LDH assay in response to 0–300 µM of treatment of
g wild-type LRRK2 and its mutants Y1699C and G2019S. Data are means±SEM, at least
.01 versus viability of cells transfected with pCDNA3.1. Statistics were derived from
ation of H2O2-induced cell death for cells expressing wild-type LRRK2 but not in cells
ls transfected with pCDNA3.1, expressing wild-type LRRK2 or its mutants Y1699C and
ng the same proteins. Data are means±SEM, at least 24 readings per data point, from
fter 150 µM of H2O2 treatment for 18 h. Statistics were derived from ANOVA and post



Fig. 2. Impact of expressing wild-type LRRK2 and Y1699C mutant on basal level of
phospho-ERK (pERK) and phospho-JNK (pJNK). (A) Changes in basal level of pERK and
pJNK in HEK293 cells expressing wild-type LRRK2 and Y1699C mutant as compared to
those transfected with pCDNA3.1. In the top panel, an anti-GFP antibody was used to
examine expression of wild-type LRRK2 and Y1699C mutant gene in HEK293 cells via
immunoblotting. The corresponding changes in basal level of pERK, total ERK, pJNK, and
total JNK are also shown and β-actin was used as a loading control; (B) Corresponding
changes in pERK, total ERK, pJNK, and total JNK in HEK293 cells expressing wild-type
LRRK2 or Y1699C mutant with and without chronic treatment with 150 µM of H2O2 for
18 h. β-Actin was used as loading control.

119A.K.F. Liou et al. / Neurobiology of Disease 32 (2008) 116–124
addition, we have also verified the consistency of the key results in
neuronal SH-SY5Y cells. Since it has been reported that 6-OHDAandH2O2

toxicities utilized similar pathways to achieve cell death (Mazzio et al.,
2004; Saito et al., 2007) and inviewof its stability over 6-OHDA,we chose
H2O2 as the source of oxidative stress to inducedegeneration in our study.

Changes in basal cell viability and H2O2-induced cell death due to
expression of wild-type LRRK2 and its mutants Y1699C and G2019S

First, we have to determine the concentration of H2O2 that will
elicit 50% cell death (EC50). When we treated HEK293 cells with
H2O2 between 1 and 300 µM for 18 h, we obtained a dose response
curve indicating that 150 µM H2O2 consistently elicited 50% cell
death (Fig. 1A). To ascertain the mode of cell death at this condition,
we then measured the corresponding percentage necrotic cell death
using the LDH assay (Fig. 1B). We observed that chronic treatment
with 150 µM of H2O2 resulted in 10% of necrotic cell death,
indicating that the predominant mode of cell death at these
conditions is apoptosis. Therefore, the paradigm adopted in this
study was the treatment of HEK293 cells with H2O2 at 150 µM for
18 h.

The delivery of wild-type LRRK2, Y1699C and G2019S genes into
HEK293 cells was mediated via transfection with lipofectamine
2000. After optimization, the typical transfection efficiency was at
least 70% (data not shown). Comparable transfection efficiency was
ensured by monitoring the expression of each LRRK2 gene with
fluorescence microscopy since a GFP moiety is fused to each of their
C-terminal. Twenty-four hours after transfection, we observed a
consistent 30–45% drop in basal viability among cells expressing
wild-type and its mutants Y1699C and G2019S with no significant
difference between them (Fig. 1C). However, when the cells
expressing wild-type and mutant LRRK2 genes were exposed to
H2O2 at 150 µM for 18 h, we observed that cells expressing wild-
type LRRK2 were more tolerant to H2O2 toxicity than were those
expressing each of the mutants (Fig. 1D). In comparison, cells
expressing wild-type LRRK2 experienced 50% attenuation in H2O2-
induced cell death relative to those cells expressing Y1699C or
G2019S mutants. On the other hand, there was no significant
difference in the percentage cell death among cells expressing either
of the mutants as well as those transfected with the parental vector
pCDNA3.1. Therefore, the results suggest that Y1699C and G2019S
mutants did not further exacerbate cell death in response to H2O2

toxicity. Since the impact on basal cell viability and in response to
H2O2 toxicity are the same in cells expressing Y1699C and G2019S
mutants, we performed more detailed investigation on the
mechanistic difference between wild-type LRRK2 and Y1699C
mutants in subsequent experiments.

The impact of wild-type LRRK2 and Y1699C mutants on ERK1/2

Based on structural and domain analysis, the physiological role of
wild-type of LRRK2 is predicted to be a stress-responsive protein
scaffold mediating the regulation of mitogen activated protein kinase
(MAPK) pathways (Mata et al., 2006). Under this notion, LRRK2 must
crosstalk with the proteins involving the MAP kinase cascade. Hence,
we first examined changes in basal levels of phospho-ERK1/2 (pERK)
and phospho-JNK (pJNK) due to expression of wild-type LRRK2 or
Y1699Cmutant in HEK293 cells whichmay suggest crosstalk between
LRRK2 and the MAP kinase pathways. The lysate from cells expressing
wild-type LRRK2 or Y1699C mutant as well as those transfected with
parental vector pCDNA3.1 were prepared and the changes in basal
levels of pERK and pJNK were determined by immunoblot analysis
(Fig. 2A). The presence of wild-type LRRK2 and Y1699C mutant in
HEK293 cells was also visualized by probing immunoblots with an
antibody recognizing GFP (Fig. 2A, top panel).

No band was detected in lysate derived from cells transfected with
pCDNA3.1 vector. We also failed to detect endogenous wild-type
LRRK2 in HEK293 cells with several commercially available antibodies
(data not shown). By comparison, the endogenous wild-type LRRK2
was significantly lower than those being over-expressed and hence
functional changes attributed to the over-expressed LRRK2 (wild-type
and mutant) would receive minimal interference from endogenous
wild-type LRRK2. In comparison, the basal level of pERK was
decreased in cells expressing wild-type LRRK2 and Y1699C mutant
with no change to the level of total ERK1/2 (tERK) (Fig. 2A). Moreover,
the decrease in the basal level of pERK in cells expressing Y1699C
mutant was higher in cells expressing wild-type LRRK2. In contrast,
there was no significant change in the basal level of pJNK or total JNK
(tJNK) in cells expressing wild-type LRRK2 and Y1699C mutant to
those transfected with pCDNA3.1. On the other hand, after 18 h of
treatment with H2O2 at EC50 (150 µM), cells expressing wild-type
LRRK2 consistently elicited a higher level of pERK than those
expressing Y1699C mutant with no significant change in the level of
tERK (Fig. 2B). As to pJNK and tJNK, there was no significant difference
in their level changes in response to H2O2 toxicity between cells



Fig. 3. Effect of co-expression of wild-type LRRK2, Y1699Cmutant with dnERK2 respectively on basal cell viability and cell death in response to H2O2 toxicity. (A) Demonstration of the
efficacy of using dnERK2 to silence ERK activation. In the top panel, cells expressing pCDNA3.1 showed activation in response to H2O2 (middle lane); on the other hand, cells
expressing dnERK2 gene showed suppression of ERK activation under the same stimulus (right lane). The second panel indicates expression of the dnERK2 gene.α-Tubulinwas used
as loading control. (B) Co-expression of dnERK2 with LRRK2 wild-type gene or Y1699C mutant gene did not significantly alter the decrease in basal cell viability due to the expression
of LRRK2 genes or its mutants. (C) Co-expression of dnERK2withwild-type LRRK2 abrogated the protection conferred by the latter gene against cell death induced by H2O2 in HEK293
cells. No significant changes in cell death induced by H2O2 toxicity were detected when dnERK2 was co-expressed with Y1699C mutant in HEK293 cells. Percentage cell death
induced by H2O2 among cells transfected with pCDNA3.1, expressing LRRK2 wt or Y1699C mt gene in the absence or presence of dnERK2 are normalized against untreated cells
transfected with the same vector or expressing the same proteins. Data aremeans±SEM, at least 12 readings per data point, from three independent experiments. ⁎pb0.05 versus cell
viability of cells expressing LRRK2wt without dnERK2 after chronic treatment with H2O2 for 18 h. Statistics were derived from ANOVA and post hoc Fisher's protected least significant
difference (PLSD) tests.
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expressing wild-type LRRK2 and Y1699C mutant. Collectively, these
results suggest the potential crosstalk between LRRK2 and the ERK1/2
pathway.

Wild-type LRRK2 activated the ERK1/2 pathway to protect against
H2O2 toxicity

In view of the higher pERK level in cells expressing wild-type
LRRK2 and the corresponded decrease in H2O2-induced cell death, we
speculated the possibility that the activation of ERK1/2 pathway had
been employed by wild-type LRRK2 to confer protection against cell
death induced by H2O2 toxicity. To test this hypothesis, we cloned a
dominant negative version of the ERK2 gene (dnERK2) into the same
parental vector pcDNA3.1. The dominant negative version of the ERK2
gene is one with its Thr202 and Tyr204 replaced with Alanine. Over-
expression of dnERK2 will saturate the activated MEK1 inhibiting the
proper phosphorylation/activation of ERK1/2. As expected, upon
expression of dnERK2, the activation of ERK1/2 in response to H2O2

was significantly suppressed (Fig. 3A). In addition, the successful
expression of the dnERK2 was confirmed indicated by the stronger
upper band of the rightmost column of the second panel in Fig. 3A.

Using the dnERK2 construct to suppress the activation of ERK1/2,
we could examine the impact of ERK1/2 activation on basal viability
and cell death induced by H2O2 toxicity. Co-expression of dnERK2 and
wild-type LRRK2 andY1699Cmutant did not alter the decrease in basal
viability of HEK293 cells elicited by expressing wild-type LRRK2 and
Y1699C mutant alone (Fig. 3B), suggesting that the decrease in basal
pERK was not the cause of this drop in basal viability. On the other
hand, under the persistent insult of H2O2 at 150 µM, cells co-expressing
wild-type LRRK2 and dnERK2 abolished the protection against H2O2-
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induced cell death conferred by wild-type LRRK2 (Fig. 3C). This loss of
protection has brought the percentage cell death to a level comparable
to cells transfected with pCDNA3.1 or expressing Y1699C mutant.
Furthermore, co-expression of Y1699C mutant and dnERK2 did not
elicit any further decrease in H2O2-induced cell death. Similarly, pre-
treatment with the MEK inhibitor U0126 (10 µM) suppressed the
activation of the ERK1/2 pathway and also abrogated the protection
conferred by wild-type LRRK2, without any significant impact on the
H2O2-induced cell death in cells expressing Y1699C mutant (data not
shown). Collectively, these results suggest the notion that wild-type
LRRK2 but not Y1699C mutant activated the ERK1/2 pathway and
thereby protected against H2O2-induced cell death.
Differential cell death in neuronal cells expressing LRRK2 wild-type and
mutants (Y1699C or G2019S) in response to H2O2 toxicity

Thus far, we have observed that HEK293 cells expressing LRRK2
wild-type are more resistant to H2O2 toxicity as compared to cells
expressing mutants (Y1699C or G2019S) and this difference can be
attributed to the capacity of LRRK2 wild-type to activate the ERK1/2
pathway. At this juncture, we are interested to determine whether
this differential functional impact from LRRK2 wild-type and mutants
(Y1699C or G2019S) against oxidative stress can be extended to
neuronal cells. To address this, we transfected the same set of LRRK2
wild-type and mutant genes into human dopaminergic neuronal SH-
SY5Y cells via lipofectamine 2000, followed by determining their
influence on cell viability in response to H2O2 toxicity (60 µM, 18 h).
Due to the low transfection efficiency (∼13%), the percentage cell
survival was determined by direct cell count of cells exhibiting GFP
fluorescence against total cell number visualized by Hoechst stain.

First, the impact from these LRRK2 gene products on basal cell
viability of SH-SY5Y cells was determined (Fig. 4A). In comparison, we
observed a decrease in basal viability of 20% in cells expressing
Y1699C and nearly 30% in cells G2019S than those cells expressing
LRRK2 wild-type. Consistent with reported studies, both of the LRRK2
mutants exhibited higher innate toxicity than LRRK2 wild-type
(Gloeckner et al., 2006; Smith et al., 2006).

Then, we investigated the differential change in percentage cell
survival among cells expressing LRRK2 wild-type and mutants in
response to H2O2 toxicity in SH-SY5Y cells. Similar to that observed in
HEK293 cells, cells expressing LRRK2 wild-type experienced a 27–36%
lowering in cell death as compared to cells expressing Y1699C or
G2019S respectively (Fig. 4B). Moreover, in the presence of 10 µM
U0126 pre-treated 1 h before the treatment of H2O2, the difference in
percentage cell survival between cells expressing LRRK2 wild-type
and its mutants was abolished (Fig. 4C) suggesting that the difference
is mostly likely due to the activation of the ERK1/2 pathway mirroring
that observed in HEK293 cells.

The protection conferred by wild-type LRRK2 is dependent on its
kinase domain

To date, the limited biochemical characterization of LRRK2 has
indicated a change in the kinase activity due to the identifiedmutations
based on in vitro cell free kinase assay (Greggio et al., 2006; Ito et al.,
2007;West et al., 2005). However, it is yet uncertainwhichprotein along
the ERK signaling cascade can interact with wild-type LRRK2 protein
Fig. 4. Impact of LRRK2 wild-type and mutants on basal viability and cell viability in
response to H2O2 insult in SH-SY5Y cells. (A) Change in basal viability due to expression
of LRRK2 wild-type and mutants (Y1699C and G2019S). Data are means±SEM, 3
readings per data point, from at least three independent experiments. ⁎pb0.05 versus
basal cell viability of cells expressing LRRK2 wild-type; #pb0.05 versus basal cell
viability of cells expressing LRRK2 wild-type. Statistics were derived from ANOVA and
post hoc Fisher's protected least significant difference (PLSD) tests. (B) Change in
percentage cell survival between cells expressing LRRK2 wild-type and mutants
(Y1699C or G2019S) in response to H2O2 insult. Data are means±SEM, 3 readings per
data point, from at least three independent experiments. ⁎pb0.01 versus percentage
cell viability of cells expressing LRRK2 wild-type after H2O2 insult; #pb0.01 versus basal
cell viability of cells expressing LRRK2 wild-type after H2O2 insult. Statistics were
derived from ANOVA and post hoc Fisher's protected least significant difference (PLSD)
tests. (C) Change in percentage cell survival between cells expressing LRRK2 wild-type
and mutants (Y1699C or G2019S) in the absence and presence of 10 µM U0126 in
response to H2O2 insult. Each of the percentage cell survival of cells expressing LRRK2
wild-type and mutants (Y1699C or G2019S) after H2O2 insult was normalized from
corresponding cells expressing the same LRRK2 gene without H2O2 insult. Data are
means±SEM, 3 readings per data point, from at least three independent experiments.
⁎pb0.01 versus percentage cell viability of cells expressing LRRK2 wild-type after H2O2

insult; #pb0.01 versus basal cell viability of cells expressing LRRK2 wild-type after H2O2

insult. Statistics were derived from ANOVA and post hoc Fisher's protected least
significant difference tests.



Fig. 5. Characterization of the deletion mutants. (A) Change in basal pERK in HEK293 cells expressing wild-type LRRK2, Y1699C mutant, and their respective deletion mutants.
(B) Expression of deletion mutants resulted in significantly less decrease in basal cell viability as compared to their complete gene counterpart. Data are means±SEM, at least 12
readings per data point, from three independent experiments. ⁎pb0.05 versus basal cell viability of cells expressing the corresponding complete gene. Statistics were derived
from ANOVA and post hoc Fisher's protected least significant difference (PLSD) tests. (C) Impact of expressing LRRK2 wild-type-kinase (deletion mutant) on ERK response in
HEK293 cells towards H2O2 toxicity. The changes in pERK and total ERK with and without H2O2 treatment in cells transfected with pCDNA3.1, expressing wild-type LRRK2
(LRRK2 wt), and LRRK2 wild-type-kinase (LRRK2 wt-kinase) were visualized by immunoblotting probed with antibodies recognizing pERK, total ERK and β-actin respectively. β-
actin was used as loading control. (D) Impact of expressing Y1699C mutant-kinase (deletion mutant) on ERK response in HEK293 cells towards H2O2 toxicity. The changes in
pERK and total ERK with and without H2O2 treatment in cells transfected with pCDNA3.1, expressing Y1699C mutant (Y1699C mt) and Y1699C mutant-kinase (Y1699C mt-
kinase) were visualized by immunoblotting probed with antibodies recognizing pERK, total ERK and β-actin respectively. β-actin was used as loading control. (E) Comparative
impact on cell death induced by treatment with 150 µM of H2O2 in cells expressing pCDNA3.1, wild-type LRRK2, LRRK2 wt-kinase, Y1699C mutant, and Y1699C mt-kinase.
Percentage cell death induced by H2O2 among cells transfected with pCDNA3.1, expressing wild-type LRRK2, Y1699C mutant, or their corresponding deletion mutant are
normalized against untreated cells transfected with the same vector or expressing the same proteins. Data are means±SEM, at least 12 readings per data point, from three
independent experiments. ⁎pb0.05 versus cell viability of cells expressing LRRK2 wt after chronic treatment with H2O2 for 18 h. Statistics were derived from ANOVA and post
hoc Fisher's protected least significant difference (PLSD) tests.
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directly. Thus, it is the common belief that the kinase activity of LRRK2
will dictate its physiological function. Therefore, we were interested to
determine whether the kinase domain is involved in the protective
phenotype of wild-type LRRK2 observed in our paradigm. Since all the
reported studies related to the change in kinase activity of LRRK2 due to
specificmutations (Greggio et al., 2006; Ito et al., 2007;West et al., 2005)
or the development of kinase dead mutations (Burke, 2007; Greggio et
al., 2006; Lu and Tan, 2008) were based on cell free in vitro kinase assay
using auto-phosphorylation ormyelin basic protein (MBP) as substrates,
it is uncertain the same specific change in kinase activity for Y1699C and
G2019S can be extended to the protein that activates the ERK1/2
pathway in view of the unique protein–protein interaction between the
kinase and each of its substrates. The same mutations would elicit
unique impacton the activity of thekinase towards eachof its substrates.
Hence, under these circumstances, we decided to delete the kinase
domain in lieu of mutating specific residues to create a kinase-dead
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version of wild-type LRRK2 and Y1699C mutant. In constructing the
deletionmutants, we utilized unique endonuclease cut-sites of Cla I and
Pac Iflanking thekinase domain of the LRRK2gene. Using these sites, the
kinase domain was excised from the LRRK2 wild-type and Y1699C
mutant gene. After the excision, the ends were joined by an in-frame
short DNA linker created by annealing two complementary primers. The
sequences are shown in Materials and methods section.

Using the deletionmutants in conjunctionwith their corresponding
complete gene,we could determinewhether their differential response
towards oxidative stress mandates the presence of the kinase domain.
With this strategy,we observed that removal of the kinasedomain from
the wild-type LRRK2 further decreased the basal level of pERK to a
comparable level elicited by full length Y1699Cmutant (Fig. 5A). On the
other hand, removal of the kinase domain from Y1699Cmutant did not
further decrease the basal level of pERK, suggesting that the kinase
domain was not involved in the suppression of basal level of pERK.
Nevertheless, these results supported the notion that wild-type LRRK2
but not Y1699C mutant has the capacity to activate the ERK pathway.
However, the removal of the kinase domain from full length wild-type
LRRK2 and Y1699Cmutant mitigated the drop in basal viability by 20%
when expressed in HEK293 cells, which was 20% less than the cells
expressing their full length counterpart (Fig. 5B).

Under the chronic insult of H2O2, we found that cells expressing
the deletion mutant of wild-type LRRK2 cannot elicit an increase in
pERK level as observed in cells expressing full length wild-type LRRK2
(Fig. 5C). In the case of Y1699C mutant, cells expressing the full length
or deletion mutant version of the gene do not exhibit significant
difference in their capacity to increase pERK level (Fig. 5D).
Correspondingly, cells expressing the deletion mutant of wild-type
LRRK2 lost the protective phenotype conferred by full length wild-
type LRRK2 against H2O2-induced cell death (Fig. 5E), suggesting that
the protective phenotype of wild-type LRRK2 is dependent on the
kinase domain and hence kinase activity. Moreover, deletion of the
kinase domain from Y1699C mutant did not increase the H2O2-
induced cell death and was comparable to cells transfected with
pCDNA3.1. Collectively, the results suggest that wild-type LRRK2 but
not Y1699C mutant is capable of activating the ERK pathway to confer
protection against H2O2-induced cell death.

Discussion

Studies on the biochemical characterization of functional differ-
ences between wild-type LRRK2 and its mutants are limited. The few
reported biochemical studies have focused on the impact of the LRRK2
mutant-kinase activity on intracellular physiological functions, includ-
ing the formation of inclusion bodies and cell death (Gloeckner et al.,
2006; Greggio et al., 2006; Smith et al., 2006;West et al., 2005). Overall,
it has been speculated that LRRK2 mutant could elicit a “toxic gain of
function” that leads to degenerative consequences within the cell. The
objective of the present study was to identify functional differences
between wild-type LRRK2 and the mutants Y1699C and G2019S in
response to oxidative stress. Collectively, our results indicated that
wild-type LRRK2 but not Y1699C or G2019S mutants attenuated
H2O2-induced cell death in HEK293 cells and SH-SY5Y cells. Further
mechanistic determination indicated that the mutation such as
Y1699C lost the inherent protective capacity of wild-type LRRK2
against oxidative stress in its inability to activate the ERK1/2
pathway. Nevertheless, the results from this study cannot rule out
the possibility that specific mutations in the LRRK2 gene abolished
protective capacity of LRRK2 against oxidative stress in conjunction
with a gain of toxic function as suggested in other reported studies.

Impact of wild-type LRRK2 and its mutants on basal viability

In non-neuronal HEK293 cells, expressing wild-type LRRK2,
Y1699C or G2019S mutants experienced a 30–40% decrease in basal
cell viability showing no significant difference in their individual toxic
impact. In contrast, expression of Y1699C or G2019S mutants in
neuronal SH-SY5Y cells resulted in at least 20% higher drop in basal
viability than its wild-type counterpart suggesting greater toxicity for
the mutants consistent with reported studies (Greggio et al., 2006;
Smith et al., 2006). This discrepancy may be due to the differential
endogenous protein profiles in HEK293 cells and SH-SY5Y cells. It is
speculated that the LRRK2 mutants interact with neuronal specific
proteins which are absence in HEK293 cells, actualizing their inherent
higher toxicity than LRRK2 wild-type. On the other hand, the
activation of the ERK pathway by LRRK2 wild-type in response to
H2O2 toxicity was via protein/s present in HEK293 and SH-SY5Y cells
and hence account for the consistent observation in both cell lines.
Therefore, despite the high transfection efficiency for HEK293 cells,
one must be careful in data interpretation as it is not always possible
to generalize results obtained in non-neuronal cells to neuronal cells.

To date, several reported studies have suggested that the toxicity
of LRRK2 mutants resides solely on their change in kinase activity
from LRRK2 wild-type (Greggio et al., 2006; Smith et al., 2006; West
et al., 2005, 2007). If this is the case, expression of the deletion
mutants should not decrease the basal viability by 20% higher than
cells that have undergone transfection with pCDNA3.1 or expressing
GFP alone (data not shown), albeit their corresponding impacts on
basal viability were 15–20% lower than cells expressing full length
LRRK2 wild-type or mutants (Fig. 5B). This result suggested two
components for the inherent toxicity of LRRK2 wild-type and
mutants. First, cells expressing the kinase deletion mutants experi-
enced a 15–20% increase in basal viability when compared to cells
expressing their full length counterpart suggesting a kinase depen-
dent inherent toxic component of LRRK2. However, the 20% drop in
basal viability in cells expressing the kinase deletion mutants when
compared to cells transfected with pCDNA3.1 or expressing GFP also
suggests a component of the inherent toxicity for LRRK2 that is
independent of its kinase activity.

Can a kinase independent component of the inherent toxicity for
LRRK2 possible? Sequence and functional domain analysis of LRRK2
led to the prediction of its function to be a protein scaffold that enables
the formation of a multi-protein signaling complex similar to that of
the protein kinase suppressor of Ras (Ksr) (Gloeckner et al., 2006;
Kolch, 2005;Mata et al., 2006). Potential crosstalk between LRRK2 and
the ERK pathway was first suggested by the decrease in basal level of
pERK in cells expressing LRRK2 wild-type, its mutant and their
corresponding deletion mutants which were consistent with its
predicted role as a protein scaffold facilitating the activation of the
ERK1/2 pathway. This is because as a protein scaffold facilitating the
activation of the ERK1/2 pathway, over-expressing LRRK2wild-type or
mutants would inevitably suppress the activation of the ERK1/2
pathway which may come with detrimental consequences to cell
growth and maintenance of cell viability. In parallel, it has been
reported that over-expressing the scaffolding protein, JIP1, results in
the suppression of JNK activation through sequestration of MEK or JNK
despite the fact that physiological function of JIP1 is to facilitate JNK
activation (Dickens et al., 1997; Harding et al., 2001; Li et al., 2005;
Mooney and Whitmarsh, 2004). This may account for the kinase
independent component of the inherent toxicity of this protein.

Impact of LRRK2 wild-type and mutants on the cell death in response to
oxidative stress

Collectively, our results indicated that LRRK2 wild-type but not its
mutants has the capacity to attenuate H2O2-induced cell death via
activation of the ERK1/2 pathway in both HEK293 and SH-SY5Y cells.
This change in tolerance towards oxidative stress is likely to be
attributed to their differential capacity to activate the ERK1/2
pathway. Our evidence further indicates that the activation of the
ERK1/2 pathway by wild-type LRRK2 is kinase domain dependent.
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However, it is yet uncertain which protein along the ERK signaling
cascade can interact with wild-type LRRK2 protein directly.

Although our study suggests a cellular function for wild-type
LRRK2 in attenuating oxidative stress, it is likely that this protein has
other physiological functions yet to be identified. In summary, our
results suggested that mutations on LRRK2 can alter its capacity to
activate the ERK1/2 signaling cascade, which significantly affect cell
death in response to oxidative stress. This observation is consistent
with the observation that the G2019S mutation decreases the
phosphorylation of MAP kinase (White et al., 2007). However
whether LRRK2 functions as an intracellular scaffold facilitating the
activation of other MAP kinase signaling cascade merits further
investigation.
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