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Abstract
There is increasing evidence that neuron death in neurode-generative diseases, such as Parkinson's
disease, is due to the activation of programmed cell death. However, the upstream mediators of
cell death remain largely unknown. One approach to the identification of upstream mediators is to
perform gene expression analysis in disease models. Such analyses, performed in tissue culture
models induced by neurotoxins, have identified up-regulation of CHOP/GADD153, a transcription
factor implicated in apoptosis due to endoplasmic reticulum stress or oxidative injury. To evaluate
the disease-related significance of these findings, we have examined the expression of CHOP/
GADD153 in neurotoxin models of parkinsonism in living animals. Nuclear expression of CHOP
protein is observed in developmental and adult models of dopamine neuron death induced by
intrastriatal injection of 6-hydroxydopamine (6OHDA) and in models induced by 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP). CHOP is a mediator of neuron death in the adult
60HDA model because a null mutation results in a reduction in apoptosis. In the chronic MPTP
model, however, while CHOP is robustly expressed, the null mutation does not protect from the
loss of neurons. We conclude that the role of CHOP depends on the nature of the toxic stimulus.
For 6OHDA, an oxidative metabolite of dopamine, it is a mediator of apoptotic death.
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There is an emerging consensus that programmed cell death (PCD) is likely to play a role in
neuron death in neurode-generative disease (Mattson 2000; Yuan and Yankner 2000). For
Parkinson's disease (PD), this consensus is based on studies in animal models and human
post-mortem material demonstrating either apoptotic morphology or immunohistochemical
evidence for activation of caspases (reviewed in Vila and Przedborski 2003). One of the
hallmarks of PCD is that in many contexts, it requires the transcription of genes that mediate
cell death (Martin et al. 1988; Oppenheim et al. 1990). Therefore, a useful strategy to
attempt to identify genes that mediate neuronal degeneration is to screen gene expression in
models of disease. Such a strategy has been implemented for PD by performing serial
analysis of gene expression in PC12 cells, a catecholaminergic cell line (Greene and
Tischler 1976), treated with 6-hydroxydopamine (6OHDA), a neurotoxin which is an
oxidative metabolite of endogenous dopamine (Senoh and Witkop 1959; Kostrzewa and
Jacobowitz 1974). Among the up-regulated transcripts identified by this analysis, and of
particular potential relevance to neuronal death, was a striking induction of the transcription
factor CHOP/GADD153 (Ryu et al. 2002). CHOP has been implicated as a mediator of
apoptosis in the contexts of both endoplasmic reticulum (ER) stress (Matsumoto et al. 1996;
Zinszner et al. 1998; Kawahara et al. 2001; Maytin et al. 2001; Gotoh et al. 2002;
Oyadomari and Mori 2004) and oxidative stress (Guyton et al. 1996; Mengesdorf et al.
2002). In keeping with a possible role of either of these forms of cellular stress in mediating
CHOP induction and neuron death, the analysis of gene expression also identified the
induction of many other genes involved in ER and oxidative stress (Ryu et al. 2002, 2005).

A similar induction of CHOP was also observed by Holtz and O'Malley in a gene expression
screen of neurotoxin models of parkinsonism (Holtz and O'Malley 2003). These
investigators used Affymetrix gene arrays to screen dopaminergic MN9D cells following
exposure to either 6OHDA or MPP+, and noted that the most highly expressed transcript, for
both neurotoxins, was that for CHOP (Holtz and O'Malley 2003).

These findings in gene expression screens performed in vitro are potentially relevant to
human PD because the classes of transcripts induced, those related to oxidative stress and
ER stress, relate to important current hypotheses for pathogenesis. The possibility that the
oxidative metabolism of dopamine may be injurious to dopaminergic neurons is one of the
longest-standing hypotheses (Fahn and Cohen 1992). More recently, ER stress has been
postulated to play a role. An important genetic cause of PD is loss of function mutations in
parkin (Ishikawa and Tsuji 1996; Kitada et al. 1998). These mutations have been implicated
in abnormal protein processing because parkin is an E3 ubiquitin-ligase (Shimura et al.
2000) and, as such, it plays a role in targeting cellular proteins for destruction by the
proteasome (Ciechanover 1998). One putative protein target of parkin, Pael-R, is a difficult-
to-fold protein, and it has been postulated that its accumulation may result in dopaminergic
neuron death due to ER stress (Imai et al. 2000, 2001).

The possible implications of these in vitro observations for the pathogenesis of PD depend
on whether they generalize to the in vivo context. We have therefore investigated the
expression of CHOP in several neurotoxin models of parkinsonism in living animals:
substantia nigra (SN) dopamine neuron degeneration induced by intrastriatal injection of
6OHDA in both developing (Marti et al. 1997) and adult rodents (Sauer and Oertel 1994),
and by both the acute (Heikkila et al. 1984) and chronic (Tatton and Kish 1997) systemic
administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). In addition, we
have sought to determine whether CHOP plays a functional role as an essential mediator of
dopamine neuron death by examining the vulnerability of homozygous CHOP null mice.

Silva et al. Page 2

J Neurochem. Author manuscript; available in PMC 2011 April 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and methods
Animals

For the study of postnatal rats, timed pregnant females were obtained from Charles River
Laboratories (Wilmington, MA, USA). The date of delivery was defined as postnatal day
(PND) 1. For adult mouse studies utilizing the 6OHDA and MPTP models, C57BL/6 mice
were obtained from Charles River. CHOP null mice were produced by homologous
recombination to replace all of the CHOP coding sequence (except for the final 34 C-
terminal residues) with the coding sequence for β-galactosidase containing a nuclear
localization signal. The neomycin selection cassette was then removed by Cre recombinase.
There was no detectable CHOP protein in cells and tissues derived from these animals (Fig.
1). These mice were back-crossed into the C57BL/6 strain five times before breeding for
experiments. The CHOP null mice were genotyped by PCR analysis of tail DNA using
three-primer PCR analysis as previously described (Zinszner et al. 1998), with the
modification that the primer to detect the mutant allele was based on the β-galactosidase
sequence and produced a 300 bp product.

Animal models
The models used in this investigation are summarized in Table 1. The 6OHDA model in
postnatal rats was performed as previously described (Marti et al. 1997). Briefly, rat pups at
PND7 were pre-treated with 25 mg/kg desmethylimipramine, anesthetized by hypothermia
and placed prone on an ice pack. 6-OHDA hydrobromide (Regis, Morton Grove, IL, USA)
was prepared at 15 μg (total weight)/1.0 μL in 0.9% NaCl/0.02% ascorbic acid, and infused
by pump (Harvard Apparatus, Holliston, MA, USA) at a rate of 0.25 μL/min for 4 min (total
dose 15 μg). Postnatal mice were injected in a similar fashion except that the solution was
prepared at a concentration of 20 μg/μL and infused for 2 min, for a total dose of 10 μg. For
experiments in postnatal mice, littermate wild-type and heterozygote animals were examined
in comparison with nulls. Adult mice were infused with a concentration of 5 μg/μL at a rate
of 0.5 lL/min for 8 min for a total dose of 20 μg. For experiments in adult mice, C57BL/6
adults were used as controls.

The medial forebrain bundle (MFB) axotomy model in postnatal rats was performed as
previously described (El-Khodor and Burke 2002). Briefly, rat pups were anesthetized by
hypothermia. Animals were positioned in a stereotaxic apparatus (Kopf Instruments,
Tujunga, CA, USA) to conform with the neonatal brain atlas of Heller et al. (1979). The
MFB was transected by lowering a retractable wire knife (Kopf Instruments) through a skull
burr hole 1.4 mm posterior and 2.5 mm lateral to bregma to a ventral position of 6.5 mm
below bregma.

For the acute MPTP lesion model, mice received four i.p. injections of MPTP-HCl (20 mg/
kg free base; Sigma, St Louis, MO, USA) dissolved in saline, 2 h apart in 1 day as
previously described (Teismann et al. 2003). Control mice received saline only. MPTP
handling and safety measures were in accordance with our published guidelines
(Przedborski et al. 2001). For the chronic MPTP model, mice received one i.p. injection of
MPTP-HCl per day (30 mg/kg per day of free base) for 5 consecutive days as described
(Tatton and Kish 1997).

All procedures were approved by the Institutional Animal Care and Use Committee of
Columbia University.
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Immunohistochemistry
For CHOP immunoperoxidase histochemistry, animals were perfused intracardially first
with 0.9% NaCl and then with 4% paraformaldehyde and 0.1 M phosphate buffer (PB). The
brains were then removed and post-fixed in the same fixative for 3 h. Each brain was then
cryoprotected in 20% sucrose for 24 h. The brains were then rapidly frozen in isopentane on
dry ice, and sections were cut in a cryostat at 30 μm. Sections were processed free-floating.
After a phosphate-buffered saline (PBS) wash and treatment with PBS, 0.5% bovine serum
albumen and 0.1% Triton X-100, sections were incubated with rabbit anti-CHOP at 1 : 500
for 48 h at 4°C. After a wash, sections were then incubated with biotinylated protein A
(prepared in this laboratory) at 1 : 100 for 1 h at ambient room temperature. Sections were
further incubated with avidin-biotinylated-horseradish peroxidase complexes (ABC; Vector
Laboratories, Burlingame, CA, USA) at 1 : 600 for 1 h. After incubation with
diaminobenzidine, sections were mounted onto subbed slides and counterstained with
thionin. The primary antibody had been previously characterized and used for
immunohistochemistry (Ron and Habener 1992; Zinszner et al. 1998). For
immunofluorescence double-labeling for CHOP and tyrosine hydroxylase (TH), sections
were collected into Tris-buffered saline (TBS) and then treated with TBS/0.2% Triton/2%
goat serum/2% horse serum. They were then incubated in the same solution with anti-CHOP
(1 : 500) and mouse anti-TH (1 : 40) (Chemicon, Temecula, CA, USA) for 48 h at 4°C. The
sections were next treated with Texas red horse anti-mouse (Vector) at 1 : 75 and
biotinylated goat anti-rabbit (Vector) at 1 : 75 for 1 h at ambient room temperature, followed
by treatment with Fluor-avidin (Vector) at 1 : 100 for 1 h. Sections were then mounted onto
gelatin-coated glass slides and coverslipped with Dako anti-fade medium (Carpinteria, CA,
USA). The sections were examined by epifluorescence with a Nikon Eclipse 800
microscope.

For TH immunoperoxidase histochemistry, animals were per-fused, as described above, and
then post-fixed in the same fixative for 1 week. Each brain was cryoprotected in 20%
sucrose for 24–48 h and then rapidly frozen. A complete set of serial sections through the
SN was cut at 30 μm. Sections were saved individually in serial order at 4°C, and individual
sections at regular intervals were then selected for TH immunostaining, in conformity with
the fractionator method of sampling (Coggeshall and Lekan 1996) (see below). Sections
were processed free-floating, as described above for CHOP. The primary antibody was a
rabbit anti-TH (Calbiochem, La Jolla, CA, USA) at 1 : 1000. After treatment with
biotinylated protein A and ABC, sections were mounted on subbed slides in serial order and
thionin-counterstained.

Quantitative morphology
For the analysis of the time course of appearance of CHOP-positive nuclear profiles and
apoptosis in the postnatal 6OHDA model in rats, counts were performed as previously
described (Oo et al. 2003; Ganguly et al. 2004). CHOP-positive nuclear profiles were
counted in identical fashion on the same sections.

The number of SN dopaminergic neurons in the lesion experiments with CHOP null and
C57BL/6 control mice was determined by stereological analysis. A complete set of TH-
immunostained serial sections, sampled as every fourth section through the SN, was
analyzed by a stereological method for each animal. Each analysis was performed under
blinded conditions on coded slides. For each animal, the SN on each side of the brain was
analyzed. For each section, the entire SN was identified as the region of interest. Using
StereoInvestigator software (Micro Bright Field, Inc., Williston, VT, USA) a fractionator
probe was established for each section. The number of TH-positive neurons in each counting
frame was then determined by focusing down through the section, using a 100× objective
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under oil, as required by the optical dissector method (Coggeshall and Lekan 1996). Our
criterion for counting an individual TH-positive neuron was the presence of its nucleus
either within the counting frame, or touching the right or top frame lines (green) but not
touching the left or bottom lines (red). The total number of TH-positive neurons for each SN
on one side was then determined by the StereoInvestigator program. The total volume of the
SN was also determined by the StereoInvestigator program for each brain on the basis of the
sum of volumes derived from the area of each individual serial section and the tissue height
represented by that section.

Northern analysis and non-radioactive in situ hybridization analysis (NRISH) of BiP
Rat BiP cDNA was subcloned into pCMS-EGFP (BD Biosciences, San Jose, CA, USA) as
described (Ryu et al. 2002) and used for creation of an antisense RNA probe. Northern
analysis was performed as previously described (El-Khodor et al. 2001). Briefly, RNA was
isolated from microdissected SN using the Qiagen RNAeasy Mini kit (Valencia, CA, USA).
The RNA concentration of each sample was determined by measuring absorption at 260 nm
on a GenQuant spectro-photometer (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
A 20 μg aliquot of each RNA was electrophoresed in 1.4% agarose-formaldehyde gel and
transferred onto an Immobilon (+) membrane (Millipore, Bedford, MA, USA). The
hybridization was performed overnight at 68°C in Ultrahyb buffer from Ambion (Austin,
TX, USA). The membrane was then exposed to phosphorimager cassettes, scanned and
analyzed by Image Quant software (Molecular Dynamics, Indianapolis, IN, USA).

For NRISH, brains were rapidly removed from 6OHDA-injected adult mice at 48 h post-
injection, and rapidly frozen in embedding medium on dry ice. Sections (14 μm) were thaw-
mounted on glass slides (Superfrost Plus, Fisher, Hampton, NH, USA). For hybridization,
sections were warmed on a slide warmer at 37°C for 20 min, and then fixed by immersion in
4% paraformaldehyde in 0.1 M PBS. After washing, sections were acetylated by treatment
with acetic anhydride in triethanolamine. After another wash, sections were treated with a
pre-hybridization solution, as previously described (Burke et al. 1994), for 2 h at ambient
room temperature. Sections were then covered with hybridization solution and incubated
overnight at 68°C in a humidified chamber. Hybridization solution contained the BiP
riboprobe labeled with digoxigenin-UTP (1 μL/slide) (200–400 ng/mL), prepared as per the
manufacturer's instructions (Roche Diagnostics, Penzberg, Germany). The size and integrity
of labeled probe were confirmed by gel electrophoresis. The same probe used for northern
analysis was used for the in situ hybridization. After a wash in 0.5× saline sodium citrate
(SSC) for 10 min, followed by a wash in 0.2× SSC at 68°C for 30 min, sections were
incubated with an anti-digoxigenin antibody (Roche) at 1 : 5000 overnight at 4°C. After
additional washes, sections were incubated with a solution containing nitro blue tetrazolium
and 5-bromo-4-chloro-3-indolyl-phosphate (Promega Corporation, Madison, WI, USA) in a
darkened humidified chamber overnight. Sections were then washed and coverslipped with
Dako aqueous mounting medium.

RT-PCR/Southern blot analysis of the XBP-1 splice variant
To perform Southern analysis of the x-box binding protein-1 (XBP-1) splice variant, we first
generated a DNA probe. We performed reverse transcription using RNA isolated from
mouse kidney after treatment with tunicamycin. We then performed PCR of the 422 bp
region of mouse XBP-1 containing the site of the unconventional splice, using primers based
on nucleotide number 363 (Accession no. BC029197) (5′-
CCTTGTGGTTGAGAACCAGG-3′) (forward) and nucleotide number 810 (5′-
GAGGCTTGGTGTATACATGG-3′) (reverse). The band containing the spliced DNA
fragment of XBP-1 was isolated from an agarose gel, subcloned in the pGEM-T vector
(Promega) and sequenced. The DNA fragment containing the site of the XBP-1
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unconventional splice was isolated from this clone using SalI and NcoI restriction enzymes
(Promega). This fragment was then used to generate a 32P-labeled DNA probe with the
Rediprime II Kit, random prime labeling system (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). For XBP-1 splice variant Southern blot analysis, RNA was isolated
from tissues using the Qiagen RNAeasy Mini Kit, as described above. First strand cDNA
was then synthesized from isolated RNA by the RT system (Promega). PCR was performed
individually with each cDNA sample using the above primers with Taq polymerase from
Roche. A 10 μg aliquot of each DNA sample was electrophoresed in a 2% agarose gel. The
DNA was then transferred onto a Hybond-N membrane (Amersham Pharmacia Biotech),
hybridized with the XBP-1 DNA probe in Ultrahyb solution (Ambion) overnight at 42°C,
washed as recommended, then exposed to phosphorimager cassettes, scanned and analyzed
by Image Quant software (Molecular Dynamics).

Statistical analysis
The time course of appearance of apoptotic and CHOP-positive profiles in the postnatal
6OHDA model was analyzed by ANOVA with a Tukey post hoc analysis. Stereological
determination of the number of SN dopaminergic neurons in the 6OHDA and MPTP lesion
experiments was analyzed by ANOVA with a Tukey post hoc analysis. The number of apoptotic
profiles in wild-type and CHOP null adult mice in the 6OHDA model was analyzed by the t-
test. All statistical analyses were performed using SigmaStat software (SPSS Science,
Chicago, IL, USA).

Results
CHOP protein expression is induced in a developmental neurotoxin model of
parkinsonism

We initially performed in vivo experiments in a rat developmental model in which the
intrastriatal injection of 6OHDA results in the induction of death in dopamine neurons of the
SN, exclusively with the morphology of apoptosis (Marti et al. 1997). In this model, the
unilateral intrastriatal injection of 6OHDA resulted in the unilateral induction of CHOP
protein expression, demonstrated by immunohistochemistry (Fig. 2a). On the side of
injection, CHOP expression was observed only in the SNpc, the exclusive site of neuron
death in this model (Marti et al. 1997). CHOP expression was characterized at a cellular
level by performing double-label immunofluorescence for CHOP and TH, to identify
dopaminergic neurons of the SN. This analysis revealed that CHOP was expressed
predominantly in the nucleus (Figs 2b,b′). To determine the cellular sites of CHOP
expression within the SNpc, we examined 50 representative CHOP-positive nuclear profiles
among six sections derived from two animals. This analysis showed that all CHOP-positive
nuclei were within TH-positive, dopaminergic neurons of the SNpc. Thus, there was a
precise correlation at the cellular level between the neuronal population that undergoes death
in this model, and CHOP expression (Fig. 2b). All of the CHOP- and TH-positive neuronal
profiles identified by the double-labeling procedure had a normal neuronal morphology:
abundant cytoplasm, with a polygonal shape, and tapered proximal dendrites. We know
from previous studies of this model that the vast majority of dopamine neurons die (Marti et
al. 1997) and therefore, CHOP-positive profiles (all of which were TH-positive) are
exceedingly likely to be destined to die. We therefore interpret the normal-appearing
morphology to mean that if CHOP is to be implicated as a death mediator, it is expressed
early in the death process, before any morphological change at the cellular level.

We investigated the time course of CHOP expression at the population level in this model.
We recognize that since apoptosis occurs rapidly (Oppenheim 1991), and since at any given
time of killing of the animal there will be a heterogeneous population of dying cells in
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varying stages of the death process, this population analysis will not resolve the cellular
sequence of events. Nevertheless, it is informative to determine whether, at the population
level, the appearance of CHOP-positive profiles correlates with the appearance of apoptotic
profiles. CHOP expression at the population level in this model correlated at most times
with the induction of apoptotic death (Fig. 2c). The occurrence of the peak number of
CHOP-positive nuclear profiles corresponded precisely with the occurrence of the peak
number of apoptotic profiles at post-lesion day (PLD) 4. However, one exception to this
correlation was that apoptosis was induced as early as PLD2, in the absence of any induction
of CHOP, suggesting that an early component of apoptosis in this model is not associated
with CHOP induction, as discussed further below.

Having demonstrated a co-localization between CHOP expression and the dopaminergic
neuronal phenotype, and a temporal correlation between CHOP expression and apoptosis in
the SN, we next examined the generality of the relationship in other developmental models
in which apoptosis occurs. During the postnatal development of SN dopamine neurons, there
is naturally-occurring cell death, exclusively with the morphology of apoptosis (Janec and
Burke 1993; Oo and Burke 1997). Immunostaining for CHOP was performed on SN
sections obtained from PND 14 rats (during the second phase of naturally-occurring cell
death). We examined 36 SN sections among n = 4 rats and no instance of CHOP positivity
was identified. Among these sections, 124 apoptotic profiles were identified, due to natural
cell death (Fig. 3a). This naturally-occurring cell death can be augmented by an axotomy
lesion of the medial forebrain bundle during the postnatal period (El-Khodor and Burke
2002). Examination of 18 SN sections from three PND6 rats at 24 h post-axotomy failed to
reveal any CHOP-positive profiles (Fig. 3b). Among these sections, numerous apoptotic
profiles were identified in SN, as described (El-Khodor and Burke 2002), and sections from
6OHDA-treated animals processed in parallel were positive for CHOP (Fig. 3c). Thus, we
conclude that in the postnatal developmental period, CHOP protein expression is induced by
the neurotoxin 6OHDA, but not by naturally-occurring cell death or a physical lesion that
augments it.

CHOP protein expression in adult neurotoxin models of parkinsonism
To investigate the expression of CHOP in adult neurotoxin models, we exclusively studied
mice to permit comparison between the 6OHDA model and the widely used MPTP mouse
model of parkinsonism (Heikkila et al. 1984; Przedborski and Vila 2003). Adult mice
injected into the striatum with 6OHDA demonstrated numerous CHOP-positive nuclei
within neurons of the SNpc (Fig. 3d). For the study of MPTP effects on CHOP expression,
we evaluated two dose regimens in common current use. Most widely used is an acute set of
injections, 20 mg/kg for four doses, 2 h apart on a single day. This dosing regimen induces
SN dopamine neuron death in the absence of apoptotic morphology (Jackson-Lewis et al.
1995). A second regimen utilizes a chronic set of injections, 30 mg/kg daily for 5 days
(Tatton and Kish 1997), and results in neuron death with the morphological characteristics
of apoptosis. In both of these MPTP models, numerous CHOP-positive neuronal profiles
were identified within the SN (Figs 3e and f). In all of these adult contexts, positive nuclear
CHOP expression was identified in neurons which otherwise appeared normal, suggesting,
as previously discussed, that if CHOP is to be implicated as a death mediator in these
models, then it is expressed prior to degenerative morphological changes. We conclude from
these studies that CHOP is generally expressed in the SNpc in neurotoxin models of
parkinsonism.

CHOP mediates neuron death in the adult 6OHDA model
Having demonstrated close relationships between CHOP expression and the death of SN
dopamine neurons in these neurotoxin models, we next sought to determine whether CHOP
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plays a critical functional role in mediating this death, as it has been shown to do in non-
neuronal models of cell death due to ER stress (Zinszner et al. 1998) and oxidative stress.
For this assessment, we compared the sensitivity of homozygous CHOP null mice with
wild-type controls in their degree of sensitivity to neurotoxin-induced neuron death. In the
postnatal 6OHDA model, we found that there was no difference between homozygous
CHOP nulls and either heterozygous mice or wild-type controls in the degree of apoptosis
among SN dopaminergic neurons induced by intrastriatal 6OHDA (Fig. 4). However, we
recognized that in this model, death is known to be mediated not only by the direct effect of
the neurotoxin but also, in the developmental period, by an ‘axotomy’ effect due to
destruction of dopaminergic terminals during a period of target dependence (Marti et al.
1997). Since we had shown directly that axotomy does not induce CHOP expression, we
considered the possibility that this admixture of death mechanisms may obscure a role
played by CHOP in death due to the neurotoxin. Such a possibility was also suggested by
the time course analysis in Fig. 2(c), which showed an early apoptotic component in the
absence of CHOP induction. We therefore examined the sensitivity of adult CHOP null mice
to intrastriatal injection of 6OHDA, as adult dopamine neurons do not have target
dependence (Kelly and Burke 1996).

In adult mice, there was a clear protective effect of the homozygous CHOP null mutation
(Fig. 5). CHOP null animals demonstrated a 65% reduction in the number of apoptotic
profiles in the SNpc at the sixth post-lesion day. To determine whether this reduction in the
magnitude of neuron death resulted in a lasting protection from the neurotoxin, we examined
the number of surviving TH-positive neurons in the SN at 28 days post-lesion. This analysis
revealed that the null mutation did provide a substantial, lasting protective effect; there was
a 79% increase in the number of surviving TH-positive neurons in comparison with wild-
type controls (control: 857 ± 131; null: 1531 ± 173 neurons per SN) (Fig. 5b). Nevertheless,
the absolute magnitude of the protective effect in the nulls, expressed as 31% survival, while
significantly greater than that in the wild-type (19%, p < 0.02), was considerably less than
anticipated based on a 65% suppression of apoptotic death in the acute period. In addition, at
28 days post-lesion, there was no evidence for sparing of dopaminergic innervation of the
striatum in the nulls. In the nulls, there was a 28.0 ± 3.2 sparing of the optical density of TH-
positive fibers within the striatum, as there was in wild-type controls (28.3 ± 3.6).

CHOP mediates a cellular response to injury, but not neuron death, in the chronic MPTP
model

Given that CHOP expression is induced in both the acute and chronic MPTP models, we
sought to determine whether it plays a role as a death mediator, as it does in the adult
6OHDA model. Since the role of CHOP as a death mediator has previously been identified
in non-neuronal cells in the context of apoptosis (Zinszner et al. 1998), we examined its role
in the chronic MPTP model in which apoptosis has been identified (Tatton and Kish 1997).
Based on our results in the adult 6OHDA model demonstrating a disparity between the
ability of the CHOP null mutation to protect from death in the acute period following the
lesion as compared with the chronic period, we conducted separate assessments of both of
these post-lesion periods. We found that the CHOP null mutation provided a protective
effect in the acute (PLD4) period following the chronic administration of MPTP. The CHOP
null animals demonstrated only a non-significant trend for a decrease in the number of TH-
positive SN neurons at this time, whereas wild-type controls demonstrated a 65% decrease
(Figs 6a and b). However, this difference could not be attributed to a difference in the
magnitude of apoptotic death between the two genotypes. While there was a trend towards
fewer apoptotic profiles in these sections among the CHOP null mice (2.7 ± 0.8 profiles/
SN), this did not achieve significance in comparison with the wild-type (5.2 ± 1.1, p > 0.1,
Tukey post hoc). We therefore attribute the marked difference in number of TH-positive
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neurons between the two genotypes to the well described suppression of TH phenotype
following MPTP treatment (Jackson-Lewis et al. 1995). In keeping with this interpretation,
in the chronic setting at 21 days post-lesion, there was only a 36% decrease in TH neuron
number following MPTP in the wild-type animals. This apparent increase in the number of
TH-positive neurons between the acute and chronic lesion periods has previously been
shown to be due to a recovery of phenotype (Jackson-Lewis et al. 1995). In the chronic
period, in the MPTP-treated mice, unlike the 6OHDA-treated mice, there was no protective
effect of the null mutation on the number of surviving TH-positive neurons (Fig. 6c). This
difference between the two models is in keeping with the lack of an effect of the null
mutation on the magnitude of cell death in the acute period of the MPTP model, whereas
there was a pronounced effect in the 6OHDA model. As would be expected from the lack of
a protective effect of the null mutation on TH-positive neuron number, there was also no
protective effect on striatal TH-positive fiber density (data not shown). We therefore
conclude that in the chronic MPTP model, CHOP appears primarily to play a role in the loss
of phenotype response that accompanies cellular injury, rather than in cell death, as it does
in the 6OHDA model.

CHOP induction in neurotoxin models is not accompanied by changes in BiP mRNA
expression, or the appearance of the XBP-1 splice variant

The induction of CHOP alone cannot be taken as compelling evidence for the occurrence of
the ER stress response because CHOP can be induced by other cell stressors, such as
oxidative stress, arsenite exposure and amino acid limitation (Bruhat et al. 1997; Jousse et
al. 1999; Entingh et al. 2001; Mengesdorf et al. 2002). Therefore, to determine whether the
induction of CHOP observed in these models was indicative of the broader ER stress
response, we examined the mRNA expression of an ER-resident chaperone, BiP (also know
as Grp78) (Gething 1999; Kaufman 1999). Induction of BiP mRNA has previously been
shown to occur in vitro in conjunction with CHOP induction upon exposure of neuronal
cells to 6OHDA (Ryu et al. 2002; Holtz and O'Malley 2003). In addition, we assessed nigral
tissue by PCR for the presence of a splice variant of the transcription factor x-box binding
protein-1 (XBP-1) (Yoshida et al. 2001; Calfon et al. 2002), a specific marker for the
unfolded protein response.

Northern analysis of SN tissue from mice treated according to the chronic MPTP regimen on
the last day of injection (PLD0) or 2 days after the final injection failed to demonstrate any
change in BiP mRNA in comparison with saline-treated controls (not shown). To conduct an
analysis of BiP mRNA expression at the SNpc regional and cellular levels in the adult
6OHDA model, we performed NRISH. As previously reported by others for normal rat
(Little et al. 1996), we observed widespread constitutive expression of BiP mRNA in brain
(not shown). However, we did not observe any induction in SNpc, at the regional or cellular
level, following unilateral intrastriatal 6OHDA injection at PLD2. A similar analysis of
MPTP-treated mice failed to show any difference in BiP mRNA expression in SNpc in
comparison with saline-treated controls (not shown).

Southern analysis of PCR reaction products for the XBP-1 unspliced and spliced variants
was performed with the inclusion of a positive control derived from renal tissue of
tunicamycin-treated mice, in which the ER stress response has previously been
demonstrated (Zinszner et al. 1998). This analysis was performed for SN tissues derived
from 6OHDA-treated mice at 1 and 3 days post-lesion, and for tissues derived from mice
treated with MPTP according to both the acute and chronic regimens. In no instance was the
XBP-1 splice variant identified in SN tissues, in spite of its clear presence in tunicamycin-
treatment renal tissue. We conclude that in spite of the induction of CHOP protein in these
models, there is no additional biochemical evidence of an unfolded protein response using
these methods at the tissue level.
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Discussion
The hypothesis that PCD plays a role in neural degeneration in PD rests principally on two
forms of evidence. First, in rodent neurotoxin models, there is histological and biochemical
evidence for activation of PCD mediators, such as the caspases, and functional evidence
from genetic and pharmacological studies (reviewed in Vila and Przedborski 2003). Second,
while traditional morphological assessments of human PD post-mortem brains for apoptosis
have been controversial, there has been growing evidence for activation of caspases
(Hartmann et al. 2000, 2001; Viswanath et al. 2001). While this evidence validates PCD as a
target for the development of neuroprotective therapeutics, much remains unknown,
particularly about upstream mediators that would make attractive therapeutic targets (Yuan
and Yankner 2000).

The identification of CHOP as a markedly up-regulated transcript following the treatment of
catecholaminergic cell lines with dopaminergic neurotoxins (Ryu et al. 2002; Holtz and
O'Malley 2003) and with rotenone, a mitochondrial Complex 1 inhibitor (Ryu et al. 2002),
is of particular interest because as a transcription factor, it would be likely to play an
upstream regulatory role. In keeping with that possibility, a gene activated by CHOP,
DOC6, is homologous to gelsolin, a mediator of cytoskeletal collapse during apoptosis
(Wang et al. 1998). CHOP is also of particular interest in relation to PD because it has been
implicated as an apoptotic mediator in the setting of oxidative stress (Guyton et al. 1996;
Mengesdorf et al. 2002), which has been long postulated to play a role in PD (reviewed in
Fahn and Cohen 1992), and ER stress (Matsumoto et al. 1996; Zinszner et al. 1998;
Kawahara et al. 2001; Maytin et al. 2001; Gotoh et al. 2002; Oyadomari and Mori 2004),
which has likewise recently been implicated in this disease (Imai et al. 2000, 2001).

We have determined that CHOP is expressed in neurotoxin animal models of parkinsonism.
In a developmental model of apoptosis induced in dopamine neurons of the SN by the
intrastriatal injection of 6OHDA (Marti et al. 1997), there was robust induction of CHOP
protein expression exclusively within the SNpc. At a cellular level, CHOP expression was
nuclear, as expected for a transcription factor, and exclusively within dopaminergic neurons.
CHOP expression was also observed in neurotoxin models in the adult setting following
intrastriatal 6OHDA, and either acute or chronic systemic MPTP exposure. In these adult
models, as in the developmental 6OHDA model, CHOP expression was strictly within the
SNpc at a regional level, and within the nucleus of otherwise normal-appearing neurons at a
cellular level. CHOP expression, however, is not a universal feature of apoptosis in
dopamine neurons; in the developmental setting, it is observed neither during naturally-
occurring cell death (Janec and Burke 1993; Oo and Burke 1997), nor with augmentation of
this death by axotomy (El-Khodor and Burke 2002). On the basis of classic neurotrophic
theory (Clarke 1985), the naturally-occurring cell death event and its augmentation by
axotomy would be considered to be regulated by the availability of neurotrophic support.
Our observations that CHOP is not induced in these conditions, but it is by neurotoxic
insults, are comparable with the in vitro observations of Ryu et al. (2002), who noted that
CHOP is induced by neurotoxins, but not by neurotrophic withdrawal.

The principal finding of these investigations was that adult CHOP null mice were resistant
to apoptotic death in SN dopamine neurons induced by the intrastriatal injection of 6OHDA.
We considered the possibilities that this reduction may be due to a change in the time course
of apoptosis, or to the rate of clearance of apoptotic profiles in the null mice, rather than an
actual reduction in the eventual magnitude of the death event. We therefore assessed the
final surviving number of SN DA neurons at PLD28 and found that they were increased,
indicating that the null mutation did in fact reduce the magnitude of death. We therefore
conclude that CHOP is an important functional mediator of apoptosis in the 6OHDA model.
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Given that CHOP is highly expressed prior to any morphologic change in dopamine neurons
destined to die in this model, we postulate that CHOP is likely to be an early mediator in the
death process. Although the CHOP null mutation was protective in this model, the degree of
preservation of SN dopamine neurons in absolute terms, 31%, was less than anticipated
based on a 65% suppression of apoptotic death in the early post-lesion period. This
discrepancy suggests that some of the death which ultimately occurs in the CHOP nulls is
delayed. There are two possible explanations for this delay. First, death mediators other than
CHOP may eventually come into play (Ryu et al. 2005) and bring about the loss of the
majority of dopamine neurons. Second, in these non-temporally-regulated nulls,
compensatory changes may have taken place to provide alternate death pathways. These two
possibilities are not mutually exclusive.

In view of the ability of the CHOP null mutation to provide neuroprotection in the adult
6OHDA model, the question arises as to why it did not also provide protection in the
postnatal model, in which CHOP expression is clearly induced. Our interpretation of this
difference rests on our previous demonstrations that during the first two postnatal weeks, SN
dopamine neurons are dependent on interactions with their target, the striatum, as envisioned
by classic neurotrophic theory (Clarke 1985), whereas in adults they are not (Macaya et al.
1994; Kelly and Burke 1996; Stefanis and Burke 1996). Therefore, during this postnatal
period, the death of SN dopamine neurons following the destruction of their nerve terminals
with 6OHDA is likely to be mediated by an ‘axotomy’ effect as well as a direct neurotoxic
effect. This interpretation is supported not only by the aforementioned studies of the
developmental time course of striatal target dependence, but also by our demonstrations that
the postnatal 6OHDA model is characterized by two cellular patterns of caspase activation: a
perinuclear pattern, as observed in naturally-occurring cell death (Jeon et al. 1999; El-
Khodor and Burke 2002; Oo et al. 2002), and a cytoplasmic pattern, observed in direct
neurotoxic injury (Jeon et al. 1999; Oo et al. 2002). Given this likelihood of an axotomy
effect in the postnatal 6OHDA model, and based on our demonstration herein that CHOP is
not expressed following developmental axotomy, we would anticipate that a functional role
for CHOP would be difficult to discern in the postnatal 6OHDA lesion.

MPP+, the toxic metabolite of MPTP, induced CHOP expression in in vitro models (Ryu et
al. 2002; Holtz and O'Malley 2003). MPTP treatment in vivo likewise induced the
expression of CHOP protein, but in the chronic MPTP model, unlike the 6OHDA model, the
CHOP null mutation did not significantly diminish the level of apoptosis or increase the
number of surviving neurons. The null mutation did, however, prevent the loss of TH
immunoreactivity in the period early after the MPTP injections. We interpret this relative
preservation of TH immunoreactivity in the absence of protection from cell death to be
attributable to protection from the loss of phenotype, which is well documented in this
(Jackson-Lewis et al. 1995) and other neuronal injury models (Wooten et al. 1978). We
conclude that while CHOP plays a role in regulating cellular phenotype in the MPTP model,
it is not likely to play a role as an important death mediator. This difference in the role of
CHOP between the 6OHDA and MPTP models in living animals is consistent with the
observations made in vitro by Holtz and O'Malley (2003). Following treatment with
6OHDA, they observed a greater induction of CHOP and a more general induction of other
ER stress markers than with MPTP treatment.

To determine whether the CHOP induction observed in these neurotoxin models was
specifically due to ER stress, we assayed mRNA expression of the ER-resident chaperone
BiP (Gething 1999; Kaufman 1999) and the splice variant of XBP-1 (Yoshida et al. 2001;
Calfon et al. 2002). In none of the models was there a change observed in BiP mRNA
expression or the appearance of the XBP-1 splice variant. These results were not unexpected
for the MPTP model in view of in vitro results that showed no induction of BiP or XBP-1 by
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MPP+ (Holtz and O'Malley 2003). However, the results were unexpected for the 6OHDA
model as both prior in vitro studies had demonstrated clear evidence for a full ER stress
response induced by 6OHDA (Ryu et al. 2002; Holtz and O'Malley 2003). There are two
principal interpretations of these negative results. First, it is possible that CHOP induction in
the 6OHDA model in living animals is not part of a full ER stress response, the in vitro
results notwithstanding. It is well established that 6OHDA produces oxidative stress
(Heikkila and Cohen 1973; Cohen and Heikkila 1974). It is therefore possible that its
induction of CHOP in living animals is mediated principally by cellular oxidative stress
(Guyton et al. 1996; Mengesdorf et al. 2002). Alternatively, it is possible that the studies of
BiP and the XBP-1 splice variant that were performed at the tissue level lacked the
sensitivity to detect changes, which, for CHOP, were detected at the cellular level by
immunohistochemistry. Thus, our inability to detect other markers for ER stress in the
6OHDA model does not permit us to definitively conclude that it is not present.

We conclude that these investigations performed in living animals are largely supportive of
the in vitro results suggesting the possibility of a role for CHOP in the neurodegeneration
associated with PD. We find, as predicted from these gene expression screens, that CHOP is
expressed in diverse neurotoxin models of dopamine neuron death. These observations
support the validity of the in vitro screens for genes of potential relevance to disease. In
addition, we find that CHOP can play a role as a mediator of cell death, depending on the
context; in the 6OHDA model, CHOP is a necessary death mediator. The context specificity
of CHOP is an important feature, because it suggests that it may be possible in designing
neuroprotection strategies to target disease-related death pathways without interfering with
other apoptotic pathways that may be important for survival of the organism.
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Abbreviations used

ABC avidin-biotinylated-horseradish peroxidase complexes

ER endoplasmic reticulum

MFB medial forebrain bundle

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

NRISH non-radioactive in situ hybridization

6OHDA 6-hydroxydopamine

PB phosphate buffer

PBS phosphate-buffered saline

PCD programmed cell death

PD Parkinson's disease

PLD post-lesion day

PND post-natal day

SSC saline sodium citrate

SN substantia nigra
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TBS Tris-buffered saline

TH tyrosine hydroxylase
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Fig. 1.
Absence of CHOP protein expression in CHOP null mice. Immunoblot of nuclear extract of
untreated and tunicamycin-treated (2 μg/mL, 6 h) wild-type and CHOP−/− cells blotted with
antisera reactive with CHOP, ATF4 (a positive control) and p75, a ubiquitously-expressed
nuclear protein that serves as a loading marker. No protein CHOP expression is observed in
CHOP null cells after tunicamycin treatment. The antibody to ATF4 was raised against a
full-length bacterially-expressed fusion protein and is characterized in Ron and Habener
(1992). The p75 band was detected by an antiserum to Drosophila protein, described in
Immanuel et al. (1995).
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Fig. 2.
Localization and time course of CHOP expression following developmental 6OHDA lesion
in postnatal rats. (a) Low power photomicrographs at PLD6 of the substantia nigra
contralateral (control: Con) and ipsilateral (experimental: Exp) to an intrastriatal injection of
6OHDA in a PND7 rat. CHOP protein expression is demonstrated by immunoperoxidase
staining without a counterstain. CHOP-positive nuclei therefore appear as punctate brown
profiles at this power. On the contralateral control side (a′), there is an absence of staining.
On the ipsilateral experimental side, numerous CHOP-positive profiles are observed within
the SNpc (b′). No positive profiles were observed in the SNpr or in the midbrain dorsal to
the SNpc. (b) Double-immunofluorescence labeling for CHOP and TH in the SNpc at PLD4
following intrastriatal injection of 6OHDA in a PND7 rat. TH immunostaining is
demonstrated by Texas Red (a′), CHOP by fluorescein (b′), and the merged image is shown
in c′. CHOP immunostaining was predominantly nuclear. Following 6OHDA injection,
CHOP staining was observed strictly within TH-positive, dopaminergic profiles of the
SNpc. Note that CHOP-positive profiles appear normal morphologically; there is no
apparent change in neuronal shape or proximal dendrites in comparison with adjacent,
CHOP-negative, TH-positive neurons. Bar in c′ = 10 μm. (c) Time course for the appearance
of apoptotic and CHOP-positive profiles in SN following intrastriatal injection of 6OHDA
in PND7 rats. A total of 24 rats was studied: n = 4 at PLD0 and 2; n = 5 at PLD4 and 6; n =
6 at PLD8. CHOP-positive and apoptotic profiles were counted in the same sections from
each animal, as described in Methods. The number of CHOP-positive profiles reached a
peak at PLD4 (**p < 0.02 vs. PLD0, 2 and 8; ANOVA, Tukey post hoc). The number of
apoptotic profiles also reached a peak at PLD4 (*p < 0.05 vs. PLD0 and 8; ANOVA, Tukey post
hoc). However, the time of induction for the two types of profile differed at PLD2; for
apoptotic profiles, the number at PLD2 was induced and not significantly different from the
number at peak, whereas for CHOP profiles, there was no induction at PLD2. As discussed
in the text, this difference may suggest that there are non-CHOP-dependent, as well as
CHOP-dependent mechanisms of cell death in this model.
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Fig. 3.
CHOP is expressed in neurotoxin models of induced death in SN dopamine neurons. CHOP
immunoperoxidase histochemistry was performed on free-floating sections, as described in
Methods, with rabbit anti-CHOP (Zinszner et al. 1998) at 1 : 500 for 48 h, followed by
thionin counterstain. (a) CHOP expression does not occur in SN during the apoptotic
postnatal natural cell death event. A representative field showing a single apoptotic profile
(arrow) in a PND14 rat is negative for CHOP immunostaining. (b) The naturally-occurring
cell death event in SN can be augmented by postnatal axotomy of the dopaminergic axonal
projection (El-Khodor and Burke 2002), as it is for many other developing neural
projections (Oppenheim 1991). As for natural cell death, CHOP expression does not occur
in this context, as shown by a representative field in a PND6 rat at 1 day post-lesion. An
apoptotic profile is shown (arrow). (c) Unlike naturally-occurring cell death and axotomy,
cell death induced by 6OHDA in PND7 rat results in the expression of CHOP in many
neuronal profiles in the SNpc (broad arrowheads). In this model, CHOP-positive profiles
rarely show basophilic apoptotic chromatin clumps (narrow arrow) (2% of instances). As
discussed in the text, this rare association between CHOP expression and apoptotic nuclear
morphology suggests that if CHOP is implicated in mediating death, it is likely to be an
early participant, typically before morphological change. Bar = 20 μm for a, b and c. (d) A
representative neuronal profile with a CHOP-positive nucleus (broad arrow) is shown at
PLD6 following intrastriatal injection of 6OHDA in an adult mouse. (e, f) CHOP nuclear
staining is also observed in SNpc neurons following MPTP injection in adult mice by either
the chronic (C) or acute (A) regimens. Bar = 10 μm for d, e, f.
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Fig. 4.
The CHOP null mutation does not protect from induction of apoptosis in the developmental
6OHDA model. In total, 20 PND6 mice (wild-type n = 5; heterozygous n = 10; null n = 5)
received a unilateral intrastriatal 6OHDA injection and were killed at PLD4 for the
determination of apoptotic profiles within the TH-immunostained substantia nigra, as
described in Methods. In all three genotypes, there was a robust induction of apoptosis, as
previously described for rats (Marti et al. 1997) (ANOVA p < 0.001 for the 6OHDA effect).
There were, however, no differences among the genotypes for this effect.
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Fig. 5.
The CHOP null mutation protects from apoptotic cell death in the adult 6OHDA model. (a)
Wild-type (n = 5) and CHOP homozygous null (n = 6) adult mice were injected into the
striatum with 6OHDA. They were killed 6 days later for TH immunostaining of the SN and
counting of apoptotic profiles within the SNpc. The CHOP null animals demonstrated a 65%
reduction in the level of apoptosis (p < 0.03, t-test). (b) Wild-type (n = 7) and CHOP null (n
= 8) adult mice were injected with 6OHDA and killed 28 days later for TH immunostaining
of serial sections for stereologic determination of the number of surviving dopaminergic
neurons. In both genotypes, the 6OHDA injection led to a significant reduction in the
number of SN dopamine neurons (p < 0.001, ANOVA; Tukey post-hoc). In the CHOP null
animals, there was a 79% increase in the number of surviving neurons (p < 0.02, Tukey post
hoc). Nevertheless, the absolute magnitude of preservation of neurons (31%) was less than
anticipated, based on a much greater level of suppression of death in the acute phase.
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Fig. 6.
The CHOP null mutation provides early protection from loss of phenotype, but not from
neuron death, in the chronic MPTP model. (a) Wild-type and CHOP null adult mice were
injected with saline or MPTP (30 mg/kg/day) for 5 days (n = 4 each group except wild-type
saline, n = 3) and killed 4 days after the last dose for immunostaining and stereologic
determination of TH-positive neuron number. Remarkably, there was minimal apparent
effect in the CHOP nulls treated with MPTP. The wild-type mice showed a 65% decrease in
number of TH-positive profiles. This difference could not be attributed to a change in the
magnitude of apoptosis, as discussed in the text. (b) Representative low power
photomicrographs demonstrating the resistance of SN dopamine neurons in CHOP null mice
to the early effect (4 days post-lesion) of MPTP in the chronic injection model. These
sections are derived from mice studied by stereologic analysis of TH-positive neuron
number, shown in (a). Bar 300 μm. (c) Wild-type and CHOP null mice were injected with
saline=or MPTP (n = 4–5 each group) and killed 21 days following the final injection for
TH immunostaining and stereology. At this late post-lesion day, when the acute suppression
of phenotype has recovered, it is apparent that there has been only a 36% loss of SN
dopamine neurons in wild-type mice. While there was a trend for a reduction in the number

Silva et al. Page 22

J Neurochem. Author manuscript; available in PMC 2011 April 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of neurons lost in the CHOP null mice (29% loss), this did not achieve significance (p > 0.5,
Tukey post-hoc).
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Table 1

Models used to assess the role of CHOP/GADD153 in apoptosis in SN dopamine neurons

Treatment Species Age Route Morphology of
cell death

None
(natural cell death)

Rat Developmental N.A. Apoptosis

Axotomy Rat Developmental N.A. Apoptosis

6OHDA Rat or Mouse Developmental Intrastriatal Apoptosis

6OHDA Mouse Adult Intrastriatal Apoptotic and
non-apoptotic

MPTP Mouse Adult I.P., acute Non-apoptotic

MPTP Mouse Adult I.P., chronic Apoptotic and
non-apoptotic

Abbreviations: N.A., not applicable; I.P., intraperitoneal.
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