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Parkinson disease (PD) is characterized by the selective loss of
dopaminergic neurons of the substantia nigra pars compacta
(SNpc). Although growing evidence indicates that endoplasmic re-
ticulum (ER) stress is a hallmark of PD, its exact contribution to the
disease process is not well understood. Here we report that devel-
opmental ablation of X-Box binding protein 1 (XBP1) in the nervous
system, a key regulator of the unfolded protein response (UPR),
protects dopaminergic neurons against a PD-inducing neurotoxin.
This survival effect was associated with a preconditioning condi-
tion that resulted from induction of an adaptive ER stress re-
sponse in dopaminergic neurons of the SNpc, but not in other
brain regions. In contrast, silencing XBP1 in adult animals trig-
gered chronic ER stress and dopaminergic neuron degeneration.
Supporting this finding, gene therapy to deliver an active form of
XBP1 provided neuroprotection and reduced striatal denervation in
animals injected with 6-hydroxydopamine. Our results reveal
a physiological role of the UPR in the maintenance of protein
homeostasis in dopaminergic neurons that may help explain the
differential neuronal vulnerability observed in PD.

Parkinson disease (PD) is part of a group of diseases classified
as protein-misfolding disorders (PMDs), which also includes
Alzheimer’s disease, Huntington disease, and amyotrophic lat-
eral sclerosis (ALS). PMDs share common pathological features,
characterized by the accumulation of abnormal protein inclu-
sions and oligomers of an underlying protein (1). PD is the
second most common age-related neurodegenerative disease,
affecting 1% of the population over 60 y of age and associated
with the appearance of several motor symptoms, including ri-
gidity, resting tremor, bradykinesia, and postural instability (2).
The pathological hallmarks underlying the clinical phenotypes
are triggered by the loss of dopaminergic neurons of the sub-
stantia nigra pars compacta (SNpc) and the presence of in-
tracellular inclusions known as Lewy bodies that are formed by
fibrillar and ubiquitinated aggregates of aSynuclein (3). Several
perturbations in cellular homeostasis are observed in PD, in-
cluding alterations in mitophagy, calcium regulation, energy
metabolism, redox balance, and proteasome function, among
other pathological events (4-6). Accumulating evidence also
supports a disruption in the function of the secretory pathway in
genetic and pharmacologic models of PD, leading to pathologi-
cal levels of endoplasmic reticulum (ER) stress (7).

ER stress engages an adaptive signaling cascade known as the
unfolded protein response (UPR) (8). Activation of the UPR de-
creases the load of misfolded proteins through different comple-
mentary mechanisms, including the transcriptional modulation
of various genes involved in protein folding, quality control, and
protein degradation (9). When these mechanisms of stress ad-
aptation fail to restore protein homeostasis, the UPR triggers
apoptosis (10, 11). The most conserved UPR signaling pathway is
initiated by the activation of inositol-requiring enzyme la (IREla),
a serine-threonine kinase and endoribonuclease located at the
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ER membrane. On activation, IREla excises a 26-nt intron of
the mRNA encoding the transcription factor X-Box binding
protein 1 (XBP1). This unconventional splicing event changes
the coding reading frame of the mRNA, leading to the expres-
sion of a more stable and active transcription factor, termed
XBP1s (12-14). Genetic manipulations of xbp! in different organs
have revealed an essential function of this transcription factor in
the maintenance of secretory cell function, including plasma B
cells, pancreatic beta cells, and salivary glands (15). In addi-
tion, XBP1 has important functions beyond ER stress in liver
lipogenesis, inflammation, and energy metabolism (16, 17).
Although most common neurodegenerative diseases are as-
sociated with the occurrence of pathological ER stress levels (18,
19), the possible impact of the UPR in the physiology of the
nervous system remains poorly explored. Signs of ER stress are
observed in human postmortem tissue derived from PD patients
(20-22), and recent reports indicate that ER stress is observed in
early-symptomatic animals overexpressing aSynuclein which is
associated with the presence of aSynuclein oligomers at the ER
lumen (23, 24). Remarkably, neuronal cultures generated from
PD-derived induced pluripotent stem cells indicated the occur-
rence of chronic ER stress in the model (25). In addition, ER
stress represents the main transcriptional signature triggered in
neurotoxin-based models of PD (26, 27), which has been con-
firmed in several animal models (28-31). Other studies in cell
culture have linked ER stress with the expression of most PD-
related genes, including aSynuclein/PARK1, Parkin/PARK2,
DJ-1/PARK7, LRRK2/PARKS, ATP13A2/PARKDY, and PaelR (7).

Significance

The selective loss of dopaminergic neurons is characteristic
of Parkinson disease (PD). Protein folding stress is a salient
feature of PD. This study uncovers a previously undefined
function of a major unfolded protein response (UPR) tran-
scription factor (XBP1) in supporting the survival of nigral
dopaminergic neurons at basal levels and under pathological
conditions. Our results reveal an important role for a canonical
UPR pathway in the maintenance of dopaminergic neuron
proteostasis, which also could be relevant to understand the
selective neuronal vulnerability observed in Parkinson disease.
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In this study, we explored the consequences of manipulating
XBP1 expression in the survival of dopaminergic neurons under
basal and pathological conditions. Unexpectedly, XBP1-deficient
SNpc neurons selectively exhibited mild ER stress, suggesting
a functional requirement for this signaling branch to the main-
tenance of protein homeostasis in nigral dopaminergic neurons.
Basal stress induction in XBP1-deficient animals was correlated
with significant protection against a PD-inducing neurotoxin.
Consistent with these observations, knockdown of XBP1 in adult
SNpc triggered spontaneous signs of neurodegeneration associ-
ated with a chronic ER stress response, whereas local expression
of XBP1s protected against experimental PD. Our results un-
cover a critical role for XBP1 in maintaining protein homeostasis
in dopaminergic neurons and suggest that targeting the UPR in
PD has therapeutic potential.

Results

XBP1-Deficient Dopaminergic Neurons Are Resistant to 6-Hydroxydopamine.
We previously generated a conditional KO mouse model for xb;ﬂ
in the nervous system using the Nestin-Cre system (XBP1N*7")
(32). To determine the contribution of XBP1 to dopaminergic
neuron survival, we performed unilateral stereotaxic injections of
8 pg of 6-hydroxydopamine (6-OHDA) into the striatum and
analyzed the neurodegenerative process at the SNpc under ex-
perimental conditions that induce dopaminergic neuron loss (Fig.
S1 A and B). Decreased viability of a subpopulation of dopami-
nergic neurons of the SNpc was observed at 7 d after adminis-
tration of 6-OHDA followed by tyrosine hydroxylase (TH)
staining of the entire brain region (Fig. 14 and Fig. S1C). Despite the
expectation that XBP1 deficiency would enhance the susceptibility to
PD-inducing neurotoxins, as observed in ATF6-deficient mice (30), we
found a subregion of the SNpc (serial sections 2 and 5-7) that was
resistant to 6-OHDA in XBP1N*~'~ mice (Fig. 1B and Fig. S1D). In
addition, we observed no alterations in the overall number of
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Fig. 1. Dopaminergic neurons of XBP1-deficient mice are resistant to
6-OHDA-induced neurotoxicity. (A) XBP1WT and XBP1V*~/~ mice were
injected with 8 ug of 6-OHDA in the right striatum, and after 7 d, dopami-
nergic neurons (TH*) were quantified by anti-TH immunohistochemistry.
Histograms show the number of TH-positive neurons of injected and non-
injected sides in 25-um midbrain serial sections separated by 150 pm and
covering the entire SN. The numbers of serial sections indicate the orienta-
tion from anterior to posterior (Fig. S1C). (B) Total content of TH-positive
somas was quantified in midbrain sections 2, 5, 6, and 7 and presented as
a percentage of the noninjected (control) side for the indicated genotypes.
(C) 6-OHDA-induced striatal denervation in XBP1"T and XBP1N®™~ mice.
The integrated density of pixel intensity was calculated from images of anti-
TH immunohistochemistry covering the entire striatum and is presented as
a percentage of the noninjected (control) sides for both genotypes. For all
quantifications, data are mean + SEM (n = 4 per group). Statistical analyses
were performed by two-way ANOVA followed by Bonferroni posttest. *P <
0.05; **P < 0.01; ***P < 0.001. ns, not significant.
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dopaminergic neurons in XBP1N*7~ SNpc by stereologic analysis at
basal levels compared with littermate control animals (Fig. S1E). As
a control, we determined the efficiency of the neurotoxin-induced
lesion by measuring the extent of striatal denervation triggered by 6-
OHDA (Fig. 1C and Fig. S1C).

XBP1 Deficiency Triggers Spontaneous ER Stress in the SNpc. XBP1 is
crucial to the function of professional secretory cells, and its
deficiency triggers drastic phenotypes associated with a basal ER
stress response or decreased cell survival (15), a phenomenon
that has not been reported previously in the nervous system. To
study the possible effect of XBP1 on dopaminergic neuron
proteostasis, we monitored the levels of basal ER stress in ven-
tral midbrains dissected from the brains of adult XBP1™*~~ and
littermate control animals. Unexpectedly, we observed a signifi-
cant up-regulation of the UPR-responsive chaperones calreti-
culin and the disulfide isomerase ERp72 in XBP1N*~""-derived
tissue, as determined by Western blot analysis (Fig. 24). Histo-
logical analysis of midbrain tissue sections revealed restricted
expression of ERp72 to SNpc dopaminergic neurons (Fig. S24).
Similar results were obtained when the levels of protein disulfide
isomerase (PDI) and immunoglobulin heavy chain-binding pro-
tein (BiP) were monitored (Fig. S2B).

To further explore the consequences of XBP1 ablation in
dopaminergic neurons, we monitored the activation of UPR
proximal signaling events by measuring the splicing of the truncated
mRNA of the deleted xbpI in XBP1N"~ mice. This method is
a useful tool for directly measuring IREla activity in vivo (33,
34). A threefold increase in XBP1-spliced mRNA was detected
in XBP1™*~~ mice using a PCR-based assay, evaluated as the
ratio of XBP1-spliced mRNA to total mRNA levels (Fig. 2B).
Although signs of ER stress were detected in dopaminergic
neurons of the SNpc of XBP1-deficient animals, the total num-
ber of neurons in this brain region was similar to that seen in
littermate control animals (Fig. S1E), suggesting the occurrence
of sublethal levels of ER stress at basal conditions. ER stress-
mediated apoptosis is induced in part by the transcriptional up-
regulation of CHOP/GADD153 and downstream proapoptotic
BCL-2 family members (11). Real-time PCR analysis of chop
mRNA indicated no difference in expression levels in ventral
midbrain tissue from XBP1N®~~ mice and control mice (Fig.
2C). As a positive control, mice were injected by stereotaxy with
10 pg of the ER stress agent tunicamycin (Tm) directly into the
SNpc, which triggered a robust up-regulation of chop mRNA
(Fig. 2C).

Remarkably, analysis of ER stress markers in the brain cortex
revealed no changes in the expression levels of several ER
chaperones and foldases (Fig. S2 C and D), suggesting that
XBP1 deficiency selectively affects the homeostasis of SNpc
neurons. Similarly, no signs of spontaneous ER stress were
reported in previous studies of spinal cord, hippocampal, or
striatal tissue from these animals (32, 35-37). ER stress triggers
macroautophagy in several experimental systems and serves to
degrade abnormally folded proteins and damaged organelles
(38). Consistent with the occurrence of ER stress in dopami-
nergic neurons of XBP1N*~'~ mice, we observed an increased
number of LC3-positive vacuoles in these animals (Fig. S34).
Similarly, the levels of active and lipidated form of LC3, known
as LC3-II, and the autophagy regulator Beclin 1, were aug-
mented in protein extracts from ventral midbrain of XBP1-
deficient animals (Fig. S3 B and C).

To further assess the consequences of disrupted ER proteo-
stasis in XBP1-deficient dopaminergic neurons, we examined the
SNpc of 6-mo-old XBP1-deficient mice by electron microscopy
(EM). Surprisingly, visualization of dopaminergic neurons re-
vealed a striking phenotype in which most neurons contain large
electrodense inclusions with a perinuclear distribution (Fig. 2D).
We also analyzed by EM the overall integrity and content of the
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Fig. 2. ER stress in XBP1-deficient SNpc. (A) (Left) Levels of the ER stress-
responsive proteins calreticulin and ERp72 were determined by Western blot
analysis in midbrain tissue dissected from XBP1"" and XBP1N®™~ mice.
Hsp90 was measured as loading control. (Right) Relative levels of calreticulin
and ERp72 were estimated after normalization with Hsp90 (n = 5 for cal-
reticulin; n = 3 for ERp72). (B) (Left) XBP1 mRNA splicing levels were de-
termined by RT-PCR in mRNA extracted from dissected midbrain from
XBP1WT and XBP1N®~~ mice. Mouse embryonic fibroblast (MEF) cells treated
for 24 h with 10 pg/mL of Tm served as a positive control. (Right) Quantifi-
cation of the xbpTs splicing. Values represent the percentage of xbpTs rel-
ative to total xbpT mRNA expression (xbp1s + xbp1u) (n = 6 per group). (C)
Chop mRNA levels were determined in dissected SNpc of XBP1WT and
XBP1N®*~/~ mice using real-time PCR (n = 3 per group). As a positive control,
chop mRNA levels were analyzed in animals injected with 10 pg of Tm di-
rectly into the SNpc. Statistical analyses were performed using the Student t
test. Data are reported as mean and SEM. *P < 0.05; **P < 0.01; ns, not
significant. (D) EM images of dopaminergic neurons in the SNpc of XBP1WT
and XBP1V®”~ mice. (Left) Representative lower-magnification images
showing the nucleus (n), lipofuscin (li), and protein aggregates (*). (Scale
bar: 5 pm.) (Right) Higher-magnification images of protein aggregates ob-
served in XBP1N®/~ mice. (Scale bar: 1.2 pm.) () Total ubiquitinated pro-
teins were detected by Western blot analysis in dissected SNpc of XBP1WT
and XBP1N®~~ mice. Hsp90 was monitored as a loading control. Relative
levels of total ubiquitinated proteins were estimated after normalization
with Hsp90 and expressed as fold of change to the WT control, as indicated
at the top of the gel. (F) aSynuclein (aSyn) protein levels were evaluated in
midbrain dissections containing the SN from XBP1"T and XBP1N*~'~ mice by
Western blot analysis. Actin was monitored as a loading control. Each lane
represents an independent animal. «Syn monomers are indicated by an ar-
rowhead. As a positive control for aggregation, brain extract from aSyn”>3"
transgenic mice was run in the same gel.

ER and mitochondria and observed no clear changes in the
abundance of these organelles or their overall morphology (Fig.
S3D). Of note, these large electrodense aggregates were not
observed in neurons from striatum or spinal cord of XBP1-
deficient mice (Fig. S3E). Assessment of the general pattern of
protein ubiquitination by Western blot analysis also revealed
enhanced accumulation of polyubiquitinated proteins in protein
extracts from XBP1™*~~ ventral midbrain tissue (Fig. 2E). In
addition, increased ubiquitin staining was observed in XBP1-
deficient SNpc compared with SNpc of littermate controls (Fig.
S3F). Finally, we also explored the possible effects of XBP1
deficiency on oaSynuclein levels and aggregation. We observed
a slight increment in aSynuclein aggregation in the SNpc of
XBP1N*~~ mice on Western blot analysis (Fig. 2F and Fig. S3G).
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The electrophoretic pattern was similar to that seen in brain
samples from aSynuclein®>*T transgenic mice (39) (Fig. 2F).
Taken together, these results indicate that xbpl contributes to
the maintenance of proteostasis in dopaminergic neurons, where
its developmental ablation triggers ER dysfunction and accu-
mulation of abnormal protein aggregates.

Down-Regulation of XBP1 Locally in the SNpc Triggers Spontaneous
Neurodegeneration. Our results suggest that deletion of XBP1 in
mice triggers mild levels of stress in the SNpc, which may rep-
resent an adaptive reaction to sustain dopaminergic neuron
function and viability. To test the relevance of XBP1 function in
dopaminergic neurons of adult animals, we developed serotype
2 adeno-associated viral vectors (AAVs) to deliver a previously
characterized shRNA against XBP1 mRNA (35, 37). This vector
also expresses EGFP to aid in the identification of transduced
cells. We performed stereotaxic injections of AAV shRNA/
EGFP into the SNpc of adult WT mice to target XBP1 mRNA
(shXBP1) or to deliver a control shRNA against the luciferase
mRNA (shLuc). We corroborated the knockdown of xbpl by
performing laser-capture microdissection of EGFP-positive tis-
sue, followed by mRNA extraction and real-time PCR analysis
(Fig. S4). We then determined the effects of XBP1 knockdown
on dopaminergic neuron survival by performing unilateral ste-
reotaxic AAV injections. In contrast to the results seen in XBP1-
deficient mice, knockdown of XBP1 in adult SNpc led to a dra-
matic decrease in neuronal viability, associated with a significant
reduction of TH-positive neurons (Fig. 34). Remarkably, the
morphology of the remaining cells expressing shXBP1 was dras-
tically altered, with evident signs of neurodegeneration and atro-
phy of dendrites and axons (Fig. 34, Right). The neuronal loss
induced by targeting XBP1 was also confirmed by neuronal nuclei
(NeuN) staining (Fig. S54). Quantification of TH-positive cells
using immunohistochemistry revealed a significant decrease in
neuronal viability after the injection of AAV shXBP1/EGFP, but
not after injection of the control vector (Fig. 3B). Consistent with
a significant impact on dopaminergic neuron survival, knockdown
of XBP1 triggered nearly 45% striatal denervation compared with
control animals as assessed by TH staining (Fig. 3C). Taken to-
gether, these results suggest that XBP1 expression has a significant
role in maintaining dopaminergic neuron function in adult mice.

Knockdown of XBP1 in Adult SNpc Triggers Chronic ER Stress. To
investigate the molecular mechanisms involved in the loss of
dopaminergic neurons triggered by XBP1 knockdown, we ana-
lyzed dissected ventral midbrain tissue from AAV shRNA/
EGFP-injected mice. EGFP expression on the injected side was
monitored to corroborate the targeting of AAVs to the dissected
area (Fig. 3D). Nevertheless, we also observed low EGFP ex-
pression on the control side in some mice, suggesting a slight
diffusion of viral particles to the noninjected side. At 2 wk
postinjection, a reduction in total TH expression was observed
(Fig. S5B), associated with strong up-regulation of the stress
markers ERp72 and calreticulin in mice transduced with AAV
shXBP1, but not in those transduced with control shLuc vector
(Fig. 3D). Consistent with these results, XBP1 knockdown in the
SNpc caused a significant increase in the mRNA levels of chop
(Figs. S4 and S5C), suggesting the occurrence of proapoptotic
ER stress when XBP1 is targeted in adult animals. Taken to-
gether, these results indicate a fundamental role for XBP1 in the
maintenance of dopaminergic neuron survival in the SNpc, where
manipulation of its expression levels in adult mice has deleterious
consequences for ER proteostasis.

Neuroprotective Effects of Local Delivery of XBP1s into the SNpc of
Adult Mice. Based on the foregoing results, we next tested
the possible beneficial consequences of artificially enforcing
XBP1s expression in a neurotoxin-based model of PD. We used
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a recently described AAV construct to overexpress XBP1s under
the control of the CMV promoter (AAV XBP1s/EGFP) (36, 40).
Unilateral injections of AAV XBP1s/EGFP into the SNpc led to
high expression of xbpls mRNA in this brain region but not in
the striatum, as monitored by real-time PCR (Fig. S64). In ad-
dition, the ectopic expression of XBP1s triggered a UPR tran-
scriptional response in vivo, as demonstrated by the induction of
several UPR target genes (Fig. S6 B and C). To determine the
possible prosurvival activity of XBP1s, we injected AAV XBP1s/
EGFP or control AAV EGFP into the SNpc by brain stereotaxy.
After 1 mo, we challenged the mice by injecting 6-OHDA into
the striatum to follow the neurodegeneration process of dopa-
minergic neurons (Fig. 44). Remarkably, XBP1s overexpression
resulted in significantly reduced striatal denervation (Fig. 4B).
Consistent with these results, enhanced survival of dopaminergic
neurons was observed after exposure to 6-OHDA in XBPl1s-
overexpressing mice (Fig. 4C). An average increase in neuronal
viability of ~42% was observed upon expression of XBP1s (Fig.
4C, Right). Taken together, the foregoing results indicate that
modulation of XBP1 levels has a neuroprotective effect in do-
paminergic neurons.

Discussion

The UPR is an essential homeostatic network responding to an
overload of unfolded proteins at the ER lumen under physio-
logical and pathological conditions. XBP1 is a major UPR
transcription factor that has a fundamental role in supporting
professional secretory cell function. Even though IRE1o/XBP1
and ER stress have been implicated in the pathogenesis of many
neurodegenerative diseases (18, 19), the possible function of this
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UPR signaling branch in the physiology of the central nervous
system remains poorly explored. In this study, we investigated the
activity of XBP1 in dopaminergic neurons. Analysis of several
markers of ER stress revealed the occurrence of basal alterations
in dopaminergic neurons lacking XBP1. Several ER chaperones,
foldases, and autophagy components were found to be up-regulated
in XBP1 KO SNpc, correlating with the spontaneous accumulation
of protein aggregates and increased levels of polyubiquitinated
proteins in the absence of cell death markers. Remarkably, the
spontaneous ER stress was spemflc for dopaminergic neurons and
not detected in other brain regions examined in XBP1™**~"~ mice.

Our results suggest that the changes observed at basal levels in
XBP1-deficient dopaminergic neurons may represent an adap-
tive reaction during development to maintain protein homeo-
stasis when the XBP1/UPR signaling branch is compromised.
According to this hypothesis, the adaptive capacity of this tissue
was tested when we challenged animals with 6-OHDA and ob-
served resistance to this stress stimulus in XBP1-KO mice. Then
when we down-regulated XBP1 expression in adult SNpc, a strong
chronic ER stress response was triggered that led to massive do-
paminergic neuron degeneration. We speculate that in adult mice,
XBP1 is required to sustain proteostasis in these cells when no
compensatory mechanism can counteract an acute loss of func-
tion. Supporting this idea, we observed a strong protective effect
against 6-OHDA when we locally delivered active XBP1 into the
SNpc of adult mice. This results is in contrast with previous
findings indicating that targeting the stress sensor ATF6 enhances
the susceptibility of dopaminergic neurons to PD-triggering neu-
rotoxins, whereas CHOP deficiency provides protection (29, 30,
41). In those mouse models, no signs of ER stress were detected
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Fig. 4. Local delivery of XBP1s into the SNpc protects dopaminergic neurons
against 6-OHDA-induced neurotoxicity. (A) WT animals were injected hemi-
laterally with AAV carrying either XBP1s/EGFP or EGFP alone into the right
SNpc by brain stereotaxis. At 1 mo after AAV delivery, the mice were injected
with 6-OHDA into the right striatum. After 7 d, dopaminergic neurons were
visualized in midbrain tissue sections by anti-TH immunostaining (red). (Scale
bar: 200 pm.) (B) Immunohistochemistry analysis was performed in striatal
sections to quantify 6-OHDA-induced denervation in both injected and non-
injected sides. (Scale bar: 1 mm.) (Right) The integrated density of pixel in-
tensity was calculated from images of anti-TH immunohistochemistry covering
the entire striatum and expressed as percentage of the noninjected (control)
sides (n = 8 per group). (C) Anti-TH immunohistochemistry was performed in
the SNpc. (Left) Representative images of anti-TH staining in midbrain tissue
sections. (Scale bar: 200 um.) (Right) TH-positive neurons were quantified as
the percentage of neurons in the injected side relative to the noninjected
(control) side (n = 8 per group). Data are presented as mean and SEM. Sta-
tistical analyses were performed with two-way ANOVA followed by Bonfer-
roni posttest. **P < 0.01; ***P < 0.001. ns, not significant.

in the SNpc at basal levels, suggesting that XBP1 may have a
specific activity in maintaining dopaminergic neuron function.
Interestingly, ATF6 deficiency has been shown to down-regulate
the levels of several ER chaperones and ER-associated protein
degradation components at the SNpc (30). Based on this
observation, we speculate that the stress response observed in
XBP1-deficient neurons may be related to ATF6 overactivation,
leading to the up-regulation of UPR target genes, a model that
we are currently investigating.

The concept that low levels of stress may actually protect
against a subsequent injury has been proposed in several disease
models. Low levels of ER stress selectively engage a subset of
UPR signaling events, highlighting the specific induction of
XBP1 and not proapoptotic components of the pathway, such as
CHOP (42, 43). ER stress preconditioning by exposure to non-
lethal doses of pharmacologic stressors protects against brain
ischemia (44), retinal endothelial inflammation (45), and heart
ischemia/reperfusion (46). The concept of hormesis is seen in
conditions that engage adaptive stress signaling events rendering
cells resistant against a high dose of the same stimuli (47). We
speculate that the protection observed when XBP1 is deleted
in the nervous system during development may be associated
with mild perturbations of ER function that trigger a hormetic
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mechanism of protection. In agreement with this idea, a recent
report indicated that the exposure of fly and mouse models of
PD to sublethal levels of the ER stress agent Tm provides pro-
tection against neurodegeneration (48).

Remarkably, numerous small molecules and gene therapy
approaches are emerging to target the UPR in a pathological
context, some with proven efficacy in many preclinical models of
disease (49). Thus, strategies to alleviate ER stress in PD may be
available to provide therapeutic benefits by reestablishing ER
proteostasis and prolonging the survival of dopaminergic neu-
rons (7). To extend our results to PD, it is necessary to assess the
impact of targeting XBP1 in genetic models of the disease. Based
on the finding that XBP1 deficiency triggers a mild aggregation
of endogenous aSynuclein, we speculate that XBP1 may have
important neuroprotective effects in the context of alpha-
synucleinopathies.

In summary, our results describe and compare the functional
consequences of targeting the UPR during development and in
adulthood, revealing an important function of XBP1 in the
physiology of the nervous system. Given that SNpc neurons were
selectively prompt to undergo ER stress in XBP1-deficient ani-
mals, this study may contribute to our understanding of the basis
of the differential neuronal vulnerability observed in PD.

Materials and Methods

Animals and Surgical Procedures. All experiments under resting conditions
were performed using 6-mo-old male XBP1WT and XBP1N®*~'~ mice on
a C57BL/6 background. The generation of XBP1N®~'~ mice has been de-
scribed previously (32). For XBP1 overexpression or down-regulation in the
SNpc using AAVs, 3-mo-old male C57BL/6 mice were used. All experiments
were performed in accordance with the guidelines of the Animal Care and
Use Committee of the Faculty of Medicine, University of Chile, under ap-
proved animal experimentation protocol CBA#0265 FMUCH. Each 6-OHDA
injection was performed in a single point, injecting 8 pg in the right striatum
at the following coordinates: anteroposterior (AP), +0.07 cm; mediolateral
(ML), —=0.17 cm; dorsoventral (DV), —0.31 cm (50). Mice were killed at 7 d after
the surgical procedure for histological analysis. More details are pro-
vided in S/ Materials and Methods.

AAVs. All AAVs (serotype 2) were produced by triple transfection of 293 cells
using a rep/cap plasmid and pHelper (Stratagene), and then purified by
column-affinity chromatography as described previously (36, 51). Then 2 pL
of virus was injected unilaterally into the right SNpc at a single point at
concentrations of 1 x 107 viral genomes (VGs)/uL for AAV XBP1s/EGFP and
AAV EGFP and 1 x 10® VG/uL for AAV shXBP1/EGFP and AAV shLUc/EGFP,
using the following coordinates: AP, —0.29 cm; ML, —0.13 ¢cm; DV, —0.42 cm
(50). Mice were killed at 1, 2, or 4 wk after viral vector injections. Further
information is provided in S/ Materials and Methods.

Tissue Preparation and Analysis. The ventral midbrain (containing entire SN),
striatum, and cortex from both hemispheres were dissected. For Western blot
analyses, samples were lysed, and extracts were loaded onto SDS/PAGE gels
and blotted onto PVDF membranes. Membranes were incubated with pri-
mary antibodies, followed by secondary antibodies tagged with HRP. These
protocols, as well as the antibodies and dilutions used, are described in detail
in SI Materials and Methods.

For RNA extraction and real-time PCR, total RNA was isolated from ventral
midbrain (containing the entire SN), striatum, and cortex. After cDNA pro-
duction, real-time PCR was performed in a Stratagene Light-Cycler system
using SYBR Green fluorescent reagent (Applied Biosystems). XBP1 mRNA
splicing assays were performed as described previously (52). Mice were
anesthetized and perfused through the ascending aorta with isotonic saline,
followed by ice-cold 4% paraformaldehyde in 0.1 M PBS (pH 7.4). Brains
were frozen, and 25- or 30-um coronal sections containing the rostral
striatum and midbrain were cut on a Leica cryostat. Free-floating midbrain
and striatal tissue sections were stained following standard protocols.
The protocols and antibodies used in these experiments are described in
SI Materials and Methods.

Cell Counting. Unbiased stereologic estimation of the number of TH-positive

neurons stained by immunohistochemistry was performed to quantify the
number of dopaminergic neurons in the SNpc of XBP1WT and XBP1Nes~/~
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mice. Results are expressed as the total number of TH-positive neurons per
hemisphere. To determine the percentage of TH-positive cell loss in the SNpc
of injected mice, the number of dopaminergic cells in the injected and
noninjected side was determined by counting in a blinded manner the total
number of TH-positive cells obtained by immunohistochemistry in midbrain
serial sections. Results were expressed as the percentage of TH-positive
neurons in the injected side compared with the noninjected side. The
quantification protocol is described in detail in S/ Materials and Methods.
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