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Parkinson's disease is delayed in clinical onset, asymmetric in initial appearance, and slow in
progression. One explanation for these characteristics may be a boost in natural defenses after
early exposure to mild cellular stress. As the patient ages and resilience recedes, however,
stress levels may become sufficiently high that toxic cellular responses can no longer be curbed,
culminating in inverted U-shaped stress-response curves as a function of disease duration. If
dopaminergic systems are indeed capable of responding to mild stress with effective natural
defenses, experimental models of Parkinson’s disease should adhere to the principles of
preconditioning, whereby stress exposure fortifies cells and tempers the toxic sequelae of
subsequent stressors. Here, | review evidence favoring the efficacy of preconditioning in
dopaminergic systems. Recent animal work also raises the possibility that cross-hemispheric
preconditioning may arrest the spread of asymmetric Parkinson’s pathology to the opposite
side of the brain. Indeed, compensatory homeostatic systems have long been hypothesized to
maintain neurological function until a threshold of cell loss is exceeded, and are often displayed
as inverted U-shaped curves. However, some stress responses assume an exponential or
sigmoidal profile as a function of disease severity, suggesting end-stage deceleration of disease
processes. Thus, surviving dopaminergic neurons may become progressively harder to kill, with
the dorsal nigral tier dying more slowly due to superior baseline defenses, inducible conditioning
capacity, or delayed dorsomedial nigral spread of disease. In addition, compensatory processes
may be useful as biomarkers to distinguish “responder patients” from “nonresponders” before
clinical trials. However, another possibility is that defenses are already maximally conditioned in
most patients and that no further boost is possible. A third alternative is that genuinely diseased
human cells cannot be conditioned, in contrast to cells in preclinical models, none of which
faithfully simulate age-related human conditions. Disease-related “conditioning deficiencies”
would then help explain how Parkinson’s pathology takes root, progressively shrinks defenses,
and eventually kills the patient.
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Parkinson’s disease is a chronic neurodegenerative condition
characterized by slow, progressive loss of dopaminergic
neurons in the substantia nigra pars compacta, following
retrograde degeneration of their efferent projections to the
dorsal striatum (Kish et al., 1988; Rinne, 1993; Cheng et al.,
2010). There has been a major revision of the traditional view
that the loss of neurons in Parkinson’s disease is restricted to
the nigrostriatal pathway, and it is now widely accepted that this
is a systemic, proteinopathic disorder with hallmark inclusions
known as Lewy bodies deposited in many parts of the brain,
spinal cord, and peripheral organs, including the olfactory
bulb and gastrointestinal tract (Braak et al., 2002; Braak et
al., 2003b; Braak et al., 2003a; Hawkes et al., 2007; Beach
et al., 2009b; Beach et al., 2009a; Jucker and Walker, 2013;
Fasano et al., 2015; Adler and Beach, 2016; Del Tredici and
Braak, 2016). Aside from well-established loss of somata in the
substantia nigra, there appears to be additional cell loss in the
anterior olfactory nucleus (Pearce et al., 1995), locus coeruleus
(German et al., 1992; Zarow et al., 2003), pedunculopontine
tegmental nucleus and raphe nuclei (Hirsch et al., 1987;
Jellinger, 1988; Halliday et al., 1990a; Halliday et al., 1990b),
rostral ventrolateral medulla and dorsomotor nucleus of the
vagus (Halliday et al., 1990b), hypothalamic orexin” neurons
(Fronczek et al., 2007; Thannickal et al., 2007), and cholinergic
basal forebrain (Candy et al., 1983; Nakano and Hirano, 1984;
Hall et al., 2014), among other sites. The widely distributed
extranigral cell loss and the gradual expansion of Lewy
pathology across the neuraxis likely contribute to nonmotor
parkinsonian deficits that were not widely discussed until
recently—including anosmia, depression, sleep disturbances,
and, at end stages, dementia (Pellicano et al., 2007; Verbaan
et al., 2007; Simuni and Sethi, 2008). Nevertheless, the
majority of experimental and clinical studies of Parkinson’s
disease concentrate on dopaminergic cell death, as loss of the
nigrostriatal pathway is clearly associated with some of the
movement deficits originally reported by James Parkinson in
1817 (Goetz, 2011; Goedert et al., 2013).

The present review focuses on the concept that endogenous
mechanisms are mobilized by disease-related stressors to
spur tissue repair and recovery, galvanize defenses, and
buttress cells against future challenges in the context of
Parkinson’s disease. This topic is significant because functional
outcomes are often better associated with neuroplasticity and
compensatory mechanisms than classic, histological hallmarks
of neurodegenerative disorders (Iacono et al., 2009; Lo, 2010).
Furthermore, the insoluble Lewy pathology in Parkinson’s
disease may reflect an adaptive attempt to sequester damaged
proteins and shunt toxic oligomeric species away from wreaking
havoc in the watery cytosol (Tanaka et al., 2004; Au and Calne,
2005; Beyer et al., 2009). Compensatory mechanisms may
predominate during prodromal stages of Parkinson’s disease,
before massive dopaminergic cell loss unfolds. Therefore, the
likelihood of identifying clinically effective neuroprotectants
is higher in earlier disease stages, although robust biomarkers
will be needed to identify these largely asymptomatic subjects
(Beach, 2017). Indeed, the major distinction between functional
responders and nonresponders in a clinical trial may be the
compensatory mechanisms (Lo, 2010), and even “nonspecific”
biomarkers of compensatory stress responses might serve as
bellwethers of the efficacy of therapeutic interventions before
the trial commences. An alternative possibility, however, is
that natural defenses are already maximally deployed in most
patients, and that they may have decelerated disecase onset
and progression as far as possible until age-related damage
became unsurmountable. Therefore, it may not be possible
to boost this optimized system with anything other than
lifestyle interventions. This alternative is supported by a large
body of work showing that the amplitude of beneficial stress

responses is usually restricted to 30-60% of control values
(discussed further in Section III). A third grim alternative is that
genuinely diseased human brains exhibit from the beginning
intractable deficiencies in compensation, repair, and recovery,
unlike non-diseased, albeit injured cells in the classic models
of dopaminergic cell loss. The third scenario would give the
proteinopathic seeds unfettered license to plant themselves
and propagate throughout the neuraxis. Although there are
many other variables not considered here, the second and
third scenarios would impede the translation of preclinically
efficacious neuroprotectants into fruitful clinical interventions.

What underlies the slow rate of progression of most
neurodegenerative disorders?

The proteinopathy that characterizes all neurodegenerative
disorders may commence in the form of insoluble protein
deposits at surprisingly young ages, extending as far as 25-
50 years prior to the manifestation of cardinal symptoms
(Claassen et al., 2010; Savica et al., 2010; Braak et al., 2011).
In contrast, dopaminergic cell loss per se is thought to extend
~5-6 years before the movement disorder is diagnosed by a
clinician and to continue for many additional years, based
partly on extrapolation of '"*F-Fluorodopa positron emission
tomography (PET) of dopaminergic terminal loss in the striatum
and histological patterns of nigral cell death in postmortem
tissue (Fearnley and Lees, 1991; Morrish et al., 1998; Hilker
et al., 2005; Savica et al., 2010). This type of progressive cell
loss is fundamentally distinct from the relative abrupt loss of
massive cell numbers in stroke or traumatic brain injury. Here
I will list three possible explanations for the slow progression
of proteinopathy and dopaminergic cell loss in Parkinson’s
disease:

A) Biphasic (nonlinear, non-monotonic) or U-shaped stress
responses: Natural compensatory defenses may be upregulated
by mild stress in early disease phases and may delay the onset
and slow disease progression as a form of “conditioning.” At
later disease stages, endogenous defenses may be depleted or
overwhelmed by inexorable accrual of cellular damage, age-
related decay in resilience, and engagement of senescence
programs. These opposing effects would result in biphasic
stress-response patterns plotted as inverted U-shaped curves as
a function of disease duration or severity.

B) Exponential or sigmoidal (nonlinear, monotonic) stress
responses: Early in the course of the disease, there may be
relatively rapid loss of cells, followed by a deceleration as the
more resistant, surviving cells become progressively harder to
kill and their recalcitrance slows disease progression. Rather
than assuming a U-shaped profile, these stress responses would
be plotted as negative exponential or sigmoidal curves with
rapid early response rates yielding to saturating kinetics at end
stages of the disecase. Thus, disease progression would decline
as it approaches a theoretical asymptote or maximum (e.g., zero
remaining dopaminergic cells) while death draws near.

C) Linear, monotonic stress responses: There might be linear,
albeit sluggish (i.e., low-sloped) decreases in endogenous
defenses and cell numbers, combined with linear increases in
insoluble protein deposits as the disease completes its natural
course, with no change in the rate of progression over time after
disease onset and until death.

In the vast clinical literature on Parkinson’s disease, all three
types of progression have been plotted as a function of years
from clinical diagnosis or extrapolated into the prodromal
phase of the illness. The most frequently cited example of
compensatory changes in early-to-mid Parkinson’s disease
is a potential increase in dopaminergic tone in the remaining
axon terminals of the mildly denervated striatum (Zigmond,
1997; Nandhagopal et al., 2011). According to this perspective,
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a clinical syndrome is only manifested once a critical
threshold of cell loss is exceeded in the substantia nigra, and
the compensatory mechanisms in the striatum are no longer
sufficient to maintain normal dopamine equilibrium. Although
currently debated, the mechanisms underlying the delay in
movement deficits (relative to the onset of dopaminergic cell
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Figure 1. Nonlinear stress responses as a function of the duration
(severity) of Parkinson’s disease. (A) Jankovic noted the existence
of inverted U-shaped and negative exponential stress response
curves during the progression of Parkinson's disease. Copied with
permission from Jankovic's editorial (Jankovic, 2005). (B) Wu and
Hallet hypothesized a U-shaped compensatory phase in cerebellar
function early in the course of Parkinson’s disease. Copied with
permission from Wu and Hallet's review (Wu and Hallett, 2013). (C)
Fearnley and Lees reported that overall nigral cell loss assumes a
negative exponential profile but that different subregions of the
substantia nigra lose cells at varying rates. Phase 1 on the X axis in
panel C reflects cases with incidental Lewy body disease (assumed
to be prodromal Parkinson'’s disease), and the plus signs reflect
increasing severity of Parkinson’s disease. Dorsal tier: medial part
(DM), lateral part (DL) and pars lateralis (PL). Ventral tier: medial
part (VM) and lateral part (Vl-intermediate and VL). Copied legend
and graph with permission from Fearnley and Lees' research report
(Fearnley and Lees, 1991). For a graph of the alignment of motor
deficits and nigral cell loss as exponential, saturating curves, please
also consult Figure 4 in Greffard and colleagues’ work (Greffard et al.,
2006).

loss) have been attributed to increases in dopamine release
and metabolic turnover, upregulation of dopamine synthesis
by the enzymes aromatic L-amino-acid decarboxylase and
tyrosine hydroxylase, less removal of synaptic dopamine via
downregulation of the membrane-bound dopamine transporter,
non-classical volume transmission of dopamine, increased
expression of striatal dopamine receptors, and/or favorable
shifts in the activation patterns of movement-controlling
neural circuitry, including hyperactivity in the motor cortex,
subthalamic nucleus, and internal globus pallidus (Zigmond et
al., 1990; Zigmond, 1997; Bezard et al., 2001; Bezard et al.,
2003; Brotchie and Fitzer-Attas, 2009; Obeso and Schapira,
2009; Appel-Cresswell et al., 2010; Nandhagopal et al., 2011;
Navntoft and Dreyer, 2016; Blesa et al., 2017). Some authors
have proposed that maintenance of motor function in the face
of early cell loss may not be dopamine-mediated after all,
as dopaminergic changes (e.g., heightened efflux, synthesis,
and turnover) may not unfold sufficiently early, and passive
dopamine stabilization mechanisms may prevail in early disease
stages without any true “plasticity” of release or clearance
(Garris et al., 1997; Bezard et al., 2001; Bezard et al., 2003;
Navntoft and Dreyer, 2016; Blesa et al., 2017).

Based on a large body of longitudinal and cross-sectional
clinical work, Jankovic favored the first two types of disease
progression—nonlinear stress responses defined above in A
and B—depending on the specific outcome measure (Hilker
et al., 2005; Jankovic, 2005). Jankovic’s illustration of disease
progression displays early compensatory mechanisms with a
characteristic, inverted U-shaped profile, but also accelerated
early loss of nigral cell bodies, striatal terminals, and non-
dopaminergic neurons, followed by deceleration at late disease
stages in negative exponential curves (Figure 1A). In non-
dopaminergic circuitry, Wu and Hallett also proposed an
inverted U-shaped curve for compensatory cerebellar function
in preclinical and early clinical stages of Parkinson’s disease
(Figure 1B) (Wu and Hallett, 2013). Hyperactivation of
extrastriatal circuitry has long been proposed to compensate
against early nigrostriatal pathway loss and to explain why
frank loss of motor function does not surface until a threshold
of loss of "Fluorodopa uptake in the putamen of the dorsal
striatum is exceeded (Bezard et al., 2003; Moore, 2003;
Palmer et al., 2010). For example, Whone and colleagues
reported upregulation of *Fluorodopa uptake in the internal
globus pallidus in early Parkinson’s disease, followed by a
decrease in the same measure in more advanced discase stages,
conforming to a U-shaped profile (Whone et al., 2003). Similar
compensatory increases in '*Fluorodopa uptake in early stages
of Parkinson’s disease are evident in the anterior cingulate
gyrus, pineal gland, and midbrain raphe, some or all of which
may oppose the effects of mild striatal denervation (Rakshi et
al., 1999; Moore et al., 2008).

A large number of studies have assumed monotonic
progression of Parkinson’s disease—usually linear or
exponential rates of decline—particularly in variables such as
nigral neuron counts as a function of disease duration (Bhattaram
et al., 2009; Maetzler et al., 2009; Cheng et al., 2010; Darbin
et al., 2013; Reinoso et al., 2015; Venuto et al., 2016). For
example, longitudinal multi-tracer imaging of striatal dopamine
terminals and Hoehn and Yahr clinical stages suggest rapid
early disease processes followed by deceleration at late stages
(Muller et al., 2000; Greffard et al., 2006; Nandhagopal et al.,
2009). Holford et al. modelled longitudinal Unified Parkinson's
Disease Rating Scale (UPDRS) scores and discovered that both
exponential and Gompertz (i.e., sigmoidal) asymptotic curves
exhibited better goodness-of-fit with disease progression than
linear models, with the Gompertz model being superior (Holford
et al., 2006). Vu and colleagues similarly favored the Gompertz
asymptotic model as a better predictor of cardinal motor
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symptoms and nonmotor depressive symptoms, but reported
that performance on the mini-mental status exam declined in a
linear fashion as a function of disease course (Vu et al., 2012).
However, other longitudinal studies suggest that the scores
on the mini-mental status exam are not a linear function of
Parkinson’s disease duration (Aarsland et al., 2011).

In an influential cross-sectional study on postmortem nigral
tissue, Fearnley and Lees plotted loss of dopaminergic cells as
an exponential function of symptom duration, and reported the
earliest and fastest loss of somata in the ventrolateral tier of
the substantia nigra pars compacta (Figure 1C) (Fearnley and
Lees, 1991). The authors wrote, “neuronal loss appears to be
confined to the lateral ventral tier early in the disease, but by the
time symptoms appear it has spread to the other regions and in
particular the medial ventral tier,” consistent with the view that
a clinical syndrome only emerges after loss of compensatory
defenses within resilient subpopulations of cells. Damier and
colleagues subsequently reported that loss of nigral somata
commences in the calbindin-poor ventrolateral nigrosome of
the caudal substantia nigra and advances progressively rostrally,
medially, and dorsally across the nigrosomes over time, while
sparing the calbindin-rich nigral matrix (Damier et al., 1999).
According to longitudinal tracer imaging, Nandhagopal et
al. reported that all striatal subregions exhibit similar rates
of dopaminergic terminal decline, although the degree of
denervation varies across subregions and the posterior putamen
is the carliest to lose dopaminergic tone (Nandhagopal et al.,
2009). Nevertheless, dopamine axon terminal loss for each
striatal subregion assumes a negative exponential profile as
a function of disease duration, even if there are no regional
variations in the response rate (Nandhagopal et al., 2009)

The diminished loss of striatal '"Fluorodopa uptake
compared to other dopaminergic tracers (dopamine transporter/
vesicular monoamine transporter) has been viewed as indirect
evidence for potential compensatory upregulation of aromatic
L-amino acid decarboxylase per remaining axon terminal,
(Cheng et al., 2010; Kaasinen and Vahlberg, 2017). Aromatic
L-amino acid decarboxylase catalyzes the conversion of
L-DOPA to dopamine. Furthermore, the contrast between near-
complete loss of dopaminergic fibers in histopathological
studies and only moderate loss of tracer binding in imaging
studies (averaging only ~50% and still detectable after 20
years of disease) also supports the existence of compensatory
changes in remaining striatal fibers (Kaasinen and Vahlberg,
2017). Kaasinen and Vahlberg’s recent meta-analysis further
suggests that cross-sectional tracer binding studies tend to
report linear progression of disease, whereas longitudinal
studies favor negative exponential progression (Kaasinen and
Vahlberg, 2017). However, there may be exceptions to this
rule; for example, cross-sectional studies of dopaminergic fiber
density in the putamen as a function of time from diagnosis are
not consistent with linear decay, and neither are cross-sectional
studies of the pattern of nigral cell loss (Fearnley and Lees,
1991; Kordower et al., 2013). Kaasinen wrote that negative
exponential decay in longitudinal studies reflects “the tail-end
of a longer, nonlinear process that follows a sigmoid shape,”
consistent with the abovementioned superior goodness-of-fit
of the sigmoidal Gompertz curve in Holford’s work (Holford
et al., 2006; Kaasinen and Vahlberg, 2017). In Gompertz
functions, the rate of change is slowest at the start and end of a
timed process; in this context, it is important to recognize that
the movement disorder cannot be diagnosed until Braak stages
M-IV (after nigral cell loss surfaces), which represents roughly
mid-stages of the illness on a six-point scale of Lewy pathology
(Braak et al., 2003b; Halliday et al., 2006). This implies that
data plotted as a function of years from clinical diagnosis will
miss the earliest, milder disease stages, when compensatory
reactions have greater likelihood of prevailing. Therefore, one

key difference between U-shaped, linear, exponential, and
sigmoidal stress-response curves may be the range of stimulus
doses (or durations) that are assessed. Edward Calabrese’s
body of work suggests that linear and sigmoidal responses
may be extrapolated when outcomes are not measured over
a sufficiently wide range of stimulus intensities (Calabrese
and Baldwin, 2001; Calabrese, 2004). A separate concern
about graphing disease progression based on cross-sectional
histological studies is that “supernormal agers” may harbor
greater densities of dopaminergic cells than less-fit individuals
dying early (Kubis et al., 2000), which could lead to spurious
U-shaped profiles of dopaminergic cell counts or fiber density
as a function of disease duration in postmortem studies.

In summary, there is evidence of divergent rates of
progression of Parkinson’s disease, depending upon the
measurement—curves of dopaminergic cell loss may be
monotonic and sigmoidal while activation of extrastriatal
circuitry in the same patient may follow a biphasic, U-shaped
pattern. Given the heterogeneous natures of human populations
and their disease states, the three patterns described above are
probably not the only possibilities.

The ubiquity of nonlinear stress-response curves

As argued above, mild stressors that only slightly perturb
homeostasis may elicit compensatory responses with
upregulation of endogenous defenses, but when applied for
sufficiently long durations and high intensities, stressful stimuli
turn destructive to the same defense systems, and may even
be lethal to the cell or organism. This non-monotonic stress
response is expressed as an inverted U or J-shaped dose-
response curve in the fields of toxicology, pharmacology,
agricultural science, radiation, exercise, and dietary fasting
(Calabrese and Baldwin, 2003; Mattson, 2008; Calabrese, 2010,
2014). The principle of stimulation at low doses but inhibition
at high doses is defined as “hormesis,” a word derived from
the Greek hormaein—to excite, stimulate, or set in motion
(Calabrese and Baldwin, 2002; Calabrese and Mattson, 2017).
Hormesis is consistent with the adage, “the dose makes the
poison,” by the 15"-century physician Philippus Theophrastus
von Hohenheim, widely known as Paracelsus, or the father of
toxicology. The German pharmacologist Hugo Schulz observed
biphasic effects of disinfectants on yeast metabolism in the
1800s (Calabrese and Baldwin, 2002; Calabrese and Mattson,
2017). Ehrlich and Southam subsequently defined this nonlinear
property as “hormesis” in their own studies of the biphasic
effects of red cedar tree extracts on fungal metabolism (Southam
and Ehrlich, 1943; Calabrese and Baldwin, 2000; Calabrese,
2004, 2014). Potential mechanisms underlying hormesis have
been reported in many recent studies, including the work of
Marini and colleagues, who proposed that neuronal hormesis
can be elicited by activation of ionotropic glutamate receptors
(Marini et al., 2008a; Marini et al., 2008b). According to this
view, low concentrations of otherwise excitotoxic glutamate
transform neurons into a “conditioned” phenotype that survives
high energy demands in an RNA/protein synthesis-dependent
manner, perhaps by boosting expression of brain-derived
neurotrophic factor.

Similar to the early observers of hormesis, Hans Selye,
the father of stress research, described a “general adaptation
syndrome” following an initial alarm reaction after stress
exposure (Selye, 1950, 1975). Beneficial, mild stressors that
stimulate endogenous defenses were defined by Selye as
“eustress.” Following chronic, unremitting stress (“distress”),
Selye reported a period of exhaustion characterized by
immune suppression and eventually death, consistent with a
non-monotonic, multiphasic response as a function of stress
intensity (i.e., dose). Selye also wrote that “heredity, species
differences, previous exposure to stress, and the nutritional state
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Figure 2. Cross-hemispheric preconditioning mitigates motor deficits and nigrostriatal somata and terminal loss in an animal model
of Parkinson's disease. (A) Schematized illustration of the experimental design. Mice were infused in the right hemisphere with 4 pg
6-hydroxydopamine (6-OHDA) or an equal volume of saline with 0.02% ascorbic acid (preconditioning 1st hit). Three days later, animals were
infused in the left hemisphere with 4 pg 6-OHDA or an equal volume of saline with 0.02% ascorbic acid (challenging 2nd hit). One and two
weeks later, animals were placed in a transparent cylindrical enclosure and spontaneous behavior was videotaped. (B) A blinded observer
measured the number of spontaneous turns to the left or right side one week after the second hit. (C-F) Two weeks following the second
hit, coronal brain sections through the forebrain were immunostained for two markers of the dopaminergic phenotype—the rate-limiting
enzyme for dopamine biosynthesis, tyrosine hydroxylase (TH) and the dopamine transporter (DAT). A blinded observer traced the anatomical
boundaries of the dorsal striatum and measured the immunofluorescent signal within the region of interest using an ultrasensitive, low-
resolution imager. (G-H) Two weeks following the second hit, coronal brain sections through the midbrain were immunostained for the
dopaminergic marker TH and viewed by higher-resolution fluorescence microscopy. The numbers of TH+ cells were counted in the substantia
nigra by a blinded observer. Panel H contains representative stitched photomontages of the ventral midbrain in all four groups. A second
blinded observer confirmed key behavioral and histological data (not shown). Tissue from all groups was stained simultaneously with the
same stock solutions and photographed in parallel at equivalent camera settings. Data are presented as the mean and SEM from 5-6 mice
per group. * p < 0.05, ** p < 0.01, *** p < 0.001 left versus right hemisphere;® p < 0.05, * p < 0.01, ** p < 0.001 versus group a; ° p < 0.05,* p
<0.01, * p < 0.001 versus group b; two-way ANOVA followed by Bonferroni post hoc correction. Legend and figure copied with permission
from main text or supplemental files of our recent report (Weilnau et al., 2017).
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of the organism” serve as “conditioning factors” that underlie
“polymorphic” responses to stress (Selye, 1950).

Since the period of Selye’s foresights on conditioning
factors, the term “conditioning” has been used extensively in
the ischemia literature. When sufficiently mild ischemic attacks
are followed by a recovery interval during which compensatory
adaptations are engaged, the organism is usually much better
prepared to face, tolerate, and survive a severe ischemic
challenge. This form of “preconditioning” of the myocardium
was described in seminal publications by Murry, Reimer, and
colleagues in the 1980s (Murry et al., 1986; Reimer et al.,
1986), although, there are earlier reports of mechanical stress-
induced tolerance against whole-body trauma and anoxia-
induced resistance against subsequent anoxic challenges,
and the terms “preconditioning” and “tolerance” were also
employed in Janoff’s 1964 publication on lysosome shock
(Noell and Chinn, 1948; Dahl and Balfour, 1964; Janoff,
1964; Simon, 2013). However, Murry’s 1986 study was more
influential and inspired a slew of work confirming the parallel
existence of ischemic preconditioning in the brain (Kitagawa
et al., 1990; Perez-Pinzon et al., 1993; Simon et al., 1993;
Gidday et al., 1994; Chen et al., 1996; Chen and Simon, 1997;
Kitagawa et al., 1997; Roth et al., 1998; Miller et al., 2001;
Kitagawa, 2012).

It is important to recognize that preconditioning responses
to increasing intensities of ischemic stimuli adhere to the
quantitative properties of the U-shaped hormetic curve
(Calabrese et al., 2007; Calabrese, 2008, 2016a, b; Mollercau
et al., 2016). Calabrese has calculated that the typical maximal
amplitude of the hormetic curve is 30-60% of control values
(Calabrese and Blain, 2005; Calabrese et al., 2007; Calabrese,
2010; Calabrese and Blain, 2011; Calabrese, 2014; Calabrese
and Mattson, 2017). Second, the duration of stress exposure is
defined as the stimulus “dose” in the ischemic preconditioning
literature and in Selye’s original work on stress responses.
Similarly, longitudinal studies of Parkinson’s patients assume
that disease duration is in proportion to disease severity.

Despite the pervasiveness of inverted U-shaped dose-
response curves, stress responses as a function of disease
duration are not all plotted in this manner (see Figure 1),
although one can make the arguments that disease duration
may not be in direct proportion to disease severity (stimulus
dose) and that compensatory responses in prodromal phases
are readily missed, as argued above. In order to render
plots of dopaminergic cell numbers as a function of disease
duration U-shaped, nigral cells would have to undergo
neurogenesis at early or end stages of the disease, a highly
controversial proposition (Gould, 2007; Arias-Carrion et al.,
2009). An alternative means of observing a U-shaped profile
in dopaminergic cell numbers would be if phenotypically
quiescent, melanized nigral cells that do not normally express
tyrosine hydroxylase (estimated at ~18% by Kordower and
colleagues (Kordower et al., 2013)) would abnormally gain
a dopaminergic phenotype either early or late in Parkinson’s
disease. An old body of experimental work demonstrates
compensatory increases in tyrosine hydroxylase activity in
response to stress exposure and compensatory sprouting of
dopaminergic fibers in the striatum after injury (Zigmond et al.,
1984; Bezard et al., 2000; Song and Haber, 2000). However,
tyrosine hydroxylase mRNA levels appear to be reduced—
not increased—in remaining nigral neurons in Parkinson’s
disease (Javoy-Agid et al., 1990), and melanized nigral cells
in primates exhibit a loss of tyrosine hydroxylase expression
in response to aging (McCormack et al., 2004). Furthermore,
the work of Hirsch et al. suggests that 17% of melanized nigral
neurons do not express tyrosine hydroxylase in Parkinson’s
patients (calculations from their Table 1) (Hirsch et al., 1988),
which seems no different from Kordower’s estimate of 18%

in subjects without Parkinson’s disease (Kordower et al.,
2013). Thus, when postmitotic neuron numbers are plotted
as a function of disease duration or stressor dose, the curves
will be monotonic if there is no chance of cell proliferation or
phenotypic recovery, with deceleration of cell loss over time
as the fixed asymptote is approached. More simply put, one
cannot plot fewer than zero cells remaining in the brain. Figure
1 also suggests that stress response curves as a function of
disease duration may vary according to the clinical outcome
measure, be it corticocerebellar/nigropallidal activation (perhaps
U-shaped) or loss of nigral cell numbers (perhaps exponential
or sigmoidal). Calabrese and Baldwin built a database showing
that U-shaped curves predominate over sigmoidal curves, and
also graphed multiphasic curves beginning with an inverted
U-shape but ending as a negative exponential with increasing
stressor dose (Calabrese and Baldwin, 2001). Di Veroli and
colleagues similarly argued that pharmacological responses
are not adequately modeled by the classic Hill equation, which
only predicts monotonic, sigmoidal curves (Di Veroli et al.,
2015). Thus, if reliable biomarkers for prodromal Parkinson’s
disease could be identified, some but not all of the longitudinal
responses to disease duration may eventually be plotted as
multiphasic, with early inverted U-shaped curves yielding to a
negative exponential profile as the disease forges into advanced
stages (e.g., see Figure 3, panels f, j, t, and u in Calabrese’s
report (Calabrese and Baldwin, 2001)).

What might underlie a deceleration of nigral cell loss as the
asymptote is approached, instead of linear loss of dopaminergic
nigral cells until all have disappeared from the brain or the
patient dies? Most patients in Kordower’s report still have some
dopaminergic somata remaining in the nigra at the time of death
(see Figure 8 in Kordower et al., 2013). Our recent mechanistic
in vitro work demonstrates that primary cortical astrocytes
surviving high concentrations of proteinopathic stressors
become progressively harder to kill, either because successive
stress exposures enrich the remaining heterogeneous population
in resistant survivors with inherently superior endogenous
defenses, such as basally higher glutathione levels, or because
stress exposure actively stimulates upregulation of defenses,
such as a boost in glutathione production capacity (Titler
et al., 2013; Gleixner et al., 2016). If these phenomena are
applicable to human dopaminergic systems, they might underlie
the gradual slowing of nigral cell loss. Indeed, Fearnley and
Lees’ data in Figure 1C reveal heterogeneity in the defense
capacity of nigral neurons, with ventrolateral cells dying at the
fastest rate (Fearnley and Lees, 1991). The caudal ventrolateral
nigra projects into the dorsal, lateral, and caudal aspects of
the striatum, whereas the rostral dorsomedial nigra projects
rostrally, medially, and ventrally (Fallon and Moore, 1978). For
this reason, the dorsal posterior (post-commissural) putamen
exhibits the greatest loss of dopaminergic signal according
to clinical imaging studies (Nandhagopal et al., 2009). These
topographic distinctions may reflect a number of mechanisms,
perhaps including: 1) regionally distinct patterns of activation/
upregulation of defense systems in response to injury, such as
heterogeneity in stress-inducible heat shock proteins or phase
II antioxidant enzymes; 2) regionally distinct differences in
basal defenses, such as inherent variability in cytosolic calcium
oscillations and calcium-buffering capacity by calbindin
(Surmeier et al., 2017); or 3) varying degrees of exposure to
a transmissible pathogenic insult that slowly spreads from
ventrolateral to dorsomedial nigral cells over time. The current
state of Parkinson’s disease research does not distinguish among
these and other possibilities.

Can stress-induced conditioning ameliorate oxidative and
proteinopathic pathology in experimental Parkinson’s
disease?
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An enormous body of preclinical and clinical work suggests
that dopaminergic cell death in Parkinson’s disease is related
to defective redox equilibrium, protein quality control, and
mitochondrial integrity (Ganguly et al., 2017). If it is true that
the response to the pathology of Parkinson’s disease elicits
a functional compensatory reaction, it should be possible to
demonstrate preconditioning with low doses of oxidative,
proteinopathic, or mitochondrial stress in various experimental
models of this condition. Aside from numerous reports of
the salutary effects of exercise conditioning in patients with
movement disorders, there are relatively few studies of stress-
induced conditioning in Parkinson’s disease or models thereof,
compared to the vast ischemic preconditioning literature,
which boasts 10,815 studies in PubMed with the keywords
and Boolean operators “preconditioning AND (ischemia OR
ischemic)” (accessed November 24th 2017). Furthermore,
most conditioning studies in the field of Parkinson’s disease
have been completed in dopaminergic cell lines, including our
own in vitro studies, which suffer from a number of obvious
drawbacks, such as mutagenesis and oncogenic transformation.
Tumor cell lines are specifically selected for their propensities
to survive insults and may therefore be more likely to display
hormesis than postmitotic dopaminergic neurons in vitro or
in vivo. Second, even in primary cells, in vitro studies only
capture the behavior of cells hardy enough to survive the
culturing process, which might predispose the culture system
to display hormetic effects. Third, studies of conditioning in
Parkinson’s disease models—including our own in vivo rodent
studies—involve relatively acute cell death, which is difficult to
translate to the slowly progressive neurodegeneration observed
in humans. Fourth, preconditioning is generally thought to
wane within a few weeks after a transient exposure, whereas
prolonged stress exposure is typically associated with morbidity
and mortality; most researchers therefore do not expect
conditioning to be a major player in the slow progression of a
chronic neurodegenerative disease. The abovementioned caveats
or perspectives have contributed to the lack of expansion of
the field relative to ischemic preconditioning. Bearing these
provisos in mind, below we briefly review the literature
summoned on PubMed with the keywords “Parkinson’s
disease AND preconditioning” (accessed until November 24"
2017). The term “preconditioning” was more discerning than
“conditioning,” given the historical use of the former term in
the ischemia literature and use of the latter for Pavlovian and
pain behaviors.

Although the studies are relatively few, the beneficial impact
of exposure to mild stress on the parkinsonian phenotype and
its ability to allay dopaminergic cell loss has been reported in
experimental models since the late 1990s. Duan and Mattson
tackled this question in an early report showing that the
mild stress of either dietary restriction or 2-deoxyglucose
administration (a glucose analogue that cannot be metabolized)
preconditioned mice against loss of dopaminergic neurons
and appearance of motor deficits following exposure to the
neurotoxicant 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) (Duan and Mattson, 1999; Mattson et al., 2004), which
rapidly induces a parkinsonian syndrome in humans (Langston
et al., 1983). Since these observations, the beneficial effects
of dietary restriction have been reproduced in other studies
modeling Parkinson’s disease, including in primates (for some
examples, see Maswood et al., 2004; Holmer et al., 2005;
Griffioen et al., 2013; Mattson, 2014; Bayliss et al., 2016;
Coppens et al., 2017).

A number of cell culture studies support the view that
transformed dopaminergic cell lines can be preconditioned quite
effectively against Parkinson’s-related oxidative toxicants. Tai
and Truong reported that activation of ATP-sensitive potassium
channels or exposure to pro-oxidants protected dopaminergic

cells against subsequent exposure to the mitochondrial
poison rotenone, and these effects were abolished by protein
synthesis inhibitors (Tai and Truong, 2002). Years later, Tai
and Truong also reported that green tea polyphenols mitigated
dichlorodiphenyl-trichloroethane (DDT)-induced dopaminergic
cell loss in a manner dependent upon the concentration and
number of exposures (Tai and Truong, 2010). Similarly,
the polyphenol resveratrol can precondition cells against
dopaminergic neurotoxins, such as the complex I inhibitor
1-methyl-4-phenylpyridinium (MPP"), the active metabolite of
MPTP, perhaps through sirtuin 1 and the antioxidant methionine
sulfoxide reductase A (Wu et al., 2012). Resveratrol is also
efficacious in vivo as a therapeutic intervention against the
dopaminergic oxidative toxicant 6- hydroxydopamine (6-
OHDA), an established animal model of Parkinson’s disease, in
which resveratrol seems to blunt the inflammatory response (Jin
et al., 2008). These findings are consistent with the view that
dietary polyphenols exert hormetic effects (Mattson and Cheng,
2006; Mattson et al., 2007). For example, low concentrations
of the phytochemicals in Panax notoginseng stimulate
dopaminergic cell growth at modest rates in vitro (~30%, as
is typical for hormetic curves) and prevent the toxicity of 6-
OHDA in zebrafish in vivo, whereas higher concentrations are
toxic (Zhang et al., 2017).

In the same year as Tai and Truong’s original paper on in
vitro dopaminergic preconditioning, Andoh and colleagues
reported that sublethal serum deprivation for two hours
preconditioned dopaminergic cells against MPP”, and this
was associated with upregulation of nitric oxide synthesis and
expression of the antioxidant enzyme superoxide dismutase
and the prosurvival protein Bcl2 (Andoh et al., 2002). One year
later, Quigney and colleagues demonstrated that exposure of
dopaminergic cells to mild heat stress induced thermotolerance
and preconditioned against necrotic death elicited by MPP"
(Quigney et al., 2003). The preconditioning effect of heat shock
was associated with upregulation of the chaperones heat shock
protein 25 (Hsp25) and Hsp70. Similarly, Fan and colleagues
subsequently confirmed that exposure to mild heat shock or
forced overexpression of HDJ-1 (the homologue of human
Hsp40) in dopaminergic cells reduced MPP” toxicity and
oxidative stress and maintained the mitochondrial membrane
potential (Fan et al., 2005).

The older studies of preconditioning in experimental
Parkinson’s disease typically employed pro-oxidants and
mitochondrial toxicants because markers of oxidative stress
and complex 1 dysfunction have long been observed in
postmortem tissue from Parkinson’s victims and proposed
as etiological factors (Dexter et al., 1989; Schapira et al.,
1989; Alam et al., 1997; Floor and Wetzel, 1998; Hauser
and Hastings, 2013; Blesa et al., 2015). For example, low
concentrations of hydrogen peroxide were shown to mitigate
the pro-apoptotic effects of subsequent exposures to hydrogen
peroxide and the pro-oxidant dopamine (Chen et al., 2005;
Xiao-Qing et al., 2005). We demonstrated that pretreatment of
dopaminergic cells with 6-OHDA (5-10 uM) prevented cell loss
in response to subsequent exposures to higher concentrations
of 6-OHDA (50 uM), an effect abolished by co-application
of the antioxidant N-acetyl cysteine or the protein synthesis
inhibitor cycloheximide (Leak et al., 2006). In our model, low
concentrations of 6-OHDA upregulated expression of Bcl2 and
rapidly activated the phosphokinases ERK1/2, Akt, and JNK.
Inhibition of activation of all three kinases abolished 6-OHDA
preconditioning-mediated protection. Subsequent studies
revealed that subtoxic concentrations of methamphetamine
also protected dopaminergic cells against 6-OHDA toxicity,
whereas exposure to higher concentrations exerted toxicity,
conforming to a biphasic concentration-response profile (El
Ayadi and Zigmond, 2011). Similarly, royal jelly fatty acid

Conditioning Medicine 2018 | www.conditionmed.org

149



REVIEW ARTICLE

Conditioning Medicine | 2018, 1(3):143-162

derivatives such as 4-hydroperoxy-2-decenoic acid ethyl
ester increased the production of reactive oxygen species and
prevented 6-OHDA-induced dopaminergic cell loss, perhaps
by activating Nrf2, a master gatekeeper of redox equilibrium
(Inoue et al., 2017). Collectively, these studies established that
exposure of dopaminergic cells to subtoxic levels of reactive
oxygen species is an effective preconditioning stimulus. The
beneficial effects of 6-OHDA preconditioning in dopaminergic
cells can be further enhanced by the phytochemical triterpenoid
oleanolic acid (Ndlovu et al., 2014). Oleanolic acid also
blunted L-DOPA-induced abnormal involuntary movements
(dyskinesia) in 6-OHDA-treated animals (Ndlovu et al., 2016).
Fewer studies have reported the effects of proteinopathic
stress-induced preconditioning in models of Parkinson’s disease,
perhaps because the view that Parkinson’s disease originates
from protein misfolding is more recent than the concept that
nigrostriatal loss is precipitated by oxidative toxicity (Zhou
et al., 2008; Hastings, 2009; Jucker, 2010; Jucker and Walker,
2013; Segura-Aguilar et al., 2014). Nevertheless, the protective
impact of heat shock in the dopaminergic cell models described
above reflects an adaptive response to misfolded proteins,
which might stimulate proteasomal and autophagic clearance of
damaged proteins, as well as a beneficial endoplasmic reticulum
stress response at low concentrations. Mollereau, Hetz, and
colleagues recently proposed that mild perturbations in cellular
proteostasis—including endoplasmic reticulum stress—show
promise as preconditioning stimuli in Parkinson’s disease (Hetz
and Mollereau, 2014; Mollereau et al., 2016). For example,
the endoplasmic reticulum stress inducers thapsigargin and
tunicamycin prevent the cytotoxicity of 6-OHDA in vitro
(Hara et al., 2011). Thapsigargin induces heme oxygenase
1 expression by activating the antioxidant response element
and mitigating the production of reactive oxygen species by
6-OHDA. Subsequent reports by Fouillet et al. suggested that
mild endoplasmic reticulum stress protects neurons by crosstalk
with autophagy pathways in vivo, an effect attributed by Matus
and colleagues to hormesis (Fouillet et al., 2012; Matus et al.,
2012). In the Fouillet studies, tunicamycin pretreatment reduced
rotational behavior and dopaminergic cell loss in 6-OHDA-
lesioned mice. The unfolded protein response transcription
factor X-box binding protein 1 (XBP1) may be critical for the
protection of dopaminergic neurons against 6-OHDA toxicity in
adult animals, and deletion of this protein in developing animals
induces an adaptive endoplasmic reticulum stress response that
prevents dopaminergic neurotoxicity (Valdes et al., 2014).
Preconditioning dopaminergic cells with proteotoxic stress
has also been achieved by direct exposure to proteasome
inhibitors. We observed that weeks- to months-long exposure
to low levels of the proteasome inhibitor MG132 resulted
in structural and functional protection of dopaminergic cells
against subsequent exposures to high concentrations of either
6-OHDA or MG132 (Leak et al., 2008). Cells were protected
in this model despite the chronic nature of the stimulus
because the MG132 concentration was sufficiently low.
MG132 exposure reduced the chymotrypsin-like activity of
the ubiquitin-proteasome system without causing cell loss and
increased protein expression as well as enzymatic activity of the
antioxidant CuZn superoxide dismutase. Although glutathione
plays a major role in many models of preconditioning
(Mabher, 2005), the glutathione synthesis inhibitor buthionine
sulfoximine failed to reduce MG132-induced protection
against 6-OHDA, whereas siRNA-mediated knockdown of
CuZn superoxide dismutase with two independent sequences
abolished protection readily. These findings suggest that
exposure to proteinopathic stress elicits “cross-tolerance”
against oxidative stress by upregulation of antioxidant defense
systems, and confirm the existence of divergence in the
mechanisms underlying preconditioning (i.e., not unchangingly

dependent on glutathione). The results also confirm a link
between proteinopathic and oxidative stress, as presumed to be
the case in Parkinson’s disease (Ganguly et al., 2017).

Aside from the studies on dopaminergic cells, proteotoxic
stress has also been employed as a preconditioning tool in
microglia in the context of Parkinson’s pathology. First,
exposure to the Lewy body protein a-synuclein primes microglia
toward higher cytokine secretion and caspase activation after
stimulation of toll-like receptors 2/1 (TLR2/1) with Pam3,
but reduces caspase 3 activation after stimulation with TLR7
ligands, and shifts microglial polarization status without
an effect on phagocytic capacity (Roodveldt et al., 2013).
Second, microglial activation and cytokine release in response
to rotenone treatment can be mitigated by preconditioning
with rifampicin from Streptomyces mediterranei, perhaps
by upregulation of autophagic clearance systems, mitigation
of oxidative stress, and preservation of the mitochondrial
membrane potential, which culminate in neuroprotection in co-
cultures of microglia with neuronal cells (Liang et al., 2017).

Other studies have also linked inflammatory stress to
conditioning in the context of Parkinson’s pathology. For
example, Ding and Li reported that 24-hour-long exposure
of organotypic midbrain slices to low concentrations of the
archetypal pro-inflammatory endotoxin lipopolysaccharide
protected dopaminergic neurons against subsequent 72-hour-
long exposure to higher concentrations of the same agent
(Ding and Li, 2008). The authors proposed that reductions in
the cytokine tumor necrosis factor-o and microglial activation
contributed to endotoxin tolerance. Recent in vivo studies
confirm that low-dose exposure to lipopolysaccharides induces
a state of tolerance against subsequent brain injections of higher
doses and alleviates cytokine production, microglial activation,
and dopaminergic cell loss (Liu et al., 2017). These studies
are consistent with the recent proposal that the response to
inflammation in Parkinson’s disease is U-shaped (Calabrese
et al., 2017), and with long-standing observations that
inflammatory stress can elicit either tolerance or sensitization,
depending upon the dose (Schneider, 2011; Quintin et al., 2012;
Ifrim et al., 2014; Schmidt et al., 2014).

A series of in vivo studies by Cannon and colleagues
demonstrated that infusions of low doses of the serine protease
thrombin above the medial forebrain bundle preconditioned
against the toxicity of subsequent infusions of 6-OHDA into
the medial forebrain bundle (Cannon et al., 2005; Cannon et al.,
2006). Although prevention of striatal dopamine depletion was
not achieved, thrombin preconditioning mitigated neurological
deficits, histological loss of dopaminergic terminals, and
ventricular enlargement in 6-OHDA-infused animals. Notably,
the protective effects of thrombin preconditioning were
prevented by infusions of an antagonist against protease-
activated receptors (PARs) and appeared to be mediated
by PAR-1 but not PAR-4 activation (Cannon et al., 2006).
Subsequent studies on the temporal kinetics of thrombin
preconditioning revealed that co-application of thrombin or a
PARI receptor agonist with 6-OHDA exacerbated behavioral
deficits (Cannon et al., 2007). In contrast, delaying thrombin
administration until 1 or 7 days after 6-OHDA assuaged
the toxic effects of 6-OHDA on neurological function and
depletion of dopamine and its metabolites. These experiments
provided the first evidence of post-conditioning in an animal
model of Parkinson’s disease and are consistent with the view
that a recovery interval between sequential insults is critical
in determining the direction of the stress response and that
synergistic effects may otherwise be elicited.

The findings of Cannon and colleagues are important
in light of increases in PAR1, prothrombin, and thrombin
in astrocytes and/or the endothelial lining of the substantia
nigra in Parkinson’s disease (Ishida et al., 2006; Sokolova
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Figure 3. Linear correlations between structural and functional outcomes of cross-hemispheric preconditioning in experimental Parkinson’s
disease. Mice were preconditioned with 6-OHDA, as described in the legend of Figure 2, and behavioral and histological outcomes were
measured, as described in our previous report (Weilnau et al., 2017). Raw striatal TH or DAT measurements (arbitrary fluorescence units) were
employed as indicators of the structural integrity of nigrostriatal axon terminals and plotted as a function of the percentage of left versus
right forelimb contacts with a vertical wall (A-D), left versus right forelimb landings on the floor (E-H), and left versus right spontaneous turns
(I-L), as measured 7 or 14 days after the second hit (data from Weilnau et al., 2017). Two-tailed Pearson correlation analyses were applied to
all the data. The Pearson correlation coefficient r and the corresponding p value are shown. Statistically significant results are presented in
red font. Each animal is represented as one dot and each group is represented by a unique color and symbol. Note that some of the values

are so similar that the dots overlap. n = 5-6 mice per group.

and Reiser, 2008). Furthermore, thrombin exposure has been
shown to raise expression of glial cell-derived growth factor
and glutathione peroxidase in human astrocytes and to increase
their proliferation (Ishida et al., 2006). More recent work in
the 6-OHDA animal model suggests that apomorphine-induced
rotations and performance on the Rotarod test and the elevated

body swing test may also be ameliorated by preconditioning
rats with hyperoxia for 24 hours before 6-OHDA application
(Hamidi et al., 2012). Collectively, the thrombin and hyperoxia
studies in the 6-OHDA model of Parkinson’s disease suggest
that cross-tolerance against a different insult can be achieved in
dopaminergic neurons in vivo.
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The studies described above do not capture the entire
complement of natural defenses expressed in Parkinson’s
disease models. Additional descriptions of endogenous defenses
in neurodegenerative disorders and the underlying mechanisms
can be found in recent reviews (Stetler et al., 2014; Golpich
et al., 2015; Mollereau et al., 2016). Other than discussions
of oxidative stress, the present review also does not address
the role of mitochondria in dopaminergic preconditioning;
many other groups have already discussed the influence of
mitohormesis and the general importance of mitochondrial
viability in Parkinson’s disease (Calabrese et al., 2001;
Greenamyre and Hastings, 2004; Tapia, 2006; Correia et al.,
2011; Van Laar and Berman, 2013; Ristow and Schmeisser,
2014; Carvalho et al., 2015). Recent studies also suggest
that mitohormesis might be effective against conditions that
are specifically rooted in mitochondrial dysfunction, such as
neurodegenerative disorders (Jain et al., 2016).

Fewer studies have examined the intersection of
conditioning responses with mutant genes associated with
familial Parkinson’s disease. For example, only 22 studies
are summoned in PubMed with the Boolean operators
“(preconditioning OR conditioning OR pre-conditioning) AND
Parkinson's AND (synuclein OR LRRK2 OR PINK OR Parkin
OR DJ-1 OR DJ1)”. Some of those studies are highlighted here.
First, three months of exercise conditioning improves cognitive
and motor function and reduces the levels of aggregated
a-synuclein in transgenic mice overexpressing a mutant form of
a-synuclein (Zhou et al., 2017). Second, a-synuclein mutations
also hamper the natural increases in neuroplasticity that occur
within the limbic system after fear conditioning (Schell et al.,
2012). Third, deficiencies in DJ-1 (PARK?7) or Parkin (PARK?2)
render animals resistant to ischemic preconditioning and
increase cardiovascular or stroke-related injury (Huang et al.,
2011; Lu et al., 2012; Dongworth et al., 2014; Mukherjee et
al., 2015). Fourth, low doses of polyphenols and the oxidative
toxicant paraquat delay mortality and improve motor output
in flies exhibiting loss of the Parkinson’s-related protein
parkin (Bonilla-Ramirez et al., 2013). Finally, Mukherjee and
colleagues have argued that Parkin, PINK1, DJ-1, LRRK?2, and
a-synuclein maintain mitochondrial function and mitophagy,
reduce free-radical toxicity, and mitigate apoptotic cell death
(Mukherjee et al., 2015). Nevertheless, much work remains
to be done on the intersection of conditioning pathways with
Parkinson’s-related genes.

Does the slow spread of Parkinson’s pathology to the
contralateral side reflect cross-hemispheric conditioning?

The nigrostriatal dopamine depletion in Parkinson’s disease
and the resulting motor deficits commence on one side of the
body and spread to the contralateral side over the course of
years (Djaldetti et al., 2006; Wang et al., 2015). The reason
underlying this asymmetric pathology is not known, but may
reflect slow spread of a pathogenic insult from one hemisphere
to the other side (Hobson, 2012). Exposure of one hemisphere
to an ischemic event has been shown to precondition the
contralateral side against experimental stroke, and this stress
response is associated with bilateral upregulation of superoxide
dismutase (Schumacher et al., 2014). These findings raise the
possibility that the unilateral onset of Parkinson’s pathology
upregulates natural defenses in the contralateral hemisphere,
perhaps via diffusible factors or other means of cross-
hemispheric communication. In order to test this hypothesis,
we recently completed a series of behavioral and histological
studies following sequential infusions of 6-OHDA into the right
and left mouse caudoputamen (i.e., dorsal striatum) spaced
three days apart (Weilnau et al., 2017). The 72-hour interval
between the two brain infusions was chosen as sufficient time
for adaptive changes in gene expression and is considered

an optimal interval between ischemic preconditioning and
subsequent challenges (Kirino et al., 1991; Chen and Simon,
1997; Zhang et al., 2008; Lusardi et al., 2010). Therefore, we
infused 6-OHDA (4 ng) or an equivalent volume of vehicle
in the right striatum, followed three days later by an infusion
of vehicle or the same dose of 6-OHDA in the left striatum.
We observed that the group receiving two sequential hits
of 6-OHDA (6-OHDA R/6-OHDA L; group d in Figure 2)
exhibited similar asymmetries in spontaneous turning behavior
and dopaminergic axon terminal and cell body loss as the
group that only received vehicle as the second hit (6-OHDA
R/vehicle L; group c), as if the left hemisphere exposed to
the second 6-OHDA hit was less damaged than the right
hemisphere exposed to the first 6-OHDA hit. Furthermore, the
behavioral and histological patterns in the dual-hit group d (6-
OHDA R/6-OHDA L) appeared the reverse of group b animals
receiving 6-OHDA in the left hemisphere without any previous
preconditioning (vehicle R/6-OHDA L; Figure 2). Thus, dual-
hit mice in group d (6-OHDA R/6-OHDA L) preferred to turn
to the right side, consistent with the established view that
unilaterally lesioned rodents prefer to turn contralateral to the
hemisphere with greater dopaminergic tone (Ungerstedt, 1968;
Ungerstedt and Arbuthnott, 1970; Fornaguera et al., 1993;
Schwarting and Huston, 1996).

According to repeated measurements by blinded
investigators, stressing the right hemisphere with 6-OHDA in
the dual-hit group d completely prevented contralateral loss
of dopaminergic cells in response to the second 6-OHDA hit,
as demonstrated by two independent markers of dopaminergic
fibers in the striatum (tyrosine hydroxylase and dopamine
transporter), as well as counts of tyrosine hydroxylase” somata
in the substantia nigra pars compacta (Weilnau et al., 2017).
Our prior work with the retrograde tracer FluoroGold confirmed
true loss of nigral neurons and not merely downregulation of
the dopaminergic phenotype when the same dose of 6-OHDA (4
ng) was applied to the striata of the same mouse strain (Nouraei
et al., 2016). In sum, cross-hemispheric preconditioning ablated
the toxic influence of 6-OHDA on the entire contralateral
nigrostriatal pathway.

In the cross-hemispheric preconditioning model,
measurements of asymmetry in forelimb contacts with a
vertical wall and forepaw landing on the floor showed smaller-
sized effects and some recovery of function (Weilnau et al.,
2017), but were nevertheless significantly correlated with
dopaminergic markers, as was spontaneous turning asymmetry
(previously unpublished graphs in Figure 3). These correlations
suggest that structural protection of the nigrostriatal pathway by
cross-hemispheric preconditioning is associated with functional
preservation of motor output. Furthermore, the behavioral
tests consistently reveal a preference for turning, forelimb use,
and floor landing behavior ipsiversive to the side of greater
dopamine loss, confirming that the hemisphere with higher
dopaminergic tone in the dual-hit group d was indeed the left
hemisphere (exposed to the second 6-OHDA hit).

Previous studies indicated that dopamine receptor changes
might underlie compensatory effects against 6-OHDA
(Hornykiewicz and Kish, 1987; Zigmond et al., 1990;
Brotchie and Fitzer-Attas, 2009), but our cross-hemispheric
preconditioning effect was not associated with changes
in expression of the D1 or D2 receptors. Furthermore, the
protection could not be explained by activation of astrocytes
or upregulation of the growth-associated protein 43, which is
expressed in growth cones during axonal sprouting (Harding
et al., 1999). However, unilateral 6-OHDA infusions in the
striatum elicited significant bilateral upregulation of CuZn
superoxide dismutase and phosphorylation of ERK2 three days
later, in agreement with our previous mechanistic work showing
that siRNA-induced knockdown of CuZn superoxide dismutase
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expression or pharmacological inhibitors of ERK1/2 abolished
preconditioning of dopaminergic cells against 6-OHDA in vitro
(Leak et al., 2006; Leak et al., 2008).

Functional recovery in the 6-OHDA animal model has been
reported by others when the degree of dopamine depletion
fails to exceed ~83% (Fornaguera et al., 1994; Schwarting
and Huston, 1996; Yuan et al., 2005). Thus, we do not expect
continued, progressive loss of function at longer time points
than assessed in our cross-hemispheric preconditioning study
(14 days after second hit). On the other hand, Parkinson’s
disease in humans progresses ineluctably with age and
eventually evolves into a more bilaterally symmetrical pattern
(Nandhagopal et al., 2009; Marinus and van Hilten, 2015),
suggesting that 1) mice might also lose cross-hemispheric
preconditioning capacity with age, and 2) our model does not
recapitulate the longitudinal pattern of the progressive human
condition. For these reasons, we interpreted our results to
support the potential of cross-hemispheric preconditioning
only in the early stages of Parkinson’s disease (Weilnau et
al., 2017). Furthermore, it is important to emphasize that our
studies are correlative and do not establish any causal links, as
we have not yet tested whether inhibition or loss of ERK1/2
and CuZn superoxide dismutase abolishes cross-hemispheric
preconditioning. Given the limitations of acute nigrostriatal
loss in the 6-OHDA model, studies are underway to determine
if slowly progressive proteinopathic stress elicits similar
cross-hemispheric preconditioning responses in a model of
transmission of Lewy pathology from olfactory induction sites
recently developed by us (Mason et al., 2016) and other groups
(Rey et al., 2016; Rey et al., 2017).

In sum, cross-hemispheric preconditioning in the 6-OHDA
model is consistent with the phenomenon of “cross-education,”
whereby exercising only one half of the body also results
in strength improvements on the non-exercised side (Lee
and Carroll, 2007). Furthermore, previous studies show
that unilateral 6- OHDA application elicits compensatory
adjustments in the non-affected limb (Miklyaeva et al., 1994;
Miklyaeva et al., 1997; Woodlee et al., 2008). Similarly, patients
with Parkinson’s disease learn to rely on the non-affected side
of their bodies (Boonstra et al., 2014; Roemmich et al., 2014)
and exhibit a compensatory increase in glucose metabolism in
the less-affected hemisphere (Dethy et al., 1998).

Does conditioning delay the onset and slow the progression
of Parkinson’s disease or not?

An enormous body of work from the 1950s onwards and
out of the scope of this review suggests that increased physical
activity mitigates motor deficits in human subjects with
Parkinson’s disease, consistent with animal studies (Bilowit,
1956; Clark et al., 1957; Zigmond et al., 2009; Gerecke et
al., 2010; Hubble et al., 2017; Mak et al., 2017; Schenkman
et al., 2017; Storzer et al., 2017). In addition, dietary protein
restriction in Parkinson’s patients has been shown to alleviate
motor fluctuations and lack of responsiveness to L-DOPA
therapy, but these effects may be mediated by liberating the
neutral amino acid transporter for greater L-DOPA delivery
across the blood-brain barrier (Pincus and Barry, 1987a;
Pincus and Barry, 1987b). Low carbohydrate or fat intake is
also associated with a reduced risk of developing Parkinson’s
disease, but some of the results are contradictory (Johnson
et al., 1999; Abbott et al., 2003; Agim and Cannon, 2015).
Potential conditioning effects of dietary restriction and exercise
are readily explained in the context of hominid evolution:
our ancestors had far less access to calories but nevertheless
required sharp cognitive function and vigorous physical activity
to solve the problem of scarce resources while hungry (Mattson,
2015).

Few publications other than the exercise literature noted

above discuss adaptive conditioning of Parkinson’s patients.
In one meta-analysis, a lack of association between welding
or manganese exposure and an increased risk of Parkinson’s
disease was interpreted as evidence of possible hormetic effects
in humans (Mortimer et al., 2012). The term preconditioning
has also been employed in the context of repetitive transcranial
magnetic stimulation (rTMS) or transcranial direct current
stimulation (tDCS), which are proposed to act as hormetic
stimuli and exert favorable effects upon cognition and
performance (Giordano et al., 2017). In Parkinson’s patients,
stimulation of the primary motor cortex with rTMS increased
simple index finger and hand tapping movements and horizontal
pointing (Gruner et al., 2010), whereas rTMS applied over the
primary motor cortex also improved hypokinetic gait when
preceded by anodal tDCS preconditioning (von Papen et al.,
2014). These studies typically assess acute conditioning effects
on motor output rather than the long-term progression of
Parkinson’s disease. However, one study reported that benefits
of rTMS in Parkinson’s patients endured for one month after
treatment (Lomarev et al., 2000).

Despite the paucity of studies of conditioning in Parkinson’s
patients, there are many examples of compensatory reactions
in the disorder, as conveyed above. Furthermore, with pro-
dopaminergic interventions, there is symptomatic early
improvement in UPDRS scores, and the profile of these scores
plotted as a function of disease duration conforms remarkably
well to a J-shaped curve (Guimaraes et al., 2005; Reinoso et
al., 2015). However, these pharmacological responses cannot
be viewed as expressions of natural defense mechanisms.
Exposure to pro-dopaminergic agents is a prerequisite for
the placebo response in humans, and these effects are also
sometimes described as “conditioning” (Haour, 2005; Benedetti
et al., 2016; Frisaldi et al., 2017), although they are not stress-
induced. In contrast, the reduction in Parkinson’s disease risk
with tobacco consumption may exemplify genuine stress-
induced conditioning (van der Mark et al., 2014).

Measurements of stress responses across disease stages
are complicated by regional differences in stress reactivity,
tolerance, and vulnerability. For example, the U-shaped changes
in ""Fluorodopa uptake in the nigropallidal pathway reported
by Whone and colleagues are paralleled by simultaneous
decreases of the same measure in the nigrostriatal pathway
and motor cortex (Whone et al., 2003). While relatively
resistant brain regions exhibit an increase in natural defenses,
such as an increase in glutathione levels in the cerebral cortex
in Parkinson’s disease, more vulnerable regions such as the
substantia nigra show a simultaneous decline in glutathione
levels (Perry et al., 1982; Sofic et al., 1992; Sian et al., 1994;
Mythri et al., 2011). Calbindin and calcium channel expression
differences in ventral versus dorsal tiers and in nigrosomes
versus matrix may further contribute to selective vulnerabilities
(Surmeier et al., 2011).

Tim Schallert has argued that injured tissue might be
particularly sensitive to overstimulation, suggesting that the
hormetic “sweet spot” will be tricky to achieve in the clinic,
even with physical exercise, which is considered relatively
innocuous (Schallert et al., 1997). Furthermore, the biphasic
nature of U-shaped stress responses dictates that sufficiently
severe stress above a threshold should sensitize cells to even
greater injury in response to subsequent challenges, rather than
mitigating subsequent injury. Indeed, synergistic effects of
multiple exposures to severe stress form the basis of the “two
hit” or “dual hit” hypothesis of neurodegeneration (Ling et
al., 2004; Zhu et al., 2004; Carvey et al., 2006; Sulzer, 2007;
Zhu et al., 2007; Boger et al., 2010; Unnithan et al., 2012;
Leak, 2014; Unnithan et al., 2014; Heinemann et al., 2016;
Mori, 2017). Therefore, it is conceivable that sensitization to
cumulative, relentless stressors underlies the defeat of natural
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defense systems in Parkinson’s disease, due to slow accretion
of protein deposits, oxidative damage, and cell loss, until only
the most resistant, stress-refractory dopaminergic cells remain
alive. Self-amplifying, synergistic processes might also explain
the acceleration of nigral cell loss in mid-disease stages (after
Braak stage III, see above and Figure 1). Eventual enrichment
of the shrinking nigral cell population in highly resistant
neurons of the dorsal nigrosomes might subsequently decelerate
the rate of cell loss. As argued above, these features may
underlie the exponential or sigmoidal shape of the dopaminergic
cell loss curve. Stress-response curves in Parkinson’s disease
might also assume a number of multiphasic shapes because
of: 1) regional differences in vulnerability (e.g., neocortex
versus allocortex, and ventral versus dorsal nigral tier); 2)
the duration of the illness that is feasible to assess (i.e., early
enough to capture compensatory changes versus late enough to
reveal the asymptote); and 3) the specific nature of the response
(e.g., dopamine cell counts in the nigra versus extracellular
dopaminergic tone in the striatum). Age-related failures in
stress compensation may also contribute to variability in disease
progression according to the age at diagnosis (Collier et al.,
2007).

Conclusions

Armed largely with correlative and observational clinical
work and preclinical studies on transformed cell lines or acute,
toxicant-induced animal models, it is difficult to conclude
whether or not Parkinson’s progression in humans is indeed
impeded by the kindling of conditioning defenses. This
question might be better addressed by measuring viability in
response to multiple hits in patient-derived stem cells, blood
cells, or fibroblasts collected prior to the appearance of motor
deficits, provided specific biomarkers of prodromal disease
such as Lewy pathology in the submandibular gland are
employed (Beach et al., 2016; Adler et al., 2017). However,
researchers may discover that the conditioning achieved readily
in experimental models cannot be actualized in authentically
diseased human cells. Indeed, it may be the very absence (or
diminution) of conditioning capacity that allows the disease to
germinate in the first place and spread its shoots throughout the
neuraxis. On the other hand, the benefits of conditioning might
still be leveraged during transplantation of non-diseased cells
into patients with Parkinson’s disease (Pan-Montojo and Funk,
2012). Transplantation of dopaminergic tissue into the brains
of Parkinson’s patients was originally attempted with adrenal
medulla tissue many decades ago (Kelly et al., 1989). More
recently, human embryonic cells (Olanow et al., 2001; Brundin
and Kordower, 2012) and induced pluripotent stem cells have
been employed (Takahashi, 2017), although there is evidence
that the transplanted dopaminergic cells are transformed into
diseased cells over time (Kordower et al., 2008; Li et al., 2008;
Li et al., 2010). In the stroke literature, it is well established
that stem cells can be conditioned for improved survival
after transplantation into the brain by mild hypoxia exposure
(Bernstock et al., 2017). Notably, exposure of mesencephalic
progenitors to low partial pressure of oxygen increases their
branching, branch length, and mRNA expression of markers
of maturation such as Nurrl, Pitx3, and the dopamine
transporter (Liu et al., 2009). Therefore, a hypoxia-conditioned
transplant preparation of allogeneic, otherwise healthy cells
may have superior chances of surviving 1) the shock of the
transplant procedure itself and 2) the initial shock of the hostile
environment within severely diseased brains. In the context
of transplants, it is important to remember that the brains of
patients with Parkinson’s disease teem with free radicals,
denatured proteins, dysfunctional mitochondria, and, even in
the early stages, suffer from defective complex I activity and
depressed glutathione (Schapira et al., 1990; Dexter et al., 1994;

Sian et al., 1994; Gu et al., 1998; Zeevalk et al., 2008). The
latter two characteristics probably set in motion stress responses
early in the disease but may also wear down natural defenses
over the course of years, consistent with the biphasic nature
of hormesis and Hans Selye’s classic studies of acute eustress
versus chronic distress.
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