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ARTICLE INFO ABSTRACT

Keywords: Dopaminergic denervation in patients with Parkinson’s disease is associated with changes in brain metabolism.
Parlfinson’s .dis.ease Cerebral in-vivo mapping of glucose metabolism has been studied in severe stable parkinsonian monkeys, but data on
Positron emission tomography (PET) brain metabolic changes in early stages of dopaminergic depletion of this model is lacking. Here, we report cerebral

['8F] -fluoro-2-deoxy-p-glucose (*®F-FDG)
[1IC]-dihydrotetrabenazine Mc-DTBZ)
Glucose metabolism

metabolic changes associated with progressive nigrostriatal lesion in the pre-symptomatic and symptomatic stages of
the progressive 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) monkey model of Parkinson’s Disease.
Monkeys (Macaca fascicularis) received MPTP injections biweekly to induce progressive grades of dopamine
depletion. Monkeys were sorted according to motor scale assessments in control, asymptomatic, recovered, mild, and
severe parkinsonian groups. Dopaminergic depletion in the striatum and cerebral metabolic patterns across groups
were studied in vivo by positron emission tomography (PET) using monoaminergic ([!'C]-dihydrotetrabenazine; ''C-
DTBZ) and metabolic (2-[18F] -fluoro-2-deoxy-p-glucose; 18F-FDG) radiotracers. 1'C-DTBZ-PET analysis showed
progressive decrease of binding potential values in the striatum of monkeys throughout MPTP administration and
the development of parkinsonian signs. *F-FDG analysis in asymptomatic and recovered animals showed significant
hypometabolism in temporal and parietal areas of the cerebral cortex in association with moderate dopaminergic
nigrostriatal depletion. Cortical hypometabolism extended to involve a larger area in mild parkinsonian monkeys,
which also exhibited hypermetabolism in the globus pallidum pars interna and cerebellum. In severe parkinsonian
monkeys, cortical hypometabolism extended further to lateral-frontal cortices and hypermetabolism also ensued in
the thalamus and cerebellum. Unbiased histological quantification of neurons in Brodmann’s area 7 in the parietal
cortex did not reveal neuron loss in parkinsonian monkeys versus controls. Early dopaminergic nigrostriatal depletion
is associated with cortical, mainly temporo-parietal hypometabolism unrelated to neuron loss. These findings,
together with recent evidence from Parkinson’s Disease patients, suggest that early cortical hypometabolism may be
associated and driven by subcortical changes that need to be evaluated appropriately. Altogether, these findings
could be relevant when potential disease modifying therapies become available.
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1. Introduction

The cardinal clinical features of Parkinson’s disease (PD) become
apparent after extensive loss of dopaminergic neurons in the substantia
nigra and dopamine in the striatum. Characterization of initial cerebral
changes associated with these dopaminergic deficits is important to
understand the evolution of PD (Blesa et al., 2017; Del Rey et al., 2018).
In this sense, positron emission tomography (PET) imaging is routinely
applied for clinical evaluation of PD patients using radioligands such as
6-['8F]-fluoro-L-DOPA (*®F-DOPA) and [HC]-dihydrotetrabenazine
(HC-DTBZ) for evaluating striatal dopaminergic innervation (de la
Fuente-Fernandez et al., 2011; Nandhagopal et al., 2011), and 2-[18F]-
fluoro-2-deoxy-p-glucose (8F-FDG) as a marker of cerebral glucose
consumption for assessing metabolic activity (Eckert et al., 2005, 2007;
Hirano et al., 2009; Huang et al., 2007; Niethammer et al., 2012).

PET studies have contributed to ascertaining the topography and
evolution of dopaminergic loss in PD (de la Fuente-Fernandez et al.,
2011), defining compensatory changes (Nandhagopal et al., 2011), and
identifying cerebral metabolic patterns associated with motor and
cognitive manifestations (Eckert et al., 2005; Hirano et al., 2009; Niet-
hammer et al., 2012). More recently, metabolic changes in untreated,
newly diagnosed PD patients studied with '®F-FDG showed reduced
glucose consumption in prefrontal and parietal cortices (Orso et al.,
2021; Schindlbeck et al., 2019). Another study in PD patients corrobo-
rated cortical hypometabolism, as well as reduced cortico-striatal con-
nectivity, all of which correlated with nigrostriatal dopaminergic loss
(Meles et al., 2019). However, PET studies of PD patients very early at
disease onset and throughout progressive evolution (Eckert et al., 2007;
Huang et al., 2007) are challenging to implement and, particularly,
assessing the pre-symptomatic state still proves complex.

The MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) monkey
model closely resembles pre-symptomatic and symptomatic stages of
nigrostriatal neurodegeneration in PD patients. This model is an excel-
lent tool to study early (prodromal) cerebral changes associated with
parkinsonism in vivo, including behavior, neurophysiology and PET
(Trigo-Damas et al., 2018). Metabolic changes in particular, have been
well-defined in MPTP-treated parkinsonian monkeys ex-vivo (Mitchell
et al., 1989) and in-vivo (Ma et al., 2012, 2015), but longitudinal studies
including asymptomatic monkeys are lacking. Here, we use ®F-FDG to
study changes in cerebral glucose metabolism in vivo in MPTP monkeys
in parallel with nigrostriatal depletion, including pre-symptomatic and
symptomatic groups. Specifically, this study was designed to ascertain at
what point of nigrostriatal dopaminergic depletion was the cortico-basal
ganglia network activity impaired. In other words, to establish a
threshold of dopaminergic striatal loss signaling changes beyond the
nigrostriatal projection. We previously showed that around 60% striatal
DA depletion signaled the onset of parkinsonism in this model (Blesa
etal., 2010, 2012). We set to assess the same concept in vivo. In monkeys
with moderate nigrostriatal lesion, the pattern of cerebral metabolism
was nearly identical to what has been described in early, not-advanced
PD patients. Given that MPTP intoxication does not evolve in a pro-
gressive fashion, we thought that these findings may serve to: a) Support
the veracity of PET findings and correlation with early dopaminergic
deficit in patients. b) Provide further insight into the mechanism leading
to cortical hypometabolism.

2. Material and methods
2.1. Animals

Thirty-seven male macaque monkeys (Macaca fascicularis; 2.5-7.5
kg; 3 to 5 years) and sourced from R.C. Hartelust BV (Tilburg, The
Netherlands), were used in this study. All animals were used in other
studies and experimental conditions have been described elsewhere in
greater detail (Blesa et al., 2010, 2011, 2012; Enterria-Morales et al.,
2020; Jiménez-Sanchez et al., 2020; Mellone et al., 2015; Monje et al.,
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2020; Pifl et al., 2013, 2014, 2017). Animals were housed in an animal
room under standard conditions and treated in accordance with the
European and Spanish guidelines (86/609/EEC and 2003/65/EC Euro-
pean Council Directives; and the Spanish Government). Water and fresh
fruit were available ad libitum. Qualified personnel health care oversaw
monitoring the monkey’s welfare throughout the studies. All studies
were performed according to European and Spanish guidelines (86/
609/EEC and 2003/65/EC European Council Directives; and Spanish
Government) and were approved by the Ethical Committee for Research
of the University of Navarra and Auténoma de Madrid University.

2.2. Experimental design

MPTP was given to all monkeys by systemic administration (using a
dose regimen of 0.5 mg/kg i.v. every two weeks) under light anesthesia
(ketamine 10 mg/kg; i.m.) as described before (Blesa et al., 2012). Motor
status after injections was evaluated weekly by a validated motor score
(Blesa et al., 2010, 2012). The different individual susceptibilities to
MPTP were used for initial distinction and each monkey was ascribed to
one specific experimental group according to the degree of motor
impairment reached after MPTP administration: asymptomatic, recov-
ered, mild, and severe parkinsonian (Blesa et al., 2012). Out of 37 mon-
keys, 21 monkeys were PET scanned prior to MPTP intoxication to
obtain baseline (control) values for 'C-DTBZ (n = 21) and '8F-FDG (n =
16) (Table 1). After MPTP intoxication, one 8 FDG and one ''C-DTBZ
PET scans were obtained for each animal at a given motor state (see
Table 1). Thus, each group is considered an independent group. In every
monkey PET scans were acquired around 1 month after reaching a stable
motor status (Taylor et al., 1997) and the period in-between 18p FDG
and '!C-DTBZ PET scans was 3-10 days. For technical reasons (PET
scanning availability mainly) it was not possible to scan every animal
with both radiotracers although in the majority of instances both were
used (see Table 1 for number of animals, PET scans, MPTP injections,
and Kurlan scores across different groups).

Animals were processed for post-mortem neuroanatomical and
biochemical examination as described previously (Blesa et al., 2012;
Enterria-Morales et al., 2020; Jiménez-Sanchez et al., 2020; Mellone
etal., 2015; Monje et al., 2020; Pifl et al., 2013, 2014). In this study, we

Table 1
PET scans performed for each radiotracer (*8F-FDG and UC—DTBZ), MPTP in-
jections, and Kurlan scores across cases.

Group 18g. He. MPTP
FDG DTBZ injections”
scans scans

Kurlan
scores”

Description

Monkeys before
receiving MPTP.
No motor signs
detected after the
first two injections
of MPTP.
Spontaneous
motor recovery
after developing
mild parkinsonian
features for about
2-6 weeks.
Persistent, clearly
recognizable but
not intense
parkinsonian
features following
2-5 MPTP doses.
Severe and stable
parkinsonism that
exhibited
prominent motor
features.

Baseline 21 16 0+0 0+0

Asymptomatic
(n=2>5)

9]
N

2+0 040

Recovered

(n=06)

(=)}
(=)}

25+09 0+0

Mild 9.5+
140,
) 41+£08

Severe 19.7 +
19 18 10.7 £ 2.5
(n=19) 1.7

2 Data shown as mean =+ SD.
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""C-DTBZ

Baseline

Parkinsonian

Fig. 1. Representative ¢.DTBZ (left column) and '®F-FDG (right column) PET
images of one monkey at control (top row) and severe parkinsonian (bottom
row) states. R: right; L: left.

estimated neuron population in a representative area (Brodmann’s area
7) of the parietal cortex in four control and four severe parkinsonian
monkeys to assess potential cortical neuron loss that could mediate
cortical hypometabolism in parkinsonian monkeys. This region is also
the most sensitive cortical area showing early cortical hypometabolism
in PD patients.
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2.3. PET scanning

PET imaging was performed in a dedicated small animal Philips
MOSAIC tomograph (Cleveland, OH, USA). Animals were anesthetized
by ketamine (10 mg/kg; i.m.) and midazolam (1 mg/kg; i.m.) and
maintained during PET scanning with half of the initial dose per hour.
Radiotracers were injected through the saphenous vein (bolus injection:
75 + 10 MBq in 1 ml for 8F-FDG and 72 + 12 MBq in 1 ml for 'C-
DTBZ) (Quincoces et al., 2008). Care was taken to use the same dose of
anesthesia for each monkey when repeating PET studies.

1G.DTBZ PET studies were conducted as previously described
(Collantes et al., 2008, 2009). Animals fasted overnight and baseline
glucose was measured (51.8 + 9.4 mg/dl) by taking a small drop of
blood and subsequent reading in a glucose meter before ®F-FDG in-
jections. After each ®F-FDG administration and 40 min of incorporation
we performed static acquisition (20 min). All PET images were recon-
structed as previously described (Collantes et al., 2008, 2009) (Fig. 1).

2.4. PET imaging analysis

Imaging data of radiotracers were processed using PMOD software
(version 3.2; PMOD Technologies Ltd., Adliswil, Switzerland). Hc.pTBZ
PET images were spatially normalized into standard stereotaxic space
using a species-specific template (Collantes et al., 2009). To develop a
new '8F-FDG PET template that served as reference in spatial normali-
zation procedures of PET data, Brain Magnetic Resonance Imaging
(MRI) of 15 control monkeys was undertaken on a 1.5 T Siemens Sym-
phony scanner (Erlangen, Germany) (Fig. 2), as previously described
(Collantes et al., 2009). '1C-DTBZ PET studies were transformed by
calculating binding potential (BP) of vesicular monoamine transporter 2
and obtaining parametric images as described previously (Collantes
et al., 2009; Ichise et al., 2001). 8p_FDG PET images were transformed
into semi-quantitative images representing standardized uptake value
(SUV), using the injected radiotracer dose and animal body weight.
Then, all '8F-FDG images were masked to remove extra-cerebral signals
that would disrupt the global normalization, and a Gaussian-smoothing
kernel of 4 mm was applied.

Individual

MRIs

Individual
PETs

all

-

PET-MRI
Coregistration

Reference PET

N

Masked MRIs MRI template

Transformation

Coregistered PETs . . |

Normallsed PETs

3 iterations |

matrix

Final '®*F-FDG
PET template

Provisional template

Fig. 2. Stepwise process to obtain from baseline ®F-FDG PET and MRI images (top left) the final ®F-FDG PET template of the monkey brain (far right).
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2.5. Image analysis

1c.pTBZ images were studied using a volume of interest (VOI)
analysis. A VOI template map including the striatum was applied over
the images to extract the average BP striatal values. Differences in 'F-
FDG SUV values between groups were assessed using voxel-based SPM8
software (Wellcome Department of Cognitive Neurology, Institute of
Neurology, London, UK). As each animal could be imaged at different
states, one-way ANOVA within subjects was performed, using blood
glucose measurements as covariate. Model parameters included global
normalization with ANCOVA (by including the global covariate in the
general linear model) and relative threshold masking at 80% of mean
voxel value. Comparisons were made for decreases and increases in *®F-
FDG uptake allowing voxels of significant relative change between
groups to be identified throughout the whole brain. Significant para-
metric maps were rendered over a spatially normalized MRI image and
were anatomically evaluated and located using a VOI map for the
identification of brain regions.

Voxel-based regression analysis was conducted to assess the rela-
tionship between metabolism and dopaminergic deficit by using the
following covariates: striatal 1!C-DTBZ BP values, Kurlan score and
glucose measurements. SPM based correlation analysis was performed
with data from animals scanned with both radiotracers at different
motor states (Table 1).

2.6. Unbiased stereology of neuron population and volume analysis in the
cortex

We estimated the entire neuron population in a representative area
(Brodmann’s area 7) of the parietal cortex in Nissl-stained sections of
control and severe parkinsonian monkeys [for tissue processing see (Blesa
et al., 2012)]. Nissl technique colors the nuclei and bodies of all neurons
in the stained tissue, allowing for estimation of entire neuron pop-
ulations (Garcia-Cabezas et al., 2016). Nissl technique also provides
cytoarchitectonic pictures of the cerebral cortex allowing for area
identification (Garcia-Cabezas and Barbas, 2014).

First, we examined the parietal cortex in coronal sections of the brain
stained with Nissl under low magnification optical microscopy to
identify the boundaries of Brodmann’s area 7. This area lies between the
intraparietal sulcus and the end of the superior temporal sulcus (Cavada
and Goldman-Rakic, 1989).We selected eight serial Nissl-stained coro-
nal sections (one every tenth; 40 pm thick) in four control and four severe
parkinsonian monkeys and delineated the boundaries of Brodmann’s
area 7 on each selected section under 2x magnification objective with
the aid of a semiautomated commercial system (Stereolnvestigator;
MicroBrightField, Williston, VT, USA). We sampled systematically the
entire volume of Brodmann’s area 7 in each case through the selected
sections to count neurons that were identified using 100 x oil-immersion
according to cytological features (Garcia-Cabezas et al., 2016). The top
and bottom of each section (minimum 2 pm for 8 pm sections after
shrinkage) were used as guard zones and the actual mounted section
thickness was measured at each counting site. The counting frame/
dissector size (60 x 60 pm, height = 8 pm) and grid spacing (2000 x
2000 pm) were set to yield a coefficient of error for neuron population
below 0.10 (Gundersen, m = 0) and 0.05 (Gundersen, m = 1), as rec-
ommended (Howard and Reed, 1998). Cavalieri’s principle was used to
estimate the volume of Brodmann’s area 7 across cases. Neuron density
was obtained by dividing the estimated neuron population in Brod-
mann’s area 7 by the estimated volume of this area in each case.

2.7. Statistics

Average striatal BP values were tested for normality (Skewness/
Kurtosis tests) and homogeneity of variances (Levene’s test). When
normality could be assumed, differences in BP values between control
and MPTP treated groups were assessed using unpaired two-sample t-
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Fig. 3. Boxplots of striatal 'C-DTBZ binding potential (BP) in baseline (n = 16),
asymptomatic (n = 4), recovered (n = 6), mild (n = 6), and severe MPTP treated
monkeys (n = 18). Statistical comparison of 1*C-DTBZ BP differences between
MPTP treated (asymptomatic, recovered, mild and severe) and control groups was
performed using an unpaired two-sample t-test. T-scores and P-values (after
false discovery rate correction for multiple comparisons) are included above
each box.

test followed by False Discovery Rate correction for multiple compari-
sons. The significance level was set at a corrected P-value <0.05. All
statistical analysis and data management was performed using R version
1.1.463.

In the voxel-based analyses, significance level threshold was set at an
uncorrected P-value <0.001. To show some clusters of hypometabolism
representing in the following groups in the asymptomatic group, we
relaxed our significance cut-off to P-value <0.01 in the comparison
between asymptomatic and control groups. Statistical significance in the
voxel-based regression analysis was set at P-value <0.05 after family-
wise error (FEW) correction for multiple comparisons at the voxel level.

3. Results

3.1. Cerebral metabolic patterns and progressive striatal dopamine
depletion

Striatal 'C-DTBZ BP values decreased with increasing motor
impairment and higher MPTP dosing across groups (Fig. 3), as described
before (Blesa et al., 2010, 2012).

Metabolic patterns evolved in parallel with progressive striatal
dopamine depletion; early cortical hypometabolism in temporal and
parietal cortices was present in asymptomatic monkeys (—40% dopa-
minergic striatal deficit) and spread to adjacent areas from initial foci in
recovered, mild, and severe monkeys. In severe parkinsonian monkeys,
hypometabolism persisted in temporal and parietal areas and extended
to lateral-frontal cortices (Fig. 4A-B).

Hypermetabolism emerged in globus pallidus (GP) pars interna and
cerebellum in mild parkinsonian monkeys, spreading to adjacent areas in
these regions and extending to the thalamus and mid-brainstem in severe
parkinsonian monkeys. Hypermetabolism was not observed in asymp-
tomatic and recovered monkeys in keeping with normal motor status
(Fig. 4C).

3.2. Correlation of motor behavior, striatal dopaminergic depletion, and
cerebral metabolism

Correlation analysis revealed positive relationship between striatal
dopamine depletion (measured by !C-DTBZ PET) and hypometabolism
in posterior temporal, parietal, and lateral-frontal cortices (measured by
18F_FDG PET). Also, there was negative relationship between dopamine
depletion and GP and thalamus hypermetabolism (Fig. 5A-B). Motor
behavior (measured by Kurlan score) correlated negatively with
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Fig. 4. Cerebral metabolic patterns across motor stages (asymptomatic, recovered, mild, and severe) of progressively MPTP treated monkeys. (A) Statistical T-map of
SPM PET analysis over spatially normalized MRI shows progressive spreading of hypometabolism (lower *®F-FDG uptake than control group) across cortical regions.
(B) Rendering of hypometabolic patterns of fig. (A) in 3D glass brains. (C) Statistical T-map of SPM PET analysis over spatially normalized MRI shows hyperme-
tabolism (higher '®F-FDG uptake than control group) in subcortical regions for mild and severe parkinsonian monkeys. Asymptomatic and recovered groups did not show
hypermetabolism. SPM results were obtained by ANOVA within monkeys at different motor states compared with control monkeys (P < 0.001 uncorrected). A:
anterior; P: posterior; R: right; L: left; S: superior; I: inferior. Sample sizes for the different groups used in this analysis were: control (n = 21), asymptomatic (n = 5),
recovered (n = 6), mild (n = 7), and severe parkinsonian (n = 19).
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Fig. 5. T-maps over spatially normalized MRI image showing significant correlations of cerebral metabolic changes with striatal dopamine depletion and motor state.
Positive (A) and negative (B) correlation between cerebral metabolic changes (*8F-FDG uptake) and striatal dopaminergic depletion (*1C-DTBZ BP values). Positive
(C) and negative (D) correlation between cerebral metabolic changes (*8F-FDG uptake) and motor state (Kurlan scores). Significance threshold of P < 0.05 (FWE
corrected at the voxel level) was applied. Color bars represent T-score. A: anterior; P: posterior; R: right; L: left; S: superior; I: inferior.
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hypometabolism in the lateral-frontal cortex, and positively with hy-
permetabolism in GP, thalamus, and cerebellum (Fig. 5C-D). These re-
sults provide firm evidence for strong relationship between motor
behavior, striatal dopaminergic depletion, and cerebral metabolic
changes in parkinsonism. No correlations were found between '®F-FDG
uptake and blood glucose measurement.

3.3. Neuron population and neuron density in the parietal cortex

Brodmann’s area 7 in the parietal cortex showed normal laminar
structure, normal neuron distribution, and normal neuron body size in
Nissl-stained sections of control and severe parkinsonian monkeys
(Fig. 6). In control cases, the entire neuron population in Brodmann’s
area 7 ranged between 8,887,651 and 13,377,225 neurons (mean =
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11,847,083 + 2,028,822 neurons) and neuron density ranged between
55,154 and 85,805 neurons/mm° (mean = 71,918 + 12,734 neurons/
mm?). These estimates of neuron density in Brodmann’s area 7 obtained
in control monkeys were comparable to estimates of Brodmann’s area 7
obtained in previous studies with unbiased stereological methods
(Medalla and Barbas, 2006). In severe monkeys, the entire neuron pop-
ulation in Brodmann’s area 7 ranged between 10,123,896 and
15,606,120 neurons/mm°> (mean = 13,395,839 + 2,321,569 neurons)
and neuron density ranged between 63,192 and 95,183 neurons/mm°®
(mean = 80,665 + 14,806 neurons/mm?). ANOVA didn’t show statis-
tically significant differences in neuron population, area volume, and
neuron density of Brodmann’s area 7 between control and severe mon-
keys (Fig. 6C-D-E).

q
[
)
]

'y
]
pianls ¥
e % '4'-‘15.’.
Vs % st !

A

¢

‘ls 1 o

Al
a

o
i 9
f":.'e’,{‘-‘

'd

N |
.'l | ¥ .".‘.
Wl 0
v gl

v,
2
a
3

ol
-'L‘&' ‘.’."..‘<

oSy _ L 4
Neuron population in area 7 Volume of area 7 Neuron density in area 7

2.0x107 250 100000

183107 200 -:E. 80000 —
®
8 T 150 @ ~ 60000
31.0x107 £ 8
z 100 5 40000

6 =z
5.0%x10 50 20000
0.0 T T 0 T T 0 T v

Control Severe Control

Severe Control Severe

Fig. 6. Microscopic structure of Brodmann’s area 7 in the parietal cortex. (A) Nissl-stained coronal section through Brodmann’s area 7 in a control monkey. (B)
Magnified micrograph of Brodmann’s area 7. (C-D) Magnified micrographs of superficial and deep layers in Brodmann’s area 7. Micrographs of Brodmann’s area 7 in
control (E) and severe parkinsonian monkeys (F). Bar-plots comparing neuron population (G), total volume (H), and neuron density of area 7 (I) between control and
severe parkinsonian monkeys (n = 4/group). Roman numerals indicate cortical layers; wm: white matter.
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4. Discussion

In this paper we show that changes in cerebral metabolism are
associated with progressive depletion of striatal dopamine in the MPTP
monkey model. This model allows us to distinguish progressive states of
dopaminergic loss that mimic the evolution of parkinsonism in PD pa-
tients. The main finding in this paper is the emergence of early cortical
hypometabolism in parallel with modest nigrostriatal dopaminergic
depletion. Remarkably, the cerebral metabolic pattern found here can be
paralleled overall with the Parkinson’s disease Related Pattern (PDRP),
which is a motor-related spatial covariance PET pattern described in PD
patients (Eidelberg, 2009; Ma et al., 2007; Spetsieris and Eidelberg,
2011). Most significant features of the PDRP are recapitulated in the
progressive MPTP monkey model, including hypermetabolism in GP,
thalamus, cerebellum, and pons, as well as hypometabolism in lateral-
frontal (premotor) and parieto-temporal cortices; cortical hypo-
metabolism in parieto-temporal cortices and subcortical hypermetabo-
lism in GP, cerebellum, and thalamus have been reported in other
studies in stable parkinsonian monkeys (Emborg et al., 2007; Guigoni
et al., 2005; Ma et al., 2012, 2015; Mitchell et al., 1989).

4.1. Pre-symptomatic changes: cortical hypometabolism

Studying pre-symptomatic stages of PD in humans is extremely
difficult and impractical due to difficulties of diagnosis and low number
of subjects with genetic PD available. To the best of our knowledge, this
is the first report of cerebral metabolic changes in pre-symptomatic
MPTP-monkeys. Our results are coherent with prior reports on func-
tional abnormalities in de novo drug-naive and early-stage PD patients
(Arnaldi et al., 2016; Huang et al., 2007; Sala et al., 2017; Schindlbeck
et al., 2019; Tang et al., 2011; Zeighami et al., 2015).

The metabolic changes observed in non-treated PD patients are likely
to have developed several years prior to the onset of clinical signs and
include hypometabolism in cortical regions included in the PDRP
(Schindlbeck et al., 2019). The origin and significance of reduction/
increment in FDG-PET in PD and in MPTP-treated monkeys is not
straightforward. We consider that hypometabolism can essentially be
explained because of 1. Cellular loss or reduced microglia activity/
changes in the affected regions (Xiang et al., 2021); 2. Reduced meta-
bolic/energy demand. This in turn may be because of i) Reduced
excitatory input; ii) Increased inhibitory activity. Thus, both local
neuronal and microglia activity could contribute to the FDG signal with
their relative contribution probably depending on how advanced the
pathology for any given region.

Cortical pathology is a well-recognized feature of PD but is not
associated with changes very early in the evolution (Blesa et al., 2021).
Changes in microglial activity has been recently suggested to be a
principal factor modulating glucose consumption (Xiang et al., 2021).
Regarding functional changes, cortical studies (with magnetic cortical
stimulation) of the motor cortex in PD patients has shown that cortical
disinhibition is a very early, possibly prodromal feature of PD making
enhanced intra-cortical inhibition an improbable mechanism of hypo-
metabolism (Ammann et al., 2020). On the other hand, afferent cortical
aminergic deafferentation has been recently shown in parkinsonian
monkeys (Masilamoni et al., 2021) and data from PD patients suggest
that cortical hypometabolism probably arises in relation with nigros-
triatal impairment (Orso et al., 2021; Ruppert et al., 2020). More spe-
cifically, temporo-parietal hypometabolism correlated with caudate
dopaminergic depletion in PD patients whereas pre-frontal hypo-
metabolism correlates with serotoninergic deafferentation in the thal-
amus (Orso et al., 2021). Certainly, dopaminergic denervation of the
dorsal caudate and thalamus is an early feature of the MPTP monkey
model (Blesa et al., 2012; Monje et al., 2020; Villalba et al., 2009). The
reduction in glucose uptake becomes more severe and widespread across
cortical areas along with progression of striatal dopaminergic depletion
and greater cortical aminergic loss both in PD patients and MPTP
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monkeys (Masilamoni et al., 2021; Pifl et al., 1992). Altogether, the
available data allow us to suggest that reduced afferent driving could be
a relevant mechanism explaining the findings here discussed.

Certainly, our study was not planned at the time with a net expec-
tation of finding cortical hypometabolism. However, radiotracer to
assess noradrenaline, serotonin and acetylcholine cortical innervation
are now being developed and actually applied to PD (Strafella et al.,
2017). This may be further optimized by refined MRI methodology
which encounters cortical thickness reduction in de novo PD patients
(Laansma et al., 2021). Conceivably, it will soon be possible to under-
take such studies and correlate with cortical hypometabolism in early
PD patients and asymptomatic MPTP monkeys.

4.2. Methodological validity and reproducibility

The major limitation of this study is that cortical hypometabolism
was not necessarily conceived as a primary, fundamental finding of the
study and, we had not anticipated so early changes in the parieto-
temporal region. This would have necessitated a specific design to test
monkeys’ behavior and evaluate in some detail cognitive performance.
The motor assessment routinely used in our laboratory cannot possibly
detect potential alterations of visuo-spatial functioning typically sus-
tained by the parieto-temporal cortex. Thus, we cannot establish any
specific significance to the cortical hypometabolism described here.
Nevertheless, we believe the findings are very relevant because provide
strong support to the clinical FDG-PET findings in early PD patients and
opens the possibility of further defining the underlying mechanisms.
This, in turn, could be relevant when therapeutic options to modify PD
evolution become finally available.

Admittedly, a relevant point for the initial changes in the asymp-
tomatic stage concerns that cortical changes are somewhat asymmet-
rical at the parietal cortex, whereas in the other groups, with greater
dopamine depletion, the changes are more bilaterally distributed. We
believe that the averaged template of FDG-PET uptake can hardly be
expected to be totally symmetrical because of individual variations and
even the nigrostriatal lesion is not entirely identical and symmetrical,
certainly less in the asymptomatic stage where the denervation is less
prominent.

Thus, despite the well-known individual variations among monkeys,
cerebral metabolic changes of progressive MPTP treated monkeys were
relatively homogenous for each stage. Indeed, the cerebral metabolic
patterns found here in stable parkinsonian monkeys closely reproduce
brain metabolic changes described in previous studies (Ma et al., 2012,
2015), in spite of using different monkey species, different MPTP
administration regimen, and some other methodological differences,
further supporting reproducibility and validity of our data.

5. Conclusions

We show that early striatal dopaminergic depletion in the progres-
sive MPTP monkey model of PD is associated with cortical hypo-
metabolism in cortical areas and hypermetabolism in GP, thalamus, and
cerebellum, mimicking by and large the metabolic pattern described in
PD. Reduction of temporo-parietal cortical metabolism appear early in
the evolution of dopaminergic depletion in the asymptomatic stage and
are not related to neuronal loss in the cortex. The study of early cerebral
metabolic changes in pre-symptomatic MPTP lesioned monkeys are
likely to provide valid information concerning the effects of putative
therapies aiming to modify disease evolution.
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