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CHAPTER VI

BRAIN BIO-ENERGETIC STATE DOES NOT
CORRELATE TO MUSCLE MITOCHONDRIAL
FUNCTION IN HUNTINGTON’S DISEASE
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BACKGROUND Huntington’s disease (HD) is a neurodegenerative disease with cognitive,
motor and psychiatric symptoms. A toxic accumulation of misfolded mutant huntingtin
protein (HTT) induces mitochondrial dysfunction, leading to a bioenergetic insufficiency

in neuronal and muscle cells. Improving mitochondrial function has been proposed as an
opportunity to treat HD, but it is not known how mitochondrial function in different tissues
relates. We explored associations between central and peripheral mitochondrial function in
a group of mild to moderate staged HD patients.

METHODS We used phosphorous Magnetic Resonance Spectroscopy (31P-MRS) to
measure mitochondrial function in vivo in the calf muscle (peripheral) and the bio-energetic
state in the visual cortex (central). Mitochondrial function was also assessed ex vivo in circu-
lating peripheral blood mononuclear cells (pBMcs). Clinical function was determined by the
Unified Huntington’s Disease Rating Scale (UHDRS) total motor score. Pearson correlation
coefficients were computed to assess the correlation between the different variables.
RESULTS We included 23 manifest HD patients for analysis. There was no significant
correlation between central bio-energetics and peripheral mitochondrial function. Central
mitochondrial function at rest correlated significantly to the UHDRS total motor score
(rR=—0.45 and —0.48), which increased in a subgroup with the largest number of CAG repeats.
DISCUSSION We did not observe a correlation between peripheral and central
mitochondrial function. Central, but not peripheral, mitochondrial function correlated

to clinical function. Muscle mitochondrial function is a promising biomarker to evaluate
disease-modifying compounds that improve mitochondrial function, but Huntington
researchers should use central mitochondrial function to demonstrate proof-of-pharmacology
of disease-modifying compounds
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BACKGROUND

Huntington’s disease (HD) is a progressive neurodegenerative disease, character-
ized by motor, cognitive and psychiatric signs and symptoms, caused by an in-
herited cAG-repeat (glutamine) expansion in the gene coding for the huntingtin
(HTT) protein, which leads to misfolding." Accumulation of misfolded HTT is
toxic for cells and results in the characteristic neuronal loss of the striatal region
in the brain.' The exact mechanism for this degeneration is not fully understood,
but evidence from HD mouse models points towards changes in metabolism and/
or bioenergetics (reviewed by Polyzos ef al. in).> Mitochondria supply over 90%
of cells’ energy needs, are especially sensitive to accumulation of mutant HTT and
disturbances of mitochondrial function are suspected to play an important role
in the pathogenesis of the disease.> Observed in HD mouse models, mitochon-
drial dysfunction occurs during the later stages of the disease.* Striatal cells have
a very high energy demand and heavily rely on well-functioning mitochondria.”
Therefore, it is likely that a disturbance in mitochondrial bio-energetics within
striatal cells can lead to neuronal loss. A similar mechanism of mitochondrial dys-
function is thought to be involved in Parkinson’s disease (PD), another neurode-
generative disease, which results from neuronal loss of the also high energy de-
manding cells that form the substantia nigra. In animals, HD and PD phenotypes,
including pathology in the brain and disease specific symptoms, can be induced
by administrating mitochondrial toxins.*'! Mutant HTT has indeed been shown

to localize to mitochondria®?*

and to interact with the mitochondrial protein
import machinery in striatal cells in a mutant HTT knock-in mouse model and in
postmortem brain sections of patients with grade 2 #D."* Furthermore, mutant
HTT directly inhibits mitochondrial protein import in vitro, triggering mutant
HTT induced cell death of primary neurons.'* In patients with HD, several studies
have observed a decreased mitochondrial function when compared to healthy vol-
unteers: mitochondrial function in the calf muscle and circulating lymphoblasts
and the bio-energetic state of the visual cortex.'**® Accumulation of mutant HTT
is not specific for the striatum, but also occurs in cells outside the brain, such
as muscle cells. Using immunohistology, myofibers of HD patients were found to
stain intensely for granules of HTT, whereas myofibers of healthy controls only
contained a few granules, which correlated to mitochondrial function.'® This sug-
gests mitochondria as a pharmacological target to treat HD. Indeed, several clini-

cal trials have targeted mitochondrial dysfunction in an attempt to treat Hp.'?"!

CLINICAL PHARMACOLOGICAL ASPECTS OF MITOCHONDRIAL FUNCTION IN MUSCLE

In order to prove pharmacology of new compounds in development for the treat-
ment of mitochondrial dysfunction, in vivo biomarkers, that reflect mitochondrial
function, are necessary. Ideally, mitochondrial function of the affected part of the
brain is measured, which is currently technically not yet possible. The best in vivo
alternative available, measuring the bio-energetic state of the visual cortex, indi-
rectly measures mitochondrial function and has not yet been correlated to robust
in vitro or ex vivo methods, unlike muscle mitochondrial function, for which these
correlations were previously described.>* However, it is not known how central
and peripheral mitochondrial function relate to each other. In this study we ex-
plore the relationship between peripheral mitochondrial function in the calf mus-
cle (in vivo) and circulating lymphocytes (ex vivo), central bio-energetics in the
visual cortex (in vivo) and clinical function in a cohort of manifest HD patients.

MATERIAL AND METHODS

Participants

All patients were participants in a randomized, double blind, placebo controlled
study with the small peptide sBT-020 from Stealth Biotherapeutics (https: //
www.clinicaltrialsregister.eu/ctr-search/trial/2016-003730-25/nl). The results of
this study have not yet been accepted for publication. The interventional study
consisted two parts: Part 1, which was a 7-days multiple, ascending dose study and
Part 2, which was a 28-days multiple dose study with the highest tolerable dose
from Part 1. There was a washout period of at least 1 month between both parts.
Patients were re-randomized before entering Part 2. The data used in this manu-
script were from the baseline measurement before dose administration in Part 2.
Data from all patients were used in this comparative study. The main inclusion cri-
teria were: DNA confirmed diagnosis of HD with a CAG-repeat expansion of 36 or
more; Total Motor Score (TMs) of s or more and Total Functional Capacity Score
(TEC) Of 6 or more on the Unified Huntington Disease Rating Scale (UHDRS);
absence of any significant comorbidity.

Medication with an effect on cognitive functioning (e.g. antidepressants)
needed to be stable for at least 30 days before study enrolment. Medication with
known mitochondrial toxicity (e.g. statins and metformin) were not allowed with-
in 21 days before study enrolment until the end of the study period.

The study was approved by the independent ethics committee Stichting BEBO
(Assen, the Netherlands) according to the principles of the Helsinki Declaration
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under registration number NL59198.056.16, and informed consent was obtained
from all subjects prior to study enrollment.

Mitochondrial function

Peripheral mitochondrial function (calf muscle)

Dynamic 31P-MRS in skeletal muscle (i.e. the gastrocnemius muscle of the right
leg) was performed at a field strength of 7 Tesla using a surface coil on a cus-
tom-built MR1-compatible pedal ergometer (made by the technical instrumen-
tation division of the Lumc, Leiden, The Netherlands). The exercise ergometer
was designed to allow the patients to perform isometric plantar flexion exercise
by pressing against a foot pedal while lying in the supine position. The foot was
strapped firmly to the exercise device using non-elastic Velcro straps proximal to
the base of the fifth digit, and the knee was supported. The subject’s lower ex-
tremity was secured to the MRI table with straps across the mid-thigh and mid-
lower leg in order to isolate usage of the posterior calf muscles. The scanning
protocol consisted of localizer sequences and the acquisition of a field map for
shimming purposes. Thereafter, 31P-MRS data was acquired before, during and
after exercise with a time resolution of 2 s Peak integrals of the inorganic phos-
phate (p1), phosphocreatine (PCR) and adenine triphosphate (ATP) signals were
obtained using the JMRUI software package. The frequency difference between
PCR and PI was used to calculate tissue pH. A pH of at least 6.8 was required for
areliable tpcr.>?

Peripheral mitochondrial function (circulating lymphocytes)

The mitochondrial membrane potential (A¥m) is the major force driving pro-

2425 which is in turn the central intermediate

tons across the inner membrane,
of aerobic energy production, and driving force of other physiological processes
in mitochondria, such as Ca2+ uptake, antioxidant defence (NADPH genera-
tion at the transhydrogenase) or heat production of brown fat. The A¥m of a
lymphocyte subset of live peripheral blood mononuclear cells (PBMCS) was
assessed with flow cytometry as the ratio of fluorescent signals after treatment
of the cells with the fluorescent dye jc-1.2 Attracted by the positive charge of

the inner mitochondrial space, accumulation of the dye leads to a change in
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fluorescence (‘green’ to ‘red’) and a higher ratio of red to green corresponds to a
higher A¥m. Additionally, we determined the stressability of the mitochondria
by treating the PBMCS ex vivo with two medications with mitotoxic properties
(carvedilol and verapamil). The technical aspects of the methods can be found in
the supplement.

Central bio-energetic state (visual cortex)

31P-MRS of the brain was performed on a 3 Tesla whole-body Mr1 scanner (Philips
Achieva, Best, The Netherlands). A custom-made 6-cm 31P transmit/receive sur-
face coil was used to detect signals from the visual cortex while limiting muscle
contamination. Technical details of the method are described in the supplemen-
tary section. Using a checkerboard animation (a projection of alternating black
and red lights), neurons in the visual cortex are being activated and this activity
is measured by P1/PCR and P1/ATP ratios.'” The ratios are a direct marker for the
bio-energetic state within the mitochondria.>’** In healthy controls, the ratios
increase during visual stimulation, whereas in HD patients the ratios stay the same,
which reflects the difference in bio-energetics between the two groups.'’

Unified Huntington’s Disease Rating Scale (UHDRS)

The UHDRS is a clinical assessment scale, which is used as the gold standard for
motor, cognitive, behavioural capacity and function of HD patients. The method
is described in detail elsewhere.** The UHDRS was performed by one of three
certified physicians to assess the sub-scores total motor functioning (TMs) and
the total functional capacity (Trc).***5 A higher T™s indicates increased motor
symptoms and a lower TFC indicates increased functional disability. Apart from
assessing drug efficacy, the scores were used as inclusion criteria to ensure that
patients were symptomatic, but could still function well enough to participate.

Statistical methods

The statistical analysis was performed using spss v2s. All missing or incomplete
data were treated as such. Pearson correlation coeflicients were used to assess cor-
relation between parameters. The threshold for statistical significance was set at
p-value < 0.0s.
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RESULTS

Demographics

A total of 23 patients (10 females and 13 males, Table 6.1) with manifest HD (TMs
ranged 5-53 ; TFC ranged 6-11) were enrolled in the study, with a mean age of 47.6
years (range 20 to 64 years) and on average HD-related complaints for 7.7 years
(ranged 1 to 27 years).

Mitochondrial function

In vivo mitochondrial function was assessed in the calf muscles (peripheral) and
bio-energetics in the visual cortex (central) using 31p-MRs. A detailed overview of
the results is displayed in Supplementary Table 6.3.

Mitochondrial function in skeletal muscle

The mean TPCR in calf muscle was 39.5 seconds (SD 8.8, min 26.3, max s5.4 seconds).
A longer duration for the PCR signal to return to baseline after exercise reflects a
lower mitochondrial function.®®

Ex vivo mitochondrial health of lymphocytes

Lymphocytes were assessed for mitochondrial health by measuring the percent-
age of dysfunctional cells, the absolute membrane potential A¥m and the mem-
brane potential collapse induced by carvedilol and verapamil. The average per-
centage of dysfunctional lymphocytes was 3.6% (range 0.3-23.5%) and the average
A¥m was 3518 (range 802-6082). The average 1¢50 for induced membrane poten-
tial collapse was 0.27 mmol for carvedilol (range 0.13-0.48 mmol), and 0.54 mmol
for verapamil (range 0.34-0.78 mmol).

Bio-energetic state in the visual cortex

The bio-energetics in the visual cortex was assessed by determining different ra-
tios in energy metabolism in rest, during and after visual stimulation (see Figure
6.1). The ratios are listed in Supplementary Table 6.4. During rest, the mean p1/
PCR ratio was 0.21 (SD 0.03, min 0.16, max 0.28) and the mean p1/ATP ratio was

CLINICAL PHARMACOLOGICAL ASPECTS OF MITOCHONDRIAL FUNCTION IN MUSCLE

0.19 (SD 0.03, min 0.12, max 0.23). The ratios did not significantly differ when mea-
sured before, during or after the visual stimulation, which is in line with literature.
Importantly, in healthy volunteers, the ratios would increase during visualization
and decrease again during recovery).'”

Correlation peripheral versus central mitochondrial
bio-energetics

None of the variables for peripheral mitochondrial capacity or health (31p-MRs of
skeletal muscle and collapse of A¥m in lymphocytes after titration with carvedilol
or verapamil) showed correlation with central bio-energetics or clinical func-
tion. PI/PCR and PI/ATP ratios before visual stimulation showed a significant
correlation to clinical function (TMS only), with an r of -0.45 (p = 0.02) to -0.48
(p = 0.03), respectively. The ratios during and after visual stimulation did not cor-
relate to clinical function (TMs or TEC). Pearson correlation coefficients and p-
values are shown in Table 6.2 and Figure 6.2.

Post hoc subgroup analysis

A post hoc analysis was performed in patients (n=11) with the highest CAG repeat
number to investigate if mitochondrial dysfunction would be worse with higher
disease load (Table 6.3). The subgroup consisted of the 11 patients with the high-
est CAG repeat number (range 43-60). TMS strongly correlated to p1/ATP ratio at
rest (r=-0.76, p= 0.006) and P1/PCR ratio at rest (r = —0.66, p= 0.03). TEC cor-
related to P1/ATP ratio at rest (r = 0.63, p = 0.04) and P1/PCR ratio at rest (r = 0.68,
p =o0.02). TEC also correlated to the difference in p1/PCR before and during acti-
vation (r = 0.67, p = 0.03). Mitochondrial function in muscle did not correlate to
bio-energetic state in the visual cortex.

DISCUSSION

Central mitochondrial function based on the bio-energetic state in the visual cor-
tex was not correlated to peripheral mitochondrial function in calf muscle. There
was a moderate correlation between central mitochondrial bio-energetics and
Total Motor Score within the full patient cohort. The data imply that a larger HD-
related disability (higher T™s) correlated to a worse bioenergetic profile (lower
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p1/PCR and PI/ATP ratios) in the visual cortex. When selecting patients with the
highest CAG repeat number, the correlation between central mitochondrial ca-
pacity and Total Motor Score was strong, with a moderate correlation between
central mitochondrial bio-energetics and Total Functional Capacity.

To our knowledge this is the first study, comparing in vivo central to peripheral
mitochondrial function in HD patients. Apart from the striatal area, mitochondri-
al dysfunction in HD patients has been reported in both calf muscle (Saft et al.) as
wellasin the visual cortex (Mochel et al.).'*'” However, we did not observe a corre-
lation between the mitochondrial function in skeletal muscle and circulating lym-
phocytes and bioenergetics in the visual cortex. When comparing mitochondrial
function to clinical function, we also observed a difference between peripheral and
central function. We observed a significant negative correlation between T™MS vs
PI/PCRratio (r = —0.45) and vs P1/ATP ratio (r = —0.48). In the patients with ahigh-
er CAG repeat number than the median, the correlation between T™MS vs P1/PCRra-
tio (r = -0.66) and vs P1/ATP ratio (r = —0.76) was stronger, in addition to a signifi-
cant positive correlation between TFC vs PI/PCR ratio (r = 0.68) and vs P1/ATP ra-
tio (r = 0.63). These data show that patients with a higher degree of HD-related pa-
thology have a lower mitochondrial function in the visual cortex. No correlations
between clinical function and peripheral mitochondrial function were observed.

We expected a correlation between central and peripheral mitochondrial
function, because MHTT is ubiquitously present in mitochondria of HD patients.
However, it is known that mitochondrial function is affected differently in dif-
ferent tissues (reviewed by Polyzos et al.).” In postmortem brain samples, com-
plex 11, 111 and 1v deficiencies have been observed, whereas in skeletal muscle
and platelets complex 1 is more affected. Even within the brain, there are differ-
ences between more and less affected regions: using spectrophotometric assays,
ETC enzymes were impaired in the basal ganglia of HD brains, while enzyme ac-
tivities were unaltered in three regions relatively spared by HD pathology (fron-
tal cortex, parietal cortex, and cerebellum).’” In the most affected region of the
HD brain, the striatum, complex 11-111 activity were markedly reduced in both
caudate (—29%), while complex 11-111 (—67%), and 1v (-62%) are altered in the
putamen.>” When combined with the fact that mitochondrial disturbances are
only universally observed late in the disease progression of mouse models,*® it
is plausible that mitochondrial dysfunction is a consequence of a metabolic dis-
turbance, rather than the cause. Additionally, the regional specificity implies that
mitochondrial dysfunction develops in response to its changing environment.
It is unfortunately not known what this might be. However, suppleting essential

CLINICAL PHARMACOLOGICAL ASPECTS OF MITOCHONDRIAL FUNCTION IN MUSCLE

substrates to the Krebs cycle through administration of triheptanoin — a long fatty
acid, which is metabolized into acetyl-CoA and propionyl-CoA - in a pilot study
led to the normalization of bioenergetics in the brain of HD patients.'” A phase 2
study with triheptanoin for efficacy on clinical function measured by the UHDRS
is currently running. Mitochondrial dysfunction might not be the direct cause of
HD, but could potentially be used to alleviate symptoms.

In other neurodegenerative disorders, mitochondrial dysfunction also plays a
role in the pathophysiology via a toxic accumulation of misfolded proteins (hy-
perphosphorylated tau and Ab plaques in AD, alpha-synuclein in PD, and MSOD1
in ALS). The same pattern between central and peripheral mitochondrial function
has been observed. In a study comparing mitochondrial function in brain, skeletal
muscle and platelet homogenates from idiopathic PD patients®® , mitochondrial
dysfunction was found to be part of the pathophysiology of PD (complex 1 de-
ficiency), but limited to the substantia nigra, with normal mitochondrial func-
tion in skeletal muscle and platelets. In a study on mitochondrial dysfunction in
post-mortem brains of AD, complex 11, 111 and 1v were reduced in activity in the
temporal, parietal, entorhinal cortex and hippocampus, but succinate cytochrome
c reductase was significantly reduced only in the parietal and temporal cortex.*’
Although mitochondrial dysfunction is a common phenomenon in neurodegen-
erative disorders, it is expressed differently. Inside the brain, the most affected
areas differ between diseases, as well as the impairment of the mitochondrial re-
spiratory chain complexes activity (complex 1, 111, and 1v in AD ; complex 1 and
1v deficiency in PD ; complex 11, 111, and 1v deficiency in HD ; and complex 1, 11,
111, and 1v deficiency in ALS). Although mitochondrial dysfunction plays an im-
portant role, the pathology of neurodegenerative disorders is likely multifactorial.

A reason for the discrepancy between peripheral mitochondrial function and
clinical function may be that mitochondrial function in muscle tissue is more in-
fluenced by physical activity. It is known that a sedentary lifestyle is associated to
a lower mitochondrial function in skeletal muscle in otherwise healthy elderly,
which can be improved by increased physical activity.*"*> Exercise has also been
shown to increase mitochondrial function in the muscle of HD patients.**** Given
that patients with a higher disease severity are more prone to have a sedentary
lifestyle due to physical disability, it is difficult to know how much muscle mito-
chondrial dysfunction is directly disease related and how much is physical activity
dependent. Being physically active could boost mitochondrial function in skeletal
muscle, but not influence mitochondrial bio-energetics in the striatum, resulting
in a lack of correlation.
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Improving clinical function in patients with HD and other neurodegenerative
diseases, such as Parkinson’s disease, has proven difficult due to the progressive
nature of neurological pathology, but improving mitochondrial function can be
used to show proof-of-pharmacology in an early stage of compound develop-
ment. Both peripheral and central mitochondrial function measurements could
be used, but for different reasons. Peripheral mitochondrial function (31P-MRs
of skeletal muscle) has the advantage of being better accessible than the brain and
can be combined with other types of measurements (e.g. respirometry on muscle
biopsy) and the mitochondrial membrane potential in lymphocytes has been ex-
plored as a systemic biomarker for diseases with mitochondrial dysfunction such

45-47

as Alzheimer’s disease, rheumatoid arthritis and diabetes type 2"’ , and as a tool

to monitor mitotoxic drug effects, for example of anti-cancer drugs and volatile an-

% However, any pharmacodynamic effect in skeletal muscle or circu-

esthetics.
lating lymphocytes might not correlate to the central nervous system and thus not
informative when disease modifying is the primary aim of the study. On the other
hand, central mitochondrial function (31P-MRS of visual cortex) correlates to
clinical function in HD patients and should therefore be used to evaluate pharma-
cology of compounds being developed for the disease modifying treatment of HD.

This study contains three limitations. First, the number of patients was rela-
tively small, which needs to be considered when interpreting the results. Studies
with larger cohorts are therefore needed to confirm the results. Second, caution is
advised when comparing different aspects of mitochondrial function in different
tissues. Earlier studies have separately investigated different aspects of mitochon-
drial function and have shown deficits. In this study we have combined these mea-
surements within the same patients for the first time. Although we did not show
any correlations between central and peripheral mitochondrial function, the com-
plexity of mitochondrial dysfunction within the pathophysiology of HD warrants
further research. Third, our 31P-MRS setup included a phosphorous surface coil,
which limited the measurements to the visual cortex. Currently, in vivo 31P-MRS
of the brain is an important way to gain insight into bioenergetics in HD patients.
While measuring bioenergetics within the striatal area would in theory yield more
relevant results to HD pathology, disturbances within the visual cortex have been
described before."” However, the results from this study should be interpreted
with this caution in mind. Additionally, future studies should try to include the
striatal area, if technologically possible.

In conclusion, we did not observe a correlation between peripheral and central
mitochondrial functionina group of mild to moderate HD patients. Central, butnot

CLINICAL PHARMACOLOGICAL ASPECTS OF MITOCHONDRIAL FUNCTION IN MUSCLE

peripheral, mitochondrial function correlated to clinical function. Mitochondrial
function is a promising biomarker to evaluate disease-modifying compounds that
improve mitochondrial function, but researchers should use central mitochondrial
function instead of peripheral mitochondrial function to demonstrate proof-of-
pharmacology of compounds intended as disease modifying.
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SUPPLEMENTARY TEXT

Technical details of the mitochondrial membrane
potential measurements

The mitochondrial membrane potential (A¥m) of live, circulating lymphocytes
was assessed using a fluorescent dye (jc-1) and flow cytometry.”® The dye is at-
tracted to the positive charge of the proton gradient within the intermembrane
space. When accumulation occurs, the dye aggregates and emits red fluorescence.
In case of mitochondrial dysfunction, the A¥m is decreased and the dye stays in
the cytosol as monomers, emitting green fluorescence. Cytometry was used to
quantify the fluorescence. Using the ratio of the fluorescent signals, the A¥m was
determined. A fraction of the lymphocytes was treated with the mitochondrial
uncoupling agent carbonyl cyanide m-chlorophenyl hydrazine (cccp), eliminat-
ing the proton gradient, to act as a positive control.

Gating strategy

The lymphocyte subset of the pBMCS is targeted based on the Fsc and ssc
(Figure 6.3, left panels). The positive control is used to target the dysfunctional
lymphocytes, this gate is then copied to the sample (right panels). All the cells
of the sample falling in this gate are dysfunctional and reported as a percentage
of the parent population, the dysfunctional lymphocytes. The delta Psi was
calculated as follows. The median fluorescence intensity (MF1) value for red
(FL-2, PE-A B2-A) obtained without cccp was divided by the MFI for green
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(FL-1, FITC-A B1-A) without cccp. In a second step, a correction for the positive
control was performed. In particular, the ratio FL-2:FL-1 was calculated with the
values obtained with the ccce (positive control) and set as 100%. Finally, the
value of the first ratio (without cccp) was expressed as percentage of the second
ratio (with cccp).
/FL2
Av,, =( FL1 / FL2¢cccp |X 100
Flicccp

Additionally, the mitochondria were additionally assessed by measuring the
‘stressability” of lymphocytes after ex vivo titration of verapamil and carvedilol
(two medications with mitotoxic effects).*® We incubated freshly isolated lym-
phocytes from the patients with a concentration range (omM, o.12smM, 0.25,
0.smM, 1mM and 2mM) of verapamil and carvedilol. With the titration curve, we
calculated the half maximal inhibitory concentration (1c50) values per timepoint,
per mitotoxic compound.

Technical details of 31P-MRS of the visual cortex

A small sphere (10 mm in diameter) filled with water was placed below the coil
along the coil axis to verify and adjust the positioning of the 31P RF coil on 1H
images. An adiabitic pulse-acquire sequence (TR 2 s, flip angle 90°) was used to
collect free induction decays (F1Ds) for 4 minutes at rest (128 signals averaged), 8
minutes during visual activation (256 signals averaged), and 8 minutes after visual
stimulation (256 signals averaged). Analysis of the 31P spectra using JMRUT al-
lowed quantification of the following resonances: PATP, dATP, YATP, PCR, and PI,
from which the ratios of PCR/ATP, P1/PCR, and P1/ATP were calculated as well
as the pH. The spectra were analyzed in the time domain using AMARES in the
JMRUI software package. AMARES allowed the inclusion of prior knowledge about
relations between peaks (derived from the method of Mochel et al.)."”

CLINICAL PHARMACOLOGICAL ASPECTS OF MITOCHONDRIAL FUNCTION IN MUSCLE
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TABLE 1 Demographics. Demographics and baseline values for the UHDRS sub-scores and the
pCrrecovery time of 31P-MRS of the calf muscle.

Mean sD Min Max

Number of patients (n) 23
Age (years) 47.6 9.2 20 64
Sex (% female) 43.5%
M1 (kg/m2) 262 47 18.8 403
CAG repeat (number) 44.3 4.4 39 60
Age of disease onset (years) 40.6 9.7 19 59
Time since HD-related complaints (years) 7.7 6.7 1 27
UHDRS (score)

. TMS 22.7 11.1 S S3

. TEC 8.4 1.6 6 11
TpCR (calf muscle, in s) 40.2 6.4 333 57.5

UHDRS = Unified Huntington’s Disease Rating Scale, TMs = Total Motor Score, TFC = Total Functional Capacity,
tPCr = PCr recovery time.

TABLE 2 Pearson correlations. Pearson correlations between mitochondrial and clinical
function in all patients.

CAG PCR PCR/ATP PI/ATP PI/PCR TMS TEC
repeats rectime ratio ratio ratio
CAG repeats R 1 334 -328 -.158 .003 283 -178
Sig. (2-tailed) 120 130 472 990 .190 416
PCR Rec Time R 334 1 -.048 -310 -336 .386 -252
Sig. (2-tailed) .120 .828 151 117 .069 246
PCR/ATP ratio R =325 -.048 1 .529* .028 -.106 .030
Sig. (2-tailed) .130 .828 .009 901 629 891
PI/ATP ratio R -.158 -310 .529* 1 860 -449* 224
Sig. (2-tailed) .472 151 .009 .000 .032 304
PI/PCR ratio R .003 -.336 .028 .860** 1 -478* 276
Sig. (>-tailed) .990 117 901 .000 021 202
TMS R 283 386 -.106 -.449* -.478* 1 -.532%
Sig. (2-tailed) .190 .069 629 .032 .021 .009
TFC R -.178 =252 .030 224 276 -.532% 1
Sig. (2-tailed) 416 246 891 304 202 .009

* Correlation is significant at the 0.05 level (2-tailed) / ** Correlation is significant at the o.01 level (2-tailed).
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TABLE 3 Post hoc analysis. Pearson correlations between mitochondrial and clinical function

in the 11 patients with highest cAG repeat number.

CAG TMS TEC PCR PCR/ATP PI/ATP PI/PCR
repeats rectime ratio ratio ratio
CAG repeats R 1 .070 -.266 -.619% -.540 -.309 014
Sig. (2-tailed) 838 429 042 .086 355 968
TMS R .070 1 -.550 186 131 -174 -317
Sig. (2-tailed) .838 .080 .583 .700 .608 342
TFC R -266 -.550 1 -116 -.165 -.143 -.029
Sig. (2-tailed) .429 .080 735 627 .675 932
PCR rec time R -.619* .186 -116 1 .643* .186 -233
Sig. (2-tailed) .042 .583 735 .033 .584 491
PCR/ATP ratio R -.540 131 -.165 .643* 1 .593 .023
Sig. (2-tailed) .086 700 627 033 054 947
PI/ATP ratio R -.309 -174 -143 186 593 1 816"
Sig. (2-tailed) .355 .608 675 584 .054 .002
PI/PCR ratio R 014 =317 -.029 -233 .023 .816** 1
Sig. (2-tailed) .968 342 932 491 947 .002

* Correlation is significant at the 0.0s level (2-tailed) / ** Correlation is significant at the o.o1 level (2-tailed).

TABLE 4 Central and peripheral mitochondrial function. Results mitochondrial assessments

(peripheral and central).

Mitochondrial function tests Mean (sp)  sSD Min Max
SKELETAL MUSCLE
PCR recovery time after muscle exercise (in seconds) 39.5 8.8 26.3 55.4
LYMPHOCYTES
Dysfunctional cells (%) 3.6 4.9 0.3 23.5
mmp (delta Psi) 3518.8 15422 801.9 6082.4
1C50 verapamil (mmol) 0.54 0.13 0.34 0.78
1cs0 carvedilol (mmol) 0.27 0.09 0.13 0.46
VISUAL CORTEX
P1/PCR ratio before visual stimulation 0.21 0.03 0.16 0.28
PI/ATP ratio before visual stimulation 0.19 0.03 0.12 0.23
P1/PCR ratio during visual stimulation 0.23 0.04 0.15 0.32
PI/ATP ratio during visual stimulation 0.20 0.05 0.11 0.31
PI/PCR ratio after visual stimulation 0.23 0.04 0.15 0.31
PI/ATP ratio after visual stimulation 0.20 0.03 0.15 0.27
MMP = mitochondrial membrane potential, Pi = inorganic phosphate, ATP = ad. triphosphate, pcr = ph reatine,

1C50 = half maximal inhibitory concentration.

CLINICAL PHARMACOLOGICAL ASPECTS OF MITOCHONDRIAL FUNCTION IN MUSCLE

FIGURE1 Central mitochondrial function. Central mitochondrial function, assessed by
phosphorous MRs of the visual cortex before, during and after visual stimulation. Bio-energetics
was expressed as the ratio between phosphate energy metabolites. As expected in HD patients,
no significant change was observed between the before and during and during and after ratios.
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Pi = inorganic phosphate, pCr = phosphocreatine, ATP = adenosine triphosphate.
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FIGURE 2 A-E  Pearson correlations. Scatter plots displaying correlations between

A. mitochondrial function in calf muscle and mitochondrial bio-energetics in the visual cortex,
B. mitochondrial health in lymphocytes and mitochondrial bio-energetics in the visual cortex,

c. Total Motor Score and mitochondrial bio-energetics in the visual cortex, 0. Total Motor Score
and mitochondrial capacity in calf muscle and . Total Motor Score and mitochondrial health in

lymphocytes.
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FIGURE 3 Example of gating of peripheral blood mononuclear cells. Example of gating of
peripheral blood mononuclear cells to determine the percentage of dysfunctional cells. Carbonyl
cyanide m-chlorophenyl hydrazine (cccp) causes mitochondria to uncouple and is used as a
positive control for mitochondrial dysfunction. This area is then gated and used to estimate the
percentage of dysfunctional cells within an unstained population of cells.
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