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Abstract

My ositis  and PrP accumulation were observed in muscles of  diverse prion affected human and animal models.  While in

transmissible  prion  diseases,  muscles  are  most  likely  infected  by  the  corresponding  brain  prions,  in  genetic  CJD,  muscle

pathology may result from a spontaneous mechanism related to the individual properties of each mutant PrP. In this work,

we looked for muscle abnormalities in TgMHu2ME199K mice, a model of GCJD linked to the E200KPrP mutation, as well

as in TgMHu2ME199K mice treated with Granagard, a nano-formulation of pomegranate seed oil shown to delay disease

advance in these mice. We show here extensive abnormalities in the muscles of adult (sick) TgMHu2ME199K mice, includ-

ing the accumulation of aggregated PrP, central localization of nucleus, and infiltrations of fat cells. We also show decreased

levels of axonal markers, indicating muscle denervation, as well as a pronounced reduction in the expression of PAX7, the

major marker for quiescent satellite stem cells. Contrarily, long term administration of Granagard reduced muscle levels of

aggregated PrP, preserved PAX7 expressing stem cells, and improved muscle mitochondrial activity. We conclude that the

pathological findings in adult TgMHu2ME199K muscles may result from both reduced central in nervations caused by the

brain disease and from local accumulation of aberrantly folded mutant PrP. We propose that muscle biopsies from human

carriers  of  pathogenic  PrP  mutations  may  provide  diagnostic  indicators  of  disease  initiation  and  advancement  and  also

serve as a system to test the efficacy of diverse treatments.
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Abbreviations

WT: wild type; Tg: TgMHu2ME199K; transgenic mouse model for E200K genetic prion disease; CJD: Creutzfeldt-Jakob dis-

ease; GCJD: Genetic Creutzfeldt-Jakob disease; FCJD: familial Creutzfeldt-Jakob disease; AD: Alzheimer disease; PD: Parkin-
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son disease; ALS: Amyotrophic Lateral Sclerosis; BSE: Bovine Spongiform Encephalopathy; CWD: prion disease in deer; 5x-

FAD: a mouse model for AD; PrP: prion protein; PrPC: cellular prion protein; PrPSc: scrapie infected prion protein PrP, pri-

on protein; PK: protein ase kinase; GranaGard: a nano droplet formulation of Pomegranate Seed Oil (Omega 5); EDL: Exten-

sor digitorum longus; ROS: reactive oxygen species

Introduction

Despite enormous efforts of the scientific community, effective treatments that can reverse the damage caused by neurodegenera-

tive diseases are not yet available [1-3]. Indeed, the current concept in this respect is that such treatments may not be feasible due

to  the  poor  regeneration  levels  in  nerve  cells  and  the  irreversible  neurological  damage  already  present  in  the  preclinical  stages

[4,5].  This  is  true  for  most  neurodegenerative  conditions,  such  as  AD,  ALS,  PD and CJD [6,7].  Therefore,  there  is  a  consensus

among scientists that efforts should be made for the development of prophylactic treatments, such that would delay/prevent dis-

ease before it is clinically manifested. To establish the point in time in which prophylactic treatments should commence, especially

if side effects are expected, it is imperative to develop tests that can diagnose the "go" point from asymptomatic to sick for each of

these conditions [8,9].

While tests that would identify such a point in sporadic diseases in the general population are hard to envision and implement,

this is not the case for carriers of pathogenic mutations associated with key disease related proteins in neurodegenerative condi-

tions [10]. Since the disease will present at some point in their adult life, it may well be that early markers exist in such subjects in

tissues accessible for sampling. This may be true for individuals carrying dominant pathogenic mutations in the PrP protein linked

to genetic  CJD, the most  common human prion disease [11,12].  These subjects  are born healthy,  then manifest  disease signs at

middle age or latter which aggravates to inevitable death.

The pathological accumulation of PrPSc, the aggregated and protease resistant iso form of PrP, occurs mostly in brains [13]. Howev-

er, aberrant forms of PrP were also found in other organs, most notably in spleen and muscles [14,15]. Indeed, PrPSc and prion in-

fectivity in spleen appears early after prion infection of mice [16]. In addition PrPSc and sometimes prion infectivity were found in

muscles from BSE infected cattle [17,18], CWD infected deer [19] and scrapie infected sheep [20] as well as in rodents models of

such diseases [21-23]. While in transmissible prion disease it may well be that the presence of disease related PrP forms relates to

central nerve degeneration, in genetic diseases intrinsic muscle disease may also be caused by the local aberrant PrP, as shown by

PrP accumulation and my ositis in muscles from transgenic mouse models associated with inherited forms of CJD [24,25]. Lucki-

ly, and as opposed to brain biopsies which cannot be performed on healthy subjects at risk, muscle biopsies are a commonly or-

dered diagnostic procedure, used by clinicians to evaluate diverse stages of muscle disease, and are mostly safe [26].

In this work, we tested for the presence of age dependent muscle abnormalities in young and adult TgMHu2ME199K mice, a trans-

genic line mimicking for CJD linked to the E200K PrP mutation [27]. TgMHu2ME199K mice are born healthy and present first

signs of disease at 6-7 month of age, then slowly deteriorate to a fatal state of paralysis at 12-14 months of age [28]. We also ex-

amined the properties of skeletal muscles of adult TgMHu2ME199K mice treated with Granagard, a nano formulation of pomegra-

nate seed oil [29-31]. Long term administration of Granagard to these mice was shown to delay disease advancement and death sig-

nificantly without causing side effects by an energy saving and antioxidant mechanism [32-35].

We found that while young and asymptomatic TgMHu2ME199K mice present normal muscle parameters comparable to those ob-

served in wt mice, adult and sick TgMHu2ME199Kmice (12-14 months old), present high numbers of central nuclei[36]represent-

ing both cell damage and regeneration attempts, as well as fat cells infiltration [37], PrP aggregates accumulating mostly within ne-

crotic fibers [38], increased levels of glycolytic fast myosin staining in glycolic muscle [39], reduced enervation and most interest-

ingly,  reduced  levels  of  PAX7 positive  cells,  which  are  quiescent  satellite  muscle  stem cells  responsible  for  muscle  maintenance

[40]. Muscles from comparable Granagard treated mice also presented high numbers of multiple nucleus cells, but as opposed to
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untreated TgMHu2ME199K mice, demonstrated reduced levels of PrP aggregate sand necrotic fibers, as well asPax7 positive cells

similar to muscles in wt mice. They also show reduced levels of fast myosin staining, indicating the presence of normal oxidation

pathways. These results are comparable to the effect of Granagard in brains, in which Nest in positive brain stem cells and mito-

chondrial normal activity were maintained during Granagard administration [35,41].We conclude that the assessment of parame-

ters for prion disease before and after Granagard treatment in TgMHu2ME199Kmuscle tissue may predict disease status and the

treatment efficacy. It remains to be established whether human muscles biopsies in carriers of PrP mutation can produce similar re-

sults with this or other anti-prion treatment.

Materials and Methods

Ethical Statement

All animal experiments were conducted under the guidelines and supervision of the Hebrew University Ethical Committee, which

approved the methods employed in this project (Permit Number: MD-19-15854-5).

Administration of Nano-PSO to Tgmhu2me199k Mice

Nano-PSO was administered to  designated groups of  TgMHu2ME199K mice (female  and male)  in  their  drinking water  from 3

months  to  12-14months  old.  Concentrated  Nano-PSO  (16.5  mL)  self-emulsion  formulation  was  diluted  in  300  mL  of  water  to

form a  white  emulsion  with  a  final  concentration  of  1.6% oil,  as  previously  described  [32,41].  The  regular  diet  of  these  mice  is

Telkad by Invigo. All mice were sacrificed at designated time points when required by the experimental protocol. Brains and mus-

cles (Extensor digit orum long us, quadriceps and soleus) of sacrificed mice were processed for pathological and biochemical exper-

iments.

Western Blot Analysis

Brain extracts from wild-type (wt), TgMHu2ME199K and TgMHu2ME199K treated mice at different time points (3 months old

young mice and 12-14 months old adult and treated mice) were homogenized at 10% (W/V) in 10mMTriseHCl, pH 7.4, and0.3 M

sucrose. Protein levels were measured by pierce BCA protein assay kit (Thermo Fisher Scientific) and then normalized to 250μg

proteins in each sample for PrP detection. For Protein ase K (PK) digestions, samples extracted with 2% sarcosyl on ice were incu-

bated with or without PK (final PK concentrations, 5 µg/mL or 40 µg/mL) for 30 minutes at 37°C. For pellet and supernatants sam-

ples, normalized brain homogenates were ultracentrifugation at 100000 g for 1 hour and subsequently pellets were separated from

supernatants. Next, all samples were boiled in the presence of SDS, subjected to SDS PAGE and transferred to nitrocellulose mem-

brane for1 hour, 300mA. For α-PrP pAb RTC [42] and HRP α- βactin (ab49900, Abcam) membranes were blocked with 3% milk.

The membranes were probed overnight at 4 °C with the primary antibodies (RTC 1:10 0 0, βactin 1:10,0 0 0), and developed with

α-rabbit horse radish per oxidase (Jackson Immune Research Laboratories, Inc) at a dilution of 1:10000. Protein signals were ob-

tained using an enhanced chemilum in escent western blotting detection method. Immunore active bands were analyzed using the

Image J software.

Pathological Examinations and Immuno cytochemistry

Histological evaluations were performed on paraffin-embedded sections of brain samples from wild-type (wt), TgMHu2ME199K

and TgMHu2ME199K treated mice at 3 or 12-14 months of age Serial sections of 4 μm paraffin embedded were prepared for im-

mune histochemical and hematoxylin & eosin (H&E) staining. For immune histochemical staining the sections were boiled in cit-

rate- buffer for 40 minutes before blocking (1h, 5% BSA, 3% NGS, 0.1% Triton- X100), then were treated with different antibodies

rabbit α-PrP pAb RTC [42] and rabbit α-Fast Myosin skeletal Heavy chain (#ab91506, abcam), and developed with DAB on the se-

condary antibody, α-rabbit horse radish per oxidase (Jackson Immune Research Laboratories, Inc).
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Immunofluorescence Studies

Histologic evaluations were performed on 4 μm paraffin embedded brain sections. Sections were treated by 0.25% Tritone- X100

for 5 minutes and thereafter boiled in citrate- buffer for 40 minutes before blocking (1h, 5% BSA, 3% NGS, 0.1% Triton- X100).

Sections were stained for immune fluorescence with an array of designated antibodies. The antibodies that were used rat α- MBP

(#MAB386, millipore),rabbit α-NF-M(#AB1987,chemicon),mouse α- PAX7 (#SC-81648, santa-cruz bio technology), mouse α- My

OD (#SPM427, bio test),and rabbit α-PrP pAb RTC[42]. Secondary antibodies (α-rabbit or α-mouse) coupled to Alexa Fluor 488

and 568 were used (Abcam). Nuclei were labeled with Dapi (#4083, cell signaling). Confocal analysis was performed with Nikon

A1R Confocal Laser Microscope System using the NIS-Elements C control software.

Statistical Studies

The statistical significance between the studied groups versus the wt group for immunoblot was calculated according to Student’s

2-tailed t test. Quantification of immunofluorescence or immunohistochemistry was done using ImageJ by measuring the positive

stain and analyzed the difference between the experimental groups using 1-way analysis of variance (ANOVA) for the results of

multiple groups and the Tukey’s post hoc test using IBM SPSS Statistics V.23. The data for the clinical score graph is presented as

average ±standard error.

Results

My opathy in Muscle Tissue of Tgmhu2me199k Mice

Samples of skeletal muscle from young (3 months old) TgMHu2ME199Kmice as well as from wt mice were stained with H&E (fig-

ure 1A), while samples from adult(12-14 months old) TgMHu2ME199Kand wt mice at the same age were stained either with H&E

only (Figure1B. i-iii) or with αPrP pAb RTC(figure1B. iv-vi).While TgMHu2ME199Kmice at 3 months old are still asymptomatic,

at 12-14 months old these mice are severely sick and present high levels of brain PrPSc [27,35]. While figure 1A shows that there is

no significant difference between H&E muscle staining of young wt and young TgMHu2ME199K mice, this was not the case for

muscle staining in the adult mice (figure 1B). While adult wt mice muscle H&E staining was similar to the young mice tissue, adult

TgMHu2ME199K mice muscle tissue presented profound abnormalities such as significant levels of central nuclei, variation in

fiber size, necrotic fibers and fat cells infiltration, reminiscence of muscles in other models of prion disease (figure.1B. i-iii) [24].

Figure 1B. iv-vi also shows large numbers of PrP aggregates in adult TgMHu2ME199Kmuscle samples, mostly founded in necrotic

fibers. This may suggest that PrP aberrant aggregation is responsible for at least part of the muscle pathology in these mice. Fig-

ure1 presents EDL (Extensor digit orum longus) muscles, however parallel results were also obtained for soleus and quadriceps

samples (not shown).
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Figure 1: Skeletal muscle pathology in adult TgMHu2ME199K mice. (A) Sections of EDL muscle from young (3 months old) wt and Tg mice

were stained with H&E [magnification x20, scale bar 50 µm]. (B) Sections of EDL muscle from adult (12-14 months old) wt and Tg mice were

stained with H&E (i-iii) or with RTC an αPrP pAb (iv-vi). Representative images of muscle fibers show adult wt with sub sarcolemmal nuclei

stained with H&E and no aggregated PrP forms(brown stain) (i, iv).Muscle sections from adult Tg mice display my opathic features include

central nuclei [black arrow] (ii), necrotic fibers [black circle] (iii), infiltration of fat cells [red arrow] (v) and aggregated PrP [yellow arrow]

(brown stain) (vi). [magnification x20, scale bar 50 µm; x40, scale bar 20 µm]. Abbreviations: H&E, hematoxylin & eosin; Tg,

TgMHu2ME199K; EDL, Extensor digit orum longus.

No PK Resistant Prp Intgmhu2me199k Mice Muscles

Figure 2A shows similar results for PrP staining in adult mice muscle samples by immune fluorescence. Interestingly, this figure al-

so shows that traces of accumulated PrP can be observed in young and asymptomatic TgMHu2ME199K muscles. Low levels of ag-

gregated PrP were also shown in brains of young TgMHu2ME199K mice, already at 10 days of age, and such levels increased with

aging and disease aggravation (Binyamin et al., 2017; Frid et al., 2018). However, the conversion of this form of mutant PrP into

the  PK  resistant  form,  constituting  the  main  hallmark  of  prion  disease  [43],  occurs  mostly  at  symptomatic  stages  of  disease

(Binyamin et al., 2017; Friedman-Levi et al., 2013; Frid et al., 2018). We therefore tested whether this is also true for PrP in muscles

of TgMHu2ME199K mice. Figure 2B shows clearly that muscle PrP is not resistant to digestion by high levels of PK such as the

ones used for detection of PrPScin brains of prion infected subjects [44] as well as in these mice [32]. Lastly, Figure2C shows brain

and muscle samples of young (3 months old) and adult (12-14 months old) wt and TgMHu2ME199K mice following digestion

with a lower concentration of PK (5µg/ml). As can be seen in the figure, muscle PrP in sick TgMHu2ME199K mice, as opposed to

brain PrP, was not resistant to digestion by those PK concentrations, contrarily to what was shown for muscle PrP in other models

of prion disease [22,24]. We believe that while the structure of E200KPrP is prone for aggregation [45], it may still require an addi-

tional disease related modification to convert into a PK resistant entity [42-46]. Such modification, may occur mostly in the brains

of these mice.
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Figure 2: PrP in TgMHu2ME199K mice muscle is not PK resistant.

(A) Immuno fluorescence evaluation of aggregated PrP levels from paraffin embedded quadriceps muscle of young (3 months old) and adult

(12-14 months old) wt and Tg mice [magnification x20, scale bar 50 µm]. Quantification was performed by Image J for positive PrP aggre-

gates. (B) muscle extracts from young (3 months old) and adult (12-14 months old) wt and Tg mice were immune blotted with α-PrP pAb

RTC before and after PK digestion (40µg/ml). (C) Brain and muscle extracts of adult (12-14 months old) wt and Tg mice were immune blott-

ed with α-PrP pAb RTC in the presence and absence of 5µg/ml PK. All blots were quantified by Image J. In each case, the PrP signal was nor-

malized against the control protein (Actin). Abbreviations: PrP, prion protein; Tg, TgMHu2ME199K; PK, protein ase K.

Denervation in Adult Tgmhu2me199k Mice Muscle

Both demye linating neuropathy and axonal loss are features of neurode generation [47]. To examine if axonal loss by itself can ex-

plain muscle  degeneration in prion disease,  we analyzed the levels  of  axonal  components  in muscles  of  adult  TgMHu2ME199K

mice as compared to adult wt mice muscles. Skeletal quadriceps muscle samples from adult wt andTgMHu2ME199K mice were

immune stained for MBP (myelin basic protein) and NF-M (neuro filament marker), both components of axons [48]. Figure 3A

shows NF-M positive axons wrapped with MBP positive myelin fibers  in both wt and TgMHu2ME199Kmuscle  tissue.  As com-

pared  to  wt  mice  muscle  tissue,  adult  TgMHu2ME199Kmice  samples  demonstrate  severe  denervation that  may  result  from the

brain disease.  The data was quantified by t-test  analysis  of  stain intensity of  an array of  such pictures.  (NF-M ***p<0.001;  MBP

***p<0.001).  Next,  and to  determine whether  aggregated PrP in muscles  is  at  least  in  part  of  axonal  origin,  we co-stained adult

TgMHu2ME199K  mice  skeletal  muscles  with  antibodies  against  MBP  and  PrP  (Figure  3B).  Indeed,  no  co  localization  was  ob-

served between PrP aggregates and the axonal marker, consistent with results in figure 1 indicating PrP aggregates are found in ne-

crotic muscle fibers. These results indicate that aggregation of PrP in TgMHu2ME199K muscles is mostly a local event probably re-

lated to the biochemical properties of mutant PrP. The fact that muscle PrP does not convert into PK resistant as brain PrP does re-

inforces  such  conclusion.  However,  this  does  not  rule  out  the  possibility  that  at  least  part  of  muscle  abnormalities  in

TgMHu2ME199Kmice  also  result  from  the  denervation  associated  with  the  central  prion  disease.
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Figure 3: Denervation in adult TgMHu2ME199K mice muscle. (A) Immuno fluorescence evaluation of myelin basic protein (MBP) and neu-

ro filament (NF-M) levels from paraffin embedded quadriceps muscle of adult (12-14 months old) wt and Tg mice [magnification x20, scale

bar 50 µm]. Quantification was performed by Image J for positive MBP and NF-M levels in all mice groups. (B) Peripheral nerves of adult Tg

mice were Immuno stained against myelin basic protein (MBP) and aggregated PrP protein with α-PrP pAb RTC [magnification x20, scale

bar 100 µm magnification x40, scale bar 50 µm]. Abbreviations: Tg, TgMHu2ME199K; PrP, prion protein.

Granagard Effect on Tgmhu2me199k Mice Muscle Abnormalities

We have previously described that long-term administration of Granagard to TgMHu2ME199K mice significantly delayed disease

advance by a mechanism involving anti-oxidant and anti-aging hallmarks, tested in the brains of such mice [29, 32,41]. If similar

hallmarks could be observed in muscles of TgMHu2ME199K mice treated with Granagard, this will indicate that a muscle biopsy

could reflect the results of the treatment efficacy. To this effect, we administrated Granagard to a group of TgMHu2ME199K mice

continuously from 3 until 12-14 months and subsequently sacrificed them for biochemical and pathological analysis. Average dis-

ease scores for the treated (2.5 at 12-14 months old), as compared to untreated (3.25 at 12-14 months old) mice were tested periodi-

cally as described before [32]. Next, we tested whether such long-term administration of Granagard can reduce the presence of ag-

gregated PrP in skeletal muscle. While Granagard administration did not reduce PrP levels in TgMHu2ME199Kbrains [29,32,41],

PK sensitive PrP aggregates in muscles (figure2), may relate to the structure of E200K PrP [45] and behave differently. Indeed, as

can be seen in figure 4A, immune histochemistry staining of EDL muscles with αPrP pAb RTC demonstrated reduced levels of ag-

gregated PrP forms in the muscles of the treated mice (PrP **p<0.01). This reduction of PrP aggregates parallels to the reduction

in necrotic fibers following Granagard administration, and may reflect  the delay in disease advance of the treated mice as com-

pared  to  the  untreated  TgMHu2ME199K  mice  of  the  same  age  [32],  indicating  reduced  PrP  and  necrotic  fibers  in

TgMHu2ME199K  mice  muscles  may  represent  reduced  disease  scores.

Next, we performed H&E staining on samples of wt, treated and untreatedTgMHu2ME199K mice and quantify the number of cen-

tral nuclei in these groups. Surprisingly, Figure 4B shows a large number of cells presenting central nuclei and even multiple cen-

tral nuclei in muscles of Granagard treated mice as compared to untreated samples(***p<0.001). Indeed, while the presence of cen-

tral nuclei by itself is a pathological event in muscle cells [24], multiple studies have shown that increase in central/multiple nuclei
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during treatments may also represent muscle cell regeneration attempts [49,50].

Figure 4: Muscle features of Granagard treated TgMHu2ME199K mice. (A) Paraffin-embedded EDL muscle samples of adult wt, Granagard

treated and untreated adult Tg mice were stained for aggregated PrP with α-PrP pAb RTC) yellow arrow((brown stain). [magnification x20,

scale bar 50 µm]. (B) Sections of EDL muscle from adult wt, Granagard treated and untreated adult Tg mice were stained with H&E. [magnifi-

cation x20, scale bar 50 µm]. All quantifications were performed by Image J for positive central nuclei as well as for aggregated PrP in muscle

cells. Abbreviations: PrP, prion protein; Tg, TgMHu2ME199K;EDL, Extensor digit orum longus.

Granagard Administration Maintains the Normal Levels of PAX 7 Positive Satellite Cells While Promoting
Muscle Proliferation.

We have shown previously that, concomitantly with the advance of the neuro degenerative process, the levels of endogenous brain

stem cells in brains of TgMHu2ME199K mice were significantly reduced as compared to wt mice of the same ages [28,34,41]. Ad-

ministration of Granagard preserved neuronal stem cells, as observed by the increased number of Nest in positive cells [35,41,51].

Skeletal muscle contains a designated population of adult stem cells, denominated satellite cells, which are responsible for muscle

maintenance [52]. Expression of Pax7, a transcription factor, is critical for the normal function of quiescent satellite cells in adult

skeletal muscle. When activated to proliferate due to injury or malfunction, satellite cells may down regulate Pax7 and express My

OD, a my ogenic regulatory factor [53-55]. 

To investigate whether affected muscles in TgMHu2ME199K mice attempt to regenerate, as opposed to brain cells, we examined

the nature of satellite stem cells in muscle tissue of wt, TgMHu2ME199K untreated as compared to those treated with Granagard.

Figure 5A shows immune fluorescence staining of positive PAX7 cells (marker of quiescent satellite cells) in EDL muscle samples

of wt, treated and untreated TgMHu2ME199K mice. Adult and sick TgMHu2ME199K mice muscle tissue present a significant de-

crease in the amount of PAX7 positive cells as compared to wt samples, which Granagard treated samples can maintain a signifi-

cant amount of these cells. Quantification of these data by ANOVA and Benferroni post-hoc test shows significant differences be-

tween all tested groups (PAX7 ***p<0.001). Concomitantly, EDL muscle slices from wt, treated and untreated TgMHu2ME199K

mice were stained with an anti-My OD [56] antibody. Figure 5B shows that while very low levels of My OD stained cells can be ob-

served  in  wt  muscle,  significantly  levels  of  My  OD  are  expressed  in  muscle  tissue  form  both  untreated  and  Granagard  treated

TgMHu2ME199K mice, indicating the presence of a muscle cell regeneration process [55]. These results are consistent with the no-

tion  that  regeneration  attempts  in  sick  TgMHu2ME199K  mice  is  an  active  and  ongoing  process,  geared  to  repair  the  damage

caused to the muscle by the accumulation of aggregated PrP and its oxidation effects [57,33,35]. They also indicate that long term

administration of Granagard attenuates the oxidative damage of PrP aggregation in quiescent cells but did not reduce new muscle

cells generation.
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Figure 5: Granagard administration protected satellite muscle cells

(A) Immuno fluorescence evaluation of PAX7 levels (a marker of multi potent satellite cells) of paraffin-embedded EDL muscle from adult

wt, Granagard treated and untreated adult Tg mice. (B) Immuno fluorescence evaluation of My OD levels (a marker of proliferating my

oblasts) of adult wt, Granagard treated and untreated adult Tg mice. Quantification was performed by Image J for positive PAX7 and My OD

levels in treated and untreated mice groups as well as for wt untreated mice [magnification x20, scale bar 50 µm; x40, scale bar 20 µm]. Abbre-

viations: Tg, TgMHu2ME199K; Granagard, a nano formulation of pomegranate seed oil; EDL, Extensor digitorum longus; H&E, hemat

oxylin & eosin.

Granagard Administration Preserves mitochondrial Energy Production Pathways

Oxidative stress and mitochondrial dysfunction are one of the most common features causing damage in muscle diseases [58,59].

We  have  shown  previously  that  Granagard  administration  to  several  mice  models  of  brain  disease,  as  is  the  case  for

TgMHu2ME199K for FCJD, 5XFAD for AD as well as for traumatic brain injury model [31,35,60], reduced the levels of ROS and

improved mitochondrial activity [33]. Therefore, we next tested the oxidative energy function in muscles of wt, treated and untreat-

ed TgMHu2ME199K mice. Slices of EDL muscles of all groups were stained for MyHC (Fast Myosin Skeletal Heavy chain, a mark-

er for glycolic muscle fibers) [61]. Figure 6 displays the results of these experiments, which show higher levels of My HC in cells of

untreated  TgMHu2ME199K  mice  when  compared  to  wt  or  treated  TgMHu2ME199K  mice  (MyHC  ***p<0.001byANOVA  and

Ben ferroni post-hoc test).  These results  most probably indicate that reduced levels  of  My HC in Granagard treated mice result

from the corrected activity of mitochondrial energy production pathways.

Figure 6: Granagard preserved oxidative energy functions in EDL muscle fibers. Sections of EDL muscle from adult wt, Granagard treated

and untreated adult Tg mice were stained with α- Fast Myosin Skeletal Heavy chain (a marker for glycolic muscle fibers). [magnification x20,

scale bar 50 µm]. Quantification was performed by Image J for positive glycolic fibers in all mice groups. Abbreviations: Tg,

TgMHu2ME199K; Granagard, a nano formulation of pomegranate seed oil; EDL, Extensor digit orum longus.

Discussion

We have shown in this work that skeletal muscles in TgMHu2ME199K mice modeling for genetic CJD linked to the E200K PrP

mutation, are significantly damaged at adult age, concomitant with the advance of the neurological prion disease. Similar muscle

damage was shown in additional models of genetic as well as prion infected mice, and also in human patients [17,22,24,62]. Mus-
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cle damage in these mice is visualized by the presence of central nuclei, necrotic fibers as well as fat cell infiltrations (see figures

above). Aggregated muscle PrPinTgMHu2ME199K mice is accumulated inside necrotic fibers, indicating it can play a role in the

cell damage, however does not convert into a protease resistant is form, as is the case for TgMHu2ME199Kbrain PrP at the same

stages of disease [32]. In addition to the muscle damage caused by the accumulation of mutant PrP, staining with axonal markers

such as MBP and NF-M suggests a parallel brain-oriented denervation process, that can by itself promote muscle damage [63,64].

Yet another possibility to explain the apparent muscle damage in TgMHu2ME199K mice, which suffer from a genetic prion dis-

ease, is the lack of wt PrPC, the normal PrP iso form, which activity was shown in several studies to be important for muscle mainte-

nance [65-67]. All this together indicates that the mechanism of muscle damage in prion disease, in particular genetic prion dis-

ease, is a combination of several factors, all connected to the status of the prion protein and the central fatal disease.

In addition, while brain resident stem cells are mostly non-functional in brains of TgMHu2ME199K mice [41], as is also the case

for AD models [68], in muscles of TgMHu2ME199Kmice there is an obvious attempt for regeneration (Figure 5), as seen by the

significant levels of My OD positive cells. Granagard treated mice presented lower levels of PAX 7 positive cells as compared to wt

mice but still significantly higher than untreated cells, indicating long term administration of Granagard can maintain, at least par-

tially, the activity of quiescent satellite cells. Granagard treated muscles also present high levels of My OD positive cells, demons-

trating generation of new cells is active under this treatment.

While TgMHu2ME199K mice treated with Granagard demonstrated a delay in disease score advance [35], it did not result in re-

duced accumulation of disease related PrP forms in the brain. Interestingly, this was not the case for PrP in muscles, in which accu-

mulation as a PK sensitive aggregated form of PrP decreased significantly during treatment (Figure 4C). In view of these results,

and taking into account the different properties of muscle cells from brain cells, we propose that muscle biopsies in mice models

may provide a diagnostic indicator of disease advance in prion diseases as well as a parameter of the treatment efficacy [69].

Conclusions

We conclude that the pathological findings in adult TgMHu2ME199K muscles may result both from reduced central enervation

caused by the brain disease, as well as from the accumulation of aberrantly folded muscle PrP. It remains to be established whether

muscle biopsies from human carriers and patients can also provide diagnostic indicators of disease levels as well as establish the ef-

ficacy of diverse treatments.
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