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1 | INTRODUCTION

Prion diseases are rare, invariably fatal, neurodegenerative
conditions in which pathognomonic misfolded prion protein
(PrP%) aggregates appear in the central nervous system of af-
fected humans and animals.' The misfolded PrP° conformers
stem from physiological cellular prion protein (PrP°), which,
in an incompletely understood process, is converted to Prp%
through physical interaction between the two conformational
states of PrP. Transgenic mice without endogenous PrPC can-
not develop prion disease.” Thus, neuronal PrP€ is the oblig-
atory molecule for prion disease progression and hence is the
prime target for interventions.

Several lines of transgenic mice with ablation of gene en-
coding the cellular prion protein (Prnp) have been generated
(hereafter referred to as Prnp_/_), and only minor abnor-
malities were initially observed under resting conditions.”®
However, Nishida and coworkers reported white matter vac-
uolation, demyelination, and a loss of large myelinated fibers
in peripheral nerves in several Prnp™"™ lines of mice, and
proposed that PrP€ serves important roles in myelin forma-
tion and/or maintenance in both the central and peripheral
nervous system.9 After a period of relative neglect, the topic
of PrP® and myelin health has recently been revisited in a se-
ries of investigations involving several experimental designs
and Prnp_/ ~ mouse lines.'® The current view is that axonal
PrPC contributes to preserve Schwann cell myelin quality.
Specifically, PrPC-derived peptides, liberated from axons
through controlled proteolysis, diffuse to Schwann cell recep-
tors and thereby stimulate myelin maintenance.'' Absence of
such signalling gradually leads to demyelination and remye-
lination in response.

Different from inbred laboratory mice, dairy goats, and
humans have a high degree of genetic variation. By compar-
ing PRNP haplotypes with and without the PRNP'™ non-
sense mutation, we find that the region affected by genetic
hitchhiking is surprisingly short, covering less than 1% of
genes encoded by chromosome 13. Like Prnp_/ ~ mice, goats
without PrP® develop a mild demyelinating neuropathy,
demonstrating that PrP€ functions in myelin maintenance are
highly conserved and probably translates to other mammals,
including humans.

2 | MATERIALS AND METHODS

2.1 | Animals and ethics

Animal experiments and tissue sampling were performed
in compliance with the ethical guidelines and approved by
the Norwegian Animal Research Authority (FOTS ID 7860,
5826), with reference to the Norwegian regulations on animal
experimentation. All goats were of the Norwegian Dairy Goat
Breed, recruited from a research facility at the Norwegian
University of Life Sciences and housed together in a farm-
house environment.

For morphological analyses, electrophysiology and lip-
idomics, a total of 24 goats were used, of which 10 were
homozygous for the wild type PRNP allele and 14 were
homozygous for the mutated PRNP allele (hereafter called
PRNP™ and PRNP™™ respectively). Genomic DNA
sampled for haplotype analysis is specified below. A detailed
overview of goats used, according to age groups and analy-
ses, is given in Supplementary Table 1.

TABLE 1

Antibodies and dilutions

Dilutions

used in the analyses

Name Catalogue No.

Anti-Ibal 019-19741 Fujifilm Wako
Chemicals,

Neuss, Germany

Anti-CD3 A-0452 Dako, California,

United States

Anti-PrP 6H4 01-010

Switzerland

Anti-PrP P4 R8007
Biopharm,
Darmstadt,

Germany

Anti-Neurofilament 200  064H-4809
Merck,
Darmstadt,

Germany

Producer IHC
1/250

1/500

Prionics, Ziirich, NA

Ridascreen NA

Sigma-Aldrich, NA

IF WB
NA NA

NA NA

1/500  NA

NA 1/100

17400  NA

Abbreviations: NA = Not analyzed. IHC immunohistochemistry, IF immunofluorescence, WB western blot.
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2.2 | Tissue sampling

Tissues were collected immediately after euthanasia. Samples
for immunohistochemistry were fixed in 10% neutral buffered
formalin and then embedded in paraffin. For western blot, sam-
ples were snap frozen in isopentane, transferred to liquid nitro-
gen, and stored at —80°C. Whole-trunk samples of peripheral
nerves were gently separated into fascicles and fixed in 2.5%
glutaraldehyde in Soerensen’s phosphate buffer (0.1 M, pH 7.4)
for 4 hours at room temperature and then overnight at 4°C.

2.3 | Immunohistochemistry

Sections of 3-4 pm were placed on glass slides (Superfrost
Plus®, Menzel Gliser, Thermo Fisher Scientific, Massachusetts,
United States) and stored at 4°C until staining. The slides were
deparaffinized in xylene and rehydrated through a descending
alcohol series. Between steps, sections were washed twice in
phosphate-buffered saline (PBS) for 5 minutes. For anti-Ibal,
the slides were incubated with trypsin (1 mg/mL) in Tris HCI
(0.1 M, pH 8 with 0.1% CaCl,) for 40 min at 37°C before inhibi-
tion of endogenous peroxidase. For anti-CD3, antigen retrieval
was performed by heating the slides in Tris/EDTA (pH 9.1) in
a microwave before inhibition. The temperature in the solution
was held at 92°C degrees for 5 min, thereafter the slides were
kept in the hot solution for another 5 min before the procedure
was repeated. Endogenous peroxidase was inhibited with 3%
H,0, in methanol for 10 minutes. Nonspecific antibody bind-
ing was blocked by incubating the slides for 20 minutes in 5%
bovine serum albumin (BSA) with 2% goat serum. The sections
were incubated for 60 min with primary antibodies, diluted in
1% BSA at dilutions indicated in Table 1. Next, the sections
were incubated with secondary antibodies conjugated to horse-
radish peroxidase-labelled polymer from the EnVision+ kit
(catalogue number K4009, Dako, California, United States)
for 30 minutes, and developed with AEC+-substrate for 5
minutes. The sections were counterstained with hematoxylin
and mounted with Aquatex (Merck, Darmstadt, Germany).
Sections for which the primary antibodies were omitted were
used as negative controls. Micrographs were taken using Axio
Imager 2 microscope, equipped with an Axiocam 506 color
camera (Zeiss, Oberkochen, Germany). The level of immune
cell influx in peripheral nerves was scored from zero to three
(0 = negative, 1 = low, 2 = moderate, and 3 = high) by two
independent observers and an average was calculated. Slide-
labels were concealed prior to scoring.

2.4 | Immunofluorescence

Cryostat sections of 8 pm were placed on glass slides
(Superfrost Plus) and stored at —80°C until staining. After
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thawing, slides were fixed in formal-calcium (4% formal-
dehyde, 1% calcium chloride, pH 7.44) for 15 minutes.
Blocking was performed for 30 minutes in 5% BSA with 2%
goat serum followed by incubation with primary antibodies
overnight at 4°C, diluted in blocking solution at dilutions
specified in Table 1. Slides were incubated with second-
ary antibodies, goat anti-mouse IgG1 Alexa Fluor 488 and
goat anti-rabbit IgG Alexa Fluor 594 (both from Invitrogen,
Thermo Fisher Scientific), diluted in PBS for 45 minutes. The
slides were mounted with ProLong Gold Antifade Mountant
with 4,6 diamidino-2-phenyl indole (DAPI; Molecular
Probes, Thermo Fisher Scientific). Micrographs were taken
using Axio Imager 2 microscope, equipped with an Axiocam
506 mono camera (Zeiss).

2.5 | Western blot

Peripheral nerves were lysed in homogenizer buffer (Tris
HCl 50 pM, NaCl 150 mM, EDTA 1mM, DOC 0.25%,
NP40 1%), supplemented with protease inhibitor cocktail
(Complete, Roche, Merck), after removal of the connective
tissue. Protein concentration was measured with the Protein
assay (Bio-Rad, Hercules, California, USA). Total proteins
(80 pg) were deglycosylated with PNGase-F, according to
manufacturer’s instructions (New England Biolabs, Ipswich,
Massachusetts, United States). One hundred and thirty mi-
crograms of total proteins and 80 ug of the deglycosylated
samples were separated on SDS-Page (12% Bio-Rad) and
blotted on PVDF membrane (GE Healthcare, Little Chalfont,
United Kingdom). After protein transfer, gels were stained
with Coomassie blue (Invitrogen, Thermo Fisher Scientific).
Membranes were blocked in 5% dry milk in Tris-buffered sa-
line-Tween (TBST), and probed with primary antibody Anti-
PrP P4, diluted as indicated in Table 1. Secondary anti-mouse
antibody conjugated with alkaline phosphatases was used
for the detection. The signal was developed with Enhanced
chemiluminescence (ECF) reagent (GE Healthcare) and
Typhoon 9200 (Amersham Bioscience, GE Healthcare).

2.6 | Processing of peripheral nerves for
morphological assessment

About 1-2 mm pieces were cut from the nerve fascicles,
postfixed in 1% osmium tetroxide at 4°C, and transferred to
washing buffer. The samples were dehydrated through an
ascending acetone series and embedded in epoxy (Electron
Microscopy Sciences, Hatfield, Pennsylvania, United
States). Semi-thin (0.5 pm) sections were stained with tolui-
dine blue and safranin-O, and evaluated by light microscopy
using a Zeiss Axio Imager 2 microscope equipped with an
Axiocam 506 color camera. Ultra-thin (70 nm) sections were
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contrasted with uranyl acetate and lead citrate, and studied
using a FEI Morgagni 268 transmission electron microscope
(FEI, Hillsboro, Oregon, United States) equipped with an
Olympus Veleta CCD camera. In the semi-thin sections,
the number of nuclei per 0.5 mm? from each individual was
quantified independently by two observers.

For nerve fiber teasing, 1 cm pieces of fixed nerve fas-
cicles were postfixed in 2% osmium tetroxide at room tem-
perature for 1 hours, washed in phosphate buffer, immersed
in glycerol and separated under a dissection microscope. A
total of 489 teased nerve fibers were studied; 313 from goats
homozygous for nonsense mutation in PRNP (PRNP™"Tr
goats and 176 from PRNP*'* goats. The percentage of fibers
with evidence of demyelination and/or remyelination (inter-
nodes with reduced length and myelin thickness) was scored
blindly by two independent observers.

For morphometric analysis, semi-thin sections were an-
alyzed with Image-Pro Plus software (Media cybernetics,
Maryland, USA). The area of the myelin sheaths and axons
were measured and used to calculate the respective diameters
as previously described.'? G-ratio was then calculated as the
ratio between axonal diameter and fiber diameter.

2.7 | Extraction of lipids from
peripheral nerves

Mass spectrometry grade water and chloroform (reagent
Ph. Eur.) stabilized with 0.6% of ethanol were purchased
from VWR International (Radnor, Pennsylvania, United
States). Methanol (LC-MS grade) was obtained from Merck.
Ammonium acetate (for mass spectrometry, 98%) was pur-
chased from Honeywell International Inc (Charlotte, North
Carolina, United States).

Lipids from goat nerve tissue were extracted using the sol-
vent system based on the Folch method."® A Precellys®24
bead homogenizer equipped with a Cryolys tempera-
ture controller (All Bertin Technologies SAS, Montigny-
Le-Bretonneux, France) was used to disrupt and homogenize
the tissue for lipid extraction. Nerve tissue (50 mg) was homog-
enized with zirconium oxide beads (0.5 + 0.01 g, @ 1.4 mm)
in 500 pL of a cold mixture of chloroform/methanol (2:1,
v/v). The tissue was kept frozen during cutting and weighing.
Final rounds®'® of bead-beating for 30 seconds at 6500 rpm,
with an intermediate 15 seconds pause between rounds were
performed. Another 500 pL of a cold mixture of chloroform/
methanol (2:1, v/v) was added to the sample and the tube
was shaken for 10 minutes using a thermoshaker (Thermal
shake lite, VWR) and phase separation was induced by add-
ing 200 pL of 20 mM acetic acid. After 10 minutes of shak-
ing (1500 rpm, 16°C), tubes were centrifuged for 6 minutes
at maximum speed (13 400 rpm) using a small centrifuge
(MiniSpin, Eppendorf, Hamburg, Germany). A volume of

400 pL of the chloroform layer (lower) was collected and
the sample re-extracted with 500 pL of a cold mixture of
chloroform/methanol/water (86:14:1, v/v), vortexed and
centrifuged as above. From the lower layer, 650 uL was col-
lected and pooled with the first extract. The resulting extract
was filtered through a syringe filter with GHP membrane
(0.2 um, @ 13 mm, Acrodisc®, Pall Laboratory, Port
Washington, New York, United States) and kept at —20°C
until analysis with ultra-performance convergence chro-
matography tandem mass spectrometry (UPC2-MS/MS).
Dichloromethane was used as diluent for lipid extracts.

2.8 | Chromatographic analysis of lipids
A lipid profile analysis was performed using an UPC’®
separation system coupled to a hybrid quadrupole orthogo-
nal time-of-flight mass spectrometer SYNAPT G2-S HDMS
(Waters, Milford, Massachusetts, United States). A previously
described analytical method'* was adopted and modified. The
column was protected with a VanGuard pre-column (BEH
2.1 X 5 mm) and temperature of the column was 50°C. The
gradient of the modifier used was set as follows: 0 minutes,
1%; 4.0 minutes, 30%;6 4.4 minutes, 50%;2 6.25 minutes, 50%;1
7.25 minutes, 50%;6 7.35 minutes, 1%6, 8.50 minutes, 1%.
The mass spectrometer was operated in MSF mode and
the collision energy ramped from 20 to 30 eV for positive ion
mode and from 20 to 35 eV for negative ion mode. Data were
acquired over the mass range of 50-1200 Da and the resolu-
tion of the mass spectrometer was 20 000. Both positive and
negative ion electrospray ionization modes were applied. MS
tuning parameters were set as follows: capillary voltages 3.0
kV and —2.5 kV for positive and negative ionization modes,
respectively; source temperature 150°C; the sampling cone
40V; source offset 60V; desolvation temperature 500°C; cone
gas flow 50 L/h; desolvation gas flow 850 L/h; nebulizer gas
pressure 4 bar. Leucine enkephalin was used as the lock mass.
Identification of a lipid compound is based on the following
main characteristics: retention time of the appropriate lipid
class, accurate mass (ppm error <5), isotope pattern similar-
ity (>80%), and fragmentation pattern. The lipid nomencla-
ture and shorthand notation described by LIPID MAPS" and
Liebisch G. et al,16 were followed.

2.9 | Haplotype analysis

A total of 48 goats, either heterozygous (n = 27) or ho-
mozygous (n = 21), were used for the haplotype analy-
sis (henceforth referred to as PRNPY™ and PRNPT®/Ter
respectively). A previously acquired Illumina 50K
SNP(single-nucleotide polymorphism) dataset of 48 Al
bucks (born 2009-2012) from the Norwegian goat breeding
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system was used as a reference population. Among the
48 bucks, 41 were wild type (PRNP™), and 7 were het-
erozygous, while none were homozygous PRNP ™" The
goats were genotyped by the Illumina 50K SNP (single-
nucleotide polymorphism) chip. The genotyping was car-
ried out by Neogen Ltd, Scotland, UK.

After initial filtering for quality of the PRNP-groups, the
final number of markers were 49 277. Two individuals (one
PRNP*™ and one PRNP™"™") were removed due to low call
rate. The 48 Al bucks previously genotyped with the same
SNPs array were left with 49 124 markers after identical
quality filtering. Comparing these two datasets after filter-
ing, 47 847 markers were present in both datasets. These two
datasets were merged into one common file, containing 94
individuals and the 47 847 markers.

SNP (single-nucleotide polymorphism) positions were up-
dated to the ARS1 assembly version. The minor allele frequen-
cies (MAF) for all SNPs on chromosome 13 were calculated
using the PLINK —freq function. This analysis was done for
the three genotype classes separately (PRNP™™ PRNPY™ and
PRNP™™") The seven heterozygous Al bucks were included
in the PRNP™™ group. In addition, the average MAF of all
chromosomes were estimated for the same genotype classes.

2.10 | Electrophysiological recordings and
clinical examination

All electrophysiological recordings were conducted in the same
rooms as the goats were housed. The goats were placed in a
small pen and restrained using a halter and rope. The experi-
mental session was conducted on the thoracic limb in every
animal. Self-adhesive surface stimulation electrodes (Neuroline
70010-K/C/12, AMBU, Copenhagen, Denmark) were attached
to the skin overlaying the lateral digital nerves after shaving and
washing with ether and ethanol. Recording needle electrodes
(Aiglette 019200 REF:S46-638, Technomed, Netherlands)
were placed in the ipsilateral deltoid muscle, and a reference
electrode (Natus Ref 019-409100, Middleton, Wisconsin,
United States) was placed on the back of the goat. Flexible
leads were connected to the electrodes and resistance of each
electrode pair was checked to be below 3 kQ.

Stimulations and recordings were performed using
Cephalon Natus Viking Quest (Cephalon, Aalborg,
Denmark). Stimulation started at 1 mA and increments
were in steps of 0.5 mA. Reactions to the stimulation were
assessed and scored according to the following descriptors:
0 = no reaction; 1 = weak muscle contraction of the del-
toid muscle; 2 = muscle contraction of the deltoid muscle
and a short withdrawal reflex; 3 = definite withdrawal re-
flex and muscle contractions in the flank; 4 = distinct and
repeated withdrawal reflex accompanied by responses in
other body parts (head, neck, contralateral leg); 5 = distinct
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and repeated withdrawal reflex accompanied with a whole
body response.

A standard single stimulus consisted of a train-of-five
1 ms constant current pulses delivered at 200 Hz. The elec-
tromyography (EMG) activity in the deltoid muscle was
recorded from 100 ms before to 300 ms after each stimulus.
Reflex amplitude was calculated as the root-mean square
(RMS) of the EMG burst activity following stimulation. To
be considered a reflex response, the EMG burst following the
electrical stimulation had to have a RMS amplitude of at least
30 uV, with a minimal duration of 20 ms. Latency was defined
as the time (ms) from the stimulus to the onset of the EMG
deflection. The lowest stimulation intensity eliciting an EMG
response combined with a behavioral reaction score > 2
was used when latency was measured.

PRNP™™ goats were subjected to clinical, including
basic neurological, examination.

2.11 | Statistical analysis

Data were processed using GraphPad Prism. For statistical
comparison of two groups (PRNP™* and PRNP™"™) for de-
myelinated fibers, number of nuclei in semi-thin sections and
g-ratio we performed unpaired #-tests.

For haplotype analysis, the following filtering parame-
ters were used; call rate > 90% both for individual mark-
ers and per animal, maf > 1% and hwe P value > le-5,
using the PLINK 2.0 software (—geno, —mind, —maf, and
—hwe).17

Mass chromatogram raw data were processed using
Progenesis QI software (Nonlinear Dynamics, Waters) with
in-built LipidBlast18 and LipidMaps databases'® for lipid
identification. Lipid classification was based on defined re-
tention time windows and experimentally obtained response
factors.”’ Only lipid species within the defined lipid class
retention time windows were retained for analysis and inter-
pretation (Supplementary Table 4). Further, the processed
data were exported for multivariate analysis using a freely
available statistical tool MetaboAnalyst.21 The data were nor-
malized and auto-scaled before they were subjected to prin-
cipal component analysis (PCA) and hierarchical clustering
analysis (heatmap).

3 | RESULTS

3.1 | Morphological and
immunohistochemical analyses of peripheral
nerves

Teased fibers from the tibial nerve of the PRNP™"™" goats
(Figure 1 and 2A) had interposed, short internodes with
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FIGURE 1 Teased nerve fibers. A,
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reduced myelin thickness, consistent with remyelination,22
wide-spread multifocally. These segments intermingled with
internodes of normal length and myelin thickness. More spe-
cifically, the remyelinated segments were frequently found
as intercalated internodes at both sides of a longer internode
with a thicker myelin sheath. The paranodes of the latter
were often dysmorphic, with changes ranging from swollen
paranodes to protrusions of the myelin sheath stretching for
100-200 um along the intercalated internodes. Series of short,
thinly myelinated internodes were also observed. Actively
demyelinating segments with osmiophilic balls consisting
of myelin debris'? were accompanied by cellular infiltrates,
but such segments were infrequently observed (Figure 1F).
The PRNP™™ goats had an increased percentage of fibers
(P =.0001), with evidence of demyelination and/or remyeli-
nation, compared with age-matched controls (Figure 2B). The
changes in the 8 months old goats were less pronounced, but
morphologically similar to those in adult (3-7 years) goats.
Semi-thin sections confirmed these morphological alter-
ations (Figure 3), with the presence of thin myelin sheaths

and onion bulbs (Figure 3E,G). Onion bulbs consist of con-
centrically arranged Schwann cell processes, and suggest
repeated demyelination and remyelination. Vacuolated and
thickened fibers were occasionally seen in the nerves of the
PRNP™™" g0ats. These fibers presented with interlamellar
myelin splitting (Figure 3D), thin myelin and/or hypertrophy
of the Schwann cell adaxonal cytoplasm, often in combina-
tion with axonal shrinkage (Figure 3G). Diminished axonal
diameters without other pathological features were present,
but difficult to interpret, as apparent axonal retraction from
the myelin sheath can be found artifactual. Paranodal outfold-
ings were identified in longitudinal sections (Figure 3H). The
splitting of the myelin sheath in the PRNP™"™" goats must be
distinguished from the very prominent Schmidt-Lanterman
clefts seen in both groups (Figure 3C).

Moreover, an increased number of mononuclear
cells were observed evenly distributed in the endoneur-
ial connective tissue of the PRNP™"™ goats (Figure 3F,
P = .0267). To investigate these cells, we stained nerve
sections with antibodies against Ibal (macrophages) and
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FIGURE 2 A, Higher magnification of changes in teased nerve fibers marked by black boxes in Figure 1. Intercalated, thinly myelinated

and short internodes, indicative of paranodal demyelination and subsequent remyelination (I-IV). The paranodal pathology ranged from swollen

paranodes (II) to outfoldings along the intercalated internode (III-V). Cellular infiltrates were visible along demyelinating segments (VI). Active

demyelination in an internode exhibiting highly irregular myelin sheath with myelin degradation products and cellular infiltrates present along the

demyelinating segment (VII, VIII). B, In PRNPTeTer goats there were significantly more fibers with evidence of demyelination or remyelination

than in normal goats

CD3 (T lymphocytes). This showed that both the num-
ber of macrophages (Figure 4A,B) and T lymphocytes
(Figure 4C,D) were increased in the endoneurium of adult
goats lacking PrP.

At the ultrastructural level, PRNP™™" fibers with my-
elin splitting proved to be fibers with intramyelinic edema
(Figure 5A). The myelin splitting occurred at the intraperiod
line (not shown), separating the outer aspects of the Schwann
cell plasma membrane, thereby focally increasing the ex-
tracellular volume in the myelin sheath. In the fibers with
swelling within the adaxonal and/or abaxonal Schwann cell
cytoplasm, the edematous spaces contained vesicular struc-
tures, probably swollen organelles (Figures 5B and 6B,D).
The corresponding axons were shrunken, with an increased

density of neurofilaments (Figure 5B,C) and, occasionally,
other organelles, suggesting compression23 (Figure 5C).
Mpyelinated fibers with thin myelin sheaths surrounded by su-
pernumerary Schwann cells, recognized by the presence of a
basal lamina, were present (Figure 5C). Cells without basal
lamina, probably representing the Ibal- or CD3-positive
cells demonstrated by immunohistochemistry, were ob-
served around some of the nerve fibers (Figure 5D). Neither
of these were observed to penetrate the basal lamina of the
Schwann cell, nor did we observe such cells between the my-
elin sheath and axon. Less frequently, severely dysmorphic
organelles were present in the adaxonal Schwann cell cyto-
plasm (Figure 5E). No changes were detected in unmyelin-
ated C-fibers of Remak clusters (Figure 5F).
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FIGURE 3 Toluidine blue- and safranin O-stained cross and longitudinal semi-thin sections of tibial nerves of PRNP™* A-C, and PRNP™"™"
(D-H) goats. (C, H) Prominent Schmidt-Lanterman clefts were visible in both groups (arrowheads). D, Vacuolated fibers (red frame) were present
in the nerves from the PRNP/Tr goats; a fiber with severe myelin splitting and a shrunken axon centrally is shown in a red frame—compare with
Figure 5A. E, A green frame shows an onion bulb. F, An increased number of cell nuclei (two examples are indicated by black arrows) was present
in the nerves from the PRNP "™ goats. G, A remyelinated nerve fiber (green arrow) with swelling of the adaxonal Schwann cell cytoplasm (red
arrow) is present next to an internode with normal myelin thickness. H, A paranodal outfolding (blue arrows) is visible next to a node of Ranvier.
Bar 20 um. I, Quantification of nuclei in semi-thin sections demonstrated increased number of cells in PRNPTeTer goats

3.2 | Nerve fiber diameter distribution

We investigated nerve fiber distribution in PRNP™™* and
PRNP™™ goats, and observed a lower percentage of large
fibers in the latter group (Figure 7A). To compare myelin
thickness between the groups, we calculated the g-ratio (ax-
onal diameter/total fiber diameter) in cross sections of the
tibial nerve. Nerve fibers from PRNP™"™" goats had a higher
g-ratio (P = .0139) than PRNP*'* goats (Figure 7B), particu-
larly prominent in large myelinated fibers.

3.3 | Peripheral nerve lipid composition

Analysis of the peripheral nerve lipid composition was
performed with UPC2-MS/MS technology enabling both
high resolution detection of individual lipid species and a
semi-quantitative estimation of lipid class distribution in
the extracts.”’ Principal component analysis revealed a
predominantly age-dependent difference of the global lipid
profiles with adult goats (more than 1 year old) clustering
separately from young goats (Figure 8A). However, a clear
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Immunostaining of Ibal+ (A) and CD3+ (C) cells in peripheral nerve cross sections. An increased level of Ibal+ cells in

the endoneurium of PRNP™"™ goats when compared to PRNP*'* indicates macrophage infiltration and/or proliferation in the former group.
Endoneurial CD3+ lymphocytes are present in the PRNP "™ goats. In the PRNP*'* group, no signal was observed from the endoneurium.
Quantification of the staining level was performed for both Ibal (B) and CD3 (D), confirming increased staining in PRNPTeTer goats

enrichment of hexosyl ceramides (HexCer) was observed
among the lipids significantly changed within the adult
groups. While only 13% of lipid species accounting for only

5% of summed abundance in the whole lipidome is signifi-
cantly changed, 42% lipid species (44 out of 105 species)
and 30% in summed abundance is significantly changed in



SKEDSMO ET AL.

50-0 n-m

FIGURE 5 Ultrastructural changes in nerves from PRNPT/T" goats. A, Myelin splitting and accumulation of vesicles. A shrunken axon (red

arrow) is present in the middle of the image, while a myelin fold surrounds a cytoplasmic space with accumulation of mitochondria (red frame,

magnified in inset). B, A severely swollen nerve fiber with a shrunken axon (red arrow). Only remnants of the myelin sheath are present. Vesicular

structures are visible in the vacuolated space. C, An axon with abnormally thin myelin sheath is surrounded by supernumerary Schwann cell

processes in a small onion bulb. The cytoplasm of the myelinating Schwann cell is indicated by green arrow, while the supernumerary Schwann cell
is shown with blue arrows. The axon is shrunken and has increased densities of neurofilaments and mitochondria (red arrow). D, Cellular infiltrates

next to a myelinated fiber with prominent rough endoplasmic reticulum in the Schwann cell. E, Dysmorphic organelles (red frame, magnified in
inset) in the adaxonal Schwann cell cytoplasm (blue arrow). Shrunken axon (red arrow). F, No changes were detected in unmyelinated fibers (red

arrows) of a Remak bundle

the HexCer lipid class for the adult goats (Figure 8B). A
closer inspection of the 18 most abundant species constitut-
ing 95% of the total abundance of the HexCer group revealed
a global downregulation of HexCer of the PRNPT®"Tr
goats compared to the adult controls (Figure 8C). There

were individual differences, that is, goats 1, 2, 3, and 5 are
down in all HexCer lipids, while goats 4 and 6 still have a
more scattered abundance profile, probably reflecting that
the demyelination has reached different stages among the
PRNP™Te" goats.
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FIGURE 6 A, Schematic representation of a myelinated fiber. B, A myelinated nerve fiber with swelling of the adaxonal Schwann cell

cytoplasm (red frame in b, magnified in C, Note the presence of vesicular structures in the adaxonal Schwann cell cytoplasm. The inner mesaxon

is indicated by the red arrow. D, Schematic representation of c¢. 1 = Axon, 2 = Periaxonal space, 3 = Adaxonal Schwann cell cytoplasm, 4 = Inner

mesaxon, 5 = Compact myelin, 6 = Abaxonal Schwann cell cytoplasm, 7 = Outer mesaxon, 8 = Intraperiod line, 9 = Major dense line, and 10 =

Schmidt-Lanterman cleft

3.4 | Genomic analysis

The average minor allele frequency across the 29 autosomes
showed strong similarity between the AI bucks (n = 41)
and the group of individuals heterozygous (n = 33) for the
PRNP™ allele. The goats homozygous for the PRNP'" allele
(n =20) had a lower MAF across all chromosomes, reflecting
their increased relatedness relative to the general goat popu-
lation. As expected, these homozygous goats also showed a
significant drop in MAF at chromosome 13, on which PRNP
resides, indicating an extended homozygosity surrounding
the PRNP locus (Figure 9A).

A more detailed analysis of chromosome 13 was
achieved by plotting the average MAF of a sliding window
of 5 SNPs across the chromosome. Only noncarriers and
homozygous PRNP™"™" goats were plotted (Figure 9B,C).
These data show that 58 consecutive SNPs in the region
from 44.97 MB to 47.45 MB are completely homozygous,
delineating the minimum shared haplotype between the
homozygous individuals in our study. The PRNP gene is

located in the region 46.45-46.47 Mb on goat chromo-
some 13, almost in the middle of the homozygous region.
Whereas the homozygous region constitutes approximately
2.5 MB of genomic DNA, the region spanning from 43.7 to
approximately 50.0 MB (6.3 Mb of genomic DNA) showed
a reduced MAF compared with the rest of chromosome 13.
This means that genes located in this wider region (43.7-
50.0 MB) have increased linkage to the PRNP™ allele,
while genes in the core region (44.97-47.45 Mb) are com-
pletely linked to the PRNP™ variant in the investigated
population. In Supplementary Table 2, genes located in the
core flanking region are given.

3.5 | Detection of PrPC in peripheral nerves

Immunofluorescence analysis of PrP¢ (Mab 6H4) in longi-
tudinal and cross-sections of peripheral nerves (Figure 10)
demonstrated that PRNP** goats showed a strong PrP©
expression in Schwann cells and myelin sheaths. Axons
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FIGURE 7 Fiber diameter frequency distribution in PRNP*
and PRNP™T" A goats illustrates a bimodal distribution in both
genotypes and a loss of large diameter fibers in the PRNPT"™ group.
B, Nerve fibers of PRNPT"T goats showed a higher g-ratio (axonal
diameter/fiber diameter), corresponding to a higher percentage of
thinly myelinated fibers

appeared negative, but levels could be below the detection
limit of the method used. As expected, PrP¢ was not present
in PRNP™™" goats. (Figure 11), western blot analysis con-
firmed PrP¢ presence in PRNP** goats. Glycosylated full-
length PrPC is visible; moreover, after deglycosylation with
PNGase-F, full length appeared at 27 kDa. A second band,
with an approximate molecular mass of 22 kDa, could repre-
sent a C-terminal truncated form of PrP®.

3.6 | Electrophysiology and clinical
examination
Electrophysiological recordings are summarized in
Supplementary Table 3. No significant differences in terms
of latency were noted. No neurological deficits were ob-
served in goats clinically examined.

4 | DISCUSSION

Over the past 7 years (from 2012), we have studied a total
of nearly 50 homozygous PRNP™™ goats, both genders
represented. Most have been young, but a few were more

than 5 years old, and thus “aged” after husbandry standards.
Although, no major physiological disturbances were appar-
ent at rest, when subjected to acute endotoxin challenge,
young (7 months) homozygous PRNP™"™ goats displayed
more profound sickness behavior** and increased inflamma-
tory lung damage than normal goats.25

In the current study, analysis of peripheral nerves from
goats, 8 months-7 years of age, revealed the presence of
thinly myelinated internodes intermingled with internodes of
normal myelin thickness, together with an increased variabil-
ity in internodal length. These results suggest the presence of
demyelinating neuropathy. These patterns of changes are in
line with abnormalities observed at around 10 weeks of age in
mice lacking the prion protein.g'10 Axonal and not Schwann-
cell restricted PrP¢ expression completely prevented periph-
eral neuropathy in these mice, although some disease features
were partly reversed after Schwann cell PrP® expression.'”
Focally folded myelin was observed in the paranodal areas
of the nerves of Prnp~'~ mice."” Although paranodal demye-
lination is an early and unspecific sign of demyelination, the
presence of intercalated internodes at both sides of a longer
internode, as well as the severely dysmorphic paranodes in
the PRNP™"™ goats, could be due to a function for PrP®
in paranodal and juxtaparanodal fiber segments, in particu-
lar membrane junctions. In some nonneural tissues, like the
gastrointestinal tract®® and lungs,27 PrP© expression has been
associated with stability of desmosomes, adherens junctions,
and tight junctions. As the paranodal regions are stabilized
by autotypic tight junctions,28 one possibility is that in the
absence of PrPS, these are slightly destabilized, leading to
paranodal outfoldings. Furthermore, disrupted axoglial junc-
tions have been shown to cause ion channel dispersion with
accumulation of potassium between the axon and Schwann
cell, eliciting swelling of the Schwann cell and remodeling
of the myelin,” a phenomenon that fits with the observed
pathology in the nerves from PRNP™"™ goats.

No clinical manifestations or electrophysiological aber-
rations were detected in PRNP™™" goats up to 7 years old.
In Prnp_/_ mice, reduced performance was noted in two out
of three tests for neuromuscular function and nerve conduc-
tion velocity was also reduced, most pronounced at older
age.'’In this study, the oldest homozygous PRNP /T
goat was close to 7 years and appeared neurologically
normal. However, goats can reach 15 years, so a seven-
year-old goat is probably “middle-aged.”

The pathophysiological significance of the elevated
number of Ibal+ macrophages in the endoneurium of
PrP-deficient goats needs further study. For instance, the
macrophages appear to be evenly distributed throughout
the endoneurium, and not, as in Prnp_/ ~ mice, located to
digestive chambers,'” which are sites of myelin degrada-
tion. This raises the intriguing possibility that macrophage
infiltration in goats precedes demyelination. To clarify
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this, studies of nerves from younger goats are necessary.
However, no increase in Ibal+ macrophages has been ob-
served in the choroid plexus of goats without PrPC,** ar-
guing that a pathological process in the peripheral nerves
provides the chemoattractant clues for macrophage in-
flux. Interestingly, we did not detect macrophages pene-
trating the basal lamina of Schwann cells; as reported in
macrophage-mediated demyelination,30’3 !
Prnp_/_ mice.

Additionally, T lymphocytes infiltrating the goat endo-
neurium were detected. In mice, demyelination appeared
independent of lymphocytes, since crossing Prnp_/ ~ mice

and observed in

- PRNP*

. PRNPTer/Ter

FIGURE 9 Haplotype analysis of
goats. A, The figure illustrates the average
minor allele frequencies (MAF) of all 29
autosomes, in PRNP**, PRNPY™ and
PRNPT™ goats. Chromosome numbers
+Ter are on the x-axis and MAF-frequency on
PRNP the y-axis. B, The graph shows the average
MAF of a sliding window of 5 sequential
SNPs across chromosome 13. For clarity,
only PRNP*'* and PRNPT/Te
goats are included. Figure C, is zoomed
in at the region surrounding the PRNP
gene. Positions in mega bases (MB) on the
x-axis and average MAF-frequency (of 5
sequential SNPS) on the y-axis
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with recombinase-1 ablated mice Rag/ 7 that are devoid of
functional B and T lymphocytes, did not affect the patho-
genesis. Although, polyneuropathies are heterogeneous
with respect to clinical manifestations and pathogenic
mechanisms, dysregulated immune responses that trigger
or aggravate the conditions are a frequent commonality.
Given that a mild, but distinct, systemic immunological im-
balance has been observed in goats without PrpC 242332 jt
cannot be ruled out that this also affects the immunological
homeostasis of peripheral nerves and that this can underlie,
or possibly aggravate, what appears to be a primary demy-
elinating condition.
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FIGURE 10 Localization of PrPC in peripheral nerves. Immunofluorescence analysis of peripheral nerves in PRNP*'* (left) and PRNP "™

(right). PrP¢ (green) is present in Schwann cells and compact myelin (magnification 40x, scale bars 50 pm.). Axonal neurofilament is stained red.

White frames are magnified in the lower part of the figure

A contribution to myelin degeneration could arise from
perturbation in lipid composition.33 In goat nerves, we found
that the lipid composition changes with age irrespective of
PRNP genotype. Whereas no major differences due to gen-
otypes were detected in young goats, changes in lipid com-
position between genotypes were evident in adults. Not all
the lipid components differentially present were identified,
but decreases in HexCer were noted. These lipids include ga-
lactosylceramides and glucosylceramides, and are among the
sphingolipids. Mice lacking fatty acid 2-hydroxylase (FA2H),
an enzyme involved in the synthesis of 2-hydroxylated

sphingolipids, develop normally up to early adulthood, then
develop degeneration in the spinal cord and lesions in the pe-
ripheral nerves, indicating that FA2H is necessary for myelin
maintenance.** Glycosphingolipids are not essential for the
synthesis of compact myelin, but are required for stability and
maintenance of myelin into old age.”> Whether or not PrP® is
involved in sphingolipid metabolism remains to be clarified.
Taken together, our results provide strong support for
a PrPC function in peripheral nerve myelin maintenance.
Further studies that clarify the mechanisms by which PrP©
can affect myelin maintenance are needed. In vitro studies
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FIGURE 11 Western blot analysis of peripheral nerves.
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have shown that part of the amino-terminal flexible tail of
PrPC€ is released by proteolysis from axons and diffuses to
a G protein-coupled receptor (Gprl126/Adgrg6), increasing
cAMP levels in myelinating Schwann cells."" The binding of
the flexible tail of PrP° to Gpr126 has also been confirmed in
vivo,!! although the effect of Gpr126 on myelin maintenance
has been questioned.35

Our genomic analysis of the PRNP-region at chromosome
13 shows that the invariant PRNP™® haplotype only spans 2.5
Mb, which constitutes approximately 3% of the chromosome
and less than 1% of the proteins encoded by chromosome
13. Thus, the haplotype containing the PRNP™" allele are
short compared with those observed in some of the Prap™"~
lines of mice.*® Taken together, data from transgenic mice
and the nontransgenic goat model presented here, demon-
strate that PrP* has a conserved role in myelin maintenance
in mammals.
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