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Summary

Peripheral nerves transmit signals between peripheral tissue and the central nervous
system, essential for normal motor and sensory function. To enable this, the integrity
of both the axon and Schwann cell is crucial. The Schwann cell forms a myelin sheath
around large diameter axons, necessary for rapid nerve conduction and axonal
survival. Neuropathies, diseases affecting peripheral nerves, have diverse etiologies
and may cause severe clinical signs in both human and animals. Some neuropathies are
caused by inherited deficiencies in proteins necessary for normal axonal function or
formation/maintenance of the myelin sheath. In this work, we have investigated how
deficiencies in NDRG1 or PrPC¢ affect peripheral nerve myelin maintenance by using

morphological studies in two unique, spontaneous animal models.

The hereditary polyneuropathy of Alaskan Malamutes is associated with a mutation in
N-myc downstream-regulated gene 1 (NDRG1). Other mutations in the same gene cause
polyneuropathies in humans, rodent models and Greyhound show dogs. However, the
function of NDRG1 in peripheral nerves is largely unknown and the
pathomorphological changes described in NDRGI-associated neuropathies of different
species diverge. Whereas the human disease, denominated Charcot-Marie-Tooth
disease type 4D, is considered a primary demyelinating disease with secondary axonal
loss, axonal degeneration dominated in the polyneuropathy of Greyhounds. A detailed
mapping of NDRG1 in canine tissues and cells presented in this thesis revealed high
NDRG1 expression in epithelia and myelinating Schwann cells. A phosphorylated
isoform of the protein localized to the centrosomes and cleavage furrow in a primary
canine Schwann cell culture. Phosphorylated NDRG1 was restricted to the abaxonal
cytoplasm of myelinating Schwann cells in control dogs, but this signal was not
observed in an affected Alaskan Malamute. Ultrastructural studies and teased fiber
preparations of nerves from neuropathic Alaskan Malamutes uncovered a
demyelinating neuropathy associated with accumulation of actin in the Schwann cell
and prominent myelin infoldings. The latter ultimately segregated the axon into
pockets with aggregates of organelles, suggestive of early axonal degeneration. We

therefore suggest that impaired NDRG1 function in the myelinating Schwann cells of
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affected Alaskan Malamutes results in deranged myelin maintenance, demyelination

and secondary axonal degeneration.

The cellular prion protein (PrP¢) has been studied extensively because of its role in the
development of transmissible spongiform encephalopathies in several species, such as
Creutzfeldt-Jakobs disease in humans, bovine spongiform encephalopathy (“mad cow
disease”) in cattle and scrapie in small ruminants. In these diseases, a misfolded
isoform of the protein, PrPs¢, accumulates in the brain and ultimately results in
neuronal death. The normal functions of PrP¢ are not fully understood. Some of the
phenotypes reported from transgenic mice lacking PrP¢ have later been ascribed to
other genes, but recent reports have suggested that PrP¢ is important in dampening
pro-inflammatory signaling and in myelin maintenance. We have used a
nontransgenic, spontaneous model to investigate the latter; a line of Norwegian dairy
goats lacking PrPC. Morphological studies revealed a demyelinating neuropathy with
infiltration of macrophages and lymphocytes, vacuolated fibers and paranodal myelin
outfoldings. Peripheral nerve lipid composition of adult goats lacking PrP¢ was
significantly different from controls, while no difference was observed in young goats,
suggesting a progressive disease. In conclusion, this is the first report of a
demyelinating polyneuropathy caused by loss of PrP¢ in a nontransgenic mammal,

supporting that PrP¢ has a vital role in peripheral nerve myelin maintenance.
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Sammendrag (summary in Norwegian)

Perifere nerver overfgrer nerveimpulser mellom perifert vev og sentralnervesystemet,
og er derfor essensielle for normal motorisk og sensorisk funksjon. For
opprettholdelse av denne funksjonen, er bade aksonet og den Schwannske cellen
viktige. Aksonet er en utlgper fra nervecellen og sgrger for overfgring av
nerveimpulser. Den Schwannske cellen danner en myelinskjede rundt stgrre aksoner.
Dette er ngdvendig for rask nerveledningshastighet og aksonal overlevelse.
Nevropatier, sykdommer i perifere nerver, har ulik etiologi og kan forarsake alvorlige
kliniske tegn bade hos mennesker og dyr. Noen nevropatier er forarsaket av arvelige
forstyrrelser i proteiner som er ngdvendig for normal aksonal funksjon eller
dannelse/vedlikehold av myelinskjeden. I dette arbeidet har vi undersgkt hvordan
mangel pd NDRG1 eller PrP¢ pavirker myelinvedlikehold i perifere nerver ved a bruke

morfologiske studier i to unike, spontane dyremodeller.

Arvelig polynevropati hos alaskan malamute er assosiert med en mutasjon i N-myc
downstream-regulated gene 1 (NDRG1). Andre mutasjoner i samme genet forarsaker
polynevropatier hos menneske, gnagermodeller og utstillingslinjer av greyhound.
Funksjonen til NDRG1 i perifere nerver er imidlertid ukjent, og de patomorfologiske
forandringene ved NDRG1-assosierte nevropatier hos ulike arter divergerer. Mens den
humane nevropatien, Charcot-Marie-Tooths sykdom type 4D, er ansett for a veere en
primeer demyeliniserende sykdom med sekundeert aksonalt tap, dominerte aksonal
degenerasjon ved polynevropati hos greyhound. En detaljert kartlegging av NDRG1 i
celler og vev fra hund presentert i denne avhandlingen viser hgye nivaer av NDRG1 i
epitel og myeliniserende Schwannske celler. En fosforylert isoform av proteinet ble
lokalisert i centrosomer og klgyvingsfuren hos Schwannske celler isolert fra hund.
Fosforylert NDRG1 var begrenset til abaksonale cytoplasma i myeliniserende
Schwannske celler i kontrollhunder, men dette signalet ble ikke observerti en syk
alaskan malamute. Ultrastrukturelle studier og teased nerve fibers av nerver fra
affiserte alaskan malamuter avslgrte en demyeliniserende nevropati assosiert med
aktinaggregater i de myeliniserende Schwannske cellene og uttalte innfoldinger av
myelin. Innfoldingene delte stedvis aksonene inn i atskilte lommer med aggregater av

organeller, forenelig med tidlig aksonal degenerasjon. Resultatene tyder pa at svekket
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NDRG1-funksjon i myeliniserende Schwannske celler hos affiserte alaskan malamuter
farer til forstyrret vedlikehold av myelin, demyelinisering og sekundeer aksonal

degenerasjon.

Det celluleere prionproteinet (PrP¢) har blitt grundig studert pa grunn av sin rolle i
utvikling av overfgrbare spongiforme encefalopatier, eller prionsykdommer, hos flere
arter, for eksempel Creutzfeldt-Jakobs sykdom hos menneske, bovin spongiform
encefalopati («kugalskap») hos storfe og skrapesjuke hos sma drgvtyggere. Ved disse
sykdommene vil en misfoldet isoform av proteinet, PrPSc, akkumulere i hjernen og
tilslutt resultere i nevronal celledgd. Normalfunksjonen til PrP¢ er ikke fullstendig
forstatt, og forstaelsen av denne kan veere viktig for a belyse den molekylaere
patogenesen ved prionsykdommer. Noen fenotyper rapportert fra transgene mus uten
PrPC ble senere vist a skyldes andre gener, men nylige rapporter foreslar at PrP¢ er
viktig for & dempe proinflammatorisk signalering og myelinvedlikehold. Vi har brukt
en ny, ikke-transgen, spontan modell - en linje av norske melkegeiter som mangler
PrPC - til & undersgke om denne modellen kan bekrefte tidligere studier fra transgene
mus som har vist myelinskader. Morfologiske studier hos geiter uten PrP¢ avslgrte en
demyeliniserende nevropati med infiltrasjon av makrofager og lymfocytter,
vakuoliserte nervefibre og paranodale myelinutfoldinger. Lipidsammensetningen i
perifere nerver hos voksne geiter uten PrP¢ var signifikant forskjellig fra kontrollene,
mens ingen forskjell ble observert hos unge dyr, noe som tyder pa en progredierende
sykdom. Dette er den fgrste rapporten av en demyeliniserende polynevropati
fordrsaket av PrP¢-mangel hos et ikke-transgent pattedyr, og stgtter at PrPC har en

viktig rolle i myelinvedlikehold.
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Introduction
Background

In the late 1970s, a previously unidentified neurological disorder in Alaskan
Malamutes was diagnosed for the first time at the Norwegian School of Veterinary
Science (NVH) (now Norwegian University of Life Sciences (NMBU)) (1). The
dominating clinical signs at presentation were exercise intolerance, dysphonia,
inspiratory stridor and pelvic limb ataxia, progressing to paraparesis, and in some
cases, tetraparesis (2). Neurological status, including decreased postural reactions and
spinal reflexes, suggested a disease affecting the peripheral nervous system, a
polyneuropathy. Based on pedigree studies and test mating, an autosomal recessive
inheritance was suspected and the disease was thereafter called “hereditary

polyneuropathy of Alaskan Malamutes” (AMP) (1) .

After advice from the researchers, the Norwegian Alaskan Malamute breeders’ club
initiated a breeding program and no new cases were diagnosed in Norway for more
than 20 years. However, several new cases have been examined during the last decade.
By using a candidate gene approach and the known association between degenerative
neuropathies and mutations in N-myc downstream-regulated gene 1 (NDRG1) in human
patients with Charcot-Marie-Tooth disease type 4D (CMT4D) (3) and Greyhound show
dogs (4), a missense mutation in NDRG1 was found in the affected Alaskan Malamute
dogs (2). In a recent study, both the historical and recent AMP cases were shown to
carry the same mutation causing a Gly98Val substitution in the NDRG1 protein (5). In
total, almost 25 Alaskan Malamutes with AMP have been examined by veterinarians in

our Scandinavian research group.

CMT4D is defined as a primary demyelinating disease (3, 6-8), and nerves of rodent
models with NDRGI mutations show Schwann cell abnormalities (7). In line with this,
degenerative changes in the myelin sheath were described in reports from the first
AMP cases in the 1980s (1). Conversely, the polyneuropathy in Greyhounds is
classified as a mixed or predominantly axonal disease (4), and axonal degeneration

was also described from recent AMP cases (2).
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Through the work with this thesis, the demyelinating changes in the nerves from AMP
cases became increasingly evident. Thus, the affected Alaskan Malamutes clearly
emerged as a model with a demyelinating phenotype caused by impaired NDRG1
function. These results opened up the opportunity to include exploration of the
myelin-related functions of another protein - the cellular prion protein (PrP¢) that
recently was suggested to serve in myelin maintenance, demonstrated in studies of
transgenic mice lacking PrP¢ (9). After the discovery of goats naturally lacking prion
protein (10), this unique, nontransgenic animal model has been used by researchers at
NMBU to study the functions of the cellular prion protein (PrP¢) (11-14), but until now

the peripheral nerves of the goats have not been examined.

Before introducing NDRG1 and PrP¢, I will give an overview of the structure of the

nervous system, general pathological reactions in peripheral nerves and neuropathies.

Overview of the nervous system

Topographically, the nervous system is divided into the central and the peripheral
nervous system. An alternative classification is based on functionality and distinguish
e.g. the somatic and autonomic nervous system. The autonomic nervous system
innervates viscera, vessels and glands, functions largely unconsciously and
involuntarily (15), and will not be discussed further in this thesis. The central nervous
system (CNS), consisting of the brain and the spinal cord, is enclosed by the cranium
and the vertebral column, respectively, and surrounded by the three meningeal layers,
dura mater, arachnoid and pia mater. The subarachnoid space is filled with
cerebrospinal fluid and communicates with the ventricular system of the brain and the
central canal in the spinal cord through apertures in the fourth ventricle. The
ventricular system and the central canal are lined by ependymal epithelium. Twelve
pairs of cranial nerves emerge from the brain and more than 30 pairs of spinal nerves

emerge from the spinal cord.
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Figure 1. Schematic overview of (A) the spinal cord and spinal nerve and (B) microanatomy of a myelinated

nerve fiber. SLC = Schmidt-Lanterman cleft. For details see main text.

18



Histologically, the CNS is divided into grey and white matter. The grey matter mainly
consists of neuronal cell bodies, dendrites and glial cells, while the white matter
largely consists of axons (16). Many of these axons are surrounded by myelin sheaths,
responsible for the white appearance of the tissue macroscopically. In the CNS, the
myelin is produced by oligodendrocytes. In contrast to the situation in the peripheral
nervous system (PNS), each oligodendrocyte can myelinate segments of several axons.
In the spinal cord, the grey matter is found centrally, in the dorsal and ventral horns.
The ventral horns contain motor neurons, whose efferent axons leave the spinal cord
through the ventral roots. The dorsal horns receive afferent sensory nerve fibers via
the dorsal roots. The white matter of the spinal cord is divided into funiculi, containing
ascending and descending nerve fibers. Most of these fibers are grouped together in
fasciculi containing fibers with a common destination, origin and function . A
schematic overview of spinal cord, spinal nerve and myelinated nerve fiber is shown in

Fig. 1.

The PNS include the cranial nerves, the spinal nerves with their roots and
ramifications, the peripheral nerves and the peripheral component of the autonomic
nervous system (17). At the intervertebral foramen, the dorsal and ventral root from
the spinal cord unite to form a spinal nerve. The dorsal root ganglion (DRG), containing
the cell body of the afferent neurons, is found close to the point where the roots
combine. Outside the vertebral column, the spinal nerve divides into dorsal and
ventral branches (rami). The dorsal branch supplies the back, while the ventral branch
supplies the limbs and ventrolateral part of the body wall. In the cervicothoracic and
lumbosacral region, the ventral branches combine to form plexa, from which the major

nerves to the limbs arise.

The peripheral nerves are enveloped by epineurium, a dense connective tissue, which
also fills the space between the fascicles (16) (Fig. 1A). Each fascicle is surrounded by a
layer of flattened polygonal cells, the perineurium, while the intrafascicular connective
tissue is called endoneurium (18). The large majority, up to 90% of the intrafascicular
cells are Schwann cells, 10% are fibroblast (19) and 2-4% are macrophages (20). Mast
cells and lymphocytes also occur (21). The extracellular component of the
endoneurium consists of collagen, elastic fibrillin fibers, water and various

macromolecules (21).
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Myelinated and unmyelinated nerve fibers are dispersed within the endoneurium.
Throughout this thesis the term “nerve fiber” will be used to denote an axon with its
associated glia cell. Large diameter axons (most axons exceeding 2 um (22)) are
enveloped by a myelin sheath, consisting of a series of cylindrical myelin segments.
The myelin sheath is essential for rapid, saltatory nerve conduction. Each segment of
the sheath is called an internode and produced by a single Schwann cell, while the
node of Ranvier is the space between consecutive Schwann cells (Fig. 1B). In the
myelination process, the Schwann cell extends its cytoplasm and plasma membrane in
a spiral around the axon and the intervening cytoplasm is eliminated to form a
multilamellated structure (22, 23). The major dense line represent the apposition of
the cytoplasmic leaflets of the Schwann cell plasma membrane, whereas the outer
leaflets form the intraperiod line (24). The Schwann cell structures and cytoplasm that
remain outside the compact myelin are abaxonal, whereas the minor portion of
cytoplasm internal to the compact myelin, close to the axon, is called the adaxonal
cytoplasm. The Schwann cell nucleus is situated abaxonally, approximately in the
middle of the internode (25). Schmidt-Lanterman clefts (SLC) are cytoplasmic
channels spanning through the compact myelin, connecting the ab- and adaxonal
cytoplasm (24). Unmyelinated nerve fibers are found in Remak bundles, where

several unmyelinated axons are invaginated into a single Schwann cell (23).

In early life, the internodal length is approximately 300 um in humans (23), and a
comparable “minimal” internodal length is found in other species (26-28). During body
growth, the length of the nerves increases and, as the number of internodes along the
axon remains constant, the internodal length increases (23, 27). Consequently, the
nerves in the body parts growing most in length, such as the limbs, will have the
longest internodes in adult animals (27, 29). Furthermore, large diameter axons are
myelinated at an earlier stage than small diameter axons, causing axons with the
largest diameters to have the longest internodes (23). In the sciatic nerve of an adult
dog, the myelin sheaths of the largest axons had internodal lengths close to two mm

(28).

In the early 20t century, several peaks of voltage were detected when the electrical
activity in a nerve was recorded following stimulation (30). The peaks represented

groups of nerve fibers with different nerve conduction velocities and formed the basis
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for their classification. Even though nerve fibers were originally classified according to
nerve conduction velocity, the classification also has morphological implications, as
large myelinated fibers have higher nerve conduction velocity than small myelinated
fibers and unmyelinated fibers (22, 23, 30). One of the classification systems
distinguish between class A, B and C fibers: Class A fibers are somatic afferent and
efferent myelinated fibers with diameters of up to 20 um, class B fibers are myelinated
autonomic preganglionic fibers with diameters up to 3 um, while class C are
unmyelinated autonomic postganglionic and somatic afferent fibers (23). Most
peripheral nerves are mixed, containing both motor (efferent) and sensory (afferent)

nerve fibers (31).

The myelin sheath is a modification of the Schwann cell membrane and is composed of
approximately 75% lipids and 25% proteins in dry weight (22, 32, 33). For
comparison, the hepatocyte plasma membrane contains 34% lipids (33). There are no
myelin-specific lipids, but some lipid classes, for example cholesterol and glycolipids,
are enriched in myelin compared with other plasma membranes (32-34). In contrast,
certain proteins, such as Po, periaxin, myelin basic protein (MBP) and myelin-
associated glycoprotein (MAG), are specific for the myelin sheath (32, 35). In a recent
study, these proteins constituted 22%, 16%, 8% and 0.28%, respectively, of the myelin
proteins in mouse peripheral nerves (36). The characteristic composition of the myelin
is considered necessary for proper wrapping of the membrane in the myelin sheath

and for providing electrical insulation to the axon (32, 33).

General pathology in peripheral nerves

Wallerian degeneration, distal axonopathy and segmental demyelination are common
changes in diseased peripheral nerves. In the following paragraphs, I will give an

overview of these processes.

Wallerian degeneration

Wallerian degeneration means changes occurring in the distal stump of a myelinated
axon following an acute focal crush or transection injury (37). Multifocal axonal
swellings with degenerating organelles occur within 24 hours (37-39). Myelin retracts
from the nodes of Ranvier and there is widening of the SLC (40). The Schmidt-

Lanterman clefts serve as constriction sites for the fragmentation of the internode into
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ellipsoids, containing axon fragments centrally surrounded by degenerating myelin.
Actin polymerization in the cleft was necessary for this process (41). Initially, Schwann
cell phagocytose and degrade some of the myelin (37, 38). Later, macrophages invade

the nerve and phagocytose debris (42).

If the neuronal cell body is uninjured, there is potential for regeneration. Schwann cells
proliferate, forming Biingner bands, in the space where the distal stump resided.
Several axonal sprouts grow from the proximal end of the transected axon and give
rise to a regenerative cluster, a group of small myelinated fibers encircled by a
common basal lamina (38). With time, one sprout is selected to complete the
reinnervation (37). The remyelinated internodes are short, comparable to the 300 um
length they have at birth, and exhibit thin myelin sheaths. While the thickness of the
myelin sheath gradually increase to near-normal thickness, the internodes along the
regenerated axon remain uniformly short as no elongation due to body growth occurs

(27,38, 42).

Although the term Wallerian degeneration is reserved for the synchronous changes
occurring after crush or transection, similar changes occur in other neuropathies.
However, in these cases, axonal degeneration and regeneration are often seen

concurrently (42).

Distal axonopathy

Distal axonopathy denotes axonal degeneration starting in the distal part of the long
axons, progressing in a proximal direction. This pattern of changes, also called “dying-
back” of the axon, can be found in metabolic, toxic and inherited neuropathies (22, 37,
43). Some examples are acrylamide (44) and organophosphate toxicity (37). The
classical theory behind this distribution of changes is that many essential substances
are supplied from the neuronal cell body (42), and in situations of metabolic
deficiencies or impaired axonal transport, the distal part of the axon suffers first (43).
The changes observed are usually non-specific (42), and include focal axonal swellings
(spheroids) with accumulation of neurofilaments, mitochondria and other
degenerating organelles (37, 42). As Schwann cells remove axonal debris through
axon-Schwann cell networks, these networks can be prominent in distal axonopathies

(43, 45). In a healthy nerve, axon-Schwann cell networks are only found in low
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numbers paranodally (42). The axonal changes may progress to breakdown of the
distal fiber in a Wallerian-like process (45), and subsequent attempts of regeneration

(37).

Segmental demyelination

In segmental demyelination there is loss of myelin from scattered internodes along the
nerve fiber (37, 46). Most commonly, this is a result of defects in or damage to the
Schwann cell or myelin sheath (primary demyelination) (22, 24), but may also occur
secondary to axonal atrophy in primary axonal disorders (24). Segmental
demyelination was first described in lead intoxication, but occurs in both inherited and
acquired neuropathies (38, 46). The first change observed is usually retraction of
myelin from the nodes. If the nodal gap is less than 40 pm, a single Schwann cell may
remyelinate the demyelinated segment. The remyelinated segments are called
intercalated internodes. If the paranodal demyelination extends to involve more than
half of the internode, myelin breakdown along the whole internode occurs (38). This
segment is remyelinated by several Schwann cells, forming short and thinly
myelinated intercalated internodes intermingling with internodes of normal length
and thickness (38, 46). This contrasts with the remyelination seen after axonal
regeneration, where the internodes along the regenerated axon are uniformly short

and thin (38) (Fig. 2).

c - - === =

Proximal Distal

Figure 2. Schematic illustration of changes in teased fiber preparations. A. Normal nerve fiber. B. After
axonal degeneration and regeneration with subsequent remyelination of regenerated segment.
Remyelinated internodes are short and initially exhibit a thinner myelin sheath than normal internodes. C.
After segmental demyelination and subsequent remyelination, intercalated internodes are present between
normal internodes. 1=Internode. 2=Node of Ranvier. 3=Axon. 4=Intercalated internodes.
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In neuropathies with recurrent demyelination and remyelination, “onion bulbs” can be
found. During the remyelination process, the Schwann cells proliferate, leading to the
production of more Schwann cells than needed for the remyelination (22). The
supernumerary Schwann cells are displaced peripherally, resulting in an onion-like
structure with a central, remyelinated axon surrounded by concentric layers of
Schwann cell processes (22, 24). The Schwann cells can be distinguished from other

endoneurial cells by the presence of a basal lamina (47).

While demyelination, remyelination and onion bulb formation are quite unspecific
changes, more specific findings are found in certain neuropathies. Macrophage-
mediated myelin stripping is considered a hallmark for immune-mediated
demyelinating polyradiculoneuropathies, such as the human Acute Inflammatory
Demyelinating Polyradiculoneuropathy (AIDP, a demyelinating form of Guillain-Barré
syndrome (GBS)) and Chronic Inflammatory Demyelinating Polyradiculoneuropathy
(CIPD) (48). In this process, macrophages penetrate the basal lamina of a
morphologically intact nerve fiber and extend its processes along the intraperiod line

(38, 48), causing destruction of the myelin sheath and segmental demyelination (24).

Axon-Schwann cell interaction

The proper functioning of each party of the axon-glia axis is heavily dependent on the
other, highlighted by the fact that primary demyelinating diseases cause secondary
axonal degeneration and vice versa (49). One example is axonal expression of
Neuregulin 1 (NRG1), in particular the membrane-bound isoform NRG1 type III, which
binds to its receptor ErbB2/3 on the Schwann cell. This signaling triggers myelination
and ensures optimal thickness of the myelin sheath relative to axonal size (reviewed in
(50, 51)). Furthermore, stimulation of the G protein coupled receptor GPR126 on
Schwann cells, resulting in increased intracellular cAMP levels, promote myelination
(50). Axonal PrP¢-signaling has been proposed to participate in maintenance of the
myelin sheath (9) by activating this receptor (52). On the other hand, the function of
the Schwann cell is not restricted to provide passive insulation of the axon (49, 53).
The Schwann cell has been suggested to supply ribosomes, proteins, mRNA and
metabolic substrates to the axon, and is proposed to form a functional syncytium with
the axon (reviewed in (53), (54)). Furthermore, the Schwann cell participates in

maintenance of axonal integrity by removing damaged organelles through axon-
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Schwann cell networks (45), as described previously. On one hand it may therefore
seem artificial to distinguish between demyelinating and axonal neuropathies.
However, knowing which cell type is primarily affected is important for understanding

the function of a protein and why its deficiency causes neuropathy.

Neuropathies

Diseases affecting several nerves are called polyneuropathies. Based on etiology, the
polyneuropathies are usually divided into inherited and acquired forms. The latter
group is further subdivided into toxic and metabolic, infectious and inflammatory,
neoplastic and paraprotein-associated polyneuropathies (55). In the developed world,
metabolic and toxic causes account for more than 50% of the human neuropathies,
inflammatory and genetic for 10-20% each, neoplasia for 5-10%, while 10-20% are

idiopathic (55).

Acquired neuropathies

A great variety of etiologies can cause acquired neuropathies both in humans and
animals (55-57), for example hypothyroidism, diabetes mellitus (31, 56), and
intoxication with lead or organophosphates (22, 31). Chemotherapeutic agents can
cause toxic neuropathy as side effect (31, 58). One of these, paclitaxel, is used in the
treatment of human breast cancer. Interestingly, one study identified an increased risk
of paclitaxel-induced neuropathy in patients with low NDRG1 expression in peripheral

nerves (59).

Immune-mediated polyradiculoneuropathies are triggered by autoimmunity against
the peripheral nervous system (60). The main subtypes in humans are GBS and CIPD
(48), while Acute Canine Polyradiculoneuritis (ACP, also called coonhound paralysis)
is considered the canine counterpart of GBS (61). Although the pathogenetic
mechanisms are not completely known, an immune response targeting proteins or
glycolipids in the myelin sheath or axonal membrane has been suggested (61). In both
GBS and ACP, the immune reaction is thought to result from molecular mimicry

following exposure to antigens for example during infection or vaccination (48, 56).

Prion-related peripheral neuropathy resides at the boundary between acquired and

genetically determined neuropathies, as it has been described in both sporadic (62)
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and familial prion diseases in humans (63). The patients have clinical and
electrophysiological signs of polyneuropathy (62, 63) and axonal degeneration has
been noticed in nerve biopsies (62). The misfolded isoform of the prion protein (PrPsc)

was detected in the peripheral nerves (62).

Inherited neuropathies: Charcot-Marie-Tooth disease and Inherited
motor and sensory neuropathies

Most inherited neuropathies are classified as Charcot-Marie-Tooth disease (CMT) in
humans, while the canine counterparts are called Inherited Motor and Sensory
Neuropathies (IMSN) (64). Mutations in more than 80 genes have been found as
causative of different types of CMT (65), and during the last ten years some of the
inherited neuropathies in dogs have been linked to specific mutations (2, 4, 66, 67).
CMT has a prevalence of 1 per 1214 persons in Norway (68, 69), and, although severity
and age of onset may vary, most patients display a “classical” CMT phenotype
characterized by distal muscle atrophy and weakness, sensory loss, foot deformities
and absent ankle reflexes with onset of clinical signs during the first two decades of life

(70).

CMT has traditionally been classified into subtypes based on clinical and pathological
phenotype, inheritance mode, nerve conduction velocity and causative gene
(summarized in Table 1). Both CMT1 and CMT?2 are inherited in an autosomal
dominant manner, and nerve conduction velocity (NCV) is used to separate between
them clinically (71). Patients with CMT1 have a NCV of less than 38 m/s (71, 72), and
the nerve changes are dominated by extensive demyelination, remyelination, onion
bulb formation and secondary axonal loss (71, 73). In contrast, CMT2 patients have
normal or almost normal conduction velocity (72, 73), but reduced amplitudes
because of axonal loss (71). In the nerves, there is axonal degeneration without
obvious segmental demyelination (73). Furthermore, there is loss of myelinated fibers,
especially large fibers, and frequent regenerative clusters (71). CMT forms with NCV in
the 25-45 m/s range, and a combination of demyelination and axonal degeneration

(“mixed”) in nerve biopsies, are denoted “intermediate” (74).
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Table 1. Overview of main CMT subtypes. See text for references. Please note that the table is not

exhaustive.

CMT subtypes

Disease features, inheritance, phenotypes and pathology

CMT1

CMT2

Dejerine-Sottas
syndrome (DSS,
formely CMT3)

CMT4

CMTX

Hereditary
Neuropathy with
Pressure Palsies

(HNPP)

Autosomal dominant inheritance.

Nerve conduction velocity (NCV) <38 m/s.

Primary demyelinating neuropathy with segmental demyelination,
remyelination and onion bulb formation.

Examples of mutated genes: Duplication of PMP22 (CMT1A), point
mutations in MPZ (CMT1B), mutations in SIMPLE (CMT1C) and in EGR
(CMT1D).

Typically autosomal dominant inheritance (designated AR CMT2 if
autosomal recessive).

NCV >38 m/s, reduced amplitudes.

Primary axonal neuropathy with axonal loss and regenerative clusters.
Examples of mutated genes: MFN2 (CMT2A), RAB7 (CMT2B), NEFL
(CMT2E), MPZ (CMT2I and CMT2]).

Autosomal dominant or recessive inheritance.

Severe, early-onset demyelinating polyneuropathy.

Mutations in the same genes as in CMT1, thus nowadays often placed in
the CMT1 subgroup.

Autosomal recessive inheritance.

NCV <38 m/s.

Primary demyelinating neuropathy. Focally folded myelin in CMT4B
and CMT4H, see discussion part of thesis.

Examples of mutated genes: MTMR2 and MTMR13 (CMT4B1 and
CMT4B2), NDRG1 (CMT4D), FRABIN (CMT4H).

X-linked inheritance.

NCV intermediate between demyelinating and axonal CMT.

Both axonal and demyelinating changes (mixed).

Mutation in GJB1.

Autosomal dominant inheritance.

Recurrent episodes of mononeuropathy following compression of the
nerve.

“Tomacula” formation, i.e. focal thickening of the myelin sheath
resulting in “sausage-like” appearance in teased nerve fiber
preparations.

Deletion in PMP22.
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Several other subtypes of CMT exists. CMT forms with autosomal recessive inheritance
are classified as CMT4 if they are demyelinating and AR CMT?2 if they are axonal (75).
Dejerine-Sottas syndrome, formerly denominated CMT3, is an early-onset form of
demyelinating neuropathy of either autosomal dominant or autosomal recessive
inheritance (76), while CMTX is X-linked (77). Hereditary neuropathy with pressure
palsies (HNPP) is characterized by recurrent episodes with mononeuropathy clinically

and prominent focal myelin thickenings histologically (71).

The main CMT forms are further divided into subtypes based on genetic abnormality,
such as CMT1A and CMT1B. However, the increasing number of mutations identified
has complicated the current classification. This is further accentuated by the
recognition that different mutations in the same gene might cause different CMT forms
(76). To simplify the classification, a new categorization, where the CMT forms are
denominated according to inheritance, phenotype and gene, was recently suggested
(76). In this thesis, the traditional classification is used, as this is most commonly used

in the literature.

Despite the large number of mutated genes in different CMT subtypes (65), mutations
in the four genes PMP22, GJB1, MPZ and MFNZ account for more than 90% of CMT
cases with molecular diagnoses. A duplication in PMP22 cause CMT1A, while a deletion
in the gene cause HNPP. PMP22 is a transmembrane protein in compact myelin, but
the normal function of the protein and exactly how the gene defects cause disease is
unclear (71, 78). MPZ is mutated in the demyelinating CMT1B, while other mutations
in the gene cause the axonal neuropathies CMT2I and CMT2]. The gene encodes Py,
which is a transmembrane protein necessary for myelin compaction (78). It is not well
understood why particular mutations in the gene cause predominantly demyelinating
neuropathy and others axonal neuropathy (79), but it is hypothesized that the
mutation disrupts Schwann cell-axon interactions (80). Mutations in GJB1 cause X-
linked CMT. GJB1 encodes the gap junction protein connexin 32, which is located at the
nodes of Ranvier and SLC. The gap junctions facilitate transfer of ions and small
molecules across the compact myelin to the adaxonal part of the myelin sheath, and,
possibly, the axon (77). Mitofuscin 2, encoded by MFNZ, is present in the outer
mitochondrial membrane and regulate mitochondrial fusion. Mutations in MFNZ2 cause

CMT2A (81).
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In contrast to the situation in humans, most of the canine IMSNs have an autosomal
recessive inheritance (64, 82). Furthermore, only a few of the canine IMSNs are
described as demyelinating (64), while demyelinating neuropathies form the majority
of CMTs in humans. The clinical signs in neuropathic dogs are usually nonspecific (57,
64, 82). Paresis, decreased spinal reflexes and neurogenic muscle atrophy usually start
distally in the pelvic limbs and may progress to involve the thoracic limbs as well (31,
64). Some giant breeds, such as Leonberger dogs (83), develop a characteristic high-
stepping pelvic limb gait to compensate for atrophy and dysfunction of the cranial
tibial muscle (64). Typical sensory signs are ataxia, proprioceptive deficits and
decreased sensation (57, 64). Furthermore, dysfunction of the recurrent laryngeal
nerve might lead to laryngeal paralysis and megaesophagus (31, 64). IMSN have been
described in at least 22 dog breeds, but the associated mutations have only been
identified in a few, such as Greyhound show dogs (4), Alaskan Malamutes (2),
Leonberger dogs (66, 84) and Miniature Schnauzer (67).

NDRG 1-associated neuropathies

Charcot-Marie-Tooth type 4D was first identified in a Gypsy community in Lom,
Bulgaria, and originally called “hereditary motor and sensory neuropathy-Lom”
(HMSNL) (85). The disease has later been diagnosed from patients in several countries
in Europe and Asia (86-91). A causative R148X mutation in NDRG1 was originally
found (3), but later at least seven different mutations in the gene have been described
from human CMT4D patients (86, 91-94). Nerve biopsy findings consist of
demyelination and remyelination, onion bulb formation in young individuals,
dyscompaction of the inner part of the myelin sheath, accumulation of pleomorphic
material in the adaxonal Schwann cell cytoplasm and nerve fiber loss (6, 8, 76, 88-90,
95, 96). Clinically, signs from the lower limbs are observed during the first decade of
life, upper limb weakness presents in the second decade and some patients develop

deafness in the third decade (6, 8, 88-90, 95-97).

In 2010, an inherited polyneuropathy with autosomal recessive inheritance in
Greyhound show dogs was described (4). The clinical signs appeared as early as three
months of age in some of the dogs, and the affected dogs developed tetraparesis,
ataxia, decreased spinal reflexes and postural reactions, muscle atrophy in distal limbs

and laryngeal paresis. No animals survived longer than 10 months after appearance of
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clinical signs, as they were euthanized on humane grounds due to disease severity. A
deletion in NDRG1 was found in the affected dogs, causing a decrease in NDRG1 mRNA
and a lack of NDRG1 protein in the peripheral nerves. The neuropathy was classified as
mixed or predominantly axonal based on the finding of axonal dystrophy in biopsies

4).

The Alaskan Malamutes with NDRGI mutations have clinical signs of polyneuropathy
similar to the neuropathic Greyhounds (2), but the clinical signs appeared later
(median 13.5 months) in the affected Alaskan Malamutes (2). Morphological
descriptions from neuropathic Alaskan Malamutes are differing (1, 2), however, in-

depth studies of nerves from affected dogs have not been performed yet.

NDRG1 protein
NDRG1 was first described as a gene that is up-regulated by homocysteine (98), during

cellular differentiation (99) and a few years later, as mentioned, as the mutated gene in
human and canine neuropathies (2-4). Furthermore, much research has focused on its

role in cancer (99-105).

NDRG1 encodes a 43-kDa protein, consisting of 394 and 384 amino acids in humans
(106) and dogs, respectively, and is highly conserved between species (106-108). The
NDRG1 protein is a member of the NDRG protein family (109, 110), comprising
NDRG1, 2, 3 and 4, which have 53-65% similarity in amino acid sequences (106).
NDRG1 belongs to the alfa/beta hydrolase superfamily, but reportedly lack the
catalytic site required to exert enzymatic activity (111). Within the alfa/beta
hydrolase fold, there is a predicted phosphopantetheine attachment motif (98, 99).
NDRG1 harbors a C-terminal tandem repeat, where the sequence GTRSRSHTSE, is
repeated two or three times, in the canine and human protein, respectively. This
sequence is unique to NDRG1 in the NDRG family (106). The protein undergoes
complex posttranslational processing, including phosphorylation at several
phosphorylation sites (108, 112, 113), SUMOylation (114) and proteolytic cleavage
(115, 116).

A wide range of processes, chemicals and compounds regulate the expression of
NDRG1 [reviewed in (106)]. NDRG1 is upregulated during cellular differentiation (99,

104). Furthermore, NDRG1 levels are increased by cellular stress, such as hypoxia
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(117, 118), hypoxia-mimicking agents (119), heavy metals (120) and P53, which
activate cell-cycle arrest and induce apoptosis following DNA damage (121). In
contrast, NDRG1 is downregulated by N-myc and C-myc (122), and during cellular

proliferation (123) and malignant transformation (99)

NDRGT1 is ubiquitously expressed in human (117) and murine tissues (116), with
especially high levels in the peripheral nerves (116) and epithelial cells, while the
protein was not found in mesenchymal cells (117). Cellular, cytoplasmic and nuclear
localizations have been observed (117, 119), and, at the ultrastructural level, NDRG1
localized to the plasma membrane, mitochondrial inner membrane and adherens
junctions (117). The localization is dynamic, for instance hypoxia caused
redistribution of NDRG1 from the cytoplasm to the cell nucleus, plasma membrane and
ER in human trophoblasts (119) and differentiation provoked a membranous

localization in human colon adenocarcinoma cells (99).

NDRGT1 is considered a metastasis-suppressor (100, 101, 104, 122, 124), and the
expression is downregulated in several malignancies, for instance those derived from
the colon (99), prostate (100) and breast (101). Reduced NDRG1 level is mostly
associated with a poor prognosis (100, 125, 126), but the opposite pattern was
reported from hepatocellular carcinomas (103) and cervical adenocarcinomas (127).

The exact mechanisms by which NDRG1 mediate these effects are not known.

Although numerous reports have implicated NDRG1 in a diverse set of cellular
processes [reviewed in (106, 108, 109)], a definite function has not been assigned.
Several studies have suggested a role in vesicular transport (118), and more
specifically as a RAB4a effector molecule necessary for recycling of E-cadherin (128).
Furthermore, NDRG1 is involved in formation of intracellular lipid droplets (129, 130),
and interacted with the apolipoproteins A-I and A-II (131). Silencing of NDRG1 caused
an increased level of cholesteryl esters in cultured hepatocytes (130) and breast
cancer cells (129), while NDRG1-deficient epithelial cells had reduced uptake of low-
density lipoprotein (LDL) and reduced level of cholesteryl esters as a result of
disturbed recycling of the LDL receptor (132). NDRG1 is also recognized as a

microtubule-associated protein (MAP). The protein localizes to centrosomes (105,
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121), participates in formation of the mitotic spindle (105) and regulation of

centrosome numbers (121).

In human (116, 117) and rodent (116, 133, 134) peripheral nerves, NDRG1 is present
in the cytoplasm of myelinating Schwann cells. A student thesis from NMBU suggested
a similar expression in dogs (135). NDRG1 was also present in the Schwann cell
nucleus of rodents during remyelination after nerve crush (134). In one report,
neuronal expression was found in human peripheral nerves (117). NDRG1 is
upregulated during myelination and the expression follows myelin-related genes, such
as PMP22 (116, 134). However, the protein seems dispensable for initial myelination,
as changes in the nerves were first observed at five weeks of age in rodents lacking

NDRG1. This rather pointed towards a role in myelin maintenance (133).

Prion protein

The cellular prion protein, PrP¢, has been extensively studied after the discovery that
its misfolded isoform, PrPS¢, causes transmissible spongiform encephalopathies. PrP¢ is
encoded by the PRNP gene, located on chromosome 20 in humans and 13 in goats. The
protein consists of an ordered C-terminal globular domain and a N-terminal
unstructured domain. A glycosylphosphatidylinositol (GPI)-anchor binds the protein
to the cell membrane, and PrP¢-derived peptides might be released by proteolytic

cleavage (136).

During the development of prion diseases, PrPsc interacts with PrP¢ and converts it to
PrPSc, leading to aggregates in the CNS. The diseases may be infectious, inherited or
spontaneous (137). An overview of prion diseases and their etiologies is provided in

Table 2.
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Table 2. Overview of prion diseases and their etiologies.

Host Disease Etiology
Human Creutzfeldt-Jakob disease Spontaneous
Variant Creutzfeldt-Jakob disease Infectious (BSE-contaminated
food)
Familial Creutzfeldt-Jakob disease Germline PRNP mutation
latrogenic Creutzfeldt-Jakob disease Surgical and medical
treatments
Kuru Infectious (cannibalism)
Fatal familial insomnia Germline PRNP mutation
Gerstmann-Straussler-Scheinker syndrome Germline PRNP mutation
Cattle Classical bovine spongiform encephalopathy | Infectious
(BSE)
Atypical BSE Spontaneous
Sheep and goat Classical scrapie Infectious
Atypical scrapie (Nor98) Spontaneous
Cervids Chronic wasting disease (CWD) Infectious
Atypical CWD Under investigation
Cat Feline spongiform encephalopathy Infectious (BSE-contaminated
food)
Mink Transmissible mink encephalopathy Infectious
Camelids Camelid prion disease Infectious

Demyelinating neuropathy in mice lacking prion protein

Several lineages of transgenic mice lacking PrP¢, have been generated to investigate

the physiological role of the protein (138-142) as results from such studies could give

clues to whether the cell damage during prion diseases is caused by “loss of function”

or “gain of toxicity” through aberrant stimulation of PrP¢-mediated cell signalling

(143). Apart from being prion disease resistant, only minor abnormalities were

initially observed in these mice under resting conditions. The first phenotype observed

was ataxia and Purkinje cell degeneration in the Nagasaki knock-out mice (140, 144).

This phenotype was later shown to be caused by the ectopic expression of Doppel

(145, 146), but the authors also reported vacuolation in the spinal cord and

demyelination in the peripheral nerves. The latter finding was also observed in the

nonataxic Zurich I mice (144). Thus, it was suggested that PrP¢ serves important roles

in myelin formation and/or maintenance in both the central and peripheral nervous



system (144). More recently this has been investigated in several Prnp~/- mouse
lineages and has led to the hypothesis that axonal PrP¢ is important for maintenance of
the myelin sheath (9, 142). Specifically, it was proposed that proteolytic liberation of
PrPC-derived peptides from axons could diffuse to Schwann cell receptors (52) to
provide signalling for myelin maintenance (52), and that absence of such signalling

gradually would lead to demyelination (9).

Goats lacking PrP°

In 2012, a unique lineage of Norwegian Dairy Goats, spontaneously lacking PrP¢ was
discovered. These goats carry a point mutation in PRNP, resulting in a premature stop
codon that terminates translation (10). To the best of our knowledge, this is the only
naturally PrP¢-deficient animal reported. The goats appear normal and are considered
healthy, however, a more pronounced sickness behavior (12) and lung damage (13)

were observed when subjected to endotoxin challenge.

Animal models

Searching for phenotypes in knock-out animals, is a commonly used tool to investigate
the physiological function of a specific protein. This is often accomplished by using
transgenic rodent models. Rodents offer advantages such as rapid breeding cycles,
short life span, availability of transgenic techniques and they are easily housed in
experimental animal facilities (147). While giving valuable information, rodent models
are often not able to fully reproduce the conditions observed in humans (147), also
when it comes to peripheral neuropathies (7, 148, 149), suggesting a need for other

animal models.

Domestic animals, such as dogs and goats, are valuable models for research of several
reasons. In terms of their size, they have an anatomy more similar to humans when
compared to rodents (147). This is especially relevant when investigating
neuropathies, where length-dependent axonal degeneration is often observed. Dogs
and goats also have a longer life-time expectancy and live in a more natural
environment than laboratory rodents. Additionally, the use of animals with naturally
occurring, spontaneous mutations to address a research question is preferable in the

context of the 3Rs (replacement, reduction, refinement). Also, the study of biological
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processes in several and evolutionally distant species generally will provide expanded

knowledge compared with studies in one species only.

Furthermore, to achieve certain desirable traits in domestic animals, a restricted
number of individuals have been bred and disease-causing mutations have been
enriched in the same process. This is particularly pronounced for dogs, where each dog
breed may be considered a partially inbred genetic isolate (150), and within most
breeds there are specific inherited diseases, often with an autosomal recessive
inheritance. Thus, CMT4D, which is a severe, but relatively rare human disease, may be
more easily studied in canines with NDRGI mutations simply because the disease

occurs with higher frequency.

On the other hand, spontaneous non-rodent models also impose some limitations, such
as restricted access to material. For example, the Alaskan Malamutes studied in this
thesis are privately owned companion animals. As sampling has been performed as
part of the routine diagnostic procedures or postmortem examinations, samples from
all sites are not available from all the dogs. Furthermore, many of the methods used in
this thesis are dependent on specialized tissue preparation techniques, thus, in some
instances it was necessary to prioritize which method to employ when the number of

nerve samples from an individual was limited.

A general problem when trying to associate a mutation in a certain gene with a trait, is
that also the genes surrounding the mutation show more similarity in the mutated
animals than in the general population. The “flanking gene problem” is when a
phenotype is falsely attributed to a mutation in a specific gene but actually caused by a
closely linked gene (151). For example, PrP¢ was suggested to regulate phagocytosis in
a transgenic rodent model (152), but this phenotype was later shown to be caused by
polymorphism in a linked gene encoding SIRP-« (153). The possibility of linked
mutations has been addressed earlier for Alaskan Malamutes with NDRG1 mutations
by considering the function of surrounding genes (2). However, for the goats lacking

PrP¢, this question is discussed later in the thesis.
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Aims of the thesis

In the peripheral nervous system, Schwann cells form a biologically active,
multilamellar myelin sheath around large diameter axons. Myelination is important for
rapid signal conduction, axonal function and survival. Several debilitating diseases of
peripheral nerves, known as polyneuropathies, occur in both humans and animals. In
order to prevent or ameliorate these diseases, it is essential to understand in
molecular detail how specific proteins contribute to myelin homeostasis or normal
axonal function. Furthermore, the morphological and molecular changes observed may
be relevant for a wider range of neuropathies. In this work, we have taken advantage
of two unique, spontaneous animal models to investigate NDRG1 and PrP¢ in
peripheral nerves. While NDRGI mutations are known to cause neuropathies in
several species, PrPC¢ has been hypothesized to participate in myelin maintenance from

studies in transgenic mice.

Therefore, the overall aim of the project was to investigate how deficiencies in
NDRG1 or PrPc¢ affect peripheral nerves by using morphological studies in dogs

and goats with and without mutations in the respective encoding genes.

More specifically:

e Determine and interpret the localization of NDRG1 in canine tissues and
cells (paper I). Knowing the normal distribution of NDRG1 in canine
peripheral nerves was a prerequisite to understand its role in maintenance of
normal nerve structure, and a detailed mapping in different cells and tissues
might give clues about possible functions.

e Describe and analyze in detail the morphology, including ultrastructural
changes, of AMP nerves and discuss these changes in relation to the cell
biology of NDRG1 (paper II).

¢ Investigate whether goats without PrP¢ develop a demyelinating disease
and discuss the changes in relation to changes described in transgenic

rodents and the cell biology of PrP¢ (paper III).
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Summary of papers

Paper |

Cell and context-dependent sorting of neuropathy-associated protein NDRG1 -
insights from canine tissues and primary Schwann cell cultures

The NDRG1 distribution has been studied in humans and rodents, but not in dogs. In
paper [ we performed a detailed analysis of NDRG1 localization in canine tissues and
primary Schwann cell cultures, with emphasis on peripheral nerves. The signals were
compared to a polyneuropathy-affected Alaskan Malamute homozygous for the

missense mutation in NDRG1.

Although NDRG1 was present in several cell types, strong NDRG1 signal was observed
in Schwann cells. A phosphorylated isoform of the protein was present in the abaxonal
cytoplasm of myelinating Schwann cells of NDRGIwt/wt Alaskan Malamutes, but this
signal was not observed in the NDRG1mut/mut Al]askan Malamute. Furthermore, no
signal was observed in axons. In epithelial cells, cytosolic, basolateral and granular
signals were present. In some cells, NDRG1 localized to centrosomes, and in

developing spermatids, NDRG1 was present in the midpiece.

We concluded that canine NDRG1 shows a cell and context-dependent localization.
Some of the observed localizations point towards interaction with the microtubule
cytoskeleton. The subcellular localization of NDRG1 is affected by signaling events
causing phosphorylation of the protein. We proposed that disease-causing mutations
in NDRG1 can disrupt signaling in myelinating Schwann cells, affecting myelin

homeostasis and axonal-glial cross talk, leading to polyneuropathy.

Paper Il

Impaired NDRG1 functions in Schwann cells cause demyelinating neuropathy
with focally folded myelin in a dog model of Charcot-Marie-Tooth type 4D
Mutations in NDRG1 cause a primary demyelinating polyneuropathy, CMT4D, in
humans. In contrast, axonal changes dominated in NDRG1-associated polyneuropathy
in Greyhounds and a previous report of Alaskan Malamute polyneuropathy, albeit the

latter has not been studied in detail. Therefore, in paper II, a detailed morphological
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analysis of changes in nerves of Alaskan Malamutes with polyneuropathy was
performed. Additionally, levels of NDRG1 mRNA and protein in nerves were assessed
by RT-qPCR and Western blotting, respectively, and lipidomics were performed to

investigate the lipid composition of AMP nerves.

NDRG1mut/mut Alaskan Malamutes do not have a total lack of NDRG1, but significantly
reduced levels of NDRG1 protein in the peripheral nerves. In contrast, the levels of
NDRG1 mRNA were not significantly different from controls. In teased nerve fibers,
demyelinated segments and intercalated internodes intermingled with longer
internodes of normal myelin thickness, consistent with a primary demyelinating
disease. Supporting this, onion bulbs and thinly myelinated fibers were present in
semithin sections. Ultrastructurally, filamentous material, consisting of actin, was
found in the adaxonal cytoplasm and disrupted SLC. Furthermore, infoldings and

outfoldings of the myelin sheath were present.

The changes in Alaskan Malamute polyneuropathy is consistent with a primary
demyelinating disease, in accordance with reports from humans and rodents with
NDRG1 mutations. However, we also report changes not previously described in
CMT4D, such as prominent myelin infoldings dividing the axon. Our data suggests that
the low levels of mutant NDRG1 protein in nerves of affected Alaskan Malamutes are

insufficient to support Schwann cells in maintaining the myelin sheath.

Paper lll

Polyneuropathy in Goats lacking Prion protein

Mice lacking the cellular prion protein, PrP¢, develop a progressive demyelinating
polyneuropathy, suggesting a role for PrP¢ in myelin maintenance. In paper III, we
investigated this in a unique lineage of dairy goats that, due to a naturally occurring

nonsense mutation, lack PrP¢,

Teased nerve fibre preparations showed a demyelinating pathology in goats devoid of
PrP¢, and paranodal outfoldings were often present adjacent to the remyelinated
internodes. Ultrastructurally, vacuolated nerve fibres, shrunken axons and onion bulbs
were present. Increased numbers of macrophages (Ibal+ cells) and T cells (CD3+ cells)

were found in affected nerves. While the peripheral nerve lipid composition of young
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goats was not significantly different between the genotypes, a difference was found in
adult goats, suggestive of a progressive neuropathy. Haplotype analysis showed that

the homozygous region only comprises 2.5 Mb of genomic DNA around the PRNP gene.

This is the first report of a sub-clinical demyelinating polyneuropathy caused by loss of
PrPC function in a human-sized mammal. The results presented strongly indicates that

PrP¢ functions in myelin maintenance.
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Methodological considerations

All materials and methods are fully described in the papers, and an overview of the
methods used is presented in Table 3. In this section, I will go through some important

considerations regarding the materials and methods used.

Table 3. Overview of methods used in the study.

Methods Paper I Paper II Paper II1
Western blotting X X X
Immunohistochemistry X X X

(IHC)

Immunofluorescence (IF) X X X
Isolation and culturing of X

primary Schwann cells

Nerve fiber teasing X
Electron microscopy X
Morphometry X
Electrophysiology X X*
RT-qPCR X
X

Lipid composition analysis*
Haplotype analysis*

*External methods performed in collaboration with other laboratories.

Light and electron microscopy: Processing and

assessment

Fixation

The purpose of fixation is to preserve the structure of living tissue, thus it must protect
the tissue from autolysis as well as disruption during the embedding and further
procedures (154). As both the fixatives and tissues have varied properties, the choice
of fixation protocol must be adjusted to the tissue and the downstream analyses. All
samples used in this thesis were fixed by immersion, as it allows parts from the same
tissue to be fixed by different methods - thus allowing different analyses to be
performed on the same tissue. An overview of the fixation methods used is shown in

Table 4.
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Table 4. Overview of fixatives applied for different methods in the study.

Formalin Glutar- Osmium | Liquid

aldehyde | tetroxide  nitrogen

Paraffin-embedding (IHC, IF in paper I X

and II)

Resin-embedding (semithin, ultrathin X X
sections)

Nerve fiber teasing X X
Cryosections (IF in paper III)

Western blotting

RT-qPCR

X X X

Lipidomics

Formalin, a solution containing formaldehyde (154), is a commonly used fixative for
histology and immunohistochemistry. Formaldehyde mainly preserves proteins, by
reacting with amino groups in the tissue. During this process, reactive hydroxylmethyl
groups are formed, which again react with hydrogen groups to produce cross-links
between the proteins (155). Formaldehyde penetrates the tissue about five times
faster than glutaraldehyde, and the fixation achieved is to some extent reversible
(155), which is relevant for antigen retrieval during immunohistochemistry (discussed

later).

Glutaraldehyde have two terminal aldehyde groups that reacts with amino groups and
cross-link proteins irreversibly. Additionally, glutaraldehyde reacts with
carbohydrates, lipids and nucleic acids to some degree (154). As it stabilizes structures
very effectively, glutaraldehyde is commonly used for ultrastructural studies.
However, glutaraldehyde penetrates the tissue slowly, especially if the tissue contains

multiple layers of membranes, such as the myelin sheaths in peripheral nerves.

Osmium tetroxide reacts with lipids in the tissue. By oxidizing fatty acids and at the
same time being reduced to metallic osmium, osmium tetroxide both fix lipids and add
contrast to the sample (154), and is therefore used as a secondary fixative when

samples are prepared for resin-embedding and nerve fiber teasing.
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In this work, formalin fixation and subsequent paraffin-embedding were used for
tissue destined for immunohistochemistry and immunofluorescence (paper I and II).
However, as the lipids of the myelin sheath are not well preserved by formalin fixation
and dissolved by the xylene during paraffin-embedding (156), resin-embedded nerves
and teased nerve fibers were used for assessment of morphological changes. For these
analyses, the samples were fixed in 2.5% glutaraldehyde and post-fixed in osmium

tetroxide.

Peripheral nerves are lipid-rich tissues. Therefore, to obtain an efficient penetration of
the fixative and the chemicals used during the embedding procedure, the epineurial fat
was removed and the nerve separated into individual fascicles less than 1 mm in
diameter before fixation. Nerves are susceptible to artefacts produced by crush and
stretching, necessitating a careful handling of the samples during processing. During
the first minutes of the fixation, the nerve fascicle was fixed attached to a piece of
paper. This was to avoid contraction, which would have caused a wavy appearance of

the nerve in sections and teased fiber preparations.

Resin-embedding

Resin-embedded nerves can be sectioned at 0.5 um (semithin section) and stained
with toluidine blue and safranin-0. Semithin sections can be assessed in the light
microscope, allowing evaluation of features such as the number of myelinated nerve
fibers, myelin thickness, onion bulbs and axonal swelling. Furthermore, regions of
interest can be chosen, the block trimmed accordingly and sectioned at 50-70 nm
(ultrathin section). After enhancing contrast in the sample by staining with uranyl
acetate (stains nucleic acids and proteins) and lead citrate (stains many cellular
components) (157), the sections were studied in a transmission electron microscope.
In the electron microscope, it is possible to study the unmyelinated nerve fibers, which
are not adequately visualized by light microscopy (158). Additionally, subcellular

details can be studied, such as accumulation of mitochondria within the axons.

Epoxy resin was used as embedding medium in this work. This is a commonly used
resin for morphological studies. After fixation with glutaraldehyde and osmium
tetroxide, the samples were dehydrated by an ascending acetone series. The samples

were incubated with a mixture of epoxy and acetone, and epoxy infiltration of the
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samples was achieved by using a gradually increasing epoxy/acetone ratio. After

orientation of the samples, the epoxy polymerized by incubation at 60 °C for 48 hours.

Morphometry

Morphometry, the quantitative evaluation of size or shape, was used in this work for
two purposes. First, it allows a more objective evaluation of nerve changes than
morphological assessment alone. Second, by combining measurements from many
nerve fibers, it is possible to detect changes that are not readily visualized by
inspection alone. A semi-automated approach was used for morphometrical analyses:
Images from semithin sections were converted into black and white. Thereafter, the
color segmentation tool in Image-Pro Plus software was used to outline the myelin

sheaths and the areas of the whole nerve fiber and axon were measured.

Several different methods are used to estimate nerve fiber diameter and myelin
thickness (159). As many of the nerve fibers have a flattened or crenated shape,
measuring the diameter directly is difficult. In this work, the diameter was calculated
by the formula D = 2v/(Area/m), assuming the measured area to be that of a circle. This
method is reported to provide the best precision and accuracy (159). As differences in
sampling site, tissue processing and measurement method (159, 160) between
laboratories may affect the results, the measurements in this work were only

compared to our own samples that have been processed the same way.

Mixed motor and sensory nerves, such as the tibial and common fibular nerves,
normally consist of a mixture of large and small diameter fibers, as mentioned in the
introduction, and the fiber diameter histogram is used to assess the presence of these.
The g-ratio (axonal diameter divided by the diameter of the whole nerve fiber) is used
to measure the thickness of the myelin sheaths. As remyelinated internodes have a
slightly thinner myelin sheath than normal, an increased g-ratio suggests
demyelination/remyelination or axonal regeneration. In contrast, hypermyelination

and axonal atrophy result in decreased g-ratio (161).

Nerve fiber teasing
Nerve fiber teasing is a method used to evaluate the consecutive internodes along a

nerve fiber. Even though this is also possible to observe in longitudinal semithin
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sections, changes are more easily detected in preparations from teased fibers. After
fixation with glutaraldehyde and osmium tetroxide, the nerve is separated into
individual nerve fibers under a dissection microscope. Paranodal demyelination can be
detected by a widening of the node of Ranvier, while short and thinly myelinated
internodes suggest previous segmental demyelination and remyelination. If all the
internodes along the nerve fibers are short, this suggests remyelination after axonal

regeneration (38).

The suggested number of fibers to be evaluated varies widely between different
references, from 50 (162) to more than 500 (159, 163). When assessing the effect of a
variable on nerves, it is suggested to rather increase the number of nerves evaluated
than to increase the number of teased fibers from a single nerve (159). In this work, at
least 25-30 fibers from each nerve were evaluated, and, if available, several nerves
from each individual were assessed. Some age-related changes are expected, therefore
teased fiber preparations from cases were compared to controls and, for the dogs,
published data about age-related changes (164). Furthermore, changes observed in

teased fibers were correlated to findings in semithin and ultrathin sections.

Protein detection

Immunohistochemistry and immunofluorescence

Immunohistochemistry (IHC) and immunofluorescence (IF) are methods used to
localize antigens in tissues or cells by using specific antibodies (155). In IHC, the
binding of antibody to antigen is detected by production of a colored product through
a histochemical reaction. In IF, the antibody is conjugated to a fluorochrome with
specific absorption and emission spectra. In IHC, the slides can be assessed by bright-

field light microscopy, while IF requires a fluorescence microscope.

Only indirect immunolabeling was used in this thesis. This is a two-step process where
the primary antibody binds to the antigen of interest and a secondary antibody binds
to the primary antibody. As several molecules of the secondary antibody binds to
every molecule of the primary antibody, the signal is amplified through the indirect
technique. Further signal amplification is achieved by having multiple molecules of
enzyme bound to every secondary antibody (used in the Envision method) or adding

an amplification step based on the interaction between streptavidin and biotin (used
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in the ABC PO method) (155). Horseradish peroxidase is one of the most commonly

used enzymes, which produces a colored product when incubated with substrates such

as 3-amino-9-ethylcarbazole (AEC) or 3,3'diaminobenzidine tetrachloride (DAB).

Immunofluorescence is often used to label several antigens in the same section. This is
achieved by adding primary antibodies of different isotypes or produced in different
species, combined with secondary antibodies conjugated to different fluorochromes.
To avoid crosstalk (i.e. the signal from one of the fluorochromes extending into the
other channel) it is important to use fluorochromes with non-overlapping emission
spectra. In this thesis, fluorochromes with emission maxima at 525 nm and 617 nm

were combined.

Immunohistochemistry and immunofluorescence were used in this thesis to localize
NDRG1 and PrPC€in tissues and cells. Furthermore, immunohistochemistry and
immunofluorescence against antigens with known localization were used to ascertain

the identity of specific cell types, as summarized in Table 5.

Table 5. Overview of markers used to identify specific cell types in the study.

Antigen Marker for
CD3 T lymphocytes
CD79 B lymphocytes
Ibal (ionized calcium-binding adapter Microglia and macrophages

molecule 1)
GFAP (glial fibrillary acidic protein) Astrocytes and immature Schwann cells

Neurofilament Axons

To maximize signal-to-noise ratio, the labeling protocols were optimized for the
antibodies used. Optimal antibody concentration was determined from initial titration
runs. Fixation alters the tertiary structure of proteins and may mask epitopes.
Therefore, antigen retrieval with heat (all antibodies used except Iba) or enzymes
(Ibal) was used to expose antigens. In paper III, cryosections were used to avoid
masking of epitopes from formalin fixation. Furthermore, background staining as a
result of hydrophobic interactions between the antibody and macromolecules in the
tissue (155) were reduced by blocking the slides with bovine serum albumin and/or

serum from the same species as the secondary antibody. The slides were also
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incubated with hydrogen peroxide in methanol, which inhibits endogenous peroxidase

activity in the tissue, to avoid false positive results.

The NDRG1 antibodies used in paper I and II had not been tested previously in canine
tissues. Even though the amino acid sequence is highly conserved across species (122),
several antibodies targeting different epitopes were used in parallel to ensure specific
labeling of the protein in dogs. The PrP¢ antibody in paper III has been tested in goat
tissues previously (13). Slides, where the primary antibody was omitted, were used as
negative controls. In the immunofluorescence protocols, unlabeled slides were used to
assess autofluorescence. Furthermore, in paper III, tissue from PRNPTer/Ter goats were

used to verify the specificity of the antibody, as these animals lack PrP¢ completely.

Western blotting

Western blotting was used in the thesis to assess the level of protein expression in
tissues. The tissue is homogenized, and the proteins separated by gel electrophoresis.
Subsequently, the proteins are blotted to a membrane, blocked with dry milk and
labeled with primary and secondary antibodies. The secondary antibodies used in this
thesis were conjugated to alkaline phosphatase, which produce a fluorescent product
when ECF substrate is added. As Western blotting is a technique for immunolabeling,
many of the principles mentioned for immunohistochemistry and
immunofluorescence, is also applicable here. However, in contrast to
immunohistochemistry and immunofluorescence, the proteins are denatured before

separation in Western blotting.

The total protein concentration in the lysates were measured by spectrophotometry to
ensure that an equal amount of total protein was loaded from all the samples. This was
further controlled by staining the gels (shown in paper III) and/or membranes (shown
in paper II) for total proteins. In paper II, NDRG1 levels for the different genotypes

were quantified relative to total protein levels.

Electrophysiology

The nervous system is specialized for propagation of electrical impulses. By recording
these impulses with specialized equipment, which is the basis for electrophysiological

testing, the function of the nervous system can be assessed. Many of the tests are
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sensitive for functional disturbance, but the results are usually not characteristic for
specific diseases (31). Motor nerve conduction velocity (MNCV) and electromyography

(EMG) were used in paper IL

To measure MNCV a nerve impulse is evoked by placing an electrode close to a nerve,
and depolarization of the innervated muscle is recorded. The latency is defined as the
time from stimulation of the nerve to a compound muscle action potential (CMAP) is
produced (31). The latency includes both the nerve conduction time and the time
required for neuromuscular transmission. Therefore, it is necessary to stimulate the
nerve at two different sites to obtain the MNCV. The MNCYV is calculated by the
distance between the stimulation points divided by the difference in latencies between

the sites.

In healthy dog nerves, the MNCV should be higher than 50 m/s (165). The MNCV of
dogs reaches adult values before one year of age and is considered to be stable until
the age of seven years. All recordings were performed on dogs within this age interval,
except for one of the dogs where serial measurements were performed. In dogs older
than 10 years, an age-related reduction in MNCV might occur (165). Basically,
reduction in MNCV indicates demyelination, while reduction in the amplitude of CMAP
is usually caused by axonal loss or severe muscle disease (31). In human medicine, a
cut-off value at 38 m/s has been used to separate axonal from demyelinating
neuropathies (71, 72). However, a similar distinction cannot be made in veterinary
medicine, as even dogs with neuropathies considered to be primary axonal have had

MNCYV in the range of 10-20 m/s (64).

Electromyography evaluates the electrical activity in the muscle. When a needle is
inserted into a muscle, myofibers depolarize and produce insertion activity. A healthy,
resting muscle, quickly turn electrically silent again. In contrast, denervated muscles or
muscles affected by myopathies, may show prolonged insertional activity or
abnormalities produced by spontaneous depolarization of myofibers (such as

fibrillation potentials, positive sharp waves and complex repetitive discharges) (31).

Electrophysiological measurements of the nociceptive withdrawal reflex were done in
paper III. This reflex is a polysynaptic spinal reflex responsible for withdrawal of the

limb from potentially harmful stimuli. It was chosen because it can be performed in
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unsedated, standing animals (166). The reflex was evoked by electrical stimulation on
the distal part of the forelimb and the response measured by electromyography in the
deltoid muscle. Experimentally, measurement of this reflex is used when testing the
effects of antinociceptive drugs, where decreased reflex response or increased reflex
threshold following administration of the drug indicate an antinociceptive effect. While
this experimental setup made it possible to measure latency, MNCV cannot be
calculated as neither the synaptic delay in the spinal cord nor transmission at the
neuromuscular junction are eliminated in the nociceptive withdrawal reflex.
Measurement of MNCV is a more sensitive method for detection of demyelination, and,
therefore, in hindsight, would have been more suited to assess the effect of

demyelination in the goats lacking prion protein.

RT-qgPCR

RT-qPCR was used in paper I, to compare the levels of NDRGI mRNA in nerves from
NDRG1mut/mutand NDRGIWY/wt Alaskan Malamutes. As mRNA is rapidly degraded, all
nerve samples were snap-frozen in liquid nitrogen shortly after euthanasia and stored
at -80 °C until analysis. After homogenization and extraction, the purity of the total
RNA was assessed by a Nanodrop spectrophotometer. Furthermore, the quality of the

total RNA was investigated on a Bioanalyzer, which gives an RNA integrity number

(RIN) based on the intactness of the 18S and 28S rRNA.

cDNA was produced from the total RNA with random primers, as described in paper II.
In the next step, sequence-specific primers were used to amplify NDRG1 cDNA. The
PCR products are detected by binding of a fluorescent reporter, for example SYBR
Green I. As SYBR Green I emits light when it binds to DNA, the fluorescence increases
with the levels of PCR product during the PCR reaction. The cycle quantification value
(Cq) is the cycle where the fluorescence exceeds a certain threshold value and is
detected by the system. As Cqis directly related to the amount of template initially
present in the sample, the amount of NDRG1 mRNA in the sample could be calculated
by using a standard curve, produced by serial dilution of the template. The results
were normalized against an internal reference gene, GAPDH, to account for differences
between the samples, for example related to tissue homogenization, nucleic acid
quality or cDNA synthesis. Furthermore, the specificity of the primers was verified by

BLAST (basic local alignment sequence search tool) search against the canine genome,
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as well as sequencing of the PCR product. Melting curves and controls without

template were assessed to control for unspecific amplifications.
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Results and discussion

The peripheral nerves are structures highly specialized for rapid propagation of nerve
impulses. This is vital to the organism, enabling fast transmission of impulses from
sensory organs to the CNS and impulses from the brain and spinal cord to target
organs, for example to allow coordinated contractions of the musculature. To perform
this task, the two main cell types in the peripheral nerve - the neuron and the Schwann
cell - have adapted in a remarkable manner through evolution. The impulses are
conducted in an axonal process extending for up to several meters from the neuronal
soma, making the neuron the longest cell type in the body and highlighting the need
for an effective transport machinery to support the distal part of the axon. For
example, the axons of the recurrent laryngeal nerves of giraffes may measure five
meters in length (167). The fastest propagating nerve fibers are enveloped by myelin
sheaths. The myelin sheath reduces the energy required for impulse transmission and
increase conduction velocity in the axon. Additionally, the Schwann cell provide
metabolic support to the axon (49, 54). The sheath of the largest canine nerve fibers
consisted of more than 150 lamellae and one Schwann cell contributed with myelin
along two mm of the nerve fiber (28). Thus, the formation and maintenance of a myelin
sheath put an enormous pressure on the Schwann cell - in terms of cytoskeleton to
support the complex structure, lipid and protein synthesis, as well as intracellular

transport (7, 168).

Polyneuropathies are caused by disturbance in the normal function of either the
neuron, the Schwann cell or both. In this thesis, we have studied two ubiquitous
proteins, NDRG1 and PrP¢, where mutations in the encoding genes cause
polyneuropathies. Several functions have been proposed for both, but a precise

function in the peripheral nerves has not been assigned.

NDRG1

To understand possible roles of NDRG1 in polyneuropathies, we first decided to study
the localization of the protein in canine tissues. This was triggered by the apparent
disagreement between pathomorphological changes observed in CMT4D and canine
NDRG1-associated neuropathies, suggesting species differences in the cell biology of

NDRG1. Furthermore, a broad overview of NDRG1 expression in different tissues and
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cell types might give clues to possible protein functions. We concluded that the
localization was cell- and context-dependent. NDRG1 was found in all examined
tissues, and several isoforms were present. The expression level and localization
varied between the cells (illustrated schematically in Fig. 3 and summarized in Table 1
in paper I). Briefly, diffuse cytoplasmic signals were present in a wide range of cells,
while distinct and strong signals from NDRG1 isoforms were observed in highly
polarized cells, such as epithelia (basolateral signal), myelinating Schwann cells
(abaxonal cytoplasm) and spermatids (signal from midpiece). Furthermore, signal

from centrosomes and cleavage furrow were present in cells undergoing mitosis.
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Figure 3. Schematic illustration of NDRG1 localization, based on our own results from paper I (A-E) and
reported in (169) (F). Note that NDRGI was also present in the red areas. A. Diffuse and granular
cytoplasmic NDRG1 signals were observed in many cells, while strong basolateral signal was present in
epithelia. B. In myelinating Schwann cells, pNDRG1 was present in the abaxonal cytoplasm and outer part
of SLC, while NDRG1 was found throughout the Schwann cell cytoplasm. C, D. pNDRG1 localized to
centrosomes (C) and cleavage furrow (D) in dividing cells. E. Strong signals were present in the midpiece of
developing spermatids. F. NDRG1 is also reported from the transition zone of the primary cilium.
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A granular signal was observed in several cell types (for example bile duct epithelium,
Fig. 3a, see also Fig. 3C in paper I). Based on the close link between NDRG1 and
intracellular trafficking (118, 128-132), this signal may derive from intracellular
vesicles. More specifically, NDRG1 is reported as a RAB4a effector protein, interacting
with active, membrane-bound RAB4a (128). RAB4a is a marker for recycling
endosomes, and NDRG1 is recruited to these by binding to the phosphoinositide
phosphatidylinositol 4-phosphate (PtdIns(4)P) (128). By giving identity to membranes
and attracting specific effector proteins, both RAB proteins and phosphoinositides are
important regulators of membrane trafficking in the cell (170). Among the recruited
effectors are the Rho GTPase activators, responsible for regulating actin
polymerization (171). Phosphatidylinositol 4-phosphate is enriched in the membranes
of the Golgi apparatus, endosomes and the primary cilium, but is also present at the
plasma membrane (170, 172, 173). Considering the Golgi apparatus as a central hub
where proteins and lipids from various cellular compartments are exchanged,
PtdIns(4)P plays an important role in the cellular trafficking machinery. Furthermore

PtdIns(4)P serves as a precursor for the synthesis of other phosphoinositides (174).

Particularly, PtdIns(4)P is required for transport from the Golgi to the plasma
membrane (174). Bearing in mind that NDRG1 participates in recycling of E-cadherin
(128) and the LDL receptor (132) to the plasma membrane, the strong basolateral
signal we observed in epithelial cells (Fig. 3a, see also Fig. 3A, B and E in paper I) could
be explained by vesicle-mediated trafficking of lipids and proteins to this cellular
domain. Polarized cells, such as epithelia and myelinating Schwann cells, are
characterized by membrane domains with distinct lipid and protein composition
(reviewed in (26)). For example PtdIns(3,4,5)Ps is associated with the basolateral
membrane in epithelia and the basolateral-like abaxonal membrane in myelinating
Schwann cells, while PtdIns(4,5)P2 is present in the apical membrane of epithelia and
in the apical-like adaxonal membrane and SLC of myelinating Schwann cells (175,
176). To maintain this polarized phenotype, correct targeting of intracellular vesicles
is crucial (176, 177), exemplified by the fact that myelinating Schwann cells sorted
proteins destined for compact myelin, non-compact myelin and abaxonal plasma
membrane into separate vesicles in the trans-Golgi network. Although vesicles were

transported by microtubules abaxonally along the internode, the microtubules did not
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target them for specific sites, and it was suggested that ligand-receptor binding ensure

fusion of vesicles with correct target membrane (177).

Taking into account the epithelial-like polarization of myelinating Schwann cells, the
distinct distribution of NDRG1 isoforms we observed in the Schwann cell (Fig. 3B)
might be explained by the same association as discussed for epithelia, i.e. NDRG1
associating with vesicles intended for specific membrane domains: While pNDRG1 was
present in the outer part of the SLC and the abaxonal cytoplasm in myelinating
Schwann cells, total NDRG1 localized to both the ad- and abaxonal parts.
Unfortunately, attempts at localizing pNDRG1 in non-neural tissues were unsuccessful.
Although the phospho-specific antibody gave strong signals from cultured Schwann
cells and myelinating Schwann cells in paraffin sections, no signal was detected in
other tissues by immunofluorescence (unpublished observations). As shown by
Western blotting (Fig. 1 in paper I), the pNDRG1 levels in these tissues were low
compared to the peripheral nerves. Thus, further optimization of the
immunofluorescence protocol might be needed to localize the relatively low levels in
non-neural tissues. Also note that the NDRG1 antibody used probably detect pNDRG1

to some extent, as discussed in paper I.

In cultured dog Schwann cells, pNDRG1 localized to centrosomes (Fig. 3C and D, see
also Fig. 11 and 12 in paper I). The centrosome is the major microtubule-organizing
center in the cell and mature into spindle poles during mitosis (178, 179). Cells lacking
NDRG1 failed to form mitotic spindles (105) and developed centrosome amplification
(121), thus NDRG1 exerts an important function at these sites. By proximity-ligation
assay, NDRG1 was shown to associate with y-tubulin and it was speculated if the
protein sequesters y-tubulin, by unknown mechanisms, to ensure that only the proper
amount is available to synthesize the required number of centrosomes (121). The
exact functions of NDRG1 related to the microtubule cytoskeleton remains to be
determined, however, by interacting with y-tubulin, NDRG1 might take part in

nucleation of microtubules, e.g. serving as tracks for intracellular transport of vesicles.

Interestingly, emerging evidence indicates an important role for vesicular transport in
the formation of spindle poles during mitosis (180). For example, RAB11-positive

recycling endosomes bring microtubule-nucleating components, including y-tubulin, to
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the spindle poles (reviewed in (180, 181)). When the mitosis progresses, the recycling
endosomes redistribute from the spindle pole to the cleavage furrow and contribute
with membranes and proteins necessary for abscission during cytokinesis (180). The
localization of RAB4a in the spindle poles and cleavage furrow (182) together with the
presence of PtdIns(4)P-enriched organelles in the cleavage furrow and midbody (183,
184), may indicate some association between these molecules and NDRG1, which we

also observed in these structures (Fig. 3C and D, see also Fig. 11 in paper I and (112)).

In many differentiating cells, the centrosome moves to the apical domain as the cell
enters Go, giving rise to a primary cilium (185). Here, the centrioles are called basal
bodies and generate an axoneme (186). While the primary cilium is a non-motile
structure, some cell types have evolved specialized structures deriving from the basal
bodies, such as motile flagella in spermatozoa (186) and the light absorbing outer
segment of retinal photoreceptors (187). Interestingly, a strong NDRG1 signal was
present in the midpiece of developing spermatids (Fig. 3E, see also Fig. 5a in paper I).
Triggered by the apparent association between NDRG1 and centrioles/basal bodies,
we searched through a protein interaction library of the centrosome-cilium interface,
generated by proximity-dependent biotin identification (BioID) (169). Remarkably,
NDRG1 was among the proteins present in the transition zone of the centrosome, in
both ciliated and non-ciliated cells (169). The transition zone is the proximal part of
the axoneme and serves as a gate, controlling lipid and protein transport into the
primary cilium (172, 188) (Fig. 3F). PtdIns(4)P is enriched in the plasma membrane of
the primary cilium, and an association between NDRG1 and this phosphoinositide

could potentially serve functional roles also in the transition zone.

NDRG1 is reported as a microtubule-associated protein (MAP) (105, 112). However, to
the best of our knowledge, the microtubule-binding domain of the protein is not
known. By comparing the protein sequence of NDRG1 to sequence motifs of known
MAPs, we found the sequence RSH (189). This sequence is found in the C-terminal
tandem repeats of NDRG1. As the phosphorylation site threonine 346 is within the
tandem repeats, the phosphorylation status of the protein could conceivably influence
the microtubule-binding properties of the protein. Supporting this, it was the
phosphorylated form of the protein that we localized to centrosomes in cultured

Schwann cells. Importantly, binding to microtubules does not exclude a vesicle-
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associated role, as NDRG1 have several protein domains (119) and intracellular

vesicles are transported along microtubules (177).

One of the aims of this study was to investigate whether AMP is a primary
demyelinating or primary axonal neuropathy. Interestingly, no NDRG1 signal was
observed in the axons or the neuronal cell bodies in the spinal cord and DRG. This was
surprising, as axonal changes dominated in reports from NDRG1-associated
neuropathy in Greyhounds (4) and a report from recent Alaskan Malamutes cases (2).
In paper two, we performed a detailed investigation of changes in nerves and
musculature from affected Alaskan Malamute dogs. Indeed, axonal loss was evident in
semithin sections from all nerves examined and was reflected in denervation atrophy
present in muscle biopsies. However, many of the remaining nerve fibers had thin
myelin sheaths in relation to axonal size and were occasionally surrounded by small
onion bulbs. Furthermore, in teased nerve fibers, intercalated internodes were present
multifocally. These were spread along the nerve fibers and intermingled with longer
internodes with thicker myelin sheaths. Wallerian-like axonal degeneration with
fragmentation of the myelin sheath was only observed in a few fibers in a minority of
examined nerves. Although onion bulbs can be observed in primary axonal
neuropathies (24) and regenerated axons have short internodes, a neuropathy
primarily affecting the Schwann cell and causing secondary axonal loss seems most
likely based on the pattern of changes. This conclusion is further supported by the
strong NDRG1 expression in Schwann cells and apparent lack of NDRG1 in axons by
[HC.

Ultrastructurally, filamentous aggregates in the SLC and adaxonal cytoplasm were
present, resembling inclusions observed in CMT4D in humans (8, 88, 96) and rodents
with NDRG1 mutations (7). Morphological appearance and previous reports suggested
that the aggregates contained actin, and immunofluorescence supported this. The
segmental actin aggregates in AMP nerves differed from the sparse amount of F-actin
normally present in SLC (Fig. 9 in paper II). In humans, several publications report that
actin-accumulations are specific for 4D subtype of CMT (75, 96). In dogs,
accumulations of actin have also been reported from the adaxonal cytoplasm and inner

part of SLC in nerves of Tibetan Mastiffs with Inherited Hypertrophic Neuropathy (22,
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190, 191), and it would therefore be interesting to study if NDRG1 is involved in the

neuropathy of this breed as well.

Furthermore, focally folded myelin was often found in the AMP nerves. The term
“tomacula” is frequently used to describe focal thickenings of the myelin sheath, giving
a sausage-like appearance in teased fiber preparations, most commonly observed in
HNPP (192). Although focally folded myelin, for example in CMT4B and CMT4B models
(67), is sometimes described as tomaculae, we have chosen to use “focally folded
myelin” about the changes present in AMP nerves, as they neither have the length nor
the smooth external contour of typical tomacula (193). The folds were observed both
external and internal to the myelin sheath, and often associated with SLC or paranodes

(Fig. 7 in paper II).

In some instances, the folds derived from the inner part of the myelin sheath, and by
intruding into the axon, seemingly divided the axon into several pockets. This resulted
in the appearance of several axonal structures within one myelin sheath, separated by
thin myelin septa (Fig. 8 in paper II). Aggregates of mitochondria were present in the
axon in these segments, suggestive of disrupted axonal transport and early axonal
degeneration (38). As the axonal diameters in the segments with focally folded myelin
(Fig. 8 in paper II) and actin aggregates (Fig. 9 in paper II) were reduced, the axonal
degeneration might be caused by constriction in a mechanism similar to the
“demyelinative internal strangulation” observed in HNPP (71, 194). Although myelin
outfoldings have been observed in CMT4D (4), the division of the axon into several
pockets is not reported from human patients with NDRGI mutations, but was present

in Greyhounds lacking NDRG1 (4).

Interestingly, intrusions from the filamentous regions of the Schwann cell caused
subdivision of the axon in the neuropathic Tibetan Mastiffs mentioned previously (22),
a change highly resembling that observed in AMP nerves. In contrast, several axonal
pockets within one myelin sheath were described as axonal outfoldings in the
recurrent laryngeal nerve of horses with laryngeal neuropathy (195). The equine
recurrent laryngeal neuropathy is considered a distal axonopathy and the axonal
outfoldings were suggested to be caused by disturbance in axonal transport (195,

196). Based on the other findings presented in this thesis, e.g. the focally folded myelin
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and the localization of NDRG1, we consider it most likely that the division of the axon
into pockets in AMP nerves is formed by infoldings from the Schwann cell and not the

opposite, i.e. axonal outfoldings.

Focally folded myelin is present in several neuropathies caused by mutations in genes
encoding phosphoinositide-associated proteins, such as MTMR2, MTMR13, MTMRS5,
Pten and FGD4 (148, 149, 197-199). Mutations in the phosphoinositide 3-phosphatases
MTMRZ (myotubularin-related protein 2) and MTMR13 (myotubularin-related protein
13) cause CMT4B1 and CMT4B2, respectively, in humans (200). Additionally, mutation
in MTMR13 was recently shown to cause a demyelinating neuropathy with abnormally
folded myelin in Miniature Schnauzers (67). PTEN (phosphatase and tensin
homologue) is a phosphatase that dephosphorylates PtdIns(3,4,5)P3 to PtdIns(4,5)P2
and PtdIns(3,4)P2 to PtdIns(4)P (170), and knock-out of the protein in mice causes
polyneuropathy. FGD4/FRABIN is a Cdc42-specific guanine nucleotide exchange factor
(GEF), and mutations in the encoding gene are responsible for CMT4H (149). In
general, the myelin folds usually arise from SLC and paranodes, which are considered
the main sites of membrane addition (148, 149, 199). Furthermore, myelin fold
formation is considered to represent a defect in myelin homeostasis rather than just
initial myelination, as knock-out of FGD4 (149) or PTEN (199) in myelinated nerves of
adult mice were sufficient for their formation. The myelin folds in the neuropathies
mentioned above are hypothesized to be caused by dysregulated phosphoinositide
levels in noncompact myelin, resulting in abnormal signaling and uncontrolled growth
of the Schwann cell membranes (175, 199). As previously discussed, the different
phosphoinositides are under strict spatial and temporal regulation as they participate
in signaling pathways and recruit effector molecules (170, 176, 199). PtdIns(3,4,5)P3
are known to promote actin polymerization by recruiting a variety of proteins
necessary for F-actin assembly (reviewed in (171)). Thus, when PtdIns(3,4,5)Ps is
ectopically inserted into the apical membrane of epithelial cells, actin-rich membrane
protrusions are formed (176). Similarly, in the Pten-mutant, abnormal PtdIns(3,4,5)Ps
level in the apical-like adaxonal domains of the myelinating Schwann cell led to actin-

rich membrane protrusion as an initial step in the formation of myelin folds.

What could be the origin of the actin aggregates in the SLC and adaxonal cytoplasm of

mutant Alaskan Malamute nerves? In contrast to PtdIns(3,4,5)P3, the link between
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actin polymerization and PtdIns(4)P is not well established (201). However, in a
recent paper, mice lacking phosphatidylinositol 4-kinase alpha (PI4KA), one of the
kinases responsible for production of PtdIns(4)P, developed thinly myelinated nerve
fibers and focally folded myelin. Furthermore, aggregates of actin were present in the
nerves (201). Therefore, spatial and temporal regulation of PtdIns(4)P also seems
important to avoid aberrant actin polymerization and formation of myelin folds. Thus,
we speculate if the actin-aggregates observed in AMP nerves represent an early step in
the events leading to focally folded myelin. Based on the interaction between NDRG1
and PtdIns(4)P, deranged PtdIns(4)P levels in the apical-like membrane domains of
adaxonal cytoplasm and SLC could lead to the actin aggregates and uncontrolled
membrane growth (Fig. 4) through a mechanism similar to that observed in the Pten-

mutant.
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Figure 4. Hypothesis for the formation of actin aggregates and myelin infoldings in AMP nerves, for details
see text. (A) In healthy nerves, NDRG1 binds to PtdIns(4)P in the membrane of recycling endosomes and
participates in vesicular transport to the plasma membrane. (B) In AMP nerves, normal vesicular recycling
is disrupted. (C) This leads to changes in the normal membrane domain composition, including reduction in
PtdIns(4)P levels in the plasma membrane. The deranged phosphoinositide levels trigger actin
polymerization, formation of actin-rich membrane protrusions, and, eventually, formation of myelin folds.
Focally folded myelin represents focal hypermyelination. Interestingly, mice lacking
serum glucocorticoid kinase 1 (Sgk1), the kinase responsible for phosphorylation of
NDRGT1 at threonine 346, exhibited diffusely hypermyelinated nerves. While the role of

NDRGT1 in this process was not investigated, it was speculated that the
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hypermyelination could be caused by reduced phosphorylation of NDRG1 (202). The
signaling cascade activating Sgk1 in Schwann cells is stimulated by abaxonal laminin-
integrin signaling (202), consistent with the abaxonal enrichment of pNDRG1 that we
observed (Fig. 8 and 9 in paper I). As discussed in paper I, we did not observe
decreased g-ratios in AMP nerves, as would be expected from diffuse
hypermyelination. However, this does not rule out focal hypermyelination, as most
fibers with focally folded myelin are represented in a transverse section as a fiber with
normal myelination. Thus, one possibility that needs further investigation is whether
the NDRG1 mutation disrupts signaling in the Schwann cells by affecting the
phosphorylation of the protein, either directly (mutant NDRG1 fails to interact
properly with Sgk1) or indirectly (reduced levels of pPNDRG1 as a result of the overall

reduced NDRG1 levels), eventually resulting in the focal hypermyelination observed.

The nerves of NDRG1mut/mut Alaskan Malamutes had significantly reduced levels of
NDRG1 and pNDRG1 compared to controls, while the mRNA levels were not
significantly altered. In contrast, Greyhounds with NDRG1-associated neuropathy had
decreased mRNA levels and no NDRG1 protein was detected (4). Could this explain
differences in phenotype between the breeds? In human CMT4D patients, two
individuals with different missense mutations in the gene had a later age of onset
compared to those with nonsense mutations (91), and in rodent models even low
levels of normal NDRG1 protein (Ndrg1 KO) gave a less severe phenotype than total
NDRG1 deficiency (str mice) (7). Thus, the earlier age of onset and predominantly
axonal changes at the time of biopsy in Greyhounds (2, 4), might reflect a more rapid
Schwann cell degeneration and onset of axonal degeneration compared to the Alaskan
Malamutes. Furthermore, other mutations causing amino acid substitutions in the o/
hydrolase fold of NDRG1 resulted in direct functional changes (91). Therefore,
combined functional changes and low NDRG1 levels, resulting from regulation at the
translational level or posttranslational degradation, probably contribute to the
pathogenesis in AMP. Both proteasomal and autophagic pathways were involved in the
degradation of the mutant NDRG1 protein in CMT4D caused by missense mutations

(91).

Even though NDRG1 is found in a wide range of tissues, changes reported from

humans, dogs and rodents with NDRG1 mutations is restricted to the peripheral (2, 4,
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7, 8), and to a lesser degree, the central nervous system (94, 97). One explanation for
this is functional redundancy, whereby other proteins compensate for the loss of
NDRG1 function. For example, it was suggested that NDRG4 could compensate for loss
of central nervous, but not peripheral, NDRG1 (203). Secondly, both production and
maintenance of the myelin sheath are metabolic challenges (168). During myelination,
each oligodendrocyte synthesizes 1500 protein molecules and several thousand new
lipid molecules per second (168). Little information is available regarding myelin
turnover in the peripheral nervous system, but it is assumed to be substantial (168).
With the increased internodal length concurring with somatic growth, resulting in
internodal lengths near two millimeters, the myelinating Schwann cells must have an
efficient machinery for intracellular transport, conceivably making the Schwann cell
extremely vulnerable to aberrations in intracellular trafficking. This is further
highlighted by defects in vesicular transport as a common disease mechanism in
several demyelinating neuropathies (reviewed in (200)). Last, but not least, the close
relationship between the Schwann cell and axon, enabling the cells to have a
remarkable physiology and anatomy in health, also means that defects at either side in
disease will affect the other. It is suggested that “no myelin is better than bad myelin”
(204). Thus, defective NDRG1 function in Schwann cells results in demyelination,
secondary axonal degeneration, and eventually, nerve fiber loss and overt clinical signs

of neuropathy.

Prion protein

In paper III, we investigated the peripheral nerves of goats lacking PrPC. In contrast to
the Alaskan Malamutes, the basis for the study was not clinical signs of neuropathy,

but rather studies from Prnp~/- mice suggesting a role for PrP¢ in myelin maintenance

(9, 144).

Indeed, a demyelinating neuropathy was found in goats lacking PrPC. In teased nerve
fibers from PRNPTer/Ter goats, intercalated internodes were found frequently and
demyelinated segments were also observed. As some age-related changes are expected
in older animals, we quantified the changes and found statistically significant
differences between the genotypes. Most of the intercalated internodes were single,
remyelinated internodes between two internodes of normal thickness and length,

probably resulting from remyelination secondary to paranodal demyelination.
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Furthermore, long paranodal outfoldings were present around some of these
intercalated internodes, resembling sites of focally folded myelin observed in mice
lacking PrP¢ (9). The paranodal demyelination and paranodal outfoldings, with less
frequent breakdown of the whole internode, suggest a problem in maintaining the
integrity of the paranodes. At the ultrastructural level, intramyelinic edema and
splitting along the intraperiod line, as well as swelling of the cytoplasm of the Schwann
cells, were found. A similar change, vacuolated fibers with thin myelin sheaths were

observed in Prnp-/- mice (144).

As discussed earlier, focally folded myelin is associated with disrupted myelin
maintenance, and usually arise from the noncompact myelin in paranodes and SLC. In
contrast to the myelin folds in AMP nerves, focally folded myelin was only detected
paranodally in the nerves of PRNPTer/Ter goats. Furthermore, some of the paranodal
outfoldings included both the myelin sheath and axon, and thus differed from those
present in AMP nerves. As mentioned, disturbance in the membrane domains of the
Schwann cell has been hypothesized as one mechanism for formation of myelin folds
(199). In an analysis of myelin proteins from mice lacking PrP¢, an increased
abundance of septin 9 was found compared to wild type mice (36). Furthermore,
septin 9, associated with membranous structures and intracellular vesicles, was
restricted to the abaxonal cytoplasm in the wild type mice, but also present in the SLC
of mutant mice. This is interesting, as septins form barriers that prevent diffusion of
membrane proteins between different membrane domains (205) and therefore
participate in separation of myelin compartments, such as compact and noncompact
myelin (206). Therefore, disturbance in the membrane domains of the Schwann cell
could conceivably be relevant for the myelin folds in goats lacking PrPCas well. In
paper III, we also discussed the possible involvement of membrane junctions. As PrP¢
was necessary for the stability of cell junctions (reviewed in (207)), PrPCdeficiency
could result in destabilization of autotypic adherens junctions in the paranodes and
SLC. Another possibility could be an immune-mediated event aggravating the
neuropathy, seen in some hereditary neuropathies (208), as molecules present in the
node of Ranvier are frequent targets in inflammatory neuropathies (48) and
dysmorphic paranodes were observed in immune-mediated polyradiculoneuropathies

(61).
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An increased number of both Ibal+ macrophages and CD3+ T-lymphocytes were
present in the endoneurium of goats lacking PrPC. In Prnp~/- mice, an increased number
of macrophages, phagocytosing myelin debris, was present in the nerves, but no
increase in CD3 staining was observed (9). Infiltration and/or proliferation of
macrophages are expected in neuropathies (21), but we questioned whether the
lymphocytes we observed were simply attracted by the disease process or actually a
part of the pathogenesis. We did not detect macrophage-mediated myelin stripping, a
hallmark of inflammatory demyelinating neuropathies (48). Intriguingly, in the
neuropathic Alaskan Malamutes, increased Ibal staining, but not CD3, were observed.
As a systemic immunological imbalance has been observed in both mice and goats
lacking PrP¢ (reviewed in (136)), it cannot be ruled out that the leukocytes observed
participate in the disease process. However, further investigations are needed, for
example, by examining nerves from younger goats to see if infiltration of leukocytes

precedes the demyelination.

It was suggested that axonal, and not Schwann cell-expressed, PrP¢ was necessary for
maintenance of the myelin sheath (9). By immunofluorescence, we detected PrP¢ in the
Schwann cell cytoplasm and compact myelin, and not the axon. This could be due to
the axonal levels being below the detection threshold in the method used. However,
from our data it cannot be ruled out that PrP¢ expressed in the Schwann cell is

important for myelin maintenance.

Some phenotypes observed in mice initially ascribed to lack of PrP¢ were later shown
to be caused by genetic confounders. To address this issue, we investigated the
PRNPTer haplotype. The PRNPTer/Ter goats are completely homozygous in a region
consisting of 2.5 MB surrounding the PRNP gene. Furthermore, reduced MAF
(minimum allele frequency) is found in a region consisting of 6.3 MB, meaning that
genes located in this wider region have increased linkage to the PRNPTer allele. SIRP-a
is located outside this region, thus the demyelinating phenotype in PRNPTer/Ter goats is
not caused by defects in this gene. This is interesting as one phenotype observed in

Prnp /- mice was later shown to be caused by polymorphisms in the SIRP-a gene (153).

No overt clinical or electrophysiological signs of neuropathy were observed, even

though, as discussed earlier, the electrophysiological methods employed might not
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have been sensitive enough. The neuropathy was progressive, as the changes were
most pronounced in the oldest goats. Although the goats were old when compared to
normal husbandry practice, a goat can get much older. Thus, it would be interesting to
see if electrophysiological and clinical signs of neuropathy arise when they get even

older.

In the work presented in this thesis, we have investigated the roles of NDRG1 and PrP¢
in maintaining healthy peripheral nerves by using Alaskan Malamutes with NDRG1
mutations and goats devoid of PrP¢. Both proteins have been extensively studied, but
their functions are still largely unknown. Interestingly, both NDRG1 and PrPC¢ are
ubiquitously expressed, but the major phenotype described from different species
lacking (or with severely reduced levels of) the proteins is a demyelinating
neuropathy. Based on the morphological studies presented in this thesis, we suggest
that both NDRG1 and PrPCare important for maintaining the polarized phenotype of
myelinating Schwann cells, and disruption of these functions causes demyelination
with focally folded myelin. This hypothesis might serve as a basis for further

investigations to clarify more in detail the functions of these enigmatic proteins.
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Conclusions

e The localization of NDRG1 varies between cell types and is influenced by
signaling events causing phosphorylation of the protein.

e The localization of NDRG1 is consistent with its reported role in intracellular
vesicular trafficking, but the protein also localizes to microtubular structures in
the centrosomes, primary cilium and spermatid flagellum.

¢ NDRG1 is expressed in the Schwann cells in peripheral nerves of dogs.
Phosphorylated NDRG1 is restricted to the abaxonal cytoplasm and outer part
of SLC. No signal was detected in the axon.

e The missense mutation in NDRG1 results in low levels of NDRG1 and pNDRG1 in
the nerves of affected Alaskan Malamutes (by WB). In contrast, the levels of
NDRGI mRNA were not significantly different between the genotypes (by RT-
gPCR), suggesting that the low protein levels in mutant dogs is due to
regulation at the translational level or posttranslational degradation. The
abaxonal pNDRG1 signal was not observed in an affected Alaskan Malamute (by
IF), indicating that the mutation might disrupt signaling in myelinating
Schwann cells.

e The changes in the AMP nerves are consistent with a primary demyelinating
polyneuropathy and characterized by actin aggregates and focally folded
myelin, with secondary axonal degeneration. We have hypothesized that these
changes arise following aberrant vesicular trafficking resulting in disrupted
maintenance of membrane domains.

e Goats lacking PrP¢ develop a demyelinating polyneuropathy, and the
homozygous region surrounding the PRNPTer allele is short compared to those
observed in some Prnp”/- mice. This strongly suggests a role for PrP¢ in myelin
maintenance.

e While the peripheral nerve lipid composition of young goats was not
significantly different between the genotypes, a difference was found in adult
goats, suggestive of a progressive neuropathy.

e Paranodal outfoldings and vacuolated nerve fibers with myelin splitting were
found in the nerves of goats lacking PrP¢. Similar changes have been observed

in rodent models. We have suggested that these could result from disrupted
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PrPC¢ function in membrane junctions or barriers separating membrane

domains in myelinating Schwann cells.



Future perspectives

e The subcellular localization of NDRG1 is highly dynamic and complex. To get a
better understanding of the function of this protein, it would be interesting to
study its interaction partners in different situations, for example during the cell
cycle, by BiolD (proximity-dependent biotin identification).

o Investigate in primary Schwann cell culture if distribution of RAB4a-positive
endosomes differs between cultures derived from NDRGIWt/"t and NDRG1mut/mut
Alaskan Malamutes. By using Schwann cell-DRG cocultures, this can be further
assessed in myelinating Schwann cells.

e To get a better understanding of the function of NDRG1 and PrPC¢ in myelinating
Schwann cells, the protein localization could be assessed by cryo-
immunoelectron microscopy.

e To assess the functionality of mutant NDRG1, uptake of LDL in cell cultures can
be investigated.

e Tounderstand how the mutant NDRG1 is degraded, cell cultures could be
treated with MG132 and 3-methyladenine, which inhibits the proteasome and
autophagy, respectively.

e X-ray crystallography of the mutant NDRG1-protein could be used to
investigate if the mutation affects the three-dimensional structure of the
protein.

e Oligodendrocytes also have a massive production of lipids and proteins to the
myelin sheath. By MRI, white matter changes were described in two case
reports from human CMT4D patients (94, 97). No abnormalities were found in
an MRI study of one affected Alaskan Malamute (unpublished observations).
However, it would be interesting to see if histopathological changes are evident
in the CNS of affected Alaskan Malamutes and goats lacking PrP¢, respectively.

¢ Differences in the lipid composition of peripheral nerves were observed in
Alaskan Malamutes of the two genotypes. To investigate if some of the
differences are directly related to NDRG1, the lipid composition in homozygous

mutant and wild type Schwann cell cultures, respectively, could be assessed.
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To further address the role of immune cells in demyelination caused by lack of
prion protein, one could examine the nerves of younger goats to see if the
infiltration precedes demyelination.

Furthermore, older goats could be examined to see if the neuropathy
progresses into a clinical detectable neuropathy.

Both NDRG1 and PrP¢ have been suggested to participate in signaling pathways
in Schwann cells: pNDRG1 in laminin-integrin signaling abaxonally, PrP¢ in
signaling between the axon and Schwann cell adaxonally. This signaling could
be investigated in Schwann cell-DRG cocultures. For example, by coculturing
DRGs from PRNPTer/Ter goats with Schwann cells from PRNP*/+ goats and vice
versa. Furthermore, the stimuli leading to phosphorylation of NDRG1 in
Schwann cells could be explored by culturing Schwann cells in dishes with and

without laminin-coating.
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Abstract

Background: Mutations in the N-myc downstream-regulated gene 1 (NDRG1) can cause degenerative polyneuropathy
in humans, dogs, and rodents. In humans, this motor and sensory neuropathy is known as Charcot-Marie-Tooth disease
type 4D, and it is assumed that analogous canine diseases can be used as models for this disease. NDRG1 is also
regarded as a metastasis-suppressor in several malignancies. The tissue distribution of NDRG1 has been described in
humans and rodents, but this has not been studied in the dog.

Results: By immunolabeling and Western blotting, we present a detailed mapping of NDRGT1 in dog tissues and
primary canine Schwann cell cultures, with particular emphasis on peripheral nerves. High levels of phosphorylated
NDRG1 appear in distinct subcellular localizations of the Schwann cells, suggesting signaling-driven rerouting of the
protein. In a nerve from an Alaskan malamute homozygous for the disease-causing Gly98Val mutation in NDRG], this
signal was absent. Furthermore, NDRG1 is present in canine epithelial cells, predominantly in the cytosolic
compartment, often with basolateral localization. Constitutive expression also occurs in mesenchymal cells, including
developing spermatids that are transiently positive for NDRG1. In some cells, NDRGT localize to centrosomes.
Conclusions: Overall, canine NDRG1 shows a cell and context-dependent localization. Our data from peripheral nerves

and primary Schwann cell cultures suggest that the subcellular localization of NDRG1 in Schwann cells is dynamically
influenced by signaling events leading to reversible phosphorylation of the protein. We propose that disease-causing

Microtubule-associated protein (MAP), Myelin

mutations in NDRGT can disrupt signaling in myelinating Schwann cells, causing disturbance in myelin homeostasis
and axonal-glial cross talk, thereby precipitating polyneuropathy.

Keywords: Polyneuropathy, Charcot-Marie-tooth disease (CMT), Dog, Greyhound, Alaskan malamute, Microtubules,

Background

The N-myc downstream-regulated gene 1 (NDRGI) was
first described as a gene that is up-regulated by homo-
cysteine [1] and during cellular differentiation [2], and
later identified as the mutated gene in an inherited
demyelinating neuropathy, Charcot-Marie-Tooth type
4D (CMT4D), in humans [3]. Subsequently, mutations
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in NDRG1 were observed in Greyhound show dogs [4]
and Alaskan malamutes [5] suffering from inherited
peripheral neuropathy. NDRGI encodes a 43-kDa pro-
tein in humans, which is expressed in many tissues, pre-
dominantly epithelial cells [6]. High levels of NDRG1
have been found in human and murine peripheral
nerves, where the protein was expressed in the myelinat-
ing Schwann cells [7] and constituted 0.09% of total
myelin proteins in the peripheral nervous system [8].
Furthermore, NDRG1 expression is downregulated in
several malignancies, for instance those originating from
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the prostate and colon in humans [2, 9-13]. Decreased
NDRGL levels in these neoplasms is associated with a
poor prognosis [9, 11-13], possibly explained by the abil-
ity of NDRGI to inhibit epithelial-mesenchymal transi-
tion (EMT) [14]. At the molecular level, NDRG1 has been
linked to vesicular transport [15], as a Rab4a-effector in-
volved in recycling of E-cadherin [16] and being involved
in the uptake of low-density lipoproteins (LDL) [17]. In
line with the wide range of reported functions, NDRG1
can undergo substantial post-translational modifications
by proteolytic cleavage [18], SUMO 2/3-modification [19]
and phosphorylation [20-22].

Despite the ubiquitous expression of NDRGI in the
epithelium of different tissues, the pathologic changes
reported from humans, rodents, and dogs with
NDRG-associated neuropathies are restricted to the
peripheral nervous system [3-5, 7], and, to a lesser
degree, the central nervous system [23]. This suggests
that a comparative study of NDRGI in different cell
types from dogs with and without mutation in
NDRGL1 is required to understand the many facets of
this protein.

In both humans and mice with NDRGI mutations, the
degeneration of the nerves is described as a primary de-
myelination [24]. In contrast, the polyneuropathies of
Greyhounds and Alaskan malamutes were dominated by
axonal changes [4, 5]. Greyhounds, humans and mice
with NDRGI mutations all have a total NDRG1 defi-
ciency [24], suggesting that NDRGI1 is involved in
axonal-glial cross talk and that disruption of NDRG1
function may affect either side of the communication
axis. A detailed mapping of the cellular and subcellular
distribution of NDRGI, as well as post-translational
modifications of the protein in peripheral nerves of dogs,
is one prerequisite for deciphering NDRG1’s roles in
neuropathies. Studies of NDRG1 in the highly special-
ized Schwann cells can also have broader implications
and contribute to our understanding of NDRG1 in other
tissues during physiological conditions, as well as in
malignancies.

In comparison with laboratory rodents, dogs offer sig-
nificant advantages as models for human diseases. Dogs
have a life expectancy and body size more similar to
humans [4], and, as companion animals, they are ex-
posed to the same environmental factors as their human
counterparts. In addition, they have naturally occurring
NDRGI1 mutations. Thus, the aim of this study was to
describe and interpret the immunolocalization of
NDRG]1 isoforms in tissues and cells from control dogs
and an Alaskan malamute dog homozygous for a
disease-causing Gly98Val mutation in NDRGI (hereafter
called NDRGI™V™ Alaskan malamute). The results of
this should aid in our understanding of NDRGI-asso-
ciated diseases in dogs, humans, and rodents.
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Results

Levels of NDRG1 isoforms vary significantly between
tissues

Western blotting with four antibodies recognizing differ-
ent epitopes of NDRG1 revealed several isoforms and dis-
similarities between the analyzed tissues. The schematic
structure of the protein and the antibody epitopes are
summarized in Fig. 1la. The 42kDa band, corresponding
to the canine full-length protein, is recognized by all anti-
bodies (Fig. 1b), albeit with different strengths. One of the
phospho-specific antibodies, recognizing phosphorylation
at threonine 346 (Thr346), revealed a band with molecular
mass of 45-47 kDa, prominently present in nerve tissue
preparations, Schwann cell culture, and testicle, but
almost undetectable in the other tissue lysates. The
reduced electrophoretic mobility of the phosphorylated
protein is mainly caused by an increased size and bulki-
ness compared to the unphosphorylated isoform. Several,
but not identical bands of lower molecular mass, ranging
from 30 to 37 kDa were present at different levels in all
the lysates, including the Schwann cell culture, suggesting
that NDRG1 undergoes complex and tissue-specific pro-
teolytic processing and/or degradation. The weak band
from the prostate reflects low abundance of NDRG1 com-
pared with the high levels of total protein. However, as
shown immunohistochemically (Fig. 3e), there is strong
expression of NDRGLI in the prostate.

Specificity of the antibodies

To ascertain the specificity of the NDRG1 antibodies
used, we performed an immunoprecipitation from per-
ipheral nerve lysate with the polyclonal anti-NDRG1
antibody produced in rabbit, and a subsequent Western
blot with the monoclonal anti-NDRG1 antibody pro-
duced in mouse (Fig. 1c). The presence of bands corre-
sponding to full-length protein, phosphorylated protein,
and proteolytically processed NDRG1 with this method,
supports that the detection of these NDRG1 isoforms is
specific, as they are recognized by both antibodies. The
presence of the 45-47 kDa band indicated that the anti-
bodies also recognize the phosphorylated form of the
protein to some extent.

For the immunohistochemical analysis of canine tissues,
three different NDRG1 antibodies were used in parallel.
The signals from these antibodies were similar, as shown in
Fig. 2, indicating a specific detection of NDRG1 by immu-
nohistochemistry. However, the monoclonal anti-NDRG1
antibody produced in mouse (Fig. 2a) consistently yielded a
stronger signal than the two others (Fig. 2b-c).

Immunoreactivity was strong in epithelial cells

Immunohistochemistry of canine tissues showed that
epithelial cells have strong expression of NDRG1 pro-
tein, in all the investigated digestive, urinary, and
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Fig. 1 Western blot analysis of canine tissues from control dogs. a Schematic structure of the canine NDRG1 protein and the epitopes of the

NDRGT antibodies used in the analyses. Note that the epitope of the NDRGT mAb is not known. b Western blotting of lysate from canine tissues.

¢ Western blotting after immunoprecipitation from peripheral nerve lysate. Full-length protein and phosphorylated protein are indicated by black
L and red arrowhead, respectively. In C, black arrows mark the truncated isoforms

reproductive organs. However, the staining pattern
differed between the epithelial tissues. The distribution
of NDRG1 in all the investigated tissues is summarized
in Table 1. In addition to the control dogs, tissues from
one NDRGI™Y™ Alaskan malamute were immuno-
stained. Micrographs from this dog are shown for some
tissues. In general, the staining pattern and intensity
were similar to what was observed for the control dog,
unless otherwise stated. In the colon (Fig. 3a) and
jejunum (Fig. 3b), the epithelium of the mucosa, includ-
ing the intestinal glands, stained strongly throughout.
The immunoreactivity was predominantly localized to
the basolateral region. The acinar cells of the exocrine
pancreas showed a cytoplasmic staining pattern, which
again was most pronounced basolaterally (not shown).
In the liver, the hepatocytes did not show any signal, but
a granular signal was detectable in the cytoplasm of the
bile duct epithelium in the majority of the dogs (Fig. 3c).
There was no signal from the bile duct epithelium of the

NDRGI™ /™t Alagkan malamute. However, as this
signal was not consistently present in the control dogs,
this could be an incidental finding rather than an effect
of the genotype.

In the urinary and reproductive organs, the most
notable finding was a strong immunoreactivity in the epi-
thelium of the proximal convoluted tubules of the kidney
(Fig. 2a-c). Here, a moderate, homogenous cytoplasmic
staining was found in addition to a stronger signal basolat-
erally. The immunoreactivity in the cells of the proximal
tubules was clearly stronger than in the distal convoluted
tubules (Fig. 2b). In the ovaries, an intense basolateral sig-
nal was observed in the granulosa cells of the follicles,
while the cells of the corpus luteum showed a weaker,
slightly granular signal from the cytoplasm (not shown).
There was diffuse cytoplasmic staining in the epithelium
of the endometrium and the endometrial glands (Fig. 3d).
In the prostate, the secretory epithelium showed basolat-
eral immunoreactivity, similar to the epithelium in the
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Fig. 2 Expression of NDRGT1 in the kidney. NDRG1 is expressed in
the epithelium of the proximal convoluted tubules in the
kidneys (a-c). The figure compares the signal from the three
different antibodies against NDRG1 used in the immunohistochemical
analysis (@: mAb produced in mouse, b: pAb produced in goat, ¢: pAb
produced in rabbit). In A, the NDRG1 signal from the NDRG1™/™
Alaskan malamute is similar to the control. In B, the proximal and distal
convoluted tubules are indicated by arrow and arrowhead,
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intestine, but there was also some diffuse cytoplasmic sig-
nal (Fig. 3e).

The bronchiolar epithelium in the lungs showed a cyto-
plasmic signal and a slightly increased intensity basolater-
ally. Around 10-20% of the cells had a marked increase in
signal intensity compared to the others (Fig. 3f). These
cells lacked cilia and had a slightly granulated cytoplasm,
and were therefore assumed to be club cells. In lung tissue
(Fig. 3f), as well as in the other tissues (not shown), the
endothelial cells stained strongly.

In some cells of the intestinal mucosa, the pancreas, the
prostate, and the seminiferous tubules, one or two distinct
structures close to, or overlying the nucleus, stained
strongly (Fig. 4a-d). As described for the Schwann cell
culture (see below), these punctate structures most prob-
ably represent centrosomes. Additionally, a fine granular
nuclear signal was observed in some of these cells, most
prominently in the seminiferous tubules. However, the
centrosomal and nuclear signals were not present in all
cells, suggesting that NDRG1 localizes to these structures
at distinct phases of the cell cycle.

Some NDRG1 expression was also observed in developing
spermatids and mesenchymal cells

In the testis, as described, centrosomal and nuclear sig-
nals were present in the developing spermatogonia (Fig.
4d). Additionally, intense NDRGI signals were observed
in the developing spermatids in the testicle, localized to
a short, circular structure in the midpiece of the sperma-
tids (Fig. 5a). Moreover, NDRG1 was observed in myoe-
pithelial cells surrounding the seminiferous tubules.

NDRG1 was also present in other mesenchymal cells.
In lymphatic organs, NDRGI1 was present in several cell
types. In the spleen, there was signal in macrophages
present in the wall of the ellipsoids (Fig. 5b), and a cyto-
plasmic staining in a subpopulation of leukocytes in the
red pulp. In the subcapsular sinus and follicles of the
lymph node cortex (not shown), the follicles (Fig. 5c)
and periarteriolar lymphocyte sheaths of the spleen (not
shown), as well as in the lymphoid tissue of the Peyer’s
patches (Fig. 5d), dendritic cells, projecting interdigitat-
ing processes between surrounding lymphocytes, showed
a prominent cytoplasmic and granular nuclear NDRG1
signal.

A weak and diffuse cytoplasmic NDRGI staining was
present in smooth muscle cells in both the intestinal and
uterine wall, as well as in the wall of arterioles. A similar
signal was observed in fibrocytes in several organs (not
shown).

NDRGT1 was strongly expressed in Schwann cells

In the nervous system, NDRG1 was expressed in the
cerebellar Purkinje cells (Fig. 6a), satellite cells surround-
ing the neurons in the dorsal root ganglia of the spinal
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Table 1 Distribution of NDRG1 protein in canine tissues and cells
Organ Cell type Epithelial (E) NDRGT1 staining pattern
xl/le)senchymal Cytoplasmic® Basolateral Nuclear Centrosomal
Neural (N)
Kidney Epithelium, proximal tubules E + +
Jejunum, colon Epithelium E + + +
Smooth muscle cells M +
Lung Epithelium, bronchioles E + +
Club cells E +
Liver Epithelium, bile ducts E +
Pancreas Acinar cells E + + + +
Ovary Granulosa cells E +
Cells of the corpus luteum E +
Uterus Epithelium of the endometrium E
Smooth muscle cells of the myometrium M +
Testicle Spermatogonia M +
Spermatids M Midpiece
Prostate Secretory epithelium E + + + +
Lungs Epithelium of the bronchioles E + +
Spleen, lymph nodes Dendritic cells M + +
Macrophages in the wall of ellipsoids M +
Blood vessels Endothelium E +
Smooth muscle cells M +
Cerebral cortex Oligodendrocytes N + +
Cerebellum Purkinje neurons N +
Oligodendrocytes N + +
Spinal cord Oligodendrocytes N + +
Peripheral nerves Schwann cells N + +
Schwann cell culture N + + +

“The cytoplasmic staining was mostly diffuse, but in some tissues, a distinct granular pattern was observed, such as the bile ducts and cells of the corpus luteum
Note: All the different cell types in a tissue were evaluated. Only positively stained cells are included in the table

cord (Fig. 6b), Schwann cells in the peripheral nerves
(Fig. 6¢), and the submucosal (Fig. 6d) and myenteric
nerve plexus in the intestinal wall. There was no
signal in neuronal cell bodies, nuclei (Fig. 6b) or
axons (Fig. 6¢). NDRG1 was also strongly expressed
in the oligodendrocytes (Fig. 7b). Serial sections from
the spinal cord labeled with the astrocyte-marker
GFAP (glial fibrillary acidic protein, Fig. 7a), NDRG1
(Fig. 7b), and the microglia-marker Ibal (ionized
calcium binding adaptor molecule 1, Fig. 7c) showed
that the NDRGI1-positive cells are not positive for
GFAP or Ibal, and therefore rather represent oligo-
dendrocytes. In both oligodendrocytes and Schwann
cells there were diffuse nuclear signals (Fig. 7b, 6c
and 9a). In the ependymal cells, a cytoplasmic signal
with increased staining intensity basolaterally was
observed (not shown).

To follow up on the strong expression of both total and
phosphorylated NDRGL1 in Western blots from peripheral
nerve lysates, we further investigated the distribution of
total NDRG1 and phosphorylated NDRG1 (pNDRG1
Thr346) in the peripheral nerves by immunofluorescence.
Interestingly, while total NDRG1 (Fig. 8a) was present in
both the adaxonal and abaxonal cytoplasm of the Schwann
cells, as well as throughout the Schmidt-Lanterman clefts,
phosphorylated NDRG1 (Fig. 8b) localized exclusively to
the outer aspects of the Schmidt-Lanterman clefts and the
abaxonal cytoplasm. In contrast, there was no detectable
immunoreactivity in the compact myelin, neither against
total nor phosphorylated NDRGL1. In the nerve from the
NDRGI™™ut Alaskan malamute, total NDRG1 was found
both in the adaxonal and abaxonal Schwann cell cytoplasm
(Fig. 9e), similar to the control (Fig. 9a). However, phos-
phorylated NDRG1 was absent (Fig. 9f).
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Fig. 3 Expression of NDRGT in epithelia. Strong signal is present in the epithelium of the colon (a) and jejunum (b) of both the control and
NDRGI™Y™Ut Alaskan malamute, whereas NDRG1 staining in the epithelial cells of the bile ducts in the liver was only detected in the control
dog (). NDRG1 is also present in the endometrium (d) and the epithelium of the prostate (e). In the lungs (), the club cells (arrows) of the
bronchiolar epithelium display a more intense signal than the surrounding epithelial cells. In addition, signal from the endothelium (arrowhead)
can be seen. Note that except for the lack of signal in the bile ducts, the NDRG1 staining in the NDRGT™Y™ Alaskan malamute is similar to the
controls. The extensive yellow-brown granules in the bile ducts of the NDRG1™Y ™ Alaskan malamute is interpreted as pigment deposits.

Bar 50 um

Phosphorylated NDRG1 was present in the nucleus of
cultured, immature Schwann cells

As there was a marked difference in the expression of
the NDRG1 isoforms in Western blots from canine
tissues, we next assessed the distribution of NDRG1 in
primary Schwann cell culture. The cell culture consisted
of canine Schwann cells and fibroblasts. Morphologic-
ally, the Schwann cells had a characteristic spindle
shape, and stained strongly for GFAP (Fig. 10b). NDRG1
was present in both the Schwann cells and fibroblasts,
albeit with a much weaker signal from the latter. In the

cultured Schwann cells, total NDRG1 was present in
both the cytoplasm and the nucleus (Fig. 11a). Whereas
NDRG1 phosphorylated at Ser330 was present in both
the cytoplasm and the nuclei of Schwann cells (not
shown), similarly to total NDRG1, NDRG1 phosphory-
lated at Thr346 was primarily found in the nuclei
(Fig. 11b). In some cells, punctate, juxta-nuclear struc-
tures, probably centrosomes, stained intensely for
pNDRG1 Although these structures were often observed
in the nuclear area, they were, in fact, localized in the
cytoplasm close to the nuclear membrane (Fig. 12b).
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the seminiferous tubules. Bar 10 pm

Fig. 4 Centrosomal and nuclear localization of NDRG1. NDRG1 localized to one or two distinct structures (arrowheads) in the jejunal (a),
pancreatic (b) and prostatic (c) epithelium, as well as the developing spermatogonia (d). The inset in C shows a magnified image of these
punctate structures. Note that this signal is not present in all the cells. The inset in D shows a magnified image of the granular nuclear signal in

Additionally, in some of the cells a granular nuclear sig-
nal was observed (Fig. 12b).

Discussion
Loss of NDRG1 functions causes degenerative poly-
neuropathy and increases malignancy of several hu-
man cancers. For instance, in colorectal cancer,
NDRG1 counteracts EMT [14], thereby reducing
metastatic potential. In both humans and dogs, spe-
cific mutations affecting NDRGI cause progressive
polyneuropathies, classified as CMT4D in the former.
Elucidating the normal subcellular localization and
post-translational modifications of NDRG1 in diverse
tissues holds one key to understanding its roles in
both neuropathies and malignancies. Our data show
that the subcellular localization of NDRG1 differs be-
tween canine tissues and that it varies dynamically
through the cell cycle. Some of these fundamental
features appear to be linked to post-translational
modifications, such as phosphorylation. These obser-
vations also provide important clues as to how the
cellular components, with which NDRGI1 associates,
exert their functions.

In this study, NDRG1 is detected in a variety of canine
tissues, but most prominently in myelinating Schwann

cells. The axons, however, appeared negative. In other
organs, epithelial localization was mainly observed, as
previously reported from human tissues [6]. However,
there appears to be some marked differences between
dogs and humans in the distribution of NDRGI. For ex-
ample, no signal was detected in canine hepatocytes, but
has been reported from human hepatocytes [6]. While
we observed signal from canine mesenchymal cells,
endothelia, and certain cells in the testicle and lymph
nodes, no signal was observed in these tissues from
humans by immunohistochemistry, although in testicle
NDRG1 was detected by Western blotting [6]. Further-
more, all cell types in the human brain were negative
[6], in contrast to the canine central nervous system
where oligodendrocytes and Purkinje cells express
NDRGI1, a finding supported by Western blotting.
Whereas epithelial cells mainly showed a prominent
basolateral signal, NDRG1 had a more diffuse cytoplas-
mic distribution in the mesenchymal cells.

Western blot analysis revealed tissue-specific post-
translational modifications of NDRGI, including proteo-
Iytic processing. Studies of prostate cancer cells [18] and
healthy kidney tissue [7] have identified truncated iso-
forms of NDRG1, with molecular masses varying from
35 to 40kDa. Our data strongly resembles  this,
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spermatids and the myoepithelial cells (arrowhead) surrounding the seminiferous tubules (a), the ellipsoids and a subpopulation of the leukocytes
in the spleen (b), follicles in the spleen (c) and the intestinal Peyer's patches (d). The NDRG1 localization in the spleen of the NDRG1™ ™
Alaskan malamute is similar to the control (). Note the extensive hemosiderin deposits (yellow-brown granules) in the spleen of the control dog.

(arrow and inset) of the

suggesting that these processing events are specific and
functionally important. A proteolytic cleavage site be-
tween Cys49 and Gly50 has been suggested for prostate
cancer cells [18] and would lead to an approximately 5
kDa decrease in the molecular mass of the protein. A
detailed fragment analysis has not been performed here,
however, we have identified strong expression of phos-
phorylated NDRGT1 in the testicle, peripheral nerves, and
Schwann cell culture. Clearly, the subcellular sorting and
posttranslational processing of NDRG1 is complex and
variable between tissues. Mutations in NDRGI, however,
appear to solely precipitate pathology in the nervous sys-
tem. This suggest that NDRG1 serves critically import-
ant, non-redundant roles in myelinating Schwann cells.
Therefore, detailed studies of NDRGI1 isoforms in
Schwann cells are particularly important.

Based on our observation of high levels of phosphory-
lated NDRG1 in the peripheral nerves, this
post-translational regulatory mechanism must be im-
portant for the physiological function of NDRGI in ner-
vous tissue. The NDRGI protein is reported to be
involved in several signaling pathways [25]. In the per-
ipheral nerves, NDRG1 has been shown to be a target in
the phosphoinositide 3-kinase (PI3-K)/Akt-pathway and

is mainly phosphorylated by the serum and
glucocorticoid-regulated kinase 1 (Sgkl) and Aktl [20].
Although total NDRG1 was present throughout the
cytoplasm of the myelinating Schwann cells, phosphory-
lated NDRG1 (Thr346) was restricted to the abaxonal
cytoplasm of the control dogs. This finding suggests a
phosphorylation-driven rerouting of the protein in
Schwann cells. In mice, NDRG1 phosphorylation was
shown to be dispensable for myelination in early life
[20], but, to our knowledge, the importance of phos-
phorylated NDRG1 in peripheral nerves of animals later
in life has not been addressed. The lack of phosphory-
lated NDRG1 in the nerve from the NDRGI™/™:
Alaskan malamute could indicate that the mutation dis-
rupts signaling in the Schwann cell. However, it could
also be an unspecific result of the nerve pathology, so
further studies are needed to elucidate the role of phos-
phorylated NDRGL1 in the pathogenesis of neuropathies.

Although the predominant pathologic findings in dogs
with NDRGI-associated neuropathies were reported to
be axonal [4, 5], no NDRG1 signal was detected in the
axons. This is in accordance with previous findings in
peripheral nerves from humans and rodents [7]. As
such, when our result of immunolocalization of NDRG1
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Fig. 6 Expression of NDRG1 in the nervous system. NDRG] is present in the Purkmje cells in the cerebellum (a), the satellite cells (arrow)
surrounding the neurons in the dorsal root ganglia (b), the Schwann cells (arrow) in the peripheral nerves (c) and the submucosal nerve plexus of

Control

to the Schwann cell cytoplasm is combined with the pre-
viously reported pathology of the polyneuropathies of
Greyhounds and Alaskan malamutes, it seems that the
expression of NDRG1 in Schwann cells is indispensable
for both the Schwann cell and the axon. However, the
fact that primary pathology in the axon leads to second-
ary changes in the Schwann cell, and vice versa, high-
lights the intimate relationship between the Schwann
cell and the axon. The apparent divergence between the
pathologic changes in dogs versus humans and rodents
could, therefore, be more artefactual than real, and
either caused by inter-species differences in the temporal
progression of axonal atrophy [24] or the peripheral
nerves being examined at different stages in the disease
process.

Our observations of NDRG1 localizing to centro-
somes, the midpiece of spermatids and basolateral cellu-
lar domains, clearly suggest that one or more isoforms
of NDRG1 temporarily associate with microtubules or
microtubule-organizing centers (MTOC). This is in
accordance with a previous report, where NDRG1 was
found to co-localize with gamma-tubulin in the centro-
somes in colon cancer cells [21]. NDRGI1 has been pro-
posed to regulate centrosome number [26] and seems
important for the formation of spindle fibers [27]. The
midpiece of the spermatid contains the proximal and

distal centrioles, and the latter extends distally as the
axoneme [28]. The distal centriole degenerates during
maturation of the spermatids and is not found in mature
spermatozoa [28], which might explain why NDRG1
signal was not observed in all the seminiferous tubules.
Although the basolateral NDRG1 signal in epithelia has
been shown to originate from adherens junctions [6],
this finding might actually support a tubulin-associated
role for NDRG1, as the minus ends of the apico-basal
microtubules are anchored to adherens junctions [29].
Microtubule-associated proteins (MAPs) bind directly
to microtubules or tubulin via specific sequence
elements, of which RSH is one [30]. Interestingly, the
C-terminal tandem repeat of NDRG1 (GTRSRSHTSE)
harbors this element. The tandem-repeat sequence is
unique to NDRG1 in the NDRG family [31], and is
repeated two and three times in the canine and human
NDRG1  proteins, respectively. — Therefore, we
hypothesize that NDRG1 is a MAP that interacts with
microtubules or tubulin through its C-terminal repeats.
This enables NDRG1 to interact with other molecules
through its N-terminal region, such as the phosphopan-
tetheine attachment site and a/f hydrolase domain. The
centrosomal signals in the Schwann cell cultures were
only observed with the antibody against phosphorylated
NDRG1 (Thr346). This phosphorylation site is located
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Fig. 7 Immunohistochemistry against GFAP (a), NDRG!1 (b) and Ibal
(c) on spinal cord white matter from control dogs Note that the
NDRG1-positive cells (arrows) are not positive for GFAP or Ibal.

Bar 50 um

close to the putative microtubule-binding sequence of
NDRG1 and could therefore affect the tubulin-binding
properties of the protein. Phosphorylated NDRGL is reg-
ulated through the cell cycle and has been suggested to
play a role in microtubule organization and successful
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mitosis [21]. However, the exact mechanisms and func-
tions of this phosphorylation, as well as interactions be-
tween NDRG1 and microtubules, remain to be clarified.

A granular nuclear signal was observed in the epithe-
lium of the prostate, the pancreas, the intestinal crypts,
dendritic cells in lymphatic tissues, spermatocytes, and
cultured Schwann cells. These findings support the fact
that NDRG1 shuttles between the cytoplasm and the nu-
cleus, as previously reported from the epithelium of the
prostate [6], in human trophoblasts exposed to hypoxia
[32], and in Schwann cells during myelination [33]. The
nuclear translocation of NDRGI1 is puzzling, as no
nuclear-targeting sequence has been identified in the
protein [6]. Neither the nuclear nor centrosomal signal
was present in all cells, suggesting that NDRG1 is redis-
tributed during the cell cycle. In myelinating Schwann
cells and oligodendrocytes, as well as cultured Schwann
cells, a weak and diffuse nuclear staining was observed,
indicating that NDRGI is present in the nucleus in the
Gy phase as well. During interphase and mitosis,
NDRGI concentrates at specific structures in the nu-
cleus, centrosomes, and midbody.

Conclusions

In conclusion, our results show a cell and
context-dependent sorting of NDRGI. Our data from
peripheral nerves and primary cultures of Schwann cells
suggest that NDRG1 is highly dynamic in these cells,
and most probably influenced by signaling events lead-
ing to reversible phosphorylation of the protein. Based
on the lack of pNDRGI signal in a nerve from the
NDRGI™ Y™ Alaskan malamute, we propose that
disease-causing mutations in NDRGI can disrupt signal-
ing events in myelinating Schwann cells, leading to
disturbance in the myelin homeostasis and axonal-glial
cross talk, thereby precipitating polyneuropathy.

Methods

Animals

Samples were retrieved from the archive of the path-
ology laboratory, Norwegian University of Life Sciences.
From control dogs, tissues from diseased organs were
omitted from the analysis. Dogs of any breed, age, and
gender were included. Alaskan Malamute dogs included
as controls in the analyses were homozygous for the wild
type NDRGI allele, while the neuropathic Alaskan mala-
mute was homozygous for the Gly98Val mutation in
NDRGI. Details on the individuals are summarized in
Table 2.

Tissue sampling

Tissues from the following organs were sampled shortly
after pentobarbital-euthanasia; skeletal muscle, myocar-
dium, lung, liver, colon, jejunum, pancreas, spleen,
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Fig. 8 Immunofluorescence of total NDRG1

sections from a control dog. Total NDRG1 (a

abaxonal cytoplasm (arrow), while pNDRG1 (
(

cytoplasm (arrow). DAPI (blue) labels nuclei (c). Bar 20 um
.

(green) and phosphorylated NDRG1 (Thr346) (red) in Schwann cell cytoplasm. Longitudinal (a-d)
) is present in the adaxonal cytoplasm (arrowhead), the Schmidt-Lanterman clefts (bold arrow), and
b) is restricted to the outer parts of the Schmidt-Lanterman cleft (bold arrow) and abaxonal

lymph node, kidney, uterus, ovary, testicle, prostate, per-
ipheral nerves, cerebellum, cerebrum and spinal cord.
Samples for immunohistochemistry were fixed in 10%
buffered formalin and subsequently paraffin embedded.
Samples for Western blotting were snap frozen in iso-
pentane, transferred to liquid nitrogen, and stored at —
80 °C until analysis.

Antibodies

Five different antibodies against NDRG1 were used in
the analyses; Mouse monoclonal anti-NDRG1 antibody
(catalog number WHO0010397, Sigma-Aldrich, Merck,
Darmstadt, Germany), goat polyclonal anti-NDRGI anti-
body (catalog number PA5-18109, Invitrogen, Thermo
Fisher Scientific, Massachusetts, United States), rabbit
polyclonal anti-NDRG1 antibody (catalog number
HPAO006881, Sigma-Aldrich, Merck), rabbit monoclonal
phospho-specific anti-NDRG1 (Thr346) (catalog number
5482, Cell Signaling Technology, Leiden, Netherlands),
and a rabbit monoclonal phospho-specific anti-NDRG1
(Ser330) (catalog number ab124713, Abcam, Cambridge,

United Kingdom). Additionally, antibodies against glial
fibrillary acidic protein (GFAP) (catalog number Z0334,
Dako, California, United States) and Ibal (catalog num-
ber 019-19741, Fuyjifilm Wako Chemicals, Neuss,
Germany) were used as markers for glial cells. Details on
the antibodies are summarized in Table 3.

Western blotting
The samples were thawed, and the nerve tissue was
freed from the epineurial fat. The tissue samples were
lysed in homogenization buffer (50 mM Tris HCI, 150
mM NaCl, 1 mM EDTA, 0.25% DOC, 1% NP40, pH 7.4)
supplemented with protease inhibitor cocktail (Roche
complete, Roche Holding AG, Basel, Switzerland) and
anti-phosphatase (Halt™ Phosphatase Inhibitor Cocktail,
Thermo Fisher Scientific). Protein concentrations were
measured using Protein assay (Bio-Rad, Hercules, Cali-
fornia, United States).

25 pg protein from individual samples were separated
by sodium dodecyl sulfate (SDS) polyacrylamide gel elec-
trophoresis (12% Criterion™ XT-Bis-Tris, Bio-Rad), and
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In comparison, in the nerve from the NDRG1™ /™t

NDRG1 mut/mut

Fig. 9 Immunofluorescence of total NDRG1 (green) and phosphorylated NDRG1 (Thr346) (red) in myelinating Schwann cells. In the peripheral
nerve from an Alaskan malamute homozygous for the wild type NDRGT allele (a-d), strong pNDRG1 signal is present in the abaxonal cytoplasm.
Alaskan malamute (e-h), there is no pNDRG1 signal (f). In the magnified images, the adaxonal
and abaxonal cytoplasm is indicated by arrowheads and arrows, respectively

o

transferred to polyvinylidene fluoride (PVDF) mem-
branes (GE Healthcare, Little Chalfont, United King-
dom). The membranes were blocked with 5% non-fat
milk in TBS-Tween for 90 min at room temperature and
incubated with primary antibodies diluted in blocking
buffer overnight at 4 °C. Thereafter, the membranes were
washed and incubated for 90 min in 1% non-fat milk
containing alkaline phosphatase-conjugated anti-mouse
IgG (dilution 1/4000, Thermo Fisher Scientific) or
anti-rabbit IgG (dilution 1/4000, GE Healthcare). The
membrane was developed using EFC™ substrate (GE
Healthcare) and visualized with Typhoon 9200 (Amer-
sham Bioscience, GE Healthcare).

Immunoprecipitation from peripheral nerve lysate
was performed with Dynabeads® Protein G (Novex,
Life Technologies, Thermo Fisher Scientific) according
to the manufacturer’s instructions. Three pg of
anti-NDRG1 antibody (catalog number HPA006881,
Sigma-Aldrich, Merck) was used for the precipitation.
Western blotting was subsequently performed as pre-
viously described with another anti-NDRGI1 antibody
(catalog number WHO0010397, Sigma-Aldrich, Merck).

Immunohistochemistry
Sections of 3—4 um were placed on glass slides (Super-
frost Plus®, Menzel Glaser, Thermo Fisher Scientific) and
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Fig. 10 Expression of NDRGT1 in cultured Schwann cells (a-d). Total NDRGT1 (green) is present both in the cytoplasm and the nucleus of the immature,
GFAP-positive Schwann cells (red). The Schwann cells have a characteristic spindle shape and a stronger NDRG1-expression than the GFAP-negative

stored at 4°C until staining. The slides were deparaffi-
nized in xylene and rehydrated through a descending al-
cohol series. Sections were washed in PBS for 5min,
twice between each step, except before incubation with
the primary antibody. For all antibodies except anti-Ibal,
antigen retrieval was performed by heating the slides for
15 min in citrate buffer (0.01 M, pH 6.0) in a Lab Vision™
PT Module (Thermo Fisher Scientific). For anti-Ibal,
the slides were incubated with trypsin (1 mg/mL) in Tris
HCl-buffer (0.1 M, pH 8.0) with 0.1% CaCl, for 40 min
at 37°C. Endogenous peroxidase activity was blocked
with 3% H,0O, in methanol for 10 min. Non-specific
antibody binding was blocked by incubating the slides
for 30 min in 5% bovine serum albumin (BSA) with 2%
normal serum from the same species as the secondary
antibody. The sections were incubated with three differ-
ent primary antibodies against NDRG1, diluted in 1%
BSA for 60 min at concentrations summarized in Table
3. To optimize the signal intensity and signal-to-noise
ratio, a modified protocol was used for the rabbit poly-
clonal anti-NDRG1 antibody; the slides were blocked
with 1% normal serum in PBS, the primary antibody was
diluted in PBS, while the secondary antibody was diluted
in PBS with 2% normal serum.

Next, the sections were incubated with biotinylated
secondary antibodies (dilution 1/50, catalog number

BA-9200, BA-9500 and BA-1000, Vector Laboratories,
California, United States) diluted in 1% BSA for 30 min.
The sections were subsequently incubated with Vectas-
tain Elite ABC reagent (Vectastain Elite ABC Kit, Vector
Laboratories) for 30 min and then with ImmPact AEC
Peroxidase Substrate (catalog number SK-4205, Vector
Laboratories) for 3 min. In analyses where Ibal was in-
cluded, secondary antibodies conjugated to horseradish
peroxidase-labeled polymer and AEC + -substrate from
the EnVision+ kit (catalog number K4009, Dako) were
used. The sections counterstained ~ with
hematoxylin and mounted with Aquatex (Merck, Darm-
stadt, Germany). Sections where the primary antibodies
were omitted were used as negative controls. For each
tissue, samples from at least two individuals were in-
cluded in the analysis. Micrographs were taken using an
Axio Imager 2 microscope equipped with an Axiocam
506 color camera (Zeiss, Oberkochen, Germany).

were

Immunofluorescence on paraffin sections of peripheral
nerves

Peripheral nerves were fixed and processed as described
previously. Antigen retrieval was performed by heating
the slides in citrate buffer (0.01 M, pH 6.0) in a micro-
wave. The temperature in the solution was held at 92 °C
for 5min, thereafter the slides were kept in the hot
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Fig. 11 Expression of total NDRG1 and phosphorylated NDRG1 (Thr346) in cultured Schwann cells (a-d). While total NDRG1 (green) is present
both in the cytoplasm and nucleus, pNDRG1 (red) localizes to the nucleus as well as two centrosome-like structures (arrowheads) and a midbody
in a mitosis (arrow). Bar 20 um

NDRG1|c

Fig. 12 Expression of total NDRG1 (green) and pNDRG1 (Thr346) (red) in cultured Schwann cells (a-d). In some of the cells, there was a granular
nuclear signal (arrow) (b). Even though the distinct, punctate structures were overlaying the nucleus in many instances, they are actually located
in the cytoplasm (arrowheads) (b). Bar 20 pm
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Table 2 Signalment of the individuals included in the analyses of NDRGT in canine tissues and cells

Breed Age Gender Analysis
Spitz dog 3 weeks Female HC
Norwegian Lundehund 2 months Male WB
Labrador retriever 8 months Female IHC
French Bulldog 6 years Male IHC
Alaskan malamute 7 years Male HC
Norwegian Elkhound 7 years Male IHC, IF
Alaskan malamute 8 years Female IHC, IF, Schwann cell culture, WB
Alaskan malamute 11 years Female IHC
Gordon setter 12 years Female HC
Pointer 12 years Male WB
English Springer Spaniel 14 years Male IHC
Alaskan malamute, homozygous for Gly98Val mutation 10 years Female IHC, IF

IHC Immunohistochemistry, IF Immunofluorescence, WB Western blot

solution for another 15 min before being rinsed in PBS.
Non-specific antibody activity was blocked by incubating
the slides for 30 min in 5% BSA with 2% normal serum
from the same species as the secondary antibody. The
sections were incubated with primary antibodies diluted
in 1% BSA for 60 min at concentrations summarized in
Table 3. The slides were rinsed three times for 5 min in
PBS and incubated in secondary antibodies diluted in 1%
BSA for 30 min. The secondary antibodies used were
goat anti-mouse IgG Alexa Fluor 488 (dilution 1/400,
catalog number A-11029, Invitrogen, Thermo Fisher
Scientific) and goat anti-rabbit IgG Alexa Fluor 594 (di-
lution 1/400, catalog number A-11006, Invitrogen,
Thermo Fisher Scientific). The slides were rinsed three
times for 5 min in PBS and mounted with ProLong Gold
Antifade Mountant with 4°,6 diamidino-2-phenyl indole
(DAPI; Molecular Probes, Thermo Fisher Scientific).
Slides where the primary antibodies were omitted were
used as negative controls. Micrographs were taken using

Table 3 Antibodies and dilutions used in the analyses of NDRG1 in

an Axio Imager 2 microscope equipped with an Axio-
cam 506 mono camera (Zeiss).

Schwann cell cultures

A primary Schwann cell culture from a control dog
was established as previously described [34]. Briefly,
an approximately 5cm long whole trunk biopsy of
the common fibular nerve was sampled shortly after
pentobarbital-euthanasia of a dog. Immediately, the
epineurium was removed and the fibers teased apart.
Thereafter, the fibers were subjected to enzymatic di-
gestion by 0.25% dispase and 0.05% type I collagenase
in Dulbecco’s Modified Eagle Medium (DMEM). For
expansion of the cell cultures, complete medium
(high glucose-DMEM supplemented with 10% FBS,
1% GlutaMAX, 1% penicillin/streptomycin, 25 pg/mL
gentamicin, 10nM neuregulin and 2puM forskolin)
was used. For cryopreservation, the cells were
trypsinated, resuspended in complete medium,

canine tissues and cells

Name Catalog Producer Dilutions
number

IHC IF WB
Monoclonal anti-NDRG1 antibody produced in mouse WHO0010397 Sigma-Aldrich, Merck, Darmstadt, Germany 1/ 1/ 1/2000

2000 2000
Polyclonal anti-NDRG1 antibody produced in goat PA5-18109 Invitrogen, Thermo Fisher Scientific 1/750  NA NA
Polyclonal anti-NDRG1 antibody produced in rabbit HPA006881 Sigma-Aldrich, Merck 1/100 1/100 1/1000
Monoclonal phospho-specific anti-NDRG1 (Thr346) produced in 5482 Cell Signaling Technology, Leiden, NA 1/500 1/1000
rabbit Netherlands
Monoclonal phospho-specific anti-NDRG1 (Ser330) produced in  ab124713 Abcam, Cambridge, United Kingdom NA 1/75 1/
rabbit 10000
Anti-glial fibrillary acidic protein 70334 Dako, California, United States 1/500 1/500 NA
Anti-lba1 019-19,741 Fujifilm Wako Chemicals, Neuss, Germany ~ 1/250 NA NA

IHC Immunohistochemistry, IF Immunofluorescence, WB Western blot, NA Not analyzed
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centrifugated and frozen in Recovery Cell Culture
Freezing Medium.

Immunolabeling of cultured Schwann cells

The cell cultures were grown in eight well-glass cham-
bered slides in complete medium. The cells were rinsed
twice in PBS, fixed in 2% paraformaldehyde for 10 min
at room temperature, rinsed in PBS three times for 1
min, permeabilized with 0.2% Triton X-100 in PBS and
rinsed in PBS three times for 1 min. The cells were incu-
bated 30 min in a blocking solution consisting of 2%
BSA, 0.2% TWEEN 20, 7% glycerol and 2% goat serum.
Thereafter, the cells were incubated with primary anti-
bodies diluted in blocking solution for 60 min at room
temperature at concentrations summarized in Table 3.
The cells were rinsed three times for 1 min in PBS and
incubated with secondary antibodies for 30 min. The
secondary antibodies and mounting medium were the
same as used for immunofluorescence on paraffin sec-
tions. Wells where the primary antibodies were omitted
were used as negative controls.
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Abstract

Mutations in the N-myc downstream-regulated gene 1 (NDRG1) cause degenerative
polyneuropathy in ways that are poorly understood. We have investigated Alaskan
Malamute dogs with neuropathy caused by a missense mutation in NDRG1. In affected
animals, nerve levels of NDRG1 protein were reduced by more than 70% (P < 0.03)
despite normal mRNA transcript levels. Nerve fibers were thinly myelinated, axonal
loss was pronounced and teased fiber preparations showed both demyelination and
remyelination. Inclusions of filamentous material containing actin, were present as
early lesions in adaxonal Schwann cell cytoplasm and Schmidt-Lanterman clefts. This
condition strongly resembles human Charcot-Marie-Tooth type 4D (CMT4D).
However, the focally folded myelin with adaxonal infoldings segregating the axon
found in this study are ultrastructural changes not previously described in CMT4D.
Furthermore, lipidomic analysis revealed a profound loss of peripheral nerve lipids.
Our data suggest that the low levels of mutant NDRG1 is insufficient to support

Schwann cells in maintaining myelin homeostasis.

Keywords

Alaskan Malamute, canine, CMT, Greyhound, N-myc downstream-regulated gene 1,

polyneuropathy.

1. Introduction

Degenerative neuropathies caused by mutations in N-myc downstream-regulated gene
1 (NDRG1) are reported from humans, classified as Charcot-Marie-Tooth type 4D
(CMT4D) (1), Greyhound show dogs (2) and Alaskan Malamute dogs (3). Cases of
Alaskan Malamute polyneuropathy (AMP) were first described in Norway in the

1980’s (4) and the disease was believed eradicated due to breeding programs, but re-



emerged in Scandinavia several decades later (3). We have previously described that
AMP is inherited in an autosomal recessive manner and associated with a missense
mutation in NDRG1 causing a glycine to valine substitution (p.Gly98Val) in the NDRG1
protein (3). Clinically, the disease is slowly progressive and characterized by
tetraparesis, pelvic limb ataxia, exercise intolerance and inspiratory stridor with onset

of clinical signs in adolescence (3-5).

The NDRG1 protein is not specific for peripheral nerves and is detected in a wide
variety of human, rodent and dog tissues with the highest levels in epithelial cells and
myelinating glial cells (6-8). Still, how NDRG1 mutations lead to neuropathies without
clinical signs from other body systems, as well as the specific function of NDRG1 in the
peripheral nervous system, are not clear (8, 9). The protein is functionally diverse
being involved in several cellular processes, such as vesicular transport (10-12),
microtubule dynamics (13), centrosome homeostasis (14) and lipid metabolism (15,
16). The posttranslational processing of NDRG1 is complex and tissue- and cell-specific
(7). Notably, in myelinating Schwann cells high levels of phosphorylated NDRG1
localizes to the abaxonal cytoplasm and outer parts of the Schmidt-Lanterman clefts
(7, 17). In addition to its role in neuropathies, the NDRG1 protein is also reported to be
involved in carcinogenesis (18), metastasis suppression (19) and counteracts

epithelial-mesenchymal transition (20).

Charcot-Marie-Tooth disease (CMT) denominates the most frequent forms of inherited
neuropathies in humans. This is a heterogeneous group of diseases, further classified
into subtypes based on clinical and pathological phenotype, mode of inheritance, nerve
conduction velocity and causative gene (21). The CMT4 subgroup includes

demyelinating neuropathies with autosomal recessive inheritance (22). One of them,



CMT4D, also known as Hereditary motor and sensory neuropathy-Lom (HMSNL), is a
primary demyelinating neuropathy with onion bulb formation, accumulation of
pleomorphic material in the Schwann cell cytoplasm and secondary axonal loss (23).
In contrast, the NDRG1-associated polyneuropathy of Greyhound show dogs was
reportedly dominated by axonal changes (2), while descriptions from Alaskan
Malamutes are differing (3, 4). However, in-depth studies of nerves from affected

Alaskan Malamute dogs have not previously been performed.

Naturally occurring neuropathies in dogs are increasingly recognized as models for
human neuropathies (24, 25). As opposed to experimental rodents, dogs naturally
develop similar diseases to humans. Dogs also have a larger body size and a life-
expectancy that is more comparable to this species. Furthermore, dogs share
environmental conditions and lifestyle with humans. Together this makes them
excellent translational disease models (2). The fact that dogs can be investigated with
sophisticated standardized neurological and electrophysiological tests is a further

advantage, as it allows for a detailed characterization of the disease phenotype .

The aim of this study was to describe in detail the morphology, including
ultrastructural changes, of AMP nerves and discuss these changes in relation to the cell
biology of NDRG1 in general and, in particular, in Schwann cells, as well as in relation
to the overall clinical presentation. Furthermore, studying Alaskan Malamutes with a
NDRG1 mutation is relevant to understand more about the involvement of NDRG1 in

human diseases.



2. Materials and methods

2.1 Animals

Nineteen privately owned pure-bred Alaskan Malamute dogs (14 affected dogs and 5
controls free from clinical signs of polyneuropathy) were included in the study
(summarized in Table 1, more detailed information is provided in Supplementary
Table A.1). Sixteen out of nineteen were genotyped for the NDRG1-allele using the
TagMan assay described by Bruun and coworkers (3); Twelve dogs (n=12) were
classified as homozygous mutants (mut/mut) and four dogs were homozygous wild
type (wt/wt) (n=4). Whether genotyped or not, all affected dogs (n=14) were closely
related to each other and presented with neurological signs classically associated with
AMP. All samples for the study were collected by veterinarians after written consent
from the dog owners. No ethics committee approval was required as all samples were
taken as part of the standard diagnostic procedures, in vivo (n=7) and/or postmortem
(n=15), and the investigation did not interfere or impede other tests. Information
regarding sex, age at sampling, results from electrodiagnostic testing
(electromyography (EMG) and motor nerve conduction velocity (MNCV)), and long-

term clinical course was collected from the medical records.



Table 1
Overview of Alaskan Malamute dogs included in the study

Case number and Age (years) at Control number Age (years) at
sex sampling and sex sampling
1 Female 6 1 Female 8

2 Male 8 2 Female 11

3 Female 3,4,9 3 Male 12

4 Female 2, 6%* 4 Male 7

5 Female 1,3 5 Male* 13

6 Male 2

7 Female 1

8 Female 1

9 Female 2

10 Male* 5

11 Male* 2

12 Male 1

13 Male 6

14 Female 6

* All dogs were genotyped except case 10, case 11 and control 5, due to technical problems with DNA
extraction from paraffin-embedded material.

** Only muscle biopsies.

Note: All cases except case 1 and 2 were included in (5). Furthermore, case 3, 5 and 6 were included in

(3)

2.2 Tissue sampling

Biopsies from the common fibular nerve and the cranial tibial, biceps femoris and
gastrocnemius muscles were taken under general anesthesia as part of the diagnostic
workup. Formalin-fixed and fresh samples were shipped to diagnostic laboratories for
evaluation. Unfixed biopsies were evaluated cryohistologically. Fixed nerve biopsies
were resin-embedded and evaluated in semithin sections (1 um), while fixed muscle
biopsies were paraffin-embedded and routinely stained with hematoxylin and eosin. A
standard panel of histochemical stains and reactions were used for the cryosections

(26).



Postmortem examinations were carried out shortly after pentobarbital-euthanasia.
Samples for immunohistochemistry and immunofluorescence were fixed in 10%
buffered formalin and subsequently paraffin-embedded. Samples for Western blotting
and RT-qPCR were snap frozen in isopentane, transferred to liquid nitrogen and stored
at -80 °C until analysis. Samples for electron microscopy and nerve fiber teasing were
gently separated into individual fascicles and fixed in 2.5% glutaraldehyde in
Sorensen’s phosphate buffer (0.1 M, pH 7.4) for 4 hours at room temperature. In
individual dogs, nerve samples were prepared from one or more of the following sites:
Tibial nerve (n=7), recurrent laryngeal nerve (n=5), sciatic nerve (n=7), ulnar nerve
(n=4), obturator nerve (n=5), common fibular nerve (n=13), superficial radial nerve
(n=6), facial nerve (n=1), hypoglossal nerve (n=4), vagosympathetic trunk (n=3),
femoral nerve (n=1), brachial plexus (n=1), ventral lumbar nerve root (n=1) and
thoracic nerve root (n=1). In addition, a routine postmortem examination was
performed, including sampling from cranial tibial, biceps femoris and gastrocnemius

muscles.

2.3 Western blotting

Nerve samples from four NDRG1mut/mut and four NDRGIwt/"t Alaskan Malamutes were
thawed, and the epineurial fat removed. The samples were lysed in homogenizing
buffer (Tris HCl 50 mM, NaCl 150 mM, EDTA 1 mM, DOC 0.25%, NP40 1%)
supplemented with protease inhibitor cocktail (Roche complete, Roche Holding AG,
Basel, Switzerland) and anti-phosphatase (Halt™ Phosphatase Inhibitor Cocktail,
Thermo Fisher Scientific, Massachusetts, USA). Protein concentrations were measured

using Protein assay (Bio-Rad, Hercules, California, USA).



Twenty-five ug protein from the samples were separated by sodium dodecyl sulfate
(SDS) polyacrylamide gel electrophoresis (12% Criterion™ XT-Bis-Tris, Bio-Rad), and
transferred to polyvinylidene fluoride (PVDF) membrane (GE Healthcare, Little
Chalfont, United Kingdom). The membrane was blocked with 5% non-fat milk in TBS-
Tween for 90 minutes at room temperature and incubated with primary antibodies
diluted in blocking buffer overnight at 4 °C. Thereafter, the membrane was washed and
incubated for 90 minutes in 1% non-fat milk containing Alkaline Phosphatase-
conjugated anti-mouse IgG (dilution 1/4000, Thermo Fisher Scientific) or anti-rabbit
IgG (dilution 1/4000, GE Healthcare). The membrane was developed using EFC™
substrate (GE Healthcare) and visualized with Typhoon 9200 (Amersham Bioscience,

GE Healthcare).

Protein transfer efficiency and protein loading were assessed by staining total protein
on the PVDF membranes by SYPRO® Ruby Protein Blot Stain (Molecular Probes,
Thermo Fisher Scientific). Band signals were quantified with ImageQuant TL (GE
Healthcare) and statistical analyses performed with a non-parametric test (Mann

Whitney U-test) in GraphPad Prism (GraphPad Software, San Diego, California, USA).

2.4 RT-qPCR

Nerve tissue from four NDRGImut/mut and four NDRGIWt/wt Alaskan Malamutes was
homogenized in Trizol (Thermo Fisher Scientific) using a Mixer mill 301 (Retsch, Haan,
Germany) with stainless steel beads (I 3 mm, Qiagen, Hilden, Germany), in cycles of 2
min at 25 Hz with 1 min cooling on ice in between. Total RNA was extracted following
the Trizol protocol for samples with high fat content, and further purified with a

Rneasy Plus minikit (Qiagen), according to the manufacturer’s protocol.



RNA was quantified by an Epoch Microplate Spectrophotometer with Take3 plate
(BioTek Instruments Inc, Vermont, USA). The procedure robustly yielded RNA of good
quality, which was confirmed by analysis of a sub-set of samples (RIN-values > 5) with
an Agilent Bioanalyzer and an RNA 6000 Nano Kit (Agilent Technologies, Santa Clara,

California, USA). Total RNA was stored at -80 °C.

cDNA was synthesized using SuperScript Il Reverse Transcriptase, RNase Out, ANTP
mix and Random Primers (all from Invitrogen, Thermo Fisher Scientific), under these
conditions: 5 min at 65 °C, >1 min on ice, 5 min at 25 °C, 1 h at 50 °C and 15 min at 70

°C.

qPCR was performed with LightCycler 480 Sybr Green I Master mix (Roche) and cDNA
corresponding to 2.5 ng RNA. The following primers were used: caNDRG1-F2
(TGAACAACCCCGAGATGGTG), caNDRG1-R2 (CCCGGAGATCTTGGATGCAG), caGAPDH-
1F (GTATGATTCTACCCACGGCAAAT) and caGAPDH-1R
(GATGGACTTCCCGTTGATGACAA). Samples were run in quadruplets in a total volume
of 20 pl. The LightCycler 96 System (Roche) was run under the following conditions; 5
min at 95 °C, 40 cycles of 10 sec at 95 °C, 10 sec at 60 °C, and then 10 sec at 72 °C; and

melting curve with 5 sec at 95 °C, 1 min at 65 °C and 97 °C.

Relative expression levels were calculated using the Relative Standard Curve method
with standard curves obtained from a random sample, and NDRGI expression was
normalized to GAPDH. Statistics (Mann Whitney U-test) were performed in GraphPad

Prism.



2.5 Processing for transmission electron microscopy and nerve fiber teasing

Fixed samples were transferred to phosphate buffer and stored at 4 °C until
processing. 2 mm long pieces were cut from the fascicles, post-fixed in 1% osmium
tetroxide at 4 °C, dehydrated by an ascending acetone series and embedded in epoxy.
Sections were cut using a diamond knife (Diatome, Hatfield, Pennsylvania, USA) on a
Leica EM UC 6 ultramicrotome (Leica, Wetzlar, Germany). Semithin (0.5 um) sections
were stained with toluidine blue and safranin-0O, and evaluated light microscopically
using a Zeiss Axio Imager 2 microscope equipped with an Axiocam 506 color camera
(Zeiss, Oberkochen, Germany). Ultrathin (70 nm) sections were picked up on
formvar/carbon-coated slot grids, contrasted with uranyl acetate and lead citrate, and
studied using a Fei Morgagni 268 transmission electron microscope (FEI, Oregon, USA)
equipped with an Olympus Veleta CCD camera and iTEM software (Olympus, Tokyo,
Japan). For nerve fiber teasing, fixed nerve fascicles were post-fixed in 2% osmium
tetroxide at room temperature, washed in phosphate buffer, immersed in glycerol and

teased under a dissection microscope.

2.6 Antibodies

Details about the antibodies used in the analyses are specified in Table 2.
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Table 2

Antibodies and dilutions used in the analyses

Name Catalog Producer Dilutions
number
IF IHC WB
Anti-NDRG1 WHO0010397  Sigma-Aldrich, Merck, 1/2000 NA 1/2000
Darmstadt, Germany
Phospho-specific 5482 Cell Signaling NA NA 1/1000
anti-NDRG1 Technology, Leiden,
(Thr346) Netherlands
Anti-neurofilament 064H-4809 Sigma-Aldrich, Merck, 1/400 NA NA
200 (batch Darmstadt, Germany
number)
Anti-beta actin MA1-140 Invitrogen, Thermo 1/2000 NA NA
Fisher Scientific,
Massachusetts, USA
Anti-CD3 A-0452 Dako, California, USA NA 1/500 NA
Anti-CD79 NB100- Novus Biologicals, NA 1/750 NA
64347 Colorado, USA
Anti-Ibal 019-19741 Fujifilm Wako NA 1/250 NA
Chemicals, Neuss,
Germany

IF = Immunofluorescence, IHC = Immunohistochemistry, WB = Western blotting, NA = Not analyzed

2.7 Immunofluorescence

Sections of 3-4 pm from formalin-fixed and paraffin-embedded tissues were placed on

glass slides (Superfrost Plus®, Menzel Glaser, Thermo Fisher Scientific) and stored at

4 °C until staining. The slides were deparaffinized in xylene and rehydrated through a

descending alcohol series. Antigen retrieval was performed by heating the slides in

citrate buffer (0.01 M, pH 6.0) in a microwave. The temperature in the solution was

held at 92 °C degrees for 5 minutes, thereafter the slides were kept in the hot solution

for another 15 minutes before being rinsed in phosphate-buffered saline (PBS). Non-

specific antibody activity was blocked by incubating the slides for 30 minutes in 5%

bovine serum albumin (BSA) with 2% normal serum from the same species as the
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secondary antibody. The sections were incubated with primary antibodies diluted in
blocking buffer for 60 minutes at concentrations summarized in Table 2. The slides
were rinsed three times for 5 minutes in PBS and incubated in secondary antibodies
diluted in PBS for 30 minutes. The secondary antibodies used were goat anti-mouse
IgG Alexa Fluor 488 (dilution 1/400, catalog number A-11029, Invitrogen, Thermo
Fisher Scientific) and goat anti-rabbit IgG Alexa Fluor 594 (dilution 1/400, catalog
number A-11006, Invitrogen, Thermo Fisher Scientific). The slides were rinsed three
times for 5 minutes in PBS and mounted with ProLong Gold Antifade Mountant with
4’,6 diamidino-2-phenyl indole (DAPI; Molecular Probes, Thermo Fisher Scientific).
Slides, where the primary antibodies were omitted, were used as negative controls.
Micrographs were taken using an Axio Imager 2 microscope equipped with an

Axiocam 506 mono camera (Zeiss).

2.8 Immunohistochemistry

Sections of 3-4 um were placed on glass slides (Superfrost Plus®) 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 PBS for 5
min, except before incubation with primary antibodies. For anti-Ibal, the slides were
incubated with trypsin (1 mg/mL) in Tris HCI (0.1 M, pH 8 with 0.1% CaClz) for 40 min
at 37 °C before inhibition of endogenous peroxidase activity. For anti-CD3 and anti-
CD79, 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%
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H202 in methanol for 10 min. Non-specific antibody binding was blocked by incubating
the slides for 20 min in 5% BSA with 2% goat serum. The sections were incubated for
60 min with primary antibodies, diluted in 1% BSA at dilutions indicated in Table 2.
Next, the sections were incubated with secondary antibodies conjugated to
horseradish peroxidase-labelled polymer from the EnVision kit (catalogue number
K4009, Dako) for 30 min, and developed with AEC-substrate for 5 min. The sections
were counterstained with haematoxylin and mounted with Aquatex (Merck,
Darmstadt, Germany). Slides, where the primary antibodies were omitted, were used
as negative controls. The sections were evaluated independently by two different

observers (FSS and AE), and labelling was concealed prior to assessment.

2.9 Morphometry

Images from semithin sections of n. fibularis communis (n=8) or n. tibialis (n=3) were
evaluated by Image-Pro Plus (Media Cybernetics, Rockville, Maryland, USA). By using
the segmentation tool in the computer software, the area of the nerve fibers and axons
were measured. Thereafter, the diameters of these were derived from the area of a
circle of equivalent area, as reported to be the method of choice (27), and the g-ratios
calculated. Graphs were produced in GraphPad Prism. An example of the image

analysis is provided in Supplementary Fig B.2.
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2.10 Extraction of lipids from peripheral nerves

Lipid extraction from nerves and chromatographic analysis were performed as
previously described (28). Lipids from nerve tissue were extracted using the solvent
system based on the Folch method (29). A Precellys®24 bead homogenizer equipped
with a Cryolys temperature 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 homogenized with zirconium oxide beads (0.5 *
0.01 g, 0 1.4 mm) in 500 YL of a cold mixture of chloroform/methanol (2:1, v/v). The
tissue was kept frozen during cutting and weighing. Final rounds (5-10) of bead-
beating for 30 sec at 6500 rpm, with an intermediate 15 sec 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 min using a thermoshaker
(Thermal shake lite, VWR) and phase separation was induced by adding 200 pL of 20
mM acetic acid. After 10 min of shaking (1500 rpm, 16 °C), tubes were centrifuged for
6 min at maximum speed (13400 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 pl was collected and pooled with the first extract. The resulting
extract was filtered through a syringe filter with GHP membrane, 0.2 pm, 0 13 mm
(Acrodisc®, Pall Laboratory, Port Washington, New York, USA) and kept in a dark glass
vial with a PTFE-lined lid and kept at -20 °C until analysis with ultra-performance
convergence chromatography tandem mass spectrometry (UPC2-MS/MS).

Dichloromethane was used as diluent for lipid extracts.
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2.11 Chromatographic analysis of lipids

Alipid profile analysis was performed using an UPC2® separation system coupled to a
hybrid quadrupole orthogonal time-of-flight mass spectrometer SYNAPT G2-S HDMS
(Waters, Milford, Massachusetts, USA). A previously described analytical method (30)
was adopted and modified, as described in (28). The mass spectrometer was operated
in MSE 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 resolution of the mass spectrometer was 20000. 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 40 V;
source offset 60 V; 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. Data were collected using the MassLynx 4.1 (Waters Corporation) software.
Raw data were processed using a Progenesis QI software (Nonlinear Dynamics,
Waters) with an in-built LipidBlast database (31) and LipidMaps database (32) for
lipid identification. 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 similarity (>80%), and fragmentation pattern. The lipid
nomenclature and shorthand notation described by LIPID MAPS (33) and Liebisch G. et

al (34), were followed.

Further, the data were filtered using an in-house developed script collecting total

abundances for each individual lipid class. Experimentally determined response
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factors (Rf) from external standard dilution series, were used for correction of raw
abundances to show semi-quantitative composition of lipid classes in the studied

samples.

3. Results

3.1 Long-term clinical course and electrodiagnostic examination

Four of the 14 affected dogs were euthanized, at the owner’s request, in conjunction
with the diagnosis of AMP. Ten of the affected dogs were allowed to survive this
disease stage and were followed up (median 44 months, range 12-100 months) by
repeated examinations or contact with clinicians in the research group. In three of
these 10 dogs, the clinical signs gradually progressed until euthanasia. In one other
dog, the clinical signs progressed in the two years following diagnosis, but the dog was
subsequently lost to follow up. In the remaining six dogs followed up, both the gait
abnormalities and the exercise intolerance slowly improved during the months after
nadir and then stabilized. However, none of the dogs returned to normal and the
inspiratory stridor persisted. At a later stage (at the age of 3 and 6 years, respectively),
two affected dogs presented with regurgitation due to development of
megaoesophagus (Fig. 1), and were then euthanized. Eleven of the 14 affected dogs
were subjected to postmortem examination and autopsy confirmed megaoesophagus

in three dogs (including the two dogs with regurgitation).

MNCV in the fibular (n=4, mean 23.13 m/s, SD 14.24, reference 79.8+1.9 (35)) and
ulnar nerves (n=10, mean 37.5 m/s, SD 12.73, reference 58.9+1 (35)) were decreased
in all the examined dogs (Supplementary Table A.1). In two dogs, MNCV could not be

determined as no compound muscle action potential (CMAP) was produced by
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stimulation. EMG revealed spontaneous activity with fibrillation potentials and
positive sharp waves in several muscles in all dogs tested (n=10). In two dogs,
repeated MNCV measurements were performed. For case three, the MNCV in the ulnar
nerve was 30, 40 and 56.3 m/s at the age of three, eight and nine years, respectively.
Furthermore, the MNCV in the fibular nerve was 31.4 m/s at the age of three years, but
not possible to measure at the age of nine. For case four, the MNCV in the fibular nerve

was 29 m/s and 26.9 m/s at the age of two and five years, respectively.

3.2 Levels of NDRG1 protein and mRNA

Nerves from affected dogs had reduced NDRG1 protein levels compared to controls
(Figs. 24, C). The intensity of the 42 kDa band, corresponding to the full length protein,
as well as the bands with molecular weights between 32 and 40 kDa, were reduced by
approximately 70% in the NDRG1mut/mut dogs (P=0.029). Additionally, there was a
significant reduction in signal intensity from the band corresponding to NDRG1
phosphorylated at residue Thr346 (pNDRG1) in this group of dogs (P=0.029, Figs. 2B,

C).

In contrast, the mRNA levels in nerves of NDRG1™mut/mut dogs were not significantly

different from the controls (P=0.2, Fig. 2D).

3.3 Pathology

3.3.1 Teased nerve fibers

In nerves from affected dogs examined by nerve fiber teasing, internodal lengths and

myelin thickness varied (Fig. 3). Demyelinated segments and short internodes with
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reduced myelin thickness (intercalated internodes), consistent with remyelination,
were present. The changes had a multifocal distribution, and severely affected
internodes intermingled with internodes without observable changes. This
distribution is typical for a demyelinating disease (36, 37). In some cases, paranodal
retraction and widening of the nodal gap were evident. Focal thickenings of the nerve
fibers were present, mostly internodally, occasionally close to the Schwann cell
perikaryon (Fig. 3d), but paranodal localization was also observed. At this level, it was
not possible to ascertain whether the swellings derived from the axon, the Schwann
cell or both. Wallerian-like axonal degeneration with fragmentation of the myelin

sheath was observed in only a few fibers (not shown).

3.3.2 Light microscopy

Nerves from NDRGImut/mut Alaskan Malamutes exhibited a reduction in the density of
nerve fibers (Fig. 4A), especially large myelinated fibers. The loss of nerve fibers was
accompanied by a concurrent increase in endoneurial connective tissue. These changes
varied inter- and intraindividually from only mild affection to severe loss of nerve
fibers with concomitant fibrosis. As shown morphometrically for the common fibular
nerve, there was a shift in the distribution of myelinated nerve fibers towards smaller
diameter fibers (Fig. 4B). As the same shift was observed in axonal diameter-frequency
histograms, this shift is probably caused by a combination of loss of large myelinated
fibers and reduced myelin thickness. While the fibular nerves from the NDRGIwt/wt
Alaskan Malamutes had the expected bimodal diameter distribution of myelinated
fibers (38), the distribution in nerves from some of the cases approached unimodality

(for example case four). For case three and five, biopsies taken at different ages
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allowed assessment of a potential disease progression. The investigations showed a

shift towards thinner fibers at greater age.

When nerves were studied at higher magnification, many of the remaining fibers had
thin myelin sheaths in relation to the axonal size (Figs. 5E-G), in agreement with
results from the study of teased fibers and our finding that the g-ratios of the
NDRG1mut/mut Alaskan Malamutes were shifted towards higher values compared to the
control (Supplementary Fig. B.1). Presumptive regenerative clusters were observed in
a minority of the nerves (Fig. 5E). Swollen nerve fibers were present in the nerves
from the NDRGImut/mut Alaskan Malamutes (Figs. 5F, G) and studied more closely at the

ultrastructural level (see subsection 3.3.3).

Lesions were observed at a similar degree in both proximal (for example nerve roots
and sciatic nerves) and distal nerve segments (such as tibial, fibular and recurrent
laryngeal nerves), long (for example recurrent laryngeal nerve) and short nerves
(obturator nerve), and involved both mixed and purely sensory nerves (superficial

radial nerve).

In skeletal muscle, angular atrophy of myofibers (varying from scattered singular to
small and large groups) were present (Fig. 5A). The angular atrophied fibers were of
both fiber types as shown by the ATPase reaction (Fig. 5B). The normal mosaic pattern
of muscle fiber types was regionally absent in some cases with fiber type grouping,

supporting attempts at reinnervation (Fig. 5B).

3.3.3 Ultrastructural pathology
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The ultrastructural examination confirmed the presence of thinly myelinated nerve
fibers and real onion bulbs, as the cells present in these structures had a basal lamina,
and therefore represent supernumerary Schwann cells (Fig. 6A). Onion bulbs and
thinly myelinated nerve fibers suggest repeated episodes of demyelination and
remyelination. Macrophages with intracytoplasmic vacuoles were present around
demyelinated nerve fibers and also observed intratubary (not shown). The presence of
Ibal+-macrophages in the endoneurium was confirmed by immunohistochemistry

(see subsection 3.3.5).

A frequent finding was accumulation of filamentous material in the cytoplasm of
myelinating Schwann cells. This material was observed in the adaxonal Schwann cell
cytoplasm (Fig. 6B) or in the inner part of dilated Schmidt-Lanterman clefts (Figs. 6C,
D). Occasionally, the Schmidt-Lanterman clefts were disrupted and then associated
with dyscompacted myelin sheaths mixed with a pleomorphic, coarsely granular
osmiophilic material (Figs. 6E, F) dispersed between the sheets. This morphologically
heterogenous material probably consists of a mixture of the aforementioned
filamentous material and lipids from myelin degradation as it intermingled with

fragments of periodically structured lamellae (39).

Focally folded myelin was often observed. In some instances, it involved the whole
thickness of the myelin sheath, causing redundant myelin loops internal (Fig. 7A) or
external to the myelin sheath (Figs. 7C, D). Occasionally, myelin sheaths lacking axons
were found (Fig. 7B). Additionally, infoldings derived from the inner part of the myelin
sheaths were present (Figs 7E, F). The folds evolved from the Schmidt-Lanterman
clefts (Figs 7C, D, F) and occasionally seemed to subdivide the axon into pockets (Fig.

7F, higher magnification in 8A). This resulted in several axonal structures enclosed by
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the same myelin sheath, separated by thin myelin septa derived from the adaxonal
part of the sheath (Figs. 6E, 7F, 8A-F). These findings were supported by
immunofluorescence, showing the presence of several neurofilament-positive axonal
structures within one NDRG1-positive Schwann cell (Fig. 8B). Degenerating organelles
were present in the myelin-enclosed axonal pockets (Figs. 8A-8D) and in adjacent axon
segments (Figs. 8E-F), suggestive of disrupted axonal transport and early axonal
degeneration. Despite an overall increase in nerve fiber diameter, the diameter of the
axon was often reduced and the axonal outline distorted in the segments with focally
folded myelin, seemingly compressed by the myelin infoldings and adaxonal Schwann

cell material (Figs. 8E, F).

3.3.4 Immunofluorescence

As structures resembling Hirano bodies, containing actin and actin-related proteins
(40), have been described in the Schwann cell cytoplasm of rodents with NDRG1
mutations (9), immunofluorescence was performed on paraffin sections with
antibodies against 3-actin and neurofilament. In nerves from the NDRGImut/mut Alaskan
Malamutes, B-actin-positive aggregates were present focally in myelinating Schwann
cells (Fig. 9). More specifically, the B-actin signal was present in thin strands and
occasionally formed circular or semi-circular structures. The diameter of the
neurofilament-positive axon was reduced in these areas, but axonal swellings were
present in adjacent segments. Occasionally, the actin-positive material surrounded
small axonal structures only coupled to the main axonal structure through thin

connections.
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3.3.5 Immunohistochemistry

Infiltration and/or proliferation of macrophages, T- and B-lymphocytes in the nerves
were investigated with antibodies against Ibal, CD3 and CD79, respectively. While
increased numbers of Ibal+ cells in the endoneurium were observed in NDRGmut/mut
Alaskan Malamutes compared to NDRGI"t/¥t, no difference between the genotypes was

observed for CD3 and CD79 (not shown).

3.4 Lipid analysis

Analysis of peripheral nerve lipid composition revealed decreases in hexosylceramides
(HexCer), sphingomyelins (SM) and phospholipids (PC, PE), while cholesteryl esters
(CE) and triacylglycerols (TG) were increased in the relative lipid class distribution in

the NDRG1mut/mut Alaskan Malamutes (Fig. 10 and Table 3) compared to NDRGIWt/wt,
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Table 3
Relative lipid class distribution in peripheral nerves from Alaskan Malamute
polyneuropathy cases (NDRG1mu/mut) and controls (NDRG1wt/w)

Lipid class NDRG1wt/wt NDRG1mut/mut
Mean SD Mean SD

% %
MG 0.79 0.47 0.88 0.83
DG 2.29 0.65 1.97 1.09
TG 55.31 11.54 78.01 12.41
HexCer 3.70 1.33 0.99 0.49
HexCer(OH) 1.33 0.43 0.37 0.17
CE 2.85 1.57 5.53 4.81
PC 6.31 1.51 3.30 1.44
FC 0.20 0.06 0.09 0.06
SM 21.73 4.77 5.99 3.04
LPC 0.05 0.02 0.06 0.02
PE 5.43 1.72 2.81 1.66
Total 100 100

MG = Monoacylglycerols, DG = Diacylglycerols, TG = Triacylglycerols, HexCer = Hexosylceramides, , CE =
Cholesteryl esters, PC =Phosphatidylcholines, FC = Free Cholesterol, SM = Sphingomyelins, LPC =
Lysophosphatidylcholines, PE = Phosphatidylethanolamines.

4., Discussion

In this paper we clarify features of the NDRG1-associated polyneuropathy of Alaskan
Malamute that have not previously been reported. By Western blotting, we show that
the affected dogs have a significant reduction of NDRG1 protein in the nerves, although
NDRG1 mRNA levels were not reduced. The accumulation of filamentous material in
the adaxonal cytoplasm of Schwann cells and in dilated Schmidt-Lanterman clefts, and
the prominent myelin outfoldings and infoldings, sometimes dividing the axon, are all
changes likely reflecting a dyshomeostasis of the Schwann cell and its ability to
maintain the myelin sheath. The result is demyelination, remyelination and, finally,

axonal loss, with infiltration of macrophages. Lipid analysis showed that the
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pathological lesions in nerves of the affected Alaskan Malamutes were associated with

distinct changes in the lipid composition.

When dealing with neuropathies, the differentiation between a primary demyelinating
and a primary axonal disease is important, not only in search for the etiology, but also
when trying to elucidate the functions of a deficient protein involved or the
mechanisms leading to nerve damage. However, in many neuropathies it can be
challenging to identify which part of the axon-glia axis is the primary target. Secondary
axonal degeneration is known to occur in demyelinating neuropathies (41, 42) and
axonal disease can cause secondary demyelination (43). In human CMT4D patients,
demyelinating changes are found in childhood, but rapidly followed by axonal loss (9,
44) and severe clinical signs (44, 45). The disease in mice with Ndrgl mutations,
however, was mainly characterized by demyelination, with axonal loss being less
pronounced (9). The changes observed in the nerves of affected Alaskan Malamutes in
this study indicate a demyelinating disease with remyelination, characteristic axonal
changes and eventually loss, resembling descriptions from humans and rodents with
NDRG1 mutations (9, 23, 45, 46). This contrasts with previous reports from dogs (2, 3).
In a study of Greyhounds lacking NDRG1 (2), and in a previous report on the same
AMP as presented here (3), it was concluded that the disease was predominantly
axonal or mixed due to the presence of degenerative axonal changes in segments
without concurrent myelin abnormalities. However, in the Greyhounds, thinly
myelinated (i.e. remyelinated) nerve fibers, dyscompaction of the adaxonal myelin
sheath and granulofilamentous inclusions in the adaxonal Schwann cell cytoplasm
were also observed (2). Thus, the changes in nerves of humans, rodents and dogs with

NDRG1 abnormalities share certain similarities, and AMP is indeed a new model for
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human CMT4D, replicating both the demyelination and secondary axonal changes, in

both motor and sensory nerve fibers, present in the human disease (23, 46).

Furthermore, the demyelinating features of the disease and previously reported
localization of canine NDRG1 (7), indicate that the Schwann cells are primarily affected
in AMP. The onset of clinical signs coincides with a period of intense body growth
where the internodal length increases massively (9) as the largest fibers in the adult
dog have internodes up to 2 mm in length (47). The clinical improvement in gait
abnormalities and exercise intolerance in adulthood in most of the dogs, suggests that
the NDRG1 protein is particularly important during this growth period. However,
NDRG1 is also vital to maintain the myelin sheath in adult dogs, emphasized by active
changes observed in the nerves and additional clinical signs (such as
megaoesophagus) showing up later in life. A progressive polyneuropathy is described
in human CMT4D patients with gait disturbance in their first decade, upper limb
involvement in their second and sensorineural deafness in their third decade of life
(44). Disease progression in adulthood in affected Alaskan Malamutes was
documented in nerve biopsies from a few dogs, including morphometric analyses of
semi-thin nerve sections. Results from electrodiagnostic examinations were in
agreement with a polyneuropathy involving motor nerve fibers, however repeated
examinations of a few dogs during follow up showed contradictory results regarding

progression or not.

The filamentous material present in the adaxonal cytoplasm and inner part of the
Schmidt-Lanterman cleft resembles inclusion material reported from the same
location in nerves of human patients and rodent models with NDRGI mutations (9, 23,

45, 46). In humans with CMT, this material is seemingly specific for the 4D subtype
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(46, 48), however, to the best of our knowledge, the content of the material has not
been ascertained. From studies in rodent models, the inclusions have been proposed to
represent Hirano bodies based on morphological criteria (9), but in human CMT4D
nerves, a similar material did not have the structured morphology of true Hirano
bodies (23). Hirano bodies are described as paracrystalline inclusions consisting of
sheets of parallel actin filaments with a diameter of approximately 6-10 nm (40). The
filamentous material observed in the nerves of affected Alaskan Malamutes lacked the
paracrystalline structure reported from rodents (9, 49), but otherwise resembles the
inclusion material reported from humans and rodents by its ultrastructural
morphology and localization. Furthermore, we demonstrate its richness in actin by
immunofluorescence. As the material was present in nerve fibers without other
morphological changes, we consider this an early step in the sequence of events

leading to demyelination and subsequently axonal degeneration and loss.

The apparent division of the axon into several axonal pockets regionally within one
myelin sheath is not reported in CMT4D (9, 23, 45, 46, 50-52), but is described from
neuropathic Greyhounds lacking NDRG1 (2). This condition seems to be characterized
by intrusion of the Schwann cell into the axon and, thus, represents focal
hypermyelination, frequently associated with the Schmidt-Lanterman clefts. Focally
folded myelin is described from several neuropathies caused by mutations in genes
encoding phosphoinositide-associated proteins such as MTMR2 and MTMR13 (CMT4B)
(53, 54), Pten (55) and FRABIN (CMT4H) (56). The folds usually arise from Schmidt-
Lanterman clefts and paranodes (53, 55, 56), which are considered the main sites of
myelin addition (55, 56). The myelinating Schwann cell is a highly polarized cell type,
with abaxonal and adaxonal regions (57) interconnected by Schmidt-Lanterman clefts

(43, 58). Specific phosphoinositides are associated with the different membrane
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domains in the Schwann cell (59). The spatial and temporal regulation of these
phosphoinositides are important as they recruit different effector molecules (60) and
participate in specific signaling pathways (61). A possible explanation for the
occurrence of myelin folds in the aforementioned neuropathies, and the AMP
presented here, is dysregulated phosphoinositide levels in non-compact myelin
leading to abnormal signaling (56), uncontrolled membrane growth (55) and focal
hypermyelination. Consistent with this, ectopic insertion of phosphatidylinositol 3,4,5-
trisphosphate (PtdIns(3,4,5)P3) in the apical domain of epithelial cells causes
phosphoinositide-dependent recruitment of Rho GTPase activators, resulting in actin-
rich membrane protrusions (61). Furthermore, deranged PtdIns(3,4,5)P3 levels in the
apical-like adaxonal domain and Schmidt-Lanterman clefts of myelinating Schwann
cells were suggested to cause actin-rich membrane protrusions progressing to myelin

fold formation in a Pten mutant (55).

As NDRG1 participates in recycling of endosomes to the plasma membrane (11, 12)
and in this process is recruited by binding to a specific phosphoinositide
(phosphatidylinositol 4-phosphate) in the Golgi (11), impaired trafficking of vesicles
resulting in improper maintenance of distinct membrane domains is a possible
mechanism for the changes present in AMP nerves. Interestingly, depletion of
phosphatidylinositol 4-phosphate from the plasma membrane of myelinating Schwann
cells caused rearrangement of the actin cytoskeleton in mouse nerves with formation
of actin aggregates and myelin outfoldings (62), suggesting that proper membrane
composition of this phosphoinositide is important for the structure of the actin
cytoskeleton and to avoid focal hypermyelination. Thus, we suggest that reduced

NDRG1 activity in Schwann cells of affected Alaskan Malamutes causes focal
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hypermyelination, and that the actin aggregates observed in the Schmidt-Lanterman
clefts of AMP nerves are associated with an early stage in the uncontrolled membrane
growth ultimately leading to formation of myelin folds (55) with secondary disruption
of axonal transport and axonal degeneration. The axonal degeneration might be caused
by “demyelinative internal strangulation”, as observed in hereditary neuropathy with
pressure palsies (21, 63). Next, the myelin sheaths without axons can either represent
nerve fibers where the axon has been obliterated by this process, or, hyperactive,

aberrant myelination.

We have previously shown that phosphorylated NDRG1 preferentially localized to the
abaxonal cytoplasm and outer aspects of the Schmidt-Lanterman clefts in myelinating
Schwann cells of normal dogs by immunofluorescence, while no pNDRG1 signal was
observed in an affected Alaskan Malamute (7). Phosphorylated NDRG1 (Thr346) has
been suggested to participate in termination of myelination, as loss of serum
glucocorticoid kinase 1 (Sgk1), with less pPNDRG1 as a sequel, caused
hypermyelination in mice (17). We did not observe decreased g-ratios in the
NDRG1mut/mut Alaskan Malamutes, as would be expected in a condition with diffuse
hypermyelination. However, in conditions with focal hypermyelination, a reduced g-
ratio may not be found (56), as most cross-sections of nerves with focally folded
myelin will be represented in a semithin section by a nerve segment with normal
myelination. Further studies are needed to investigate whether the NDRG1 mutation
disrupts signaling in the Schwann cells by affecting the phosphorylation of the protein,
either directly or indirectly, eventually resulting in the focal hypermyelination

observed.
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Analysis of peripheral nerve lipid composition revealed several differences between
the genotype groups. Alterations caused by loss of myelin and axons in the neuropathic
Alaskan Malamutes are expected. These include reduction in the levels of
sphingomyelins, cholesterol and glycolipids, and increased levels of cholesteryl esters
and free fatty acids (64). In line with this, hexosylceramides and sphingomyelins were
decreased, while cholesteryl esters were increased, in the relative lipid distribution in
nerves of NDRG1mut/mut dogs compared to controls. Unspecific changes caused by
demyelination in the nerves precludes interpretation of changes specifically related to
loss of NDRG1 function. Nevertheless, the increased levels of cholesteryl esters in the
affected Alaskan Malamutes resemble reports from cell culture studies where NDRG1
has been silenced, resulting in aberrant formation of lipid droplets (15, 16). In
contrast, defective vesicular recycling of the low-density lipoprotein receptor (LDLR)
caused a reduction in cholesteryl esters in epithelial cell lacking NDRG1 (12). Thus, a
specific contribution to the observed differences in lipid composition from loss of
NDRG1 function in vesicular formation or trafficking, cannot be ruled out, but needs

further investigation.

The Western blots showed that the affected Alaskan Malamutes did not have a total
lack of NDRG1, but the expression of the 42 kDa full length protein was significantly
reduced. In contrast, Greyhounds with NDRGI1-associated neuropathy were reported to
have a total NDRG1-deficiency (2), just as in humans with CMT4D caused by a
nonsense mutation (9). The difference between the affected Alaskan Malamutes and
Greyhounds is comparable to the difference between the two mouse models used in
studies of NDRG1-associated neuropathies; while the stretcher mice had a complete
lack of normal NDRG1, the NDRG1 knock-out mice expressed low levels of the protein

and had a less severe phenotype than the former (9). Consequently, the molecular
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difference between the affected Alaskan Malamutes and the Greyhounds might explain
the differing phenotype, such as earlier age of onset and more rapid progression to
axonal degeneration in the Greyhounds. Missense mutations can impair the normal
function of NDRG1 in vitro (65). Whether this is also the case for the p.Gly98Val
mutation needs further investigations. However, based on the clinical course, we
consider it likely that the mutant protein in the Alaskan Malamutes has at least some
functionality, meaning that the affected Alaskan Malamutes represent a model with

incomplete loss of NDRG1 function.

While nerves from the NDRGIvt/wt Alaskan Malamutes had a strong expression of
phosphorylated NDRG1 (Thr346), the levels were significantly reduced in the
NDRG1mut/mut dogs. As the phosphorylated fraction of NDRG1 seemingly was reduced
to the same extent as total NDRG1, there did not seem to be any compensatory
increase in the phosphorylation of the protein. Unlike the protein levels, the levels of
NDRG1 mRNA in the nerves were similar between the two genotypes. This suggests
that the reduced NDRG1 levels were not caused by degradation of the transcript, but
rather protein degradation or reduced translation, in contrast to the reports from

neuropathic Greyhounds (2).

In conclusion, Alaskan Malamutes with NDRG1 mutation is a unique spontaneous
animal model with incomplete loss of NDRG1 function, demonstrating a more
protracted disease course compared to models with total lack of NDRG1. By detailed
morphological investigations, we have gained insight into changes specifically related
to NDRG1; accumulation of actin in the adaxonal cytoplasm and initial turn of Schmidt-

Lanterman cleft, formation of myelin folds, demyelination and axonal loss.
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Figure 1

Figure 1. A. Radiograph of case 5 that developed megaesophagus at the age of 3-4
years. Retention of barium sulphate in dilated part of oesophagus (red arrows). B.

Photograph illustrating megaesophagus (black arrows) in case 14.
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Figure 2
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Figure 2. A, B. Western blot of nerve lysate from Alaskan Malamutes with antibodies
against NDRG1 (A) and phospho-NDRG1 (B). C. Semiquantification of NDRG1 protein
in nerve lysates based on band intensity in Western blot (mean+SD). There is a
significant reduction in the levels of both total NDRG1 (P=0.029) and pNDRG1
(P=0.029) in NDRG1mut/mut Al]askan Malamutes compared to controls. D. Relative

expression of NDRG1 mRNA in nerve samples (mean+SD). The difference between the

groups was not significant (P=0.2).
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Figure 3. Teased nerve fibers, representative examples from the common fibular and
tibial nerves of a control (a) and cases (b-f). Boxes indicated by roman numerals are
magnified in the lower part of the figure. In fibers from cases, paranodal (b, magnified
in I) and segmental demyelination (c) were present. Focal thickenings of the nerve
fiber were observed internodally (d, e, magnified in II), occasionally close to the
Schwann cell nucleus (d, white arrow). Short and thinly myelinated internodes,
consistent with remyelination, intermingled with longer internodes with thicker
myelin sheath (d-f, magnified in III). Nodes of Ranvier are indicated by black arrows.

DeM = Demyelinated segment. ReM = Remyelinated segment. Bar 200 pm.
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Figure 4
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Figure 4. A. Comparison of semithin sections from the common fibular nerves of
controls and cases at low magnification. Note the reduction of large myelinated fibres
in the cases. The prominent Renaut bodies observed in case 4 are not typical findings
in affected dogs. Bar 100 um. B. Myelinated fibre diameter-frequency histograms. Note
the shift in the distribution of myelinated fibres in the cases. For case 3 and 5,
morphometrical comparison of biopsies taken at different ages is included in the
histogram. Y-axis: Percentage of myelinated fibers. X-axis: Diameter of myelinated

fibers in pm.
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Figure 5
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Figure 5. Skeletal muscle (A, B) and nerves (C-G) from affected (A, B, E-G) and control
(C, D) Alaskan Malamutes. A. Scattered and small groups of angular, atrophic
myofibers (arrows) in the gastrocnemius muscle. B. Fiber type grouping in the
gastrocnemius muscle. Type 1 muscle fibers are dark, while type 2 are pale. C, D. Nerve
from a control Alaskan Malamute. E. Axonal loss and thinly myelinated (remyelinating)
fibers in nerve from affected Alaskan Malamute. A regenerative fiber cluster is
indicated by red arrow. F, G. Focal swelling of nerve fibers (red arrows) is seen in both
longitudinal (F) and transverse (G) sections. A myelinated fiber with very thin myelin
sheath is highlighted (box and inset) in G. Stained with hematoxylin and eosin (A),
Myofibrillar ATPase reaction at pH 4.3 (B), toluidine (C-E), toluidine and safranin-O (F,
G).
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Figure 6

44



Figure 6. Electron micrographs of nerves from affected Alaskan Malamutes, transverse
sections. A. Thinly myelinated nerve fiber in the center of a small onion bulb. Bar not
available. B-D. Accumulation of filamentous material in the adaxonal cytoplasm (B) or
in the inner part of distended Schmidt-Lanterman clefts (C, D). E, F (white box
magnified in F) Disrupted Schmidt-Lanterman cleft (arrow in E) with coarsely
granular material (asterisk in F) between dyscompacted myelin lamellae from the
inner part of the myelin sheath. Note the two axonal structures within the myelin

sheath in E, both with aggregates of mitochondria.
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Figure 7
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Figure 7. Electron micrographs of nerves from affected Alaskan Malamutes, transverse
sections. Infoldings (A, B, E, F) and outfoldings (C, D) of the myelin sheath, originating
from the paranodal region (A, asterisk shows aggregates of mitochondria in the
abaxonal cytoplasm, characteristic of this region) or Schmidt-Lanterman clefts (arrow
heads in B, C, D, F). The folds can either involve the whole thickness of the myelin
sheath (A, C, D) or only some of the lamellae (E, F). In B, no axon is observed inside the
myelin sheath. In F, the infoldings seemingly divide the axon into several structures.
Note the outfolding originating from the abaxonal part of the Schmidt-Lanterman cleft

in F (arrow). White frame magnified in 8A.
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Figure 8
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Figure 8. Electron micrographs of nerves from affected Alaskan Malamutes.
Transverse (A, B) and longitudinal (C-F). Myelin infoldings, often derived from the
Schmidt-Lanterman clefts (A, lower magnification in 7F), divide the axon into pockets,
resulting in the appearance of several axonal structures within one myelin sheath in
transverse sections (B). The identity of these structures were confirmed by
immunofluorescence (inset in B). The axonal structures contain accumulations of
organelles, including degenerating mitochondria (A-F) and aggregates of
neurofilaments (A, magnified in inset), consistent with early axonal degeneration. The
focal distribution of changes are shown in E, magnified in F. Arrows (B, D, F) indicate

dyscompacted myelin.
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Figure 9
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Figure 9. Immunofluorescence on nerve section from case 5 with antibodies against
beta-actin (green) and neurofilament (red), two different nerve fibers are shown.
Nuclei are stained with DAPI (blue). Aggregates of actin are present in the nerves of
affected Alaskan Malamutes. Note the difference between the aggregates and the
sparse amount of actin normally present in the Schmidt-Lanterman clefts
(arrowheads). Although the axonal diameter was reduced in the areas with aggregates,
the axon was swollen adjacent to these segments (asterisk). Note the small axonal
structures within the actin-positive areas only coupled to the main axon through thin

connections (arrows).
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Figure 10
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Figure 10. Ultra-performance convergence chromatography tandem mass
spectrometry (UPC2-MS/MS) analysis of nerve lipid composition. Relative lipid class
distribution (mean+SD). While hexosylceramides, sphingomyelins and phospholipids
were decreased in the affected dogs, triacylglycerols and cholesteryl esters were

increased. See Table 3 in text for abbreviations.
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Supplementary Figure B.1
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Supplementary Figure B.1. A. Semithin sections from the tibial nerves of control and

affected Alaskan Malamutes. Note the thinly myelinated fibres in the cases. B. G-ratio-

frequency histogram. The distribution is shifted towards higher g-ratios in the cases.
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Supplementary Figure B.2

Supplementary Figure B.2. Semithin section from the common fibular nerve of an
affected Alaskan Malamute. Example of morphometric measurement. Red outlines

show measured objects and the number of the counted object is indicated in green.
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Abstract

Studies in mice with ablation of Prnp, the gene that encodes the cellular prion protein
(PrPS), have led to the hypothesis that PrPC is important for peripheral nerve myelin
maintenance. Here, we have used a nontransgenic animal model to put this idea to the
test; namely, goats that, due to a naturally occurring nonsense mutation, lack PrPC.
Teased nerve fiber preparation revealed a demyelinating pathology in goats without
PrPC. Affected nerves were invaded by macrophages and T cells and displayed vacu-
olated fibers, shrunken axons, and onion bulbs. Peripheral nerve lipid composition
was similar in young goats with or without PrPC, but markedly different between cor-
responding groups of adult goats, reflecting the progressive nature of the neuropathy.
This is the first report of a subclinical demyelinating polyneuropathy caused by loss

of PrP function in a nontransgenic mammal.
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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 (PrPS), 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 abnormalities
were initially observed under resting conditions.”® However,
Nishida and coworkers reported white matter vacuolation, de-
myelination, and a loss of large myelinated fibers in periph-
eral nerves in several Prnp’/ ~ lines of mice, and proposed that
PrPC serves important roles in myelin formation and/or main-
tenance 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 series of investigations
involving several experimental designs and Prnp’/ ~ mouse
lines.'® The current view is that axonal PrPC contributes to pre-
serve Schwann cell myelin quality. Specifically, PrP-derived
peptides, liberated from axons through controlled proteoly-
sis, diffuse to Schwann cell receptors and thereby stimulate

myelin maintenance.’ Absence of such signalling gradually
leads to demyelination and remyelination in response.
Different from inbred laboratory mice, dairy goats, and hu-
mans have a high degree of genetic variation. By comparing
PRNP haplotypes with and without the PRNP™ nonsense mu-
tation, we find that the region affected by genetic hitchhiking
is surprisingly short, covering less than 1% of genes encoded
by chromosome 13. Like Prap™~ 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 experi-
mentation. 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 farmhouse 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

TABLE 1 Antibodies and dilutions

Dilutions

Name Catalogue No.  Producer

Anti-Ibal 019-19741 Fujifilm Wako
Chemicals,
Neuss, Germany

Dako, California,
United States

Anti-CD3 A-0452

Anti-PrP 6H4 01-010 Prionics, Ziirich, NA

Switzerland

Anti-PrP P4 R8007 Ridascreen NA
Biopharm,
Darmstadt,

Germany
Sigma-Aldrich,
Merck,
Darmstadt,
Germany

Anti-Neurofilament 200  064H-4809 NA

IHC
1/250

1/500

used in the analyses
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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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.

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 bufter (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 Glidser, Thermo Fisher Scientific,
Massachusetts, United States) and stored at 4°C until stain-
ing. 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 inhibition of endogenous peroxidase.
For anti-CD3, antigen retrieval was performed by heating
the slides in Tris/EDTA (pH 9.1) in a microwave before in-
hibition. 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,O, in
methanol for 10 minutes. Nonspecific antibody binding 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.

FASEB
2.4 | Immunofluorescence

Cryostat sections of 8 pm were placed on glass slides (Superfrost
Plus) and stored at —80°C until staining. After thawing, slides
were fixed in formal-calcium (4% formaldehyde, 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 secondary 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 HCI 50
pM, NaCl 150 mM, EDTA 1mM, DOC 0.25%, NP40 1%), sup-
plemented with protease inhibitor cocktail (Complete, Roche,
Merck), after removal of the connective tissue. Protein concen-
tration 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 micrograms of total proteins and 80 pg 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 saline-Tween (TBST), and probed with primary anti-
body 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 toluidine blue
and safranin-O, and evaluated by light microscopy using a
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Zeiss Axio Imager 2 microscope equipped with an Axiocam
506 color camera. Ultra-thin (70 nm) sections were con-
trasted 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 /Ter)
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 uL 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 pm, @ 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 (UPC%-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%:° 4.4 minutes, 50%:> 6.25 minutes, 50%:;"
7.25 minutes, 50%:° 7.35 minutes, 1%°, 8.50 minutes, 1%.
The mass spectrometer was operated in MSE 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 resolution of the
mass spectrometer was 20 000. Both positive and negative ion
electrospray ionization modes were applied. MS tuning param-
eters 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; desol-
vation 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: reten-
tion time of the appropriate lipid class, accurate mass (ppm error
<5), isotope pattern similarity (>80%), and fragmentation pat-
tern. The lipid nomenclature and shorthand notation described
by LIPID MAPS'” and Liebisch G. et al,'® were followed.

2.9 | Haplotype analysis

A total of 48 goats, either heterozygous (n = 27) or homozy-
gous (n = 21), were used for the haplotype analysis (hence-
forth referred to as PRNP™™ and PRNP™"™" respectively).
A previously acquired Illumina 50K SNP(single-nucleotide
polymorphism) dataset of 48 AI bucks (born 2009-2012)
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from the Norwegian goat breeding system was used as a ref-
erence population. Among the 48 bucks, 41 were wild type
(PRNP”*), and 7 were heterozygous, while none were ho-
mozygous PRNP™"™ The goats were genotyped by the
Illumina 50K SNP (single-nucleotide polymorphism) chip.
The genotyping was carried 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™+ PRNP™™ and
PRNP™T%) 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

FASEB s
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 7-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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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™T" goats. 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 (VIL, VIII). B, In PRNP"™"™" 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 PrPC.

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).
Myelinated 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 5SD). 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 PRNPT®Ter 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 PRNP™™" 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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enrichment of hexosyl ceramides (HexCer) was observed
among the lipids significantly changed within the adult
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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™"T" 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 PRNPTer goats

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
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FIGURE 5 Ultrastructural changes in nerves from PRNP™™™" 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 PRNP®"Ter
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

34 | 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 PRNPT™™" 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
areduced 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™"™" A, goats illustrates a bimodal distribution in both
genotypes and a loss of large diameter fibers in the PRNP™"'" group.
B, Nerve fibers of PRNP™/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 PrPC.

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™"T" 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™"T" goats displayed
more profound sickness behavior’* and increased inflamma-
tory lung damage than normal goats.®

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.10
Focally folded myelin was observed in the paranodal areas
of the nerves of Prup™'~ 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™®/Ter goats, could be due to a function for PP
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 PrP, 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,29 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 Prap~'~ 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 PRNPT/Ter
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 PrP¢,** 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 dc:mye:lination,30’31
Prnp’/’ mice.

Additionally, T lymphocytes infiltrating the goat endo-
neurium were detected. In mice, demyelination appeared
independent of lymphocytes, since crossing Prap~'~ mice

and observed in

FIGURE 9 Haplotype analysis of
goats. A, The figure illustrates the average
minor allele frequencies (MAF) of all 29
autosomes, in PRNP™*, PRNPTT and
PRNP™ ™ goats. Chromosome numbers
are on the x-axis and MAF-frequency on
the y-axis. B, The graph shows the average

- PRNP™"
PRNP™"
-+ PRN PTer/T er

MAF of a sliding window of 5 sequential
SNPs across chromosome 13. For clarity,
only PRNP*'* and PRNP™"Te0

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

— PRNP™
— PRN PTer/T er

— PRNP™
— PRN PTerfT er

with recombinase-1 ablated mice Rag/ " 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,24'25"32 it
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. Inmunofluorescence analysis of peripheral nerves in PRNP** (left) and PRNPTTer
(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.33 Whether or not PrPC is
involved in sphingolipid metabolism remains to be clarified.
Taken together, our results provide strong support for
a PrP® 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.
Glycosylated full-length PrPC is detected in PRNP** goats. After
deglycosylation with PNGase-F full length PrP€ is visible, together
with a C-terminal fragment. No PrP€ was detected in PRNP ™"
goats. On the right, Coomassie stain was used to verify equal
protein loading between lanes

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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