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Abstract

Congenital insensitivity to pain is a rare hereditary
neuropathy. We present patients from a large family
in Norrbotten, Sweden with a mutation in the nerve
growth factor 3 gene (NGFf3). Using a model of
recessive inheritance, we identified an 8.3-Mb
region on chromosome 1p11.2-p13.2 shared by the
affected individuals in the family. Analysis of can-
didate genes in the disease-critical region revealed
a mutation in the coding region of the NGFf} gene
specific for the disease haplotype. All three severely
affected individuals were homozygous for the
mutation. The disease haplotype was also observed
in both unaffected and mildly affected family mem-
bers, but in heterozygote form. We have identified
43 patients, 3 homozygous and 40 heterozygous.
The homozygous patients have a severe congenital
form with onset of symptoms at an early age, most
often affecting the lower extremities with insidious
progressive joint swellings or painless fractures.
Fracture healing was normal, but the arthropathy
was progressive, resulting in disabling Charcot
joints with gross deformity and instability. These
patients lacked deep pain perception in bones
and joints and had no protective reflexes, leading
to gross bone and joint complications. They also
had abnormal temperature perception but normal

ability to sweat. There was no mental retardation.
Clinically, they fit best into the group HSAN type
V. Sural nerve biopsies showed a moderate loss
of thin myelinated fibers (Ad-fibers) and a severe
reduction of unmyelinated fibers (C-fibers). 14
of the 40 heterozygous adult patients had mild or
moderate problems with joint deformities, usually
with only slight discomfort. Treatment was conser-
vative with (if needed) different kinds of orthosis
and in three cases joint replacement. Nine patients
had neuropathy, and nine patients had no symp-
toms.

In congenital disorders like these, it is important
to evaluate the age and also the slowly progressive
nature, when considering treatment. There is an
increased risk of growth disturbances in the very
young. The orthopedic operations should therefore
be planned from a long-term point of view, but
patient education and orthosis are cornerstones in
the treatment—to delay the development of neuro-
pathic arthropathy. Arthrodesis, limb lengthening
and spinal decompression with fusions are the only
elective procedures that seem reasonable.

This Norrbottnian disease is also interesting as a
model system for the study of pain.
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Swedish summary—sammanfattning pa svenska

I Norrbotten, med ursprung fran Vittangi, finns
en drftlig nervsjukdom som drabbar framst nedre
extremiteternas leder med grava felstéllningar bade
hos unga och ildre personer. Patienterna har en
perifer nervstorning med nedsatt djup smérta och
temperatursinne liknande som i tidigare beskriven
familjar smértokénslighet, Hereditédr Sensorisk och
Autonom Neuropati (HSAN). Diaremot har patien-
terna fa autonoma och centrala nervstérningar. Sjuk-
domsbilden stimmer bist 6verens med den tidigare
beskrivna mycket sillsynta 5:e HSAN typen, varav
det tidigare har rapporterats 20-tal fall i vérlden,
men ddr man dnnu inte kartlagt genotypen. For-
modligen dr Vittangi-patienterna drabbade av en
ny, tidigare ej beskriven typ. Nervbiopsier har visat
nedsatt antal av de nervfibrer som leder smért- och
temperatursignaler (A-delta och C-fibrer). Sjukdo-
men har en icke-dominant nedédrvning och vi har
identifierat en mutation i kromosomregion 1p11.2-
p13.2 som kodar for nerve growth factor 5 (NGEf3).
Detta fynd mojliggér uppdelning av patienterna i
tva olika former: patienter med dubbel uppsittning
av mutationen (3 patienter) och symtomdebut i
tidig alder med markant smértokanslighet i framst
nedre extremiteterna, med smartfria frakturer, fel-
stillda och forstorda leder och en lindrigare form
hos 40 vuxna patienter med enkel uppsittning av
mutationen och didr symtomen debuterar i 20-70

ars alder med kinselnedsittning och/eller ledsjuk-
dom av olika grader. I hog alder har dven nagra
av dessa utvecklat avancerade ledfordndringar pa
samma sitt som de forstndmnda fallen. 9 patien-
ter med enkel uppsittning av mutationen saknade
kliniska symtom, bland dessa foréldrar till patien-
terna i forsta gruppen.

De ortopediska manifestationerna &r svara
att behandla och det dr nodvindigt att noggrant
planera eventuella operationer med hinsyn till
patientens alder, kvarstaende langdtillvixt, risk for
tillvaxtstorningar liksom effekter av sjukdomens
fortskridande. Olika typer av ledbandage (orto-
ser) anvinds i forsta hand for att skydda leder eller
korrigera felstillningar. Eftersom dessa patienter
saknar normala smiértbetingade skyddsreflexer dr
information viktigt, speciellt till unga personer. De
maste lédra sig vad som kan ge smérta och hur man
ska undvika smirta och extremt belasta lederna.
Den kirurgi som rekommenderas vid avancerad led-
destruktion hos yngre dr steloperation (artrodes).
Vinklingsoperationer (osteotomier) har utforts i
enstaka fall med daliga resultat och har ofta lett till
steloperation senare.

Det finns idag ingen kénd bot for sjukdomen.
Teoretiskt 4r mutationen intressant som ett modell-
system for att studera smértmekanismer.
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Thesis at a glance

Paper | Question Patients | Method Answer

I Which clinical type of HSAN does 6 Case study HSAN type V
the Vittangi family have?

1] What genetic locus and mutationis |3 Genome-wide screen | A point mutation in chromosome
associated with the disease? 1p11.2-p13.2, NGF3 gene

1} Which type of orthopedic symptoms | 6 Case study Painless fractures, hydrops, osteo-
is common in the patients? chondritis, Charcot arthropathy

\Y Which phenotype do the heterozy- |29 + 28 | Case-control study Some have a mild course with
gote patients have? controls neuropathy and Charcot joint, and

others are symptom-free

\Y How is the skin innervation in 3 Case study Patients have a reduced presence
homozygous patients? of nerve fibers in skin, especially in
the legs

MAP OF TORNIO VALLEY

Kitil
FINLAND

18th century

e
Kolari

Sea: 11 500 000
fisp P dnhanzeae, Luses. Teclanen 17, Haparands, Sweden

Figure 1. Map of Tornio valley. Tornio River is shown in the middle,
and black arrows show how the ancestor moved from southern
Finland to Pello, and later up-river to Vittangi. y = homestead for
homozygote; x = homestead for heterozygote.
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Abbreviations
BDNF Brain-derived neurotrophic factor OMIM Online Mendelian inheritance in man
CGRP Calcitonin gene-related peptide MNC Motor nerve conduction
CIPA Congenital insensitivity to pain with NGF Nerve growth factor
anhidrosis NGFB Nerve growth factor beta
CMT Charcot-Marie-Tooth disease NTRK Neurotrophic tyrosine kinase
EEG Electroencephalography OA Osteoarthritis
EMG Electromyography PGP Protein gene product
ENeG Electoneurography SNC Sensory nerve conduction
FAP Familial amyloid polyneuropathy SP Substance-P
FD Familial dysautonomia SPTL Serine palmitoy] transferase
GAP Growth-associated protein SPTLC1 Serine palmitoyl transferase long-
HMSN Hereditary motor sensory neuropathy chain base subunit 1
HSAN Hereditary sensory and autonomic SSR Sympathic skin response
neuropathy TRKA Tyrosine kinase A
SHT2AR 5-hydroxtryptase 2A receptor THR Total hip replacement
IKBKAP Inhibitor of kappa light polypeptide = TKR Total knee replacement

gene enhancer in B-cells, kinase com-
plex-associated protein
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Introduction

Pain

Pain is an important physiological signal that
protects the individual from tissue damage, and
appears to be critical for survival. Pain is one of
the most common symptoms of disease and is also
one of the most important indications for surgery.
According to the International Association for the
Study of Pain, it is “an unpleasant sensation and
emotional experience associated with actual or
potential tissue damage, or described in terms of
such damage. Each individual learns the appli-
cation of the word through experience related to
injury in early life” (Merskey 1979).

Hereditary neuropathies

The hereditary neuropathies are classified accord-
ing to their clinical manifestations (Bertorini et
al. 2004). Depending on whether motor or sen-
sory symptoms predominate, they are classified as
hereditary motor and sensory neuropathy (HMSN)
or hereditary sensory and autonomic neuropathy
(HSAN). Today, causative genes are known for
many of them. HSANs are a group of rare and
poorly characterized disorders associated with sen-
sory and/or autonomic deficits. Several names have
been used for the diseases (Table 1). Mapping of
the genetic defects in HSAN patients will provide
important clues regarding the molecular mecha-
nisms of pain, and will also bring the promise of
new selective therapies.

Congenital insensitivity to pain

Previously, the terms congenital insensitivity to
pain and congenital indifference to pain were used
interchangeably (Jewesbury et al. 1970, McMurray
et al. 1950). However, the presence of peripheral
neuropathy has become a criterion for diagnosing
congenital insensitivity to pain and for distinguish-
ing it from congenital indifference to pain (Dyck et
al. 1983), which is now reserved for conditions with
a defect in the affective-motivational components
of pain perception, but with normal peripheral sen-
sory responses (Nagasako et al. 2003). Perception

Table 1. Historical note on HSAN

Year Author Term

1852 Nelaton  Affection singuliere des os du pied

1868 Charcot  Description of Charcot joint

1881 Paget Charcot joint is neurogenic disease

1883 Morvan Indifference to pain in syringomyelia

or acrodystrophic neuropathy

Familial lumbosacral syringomyelia

(HSAN 1)

1932 Dearborn Congenital pure analgesia

1936 Jordan Neuropathic joint in diabetes mellitus

1942 Thevnard Mal perforant du pied. Acropathie

ulcero-multilante (HSAN 1)

Riley-Day syndrome or familial dys-

autonomia (HSAN Il1)

1951 Denny- Hereditary sensory radicular neuro-
Brown pathy (HSAN I)

1963 Swanson Hereditary anhidrotic sensory neu-

ropathy (HSAN 1V)

HSAN type V, first case

1922 Hicks

1949 Riley

1978 Low

of pain can be divided into multiple components
including sensory-discriminative, affective-moti-
vational and cognitive-evaluative aspects (Melzack
etal. 1968).

By definition, peripheral nerve morphology is
normal in congenital indifference to pain (Landrieu
etal. 1990).

Historical notes

Nelaton (1852) was the first to describe a HSAN
patient. Jean Marie Charcot (1868) described neu-
ropathic arthropathy in four syphilitic patients.
Later, numerous patients with a plethora of neuro-
logical disorders were described as having differ-
ent joint affections.

HSAN

Dyck and Ohta (1983) classified hereditary sensory
and autonomic neuropathy into 5 different types
according to the mode of inheritance, neuropa-
thology and clinical symptoms. This classification
was recently reviewed by Nagasako et al. (2003).
Donaghy classified HSAN genetically (Table 2).
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Table 2. Classification of HSAN

Table 3. Genetic classification

Autosomal dominant inheritance

Dominantly inherited sensory
neuropathy

Dominantly inherited sensory
neuropathy with paraplegia

Autosomal recessive inheritance

Recessively inherited sensory
neuropathy, HSAN Il
Hereditary anhidrotic sensory
neuropathy, HSAN IV

Familial dysautonomia,

HSAN 1lI

Hereditary sensory neuropathy
with neurotrophic keratitis
Recessively inherited sen-
sory neuropathy with spastic
paraplegia

X-linked recessive inheritance

X-linked recessive sensory
neuropathy

Uncertain status

Hereditary sensory neuropathy
with dysautonomia

Congenital sensory neuropa-
thy with selective loss of small

Denny-Brown
1951

Cavanagh et al.
1979

Ohta et al. 1973
Swanson. 1963
Riley et al. 1949

Thomas et al.
1993
Cavanagh et al.
1979

Jestico et al.
1985

Nordborg et al.
1981

Low et al. 1978;
Dyck et al. 1983

myelinated fibers HSAN V

Riviere et al (2004) has published a classification
after known gene loci (Table 3).

General symptoms of HSAN

The symptoms often start early in childhood with
engagement of the distal extremities affecting pain
and temperature modalities. The patients often
have autonomic symptoms such as sweating and
vasomotor and temperature disturbances, result-
ing in recurrent episodic fever and hyperthermia.
Others have symptoms of autonomic dysreflexia
with alacrima, hyperhidrosis, postural hypoten-
sion, hypertension, and blotching of the skin.
Mild to severe mental retardation is common. The
insensitivity to pain may lead to burn injuries,
skin ulcers and distal mutilation. In some patients,
biting of the tongue, lips and fingers starts after the
first tooth has shown. Multiple painless fractures
and scars are frequent—and these may be compli-
cated by infections and sometimes osteomyelitis.
In much of the published material, such infections
have been very common.

HSAN Trans- Gene locus Onset Reference
type mission

| AD SPTLCl/ Adult Bejaoui et al.
9g22.1-22.3 2001
1B AD 3p22-p24 Adult Kok et al. 2001

l AR HSN2/12p13.3 Early Lafreniere et
al. 2004
I AR IKBKAP/ Birth  Slaugenhaupt
9931-g33 et al. 2001
I\ AR TRKA/ Birth  Indo et al.
NGF/1921-22 1996
\Y AR 1g21-22 Early Houlden et al.
2001
VI? AR NGFB/ Early Einarsdottir et
1p11.2- p13.2 al. 2004

Neuropathic arthropathy

Joint destruction is one manifestation of the
reduced sensory function. Neuropathic arthropathy,
also called neuropathic arthritis or Charcot joint,
is probably triggered by a traumatic event leading
to progressive destruction of the bones and joints.
Neuropathic arthropathy may result from heredi-
tary neuropathies and from a plethora of other neu-
rological disorders (Table 4). It is characterized by
joint hypermobility and instability, bone/cartilage
resorption, and often extensive joint destruction.
Pain is usually absent or—interestingly—in some
cases there may be a diffuse, deep pain. The con-
dition is aggravated by the loss of pain protection
reflexes and hypermobility of the joints, which
causes a circulus vitiosus of injuries. Charcot
arthropathy is most common in the foot, ankle and
knee. Neuropathic arthropathies in the upper limb
are infrequent. Deirmengian et al. (2001) reported 5
patients with neuropathic arthropathy of the elbow,
and some patients with shoulder arthropathy have
been reported (Hatzis et al. 1998).

Classification of the arthropathy is based on
radiological findings (Koshino. 1991):

I: Degenerative stage with narrowing of joint
space as in early osteoarthritis. This stage is often
diagnosed retrospectively.

II: Destructive stage with appearance of frag-
mentation and loose bodies.

III: Reparative stage with union of fragments,
enhancement and enlargement of the osteosclerotic
area.
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Table 4. Examples of disorders with neuropathic
arthropathy

Alcoholism

Congenital insensitivity to pain (CIPA)
Charcot-Marie-Tooth (CMT) disease
Diabetes mellitus

Familial amyloid polyneuropathy
Leprosy

Multiple sclerosis
Myelomeningocele

Paraplegia

Peripheral nerve injuries or tumor
Pernicious anemia

Spinal cord tumor

Syringomyelia

Tabes dorsalis (syphilis)

Taxonomy

McKusick collected information about genetic dis-
eases published in the catalog “Mendelian Inheri-
tance in Man”, first in 1966, and later in “Online
Mendelian Inheritance in Man” (OMIM) (http://
www3.ncbi.nlm.nih.gov/omim). This online ser-
vice provides profiles of specific disorders with a
unique identifier and clinical and gene-mapping
information.

HSAN type |

Type I (OMIM162400) is the most common one.
Nelaton (1852) was the first to describe this type
as affection singuliere des os du pied. Type 1 is a
sensory neuropathy starting in the second to fourth
decade with sensory loss and foot ulcers. HSAN
I has autosomal dominant inheritance. All modali-
ties of sensation are affected. In some cases, there
is also peroneal muscle atrophy and Achilles
tendon reflexes are reduced or even absent. Pain
attacks of a lancinating character in the feet and
legs are common in some families (Denny-Brown
et al. 1951). The disease is caused by a mutation
in the SPTLCI gene (OMIM605712), one of the
two subunits of serine palmitoyl transferase, the
enzyme catalyzing a step in sphingolipid synthesis,
and maps to chromosome 9q22.1-q22.3 (Bejaoui
et al. 2002).

Type |l b

This entity was recently described as a new form,
with symptoms of cough and gastro-esophageal

reflux and a mutation in chromosome 3p22-p24
(Kok et al. 2003).

Type Il

Type I (OMIM 201300) is autosomal recessive. It
starts in infancy with various autonomic dysfunc-
tions and severely impaired sensory functions,
leading to tropic ulcers. Both upper and lower
limbs are involved. The clinical spectrum is vari-
able (Nukada et al. 1982). Sensory nerve conduc-
tion is abnormal (Hilz et al. 2002, Nagasako et al.
2003). The causative gene was mapped to 12p13.33
(OMIM608620) in five Canadian families in New-
foundland who carried a mutation within intron 8
of the PRKWNK gene (Lafreniere et al. 2004).

Type Il

Type III (OMIM?223900), also known as familial
dysautonomia or Riley-Day syndrome, has wide-
spread autonomic dysfunction combined with loss
of pain and temperature sensation (Axelrod et al.
1984) and occurs primarily in Ashkenazi Jews. The
five cardinal clinical criteria are lack of an axon
flare after intradermal administration of histamine,
absence of fungiform papillae on the tongue, miosis
of the pupil following instillation of dilute methyl-
choline chloride (2.5%), diminished deep tendon
reflexes, and lack of overflow tears (Axelrod et al.
1983). The incidence is between 1 in 10,000 and
1 in 20,000 live births (Axelrod et al. 1984). Both
sexes are affected equally. Approximately half of all
patients die before reaching age 30 (Axelrod et al.
1982). The gene frequency in Israel has been esti-
mated to be 0.91 per 100,000, and the carrier rate
to be 1 in 50 (Moses et al. 1967). Sporadic cases
have also been reported in the non-Jewish popu-
lation (Orbeck et al. 1977). The disease is caused
by a mutation in the gene encoding IkB kinase
complex-associated protein /JKBKAP (inhibitor of
kappa light polypeptide gene enhancer in B-cells,
kinase complex associated protein)(OMIM603722)
which is located on chromosome 9q31 (Anderson
et al. 2001, Slaugenhaupt et al. 2001).

Type IV

Type IV (OMIM256800), also called congenital
insensitivity to pain with anhidrosis (CIPA), is a
rare disorder with an autosomal recessive trans-
mission. It is characterized by fever, anhidrosis
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and lack of reaction to painful stimuli (Mardy et al.
2001, Shatzky et al. 2000). Death from hyperpy-
rexia early in life is estimated to occur in approxi-
mately 20% of patients with CIPA and septicemia
is also frequent (Rosemberg et al. 1994). Israeli-
Bedouin arabs (Shatzky et al. 2000) and Japanese
(Indo et al. 1996) clusters are known to exist. The
insensitivity to both superficial and deep pain may
lead to burn injuries, multiple painless fractures and
neuropathic joints (Hilz. 2002). Type 1V is caused
by a mutation in the TRKA gene (OMIM191315)
encoding the receptor tyrosine kinase for nerve
growth factor (NGF), which is necessary for sur-
vival of nociceptive sensory and autonomic neu-
rons (Indo et al. 1996).

Type V

Type V (OMIM 608654) is the rarest of the five
types. The symptoms are similar to those of type
IV, with a selective loss of pain and temperature
sensation but with intact sweat function and few
other autonomic deficits (Low et al. 1978, Dyck et
al. 1983, Axelrod et al. 1984, Houlden et al. 2001,
Bar-On et al. 2002, Toscano et al. 2002, Karkashan
et al. 2002). For a review of reported type V cases,
see Appendix 1. The patients respond normally
to touch, pressure and vibration, and sweating is
normal—but they have a selective loss of pain and
temperature sensation, leading to painless frac-
tures, bone necrosis, osteochondritis, and neuro-
pathic joint destruction.

Scandinavian HSAN cases

HSAN disorders are extremely rare. In Scandina-
via, a severe case of HSAN type III was described
in Norway (Orbeck et al. 1977) and one patient
with HSAN type IV was identified in Denmark
(Jorgensen et al. 1982). In Sweden, Nordborg et
al (1981) presented 3 cases with atypical famil-
ial dysautonomia, later classified as HSAN type
III. There have been no HSAN type IV or type V
patients previously reported from Scandinavia.

Neuropathology

There have been several reports of the neuropa-
thology of HSAN (Table 5). Sural nerve histology
differ somewhat in type IV and V. Both types show
a severe reduction in Ad-fibers. The reduction in
C-fibers is moderate in type IV and severe in type

Table 5. Peripheral nerve pathology in HSAN

Type A Ap  Ad C Reference

Lambert et al. 1975
Winkelmann et al. 1962
Aguayo et al. 1971
Rosemberg et al. 2001
Nolano et al. 2002

| ¥ | Wl
1l n n In n
-yl nol
IV n n Wl
\Y n n Wl

n = normal

V. Type IV has normal large-diameter myelinated
fibers but lacks epidermal and sweat gland innerva-
tion (Nolano et al. 2000).

NGF

Nerve growth factor (NGF) was the first neuro-
trophic factor to be discovered (Levi-Montalcini et
al. 1987). NGF belongs to a group of related pep-
tides called neurotrophins, which all have tropic
effects on different subsets of neurons. In humans,
four different neurotrophins have been identified
and denoted NGF: brain-derived neurotrophic
factor (BDNF), NT-3, NT-4 and NT-5. NGF is
tropic for small fiber sensory neurons and for sym-
pathetic neurons, as well as for the cholinergic neu-
rons of the basal forebrain. NGF has been shown to
stimulate both the development and maintenance
of sympathetic and embryonic sensory neurons.
NGF is a 7S complex of three proteins (alpha,
beta, and gamma). The 26-kDa beta subunit is a
homodimer of two disulfide-bonded proteins, and
constitutes the biologically active NGF (Figure 2).
The function of NGF-alpha is not currently known,
but the gamma subunit is probably involved in the
processing of the beta subunit of NGF. NGF and
the other members of the neurotrophin family bind
to two main receptors: (1) a “low”-affinity recep-
tor called p75, which is common to all neurotroph-
ins, and (2) a family of high-affinity receptors
with tyrosine kinase activity, called TRKA A-C.
After binding to the receptor, NGF is subsequently
transported to the cell body. The binding of NGF
to TRKA constitutes a survival signal to the cell,
while binding to p75 in the absence of TRKA will
induce apoptosis. It has been shown recently that
the apoptotic effect of NGF requires the peptide to
be in its proform, and is also dependent on inter-
action with sortilin, which binds to the propeptide
(Nykjaer et al. 2004). The presence of NGF stimu-
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Figure 2. Structure of the NGFB protein with the alterna-
tive amino acid at position 100 of the mature protein high-
lighted (Rydén and Ibanez. 1997).

lates the expression of substance P and calcitonin
gene-related peptide (CGRP), which are involved
in modulating central pain transmission (Kessler et
al. 1980).

HSAN treatment

Concerning treatment of orthopedic manifestations
in HSAN, the prevailing opinion is that conserva-
tive measures with information and different types
of orthosis or braces should mainly be used (Fath
et al. 1983). Activity should be reduced and the
patient instructed to be careful (Scoke et al. 1996).
Prolonged cast immobilization can cause skin
ulcers and should be avoided (Krettek et al. 1997).
The importance of early diagnosis is stressed, in
order to avoid unnecessary, pointless or even harm-
ful treatment (Guille et al. 1992, Theodorou et al.
1985). The overall aims of the orthopedic treat-
ment are to prevent severe articular destruction and
to avoid the need for amputation. Fractures in chil-
dren are treated initially with non-operative treat-
ment, but in patients with hypertrophic nonunion,
operation with internal fixation may be warranted.

There have been few reports on Charcot spine
arthropathy. Here, decompression alone is point-
less; this condition requires rigid internal fixation
and both posterior and anterior fusion (Piazza et
al. 1988).

Aims of the studies

» To describe the phenotype in patients with HSAN
of the Norrbottnian type (in both homozygous
and heterozygous subjects).

e To describe orthopedic manifestations of the
disease and to evaluate the treatment of Norr-
bottnian patients.

e To correlate the clinical symptoms and signs
with the neurophysiological and neuropathologi-
cal findings of the disease, and to define the type
of HSAN from existing classifications.

* To perform a genome scan based on the genea-
logic family pedigree in order to identify genetic
loci associated with the disease.

* To study nerve fiber distribution and their neu-
romediator expression, as well as mast cells, in
skin from the upper and lower extremities of
homozygous patients
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Materials, methods and findings

Study population of the Norrbottnian type
of HSAN

The patients with Norrbottnian hereditary sensory
and autonomic neuropathy are clustered around
the Tornio River valley, which is characterized by
large rivers flowing from the mountains of northern
Sweden into the Gulf of Bothnia (Figure 1). Settle-
ments were strictly concentrated along the rivers
from south to north.

The affected family resides in the Vittangi area
of Norrbotten. The family emanated from southern
Finland and immigrated in the 1600s. The earliest
immigrant was a juryman in the small village of
Pello along Tornio River at the Finnish border, who
died in 1549. The index person was the founder
of Vittangi village in the 1600s. He stemmed from
the immigrant family in Pello. As in other isolated
remote communities, consanguinity was common.
It is likely that the disorder followed the migrants
settling in Tornio valley. According to local history,
a peculiar disorder was known in earlier genera-
tions among people in the Vittangi area. Dislocated
and deformed bones were common, along with
various types of neuropathic symptoms.

The study was initiated when I met two adult
patients, a mother and her son (patients 4 and 5),
both with Charcot joints in the knee and ankle
without an explanatory diagnosis. Shortly thereaf-
ter, a young boy (patient 3) was admitted to the
orthopedic floor of Gillivare hospital with painless
foot fractures, noted by his mother as a swollen
foot. The correct diagnosis escaped us for a long
time, until another patient (patient 2) with a similar
clinical presentation turned up. This prompted an
active search for more patients with similar symp-
toms. I therefore surveyed the catchments area of
Giillivare hospital for people with insensitivity to
pain and/or Charcot arthropathy, concentrating on
patients from the affected families in the Vittangi
district. We found 2 additional patients with severe
clinical symptoms, and from them we built up a
family tree. When new patients were identified,
we attempted to fill up the family tree (Figure 3).

Family
generations

e

WS
SN
S

AR [ xn
B
x
Figure 3. The pedigree: a 16-generation family tree with

complex consanguinity.

Genealogical information was obtained from rela-
tives, genealogists and church records. We used a
genealogy program (Min Slikt version 3.1, Dann-
berg Data, Sweden) to register data for the pedi-
gree. The genetic program used was Cyrillic Pedi-
gree Editor for Windows 3.1.

All patient numbers refer to Appendix 3 and 4,
which show all data and images.

Paper |

We studied 3 severely affected and 3 mildly affected
patients (cases 1-6), all of whom were related to
each other (Figure 4). Four patients were alive and
were examined. Two mild cases, the mother and
the maternal aunt of case 4, had died and only clin-
ical data and radiographs were available. Clinical,
neurological, neuropathological and radiographic
examinations were performed, and muscle and
sural nerve biopsies were also performed. The fol-
lowing specific tests were done: histamine test, tilt
test, peripheral nerve conduction (ENeG), the R-R
interval variation test, sympathetic skin response
test (SSR), vibratory thresholds and warm and
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Figure 4. Pedigree from papers | and Ill. A nine-generation
family tree is shown. The numbers represent the patients
in papers | and lll. Patients 1-3 are homozygous severe
cases, patients 4 and 5 are heterozygous mild cases, and
case 6 is probably heterozygous.

Y . ORVR0Z &) (i
Figure 5. Normal control sural nerve biopsy showing a
transverse section with normal distribution of myelinated
nerve fibers.

cold perception thresholds, and needle EMG. For
muscle biopsy, a percutaneous conchotome tech-
nique was used. Nerve biopsy was taken from the
sural nerve behind the lateral malleolus under local
anesthesia; 2—4 nerve fascicles were sampled for
histology. The total transversal area of each sec-
tion was photographed and the photocopies were
used to identify the myelinated nerve fibers. All
myelinated nerve fibers at one level of the nerve
biopsy were measured. Laboratory investigations
were done, including routine hematological tests
to exclude other causes of polyneuropathy. ANA,
HLA-B27, and RA tests were all negative.

A T T
ILarge A-af myelinated fibers
normal

Figure 6. Sural nerve biopsy from a homozygous HSAN
patient (case 1) showing a transverse section with severe
reduction small-diameter Ad myelinated fibers and normal
large-diameter myelinated fibers.

Figure 7. Electron microscopy from the sural nerve (case
1) showing severe reduction in number of C fibers.

Figure 8. Electron microscopy of a normal sural nerve
showing A and C nerve fibers.
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The 3 patients who had early onset at 4-7 years
of age had severe symptoms, including painless
fractures and progressive arthropathy. The second
group had onset in adult age with different grades
of neuropathy and arthropathy.

Nerve conduction was normal in all patients,
except for one who also had diabetes mellitus.
Temperature thresholds were increased in all
three homozygous patients. SSR was absent in 2
patients.

Sural nerve biopsies showed a moderate loss of
thin myelinated nerve fibers and a severe reduction
in unmyelinated fibers in all homozygous patients.

Paper Il

We studied the 3 severely affected patients (cases
1-3). The pattern of inheritance for the severe cases
was consistent with autosomal recessive transmis-
sion of the disease. Inbreeding and the fact that the
parents of the severe cases were related support
this interpretation. The number of possible cases
present in the family, however, suggested a gene
dosage effect, resulting in less pronounced symp-
toms in heterozygous individuals. The genotypes
for each individual were then ordered into whole-
chromosome haplotypes and regions of homozy-
gosity were assessed visually.

Using a model of recessive inheritance for the 3
severe cases, we screened for shared homozygosity
and identified an 8.3-Mb region on chromosome
1p11.2-p13.2 shared by the affected individuals
in the family. Candidate gene analysis revealed a
point mutation in the coding region of the nerve
growth factor beta (NGFf3) gene specific for the
disease haplotype. The haplotype for both groups
was identified as homozygous for severe cases and
heterozygous for mild cases.

Paper Il

We presented the same patients as in paper I. These
were three homozygous individuals with a muti-
lating arthropathy starting in early life, and two
heterozygous patients and one patient (presum-
ably heterozygous) with a milder course starting in
adulthood (cases 1-6; Appendix 3). The symptoms
were more pronounced in the early cases, with
painless fractures and joint destruction. One patient
had problems with joint infections and another
developed a spinal deformity. For a more detailed
description of the specific orthopedic symptoms
and treatments, see Appendix 2. We compared our
patients with those of Bar-On and his classifica-
tion (Bar-On et al. 2002). In general, it seems that
our cases had a less destructive course, although
fractures with avascular necrosis and growth dis-
turbances were also common in our patients with
early onset. Surgery for these young patients
requires careful planning because of the progressive
and lifelong nature of the disease. Deformity and
instability are the main problems and arthrodesis,
corrective osteotomy and limb lengthening are the
most commonly indicated operations.

Patients with spinal neuro-arthropathy (Table
6) often need surgery because of neurological
deficits, and in some rare cases for loss of sitting
balance. Most authors recommend both posterior
and anterior fusion because of the gross instability.
In HSAN cases with progressive weakness, spinal
deformities should be excluded.

Paper IV

We screened the pedigree involving 105 subjects
and identified 40 heterozygous patients. 29 of them
were available for examination in this study (cases
8-37), and as controls we had 28 relatives without
the mutation. They answered a questionnaire and
were examined using the Michigan neuropathy
screening protocol (MNSI), originally intended
for diabetic neuropathy (Feldman et al. 1994). An
orthopedic examination including radiographs of
knees, ankles, and spine was performed and previ-
ous radiographs were re-evaluated. We examined
all heterozygous patients using nerve conduction
(EneQG), electromyography (EMG), SSR, and mea-
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Table 6. Spinal Charcot patients

A B C D E F G H |1 J K
1  Petrie et al. 1953 F 25 P Th10-Th11 PFL P N N IV
2 Piazza et al. 1988 F 28 | L1-L2 AF, PF R N ?2 IV
3 Heggenessetal. 1994 F 17 P L3-L4 AFEPFEL R N N IV
4 Igram et al. 1996 F 12 P L4-L5 PF, L R N ? [\
5  Tsirikos et al. 2004 M 11 P Li-L2 AF, PF R Y N IV
6  Minde et al. 2005 M 21 P L4-L5 PF, L R Y N V
A. Case
B. Author
C. Gender
D. Age at onset
E. Onset of symptom

I spinal instability

P paresis
F.  Spine level
G. Treatment

AF anterior fusion
PF posterior fusion
L laminectomy
H. Treatment result
P paresis
R recovery
I. Recurrent Charcot level
J.  Mental retardation
K. Dyck type

surement of temperature thresholds. Nerve biop-
sies from the sural nerve behind the lateral mal-
leolus were sampled from 6 patients and examined
by light- and electron microscopy. None of the
patients had mental retardation or anhidrosis, com-
monly found in HSAN. None had painless frac-
tures or multiple ulcers (Appendix 3).

Clinical and radiographic examination showed
that 11 of the 29 subjects had Charcot joints, com-
pared to none in control group. Charcot arthropa-
thy was graded according to Koshino (1991) and
a slow progression over time was noted. The most
commonly affected joints were the knee and ankle
and 4 patients had Charcot arthropathy in more
than one joint. Furthermore, signs of peripheral
neuropathy were present in 15 of the patients and
in 3 individuals in the control group.

13 of the heterozygous patients also had carpal
tunnel syndrome with typical findings by neurog-
raphy. Two of these have been treated surgically.
Clinically 10 patients were examined and 8 patients
have positive Tinel and Phalen sign. One patient
(case 21) had a history of Guillain Barre Syndrome
(GBS) and had severe abnormalities in peripheral

Figure 9. Sural nerve biopsy from a heterozygous HSAN
patient (case 22) showing a transverse section with mod-
erate reduction small-diameter A myelinated fibers and
normal large-diameter A myelinated fibers.

nerve conduction. Two elderly patients (case 8 and
case 15) also had signs of a severe neuropathy. One
of them had diabetes mellitus. Nerve biopsy from
6 heterozygous patients showed moderate loss of
both thin myelinated Ad fibers and unmyelinated
C fibers (Figure 9). The same picture could be seen
in both symptom-free and neuropathy patients,
regardless of whether they had any symptoms.
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Paper V

Skin biopsies were taken from 3 homozygous
patients from the lateral upper arm under local
anesthesia, 10 cm from the lateral margin of the
acromion, from the gluteal region, and from 10
cm behind the trochanter major. Samples from
each patient were analyzed for PGP 9.5, GAP-43,
substance P and its receptor neurokinin-1(NK-1),
CGRP, mast cells and the serotonin receptor 5-
HTI1A. In addition we studied the number of A9,

NF 200 positive nerve fibers. Immunohistochem-
istry was performed from cryostat sections. Six
individuals served as healthy controls.

We found a small number of PGP 9.5 positive
nerves, more in the arms than in the legs. There
were few GAP 43-, substance P and CGRP-posi-
tive nerves. There was no difference in the number
of NF 200 positive fibers and NK1 receptor posi-
tive cells, nor regarding mast cells. 5-HT1A posi-
tive cells were increased in the legs compared with
the arms.
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Discussion

General aspects

AIl HSAN types are rare, and in many of the cases
the diagnoses seem uncertain. In addition, there are
many semantic difficulties in discussing pain with
patients who have no experience of it (Thrush et
al. 1973). The orthopedic manifestations are often
disabling and difficult to treat. The diagnosis was
delayed in our first patients (cases 1 and 2), since
we had no experience of this disease and some
patients were unnecessarily and extensively inves-
tigated for suspected malignancy or infection. The
pain insensitivity was also puzzling in 3 homozy-
gous patients with no pain in fractured bone but
with dysesthesia. Our heterozygous patients pre-
sented either with neuropathy and Charcot arthrop-
athy of different grades, or without any symptoms
at all. Surprisingly, nerve biopsy showed similar
changes. Most heterozygous patients with arthrop-
athy developed symptoms at 40-70 years of age.
The disease typically started in the same manner
as in the homozygous cases, with inflammation
and joint effusion. The clinical picture resembled
a mild, slowly progressive osteoarthritis. However,
they also had other symptoms—with discomfort
such as burning sensations in the feet. Despite par-
tial or total sensory loss for pain, many patients
with HSAN can experience pain, especially in
HSANI (Dyck et al. 1993). These patients can also
have phantom pain in amputated extremities and
lancinating pain due to inflammation within nerves
containing actively degenerating fibers (Danziger
et al. 2005).

Many of our heterozygous HSAN patients had
dysesthesia, burning sensations, and—in lieu of
pain—sometimes a dull diffuse feeling of discom-
fort, burning, pinpricking sensations and paresthe-
sias. Many patients also had dysesthesia to heat.
When taking his traditional Norrbottnian weekly
sauna, one patient (case 4) had to put his feet in a
bucket of cold water to avoid an intense pinprick-
ing sensation. Two patients were excessively tick-
lish, and this sensation was distinctly unpleasant,
probably due to the neuropathy.

All biopsied heterozygous patients had a moder-
ate reduction of Ad and C-fibers in suralis nerve.
The peripheral nerve fiber reduction seems not to
have a major influence on the clinical presentation,
because we found the reduction also in symptom
free patients.

Homozygous patients however had moderate
reduction of thin myelinated (Ad) fibers and severe
reduction unmyelinated (C) fibers and in skin biop-
sies there was also a severe reduction of epider-
mal nerve fibers and GAP 43-, substance P and
CGRP-positive nerves. There was no change in the
number of mast cells between arms and legs, but
there was an increased number of 5-HT1A positive
mast-like cells in the legs. This might indicate a
trial to compensate for the decreased innervation
of C-fibers, by this receptor being responsible for
the formation of new dendrites. In homozygous
patients few visceral pain symptoms appeared,
except in one having low abdominal pain from
pyelonephritis. The heterozygous patients expe-
rienced pain both from the stomach and the gall
bladder. Cholecystectomy had been performed in
some of the patients. Thus, we believe that most
of our HSAN patients experience a fairly normal
visceral pain.

There have been few reported HSAN type
V patients, involving only nine reports and 20
patients (Appendix 1). Low et al. (1978) were the
first to report a type V case: a child with selec-
tive loss of pain perception but with normal find-
ings on clinical neurological examination. Later,
one patient with insensitivity to pain and tongue
bite (Dyck et al 1983) and 3 patients with insen-
sitivity to pain and fever were reported (Axelrod
et al. 1984). Also, 3 isolated unrelated Kashmiri
individuals with sensory neuropathies have been
identified (Donaghy et al. 1987). Obviously, the
Norrbottnian neuropathy differs clinically from the
previously described type-V patients, and further-
more, it is likely that some of the patients already
described in the literature probably had a variety of
other diagnoses.
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Genetic aspects, and classification

As previously discussed, HSAN is classified into
5 subtypes originally based on clinical character-
istics. Subsequently, the genes for most of the sub-
types have been identified but it is clear that all the
genes that cause HSAN are not yet known. Some
cases/families do not carry mutations in the gene/
genes identified as being responsible for other cases
in the same HSAN subtype. However, in HSAN IV
all cases identified to date have been shown to be
due to mutations in the NGF receptor TRKA, and
all cases of HSAN III analyzed so far have been
due to mutations in the /IKBKAP gene. In HSAN I,
most families have been shown to carry mutations
in the SPTLCI gene, but families with a HSAN I
phenotype without mutations in the SPTLCI gene
also exist, suggesting genetic heterogeneity. For
HSAN I, a gene designated HSN2 has been shown
recently to be mutated in five Canadian families
(Lafreniere et al. 2004) It remains to be shown,
though, whether this gene would explain all known
HSAN II cases.

In the case of HSAN V, the situation is still
unclear. This is so far the rarest form of HSAN,
and is also considered to be the most pure form
of pain insensitivity of the five. There is currently
some controversy as to what cases really consti-
tute type V cases (Appendix 1). Houlden et al
(2001) reported one HSAN type V case caused by
a TRKA (NTRK1) mutation. Pavone et al. (1992)
also reported 2 cases with mental retardation and
symptoms that better resembled HSAN type IV.
Donaghy, Houlden, Dyck and Bar-On reported
5 patients with anhidrosis who also had typical
HSAN type IV symptoms (Donaghy et al. 1987,
Houlden et al. 2001, Dyck et al. 1983, Bar-On et al.
2002). Houlden et al. still consider these patients
to be a separate entity from HSAN IV even though
the mutation responsible is the same. Others con-
sider these patients to be a HSAN IV subtype,
as they have similar but less pronounced clinical
symptoms including anhidrosis and mental retar-
dation (Toscano et al. 2003). Other cases classified
as HSAN V have not carried a mutation in TRKA
and have had an unknown genetic cause. Toscano
et al. reported absence of any TRKA gene mutation
in a patient defined as HSAN type V (Toscano et al.
2002). Histology showed normal Ad and C fibers,

and Klein et al. suggested that the correct diagnosis
in this patient was indifference to pain (Klein et al.
2003, Landrieu et al. 1990).

Is the Norrbottnian disease a bona fide HSAN
type V? The main difference between HSAN type
IV and V is the pattern of nerve fiber loss and the
lack of mental retardation and anhidrosis. In a
recent classification of HSAN type V (Houlden et
al. 2004), it was divided into 3 different groups:
(1) HSAN type V caused by a TRKA mutation;
(2) HSAN type V caused by an NGFB mutation;
and (3) HSAN type V with no mutation identified.
We believe that group 1 patients are indeed HSAN
type IV patients. Group 2 and some of the patients
in group 3 are similar, and could constitute a clini-
cal HSAN type V. HSAN type IV patients have a
mutation in the NGF high-affinity TRKA recep-
tor. The TRKA mutation is likely to be a partial
loss-of-function mutation (Anand et al. 2004) and
we believe the same is true for an NGFB muta-
tion. The three sets of neurons that are dependent
on NGF are sensory neurons, sympathetic neurons
and cholinergic forebrain neurons, except for large
diameter myelinated fibers.

Considering the confusion emerging in the clin-
ical classification and also the latest developments
in the genetics of these disorders, a reconsidera-
tion of the present taxonomy is needed preferably
based on larger, pooled materials. The classifica-
tion should concentrate on the genetic background
of the disorders rather than clinical classification.
It is likely that the taxonomy of HSANs will need
to be changed as our understanding of the basic
mechanisms behind the disorders increases.

Neurological aspects

The neurological symptoms expected from a lack
of NGF function should come from lack of somato-
sensory, sympathetic and thin myelinated choliner-
gic forebrain neurons.

Except for the lack of skeletal and joint pain
our patients reported surprisingly normal cutane-
ous sensation, similar in the homozygous and het-
erozygous cases. Dysesthesia to heat was the most
common symptom, compatible with a thin-fibre
dysfunction. There were only 6 cases with clinical
signs of polyneuropathy (the 2 with diabetes and 1
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with GBS excluded), and those patients were older
than the patients with normal clinical findings All
patients reported normal sweating ability, only six
patients had a pathological orthostatic test, and
symptoms of other autonomic dysfunctions were
surprisingly rare. Also, visceral pain seemed to be
fairly normal judged from the case histories. None
of our cases were mentally retarded.

Thus, the NGF-mutation found in our family
with HSAN V gives different and milder neuro-
logical phenotype than the NGF-receptor NTRK -
mutation in HSAN type IV. The forebrain function,
the sympathetic visceral pain and the high inci-
dence of carpal tunnel syndrome need to be further
explored.

Orthopedic aspects

The most frequent orthopedic manifestations in
HSAN patients are multiple fractures, Charcot
joints, avascular necrosis with possible leg length
discrepancy, osteomyelitis, septic arthritis, dislo-
cations, auto-amputations, self-mutilations and
self-inflicted soft-tissue injuries. The knee was the
most commonly affected joint, but the shoulder,
hip, ankle, foot and spine could also be affected.
However, only our homozygous cases had the
above-mentioned symptoms, while the heterozy-
gous individuals only had distal arthropathy.
Fractures in HSAN tend to heal with hyperplastic
bone formation (Scoke et al. 1996). This is not sur-
prising, since it is likely that there is considerable
motion at the fracture site in patients with reduced
pain. Another reason may be that the fracture is not
diagnosed until late, when a considerable amount
of swelling and inflammation has occurred. Also,
the intriguing role of neurotransmitters in local
bone metabolism offers further theoretical per-
spectives. The predominant fracture locations are
the lower leg and foot (Bar-On et al. 2002) and
these fractures heal with excessive callus forma-
tion within the same time frame as seen in healthy
children. Calcaneus and talus fractures were seen
in most of our cases as en passant findings, often
with some deformation at diagnosis. The final out-
come was disappointing even though we treated
them with ankle orthosis for long periods and later
on with orthopedic shoes. Although most fractures

heal with cast treatment, hypertrophic pseudar-
throsis is not uncommon in HSAN. Good surgical
results after fracture treatment have been reported.
(Krettek et al. 1997; Karmani et al. 2001; Bar-On
et al. 2002), but in our patients fracture surgery was
not necessary. To avoid fractures in these young
patients, we consider it important to inform the
parents and teachers about the disorder in order to
teach the young patients about normal pain reac-
tion and about situations that usually induce pain.
In school, they need additional support and posi-
tive reinforcement to minimize exposure to injury.

Mechanical factors play an important role in
the development of osteoarthritis (OA); injuries
and severe overuse increase the risk. According
to one somewhat controversial—and perhaps not
testable—theory for idiopathic OA, it is due to
accumulated microtrauma secondary to subclini-
cal neuromuscular incoordination, i.e. “microklut-
ziness” (Radin et al. 1991). These authors have
shown that individuals who are microklutzes tend
to have prearthrosis. The way to stop microklutzes
is to stop impulsively loading their joints, and
we believe that this is an important factor for our
patients also. Central pattern generators, the neural
circuits that generate patterned stereotyped autono-
mous movements, may also change in diseases and
reduce the protective proprioception, also in less
extreme circumstances than in full-fledged Charcot
joints.

Normally, joints are densely innervated organs,
and this has a highly protective function. Even so,
it was surprising that some of the patients could
manage so well, and that the disease progressed so
slowly. Neuromuscular mechanisms in OA warrant
further studies. OA is an unspecific end stage of
joint destruction that has been called “joint fail-
ure”, by analogy with heart failure. Radiographs
are unspecific, at least early in the course, the only
characteristic of neuro-arthropathy being that the
changes are extreme.

Orthosis is the basic treatment for patients with
neuro-arthropathy. The aim of this treatment is to
relieve pressure on the joints, to preserve normal
joint axis, and to protect deformities under an
active Charcot process. We used orthosis and pre-
scribed reduced activity to protect the joints. The
splints were uncomfortable and often broke, and it
was necessary to use light but strong materials. In
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severe cases, we had difficulty in adjusting the joint
axis for the orthosis to enable joint movement.
Apart from initial conservative treatment, sur-
gery may be needed later on in advanced cases
with leg length discrepancy and joint destruction.
Avascular necrosis, commonly of the distal femur,
resulted in progressing knee deformity. Growth
plate disturbance is also a cause of joint deformity
(Bar-On et al. 2002). Arthrodesis is sometimes nec-
essary for the young homozygous patients to give
stability and to enable walking. In patients with
Charcot arthropathy in both knees, it is, of course,
only possible to treat one side with arthrodesis—
often resulting in limb shortening. One patient
with arthrodesis in the knee and ankle and severe
Charcot arthropathy of the ipsilateral hip (case
2) had a limb-lengthening procedure performed,
with uneventful bone healing. Some patients with
HSAN develop symptoms from the hip, often due
to limb length discrepancy. It is generally believed
that hip arthroplasty is contraindicated in Charcot
arthropathy. One patient (case 2) with hip destruc-
tion and extreme limb length discrepancy had no
pain. A destroyed hip does not necessarily give
serious functional consequences, as was seen in
our cases. The few Charcot joint patients treated
with total hip replacement (THR) have reported
mostly bad results (Robb et al. 1988). Until now,
our case is doing well as far as the hip is concerned
but has lancinating pain in her left knee and ankle.
Treatment of Charcot knee arthropathy also
remains controversial. Some authors have consid-
ered Charcot joint to be an absolute contraindica-
tion for TKR (Scott 1983), but there have been
recent reports indicating better outcome (Fullerton
et al. 1997, Yoshino et al. 1993, Kim et al. 2002,
Parvizi et al. 2003), although the reported com-
plication rate is certainly a deterrent. In general,
indications for TKR seem to be very limited indeed
in HSAN. We have performed TKR in 3 heterozy-
gous patients, in two of whom we were not aware
of the diagnosis at the time of surgery (cases 9 and
15). One patient (case 9) got unicompartmental
prosthesis but rapid progressive joint destruc-
tion necessitated a total knee replacement (TKR)
2 years later. One heterozygous patient (case 11)
with extremely unstable knees got hinged rotating
TKR on both sides, and we plan the same proce-
dure in another patient (case 4). Still, we have had

no complications with loosening of the prosthesis
in these patients, but the time that has elapsed after
surgery is only 2—6 years. Anesthetic complications
from the cardiovascular system and hypothermia
have been reported in these cases (Rozentsveig et
al. 2004), but we have used both general anesthesia
and local blocks without problems so far.

Spinal neuro-arthropathy is rare and does not
seem to be particularly common in patients with
HSAN neuropathy (Table 6). Our patient (Appen-
dix 3, case 1) illustrates the progressive nature
of the disease, with a recurrent spinal Charcot
arthropathy above the fused level with subsequent
impeding neurological symptoms. We consider it
important to exclude spinal deformity in all HSAN
cases with suspected neurological deficit.

Patients with severe neuropathy often have
bone and joint infections. In some neuropathy
syndromes, this is probably due to coexisting
immunological dysfunction, but other contributing
factors may be that the injuries generate a locus
minoris resistentiae, a suitable milieu interne for
microorganisms to thrive. Another possibility is, of
course, that the absence of pain delays diagnosis
of the infection, so that the patients are not treated
early and bone and joint infections are allowed to
develop into more difficult-to-treat stages. This
was probably the case in a young boy (case 3) who,
one month after an intraarticular steroid injection
into the ankle joint, developed acute septic arthri-
tis. Antibiotics together with arthroscopic synovec-
tomi led to healing. We had no indications that our
patients were immunologically deficient, and other
infections were rare. Previous reports have indi-
cated that patients with HSAN neuropathies often
have self-inflicted injuries and chronic wounds.
Tongue and mouth lesions and even auto-amputa-
tions occur, but we experienced no such complica-
tions. It seems that these manifestations are often
associated with mental retardation. There were no
signs of cognitive impairment in our series. On the
contrary, most of our patients appeared to be very
receptive and cooperative. Unsurprisingly, there
were some ulcers in cast treatment, but otherwise
superficial wounds were very rare.
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Model system for disease

Though rare, the HSAN neuropathies give an
insight into a natural experiment. In 1656, the year
before he died, William Harvey wrote: “Nature is
nowhere accustomed more openly to display her
secret mysteries than in cases where she shows
traces of her workings apart from the beaten path,
nor is there any better way to advance the proper
practice of medicine than to give our minds to the
discovery of the usual law of nature by careful
investigation of cases of rarer forms of disease. For
it has been found, in almost all things, that what
they contain of useful or applicable nature is hardly

perceived unless we are deprived of them, or they
become deranged in some way”. Recent studies of
rare genetic diseases have identified many of the
critical transcription factors and signaling path-
ways specifying the normal development.

The Norrbottnian patients have no autonomic
dysfunction or impaired mental ability. The find-
ings of these studies may contribute to our increas-
ing knowledge of pain and how neuropathic pain
can be alleviated. Further studies of the NGF gene
mutation are under way. Investigations of joint pro-
prioception and visceral pain would also be inter-
esting.
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Conclusion

Congenital insensitivity to pain is a rare hereditary
sensory and autonomic neuropathy. Patients from
a northern Swedish family with a mutation in the
nerve growth factor 3 (NGFf}) gene were diag-
nosed as having the disease in a homozygous form
with advanced orthopedic manifestations in child-
hood, or a heterozygous adult form with mild joint
involvement or without symptoms. There was no
mental retardation. Nerve conduction was normal,
but temperature thresholds were impaired. Sural
nerve biopsies showed a moderate loss of thin
myelinated fibers (Ad fibers) and a severe reduc-
tion in unmyelinated fibers (C fibers). Homozy-

gote patient had also severe reduction in sensory
innervation of the skin. The treatment was mainly
conservative with different kinds of orthosis, but
surgical treatment with arthrodesis, limb length-
ening or (rarely) with prosthetic replacement was
sometimes needed in the more advanced cases.
The disease was classified clinically as HSAN
type V, although it differs somewhat from earlier
described HSAN type V cases in several respects.
To date, our series involves the largest number of
genetically linked cases ever reported with this dis-
order, and our HSAN type may be a novel disease.
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Appendix 1

Reported HSAN type V patients.

A B C D E F G H | J K L M N (0] P
1 Low F 0.5 u fr Ch C
2 Dyck F Y 2 ITP mr A
&) Axelrod M ? ? ITP fe ?
4 Axelrod M ? ? ITP fe ?
5 Axelrod M ? ? ITP fe ?
6 Donaghy M Y 3 ITP t amp Ch C
7 Donaghy F Y 3 ITP t ? ?
8 Donaghy F Y 1.5 |ITP ? ? ?
9 Pavone M Y 1 ITP t mr fr amp Ch B/ C
10  Pavone M ? 2 ITP t mr B
11 Houlden M Y & fe fa TRKA  fr B
12  Karakashan F ? 1 ITP fr B
13  Karakashan M 1 ITP fr B
14  Karakashan F Y 1 ITP fr B
15  Karakashan M 1 ITP fr B
16  Karakashan M Y 1 ITP fr B
17  Toscano F Y 1 ITP t Ch C
18 Bar-On F Y 5 fr amp Y B
19 Bar-On F Y 6 fr Y B
20 Bar-On F Y 1.5 fr Y B
A. Case

B. First author

C. Sex

D. Consanguineous parents
E. Age at onset
F. ITP: insensitivity to pain
G. Ulcer
. Tongue bite
Fever
Fatigue
. Mental retardation
. Mutation (TRKA: tyrosine kinase A gene)
.Fracture
. Auto-amputation
. Charcot joint
Type Bar-On

rxX&e— I

oz
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Appendix 2

Case
1 [KTAl [FJ [s] s|s S
m IAKI Fs | Fs Fs
) T[ATK TIH]|
Iﬂ IAKlAA ILL|
T[A] [k
5 ELELITTA]  —
4 A | K| T
5 [KTAl sh| E
K] sh [H1
° 5]
7 |A|
8 []
[T~
9 RK|RH|AA|
[H]
10 RHlR”I
» []
LFe]
12 [x]
13 [«]
14 [s1
|K|
16 [F]
k1
17
ARk
18 [al
14567891011 12 13 14 15 16 17 18 19 20 21 22 24 26 30 32 34 36 38 40 50 60 70 80 90
Age
Freely ambulating Orthoses Restricted ambulation Mostly wheelchair

Semilogarithmic time scale (patients 1-3 homozygotic, the others heterozygotic). Shading of time line indicates the
patient’s mobility.

Box above line shows anatomic location of disease: Sh, shoulder; S, spine; H, hip; K, knee; T, tibia; A, ankle; F, foot.

Box below time line represents surgery. The anatomic location is shown by subscripts: A, arthrodesis; B, biopsy; O, oste-
otomy; F, fusion; R, total joint replacement; LL, limb lengthening; AR, arthrotomy.
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Appendix 3

Data from patients with Norrbottnian insensitivity to pain (HSAN V). Patient 1-3 homozygous mutation 4-37 hetero-

zygous mutation

A B C D E F G H | K L M N O P Q R T U
1 39 M 3 Y 7 F 0 1 Ch a k s np inf  sp
2 21 F Y 7 O o0 0 Ch a k h np inf  sp
3 13 M Y 4 O 0 1 Ch a k np inf  sp
4 7 M A1 30 A 1 3 Ch a k np
5 T F Y 20 A 1 6 Ch a k sh ? sp
6 T B Y 30 A 1 6 Ch k h ?
7 75 M 1 Y 40 A 1 3 Ch a np inf  sp
8 87 M 1 60 A 0 7 Ch k np sp
9 73 M 50 A 1 0 Ch a k np
10 80 F 50 A 1 0 Ch h?
11 83 F 2 Y 70 A 1 0 Ch k
12 88 M 3 Y 70 A 1 0 Ch k np sp
13 52 M Y 20 O 3 0 Ch k
14 48 F 1 20 O 3 0 Ch s? sp
15 77 M A1 50 A 3 1 Ch k np
16 47 M 3 Y 3 A o0 0 Ch f
17 53 F Y 20 A 3 0 Ch k
18 56 M 40 A O 0 Ch a ?
19 7 F N 0 0 np sp
20 65 F N 0 0 np sp
21 76 F N 3 1 np sp
2 59 F 2 _ 3 1
23 49 M _ 3 0
24 13 M 3 _ 0 0
25 45 F Y _ 1 3
26 40 F Y _ 1 3
27 63 M _ 0 0 sp
28 63 F _ 0 0 sp
29 29 F _ 0 1
30 37 F Y _ 3 0
31 24 M 3 _ 1 0
32 20 M 3 _ 1 0
33 47 M Y _ 1 0
34 16 F _ 0 1
35 69 F _ 0 0 sp
36 19 F _ 0 1
37 16 M _ 0 2
A. Case L. Foot
B. Age, 2005 (median age 52 years) M. Ankle
C. Gender N. Knee
D. Occupation O. Hip

. Consanguineous parents P. Spine

Age at onset (median age 30 years) Q. Shoulder
.Onset symptom R. Neuropathy
S. Skin ulcer

. Affected siblings (average 1.0)
Healthy siblings (average 1.1)
Fracture

. Charcot arthropathy

AXeT—IToOmMMm

T. Multiple infection
U. Spinal disease
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Appendix 4

Case 1

Case 2

Case 3

Case 4
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Case 14
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