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Abstract: Pain is common in many different disorders and leads to a significant reduction in
quality of life in the affected patients. Current treatment options are limited and often result
in insufficient pain relief, partly due to the incomplete understanding of the underlying
pathophysiological mechanisms. The identification of these pathomechanisms is therefore
a central object of current research. There are also a number of rare pain diseases, that are
generally little known and often undiagnosed, but whose correct diagnosis and examination
can help to improve the management of pain disorders in general. In some of these unusual
pain disorders like sodium-channelopathies or sensory modulation disorder the underlying
pathophysiological mechanisms have only recently been unravelled. These mechanisms
might serve as pharmacological targets that may also play a role in subgroups of other,
more common pain diseases. In other unusual pain disorders, the identification of pathome-
chanisms has already led to the development of new drugs. A completely new therapeutic
approach, the gene silencing, can even stop progression in hereditary transthyretin amyloi-
dosis and porphyria, ie in pain diseases that would otherwise be rapidly fatal if left untreated.
Thus, pain therapists and researchers should be aware of these rare and unusual pain
disorders as they offer the unique opportunity to study mechanisms, identify new druggable
targets and finally because early diagnosis might save many patient lives.

Keywords: pain mechanisms, sodium channelopathies, hereditary pain diseases, sensory
modulation disorder, central sensitization, gene silencing

Introduction

Pain arises from a complex interplay between peripheral processes and central
circuits with interactions between sensory and affective CNS pathways. A broad
classification of different pain states exists where nociceptive pain arises from
chemical activation of peripheral nociceptors, neuropathic pain from a lesion or
disease to somatosensory nervous system leading to abnormal electrical events in
neurons and nociplastic pain occurring where there is no obvious peripheral drive.'
Complications to this schema are mixed nociceptive and neuropathic pains such as
seen in some low back pain and some cancer pain patients and neuropathic
components to the pain in some patients with osteoarthritis, an archetypical noci-
ceptive pain.’

Quantitative sensory testing (QST), both as a research tool and for bedside
characterisation of patients as well as a number of questionnaires have produced
detailed descriptions of the sensory phenotypes of patients with neuropathic pain.
Much less has been reported for other pain states. Importantly, where sensory
phenotypes have been studied, it is clear that in neuropathic pain, fibromyalgia
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(FM) and persistent post-surgical pain, not all patients are
the same, and several subgroups have been described.**
This leads to the idea that the subgroups are likely to have
different underlying pain mechanisms and so may not
respond to the same therapies. There is clinical and pre-
clinical evidence to support this premise.’

There are a number of much less common pain condi-
tions and although rare, may shed light on pain mechan-
isms that could be prevalent in other patients. In this
account, we shine a light on the characteristics of
a number of patients with pain from uncommon conditions
where the pain may result from peripheral, spinal or cen-
tral alterations.

We have compiled several examples of uncommon
pain disorders based on two selection criteria. First,
a deeper understanding of pathophysiological mechanisms
was recently unravelled which led to the development of
more refined diagnostic procedures and hypotheses for
therapeutical targets. Second, and even more importantly,
novel causative treatment options have been discovered in
recent years which have the potential to extend the life
expectancy of patients significantly.

Pain Disorders with Recently
Unravelled Mechanisms

Sodium Channelopathies

Understanding pain mechanisms is key to the development
of novel analgesics and to better use of existing agents.
Translational research within this domain is vital and
could lead to mechanism-based treatments, a laudable
goal. Sodium channels are key to excitability.
Importantly, studying rare inherited disorders can also
shed light on underlying mechanisms if the aberrant pro-
tein has been identified. In pain, the inherited sodium
channelopathies relating to Na, 1.7 are a good example of
this. Depending on the mutation, the clinical phenotype
will either result in increased or absent pain sensation.
Loss of function of Na,1.7 results in analgesia and anos-
mia (congenital insensitivity to pain, CIP).® Other muta-
tions — causing reduced thresholds or loss of inactivation —
lead to pain syndromes in the absence of tissue or nerve
damage: inherited erythromelalgia (IEM) (or primary EM)
and paroxysmal extreme pain disorder (PEPD).® Some of
these mutations were also recently described in patients
with painful diabetic neuropathy.” IEM becomes clinically
apparent through reddened, painful hands and feet accom-

panied by an increased temperature.® While these

symptoms initially appear intermittently and are associated
with triggers like exercising and warmth, they might
become persistent in the course of the disease. Changes
in the nose tip, chin and earlobes as well as upper parts of
the lower extremities are possible in an advanced state.
Mind that the experiences of these triggers might lead to
typical behaviours of patients, eg not wearing socks even
in winter or sleeping with uncovered feet.” Patients with
PEPD suffer from episodes of ocular, mandibular and/or
rectal pain, also accompanied by flushing of the skin.
Again, there are triggers that might provoke the pain
such as spicy/hot food.

This translates the preclinical identification of multiple
sodium channels to humans and offers proof of concept of
Na,1.7 as a key target for analgesia while we await the
development of antagonists.®'°

The general efficacy of drugs for neuropathic pain is
not very high on a population basis.'" One intriguing study
has directly tested this premise.'? Using the sodium chan-
nel blocker, oxcarbazepine, patients with peripheral neuro-
pathic pain were tested with the drug but there was no
separation from placebo. However, there is a group of
neuropathic pain patients who are characterised by hyper-
sensitivity to evoked stimuli — the so-called irritable noci-
ceptor group. Remarkably, these patients responded to the
therapy. This study has huge implications for assessment
of pain drugs since it suggests that a trial based simply on
aetiology and the presumption that all patients are the
same may fail if sensory phenotypes of subgroups are
not considered.* Many drugs may have been abandoned
on this basis. And recently, a trial of a novel selective 1.7
blocker failed."® There are a number of possible reasons
for this failure to find an effect of a drug acting on
a validated target. One is that the compound was periph-
erally restricted that would not allow actions on the central
terminals of the nociceptive fibers where the channel plays
an important role. Secondly, patients were not selected
other than having ongoing pain so that the irritable noci-
ceptor subgroup was not studied.

Small fiber neuropathy (SFN) is morphologically char-
acterized by injury to the intraepidermal nerve fibers,
specifically the unmyelinated C- and thinly myelinated
Ad-fibers, and in some patients, a gain of function of
Na,1.7 can be found." The mutations in the channel
vary depending on the particular amino-acid sequence.
Using the sodium channel blocker, lacosamide, sensitivity
to the drug was only seen predominantly in patients with

a particular mutation of the channel.
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Others with alterations in other parts of the channel were
weakly or not responsive. Genetic testing of the site of the
mutation will not be generally possible so the idea of patient
sensory phenotypes as a basis for drug actions will be more
widely useful. Here, neuronal recordings in pain pathways in
animals using various pain models can gauge drug effects on
different modalities and so guide clinical assessment of pain
drugs that target particular aspects of pain.'®

Pain mechanisms are ancient and many receptors and
channels predate mammals. It is perhaps not surprising but
still fascinating to consider the impact of altered Na,1.7
channels over thousands of years. A recently published
paper that carry
a Neanderthal variant of the sodium channel Na,l1.7

shows some present-day humans
which is three amino acids different to the common
variant.'” This change makes the channel more likely to
open and so the Neanderthal variant leads to carriers likely
to experience more pain. In total, 0.4% of present day
Britons carry this mutated channel.

The very clear associations between gains and loss
of function of sodium channels and pain states in
humans is compelling evidence for the importance of
the excitability of afferent fibers and pain.'® However, it
is not always so simple as a change in function of
a single gene product. In a family with a gain of func-
tion of Na,1.7, pain ratings by the mother are obviously
lower than her son despite the same altered channel.
This led to a search within the dorsal root ganglion for
other changes molecular entities and it turned out that
the mother had an wupregulated potassium channel,
KCNQ. This is the substrate for the m current, an
important regulatory influence on neuronal excitability,
including pain messages from animal studies.'® So the
mother had less pain than her son as a consequence of
her increased ability to hyperpolarise overactive nerves.

Very recently, another potassium channel has been
identified, K,6.4 that influences human labour pain by
modulating the excitability of uterine nociceptors.?’
There are no clinically useful drugs that are able to alter
potassium channels in the clinic but clearly, they could be
useful in the correct patients. Retigabine has been devel-
oped and perhaps needs re-assessment of its potential
clinical analgesic actions.?'

So even when a pain disorder can be attributed to
a single sodium channel, the exact nature of the mutation
and changes in other channels such as potassium channels

can alter responses to treatment and the pain phenotype.

Hereditary Hyperekplexia
The bulk of the peripheral mechanisms of pain are excita-
tory events whereby impulses are produced in sensory
nerves as a consequence of nociceptor activation or
nerve dysfunction. At central sites, notably the spinal
cord, inhibitory systems exist that are able to modulate
incoming excitatory messages. The interplay and gating of
low and high threshold sensory inputs into the spinal cord
was a key premise of the “Gate Theory of Pain”, first
published in 1965.7

Preclinical studies of models of neuropathy have pro-
vided many examples of spinal excitability such as neuro-
nal wind-up and central sensitisation but there is also
a loss of inhibitory function that contributes to the pain
state. Many years ago, Tony Yaksh showed that blocking
inhibitory function in a normal animal by spinal adminis-
tration of strychnine, the glycine receptor blocker, or
GABA antagonism caused rats to become agitated in
response to light tactile stimulation.”” These altered sen-
sory changes resemble sensory changes in patients such as
sensory dysaesthesia following neuropathy. There is an
inherited human condition, namely hereditary hyperek-
that this. The

a consequence of a loss of glycine receptor function and

plexia, relates to syndrome is
its associated chloride channel, causing a reduction in the
normal inhibitory control by this transmitter likely to be
key at spinal cord levels.

Hereditary hyperekplexia is characterised by exagger-
ated startle responses to a variety of stimuli and neonatal
hypertonia that declines with age whilst the enhanced
startle responses remain.

In this rare disorder, Vuilleumier et al recruited and
tested seven patients who had been clinically and geneti-
cally verified as having hyperekplexia.®* A meticulous
sensory testing approach was taken using mechanical,
thermal and other modalities. The patients had lower
thresholds for all test stimuli, including pressure, cold
pain, and electrical pain to a single shock and to repeated
shocks, the latter being a test for central spinal hypersen-
sitivity, evoking wind-up. The withdrawal reflex threshold
to applied stimuli was also reduced. The data showing that
the patients had a wide range of similarly augmented
responses to many modalities of painful stimuli indicates
that glycine acts broadly to control many modalities and is
suggestive of a lack of control of incoming spinal informa-
tion. However, and surprisingly given the enhanced pain
responses, conditioned pain modulation (CPM), a measure
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of activity in descending pain modulatory systems from
the brain to the spinal cord, where one pain inhibits
another was reduced.

It could be concluded that glycine plays a generalised
role in modulating sensory inputs and loss of this inhibi-
tory system in otherwise normal patients is sufficient to
enhance pain.

Sensory Modulation Disorder (SMD)

Patients with this syndrome often report non-painful sti-
muli as unpleasant or bothersome. In a recent comprehen-
sive review the authors suggested allodynia to mirror
sensory over-responsivity (SOR), a subtype of SMD, so
that non-painful sensations are perceived as irritating,
unpleasant or painful.>>~*° Many patients with neuropathic
pains have tactile or cold allodynia that suggest some
overlap of mechanisms. Investigation of patients with
SOR with regard to thresholds measured using QST
revealed no difference between children and adults com-
pared to controls using light touch, vibration, warm and
cool stimuli. However, when stimuli above threshold were
studied, there were enhanced responses in those with SOR.
Furthermore, there were after sensations that lingered. The
patients had normal CPM that fails in many other pain
conditions such as peripheral neuropathy, fibromyalgia,
musculoskeletal pain, etc.?” Thus, it would appear that
the sufferers are in a state of pro-nociception as
a consequence of excess excitation rather than loss of
inhibition. It has been suggested that SMD is due to
atypical neural processing of both non-painful sensory
stimulus of different modalities such as somatosensory or
auditory and abnormal integration of simultaneous multi-
sensory stimulation. Studies using electrophysiology have
revealed greater and prolonged early event-related poten-
tials (ERPs; a brain response to a specific external event)
in response to tactile and auditory stimuli. It is interesting
to note how migraine patients have triggers such as light,
odours, hunger, etc., so this multi-sensory hypersensitivity
may point to an abnormal central multisensory integration
in migraine as well. SOR appears to result from a cortical
hypersensitivity coupled with a loss of brain modulation of
sensory signals.

But that’s not all. FM is characterized by a global
disturbance in sensory responsiveness where patients
have a greater sensitivity to various non-painful multimo-
(tactile,
auditory)*® ™ It has been suggested that this is a result

dal sensory stimuli thermal, electrical,

of a generalized hypervigilance and is considered as one of

the pathophysiological mechanisms of FM alongside the
diffuse
stimuli.’*”> The widely reported pro-nociceptive profile

hyperalgesia, particularly to deep tissue
of these patients differs from SMD since the sensory over-
responsiveness in FM appears to be due to both a decrease
in inhibitory and an increase in facilitatory activity in the
CNS as evidenced by human fMRI imaging of activity in
the descending pathways from the brain to spinal cord in
FM patients.>*>° These pathways are controlled by
regions of the brain involved in the affective and aversive
responses to pain so dysfunction in these zones may
explain the common comorbidities of mood as well as
altered pain sensitivity seen in these patients since pain

is a multidimensional system.

Ehlers—Danlos Syndrome

Hypermobile Ehlers—Danlos syndrome (hEDS) is an inher-
ited disorder of connective tissue producing generalized
joint hypermobility, various connective tissue disorders
and consequent musculoskeletal problems. At first sight, it
could be thought to involve altered peripheral function con-
sequent to tissue damage in sensory pathways and
a morphological study even suggested a pure SFN.*
However, hEDS-related pain has a diffuse nature and
patients can suffer from sleep problems, fatigue and mood
disorders, suggestive of central changes resembling FM. In
this recent study, 22 patients were recruited with pain due to
Ehlers—Danlos syndrome and compared to the same number
of matched healthy participants using a range of sensory
tests using QST to measure thermal and mechanical pain
thresholds and the wind-up ratio, a measure of spinal hyper-
excitability — central sensitisation.*’ Finally, descending
controls from the brain were gauged using CPM. All of
the patients had widespread pain, no small fiber deficit and
so unlikely neuropathy but in the area of greatest pain, wind-
up was increased.

In the healthy controls, descending inhibition triggered
by a second stimulus was present but in the hEDS group,
the painful test stimulus rating increased during condition-
ing, revealing not only a lack of inhibition but a gain of
excitation. Thus, the painful syndrome likely involves
abnormal peripheral inputs generating enhanced spinal
activity, loss of descending inhibitions and gain of
excitations.**

For reference, a study of 400 pain patients looked at
two of these measures, wind-up (expressed as temporal
summation (TSP)) and CPM to examine if subgroups
with different clinical and experimental pain sensitivity
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existed in patients with persistent pain of non-malignant
origins.** Four groups of patients could be distinguished.
Group 1 had impaired CPM and facilitated TSP and
made up 21% of the total and formed the worst pain
condition. This group had the most widespread pain,
more pain areas, higher pain ratings and hyperalgesia
than group 4 who had normal CPM and normal TSP
and made up 30%. Group 2 (37%) had a loss of normal
descending inhibitions but normal TSP and again, more
hyperalgesia than 4. The smallest group (11%), Group 3,
had normal CPM and facilitated TSP. This survey sug-
gests that spinal and descending modulation changes
variously can be gauged in these patients and that the
worst outcome is loss of brainstem inhibition and gain of
spinal facilitation which appears to be the case in these
patients with hEDS.

New Therapeutic Options for
Unusual Pain Disorders

Systemic Amyloidosis

In the past, systemic transthyretin (ATTR) amyloidosis was
classified as a poorly or completely untreatable, rapidly
progressive disease. Painful polyneuropathy is an early
symptom that significantly reduces the quality of life in the
affected patients. Extensive research within the last years has
led to the identification of new — also non-invasive — diag-
nostic tools and promising therapeutic options to improve
the overall treatment of patients, making it critical and
relevant to raise awareness of this disease.

Systemic ATTR amyloidosis results from 1) a mutation
causing a change in the TTR protein structure, ie hereditary
ATTR (ATTRv) amyloidosis or 2) a process during ageing,
ie wild-type ATTR (ATTwt) amyloidosis. Physiologically,
transthyretin (TTR) acts as a carrier protein to transport
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thyroxin and retinol (vitamin A) via associating with its
binding protein and is mostly synthesized by the liver. In
ATTR amyloidosis, the TTR protein loses its stable tetra-
meric conformation, dissociates into monomers that are
misfolded, aggregate and finally deposit as amyloid into
tissues and organs (Figure 1).* Since amyloid deposition
can theoretically affect every organ, the clinical manifesta-
tion is very heterogenous. This clinical chameleon compli-
cates the correct diagnosis resulting in delayed start of
therapy and hence rapid disease progression.

Pain is a common clinical symptom in ATTRv amyloi-
dosis and led to the first description of the disease by Corino
Andrade in 1952 who observed an increased incidence of
a rapid progressive painful foot disease in families from
north of Portugal, that was associated with symptoms of
a peripheral neuropathy and a high mortality rate.** In
a study by Lozeron et al, pain was present in more than
half of the patients with demyelinating ATTRv amyloid
polyneuropathy.** Different pathophysiological mechanisms
have been proposed that lead to nerve fiber damage in
ATTRv amyloidosis.*® For example, examination of sural
nerve biopsies showed a disruption of blood-nerve barrier, ie
loss of tight junctions and endothelial fenestration, regardless
of the presence of amyloid position that may lead to nerve
fiber damage via entry of TTR into the endoneurial space.*’

Neuropathy symptoms occur early in the disease course
and present with length-dependent sensory abnormalities
starting distally in the feet. In addition, the hands can also
be affected leading to an impaired cold perception and
mechanical hyperalgesia, which can be helpful in discrimi-
nating ATTRv amyloidosis from other polyneuropathies.**
A positive history of a bilateral carpal tunnel syndrome
(CTYS) is also common in ATTRv amyloidosis and has there-
fore been declared as one red flag symptom (see below).*’

Amyloid fibrils

Misfolded oligomers

S
S

—_—_— T —

Figure | Model of amyloid fibril formation in hereditary transthyretin (ATTRv) amyloidosis. Mutations in the TTR protein lead to a loss of its stable conformation. TTR
dissociates into monomers that are misfolded, aggregate and deposit as amyloid in the extracellular spaces of various organs. *The rate-limiting step is the dissociation of the

tetrameric TTR protein to dimers.
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The damage of small nerve fibers leads to an impaired
temperature sensation, eg a reduced warm and heat sensitiv-
ity or paradoxical heat sensations, and neuropathic pain
symptoms like burning pain, painful dysesthesia or shooting
pain attacks. This can be accompanied by an autonomic
dysfunction that includes orthostatic hypotension leading to
dizziness, dysuria, gastrointestinal symptoms like constipa-
tion/diarrhea, early satiety and nausea. Large fiber involve-
ment also occurs in a length-dependent manner starting in the
feet and rapidly extending to the thigh and upper limbs.
Patients report progressive difficulties in walking, muscle
weakness, step gait and impairment of fine motor skills.

In general, the symptom pattern of ATTRv amyloidosis
depends on the mutation. So far, about 140 mutations have
been identified, whereby the Val30Met mutation is the most
frequent one (http://amyloidosismutations.com/mut-attr.php).

Some mutations are associated with a sensorimotor polyneuro-
pathic course (Val30Met) whereas others cause a mainly car-
diac phenotype (Val122lle). However, other tissues may be
affected as well, resulting in an overall diverse clinical picture,
that often leads to misdiagnosis. A retrospective analysis has
shown that about 32% of ATTRv amyloidosis patients were
initially misdiagnosed, most commonly as CIDP.*

In order to facilitate early diagnosis of the disease, red
flags were defined by Conceicao et al (Figure 2)* and

more recently Gertz et al recommended an algorithm for
general practitioners.”'

In contrast to the hereditary form, the wild type ATTR
amyloidosis presents predominantly with cardiomyopathy,
although data from the THAOS (Transthyretin-Associated
Amyloidosis Outcome Survey) registry show that about 20%
of the patients complain about accompanying or solely poly-
neuropathic symptoms.”? Affected patients are most fre-
quently males of older age. A bilateral CTS is a common
comorbidity in patients with ATTRwt amyloidosis, eg retro-
spective analyses report a prevalence of 25% to 60%.%*>*
CTS occurs early in the disease course, preceding the diag-
nosis of a cardiac amyloidosis by 5-9 years, and also seems
to be a prognostic marker in ATTR amyloidosis.™ Overall,
a cardiac involvement, ie cardiac mutations or ATTRwt
amyloidosis, is associated with a lower survival rate.>*

Since recently, several drugs have become available
that can stop disease progression and improve the quality
of life of ATTR amyloidosis affected patients. Thus, an
early diagnosis is essential.

The rate-limiting step in the formation of amyloid
fibrils is the dissociation of the TTR tetramer into dimers
(Figure 1). Thus, stabilization of the tetrameric TTR con-
formation is one possibility to prevent degradation and

hence disease progression.” Tafamidis, a small molecule

Family history

(e.g., erectile dysfunction or postural hypotension)

Early autonomic dysfunction

(e.g., chronic diarrhea, constipation, or diarrhea/constipation)

Gl complaints

Progressive

symmetric >1 of the

Unexplained weight loss

+ following

sensory-motor
neuropathy

Cardiac hypertrophy, arrhythmias, ventricular

blocks, or cardiomyopathy

Bilateral carpal tunnel syndrome
(especially if also present in family members)

Renal abnormalities
(e.g., albuminuria or mild azotemia)

Vitreous opacities

Additional alert signs:

* Rapid disease progression
* Failure of response to prior therapies

Figure 2 Potential red-flag symptom clusters that may warn of a diagnosis of hereditary transthyretin (ATTRv) amyloidosis with polyneuropathy (Reused from Conceigao

et al*’

with permission of John Wiley and Sons, Copyright © 2016 Conceigdo |, Gonzalez-Duarte A, Obici L, et al. “Red-flag” symptom clusters in transthyretin familial

amyloid polyneuropathy. Journal of the Peripheral Nervous System published by Wiley Periodicals, Inc. on behalf of Peripheral Nerve Society).
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TTR stabilizer, is approved for stage 1 ATTRv amyloido-
sis with polyneuropathy (according to Couthino stages
with 0: asymptomatic, 1: symptomatic, walking without
assistance, 2: need for walking assistance, 3: wheelchair or
bedridden).’®

Approval was based on results of a randomized,
double-blind, placebo-controlled trial, where tafamidis
lead to an improvement in the neuropathy impairment
score of the lower limb (NIS-LL) and an improvement
of quality of life in the efficacy-evaluable population.®’
Long-term efficacy and safety was shown in an up to 6
years follow-up study depending on the early start of
treatment and TTR mutation, ie progression of the dis-
ease was observed in some patients with a delayed start
of treatment and non-Val30Met mutations.”® More
recently, tafamidis was also approved for treatment of
ATTR-related cardiomyopathy.>’

Furthermore, a completely new treatment approach,
namely gene-silencing, has been successfully applied in
treatment of ATTRv amyloidosis. Since 2018, patisiran
and inotersen are approved for the treatment of ATTRv
amyloidosis with polyneuropathy stages 1 and 2. Both
drugs degrade TTR messenger RNA (mRNA) via two
slightly different mechanisms of action, leading to
a substantial reduction of both mutant and variant TTR
protein levels. Patisiran is the first-ever RNA interference-
based drug. RNA interference (RNA1) is a physiological
cellular process that enables targeted gene-silencing. After
doubled-strained
(siRNA) is incorporated into the RNA-induced silencing

endocytosis, small interfering RNA
complex (RISC) where it dissociates into single strands.®
The complex of RISC and single-strained siRNA binds to
the complementary mRNA, leading to a degradation of the
mRNA and thus reduction in protein translation. In order
to be delivered to the hepatocytes, patisiran is formulated
as a lipid nanoparticle. In the APPOLO Phase 3 study in
225 ATTRv amyloidosis patients with polyneuropathy,
patisiran reduced TTR protein levels by 81% and led to
a significant improvement in modified neuropathy +7
(mNIS+7), quality of life, walking, nutritional status and
autonomic symptoms at 18 months after start of therapy.
The disease-stabilizing effect of patisiran was shown to be
maintained in an open-label extension phase over 24
months with overall acceptable safety profile.®’

Inotersen is a single-strained antisense oligonucleotide,
which is complementary to the TTR mRNA. Inotersen
binds to the mRNA, this mRNA/DNA heteroduplex is
then cleaved by the nuclear ribonuclease H1 (RNase H1)

leading to reduced TTR protein levels. Efficacy of sub-
cutaneous inotersen has been shown in the NEURO-TTR
trial, a phase 3, randomized, double-blind placebo-
controlled trial investigating 173 patients with ATTRv
amyloidosis with polyneuropathy.*> Compared to placebo,
inotersen led to a significant improvement of mNIS+7 and
quality of life. TTR protein levels were reduced by about
79%. Effects were maintained in an open-label extension
study after two years of follow-up.®®

Although ATTR amyloidosis is declared as a “rare”
disease, estimations about the overall prevalence, espe-
cially for the wild-type form, have increased in the last
few years. This acceleration could be mainly referred to an
improvement or broader availability of diagnostic
approaches and a higher disease awareness. Recently,
recommendations have been proposed by expert groups
in order to improve diagnosis and monitor disease progres-
sion and treatment effects in patients with ATTRv

amyloidosis.®*¢°

Fabry Disease
Fabry disease is an X-linked inherited lysosomal storage
disorder caused by mutations in the GLA gene encoding
the lysosomal a-galactosidase A. The mutations lead to
a diminished or completely absent enzyme function which
results in a cellular accumulation of glycosphingolipids, in
particular Gb3 (globotriaosylceramide), within lysosomes
of various cell types and hence progressive organ dysfunc-
tion. So far, more than 900 mutations have been described,
most of them with a sporadic occurrence in single families
(http://fabry-database.org).®®

As accumulation of Gb3 can occur in many different

organs affected patients can present with a wide range of
symptoms. One common and quality of life-impacting
symptom, that already occurs during childhood, is pain,
which is reported by about 60-70% of male patients and
somewhat less frequently also by females (40-60%).%”
Pain in Fabry disease is assumed to be mainly neuro-
pathic, since Gb3 deposits have been detected in dorsal
root ganglia and reduced intraepidermal nerve fiber den-
sity as well as alteration of thermal perception threshold
indicate small fiber pathology.®®® In addition, a recently
published study showed a decreased endothelial NO
release in Fabry patients compared to healthy controls
and polyneuropathy patients, which may also affect perfu-
sion of vasa nervorum and could therefore contribute to
pain.”® Nevertheless, there are also hints for a nociceptive
component as some patients report a reduction of their
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pain due to anti-inflammatory drug usage.”' Neuropathic
pain is reported to be the most frequent symptom during
childhood (41% of females and 59% of males) and is
mainly localized in hands and feet, in particular in the
fingertips, palms and soles, although other body areas
(abdomen, joints, back, etc.) can be affected as well.”"”*
Patients report about four different pain phenotypes, that
can occur alone or in combination: evoked pain (hyper-
algesia, allodynia), permanent pain, pain attacks and pain
crisis.”! Typically, patients complain about unbearable,
extreme severe acute pain crisis, so-called ‘Fabry crises’
that start acral locally and can spread over the entire body
including colic-like abdominal pain. These crises are trig-
gered by an increased body temperature due to fever/
infections or physical activity, but also by a high ambient
temperature, can last for several days and are resistant to
analgesic therapy. In addition, pain can also present as
burning pain attacks, that are provoked by heat, fever or
physical activity, but in contrast to the ‘Fabry crisis’ that
ceases after trigger elimination, this can manifest as per-
manent burning, stabbing, tingling or shooting pain that is
independent of provoking factors. It has been reported
that pain decreases with age in some patients.”"”?
Instead, damage to large nerve fibers can occur in the
course of the disease leading to hypoesthesia and
paresthesia.

Other symptoms that contribute to the clinical picture
of Fabry disease at the beginning or during the course of
the disease are angiokeratomas, gastrointestinal symptoms
(nausea/vomiting, diarrhea, abdominal pain), tinnitus and
loss of hearing as well as an impaired sudomotor
function.”>”*”> Progressive nephropathy, cardiomyopathy
and cerebrovascular complications, like stroke, result in
a reduction of life expectancy. Based on data of
a prospective study it has been estimated that about 1.2%
of stroke patients aged between 18 and 55 years suffer
from an underlying Fabry disease.”®

Since the GLA gene is located on the X-chromosome,
hemizygous males mainly develop a classic severe pheno-
type with earlier occurrence of symptoms and more rapid
disease progression compared to heterogenous female car-
riers, who demonstrate a phenotype ranging from comple-
tely asymptomatic to substantially affected.”’

Due to the fact that the Fabry disease is a rare disease
with an estimated prevalence of 1:40.000 for the classic
form presenting with a variety of symptoms, diagnosis is

78,79

often delayed by up to 20 years. Common

misdiagnoses are rheumatoid arthritis, rheumatic fever or
growing pains.

Since 2001 intravenous enzyme replacement therapy
with recombinant agalsidase o and B is available, that can
help limiting the irreversible organ damage and control
disease progression.®*®! Another treatment approach is
based on pharmacological chaperon proteins, ie small
that of the a-
galactosidase A and hence restore its correct functionality.

molecules, stabilize mutant forms
In 2016, migalastat, the first oral chaperone protein, has
been approved for the treatment of Fabry’s disease
patients, with a migalastat-amenable GLA mutation.®
Overall, the multi-systemic character of the disease
requires an individualized organ-specific treatment
approach.®

However, these therapy approaches have only a limited
effect in late stages with severe organ damage. In addition,
Fabry disease has a clear influence on the quality of life
and well-being of affected children and adolescents with
a negative impact especially on social development.®*
Thus, early diagnosis is essential in order to start treatment
as soon as possible and improve quality of life.

Certain symptoms from the patient’s medical history
can give an indication of the presence of the disease. In
addition, disease-specific tools can be used to confirm the
suspicion of Fabry disease and, if necessary, to initiate
further diagnostic steps.®” The FabryScan is a screening
tool consisting of 10 questionnaires related to clinical
characteristics of the disease and three simple bedside-

tests, that can be used to identify affected patients.®>

Porphyrias

A group of rare, underdiagnosed conditions whose leading
symptom is an acute, severe pain are the acute
porphyrias.®” The porphyrias are a group of metabolic
disorders. Several enzymatic steps are involved in the
heme biosynthesis pathway (Figure 3). A malfunctioning
of any of them leads to an accumulation of heme precur-
sors like S-aminolaevulinic acid (5-ALA) or porphobilino-
gen (PBG), predominantly in either the liver or bone
marrow. Depending on the specific enzyme that is altered
in its activity, eight different hereditary types of porphyrias
are known. They can be classified as “hepatic” or “ery-
thropoietic” (describing the location primarily affected
from the precursor-accumulation) or as “acute” or “cuta-
neous” (based on clinical manifestations). Two types of

porphyrias, the hereditary coproporphyria (HCP) and the
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variegate porphyria (VP), are classified as both acute and
cutaneous.

The most common acute porphyria, the acute intermit-
tent porphyria (AIP), is reported to affect 1:75,000 people
in European countries. Sweden, where 1:1000 people are
affected, is an exception due to a founder effect.*® The
most common porphyria, porphyria cutanea tarda (PCT),
has a prevalence of 1:10,000 according to European
studies.”’

It is of utmost importance to consider porphyrias when
related symptoms and findings appear—not least due to
the fact that the wrong medication can lead to a dramatic
exacerbation of the disease. Clinical features are depen-
dent on the type of porphyria. The striking, principle
symptom of patients with acute porphyrias is severe
abdominal pain that might present itself as an “acute abdo-
men” but remains without peritonism. Other manifesta-
tions are predominantly neurological, psychological and
autonomic. Cutaneous porphyrias on the other hand lead
to either blistering or nonblistering photosensitivity (over-
lap of clinical symptoms in HCP and VP).

The following section will focus on pain in acute
porphyrias.

Acute porphyrias — ie AIP, HCP, VP and delta-
aminolevulinic acid dehydratase deficiency porphyria
(ADP) — can be life-threatening and occur episodically in
the form of attacks. Among abdominal pain, patients show
nausea, vomiting and constipation.*’ Motor neuropathies
as well as neurovisceral and neuropathic pain are among
the neurological manifestations.*”***! The affection of
proximal muscles (mostly of the upper extremities) is
common but tetraplegia, lethal respiratory and bulbar
paralysis do also occur.*® Neuropathic symptoms like tick-
ling or numbness were found to be characteristic for the
chronic state of the condition in a study with 19 patients.”’

In a review on AIP with focus on pain, it is reported that
pain in the chest, head, neck and limbs were among the
most common clinical manifestations affecting 50-52% of
the patients.”” The involvement of cranial nerves was
reported in 35-55% of the patients and peripheral neuro-
pathy in 10—40%. Sensory loss was present in 9-38%. The
authors discussed several mechanisms that, secondary to
heme deficiency or to the accumulation of neurotoxic
substances such as ALA, might contribute to the develop-
ment of central and peripheral sensitisation and neuro-
pathic and neurovisceral pain. For instance,
a demyelination due to the release of free radicals is
discussed. An affection of central and peripheral nocicep-
tive transmission by increased levels of brain tryptophan
and increased turnover of the neurotransmitter 5-hydroxy-
tryptamine (resulting from a decreased activity of the
heme-dependent enzyme liver tryptophan pyrrolase) was
another hypothesis posed by the authors.

Lin et al conducted excitability measurements of per-
ipheral motor axons in 20 patients with AIP.”> These were
then combined with the findings of genetic screening and
biochemical and conventional nerve conduction studies.
They proposed that porphyrin neurotoxicity may be the
cause of a subclinical reduction in the hyperpolarization-
activated, cyclic nucleotide-dependent current in the axons
of patients with acute porphyric episodes without clinical
neuropathy. On the other side, it was suggested that the
development of porphyric neuropathy might occur when
a reduced activity of the Na(+)/K(+) pump results in
membrane depolarization.

Treating the acute attack appropriately is key to achiev-
ing a satisfactory analgesia and warding off life-
threatening neurological symptoms (Table 1). For patients
with known porphyria, though, the priority should always
be the prevention and avoidance of possible, attack-
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Table | Problematic and Non-Problematic Analgesics for the
Treatment of Patients with Acute Intermittent Porphyria

Analgesics Non-Problematic Problematic

Strong Opioids Morphine
Fentanyl
Hydromorphone
Oxycodone
Methadone

Buprenorphine

Weak Opioids Hydrocodone Tramadol
Codeine

Non-opioids Acetaminophen Dipyrone
Ibuprofen Diclofenac
Ketoprofen Celecoxib
Naproxen Ergotamine
Acetylsalicylic acid

Antidepressants Amitriptylin Duloxetine

Anticonvulsant Gabapentin Carbamazepine
Pregabalin Oxcarbazepine

Phenytoin

precipitating factors. Those can be starvation and infec-
tions, hormonal fluctuations (eg during menstrual cycle),
alcohol, smoking and the usage of certain drugs (including
hormonal contraceptives).”**® P450-inducing drugs, for
instance, increase the hepatic heme turnover and thus act
as porphyrinogenic.

The characteristic symptoms are accompanied by an
increased urinary excretion of PBG and 5-ALA (https:/
porphyria.eu/pt/content/laboratory-diagnosis).”” It should
be noted that patients with the ALA dehydrase deficiency
porphyria (ADP) have a normal PBG excretion. If the acute

attack has been diagnosed and other potentially life-

threatening and intervention-requiring diagnoses are
excluded, treatment must begin in a timely manner. If pre-
sent, precipitating factors should be eliminated (eg treat-
ment of possible infections, correction of hypocaloric diets).

The prime principle must be the avoidance of porphyr-
inogenic drugs, whenever possible. The Norwegian
Porphyria Centre (NAPOS) drug database for acute por-
phyria can be consulted to learn about the potential of
drugs to provoke attacks of acute porphyria (see http://

www.drugs-porphyria.org). As a specific therapy, intrave-

nous hematin has shown to suppress hepatic ALA synthase
by negative feedback, thus reducing the excretion of ami-
nolaevulinic acid and PBG.”* In a review article pub-
lished in 2017, a daily dose of 3 to 4 mg Panhematin

per kg of body weight infused over a period of 30 to 40
min is recommended.'®

Recently new gene therapy strategies, such as the use of
a viral vector to deliver the normal hydroxymethylbilane
synthase gene to hepatocytes and the use of a siRNA direc-
ted against ALA synthase 1 have been discussed the latter
being very promising:

Balwani et al successfully conducted a phase 3 trial of
givosiran (iRNA therapy) for AIP and have thus put forth
a therapy for the treatment of acute hepatic porphyria in
adults approved by the Food and Drug Administration in
November 2019 and by the European Medicines Agency
(EMA) in March 2020.'%" Patients who received givosiran
were shown to have a significantly lower rate of porphyria
attacks than those who received placebo. The subcuta-
neously administered agent prevents the accumulation of
ALA and PBG through the targeting of hepatic ALASI
messenger RNA.'%? The targeted delivery to hepatocytes is
ensured by a conjugation of givosiran to a trivalent
N-acetyl-galactosamine ligand specifically binding to the
asialoglycoprotein receptor.'>'% Compared to the pla-
cebo group, patients who received givosiran showed less
use of analgesics and better daily pain sores. A clinical
relevance of the latter was implied through the improve-
ments of in physical health status and in the bodily pain
domain of the SF-12. Concerning safety profile, a higher
frequency of hepatic and renal adverse events was
observed in patients who received givosiran.

Liver transplantations are reported as a therapeutic
option for AIP patients for severely affected patients who
suffer from recurrent attacks.'%%'%’

For further management of the acute attack, fluid and
calorie intake must be ensured, though it is important to
consider that hypotonic dextrose fluids might aggravate
hyponatraemia. Patients should be provided with at least
300 mg carbohydrates/day.”’

Schwannomatosis
Schwannomatosis, a form of neurofibromatosis, is one of
the many conditions primarily manifesting themselves
clinically through chronic pain.'®®

Patients suffering from this disorder have the predis-
position to develop multiple nonvestibular, noninterdermal
schwannomas (nerve sheath tumours) and, rarely, menin-
giomas. While peripheral nerves (89%, mainly arms and
leg) and the spine (74%, mainly lumbar) are most com-
monly affected, cranial nerves might also be involved (8%,
mainly the trigeminal nerve).'%''* Approximately a third
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of the patients display a so-called segmental schwannoma-
tosis that results from genetic mosaicism."'""''? Germline
mutations of the SMARCBI or the LZTR1 tumour sup-
pressor genes have been detected in 86% of familial and
40% of sporadic schwannomatosis cases. The univestibu-
lar affection in schwannomatosis has been reported and
linked to LZTR1.""® Tt is reported that this tumour predis-
position syndrome is associated with a concomitant muta-
tional inactivation of two or more tumour suppressor
genes.'' While the tumours are mostly benign, malignant
transformation remains as a risk.'">''7 In a retrospective
analysis with 87 patients, additional tumours to schwanno-
mas (lipomasl1% and angiolipomas 3%) have been
found.'”

Pain in schwannomatosis patients has been categorised
as neuropathic or inflammatory and is the most prominent
symptom of patients with schwannomatosis and its expres-
sion can vary (acute or chronic and localized or
widespread).!'®'"® There are contradictory reports on
whether the severity of the pain correlates with the tumour
burden. Apart from a diffuse or localized pain, this dis-
order might also become apparent through an asympto-
matic mass, more rarely through numbness or
weakness.''? It has repeatedly been reported that patients
experience a serious impairment of quality of life and
psychological interventions should be included in the ther-
apeutic concept.''”'?°

The mechanism of pain in schwannomatosis is not
entirely clear. In a study with 20 patients where QST,
laser evoked potentials (LEPs), whole-body magnetic
resonance imaging (wbMRI), magnetic resonance neuro-
graphy (MRN) and skin biopsies were conducted, the
authors discussed SFN, more specifically, C-fiber loss
appeared to be causal to the pain in most schwannomatosis
patients.'** Schwann cells are described to interact with
their associated axons, possibly promoting the generation
of neuropathic pain through cytokines like tumor necrosis
factor alpha (TNF-0).'2' "' It has also been hypothesised
that dysfunctional sprouting might occur in an environ-
ment with neoplastic (thus faulty) Schwann cells, given
that they physiologically play a key role during neuronal
regeneration for the sprouting of axons.'?' Accordingly,
Ostrow et al conducted examinations on the secretomes of
painful vs nonpainful schwannomatosis tumour cells and
posed the hypothesis that painful tumours secrete proteins
that sensitise neurons in vitro."'® A genetic involvement

has been discussed by Jordan et al who suggested that

schwannomatosis-associated pain might be related to the
germline mutation LZTR1.'**

In terms of pain management, the primary treatment
option is the surgical resection of the tumour.''? Though
potentially effective, it harbours the risks of any other
surgical intervention, might itself cause pain or nerve
damage and is not always an option due to possibly inac-
cessible tumour locations. Unfortunately, the removal will
neither guarantee the pain to disappear, nor prevent
a possible return of the tumour.'*>

Conventional pain therapy does not achieve satisfac-
tory analgesic effect on patients although co-analgesics (eg
gabapentin, pregabalin) have been shown to be effective in
the treatment of the neuropathic pain.'®®

There have been therapeutic advances. Blakeley and
Plotkin et al published a case report where the usage of
Bevacizumab, the monoclonal antibody to vascular
endothelial growth factor (VEGF-A), has resulted in
a clinical improvement of a 23-year old, male patient
whose schwannoma had previously been confirmed to
express tumor VEGFE.''" The rationale was the earlier
implication of VEGF signalling in preclinical injury mod-
els of neuropathic pain and the fact that both VEGF and its
primary receptors were known to be expressed in
schwannomas.'?®'?” Ahmed et al have published the
results of a gene-therapeutic approach by adeno-
associated virus delivery of the pore-forming protein
Gasdermin-D into intra-sciatic schwannomas.'”® They
were able to achieve a reduction of tumour growth and
tumour-associated pain, thus presenting promising data for
future therapy options.

Conclusion

The correct diagnosis and precise examination of rare or
unusual pain disorders has a potential to improve the
management of pain disorders in general. First, pathophy-
siological mechanisms and new pharmacological targets
identified in rare disorders may also operate in other pain
condition at least in subgroups of these. These targets can
then be validated in clinical trials. Second, the knowledge
of pain mechanisms and targets derived from rare condi-
tions can be back-translated into animal research in order
to study their behavioural and electrophysiological conse-
quences in more detail. Third, development of new ther-
apeutic approaches, in particular new gene therapies, can
help to stop disease progression and improve quality of
life in affected patients. Thus, awareness of and screening
for these rare pain disorders are of particular importance to
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establish early effective treatment. Furthermore, new ther-
apeutic strategies may also have an impact on other fields
in medicine.

In summary, pain doctors and researchers should also
be aware of rare and unusual pain disorders because they
offer the unique opportunity to study mechanisms, identify
new druggable targets and because early diagnosis might
save many patient lives.
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