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Hereditary sensory and autonomic neuropathies (HSANs) encompass a group of genetically inherited disor-
ders characterized by sensory and autonomic dysfunctions. Familial dysautonomia (FD), also known as
HSAN type lll, is an autosomal recessive disorder that affects 1/3600 live births in the Ashkenazi Jewish popu-
lation. The disease is caused by abnormal development and progressive degeneration of the sensory and
autonomic nervous systems and is inevitably fatal, with only 50% of patients reaching the age of 40. FD is
caused by a mutation in intron 20 of the Ikbkap gene that results in severe reduction in the expression of
its encoded protein, inhibitor of kappaB kinase complex-associated protein (IKAP). Although the mutation
that causes FD was identified in 2001, so far there is no appropriate animal model that recapitulates the dis-
order. Here, we report the generation and characterization of the first mouse models for FD that recapitulate
the molecular and pathological features of the disease. Important for therapeutic interventions is also our
finding that a slight increase in IKAP levels is enough to ameliorate the phenotype and increase the
life span. Understanding the mechanisms underlying FD will provide insights for potential new therapeutic

interventions not only for FD, but also for other peripheral neuropathies.

INTRODUCTION

Familial dysautonomia (FD), also known as ‘Riley-Day syndrome’
or ‘hereditary sensory and autonomic neuropathy (HSAN)
type III’, is an autosomal recessive disorder that affects
almost exclusively the Ashkenazi Jewish population (1/3600
live births), although non-Jewish cases have also been reported
(MIM 223900). This debilitating disorder is characterized
by impaired development and progressive degeneration of
the sensory and autonomic nervous systems (1—3). Neuronal
numbers in the dorsal-root ganglia and the superior cervical
sympathetic ganglia (SCG) are reduced already in early child-
hood and progressively decline with age. Pathological findings
include a marked decrease in unmyelinated fibers and signifi-
cant reduction in the innervation of target tissues (4—7). The
criteria for the diagnosis of FD are: absence of fungiform
papillae on the tongue, absence of flare after intradermal
injection of histamine, decreased or absence of deep-tendon
reflexes, absence of overflow emotional tears as well as
impaired pain and temperature perception (2,5,6,8—10).
Other clinical features include gastrointestinal dysfunction,
gastroesophageal reflux, vomiting crises, recurrent pneumonia,

seizures, gait abnormalities, kyphoscoliosis, repeated fevers,
postural hypotension and hypertension crises. Despite
advances in patient care, the disorder is inevitably fatal, with
only 50% of patients reaching 40 years of age (3).

Mutations in the Ikbkap gene (mapped to human chromo-
some 9q31) were shown to cause FD (11,12). In humans,
the Tkbkap gene covers a 68 kb genomic sequence containing
37 exons and encodes a 150 kDa protein named inhibitor of
kappaB kinase complex-associated protein (IKAP). In FD
the major haplotype (representing >98% of the FD cases) is
associated with a T to C transition in position 6 of the donor
splice site of intron 20 of the Ikbkap gene (11,12). This muta-
tion results in the generation of an mRNA in which exon 20
(74 bp) is spliced out, along with intron 20, causing a frame-
shift and producing a putative truncated protein of 79 kDa.
However, patients with FD continue to express the wild-type
(WT) message in all tissues, with nervous system tissues dis-
playing severely reduced amounts of the WT mRNA (12,13).
Interestingly, despite the fact that most FD patients carry the
same mutation, the severity of the disease is highly variable,
both between and within families (14,15). This observation
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led to the suggestion that this variability might be a conse-
quence of differences in the extent of exon 20 skipping
between individuals, either in specific tissues or at specific
stages of development (12). However, the possible correlation
between levels of expression and disease severity is still
speculative.

IKAP was originally identified and named due to its ability
to bind IkB kinases and assemble them into an active kinase
complex (16). However, subsequent studies suggested that
IKAP might be directly involved in RNA polymerase II tran-
scription elongation. Notably, IKAP shares high homology
with the yeast elongator protein 1 (Elpl), co-purifies with the
human Elongator complex, directly binds to DNA sequences
and regulates the expression of several genes (17—19), indicat-
ing that IKAP is the mammalian Elpl homolog (although Elp1
is a synonym of IKAP, we will use the OMIM and MGI no-
menclature, IKAP for the protein and Ikbkap for the gene).
On the other hand, IKAP is mainly a cytoplasmic protein
(16,19), and several lines of evidence indicate that it also par-
ticipates in other cellular processes such as cell migration and
cytoskeleton organization (20,21), Jun N-terminal kinase
(JNK)-mediated stress signaling (22), exocytosis and tRNA
modification (23-25). Down-regulation or silencing of IKAP
in cellular systems or in vivo suggests that IKAP may be
involved in multiple biological processes, including cell mi-
gration, cell proliferation and differentiation and regulation
of apoptosis (19,20,26—29). Despite all these findings, the
mechanisms by which decreased IKAP levels result in FD
still remain to be elucidated. The generation of a suitable
animal model that recapitulates FD molecular and phenotypic
features would therefore be invaluable to further understand
the complex pathophysiology of the disease, to accelerate
the development of alternative therapeutic strategies, and
provide more information regarding the processes that regulate
normal peripheral nervous system (PNS) development.

In the mouse, the Ikbkap gene is located on chromosome 4
in a region that is syntenic to human chromosome 9q31.3. As
in humans, the lkbkap gene is also organized in 37 exons
(distributed over ~51 kb of genomic DNA) and encodes a
protein of 1332 amino acids with a molecular weight of
~150 kDa (30,31). The mouse IKAP protein shows a high
degree of homology with the human IKAP, with 80% amino
acid identity. The consensus donor splice site of intron 20,
which is mutated in the major FD haplotype, is conserved in
the mouse. However, attempts to generate a mouse model
for FD by introducing the FD major haplotype mutation in
the mouse genome have so far been unsuccessful. As part of
our efforts to understand and model FD, we have previously
generated and characterized mice carrying a 3loxP-targeted
Ikbkap allele (Ikbkap®'**", Mouse Genome Informatics des'zg-
nation: Ikbkap™"?) and an exon 20 deletion allele g[kbkapA 0
Mouse Genome Informatics designation; Ikbkap™!!'%). Mice
homozygous for the lkbkapA20 allele are identical to null
embryos and display growth retardation and severe cardiovas-
cular defects and die early in embryogenesis, and hence do not
constitute a mouse model for the disease (32). Here, we report
the generation and characterization of two mouse models of
FD that recapitulate the phenotypic spectrum of FD. Compara-
tive analyses of these models indicate that a slight increase
in the levels of IKAP expression greatly diminishes the
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severity of the disorder and also leads to a significant increase
in life span.

RESULTS

Generation of two FD mouse models

Attempts by our laboratory and others to generate a mouse
model for FD either by introducing the FD major haplotype
mutation in the mouse Ikbkap locus as a knockin or by intro-
ducing a humanized FD BAC transgene in the mouse genome
have so far been unsuccessful (P. Dietrich, unpublished data;
D. Brenner, personal communication; S. Slaugenhaupt, per-
sonal communication; G. Ast, personal communication).
Since full-length IKAP expression levels are particularly low
in nervous system tissues of FD patients, we reasoned that
conditional inactivation of the Ikbkap gene specifically in
neuronal cells might represent an alternative approach to gen-
erate a model for FD.

For the generation of the /kbkap conditional allele, we
crossed mice carrying a 3loxP-targeted Ilkbkap allele
(Ikbkap® ", 32) with a Cre transgenic line that results in
partial recombination events (33). Selected mosaic FlI
progeny carrying the desired recombinant alleles were then
crossed with WT mice, and resulted in the production of /kb-
kap™* mice Fig. 1A), which are normal and fertile.

Intercrosses between Ikbkap™”* mice revealed that Ikbkap-
flox/fiox mice were born at Mendelian ratio, but were smaller
than control littermates and a significant fraction of these
mice (~95%) died perinatally. These observations led us to
examine whether the presence of the loxP sites might have
affected the expression of the targeted allele. Western analyses
on protein extracts from brains of WT and Ikbkap™",
Tkbkap/™* littermates, as well as from Ikbkap®?”* (mice
heterozygous for an Ikbkap exon 20 deletion allele; 32) age-
matched mice (Fig. 1B) indicated that the IKAP protein
level in Tkbkap™" brains was ~50% the levels of WT con-
trols, and was similar to that of Jkbkap™?” brains, suggesting
that the insertion of the loxP sites in intronic regions of
the Tkbkap gene interfered with the normal expression of the
targeted allele and resulted in severely reduced levels of the
expression of the full-length IKAP protein. Quantitative ana-
lyses indicated that IKAP expression in Ikbkap*/"* brains
is ~10% that of WT mice (Fig. 1D).

Since FD is caused by severe reduction in the expression of
the full-length IKAP protein (11-13), we examined whether
Tkbkap™* or compound heterozygous Ikbkap®??/** mice
represent a model for FD. For this purpose, we generated
and analyzed in parallel Ikbkap /" and Ikbkap®??"* mice
derived from Ikbkap™™ " and Ikbkap®?”" crosses. At birth,
IkbkapAZ()/ﬂ"X mice appeared grossly normal but were signifi-
cantly smaller than their WT or heterozygous littermates.
Similar to the severely affected FD patients, the majority of
the Tkbkap™?*/* pups were born with ~70% the weight and
size of their littermates, and without any intervention all of
them died during the first postnatal days from starvation as
they failed to suck milk/or swallow efficiently—newborn
Tkbkap®??"*mutant pups could easily be identified at birth
as those lacking milk in their stomachs. Western analyses con-
firmed that, as expected, Ikbkap??/°* expressed about half the
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Figure 1. Generation and molecular characterization of FD mouse models. (A) Schematic representation of the wild-type allele (WT), Ikbkapflox allele (flox)
and Ikbkap allele lacking exon 20 (A20). Exons are represented by black rectangles, and the loxP sites by black ovals. Restriction sites shown on the schematic
are: Bam HI (B), HindIII (H), BstXI (BX) and BstEII (BE). (B) Western analyses of total protein lysates from the forebrain of 11-month-old WT, IkbkapA20/+,
Tkbkap™'* and Ikbkap™"* mice. The upper panel shows the detection of IKAP with the polyclonal anti-IKAP antibody (AnaSpec), and the lower panel shows
anti-B-tubulin staining for loading control. Note that the IKAP protein level is severely reduced in Ikbkap™*/** brain. (C) Western analyses of total protein
lysates from the whole brain of E16.5 Ikbkap/ " and Ikbkap=?"""* embryos. The upper panel shows the detection of IKAP with the polyclonal anti-IKAP
antibody (AnaSpec), and the lower panel shows anti-B-tubulin staining for loading control. Note that in the IkbkapAm/ﬂ”x brain IKAP protein expression is
reduced compared with the Ikbkap ™/ brain. (D and E) Quantitative analyses of IKAP expression levels in mouse brains of different genotypes.
(D) IKAP expression levels were normalized over tubulin levels and are expressed as percentage of WT. (E) IKAP expression levels were normalized over

tubulin levels and are expressed as percentages of Zkbkap®/** Data are represented as mean + SD; n = 3 experiments. *P < 0.05, ***P < 0.001.

levels of full-length IKAP compared with Ikbkap/ ™/
mutants (Fig. 1C and E), equivalent to 5% the levels of WT
mice.

These initial observations suggested that both lkbkap
and ITkbkap" " might constitute two complementary models
for FD, with symptoms being severe in Ikbkap®?*** mice and
milder in Ikbkap /7% mice. To further characterize these
mice as possible mouse models for FD, and to evaluate to
what extent the phenotypic expression of FD is ameliorated
due to the slight increase in IKAP in Ikbkap™/" mice, we
assessed several FD phenotypic features in these two mutant
lines in parallel.

A20/flox

Embryonic growth and early postnatal characteristics

FD neonates weigh significantly less (75—85%) than their
normal siblings, due to intrauterine growth retardation (34).
At birth, both Tkbkap®??* and Ikbkap"*/** mice were con-
sistently smaller than their control littermates, indicating
that reduced IKAP expression significantly affected their em-
bryonic growth. Analyses of litters at different stages during
embryogenesis showed that, starting at mid-gestation, both
Tkbkap®??7* and  Ikbkap*"** embryos had a significantly
reduced growth rate compared with their control littermates
(Table 1). In addition, we found that placenta growth was



Table 1. Embryonic and postnatal growth

Human Molecular Genetics, 2012, Vol. 21, No. 23 5081

P15 P21

El4.5 E16.5 EI18.5
WT 2042+ 138 (n=17) 492.1 + 14.6 (n = 10)
Tkbkap/**/x 1793 + 1.7 (n = 3) 386.0 + 5.5** (n = 5)
Tkbkap?%ex 146.5 + 19.9* (n=4) 3125 + 7.0 (n=4)

1207.7 + 26.8 (n = 20)
1017.4 4 39.6** (n = 10)
795.5 + 24.15% (n = 12)

9.05 + 0.20 (n =9)
5.85 + 0.08* (n = 6)
4.00 + 0.26"** (n=13)

12.59 + 0.40 (n = 10)
8.33 + 0.63* (n = 4)
5.10 + 0.15°%* (n =4)

Values represent mg for embryonic days and g for postnatal days.

Tkbkap®27°* wyeights are statistically different from Ikbkap™™/* weights (P < 0.01) for all timepoints except E14.5.
Data presented are expressed as mean + SEM. Student’s 7-test was employed with *P < 0.05, **P < 0.01, ***P < 0.001.

also significantly affected, averaging 55% the size of WT pla-
centas for Ikbkap“??/* embryos and 75% for Ikbkap™*/
embryos from mid—jgestation onwards. Histological examin-
ation of [kbkapAZO/ °* placentas at late gestation revealed
that the spongiotrophoblast layer was poorly developed,
whereas the labyrinthine zone appeared normal (Supplemen-
tary Material, Fig. S1). Although placental development has
not been investigated in FD patients, this observation suggests
that impaired placental development may contribute to embry-
onic growth retardation in FD.

Since the average mouse litter size is 8—12 pups, and
female mice have the tendency to concentrate on pups that
have the highest chances for survival, trimming the litters at
birth allowed for reduction in competition between siblings,
and the survival of ~5% of Ikbkap®*’/* mutants. At post-
natal days 18—21 (P18-P21), Ikbkap**/* mice were ~32%
the weight of their WT littermates (Fig. 2A), they displayed
poor locomotor coordination, unsteady gait and postural in-
stability, and appeared to be hypersensitive to handling.
Owing to the low body weight and poor health, most of the
mutants had to be sacrificed between P18 and P21. Autopsy
of the mutant pups revealed that they had almost no fat
content and had bubbles of air in their intestines, suggestive
of gastrointestinal dysfunction (Supplementary Material,
Fig. S2). In contrast, trimming of the litters at birth allowed
20% of Ikbkap™* mice to survive postnatally. Although
the postnatal growth of Ikbkap™/** mice was also compro-
mised, at P21 Ikbkap/"* mice were 70—80% the weight
of their control littermates, a significant improvement com-
pared with Tkbkap“?”/** mice of the same age.

One of the hallmarks of FD is severely reduced numbers of
fungiform papillae on the tongue. This feature of FD patients
is observed already in infants and varies from severely reduced
numbers to complete lack of taste-bud papillac on the tip of
the tongue, giving it a smooth appearance (8,35). To assess
whether there was a reduction in the number of fungiform pa-
pillae on the tongue of Ikbkap??/* and Ikbkap/"** mice,
we analyzed mutant and control tongues at P18. Methylene
blue staining revealed a significant reduction in the total
number of fungiform papillae in mutant mice compared with
WT littermates. While the average number of fungiform papil-
lac on a WT tongue was 86 + 8 (n = 4), the total number
averaged 47 + 8 in Ikbkap™?”* mice (n = 4) and 60 + 7 in
Tkbkap™/"* mice (n = 5). Histological examination revealed
that although fungiform papillae of mutant tongues possessed
a well-developed taste bud, their distribution—especially in
the anterior portion of the tongue—was more sparse, and a

significant fraction of them did not appear healthy and were
smaller than those of control tongues (Fig. 2B and C).

Phenotypic and behavioral characteristics in adulthood

With the use of experienced breeders, trimming the litters at
birth and keeping the surviving FD mutants and control litter-
mates with their parents for one extra month after they had
reached weaning age, six Ikbkap®??** and twenty-eight
Tkbkap™*** mice survived till adulthood (10 months and
older). In both cases, the mutant mice displayed excessive
grooming, self-inflicted wounds from frequent scratching
and several neurological symptoms including ataxic gait, hind-
limb clasping on tail suspension (Supplementary Material,
Fig. S3) and handling-induced seizures. Also, similar to post-
adolescent and adult patients with FD who are short in stature
(5’2" for males and 4'10” for females, i.e. ~85% the height
of normal siblings) and very thin (2,36), Ikbkap®??/** and
Tkbkap"*/* mice (>11 months of age) were short in length
(~85-90% the length of their control littermates), displayed
low body weight (Fig. 2D) and very little fat content.

In addition, 100% of Ikbkap“’?"* mice analyzed (6 out
of 6) and ~75% of Ikbkap"*/* mice (20 out of 28) also
developed skeletal abnormalities, mostly kyphosis or kyphos-
coliosis (Fig. 2E—H) that worsened over time. Interestingly,
these mice also exhibited an abnormal postural behavior
(sitting-up), which was not observed in their control litter-
mates (Fig. 21). Although the reason for this behavior is cur-
rently not known, we speculate that it might represent an
effort to compensate for the kyphoscoliosis.

With increasing age, a large number of the mutant mice also
exhibited additional phenotypes related to dysautonomia.
Blepharoptosis (drooping of the upper eyelid) and conjunctiv-
itis (an early symptom of dry eye) were observed in four out of
six (66.7%) of Ikbkap™?""** mice and ~40% of Ikbkap/™/**
mice. Urine retention/neurogenic bladder (bladder distension,
Fig. 2F) and/or hydronephrosis was observed in 2 out of 3
Tkbkap™?”7°* adult males and in 5 out of 17 Ikbkap™/"*
males starting at 11 months of age, with partial or complete
destruction of one of the kidneys observed in three of them
(Supplementary Material, Fig. S4). Chronic kidney disease
(CKD) is an increasingly common complication of FD, with
half of the patients reaching stage 3 CKD by the age of 25
(37). Although hydronephrosis has been observed in ~10%
of young FD patients, its cause is currently unknown (38).
Our results suggest that neurogenic bladder might be the
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Figure 2. Postnatal characteristics of Zkbkap™??"* and Ikbkap"*"* mice. (A) Appearance of Ikbkap®?*/** mice at P18. WT (top) and Ikbkap™?/* (bottom)
littermates were photographed side by side. Note that the mutant Tkbkap™??/** mouse is significantly smaller than its WT littermate and exhibits abnormal
posture and puffy feet. (B and C) Representative histological examinations of tongue fungiform papillae. Tongues of P18 WT (B) and IkbkapAZWﬂ”X (C) litter-
mates were processed for paraffin embedding, and coronal sections of the anterior part of the tongue were stained with H&E. Note that the three fungiform
papillae of the WT littermates appear normal (B), whereas in the mutant the fungiform papilla shown is degenerating (C). (D) Postnatal growth curves of
control (blue, n=137) and Ikbkap*/"* (red, n = 14) male mice. Similar results were found for female mice. Data are represented as mean + SEM.
(E and F) MicroCT scans of 11-month-old WT (E) and Ikbkap®?%/* (F) littermate male mice. Note that the mutant is significantly smaller than the control
and displays a severe curvature of the spine (kyphosis). In this scan, a significant enlargement of the bladder is also observed in the mutant (arrowhead).
(G=I) 16-month-old WT (G) and Ikbkap™"** (H and 1) female littermates. Note the spinal curvature of the mutant (H) and the sitting-up posture (I) that

it assumes frequently.

primary cause of reflux/hydronephrosis, and a possible con-
tributing factor to renal failure in FD.

Unfortunately, since mice do not sweat and do not have a
gagging reflex, the typical symptoms of dysautonomic crisis
of FD patients which are elicited by stress/emotional arousal
could not be assessed in these mouse models. However,
Tkbkap™?7°~ and Ikbkap"*/"* mice frequently exhibited abnor-
mally exaggerated reactions to stressful situations. For instance,
excessive handling or loud startling noise induced seizures, and
the discomfort caused by temperature perception tests led to an
exaggerated nocifensive response (jumping multiple times
beyond 20 cm of height), which persisted after the noxious

stimulus has ceased. In contrast, control age-matched litter-
mates did not experience seizures, and exhibited only a mild
nocifensive reaction to noxious stimuli that stopped immediate-
ly when conditions were back to normal.

Life span and overall health of the mutant mice were
also compromised, but less so for Ikbkap™"* mice. Of
the six surviving adult Ikbkap“??/** mice, four had to be
sacrificed prior to 18 months of age, and only two reached
22 months of age but with serious health problems, including
prominent ataxic gait, reduced locomotion activity,
pronounced kyphosis and severe weight loss. In contrast,
15 of 28 (54%) Ikbkap™*/"** mice survived past 18 months
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Figure 3. Sensory ganglia deficits in FD mouse models. (A—C) Representative H&E-stained cross sections through thoracic DRGs of 18-month-old WT (A),
ITkbkap™%* (B) and Ikbkag”o/ﬁ”" (C) mice. Note that the DRGs of WT and Ikbkap™/** mice contain numerous small dark neurons (arrowheads), which are
virtually absent in Zkbkap“2*/** DRGs. (D) Quantification of small dark (type B) and large light (type A) neuronal profiles in 18-month-old WT, Ikbkap/™*/**
and Tkbkap*?°7** DRGs (n = 3). Percentages of type A and type B neuronal cells over the total number of cells are displayed (n = 3). (E and F) Transverse
paraffin sections of E18.5 WT (E) and IkbkapAZ 0fox (F) embryos were immunostained with anti-CGRP antibody. Note the large number of CGRP-positive neur-
onal cells in WT DRG in contrast to their near absence in IkbkapAzo-/ﬂ”x mutant DRG. (G and H) H&E-stained transverse sections of WT (G) and IkbkapAz Offiox
(H) E18.5 embryos show that the DRG is significantly reduced in the size in the mutants already at this stage. (I) Volumes of lumbar L1 DRG (L1) and thoracic
T2 (T2) of E18.5 WT (1 = 4), Ikbkap" ™" (n = 3) and Ikbkap*?*/** embryos (n = 3). Data are expressed as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.

of age and, of these, 7 lived up to 22—24 months of age with
minor health problems. These observations indicate that al-
though Ikbkap /> mice also develop FD phenotypic fea-
tures, the slight increase in IKAP expression has a
significant impact on their overall health and longevity.

observations, temperature and pain perception are already
altered in infancy (14). Furthermore, worsening of nociception
over time also suggests that the number of nociceptive neurons
in DRGs progressively decline with age (14).

Based on their morphology and cytochemical characteris-
tics, sensory neurons of the DRG in adult rodents are classified

Sensory ganglia deficits

In FD, quantitative studies on dorsal root ganglia (DRGs) have
shown that in very young patients the DRG neuronal numbers
are already 20% of controls (39). Consistent with these

into two major classes, large light type A cells (25-30% of
total neurons) and small dark B cells, representing 70—75%
of total neurons (40—42). Strikingly, at 18 months of age the
relative proportion of small dark B cells in lumbar DRGs
was extremely reduced in Tkbkap??/** mice compared with
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controls, whereas Ikbkap ™/ exhibited a smaller but signifi-
cant decrease (Fig. 3A—D). The reduction in type B cells is
consistent with both the decrease in temperature and pain per-
ception and the reduced number of unmyelinated fibers
observed in FD patients, since most unmyelinated fibers con-
ducting pain and thermal perception originate from type B
cells (43—45). Consistent with these observations, temperature
perception was also impaired in our FD mouse models
(Supplementary Material, Fig. S5).

To assess whether the reduction in DRG nociceptive type B
cells observed in adult Zkbkap“??/** mice is due to abnormal
embryonic development of sensory ganglia or to progressive
postnatal neurodegeneration, serial transverse and coronal sec-
tions of embryonic day 18.5 (E18.5) WT and Ikbkap*?*/x
and ITkbkap*"** embryos spanning thoracic and lumbar
DRGs were analyzed. As shown in Figure 3G-I, the
volumes of lumbar and thoracic DRGs were already signifi-
cantly reduced in Ikbkap™?”/** mutant embryos compared
with their WT littermates, whereas they were only marginally
reduced in ITkbkap™/* embryos. Notably, nociceptive
neurons [trkA/calcitonin gene-related peptide (CGRP) positive
neurons] were already extremely reduced in numbers in
Tkbkap™??7** mutants at E18.5 (Fig. 3E and F). Our results
corroborate the hypothesis that embryonic development of
sensory ganglia is majorly compromised in patients with
severe FD, and suggest that the postnatal loss of nociceptive
neurons is a slow process, as indicated by their relative
preservation in 18-month-old Ikbkap™/** mice.

Sympathetic ganglia deficits

Although the quantification of superior SCG neuronal density
and numbers in FD has been so far restricted to the postnatal
period, the reduction in neuronal density and neuronal
numbers in SCG observed in young FD patients (4,46,47) is
generally attributed to abnormal embryonic development,
and it is thought to involve either abnormal differentiation
or impaired neural crest cell migration (3,19,26). At E18.5,
immunohistochemistry for tyrosine hydroxylase (TH) demon-
strated correct localization and normal differentiation of sym-
pathetic neurons in SCG, stellate ganglia (SG) and celiac
ganglia in both Ikbkap™""** and Ikbkap™?*/* embryos, sug-
gesting that neither neural crest cell migration nor neuronal
differentiation was affected (Supplementary Material,
Fig. S6). Histological examination of serial transverse and
coronal sections of E18.5 WT, Ikbkap ™% and Ikbkap*?*/x
embryos nevertheless revealed that at late gestation there
was indeed already a significant reduction in the volume of
SCG and SG in mutant embryos (in particular in Ikbkap“??/~
embryos) compared with WT littermates (Fig. 4A-D).
However, contrary to what is observed in young FD patients,
neuronal density was not decreased in any of the two FD
mouse models at late gestation, and neuronal numbers were
not as dramatically reduced as in FD patients (Fig. 4E), sug-
gesting that significant neuronal loss must be occurring
postnatally.

To determine the extent of postnatal neuronal loss, we ana-
lyzed SCGs of Ikbkap"*/* and controls at weaning age (P21)
and at 10 months of age, around the time when additional phe-
notypes related to dysautonomia were clearly visible (see

above). At P21, although the total volume of SCG was
~80% the volume of controls, neuronal cells were less
densely packed. By 10 months of age, both volume and neur-
onal density of SCGs were significantly reduced in Zkbkap/™*/*
mice compared with controls, with the volume of SCG
being as low as 30% of control littermates (Fig. 4F and G).
Neuronal counts at P21 and 10 months of age revealed a
striking progressive decrease in neuronal numbers in the post-
natal period in Ikbkap"* mice compared with controls
(Fig. 4H). Our results suggest that although abnormal embry-
onic development of SCG does occur in FD, it is mostly post-
natal neuronal loss that accounts for the severe reduction in
overall neuronal numbers and neuronal density in SCG
observed in young as well as adult FD patients (4,46).

Other histopathological findings

Optic atrophy is an increasingly prevalent characteristic of FD
patients as they age and appears to worsen over time (48,49).
More recently, it has been shown that patients with FD have
a specific type of optic neuropathy with predominant loss of
papillomacular nerve fibers (50). Since reduction in the papil-
lomacular bundle is due to loss of parvocellular-projecting
retinal ganglion cells (RGCs), we performed histological
analyses on the retina and optic nerve of 22-month-old
Tkbkap™??"°* (n = 2), Ikbkap" " (n = 3) and control (n = 5)
mice. We found that in both mouse FD models there was a sig-
nificant decrease in the convergence of RGCs to the optic nerve
in both mouse models, but significantly more pronounced in
Tkbkap™??7** mice (Supplementary Material, Fig. S7).

Recent findings suggest that the hypotonic muscle tone in
FD infants, the absence of deep tendon reflexes characteristic
of FD patients, as well as the progressive ataxic gait might be
due to either agenesis of muscle spindles or loss of muscle
spindle sensory afferents (51). Since Ikbkap“??/* and
Tkbkap™/°* mice also exhibit low muscle tone early post-
natally and an ataxic gait that worsens over time (see
above), we sought to determine whether loss of muscle spin-
dles could be the underlying mechanism. Although there are
no histopathological analyses of skeletal muscle from FD
patients for comparison, our results indicate that muscle spin-
dles develop normally in Ikbkap™* mice (n=3), but
exhibit significantly reduced primary sensory afferent innerv-
ation (Supplementary Material, Fig. S8). These results
suggest that impaired muscle spindle function in FD patients
might be due to loss of primary sensory afferent innervation.

DISCUSSION

Attempts by our laboratory and others to generate a mouse
model for FD by introducing the FD major haplotype mutation
in the mouse Ikbkap locus have so far been unsuccessful.
Although the reasons for this failure are still not clear, it has
been suggested that the size and/or sequence of the introns
surrounding the mutation site might represent a technical im-
pediment, or that differences between the mouse and human
splicing machineries might have undermined the success of
this approach. Using an alternative approach, we have gener-
ated the first animal models that recapitulate the major FD
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Figure 4. Autonomic deficits in FD mouse models. (A—C) Representative coronal H&E-stained sections of SCGs of E18.5 WT (A), Ikbkap™°* (B) and
Tkbkap®?%7°* (C) at their largest dimensions. (D) Volumes of E18.5 stellate and superior cervical sympathetic ganglia of WT, Ikbka/,;vﬂ”x/ﬁ”x and Tkbkap™?7e~
embryos, displayed as the percentage of controls (n = 3—5). (E) Neuronal counts of E18.5 SCGs of WT, Ikbkapg"x'/ ¥ and Ikbkap??7* embryos are displayed
as percentages of controls (1 = 3). (F and G) H&E-stained representative cross sections through SCGs of 10-month-old WT (F) and Ikbkap"**/"** (G) mice. Note
the smaller size of the mutant SCG as well as the sparse distribution of neurons. (H) Neuronal counts of SCGs from P21 and 10-month-old WT and Ikbkap/ >/
mice are displayed as percentages of controls. Note that there is a significant decline in neuronal numbers from P21 to 10 months of age in Ikbkap™*/"** SCGs
relative to controls (n = 3). Data are expressed as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.

phenotypic and neuropathological features (Table 2), includ-
ing intrauterine growth retardation, increased perinatal lethal-
ity, failure to thrive, reduced number of fungiform papillae
on the tongue, gastrointestinal dysfunction, ataxia, skeletal
abnormalities, optic neuropathy, seizures and impaired devel-
opment and maintenance of sensory and autonomic systems.
Unfortunately, since mice do not sweat and do not have
gagging reflex, the typical symptoms of dysautonomic crisis
of FD patients could not be assessed in our FD mouse
models. However, similar to FD patients, Ikbkap“*?/"** and

Tkbkap™*** mice frequently exhibited abnormally exagger-
ated reactions to stressful situations such as excessive hand-
ling, loud startling noise and noxious stimuli.

Although invaluable cellular systems have been generated in
the last few years to model and study FD (19,26,29), FD is a
complex disorder and its pleiotropic manifestations can only
be fully investigated in the context of a complex organism as
the mouse. It is important to note that the cellular systems
have been proved successful for testing a plethora of different
treatments aimed at restoring splicing with supplements such
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Table 2. Ikbkap*2*°* and Ikbkap™¥1°* mouse models reproduce features of FD

FD patients

IkbkapA20/ﬁ0x

Ikbkapﬁox/ﬁox

5-20% of controls
in CNS

Reduced expression of full-length IKAP protein

Intrauterine growth retardation +

Low birth weight 80% of controls

Poor suck, uncoordinated swallow at birth

Poor weight gain

Short stature

Reduced life-span

Dysautonomic crisis

Seizure susceptibility

Gastrointestinal dysfunction

Absence of overflow emotional tears

Optic neuropathy

Tongue: Reduced numbers of fungiform papillae

Decreased deep tendon reflexes

Muscle spindle abnormalities

Absent axon flare following intradermal histamine
injection

Poor coordination/balance

Spinal abnormalities

Hydronephrosis

Decreased temperature perception

Decreased volume of DRGs

Decreased neuronal numbers in DRGs in adults

mooth tongue

+@+++ A+t

—

mpaired function
+
+
+
+
+
+

10—-20% of controls

Decreased volume of sympathetic ganglia at birth N/D
Decreased volume of SCGs in adults 30% of controls
Decreased neuronal numbers in SCGs in adults 10% of controls

5% of controls in CNS tissues

10% of controls in CNS tissues

+ +
70% of controls 85% of controls

+ +

+ +

+ +

+ +

N/A N/A

+ +

+ +

N/A N/A

+ +

45% reduction 30% reduction

N/D N/D

N/D Reduced sensory innervation
N/D N/D

+ +

+ +

+ +

+ +

45% of controls at birth

75% reduction in nociceptive
neurons

45% of controls at birth

N/D

N/D

70% of controls at birth

20% reduction in nociceptive
neurons

70% of controls at birth

30% of controls

20% of controls

+, present; N/A, not applicable; N/D, not determined.

as kinetin (52,53), something that cannot be tested in our mouse
models. Our mice, however, are the only in vivo models of FD
and not only are useful for the elucidation of the pathophysi-
ology of the disease, but are also invaluable for testing the effi-
cacy of current and future therapies that aim at increasing IKAP
protein levels through transcriptional activation, such as toco-
trienols and phosphatidylserine (54—57).

Our finding that Tkbkap“?*/"** mice display a severe reduc-
tion in nociceptive (trkA/CGRP positive) neuronal numbers at
late gestation is consistent with the severe impairment in pain
and temperature perception observed in some FD patients in
infancy (1). DRG volumes and total neuronal numbers are
also decreased in Ikbkap“??”** embryos at E18.5 (Fig. 3), sug-
gesting that decreased cell proliferation or increased cell death
occurs at earlier stages. Consistent with this hypothesis, silen-
cing of IKAP with shRNA has been shown to result in
increased premature neuronal cell death in chick DRGs (58).
In marked contrast with what is observed in Ikbkap?/
mice, nociceptive neurons appear to be less affected in
Tkbkap™* "mice not only throughout gestation, but also
postnatally. These observations indicate that a slight increase
in IKAP expression (up to 10% of WT levels) is sufficient
to rescue to a great extent DRG neuronal deficits during em-
bryogenesis. In addition, the relative preservation of nocicep-
tive neurons in these mice even in adulthood (Fig. 3) suggests
that postnatal degeneration of sensory neurons is a slow
process. Nonetheless, kbkap™/°* mice still exhibit impaired
temperature perception in adulthood.

Despite the clinical variability in autonomic impairment,
FD patients already display autonomic dysfunction at birth
or early infancy, such as poor suck at birth, inappropriate
body temperature control and lack of emotional overflow
tears, whereas older patients develop additional symptoms
related to progressive dysautonomia, including cardiovascular
and renal dysfunctions (3,7,37,38). Longitudinal studies
involving re-testing of patients 13 years after the initial
screening also support the notion that autonomic functions
further deteriorate over time (47). Our analyses indicate
that the development of SCG is significantly compromised
in Ikbkap®?”’* mice and to a much lesser extent in
Tkbkap™** mice. However, extensive neurodegeneration
occurs in Tkbkap™*/°* SCGs early after birth and progresses
into adulthood (Fig. 4), suggesting that most of the SCG
neuronal cell loss occurs postnatally in FD. These observations
imply that therapies aiming at increasing full-length IKAP
expression postnatally (52—57) might prevent further
degeneration of sympathetic neurons in FD patients.

It is hypothesized that severe reduction in full-length IKAP
expression is the leading or sole cause of FD, and that the trun-
cated IKAP protein (derived from the Ikbkap mRNA that lacks
exon 20) is either unstable or does not possess any deleterious
gain-of-function (3,13,53,57). Strongly supporting this view is
the fact that FD is a recessive disorder and carriers do not
exhibit any signs of the disease (3,53). Based on these obser-
vations, it has been suggested that the extensive variability in
the severity of the disease among FD patients, both within



and between families, might be a result of differences in
expression levels of full-length IKAP protein (12). Although
confirmation in FD patients awaits further investigation, our
results strongly support this hypothesis. Even though our
Tkbkap®?”7®* mice do not carry the FD major haplotype,
at the molecular level the consequence of the generated muta-
tion is the same, that is, extremely reduced WT Ikbkap mRNA
levels (from the flox allele) and expression of an Ikbkap
mRNA lacking exon 20 (from the A20 allele). Similar to FD
carriers, Tkbkap®?”" mice do not display any abnormalities,
even at 24 months of age. In contrast, Ikbkap /" mice do
not express an mRNA lacking exon 20 but still develop FD
features. These observations indicate that the expression of
an mRNA lacking exon 20 (and consequently of a truncated
IKAP protein) is not necessary to model FD. Notably
though, FD phenotypic features are considerably milder in
Tkbkap"*" mice compared with ITkbkap™ ?"** mice
(Fig. 2—4, and Table 2). Since both lines are maintained in
the same genetic background, and the only biologically signifi-
cant difference between them is the relative levels of
IKAP expression (5% WT levels of full-length IKAP for
Tkbkap®?”"* mice and 10% WT levels of full-length IKAP
for Ikbkap"/°* mice), our results strongly support the hy-
pothesis that the extensive variability in FD clinical and patho-
logical manifestations are likely due to slight differences in
IKAP protein levels. The implications of these findings are
significant not only in terms of the disease process, but also
in what concerns possible therapeutic strategies, since our
data indicate that treatments aiming at increasing IKAP ex-
pression might be successful even if they result in a small
IKAP increase.

In conclusion, the availability of two mouse models that re-
capitulate FD phenotypic and neuropathological findings
provide a means for further understanding the mechanisms
underlying FD and for the development of potential new thera-
peutic interventions not only for FD, but also for other PNS
disorders. In addition, of particular importance for therapeutic
interventions is our finding that a slight increase in IKAP
levels is sufficient to decrease disease severity and increase
life span.

MATERIALS AND METHODS

Generation of mice carrying a conditional inactivation
Ikbkap allele

The detailed descriptions of the original targeting vector to
generate the targeted Ikbkap3loxP allele, as well as of the
strategy to generate the IkbkapA20 allele have been presented
elsewhere (32). To generate mice carrying a conditional inacti-
vation Ikbkap allele (Ikbkap™'"), we crossed the previously
generated mouse line that carries a 3loxP-targeted Ikbkap
allele (32) with a Cre transgenic line (HsCre6, maintained in
the C57BL/6 background) that produces partial recombination
events (33). Among the F1 mice that carried the targeted
Ikbkap allele, mosaic mice that contained a mixture of recom-
bination products between different pairs of loxP sites were
selected and were then crossed with WT C57BL/6 mice. Ana-
lyses of the F2 progeny allowed for the identification of mice
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that had only the neo cassette excised and therefore contained
a neoless (Tkbkap™™) conditional allele (Dietrich et al.,
manuscript in preparation).

PCR assays for genotyping

For routine genotyping of progeny, genomic DNA was pre-
pared from tail biopsies and PCR amplification reactions
were carried out in the following conditions: 35 cycles consist-
ing of 45 s denaturation at 94°C, 45 s annealing at 61°C and
1 min extension at 72°C as described previously (32) using
the following primers:

Ikap-1 (forward): 5-TGATTGACACAGACTCTGGCCA-3’;
Ikap-2 (reverse): 5'-GGAGATCCTCTAAGCAGCAGG-3';
Ikap-3 (forward): 5'-CAGATTCGGAAGTGGCTGGAC-3;
Ikap-4 (reverse): 5-CTTTCACTCTGAAATTACAGGAAG-3;
pgk (reverse): 5-AGCGCATGCTCCAGACTGCC-3'.

Western blotting

Protein extracts from adult forebrain and E16.5 brains were
obtained by homogenizing tissue in RIPA buffer (150 mm
NaCl, 50 mm Tris (pH 8.0) 1% NP-40, 0.1% SDS, 0.5%
sodium deoxycholate) containing protease inhibitor cocktail
(Roche). Insoluble debris was discarded after centrifugation,
and protein concentration was determined by the Bradford
assay (Bio-Rad). Approximately 50 pwg of protein was sepa-
rated by SDS—PAGE (8% gel) and transferred into nitrocellu-
lose membranes. Membranes were blocked in 5% non-fat milk
for 1 h at room temperature and incubated overnight at 4°C
with rabbit polyclonal antibody against the C-terminus
region of IKAP (AnaSpec, 1:500), or mouse monoclonal anti-
body against B-tubulin (Chemicon, 1:5000). Membranes were
washed and incubated with secondary antibodies for 1 h at
room temperature. Protein bands were visualized by chemilu-
minescence (PIERCE or Amersham) followed by exposure to
autoradiographic film.

Histological analyses

For histology, embryos and tissues were collected and fixed in
4% paraformaldehyde in phosphate-buffered saline (PBS) for
at least 1 week; incubated for 24 h at 4°C in PBS containing
0.25 ™ sucrose and 0.2 m glycine; dehydrated; cleared with
toluene and embedded in paraffin. Paraffin blocks were sec-
tioned at 7 wm, mounted in superfrost slides (Fisher) and
stained with hematoxylin and eosin (H&E).

Volumetric determination of sympathetic and sensory
ganglia

Volumes of sympathetic and sensory ganglia were determined
essentially as described (59). In brief, H&E-stained serial
paraffin sections (7 wm) spanning the whole ganglia were ana-
lyzed under a Zeiss stereomicroscope, and the width and the
length were measured every fifth section. Volumetric measure-
ments were performed by calculating and adding the volumes
between every section analyzed.
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Neuronal counts in sympathetic ganglia

Neuronal counts were performed essentially as described
(60). Briefly, E18.5 embryos and dissected ganglia were
paraffin-embedded and sectioned at a thickness of 7 pm.
Neurons with clearly visible nucleoli were counted from
photomicrographs of H&E-stained paraffin sections. Total
neuronal numbers were estimated based on the total volume
of the ganglia.

Neuronal profiling of DRGs

For counts of DRG neurons, neurons with clearly visible nu-
cleoli were counted from photomicrographs of H&E-stained
paraffin sections. Sections were 7 wm thick, and neurons
were counted in five sections per ganglion, at 50 wm intervals.
Large light and small dark cells (45) were scored and counted
in defined areas encompassing 40—50 neurons each.

Methylene blue staining of tongues

Fungi form papillae on the tongues were visualized by methy-
lene blue staining, as described (61,62). In brief, tongues were
dissected out in PBS and fixed in 4% PFA for 2 weeks.
Tongues were then rinsed with PBS and stained by incubation
in 0.5% methylene blue solution for 15—20 min at room tem-
perature, followed by three brief washes in PBS. Fungiform
papillae were counted on both sides of the median fissure in
the anterior part of the tongue, as well as in middle and pos-
terior regions of the tongue under a Zeiss stereomicroscope.

Immunohistochemistry

For immunohistochemistry on paraffin sections, slides were
deparaffinized, rehydrated and incubated with 0.3% H,0, in
methanol for 20 min, to quench endogenous peroxidase.
Sections were then washed with PBS, blocked for 1h with
4% BSA, 0.2% Triton X-100 in PBS and incubated at 4°C
for 48—72 h with primary rabbit polyclonal antibody anti-TH
(AB 152 Chemicon, 1: 200), or anti-CGRP (PC205L Calbio-
chem 1:200) in 0.4% BSA; 0.2% Triton X-100 in PBS.
After several washes in PBS, primary antibody detection
was carried out using the Vector ABC kit according to the
manufacturer’s instructions, followed by incubation with
Fast DAB with metal enhancer (Sigma) or DAB brown sub-
strate (BD Biosciences).

Temperature perception test

An incremental hot plate (IITC Model PE34 Hot/Cold Plate)
was used to determine temperature perception thresholds.
The conditions of the experiments were: stand-by temperature:
30°C, ramp: 5°C/min and cut-off temperature: 53°C. Experi-
ments were performed on age-matched WT, Ikbkap™’?/*
and Tkbkap™*"** mice, and we used the first-evoked nocifen-
sive behavior (hindpaw licking or jumping) as an end-point
criterion. Mice were initially acclimated with the new environ-
ment for 30 min, submitted to the test and then allowed to rest
for 1 h between each repetition. Three independent determina-
tions were performed for each mouse.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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