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BRIEF REPORT

Pathological Confirmation of Optic Neuropathy in Familial
Dysautonomia
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Abstract

Clinical data suggest that optic neuropathy and retinal ganglion
cell loss are the main cause of visual decline in patients with familial
dysautonomia, but this has not previously been confirmed by patho-
logical analyses. We studied retinas and optic nerves in 6 eyes from
3 affected patients obtained at autopsy. Analyses included routine
neurohistology and immunohistochemistry for neurofilaments, cyto-
chrome c oxidase (COX), and melanopsin-containing ganglion cells.
We observed profound axon loss in the temporal portions of optic
nerves with relative preservation in the nasal portions; this correlated
with clinical and optical coherence tomography findings in 1 patient.
Retinal ganglion cell layers were markedly reduced in the central
retina, whereas melanopsin-containing ganglion cells were relatively
spared. COX staining was reduced in the temporal portions of the
optic nerve indicating reduced mitochondrial density. Axonal swel-
ling with degenerating lysosomes and mitochondria were observed
by electron microscopy. These findings support the concept that
there is a specific optic neuropathy and retinopathy in patients with
familial dysautonomia similar to that seen in other optic neuropa-
thies with mitochondrial dysfunction. This raises the possibility that
defective expression of the IkB kinase complex-associated protein
(IKAP) resulting from mutations in /KBKAP affects mitochondrial
function in the metabolism-dependent retinal parvocellular ganglion
cells in this condition.

Key Words: Hereditary optic neuropathy, Histopathology, Familial
dysautonomia, Optical coherence tomography, Retina, Riley-Day
syndrome.

From the New England Eye Center, Tufts Medical Center, Tufts University,
Boston, Massachusetts (CEM, TRH, NVL, NF); Department of Neurol-
ogy, Dysautonomia Center, NYU Langone Medical Center, New York
University, New York (CEM, JAP, LNK, HK); and University of Miami
Miller School of Medicine, Bascom Palmer Eye Institute, Miami, Florida
(CEM).

Send correspondence to: Carlos E. Mendoza-Santiesteban, New England Eye
Center, Tufts Medical Center. Tufts University, 800 Washington St. Box
450, Boston, MA 02111; E-mail: carlos.mendoza_santiesteban@tufts.edu

Financial support: This work was supported by the Dysautonomia Founda-
tion Inc., the National Institutes of Health (U54-NS065736-01), and The
Massachusetts Lions Clubs/Research to Prevent Blindness Challenge
Grant.

Conflict of interest: The authors declare that they have no conflict of inter-
ests relevant to this paper.

INTRODUCTION

Visual impairment is a disabling feature of familial
dysautonomia (Riley-Day syndrome, hereditary sensory and
autonomic neuropathy type III), a rare, infantile-onset, autoso-
mal recessive disease caused by a mutation in the IKBKAP
gene that leads to defective expression of IkB kinase complex-
associated protein (IKAP) (1, 2). The defective IKAP protein
is strongly expressed in neuronal and retinal tissue and appears
to be involved in cell migration and adhesion during embryo-
genesis, causing impaired development of sensory and affer-
ent autonomic nerves (3).

Hallmarks of familial dysautonomia are impaired pain
and temperature sensation, absent deep tendon reflexes, gait
ataxia (4), chronic lung disease (5), and afferent baroreflex fail-
ure causing orthostatic hypotension and paroxysmal hyperten-
sion (6), all which contribute to morbidity and mortality (2, 7).

Neuropathological findings of the disease include brain-
stem, pontine, medullary, and spinal atrophy with neuronal de-
pletion in dorsal root (sensory) and sympathetic ganglia, as
well as reduced numbers of small myelinated and nonmyelin-
ated (sensory) axons of peripheral nerves (8—12).

Previous studies from our group using high-definition
optical coherence tomography (OCT) showed that 100% of
patients with familial dysautonomia suffer from an optic neu-
ropathy featured by reductions in the macular retinal ganglion
cell layer and their axons in the retinal nerve fiber layer
(RNFL), whereas more peripheral ganglion cells are relatively
spared (13, 14). This optic neuropathy is universal in familial
dysautonomia, in contrast to corneal opacities due to neurotro-
phic keratopathy and insufficient tear secretion. These were
previously considered to be the main cause of visual loss but
are present in less than 50% of patients (13, 14). In subjects
with relatively normal corneas, visual decline becomes symp-
tomatic around the second or third decade of life and can prog-
ress to legal blindness in older patients, although the retinal
ganglion cell loss begins at earlier ages (13). However, to
date, there has not been pathological confirmation of this.

We here describe the histopathological findings of eyes
from patients with familial dysautonomia and correlate these
with the clinical ophthalmological findings and the retinal
structure abnormalities measured by OCT. To the best of our
knowledge, this is the first reported histopathological study of
the retina and the optic nerve of patients with familial
dysautonomia.
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MATERIALS AND METHODS

Patients

We studied autopsy specimens from 3 subjects
(6 eyes) with genetically confirmed familial dysautonomia
who died due to systemic complications. Clinical informa-
tion was obtained from the medical charts of the New York
University (NYU) Dysautonomia Center. In 2 patients, ocu-
lar histories were obtained from records submitted by their
primary ophthalmologists. Patient #1 was examined at our
center and a comprehensive neuro-ophthalmological evalua-
tion was performed 10 weeks prior to death. Relatives gave
full consent for autopsy in all cases. The New York Univer-
sity School of Medicine Institutional Review Board ap-
proved this study.

Optical Coherence Tomography

In Patient #1, OCT was performed to obtain retinal
images and measure the RNFL and the ganglion cell com-
plex (GCC) thicknesses (Cirrus 4000; Carl Zeiss, Dublin,
CA) 10 weeks prior to death. Images were acquired in the
seated position with the patient facing the OCT equipment.
Both eyes were scanned 3 times with 2 standard Cirrus HD-
OCT acquisition protocols: macular cube 512 x 128 and
optic disc cube 200 x 200. The quality of the obtained im-
ages was assessed by evaluation of the signal strength
(a value from O to 10 in arbitraries units), automatically pro-
vided by system. Only scans with signal strength above
6 units were accepted.

Ocular Pathology Studies

In all cases, the postmortem delay was <15 hours; both
eyes were fixed immediately in 10% buffered formalin. The
optic nerves were 20 mm in length and cut into cross sections,
2 mm thick and approximately 3 mm posterior to the globes.
Orientation was established by razor nicks. The eyes were cut
in the horizontal plane to section the macular and optic disc
area (PO section). Paraffin-embedded 6-pum-thick tissue sec-
tions were stained with hematoxylin and eosin, periodic acid
Schiff, and Luxol fast blue stains and Bielschowsky impregna-
tion. The formalin fixed paraffin-bedded tissue sections were
deparaffinized and rehydrated for immunohistochemistry.
Immunohistochemical staining was performed using mouse
monoclonal antineurofilament (Ventana Medical, Tucson,
AZ), antimelanopsin, and anticytochrome c¢ oxidase (COX)
antibodies (Abcam, Cambridge, MA). COX is a component of
the mitochondrial respiratory chain; therefore, COX immu-
nostaining in normal subjects is usually more intense in the
prelaminar and unmyelinated portion of the optic nerve, par-
ticularly in the temporal portion, where mitochondria abound
in order to provide energy for nerve conduction. In contrast,
the retro-laminar portion of the optic nerve is myelinated, al-
lowing more efficient nerve conduction, thus requiring less en-
ergy and fewer mitochondria, leading to less intense COX
immunostaining. The binding of these 3 antibodies (antineuro-
filament, antimelanopsin, and antiCOX) was visualized as
brown pigment using a secondary antibody Avidin-Biotin
Complex Kit (Vectastain Elite ABC Kit; Vector Laboratories,

Burlingame, CA). Appropriate positive and negative controls
were used.

In 1 patient (Patient #2), electron microscopy was also
performed. The eye was first fixed in 10% buffered formalin
and then transferred to 2.5% glutaraldehyde in 100 mM phos-
phate buffer at pH 7.0. The tissue in the area of the prelaminar
and lamina cribrosa of the optic nerve head area was cut into
2 mm? tissue blocks and postfixed in 1% osmium tetroxide in
sodium cacodylate buffer for 3hours at 20°C. These were
then en-block stained with 5% aqueous uranyl acetate, dehy-
drated in graded ethanol solutions, and embedded in resin
(Epon-812). Thick sections (1 pm) were stained with toluidine
blue. Thin sections were cut at 50—70 nm using an ultramicro-
tome (LKB8801), stained with uranyl acetate and lead citrate,
and examined with a transmission electron microscope
(Phillips EM 201).

RESULTS

Patients’ characteristics are summarized in the Table.
Patient #1 was 61 years old, whereas Patients #2 and #3 were
younger (19 and 11 years old, respectively). Patient #1 had
worse visual acuity; Patient #3 was visually asymptomatic.
Red-green color vision was reduced in 2 patients. On visual
field testing, there were cecocentral scotomas in both eyes of
Patient #2, and generalized sensitivity depression was seen in
both eyes of Patient #1. Neurotrophic keratopathy, corneal
hypoesthesia, and impaired tear production were found in all
3 patients. Corneal opacities due to recurrent abrasion and
ulcers were present in 2 patients: mild in Patient #1 and mod-
erate to severe in Patient #2, but were not dense enough to pre-
clude fundus examination or OCT image acquisition. On
fundus examination, all patients had optic nerve pallor that
was more evident in the temporal portion.

OCT Findings

In Patient #1, in vivo OCT showed significant reduc-
tions of the global RNFL and GCC thicknesses especially in
the temporal portion (corresponding to the maculopapular
bundle), consistent with previous reports by our group in pa-
tients with familial dysautonomia (13). These OCT findings
were later confirmed in retinal histopathological cross sec-
tions showed thinning of the ganglion cell layer (mostly
midget/parvocellular, P-cells), and its axons in the RNFL
(Fig. 1).

Histopathology

In Patient #1, cross sections of both optic nerves showed
diffuse depletion of axon bundles of the entire optic nerve as-
sociated with thickened connective tissue septae in affected
regions. Axonal depletion was more evident in the temporal
portion of the optic nerve (corresponding to maculopapillary
nerve fibers), better seen in neurofilament immunostained sec-
tions (Fig. 2E, F). In the central retina, the number of macular
ganglion cells (mostly parvocellular ganglion cells) was
reduced (stained blue, Fig. 3A). Melanopsin immunohisto-
chemical staining demonstrated preservation of the intrinsic
photosensitive melanopsin-containing ganglion cells (stained
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TABLE. Patients Clinical Features

Optical Coherence

Fundoscopic Exam

Anterior Segment

Visual Fields Defects

Color Vision

Visual Acuity

Eye

Age/Sex

Tomography

Global RNFL loss mainly

Ceco-central with generalized Corneal hypoesthesia and hypolacrima, Diffuse optic nerve pallor,

2/16

20/200
20/200

Right
Left

61/M

Patient #1

affecting temporal axons,

papillomacular RNFL loss

mild corneal opacities

sensitivity depression

1/16

severe loss of macular GCC

N/A

Temporal optic nerve pallor,

Corneal anesthesia and hypolacrima,

Ceco-central scotoma

8/16

20/100

Right
Left

17/M

Patient #2

papillomacular RNFL loss

moderate to severe corneal opacities

6/16

20/80

due to recurrent abrasions

N/A

Temporal optic nerve pallor,

Corneal hypoesthesia and hypolacrima,

N/A

N/A

20/30

20/25
M, male; F, female: N/A, not available; GCC, ganglion cell complex, RNFL: retinal nerve fiber layer.

Right
Left

11/F

Patient #3

papillomacular RNFL loss

no corneal opacities

brown, Fig. 3A), despite significant macular ganglion cell
loss. The peripheral retina was mostly devoid of ganglion
cells. COX immunostaining showed accumulation of mito-
chondria in the prelaminar and amyelinic portion of the optic
nerve axons, with less staining density in the temporal portion
(indicating extensive retinal nerve fiber loss secondary to mac-
ular ganglion cell death). In contrast, the staining was nor-
mally preserved in the nasal portion.

In Patient #2, electron microscopy the optic nerve head
surface, nerve fiber layer, and prelaminar temporal region
showed optic nerve fibers arranged in axonal bundles sur-
rounded by astrocytes (or glial cells) and narrow connective
tissue space containing capillaries. Astrocytes contained cyto-
plasmic intermediate filaments, and degenerating organelles.
The mitochondria, from the fibers that were still viable, had a
membrane, matrix, and internal ridges (cristae) and showed
normal range and size. Focally, there were axonal swellings
with degenerating organelles, presumably lysosomes and mi-
tochondria. These findings are similar to those described in
Leber hereditary optic neuropathy (15). The region of the lam-
ina cribrosa showed normal connective tissue collagen fibers
and elastic complexes admixed with nerve fibers and glial
cells. Focal myelinated axons were identified beyond the lam-
ina cribrosa (Fig. 3D, E).

Histopathological analysis in Patient #3 showed mark-
edly reduced neurofilament-immunostained optic nerve axons
particularly at the temporal portion (Fig. 2C, D), although this
was less marked than in Patient #1 (Fig. 2E, F). Melanopsin
immunostaining of the retina also showed preservation of the
melanopsin-containing ganglion cells (stained brown, Fig. 3B)
in spite of generalized reductions in the number of macular
ganglion cells (stained blue, Fig. 3B). In the peripheral retina,
the ganglion cell population was also mildly reduced although
less affected than in the macula. COX immunostaining
showed accumulation of mitochondria in the prelaminar and
amyelinic portion of the optic nerve axons, although the stain-
ing was less intense in the temporal portion (indicating exten-
sive retinal nerve fiber loss secondary to macular ganglion cell
death), compared to normal staining in the nasal portion
(Fig. 3F). This pattern has been described in other mitochon-
drial optic neuropathies (16).

In summary, histopathological analysis of ocular tis-
sue of patients with familial dysautonomia showed thinning
of the retinal ganglion cell layer with widespread axonal
depletion, more evident in the temporal portion of the optic
nerve (where axons of the ganglion cell layer are located).
This ganglion cell layer thinning was due to depletion of
macular ganglion cells (mostly parvocellular ganglion cells).
In contrast, melanopsin-containing ganglion cells were pre-
served. Mitochondrial density was reduced in the temporal
portion of the prelaminar area (further indicating retinal
nerve fiber damage secondary to macular ganglion cell
death). Mitochondrial abnormalities were confirmed with
electron microscopy showing axonal swelling with degener-
ating lysosomes and mitochondria. These abnormalities ap-
pear to worsen with age. Overall, these findings are similar
to those described in mitochondrial optic neuropathies such
as Leber hereditary optic neuropathy and dominant optic
atrophy (16, 17).
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FIGURE 1. Patient #1 with familial dysautonomia (A) and (B) and aged-matched normal control (€) and (D). Anti-neurofilament
immunostained maculopapillary retinal cross-section (2x, (A) and (€)) and matching images from in vivo high definition-optical
coherence tomography (B) and (D) show that in the familial dysautonomia patient eye there is marked thinning of the ganglion
cell layer ([GCL], mostly midget/parvocellular, P-cells), and their the axons in the retinal nerve fiber layer (RNFL), which occurred
primarily in the central retina in the distribution of the maculopapillary bundles (A), retinal detachment is a processing artifact).
This was previously documented with the in vivo optical coherence tomography (B). Scale bars, T mm.

DISCUSSION

In this, the first histopathological postmortem study of
ocular tissue in patients with familial dysautonomia, we
confirmed our hypothesis that retinal macular ganglion cell
loss and progressive optic nerve axonal degeneration are the
primary cause of visual loss in these patients (13, 14). Our
findings provide novel information on the mechanisms
involved in the pathogenesis of visual loss in familial
dysautonomia.

In the 3 patients in this study, clinical evidence of optic
neuropathy included visual acuity loss, abnormal red-green
color perception, central visual field defects and thinning of
the maculopapillary RNFL, and macular GCC on OCT. In all
of them, histopathological examination showed that the loss of
ganglion cells (mostly midget/parvocellular, P-cells) occurred
primarily in the central retina with loss of the small optic nerve
axons in the in the distribution of the maculopapillary bundles.
These findings correlate with our previous OCT observations
and were demonstrated in Patient #1 (3, 4). An additional
histopathological finding was the relative preservation of

melanopsin-containing ganglion cells in the most affected re-
gions of the retina, suggesting that less energy-dependent
cells, which mainly project to the hypothalamus and are re-
sponsible for the extrageniculate visual afferents, are spared.
This supports our hypothesis that more energy-demanding
maculopapillary ganglion cells are preferentially damaged in
familial dysautonomia.

Interestingly, a recent retinal histopathological study in
a mouse model of familial dysautonomia (/KBKAP condi-
tional knockout) showed significant retinal ganglion cells loss,
particularly in the temporal portion, with preservation of mela-
nopsin ganglion cells (18). These findings are remarkably sim-
ilar as the ones we document here.

The optic neuropathy of familial dysautonomia closely
resembles that seen in mitochondrial optic neuropathies such
as Leber hereditary optic neuropathy (15, 19), autosomal dom-
inant optic atrophy (20), and tobacco/alcoholic (21), Cuban
epidemic (22), B, deficiency, and drug-related optic neuropa-
thies (23). Pathological studies in Leber hereditary optic neu-
ropathy and dominant optic atrophy have shown relatively
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FIGURE 2. (A-F) Anti-neurofilament-immunostained histopathologic cross and axial sections (2x) of the optic nerve of a 48-year-
old normal control (A) and (B) and patients with familial dysautonomia (C-F). Sections from 11-year-old patient #3 (C) and
(D) and 61-year-old patient #1 (E) and (F) show significant axonal loss in the optic nerve that is more evident in the temporal
optic nerve portion ([T] black arrows), than in the nasal portion [N], as well as thinning in the maculopapillary nerve fiber layer
(red arrows). Nerve loss is more prominent in the older patient (Patient #1, (E) and (F)). Scale bars: T mm.

preservation of melanopsin-containing ganglion cells in
spite of extensive loss of the predominantly small midget/
parvocellular P-ganglion cells (17, 24). This is because
melanopsin retinal ganglion cells are more resistant to
mitochondrial stress and neurodegeneration (17). The optic
neuropathy observed in familial dysautonomia particularly
resembles that seen in dominant optic atrophy, in which the
optic nerve damage is present since childhood, even in visu-
ally asymptomatic patients, which can be proven by OCT
(25). In both familial dysautonomia and dominant optic
atrophy, the genetic defect is located at the nuclear DNA
(IKBKAP gene in 9q31 in familial dysautonomia; and OPA!
gene in 3q28 in dominant optic atrophy) (1, 25). While the
OPAI gene in involved in mitochondrial membrane stabili-
zation, COX function, and mitochondrial respiratory chain
metabolism (26), the role of the /IKBKAP gene in mitochon-
drial metabolism remains unexplored. It is possible that the

242

loss of functional IKAP protein (expressed by the IKBKAP
gene) also affects mitochondrial function in familial dysau-
tonomia (27, 28), although additional research is required to
confirm this hypothesis.

In conclusion, familial dysautonomia is associated
with a characteristic type of optic neuropathy resembling
other disorders affecting mitochondrial protein production
and function. The possibility that IKAP deficiency may
impair the function of mitochondria of the retinal ganglion
cells may potentially have therapeutic implications,
although this remains to be ascertained in future studies.
Additionally, the retinal ganglion cells are accessible by
intravitreal injection and, therefore, more amenable to po-
tential therapies. Also, monitoring optic nerve structure and
function may be useful to assess disease progression in clini-
cal trials of potential disease-modifying drugs for familial
dysautonomia.
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FIGURE 3. Histopathological cross sections and electron microscopy of the retina and optic nerves of patients with familial
dysautonomia. (A-C) Immunohistochemical staining for melanopsin in retinal ganglion cells (40x, scale bars are 50 um) in
Patient #1 (A), Patient #3 (B), and a normal control (C). Macular ganglion cells (stained blue, blue arrow) are markedly reduced
in patients with familial dysautonomia (A) and (B) compared to the normal control (C), whereas melanopsin retinal ganglion
cells (stained in brown, brown arrow) are preserved in the 3 subjects. Melanopsin retinal ganglion cells are more resistant to
mitochondrial stress and are also preserved in Leber hereditary optical atrophy and autosomal dominant optic atrophy (17).
(D) and (E) Electron microscopy examination of the prelaminar temporal portion of the optic nerve head in Patient #2 (scale
bars: 2 um). Nerve fibers are arranged in axonal bundles surrounded by astrocytes and a narrow connective tissue space
containing capillaries. Low magnification of the optic nerve head shows cells with focal axonal swelling/degeneration (red star).
Temporal portion of the optic nerve head pre-laminar region showing nerve bundles (red arrows) with atrophy and
mitochondria (red stars). There is axonal swelling with degenerating organelles (lysosomes and mitochondria). Focal myelinated
axons were identified beyond the lamina cribrosa area. (F) COX immunostaining (2x, scale bar: 0.5 mm) of the optic nerve of
Patient #3 is less intense in the temporal portion ([T], yellow arrow), indicating extensive retinal nerve fiber loss secondary to
macular ganglion cell death, compared to more normal staining in the nasal portion ([N], black arrow).
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