


atrophy of cerebellar type (MSA-C). MSA-C is a sporadic
adult-onset disease of unknown cause that manifests with
various combinations of progressive ataxia and autonomic
failure. MSA-C is defined by the presence of α-synuclein-
positive oligodendroglial cytoplasmic inclusions.3

Optical coherence tomography (OCT) has been used
to assess microstructural retinal changes in patients
with degenerative ataxias focusing on the retinal nerve
fiber layer (RNFL) and ganglion cell layer (GCL).4-13

However, other ocular features, including the retinal
microvasculature, have not yet been evaluated in
ataxias. It is even more intriguing because it is not yet
known whether microvascular alterations occur and, if
so, whether they are concurrent or follow cell death in
neurodegenerative diseases. Although it has been
established that Alzheimer’s disease (AD) is associated
with β-amyloid angiopathy and vascular changes in the
retina,14-20 the time course of neuronal versus vascular
changes in the retina or brain of AD patients is not
known. Optical coherence tomography angiography
(OCT-A) has become available for noninvasive, high-
resolution, and three-dimensional imaging of the retinal
and optic nerve head vasculature not requiring intrave-
nous dye injection as compared to conventional retinal
fluorescein angiography or indocyanine green angiogra-
phy.21 OCT-A produces visualization of the retinal
vascular network by calculating signal change in con-
secutive cross-sectional OCT images captured at the
same retinal location, using motion of cellular blood
components as intrinsic contrast.21

Thus, to fill the current knowledge gap, we assessed the
retina, including its vasculature, using OCT-A and gan-
glion cells using OCT in patients with degenerative ataxias
with the aim of discovering whether vascular alterations
occur and, if so, what the relationship is between vascular
and cellular alterations in the retina, pursuing a novel con-
current imaging approach that could assist in identifying
and monitoring these diseases.

Patients and Methods

Patients

The study was a cross-sectional observational study
performed at the German Center for Neurodegenerative
Diseases (DZNE) in Bonn, Germany, in collaboration
with the Department of Ophthalmology and the Depart-
ment of Neurology of the University of Bonn, Bonn,
Germany. The study was approved by the Institutional
Review Board of the University of Bonn, Germany, and
all procedures adhered to the tenets of the Declaration of
Helsinki. Informed consent was obtained from all partici-
pants before enrollment between August 1, 2018, and
September 30, 2020.
Demographic data, including age, gender, and disease

duration, were collected for 43 individuals with ataxia.

Forty-three healthy controls with no neurological or
ocular disease were included in the study.
Ataxia severity was determined based on the Scale for the

Assessment and Rating of Ataxia (SARA).22 The SARA
ranges from 0 (no ataxia) to 40 (most severe ataxia) based
on the evaluation of eight items for gait capacity, static bal-
ance, sitting, speech disturbance, and limb kinetic functions.
Each participant underwent best-corrected visual acu-

ity (BCVA) testing using retroilluminated Early Treat-
ment Diabetic Retinopathy Study (ETDRS) charts at
4-meter distance (Precision Vision, Woodstock, IL).
Exclusion criteria included high myopia (<�7 diopters),
any concomitant ocular disease or ocular surgery in the
past 3 months, uncontrolled arterial hypertension, and
uncontrolled diabetes mellitus.

OCT-A Imaging

OCT-A imaging was performed without pupil dilation
using a spectral domain OCT-A device (AngioVue, RTVue
XR Avanti SD-OCT, Optovue, Fremont, CA). This device
operates with a scan rate of 70,000 A-scans/s, a scan beam
wavelength of 840 � 10 nm, and a bandwidth of 45 nm.
Volumetric 6 � 6 mm high-definition macular scans

centered at the fovea and 4.5 � 4.5 mm high-definition
optic nerve head (ONH) scans were captured. The soft-
ware of the device automatically segments macular scans
into superficial retinal vascular plexus (SVP), spanning
from the internal limiting membrane to the lower border
of the inner plexiform layer (IPL), and deep retinal vascu-
lar plexus (DVP), extending from the inner nuclear layer
(INL) to the outer plexiform layer (OPL), as well as the
outer retina and choriocapillaris. In the ONH scans, only
the SVP was depicted. In addition, vessel densities of the
whole image, parafovea, and perifovea applying a grid
overlay according to the standard ETDRS subfields, peri-
papillary region, inside the ONH, and the foveal avascular
zone (FAZ) were calculated and identified automatically.
The accuracy of automatic segmentation was checked,
andmanual correction was performed if needed.
Vessel density was defined as the proportion of ves-

sel area with detectable blood flow over the total area
measured. Only images with sufficient signal strength
(≥60) and scan quality (≥6/10) and without motion
artifacts (no or only minimal banding/quilting) were
included.23,24

Read-out parameters of the OCT-A included vessel
density of the superficial and deep macular plexuses,
vessel density of the radial peripapillary capillary (RPC)
network, and capillary density inside the optic nerve
head (cdONH) and FAZ area.

Structural OCT Imaging

Structural OCT imaging was performed using a spec-
tral domain OCT (Spectralis, Heidelberg Engineering,
Heidelberg, Germany). Volumetric macular scans were
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acquired with a scanning protocol of 20 � 20�, 1024
scans, and 97 sections in high-resolution mode to assess
added up foveal and parafoveal volumes of the macular
RNFL, GCL, IPL, INL, OPL, and outer nuclear layer.
In addition, a circumferential peripapillary scan was
captured to measure the peripapillary RNFL (pRNFL)
thickness with all its subdivisions, including global (G),
nasal (N), nasal inferior (NI), temporal inferior (TI),
temporal (T), temporal superior (TS), and nasal supe-
rior (NS). The accuracy of automatic segmentation was
checked, and manual correction was performed in case
of segmentation errors.

Data Analysis

When available, data from both eyes of each subject
were included, and for the fixed effect analyses a mean
value was calculated. All subjects diagnosed clinically
with ataxia using the SARA were initially included in
the general/overall ataxia cohort and compared with
the control group. Subsequently, based on genotyping,
six separate ataxia subgroups (SCA1, SCA2, SCA3,
SCA6, FRDA, and MSA-C) were established and com-
pared with randomly selected age-matched (�3 years;
1:2 matching) control groups.
Analysis of variance was applied to compare the gen-

eral ataxia cohort with the cohort of healthy subjects.
In an age-matched (�3 years; 1 case to 2 controls) sub-
group analysis by ataxia type, Shapiro–Wilk tests were
performed to assess the normality of the data. When
the data were compliant with the normality assump-
tion, the independent t test (2-tailed) was used. If the
values were not normally distributed however, the
Mann-Whitney U test (2-tailed) was applied.

To challenge and confirm the outcomes of the fixed
effect analyses for statistically significant variables, mixed
effect model analyses were performed with right- and left-
eye variables as repeated measures outcome and diagnosis
and hemisphere (right eye/left eye) as well as the interac-
tion between diagnosis and hemisphere as independent
variables with the effects blocked within subjects.
The relationships between OCT-A and OCT parame-

ters with clinical characteristics were explored using
Pearson’s and Spearman’s partial correlation analyses
adjusted by age among all ataxia subjects. Correlation
analyses were performed separately for right and left eyes.
Statistical significance was set at P < 0.05. Statistical

analyses and graphical representation were performed
using SPSS software version 26.0.0.0 (SPSS Inc., Chi-
cago, IL) and GraphPad Prism version 8.4.3 (GraphPad
Software, San Diego, CA). The mixed effect models
were computed using R software with the library
“lmerTest” version 3.3.1 (R Foundation for Statistical
Computing, Vienna, Austria).

Data Availability

The data that support the findings of this study are
available from the corresponding author on reasonable
institutional request.

Results

Patient Demographics and Disease

Characteristics

Forty-three subjects with clinically confirmed ataxia
were included: 4 with SCA1, 1 with SCA2, 13 with
SCA3, 12 with SCA6, 6 with FRDA, and 7 with MSA-C.

TABLE 1 Demographic and clinical characteristics of patients with SCA1, SCA2, SCA3, SCA6, MSA-C, and FRDA

SCA1 (n = 4) SCA2 (n = 1) SCA3 (n = 13) SCA6 (n = 12)

Age (y) 39.0 � 2.71 53.0 52.08 � 9.64 62.08 � 10.35

Gender (M/F) 2:2 1:0 7:6 11:1

BCVA 0.04 � 0.08 0.00 0.01 � 0.08 0.07 � 0.16

Disease duration (y) 3.75 � 0.96 10.0 7.60 � 4.35 8.33 � 4.41

SARA score 11.75 � 3.52 12 8.38 � 3.89 11.18 � 5.93

MSA-C (n = 7) FRDA (n = 6)

Age (y) 58.14 � 6.57 45.33 � 13.13

Gender (M/F) 3:4 3:3

BCVA 0.11 � 0.15 0.01 � 0.07

Disease duration (y) 5.60 � 1.82 18.60 � 12.14

SARA score 14.07 � 4.60 19.33 � 7.67

Data represent means � standard deviation.

Abbreviations: SCA1, spinocerebellar ataxia type 1; SCA2, spinocerebellar ataxia type 2; SCA3, spinocerebellar ataxia type 3; SCA6, spinocerebellar ataxia type 6; MSA-C, multi-

system atrophy type C; FRDA, Friedreich’s ataxia; BCVA, best-corrected visual acuity in LogMAR; SARA, Scale for the Assessment and Rating of Ataxia.
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The mean age was 53.7 � 11.7 years; 27 (62.8%) were
men. For the healthy control cohort, the mean age was
55.6 � 13.7 years; 29 (67.4%) were women. BCVA of

patients with ataxia and healthy controls was LogMar
0.04 � 0.12 and –0.03 � 0.12, respectively. The mean
duration of ataxia symptoms was 8.7 � 7.1 years. The

TABLE 2 Vascular density, ganglion cell layer volume, and temporal peripapillary retinal nerve fiber layer thickness in ataxia and healthy control cohorts

Ataxia Controls

Parameter (n = 43) (n = 43) P-value

nSVP (%) 52.49 � 2.98 53.81 � 2.36 0.03

Peripapillary vessel density (%) 50.12 � 2.24 51.63 � 2.58 0.005

Capillary density optic nerve head (%) 48.57 � 3.77 51.46 � 3.66 0.0005

Ganglion cell layer (mm3) 0.323 � 0.03 0.336 � 0.03 0.04

Retinal nerve fiber layer temporal (μm) 67.72 � 8.72 72.49 � 11.12 0.04

Optical coherence tomography angiography (OCT-A) imaging was performed without pupil dilation using a spectral domain device of AngioVue, RTVue XR Avanti SD-

OCT, Optovue. Vessel density was defined as the proportion of vessel area with detectable blood flow over the total area measured. Only images without motion artifacts were

included. Read-out parameters included vessel density of the superficial and deep macular plexuses, vessel density of the radial peripapillary capillary network, the capillary density

inside the ONH, and foveal avascular zone area.

Structural OCT imaging was performed using a spectral domain device of Spectralis (Heidelberg Engineering) to assess added-up foveal and parafoveal volumes of the macular

retinal nerve fiber layer (mRNFL), ganglion cell layer, inner plexiform layer, inner nuclear layer, outer plexiform layer, and outer nuclear layer. In addition, a circumferential

peripapillary scan was captured to measure the peripapillary RNFL thickness with all its subdivisions, including global (G), nasal (N), nasal inferior (NI), temporal inferior (TI),

temporal (T), temporal superior (TS), and nasal superior (NS).

Data represent means � standard deviation, with P-values derived from the respective analysis of variance analyses revealing significant differences between cohorts. Comparison

of all remaining parameters measured using OCT or OCT-A and the aforementioned data did not reveal significant differences.

Significant at P < 0.05.

Abbreviation: nSVP, nasal superficial vascular plexus (combined nasal parafovea and nasal perifovea average).

FIG. 1. Image analysis of OCT angiography of the peripapillary, parafoveal, and perifoveal areas of the left eye from a SCA6 patient. (A) Radial peri-

papillary capillary network (highlighted area within blue circles, upper en face image) and capillary density inside the optic nerve head (highlighted area

within yellow circle, upper en face image) vasculature within the internal limiting membrane (red line, lower B-scan image) and the retinal nerve fiber

layer (green line, lower B-scan image). (B) Superficial parafoveal (inner circular area outside of foveal avascular zone, upper en face image) and peri-

foveal (outer circular area, upper en face image) capillary network extending from the internal limiting membrane (red line, lower B-scan image) to the

outer boundary of the inner plexiform layer (green line, lower B-scan image). Nasal region (combined parafoveal and perifoveal average) of the nasal

superficial vascular plexus (nSVP) highlighted in orange.
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extent of ataxia as assessed by the SARA was
12.1 � 6.1. The mean age, gender, BCVA, disease dura-
tion, and total SARA score of individual ataxia sub-
groups are provided in Table 1. The age of onset was
defined as the first onset of gait disturbances, and disease
duration was calculated accordingly.

Ocular Imaging

In total, 8 eyes of 4 SCA1 subjects, 4 eyes of 2 SCA2
subjects, 34 eyes of 17 SCA3 subjects, 32 eyes of
16 SCA6 subjects, 20 eyes of 10 FRDA subjects, 18 eyes
of 9 MSA-C subjects, and 108 eyes of 54 healthy con-
trol subjects were enrolled and imaged in this study

(Figure S1). Two eyes of 1 SCA2 subject, 8 eyes of
4 SCA3 subjects, 8 eyes of 4 SCA6 subjects, 8 eyes of
4 FRDA subjects, 4 eyes of 2 MSA-C subjects, and
22 eyes of 11 healthy controls were excluded. In ataxia
subjects, 20 eyes were excluded due to reduced scan
quality and motion artifact. In addition, six eyes with
incidental findings of dry age-related macular degenera-
tion (AMD) and two eyes with central serous retinopa-
thy were not included in the study. In the control
group, 10 eyes had to be omitted from further analysis
because of insufficient scan quality and motion artifact
as well as 12 eyes due to an incidental finding of dry
AMD. Finally, 82 eyes of 43 ataxia subjects and 85 eyes
of 43 controls were included in the analyses.

FIG. 2. Graphical representation of the data subjected to the fixed effect model analyses for OCT-A and OCT parameters in ataxia and healthy control

cohorts. Fixed effect model analyses were performed on 21 variables, 5 of which had become significant. These variables were nSVP (nasal superficial

vascular plexus, combined nasal parafovea and nasal perifovea average), RPC (vessel density radial peripapillary capillary network), cdONH (capillary

density inside optic nerve head), GCL (ganglion cell layer volume), and pRNFL (temporal peripapillary retinal nerve fiber layer thickness). Data are pres-

ented as scatterplots of means from both eyes of each subject. Significant at P < 0.05.
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When comparing all ataxia patients (n = 43) with
healthy controls (n = 43) using fixed effect analysis,
subjects with ataxia exhibited significantly reduced ves-
sel density in the RPC network (P = 0.005), cdONH
(P < 0.001), nasal superficial vascular plexus (nSVP)
(P = 0.03), reduced GCL (P = 0.04), and reduced tem-
poral pRNFL thickness (P = 0.04) (Table 2; Figs. 1 and
2). A mixed effect model analysis in R with left- and
right-eye variables as repeated measures outcome and
diagnosis and hemisphere (left/right) as well as the
interaction between diagnosis and hemisphere as inde-
pendent variables with the effects blocked within sub-
jects confirmed the outcomes of the fixed effect model
analyses for RPC (P = 0.002), cdONH (P = 0.01),
nSVP (P = 0.034), GCL (P = 0.0408), and temporal
pRNFL (P = 0.0177), revealing that there was a signifi-
cant effect of diagnosis for these five outcomes and no
interaction between hemisphere and diagnosis on the
outcome measures. Detailed results of the linear mixed
effect model analysis for statistically significant parame-
ters of the fixed effect analyses are provided in
Figure S2. Only for GCL (P = 0.02) and temporal
pRNFL (P = 0.04) was an additional main effect of
hemisphere (larger values in right vs. left eye) detected.
When comparing ataxia diagnostic subtypes, subjects

with SCA1 exhibited a significant decrease in GCL
(P = 0.04), increase in OPL (P = 0.01), and reduced
nasal-superior pRNFL thickness (P = 0.03). Subjects
with SCA3 exhibited significantly reduced vessel density
in the RPC network (P = 0.007), cdONH (P = 0.02),

and reduced GCL (P = 0.03) (Table S1). The SCA6
cohort was characterized by diminished vessel density
in the cdONH (P = 0.001) and nSVP (P = 0.04). The
FRDA cohort exhibited a significant reduction in vessel
density in the RPC network (P = 0.04), cdONH
(P = 0.002), and nSVP (P = 0.01). The MSA-C cohort
presented with reduced cdONH (P = 0.04) when com-
pared with respective controls (Table S1; Fig. 3).
For OCT-A parameters, cdONH (right eye:

r = �0.326, P = 0.049) was correlated significantly
with the SARA score as was the nSVP (right eye:
r = �0.445, P = 0.02; left eye: r = �0.404, P = 0.03)
with disease duration (Table S2). No significant correla-
tions were found for OCT parameters.

Discussion

We found a distinct pattern of reduced retinal vessel
density in degenerative ataxias using OCT-A imaging
pertaining to the ONH region and the nasal portion of
the macular SVP.
These findings, together with structural changes in

inner retinal layers detected using structural OCT imag-
ing, enable new insights into mechanisms of neu-
rodegeneration related to a possible coupling of
neuronal damage in the retina and retinal microvascu-
lar changes in neurodegenerative ataxias.4-13

Our results are particularly intriguing because retinal
vascular alterations, so far documented in AD, in which

FIG. 3. Schematic illustration of affected regions within the retina of ataxia patients. En face OCT angiography montage image highlighting vessel den-

sity inside the optic nerve head (area within inner blue circle), peripapillary region (area between inner and outer blue circles), and nasal region of the

superficial macular plexus (area between orange and green lines). Area within red zone marks location of papillomacular bundle. Area between green

circles represents the parafoveal and perifoveal superficial plexus. Horizontal B-scans in right-upper and left-lower part of montage image highlight

location of the retinal nerve fiber layer, ganglion cell layer, and the depicted retinal vasculature (between upper-red and lower-green lines).
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cerebral amyloid angiopathy is a known pathogenic
factor, have neither been reported nor suspected in
degenerative ataxias.15,16 To our knowledge, our study
is the first to perform OCT-A in combination with
structural OCT imaging simultaneously in subjects with
inherited and sporadic ataxias allowing for an insight
into ongoing retinal degeneration at the cellular and
microvascular levels at the same time.
The microvasculature of the inner retina is divided into

four major plexuses originating from the central retinal
artery. These are the superficial retinal vascular plexus
(SVP), the more superficial radial peripapillary capillary
plexus (RPCP), the deeper positioned intermediate capillary
plexus (ICP), and the deep retinal capillary plexus
(DCP).25-28 RPCP and SVP are grouped together as the
superficial vascular complex (SVC) and ICP and DCP as
the deep vascular complex. The SVC forms a particularly
dense vascular network in the peripapillary region charac-
terized by decreasing vessel density with distance from the
ONH along the maculopapillary axis.25 The RPCP is sup-
plied by feeder vessels from the SVP and consists of capil-
laries running in parallel with axons in the RNFL.25-27Our
study revealed changes involving primarily the retinal RPC
vascular network, cdONH, and nSVP. These findings were
accompanied by peripapillary RNFL thinning in the tem-
poral region and reduction in GCL volume, indicating a
possible predilection of neurodegenerative processes in the
retina of ataxia patients occurring at the ONH and exten-
ding toward the papillomacular bundle.7 This is in accor-
dance with morphological evidence and studies using
retinal OCT imaging in SCA1, Parkinson’s disease, and
Huntington’s disease (HD), which found that parvocellular
retinal ganglion cell loss is reflected by temporal RNFL
thinning.7,29-31 These findings resemble changes discovered
in mitochondrial optic neuropathies, such as Leber’s hered-
itary optic neuropathy and dominant optic atrophy, char-
acterized by pathological involvement of thinly myelinated
axons of the papillomacular bundle resulting in temporal
optic disc pallor.7,29-34

It remains unclear whether vascular changes precede
structural changes such as a reduction in RNFL thick-
ness or GCL volume or vice versa. It could be hypothe-
sized that neurodegeneration primarily occurring at the
ONH and papillomacular bundle leads to reduced met-
abolic demand in these regions, requiring less perfusion
and consequently resulting in diminished blood supply
from the SVP.35

Cell death, axon loss, and RNFL thinning in the ret-
ina may not be detectable in very early stages of
ataxias. Alternatively, ataxia patients may have ana-
tomically distinct RPCPs compared to healthy subjects,
indicating that, for instance, fewer and/or narrower
feeder vessels from the SVP could result in reduced
blood supply and RNFL thinning over time. Reduced
vessel density in the RPCP could therefore be regarded
as a cause or consequence of thinning RNFL. However,

it could also be attributed to structural changes in reti-
nal tissue in the peripapillary region caused by glial
fibrillary degeneration around the ONH.36-38 Changes
in vessel density inside and in the vicinity of the ONH
may indicate the starting point of neurodegeneration
and represent a reflection of ischemia in the retina in
ataxia patients.
Vessel density in the DVP was not significantly

reduced and remained homogenous in the ataxia
cohorts. The widely anastomotic organization of the
DVP may be able to mitigate the effect of decreased
blood supply from the SVP and preserve sufficient oxy-
gen supply to retinal layers in its vicinity, namely the
OPL and INL. These retinal layers generally have a
lower arterial oxygen partial pressure (PaO2) tissue
level compared to anatomically more superiorly located
layers such as the RNFL, GCL, and IPL.39,40 None of
our patient cohorts exhibited significantly reduced vol-
ume changes in the OPL or INL.
Alternatively, it could be hypothesized that microvas-

cular breakdown primarily occurring in the retinal SVC,
encompassing the nSVP, RPC network, and cdONH,
leads to reduced metabolic supply in the regions requir-
ing the highest perfusion and consequently results in the
degeneration of neurons in the GCL and loss of axons in
the peripapillary RNFL.
Our findings demonstrate that distinct retinal vascu-

lar changes are present in degenerative ataxias. SCAs
are polyglutamine diseases morphologically character-
ized by the accumulation of abnormal intracellular pro-
tein aggregates in neurons and along their axons.41

These aggregate species can impair mitochondrial func-
tion as well as cause alterations in the chaperone and
ubiquitin proteasome system ultimately affecting cellu-
lar metabolism leading to an increased sensitivity to
oxidative stress.42 Such protein aggregates can be
expressed by brain blood vessels and may disrupt the
blood–brain barrier in SCA3.43

It cannot be ruled out, therefore, that such aggregates
could also be present in the retinal vasculature, even
though not detectable using OCT-A and OCT. In addi-
tion, MSA-C is a synucleinopathy with the formation
of intracellular α-synuclein aggregates.3,44,45 The exact
function of monomeric α-synuclein is still not clearly
understood. The possibility of antioxidant and anti-
apoptotic properties has been suggested.46-48

If such deposits reach or form in retinal tissue,
impaired metabolic activity could be a consequence.
Furthermore, FRDA is characterized by reduced and
impaired intracellular frataxin protein levels, resulting
in impaired mitochondrial function and increased levels
of reactive oxygen species.49,50 However, no accumula-
tion of abnormal intracellular protein aggregates in
neurons has been detected in FRDA.
Thus far, large-scale OCT-A studies have been per-

formed in patients suffering from AD (n = 39) and mild
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cognitive impairment (n = 37), suggesting β-amyloid as
a cause for reduced vessel density in the retina.16 We
hypothesize that polyglutamines and other protein
aggregates may act as a similar culprit in genetic and
certain sporadic forms of ataxia affecting cellular meta-
bolic function, eventually leading to protracted hyp-
oxia, compensated for by redirecting or withholding
blood supply from metabolically less-critical or less-
affected retinal regions. Alternatively, ganglion cells
and their axons could be impaired, causing a decrease
in metabolic activity and thus size and require a vascu-
lature with less density. In particular, alterations in the
RPC network, cdONH, and the nSVP could be reg-
arded as likely indicators of these processes and should
be closely monitored to clarify the chain of events.
The advantages of this study are the large sample size

for ataxias; the comprehensive assessment of both sub-
jects with ataxia and healthy controls, including the
exclusion of ocular pathology; and the extensive retinal
imaging employing both structural OCT and OCT-A.
Retinal imaging was quality controlled, and automated
segmentation was manually corrected if needed, which
increased the quality of the collected data. Implementing
the study at only one site reduced variability. The limita-
tions of the study include the lack of longitudinal data
and its explorative nature.
In conclusion, distinct microvascular retinal changes

can be detected using OCT-A imaging in inherited
and sporadic neurodegenerative ataxias. Experience
obtained in ataxia cohorts can guide other studies
using OCT-A technology in combination with struc-
tural OCT imaging in various other neurodegenerative
disorders, particularly those dependent on protein
storage defects such as AD, frontotemporal demen-
tia, or HD.
These observations indicate that degeneration may

target both neuronal and vascular elements in the retina
and possibly other parts of the brain and spinal cord to
induce neurological decline in ataxias. Thus, the clinical
signs in ataxias may be attributed to the demise of vari-
ous cellular populations in the central nervous system
involving neuronal and vascular networks.
These conclusions may be relevant to ataxia therapy

and perhaps other neurodegenerative diseases. The
experimental symptomatic therapies of ataxias such as
those modulating ion channels in cerebellar circuitries
relied exclusively on the neuronal component of degen-
eration.51 Our results indicate that therapeutic strate-
gies for ataxias should be complemented by measures
concurrently involving neurons and blood vessels to
effectively reduce neuronal injury and the following
neurological disability.
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