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SUMMARY

Retinal Vasculopathy with Cerebral Leukodystrophy (RVCL) and Cerebral Autosomal
Dominant Arteriopathy with Subcortical infarcts and Leukoencephalopathy (CADASIL)
are cerebral small vessel diseases, which serve as monogenic models for common complex
neurovascular disorders, such as stroke, dementia and migraine. Impaired vascular reactivity
is likely to play a role in the pathophysiology of both monogenic disorders, but it remains
unclear whether this is due to impaired endothelium-dependent or -independent (i.e., mediated
by direct relaxation of smooth muscle cells) mechanisms. In this study, vascular function tests
were performed at different levels of the vascular bed to investigate functional changes in
(arterial) stiffness, vasodilatation of resistance vessels, and endothelial function of conduit
arteries. Eighteen RVCL and 23 CADASIL patients with TREXI and NOTCH3 mutations,
respectively, were compared with 26 matched control subjects. Data shown are uncorrected
means + SD and corrected p-values.

Vascular stiffness was assessed by pulse wave analysis and pulse wave velocity. CADASIL
patients displayed an elevated Aortic Augmentation Index compared to controls (22,8 + 13,3
vs. 16,0 £ 12,7 %, p = 0.007); in RVCL patients a similar trend was shown (21,0 + 13,3 %,
p = 0.06). Pulse wave velocity was increased in RVCL patients compared to controls (7,8 + 1,6
vs. 7,0 £ 1,4 m/s, p = 0.01) and showed a trend in CADASIL patients (7,5 £ 1,5 m/s, p = 0.07
versus controls). Vasodilatation of dermal microcirculation was reduced in CADASIL but
not in RVCL, compared to control subjects as characterized by both an attenuated capsaicin-
induced dermal blood flow increase 40 minutes after capsaicin application (1,38 + 0,88 vs.
2,22 + 1,20 Arbitrary Units (AU), p = 0.02) and a lower area under the curve over 40 minutes
(0,52 £ 0,43 vs. 0,93 = 0,60 AU, p = 0.02). Endothelium-dependent vasodilatation as assessed
by flow-mediated dilatation was decreased in RVCL versus controls (2,32 + 3,83 vs. 5,76 *
3,07 %, p = 0.02 versus controls), but not in CADASIL. After correction for shear rate and
blood viscosity, flow-mediated dilatation remained reduced in RVCL (3,31 + 7,24 vs. 10,07 £
5,73 %, p = 0.03 versus controls).

We identified endothelial dysfunction in TREXI-mutated RVCL patients and confirmed
impaired smooth muscle cell relaxation in resistance vessels of NOTCH3-mutated CADASIL
patients. Increased vascular stiffness illustrates reduced vascular functionality in both
syndromes. Our findings not only improve insight in RVCL and CADASIL pathophysiology,
but may also be important to understand common disorders that are part of the disease

spectrum of these neurovascular disorders, such as stroke, dementia, and migraine.
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INTRODUCTION

Neurovascular diseases such as migraine, (vascular) dementia and ischemic stroke are
clinically and genetically heterogeneous disorders with a high population prevalence and
disease burden.! Comorbidity of these diseases suggests, at least to some extent, shared
underlying pathophysiological mechanisms. For example, stroke and dementia commonly
co-occur in cerebral small vessel disease.? Moreover, migraineurs with aura have a doubled
risk of ischemic stroke®and an increased risk of posterior circulation territory infarcts**
and deep white matter hyperintensities.** However, as these common disorders are
multifactorial and genetically complex it is difficult to identify the causal genes and disease
pathways. We envisage that RVCL (Retinal Vasculopathy with Cerebral Leukodystrophy)
and CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy), which are monogenic forms of cerebral small vessel disease with a
high prevalence of stroke, dementia, and migraine, may serve as useful disease models for the
common disorders.”*#>10

RVCLis caused by heterozygous C-terminal frameshift mutationsin the TREX1 gene, which
encodes the major 3’-5° DNA exonuclease that is thought to be involved in clearing cytosolic
nucleic acids.”'""?In RVCL, truncated proteins seem to retain their exonuclease activity but lose
normal perinuclear localization, which likely interferes with normal functioning of TREX1.?
RVCL is a systemic vascular syndrome that primarily involves the smaller vessels in the retina
and the brain.®"*!*!> Neurological manifestations may include cognitive disturbances, focal
neurological symptoms, depression, and in 59% of TREXI mutation carriers migraine. In
later disease stages, cerebral MRI scans frequently show characteristic contrast-enhancing
intracerebral mass lesions. Several systemic symptoms can be present as well, including renal
and liver dysfunction, anemia, and Raynaud’s phenomenon.

CADASIL is caused by heterozygous mutations in the NOTCH3 gene,” which encodes
a cell surface receptor that is solely expressed on adult vascular smooth muscle cells.
NOTCHS3 is involved in a signal transduction pathway critical for development, homeostasis
and differentiation of vascular smooth muscle cells (VSMCs).'* Clinically, the disease is
characterized by recurrent transient ischaemic attacks (TIAs) and strokes leading to cognitive
decline,"” psychiatric symptoms and dementia. Migraine with aura occurs in about one-third
of patients, often as the first presenting symptom, years before the other symptoms.'

Both RVCL and CADASIL are small vessel vasculopathies but with different radiological
features.”” RVCL is characterized by contrast-enhancing cerebral mass lesions that develop
in the end stage of the disease, typically in combination with (or preceded by the presence
of) calcifications and non-specific white matter hyperintensities. The most prominent
radiological features in CADASIL are white matter hyperintensities and lacunar infarcts.
White matter hyperintensities are symmetrically distributed and located in the deep and
periventricular white matter. Typical for CADASIL is the bilateral involvement of the
anterior temporal lobes and external capsule. Other neuroradiological features in CADASIL
are cortical morphologic changes,” subcortical lacunar lesions, lacunar infarcts and
microbleeds.'®?
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Thickening of the vessel wall leading to lumen stenosis, is a communal feature of the
cerebral pathology of these arteriopathies. In addition, both in the cerebral and the systemic
circulation of CADASIL patients, there is a remarkable degeneration of vascular smooth
muscle cells and deposition of granular osmiophilic material (GOM) in the media/adventitia,”
with a morphologically largely normal endothelium.' In contrast, in RVCL, muscle cell
degeneration is minimal and electron microscopy shows irregular thickening and splitting of
basement membranes in the vessel wall, which is primarily produced by endothelial cells.?>*
These changes on cerebral vessels may affect their capability to dilate, which, in addition to
luminal narrowing, may lead to hypoxia.

In CADASIL, previous studies showed reduced baseline cerebral blood flow and impaired
hemodynamic reserve (i.e., vasodilation response to acetazolamide) related to the severity
of white matter hyperintensities.*?** However, it is not yet clear whether this impaired
vasoreactivity is caused by an endothelium-independent or -dependent mechanism.?”*°

In RVCL, functional vascular properties have not been studied before. Besides radiological
and other pathological alterations, the presence of Raynaud’s phenomenon and migraine seems
to point to altered vascular reactivity. In Raynaud’s phenomenon impaired endothelium-
dependent vasodilatation and a mismatch between endothelium derived vasoconstrictors and
vasodilators has been observed.’® Migraine has been linked to endothelial dysfunction,®**¢
vascular smooth muscle cell dysfunction,” increased peripheral arterial stiffness®* and
increased intima-media thickness.** However, controversy over the vascular theory in
migraine pathogenesis ****and migraine treatment**** remains. Nevertheless, migraine (with
aura) has repeatedly been linked with cardiovascular diseases*® including ischemic stroke®*¢-48
and coronary events.*>>

By using different techniques at distinct levels of the vascular bed, we investigated vascular
functional consequences of both RVCL and CADASIL in vivo, and compared results with those

of a matched group healthy volunteers.

METHODS

Subjects

The study was approved by the Ethics Committee of Leiden University Medical Centre and
conducted in accordance with the Declaration of Helsinki. All participants were at least
eighteen years of age and gave written informed consent. RVCL and CADASIL patients with
a confirmed mutation in the TREXI (i.e., V235fs) and the NOTCH3 gene, respectively, were
recruited from databases provided by the treating neurologist (GMT) and clinical geneticist.
Subjects were invited to participate by a letter explaining the tests and study objectives. The
control group consisted of spouses or friends of mutation carriers and volunteers recruited via
public advertisements. Medical history, genetic and clinical information was obtained prior
to the measurements and by a different investigator than the one performing the vascular
measurements. During the measurements, participants were instructed not to reveal their
mutation status or medical history to the investigator who performed the measurements to

prevent unblinding.
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Clinical assessment

Participants were asked in advance to fill out a questionnaire that included various variables on
medical history such as neurological symptoms including (transient) ischemic attacks, other
stepwise neurological deterioration, cognitive complaints including apathy, migraine (with
or without aura), depression, visual symptoms, Raynaud’s phenomenon, diabetes, thyroid
function, cardiovascular disease, airway disease, cancer, multiple sclerosis, epilepsy, intestinal
andstomach problems, liver disease, renaland urinarytractdiseaseand dermatological diseases.
The questionnaire also had questions on current medical condition, current medication,
smoking, daily intake of alcohol, caffeine and drugs, and socio-demographic parameters
such as educational level and ethnic origin. During the interview preceding the experiments,
diagnosis of migraine and Raynaud’s phenomenon was verified. Migraine diagnosis was made
according to the International Classification of Headache Disorders-second edition (ICDH-2)
and Raynaud’s phenomenon was assessed according to the criteria of Miller.”’ Medication
was also verified and subdivided in the following categories: anti-hypertensive, cholesterol
lowering, acetylsalicylic acid (anti-platelet), anti-coagulant, acute and prophylactic migraine
medication, analgesics (e.g., acetaminophen, paracetamol, NSAIDs), oral contraceptive.
If possible, and in agreement with their treating physician, included subjects were asked to
abstain from medication with vascular (side-)effects for one week prior to the measurements.
Patients were instructed to abstain from alcohol and caffeine for 12 hours, from smoking and
food for 6 hours and, if their health status allowed this, from medication for 7 days prior to the
measurements. This was verified during the interview. Subsequently, weight and height were

measured and BMI was calculated.

Biochemical measurements

Plasma concentrations of triglyceride (TG), high density lipoprotein cholesterol (HDL-C), low
density lipoprotein cholesterol (LDL-C), total cholesterol (TC), blood fasting glucose levels,
creatinine, ureum, aspartate aminotransferase (AST), alanine aminotransferase (ALT), and
alkaline phosphatase (ALP), gamma-glutamyltransferase (GGT), lactate dehydrogenase (LDH),
hemoglobin (Hb) and hematocrit (Ht) were determined according to standard procedures.

Experimental setup

All measurements were performed by the same investigator (SV) who was blinded for the
diagnosis and mutation status of the subjects. Before starting the measurements, subjects had
to lay down on a comfortable bed in supine position for acclimatization of at least 15 min in a
room with stable ambient temperature (22 £ 1 °C).

Resting blood pressure and pulse rate were recorded at the right upper arm using a validated
semi-automated oscillometric device (OMRON 705IT, OMRON Healthcare, Hoofddorp, The
Netherlands). Median blood pressure and heart rate of 3 measurements was used for analyses.
Subsequently, the following assessments were consecutively performed in a standardized
order: i) pulse wave analysis; ii) pulse wave velocity; iii) capsaicin-induced changes in dermal
blood flow; and iv) flow-mediated dilatation of the brachial artery. All these assessments have

previously been described in detail, including reproducibility.>*
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Pulse Wave Analysis (peripheral arterial stiffness)

Augmentation index (AIx), which is a measure for arterial wave reflections and peripheral
arterial stiffness, was determined via Pulse Wave Analysis (PWA) using SphygmoCor software
(version 8.2; Atcor Medical, Australia). PWA was performed by applanation tonometry over
the radial artery to obtain resting measurements of the peripheral AIx (Augmented Pressure /
Pulse Pressure), expressing the reflected pressure wave as percentage of the forward wave
(Supplementary Fig. 1). This non-invasive method has previously been shown a reproducible
technique to evaluate peripheral arterial stiffness.” Based on 10-second PWA recordings
performed at the radial artery, aortic (central) pressure waveforms can be reliably estimated by
the software using a validated transfer function.** Subsequently, central pressure wave forms
can be used for calculating the central Alx. Since Alx is influenced by heart rate,® an index
normalized for heart rate at 75 beats/minutes (min) (AIx@HR75) was used. Mean values of at

least three AIx@HR75 measurements per subject were used for statistical analysis.

Pulse wave velocity (aortic stiffness)

Aortic Pulse Wave Velocity (PWV) was measured with the same SphygmoCor device as PWA,
by sequentially recording ECG-gated carotid and femoral artery pressure waves. The intersecting
tangent algorithm®was used by the software to determine the characteristic points of the pressure
wave and the R wave of the ECG for calculating the time delay. Based on 10-second recordings,
the carotid-femoral transit time (T) was calculated. The carotid-femoral distance (L) used for
calculating the PWV was obtained by subtracting the carotid-sternal notch distance from the
sternal notch-femoral distance. PWV was calculated as L (cm) divided by T (m/s). If available,

mean values of at least 3 PWV measurements per subject were used for statistical analysis.

Capsaicin-induced dermal blood flow (microcirculation in the skin)

Local application of capsaicin onto the skin results in binding to the Transient Receptor
Potential Vanilloid type I receptor (TRPV1) at primary sensory neurons (A§- and C-fiber
nociceptors). TRPV1 receptor binding of capsaicin induces a neurogenic inflammatory response
due to predominant release of CalcitoninGene-Related Peptide (CGRP).”” CGRP is a very potent
vasodilator causing a local increase in dermal blood flow, which can be quantified by Laser
Doppler Perfusion Imaging (LDPI)(PeriScan PIM II°%; Perimed, Jarfalla, Sweden). Reproducibility
of this non-invasive test to evaluate dermal vascular reactivity to capsaicin was confirmed
earlier.® After at least 20 min of supine rest the baseline dermal blood flow (DBF) was measured
using LDPI. Subsequently, subjects received single topical doses of 1000 pg per 20 puL capsaicin
solution (in ethanol/polysorbate 20/water) in two 10-mm rubber ‘O’-rings on the volar surface
of one forearm. In two rings on the opposite arm, placebo (i.e., vehicle) was applied. DBF was
measured at 10, 20, 30 and 40 min after capsaicin/placebo administration. Results are presented

as absolute and percentage change in DBF after capsaicin application compared to placebo.

Flow-mediated dilatation (endothelial function of conduit artery)

Flow-Mediated Dilatation (FMD) of the brachial artery was assessed following existing
guidelines® using an echo-tracking system (Wall Track System, Pie Medical, Maastricht, The
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Netherlands). The system consists of an ultrasound device (Esaote AUS5, Esaote Biomedical,
Genoa, Italy) equipped with a 7.5-10 MHz linear-array transducer connected to a data acquisition
and processing unit. Measurements were performed as described earlier.** In brief, right brachial
artery diameter was measured 5-10 cm proximal to the antecubital crease in a longitudinal plane,
before and after an increase in shear stress induced by reactive hyperaemia. At baseline, diameter
and velocity profiles were recorded 3 times and the mean was used for data analysis. After baseline
measurements, a cuff (TMC7, D.E. Hokanson, Bellevue, USA), placed around the forearm, was
rapidly inflated to 220 mm Hg. The cuff was released after 5 min, followed by recording of the
peak velocity profile within the first 15 seconds (s). Diameter was measured at 0.5, 0.75, 1, 1.25,
1.5,2, 3,4 and 5 min after cuff release. Each diameter recording lasted 4 s.

After 15 min of recovery, following measuring baseline brachial artery diameter again, 400 pug
sublingual nitroglycerin (NTG) was administered. Subsequently, the diameter was measured
every minute for 6 min to assess NTG-induced endothelium-independent brachial artery
dilatation. The endothelium-dependent FMD after 5 min of reactive hyperemia was expressed as
the maximal absolute and percentage increase in diameter from baseline. FMD was corrected for
the hyperemic stimulus using shear rate (= velocity/diameter) and additionally corrected for blood
viscosity using shear stress (= shear rate*hematocrit) to calculate normalized FMD. Endothelium-
independent vasodilatation capacity after administration of the exogenous NO donor (NTG) was

expressed as the maximal absolute and percentage increase in diameter from baseline.

Statistics

P-values were calculated by independent sample t-test for normally distributed variables,
Mann-Whitney U test for non-normally distributed variables and y’-test for categorical
variables. Analysis of variance (ANOVA) was used to detect differences between controls and
patient groups, followed by post-hoc Fisher LSD-test. Univariate associations were established
using Spearman rank order correlations. Multiple linear regression analysis was used to adjust
for confounders found with the univariate Spearman test. For all analyses p-values <0.05
were considered statistical significant. All statistical analyses were performed using SPSS 17.0
software (SPSS inc, IBM, Chicago, IL, USA).

RESULTS

Subjects

Eighteen RVCL and 23 CADASIL patients were included in the study and compared with
26 age-, BMI- and gender-matched healthy control subjects. Demographic details, clinical
symptoms and laboratory values of all subjects are summarized in Table 1. All tests were well-
tolerated. No subjects reported a migraine attack due to NTG when asked in a survey by phone
in the first week after participation in the study. Success rates for abstaining from alcohol,
caffeine and food for the predefined period prior to the measurements was 100%, except for
smoking in the CADASIL group (72%; five patients smoked 1-4 cigarettes in the 6 hours prior
to the measurements), abstention from alcohol in the CADASIL group (94%; one patient used

2 units 10 hours prior to the measurements), caffeine in the RVCL group (96%; one patient
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Table 1. Subject demographics

Controls CADASIL RVCL

Variable (n=26) (n=23) (n=18) p-value
Age (years) 49.0+9.1 49.5+12.7 50.1 £ 9.6 0.939
BMI (kg/m?) 252 +3.6 26.7 +4.3 252 +3.7 0.362
Female, n (%) 14 (54) 11 (48) 10 (56) 0.867
Smoking (Pack years) 3.0£5.0 13.4£16.0 3.7+5.38 0.002
Retinopathy, n (%) 0 (0) 0(0) 9 (56)1 N.A.
TIA, n (%) 0 (0) 8/21 (38)++ 0 (0) N.A.
Brain infarction, n (%) 0 (0) 2(9) 0 (0) N.A.
Cognitive complains, n (%) 0 (0) 12 (52) 8 (44) N.A.
Concentration problems, n (%) 0 (0) 8 (35) 5(18) N.A.
Depressive symptoms, n (%) 0 6 (26) 4(22) N.A.
Character change, n (%) 0 (0) 5(28) 29) N.A.
Migraine, n (%) 0 (0) 6/22 (27)$ 6 (33) N.A.
Chronic medication use, n (%) 4 (15) 16 (70) 12 (67) N.A.

Oral contraceptive use 2 (14) 1(9) 0 (0)

(% of women)

Anti-hypertensives 0(0) 7 (30) (1) 6(33) (2)

Cholesterol lowering medication 0 (0) 9(39) (2) 6 (33) (2)

Acetylsalicylic acid 0(0) 13 (57) (3) 8 (44) (4)

Prophylactic migraine medication 0 (0) 1(4) 0 (0)

Analgesics (acetominophen + NSAIDs)® 0 (0) 2(9) 5(28)

Other®° (%) 2(7.7) 9(39) 8 (44)
Laboratory parameters

Glucose (mmol/L) 4.95+0.37 5.05 +0.37 5.13 £0.38 0.267

TC (mmol/L) 5.25+ 1.18 4.94 £ 1.06 527 +1.14 0.548

HDL-C (mmol/L) 1.51 £0.42 1.50 + 0.47 1.70 £ 0.64 0.373

TG (mmol/L) 1.13+£0.76 1.00 £ 0.46 0.95+0.59 0.628

Hb (g/dL) 8.98 +0.71 9.15+0.73 8.10 £ 0.65 0.000

Ht (%) 0.43 +0.03 0.44 £0.04 0.40 £ 0.04 0.001

AST 23,2+6.45 24.3+£6.15 28.2+8.50 0.064

ALT 23.3£10.6 23.8+12.1 26.8+12.9 0.603

GGT 21.7¢12.1 24.9+6.7 99.6+117.1 0.000

ALP 68.4t13.4 69.7+£22.7 95.73+65.0 0.038

LDH 163.5+31.6 158.8+19.6 147.2+22 0.120

Creatinine 70.0+£12.3 71.4+12.9 87.4+44.8 0.064

Ureum 4.7+£1.03 4.90+4.09 6.61£3.90 0.014

Values are means + SD or number (percentage). P-values were calculated using a one-way ANOVA. Number of
subjects that abstained from medication 7 days prior to the measurements are depicted in bold. N.A.: not applicable.
+ Retinopathy status for two patients unknown. 11 Two patients could no be categorized as TIA or definitely no
TIA. § One patient could not be classified as migraine or no migraine. ° All subjects used these painkiller for acute
treatment of migraine, none of the subjects used acetaminophen or NSAIDs 24 hours prior to the measurements.
°° Other medication included: glucose lowering drugs, proton pump inhibitors, gabapentin, carbamazepine,
pyridoxine, folic acid, valproic acid, alfacalcidol, baclofen, cinnarezine, ursodeoxycholic acid, atovaquon.
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used 1 unit 6 hours prior to the measurements). Success rates of abstaining from medication

are depicted in Table 1.

Pulse Wave Analysis (PWA) and Pulse Wave Velocity (PWV)

Peripheral (brachial) and central (aortic) systolic, diastolic and pulse pressures are presented in
Table 2. No differences in blood pressure values were observed between the control group and
both patient groups. PWA software was unable to calculate the augmentation index and aortic
pressure parameters in one subject (CADASIL patient) as the result of an atypical waveform.
PWYV measurements could not be performed reliably in two CADASIL patients due to obesity
(BMI of 29.7 and 35.4).

Univariate analysis showed a trend towards increased AIx@HR75 in CADASIL patients
versus control subjects (22,8 + 13,3 vs. 16,0 = 12,7%, p = 0.08) and a trend towards increased
pulse wave velocity in RVCL patients versus control subjects (7,8 £ 1,6 vs. 7,0 £ 1,4 m/s,
p = 0.10; Table 2). Univariate associations between clinical characteristics and PWA/PWV
were assessed using Spearman correlation coeflicients. (Supplementary Table 1)

Multivariate analysis resulted in a regression model for PWA (Multiple R = 0.77; Adjusted
R?= 0.57) with age (p < 0.001; observed power > 0.99), gender (p < 0.001; observed power
> 0.99), peripheral diastolic pressure (p = 0.001, observed power = 0.91) and subject group
(p = 0.02; observed power = 0.71) as covariates. This regression model for PWA with covariates
age, gender and diastolic blood pressure, revealed a significant difference in AIx@HR75
between control subjects and CADASIL patients (p = 0.007 and a trend in RVCL patients
(p = 0.06) (Fig. 1).

Table 2. Blood pressure and univariate pulse wave analysis and pulse wave velocity data

Controls CADASIL RVCL
Variable (n=26) (n=22) p-valuet (n=18) p-valuet
Peripheral systolic pressure (mm Hg)  129.2+20.5 1262111  0.94 132.8 £21.7  0.71
Peripheral diastolic pressure (mm Hg) 77.8 £ 10.1 75.4+6.7 0.40 75.3+8.8 0.26
Peripheral pulse pressure (mm Hg) 51.3+12.3 50.8£9.6 0.98 57.5%15.8 0.21
Aortic systolic pressure 119.6 +21.2 116.8 £12.3 0.93 122.8+£22.4  0.61
(mm Hg)
Aortic diastolic pressure 79.5+10.6 79.8+8.2 0.90 76.6 + 9.0 0.22
(mm Hg)
Aortic pulse pressure 39.5+11.7 39.2+84 0.77 46.2 +16.9 0.16
(mm Hg)
Aortic Augmentation index 16.0 £ 12.7 22.8+13.3 0.08 21.0+13.3 0.21
@ HR75 (%)°
PWV 7.0+ 1.4 7.5+1.5 0.29 7.8+ 1.6 0.10
(m/s)°°

Data presented as mean + SD.  Difference between control subjects and CADASIL patients. % Difference between
control subjects and RVCL patients. ° PWA: pulse wave analysis; PWA software was unable to calculate the augmentation
index and aortic pressure parameters in 1 subject (CADASIL patient) as the result of a atypical waveform. °® PWV:
pulse wave velocity; PWV measurements could not be performed reliable in 2 subjects due to obesity.
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Figure 1. Increased vascular stiffness observed in CADASIL and RVCL patients measured with Pulse Wave Analysis
(PWA) and Pulse Wave Velocity (PWV) respectively. (A) Aortic augmentation pressure corrected for heart rate and
measured at the radial artery was increased in CADASIL patients using multivariate regression with age, gender
and diastolic blood pressure as covariates (p=0.007). (B) Carotid-femoral aortic pulse wave velocity was increased in
RVCL patients using multivariate regression with age and diastolic blood pressure as covariates (p=0.01).

Multivariate analysis resulted in a regression model for PWV (Multiple R = 0.70; Adjusted
R? = 0.46; p < 0.001) with age (p = 0.003; observed power = 0.87), diastolic blood pressure
(< 0.001; observed power >0.99) and subject group (p = 0.02; observed power = 0.72) as
covariates. This regression model for PWV with covariates age and diastolic blood pressure,
revealed a significant difference between control subjects and RVCL patients (p = 0.01) and a
trend in CADASIL patients (p = 0.07) (Fig. 1).

Capsaicin-induced Dermal Blood Flow (DBF)

Results on capsaicin-induced DBF are summarized in Fig. 2. One subject did not undergo
capsaicin testing due to a skin allergy to alcohol containing solutions. Another subject was
excluded from analysis because of prophylactic anti-migraine medication (pizotifen) use. One
subject was excluded because of coloured skin. Because measurements for RVCL and CADASIL
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Figure 2. Microvascular reactivity of the skin after topical capsaicin application is reduced in CADASIL subjects.
Dermal blood flow was assessed using laser Doppler perfusion imaging. (A) Maximal dermal blood flow increase
40 minutes after capsaicin application was lower in CADASIL patients than a matched control group (p=0.02).
(B) Total dermal blood flow response over a period of 40 minutes after capsaicin application, displayed as area-
under-the-curve, was reduced in CADASIL patients (p=0.02). (C) and (D) No changes in capsaicin-induced dermal
blood flow were observed in RVCL patients, when compared to a matched control group.

were performed at different time points with different LDI scanners, separate matched control
groups were used. No differences were found between RVCL patients and control subjects.
CADASIL patients compared to control subjects displayed a lower increase in DBF 40 min
after capsaicin application (1,38 + 0,88 vs. 2,22 + 1,20 Arbitrary Units (AU), p = 0.02) and a
lower area under the curve over the total observation period of 40 min (0,52 + 0,43 vs. 0,93 +
0,60 AU, p = 0.02).

Flow-Mediated Dilatation (FMD)
FMD assessments were performed in 18 RVCL, 14 CADASIL patients and in 18 control subjects.

Because of technical difficulties and movement artefacts, a valid set of measurements could
only be obtained in 14 control subjects and 10 subjects of the two patient groups. Results are
summarized in Fig. 3. In RVCL patients a decreased FMD was observed compared to control
subjects (2,32 £ 3,83 vs. 5,75 £ 3,07 %, p = 0.02). In contrast, no significant differences were found
between CADASIL patients and control subjects (3,77 + 3,15 vs. 5,75 + 3,07, p = 0.14) for any of
the parameters. The decreased FMD in RVCL patients (Fig. 3) persisted after correction for shear
rate (p = 0.02) and shear stress (2,32 + 3,83 vs. 5,75 £ 3,07 %, p = 0.03) (Supplementary Table 3).
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Figure 3. Endothelial dysfunction was found in RVCL patients using Flow Mediated Dilatation (FMD) at the
brachial artery. (A) Blood flow velocity, measured pre- and post-occlusion hyperaemia, was comparable between
all groups. (B) Shear rate, calculated as the blood flow velocity divided by artery diameter, and shear stress, calcu-
lated as shear rate multiplied by hematocrit, did not differ between all groups. (C) The endothelium-independent
percentage increase in brachial artery diameter measured 6 minutes after sublingual nitroglycerin administration
did not differ between groups. (D) The endothelium-dependent maximal increase in brachial artery diameter after
5 minutes of hyperaemia was decreased in RVCL patients (p=0.02).

DISCUSSION

This study provides a detailed assessment of distinct vascular properties of two monogenic
cerebral small vessel diseases: RVCL and CADASIL. We are the first to find evidence for
endothelial dysfunction in RVCL. In addition, we confirm impaired endothelial-independent
microvascular reactivity in CADASIL. The observed increased arterial stiffness in both patient
groups further illustrates RVCL and CADASIL as vasculopathies.

Endothelial dysfunction in RVCL

In RVCL patients, a decreased endothelium-dependent flow-mediated dilatation was observed
in the brachial artery, supporting the hypothesis that TREXI mutations in RVCL cause
endothelial dysfunction, as was previously hypothesized.'**

In RVCL patients, capillary occlusion is suggested by histological examination of
the retina and cerebral white matter, revealing thickening of the vessel wall with lumen
obliteration. Additionally, nodular regenerative hyperplasia of the liver, arteriosclerosis, and
glomerulosclerosis in the kidney, together with anemia and gastrointestinal bleeding, are
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probably all manifestations of small vessel disease.!*® Thus, RVCL is a systemic vasculopathy
with luminal narrowing, but in contrast to CADASIL, only minimal degeneration of vascular
smooth muscle cells. Instead, fibrinoid necrosis of small and medium vessel wall, hyalinized
vessels and reactive gliosis is found, which is may be a consequence of endothelial cell
dysfunction. Remarkably, electron microscopy also shows irregular thickening and splitting

of the basement membranes in the vessel wall', which may be produced by endothelial cells.!*!*

Impaired microvascular reactivity and increased vascular resistance
in CADASIL

In CADASIL patients, a decreased dermal blood flow response to capsaicin was observed.
Capsaicin activates pre-synaptic TRPV1 receptors on Ad- and C-fiber nociceptors and leads
to relaxation of the VSMCs of the skin microvasculature upon CGRP release. A decreased
dermal blood flow could result from defects at different levels in this pathway: i) less sensitivity
of TRPV1 receptors to capsaicin; ii) impairment of CGRP release from nociceptors; iii) a
decreased expression of functional TRPV1 and CGRP-receptors, or iv) a decreased relaxation
of VSMCs in response to an endothelium-independent stimulus. Given the morphological
alterations seen in the microvasculature of CADASIL patients, i.e., degeneration of vascular
smooth muscle cells with a largely normal endothelium,' the last explanation seems most
plausible. Thus, our findings suggest impaired endothelium independent VSMC dilatation
in CADASIL.

Findings from other studies that measured microvascular vasoreactivity using different
techniques (without involvement of CGRP) are in line with our results. For example,
endothelium-independent skin vasoreactivity, as measured by cutaneous blood flow post-
occlusive reactive hyperemia was altered in CADASIL patients.” In addition, lower dermal
blood flow was observed after iontophoretic application of sodium nitroprusside, an
exogenous Nitric Oxide (NO)-donor relaxing VSMCs. Impaired endothelium-independent
vasoreactivity to glyceryltrinitrate, another exogenous NO-donor, was also found using
plethysmographicendo-peripheral arterial tone (Endo-PAT) measurement at the fingertips of
CADASIL patients.*

After measuring FMD at the brachial artery, we did not find evidence for endothelial
dysfunction in CADASIL, nor did we find differences in endothelium-independent relaxation
of the brachial artery after NTG administration. Thus, the vascular function of conduit
vessels, in this case the brachial artery, remains unaltered in CADASIL. These results confirm
findings of others®”?, who also reported that FMD of the brachial artery in CADASIL
patients was unaffected. One study® suggested endothelial dysfunction based on L-arginine
induced vasoreactivity of the middle cerebral artery. However, these results might be due
to baseline differences between CADASIL and control subjects. Stenborg et al.*® reported
impaired endothelium-dependent vasodilatation in forearm resistance arteries (i.e., the
microcirculation) using venous occlusion plethysmography with intra-arterial acetylcholine
infusion. Thus, although we find no evidence for endothelial dysfunction in conduit arteries
of CADASIL patients, there is evidence for endothelial dysfunction of the microcirculation,

which is in line with the labeling of CADASIL as a small vessel disease.
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Increased vascular stiffness in both RVCL and CADASIL
We found an increased PWV and Alx in RVCL and CADASIL, which supports increased

vascular stiffness in both diseases. Pulse wave velocity is a marker of aortic stiffness while
the augmentation index is related to arterial stiffness in general as well as to the intensity
and location of reflected waves, which is largely determined by the diameter and compliance
of small arteries. In CADASIL, significance was only reached for the AIx. These results may
suggest that the microcirculation is more severely affected in CADASIL than in RVCL. In
RVCL significance was only reached for PWV, which may be related to endothelial dysfunction
found in conduit vessels. Both PWA and PWV are validated methods which have been used
for patient outcome predictions in stroke® and renal transplant patients,**® cardiovascular
disease risk in type 1 diabetes® as a marker for risk in cardiovascular disease® and brain
abnormalities.®>”” The augmentation index also predicts adverse cardiovascular events in
coronary artery disease patients.®® Consequently, a clinical implication of our results may
be that for both RVCL and CADASIL, and possibly other cerebral hereditary angiopathies,
intensive monitoring and treatment of cardiovascular risk factors may be important to prevent

neurovascular and systemic vascular complications.®®

Methodological considerations

Our study has important strengths. We are the first to assess four complementary vascular
properties in two rare monogenic small vessel diseases (RVCL and CADASIL). All techniques
were performed by one investigator (SV) who was blinded for the health status of the study
subjects. A specific set of well-validated techniques was used to investigate vascular function
at distinct levels of the vascular bed.">*¢"*"" More specifically, FMD, the absolute standard for
testing endothelial function, was performed according to the guidelines from the International
Brachial Artery Reactivity Task Force.*®

There are also some limitations of our study that need to be considered. Because CADASIL
and RVCL are rare diseases, sample sizes are relatively small. This limits the power of our
observations. Unfortunately, movement artifacts, possibly related to the fact that FMD was
the last test performed during the examination (this was done because of the systemic effect
of NTG), led to loss of some FMD data. Notably also is the slightly larger (non-significant)
baseline brachial artery diameter in the RVCL group. Control subjects with a smaller baseline
diameter who display the same absolute increase in diameter, would then automatically display
higher % FMD. However, the absolute change in diameter of the RVCL group tended to be
smaller than in the control group. Therefore, the validity of our results remains. Whereas the
effect of hematocrit was corrected via the shear stress, the effect of slightly lower hemoglobin
levels in RVCL patients may have affected our measurements as hemoglobin absorbs NO, and
a lower hemoglobin results in an increased FMD.”” However, correction for this would only
strengthen our results and lead to an even lower FMD in RVCL. The slightly (not significant)
reduced FMD observed in CADASIL might be the result of the mismatch in cigarette pack
years, although it has to be said that mainly the two heavy smokers dramatically influenced
the number of pack years. Furthermore, we did not measure endothelial function at the level of
resistance arteries. Therefore, we are unable to state that the endothelial dysfunction we found



ENDOTHELIAL (DYS)FUNCTION IN RVCL AND CADASIL

in RVCL can be extrapolated to small vessels. Therefore, iontophoresis or venous occlusion
plethysmography with acetylcholine would be of interest as a follow-up study. Finally, the
impact of medication use or stop of medication on our results is unknown. Although we
attempted to minimize the effect by asking patients to stop their medication a week prior
to the measurements, unfortunately only a few patients got permission to do so from their

treating physician.

Possible implications for migraine

The increased prevalence of migraine in both CADASIL and RVCL might be related to the
altered vascular properties found in the present and previous studies. In CADASIL, where
patients mainly display migraine with aura, the increased prevalence of migraine may be due
to an increased susceptibility for cortical spreading depression (CSD), which is the underlying
mechanism of the migraine aura.”>”*This hypothesis is strengthened by the fact that transgenic
NOTCH3 over-expressor mice were shown to have a decreased threshold for CSD.” Increased
susceptibility to CSD may be due to alterations in smooth muscle cells and subsequent altered
vasoreactivity of the microcirculation. These alterations may induce (subclinical) ischemia,
which is a known trigger for CSD. In line with our results in the skin, indeed altered cerebral
vasoreactivity in CADASIL patients has been found.”

A direct link with CSD is missing in the case of RVCL because migraine without aura is
the more prevalent migraine subtype. A shared increased genetic susceptibility may underlie
this co-morbidity, as was shown for RVCL in a family-based association study.” In light of the
present data, an increased susceptibility for endothelial dysfunction may contribute to the
development of migraine in RVCL. This seems supported by the fact that migraine itself has
been linked to endothelial dysfunction.??3¢

Conclusions

In RVCL patients endothelial dysfunction was demonstrated and, based on pulse wave velocity,
increased vascular stiffness was suggested. In CADASIL patients impaired endothelium-
independent vasoreactivity of the dermal microvasculature was shown. In combination with
an increased augmentation index, suggestive for increased vascular resistance, these findings
clearly label CADASIL as a small vessel disease. Future studies may link these vascular
functional markers to disease progression and perhaps to individual symptoms of these

syndromes, including, stroke, dementia, and migraine.

151




CHAPTER 10

152

REFERENCES

10.

11.

12.

LimSS, VosT,Flaxman AD, etal. A comparative
risk assessment of burden of disease and injury
attributable to 67 risk factors and risk factor
clusters in 21 regions, 1990-2010: a systematic
analysis for the Global Burden of Disease Study
2010. Lancet 2012;380:2224-60.

Moran C, Phan TG, Srikanth VK. Cerebral
small vessel disease: a review of clinical,
radiological, and histopathological
phenotypes. Int J Stroke 2012;7:36-46.

Schurks M, Rist PM, Bigal ME, Buring
JE, Lipton RB, Kurth T. Migraine and
cardiovascular disease: systematic review and
meta-analysis. Bmj 2009;339:b3914.

Kruit MC, van Buchem MA, Hofman PA, et al.
Migraine as a risk factor for subclinical brain
lesions. Jama 2004;291:427-34.

Scher AL, Gudmundsson LS, Sigurdsson S, et
al. Migraine headache in middle age and late-
life brain infarcts. Jama 2009; 301:2563-70.

Palm-Meinders IH, Koppen H, Terwindt GM,
et al. Structural brain changes in migraine.
Jama 2012;308:1889-97.

Joutel A, Corpechot C, Ducros A, et al. Notch3
mutations in CADASIL, a hereditary adult-
onset condition causing stroke and dementia.
Nature 1996;383:707-10.

Terwindt GM, Haan J, Ophoff RA, et al.
Clinical and genetic analysis of a large Dutch
family with autosomal dominant vascular
retinopathy, ~migraine and Raynaud’s
phenomenon. Brain 1998;121:303-16.

Richards A, van den Maagdenberg AM, Jen
JC, et al. C-terminal truncations in human 3’-
5" DNA exonuclease TREX1 cause autosomal
dominant retinal vasculopathy with cerebral
leukodystrophy. Nat Genet 2007;39:1068-70.

Stam AH, Haan ], van den Maagdenberg
AM, Ferrari MD, Terwindt GM. Migraine
and genetic and acquired vasculopathies.
Cephalalgia 2009;29:1006-17.

Martinvalet D, Zhu P and Lieberman J.
Granzyme A induces caspase-independent
mitochondrial damage, a required first step for
apoptosis. Immunity 2005;22:355-70.

Chowdhury D, Beresford PJ, Zhu P, et al. The
exonuclease TREX1 is in the SET complex
and acts in concert with NM23-H1 to degrade

14.

16.

18.

19.

20.

21.

22.

23.

DNA during granzyme A-mediated cell death.
Mol Cell 2006;23:133-42.

. Grand MG, Kaine J, Fulling K, et al

Cerebroretinal vasculopathy. A new hereditary
syndrome. Ophthalmology 1998;95:649-59.
Jen J, Cohen AH, Yue Q, et al. Hereditary
endotheliopathy with retinopathy,
nephropathy, and stroke (HERNS). Neurology
1997;49:1322-30.

. Ophoff RA, DeYoung J, Service SK, et

al.  Hereditary  vascular  retinopathy,
cerebroretinal vasculopathy, and hereditary
endotheliopathy with retinopathy,
nephropathy, and stroke map to a single locus
on chromosome 3p21.1-p21.3. Am ] Hum

Genet 2001;69:447-53.

A Joutel, Andreux F, Gaulis S, et al. The
ectodomain of the Notch3 receptor
accumulates within the cerebrovasculature of
CADASIL patients. J Clin Invest 2000;105:597-
605.

Duering M, Zieren N, Herve D, et al. Strategic
role of frontal white matter tracts in vascular
cognitive impairment: a voxel-based lesion-
symptom mapping study in CADASIL. Brain
2011;134:2366-75.

Chabriat H, Joutel A, Dichgans M, Tournier-
Lasserve E, Bousser MG. Cadasil. Lancet
Neurol 2009;8:643-53.

Jouvent E, Mangin JF, Porcher R, etal. Cortical
changes in cerebral small vessel diseases:
a 3D MRI study of cortical morphology in
CADASIL. Brain 2008;131:2201-8.

Lesnik Oberstein SA, van den Boom R, van
Buchem MA, et al. Cerebral microbleeds in
CADASIL. Neurology 2001;57:1066-70.

Tikka S, Mykkanen K, Ruchoux MM, et al.
Congruence between NOTCH3 mutations
and GOM in 131 CADASIL patients. Brain
2009;132:933-9.

Davis GE and Senger
extracellular

DR. Endothelial

biosynthesis,
remodeling, and functions during vascular
morphogenesis and neovessel stabilization.
Circ Res 2005;97:1093-107.

Roy S Ha]J, Trudeau K and Beglova E. Vascular
basement membrane thickening in diabetic
retinopathy. Curr Eye Res 2005;35:1045-56.

matrix:



ENDOTHELIAL (DYS)FUNCTION IN RVCL AND CADASIL

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chabriat H, Pappata S, Ostergaard L, et al.
Cerebral hemodynamics in CADASIL before
and after acetazolamide challenge assessed
with MRIbolus tracking. Stroke 2000;31:1904-
12.

Lacombe P, Oligo C, Domenga V, Tournier-
Lasserve E, Joutel A. Impaired cerebral
vasoreactivity in a transgenic mouse
model of cerebral autosomal dominant
arteriopathy with subcortical infarcts and
leukoencephalopathy arteriopathy. Stroke
2005;36:1053-8.

Liem MK, Lesnik Oberstein SA, Haan ],
et al. Cerebrovascular reactivity is a main
determinant of white matter hyperintensity

progression in CADASIL. AJNR Am ]
Neuroradiol 2008;30:1244-7.

Gobron C, Vahedi K, Vicaut E, et al
Characteristic features of in vivo skin

microvascular reactivity in CADASIL. ] Cereb
Blood Flow Metab 2007;27:250-7.

Stenborg A, Kalimo H, Viitanen M, Terent
A, Lind A. Impaired endothelial function
of forearm resistance arteries in CADASIL
patients. Stroke 2007;38:2692-7.

Peters N, Freilinger R, Opherk C, Pfefferkorn
T, Dichgans M. Enhanced L-arginine-
induced vasoreactivity suggests endothelial
dysfunction in CADASIL. ] Neurol 2008;
255:1203-8.

Campolo J, De Maria R, Frontali M, et al.
Impaired vasoreactivity in mildly disabled
CADASIL patients. ] Neurol Neurosurg
Psychiatry 2012;83:268-74.

Herrick AL. Pathogenesis of Raynaud’s
phenomenon. Rheumatology 2005;44:587-96.

Yetkin E, Ozisik H, Ozcan C, Aksoy Y, Turhan
H. Decreased endothelium-dependent
vasodilatation in patients with migraine: a
new aspect to vascular pathophysiology of
migraine. Coron Artery Dis 2006;17:29-33.

Tietjen GE, Al-Qasmi MM, AthanasK, Utley C,
Herial NA. Altered hemostasis in migraineurs
studied with a dynamic flow system. Thromb
Res 2007;119:217-22.

Vanmolkot FH, Van Bortel LM, de Hoon JN.
Altered arterial function in migraine of recent
onset. Neurology 2007;68:1563-70.

Yetkin E, Ozisik H, Ozcan C, Aksoy Y, Turhan
H. Increased dilator response to nitrate

and decreased flow-mediated dilatation in
migraineurs. Headache2007;47:104-10.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

HamedSA,HamedEA,EzzEldinAM,Mahmoud
NM. Vascular risk factors, endothelial
function, and carotid thickness in patients
with migraine: relationship to atherosclerosis.
] Stroke Cerebrovasc Dis 2007;19:92-103.

NapoliR, Guardasole V, ZarraE, etal. Vascular
smooth muscle cell dysfunction in patients
with migraine. Neurology 2008;72:2111-4.

Schoonman GG, van der Grond J, Kortmann
C, van der Geest R], Terwindt GM, Ferrari
MD. Migraine headache is not associated with
cerebral or meningeal vasodilatation--a 3T
magnetic resonance angiography study. Brain
2008;131:2192-200.

VanDenBrink AM, Duncker DJ, Saxena PR.
Migraine headache is not associated with
cerebral or meningeal vasodilatation--a 3T
magnetic resonance angiography study. Brain
2009;132:e112; author reply el13.

Levy D and Burstein R. The vascular theory
of migraine: leave it or love it? Ann Neurology
2011;69:600-1.

Kurth T. Migraine a marker of vascular health?
Cephalalgia 2013;33:226-7.

Stam AH, Weller CM, Janssens AC, et al.
Migraine is not associated with enhanced
atherosclerosis. Cephalalgia 2013;33:228-35.

Ho TW, Edvinsson L and Goadsby PJ. CGRP
and its receptors provide new insights into
migraine pathophysiology. Nat Rev Neurol
2013;6:573-82.

Chan KY, Vermeersch S, de Hoon J, Villalon
CM, Maassenvandenbrink A.
mechanisms of prospective antimigraine
drugs: a focus on vascular (side) effects.
Pharmacol Ther 2011;129:332-51.

Bigal ME, Kurth T, Hu H, Santanello N,
Lipton RB. Migraine and cardiovascular
disease: possible mechanisms of interaction.
Neurology 2009;72:1864-71.

Etminan M, Takkouche B, Isorna FC, Samii
A. Risk of ischaemic stroke in people with
migraine: systematic review and meta-analysis
of observational studies.Bmj 2005;330:63.
Pezzini A, Del Zotto E, Giossi A, Volonghi I,
Grassi M, Padovani A. The migraine-ischemic
stroke connection: potential pathogenic
mechanisms. Curr Mol Med 2009;9:215-26.
Kurth T, Chabriat H, Bousser MG. Migraine
and stroke: a complex association with clinical
implications. Lancet Neurol 2012;11:92-100.

Potential

153




CHAPTER 10

154

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kurth T, Gaziano JM, Cook NR, Logroscino
G, Diener HC, Buring JE. Migraine and risk
of cardiovascular disease in women. Jama
2006;296:283-91.

Kurth T, Schurks M, Logroscino G, Gaziano
JM, Buring JE. Migraine, vascular risk, and
cardiovascular events in women: prospective
cohort study. Bmj 2008;337:a636.

Miller D, Waters DD, Warnica W, Szlachcic
J, Kreeft J, Theroux P. Is variant angina the
coronary manifestation of a generalized
vasospastic disorder? N Engl ] Med
1981;304:763-6.

Chiu YC, Arand PW, Shroff SG, Feldman
T, Carroll JD. Determination of pulse wave
velocities with computerized algorithms. Am
Heart ] 1991;121:1460-70.

Wilkinson I B, MacCallum H, Flint L,
Cockceroft JR, Newby DE, Webb DJ. The
influence of heart rate on augmentation index
and central arterial pressure in humans. |
Physiol 2000;525:263-70.

Pauca AL, O’'Rourke MF, Kon ND. Prospective
evaluation of a method for estimating
ascending aortic pressure from the radial
artery pressure waveform. Hypertension
2001;38:932-7.

Papaioannou TG, Karatzis EN, Karatzi
KN, et al. Hour-to-hour and week-to-week
variability and reproducibility of wave
reflection indices derived by aortic pulse wave
analysis: implications for studies with repeated
measurements. ] Hypertens 2007;25: 1678-86.

Van der Schueren BJ, de Hoon JH, Vanmolkot
FH, et al. Reproducibility of the capsaicin-
induced dermal blood flow response as
assessed by laser Doppler perfusion imaging.
Br ] Clin Pharmacol 2007;64:580-90.

Van der Schueren BJ, Rogiers A, Vanmolkot
FH, et al. Calcitonin gene-related peptide8-37
antagonizes capsaicin-induced vasodilation
in the skin: evaluation of a human in vivo
pharmacodynamic model. J Pharmacol Exp
Ther 2008;325:248-55.

Corretti MC, Anderson TJ, Benjamin EJ, et
al. Guidelines for the ultrasound assessment
of  endothelial-dependent
vasodilation of the brachial artery: a report of
the International Brachial Artery Reactivity
Task Force. ] Am Coll Cardiol 2002;39:257-65.

Yamamoto Y, Craggs L, Baumann M, Kalimo
H, Kalaria RN. Review: molecular genetics and

flow-mediated

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

pathology of hereditary small vessel diseases
of the brain. Neuropathol Appl Neurobiol
2010;37:94-113.

Kavanagh D, Spitzer D, Kothari PH, et al. New
roles for the major human 3’-5 exonuclease
TREXI in human disease. Cell Cycle 2008;8:
718-25.

Laurent S, Katsahian S, Fassot C, et al. Aortic
stiffness is an independent predictor of fatal
stroke in essential hypertension. Stroke
2003;34:1203-6.

Blacher J, Guerin AP, Pannier B, Marchais SJ,
Safar ME and London GM. Impact of aortic
stiffness on survival in end-stage renal disease.
Circulation 2009;99:2434-9.

London GM, Blacher J, Pannier B, Guerin
AP, Marchais SJ, Safar ME. Arterial wave
reflections and survival in end-stage renal
failure. Hypertension 2001;38:434-8.

Theilade S, Lajer M, Persson F, Joergensen C,
Rossing P. Arterial stiffness is associated with
cardiovascular, renal, retinal, and autonomic
disease in type 1 diabetes. Diabetes Care
2012;36:715-21.

CavalcanteJL,LimaJA, Redheuil A, Al-Mallah
MH. Aortic stiffness: current understanding
and future directions. ] Am Coll Cardiol
2011;57:1511-22.

Poels MM, Zaccai K, Verwoert GC, et al.
Arterial stiffness and cerebral small vessel
disease: the Rotterdam Scan Study. Stroke
2012;43:2637-42.

Rosano C, Watson N, Chang Y, et al. Aortic
pulse wave velocity predicts focal white matter
hyperintensities in a biracial cohort of older
adults. Hypertension 2012;61:160-5.

Weber T, O’'Rourke MF, Lassnig E, et al.
Pulse predict
and mortality in
patients undergoing coronary angiography. J
Hypertens 2010;28:797-805.

Lesnik Oberstein SA, Jukema JW, Van Duinen
SG, et al. Myocardial infarction in cerebral
autosomal arteriopathy  with
subcortical infarcts and leukoencephalopathy
(CADASIL). Medicine (Baltimore)
2003;82:251-6.

Wilkinson IB, Fuchs SA, Jansen IM, et al.
Reproducibility of pulse wave velocity and

augmentation index measured by pulse wave
analysis. ] Hypertens 1998;16:2079-84.

waveform  characteristics

cardiovascular events

dominant



ENDOTHELIAL (DYS)FUNCTION IN RVCL AND CADASIL

71.

72.

73.

74.

Filipovsky J, Svobodova V and Pecen L.
Reproducibility of radial pulse wave analysisin
healthy subjects. ] Hypertens 2000;18:1033-40.

Meyer CC, Heiss C, Drexhage C, et al.
Hemodialysis-induced release of hemoglobin
limits nitric oxide bioavailability and impairs
vascular function. ] Am Coll Cardiol 2010;
55:454-9.

Lauritzen M. Pathophysiology of the migraine
aura: the spreading depression theory. Brain
1994;117:199-210.

Zhang X, Levy D, Kainz V, Noseda R,
Jakubowski M, Burstein R. Activation of
central trigeminovascular neurons by cortical
spreading depression. Ann Neurol 2011;69:
855-65.

75.

76.

77.

Eikermann-Haerter K, Yuzawa I, Dilekoz E,
Joutel A, Moskowitz MA, Ayata C. Cerebral
autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy
syndrome mutations increase susceptibility
to spreading depression. Ann Neurol
2011;69:413-8.

Pfefferkorn T, von Stuckrad-Barre S, Herzog J,
Gasser T, Hamann GF, Dichgans M. Reduced
cerebrovascular CO(2) reactivity in CADASIL:
A transcranial Doppler sonography study.
Stroke 2001;32:17-21.

Hottenga JJ, Vanmolkot KR, Kors EE, et al. The
3p21.1-p21.3 hereditary vascular retinopathy
locus increases the risk for Raynaud’s
phenomenon and migraine. Cephalalgia
2005;25:1168-72.

155




CHAPTER 10

SUPPLEMENTARY MATERIAL

Supplementary Table 1. Univariate associations between clinical characteristics and pulse wave analysis
(PWA) and pulse wave velocity (PWV)

Spearman rank order correlations(p<0.05)

PWA
Gender -0.37
Age 0.55
Systolic blood pressure 0.38
Diastolic blood pressure 0.38
Mean arterial pressure 0.24
Packyears 0.31
HDL cholesterol 0.24
Hematocrite -0.20
Hemoglobin -0.20
Ureum 0.22

PWV
Age 0.56
Systolic blood pressure 0.55
Diastolic blood pressure 0.55
Mean arterial pressure 0.37
Total cholesterol 0.26
gamma-GT 0.27
Ureum 0.32

Supplementary Table 2. Capsaicin induced dermal blood flow

Control CADASIL Control RVCL
Dermal blood flow (n=20) (n=20)° p-valuet (n=18) (n=18) p-value %
Baseline (AU) 0.27 £ 0.15 0.27 £0.17 0.98 0.34£0.08 0.39+0.11 0.12
10 min (AU) 0.79 £ 0.94 0.46 £0.39 0.16 0.55+0.42 0.53+0.37 0.93
20 min (AU) 1.68 £1.27 1.07 £ 0.76 0.08 1.20£0.73 1.08 £0.77 0.63
30 min (AU) 2.09+1.17 1.42 £ 0.94 0.06 1.50 £ 0.82 1.46 +£0.79 0.87
40 min (AU) 2.22+1.20 1.38 £ 0.88 0.02 1.54 £ 0.74 1.42+£0.72 0.64
AUC ,, (AU) 0.93 +0.60 0.52+0.43 0.02 0.59+£0.37  0.51+0.35 0.52
Increase in DBF (%) 607 + 474 346 + 343 0.05 332+£2.21 272+2.01 0.40

40min. post-capsaicin

Data presented as mean + SD. AUC_,: area under the curve over the total observation period of 40 minutes.
AU: arbitrary units. T Difference between control subjects and CADASIL patients. # Difference between control
subjects and RVCL patients. ° One subject did not undergo capsaicin test due to a skin allergy to alcohol containing
solutions. One subject was excluded from analysis because of prophylactic anti-migraine medication (Pizotifen)

use. One subject was excluded because of Indonesian coloured skin.



ENDOTHELIAL (DYS)FUNCTION IN RVCL AND CADASIL

Supplementary Table 3. Flow mediated vasodilation (FMD) of the brachial artery

Controls CADASIL RVCL
Variable (n=14) (n=10) p-valuet (n=10) p-valuei
Pre-occlusion diameter (pm) 5655 + 1014 5934 + 839 0.48 6438 + 1103 0.09
Maximal post-occlusion diameter 5987 +1109 6150 + 828 0.70 6602 + 1252 0.22
(um)
Absolute increase in diameter 332+ 187 216 + 169 0.13 165 + 256 0.08
(pm)
FMD (%) 5.76 £ 3.07 3.77 £ 3.15 0.14 2.32+3.83 0.02
Pre-occlusion velocity (cm/s) 11.7+ 4.1 9.5+34 0.18 13.4+6.3 0.78
Maximal post-occlusion velocity 82.4 +24.9 81.7 +20.5 0.94 88.5+21.4 0.56
(cm/s)
Shear rate (s™) 0.014 £ 0.0034 0.014 £ 0.0036  0.88 0.014 £ 0.0035  0.97
Shear rate normalised FMD (s) 4.35+2.31 2.99 +2.33 0.20 1.32 £2.91 0.02
Shear stress (s™) 0.0062 +£0.0016 0.0060 +0.0015 0.78 0.0056 £ 0.0015  0.46
Shear stress normalized FMD (s) 10.07 +5.73 6.96 + 5.58 0.23 3.31+7.24 0.03
Pre-NTG diameter (um) 5710 + 844 6198 + 1019 0.15 6190 + 1034 0.22
Maximal post-NTG diameter (um) 6496 + 899 6947 + 891 0.24 6980 + 1193 0.27
NTG (%) 12.08 £ 5.47 11.01 £5.23 0.64 11.16 + 5.84 0.70

Data presented as mean + SD. NTG: nitroglycerine. Peak shear rate was missing in 4 subjects, therefore no corrected
FMD could be calculated in 2 healthy volunteers and in 1 of each patient groups. 1 Difference between control
subjects and CADASIL patients. # Difference between control subjects and RVCL patients
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Supplementary Figure 1. Augmentation Index

Artery pressure waveform is recorded by applanation tonometry.The height of the late systolic peak (P1) above the
inflection (P2) defines the augmentation pressure, and the ratio of augmentation pressure to PP defines the Alx (in
percent). “In the human body, wave reflections originate in various locations, including peripheral bifurcations of
conducting arteries and smaller muscular arteries. The geometry, number of arterioles, and the architecture of the
microvascular network play an important role in wave reflection. Indeed, arterial and arteriolar constriction results
in reflection points closer to the heart, leading to earlier aortic wave reflections. In addition, with increased arterial
stiffness, as observed, for example, in older subjects or hypertensive patients, the reflected wave travels more rapidly
along the arterial tree. Thus, both small and large arteries contribute to early reflected waves which arrive in early
systole, superimpose on the forward wave, and boost the systolic pressure further, whereas blood pressure falls
sharply in diastole with reduced diastolic fluctuations.” Adapted from: Laurent S, Cockcroft J, Van Bortel L, Bout-
ouyrie P, Giannattasio C, Hayoz D, et al. Expert consensus document on arterial stiffness: methodological issues and
clinical applications. Eur Heart J 2006;27(21):2588-605.









