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CHAPTER 6

COMPARING CHARACTERISTICS OF SPREADING
A  DEPOLARIZATION AND ISCHEMIC STROKE
“IN-TRANSGENIC. MOUSE MODELS OF VARIOUS MONOGENIC

ig‘lso JERS RELEVANT TO MIGRAINE AND STROKE
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ABSTRACT

Migraine and stroke have both been linked to monogenetic FHM1, CADASIL and RVCL-S, but
it is not understood what mechanisms underlie this relation. Comparing characteristics of
migraine and ischemic stroke in transgenic mouse models with pathogenic gene mutations for
these diseases can be instrumental to dissect to what extent neuronal (FHM1) and vascular
mechanisms (CADASIL, RVCL-S) contribute to disease pathology.

Cortical spreading depolarization (CSD) and transient middle cerebral artery occlusion
(MCAQ), as experimental surrogates of migraine aura and ischemic stroke, respectively, were
induced in young (3- to 6-month-old; both CSD and MCAQ) and/or old (12- to 14-month-
old; only MCAQ) FHM1, CADASIL and RVCL-S mutant mice. As measures of CSD susceptibility,
frequency and propagation rate were assessed. Anoxic depolarization latency during MCAO
as well as infarct volume and neurologic deficit before and following MCAO were studied to
assess susceptibility to stroke. For each strain, mutant mice were compared to the appropriate
wild-type controls.

Only young FHM1 mutant mice showed abnormal, increased CSD frequency (18.3 +0.6 vs 9.7
+0.7, p<0.001) and propagation rate (5.4 £+ 0.7 vs 3.3 £ 0.5, p = 0.009). Anoxic depolarization
latency was overall decreased in both the FHM1 (F(1, 24) = 7.928, p = 0.01) and CADASIL (F(1,
22) = 16.377, p = 0.001) mutant mice. Infarct volume was increased only in RVCL-S mutant
mice (p = 0.005 for pooled age groups, but mainly driven by the older mice) and correlated
with increased neurologic deficit after infarct (p = 0.005).

Both neuronal and vascular mechanisms seem to play a role in the pathophysiology of FHM1,
CADASIL and RVCL-S. The interaction between these mechanisms seems to be complex
however, as increased CSD susceptibility did not associate well with an increased infarct
volume and vice versa.
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INTRODUCTION

Although migraine and stroke are distinct diseases, thereis increasing evidence for comorbidity
and overlapping pathology.>? Epidemiological studies have suggested that the link is more
pronounced for migraine with aura,® a migraine subtype in which the headache is preceded
by transient focal neurological symptoms (“aura”).* Human imaging and animal studies have
indicated that cortical spreading depolarization (CSD), a wave of massive depolarization of
neurons and glial cells that is accompanied by vasodilatation due to neurovascular coupling,*
is the mechanism underlying the migraine aura.>® Waves with similar characteristics also occur
in ischemic stroke, where they are referred to as peri-infarct depolarizations (PIDs).”® PIDs
circle around the ischemic core, into the border zone (“penumbra”) thereby increasing the
ischemic territory with each wave, due to, amongst others, paradoxical vasoconstriction and
accompanying supply-demand mismatch.”® It has therefore been postulated that spreading
depolarization (SD), with involvement of neuronal and vascular mechanisms, may explain the
link between migraine and stroke.!

The relation between migraine and stroke is also reflected in the clinical spectrum of various
monogenic diseases.® We envisaged that investigating transgenic mouse models for such
disorders, and comparing measures of migraine (i.e. CSD) and stroke (i.e. ischemia after
transient middle cerebral artery occlusion (MCAQ)) in them, may shed light on the mechanisms
relevant to migraine and stroke. Here we used mouse models for three disorders for which
the relation between migraine and stroke (in patients and/or in animal studies) is most
pronounced: Familial Hemiplegic Migraine type 1 (FHM1),° Cerebral Autosomal Dominant
Arteriopathy with Subcortical Infarcts and Leukoencephalopathy (CADASIL),** and Retinal
Vasculopathy with Cerebral Leukoencephalopathy and Systemic manifestations (RVCL-S).%?
FHM1 is a monogenic form of migraine caused by specific missense mutations in CACNA1A
that result in attacks of headache accompanied by an aura with hemiparesis.*** FHM1
exhibits a neuronal phenotype as shown by the enhanced neurotransmission and increased
susceptibility to CSD in FHM1 mutant mice.*® FHM1 mice, either with the R192Q or the
S218L mutation, were shown to also have an increased vulnerability to ischemic stroke, as
evidenced by the increased infarct volume and decreased anoxic depolarization (AD) latency.’
Of note, a follow-up study only confirmed the infarct volume phenotype in the severer S218L
mutant mice.*®

CADASIL is a progressive small vessel disease caused by mutations involving cysteines in
NOTCH3 that result in ischemic strokes and (vascular) dementia.’®?° Notably, the presenting
symptom of CADASIL in 40% of patients is migraine with aura.??> CADASIL exhibits a vascular
phenotype as evidenced by an accumulation of mutant protein in vascular smooth muscle
cells in a transgenic overexpressor mouse model for CADASIL.2>?* Of note, another CADASIL
mouse model expressing a different NOTCH3 mutation also showed hallmarks of CADASIL,
and interestingly, also an increased susceptibility for CSDs.®

Finally, RVCL-S, which is caused by C-terminal truncating mutations in TREXI that cause
systemic microvascular vasculopathy with white matter lesions.?® Many patients with RVCL-S
also have migraine.?® RVCL-S exhibits a vascular (endothelial) phenotype but the exact
mechanism that results in pathology is not known. An unpublished knock-in (KI) mouse model
that expresses truncated Trex1 protein was generated and analyzed in the present study.
Given that disease onset in patients with CADASIL?? and with RVCL-S*? typically occurs at
middle age, but at relatively young age in patients with FHM,* we compared readouts for
migraine and ischemic stroke in young (3- to 6-month-old; both CSD and ischemic stroke)
and old (12- to 14-month old; only ischemic stroke) FHM1, CADASIL and RVCL-S mice and the
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appropriate wild-type (WT) control animals.

MATERIALS AND METHODS

Mice

Male homozygous transgenic mice of 3- to 6-month-old (both CSD and MCAOQ groups) and 12-
to 14-month-old (only MCAO group) and appropriate WT control animals were used for the
experiments. Mutant mice carried either the FHM1 missense mutation R192Q knock-in (KI)*
(strain R192Q), the CADASIL missense mutation R182Q* (overexpressor strain tgN3MUT%%) or
the RVCL-S truncating mutation at residue 235% (unpublished strain RVCL-S). For the FHM1
and RVCL-S strains non-transgenic littermates were used as controls (from this point on
referred to as R192R and WT, respectively). Instead, for the CADASIL strain, mutant mice that
carried a human genomic construct with the NOTCH3 gene and the mutation were compared
with transgenic mice that carried a similar construct but without the mutation strain tgN3WT.2*
For the experiments, animals were randomized and researchers were blinded for genotype
and age. Animals were housed in a controlled environment with food and water ad libitum.
After the experiments genotypes were confirmed. All experiments were approved by the local
committee for animal health, ethics and research of the Leiden University Medical Center.

Experimental Infarct Model

Ischemic stroke was induced using the MCAO model.?* During surgery, isoflurane (3%
induction, 1.5% maintenance) in 70% pressurized air and 30% 0, was used as anesthetic.
Before surgery, pain relief medication was given (5 mg/kg, s.c.; Carporal, 50 mg/mL, AST
Farma BV; Oudewater, the Netherlands). Body temperature of the mice was maintained at
37 + 0.3°C during surgery using a feedback system including heating pad and rectal probe
(FHC Inc.; Bowdoin, ME, USA). To occlude the MCA, a silicone-coated nylon monofilament
(7017PK5Re; Doccol Company, Redlands, CA, USA) was inserted via a small incision into the
right common carotid artery. The origin of the MCA was blocked for 30 minutes, after which
the filament was removed to allow for reperfusion. During surgery, cerebral blood flow (CBF)
in the MCA territory was measured using Laser Doppler Flowmetry (PeriFlux System 5000;
Perimed Jarfalla-Stockholm, Sweden). Anoxic depolarization (AD) was measured using LDF
and defined as the time between start of the MCA occlusion until the start of an additional
subtle drop in blood flow, which is known to be the result of the first PID spreading through
the brain tissue.?®* During a surgical recovery period of 2 hours, the mouse was allowed to
wake up in a temperature-controlled incubator (V1200; Peco Services Ltd, Brough, UK). At
the end of the experiment, i.e. after MRI and behavioral analyses (see below), mice were
sacrificed using CO, and perfused transcardially with phosphate buffered saline and fresh 4%
buffered PFA (Paraformaldehyde P6148; Sigma-Aldrich, St Louis, MO, USA) at 4°C and stored
at-80 °C (for parallel histological studies).

MRI

At 4, 24 and 48 hours after MCAO surgery, mice were scanned (under isoflurane anesthesia;
3% induction, 1.5% maintenance in 70% pressurized air and 30% O,) using a 7T small-animal
MRI system (Bruker Pharmascan; Bruker, Ettlingen, Germany). A Multi Slice Multi Echo (MSME)
sequence protocol was used with a TR/TE of 4.000 ms/ 9 ms, 20 echoes, 2 averages, matrix
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128x128 mm, FOV of 2.50 cm, bandwidth 59523.8Hz, 16 slices with a thickness of 0.5 mm
(no gap). Mice were allowed to wake up in a temperature-controlled incubator (Peco Services
Ltd) for maximal 1 hour. Using Paravision 5.1 software (Bruker), quantitative T2-maps were
calculated. Infarct volume was calculated using an automated lesion volume measurement
tool.3* In 5 MRl scans, large errors due to scan artifacts (as a result of movement of wrapping)
were manually corrected.

Behavior analysis

Directly before surgery, directly before each MRI session, and 5 days after surgery, behavioral
tests were performed and recorded. By analyzing the videos, the neurologic deficit score (NDS)
was obtained using a 56-point neurological function scale.®3 The score involved general and
focal deficits, where O represents ‘no deficits’ and 56 represents ‘poorest performance’ in
all categories. Categories concerning general appearance and performance include scores
regarding fur (0-2), ears (0-2), eyes (0-4), posture (0-4), spontaneous activity (0-4), and
epileptic behavior (0—-12). Concerning focal deficits scores were stated for body asymmetry
(0-4), gait (0-4), climbing on a 45° inclined surface (0—4), circling behavior (0—4), front-limb
symmetry (0—4), compulsory circling (0—4), and whisker response to light touch (0—4).

Experimental cortical spreading depolarization

Separate groups of mice were anesthetized using 1.5% isoflurane in 20% O, and 80%
N,O. Blood gasses and mean arterial pressure values were monitored via a catheter in the
left femoral artery, as described elsewhere.*” In brief, after insertion of the catheter, an
endotracheal tube was inserted in the trachea that allowed for artificial ventilation (MiniVent
Ventilator, Model 845, Harvard Apparatus, Holliston, MA, USA). Arterial blood gasses (pCO,,
p0O,) and pH were measured at the start and end of the recordings and were maintained
within normal limits (adjusting ventilation when needed). For CSD induction, the mouse
was placed in a stereotactic frame (David Kopf Instruments, Tujunga, CA, USA). Core body
temperature was maintained at 37°C £ 0.3°C. After exposure of the skull, three burr holes over
the right hemisphere were prepared at the following coordinates: () for CSD induction on the
occipital cortex (3.5 mm posterior, 2.0 mm lateral from bregma), (Il) recording electrode in
the frontal cortex (1.0 mm anterior, 2.0 mm lateral from bregma), and (lll) recording electrode
in the parietal cortex (1.0 mm posterior, 2.0 mm lateral from bregma). At the recording sites,
a sharp glass capillary electrode (FHC Inc.) filled with 150 mM NaCl was advanced to a depth
of 200-300 um. DC-potential signals were measured with respect to an Ag/AgCl reference
electrode placed subcutaneously in the neck of the animal. A reversible DC-deflection with
an amplitude >5 mV was considered positive concerning a CSD event. Data were sampled
(200 Hz), amplified (10X) and low-pass filtered at 4 Hz and analyzed off-line using LabChart
software (ADInstruments, Colorado Springs, CO, USA). CSD events were induced by placement
of a cotton ball soaked in 300 mM KCl on the dura for 30 minutes, with refreshment of the
cotton ball every 15 minutes. The total number of CSD events that occurred within 30 minutes
was used to calculate the frequency per hour. The time a first CSD event needed to travel from
the first (parietal) measurement electrode to the second one (frontal) was used to calculate
the propagation rate.

Statistics
Statistical analyses were performed in SPSS (SPSS Statistics 23, IBM Corporation, Armonk, NY,
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USA). CSD frequency and propagation rate (mean + SEM) were analyzed between mutant
and WT mice using a two-tailed Mann-Whitney U test. Time until occurrence of AD during
MCAO (mean + SEM) for both ages was analyzed per genotype and accompanying WT using
univariate ANOVA. Infarct volume and NDS were compared between mutant and WT mice
using marginal mixed-models analyses. Data are shown as estimated marginal means + SEM.
Survival analyses post-OK were performed using the Log-rank (Mantel-Cox) test. P-values
<0.05 were considered to indicate statistical significance.

RESULTS

CSD frequency and propagation rate

Young FHM1 mutant mice showed an increased frequency (R192Q (n=8): 18.3 £ 0.6 vs R192R
(n=7):9.7+0.7, p<0.001) and propagation rate (R192Q: 5.4 + 0.7 vs R192R: 3.3+ 0.5, p
= 0.009) of CSD (Figure 1A and B). For CADASIL mice of the same age group, no genotypic
difference was observed for frequency (tgN3MYT™0 (n =2): 9.1 + 3.2 vs tgN3"T (n = 3): 9.9 +
1.6) or propagation rate (tgN3MV™3%0: 3.1 + 0.5 vs tgN3"": 2.8 + 0.1) of CSD, but the group sizes
were too small to perform statistical analyses (Figure 1A and B). For RVCL-S mice no genotypic
difference was observed for frequency (RVCL-SKI (n=9):9.1+ 1.8 vs WT (n=8): 9.9+ 1.0) or
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Figure 1. CSD and AD characteristics in FHM1, CADASIL and RVCL-S KI mice. (A) CSD example traces and (B) CSD
frequency in WT and mutant FHM1 (R192Q), CADASIL (tgN3MY™3%0) and RVCL-S KI mice (3- to 6-month-old). Only FHM1
mutant mice display enhanced CSD frequency and propagation rate. (mean + SEM, *p < 0.05). (C) Laser Doppler
example traces of 3- to 6-month-old mice of the various genotypes show cerebral blood flow (CBF) reduction at
the time of common carotid artery occlusion that is followed by a transient occlusion of the middle cerebral artery.
The third decline in CBF shows the onset of anoxic depolarization (AD) and represents vasoconstriction of ischemic
microvasculature due to tissue depolarization. (D) AD latency of 3- to 6-month-old and 12- to 14-month-old mice of
the various genotypes show a decreased latency in FHM1 and CADASIL mutant mice, but not in the RVCL-S KI mutant
mice. (mean = SEM, *p < 0.05). SEM = Standard Error of the Mean.
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propagation rate (RVCL-SKI: 3.3+ 0.7 : 3.7 £ 0.7) of CSD (Figure 1A and B).

Latency of anoxic depolarization

FHM1 mutant mice of both young and old age groups showed a decrease in AD latency (F(1,
24) =7.93, p = 0.010; young mice: R192Q (n =6): 2.2 £+ 0.2 vs R192R (n = 6): 2.6 £ 0.3; and
old mice: R192Q: 2.1+ 0.4 (n =9) vs R192R: 2.5+ 0.2 (n = 7)) (Figure 1C and D). Also CADASIL
mutant mice of both age groups had a decrease in AD latency (F(1, 22) = 16.38, p = 0.001;
young mice: tgN3MU™%0 (n = 6): 2.0 + 0.2 (n = 6) vs tgN3"" (n = 7): 2.5 + 0.2; and old mice:
tgN3MUT50 (0 =6) 2.1+ 0.3 vstgN3"T (n=7) 2.6 + 0.2) (Figure 1C and D). However, no genotypic
difference was found for AD latency in RVCL-S KI mutant mice (young mice: RVCL-S Kl (n = 7):
2.3+0.3vs WT (n=6):2.3+0.3; and old mice: RVCL-SKI (n=8):2.3+05vs WT (n=9): 2.5
+0.3) (Figure 1C and D).

Infarct volume

With respect to infarct volume and evolution of infarct volume over time, no genotypic
difference was found for FHM1 and CADASIL, for both young and old mice (see Figure 2).
Instead, for RVCL-S KI mice there was an overall genotypic difference (p = 0.005) that was
mainly driven by the group of older mice in which infarct volume in the mutants was increased
at all three time points (4 hours, RVCL-S KI: 60.4 +5.3 (n =8) vs WT: 39.8 + 4.7 (n=10), p =
0.007; 24 hours, RVCL-S KI: 82.6 + 7.8 (n = 6) vs WT: 52.9 + 6.4 (n = 10), p = 0.009; and 48
hours, RVCL-SKI: 110.7 + 12.7 (n = 5) vs WT: 58.4 + 10.0 (n = 9), p = 0.004) (Figure 2).
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Figure 2. Infarct volume in FHM1, CADASIL and RVCL-S KI mice. (A) MRI example sections at 24 hours post MCAO in
WT and mutant mice of the various genotype groups (3- to 6-month-old). (B) Stroke volumes at 4, 24 and 48 hours
after MCAO in mutant and WT mice of 3- to 6-month-old and (C) 12- to 14-month-old (mean + SEM, *p < 0.05) reveal
an overall increased infarct volume only for RVCL-S mutant mice, which was mainly driver by the infarct volumes of
the older aged mice. SEM = Standard Error of the Mean.
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Behavior analysis

Neither for the FHM1 nor the CADASIL mutant mice an overall genotypic difference (across
both age groups) was found with respect to the neurologic deficit score (NDS) (Figure 3A).
However, a sub-analysis showed that the NDS in mutant CADASIL mice was different for old
mice at the two latest time points (24 hours, tgN3MU™50: 23,0 + 1.8 vs tgN3"" 16.0 £ 1.8, p
= 0.01; and 48 hours, tgN3MUT330: 24 4 + 2.1 vs tgN3WV": 15.0 + 2.2, p = 0.005) (Figure 3B). An
overall genotypic difference for (across both age groups) was observed for RVCL-S mice (p =
0.005). Sub-analysis showed that NDS was increased in old mice at all three time points (4
hours, RVCL-SKI: 31.4 + 2.6 vs WT: 15.6 £ 2.4, p < 0.001; 24 hours, RVCL-SKI: 26.4 +3.1 vs WT:
13.8 £ 2.7, p = 0.005; and 48 hours, RVCL-SKI: 24.6 + 3.3 vs WT: 13.1 + 2.4, p = 0.012) (Figure
3C).

Mortality rates were comparable between FHM and CADASIL mutant mice compared to the
respective WT control groups for both age groups (Figure 4A and B). Instead, a trend was seen
towards increased mortality for RVCL-S KI mice compared to WT control mice for both age
groups (Figure 4C).

DiscussIiON

Here we compared characteristics of migraine (by induction of CSD) and ischemic stroke
(by induction of an experimental infarct) in three monogenic models in which the relation
between migraine and stroke is most prominent.
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Figure 3. Behaviour analysis of FHM1, CADASIL and RVCL-S KI mice before and after ischemic stroke. Neurologic
deficit scores pre-MCAO and at 4, 24 and 48 hours after surgery in the various mutant and WT mice of 3-to 6 and 12-
to 14-month-old. (A) FHM1, (B) CADASIL and (C) RVCL-S KI. Figures reveal an overall worsened score only for RVCL-S
mutant mice, which was mainly driver by the older aged mice (mean = SEM, *p < 0.05).
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With respect to CSD susceptibility in (male) FHM1 mice, we observed an increased frequency
and propagation rate as reported before (although in literature both readouts were not
significantly different).3® In fact, the absolute frequency was increased in our study compared
to the previous study (~18 vs ~12/hour, respectively), whereas the absolute propagation rate
was similar between studies (™5 vs ~4/min, respectively). In WT mice, frequency (~9 vs ~10/
hour, respectively), and propagation rate (~2.5 vs ~3/min, respectively) were comparable
between both studies. Moreover, whereas the observed decreased AD latency in the FHM1
R192Q mutants in response to MCAQO was similar to what was described before (2.6 min vs
2.5 min, respectively),*” we did not observe the increased infarct volume in the mutant mice.
Absolute values for infarct volume in WT mice in our study had a narrower range and were
on average higher (65 mm? to ~85 mm?), compared to the data of the previous study®” (~35
mm? to ~80 mm?3).

This could, in hindsight, have led to the incorrect assumption that the infarct volume in
the FHM1 mutant mice is increased compared to WT mice. An alternative, but less likely,
explanation for the discrepancy between studies could be subtle differences in the MCAO
surgery. Whereas we used the CCA as the entrance for the filament, in the previous described
study the ECA was used. With both methods, the entrance artery stays occluded after surgery,
which in our case could possibly have led to a higher infarct volume already in the WT animals
that may have masked a small genotypic difference. Our rationale is supported by the fact that
no increase in infarct size in FHM1 R192Q mice was found by the same researchers in a follow-
up study.'® Moreover, the NDS and mortality rate also did not show a genotypic difference.
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Figure 4. Mortality in FHM1, CADASIL and RVCL-S KI mice after induction of ischemic stroke. Mortality after MCAO

surgery during the 5-day survival period for (A) FHM1, (B) CADASIL and (C) RVCL-S KI mutant mice and the respective
control mice for both age groups.
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With respect to CSD susceptibility in CADASIL mutant mice, we did not observe a genotypic
difference for either frequency or propagation rate, unlike what has been reported.? Absolute
values for the current and the previous study for frequency (WT: ~10 vs * ~9/hour and
mutant: ~9 vs ~11/hour, respectively) and propagation (WT: ~2.5 vs ~2.5/min and mutant:
~3.0 vs ~3.5, respectively) were similar. This shows that the genotypic difference with respect
to CSD characteristics is small and perhaps not relevant to explain disease pathophysiology;
admittedly, by increasing the group sizes we may even find the previously observed genotypic
difference. In this respect, it is important to point out that different types of CADASIL mutant
lines were used in the two studies. Whereas Eikermann-Haerter et al.? used transgenic mice
overexpressing human NOTCH3 cDNA (driven by the SM22a smooth muscle cell promoter)
containing CADASIL mutation Arg90Cys (TgNotch3”%°C),* we used transgenic mice in which
human NOTCH3 with the Arg182Cys mutation was overexpressed from a genomic human
construct with endogenous regulatory elements present.?? Of note, expression of human
mutant NOTCH in the tgN3VY™¢ CADASIL line we used for our study was shown to be 350%
of that of endogenous NOTCH3 RNA expression,?* whereas NOTCH3 expression in the
TgNotch3f¢ CADASIL line was <25% of endogenous expression.® This study is the first to
investigate experimental stroke in CADASIL mutant mice. Given the vasculopathy seen in
CADASIL patients and the, albeit, subtle difference in CSD characteristics reported earlier,
we a priori expected a worsened stroke outcome in the mutant mice. Especially since we
observed a decrease in AD latency in the young mutant mice, which would translate to a
vasoconstrictive effect on the microvasculature.?® Surprisingly, we did not find a genotypic
difference in infarct volume, neither in young nor old mice. Given that CADASIL usually has a
middle-aged onset, with infarct phenotype at an even later stage, it would be interesting to
investigate even older (20- to 24-month-old) mice.

In the RVCL-S Kl strain, we did not observe a genotypic difference for CSD frequency,
propagation rate, nor AD latency, which is perhaps not surprising as these measures reflect
mostly neuronal and partially vascular mechanisms®* whereas RVCL-S is not a neuronal
phenotype. Instead, we did observe an increased infarct volume and NDS, which could be
the result of endothelial vascular dysfunction. Critical hypoperfusion that results in a lower
ischemic threshold could lead to an increased infarct volume and perhaps also the subcortical
brain lesions seen on MRI in RVCL-S patients.*

We aimed to unravel molecular and neurobiological mechanisms of stroke and migraine
concerning CSD and ischemic infarct characteristics. Both neuronal and vascular mechanisms,
and the close interplay between them, are believed to play an important role in monogenic
diseases as FHM1, CADASIL and RVCL-S. The relation appears complex because as illustrated
by our finding that susceptibility to CSD does not directly correlate with infarct volume.
Nevertheless, our finding support the notion that the relationship between migraine and
stroke has both neuronal and vascular components.
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