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A�ÝãÙ��ã

ReƟ nal vasculopathy with cerebral leukoencephalopathy and systemic manifestaƟ ons 
(RVCL-S) is an autosomal dominant small vessel disease caused by C-terminal frameshiŌ  
mutaƟ ons in the TREX1 gene that encodes the major mammalian 3഻ to 5഻ DNA exonuclease. 
RVCL-S is characterized by vasculopathy, especially in densely vascularized organs, progressive 
reƟ nopathy, cerebral microvascular disease, white maƩ er lesions, and migraine, but the 
underlying mechanisms are unknown.
Homozygous transgenic RVCL-S knock-in mice expressing a truncated Trex1 (three prime 
repair exonuclease 1) protein (similar to what is seen in paƟ ents) and wild-type liƩ ermates, of 
various age groups, were subjected to (1) a survival analysis, (2) in vivo postocclusive reacƟ ve 
hyperemia and ex vivo Mulvany myograph studies to characterize the microvascular and 
macrovascular reacƟ vity, and (3) experimental stroke aŌ er transient middle cerebral artery 
occlusion with neurological defi cit assessment.
The mutant mice show increased mortality starƟ ng at midlife (P=0.03 with hazard raƟ o, 3.14 
[95% CI, 1.05–9.39]). The mutants also show a vascular phenotype as evidenced by aƩ enuated 
postocclusive reacƟ ve hyperemia responses (across all age groups; F[1, 65]=5.7, P=0.02) and 
lower acetylcholine-induced relaxaƟ ons in aortae (in 20- to 24-month-old mice; RVCL-S knock-
in: Emax: 37 ± 8% vs WT: Emax: 65 ± 6%, P=0.01). A vascular phenotype is also suggested by the 
increased infarct volume seen in 12- to 14-month-old mutant mice at 24 hours aŌ er infarct 
onset (RVCL-S knock-in: 75.4 ± 2.7 mm3 vs WT: 52.9 ± 5.6 mm3, P=0.01).
Homozygous RVCL-S knock-in mice show increased mortality, signs of abnormal vascular 
funcƟ on, and increased sensiƟ vity to experimental stroke and can be instrumental to 
invesƟ gate the pathology seen in paƟ ents with RVCL-S.
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IÄãÙÊ�ç�ã®ÊÄ

ReƟ nal vasculopathy with cerebral leukoencephalopathy and systemic manifestaƟ ons (RVCL-S) 
is an autosomal dominant disorder caused by C-terminal frameshiŌ  mutaƟ ons in the TREX1 
gene,1 which encodes the ubiquitously expressed Trex1 (three prime repair exonuclease 1) 
protein.1,2 The mechanisms underlying the cause of RVCL-S, however, are unknown. RVCL-S 
is a systemic progressive small vessel disease with middle-age severe symptomatology and 
decreased life expectancy, characterized by vasculopathy in various organs, most pronounced 
in reƟ na, kidney, and brain, with white maƩ er lesions and intracerebral mass lesions.3-6 PaƟ ents 
with RVCL-S report more oŌ en migraine (generally without aura) and have increased risk for 
ischemic stroke, both suggesƟ ng vascular involvement. Pathological studies revealed thicker 
endothelial cells with increased vesicles and coarse cytoplasm, and thicker, mulƟ -laminated, 
basement membranes of endothelial cells.5 Hence it has been hypothesized that the 
endothelium of small vessels, parƟ cularly in highly vascularized organs, is aff ected in RVCL-S. 
Endothelial dysfuncƟ on (impaired endothelium-dependent vasodilaƟ on and endothelial cell 
damage),7 which has been proposed as disease mechanism for the vascular phenotype seen 
in stroke and migraine, was also shown to underlie RVCL-S in paƟ ents.4

Although paƟ ents with RVCL-S are heterozygous for the TREX1 mutaƟ on, here we invesƟ gated 
transgenic homozygous RVCL-S knock-in (KI) mutant mice that express a truncated Trex1 
protein (similar to what is seen in paƟ ents with RVCL-S).1,5 The mutant mice express a 
truncated mouse protein (with the endogenous regulaƟ on of gene expression sƟ ll intact), 
which is slightly diff erent from the exisƟ ng humanized RVCL-S mouse model in which the 
human cDNA bearing the same V235fs mutaƟ on was introduced in exon 2 of TREX1.8 Here 
we assessed whether homozygous RVCL-S KI mice have pathological features seen in paƟ ents 
with RVCL-S, such as a reduced life expectancy and a vascular phenotype (as assessed by 
funcƟ onal vascular measurements and inducƟ on of experimental stroke).

M�ã�Ù®�½Ý �Ä� M�ã«Ê�Ý
The data that support the fi ndings of this study are available from the corresponding author 
on reasonable request.

Experimental animals
Homozygous transgenic RVCL-S KI and wild-type (WT) liƩ ermate mice of diff erent age groups 
(3–6, 12–14, and 20–24 months) were used. As the heterozygous mutants show a normal 
survival (Figure 1), we focused on a comparison between the homozygous mutant and WT 
mice. For the generaƟ on of the mutant mice, a targeƟ ng construct was used by which a 
frameshiŌ  mutaƟ on was introduced at amino acid posiƟ on 235 of the Trex1 protein, resulƟ ng 
in a truncated protein as observed with the most prevalent RVCL-S mutaƟ on in paƟ ents 
(Methods and Supplemental Figure 1).1,5 Homozygous mutant and WT mice were generated 
by interbreeding heterozygous mice. For the stroke experiments, only male mice were used. 
For the in vivo and in vitro vascular characterizaƟ on, results of both sexes were pooled 
because no sex diff erence was detected. Animals were randomized (fl ip of a coin) for surgical 
procedure, and researchers were blinded for genotype during experimental and analyses 
procedures. Animals were housed in a temperature-controlled environment with food and 
water ad libitum. All animal experiments were approved by the local commiƩ ee for animal 
health, ethics and research of the Leiden University Medical Center.
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Survival Analysis
Survival in naive WT and homozygous RVCL-S KI mice was assessed in animals who, at 2 
months, were randomly assigned to one of the age groups (3–6, 12–14, and 20–24 months) 
to be included in the experimental stroke studies (n=97). Mice were censored for analysis 
when they reached the age of inclusion for the stroke experiment. In addiƟ on, data of 51 
heterozygous animals, which were not used in experiments, were added to the survival 
analysis.

In vivo microvascular characterizaƟ on
Microvascular characterisƟ cs were assessed in vivo using postocclusive reacƟ ve hyperemia 
(PORH) measurements of the hind leg with laser Doppler fl owmetry (PeriFlux System 
5000, Perimed, Järfälla-Stockholm, Sweden). Twenty-four hours before dermal blood fl ow 
measurements, the hair of the leŌ  hind leg was removed with hair removal cream (Veet, 
ReckiƩ Benckiser, Inc, Berkshire, United Kingdom). On the day of measurement, mice were 
anestheƟ zed using 4% isofl urane/O2 venƟ laƟ on and kept on a heaƟ ng pad regulated by a 
rectal thermometer (FHC, Inc, Bowdoin, ME) to maintain body temperature at 36.7 ± 0.3°C. 
AŌ er a 5-minute equilibraƟ on Ɵ me period, 10 minutes of baseline perfusion was recorded. 
Subsequently, the hind leg circulaƟ on was occluded for 2 minutes with a tourniquet. AŌ er 
release of the tourniquet, blood fl ow was monitored unƟ l return to baseline blood fl ow 
(maximally 10 minutes). The area under the curve and PORH peak were used as readout 
measures. AŌ er the experimental procedure, mice were euthanized using decapitaƟ on, 
where the aorta was collected for in vitro measurements.

Transient middle cerebral artery occlusion model
Mice were anestheƟ zed using isofl urane (3% inducƟ on, 1.5% maintenance) in 70% pressurized 
air and 30% O2. Carprofen 5 mg/kg, s.c. (Carporal, 50 mg/mL; AST Farma B.V., Oudewater, 
the Netherlands) was administered before surgery for pain relief. During surgery, the mouse 
body temperature was maintained at 36.7±0.3°C as described above. Experimental stroke 
was induced using the transient middle cerebral artery occlusion (MCAO) model.10 A silicone-
coated nylon monofi lament (7017PK5Re; Doccol cooperaƟ on, Sharon, MA) was introduced 
into the internal caroƟ d artery, via an incision in the common caroƟ d artery, to block the 
middle cerebral artery (MCA) at its origin for 30 minutes. Cerebral blood fl ow in the MCA 
territory was measured using laser Doppler fl owmetry (PeriFlux System 5000; Perimed) and 
calculated as %-measure of baseline. In a subset of animals, tcCO2 was measured (TCM4 
CombiM monitor with accompanying soŌ ware version 3.0; Radiometer Medical ApS, Brønshøj, 
Denmark) to confi rm physiological stability during surgery (data not shown). AŌ er surgery, the 
animal was placed in a temperature-controlled recovery incubator (V1200; Peco Services Ltd, 
Brough, United Kingdom) maintained at 33°C for 2 hours, with easy access to food and water. 
Postprocedural observaƟ on was performed twice daily.

MagneƟ c resonance imaging
Animals were scanned using a small animal 7T MRI system (Pharmascan, Bruker BioSpin, 
EƩ lingen, Germany) under isofl urane anesthesia. A MulƟ  Slice MulƟ  Echo sequence protocol 
was run with repeƟ Ɵ on Ɵ me/echo Ɵ me of 4.000 ms/9 ms, 20 echoes, 2 averages, matrix 
128×128, fi eld of view of 2.50 cm, bandwidth 59 523.8 Hz, slice thickness of 0.5 mm, and 16 
slices (no gap). QuanƟ taƟ ve T2 maps were calculated using Paravision 5.1 soŌ ware (Bruker 
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BioSpin). Scans were performed at 4, 24, and 48 hours aŌ er MCAO surgery. An in-house 
developed automated soŌ ware pipeline11 was used to calculate infarct sizes. If automated 
segmentaƟ on showed arƟ facts, for example, due to wrapping, small manual correcƟ ons were 
made, or scans were excluded due to technical failure.

Behavior analyses
Behavior analyses were performed directly before magneƟ c resonance imaging measurements, 
that is, before and aŌ er (at 4, 24, 48 hours, and 5 days) MCAO surgery. During behavioral tests, 
mice were videotaped, and blinded videos were analyzed aŌ er compleƟ on of the experiments. 
Neurological defi cit scores were measured on a 56-point scale.12,13 The score involved general 
and focal defi cits, where 0 refl ected no defi cits, and 56 refl ected the poorest. Categories 
concerning general appearance and performance included fur (0–2), ears (0–2), eyes (0–4), 
posture (0–4), spontaneous acƟ vity (0–4), and epilepƟ c behavior (0–12). Concerning the focal 
defi cits a score was stated for body asymmetry (0–4), gait (0–4), climbing on a surface inclined 
at 45° (0–4), circling behavior (0–4), front-limb symmetry (0–4), compulsory circling (0–4), and 
whisker response to light touch (0–4).

Vessel anatomy
A subset of mice was used for vessel anatomy analysis.14,15 In brief, mice were euthanized 
using CO2 and transcardially perfused using 2.5 mL PBS with 50 μL heparin (Heparine natrium 
5000 I.U./mL; LEO Pharma B.V., Amsterdam, the Netherlands) and 2.5 mL ink mixture (raƟ o 
1:9, Herlitz stempelfarbe ink and Pelikan Scribtol ink; Pelikan VertriebsgesellschaŌ  mbH & 
Co. KG, Hannover, Germany) at a rate of 3 mL/min, preheated to 37°C. Brains were removed, 
photographed, and post-fi xated in fresh 4% paraformaldehyde. Vessel anatomy was scored 
as the number of anastomoses between MCA and anterior cerebral artery, distance between 
midline, and the anastomoƟ c line at 2, 4, and 6 mm from anterior and diameter of the main 
vessels of the circle of Willis (MCA, anterior cerebral artery, internal caroƟ d artery, posterior 
cerebral artery, basilar artery, and posterior communicaƟ ng artery). Pial anastomoses were 
defi ned as the narrowest part of the vessel or halfway between the nearest branch points of 
the anterior and the MCA, localized by tracing the peripheral branches of these major vessels.

StaƟ sƟ cal analyses
All staƟ sƟ cal analyses were performed in SPSS soŌ ware (SPSS staƟ sƟ cs 23, IBM CorporaƟ on, 
Armonk, NY). Survival analyses were performed using the log-rank (Mantel-Cox) test, and 
Cox univariable regression analyses were done to calculate the hazard raƟ o. Animals who 
reached the inclusion age of the experiment were censored in the analyses. The PORH results 
were expressed as relaƟ ve values compared with baseline and included the area under the 
curve (AUC) and the maximal hyperemia response (Emax), expressed as mean ± SEM. Vascular 
relaxant responses to acetylcholine and SNP were expressed as the percentage of contracƟ on 
induced by 10 to 100 nmol/L U46619. Data for the vascular responses to 5-hydroxytryptamine 
were expressed as percentage of the contracƟ le response to 100 mmol/L KCl. Both the in vivo 
and in vitro data were analyzed using univariate ANOVA followed by Bonferroni post hoc tests. 
Outcome values were expressed as mean ± SEM. Infarct volume and neurological defi cit scores 
were compared between genotypes using marginal mixed model analyses (data are shown as 
esƟ mated marginal means ± SD). Survival analyses post-surgery were performed using the 
log-rank (Mantel-Cox) test. Group comparison concerning vessel diameter and anastomoƟ c 
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distance were analyzed using mulƟ variate ANOVA with discriminant funcƟ on analysis post hoc 
test. Absence of the posterior communicaƟ ng artery was analyzed using Pearson χ2 (2-sided 
Fisher exact) test, and mean pial number of anastomoses were analyzed with a t test. P < 0.05 
indicates staƟ sƟ cal signifi cance.

R�Ýç½ãÝ 

Increased mortality in RVCL-S KI mice
Homozygous RVCL-S KI mutant mice showed increased mortality compared with WT controls: 
16 (31%) mutant versus 4 (9%) WT mice died during the observaƟ on period presurgery (P=0.03 
with hazard raƟ o, 3.14 [95% CI, 1.05–9.39]). The increased mortality in the mutant mice 
compared to WT mice was apparent from 9 months of age (Figure 1). Heterozygous mutant 
mice did not show a reduced lifespan (P=0.55 with hazard raƟ o, 1.25 [95% CI, 0.60–2.59]; 
Figure 1). Therefore, only homozygous mutants were invesƟ gated in subsequent funcƟ onal 
experiments. Post mortem examinaƟ on, although subopƟ mal because considerable organ 
deterioraƟ on had occurred at the Ɵ me of Ɵ ssue examinaƟ on, did not reveal a macroscopic 
cause of death (data not shown). Post mortem examinaƟ on also did not show signs of brain 
atrophy, neither in the heterozygous nor the homozygous mutants, but also here the analysis 
was not reliable due to organ deterioraƟ on (data not shown). Finally, basic histological 
hematoxylin and eosin staining analyses of various organs (e.g., eye, kidney, skin, liver, brain) of 
the homozygous and heterozygous mutant mice did not reveal any obvious abnormaliƟ es (data 
not shown). In contrast with paƟ ents with RVCL-S,5 we observed no structural abnormaliƟ es in 
endothelial cells or the basement membrane of the mutant mice. It remains unclear whether 
this is because these disease features are not captured in the mouse model or whether these 
features need longer Ɵ me to develop than the 2-year maximal age of a mouse.

Figure 1. Survival curves from wild-type (WT), heterozygous (Het), and homozygous (Hom) reƟ nal vasculopathy with 
cerebral leukoencephalopathy and systemic manifestaƟ ons (RVCL-S) knock-in (KI) male mice. At 2 mo, Hom mutant 
and WT mice were randomly assigned to one of the 3 age groups for experimental stroke surgery. Mice reaching the 
age of surgical inclusion were censored from the analysis. WT (n=45, gray line), Het RVCL-S KI (n=51, black doƩ ed 
line), and Hom RVCL-S KI mice (n=52, black line). VerƟ cal bars along curves represent censored animals. WT and Het 
survival curves were not signifi cantly diff erent. *P<0.05 indicates staƟ sƟ cal signifi cance between WT and Hom RVCL-S 
KI mice.
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Reduced in vivo microvascular reacƟ vity in RVCL-S KI mice
Compared with WT, the RVCL-S KI mice showed a signifi cantly lower area under the reacƟ ve 
hyperemia curve across all age groups (F[1, 60]=5.1, P=0.03; Figure 2A). The maximal reacƟ ve 
hyperemia responses, however, were comparable between genotypes (Figure 2B). Baseline 
dermal blood fl ow and Ɵ me to maximum value were also similar between genotypes (data 
not shown).

Increased in vitro macrovascular reacƟ vity in RVCL-S KI mice
No signifi cantly diff erent contracƟ on reacƟ on to 100 mmol/L KCl was seen between both 
genotypes. Instead, the concentraƟ on-response curve to acetylcholine showed staƟ sƟ cally 
signifi cantly aƩ enuated relaxant responses in 20- to 24-month-old RVCL-S KI mice compared 
with WT mice (Emax: 65 ± 6% versus 37 ± 8%, respecƟ vely, P=0.01), but not in mice of other 
age groups (Figure 2C). No genotypic diff erence was observed in the response to SNP or 
5-hydroxytryptamine (Figure 2C).

Increased SuscepƟ bility to Experimental Stroke With Worse Outcome in RVCL-S KI Mice.
Overall, infarct volume was higher in RVCL-S KI compared with WT mice (P=0.02), with a 
signifi cant eff ect of age (P=0.02) and Ɵ me aŌ er surgery (P<0.001). The eff ects were mainly 
driven by the increased infarct volume in RVCL-S KI mice at the age of 12 to 14 months (at 4 
hours: RVCL-S KI: 60.4±5.4 vs WT: 39.8±4.8 mm3, P=0.007; 24 hours: RVCL-S KI: 84.3±9.5 vs WT: 
52.9±7.8 mm3, P=0.01; 48 hours: RVCL-S KI: 114.0±13.3 vs WT: 58.1±10.7 mm3, P=0.03; Figure 

Figure 2. Microvascular and macrovascular characterizaƟ on of wild-type (WT) and homozygous reƟ nal vasculopathy 
with cerebral leukoencephalopathy and systemic manifestaƟ ons (RVCL-S) knock-in (KI) mice. In vivo microvascular 
characterizaƟ on using postocclusive reacƟ ve hyperemia (PORH) measurements of the hind leg with the area under 
the reacƟ ve hyperemia curve (A) and maximal reacƟ ve hyperemia (B) responses for WT and RVCL-S KI mice of the 
3 age groups (3–6, 12–14, and 20–24 mo). *p<0.05 indicates a staƟ sƟ cal signifi cant diff erence between RVCL-S 
KI and WT mice across all age groups. Number of animals is indicated within each bar. (C) In vitro macrovascular 
characterizaƟ on of isolated aortae obtained from WT (gray circles) and homozygous RVCL-S KI (black squares) mice. 
Panels depict concentraƟ on-response curves to acetylcholine (ACh, n=7–16), sodium nitroprusside (SNP, n=7–17), 
and serotonin (5-hydroxytryptamine [5-HT], n=5–15). *p<0.05 indicates staƟ sƟ cal signifi cance for aƩ enuated relaxant 
responses to ACh in 20- to 24-mo-old RVCL-S KI mice compared with WT mice. AU indicates arbitrary units; AUC, area 
under the curve; DBF, dermal blood fl ow; M, molar; m, months; and Max, maximal.
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3). There was no signifi cant genotypic diff erence in cerebral vessel anatomy (Supplemental 
Figure 2 and Table 1). The overall neurological defi cit score was worse in RVCL-S KI mice 
compared to WT for all age groups (P=0.002; Figure 4A). This eff ect was mainly driven by the 
12- to 14-month-old group. In that age group neurological defi cit scores was worse in RVCL-S 
KI than WT aŌ er surgery for an extended period of Ɵ me (at 4 hours: RVCL-S KI: 29.3±3.4 vs WT: 
11.1±2.9, P<0.001; 24 hours: RVCL-S KI: 24.9±3.4 vs WT: 9.9±2.7, P=0.001; 48 hours: RVCL-S 
KI: 28.5±3.8 vs WT: 10.0±2.6, P<0.001; 5 days: 24.2±3.7 vs 7.5±2.4, P=0.001), whereas there 
was no diff erence before surgery (presurgery: RVCL-S KI: 0.6±0.4 vs WT: 0.5±0.2, P=0.20). 
Mortality within 5 days aŌ er stroke onset was also increased in the 12- to 14-month-old group 
(RVCL-S KI: 7 [8%] vs WT: 4 [25%], P=0.04), an eff ect also present in the 20- to 24-month-
old group (RVCL-S KI: 8 [57%] vs WT: 2 [13%], P=0.02); the young age group only showed a 
non-signifi cant trend (RVCL-S KI: 4 [57%] vs WT: 2 [33%]). There were no diff erences in basic 
parameters such as body weight (Supplemental Table 2) or acƟ vity levels (determined from 
presurgery analyses; Figure 4) between mutant and WT mice that could explain the diff erence 
in age-related survival.

D®Ý�çÝÝ®ÊÄ

Here, we invesƟ gated whether RVCL-S KI mice, which express a truncated mouse Trex1 
protein that mimics the truncated protein seen in paƟ ents with the RVCL-S V235fs mutaƟ on,1,5

exhibit features in line with the phenotype of paƟ ents with RVCL-S. We demonstrated that 
homozygous RVCL-S KI mice have (1) a shorter life expectancy, (2) a vascular phenotype, 
as evidenced by abnormal PORH (microvascular characterizaƟ on; in vivo in hind leg) and 

Figure 3. Infarct volume in wild-type (WT) and homozygous reƟ nal vasculopathy with cerebral leukoencephalopathy 
and systemic manifestaƟ ons (RVCL-S) knock-in (KI) male mice. A) Example traces of automated stroke segmentaƟ on 
(Green) in T2-weighted magneƟ c resonance imaging (MRI) images at 24 h aŌ er infarct inducƟ on in 12- to 14-month-
old WT and RVCL-S KI mice. B) Stroke volumes at 4, 24 and 48 h aŌ er infarct inducƟ on in WT and RVCL-S KI mice of the 
3 age groups (3–6, 12–14, and 20–24m; esƟ mated marginal mean ± SD), *p<0.05 indicates a staƟ sƟ cally signifi cant 
diff erence between 12- to 14-mo-old RVCL-S KI and WT mice for each individual Ɵ me point. Number of animals 
is indicated within each bar. Numbers can vary due to death of the animal or technical failure of the MRI scan. h 
indicates hours; and m indicates months.
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acetylcholine-induced relaxant (macrovascular characterizaƟ on; in vitro in aorƟ c segments) 
responses, and (3) an increased suscepƟ bility to experimental stroke with a worsened 
outcome. Except for outcome measures of experimental stroke, the other features can be 
considered spontaneous phenotypes. Except for signs of abnormal microvascular responses 
that were already observed from a young age (3–6 months), all other abnormaliƟ es were only 
observed in old mice, that is, in mice of 12 to 14 months and 20 to 24 months. Our study in 
mice is relevant because it is not understood how vasculopathy, at middle-age, is brought 
about in paƟ ents with RVCL-S and how it is related to the lower life expectancy and increased 
risk for ischemic stroke.3–6 Similar to earlier observaƟ ons in paƟ ents with RVCL-S, our data 
point to decreased funcƟ onal endothelial responses in mice. In paƟ ents, this is exemplifi ed 
by reduced fl ow-mediated dilataƟ on responses,4 and in mice by reduced blood fl ow aŌ er 
PORH across all invesƟ gated ages and by reduced macrovascular relaxant responses to the 
endothelium-dependent vasodilator acetylcholine.

RVCL-S KI mice have a vascular phenotype
This study is the fi rst to show a vascular phenotype in RVCL-S KI mice. The results of the in 
vivo PORH experiments point towards a microvascular dysfuncƟ on, with a decreased AUC 
of the PORH but a normal maximal PORH peak. As the eff ect was seen in all age groups, it 
shows that a vascular phenotype is developing already before the mortality and increased 
stroke suscepƟ bility become apparent. The PORH response16 represents an interplay 
between mulƟ ple vasodilaƟ on pathways, such as the endothelium-derived hyperpolarizing 
factor pathway17 (which is characterized by the AUC) and the release of neuropepƟ des from 
perivascular nerves during the hyperemia peak (which is characterized by the maximal 
hyperemia response [Emax]).

18 Notably, in vitro examinaƟ ons of macrovasculature showed 
abnormal endothelial funcƟ on in response to acetylcholine but only in very old RVCL-S KI 
mice. The decreased relaxant response to acetylcholine seems because of diminished 

Figure 4. Behavior analysis aŌ er infarct inducƟ on in wild-type (WT) and homozygous reƟ nal vasculopathy with 
cerebral leukoencephalopathy and systemic manifestaƟ ons (RVCL-S) knock-in (KI) male mice. (A) Neurological defi cit 
score (NDS; esƟ mated marginal mean ±SD) for WT SHAM surgery and WT and RVCL-S KI post–transient middle 
cerebral artery occlusion (MCAO) and (B) survival curves at 4, 24, 48 h and 5 days aŌ er MCAO or SHAM surgery in WT 
(conƟ nuous line) and RVCL-S KI mice (disconƟ nuous line) of the 3 age groups (3–6, 12–14, and 20–24 mo). *p<0.05 
indicates a staƟ sƟ cally signifi cant diff erence (A) between 12- to 14-mo-old RVCL-S KI and WT mice for NDS and (B) 
between RVCL-S KI and WT mice concerning survival post-surgery. d indicates days; h, hours; and m, months.
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endothelial funcƟ on, as responses to the endothelium-independent NO donor SNP were 
normal in RVCL-S KI mice of the same age category. As menƟ oned above, the in vivo PORH 
AUC data suggest involvement of an aff ected endothelium-derived hyperpolarizing factor 
pathway response. Endothelium-derived hyperpolarizing factor acts as vasorelaxant and 
is known to act in microvessels rather than in larger vessels.19,20 Thus, the results of our in 
vitro macrovascular studies are not in contrast with the microvascular PORH results. TesƟ ng 
the natural ligand 5-hydroxytryptamine21 showed no abnormal vasoconstricƟ ve response in 
RVCL-S KI mice, although concentraƟ on-response curves tended to be lower in the 12- to 14- 
and 20- to 24-month-old groups compared with WT mice.

Increased Ischemic Vulnerability in RVCL-S KI Mice
The vascular dysfuncƟ on seen in RVCL-KI mice may be the underlying cause of increased stroke 
risk in paƟ ents with RVCL-S. Therefore, we invesƟ gated whether RVCL-S KI mice had a worse 
stroke outcome. Although the infarct area is sƟ ll evolving days to weeks aŌ er MCAO, we used 
48 hours as fi nal magneƟ c resonance imaging readout point since infarct size on T2-weighted 
magneƟ c resonance imaging is maximized at 48 hours post-MCAO.22 An overall increased 
infarct volume was observed in RVCL-S KI mice, compared with WT, albeit driven by the 12- 
to 14-month-old group. Given the decreased survival in the very old mutant mice, one can 
envisage that no genotypic diff erence in infarct volume was seen in the 20- to 24-month-old 
group because mutant mice that are most aff ected had already died before reaching the age of 
inclusion. Endothelial dysfuncƟ on was shown to lead to a pro-coagulatory, pro-infl ammatory 
and pro-liferaƟ ve state, which predisposes to atherosclerosis and increases stroke risk,7 but 
it remains to be researched whether this mechanism explains the increased infarct size in 
RVCL-S KI mice. In future experiments, this should be invesƟ gated using electron microscopy 
for in-depth morphological examinaƟ on to uncover the possible presence of subtle lesions 
of the brain endothelium. There remains the, in our view unlikely, possibility that thrombus 
formaƟ on in the vessel aŌ er MCAO may have infl uenced infarct outcome, as we have no a 
priori reason to assume that thrombus formaƟ on would be diff erent between mutant and WT 
mice; although this, admiƩ edly, has not been demonstrated, which would require the use of 
diff erent methodology than used in the present study.
There are other striking diff erences for the various age groups when considering infarct 
size and outcome. Not fi nding a genotypic eff ect in young mice may be a refl ecƟ on that the 
pathology has not advanced enough, although in vivo microvascular reacƟ vity was already 
abnormal at that age. As alternaƟ ve explanaƟ on, a genotypic eff ect may be masked by the 
seemingly unusually large stroke volume in the respecƟ ve WT mice, as volumes in WT mice 
from that age analyzed in our lab usually are 5% to 20% smaller (previously published data11).
It is even more surprising that mutant mice of 20-24 months have a worse outcome aŌ er 
MCAO but no increased infarct size. One plausible explanaƟ on may be inclusion bias. Because 
animals with large infarcts have a higher a priori chance of dying within 48 hours from 
infarct inducƟ on, mice that do survive tend to have smaller infarcts. Apparently, the mutant 
mice that could be included sƟ ll exhibit mutaƟ on-associated pathology, as refl ected by the 
increased mortality. Such underlying pathology may also explain why a total of 50% of the 20- 
to 24-month-old RVCL-S KI mice (compared with 15% of the WT group; Figure 1) had already 
died before scheduled surgery. Of relevance, WT aged male mice (and rats) have smaller 
infarct volumes,23 but worse funcƟ onal outcome,24,25 when compared with young animals. It 
remains enigmaƟ c why aged male mice have a decreased infarct size.26,27 Aged vessels may 
have undergone morphological and pathological changes,28 such as structural alteraƟ ons in 
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the vessel wall, atherosclerosis and vessel wall calcifi caƟ on,29,30 small vessel disease,31 and a 
reduced impairment of poststroke synapƟ c plasƟ city.27,32

RVCL-S phenotype in mice versus humans
Although the truncated protein product in our KI mouse is very similar to the human canonical 
TREX1 frameshiŌ  product, one always needs to be cauƟ ous when extrapolaƟ ng data from 
transgenic mouse models to human disease. Although RVCL-S in humans is an autosomal 
dominant disorder, the presence of 1 mutated allele causes disease; in our experiments, we 
focused on homozygotes mice instead to increase chances of capturing disease aspects by 
doubling the geneƟ c load. It is not uncommon to focus invesƟ gaƟ ons on homozygous mutant 
mice fi rst as the lifespan in mice (maximal ~2 years) is much shorter than in humans, so a 
mutaƟ on has less Ɵ me to exert its eff ect.
In humans, RCVL-S is characterized by various structural abnormaliƟ es, foremost the 
vasculopathy of the reƟ na and other organs, microinfarcts, and white maƩ er lesions.5,6 A 
basic histological analysis of the eye and other organs in our mutant mice did not reveal such 
abnormaliƟ es, even not in mice that were far older than 12 months. This can be regarded 
as a shortcoming of our model, but this disease feature may not be captured because of 
the shorter lifespan of a mouse. Not fi nding histological abnormaliƟ es in our mutant mice 
is in accordance with fi ndings in a previously described RVCL-S mouse model,8,33 that also 
expresses V235fs-truncated, albeit human, Trex1 protein. In that model, DNase acƟ vity, a 
hallmark of Trex1, was maintained in truncated protein.33 Both heterozygous and homozygous 
mutants were reported to be grossly normal with no signs of Ɵ ssue infl ammaƟ on; the mutant 
mice did exhibit striking elevaƟ ons of auto-anƟ bodies against non-nuclear anƟ gens in the 
serum.33 Of note, the authors did not report the decreased survival phenotype, likely because 
they did not invesƟ gate very old mice. We would consider both RVCL-S mouse models equally 
relevant and having mulƟ ple transgenic models will allow replicaƟ on in separate models.
RVCL-S is considered a small vessel disease.5 Abnormal funcƟ onality of the microvasculature, 
exemplifi ed by the abnormal PORH response, was observed in mutant mice already of young 
age. Moreover, in the stroke experiments, outcome (as in human ischemic stroke) is infl uenced 
by the status of the microvasculature bed. Both types of experiments show that abnormal 
funcƟ onality of the microvasculature is captured in our mouse model. We recently found that 
funcƟ onal endothelial responses were decreased in paƟ ents with RVCL-S, while microvascular 
responses to capsaicin were normal (analyzed using fl ow-mediated vasodilataƟ on).4 This 
points to endothelial dysfuncƟ on in RVCL-S, which is in line with our microvascular and 
macrovascular observaƟ ons in the homozygous mutant mice. Although fl ow-mediated 
vasodilataƟ on responses are generally considered as a measure for macrovascular funcƟ on, 
it should be kept in mind that fl ow-mediated vasodilataƟ on is a physiological response to 
the increased shear stress during reacƟ ve hyperemia and is thus criƟ cally dependent on the 
reacƟ vity of the downstream microvasculature to transient ischemia.

LimitaƟ ons
As discussed above, our study has several limitaƟ ons. First, we used homozygous RVCL-S 
KI mice, although RVCL-S in humans is caused by the presence of only 1 mutated allele, 
and therefore, translaƟ on of the results should be done with cauƟ on. Second, several 
pathological features seen in RVCL-S in humans (ie, vasculopathy of the reƟ na and other 
organs, microinfarcts, and white maƩ er lesions) were not seen during basic examinaƟ on 
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in our model. In future experiments, a more in-depth analysis, for example, using electron 
microscopy, should be done to address this point. Furthermore, because of study design, we 
used surviving older animals, which probably have a less severe aging and disease phenotype. 
It remains an enigma why experimental stroke outcomes in the oldest animals are less severe.
In conclusion, we found that the homozygous RVCL-S KI mice exhibit early mortality in line 
with the reduced life expectancy seen in (heterozygous) paƟ ents with RVCL-S. Moreover, we 
observed a blunted (cerebral) microvascular response suggesƟ ve of endothelial involvement, 
which seems to occur already in young mutant mice, as well as an abnormal macrovascular 
response in old mutants. Finally, we observed an increased infarct size and worse outcome in 
homozygous RVCL-S KI mice in response to experimentally induced stroke, but it is at present 
unclear how this relates to the phenotype in paƟ ents with RVCL-S. Regardless, our RVCL-S KI 
mouse model seems very promising to help unravel the pathophysiology of RVCL-S.
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GeneraƟ on and characterizaƟ on of transgenic TREX1 V235fs knock-in mice. 
The mouse TREX1 gene was modifi ed using a gene targeƟ ng approach, in such a manner that 
the gene product was truncated at amino acid posiƟ on 235 (which is a Threonine codon in the 
mouse gene and a Valine codon in the human gene) and contained the same abnormal amino 
acid sequence unƟ l the new stop codon as seen in RVCL-S paƟ ents with the V235fs mutaƟ on 
(for details on the sequences, see Supplemental Figure 1D).

TargeƟ ng construct for the generaƟ on of RVCL-S KI mice (Supplemental Figure 1A). 
The targeƟ ng construct contained the RVCL-S mutaƟ on and a PGK-driven neomycin selecƟ on 
casseƩ e (Neo), fl anked by LoxP sites, which had been introduced downstream of TREX1 and 
upstream of neighbouring ScoƟ n, between the polyA (pA) sequences of both genes.

TargeƟ ng ES cells and confi rmaƟ on of correctly targeted alleles in mice by Southern blot
analysis (Supplemental Figure 1B). 
E14 ES cells were targeted according to standard procedures, and selected, correctly targeted, 
ES cells were injected into C57BL/6J blastocysts. Obtained chimeras were bred with C57BL/6J 
mice and germline transmission of the mutant allele was obtained, thus creaƟ ng mice with 
the “RVCL-S + Neo” allele. The selecƟ on casseƩ e was then removed by crossing the mutant 
mice with mice of the EIIA-Cre deleter strain1 (in which Cre recombinase expression is driven 
by the EIIA early promoter), which resulted in mice with the RVCL-S KI allele. Heterozygous 
RVCL-S KI mice were subsequently interbred to provide mice with homozygous mutant and 
wildtype genotypes. Confi rmaƟ on of correct targeƟ ng was obtained by Southern bloƫ  ng of 
EcoRI-digested genomic DNA (from cortex) of mice of the various genotypes (i.e. before and 
aŌ er Cre-mediated recombinaƟ on). Upstream (5’) and downstream (3’) probes (as depicted 
in Supplemental Figure 1A) were used for Southern bloƫ  ng.

Verifi caƟ on of truncated Trex1 protein by Western blot analysis (Supplemental Figure 1C).
Expression of truncated Trex1 protein was confi rmed by semi-quanƟ taƟ ve Western bloƫ  ng. 
To this end, cortex Ɵ ssue of wildtype and homozygous RVCL-S KI mice that had been killed by 
cervical dislocaƟ on was used. Whole cell lysates were homogenized with a poƩ er (ice-cooled), 
followed by short sonicaƟ on using RIPA-buff er in the presence of protease inhibitor cocktail 
(Cat. No. 1836 170, Roche, Mannheim, Germany). ConcentraƟ ons were measured (Pierce 
BCA Protein Assay Kit (Thermo, Cat#23225)) and 2 μg was loaded on a 15% PAA gel. AŌ er 
separaƟ on, proteins were transferred onto a nitrocellulose membrane. Blots were blocked 
with PBS/5% low fat milk/0.05% Tween-20 and subsequently incubated for 2 hours at room 
temperature with primary anƟ -mouse Trex1 anƟ body (BD transducƟ on material number 
611986). (1:2,500 diluted in incubaƟ on buff er (PBS/0.05% Tween-20). Secondary peroxidase 
labelled Rabbit anƟ -mouse anƟ body (DAKO, P0260) (1:2,000 diluted in incubaƟ on buff er) 
incubaƟ on was performed for 1 hour at room temperature. Primary acƟ n anƟ body incubaƟ on 
was performed for 2 hours at room temperature (A2066, Sigma, St Louis, MO, USA) (1:2,000 
diluted in incubaƟ on buff er). Secondary peroxidase-labelled Swine anƟ -rabbit anƟ body (DAKO, 
P0217) (1:2,000 diluted in incubaƟ on buff er) incubaƟ on was performed for 1 hour at room 
temperature. Western bloƫ  ng was done according to the enhanced chemiluminescence ECL 
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protocols (Amersham). Semi-quanƟ fi caƟ on was based on equal β-acƟ n signal intensity (loading 
control) and revealed Trex1 protein bands of 26 KDa for the mutant allele (as predicted from 
the truncaƟ on) and 33 KDa for the wildtype gene product.

Direct Sanger sequencing of RT-PCR products verifi ed expression of V235fs mutaƟ on con-
taining RNA (Supplemental Figure 1D). 
The presence of the truncaƟ on mutaƟ on at the RNA level was confi rmed by direct sequence 
analysis of RT-PCR product. To this end, RNA was extracted from cortex of wildtype and 
homozygous RVCL-S KI mice that had been killed by cervical dislocaƟ on. Total RNA was isolated 
using RNA Instapure (Eurogentec, Seraing, Belgium). For RT-PCR, fi rst-strand cDNA was 
synthesized using random primers, and subsequent PCR was performed using Trex1-specifi c 
primers (primer sequences are available from the authors upon request). PCR products were 
sequenced using standard condiƟ ons.
Details on the nature of human and mouse wildtype and mutant TREX1/TREX1 sequences 
are provided for comparison. In brief, the relevant part of wildtype mouse TREX1 sequence 
starƟ ng with the Valine codon at posiƟ on 235, followed by a sequence of Thr-Ala-Ser-Ala, 
was changed to a sequence of His-Ser-Leu-Cys, followed by the premature stop codon, in the 
mutant sequence.
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Supplemental Figure 1. GeneraƟ on and molecular characterizaƟ on of RVCL-S KI mice. (A) The relevant part of 
the genomic structure of the wildtype TREX1 allele, the targeƟ ng vector, and the predicted gene structure aŌ er 
homologous recombinaƟ on (“V235fs KI + Neo” allele), and aŌ er Cre-mediated deleƟ on of the Neo-casseƩ e (Neo) 
(depicted as a yellow box) (“V235fs KI” allele) are shown. Numbered boxes indicate exons of Atrip, ScoƟ n and TREX1 
genes. The posiƟ on of the “V235fs” mutaƟ on in TREX1’s coding exon 2 (purple box) is indicated. Red horizontal lines 
indicate probes for Southern blot analysis. EcoRI restricƟ on sites are marked as E1, polyadenylaƟ on signal sites are 
marked as pA. B) Southern blots of EcoRI-digested genomic DNA obtained from mice with the indicated combinaƟ ons 
of the RVCL-S KI + Neo, RVCL-S KI, and wildtype alleles. RespecƟ ve bands obtained with either the 5’- or the 3’-probe 
are indicated. WT: wildtype; Hom: homozygote. C) Western blot of cortex protein lysate isolated from wildtype (WT/
WT) and homozygous (hom) RVCL-S KI mice probed with Trex1 or acƟ n anƟ body reveals expression of truncated 
(26 KDa) or normal-sized (33 KDa) Trex1 protein; note that higher levels of Trex1 protein are present in the mutant 
compared to wildtype mice. D) Electropherograms of relevant parts (black boxes) of TREX1 obtained from direct 
sequencing of RT-PCR products of cortex. Total RNA isolated from wildtype (WT) and homozygous RVCL-S KI mice are 
shown. For comparison, the respecƟ ve sequences of mutant (RVCL-S ) and normal human TREX1 are shown below 
the doƩ ed horizontal line.
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Supplemental Figure 2. RepresentaƟ ve examples of cerebral main vessel anatomy analysis of the Circle of Willis 
and pial collaterals in wildtype (WT) and homozygous RVCL-S KI mice. RepresentaƟ ve ventral and dorsal views of WT 
and RVCL-S KI brains show the circle of Willis anatomy and pial arterial anastomoses between middle and anterior 
cerebral arteries. Pictures were taken aŌ er transcardiac ink perfusion under deep isofl urane anesthesia. Circles on 
the dorsal surface indicate examples of analyzed pial anastomoses (number and distance to midline were analyzed), 
whereas circles on the ventral surface indicate measurement areas for arterial diameters. None of these endpoints 
signifi cantly diff ered between WT and RVCL-S KI mice (Supplemental Table 1).
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Supplemental Table 1. Cerebrovascular anatomy obtained using transcardiac ink perfusion. The representaƟ ve 
images and the method of measurements can be found in Supplemental Figure II. ICA – Internal CaroƟ d Artery; 
MCA – Middle Cerebral Artery; ACA – Anterior Cerebral Artery; PCA – Posterior Cerebral Artery; BA – Basilar Artery; 
PcomA – Posterior communicaƟ ng Artery.
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Supplemental Table 2. Animal weight (Mean ± SD) per genotype and age group, measured the day of the surgical 
procedure (MCAO or SHAM surgery). SD – Standard deviaƟ on.


