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Abstract  Cerebrovascular fragility and cerebral 
microhemorrhages (CMH) contribute to age-related 
cognitive impairment, mobility defects, and vas-
cular cognitive impairment and dementia, impair-
ing healthspan and reducing quality of life in the 
elderly. Insulin-like growth factor 1 (IGF-1) is a key 
vasoprotective growth factor that is reduced dur-
ing aging. Circulating IGF-1 deficiency leads to the 
development of CMH and other signs of cerebro-
vascular dysfunction. Here our goal was to under-
stand the contribution of IGF-1 signaling on vascular 
smooth muscle cells (VSMCs) to the development of 

CMH and associated gait defects. We used an induc-
ible VSMC-specific promoter and an IGF-1 receptor 
(Igf1r) floxed mouse line (Myh11-CreERT2 Igf1rf/f) 
to knockdown Igf1r. Angiotensin II in combination 
with L-NAME-induced hypertension was used to 
elicit CMH. We observed that VSMC-specific Igf1r 
knockdown mice had accelerated development of 
CMH, and subsequent associated gait irregularities. 
These phenotypes were accompanied by upregula-
tion of a cluster of pro-inflammatory genes associated 
with VSMC maladaptation. Collectively our findings 
support an essential role for VSMCs as a target for 
the vasoprotective effects of IGF-1, and suggest that 
VSMC dysfunction in aging may contribute to the 
development of CMH.
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Introduction

Cerebrovascular pathologies in aging contribute to 
impairments in cognition and motor function that 
reduce healthspan and quality of life in elderly indi-
viduals [1–4]. Cerebral microhemorrhages (CMHs, also 
called cerebral microbleeds) originate from the rupture 
of brain microvasculature, typically arterioles and cap-
illaries measuring < 200 μm in diameter [5, 6]. CMH 
measure < 5 mm in diameter in humans and can be vis-
ualized on T2*-weighted gradient-recall echo (GRE) or 
susceptibility-weighted imaging (SWI) MRI sequences 
as round, hypointense regions [7–9]. Two major risk 
factors for developing CMH have been identified: age 
(> 65 years of age) and hypertension [10, 11]. Though 
once thought to be subclinical, the presence of multi-
ple CMH in patients is associated with the development 
of cognitive decline [12, 13] and gait defects [14, 15]. 
CMHs are also correlated with Alzheimer’s disease 
(AD) and ischemic and hemorrhagic stroke with a 
greater prevalence of CMHs reported in patients with 
recurring strokes [8, 9, 16]. We are interested in the cel-
lular mechanisms that contribute to vascular fragility 
and the development of CMH in aging.

Vascular smooth muscle cells (VSMCs) are the 
contractile cells of large- and medium-sized blood 
vessels (arteries, arterioles, venules, and veins) and 
are essential for proper vascular stability and vascular 
responses to hypertension and blood pressure varia-
tions. In response to a vascular injury, growth factors, 
or other environmental stressors such as hypertension, 

inflammation, and vascular injury, VSMCs can adopt 
many different phenotypes. These include protective 
phenotypes characterized by hypertrophy and expres-
sion of ECM remodeling genes [6, 17, 18], and mala-
daptive phenotypes which can contribute to vascular 
calcification, pathological vascular remodeling [19], 
and fragility-associated conditions such as intracranial 
aneurysms [20]. Insulin-like growth factor 1 (IGF-1) 
is a pleotropic growth hormone with vasoprotective 
effects, many of which are exerted through its action 
on VSMCs [13, 21]. For example, IGF-1 treatment of 
microvascular VSMCs can lead to increased expression 
of ECM remodeling genes and stimulate VSMC pro-
liferation in the aortas of a diabetic rat model [22, 23]. 
These IGF-1-mediated protective effects in VSMCs 
also play a role in vascular diseases. IGF-1 is protective 
in atherosclerosis due to effects on multiple cell types, 
including VSMCs, where the effects of IGF-1 promote 
plaque stability [24–26].

Levels of IGF-1 decrease with increasing age in 
humans and animal models [21, 27–30], and circulat-
ing IGF-1 deficiency leads to accelerated development 
of many age-related cerebrovascular pathologies in 
animal models [31–42]. These include impaired neu-
rovascular coupling, microvascular rarefaction, and 
impaired myogenic autoregulation (a function largely 
carried out by VSMCs), and other vascular pathologies 
[38, 40, 43, 44]. Critically, circulating IGF-1 deficiency 
is also associated with impaired vascular remodeling in 
response to hypertension and the development of signs 
of vascular fragility such as CMH [7, 34].

Here, we were interested in understanding whether 
reduced IGF-1 signaling on VSMCs increased suscepti-
bility to CMH and subsequent gait deficits. We utilized 
a VSMC-specific IGF-1 receptor (Igf1r) knockdown 
model to evaluate the development of hypertension-
induced CMH. We found that VSMC-specific Igf1r 
deficiency leads to accelerated CMH formation and gait 
impairments. Our findings demonstrate a critical role for 
VSMCs in IGF-1 deficiency-related CMH occurrence.

Materials and methods

Animal model

All animal experiments and husbandry activities were 
approved by the Institutional Animal Care and Use 
Committee at the University of Oklahoma Health 
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Sciences Center (IACUC; University of Oklahoma 
Health Sciences Center, OK, USA). The inducible 
vascular smooth muscle cell-specific IGF-1 receptor 
(Igf1r) knockdown mice were created using a mural 
cell-specific Cre recombinase Myh11-CreERT2 (B6.
FVB-Tg(Myh11-icre/ERT2)1Soff/J, Strain #:019079) 
bred with the Igf1rf/f line (B6;129-Igf1rtm2Arge/J, 
Strain #:012251). We additionally crossed these animals 
onto a tdTomato lineage tracer line (ROSAf/f tdT B6.Cg-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, Strain 
#:007909) to generate Myh11CreERT2 ROSAf/f tdT Igf1rf/f 
in which Cre-mediated excision in these cells allowed 
for life-long expression of the tdTomato fluorophore as 
well as downregulation of the Igf1r protein (although 
no experiments utilizing the reporter are included in 
this study). Genotyping primers are listed in Table S1. 
Control animals were age-matched Myh11-CreERT2 
ROSAf/f tdT Igf1r+/+ mice. Cre induction was done at 
4 months of age with tamoxifen (75 mg/kg over 5 con-
secutive days; Millipore Sigma, St. Louis MO, USA) to 
allow for proper development prior to knockout. Only 
male mice were used for these experiments as the Myh-
11CreERT2 transgene resides on the Y-chromosome. 
Animals used in these studies were 10–12  months of 
age. Mice were housed in pathogen-free barrier con-
ditions in the OUHSC Rodent Barrier Facility. Before 
mini-pump implantation, mice were moved and accli-
mated to a conventional rodent housing facility at 
OUHSC. Mice were on a 12-h light/12-h dark cycle, 
with access to standard rodent chow (Purina Mills, 
Richmond, IN, USA) and water ad libitum.

ELISA

Blood was collected from the submandibular vein 
with a sterile 25-G needle. After coagulating for 
20  min at room temperature, the blood sample was 
centrifuged at 2500 × g for 20  min at 4  °C. Serum 
was collected and stored at − 80 °C until use. Serum 
IGF-1 was measured by ELISA (R&D Systems, Min-
neapolis, MN, USA) as previously reported [43]. An 
IGF-1 control sample was included on each plate. 
Serum IGF-1 levels were reported in ng mL−1.

Hypertension induction and blood pressure 
measurements

Hypertension was induced at 10–12  months of age. 
Igf1r KD and control mice were randomly assigned 

to either “hypertensive” or “normotensive” experi-
mental groups. Subcutaneous intrascapular osmotic 
mini-pumps (Alzet Model 2006, 0.15 μL h−1, 42 days; 
Durect Co, Cupertino, CA, USA) were surgically 
implanted in isoflurane-anesthetized mice as described 
previously [38, 45]. The mini-pumps were filled with 
either sterile saline (for normotensive groups) or angio-
tensin II (AngII) (Millipore Sigma, 1 μg  min−1  kg−1) 
in sterile saline. Buprenorphine extended release (Zoo-
Pharm, Fort Collins, CO, USA) was given to allevi-
ate pain post-implantation. Hypertensive mice were 
also given a nitric oxide synthase inhibitor (L-NAME 
[N5751, Millipore Sigma], 100  mg/kg⋅day) in the 
drinking water as previously described [45]. In some 
specified experiments, animals only received L-NAME 
for 3  days post-pump implantation. To ensure hyper-
tension post-surgery, a subset of mice underwent meas-
urement of mean arterial blood pressure (MAP) just 
prior to euthanasia. Each mouse was anesthetized with 
ventilated isoflurane, placed on a warming pad, and the 
femoral artery was surgically cannulated. The cannula 
was then attached to blood pressure monitors and MAP 
was recorded. Each mouse was then euthanized by car-
diac perfusion under anesthesia.

Standardized neurological examination and removal 
criteria

Mice underwent daily neurological examinations 
starting at day 3 post-pump implantation until the 
endpoint of the experiment. The neurological scor-
ing system uses an 18-point scale that assesses body 
proprioception, vibrissae touch response, symmetry 
in limb movement, forelimb outstretching, climbing 
ability, and spontaneous activity [7, 45]. A decline 
in neurological score to 17 indicates the develop-
ment of CMH and is the desired experimental end-
point for assessment of CMH. A decline in neurologi-
cal score to 15 or below is indicative of hemorrhagic 
stroke and is the humane endpoint [45, 46]. At the 
study endpoint, defined as the day a drop in neuro-
logical score was detected or day 21 in animals that 
did not exhibit a drop in neurological score, mice 
were transcardially perfused under either isoflurane 
or ketamine/xylazine (85 mg/kg/14 mg/kg) anesthesia 
with ice-cold 1 × phosphate buffered saline (1 × PBS, 
137  mM NaCl, 2.7  mM KCl 10  mM Na2HPO4, 
1.8 mM KH2PO4, pH 7.2–7.4) for 10 min prior to tis-
sue harvest.
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Histological analysis of cerebral microhemorrhages

Brains were collected from transcardially perfused 
mice and fixed in 4% paraformaldehyde for 48  h 
at 4  °C and stored in PBS at 4  °C until they were 
embedded in paraffin. Serial coronal brain sections 
were cut at 8  μm thickness across the entire brain. 
All slides were stained with 3,3-diaminobenzidine 
(DAB) (Vector Laboratories/Maravai LifeSciences, 
San Diego, CA, USA) to reveal hemorrhages, and 
counterstained with Gill’s No. 1 hematoxylin (Milli-
pore Sigma) to show brain structure. DAB reacts with 
endogenous peroxidases in red blood cells generating 
a dark brown product that allows for easy and precise 
detection of extravasated blood in the brain paren-
chyma. Brain sections were imaged at 10 × using the 
VS120-L100-W Virtual Slide Microscope (Olympus 
Life Science, Center Valley, PA, USA).

Microbleed area analysis

CMH in DAB-stained images were analyzed in every 
10th coronal section (~ 80  µm apart). Microbleeds 
were identified and extracted manually by observers 
blinded to treatment and genotype from each selected 
coronal section using Adobe Photoshop CS6 (v.13.0). 
These extracted images were then processed through 
a validated custom Fiji (v.1.54e 4 June 2023) script 
as described previously [46]. The extracted images 
were read into Fiji and underwent color deconvolu-
tion, bandpass filter processing, and application of 
an automatic thresholding algorithm to generate a 
binary mask of the bleed. The bleed area, perimeter, 
and other shape descriptors from ImageJ (i.e., aspect 
ratio, circularity) were collected. Results were com-
piled and analyzed in Microsoft Excel. At the time of 
analysis, the anatomical region of the bleed was man-
ually annotated using the Allen Brain Atlas (https://​
mouse.​brain-​map.​org/​static/​atlas, last accessed 
11/14/2023) [47]. Minimum CMH size was defined 
as 26.4 µm2 (the approximate cross-sectional area of a 

single red blood cell). All bleeds greater than that size 
were included in the analysis. CMH were defined as a 
maximum size of ~ 300 µm in diameter (70,000 µm2) 
based on prior studies [48].

Gait analysis

Gait analysis was performed using the CatWalk Gait 
Analysis System (Noldus Information Technology, 
Inc., Leesburg, VA, USA) as described previously [7, 
49, 50]. Experimenters and analyzers were blinded 
to the genotype and treatment of each mouse. The 
mice were acclimated to the CatWalk for 5 min in a 
dimly lit room intended for behavioral assessments 
for 1–2 days before the start of the experiment. Five 
voluntary runs were acquired for each mouse on each 
measurement day. The day before mini-pump implan-
tation, a baseline measurement was recorded for each 
animal. Measurements were then recorded daily for 
each animal starting on post-surgery day 3 until the 
day each animal was euthanized (when the neuro-
logical score dropped below 18 or on post-surgery 
day 21). The footprints from the recorded video files 
were then classified by a blinded observer, and classi-
fied runs were then analyzed for various parameters, 
including regularity index, front and hind base of 
support (BOS), stride length, duty cycle, and swing 
speed [7, 46]. Footfall patterns were also assessed 
for the percentage of normal versus rare patterns 
(Table S2) [49].

Stride length is the distance between the displace-
ment and successive replacement of a single paw 
(measured in cm). Front and hind BOS are the dis-
tance between the animal’s two front or hind paws 
(measured in cm), respectively. Regularity index is a 
measure of inter-paw coordination that assesses the 
amount of normal step sequence patterns as compared 
to the total number of paw placements. Mice with no 
gait deficits should have a regularity index close to 
100%. The regularity index is calculated as follows:

Regularityindex(%) =
#ofnormalstepsequencepatterns × 4

Total#ofpawplacements
× (100%)

Duty cycle compares the amount of time that an 
animal is on one foot (stand) as a function of the 
length of the entire step cycle for that foot (the time 

that the foot is on the ground in combination with the 
time that the foot is in the air). Duty cycle is calcu-
lated as follows:

https://mouse.brain-map.org/static/atlas
https://mouse.brain-map.org/static/atlas
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Swing speed is the speed of each paw during the 
swing (the period of time in which the paw does not 
come in contact with the glass in the CatWalk appara-
tus). Swing speed is calculated as follows:

Protein isolation and western blots

Protein isolation and western blots were performed as 
previously described [70]. Protein was extracted from 
flash frozen aortas that were manually pulverized and 
placed in lysis buffer (10 mMTris-HCl pH 7.6, 1.0% 
Triton X-100, 100  mM NaCl, 2.0  mM EDTA, 10% 
v/v glycerol, 50  mM NaF, 20  mM Na4P2O7, 2.0  mM 
Na3VO4, and 1 × protease inhibitor cocktail [Roche 
Complete, EDTA-free protease inhibitor cocktail, 
Millipore Sigma]). Samples were sonicated and then 
incubated on a rocking platform at 4  °C for 30  min. 
Insoluble material was removed by centrifugation at 
15,000 × g for 10 min at 4 °C and protein was quanti-
fied using Bradford reagent (Bio-Rad, Temecula, CA, 
USA). SDS-PAGE and western blots were performed 
according to standard protocols. Blots were incubated 
overnight in primary antibody: rabbit anti-Igf1r at 
1:500 (Cat# 182408, Abcam, Waltham, MA, USA). 
After washing, blots were incubated with secondary 
antibody: goat anti-rabbit 800 used at a dilution 1:1000 
(Licor Biosciences, Lincoln, NE, USA). β-actin-HRP 
antibody (1:10,000, Cat# A3854, Millipore Sigma) was 
used as a loading control. Blots were imaged using a 
Licor Odyssey Fc imager (Licor). Densitometric analy-
sis of blots with unsaturated bands was performed with 
Image Studio (Version 5.2, Licor).

Analysis of gene expression

Hippocampus and cerebral cortex were dissected and 
flash frozen in liquid nitrogen. Hippocampus and cer-
ebral cortex samples were sonicated, and total RNA 
was isolated using RNeasy Mini QIAcube Kit accord-
ing to the manufacturer’s instructions (cat. no. 74116, 
Qiagen, Germantown, MD, USA). RNA concentra-
tion and purity were measured using a DeNovix DS-11 

Dutycycle(%) =
Stand(s)

Stand(s) + Swing(s)
× (100%)

Swingspeed(cm∕s) =
Stridelength(cm)

Swing(s)

spectrophotometer. Total RNA was reversed transcribed 
into cDNA using the High-Capacity RNA-to-cDNA 
Kit according to the manufacturer’s instructions (cat. 
no. 4387406, Applied Biosystems ThermoFisher) using 
a Bio-Rad T100 thermocycler (Bio-Rad). A TaqMan 
Gene Expression Custom Array Card was designed to 
test 96 qPCR targets each associated with response to 
CMH (cat. no. 4342259, Applied Biosystems Ther-
moFisher). Each port of a microfluidic card was loaded 
with 100  µl of reaction mixture per manufacturer’s 
instructions using TaqMan Universal Master Mix II 
with UNG (cat. no. 4440038, Applied Biosystems 
ThermoFisher) and 10 µl of cDNA. Each card included 
one sample from each experimental group. Cards were 
centrifuged at 2200 rpm for 1 min prior to sealing and 
excising ports. qPCR was performed using the QuantS-
tudio 12 K Flex Real-Time PCR System.

Analysis of qPCR data was carried out in Python 
(v.3.9). Initial screening was used to exclude genes 
with more than two missing Ct values. The stability 
of control genes was assessed utilizing NormFinder 
[51]. The two most stable control genes were deter-
mined separately for cortex (B2m and Ywhaz) and 
hippocampus samples (Gapdh and Hprt). Normaliza-
tion of qPCR data was performed utilizing the geo-
metric mean of the selected control genes [52]. All 
plots were created using Graphpad Prism version 
9.2. Two-way ANOVA was performed by the stats 
(v.4.2.1) package aov function.

Statistical analysis

Statistical analyses were performed using Graphpad 
Prism version 9.2 unless otherwise noted. Unpaired 
t-tests or Mann–Whitney U tests (depending on nor-
mality of data) were used when only two samples were 
compared, one-way ANOVA with Tukey’s post hoc test 
was used when three or more samples were analyzed, 
and two-way ANOVA with Tukey’s post hoc test was 
used when multiple variables were included (i.e., geno-
type and hypertension status). Comparisons of survival 
curves were performed using Kaplan–Meier analysis. 
Data are presented as mean ± SEM or median ± 95% 
confidence interval as indicated in figure legends. Sig-
nificance was set at p < 0.05. Two-way repeated meas-
ures ANOVA was used to compare baseline to last day 
gait measurements (with Tukey’s post hoc test). F-test 
was used to test whether variances were equal. P-val-
ues presented underneath graphs represent P-values 
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from two-way ANOVA. When pairwise comparisons 
were significant, they are marked on graphs with indi-
vidual brackets.

Results

VSMC‑specific Igf1r deficiency accelerates the 
development of cerebral microhemorrhages

To investigate the role of VSMCs in the develop-
ment of CMHs associated with IGF-1-deficiency, we 

used a mouse model of VSMC-specific Igf1r-knock-
down (Myh11CreERT2 Igf1rf/f, hereafter referred to as 
Igf1r KD) and controls (Myh11CreERT2 ROSAf/f tdT 
Igf1r+/+). Tamoxifen-mediated knockdown of Igf1r 
was induced at P120 (Fig.  1A) to allow for full 
development prior to interfering with the IGF-1 
axis. To confirm knockdown, we assessed Igf1r 
levels in the VSMC-rich aorta at 1 year of age. We 
observed ~ 60% knockdown of Igf1r levels in Igf1r 
KD aortas (Fig. 1B, C) while circulating IGF-1 lev-
els were not different between Igf1r KD and controls 
(Fig. 1D).

Fig. 1   VSMC-specific Igf1r KD model: A. Experimental par-
adigm for  the Igf1r knockdown mouse model. B and C. Igf1r 
knockdown was confirmed by western blot of aortic protein 
extracts collected at 1 year of age in control (n = 20) and Igf1r 
KD (n = 17) normotensive (NT) mice. Igf1r is present ~ 100 
kDa (arrow). Densitometry signal was normalized to β-actin 
levels. Igf1r KD animals had lower levels of Igf1r protein than 
their control counterparts (****P < 0.0001 by Mann–Whit-
ney t-test). D. Serum IGF-1 levels were evaluated by ELISA 
(ns: not significant by two-way ANOVA with Tukey’s post 

hoc test) in control (n = 11) and Igf1r KD (n = 3), normoten-
sive and control (n = 14), and Igf1r KD (n = 12) hypertensive 
(HT) mice. E. Mean arterial blood pressure was measured 
immediately prior to euthanasia (n = 4, control normotensive; 
n = 5, Igf1r KD normotensive; n = 6, control HT; n = 3, Igf1r 
KD HT). Combined treatment with AngII and L-NAME suc-
cessfully increased mean arterial blood pressure in both control 
and Igf1r KD mice (****P < 0.0001, two-way ANOVA, with 
Tukey’s post hoc comparison). All graphs show mean ± SEM
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To elicit CMH, we used an established paradigm 
in which hypertension was induced using a combina-
tion of angiotensin II (infused by osmotic mini-pump) 
coupled with provision of L-NAME in the drinking 
water to cause blood pressure spikes (Fig. 1A) [50]. 
Normotensive mice received no L-NAME and mini-
pumps contained saline. Hypertension was induced 
at ~ 10–12  months of age (Fig.  1E), an established 
time point used in studies evaluating IGF-1 defi-
ciency as an accelerated aging model [7, 38]. After 
the induction of hypertension, mice underwent 
twice daily neurological scoring. A consistent drop 
in score reflects the development of CMH and was 
the study removal criterion. Igf1r knockdown (KD) 
hypertensive mice had a significantly earlier onset of 

neurological signs of CMH (i.e., drop in neurologi-
cal score) than hypertensive controls as reflected in 
both incidence curves and the mean number of days 
until neurological decline was detected (Fig. 2A, B). 
As expected, normotensive animals had no change in 
neurological score.

To assess the number, size distribution, and location 
of CMHs histologically, a subset of hypertensive brains 
harvested on the day a drop in neurological score was 
detected were serially sectioned and DAB stained 
(brown region in Fig. 2C is a CMH). Bleeds were man-
ually identified in sections taken every 80 µm through 
the brain and bleed area was analyzed using a series 
of processing steps in ImageJ (Fig.  2C) as described 
previously [46]. There was a trend towards increased 

Fig. 2   VSMC-specific Igf1r KD accelerates development 
of CMH: 10–12-month-old Igf1r KD and control mice were 
implanted with mini-pumps containing saline (NT: normoten-
sive) or angiotensin II (HT: hypertensive) (pump implanta-
tion was day 0) and given drinking water supplemented with 
L-NAME. A. Incidence curves plotting incidence of neu-
rological signs of CMH. Igf1r KD HT mice experienced an 
earlier onset of neurological signs than control HT mice (inci-
dence curves were compared using Kaplan–Meier analysis, 
***P < 0.001, n = 15 control HT, n = 29 Igf1r KD HT, n = 9 
control NT, n = 12 Igf1r KD NT, sample sizes the same for 
B). B. Igf1r KD mice developed signs of CMH significantly 
sooner than controls (***P < 0.001 by Mann–Whitney test). 
C. Serially sectioned brains from HT Igf1r KD and control 
animals were DAB stained (brown) and counterstained for 
nuclei (blue). Shown are images from the Fiji script used to 

analyze bleeds and collect metrics. D. Plotted is total number 
of bleeds per brain (Igf1r KD n = 4 animals, control n = 3) E. 
Bleed number was subgrouped into small bleeds (26.4–5,000 
µm2) and large bleeds (5,001–70,000 µm2). Between-group dif-
ferences were analyzed using two-way ANOVA followed by 
Tukey’s post hoc comparison, *P < 0.05. F. Plotted is bleed 
area (µm2) for individual bleeds in HT Igf1r KD and control 
animals (displayed as median ± 95% confidence interval since 
data were not normally distributed). No significant difference 
was observed between groups (P = 0.8402 by Mann–Whitney 
test). G. Aspect ratio was analyzed for both HT Igf1r KD and 
control animals (plotted as median ± 95% confidence inter-
val). No significant difference was observed between groups 
(P = 0.3825 by Mann–Whitney test). H. Plotted are individual 
bleed areas as a function of aspect ratio. Except where other-
wise noted, graphs plot mean ± SEM
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bleed number in Igf1r KD hypertensive vs control 
hypertensive brains but the difference did not reach 
statistical significance (Fig. 2D). The variance in bleed 
number between brains was significantly larger in the 
Igf1r KD hypertensive group than control hypertensive 
group (P = 0.0286 in F-test to compare variances), sug-
gesting that some Igf1r brains were highly susceptible 
to bleeds while others were not. To determine whether 
this variability might be accounted for by neurological 
score at the time of collection, we plotted bleed num-
ber as a function of the final neurological score. Brains 
were collected as soon as a decline in neurological 
score was detected, but because some mice decline 
more rapidly than others, the final neurological scores 
across our cohorts ranged from 14 to 17. However, we 
did not observe any correlation between neurological 
score at the time of collection and the gross number or 
median area of bleeds (Fig. S1A-B, r2 = 0.001693 for 
Fig. S1A).

Recent work using a laser-induced CMH model has 
shown that the size of the CMH strongly correlates 
with the vessel of origin, with capillary and venular 
CMH having areas less than ~ 5,000 µm2 and arteri-
olar CMH being larger [53]. Based on criteria from 
murine CMH studies, we defined the maximum size 
of a CMH to be ~ 300 µm in diameter (70,000 µm2). 
When the total number of CMH per brain was split 
into small (< 5000 µm2) vs. large (5000–70,000 µm2), 
we observed a greater number of small CMHs than 
large, a difference more pronounced in Igf1r KD vs. 
control (Fig.  2E), suggesting that capillaries/venules 
may be more susceptible to rupture in VSMC-specific 
Igf1r KD mice than arterioles. This was reflected in 
the observation that median CMH area was lower in 
Igf1r KD vs. controls (816 µm2 vs 1101 µm2), but the 
wide range of CMH size meant the difference did not 
reach statistical significance (Figs. 2F and Fig. S2C). 
We also observe some large bleeds (i.e., not CMH) 
in both control and Igf1r KD brains (on average 1.6 
large bleeds/brain in controls vs. 3 large bleeds/brain 
in Igf1r KD).

CMH morphology has also been connected to ves-
sel of origin, with capillary CMH being small and 
spherical, arteriolar CMH larger and spherical, and 
venular CMH more diffuse, often elongating along 
in the perivascular space [53]. Morphology can be 
hard to quantify particularly in bleeds analyzed in 
single planes (since some bleeds may be expanding 
perpendicular to the plane of the section). However, 

one potential metric to quantify morphology is aspect 
ratio where a higher aspect ratio reflects a more elon-
gated bleed. However, we did not see any significant 
differences in CMH aspect ratio between Igf1r KD 
hypertensive and control hypertensive mice (Fig. 2G, 
H; Fig.  S1D). Combined these data indicate that 
VSMC-specific Igf1r KD mice have significantly 
earlier onset of hypertension-induced CMH and sig-
nificantly more variability in the number of CMH per 
brain compared to hypertensive control mice.

CMH are distributed throughout the brain

To assess spatial distribution of CMH throughout the 
brain, bleeds were mapped to various brain regions 
(cortex, cerebellum, hippocampus, olfactory bulb, 
basal ganglia, white matter, hypothalamus, brain-
stem, and thalamus) using the Allen Brain Atlas [47]. 
Bleeds were found throughout the brain, and repre-
sentative CMH images from Igf1r KD hypertensive 
mice are displayed in Fig. 3A. In control brains, cor-
tical, hippocampal, and olfactory bleeds comprised 
71% of the total bleeds while in Igf1r KD, bleeds 
were more evenly distributed across multiple regions 
(Fig. 3B). However, due to variation in bleed location 
from brain-to-brain, there were no statistically signifi-
cant differences in bleed distribution between control 
and Igf1r KD groups (Fig.  3C). The smallest CMH 
(< 5000 µm2) exhibited a similar pattern of distribu-
tion to the total pool of CMH (Fig. 3 B (right) and D).

VSMC‑specific Igf1r deficiency and hypertension 
lead to the development of gait defects

Gait defects are associated with vascular cognitive 
impairment and dementia and CMH [54], so we eval-
uated gait in our cohorts of control and Igf1r KD ani-
mals (both hypertensive and normotensive) using the 
CatWalk Gait Analysis System which permits assess-
ment of freely moving mice. After acclimatizing 
mice to the CatWalk before the beginning of meas-
urements, a baseline gait measurement was recorded 
for each mouse on the day before mini-pump implan-
tation surgery. Beginning 3  days after surgery, gait 
was measured every day until the study removal day 
(i.e., a decline in neurological score or at post-surgery 
day 21). After analysis of each CatWalk trial, we 
compared baseline to final day gait measurements to 
assess changes in gait.
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No gait parameters were altered over the course 
of the experiment in normotensive control or Igf1r 
KD animals, suggesting that the mini-pump itself 
does not significantly affect gait (Fig.  4, green and 
blue symbols). In contrast, Igf1r KD hypertensive 
mice exhibited impairment in several spatiotemporal 
metrics of gait function over the course of the experi-
ment. Hind base of support, the distance between 

the two hind paws during walking, was modestly but 
significantly decreased over the course of the study 
in hypertensive Igf1r KD animals compared to base-
line (Fig. 4A), suggesting that there was a decrease 
in hind stability in Igf1r KD with hypertension. Hind 
base of support was not changed in other groups, and 
front base of support was not decreased in any group 
(Fig.  4B). The related parameters stride length (the 

Fig. 3   VSMC-specific Igf1r alters bleed burden and distri-
bution: bleeds from hypertensive Igf1r KD (n = 4) and con-
trol animals (n = 3) were mapped to nine brain regions (cor-
tex, cerebellum, hippocampus, olfactory bulb, basal ganglia, 
white matter, hypothalamus, brainstem, and thalamus) to 
assess changes in bleed distribution across groups. A. Exam-
ple images of bleeds across the nine brain regions from Igf1r 
KD animals. Scale bars, 100 µm. Boxed areas from top images 

are blown up above. Brown DAB staining marks CMH. B–D. 
Overall bleed distribution by group is plotted for total bleeds 
and small bleeds. Plotted are the percentage of total bleeds 
(C) and small bleeds (D) bleeds found in each region for each 
brain. Between group differences were analyzed by two-way 
ANOVA (ANOVA P-values were > 0.9999 for Igf1r KD vs. 
control, ***P < 0.001 for brain region, no pairwise compari-
sons were significant in post hoc tests)
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distance between the displacement and successive 
replacement of an animal’s paw) and swing speed 
(stride length divided by swing time) were changed 
in hypertensive Igf1r KD. Igf1r KD hypertensive 
mice experienced significantly decreased stride 
lengths on the last day (compared to baseline) for 
all limbs except the left hind (LH) limb (Fig.  4C), 
while swing speeds were reduced in Igf1r KD for 
all four limbs (Fig.  4D). No changes were seen in 
other groups. Similarly, we observed significantly 
decreased duty cycle (the time an animal stands on 
each paw as a percent of the total step cycle) for all 
four paws in the Igf1r KD hypertensive group on 
the last day vs. baseline (Fig.  4E). We also found 
decreases in duty cycle in two paws (RH and LF) for 
the control hypertensive group.

In addition to changes in these spatial/temporal 
metrics, we also observed defects in gait metrics asso-
ciated with gait symmetry and coordination. Regular-
ity index is a measure of the percentage of footfalls 
that are part of one of four “regular” footfall patterns 
(Table  S2), and is a fractional measure of inter-paw 
coordination that has previously been associated with 
CMH development in mouse models of aging and 
circulating IGF-1 deficiency [7, 50]. We found that 
regularity index was significantly decreased in Igf1r 
KD hypertensive mice (last day compared to base-
line), but not in control hypertensive mice (Fig. 4F). 
Over the course of the experiment, we observed 
that many mice developed a limp, often neglecting 
the use of one paw during gait analysis. To quantify 
this, we calculated duty cycle variability, reflecting 

Fig. 4   VSMC-specific Igf1r KD leads to gait defects in the 
context of CMH: prior to implantation of 10–12-month-
old Igf1r KD and control mice with mini-pumps containing 
saline (NT: normotensive) or angiotensin II (HT: hyperten-
sive), animals underwent baseline gait testing. Starting at day 
3 post-pump implantation, animals underwent daily gait test-
ing until removal from the study (n = 9, control normoten-
sive; n = 9, Igf1r KD normotensive; n = 10, control hyperten-

sive; n = 27, Igf1r KD HT). Plotted are comparisons between 
baseline measurements and last day (assessed by repeated 
measures two-way ANOVA followed by Tukey’s post hoc 
tests comparing baseline to last day). *P < 0.05, **P < 0.01, 
****P < 0.0001. Plotted are various gait metrics, hind, and 
front base of support (A and B), stride length (C), swing speed 
(D), duty cycle (E), regularity index (F), and duty cycle vari-
ability (G) (mean ± SEM)
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the unevenness in the amount of time a given mouse 
spent on each foot. Mean duty cycle variability was 
higher in the Igf1r KD hypertensive group on the last 
day (vs. baseline) but the difference was not statisti-
cally significant (Fig.  4G). However, there was sig-
nificantly increased population variance in the duty 
cycle variability metric in Igf1r KD hypertensive on 
the last day vs. baseline (P < 0.0001 in F-test to com-
pare variances) reflecting a high degree of variability 
within the Igf1r KD hypertensive population in this 
parameter. Together, these data indicate that hyper-
tension and CMH-associated gait defects are exacer-
bated in mice with VSMC-specific Igf1r deficiency.

VSMC‑specific Igf1r deficiency results in differential 
expression of genes associated with response to CMH

To help understand what molecular changes might 
be occurring in the brains during CMH development 
in Igf1r KD animals, we performed a cross-sectional 
study evaluating gene expression in cortical and hip-
pocampal tissues harvested 4  days after mini-pump 
implantation. VSMCs regulate vascular remodeling 
and injury repair which is an important function 
that can be activated in response to CMH [55] and 
hypertension. Using a microfluidic array, we evalu-
ated expression of 96 genes associated with CMH 
and vascular fragility (Table S3). All genes from this 
panel that were differentially regulated in response 
to genotype, blood pressure, or both are displayed in 
Figs. 5 and Fig. S2 (P-values for two-way ANOVAs 
are presented under each graph; significant pairwised 
comparisons are marked on graphs with brackets). 
We observed a cluster of genes that were similarly 
upregulated by hypertension in both control and Igf1r 
KD brains (Fig.  S2). These were largely genes that 
have established anti-fragility phenotypes [7], includ-
ing ECM components (e.g., Col4a2, Vcan, Sdc4, 
Fbln5) and ECM processing/cross-linking enzymes 
(e.g., Plod1, Loxl4, Tgm2, Timp3) (Fig.  S2A-B). 
Their upregulation in response to hypertension may 
reflect protective vascular remodeling responses to 
hypertension and injury. We also observed a cluster 
of genes that were upregulated in Igf1r KD vs. con-
trol independent of whether the mice were hyper-
tensive or normotensive. These include ECM genes 
such as Col1a1, Col3a1, Col12a1, and Col18a1; the 
proteoglycan decorin (Dcn); and the fibulin Efemp2 
(Fig. 5A). There was also a cluster of growth factors 

that were upregulated in Igf1r KD mice vs. control 
including Tgfb2, Fgf2, Ctgf, and endothelin 1 (Edn1) 
(Fig. 5B).

Of perhaps most relevance to the development of 
CMH in our hypertension model, we also observed 
several genes that were regulated by both hyperten-
sion and genotype (Igf1r KD vs control). Most of 
these genes were upregulated in Igf1r KD hyperten-
sive brains to a much greater degree than Igf1r KD 
normotensive brains or control brains, though a few 
were downregulated in Igf1r KD hypertensive brains. 
Upregulated anti-fragility genes in Igf1r KD hyper-
tensive brains included ECM and ECM cross-link-
ing genes (Col3a1, Lox, and Loxl2) and the matrix 
metalloproteinase (MMP) inhibitor Timp1. We also 
observed that the pro-fragility protease Adam10 was 
downregulated in Igf1r KD hypertensive samples 
(Fig.  5C). Interestingly expression of Col3a1 was 
upregulated specifically in Igf1r KD hypertensive 
cortex samples while it was upregulated in both nor-
motensive and hypertensive Igf1r KD hippocampal 
tissues. Many other genes were only differentially 
regulated in one of the two tissues examined (hip-
pocampus or cortex), collectively suggesting that 
there may be some region-specific regulation.

However, in addition to these anti-fragility 
changes, we also observed a cluster of pro-fragil-
ity gene signatures in Igf1r KD hypertensive mice 
(vs. control hypertensive or normotensive) brains 
(Fig.  5D). This includes upregulation of the pro-
inflammatory genes Tnf, Sparc, and Spp1 which are 
associated with vascular fragility and aneurysms 
[56–59]; Ncf1 which promotes neointima formation 
in obesity-induced atherogenesis models [60]; and 
Cybb (Nox2) which is associated with vascular oxi-
dative stress [61, 62] (Fig.  5D). We also observed 
hypertension-associated downregulation of some 
ECM components critical for matrix and basement 
membrane stability in Igf1r KD including Col14a1 
and Col16a1 (Fig. 5E).

One challenge is that these tissue level experi-
ments reflect changes in gene expression across mul-
tiple cell types, so it is not possible to identify which 
changes might originate from VSMCs vs. other cell 
types. To provide some insight into this question, 
we asked whether significantly changed genes iden-
tified in our qPCR studies were changed in our pre-
viously published in vitro RNAseq data set in which 
primary cultured rat microvascular VSMCs were 
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Fig. 5   VSMC-specific Igf1r KD leads to alterations in the 
transcription of CMH-associated genes: at day 4 after mini-
pump implantation, brains from all four groups were harvested 
and dissected. cDNA from cortical and hippocampal tissues 
(n = 5 for all groups) underwent qPCR for a panel of 96 CMH-
associated genes. CT values were normalized (refer to meth-
ods). A and B. Plotted are genes upregulated in Igf1r KD ani-
mals independent of hypertension. C and D. Plotted are genes 

upregulated in Igf1r HT animals. E Plotted are genes down-
regulated in Igf1r HT animals. Graphs show means ± SEM; 
between-group differences were analyzed by two-way ANOVA 
with Tukey’s post hoc tests. P-values for two-way ANOVAs 
are reported underneath each graph, where post hoc tests were 
significant; they are indicated on the graphs with brackets, 
*P < 0.05, **P < 0.01, ****P < 0.0001 for post hoc tests
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treated with IGF-1. Many of the changes we observed 
in VSMC-specific Igf1r KD brains were mirrored 
in IGF-1-treated VSMCs (i.e., genes upregulated by 
Igf1r KD in vivo were downregulated by IGF-1 treat-
ment in vitro; Fig. S3A) suggesting that some of the 
gene changes we observed in brain extracts could be a 
result of impaired IGF-1 signaling on brain VSMCs. 
However, we also observed some ECM genes that 
were upregulated in IGF-1-treated cells and in Igf1r 
KD brains (Fig. S3B) including Vcan, Dcn, Col3a1, 
and Col12a1, suggesting that the role of growth fac-
tors such as IGF-1 in ECM turnover is complex.

Discussion

Here we found that CMH development was signifi-
cantly accelerated in Igf1r KD hypertensive mice as 
compared to control hypertensive mice, and there was 
a much higher degree of variability in bleed number 
among Igf1r KD animals vs. among controls (find-
ings in the context of our overall hypothesis are sum-
marized in Fig.  6). However, we did not observe a 
statistically significant increase in total bleed num-
ber between groups. This outcome is consistent 
with the fact that all hypertensive mice were col-
lected at approximately the same neurological score 
(Fig.  S1E). Nevertheless, prior studies have shown 
that even with similar study removal criteria, aging 

and circulating IGF-1 deficiency led to not only ear-
lier onset of CMH development (vs. young or control 
mice) but also more overall bleeds. This may be partly 
due to differences in the prevalence of CMH develop-
ment in control mice in prior studies which often had 
a higher fraction of control hypertensive mice with 
no signs of bleeds compared to our study [7, 45, 50]. 
However, it is likely that the more mild CMH pheno-
type we observe in VSMC-specific Igf1r KD animals 
compared to circulating IGF-1 knockdown animals 
[7] reflects the fact that CMH in circulating IGF-1 
knockdown animals arise due to defects in more than 
one cell type. Circulating IGF-1 deficiency has been 
shown to lead to pathological remodeling of the arte-
rial wall, where IGF-1 receptor is expressed in both 
VSMCs and other cells in the vasculature including 
endothelial cells [63]. The overall vascular fragility 
phenotype (i.e., development of CMH) in IGF-1-de-
ficient mice reflects contributions from both endothe-
lial cells and VSMCs, and future studies may sepa-
rately probe the role of IGF-1 in endothelial cells in 
the development of CMH.

The recent publication of work using a targeted 
laser-induced method to elicit CMH in specific ves-
sels [53] has provided insight into how vessel of 
origin correlates with bleed size and shape. This 
work reported that capillary and venular CMH had 
overlapping size distributions, usually measuring 
less than 5,000 µm2 in area, while arteriolar bleeds 

Fig. 6   Overall proposed paradigm. Show is a depiction of our 
overall hypothesis. We hypothesize that Igf1r deficiency in 
VSMCs may lead to maladaptive VSMC phenotypic switching 
and impaired myogenic autoregulation. As a result, we predict 

increased microvascular vessel fragility, resultin CMH, and 
other pathologies, culminating in impaired gait and cognition. 
Items in regular type were evaluated in this study; italicized 
items with (?) remain to be evaluated in future
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were larger. While it is difficult to make a 1:1 cor-
relation between hypertension-induced and laser-
induced CMH, data from laser-induced CMH do 
provide a framework for predicting vessel of ori-
gin based on size distribution. In our study, smaller 
CMH (< 5,000 µm2) were much more prevalent than 
larger CMH (here defined as 5,000–70,000 µm2) in 
both Igf1r KD (80% of total bleeds < 5,000 µm2) 
and control (73% < 5000 µm2), suggesting that most 
CMH are capillary or venular in origin. The preva-
lence of small, likely capillary-origin, bleeds in the 
Igf1r KD is consistent with the idea that accelerated 
CMH development in Igf1r KD animals is not due 
to rupture of the arterioles most densely surrounded 
by VSMCs, but more likely due to downstream fra-
gility in capillaries arising from impaired VSMC 
responses to hypertension in the absence of vaso-
protective IGF-1.

Because morphology was also qualitatively corre-
lated with vessel of origin in the laser-induced CMH 
model [53], we asked whether there was an acces-
sible parameter that could be used to quantitatively 
assess morphology in our study. We evaluated mul-
tiple shape metrics during our bleed analysis includ-
ing circularity (a measure of perimeter irregularity) 
and two different measures of aspect ratio (which 
reflects the ratio of the major axis to the minor axis of 
an ellipse that encircles the shape of interest). How-
ever, none of these metrics correlated well with bleed 
size or treatment group in our study. Given the widely 
varying morphologies bleeds can adopt, the overly 
simplistic nature of these metrics, and the inability 
of 2D shape descriptors to capture bleed shape in 3D, 
additional analysis tools will be needed to quantita-
tively assess bleed morphology in a meaningful way. 
One challenge in this study was our manual method 
of bleed detection and analysis of DAB-stained sec-
tions. While this method is the gold standard, the 
time-intensive nature limits the number of brains that 
can be assessed. In addition, our sampling strategy 
prevents 3D reconstruction of bleeds, which will be 
considered in future work.

One possible method to achieve 3D volumetric 
bleed reconstruction and evaluation could be stereo-
logical analysis which uses unbiased random histo-
logical sampling and counting to obtain quantitative 
information of morphometric parameters across tissue 
[64, 65]. Stereological analysis has been previously 
used for assessment of capillary lengths, numbers, 

and length-weighted diameters to document micro-
vascular changes in brain regions important for hip-
pocampal input in elderly patients across a spectrum 
of cognitive decline [66]. Additionally, this method 
was used to assess the number of neurofibrillary tan-
gles and neurons as well as amyloid volume burden 
in the same areas [66]. A similar method could be 
applied for volumetric analysis of bleed burden in 
future studies to obtain an accurate 3D reconstruc-
tion of bleeds. In addition, development of super-
vised machine learning algorithms that enable 3D 
bleed reconstruction, analysis, and mapping would 
be of great benefit to studies aimed at understanding 
the factors that affect development and distribution of 
CMH.

Following the development of CMH in our model, 
we assessed alteration of gait in our mice. The pres-
ence of CMH in elderly humans has been correlated 
with the development of gait disturbances [14, 67, 68] 
and cognitive decline [12, 13]. Igf1r KD hypertensive 
animals exhibited impaired gait, including impaired 
regularity index, a measure of coordination that has 
been widely established to be associated with CMH 
[7, 46, 50]. Multiple brain regions are involved in 
the coordination of gait in mice and humans [7, 69]. 
These regions include the cerebellum [70, 71], cor-
tex (specifically the motor cortices) [72], brainstem 
[73, 74], basal ganglia [75], and white matter [76]. 
An MRI study of patients with cerebral small vessel 
disease found that CMHs in the brainstem and basal 
ganglia were associated altered stride and step length 
[69]. One limitation of our studies was the compara-
tively small number of samples we were able to use 
for histological analysis of bleeds. This combined 
with the increased variability in bleed number in the 
Igf1r KD group and the brain-to-brain variability in 
bleed distribution meant that between-group differ-
ences in bleed distribution by region did not achieve 
statistical significance. However, we did observe a 
trend toward increased bleed number in the Igf1r 
KD in several regions known to be important for gait 
including cerebellum, brainstem, and white matter.

While we were able to study CMH and gait defects 
effectively using this acute hypertension paradigm, 
the mice had poor survival and progressed to hemor-
rhagic strokes if not promptly removed from the study 
at the first sign of neurological decline, making it dif-
ficult to evaluate CMH-associated cognitive decline. 
Therefore, in the future it may be beneficial to use 
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a less severe hypertension paradigm that induces 
CMH but does not progress as readily to hemorrhagic 
stroke. We evaluated a small cohort of animals in 
which angiotensin II and L-NAME were delivered 
as in the rest of our study, but L-NAME was with-
drawn after the first 60  h (Fig.  S4). These animals 
developed both neurological and histological signs 
of CMH (incidence curves again support accelerated 
CMH development in Igf1r KD) but did not progress 
to hemorrhagic stroke with the same frequency as 
mice who continued to receive L-NAME. A para-
digm such as this one might be useful in future for 
studies evaluating longer-term consequences of CMH 
including cognitive decline and CMH clearance. This 
may be particularly important for increasing transla-
tional relevance as the development of CMH in aging 
in humans is chronic and slow, with many patients 
exhibiting only one or a few CMH [8, 10] rather than 
the larger number we see in the acute mouse model.

One of the most interesting questions to arise from 
this study is what the molecular mechanisms are that 
lead to accelerated development of CMH in VSMC-
specific Igf1r KD animals. Our transcriptional studies 
suggest that VSMC-specific Igf1r KD elicits a com-
plicated combination of both pro- and anti-fragility 
changes in gene expression. IGF-1 is largely protec-
tive in VSMCs in other models, often by suppress-
ing the adoption of maladaptive VSMC phenotypes. 
There are a variety of maladaptive VSMC phenotypes 
seen in different tissues and pathological conditions, 
including pro-inflammatory macrophage/foam cell-
like phenotypes, chondrogenic phenotypes associated 
with vessel calcification, and fibroblast-like pheno-
types [19]. We found markers of all three of these 
phenotypes upregulated in Igf1r KD brains; Tnf is a 
marker of the macrophage-like phenotype, Spp1 is a 
marker of the chondrogenic phenotype, and Timp1 is 
a marker of the fibroblast-like phenotype [19].

Several of the genes altered in our experiments are 
also inflammatory markers. It has been well estab-
lished that neuroinflammation occurs in response 
to CMH [77, 78], caused by both extravasation of 
immune cells from the blood into surrounding tissue 
and the activation of resident microglia and astro-
cytes by triggers found in extravasated blood [77, 
79, 80]. However, because our transcriptional studies 
were performed on bulk brain tissues, it is not pos-
sible to tease out the cellular origin of any particu-
lar gene, many of which are expressed by more than 

one cell type. Nevertheless, our transcriptional stud-
ies do suggest a link between the neuroinflamma-
tory landscape produced by CMH and alterations in 
ECM composition and turnover in VSMC-specific 
Igf1r KD animals. In addition to changes in some 
inflammatory markers, we observed an increase in the 
MMP inhibitor Timp1 and a decrease in the Adam10 
protease in response to VSMC-specific Igf1r KD 
suggesting changes in ECM turnover. Additionally, 
VSMC-specific Igf1r KD results in dysregulation of 
collagen content (Col3a1, Col14a1, and Col15a1) 
and crosslinking (Lox and Loxl2) suggesting changes 
in ECM composition and stiffness.

What is not entirely clear is the directionality of 
these effects. A neuroinflammatory landscape can 
result in altered expression of genes involved ECM 
remodeling and secretion by VSMCs [81, 82]. How-
ever, conversely, changes in the ECM composition 
and turnover, regulated by VSMCs, can also trigger 
immune activation [83]. ECM components (coined 
“matrikines”) from VSMCs can act as damage-asso-
ciated molecular patterns interacting directly with 
Toll-like receptors triggering inflammatory cascades 
[83–85]. Additionally, ECM composition can regulate 
the allocation and adhesion of inflammatory cells to 
different regions of tissue altering immune response 
[86–88]. For example, microglia have been shown to 
perform directed migration towards stiffer environ-
ments through the process of durotaxis [89]. We look 
forward to future single-cell transcriptomic analyses 
to help delve more deeply into the cellular origins 
and molecular mechanisms by which Igf1r-deficient 
VSMCs contribute to CMH and vascular fragility.

In addition to CMH, other small lesions in the 
brain, such as microinfarcts, have also been impli-
cated in the production of vascular cognitive impair-
ment and dementia with similar risk factors such as 
age and hypertension [72, 90–93]. Alleles which have 
been shown to reduce risk for the development of 
intracerebral hemorrhage in the context of aging and 
hypertension have also been shown to reduce risk of 
developing microinfarcts [94, 95]. Likewise, CMH, 
intracerebral hemorrhage, and microinfarcts are 
also associated with other cerebrovascular diseases 
including cerebral amyloid angiopathy (CAA) and 
familial forms of dementia with a significant VSMC 
component such as cerebral autosomal dominant 
arteriopathy with subcortical leukoencephalopathy 
(CADASIL) [96, 97]. Microinfarcts and CMH have 
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been detected in mouse models of CADASIL [48, 
98], and the co-occurrence of these two pathologies 
in many disease contexts suggests that microinfarcts 
would be an exciting area of future exploration in our 
model.

Since many of the signs of vascular fragility (i.e., 
CMH) in our model likely arise in the capillaries 
where VSMCs are not present, the question of how 
dysregulated IGF-1 signaling on VSMCs could lead 
to microvascular fragility is an important one. The 
answer may lie in the ability of VSMCs to regulate 
vascular tone and in particular cerebral autoregula-
tion. This pressure-induced vasoconstriction is impor-
tant to protect the cerebral microvasculature from 
exposure to elevated blood pressure which can lead 
to adverse consequences such as the development of 
CMH and other pathologies associated with age and 
hypertension [99, 100]. Support for a role for IGF-1 
signaling in myogenic autoregulation comes from 
studies showing that circulating IGF-1 deficiency 
decreases vascular smooth muscle tone and impairs 
autoregulatory action [41], and from studies showing 
that increased IGF-1 levels in humans are associated 
with decreased incidence of hypertension [101, 102].

In addition to playing a protective role in cerebro-
vascular aging, IGF-1 also plays a role in other dis-
ease conditions. While there are conflicting reports 
from human studies, the most recent large studies 
suggest that IGF-1 is protective in the context of 
systemic cardiovascular disease, with patients with 
higher IGF-1 levels having reduced risk of myocar-
dial infarction compared to those with lower IGF-1 
levels, among other findings ([98] and reviewed in 
[103]). However, outside the vascular system, IGF-1 
can be less beneficial. High IGF-1 levels have been 
associated with increased risk of various forms of pri-
mary and secondary cancer [104–108], likely due to 
the growth factor’s mitogenic role. The need for bal-
anced IGF-1 levels is highlighted by the syndromic 
disease experienced by patients with chronic excess 
or insufficient IGF-1. Acromegaly (associated with 
chronic overexpression of growth hormone and IGF-
1) is associated with various co-morbidities including 
but not limited to muscle dysfunction, exaggerated 
growth, soft-tissue hypertrophy, and osteoarthri-
tis [109, 110]. On the other side, people with Laron 
syndrome, which results in IGF-1 deficiency due 
to growth hormone insensitivity, have shorter life 

expectancies, and a cluster of symptoms including 
dwarfism, small cranium, and obesity [111]. Many 
Laron syndrome patients succumb to diseases with 
a vascular pathology [112], further highlighting the 
vasoprotective role of IGF-1.

In conclusion, this study highlights a role for 
VSMCs in IGF-1-associated cerebrovascular fragility, 
specifically the development of CMH. In our study, 
we see a clear association between VSMC-specific 
Igf1r deficiency and the development of hyperten-
sion-induced CMH and associated gait defects, mod-
eling the phenotypes seen in elderly humans [6, 14], 
and highlighting VSMCs as a critical target of IGF-
1-mediated vasoprotection.
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