1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nat Aging. Author manuscript; available in PMC 2024 May 09.

-, HHS Public Access
«

Published in final edited form as:
Nat Aging. 2023 February ; 3(2): 173-184. d0i:10.1038/s43587-022-00354-1.

Impaired dynamics of precapillary sphincters and pericytes at
first-order capillaries predict reduced neurovascular function in
the aging mouse brain

Changsi Cail"*=, Stefan Andreas Zambachl7, Sgren Grubb?, Lechan Taol2, Chen Hel,
Barbara Lykke Lind?!, Kirsten Joan Thomsen?, Xiao Zhang?, Bjgrn Olav Hald!, Reena
Murmu Nielsen?, Kayeon Kim1, Anna Devor34, Micael Lgnstrup?, Martin Johannes
Lauritzen156:=

1Department of Neuroscience, Faculty of Health and Medical Science, University of Copenhagen,
Copenhagen, Denmark.

2School of Biomedical Engineering, Shanghai Jiao-Tong University, Shanghai, China.
SDepartment of Biomedical Engineering, Boston University, Boston, MA, USA.

4Athinoula A. Martinos Center for Biomedical Imaging, Department of Radiology, Harvard Medical
School, Massachusetts General Hospital, Charlestown, MA, USA.

SDepartment of Clinical Neurophysiology, Rigshospitalet, Copenhagen, Denmark.

6Center for Healthy Aging, Faculty of Health and Medical Science, University of Copenhagen,
Copenhagen, Denmark.

“These authors contributed equally: Changsi Cai, Stefan Andreas Zambach.

Abstract

The microvascular inflow tract, comprising the penetrating arterioles, precapillary sphincters
and first-order capillaries, is the bottleneck for brain blood flow and energy supply. Exactly
how aging alters the structure and function of the microvascular inflow tract remains unclear.
By in vivo four-dimensional two-photon imaging, we reveal an age-dependent decrease in vaso-
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responsivity accompanied by a decrease in vessel density close to the arterioles and loss of
vascular mural cell processes, although the number of mural cell somas and their alpha smooth
muscle actin density were preserved. The age-related reduction in vascular reactivity was mostly
pronounced at precapillary sphincters, highlighting their crucial role in capillary blood flow
regulation. Mathematical modeling revealed impaired pressure and flow control in aged mice
during vasoconstriction. Interventions that preserve dynamics of cerebral blood vessels may
ameliorate age-related decreases in blood flow and prevent brain frailty.

Results

In the aging brain, the global level of cerebral blood flow (CBF) is reduced, although the
energy consumption is relatively preservedl-2. In addition, neurovascular coupling (NVC),
that is, the increase in CBF that accompanies increased brain activity, is impaired, whereas
the activity-dependent increases in oxygen consumption are preserved or increased34. The
alterations in cerebrovascular function challenge how well the aged brain can cope with
brain diseases®5. Recent data suggest that brain pericytes fail to control key neurovascular
functions in aged mice and that neurovascular dysfunction precedes age-related impairments
in cognitive decline’. However, the exact vascular mechanisms are not well understood. In
this study, we focused on the contribution of functional compartments of the microvascular
inflow tract (MIT), which comprises arterioles, precapillary sphincters and arteriolar
capillaries®. The MIT is thought to play a key role in NVC?. In particular, precapillary
sphincters at the junction of the penetrating arteriole (PA) and its initial branch (first-order
capillary) are crucial in maintaining capillary perfusion and are bottlenecks for brain
energy supply1911, We provide evidence that impaired NVC in the aging brain is linked

to alterations in vascular reactivity and mural cell coverage at specific zones of the MIT.

Neurovascular coupling at the microvascular inflow tract is reduced with age

We used NG2-DsRed mice expressing red fluorescent protein in vascular mural cells
(pericytes and vascular smooth muscle cells) under the NG2 promoter. Adult mice that

were 3-12 months of age and old mice that were 20-28 months of age were examined in the
experiments. Fluorescein isothiocyanate (FITC)-dextran was injected intravenously to stain
vessel lumens (Fig. 1a,b). Using in vivo two-photon microscopy, we classified capillaries by
their branching orders, with the first order being the first capillary branching from the PA,
and so forth (Fig. 1b). We did not classify the morphology of vascular mural cells, as DsRed
reporters may not be bright enough to examine the morphology of fine processes of mural
cells.

We used fast and repetitive four-dimensional (4D) two-photon microscopy to examine NVC
of the MIT in the somatosensory cortex of anesthetized mice, minimizing the effect of
focus drift on vessel diameter measurement. Precapillary sphincters were identified as the
indentation between the PA and the first-order capillary with thick mural cells enwrapping
the lumen (Fig. 1b)11. We used whisker-pad (WP) electrical stimulation for NVC studies.
WP electrical stimulation with 1.5 mA at 2 Hz for 20 s induced vasodilation, followed

by a small undershoot at the PA, precapillary sphincter and the first-order capillary (Fig.
1c—f). Dilation amplitude (relative change in diameter), absolute increases in diameter and
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cross-sectional area change (based on diameters) declined with age (Fig. 1g and Extended
Data Fig. 1a,b). We also noted an age-associated decrease in the extent of the undershoot

at PAs and pre-capillary sphincters (Fig. 1h). To compare the response time in adult and

old mice, we defined onset of dilation as the time point at half of the peak amplitude and
dilation duration as half-peak width. The onset of dilation did not differ between adult and
aged mice (Fig. 1i), but the dilation duration was shorter at all vascular locations in old mice
(Fig. 1j). Peak diameters at PAs and sphincters decreased with age (Extended Data Fig. 1c),
suggesting higher vessel stiffness in old mice.

To examine whether the reduced vascular responsivity was associated with decreased neural
activity in the aged brain, we inserted a glass micropipette to record local field potentials
(LFPs; Fig. 1k). WP stimulation-induced field excitatory postsynaptic potentials (fEPSPs).
The amplitude, latency and area under the curve of the fEPSPs were preserved with age (Fig.
11-n), indicating that excitatory synaptic responses were unchanged by aging.

Overall, the mismatch between preserved LFPs and the reduction in the NVC response
in aged mice suggests a decrease in vascular responsivity to rises in excitatory
neurotransmission, the main driving force for NVC112,

Reduced neurovascular coupling in the aging brain is dependent on microvascular mural

cells

The next question we addressed was whether the decrease in NVC responses with age
represented a general decrease in vascular responsivity. To selectively activate vascular
mural cells, we locally puffed pinacidil, an ATP-sensitive potassium channel (Karp channel)
opener, via a glass micropipette in proximity to the imaged vessels. Our previous work
suggested that 5 mM pinacidil acts directly on vascular mural cells without eliciting
neuronal or astrocytic responses!!. Pinacidil at 5 mM evoked vasodilation at all MIT
locations: the PA, precapillary sphincter and first-order to third-order capillaries (Fig. 10-s).
Compared with adult brains, PAs, precapillary sphincters and first-order capillaries exhibited
smaller dilation amplitudes, absolute diameter changes and cross-sectional area changes
with age, whereas the responsivity was the same for second-order and third-order capillaries
(Fig. 1s and Extended Data Fig. 1d,e). Note that the initial diameter drop was due to a
momentary mechanical pressure change caused by puffing (Extended Data Fig. 2).

The reduced vasodilator responses in aged brains may be explained, in part, by vessel
stiffness due to a reduction in the number of elastin fibers and the fragmentation of elastin,
along with the deposition of collagens314. To test this hypothesis, we puffed 10 mM
papaverine on MIT in adult and aged mice. Papaverine dilates blood vessels by inhibiting
voltage-gated calcium channels® and by blocking vascular phosphodiesterases’®, preventing
degradation of cGMP and cAMPL’. After application of papaverine, the remaining elements
to constrain dilation may be passive structures, such as elastin and collagen10-18, Papaverine
elicited vasodilation in adult mice, but its effect in aged mice was attenuated (Fig. 2a—

¢ and Extended Data Fig. 1g,h). In particular, the response to papaverine was reduced

at precapillary sphincters, providing evidence of age-related changes specifically at this
vascular zone, likely attributable to vessel stiffness.

Nat Aging. Author manuscript; available in PMC 2024 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 4

The vasodilation induced by local papaverine application was smaller than that induced
by WP stimulation and pinacidil puffing in aged mice, but these vasodilator responses
were similar in adult mice (Extended Data Fig. 3). Endothelial nitric oxide synthase
(eNOS) activity has been reported to decline with agel9, partially due to an increase in
the endogenous inhibitor of eNOS20. To investigate whether ongoing nitric oxide (NO)
synthesis is altered at the MIT with age, we intravenously infused the NOS inhibitor NG-
nitro-L-arginine methyl ester (.-NAME) at a dose of 30 mg per kg body weight. L-NAME
induced vasoconstriction at the PA, precapillary sphincter, and first-order to third-order
capillaries in adult mice, but to a lesser extent in aged mice (Fig. 2d—g). PAs constricted
less at the 2nd, 3rd and 4th minutes and precapillary sphincters constricted less at the

3rd and 4th minute after L-NAME infusion in aged mice (Fig. 2i), as reflected in the
constriction amplitude in percentage, absolute diameter and cross-sectional area change
(Fig. 2h and Extended Data Fig. 1j,k). This indicates NO synthesis or NO-dependent
mechanisms are impaired with age. Taken together, the results indicate that age affects
the MIT by impairing vasodilator sensitivity in the whole MIT and affecting responsivity,
particularly at precapillary sphincters.

Vasoconstriction at precapillary sphincters decreases with age

Having established that the responsivity of vascular mural cells at MIT decreases with age,
with less pronounced vasoconstriction by L-NAME infusion in aged mice, we examined
whether aging affects vasoconstriction at MIT. For this purpose, we used endothelin (ET1),
a potent vasoconstrictor that is synthesized mainly by endothelial cells in brain pathology?!.
Local puffing of 0.5 pM ET1 using glass micropipettes elicited strong and long-lasting
vasoconstriction at all examined MIT locations in both adult and old mice (Fig. 2j—m). The
contractility of mural cells was largely preserved with age, except at precapillary sphincters,
which presented reduced responsivity (Fig. 2n and Extended Data Fig. 1m,n).

Therefore, with age, the PA and first-order to third-order capillaries preserve their ability to
constrict, and precapillary sphincters are less contractile. This indicates that the vascular
network in healthy old mice may successfully maintain a rate of flow that mitigates
exogenous vasoconstriction and prevents an energy crisis, particularly via precapillary
sphincters.

Vascular coverage of mural cell processes decreases with age

Capillary pericyte loss during aging has been reported?2, although a recent transcriptomic
study shows no change23. More detailed knowledge of MIT mural cells in old mice is
lacking. To further characterize aging-associated morphological changes in vascular mural
cells, we used immunohistochemistry to stain alpha smooth muscle actin (aSMA) in
vascular mural cells of the MIT (Fig. 3a,b and Extended Data Fig. 4). The brains were
prepared in the same batch to minimize variability and to ensure the comparability of
antibody staining in all brain slices. For image analysis, we normalized the background

of each x-y plane in one acquired image z-stack to minimize differences in crossplane
fluorescence intensity (Methods and Extended Data Fig. 5a,b).
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We examined whether aging caused an alteration in mural cell aSMA or morphology.
Similarly to previous studies, the density of nuclei in non-vascular brain cells decreased
dramatically with age (Extended Data Fig. 5¢). In this study, we discovered that mural

cell coverage of the vessel surface area declined at PAs and at first-order to third-order
capillaries but was preserved at the precapillary sphincters (Fig. 3c). On the other hand, the
linear density of mural cell somas, that is, the number of mural cell somas per millimeter
of vessel length, remained constant with age (Fig. 3d). Similarly, the vascular density

of endothelial cell somas and ratio of mural cell somas to endothelial cell somas were
preserved with age (Extended Data Fig. 5d and Fig. 3e). We also measured the aSMA
density at mural cells (that is, the NG2-positive area). a SMA density was unaltered with
age (Fig. 3f), suggesting that brain vascular aging is unrelated to mural cell loss or aSMA
degeneration at the MIT, but accompanied by lower vascular mural cell process coverage by
mural cell processes on PAs and first-order to third-order capillaries.

Vessel density declines and diameter increases with age

To further characterize the morphological and structural changes of the MIT, we recorded
two-photon image stacks of PAs and their associated capillary networks in adult and aged
mice in vivo (Fig. 4a). Image stacks were skeletonized to estimate vessel length and
diameter by Amira software (Methods and Fig. 4b,c). We manually labeled individual PAs
and first-order to fifth-order capillaries by visual inspection. Similarly to recent studies24, we
used total length per brain volume as a measurement of vessel density (Fig. 4d—f). The total
length of the PAs and first-order to fourth-order capillaries declined with age, whereas the
total length of > fifth-order capillaries was preserved (Fig. 4e). This implies that the vessel
density declines with age in proximity to the PA, but not in the capillary bed on the venous
side. We also used total vessel number and mean vessel length to estimate the vessel density
and rarefaction of vascular networks. We found that the total vessel number decreased with
age, especially in proximity to the PA (Extended Data Fig. 6a—c), while mean vessel length
increased with age at PA and in proximity to the venous side (Extended Data Fig. 6d-f).
Finally, we asked whether this dependency changed with depth. Our data show that the
age-related decline in vessel density occurred at all cortical layers (Fig. 4f and Extended
Data Fig. 6¢).

Consistent with previous reports?, vessel diameters increased with age for all examined
vessel locations (Fig. 4g,h), but were only significant at a depth of 0-200 um (Fig. 4i).
Considering that the mean vessel diameter increased and total vessel length decreased with
age, we examined the total vessel volume (Extended Data Fig. 6g—i) as a proxy for brain
perfusion capacity. Interestingly, the global vessel volume increased with age (Extended
Data Fig. 69) as result of an increase in the volume of the venous capillaries (Extended
Data Fig. 6h), which may suggest that brain vascular aging is associated with an increase

in venous compliance. Lastly, we estimated vessel tortuosity in both adult and old brains by
dividing the curved length by the chord length of each vessel segment (tortuosity index; Fig.
4j-1). The PAs became more tortuous with age, whereas vessels downstream from the PA
remained at the same level of tortuosity (Fig. 4k,1).

Nat Aging. Author manuscript; available in PMC 2024 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal. Page 6

Taken together, the results suggest that the vessel density decreases close to the PA; vessel
total volume increases close to ascending venules; the vessel changes are similar for cortical
layers I-111; and vessel tortuosity increases at the PA, but not in capillaries.

Blood flow and pressure at the microvascular inflow tract are affected by aging

To assess the possible implications of a special role for the sphincter and first-order
capillary on capillary flow and pressure, we developed a mathematical model based on
three-dimensional reconstruction of brain vasculatures from three adult mice and three old
mice, including all elements of the MIT and up to the sixth-order capillary (Extended

Data Fig. 7a,b,e). The model assumed that the vessels were rigid and the flow laminar.

We calculated the flow resistance at each capillary order using Poiseuille’s law. Given that
the sum of flows entering and leaving any internal node equals zero (Kirchoff’s 2nd law),
we calculated the blood pressure and flow at each node within the vascular network using
Ohm’s law. We designated vessel diameters and dilation and constriction amplitudes based
on two-photon microscopy imaging (Supplementary Table 1).

We calculated the pressure distribution in the adult and aged vascular network models at
the resting state, during WP stimulation and during ET1 puffing (Extended Data Fig. 7c).
Our model suggested that, in old mice, first-order to third-order capillaries (but not the PAs
or precapillary sphincters) were exposed to higher intraluminal pressure than in adult mice,
particularly when exposed to ET1 (Extended Data Fig. 7¢). To examine whether pressures
at all three states (rest, WP and ET1) were related to the degree of mural cell coverage
reported in Fig. 3, we plotted mural cell coverage as a function of blood pressure for

adult and old mice (Extended Data Fig. 7d). The analysis suggests that the blood pressure
distribution correlates with mural cell coverage in an almost linear manner from sphincters
to the third-order capillaries. With age, mural cell coverage decreased, whereas pressure
increased at the first-order to third-order capillaries, suggesting a more fragile regulation of
blood pressure at MIT in aged mice.

Next, we compared the blood flow distribution in adult and old mice at each vessel location
(Extended Data Fig. 7e,f). Given that the mean vessel diameter was larger in the aged

brain than in the adult brain, the flow at PAs was higher in old mice than in adult mice

at rest (Extended Data Fig. 7f). Although the age-related flow difference was insignificant
for WP stimulation, the flow drop was reduced at precapillary sphincters and first-order to
third-order capillaries in old brains after ET1 puffing (Extended Data Fig. 7f).

Discussion

Using in vivo 4D two-photon microscopy, immunohistochemistry and mathematical
modeling, we examined the structural and functional changes that occur in brain
microvasculature with age. We focused on the MIT: the PAs, precapillary sphincters and first
few orders of capillaries, which play important roles in regulating capillary blood flow. Our
study shows that, at the MIT, vascular responsivity decreased with age, contributing to the
reduction in NVC responses in aged mice. In addition, the decrease in vascular dilation may
be ascribed to an impaired ability of vascular mural cells, especially precapillary sphincters,
to relax. In comparison, the ability of vessels to constrict in response to ET1 was preserved
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with age, except for precapillary sphincters, which constricted less in old than in adult

mice. Coverage of MIT by mural cell processes was reduced with age, but mural cell soma
and aSMA densities remained unaltered. Capillary density decreased in proximity to the
PA, but vessel diameters increased at all locations, reducing the overall vascular resistance.
Mathematical modeling suggested impaired regulation of blood pressure at MIT but implied
preserved blood flow at MIT during vasoconstriction.

Studies have found that vascular tone in middle-aged mice and rats may be increased?>, or
decreased?8. Here we used mice that were more than 90 weeks old, and this revealed an
increase in the resting vessel diameter that may reflect a decrease in vascular tone produced
by age-related changes in autoregulation?’. Our findings of increased resting-state vessel
diameter could reflect a mechanism that old brains use to cope with reduced vasomotility
by increasing resting-state flow. ET1-evoked vasoconstriction at sphincters was smaller in
old than in adult mice, suggesting that the aged vascular network aims to maintain a rate

of blood flow that preserves the brain’s energy supply. Further, the total vessel length was
decreased but resting diameter increased with age, a constant blood volume was maintained.
Our findings could suggest a compensating mechanism to keep CBF and oxygen supply at a
physiologically healthy level during brain aging. It cannot be excluded that the aged vascular
system is strained by the reduced vascular capacity for dilation and that energy crisis may
therefore be more likely to occur under homeostatic stress.

K arp channels are generally downregulated during aging?® and there is an age-related
decrease in the probability of K arp channels opening?. NO production and bioavailability
is reduced during aging3°, but the mechanism is still unclear, since eNOS has been reported
not to change3!, increase32 or decrease3? with age. This discrepancy may be attributed to
differences among mouse strains, specimens and preparations. ET1 signaling and synthesis
are increased in old compared with adult brains34, and ETA receptor expression in rat heart
is reported to decrease with age®>, but it is not known if this is true for brain microvessels. If
the same reduction in ETA occurs in brain aging, our results showing that aged precapillary
sphincters constricted less than adult may be caused by the loss of receptors and consequent
desensitization. Our studies of NO and ET1 in aged mice suggest that the response of
vascular mural cells to signaling molecules produced by endothelial cells is either preserved
or reduced with age. This is consistent with the canonical view that impaired interplay
between endothelial cells and mural cells is the hallmark of vascular damage in advanced
aging®® (Extended Data Fig. 8).

Immunohistochemistry of vascular mural cell morphology and aSMA density showed
preservation of aSMA density in mural cells with age, whereas mural cell coverage by
their processes decreased at the MIT, probably due to diminished pericyte outgrowth from
aged pericytes compared with that of their younger counterparts. Preservation of mural cell
soma density suggests that aging leads to a reduction in mural cell complexity. This is
similar to neuron number preservation with reduced dendrite lengths and numbers during
normal aging®’. Pericyte process rarefaction could contribute to the dysregulation of blood
flow at the MIT and may impact the blood-brain barrier38, and loss of pericyte function is
associated with blood flow reduction in neurodegeneration3®. The age-related alteration of
blood flow regulation was most pronounced at precapillary sphincters, which are encircled
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by a bulky mural cell, but mural cells at sphincters do not have long fine processes and the
reduction in responsivity at this site is not explained by the decrease in vessel coverage by
mural cell processes. Alternatively, future studies should quantify the extracellular matrix
during aging, with particular focus on the sphincters.

In summary, our data reveal important roles for the precapillary sphincters and first-order
capillaries in healthy brain aging, and imply the existence of age-related effects that
compensate for vasoconstriction to help maintain tissue perfusion.

Animal handling

All procedures were approved by the Danish National Ethics Committee according to the
guidelines set forth in the European Council’s Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific Purposes and are in compliance with
the ARRIVE guidelines. A total of 63 NG2-DsRed mice Tg (cspg4-DsRed. T1)1Akik/j from
Jackson laboratory, including 32 adult mice (aged 3—12 months) and 31 old mice (aged 20—
28 months), were used. All mice were maintained at 21 °C + 1 °C with 50% + 10% relative
humidity, and a 12-h light/12-h dark cycle (06:00-18:00). Food and water were provided
ad libitum. The mouse trachea was cannulated for mechanical ventilation. One catheter was
inserted into the left femoral artery to monitor blood pressure and blood gases; a second
catheter was placed into the left femoral vein for infusion of substances. To maintain

the mouse under physiological conditions, we continuously monitored end-expiratory

COy, blood pressure, heart rate and O, saturation at the right hind paw. Throughout the
experiment, we assessed blood gases in arterial blood samples twice (55 pl each time):
after completion of the craniotomy and after termination of the experiments just before
euthanasia. We monitored the mouse’s physiological state at pO, 95-110 mm Hg, pCO»
30-40 mm Hg and pH 7.35-7.45. Body temperature was maintained at 37 °C using a rectal
temperature probe and heating blanket. We drilled a 4-mm-diameter craniotomy above the
sensory barrel cortex region, centered 0.5 mm behind and 3 mm to the right of bregma.
After dura removal, the preparation was covered with 0.75% agarose gel, further submerged
under artificial cerebrospinal fluid (aCSF; 120 mM NaCl, 2.8 mM KCI, 22 mM NaHCOs,
1.45 mM CaCl,, 1 mM NayHPOy4, 0.876 mM MgCl, and glucose 2.55 mM; pH 7.4), and
kept at 37 °C. For imaging experiments, three-quarters of the craniotomy was covered with
a tilted glass coverslip that permitted the insertion of glass micropipettes. The mice were
anesthetized by intraperitoneal injection of xylazine (10 mg per kg body weight) followed
by ketamine (60 mg per kg body weight), and maintained during surgery with supplemental
doses (30 mg per kg body weight) of ketamine every 24 min. Upon completion of all
surgical procedures, the anesthesia was switched to continuous intravenous infusion with

a mixture of 17% a-chloralose and 2% FITC-dextran (0.02 ml per 10 g body weight per
hour). At the end of the experimental protocol, the mice were euthanized by intravenous
injection of 0.05 ml pentobarbital followed by cervical dislocation.
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Whisker-pad stimulation

The mouse sensory barrel cortex was activated by stimulating the contralateral ramus
infraorbitalis (10) of the trigeminal nerve via a set of custom-made bipolar electrodes
inserted percutaneously. The cathode was positioned according to the hiatus 10, and the
anode was inserted into the masticatory muscles. WP stimulation (thalamocortical 10
stimulation) was performed at an intensity of 1.5 mA with pulse duration of 1 ms, duration
of 20 s and frequency of 2 Hz.

Local ejection (puffing) by glass micropipette

We used a pipette puller (P-97, Sutter Instrument) to produce borosilicate glass
micropipettes with a resistance of 3-3.5 MQ. The pipette was loaded with a mixture of

10 uM Alexa 594 and vasoactive substances of interest, which enabled visualization of the
pipette tip under an epifluorescence camera and two-photon microscope. Guided first by
epifluorescence imaging, and then by two-photon microscopy, the pipette was carefully
inserted into the cortex and moved in proximity of the targeted vessels. The distance
between the pipette tip and the vasculature was approximately 30-50 pm. Pressure ejection
of vasoactive substances was achieved using an air pressure pump at 8-15 psi. A red
cloud (Alexa 594) ejected from the pipette tip was visually observed to cover the local
vascular region instantaneously, and the background returned to normal approximately 1
min after puffing. An estimated volume of 0.38 nl was delivered in each puff. This high
concentration is rapidly diluted. The drug concentration in the puffing solution was higher
than the concentration of the same drug used in brain surface superfusion experiments.
An electrode inside the puffing pipette was used to record local electrical brain activity
during the experiments. This ensured that LFPs were recorded at the location where the
concentration of the puffed drug was the highest.

Local field potentials

Two-photon

To record extracellular LFPs, we used the same glass micropipette for the puffing
experiments. The Ag/AgClI ground electrode was positioned in the neck muscles. The
signal was initially amplified using a differential amplifier (10x gain, 0.1-10,000 Hz
bandwidth; DP311, Warner Instruments). Then additional amplification was performed
using the CyberAmp 380 (100x% gain, 0.1-10,000 Hz bandwidth; Axon Instruments). The
electrical signal was digitally sampled at a 5-kHz sampling rate using the MICRO 1401
interface (Cambridge Electronic Design) connected to Spike2 software v7.02a (Cambridge
Electronic Design). For each stimulation train, we averaged the LFPs, and calculated the
amplitudes of fEPSPs as the difference between baseline and the first negative peak, and the
latency as the time from stimulation onset to the peak of the fEPSP.

imaging

FITC-dextran (500,000 MW, 50 pl, Sigma-Aldrich) was applied intravenously to stain the
vessel lumen green. Before two-photon imaging, 4% wt/vol FITC-dextran was administered
as a bolus into the femoral vein. During two-photon imaging, 2% FITC-dextran was
continuously infused at a slow speed to compensate for the metabolic loss of FITC-dextran.
Fast repetitive hyperstack imaging (4D imaging) was performed using a commercial two-
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photon microscope (Femto3D-RC microscope and Femtonics MES v6 software, Femtonics)
and a x25 1.0-NA piezo motor objective. This method compensates for focus drift and
allows for evaluation of the vasculature spanning a certain z-axis range. Each image stack
was acquired within 1 s and comprised 10-14 planes with a plane distance of 4-5 pm. This
approach covered the whole z-axis range of the investigated blood vessels. The pixel sizes
in the x=y plane were 0.2-0.38 pum. The excitation wavelength was set to 900 nm. The
emitted light was filtered to collect red and green light from DsRed (smooth muscle cells
and pericytes) and FITC-dextran (vessel lumens), respectively.

imaging data analysis

The imaging analytical tool was custom made using MATLAB R2018a. To measure vessel
diameter in the hyperstack video, we flattened each image stack onto one image by
maximal intensity projection, creating a two-dimensional time-lapse movie. An averaged
image over time from the green channel was plotted for placement of regions of interest
(ROIs). Rectangular ROIs with a width of 4 pm were drawn perpendicular across the
vessel longitude. The rectangular ROl was averaged by projection into one line for each
frame, representing the profile of the vessel segment at this frame. The profile line was
plotted as a two-dimensional image with the x axis as the number of frames. Chan-Vese
segmentation or pixel intensity-based segmentation was used to delineate the vessel edge
and estimate the diameter change in the vessel segment at this ROI. Less than 2% of the
evoked diameter change was considered non-responding but included in the analysis as
zero values. Up to five ROIs with an adjacent distance of 10 um were placed at the same
order capillary depending on the length of the capillary order. Diameter curves at the same
order capillary were averaged, representing the response curve at this capillary order. The
relative response amplitude was defined as the largest vasodilation/constriction amplitude
(as a percentage) after WP stimulation/puffing. The response latency was defined as the
latency of the half-maximum amplitude. The response duration was defined as the period
between half-peaks of rising and falling phases. The cross-sectional area of a vessel was
calculated as the square of the radius multiplied by the math constant pi, assuming that the
cross-section of a vessel is a circle.

Three-dimensional vascular reconstruction and analysis by Amira

In a dedicated set of in vivo experiments, we recorded zstacks in a 250-500 um x 250-500
pm area in steps of 1-2 pm around as many PAs in the craniotomy as possible and as deep
as 600 pm below the pial surface. For this purpose, we used FITC-dextran-injected adult
or aged NG2-DsRed or C57BL/6 mice. The laser wavelength was set to 920 nm, and the
laser power was gradually increased with imaging depth until the signal/noise ratio was
too high to resolve the vessels. We did not observe any indications of laser damage, or
even bleaching of the NG2-DsRed caused by the z-stack recordings. The angioarchitecture
was analyzed by skeletonization in Amira version 6.1 (Thermo Fisher) after applying a
Gaussian filter and local thresholding. We manually cleaned the skeleton from runts (small
terminal branches that were obvious mistakes) and labeled the arteries and venules before
incrementally labeling the first-order to fifth-order capillaries. The capillaries were always
labeled the lowest order possible. The data were exported from Amira and analyzed in
MATLAB using a custom-made algorithm.
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Drug application

We locally ejected vasoactive substances (pinacidil, papaverine, endothelin) via a glass
micropipette. Pinacidil monohydrate (P154, Sigma-Aldrich) and papaverine (P3510, Sigma-
Aldrich) were solubilized in dimethylsulfoxide and further dissolved with aCSF. ET1 (1160,
Tocris) was directly dissolved in aCSF. Aliquots were stored at —20 °C. L-NAME (N5751,
Sigma-Aldrich) was dissolved in saline and stored at —20 °C. L-NAME was intravenously
injected as a bolus at a dose of 30 mg per kg body weight. Before each experiment, each
drug solution used for puffing was mixed at a 1:1 ratio with 20 uM Alexa 594 (dissolved in
aCSF). Concentrations in the final puffing solution were as follows: 5 mM pinacidil, 10 mM
papaverine and 0.0005 mM ET1.

Immunohistochemistry

Three adult and three old NG2-DsRed mice were transcardially perfused with 4%
paraformaldehyde and their brains extracted and stored in paraformaldehyde for 4 h. The
brains were then cryoprotected in PBS with 30% sucrose and 0.1% sodium azide for 48

h, rapidly frozen on dry ice-chilled isopentane, trimmed to only include the somatosensory
cortex, and sectioned into coronal 50-um-thick slices using a cryostat. Sections were rinsed
in 0.1 M PBS for 5 min three times. The sections were permeabilized and blocked in 0.5%
Triton-X 100 in 1x PBS (pH 7.2) and 1% bovine serum albumin overnight at 4 °C. The
sections were further incubated for two nights at 4 °C with mouse ACTA2-FITC antibody
(1:200 dilution; Sigma, F3777) or rat CD31 antibody (1:200 dilution; BD Biosciences,
553370) in blocking buffer containing 1-5% bovine serum albumin in 0.25-0.5% Triton-X
100 in 1x PBS. The sections were then washed in 0.1 M PBS for 5 min three times

and incubated overnight at 4 °C with secondary goat anti-rat antibody conjugated to

Alexa Fluor 647 (1:500 dilution; Abcam, ab150159), following by incubation in Hoechst
(1:6,000 dilution;) for 7 min and mounting via SlowFade Diamond Antifade Mountant
(Invitrogen, S36963). We imaged the stained and mounted brain samples by spinning disc
microscopy using a Zeiss CellObserver microscope equipped with Yokogawa spinning disks,
Hamamatsu Orca Fusion scientific CMOS camera, and a Fluar x40/1.20 water immersion
objective. We also used ZEISS confocal laser scanning microscope LSM980 and ZEISS
Zen Blue 2012 software to image the brain slices. For the green channel (FITC), an
illumination wavelength of 488 nm and emission filter BP525/50 were used. For the red
channel (DsRed), an illumination wavelength of 561 nm and emission filter BP629/62 were
used. For the far-red channel (Alexa Fluor 647), an illumination wavelength of 635 nm

and emission filter BP629/62 were used. For the blue channel (Hoechst), an illumination
wavelength of 405 nm and emission filter BP450/50 were used. Zstack images of the
continuous vasculature, PA, precapillary sphincters and first-order to third-order capillaries,
and if possible higher-order capillaries, were recorded at a resolution of (x) 0.1 pm/pixel x
(») 0.1 um/pixel x (z-step) 0.28 um in coronal brain slices from the somatosensory cortex.

Image analysis of immunohistochemistry

In this study, we used the fluorescence intensity of antibodies as a proxy of protein density,
that is, a SMA and NG2, and compared them at different orders of capillaries. The existing
disadvantage to quantify the protein density in the immunostained brain slices is the uneven
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fluorescence intensity of antibodies at different depths. This is mainly attributed to: (1)

the decline of antibody binding efficacy from surface toward the center of the slice; (2)

the excitation laser power is scattered and therefore reduced, when imaging the brain slice
from top to bottom. Therefore, we implemented a new image post-processing algorithm

to overcome the aforementioned problem. Firstly, an identical background area for every
plane was manually selected, avoiding any vessels all through the image stack (Extended
Data Fig. 5a). Secondly, we calculated the background mean intensity for each plane, and
plotted it with all planes in the z-stack (Extended Data Fig. 5a). Thirdly, we normalized the
background intensity to the maximal intensity value in the z-stack, by multiplying a weight
for the pixel intensity of each plane (Extended Data Fig. 5a). Lastly, the new image stack
was flattened by maximal intensity projection (Extended Data Fig. 5a). Furthermore, we
used semi-manual customized code to identify the whole vessel surface and pericyte-covered
area (Extended Data Fig. 5b). The selected region in the aSMA image was based on

the mural cell-covered area in the DsRed image. Mural cell coverage is defined as the
percentage of vessel surface area that is covered by somata of and processes originating
from the mural cells and based on the NG2-positive area along and around the vessel
surface, providing a possible anatomical substrate for control of vessel diameter. The somas
of the vascular mural cells were identified by co-staining with DsRed and Hoechst.

Computational modeling

We developed a simple hemodynamic network model based on image reconstruction of

a single PA and venule and their associated capillaries. Briefly, Amira software (version
6.1) was used to segment a z-stack of images, preprocessed with a Gaussian filter and
background subtraction to facilitate segmentation. Network nodes, edges and vessel lengths
and radii were extracted from the reconstruction. However, the vessel radii of the upper

PA and the first-order, second-order and third-order capillaries were taken from the original
image data and, for each simulation, the vessel radii of specific vessels in the network were
deliberately changed. Assuming that the vessels are rigid and the laminar flow (Q), the

flow resistance of individual vessel segments was calculated using Poiseuille’s law and the

8uLO that is, R = SHE

71"'4 77.'[‘4 '

standard hemodynamics measure of flow resistance (R):AP = QR =

where P is pressure, u is dynamic viscosity, L is vessel length, and r is vessel radius. In a
network, Kirchoff’s law states that the sum of flows entering and leaving any internal node

AP
IR
AP} is the pressure drop in the s'th vessel entering the /7th node. We applied the empirical
model describing the changes in the apparent viscosity of blood (i) with diameter (D) and
hematocrit:

equals zero: £,0,= Y. = 0, where Q; is the flow, R; is the vascular flow resistance, and

1 f—
-1 pI2

1

1 +(1 + 1071 ')

C= (0.8 + exp( - 0'075D)) .

1+ 10

0.645
pos =220 - expl = 1:3D) 135 2.44exp(_0'06D )
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(1 - Hy)® -1

=1+ (upas—1) C
(1 - 045C -1

The discharge hematocrit (Hy,) was calculated based on a tube hematocrit (H-) of 0.3:

Z—Z =Hp+ (1 - HD)(I + l.7exp( —0.415D) _ 0.6exp( —0.011 D))

To solve the system of linear equations, we chose the boundary conditions such that the inlet
pressure into the PA was 25 mm Hg in the control situation and every outlet pressure of the
capillaries was 5 mm Hg. The system was solved using the root solver in SciPy (1.1.0) and
Pycharm Community Edition 2020.3.

All assumptions underlying Poiseuille’s law and Ohmic resistances in laminar flows apply.
The boundary conditions strongly influence the solution because the system is forced to
comply with the preset boundary pressures. However, the effects of a changing diameter on
the pressure and flow within the network are evident. We also assume that the empirical
formulas to calculate blood viscosity apply to the cerebral microcirculation of mice.

Statistics and reproducibility

The investigators were not blinded to data collection, but blinded to data analysis. No
statistical method was used to predetermine sample size, but our samples sizes are similar

to those reported in previous publications'%11, Animal experiments that did not show
significant vasodilation (<5% diameter change) by WP stimulation at <50% examined
vasculatures were terminated and excluded. This reflected a failed craniotomy surgery

or bad physiological state of the mouse. Datasets are presented as the mean + s.e.m.

with individual data points. Each experiment at the same location of the same mouse

was not repeated to avoid puffing-induced change for resting state. The normality of

data was assessed using Shapiro—Wilk and graphical tests. If the data were not normally
distributed, the data were log-transformed and retested for normality. Linear mixed-effect
model analysis was used. Vessel segments (PA, precapillary sphincters and first-order

to third-order capillaries) were defined as the fixed effect, whereas the mouse age and
particular vasculature were included as random effects as needed. Significant differences
were estimated by likelihood ratio tests of the linear mixed-effect model with the fixed effect
in question against a model without the fixed effect. Tukey—Kramer’s post hoc test was used
for pairwise comparisons between elements in the fixed-effect group. All statistical analyses
were performed using R studio (version 3.4.4, packages Ime4 and multcomp).
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Extended Data
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Extended Data Fig. 1 |. Comparison of absolute diameter changes, cross-sectional area changes
and peak diameters by different stimulations in adult and old mice.

(a—c) Absolute diameter changes, cross-sectional area changes and peak diameters and peak
diameters of vasodilation by whisker pad stimulation (WP stim). Adult: N = 17 animals,

n = 34 vessels. Old: N = 17 animals, n = 25 vessels. (d—f) Absolute diameter changes,
cross-sectional area changes and peak diameters and peak diameters of vasodilation by
Karp channel opener pinacidil puff. Adult: N =9 animals, n = 15 vessels. Old: N = 11
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animals, n = 17 vessels. (g-i) Absolute diameter changes, cross-sectional area changes

and peak diameters and peak diameters of vasodilation by papaverine puff. Adult: N =8
animals, n = 17 vessels. Old: N = 5 animals, n = 8 vessels. (j—I) Absolute diameter changes,
cross-sectional area changes and peak diameters and peak diameters of vasoconstriction by
L-NAME intravenous infusion (4 min post). Adult: N = 5 animals, n = 5 vessels. Old: N = 8
animals, n = 8 vessels. (m-0) Absolute diameter changes, cross-sectional area changes and
peak diameters and peak diameters of vasoconstriction by ET1 puff. Adult: N = 5 animals,
n =10 vessels. Old: N =7 animals, n = 15 vessels. Linear mixed effect models were used

to test for differences among vessel segments, followed by Tukey post hoc tests for pairwise
comparisons. Data are given as mean + SEM. * indicates p < 0.05, ** indicates p < 0.01, ***
indicates p < 0.001.
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Extended Data Fig. 2 |. Comparison of control puff and pinacidil puff.
The control puff experiments were performed with the same concentration of fluorescent

dye but without an active compound. The initial ‘constricting’ artifact can be perfectly
overlaid by both control puff and pinacidil puff, using the time of puffing as a time lock
and normalizing the negative peak at the moment of puffing. (a) Vessel diameter change
by control puff. (b) Vessel diameter change by pinacidil puff. (c-f) Overlay of the vessel
diameter change curves at each capillary order, with (c) as penetrating arteriole, (d) as 1st
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order capillary, (e) as 2nd order capillary and (f) as 3rd order capillary. Data are given as
mean + SEM.
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Extended Data Fig. 3 |. Comparison of vasodilation elicited by papaverine puff, pinacidil puff,
and whisker pad (WP) stimulation.

(a—b) Relative diameter change elicited by the three stimulations in (a) adult and (b) old
mice. (c—d) Absolute diameter change elicited by the three stimulations in (c) adult and
(d) old mice. (e-f) Peak diameter elicited by the three stimulations in (e) adult and (f) old
mice. WP stimulation: Adult: N = 31 animals, n = 56 vessels. Old: N = 26 animals, n = 53
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vessels. Pinacidil: Adult: N = 9 animals, n = 15 vessels. Old: N = 11 animals, n = 17 vessels.
Papaverine: Adult: N = 8 animals, n = 17 vessels. Old: N = 5 animals, n = 8 vessels. Linear
mixed effect models were used to test for differences among vessel segments, followed by
Tukey post hoc tests for pairwise comparisons. Data are given as mean + SEM. * indicates p
< 0.05, ** indicates p < 0.01, *** indicates p < 0.001.

Adult Old

Extended Data Fig. 4 |. Representative immunohistochemical images of staining CD31 and
Hoechst in the adult and old mouse brains.
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This is to identify the vascular endothelial cell somata. Maximum intensity projection of an
(left) adult and (right) old brain image stack. Red: NG2; Green: CD31; Gray: Hoechst. Scale
bar: 20 pm.
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Extended Data Fig. 5 |. Immunohistochemical analysis of mural cell structural change with age.
(a) Image processing procedure for the z-stack was to free-hand draw the background

area and then calculate the mean background fluorescence intensity for each image plane.
The background intensity was normalized to the peak value of the z-stack. Finally, the
z-stack images were projected onto one image by maximal projection. (b) The semi-manual
customized code is to identify the whole vessel surface and pericyte-covered area. Upper:
Hand-drawn delineation of the vessel region in the green and red imags. Lower: The NG2
image was used to select the mural cell-positive pixels. (¢) Non-vascular nucleus volumetric
density. The non-vascular nucleus is defined as nuclei with a distance to the nearby vessels.
(d) Endothelial cell soma density obtained by dividing the number of endothelial cell somas
and the examined vessel length. Adult: N = 3 animals, n = 25 vessels. Old: N = 3 animals,

n = 26 vessels. Linear mixed effect models were used to test for differences among vessel
segments, followed by Tukey post hoc tests for pairwise comparisons. Data are given as
mean + SEM. * indicates p < 0.05, **indicates p < 0.01, ***indicates p < 0.001.
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Extended Data Fig. 6 |. In vivo vascular structural changes with aging.
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(a—c) Total vessel number per brain volume in adult and old somatosensory cortex. (a)
General total vessel number, (b) capillary order dependent total vessel number, and (c)
cortical depth dependent total vessel number. (d—f) Mean vessel length in adult and old
somatosensory cortex. (d) General mean vessel length, (e) capillary order dependent mean
vessel length, and (f) cortical depth dependent mean vessel length. (g—i) Total vessel volume
per brain volume in adult and old somatosensory cortex. (g) General total vessel volume, (h)
capillary order dependent total vessel volume, and (i) cortical depth dependent total vessel
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volume. Adult: N = 6 animals, n = 52 vessels. Old: N = 4 animals, n = 29 vessels. Linear
mixed effect models were used to test for differences among vessel segments, followed by
Tukey post hoc tests for pairwise comparisons. Data are given as mean + SEM. * indicates p
< 0.05, ** indicates p < 0.01, ***indicates p < 0.001. L1-L5 denote cortical sublayers.
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Extended Data Fig. 7 |. Math modeling indicates that vascular blood flow and pressure are
affected by aging.

(a—b) Mathematical modeling of pressure distribution in 3D reconstructed vasculature from
3 adult (a) and 3 old (b) mouse brains. (c) Summary of the averaged pressures in penetrating
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arteriole (PAs), precapillary sphincters, and first- to third-order capillaries in the vascular
networks under resting-state, with whisker pad stimulation (WPstim), and after ET1 puff.
(d) Correlation of mural cell coverage and blood pressure summarized for all three states.
The dashed line connects the adult and old measurements at the same vascular segment
for easy comparison. () Mathematical modeling of flow distribution in 3D reconstructed
vasculature from 3 adult and 3 old mouse brains. Only one representative image from each
group is shown. (f) Summary of the average flow in PAs, precapillary sphincters, and first-
to third-order capillaries in the vascular networks under resting-state, WP stim, and after
ET1 puff. Adult: N = 3 animals, n = 3 vessels; Old: N = 3 animals, n = 3 vessels. Linear
mixed effect models were used to test for differences among vessel segments, followed by
Tukey post hoc tests for pairwise comparisons. Data are given as mean + SEM. * indicates p
< 0.05, ** indicates p < 0.01, *** indicates p < 0.001.
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Extended Data Fig. 8 |. Diagram of vascular mural cell phenotypes at the microvascular inflow
tract (MIT) and the mechanisms that contribute to changes in function and morphology with
MIT aging.

(1) Vascular mural cell phenotypes at the MIT. Arteriole vascular smooth muscle

cells (VSMCs) have spindle-shaped cell bodies. Like contractile bands, they cover the
circumferences of the penetrating arterioles in a single layer. We previously reported

the existence of precapillary sphincters displaying indentation of the vessel lumen and
strong expression of aSMA at 50% of the joints between penetrating arterioles and

first-order capillaries. They are important in maintaining and regulating capillary blood
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flow. Ensheathing pericytes cover capillaries up to the third order. Ensheathing pericytes
have short longitudinal processes with dense circumferential offshoots woven together to
create a meshed circumferential coverage of the capillary that covers 95% of the capillary
endothelium. VSMCs, precapillary sphincters and ensheathing pericytes do express aSMA.
A stepwise decrease in a SMA content is observed along the first, second, third, and up to
the fourth order of capillary. This aSMA-positive arteriole-proximal capillary segment is
termed the microvascular inflow tract (MIT)—here, the pericyte coverage across capillary
junctions is ~90%; further downstream, the capillary junctional pericyte coverage is ~45%.
Mesh pericytes exhibit mesh-like morphology and are found downstream of ensheathing
pericytes and the aSMA terminus; they have lesser endothelial coverage (71.6%) than
ensheathing pericytes, and their longitudinal processes are longer and have a less dense
network of circumferential offshoots. In higher-order capillaries, thin-strand pericytes
display thin and long longitudinal processes, with only a few circumferential offshoots that
extend along and cover 51.3% of the capillary endothelium. (2) Changes in morphology and
signaling investigated in this study contribute to vascular aging at the MIT. The resting-state
diameter of vessels at the MIT increases with age, but the coverage by mural cells decreases.
Karp channels are downregulated and are less densely expressed by aging. The probability
of Karp-channel opening is also reduced with age. NO production and bioavailability
maybe reduced by aging, and our results suggest that ongoing NO-dependent mechanisms
are attenuated in old mice. Although ET1 signaling and synthesis are increased in old
relative to adult mice, ETA receptors are downregulated with age. Furthermore, aging is
accompanied by fragmented elastin, deposition of collagens, and vessel stiffness. All the
above age-related changes at the MIT contribute to reduced responsivity to both vasodilators
and vasoconstrictors, indicating the existence of a compensating mechanism to keep cerebral
blood flow and oxygen supply at a physiologically healthy level with healthy aging.
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Extended Data Table 1 |

The vessel diameters, dilation and constriction amplitudes used in the mathematical

modeling
Whisker pad stimulation ET1 puffing induced peak
Resting state diamete (um) induced peak dilation (%) constriction (%)
Adult old Adult old Adult old

Penetrating
arterioles 14.2114 14.62536 10.228421 6.860536 -39.47547 -49.97799
Sphincters 4.680909 4.858621 34.02045 19.46862 -80.64468 -56.80134
1st order
capillaries 6.15375 7.130357 19.90661 12.5075 -57.80691 -58.14957
2nd order
capillaries 5.8606 6.482326 16.7312 11.12442 -55.91794 -57.0615
3rd order _ _
capillaries 5.617174 5.798485 11.582174 9.784848 41.94744 63.22993

They are based on the two-photon measurements in this study.
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Fig. 1 |. Whisker-pad stimulation-induced and pinacidil-induced vasodilations are reduced in
aging and are vascular mural cell dependent.

a, Diagram of the in vivo experimental setup. The physiological state of the mouse was
monitored throughout the experiment, including arterial blood pressure, exhaled CO5, body
temperature, heart rate and O, saturation. Two stimulations were used: WP stimulation and
a glass micropipette inserted into the target area for local ejection (puff). b, A two-photon
image obtained by maximum intensity projection of a local image stack at MIT, containing
the PA, precapillary sphincter (Sphinc), and first-order to third-order capillaries (1stCap,
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2ndCap, 3rdCap). Scale bar, 10 um. c,d, Representative images of MIT in response to WP
stimulation in adult (c) and old (d) mice. Scale bar, 20 pm. Small insets show enlarged
precapillary sphincters (Scale bar, 10 um.). e,f, Mean (solid curve) and s.e.m. (shadow)
traces of the vessel diameter change at each vessel location upon WP stimulation in adult
and old mice. g—j, Comparison of relative dilation amplitude (g), undershoot amplitude (h),
half-peak dilation onset (i) and half-peak dilation duration (j) in adult and old brains. Adult,
N=31animals, n= 56 vessels; old, V= 26 animals, n =53 vessels. k, Elicited LFPs by
WP stimulation and recorded by the same glass micropipette. Mean (solid curve) and s.e.m.
(shadow) traces of LFPs in adult and old mice. I-n, Comparison of the amplitudes, latency
and area under the curve (AUC) of fEPSPs. Adult, V=17 animals, n= 34 vessels; old, N=
17 animals, 7= 25 vessels. o,p, Representative images of MIT in response to 5 mM pinacidil
puffing in adult and old mice. Scale bar, 20 um. Small insets show enlarged precapillary
sphincters (Scale bar, 10 um). g,r, Mean (solid curve) and s.e.m. (shadow) traces of the
vessel diameter change at each vessel location upon pinacidil puffing in adult and old mice.
s, Comparison of relative dilation amplitude by pinacidil puffing. Adult, V=9 animals, n
=15 vessels; old, V=11 animals, n= 17 vessels. Raw data for pinacidil puffing in adult
brains were reused from our previous publication!®. Linear mixed-effect models were used
to test for differences among vessel segments, followed by Tukey post hoc tests for pairwise
comparisons. Data are given as the mean + s.e.m. *£< 0.05, **£< 0.01, ***P< 0.001. NS,
not significant.
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Fig. 2 |. Papaverine-induced vasodilation and L-NAME- and ET1-induced vasoconstrictions are
attenuated in brain aging and are dependent on vascular mural cells.

a—c, Comparison of vessel dilation with 10 mM papaverine puffing. a,b, Representative
images of vascular response to papaverine puffing in adult and old brains. Scale bar, 10

pum. Small insets show enlarged precapillary sphincters (scale bar, 10 um). ¢, Comparison of
relative dilation amplitude by papaverine puffing. Adult, /=8 animals, 7= 17 vessels; old,
N=5 animals, n= 8 vessels. d,e, Representative images of MIT in response to intravenous
bolus infusion of L-NAME at a dose of 30 mg per kg body weight in adult (d) and old

Nat Aging. Author manuscript; available in PMC 2024 May 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 32

(e) mice. Scale bar, 20 um. Small insets show enlarged precapillary sphincters (scale bar,
10 pm). f,g, Mean (solid curve) and s.e.m. (shadow) traces of the vessel diameter changes
at each vascular location upon L-NAME infusion in adult and old mice. h, Comparison of
relative diameter changes at 4th minute after .L-NAME infusion. i, P values of statistical
analysis for comparison of averaged constriction amplitudes at each vascular location at the
1st, 2nd, 3rd and 4th minutes after injection of L-NAME. Red highlighted grids show P
values that are smaller than 0.05. Adult, V=5 animals, n=5 vessels; old, V=8 animals,
n= 8 vessels. Raw data for the intravenous infusion of L-NAME in adult brains were
reused from our previous publication!l. j k, Representative images of MIT in response to
0.5 uM ET1 puffing in adult (j) and old (k) mice. Scale bar, 20 um. Small insets show
enlarged precapillary sphincters at the same imaging plane in the green channel. Scale

bar, 10 um. I,m, Mean (solid curve) and s.e.m. (shadow) traces of the vessel diameter
change at each vascular location upon ET1 puffing. The initial diameter drop was due to

a momentary mechanical pressure change caused by puffing. n, Comparison of relative
dilation amplitude upon ET1 puffing. Adult, V=5 animals, 7= 10 vessels; old: N=7
animals, 7= 15 vessels. Raw data for ET1 puffing in adult brains were reused from our
previous publication!. Linear mixed-effect models were used to test for differences among
vessel segments, followed by Tukey post hoc tests for pairwise comparisons. Data are given
as the mean £ s.e.m. *£<0.05, **P< 0.01, ***P< 0.001. i.v., intravenous.
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Fig. 3 |. Change of vascular mural cell structure at the microvascular inflow tract with age.
a,b, Maximum intensity projection of an adult (a) and old (b) brain image stack. Red, NG2;

green, aSMA; blue, Hoechst. Enlarged insets of each vessel segment are presented in the
middle for comparison. Scale bar, 10 um. Note the vertical branch sprouting between first-
order and second-order capillaries in a. Clearer individual planes are shown in Extended
Data Fig. 9. ¢, Mural cell coverage of vessel surface obtained from dividing mural cell
area by the total vessel surface area. d, Mural cell soma density along vessel calculated
from the number of co-localized Hoechst and NG2 divided by vessel length. e, Mural cell

Nat Aging. Author manuscript; available in PMC 2024 May 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Caietal.

Page 34

soma number divided by endothelial cell soma number at each vessel location. f, aSMA
density at mural cells obtained from calculating the mean a SMA fluorescence intensity at
NG2-positive vessel areas. Adult, V= 6 animals, 7= 34 vessels; old, V= 6 animals, 7

=40 vessels. Linear mixed-effect models were used to test for differences among vessel
segments, followed by Tukey post hoc tests for pairwise comparisons. Data are given as the
mean = s.e.m. *£<0.05, **£<0.01, ***P< 0.001. a.u., arbitrary units.
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Fig. 4 |. Aging-induced angioarchitectural remodeling.
a, A representative image stack recorded by two-photon microscopy, containing the PA, the

first-order capillary (1stCap), the second-order capillary (2ndCap), the third-order capillary
(3rdCap), the fourth-order capillary (4thCap) and the fifth-order capillary (5thCap). Scale
bar, 50 um. b,c, Three-dimensional reconstructed vascular skeleton of the somatosensory
cortex in an adult (b) and an old (c) mouse. Raw data were obtained by two-photon
microscopy and analyzed by Amira software. Red, PAs; blue, 1stCap; green, 2ndCap;
yellow, 3rdCap; orange, 4thCap; brown, 5thCap; purple, ascending venules. d—f, Vessel
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total length per brain volume in adult and old somatosensory cortex. General vessel total
length (d), capillary-order-dependent vessel total length (e) and cortical depth-dependent
vessel total length (f). g—i, Vessel mean diameter in adult and old somatosensory cortex.
General mean diameter (g), capillary-order-dependent mean diameter (h) and cortical depth-
dependent mean diameter (i). j—I, Vessel mean tortuosity in adult and old somatosensory
cortex. The tortuosity index denotes division of the curved length by the chord length of
each vessel segment. General mean tortuosity (j), capillary-order-dependent mean tortuosity
(k) and cortical depth-dependent mean tortuosity (I). Adult, V=6 animals, 7= 52

vessels; old, A= 6 animals, 7= 29 vessels. Linear mixed-effect models were used to

test for differences among vessel segments, followed by Tukey post hoc tests for pairwise
comparisons. Data are given as the mean + s.e.m. *£< 0.05, **£< 0.01, ***P< 0.001.
L1-L5 denote cortical sublayers.
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