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Significance

Capillaries account for ~90% of 
all blood vessels in the central 
nervous system, allowing for 
robust nutrient and waste 
exchange. Capillary endothelial 
cells are variably covered with 
pericytes, which contract and 
dilate on slow or rapid timescales 
depending on their proximity to 
upstream arterioles. The 
resulting regulation of capillary 
blood flow is critical for brain 
health, but physiological stimuli 
that regulate this process are 
unclear. Here, using a 
pressurized retinal vascular 
preparation, we demonstrate 
that intraluminal pressure is an 
intrinsic stimulus for pericyte 
calcium elevation and 
constriction in proximal and 
distal capillary branches. 
Moreover, the involvement of 
voltage-dependent calcium 
channels decreases with distance 
from the upstream arteriole, 
highlighting differences in 
contractile properties between 
pericytes and neighboring 
arteriolar smooth muscle cells.
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Arteriolar smooth muscle cells (SMCs) and capillary pericytes dynamically regulate 
blood flow in the central nervous system in the face of fluctuating perfusion pressures. 
Pressure-induced depolarization and Ca2+ elevation provide a mechanism for regulation 
of SMC contraction, but whether pericytes participate in pressure-induced changes in 
blood flow remains unknown. Here, utilizing a pressurized whole-retina preparation, 
we found that increases in intraluminal pressure in the physiological range induce con-
traction of both dynamically contractile pericytes in the arteriole-proximate transition 
zone and distal pericytes of the capillary bed. We found that the contractile response to 
pressure elevation was slower in distal pericytes than in transition zone pericytes and 
arteriolar SMCs. Pressure-evoked elevation of cytosolic Ca2+ and contractile responses in 
SMCs were dependent on voltage-dependent Ca2+ channel (VDCC) activity. In contrast, 
Ca2+ elevation and contractile responses were partially dependent on VDCC activity 
in transition zone pericytes and independent of VDCC activity in distal pericytes. In 
both transition zone and distal pericytes, membrane potential at low inlet pressure (20 
mmHg) was approximately −40 mV and was depolarized to approximately −30 mV by an 
increase in pressure to 80 mmHg. The magnitude of whole-cell VDCC currents in freshly 
isolated pericytes was approximately half that measured in isolated SMCs. Collectively, 
these results indicate a loss of VDCC involvement in pressure-induced constriction along 
the arteriole-capillary continuum. They further suggest that alternative mechanisms 
and kinetics of Ca2+ elevation, contractility, and blood flow regulation exist in central 
nervous system capillary networks, distinguishing them from neighboring arterioles.

pericytes | vascular tone | cerebral blood flow | autoregulation

The ever-changing metabolic needs of neurons and glia in the central nervous system (CNS) 
are continuously met by moment-to-moment regulation of arteriole-mediated blood flow, 
a regulatory property that further serves to protect the microvasculature from high perfusion 
pressures. In cerebral arteries and arterioles, increases in intravascular pressure cause mem-
brane depolarization, activation of voltage-dependent Ca2+ channels (VDCCs), elevation 
of intracellular Ca2+ and contraction of smooth muscle cells (SMCs), a mechanism intrinsic 
to SMCs termed the “myogenic response” (1, 2). To put this in a quantitative context, we 
previously reported that an increase in intraluminal pressure from a low value (5 mmHg) 
to a physiological value (40 mmHg) depolarizes SMCs in brain parenchymal arterioles 
from −58 mV to −35 mV, resulting in elevation of cytosolic Ca2+ from 120 nM to 260 nM, 
an effect that is blocked by VDCC inhibitors (2). This pressure-sensitive autoregulatory 
process not only enables maintenance of constant blood delivery in the CNS during rapid 
(postural change) or sustained (diurnal blood pressure patterns, exercise) alterations in 
perfusion pressure (3), it is also critical for creating the basal level of vascular constriction 
(i.e., tone) required for neuronal activity-dependent dilation and increased blood flow 
(“functional hyperemia”) mediated by neurovascular coupling mechanisms.

In the CNS vasculature, including the brain and retinal circulation, as elsewhere in the 
body, terminal arterioles give way to networks of capillaries that are covered by perivascular 
cells. These cells, termed pericytes, exhibit graded changes in morphology and physiological 
properties as a function of distance from the terminal arteriole and have been shown to 
direct blood flow within the capillary network (4–9). Capillary segments in the postarte-
riole transition zone, corresponding to the first approximately three to four capillary 
branches, are encased by dynamically contractile pericytes that are capable of rapidly 
contracting and relaxing to regulate downstream capillary blood flow (4–8, 10–12). These 
transition zone pericytes contain many of the same proteins involved in excitation–con-
traction coupling as SMCs, such as VDCCs (Cav1.2), alpha smooth muscle actin (αSMA), 
smooth muscle myosin heavy chain (SMMHC), and myosin light chain kinase (4, 13, 
14). In contrast to these arteriole-proximate transition zone pericytes, which are 
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characterized by their ensheathing or mesh-type projections, cap-
illary pericytes at more distal locations exhibit a thin-stranded 
morphology, lack detectable αSMA expression, and do not rapidly 
regulate blood flow. Instead, they exhibit a much slower form of 
capillary blood flow regulation (15, 16) that has mainly been 
implicated in reduced capillary flow during disease (8, 11, 17). 
However, whether changes in intralumenal pressure differentially 
affect membrane potential, cytosolic Ca2+, and contractility in 
transition zone and distal pericytes, and how VDCCs functionally 
contribute to this process, are not known.

To explore these fundamental issues, we examined vascular 
responses to various perfusion pressures using an en face, intact 
retina preparation in which the retinal microvascular tree is pres-
surized by cannulating the ophthalmic artery (4, 18–20). Arteriole 
and capillary vessel diameters were assessed using an exogenous 
vessel-specific stain (fluorescent isolectin), and abluminal edges of 
the vessels and changes in intracellular Ca2+ levels were measured 
by monitoring SMC/pericyte GCaMP6f (genetically encoded Ca2+ 
indicator) fluorescence. Pericyte membrane potential was measured 
using dye-filled microelectrodes, and VDCC activity in freshly 
isolated SMCs and pericytes was determined using patch-clamp 
electrophysiology. We found that increases in intraluminal pressure 
resulted in Ca2+ elevation and sustained contraction of SMCs in 
arterioles and pericytes in both transition zone and distal capillaries, 
although pressure-induced constrictions were slower in transition 
zone pericytes than arteriolar SMCs and slower still in distal cap-
illaries. We further found that pressure-induced Ca2+ elevation and 
constriction were dependent on VDCCs in arteriolar SMCs, par-
tially dependent on VDCCs in transition zone pericytes, and inde-
pendent of VDCCs in distal pericytes. Notably, inhibition of 
Gq-protein-coupled receptor (GqPCR) signaling in the presence of 
the VDCC inhibitor nifedipine reduced pressure-induced cytosolic 
Ca2+ elevations, suggesting a role for GqPCRs in the VDCC-
independent component of transition zone/distal pericyte contrac-
tion. These differences in the VDCC-dependence of 
pressure-induced constriction and Ca2+ elevation between arteriolar 
SMCs and pericytes were associated with a fundamental difference 
in the membrane potential of SMCs (approximately −60 mV) and 
transition zone/distal pericytes (approximately −40 mV) at low 
baseline inlet pressure (20 mmHg), and approximately twofold 
larger VDCC currents in SMCs compared with transition zone/
distal pericytes. These results also highlight differences in the mech-
anisms that regulate contractility in pericytes and SMCs and sug-
gest that, even at relatively depolarized membrane potentials, 
VDCC channel activity gradually becomes insufficient to sustain 
Ca2+ elevation and contractile responses in capillary pericytes as 
they transition from ensheathing/mesh type (arteriole-proximate) 
to thin-strand type (distal).

Results

Defining Vessels along the Arteriole–Capillary Axis in the 
Retina. To establish criteria for defining CNS vascular segments, 
we exploited the stereotyped angioarchitecture of the retina. 
Specifically, we performed fixed whole-mount retina imaging 
and live-tissue imaging in our recently developed, en face retina 
preparation, in which the entire retinal microvasculature is 
pressurized by raising pressure at the cannulated ophthalmic artery. 
Staining with isolectin, which specifically binds carbohydrate 
residues found on the vasculature (21), illuminates the contours 
of the entire retinal vasculature (Fig.  1A). Vascular segments 
are covered by SMCs and pericytes that show distinct, graded 
morphologies (8, 9). These unique transitioning morphologies 
from the arteriole into the capillary network were illustrated 

by imaging Ca2+-sensitive green fluorescent protein (GFP) 
fluorescence using Myh11-GCaMP6f (creERT2-loxP) mice (also 
used for live Ca2+ imaging; SI Appendix, Methods), which express 
the GFP-based, genetically encoded Ca2+ indicator, GCaMP6f, 
in SMCs and pericytes (Fig. 1 A, Middle and Right).

The terminal reach of arterioles radiating off the central retinal 
artery (fed by the ophthalmic artery) was determined by staining 
fixed retina tissue for elastin—a major component of the internal 
elastic lamina (IEL) (4, 18, 22) that physically separates endothe-
lial cells and overlaying SMCs in arterioles and arteries. This pro-
cedure clearly distinguishes elastin-positive arterioles from laterally 
branching, elastin-negative downstream capillaries (4, 22, 23), 
drawing a sharp boundary between larger diameter (~20 to 25 
µm) radiating arterioles and narrower diameter (typically <10 µm) 
capillaries, as seen in fixed (Fig. 1B) and live (Fig. 1C) tissues. On 
average, the first approximately four branches (3.8 ± 0.3) in the 
capillary network contained pericytes that stained prominently 
for αSMA (Fig. 1B), consistent with their reported contractile 
properties (4, 8, 18, 24). Despite expressing αSMA, pericytes in 
arteriole-proximate capillary branches can readily be distinguished 
from SMCs on molecular, morphological, and functional grounds 
(4, 8, 18). Thus, we consider all mural cells within the capillary 
network, as defined above, to be pericytes and refer to αSMA-ex-
pressing pericytes cells within the arteriole-proximate region of 
the capillary network (first approximately four capillary branches) 
as dynamically contractile pericytes, most of which exhibit an 
ensheathing morphology. This arteriole-proximal contractile cap-
illary region, with its characteristic pericyte morphology and 
αSMA gradient, is unique compared with arterioles and distal 
capillaries and is here called the transition zone. In brain and retina 
tissue, approximately fifth-order and greater capillary branches are 
covered by thin-strand pericytes that typically lack αSMA, referred 
to here as distal pericytes (15, 24). The distinct changes in IEL 
coverage and pericyte morphology as arterioles transition to cap-
illaries are illustrated in Fig. 1D.

Arterioles and Transition Zone/Distal Capillaries Differentially 
Constrict to Inlet Perfusion Pressure. To assess effects of pressure 
in intact CNS arterioles and capillaries, we imaged lectin-stained, 
whole-mount, pressurized en face retina preparations using high-
resolution spinning-disk confocal microscopy, as illustrated 
in Fig.  2A. The degree of pressure-induced constriction was 
determined at inlet pressures (measured at the ophthalmic artery) 
that bracket the physiological range (20, 40, 60, 80, and 100 
mmHg), estimated to be approximately 80 mmHg, or ~80% 
of mean arterial pressure (25–27). We defined constriction at a 
given intraluminal pressure as the decrease in diameter in a bath 
solution containing physiological external Ca2+ (2 mM) relative 
to passive diameter in 0 mM external Ca2+. The duration of each 
pressure step was 10 min, and the average abluminal diameter 
was determined by acquiring a serial z-stack image (SI Appendix, 
Methods) from the last 30-s of the 10-min pressure step. Passive 
diameters were obtained following subsequent exposure to 
physiological salt solution without extracellular Ca2+.

Representative images of arterioles and capillaries (transition zone 
and distal) depict contractile response to changes in ophthalmic 
artery inlet pressure (20, 40, 60, and 80 mmHg for arterioles and 
transition zone capillaries; 20 and 80 mmHg for distal capillaries; 
Fig. 2B). Branch-specific constriction of arterioles up to eighth cap-
illary branches at inlet pressures of 20, 40, 60, 80, and 100 mmHg 
are shown in Fig. 2C. Significant constriction was observed at inlet 
pressures of 60 mmHg in the arteriole and first to fifth capillary 
branches, and all measured vessels significantly constricted at inlet 
pressures of 80 and 100 mmHg (Fig. 2C). Arterioles and transition 
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zone and distal capillaries exhibited graded constrictions in response 
to pressure, with arterioles being the most responsive (Fig. 2D). 
Baseline abluminal diameters (20 mmHg in [2 mM]external Ca2+) for 
each vascular segment are shown in Fig. 2E. Although we used 
passive properties of vessels to accurately quantify constriction 
(Fig. 2C), we also evaluated absolute diameter changes in vessels (in 
µm) during pressure elevation in physiological 2 mM Ca2+ solution. 
Elevation of pressure produced significant reductions in diameters 
of transition zone and distal capillary vessels (Fig. 2F).

Flow Properties of the Pressurized Retina Preparation. Our data 
indicate that arterioles and capillaries in the pressurized retina 
preparation constrict to pressure in a graded manner, with a level 
of preconstriction allowing the diameter of arterioles to increase 
by ~7 µm and capillaries by 0.5 to 2.5 µm—values similar to 
those for functional dilations observed in  vivo (5, 7, 28, 29). 
To determine whether these constrictions regulate flow, we 
visualized flow properties within this system by monitoring the 
flow of fluorescent beads (1 µm diameter, introduced into the 

Fig. 1. Classification of vascular zones within the retinal vasculature. (A) Left panel, lectin staining of arterioles, capillaries, and venules. Middle panel, demonstration 
of fluorescence in myh11-GCaMP6f (SMMHC) vessels, showing SMCs (arterioles) and all pericytes (capillaries). Right panels, Insets from Middle panel showing mural 
cell morphology. [Scale bars, 200 µm (Left panel), 50 µm (Middle panel), and 20 µm (Right Inset panels).] (B) Left panel, low-magnification (10×, 0.1 Numerical Aperture) 
widefield image of radiating arterioles in a whole-mount retina preparation, visualized by staining for elastin (IEL). Middle and Right panels, 16× (0.8 Numerical 
Aperture) widefield image of radiating arteriole and proximal capillaries, visualized by staining for elastin (IEL, Middle panel) or αSMA (Right panel). Dotted yellow 
outline highlighting abrupt loss of elastin (IEL) and continued expression of αSMA in arteriole-proximate capillary branches; first, second, third, and fourth denote 
capillary branch order. On average, capillaries (vessels lacking an IEL) exhibited αSMA expression (fluorescence intensity > 2 SD above background) up to a branch 
order of 3.8 ± 0.3 (n = 31 arteriole-capillary segments from five mouse retinas). [Scale bars, 200 µm (Left) and 50 µm (Middle and Right panels).] (C) Representative 
images of live tissue showing the abrupt loss of the IEL at the point where lateral capillary branches begin (yellow arrows), demonstrated by GCaMP (GFP) fluorescence 
in vessels from myh11-GCaMP6f mice. (Scale bar, 20 µm.) (D) Schematic depiction of the transition zone comprising approximately the first four capillary segments, 
showing the banding of individual SMCs wrapping around arteriolar endothelial cells, the abrupt decrease in vessel diameter and loss of IEL at the beginning of the 
first-order capillary branch, and the transitioning morphology of overlying pericytes from enwrapping to mesh type to thin-strand with progression from first- to 
fifth- and higher order branches.
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cannula solution), which provide a readout of plasma flow, using 
widefield fluorescence microscopy (SI Appendix, Fig. S1A). Using 
this approach, it is possible to visualize both single-particle and 
whole-tissue flow patterns (SI Appendix, Fig. S1B).

The pressurized retina preparation is an intact-flow system, 
with perfusion starting at the ophthalmic artery and perfusate 
ultimately draining via the retinal vein. Under conditions in 
which the whole retina is imaged without fluorescently staining 
the vessels (i.e., fluorescent beads only) and at a zoom level suf-
ficient to capture the entire preparation, the system resolution 
is such that diameters of relatively large retinal venules can be 
accurately discerned (SI Appendix, Methods). Because flow in 
venules is representative of cumulative upstream flow (i.e., 
through arterioles and capillaries) (30), we utilized venule flow 
as a readout for changes in flow rates through the whole intact 
retinal vasculature, assessing venule flow rates at different oph-
thalmic artery inlet pressures (20 to 100 mmHg). Flow rates 

increased at 40 mmHg and plateaued over the range of 60 to 100 
mmHg (SI Appendix, Fig. S1C). At an inlet pressure of 80 
mmHg, observed absolute plasma flow rates (0.63 to 1.89 μL/
min) were in the range of in vivo measurements made in the 
mouse retina (31). Changes in network resistance, determined 
from flow rates and partial pressure differences (where the bath 
pressure at which beads drained was assumed to be 0 mmHg), 
increased sharply in the 80- to 100-mmHg range (SI Appendix, 
Fig. S1D). Application of a hyperpolarizing concentration of K+ 
(10 mM), which activates Kir2 channels and dilates SMCs and 
transition zone pericytes (4), increased plasma flow rate, whereas 
addition of a depolarizing concentration of K+ (30 mM), which 
activates VDCCs and constricts SMCs and transition zone per-
icytes, decreased flow rate (SI Appendix, Fig. S1E). These obser-
vations suggest that each vascular zone likely experiences 
physiological pressure and flow changes and that contractile 
responses are able to maintain relatively physiological outlet flow 

Fig. 2. Pressure-induced constriction in arterioles and capillaries. (A) Schematic depiction of the pressurized retina preparation. (B) Top panels: Z-projection 
of live lectin-stained arterioles and transition zone capillary branches at 20, 40, 60, and 80 mmHg, and 80 mmHg with 0 Ca2+; each image was taken during the 
final minute of the pressure step. Texas Red hydrazide was added to stain the IEL and verify arteriole and capillary branch orders (first panel). Bottom panels: 
Z-projection of live lectin-stained distal capillary branches at 20 and 80 mmHg. (C) Percent vascular constriction in arterioles and first- to eighth-order capillary 
branches, measured at 20 to 100 mmHg in 2 mM external Ca2+ (active diameter) and 20 to 100 mmHg in 0 mM external Ca2+ with 5 mM ethylene glycol-bis 
(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) (passive diameter; SI Appendix, Methods). (D) Arteriole and transition zone and distal capillary pressure-
constriction curves. (E) Baseline abluminal diameters of arterioles and first- to eighth-order capillary branches at a starting pressure of 20 mmHg. (F) Maximum 
changes in diameter observed in arterioles and first- to eighth-order capillary branches in [2 mM]ext Ca2+ during elevation of inlet pressure, ranging from 
20 to 100 mmHg. Data are presented as individual values and mean ± SEM [n per branch = 6 to 12 from six animals; C, F: *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001 vs. theoretical mean of zero (no constriction), one sample t test, unmarked comparison are not significant; D: *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, two-way ANOVA with Tukey’s multiple comparison test at 100 mmHg]. (Scale bars, 20 µm unless otherwise labeled.)
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values. These flow values can be manipulated by altering network 
resistances (vessel contractility) through hyperpolarization or 
depolarization of the vasculature.

Mechanisms of Sustained Constrictions in Arterioles and 
Transition Zone/Distal Capillaries. Pressure-induced constriction 
in cerebral arteries is dependent on VDCC activity in SMCs (1, 
2). To determine the role of VDCCs in pressurized arterioles and 
capillaries, we measured dilatory responses to 500 nM nifedipine, 
a specific and potent VDCC inhibitor, in vessels 10 min after 
inducing a sustained constriction by elevating ophthalmic artery 
inlet pressure from 20 mmHg to 80 mmHg (Fig. 3A). As expected, 
nifedipine led to complete relaxation of arterioles, implying that 
Ca2+ influx through VDCCs is entirely responsible for sustained 
arteriole constriction (Fig.  3 B and E). In contrast, nifedipine 
was less effective in the transition zone, where it significantly, but 
incompletely, relaxed vessels (Fig. 3 C and E). Nifedipine did not 
affect the diameter of distal capillaries, despite the fact that these 
vessels exhibited significant pressure-induced constriction (Fig. 3 
D and E).

To provide additional evidence for the role of VDCCs, we also 
tested the effects of diltiazem, a specific and potent VDCC inhib-
itor with a distinct mode of interaction with VDCCs compared 
with nifedipine (32), applied following nifedipine exposure. 
Diltiazem had no effect on diameter in nifedipine-pretreated arte-
rioles or capillaries (SI Appendix, Fig. S2), lending additional sup-
port for the role of VDCCs. These results suggest that sustained 
constriction in arterioles is dependent on VDCC activity, whereas 
sustained constriction in capillaries is partially dependent on 
VDCC activity in the transition zone and completely independent 
of VDCC activity in distal regions.

Pressure-Induced Ca2+ Elevations in Arterioles and Transition 
Zone/Distal Capillaries. Elevated cytosolic Ca2+ concentrations 
activate myosin light chain kinase, causing contraction of SMCs, 
and although the contractile machinery that mediates pericyte 
contraction has not been definitively established, an elevation 
of cytosolic Ca2+ is critical for the contractile behavior of these 
cells (15, 33, 34). To measure Ca2+ responses to pressure changes, 
we used Myh11-GCaMP6f (creERT2-loxP) mice, which express 
the circularly permuted GFP-based Ca2+ indicator, GCaMP6f, 
specifically in SMCs and pericytes under the control of the 
Myh11 promoter and show clear GFP fluorescence in all mural 
cells (4) (Fig.  1  A and C  and  SI  Appendix, Fig.  S3). Changes 
in intracellular  Ca2+ levels were determined by measuring 
fluorescence at an inlet pressure of 20 mmHg and after 15 min 
of sustained inlet pressure elevation to 80 mmHg. Vessels were 
treated with vehicle [0.005% (v/v) dimethyl sulfoxide] or 500 nM 
nifedipine, applied 5 min after the pressure change. This protocol, 
shown in Fig. 4A, resulted in a total drug/vehicle exposure of 10 
min. Increasing pressure from 20 to 80 mmHg elevated cytosolic 
Ca2+ in arteriolar SMCs and transition zone and distal pericytes 
(Fig. 4 B and C). Inhibition of VDCCs with nifedipine abolished 
pressure-induced elevations of Ca2+ in arteriolar SMCs (Fig. 4 
C and D). Nifedipine also reduced Ca2+ responses to pressure 
in transition zone pericytes, although considerable elevation of 
Ca2+ to pressure still persisted (Fig. 4C ). In contrast to the case 
for arteriolar SMCs and transition zone pericytes, nifedipine had 
no effect on pressure-induced Ca2+ responses in distal pericytes 
(Fig. 4C ). At low, baseline inlet pressure (20 mmHg), exposure to 
500 nM nifedipine did not alter cytosolic Ca2+ levels in SMCs or 
pericytes (SI Appendix, Fig. S4). A comparison of arteriolar SMCs, 
transition zone pericytes and distal pericytes demonstrated a zone-
specific loss of pressure-induced VDCC-mediated Ca2+ responses. 

Specifically, sustained Ca2+ elevations were entirely dependent on 
VDCC activity in arteriolar SMCs, partially dependent on VDCC 
activity in transition zone pericytes, and independent of VDCC 
activity in distal pericytes (Fig. 4D).

Next, we utilized the pressure-elevation protocol (Fig. 4A) to 
examine VDCC activity-independent mechanisms of pressure-in-
duced Ca2+ in pericytes. Others have reported that pressure-in-
duced Ca2+ responses and contraction in vascular SMCs are 
mediated, in part, by activation of Gq/11-protein-coupled receptors 
(GqPCRs), which activate VDCCs through membrane depolari-
zation (35–37). To examine the mechanisms driving this VDCC-
independent Ca2+-influx pathway, we utilized a pharmacological 
approach. Mechanisms that operate in transition zone pericytes, 
which also utilize VDCCs, were isolated by performing experi-
ments in the presence of nifedipine.

To test the role of GqPCRs in VDCC activity-independent ele-
vation of cytosolic Ca2+ in pericytes, we used the specific Gq/11 inhib-
itor, YM-254890 (38, 39) (YM; 1 µM), a cyclic depsipeptide that 
prevents guanosine diphosphate release from the G-protein α-sub-
unit. Treatment of a pressurized retina preparation with nifedipine 
and YM, bath applied at the same time (5 min after elevating pres-
sure from 20 to 80 mmHg) (Fig. 4A), resulted in a prominent reduc-
tion in pressure-induced Ca2+ elevations in transition zone and distal 
pericytes compared with nifedipine alone (Fig. 4E). These observa-
tions suggest that GqPCR activation is a contributor to increases in 
cytosolic Ca2+ in pericytes following pressure elevation.

Membrane potential hyperpolarization relaxes arteriolar SMCs 
through a reduction in intracellular Ca2+ mediated by deactivation 
of VDCCs (1, 40, 41). In nonexcitable cells, membrane hyper-
polarization increases intracellular Ca2+ through nonvoltage–
dependent Ca2+-entry pathways by virtue of an increase in the 
electrochemical driving force (42–45). To probe the nature of the 
Ca2+-entry pathway in pericytes, we applied the adenosine triphos-
phate-sensitive K+ (KATP) channel opener, pinacidil (PIN; 10 µM), 
which causes approximately a 45-mV hyperpolarization in peri-
cytes (19). In the pressurized retina preparation, treatment with 
nifedipine and pinacidil, applied at the same time (Fig. 4A), 
resulted in an increase in pressure-induced Ca2+ elevation in tran-
sition zone and distal pericytes compared with nifedipine alone 
(Fig. 4F). This hyperpolarization-induced increase in pressure-in-
duced Ca2+ responses reveal that Ca2+ elevation in pericytes is at 
least partially dependent on Ca2+ entry through nonvoltage–
dependent ion channels.

One such possible Ca2+-influx pathway is that mediated by plasma 
membrane transient receptor potential canonical (TRPC) channels, 
which should exhibit increased Ca2+ influx following membrane 
hyperpolarization because of the increased driving force for Ca2+ and 
the absence of voltage-dependent gating mechanisms (46). These 
channels play an important role in SMC function and have been 
implicated in pericyte Ca2+ signaling (35, 47–51). We tested whether 
TRPC channels mediate pressure-induced Ca2+ influx in pericytes 
using the pan-TPRC antagonist, SKF-96365 (SKF; 10 µM). 
Treatment of a pressurized retina preparation with nifedipine and 
SKF, applied at the same time (same treatment paradigm as for YM 
and pinacidil; Fig. 4A), resulted in a reduction in pressure-induced 
Ca2+ elevation in transition zone and distal pericytes (Fig. 4G), sug-
gesting that TRPC channels participate in Ca2+ elevation in pericytes 
during a sustained pressure stimulus independent of VDCCs.

Taken together, these results suggest that pericyte Ca2+ responses 
to sustained pressure are partially (transition zone) or completely 
(distal) independent of VDCC activation. Furthermore, this 
VDCC-independent pathway utilizes GqPCR signaling and is 
sustained or initiated, at least in part, through a plasma membrane 
Ca2+ entry pathway that is not voltage gated.

http://www.pnas.org/lookup/doi/10.1073/pnas.2216421120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216421120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216421120#supplementary-materials
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Zone-Specific Differences in the Time Course of Constriction to 
Pressure. To determine the time course of arteriole and capillary 
constriction to pressure, we measured diameter for 10 min 
following a pressure elevation from 20 to 80 mmHg (Fig. 5A). 
During the first minute following pressure elevation, vessel 
diameter was measured by performing continuous rapid serial 
z-stack imaging (Fig. 5A). For minutes 2 to 10, vessel diameter 
was measured by serial z-stack imaging during the last 10 s of 
every 1-min interval. Only vessels with confirmed constriction 
at the end of the 10-min period were used for analysis of the 
temporal properties of constriction. Arteriole constriction was 
significantly greater than transition zone and distal capillary 
constriction during the first minute of elevated pressure (Fig. 5 
B and C). Transition zone and distal capillaries constricted on 
moderate and relatively slow timescales, respectively, following the 
pressure step; in contrast, arterioles exhibited robust constrictions 
immediately following pressure elevation (10 to 60 s) that were 
maintained throughout the 10-min pressure elevation (Fig. 5 B 

and C). Since Ca2+ elevation is required for constriction in each 
vascular zone, changes in Ca2+ in arteriolar SMCs, transition zone 
pericytes, and distal pericytes were assessed in the same manner 
as in Fig. 4, but only rapid changes (1 min after elevating inlet 
pressure from 20 to 80 mmHg) were evaluated. Arteriolar SMCs, 
transition zone pericytes, and distal pericytes all exhibited rapid, 
robust elevations in cytosolic Ca2+ following pressure elevation 
(SI Appendix, Fig. S5), responses similar to those observed during 
sustained pressure elevation (Fig. 4C).

These results demonstrate that arteriolar SMCs as well as tran-
sition zone and distal pericytes exhibit a rapid rise in cytosolic 
Ca2+ immediately following pressure elevation. Arterioles constrict 
rapidly to increases in intraluminal pressure, whereas capillaries 
show differences in constriction kinetics between distal segments 
(slow) and transition zone segments (intermediate between arte-
rioles and distal pericytes).

Pericytes Depolarize in Response to Increases in Intraluminal 
Pressure. In arteries and arterioles, increasing intraluminal pressure 
causes SMC depolarization and Ca2+-dependent constriction 
through increased Ca2+ influx via VDCCs (1, 2). To determine 
whether this mechanism operates in native pericytes, we investigated 
the relationship between pressure and membrane voltage in 
transition zone pericytes (first- to fourth-order vessels) and distal 
pericytes (fifth-order and above vessels) in our ex vivo pressurized 
retina preparation using microelectrodes. Pericytes were first 
identified by their distinct protruding cell body under brightfield 
illumination (Fig. 6 A, first panel). Recorded cell type was verified 
based on its distance from IEL termination and morphology, 
visualized by monitoring the fluorescence of 488-hydrazide dye 
contained in the microelectrode solution that fills the impaled/
recorded cell (19) (Fig. 6 A, second panel). At low ophthalmic 
artery pressure (20 mmHg), both transition zone and distal 
pericytes displayed a membrane potential of approximately −43 mV 
(−43.6 ± 2.9 mV and −42.1 ± 2.5 mV, respectively); by comparison, 
retinal SMCs were much more hyperpolarized at this same inlet 
pressure (membrane potential, −63.8 ± 1.9 mV) (Fig. 6 B and C), 
consistent with previous values reported for brain arteriolar SMCs 
at low, subphysiological pressures (2, 52). Increasing ophthalmic 
artery pressure from 20 mmHg to 80 mmHg depolarized both 
transition zone and distal pericytes by ~12 mV (to −31.6 ± 3.3 
mV and −30.0 ± 3.3 mV respectively, Fig. 6 B and C). In contrast, 
this maneuver depolarized arteriolar SMCs by ~30 mV (to −32.7 
± 0.4 mV) (Fig. 6 B and C), again a response consistent with those 
observed in brain arteriolar SMCs upon pressurizing from low or 
no pressure to a pressure in the physiological range (2, 52). These 
results reveal a fundamental difference in membrane potential at 
low pressure between SMCs and pericytes, consistent with a lower 
K+ permeability of pericytes relative to SMCs.

VDCC Characteristics in Arteriolar SMCs and Transition Zone/
Distal Pericytes. Arterioles constrict robustly at −40 mV (1, 2), 
a response that is entirely dependent on Ca2+ influx through 
VDCCs in SMCs. In contrast, at the same membrane potential 
(−40 mV) and a low inlet pressure (20 mmHg; Fig. 6 B and C), 
transition zone and distal pericytes showed no loss of contractile 
or Ca2+ responses to application of nifedipine, suggesting relatively 
low VDCC activity in these cells at this membrane potential 
(SI  Appendix, Fig.  S4). Furthermore, removal of  external Ca2+ 
did not affect vessel diameter at an inlet pressure of 20 mmHg. 
However, at an inlet pressure of 80 mmHg (about −30 mV), 
VDCCs did contribute to intracellular Ca2+ or contraction of 
transition zone pericytes, indicating that depolarization from −43 
mV to −30 mV activates Ca2+ influx through VDCCs.

Fig. 3. Pressure-induced dilation of arterioles and capillaries in the presence of 
nifedipine and [0 mM] external Ca2+. (A) Experimental parameters for imaging, 
pressure changes, and drug applications for sustained-pressure experiments. 
Baseline diameter at 20 mmHg was determined in the presence of vehicle 
(0.005% dimethyl sulfoxide [DMSO]). (B–D) Abluminal vessel diameter in pres-
sure-constricted arterioles (B), transition zone capillaries (C), and distal capillaries 
(D) at 80 mmHg, with bath application of 500 nM nifedipine and subsequent 
exposure to [0 mM] external Ca2+ conditions. Data in B–D are paired values pre-
sented with mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; 
one-way ANOVA with Tukey’s multiple comparison test); ns, not significant. (E) 
Percent nifedipine-specific dilation (relative to [0 mM] external Ca2+ dilation) in 
arterioles, transition zone capillaries, and distal capillaries (SI Appendix, Methods). 
Data are individual values presented with mean ± SEM (n per zone = 8 to 24 from 
five animals; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; Brown–Forsythe 
and Welch ANOVA with Welch’s correction); ns, not significant.

http://www.pnas.org/lookup/doi/10.1073/pnas.2216421120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216421120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2216421120#supplementary-materials
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To test whether functional VDCC channels are activated by depo-
larization in transition zone and distal pericytes, we exposed Myh11-
GCaMP6f flat-mount (unpressurized) retina preparations to a 
depolarizing concentration (60 mM) of external K+ in the presence 
and absence of nifedipine. Bath application of 60 mM K+, which 
depolarizes vascular cells to approximately −20 mV (1), led to an 
increase in intracellular Ca2+ in all pericytes (and SMCs), effects that 
were inhibited by nifedipine (500 nM) (Fig. 7 A and B). This sug-
gests that at membrane potentials around −43 mV, Ca2+ influx 
through VDCC activity is not sufficient to raise Ca2+ in pericytes, 
and that at more depolarized membrane potentials (i.e., −20 mV) 
sufficient VDCCs are activated to elicit a rise in cytosolic Ca2+ in all 
pericytes.

To directly examine VDCC activity, we measured nifedipine-sen-
sitive currents in native retinal and brain pericytes. Because of exper-
imental limitations in obtaining sufficient numbers of viable single 
SMCs from retinal arterioles, we compared nifedipine-sensitive 
VDCC current density between SMCs and pericytes using cells iso-
lated from cortical brain tissue. The identification of single pericytes 
was aided by the use of NG2-DsRed-BAC transgenic mice, in which 
expression of the DsRed fluorescent protein is driven by the promoter 
region of the chondroitin sulfate proteoglycan 4 (Cspg4) gene encod-
ing the mural cell marker, neural/glial antigen 2 (NG2) (19). Isolated 
pericytes exhibited a characteristic outward protruding nucleus with 
long-stranded projections. To maximize channel open probability 
and decrease inactivation, we bathed native pericytes in a solution 

Fig. 4. Sustained Ca2+ responses to pressure in arterioles and capillaries. (A) Experimental parameters for imaging, pressure changes, and drug applications. Vehicle 
control, 0.005% for nifedipine alone or 0.1% dimethyl sulfoxide for dual drug treatment. (B) First horizontal panel: representative pseudocolored z-projections of 
arteriole and transition zone capillary GCaMP6f fluorescence at 20 mmHg, 80 mmHg 15 min after pressure change, 20 mmHg (after initial pressure change, return 
to baseline), and at 80 mmHg 15 min after pressure change with nifedipine (NIF; 10-min treatment), added at 5 min after pressure change. Second horizontal panel: 
representative image of pseudocolored z-projection of distal capillary pericyte GCaMP6f fluorescence under identical treatment conditions. (Scale bars, 20 μm.) 
(C) Pressure-induced (20 to 80 mmHg at ophthalmic artery) changes in Ca2+ (GCaMP6f fluorescence) in arterioles, transition zone capillaries, and distal capillaries 
with vehicle or 500 nM nifedipine treatment. (D) Comparison of nifedipine-insensitive Ca2+ changes (500 nM nifedipine) in pressure-stimulated arterioles, transition 
zone pericytes, and distal pericytes. (E) Pressure-induced changes in Ca2+ in transition zone capillaries and distal capillaries with 500 nM nifedipine treatment 
or nifedipine + 1 µM YM-254890. (F) Pressure-induced changes in Ca2+ in transition zone capillaries and distal capillaries with 500 nM nifedipine treatment or 
nifedipine + 10 µM pinacidil. (G) Pressure-induced changes in Ca2+ in transition zone capillaries and distal capillaries with 500 nM nifedipine or nifedipine + 10 µM 
SKF-96365. Data are individual values presented with mean ± SEM (n = 7 to 24 vessel segments from three to five mice; C, E, F, and G: *P < 0.05, **P < 0.01, paired 
t test; D: *P < 0.05, **P < 0.01; Brown–Forsythe and Welch ANOVA with Welch’s correction); ns, not significant.
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containing the VDCC activator, Bay K 8644 (500 nM), together 
with 10 mM Ba2+. In pericytes and SMCs held at −60 mV, a 200-ms 
−90-mV prepulse followed by a 300-ms voltage step to +10 mV 
evoked an inward, nifedipine-sensitive current (Fig. 7C). The ampli-
tudes of nifedipine-subtracted currents in brain (−4.6 ± 1.2 pA/pF) 
and retinal (−4.1 ± 0.4 pA/pF) pericytes were comparable (Fig. 7 C 
and E) but were approximately half that of currents recorded in single 
cerebral pial artery SMCs (−8.9 ± 0.5 pA/pF; Fig. 7 D and E. Overall, 
these results indicate that, although pericytes utilize mechanisms 
independent of VDCCs to elevate Ca2+ during pressure elevation, 
both transition zone and distal pericytes possess functional VDCCs.

Discussion

Here, we tested the postulate that pressure is an intrinsic stimulus 
that establishes baseline contractility, or “tone,” in CNS pericytes 
and may contribute to pressure-sensitive autoregulation within the 
capillary network. The intrinsic ability of blood vessels to constrict 
in response to increases in systemic pressure, a mechanism that 
serves to maintain stable blood flow, was first described empirically 
in the early 20th century (53) and was subsequently appreciated to 
apply to the CNS vasculature (54). Long-standing interest in the 
detailed mechanisms that govern this pressure-induced constriction, 
or myogenic response, has continued to drive efforts to better 
understand blood flow regulation under healthy and diseased con-
ditions. Recent studies have identified a population of morpholog-
ically distinct pericytes in the capillary transition zone that display 
relatively rapid, Ca2+-dependent contractile properties and the 
ability to dynamically control capillary blood flow (4–7, 12). We 
are only beginning to understand the impact of distal pericytes on 
cerebral blood flow regulation, but clearly contractile/relaxation 
kinetics and mechanisms of this subpopulation differ from those 

of SMCs and proximal transition zone pericytes (5, 15). Although 
the physiological mechanisms that mediate Ca2+ responses and 
contractility in pericytes are often presumed to be similar or iden-
tical to those of SMCs, they remain empirically undefined.

Utilizing a pressurized retina preparation, we demonstrate that 
arterioles, transition zone capillaries, and distal capillaries constrict 
or maintain their intraluminal diameters in response to increasing 
perfusion pressure, thus providing a mechanism for establishing 
vascular tone and stabilizing downstream capillary blood flow. The 
kinetics of this contractile behavior are distinct in each vascular 
zone, such that arterioles and transition zone capillaries generate 
tone more rapidly than distal capillaries. Moreover, the mecha-
nisms that regulate intracellular Ca2+ and contractility along the 
arteriole-capillary continuum display a unique, zone-specific gra-
dient in their reliance on VDCC activity. Specifically, SMCs are 
entirely dependent on VDCC activity for sustained contraction, 
whereas contraction of transition zone pericytes is only partially 
dependent on VDCCs and distal pericyte contraction does not 
depend on VDCC activity at all. The distinct features of each 
vascular zone are highlighted in Fig. 8.

These results underscore the potential for all pericytes to con-
tribute to the regulation of capillary blood flow in response to 
changing pressure through their distinct temporal and Ca2+-influx 
properties. One postulate arising from these results is that intra-
luminal pressure per se is a unique mechanism for preconstricting 
pericytes and thus establishing a baseline constriction from which 
dynamic or static flow properties can vary.

Our results support the idea that, in addition to SMCs, all 
pericytes possess VDCCs. A major difference is the membrane 
potential at which Ca2+ entry is sufficient to cause a detectable 
increase in intracellular Ca2+ and constriction, particularly in tran-
sition zone capillaries. Indeed, at subphysiological inlet pressures 

Fig. 5. Temporal properties of pressure-induced constriction 
in arterioles and capillaries. (A) Experimental parameters for 
pressure change and imaging. (B) Representative images of 
arterioles, transition zone capillaries, and distal capillaries at 
20 mmHg (0 s), at 80 mmHg for 30 s and 10 min, and passively 
dilated at 80 mmHg. Only vessels with confirmed constriction at 
the end of 10 min were used for analysis of temporal properties 
of constriction. (Scale bars, 20 um.) (C) Percent constriction 
developed in different zones over 10 min following pressure 
elevation (20 to 80 mmHg). Data are mean ± SEM (n per branch 
= 5 to 11 from five animals; P < 0.0001 for differences in 
constriction among the three groups at 1 min, two-way ANOVA 
with Tukey’s multiple comparison test).
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(20 mmHg at the ophthalmic artery), pericytes are substantially 
depolarized (approximately −43 mV) relative to SMCs (approxi-
mately −60 mV) and possess the capacity to depolarize further (to 
−30 mV) in response physiological intraluminal pressures. 
However, inhibiting VDCCs in pericytes at low pressure (associ-
ated with a membrane potential of −40 mV) did not alter pericyte 
diameter or Ca2+ levels; by contrast, parenchymal arterioles con-
strict robustly between −50 and −40 mV (1, 2). Inhibiting VDCCs 
at physiological pressures (associated with an SMC and pericyte 
membrane potential of approximately −30 mV) leads to dilation 
of arterioles and transition zone capillaries, suggesting that this 
membrane potential is sufficient for VDCC activation and con-
traction in these cells. However, distal pericytes, which constrict 
at physiological pressures (at −30 mV), did not dilate during 
VDCC inhibition, suggesting that VDCC activity is not a primary 
mechanism for Ca2+ elevation at this pressure/membrane potential. 
In fact, in our previous study, we demonstrated that sustained 
exposure to further depolarized conditions (membrane potential 
≈ −20 mV) by addition of 60 mM extracellular K+ is unable to 
contract distal pericytes (4). Although the properties of VDCCs 
(e.g., current density) in pericytes, particularly transition zone 
pericytes, need further characterization, the difference between 
SMCs and pericytes may reside in the lower current density of 
VDCCs in pericytes. A detailed account of VDCC properties, 
including voltage dependence of activation and inactivation, coop-
erative gating, and direct/indirect modulation by phosphorylation 
or other regulatory proteins, is needed to fully understand differ-
ences in VDCCs in pericytes versus those in SMCs.

Interestingly, in contrast to the lack of 60 mM K+ constriction 
responses in distal pericytes mentioned above, we showed that 
sustained exposure to the GqPCR agonist, U-46619, which acts at 
the thromboxane A2 receptor, was able to evoke constriction in 
distal capillaries (4). Together, these results indicate that pericytes 
may utilize a mechanism independent of VDCC activity to sustain 

contraction. Previous studies examining SMCs show that GqPCR 
stimulation and subsequent activation of nonselective cation chan-
nels, such as Transient Receptor Potential Cation Channel 
Subfamily M Member 4 (TRPM4) and TRPC channels, provides 
depolarization for sustained VDCC activity and contractility 
(35–37, 49, 55). In transition zone pericytes, GqPCR activation 
of these cation channels may create depolarizing conditions for 
VDCC activity and provide a VDCC-independent Ca2+ source, 
which combine to promote contractility in these cells. In distal 
pericytes, sustained GqPCR activation of other types of Ca2+-
permeable channels may provide the predominant Ca2+ source for 
initiation of contraction. Indeed, we found that, in the presence 
of nifedipine, GqPCR inhibitors reduced pressure-induced Ca2+ 
elevations in both transition zone and distal pericytes, whereas 
nifedipine alone abolished Ca2+ elevations in arteriolar SMCs. 
Furthermore, in the absence of VDCC activity, pressure-induced 
Ca2+ elevation is enhanced through hyperpolarization-induced 
increases in the driving force for Ca2+. This suggests that Ca2+ influx 
through nonvoltage–gated, Ca2+-permeable channels is a key con-
tributor to Ca2+-mediated contraction of pericytes. To specifically 
examine VDCC-independent mechanisms, in these experiments 
we exposed the entire preparation to nifedipine, a maneuver that 
was especially important in examining transition zone pericytes, 
in which sustained contraction is partially dependent on VDCC 
activity. An important caveat to bear in mind in considering these 
results is potential cross-talk between VDCCs and other Ca2+ 
entry/release pathways, a possibility that cannot be ruled out. We 
did not explore contributions of store release to Ca2+ elevation in 
pericytes, specifically the role of inositol 1,3,5-triphosphate (IP3) 
receptors, which have known signaling roles in pericytes (4) and 
are canonical downstream targets of the GqPCR-phospholipase 
C-diacylglycerol/IP3 signaling cascade. Although IP3 receptor func-
tion is not necessary for sustained Ca2+ elevation and contraction 
of SMCs (56), Ca2+ release may have a more prominent role in 

Fig. 6. Pericyte membrane potential responses to changes 
in pressure. (A) First panel, localization, and identification of 
pericytes. Pericytes within the pressurized retinal vasculature 
were first identified by brightfield microscopy and then 
impaled with microelectrodes. Second panel, hydrazide-filled 
pericytes, imaged following impalement and membrane 
potential recordings to confirm pericyte morphology and 
location (branch order). The vasculature was also stained 
with rhodamine-isolectin (magenta) to highlight branching 
structure. (Scale bar, 20 μm.) (B) Membrane potential 
responses to stepped pressure changes (from 20 to 
80 mmHg), recorded from an arteriolar SMC, transition zone 
(second-order) pericyte, and distal (sixth-order) pericyte. 
All changes in pressure were measured at the ophthalmic 
artery. (C) Summary data showing membrane potential in 
arteriolar SMCs (blue), transition zone pericytes (green), and 
distal pericytes (orange) at ophthalmic artery pressures of 
20 and 80 mmHg. Data are paired and unpaired individual 
values presented with mean ± SEM [n = 3 SMCs from three 
mice and n = 3 to 4 pericytes per zone from three to four 
mice; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, 
unpaired t test for SMCs and transition zone pericytes 
(unpaired values at 20 and 80 mmHg for arterioles and two 
unpaired values at 20 mmHg for transition zone pericytes) 
and paired t test for distal pericytes].
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pericytes, and in particular distal pericytes. It is apparent that an 
extracellular Ca2+ source is required for contraction. However, this 
could reflect Ca2+ activation of IP3 receptors and maintenance of 
luminal Ca2+ in the endoplasmic reticulum.

SMC membrane potential is a powerful regulator of arterial and 
arteriolar diameter and blood flow. The transducer is the VDCC, 
which exhibits a steep increase in open probability with membrane 
potential depolarization (56). Indeed, drugs that hyperpolarize 
smooth muscle are powerful vasodilators (57). The lack of a func-
tional role of VDCCs in distal pericytes indicate that this mecha-
nism is not operational in response to pressure in distal pericytes 
(58). Indeed, pinacidil, which causes hyperpolarization by activa-
tion of KATP channels, causes an increase in pressure-induced Ca2+ 
responses in distal pericytes. Theoretically, physiological hyperpo-
larization in the distal capillary network could promote pericyte 
contraction through enhanced Ca2+ entry while dilating upstream 
vessels through retrograde hyperpolarization (28). Another intrigu-
ing rationale for relatively depolarized membrane potentials of 
pericytes at low and physiological pressures is to maintain the ability 
to hyperpolarize during physiological stimuli such as neuronal 
activity or dilatory ligand release, allowing for transmission of 
hyperpolarization to underlying endothelial cells (19, 28, 59).

A limitation of the pressurized retina preparation, or any in vivo 
or ex vivo intact flow system (60), is the inability to definitively know 
the exact pressure within each downstream microvascular zone. 
However, pressurizing the ophthalmic artery to physiological levels 
likely provides a physiologically relevant pressure drop along the 
branching vascular tissue. This inference is supported by the obser-
vation of intact flow from arterioles to capillaries to venules, and the 
demonstration of physiological flow rates in draining vessels in the 
retina preparation. This is reliably achieved by cannulating and pres-
surizing at a site several millimeters distal from the retinal arterioles 

and allowing the natural inlet arteries (ophthalmic artery and retinal 
artery) to initially regulate flow generated through a known pressure. 
This is in contrast to the pressurized brain slice preparation, in which 
arterioles are directly cannulated with the connected vasculature, and 
careful flow calibration at respective inlet pressures is required 
(61–63). Nevertheless, pressures along the arteriole-capillary axis 
certainly fall dramatically in a branching, intact-flow systems, where 
pressure in the distal capillaries is probably less than 20 mmHg (60). 
It is likely that pressures encountered in each vascular zone change 
as a function of time following pressure elevation, especially given 
the rapid constriction of arterioles. Even though SMCs, transition 
zone pericytes, and distal pericytes all show an immediate, substantial 
elevation in Ca2+ that is sustained following pressure elevation, the 
potential impacts of these fluctuations as the preparation reaches 
equilibration should be considered when interpreting these results.

Although the intraluminal pressure within capillaries is much 
lower than upstream vessels, capillaries still constrict in response 
to a pressure stimulus. This is likely a feature of microvessels, where 
smaller vessels generate meaningful tone at much lower intralu-
minal pressures, as exemplified by the 30 to 40% tone generated 
at 80 mmHg in brain pial arteries versus the same degree of tone 
generated in downstream penetrating arterioles at 40 mmHg (1, 
2, 49, 52). Another aspect of capillary constriction not directly 
explored in this study is the force required to generate meaningful 
constriction in the arteriole versus capillary segments. Arterioles 
experience considerably higher intraluminal pressures and also 
contain a layer of elastin. These factors require that SMCs generate 
much greater contractile forces to regulate diameter and flow rap-
idly and dynamically. In contrast, pericytes share a basement mem-
brane with underlying endothelial cells and experience lower 
intraluminal pressures. The relatively low-pressure environment 
and projection nature of pericyte coverage may not require such 

Fig.  7. Functional expression of VDCCs in pericytes. 
(A) Representative pseudocolored image of GCaMP6f 
fluorescence in flat-mount retinal arterioles, transition zone 
capillaries, and distal capillaries in 3 mM external K+ (normal) 
60 mM external K+, or 60 mM external K+ with pretreatment 
with 500 nM nifedipine. (Scale bars, 20 μm.) (B) Summary data 
showing Ca2+ levels (change in GCaMP6f fluorescence values) 
in arterioles and transition zone and distal capillaries in 
response to a depolarizing (60 mM) concentration of external 
K+ without (vehicle) and with 500 nM nifedipine pretreatment. 
Data are paired individual values with mean ± SEM (n = 6 to 
10 vessels per zone from four to five animals; *P < 0.05, **P 
< 0.01, ***P < 0.001, paired t test). (C) Voltage step protocol 
used for all whole-cell recordings (SI  Appendix, Methods). 
Representative images and current traces from isolated 
native cerebral and retinal pericytes from NG2-DsRed mice, 
recorded in the presence of the VDCC agonist Bay K 8644 (500 
nM) or antagonist nifedipine (200 nM). Blue trace: subtracted 
(nifedipine-sensitive) current. (D) Representative image and 
current traces from isolated cerebral SMC under the same 
conditions as C. (E) Summary data showing current density 
for subtracted current conditions in isolated SMCs, brain 
pericytes, and retinal pericytes. Data are unpaired individual 
values with mean ± SEM (n = 6 to 11 per cell type from two 
to three animals; *P < 0.05, **P < 0.01, ***P < 0.001, Brown–
Forsythe and Welch ANOVA with Welch’s correction); ns, not 
significant.

http://www.pnas.org/lookup/doi/10.1073/pnas.2216421120#supplementary-materials
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robust excitation–contraction coupling mechanisms, such as the 
exclusive reliance on VDCC activity or high levels of αSMA. 
Nevertheless, SMCs and transition zone and distal pericytes all 
exhibit a relatively immediate (~1 min or less) depolarization 
(Fig. 6) and Ca2+ elevation (Fig. 6 and SI Appendix, Fig. S5) to 
pressure, yet the speed of their constriction is distinct in each zone. 
This may indicate zone-specific relationships between cytosolic 
Ca2+ concentration in the cells and the rate at which these con-
centrations translate to meaningful force production. These results 
also indicate that the timing of depolarization aligns fairly well 
with the contractile response in cells that utilize VDCCs for con-
traction (i.e., SMCs and transition zone pericytes). They also raise 
an intriguing question: What is the effect of depolarization in distal 
pericytes and what are implications of this process for pressure 
sensing? Ultimately the biophysical and biomechanical nature of 
pericyte contraction warrants future investigation.

Additionally, the interconnected nature of all pressurized ves-
sels in this preparation means that downstream capillaries are 
subjected to pressure-change effects contributed by upstream 
arterioles and early capillary branches. However, for several rea-
sons, it is unlikely that these results reflect passive responses to 
upstream vessels. First, substantial arteriole contractile responses 
occur in seconds, whereas significant changes in distal capillaries 
occur after minutes. Second, inhibition of VDCCs causes com-
plete relaxation of upstream arterioles with no effect on pres-
sure-constricted distal capillaries. And third, pressure leads to a 
rapid and pronounced increase in pericyte Ca2+ signals, which 
are sustained and required for contraction, indicating that peri-
cytes sense increases in pressure.

Taken together, these observations highlight the unique con-
tractile mechanisms in pericytes and may explain cases where 
“canonical” vasodilatory signals that lead to hyperpolarization and 
modulation of VDCC activity have different dilatory effects along 
the capillary continuum. It may also explain why other mediators/
stimuli appear to cause distinct, but slow, dilation of distal peri-
cytes (15), as these mechanisms might inhibit VDCC-independent 
Ca2+-entry and/or release pathways, processes that could be slower 
than modulation of voltage-dependent channels.

Materials and Methods

All animals were used in accordance with protocols approved by the Institutional 
Animal Care and Use Committee of the University of Vermont. Detailed descrip-
tion of animal procedures and strains including myh11-CreERT2 mice [courtesy 
of Stefan Offermans (64)]  are included in SI  Appendix, Methods. Details for 
procedures and materials required for pressurized ex  vivo retina preparation, 
immunohistochemistry, vessel diameter and Ca2+ imaging, fluorescent bead 
imaging, membrane potential and patch clamp electrophysiology are included 
in SI Appendix, Methods.

Statistical Analysis. Data are expressed as paired or unpaired individual 
values with mean ± standard error of the sample mean (SEM). Datasets were 
tested for normal distribution using the D’Agostino and Pearson test. Normally 
distributed data were evaluated using appropriate parametric statistical tests, 
whereas nonnormally distributed (i.e., non-Gaussian) datasets were tested 
using appropriate nonparametric statistical tests. Individual statistical tests are 
indicted in the corresponding figure legend. GraphPad Prism 9 software was 
used for statistical analysis. A P-value less than 0.05 considered statistically 
significant; individual P-value thresholds (*P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001) are indicated in figure legends.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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