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Coupling red blood cell (RBC) supply to O, demand is an intricate process requiring
O, sensing, generation of a stimulus, and signal transduction that alters upstream arte-
riolar tone. Although actively debated, this process has been theorized to be induced by
hypoxia and to involve activation of endothelial inwardly rectifying K* channels (Kz)
2.1 by elevated extracellular K' to trigger conducted hyperpolarization via connexin40
(Cx40) gap junctions to upstream resistors. This concept was tested in resting healthy
skeletal muscle of Cx40” and endothelial K;;2.17" mice using state-of-the-art live
animal imaging where the local tissue O, environment was manipulated using a custom
gas chamber. Second-by-second capillary RBC flow responses were recorded as O, was
altered. A stepwise drop in PO, at the muscle surface increased RBC supply in capillar-
ies of control animals while elevated O, elicited the opposite response; capillaries were
confirmed to express Cx40. The RBC flow responses were rapid and tightly coupled to
O,; computer simulations did not support hypoxia as a driving factor. In contrast, RBC
flow responses were significantly diminished in Cx40”" mice. Endothelial K,2.17" mice,
on the other hand, reacted normally to O, changes, even when the O, challenge was
targeted to a smaller area of tissue with fewer capillaries. Conclusively, microvascular
O, responses depend on coordinated electrical signaling via Cx40 gap junctions, and
endothelial Kj2.1 channels do not initiate the event. These findings reconceptualize the
paradigm of blood flow regulation in skeletal muscle and how O, triggers this process
in capillaries independent of extracellular K.
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Red blood cell (RBC) flow through the microvasculature is intimately matched to tissue O,
requirements. At a fundamental level, O, demand—supply coupling entails sensing of the O,
need and generation of a stimulus that alters arteriolar tone—the primary locus of blood
flow control. Under the classical metabolic hypothesis, sensing occurs in parenchyma where
tissue activity and induction of hypoxia drive the accumulation of vasoactive metabolites (1)
and ions, such as K, which activates inwardly rectifying K" channels (Kjp) to initiate arteriolar
dilation (2). While this “textbook” explanation is simple to rationalize, a system built on
hypoxic production of metabolites and ions along with their diffusional spread is difficult
to square with the necessity for precise temporal and spatial control (3, 4). As such, a coun-
ternarrative diverging from a focus on arterioles and tissue mitochondria to that of cap-
illaries and RBC:s is gaining traction (5, 6).

The idea that the microcirculation rather than the parenchyma sense O, is an appealing
concept, but one difficult to validate (7) as it requires 1) manipulation of RBC O,, 2)
dynamic measures of capillary hemodynamics, and 3) experimentation where outcomes
separate classic thinking from emerging counternarratives. In this regard, we established
key technology: a gas-exchange chamber that enables in vivo imaging of the capillary
circulation while tissue/RBC O, kinetics are manipulated (8, 9). Software development
has in turn automated microhemodynamic analysis such that RBC flow and hemoglobin
O, saturation (SO,) can be assessed over large subsets of capillaries (10). With these
innovations in place, genetic deletion models targeting key proteins can be used to probe
unresolved concepts of O, demand—supply coupling.

Herein, this study used state-of-the-art intravital imaging (Fig. 1) and analytical approaches
(81 Appendix, Fig. S1) to probe the O, regulatory system in healthy resting skeletal muscle,
the extensor digitorum longus (EDL). Experiments were first designed to test whether the
signals driving demand-supply coupling originate in capillaries (9) and conduct via inter-
endothelial gap junctions composed of connexin40 (Cx40) (11). Experiments next addressed
whether, in accordance with the metabolic hypothesis, the “signal” involves tissue release of
K" (12), whose extracellular rise activates endothelial cell (EC) K;z2.1 (13, 14). Results show
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Matching oxygen supply to tissue
demand is a vital process
achieved by fine adjustments in
microvascular red blood cell flow.
How these responses are
triggered and communicated in
microvascular networks of skeletal
muscle is currently debated. A
potential mechanism involves
activation of potassium-sensitive
channels by extracellular
potassium, leading to arterial
hyperpolarization and
vasodilation. Using a customized
experimental setup, we show that
capillary communication with
arterioles occurs via signals that
spread through gap junctions
composed of Cx40 (connexin40)
to match red blood cell flow to
oxygen needs in skeletal muscle.
These responses are not triggered
by hypoxia or extracellular
potassium. These findings
advance the mechanistic
understanding of oxygen
demand-supply coupling in
skeletal muscle.
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Stage setup for dual-wavelength intravital microscopy and image analysis. Mice are positioned on a custom stage insert with a gas-exchange chamber,

and the isolated EDL muscle is placed on an O,-permeable membrane, covered with O,-impermeable plastic wrap, and gently compressed with a coverslip.
Warmed gas (N, CO,, and O,) is infused through the chamber, and O, levels in the chamber are tightly controlled at the surface of the muscle. Light transmitted
through the muscle is split between two cameras and captured at two wavelengths that allow for calculation of RBC SO, based on spectral properties of fully
oxygenated and deoxygenated hemoglobin. Functional images showing the passage of RBCs through capillaries are derived from the captured frame sequences,
and space-time images are created for capillary segments showing RBC transit as tracts color-coded for SO,. RBC dynamics are calculated from the space-time
images. The RBC supply rate in the space-time image decreases when chamber O, levels are elevated and increases when chamber O, is lowered. Hct; hematocrit.

that O, responses are generated in capillaries and require Cx40-
mediated conduction to arterioles to elicit RBC flow responses.
Counter to the classical metabolic hypothesis and in line with the
microcirculation acting as an O, sensor, genetic deletion of endothe-
lial Kjz2.1, the molecular target of extracellular K*, had no impact
on responses to O,. Together, these decisive and unique findings
advance our mechanistic understanding of O, demand-supply
coupling.

Results

Tissue PO, Simulations Are Not Consistent with Hypoxia.
Tissue PO, at the muscle/chamber boundary was modeled as a
multivessel arrangement with 72 uniformly spaced capillaries in an
arteriolar to venous orientation on a 100-um-thick fluorosilicone
acrylate membrane atop the gas chamber (Fig. 2). All tissue blocks
were modeled at steady state and assigned an inlet SO, of 76.5%.
The calculated average surface PO, values (at the interface with
the fluorosilicone acrylate membrane) for the low O, challenge
before and after a flow response occurs were 45.4 mmHg
(53 mmHg chamber O, with baseline flow), 26.4 mmHg
(15> mmHg chamber O, with baseline flow), and 30.4 mmHg
(15 mmHg chamber O, with flow response). The minimum
simulated tissue PO, were: 19.6, 11.3, and 16.9 mmHg
(respectively). As expected, the models predict that with the 15
mmHg challenge, tissue PO, does not fall below 10 mmHg, as
estimated for tissue hypoxia (15—17); this argues against hypoxia-
driven responses in our gas-exchange chamber experiments.
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The calculated average surface PO, values during the 0% O,
challenge were 18.0 mmHg without a flow response and 27.9
mmHg with a flow response. The minimum tissue PO, values were
0.3 and 14.7 mmHg, respectively. For the 0% O, challenge with
no flow response, only a small region (0.2% of the domain) had
local PO, < 1 mmHg due to the asymmetry of the capillary array
and the no-flux boundary conditions used in the simulation.

Cx40~"~ Mice Exhibit Lower RBC SO, but Normal Microhemo-
dynamics. Electrical coupling between ECs as well as smooth
muscle cells (SMCs) is enabled by gap junctions composed of
connexins. This connectivity is expected to be integral to the
regulatory system ensuring proper O, distribution in tissues.
To determine whether Cx40”" animals have normal capillary
hemodynamics, the exteriorized muscle was placed on a glass
coverslip on a stage insert and covered with O,-impermeable
membrane so that the microcirculation was the only source of
O, in the tissue. Capillary RBC velocity, hematocrit, and supply
rate were similar between C57BL/G control and Cx407" mlce
(Fig. 3 A-C). Intriguingly, however, capillary RBC SO, in Cx40™"
mice was significantly reduced compared to controls (Fig. 3D),
possibly due to higher O, consumption or altered vascular network
structure.

Cx40-Mediated Conduction Is Critical for O, Demand-Supply
Coupling. It is not definitive whether skeletal muscle capillary
RBC flow responses to local O, changes require Cx-mediated
conducted signaling. Cx40 is one of the major Cx subunits that
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Fig. 2. Simulation of tissue PO, levels in skeletal muscle during a low O, challenge. 3D models of PO, distribution in the EDL muscle at the gas-muscle interface
of the gas chamber are shown. The tissue PO, scenarios modeled are with gas chamber O, at 53 mmHg with baseline RBC flow levels (A), contrasted with 15
or 0 mmHg O, challenge without (B) and with (C) a capillary RBC flow response. The simulations predict that tissue does not become hypoxic during the O,

challenges when there is an RBC flow response (C).

conduct electrlcal 51gnals between ECs (18, 19). The lower RBC
SO, in Cx40”" mice led us to examine capillary flow responses
to O, changes at the surface of the muscle. Decreased PO, can
trigger different capillary RBC flow responses—increased RBC
velocity, increased hematocrit, or both—adding up to an increased
RBC supply rate. To probe the O, regulatory system, the EDL
was placed on an O,-permeable membrane of a custom stage gas
chamber with a gas mixture flowing at 1 L/min with 53 mmHg
O,. Of note, 53 mmHg O, was chosen for baseline flow recordings
because capillary RBC supply rates at this O, concentration match
RBC supply rates in the muscle resting on a glass coverslip instead
of the gas chamber in C57BL/6 mice (RBC supply rate in the
muscle on a coverslip is 13.9 (8.9) RBC/s while on the gas chamber
with 53 mmHg O, it is 13.5 (12.5) RBC/s). After the baseline
recording, the chamber O, was lowered to 15 mmHg. Control
EDL microcirculation responded with increased RBC velocity
and increased capillary hematocrit, culminating in a significantly
increased RBC supply rate (Fig. 4 A and C and Movie S1). When
chamber O, was returned to 53 mmHg, the supply rate decreased
to approximate baseline flow, suggesting the presence of a dynamic
system that fine-tunes RBC supply to the local O, environment.
Cx40™" mice, on the other hand, failed to adequately adjust RBC
flow in response to a sustained low O, challenge (Fig. 4 B and
O). Surprisingly, the knockout mice did not exhibit a significant
rise in RBC flow even when the 15 mmHg O, challenge was
applied over 7 min (8] Appendix, Fig. S2). To further probe the O,
demand-supply decoupling with global Cx40 deletion, we pushed

the system by lowering chamber O, to 0 mmHg. Expectedly,
control animals had a robust hemodynamlc response to the 0%
O, challenge while the Cx40™~ mice did not (Fig. 4D). When data
were presented as individual values per caplllary, it became apparent
that upon a 0 mmHg O, challenge, the Cx40™" microvasculature
attempted to respond with a slight hematocrit increase (Fig. 4D).
Due to the severely diminished RBC flow response with Cx40
deletion, RBC SO, levels trended lower during the O, challenges
in Cx40™" capillaries, but the difference was not statistically
significant compared to controls (S/ /)pendzx, Fig. §3).

To assess SMC function in Cx40™" mice, arterial capacity to
dilate and constrict was verified with capillary RBC flow meas-
urements at baseline and after topical application of an SMC-
dependent vasodilator (sodium nitroprusside), a constrictor (phe-
nylephrine HCI), followed by an endothelium- dependent dilator
(acetylcholine). The microcirculation of the Cx407 mice
responded to these agonists (S/ Appendix, Fig. $4).

To examine how rapid and tightly coupled hemodynamic
responses are when O, levels are varied at the surface of the muscle,
chamber O, was oscillated in a sinusoidal fashion between 15 and
91 mmHg O,. Second-by-second traces of the RBC supply rate
in control animals oscillated in concert w1th the chamber O, levels
(SI Appendix, Fig. S5A). Again, Cx40™" mice did not respond to
rapid (1-min) sinusoidal O, oscillation as the control animals
(SI Appendix, Fig. S5B). Thus, the rapid and graded microcircu-
latory responses to O, are diminished in the absence of
Cx40-mediated conduction. Taken together, it appears that,
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Fig. 3. (x40™" mice have normal capillary RBC dynamics but significantly lower RBC SO,. To assess resting capillary RBC dynamics, the EDL muscle was placed
on a glass coverslip and covered with O.-impermeable membrane so that microcirculation was the only source of O,. (x40~ mice have normal capillary RBC
velocity (A), hematocrit (B), and supply rate (C) but significantly lower RBC SO, (D) compared to control. The distribution of data is shown as median and individual
values from 105 capillaries in the C57BL/6 control group of 6 mice and 108 capillaries in the knockout group of 8 mice. Statistical differences in RBC velocity and
supply rates between control and knockout mice were assessed using the Mann-Whitney test; differences in capillary hematocrit and RBC SO, were assessed
using the unpaired t test.
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Fig.4. Microvascular responses to decreased O, at the skeletal muscle surface are severely diminished in Cx40”~ mice. After baseline measurement of capillary
hemodynamics, the skeletal muscle surface was exposed to decreased O, in the gas chamber, and RBC flow responses were quantified. Representative space-time
images and corresponding capillary RBC supply rate traces during a low O, challenge are shown for a representative capillary from a control (4) and a C(x40™"
mouse (B). Summary data for RBC supply rate, velocity, and hematocrit in capillaries from control and (x40~ mice during 15 (C) and 0 mmHg (D) O, challenge.
Values were normalized to baseline and reported as mean (SD) with n = 10 mice in each group. These data are based on 61 capillaries in the control group
and 68 capillaries in the knockout group. Repeated-measures one-way ANOVA with Sidak's multiple comparisons test was used for parametric data, and the
Friedman test (repeated measures) with Dunn's multiple comparisons test was used for nonparametric data, *P < 0.05 compared with baseline. For illustrative
purposes, line graph Insets show % change in normalized RBC velocity vs. hematocrit across individual capillaries in each group. BL; baseline, Rec; recovery.

despite normal RBC flow in Cxd0™" capillaries at rest (Fig. 3),
RBC flow deficiencies emerge when O, demand changes (Fig. 4
and S/ Appendix, Fig. S5).

Cx37 and Cx40 Are Abundantly Expressed in the Capillary
Endothelium. To characterize the connexin subunit composition
in the capillary endothelium of the EDL, immunolabeling
approaches were used on ex vivo muscle samples targeting the
major EC subtypes Cx37 and 40. Both were expressed in the
capillaries of C57BL/6 control animals (Fig. 5 A-D). Cx37 was
localized to capillaries in Cx40™~ mice as well (Fig. 5 E and
F). As expected, anti-Cx40 did not label capillaries in Cx407"
muscles (Fig. 5 Gand H). The observed Cx40 expression in EDL
capillaries is in line with the hypothesis that diminished RBC
flow responses to low O, in Cx40”"" muscles are due to limited
conducted signaling from the capillary endothelium.

40f12 https://doi.org/10.1073/pnas.2303119121

0, and Not Hypoxia Drive RBC Flow Responses. As inferred from
the tissue PO, simulations (Fig. 2), our experimental setup is not
designed to induce tissue hypoxia, and the 15 mmHg O, challenge
is above the estimated 2 to 3 mmHg limit for mitochondrial
O, consumption (16, 20). This means the observed capillary
RBC flow responses do not need hypoxic conditions to become
triggered. To further drive this point, the O, challenges were
inverted by increasing the chamber O, level from a baseline of 53
to 91 or 152 mmHg for 3 min and sustained capillary RBC flow
responses in C57BL/6 control mice were observed. The increased
PO, generally reduced RBC flow through capillary networks in
control mice (Fig. 6 A-D) with shut-off or even slightly reversed
RBC flow in a small portion of capillaries. This RBC flow decrease
was more profound with 152 mmHg (Fig. 6C). Thus, capillary
RBC supply rates are proportionally and directionally coupled to
O,; lower O, increases RBC flow and higher O, decreases RBC

pnas.org
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Fig. 5. Cx37 and 40 distribution (green) in mouse EDL (skeletal muscle) capillaries from control C57BL/6 (A-D) and Cx40™" (E-H) mice. Connexins 37 and 40 in
the EDL capillary endothelium of control (A and B; C and D, respectively) and Cx37 (E-F), but not Cx40 (G and H), in Cx407" mice. Propidium iodide (PI; red) nuclei
label indicates cell and vessel patency. Low magnification /nsets (A and C) show capillary (arrowhead) and skeletal muscle fiber (*) long axis approximate parallel
alignment, with capillaries running primarily along muscle fiber edges (see also B and D with skeletal muscle cross-section axis in the bright field; BF, vertical
double arrow). Secondary antibody control (B and D, Inset, at the capillary endothelium focal plane, indicated by the Pl label and arrowhead). The dashed line
(G and H) indicates approximate capillary edge in Cx40™ EDL. Arrows (A-H) indicate the same location in the respective panels. n = 6 control and 2 (x40~ mice.

(Scale bar in Insets, 50 um.)

flow. In Cx40”" mice, 91 mmHg O, challenge reduced flow, but
not to a statistically significant degree; 152 mmHg O2 challenge,
however, significantly reduced RBC flow in the Cx40™" capillaries,
indicating that a stronger albeit unphysiological stimulus triggers
appreciable flow responses in these mice (Fig. 6 £and F).

Endothelial K,R2.1+ Mice Have Normal Capillary RBC Dynamics,
and Extracellular K* Does Not Trigger RBC Flow Responses to O,.
Under the branch of metabolic hypotheses, one of the mechanisms
of blood flow regulation involves the interstitial accumulation
of K, a potent vasodilatory stimulus acting through endothelial
Kir2.1 channels, which amplify endothelium-dependent dilation
(13, 14) and mediate functional hyperemia, notably in the brain
(2, 12, 21). We tested this mechamsm in O, regulation in skeletal
muscle by employing EC K;z2.17" mice. \Whether these mice have
normal capillary hemodynamics was determined by measuring
microcirculatory flow with the EDL positioned on a glass coverslip.
Capillary RBC supply rate, velocity, hematocrlt, and RBC SO, were
similar between floxed control and EC Kjz2. 17/~ mice at rest (Fig. 7).
The O, regulatory system was tested next. Mice deficient in EC
Kig2.1 had normal capillary RBC flow responses to a sustained
15 and 0 mmHg O, challenge (Fig. 8). Thus, even with the
0-mmHg challenge, it does not appear that extracellular K* signaling
plays a role. Also, EC K;2.1”" mice responded to O, oscillations
similarly to floxed controls (S/ Appendix, Fig. S6). Evidently, K;z2.1
channels do not mediate microvascular responses to O, changes
in skeletal muscle capillaries. This implies that elevated interstitial
K', which activates EC Kjz2.1 to trigger hyperpolarization and
vasodilation, is not a driver of these responses.

0, Responses Are Triggered in Caplllarles without Microvascular
Divergence among Control and K2.1”~ Mice. It could be argued
that EC K;;2. 17" mice in the present study exhibited normal responses
to low O, because the stimulus applied with the full O,-permeable
window encompassed several bundles of surface capillaries across
one side of the muscle, masking any deficits. Thus, the size of the
window was reduced to 400 by 200 pm (Fig. 94) to target a smaller
number of capillaries, likely belonging to one bundle. Specifically,

PNAS 2024 Vol.121 No.8 e2303119121

this microwindow fits approximately 10 surface capillaries and was
positioned over their venular end. Lowering O, from 53 to 15
mmHg at the microwindow elicited an increased RBC supply rate
in capillaries of C57BL/6 control animals (Fig. 9 Band C), consistent
with the idea that conducted vasodilatory responses arise at the level
of the capillary (9, 22). Interestingly, the increased supply rate was
due to significantly increased hematocrit in the capillaries and not
velocity (Fig. 9D). Thus, stimulating a smaller area of the muscle
triggers a flow response dominated by hematocrit changes. This
localized stimulus may adjust tone in upstream arteriolar bifurcations
to change hematocrit but may not be sufficient to change velocity.
We next confirmed that this capillary response is not abrogated nor
blunted in EC K,2. 17" muscles (Fig. 9C), which had significanty
increased hematocrit as well in response to the localized low O,
stimulus (Fig. 9D). This confirms that O, regulatory responses are
intact in the absence of EC K2.1 despite a smaller stimulus.

Computational Modeling of RBC Distribution for Diverging
Arteriolar Bifurcations. Bifurcations at terminal arterioles were
modeled using measured diameters from vascular networks
(81 Appendix, Fig. S7). For a given set of parent (D) and daughter
(D, > D,) diameters, assuming an initial value of hematocrit (H,) =
0.2 sets the initial blood flow fraction (q,). Changes in H, and RBC
flow fraction (f,) in the smaller daughter branch were calculated
based on a 10% increase in q,. The results of the simulations based
on different vessel diameter scenarios (S/ Appendix, Fig. S8) show
that having a capillary-sized parent vessel leads to relatively large
increases in H, and f,, consistent with the observed hematocrit-
dominated responses when a single capillary module is stimulated
with low O, using the microwindow on the gas-exchange chamber.

Discussion

Microvascular networks are tasked with swiftly and proportionally
meeting the O, demands of tissues. How this mechanistically
occurs remains an open question, with the present study pursuing
the idea that O, changes in capillaries generate signals that effec-
tively control tone in upstream resistors. In this regard, we used a

https://doi.org/10.1073/pnas.2303119121

50f 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2303119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2303119121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2303119121#supplementary-materials

A 91 mmHg O, B 0 152 mmHg O, 0, "14)00

_Ojs e i _ Ol f Y"u\'\"“'f by ww y, T A
gz o .a;'::u’"‘:' . sz AR 4
29 il ; |\ ‘ % 2 ! Wﬁ i} MH“ fet 50
22 1 W 2% i, e
&= i \ \ “ o= MU‘MH I‘W“‘W\H‘H“

120 b PR il b Fi 1204 | Iy ol 0

10, 10,

100 100 Co - Mom
3 Mﬁh“'m‘&q o) M!y M“u ™,
) .3 sy D - ey . Al
ki ) & 50 4
g 2

0 0

20 20
0 £
O O
2 10 o .te @ 100

n.( 'm\'%q., , ,'-.'“-'l & .
of o ﬁfﬁv‘ 0 CahTea
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time (s) Time (s)

C 1.5+ Control D 15 - O Velocity
e P =0.028 P <0.001 > o 7 O Hematocrit
o —_— P <0001 2
§ ° .  P=0.007 o =
31.0- o o3
9 3 £ g
o o g2

o (3]
80.5- o7 |° 22
% : o g ©
: : ﬁ :
5 z
=0 SIS Vo
\\° ° N e’ & S S
el < /\\‘° S o < 4 o PSRN & < o
91 mmHg O, 152 mmHg O, 91 mmHg O, 152 mmHg O,

E Cx407" F )

0 1.57 o _ ° 1.5 5 O Velocity
5 . P =0.009 z _
> ° _ S v Hematocrit
E P =0.022 E =
a 10' o (&) 8
Q ° oy
9 ° N5
%057 ° ° °l s§
g 8 |- 8 g
S S b4
Z 0

@ N v @ N 9y

S e @ & S e e &

Q,‘b%% &\é\ ;\\é\ 0004 %,bee &\é\ 4\\6\ 006\
91 mmHg O, 152 mmHg O, 91 mmHg O, 152 mmHg O,

Fig. 6. Capillary RBC flow responses to high O, challenge. The skeletal muscle surface was exposed to increased O, in the gas chamber after baseline flow
recording and RBC flow responses were quantified. Representative space-time images with corresponding RBC O, saturation and supply rate traces are from
the same capillary from skeletal muscle of a C57BL/6 mouse recorded during a high O, [91 (A) or 152 mmHg (B)] challenge. Summary data for capillary RBC
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and determined to be normally distributed. Repeated-measures one-way ANOVA with Sidak's multiple comparisons test was used to determine significant

differences from baseline (*P < 0.05).

unique approach to manipulate RBC SO, and tissue PO, to drive
changes in capillary RBC flow in control and genetic deletion
mice to determine the requirement for Cx-mediated vascular con-
duction as well as the relevance of extracellular K* signaling in O,
demand-supply coupling. Results indicate that Cx40-mediated
conduction is critical for capillary signaling to the upstream arte-
riolar network to match RBC flow to O, needs. Present data also
challenge aspects of the metabolic hypothesis by finding no role
for hypoxia nor activation of EC K{z2.1 by extracellular K*, refo-
cusing the current paradigm of O, regulation.

0, as the Stimulus. This study shows that microcirculatory
responses are directional and proportional to the magnitude of
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the O, stimulus. This was noted as RBC supply rate increased in
response to dropping chamber O, and decreased when chamber O,
was raised (Fig. 4 and ST Appendix, Figs. S5 and S6), and was also
affected by the magnitude of the stimulus, as evidenced by use of
the microwindow (Fig. 9). The reduction of capillary RBC flow by
elevated O, at the muscle surface is consistent with O, rather than
hypoxia being the stimulus driving blood flow responses. This idea
aligns with computational simulations (Fig. 2), which predict that
low O, challenges, over a 3-min perturbation, do not reduce surface
muscle PO, sufficiently to compromise mitochondrial respiration
(20). Notably, O, as the stimulus (as opposed to hypoxia) would
allow the system to adjust RBC flow before reaching the hypoxic
state; a state that, after all, blood flow regulation aims to prevent.
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process requiring EC-EC coupling via gap junctions (24, 25). To
target the O, stimulus to a limited number of capillaries, the O,
challenge was applied to a smaller volume of tissue by scaling the
O,-permeable window down to the micrometer range. Positioning
this “microwindow” over a few capillaries at their venular end
to apply a low O, challenge increased RBC flow through these
capillaries, albeit with a lesser magnitude compared to the larger
window that overlays many surface capillaries (Fig. 9 vs. Fig. 4).
This finding is in accordance with observations that individual
capillary units govern their own supply of RBCs to different tissue
PO, levels (9, 22).

Cx40-Mediated Conduction Is Crucial for O, Demand-Supply
Coupling. Intercellular communication is mediated by clusters
of paired connexons known as gap junctions, each connexon
being composed of 6 connexins in the membrane of adjacent
cells. These gap junctions couple neighboring cells chemically
and electrically, allowing cells to share small molecules <~1
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kDa, such as current-generating ions and intracellular mediators
including cAMP and IP; (26, 27). Electrophysiological approaches
determined that coupling resistance is lower between ECs,
intermediate between SMCs, and highest between EC and SMCs
(28), which is proportional to gap junction density (29). Cx37, 40,
and 43 dominate connexin expression at interendothelial junctions,
Cx40 is one of the subunits present at myoendothelial junctions,
and Cx43 and 45 predominate at SMC junctions (30, 31). The
physical contact between vascular cells underlies the principle of
the conducted response and explains how the endothelium drives
smooth muscle hyperpolarization and vasodilation spanning more
than 1 mm of vessel length.

Using immunofluorescence approaches, the expression of the
key endothelial connexins, Cx37 and 40, was verified in skeletal
muscle capillaries (Fig. 5). With Cx40 being a chief mediator of
conducted vasodllatlon (32), microcirculatory dynamics in skeletal
muscle of Cx40™" mice were assessed (Fig. 3). Intriguingly, cap-
illary RBC dynamics were normal in knockouts but RBC SO,
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was significantly reduced. Such findings suggest that Cx40™~ mice
may have increased O, consumption without a sufficient increase
in the RBC supply rate to maintain RBC SO,, indicative of an
ineffectual O, regulatory system.

The decreased RBC SO, levels prompted exploration of the O,
regulatory system in these knockout mice using the gas-exchange
platform to induce a sustained low O, step change in muscle tissue
PO, (Fig. 4). When chamber O, was lowered to 15 mmHg, control
animals exhibited an increased RBC supply rate, velocity, and
hematocrit, while these microhemodynamic responses were dimin-
ished in Cx40™" mice. Pushing the system further by dropping the
chamber O, level to 0 mmHg elicited a strong RBC flow response
in control muscles while responses in the Cx40”~ microvasculature
were inadequate and limited to a slight elevation in hematocrit.
Likewise, capillary flow responses to oscillatory tissue PO, changes
were markedly diminished in Cx40™" mice (ST Appendix, Fig. S5).
However, a high O, challenge at 152 mmHg significantly reduced
the RBC supply rate in Cx40™" mice (Fig. 6), indicating that the
genetic deletion does not abolish conduction but merely dimin-
ishes it. Taken together, these findings demonstrate that Cx-
mediated conduction is central to O, demand-supply coupling
and can be explained by capillary endothelial hyperpolarization
spreading to upstream arteriolar endothelium and SMCs, resulting
in vasodilation and increased capillary RBC supply rate.

Notably, global Cx40™~ mice have an increased incidence of car-
diac malformations, albeit in a heterogeneous manner (33), and
were reported to be hypertensive (34) due to increased renin secre-
tion (35). However, the effects of this phenotype do not appear to
alter microvascular RBC flow in the EDL, as shown by the compa-
rable capillary hemodynamics between the control and Cx40”~ mice
in the muscle at rest (Fig. 3). Nevertheless, a limitation of our stud}l
is that we were unable to obtain a conditional EC-specific Cx40™"~
mouse line to further confirm our findings and conclusion. This
mouse strain would further isolate observations from other mural
cells. In this regard, some reports argue that vascular smooth muscle
itself senses and responds to O, changes (36, 37). However, such
works tend to use isolated larger-bore vessels, which may not trans-
late to smaller arteries or arterioles, the latter contributing substan-
tially to vascular resistance and blood flow control. Furthermore,
no detectable O, sensitivity in SMCs was reported (38-42).
Considering the contradictory literature, it could be argued that
Cx40™" mice have dysfunctional vascular SMCs. Therefore, we
verified whether arteries of Cx40™~ mice respond to basic dilator/
constrictor agonists in vivo, including the SMC-dependent agonist
sodium nitroprusside, and have shown that the microcirculation of
Cx40™" mice responds accordingly (ST Appendix, Fig. S4). Thus, it
appears Cx-mediated EC-EC coupling is limited in the Cx40
knockout as opposed to vascular SMC dysfunction.

Two Types of RBC Flow Responses, Velocity and Hematocrit, Are
Tied to the Magnitude of the O, Stimulus. The microwindow
experiments indicate that capillary supply rate responses are graded
according to the tissue area stimulated. The magnitude of the
RBC supply rate increase in capillaries exposed to 15 mmHg
O, was smaller when the low O, stimulus was scaled down to
a small number of capillaries [microwindow (Fig. 9) vs. full
window (Fig. 4)]. Interestingly, the increased supply rate with
the smaller window was mainly a product of increased hematocrit
as opposed to RBC velocity, in line with observations in rat EDL
(9). This finding emphasizes that RBC flow responses are more
than a change in blood flow rate; they reflect a redistribution of
RBCs vs. plasma, which is inevitably tied to the magnitude of the
stimulus, EC-EC coupling, conduction distance, and structure of
the arterial network (S Appendix, Fig. S9). Electrical modeling of
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the vasculature as well as experimental evidence from mesenteric
resistance arteries showed that conduction is endothelium-
driven as EC disruption limits conduction past that point (43).
Furthermore, modeling approaches indicate that conduction
decay increases with longer vessels and branch points, the impact
of the latter diminished if both daughter vessels are stimulated.
In this model, increasing EC-EC coupling resistance impacted
vasomotor and blood flow responses (43).

Considering the components of blood flow (RBC supply rate
and plasma flow), our theoretical results (S Appendix, Fig. S8)
show that having relatively small parent vessels (diameter of ~6 vs.
~15 pm) leads to greater relative changes in hematocrit in a cap-
illary module, which was observed experimentally with the
microwindow (Fig. 9). However, the model predicts changes in
hematocrit and RBC supply that are slightly smaller than those
that were measured; this may be because a single bifurcation was
considered in this theoretical model, while there are likely some
RBC redistribution effects occurring at several arterial branch levels
in the EDL muscle positioned on the microwindow. With the full
chamber window, one would predict that the signal conducts fur-
ther upstream, altering flow distribution at bifurcations with larger
diameters which favors changes in velocity over hematocrit.

Extracellular K* Does Not Trigger Microhemodynamic Responses
to O, in the Skeletal Muscle. Extracellular K" is a potent vasodilator
implicated in O, demand-supply coupling. In the brain, it was
shown that accumulation of K" in the discrete extracellular space
activates Kjz2.1 channels in the capillary endothelium, generating
a hyperpolarization that conducts along coupled ECs to arterioles,
enabling functional hyperemia (12). Thus, Kiz2.1 channels position
capillary ECs as K" sensors that initiate conducted vasodilation.
Whether this Kjz2.1-mediated mechanism enables tissue PO, to drive
capillary RBC delivery in skeletal muscle remains unclear. Thus, RBC
flow responses to low O, in EC-specific Kjz2.1”~ mice were probed.
Microhemodynamics in the EDL were assessed, revealing that RBC
supply rates, velocity and hematocrit, as well as RBC SO, are normal
in these knockout mice (Fig. 7). It was further demonstrated that
capillary flow responses in EC K};2. 17 mice were intact, irrespective
of the O, challenge [step change (Fig. 8), or oscillation (S/ Appendix,
Fig. S6)]. It could be reasoned that the full O,-permeable window
allowed stimulation of enough capillary modules to generate a
response in these knockout mice, masking any deficiencies. Thus,
in a confirmatory experiment, the number of capillaries exposed to
low O, was reduced using a microwindow, showing comparable RBC
flow responses in the knockouts and controls, which were dominated
by hematocrit changes (Fig. 9). Thus, microhemodynamic responses
evoked by decreased O, are independent of endothelial Kz2.1 and
extracellular K" in healthy resting skeletal muscle. However, these
results do not contest a role for extracellular K" in heavy exercise or
in pathologic/hypoxic conditions.

Proposed Mechanism. The array of cell types theorized to be O,
sensors spans vascular cells (ECs or SMCs), extravascular cells
(parenchyma/mitochondria, nerves or perivascular mast cells), and
RBCs (7). As our data are in line with the idea that RBC flow
responses are initiated at the level of the capillary, we consider
that the RBC itself may act as the sensor. Specifically, hemoglobin
desaturation may trigger capillary hyperpolarization through ATP
release from RBCs via pannexin-1, which activates endothelial
purinergic receptors (5, 44-46). This, in turn, results in activation
of hyperpolarizing channels in the capillary endothelium and
Cx40-mediated conducted signaling from capillary ECs to
arteriolar SMCs (S Appendix, Fig. S10). Further approaches will
be required to fully clarify this pathway.
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Pathophysiological Significance: Microvascular Dysfunction in
Sepsis. The present findings underpin a key role for conduction in
O, signaling, with Cx40 deletion leading to diminished capillary
responses to decreased tissue O, tension. Such deficits are believed
to underlie pathophysiological processes in diseases such as sepsis,
where microvascular dysfunction is an early event (47) leading
to abnormal microvascular flow patterns (48). Indeed, vascular
communication is impaired in early sepsis, evidenced by diminished
conducted responses in mouse skeletal muscle vasculature (49, 50).
Specifically, sepsis limited conducted hyperpolarization along the
capillary endothelium to the upstream arteriole (51). Thus, the
dysfunctional microvasculature in sepsis exhibits breakdown of
interendothelial electrical coupling. Interestingly, this reduced
coupling was found to be associated with lipopolysaccharide-

induced dephosphorylation of Cx40 (52).

Summary. This work examined O,-driven microhemodynamic
responses in healthy skeletal muscle at rest. The present data are
in line with 1) capillaries as the site where O, requirements are
sensed, and RBC flow responses are initiated; 2) Cx40-mediated
electrical communication between capillaries and upstream
arterioles. This work challenges the idea that hypoxia triggers
microcirculatory responses in healthy muscle and is inconsistent
with the accumulation of extracellular K* and activation of
endothelial K;z2.1 channels as the driving event. These findings
refocus the O, demand-supply coupling paradigm in skeletal
muscle to O, as the stimulus, microcirculation as the sensor, and
capillaries as the site of initiation of conducted hyperpolarization,
ultimately leading to arteriolar vasodilation and increased delivery

of O,-rich RBC:s.

Materials and Methods

Animals. Animal protocols met regulations set by the Canadian Council of
Animal Care and were approved by the University of Western Ontario Animal Care
Committee (Protocol #2018-107 and 2016-006). Colonies of EC K,2. 77~ mice
[strain B6.Cg-Kcnj2"™ " tg(Tek-cre)1Ywa] (14), floxed K;;2.1 control mice (strain
B6.Cg-Kenj2'™**%) (14, 53), and (x40~ mice (strain B6.12954-Gja5™"": avail-
able from The Jackson Laboratory (strain 025697); Bar Harbor, ME, USA) were
maintained at the University of Western Ontario. C57BL/6J male mice (strain
000664) were obtained from The Jackson Laboratory. The animals were commu-
nally housed under constant temperature and humidity with a 12-h light/dark
cycle and free access to food and water. At the time of use, the male mice weighed
25 gt0 32 g and were approximately 16 wk old.

Surgical Preparation. Mice were anesthetized with an intraperitoneal (IP) injec-
tion of urethane (962 mg/kg; Sigma-Aldrich, Oakville, ON, Canada) and a-chlo-
ralose (72 mg/kg; Sigma-Aldrich). The absence of coreal and pedal reflexes was
monitored, and maintenance doses were administered IP as needed. Animals
were given 0.4 mLsubcutaneous fluids to compensate for evaporative loss during
surgery. An incision was made in the skin over the anterolateral aspect of the
right hindlimb. Fascia was split between the tibialis cranialis and gastrocnemius
lateralis. The right EDL was isolated from surrounding muscles, and its tendon
was secured with a silk suture (5-0) and severed distal to the ligature.

For 0,-challenge experiments, the animals were positioned on a custom
stage insert with a gas-exchange chamber containing a large 0,-permeable
window (herein termed "full window"). The suture on the EDL tendon was
secured to the stage, keeping the muscle at its in situ length with one of its
sides directly over the 0,-permeable membrane (fluorosilicone acrylate, 100
um thick; Paragon Vision Sciences, Mesa, AZ, USA) of the window (Fig. 1). Thus,
this window exposed one side of the isolated muscle to flowing O,. The EDL
was bathed in Plasma-Lyte A (37 °C, pH 7.4, Na 140 mmol/L, Cl 98 mmol/L, K 5
mmol/L, Mg 1.5 mmol/L, acetate 27 mmol/L, gluconate 23 mmol/L, osmolarity
294 mOsmol/L; Baxter Corporation, Mississauga, ON, Canada), isolated from
the environment with an O,-impermeable polyvinylidene chloride film (Saran
Wrap; Dow Chemical Company, Midland, MI, USA), and gently compressed with
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a glass coverslip. The EDL muscle microcirculation was stabilized with warmed
(37°C) 5% 0,, 5% CO, and balanced N, mixture in the chamber for >20 min on
the microscope stage before recording. The mice respired supplemental 34% O,
balanced with N,. In parallel experiments aimed at stimulating a restricted area
of the muscle, and hence fewer capillary modules, animals were positioned on a
smaller gas-exchange window (herein termed microwindow), measuring 200 by
400 pm. The gas chamber was fabricated and validated as previously described
(9). This microwindow was covered by an O,-permeable membrane made from
polydimethylsiloxane (~60 pm thick; Sylgard™ 184 Silicone Elastomer, Dow
Chemical Company). For measurement of normal capillary hemodynamics and
standard constrictor/dilator experiments, the muscles were placed on a glass cov-
erslipinstead of the gas chamberand were otherwise treated as above. For these
experiments, baseline recordings of the microcirculation were captured, followed
by application of 10~* M sodium nitroprusside, then 10~ M phenylephrine HCl,
followed by 107 M acetylcholine with a wash in between each drug application
(Sigma-Aldrich). Throughout the surgical procedure and imaging, body temper-
ature was monitored and maintained at 36.5 to 37.5 °C with a homeothermic
heating pad system (Harvard Apparatus Canada).

Dual-Wavelength Intravital Video Microscopy. The EDL microvasculature was
transilluminated with a 75-W xenon light source and imaged with an Olympus
IX-81 inverted microscope (Olympus Corporation, Tokyo, Kanto, Japan). A 50/50
beam splitter (MAG Biosystems DC2 Dual-Channel, Full-Field, Simultaneous-
Imaging System; Exton, PA, USA) divided light between two digital cameras
(Qlmaging Rolera-XR FAST 1394 digital cameras; Surrey, BC, Canada). The
beam splitter was fitted with 10-nm bandpass interference filters: one for 438-
nm wavelength (hemoglobin 0,-dependent) and the other for 450-nm wave-
length (isosbestic; hemoglobin 0,-independent), allowing for simultaneous
dual-wavelength frame capture (696 x 520 pixel resolution; 21 frames/s) (54).
The video sequences of microvascular networks were recorded for 6 min (7,560
frames) with a 450 x 340 um field of view (FOV; 20 x long working distance
objective). The frames were stored as 16-bit PNG files using custom acquisition
software (Neovision, Prague, Czech Republic) and processed using in-house soft-
ware written in MATLAB (MathWorks, Natick, MA, USA).

0, Challenge Protocol. 0, at the muscle surface was changed by adjusting the O,
flow through the gas chamber using computer-controlled mass flowmeters (Unit
Instruments DX-5 Digital Control System and 7300 Mass Flow Controller/Meter,
Kinetics, Yorba Linda, CA, USA). The DX-5 Digital Control System was driven by in-
house software written in MATLAB. Chamber O, was measured in the gas outlet using
afiber optic PO, sensor connected to a spectrophotometer (USB2000 & USB-LS-450;
Ocean Optics, Inc.). To perform a square-wave challenge (S/ Appendix, Fig. S14;
red line), the muscle was exposed to 53 mmHg (7%; baseline) O, for one min and
then to 15 mmHg (2%) 0, for 3 min, followed by recovery at 53 mmHg O, for
2 min.With 53 mmHg O, in the chamber, the PO, is slightly above the physiological
resting state in the tissue and 15 mmHg O, does not limit mitochondrial respiration
in mouse skeletal muscle (20). The square wave was then repeated with 0% O, chal-
lenge (S/ Appendix, Fig. S14; dotted line). For a sine-wave challenge (S Appendix,
Fig. S1B), the chamber 0, was set to 53 mmHg for T min and then oscillated at 1
cycle per min between 15 mmHg and 91 mmHg (12%) O, for 4 min, followed by
recovery at 53 mmHg O, for 1 min. Fora high O, challenge, the EDLwas exposed to
53 mmHg O, for 1 min and then the O, level was increased to 91 mmHg for 3 min
(or 152 mmHg; 20%), followed by recovery at 53 mmHg O, for 2 min.

Capillary Analysis. RBC flow through capillaries in each FOV was derived from
automated frame-by-frame analysis as previously described (55). Briefly, func-
tional images of each FOV were generated from the processed intravital micros-
copy frame sequences to distinguish columns of flowing RBCs from surrounding
muscle fibers, allowing for capillary location and diameter to be determined.
In-focus capillary segments were selected from these functional images and
space-time images were generated from the light intensity along the centerline
of each capillary segment, displaying the movement of RBCs, shown as tracts
color-coded for O, saturation in Fig. 1. The space-time images were used to cal-
culate capillary RBC dynamics. Specifically, RBC velocity (um/s) was calculated
from the spatial displacement of RBCs from frame to frame. Capillary hematocrit
(%) was calculated as lineal density (RBC/mm) x RBC volume/capillary volume.
RBC supply rate (RBC/s) was calculated as the product of RBC lineal density and
velocity. The optical densities (ODs) for 450 nm and 438 nm were calculated using
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the Beer-Lambert law-0D = log (I/Izgc), where |, is incident light transmitted
through plasma and I is light transmitted through an RBC. RBC hemoglobin
SO, was derived from the calculated 438 nm/450 nm OD ratio with constants
based on in vivo calibration and displayed in the space-time image (Fig. 1).

In Vivo Fluorescence Microscopy. Under urethane/a-chloralose anesthesia,
C57BL/6 mice were prepared for in vivo imaging of the EDL microvasculature
and injected with FITC-labeled dextran (2,000 kDa, 0.6 mg; Sigma-Aldrich) via
the tail vein. The animals were placed on the microscope stage with the mus-
cle positioned on a coverslip, covered with O,-impermeable membrane, and
imaged using a Nikon Ti2-E Confocal Inverted Microscope (Nikon Canada Inc,,
Mississauga, ON). 3D scans (150 to 200 pm thick) were acquired using the Nikon
ATRHD resonant scanner. Arterial diameters were measured in the muscle at rest
using NIS-Elements Software (Nikon).

Computational Modeling of Tissue PO, and Microvascular Blood Flow. A
model of tissue O, transport supplied by capillaries was constructed, solved by a
time-dependent finite-difference method, and modeled with spatially localized
and fixed boundary conditions. An array of 72 uniformly spaced parallel capillaries
embedded within a rectangular block of tissue was used to simulate tissue O,
consumption, convective transport in the x direction (450 pm), and diffusive
transport in z (200 pm) and y (500 pm). Muscle PO, in 3D was calculated with
respect to how the steady-state value changes by 1) diffusive interactions with
the gas chamber and 2) O,-induced changes to RBC velocity, density, and SO,.
For microvascular blood flow modeling, a steady-state, two-component (plasma
and RBCs) phase separation model (56) was used to determine how RBCs distribute
at diverging bifurcations for given blood flow fractions to the daughter branches.
Precapillary arteriole diameters were measured in the EDL at rest (on cover glass)
and based on these measurements, it was assumed that arterioles directly supply-
ing stimulated capillary modules in the model have diameters of approximately
6 um. Parent vessels were determined to be of this size or slightly larger, which
is smaller than would be implied by extending Murray's Law (57) to arterioles.
In addition, since very small arterioles have larger resistance than the capillary
modules they supply, it was assumed that only very small diameter increases
would be needed to increase flow ~10% as considered here. Therefore, diameter
changes were not explicitly considered when applying the phase separation effect
for increases in blood flow to these arterioles. Finally, blood (volume) flow was
considered to represent measured RBC velocity, while RBC volume flow (blood
flow times hematocrit) was considered to represent measured RBC supply rate.

Immunofluorescence Labeling of Cx37 and Cx40 in the EDL. C57BL/6
and Cx40™ mice were overdosed with anesthesia, and the EDL muscles were
extracted and placed in 4% paraformaldehyde at 4 °C until use. Muscles were
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pinned on Sylgard™ in multiwell plates and incubated in blocking buffer (PBS
containing 1% normal donkey serum and 0.2% Tween 20) for 1 h at room
temperature. After rinsing with PBS (3 x 5 min), muscles were incubated with
anti-Cx37 and anti-Cx40 in blocking buffer (S/ Appendix, Table S1) for 18 h at
room temperature or for 36 h at 4 °C. Muscles were then rinsed in PBS (3 x 5
min) and incubated in secondary antibody diluted in 0.01% Tween 20 for 2 h.
The muscles were splayed on microscope slides in anti-fade mounting media
(buffered glycerol with ~1 mM propidium iodide) and imaged using a confocal
microscope (FV1000; Olympus, Tokyo, Japan).

Statistical Analysis. Analysis was performed with GraphPad Prism version
9.2.0(GraphPad Software; La Jolla, CA, USA). Capillary RBC supply rate, velocity,
and hematocrit across the different O, challenges were categorized timewise
as baseline, challenge time 1 and 2, and recovery (S/ Appendix, Fig. S14) and
were normalized to the baseline measurement in each capillary. Capillary meas-
urements were then averaged for each mouse to yield independent values. The
D'Agostino and Pearson test was used to determine whether data are normally
distributed. Significant differences between RBC flow at baseline and during
an 0, challenge with normally distributed data were determined with repeated
measures one-way ANOVA with Sidak's multiple comparisons test. Significant
differences between non-normally distributed data were determined using the
Friedman test (repeated measures) with Dunn's multiple comparisons test. An
unpaired t test (for parametric data) or unpaired Mann-Whitney test (for non-
parametric data) was used to determine differences in capillary RBC velocity,
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Statistical significance was defined as P < 0.05.

Data, Materials, and Software Availability. Data that support the findings of
this study are provided within this article and supplemental file.
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