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Abstract
ATP is not only an energy carrier but also serves as an important signaling molecule in many

physiological processes. Abnormal ATP level in blood vessel is known to be related to several

pathologies, such as inflammation, hypoxia, and atherosclerosis. Using advanced numerical meth-

ods we analyzed ATP released by red blood cells (RBCs) and its degradation by endothelial cells

(EC) in a cat mesentery-inspired vascular network, accounting for RBCs mutual interaction and

interactions with vascular walls. Our analysis revealed a heterogeneous ATP distribution in the

network, with higher concentrations in the cell-free layer, concentration peaks around bifurcations,

and heterogeneity among vessels of the same level. These patterns arise from the spatiotemporal

organization of RBCs induced by the network geometry. It is further shown that an alteration

of hematocrit and flow strength significantly affect ATP level as well as heterogeneity in the net-

work, with potential impact on Ca2+ signaling in ECs. These findings constitute a first building

block to elucidate the intricate nature of ATP patterns in vascular networks and its far reaching

consequences for other biochemical signaling, such as calcium, by ECs.
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I. INTRODUCTION

Extracellular ATP plays an important role in the regulation of vascular resistance [1–6].

In arterioles, high ATP concentration can trigger intracellular Ca2+ signaling of endothelial

cells (ECs) [7, 8], eventually leading to vasodilation [9–11]. At the capillary level, vascular

diameter can be altered thanks to ATP-induced pericyte relaxation [12, 13]. In blood ves-

sels, the main contribution of ATP level originates from red blood cells (RBCs). In vitro

experiments have shown that ATP release by RBCs can be stimulated by shear stress and

by RBCs shape deformation [14–18]. Two different pathways of ATP release by RBCs have

been put forward: (a) the pannexin 1 (Px1) hemichannel [19] which is sensitive to mechani-

cal stress [20, 21], and (b) the cystic fibrosis transmembrane conductance regulator (CFTR)

[22] which is affected by the deformation of cell membrane [15, 18, 23]. More precisely, Px1

channel is considered as the main candidate for transmembrane ATP release, and CFTR

acts as a regulator of the Px1 channel [18]. Based on these two ATP release mechanisms,

a theoretical model has been developed and validated recently [24]. Numerical simulations

showed quantitative agreements with in vitro experiments [18] for ATP release for a dilute

suspension of RBCs in a straight channel.

Apart from RBCs, ECs also contribute to ATP level in vascular networks. By forming a

monolayer on the inner surface of blood vessels, ECs are involved in a wide range of response

to hemodynamic shear stress, including activation of ion channels [25, 26], remodeling of

cellular morphology [27–29], and intracellular Ca2+ oscillations [30, 31], etc. ECs affect ATP

concentration from two different aspects. On the one hand, experiments have shown that

shear stress elicits ATP release by ECs [3, 32–34], which is believed to be the starting point

of flow-induced regulation in microcirculation. On the other hand, once ATP is released

into the extracellular milieu, it can be degraded rapidly to ADP, AMP, and adenosine by

ecto-enzymes [35, 36]. These membrane-associated ecto-enzymes at the EC surface act as

regulators so that the extracellular ATP concentration on vascular ECs remains at a level

of nanomolar (nM) [37, 38], preventing thus pathological processes, such as inflammation,

cell proliferation, and atherosclerosis [39].

In vivo vascular networks are quite complex, and are composed of a cascade of bifur-

cations, including both diverging and converging geometries. Near these bifurcations, the

change of flow dynamics is known to cause a variety of phenomena, such as cell partitioning
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[40–44] and cell/particle adhesion [45–47]. The morphology of ECs is also affected, due to

the change of shear stress at those sites [48]. Moreover, the nucleotide concentration in the

endothelium shows heterogeneous distribution around bifurcations [49, 50]. In a complex

geometry like microvascular network, several features regarding blood flow and biochemical

signaling are reported. For example, it has been observed experimentally and numerically

that the partitioning of RBCs in downstream bifurcations is affected by the flow in upstream

bifurcations [51, 52]. Due to the complex structure of microvascular networks, a heteroge-

neous distribution of cells is observed [53], affecting chemical signaling as well as oxygen

transport [54]. These observations constitute a motivation for analyzing ATP signaling in a

vascular network.

In our recent work, ATP release by a single RBC under shear flow, Poiseuille flow, and

bifurcation flow were studied numerically [24]. Using the same ATP release model, a follow-

up study revealed a maximal ATP release for specific hematocrit under Poiseuille flow [55].

An indefinite increase of ATP concentration was observed, since the ATP degradation by

ECs was not taken into account. Furthermore, the vessels in these two studies are quite

simple, either straight channels or Y-shape bifurcating channels. Although we have shown

that a diverging bifurcation is beneficial to ATP release [24], systematic studies in a complex

vessel network are still lacking.

In this paper, we show the emergence of a steady state ATP pattern in a microvascular

network when ECs are taken into account. We further reveal that this ATP pattern is related

to heterogeneous distribution of RBCs as they flow through the network. The effects of flow

strength and hematocrit on ATP patterns are also studied systematically. A remarkable

feature reported here is that ATP present peaks at network bifurcations. The rest of the

paper is organized as follows. In Section II, we give a brief description of the simulation

set up, followed with the ATP release/degradation models for RBCs and ECs. Then we

present the main findings in Section III, which focuses on the steady state ATP pattern in a

vascular network. The mechanism and influencing factors behind the complex ATP patterns

are discussed. Conclusion and perspectives are presented in Section IV.

II. METHOD

The numerical model has been introduced and validated in our previous works [24, 55–
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57]. The details of the model are presented therein. In the present study, we further consider

ATP release and degradation by ECs. Hereafter we give a brief overview of simulation set

up and ATP kinetics modeling.

A. Simulation set up

This study is carried out under 2D configuration. This simplification has been validated

by our recent study which shows a qualitative agreement with 3D simulations [55]. The flow

geometry is mapped from a microvascular network extracted from Ref. [58], as shown in

Figure 1, which is a cat mesentery-inspired network. The network contains 22 vessels labeled

as “V1–22”, of which the diameters range from 7–23 µm, and 14 bifurcations labeled as “B1–

14”. The vessels after diverging bifurcations are categorized into three different levels: level

I for V2–3, level II for V4–7, and level III for V8–15. The flow is imposed by a pressure

gradient along the flow direction (from left to right). Periodic boundary conditions are used

at the inlet and the outlet, which are extended long enough to avoid numerical artifacts due

to periodicity. Other boundaries (solid lines in Figure 1) correspond to vascular network

walls which are assumed to be lined with a monolayer of ECs.

FIG. 1. A snapshot of the microvascular network. Bifurcations are labeled as “B1–14”, while

vessels as “V1–22”. The inner and outer walls are defined around bifurcations. For data analysis

purpose, the network is divided into several boxes, as the shaded area shows. We show the time

series of two selected RBCs (blue and red) in a suspension of Ht = 10% with Ca = 16.7.

Blood is modeled as a suspension of RBCs immersed in plasma of viscosity µ = 0.001

Pa·s. Each RBC is treated as a cytosol drop with a characteristic radius R0 = 3 µm (the

radius of the circle having the same area as that of RBC), enclosed by an elastic membrane.
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Its shape deflation is described by reduced area τ = 4πA/P 2, where A is its area and

P is its perimeter. We fix τ = 0.65 in this study, in reference to the known value of a

healthy RBC. Cytosol viscosity is approximately 6 times greater than plasma viscosity, set

as 0.006 Pa·s. RBC membrane elasticity is described by the Helfrich energy [59], taking

into account bending mode with a bending modulus kb = 3× 10−19 J and the constraint of

local membrane inextensibility. The force due to membrane deformation is then calculated

thanks to functional derivative of membrane bending energy [60, 61].

ATP is modeled as a solute in plasma. The concentration of ATP, denoted by a, diffuses

with diffusion coefficient DATP = 2.36× 10−10 m2/s [62], and is advected by the flow. The

ATP release or degradation by RBCs and ECs are considered as flux on cell membranes,

and the mathematical models will be given later.

In the present study, the effects of hematocrit and flow strength on ATP kinetics are

investigated. Hematocrit Ht is defined as the area fraction of RBCs in the network. Flow

strength is characterized by capillary number Ca = µγ̇wR
3
0/kb, where γ̇w is the undisturbed

shear rate on the boundaries of vessel V1 (i.e. without RBCs). The mean velocities and the

wall shear stresses in vessel V1 at different capillary numbers are listed in Table I.

Table I. Conversion between capillary number and

physiological numbers

Ca Mean velocity (mm/s) Wall shear stress∗ (Pa)

11.5 0.35 0.128

16.7 0.5 0.185

33.4 1.0 0.371

50.1 1.5 0.556

∗Estimated using plasma viscosity.

B. ATP release by RBCs

ATP release by RBCs is characterized by the phenomenological model proposed by Zhang

et al. [24]. The intracellular ATP is released through Px1 channel, which is a mechanosen-
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sitive channel, due to membrane shear stress as

pσ = kσ ·H(σmem − σc). (1)

Here pσ is the ATP flux through Px1 channel, kσ is the ATP release coefficient, H is the

Heaviside function, σmem is the membrane shear stress, and σc is the critical shear stress

beyond which Px1 channel is activated. The membrane shear stress is defined as σmem =

µex|∂ut/∂n|, where ut is the velocity tangential to the membrane, and n is the outward

normal vector. CFTR is activated by deformation-induced free actin. It further regulates

the Px1 channel by an amplifying factor as

pċ = min(1 + kċ · (ċ− ċc) ·H(ċ− ċc), pċmax), (2)

where kċ is the phenomenological coefficient, ċ and ċc are the instantaneous and critical

curvature change rate respectively, and pċmax is the upper limit for CFTR activation. The

instantaneous curvature change rate is defined as the Lagrangian derivative of local curvature

ċ = |dc/dt|. The combination of the two effects (i.e. shear-inuded Px1 activation and

membrane deformation) defines the local ATP release rate on membrane as

ψRBC = pσpċ. (3)

The ATP flux across cell membrane is written as

DATP
∂a

∂n
= −ψRBC . (4)

The model parameters are fitted by experimental results in [18], as shown in Table II. For

a given RBC, we define the ATP release level as

ψ∗ = 1
kσP

∫ P

0
ψRBCds, (5)

which describes the dimensionless ATP release rate of that cell.

C. ATP flux at ECs

Our network walls are assumed to be covered by ECs, where two activities determine

the net ATP flux ψEC : (i) the flow-induced ATP release by ECs, denoted below as SATP ,

and (ii) the ATP hydrolysis by ecto-enzymes at EC surfaces, denoted by HATP . The model
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Table II. Model parameters for ATP release by RBCs

Notation Value Physical meaning

σc 0.05 Pa Critical membrane shear stress

kσ 700 (nM)·µm/s∗ ATP release coefficient

ċc 200 µm−1s−1 Critical curvature change rate

kċ 0.006 µm·s Phenomenological coefficient

pċmax 2.5 Upper limit for CFTR activation

∗ nM stands for nanomolar, nmol/L.

proposed by John and Barakat [62] is adopted in the present work, and the associated ATP

flux is given by

ψEC = SATP (σw)−HATP (aw), (6)

where σw and aw are the shear stress and the ATP concentration on the vessel walls covered

by ECs, respectively. The shear-induced ATP release by ECs follows a sigmoidal dependence

on shear stress, as

SATP (σw) = Smax

[
1− exp

(−σw
σ0

)]3
, (7)

where Smax is the maximum ATP release flux, and σ0 is a reference shear stress that

regulates the rate at which the maximum ATP release flux is reached [62]. The model

parameters Smax and σ0 are estimated based on experimental measurements [33, 63] (see

the supplementary materials for details), and their values are listed in Table III. The ATP

hydrolysis rate is proportional to ATP concentration on ECs as

HATP (aw) = Vmaxaw
Km

, (8)

where Vmax is the maximum enzyme reaction rate for ATP hydrolysis, and Km is the

Michaelis constant for enzyme. The parameter values are derived from [64], as shown in

Table III. As a comparison, we also consider vessel walls without ECs, where the net ATP

flux is set to be 0. Thus the ATP flux on walls reads

DATP
∂a

∂n
=


− ψEC , with ECs

0, without ECs
. (9)

The normalized ATP release and hydrolysis by ECs are defined as

S∗
ATP = SATP∆L

kσP
,H∗

ATP = HATP∆L
kσP

, (10)
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so that they can be compared with the ATP release level of RBCs. Here ∆L is the length

of a vessel wall segment.

Table III. Model parameters for ATP flux at ECs

Notation Value Physical meaning

Smax 1000 (nM)·µm/s Maximum ATP release flux

σ0 1 Pa Reference shear stress

Vmax 8× 105 (nM)·µm/s Maximum enzyme reaction rate for ATP hydrolysis

Km 475000 nM Michaelis constant for enzyme

III. RESULTS AND DISCUSSION

As discussed in Section II, the variation of ATP concentration in the network is due to

the competition of two effects: (i) ATP release by RBCs and ECs and (ii) ATP hydrolysis

at EC surfaces. At steady state, the ATP release is balanced by the ATP degradation as

ψ̄∗kσPNRBC + S̄ATPLw = Vmaxāw
Km

Lw ≈
Vmaxāb
Km

Lw, (11)

where ψ̄∗ is the ATP release level averaged over all RBCs, NRBC is the number of RBCs,

S̄ATP is the ATP flux averaged over all vessel walls, Lw is the length of all vessel walls, and

āw and āb are the average ATP concentration on the walls and over the whole vessel network,

respectively. It should be noted that the approximate equality is obtained by assuming that

āw ≈ āb at steady state. We will show later that this approximation is not always valid at

high hematocrit. Equation 11 indicates the existence of steady state ATP concentration in

blood vessel in the presence of ECs, and it is confirmed by numerical simulations, as shown

in Figure 2A. In the presence of ECs, the average ATP concentration reaches a plateau

(≈ 45 nM) after long enough time, in good agreement with the value estimated by equation

11 (≈ 48 nM). Note that if ECs are not taken into account, the average ATP concentration

increases indefinitely with time (see Figure 2A, red line), since there is no degradation of

ATP.

The steady state is further confirmed at different capillary number and hematocrit, as

shown in Figure 2B–C. All the results fall within the order of ∼ 100 nM, consistent with

experiments [37]. Specifically, the steady state ATP concentration is less than 10 nM when
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FIG. 2. A: Time evolution of average ATP concentration in the microvascular network atHt = 10%

and Ca = 16.7. The black dash-dotted line represents the value estimated by equation 11. B–

C : Average ATP concentration in the microvascular network at different capillary numbers and

hematocrits. The black dash-dotted line represents the value estimated by equation 11.

there is no RBCs (not shown in the figure), in good agreement with the experimental results

of Yegutkin et al. [37]. Thus, it is reasonable to conclude that the steady state ATP con-

centration is a universal feature in blood vessels in the presence of ECs. This steady state

prevents the indefinite increase of ATP concentration, which might be harmful to cells and

tissues. Note that equation 11 constitutes a reasonable condition for steady state solution,

albeit some deviations are revealed at higher hematocrit (Figure 2B–C ). These deviations

are attributed to the fact that the approximation āw ≈ āb no longer holds. A detailed

explanation will be given later.

In the following subsections, we shall show that at this steady state the ATP distribution

has special patterns in the microvascular network. The potential impact of ATP patterns on

Ca2+ signaling is also discussed. Here we focus on time-averaged (or steady state) behaviors,

which are obtained as follow. Initially, RBCs are randomly distributed in the network.

Simulations are conducted until a steady state is established, at which the average ATP

concentration in the network varies over a small range with time (as shown in Figure 2A).

Detailed description of steady state is given in the supplementary materials. Then the

simulation data during a time window T (more than 2.0 s physical time) are stored for
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analysis. Unless otherwise stated, the data are averaged over time, and the term “time-

averaged” is omitted hereinafter.

A. Steady state behaviors for parameters corresponding to physiological condi-

tions

We prioritize selecting parameters that fall within the physiological range. The hema-

tocrit is first fixed at Ht = 10%, which is within the measured range of hematocrit in

microcirculation[65]. The capillary number is set as Ca = 16.7 so that the mean velocity in

the smallest vessel is about 0.2 mm/s, matching the value observed in vivo [53].

1. Impact of heteregenous hematocrit on ATP release

In a previous study, we have shown that ATP release is boosted around a simple Y-shape

bifurcation [24]. To dig further into geometric effect on ATP release, we wish to highlight the

fact that RBCs visiting time depends on the location in the network. For example, RBCs

tend to linger more in bifurcations preceding smaller vessel diameters (due in particular to a

sort of crowding effect in front of small diameter vessels). Thus, in these locations we expect

a priori higher ATP release. To extract this information, the fluid domain is divided into

several boxes along the flow direction (see the shaded areas in Figure 1). During a long

enough time window T ≈ 2.0 s (compared to the timescale of RBC deformation as shown in

the supplementary materials), several cells (Nlocal) would have passed through a given box.

We measure the ATP release level ψ∗
i and visiting time ∆ti of the ith cell in that given box,

and the total ATP release by this cell is proportional to ψ∗
i ∆ti. For each box, the average

level of ATP release during time period T is thus defined as

ψlocal = 1
T

Nlocal∑
ψ∗
i ∆ti. (12)

We refer to this quantity as local ATP release level, since it informs us on heterogeneities in

the network.

The results are shown in Figure 3A (see also Figure S1–2 in the supplementary materi-

als, in which similar trends are preserved at different hematocrits and flow strengths). A

remarkable feature is observed: ATP release is boosted around diverging bifurcations (i.e.
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B1–7, see Figure 1), similar to the results of single cell [24]. As shown in Figure 3C, the

shear stress is high in the vicinity of the boundaries, while low in the central region. Here,

the normalized shear stress σ∗ is defined as the non-negative eigenvalue of the viscous stress

tensor σ (see the supplementary materials for details). When entering a diverging bifur-

cation, RBCs scrape initially along the vessel wall (see Figure 1), experiencing high shear

stress. After passing diverging bifurcations, these cells migrate towards the vessel center,

where the shear stress is low. As a result, the ATP release exhibits a peak at the bifurcation

area (Figure 3A).

Moreover, Figure 3A shows that the sudden increase of local ATP release level gets more

significant at diverging bifurcations preceding smaller vessels. As stated above the changes

of local ATP release level are related to accumulation of RBCs in smaller vessels. In Figure

3A the local hematocrit along the flow direction is shown with green dashed line. It can

be seen that local ATP release level synchronizes with local hematocrit. The high local

hematocrit around diverging bifurcations indicates lingering of RBCs, that the cell hangs on

the apex of bifurcation without immediately entering either child vessels (see Figure 3D).

During lingering, RBCs are exposed to high shear stress and continuously release ATP. In

the supplementary materials we show the residence time of RBCs in the network (Figure

S3), which is correlated with local hematocrit.

2. Role of ECs in ATP kinetics

The effects of ECs on ATP pattern are shown in Figure 3B (see also Figure S4–7 in the

supplementary materials, in which similar trends are preserved at different hematocrits and

flow strengths). For the sake of comparison with the local ATP release level of RBCs, we

define the ATP release and hydrolysis by ECs within each box as

Slocal = 1
T

∫ T

0
S∗
ATP (t)dt,Hlocal = 1

T

∫ T

0
H∗
ATP (t)dt. (13)

Here S∗
ATP and H∗

ATP are normalized values according to equation 10 (they show the ratios

of ATP release and hydrolysis by ECs over that due to RBCs), calculated over all vessel

wall segments within a given box. Generally, ATP release by ECs tends towards the value

corresponding to the case when there is no RBCs. Several peaks are prominent around

bifurcations, both diverging and converging ones, where the shear stress is found to be higher.
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FIG. 3. Steady state ATP release and hydrolysis at Ht = 10% and Ca = 16.7. A: Local ATP

release level ψlocal and hematocrit along the flow direction. The black dash-dotted line represents

the bulk hematocrit (Ht = 10%). The vessel network is plotted in black solid lines for clarity.

B: Normalized ATP release and hydrolysis by ECs along the flow direction. The black dash line

is the normalized ATP release by ECs in the absence of RBCs. These values are calculated over

the vessel walls within the boxes as shown in Figure 1. C : Normalized shear stress σ∗ (Pa) of the

undisturbed flow (i.e. without RBCs). D: Snapshot of RBCs lingering.

This result is consistent with equation 7, according to which the ATP release rate is positively

related to the shear stress. Nevertheless, the presence of RBCs can still contribute to trigger

more ATP release by ECs. Indeed, the presence of RBCs affects rheological properties of

blood and hence the effective shear stress felt by ECs. When RBCs are located in the

core region (x ≈ 70 and 320 µm, see Figure 3B), the effective viscosity of RBC suspension

increases [66], thereby reducing shear stress due to RBCs suspension at vessel boundaries,

hence a decline of ATP release by ECs. However, as RBCs approaches the boundaries, the

viscous dissipation around these boundaries increases as well (albeit the effective average

viscosity still increases due to RBCs), resulting in higher ATP release by ECs, and especially

around diverging bifurcations where RBCs are very close to vessel walls (x ≈ 110, 170 and

230 µm, see Figure 3B). Despite this enhanced role of RBCs in ATP release by ECs, the
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relative effect of ATP release by ECs remains small, about two orders of magnitude smaller

than that released by RBCs (see Figure 3B, where the relative value is in the 10−3 range).

This leads us to the conclusion that the main contribution to the ATP release in vascular

networks originates directly from RBCs. As for ATP hydrolysis, it sharply increases as one

moves (along flow direction) towards the diverging side while it decreases on the converging

side (Figure 3B, green dashed line). This is in phase with ATP release by RBCs, which

shows the same trend (Figure 3A).

3. ATP pattern inside the vascular network

Hitherto, we focused on ATP release level and not on how ATP is distributed in the

network due to diffusion and advection by the flow. The objective of this section is to show

the spatial distribution of ATP. The simulation is run until the average ATP concentration

in the network reaches steady state. This steady state results from a balance of ATP release

by RBCs (and moderately by ECs) and its hyrolysis by ECs. To obtain the ATP pattern, at

each sampling time the actual ATP distribution in the network is measured. This is repeated

for a long time period T , and an average over time is performed. Figure 4A illustrates a

stable pattern in the distribution of ATP throughout the network. The ATP concentration

on boundaries and its distribution along flow direction are shown in Figure S8–9 of the

supplementary materials. From Figure 4A we can summarize three trends:

(i) ATP concentration is higher in the cell free layer (CFL) close to boundaries than in

the core region;

(ii) in the vicinity of diverging bifurcations, the ATP concentration is higher at the inner

boundary than at the outer boundary (see the two insets of Figure 4A);

(iii) ATP distribution is heterogeneous among different vessels of the same level.

Trend (i) is consistent with the observation in straight channels [55], that RBCs con-

centrate in the core region and ATP concentrates in the periphery (CFL). In fact, besides

CFL close to walls, another CFL close to centerline forms after converging bifurcations (in

V20–21), as shown in Figure 4B. This centered CFL results from the repulsion among the

cells from two upstream vessels via hydrodynamic interaction, as they meet at a converging

bifurcation.

For trend (ii), we have already shown that RBCs first flow along the wall of diverging
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FIG. 4. A: Steady state ATP concentration (nM) and B: Steady state local hematocrit atHt = 10%

and Ca = 16.7. The insets show the cites where the ATP concentration is higher. The local

hematocrit inside (outside) RBCs is set as 1 (0).

bifurcations, and then gradually migrate towards the central region (see Figure 1). Moreover,

Figures 3A and 4B show that RBCs accumulate locally in front of diverging bifurcations,

indicating the lingering effect. As a result, these cells spend more time in the high shear

stress region, amplifying thus ATP release. The highest ATP concentration (≈ 95 nM)

is reached around the diverging bifurcations B5–6, as denoted by the insets in Figure 4A.

This level of ATP concentration would induce a quite low cytoplasmic Ca2+ peak for ECs

[67, 68], and vasodilation is not expected; but it is expected for higher hematocrits and

higher flow rates, as discussed in section III B. A remark is in order. The location of high

ATP concentration around diverging bifurcations is found to be slightly downstream the

bifurcation apex (see Figure S8 of the supplementary material). Indeed, while the release is
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maximal at bifurcations, the ATP diffuses and is advected by the flow so that the position

of the maximum drifts slightly downstream.

Trend (iii) is due to biased RBC partitioning at successive bifurcations. When RBCs

pass the first diverging bifurcation (B1), they flow along the inner wall, leading to a biased

distribution along the cross section. When these cells reach the second diverging bifurcation

(B2/3), they have not recovered to a steady distribution. The RBCs are still slowly lifting-

off the wall, remaining close to the spanned wall after the impact at the bifurcation. This

implies that more cells enter one child vessel (V5/6) than the other (V4/7), as shown in

Figure 1. Such partitioning happens at successive bifurcations as well, and finally results

in a stable but heterogeneous local hematocrit distribution as shown in Figure 4B. As a

consequence, the ATP pattern at steady state becomes heterogeneous as well.

B. Effects of hematocrit and flow strength

In microcirculation, both flow strength as well as hematocrit can vary in vivo. For

example, local hematocrit in the microvasculature can vary from 5–37% [65, 69, 70]. In

polycythemia vera disease the hematocrit in macrovesssel can reach values up to 80% [71],

so that its value in microcirculation is expected to be larger than the above-mentioned normal

range. The flow strength depends on many factors. For example, in heart failure conditions

[72], or during sport activities the flow speeds can vary significantly. This naturally raises

the question of how the steady state behaviors of ATP are affected by these factors in the

considered network. In this subsection, our goal is to explore this question by varying the

hematocrit and the capillary number. Several regions of interest (ROI) are selected (see

Figure 5A). In each ROI, the normalized ATP concentration by its average value in that

ROI is analyzed.

1. Reduced ATP transport at high hematocrit

First, we fixed the capillary number as Ca = 16.7 and varied the hematocrit in a range

of Ht = 5%–50%. The ATP concentrations form stable patterns for different hematocrits,

similar to Figure 4A. The three discussed trends (i)-(iii) (i.e. higher ATP concentration in

CFL; ATP concentration peaks around network bifurcations; heterogeneous ATP distribu-
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tion among vessels of the same level) in the previous subsection are still valid. However,

the distribution of ATP is affected due to reduced ATP transport at high hematocrit, as

explained below.

The main influence of hematocrit on ATP around CFL and bifurcations (trends (i) and

(ii)) is the increase of heterogeneity as shown in Figure 5D, which results from two different

causes. As shown in Ref. [55] for a straight channel, most of ATP concentration comes

from RBCs close to the channel boundaries, and higher hematocrit leads to higher ATP

concentration. Meanwhile, these RBCs are like barriers and slow down cross-stream ATP

diffusion towards the core region. Here, we confirm this tendency in our complex network,

and since we take into account consumption by ECs (unlike in [55]), we are able here to

obtain the steady pattern, as shown in Figure 5D. It is evident that the ATP concentration is

higher in CFL for all hematocrits, and its amplitude increases as the hematocrit rises. This

is due to the fact that by increasing hematocrit, more and more cells are pushed towards

vessel walls (Figure 5F), where shear stress is higher, leading to a higher ATP release. At the

same time, increasing hematocrit leads to a more crowded core region by RBCs (Figure 5F),

which constitutes barriers against ATP transport from high concentration regions (i.e. CFL)

towards the center. This results thus in a more pronounced heterogeneity distribution of

ATP across the vessels. This also leads to the large discrepancy between the full simulation

and the analytical estimate for a high enough hematocrit, as reported in Figure 2C.

For ATP distribution at network boundaries, we observe an increase of ATP concentration

at more upstream locations as the hematocrit increases, as shown in Figure 5E and G; the

maximal value shifts to the left as hematocrit increases. This effect can be understood

as follows. First, after released by RBCs, ATP is transported in two directions: stream

direction and cross-stream direction (see the two arrows in Figure 5B). ATP is transported

faster in stream direction due to advection of flow, while in cross-stream direction, the ATP

transport is dominated by diffusion. As hematocrit increases, more and more cells get closer

to the vessel boundaries (see Figure 5C and F), so that diffusion time becomes shorter in the

cross-stream direction. In addition, at high hematocrit the flow rate decreases, reducing thus

ATP advection in the stream direction. These two effects (short diffusion towards boundaries

and reduction of flow rate) lead to the drift of maximal ATP towards the upstream direction.
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FIG. 5. A: Schematic of regions of interest selected for analysis. Snapshots of RBCs are plotted

at Ht = 40%. B and C : Instantaneous ATP concentration at Ht = 10% (B) and 40% (C ). The

contours represent relative ATP concentrations, with red (blue) colors denoting high (low) concen-

trations. The long (short) arrows represent ATP transport in stream (cross-stream) directions. D

and F : Normalized ATP concentration (D) and RBC distribution (F) at cross section 1. The black

solid (dashed) lines denote vessel boundaries (vessel center lines) The area labeled with pink color

in F indicates the core region where the normalized shear stress σ∗ < 0.05, lower than the critical

shear stress that triggers ATP release by RBCs. The definition of RBC distribution is given in

the supplementary materials. E and G: Normalized ATP concentration at boundaries 1 (E) and

2 (G).

2. Enhanced ATP transport at high flow strength

The effects of flow strength are studied by fixing the hematocrit at Ht = 10% and

varying the capillary number in a range of Ca = 11.5–50.1, so that the mean velocity in
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the smallest vessel is about 0.13–0.6 mm/s. High flow strength contributes to the reduction

of heterogeneity among different vessels of the same level (trend (iii)), as shown in Figure

6A and B. Take bifurcation B2 as an example (see Figure 1, which is shown also in Figure

6C–F). At low flow strength, only the Px1 channels on the right side of the cell (in the

frame moving with cell) in the parent vessel V2 are activated (see cell I and II in Figure

6C and D), respcetively. The ATP released by those cells (from activated parts, shown in

yellow in Figure 6C and D) will predominately be advected towards the lower child vessel

V5. However, as the flow strength increases a large part of the cell membrane in the parent

vessel is activated for ATP release (see cell III and IV in Figure 6E and F). Therefore, it is

expected that a non negligible proportion of ATP will be advected towards the upper child

vessel V4, albeit the lower vessel V5 will get more ATP. Similar ATP partitioning occurs at

other diverging bifurcations as well. However, no significant change of RBCs partitioning is

observed.

FIG. 6. A and B: Normalized ATP concentration at cross sections 2 (A) and 3 (B) (see Figure

5A for locations of cross section 2 and 3). C–F : Activation states of Px1 channels at Ca = 11.5

(C ), Ca = 16.7 (D), Ca = 33.4 (E), and Ca = 50.1 (F). Light (dark) color denotes activated

(inactivated) membrane location.

3. Impact on Ca2+ signaling

18



During vasomotion, the change of flow strength is accompanied with the change of hema-

tocrit. For example, in vivo experiments have shown that the hematocrit and blood flow

under muscle contraction could be more than twice than that found at rest [65]. As we

have seen, higher hematocrit and flow strength are two factors that favor ATP release from

RBCs. The released ATP can react with ECs receptors (e.g. purigenic receptors), a first

stage that elicit cascade of reactions leading to Ca2+ and NO (a vasodilator) signaling from

ECs. Experimental studies reported that Ca2+ responses in ECs were observed when extra-

cellular ATP concentration was higher than 250 nM [67]. Here, we take this value as the

threshold ATP concentration for Ca2+ signaling activation. The question addressed below

is to determine both the flow strength and hematocrit that are needed in order to obtain

this ATP threshold.

With the increase of hematocrit and flow strength, the ATP concentration on vessel

boundaries increases (see Figure 2B and C ), and eventually reaches the threshold at some

critical hematocrit. Due to the heterogeneity of ATP distribution, the critical hematocrit

varies on network boundaries, as shown in Figure 7A. Apparently, ECs get activated at

lower hematocrit if there are more cells, for example near diverging bifurcations and centered

vessels (the green lines in Figure 7A). By increasing the flow strength, the critical hematocrit

is greatly reduced, as shown by the dashed lines in Figure 7A.

Moreover, we notice that only the boundaries of the smallest vessel V10 are activated at

moderate hematocrit and flow strength (Ht = 20%, Ca = 16.7). Note that our vascular

network corresponds rather to a capillary network, where blood vessels are devoid of smooth

muscle cells, meaning that no vasodilation can take place there. Since vessel V10 is far from

the inlet of the network, Ca2+ signal would propagate a long distance, and becomes weak

before reaching upstream arterioles [73]. As hematocrit increases, more ATP accumulates

at upstream bifurcations. Ca2+ is expected to be triggered close to the inlet of the network

(purple and brown lines in Figure 7B), that is close to the end of arteriole trees. Propagation

of Ca2+ signal upstream would require traveling over a short distance before reaching arte-

rioles. Given the reported speeds of Ca2+ propagation (at least 10 µm/s [73]), few seconds

are needed for Ca2+ to reach the end of arteriole tree.

Let us quantify the proportion of network boundaries which are potentially activated

with regard to Ca2+ signaling. As stated above, we expect this signaling to take place

when ATP concentration exceeds 250 nM. The proportion of activated boundaries is defined
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FIG. 7. A: Critical hematocrit on network boundaries at which the Ca2+ signaling in ECs would be

activated (aw ≥ 250 nM). The capillary numbers are Ca = 16.7 (solid lines) and Ca = 33.4 (dashed

lines). The colors indicate the boundaries of interest as shown in B. Only the top half boundaries

are shown for clarity. C : Probability of Ca2+ signaling on network boundaries as a function of

hematocrit. The dashed line indicates the probability of Ca2+ signaling due to stimulation (e.g.

muscle contraction), as the hematocrit and flow strength increase simultaneously (drawn by hand).

as the ratio of activated boundaries over the total length including all boundaries within

the network (excluding inlet and outlet vessels). This proportion is referred to as the the

probability of Ca2+ signaling. As shown in Figure 7C, the probability of Ca2+ signaling

behaves like a sigmoid function. It is quite intuitive that higher capillary number and

higher hematocrit result in more activated ECs (larger probability). In capillary networks

Ca = 16.7 and 33.4 correspond to shear stress at the walls of about 0.3 and 0.6 Pa, which

reaches the lower limit of typical physiological values (approximately 0.5–5 Pa) [74, 75].

In resting circumstance, hematocrit in microcirculations is usually in the range 5-20%

[65, 69]. According to Figure 7C, this may mean that the propability of Ca2+ signaling

is small. However, under stimulation like muscle contraction, both hematocrit and flow

strength increase (hematocrit can be two fold larger [65]), increasing thus significantly the

probability of Ca2+ activation.
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IV. CONCLUSION

In this work, we extend the previous studies of ATP release by RBCs in straight channels

[24, 55] to a microvascular network. This work also contributes by considering the role of

ECs in ATP kinetics. Non-trivial ATP release by RBCs and heterogeneous ATP patterns

are observed due to the network geometry, which are influenced by hematocrit and flow

strength.

We first showed that the presence of ECs leads to a steady state ATP pattern. This stable

ATP pattern is a hallmark of cell partitioning at successive diverging bifurcations. This

partitioning greatly alters RBCs lateral position in vessels, as well as ATP release by RBCs.

The ATP degradation by ECs is essential in order to establish a stable ATP pattern, but

its release by ECs is not significant as compared to that of RBCs. High ATP concentration

is observed in CFL and around diverging bifurcations, which might be beneficial to Ca2+

signaling of ECs [8, 10]. Whether or not a high level of ATP at bifurcations (and thus an

initiation Ca2+ release there) has a documented physiological implication is, to our best

knowledge, not known at present.

Upon changing hematocrit and flow strength different ATP patterns are observed. In-

deed, high hematocrit reduces the ATP transport towards downstream vessels, so that the

location of ATP-induced Ca2+ signaling is expected to be shifted towards upstream vessels.

Regarding the effect of flow strength, we observe a reduction of heterogeneity of ATP dis-

tribution due to enhanced ATP transport. Certain diseases like polycythemia vera [76, 77]

and anemia [78] are accompanied by a significant modification of hematocrit and of flow

strength (due to a change of effective viscosity [79]). It would be an interesting task for

future studies to elucidate the impact on chemical signaling (ATP, Ca2+ and NO) related

to these diseases.

An interesting conclusion from our study is that blood flow in vascular networks is not

a simple summation of the flows in a series of straight channels. Indeed, the structure of

the network, like bifurcations, plays an important role in RBC dynamics as well as in

chemical signaling. Here, we focused on a topologically symmetric network (successive

regular splitting of parent vessel into two child vessels). How ATP signaling behaves in

a more complex geometry is an interesting, albeit challenging, work for the future.

Another perspective concerns the impact of abnormal cells in biochemical signaling. Some
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diseases, like sickle cell anemia, affect RBC morphology and flexibility [80, 81]. This will in

turn influence cell response to fluid stress, which may thus alter ATP release level. More-

over, a dysfunction of transmembrane channels and enzymes can have an influence on ATP

signaling as well. For example, mefloquine, known as an anti-malarial medicine, can block

the Px1 channel [82]. It is also known that some drugs act as inhibitors of ecto-enzymes [83]

(which may lead to a reduction of ATP hydrolysis). A systematic analysis of ATP kinetics

by abnormal cells should be performed in order to determine the main consequences.
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