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Oscillatory Flow Accelerates Autocrine Signaling due to Nonlinear Effect of
Convection on Receptor-Related Actions

Marek Nebyla, Michal Pribyl,* and Igor Schreiber
Department of Chemical Engineering, Institute of Chemical Technology, Prague, Czech Republic

ABSTRACT We study effects of oscillatory convective flow in extracellular space on the velocity of chemical signal propagation
having a form of a front wave above a cellular layer. We found that the time-averaged propagation velocity under oscillatory flow
for a particular Péclet number amplitude is slower than the velocity under steady laminar flow regime for the same value of the
Péclet number, but significantly faster than under no-flow conditions. We derive asymptotic values of the propagation velocity
and asymptotic characteristics of the corresponding concentration fronts in high- and low-frequency regimes and show that the
reason for the observed velocity increase under the oscillatory flow stems from a nonlinear dependence of the propagation
velocity on the Péclet number, particularly from the convex character of the dependence. Our findings suggest that the specific
responses of cellular cultures to different flow conditions in the extracellular space (for example, expression of atherosclerosis
protective genes under steady laminar flow but not under oscillatory flow) is a consequence of a nonlinear coupling between the
extracellular transport and complex intracellular reaction cascades forming a positive feedback loop of the autocrine signaling.
This mechanism can operate independently of, or in conjunction with, a direct stress-sensing due to mechanotransduction.

INTRODUCTION

Convective transport in tissues plays an important role in
many developmental processes. It has been shown that the
convective transport is necessary for the left-right body
axis formation (1), vascular and lymphatic systems develop-
ment (2), cancer cell movement (3,4), and cell migration in
inflammatory or injury events (5-7). Pressure gradients and
the convective fluid flow velocity in porous media are
related via the Darcy law (8). Consequently, pressure gradi-
ents emerging in a body induce interstitial flow despite the
compactness of bones, cartilage, or muscles (9).

A mechanism by which the convective flow can con-
tribute to the signal transmission is to bring about spatial
asymmetries in the distribution of morphogens in the extra-
cellular matrix (8,10). The asymmetries induce chemical
signal transmission in corresponding directions due to the
morphogen-related activation of integrins and other cellular
receptors (11,12).

Endothelia (vascular epithelia) are naturally exposed to
permanent convective transport. Hence, much experimental
and theoretical work has been focused on the effects of
steady convective flow and shear stress on endothelial cell
development (2,10,11,13). Affected cells chemotactically
organize along morphogen gradients and respond by
releasing new morphogen molecules (11,14,15). It has
been shown that only a joint action of the convective trans-
port and the vascular endothelial growth factor leads to
formation of organized vascular capillaries (10,13,16).

In the previously mentioned studies, steady laminar
flow was typically considered. In real biological systems,
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convective transport is distinctly nonstationary because of
the periodic character of changes in the body. The heart is
responsible for convective transport in the vascular system
with a period of ~1 s, lung epithelium is affected by a
breathing period of ~4 s, walking or running induces
pressure gradients in bones, muscles, and cartilage with a
period <1 s, certain smooth muscles (gut, womb) contract
with periods of several minutes, and circadian rhythms
and human habits repeat every 24 h. As a result, a consider-
able body of experimental work examined effects of oscilla-
tory and pulsatile flow on cell cultures or tissues in vitro or
in vivo (e.g., see the literature (17-24)). To be more specific,
we define the oscillatory flow as a flow with zero average
value, i.e., the flow direction is periodically flipped. Oscilla-
tory flow is usually observed at vascular bifurcations (17).
On the other hand, the pulsatile flow is defined as flow
with a nonzero average value, i.e., the flow periodically
accelerates and decelerates but the flow direction usually
remains unchanged.

A number of studies have focused on developmental pro-
cesses occurring in endothelial cells under nonstationary
flow with the characteristic frequency ~1 Hz. Endothelial
cells typically behave differently under static and oscillatory
conditions. Moreover, response of the endothelial cells
under the oscillatory flow is different from that under the
pulsatile regime (17). Oscillatory flow in endothelium leads
to an increased production of cell attachment proteins (18),
NADH oxidase activity (19), metalloproteinase expression
(20), sphingosine kinase-1 gene expression (21), JNK
protein activity (22), etc. Conversely, endothelial cells under
oscillatory flow lose the ability to increase the concentration
of free calcium (23) or do not increase nitric oxide synthase
gene expression as observed under steady laminar flow
(24). Atherosclerosis can develop as a result of the
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overexpression or suppression of specific genes under oscil-
latory flow, with possible fatal impacts (19,20,24). This
differs significantly from the steady laminar flow that shows
rather protective effects (25-27). Information that is more
comprehensive can be found in reviews (17,28). In endothe-
lium, the classical ligand-receptor signal transduction influ-
enced by convective flow is accompanied by various
mechanotransduction processes mediating the linkage
between extracellular shear stress and intracellular signaling
cascades (29).

Furthermore, effects of oscillatory flow on the cell
behavior are widely studied in connective tissues, especially
in bones. For example, the oscillatory flow in osteoblasts
increases the activity of enzymes such as mitogen-activated
protein kinases or alkaline phosphatase (30,31), activation
of integrins and related kinase cascades (31), and expres-
sion of specific genes (32-34). It also affects the concentra-
tion of the free intracellular calcium (35). Oscillatory flow
imposed on in vitro osteoblast cultures or mesenchymal
stem cell cultures provides homogeneous cell seeding and
proliferation as well as increased cell viability (30,36,37),
which is an important finding for the artificial bone engi-
neering (38).

Theoretical studies focusing on the effects of oscillatory
flow on cell cultures are rather rare. Qin et al. (39) developed
a mathematical model to investigate the interaction of the
pulsatile and oscillatory flows with endothelial cells, espe-
cially the impacts of various flow regimes on the chloride
transmembrane transport and the corresponding electric
current. They showed that the endothelial cell can distin-
guish between the flow types by different electric current
responses. John and Barakat (40) developed a mathematical
model that allows for determination of ATP concentration
above endothelial layers under the influence of various
convective regimes. They assumed that the ATP source
term depends directly on shear stress. Other mathematical
models were developed to study mechanotransduction pro-
cesses in the endothelium (41,42). The cells were consid-
ered to be solid bodies. It was found that the velocity of
cellular sensor responses depends on the character of flow
and oscillation frequency. Barakat (41) found that the cell
deformation becomes frequency-independent above certain
critical frequency. Oscillatory flow with the frequency
~1 Hz results in a smaller cell deformation than under steady
convective flow (42).

Unfortunately, the mechanisms that lead to a specific
gene expression profile under oscillatory flow have not
been fully understood. In this work, we show that the levels
of enzyme activities or gene expressions under oscillatory
flow differ from those under steady laminar flow, and
not only due to direct mechanotransduction. Another
and probably sufficient mechanism relies only on the
classical extracellular ligand-transmembrane receptor
signal transmission. Typical examples of the transduction
process are:
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1. Growth factor binding to tyrosinkinase receptors on the
outer cytosolic membrane surface.

2. Membrane-bound protein phosphorylation.

MAPK cascade activation.

4. Intracellular protein and/or transcription factor modifica-
tion (Fig. 1).

b

As a starting point for our study, we begin with the math-
ematical model of such a transduction formulated by Pribyl
et al. (43) with a single positive feedback between the ligand
binding and ligand release in a simple cellular layer. The
model has been recently modified (44) to allow for convec-
tive flow. Here we present the frequency/period and ampli-
tude characteristics of the averaged signal propagation
velocity in a cellular layer under the influence of oscillatory
flow. The results are compared with those obtained for
steady-flow or no-flow cellular systems. The dependences
of the propagation velocity and other characteristics on the
period of oscillations are explained with the help of analysis
in asymptotic (high- and low-frequency) regimes.

MATHEMATICAL MODEL
Domain description

Both intracellular and extracellular reaction-transport pro-
cesses are necessary to establish a positive feedback loop
in a tissue to start a chemical signal transmission and signal
propagation in a cellular layer (Fig. 1). Whereas complex
reaction-transport processes inside cells are responsible
for the release of new ligand molecules, the convective
and diffusive transports in the extracellular domain are
necessary for ligand spreading. The main reaction steps of
the intracellular part of the positive feedback are depicted

FIGURE 1 Scheme of positive feedback loop in autocrine signaling:
(1) ligand-receptor binding; (2) phosphorylation of membrane-associated
proteins; (3) activation of MAPK cascades; (4) transcription factor modifi-
cation; (5) transcription; (6) translation, posttranslation modification of
the ligand; and (7) new ligand release. (Dashed line) Alternative process
of the ligand release based on a direct (transcription-independent) activa-
tion of intracellular or extracellular proteases.
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in Fig. 1. The positive feedback loop does not necessarily
rely on the transcription; it can also exploit available
cytosolic and membrane-bound proteins (45). However,
the corresponding reaction cascades are still complex,
case-dependent, and able to be affected by either random
or oriented intracellular transport. Because we focus on gen-
eral effects of extracellular oscillatory flow on the cell
behavior in this work, a detailed description of the intracel-
lular reaction-transport was deemed unnecessary. Instead, a
simple switch-like sigmoidal dependence between the
surface concentration of ligand-receptor complexes and
ligand release rate was used (44). Admittedly, this assump-
tion results in a strong simplification of the positive
feedback loop mechanism. However, the sigmoidal char-
acter of the response is typical for enzyme intracellular
cascades with a high degree of cooperativity (46). More-
over, it has been shown that introduction of time delays
between the ligand-receptor complex formation and ligand
release leads only to a decrease of signal propagation
velocity; the qualitative character of the signaling remains
unchanged (43).

The modeling domain considered in this work (Fig. 2)
consists of the extracellular part with solid top and bottom
boundaries. The top boundary represents either a ligand-
impermeable membrane or a symmetry axis. The bottom
boundary corresponds to a homogeneous cellular layer
that is assumed to be continuous in space. Receptor-related
chemical reactions and the release of new ligand molecules
are described in terms of boundary conditions at the bottom
boundary. Specific effects coming from the discrete char-
acter of the cells have been reported in Pribyl et al. (47).

Ligand dynamics

In the extracellular gap (Fig. 2), the ligand molecules are
transported via diffusion and convection. Diffusion is
assumed in both directions, but only longitudinal convective
transport along the cellular layer (x axis) is considered in

as as <azs azs)

o T = Ds\Ga e

ot dx b

FIGURE 2 Modeling domain.
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where symbols S, 7, x, y, and Dy denote the ligand molar
concentration, time, spatial coordinates parallel and per-
pendicular to the cellular layer, and the ligand diffusivity,
respectively. The oscillatory convective transport is repre-
sented by a time-dependent harmonic function

V() = vy sin(2wft), 2)

with the amplitude v, and the frequency f. Here, we assume
that the longitudinal convective transport has the character
of a time-varying plug flow. As we showed earlier (44),
the Taylor dispersion effect coming from the laminar
character of the flow in the extracellular space is negligible
in a wide range of physically realistic regimes.

The reflecting boundary condition is used at the top
boundary:

=0,y =H. 3)

The bottom boundary condition at the cellular layer bal-
ances the diffusive transport of the ligand, its release by
the ligand-releasing protease with activity P, ligand con-
sumption, and release due to the ligand-receptor interactions

as )
—Dsa—y = —k"SR + k{"C + gsP, y = 0, 4)

where R and C represent the surface concentrations of the
free receptors and ligand-receptor complexes. The symbols
k2, kST, and g denote the kinetic constants of the ligand-re-
ceptor binding, ligand-receptor complex dissociation, and
ligand release, respectively.

Equation 1 can be simplified if the thickness of the extra-
cellular gap H is significantly smaller than the characteristic
spatial extent of the ligand trafficking (48) in the extra-
cellular space (44). Such conditions occur in compact
tissues. In this case, we can introduce a spatially averaged
ligand concentration s by means of the thin fin approxi-
mation (49),

H

- 1

S (x, Z)EE /S()@y, 1)dy. )
0

After the corresponding averaging of Eq. 1 with the use of
the boundary conditions from Eqgs. 3 and 4, we obtain

623\ 1 on'g off
6_)62+E (—ks SR + kg C+gSP)-

(©6)

s, 3s
6_t+vA sin(2mft) P Dy

The equations describing the dynamics of the surface recep-
tors, ligand-receptor complexes, and protease activation are
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the same as those in Nebyla et al. (44). They are also briefly
described in Appendix A.

Dimensionless model

With the use of the scaling factors defined in Appendix B,
the model equations are transformed into a dimensionless
form:

4S . S S 1 .
TSE“‘PCA Sln(2ﬂ'ft) E = ﬁ"‘& [(1 - 6S)C — SR
+ BsP], @)
OR . .
Thge = 1+vy[—SR+(1-85)C| —R, 8)
iC - -
—= — R—
Te g C, ©)
P S -
5= a(C—Cr)—P, (10)

7(C—Cr) = tanhw-i-o.i a1

We identify 10 dimensionless parameters of the model (see
Appendix B for their definitions). Their physical meaning is
explained in Table 1. We investigate the amplitude and
frequency/period characteristics of the autocrine signaling
for three sets of the dimensionless parameters listed in
Table 2. We call Set 1 the basic set, for which the parameter
values were taken as the averaged values of experimentally
available data (44). The dimensionless period of the flow
oscillations is T = 1/f.

There are two limiting spatially uniform steady states
of Egs. 7-10 corresponding to the on-(¢—1) and off-
(6—0) states of the autocrine signaling. The off-state is

TABLE 1 Physical meaning of dimensionless parameters

Parameter Meaning

o Ratio of gap height/spatial extent of ligand transport

Bs Relative strength of ligand-receptor complex endocytosis

' Ratio of Ligand/receptor generation rates

6 Tuning parameter for the sharpness of the sigmoidal
function

Tc Ratio of protease/complex deactivation rate constants

TR Ratio of protease deactivation/receptor endocytosis rate
constants

Ts Ratio of protease deactivation rate constant/ligand diffusion
timescale

Cr Switch on-/off threshold of protease activation

Pe, Amplitude of the Péclet number

f Frequency of the oscillatory flow
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TABLE 2 Parameter values
Parameter Set 1 (basic set) Set 2 Set 3
o 0.1 0.1 0.1
Bs 0.5 0.5 0.5
Y 1 1 1
0 0.01 0.01 0.01
e 0.1 1 0.01
TR 0.5 1 0.01
Ts 0.002 1 0.01
~CT 0.3 0.3 0.3
f Slkp flkp Slkp
S=0,R=1,C=0,P =0, (12)
and the on-state is
- 1 - ~ ~
S=———R=1-0yy,C=1,P=1. (13)
(1 —Bsv)

NUMERICAL METHODS AND ANALYSIS
Solvers

Equations 7-10 were solved with the use of the COMSOL 3.5 software
(COMSOL Multiphysics, Palo Alto, CA). The relative and absolute toler-
ances of the femtime solver were set to 1 x 10~*. The spatial domain
was discretized into uniform finite elements of size 0.01. The domain
size was chosen large enough to follow the development and motion of
oscillatory concentration fronts. The on- and off-steady states, Eqs. 12
and 13, were used on the left and right boundaries, respectively. As for
the initial condition, the domain was divided into two parts. We assumed
spatially uniform on- and off-steady states in the left and right parts,
respectively.

The numerical results were verified using a program based on a finite
difference method employing the ode45 MATLAB solver (The
MathWorks, Natick, MA). We used symmetric and asymmetric three-
point differential formulae. The relative difference between the front
velocities provided by COMSOL (COMSOL Multiphysics) and finite
difference codes was always <1%. Moreover, the propagation velocity
of nonoscillating traveling concentration fronts (for a time-independent
Péclet number) was in agreement with that obtained by the continuation
of the corresponding heteroclinic orbit (50) connecting the on- and off-
steady states.

Velocity evaluation

The harmonic character of the oscillatory flow gives rise to periodic
changes in the chemical signal propagation velocity above the cellular
layer. After an initial transient, the periodic character becomes sustained.
In all our simulations, the oscillatory response of the wave and the oscilla-
tions of the flow are 1:1 frequency-locked, i.e., we observe the same
frequencies of variations of the propagation velocity and oscillatory flow
velocity. The position of the concentration front of the ligand-receptor com-
plex in the space-time coordinates is plotted in Fig. 3 A. Here, the position
of the concentration front in space is evaluated at the concentration equal to
the complex threshold C = Cr = 0.3. Within one period of the oscillatory
flow, the profiles of the front change significantly (Fig. 3 B). The averaged
propagation velocity is then found as the slope % = d/d? of the linear fit in
the stable periodic regime (Fig. 3 A).

Biophysical Journal 105(3) 818-828
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FIGURE 3 (A) (Solid line) Position of C =0.3 on the complex concen-
tration front in space and time; (dashed line) linear fit of the data for eval-
uation of the averaged propagation velocity #; (box) one period starting at
t; = 17.6 for the visualization of concentration profiles. (B) Detail of the
propagating front at different times during the highlighted period; (dashed
line) threshold concentration C = 0.3. Parameter Set 1, Pe, =4, T =3.4.

RESULTS
Frequency characteristics

Dependences of the average propagation velocity on the
period of the oscillatory flow are plotted in Fig. 4. The char-
acteristics are typically nonlinear with lower and upper
asymptotes (dashed lines). Several inflection points as
well as a distinct velocity maximum at T=3 are identified
for two of the three considered parameter sets. The common
feature of all these dependences is that larger periods of the
oscillatory flow accelerate the autocrine communication
more significantly than the shorter ones. The velocity
increase amounts to several tens of percent for parameter
Sets 1 and 2 and >100% for parameter Set 3. As we will
show in the discussion, the character of these dependences
results from different timescales of the reaction and trans-
port processes at the cellular layer.

In general, the quantitative character of the calculated
frequency characteristics depends on the choice of the
sharpness parameter 6 in Eq. 11. To document this effect,
we selected a periodic regime corresponding to the
maximum in Fig. 4 A and studied the effect of the parameter

0 on the propagation velocity (see the Supporting Material).
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FIGURE 4 Dependence of the propagation velocity on the period of os-
cillations. (A) Parameter Set 1; (B) parameter Set 2; (C) parameter Set 3,
Pes = 4. (Dashed lines) Upper and lower velocity asymptotes.

The propagation velocity attains an asymptotic value for
) ~<0.02, and this value corresponds to the Heaviside
dependence of the protease activity on the complex concen-
tration. An increase of 6 above 0.02 leads to an increase of
the propagation velocity. However, the relative difference
between the propagation velocities in the asymptotic regime
and for 6 = 0.1 does not exceed 5%, i.e., our results are not
significantly affected in a wide range of the sharpness
parameter.

Amplitude characteristics

All amplitude characteristics showing u versus Pe, plotted
in Fig. 5 are monotonous and increasing in the studied
range. In certain ranges of periods of the flow oscillations
T, the velocity increase exceeds 100%. For T—»O, we find
u to be the same as the velocity of the signal propagation
in the absence of the convective transport. The amplitude
characteristics are plotted only for Set 1; qualitatively
identical behavior is found for the other sets.



Autocrine Signaling under Oscillatory Flow

—— T =0.034
——T=34x10"°
——T=34x10"*

PeA

FIGURE 5 Dependence of the propagation velocity on the amplitude of
oscillations: Parameter Set 1. (Dashed line) Propagation velocity in the
no-convection regime.

From the above results, we can conclude that the oscilla-
tory convection in the extracellular space can, under certain
conditions, lead to a significant acceleration of the signal
transmission when compared to the no-convection system.
In the following, we explain the observed findings and
compare them qualitatively with available experimental
results.

DISCUSSION
Lower and upper asymptotes

We will now focus on the lower asymptote of the frequency/
period characteristics shown in Fig. 4. When the period of
the oscillatory flow is short enough that the characteristic
times of all reaction processes are significantly longer
(75, TR, Tc > T; the protease timescale is 1 and 1>T
must be also satisfied), the cellular layer cannot respond
to these fast flow changes and behaves as if unaffected by
the convective transport. The propagation velocity at the
lower asymptote is then given by the solution of Egs.
7-10 with Pey = O or alternatively with the use of results
given in Pribyl et al. (43). The lower asymptotic value of
the velocity is approximately attained when the fastest reac-
tion process is at least 10 times slower than the oscillatory
flow period. The fastest process for Set 1 is the ligand
kinetics (s = 0.002) and then the asymptote is attained at
T=2x 10~* (Fig. 4 A). To verify this observation, we
computed the frequency characteristics for the other two
parameter sets (Fig. 4, B and C). The lower asymptote is
attained at T~0.1 and T~0.001 when the timescales of
the reaction processes are 1 and 0.01, respectively.

The upper asymptote is attained when the period of the
oscillations is significantly longer than the reaction time-
scales. In all cases in Fig. 4, the characteristic timescale of
the slowest reaction processes is equal to 1 and the asymp-
totic behavior is attained at 7= 10. In such a case, the prop-
agation velocity at any particular time is equal to the
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propagation velocity in a system with a constant Péclet
number, i.e., we look for solutions of
as Lp S oS Ll
Ts=+Pe—=—+—
Sor T ox 0P«

[(1—B5)C — SR + BsP]. (14)
To evaluate the propagation velocity for a constant Péclet
number, we introduce a moving coordinate £,

where u is the dimensionless velocity of the traveling front
wave. After the coordinate transformation, we obtain

ds &S 1

(Pe—ms)d—g = =ta [(1 - B5)C — SR + BsP]. (16)

The dependence of the propagation velocity u of the trav-
eling front wave connecting the uniform on- and off-steady
states on the Péclet number (Fig. 6) can be found by means
of the continuation software AUTO-07P (50). We note that
Egs. 8-10 defined on the cellular boundary also have to be
transformed into moving coordinates.

The dependences of the propagation velocity on the
Péclet number for the considered parameter sets are plotted
in Fig. 6. These dependences are monotonous and convex.
They can be used for the evaluation of the upper asymptotic
value of the propagation velocity in the oscillatory regime.
The time-averaged velocity is

N T
i = [ upe@) a7)
i
where
Pe(7) = Pe, sin(2mf7). (18)
3 Set 1 ‘ i ‘ ,/;
- - -Set2 ,
2.5H - - Set3 2

FIGURE 6 Dependence of the propagation velocity on the Péclet number
for nonoscillating regimes. The parameter values are given in Table 2. (Dots
and squares) Velocity values at the lower and upper asymptotes in Fig. 4,
respectively.

Biophysical Journal 105(3) 818-828
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The upper asymptotic values plotted in Fig. 4 are indicated
as squares in Fig. 6. For the sake of completeness, we also
show the lower asymptotic velocity values, which corre-
spond to circles. Clearly, the increase of the propagation
velocity under oscillatory convection is a result of nonline-
arity of the autocrine signaling in the cellular tissue.

Depending on the period of oscillation, the observed
increase of the propagation velocity ranges from 0 to
~100% in our study. This observation agrees well with
many experimental reports, where the increase or decrease
of a protein activity or gene expression is several tens of
percent or higher (22,27,34,51). Reported experiments
also indicate that the effect of the steady convection
(time-independent Pe) on cellular cultures can be stronger
than that of the oscillatory flow (27,35,52). This is in a
good agreement with the data in Fig. 6. However, such find-
ings do not apply to all cases because many experiments
show that, when exposed to oscillatory flow, the cells may
display completely different responses than those at steady
flow (17,23,53).

The above results indicate that the experimentally
observed changes in cells due to the oscillatory flow do
not necessarily rely on direct mechanotransduction of the
extracellular stress into the cell (17). We suggest that the
changes can be also induced by classical autocrine signal
transmission mediated by extracellular growth factors and
their transmembrane receptors. Experimentally observed
modifications of the intracellular activities under oscillatory
flow thus can be a result of nonlinear coupling between the
extracellular growth factor transport and new ligand.

Front width amplitude

To visualize basic properties of the autocrine communica-
tion under the influence of oscillatory flow, we plot the front
width amplitude Aw as a function of the period T for all
dependent variables (Fig. 7). Here, the front width ampli-
tude (FWA) is defined as the distance between two most
outlying positions of the concentration front observed
within one period of a sustained periodic regime
(Fig. 3 B). The front position of a particular variable was
determined at the concentration value equal to the middle
of the maximal concentration range, namely,

~ 0.5
S

05 R LAY & 05, and P = 0.
(1—Bsy) 2

FWA of the ligand, receptor, complex concentration, and
protease activity generally differ and depend on the period
of oscillations. Particular character of these dependences
is affected by the timescales of the corresponding reaction
kinetics and the extracellular ligand transport. To explain
the FWA dependences for the basic Set 1 of the model
parameters (Fig. 7 A), we first need to clarify their character
for Set 2, where 7¢ = 7p = 7 = 1 (Fig. 7 B). When the oscil-
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FIGURE 7 Dependence of the front width amplitude on the period of
oscillations. (A) Parameter Set 1; (B) parameter Set 2; (C) parameter
Set 3, Pey = 4. (Crosses) Ligand front; (circles) protease front; (squares)
receptor front; (triangles) complex front. (Dashed, dotted, and dash-dotted
lines) Asymptotic width amplitudes.

lation period is significantly higher than 1, the kinetics of all
reaction processes at the cellular layer is faster than the
changes of convective flow, i.e., the receptor, complex,
and protease concentrations are found in pseudo-steady
state and follow the ligand transport in the extracellular
medium. This regime corresponds to the upper asymptote
in Fig. 4. FWAs of all model variables are then given by
the averaged velocity computed from Eq. 17 and its value
Aw is calculated using

Aw = ul. (19)

This asymptotic dependence perfectly fits the FWA values
for T > 10 (Fig. 7 B, dashed line).

In another asymptotic regime, where the reaction ki-
netics are much slower than changes of the convective ve-
locity (7s = 7p = 7c¢ = 1>>T), FWAs of the protease,
receptor, and complex can be again evaluated with Eq.
19. Because very fast velocity changes do not affect
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autocrine signaling, as we showed in Fig. 4, the velocities
corresponding to no-convection regimes are used in Eq. 19.
These values are marked by circles in Fig. 6. One can see
that the computed FWA values for 7 <0.1 perfectly coin-
cide with the asymptotic dependence, i.e., with the dotted
line in Fig. 7 B.

The ligand FWA values attain a different asymptotic
dependence at low T ( Fig. 7 B, dash-dotted line). In high-
frequency regimes, the convective transport of the ligand
is much faster than either the diffusion transport or the
ligand-receptor kinetics. Equation 7 then reduces to the
kinematic equation (54)

9S  Pe, sin(27f1) 9S
i M Z=0. (20)
of Ts 0x

Due to the harmonic character of the convective oscillations,
FWA is attained in one-half of the oscillation period and we
can write

T/2 .
P o o Pe,T
A = =2 [ sin(nfi)di = —=. (1)
Ts TTs
0

Timescales and velocity maxima

The FWA values of the model variables at a particular oscil-
lation period generally differ due to different timescales of
the reaction and transport processes. This is clearly demon-
strated in Fig. 7 A, where 74 < 7¢ < T < 1. For T <1, the
FWA values decrease in the order of ligand, complex, recep-
tor, and protease. For example, the spatial extent of the
ligand front oscillations above the cellular layer is wider
than that of the complex, as the complex kinetics is so
slow that it is unable to fully follow the ligand concentration
changes. When the ligand, complex, and receptor timescales
are equal to 0.01 (Fig. 7 C), their FWA values coincide for
1>T7>0.1, while the protease FWA value is much smaller
due to the unity timescale.

By comparing Figs. 4 and 7, it becomes clear that the
complex frequency characteristics (Fig. 4, A and C) result
from different timescales of the reaction-transport processes
of the involved chemical species. Distinct curvature of the
characteristics is typically observed at such oscillation
periods where the FWA values of particular chemical spe-
cies significantly differ. Then nontrivial coupling between
the formation of particular reaction species and the ligand
transport definitely occurs in the cell culture.

A quite interesting phenomenon is the occurrence of the
maximum in the frequency characteristics (Fig. 4, A
and C). Here, the maximal value of the propagation velocity
exceeds the upper asymptotic value and the FWA values are
comparable for all model variables. The maximal velocity is
localized at the oscillation period close to 1. It implies that
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the flow oscillations are slow enough that all chemical spe-
cies including the protease can respond to the ligand
changes in the extracellular medium.

Upon inspection of the concentration fronts in sustained
periodic regimes, we discover qualitative changes of the
protease activity propagation near to the maximum
(Fig. 8). We selected three periods for which the protease
fronts are plotted: Fig. 8 A, the propagation velocity
maximum at 7=3; Fig. 8 B, regime with a short period
T =0.1; and Fig. 8 C, regime with a large period T = 10.
The motion of protease fronts is visualized by taking
equidistant snapshots within one period.

A short period leads to formation of a narrow slightly
pulsatile front (Fig. 8 B). The front shape does not change
within one period because the protease kinetics is two
orders-of-magnitude slower than the convective oscillations.
The other extreme is represented by Fig. 8 C. As indicated
by the arrows, the protease front moves forth and back
within one period of the oscillations. When the signal prop-
agates forward, the upper edge of the front is rounded and
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FIGURE 8 Profiles of the protease activity in stable periodic regimes.
Eleven profiles equidistantly calculated through one period are plotted.
(A)T =3, (B) T=0.1, (C) T = 100. (Arrows) Direction of the protease
activity propagation. Parameter Set 1, Pey, = 4.
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the lower edge is sharp, and vice versa. This finding is in
agreement with our previous study (44). The protease front
spreads over a large part of the cellular layer within one
period because the kinetics are much faster than the flow
variations. An interesting characteristic of the protease front
was found at the propagation velocity maximum (Fig. 8 A).
Here, the usual timescale of the protease kinetics and the
oscillation period are comparable. The front is always
monotonous; however, several inflection points are detected.
There is no obvious front reversal even when the flow be-
comes negative. In other words, the half-period with nega-
tive convective velocity is not long enough to significantly
lower the protease activity in the domain where the protease
was previously activated, i.e., within the other half-period
with positive convective velocity.

In summary, our findings indicate that the propagation
velocity of chemical signals under the oscillatory flow can
exceed the upper asymptote (Fig. 4) if:

1. The timescales of the oscillatory convective flow and the
protease activation/deactivation are comparable; and

2. The kinetic timescales of the other species are smaller
than that of protease so that they can follow the protease
dynamics.

CONCLUSIONS

We have shown that distinct responses of cellular cultures
to no-convection, steady-convection, and oscillatory-con-
vection conditions in the extracellular space can result
from coupling between the extracellular transport and
complex intracellular reaction cascades forming a positive
feedback loop of the autocrine signaling. We suggest that
this mechanism may apply independently of, or coupled
with, direct stress sensing due to mechanotransduction.

Different genes can be expressed and/or other proteins
activated in distinct tissue regions due to the autocrine
communication. Because the autocrine signaling is slower
under oscillatory convection than under properly chosen
steady convective flow, related developmental processes
can affect a much smaller region of the tissue. In
principle, slower autocrine signaling can either suppress
or promote atherosclerosis-related gene expression in the
endothelium at vessel bifurcations (22,26-28,52). How-
ever, the propagation velocity under oscillatory flow
may still be significantly higher than that under no flow
by as much as twice, as shown in our study. We have
shown that the reason for the velocity increase is a
nonlinear dependence of the propagation velocity on the
Péclet number, particularly the convex character of the
dependence.

In general, the dependence of the time-averaged propaga-
tion velocity on the period of oscillations is nonlinear and
can be quite complex with several inflection points and a
distinct maximum. We identified upper and lower asymp-
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totic values of the propagation velocity. The complex char-
acter of the frequency/period dependences results from
various timescales of the receptor-related reactions. We
found corresponding asymptotic relations between the
period of oscillations and the front width amplitudes for
all model variables. In addition, the velocity maximum
was observed only when the protease kinetic timescale
was comparable with the period of the convective oscilla-
tions while, at the same time, the other kinetic timescales
were smaller than that of protease.

Our findings offer an explanation as to why different
cellular responses are obtained under different flow condi-
tions. This work together with our previous work (44)
form a solid starting point to a future study focused on
pulsatile flow because such a flow can be understood as a
superposition of steady flow and harmonic oscillatory flow
at least in asymptotic regimes. We believe that the presented
results will be also useful in the engineering of artificial
tissues or in clarifying experimental results on autocrine
signaling under oscillatory flow.

APPENDIX A: DYNAMICS OF THE
INTRACELLULAR AND SURFACE PROCESSES

The receptor and the ligand-receptor complex dynamics and the dynamics
of the protease activation are given by

OR -
i Ok — k"SR + K"C — kiR, (22)
ac -
< = k"SR - K'C - kC, (23)
aP _
E = ng(C) — ka, (24)

where symbols k¢, ki, Og, gp and kp are the kinetic constants of the
complex and receptor endocytosis, the rate of formation of new surface
receptors, and the kinetic constants of the protease activation and decay,
respectively. The nonlinear response of the protease activity to the concen-
tration of the ligand-receptor complexes is described by a sigmoidal
function

#(C) = 0.5 tanh [@] +0.5, 25)

where Crand 6 represent the complex concentration threshold for the pro-
tease activation and the sharpness of the sigmoidal function. Typical values
of the model parameters can be found in Nebyla et al. (44).

APPENDIX B: SCALING FACTORS AND
DIMENSIONLESS PARAMETERS

Following Nebyla et al. (44), the scaling factors for concentrations, time,
and space are
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and the definitions of eight dimensionless parameters (see Table 1 for their
physical meaning) are

_ HORY
k¢Ds '
K
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~ CT
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T Co

The dimensionless amplitude of the Péclet number, the dimensionless fre-
quency, and period of the convective flow oscillations are

VaXo
P = —
= Dy
f = fuo. (28)
= T
=

We emphasize the different meaning of the symbols Pe, and Pe. The Péclet
number amplitude (Pey) comes from nondimensionalization of the
harmonic function in Eq. 2 and represents the amplitude of the convective
flow oscillations. The Péclet number (Pe) accounts for the dimensionless
representation of the unidirectional flow velocity.

SUPPORTING MATERIAL

One figure is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(13)00705-4.
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