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Local interaction simulation approach for the response of the vascular system to metabolic
changes of cell behavior
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The self-regulatory interactions between cells and the vascular system are mediated by signals propagating
at a finite speed. In order to build up a physical model of these processes, several features, such as storing of
internal energy, nonclassical nonlinear behavior, and delay and threshold effects, have to be taken into account.
Considering cells as particles in different metabolic states according to their internal energy, we have devel-
oped a model based on the local interaction simulation approach. Several numerical results, in qualitative
agreement with biological observations, illustrate the applicability of the model and the method to implement
it.
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I. INTRODUCTION

In any biological system, the balance between nutri
supply ~depending on the vascularization!, nutrient uptake
~performed through the receptors!, and nutrient consumption
~defined by the work performed by stimulated cells! is criti-
cal @1#. Upon stimulation, the metabolic state of the cells
modified, e.g., with a variation in consumption, leading to
change in nutrients uptake and blood flow. Nutrients~e.g.,
glucose and iron! uptake is regulated by their intracellula
concentration via a feedback regulation of the receptors n
bers @2#. The regulation of the blood flow may be of tw
types: a short term vasodilating effect mediated by ni
oxide ~NO! @3# and a long term angiogenesis~i.e., formation
of a neovascular system! mediated by angiogenetic facto
@vascular endhothelial growth factor~VEGF!, angiopoietin,
etc.#, leading to new vessel formation@4,5#. Both effects in-
troduce a large amount of nonlinearity.

Whenever the feedback between the modulation in
blood flow and receptor number is efficient, the syst
evolves through quasiequilibrium states. This situati
called self-regulation@6#, corresponds to a healthy conditio
Pathological causes affect the feedback inducing a trans
to a nonequilibrium state and consequent disease. There
understanding the vascular system reorganization induce
metabolic states variations may help in describing, and ev
tually correcting, the spatiotemporal evolution of patho
gies. As an example, it is well-known that local blood flo
and, in particular, angiogenesis are crucial for the dynam
of neoplastic growth@7#.

In order to describe quantitatively the response of the v
cular system to the metabolic changes of the cells behav
it may be expedient to formulate the above mentioned b
logical features as physical properties of a dynamical syst
However, a detailed description of all microscopic proces
is not affordable, but interactions must be defined at a lar
~although not macroscopic! scale. An approach of this kind
allows us to understand the role of each individual mec
nism and their interactions. A basic physical model of o
biological system must include a dynamic description of
1063-651X/2000/63~1!/011901~9!/$15.00 63 0119
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cellular properties, their interactions with the environme
@8#, and the dependence on the local state of the sys
@9,10#.

In particular, cells must be considered as particles wh
absorb energy from the surroundings~in the form of bound
energy in the absorbed molecules! and release it in differen
ways ~by disgregation of chemical bonds! @11#. Due to en-
ergy conservation, internal energy may be stored and u
later on to build proteins for duplication and/or for dama
recovery. The nonlinear interactions with the environme
proceed at two different levels, as mentioned before. At
‘‘external’’ level, cells modulate the elasticity of capillarie
and consequently the fluidodynamics of the blood supply.
an ‘‘internal’’ ~or cellular! level, the affinity of the cell mem-
brane for a nutrient is adjusted through exploitation
receptors.

External signals~expressed in the form of molecules! in-
duce variations in the particle state. To preserve the ene
balance, a feedback is activated by means of internal~‘‘cell
generated’’! signals. Due to the finite diffusion time of mol
ecules through the different compartments, the system
characterized by a delay in the response. As in many ph
cal systems with a delay, hysteresis appears@12–14#. The
effect is nonclassical~i.e., nonanalytically describable! non-
linearity, resembling the behavior recently observed in n
linear mesoscopic elastic materials subject to an ultraso
probe@15#.

Since an analytical approach is usually inadequate to
clude all of the above mentioned mechanisms, we prop
here a model suitable for numerical simulations. The mo
is based on the local interaction simulation approach~LISA!,
which has been successfully applied to the analysis of v
ous physical and biophysical problems, such as wave pro
gation@16,17# , growth phenomena in materials@18,19#, and
neoplasies@20,21#. In the next section we describe the mod
and, from the cells and capillaries dynamics, we obtain a
of iteration equations, which allow us to simulate the spat
temporal evolution of the system, once the initial conditio
are assigned. In Sec. III we consider the cases of both s
and long term external stimuli~both Gaussian and sinu
soidal! and analyze the interplay among the different mec
©2000 The American Physical Society01-1
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nisms involved. As a result we obtain both classical non
ear and hysteretic behaviors. The analogy with nonlin
mesoscopic elastic materials may be of some interest, sin
also suggests to look in biological systems for the no
effects, which have been discovered in the latter@22#.

II. THE MODEL

We present in this section a physical model for the
scription of the metabolic states of cells in vascularized
sues. To this purpose, we consider a strip of tissue of len
L and discretize it as a one-dimensional~1D! lattice with N
5L/« segments of length«. Each segment is represented
a point ~node! i ( i 51, . . . ,N) located in its center and i
occupied by a number of cells which may belong to differe
populations. We callhi

t the number of~healthy! cells in the
segmenti at the timet. Likewise Si

t represents the latera
surface of capillaries in the segmenti at the timet. Since
cells absorb nutrients directly from capillaries, we do n
consider the distribution of larger vessels in the specim
Different values ofSi

t simulate tissues with different irriga
tion. Nutrients are assumed to flow inside the capillaries
the strip with a fluxF t, large enough to remain practicall
uniform, even when nutrients are consumed in each segm
of the strip.

Following the local interaction simulation approac
~LISA! @16,20#, we specify in the next sections the ‘‘rules o
the game,’’ which determine the spatiotemporal evolution
both cells and capillaries. Since we consider only two ba
cellular activities ~absorption of nutrients from capillarie
and their consumption!, we may assume that all cell popula
tions behave similarly, i.e., that their evolution is describ
by the same set of nonlinear iteration equations, albeit w
different parameters. In the following we consider only o
kind of population (hi

t). The approach, however, may b
easily extended to any number of populations, includ
cases, such as tumoral cells, for which some biological p
cesses are inhibited~i.e., the corresponding paramete
vanish!.

A. Cell dynamics

As already mentioned in the Introduction, cells behave
particles with an internal energy depot. For the specific pr
lem considered in this paper, it is convenient to classify c
as belonging to four possible states: normal~characterized by
a minimum energy consumption!, active ~when an externa
stimulus requires additional work!, mitotic ~when the inter-
nal stored energy is used for duplication!, and apoptotic~cor-
responding to cell death!. The amount of transformed energ
defines the transition from a normal to an active state~in
general active states have a continuum energy distributi!,
while a threshold process involving the internal energy
termines a transition into a mitotic or apoptotic phase.

Nutrient absorption is performed by cell receptors. In t
process molecules are brought from the outside into the
ternal part of the cell, increasing the cell energy in the fo
of bond energy of the absorbed molecules. The numberG i

t of
receptors formed by each cell is defined by the requi
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amount of nutrients: cells consuming more nutrients deve
a larger number of receptors@6#. Each receptor absorbs
given amount of nutrientd during each time stept. In gen-
eral, the number of receptors on the cell surface is larger t
the minimum required for performing the task assigned
the cell. However, not every receptor is active, since th
activation depends on the concentration of nutrients in
neighborhood of the cell. The energy absorbed in the s
ment i in the time step (t→t1t) is

D i
t5g i

thi
t , ~1!

where

g i
t5G i

tdF12expS 2
F tSi

t

hi
tG i

td
D G . ~2!

The exponential term is included in order to keep into a
count the partial inactivation of receptors.

The nutrient incorporated by the cell corresponds to
internal energy@23#, which is rapidly processed within th
cell nucleus, via three different channels~see Fig. 1!:

~i! a certain amount of nutrient molecules is broken a
the corresponding energyBi

t is released, allowing the cell to
perform a given metabolic function induced by an externa
internal stimulus requiring an energyV i

t . Normally Bi
t

5V i
t , unless cells are damaged, as discussed later;

~ii ! a second part, corresponding to an energyz i
t , is stored

in the cell ~e.g., as glycogen pruduction in muscles, fats
cumulation, etc.!;

~iii ! the remainder energys i
t is used for protein synthesi

in order to recover from damage or, if it becomes sufficien
large, to activate the cell cycle and induce mitosis~cellular
duplication!. The three processes are hierarchically defin
i.e., the second and third occur only if nutrients are left ov
after the previous one~s!.

Even in the resting state cells have a very high metab
rate, which is required not only for performing specific fun
tions, but also for keeping structure and shape@24#. In nor-
mal conditions,g i

t is slightly larger thanBi
t , since, other-

FIG. 1. Schematic representation of the mechanisms involve
the transformation from an extracellular to an intracellular nutrie
1-2
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LOCAL INTERACTION SIMULATION APPROACH FOR . . . PHYSICAL REVIEW E63 011901
wise, the cell could not cope with small environmen
variations. In fact, small reductions in the absorption c
quickly result in a lethal event for the cell. As a consequen
energy storing is normally active. Biological consideratio
suggest that the process be described by means of an o
latory function@23#:

z i
t5 z̃ i

tF11cosS 2p

T
t D G . ~3!

In many situations the external stimulus acts on a time s
T̃ which is orders of magnitude larger than the oscillati
period T. Since the time unitt is chosen for computationa
reasons as a small~but not too small! fraction of T̃, it is still
much larger than T. Then,z i

t may be replaced by its averag

value z̃ i
t , which has an upper limitz̃0. The oscillations am-

plitude is restricted by the intracellular nutrient availabilit
Since the stored energys i

t may be exploited whenever th

nutrient g i
t falls below the required amountV i

t1 z̃0, the
available nutrientn i

t at each timet is

n i
t5g i

t1s i
t . ~4!

It follows

z̃ i
t5H z̃0 if ~n i

t>V i
t1 z̃0!

n i
t2V i

t if ~V i
t,n i

t,V i
t1 z̃0!

0 if ~n i
t<V i

t!.

~5!

Next, we define a total consumption per cell

b i
t5Bi

t1z i
t . ~6!

It follows

s i
t115s i

t1g i
t2b i

t , ~7!

with b i
t driven by an extracellular or intracellular stimulus

The stored energy is, however, utilized mainly as an
mediate remedy when the nutrient is not sufficient. Fo
longer term solution, when the nutrient is too low or t
consumption too large, the cell exploits another mechani
i.e., the expression of more receptors in order to adapt to
changing environment. The process is reversible, when
trient absorption again compensates consumption. There
the number of receptors oscillates between a minimumG2

and a maximumG1 . The process is well-described by th
following iteration equation:

G i
t115G i

t1kGm i
t (
s56

~12e2(G i
t
2Gs)!Q~sm i

t!, ~8!

where

m i
t5V i

t1z i
t2g i

t . ~9!

Q(x) is the Heaviside function andm i
t represents the differ

ence between required and available nutrient, which may
in turns positive or negative. The parameterkG affects the
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delay in the variation of the number of receptors with resp
to variations in the consumption~delay of the signaling
system!.

Despite the increasing number of receptors, large va
tions in the consumption~e.g., due to large efforts! can lead
to the conditionz i

t5s i
t50 and m i

t.0. As a consequence
some cells can no longer perform their function and cellu
damage may occur. Damaged cells satisfy their requirem
~signal! only partially, i.e., they participate in the metabolis
at a reduced rate. To mimic this process, we assume tha
the case of damage:

Bi
t5g i

t,V i
t . ~10!

A long term and strong damage induces accumulation
toxic compounds which may produce cellular death~apopto-
sis! @6#. Here we limit ourselves to consider the kind
abrupt apoptosis, which may occur when the stimulus s
denly requires a disproportionated amount of energy. Un
this conditionBi

t may fall below a survival thresholdB0. It
follows

hi
t115hi

t expF2kB

B02Bi
t

B0
Q~B02Bi

t!G . ~11!

During the decreasing metabolism phase, the recep
reabsorbtion is delayed. Consequently absorption beco
larger than consumption ands i

t may increase. In a rathe
short time, damaged cells recover and, eventually, u
reaching a given thresholds0, cellular duplication~mitosis!
occurs:

hi
t115hi

t expFks

s i
t2s0

s0
Q~s i

t2s0!G . ~12!

The latter, however, is a very slow process and usually ta
place only to compensate a previous apoptotic stage. Ot
wise it seldom happens in healthy tissues, since it is usu
inhibited by the strong activity of the cells and consequ
nutrient storage and consumption, before the amount ne
sary for duplication is reached.

The state diagram of the cell is represented in Fig. 2 in
g2V plane. The points in the plot represent different c
conditions and the arrows show the corresponding metab
oscillation amplitudes. Note that their lengths vary accord
to their distance from the diagonalg5V. The region of apo-
ptosis is below the lineg5B0.

In the discussion above, we have implicitly assumed
same behavior for all cells belonging to the same segm
Cells, however, are not homogeneous; in fact they displa
different behavior according to their age: older cells hav
lower metabolism and capability of expressing new rec
tors. In our treatment these individual differences are
explicitly considered, but averaged out statistically. For e
ample, damage is distributed at the same rate among all
belonging to a given segment.
1-3
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B. Capillaries dynamics

The aim of the vascular system is to supply the differ
organs with an amount of blood sufficient to cope with th
actual needs~oxygen and/or nutrients!. Variations in the lo-
cal nutrient consumption cause a redistribution of the ca
laries lateral surface along the tissue. In fact as a respon
the deficiency of blood supply, cells, while increasing th
affinity for nutrients ~e.g., activating more receptors!, also
produce specific molecules, such as nitric oxide and vasc
endhothelial growth factor~VEGF!, which induce local va-
sodilatation.

Unless the formation of new vessels is considered,
global amount of capillaries in the tissue must be const
Therefore a local vasodilatation corresponds to vasocos
tion somewhere else in the tissue. In order to simulate
process, we assume that capillaries ‘‘diffuse’’ and redistr
ute the excess of nutrients:

Fi
t5F tSi

t2D i
t , ~13!

in order to keep it uniform in the tissue

Si
t115Si

t1(
6

a i
6

F t
~Fi 61

t 2Fi
t!, ~14!

wherea i
6 are the local diffusion coefficients to the right an

left directions, respectively.
Finally, the equations for the time evolution of the flu

must be defined. GenerallyF is kept constant by the supply
ing system~e.g., liver, lungs, etc.!. However, since the meta
bolic system has an upper thresholdC, when consumption
increases the consumed nutrient may no longer be c
pletely restored, leading to flux reduction~i.e., hypoxia or
starvation!:

FIG. 2. Cell state diagram in the stimulus-absorption pla
(V,g). Dotted lines represent the phase transition boundaries
tween different behaviors. Self-regulating systems usually lie in
region between dotted lines.s is assumed to be zero~not enough
nutrient to leave a remainder!.
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i

D i
tDQS (

i
D i

t2C D . ~15!

C. Initial conditions

The initial conditions are assumed to correspond to a s
tem in a stable and resting condition, with a constant num
of cells and without any pathology or activated specific fun
tions. The number of cells is constant, due to a balance
tween the~small! number of dying and duplicating cells: i
fact the resting state may be defined by that condition.
tially a given amount of cellshi

0 is defined in each node fo
each cells population. The initial consumption is assumed
be just sufficient to perform the vital cell functions and t
number of receptors is assumed to provideg i

05Bi
01 z̃ i

0 . The
available nutrient per nodeF0Si

0 is initially larger than the
absorptionD i

0 . The initial distribution of the capillaries sec
tions is defined as

Si
05

Fi
01D i

0

F0
, ~16!

where Fi
0 is the initial excess of nutrient, assumed to

uniform along the tissue.

III. RESULTS AND DISCUSSION

We present in this section a few examples of applicatio
of the model and analyze the spatiotemporal evolution in
distribution of capillaries and in the number of receptors e
ploited by the cells when an external stimulus is applied
the system, assumed to be self-regulating. To mimic diff
ent environmental conditions~metabolic states!, we have
varied the initial excess nutrientF0, keeping fixed the other
parameters, which are listed here with their values in a
trary ~but consistent! units:

a i
650.2, f051, C56000,

G i
050.055, z̃050.005, d51, hi

0510,

s051, t51, G150.35, G25B050.05,

kG50.5, ks5 ln 2, kB51, kF51.

We discretize the tissue as a 1D strip withN51000 seg-
ments and consider both a single shot and a periodic exte
stimulus:

V i
t50.0510.1•e2[( i 2500)2/106]

•e2[( t22000)2/106] ~17!

and

V i
t50.05F11e2[( i 2500)2/106]

•sinS 2p

1000
t D G , ~18!

respectively.

e
e-
e
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LOCAL INTERACTION SIMULATION APPROACH FOR . . . PHYSICAL REVIEW E63 011901
A. Effects of a short term external stimulus

In this section we consider changes in the cell metab
state acting on a time scale comparable with the inte
oscillation period. Short and repeated stimuli are the m
likely events in living organisms. For the sake of notation
simplicity, we omit, in the following, the indicesi and t.

In Fig. 3 we analyze the effect of an external Gauss
stimulus applied for a time intervalDt55000t, correspond-
ing to 25 cell oscillations of periodT5200t. Figure 3~a!,
shown only for reference, illustrates the case of a system
cells in rest. In the absence of an external stimulus, the
trient absorptiong ~solid line! is constant and the consump
tion b ~dotted line! is oscillating according to Eq.~3!. Since
the consumption is always larger than the metabolic requ
ment (V5B5B0), fat or glycogen accumulation~propor-
tional to the area between the oscillations and the das
line! takes place.

When the external stimulus is appliedg increases since
the number of receptors increases: see Fig. 3~b!. However,
due to saturation in the number of receptors,g trails behind
the applied stimulus~dashed line! and the oscillationsz die
away. At aboutt51300t, cell damage begins. When th
stimulus levels off, at aboutt52500t, receptors are slowly
reabsorbed and the oscillationsz start again. Notice the pea
in g, due to recovery effects. Phenomena such as vaso
tion, apoptosis, etc. are almost negligible in this case and
be studied in the next section.

It is remarkable that cell self-regulation does not occ
when cells are overfed or resting. In both cases, in fact, fa

FIG. 3. Time evolution ofg ~solid line!, V ~dashed line!, andb
~dotted line! for a given segmenti. ~a!: system without externa
stimulus.~b!: system with a Gaussian external stimulus.
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glycogen accumulates as expected. By contrast, exces
stimuli or hypoxia induce starvation and cellular apoptos
Consequently, biological systems always lie in a critical
gion, where their functionality balances their interaction w
the environment.

The situation in which a sinusoidal stimulus is applied
different, since periodical oscillations in the cell metabolis
induce permanent modifications in the environment and
the number of receptors exploited. As a consequence of
various regulation mechanisms, nonperiodical oscillations
the intracellular and stored nutrient appear. To illustrate t
effect, the behavior of a system subject to 1 1/4 cycles o
sinusoidal stimulus is analyzed in Fig. 4. The difference
tween absorption and consumptiong2B is reported in Fig.
4~a! ~solid line!. Three phases may be easily identified. In t
first one (0,t,300) g is larger thanB, all cells adapt to
the stimulus; oscillations~filtered out in the plot through av
eraging! are capable of coping with the excess intracellu
nutrient. As a consequence, the amount of stored nutriens
remains zero@as shown in Fig. 4~b!#. In the second phase
(300,t,500) g5B.B0 andB,V, the system starts suf
fering for the excess stimulus. As a consequence some
damage occurs, while most of the remaining cells are su
ciently well fed. During the releasing phase (500,t
,1000), the increased nutrient availability causesg.B up
to wheng2B. z̃0, i.e., metabolic oscillations are no longe
sufficient to consume all the incoming intracellular nutrie
As a consequence storage of nutrient (s) occurs. However,
s is progressively used up~as noticeable in the successiv

FIG. 4. Time evolution ofg2B ~solid line, upper plot, left
scale! and s ~lower plot! for a sinusoidal signalV ~dotted line,

upper plot, right scale!. In the upper plotz̃050.008 is reported for
reference~dashed line!.
1-5
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depletions!, since the cell consumes it instead of express
receptors and for damage recovery. Consequentlyg 2B os-
cillates with varying amplitude.

In the case of Fig. 4, the nutrient~accumulated for DNA
synthesis! never reaches the threshold for mitosis. Howev
in other cases in which apoptosis had previously occur
mitosis can be observed, corresponding to a rejuvenatio
the system. This is consistent with the fact that an org
which is not used ages and loses its capability to perform
biological functions.

B. Effects of a long term external stimulus

When the external stimulus acts over a time scale m
larger than the periodT of the cell oscillations, the latte
becomes negligible, as already remarked. However, eff
such as vasodilatation and receptors expression become
portant.

In Fig. 5 we consider the cell damage due to an exter
Gaussian stimulus, assumed to be proportional toV2B
~solid line, left column!, and to the spatial distribution o
capillaries lateral surface~right column!. Initially, the meta-
bolic level B is up to the stimulusV ~dashed line! and only
a slight vasodilation effect is visible in the region corr

FIG. 5. Time evolution of a system excited by an extern
Gaussian stimulus~several snapshots!. Left column: cell damage
proportional toB2V ~solid line, right scale! and V ~dashed line,
left scale!; right column: redistribution of the capillaries lateral su
faceS.
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sponding to larger nutrient consumption~aroundi 5500). As
a consequence, the capillary sections decrease in the
rounding region. Successively, the applied stimulus indu
strong metabolic changes, which cannot be afforded by o
cells. Consequently the latter are partly damaged around
center of the specimen, as shown in the snapshotst
51500t and 2000t. As a consequence, the vasodilatati
stimulus stops in the corresponding region~right column at
t52000t). Later (t52500t) a rapid recovery occurs bring
ing back cells to their normal metabolic state. The sectio
evolution is strongly delayed with respect to the exter
stimulus, reaching a maximum of dilatation att52500t,
when the metabolic phase is already decreasing. At l
times, the stimulus is completely removed and the capill
distribution returns slowly to its initial distribution.

The local evolution of the system can be analyzed
plotting the relevant quantities versus time at a selected
cation ~i.e., for a selected group of cells!. In Fig. 6 we con-
sider the time evolution ati 5500 ~center of the specimen!
due to a Gaussian external stimulus, given by Eq.~17!
and represented by a dashed line in Fig. 3~b!, for three dif-
ferent environmental conditions:F050.8, 1.05, and 1.5
arbitrary units ~in the three columns, respectively!. The
three cases represent systems with increasing preexi
vascularization.

l

FIG. 6. Time evolution of a system excited by an external s
for three values of the initial excess nutrientF0. First row: excess
nutrientF ~solid line! and capillaries surfaceS~dashed line!; second
row: absorbed nutrientg ~solid line! and damageB2V ~dashed
line!; third row: number of receptorsG.
1-6
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LOCAL INTERACTION SIMULATION APPROACH FOR . . . PHYSICAL REVIEW E63 011901
If the system is well fed~third column!, the absorptiong
and also, to a lesser degree, the number of receptorsG follow
the stimulusV. SinceB5V, no cell damage occurs.F ini-
tially follows the behavior ofg ~although with opposite
sign!, but due to the slow increase of the local vasculari
tion S, the curve is not quite symmetric in its way up. Noti
also the large time delay~of about 500t) in the peak~vasodi-
latation! of S.

If the system is underfed~first column!, g cannot keep up
with V and a behavior, such as in the bottom plot of Fig.
ensues. As a consequence, cell damage occurs, sinceB,V.
In correspondence with the discontinuous behavior ofg, due
to the end of the recovery process (B5V), cusps may also
be observed in the plots ofF andS . The number of receptor
G increases up to when it reaches saturation, as shown b
plateau in the bottom plot, then it starts decreasing wit
very small delay, due to reabsorption. The valueF051.05
~second column! represents the intermediate optimal case
tween the two cases (F050.8 andF051.25) discussed so
far.

In Fig. 7 the effect of a long term sinusoidal stimulus@Eq.
~18!# is analyzed. The plots show the time evolution ini

FIG. 7. Time evolution of a system excited by an external si
soidal stimulus for two values of the initial excess of nutrientF0.
First row: capillaries surfaceS ~solid line! and excess of nutrientF
~dotted line!; second row: absorbed nutrientg ~solid line!; third
row: number of receptorsG.
01190
-

,

the
a

-

5500 of S and F ~first row!, B ~second row!, andG ~third
row!. As expected, all quantities display an oscillatory b
havior with the same frequency as the stimulus. In addit
we observe thatS is subjected to a ‘‘dynamic hysteresis
@14#, i.e., oscillates around a mean value, which slightly
creases up to an asymptotic value. Such an effect is du
the delay of vasodilatation: in fact at the end of each cyclS
does not return to its initial value~as already noticed in Fig
4! and so, during the following cycle, the system is adva
taged in adapting to the stimulus. As a consequence, a s
lar behavior is found forB, while the number of exploited
receptors decreases with time due to a larger efficiency
activation.

C. Hysteretic behavior

The classical nonlinear response of the system under
vestigation is due to the partial damaging which increa
with the applied stimulus. In addition, the system display
hysteretic behavior assimilable to a memory of the past
tory, which eventually disappears when the stimulus is
moved@25#. The delay of the signaling system is responsib
for such a behavior.

In Fig. 8~a! the curvesB versusV are reported for a
Gaussian stimulusV and five different initial vascularization
densities. As expected, for large values of the initial vas

-
FIG. 8. Total consumption of the system B vsV. ~a! external

Gaussian stimulus;~b! external sinusoidal stimulus.
1-7
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larization (F051.1), the system behaves linearly: the r
sponse of the system to the organism requirements is c
plete. In the other cases, the delay in receptors forma
causes nonlinearity. The difference in the slopes between
increasing and decreasing curves is due to a different re
ery versus damage rate@see Eqs.~8! and ~12!# at different
stimulus levels. We observe that both the hysteretic~area of
the loop! and classical nonlinearity increase with decreas
F0. We remark here that the hysteretic behavior is not
duced by the discontinuity in the receptors formation a
reabsorption@Eq. ~8!#, since similar hysteretic loops hav
also been obtained in preliminary models without such
discontinuity~results not reported here for brevity!.

Conditioning effects in the hysteretic behavior are
duced on the system when a periodic stimulus is applied,
when repeated loops are performed consecutively with
relaxation between successive cycles. In Fig. 8~b!, B is plot-
ted versusV for a sinusoidal signal for three values ofF0.
As observed previously, a delay in the response of the v
cular system causes a variation of the nutrient distribution
the beginning of each successive cycle. As a conseque
the hysteretic loop moves upward, up to an asymptotic li
loop, closer to the linear behavior than the one correspond
to the first cycle. As in the case of Fig. 8~a!, the nonlinearity
decreases whenF0 increases. A similar behavior has be
observed in quasistatic stress versus strain cycles in no
ear mesoscopic elastic materials@26#.

IV. CONCLUSIONS

The purpose of our work was to build up a physical mo
of self-regulatory mechanisms in the feeding behavior o
group of cells supplied with O2 and other nutrients by a
vascular tree. The self-regulatory behavior allows local
justements of the nutrient supply to the cells of the tissue;
intensity of stimulation and local availability of specific nu
trients drive the cells in the direction of work~e.g., mechani-
cal, secretory! or of proliferation. In our model the link be
tween all these functions is the intracellular concentration
energy. The higher energy limit corresponds to a concen
tion that allows cells to duplicate~mitosis!. We assume tha
mitosis takes place only when this concentration is reach
whether by increasing the blood flow or receptor number
by decreasing the intracellular breakdown threshold.

The lower energy limit is the concentration below whi
cells undergo apoptosis~programmed death!, releasing mol-
o-

p.

01190
-
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n
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it
g

in-

l
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-
e

f
a-

d,
r

ecules into the environment as nutrients for the surround
cells. When the nutrients concentration is confined betw
these two limits, the cell is alive and can perform work a
regulate both the number of receptors and NO synthesis
creasing both of them when the nutrient decreases.

Cellular work induced by an external stimulus requir
consumption of intracellular energy that must be replac
An increased number of receptors and increased blood
cooperate to accomplish this function, in agreement with
results of our simulations. Likewise, in both real tissues a
in our simulations the increased consumption in one a
induces a shift of the flow from the surrounding resting are
to the active one. Thus in both areas the flow correspond
the consumption, the excess nutrientF is constant and the
system automatically reaches a new steady state. W
the stimulus is released, the system returns to the res
condition.

Since nutrients uptake or blood flow changes requir
certain amount of time due to the finite molecules diffusi
speed, an activated system needs time to reach a new s
state. A similar lag phase is required to return to the rest
state. The resulting hysteretic behavior has been found~see
Fig. 8! to be strongly dependent on the local condition
namely the excess nutrientF0. F0 depends on the previou
history of the tissue and incorporates both the nutrient c
centration and capillaries surface. The hysteretic behavio
more pronounced whenF0 is low. This behavior is the rule
in physiological systems~e.g., respiration at the pulmonar
level!. Evolutionary pressure always pushes biological s
tems to work in conditions of limited nutrients supply o
equivalently, biological systems have evolved to perform
maximal possible work in any given environment compatib
with the available amount of nutrients.

The model proposed is based on the definition of the s
diagram of the cell. The temporal evolution of the cell b
havior corresponds to a trajectory in the state diagram. S
eral forms of disease can be described through a variatio
the parameters which define the state diagram@27#.
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