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Kinetic modelling of the nitric oxide gradient generated in vitro by adherent
cells expressing inducible nitric oxide synthase
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Inducible nitric oxide (NO) synthase produces a long-lasting NO
flux which can exert cytotoxic effects on target cells. A prerequisite
for the understanding of the molecular basis of NO action is
quantitative data on the availability of this small neutral radical
molecule at both the spatial and temporal levels. The limits of
NO availability depend on the respective rates of NO production,
diffusion and autoxidation by molecular oxygen. Kinetic mod-
elling of these processes has been performed for a widely used
experimental system consisting of a monolayer of adherent cells
cultured in vitro for hours in unstirred culture medium. It

appears that: (i) the maximal NO concentration in the culture is
in the immediate vicinity of the monolayer, where target cells will
sediment; (ii) the steady-state NO concentration in this area is
lower than 4 to 5 xM ; and (iii) measurements of nitrite/nitrate or
citrulline accumulation in the bulk cell medium culture during a
given time period significantly underestimate (by a factor of up
to 3 to 4) the true rate of NO synthesis at the level of the producer
cell. This rate can be, nevertheless, easily estimated from the rate
of production of the stable NO synthase products.

INTRODUCTION

Nitric oxide (NO) is a small radical molecule which can diffuse
readily across biological membranes to reach intracellular targets
[1]. NO thus behaves as a messenger in cell-to-cell interactions
but is also potentially cytotoxic, depending on its concentration
and on the redox status of its environment. In mammalian cells,
several NADPH-dependent flavoproteins, named nitric oxide
synthases (NOSs), are responsible for the biosynthesis of NO by
oxidation of the guanido group of L-arginine [2]. Citrulline and
NO, /NO,™ are the final, stable products of the reaction.

NOSs are either constitutive or inducible enzymes. The consti-
tutive NOS isoforms (also known as types I and III) are rapidly
activated by the calcium/calmodulin complex upon appropriate
agonist stimulation in intact cells, whereas inducible NOSs (type
II) are calcium-insensitive. The constitutive enzymes produce
short-lasting and small quantities of NO, which acts, for instance,
as an endothelium-derived relaxing factor [3], regulates platelet
aggregation [4] and behaves as a neuromediator [5]. The calcium-
insensitive enzyme can be induced in many cell types by immuno-
modulators such as cytokines (interferon-y, tumour necrosis
factor «, interleukin-1) and bacteria-derived molecules (lipopoly-
saccharide, muramyldipeptide) [6]. Larger quantities of NO are
produced over a longer period (up to several days) by the
inducible NOS isoform. NO produced in this way is the main
effector molecule responsible for the anti-proliferative effect
exerted by activated rodent macrophages: NO has a physio-
pathological role as an anti-viral, anti-bacterial, anti-parasite
and anti-tumour agent [5].

In order to understand the physiological reactivity of NO, true
NO concentrations have to be quantified in various experimental
situations. Spectrophotometric or electrochemical measurements
of NO produced for a short time by constitutive NOSs have been
already made with this aim (reviewed in ref. [7]). However, only
a few attempts have been reported for direct measurement of
long-lasting NO production by cell cultures containing induced
NOSs (this has been done essentially by using chemiluminescence

[8,9] and spin-trapping methods [10,11]). In most cases, data are
expressed as end-product (nitrite, nitrate, citrulline) accumulation
during a given time interval, but the real steady-state con-
centration of NO in the culture medium remains unknown. As
another approach for estimating NO concentrations, models of
the diffusional spread of NO have previously been proposed to
account for endothelial [12] and neuronal [13] NO signalling.
However, these two models did not take into account oxidation
of NO by dissolved molecular oxygen (autoxidation). Such a
simplification is probably justified when short NO pulses are
produced by constitutive NOSs. However, it no longer holds
when NO is synthesized continuously for hours by inducible
NOS:s since, under these conditions, autoxidation becomes the
main NO-consuming process responsible for nitrite accumu-
lation. In this paper, we present new calculations which take into
account both the diffusion of NO into the culture medium [1,12]
and the kinetics of its autoxidation in aqueous solutions [14]. We
show that, under widely used in vitro experimental conditions,
the various effects of NO on target cells are expected to occur in
a concentration range lower than 4-5 #M. In addition, we have
found that, although the NO distribution in the culture medium
is generally far from homogeneous, the average rate of nitrite or
citrulline synthesis measured in the bulk cell culture medium can
be used to calculate the NO concentration in the immediate
vicinity of the effector cells.

METHODS AND RESULTS
Description of the model

Adherent cells activated for inducible NOS expression were
supposed to be lying at the bottom of a Petri dish or a microtest
well. After washing, fresh medium containing L-arginine was
assumed to be poured over the cell layer, which then begins
producing NO for hours. This situation is typical of experimental
measurements of NO released from adherent effector cells like
macrophages, after a preculture phase for NOS induction.

Abbreviations used: NO, nitric oxide; NOS, nitric oxide synthase.
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Kinetic simulations were carried out using the following
assumptions.

(1) NO is released from adherent cells at a constant rate v. The
height (x) axis is such that cells are found at x =0 and the
interface air/medium at x = x,,

(2) The system is either closed for NO (its finite length
corresponds to the height x, of the aqueous phase) or a depletion
of NO may arise at distance x,. This latter hypothesis simulates
the case in which NO disappears at the interface between the gas
phase and the aqueous phase. A rapid evaporation of dissolved
NO is likely, because of an air:water partition coefficient of
about 20:1 [7].

(3) Diffusion of NO in the medium is described by Fick’s
second law: diffusion is proportional to the second spatial
derivative 0*[NO], ,/0x*.

(4) In aqueous, aerobic solution, diffusion of NO is hindered
by chemical reaction, i.e. NO autoxidizes to NO,". According to
Kharitonov et al. [14], autoxidation of NO has a second-order
concentration dependence on NO and a first-order concentration
dependence on O,:

d[NO, J/d1 = k,[O,][NOJ?

In experimental systems, the aqueous medium is in equilibrium
with the air phase. Thus, the slight O, consumption by cell
respiration is balanced by O, redissolving from the air phase.
Moreover, the rate of NO production is very low compared with
the estimated concentration of O, in aqueous phase, preventing
the possible formation of a gradient of O,. Hence, the O,
concentration may be assumed to be constant and we can define
k: k= k,[O,).

Patterns of spatiotemporal distribution of NO

According to these assumptions, the concentration of NO in the
aqueous phase, at time ¢ and at distance x from the point source,
is given by the solution of the following partial differential
equation:

d[NO], /0t = v—k[NO], ,*— D(¢*[NO], ,/0x%) (1)

where D is the diffusion coefficient for NO. Taking into account
the geometry of the system, diffusion along a single dimension x
has to be considered. Eqn. (1) may be solved numerically with
specific values for the constants v, k and D obtained as far as
possible from experimental data. In our simulations, we chose
the following values: 1.7x 10 >v > 1x 107 M-s' at x =0
andv=0at x#0; k=10 M*'stand D=3x10"cm?-s!
[12].

The depth x, of the aqueous phase was either 3 or 6 mm. The
value of the pseudo-second-order rate constant k agrees with the
value of k, (6 x 105 M~%-s71) determined by Kharitonov et al. [14]
and the previously estimated concentration of molecular O, in
aqueous phase (0.22 x 107*M) [15].

Considering the space as a linear mesh of equidistant points,
diffusion terms were represented in the form of central finite
differences. The resulting ordinary differential equation was
integrated, in each compartment, by means of a Runge-Kutta
method. We verified that use of a 5-fold smaller distance
increment does not change the results of integration.

Rate of NO production at the level of the cell layer

At the level of the cell monolayer producing NO (x = 0), the
limiting value in the absence of a significant rate of loss from the
cells by diffusion is:

d[NO],_,,/dt = v—Kk[NOP, _,, (@)

Taking into account initial conditions ([NO]J,_,, =0 when
t = 0), eqn. (2) becomes an ordinary differential equation which
may be solved as:

v
- ] . A/§+ [NO],_, 3)
24/ (kv) A/%— [NOJ,_,

The half-time of the reaction (¢ is given by:
fy=1In 3/[24/ (kv)]

and the asymptotic steady-state concentration of NO at the
surface of the cell layer (INOly ,_,) is:

[NOJg ,-o = \/(U/k)

Mean rate of nitrite formation in the aqueous phase

Usually, the concentration of NO is estimated from the con-
centration of nitrite, a product of NO autoxidation easily
measured by the Griess assay [16]. Of course, the latter is not
measured at every distance from the cells producing NO but a
mean value ([NO,], at time ¢) in the total aqueous phase is
determined. With the previous assumptions and knowing the
spatiotemporal distribution of NO, the mean rate (v,,,,) of
nitrite production in aqueous phase may be calculated as follows:

f "KINOE,dx S A[NOP,

0 =0

_INo, 7, _
t X, n+1

mean

. ( [NOJ, )
—o \INO
— k[NO]?xZO x=0 [n + 3.@20 (4)

where 7 is the number of compartments used in the calculations
(n = 30 or 60 in our simulations with a mesh size of 100 gm). It
is important to emphasize that v, corresponds to the ex-
perimental parameter used to estimate the mean rate of nitrite
formation and that eqn. (4) only formalizes the empirical
procedure consisting of the measurement of the total amount of
NO,, which is then divided by the volume of the aqueous phase
and by the time period of production.

Numerical results

Spatiotemporal distributions of NO are shown in Figure 1, in the
case of a system with a finite length which corresponds to the
height x, of the culture medium above the cell layer. This is the
case, for example, for a Petri dish of 35 mm diam. containing
2.5 ml of medium (x, = 3 mm, Figure 1A) or a microtest culture
well containing 0.2 ml of medium (x, = 6 mm, Figure 1B). In
both cases, spatial distributions of NO reach non-homogeneous
steady states after between a few minutes and tens of minutes,
depending on the rate v of NO production.

When the constant flux v of NO synthesis by the cell layer is
two orders of magnitude lower than in the case of Figure 1(A),
the spatial distribution of NO becomes nearly homogeneous at
steady state (Figure 1C); however, the stationary-state value for
NO is reached much more slowly. For instance, in the conditions
depicted under Figure 1(C), the half-time is 29 min in com-
partment 1, at the level of the cell layer (Figure 1C).

In the previous simulations, no depletion of NO was supposed
to occur at the interface between the air phase and the aqueous
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Figure 1  Spatiotemporal distribution, in the aqueous phase, of NO released
from adherent cells lying at the bottom of a Petri dish (A and C) or a
microtest well (B)

Cell layer position was defined as the origin of the distance axis (x = 0). Data were
calculated by numerical integration of eqn. (1) using the following set of parameters:
D=3x10%cm?s", k=10*M"-s7" and v=17x10°M-s™" (A and B) or
107" M-s7" (C). In (A) and (C), the total height of the aqueous phase is 3 mm, whereas it is
6 mm in the case of (B). No depletion of NO was supposed to occur at the interface between
the air phase and the aqueous phase.
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Figure 2 Effect of a total depletion of NO occurring at the air/medium
interface on the gradient of NO concentration observed along the distance
axis

Data were calculated by numerical integration of eqn. (1) using the following set of parameters:
D=3x10"cm’s™" k=10°M"-s" and v=10""M-s". To simulate the total
depletion of NO at the air/medium interface, boundary conditions were chosen so that the NO
concentration in the last compartment (at x = 3 mm) was held at 0 for each time-point.
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Figure 3 Comparison of the true rate (v) of NO released at the level of the
cell layer with the mean rate (v,,) of NO,” production measured

experimentally in the bulk aqueous medium (with a 3 mm height), for
different values of v

In these calculations, depletion of NO at the air/medium interface was neglected. Each point
was calculated using eqn. (2) for vand eqn. (4) for v,,.. In both cases, v and v, rates
correspond to steady-state values. The values for the [NOJ, variable in eqn. (4) were determined
by numerical integrations of eqn. (1) (with D=3 x 107> cm?-s™" and k=10 M~"-s7")
which were carried out until the steady state was reached.

phase. If we now suppose that a fast total escape occurs at the
air/medium interface, the gradient of NO concentration observed
at steady state along the distance axis tends to be linear. This is
illustrated in Figure 2, for a value of v equal to 1 nM-s™ and a
liquid height of 3 mm. In a more realistic case in which removal
to airis proportional to the NO concentration in the compartment
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Figure 4 Steady-state concentrations of NO close to the cell monolayer, as
a function of v,

mean

The rate v of NO released at the level of the cell layer (x = 0) was calculated from v, (mean

rate of nitrite production), as described in Figure 3. The steady-state NO concentration at
x = 0 was calculated with this value by integration of eqn. (1) (0 =3 x 107° cm®-s™" and
k=10°M~"-s", no depletion of NO at the air/medium interface).

at the interface, the gradient of NO would have an intermediary
shape between those of Figures 1 and 2.

Whatever the form of the distribution gradient of NO along
the distance axis, the stationary rate of NO,~ production at the
level of the cell layer (k[NOJ?,_,) approaches a limiting value
equal to the rate v of NO synthesis by cells. In the absence of any
loss to air, this may be seen as a consequence of mass conservation
in a closed system. This value v is significantly larger than the
average rate v, of NO,™ production (eqn. 4) which can be
measured in the bulk medium (Figure 3). The larger the rate v,
the greater the difference between v and v,,,,. It is noteworthy
that the true rate v of NO synthesis and the steady-state NO
concentration in the close vicinity of the cells can be estimated
from the experimental average rate v of NO,™ production
(Figures 3 and 4, respectively).

mean

DISCUSSION

In this paper, we present a new model that describes the
spatiotemporal distribution of NO concentrations produced by a
long-lasting inducible NOS activity expressed in vitro in adherent
cell culture. This model is the first one to take into account both
the diffusion of NO and its autoxidation by O,. We show that a
monolayer of adherent cells progressively generates a gradient of
NO concentration that stabilizes under steady-state conditions
and is determined by the rate v of NO production, the height of
the culture medium above the monolayer and the O, con-
centration. The steepness and the shape of the gradient depend
on the volume of the culture, which is a parameter that does not
influence the maximal concentration of NO found at the level of
the cell layer. Interestingly, this maximum can be derived from
the direct easy measurement, in the bulk medium, of the average
rate of NO,~ production. Although nitrite is the only oxidation
product of NO produced from purified NOS, this is not the case
in complex cell cultures, where NO is also partially transformed
into NO,". Thus, an accurate estimation of the mean rate of NO
production requires the measurement of NO,” and NO,, or
citrulline if not recycled through the urea metabolic cycle. Hence,
citrulline produced by murine peritoneal macrophages appears

to be a relevant parameter [17]. Our earlier experiments [18],
using a high density of activated murine macrophages producing
NO (4 x 10 macrophages in 2.5ml in a Petri dish of 33 mm
diam.), indicated a maximal value of citrulline accumulation of
around 160 yM after 10 h, which corresponds to a mean rate
Upean OF about 16 xM-h7*. This probably represents one of the
highest obtainable values since we could not find a higher one in
the literature [19-22]. From these results, a value for the v
parameter [in eqn. (4) and in Figure 3] close to 60 xuM-h™* (i.e.
17 nM-s7') seems to be a reasonable maximum, which leads to
the determination of a maximal steady-state NO concentration
of about 4 xM in the immediate vicinity of the producing cells.
Under these conditions, the half-time of the process is 2.2 min
and 95 9, of the steady-state value is reached within 7 min. Even
if the rate of production v were increased to 25 nM s, the NO
concentration at steady state in the immediate vicinity of the
macrophages would only reach 5 xM (with a half-time of 1.8 min,
so that 959, of the steady-state value of NO concentration
would be obtained within 6 min). If v were lower (varying from
0.1 to I nM-s! for instance, by changing the macrophage
density), the autoxidation process would become very slow
(half-times of about 30 and 9 min respectively), the stationary-
state concentration of NO in the vicinity of the producing cells
being approx. 0.3 to 1uM. Under the former conditions
(v=0.1nM-s™!), the mean rate of nitrite production in the
aqueous phase is no longer significantly different from the true
rate of NO production and, in the absence of NO evaporation,
the distribution of NO in the medium is homogeneous.

We are aware that our data might be overestimates if NO is
consumed in pathways other than autoxidation, such as reactions
with O, ", other radicals or transition metals [23]. The predicted
maximum of 4-5 uM of NO close to the effector cell layer is
therefore a real limit. This value is consistent with a free NO
concentration of 0.32 uM generated by lipopolysaccharide-
activated rat alveolar macrophages and measured by an NO-
sensitive electrode [24]. In contrast, the steady-state NO con-
centration in human monocyte cultures is certainly lower: a
0.1-0.2 uM concentration range of NO at steady state can be
calculated from the reported 1040 M of nitrite accumulated
over 8 days in culture medium [25].

From a practical point of view, we can assume that when
target cells (i.e. tumour cells) are introduced into fresh medium
over a washed layer of effector cells (such as murine macrophages)
in which the NOS enzyme has been induced, a steady-state
concentration of NO is reached in a time-scale ranging from a
few minutes to tens of minutes. During this time, target cells are
allowed to sediment close to the effector cell layer, so that they
become surrounded by an effective NO concentration which
cannot exceed 4-5 M. As a consequence, putative explanations
of the in vitro cytostatic effects of NO on target cells, such as
inhibition of iron-containing enzymes (complexes I and II of the
respiratory chain, aconitase [26-28] or ribonucleotide reductase
[29]), have to be consistent with a sustained NO concentration in
the micromolar range. This also has to be true for other molecular
targets of inducible NOS action [23]. In this field, it was shown
recently that NO, at concentrations below 1 uM, can reversibly
inhibit respiration by competing with oxygen at cytochrome
oxidase [30]. Finally, it should be noted that concentrations of
NO produced by constitutive NOSs in cell monolayers are in the
same order of magnitude as the steady-state NO levels generated
by inducible NOSs, according to our model (100-1300 nM of
NO measured by NO-electrodes [31,32] versus calculated concen-
trations of 1004000 nM respectively). Therefore, we would like
to propose that the major difference between constitutive and
inducible NOS activities does not reside in the concentration of
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NO that they generate in the vicinity of the effector cell, but
rather depends on the period of time (i.e. minutes versus days)
during which they are able to produce NO.
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