
To function as such, biological signalling molecules need
to be inactivated. In the case of nitric oxide (NO), which
serves as an intercellular messenger throughout the body
(Moncada et al. 1991), much has been learnt during the
last decade about the synthetic pathway, but how the
molecule is disposed of under physiological conditions
remains unknown.

NO is generated in cells from L-arginine and O2 by NO
synthases. Two isoforms, neuronal and endothelial
(nNOS and eNOS) are constitutively expressed and
typically become activated transiently as a result of a rise
in cytosolic Ca2+. A third type, the inducible NO synthase
(iNOS), can be expressed in many different cell types
after exposure to inflammatory or proinflammatory
mediators and this isoform manufactures NO continuously
(Stuehr, 1999). Once produced, NO diffuses rapidly in three
dimensions to elicit biological actions in neighbouring
cells. Physiological NO signal transduction occurs through
binding to the haem group of soluble guanylyl cyclase (sGC),
leading to enzyme activation and cGMP accumulation

(Waldman & Murad, 1987; Ignarro, 1991). However, NO
can also contribute to tissue pathology by inhibiting
mitochondrial respiration and promoting the generation
of reactive free radicals (Gross & Wolin, 1995; Clementi et
al. 1998; Brown, 1999; Heales et al. 1999). The rate of
inactivation of NO will govern, inter alia, how far NO
spreads within a tissue and at what concentrations (Wood
& Garthwaite, 1994), and so is expected to be a critical
determinant of whether NO acts as a physiological signal
or as a toxin.

The chemical reactivity of NO has been considered to be
one means of disposal. NO can react with O2 (a process
termed autoxidation) but this is far too slow at the
concentrations existing in vivo to be of relevance (Ford et
al. 1993; Kharitonov et al. 1994). A much more rapid
reaction is with superoxide ions, but the resulting
peroxynitrite anion is highly toxic, making it unlikely
that this would serve as the primary physiological
pathway (Beckman & Koppenol, 1996). Various biological
mechanisms have also been proposed. Foremost among

The shaping of nitric oxide signals by a cellular sink

Charmaine Griffiths and John Garthwaite

The Wolfson Institute for Biomedical Research, University College London,
Gower Street, London WC1E 6BT, UK

(Received 2 May 2001; accepted after revision 22 June 2001)

1. The functioning of nitric oxide (NO) as a biological messenger necessitates that there be an
inactivation mechanism. Cell suspensions from a rat brain region rich in the NO signalling
pathway (cerebellum) were used to investigate the existence of such a mechanism and to
determine its properties.

2. The cells consumed NO in a manner that could not be explained by reaction with O2, superoxide
ions or contaminating red blood cells. Functionally, the mechanism was able to convert
constant rates of NO formation into low steady-state NO concentrations. For example, with
NO produced at 90 nM min_1, the cells (20 w 106 ml_1) held NO at 20 nM. Various other cell types
behaved similarly.

3. The influence of NO inactivation on the ability of NO to access its receptor, soluble guanylyl
cyclase, was explored by measuring cGMP accumulation in response to the clamped NO
concentrations. The extrapolated steady-state EC50 for NO was 2 nM, a concentration readily
achieved by low NO release rates, despite inactivation.

4. When confronted by higher NO release rates for several minutes, the clamping mechanism
failed, resulting in a progressive rise in NO concentration. While the clamp was maintained,
cellular respiration was unaffected but, as it failed, respiration became inhibited by NO. The
IC50 was measured to be 120 nM (at 100–140 µM O2).

5. It is concluded that cerebellar (and other) cells possess a powerful NO inactivation mechanism
that, extrapolated to the whole tissue, would impose on NO a half-life of around 100 ms. This
and other properties of the device appear ideal for shaping low-level NO signals for activating
its receptor, soluble guanylyl cyclase, whilst avoiding adverse effects on mitochondrial
function. The exhaustibility of the mechanism provides a scenario for NO to become toxic.
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these is the reaction with haemoglobin (Hb) in circulating
red blood cells, which yields nitrosylhaemoglobin and/or
methaemoglobin plus nitrate ions (Beckman & Koppenol,
1996). The extent to which this reaction contributes to
NO inactivation under physiological conditions remains
uncertain, however, even in the case of NO produced by
eNOS in blood vessels (Liao et al. 1999).

We report here that mammalian cells themselves contain
a powerful NO inactivating mechanism(s), or sink, that has
properties that are well suited for shaping the kinetics and
tissue concentrations of NO for targeting its receptor, sGC.
The sink, however, is exhaustible so that during prolonged
release NO rises to levels that exert pathological effects.

METHODS
Most experiments used cerebellar cell suspensions from 8-day-old
Wistar rats. The animals were killed by decapitation and associated
exsanguination as approved by the UK Home Office and the local ethics
committee. Cell suspensions were prepared according to published
procedures (Garthwaite & Garthwaite, 1987) except that the pups were
not pretreated with hydroxyurea. The incubation medium contained
(mM): NaCl, 130; KCl, 3; CaCl2, 1.5; MgSO4, 1.2; Na2HPO4, 1.2; Tris-
HCl, 15; and glucose, 11; adjusted to pH 7.4 at 37 °C. Unless otherwise
stated, the medium also contained superoxide dismutase (SOD,
100–1000 U ml_1). Protein concentrations were measured by the
bicinchoninic acid method and cGMP by radioimmunoassay. Red blood
cells were prepared from whole blood as described previously (Liu et al.
1998) and resuspended in the same medium used for the cerebellar cells.
To quantify the contamination of cerebellar cell suspensions by red
blood cells, aliquots were fixed (4 % paraformaldehyde in 0.1 M

phosphate buffer, pH 7.4, at room temperature for 30 min), dried onto
gelatin-coated slides and stained with haemalum for 15 s. Darkly
stained nucleated cells were then clearly distinguishable from the
unstained red blood cells. In each experiment, counts were made from
six randomly chosen fields each containing about 300 cells. Murine
macrophages (RAW 264.7 and J774.1 cells), baby hamster kidney
(BHK) cells and HeLa cells were purchased from the American Type
Culture Collection (Manassas, VA, USA). These cell lines were harvested
by trypsinisation and incubated as cell suspensions at 0.7–0.9 mg ml_1

protein in the same medium used for cerebellar cells.

For NO and O2 measurements, samples (1 ml) of cell suspension were
incubated in a sealed, stirred vessel (at 37 °C) equipped with an O2

electrode (Rank Brothers, UK) and an NO electrode (Iso-NO, World
Precision Instruments, UK). Three different NONOate donors
differing in their decomposition rates were used to supply NO:
diethylamine/NO adduct (DEA/NO), proline/NO adduct (PROLI/NO)
and diethylenetriamine/NO adduct (DETA/NO) (all from Calbiochem,
UK). Stock solutions were made in 10 mM NaOH and kept on ice until
use. To describe the decay of NO quantitatively, in buffer or
following addition of PROLI/NO, the rate of decline over the
concentration range 0.2–0.4 µM was analysed by plotting the natural
logarithm of the concentration against time. This was linear and the
gradient gave the rate constant. The response time of the NO
electrode was determined by the addition of excess oxyhaemoglobin
(100 µM) to a solution of 100 µM DETA/NO in incubation buffer that
had been left to accumulate NO to a steady-state concentration of
about 0.4 µM. The quantity of NO released by 1 µM PROLI/NO
(1.6 ± 0.5 µM; n = 3) was determined by allowing the donor to
decompose in incubation buffer (30 min at 37 °C) and measuring
the resulting concentrations of nitrite and nitrate ions by
chemiluminescence (Salter et al. 1996). The autoxidation rate
constant for NO was calculated (Schmidt et al. 1997) by measuring

the rate of NO decay at 1 µM NO following the addition of 2 µM

PROLI/NO to the cell incubation buffer.

Data are given as means ± S.E.M.

RESULTS
NO breakdown by cerebellar cells

The central nervous system, and the cerebellum in
particular, is enriched in nNOS activity and so any
specialised NO inactivation mechanism is likely to be
found there. Most experiments were therefore carried out
on cell suspensions of the developing rat cerebellum, in
which the NO–cGMP pathway is active and coupled to
NMDA receptor activity (Garthwaite et al. 1988). NO
concentrations were monitored using an electrochemical
probe. Initially DEA/NO (1 µM), which releases NO with
a half-life of 2.1 min (at 37 °C), was tested. In incubation
buffer (containing 100 U ml_1 SOD), the NO concentration
rose to a peak after about 3 min and then slowly fell,
consistent with the known rates of NO release and
autoxidation (Schmidt et al. 1997). In the presence of
cerebellar cells (20 w 106 ml_1), however, the peak
occurred earlier (about 1 min), was smaller, and was
followed by rapid NO depletion such that the baseline
was regained in less than 5 min (Fig. 1A).

The experiments were repeated using PROLI/NO, which
has a much shorter half-life (1.8 s). In buffer alone, the
measured peak NO concentration (about 1 µM) was
followed by a gradual decline to about 20 % of the peak
value after 10 min. With cerebellar cells included, the
decay of NO following the peak was greatly hastened
(Fig. 1B), confirming the finding with DEA/NO. Because
of the rapid decay of PROLI/NO, the measured NO
concentration profile after about 10 s has elapsed is
determined solely by the rate of disappearance of NO and
the electrode response time. The latter was quite slow, the
time constant being 8.6 ± 0.7 s (n = 3), so that rapid
changes in concentration were not reported accurately.
As found before (Sharpe & Cooper, 1998) the decay of NO
at submicromolar concentrations (0.2–0.4 µM) in buffer
fitted first-order kinetics (Fig. 1C), the rate constant
being 0.19 ± 0.03 min_1 (n = 6). In the cerebellar cell
suspension, the corresponding rate constant was about
4-fold larger, at 0.93 ± 0.07 min_1 (n = 6). Omission of
SOD speeded the decay (1.68 ± 0.36 min_1; n = 4)
whereas doubling the concentration to 200 U ml_1 had no
additional effect (not shown).

The possibility that NO was being consumed by reaction
with intracellular superoxide ions was examined by
lysing the cells by sonication. The rate of NO inactivation
in the lysed cells (originally 20 w 106 ml_1) in the presence
of up to 1000 U ml_1 of SOD was 98 ± 12 % (n = 3) of that
observed in intact cells.

NO inactivation produces an NO concentration clamp

A third NONOate (DETA/NO) with a very long half-life
(20 h) was used to determine how the cells handle a
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constant source of NO. The strength of the source was
selected on the basis of the maximum NO synthase
activity in rat brain, which ranges between 5 and 50 nmol
g_1 min_1 in different areas (Salter et al. 1995). Diluted to
1 mg ml_1 protein (corresponding approximately to the
usual cell suspension), this range equates roughly to
0.05–0.5 µM min_1. Therefore, we first tested 250 µM

DETA/NO whose initial rate of NO release was measured
(in virtually O2-free buffer) to be 0.23 ± 0.02 µM min_1

(n = 3), giving a stoichiometry of 1.6 moles of NO per
mole of DETA/NO.

In buffer, the NO concentration rose slowly to reach a
plateau at 0.8 µM after about 7 min (Fig. 1D). At this
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Figure 1. Inactivation of NO by cerebellar cells

Profiles of NO concentration over time following
addition of 1 µM DEA/NO (A), 1 µM PROLI/NO (B) or
250 µM DETA/NO (D) to buffer and cerebellar cell
suspensions (Cells), as indicated. In C, the data from B
at 0.2–0.4 µM NO have been plotted semi-
logarithmically to obtain the rate constants.

Figure 2. NO inactivation by red blood cells and various cell lines

A, NO concentration profile obtained following addition of 250 µM DETA/NO (at t = 0) to buffer in the absence
(Buffer) or presence (RBC) of red blood cells at the concentration (0.17 w 106 ml_1) contaminating cerebellar cell
suspensions. Each trace is the mean of three experiments. The dotted line is a plot of eqn (3) assuming a k2 value of
7.74 w 10_8 s_1 (red blood cell ml_1)_1 as reported by Liu et al. (1998). The data initially follow this line closely but
deviate after about 1.5 min because the capacity of the haemoglobin to bind/inactivate NO becomes saturated.
B, 100 µM DETA/NO was added (at t = 0) to buffer and freshly prepared suspensions of various cell lines (as
indicated) all at 0.7–0.9 mg ml_1 protein; each trace represents a single experiment that was performed at least
twice, with similar results.



point the rate of NO production is balanced by
autoxidation. When cerebellar cells were present at
20 w 106 ml_1, a different profile was seen. The NO
concentration rose initially but, within a minute, was
held (‘clamped’) at the much lower concentration of
55 ± 2 nM (n = 3). The concentration was maintained for
about 3 min but then rose again, albeit at a slower rate
(0.06 µM min_1) than in buffer (0.2 µM min_1).

A potential contributor to the consumption of NO in the
cell suspension is the presence of contaminating red blood
cells. Direct counting indicated that these comprised
0.85 ± 0.21 % (n = 4) of the total cell number. According
to previous measurements (Liu et al. 1998), this level of
contamination could not account for the observations. In
agreement, the equivalent concentration of red blood cells
(0.17 w 106 ml_1) behaved more like buffer than the
cerebellar cell suspension in response to DETA/NO,
except for a transient shoulder appearing at about 0.2 µM

NO (Fig. 2A). This is as predicted from the earlier work
(Liu et al. 1998). Furthermore, a variety of cell lines,
uncontaminated by red blood cells, also inactivated NO,
as indicated by their ability to generate clamped NO
concentrations in response to DETA/NO (Fig. 2B). The
amplitudes of the plateaux varied with cell type from
about 50 nM (HeLa cells) to 300 nM (BHK cells).

The NO concentration profiles observed in the cell
suspensions incubated with DETA/NO show that the cells
contain a mechanism that clamps the NO concentration in
the face of a continuous supply, and that the clamp is
exhaustible. Considering just the plateau phase and

ignoring autoxidation (which is negligible at the low NO
concentrations being considered), the following consecutive
scheme should apply:

k1 k2
DETA/NO ⁄ NO ⁄ products. (1)

The NO concentration with respect to time (t) is given by:

k1
[NO] = x [DETA/NO] ——— ≤e_k1t _ e_k2 t≥, (2)

k2 _ k1

where x is the stoichiometry of NO release from the
donor. Since k1 is very small (5.76 w 10_4 min_1 for a 20 h
half-life) and much less than k2, the equation simplifies to:

k1
[NO] = x [DETA/NO] —— ≤1 _ e_k2 t≥. (3)

k2

This predicts that a steady-state NO concentration will be
achieved at a rate governed by k 2 and that, at the steady
state:

k2 = k1(x [DETA/NO]/[NO]). (4)

With 250 µM DETA/NO and x = 1.6, the measured
plateau in the cell suspension (55 nM NO) corresponds to a
k 2 of 4.18 ± 0.33 min_1 (n = 3), a value 5-fold greater
than the inactivation rate constant estimated using 1 µM

PROLI/NO. A plot of eqn (4) using this derived k2 value
described well the kinetics of the NO concentration up to,
and including, the plateau (Fig. 3A). When the DETA/NO
concentration was reduced to 100 µM, the measured NO
plateau was close to 2.5-fold lower (20 ± 3 nM; n = 3), as
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Figure 3. NO inactivation at different release rates and cerebellar cell concentrations: implication for sGC
activation

A, NO concentration profiles obtained after addition of 250 µM or 100 µM DETA/NO (as indicated) to a cerebellar
cell suspension (20 w 106 cells ml_1) at t = 1 min. The response to 250 µM DETA/NO in buffer alone is shown for
comparison. Each trace is the mean of three experiments. Continuous lines are plots of eqn (3) with k2 = 4.18 min_1.
B, NO profiles (mean of three experiments) after addition of 250 µM DETA/NO (at t = 0) to buffer containing 0, 5,
10 and 20 w 106 cells ml_1. Continuous lines are plots of eqn (3) with the k 2 value decreasing proportionately with
cell concentration (i.e. 4.18, 2.09 and 1.05 min_1). C, concentration–response curve for cGMP accumulation in the
cerebellar cell suspension (20 w 106 cells ml_1) exposed to different concentrations of DETA/NO for 2 min (n = 3). The
corresponding clamped NO concentrations are indicated on the upper abscissa (8, measured values; 0, extrapolated
values). The inset shows the time course of cGMP accumulation in response to 10 µM DETA/NO (n = 3).



predicted if k 2 was constant. Moreover, the plateau was
sustained for longer (about 7 min) than it was at the
higher concentration. As the cells were diluted and
challenged with 250 µM DETA/NO, the plateau became
progressively more shoulder-like (Fig. 3B). Nevertheless,
the amplitudes and kinetics of the early phases (bearing
in mind the response time of the electrode) were
consistent with the k 2 value being proportional to cell
concentration (continuous lines, Fig. 3B).

Implications for sGC activation

The low clamped NO concentrations imposed by the cells,
even with what would be a high NO release rate
(considering the activity of NO synthase in brain tissue),
raises concerns about the compatibility of the mechanism
with the ability of NO to activate its receptor, sGC,
particularly should the potency of NO for sGC be
similar to that measured using the purified enzyme
(EC50 = 250 nM; Stone & Marletta, 1996). Estimating the
potency of NO for sGC activation has been problematic in
the past because, with NO itself or a short-acting donor,
the concentration of NO changes continuously. The
finding that the cells themselves maintain clamped NO
concentrations when exposed to a long-acting donor
provided a simple way to address this important issue.

Measurements of cGMP accumulation in the cerebellar
cells in response to different concentrations of DETA/NO
(applied for 2 min) were therefore carried out. At 100 µM

DETA/NO, which gives a clamped NO concentration of
20 nM, the cGMP response was found to be already
supramaximal (Fig. 3C). Indeed, the EC50 for DETA/NO
was an order of magnitude less, giving an extrapolated
EC50 for NO on cellular sGC of only 2 nM.

Implications for mitochondrial function

Another potential target for NO is cytochrome c oxidase,
which is responsible for mitochondrial O2 utilisation
(Brown, 1999). NO competes with O2 at this site and so can
act as a respiratory inhibitor. Experiments in which the
cellular O2 consumption was measured were carried out to
investigate how NO inactivation might affect its ability to
engage this target. Even with a high NO release rate
(250 µM DETA/NO) O2 consumption by the cerebellar cells
was unaffected as long as the NO concentration remained
clamped (55 nM; Fig. 4A). Exhaustion of the clamp after a
few minutes, however, was associated with a progressive
inhibition of respiration, which became marked as NO
reached about 100 nM (at around 100 µM O2). The inhibition
could be reversed immediately by scavenging NO with
haemoglobin (10 µM; data not shown). To determine the
potency of NO for reversible inhibition of mitochondrial
respiration, transient exposure to NO was achieved using
the rapid NO releaser, PROLI/NO. Addition of 1 µM

PROLI/NO to cell suspensions at 100–140 µM O2 resulted in
an immediate cessation of respiration, which remained
inhibited until the NO concentration returned almost back
to baseline (Fig. 4B). A plot of O2 consumption against NO
concentration indicated an IC50 of 120 nM, with complete
inhibition at 300 nM (Fig. 4C).

DISCUSSION
The results show that cerebellar cells possess a powerful
NO-consuming activity that could not be attributed to
reaction with O2, superoxide ions, or haemoglobin in
contaminating red blood cells. A similarly acting sink is
present, albeit at differing levels, in several cell lines
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Figure 4. Duration of the NO concentration clamp: effect on mitochondrial function

A, simultaneous recordings of the concentrations of O2 (top trace) and NO (continuous line) following addition of
250 µM DETA/NO to a cerebellar cell suspension (20 w 106 cells ml_1) at t = 1 min. The data are from a single
experiment that was representative of three performed. The O2 consumption in the absence of DETA/NO in the
same experiment is shown for comparison (O2 Control). The dashed line is the NO concentration corrected for the
amount degraded by autoxidation, calculated from the autoxidation rate constant measured at 37 °C in buffer
(20 w 106

M
_2 s_1) assuming an O2 concentration of 100 µM. B, concentration profiles of NO and O2 in a cerebellar cell

suspension (20 w 106 cells ml_1) following addition of 1 µM PROLI/NO (at arrow). The traces are from a single
experiment performed three times with similar results. C, rate of O2 consumption at different NO concentrations,
derived by taking the average values for 10 s bins of the electrode traces (n = 3).



indicating that there may be a general mechanism for
inactivating NO in mammalian cells. The fact that the
activity was preserved after cell lysis offers the
possibility for the future identification of the species
responsible. In preliminary experiments, we have found
that the activity is both heat- and protease sensitive,
implying the involvement of a protein (C. Griffiths &
J. Garthwaite, unpublished observations). A recent study
using liver cells pulsed with 3 µM NO found that they
also rapidly consumed NO and did so in a manner that
depended on the O2 concentration (Thomas et al. 2001).
The contribution of superoxide ions to the consumption in
this case was not investigated and, unlike in the cells
examined here, the mechanism appeared not to saturate
even with repeated additions totalling 30 µM NO.

In the cerebellar cells, the saturability of the sink explains
why a lower rate constant was obtained using a pulse of
NO (delivered using PROLI/NO) compared with the
value derived from the plateau NO concentration formed
in response to DETA/NO. Thus, the total NO generated
within a few seconds by 1 µM PROLI/NO (1.6 µM NO) is
the same as that produced by 250 µM DETA/NO after
7 min. At this time, the clamp has already failed and
the NO concentration has risen to about 0.3 µM (Figs 1D
and 4A). Equation (4) predicts that, to achieve this
concentration, the inactivation rate constant would be
0.8 min_1, which is close to that measured directly using
PROLI/NO (0.9 min_1). Hence, the results with the two
donors are mutually consistent. It should be stressed that
the treatment of inactivation as a first-order process is
purely for simplicity at this stage; details of the underlying
chemistry will be needed to know the true kinetics.

Because of technical limitations, the NO clamp could be
investigated over only a restricted range of NO release
rates and cell concentrations. Assuming that the
inactivation rate is proportional to tissue concentration
and independent of the rate of NO release, the specific
NO inactivation rate constant for the cerebellar cells
would be 0.21 min_1 (106 cells ml_1)_1, or 5.0 min_1 (mg
protein ml_1)_1. Extrapolating to a typical protein
concentration in whole tissue (100 mg ml_1 protein), gives
a rate of 8 s_1, which is equivalent to a half-life of 83 ms.
Whilst, admittedly, the extrapolation is large and open to
question, the resulting value is of the same order as the
half-life of other paracrine signalling molecules, such as
5-hydroxytryptamine and dopamine (Bunin & Wightman,
1999) and is very similar to the NO half-life measured in
living heart tissue (Kelm & Schrader, 1990), and to that
extrapolated for liver from measurements of NO
inactivation in isolated cells (Thomas et al. 2001).

Physiological significance

Physiologically, the NO clamp is likely to be important
for several reasons. The most likely scenario in vivo to
consider is when there are multiple point sources of NO
within a tissue volume that switch on and off roughly
simultaneously. This corresponds, for example, to event-

related activity in discrete brain regions (Buckner &
Koutstaal, 1998; Shoham et al. 1999), or to smooth muscle
relaxation following stimulation of nitrergic nerves
(Wiklund et al. 1997). First of all, the sink translates
different rates of NO formation within a tissue volume
into proportional steady-state NO concentrations. In
other words, the device serves to ‘amplitude-code’ NO
signals. In the target cells, desensitisation of sGC then
allows cGMP to accumulate rapidly to levels (which may
be transient or sustained) that are graded with the
prevailing NO concentration (Bellamy et al. 2000).
Together, the two mechanisms provide an explanation of
how tissues respond to NO-releasing stimuli in a way that
is graded with stimulus strength (Furchgott & Zawadzki,
1980; Garthwaite, 1985).

The inactivation rate will also govern the rates of rise and
fall of NO concentration as sources switch on and off
(Wood & Garthwaite, 1994). In central neurones, a typical
stimulus for NO formation is a rise in cytosolic Ca2+ due to
activation of the NMDA type of glutamate receptor
(Garthwaite et al. 1988). A single Ca2+ transient produced
in this way lasts for less than 1 s (Murthy et al. 2000) and
so a minimal NO pulse should have a similar duration.
The tissue NO inactivation rate extrapolated from the
data here (8 s_1) implies that the kinetic behaviour of a
locally generated NO ‘cloud’ will match the kinetics of
even the shortest stimulus, thereby endowing the NO
signal with temporal meaning.

Physiological inactivation mechanisms for signalling
molecules generally have properties that are tuned to
those of the receptor(s). If a previous measurement of the
EC50 of NO for purified sGC (250 nM; Stone & Marletta,
1996) applied to the enzyme in cells, the sink described
here would prevent such a concentration being attained,
even with an NO release rate as high as the highest
possible in the cerebellum. We estimate that in living
cells NO is more than two orders of magnitude more
potent (extrapolated EC50 = 2 nM), enabling the entire
concentration–cGMP response curve to be attained by
steady-state NO production rates well below the maximum.

Exploring this point quantitatively, if one takes
cerebellar cells incubated at 20 w 106 cells ml_1, NMDA
receptor activation causes NO release which elevates
cGMP to levels that are, at best, about one-third of those
found with a maximally effective concentration of an NO
donor (Garthwaite et al. 1988). From Fig. 3C, this equates
to a steady-state NO concentration of about 1 nM. To
attain this concentration, the rate of NO formation would
need to be 100 fmol s_1. This extrapolates to only about
10 pmol g_1 s_1 for the intact tissue, a value that is
roughly 1 % of the maximum cerebellar nNOS activity
(Salter et al. 1995).

That NO is so much more potent as a sGC activator in
intact cells than when the enzyme is isolated agrees with
other recent evidence from this laboratory. It was found
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that, because of rapid desensitisation of sGC, the
apparent potency of NO increases with the time of
exposure to NO. When sGC was minimally desensitised
(after 100 ms), the EC50 was about 45 nM whereas after
only 1 s, the value fell to 20 nM (Bellamy & Garthwaite,
2001). The value of 2 nM obtained in the present
experiments (2 min exposure) is based on the assumption
that the NO inactivation rate constant remains unchanged
when the NO concentration falls below 20 nM, which may
be incorrect. Nonetheless, evidence from different
directions is now converging to suggest that the potency
of NO for sGC is of the same order as that determined for
smooth muscle relaxation by NO, where EC50 values of
5 nM (Kelm et al. 1988) and 10 nM (Carter et al. 1997) have
been measured using different methods of application.

Finally, it is worth noting that the tissue half-life of NO
in the cerebellum extrapolated from the present data
(83 ms) is similar to the measured rate of decline of sGC
activity in the cerebellar cells when NO is removed, which
occurs with a half-time of 190 ms (Bellamy & Garthwaite,
2001). When NO synthesis ceases, a similar (or somewhat
faster) rate of decline of the NO concentration compared
with the rate at which NO dissociates from its receptor is
what would be expected for a dynamic signalling
pathway.

Pathological significance

While it lasts, the NO clamp is likely not only to shape
NO concentration profiles for physiological signalling but
also to keep NO at subtoxic levels. As an index of
potential toxicity, we measured the ability of NO to
inhibit O2 consumption and found that (at 100–140 µM

O2) the IC50 for NO was 120 nM. This is about one-half
the value determined for brain synaptosomes (Brown &
Cooper, 1994) but matches that measured for isolated
brown fat mitochondria (Koivisto et al. 1997) under
comparable conditions. Because NO competes with O2 for
the relevant site in mitochondria (cytochrome c oxidase),
NO will be more potent in vivo where the concentration of
O2 is lower. The IC50 for NO under in vivo conditions
(about 30 µM O2) has been estimated to be 60 nM in
synaptosomes and 11 nM in the brown fat mitochondria.
Whilst our results do not address the possible physiological
role of a control of respiration by NO (Brown, 1999;
Clementi et al. 1999), they do imply that the NO clamp
enables the entire steady-state concentration–response
curve for sGC activation by NO to be achieved without
respiration being adversely affected.

The duration of the NO clamp in the face of continued
NO release was limited. Its capacity in the cerebellar
cells, indicated by the total NO consumed up to the end
of the clamp, is about 0.6 µM (20 w 106 cells ml_1)_1, or
0.7 nmol (mg protein)_1. Taking the rate of NO formation
induced by maximal NMDA stimulation in the cells, as
calculated above (100 fmol s_1), it would take 1.7 h before
the capacity was exceeded (assuming no regeneration of
the sink during that time). Scaling-up to the in vivo

situation gives the same duration. Whilst such a capacity
(with a mechanism for restoration) presumably caters
well for physiological NO signals, the fact that it can be
exceeded provides a scenario for NO to become important
pathologically.

Inactivation of NO did not cease when the clamp failed.
Rather, the cells continued to consume NO for relatively
long periods of time. At the highest DETA/NO
concentration tested (250 µM, yielding 0.23 µM min_1

NO), the rate of consumption by the cerebellar cells after
correcting for autoxidation (Fig. 4A) corresponded to
0.13 µM min_1 and this rate was maintained for at least
6 min. Whether the process is a residue of the one
generating the clamp or another mechanism altogether
remains to be determined. Nevertheless, this additional
consumption of NO may represent a second line of
defence for cells exposed to pathological rates of NO
production. It is likely to be most relevant to when iNOS,
which produces NO continuously, is expressed. From data
on activated macrophages, the rate of NO generation by
iNOS-expressing cells is about 6 pmol s_1 (106 cells)_1

(Lewis et al. 1995), which is 1000-fold higher than the
estimated maximal NMDA-evoked NO release rate in the
cerebellar cell suspension. Hence, a low density of iNOS-
expressing cells may cause the NO clamp in surrounding
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