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Abstract: Local changes in cerebral hemodynamics are observed within a few hundred milliseconds of 
changes in neural activity. If hemodynamic responses are mediated by passive diffusion of a spatial signal 
(from the site of neural activity to the microvessels) then the dynamics of the response suggest a lower 
limit on the signal's apparent diffusion and elimination. The aim of this work was to estimate these limits 
and narrow the field of possible candidate substances. 

A simple biophysical simulation was used to examine how the time course of concentration changes in a 
spatial signal, at the site of action (microvessels), depends on key diffusion parameters (source geometry, 
apparent diffusion and elimination half-life). The simulations suggested 1) that the rise in signal 
concentration is mostly a function of source geometry and diffusion. Conversely falls in concentration 
depend on elimination and 2) even when sources are very sparsely distributed Nitric Oxide would have a 
sufficiently fast diffusion and elimination to signal the early components of activity-dependent hemody- 
namic response by passive diffusion. 
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INTRODUCTION 

This paper concerns the regulation of local hemody- 
namics in the brain. Understanding the nature of 
activity-dependent hemodynamic changes is becom- 
ing increasingly important with the advent of imaging 
techniques [e.g. intrinsic signal optical imaging, near 
infra-red imaging, functional magnetic resonance im- 
aging (fMRI) and positron emission tomography (PET)] 
that use transient hemodynamic responses to map the 
functional organization of the brain [e.g. Masino et al., 
1993; Kwong et  al., 19921. The aim of this work was to 
characterize the constraints on diffusion and  elimina- 
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tion of any substance that is capable of coupling 
neural activation and  blood flow changes by passive 
diffusion. This characterisation used a simple biophysi- 
cal simulation based on empirical estimates of relevant 
anatomical and  diffusion parameters. 

Diffusing substances can be classified by their roles 
as informational or energetic [Nicholson and Rice, 19911. 
This paper is concerned with the diffusional behavior 
of putative informational substances that mediate or 
modulate vasodilation by diffusing from the site of 
neural activity, within the neural parenchyma, to sites 
of action in the microvessels. 

NO and the regulation of cerebral perfusion 

The mechanisms regulating cerebral perfusion, dur- 
ing neural activation, have been studied for many 
decades. Roy and  Sherrington [1890] proposed that 
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active neurons release vasodilatory substances into 
the interstitial space that diffuse to local blood vessels 
and produce vasodilation. Many substances have been 
proposed as mediators of the local vascular response 
to neural activity [see Iadecola, 1993, for a review]. The 
most recent candidate is Nitric Oxide (NO) [Gally et 
al., 19901. The current evidence implicating NO in the 
regulation of activity-dependent hemodynamics is 
diverse and compelling: 

Endothelium-dependent vasodilation in response 
to acetylcholine was first demonstrated by Furchgott 
and Zawadski [1980]. Subsequently it has been shown 
that a number of substances can elicit vasodilation by 
inducing the release of endothelium-derived relaxing 
factor (EDRF). NO accounts for the action of EDRF 
and is formed by metabolism of L-arginine to NO and 
citrulline. The enzymes responsible have been identi- 
fied in several tissues including the brain. NO syn- 
thase (NOS) is present in endothelial cells as well as 
perivascular nerves innervating large cerebral arteries. 
In neocortex NOS-containing neurons have a large 
number of processes which form an intricate network; 
ultrastructural studies have shown that the processes 
of NOS neurons are closely associated with intracere- 
bra1 arterioles and capillaries [Iadecola et al., 19931. 
These studies are based on immunocytochemical stud- 
ies using antibodies raised against NOS or have 
employed NADPH-diaphorase as a marker of NOS 
[ e g  Bredt et al., 1990; Iadecola et al., 1993; and see 
Vincent and Hope, 19921. 

There is a substantial amount of physiological evi- 
dence implicating NO as a mediator of local changes 
in perfusion [e.g. Cederqvist et al., 19911. Modulation 
of blood flow by inhibitors of endogenous NO produc- 
tion has now been demonstrated in several prepara- 
tions including isolated cerebral vessels [Gonzalez and 
Estrada, 19911 and the intact brain [e.g. Tanaka et al., 
19911. NO participates in the cerebral perfusion in- 
creases, elicited by stimulation of peripheral nerves: 
Northington et al. [1992] demonstrated that an NOS 
antagonist (L-nitroarginine-methyl-ester) blocked the 
cortical blood flow response to sciatic nerve stimula- 
tion in rats. Dirnagl et al. [1993] demonstrated that 
topical and systemic application of L-nitroarginine 
reduced the cerebral blood flow response to vibrissae 
stimulation by 50% in contralateral somatosensory 
cortex. Furthermore excitation of cortical neurons by 
topical application of the glutamate agonist NMDA 
produces a vasodilation that is reversibly attenuated 
by NOS inhibitors [Faraci and Breese, 19931. Irikura et 
al., [1994] have shown that L-nitroarginine-induced 
attenuation, in barrel field blood flow, correlates with 

the inhibition of NOS activity assayed in homogenates 
taken from gray matter. They take this to suggest that 
NO generated from parenchymal NOS activity plays 
an important role in the cerebrovascular response to 
somatosensory stimulation. 

The time-course of hernodynamic responses 
to changes in neural activity 

The anatomy and physiology of cerebral perfusion 
is a complicated area that has been studied with new 
imaging techniques such as videomicroscopy, optical 
imaging and fMRI. For example direct videomicros- 
copy of cerebral vasculature in mouse barrel cortex 
reveals extensive collateralization of pial arteries. This 
surface vasculature gives rise to intra-cortical arteri- 
oles every 100-500 p.m or so. The diameters of these 
arterioles are about 5 4 0  pm [Rovainen et al., 19911. In 
cerebral cortex arterioles penetrate the brain substance 
up to layer 4, giving rise to smaller arterioles and 
capillaries. Intra-cerebral arterioles have a lining of 
smooth muscle cells that are replaced by pericytes in 
cerebral capillaries. Endothelial cells and pericytes are 
contractile cells that may relax via cGMP-mediated 
mechanisms [Iadecola, 19931. 

In vivo optical imaging (of microcirculatory events) 
in visual cortex of monkeys has characterized the 
timing of activity-dependent changes [Frostig et al., 
19901. The data suggest the following sequence of 
events following a brief sensory stimulus: first, 200- 
400 ms after the onset of neural activity, highly 
localized oxygen delivery occurs followed 300400 ms 
later by an increase in blood volume. After a second or 
more a substantial rise in local oxyhemoglobin is seen. 
With sustained stimulation intrinsic optical signals 
from rat barrel cortex have been observed to peak after 
several seconds [Masino et al., 19931. 

These observations are consistent with both Dopp- 
ler ultrasonography and fMRI data obtained during 
sensorimotor stimulation in human subjects: The tran- 
sient nature of the fMRI hemodynamic response is 
usually attributed to a physiological uncoupling of 
regional cerebral perfusion and oxygen metabolism 
[Fox et al., 19881. The result is a time-dependent 
change in the relative amounts of venous oxy- and 
deoxy-hemoglobin. Due to the differential magnetic 
susceptibility of oxy- and deoxy-hemoglobin, a tran- 
sient change in intra-voxel dephasing is observed. 
This change underlies the measured signal [Kwong et 
al., 1992; Ogawa et al., 1992; Bandettini et al., 19921. 
These data suggest a rise in relative oxyhemoglobin 
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that peaks at 4-8 s [Bandettini, 1993; Friston et al., 
19941 and concur with the slower components of 
changes in intrinsic signals obtained with optical 
imaging [Frostig et al., 1990; Masino et al., 19931. 

Conrad and Klingelhofer [ 19891 have used transcra- 
nial Doppler ultrasonography to measure the dynam- 
ics of local perfusion in occipital lobes during visual 
stimulation with stimuli of increasing complexity. 
They noted that it takes about 2 s for flow to reach 50% 
of maximal velocity after the onset of stimulation. This 
is in good agreement with time-courses above. 

Constraints on diffusion 

The physiological mechanisms that mediate be- 
tween neural activity and hemodynamics are not, at 
the present time, fully known. However the empirical 
observations above provide constraints on the proper- 
ties of substances that could act as diffusing spatial 
signals. In particular the fast time course of the 
activity-dependent hemodynamic response places a 
lower limit on the apparent rates of diffusion and 
elimination. Using simulations of microdiffusion we 
examined these constraints in terms of the time- 
constants of changes in the signal's concentration. 
These simulations were based on the assumption that 
some early component of activity-dependent hemody- 
namic response is mediated by signals that diffuse 
from the site of neural activity to the microvessels. To 
ensure the effective transduction of this signal the 
time-constants at the site of action should be about 400 
ms or less. By examining the impact of diffusion 
geometry, apparent diffusion and elimination on these 
time-constants we estimated lower limits on apparent 
diffusion and elimination. As a result we were able to 
exclude some candidates for hemodynamic regula- 
tion, while demonstrating the sufficiency of others, 
notably NO. 

METHODS 

The model 

It is assumed that an activity-dependent signal 
arises (directly or indirectly) in synaptic specializa- 
tions or varicosities. There are about 300 million 
synapses per mm3 of cerebral cortex [Shepherd and 
Koch, 19901. One to two percent of cortical neurons 
stain for NOS. The contribution of these neurons to 
the synaptic population is unknown, but if it is 
proportional to the ratio of cell bodies 1-2% of syn- 

apses would be capable of originating a diffusible 
signal. In this case the average distance between the 
signal sources would be in the order of 10 km. In rat 
cerebral cortex the density of varicosities on NOS/ 
NADPH-diaphorase neurons is 15,000 per mm2 
[Iadecola, 19931. This density again corresponds to an 
average separation of about 10 km [for comparison; if 
one supposed that aminergic neurotransmitters could 
act as diffusible signals then the sources (varicosities 
and synaptic specializations of monoaminergic neu- 
rons) would be about 25-100 km apart] [see Descarries 
et al., 19911. 

In what follows the changes in signal concentration, 
seen by an arteriole, are modelled by changes at a 
point in a volume containing multiple sources with an 
appropriate distribution. The source geometry mod- 
elled in this paper was a distribution of point sources 
on the nodes of an infinitely large rectangular lattice. 
This geometry was chosen for mathematical expedi- 
ency (see below). The primary focus of this model was 
the dynamics of concentration changes; the microves- 
sels themselves were not explicitly modeled. 

Because of the complicated spatiotemporal changes 
in signal concentration due to diffusion, the time- 
constants of these changes will vary considerably from 
point to point. After a transient increase in activity- 
dependent signal, points (arterioles) near a source will 
experience a rapid rise, followed by a relatively fast fall 
in concentration. The mechanisms contributing to the 
fall in concentration are 1 elimination and 2 diffusive 
dispersion of the signal. Conversely, arterioles that are 
remotely located from any source will have a slower 
onset and offset (and lower amplitude) due to the 
effects of signal dispersion. Figure 1 demonstrates 
these differences by depicting concentration profiles 
over time. Initially two sources produce a given 
amount of substance (the two peaks on the left) which 
diffuses into the surrounding space dispersing the 
signal and reducing the concentration gradients. Note 
that rate of concentration changes are acute near the 
sources but are more protracted in the intervening 
spaces. These data were produced using the algo- 
rithms described below. 

The fast component of the hemodynamic response 
(200400 ms) suggests a lower limit on apparent 
diffusion ( D ' )  and rate constant of elimination (k). 
These limits were estimated by calculating the concen- 
tration at time t (C,) following instantaneous signal 
production at multiple discrete sources, giving an 
initial distribution (Co). The profile of time-dependent 
changes in C, were then used to calculate the rise 
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diffusion profile for two sources 
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Figure I. 
Profile of one-dimensional diffusion from two point sources. Time proceeds from left to right. This 
profile is illustrative and the units are arbitrary. The point to note is that the time taken for 
concentration (height) to reach a maximum, and the rates of decay, vary considerably with distance 
from a source. These dynamics are more protracted at greater distances from the sources. 

(onset) and fall (offset) time-constants for each point. 
This profile is equivalent to the system’s impulse 
response function at the point in question. The time- 
constants associated with an impulse response func- 
tion represent the fastest changes that could be evoked 
by any input (i.e., changes in neural activity). 

As the rise (onset) and fall (offset) in C, are likely to 
depend differently on the various diffusion param- 
eters, the onset (ton) and off set (tofn time-constants 
were assessed over ranges of these parameters (D’, k 
and the initial geometry Cu). ton was defined as the 
time to peak concentration and toff as the subsequent 
time taken for the concentration to fall to half the peak 
value (see Fig. 2). The characterization of the concen- 
tration changes in terms of ton and toff is clearly 
arbitrary but sufficient for the purposes of this work. 
We made no assumptions about the absolute concen- 
trations of the diffusing substance, in relation to their 
physiologic effects, but assume that the relative concen- 
tration should necessarily change at least as fast as the 

onset of the effect being mediated. Expectations for 
these time constants were obtained by averaging over 
the appropriate volumes (the volumes that microves- 
sels might occupy). 

Computational details 

Calculations were performed on a (SUN) worksta- 
tion using MatLab (Mathworks Inc, Sherborn, MA). 
Neural volumes were modelled using 6.25 p.m to 0.62 
p.m cubic voxels. Voxel size was adjusted according to 
the spatial distribution of sources. The concentration 
at any time t is denoted by the three dimensional array 
C, with a value for every voxel of the simulated 
volume. Cu represents the initial concentration follow- 
ing production of signal at discrete point sources (each 
source was modeled a single voxel). Multiple sources 
were distributed uniformly on a rectangular lattice, 
with a density characterized by their separation (u). A 
finite difference scheme was implemented based upon 
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Figure 2. 
Concentration changes over time at a single point. The parameters ton and toff refer to the time to 
reach maximum concentration and the time again to fall to half this level. 

the standard differential equation for diffusion: sion kernel Ix,y,z [Engstrom et al., 19881 where: 

K / a t  = D’V2(C) - k . C (1) c, = CO*Ix,y,r*Ix,y,r*. . . . . . . . .* L Y , Z  (2) 

where D’ = D/A2. A is the tortuosity [Nicholson, 19851 
associated with a specific substance and D is the 
diffusion constant. The effect of A is to decrease the 
free diffusion (D) by an effect due to the convoluted 
shape of the extracellular volume, so that it can be 
described by an apparent diffusion coefficient (D‘).  
The extracellular volume is like the soap phase of a 
foam of soap bubbles. Molecules restricted to this 
phase will have extended paths as they circumnavi- 
gate the intracellular compartment [Nicholson, 19851. 
For substances confined to the extracellular compart- 
ment A is typically about 1.6. For substances like NO 
that diffuse freely across membranes A = 1. Implicit in 
Equation (1) is a first order elimination in a uniform 
fashion over the entire volume, with rate constant k = 
10g(2)/t,,~ (tl12 is the half life). This is a reasonable 
assumption for the free radical NO that is oxidized 
rapidly throughout the parenchyma (but see Discus- 
sion). 

Equation (1) was implemented by discretizing in 
space (voxels) and time (iterations) and reformulating 
Equation (1) in terms of convolution (*) with a diffu- 

for t convolutions. Ix ,y , l  is zero apart from the voxel 
representing a source Io,o,o = 1 - 6.D’ - k and the 

Io,o,-l = D’. Equation (2) was implemented in Fourier 
space. Let FT {.} denote Fourier transformation. Be- 
cause convolution is the same as multiplication in 
Fourier space Equation (2) is equivalent to: 

- six juxtaposed voxels Il,o,~ = I-l,~,fl = Io,l,o = . . . . . . - 

C, = FTpl(FT{Cfl} . FT{Ix,y,,)t} (3)  

The practical importance of Equation ( 3 )  is as follows: 
Formulation of the finite difference scheme in Fourier 
space means that periodic boundary conditions are 
implemented implicitly. Any elemental volume de- 
scribed by Cfl (and Ix,y,z) can be thought of as being 
replicated (to infinity) in all three dimensions. There- 
fore to simulate a lattice of uniformly distributed 
sources it is only necessary to compute Equation ( 3 )  
for one source at the centre of its volume. The 
alternative approach would be to use the analytical 
solution of Equation (1) for one point source [see 
Nicholson and Rice, 19911 and simulate many point 
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sources with a lattice source geometry (the linearity of 
the convolution operator means that contributions 
from different sources can be simply summed). If one 
were able to compute the contributions from an 
infinite number of sources, the result would be the 
same as that obtained using Equation (3). Three 
dimensional Fast Fourier Transform algorithms were 
written in C. The elemental volume containing a 
single source was modelled by 163 cubic voxels. The 
initial value of Cn at the voxel corresponding to the 
source In,n,n was unity and zero elsewhere. 

Simulations 

The simulations were used to address two issues: 1) 
The sensitivity of the time-constants (ton and tofl to 
changes in source geometry (a = distance between 
sources), apparent diffusion (D‘) and elimination (tIj2); 
and 2) the sufficiency of candidate substances to act as 
diffusible signals, in particular NO. 

The first simulations addressed the relationship 
between the diffusion parameters (a, D’ and tliz) and 
the time-constants for onset and offset of concentra- 
tion changes, averaged over the whole volume (i.e. by 
assuming no particular spatial relationship between 
the location of microvessel receptor sites and the 
signal sources). Each diffusion parameter was varied 
while the remaining two were held constant, allowing 
the average ton and toff to be calculated as functions of 
source separation (a), apparent diffusion (D’) and 
elimination (tl12). 

The results reported here are representative of the 
results for a variety of “fixed’ values. The ranges of 
parameters examined were chosen to cover physiologi- 
cally likely values. The ranges and constant values 
used are provided in Table I. For example the average 
spacing of NO-producing synapses is probably about 
10 Fm with a 0’ of 26 x cm2/s and a half life of 
100-1,000 ms. K+ has a D’ of 7.2 x lop6 cm2/s with a 
half life of about 5 s [Paulson and Newman, 19871. 
Most neurotransmitters have a D‘ of about 2 x 
cm2/s, for example dopamine, 2.4 x cm2/s [Nichol- 
son and Rice, 19911. Table I1 lists D’ for several 
substances, including some implicated in the regula- 
tion of blood flow. The effects of changing these 
parameters, on ton and toff were presented graphi- 
cally. 

The second simulation tried to establish a rough 
lower limit on apparent diffusion in the context of 
sparse sources. This was estimated by assuming a 
”worst case scenario” based on the observation that 
arterioles can be 100 wrn or more apart. Increases in 

TABLE 1. Values of parameters used in the simulations 

Constant 
Name Variable value Range 

Apparent 8.1 x 2-30 x 
diffusion D’ cm2/s cm2/s 

Source 
separation c 20 pm 5-90 pm 

Half life i l l 2  200 ms 100 ms-2 s 

neural activity may have to be communicated from 
regions interposed between arterioles within 200400 
ms. We therefore determined the lower limit on D’ 
associated with a ton of 400 ms at 50 pm from the 
nearest source (the results of the first simulations 
above showed that ton was not greatly affected by 
elimination). This involved simulating sources 100 Fm 
apart and looking at the concentration changes at 
points equidistant from those sources. 

To do this the above simulations, for the effects of D‘ 
on ton, were repeated for sparsely distributed sources 
100 pm apart. However the estimation of ton was 
restricted to planes halfway between sources. The 
shortest distance between any source and the plane of 
measurement was consequently 50 km. Again the 
results were presented graphically showing ton as a 
function of D’ for this source geometry. 

RESULTS 

The effect of changing diffusion parmeters 
on ton and toff 

The effect of increasing source density was consis- 
tent, namely ton and toff increased with source separa- 
tion a. ton was relatively more sensitive to variation in 

TABLE II. Apparent diffusion [D’ )  cm2/s at 25°C (in 
ascending order) 

Hemoglobin 
Ascorbate 
Norepinephrine 
5HT 
Dopamine 
Ca+ + 

K+ 
Valine 
0 2  

co2 
NO 

0.78 
2.2 
2.2 
2.2 
2.4 
3.0 
7.2 
8.3 
16.0 
19.2 
26.0 
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apparent D {cm2/s} xlO-5 half life [seconds} 

Figure 3. 
Times to onset (ton, solid lines) and offset (tog broken lines) of peak concentrations averaged over a 
volume containing uniformly distributed point sources. A ton and toff as functions of source 
separation (a) with constant apparent diffusion (D‘ = 8. I I 0-6 cm2/s) and half life ( t 1 / 2  = 200 ms). B: 
ton and toffas functions of D’ with constant cr = 20 Frn and t l / 2  = 200 ms. C: ton and toffas functions 
of t112 with constant u = 20 y m  and D‘ = 8. I X I 0-6 cm2/s). 

source geometry than tuff (see Figure 3A). The effects 
on tufi were however quite interesting: At very small 
values of u (e.g. 2 km) values of toff tend to tl12. 
Increasing u to about 10 brn reduces the apparent half 
life as elimination is augmented by local dispersion. 
This augmentation falls off with further separation 
due to the more protracted time courses in remote 
regions. As a result tuffrises again and continues to rise 
above f I l 2  for very sparse distributions. The optimum u 
that minimizes tuff is around 10 km, a similar value to 
that estimated for sources of NO in cerebral cortex. 

Increasing 0’ reduced ton dramatically with a simi- 
lar but less marked effect on tufi. Conversely toff was 
very sensitive to changes in elimination, increasing almost 
linearly with tl12. ton was relatively unaffected. Figures 3B 
and 3C demonstrate this double dissociation. 

In conclusion the time of onset of a microdiffusing 
signal is determined almost entirely by source geom- 
etry and apparent diffusion. Conversely, to a large 
extent, the offset is a function of elimination of the 
signal from tissue with a subtle [nonmonotonic] depen- 
dence on the spatial distribution of sources. 

Lower limits on apparent diffusion for sparse sources 

The lower limit on D’ associated with a tun of less 
than 400 ms at 50 km was about 21 x cm2/s (see 
Fig. 4). This relatively high value is exhibited by some 
gases, notably NO (see Table 11). The peak concentra- 
tions attained in remote regions were about 0.14% of 
the peak concentration at source. However for sub- 
stances with much smaller apparent diffusions (e.g. 
4 X cm2/s) the peaks reached at around 50 +m 
were less than of the initial source concentration. 

In conclusion, according to the criterion that a 
microdiffusing signal must be effective within 400 ms 
over 50 km (and under the current model assump- 
tions), the only candidate for signalling neural activity 
to microvessels by passive diffusion is NO or a similar 
low molecular weight gas. 

DISCUSSION 

The hemodynamic response to the onset of neural 
activity shows many phases, ranging from a fast 
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Apparent Diffusion {cmUsec) x10-5 

Figure 4. 
ton in regions equidistant from sparse sources (u = I00 Krn), as a function of apparent diffusion ( t 1 / 2  = 200 rns). 

(200400 ms) increase in oxygen delivery [Frostig et 
al., 19901 to slow (4-8 s) changes in the relative 
amounts of venous oxy and deoxy-hemoglobin as 
measured with functional MRI. This work has fo- 
cussed on the fast component, asking ”what are the 
necessary biophysical properties required of a sub- 
stance to signal changes in neural activity, to the 
microvessels, by passive diffusion?” This question was 
addressed using a simple, but reasonable, analysis of 
time-dependent concentration changes at points in a 
volume of discrete sources. The analysis suggested 
that the apparent diffusion of NO is sufficiently high 
for it to act as a diffusible signal mediating activity- 
dependent changes in hemodynamics. This conclu- 
sion was based on simulations of the concentration 
changes throughout the tissue volume following activ- 
ity-dependent production of a signal at discrete and 
sparsely distributed sources. A lower limit on appar- 
ent diffusion was established by noting that the largest 
distance a diffusible signal would have to diffuse is 
about 50 pm and that the time-constants for increases 
in concentration at the site of action should be less 
than 400 ms. This lower limit was about 21 x 
cm2/s. NO has an apparent diffusion of 26 x 
cm2/s. 

The simulations also revealed a more general depen- 
dency of concentration dynamics on diffusion param- 
eters. The time-constants for the rise in concentration 

were determined almost entirely by the source geom- 
etry (sparseness) and apparent diffusion. Conversely 
the offset time-constants depended most markedly on 
elimination rates. This double dissociation can result 
in a highly asymmetric rise and fall in concentration. 

NO has been found to mediate a large number of 
diverse physiologic functions in many organs includ- 
ing the brain [Edelman and Gally, 19931. Our analysis 
pointed to NO as the only candidate with a suffi- 
ciently high diffusion to act as a passively diffusing 
signal of fast activity-dependent changes. This is 
particularly relevant given that 1) NO can be identi- 
fied with endothelium-derived releasing factor and 2) 
its production by NO synthase is activity-dependent 
[Garthwaite et al., 19881. Garthwaite established a 
possible role for NO in the CNS by showing cerebellar 
neurons synthesize NO in response to excitatory 
neurotransmitters. Bredt and Snyder I19921 isolated 
and characterized NO synthase, now known to be 
endowed with NADPH-diaphorase activity [Vincent 
and Hope, 19921 and investigated its distribution 
throughout the CNS. The short half-life (NO is a free 
radical and is rapidly oxidized) and high diffusibility 
of NO uniquely qualify it to act as a spatial signal in 
the CNS. This role as a spatial signal is central to the 
NO hypothesis [Gally et al., 19901. One component of 
the NO hypothesis is that activity-dependent NO 
production and its subsequent passive diffusion serve 
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to couple local changes in neural activity and perfu- 
sion. 

The possibility that NO mediates some fast compo- 
nent of the activity-dependent hemodynamic re- 
sponse does not preclude other mechanisms or detract 
from the importance of the slower phases. ”Although 
NO appears to be required for some neurally medi- 
ated increases in cerebral blood flow to occur, NO is 
unlikely to be the sole mediator. . . . In particular the 
mechanisms for upstream propagation of vasodilation 
to resistance vessels are likely to involve other agents” 
[Iadecola, 19931 or other mechanisms. Clearly neuro- 
genic and active transport mechanisms constitute 
other important possibilities. For example Paulson 
and Newman [1987] have explored the possibility that 
potassium ions could be “siphoned’ from the extracel- 
lular space by astrocytes and released from astrocyte 
endfeet (that abut against microvessels) to regulate 
changes in blood flow. Without this augmentation by 
“spatial buffering” the apparent diffusion of K+ is too 
slow to account for the early phases of the hemody- 
namic response (recent evidence following the applica- 
tion of K+ channel blockers argues against this spatial 
buffering hypothesis). The D’ for K+ (7.2 x cm2/s) 
suggests a rise time (at 50 km from source) of 800 ms or 
more in our model (the elimination of K+ is consider- 
ably slower than for NO). Passive diffusion might 
therefore be sufficient for K+ to contribute the the 
intermediate and late phases of the hemodynamic 
response. 

The model employed in this work does not incorpo- 
rate many details which may or may not be important. 
For example we have made no attempt to explicitly 
model changes in elimination that may be a function 
of position either within or around the microvessels; 
the perivascular differences in the partial pressure of 
oxygen [see Ellsworth et al., 19941 may affect the 
oxidation of NO and introduce a spatial dependency 
in elimination constants (Constantino Iadecola- 
personal communication). An increasing role for bio- 
physical models in addressing hypotheses about the 
mechanisms of cerebral hemodynamics and metabo- 
lism can be anticipated. The model presented here is 
possibly the simplest imaginable and yet has provided 
some useful, if provisional, insights. 
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