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Abstract: Nitric oxide (NO) is a gaseous signaling molecule that plays an important role 1 

in neurovascular coupling.  NO produced by neurons diffuses into the smooth muscle 2 

surrounding cerebral arterioles, driving vasodilation.  However, the rate of NO 3 

degradation in hemoglobin is orders of magnitude higher than in brain tissue, though how 4 

this might impact NO signaling dynamics is not completely understood.  We used 5 

simulations to investigate how the spatial and temporal patterns of NO generation and 6 

degradation impacted dilation of a penetrating arteriole in cortex.  We found that the 7 

spatial location of NO production and the size of the vessel both played an important role 8 

in determining its responsiveness to NO.  The much higher rate of NO degradation and 9 

scavenging of NO in the blood relative to the tissue drove emergent vascular dynamics.  10 

Large vasodilation events could be followed by post-stimulus constrictions driven by the 11 

increased degradation of NO by the blood, and vasomotion-like 0.1-0.3 Hz oscillations 12 

could also be generated.  We found that these dynamics could be enhanced by elevation 13 

of free hemoglobin in the plasma, which occurs in diseases such as malaria and sickle 14 

cell anemia, or following blood transfusions.  Finally, we show that changes in blood flow 15 

during hypoxia or hyperoxia could be explained by altered NO degradation in the 16 

parenchyma.  Our simulations suggest that many common vascular dynamics may be 17 

emergent phenomenon generated by NO degradation by the blood or parenchyma. 18 

 19 

 20 

 21 

 22 
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Introduction 24 

Increases in neural activity in the brain typically are followed by the dilation of 25 

nearby arterioles1–6 and potentially capillaries7,8 (but see9).  This relationship between 26 

neural activity and hemodynamic signals is known as neurovascular coupling (NVC).  The 27 

dilation of these vessels lowers the local vascular resistance, leading to a local increase 28 

in blood flow and oxygenation that is the basis of many brain imaging techniques6,10.  The 29 

maintenance of adequate coupling is thought to play a critical role in brain health11.  In 30 

some cases, the vasodilation driven by increased neural activity is followed by a post-31 

stimulus decrease in blood volume and flow below the pre-stimulus baseline, known as 32 

the post-stimulus undershoot12–14.  This post-stimulus undershoot is not always observed, 33 

and its origin is not understood15.  In addition to the post stimulus undershoot, arteries 34 

show spontaneous oscillations in diameter in the 0.1-0.3 Hz range, known as 35 

vasomotion16–22, whose origin is not understood.  Thus, in addition to dilations linked to 36 

increases in neural activity, cerebral arterioles show a wide range of dynamic behaviors.     37 

Multiple signaling pathways have been implicated in coupling neural activity to 38 

increases in blood flow23.  Signals from astrocytes8,24–26 and neurons27–32 are both thought 39 

to contribute to driving neurovascular coupling.  One pathway implicated in neurovascular 40 

coupling is nitric oxide (NO)33–35.  NO is vasoactive36 and affects neural excitability as 41 

well37.  NO diffuses through aqueous and lipid mediums38,39, allowing for temporally and 42 

spatially complex signaling dynamics40–42.  NO is produced by three types of nitric oxide 43 

synthases (NOS)43,44.  The neuronal NOS (nNOS or NOS1) subtype of NOS is expressed 44 

by neurons45, while endothelial cells express endothelial NOS46 (eNOS or NOS3), and 45 

synthesis of NO by both enzymes is coupled to intracellular calcium47.  An inducible, non-46 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 9, 2019. ; https://doi.org/10.1101/836148doi: bioRxiv preprint 

https://doi.org/10.1101/836148


4 
 

calcium dependent form of NOS is found in macrophages and other cells48 (iNOS or 47 

NOS2), and is not found in the healthy brain.  NO activates guanylyl cyclase (GC) in 48 

nearby cells to produce a rise in cGMP49 and elicit vasodilation38,50–53.  Despite the 49 

importance of NO in neurovascular coupling, in vivo measurements of NO levels in the 50 

brain have remained elusive54.  Direct physiologic measurements of NO concentrations 51 

in tissue is confounded by recruitment of iNOS during injury and the non-specificity of 52 

probes55 which may account for the large range in NO concentration reported in the 53 

literature54.  At  high concentrations, NO will block respiration in mitochondrial cytochrome 54 

c oxidase (CcO), and result in cellular damage from inhibited respiration and free radical 55 

formation56,57.  Because of this toxic effect on mitochondrial respiration, there will be an 56 

upper bound on NO levels in the healthy brain.  Understanding the role of NO in 57 

neurovascular coupling is a topic of ongoing research8,11,34,54,58–67.  Modulation of NO 58 

production within the physiological range has been shown to precede vascular 59 

responses60 and modulation of NO availability alters baseline vessel diameter35,62. 60 

Inhibition of NO production blunts or abolishes the hemodynamic response33,34 and 61 

causes reduction in baseline blood flow35.  NO has been speculated to play a modulatory 62 

rather than a direct role in neurovascular coupling because adding a NO donor while 63 

inhibiting NOS can rescue the hemodynamic response62, though NO has a role in 64 

increasing neuronal excitability68–72, making the interpretation of these results difficult.  65 

NO levels will depend not only on the dynamics of NO production, but also the 66 

degradation rate.  In the tissue, NO degradation is proportional to the partial pressure of 67 

oxygen so levels of NO will tend to inversely vary with tissue oxygenation73,74.  However, 68 

the majority of NO is scavenged by hemoglobin in the blood and can do so a thousand-69 
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fold faster than the surrounding tissue73,75–78.  Because NO reacts with hemoglobin at 70 

much higher rates than the tissue, the hemoglobin present inside a vessel plays an 71 

appreciable role in shaping NO concentrations at the smooth muscle where it acts.  Under 72 

normal conditions, most hemoglobin in the blood in confined to red blood cells, with low 73 

levels in the plasma.  Due to fluid dynamics79–81, red blood cells will be excluded from the 74 

few micrometer-thick cell free layer next to the endothelial cells, providing a measure of 75 

spatial separation between the region of high NO degradation and the smooth muscles.  76 

However, if hemoglobin levels in the plasma rise (due to pathology or other processes)82–77 

89, this will greatly increase the degradation rate of NO in the plasma, leading to decreased 78 

NO levels in the smooth muscle83,90–92.  NO’s diffusive properties and known reaction 79 

rates lend themselves to computational approaches to understanding NO 80 

signaling38,59,75,78,93–98.  While there have been detailed and informative models of NO 81 

signaling from endothelial cells59,91,96,99,100 showing that the size of the arteriole75 and 82 

properties of the blood96 are vital components to understanding NO signaling, the insight 83 

from these models that the spatial location of blood plays an important role in the 84 

degradation of NO has not been applied to neurovascular coupling or in a dynamic setting. 85 

Intriguingly, in vitro experiments have shown that NO released by endothelial cells 86 

can depolarize axons67, and flow changes in vessels can alter interneuron activity65, 87 

potentially providing a mechanism by which vascular cells can modulate neural activity.   88 

The idea there is bidirectional signaling between neurons and the vasculature (‘hemo-89 

neural’ hypothesis101,102) has been put forward, though there is no definitive candidate 90 

mechanism.  Signaling through NO-dependent pathways is a possible mechanism for the 91 

hemo-neural coupling, as NO is known to affect neural excitability and vasodilation, and 92 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 9, 2019. ; https://doi.org/10.1101/836148doi: bioRxiv preprint 

https://doi.org/10.1101/836148


6 
 

the amount of blood present could impact NO levels in the parenchyma through 93 

scavenging. 94 

In order to understand how neuronal sources of NO communicate with the 95 

vasculature, we simulated NO production around a penetrating arteriole.  In this model, 96 

the diameter of the vessel was dynamically dilated in response to the levels of NO present 97 

in the smooth muscle.  We found that the sources of NO needed to be close to the arteriole 98 

to prevent inhibition of mitochondrial respiration.  The increased amount of hemoglobin 99 

present during dilation greatly increased the removal of NO, which drove arteriole 100 

dynamics such as vasomotion and a post-stimulus undershoot.  The concentration of 101 

plasma free hemoglobin in the blood was able to alter these vasodynamics.  NO was able 102 

to function as an oxygen sensor in our model because its rate of removal in the 103 

parenchyma is dependent on the partial pressure of oxygen in the tissue.  Finally, 104 

simulations imposing increases in vessel diameter when NO production rates were not 105 

varied resulted in a decrease in NO levels in the parenchyma, suggesting a potential 106 

mechanism for hemo-neural coupling.  These results suggest that the diffusion and 107 

degradation of NO can drive emergent vascular dynamics.  108 

Results 109 

In the cortex, penetrating arteries enter into the parenchyma perpendicular to the 110 

pial surface, and supply blood to a cylindrical volume of brain tissue approximately a 111 

hundred microns in radius103–107 (Figure 1A).  The arteriole is surrounded by a layer of 112 

smooth muscle, and most of the branches off the arteriole are found in the deeper layers 113 

of cortex.  The diameter of the penetrating arteriole is an important (but not the only) 114 

regulator of local blood flow8,108,109.  Because the geometry of the vasculature is complex 115 
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and variable110,111, we simplified the geometry to a single penetrating arteriole surrounded 116 

by a cylinder of neural tissue (Figure 1B).  The model consisted of five layers, the red 117 

blood cell (RBC) core, the cell free layer, the endothelial cells, smooth muscle and the 118 

parenchyma (Figure 1C,D).  Each layer has an associated NO production and 119 

degradation rate, and NO is produced in both the endothelial cell layer and the 120 

parenchyma.  The thicknesses of the RBC core and cell-free layer were specified for each 121 

diameter according to fits taken from empirical data79,80.  Unless otherwise specified, the 122 

concentrations of NO and oxygen were calculated using Fick’s equation and the Krogh 123 

model respectively.  The parenchyma was treated as a nearly incompressible linear 124 

elastic solid, but the total NO production rate was held constant during dilation-induced 125 

deformations.  We determined if the flow of blood will have an impact on smooth muscle 126 

NO levels using a model that includes the transportation of NO by movement of blood 127 

(see Methods).   While the flow of blood will cause a convection of NO downstream, at 128 

physically plausible blood flow velocities the impact on NO concentrations is miniscule 129 

(Figure 2–figure supplement 1), consistent with a high Damkohler number (ratio of 130 

diffusion to convection)75,99,112.  The lack of an appreciable effect of convection by the 131 

blood on NO levels allowed us to ignore convection, greatly simplifying our simulations. 132 

Effects of vessel size and NO production location on smooth muscle NO 133 

concentration 134 

We first asked how the spatial arrangement of NO production relative to the 135 

arteriole and the size of the arteriole impacted the concentration of NO in the smooth 136 

muscle.  We explored three different spatial profiles of NO production (Figure 2A).  Early 137 

models of NO diffusion dynamics assumed homogenous NO production in the tissue38,113, 138 
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which we refer to as the ‘uniform’ condition.  However, there is anatomical evidence that 139 

nNOS-expressing neurons and their processes may be concentrated around 140 

arterioles32,114,115 (Figure 2A, proximal).  In the proximal geometry, all NO was produced 141 

within 2 µm of the smooth muscle114.  We also considered an intermediate case, which 142 

we refer to as the ‘regional’ geometry.  In this case, NO production is higher within 50 µm 143 

of the vessel32.  In the uniform case, NO is produced uniformly throughout the 144 

parenchyma.  We emphasize that we do not mean for these geometries to be detailed 145 

reconstructions of the actual NO production, but rather exemplars that allow us to 146 

understand the role of the spatial distribution of NO production in neurovascular coupling.  147 

We parametrically varied NO signaling for each combination of arteriole diameter, NO 148 

production and NO production location (Figure 2D) and evaluated their ability to signal 149 

the arteriole by the effective activation of guanylyl cyclase (GC) in the smooth muscle 150 

(Figure 2C).  To match a given concentration of NO in the smooth muscle for a given 151 

geometry, the rate of NO production was varied.  This is shown in Figure 2B, where the 152 

NO production rate required to reach 50% of the maximal activation of GC in a 40 µm 153 

diameter arteriole (outlined with a box in Figure 2D) was 0.02 M/s for the proximal 154 

geometry, 0.05 M/s for the regional geometry and 0.056 M/s for the uniform geometry.  155 

We find that when holding the rate of NO production constant, the size of the vessel 156 

had an impact on the concentration in the smooth muscle.  This can be seen by the 157 

upwardly sloping contour lines in all of the NO production geometries (Figure 2D).  If 158 

there was no size dependence, these contours would be horizontal.  This size 159 

dependence was due to the higher degradation rate of NO in the hemoglobin rich portion 160 

of the blood relative to the degradation rate in the tissue.  As arteriole diameter increases, 161 
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more hemoglobin is present and more NO will be removed such that a higher production 162 

rate of NO is required to maintain the same concentration of NO in the smooth muscle. 163 

This parallels the experimental observation that the dilation of a vessel, as measured as 164 

a percentage of its baseline diameter, is inversely related to its resting size1,116,117, 165 

suggesting that degradation of NO by hemoglobin may contribute to size-dependence of 166 

arteriole reactivity.  We explore the impact of vessel-size dependence of NO degradation 167 

in our dynamical models of dilation below.  168 

We also find for a given concentration of NO in the smooth muscle, the different 169 

NO production geometries show markedly different concentrations of NO in the 170 

parenchyma (Figure 2B).  This is because NO is not only degraded in the blood but also 171 

in the tissue (albeit at a substantially lower rate).  The further the NO must diffuse to reach 172 

the smooth muscle, the larger the fraction that will be degraded before reaching its target. 173 

This means that the concentration of NO at a distant source (the parenchyma in the 174 

uniform model) must be higher than for a closer source (the proximal model).  This high 175 

concentration of NO in the brain tissue for the uniform and regional production models 176 

can have adverse effects on mitochondrial respiration when oxygen levels fall, which we 177 

explore below. 178 

Impact of NO levels on mitochondrial respiration 179 

 We set out to determine the impact the spatial pattern of NO production has on 180 

mitochondrial respiration.  High levels of NO are toxic, because NO competes with oxygen 181 

for the rate-limiting enzyme in aerobic respiration, cytochrome c oxidase56,118.  At very 182 

high levels of NO and low levels of oxygen, the reaction of NO with cytochrome c oxidase 183 

can be irreversible119.  This inhibition of mitochondrial respiration by NO puts an upper 184 
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limit on the levels of NO present in the healthy brain.  Using the NO concentration profiles 185 

calculated above, combined with peri-arterial oxygen profiles derived from in vivo oxygen 186 

measurements using phosphorescent oxygen probes120–123,  we calculated the 187 

cytochrome c oxidase activity as a function of distance from the simulated penetrating 188 

arteriole (Figure 3A).  Close to the artery, the capillary density is low, and oxygenation of 189 

tissue is largely supplied by the artery124.  As respiration depends on oxygen tension, the 190 

respiration rate will fall with distance from the vessel.  However, this only becomes an 191 

issue for regional and uniform models of NO production.   At levels of NO production that 192 

drive high levels of guanylyl cyclase activation in the smooth muscle, the combination of 193 

high NO levels and low levels of oxygen will result in irreversible inhibition of mitochondrial 194 

respiration in the tissue distant from the vessel.  A parameter sweep of NO production 195 

rates (expressed as guanylyl cyclase activation in the smooth muscle) and vessel size 196 

shows that for both the regional and uniform models, high levels of NO production can be 197 

toxic for an appreciable fraction of the tissue (Figure 3B).  Though this hypoxia will be 198 

mitigated by capillaries supplying oxygen to tissue distant from the arteriole, these 199 

simulations suggests that keeping the site of NO production close to the smooth muscle 200 

may prevent tissue damage associated with high NO levels. 201 

Biphasic hemodynamic responses from increased NO removal by blood during 202 

vasodilation 203 

A larger arteriole degrades more NO than a smaller one, enough to alter NO levels 204 

appreciably in smooth muscle at steady state.  We then investigated whether a similar 205 

process could occur during vasodilation and what impact it would have on vasodynamics. 206 

We moved to a dynamic model, in which the concentration of NO in smooth muscle 207 
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dynamically dilated the vessel (Figure 4–figure supplement 1).  An important parameter 208 

in these simulations is the sensitivity of the dilation to changes in GC activation, captured 209 

in our simulations in the parameter ‘m’, (which will have the units of ∆"#$%&#'(,			%
∆,-	%.&#/%&#'(,			%

, see 210 

Methods).  The sensitivity of arteries to NO is known to vary50,125–128,  and the larger m is, 211 

the more sensitive the artery is to changes in NO concentrations.  Empirically, studies 212 

suggest m is in the range of 1-5, with m=5 giving dilations comparable to the largest 213 

stimulus evoked dilations in awake animals1,117,129,130.  The key interaction in this model 214 

was that the dilation of the arteriole caused an increase in the local hemoglobin 215 

concentration via an increase in the size of the red blood cell-containing ‘core’ (RBC core) 216 

(Figure 4–figure supplement 1, Figure 4B).  This increase in hemoglobin would in turn 217 

cause an increase in NO degradation, which functions as a delayed negative feedback 218 

on NO levels in the smooth muscle.  The dilation will be delayed relative to the increase 219 

in NO production due to diffusion time, and the latency of the signal transduction cascade 220 

transducing the elevation of NO levels in the smooth muscle into relaxation.  We wanted 221 

to understand if this separation of timescales could produce vasodynamics like those 222 

seen in vivo.  For all subsequent simulations we use the proximal NO production 223 

geometry. 224 

 We first simulated the effects of a transient increase in NO production, similar to 225 

what would be generated in response to a brief elevation of neural activity in response to 226 

a stimulus.  The effects of a stimulus were implemented by doubling parenchymal NO 227 

production for 1 second (Figure 4A).  When the increased arteriole diameter elevated 228 

NO scavenging by increasing the amount of hemoglobin (Figure 4B), NO concentrations 229 

in the smooth muscle dropped below baseline during vasodilation (Figure 4B, black), 230 
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even though there is no corresponding decrease of NO production below baseline 231 

(Figure 4A).  The drop in NO concentration in the smooth muscle results in a post-232 

stimulus undershoot (Figure 4B, red), reminiscent of the canonical HRF seen in 233 

vivo1,28,131.  We hypothesized that this undershoot was driven by the increased 234 

hemoglobin in the vessel that would naturally take place when the vessel dilated.  To test 235 

this hypothesis, we performed simulations where the RBC core was kept at a constant 236 

diameter when the arteriole dilated (Figure 4C).  Without the increase in NO degradation 237 

mediated by an increase in hemoglobin, the post-stimulus undershoot was not observed 238 

(Figure 4C, blue).  To better visualize the differences between the two conditions, we 239 

plotted the two responses together (Figure 4D).  The (physically realistic) variable core 240 

model shows a clear undershoot, (Figure 4D, red) while the constant core model does 241 

not (Figure 4D, blue).  The variable core model could generate arterial dilation dynamics 242 

qualitatively similar to those seen in awake mice in response to sensory stimulation1 243 

(Figure 4–figure supplement 2).  Together, these suggest that the increased NO 244 

scavenging in the RBC core during vasodilation can be a contributing factor to the post-245 

stimulus undershoot in arterial diameter. 246 

Interplay of vasodilation and NO degradation can generate vasomotion oscillations 247 

We then sought to quantify the effects of an increase in NO scavenging 248 

accompanying dilation on arteriole dynamics.  The relationship between a stimulus or 249 

neural activity and the vascular dynamics is captured by the hemodynamic response 250 

function131 (HRF).  The HRF is a linear kernel that low-pass filters neural activity into a 251 

change in vessel diameter.  This kernel can be easily extracted from the response (in this 252 

case, artery diameter) to a spectrally white input117,132,133 (in this case, NO production 253 
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linked to neural activity).  To better understand how NO degradation dynamics impact 254 

neurovascular coupling, we simulated the response of both the variable RBC core and 255 

constant RBC core models (Figure 5G, red & blue) to randomly varying (‘white noise’) 256 

NO production (Figure 5G, black).  We then deconvolved out the HRF (using the modified 257 

Toeplitz matrix method131) (Figure 5B,E) from the vascular response.  We found that 258 

there was an undershoot in the variable RBC core model (Figure 5B), but no undershoot 259 

following the dilation of the constant RBC core model (Figure 5E).  The undershoot was 260 

driven by the decreased NO levels in the smooth muscle accompanying dilation due to 261 

the larger amount of hemoglobin in the dilated artery (Figure 4B), and the magnitude of 262 

the undershoot increased with increasing sensitivity to NO (Figure 5B).    Even though 263 

the undershoot was an emergent property in the simulations, it was still linear, as the 264 

variance explained by the HRF was very high (R2~0.95) (Figure 5–figure supplement 265 

1).  By looking at the power spectrum of the arteriole diameter changes elicited by white 266 

noise NO production we can see the frequency response properties of the system.  267 

Interestingly, the power is highest in the 0.1 - 0.3 Hz frequency band of the power 268 

spectrum of the artery diameter in the variable RBC core model (Figure 5C), showing 269 

that this system effectively acts as a band pass filter.  This peak is reminiscent of 270 

vasomotion, a rhythmic 0.1 - 0.3 Hz oscillation in cerebral artery diameter observed in 271 

awake and anesthetized animals, in vitro and in humans16–18,131,134,135.  When the 272 

vasodilation does not increase NO scavenging, as is the case when the RBC core is held 273 

constant, no undershoot (Figure 5E) or elevation of power in the 0.1 – 0.3 Hz band were 274 

observed (Figure 5F).  This comparison of the dynamic and constant RBC core models 275 

highlights the importance of NO degradation on vascular dynamics (Figure 5H,I).  The 276 
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effects of NO scavenging by increased hemoglobin likely work in concert with other 277 

drivers of vasomotion136–139 to generate these oscillation in vivo. 278 

Influence of plasma free hemoglobin and hematocrit on vasodynamics 279 

Because NO is mainly degraded by the blood, we expected that changing 280 

hematologic properties such as free hemoglobin (Hgb) or hematocrit (Hct) would alter 281 

NO-mediated signaling.  Hematocrit varies with sex140, and can be elevated by drugs84,141 282 

or prolonged exposure to high altitude142,143.  While NO is typically degraded by 283 

hemoglobin (Hgb) in RBCs, free Hgb in the plasma can scavenge NO up to 1,000-fold 284 

faster than in the RBC membrane144,145.  Under normal conditions free Hgb levels in the 285 

plasma are low, and the impact of this free Hgb on NO levels is minimal.  However, 286 

plasma free Hgb can be elevated in sickle cell disease83, malaria146 or following blood 287 

transfusions147.  Elevation of free plasma Hgb can cause cardiovascular issues85,148–151 288 

due to the increased scavenging of NO152,153. 289 

We first explored the effects of altering plasma free Hgb.  Increasing free Hgb 290 

(Figure 6A) reduced arteriole diameter (Figure 6B) though depletion of perivascular NO 291 

(Figure 6C), consistent with in vivo experiments154.  The increase in free Hgb resulted in 292 

a larger post-stimulus undershoot (Figure 6D), and an increase in the band-pass like 293 

properties of the arteriole (Figure 6E).  These simulations suggest that in addition to other 294 

symptoms, elevated plasma free hemoglobin may also cause constriction of cerebral 295 

arterioles and alter the dynamics of hemodynamic responses.  Increasing hematocrit 296 

resulted in decreases in baseline arteriole diameter (Figure 6–figure supplement 1B) 297 

and perivascular NO (Figure 6–figure supplement 1C) in the model.  However, neither 298 

the HRF, nor frequency response properties of the vessel were appreciably affected by 299 
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varying the hematocrit (Figure 6–figure supplement 1D,E).  The lack of an effect can 300 

be attributed to the fact that even under different hematocrit concentrations the location 301 

of NO scavenging remains unchanged.  However, when increasing free Hgb in the 302 

plasma, the compartmentalizing effects of the CFL is compromised and the location of 303 

NO scavenging shifts from the center of the lumen to much closer to its source75,97,155,156. 304 

With NO being scavenged much closer to the smooth muscle, any changes to the rate of 305 

scavenging (such as increased hemoglobin during dilation) are amplified.  While both 306 

hematocrit and free Hgb in the plasma contribute to determining baseline arteriole tone 307 

these simulations suggest that plasma free hemoglobin can also have a substantial effect 308 

on vasodynamics through a NO-mediated mechanism. 309 

NO can act as sensor of cerebral oxygenation 310 

Despite the lack of an known oxygen sensor in the brain, hypoxia will dilate and 311 

hyperoxia will constrict cerebral arterioles157–174.  These cerebrovascular  responses to 312 

blood oxygenation are modulated by NO availability157,169,175–179, occur under isocapnic 313 

conditions177,179 and constant pH177.  We wanted to investigate if changes in NO 314 

consumption due to oxidative reactions in the parenchyma could contribute to hypoxia-315 

induced vasodilation.  The first order dependence of NO removal on tissue oxygen 316 

concentration73 would mean that NO would be degraded faster under a hyperoxic 317 

condition.  Elevated oxygen concentrations could constrict arterioles by depleting 318 

perivascular NO, and conversely low oxygen could dilate arterioles by consuming less 319 

NO, effectively allowing NO to functioning as a local oxygen sensor.  We tested this idea 320 

by dynamically varying the oxygen levels in the artery (Figure 7A,B) and looking at the 321 

resulting changes in vessel diameter (Figure 7D) due to changes in parenchymal NO 322 
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degradation (Figure 7C).  Using a baseline arteriole oxygen concentration of 65mmHg120–323 

123,  we varied arteriole oxygen tension in the range from 0 to 125 mmHg180.  Hypoxia 324 

drove dilation, and hyperoxia drove vasoconstriction, though not with as large of 325 

magnitude (Figure 7E).  The observation that in our model hypoxia drove a larger dilation 326 

than hyperoxia drove constriction is consistent with in vivo observations166,170,181.  These 327 

results highlight NO’s potential to function as a local oxygen sensor by linking perivascular 328 

oxygen concentrations to vascular tone through an oxygen dependent rate of NO removal 329 

in the parenchyma. 330 

Impact of vasodilation on parenchymal NO concentration 331 

 It has been proposed that changes in the vasculature can drive changes in neural 332 

activity101.  As the degradation of rate of NO is greatly influenced by the amount of 333 

hemoglobin and NO levels affect neural excitability69,70, we hypothesized that changes in 334 

NO concentration driven by vasodilation might be able to drive changes in NO levels of 335 

nearby neurons.  In all our previous simulations, the concentration of NO in the smooth 336 

muscle has thus far changed with size of the arteriole.  Therefore, we then asked how 337 

vasodilation due to other pathways2,8,11,23–26,30,32,182 will impact parenchymal NO levels.   338 

We isolated the influence of vasodilation on parenchymal NO in the model by imposing 339 

changes in arteriole diameter (Figure 8B) in the background of a constant NO production 340 

rate (Figure 8A).  This vasodilation caused a decrease of NO in the smooth muscle 341 

(Figure 8C).  Because as the vessel dilates, it slightly distorts the tissue, we looked at the 342 

parenchymal NO concentrations relative to the outer edge of the smooth muscle and 343 

adjusted for deformation, rather than from the vessel centerline.  We found that 344 

vasodilation caused an appreciable drop in the NO concentrations in the parenchyma 345 
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(Figure 8D).  We then parametrically varied the sign and amplitude of the vessel diameter 346 

change and looked at the impact of these diameter changes on parenchymal NO levels.  347 

We found that dilation and constriction in a physiologically plausible range can produce 348 

substantial changes in parenchymal NO (Figure 8E), large enough to potentially alter 349 

neural excitability.  These simulations identify a potential mechanism by which neurons 350 

can receive information about the state of nearby vessels. 351 

Discussion 352 

Computational models of diffusion have complemented experimental techniques 353 

to give us insights into how NO signals the vasculature.  Pioneering work by Lancaster38, 354 

Wood and Garthwaite39, and others59,76,91,96,97,99,100,178,183 have demonstrated the 355 

importance of NO degradation by the blood in shaping the efficacy of NO signaling. 356 

Building upon their work, we apply the insights gained from modeling NO dynamics to 357 

neurovascular coupling.  By coupling NO-dependent changes in arteriole tone and blood 358 

supply to a model of NO diffusion we are able to reproduce many of the commonly 359 

observed arteriole dynamics.  These include the size dependence of arteriole dilation, 360 

vasomotion, the post-stimulus undershoot, and hypoxia-induced vasodilation.  We show 361 

that in addition to the neural production of NO, consumption of NO by the blood also has 362 

the potential to modulate the hemodynamic response and that many pathologically 363 

homologous conditions may disrupt neurovascular coupling via increased NO 364 

degradation. 365 

There are several caveats to our work.  Though for simplicity we did not simulate 366 

other neurovascular coupling pathways2,8,11,23–26,30,32,182, this should not be taken to mean 367 

that NO-mediated coupling is the only (or even primary) neurovascular coupling 368 
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mechanism.  While there is a wide range of NO concentrations measured in the tissue54, 369 

the levels of NO that drive GC activation have been consistent across several 370 

studies50,184.  Additionally, none of the results here are sensitive to the absolute levels of 371 

NO or GC activation, as they depend on the fact that degradation of NO is much higher 372 

in the presence of hemoglobin.  Finally, we used simplified vascular and neural 373 

geometries in order to gain insight into how NO production and degradation dynamics 374 

might impact neurovascular coupling.  Future work that combines large-scale vascular 375 

reconstructions110,111 paired with detailed mapping of neuronal cell-type locations185,186 in 376 

the brain will allow the creation of more realistic NO diffusion models that may give insight 377 

into the heterogeneity of neurovascular coupling across brain-regions187–190. 378 

Our simulations show that NO degradation dynamics by the blood can provide a 379 

mechanism for  many experimental observations of cerebrovascular dynamics16–380 

18,131,134,135,154,166,170,181,191.  The combination of genetically-encoded cGMP sensors192,193 381 

combined with optogenetic stimulation nNOS-expressing neurons194 should allow the 382 

ideas presented here to be examined experimentally.  Importantly, our simulations also 383 

suggest that hemodynamic signals in the brain do not solely depend on neural activity, 384 

but rather can be greatly modulated by normal and pathological variations in the 385 

composition of blood. 386 

 387 

 388 

 389 

 390 

 391 
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Methods 392 

Simulations were performed in COMSOL (COMSOL Multiphysics: partial 393 

differential equations (pde) module version 5.2, Burlington MA), with a LiveLink to Matlab 394 

(version R2018b, Mathworks, Natick MA) to provide control of dynamic variables.  395 

Simulation outputs were analyzed in Matlab. A 400 µm long penetrating arteriole was 396 

modeled in the center of a 100 µm radius cylinder of parenchymal tissue with a zero flux 397 

boundary condition. Calculations were simplified by taking advantage of radial symmetry 398 

and assuming no concentration gradients in the circumferential (θ) direction. Axial 399 

gradients of NO did not play a role unless convection was considered. All domains were 400 

assumed to have homogenous properties. 401 

Overview of model formulation and governing equations 402 

In addition to diffusive movement of NO, the flow of blood could add a convective 403 

component to the movement of NO.  To determine whether convection of NO driven by 404 

the flow of blood plays an appreciable role in NO dynamics, we simulated fluid flow in the 405 

vessel lumen in a full 3-D model and examined the impact of blood movement on NO 406 

concentration in the smooth muscle (Figure 2–figure supplement 1).  For flows in the 407 

physiological range, there was negligible effect of blood flow on the NO concentration in 408 

the smooth muscle. This result is consistent with the high Damkohler number (ratio of 409 

diffusion to convection) calculated in previous models of NO diffusion75,99,112.  This 410 

allowed us to simplify our model for further simulations by assuming a negligible effect of 411 

convection on NO diffusion and not simultaneously model blood velocity profiles. Note 412 

that the COMSOL files also contain the ability to include convective flow calculations by 413 
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specifying a non-zero pressure difference if desired (parameter: press1 [Torr]) (see data 414 

availability). 415 

To investigate how NO scavenging by the blood sculpts hemodynamic responses 416 

we modeled the interaction at the level of a penetrating arteriole supplying blood to a 417 

region of the parenchyma (Figure 1). NO production rates in the parenchyma and 418 

degradation rates in the blood (Table 1) were used in a diffusion model to predict the 419 

hemodynamic response using the quantity of NO reaching the smooth muscle (Figure 420 

2C).   We generated a finite element model with this cylindrical geometry in COMSOL. 421 

The finite element model was divided into five domains: a red blood cell-containing ‘core’ 422 

(RBC core), a cell free layer, an endothelial cell layer, a smooth muscle layer, and 423 

parenchymal tissue. Each domain had their respective rate of production or degradation 424 

of NO (Table 1).  NO was free to diffuse according to Fick’s law. 425 

"[12]	
"&

= 𝐷12∇7[𝑁𝑂] 	+ 𝑅<(𝑡) Eq. 1 426 

Where [NO] is the concentration of NO at any given point in space, DNO is the diffusion 427 

coefficient of NO (3300 µm2 s-1)195, and Rx(t) is the time dependent degradation or 428 

production rate of NO unique to each domain (Figure 1D, Table 1).  429 

Perivascular oxygenation was estimated using the Krogh model or Fick’s diffusion 430 

equation with oxygen. Luminal oxygen concentration was set to 65 mmHg120–123 and 431 

oxygen in the parenchymal tissue set to have a lower bound of 10 mmHg121. The Krogh 432 

model is a solution to radially symmetric oxygen diffusion from a cylinder (blood vessel) 433 

at steady state196, and is given by the equation: 434 

𝑃2A(𝑟) = 	𝑃2A	%C&DCE +	
F

GHIJA
(𝑟7 − 𝑅7) − F

7HIJA
𝑅&7𝑙𝑛 N

C
O
P Eq. 2 435 
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Where PO2 artery is arteriole oxygen content in mmHg, DO2 is the diffusion coefficient of 436 

oxygen in water (4000 µm2 s-1)197,198, r is the distance from the arteriole, R is the radius 437 

of the arteriole, Rt is the diameter of the tissue cylinder (100 µm), ε is the tissue oxygen 438 

permeability (ε = 1.39 µM mmHg-1), and ρ is the cellular metabolic rate of oxygen 439 

consumption (CMRO2) in the parenchyma, taken to be 3 µmole cm-3 min-1, as CMRO2 in 440 

the awake state is double that under anesthesia197,199,200. For simulations where oxygen 441 

levels change rapidly (Figure 7), we explicitly modelled the diffusion of oxygen from the 442 

lumen into the parenchyma with Fick’s equation: 443 

"[2A]
"&

= 𝐷2A∇
7[𝑂7]	– 𝜌  Eq. 3 444 

Where [O2] is the concentration of oxygen at any given point in space. The average 445 

distance to the nearest penetrating artery from any point in the parenchyma is of order 446 

100 µm110,201, so we modeled NO and oxygen diffusion into the parenchyma up to 100 447 

µm from the arteriole with a repeating boundary condition (see Methods: Parenchyma). 448 

The model was initiated at steady state ("[12]
"&

= 0) before implementing time-dependent 449 

changes in NO production, Rx(t).  While there is disagreement as to the levels of NO in 450 

the brain54, the NO concentration dependence of guanylyl cyclase activity is relatively well 451 

characterized67,184 and can be used to estimate the extent of vasodilation (see Methods: 452 

Smooth Muscle). 453 

Red Blood Cell core 454 

Red blood cells (RBCs) are not distributed homogenously in the vessel, they 455 

cluster in the center (core) of the vessel and are excluded from the volume close to the 456 

endothelial cells81,202,203. NO entering the RBC core region is heavily scavenged by the 457 

hemoglobin contained in RBC. The rate of NO scavenging by the RBCs was obtained by 458 
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multiplying the rate of NO and RBC hemoglobin interaction (kRBC Hb = 1.4 • 105 M-1s-1)78,144 459 

with the hemoglobin concentration in a single RBC (20.3 mM), and the core hematocrit78 460 

was taken to be 0.45 unless otherwise specified. Additionally, free hemoglobin in the 461 

plasma occupying the spaces between the RBCs can also contribute to NO scavenging. 462 

Free hemoglobin is limited in the plasma (~1 µM) compared to hemoglobin contained in 463 

RBCs, but has a much higher reaction rate with NO (kCFL Hb = 5.8 • 107 M-1s-1)204. The 464 

plasma component of NO degradation in the RBC core was calculated by multiplying the 465 

fraction of plasma (1-Hct) with the rate of NO and hemoglobin interaction in the plasma 466 

(kCFL Hb), and the concentration of hemoglobin in the plasma which is modulated in the 467 

model to be 1, 20, or 40 µM. The total degradation rate of NO in the RBC core was 468 

assumed to be homogeneous, and was taken to be the sum of the scavenging from RBCs 469 

and plasma components:  470 

𝑅OT-	.'CD = −𝑘OT-	VW𝐻𝑐𝑡[𝑁𝑂][𝐻𝑏OT-] − 𝑘-[\	VW(1 − 𝐻𝑐𝑡)[𝑁𝑂][𝐻𝑏-[\]  Eq. 4 471 

Detailed equations and parameters can be found in Table 1. 472 

Cell Free Layer 473 

The cell free layer (CFL) is a layer of blood plasma between the RBC core and 474 

endothelial cells. The CFL influences NO signaling by providing a region of reduced NO 475 

degradation that increases the concentration of NO in the smooth muscle156,203,205. The 476 

thickness of the CFL can be accurately predicted given a known vessel size and blood 477 

hematocrit80. For 10 – 50 µm arterioles, the CFL thickness is a quantitative function of 478 

vessel diameter and hematocrit80,79. The scavenging rate of NO in the cell free layer is 479 

the product of the rate of NO and hemoglobin interaction in the plasma (kCFL Hb = 5.8 • 107 480 

M-1s-1)204:  481 
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𝑅-[\ = −𝑘-[\	VW[𝑁𝑂][𝐻𝑏-[\] Eq. 5 482 

The concentration of plasma free hemoglobin ([HbCFL]) in the CFL was modulated in the 483 

model to be 1, 20, or 40 µM. Detailed equations and parameters can be found in Table 1. 484 

Endothelial cell layer 485 

NO is not only produced from nNOS in the parenchyma but also from eNOS 486 

contained in endothelial cells. The contribution of NO from the endothelial cell layer is 487 

thought to be much smaller than parenchymal sources78,206, but was still accounted for in 488 

the model by assuming a constant production rate of 55 • 10-3 µM s-1 in the 1 µm thick 489 

ring between the lumen and smooth muscle100. 490 

Smooth muscle 491 

Upon entering the smooth muscle, NO activates guanylyl cyclase (GC) to induce 492 

vasodilation via increased cGMP production50,53,207. The relationship between NO 493 

concentration and GC activation or vessel relaxation can be described by the Hill equation 494 

with a NO half-maximal excitatory concentration (EC50) between 3 and 10 nM and a Hill 495 

coefficient near 150,184,208,209. For our model, we used an EC50 of 8.9 nM and a Hill 496 

coefficient of n = 0.850,184,209 to calculate the activity of GCf as a function of the average 497 

concentration of NO in the smooth muscle, [NO]: 498 

𝐺𝐶 ([𝑁𝑂]) = ,-([12])
,-abc

= 	 [12]d

(e-fg)dh[12]d
 Eq. 6 499 

The sensitivity of an arteriole to NO can be modulated127,209. In order to account 500 

for an arteriole’s ability to become sensitized or desensitized to NO, we kept changes in 501 

vessel size relatively low (±5%) when investigating vasodynamic properties and assumed 502 

a linear relationship between GC activation and vasodilation within this range. The slope 503 
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of the relationship between GC activation and vasodilation was denoted by the variable 504 

𝑚	 N ∆"#$%&#'(,			%
∆,-	%.&#/%&#'(,			%

P which was varied between 1 and 5 in our model. 505 

The dilatory response following brief sensory stimuli usually peak after 1 - 2 506 

seconds1,131,133,210 and can be mathematically described by the convolution of the 507 

hemodynamic response function (HRF) with the stimulus.  The HRF is typically modeled 508 

by fitting with a gamma distribution function14,211.  In some cases, in order to capture the 509 

post-stimulus undershoot the HRF is modeled as a sum of two gamma distributions, a 510 

positive one with an early peak to capture the stimulus-induced dilation, and a slower 511 

negative one to generate a post-stimulus undershoot14,212.  Because NO is a vasodilator 512 

and increases in GC activation are accompanied with increases in vessel diameter, we 513 

modeled the response of the vessel to NO using a single gamma function matched only 514 

to the positive component of the HRFs observed in vivo131: 515 

ℎ(𝑡) = 	𝐴 N&
lmnmolmDnpmq

r(sm)
P Eq. 7 516 

Where α1 = 4.5, β1 = 2.5, t is time and A is the amplitude which was normalized such that 517 

∫ ℎ(𝑡) = 1u
v . The predicted diameter was calculated in Matlab and transmitted to 518 

COMSOL with Matlab Livelink to dynamically adjust vessel diameter (Figure 4–figure 519 

supplement 1): 520 

∆𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟(𝑡) = 𝑚∫ 𝑑𝜏|ℎ(𝜏)𝐺𝐶 ([𝑁𝑂(𝑡 − 𝜏)]) − 𝜑~u
��v   Eq. 8 521 

The fractional change in diameter of the arteriole was the deviation of the convolution of 522 

the HRF (Eq. 7) and past fractional GC activity (Eq. 6) from its initial state (φ = 523 

GCf([EC50])) multiplied by the sensitivity of the arteriole to NO (m	 ∆"#$%&#'(,			%
∆,-	%.&#/%&#'(,			%

). This 524 

convolution was performed at each time step so that COMSOL could recalculate Fick’s 525 
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diffusion equation given the new vascular diameter. Because a larger arteriole will supply 526 

more hemoglobin which scavenges more NO this created a dynamic model in which 527 

vasodilation was linked to changing NO degradation via a changing vessel diameter.  528 

Parenchyma 529 

NO is both produced and degraded in the parenchyma, although the rate of NO 530 

degradation within this region is much lower than the degradation rate of NO in the lumen. 531 

NO diffusion into the parenchyma was modeled with a reflecting (no flux) boundary 532 

condition at the radial boundaries of the simulated domain. Parenchymal NO production 533 

was geometrically varied between three models: uniform, regional, and proximal. In the 534 

uniform model, NO production was produced equally within the parenchymal domain. In 535 

the regional model, NO production within 50 µm was set to be 3.8 fold greater than the 536 

tissue further than 50 µm to mimic the increased perivascular density of nNOS neurons 537 

close to the vessel32. In the proximal model, all NO production in the parenchyma was 538 

restricted to within 2 µm of the arteriole wall. NO degradation in the parenchyma was 539 

dependent on the NO, oxygen, and cell concentration and expressed using the following 540 

equation73: 541 

𝑅�%CD(.�E�% = 	𝑘2A[𝑂7][𝑁𝑂][𝐶𝑒𝑙𝑙]  Eq. 9 542 

Where kO2 = 5.38 • 10-10 M-1s-1(cell/ml)-1 (Table 1) and the density of cellular sinks in the 543 

tissue ([Cell]) was chosen to be 10� cell/ml, as was previously used for NO diffusion 544 

modeling in parenchymal tissue206. Note that the degradation rate of NO in the 545 

parenchyma was not uniform throughout the tissue because the oxygen content of the 546 

parenchyma changes with distance from the arteriole. Because the rate of NO 547 

degradation is proportional to the oxygen content of the tissue (Eq. 9), the oxygen rich 548 
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region of the parenchyma near the arteriole will have a higher degradation rate of NO 549 

than distant from the arteriole where the oxygen concentrations fall off. For all of the 550 

simulations presented with the exception of those in Figure 7, the oxygen concentrations 551 

changed slowly enough in time that they could be assumed to be at steady state. This 552 

allowed us to use the Krogh model, as it gave oxygen profiles identical to full simulations 553 

of diffusion of oxygen using Fick’s equations with little computational overhead.  However, 554 

for simulations where rapid and large manipulations of oxygen tension were performed 555 

(Figure 7), we simulated the diffusion and consumption of oxygen in the parenchyma 556 

(Eq. 3). Within the NO producing region of the parenchyma, NO production/degradation 557 

was accounted for with a production rate PNO(t). 558 

𝑅�%CD(.�E�%(𝑡) = 𝑃12(𝑡) − 𝑘2A[𝑂7][𝑁𝑂][𝐶𝑒𝑙𝑙] Eq. 10 559 

For steady-state simulations, PNO(t) was a constant production rate that was 560 

parametrically varied. For time-dependent simulations, PNO(t) was modified to be a pulse 561 

of increased NO production or white noise centered around the EC50 for guanylyl cyclase 562 

activity (8.9 nM). 563 

Simulating diffusion in a deforming domain 564 

The deformation of the RBC core and the cell free layer during vasodilation and 565 

constriction were modeled with a linear displacement of the finite element mesh. The 566 

deformation of the parenchymal tissue, smooth muscle, and endothelial cell layer was 567 

modeled by linear elasticity213
  with a Poisson ratio of 0.45. The spatial gradients in the 568 

diffusion equation in all the domains were transformed into gradients in deforming 569 

domains using the arbitrary Lagrangian-Eulerian (ALE) method214. The total parenchymal 570 

NO production rate was held constant during the slight deformation of the surrounding 571 
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tissue due to changes in arteriole diameter. Because the smooth muscle was modeled as 572 

nearly incompressible and its cross-sectional area did not appreciably change, 573 

vasodilation reduced its thickness such that the distal boundary of the smooth muscle 574 

became closer to the lumen. Vasodilation also displaced the tissue radially outward and 575 

the displacement was taken into account when comparing points in the tissue at different 576 

dilation states. 577 

Power Spectrum Calculation 578 

We investigated the preferred frequency of vasodynamics in the model by 579 

introducing a white Gaussian noise production rate of NO (30 Hz, low pass filtered < 2 580 

Hz, 25 minute duration) in the parenchyma within 2 µm of the arteriole wall (proximal 581 

model). NO production was initially set such that GC activity in the smooth muscle was at 582 

EC50 (8.9 nM) and the variance from a white Gaussian noise change in NO production 583 

was chosen such that there was no change in vessel diameter exceeding ±5%. Vessel 584 

sensitivity was set to 𝑚 = 4	 N"#$%&#'(,			%
�.,			%

P unless otherwise indicated. The power spectral 585 

density was calculated from the arteriole response in the model using the Chronux toolbox 586 

version 2.11 (http://chronux.org, function: mtspectrumc). We used 101 averages for a 587 

frequency resolution of 0.067 Hz. 588 

Calculation of the hemodynamic response function 589 

The relationship between neural activity and vessel dynamics is often considered 590 

a linear time-invariant (LTI) system211,215,216 which allows for the hemodynamic response 591 

function to be calculated numerically using the relationship 592 

𝐻(�h�)×� = (𝑇�𝑇)��𝑇�𝑉(�h�)×� Eq. 11 593 
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Where H is the HRF, V is the vascular response, and T is a Toeplitz matrix of size (q+k) 594 

× (k+1), containing measurements of normalized neural activity (n)131. 595 

𝑇(𝑛�⃑ ) =

⎝

⎜
⎜
⎜
⎛

1 𝑛� 0 0 ⋯ 0
1 𝑛7 𝑛� 0 ⋯ 0
⋮ ⋮ 𝑛7 𝑛� ⋯ ⋮
⋮ 𝑛� ⋮ 𝑛7 ⋯ 𝑛�
⋮ 0 𝑛� ⋮ ⋯ 𝑛7
⋮ ⋮ ⋮ 𝑛� ⋱ ⋮
1 0 0 0 ⋯ 𝑛�⎠

⎟
⎟
⎟
⎞

 Eq. 12 596 

Note that this method makes no assumptions about the shape of the HRF. To evaluate 597 

the HRF produced in the model we performed the same calculation using a NO production 598 

rate (n) in place of neural activity, where n was white Gaussian noise. 599 

Estimating perivascular mitochondrial inhibition 600 

Although NO dilates arteries, resulting in increased blood flow and O2 delivery to 601 

the tissue, it can also compete with O2 at the mitochondrial cytochrome c oxidase (CcO) 602 

to inhibit aerobic respiration and facilitate the generation of free radicals183,217. Under 603 

physiologic conditions, inhibition of CcO by NO is minimal and reversible56,218–220 but 604 

under conditions of high NO and/or low O2, CcO can be permanently inhibited119. 605 

Permanent inhibition of CcO occurs at nominal NO and O2 concentrations of 1000 nM 606 

and 130 μM, respectively119 which is equivalent to 12.5% CcO activity using a competitive 607 

model of inhibition: 608 

𝑉2A =
[2A]

[2A]h�JA��h
[�J]
��J

�
  Eq. 13 609 

Here, VO2 is the fractional activity of CcO, ζO2 = 210, ζNO = 0.225, and [O2] and [NO] are 610 

the respective oxygen and NO concentrations, expressed in nM54,217,218. Because 611 

permanent inhibition of CcO is likely pathological (VO2 ≤ 12.5%), it is unlikely that 612 

physiological NO-mediated NVC produces this combination of NO and O2 concentrations. 613 
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Data Availability: Code used to generate the figures in this paper is available at: 614 

https://psu.box.com/v/Haselden-NO-Code  615 

 616 

Acknowledgements 617 

This work was supported by R01EB021703 from the NIH to PJD. We thank Y. Kim and 618 

Y-T Wu for providing images of the brain vasculature in Figure 1. 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 9, 2019. ; https://doi.org/10.1101/836148doi: bioRxiv preprint 

https://doi.org/10.1101/836148


30 
 

Table 1. Simulation Parameters 633 

 634 
 635 
 636 

Geometry Variable Value Ref 
𝑹𝒗𝒆𝒔𝒔𝒆𝒍 5 – 25 μm  
𝑹𝑪𝑭𝑳 1.5 – 4.3 μm 80 
𝑹𝒏𝑵𝑶𝑺 2 μm (proximal) 

50 μm (regional) 
N/A (uniform) 

32,114,115 
32 

Domains 𝑹  
RBC Core −𝑘OT-	VW𝐻𝑐𝑡[𝑁𝑂][𝐻𝑏OT-] − 𝑘-[\	VW(1 − 𝐻𝑐𝑡)[𝑁𝑂][𝐻𝑏-[\]  
Cell Free Layer −𝑘VW«¬[𝑁𝑂][𝐻𝑏-[\]  
Endothelial Cell Layer 55 ∙ 10�°𝜇𝑀𝑠�� 100 
Smooth Muscle N/A  
Parenchyma 𝑃12 − 𝑘2A[𝑂7][𝑁𝑂][𝐶𝑒𝑙𝑙] 

73 
Constants Value  
𝑯𝒄𝒕 0.45 text 
𝑪𝒆𝒍𝒍 10�	𝑐𝑒𝑙𝑙𝑠	𝑚𝑙�� 221 
𝑯𝒃𝑹𝑩𝑪 20.3	𝑚𝑀 text 
𝑯𝒃𝑪𝑭𝑳 1	𝜇𝑀, 20	𝜇𝑀, or 40	𝜇𝑀  text 
𝒌𝑹𝑩𝑪	𝑯𝒃 1.4 ∙ 10½	𝑀��𝑠�� 78,144 
𝒌𝑪𝑭𝑳	𝑯𝒃 5.8 ∙ 10¿	𝑀��𝑠�� 204 
𝒌𝑶𝟐 5.38 ∙ 10��v𝜇𝑀��𝑠�� Á

𝑐𝑒𝑙𝑙
𝑚𝑙 Â

��

 
73 

ε 1.39 µM mmHg-1 197,198 
DNO 3300 µm2 s-1 195 
DO2 4000 µm2 s-1 197,198 
PO2 artery 65 mmHg 120–123 
ρ 3 µmole cm-3 min-1 197,199,200 
Rt 100 µm 110,201 
EC50 8.9 nM 50,184,209 
n (Hill coefficient) 0.8 50,184 
ζO2 210 54,217,218 
ζNO 0.225 54,217,218 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 9, 2019. ; https://doi.org/10.1101/836148doi: bioRxiv preprint 

https://doi.org/10.1101/836148


31 
 

 637 
Figure 1. Schematic of the model. A) 3D reconstruction from serial 2-photon 638 
tomography of a penetrating arteriole.  Penetrating arterioles are oriented perpendicularly 639 
to the pial surface. B) Simplified geometry used in the simulation where the penetrating 640 
arteriole is modeled as single arteriole surrounded by a cylinder of parenchymal tissue. 641 
C & D) Locations and thicknesses of the tissue domains in the model. At the center are 642 
red blood cells (RBC core).  The cell free layer is a thin layer of plasma lacking red blood 643 
cells immediately adjacent the endothelial cell layer.  Both the RBC core and the cell-free 644 
layer size are dynamically changed when the vessel dilates or constricts. The endothelial 645 
cells and smooth muscle make up the arterial wall, and the vessel radius is taken to be 646 
the distance from the center of the vessel to the inner wall of the endothelial cells.  Outside 647 
the smooth muscle is the parenchyma, composed of neurons, glia and extracellular 648 
space.  The simulated tissue cylinder is 100 µm in diameter. The thickness of the NO-649 
synthesizing portion of the tissue (RnNOS), vessel diameter (Rvessel) and the size of the cell 650 
free layer (RCFL) were parametrically varied. 651 
 652 

 653 
 654 
 655 
 656 
 657 
 658 
 659 
 660 
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  661 
Figure 2. Impact of the location of NO production on NO concentration in the 662 
smooth muscle and tissue. A) Schematic showing the three simulated distributions of 663 
neuronal NO production relative to the vasculature. In the uniform model, neuronal NO-664 
production is uniformly distributed through the parenchyma. In the regional model, there 665 
is a higher density of neuronal NO production near the vessel (within 50 μm)32. In the 666 
proximal model, all neuronal NO is produced within 2 micrometers of the arterial 667 
wall32,114,115. B) Plot of NO concentrations versus radial distance for each of the three 668 
models where the production rates have been chosen to yield equal concentration of NO 669 
in the smooth muscle layer (NO production rate for proximal: 0.02 M/s; regional: 0.05 M/s; 670 
uniform: 0.056 M/s).  Note that the concentration of NO in the parenchyma is very different 671 
for each of these models. C) Relationship between [NO] in the smooth muscle and 672 
percent of maximal guanylyl cyclase activity in the model, based on experimental data 673 
in50,184,209. D) Plot showing percent of maximal guanylyl cyclase activation in the smooth 674 
muscle as a function of the NO production rate and vessel diameter in each of the three 675 
geometries.  Superimposed curves show 10, 50, and 90% of maximal guanylyl cyclase 676 
activation. White boxes show the NO production rates and vessel diameters shown in B. 677 
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 678 
Figure 2–figure supplement 1. Convection has a negligible effect on perivascular 679 
NO concentrations. A) Relative velocity profile of blood flowing through an arteriole that 680 
is proportional to convective transport experienced by NO. B) Within physiologic blood 681 
flow velocities in a 20 μm diameter arteriole222,223, convection causes a negligible change 682 
in [NO] (∆0.1% GC activation). The pink diamond indicates a physiologic flow in a 20 μm 683 
diameter arteriole, while the green diamond is approximately tenfold higher, comparable 684 
to the centerline velocity in a 200 μm diameter arteriole223. C) Perivascular [NO] profiles 685 
accounting for convection at physiologic (pink) and extreme (green) blood flow velocities. 686 
[NO] profiles when blood flow velocities are less than 20 mm/s is conserved. Pink and 687 
green data diamonds in B are plotted as perivascular [NO] profiles in C. 688 
 689 
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 690 
Figure 3. Extent of the NO inhibition of mitochondrial respiration depends on the 691 
location of NO production. A) Plots of cytochrome c oxidase (CcO) activity as a function 692 
of radial distance for the uniform, regional, and proximal models.  The vessel diameter 693 
was set to 40 micrometers, and NO production rates have been set so that there is 90% 694 
of maximal GC activation in the smooth muscle. When CcO activity drops below 12.5%, 695 
CcO inhibition is irreversible56, and this is shown as a shaded region labelled ‘irreversible’.     696 
Insets show oxygen and NO concentrations as a function of radial distance. Oxygen 697 
concentration curves match in vivo measurements120,121. B) The fraction of tissue 698 
irreversibly inhibited as function of various NO production levels and vessel diameters for 699 
each of the three different NO production geometries.  Red boxes indicate simulations 700 
plotted in (A).  Note that for the regional and uniform NO production geometries, CcO 701 
inhibition becomes an issue at a wider range of NO production levels. For the proximal 702 
production case, inhibition of respiration by NO only occurs at the highest levels of NO 703 
production. 704 
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 705 
Figure 4. Dynamical model of NO-induced dilation shows a post-stimulus 706 
undershoot. A) NO production in the proximal model was increased 100% for 1 second 707 
in these simulations with a baseline NO production set at EC50 in the smooth muscle. B) 708 
Arteriole dilation increases the supply of RBCs in the ‘physiologically realistic’ variable 709 
RBC model. The arteriole dilates (red) in response to increased NO in the smooth muscle 710 
(black); however, after NO production returns to baseline the arteriole is still dilated.  The 711 
dilated arteriole can accommodate more RBCs which depletes NO below baseline. The 712 
depletion of NO concentrations below baseline is reflected in a corresponding post-713 
stimulus constriction. Five different sensitivities to GC (m = 1,2,3,4,5 ∆ÃÄÅÆÇÄÈÉ,			%

∆ÊË	ÆÌÇÄÍÆÇÄÈÉ,			%
) are 714 

shown. C) Dilation in the constant RBC core case does not increase RBC supply or the 715 
degradation rate of NO. When vasodilation does not increase NO consumption, NO 716 
concentrations do not fall below baseline and no post-stimulus constriction occurs. D) 717 
Dilations for m = 5 ∆"#$%&#'(,			%

∆,-	%.&#/%&#'(,			%
 rescaled to the same height showing the relative size 718 

of the post-stimulus constriction in the variable RBC core case while none is present if 719 
the RBC core is held constant during vasodilation. 720 
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 721 
Figure 4–figure supplement 1. Coupled diffusion and deformation schematic. A) NO 722 
gradients surrounding an arteriole is evaluated using Fick’s equation. B) The recent 723 
history of NO levels in the smooth muscle domain is converted to GC activation and 724 
convolved with a kernel to account for the signaling cascade that converts GC activation 725 
into dilation. This kernel was chosen to match the temporal dynamics of neurally-evoked 726 
dilation. C) Arteriole diameter is adjusted depending on the output of the kernel with more 727 
or less NO corresponding to dilation and constriction respectively. Diffusion of NO can 728 
then be re-evaluated using the new arteriole geometry. Adjustments to arteriole diameter 729 
using this cycle are made at each time step.  730 
 731 
 732 
 733 
 734 
 735 
 736 
 737 
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 738 
Figure 4–figure supplement 2. Model dynamics of allowing interplay of NO 739 
degradation and vasodilation. In vivo mouse surface arteriole diameters in the 740 
somatosensory cortex in response to a single and 10-second-long puff to the whiskers1 741 
(black) were compared to the model with a variable RBC core (red) or constant RBC core 742 
(blue). The response kernel of the vessel was fitted to the positive component of the 743 
hemodynamic response function (HRF) from a single whisker puff (inset) and the slope 744 
of vessel sensitivity to NO, m, was set to 3. Allowing the degradation of NO to dynamically 745 
change with arteriole diameter imposed a post-stimulus undershoot that was not present 746 
when the RBC core diameter was held constant. 747 
 748 
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 749 
Figure 5. Arteriole sensitivity to NO increases the amplitude of the undershoot and 750 
vasomotion. A) Schematic of the variable RBC core model.  Vasodilation increases the 751 
diameter of the RBC core and thus the degradation rate of NO in the variable RBC core 752 
model. B & C) Hemodynamic response function (B) and power spectrum (C) of the 753 
variable RBC core model from a white noise NO production rate. Note that with increasing 754 
NO sensitivity (slope, m ∆ÃÄÅÆÇÄÈÉ,			%

∆ÊË	ÆÌÇÄÍÆÇÄÈÉ,			%
) the magnitude of the undershoot and power near 755 

0.2 Hz increases. D) Vasodilation does not increase the diameter of the RBC core and 756 
thus the degradation rate of NO does not change in the constant RBC model. E & F) No 757 
post-stimulus undershoot is present (E) and the maximum power of the constant RBC 758 
core model is at low frequencies (<0.1 Hz) (F). G) 60 second example taken from a 25 759 
minute trial displaying NO production and resultant diameter changes from which arteriole 760 
dynamics were evaluated. H & I) Juxtaposition of variable (red) and constant (blue) RBC 761 
core models for m = 5 showing the post-stimulus constriction (H) and peak power between 762 
0.1 – 0.3 Hz (I) in the variable RBC core case (red) while no undershoot or peak power 763 
between 0.1 – 0.3 Hz is present if the RBC is held constant during vasodilation (blue). 764 
 765 
 766 
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 767 
Figure 5–figure supplement 1. Coupling NO degradation to vessel size is a linear 768 
system. A) The variable and constant RBC core model HRF shown is deconvolved from 769 
12 minutes of white noise NO production when m = 4 ∆"#$%&#'(,			%

∆,-	%.&#/%&#'(,			%
. B) Convolution of 770 

the NO production rate with the kernel has a high predictive value for estimating the 771 
arteriole response for the remaining 12 minutes of the trial. R2 values shown are from m 772 
= 1,2,3,4, and 5. C) Example 300 seconds of data showing the difference between the 773 
response in the model and an approximation using the kernels shown in A. Example 774 
shown for m = 4. 775 
 776 

 777 
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778 
Figure 6. Impact of plasma free hemoglobin on vasodynamics. A) When hemoglobin 779 
(Hgb) is released into the plasma, the location of NO degradation shifts from the RBC 780 
core to the Hgb rich cell free layer. B) Increasing free Hgb constricts arterioles. The 781 
change in diameter was calculated at steady state after accounting for the change in NO 782 
degradation. Black, dark green and light green diamonds correspond to 1, 20 and 40 μM 783 
of plasma hemoglobin respectively with colors interpretations conserved from B to E. C) 784 
The shift in location of NO consumption to the cell free layer and increased reactivity of 785 
free Hgb over RBC Hgb decreases perivascular NO with diminishing returns past 20 μM. 786 
D) Increasing free hemoglobin slightly increases the undershoot in the hemodynamic 787 
response function. E) Increasing free hemoglobin reduces the low frequency power (<0.1 788 
Hz) and strengthens the band pass properties within the 0.1 - 0.3 Hz range. 789 
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 790 
Figure 6–figure supplement 1. Impact of hematocrit on vasodynamics. A) Increasing 791 
hematocrit increases the degradation of NO in the RBC core and reduces the size of the 792 
cell free layer. B) Baseline GC activation and arteriole diameter are predicted to decrease 793 
with increasing hematocrit and increase with decreasing hematocrit. C) Perivascular NO 794 
increases with low hematocrit and decreases with elevated hematocrit. The location of 795 
the smooth muscle is indicated in orange. D) Changing hematocrit does not alter the 796 
hemodynamic response function or the frequency response of the vessels (E). 797 

798 
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 799 
Figure 7. Hypoxia and hyperoxia alter NO levels and can drive vasodilation and 800 
vasoconstriction. A) Oxygen concentration as a function of distance from the arteriole 801 
center with a blood oxygen content of 65 mmHg (dark blue) or 45 mmHg (light blue). B) 802 
Time course of arterial simulated oxygen content.  The oxygen concentration drops 20 803 
mmHg for 10 seconds before returning back to 65 mmHg. Gray indicates time at which 804 
arteriole oxygen tension is changing and dark blue and light blue indicate arteriole oxygen 805 
content of 65 mmHg or 45 mmHg, respectively. C) Perivascular NO concentrations with 806 
a 65 mmHg (dark blue) and 45 mmHg (light blue) blood oxygen content. D) Arteriole 807 
response from a 10 second 20 mmHg decrease in blood oxygenation shown in (B). 808 
Arteriole sensitivity to NO is set to m = 4. E) Hypoxia increases arteriole diameter at a 809 
more rapid rate that hyperoxia. Dark and light blue diamonds correspond to blood 810 
oxygenation states shown in (A-D). 811 
 812 
 813 
 814 
 815 
 816 
 817 
 818 
 819 
 820 
 821 
 822 
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 823 
Figure 8. Arteriole diameter changes alter perivascular NO. A) NO production was 824 
held constant. (B) A 20% dilation of the arteriole was externally imposed. Pink indicates 825 
the pre-dilated state while red is the dilated state. Grey indicates transition times in which 826 
steady state has not yet been reached. C) NO concentrations in the smooth muscle 827 
depleted as a result of the increased arteriole diameter. D) The perivascular NO in the 828 
smooth muscle (orange), 10 μm from the arteriole wall (brown), and 75 μm from the 829 
arteriole wall (green) were all decreased following a 20% dilation. The reference position 830 
of the smooth muscle is shown in orange, and parenchymal position markers in brown 831 
and green is for the pre-dilated state. E) Perivascular NO changed during arteriole dilation 832 
and constriction even at distances up to 75 μm from the arteriole wall. 833 
 834 
 835 
 836 
 837 
 838 
 839 
 840 
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