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1 | INTRODUCTION

Marcello M DiStasio*?

Abstract

Hypoxia is a pathological condition associated with spreading depolarization. Although neuronal
density has been widely explored across brain regions, the distribution of distances between neu-
rons and vasculature plays an important role in the availability of free oxygen to neurons to support
their metabolism, which in turn supports maintenance of resting membrane potential.

This study analyzes the distribution of distances between neurons and vasculature in the primary
visual cortex of humans, using post-mortem samples of normal primary cortex from 3 subjects
ages 65-75. We performed dual-label immunohistochemistry with antibody markers for NeuN (for
neurons) and CD34 (for vascular endothelial cells). Region of interest (ROls) of neocortical layers
were delineated manually by a neuropathologist. Within these regions, object-based classification
in QuPath software was employed to segment neurons, and pixel-based classification was utilized to
identify capillaries. The centroids of the identified objects were employed in subsequent statistical
analyses. A quadtree algorithm was employed to determine the nearest vessel to each identified
neuron, and the distance between neuron and vessel centroids was then calculated.

Our results showed decreased distance between neurons and vasculature with increasing cortical
depth. Layers 4 and 5 exhibited the shortest distances: 34.38um and 34.03um, respectively. This
effect likely represents specialized microanatomy driven by metabolic constraints at different levels
of the cortical plate, containing elements of neuronal circuits with distinct roles in visual processing
and different metabolic demands.
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have recently become appreciated, motivating closer scrutiny of the re-
lationship between brain activity and oxygen availability. In this study,

we used machine learning to analyze micrographs of human cortex in

The supply of adequate oxygen, glucose, and other metabolites to
the brain, like all tissues, requires rich investment by a complex net-
work of blood vessels. The exquisite functional control of blood flow
through this network in response to brain metabolic demands, termed
‘neurovascular coupling’ is essential for brain tissue homeostasis and
underlies a large body of knowledge driven by blood-oxygen level de-
pendent (BOLD) imaging. While the vulnerability of brain tissue to
hypoxic damage has long been recognized, the contribution of lower
amplitude fluctuations in oxygen availability to brain pathophysiology

Abbreviations: SD, spreading depolarization; CSD, cortical spreading depression;
NNCD, neuron to nearest capillary distance

order to survey capillary density and its relationship to neuronal at each

level of the cortical plate.

1.1 | The relationship between capillary
density and hypoxia

The microanatomical characteristics of brain tissue affect the patterns
of susceptibility to the development of hypoxia. For instance, the hip-
pocampus demonstrates higher sensitivity to hypoxia than does the
neocortex Kirino et all (1988). This is attributed to the differences in
both vascular network structure and pericyte and endothelial cell func-

tion Shaw et al| (2021). Additionally, previous studies also demonstrate
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that the neocortex and hippocampus are susceptible to transient de-
creases in oxygen or glucose, leading to memory loss and executive
function deficits following global cerebral hypoperfusion Kirschen et al.
(2017). Arterial vascularization of the hippocampus is dependent on
the collateral branches of the posterior cerebral artery and the ante-
rior choroidal artery, forming the network of superficial hippocampal
arteries that in turn lead to deep intrahippocampal arteries[Tatu and Vuil-
lier (2014). Inadequacy in terms of capillary density and afferent blood
vessels makes the Cornu Ammonis in the hippocampus particularly vul-
nerable to shortcomings in blood supply Mockert et al! (2021), Uchimurg
(1928).

A constant supply of oxygen and glucose from blood vessels is nec-
essary to maintain normal homeostasis. Understanding the dynamics
of the local diffusion, and how the distance to blood vessels affects
neuronal excitability is crucial in developing effective treatments for

migraine aura, ischemic stroke, and other neurological disease.

1.2 | The relationship between hypoxia
and spreading depolarization

Hypoxia and spreading depolarization (‘'SD’) are interconnected phe-
nomena involved in the pathogenesis of neurological disorders such as
migraine aura, traumatic brain injury, and ischemic stroke. SD describes
a pathologic slow-moving (2-6 mm/min) wave that propagates through
the gray matter characterized by neuronal depolarization, and disrup-
tion of intracellular and extracellular ion homeostasis. SD is followed
by reduced brain electrical activity, which was first referred to in the
literature as ‘spreading depression’ Leag (1944).

SD occurs when passive cation influx across the cell membrane
exceeds the capacity of ATP-dependent Nat and Ca%* pumps to pro-
vide outward currents preventing the generation of action potentials
Cozzolino et all (2018), Dreier (2011), Kager et al| (2002), Kraig and
Nicholson (1978). The depolarization can be ignited through activation
of sodium and/or calcium channels or Na/K-ATPase activity reduction
Cozzolino et al! (2018), Somijen (2001), which is associated with ris-
ing KT, or overflow of glutamate in extracellular space or conditions
associated with ATP depletion Cozzolino et al| (2018). The persistent
net inward current results in a reduction of electrical activity and de-
crease of extracellular volume due to water influx leading to intracellular
hyperosmolality Cozzolino et al! (2018), Dreier (2011), Takano et all
(2007).

Brain tissue is vulnerable to ischemic stress because signal process-
ing through action potential generation consumes a lot of energy to
maintain ion gradient homeostasis Dreier (2011). During SD, both glu-
cose and O, are required to restore normal ion homeostasis Lindquist
(2024). Blood vessels play a contributing role in SD as a source of oxy-
gen and nutrient supply to the affected tissue. Understanding these
mechanisms is essential for targeted interventions in conditions like
ischemic stroke. In healthy tissues, SD can stimulate vasodilation to in-
crease blood flow (which is the case in migraine aura). In contrast, SD

goes through triphasic neurovascular response (constriction, dilation,

and then prolonged slight constriction) in pathological tissue such as
that affected in ischemic stroke Kramer et al| (2014)). This hypoperfu-
sion response in pathological tissue is called the ‘inverse hemodynamic
response’ and converts a harmless short-lasting depolarization into a
harmful depolarization without repolarization. While ischemia can trig-
ger SD, the latter can aggravate tissue hypoxia, which results in a vicious
cycle of inverse hemodynamic response and hypoxia Dreier| (2011)).

SD is further characterized by a sharp increase in extracellular potas-
sium and a notable decrease in pH Dreier (2011)), Windmdller (2005).
In normal conditions, nitric oxide (NO) counteracts potassium’s vaso-
constrictor effect and enhances pH-induced vasodilation, resulting in a
net vasodilatory effect Golding et al| (2001). However, in cases where
microvascular reactivity is disrupted, basal potassium levels rise, NO
declines, and Ca?*-activated K+ (‘BK’) channels in the neurovascular
unit are activated. These responses inhibit vasodilation, and intensify
vasoconstriction, thus perpetuating the cycle of ischemia and sustain-
ing SD Windmidiller (2005), Eikermann-Haerter (2014), Girouard et al|
(2010). SD induces a metabolic imbalance within the ischemic penum-
bra by reducing blood flow and elevating energy requirements through
diminished glucose and glycogen levels, along with heightened lactate
production Kramer et al! (2016). Moreover, it plays a role in extending
ischemia to additional susceptible tissues Sukhotinsky et all (2008).

In vivo, SD-associated metabolic demand for O, can exceed supply,
resulting in tissue hypoxia [Takano et al! (2007), Piilgaard and Lauritzen
(2009). In computational models examining the effect of O, availability
across ex-vivo brain slices, a pathologic cycle was identified whereby
SD induces, and is also exacerbated by, hypoxia Kelley et al| (2022), and
depending on the distance to the O, bath and to the inciting K+ bo-
lus, intermediate locations in the slice suffered various degrees of pump
demand and partial pump failure. Results of the modeling experiment
agreed with the in vivo experiment: tissue near capillaries resists SD,
while tissue farther away is relatively hypoxic and prone to SD [Takano
et al. (2007).

Cortical spreading depression (‘CSD’) is a spatially and temporally het-
erogeneous phenomenon that includes a propagating wave of SD. The
clinical representation of this phenomenon is widely variable, ranging
from symptoms such as migraine to severe cerebral ischemia Cozzolino
et al!(2018). SD can be induced in animal models, but identifying a recur-
ring direct trigger in human brain and associating it to known pathology
remains elusive. Numerous factors have been identified as triggers for
SD in animal models, including electrical stimulation, potassium chloride,
elevated glutamate, emboli, and astrocyte activation Charles and Baca
(2013).

1.3 |
hypoxia

The contribution of microanatomy to

Motivated by a desire for a deeper understanding of the mechanisms
by which hypoxic conditions in the human brain can influence neuronal
pathology, we aimed to determine the morphologic parameters of the

microcirculation in situ relative to neurons in the human cortex.
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FIGURE 1 Schematic of protocol. After selection of representative slides of visual cortex from three subjects and staining with dual immuno-

histochemistry for CD34 (brown) and NeuN (red), digital slide images were obtained from whole slide imaging platform and manually reviewed to

ensure fidelity of image acquisition. Using QuPath software, layers of the primary visual cortex in each slide were annotated manually by a neu-

ropathologist in selected subregions with clear orientation, selected to equally cover gyral crests and sulcal depths, forming ROIs for downstream

analysis. Neurons and capillaries within these ROIs were segmented using Weka trainable segmentation. Identified object measurements, including

location, were exported from QuPath for statistical analysis using R.

2 | METHODS

2.1 | Histology and Whole Slide Imaging

Three cases for which neuropathologic evaluation revealed no abnor-
malities in the central nervous system were selected from the Yale
Department of Pathology to include patients of ages 55, 65, and 75
years old. Tissue blocks containing sections of primary visual cortex in
the occipital lobe were selected and new unstained slides were cut and
dual-labeled with immunohistochemistry using primary antibody mark-
ers for NeuN (EMD Millipore, catalog #MAB377) to highlight neurons
with secondary antibody linked to development of a red chromogen
and CD34 (DAKO, catalog #M7165) to highlight vascular endothelial
cells with a secondary antibody linked to development of a brown
chromogen. After de-identification, all slides were scanned on a Motic
EasyScan Infinity 60 imaging system (Motic Inc., Kowloon, Hong Kong)
at 40X magnification, covering the whole profile of tissue on the slide

at 0.26um/pixel resolution.

22 |
Analysis

Image Segmentation and Statistical

Whole slide images were analyzed using QuPath Bankhead et al. (2017).
Region of interest (ROIs) delineating cortical layers were annotated man-
ually by a neuropathologist (MMD), across all areas of the cortex judged
to be cut in a plane of section within a few degrees of perpendicu-
lar to the pial surface. Within these regions, object-based classification
in QuPath Bankhead et all (2017) was employed to segment neurons,
while pixel-based classification was utilized to identify capillaries. This
resulted in a total dataset of 155,231 neurons and 84,350 capillaries.
The resulting segmentations underwent manual validation, and the cen-

troids of the identified objects were employed in subsequent statistical

analyses. A quadtree algorithm was employed to determine the near-
est vessel to each identified neuron, and the distance between pairs of
centroids was then calculated.

3 | RESULTS

31 |
depth

Capillary density depends on cortical

Across all subjects, capillary density varied across the cortical layers,
with the highest average density in layer IV (484.4 per square mm) and
layer Ill (463.6 per square mm), and lower density in layers I/1l and V/VI
(See Table fIf and Fig. EB). A subject-specific effect on overall mean den-
sity was observed, with subject A showing a uniformly lower density
than others, but in the same overall laminar pattern.

TABLE 1 Mean capillary density (number of capillaries per square
mm) for each cortical layer and white matter across all subjects, and
layer means for each subject

All Subjects  Subj. A  Subj.B  Subj.C

Layer 1 299.4 197.3 384.4 331.0
Layer 2 3984 270.1 430.9 453.8
Layer 3 463.6 320.6 500.7 563.4
Layer 4 4844 430.9 542.9 507.5
Layer 5 381.9 308.4 376.7 428.2
Layer 6 327.3 302.1 377.5 299.6
White matter 123.2 110.7 176.4 112.8
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3.2 | Distance of neurons to nearest capil-
lary depends on cortical depths

The analysis of distances from neurons to the nearest capillaries (NNCD)
reveals consistent patterns across subjects, despite some variability
among subjects: NNCD decreases from layer | to layer IV and increase
slightly in layer V and layer VI. Histograms in Fig. A show that layer | has
the largest mean NNCD (47.9 um), while layer IV has the shortest mean
NNCD (31.7 pm). The longer error bar and the broader right-skewed
distribution indicated greater variability in NNCD in layer I.

Our results also demonstrate an inverse relationship between neu-
ronal density and neuron-vessel distance (NNCD) across cortical layers
(See Fig. @B and C). Layers Il to IV, which exhibit the highest neu-
ronal densities, also show relatively lower NNCD values, indicating
closer proximity of neurons to blood vessels. Conversely, layer I, char-
acterized by the lowest neuronal density, exhibits the largest NNCD,
suggesting a greater distance between neurons and the vascular net-
work. Despite notable variability between subjects—particularly Subject
B, which shows reduced neuronal density compared to Subjects A and
C—the overall trend remains consistent. These findings suggest a poten-
tial adaptation of the vascular network to neuronal metabolic demands,
with closer neuron-vessel associations in regions of higher neuronal

density.

3.3 | The vascular network is evenly dis-
tributed among neurons

To assess capillary-neuron proximity across cortical layers while ac-
counting for variations in neuronal density and reducing the effect of
tissue processing artifact and subject variation, we normalized the mean
distance from neurons to the nearest capillaries by the mean neuronal
density in each layer. The resulting normalized distances were largely
consistent, in a range of 0.1 - 0.8, across cortical layers (See Fig. ), in-
dicating an even spatial distribution of the vascular network relative to
neuronal density. Notably, layer | exhibited slightly higher normalized
distances, which may reflect its lower neuronal density and greater ab-
solute distance to capillaries. In contrast, the white matter displayed a
significant increase in normalized distance and greater variability, sug-
gesting a reduced vascular presence as well as a lower count of neurons.
These findings highlight the adaptations of the vascular network that
support metabolic demands across distinct cortical regions.

4 | DISCUSSION

The gross and micro-anatomy of the vascular supply of the human
cortex has been the subject of much prior study, and there is sub-
stantial variation in form and location of arteries, veins, and capillaries
across brain regions and between gyral crests and sulcal depths. Ac-

curate mapping of this microanatomy is critical to the formulation and

interpretation of models of numerous physiologic phenomena in hu-
mans. Our finding that layers 4 and 5 have the shortest neuron-capillary
distances aligns with the high synaptic activity and integrative roles
of these layers in primary visual cortex Zilles and Palomero-Gallagher
(2017). This supports the idea that microvascular patterning is adapted
to neuronal metabolic demand and vice-versa Ventura-Antunes and
Herculano-Houzel (2022). The fact that vascular proximity is not uni-
form across layers, suggests that BOLD and hemodynamic signals may
carry layer-specific biases. This is increasingly important for laminar
fMRI studies that try to map feedforward vs. feedback signaling in
human cortex Koopmans et al| (2010), Lawrence et al! (20197).

In the pathological setting, regions with shorter or longer neuron-
capillary distances may show differential vulnerability to direct ischemic
damage or spreading depolarization. This provides a potential anatom-
ical explanation for layer-selective injury patterns observed in stroke,
hypoxic encephalopathy, or traumatic brain injury Rahaman and Del Bi-
gid (2018), [Takahashi et al! (1993), Sethi et al| (2006). Alterations in
vascular density and vascular fragmentation have been implicated in
Alzheimer's disease, vascular dementia, and small vessel disease Buée
et al|(1997), Hase et al| (2019). The results and methodology presented
in this work thus have implications for the physiology of hypoxia in a

wide variety of neurologic diseases.

4.1 | Propagation of Spreading Depolariza-

tion

The understanding of the propagation mechanisms of SD remains in-
complete. Several hypotheses rely on the diffusion of extracellular
potassium or glutamate, or alternatively on the opening of neuronal
or glial gap junctions Zandt et al. (2013). Current evidence suggests a
growing consensus around the potassium and glutamate diffusion hy-
pothesis, which holds that high extracellular potassium levels may be
the explanation for the wave pattern of propagation Zandt et al! (2015),
Pietrobon and Moskowitz (2014)). Extracellular glutamate clearance can
be regulated through astrocyte glutamate transporter proteins GLT-1
and GLAST, and there is evidence that glutamate transporter blockers
can reduce cell excitability, SD amplitude, delay the initiation of SD, shift
its spatial formation to deeper cortical layers, and reduce its propagation
velocity Hosseini-Zare et all (2017).

Like action potentials, SD waves propagate in an all-or-none fashion
once triggered Cozzolino et al! (2018). SD propagates in areas surround-
ing an infarct where tissue remains viable, as necrotic areas are unable
to support neuronal activity. The same depolarization wave varies de-
pending on the distance from the infarct core, potentially resulting
in monophasic hypoperfusion, biphasic hypoperfusion and hyperperfu-
sion, or monophasic hyperemia Woitzik et al! (2013). SD accompanied
by hypoperfusion tends to be locally restricted, which may explain why
ischemic stroke typically does not manifest with migraine aura, as in-
trinsic mechanisms often prevent the spread of peri-infarct CSDs into
distant, functional tissue. Previous studies also show that SD is more
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FIGURE 2 Capillary density across layers of the human primary visual cortex. (A) Representative image of the human primary visual cortex

with layers | to VI and white matter outlined. Capillaries and neurons were identified and circled using QuPath software. (B) Mean capillary density

plotted across cortical layers (I to VI) and white matter. Capillary density was calculated by dividing the total number of identified capillaries by the

area of each region of interest (ROI). Error bars indicate variability between subjects.

difficult to elicit in the depths of sulci Bowyer et al. (1999), and propaga-
tion tends to end at a prominent sulcus, at ischemic tissue, in areas over

which a previous hypoemic CSD propagated, or at major pial vessels.

4.2 | Spreading Depolarization in Neuro-
logic Diseases

Migraine

SD has been hypothesized to be the underlying mechanism of the mi-
graine aura. It was first noticed in humans through cerebral blood flow
studies of migraine, exhibiting oligemia on the scale and timing of CSD
Kramer et all (2016), Olesen et al| (1990Q). Imaging studies using CT,
PET, or MRI show that migraine occurs with a propagated wave of
oligemia and an excitation-depression wave in patterns and with a ve-
locity of 2 to 6 mm/min, suggestive of CSD Lauritzen et al! (2011),
Woods et al! (1994), Hadjikhani (2001)), Cao et al! (1999), Russell and
Olesen (1996). However, obtaining direct electrophysiology recordings
to further confirm this association and investigate mechanisms of ini-
tiation and propagation more deeply in humans is challenging due to
the spontaneous nature of migraine attacks and the invasive procedures
required.

SD can be triggered by potassium and is opposed by glial cells’ ability
to clear potassium Vincent (2015), and because visual aura is the most
frequently reported symptom in migraine, it is believed the pathophysi-
ology of migraine is most likely to begin in the visual cortex, which has
the highest density of excitatory neurons and lowest density of astro-
cytes Lauritzen (1994). The propagation wave then spreads anteriorly
and tends to end when reaching the central sulcus Lauritzen (1994),
Bowyer et al/ (1999).

Acute ischemic injuries

SD has been widely observed in patients with brain injuries or ischemic
stroke Dreier (2011). For example, the Cooperative Study on Brain In-
jury Depolarizations (COSBID) performed invasive clinical studies on
patients who had acute brain injury found that CSD propagates through
both healthy and injured tissue in a large percentage of the patients
Lauritzen et al! (2011). However, the triggers for cortical SD remain
unidentified and unobserved.

SD occurs in the penumbra of brain infarcts, which are tissue areas
that have compromised vascular and metabolic function, but are not
yet irreversibly damaged Astrup et al! (1981), Nakamura et al. (2010).
Research has demonstrated a correlation between the enlargement of
the infarct area and the quantity of SDs Nakamura et al| (2010), Mies
et al. (1993) or their total duration Dijkhuizen et al! (1999).

At the start of an acute ischemic attack, depolarization initiates and
spreads at the periphery of the core Ayata (2013), Lauritzen et al.
(2011), Nakamura et al! (2010). The impact of depolarization on perfu-
sion results in significant vasoconstriction nearest to the core, hindering
repolarization and expanding the core further. However, vasoconstric-
tion is less severe or sustained further away from the core, potentially
allowing repolarization but leaving the tissue vulnerable to future de-
polarization events. In the core region, SD manifests as a prolonged,
pharmacoresistant, and more harmful wave, while in the metabolically
compromised penumbra, it is shorter-lasting, more pharmacosensitive,
and less harmful. In healthy tissue, the wave is more easily blocked by

(e.g. by NMDA receptor antagonists alone) Somjen (2001)).
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FIGURE 3 Distances from neurons to nearest capillaries across layers of the human primary visual cortex. (A) The distance from each identified

neuron to its nearest neighbor capillary (NNCD) was measured, and these measurements were aggregated into separate histograms for each

cortical layer. (B) Plots of mean NNCD for each cortical layer separated by subject reveal subject-level variation but similar trends across layers.

Error bars=S.D. (C) The mean neuronal density for each cortical layer, plotted by subject. S.E.M.s are smaller than data point marker all points.

Chronic hypoxia

A 2024 case series study provided evidence of the occurrence of SD
in a patient with moyamoya vasculopathy, suggesting that SD can be
linked to the development of abnormal microvasculature in response
to chronic cerebral hypoperfusion (2024). Further explo-
ration of this phenomenon is essential for comprehending how hypoxic
effects can give rise to such diverse clinical manifestations. There is an
increased risk of ischemic Tzourio et al! (1993), Kurth et all (2005), Stang
(2005) and hemorrhagic Chang et all (1999), Kurth et all (2012

2010) stroke in migraine patients, especially for those with aura com-

pared with those without. Previous research has shown that microem-
bolic occlusion of small cerebral arteries, which can cause migraine and
stroke (2012), can also induce SD in rodents
(). Moreover, migrainous stroke is a stroke that happens during mi-
graine aura when neuroimaging shows ischemic infarction in a relevant
area and the stroke is not attributed to another disorder hod (2018),
suggesting that migraine can be a direct cause of ischemic stroke.

Traumatic Brain Injury

The incidence of SD among traumatic brain injury ('TBI’) patients is
reported to be around 50-70%, and SD often occurs in repetitive pat-
terns over a period of at least 7 days post-trauma ().
The occurrence of SD is associated with worse clinical outcomes in
patients with traumatic injury. Prolonged direct current shifts which
may be triggered to arterial hypotension were observed in TBI, and
may be a causative factor for secondary injury after human TBI. In re-
search investigating the spatiotemporal dynamics and propagation of
the TBIl-associated CSD, it has been suggested that the injury itself
may not initiate spreading depolarization waves; instead, depolarization
takes place at peri-injury zones, and the injury site acts as an attractor

to the depolarization waves, and sustains SD initiated by nearby, less

compromised networks Hosseini-Zare et all (2017).
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FIGURE 4 Normalized distances from neurons to nearest capillaries
across layers of the human primary visual cortex. The normalized dis-
tances were calculated by dividing the mean absolute distances from
neurons to their nearest capillaries by the mean neuronal density for
cortical layers | to VI and white matter across subjects A, B, and C.
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Heterogeneity across regions and sub-

Capillary red-blood-cell flux and intracapillary resistance to oxygen de-
crease with depth, reaching a minimum around layer IV, while the
depth-dependent oxygen extraction fraction is increased in layer IV. Li
et al! (2019). In the mouse cortex relatively few capillaries are found
immediately below the glia limitans, but capillary density increases in
deeper cortical regions to an apparent maximum near 500pum below the
surface of the somatosensory cortex. The rat hippocampal CA3 region
was shown to be rich in microvessels, similar to the parietal or the frontal
cortical regions. On the other hand, the CA1 region was shown to have
a low vascular density, comparable to the corpus callosum, and capillary
density is higher in the gray matter than in the white matter Wilhelm
et al! (2016).

Our study focuses on analyzing the distribution of distance between
neurons and vasculature in the primary visual cortex. However, addi-
tional work is essential in the study the heterogeneity of the vasculature
distribution in different layers across brain regions. Intersubject vari-
ability across ages, and parameters of microcirculation accompanying
specific pathologic conditions are also critical to establish in order to
accurately model human disease. Our methods for pixel-based clas-
sification of whole slide images in QuPath combined with quadtree
algorithms for distance mapping provide a basis for such larger surveys
of human cortex across ages and conditions. This pipeline is broadly

applicable to large histological datasets.
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