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Abstract

The increasing socio-economic burden of Alzheimer’s disease and Alzheimer’s Disease related
dementias (AD/ADRD) has created a pressing need to define targets for therapeutic intervention.
Deficits in cerebral blood flow and neurovascular function have emerged as early contributors

to disease progression. However, the etiology, progression, and consequence of small vessel
diseases in AD/ADRD remains poorly understood, making therapeutic targets difficult to pinpoint.
Animal models that recapitulate features of AD/ADRD may provide mechanistic insight because
microvascular pathology can be studied as it develops in vivo. Recent advances in in vivo optical
and ultrasound-based imaging of the rodent brain facilitate this goal by providing access to deeper
brain structures, including white matter and hippocampus, which are more vulnerable to injury
during cerebrovascular disease. Here, we highlight these novel imaging approaches and discuss
their potential for improving our understanding of vascular contributions to AD/ADRD.

INTRODUCTION

Progressive cognitive decline during AD/ADRD is one of the leading health problems

of our time and effective clinical treatments have remained elusive. AD/ADRD includes
dementias involving cerebrovascular disease, referred to as vascular contributions to
cognitive impairment and dementia (VCID). Reduction in cerebral blood flow is a
contributing factor to AD/ADRD progression, and has been widely reported in human
patients and animal models of dementia.l In fact, large cohort clinical studies indicate that
cerebral blood flow reduction and neurovascular dysregulation occurs early in the cascade
of pathological events leading to AD/ADRD, preceding amyloid beta deposition, cerebral
hypometabolism, and cognitive decline.2~* This suggests that neurovascular dysfunction is
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a relevant treatment target that should be engaged early in disease progression. However,
these data also emphasize our lack of knowledge on how neurovascular dysfunction is
initiated in AD/ADRD. For example, what are the earliest molecular and cellular changes
in the vascular wall that lead to degradation of the brain microvasculature, and what events
trigger these changes? What locations within the vascular tree (arteriole-capillary-venous)
are affected first, and what effect do these changes have on overall cerebral blood flow, brain
metabolism and neuronal function? How do vascular beds of the more vulnerable tissues
such as white matter and the hippocampus differ from more resilient tissues? Which of

the many vascular abnormalities seen in AD/ADRD are truly disease-driving, and are they
reversible? Answering these questions will improve our ability to find rational strategies for
mitigation of neurovascular impairment in AD/ADRD.

Although rodent models cannot fully capture the diverse and complex disease processes of
human AD/ADRD?®: 6, studies suggest that many models recapitulate aspects of small vessel
disease and blood flow impairment seen in the human condition (reviewed by Szu et al.”,
Bracko et al.1, and Shih et al.8).1: 7 A range of microvascular abnormalities can be studied

in rodents, including cerebral amyloid angiopathy (CAA), abnormal vessel tone/reactivity,
increased vascular tortuosity, reduced capillary density, and blood-brain barrier permeability.
The neuropathological outcomes of these changes, including hemorrhage, small cortical/
subcortical infarcts, microbleeds/microinfarcts, white matter degeneration/myelin pallor, and
neuroinflammation are also seen in many models. This provides an opportunity to use
advanced high-resolution in vivo imaging to study how small vessel pathologies originate
and contribute to dysfunction of neurovascular cell types and surrounding neurons and
myelin.

The wealth of clinical imaging studies using MRI point to the vulnerable cerebral

white matter as a region of emphasis for preclinical imaging studies. Degeneration of
periventricular white matter (apparent as white matter hyperintensities on MRI) is associated
with worsened cognitive outcomes in AD/ADRD. 10 Interestingly, neuroimaging data also
suggest that degeneration of superficial white matter tracts (or U fibers) is also an early
event in the progression of AD/ADRD and related to cognitive decline.11-13 In rodent
studies, the corpus callosum (CC) and the external capsule (EC) are the largest and most
commonly study white matter regions and are analogous to human U fibers. In both rodents
and humans, these fibers reside directly beneath the cortex and support cortico-cortical
communication. Preclinical studies have shown specific deterioration of the CC/EC with
aging and when challenged by disease processes, including tissue atrophy, increased gliosis
and inflammation, and loss of myelin.14-18 However, the etiology of tissue deterioration in
white matter, even in rodent models of AD/ADRD, remains poorly understood because most
prior studies have been cross-sectional in time. Thus, longitudinal imaging of live mouse
models provides an opportunity to better understand the vascular networks that perfuse
superficial white matter, and the potential bases of their deterioration in AD/ADRD.

MRI has been used extensively to investigate changes in vascular structure and function®,
microhemorrhages2%, development of A plaques?L, and white matter pathology?? in rodent
models of AD/ADRD. Similarly, PET has been used to investigate development of CAA23
and AB plaques?4, amyloid load25, neuroinflammation and glial reactivity26, as well as
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brain metabolism and function?”. However, these modalities lack the ability to resolve
microvessel perfusion and cellular changes in endothelial cells, smooth muscle cells,
pericytes, astrocytes, and microglia. Traditional approaches to measure vascular structure
and cerebral blood flow, such as histology and cerebral blood flow autoradiography capture
only a moment-in-time during the evolution of the disease. The hydrogen clearance method,
a technique used for measurements of blood flow using an inserted probe, also lacks spatial
resolution and can lead to tissue damage.

This review will focus on emergent high-resolution imaging technologies that are poised
to transform our understanding of how neurovascular pathology contributes to AD/ADRD
(Table 1). These technologies would allow preclinical researchers to: (1) image deeper
into the brain to observe white matter in vivo with minimal perturbation of the cortex;

(2) image longitudinally starting before the onset of pathological changes; (3) use animal
models that reveal changes in different neurovascular cell types; and (4) study mice in the
awake or lightly sedated states to avoid confounding effects of anesthesia on neurovascular
physiology.28: 29

TWO-PHOTON MICROSCOPY

The development of two-photon fluorescence microscopy (2PM) by Denk and colleagues
in 1990 revolutionized in vivo optical imaging.3° Two-photon excitation requires the
near-simultaneous arrival of two photons at the fluorophore to be observed in vivo. The
probability of two-photon excitation is low, except at the focus of the microscope objective
where photon density is high. Fluorophores above and below the focal plane are not
sufficiently excited, and this produces optical tissue sectioning necessary to reconstruct
complex 3D structures at sub-micrometer to micrometer resolution. Two-photon imaging
also uses longer wavelengths of light that penetrate further into tissues and reduces
likelihood of photo-damage.

The parallel development of approaches to fluorescently label neurons and astrocytes
allowed detailed study of neuroanatomy31, neural activity32, and neuro-glio-vascular
interactions33. Intravenous injection of high molecular weight fluorescent dyes enabled
visualization of vascular architecture and blood cell movement, facilitating studies of the
microvasculature.3* 35 Development of transgenic lines that labeled neurovascular cell types
opened the door to in vivo studies of the neurovascular unit.36: 37 Two-photon microscopy is
now a widely used technique for studying many aspects of the brain vasculature, including
but not limited to neurovascular coupling38-43, development of the neurovasculature®4-46,
immune cell-neurovascular interactions®”: 48, brain tissue oxygenation4®-52, blood-brain
barrier function®3: 34, and perivascular clearance.5%: 56

DEEP TWO-PHOTON MICROSCOPY

Despite its advantages, the penetration depth of 2PM is still limited for studying deeper
brain structures. In mice, the white matter tract of the corpus callosum is ~0.8 to 1 mm
below the cortical surface, and the hippocampus is 1 to 2 mm deep. Conventional 2PM
can generally reach ~0.5 mm in depth, which corresponds to the upper half of the cortex.
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The wavelengths of light used during conventional 2PM (800-1000 nm) reach a limit in
depth penetration because they are absorbed superficially by tissue. This limitation led to
the development of “deep 2PM”, which uses lasers that emit longer excitation wavelengths,
ranging from 1100-1300 nm, to access an optical window with lower light absorption to
excite fluorophores with red to far-red shifted fluorescence.57: 58

The depth penetration advantage of deep 2PM was first demonstrated by Kobat et al.

They used 1280 nm excitation and Alexa 680-dextran to image mouse cortical vasculature
between 1 to 1.6 mm below the cortical surface, which accessed corpus callosum and
hippocampus.5” 59 They further showed that functional measurements of blood flow in
individual capillaries could be achieved at ~0.9 mm depth. Separately, Miller et al.
demonstrated blood flow measurements down to 1.2 mm in depth, and structural imaging
of microvasculature at ~1.5 mm.58 This was achieved by imaging Texas Red labeled blood
plasma using high energy pulses and long excitation wavelengths (1215 nm). Further, they
established the feasibility of imaging TdTomato-labeled neurons in the corpus callosum at
~1 mm in depth, suggesting that 2PM can be useful for imaging neurovascular cell types in
white matter of transgenic mice.

Li et al. used deep 2PM to measure blood flow in capillaries throughout the cortex and

into the callosal white matter (Fig. 1A,B) in healthy mice during normocapnia and mild
hypercapnia, and under global cerebral hypoperfusion induced by bilateral carotid artery
stenosis.®0 They showed that capillary blood flow under basal conditions is significantly
higher in the callosal white matter compared to the adjacent cortical gray matter and exhibits
a much smaller fractional increase in response to mild hypercapnia. However, during global
cerebral hypoperfusion, white matter capillary blood flow is significantly reduced, while
capillary flow is relatively preserved in the cortical gray matter (Fig. 1C). This is consistent
with callosal white matter being a perfusion watershed that is more susceptible during global
hypoperfusion. It also suggests that autoregulatory dilation of cerebral arteries and arterioles
is insufficient to maintain perfusion in white matter.

THREE-PHOTON MICROSCOPY

While the imaging depth achieved by deep 2PM is greater than that of conventional

2PM, it is still difficult in practice to reach the corpus callosum and beyond. A reduction

in signal-to-background ratio occurs in deeper tissues because a smaller percentage of

the incident photons reach the focus, and a higher percentage of photons drive out-of-

focus excitation.61: 62 This makes it increasingly more difficult to distinguish fluorescent
microstructures from background signal. Another limitation of deep 2PM is that it relies

on red fluorophores, while many established reporters of cellular morphology and activity
are green. Three-photon microscopy (3PM) overcomes these limitations by requiring three
photons to simultaneously interact with a fluorophore at the focal plane to generate emission
photons. This reduction in the probability of photon interaction further reduces out-of-focus
fluorescence and improves the signal-to-background ratio at greater depths in the brain
tissue.63. 64
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3PM uses a distinct pulsed laser source that provides higher peak power for excitation but
with lower repetition rate to reduce average power and likelihood of photodamage. As with
deep 2PM, excitation wavelengths for 3PM are centered around windows of reduced light
absorption by tissue (1300 nm and 1700 nm).53 3PM also enables deep imaging of well
characterized fluorescent dyes and proteins in the green emission range (Fig. 1D-F; green is
genetically-encoded calcium indicator, GCaMP6).65-68 Further, an intrinsic third harmonic
generation (THG) signal from myelin can be used to define cerebral white matter (Fig.
1D,E; magenta). The transition from cortical gray matter to sub-cortical white matter could
be defined during in vivo 3PM by observing myelinated tracts as they shift from a vertical
orientation in cortical layer 6 to horizontal orientation in the EC (Fig. 1E). Interestingly,
blood vessels also generate a THG signal and can be discerned in the less myelinated gray
matter (Fig. 1D,E).

The feasibility of imaging subcortical structures using 3PM was first shown by Horton

et al.53 They used 1700 nm excitation to image Texas Red-labeled vasculature and red
fluorescent protein (RFP)-labeled neurons in the CA1 region of the hippocampus, at 1.1 to
1.3 mm below the cortical surface. Ouzounov et al. then demonstrated functional imaging

of Ca2* activity in GCaMP6 labeled CA1 hippocampal neurons using 1300 nm excitation
(Fig. 1F).88 \ascular structure and calcium activity in GCaMP6-labeled or Oregon Green
Bapta-labeled neurons of the mouse visual cortex were imaged up to 1 mm in depth,
reaching deep cortical layers and white matter6% 69 More recently, Thornton et al.5” imaged
transgenic mice that expressed tdTomato in oligodendrocyte lineage cells and eGFP in
mature oligodendrocytes, and demonstrated the visualization of these myelin producing cells
at depths up to 1.1 mm. Similarly, Hontani et al.56 used 3PM at 1340 nm for multi-color
fluorescence imaging of green fluorescent GCaMP6s-labeled neurons, red fluorescent Texas
Red-labeled blood vessels, and THG signal from myelinated axons. This enabled concurrent
functional imaging of neuronal activity and vascular structure in the subcortical white matter
tracts up to ~1 mm of cortical depth. Further, recent work also demonstrated imaging

of sulforhodamine-labeled astrocytes up to 1.3 mm into the mouse brain using 1700 nm
excitation.”? Collectively, these studies highlight the potential for multi-color, multi-cellular
imaging in deep cortex and white matter using 3PM.

Koizumi et al., applied 3PM to a mouse model relevant to AD/ADRD.® They imaged
microvasculature in the corpus callosum of transgenic mice carrying the human Apoe4
allele, a key genetic risk factor for sporadic AD and VCID. The Apoe4 allele is

associated with worsened pericyte survival®*, blood-brain barrier deficiency, and cognitive
impairment.’1 Koizumi et al. showed a reduction of blood flow velocity at baseline in

white matter capillaries of Apoe4 mice, but not control Apoe3 mice. In response to a

4-week challenge to cerebral hypoperfusion by bilateral common carotid artery stenosis,
Apoed mice showed a greater reduction in capillary flow in white matter. Furthermore, this
reduction in blood flow was linked to local hypoxia and white matter damage, indicating that
capillary flow deficits may also contribute to increased risk in Apoe4 carriers.
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OPTICAL COHERENCE TOMOGRAPHY

Optical coherence tomography (OCT) is a 3D optical imaging technique to visualize tissue
microstructure and vasculature in the living brain.”? The principle of OCT is analogous to
ultrasound imaging, measuring echo time delay of backscattered light. The backscattered
light is measured with an interferometric set-up that analyzes the combined light waves from
the sample and a reference mirror to reconstruct the depth profile of the imaged sample. A
scanning OCT beam allows for acquisition of cross-sectional images in the axial dimension,
and this beam can be rapidly swept across the brain surface to achieve 3D imaging at

high frequency. The imaging contrast is generated from the intrinsic scattering properties of
tissue components, displaying different aspects of tissue structure and vasculature without
exogenous contrast agents.”3 For example, OCT angiography (OCTA) can map cerebral
blood vessels based on the dynamic scattering of moving blood cell.”* 7> Compared with
multiphoton imaging, OCTA has lower spatial resolution (~10-15 um) but much faster
image acquisition speed and can assess capillary architecture within a cubic millimeter of
brain tissue in vivo within a matter of seconds. As with deep 2PM and 3PM, 1300 nm and
1700 nm are two spectral windows for OCT imaging of deep brain tissue with the least light
absorption.

Prior studies showed that 1300 nm OCTA can be used to resolve microvascular structure
in vivo from the pial surface to the corpus callosum in the mouse barrel cortex through

a cranial window (Fig. 2A).76 A dynamic focusing approach was used by integrating an
electrically tunable lens in the scanning optics to overcome the depth of focus limitation
and enhance deep vascular imaging. The large branches of principal cortical venules are
prominent at the interface between cortical layer 6 and underlying white matter and can be
seen alongside smaller capillary sized vessels (Fig. 2A). These venules are thought to be
drainage outputs for blood from the white matter.”” Using 1700 nm OCTA, studies have
probed larger blood vessels in the mouse corpus callosum and hippocampus, though the
resolution of capillary-sized vessels was diminished.”® In addition to vascular structure,
axial blood flow velocity (velocity in the flow direction that is parallel to the scanning beam)
can be also measured (Fig. 2B).”9-81 Proof-of-principle measurements of blood flow have
been taken from larger branches of principal cortical venules in the corpus callosum.”®

OCTA has been used to study cerebrovascular diseases. For example, imaging of blood
flow in pial and penetrating arterioles after middle cerebral artery occlusion have revealed
how collateral arterioles re-distribute blood flow in penetrating arterioles throughout the
cortex.82-84 OCTA has also been used to study age-related differences in cerebrovascular
anatomy and hemodynamics, which has revealed an increase in arterial tortuosity and
decrease in capillary density and cerebral blood flow in aged animals.8% The technique has
also advanced considerably for high throughput, broad-scale measurements of capillary flow
in vivo at least up to 0.5 mm in depth (Fig. 2C).86-88 Capillary transit time heterogeneity
(CTTH) can now be studied in detail in mice.89 At resting state, the speed of RBCs among
capillary segments are extremely heterogeneous.3® During neural activation, flux among
capillary segments homogenize (decreased CTTH) to facilitate a more efficient oxygen
distribution and extraction.0 Increased CTTH has been implicated in AD/ADRD®?, and
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animal models may help to establish the underpinnings of this change in brain capillary
perfusion.

OPTICAL COHERENCE MICROSCOPY

Optical coherence microscopy (OCM) was developed to combine the principle of OCT with
confocal microscopy, making it possible to resolve neuronal cell bodies and myelination.92
The imaging contrast of OCM also arises from the intrinsic light scattering property of the
tissue against the background. For instance, neuron cell bodies manifest as low scattering
regions against a highly scattering background of neurites, and myelinated axons manifest
as highly backscattering signals.92 Based on these properties, minimum and maximum
intensity projections can be produced to visualize neuronal cell bodies and myelination,
respectively (Fig. 2D,E).93 OCM imaging could reach the mouse corpus callosum where
laterally projecting myelinated axon tracts were visible. In the 5XFAD mouse model of AD
where amyloid burden develops earliest in the deep cortical layers, a recent study revealed
co-occurring demyelination primarily in deep cortical layers.93

PHOTOACOUSTIC IMAGING

Photoacoustic tomography (PAT) achieves deep imaging by combining light and ultrasound
into a single technology. Short pulses of light are used to induce local thermoelastic
expansions in tissues, creating low scattering ultrasound waves that pass easily through soft
tissues.?* These emitted waves are detected using ultrasonic transducers spatially arranged
around the animal’s head and the 3D image is formed by triangulating the location from
which the waves originate. Oxyhemoglobin strongly absorbs wavelengths of light used
during PAT (i.e., 532 nm), and signal generation from the blood enables in vivo imaging of
the microvasculature.

PAT has been used to image vascular structure and blood oxygenation in small rodents

at various spatial scales, often through the intact skull to preserve the intracranial
environment.%: 96 Within the spatial ranges relevant to imaging of cerebral microvessels

in vivo, lateral resolutions of 10 to 100 pm can be achieved at depths at least 1-3 mm

deep. Small vessels throughout the white matter and subcortical tissues can be visualized
(Fig. 3A).97 A particularly strong signal generator is the inferior sagittal sinus and its
branches suggesting it is possible to longitudinally track mid- to large-sized veins/sinuses
that collect blood from deep medial surfaces of the brain hemispheres.% Further, the
differing absorption properties of deoxy- and oxyhemoglobin and the ability to perform

fast successive scanning allows total blood hemoglobin, oxygen saturation of hemoglobin,
and blood flow velocity to be measured concurrently with vascular structure (Fig. 3B).98: 99
From these parameters, the oxygen extraction fraction (OEF) and cerebral metabolic rate of
oxygen (CMRO?2) can be estimated for investigations of neurovascular coupling, although
only within cortex at this stage.190 As a proof-of-principle for dementia-related studies, PAT
is sensitive to decreases in cortical cerebral blood flow and CMRO?2 induced by amyloid
plague accumulation and CAA in the arcAB mouse model of AD19 and in response to brief
periods of hypoxic challenge.%®
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Higher resolutions can be achieved with further adaptations, such as focusing of the
excitation light through microscope objectives and use of advanced detectors, albeit with
a tradeoff in imaging depth.% Optical-resolution photoacoustic microscopy (OR-PAM)
involves imaging through a cranial window and focusing of the excitation light through
an objective, which increases sensitivity to contrast and achieves cellular resolution, with
tradeoffs in in depth penetration and acquisition speed.192 Hu et al. showed that OR-PAM
could be used to image amyloid plaques in APP/PS1 mice in vivo.193 The mice were
injected with Congo red through the cisterna magna and imaging with both OR-PAM and
2PM revealed correlation in plaque distribution between modalities.103

FUNCTIONAL ULTRASOUND IMAGING

Functional ultrasound (fUS) imaging is a noteworthy emergent technique for imaging
cerebral hemodynamics in animal models.1%4 It has depth advantages over modalities
requiring optical excitation, as it uses ultrasound waves to both stimulate and detect, which
increases signal transmission for whole brain imaging of cerebral hemodynamics up to 1
cm in depth. It also provides a lateral resolution of ~100 pm across a 300 um slice of

tissue in the coronal plane, with high temporal resolution (10 Hz)(Fig. 3C).19% While fUS
lacks resolution to observe the structure of individual penetrating vessels, and can detect
relative change in blood flow within perfusion domains of individual cortical and subcortical
arterioles and venules (Fig. 3D).106 Functional ultrasound measurements are often used as a
proxy for neural activity in studies of functional hyperemia and resting state connectivity in
awake mice.107

An adaptation of fUS called ultrasound localization microscopy (ULM) substantially
increases the imaging resolution of fUS, but with longer integration time (Fig. 3E,F).108
This involves injection of inert gas microbubbles and tracking of individual microbubbles
within the blood stream to obtain quantitative and localized maps of blood flow velocity
at the spatial scale of ~10 um in 100 um thick coronal slices. Recently, ULM was applied
to the imaging of adult and aged mouse brain in vivo, revealing that the approach can
detect age-related decreases in cerebral blood flow and increased tortuosity of penetrating
vessels.109

CHOOSING AN APPROACH

The technologies reviewed here enable studies of vascular function in the white matter and
deeper structures of live rodents. They span a range of spatiotemporal scales, and each have
advantages and disadvantages (Table 2). This requires investigators to match the technique
to the biological question. Deep 2PM and 3PM would be ideal for studying vascular
function at the level of single arterioles, capillaries, and venules. They provide the highest
resolution and versatility for imaging cell types of the neurovascular unit and surrounding
neural tissue but are low throughput from broader measurements of blood flow. OCTA is
preferred for study of microvascular network dynamics with its ability to sample flow across
many vessels at once with high spatiotemporal resolution. However, it is not well suited

for examining small changes in vascular diameter and does not permit the concurrent study
of neurovascular cell types. OCM provides cellular-level, label-free imaging of myelinated
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tissues to query disease-related changes to the white matter. Photoacoustic imaging provides
a further tradeoff in spatial resolution for imaging depth, being able to reach several
millimeters into the brain through an intact or thinned skull. The oxygenation state of blood
can be measured without exogenous agents, which is a unique benefit over other techniques.
However, capillary-level changes may not be resolvable at depth. Finally, fUS is preferred
for deep imaging of relative change in cerebral blood flow with a further tradeoff in imaging
resolution, though ULM greatly increases resolution with microbubble tracking. A mix of
multiple imaging modalities within a lab would help researchers strike the right balance
between spatial resolution, imaging depth, and ability to measure the relevant biological
processes for their research questions.106

PROSPECTIVE STUDIES AND OPPORTUNITIES

When applied to mouse models that recapitulate aspects of human AD/ADRD, these

recent advances in deep imaging can add significant insight into how early microvascular
dysfunction contributes to degeneration of white matter and other deep brain structures.
Numerous aspects of neurovascular physiology and pathophysiology can be addressed, and
our discussion of prospective studies/opportunities below is by no means exhaustive. Rather,
they are example topics that would build foundational knowledge of how vascular structure
and perfusion differs between deep brain tissues and the well-studied cerebral cortex.

Angioarchitecture and perfusion of gray matter versus superficial white matter.

More data is needed to understand the basic structural and functional properties of the
vascular networks that perfuse the cerebral white matter. Deep 2PM and 3PM can be

used to gather information on 3D vascular structure, pathways for arteriole-capillary-venous
perfusion, and vascular physiology (functional reactivity, vasomotor oscillations) in the
CC/EC and deeper subcortical tissues. Given the heterogeneity of perfusion dynamics in
the variety of small vessel types, these data collected initially from normal adult and aged
mice would be an essential baseline to understand normal age-related changes in vascular
function. Upon these data, it is then logical to ask how small vessel disease processes can
trigger vascular abnormalities in models of AD/ADRD. Venous drainage systems would be
equally as important to study as arterioles and capillaries, since all blood entering a tissue
must also exit, and there is evidence for small vessel disease of venules in white matter,
i.e., venous collagenosis and increased tortuosity, with physiological impact still poorly
understood.119: 111 Complementing deep 2PM and 3PM, OCTA, photoacoustic imaging,
and fUS can then provide broader scale imaging to determine overall changes in cerebral
perfusion in penetrating arterioles and venules that supply and drain the white matter.

Differences in capillary flow dynamics in gray versus white matter.

The capillary network is optimized to ensure that all capillaries have some degree of
perfusion at rest, yet provides room for augmented flow (homogenization) during brain
activity.%0 However, aging is associated with increased capillary tortuosity, formation of
non-patent string capillaries, alterations in capillary diameter as well as reduction of
capillary density, and these abnormalities are exacerbated with AD/ADRD.": 112 Fyrther,
capillary flow stalling by adherent leukocytes is increased in AD mouse models and
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contributes to cerebral hypoperfusion.48: 113 The accumulation of these defects can impair
the distribution of blood in the capillary network at rest and raise the threshold to achieve
flux homogenization. Indeed, recent studies have used dynamic susceptibility contrast MRI
to infer dysfunction in the transit of blood through brain capillaries in AD.114 It is possible
that capillary beds in white matter experience earlier and more severe deviations from
normal capillary flow heterogeneity, compared to upper layers of cortex. Longitudinal deep
multiphoton imaging and OCTA will help to address this open question. OCTA capillary
velocimetry has captured the process of capillary flow homogenization during functional
hyperemia, and it was shown that capillary hemodynamics in the aged mouse brain exhibits
increased capillary velocity heterogeneity compared to younger mice.85 However, these
measurements were restricted to the upper layers of cortex, and deeper imaging is needed
to determine how capillary dysfunction unfolds in white matter. Further, capillary flow
dynamics have been measured in some AD/ADRD models but have similarly been restricted
to the upper layers of cortex.48: 113,115, 116

Differences in pericyte function and viability in cortex versus deep tissues.

Pericytes are mural cells of the capillary network that play critical roles in maintenance

of blood-brain barrier integrity.117-120 Pericytes are highly sensitive to cerebrovascular
pathology, and studies have shown significant loss in pericyte density and coverage in

both normal aging!?! and AD/ADRD122-125 However, whether pericyte loss is a driver of
capillary deterioration or a consequence remains unclear. Recent studies have used strategies
to induce pericyte loss in the adult brain while examining capillary flow dynamics. They
suggest that pericyte loss is sufficient to cause abnormal redistribution of blood flow in
capillary networks, stalling of blood cells, and vascular regression.126. 127 No information

is available on the effect of pericyte loss on capillary perfusion in the cerebral white matter
and the hippocampus. Further, questions remain on what causes pericyte loss in AD/ADRD.
Recent studies have suggested that amyloid beta induces expression of endothelin-1 that
leads to aberrant contraction of pericytes.128 It is presumed that this over-activation in the
presence of amyloid beta could also initiate pericyte death, and this can be ascertained by
deep imaging in AD models with fluorescently labeled pericytes. Further, the lowa amyloid
beta mutation tends to cause capillary-level CAA (CAA Type 1), while the Dutch mutation
tends to accumulate in larger arterioles (CAA type 2), suggesting that different amyloid beta
forms can trigger different cerebrovascular outcomes, warranting investigation across CAA
models.129

A recent study revealed that differences in hippocampal vasculature that may underlie
increased vulnerability to pathology, including reduced capillary diameter, density and
dilatory responses to neural activity, compared to the visual cortex.130 Pericyte density
was also reduced in hippocampus, as was the distribution of pericyte subtypes with

more contractile phenotypes. This pioneering in vivo imaging study was conducted with
conventional 2PM and required removal of the cortex. Deep 2PM and 3PM imaging could
provide more noninvasive deep tissue access to build upon these observations.
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What vascular changes precede neurodegeneration?

The structure and function of neurons should be considered alongside vascular changes

in longitudinal imaging studies to better understand which aspects of neurovascular
dysfunction precede and are therefore potential drivers of neurodegeneration. During aging
in rodents, neuronal numbers remain largely unchanged, but there is a gradual loss of

myelin and oligodendrocytes.13! During age-related white matter loss cases in humans and
non-human primates, there is similarly a loss of myelinated nerve fibers.132 133 These
changes affect conduction efficiency in neuronal circuits and are associated with reduction
of cognitive function. 134 Myelin loss is also prominent in AD/ADRD, and can precede AR
and tau pathologies.13% When and what type of vascular insufficiencies occur in white matter
in relation to this myelin loss is important to clarify. In this context, both 3PM and OCM
offer the ability to measure the integrity of myelinated axons in deep cortex and white matter
while tracking the evolution of neurovascular pathology in AD/ADRD models. As discussed
above, OCM has revealed changes in myelination in the deep cortex of 5XFAD mice with
AD amyloid pathology®3, and 3PM can be useful for dual imaging of vasculature and the
oligodendrocyte populations that construct the myelin sheaths.5”

Conclusions.

Funding.

Emergent deep imaging technologies are being applied to AD/ADRD-relevant questions, but
current applications have only scratched the surface in their potential to reveal mechanistic
insight. Deeper imaging is needed to understand the microvascular bases of white matter
degeneration, and to ensure that studies are applied to clinically relevant brain structures
vulnerable in AD/ADRD.

Our work is supported by grants to A. Shih from the NIH/NINDS (NS097775) and NIH/NIA (AG063031,
AG062738, R21AG069375, RF1IAGO077731).

Abbreviations:

2PM Two-photon fluorescence microscopy

3PM Three-photon microscopy

AD/ADRD Alzheimer’s disease and Alzheimer’s Disease-related dementias
CAA Cerebral amyloid angiopathy

CcC Corpus callosum

CTTH Capillary transit time heterogeneity

EC External capsule

fus Functional ultrasound

MRI Magnetic resonance imaging

OCM Optical coherence microscopy
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OCT Optical coherence tomography

OCTA Optical coherence tomography angiography

PAT Photoacoustic tomography

PET Positron emission tomography

THG Third harmonic generation

ULM Ultrasound localization microscopy

VCID Vascular contributions to cognitive impairment and dementia
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Figure 1. In vivo imaging with deep 2PM and 3PM.
(A) Volume of tissue showing microvasculature in cortex, callosal white matter, and

hippocampus, captured by deep 2P in vivo using Alexa 680-dextran dye. (B) Planar view at
two imaging depths (Z = 0.40 mm and 0.95 mm below the brain surface) outlined by the
red dashed lines in panel A. (C) Bar plots of average capillary RBC flux in the cerebral
gray and white matter, during control conditions, mild hypercapnia and global cerebral
hypoperfusion, respectively. Data are expressed as mean + SD. *P < 0.05, Student’s t-test. Li
et al., Journal of Cerebral Blood Flow and Metabolism (volume 40, issue 3), pp. 501-512,
copyright ©2019 by (Sage Publications), reprinted by Permission of SAGE Publication.59
(D) Volume collected by 3PM showing GCaMP6s-labeled neurons in the mouse cortex and
the hippocampus (green, GCaMP6 fluorescence; magenta, intrinsic third-harmonic signal
(THG)). (E) Planar views showing cortical layer 6 (L6) and external capsule (EC) from
panel D. THG visualizes blood vessels and myelinated axons in the EC. (F) Neuronal
activity recording site in the hippocampus located at 984 pm. Traces on the right show
spontaneous activity recorded from the labeled neurons indicated in panel F. Adapted from
Ouzounov et al.%8 with permission. Copyright ©2017, Springer Nature.
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Figure 2. In vivo imaging with OCTA and OCM.
(A) Volume of OCTA data collected in mouse cortex through a cranial window. Planar

view maximum intensity projections (MIP) at different depths. WM: White matter. (B)
Bi-directional axial velocity map generated by en face MIP of the 3D doppler OCTA data.
Color bar represents the RBC axial velocity of the flow descending into (positive, green)
and rising from (negative, red) the cortical surface. The 3D velocity signals are shown

to the right of the projection image. (C) En face average intensity projection of the 3D
capillary velocimetry dataset within a 300 um thick region of cortex. Color represents a
blood flow velocity range. A cross section at the white-dashed line position is shown to the
right. Reprinted with permission from 76 © The Optical Society. Reprinted with permission
from 80 © The Optical Society Used with permission of SPIE, from Optical coherence
tomography angiography-based capillary velocimetry, Wang RK, 22, 2017; permission
conveyed through Copyright Clearance Center, Inc.88 (D) OCM imaging of neuronal cell
bodies with side view of tissue on the left and en face projection view on the right. Outline
colors of the en face images correspond to z depth as indicated by the arrow colors on the
side view. (E) Myelinated axons shown with side view of tissue on the left and en face
projection at two selected z depths. Side view slice projection thickness: 190 pm. Axial
projection thickness: 11.2 um. Adapted from Zhu et al.%3
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Figure 3. In vivo imaging with ultrasound-based technologies.

(A) Photoacoustic computed tomography image providing coronal view of mouse brain
through an intact skull. Used with permission of John Wiley & Sons, from High-resolution
deep functional imaging of the whole mouse brain by photoacoustic computed tomography
in vivo, Zhang P, 11, 2018; permission conveyed through Copyright Clearance Center, Inc.®”
(B) Horizontal view showing oxygen saturation of blood in vasculature from dorsal surface
of mouse brain, collected by ultra-fast wide-field photoacoustic microscopy. Images were
collected after skull removal and implantation of a whole cortex window. Adapted from
Zhu et al.?9 (C,D) Entire depth of rat brain imaged through a bihemispheric transcranial
window using fUS. Panel C shows power Doppler image and panel D shows axial blood
velocity image revealing domains perfused by penetrating vessels. Adapted from Macé et
al.194 with permission. Copyright ©2011, Springer Nature. (E,F) Magnified view of cortical
microvessels imaged by ultrasound localization microscopy. Panel E shows microbubble
density map and panel F shows flow velocity and flow direction map revealing individual
cortical penetrating arterioles and ascending venules. Adapted from Errico et al.108 with
permission. Copyright ©2015, Springer Nature.
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Table 1.

Applications and characteristics of deep optical imaging modalities

M echanism of signal Measurable features Spatial resolution Practical
generation imaging depth
Two-photon Fluorescence Cell morphology and activity, ~1-5 ym ~0.5 mm
microscopy vascular structure, and blood flow
Deep Two-photon Fluorescence Cell morphology, vascular structure, ~1-5 ym ~1.2mm
microscopy and blood flow
Three-photon Fluorescence Cell morphology and activity, ~1-5um ~1.2mm
microscopy vascular structure, and blood flow
Optical coherence Optical scattering Vascular structure and blood flow ~10-15 pm ~2mm
tomography
angiography
Optical coherence Optical scattering Neuron structure and myelination ~3um ~2mm
microscopy
Photoacoustic imaging Optical energy Vascular structure, blood flow and ~10-100 pm ~1-3mm
absorption and sound blood oxygen content
wave detection
Functional ultrasound Sound energy Vascular structure and blood flow ~100 pm (~10 pm with ~lcm
imaging absorption and wave Ultrasound Localization
detection Microscopy
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Advantages and disadvantages of deep optical imaging modalities

Imaging modality

Advantages

Disadvantages

Deep two-photon

High-resolution in vivo imaging of vascular

microscopy structure, function, and cell types.
High-resolution in vivo imaging of vascular
structure, function and cell types.
Visualization of the cortical gray/white matter
Three-photon L e
microscopy boundary through intrinsic third harmonic signal

generation.

Multi-color imaging for concurrent investigation
of neuronal activity and vascular function.

Deep 2PM is effective for only red/far red dyes and proteins.
Typically requires introduction of exogenous fluorophores.

Requires cranial windows, which can disrupt the intracranial
environment

Slower image acquisition is better suited for single vessel studies.
Imaging is limited in field of view.

Possibility of photodamage due to high laser powers.

Optical coherence
tomography
angiogr aphy

High-resolution in vivo imaging of microvascular
structure and blood flow without exogenous
contrast agents.

High throughput capillary velocity and flux
measurement in the microvascular network

Unable to image neurovascular cell types.

Typically examined as x-y projections and tracing vessel
structures in 3D is problematic.

Limited penetration depth for capillary velocimetry (up to 500
Hm).

Strong scattering caused by larger vessels at the brain surface leads
to imaging artifacts at depth.

Requires cranial windows.

Optical coherence
microscopy

High throughput mapping of neuronal and
myelinated structures.

Limited ability to visualize neurovascular cell types.

Photoacoustic
imaging

Imaging of vascular structure and blood oxygen
across networks with single arteriole and venular
resolution.

Some adaptations allow visualization of
vasculature in whole brain cross sections in vivo.

Imaging can be performed through an intact skull
for some applications

Unable to image neurovascular cell types.
Possibility of photodamage due to high laser power.

Shadowing of the larger vessels at brain surface leads to imaging
artifacts

Functional
ultrasound
imaging

Imaging of vascular structure and function through
the entire rodent brain.

Imaging performed through an intact skull.
Skull-thinning required for high resolution.

Device is portable

Unable to image neurovascular cell types.

Does not allow for investigation at the level of capillary networks.
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