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In vivo imaging of the neurovascular unit in CNS disease
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Abstract

The neurovascular unit—comprised of glia, pericytes, neurons and cerebrovasculature—is a

dynamic interface that ensures physiological central nervous system (CNS) functioning. In disease

dynamic remodeling of the neurovascular interface triggers a cascade of responses that determine

the extent of CNS degeneration and repair. The dynamics of these processes can be adequately

captured by imaging in vivo, which allows the study of cellular responses to environmental stimuli

and cell-cell interactions in the living brain in real time. This perspective focuses on intravital

imaging studies of the neurovascular unit in stroke, multiple sclerosis (MS) and Alzheimer disease

(AD) models and discusses their potential for identifying novel therapeutic targets.
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Introduction

The study of discreet processes underlying CNS function as they occur in real time in the

living brain is a goal that has long fascinated neuroscientists. For many decades, the skull

was a seemingly impenetrable vault, a black box preventing researchers from looking

through it in the living mammal. The advent of two-photon laser scanning microscopy

(TPLSM) enabled neuroscientists to record ongoing cellular processes in real time.1 The

first applications of intravital imaging to study the CNS set the stage for an innovative field

within neuroscience research.2–5 In vivo imaging in the CNS became possible when the first

transgenic mice expressing fluorescent proteins in different cell types of the brain were

generated.6 In recent years, the field has experienced an impressive growth by the

introduction of novel imaging technologies, new surgical and technical methods and a

wealth of sophisticated experimental approaches that have immensely expanded our insight

on nervous system function in health and disease.7–9 The advantage of in vivo imaging is

following the highly dynamic, time-dependent processes that are characteristic of CNS
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function in real time. The neurovascular unit, composed of cerebral blood vessels, glial cells

and neurons, is at the center of precisely regulated and dynamic neuronal and vascular

activities.10 The features of this dynamic interface of complex, multiple cell-cell interactions

render it a vulnerable target in CNS pathology,10,11 and an ideal site for in vivo imaging

studies.

In this perspective, we will focus on intravital imaging using TPLSM as an indispensable

experimental tool for studying real time alterations in the functioning of the neurovascular

unit. We will discuss why and how the results of in vivo imaging of the neurovascular unit

could provide critical information regarding the pathogenesis of several CNS diseases,

including stroke, MS and AD, and how this approach could reveal novel and much needed

therapeutic avenues.

Studying the Neurovascular Unit

The neurovascular unit initially served as a conceptual framework to describe the

relationship between neuronal activity and cerebral blood flow (CBF), a mechanism known

as functional hyperaemia.10 Elevated neuronal activity is accompanied by increased blood

supply, which accommodates higher neuronal metabolic demands and provides a means for

the efflux of metabolic end products. The discovery that astrocytes, microglia, and recently

also pericytes control vital functional processes in this tightly coupled, neuronal-CBF

relationship expanded the perception of the neurovascular unit into one of a highly regulated

apparatus functioning at a multicellular level.10

Imaging the elements of the neurovascular unit

The study of the neurovascular unit by histological means has identified the main cellular

components and provided some crucial structural clarity into its functions.11 Real-time in

vivo imaging is required to capture the time-dependent activities and dynamic cell-cell

interactions that take place within the complex cerebral network. It is the merit of such

elegant and sophisticated studies that, for example, intricate functional contacts between

dendritic spines—the major site of excitatory synaptic inputs in the brain—and astrocytic

endfeet have been revealed, showing that timely spine dynamics are dependent on

interactions with astrocytes.12 In addition, the idea that intercellular signaling within the

brain is solely a neuronal privilege lost credence following in vivo imaging studies revealing

communication between astrocytes in the form of Ca2+ waves that parallel neuronal

activity.8,13 While the belief of astrocytes acting as a mere glue substance without functional

roles was challenged as early as the end of the 19th century,14 only recently in vivo imaging

studies have provided strong support for the active role of astrocytes in neuronal health,

stability and transmission.

Some of the earliest in vivo imaging studies in the mouse cortex provided the first visual

demonstrations of how complex and to this day unresolved processes as memory formation

and learning could be taking place at the cellular level in the mammalian neocortex by

following the same dendritic branches in the cortex over periods of time ranging from

minutes to months.15,16 These studies identified the stochastic nature of new spine formation

and revealed that some spines remain stable for prolonged periods of time while others
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exhibit a high turnover rate.15,16 By reimaging the exact same spines over time, neuronal

activity was identified as a major regulator of spine turnover that can be modified by

peripheral sensory stimulation of the corresponding input organs.17 Similarly, in vivo

imaging of microglial behavior in the intact cortex revealed that the resident immune cells of

the CNS are far from “resting” at steady-state, but rather are continuously surveying the

physiological brain parenchyma.18,19 In vivo imaging studies also detailed the nature of the

physical interactions between microglial processes and dendritic spines in the brain of mice

where both neurons and microglia were fluorescently labeled. These studies suggested that

microglial process-dynamics might play a central role in regulating the fate of dendritic

spines in the adult as well as the developing brain.20–22

Diseases of the Neurovascular Unit

As much as the tightly regulated functions of the neurovascular unit lie in the strictly

regulated interplay between its cellular constituents, its vulnerability shares the very same

origins. Failure of even one component can affect the system as a whole and can lead to

overall malfunctioning. Stroke, MS and AD are neurological disorders that strongly impact

the integrity of the neurovascular unit, whereas accumulating evidence suggests that

neurovascular breakdown is an early pathological step, possibly crucial for disease initiation

and progression.10,23 In light of these findings, there is an urgent need for tools that enable

the study of the neurovascular unit in the context of disease, which could lead to the

discovery of robust therapies and early disease biomarkers.24 This section focuses on the

impact of intravital imaging on deciphering the role of the neurovascular unit in stroke, MS

and AD.

Stroke

Because cerebrovascular injury initiates cerebral impairment within a confined, chosen area

of the brain, in vivo stroke models provide valuable tools for understanding the

consequences of vascular disruption on cerebral functioning. Mouse and rat models of

middle cerebral artery occlusion (MCAO) are based on the generation of an ischemic core

causing neural cell loss as a result of mechanical vessel blockage, thereby mimicking the

pathophysiological state as seen in stroke patients. In vivo imaging is a well-established

method to measure subtle as well as large changes in CBF both in physiological and

pathophysiological conditions.25 Intravascular administration of fluorescently labeled dyes

allows for visualization of blood vessels and red blood cells, the latter appearing as dark

cellular shapes within a bright plasma background. This is the most commonly used

approach to quantify CBF (Table 1), whereby the number of red blood cells passing through

a given length of vessel within a specified time window functions as a measure of blood

flow.25 Altered CBF is a key phenomenon in MCAO which is partly the result of collapse of

the lumenal space of microvessels followed by reorganization of the microvasculature in the

stroke-affected area.26 Another study employing in vivo imaging in combination with a

fluorescent probe that detects activated factor XIII, revealed thrombotic events correlating

with fibrin deposition within 1 to 24 h after MCAO, indicating early and time-dependent

compromise of the blood-brain barrier (BBB) in stroke.27 These studies exemplify how
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MCAO combined with intravital imaging has provided valuable understanding of the

consequences of stroke on the cerebrovasculature and beyond.

MCAO usually affects a very extensive area of the brain similar to a major artery occlusion

in humans. However, there are also other, much more confined and probably more common

incidents that result from the infarction of smaller diameter vessels or capillaries in humans.

Using an in vivo stroke model that closely recapitulates such micro-occlusions, Lam and

colleagues28 combined the infusion of fluorescently-labeled micro-emboli with in vivo two-

photon microscopy to induce and study the dynamics of microvascular remodelling

following stroke. This study revealed another highly unanticipated function within the

neurovascular unit, whereby reorganization of the endothelial cells of the vascular wall

resulted in extravasation of the emboli and restoration of the blood flow.28 Furthermore, the

extravasated emboli were taken up by neighboring microglia,28 demonstrating a unique self-

repair mechanism of the CNS that involves interactions between two cellular components

working together at the neurovascular unit to restore blood circulation and prevent neuronal

damage.

In vivo imaging of the pathological cascade downstream of the initial vascular insult has

substantiated and clarified cellular events that occur in stroke, and importantly, are

consistent with results of earlier histological approaches. Elegant electron microscopy work

by Tagami and colleagues29 revealed stroke-induced degeneration of the enigmatic

pericytes. In vivo imaging studies showed that stroke alters pericyte morphology, causing

weakening of the BBB and entry of peripheral immune components including inflammatory

T cells in the brain.30,31 Unexpectedly, in vivo imaging showed that pericytes can contribute

to stroke pathogenesis by intensifying cerebral ischemia via extensive microvascular

constriction, leading to far-reaching and lasting reductions in CBF.32

Similar to pericytes, astrocytes and recently also microglia were shown to negatively affect

CBF following stroke.33 This unexpected contributing role for astrocytes in stroke pathology

occurs via a mechanism called spreading depression.34 Spreading depression is

characterized by a temporary inhibition of neuronal activity following neurological insult,

such as stroke and traumatic brain injury. This inhibition spreads across parts of the cerebral

cortex and originates from increased propagation of Ca2+ waves within astrocytes and

neurons. The in vivo imaging studies of Chuquet and colleagues34 brought to light a synergy

that exists between astrocytic and neuronal Ca2+ waves that leads to the detrimental halting

of capillary CBF and results in ischemia. Astrocytes mediate signals between neurons and

the cerebral vasculature to guarantee that elevated neuronal activity is paralleled by

increased CBF, which facilitates the increased demand in oxygen supply. A disturbance in

this tightly regulated mechanism can thus have dramatic effects on cerebral functioning.

The chronic occurrence of intracellular Ca2+ waves in neurons, as imaged in spreading

depression, is not only detrimental for proper CBF, but affects neuronal integrity as well.

Neuronal glutamate release is controlled by the intracellular Ca2+ concentration [Ca2+], and

excessive increases in the intracellular Ca2+ pool causes neurons to release pathologic levels

of glutamate, leading to neuronal swelling and breakdown.35 Intravital imaging has provided

further convincing evidence that stroke-induced ischemia alters dendrite morphology and
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affects dendritic spine dynamics within a time frame ranging from minutes to hours after the

onset of CBF blockage.36–38 These imaging studies also yielded clarity into the mechanisms

of neuronal plasticity in the recovery period after a stroke insult.36 Such knowledge is

essential for the advancement of stroke therapies, as they reveal the temporal response of the

neurovascular unit and the time points at which therapeutic interventions might have a

protective effect. With no adequate drug therapies available, the application of intravital

imaging to the study of stroke pathogenesis could help to inform treatment strategies for this

debilitating neurological disorder.

Multiple Sclerosis

The origins of MS, a devastating and often disabling neuroinflammatory disease, remain

unknown. Some of the most prominent pathophysiological findings identified mostly in

brain biopsies of MS patients are the formation of lesions in the white matter, characterized

by extensive loss of myelin, axonal damage and inflammation, involving both resident and

infiltrating immune cells in the CNS.39 In addition to T cells, microglia,40 peripheral

monocytes41 and the blood protein fibrinogen42,43 contribute to the onset and progression of

neuroinflammation. Although microglia and the disruption of the BBB are considered early

events in MS pathology,44 the sequence of events that lead to neuroinflammatory disease

remains poorly understood. Repetitive in vivo imaging using two-photon microscopy in the

animal model of MS—experimental autoimmune encephalomyelitis (EAE)—is uniquely

positioned to answer these questions, since it allows the study of disease in the same animal

over time. Indeed, in vivo imaging studies of T cell migration in EAE demonstrated

formerly unknown interactions between autoimmune effector T cells and the

cerebrovasculature. Such research, for example, revealed that T cells, after their attachment

to the endothelium, explore the lumenal vessel wall in a bidirectional manner for multiple

days before entering the CNS.45 These imaging experiments have provided novel

understanding of the migratory paths of T cells into the CNS and have expanded our

understanding regarding how the physiological separation of the peripheral blood stream and

the CNS is breached in neuroinflammation.

Intravital imaging has also increased our understanding of axonal pathology in

neuroinflammation. Indeed, with the aid of in vivo two-photon imaging, Siffrin et al.44

found an intriguing direct contact between myelin-specific Th17 and neuronal cells that was

associated with extensive axonal damage. T cells induced changes in neuronal Ca2+ levels,

suggesting that they participate in early stages of axonal damage. Intravital imaging was

crucial in identifying “focal axonal degeneration” as a novel feature of immune-mediated

axonal damage.46 Nikic and colleagues,46 using in vivo two-photon microscopy showed that

axonal abnormalities start with focal swellings, and while some axons degenerate, in others

swellings are reversible resulting in spontaneous recovery. Focal axonal degeneration was

also observed in samples from human MS lesions.46 Although these pioneering studies have

identified novel mechanisms for T cells and axons, the contribution of glial cells and BBB

leakage in the dynamic remodelling of the neurovascular interface in neuroinflammatory

disease remains elusive. Technological advances of stable imaging in the spinal cord will

further facilitate studies of repetitive imaging of multiple cell types within myelinated areas

in anatomical areas accessible by two-photon microscopy.47–49 The availability of reporter
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transgenic mice and specific dyes for glia, T cells and BBB leakage (Table 1), makes

possible the simultaneous labeling of different components of the neurovascular unit for the

study of neuroinflammatory disease.

Alzheimer Disease (AD)

Although AD has been traditionally considered a mere neuronal disease, cutting-edge

studies have countered this view by identifying that breakdown of the neurovascular unit is

central to the onset and progression of AD (Fig. 1).10 One of the classic views in AD

research is described by the amyloid hypothesis, according to which the pathological

accumulation of amyloid β (Aβ)—a cellular cleavage product of the amyloid precursor

protein APP—leads to the gradual formation of Aβ plaques over time,10 and thus creating a

toxic environment that causes neurodegeneration in the AD brain. Recently, the validity of

the amyloid hypothesis has been strongly questioned and whether Aβ is indeed an instigator

or an epiphenomenon in AD pathology remains a subject of active debate.50 Nevertheless,

the deposition of Aβ plaques occurs both in the brain parenchyma and on cerebral vessels,

with the latter leading to cerebral amyloid angiopathy and causing a plethora of vessel

pathologies including BBB breakdown, vascular stenoses and decreased CBF.23 Aβ can

therefore be regarded as one of the key instigators of neurovascular unit impairment in AD

(Fig. 1). Excellent fluorescent Aβ dyes have been developed that make use of the

characteristic fibrillar and β-sheet structure of Aβ within plaques and show highly specific

binding. These dyes have allowed the application of intravital imaging to studies aimed at

understanding the kinetics of Aβ deposition and evaluate the efficacy of anti-Aβ therapies in

vivo.51–53 While in vivo imaging studies in AD animal models agree on the dynamics of

individual plaque growth, different results have been reported on the growth kinetics of

fibrillar amyloid deposits, ranging from within a day,54 to gradually over weeks55 to

months.56 Deposition kinetics of vascular Aβ have been shown to be strongly affected by the

interaction of Aβ with the blood protein fibrinogen.57 This interaction leads to both a

decrease in lysis of fibrin clots and impaired vascular Aβ clearance inducing cerebral

amyloid angiopathy, vascular Aβ deposits affecting the physiology of the

cerebrovasculature.57 The reciprocal character of the Aβ-fibrinogen interaction in AD was

further supported by the results of in vivo imaging in a transgenic AD mouse model that

demonstrated decreased fibrinolysis with blood clot formation paralleled by impaired CBF

and cognitive functioning.57 Such studies are demonstrative of the close relationship that

exists between neuronal health and an intact, properly functioning neurovascular unit.

A more careful evaluation of the relationship between amyloid plaque growth and the degree

of neuritic dystrophy in their proximity seems to confirm a causal relationship between the

two, however it would appear that the kinetics of amyloid deposition is a more critical

determinant of neurotoxicity, possibly more so than the extent of the plaque growth itself.58

Microglial activation influences Aβ plaque deposition by causing chronic cerebral

inflammation, neuron loss and BBB breakdown. An example is the unexpected discovery

that the microglial CX3CR1 chemokine receptor directly affects neuronal viability in mouse

models of AD.59 Another recent study by Liu and colleagues60 showed that microglia

control brain Aβ concentrations and hence the degree of Aβ plaque formation in AD mouse

models, opening the road for a potential new drug target in microglia. In vivo imaging
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studies in transgenic mouse lines with microglia-specific fluorescent protein expression

(Table 1) have thus elucidated how microglial activation contributes to AD-mediated

cerebral inflammation. In addition to microglia, astrocyte activation is also a hallmark of AD

pathology, especially around Aβ plaques, as first discovered by traditional histological

approaches.10 However, it had not been clearly established whether their activation is linked

to detrimental effects on surrounding tissue. In some studies, astrogliosis was found to be

indicative of Aβ plaque clearance.61 Yet, Aβ-induced astrogliosis is also known to

significantly impair astrocytic functions vital to neuronal integrity and CBF—including

glucose uptake and lactate release—by triggering the retraction of astrocyte endfeet from

Aβ-affected blood vessels, thereby disturbing neurovascular coupling.23 To date, in vivo

imaging of astrocytes in AD models is focused mainly on understanding the function of

these cells in the vicinity of Aβ plaques. These studies are based on imaging the intra- and

intercellular astrocytic Ca2+ waves key to neuron-astrocyte communication, and have

provided knowledge of the astrocytic activation state as exemplified by increased

intracellular [Ca2+].8,13 The in vivo imaging techniques that are now available (Table 1)

enables a much-needed and better understanding of the fate and role of astrocytes in AD.

The extensive failure of glial cell and vascular function within the neurovascular unit is

increasingly regarded as an initiating or at least largely contributing factor in AD-related

neurodegeneration. Cognitive decline as a result of neurodegeneration is one of the

symptomatic characteristics of AD. The availability of transgenic mouse lines with neuron-

specific fluorescent protein expression (Table 1) has allowed the study of the relationship

between neuronal morphology/function and cognitive performance in vivo. Chronic loss of

dendritic spines—the functional postsynaptic units critical for plasticity and ultimately

cognitive function—and dendrites in the vicinity of Aβ plaques has been one of the first

discoveries revealed by in vivo imaging.62,63

These studies also demonstrated that a gradient exists in the degree of Aβ plaque toxicity on

dendritic spine dynamics, whereby neuronal dendrites in close proximity to Aβ plaques (<

15 μm distance) display significantly less spine density than ones farther away.64 Others

have found similar results,65 although the toxicity-to-distance ratio can differ significantly

between the various transgenic AD mouse models. Besides dendritic spine loss, observations

of neurite retraction and abnormal neurite morphology, including swelling and

fragmentation in relation to Aβ plaque growth over time, have also come to light with

intravital imaging.63,65 In vivo imaging is not only a powerful tool to study morphologic

changes over time, but can also assess functional activity within the CNS. Combining

structural and functional in vivo imaging, Busche and colleagues66 discovered that neurons

in close proximity to Aβ plaques showed significantly increased activity. These findings

offer crucial clues to help explain the phenomenon of altered neuronal firing patterns that

can disturb neuronal function in AD.

Concluding Remarks

Research in neuroimmune and neurodegenerative disorders, including stroke, MS and AD

has advanced tremendously our understanding of the mechanisms underlying disease

pathology, onset and progression, as well as revealing potential drug targets. Unfortunately,
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the number of breakthroughs in actual drug discovery to treat these devastating diseases

does not parallel the number of mechanistic findings of disease pathogenesis, perhaps due to

the inherently costly and time-consuming features of CNS drug discovery. Intravital

imaging has the potential to enhance translational efforts as it reveals novel and

unanticipated features of disease pathogenesis and is instrumental in identifying the early

events that trigger CNS disease.

Stroke and AD research in particular was traditionally approached from a mere neuron-

centered point of view.67 Given that these diseases cause dramatic neuron loss and

decreased neuronal connectivity such focus is understandable. However, a more unifying

view is emerging in which neurons are no longer acting alone, but instead act together with

their counterparts within the dynamic environment of the neurovascular unit.10 This view

has evolved in large part thanks to the numerous intravital imaging studies discussed in this

perspective, and will likely inform future CNS drug discovery efforts, as exemplified by the

increasing use of in vivo imaging methods in drug discovery.68 The potential of in vivo

imaging to bridge the void between the outcomes of basic research and their translation to

the clinic is also demonstrated by the increasing use of clinical imaging techniques in basic

in vivo research and vice versa. Functional magnetic resonance imaging (fMRI) and

positron-emission tomography (PET) studies of CBF and metabolic changes as a result of

CNS pathology are examples of this interchangeable, translational character of clinical and

in vivo imaging bringing to light formerly unknown similarities in (mal)functioning of brain

regions between humans and rodents.69

Stroke, MS and AD are characterized by unique molecular players, distinct disease onset

and progression patterns, symptoms, and survival rates. Despite differences in mechanisms

of disease pathogenesis, in vivo imaging studies in animal models have revealed compelling

common alterations of the neurovascular unit in neuroimmune and neurodegenerative

diseases (Fig. 1). In essence, the multifactorial character of these disorders and the

substantial prevalence of co-morbidities could be explained by the similarities of

neurovascular unit dysfunction. Furthering our knowledge and understanding of these

intriguing parallels by employing a powerful tool like in vivo imaging could not only

provide essential insight in these debilitating diseases, but perhaps also lead to the discovery

of new targets for disease-modifying therapeutics or, ideally, cures. Given the contribution

of the neurovascular unit to brain injury,70 future in vivo imaging studies could thus also be

instrumental for the understanding of the mechanisms at play in traumatic brain injury.

Since the neurovascular unit is composed of a multitude of cellular processes, its study and

understanding require a multiform research approach. Although intravital imaging is a

powerful tool for the study of the neurovascular unit, there remain significant technical

challenges. Intravital imaging can be beset by sub-optimal signal-to-noise ratio due to poor

resolution as a consequence of light scattering within the imaged tissue.7 Moreover, brain

movements caused by breathing patterns and beating of the heart can greatly disturb the

quality of imaging, especially during continuous (time-lapse) imaging of small structures

such as dendritic spines, microglial protrusions and astrocytic end-feet.9 Furthermore, while

intravital imaging sheds exceptional light on structural and cellular changes, the molecular

pathways and mechanisms underlying those alterations cannot be revealed using this
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technique. However, combining the power of in vivo imaging with other research tools can

bring forth far-reaching knowledge of the neurovascular unit in CNS disease. The emerging

advances in molecular imaging and the development of molecular probes, which can bind

with high specificity to their target27,51,71,72 bear great promise toward achieving enhanced

understanding within the field.
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Abbreviations

CNS central nervous system

MS multiple sclerosis

AD Alzheimer disease

TPLSM two-photon laser scanning microscopy

CBF cerebral blood flow

MCAO middle cerebral artery occlusion

BBB blood-brain barrier

EAE experimental autoimmune encephalomyelitis

Aβ amyloid β

fMRI functional magnetic resonance imaging

PET positron-emission tomography
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Figure 1.
In vivo imaging of the neurovascular unit in stroke, MS and AD. Schematic representation

of the dynamic alterations at the neurovascular unit in different neurologic diseases. Despite

different origins, neuropathology and clinical disease progression, there are striking

similarities in the cellular processes underlying breakdown of the neurovascular unit.

Leakage of the BBB with entry of blood proteins, activation of microglia, astrocyte endfeet

retraction, pericyte detachment, neuronal and axonal changes are key elements of

cerebrovascular dysfunction. Repetitive in vivo imaging shows extravasation of micro-

emboli causing alterations in CBF and restructuring of the microvasculature in stroke,28

migratory paths of T cells after their attachment to the leptomeningeal vessels in a mouse

model of MS,45 and gradual progression of cerebral amyloid angiopathy over weeks as

captured by time-lapse in vivo imaging in a transgenic mouse model of AD.54 Images

reproduced with permission.
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Table 1

In vivo imaging tools for the study of the neurovascular unit

Diseases

Cell type Imaging tool Stroke EAE AD

Astrocytes
Sulforhodamine-101 dye25

Ca2+ sensitive dyes13,34

GFAPGFP mouse73

Ischemia-induced astrocytic
Ca2+ elevation13,34

Spreading depression
increases astrocytic Ca2+ 34

Astrocytic hypertrophy in the
spinal cord74

Increased astrocytic [Ca2+]
affects cerebrovascular

functioning13

Microglia CX3CR1GFP mouse75 Microglial involvement in axonal
degeneration46

Microglial CX3CR1
regulates Aβ

phagocytosis65

Pericytes
Fluorescent dextran-

conjugated dyes76

αSMA-RFPcherry mouse77

Modulation of capillary
blood flow by pericytes32

Pericyte-facilitated blood-to-
brain migration of neutrophils78

Modulation of capillary
blood flow by pericytes76

Vasculature Fluorescent dextran dyes76

Tie2GFP mouse79

Extravasation of fibrinogen
over the compromised BBB

1–24 h after MCAO27

T cell dynamics at the
cerebrovasculature45,47

Instability of vascular
tone13

Neurons Thy1YFP mouse80
Ischemia-induced dendrite

remodelling and spine
loss36,40,41

Focal axonal lesions46 Aβ-mediated dendrite and
spine loss2,15

Reporter mice and fluorescent dyes have been developed for specific detection of components of the neurovascular unit. Examples of key in vivo
imaging applications for the study of astrocytes, microglia, pericytes, vasculature and neurons in neurodegenerative and neuroimmune diseases are
shown.
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