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Abstract

Central nervous system (CNS) function and dysfunction are best understood within a framework
of interactions between neuronal, glial and vascular compartments comprising the neurovascular
unit (NVU), all of which contribute to stroke-induced CNS injury, plasticity, repair, and recovery.
Recent advances in in vivo optical microscopy have enabled us to observe and interrogate cells
and their processes with high spatial resolution in real time and in their natural environment deep
in the brain tissue. Here, we review some of these state-of-the-art imaging techniques with an
emphasis on imaging the interactions among the constituents of the NVVU during ischemic injury
and repair in small animal models.

1. Introduction

Brain injury, whether ischemic, hemorrhagic or traumatic, is a significant cause of morbidity
and mortality, and a major socioeconomic burden. Prevention of brain injury and its acute to
subacute progression, and facilitating the repair and recovery processes are among the
highest priorities in translational neuroscience with the ultimate goal of improving
functional outcome. Decades of research has raised our awareness to the fact that individual
cells and cell types in the brain do not react to injury alone. Rather, cells work as part of an
ensemble (e.g., neurovascular unit) and interact with and react to each other through cell-cell
communications that can be electrical, chemical or even mechanical. Indeed, not only does
each cell type reacts to injury in different ways, but the same cell type (e.g., microglia) can
have two or more faces and change its phenotype at different stages of injury evolution. An
improved understanding of this complex cellular and molecular response to injury is needed
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in order to guide interventions that suppress those processes that are perceived as harmful
and enhance those that are perceived as beneficial after injury. In the context of injury
progression and subsequent mechanisms of repair, phenotypic changes in each cell type, and
specific interactions between cells of the same or different types, will no doubt be better
understood if structural and functional changes are visualized at a cellular level. Today, we
are closer than ever to achieving this goal, owing in part to recent technological advances in
high-resolution in vivo optical imaging that can observe and interrogate cells and even their
processes in real time in their natural environment, thereby preserving the complex
ensemble. As such, in vivo imaging is anticipated to provide clinically relevant data on the
spatiotemporal patterns of tissue injury and repair processes, help improve interventional
therapies, and lead to the discovery of novel markers of recovery as well as selective
targeted therapies.

Historically, optical imaging has been a major tool for investigating the physiological
processes from a subcellular scale to entire organs, owing to its unique properties such as
high temporal and spatial resolution within reasonable thicknesses of tissue, numerous
contrast mechanisms, and modest cost of instrumentation. Traditional optical microscopy
techniques such as widefield or confocal microscopy imaging are not capable of penetrating
more than several tens of micrometers into the optically highly scattering brain tissue, which
significantly limits in vivo applications. Recently, high-spatial resolution optical imaging
technologies capable of penetrating up to one millimeter into the tissue have been developed
and applied to in vivo brain imaging. In this article we review these state-of-the-art imaging
techniques with an emphasis on high-resolution imaging of stroke injury and repair in
rodents.

Several important characteristics of the imaging modality are critical to assess cells in their
natural environment during stroke: 1) ability to image the same region of interest
longitudinally, in vivo; 2) high spatial resolution, sufficient to resolve individual cells,
capillaries, or even subcellular structures such as dendritic spines and axonal boutons; 3)
high temporal resolution, sufficient to resolve the time course of dynamic cellular processes;
4) penetration depth of at least several hundred micrometers into the tissue, to enable
imaging of several cortical layers; and 5) high specificity and sensitivity to various structural
and functional imaging parameters.

Only a few optical microscopy technologies satisfy these requirements and have been
applied to image ischemic stroke in rodents, such as multi-photon laser scanning microscopy
(MPM), optical coherence tomography (OCT), and photoacoustic imaging (PAI). Among
these, MPM imaging is the most mature and widely applied (Helmchen and Denk, 2005;
Svoboda and Yasuda, 2006). In typical MPM applications to in vivo brain imaging, it is
common to achieve ~500 um penetration depth, ~1 um spatial resolution, and a few
microseconds temporal resolution per voxel. The MPM detects photoluminescence (e.g.
fluorescence, phosphorescence) that comes from endogenous or exogenous chromophores,
and images are typically created from the sequences of sequential point measurements.
Brain imaging with MPM can be performed through thinned skull in mice (Drew et al.,
2010), although more commonly a glass-covered cranial window is used to increase the
penetration depth. In addition to MPM, recent advances in OCT and PAI have led to
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important demonstrations of their utility in high resolution in vivo brain studies. OCT is
usually described as an optical analog of ultrasonic pulse-echo imaging (Drexler and
Fujimoto, 2008). OCT detects optical scattering from within the tissue to form cross
sectional images, and, therefore, does not require exogenous contrast agents. Spatial
resolution in common OCT setups ranges from ~1 um to a few tens of micrometers. The
signal reflected from multiple locations along the optical axis of the system (A-scans) can be
acquired simultaneously, which gives a significant speed advantage to OCT over MPM in
volumetric imaging. The typical penetration depth in rodent brain is ~1 mm (Srinivasan et
al., 2012a). Lastly, PAI is a hybrid technology that forms images by listening to ultrasonic
waves generated by thermoelastic tissue expansion (Wang and Gao, 2014; Yao and Wang,
2014). PAI's contrast mechanism comes from the optical absorption of the excitation light
by chromophores of endogenous or exogenous origin, thereby creating heat (Li et al., 2007;
Yao and Wang, 2014). The high resolution applications of PAI rely on tight optical focusing
of excitation light (optical-resolution photoacoustic microscopy, OR-PAM) (Maslov et al.,
2008) and can achieve several micrometers spatial resolution with ~1 mm penetration depth
in a rodent brain (Hu et al., 2009; Wang et al., 2013a). The detection of ultrasonic waves in
OR-PAM allows rapid acquisition of A-scans and, analogous to OCT, generation of three-
dimensional images from two-dimensional scans.

Below, we first review the structural and then the functional imaging applications of these
technologies. Non-imaging optical techniques can also be used to manipulate the structure of
function of the tissue in stroke research, such as microstrokes induced by using high-energy
laser pulses (Foerch et al., 2013; Nishimura et al., 2006), vessel occlusion by optically
activating Rose Bengal photosensitizer (Watson et al., 1985; Zhang et al., 2005),
optogenetics (Cheng et al., 2014), and glutamate uncaging (Noguchi et al., 2011). However,
such tools are beyond the scope of this manuscript.

2. Cellular morphology

Various optical techniques can achieve cellular spatial resolution at the brain surface, but
their penetration depth is typically limited to only a few tens of micrometers, which limits
the scope of their in vivo applications. The development of MPM (Denk et al., 1990) has
enabled fast cellular and subcellular resolution imaging in brain tissue with penetration
depths of up to several hundreds of micrometers (Svoboda and Yasuda, 2006). Over the past
couple of decades MPM has emerged as the most versatile tool for imaging cellular
morphology in vivo. Only recently have other optical microscopy technologies for deep
tissue imaging (i. e., optical coherence tomography and photoacoustic microscopy) been
applied for the same purpose. In this section we review the current imaging capabilities for
deep in vivo assessment of brain tissue cellular morphology.

2.1 Neurons

Fluorescent proteins (XFPs) and fluorescent dyes have been developed for MPM imaging to
target specific cell populations in the brain. The green fluorescent protein (GFP) (Chalfie et
al., 1994), numerous mutants of GFP, and many XFPs from other species have been used to
create a number of fusion proteins and biosensors that can tag proteins and enzymes in cells
and label specific populations of cells (Chudakov et al., 2010). XFPs are generally suitable
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for MPM imaging and offer additional advantages of specificity and simplicity of
experimental preparation (since they are already present in the cells), brightness, and relative
resistance to photo bleaching (Giepmans et al., 2006). Advanced neuronal labeling such as
the brainbow toolbox are continuously improved for applications in the rodent brain (Cai et
al., 2013), and efforts to extend XFPs emission to higher wavelengths and to enable deeper
imaging are intensifying (Kremers et al., 2011; Shcherbakova and Verkhusha, 2013). Today,
an extensive arsenal of tools for neuronal labeling with XFPs is available to study brain
injury and repair in vivo (Canty et al., 2013; Feng et al., 2000; Hartmann et al., 2014; Li and
Murphy, 2008; Mascaro et al., 2013; Sigler and Murphy, 2010). In addition, numerous
‘traditional’ dyes (Giepmans et al., 2006) and combinations of dye molecules attached to
proteins (O'Hare et al., 2007) are available. The very high spatial resolution of MPM permits
mapping of individual neurons and their connections, and monitoring of dendritic spine and
axonal bouton dynamics (Svoboda et al., 1997) in response to pathological stimuli, in vivo
(Li and Murphy, 2008; Zhang et al., 2005; Zhang and Murphy, 2007). For example, MPM
imaging of neuronal morphology during ischemia/reperfusion in mice (Fig. 1A and B)
revealed various degrees of structural damage and recovery across the focal ischemic
territory over time, with spatial heterogeneity ranging from severely and irreversibly
damaged core to reversibly damaged penumbra to structurally intact areas within
microdomains (Li and Murphy, 2008).

Optical coherence microscopy (OCM) provides label-free high resolution imaging of
neurons. Cortical neuronal cell bodies and myelinated axons in rats are clearly visible in
OCM images down to one millimeter depth (Srinivasan et al., 2012a). Sensitivity to axons is
somewhat diminished when their orientation is parallel with the optical axis and sensitivity
to glial cells seems to be significantly lower than to neurons. Label-free dynamic light
scattering-optical coherence tomography (DLS-OCT) can also visualize individual neurons
and it can assess intracellular motility as has been shown in the rat cortex during ischemic
stroke (Lee et al., 2013a) (Fig. 1C). Interestingly, neuronal cell bodies can be identified both
structurally (low backscattering as revealed in OCM) and dynamically (intracellular
organelle motions in DLS-OCT). Intracellular motility was significantly reduced both during
1-hour middle cerebral artery occlusion (MCAQ) and after reperfusion. As such, OCM can
be a sensitive and specific tool to assess tissue viability, density of axons and neuronal cell
bodies, and potentially for monitoring the myelination changes in longitudinal studies of
brain injury, such as after chronic mild forebrain hypoperfusion or in hypertensive animal
models.

2.2 Glial, vascular, and stem cells

Glial MPM imaging was widely popularized owing to the red fluorescent dye
Sulforhodamine 101 (SR101) (Nimmerjahn et al., 2004), which labels astrocytes and mature
myelinating oligodendrocytes upon topical application (Hill and Grutzendler, 2014).
Advances in XFPs and the further development of fluorescent dyes resulted in a large pool
of fluorescent labels than can selectively target astrocytes, microglia, and oligodendrocytes
with high specificity (Bardehle et al., 2013; Davalos et al., 2005; Hughes et al., 2013;
Milner, 2012; Nimmerjahn et al., 2005; Sword et al., 2013). In a study by Davalos et al.
(2005), a response of GFP-expressing microglia to traumatic brain injury in hetero-zygous
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Cx3cr1CFP* mice was imaged by MPM. The experiments have shown that ATP release
from a localized cortical traumatic injury site induced a rapid response from parenchymal
microglia, where their processes created a barrier between the healthy and injured tissue
(Fig. 2A). Recent study by Bardehle et al. (2013) utilized eGFP-expressing astrocytes in
GLAST/eGFP mice and revealed that astrocytic proliferation in response to a localized
cortical injury is limited only to juxtavascular astrocytes in proximity of the injury site (Fig.
2B). Finally, Huges et al. (2013) have shown that eGFP-expressing oligodendrocyte
precursor cells (NG2+ cells) in NG2-meGFP mice are highly dynamic, actively exploring
their cortical territory. In response to a focal injury, NG2+ cells are slowly migrating
towards the injury site over many days while continuously maintaining their density by
proliferation (Fig. 2C).

In addition, significantly improved labeling of cells that comprise the building blocks of the
microvasculature has been achieved. Several advanced labeling strategies based on XFPs are
available for tagging smooth muscle cells and pericytes (Armulik et al., 2011; Hall et al.,
2014; 1liff et al., 2013; Milesi et al., 2014; Thrane et al., 2013). Understanding the role of
pericytes in microvascular blood flow control is critically important for understanding
regulation of resting CBF and functional hyperemia (Hall et al., 2014), as well as cerebral
ischemia and reperfusion (Yemisci et al., 2009). In a study by Milesi et al. (2014), mice
expressing DsRed fluorescent protein under NG2 promoter (Zhu et al., 2008) were used to
quantify the NG2-DsRed perivascular ramifications after status epilepticus (SE) (Fig. 3B).
Using NG2 promoter results in labeling several cell types in the brain (e.g. oligodendrocyte
precursor cells, pericytes) (Nishiyama et al., 2009), which are commonly differentiated in in
vivo experiments based on their morphology and proximity to the vasculature. Endothelial
cells can also be visualized using XFPs (lliff et al., 2014; Knowland et al., 2014; Lam et al.,
2010) in addition to more traditional fluorescent labeling such as Rhodamine 6G and lectin
(Michalski et al., 2010; Niklass et al., 2014). For example, MPM imaging of GFP expressing
endothelial cells in Tie2-GFP mice (Lam et al., 2010) revealed a novel mechanism of vessel
wall plasticity involved in microvascular recanalization after microembolic occlusion (Fig.
3A). In another study (Knowland et al., 2014), mice with endothelial tight junctions labeled
by eGFP were imaged by MPM to show that transcellular impairment of the blood brain
barrier (BBB) due to focal ischemia precedes the paracellular BBB impairment (Fig. 3C).

Optical-resolution photoacoustic microscopy has potential to image various cellular
constituents based on their absorption, such as DNA and RNA in nuclei (D.-K. Yao et al.,
2010), cytochromes (Zhang et al., 2013), and myelin (Matthews et al., 2014). This enables
label-free monitoring of cell viability, demyelination, and, potentially, cellular metabolism
via assessment of the ratio of reduced to oxidized cytochromes. However, since these
measurements rely on illumination of the tissue with the short-wavelength visible and
ultraviolet light, their applications may be limited to the superficial cortical layers.

3. Local brain tissue hemodynamic and metabolic parameters

Quantitative in vivo cellular-level resolution measurement of various inorganic molecules
(e.g. Na*, Zn2*, 0,, K*, Ca2*, H,0,, NO, CI-, Oy, H*), small and large biomolecules (e.g.
glucose (Glc), nicotinamide adenine dinucleotide (NAD™), Flavin adenine dinucleotide
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(FAD), adenosine triphosphate (ATP), matrix metalloproteinases (MMPS), nitric oxide
synthases (NOSs), superoxide dismutases (SODs), phospholipases (PLAS), cyclooxygenases
(COXs)), as well as local blood flow and metabolism represent a largely unmet need in
stroke research. Cellular interactions at the site of brain injury are strongly influenced by
local tissue metabolic state. Therefore, simultaneous monitoring of local hemodynamic and
metabolic parameters, including cerebral blood flow and intravascular and tissue
oxygenation, is critical for understanding the cascade of cellular events during acute injury
and repair.

3.1 Blood Flow

MPM is often used for high-resolution measurements of microvascular dynamics in small
animal models (Kleinfeld et al., 1998; Shih et al., 2012) (Fig. 4A). The technique enables
depth-resolved measurements of vessel diameters and RBC flux and velocities (Kamoun et
al., 2010; Kleinfeld et al., 1998). MPM utilizes fluorescent labeling of either plasma or
RBCs and track the RBCs speed and flux in individual microvessels, including the
capillaries. Imaging is typically performed through a sealed cranial window, although thin
skull preparation is also a viable option in cases where reduced penetration depth is
acceptable (Drew et al., 2010). Using commonly available MPM setups, vessel diameters
and RBC movement can be routinely measured through a sealed cranial window down to
~500 um depth from the cortical surface (Shih et al., 2012). There is a tradeoff between the
number of simultaneously monitored vessels and temporal resolution. Fast blood flow
transients (<1 s) can be continuously monitored in only a few vessel segments at a time,
while all vessels in the field of view can be sampled with ~12 s temporal resolution
(Kamoun et al., 2010). Vascular measurements with MPM has been instrumental in studying
ischemic stroke damage to dendrites and their spines as a function of blood flow changes at
the microvascular scales (Zhang and Murphy, 2007). Acute ischemic damage to dendrites
was triggered within 30 min when hypoperfused cortical area was >0.2 mm?2. A remarkably
sharp transition between intact and damaged synaptic circuitry occurred over tens of um and
was defined by a transition between perfused and occluded vessels (Fig. 1B). In a group of
studies addressing the reorganization of blood flow following local disruption of the
microvascular network (i.e. targeted ‘microstrokes’) (Nishimura et al., 2010, 2007, 2006;
Schaffer et al., 2006), MPM imaging of blood flow was utilized to map the adaptation of
microvascular blood flow patterns in response to individual vessel occlusion (Fig. 4A).
Since collateral flow between neighboring penetrating arterioles is limited, occlusion of a
penetrating arteriole has a devastating effect on the flow through downstream microvessels,
unlike pial arterioles and the capillary network.

Optical Coherence Tomography (OCT) enables depth-resolved imaging of absolute blood
flow in individual cortical arterioles and venules as well as measurements of the RBC flux in
capillaries (Bouwens et al., 2013; Lee et al., 2014, 2013b; Liu et al., 2013; Srinivasan et al.,
2012b, 2010a, 2009; Tokayer et al., 2013; Wang et al., 2007; Wang and An, 2009; Wang
and Wang, 2010; Weiss et al., 2013) (Figs. 4B,C and 5). Compared to MPM measurements
of blood flow, advantages of OCT include increased penetration depth through thinned skull
in mice and >1 mm penetration depth through a cranial window, reliance on endogenous
contrast (i.e. optical scattering) instead of exogenous contrast agents, and improved
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acquisition speed. OCT measurements of the absolute cortical blood flow have been
validated (Srinivasan et al., 2011) and full volumetric imaging of blood flow over a cortical
surface area of 1 mm? is possible in ~1 minute (Srinivasan et al., 2010b). In a study by
Srinivasan et al. (2013), OCT was utilized in acute stroke in mice to access multiple
microscopic biomarkers for eventual infarction, including capillary non-perfusion, cerebral
blood flow deficiency, altered cellular scattering, and impaired autoregulation of cerebral
blood flow. Longitudinal monitoring revealed vascular remodeling and flow recovery one
week after chronic stroke. In addition to CBF measurements in non-capillary vessels,
significant progress was made in quantitative OCT measurement of capillary blood flow
(Lee et al., 2014, 2013b; Srinivasan et al., 2012b). VVolumetric images of capillary RBC flux
can be obtained in a few minutes (Fig. 4 C and D), opening the possibilities to study
capillary perfusion in brain ischemia and reperfusion models (Lee et al., 2013b). In
combination with MPM, this technology will enable studying the influence of pericytes and
immune responses to brain injury at a capillary level. Commercial systems are also
available, facilitating widespread adoption of OCT. However, the data analysis for the OCT
blood flow measurements is significantly more complex than for the MPM flow
measurements. Therefore, widespread adoption of OCT flow measurements may also
require availability of sophisticated data processing toolboxes. In short, while OCT has only
recently emerged as a tool for studying brain injury (Jia et al., 2009; Ren et al., 2012; Shen
et al., 2014; Srinivasan et al., 2013), we expect its importance to grow rapidly and
complement the measurements afforded by MPM.

Several “flavors’ of photoacoustic imaging (PAI) have been developed to optimize spatial
resolution and penetration depth, and to enhance sensitivity to different tissue functional and
metabolic parameters (Wang and Gao, 2014; Wang and Hu, 2012). Although PAI is mostly
utilized for quantitative imaging of total hemoglobin concentration and oxygenation in the
cerebral microvasculature, blood flow can be measured with PAI as well. By utilizing this
technology, characteristics of cerebral blood flow can be measured using several different
approaches, including blood velocity measurement in arterioles and venules based on
Doppler broadening of the ultrasonic bandwidth (J. Yao et al., 2010), combining ultrasonic
thermal tagging with photoacoustic imaging (Wang et al., 2013b), and even single RBC
velocity measurement (Wang et al., 2013a). A combination of PAI measurements of cortical
blood flow and oxygen saturation is particularly attractive for investigation of brain
pathology since it may provide an estimate of the absolute cerebral metabolic rate of oxygen
(CMRO2).

3.2 Microvascular and tissue oxygenation

MPM can be utilized to measure absolute oxygen concentration with cellular resolution in
both brain tissue and blood plasma (Finikova et al., 2008; Sakadzi¢ et al., 2010; Lecoq et al.,
2011) (Fig. 6). The technique is based on phosphorescence lifetime imaging of oxygen
(PLI102), which measures oxygen-dependent phosphorescence lifetimes of an exogenous
contrast agent (Rumsey et al., 1988; Vanderkooi et al., 1987). The phosphorescence lifetime
of a probe depends on the partial pressure of oxygen (PO2) in the immediate vicinity of the
probe, providing a spatially localized measurement of dissolved oxygen. Probe molecules
for MPM were specially designed for two-photon excitation, with a high degree of
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encapsulation that ensures stability of lifetime calibration in a complex biological
environment (Finikova et al., 2008; Lebedev et al., 2009; Roussakis et al., 2014). Unlike
spectroscopy-based hemoglobin saturation measurements, PL1O2 lifetime imaging is
insensitive to changes in tissue optical properties during imaging. The acquisition speed is
currently limited to 0.2 to 1 second per measurement point by relatively long
phosphorescence lifetimes and the number of decay averages required at each point. Further
development of oxygen sensitive dyes with significantly higher quantum yield, two-photon
absorption cross section, and dynamic range will enable significant improvements in
acquisition speed and precision of PO2 imaging (Esipova and Vinogradov, 2014). The
technology was used to obtain high-resolution maps of oxygen concentration distribution in
both the microvasculature and tissue under various conditions (Devor et al., 2011; Kazmi et
al., 2013; Parpaleix et al., 2013; Sakadzi¢ et al., 2014; Spencer et al., 2014). Since cerebral
oxygen delivery, consumption, and reserve in microvascular domains in both normal and
diseased brain is largely unknown, we expect that PL102 will be an invaluable tool for
assessing the relation between blood flow and metabolic perturbations, treatments, and
tissue injury during ischemia and reperfusion. Combined PLIO2 and other MPM
measurements will enable obtaining critical information about the local oxygenation to
support an arsenal of MPM tools for investigations of cell-cell interactions in stroke.

Since hemoglobin is a dominant optical absorber of visible and near-infrared radiation in the
brain, photoacoustic imaging (PAI) is ideally suited for quantitative imaging of total
hemoglobin concentration and oxygenation in cerebral microvasculature. In particular, high
spatial resolution variants of PAI can achieve ~1 mm penetration depth in the brain and
were successfully applied to measure arteriolar, venular and capillary SO2 as well as single
RBC oxygenation (Hu et al., 2009; Wang et al., 2013a; Yao and Wang, 2014). Numerous
applications related to brain injury and repair were conducted in the last few years, including
brain edema after cold injury (Z. Xu et al., 2011), dynamics of the microvascular
oxygenation after middle cerebral artery occlusion (Hu et al., 2011) and during epileptic
seizure (Tsytsarev et al., 2013) (Fig. 6). The ability of PAI to longitudinally measure RBC
oxygen saturation and flux in capillaries will allow studying capillary flow dynamics in
stroke and, potentially, measuring local CMRO2 confined to individual microvascular
territories.

Another imaging technique - visible light OCT (vis-OCT) — is emerging as an alternative
technology that may provide rapid noninvasive measurements of the microvascular
oxygenation in the future (Robles et al., 2011; Yi et al., 2014; Chong et al., 2015). This will
expand existing set of OCT tools for measurements of blood flow, cellular morphology and
viability to include critically important measurements of oxygen extraction and CMRO2.

Nicotinamide adenine dinucleotide (NAD) is an important coenzyme for energy metabolism,
and the reduced form (NADH) is intrinsically fluorescent (for recent reviews see (Heikal,
2010; Shuttleworth, 2010; Turner et al., 2007)). Relative NADH fluorescence intensity
changes can be imaged using both single-photon excitation (Harbig et al., 1976) and multi-
photon excitation (Baraghis et al., 2011; Huang et al., 2002; Kasischke et al., 2011, 2004)
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and can serve as an indicator of the rate of oxidative phosphorylation. In addition to relative
NADH fluorescence intensity imaging, the measurement of NADH fluorescence lifetimes
may provide insight into the different bound states of NADH and consequently provide
more quantitative assessment of energy metabolism (Vishwasrao et al., 2005; Yaseen et al.,
2013). Multi-photon imaging of relative NADH fluorescence intensity changes has been
applied in vivo in healthy cerebral cortex (Kasischke et al., 2011) and during experimentally
induced cortical spreading depression (Takano et al., 2007; Yuzawa et al., 2012) (Fig. 6C).
These studies indicate that cortical spreading depression (CSD) in mice causes a transient
increase in 02 demand exceeding vascular O2 supply.

Numerous genetically encoded fluorescent sensors are now being developed (San Martin et
al., 2014b; Zhang et al., 2014), including sensors for monitoring intracellular NADH levels
(Bilan et al., 2014; Hung et al., 2011; Hung and Yellen, 2014; Zhao et al., 2011). These
sensors may provide stronger signal than endogenous NADH fluorescence and may enable
in vivo imaging of NADH cellular compartmentalization as well as features inaccessible by
traditional NADH fluorescence imaging such as measurement of NAD*/NADH ratio.
NAD*/NADH ratio reflects overall redox state of the cell and it may provide critical
information about cellular metabolism at various degrees of tissue ischemia, during normal
or pathological brain activation (e.g., spreading depolarizations), and in response to
treatments.

Fluorescent glucose analogs, such as 6-deoxy-N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-
aminoglucose (6-NBDG) or 2-NBDG can be utilized to estimate glucose transport deep into
brain cortex with high resolution in vivo using either multi-photon microscopy (Chuquet et
al., 2010) or photoacoustic microscopy (Yao et al., 2013). However, transport kinetics of
individual glucose transporters significantly differ between glucose and fluorescent glucose
analogs (Barros et al., 2009), as well as between neuronal and glial cells (Simpson et al.,
2007), making data interpretation challenging. In addition, measurements utilizing
fluorescent glucose analogs require accumulation of the glucose analog over minutes, which
is not optimal for studying fast metabolic transients such as periinfarct depolarizations,
epileptic seizures, or functional activation. Further advances in the design of novel glucose
probes or glucose fluorescent sensors may address these challenges (Lee et al., 2011;
Klonoff, 2012; Pickup et al., 2013, 2005).

3.5 ATP, Glutamate, Pyruvate, and Lactate

Genetically encoded nanosensors (San Martin et al., 2014b; Zhang et al., 2014) show great
promise for high resolution absolute quantification of previously inaccessible molecules
involved in brain energy metabolism, such as ATP (Berg et al., 2009; Imamura et al., 2009;
Liemburg-Apers et al., 2011; Tantama et al., 2013), glutamate (Borghuis et al., 2013;
Marvin et al., 2013; Okumoto et al., 2005), pyruvate (San Martin et al., 2014a), and lactate
(San Martin et al., 2013). Since the majority of these novel probes are based on fluorescent
proteins, they are potentially suitable for high resolution in vivo multiphoton imaging
(Marvin et al., 2013).
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4. Ca?* and other cellular functional markers

The development of MPM imaging of Ca* (Helmchen and Denk, 2005; Svoboda et al.,
1997; Svoboda and Yasuda, 2006) has had enormous influence on the investigation of the
plethora of diverse neuronal and glial calcium functions (Grienberger and Konnerth, 2012;
Kuchibhotla et al., 2009). MPM enables the detection of dendritic calcium signals in vivo
and can be used to reconstruct spike trains. Chemical (synthetic) Ca2* indicators
(Grynkiewicz et al., 1985) such as fura-2 and Oregon Green BAPTA offer high temporal
resolution and sensitivity and they were widely applied to brain imaging in vivo, including
longitudinal studies of functional rewiring and recovery after stroke (Cianchetti et al., 2013;
Winship and Murphy, 2008) (Figs. 7 and 8). Endogenous Ca2* sensors based on XFPs
provide an elegant solution for some important issues frequently associated with exogenous
(synthetic) Ca?* indicators such as the lack of specificity to a particular cellular populations
and the lack of control over intracellular localization (Chen et al., 2013; Grienberger and
Konnerth, 2012).

In addition to Ca2* imaging, the ability to quantitatively measure numerous other inorganic
molecules and biomolecules with high-resolution in vivo will revolutionize stroke research.
Here we mention some recent progress towards various indicators of cellular function,
noting that any in vivo applications of these sensors are mostly lacking. Over the years
significant progress has been made towards detecting various metal ions (Dean et al., 2012;
Penner-Hahn, 2013), including Zn2* (Carter et al., 2011; Guo et al., 2012; Radford et al.,
2013; Wang et al., 2011; You et al., 2011), Na* (Schreiner and Rose, 2013), and K*
(Padmawar et al., 2005). Probes were also developed for detecting small molecules such as
NO (Dong et al., 2013; Yu et al., 2012), H* (pH probes) (Han and Burgess, 2010; Kim et al.,
2013), singlet O, (Song et al., 2013; K. Xu et al., 2011), H,0, (Belousov et al., 2006; Guo
et al., 2014), CI" (Arosio and Ratto, 2014), large biomolecules such as matrix
metalloproteinases (Vandenbroucke and Libert, 2014) and various biothiols (Xu et al.,
2014), as well as complex cellular processes such as labeling dying cells with propidium
iodide (Driscoll et al., 2011) or assessing the glutathione redox potential (Gutscher et al.,
2008).

This long list of functional cellular indicators implies that there is a very significant
discrepancy between the tremendous efforts to develop novel chromophores and
fluorophores for the detection of various cellular functional markers and their in vivo brain
imaging applications. High resolution imaging of CaZ* concentration is unique in its highly
successful applications to in vivo imaging, while reliable measurements of other functional
markers such as O, concentration are just emerging (please refer to the previous section for
O, imaging examples). We mention here two important obstacles related to in vivo brain
imaging, which must be overcome to enable reliable imaging of a cellular functional marker.
The first is that interactions of the chromophore with the biological environment must not
affect function of the chromophore, i.e. changing its specificity, sensitivity, or any other key
measurement parameter. This is typically very difficult to achieve and the majority of
optical probes that show a high promise in vitro fail in in vivo applications. The second
obstacle is related to transient changes in tissue optical properties (e.g. scattering and
absorption) that are frequently present in in vivo applications. These changes are part of
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normal physiological or pathological responses induced during the experiment and their
influence on the measured signal is typically significant and difficult to remove.
Measurements based on photoluminescence lifetimes are an example of a detection scheme
that is insensitive to changes in the tissue optical properties and local chromophore
concentration (Finikova et al., 2008; Sakadzic¢ et al., 2010). However, the signal in the
majority of imaging methods have moderate to significant sensitivity to changes in tissue
optical properties and further efforts such as signal correction based on advanced modeling
(Baraghis et al., 2011) are needed to enable reliable quantitative measurements.

High-resolution in vivo imaging of cellular functional markers in the brain is still dominantly
performed by MPM. Photoacoustic imaging is well suited for molecular imaging (Deliolanis
etal., 2014; Li et al., 2007), but the penetration depth may be compromised when trying to
achieve micrometer-size spatial resolution. Optical coherence tomography also has potential
for molecular imaging in the brain in vivo (Boustany et al., 2010; Yang, 2005).

5. Future technological developments

Microscopy technologies have been steadily improved for faster and deeper imaging with
better spatial resolution and additional functionality. We refer here to reviews and some of
the latest technological advances of individual technologies: (Hoover and Squier, 2013;
Horton et al., 2013; Kobat et al., 2011; An et al., 2013; Lu et al., 2014; Robles et al., 2011;
Wang and Gao, 2014). Of particular interest for stroke studies may be the efforts to
miniaturize the optical illumination and signal collection elements of the microscopy
systems to enable recordings in awake behaving animals (Sawinski et al., 2009). Also, the
combination of two or more imaging modalities such as MPM and OCT (Sakadziéc et al.,
2014) and PAI and OCT (Li et al., 2009) will allow simultaneous measurement of multiple
relevant physiological and biophysical parameters and the inference of processes that cannot
be measured directly.

In addition to MPM, OCT, and PALI, the further development of several novel high-
resolution optical imaging technologies and their application to in vivo brain imaging may
have significant impact on stroke studies. Raman spectroscopy observes vibrational,
rotational, and other low-frequency modes and provides a label-free fingerprint by which
molecules can be identified with a high sensitivity and chemical specificity (Bowley et al.,
1989). This enables identification and quantification of many molecules otherwise
inaccessible by other imaging technologies. In particular, experimental setups based on
coherent anti-Stokes Raman scattering microscopy may be only a few years away from in
vivo applications (Camp Jr et al., 2014; Saar et al., 2014; Tu and Boppart, 2014). Super-
resolution imaging brakes the optical resolution limits of Abbe's diffraction and enables
nanometer-scale spatial resolution suitable for visualization of the tiny perisynaptic
processes, radial glia endfeet, endothelial tight junctions, etc. Several different forms of
super resolution optical imaging are available such as stimulated emission depletion (STED)
(Négerl et al., 2008; Wildanger et al., 2009; Willig et al., 2006), photo-activation
localization (PALM) (Shroff et al., 2001), stochastic optical reconstruction (STORM)
(Huang et al., 2008), and total internal reflection (TIRF) (Fish, 2001). These technologies
currently have limited depth of penetration and/or long sampling times so they are still
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limited to the analysis of cultured cells or fixed tissue. The development of super-resolution
imaging techniques for in vivo-use will have a tremendous impact on our understanding of
the evolution of the brain injury in stroke.
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Fig. 1.
Imaging neuronal morphology. (A) Two-photon imaging of local changes in dendritic

structure before, during, and after MCAO. The middle panels were taken during 52 min after
MCAO shows extensive dendritic beading. Reperfusion significantly restores dendritic
structure. Adapted with permission from Li and Murphy (2008). (B) Two-photon imaging of
focal dendritic damage near ischemic border-zone induced by photothrombosis in mouse
cortex. Arrowheads point to a stable dendrite with preserved spines (blue arrowhead)
adjacent to a dendrite that developed beading (red arrowhead) 5.5 h after stroke near the
border region. Adapted with permission from Zhang and Murphy (2007). (C) Label-free
dynamic light scattering-optical coherence tomography (DLS-OCT) imaging of neuronal
intracellular motility in rat cortex, with a high magnification objective (40x). The velocity
and diffusion maps (red and yellow) are superimposed with the map of diffusion with high
R2 (green). White circles show the spatial correlation between the positions of neuronal cell
bodies (dark spots in minimum intensity projection, MinlP) and neuronal intracellular
organelle motility (IM; green spots). Not all cell bodies are marked. BF, blood flow; and
VW, vessel wall. The small range of the diffusion coefficient is used to increase the image
contrast. Scale bar = 200 um. Adapted with permission from Lee et al. (2013a).
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Fig. 2.
Imaging glial morphology. (A) Microglial processes move rapidly towards the site of

localized injury inside the cortex induced by the ablation via femtosecond laser excitation.
Imaging of GFP-expressing parenchymal microglia was performed through the thinned skull
of anesthetized heterozygous Cx3cr1SFP/* mice. Scale bar = 10 ym. Adapted with
permission from Davalos et al. (2005). (B) Live imaging of astrocyte responses to a punctate
lesion. GFP-labeled astrocytes (white) in the vicinity of a punctate lesion (yellow ellipse) in
the somatosensory cortex of GLAST/eGFP mice, imaged in vivo by MPM at 0 and 28 days
after injury. Imaging revealed a markedly heterogeneous reaction: the majority of astrocytes
retained a stable morphology (red arrowheads), and only a few cells became polarized
toward the injury site (yellow arrowheads) and/or underwent cell division (green
arrowheads). Scale bars = 100 pm. Adapted with permission from Bardehle et al. (2013). (C)
MPM imaging of NG2+ cells after focal laser cortical lesion in NG2-mEGFP mice. NG2+
cells surround areas of CNS damage and proliferate to maintain their density. Montage of
three images of one NG2+ cell collected on different days showing the migration of the cell
toward the lesion (yellow). Adapted with permission from Huges et al. (2013).
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Fig. 3.

In?aging vascular morphology. (A) Focal endothelial remodeling underlies the translocation
of emboli. Time-lapse MPM imaging in Tie2-GFP mice shows the gradual extension of a
membrane from the adjacent endothelium (arrow, day 1) eventually surrounding a
cholesterol embolus (orange) (arrow, day 3). The original endothelium undergoes retraction
(arrowhead, day 3) creating a path for embolus translocation. On day 5 the embolus has
extravasated, leading to lumen recanalization (asterisk). Scale bar = 10 um. Adapted with
permission from Lam et al. (2010). (B) Pattern of NG2DsRed cerebrovascular coverage
after severe status epilepticus (SE) in vivo imaged by MPM. In control NG2DsRed
transgenic mice, approximately 60-80% of the cortical microvessel surface is covered by
pericytes. FITC-dextran was used to visualize the cerebrovascular tree. Following severe SE
(post-SE), retraction of NG2DsRed pericyte ramification was observed. Arrowheads
indicate pericyte soma. Adapted with permission from Milesi et al (2014). (C) Integrity of
cortical blood vessel tight junctions is impaired at late but not early time points after
transient MCAO in live Tg eGFP-Claudin5 mice. Maximum intensity projections of 120-
pum-thick cortical volumes from healthy mouse brain, 12-14 hr, 24-30 hr, and 48-58 hr after
reperfusion obtained with two-photon imaging through a cranial window in a stroke core
region. Scale bar = 50 um. Adapted with permission from Knowland et al (2014).
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Fig. 4.
Imaging of cerebral blood flow. (A) MPM images of blood flow redistribution in vessels in

the immediate neighborhood of the clot in the penetrating arteriole in rat somatosensory
cortex. The line segments indicate specific microvessels whose velocity and spatial profile
were measured before and after the occlusion. High magnification images and line-scan data
for indicated vessels are shown before and after induction of a clot. For the latter data, the
nonfluorescent RBCs appear as dark streaks on a bright background; the sign and magnitude
of the slope of the streaks reflects the direction and speed, respectively, of RBC motion.
Adapted with permission from Nishimura et al (2007). (B) Label-free OCT imaging of
blood flow. 3D optical microangiography (OMAG) imaging of the mouse cortex between
anterior and posterior coronal sutures in vivo at baseline and after traumatic brain injury
(TBI). The site of injury is pointed by the green arrow. The scale bar = 1.0 mm. Adapted
with permission from Jia et al (2009). (C, D) OCT imaging of RBC flux in cortical
capillaries. (C) The enface MIP of the 3D OCT angiogram of rat somatosensory cortex with
color indicating the depth from the cortical surface. Scale bar = 100 um. (D) Estimated RBC
flux obtained by analyzing individual RBC passage in time-series OCT data from (C),
presented as color spots on the MIP angiogram. Adapted with permission from Lee et al
(2013b).
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Fig. 5.

OgT imaging of laser disruptions of a cerebral capillary (1) and a branch vessel (2) in
mouse cortex. Upper panel: maximum intensity projection (MIP) images of
microvasculature (optical coherence angiography) at baseline (A), after laser disruption of a
9 mm wide capillary (B) and of a 35.8 mm wide arteriole (C). Red/blue arrows: flow
directions in arterioles and venules; dots: vessel junctures. Lower panel: MIP images of
cerebral blood flow (CBF; microvascular imaging by optical Doppler tomography) at
baseline (D) and after laser disruptions (E, F). Angiography detects no difference except
reduced vasculature in the immediate areas (dashed green circles in panels B and C) around
laser disruption (green dots); whereas quantitative CBF reveals vastly expanded
vasodilatation almost over the entire field after laser disruption of a capillary (dashed outer
green circle in panel E) and the quenching of local CBF networks over a much larger area
(dashed green circle in panel E). Quantitative comparisons among 20 capillaries indicate that
CBF increased significantly from 0.105 + 0.049 mm s at baseline to 0.211 + 0.048 mm s1
at 30 min after laser disruption (G and H: P < 0.001). Image size: 1x1.2x1 mm3. Laser
radiation: 532 nm per 60 mW, ~3 um wide focal spot; 2 and 6 min exposures for capillary
(1) and arteriole (2), respectively. Adapted with permission from Ren et al. (2012).
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Irr?aging of PO2, SO2, and NADH. (A) Mouse cortical microvascular PO2 measurements
using PLIO2 overlaid over microvascular structures. Scale bar = 200 um. Adapted with
permission from Sakadzic et al (2014). (B) A grid of intravascular and tissue PO2 values
measured by PLIO2 in a rat somatosensory cortex superimposed on the vascular reference
image. Adapted with permission from Devor et al (2011). (C) MPM imaging of relative
NADH fluorescence intensity changes (colorbar) during cortical spreading depression in
mouse cortex 50 um below the cortical surface. Decreases (dips) are displayed in green-blue
and NADH increases (overshoot) in red-yellow. Dashed lines indicate the wave front
moving across the field. Arrowheads indicate areas with NADH overshoot. Scale bar = 100
um. Adapted with permission from Takano et al (2007). (D, E) Single cell label-free
photoacoustic microscopy of oxygen metabolism in vivo. (D) SO2 mapping of the brain
vasculature using photoacoustic microscopy. Scale bar = 200 um. (E) Single cell oxygen
unloading along a capillary marked with the yellow dashed box in (D). The dashed arrow
follows the trajectory of a single flowing RBC. Scale bar = 10 um. Adapted with permission
from Wang et al (2013). (F,G) Transcranial photoacoustic microscopy imaging of cerebral
microvascular SO2 in mice before (F) and during MCA occlusion (G). Adapted with
permission from Hu et al (2011).
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Fig. 7.

Pc?sterior S1 forelimb (S1FL) reorganization. (A) and (B) Mouse Strain 34, imaged 2 months
after photothrombosis: 10S response maps show increased overlap between the contralateral
FL (cFL) - and contralateral hind limb (cHL)-evoked 10Ss, and a posterior shift in cFL
activation. (C) Ca2* imaging (depth, 141 um, from the labeled region in the 10S map)
demonstrated that the posterior regions of the reorganized cFL representation contained
neurons (e.g., 1, 2, labeled in (D)) with strong, limb-selective responses to cFL stimulation.
Aberrant responses (red arrowheads) were observed in some neurons (e.g., 3). (D) A
difference image illustrating the strong Ca2* -induced fluorescence signal (F/F,) over 3's
after cFL stimulation onset in the image section from which the representative neurons in
(C) were selected [shown below the corresponding 2-photon image of OGB-1 (green) and
SR101 (red) labeling]. (E) 10S maps from a naive animal showing the cFL- and cHL-
evoked representations. (F)—(1), Difference images illustrating the F/F, in S1FL and regions
of the cortex posterior to S1FL and lateral/posterior to SIHL during cFL stimulation (over 3
s after stimulus onset) from the mouse shown in (E) (borders of the image sections denoted
on the 10S map in (E)). Importantly, cFL stimulation evoked little or no Ca2* signal in the
posterior and lateral regions in control animals. (J) Mean records of the Ca2* image field
activity elicited by cFL stimulation in the S1IFL (n=2*) and posterior/lateral (Post/Lat)
cortex (n=4) of control mice and the same regions in animals imaged 1-2 months after
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stroke (n=7). The cFL-evoked activity revealed by two-photon Ca2* imaging in these
posterior and lateral regions was significantly stronger in stroke animals compared with
controls (ANOVA, p<0.009), confirming the posterior S1FL reorganization suggested by the
IOS maps. *In two mice, OGB-1 AM was microinjected in S1FL and the control regions
posterior and lateral to SIFL/S1HL, whereas it was injected into S1IHL and the control
regions in two other controls. Adapted with permission from Winship and Murphy (2008).
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Fig. 8.
Chronic imaging of stimulus-induced calcium transients after a microhemorrhage. (A)

Schematic of a re-openable chronic cranial window preparation for mouse. A layer of
silicone coated the skull around the craniotomy, and the glass was glued to the silicone. The
window was reopened by gently detaching the silicone from the skull, enabling reinjection
of OGB and sulforhodamine 101 into the cortex. (B) Low- and (C) high-magnification 2PEF
images of the same regions of the brain before, immediately after, and one day after
inducing a microhemorrhage. The hematoma is visible in the center of the second and third
panels in (B). The arrow in the second panel of (C) indicates the direction to the
microhemorrhage, located 40 pm away. (D) Stimulus-induced calcium responses from the
neuronal cell body and region of neuropil indicated on panel (C) by color coding. Adapted
with permission from Cianchetti et al. (2013).
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