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ABSTRACT

There is no organ in the body as dependent as the brain on a continuous blood supply.
Unsurprisingly, disruptions in cerebral hemodynamics and oxygen metabolism
underlie a wide spectrum of brain disorders, including ischemic stroke, traumatic
brain injury, epilepsy and Alzheimer’s disease. Capitalizing on the optical
absorption of hemoglobin, the primary oxygen carrier in the circulation,
photoacoustic microscopy (PAM) is uniquely capable of imaging all hemodynamic
and oxygen-metabolic parameters with high spatiotemporal resolution in vivo in a

label-free manner.

The first part of my dissertation, Chapter 11, Chapter 111, and Chapter 1V, focuses on
the design, instrumentation, and validation of the multi-parametric PAM, which are
capable of simultaneously in vivo imaging the total concentration of hemoglobin,
oxygen saturation, and blood flow speed in the mouse brain. Combining these
parameters, two key oxygen metabolism parameters, oxygen extraction fraction and
metabolic rate of oxygen, can be quantified. After the validation of the multi-
parametric PAM, the head-restraint apparatus has been designed to extend the
capability of our system to image the awake mouse brain, avoiding the bias
introduced by the anesthesia. Furthermore, complicated algorithms have been
designed for data analysis, image processing and vessel segmentation, allowing the
comprehensive characterization of the cerebral vasculature in the awake mouse brain.
Beyond the parameters mentioned above, comprehensive cerebrovascular
characterization also includes vessel density, tortuosity, shear stress, resistance,
blood brain barrier permeability, and cerebrovascular reactivity. This PAM-based
imaging and analysis platform enables comprehensive and quantitative

characterization of obesity-induced structural, functional and oxygen-metabolic



changes in the cerebral microvasculature, in particular the increased response to

vasodilatory stimulation.

The second part of my dissertation, Chapter V, and Chapter VI, demonstrated the
feasibility of using our multi-parametric PAM for the studies of brain diseases in
both mice and rats. The influence of blast traumatic brain injury (TBI) on
cerebrovascular reactivity was investigated using PAM. The results showed the
Impaired cerebrovascular reactivity due to the blast TBI, although there was no
observable vasculature damage. This study is the first to comprehensively
characterize the cerebrovascular responses to bTBI. The striking impairment of the
cerebrovascular reactivity by moderate bTBI, as revealed by our study, may lead to
increased vulnerability of the brain to metabolic insults such as hypoxia/ischemia
and secondary injuries. Furthermore, the feasibility of using PAM to image the
cerebral hemodynamics in acute ischemic stroke has also been demonstrated in
awake mouse brain, which showed clear changes in response to the ischemia. This
provides the opportunity for further ischemic stroke studies without the interruption
of the neuroprotective anesthetic. In the end, the neuroprotective effect of
Sphingosine-1-phosphate was investigated, which showed altered cerebral
oxygenation under hypoxia. The decreased cerebral metabolic rate of oxygen under
hypoxia was found in the animal with elevated S1P, which may explain the reduced

infarct volume in the pre-treatment animals.
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Chapter I: Introduction

1.1 Background and Motivation

Our understanding of the brain, one of the most complicated and least understood
organs, has been revolutionized in the past decades with the help of rapid advances
in neuroimaging®. The concept of neurovascular coupling and the use of cerebral
hemodynamics as a surrogate of neural activity is drawing enormous attention,
enabled by innovations in multiphoton microscopy (MPM)?23, optical coherence
tomography (OCT)*%, laser speckle imaging (LSI)®, optical intrinsic signal imaging
(OISI1)’, diffuse optical tomography (DOT)®°, and functional magnetic resonance
imaging (FMR1)*%11, Although fundamental improvements have been made, a major
challenge is still unsolved, which is the gap between mechanistic studies in animals
and clinical practice in humans. The applications of advanced functional and
molecular neuroimaging techniques, such as fMRI and positron emission
tomography (PET), provide excellent tissue penetration which is enough for the
entire human brain imaging. However, due to limited spatial resolution, it is
complicated to translate the clinical study from the human to the mouse, a species
with abundant brain disease models and genetic manipulations available?. For
instance, in the mouse model of focal brain ischemia which has important
implications for microinfarction-induced human dementia, the infarct spans only
about 500 um*3. Thus, studying these models usually requires much finer resolution
than that of current PET and fMRI.

Providing high-resolution views of the brain at the cellular level, the optical
microscopy techniques (such as OCT, MPM, OISI, and LSI) enables the study of

various mouse models'*. The superior resolution and rich endogenous and
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fluorescence contrasts make these optical microscopy very popular in the biological
society. However, the limited penetration depth (1-2 mm), caused by the strong
scattering of biological tissues, prevents these optical microscopy techniques from
whole brain studies. For instance, the invasive cranial window is usually required
for MPM to image the underlying mouse cortex since light scattering in the skull is
too strong which will affect the imaging quality®®. However, it has been reported that
the open-skull procedure can easily affect the brain environment and leads to readout

biasé.

Moreover, existing preclinical neuroimaging techniques lack the capability of
guantifying cerebral oxygen metabolism at the microscopic level. Consuming about
20% of oxygen despite its relatively small size (~2% body weight), the brain is
vulnerable to the disturbance of oxygen metabolism, which is relevant to a broad
range of neurological disorders'’. Thus, high-resolution imaging of the cerebral
metabolic rate of oxygen (CMRO,) in mice is in great need for various studies of the
brain function and pathology. Capitalizing on the elegant integration of optics and
ultrasound, photoacoustic imaging (PAI) provides a revolutionary solution®®,
Capable of extracting the blood oxygenation and flow encoded in the optical
absorption spectrum and dynamics of red blood cells (RBCs), PAI provides the

opportunity to the microscopy level CMRO; in mice.

1.2 PAM Principles and Advantages

Capable of directly probing biomolecules through their unique spectra, optical
imaging plays an indispensable role in biomedicine. However, pure optical imaging
technologies fall into two spatially distinct categories, high-resolution (down to tens
of nanometers) optical microscopy at shallow depth (less than 1 millimeter) and

deep-penetrating (up to 7 centimeters) optical tomography with macroscopic
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resolution (~1/3 of the imaging depth), leaving a huge gap in between!®. Ultrasound
Imaging, in contrast, provides seamless spatial scalability by varying the acoustic
frequency, but it remains a challenge to directly detect chemical contrasts underlying

the tissue function and metabolism?*®,

Combining optical contrast and ultrasonic scalability, photoacoustic imaging (PAI)
iIs among the most rapidly growing biomedical imaging modalities in recent
years'®2° In PAI, short-pulsed or intensity-modulated laser light is absorbed by
endogenous or exogenous chromophores in biological tissues, which induces
transient heating. The subtle temperature rise (at the level of milliKelvin) leads to
thermoelastic expansion of the tissue and subsequent emission of ultrasonic waves,
which can be captured by an acoustic detector(s) to map the distribution of the
optical absorber in vivo [Fig. 1]. The conversion of optical excitation to acoustic
emission brings two unique advantages: specific imaging contrast of optical
absorption and excellent depth-to-resolution ratio across the optical and acoustic
dimensions. The absorption contrast complements that of fluorescence imaging, the
most widely used optical modality for molecular imaging in vivo. It enables label-
free PAI of multiple endogenous biomolecules, in particular hemoglobin and lipid,
which are intrinsically weakly fluorescent and difficult to tag with exogenous
contrast agents. Moreover, PAI detects emitted acoustic waves rather than
fluorescent light. The much weaker scattering effect of the biological tissue on
ultrasound than light allows effective acoustic focusing in the optical diffusive
regime and leads to a depth-to-resolution ratio of ~200 in PAI, far exceeding that in
diffuse optical tomography?*.



Laser excitation
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Fig. 1. Principle of photoacoustic imaging. mK: milliKelvin.

Providing the specific imaging contrast of optical absorption and excellent spatial
scalability across the optical and ultrasonic dimensions, photoacoustic imaging has
been rapidly emerging and expanding in the past two decades. This enabling
technology that hold the potential to transform in vivo functional and molecular
Imaging at multiple length scales. Specifically, multi-parametric photoacoustic
microscopy enables simultaneous high-resolution mapping of hemoglobin
concentration, oxygen saturation and blood flow — opening up the possibility of

guantifying the CMRO, at the microscopic level.

1.3 Functional Photoacoustic Imaging of the Brain Metabolism

Based on physiologically specific optical absorption contrasts, functional PAM
(fPAM) enables imaging of functional parameters (i.e. oxygen saturation of
hemoglobin and blood flow speed), in addition to the structure or the distribution of
the contrast. In recent years, intensive research efforts have been made to unleash
the full potential of fPAM820, Here, considering the scope of the dissertation, I will
focus on the review of transformative advances in functional and molecular PAM of

rodent brain.



As an important organ that performs many complicated tasks such as perception,
motor control and learning, the mammal brain consumes a large portion of their
energy intake considering its weight. For most mammals including human, the major
energy source for the brain is the oxygen-dependent metabolism of glucose?. In
major brain diseases, interrupted metabolic rate of glucose and/or oxygen is usually
observed??. Thus, appropriate imaging tools for brain oxygen/glucose metabolism
will not only improve understanding of the underlying brain dysfunction pathology

but also enable the monitoring and design of targeted therapies.

Benefitting from the endogenous hemoglobin contrast, a key component for oxygen
metabolism and transportation, PAM has been demonstrated for cerebral oxygen
metabolism imaging®®. Combining the measured brain arterial and venous sO; in
individual vessels, the brain oxygen supply and local oxygen extraction can be
directly calculated®*, which is key for understanding the progression and therapy of
several severe brain dysfunctions such as brain hypoxia and ischemic stroke.
Meanwhile, the normal cerebral blood flow (CBF) is also key for brain functions,
which can also be measured through PAM using several different mechanisms such
as the correlation analysis?® or Doppler Effect?®. Combining the arterial and venous
sO, with CBF, the local CMRO; can be quantified, which can be used to evaluate

the health state and activity level of the neurons?’.

Beyond the cerebral metabolism of oxygen, the measurement of blood glucose
uptake is also indispensable for the understanding of brain metabolism. However,
suffering from the strong background absorption of water in the near-infrared range
and low photoacoustic signal from glucose, the blood glucose level is difficult to
directly measure without exogenous contrast?®. Luckily, the glucose uptake and local
metabolism can be reflected via its analogs. Recently, the glucose update was

Imaged via photoacoustic imaging, with the help of one newly developed glucose



analog 2-deoxy-2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-D-glucopyranose
(2-NBDG)?. The 2-NBDG can be transported into cells and phosphatized but not
further metabolized, which can be used to indicate the glucose uptake. With a peak
absorption at 480 nm and strong photoacoustic signal, the photoacoustic imaging of
2-NBDG was demonstrated, which shows acute glucose uptake rate elevation in

response to electrical stimulations to the mouse paw®.

1.4 Dissertation Overview

In Chapter I, the development and principle of multi-parametric PAM was reviewed.
Capitalizing on the optical absorption of hemoglobin, PAM is uniquely capable of
anatomical and functional characterization of the intact microcirculation in vivo.
However, PAM of the metabolic rate of oxygen (MRO,) at the microscopic level
remains an unmet challenge, mainly due to the inability to simultaneously quantify
microvascular diameter, oxygen saturation (sO,) of hemoglobin, and blood flow at
the same spatial scale. To fill this technical gap, we have developed a multi-
parametric PAM platform. By analyzing both the sO,-encoded spectral dependence
and the flow-induced temporal decorrelation of photoacoustic signals generated by
the raster-scanned mouse ear vasculature, we demonstrated—for the first time—
simultaneous wide-field PAM of all three parameters down to the capillary level in
vivo. Furthermore, our newly developed multi-parametric PAM enables
simultaneous quantification of the hemoglobin concentration (Cyp), SO, and CBF at
the microscopic level and through the intact mouse skull. Moreover, bi-directional
raster scan allows determining the direction of blood flow in individual vessels.
Capable of imaging all three hemodynamic parameters at the same spatiotemporal
scale, our PAM fills a critical gap in preclinical neuroimaging and lays the

foundation for high-resolution mapping of CMRO,—a quantitative index of cerebral



oxygen metabolism. This technical innovation is expected to shed new light on the
mechanism and treatment of a broad spectrum of neurological disorders, including

Alzheimer’s disease and ischemic stroke.

Chapter 111 focuses on the development of head-restraint multi-parametric PAM,
which can be applied to image the awake mouse brain. A long-standing challenge in
optical neuroimaging has been the assessment of hemodynamics and oxygen
metabolism in the awake rodent brain at the microscopic level. Here, we
demonstrated first-of-a-kind head-restrained PAM, which enables simultaneous
Imaging of the cerebrovascular anatomy, total concentration and oxygen saturation
of hemoglobin, and blood flow in awake mice. Combining these hemodynamic
measurements allows us to derive two key metabolic parameters—oxygen extraction
fraction (OEF) and the CMRO,. This enabling technology offers the first opportunity
to comprehensively and quantitatively characterize the hemodynamic and oxygen-
metabolic responses of the mouse brain to isoflurane, a general anesthetic widely
used in preclinical research and clinical practice. Side-by-side comparison of the
awake and anesthetized brains reveals that isoflurane induces diameter-dependent
arterial dilation, elevated blood flow, and reduced OEF in a dose-dependent manner.
As a result of the combined effects, CMRO, is significantly reduced in the
anesthetized brain under both normoxia and hypoxia, which suggests a mechanism
for anesthetic neuroprotection. The head-restrained functional and metabolic PAM
opens a new avenue for basic and translational research on neurovascular coupling
without the strong influence of anesthesia and on the neuroprotective effects of
various interventions, including but not limited to volatile anesthetics, against

cerebral hypoxia and ischemia.

Chapter 1V focuses on the implementation of comprehensive characterization of

cerebral vasculature using our head-restraint multi-parametric PAM. Metabolic



disorders-induced microvascular alternations have been linked to a variety of
cerebrovascular and neurodegenerative diseases. However, the underlying
mechanisms remain incompletely understood, partially due to the limited
accessibility of these small vessels in the live brain. Currently, high-resolution
intravital imaging of the cerebral microvasculature in the small-animal brain is
predominantly carried out by two-photon microscopy. Even with the aid of
angiographic agents, it remains an unmet challenge to comprehensively elucidate
pathological changes in cerebral microvessels. CD-1 mice with obesity induced by
high-fat diet and confirmed with blood examination were used to study the metabolic
disorder-induced changes in the cerebral microvasculature. Multi-parametric PAM
was used to image vascular anatomy, blood perfusion, oxygenation and flow in the
awake brain. With the aid of vessel segmentation, these structural and functional
parameters were extracted at the single-microvessel level, from which vascular
density, tortuosity, shear stress, resistance and associated tissue oxygen extraction
fraction and metabolism were also quantified. Moreover, relying on an in vivo Evans
blue assay, permeability of the blood-brain barrier (BBB) was dynamically
evaluated via time-lapse measurements of dye diffusion. Also, multifaceted
cerebrovascular reactivity (CVR) to acetazolamide-based stimulation was assessed.
Together, the comprehensive characterization revealed increased microvascular
density, reduced arterial blood flow, impaired BBB integrity, and increased CVR in
obese mice. Interestingly, the counterintuitive observation on the CVR echoed the
elevated activation of the endothelial nitric oxide synthase. This PAM-based
imaging and analysis platform enables comprehensive and quantitative
characterization of obesity-induced structural, functional and oxygen-metabolic
changes in the cerebral microvasculature, in particular the increased response to

vasodilatory stimulation. This technology is widely applicable to the studies of small



vessel disease in the brain and holds the potential to be transformed for

microvascular studies in other vital organs (e.g., the heart and kidney).

Chapter V shows the application of our multi-parametric PAM for the study of
cerebrovascular dysfunctions after blast traumatic brain injury. Blast traumatic brain
injury (bTBI) is a leading contributor to combat-related injuries and death. Although
substantial attention has been drawn to bTBI-induced neuronal dysfunction, co-
existing dysfunction in the cerebral vasculature, especially microvessels, remains
under-studied and poorly understood. Here, we studied the bTBI-induced
cerebrovascular dysfunction in a rat model of bTBI (blast pressure: 187.8+18.3 kPa).
Using multi-parametric photoacoustic microscopy, we quantified the changes in
cerebral hemodynamics and metabolism—including blood perfusion, oxygenation,
flow, oxygen extraction fraction, and the metabolic rate of oxygen—in a label-free
manner 4 hours post the injury. Moreover, we assessed the influence of bTBI on the
cerebrovascular reactivity to vasodilatory stimulation. With vessel segmentation, we
dissected the multifaceted responses at the single-vessel level, revealing the
dependence of the responses on the vessel type (i.e., artery vs. vein) and diameter.
We found that the moderate bTBI did not induce pronounced changes in the
microvascular diameter, blood perfusion, oxygenation, flow, oxygen extraction and
metabolism in the brain, except a slight yet statistically significant sO2 increase in

small veins (<45 pum) and flow increase in big veins (=45 um). By contrast, the

moderate bTBI almost completely abolished the cerebrovascular reactivity,
including arterial dilation, flow upregulation, and venous sO, increase. This study is
the first to comprehensively characterize the cerebrovascular responses to bTBI. The
striking impairment of the cerebrovascular reactivity by moderate bTBI, as revealed
by our study, may lead to increased vulnerability of the brain to metabolic insults

such as hypoxia/ischemia and secondary injuries.



Chapter VI demonstrated the capability of studying the ischemic stroke and the
anesthetic neuroprotection using our multi-parametric PAM. Stroke affects 800,000
people in the United States every year, and ischemic stroke accounts for 87% of all
stroke incidences®!. The risk for ischemic stroke is even higher in obese people. As
the one of the major cause of death in United States, in the past decades, it has been
widely reported that anesthetics have effects on neuronal and vascular function,
which raises the possibility that anesthesia could affect the outcome of a
neuroprotection study. In order to address this problem, the potential therapies and
neuroprotection mechanism need to be studied in a model of stroke that can be
induced without anesthesia. We firstly demonstrated the feasibility of our head-
restraint PAM to imaging the ischemic stroke induced cerebral hemodynamic and
metabolic changes under awake condition using the widely accepted transient
middle cerebral artery occlusion (tMCAQO) model. To further avoid the use of
anesthetic during the ischemic stroke procedure, the photothrombotic stroke model
using Rose Bengal dye was also explored, which can induce the vascular occlusion
through illuminating the green light without anesthesia. The widely used general
anesthetic, isoflurane, was used as the neuroprotective agent to check the anesthetic-
induced hemodynamic changes and corresponding neuroprotection. Furthermore,
the neuroprotective sphingosine-1-phosphate (S1P) was observed to induce oxygen
metabolism changes in awake mouse, which may help better understand its

neuroprotection mechanism from the metabolism prospective.

Finally, in Chapter VII, the summary of my dissertation work and discussion of

future improvement are presented.
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Chapter II. Multi-parametric PAM

2.1 Principle of multi-parametric PAM

2.1.1 Oxygen Saturation (sO-)

Due to the difference in absorption spectrum, the concentrations of oxy-hemoglobin
[HbO,] and de-oxy hemoglobin [HbR] can be distinguished by using two
wavelengths and corresponding spectroscopic analysis®?. Since the [HbO,] and
[HbR] are the dominant absorbing compounds in visible range, the blood absorption

coefficients at wavelength A, and wavelength A, can be calculated as following:
ta(A1) = egpr(A1)[HbR] + &4p0,(1;) [HbO, ] (eq. 2.1)

ta(A2) = eupr(A2)[HbR] + €410, (1) [HbO, ] (eq. 2.2)

where eypr and ey, are the wavelength-dependent molar extinction coefficients
of HbR and HbO,, which are known constants. Meanwhile, the blood absorption
coefficients u, is proportional to the photoacoustic signal, which can be used to
derive the relative concentration of [HbO,] and [HbR]. Therefore, the absolute

oxygen saturation (sO,) can thus be deducted through the following equation:

s0, = __HbO,] (eq. 2.3)

[HbR]+[HbO,]

Because the laser availability and the strong absorption of hemoglobin, the lasers at
the wavelengths of 532 nm and 558 nm are widely used in the PAM measurement
of sO,.

11



To validate PAM measurement of sO,, the comparison of PAM measurement and
established blood gas analyzer were done. To assess the accuracy of PAM across a
wide variety of physiological and pathophysiological states, we introduced three
different conditions by alternating the oxygen concentration in the inhalation gas.
Normoxia was first attained with room air, followed by moderate hypoxia (14% O,
86% N), again normoxia, and finally severe hypoxia (7% O 93% Ny).
Measurements were taken 5 minutes after each change to allow for equilibration. As
expected, our results (Fig. 2.1) showed a good agreement (R?=0.97 and p=0.0001)

between the in vivo PAM measurements and the readouts of blood-gas analyzer

across a wide range of sO; values (40-100%).

R2 = 0.97 V4
p = 0.0001 ’i
/

0O 20 40 60 80 100
Blood-gas Analyzer sO, (%)

Fig. 2.1 Comparison of the arterial sO, measured by in vivo transcranial PAM and
blood-gas analyzer in mice (N=4) under systemic normoxia (21% O;), moderate
hypoxia (14% O), and severe hypoxia (7% O;). PAM measurements are presented

in mean + standard deviation.
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2.1.2 Concentration of Total Hemoglobin (Chb)

The absolute value of Cyy, can be quantified by statistical analysis of PAM signals .
At 532 nm, a near-isosbestic point of hemoglobin, PAM is insensitive to sO..
Fluctuation in the amplitude of the PAM signal acquired at this wavelength encodes
both the Brownian motion and the flow of red blood cells (RBCs). Since the
Brownian motion of RBCs follows the Poisson distribution, the average RBC count

within the detection volume (Ngp) can be estimated as:

E(Amp)
Var(Amp)-Var(Noise)'

E(NRBC) = (1)

where E() and Var() are the mean and variance operation, respectively. Amp and
Noise denote the amplitude of the photoacoustic signal and the noise of the PAM
system, respectively. With this, the average RBC count can be quantified through
the statistical analysis of 100 successive A-lines. Given that fact that each RBC

contains ~15 pg of hemoglobin 34, Cy, can thus be estimated as:

_ 15XE(NRBC)

Cyp = ———RBE (2)

Vol

where Vol represents the detection volume of the PAM system. If the lateral
resolution is assumed at 2.7 um, the detection volume should be 263 um 3334, Before
in vivo experiments, the accuracy of this method has been examined with samples
of 10 different Cyy, values evenly distributed over the range of 15-150 g/L (fresh
defibrinated bovine blood, Quad Five). The PAM-measured Cyy values have shown
good agreement with the preset concentrations (linearity: R?=0.96) above 30 g/L. It
becomes inaccurate when the blood is further diluted to below 30 g/L, which is likely
due to the insufficient SNR of PAM under the severe and non-physiological

hemodilution.
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Fig. 2.2 Validation of PAM-based CHb measurements in vitro using diluted blood

sample with preset CHb. PAM measurements are in mean + SD.

2.1.3 Blood Flow

Correlation analysis of the same 100 A-lines used for the Cyp, measurement allows
simultaneous quantification of the blood flow speed. The flow-induced A-line
decorrelation follows a second-order exponential (i.e., Gaussian) decay, and the
decay constant is linearly proportional to the flow speed 53¢, Thus, the blood flow
speed can be measured by fitting the experimental data to the decay model. Given
the 100-us interval between adjacent A-lines in our current PAM system, the
correlation window is 10 ms. With a B-scan speed of 1 mm/s, the movement of the
PAM scan head over this time window is only 10 um, comparable to the average
diameter of capillaries.
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Furthermore, we validated our decorrelation-based wide-field flow measurement
approach in a vessel-mimicking phantom (Fig. 2.3A). Specifically, a syringe pump
(Pump System Inc., NE-300) was used to drive defibrinated bovine blood (Quad
Five, 910) through a plastic tube (United States Plastic Corporation, 56514; inner
diameter: ~250 um). A randomly chosen cross section of the tube was imaged under
three different preset flow rates, and the corresponding decay constants A were
extracted (Fig. 2.3B). The experimentally measured cross-sectional profile of Ar
agreed with the theoretical parabolic distribution of blood flow across the lumen,
and the larger value of A corresponded to the higher preset speed. We then calibrated
the relationship between the decay constant Ar and flow speed, which was set to 25
different values within the range of 0.03—40 mm/s (Fig. 2.3C). To evaluate the
precision of our measurement, the flow speed across the tube was measured 40 times.
As expected, the decay constant A showed a good linear relationship (R?=0.88) with
the preset flow speed, which, however, did not hold beyond the range of 0.18-21

mm/s.

The lower detection limit is due to the 10-ms correlation window, which is not wide
enough to record slow decays due to extremely low flow speeds. This limit could be
extended by reducing the B-scan speed; however, this would increase the imaging
time. The upper detection limit is due to the A-line rate (i.e., the laser repetition rate)
being limited to 10 kHz, which is not adequate for accurate quantification of rapid
decays due to high flow speeds. This limit could be extended by operating at a higher
laser repetition rate and data acquisition speed; however, the bottleneck in our
current data acquisition system does not allow that. Nevertheless, the current
detection range provides good coverage of physiological flow rates in the rodent

microcirculation®’.
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Finally, we tested the feasibility of 2D flow mapping in a blood-perfused tube with
a non-uniform diameter. According to the conservation of mass, the volumetric flow
rate should remain constant throughout the tube, while the flow speed should vary
with the cross-sectional diameter. The volumetric flow was set to 0.22 uL/s, and a
segment of the tube was bi-directionally scanned (Fig. 2.3D). The scan parameters
were the same as in the calibration experiment. As expected (Fig. 2.3E), the peak
flow speed along the central axis of the tube (green curve) gradually increased with
the decreasing tube diameter to maintain the volumetric flow at a near-constant value
of 0.22+0.01 puL/s (blue curve). The perfect match between the preset and
experimentally measured volumetric flow underscores the accuracy of our technique
for quantitative flow mapping.
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Fig. 2.3 Phantom validation of flow measurement. (a) Experimental configuration.
(b) Parabolic profiles of the decay constant (Af) across the tube measured under
different preset blood flow speeds. (c) Linear relationship between Ar and the preset

flow speed. The linear regression (dark line) is forced to go through the origin.
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Circles and error bars are mean values and standard deviations, respectively. (d)
Two-dimensional map of the blood flow in the tube. () Changes in the volumetric
flow rate and peak cross-sectional flow speed along with the decreasing tube

diameter. Reprinted from the reference (25).

2.1.4 Vessel Segmentation Analysis

To enable quantitative analysis of vessel diameters and extract the hemodynamics
values within certain vessels, proper vessel segmentation algorithms are necessary
25, The semi-automatic vessel segmentation algorithm and related data extraction are

consisted of the following steps:
(1) Manually identify and select the boundary of all interested vessels in Matlab.

(2) Refine boundaries using the theory of Otsu threshold in the maximum amplitude

projection (MAP) image.

(3)Remove over-lapping vessels and label the selected vessels with proper

identification number.

(4) Obtain the skeletons (or “central line”) of segmented vessels and calculate the

length of the skeleton for each vessel.

(5) Calculate the total area for each individual segmented vessel and divided by the

length of its skeleton, which gives us the vessel diameter.

(6) Extract the sO,, blood flow speed, and Cyy, within vessels for further analysis
using the segmentation information and classify the vessels with arteries and

veins based on sO, value.
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2.1.5 Oxygen Metabolism

With the aid of vessel segmentation, the blood flow in individual vessels can be
extracted. Therefore, the vascular blood flow speed and diameter can be combined

to derive CBF in the volumetric unit as:

2
CBF = =2, (eq. 2.4)

in which D is the vessel diameter and V is the blood flow speed along the central
axis of the vessel. Thus, the volumetric blood flow in each individual vessel can be
quantified. The total volumetric blood flow can thus be measured by adding up all

the major feeding arteries or draining veins within the region of interest.

With the segmented vessels, the average sO; values of the feeding arteries (s,0,) and
draining veins (syO,) within the ROI can be extracted to quantify OEF within this

region as:

OEF = 22227502 (eq. 2.5)

540>

Now, all the necessary parameters for quantification of metabolic rate of oxygen
(MRQO,) are obtained. Thus, MRO, can be derived as:

MRO, = & X Cyp X 540, X OEF X %, (eq. 2.6)

where ¢ is the oxygen binding capacity of hemoglobin (1.36 mL oxygen per gram
hemoglobin), BF;,:4; IS the total volumetric blood flow through the region, and W
Is the tissue weight estimated by assuming an average cortical thickness of 1.2 mm
and a tissue density of 1.05 g/ml ¥, One thing to be noticed is that the total
volumetric flow rates in the feeding arteries and draining veins need to be

approximately equal to validate the use of above CMRO, calculation. Meeting this
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Important condition in the cerebral cortex typically requires a relatively large field

of view.

2.2 Multi-parametric PAM System

2.2.1 System Schematic

For the multi-parametric PAM (Fig. 2.4A), two nanosecond-pulsed lasers
(Edgewave, BX40-2-G and BX40-2-GR; wavelengths: 532 and 559 nm; repetition
rate: 30 kHz) are used for dual-wavelength photoacoustic excitation. The two laser
outputs with orthogonal polarizations are combined using a broadband polarizing
plate beam splitter (Edmund optics, 48-545), attenuated by a neutral-density filter
(Thorlabs, NDC-50C-2M), and reduced to the same diameter by an iris (Thorlabs,
SM1D12D) for fiber-optic coupling. To enhance the coupling efficiency, the
combined laser beam is focused by a condenser lens (Thorlabs, LA1608) and
reshaped again by a 50-um-diameter pinhole (Thorlabs, P50C) positioned near the
lens focus. The spatially filtered beam is then coupled into a single-mode optical
fiber (Thorlabs, P1-460B-FC-2) through a microscope objective (Newport, M-10X).
To compensate for the fluctuation in laser intensity, ~5% of the laser energy is
tapped off by a beam sampler (Thorlabs, BSF10-A) before the objective and
monitored by a high-speed photodiode (Thorlabs, FDS100).

As shown in the blow-up of the PAM scan head (Fig. 2.4B), the fiber output with a
mode-field diameter of ~3 um is mapped into the object to be imaged by two
identical doublets (Thorlabs, AC127-025-A; one for collimation and the other for
focusing). A 2D galvanometer scanner (Cambridge, 6215HSM40B) is inserted
between the doublets for the automatic confocal alignment of the optical and

acoustic foci prior to imaging experiments. To match the surface dimension of the
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galvo mirrors, the diameter of the beam after the collimating doublet is reduced to 5
mm by an iris (Thorlabs, SM05D5). A ring-shaped LiNbO3 ultrasonic transducer
(inner diameter: 2.2 mm; outer diameter: 4.0 mm; focal length: 6 mm; center
frequency: 35 MHz; 6-dB bandwidth: 70%) was fabricated by the NIH Resource
Center for Medical Ultrasonic Transducer Technology at the University of Southern
California for convenient confocal alignment of the optical and acoustic foci in
reflection mode. Directly passing the focused laser beam through the central hole of
the transducer avoids the optical aberration and acoustic loss induced by otherwise
needed optical-acoustic beam combiners in our first- and second-generation PAM
systems 4241, For acoustic coupling, the transducer must be immersed in water. A
correction lens (Thorlabs, LA1207-A) is inserted into the optical path to compensate

for the optical aberration at the air-water interface.
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Fig. 2.4 Multi-parametric PAM platform. (a) System schematic (DAQ=data
acquisition; ND=neutral density). (b) Blow-up of the scan head boxed in 1(a). (c)
Scanning mechanism for simultaneous acquisition of vascular anatomy, oxygen

saturation, and blood flow. Reprinted from the reference (25).

The scan head is mounted on a two-axis motorized linear stage (Pl miCos GmbH,
PLS-85) for raster scanning. A speed of 1 mm/s is set for the cross-sectional scan
(B-scan), during which the two lasers are alternately triggered at a 50-us interval to
produce dual-wavelength A-line pairs (Fig. 2.4C). Spectroscopic analysis of these
pairs leads to pixel-wise quantification of normalized Cy;, and absolute sO,. In the

same B-scan, each A-line is respectively correlated with 100 successive A-lines
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acquired at the same wavelength to extract the flow-induced temporal decorrelation
of the photoacoustic signal. Given the 100-us interval between adjacent A-lines of
the same wavelength, the time window for computing decorrelation is 10 ms. Within
this window, the scan head travels only 10 um along the B-scan direction, which is
comparable to the average diameter of capillary—the smallest vessel in vivo. Thus,
our platform is able to measure the blood flow in any single vessel, regardless of its

orientation in respect to the scanning direction.

2.2.2 System Performance

The optically defined lateral resolution of PAM was characterized using a resolution
target (R1DS1P, Thorlabs). As shown in Fig. 2.5a, our platform clearly resolved the
6th element of Group 7. By fitting the experimentally measured modulation transfer
function (MTF) to the theoretical MTF of a “perfect” optical system, we estimated
the cutoff spatial frequency to be 365.4 line pair/mm, corresponding to a lateral
resolution of 2.7 um. Although slightly worse than the diffraction-limited resolution
(2.0 um), it 1s sufficient to resolve single capillaries. The acoustically defined axial
resolution of PAM was estimated by imaging a 7-um carbon fiber (S-CF706-T700,
CST), whose diameter is much smaller than the acoustic wavelength and thus serves
as an “ideal” line target. The full-width at half-maximum (FWHM) value of the
temporal envelope of the A-line photoacoustic signal was measured to be 31 ns (Fig.

2b), corresponding to an axial resolution of 46.4 um (theoretically 38.0 um).
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Fig. 2.5 (a) Lateral resolution of PAM quantified using a resolution target. (b) Axial
resolution of PAM quantified by the FWHM value of the A-line photoacoustic
envelope of a 7-um carbon fiber. (c) Lateral resolution of SAM quantified by the
FWHM value of the Gaussian-fitted cross-sectional profile of the same carbon fiber.
(d) Axial resolution of SAM quantified by the FWHM value of the A-line ultrasonic

envelope of the carbon fiber. Reprinted from the reference (33).

2.2.3 Multi-parametric PAM of Mouse Ear

Capitalizing on the near-optical-diffraction-limited lateral resolution and elegant
sensitivity to hemoglobin, our multi-parametric PAM platform successfully
demonstrated simultaneous mapping of vessel diameter, sO,, and blood flow down
to the capillary level [Figs. 2.6a—c]. Individual red blood cells (RBCs) flowing
through a capillary were clearly resolved [insets in Figs. 2.6a—c], showing an RBC
diameter of 6.7£2.6 um, sO; 0f 0.48+0.07, and speed of 0.37+0.13 mm/s. Moreover,
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the three major arteries could be clearly distinguished from their paired veins based
on the marked difference in diameter, sO2, and flow speed. Using vessel
segmentation technique, we were able to trace the dynamic changes in diameter, sOo,
and flow speed along with bifurcations in the arterial and venous trees all the way
down to pre-capillary arterioles and post-capillary venules [Figs. 2.6d-f].
Combining the average diameter and flow speed of each vessel segment between
two adjacent bifurcations, we further computed the volumetric blood flow of each
segment in absolute values. The inflow and outflow rates at each of the 15
bifurcations showed good agreement with each other [Fig. 2.6g], which implies that

our quantitative anatomical and flow measurements are accurate.
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Fig. 2.6 Simultaneous PAM of (a) vascular anatomy (delineated by the distribution
of normalized Cyp), (b) oxygen saturation of hemoglobin (sO,), and (c) blood flow
speed in a nude mouse ear in vivo. Vessel segmentation reveals dynamic changes in
(d) vessel diameter, (e) sO,, and (f) flow speed, along with bifurcations in the paired
arterial and venous trees. (g) Conservation of the volumetric inflow and outflow

rates at each bifurcation. Reprinted from the reference (25).

2.2.4 Ultrasound-aided Multi-parametric PAM of Mouse Brain

This section was modified and reprinted with permission from "Ultrasound-aided
multi-parametric photoacoustic microscopy of the mouse brain." Scientific reports 5
(2015): 18775. Bo Ning, Naidi Sun, and | designed and built the photoacoustic

microscopy system. Bo Ning performed the animal experiments and data analysis.

With the ultrasonically extracted contour map of the mouse skull, our PAM can
dynamically focus on the underlying cortical vasculature when scanning across the
uneven brain surface to maintain high spatial resolution and sensitivity. To maintain
high resolution and sensitivity for accurate quantification of Cyp, SO, and CBF in
the uneven mouse brain, we have expanded the contour PAM technique that was
recently developed to address the out-of-focus issue in imaging the tumor-bearing
mouse ear. Following the surface contour of the tumor outlined by its densely packed
vasculature in a pre-scanned photoacoustic image, the contour PAM can
dynamically adjust the focal plane to accommodate the uneven tumor surface.
Although encouraging, this technique is not directly applicable to the mouse brain,
because skull vessels could be easily misidentified as cortical vessels and adversely
influence the detection of the cortical contour. To address this challenge, we have
integrated scanning acoustic microscopy (SAM) in our platform. Compared with the

previous implementation*?, our ultrasound-aided contour PAM relies on direct
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pulse-echo imaging of the skull-cortex interface rather than inaccurate interpolation
based on discretely distributed brain vessels. Moreover, the much larger depth of
focus of SAM allows more reliable detection of the surface contour of the dome-

shaped mouse cortex, which spans several hundred microns along the depth direction.

We have designed a novel scanning scheme to simultaneously acquire the
hemodynamic and anatomical information of the mouse brain. Specifically, the B-
scan speed is set to 1 mm/s, during which the two lasers are alternately triggered at
a 50-us interval to produce dual-wavelength photoacoustic A-line pairs with a spatial
interval of 0.1 um. Statistical, spectral, and correlation analysis of 100 successive A-
line pairs allows simultaneous quantification of Cyp, SO,, and CBF at the same
spatial scale (10 um). With 200 pairs of dual-color laser pulses, an ultrasonic pulse
(energy: 1 wJ) is fired for pulse-echo imaging. The corresponding step size of SAM

1s 20 um, which is about half of its lateral resolution.

We tested the performance of our ultrasound-aided contour scan using a plastic ball
coated with black ink (diameter: 20 mm). First, as shown in Fig. 2.7a, the surface
contour of the ball was extract by a rapid SAM scan. Then, a pair of PAM images
with (Fig. 2.7b) and without (Fig. 2.7¢) ultrasound-aided contour scan were acquired
for comparison. Visibly, the sphere-shaped ball surface shown in the conventional
PAM image became flat in the contour image, due to the dynamically adjusted focal
plane. Moreover, the top surface and lower periphery of the ball—which were out
of focus and thus dim and fuzzy in the conventional PAM image—became bright
and clear in the contour image, indicating the improvement in both sensitivity and
spatial resolution.
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Following the phantom study, we further tested the system performance in vivo.
Similarly, a 6 x 8 mm? region of the mouse brain was imaged by SAM to map the
skull contour (Fig. 2.7d). Then, the same region of interest was imaged by our dual-
contrast platform with and without the contour guidance. Since PAM and SAM
shared the same acoustic detection, the concurrently acquired photoacoustic and
ultrasonic images were automatically co-registered and readily fusible. As shown in
Fig. 2.7e, the entire mouse skull (imaged by SAM) and underlying cortical
vasculature (image by PAM) are visually flat, due to the contour-guided dynamic
focusing. Better maintaining the spatial resolution and sensitivity, the contour scan
clearly resolved the microvasculature near the junction of parietal and temporal

cortices, which were out of the focal plane of conventional PAM (Fig. 2.7f).
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Fig. 2.7 (a) Screenshot of the 3D surface contour of the plastic ball extracted by
SAM. (b,c) Screenshots of the 3D rendering of the surface of the ball imaged by
PAM with and without the contour scan, respectively. (d) Screenshot of the 3D
surface contour of the mouse skull extracted by SAM. (e,f) Screenshots of the 3D

rendering of the mouse brain simultaneously imaged by SAM (gray) and PAM (hot)
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with and without the contour scan, respectively. Scale bar: 1 mm. Reprinted from
the reference (33).

To derive the total CBF from its transverse component measured by the correlation
analysis, we have developed a three-step procedure. First, the vascular skeleton is
extracted from the two-dimensional maximum amplitude-projected PAM image
using a built-in function of MATLAB (bwmorph) and transformed into 3D by the
incorporation of corresponding depth information. Then, the vessel axis is estimated
by the local slope of the vascular skeleton on a pixel basis. Finally, by computing
the angle (o) formed by the vessel axis and the transverse plane (Fig. 2.8), we can
derive the total CBF as:

CBFtrans
cos(a)

CBFiptq1 = , (eq. 2.6)

in which CBF;,4, is the transverse component of the total flow speed.

HZO

Angle (degree)
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Fig. 2.8 Orientation of the brain vasculature determined by the ultrasound-aided
contour PAM. The angle (a) is formed by the vessel axis and the transverse plane.
The image was smoothed using the moving average window. Reprinted from the

reference (33).

Then, we demonstrated—for the first time—simultaneous transcranial mapping of
Chb, SO2, and CBF over the entire mouse cortex. The vascular networks in the skull
and underlying cortex were clearly separated (Fig. 2.9a). Note that the depth range
(up to 400 um) does not reflect the maximum penetration of PAM, because the
maximum rather than the deepest signal is projected along each A-line. As shown in
Fig. 2.9b, the average Cup was measured to be 113.7 £34.7 g/L. Interestingly, the
average Cpp value in the skull (136.1 +28.7 g/L) was slightly higher than that in the
cortex (100.1 £20.8 g/L). By analyzing the 100 dual-wavelength A-line pairs
acquired at 532 and 559 nm, we computed the proportions of HbO, and HbR in Cyyp,
from which sO, was derived (Fig. 2.9¢). The methodology for spectroscopic PAM
of sO, has been established and described before®2. As a testament to its robust
performance, PAM clearly identified a pair of cortical arteriole and venule partially
shadowed by the microvessels in the interparietal skull (indicated by the white
arrows in Fig. 2.9c). Relying on the RBC flow-induced decorrelation between the
same 100 A-lines acquired at 532 nm, PAM quantified the speed of the blood flow
in individual vessels (Fig. 2.9d). It is worth noting that the blood flow in the mouse
brain has both transverse and axial components, which is in contrast to the ear where
blood circulates within the transverse plane (i.e., perpendicular to the imaging head).
In light of this, we quantified the angle between the vessel axis and the transverse
plane to derive the total CBF from its transverse component measured by the
correlation analysis (see Methods for details). Taking into consideration the relative

movement between the cross-sectional scanning (i.e., B-scan) stage and RBC, PAM
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further determined the CBF direction by capturing the subtle difference in the
relative flow speeds measured using forward and backward B-scans. As shown in
Fig. 2.9d, PAM can accurately trace the direction of blood flow in individual vessels
(indicated by warm and cold colors), which nicely corresponds to the sO; (i.e., the
arterial blood flows from parent to daughter branches, while the venous blood flows
oppositely). Strikingly, our PAM was able to pinpoint the direction of the blood flow
in an arteriole, whose orientation was nearly orthogonal to the B-scan axis. As
indicated by the white arrow in Fig. 2.9d, the two daughter branches bifurcated from
the arteriole show different colors, indicating that they were flowing toward opposite

directions along the B-scan axis but both away from the parent branch.
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Fig. 2.9 (a) Depth-encoded skull vasculature (labeled in cold color) and cortical
vasculature (in warm color) separated by the SAM-determined skull (in gray). US:

ultrasound. (b—d) Simultaneously acquired high-resolution maps of Cpp, SO, and
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CBF (both speed and direction), respectively. The arrows in panel (c) indicate a pair
of cortical arteriole and venule identified by their distinct sO; values. The red and
blue arrows in panel (d) indicate the directions of the blood flow along the B-scan
axis, and the white arrow indicates an arteriole whose orientation is nearly

orthogonal to the B-scan axis. Scale bar: 0.5 mm. Reprinted from the reference (33).

2.3 Discussion

We have developed a multi-parametric PAM platform capable of simultaneous
guantification of microvascular anatomy, oxygen saturation, and blood flow at the
same spatial scale. By extending the correlation method previously reported for the
low-speed capillary flow measurement, we have achieved a broad measurable range
of 0.18-21 mm/s. With spectroscopic and correlation analysis, we are the first to
demonstrate simultaneous wide-field PAM of vessel diameter, sO,, and blood flow
down to the capillary level in vivo. With the aid of vessel segmentation, this platform
can further trace the dynamic changes in vascular anatomy and functions from trunk
arteries and veins down to pre-capillary arterioles and post-capillary venules. By
enabling simultaneous imaging of all the parameters prerequisite for MRO;
quantification at the microscopic level, our multi-parametric PAM platform may

shed new light on cancer and neuroscience research.

Furthermore, we have developed the ultrasound-aided multi-parametric PAM for
simultaneous imaging of Cyp, SO,, and CBF—the three parameters required to derive
CMRO2. The future development of complementary algorithms to extended the
PAM-measured parameters from the vascular level to the tissue level will ultimately
prepare us to compute microscopic CMRO; using the Fick’s law. A dynamic view

of the co-development of metabolic dysfunction and neuronal damage revealed by
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PAM may revolutionize our current understanding of many neurological diseases

and shed new light on neuroscience research.
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Chapter I11. Head-restraint PAM

3.1 Background and Motivation

Optical microscopy—providing detailed spatiotemporal views of neuronal
networks*®, neuronal subtypes*, subcellular compartments of neurons®, and
hemodynamics?® in the rodent brain in vivo—has been revolutionizing neuroscience
In recent decades. To minimize motion artifacts during the course of high-resolution
Imaging, the majority of these studies have been carried out in anesthetized animals.
However, anesthesia is known to have profound effects on neuronal activities and
cerebral hemodynamics. A recent study shows direct evidence that the brain activity
during wakefulness cannot be reliably inferred from the observations under
anesthesia 6. Moreover, anesthetic-induced changes in cerebral hemodynamics have
been observed across multiple species (human, primate, and rodent)* >0, Thus, there
Is a pressing need for novel microscopy technologies capable of imaging neuronal

activities and hemodynamics in the awake rodent brain.

To meet this demand, head-mounted®! and head-restrained®->* paradigms have been
recently developed for fluorescence microscopy of the awake brain. The head-
mounted approach allows imaging the neuronal activity in freely moving rodents but
has limited field of view, insufficient mechanical stability, and suboptimal optical
performance®. In contrast, head restraint provides extended imaging field, improved
mechanical and optical performance, and the accessibility of electrode recording®.
The restraint-induced animal stress, as a primary concern, can be mitigated by the
use of a treadmill and proper training®°4. With the aid of molecular probes, these

new paradigms have enabled large-scale and time-lapse recording of the neuronal
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activity at the cellular level in awake mice, holding great potential to transform our

understanding of neural circuits underlying behavior®:.

While molecular imaging of the neuronal activity in the awake brain rapidly
advances, functional imaging of the coevolving hemodynamics falls far behind.
With the aid of angiographic agents, fluorescence microscopy permits the
quantification of CBF in awake mice®l. However, it remains a challenge for
fluorescence microscopy to directly measure multiple hemoglobin-related
hemodynamic parameters, including Cyp, SO, and OEF. Recent advances in oxygen-
sensitive fluorescent probes? and visible light optical coherence tomography®’°8
provide new means to assess blood oxygenation, which in combination with CBF
allows the quantification of oxygen metabolism. Capable of comprehensively and
simultaneously measuring all these hemodynamic parameters in a label-free
manner®>°, photoacoustic imaging is ideally suited for functional imaging of the
awake brain. However, this research is still in a nascent stage, with only a couple of

studies using macroscopic-resolution photoacoustic tomography®%¢:,

Here, we report on a novel application of PAM for comprehensive and quantitative
characterization of cerebral hemodynamics and metabolism at the microscopic level
in awake mice. An angle- and height-adjustable head-restraint apparatus was
exploited to enable high-resolution PAM of the awake brain with minimal motion
artifacts, and an air-floated spherical treadmill was utilized to mitigate the restraint-
induced stress. We first assessed the long-term stability of head-restrained PAM
measurements in the awake mouse brain. Upon validation, we compared the
cerebrovascular diameter, Cpp, SO,, CBF, OEF, and CMRO;, in the same region of
interest under wakefulness and different levels (i.e., light, medium, and deep) of
anesthesia, which revealed dose-dependent cerebral hemodynamic and metabolic
responses to isoflurane—a commonly used volatile general anesthetic. We further
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studied the multifaceted cerebral responses under systemic hypoxia, whose results
suggested a possible mechanism for the widely reported but poorly understood

neuroprotective effect of volatile anesthetics®2%3,

This section was modified and reprinted with permission from "Functional and
oxygen-metabolic photoacoustic microscopy of the awake mouse brain."
Neuroimage 150 (2017): 77-87. | designed and built this imaging system and head-
restraint apparatus. | performed the animal experiments and data analysis for this

study.

3.2 Design and Implementation of the Head-restraint PAM
3.2.1 System Schematic and Apparatus Design

As shown in Fig. 3.1, the head-restrained PAM uses two nanosecond-pulsed lasers
(BX40-2-G and BX40-2-GR, Edgewave) operating at the same pulse repetition rate
of ~10 kHz. The two beams with orthogonal polarizations are combined by a
polarizing beam splitter (48-545, Edmund Optics) and then coupled into a single-
mode optical fiber (P1-460B-FC-2, Thorlabs) through a microscope objective (M-
10X, Newport). Before entering the fiber, the dual-wavelength (i.e., 532 nm and 559
nm) beam is attenuated by a neutral density filter (NDC-50 C-2M, Thorlabs),
reshaped by an iris (SM1D12D, Thorlabs), focused by a condenser lens (LA1608,
Thorlabs), and filtered by a 50-um-diameter pinhole (P50C, Thorlabs). To
compensate for the fluctuation in the laser intensity, ~5% of the laser pulse energy
Is picked off by a beam sampler (BSF10-A, Thorlabs) and monitored by a high-
speed photodiode (FDS100, Thorlabs). The beam coming out of the fiber is launched
into the imaging head of the system, where it is collimated by an achromatic doublet
(AC127-025-A, Thorlabs), reshaped by an iris (SM05D5, Thorlabs), and focused by
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an identical doublet through a correction lens (LA1207-A, Thorlabs) and the central
opening of a customized ring-shaped ultrasonic transducer (inner diameter: 2.2 mm;
outer diameter: 4.0 mm; focal length: 6.0 mm; center frequency: 35 MHz; 6-dB
bandwidth: 70%) into the mouse brain. The optical and acoustic foci are confocally
aligned for maximum sensitivity. Restraint of the awake mouse head is achieved
using a nut-bolt configuration. As shown in the red-boxed inset of Fig. 3.1, a small
nut (90730A005, McMaster-Carr) is attached to the exposed mouse skull using
dental cement (S380, Parkell). Once being fixed in a customized head plate with a
bolt, the mouse head can be angularly adjusted using a rotation mount (RSP-1T,
Newport) to align the region of interest perpendicular to the imaging head and
vertically adjusted using a right-angle clamp (RA90, Thorlabs) to allow the mouse
limbs to comfortably rest on the surface of the spherical treadmill (blue-boxed inset
of Fig. 1). The treadmill, consisting of two 8-inch-diameter hollow polystyrene
hemispheres (03170-1008, Blick Art Materials), sits in a homemade cylindrical
holder. The slightly compressed air (15 psi) from the bottom of the holder creates a
thin cushion to float the treadmill, allowing the mouse to move freely with reduced

reaction force.

To scan the optical-acoustic dual foci over the cortical region of interest, the exit end
of the optical fiber and the imaging head are mounted on a 3-axis motorized scanning
system, which consists of two transverse linear stages (PLS-85, Pl miCos GmbH)
for raster scan and a vertical linear stage (KR15, THK; motor: 28BYG201, Circuit
Specialists) for automatic and precise adjustment of the dual foci. The cross-
sectional scan (i.e., B-scan) speed is set to 1 mm/s, during which the two lasers are
alternately triggered at a 50-ps interval to produce dual-wavelength A-line pairs with

a spatial interval of 0.1 um. Statistical, spectral, and correlation analysis of 100
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successive A-line pairs® allows simultaneous quantification of Cnp, sO», and CBF

at the same spatial scale (10 um).

Holder
P inhole BS

Figure 3.1 Schematic of the head-restrained PAM. PBS, polarizing beam splitter;
NDF, neutral density filter; BS, beam sampler; SMF, single-mode fiber; AD,
achromatic doublet; CL, correction lens; RT, ring-shaped ultrasonic transducer; RM,
rotation mount; HP, head plate. Red-boxed inset: photograph of a mouse brain with

a thinned-skull window and a nut attached using dental cement.
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3.2.2 Animal Preparation

Male CD-1 mice (9-13 weeks old, Charles River Laboratories) were used for the
studies. Under anesthesia, the hair in the mouse head was removed and a surgical
incision was made in the scalp to expose the skull. The dental cement was then
applied to cover the surface of the exposed skull, except for the region of interest,
and the nut was attached. After the cement was solidified and the nut was firmly
adhered to the skull, the mouse was transferred to the head-restrained apparatus. To
help acclimate the mouse to head restraint and attenuate the stress, each mouse was
subjected to 5 training sessions on 5 consecutive days. Each session lasted for 45

minutes, during which the mouse was provided with drink as a positive reward.

One day before the PAM experiment, the skull over the region of interest was
thinned by a surgical hand drill following the fascia removal for optimal image
quality. The skull thinning was implemented following the well-established
protocol®*® to alleviate potential inflammation and avoid possible damage to the
brain. Once the desired skull thickness (~100 um) was reached, the thinned-skull
window was cleaned and dried. According to previous studies®, no obvious
inflammation or detectable microglia activation is expected if the thickness of the
thinned skull is larger than 20 um. One hour prior to the PAM experiment, the
trained mouse was restrained and placed beneath the water tank for acoustic coupling
(green-boxed inset of Fig. 1). Ultrasound gel was applied between the skull window
and the ultrasonically and optically transparent polyethylene membrane at the
bottom of the water tank. The temperature of the water tank was set at 37°C, and a
heating lamp was used to help maintain the mouse body temperature. All
experimental procedures were carried out in conformity with the animal protocol

approved by the Animal Care and Use Committee at the University of Virginia.
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3.3 PAM of the Awake Mouse Brain

3.3.1 Long-term Stability

Prior to characterizing the cerebral hemodynamic and oxygen-metabolic responses
to isoflurane, we assessed the stability of head-restrained PAM for time-lapse
measurements in the awake mouse brain to ensure that PAM-revealed changes were
indeed due to physiological rather than technical variations. Specifically, we
repeatedly imaged the same cortical region of interest 5 times over a 75-minute
period, during which the physiological state of the mouse was carefully maintained.
A total of 48 feeding arteries and draining veins that PAM imaged in 3 mice were
segmented, and the relative changes in Cyp, SO2, vessel diameter, and blood flow
speed from their corresponding baseline values measured at the very beginning were
quantified. As shown in Fig. 3.2, the statistical analysis showed no significant

changes in any of the four parameters over time, indicating the stability of our system.

40



(3,1
(=]

< 150/ =1
= < g e
£ 125 0125
(] - [T}
.g 100; 'g 100
& 75 & 75
Q Q
X 50 X 50
& S e e & ST ST
cf\\ n&\ 4:‘& n’@\ 4:’5\\ eé\ «:&\ vf\
N o) b ') N o) e ')
c _ d s
= =
E §150-
2 0 1251
£ 2 T
= 2 100/
@ [T
2 ¢ 75
o] —
7 & 501
& & & O & &
& & & &

Figure 3.2 Long-term stability of the head-restrained PAM of (a) Cpp, (b) sO,, ()
vessel diameter, and (d) blood flow speed in the awake mouse brain. The multi-
parametric PAM measurements were repeatedly taken over a 75-minute period, and
each scan took ~15 minutes. The relative values were derived by normalizing to their
corresponding baselines measured at the beginning (i.e., 0 min). Statistical analysis
(20 feeding arteries and 28 draining veins in 3 mice) showed no significant changes
in any of the four parameters over the entire monitoring period. Data are presented

as mean = SD.

3.3.2 Repeatability

Upon validating the stability of head-restrained PAM for longitudinal and

quantitative monitoring, we comprehensively characterized the cerebral
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hemodynamic and oxygen-metabolic responses to isoflurane under normoxia. For
side-by-side comparison of the mouse brain in the absence and presence of
isoflurane, we performed a 2-hour PAM monitoring, during which the isoflurane
vaporizer (set at 1.0 MAC) was switched off and on. After each switch, at least 15

minutes was waited to ensure the equilibrium.

Under anesthesia, the mouse brain presented no evident changes in Cyy, but apparent
upregulations in s,,0, and flow speed (indicated by the arrows in the 2" and 3" rows
of Fig. 3.3a). Furthermore, vessel segmentation-enabled analysis of the feeding
arteries and draining veins (colored in red and blue, respectively, in Fig. 3.3b)
provided quantitative and more comprehensive insights into the cerebral responses
to isoflurane (Fig. 3.3c). As expected, the Cy, in both the arteries and veins remained
roughly constant during the alternations between wakefulness and anesthesia.
Similarly, the s, 0, maintained at a stable level, which was in striking contrast to the
markedly increased s,,0, in the presence of isoflurane. The high s,0, indicated
sufficient oxygen supply to the mouse brain, while the elevated s, 0, suggested
reduced oxygen extraction of the cerebral tissue under anesthesia. In contrast to the
decreased OEF, both the feeding and draining vessels underwent significant
vasodilation and upregulation in the blood flow speed, which together should lead
to a boost in CBF according to Equation 4. Indeed, the total volumetric flow rates
(CBF;,:4;) Of both the arterial blood into the region of interest and the venous blood
out of it nearly doubled under anesthesia. Notably, the two rates were almost
identical throughout the monitoring period. Thus, the total CMRO, of the region can
be derived by Equation 5 without possible bias induced by the unbalanced flow.
Apparently, the reduced OEF and increased CBF exerted opposite effects on the
cerebral oxygen metabolism. The combined effects resulted in a significant

suppression of CMRO; in the anesthetized mouse brain.
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Fig. 3.3 Hemodynamic and oxygen-metabolic responses of the normoxic mouse
brain to 1.0-MAC isoflurane. (a) Head-restrained PAM of cerebral Cyp, SO, and
blood flow speed in the absence (OFF) and presence (ON) of isoflurane. The white
arrows in the 2" and 3 rows highlight the isoflurane-induced changes in s, 0, and

blood flow speed. (b) Feeding arteries and draining veins identified and isolated by
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vessel segmentation. (c) Quantitative analysis of the isoflurane-induced changes in
the average Cup, SO, diameter, and flow speed of the feeding and draining vessels,
from which OEF, CBF, and CMRO, of the region of interest under wakefulness and

anesthesia were derived. Scale bar, 500 pm.

3.3.3 Quantitative Comparison between Awake and Anesthetized Brain

Repeating this experiment in 5 mice enabled us to characterize the cerebral
hemodynamic and oxygen-metabolic responses to isoflurane at the statistical level.
As shown in Fig. 3.4, no statistical difference was found between the Cy, under
wakefulness (160+7 g/L for arteries and 16519 g/L for veins) and that under
anesthesia (16518 g/L for arteries and 162+11 g/L for veins). In contrast to the
unchanged s,0, (94+2% and 94+4% under wakefulness and anesthesia,
respectively), s,,0, was increased from 65+4% to 86+6% following the exposure to
isoflurane. In addition, marked arterial dilation (from 344 pm to 44+4 um) and
moderate venous dilation (from 43x5 pm to 48+6 um) were observed. Further
analysis of individual vessel segments revealed a striking negative correlation (r =
—0.66) between the relative dilation of small arteries (diameter less than 40 pum) and
the baseline (i.e., under wakefulness) diameter. In contrast, arteries with larger
diameters (>40 um) and veins showed less pronounced and diameter-independent
dilation (13+8% and 12+6%, respectively). Accompanying vasodilation was
significant increase in the flow speed (on average, 54% in arteries and 37% in veins),
which together boosted the arterial CBF;,;q from 39.2+5.7 mL/100g/min to
73.5£15.2 mL/100g/min and the venous CBF;,;4; from 35.0+£13.5 mL/100g/min to
66.6£27.9 mL/100g//min. The PAM-measured CBF is comparable to that measured
by optical coherence tomography?®® and autoradiography®®. Combining the multiple

hemodynamic parameters, we revealed that the 1.0-MAC isoflurane induced a 73%
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decrease in OEF (from 0.26+0.07 to 0.07+0.04) and a 50% decline in CMRO; (from
114.5+30.6 pmol/100g/min to 57.8+23.3 umol/100g/min).
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Fig. 3.4 Statistical comparison (N = 5) of Cyp, SO, vessel diameter, blood flow
speed, CBF, OEF, and CMRO; in the awake and anesthetized mouse brains. In the
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paired t-test, ns, **, and **** respectively represent no significance, p<0.01, and
p<0.0001. The right panel in the second row shows a strong dependence of
isoflurane-induced arterial dilation on the baseline diameter measured under

wakefulness. Data are presented as mean £ SD.

3.4 Effects of Anesthesia on Cerebral Hemodynamics and

Metabolism

3.4.1 Dose-dependent Cerebral Response to Isoflurane under Normoxia

Next, we examined whether the observed multifaceted cerebral responses to
isoflurane were dose-dependent or not under normoxia. Specifically, 6 head-
restrained mice were monitored by PAM for ~2 hours, during which their states were
gradually altered from wakefulness to light then medium and finally deep anesthesia
by a stepwise increase of the isoflurane concentration (0, 0.5, 1.0, and 1.5 MAC).

After each switch, a minimum of 15 minutes was waited to allow for equilibrium.

Consistent with the observation in Fig. 3.3a, the mouse brain showed unchanged Cyyp
and s, 0, but apparently increased s,,0, and flow speed under all three different
levels of anesthesia compared with that under wakefulness (indicated by the arrows
in Fig. 3.5). With the aid of vessel segmentation, the Cyy, SO, blood flow speed, and
diameter of individual feeding arteries and draining veins were quantified and
averaged for each mouse. Then, the average hemodynamic readouts under the four

states were statistically compared (Fig. 3.6a and Fig. 3.7).
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Fig 3.5 Head-restrained PAM of Cyp, SO, and blood flow speed in the normoxic
mouse brain in the absence (0 MAC) and presence of different concentrations (0.5,
1.0, and 1.5 MAC) of isoflurane. The white arrows in the 2" and 3" rows highlight

the isoflurane-induced changes in s,,0, and blood flow speed. Scale bar, 500 pm.

As expected, Cy, and s,0, were well maintained throughout the incremental
exposure to isoflurane. In contrast, marked s, 0, increase, flow speed upregulation,
and vasodilation were observed under all three levels of anesthesia. Different from
the dose-independent vasodilation, s,,0, and blood flow speed partially regressed
when switching from medium to deep anesthesia, likely due to the anesthetic
depression of myocardial contractility®”. The synchronous responses in s,0, and
flow speed implied an inverse coupling between OEF and CBF. Indeed, when the

state was switched from medium to deep anesthesia, rOEF (normalized to the
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baseline measured during wakefulness) dramatically increased from 21+8% to 37+9%
along with a significant drop in rCBF;,:q; from 215+39% to 180+42% (Fig. 3.6Db).
Given the unchanged Cyp and s,0,, the tight CBF-OEF coupling managed to
maintain CMRO, at a statistically constant level—only about half of that under

wakefulness—across different depths of anesthesia.
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Fig. 3.6 Dose-dependent effects of isoflurane on cerebral hemodynamics and oxygen
metabolism. (a) Statistical comparison (N = 6) of the absolute arterial Cyp, SO,
blood flow speed, and diameter, as well as s,,0,, under wakefulness (0 MAC) and
different concentrations (0.5, 1.0, and 1.5 MAC) of isoflurane. (b) Statistical
comparison of the relative Cu,, s,0,, OEF, CBF, and CMRO, with their
corresponding baselines (significance levels, if any, are marked on the top of the
columns) and between different concentrations of isoflurane (significance levels, if
any, are marked between the two compared columns). *, p<0.05; **, p<0.01; ***,
p<0.001; **** p<0.0001. Data are presented as mean * SD.
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Fig. 3.7 Statistical comparison (N=6) of the venous Cuy, blood flow speed, and
diameter under wakefulness (0 MAC) and different concentrations (0.5, 1.0, and 1.5
MAC) of isoflurane in the normoxic mouse brain. *, p<0.05; **, p<0.01. Data are

presented as mean + SD.

It is worth noting that we did not observe the isoflurane dose-dependent CMRO,
decrease reported in a previous study®. The discrepancy might be attributed to the
differences in animal species (dog vs. mouse) and experimental conditions. Unlikely
the previous study, which used active ventilation (P,C0, was maintained roughly
constant) with hyperoxic inhalation gas (40% oxygen), we used medical-quality air
without ventilation. Thus, deep anesthesia-induced respiratory depression may lead
to hypercapnia. While the cerebral metabolic response to hypercapnia is still in
controversy®, previous studies have shown that hypercapnia can induce CMRO;
increase in rodents™. The metabolic effect of hypercapnia may counterbalance and

thereby diminish the dose-dependent effect of isoflurane on CMRO..

Considering the diameter-dependent dilation of small arteries (<40 um in diameter)
revealed in Fig. 3.4, we further analyzed whether the dilation of this subset of vessels
had any dependence on isoflurane concentration. To this end, we divided the
segmented vessels into four groups, including small arteries (<40 pum in diameter),
small veins (<40 um in diameter), large arteries (>40 um in diameter), and large

veins (>40 pum in diameter). As shown in Fig. 3.8, all four groups showed statistically
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significant vasodilation in comparison with their baselines and the diameter-
dependent arterial dilation was observed under all three levels of anesthesia.
However, no dose-dependent effect of isoflurane on vasodilation was observed in

any of them at the three clinically relevant concentrations.
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Fig. 3.8 Cerebral vasodilation in response to different concentrations of isoflurane
(0.5, 1.0, and 1.5 MAC) under normoxia. The segmented feeding arteries and
draining veins were divided into four different groups: small arteries (SA) and small
veins (SV) with diameters less than 40 um and large arteries (LA) and large veins
(LV) with diameters larger than 40 um. Statistical comparison (39 feeding arteries
and 42 draining veins in 6 mice) of the vessel diameters measured under anesthesia
with their corresponding baseline values measured under wakefulness shows
significant vasodilation for all four groups across all three different anesthetic depths
(significance levels are marked on the top of the columns). Moreover, statistical
comparison between different groups of vessels under the same concentration of
isoflurane shows a strong diameter-dependent vasodilation in the arteries but not

veins (significance levels, if any, are marked between the two compared columns).
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Vasodilation shows no statistically significant dependence on isoflurane
concentration. *, p<0.05; **, p<0.01; **** p<0.0001. Data are presented as mean +
SD.

3.4.2 Anesthetic Neuroprotection against Brain Hypoxia

The anesthesia-induced profound reduction in CMRO,, as revealed by the head-
restrained PAM in the normoxic mouse brain, suggested the potential of using
isoflurane to protect the brain against hypoxia or ischemia. To gain more direct,
guantitative, and comprehensive insights, we examined the influence of different
concentrations of isoflurane on the multifaceted cerebral responses to systemic
hypoxia. Similar to the normoxia study, 5 mice were monitored for ~2 hours under
hypoxia, during which their states were altered by a stepwise increase of the
isoflurane concentration (0, 0.5, 1.0, and 1.5 MAC). After each switch, a minimum

of 15 minutes was waited to allow for equilibrium.
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Fig. 3.9 Head-restrained PAM of Cyp, sO,, and blood flow speed in the hypoxic
mouse brain in the absence (0 MAC) and presence of different concentrations (0.5,
1.0, and 1.5 MAC) of isoflurane. The white arrows in the 2" and 3' rows highlight
the hypoxia- and isoflurane-induced changes in sO, and blood flow speed. Scale
bar, 500 pm.

As shown in Fig. 3.9, the cerebral Cy, remained unchanged when the awake mouse
was switched from normoxia to hypoxia and later anesthetized with different doses
of isoflurane, which was in contrast to the hypoxia-sensitive and isoflurane dose-
dependent responses in sO, and blood flow speed. As highlighted by the arrows, the
arterial and venous sO, dropped significantly in response to hypoxia. To compensate
for the hypoxia-impaired cerebral oxygen supply, the flow speed was highly
upregulated. Light anesthesia further elevated the blood flow, which partially
retrieved sO,. However, increasing the isoflurane exposure to 1.5 MAC led to
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significant reduction in both sO, and flow speed. By segmenting the feeding arteries
and draining veins, we were able to calculate the average arterial and venous Cpp,
sO,, flow speed, and diameter for each mouse under both wakefulness and the three

levels of anesthesia (Fig. 3.10a and supplementary Fig. 3.11).
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Fig. 3.10 Influence of isoflurane on cerebral hemodynamic and oxygen-metabolic
responses to systemic hypoxia. (a) Statistical comparison (N = 5) of the absolute
arterial Cpp, SO, blood flow speed, and diameter, as well as s,,0,, under wakefulness
(0 MAC) and different concentrations (0.5, 1.0, and 1.5 MAC) of isoflurane. (b)
Statistical comparison of the relative Cyp, s,0,, OEF, CBF, and CMRO; with their
corresponding baselines (significance levels, if any, are marked on the top of the
columns) and between different concentrations of isoflurane (significance levels, if
any, are marked between the two compared columns). *, p<0.05; **, p<0.01; ***,

p<0.001. Data are presented as mean £ SD.
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Fig. 3.11 Statistical comparison (N=5) of the venous Cyp, blood flow speed, and
diameter under wakefulness (0 MAC) and different concentrations (0.5, 1.0, and 1.5
MAC) of isoflurane in the hypoxic mouse brain. *, p<0.05; **, p<0.01. Data are

presented as mean + SD.

Again, Cyp, showed no statistically significant changes throughout the entire
monitoring period. Different from that under normoxia, the average s,0, in the
hypoxic brain exhibited a strong dependence on isoflurane concentration, increasing
from 70+£6% (awake baseline) to 82+4% (0.5 MAC) and then decreasing to 69+8%
(1.0 MAC) and eventually to 52+7% (1.5 MAC). The significant decrease in s,0,
was likely due to deep anesthesia-induced depression of respiration ™. As shown in
supplementary Fig. 3.12a, the respiratory rate of the mouse under systemic hypoxia
decreased from 91+19 breaths/min to 22+4 breaths/min when the isoflurane
concentration was increased from 0.5 MAC to 1.5 MAC. Blood-gas analysis
revealed that the respiratory depression impaired oxygen supply and reduced P, 0,
from 74+17 mmHg to 44+7 mmHg (supplementary Fig. 3.12b), which echoed the
decrease in s,0, observed by our PAM. The low respiratory rate also compromised
CO;, excretion, which consequently decreased the blood pH (supplementary Figs.
3.12c and 3.12d). The average s,,0, followed the same trend as s,0,, increasing to
a peak at 66x4% (0.5 MAC) and then regressing to 37£6% (1.5 MAC). The sharp
regression in s,,0, exceeded that in s,0,, which led to a significant increase in
rOEF from 50+£3% (0.5 MAC) to 73x15% (1.5 MAC) as shown in Fig. 3.10b.
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Similar to the biphasic response in sO,, both the blood flow speed and vessel
diameter experienced moderate increases under light anesthesia and then gradually
regressed back to the baselines with increased anesthetic depths. As a consequence
of the combined effects on flow speed and vessel diameter, rCBF;,;,; Showed a
statistically significant drop from 141+14% (0.5 MAC) to 105+23% (1.5 MAC),
which echoed our observation in the normoxic brain and was likely due to the

anesthetic depression of myocardial contractility.
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Fig. 3.12 Statistical comparison (N=6) of (a) respiratory rate, (b) PaO,, (c) PaCO,,
and (d) blood pH in the hypoxic mouse brain under light (0.5-MAC isoflurane) and
deep (1.5 MAC) anesthesia. **, p<0.01; **** p<0.0001. Data are presented as mean
+ SD.
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Interestingly, the CBF-OEF coupling seemed to remain effective in the hypoxic
brain. As shown in Fig. 3.10b, the incremental exposure to isoflurane resulted in
gradually elevated rOEF and reduced rCBF;,;4;, Whose product was roughly a
constant across different levels of anesthesia (70£6%, 68+14%, and 70+13% for
light, medium, and deep anesthesia, respectively). Taking into consideration of the
respiratory depression-induced decrease in s, 0,, however, rCMRO, (normalized to
the baseline measured in the hypoxic brain under wakefulness) showed an isoflurane
dose-dependent decline from 83+7% (0.5 MAC) through 67£10% (1.0 MAC) to
53+10% (1.5 MAC). The anesthesia-induced reduction of CMRO, from the awake
baseline suggested a potential mechanism underlying the anesthetic neuroprotection

against hypoxia- or ischemia-induced brain injury.
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Figure 3.13 (a) Cerebral vasodilation in response to different concentrations of
isoflurane (0.5, 1.0, and 1.5 MAC) under systemic hypoxia. Statistical comparison
(41 feeding arteries and 26 draining veins in 5 mice) of the vessel diameters
measured under anesthesia with their corresponding baseline values measured under

wakefulness shows significant arterial dilation but only moderate venous dilation
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across all three different anesthetic depths (significance levels, if any, are marked on
the top of the columns). Moreover, statistical comparison between different groups
of vessels under the same concentration of isoflurane shows no diameter-dependent
dilation in either arteries or veins. Vasodilation shows no statistically significant
dependence on isoflurane concentration under hypoxia. (b) Statistical comparison of
the vessel diameters measured in the awake mouse brain under hypoxia with their
baselines measured under normoxia shows statistically significant vasodilation in
small arteries and veins (significance levels, if any, are marked on the top of the
columns). Moreover, statistical comparison reveals a strong diameter-dependent
dilation in the arteries but not veins (significance levels, if any, are marked between
the two compared columns). *, p<0.05; ***, p<0.001; ****, p<0.0001. Data are

presented as mean x SD.

In striking contrast to the observation in the normoxic mouse brain, the isoflurane-
induced dilation of small arteries (<40 um in diameter) was much weaker under
hypoxia and showed no statistically significant difference from that of large arteries
(Fig. 3.13a). The reason was likely that these small arteries had been partially dilated
under hypoxia (110£10%), prior to the isoflurane exposure (Fig. 3.13b). Besides
vasodilation, hypoxia also showed profound impacts on other hemodynamic and
metabolic parameters (supplementary Fig. 3.14), including decreased rs,0, (79+7%
of the baseline value measured under normoxia) and increased rOEF (148+14%),
rCBF;ytq; (141240%), and rCMRO, (156£21%). These observations in the hypoxic
mouse brain nicely echoed a recent human study using magnetic resonance

imaging.
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Fig. 3.14 Statistical quantification (N=5) of systemic hypoxia-induced relative
changes in the arterial Cpp, s,0,, OEF, CBF, and CMRO, from their normoxic
baselines in the awake mouse brain. **, p<0.01; ***, p<0.001. Data are presented

as mean * SD.

3.5 Discussion and Conclusion

Anesthetic protection of the heart against ischemic injury has been established and
widely applied in clinical practice 3. There is enormous interest in translating this
great success from the heart to the brain, but the outcomes of clinical trials on
anesthetic neuroprotection are controversial and the underlying mechanism remains
inconclusive 4. Preclinical research in rodents, providing well controlled
experimental conditions and relatively low heterogeneity among samples, is ideally
suited for this mechanistic study. However, it has been a tremendous challenge to
directly assess the anesthesia-induced changes in cerebral hemodynamics and

oxygen metabolism from the “true” baseline under wakefulness, due to the lack of
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an appropriate tool to image the awake mouse brain . The head-restrained PAM
fills this technology gap.

Quantitative PAM characterization of cerebral hemodynamics and oxygen
metabolism enables direct, reproducible, and comprehensive assessment of the brain
responses to anesthesia, advancing our current understanding based on the cerebral
flow-metabolism coupling . It has been shown that CBF and CMRO; are tightly
and dynamically coupled in the awake normal brain . Interestingly, volatile
anesthetics elevate CBF via vasodilation and reduce CMRO, by suppressing brain
activities, leading to the “uncoupling” of CBF and CMRO; or so-called “luxury”
perfusion "8, By simultaneous quantification of the evolutions of CBF, OEF, and
CMRO; from wakefulness to anesthesia, our head-restrained PAM reveals that the
flow-metabolism uncoupling is mediated via a marked decrease in OEF (Fig. 3g).
Follow-up studies in the normoxic mouse brain under different depths of anesthesia
further reveals that, instead of the flow-metabolism coupling, a tight inverse
coupling exists between CBF and OEF, which dynamically maintains CMRO, at a
statistically constant level (about half of that under wakefulness) across different
anesthetic states. The anesthesia-induced reduction in the oxygen demand may delay
the hypoxia- or ischemia-induced brain injury, thereby holding the potential to
expand the therapeutic window for other primary interventions to be effective. Along
this direction, our study shows that the anesthesia-induced CMRO; reduction
remains effective in the hypoxic brain and that light anesthesia can partially retrieve
the hypoxia-impaired s,0,. However, increasing the depth of anesthesia without
mechanical ventilation eventually results in respiratory depression, which
suppresses the oxygen supply to the hypoxic brain and significantly reduces s,0,.
As a consequence, the CBF-OEF coupling is no longer able to maintain a constant

metabolic level. The dose-dependent effects of isoflurane on OEF, CBF, and
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CMRO; provide a possible explanation for the lack of consistency in previous

experimental and clinical studies .

Although the present study has demonstrated that volatile anesthetics can alleviate
the metabolic crisis during hypoxia, the neuroprotective effect needs to be further
examined in the diseased brain. Furthering this mechanistic study in mouse models
of ischemic stroke will allow us to interrogate whether volatile anesthetics can
attenuate cerebral infarction and improve neurological functions by reducing

cerebral oxygen demand during ischemia.

On a different but related note, the profound effects of anesthesia on cerebral
hemodynamics and metabolism revealed by our study suggest volatile anesthetics as
potential confounding factors in understanding neurovascular and neurometabolic
coupling—the foundation of all hemodynamic-based neuroimaging technologies.
Moreover, different anesthetics may have different influence on the quantitative
evaluation of the coupling "%, Extending the isoflurane study to other volatile and
intravenous anesthetics will help resolve the discrepancy between existing studies
using different anesthetic settings. Carrying out neurovascular coupling studies in
the awake mouse brain using the head-restrained PAM may lead to new observations
that have been masked by anesthesia and allow more reliable evaluation of the
effects of neuroactive drugs and interventions on cerebral hemodynamics and

metabolism at the microscopic level.

There is plenty of space to improve our technology. One limitation of our current
system is the relative slow speed, requiring ~15 minutes to scan an area of 2.5x2.5
mm?. This limitation prevents it from imaging rapid cerebral hemodynamic
responses to neurostimulation and disease onsets (e.g., epileptic seizures).

Integrating the head-restraint setting and our recently reported high-speed multi-

60



parametric PAM & may provide a potential solution. Another limitation lies in the
quantification of CMRO,. The current CMRO; was quantified with the help of the
product of CBF and OEF, while OEF was calculated by average sO, values of the
feeding arteries and draining veins within the region of interest. Since vessels with
higher flow typically exhibit higher SO, and the sO, is usually heterogeneous, this
current CMRO, quantification method using average sO, may have problems of
overestimation. One alternative solution to more precisely compute CMRO, will be
calculating the product of Cyp,, SO, and CBF for each individual feeding artery and
draining vein to get the total oxygen inflow and outflow. By subtracting the total
oxygen inflow and outflow, the CMRO, can be estimated. However, there is a
practical challenge in implementing this approach. To estimate CMRO, by
subtracting the total oxygen outflow of a cortical region of interest (ROI) from the
total inflow, it requires that the ROI has a perfectly closed circulation—the arterial
flux is identical to the venous flux. Otherwise, the mismatch/unbalance between the

arterial and venous fluxes may cause considerable calculation errors.

We have developed first-of-a-kind head-restrained PAM for time-lapse and
guantitative imaging of hemodynamics and oxygen metabolism in the awake mouse
brain. Side-by-side comparison of the awake and anesthetized brain using this
enabling technology revealed strong and multifaceted cerebral responses to
isoflurane—including the diameter-dependent arterial dilation, elevated CBF,
reduced OEF, and declined CMRO,. Further comparison of these responses to
different depths of anesthesia uncovered intriguing dose-dependent effects of
isoflurane on OEF, CBF, and CMRO; under both systemic normoxia and hypoxia.
Our results suggest that the widely reported but poorly understood anesthetic
neuroprotection may be mediated through anesthesia-induced suppression of the

cerebral oxygen demand and that the protection may be dose-dependent. The head-
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restrained PAM bridges the critical gap between functional and molecular
microscopy of the awake mouse brain. Future integration of the two microscopy
techniques with highly complementary contrasts into one head-restrained setting

will open up exciting new opportunities in basic and translational neuroscience.
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Chapter IV. Comprehensive Characterization of

the Cerebral Vasculature

4.1 Background and Motivation

4.1.1 Cerebral Small-vessel Disease

Supporting the brain with more than 20% of the oxygen consumed by the whole
body at the resting state®!, the cerebral vasculature is essential for brain function and
survival. Indeed, subtle changes in the autoregulation of the diameter, blood
oxygenation or flow of the ubiquitously presented microvessels can disrupt the
delicate balance between the oxygen demand and supply, thereby impairing the
integrity of the brain®. Cerebral small vessel disease (CSVD), resulting from
pathologies in the cerebral microvasculature, has been associated with substantial
cognitive®®, psychiatric®* and physical disabilities®® in the elderly population.
Moreover, it is involved in 45% and 20% of all cases of dementia and stroke,

respectively86-88,

Although attracting increasing attention, the CSVD remains largely understudied. A
major challenge to investigating the CSVD is the limited accessibility of these small
vessels in the live brain®. Recent advances in computed tomography (CT), magnetic
resonance imaging (MRI), and positron emission tomography (PET) have facilitated
diagnosis and treatment monitoring of cerebrovascular diseases in the clinic®.
However, it remains challenging for MRI and PET to visualize microvessels in the
brain, due to the insufficient spatial resolution®. Although capable of imaging
microvessels less than 40 um, CT cannot access some of the important functional

parameters, including blood oxygenation®2. Given the limitations of the clinical
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technologies, there is an urgent need for new imaging tools that allow high-
resolution comprehensive characterization of the cerebral microvasculature in
animals. A recent breakthrough in medical ultrasound has enabled microvascular
imaging in the rodent brain®. However, similar to CT, it cannot measure blood
oxygenation and requires injection of angiographic agents, which might cause
physiological perturbations and discourages longitudinal monitoring. Advances in
two-photon microscopy (TPM), the technology of choice for intravital imaging of
the rodent brain, has enabled visualization of the cerebral microvasculature at a
much finer spatial scale. However, injection of angiographic agents is also
required>®. Even with the aid of exogenous angiographic agents, comprehensive
evaluation of disease-induced alterations in the cerebral microvasculature remains

unachievable.

4.1.2 Obesity and Cerebral Small Vessel Disease

Associated with blood pressure increase, dyslipidemia, glucose abnormality, and/or
insulin resistance®, obesity is increasingly being considered as an important risk
factor for CSVD and ischemic stroke®°”. Emerged as a major global health problem,
39.6% of adults in the United States are obese, leading to a cost of more than $150
billion annually®®%. Associated with increased arterial blood pressure, dyslipidemia,
glucose abnormalities and/or insulin resistance®!%, obesity is increasingly being
recognized as an important risk factor for multiple brain dysfunctions and diseases,
such as hypertension, diabetes mellitus, and vascular diseases®’. Emerging evidences
shows that obesity and overweight are closely linked to the high incidence of the
heart disease and stroke®*1% two of the most prevalent severe diseases in United

States?0®,
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However, the relationship between obesity and the cerebrovascular (and
cardiovascular) diseases remains inconclusive and controversial'®. Recent studies
have shown that obesity is not always associated with poor outcomes in patients®’
and, paradoxically, may be associated with lower morbidity and mortality!%®111,
Although obesity has been proved to be a major risk factor for many vascular
diseases and may increase the incidence of stroke and heart diseases, recent studies
show that obesity may not be associated with poor outcome in all patient
populations®’. The “obesity paradox” has been reported in different studies, which
shows a paradoxical decrease in morbidity and mortality with increasing body mass
index (BMI) in cardiovascular diseases®®*!1, Currently, the obesity paradox is very
controversial since various studies showed conflicting results'!2113, It still lacks
convincing explanations, partly due to the unclear relationship between obesity and
the vascular changes, which are directly related to cardiovascular and
cerebrovascular diseases. This ongoing controversy underscores the critical need for
improved understanding of obesity-induced changes in the vasculature, especially at
the microscopic level. Here we report the application of an advanced head-restraint
PAM system for the study of obesity induced cerebral vascular changes, which may
provide valuable information for understanding the relationship between obesity-

induced cerebrovascular remodeling and cerebrovascular diseases, especially CSVD.

4.1.3 Mouse Model of High-fat Diet-induced Obesity

Male CD-1 mice were acquired at the age of 10 weeks (Charles River Laboratory)
and randomly divided into two groups on either the normal diet or high-fat diet
(D12451, Research Diets). Consisting of 45% fat calories, 35% carbohydrate
calories, and 20% protein calories, the high-fat diet had a food energy of 4.73 kcal/g.

The two groups of mice were fed on different diets for 12 months before the present
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study. To confirm the validity and effect of this obesity model, the body weight,
random bold glucose level, cholesterol, triglycerides as well as the high-density and

low-density lipoproteins (HDL and LDL, respectively) were measured.

Specifically, right after the group assignment, the mouse body weight was measured
to be 32.9£1.1 g for the control group and 33.3+0.9 g for the high-fat diet (i.e., obese)
group, showing no bias. After 12 months of feeding, the mice in the obese group
became significantly overweight (70.8+7.2 g) compared to those in the control group
(61.1+2.5 g). Although obesity is often accompanied by hyperglycemia, the blood
glucose levels in the control group (152.2+15.1) and the high-fat diet group
(147.0£21.9) did not show significant difference in this study, so did the levels of
triglycerides and HDL and the ratios of LDL/HDL and cholesterol/HDL.
Nevertheless, the cholesterol and LDL levels were significantly higher in the obese

group (Fig. 4.1).
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Fig. 4.1 Physiological data of the control mice (n=8) and high-fat diet (n=8) mice.
(a) body weight, (b) blood glucose level, (c) cholesterol, (d) triglycerides, () HDL,
(f) LDL, (g) LDL/HDL, and (h) Cholesterol/ HDL. Values in graphs are the means
+ SD; *, p<0.05.



4.2 PAM Characterization of the Cerebral VVasculature

4.2.1 Vessel Density and Tortuosity

To quantify the vascular density, an amplitude threshold (i.e., 4 times of the standard
deviation of the background) was applied to isolate the vascular signal. Then, the
pixel number occupied by blood vessels was quantified, from which the vascular
density can be estimated as the ratio of the vessel pixel number to the total pixel

number.

To quantify the vascular tortuosity, the skeleton of the vessel segment was extracted.
Then, the linear distance (S) between the start point and the end point of the skeleton
was calculated based on their coordinates, and the actual length (1) of the skeleton
was estimated by counting the pixel number. Thus, the vascular tortuosity can be

calculated as

Tortuosity = é (eq. 4.1)
4.2.2 \Vessel Shear Stress and Resistance

The thickness and skeleton of individual microvessels extracted by the
segmentation-based analysis granted us the access to important mechanical
properties of the cerebral microvasculature. Specifically, the vascular resistance was

calculated using Poiseuille’s law as

8nL

nrd’

R = (eq. 4.2)

where 7 is the blood viscosity (assumed to be 4.88 cP)!!4, L is the vessel length, and
r is the vessel radius. Moreover, with the measured volumetric blood flow and vessel

radius, the wall shear stress was calculated as!!®
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T=4xnx 22 (eq. 4.3)

Txr3’

4.2.3 Measurement of BBB Permeability Dynamics in the Awake Mouse

Evans blue dye was used to measure the permeability of the blood brain barrier
(BBB). To avoid general anesthesia during the PAM experiment, a 28-gauge needle
connecting to a soft micro-tube was inserted into the tail vein of the mouse and fixed
In position right before the imaging experiments, allowing the awake mouse to freely
move its tail. A light-weight wood stick (~0.25¢g) was attached to the tail to avoid
dislocation of the needle. After the baseline imaging, 2% (w/v) Evans blue dye was

injected at the dose of 4 ml/kg animal’s body weight.

Dynamic quantification of the BBB permeability was achieved by counting the
total number of pixels occupied by the extravascular dye in individual time-lapse
images. Following the method described in the section on vascular density
measurement, the vessel pixel number was quantified in the baseline image acquired
prior to Evans blue injection. Thus, the increase in non-background pixels in the
post-injection images was due to the dye extravasation. With this, the experimentally
measured amount of Evans blue diffused out of the cerebral vasculature was fitted

to an exponential recovery model
A(t) = P x[1 — exp(—kt)], (8)

where P is the amount of extravasated dye at the steady state and k is the diffusion
coefficient. To extract the dynamic diffusion rate, the first-order derivative of V (t)

was taken as

av(t)
ot

= P X k X exp(—kt). 9)
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4.2.4 PAM of CVR via Acetazolamide in the Awake Mouse

Traditionally, the cerebrovascular reactivity (CVR) is the ratio of the volumetric
blood flow after vasodilatory stimulation to the baseline value. Given the unique
capability of the present PAM platform in comprehensive characterization of the
cerebral vasculature, we have expanded the CVR to other structural, functional and
metabolic parameters, including diameter, sO,, flow speed, OEF and CMRO,. In
this study, acetazolamide (ACZ) was used as a vasodilatory stimulus. Before the
stimulation, multi-parametric PAM was performed to acquire the baseline values.
Then, 50 mg/kg ACZ was intravenously injected into the awake mouse through the
implanted needle. The CVR was then comprehensively characterized by comparing
the individual structural, functional and metabolic parameters against their baseline

values.

4.3 Obesity-induced Cerebrovascular Alterations

4.3.1 Obesity-induced Alterations in Cerebrovascular Structure and Function

To comprehensively evaluate obesity-induced alterations in cerebrovascular
structure and function without the influence of general anesthesia, side-by-side
comparisons of the vascular density, tortuosity, sO,, blood flow speed, OEF,
resistance and wall shear stress between the control and obese groups were
performed in the awake brain. Further, vessel type-specific analysis was carried out
for all parameters quantified at the single-vessel level, by dividing these vessels into
four categories—small arteries (<40 pwm), small veins (<40 um), big arties (>40 um),

and big veins (>40 um).
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Fig. 4.2 PAM measurements of the cerebrovascular remodeling in (a) vascular
density, (b) average vessel tortuosity, (c) average sO2, (d) average blood flow speed,
(e)average vessel wall resistance, and (f) average vessel shear stress in control (n=6)

and obese (n=8) mice. Values in graphs are the means + SD; *, p<0.05.

The vascular density was found to be significantly higher (by 7.9%) in the brains of
obese mice (Fig. 4.2a). On average, there was no statistically significant difference
in the vascular tortuosity between the control and obese groups (Fig. 4.2b); however,
individual arteries with pronounced tortuosity and relatively high flow speed were

observed in the obese mice but not the control mice (yellow arrows in Fig. 4.3).
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Fig. 4.3 The vessel pointed by yellow arrows are representative tortuous vessel in

obese mouse brain.

Although no significant difference was found in the vessel type-specific sO, between
the two groups (Fig. 4.2c), the average venous sO; in the obese mice was lower than
that in the control mice (by 3.9% and 2.1% in the big and small veins, respectively),

resulting in a significantly higher OEF (Fig. 4.4d).
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Fig. 4.4 The cerebrovascular and hemodynamic responses to acetazolamide. (a)

vessel diameter, (b) average blood flow speed, (c) average venous sO,, (d) regional
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OEF, (e) regional CBF, and (f) regional CMRO.,. Values in graphs are the means +
SD; *, p<0.05.

Interestingly, the higher tissue oxygen extraction was partially counterbalanced by
the lower arterial flow speed (Fig. 4.2d), particularly in small arteries (4.9+£0.6 mm/s
for the obese group vs. 5.7+0.6 mm/s for the control group). As a result, the obese
mice showed only slightly higher but statistically undifferentiated regional CMRO,
from the control mice (Fig. 4.4f). In contrast to the obesity-induced impairment in
the arterial flow, no significant changes were observed in the resistance (Fig. 4.2e),
wall shear stress (Fig. 4.2f), and Cyy (Fig. 4.5).

200

Chp (9/L)

Fig. 4.5 PAM measurements of the CHb in control (n=6) and obese (n=8) mice.

Values in graphs are the means = SD; *, p<0.05.

4.3.2 Obesity-induced Increase in Cerebrovascular Permeability

As an important barrier between the brain tissue and the cerebral blood circulation,
the BBB has limited permeability, protecting the brain against toxic molecules and
rapid changes in ionic or metabolic conditions!®, The PAM-based Evan blue assay
was used to study the influence of obesity on the BBB integrity. Capitalizing on the
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strong optical absorption of Evans blue, the dye extravasation was dynamically
Imaged and quantified to evaluate the BBB permeability.

Time-lapse monitoring of the same ROI in the awake mouse brain for 155 minutes
following the dye injection showed visually striking difference between the control
(Fig. 4.6a) and obese mice (Fig. 4.6b). Further, quantitative analysis by fitting the
experimentally measured Evans blue extravasation against the exponential recovery
model showed that, 35 minutes after injection, the amount of dye diffused out of the
cerebral vasculature in the obese mice was significantly higher than that in the
control mice, ultimately leading to a 29.8% higher extravasation at the steady state
(Fig. 4.6¢). Further, by taking the first-order derivative of the exponential-fitted
diffusion curve, the diffusion rate can also be quantified (Fig. 4.6d). Interestingly,
the dye extravasation in the control mice started at a rate comparable to that in the
obese mice (0.10 vs. 0.09). However, the diffusion rate in the obese mice surpassed
that in the control mice 6 minutes after injection and sustained at a higher level,
lasting for 64 minutes before dropping to less than 10% of the initial rate compared

to the 45 minutes in the control mice.
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Fig. 4.6 PAM monitor of Evans blue diffusion dynamics in (a) control and (b) obese
mouse before and after the i.v. injection, up to 155 minutes. (c) Statistical analysis
and fitting curve of the diffusion dynamic in the control (n=5) and obese (n=5) mice.
(d) The diffusion rate of Evans blue in control and obese mice. Values in graphs are
the means + SD; *, p<0.05.

4.3.3 Obesity-induced Increase in Cerebrovascular Reactivity

Indicating the vasodilatory capability and perfusion reserve in the brain, the CVR is
a valuable addition to the baseline CBF for evaluating cerebrovascular
dysfunction'’118, The multifaceted CVR to acetazolamide-based vasodilatory
stimulation was measured by PAM in the control (Fig. 4.7a) and obese (Fig. 4.7b)

mouse brains under wakefulness, circumventing the influence of general anesthesia.

74



(a) (b)

Baseline Post-injection Baseline Post-injection

sO, (%)

Flow speed (mm/s)

|
o

(c) (d) (e)
g 2 _
© . s o
<“§120 - 8 =
> 100 ® @
x < el
5 80 3 )
B & S
(@]
5% : &
e OOQ’%QJ i
(f) (9) (h)
© — © g 150
[0} * -
£150] _x T £ 2
2 3 1 T
< 100 < £
Y > S 50
o ] &
© 5ol S A
(o) (2] Q' ()
00& il 00& &

Fig. 4.7 Blood oxygenation and flow acquired before and after the injection of

acetazolamide in (a) a control mouse and (b) an obese mouse. (c) average venous
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sO,, (d) vessel diameter, (e) average blood flow speed, (f) regional OEF, (g) regional
CBF, and (h) regional CMRO; in response to ACZ injection in control (n=6) and

obese (n=8) mice. Values in graphs are the means + SD; *, p<0.05.

After ACZ injection, significant vasodilation was observed in both animal groups
(Fig. 4.7¢). Interestingly, the average relative vasodilation in the obese group (9.4%)
was more pronounced than that in the control group (4.1%), although the difference
was not yet statistically significant (p=0.08). Along with the vasodilation, the ACZ
stimulation resulted in increased blood flow speed (Fig. 4.7d) and venous sO; (Fig.
4.7e) in both groups. Again, the increases in flow speed (30.6%) and venous sO;
(13.6%) in the obese mice were significantly higher than those (14.1% for flow speed
and 6.9% for venous sO) in the control mice, respectively. As expected, the arterial
sO, was not affected by ACZ (Fig. 4.8).

0
= —_
o 1001
)]
©
o]
807
S
N
(@] 60 1
©
)]
\ 2
o
& e”
o )

O O

Fig. 4.8 Average arterial sO, in response to ACZ injection in control (n=6) and

obese (n=8) mice. Values in graphs are the means + SD; *, p<0.05.

The more pronounced vasodilation and flow speed upregulation in the obese mice
led to a more significant increase in the regional CBF (47.8%) compared to that
(27.4%) in the control mice (Fig. 4.7f), while the more significant venous sO,
increase in the obese mice resulted in a larger decrease in the regional OEF (26.5%

and 37.2% for the control and obese groups, respectively; Fig. 4.7g). The inverse
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coupling of CBF and OEF managed to keep the regional CMRO, unaffected by the
vasodilatory challenge in both groups (Fig. 4.7h), in good agreement with previous
MRI and PET observations!'®2°, Again, no noticeable changes in the Cy, were

observed in both groups (Fig. 4.9).

100+

501

Cup (% baseline)

Fig. 4.9 Average Cyp, in response to ACZ injection in control (n=6) and obese (n=8)

mice. Values in graphs are the means £ SD; *, p<0.05.

With the aid of vessel segmentation, the multifaceted CVR observed by PAM was
further dissected to examine whether the obesity-induced cerebrovascular alterations
were vessel type-specific or not. Interestingly, although no significant difference was
observed in the average vasodilation between the two animal groups (Fig. 4.7c), the
small arteries and small veins in the obese mice did show much greater vasodilation
(Fig. 4.10a). Similarly, the ACZ-induced upregulation in the flow speed was mainly
attributed to the small arteries, along with the big and small veins (Fig. 4.10b). Given
that the volumetric flow is co-determined by the diameter and flow speed, not
surprisingly, the vessel type-dependent response of volumetric flow to ACZ was

consistent with those of the other two parameters (Fig. 4.10c).
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Fig. 4.10 Statistical comparison of the (a) vasodilation, (b) blood flow speed, and (c)
CVR of different vessel types in response to acetazolamide. Sample size: 13 big
arteries, 45 small arteries, 31 big veins, and 22 small veins in the control group and
17 big arteries, 52 small arteries, 35 big veins, and 28 small veins in the obese group.

Values in graphs are the means == SD; *, p<0.05.

4.4 Discussion and Conclusions

Comprehensive characterization of disease-induced microvascular changes in the
brain remains as an unmet challenge, but is yet necessary for investigating the roles
of small-vessel pathology in a wide range of brain disorders. To fill this technology
gap, we have developed a new PAM-based imaging and analysis platform.
Capitalizing on the optical absorption of blood hemoglobin, this platform is capable
of imaging vascular anatomy, blood perfusion, oxygenation and flow in the awake
mouse brain in a label-free manner. Exploiting the optical absorption of Evan blue,
an exogenous dye long established for examining vascular permeability, it enables
dynamic assessment of the BBB integrity. With the aid of vasodilatory stimulation,
this technique provides a unigque access to the multifaceted CVR. Furthermore, the
vessel segmentation analysis allows extracting the PAM-measured vascular
parameters at the single-vessel level, from which the vascular density, tortuosity,

wall shear stress, resistance and associated tissue oxygen extraction fraction and
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metabolism can be quantified and the vessel type-specific alterations can be
identified.

We demonstrated the utility of this enabling technique by studying obesity-induced
changes in the cerebral microvasculature. Reaching global epidemic proportions in
both adults and children over the past few decades, obesity has been broadly
associated with cerebrovascular and cardiovascular comorbidities, including but not
limited to ischemic stroke, coronary heart disease, and heart failure!t. However, the
effect of obesity on the vasculature and thus the prognosis of these devastating
diseases remains incompletely understood!®®?!, particularly microvascular
complication in the brain that has long been linked to obesity but is much

understudied due to the poor accessibility!?2,

Relying on the endogenous contrast from hemoglobin, the PAM-based platform has
distinct advantages in cerebrovascular imaging over TPM, which requires
angiographic and oxygen-sensitive agents that might perturb the microcirculation
and severely limit the imaging speed due to the long phosphorescence lifetime?.
Using this new platform, we were able to comprehensively quantify obesity-induced
changes in cerebrovascular structure, mechanical property, hemodynamics, and
associated tissue oxygen extraction and metabolism. Specifically, increased vascular
density, reduced blood flow in small arteries, and elevated tissue oxygen extraction
were observed in the obese mouse brain. Moreover, individual arteries with
pronounced tortuosity were also observed. These in vivo results are in agreement
with the previous observations of increased microvascular density and increased
tortuosity of the middle cerebral artery (MCA) in the dissected obese mouse brain!?3
and the observations of reduced MCA flow speed'?* and increased OEF*? in obese
patients. Interestingly, the obese but normoglycemic mice in our study did not show

overt changes in average vascular tortuosity, resistance, wall shear stress, and blood
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oxygenation at the microvascular level, in contrast to the higher resistance'?* and
lower shear stress'?® observed in the individual trunk vessels (e.g., MCA or femoral

vein) of obese and hyperglycemic patients.

Also, we extended the classic Evan blue assay from postmortem to the awake mouse
brain for dynamic evaluation of the cerebrovascular permeability without the
influence of general anesthesia'?’. Consistent with the previous studies!?®, the PAM-
based platform revealed a ~30% higher dye extravasation at the steady state in the
obese mouse brain, indicating a compromised BBB integrity. Interestingly, the
dynamic monitoring of dye extravasation enabled by our platform showed that the
obesity-induced BBB disruption resulted in a prolonged diffusion period rather than
an elevated diffusion rate. Enabling dynamic and time-lapse monitoring of molecule
diffusion through the BBB, this assay will allow us to trace BBB dysfunction over
the progression of cerebrovascular diseases (e.g., CSVD, stroke, traumatic brain
injury, and cerebral amyloid angiopathy)?***2 and might find useful applications in

drug delivery and pharmacokinetics in the brain®*3,

Taking advantage of the unique ability of our platform for comprehensive imaging
of the cerebral vasculature, we also extended the assessment of CVR from
conventional blood flow to multiple parameters—spanning from structure to
hemodynamics to the associated oxygen metabolism. Similar to the BBB
permeability, the CVR is known to be altered under anesthesia**1%, The ability of
our platform for imaging the awake brain ensured unbiased measurements. Unlike
the whole-brain CVR measured by MRI¥37 our platform enabled CVR
quantification in individual microvessels, from which vessel type-specific reactivity
was revealed. Intriguingly, more pronounced multifaceted CVR in response to the
ACZ-induced vasodilatory stimulation was observed in obese mice, including

stronger vasodilation in small arteries and veins, greater flow upregulation in small
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arteries and all veins, and more significant elevation in venous sO,. The increased
oxygen supply through the flow upregulation and the decreased oxygen extraction
as indicated by the elevated venous sO, counterbalanced each other and managed to
keep the CMRO, unaffected by the ACZ challenge. Our observation of increased
CVR in the obese mice was somewhat counterintuitive and in contrast to previous
studies®®®, which showed that obesity led to impaired vasodilatory ability. It is worth
noting that, unlike the obese but normoglycemic mice used in this study, obesity is
often accompanied by hyperglycemia, which also has strong influence on
vasodilation. Previous studies have shown that obesity affects the endothelial cell
function but not the smooth muscle cell function, while diabetes affects both!%®, The
selective effect of obesity may explain why the obese but nondiabetic mice did not
show impaired vasodilation to the ACZ, which likely acts on the smooth muscle cell

rather than the endothelial cell'*°,

Given that nitric oxide is involved in ACZ-induced vasodilatory stimulation*!, we
examined the eNOS level in the obese and control mouse brains (Fig. 4.11a). Our
results showed that the phospho-eNOS in the obese mice was more than 3-fold
higher than that in the control mice (Fig. 4.11b), while the total eNOS showed no
difference between the two groups (Fig. 4.11c). The significantly increased
activation of eNOS, which plays an important role in vasodilation and microvascular
permeability**?, echoed the increased vasodilation and BBB permeability in the

obese mice observed by our platform.
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Fig. 4.11 (a) Representative western blotting images of phospho-eNOS and total
eNOS. Statistical comparison of (b) phospho-eNOS and (c) total eNOS in control

(n=8) and obese (n=8) mice. Values in graphs are the means + SD; *, p<0.05.

The observed microvascular changes in the obese mouse brain, including increased
vascular density, enhanced OEF, and increased CVR, might be neuroprotective
against ischemic stroke'®-145 In contrast, the obesity-induced impairment of the
BBB integrity may lead to hemorrhagic transformation after ischemic stroke4,
Indeed, recent studies have reported interesting observations that the diabetic but
nonobese rat brain showed increased vascular density and permeability compared to
the control brain, resulting in reduced infarct size but greater hemorrhagic
transformation after ischemic stroke!#’%®, The two-sided effect suggests that the
influence of obesity-induced vascular alterations on cerebrovascular and
cardiovascular diseases is complex. Further studies with careful considerations of
the multifaceted vascular responses to obesity are required to resolve the long-

standing controversy on this topic.

82



In summary, we have developed a hardware-software integrated intravital imaging
platform for comprehensive characterization of disease-induced changes in the
cerebral microvasculature. Uniquely capable of quantifying alterations in the
cerebrovascular structure, function and reactivity, as well as the associated tissue
oxygen metabolism, this new technique opens a new window to investigate the
mechanistic roles of obesity in cerebrovascular diseases. Transforming this
technique to other vital organs (e.g., the heart and kidney) may further leverage its

impact in cardiovascular research.
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Chapter V. Comprehensive Characterization of
Cerebrovascular Dysfunction in Blast Traumatic

Brain Injury Using Photoacoustic Microscopy

5.1 Background and Motivation

As a major cause of disability and death, traumatic brain injury (TBI) poses a
massive health and financial burden in the United States, affecting over 2 million
people and costing more than $76 billion in medical expenses and lost productivity
every year'*®10 In particular, TBI due to explosive blast exposure is a leading
casualty in the battlefield and a key contributor to combat-related mental health
diseases™!. Although increasing attention has been drawn recently, comprehensive
research on the pathophysiology of TBI remains marginal. Mainly focusing on the
injury-induced neuronal dysfunction, current research fails to translate effective
therapies to the trauma clinic!®>-1>4, Emerging evidence suggests that the coexisting
cerebrovascular dysfunction might be a potential therapeutic target and merits in-

depth investigation>>-162,

Indeed, different forms of cerebrovascular dysfunction have been observed in TBI
patients, including alteration in CBF*31%  impairment of vascular
autoregulation®®>1% hemorrhage!®”1%, vasospasm'®®-172, and disruption of the
BBBL173-176 Moreover, a rodent study shows that TBI can lead to a long-term
impairment in the vasodilatory capability, accompanied by persistent deficits in the
spatial memory!’’. These indications, although supporting a key role of vascular
insultin TBI, were obtained in different clinical and experimental settings. It remains

a challenge to integrate them into a complete picture.
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It is impractical to form a holistic view of the influence of TBI on the cerebral
vasculature in the clinical setting, due to the heterogeneity in patients!’®. Rodent
models of TBI, which have well controlled disease conditions and relatively low
heterogeneity, offer an ideal experimental setting to study the injury-induced
cerebrovascular dysfunction'’®1’®, Along this direction, a rat model has been
developed to mimic the blast TBI (bTBI) that frequently happens in military
conflicts. Using a high-pressure shock tube to simulate the blast effect!®-182 this
model system well recapitulates the situation in blast-exposed military personnel—
diagnosed with TBI while showing no external injuries!8®, Moreover, the rat
model of bTBI permits high-resolution functional imaging of the brain. Capitalizing
on the optical absorption of blood hemoglobin, our recently developed multi-
parametric PAM enables label-free comprehensive characterization of the rodent
cerebral vasculature at the microscopic level?2318 including Chp, sO2, , CBF, OEF,
CMRO,, and CVR, presenting an ideal tool to study bTBI-induced cerebrovascular
dysfunction. Combining the rat model of bTBI and multi-parametric PAM, we
investigated the anatomical, functional and metabolic dysfunction in the cerebral
vasculature following bTBI. Also, with self-developed vessel segmentation
algorithm?!®, we characterized the differential responses of different vessel types to

the blast injury.

5.2 Rat Model of blast TBI

In this study, 6-8 weeks old male Sprague Dawley rats (Charles River Laboratory)
were randomly assigned to two different groups (control vs. bTBI). Prior to the
experiments, the rats were housed in the vivarium under a 12 hour light/12 hour dark
cycle with access to food and water. All animal procedures and experiments were

approved by the Institutional Animal Care and Use Committee at the University of
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Virginia. Four hours prior to PAM experiments, the animal was anesthetized with
pentobarbital and put into the high-pressure shock tube (Fig. 5.1A) in the Aerospace
Research Laboratory at the University of Virginia. The shock tube could generate
blast waves with a static pressure of up to 30 psi (~208 kPa). In our bTBI setting,
the shock wave rose to its peak pressure within 2 ps and quickly dropped to 20% of
the peak pressure within 5 ms (Fig. 5.1B). During this procedure, the animal was
closely monitored using a high-speed camera (10,000 fps) to confirm that it was in
the right position and posture. The total time for animal handling and the blast
procedure was less than 5 minutes. After that, the animal was wrapped with a heating
pad and supplied with pure oxygen, until waking up from general anesthesia.
Animals in the control group were handled in the same way as those in the bTBI

group, except that they were not subject to the blast wave.
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Fig. 5.1 A) The long tube for the high pressure shock and the window on the tube to

place the animal with securing screws. B) The pressure profile of the blast shock

Before the PAM imaging, craniotomy was carefully performed following
established protocols'®18, The animal was anesthetized with isoflurane (3% for

induction and 1.5-2% for surgery). Toe pinch was performed to confirm that the
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animal was fully sedated before starting the surgery. The scalp hair was shaved by a
trimmer and then depilated by the hair removal cream (Surgi-cream). After the scalp
was sterilized with 70% ethanol and povidone-iodine, a surgical incision was made
and the periosteum was removed for craniotomy. A cranial window (~4 mm in
diameter) was created using a dental drill. To avoid overheating, the drilling was
paused every 30 seconds with saline flush. Once the skull became thin and
deformable, it was removed using a fine forceps to expose the underlying tissue,
followed by application of a pre-soaked soft-gel foam to prevent bleeding. After
ultrasound gel was applied to the cranial window, the animal was transferred to the
Imaging site, where the exposed brain was in gentle touch with the transparent
membrane at the bottom of a water tank for ultrasound coupling. During imaging,
the animal was maintained under anesthesia with 1.5% isoflurane and the body

temperature was kept at 37°C using a heating pad.

5.3 Cerebrovascular Dysfunction in bTBI

5.3.1 Influence of bTBI on the Cerebral VVasculature

Twelve bTBI rats and 7 control rats were imaged by PAM. The static pressure used
to induce bTBI was measured to be 27.2+2.7 psi (187.8+18.3 kPa), falling into the
range of moderate bTBI®. As shown in Fig. 5.2, the Cpp, SO, and blood flow speed
were directly measured by multi-parametric PAM in the control and bTBI rats,
before and after ACZ injection. In response to the vasodilatory stimulation, marked
increases in the venous sO, and blood flow speed were observed in the brain of the
control rats (blue and red arrows in Fig. 5.2A, respectively). By contrast, no
noticeable change was observed in the bTBI rats (Fig. 5.2B). To enable quantitative
analysis, vessel segmentation was performed to extract Cup, SO, flow speed, and
diameter of individual vessels, from which OEF, volumetric blood flow, and
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CMRO; can be derived. To study vessel type-dependent responses, the imaged
cerebral vessels were divided into four groups with a diameter threshold!®: big
arteries (>45 um), small arteries (<45 um), big veins (>45 um), and small veins (<45
um). As shown in Fig. 5.2C, the diameter distributions of the four types of vessels
showed no statistically significant difference between the two groups, suggesting
that no bias was introduced by vessel segmentation and that the moderate bTBI did

not induce significant structural changes in the cerebral vasculature.
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Fig. 5.2 Multi-parametric PAM and segmentation-based single-vessel analysis of
bTBI-induced changes in the cerebral vasculature. The PAM images of the total
hemoglobin concentration, blood oxygenation, and blood flow speed, as well as the

corresponding vessel segment maps, acquired before and 15 minutes after injection
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of acetazolamide in (A) a control rat and (B) a rat subjected to moderate bTBI
(pressure: 196.5 kPa). (C) Statistical comparison of the vessel segment diameters
between the control group and the bTBI group. Sample size: 35 big arteries, 55 small
arteries, 62 big veins, and 57 small veins in the control group and 89 big arteries, 94
small arteries, 81 big veins, and 57 small veins in the bTBI group. Arrows:
representative vessels showing changes in blood oxygenation and flow speed in

response to the vasodilatory stimulation.

5.3.2 Cerebral Hemodynamic and Oxygen-metabolic Responses to Moderate

bTBI

To investigate bTBI-induced functional changes in the cerebral vasculature, all
hemodynamic and oxygen-metabolic parameters accessible to PAM were quantified
and compared. As expected, the arterial and venous Cy, showed no difference
between the two groups (Fig. 5.3A). As shown in Fig. 5.3B, the average venous sO;
in the bTBI rats (79.0+2.5%) was higher than that in the control rats (76.0£3.1%),
while the average arterial sO, values of the two groups were similar (90.8£1.2% vs.
91.8+1.1% for the control and bTBI groups, respectively). Also, the average speed
of venous blood flow in the bTBI rats was higher (but statistically insignificant) than
that in the control rats (6.0£2.7 mm/s vs. 4.9+1.2 mm/s; Fig. 5.3C). The higher
venous sO; resulted in a 14.7% lower OEF in the bTBI rats compared with that in
the control rats (insignificant, p=0.138; Fig. 5.3D), while the higher venous flow
speed was associated with an 18.8% higher total CBF (insignificant, p=0.562; Fig.
5.3E). Interestingly, the counterbalance effect the OEF and CBF led to similar
CMRO; values in the two groups (71.0£36.0 pmol/100g/min vs. 73.3+46.8
pmol/100g/min for the control and bTBI groups, respectively; Fig. 5.3F).
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Fig. 5.3 Cerebral hemodynamic and oxygen-metabolic responses to bTBI. Statistical
comparison of the (A) total hemoglobin concentration, (B) average arterial and
venous blood oxygenation, (C) average arterial and venous blood flow speed, (D)
regional oxygen extraction fraction, (E) regional cerebral blood flow, and (F)
regional cerebral metabolic rate of oxygen between the control group and the bTBI

group. Sample size: 7 control rats and 12 bTBI rats. *, p<0.05.

To examine whether the bTBI-induced functional changes were vessel type-
dependent or not, we repeated this analysis for each of the four different types of
vessels—including 35 big arteries, 55 small arteries, 62 big veins, and 57 small veins
in the control group and 89 big arteries, 94 small arteries, 81 big veins, and 57 small
veins in the bTBI group. The single-vessel analysis showed that the bTBI-induced
change in venous sO, actually took place in the small rather than big veins (Fig.
5.4A) and that the increase in venous blood flow speed predominantly occurred in
the big veins (Fig. 5.4B). Although the flow speeds in big veins were statistically
different between the two groups, the corresponding volumetric flow values were
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comparable (Fig. 5.4C), likely due to the smaller diameters of the big veins in the
bTBI group (Fig. 5.2C).
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Fig. 5.4 Vessel type-dependent cerebrovascular responses to bTBI. Statistical
comparison of the (A) blood oxygenation, (B) blood flow speed, and (C) volumetric
blood flow between the control group and the bTBI group. Sample size: 35 big
arteries, 55 small arteries, 62 big veins, and 57 small veins in the control group and
89 big arteries, 94 small arteries, 81 big veins, and 57 small veins in the bTBI group.
*, p<0.05.

5.3.3 Cerebrovascular Reactivity to Vasodilatory Stimulation

Besides the comparison of cerebrovascular structure, function and associated
metabolism between the bTBI and control rats, ACZ was employed to compare their
cerebrovascular reactivity levels. As shown in Fig. 1A and 1B, visually different
responses to ACZ were observed in the two groups. In contrast to the unchanged Cyp,
(Fig. 5.5A), ACZ induced a 7.8% increase in the venous sO, of the control rats,
which was significantly higher than the unchanged venous sO; in the bTBI rats (Fig.
5.5B). Along with the changes in sO, the arterial flow speeds in both groups and the
venous flow speed in the control group were significantly elevated in response to the
vasodilatory stimulation. However, the blood flow increase in the bTBI group was
significantly less than that in the control group (Fig. 5.5C). The increased venous
sO; in the control group resulted in a much reduced OEF (74.5% of the baseline),
which was lower than that (87.2% of the baseline) in the bTBI group (not significant,
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p=0.163; Fig. 5.5D). Accompanying the reduced OEF was the increased total CBF
(Fig. 5.5E). The control rats showed a significantly larger increase in CBF (126.2%
of the baseline) than the bTBI rats (106.2% of the baseline). The coupling of the
OEF and CBF managed to keep the regional CMRO, unaffected by the vasodilatory

stimulation for both groups (Fig. 5.5F), echoing previous reports!20:189.191,
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Fig. 5.5 Cerebral hemodynamic and oxygen-metabolic responses to the vasodilatory
stimulation. Statistical comparison of acetazolamide-induced relative changes in the
(A) total hemoglobin concentration, (B) average arterial and venous blood
oxygenation, (C) average arterial and venous blood flow speed, (D) regional oxygen
extraction fraction, (E) regional cerebral blood flow, and (F) regional cerebral
metabolic rate of oxygen with their corresponding baselines (significance, if any, is
indicated on the top of the columns) and between the control group and the bTBI
group (significance, if any, is indicated between the two compared columns). Sample

size: 7 control rats and 12 bTBI rats. *, p<0.05.

Again, to examine whether the bTBI-induced CVR changes were vessel type-
dependent or not, we repeated this analysis for each of the four different types of
vessels. As shown in Fig. 5.6A, ACZ induced significant sO, increases in both big
and small veins in the control rats (107.9% and 111.5% of the baseline, respectively),
but not in the bTBI rats (100.7% and 101.1% of the baseline for the big and small
veins, respectively). Interestingly, the arterial sO; in the bTBI rats slightly dropped

(statistically insignificant) after the ACZ injection, in contrast to the unchanged

95



arterial sO; in the control rats. Similarly, ACZ-induced arterial dilation was also
abolished in the bTBI rats, but not in the control rats (106.6% and 114.0% of the
baseline for the big and small arteries, respectively; Fig. 5.6B). Along with the
Increases in venous sO, and arterial diameter were flow speed increases in all types
of vessels in the control rats (117.2%, 131.8%, 120.4% and 133.7% of the baseline
for the big arteries, small arteries, big veins and small veins, respectively), in striking
contrast to the much compromised flow responses in the bTBI rats (109.4%, 102.5%,
103.8% and 107.1% of the baseline for the big arteries, small arteries, big veins and
small veins, respectively; Fig. 5.6C). Not surprisingly, the inability of the bTBI rats
for vasodilation and regulation of flow speed led to the nearly abolished response in
the volumetric blood flow to the ACZ stimulation (110.0%, 109.1%, 107.1% and
114.5% of the baseline for the big arteries, small arteries, big veins and small veins,
respectively; Fig. 5.6D), in contrast to that in the control rats (134.0%, 180.5%,
126.2% and 146.2% of the baseline for the big arteries, small arteries, big veins and

small veins, respectively).
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Fig. 5.6 Vessel type-dependent cerebrovascular reactivity to the vasodilatory
stimulation. Statistical comparison of acetazolamide-induced relative changes in the
(A) blood oxygenation, (B) vessel diameter, (C) blood flow speed, and (D)
volumetric blood flow with their corresponding baselines (significance, if any, is
indicated on the top of the columns) and between the control group and the bTBI
group (significance, if any, is indicated between the two compared columns). Sample
size: 35 big arteries, 55 small arteries, 62 big veins, and 57 small veins in the control
group and 89 big arteries, 94 scmall arteries, 81 big veins, and 57 small veins in the
bTBI group. *, p<0.05.

5.4 Discussion and Conclusion

In recent years, our understanding of the influence of TBI on the brain has undergone
substantial expansion. Evidences emerging from preclinical and clinical studies
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suggest that cerebrovascular dysfunction may play an important role in the
neurodegeneration following TBI. Indeed, multiple forms of cerebrovascular
dysfunction have been observed in TBI patients, including vasospasm, impaired
CBF autoregulation, and BBB disruption. Post-TBI cerebral vasospasm is an
Important secondary insult occurring in more than one-third of the patients and is
often associated with severe brain damage!®2. Impaired autoregulation of the CBF
also contributes to the secondary injuries after TBI, likely by compromising oxygen
delivery to the brain and consequently the cerebral oxygen metabolism?®3, It is worth
noting that the degree of metabolic failure directly relates to the severity of brain
damage—outcome is worse in TBI patients with lower cerebral metabolism
compared to those with minor or no metabolic dysfunction®®, Disruption of the BBB,
happening even in mild TBI without overt bleeding, contributes to vasogenic
edema—an important factor underlying the clinical outcome of TBI™,
Complementary to these clinical evidences, a recent rodent study shows impaired

dilatory capability of the cerebral vasculature after TBI*"".

Advances in clinical neuroimaging technologies, including computed tomography,
magnetic resonance imaging, and positron emission tomography, have enabled
direct imaging of the cerebral vasculatures in TBI patients. However, in cases of
mild to moderate TBI with no external injuries, subtle changes in the cerebral
vasculature, which may mainly happen in microvessels'®, are often invisible to these
clinical imagers with macroscopic spatial resolutions. Two-photon microscopy, the
technology of choice for intravital imaging of the rodent brain, has enabled
visualization of the cerebral vasculature at the microscopic level. However,
angiographic agents is required®, which might cause physiological perturbations.
Even with the aid of exogenous agents, comprehensive evaluation of the

cerebrovascular function and associated oxygen metabolism remains inaccessible.

98



The lack of enabling tools for label-free comprehensive imaging of the cerebral
vasculature at high spatial resolution has fundamentally limited our understanding

of the vascular component of this devastating brain disorder37194-197,

The head-restrained multi-parametric PAM has filled this technology gap and shed
new light on the bTBI-induced cerebrovascular dysfunction. Capitalizing on the
optical absorption of blood hemoglobin, our PAM simultaneously imaged
cerebrovascular anatomy, Cyp, SO, and flow speed in both bTBI and control mice in
a label-free manner (Fig. 1). With the aid of vessel segmentation, these structural
and hemodynamic parameters were extracted at the single-microvessel level, from
which volumetric blood flow, total CBF, OEF and CMRO, were also quantified.
The capability of PAM for comprehensive characterization of the cerebral
vasculature has enabled us to extend the evaluation of CVVR from blood flow to other
functional and metabolic parameters. Moreover, the high resolution and functional
measurements of PAM allowed us to sort the cerebral vessels into different types,

based on which the dependence of CVR on the vessel type was also revealed.

Using this enabling technology, we showed that the moderate bTBI did not induce
significant changes in the cerebral microvascular structure and hemodynamics, as
well as associated oxygen delivery and metabolism, except for slightly increased
venous sO, and blood flow (Figs. 2 and 3). Interestingly, the reduced OEF (due to
the increased venous sO;) and the increased CBF remained tightly coupled in the
TBI rats, maintaining the CMRO, at the same level of that in the control rats. This
observation suggests that moderate bTBI is not likely to induce acute impairment in
cerebral energy metabolism.

Although not inducing overt changes in cerebral hemodynamics and metabolism,
the moderate bTBI significantly impaired the CVR, including abolished vasodilation
and much compromised autoregulation of CBF and sO, (Figs. 4 and 5). Nicely
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echoing previous chronic observations of impaired vasodilatory capability in TBI
rats'’” and impaired CBF autoregulation in TBI patients'®3, our result suggests a state
of cerebrovascular hypo-reactivity immediately following blast exposure that may
contribute to the long-term cerebrovascular pathology from the primary injury.
Lacking the capability to regulate the cerebrovascular diameter, oxygenation and
blood flow in response to hemodynamic/metabolic challenges, TBI patients may

have increased vulnerability of the brain to hypoxia/ischemia insults81%,

There is plenty of room for improvement. Disruption of the BBB and the consequent
vasogenic edema are essential vascular factors in the secondary injury process of
TBIY419.200  Exploiting the strong optical absorption of Evans blue, a commonly
used dye for vascular permeability test?*, our PAM holds great potential to extend
the classic Evans blue assay to in vivo. Moreover, label-free imaging of brain edema
has been demonstrated by photoacoustic computed tomography?®?. Future
development of the multi-parametric PAM to enable high-resolution imaging of
BBB permeability and vasogenic edema will add to our understanding of TBI-
induced cerebrovascular dysfunction. Another important form of vascular
dysfunction in bTBI that has not been characterized by PAM is vasospasm.
According to clinical observations, bTBI-induced cerebral vasospasm typically last
for up to 30 days. To capture this chronic dysfunction, a long-lifetime cranial
window technigue needs to be developed for PAM. To date, the two major types of
chronic windows for intravital brain imaging are the open-skull window and the
reinforced thinned-skull window®>18_ Although providing excellent visibility, the
former is invasive and may activate microglia and astrocytes, thereby altering brain
hemodynamics and activity. In contrast, the reinforced thinned-skull window
provides chronic access to the brain with minimal inflammatory response and

acceptable visibility, but requires labor-intensive maintenance. Future test and
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adoption of these window technique(s) will not only grant PAM access to the
chronically changed cerebrovascular parameters, but also enable it to longitudinally
monitor how the TBI-induced multifaceted cerebrovascular dysfunction progresses

over time.

We comprehensively and quantitatively characterized the moderate bTBI-induced
cerebrovascular dysfunction in an established rat model of bTBI, using the state-of-
the-art multi-parametric PAM technology. we found that moderate bTBI, although
induces no external injuries and only minor changes in the blood oxygenation and
flow, can significantly impair the cerebrovascular reactivity in terms of vasodilation,
blood flow autoregulation, as well as blood oxygenation and extraction. These
findings shed new light on the vascular component in the propagation of secondary
injuries following bTBI and may facilitate the identification of new and promising

therapeutic targets for this devastating disease.
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Chapter VI: PAM of Hemodynamic and Metabolic
Dysfunctions in Ischemic Stroke and Responses to

Treatment

6.1 Background and Motivation

6.1.1 Neuroimaging for Ischemic Stroke

As the third leading cause of death and the leading cause of adult disability in the
United States, Stroke affects 800,000 people in the United States every year, and
ischemic stroke accounts for 87%3!. According to the latest report, ischemic brain
injury leads to more than 200,000 death annually in the U.S.A and lots of
disabilities?®®. Although the risk of stroke increases with age and the stroke is most
common among the elderly (60 or more years old), it can affect people of all ages,
including children®?, Typical risk factors for strokes include smoking, diabetes,
hypertension, obesity, alcohol abuse, and carotid diseases?®. The most common
cause of ischemic stroke is the narrowing of the arteries in the neck or head, often
caused by atherosclerosis, or gradual cholesterol deposition?°. Within the narrowed
arteries, blood cells have a higher possibility of forming blood clots and blocking
the artery where they are formed. If the blocked artery is inside one of the brain's
arteries, it triggers a thrombotic stroke. Meanwhile, the formed blood clots can also
dislodge and become trapped in arteries close to the brain, leading to the embolic
stroke.

Due to its high metabolic demand, the brain depends heavily on the blood supply,

which bring fresh blood from the heart and lungs that carries oxygen and nutrients

102



to the brain and takes away carbon dioxide and cellular waste. Thus, the brain is very
sensitive to the alternation of the blood flow. If some cerebral artery is blocked, the
brain cells (mostly neurons) will be in short of oxygen and therefore energy, leading
to cell deaths if the artery remains blocked for more than a few minutes?’. Thus,
iImmediate identification and medical treatment of the acute ischemic stroke is

critical in clinical to reduce the severity and improve the outcome.

Brain ischemia can be classified into global and focal brain ischemia. Clinically,
more patients suffer from focal brain ischemia. Based on cerebral blood flow, three
zones have been recognized after focal brain ischemia?®. With a blood flow less than
15% of the normal area, the ischemic core have severely injured cells. The cells
inside this zone will easily die via necrosis if reperfusion cannot be established in
time. The penumbral region lies outside the ischemic core and has a reduced blood
flow (less than 40% of the normal). The reduced blood flow in this zone is
maintained at sufficient levels to sustain neuronal membrane potentials and, hence,
obviate membrane failure and terminal anoxic depolarization for the short term. The
fate of cells in this zone are undetermined and can be altered, depending on the
reperfusion and corresponding therapy approaches. Outside the penumbra, the zone

has a normal blood flow where cells often has no problem survive for the long term.

The rapid advances in neuroimaging techniques provides the opportunity to better
understand the ischemic stroke process. With the state-of-art neuroimaging
techniques, the temporal and spatial progression of the penumbra can be identified?®.
Although the duration of the penumbra in human beings is still uncertain, recent
reports showed that only 20%-30% of penumbra remained survivable after 6 hours?°,
The duration and evolutionary characteristics of the penumbra are particularly
important for clinical applications and translational research, where time windows

for therapy need to be considered as well as the topographical location of tissue to
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be salvaged. However, there are still divergences in how to accurately differentiate
the ischemic core and penumbra®®. What is worse, the resolution of the most
common neuroimaging techniques (such as PET and MRI) is usually low (more than
hundreds of microns). This makes it more difficult to precisely define the penumbra
region, especially in the animal model where the ischemic core may only be ~500
microns'®. Meanwhile, to validate the recognized “penumbra” area, it usually
requires the use of animal models, mostly rodent model?!!. Thus, high-resolution
functional imaging of the penumbra region is in great need for the preclinical study

of the ischemic stroke.

6.1.2 Hemodynamic and Metabolic Dysfunctions in Ischemic Stroke

Caused by the arterial block and severely reduced blood flow, the ischemic stroke
involves significant hemodynamic alterations. Within certain range of blood supply
alternation, the CBF will be auto-regulated to match metabolic demands of the brain
through various mechanism, preventing potential cerebral ischemia?'?. Only when
the CBF drops below certain values which exceed the CBF autoregulation capability,
a series of functional and structural changes will be triggered which will culminate
into irreversible impairment and lead to cell deaths?!3. The CBF changes were widely
used to define the penumbra region, which is the most clinically relevant target in
iIschemic stroke and is the focus of active research due to its potential to recover from
the ischemic challenge?!. Thus, the measurement of CBF alteration in acute
ischemic stroke is critical for evaluating the stroke severity, locating the ischemic
core, monitoring the stroke progression and the therapy effect. Recent studies have
shown that the CBF can well predict the final infarct volume and clinical outcome?“,
On the other hand, the reperfusion injury after ischemia has been observed and

widely reported?'>?1¢, Although the reperfusion of blood help mitigating initial tissue
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hypoxia, exacerbation of tissue injury may occur. Furthermore, the reperfusion
injury will result in an impaired autoregulation of cerebral blood flow, contributing
to further damage?!’. Thus, the blood flow measurement and control of reperfusion

during recanalization using drugs like tPA is important for clinical applications.

Beyond the CBF quantification, gaining insights into brain oxygen metabolism is
also of great interest in the study of ischemic stroke?!8, Cerebral oxygen metabolism
Is essential for generating a steady supply of energy for the normal neuronal activity
of the brain. Accompany with the cerebral artery occlusion in the acute ischemic
stroke, the alteration of CMRO, always happens in response to the ischemia?®,
Direct associated with the energy consumption of neurons, the imaging of CMRO
may provide a more direct assessment of tissue viability and therefore may be better
Imaging biomarkers for penumbral imaging than CBF. Since our multi-parametric
PAM can measure all the parameter required for absolute CMRO; quantification
(Chb, SO, CBF, OEF) at micron level resolution, it stands at a good position for the

study of the hemodynamic and metabolic dysfunctions in ischemic stroke.

6.2 PAM of Middle Cerebral Arterial Occlusion (MCAOQO)-induced

Ischemic Stroke

6.2.1 tMCAO Model for Ischemic Stroke

To better understand the brain pathophysiology and design new therapies for the
ischemic stroke, numerous animal models have been explored to mimic the clinical
ischemic stroke in the past several decades?®. Accounting for approximately 70%
of infarcts, the middle cerebral artery (MCA) and its branches are the most often
affected cerebral vessels in human ischemic stroke??, Thus, the MCAO techniques

are closely related to practical human ischemic stroke. As one of the most widely
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used stroke models, MCAOQO can be accomplished by mechanical, pharmacological,
photothrombotic or embolic means??2. Although mostly used in rodents, the MCAO
has also been reported in primate, canine, ovine and porcine studies using the same

methodologies, demonstrating its translational potential®Z,

Among those MCAO stroke models, intra-arterial suture/filament based tMCAO is
the most common method in rodents??, Comparing to the invasive direct surgical
occlusion of cerebral vessels, the intraluminal suture/filament based tMCAO is less
invasive and does not require craniotomy, avoiding damage to cranial structures.
Besides, plenty of studies show that the advantage of consistency in lesion size and
location using intraluminal suture/filament based tMCAQO compared to embolic
models??®. This technique involves temporarily occluding the common carotid artery,
introducing a suture directly into the internal carotid artery or transected external
carotid artery. Then, the suture will be advanced until it interrupts the blood supply
to the MCA. It can be used for both permanent MCAO and transient MCAO. For
the tMCAO, the most common durations are 60 minutes, 90 minutes, and 120
minutes??*. In this study, we chose 90 minutes to be consistent with our previous
study??>,

6.2.2 PAM of Cerebral Hemodynamics in tMCAO

The transient focal brain ischemia model was applied by using intraluminal filament
to achieve MCAO (Fig. 6.1A), which was removed after 90 minutes. The laser
Doppler flowmetry was applied to confirm the success of both the occlusion and
reperfusion of the MCA. This model is well-characterized and widely-used and
involves a relatively minor procedure. The transient focal brain ischemia allows a
reperfusion phase, which may increase brain injury and give us an opportunity to

document the hemodynamics and dynamics of oxygen supply and demand during
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reperfusion. The surgery took no more than 15 minutes, during which the mouse will
be anesthetized with 1.6% isoflurane and kept at 37°C. The animals was waken up
soon after the MCAO is achieved. This practice limits anesthetic exposure during

brain ischemia and reduces anesthetic effects on brain ischemic outcome.

Fig 6.1 (A) MCAO procedure. (B) TTC stain 1 day after reperfusion from 90-minute
tMCAQ. Dashed box: ROI (3x3 mm2) for PAM.

To acquire the TTC stained brain that can be co-registered and compared with PAM
Images, the animal was perfused with 10-mL saline followed by 2-mL concentrated
carbon black ink via the left cardiac ventricle until tissue turns black under deep
anesthesia. After decapitation, the brain was incubated in phosphate-buffered saline
(pH: 7.4) containing 2% TTC at 37°C for 30 minutes. The TTC-stained infarct

picture (Fig. 6.1B) clearly showed both the infarct region and the cortex vasculature.
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Fig. 6.2 Time-lapse PAM of the anesthetized mouse brain before, during, and up to
72 h after MCAO. The green and white curves in the ink+TTC picture correlate the
low-OEF region identified by PAM with the infarct region determined by TTC

staining.

To monitor the progression of the ischemic stroke, the longitudinal imaging of blood
vessels and sO, was achieved (Fig. 6.2). The time-lapse PAM of the anesthetized
mouse brain before, during, and 24 h after the tMCAO. After the PAM experiment,
we perfused the cortical vasculature with carbon-black ink and then dissected the
brain for TTC staining. Thus, the PAM image and TTC picture can be readily co-
registered using the vascular landmarks to correlate PAM-measured hemodynamics
and metabolism with TTC-determined brain infarct. As shown in Fig. 6.2, the OEF
is significantly increased during 30 minutes after the MCAO onset (green area),
indicating the strong need for oxygen extraction during the occlusion. But after 72
hours, the sO, in that region increased a lot from the MCAO onset and reperfusion,
showing a large drop of OEF within that area. The low OEF area measured by our
PAM showed well matched location as the TTC staining, which demonstrate the

capability of our PAM to detect the infarct region through the OEF alteration.
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However, imaging the mouse brain under anesthesia introduced a bias in the sO,
measurement, preventing us from getting the true baseline. According to the results
shown in previous chapter, the venous sO, was significantly elevated under
anesthesia, which make it difficult to differentiate the arteries from veins. What is
worse, the anesthesia applied during the imaging may have the neuroprotective
effect against ischemic stroke, making it unsuitable for the mechanistic study of
other drug’s neuroprotection. Thus, we further explored the feasibility of imaging

the awake mouse brain using the system described in previous chapter.

Different than the anesthetized brain, the cerebral arteries and veins can be readily
differentiated in the baseline image as shown in Fig. 6.3. The distal end of the MCA
was also identifiable on the left within the region of interest. Comparing to the
baseline sO, and CBF, the MCAO-induced ischemia and reduced CBF, were easily
observed at 1 hour after MCAO. Meanwhile, the hypoxia was also observed within
the region majorly supplied by MCA. In contrast, the images at 24 hour after MCAQO
showed increased venous sO; and partially recovered CBF. The increased sO, leaded
to a lowered OEF and CMRO,, indicating few surviving cells and therefore few
oxygen consumption. The corresponding TTC picture also showed good match with

our PAM images.
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Fig. 6.3 The time-lapse PAM of the awake mouse brain before, during, and 24 h
after MCAO. The TTC staining brain was shown on the right with cross-section

view and top-down view.

6.3 PAM of Sphingosine-1-phosphate (S1P) Treatment against

Ischemic Stroke

6.3.1 Blood S1P level

Despite many decades of intensive research, clinically practicable therapeutic
options for the ischemic stroke patients are still very limited?%. As the major therapy
option, many neuroprotective agents have been explored to reduce the severity of
ischemic stroke and improve the outcome?’. However, although promising
improvement have been shown in different preclinical studies using animal model,
none of these drugs unequivocally has shown an improvement in clinical

outcomes??®. In clinical practice, the most common therapies focused on the
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reperfusion of obstructed blood vessels using either thrombolytic or mechanical
recanalization®®. However, the CBF restoration with excessive reperfusion will
Increase the reactive oxygen species generation and exacerbates the brain injury,
which requires extreme carefulness in clinical and limits the application of stroke
reperfusion strategies. Although the lack of oxygen and nutrient is harmful to
neurons, ischemia-reperfusion injury also induces the compromise of BBB,

excessive metabolic stress and inflammatory responses in the neurovascular unit??,

The bioactive metabolic product of sphingolipids, sphingosine-1-phosphate (S1P) is
attracting more attention because of its neuroprotection against ischemic stroke?,
Recent studies has shown that S1P is vasoprotective and neuroprotective via various
mechanisms?*?, Another finding also showed that the S1P can promote erythrocyte
glycolysis and oxygen release for adaptation to hypoxia, which may help lowering
the impairment of ischemic brain injury?®. However, the underlying mechanism
how S1P affect the cerebral metabolism is still unclear. To investigate it, the
effective regulation of S1P level and appropriate tool for cerebral metabolism
measurement are both needed. S1P is generated solely by sphingosine kinases
(SphKs), of which there are two isoforms (SphK1 and SphK2). Thus, the S1P level
can be regulated via the activation or inhibition of the SphK1 and SphK2%4,
Although virtually all cells are capable of synthesizing S1P, the tissue levels are low
compared with blood and lymph, where S1P circulates at single digit micromolar
levels. Meanwhile, as shown in previous chapters, multi-parametric PAM is ideal
for the measurement of the cerebral metabolism of oxygen. Therefore, the cerebral
hemodynamics in response to S1P levels can be imaged using our multi-parametric
PAM, which may reveal the underlying hemodynamic mechanism of S1P
neuroprotective effect against ischemic stroke.

111



In this study, the blood S1P levels are regulated through the selective inhibitor of
SphK2 (SLM6031434), while the less potent R-enantiomer (SLM6081442) was
used for the control group. The details of the synthesis of SLM6041434 [S-2-(3-[4-
(octyloxy)-3-(trifluoromethyl)phenyl]-1,2,4-oxadiazol-5-yl)pyrrolidine-1-

carboximidamide], SLM6081442 [R-2-(3-[4-(octyloxy)-3-
(trifluoromethyl)phenyl]-1,2,4-oxadiazol-5-yl) pyrrolidine-1-carboximidamide] can

be found in previous reports?®,
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Fig. 6.4 (a) SLM6031434 level and (b) Blood S1P level at 1 hour, 2 hours, and 4
hours after injection of the saline (vehicle, n=4) or different dose of SLM6031434

compound (n=4).

To confirm the S1P regulation using our compound SLM6031434, groups of 8-9
week old male cd-1 mice were injected through the tail vein 2 mg/kg (mpk). After
the injection, animals were bled at three time points (1 hour, 2 hours, and 3 hours).
Whole blood was processed immediately for LC/MS analysis following the sample
preparation protocols in previous report?. Then, analyses were performed by LC-
ESI MS using a Waters system (Milford, MA) consisting of a triple quadrupole mass
spectrometer (Xevo TQ-S) and a solvent pump (Acquity UPLC). As shown in Fig.
6.4, 3 different doses were used (0.05 mpk, 0.5 mpk, 2 mpk) to measure the dose-

dependent response. After the injection, animals were bled at three time points (1
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hour, 2 hours, and 4 hours) for the quantification of the SLM6031434 content and
blood S1P level using LC/MS analyses. As shown in Fig. 6.4a, the increased
SLM6031434 content in the blood quickly dropped to a low level in all dosages,
indicating the SLM6031434 was continuously in effect. Meanwhile, the blood S1P
showed the increasing trend in all three different dosages 1 hour after the injection
(22 % for 0.05 mpk, 43% for 0.5 mpk, and 94% for 2 mpk), which showed a positive
correlation to the dosage (Fig. 6.4b). Meanwhile, the blood S1P level continued to
increase till 4 hours after the injection. In our later experiments, the dosage of 2 mpk
was chosen for hemodynamics changes and neuroprotection study, which doubled

the blood S1P level 2 hours after the injection..

6.3.2 Effect of S1P on Cerebral Hemodynamics

To investigate how S1P affect the cerebral hemodynamics, our head-restraint PAM
was applied for the awake mouse brain imaging. The system configuration can be
found in Chapter Ill. Using this PAM system, the awake mouse brain was imaged
under normoxia before and 2 hours after the injection of 2mg/kg compound
SLM6031434, which is expected to almost double the blood S1P level in two hours.
As shown in Fig 6.5, no changes was observed after the injection. The purpose of
choosing the time point at 2 hours after the injection is to accommodate with our
pre-treatment experiment, in which the active drug was injected two hours before
the MCAO procedure.
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Fig. 6.5 Cerebral sO2 and blood flow of the awake mouse before and after the

injection of “active” compound SLM6031434 under normoxia. Scale bar, 500 pm.

To further check the influence of S1P on cerebral hemodynamics, the hypoxia
challenge was introduced, which usually happens in the ischemic brain. The hypoxia
applied in this study refers to ~12% oxygen content, produced by mixing the medical
air and pure nitrogen. Then the active and inactive drug was administrated into the
awake mouse under hypoxia through the tail vein, with the help of the pre-implanted
needle. As shown in Fig. 6.6, the drop of both arterial and venous sO2 was observed
under hypoxia condition, accompany with the blood flow speed increase. With the
“inactive” compound, both the blood oxygenation and flow speed remained almost
unchanged 2 hours after the injection. On the contrary, the sO, recovery was

observed with the active drug after 2 hours, while the blood flow is unchanged.
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Fig. 6.6 Cerebral sO; and blood flow of the awake mouse before the injection of the
(a) “inactive” compound SLM6081442 and (b) “active” compound SLM6031434
before the injection under normoxia and hypoxia and after the injection under

hypoxia. Scale bar, 500 um.
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To better understand the observation, experiments were repeated in 4 mice to
perform statistical analysis of the cerebral hemodynamic responses. As shown in Fig.
6.7a, Cyp Was not significantly affected by the active compound. While the arterial
and venous sO, dropped due to hypoxia, they recovered back to the similar level as
the baseline after the injection (Fig. 6.7b and Fig. 6.7¢). This leads to the drop of
OEF under hypoxia, comparable to the baseline level. Meanwhile, the blood flow
speed and average vessel diameter was not affected by the drug. Combining the
dropped OEF and unchanged CBF, the CMRO, was found to decrease, indicating a
lower oxygen requirement for metabolism.
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Fig. 6.7 (a) The hemoglobin concentration, (b) arterial sO, (c) venous sO, (d) OEF,
(e) average vessel diameter, (f) average blood flow speed, (g) total CBF, and (h)
CRMO; under normoxia and hypoxia before and after the injection of compound
SLM6031434 (n=4). Data are shown as Mean £ SD. *, p<0.05.

Considering the fact that the S1P level kept increasing for several hours after the

SLM6031434 compound injection (Fig. 6.4), the time course of cerebral
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hemodynamic changes was also investigated. The mouse was firstly imaged under
normoxia, then switched to hypoxia. Under hypoxia, the active compound was
Iinjected and the cerebral hemodynamics were imaged four times with 30 minutes
interval. Each scanning took about 20 minutes. As shown in Fig 6.8a, the sO; did
not significantly change immediately after the injection. The Cy, remains unaffected
(Fig. 6.8b). Instead, it is a gradually change of oxygenation after the injection (Fig
6.8c and Fig. 6.8d), while diameter, blood flow speed, and CBF remain the same.

Thus, the significant drop of CMRO, was only observed after 1.5 hours.
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Fig. 6.8 (a) the time course of the cerebral hemodynamic changes before the injection
(normoxia and hypoxia) and several time point after the injection (0.5h, 1h, 1.5h,
2h). (b) The hemoglobin concentration, (c) arterial sO2, (d) venous sO,, (e) OEF, (f)
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average vessel diameter, (g) average blood flow speed, (h) total CBF, and (i)
CRMO2 under normoxia and hypoxia before and after the injection of compound
SLM6031434. Data are shown as Mean = SD. *, p<0.05.

6.3.3 Stroke Outcome Evaluation after S1P Treatment

To evaluate the pre-treatment and post-treatment neuroprotection of S1P, mice were
randomly assigned into 3 groups (control, pre-treatment, and post-treatment). The
mouse in the pre- treatment group was injected with the active compound through
the tail vein 2 hours prior to the MCAO procedure, while the post-treatment group
was injected immediately after the reperfusion. After the injection, the animal was
returned to cage and closely monitored until the outcome evaluation and brain
harvest. As shown in the representative TTC images (Fig. 6.9a), the infract region is
noticeable smaller in the pre-treatment mouse, comparing to the control mouse.
However, the post-treatment mouse didn’t show improved outcome in infarct
volume. The statistical analysis (Fig. 6.9b, n=7 for each group) showed significant
reduced infract volume in the pre-treatment group (26.8 + 11.6 %) comparing to the
control group (62.5 £ 6.9 %), while the post-treatment group did not show

improvement in infarct volume (52.8 £ 17.4 %).

Besides, the rotarod performance test was also done to measure the ischemic stroke
induced motor coordination impairment (Fig. 6.9c). Although all mice showed
impaired motor coordination (ratio < 0.5), the pre-treatment group showed better
motor function comparing to control group and post-treatment group. Furthermore,
the neurological deficit score was also used to evaluate the stroke outcome (Fig.
6.9d). Both the control group (average score: 4.4) and the post-treatment group
(average score: 4.2) showed severely affected behaving, most of which only circled

or walked to one side. In the contrast, most mice in the pre-treatment group (average
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score: 2.9) still have spontaneous movement in all directions and only do
contralateral circling when pulled by the tail.
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Fig. 6.9 (a) Representative images of TTC staining of six brain coronal slices
harvested 24 hours after tMCAO. Statistical analysis of (b) infarct volume, (c) motor
function, (d) neurological score in the control group (n=7), pre-treatment group
(n=7), and post-treatment group (n=7). *, p<0.05.
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6.4 Discussion and Conclusion

The blood S1P regulation was achieved using the selective inhibitor of SphK2
(SLM6031434). Although S1P synthesis relies on two different form of SphKs,
SphK1 and SphK2, our results showed that the injection of our SphK2 inhibitor
actually increased the blood S1P level within 4 hours, in contrast to S1P reduction
by SphK1 inhibitor?”. The result and previous studies suggest that blood S1P turns
over may be due to the role of SphK2 in the clearance of S1P from the blood?®.
However, the mechanism whereby S1P is cleared from the blood is not fully
understood, and the role of SphK2 in this process is still unknown. Besides, the
whole blood S1P was measured in this study, which includes S1P in different
components such as erythrocyte, platelet, and plasma. However, the roles of SphK1
and SphK2 in different components is not the same. For instance, SphK1 has a larger
effect on erythrocyte and plasma S1P than SphK2, while the SphK2 plays a more
important role in platelet S1P?%, Therefore, further studies may be needed for better
understanding of the S1P induced hemodynamics using our selective SphK2

inhibitor.

In previous studies, the S1P is reported to be neuroprotective against ischemic stroke
via multiple mechanisms?3-242, However, due to the lack of imaging tools, the
response of cerebral hemodynamics and oxygen metabolism to S1P is still unclear,
although it may play important roles in the ischemic stroke. Sun et al recently
reported the elevated S1P promote the oxygen release for adaptation to high-altitude
hypoxia?®. Furthermore, the S1P pathway and its kinase were also reported to be
related to the hypoxia signaling such as hypoxia-inducible factor in cancer and
considered as potential targets for cancer therapy?*324, However, according to the

best of our knowledge, there is no direct in vivo measurement of the S1P-induced
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oxygenation and CMRO; changes in awake animals. In this study, our results show
that the S1P elevation resulted in changes of brain oxygenation and CMRO; under
hypoxia, but not under normoxia. These observation provides direct evidence that
S1P may play an important role under hypoxia, which happens in multiple diseases

(i.e., ischemic stroke, cancer) and extreme condition such as high altitude.

According to our measurements, the cerebral hemodynamics under hypoxia was
altered 2 hours after the injection of our selective S1hK2 inhibitors, which was
shown to double the baseline blood S1P level. Specifically, both the arterial and
venous sO, increased, leading to the decreased OEF. Meanwhile, the blood flow
speed and vessel diameter is not influenced by increased S1P level. Therefore, the
reduced CMRO; under awake mouse brain was observed with elevated blood S1P.
Our hypothesis is that the cerebral metabolism has been reprogrammed to slowly
shift from oxygen respiration to glycolysis, which consumes less oxygen for energy
metabolism. Recent findings showed evidence that the increased S1P enhances the
release of membrane-bound glycolytic enzymes to the cytosol, induces glycolysis
and thus the production of 2,3-bisphosphoglycerate (2,3-BPG)?%. Other reports also
showed that S1P increases glucose uptake through trans-activation of insulin
receptor?®, Interestingly, the cerebral sO, was unchanged under normoxia condition,
even when the blood S1P level is elevated. This metabolic reprogramming may need
to be triggered by the hypoxia related signaling factors, which may happen during
ischemic stroke. Through the improved glucose uptake and promoted glycolysis, the
oxygen metabolic requirement for oxygen is lowered, which may help the cells in

the ischemic brain to survive through the challenge.

Furthermore, the neuroprotective effect of S1P against ischemic stroke was
investigated using tMCAO model in both the pre-treatment group (2 hours prior to

the occlusion) and post-treatment group (immediately after the reperfusion). While
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obvious neuroprotection was observed in the pre-treatment group, no improvement
was shown in the post-treatment group. The potential reason for the difference is
that the cerebral metabolism changes in response to S1P elevation is a slow process,
as shown in Fig. 4. The slow metabolism response after injection (~2 hours) may not
be rapid enough to protect the cells within penumbra area in post-treatment group.

Therefore, the S1P induced neuroprotection may be minimal in the post-treatment
group.

In summary, the head-restraint multi-parametric PAM was applied to image the S1P-
induced cerebral hemodynamic changes in awake mouse brain. Our results showed
the S1P elevation led to the recovery of sO, under hypoxia, while the blood flow
remained unchanged. Therefore, the CMRO, was reduced under hypoxia with the
blood S1P increase, indicating the potential neuroprotective mechanism through
lowering the metabolic needs of oxygen. Furthermore, the time course of cerebral
hemodynamics was also shown, which showed the gradually changes of the sO»,
OEF, and CMRO, after the drug injection. Further experiments with tMCAO
showed the neuroprotection of S1P in the pre-treatment group, which has smaller
infarct volume, better neurological deficit score, and improved motor coordinate
functions. Providing new insight of S1P-induced cerebral hemodynamics under
hypoxia, this study may provide the opportunity better understanding the

neuroprotection of S1P against ischemic stroke.
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Chapter VII: Conclusion and Perspective

In this dissertation, | presented the design, implementation, validation, and the
application of multi-parametric PAM, which are capable of simultaneously imaging
Chp, SO, and CBF at the microscopic level for the first time. Therefore, the
metabolic rate of oxygen can be quantified. This technical innovation is expected to
shed new light on the mechanism and treatment of a broad spectrum of metabolic
disorders. In Chapter Ill, first-of-a-kind head-restrained PAM was demonstrated,
which extend our imaging capability to the awake mouse brain. This enabling
technology offers the first opportunity to comprehensively and quantitatively
characterize the hemodynamic and oxygen-metabolic responses of the mouse brain
to isoflurane, a general anesthetic widely used in preclinical research and clinical
practice. In Chapter 1V, more comprehensive imaging analysis algorithm based on
the head-restrained PAM was proposed to measure the vascular density, tortuosity,
shear stress, and resistance. Beside, with the help of Evans blue dye, the evaluation
of BBB permeability was achieved. Also, multifaceted cerebrovascular reactivity
(CVR) to acetazolamide-based stimulation was also enabled in the awake mouse
brain. In Chapter V, the capability of our PAM to evaluate the cerebrovascular
dysfunctions after bTBI was demonstrated. Although no pronounced changes in the
cerebral vasculature and oxygen metabolism was observed after moderate bTBI, the
impaired cerebrovascular reactivity was found in the bTBI rats. This study is the first
to comprehensively characterize the cerebrovascular responses to bTBI. In Chapter
VI, the feasibility of using our PAM to image the hemodynamic changes during
acute ischemic stroke was demonstrated using the tMCAO model in both the
anesthetized mouse and awake mouse. Using this PAM system, the neuroprotective

mechanism of S1P was investigated, which showed altered cerebral oxygenation

123



when challenged under hypoxia. This reduced metabolism need under hypoxia may

play an important role in its neuroprotection.

The potential directions of future multi-parametric PAM development are

anticipated as following:

Faster system for multi-parametric PAM. The scanning speed of the current
system is limited by the raster scanning strategy, which solely relied on the
motor movement. Thus, the scanning of a 3x3 mm? area takes about 30
minutes, with the step size of 0.1 micron in B-scan direction and 10 microns
in another direction. Although it is okay to use for some brain disease models,
it is unable to catch the fast changes in the brain. Employing the hybrid
scanning methods or designed scanning route with compressed sensing may

greatly improve the scanning speed.

PAM with deeper penetration depth. Visible wavelengths (532 nm and 559
nm) were used in the current system, limiting the penetration depth to be
around 300 microns if we require good lateral resolution. A straightforward
solution was to use longer wavelengths, i.e. 1064 nm to achieve deeper
penetration, benefit from less scattering. However, this may require high
sensitivity ultrasound transducer because of lower absorption of hemoglobin
at this wavelength range. Another possible solution is using beam shaping and
adaptive optics technique to compensate the tissue scattering, which can
generate a good focus in deep tissue. To achieve this, enormous efforts will

be need due to the complexity of brain structure.

Wearable PAM for rodent brain imaging in freely move animal. In this
dissertation, we showed the capability of using head-restraint PAM to image

the awake mouse brain with high resolution. However, there is concern about
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the potential stress related to the head-restraint apparatus, even with proper
training. The wearable or head-mounted PAM will minimize the stress and

allows the imaging of moving rodent.

PAM of glucose uptake in the brain. As another major energy source for cell
metabolism, the PAM measurement of glucose uptake will provide the
opportunity to understand the specific role of cellular respiration and
glycolysis under severe brain challenge, such as ischemic stroke or brain
tumor. Although direct PAM measurement of glucose is possible, it suffers
from the weak signal and strong water absorption. Appropriate glucose may

be the potential solution for this direction.

PAM of tissue level oxygenation in the brain. The oxygenation measurement
in our current PAM system mainly relies on the hemoglobin, which cannot be
used to measure the tissue oxygen. One promising solution is to apply the
photoacoustic lifetime imaging, which may be capable to measure the partial
pressure of oxygen (pO,) in tissue. Another potential solution is to explore
some contrast agent for tissue oxygen, such as some well-designed gold

nanoparticles.
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