Three-dimensional mapping of oxygen tension in
cortical arterioles before and after occlusion
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Abstract: Occlusions in single cortical microvessels lead to a reduction in
oxygen supply, but this decrement has not been able to be quantified in
three dimensions at the level of individual vessels using a single instrument.
We demonstrate a combined optical system using two-photon
phosphorescence lifetime and fluorescence microscopy (2PLM) to
characterize the partial pressure of oxygen (pO,) in single descending
cortical arterioles in the mouse brain before and after generating a targeted
photothrombotic occlusion. Integrated real-time Laser Speckle Contrast
Imaging (LSCI) provides wide-field perfusion maps that are used to monitor
and guide the occlusion process while 2PLM maps changes in intravascular
oxygen tension. We present the technique’s utility in highlighting the effects
of vascular networking on the residual intravascular oxygen tensions
measured after occlusion in three dimensions.

©2013 Optical Society of America

OCIS codes: (170.0170) Medical optics and biotechnology; (170.3650) Lifetime-based sensing;
(170.1460) Blood gas monitoring; (170.5380) Physiology; (180.4315) Nonlinear microscopy;
(110.6150) Speckle imaging.
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1. Introduction

The distribution of dissolved oxygen in the brain has proven difficult to examine at the
microvascular level under baseline conditions let alone after selective flow alterations due to
methodological shortcomings of classical oximetry techniques. Empirical measurements are
often still made outside the vascular lumen of large vessels through invasive Clark electrodes
[1,2] from which mathematical models of oxygen delivery have been developed following the
theory of advection-diffusion [3,4]. More recently, three-dimensional optical imaging
techniques have been shown to provide hemodynamic characterization of microvascular beds
with greater sensitivity and accessibility without significant physiological perturbation [5].

In particular, techniques combining laser scanning microscopy and phosphorescence
quenching for oxygen measurements have begun mapping microvascular oxygen tension.
However, these techniques have proven challenging for three dimensional imaging with
conventional oxygen sensitive probes [6,7] due to very low two-photon absorption cross-
sections and skewed calibrations at high probe load.

A new platinum-porphyrin based phosphorescent oxygen sensor, PtP-C343 [8] has been
developed with a much larger two-photon cross-section, tuned oxygen sensitivity and greater
molecular dispersion in biological environments. These properties combined with its
phosphorescence efficiency make PtP-C343 an effectively brighter and stable molecular probe
for two-photon microscopy, resulting in greater confidence in measurements and improved
three-dimensional sectioning. The new oxygen sensor has shown convincing calibration in
vitro and in vivo through blood gas analysis along with application in a series of baseline
[9,10] and functional activation [11,12] pO, measurements in intravascular and interstitial
tissue environments. Here, we demonstrate a two-photon lifetime microscopy technique that
utilizes this new oxygen sensor for examining the vascular networking impact on
intravascular oxygen tension.

We incorporate laser speckle contrast imaging (LSCI) in the combined system for
monitoring regional cortical blood flow changes induced through photothrombosis. LSCI is a
non-scanning technique that utilizes camera imaging, which enables scalable fields of view
for fast and vast flow characterization albeit in a depth-integrated fashion. The technique’s
relative simplicity has enabled it to quickly become a widely used modality in rodent cortical
blood flow studies [13,14]. Given a fundamental reliance on statistical modeling, LSCI is
largely limited to measuring relative blood flow changes [15]. Nevertheless, LSCI provides
high temporal resolution for real-time analysis of cortical blood flow from multiple surface
vessels in a complementary fashion to the absolute dynamics obtainable with two-photon
imaging.

In this paper, we present a single optical system integrating the above techniques to make
non-invasive cerebral blood flow and intravascular oxygen tension measurements before and
after microvascular occlusions. We envision that the system can be a useful non-contact
method for studying microvascular oxygen gradients and networking not only in the intact
rodent brain but in other systems where microvascular flows are functionally relevant.
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2. Methods

All experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) at The University of Texas at Austin under guidelines and regulations consistent
with the Guide for the Care and Use of Laboratory Animals, the Public Health Service Policy
on Humane Care and Use of Laboratory Animals (PHS Policy) and the Animal Welfare Act
and Animal Welfare Regulations.

2.1 Imaging and lifetime acquisition
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Fig. 1. (a) Custom two-photon microscope with integrated laser speckle contrast imaging and
photothrombotic light delivery. EOM: electro-optic modulator; PCB: photon counting board;
D1, D2, D3 dichroic mirrors with transmissions: T > 740 nm, T > 795 nm, and T > 570 nm,
respectively. (b) Laser modulation paradigm for phosphorescence measurements. Pulsed laser
train is temporally gated (ON: 20 ps, OFF: 180 ps) at a 5 kHz modulation rate for measuring
phosphorescence signals (see optimization in Media 1) (c) Top: Sample calibration of PtP-
C343. Bottom: Probe sensitivity derived from differentiating calibration curve. (d) Speckle
contrast image of cortical perfusion and two photon projection of labeled vasculature over 400
pum of depth. Scale bar = 150 um. (e) Normoxic and hypoxic phosphorescent decays from a
surface arteriole (left, green circle). Scale bar = 50 um.

A custom-built two-photon laser scanning microscope with an integrated laser speckle
contrast imaging (LSCI) system is presented in Fig. 1(a). A large back-aperture long working
distance objective, two-inch collection optics, and un-cooled, un-housed photon-counting
PMT's (H10770PB-40, Hamamatsu Photonics, Japan) were utilized to optimize collection
efficiency of fluorescence and phosphorescence signals [16]. A Ti:sapphire femtosecond
excitation laser (Mira 900f, 140 fs, 76 MHz, A, = 835 nm, Coherent Inc.) was tuned to
optimize vascular labeling and to take advantage of the two-photon cross section of PtP-C343.
An electro-optical modulator provides laser intensity control for imaging as well as temporal
gating during lifetime acquisition. Laser scanning (x-y) was achieved via galvanometer
mirrors and z-translation via stepper-motorization of the objective/collection subassembly. A
dichroic mirror (D1) was used to separate emission from excitation. Two-channel detection
enabled further spectral separation with another dichroic mirror (D2). Detected
phosphorescence lifetime signals from PtP-C343 were digitized using a photon counting
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board (DPC 230, Becker & Hickl, Germany), while fluorescence signals were sent directly to
the computer for image (Figs. 1(d)-1(e)) and linescan (Fig. 2(a)) acquisitions.

The phosphorescence measurements were made in the time domain with a short gate of
the pulsed excitation light (Fig. 1(b)). The instrument response was calibrated for by using a
fast decaying (~4 ns lifetime) fluorescence standard to determine the temporal offset
necessary to isolate the phosphorescent decay from the detected signal. After the excitation
gate and offset, the remaining phosphorescent signal, /(?), was fitted for the decay constant, z:

1(t)=a+bexp(—%) (1)

A calibration curve based on Stern-Volmer kinetics [8,17] was used to relate the lifetime
measurement, 7, to a measure of pO,. Detailed calibration parameters of the probe describing
the quenching efficiency under physiological conditions are shown in Fig. 1(c). The
sensitivity of the probe improves with lower oxygen tensions, which lends itself to improved
fidelity during the examination of deeper or higher branch order vessels and is particularly
relevant for post-occlusion measurements. Temporal phosphorescence signals and their
respective oxygen tensions in a cortical arteriole are shown in Fig. 1(e) under normoxic and
hypoxic conditions achieved by alteration of the fraction of inspired oxygen (FiO,). It is
important to note that the phosphorescent sensitivity is in direct contrast to the sensitivity
dependence associated with Clark electrodes, where signal scales with increasing oxygen
tension.

The inter-gate interval should ideally be 3-4 times longer than the longest expected
phosphorescent lifetime. The unquenched lifetime of PtP-C343 is approximately 50 ps,
making the lowest tolerable modulation rate to be 5 kHz. Shortening of this interval may
result in insufficient sampling of the full decay and prolonging the interval (e.g. lowering the
repetition rate) may reduce signal-to-noise at the decay tails. Typically, at least 12000 or 3000
excitation gates (Fig. 1(b)) have been suggested for averaging phosphorescent decays from
two-photon excited focal volumes of PtP-C343 at 1% duty cycle and 10% duty cycles,
respectively [10]. The number of gates is set by selecting the instrument collection time.
Practically, collection times should be short enough to achieve sufficient signal-to-noise
(SNR) for a desired measurement uncertainty while not delaying in vivo experiment durations
excessively. A 10% duty cycle and 5 second collection time (25000 excitation gates) assured
this reliability for our implementation given a priori optimization (Media 1) at a fixed 6 uM
probe concentration over five repeated measurements performed in vitro with an aerated
saline sample. Five sequential phosphorescent decays recorded at each measurement location
in vivo resulted in a 25 second temporal resolution for oxygen tension mapping. This resulted
in a SNR of ~25 dB for a typical surface arteriole pO, value of 72 + 5 mmHg at 30 pm depth,
which is an estimate of the minimum expected SNR and maximum measurement variability in
this study. Particularly, SNR is of concern under high pO, conditions (e.g. high
phosphorescent quenching) and in deeper depth sections that generate and/or collect lower
phosphorescence. Ultimately, the optimization of these settings is instrumentation and sample
specific and therefore is necessary in anticipation of the experimental conditions.

2.2 Laser speckle contrast imaging of cortical perfusion

Regional flow maps over the cranial window were obtained using Laser Speckle Contrast
Imaging (LSCI). A laser diode (A = 785 nm) illuminated the craniotomy with oblique
incidence for LSCI (Fig. 1(a)). The backscattered laser light from the specimen was imaged
through the objective, passed through D1, reflected by D3 and imaged onto a camera (A641f,
Basler Vision Technologies, Germany) with a zoom lens (ZOOM 7000, Navitar Inc., New
York, NY). Choice of near-infrared laser diode wavelengths for LSCI is restricted by the two
photon excitation center wavelength, which ultimately governs the transmission cutoff of D3.
The camera focus was adjusted to be coplanar with the two photon imaging plane by coarse
translation of the camera location as well as zoom lens fine focusing. Speckle contrast
conversion and imaging was performed in real-time as described previously [15,18].

#189634 - $15.00 USD Received 2 May 2013; revised 7 Jun 2013; accepted 7 Jun 2013; published 10 Jun 2013
(C) 2013 OSA 1 July 2013 | Vol. 4, No. 7 | DOI:10.1364/BOE.4.001061 | BIOMEDICAL OPTICS EXPRESS 1065


http://www.opticsinfobase.org/boe/viewmedia.cfm?uri=boe-4-7-1061&seq=1

In brief, temporal fluctuations in the scattered laser light manifest as a blurring of the
observed speckles in the image. This degree of blurring is quantified by computing the local
speckle contrast (K), defined as the quotient of the standard deviation and mean pixel

intensities, K =O'/<I ), over a 7x7 pixel (e.g. 9.8 x 9.8 um in the sample plane of Fig. 1(a))

window across the raw image (not shown). Areas with higher flow in the speckle contrast
images have lower contrast values and vice versa (Figs. 1(d) and 2(b)). The spatial extent of
flow changes can be gauged with LSCI (Fig. 2(b)), where the gain in speckle contrast
correlates inversely with the relative perfusion dynamics. Ultimately, widefield LSCI is label-
free and rapid, which can be useful with 2PLM for providing multi-scale flow dynamics.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (s)

High contrast value (low flow) (C

Speckle Contrast, K
0.002 025 0.50 0.75 0.10

Low contrast value (high flow)

Fig. 2. (a) Two-photon linescan from a cortical arteriole and calculated RBC speed time-
course. (b) Laser Speckle Contrast Imaging of cortical flow before and after occlusion. Images
shown are real-time computed speckle contrast images (Sms exposure duration) using a 7x7
pixel window, where darker pixel intensities indicate higher flow. Green circle and triangle
indicate two arterioles selected for occlusion. Scale bar = 400 pm. (c¢) Linescans taken from
Arteriole 1 (circle) are shown pre- and post-occlusion. See Media 2 for real-time LSCI during
photothrombosis. Intermediary halo of lower contrast around targeted vessel video are
saturation artifacts of the excitation light used for photothrombosis.

2.3 Targeted occlusion via photothrombosis

Flow interruptions are often induced by clipping large vessels upstream of the microvascular
bed or introducing intraluminal sutures through the carotid artery [19-22]. These occlusion
models are more suited for inducing focal to global ischemia and are too coarse and expansive
for analyzing microvascular dynamics with specificity. Focused damage to the vascular
endothelial lining with pulsed lasers has also recently been used to make both surface and
deeper cortical occlusions in individual microvessels [23]. Studies using this occlusion model
have suggested that descending arterioles serve as bottlenecks in the supply to the cortex by
observing the impact on regional erythrocyte velocities [24]. This occlusion technique is
promising when optimized to minimize collateral damage, but over the micro-scale there may
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be extravasation of blood plasma that may elevate the tissue oxygen levels and thus alter the
physiological pO, gradients acutely. Instead, we use photothrombotic occlusion of surface
microvessels, which provides an optically precise mechanism for interrogating the
microcirculatory flows by shutting off flow in individual vessels albeit upstream of cortical
penetration.

Rose Bengal, which has been shown to be an apt photothrombotic agent with fast clearing
[25-27], was injected intravenously (0.ImL, 12mg/mL dilution) immediately before green
laser illumination. Targeted occlusion of a single descending arteriole upstream of cortical
penetration was achieved by activation of Rose Bengal by a focused green laser (30 pm spot
size, 1.5 mW, 532nm, Millenia V, Spectra Physics) introduced by switching dichroic 1 (D1)
with a cold mirror (Fig. 1(a)). Real-time laser speckle contrast imaging (Fig. 2(b) and Media
2) was utilized to monitor the occlusion progression in the vessel of interest and thereby guide
the duration and location of the photothrombosis.

2.4 Animal preparation

Mice (CD-1, male, 25-30g, Charles River) were anesthetized with 80% N,/O, vaporized
isoflurane (2-3%) via nosecone. Temperature was maintained at 37°C with a feedback heating
plate (World Precision Instruments Inc., Sarasota, FL). Vitals, including heart- and breath-
rate, were monitored via pulse oximetry (MouseOx, Starr Life Sciences Corp., Oakmont, PA).
Prior to sterile surgery, mice were administered carprofen (5mg/kg, subcutaneous) and
dexamethasone (2mg/kg, intramuscular) for anti-inflammation and restriction of edema after
skull removal, respectively. Surgical instruments and artificial cerebral spinal fluid (ACSF,
buffered pH 7.4) exposed to incision area were sterilized via autoclave. The mouse was placed
supine and the head fixed to a stereotaxic frame (Narishige Scientific Instrument Lab, Tokyo,
Japan). The scalp was shaved and resected to expose skull between bregma and lambda skull
sutures. A 2-3 millimeter diameter portion of skull was removed with a dental drill (Ideal
Microdrill, 0.8mm burr, Fine Science Tools, Foster City, CA) with frequent ACSF perfusion.
Cyanoacrylate (Vetbond, 3M, St. Paul, MN) was added to exposed skull areas to facilitate
dental cement adhesion. A 5-8mm round coverglass (#1.5) was then placed with a layer of
ACSF over the exposed brain. The dental cement mixture was wicked around the perimeter of
the cover slip and sealed to surrounding skull, while retaining gentle pressure on coverslip to
keep an air-tight seal for sterility and to restore intra-cranial pressure. A layer of cyanoacrylate
was applied over the dental cement as well to fill porous regions and further seal the cranial
window. Animals were allowed to recover from anesthesia and were monitored for cranial
window integrity and behavior normality for at least two weeks before imaging.

2.5 Experiment conduction

1. Mice were anesthetized with 1.5-2% vaporized isoflurane in N,/O, (80/20) and
remained under nosecone inhalation while in the stereotaxic frame. Vitals were
monitored through pulse oximetry and arterial oxygen saturation levels were
maintained at 98 £+ 0.5%.

2. Preliminary imaging to identify a surface arteriole of interests was conducted via LSCI.
Cortical surface arterioles, also known as pial arterioles, eventually terminate in
descending arterioles (Fig. 1(d)).

3. Two-photon imaging was commenced to obtain baseline measurements of oxygen
tension and RBC velocities. FITC-dextran (0.1mL, 5% w-v, Sigma) and PtP-C343
(0.1mL, 2% w-v, target 6uM in plasma) were injected retro-orbitally to label the
blood plasma and to serve as an oxygen sensor, respectively.

4. pO, measurements were made iteratively from surface to deeper regions in the cortex
in the descending arteriole. Five sequential lifetime acquisitions were made at each
measurement location and averaged to account for any variability.
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5. After baseline measurements, targeted occlusion of the arteriole of interest was
performed upstream of cortical penetration. Real-time LSCI monitoring between 5
and 50ms of exposure within the targeted vessel provided feedback on the severity
and spatial extent of the occlusions. The longer camera exposures register speckle
contrast changes that are more sensitive to slower flows [28].

6. Subsequently, 2PLM was repeated after occlusion. Additional surface LSCI and two-
photon linescans were used to confirm clot retention after post-occlusion pO,
measurements were concluded.

3. Results

3.1 Baseline pO; in descending arterioles
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Fig. 3. Speckle contrast images of cortical flow from Mouse 1 (a) and Mouse 2 (c). Baseline
pO; in descending arterioles. Projections of three-dimensional vascular imaging to a depth of
400 pm (b) and 375 pm (d) with pO, measurements taken in the arterioles of Mouse 1 and 2,
respectively. Arrows indicate flow direction. Scale bar = 50 pm. See Media 3 for three-
dimensional views of Mouse 1. (¢) Baseline pO, depth profile in descending arterioles from (b)
and (d). First measurements (z = 50 um) correspond to initial descent points. Data and error
bars represent avg +/— s.d. over five measurements.

Baseline (e.g. no induced flow alteration) pO, gradients in descending arterioles under
normoxic conditions are presented in two mice (Fig. 3). Initially, laser speckle contrast
imaging (LSCI) was performed to find regions containing descending arterioles of interest
(Figs. 3(a) and 3(c)). Transverse vessel end points signify penetrating or ascending vessel
segments. Branching order and relative flow strengths may be rapidly inferred from LSCI,
while flow directions from two photon linescans can confirm arteriole and venule identities.
Over the length scales shown (Figs. 3(b) and 3(d)), surface intravascular levels of oxygen
tension measured at several points remain within 5%. Substantial pO, gradients are first
observed with arteriole descent into the cortex. In Figs. 3(a)-3(b), the two surface arterioles
flow into a single arteriole that subsequently descends into the cortical layers (see arrows, Fig.
3(b)). The second animal’s descending arteriole in Figs. 3(c) and 3(d) is fed by a single pial
arteriole, which is the predominant branching paradigm observed off of the parent vessel.
Both animals’ arterioles exhibit a 75% drop in oxygen tension within the first 150 pm of
descent (Fig. 3(e)) despite the initial 30 mmHg surface pO, disparity. The converging supply
routes in Mouse 1 may account for the higher initial oxygen tension. A step size of 25 microns
is used to sample these baseline gradients in relatively deep penetrating vessels, imaged with
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sufficient signal to background to nearly 400 um (Media 3). However, step sizes as small as
one micron in depth may be achieved given the motorized objective assembly but come at the
expense of temporal resolution and experiment duration. In particular, smaller steps are
necessary for vessels exhibiting early networking or steeper gradients, especially those
following targeted occlusions below.

3.2 pO; after targeted-occlusion

Observation 1: branching mediated pO, distributions
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Fig. 4. Targeted occlusion of an arteriole and resulting changes in oxygen tension and blood
flow. (a) Baseline speckle contrast image. Two-photon imaging region is boxed and 'X' denotes
photothrombosis location. Scale bar = 200 pm. (b) Baseline (Media 4) and (c) post-occlusion
(Media 5) pO, maps in descending arteriole. pO, gradient downstream of occlusion
significantly differs with baseline (p<002, repeated measures ANOVA). See Media 6 for
selected pial measurements and linescans. pO, depth profile under baseline and post-occlusion
conditions in the (d) primary descending arteriole and in a (e) secondary descending segment.
Arrows denote branch points. Error bars represent avg +/— s.d. over five measurements. (f)
Cartoon depicting branch points from (d) and (e) and imaging plane selection at a depth of 110
um for (g) two-photon image and linescans in the enumerated branches. Scale bar =25 um.

Again, LSCI provided a wide-field image of surface blood flow enabling quick targeting of a
vascular region terminating in a descending arteriole, as seen in Fig. 4(a). Preliminary oxygen
tension measurements were made in large portions of the surface and descending segments of
the arteriole (Fig. 4(b) and Media 4). An occlusion was made by photothrombotic clotting of
the entire lumen in the surface segment of the vessel (Figs. 4(a) and 4(c)) and confirmed with
two-photon linescans across the occlusion from upstream to downstream (Media 6). Post-
occlusion pO, measurements were performed in the same vessel down to a depth of 150pum
(Fig. 4(c) and Media 5).

Immediately upstream of the clot, intravascular pO, remains consistent (90% confidence
interval) with baseline measurements (Figs. 4(b)-4(c) and Media 6). However, downstream
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there is a precipitous drop in pO, (Fig. 4(c)) versus baseline measurements made over the
same spatial regions (Fig. 4(b)), reaching absolute levels lower than that observed even in the
deepest baseline measurement point (z = 150 pm, Fig. 4(d)). Given the low levels of post-
occlusion pO; in Fig. 4(d), the branch points with depth provide substantial pO, elevations in
the descent path. The primary arteriole branches into a second descending arteriole with
comparable vessel caliber half way through the depth sampled and results in the first pO,
increment of 26% (Fig. 4(d), blue trace) after occlusion, followed by a second branch at z =
110 pm with another 26% increase in oxygen tension.

Before occlusion, both the primary and secondary descending arterioles have similar pO,
depth profiles (Figs. 4(d) and 4(e), p<0.001, ANOVA repeated measures). Two-photon
linescans can provide both flow magnitude and perhaps more importantly direction to
highlight flow redistributions in planar vessel segments. In Figs. 4(d)-4(g), a 31% (5 mmHg)
increase in post-occlusion pO, was observed in the primary arteriole at branch point ‘2’ and a
47% (10 mmHg) increase in the second descending arteriole at branch point ‘3’. Post-
occlusion, flow reversal is observed in both branches with RBC speeds at 60% (branch point
¢2%) and 12% (branch point ‘3") of baseline (Fig. 4(g)). The passive redistribution of flow
through the branches does not scale directly with the relative pO, increments at each branch
point, highlighting that flow magnitudes alone may be poor indicators of relative oxygen
supply when identifying bottlenecks and redundancy in the vascular architecture.

Observation 2: overlapping vessels and latent branching
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Fig. 5. (a) Baseline and (c) post-occlusion LSCI; “X” marks location for targeted occlusion. (b)
Baseline and (d) post-occlusion two-photon images and pO, measurements in pial arteriole and
venule. Arrows indicate flow direction. Scale bar = 50 um. (e) pO, depth profile in descending
segment of pial arteriole in (a)-(d). Error bars represent avg +/— s.d. over five measurements.
Baseline and occlusion pO, gradients significantly differ (p<001, repeated measures ANOVA).
(f) Partial z-projection with vascular outlines shows density of regional vasculature (left) and
two photon image at z = 260 um depicts branching point oxygen tensions (right). Cartoon
(center) highlights projection depths and selected planes. Scale bar = 12 pm.

Speckle imaging can be used to gauge the perfusion changes following an occlusion,
particularly surrounding the arteriole of interest. The regional perfusion index is depth
integrated and although does not provide the degree of vessel specificity of two-photon
linescans, it is not limited to vessels flowing in the imaging plane formed by the lateral scan
directions. In another mouse, baseline LSCI and two-photon imaging were performed to
identify a pial arteriole leading to a descending segment for targeted occlusion in Figs. 5(a)
and 5(c). It is difficult to estimate the O, extraction by the underlying tissue given surface
arterio-venous oxygen tensions alone in Figs. 5(b) and 5(d). This is partly due to the
possibility of diffusional shunting between the large overlapping and neighboring vessels
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[9,10,29] in the more elevated planes seen in the speckle and two photon images as well as
contributions from disparate underlying supply and drainage regions between the surface
vessels. Ultimately, three dimensional mapping becomes necessary.

pO, measurements were made in the descending arteriole down to its first branch seen in
Fig. 5(e). The shallow baseline pO, gradient seen in the first 80 microns of depth may be
attributed to effects from the overlapping and neighboring vasculature seen in Fig. 5(f) as
oxygen tensions remain within the relative measurement variability at each plane (see
errorbars in Fig. 5(e)). Diffusional shunting across the vasculature can be noted with finer
spatial sampling, as has been shown before using 2PLM [10]. After photothrombosis, a 70%
drop in pO, (post-/pre-occlusion) was observed in the surface segment of the descending
arteriole in Fig. 5(d), followed by a low residual oxygen tension of 4 mmHg in the descending
segment. Substantial branch-mediated elevation of oxygen tension is again apparent, though
now observed much beneath the surface (19.6 + 1.8 mmHg, z = 260um, Figs. 5(¢) and 5(f)).
Measurements more distally into this branch also retained comparably elevated pO, levels
versus the descending arteriole (20.2 + 2.4 mmHg in branch). Physiologically, the
intravascular oxygen tensions may indicate extreme tissue hypoxia surrounding the vessel.
Microcirculation studies observing substantial cell death in the cortical layers around single
descending arterioles following occlusion may have sampled similar latent branching vessels
[24,30]. The inherent sensitivity of the phosphorescent quenching oximetry technique noted in
Figs. 1(c) and 1(e) is leveraged in mapping these residual intravascular oxygen tensions after
occlusion.

Observation 3: gradient reversal in primary arteriole
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Fig. 6. (a) Depiction of a descending arteriole with plane of first branch shown in gray at a
depth of approximately 85um. (b) Two photon images showing baseline oxygen measurements
in descending arteriole and first branch before and after occlusion corresponding to plane noted
in (a). Reversal or depression of oxygen gradient away from primary arteriole is observed after
occlusion. (c) pO, depth profile in descending arteriole under baseline and post-occlusion
conditions. Arrow indicates first pO, measurement after branch at z = 85um in depth. Error
bars represent avg +/— s.d. over five measurements. Co-registered baseline and occlusion pO,
gradients significantly differ (p<002, repeated measures ANOVA).

Measurements of oxygen in a descending arteriole were made to a depth of 300um in another
animal, well beyond the first branch point noted in Fig. 6(a). As expected through the first
branch, a decrease in pO, away from the descending arteriole (Fig. 6(b) left) is observed
consistent with blood supply exiting the primary vessel, though with insufficient fluorescence
contrast to measure flow dynamics. However, this oxygen gradient is depressed if not
reversed after occlusion, as pO, levels no longer decrease in the branch more distal from the
junction with the descending arteriole (Fig. 6(b) right). Additionally, the “u” shaped arteriolar
gradient after occlusion shown in Fig. 6(c) may suggest flow reversal from downstream
segments now supplying the main arteriole and exiting at the branch point.
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3.3 Observed pO, gradient redistributions in summary
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Fig. 7. Partial pressure of O, (pO,) depth profiles of descending arterioles under baseline (n =9
vessels) and occlusion (n = 5 vessels) conditions across all animals. Symbols represent unique
arterioles over 8 animals. “Early” branching is noted as occurring at z < 150 um, while “latent”
occurring after this depth. See Media 7 for repeated baseline measurements in two arterioles.

Our preliminary observations (Fig. 7, red symbols) register the majority of the arteriolar
oxygen tension drop in depth within the first 150 um of descent under baseline conditions (n =
9 arterioles across 8 animals) with no comparable drop in upstream surface segments over
similar length scales. Beyond systemic pulse oximetry, oxygen tensions in two cortical
arterioles were monitored for physiological variability (Media 7), where repeated baseline
depth profiles were observed to not significantly differ over comparable experiment durations
to the occlusion studies. Chronic monitoring over multiple days may further elucidate any
variability, while periodic systemic arterial blood gas analyses may be appropriate for acute
settings. After occlusion (Fig. 7, blue symbols), no consistent pO, depth profile seems
retained and residual oxygen inflows varied with vascular architecture and were low in
magnitude with respect to baseline. The effects of early (z < 150 pum) and latent (z > 150 pm)
branching after occlusion can be noted across animals in Fig. 7. This cursory depth
classification of branching is juxtaposed to the steep baseline gradient observed in the
elevated planes. In particular, the residual perfusion levels, oxygen tension maps, and vascular
labeling as shown may be useful for examining the potential communicating roles of vessels
within the regional microvascular network.

4. Discussion

Through the combination of two-photon fluorescence and phosphorescence lifetime
microscopy with laser speckle contrast imaging and photothrombosis, we have presented an
all-optical, non-contact system for interrogating oxygen tension and blood flow within the
microcirculation. Specifically, we highlight the utility of using 2PLM for examining a large
range of absolute oxygen tensions with three dimensional sectioning.

Our measurements were largely limited to single arterioles due to long acquisition times
for occlusion studies which lead to the sparse sampling of vasculature. Acquisition times may
be improved by increasing phosphorescent signal strength through higher intravascular
concentrations of the oxygen probe and tuning the nonlinear excitation wavelength further
into the near-infrared to take advantage of the probe’s improved two photon absorption cross-
section [8]. This may also require use of more red-shifted vascular labeling fluorophores for
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structural contrast. Acquisition times may further be improved for more expansive lifetime
measurements by recently reported frequency multiplexed implementations [31].
Additionally, current and emerging excitation sources for two-photon microscopy can provide
sufficient signal to background for imaging to at least 700 um beneath the dura mater [32-34].
This may be sufficient to reach most of the functionally relevant cortical layers of the mouse
brain [5], but an assessment of the degree of out of plane signals will be necessary, as the
sectioning ability may become coarser with deeper (z>400 um) measurements in vivo.

Practically, photothrombosis and wide-field LSCI can be simple additions to existing two-
photon lifetime microscopy systems using an available camera port and the ability to swap
excitation and detection filters for the respective lasers. Rather than just the binary (e.g. flow
or no flow) occlusion monitoring presented, speckle contrast images can be used for more
quantitative registration with oxygen tensions by using dynamic light scattering models to
convert the contrast values to estimates of the autocorrelation decay times of the speckles.
These decay times more accurately decouple the flow-related contribution to the imaged
speckles [14,35,36]. Finally, custom software coupling can enable seamless modality
transitions as was done here within the C++ development environment.

4.1 Physiological perspectives

Ultimately, as the surface arterioles penetrate into the underlying cortex, several factors may
contribute to the observed baseline oxygen depletion with depth: (1) the metabolic demand of
the surrounding cortical tissue; (2) limited anastomosis in penetrating segments versus the
surface [23]; (3) the change in the peri-vascular or blood-brain-barrier morphology [37]; and
(4) changes in the vascularized fraction of the tissue sections with depth [38]. Further
categorization by branch order, vessel size, and maximum depth of arteriole descent will be
necessary before and after targeted occlusions. All these factors are measurable through
labeled in vivo preparations followed by two-photon imaging as referenced. Particularly,
2PLM examination of the oxygen extraction in the resting and functionally activated brain
will help corroborate previous findings of Clark electrode [2] and phosphorescence lifetime
measurements made immediately outside the vascular lumen of cortical arterioles in small
animals [12]. Perhaps more conclusively, this implementation can be used to bridge the
findings of studies utilizing the more classical and invasive oximetry techniques for
examining microvascular networking [2,39,40].

As presented, the combined optical technique can be used to highlight possible bottlenecks
as well as redundancy and collateral supply by means of selective occlusions. Hemodynamic
studies attempting to localize and quantify net oxygen extraction for interpreting cerebral
metabolic rates [41] and fMRI signals [42] will benefit from selective and scalable flow
alterations to decouple the effects of multiple vessels while obtaining flow-correlated
intravascular oxygen tensions. The impact of reductions in intravascular oxygen tension on
the metabolic health of the surrounding tissue may be obtained from two photon
autofluorescence lifetime microscopy of NADH [43,44] as well as imaging of neuronal
structural dynamics [45]. In order to further examine the functional layout of the
microvascular network, occlusions and measurements may be scaled to increasing number of
vessels. If expansive, the impact on cognitive function can be examined with the presence of
molecular oxygen in the local microcirculation.

We have chosen cerebral microcirculation for demonstration due to its unique functional
layout and relevance in neural activity through neurovascular coupling, which ultimately
benefits from a non-contact hemodynamic characterization. Similar interrogations are not
limited to the brain and may also be useful in other highly perfused systems provided the
ability to establish optical access.
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