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Sickle cell disease (SCD) is a genetic disorder that leads to red blood cell (RBC) sickling, hemolysis and the upregula-
tion of adhesion molecules on sickle RBCs. Chronic hemolysis in SCD results in a hyper-inflammatory state characterized
by activation of circulating leukocytes, platelets and endothelial cells even in the absence of a crisis. A crisis in SCD is often
triggered by an inflammatory stimulus and can lead to the acute chest syndrome (ACS), which is a type of lung injury
and a leading cause of mortality among SCD patients. Although it is believed that pulmonary vaso-occlusion could be
the phenomenon contributing to the development of ACS, the role of vaso-occlusion in ACS remains elusive. Intravital
imaging of the cremaster microcirculation in SCD mice has been instrumental in establishing the role of neutrophil-RBC-
endothelium interactions in systemic vaso-occlusion; however, such studies, although warranted, have never been done
in the pulmonary microcirculation of SCD mice. Here, we show that two-photon excitation fluorescence microscopy can
be used to perform quantitative analysis of neutrophil and RBC trafficking in the pulmonary microcirculation of SCD
mice. We provide the experimental approach that enables microscopic observations under physiological conditions and
use it to show that RBC and neutrophil trafficking is comparable in SCD and control mice in the absence of an inflamma-
tory stimulus. The intravital imaging scheme proposed in this study can be useful in elucidating the cellular and molecu-

lar mechanism of pulmonary vaso-occlusion in SCD mice following an inflammatory stimulus.

Introduction

Sickle cell disease (SCD) is an autosomal recessive genetic
disorder affecting ~100,000 Americans and millions of people
worldwide.! Sickle cell anemia (SCA) is the most common form
of SCD and is caused by a homozygous mutation that results in
the substitution of valine (Val) for glutamate (Glu) at the sixth
position in the B-globin chain of hemoglobin.? The mutated
hemoglobin, hemoglobin S (HbS), expressed inside red blood
cells (RBCs) causes several chronic cellular complications includ-
ing RBC sickling, RBC hemolysis and an enhanced expression of
adhesion molecules on the RBC membrane.? The process of RBC
hemolysis leads to a hyper-inflammatory state in SCD character-
ized by the chronic activation of circulating leukocytes, platelets
and the vascular endothelium, as well as upregulation of inflam-
matory cytokines.

Crisis in SCD patients can be precipitated by an inflamma-
tory stimulus like a bacterial infection or sepsis, which leads to
amplification of the hyper-inflammatory state, enabling leuko-
cytes, platelets, pro-adhesive sickle RBCs (sRBCs) and endothe-
lial cells to interact with each other to cause vaso-occlusion.”®
Vaso-occlusion can occur within the liver, spleen, lung, brain and
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bone marrow, and leads to ischemia-reperfusion injury-induced

organ damage,’ extracellular hemin crisis”"

and severe episodes
of pain.'' Vaso-occlusive pain crisis is the primary cause of emer-
gency medical care for SCD patients and episodes of vaso-occlu-
sive pain can occur several times a year and usually last for five
to seven days. 2!

Vaso-occlusion has been studied primarily in the systemic

microcirculation of the cremaster muscle,°

mesentery,"” skin’
and the skull bone marrow' of transgenic mouse models of SCD
using trans-illumination or epifluorescence intravital micros-
copy. Intravital imaging studies of the cremaster microcircula-
tion in SCD mice have revealed that SRBCs and platelets interact
with adhered neutrophils to orchestrate vaso-occlusion in the sys-
temic postcapillary venules following addition of an inflamma-
tory stimulant like tumor necrosis factor (TNF)-a..>'?° Turhan
et al.” found that while there was no binding between adherent
leukocytes (primarily neutrophils) and RBCs in the cremaster
venules of normal mice, neutrophil-sRBC interactions began 30
min after cremaster muscle surgery in SCD mice and further
increased after TNF-a administration to cause vaso-occlusions.
The neutrophil-sRBC interactions were mediated by the CD11b/
CD18 (Mac-1) integrin on neutrophils binding to an unknown
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Figure 1. Comparison of single photon excitation (SPE) with two-photon excitation (TPE). (A) A single photon of higher energy (E = hc/A) is absorbed in
SPE to produce fluorescence emission. In TPE, two lower energy photons (each with E=hc/\)) are absorbed nearly simultaneously to produce the same

the energy of a photon, h is Planck’s constant, c is the speed of light, and A is wavelength. (B) In SPE techniques, such as confocal microscopy, a cone of
fluorescent light is emitted within the sample. To obtain an image localized to the focal plane, a pinhole must be used to filter the out-of-focus light in

that have double the wavelength of photons used in SPE (A, = 2A). hc/N is

emitted photons can be collected. The localized fluorescence in TPE leads

ligand on sRBCs.® By knocking out the genes encoding the
adhesion molecules involved in leukocyte rolling along inflamed
venules (P-selectin and E-selectin), leukocyte rolling and adhe-
sion was greatly reduced. Subsequently, leukocyte-sRBC interac-
tions and the occurrence of vaso-occlusion were also decreased,
leading to a reduction in mortality of SCD mice. Although these
studies of the cremaster muscle have provided invaluable insight
into the cellular and molecular mechanism of vaso-occlusion
within the systemic microcirculation, the cremaster muscle is not
known to be the primary site of vaso-occlusive pain crisis in SCD
patients.>?'

SCD patients suffering from acute pain episodes often develop
acute chest syndrome (ACS) within 2-3 d following hospitaliza-
tion."* ACS is a form of acute lung injury and is characterized
by fever, cough, chest pain, a new pulmonary infiltrate on a chest
X-ray, enhanced hemolysis and high blood leukocyte counts.
Most importantly, ACS is among the leading cause of mortal-
ity and morbidity among SCD patients.'>'* Based on the clinical
finding that ACS can occur following severe vaso-occlusive pain
crisis, it is hypothesized that pulmonary vaso-occlusion could be
the potential trigger driving the ACS.*'*!* Understanding the
role of pulmonary vaso-occlusion in ACS and elucidating the
cellular and molecular mechanism that may drive it can con-
tribute to the development of new prophylactic and post crisis
therapies to prevent ACS and patient mortality. However, this
requires molecular studies of the lung microcirculation in SCD
mice using real-time intravital microscopy. To date, such studies
have never been performed.

Intravital imaging of the intact lung of live mice offers numer-
ous technical challenges. In a live mouse, the lung vasculature
experiences large scale movements (on the order of millimeters)
from expiration/inspiration, the cardiac cycle, and pulsatile blood
flow.???* In addition to the dynamic movement of the lung, the
tissue itself is very fragile and can be easily injured through acci-
dental contact with surgical instruments, necessitating extra care
during surgical preparation. Furthermore, visualizing cellular
trafficking in real-time within the pulmonary microcirculation
necessitates the use of fluorescence imaging techniques, such as
two-photon excitation (TPE) microscopy or confocal microscopy,
due to their high resolution in the z-direction compared with
epifluorescence microscopy.”” However, reaching high penetra-
tion depths with fluorescence imaging has been challenging due
to the scattering of light within the lung tissue at the air-liquid
interfaces.?? For live tissue imaging, TPE microscopy is superior
to confocal microscopy.” TPE microscopy involves the simulta-
neous absorption of two near-infrared (NIR) photons to excite a
fluorochrome instead of the single photon absorption employed
by confocal microscopy (Fig. 1). In contrast to confocal micros-
copy, which utilizes a pinhole to exclude out-of-focus light and
generate z-stacks, TPE inherently allows optical sectioning of tis-
sue in the z-direction. In TPE, the probability of simultaneous
absorption of two photons is greatly confined to the focal plane
of excitation, and thus produces localized fluorescence only at the
focal plane.” In addition, TPE has other advantages over confo-
cal techniques, as it exhibits reduced photobleaching, less pho-
totoxicity, and an improved signal-to-noise ratio. Furthermore,
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Figure 2. Schematic of our TPE imaging setup. A catheter is placed into the carotid artery to enable iv delivery of intravascular fluorochromes and
fluorescent antibodies. The mouse is intubated to facilitate mechanical ventilation and delivery of 1% isoflurane with FiO, of 0.95. The temperature of
the mouse is maintained with a heated stage and a temperature controlled enclosure surrounding the TPE microscope stage. Gentle vacuum suction
is applied to the thoracic window device to immobilize a small region of the left lobe of the lung against a cover glass. TPE imaging is performed with a
NIR laser. In the objective, red denotes excitation and green denotes emission fluorescence. The carotid artery catheter is also connected to a pressure
transducer to monitor blood pressure during imaging. Pulse oximetery is used to monitor blood oxygen saturation, breath rate, breath distension, heart

TPE utilizes NIR wavelengths (> 700 nm) generated by a short-
pulsed laser emitting excitation pulses of 10 s duration and 107
s apart, which leads to deeper tissue penetration (50-100 pm for
lung tissue) than confocal microscopy.?

Recently, Looney et al.? introduced a novel method to sta-
bilize a small area of the mouse lung through the application of
a gentle vacuum (suction). The gentle immobilization served to
minimize x-y lung movement from millimeters to within 5-10
microns. This approach enabled real-time visualization of leuko-
cyte trafficking within the pulmonary microcirculation of wild
type (WT) C57BL/6 mice and transgenic mice expressing fluo-
rescent cells. In this study, we have used a modification of the
methodology proposed by Looney et al.*® to visualize real-time
trafficking of blood cells in the pulmonary microcirculation of
mechanically ventilated live SCD mice using TPE microscopy.
In this study, we demonstrate the surgical, ventilation, fluores-
cence imaging and image analysis strategies that will enable other
researchers to perform intravital studies to investigate pulmonary
vaso-occlusion in SCD mice. We show that our experimental
approach allows stable visualization of RBC and neutrophil traf-
ficking within the lung microcirculation of live SCD mice under
physiological conditions, and that the cellular trafficking within
SCD mice is comparable to control mice in the absence of any
inflammatory stimulus.
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Results

Vacuum enabled thoracic window allows stable visualization
of the pulmonary microcirculation and alveoli in live wild type
mice

To enable TPE imaging of the lung microcirculation in
live mice, we have utilized a modified thoracic window device
(Fig. 2). The device applies a gentle vacuum (negative pressure)
to immobilize the pleural surface of the left lobe of the mouse
lung against a glass coverslip. We used WT C57BL/6 mice to
establish the protocol for intravital lung imaging. Upon intra-
arterial administration of FITC-dextran, our approach enabled
visualization of the pulmonary microcirculation and alveolar air
spaces (Fig. 3). Figure 3 shows that the pulmonary capillaries
surrounding the alveoli move dynamically in the z-direction as
a result of the expansion and contraction of the air spaces from
mechanical ventilation. However, the movement of the pul-
monary capillaries in the x-y plane within the field of view is
minimal. Real-time videos of the microcirculation show robust
perfusion, as the fluorescent dextran flows through the vascula-
ture and around RBCs, which appear as dark spots in the capil-
laries and feeding arteriole (Movie S1). The dynamic movement
of alveoli and robust perfusion confirm that the thoracic window
does not impede breathing and blood flow.
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Figure 3. Vacuum enabled thoracic window allows for stable visualization of the
pulmonary microcirculation and alveoli in a live C57BL/6 mouse. The pulmonary
capillaries surrounding the alveoli (¥) can be seen moving in and out of the imag-
ing plane in the z-direction due to the dynamic expansion and contraction of the
alveoli (¥) with mechanical ventilation. Movement of alveoli starts from the bot-
tom of the image at t = 0 s and moves up to the top with increasing time. Alveoli
are marked by asterisks. Intravascular FITC dextran highlights the pulmonary
capillaries and a feeding arteriole in green. The open arrow denotes the direc-
tion of blood flow within the feeding arteriole. The times displayed are relative
to the selected video frames. Scale bars are 20 pm. The feeding arteriole has a
diameter of 33 pm, while the capillaries have an average diameter of 6 + 2 pm.

The complete video sequence is included in Movie S1.

Elongated neutrophils slowly transit or rapidly ‘hop’ through
the pulmonary capillaries in live WT mice

We next visualized neutrophil trafficking within the pulmo-
nary microcirculation in live C57BL/6 WT mice using fluo-
rescent monoclonal antibodies (mAbs) against Ly-6G or Gr-1,

1626 As shown in

differentiation markers specific to neutrophils.
Figure 4, neutrophils are present in large numbers in the non-
inflamed lung and elongate as they travel through pulmonary
capillaries. Real-time videos (Movie S2) demonstrate that neu-
trophil trafficking is a combination of ‘hopping (stop and go)’
neutrophils and slowly transiting neutrophils. In both cases, the
neutrophils completely fill the lumen of pulmonary capillaries,
which are mostly smaller in diameter than the neutrophils.?”*
Here, we have shown that some capillaries even in the non-
inflamed lung are effectively occluded temporarily as neutrophils
transit slowly through them, which can take longer than 5 min
as shown previously.” These observations are supported by previ-

ous studies, 332

which have shown evidence of a large margin-
ated pool of neutrophils within the pulmonary capillaries. The
marginated pool is a result of slow transit of neutrophils against
the mechanical forces of deformation.” In fact, the number of
neutrophils found in the lung microcirculation is 40—65 times
greater than that present in systemic blood vessels.?® Since neu-
trophils have diameters of 6—8 pm, while the pulmonary capillar-
ies are on the order of 2—15 pm, neutrophils often have to deform
to transit through the pulmonary capillaries.?”*® Compared with
¥ and when
observed in vivo within the lung microcirculation, neutrophils

RBCs, neutrophils are larger and less deformable,

are often elongated and ellipsoid in shape (Fig. 4).

We used Imaris (Bitplane; Zurich, Switzerland) to track and
quantitatively analyze neutrophil transit within the pulmonary
microcirculation using sequences of frames captured over a 5-10
min interval. Around 45 neutrophils were observed to transit
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through one field of view (260 pm x 260 pm) over a 5 min
period (Movie S2). Tracks of individual neutrophils are
shown in Figure 4D and are also included in Movie S3.
These tracks were used to estimate the mean track speed
and track length for each neutrophil and were plotted as
a cumulative probability (Fig. 4D). Greater than 90% of
neutrophils transited at 0.5 pm/s or less, indicating that
a majority of neutrophils were slowly transiting through
the capillaries (the mean speed was 0.26 pm/s). The mean
track length for a neutrophil was 36 pm, or about 3 cell
lengths (elongated neutrophils tended to be about 12 pm
in length). About 90% of the neutrophils traveled 70 pm
or less and the largest distance traveled was ~140 pm.

Discoid RBCs rapidly transit through the pulmonary
microcirculation in live WT mice

We have visualized RBC trafficking through the pul-
monary microcirculation using a fluorescent mAb Ter-
119, which identifies a small glycophorin-A associated
molecule specific to erythrocytes.”® As shown in Figure 5,
the transit of discoid RBC:s in a feeding pulmonary arte-
riole is rapid and the RBCs appear as streaks in the upper
portion of the vessel at t = 0 s. The subsequent frames
demonstrate how a bolus of RBCs travels down the feed-
ing arteriole to the arteriolar junction, and then disperses into
the surrounding capillaries. The discoid shape of RBCs becomes
more evident at the arteriolar junction, where RBCs slow down
in order to deform and enter into the neighboring capillaries.
Once inside capillaries, real-time movies demonstrate rapid tran-
sit of RBCs through the capillary bed at the time scale of a few
seconds, 60x faster than slowly transiting neutrophils (see Movie
S4) as shown previously.”

Post-acquisition spectral unmixing improves contrast of tri-
color TPE images

We first established feasibility of imaging neutrophils, RBCs,
and blood vessels simultaneously in the lungs of C57BL/6 WT
mice (Fig. 6A). Visualizing three channels on a multiphoton
system is not trivial, as one laser excitation wavelength is used
to excite all three fluorochromes. To acquire dual color images
(Figs. 4 and 5), we used excitation wavelengths of 920 nm and
940 nm to reduce tissue autofluorescence. The autofluores-
cence was strongest at lower excitation wavelengths (800-900
nm) and was indistinguishable from the fluorescence emitted by
major green fluorochromes (FITC, GFP and Alexa Fluor 488).
Simultaneous acquisition of three fluorochromes (FITC, Alexa
Fluor 546 and Evans blue; Fig. 6A) necessitated decreasing our
excitation wavelength to 850 nm to achieve an optimum TPE
for all of the three fluorochromes. However, this strategy led to
enhanced tissue autofluorescence, which contaminated the fluo-
rescence emitted by FITC (Fig. 6A). Evans blue has been widely
used as an intravascular dye for estimation of the vascular perme-
ability induced during lung injury.* Evans blue, which has been
used as an intravascular fluorochrome to visualize the cerebral
microcirculation in vivo,” undergoes TPE at 850 nm and has
a fluorescence emission spectrum that resembles Cy5 or Alexa
Fluor 647 (far red channel). Although the fluorescence emission
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Figure 4. Elongated neutrophils slowly transit or rapidly ‘hop’ through the pulmonary capillaries of a live C57BL/6 mouse. (A) Green channel. Neutrophils
(green) were stained by intravascular (iv) injection of FITC Ly-6G mAb. Solid arrow denotes slowly transiting neutrophils. The dotted circle highlights a
neutrophil that travels much more rapidly and can be seen hopping between video frames. (B) Red channel. Texas Red-conjugated dextran (red) was
administered iv to visualize pulmonary capillaries and a feeding arteriole. The open arrow shows the direction of blood flow within the feeding arteriole.
(€) Merged dual color image. Neutrophils (green) are shown trafficking through pulmonary capillaries (red). Neutrophils take on an elongated shape
that fills the lumen of pulmonary capillaries. (D) Individual tracks of transiting neutrophils tracked over a 5 min observation period using Imaris software
are shown. The tracking video was analyzed in Imaris to extract mean track speed and track length for all the neutrophils and is plotted as cumulative
distribution graphs. Note that greater than 90% of neutrophils migrate at 0.5 pm/s or less. The times displayed are relative to the selected video frames.
Scale bars are 20 um. The feeding arteriole has a diameter of 21 um, while the capillaries have an average diameter of 6 + 2 um. The complete video
sequences of neutrophil migration within pulmonary capillaries and the tracking video displaying neutrophils with attached dragon tails are included

in Movies S2 and S3.

of Evans blue is strongest in the far red channel, it does bleed into
the red channel to obscure the visualization of Alexa Fluor 546
Gr-1 stained neutrophils (Fig. 6A).

To enhance the visualization of RBC and neutrophil traffick-
ing in tricolor images, we used a post-acquisition algorithm called
spectral unmixing, which can be performed using commercial
software such as NIS Elements. Spectral unmixing uses a least
squares regression algorithm to appropriately segregate different
spectral emission patterns associated with each fluorochrome
and autofluorescence into their respective channels based on user
defined reference spectra. Figure 6B demonstrates how spectral
unmixing drastically improves the image quality by reducing
autofluorescence in the FITC channel (green) and bleed through
of the Evans blue (purple; far red channel) into the Alexa Fluor
546 (red) channel. The merged image (Fig. 6B) shows enhanced
contrast of both RBCs and neutrophils. Unlike the unprocessed
image (Fig. 6A), the image obtained post spectral unmixing
(Fig. 6B) shows that neutrophils are visible as elongated red cells
(positive for fluorescence) over dark background in the red chan-
nel and dark objects (absence of fluorescence) over a purple back-
ground in the far red channel.

RBC and neutrophil trafficking in the pulmonary microcir-
culation of live BERK non-sickle control and BERK SCD mice
is similar in the absence of an inflammatory stimulus

We next performed simultaneous tricolor imaging to visualize
RBC and neutrophil trafficking in live BERK non-sickle mice (a
more appropriate control for our model) and BERK SCD mice.
Figure 7 shows rapid RBC trafficking visible as streaks through-
out feeding arterioles. Movies S5 and S6 also show rapid RBC
transit through pulmonary capillaries in both BERK control and
SCD mice. Similar to Figure 4, neutrophil transit in both groups
of mice was seen as a mixture of slowly transiting and fast hop-
ping neutrophils. We did not observe any stasis in either BERK
control or BERK SCD mice at baseline in the absence of a crisis.
RBC and neutrophil trafficking in the pulmonary microcircula-
tion was similar in BERK SCD and BERK non-sickle control
mice in the absence of an inflammatory stimulus. These results
also show that our experimental protocol enables intravital visu-
alization of neutrophil and RBC trafficking in the pulmonary
microcirculation of BERK sickle mice under physiological con-
ditions with minimal surgical trauma. Any deviation from the
homeostatic trafficking (Fig. 7B) following an inflammatory
insult would be an effect of the inflammatory crisis induced by
the stimulant.

€29748-6
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Discussion

We have successfully visualized simultaneous neutrophil and
RBC trafficking in the pulmonary microcirculation of live BERK
non-sickle (control) and BERK SCD mice. We established that
stasis is absent and cellular trafficking is similar in control and
SCD mice in the absence of an inflammatory stimulus. These
results are supported by previous studies”®!
of lung injury in SCD mice at steady-state. This study serves as

showing the absence

the first step in establishing cellular trafficking at homeostasis
in SCD mice and provides the experimental strategy that can be
used to answer questions pertaining to the cellular and molecu-
lar mechanism of pulmonary vaso-occlusion in response to an
inflammatory stimulus in future studies.

Maintenance of a physiological steady-state during intra-
vital imaging is necessary for the successful interpretation of
the results. Intravital imaging of SCD mice is challenging, as
the thoracic surgery is invasive and the mice are anemic due to
chronic hemolysis and organ infarction.** Although several stud-
ies have used intravital imaging to study the pulmonary microcir-

culation in rodents,?>2437-%

the experimental approach to enable
visualization of immune cell trafficking in the intact lungs of live
SCD mice has never been reported. Presson et al.*” and Salaiin
et al.?® provided methodologies to perform intravital imaging of
the lung microcirculation in rats. Presson et al.¥” used a tech-
nique similar to that used in Looney et al.” and combined it with
TPE to demonstrate increased leukocyte adhesion to the endo-
thelium and vascular leakage in response to iv administration of
4b-phorbol 12-myristate 13-acetate (PMA) into rats. The advan-
tage of using rats over mice is that rats are nearly ten times bigger
than mice and more amenable to invasive surgery; however, a rat
model of SCD does not exist. Salaiin et al.*® used fibered confo-
cal fluorescence microscopy to investigate quantitative changes
in pulmonary capillaries in response to induced emphysema in
rats. Fluorescein-dextran was injected iv, a confocal probe was
placed adjacent to the pleural surface and a vacuum was applied
around the probe to keep the lungs inflated. The advantages of
this technique are that it is minimally invasive and uses spontane-
ous breathing rather than mechanical ventilation. However, the
lungs are freely moving and require stabilization by pressing onto
the pleura, which can affect hemodynamics and lung perfusion.
In the study by Yang et al.,* a combination of epifluorescence
and brightfield microscopy was used to estimate the thickness
of the glycocalyx within the pulmonary microcirculation of live
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Figure 5. Discoid RBCs rapidly transit through the pulmonary microcirculation in a live C57BL/6 mouse. (A) Green channel. RBCs (green) were stained by
iv administration of FITC Ter-119 mAb. (B) Red channel. Texas Red-conjugated dextran (red) was administered iv to visualize pulmonary capillaries and a
feeding arteriole. The open arrow shows the direction of blood flow within the feeding arteriole. Note that Texas Red dextran fluorescence in the feed-
ing arteriole decreases as a bolus of RBCs transits through it. (C) Merged dual colorimage. At =0 s, RBCs (green) can be seen traveling rapidly through
the upper portion of the feeding arteriole (RBC transit is so rapid that their shape is distorted and they appear as green streaks in the image). Over the
next 2 s,a bolus of RBCs (green) travels down the feeding arteriole and rapidly disperses into the capillaries. Since RBC transit is temporarily slowed at the
arteriolar junction, the discoid shape of RBCs can be seen within the branches of the arterioles and within the capillaries. Dotted circles demonstrate that
the presence of RBCs within capillaries is associated with dark spots or exclusion of the vascular dye within the capillaries. Alveoli are marked by asterisks.
The times displayed are relative to the selected video frames. Scale bars are 20 pm. The feeding arteriole has a diameter of 29 um, while the capillaries
have an average diameter of 6 + 2 um. The complete video sequence of RBC trafficking within the pulmonary microcirculation is included in Movie S4.

mechanically ventilated mice. Applying a technique inspired by
Kuebler et al.,** a cavity was made in the chest wall and the lung
was brought into contact with a polymeric membrane contain-
ing a glass coverslip using a negative pressure. Free movement
of the lung renders this preparation more physiological, but
limits image capture to pauses between the breathing cycles,
which affects temporal resolution. In addition, similar to Presson
et al.,’’ this study also used two catheters and iv delivery of large
amounts of supplemental fluids. These practices would not be
ideal for SCD mice, which are anemic and cannot tolerate mul-
tiple cannulations. In addition, iv administration of fluids can
substantially affect hematocrit, which can be detrimental for the
survival of sickle mice.

In the current study, several key factors helped to maximize
survival of SCD mice during the surgery. First, since the surgery
is invasive, it is necessary to use injectable anesthetics followed by
a maintenance anesthesia of 1% isoflurane with FiO, of 0.95. The
most widely used injectable anesthetic cocktail of ketamine and
xylazine alone can cause cardiac depression and a drop in arterial
blood pressure, which can induce hypoxemia and/or hypercapnia
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in already anemic SCD mice. We used a cocktail of ketamine,
xylazine and atropine, which has been recommended to achieve
mean arterial blood pressures of greater than 50 mmHg during
intravital microscopy of the mouse cremaster muscle.*” Thus, it
is necessary to monitor the arterial blood pressure of SCD mice
during the intravital imaging (Fig. 2), so that all the observa-
tions are recorded under physiological conditions. Second, the
bleeding during the thoracic surgery needs to be minimized by
using a cauterizer to remove the overlying tissue and three to
four anterior ribs in order to expose the left lobe of the lung. Use
of scissors causes bleeding around the serrated ribs, leading to
a drop in mean arterial blood pressure and hypovolemic shock.
Third and finally, it is important that SCD mice receive adequate
mechanical ventilation to optimally expand lungs and prevent
hypoxemia. The P, for the oxygen saturation of mouse hemoglo-
bin is nearly 2-fold that of humans and use of FiO, higher than
0.21 is recommended to avoid hypoventilation of mice.”" Since
SCD mice are anemic, we have used FiO, of 0.95 for delivering
maintenance anesthesia (1% isoflurane) to compensate for any
uncertainty associated with optimal expansion of the lung during
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Figure 6. Post-acquisition spectral unmixing improves contrast of tricolor TPE images. Tricolor images of RBCs (green) and neutrophils (red) in the pul-
monary microcirculation (purple) of a live C57BL/6 mouse (A) before spectral unmixing and (B) after spectral unmixing performed with NIS Elements
software. The green channel shows RBCs stained with iv administration of FITC Ter-119 mAb. Spectral unmixing has served to reduce some tissue auto-
fluorescence in the green channel, visible as a green haze in the original image A. The red channel shows neutrophils stained with iv administration
of Alexa Fluor 546 Gr-1 mAb. The red channel also includes substantial bleed through from the intravascular fluorochrome (far red channel; purple)
in the original image A. Spectral unmixing partially eliminates the bleed through, enabling visualization of neutrophils (red). After spectral unmixing,
neutrophils appear as dark objects on a purple background far red (purple) channel. Three characteristic neutrophils are marked by the dotted circles.
The merged tricolor images show that spectral unmixing leads to an improvement in visualization of both intravascular RBCs and neutrophils. Alveoli

are marked by asterisks. Scale bars are 20 um.

mechanical ventilation. It is recommended to use pulse oxim-
etry'® (Fig. 2), which allows noninvasive measurement of percent
oxygen saturation of blood, in order to confirm the adequacy of
ventilation.

There are several limitations associated with the current sctudy.
The Ter-119 mAb clone used to stain RBCs intravascularly iden-
tifies a small glycophorin-A-associated molecule on the surface
of all erythrocytes from the proerythroblast to the mature eryth-
rocyte stage.” Therefore, the Ter-119 mAb cannot differentiate
between reticulocytes, dense sickling RBCs or irreversibly sick-
led cells (ISCs). It is important to note that RBCs in SCD are a
heterogeneous population of at least four different types of cells,*
which have different deformability depending on the concentra-
tion of HbS present in the cytoplasm. The difference in deform-
ability of sSRBC subtypes may play a role in their ability to adhere
to neutrophils and the endothelium, and may impact their transit
through pulmonary capillaries, which would be an interesting
avenue of research provided these populations could be differen-
tially labeled in vivo.

Although a resonant scanning head (like the one used in
the current study) enables video rate acquisition of frames,
improvement of the signal-to-noise ratio often requires aver-
aging of line scans that reduces the frame acquisition rate.
Without line averaging, our system is capable of acquiring 30
frames per second, but after introducing a 16x line average, we
were limited to acquiring at 2 frames per second. This greatly
affected our ability to accurately capture hopping neutrophil
movement and fast transiting RBCs through arterioles and
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venules. Since hopping neutrophils can travel large distances
between frames, automatic tracking software fails to track them
and these cells require selection by hand in every frame. It is also
not possible to track rapidly transiting RBCs in the larger ves-
sels, since the tracking software requires identification of the user
defined cell shape and the fast flowing RBCs are visible only
as streaks (Figs. 5 and 7). To ameliorate this problem, we plan
in future studies to reduce our field of view in the y direction
(requiring fewer lines to be scanned per frame) for some acquisi-
tions to enable higher frame rates (5 to 10 frames per second) for
better cell tracking capabilities. As shown in a previous study,?
the speed of blood flow within arterioles, venules, and also cap-
illaries can be more directly assessed by injecting fluorescent
micron-sized beads and performing a single rapid line scan acqui-
sition perpendicular to the vessel of interest, which can be useful
in confirming vaso-occlusion in our model.

Furthermore, our field of view is limited spatially and tem-
porally. We only acquire in a single z plane because acquiring
a z-stack increases acquisition time and decreases frame rate.
Capillaries move in and out of the z plane with the breathing
cycle, so we cannot continue tracking cells that enter a vessel per-
pendicular to the field of view. In addition, the lower half of the
left lung is typically the region that is stabilized by the thoracic
imaging window, since this area of the lung is the largest and also
the farthest from the heart. However, imaging the lower half of
the lung also seems like an advantage because it is known that
intra-tracheal instillation of inflammatory stimulants and bacte-
ria are primarily localized to lower lung zones.** The lower lung
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Figure 7. RBC and neutrophil trafficking in the pulmonary microcirculation of live BERK non-sickle control and BERK SCD mice is similar in the absence
of an inflammatory stimulus. RBCs are shown in green, neutrophils in red, and the pulmonary microcirculation in purple. Alveoli are marked by asterisks
and open arrows denote the direction of blood flow through feeding arterioles. (A) Cellular trafficking in the lungs of a live BERK non-sickle control
mouse. Blood flow through the pulmonary arteriole is rapid, as seen by the green streaks of RBCs. Some neutrophils are seen slowly transiting, while
others rapidly transit through capillaries and arterioles. Dotted circles highlight a hopping neutrophil rapidly transiting within a capillary fromt=0s to
t=0.5s. Dashed circles highlight another neutrophil that quickly exits the feeding arteriole and enters a capillary from t = 18 s to t = 18.5 s. The feeding
arteriole has a diameter of 41 pm, while the capillaries have an average diameter of 5 + 2 um. (B) Cellular trafficking in the lungs of a live BERK SCD mouse.
Perfusion in the SCD mouse is similar to the control non-sickle mouse shown in A. RBCs are visible as green streaks in the feeding arteriole. Dotted circles
mark a hopping neutrophil as it transits quickly through capillaries over a period of 1.5 s. Dashed circles mark another hopping neutrophil as it exits the
feeding arteriole and enters the capillaries surrounding an alveolus. Slowly transiting neutrophils were also observed in the pulmonary capillaries of the
SCD mouse. The feeding arteriole has a diameter of 41 um, while the capillaries have an average diameter of 7 + 2 um. The times displayed are relative to
the selected video frames. Scale bars are 20 um. The complete video sequence of RBC and neutrophil trafficking within the pulmonary microcirculation

of a live BERK non-sickle control and live BERK SCD mouse are included in Movies S5 and S6.

region also has more clinical relevance, since this area is typically
where adult patients with ACS experience the most lung injury.*?
Furthermore, the thoracic surgery is very invasive, the mice can-
not survive on the ventilator for several hours, and eventually the
NIR laser can also cause tissue damage. Thus, it is possible to
image a mouse lung for only 1 to 1.5 h.

In future studies, our setup will allow for visualizing vaso-
occlusion in the lung in real-time following the addition of
inflammatory stimuli such as lipopolysaccharide (LPS), live bac-
teria or intravascular hemin. Similar to the systemic vaso-occlu-
sion seen in the cremaster muscle,” a recent study® has shown
the presence of intravascular neutrophil-RBC congestion and
neutrophil extracellular traps (NETs) formation in response to
intravascular hemin administration in isolated fixed lung sec-
tions of SCD mice. It would be useful to repeat these studies
in live mice with the intravital imaging approach proposed in
the current study. This approach will enable elucidation of the
molecular mechanism of pulmonary vaso-occlusion or conges-
tion by analyzing the effect of function blocking mAbs and
small molecule inhibitors against different adhesion molecules
and receptors for DAMPs (danger associated molecular patterns)
expressed on neutrophils, platelets, and endothelial cells. Several
studies have shown that platelets may play a significant role in the
thrombo-inflammatory process of vaso-occlusion in SCD.!®#
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Thus, it would be useful to simultaneously image platelets, neu-
trophils, RBCs and the vasculature, which can be achieved by
proper selection of emission filters and a fluorochrome for the
mAb against mouse CD49b, a recommended marker for in vivo
platelet staining.”

The lack of an SCD mouse expressing a fluorescent protein
like GFP in neutrophils, RBCs or platelets leaves us with the only
option of using fluorescent Abs against markers for these cells.
SCD mice are anemic and the intravascular administration of
large volumes of reagents can alter the disease outcome by chang-
ing the hematocrit and extent of hemolysis. Thus, the total vol-
ume of reagents administered to the SCD mice should not exceed
more than 20% of the total blood volume.” These concerns can
be eliminated by crossing an SCD mouse with a reporter mouse
expressing GFP in erythrocytes or Lyz2-EGFP mice®® expressing
GFP in neutrophils. However, BERK SCD and non-sickle con-
trol mice are on a mixed genetic background (H2b haplotype)
with contributions from C57BL/6, 129Sv, FVB/N, DBA/2 and

Black Swiss strains'3¢

and crossing these mice with other trans-
genic fluorescent reporter mice is nontrivial and tedious.

In conclusion, we report a TPE microscopy enabled intravi-
tal imaging approach that allows simultaneous visualization of
leukocyte and RBC trafficking in the lungs of SCD mice. This

approach will be helpful in future studies aimed at elucidating
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the molecular and cellular mechanism of pulmonary vaso-occlu-
sion in mouse models of SCD.

Materials and Methods

Reagents

Fluorescein-isothiocyanate (FITC) rat anti-mouse Ter-119
mAb (Clone Ter-119) and FITC rat anti-mouse Ly-6G mAb
(Clone 1A8) were purchased from BD Biosciences (San Jose,
CA). Rat anti-mouse Gr-1 mAb (clone RB6-8C5) was pre-
pared from a hybridoma culture supernatant at the Lymphocyte
Culture Center, University of Virginia. The Gr-1 mAb was con-
jugated to Alexa Fluor 546 using an antibody labeling kit from
Molecular Probes, Inc. (Eugene, OR). Texas Red dextran (MW
70,000) and FITC dextran (MW 70,000) were also purchased
from Molecular Probes Inc. Evans blue was purchased from
Sigma Aldrich (Saint Louis, MO).

Mice

C57BL/6 WT mice, Berkeley (BERK) SCD mice (Tg[Hu-
miniLCRa “y*y8p°], Hbaw —/—= HbB _-/-) and BERK non-sickle
control mice (Tg[Hu-miniLCRe “y*y3(°], Hba —/— HbB_+/-)
were obtained from the Jackson Laboratory (Bar Harbor, ME)
and housed in a specific pathogen-free animal facility at the
University of Pittsburgh. BERK mouse phenotypes were con-
firmed in-house through assessment of complete blood counts
(CBCs), percent reticulocytes, and hemoglobin electrophore-
sis. All animal experiments were approved by the Institutional
Animal Care and Use Committee at the University of Pittsburgh.

Surgical preparation

Mice were anesthetized with an intraperitoneal (i.p.) injec-
tion of 125 mg kg of body weight ketamine HCI (100 mg ml”;
Henry Shein Animal Health; Dublin, OH), 12.5 mg kg™ of body
weight xylazine (20 mg ml”'; LLOYD Laboratories; Shenandoah,
IA), and 0.04 mg kg of body weight atropine sulfate (0.54 mg
ml"'; Henry Schein Animal Health). When anesthetized, mice
were given a 1 ml i.p. injection of warmed saline and placed on a
heated stage in the supine position. A tracheotomy was performed
and a short length of PE90 tubing was inserted into the incision
site and tied to the trachea using a silk suture. Next, the right
carotid artery was cannulated with heparinized PE10 tubing.
Upon catheterization, mice were mechanically ventilated at 120
breaths min™ with a tidal volume of 10 pl g of body weight using
a MiniVent Type 845 (Harvard Apparatus; Holliston, MA). The
ventilator was used to deliver 1% maintenance isoflurane (Henry
Shein Animal Health) with a FiO, of 0.95.

Mice were repositioned in the right lateral decubitus position.
The left lobe of the lung was exposed through removal of the
overlying skin, fat, and three to four anterior ribs. Bleeding was
minimized by using a Thermal Cautery Unit (Geiger Medical
Technologies; Council Bluffs, IA) during the lung surgery.
Periodically during the surgery and imaging, the lung was rehy-
drated with physiological saline through the open cavity. To gen-
tly immobilize the lung, we used a micro-machined thoracic lung
window inspired by Looney et al.? (Fig. 2), which provided a
light suction through the use of a vacuum pump (Roscoe Medical
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Inc.; Strongsville, OH). The modified thoracic lung device had a
larger viewing window (diameter ~5 mm) that allows more stable
imaging over extended durations. A round coverslip (diameter
12 mm) was placed on top of the thoracic window and held in
place using vacuum grease. Once the vacuum was applied, the
thoracic window was gently lowered to immobilize a small region
of the lower half of the left lung against the coverslip. Next, intra-
vascular fluorescent dyes and fluorescent mAbs were injected
through the carotid artery catheter. Intravascular fluorescent
dyes included 200 pg of Texas Red dextran, 125 pg of FITC dex-
tran or 75 pg of Evans blue. Neutrophils were labeled in vivo
through injection of 7 pg of FITC-conjugated Ly-6G mAb or
7 pg of Alexa Fluor 546-conjugated Gr-1 mAb. A recent study
has shown that lower amounts of fluorescent Ly-6G and Gr-1 (<
40 pg) facilitate real-time visualization of neutrophil recruitment
in vivo without interfering with neutrophil recruitment.”” RBCs
were labeled in vivo with 35-40 pg of FITC-conjugated Ter-119
mAb, which identifies a small glycophorin-A associated molecule
specific to erythrocytes.

TPE setup

Real-time two-photon movies of neutrophil and RBC traffick-
ing within the lung microcirculation of live mice were captured
using a Nikon A1R MP configured with the Nikon Ni-E upright
motorized microscope (Nikon Instruments; Tokyo, Japan). The
scope was equipped with a prechirped Chameleon Laser Vision
(Coherent; Santa Clara, CA) capable of emitting excitation wave-
lengths from 700 to 1000 nm, an APO LWD 25x water immer-
sion objective with 1.1 NA, a high speed resonant scan mode
capable of acquiring at video rate (30 frames per second) without
line averaging at 512 x 512 resolution, and a galvanometer scan-
ning mode. A Nano-Drive (Mad City Labs Inc.; Madison, W1)
allowed for fine high speed control of z-plane selection for image
acquisition and a Prior automated stage controlled the x-y move-
ment of the imaging platform. The fluorescence detection unit of
the scope consisted of four detectors (photo multiplying tubes),
which collected fluorescent light transmitted through 446 / 92
nm (detector 1; blue channel), 525 / 50 nm (detector 2; green
channel), 576 / 26 nm (detector 3; red channel), and 685 / 70
nm (detector 4; far red channel) band pass filters, respectively. In
this study, we used detector 2 for FITC, detector 3 for Texas Red
or Alexa Fluor 546, and detector 4 for Evans blue. The micro-
scope was also equipped with a metal halide (Intensilight) epi-
fluorescent illuminator to view samples using the eyepieces. The
microscope components including the laser, stage, resonant scan-
ning head, detectors and acquisition were controlled using NIS-
Elements software (Nikon Instruments; Tokyo, Japan) installed
on a PC, which also allowed post-acquisition image processing
of median filtering, averaging, cell tracking and spectral unmix-
ing. The whole assembly of the TPE microscope was placed on
a vibration isolation table (Kinetics Systems Inc., Boston, MA).

Intravital imaging

After administration of an intravascular fluorescent dye and
fluorescent mAbs, mice were transported on the heated stage to
the microscope stage. The microscope stage was enclosed in a
temperature controlled black plexiglass enclosure set at 37 °C,
which prevented interference by the ambient light. GenTeal eye
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gel (Novartis; Basel, Switzerland; refractive index 1.33) was
placed on the glass coverslip of the thoracic window device to
interface with the two-photon objective. The eye gel has the
same refractive index as water and is readily compatible with
water immersion objectives. The approximate imaging plane
was focused using the fluorescent lamp and eye piece, with fine
adjustments made through the Nano-Drive and Prior stage fol-
lowing initiation of scanning in the resonant mode. Movies were
acquired using NIS Elements software with the following set-
tings: resonant scan mode with 16x line averaging (1.9 frames per
second) and bi-directional scanning, laser power of 5%, and exci-
tation wavelengths of 920 nm and 940 nm for dual color movies
and 850 nm for tricolor movies. Acquisition was often conducted
using a field of view of 512 pm x 512 pm or 260 pm x 260 pm at
1 or 0.5 pm resolutions, respectively.

Monitoring of physiological parameters

During image acquisition, several physiological parameters
of mice were monitored (Fig. 2). To enable blood pressure mea-
surements, the carotid artery catheter was connected to a blood
pressure transducer (Edwards Lifesciences; Irvine, CA). The
transducer was connected to the Power Lab / 8SP data acquisi-
tion system (ADInstruments; Colorado Springs, CO), the Quad
Bridge amplifier (ADInstruments; Colorado Springs, CO), and
finally to a computer monitor for real-time visualization and
recording using LabChart software. The MouseOxPlus pulse
oximeter and mouse thigh sensor (Starr Life Sciences Corp;
Oakmont, PA) were used to measure oxygen saturation of blood,
breath rate, breath distention, heart rate, and pulse distention.

Image processing

Movies were processed using Nikon’s NIS Elements software.
A median filter with a kernel size of 3 was applied over each video
frame to improve signal-to-noise ratio. Signal contrast in each
channel of a multicolor image was further enhanced by adjusting
the maxima and minima of the intensity histogram of that chan-
nel. Spectral unmixing was performed using NIS Elements to

separate out tissue autofluorescence from the FITC fluorescence
and to reduce bleed through among different channels of tricolor
images. To initiate spectral unmixing, region of interests (ROls)
were drawn over areas containing RBCs only (FITC), neutro-
phils only (Alexa Fluor 546), blood vessels only (Evans blue), and
autofluorescence. The emission spectrum for each fluorochrome
of interest was estimated within each ROI and saved. The saved
spectra were used as reference spectra to unmix the contribu-
tion of each flurochrome to every pixel in the image using a least
squares regression algorithm in NIS Elements.

Furthermore, neutrophil trafficking was analyzed using
Imaris software (Bitplane; Zurich, Switzerland). Neutrophils
were first isolated with the spots algorithm using shape criteria
and a quality filter. False positive and false negative cells were
manually adjusted in every frame. Tracks were created from the
spot data over the 5 to 10 min movie and transit parameters such
as mean track speed and track length were estimated. Quick time
movies were also created in Imaris to show real-time tracking of
neutrophils with dragon tails (Movie S3). Mean track speed and
track length values from Imaris were imported into Microsoft
Excel and cumulative probability graphs were created using the
Data Analysis package.
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