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Intravital imaging of a pulmonary endothelial
surface layer in a murine sepsis model
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Abstract: Direct intravital imaging of an endothelial surface layer (ESL) in pulmonary
microcirculation could be a valuable approach to investigate the role of a vascular endothelial
barrier in various pathological conditions. Despite its importance as a marker of endothelial
cell damage and impairment of the vascular system, in vivo visualization of ESL has
remained a chalenging technical issue. In this work, we implemented a pulmonary
microcirculation imaging system integrated to a custom-design video-rate laser scanning
confocal microscopy platform. Using the system, a real-time cellular-level microscopic
imaging of the lung was successfully performed, which facilitated a clear identification of
individual flowing erythrocytes in pulmonary capillaries. Subcellular level pulmonary ESL
was identified in vivo by fluorescence angiography using a dextran conjugated fluorophore to
label blood plasma and the red blood cell (RBC) exclusion imaging analysis. Degradation of
ESL width was directly evaluated in a murine sepsis model in vivo, suggesting an impairment
of pulmonary vascular endothelium and endothelial barrier dysfunction.
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1. Introduction

Endothelial surface layer (ESL) is an extracellular layer of the endothelia cells covering the
luminal surface of the blood vessels, which consists of glycocalyx and bound plasma
congtituents [1, 2]. The ESL has been regarded as a barrier protecting the endothelia cell
from circulating cells and large molecules, preventing platelet adherence and leukocyte
adhesion. While being maintained as a membrane-bound structure in normal physiological
condition, the ESL has been suggested to be degraded in systemic inflammatory condition
including sepsis [3, 4]. Several studies have proposed inflammation-induced shedding of
glycocalyx associated with endothelial dysfunction in inflammatory cascade [5-8].
Furthermore, recent clinical studies reported the elevation of glycocalyx constitution in the
blood plasma and urine of human patients with sepsis, suggesting that the circulating
glycocalyx fragment might be derived from the destruction of vascular ESL [8-12].

Although its importance as a marker of endothelial cell damage and impairment of
vascular system, the visualization of ESL has remained as a challenging technical issue [1].
Due to its thin hydrated gel-like structure, ESL is easily degraded during fixation, and their
thickness is underestimated in ex vivo study [13]. Recently, there have been severa studies
about the in vivo microscopic imaging of ESL utilizing the exclusion of circulating
macromolecule dye from the ESL [5, 6]. The disadvantage of this approach is that it is
relatively irrespective of the interaction between the glycocalyx and the actual circulating
cells. Due to its elastic mechanical properties, the thickness of the endothelial glycocalyx is
varying, dependent on flow and size of circulating cell inside the vessel [14, 15]. For
example, during the leukocyte passage, glycocalyx is known to be temporarily degraded [16].
Meanwhile, glycocalyx is homogeneous and constant during the passage of erythrocyte [14,
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17, 18]. As aresult, in consideration of the continuous interaction between glycocalyx and
circulating erythrocyte [15], in vivo ESL analysis in the presence of sufficient erythrocyte
flow is physiologically appropriate. If the limited access zone of erythrocyte inside the lumen
of capillary could be identified with sufficient flow, the exclusion zone of red blood cell
(RBC) can be regarded as physiologic ESL [14, 18]. From this point of view, pulmonary
endothelium in the lung is reasonably ideal for investigating ESL in vivo as the lung is the
organ with prevalent endothelial cell and the erythrocyte flow is massive and rapid enough to
lift off the layer [1]. In addition, the thickness of ESL has been suggested to be more
prominent in pulmonary capillary than the systemic vessel [5, 19, 20]. Furthermore, the lung
is the most frequently failed organ during the progression of sepsis with the elevation of
glycocalyx fragment in the blood [9-12], which suggests a potentia role of pulmonary
endothelial glycocalyx in endothelial dysfunction, vessel integrity, and organ failure [3, 21,
22].

To visualize and investigate pulmonary ESL in vivo, we utilized a custom-design video-
rate laser scanning confocal microscope and a pulmonary imaging window chamber, which
enabled a real-time subcellular-resolution imaging of the rapidly flowing erythrocyte in vivo
[23-28]. With fluorescence angiography, the track of erythrocytes flowing in capillary was
successfully visualized in vivo, which revealed the exclusion zone representing the pulmonary
ESL. Finaly, a sepsis-induced acute lung injury (ALI) model was utilized as an experimental
model, and the degradation of pulmonary ESL was identified and evaluated in vivo.

2. Method
2.1 Animal modeling

Mice were housed and bred in an institutional animal facility in Korea Advanced Institute of
Science and Technology (KAIST). C57BL/6N mice were purchased from OrientBio (Suwon,
Korea) or bred in-house. Histone H2B-eGFP/B-actin-DsRed double-transgenic mouse was
generated by cross-breeding Histone H2B-eGFP transgenic mouse (Stock No. 006069,
Jackson Laboratory) and B-actin-DsRed transgenic mouse (kindly provided by Dr. Koh at
KAIST). To induce sepsis-induced ALI mice model, high-grade cecal ligation and puncture
(CLP) model was utilized according to the previously described method [29]. All animal
experiments were performed in accordance with the standard guidelines for the care and use
of laboratory animals and were approved by the Animal Care and Use Committee of KAIST
(protocol no. KA2014-30). All surgeries were performed under anesthesia, and al efforts
were made to minimize suffering.

2.2 Imaging system

To visualize the in vivo pulmonary microcirculation through the pulmonary imaging window,
a custom-built video-rate laser-scanning confocal microscopy system was implemented as
previously described [24-28]. Three laser modules with output wavelengths at 488 nm
(MLD488, Coholt), 561 nm (Jive, Cobolt), and 640 nm (MLD640, Cobolt) were used as
excitation light sources. Using a rapidly rotating polygonal mirror with 36 facets (MC-5,
aluminum coated, Lincoln Laser) for fast-axis scanning, a video-rate laser-scanning at 30Hz
was achieved. Three photomultiplier tubes (PMT; R9110, Hamamatsu) with bandpass filters
(FF02-525/50, FF01-600/37, FF01-685/40, Semrock) were used for multi-color fluorescence
imaging. Using a three-channel frame grabber (Solios, Matrox) with sampling pixel rate of 10
MHz and a custom-written image acquisition software based on the Matrox Imaging Library
(MIL9, Matrox), video-rate movies (30 Hz, 512 x 512 pixels) were recorded and displayed in
real time.
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2.3 Intravital pulmonary imaging

Mice were anesthetized with Ketamine (80 mg/kg) and Xylazine (12 mg/kg). After
anesthesia, intubation with 20 Gauge vascular catheter with the aid of illuminating guidewire
was performed and connected to a mechanical ventilator (MouseVent, Kent Scientific). The
anesthetized mice were ventilated with an inspiratory pressure of 24~30 mmHg, a respiratory
rate of 120~130 breaths per minute, and a positive-end expiratory pressure of 2 cmH,0. In
addition, 2% isoflurane was delivered to maintain anesthesia status for the extended period.
Pulse oximetry was applied to monitor oxygenation and survival status. The thermal probe
was introduced into the rectum for continuous monitoring of body temperature. The body
temperature of the mouse was maintained at 37.0 °C by using the homeothermic system
(RightTemp, Kent Scientific). Tail vein was cannulated with a 30-gauge needle attached to
the PE-10 tube for intravenous injection of molecular dye and cell. Mice were positioned in
right lateral decubitus followed by dissection of left thoracotomy. Skin and muscle were
dissected until the exposure of rib and then incision was made between 3 and 4™ rib to
expose pleura. After thoracotomy, the pulmonary imaging window modified from the
previously described studies [30, 31] to fit in our imaging system was applied to the surface
of the pleura. The negative suction pressure of 20~30 mmHg provided by pump and regulator
(NVC 2300a, EYELA) was applied via a tube connected to the imaging window. To visualize
the vessel with a fluorescent dye, 400 pg (10 mg/ml) of fluorescein isothiocyanate (FITC)
conjugated dextran dye (FD40, Molecular Weight 40 kDa, Sigma-Aldrich) was infused
through the tail vein catheter right before the intravital imaging.

2.4 Imaging analysis

Ten areas of the subpleural vessel from each mouse satisfying enough flow of erythrocyte
was selected, and the real-time movie was acquired at the speed of 30 frames per second with
512 x 512 pixels per frame. To improve contrast and signal-to-noise ratio, an averaged image
was generated by using more than 30 frames with the frame-by-frame movement smaller than
3 pixels. To eliminate the motion-induced blur, image registration processing was performed
for every frame by using a custom-written MATLAB (Mathworks) code. The gray value was
acquired using a histogram function of ImageJ (NIH). As thresholds to find the RBC
exclusion zone representing the ESL, the outline of FITC dextran fluorescence representing
capillary lumen was defined as 75 percentiles of maximal gray value and outline of
erythrocyte track was calculated from 50 percentiles of the sum of maximal and minimal gray
value. For satistical analysis, all data were expressed as mean + S.D., and comparison
between groups was analyzed by t-test.

3. Results
3.1 Intravital real-time pulmonary imaging system

To image the lung in live anesthetized mice in vivo, we implemented a pulmonary imaging
window device based on previously described design as shown in Fig. 1(a) [30, 31]. It was
further modified to be integrated with the custom-built video-rate laser-scanning confocal
microscopy platform [23-28]. The minimal negative suction pressure of 20~30 mmHg was
applied via a suction tube to minimize the motion-induced interruption during the pulmonary
imaging [30, 31]. To perform the direct pulmonary capillary imaging, the surgical procedure
of thoracotomy was performed to expose the lung surface to the negative-pressurized suction
chamber in the pulmonary imaging window. Intubation and mechanical ventilation with the
ventilator were conducted to assist respiration during the pulmonary imaging, and
homeostatic thermoregulation using the rectal temperature probe and heating pad were
applied to prevent hypothermia induced by anesthesia and operative procedure as shown in
Fig. 1(b). In addition, pulse oximetry was applied to monitor the oxygenation status and
survival of mouse during the pulmonary imaging.
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3.2 In vivo cellular-level three-dimensional lung imaging

Fig. 1. In vivo cellular-level three-dimensional pulmonary imaging. (a) Schematic of the
intravital pulmonary imaging including the micro-suction-based window. (b) Photograph of
intravital pulmonary imaging setup consisted of a mechanical ventilator, pulse oximetry,
animal stage, heating pad for body temperature regulation, and imaging window. (c) Wide-area
mosaic and magnified image of the lung vasculature visualized by intravenously injected FITC
dextran. Individual alveoli and capillary were clearly distinguished. Scale bars, 500 pm
(mosaic), 100 um (magnified). (d) Wide-area mosaic and subcellular level 3D intravital lung
imaging of nucleus and cytoplasm of individual pulmonary cells in Histone H2B-eGFP/B3-
actin-DsRed double transgenic mouse (see also Visualization 2). Scale bars, 100 um (mosaic),
10 pm (magnified). (e-f) Intravital pulmonary imaging of CSF1R-GFP cells representing
alveolar macrophages and CX3CR1°™* cells representing mononuclear phagocytic cells.
Blood vessels were visualized by intravenously injected TMR dextran. Scale bars, 100 pm.

Utilizing the intravital pulmonary imaging system, we have successfully achieved in vivo
cellular-level 3D fluorescence imaging of lung in live mice. First, FITC-dextran with a
molecular weight of 40 kDa was intravenously injected into a wildtype C57BL/6N mouse via
tail vein as an agent for fluorescence angiography to visualize the vasculature of the lung in
vivo. From the real-time movies acquired with the speed of 30 frames per second, individual
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flowing erythrocytes were clearly identified as dark spots inside the capillary lumen filled
with the FITC-dextran (Visualization 1). By stitching multiple overlapping images obtained
through the pulmonary imaging window, a wide-area mosaic image was constructed with
high resolution enough to distinguish individual aveoli and capillary as shown in Fig. 1(c).

In addition, a genetically engineered histone H2B-GFP/B-actin-DsRed mouse model was
used to demonstrate the capability of our imaging system to acquire multi-color subcellular
resolution images as shown in Fig. 1(d) (Visuaization 2). Individual cells expressing GFP
exclusively in the nucleus and DsRed in both the cytoplasm and the nucleus could be clearly
visualized in vivo, providing spatial information of individua cells and vasculature
(Visualization 3). From the 3D rendered image with spots of H2B-GFP and surface of B-
actin-DsRed, cell count represented by green spots and vessel volume represented by red
surface could be quantified (Visualization 4). In the higher magnification view, high-
resolution three-dimensional spatial information was attainable which could clarify the single
cell location and relationship as shown in the right pandl of Fig. 1(d) (Visualization 5).
Furthermore, to demonstrate the feasibility of cellular visuaization of immune surveillance
behaviors, intravital three-dimensiona pulmonary imaging was performed in transgenic mice
including CSF1R-GFP [Fig. 1(e)] and CX3CR1°* [Fig. 1(f)] representing macrophages and
mononuclear phagocytic cells, respectively.

3.3 Real-time visualization of flowing erythrocyte and analysis of the exclusion zone
inside capillary

As described above, utilizing the customized video-rate laser-scanning confocal microscopy
platform [23-28], the real-time dynamics of the individual cell could be directly observed in
the lung in vivo. In order to visualize the individua circulating cells in the pulmonary
capillary those known to be mostly erythrocytes, negative staining of them based on the
intravenous injection of fluorescent dye (FITC-dextran, 40 kDa) was facilitated as shown in
Fig. 2(a) (Visualization 6). Individual erythrocytes with a parachute-like shape [32-34] could
be clearly identified in the single frame obtained with the speed of 30 frames per second.
While the intravenously injected 40 kDa of FITC-dextran fully filled up the lumen of
capillary including the glycocayx layer on the endothelial cell [35, 36], it was noticeable that
the flowing erythrocytes did not directly contact the endothelial cell surface as shown in Fig.
2(b). Averaging of multiple frames with sub-pixel precision image registration algorithm [37,
38] was performed to generate an averaged image with improved signal to noise ratio (SNR)
and contrast as shown in Fig. 2(c). It clearly revealed the track of multiple erythrocytes and
the exclusion zone where circulating erythrocytes were precluded to infiltrate, which could be
regarded as ESL [14, 18] protecting the endothelial cell from potential damage with frictional
forceinducible by direct contact with rapidly flowing erythrocyte as shown in Fig. 2(d).
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Fig. 2. Real-time imaging of circulating erythrocyte for visualization of exclusion zone inside
the pulmonary capillary. (a-b) Representative real-time pulmonary capillary imaging with
fluorescence angiography using intravenously injected FITC dextran. Individua circulating
erythrocyte inside pulmonary capillary was identified in the single frame. (c-d) Averaged
image highlight the track of flowing erythrocytes and its exclusion zone inside pulmonary
capillary (see aso Visualization 6). Scale bar, 10 um.

3.4 Observation of endothelial surface layer degradation in a sepsis-induced lung
injury

To further validate the exclusion zone as pulmonary ESL, its degradation in systemic
inflammatory condition was investigated using cecal ligation and puncture (CLP) model
which represent sepsis-induced lung injury [39]. 24 hours after the surgical procedure, a
significantly reduced exclusion zone was confirmed in CLP model compared to the sham
model, suggesting shedding of pulmonary ESL as shown in Fig. 3(ab) (Visualization 7).
Outermost line of FITC-dextran representing capillary lumen in the magnified images of Fig.
3(a) and 3(b) was delineated with a threshold of 75% of the maximal intensity in the
exclusion zone. Erythrocyte track in capillary was delineated with a threshold of half-sum of
the minimal intensity in erythrocyte track and the maximal intensity in the exclusion zone. As
shown in the magnified image in Fig. 3(ab), the thicknesses of exclusion zones were
calculated as 1.76 um and 1.17 um in the sham model, 0.70 um and 0.94 um in CLP model.
Capillary lumen and erythrocyte track identified by the described criteria and the intensity
profile along the yellow dashed line are shown in Fig. 3(c-d). For quantitative statistical
analysis, pulmonary capillary segments in 10 random spots of the lung from each mouse
model were analyzed (3 mice per group). The width of endothelial surface layer of CLP group
was much narrower than sham group (n = 30 per each group, mean £ S.D., 0.855 + 0.337 um
vs. 1.614 £+ 0.398 um, P < 0.001, two-tailed t-test) while there was no significant differencein
capillary diameter as shown in Fig. 3(e). This result is in accordance with previous
observations of the pulmonary ESL [5]. In addition, to exclude the interference from the
hydrodynamic effect, we measured the flowing velocity of erythrocyte inside the capillary. As
shown in Fig. 3(g), no significant difference in velocity between two groups was identified.
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Fig. 3. In vivo imaging of endothelial surface layer degradation in a sepsis-induced lung injury
model. (a-b) Representative image and magnified view of exclusion zone representing ESL in
sham and CLP model (see aso Visualization 7). (c-d) ldentification of capillary lumen,
erythrocyte, and ESL from fluorescence intensity profile along the yellow dashed line in (a)
and (b), sham and CLP model, respectively. (e-g) Comparison of capillary diameter (n = 30
per group), ESL (n = 30 per group), and RBC velocity (n = 17 and 14, respectively) in sham
and CLP model (Mean + S.D., two-tailed t-test, *: P < 0.001). Scale bar, 10 um.

4. Discussion

We achieved in vivo visualization of the dynamic pulmonary endothelial surface layer under
the flow of erythrocytes by utilizing pulmonary imaging chamber combined with a custom-
design video-rate laser scanning confocal microscopy. Suction-assisted tissue motion-
stabilizing window allowed us to achieve a high quality real-time cellular-level imaging of
pulmonary capillary. Individual circulating cells including erythrocyte, leukocyte, and other
cells tagged with an endogenous fluorescent protein or exogenous fluorescent probe could be
identified in the rapid flow of pulmonary microcirculation. Using fluorescence angiography
and erythrocyte track analysis to identify exclusion zone anaysis, we have successfully
performed intravital imaging of pulmonary glycocalyx layer under a physiological condition
with sufficient erythrocyte flow. It allowed us in vivo monitoring of pulmonary ESL which
was degraded in systemic inflammatory status induced by cecal ligation and puncture.
Micro-suction has been utilized in various intravital microscopy study in cardiopulmonary
research [30, 40-42]. It has been used to stabilize the organ during intravital microscopic
imaging with minimal tissue damage and minimizing motion-induced artifact. There exist
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concerns about potential tissue damage and interference of normal physiology of circulating
cells in pulmonary microcirculation with the suction application. However, in accordance
with previous studies, applying suction pressure of 20~30 mmHg has been reported to be
generally safe for lung and heart [30, 40].

Consisted of heterogenic polysaccharide structure with glycoprotein, glycolipids, and
glycosaminoglycan, its structure is easily degraded during perfusion and fixation [43].
Thereby, intravital visualization of the endothelial surface layer, glycocalyx, has been
regarded as a long-term mission in vascular biology [1]. Recently, there have been severa
reports to visualize glycocalyx. Using distinct size-dependent permeability characteristics of
glycocalyx to protect the endothelial cell from circulating macromolecules, two-color
fluorescence angiography with dextran-fluorophore conjugates with different sizes was
utilized to visualize the glycocalyx layer [6]. Another imaging study has been performed
based on multi-mode differential interference contrast (DIC) imaging and fluorescence
angiography, delineating blood vessel wall surface and lumen occupied by blood plasma,
respectively [5]. The measurement of dynamic glycocalyx layer influenced by circulating
cells including erythrocyte and leukocyte could be difficult [44, 45]. Our approach base on
real-time erythrocyte imaging in pulmonary microcirculation facilitated a submicrometer-
level dynamic visualization of pulmonary glycocalyx layer under interaction with circulating
cell, erythrocyte.

The intravital visualization of glycocalyx using erythrocyte exclusion zone analysis was
previously performed in cremasteric muscle [14, 36]. However, unlike periphera
microcirculation, in vivo visualization of endothelial glycocalyx layer in pulmonary
microcirculation using erythrocyte exclusion zone imaging was technically challenging due to
motion-artifact induced by respiration and difficulty in tracking individual erythrocytes in
multiple interconnected capillary segments [46]. Rapid scanning using rotating polygonal
mirror which enables real-time video-rate confocal fluorescent imaging to identify individual
erythrocytes with negative-contrast could be a valid approach to mitigate difficulties
described above, whereas most commercial confocal microscopy with the slower scanning
device would suffer severe motion-artifact induced blurring. To our knowledge, this is the
first intravital pulmonary ESL visualization using direct flowing erythrocyte exclusion zone
analysisin vivo.

5. Conclusion

Our intravital imaging system successfully visuaized pulmonary endothelial surface layer
degradation followed by the loss of vessel integrity and organ failure, a characteristic of
sepsis-induced acute lung injury (ALI). Further pathophysiology study and screening
investigation of drug candidate of sepsis-induced ALI which targets ESL can be facilitated
efficiently using our intravital imaging system. It can be a useful tool to investigate an impact
of dynamic ESL changes in not only sepsis-induced lung injury but also various condition
including major trauma [47], ischemia/reperfusion injury [48], and post-cardiac arrest
syndrome [49] which affects pulmonary endothelial cell and vessel integrity.
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