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Abstract
I aim to test the hypothesis that arteriolar endothelial cells will behave as venular
endothelial cells and mediate leukocyte rolling following local reversal of blood flow. In live
models, this hypothesized reprogramming of endothelial cells has not yet been studied, as
techniques are limited to identify endothelial cell phenotypes in vivo. Venular endothelial cells
play an essential role in regulating leukocyte infiltration of tissues and thereby mediate
leukocyte-dependent diseases in humans (autoimmune disease, arthritis, graft vs. host disease,
inflammatory bowel disease, ischemia/reperfusion injury, to name a few).
The Von Andrian Lab has developed a technique by use of conventional intravital
microscopy that allows identification of venular segments of microvasculature in live animals. In
brief, the technique involves the preparation of a tissue in an anesthetized animal so that its
microvasculature can be studied by brightfield or fluorescence microscopy. We apply methods
that allow us to identify subsets of circulating blood cells in microvessels; as these cells display
characteristic interactions with microvascular endothelial cells, we can analyze film developed
via intravital microscopy to distinguish vasculature where leukocyte rolling occurs. With these
insights, we can map arteriolar and venular segments of microvessels in specific sites of live
animals.
In an attempt to induce endothelial cell reprogramming in vivo, I have executed a novel
surgical approach with the intent of reversing blood flow in the mouse ear. In male BALB/c mice
aged 10-12 weeks, I have used a heparinized, polyethylene catheter to cannulate the left common
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carotid artery and thereafter the left external jugular vein; the catheter thus serves as a fistula,
completing a vascular shunt redirecting oxygenated blood from the left common carotid artery
into the external jugular vein. A secondary shunt has been designed and practiced, forming a
double arteriovenous anastomosis to increase negative pressure in the ear and further promote
complete reversal of flow in the vasculature of the ear.
I have analyzed and mapped the microvasculature of the left ear by conducting
epifluorescence intravital microscopy at numerous time points prior to and following surgery to
rigorously test my hypothesis that arteriolar endothelial cells can shift phenotypes to mediate
leukocyte rolling. The mouse ear requires minimal, non-invasive preparation for analysis by
conventional intravital microscopy and thus serves as an excellent site for repeated monitoring of
microvascular structures. Following successful blood flow reversal, mice will be kept alive for
postoperative observation for up to 30 days, allowing enough time for microvasculature to adapt
and respond to the local change in the direction of blood flow, as I hypothesize that this process
may require an extensive time window.
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Chapter 1: Background
1.1 Lacunae in the Field

The Role of Venules in Inflammation
The human immune system exists not as an individual, confined tissue, but as a family of
circulating and tissue-resident cells that enact a multitude of processes to protect the host; all of
these processes involve motility and cellular interactions.1 Among these processes is
inflammation, a phenomenon wherein circulating leukocytes home to sites of infection or injury
to eliminate pathogens and remodel tissues.2
To enter tissues from circulation and perform these essential protective functions,
circulating white blood cells rely on a tightly regulated adhesion cascade.3 Blood borne cells pass
through arterioles and capillaries to arrive at post-capillary venules; intravascular leukocyte
recruitment in most vertebrate tissues is restricted to postcapillary and collecting venules,
whereas capillaries and arterioles usually support little or no leukocyte adhesion.4 Venular
segments of microvascular endothelium facilitate inflammation, as inflamed post capillary
venules express the ligands and receptors supporting leukocyte rolling, sticking, and subsequent
extravasation.5
Although hydrodynamic shear stress regulates some gene expression in endothelial cells,6
studies have shown that hemodynamic factors are not responsible for the difference
of leukocyte adhesion between arterioles and venules, suggesting that venular endothelium is
specialized to support leukocyte adhesion during inflammation.7 Whether directionality of blood
flow regulates this segmented endothelial specialization remains to be investigated. The
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underlying differentiation program responsible for the observed differences in expression of
adhesion molecules between arterioles and venules remains unknown.4
Our study of venular endothelial cells and their role in in regulating leukocyte infiltration
is crucial to our understanding leukocyte-dependent diseases in humans, including autoimmune
disease, graft vs. host disease, and ischemia/reperfusion injury. With recent developments in
immunotherapies targeting cancer, we might also consider the involvement of vasculature in
clearance of solid tumors. Techniques in tissue staining and imaging have revealed abnormal
vascular structures adjacent to solid tumors, supporting the hypothesis that abnormalities in
vascular architecture may diminish tissue infiltration by effector lymphocytes.8 Normalizing
microvasculature to promote development of venules adjacent to tumors might augment immune
infiltration and reverse immune evasion by otherwise “cold” tumors.

Development and Plasticity of Endothelial Cells
In the embryo, primitive endothelial cells differentiate to acquire arterial, venous or
lymphatic fates.9 Shortly after gastrulation, vasculogenesis occurs wherein primordial, nonspecialized endothelial cells emerge.9 This primordial vasculature undergoes differentiation and
specialization to form distinct arterial, venous, and lymphatic systems.9 Several signaling
pathways have been implicated in processes of arterial-venous specification, including the
activation of Notch signaling to promote arterial specification and the induction of venous
specification by COUP-TFII.10
Certain endothelial cells also undergo hematopoietic transition giving rise to multilineage progenitors and hematopoietic stem cells, while others acquire mesenchymal properties
necessary for heart development.11 Following embryonic development, maintenance of
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differentiated endothelial state is an active process requiring constant signaling input. The failure
to do so leads to an endothelial to mesenchymal transition, a process contributing to the
pathogenesis of a number of diseases. Improved understanding of these phenotypic changes and
the diverse signals required for endothelial stabilization may lead to development of new
therapeutic interventions.
While it is clear that endothelial cells require signaling input to retain a differentiated
state, it remains unclear as to whether differentiated segments of endothelium are capable of
completing the arterial-to-venous or venous-to-arterial transitions. Studies have reported an
essential link between biomechanical forces and endothelial cell identity, elucidating the roll of
mechanoreceptors and fluid shear stress in endothelial stabilization.12One study suggests that the
stimulus of fluid flow triggers rearrangement of tension across these VE-cadherin and PECAM1, demonstrating that these tensile forces are dynamic and actively regulated by the cell; the
forces across these two proteins are likely important drivers of signaling for a variety of cellular
processes in the vascular system.13 These processes of mechanotransduction may trigger genetic
programs within endothelial cells promoting endothelial specialization dependent on
environmental cues. In addition to mechanotransduction, signaling through mechanoreceptors
expressed on endothelial cells may contribute to endothelial specialization; however, these
receptors and their signaling roles remain poorly understood in mammalian endothelial cells.
We hypothesize that local reversal of blood flow may alter signaling programs in
differentiated endothelium due to changes in mechanical forces resulting from reversed fluid
flow. Given the established plasticity of endothelial cells and reliance of endothelium on
continuous signaling input to maintain a differentiated state, we postulated that blood flow
reversal might be sufficient to promote an arterial-to-venous transition. We have developed a
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novel surgical approach to achieve local reversal of blood flow in the left ear of the mouse, with
which we have studied the response of segmented endothelium to blood flow reversal.

Vascular Anatomy of the Mouse
The head of the mouse has numerous arteries supplying oxygenated blood. In the cerebral
circulation, several arteries anastomose to form the circle of Willis, constituting a loop supplying
oxygenated blood to various areas of the brain and brain stem.14 The murine circle of Willis has
several features distinct from the human circle of Willis.15 In mice, it is reasonable to postulate
that the brain will receive sufficient arterial blood through the circle of Willis with one arterial
blood supply removed, namely the left common carotid. It has been shown that single-carotid
artery occlusion causes ischemia in BALB/c mice with low frequency.16 This suggests that
diversion of blood flow from one common carotid artery into the external jugular vein may not
result in severe ischemia to the BALB/c mouse brain.
The left common carotid artery branches directly from the aortic arch; as such, the vessel
is contiguous with the descending aorta.17 Cannulation of the left common carotid artery allows a
catheter to descend into the descending aorta. With a catheter inserted at sufficient depth, the
cannulation of the left common carotid artery is very stable, ensuring that the catheter might stay
fixed for an extended period of time. In the mouse, the left external jugular vein serves as the
tributary for deoxygenated blood flowing from the left ear.18 As such, careful diversion of arterial
blood flow from the carotid artery into the left external jugular vein may drive local reversal of
blood flow in the mouse ear.
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Arteriovenous Flow Reversal
Numerous experiments in mammals have been conducted in mammals verifying the
possibility of blood flow reversal in microvessels. Several such experiments have aimed at
rescuing ischemic limbs in canines, channeling arterial blood flow through existing venous
architecture to rescue ischemic tissue; these experiments have verified the viability of venous
vessels to support arterial blood flow directed through an arteriovenous fistula.19 Reversal of the
circulation in the brain for therapeutic purposes has been achieved in humans via anastomosis of
the carotid artery and the jugular vein, suggesting that the vascular networks upstream of the
jugular vein can support arterial blood flow in humans.20 These results support the hypothesis
that an arteriovenous shunt from the common carotid artery to the external jugular vein will
promote stable blood flow reversal in mice.

Visualizing Leukocyte Rolling in the Mouse Ear
Techniques in epifluorescence intravital microscopy allow visualization of leukocyte
rolling in vivo, thereby allowing us to identify venular segments of microvasculature. In brief,
these techniques involve the preparation of a tissue in an anesthetized animal so that its
microvasculature can be studied by brightfield or fluorescence microscopy. A number of
methods have been developed that allow identification of subsets of circulating blood cells in
microvessels; as these cells display characteristic interactions with microvascular endothelial
cells, one can analyze film developed via intravital microscopy to distinguish vasculature where
leukocyte rolling occurs. As leukocyte rolling is restricted to postcapillary and collecting
venules, and non-inflamed skin venules support constitutive leukocyte rolling,2122 one can
identify venular segments in a non-inflammatory context by visualizing leukocyte rolling.23
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The mouse ear serves as an excellent site for epifluorescence intravital microscopy, as
adequate preparation of the ear allows clear visualization of blood flow and cell-vessel
interactions via intravital microscopy.24 In particular, the relatively low pigmentation of the skin
in BALB/c mice allows vasculature of ear to be clearly visualized by epifluorescence intravital
microscopy following application of chemical hair remover. This model permits repeated cycles
of imaging in the same animal in a healthy, non-inflammatory context. We will apply this model
to regularly observe leukocyte behavior in vivo prior to and following local blood flow reversal.
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1.2 Schematic Figures

Figure 1. Overview of the vascular anatomy of the mouse neck.25
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Figure 2. Relevant vascular anatomy and normalized blood flow in the left mouse ear.
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Figure 3. Normalized blood flow and environmental adhesive signals across microvascular
networks.
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Figure 4. The Updated Leukocyte Adhesion Cascade.26 The original three steps are shown in
bold: rolling, which is mediated by selectins, activation, which is mediated by chemokines,
and arrest, which is mediated by integrins. Progress has been made in defining additional
steps: capture (or tethering), slow rolling, adhesion strengthening and spreading, intravascular
crawling, and paracellular and transcellular transmigration. Key molecules involved in each
step are indicated in boxes.25
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Chapter 2: Data and Methods
2.1 Overview
A novel surgical procedure to redirect blood flow from the left common carotid artery to
the left external jugular vein was developed and executed. Epifluorescence intravital microscopy
was performed to visualize blood flow and leukocyte rolling in microvessels of the left ear
before and after blood flow reversal surgery. Intravital microscopy following formation of a
single vascular shunt from the left common carotid artery to the left external jugular vein
revealed stagnation in vessels of the left mouse ear. An approach to form a secondary shunt has
been developed and will be executed to encourage complete reversal of flow.

2.2 Materials and Methods
Splenocyte Calcein Labeling:
The spleen was harvested from male BALC/c mice and smashed over a 70um nylon cell
strainer. The remaining cells were washed with room temp FACS buffer and spun at 1500 RPM
for 5 minutes. The cells were subsequently resuspended in lysis buffer for 5 minutes. After
suspension in lysis buffer, cells were washes with PBS and again spun at 1500 RPM for 5
minutes. With the cells resuspended in PBS, the suspension was filtered through 149um nylon
mesh. After counting the cells in solution, the cells were resuspended at a concentration of 10
million cells per 1mL in a solution of PBS and 0.06% Calcein and allowed to stain for 20
minutes in 37° water bath. After staining, the cells were layered with FBS and spun a final time
at 1500 RPM for 5 minutes. Labeled red blood cells were filtered with FBS through 149um
nylon mesh and suspended in PBS prior to administration for microscopy.

11

Epifluorescence intravital microscopy of the mouse ear, preparation and image capturing:
On day 1, male BALB/c mice aged 10-12 weeks were anesthetized with a ketamine and
xylazine solution administered intraperitonally (ketamine: 80-100 mg/kg; xylazine: xylazine 1012.5 mg/kg). With the mouse anesthetized, hair was cleared from the left ear with chemical hair
remover three times, allowing the hair remover to sit for 20 seconds each time. On day 4, the
prepared mice were again anesthetized with a ketamine and xylazine solution administered
intraperitonally (ketamine: 80-100 mg/kg; xylazine: xylazine 10-12.5 mg/kg) for image
capturing. We monitored the reflexes and heart rate of the mouse throughout image capturing,
administering additional anesthesia solution as needed intramuscularly.
With the mouse anesthetized, 150ul of 2x106 KDa FITC-dextran solution (2mg/mL) was
administered via retro-orbital injection in the right eye. To visualize leukocyte rolling, as an
alternative to FITC-dextran, 150ul of Rhodamine 6G was administered via retro-orbital injection
in the right eye. The mouse was positioned in dorsal recumbency on an imaging stage and
immobilized at the hind limbs with adhesive tape to reduce movement during imaging. The left
ear of the mouse was positioned on an elevated, sterilized platform; with the ear flattened,
glycerol was applied to the surface of the ear and a cover slip was carefully placed on the top of
the ear (Figure 1).
The epifluorescence intravital microscope was turned on, with the objective initially set
to 10x zoom. With FITC-dextran administered, 10x zoom is sufficient to visualize arterioles and
venules. With Rhodamine 6-G administered, 10x zoom is optimal for visualization of individual
cells moving within arteriolar and venular vessels. With the objective of epifluorescence
intravital microscope positioned above the cover slip, live imaging was initiated, with the frame
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of capture adjusted to target sections of microvasculature in the ear. Images were recorded at
10x, 20x and 40x zoom, allowing clear visualization of the microvessels and the movement of
cells within vessels. At 40x zoom, one can clearly visualize blood flow within capillaries. Each
section was recorded for three to five minute videos at varying focus to provided threedimensional visualization.
For each mouse, images of the left ear were captured on the day prior to the vascular
shunt formation procedure. After performing the vascular shunt formation procedure, mice were
monitored for up to fourteen days, allowing enough time for microvasculature to adapt and
respond to the local change in the direction of blood flow. In this monitoring period, regular
epifluorescence intravital microscopy of the ear was performed as described to map the
vasculature of the ear following blood flow reversal.
Analysis of epifluorescence intravital microscopy recordings to construct a map of the ear
microvasculature:
After recording videos of the ear via epifluorescence intravital microscopy, videos were
analyzed to assess the phenotype of each microvascular segment. By measuring the diameter of
the vessel and calculating the speed of cells moving in each segment of the vessel, one can
accurately distinguish arterioles and venules; in particular, one must note sites of vasculature
wherein rhodamine 6G-labeled leukocytes interact with the vessel wall and have reduced
velocity. As non-inflamed venules support leukocyte rolling, this reduction of velocity may be
indicative of rolling and thereby designate a venular endothelial segment.
Cell-vessel interactions were quantified and cell velocities of rhodamine 6G-labeled
leukocytes were measured in distinct vascular segments according to the methods prescribed in
Weninger et al., 2000. This provided a quantitative measure flow and leukocyte rolling to inform
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our assessment of vascular phenotype. Average cell velocity was calculated for individual cells
by dividing the distance traveled through a vessel by the time required to travel that distance. By
systematically assessing these properties throughout the vessels imaged, we constructed a
complete map of the ear dichotomizing arterioles and venules. This step-wise analysis was
presented as a single, complete illustration for each mouse ear we imaged.
Preparation and Surgical Procedure:
12 inches was cut of from a length of polyethylene tubing (PE10 - 0.011” ID, 0.024”
OD). The end of the catheter was stretched manually and cut at 30 degrees with a fresh scalpel.
The end of the tubing was soaked in a sterile solution of PBS and heparin; in addition, the tubing
was perfused with the same sterile solution of PBS and heparin throughout the procedure.
On day 4, immediately following intravital microscopy to analyze microvasculature of
the ear, male BALB/c mice aged 10-12 weeks were maintained under anesthesia with a ketamine
and xylazine solution administered intramuscularly (ketamine: 80-100 mg/kg; xylazine: 10-12.5
mg/kg). The reflexes and heart rate of the mouse were monitored throughout the procedure, with
additional anesthesia solution administered as needed. With the mouse anesthetized, the mouse
was positioned in dorsal recumbency on a warm heating pad and immobilized by taping each
limb to the pad (Figure 2). The ventral surface of the neck was shaved; chemical hair remover
was applied for 60 seconds, and thereafter wiped down to completely remove the hair from the
area. On the ventral surface of the neck, an axial midline incision of approximately 2 centimeters
in length was performed (Figure 2). To ensure that the mouse remained hydrated during the
procedure, 0.4mL of 0.9% saline was administered via subcutaneous injection. Throughout the
procedure, sterile saline solution was administered to the site of the incision to provide moisture
as needed.
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Using two sets of forceps, obstructing connective tissue was broken to attain access to the
external jugular vein. To direct blood flow to the anterior jugular vein, the immediate tributary of
the left ear, the cephalic vein and anterior facial vein were tied off; two sutures were tied on each
vessel, and the vessel was subsequently excised between the sutures leaving the external jugular
vein contiguous with the anterior jugular, thus preparing the vessel for cannulation (Figure 3).
Again using two sets of forceps, the lobes of the salivary glands were separated and the
obstructing connective tissue was broken to provide access to the left common carotid artery.
The left common carotid was carefully separated from the parallel nerve attached to the vessel.
With the artery free of connected tissue and isolated, the artery was clamped as close to the
clavicle as possible using a straight micro clip (Figure 4). With the artery clamped, an incision
was made on the exposed, ventral surface of the vessel with spring micro-scissors. Using
sterilized vessel cannulation forceps, the left common carotid artery was cannulated with the cut
end of the heparinized polyethylene tubing. With the vessel cannulated stably, two sutures were
tied around the vessel to secure it around the catheter (Figure 5). The micro clip was thereafter
removed and the tubing was gently pushed as far into the vessel as possible, reaching as far down
as the descending aorta (Figure 5).
With cannulation of the carotid artery complete, the left external jugular vein was
subsequently prepared for cannulation by displacing the left lobe of the submandibular salivary
glands (Figure 6). The external jugular vein was not clamped prior to cannulation. The vein was
incised on the interior surface of the vein, proximal to the carotid. The catheter was then cut at
the exposed end and carefully inserted into the incision made in the external jugular vein,
forming a shunt from the carotid artery into the external jugular vein.
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With the freshly cut end of the catheter inserted in the external jugular, the vessel was
secured around the catheter with a suture to ensure stable cannulation of the jugular vein and
survival of the mouse. To further stabilize the major vessels and the vascular shunt, less than
50uL of formulated cyanoacrylate surgical adhesive was applied at the sites of cannulation. The
submandibular salivary glands were repositioned and the incision at the skin was closed with
formulated cyanoacrylate surgical adhesive and 7-8 individual sutures. To prevent the
thrombosis, preserve flow through the vascular shunt, and maintain blood volume, 0.2mL of
heparinized PBS was administered intraperitonally every three hours post surgery.
Timeline for experimentation:

Day 1
• Application of
chemical hair
remover to clear
left ear for
imaging

Day 4

Days 7, 10, 13...

• IVM imaging of
left ear
microvasulature
to map vascular
architecture
• Vascular shunt
surgery for local
blood flow
reversal
• IVM imaging of
left ear
microvasulature
following
surgery to
monitor blood
flow and assess
phenotype
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• IVM imaging of
left ear
microvasulature
to monitor blood
flow and assess
phenotype

2.3 Figures:

Figure 5. Step-wise diagram of microsurgical approach. (A) Normal vascular architecture of
the mouse neck, focusing on the left common carotid artery (LCCA) and the left external jugular
vein (EJV). (B) Targeting and tying-off of branching veins to prepare EJV for shunt formation.
(C) EJV prepared for shunt formation. (D) Formation of shunt with polyethylene catheter. (E)
Hypothesized directionality of blood following shunt formation.
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Figure 6. Positioning of mouse and left ear for intravital microscopy. The left ear of a male,
adult BALB/c mouse was positioned directly on an elevated, sterilized microscopy slide on a
specialized microscopy stage. Polydimethylsiloxane vacuum grease was applied to the surface of
the microscopy slide to safely and securely stage the flattened mouse ear. Glycerol was placed on
the surface of the mouse ear, followed by a glass cover slip.
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Figure 7. Primary incision. After clearing the skin application of chemical hair remover, an
axial midline incision was performed with sterile surgical scissors. The incision was no more
than 2 centimeters in length.
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Figure 8. Preparation of the left external jugular vein. The left external jugular vein was
prepared for cannulation by carefully separating the vein from connective tissue and fat. To
direct blood flow to the anterior jugular vein, the immediate tributary of the left ear, the cephalic
vein and anterior facial vein were tied off; two sutures were tied on each vessel, and the vessels
were subsequently excised between the sutures leaving the external jugular vein contiguous with
the anterior jugular, thus preparing the vessel for cannulation.
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Figure 9. Preparation of the left common carotid artery. The left common carotid artery was
clipped with a microclamp and prepared for cannulation. The top suture was tied in a loose knot
in preparation for stabilization of the catheter once inserted.
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Figure 10. Cannulation of the left common carotid artery. A polyethylene catheter was
inserted into the left common carotid artery at an approximate depth of 1.5 centimeters, ensuring
stable cannulation without perforating major vessels near the heart. Blood flow into the catheter
is indicative of successful perfusion and sustained flow. The catheter was perfused continuously
with heparinized saline to prevent clotting. Two sutures were tied around the vessel and the
catheter to ensure the catheter’s stability. The opposite end of the carotid was tied off with a
suture after successful cannulation to prevent blood loss.
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Figure 11. Positioning of the left external jugular vein. The jugular was positioned and
clamped in preparation for cannulation by the free end of the catheter cannulating the carotid
artery.

23

Figure 12. Vascular shunt completion. The vascular shunt was completed by cannulation of
the jugular vein with the free end of the catheter already inserted in the carotid artery. The
catheter was secured in the external jugular vein by two sutures and a small amount of
cyanoacrylate adhesive.
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Figure 13. Closure of incision with cyanoacrylate adhesive and sutures. The incision site was
closed following surgery with 200ul of cyanoacrylate adhesive and 10-12 sterile sutures.
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2.4 Results
Microscopy Immediately Following Surgery to Visualize Flow
After successful completion of the procedure, an anesthetized mouse was immediately
transferred to the microscopy stage and the ear was again staged for microscopy. Microscopy
revealed that blood flow was still present in the ear. At 20x zoom, it was apparent that rhodamine
labeled cells were flowing through capillaries, but very few cells were observed in vessels
wherein leukocyte rolling was previously observed (Supplemental fig. 3 & 4).
In vessels where leukocyte rolling was previously observed, moreover, no leukocyte
rolling or clear cell-vessel interactions were observed following surgery (Supplemental fig. 4).
Cell-vessel interactions were observed, however, in a vessel wherein blood was flowing slowly
from the bottom of the ear to the top of the ear (Supplemental fig. 3). Analysis at further time
points revealed stagnation in vessels of the left mouse ear. While blood flow was normal in the
right, unaffected ear, no flow was observed in most vessels of the left ear.

2.5 Discussion
Several hypotheses may be presented to explain the observations recorded via
microscopy immediately following surgery. For one, the slow movement of blood in a vessel
moving from the bottom of the ear may simply have been a product of diminished arteriolar
blood supply resulting from the occlusion and diversion of the carotid artery. Arterial blood may
have been coming from other arterial sources, flowing in the same direction as before with
decreased velocity due to the loss of flow from the carotid. Arterial blood may come from the
Circle of Willis, flowing down through the internal carotid artery and into the external carotid
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artery. With the common carotid artery occluded, this diversion of flow from the Circle of Willis
would be anticipated, accounting for blood flowing in the normal direction through the left ear.
Alternatively, the flow observed may have been diminished due to flow in the opposite
direction from the vascular shunt. This might also explain the absence of moving cells in vessels
wherein leukocyte rolling was initially observed, as blood flow may have become stagnant in
those vessels due to competitive flow in opposite directions. The stagnation observed at later
time points supports this hypothesis, suggesting that arteriolar pressure has been equalized in
opposite directions. Contributions from the Circle of Willis through the internal carotid and
external carotid provide arteriolar flow in the normal direction, while diverted flow from the
common carotid provides arteriolar flow in the reversed direction, resulting in zero net flow. This
equalization of arteriolar pressure in the mouse ear will not likely allow for the complete local
reversal of flow in the mouse ear. To combat this effect, a secondary shunt may be required,
eliminating the arterial contributions from the Circle of Willis through the internal and external
common carotid arteries.
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Figure 14. Proposed cause of stagnation observed in following vascular shunt surgery.
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Chapter 3: Discussion & Perspectives
3.1 Limitations
Surgical Procedural Complications
Sources of difficulty and failure in the procedure were multifold. These issues included,
but were not limited to, coagulation upstream of or within the catheter, the obstruction of flow
due the narrow inner diameter of the catheter, and the muscles within the mouse obstructing the
path between the common carotid artery and the external jugular vein.
Coagulation in the carotid artery was often observed during the procedure. When the
catheter had not been excised and was still perfused by heparinized saline, clots were often
resolved by pushing small volumes of heparinized saline through the catheter. When the catheter
was excised, however, flow may have ceased due to coagulation with no perceivable remedy. At
this stage, flow had to be temporarily halted, giving way to an increased likelihood of blood
clotting. Cannulation of the external jugular vein and formation of the vascular shunt was thus
remarkably time sensitive, requiring limited time for closure of the carotid and successful
cannulation of the jugular.
The inner diameter of the polyethylene catheter was a mere 0.011”, which may have
diminished the rate of blood flow through the vessel. As this diameter is notably less than that of
the lumen of the carotid artery, one would anticipate that the arterial flow directed into the
jugular vein via the vascular shunt would be less that the flow normally observed through the
common carotid artery. Alternate catheters of increasing inner and outer diameter were
experimented with in an effort to ameliorate this phenomenon of flow reduction; however, these
catheters proved too large for successful cannulation of both the carotid artery and the external
jugular vein. Pulsatile contractions of the common carotid artery gradually pushed larger
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catheters from within the vessel, leading to severe blood loss and failure of the shunt. As such,
PE10 (0.011” ID, 0.024” OD) catheters remained the catheter of choice to complete the fistula.
In the mouse, several muscles and tissues obstruct the direct line between the common
carotid artery and the jugular vein; as one is already working with limited in attempting this
procedure, the placement of these obstructions further complicates successful and stable
formation of the desired vascular shunt. Increasing the size of the initial incision and partial
incision of obstructing muscles improves the ease of shunt formation and stability. These
manipulations, however, may come at significant cost to the mouse, whose health and
subsequent survival may be compromised by these alterations. These manipulations were
accordingly avoided during the procedure.

Considerations for Microscopy
When imaging the vessels of the mouse ear, one realizes a unique vasculature structure
for each mouse. While some features are somewhat predictable, namely proximity of arterioles
and venules to capillary beds and the edge of the ear, each ear analyzed presents a new vascular
landscape. As such, the images captured before and after surgery must be to a single mouse.
Furthermore, it will not suffice to analyze several arterioles and several venules before and after
surgery; one must image the exact vessels in the same field of view before and after surgery to
concretely identify reversal of blood flow and potential endothelial reprogramming.
Fine care must be taken with preparation and handling of the mouse ear for intravital
microscopy. In advance of imaging, when chemical hair remover is applied to the ear, the time of
exposure to the chemical hair remover must be carefully attenuated. Due to the delicate nature of
the mouse ear, the surface is prone to inflammation with even brief exposure to chemical
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reagents. Such inflammation may diminish the quality of images recorded via epifluorescence
intravital microscopy, both by disrupting the skin and by altering the behavior microvessels to
increase leukocyte recruitment. Hair left on the ear, however, may be autofluorescent and
thereby disrupt visualization of microvasculature. As such, one must closely attend to
preparation of the ear in advance of imaging.
3.2 Future Directions
As indicated by observations of blood flow immediately after vascular shunt surgery
(Supplemental fig. 3 & 4), a secondary shunt may be necessary to decrease arteriolar pressure in
the left ear and promote complete reversal of blood flow. Such a shunt would establish a
complete, double arteriovenous anastomosis of the left common carotid artery and the left
external jugular vein. Double arteriovenous anastomoses of these vessels have been successfully
performed in several contexts. The approach of our method is outlined in Figure 13.
After successful completion of the vascular shunt and concrete observation of reversed
blood flow, segments of microvasculature will be analyzed for reprogramming. Namely,
following blood flow reversal surgery, the segments of vasculature analyzed via intravital
microscopy with leukocytes labeled by rhodamine 6G will again be assessed for leukocyte
rolling. These methods should allow us to concretely identify segments of endothelium that may
have switched from a venular phenotype to an arteriolar phenotype and vice-versa.
The genetic programs of segmented vasculature might be analyzed following blood flow
reversal surgery. Namely, bulk sequencing on sorted venular and non-venular endothelial cells
following surgery might reveal aberrations in gene expression or epigenetic profiles from normal
venular and non-venular endothelial populations. Our group hopes to explore this avenue further
following exhaustive work with the current methodology.
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Figure 15. Proposed microsurgical schematic for secondary arteriovenous shunt. (A)
Polyethylene catheter forms shunt from upper segment of left common carotid artery to lower
segment of the left external jugular vein. (B) Ligation of internal carotid artery to prevent flow
from the Circle of Willis. (C) Flow of oxygenated and deoxygenated blood in the left ear
following surgery.
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