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The myoendothelial junction (MEJ), a unique signaling microdomain in small diameter resistance arteries, exhibits localization of specific proteins
and signaling processes that can control vascular tone and blood pressure. As it is a projection from either the endothelial or smooth muscle cell,
and due to its small size (on average, an area of ~1 pmz), the MEJ is difficult to study in isolation. However, we have developed a cell culture
model called the vascular cell co-culture (VCCC) that allows for in vitro MEJ formation, endothelial cell polarization, and dissection of signaling
proteins and processes in the vascular wall of resistance arteries. The VCCC has a multitude of applications and can be adapted to suit different
cell types. The model consists of two cell types grown on opposite sides of a filter with 0.4 ym pores in which the in vitro MEJs can form. Here
we describe how to create the VCCC via plating of cells and isolation of endothelial, MEJ, and smooth muscle fractions, which can then be used
for protein isolation or activity assays. The filter with intact cell layers can be fixed, embedded, and sectioned for immunofluorescent analysis.
Importantly, many of the discoveries from this model have been confirmed using intact resistance arteries, underscoring its physiological
relevance.

Video Link

The video component of this article can be found at https://www.jove.com/video/55992/

Introduction

In small diameter resistance arteries, a thin internal elastic lamina (IEL) separates endothelial (EC) and smooth muscle cells (SMC). The cells
can project through holes in this elastic matrix and make direct cytoplasmic connections via gap junction channels'?. This unique structure

is termed the myoendothelial junction (MEJ). The MEJ is a small (approximately 0.5 pm x 0.5 ym, depending on the vascular bed), cellular
projection composed predominantly of endothelial cells but may originate from smooth muscle as well™ “_A number of investigators have
demonstrated the immense complexity of signaling networks that occur selectlvelg/ at the MEJ, rendering it an especially important location for
facilitating bi-directional signaling between endothelium and smooth muscle®®7 8%

However, a mechanistic dissection of signaling pathways at the MEJ is difficult in an intact artery. Because the MEJ is a cellular projection, it

is not currently possible to isolate an in vivo MEJ from the vascular wall. For this reason, the VCCC model® was developed. Importantlg the
VCCC replicates physiological endothelial morphology " and polarization of signaling between the apical and MEJ portions of the cell’

was this unique model that facilitated the discovery that alpha hemoglobin is in the endothelial cell, polarized to the MEJ. This is in contrast to
conventionally cultured endothelial cells which do not express alpha hemoglobln . For researchers interested in microvascular endothelium, it
may be more appropriate to use endothelial cells that have been cultured in the VCCC, particularly if the intent is to dissect signaling pathways
that occur in small diameter resistance arteries.

Using a sturdy plastic insert containing a filter with small diameter pores (0.4 ym in diameter) to co-culture two distinct cell types prevents

the cells from migrating between layers. It results in a 10 ym distance between the cells, which is significantly longer than in vivo, but still
replicates many of the in vivo characteristics of MEJs, including protein localization and second messenger S|gnaI|ng 4 In addition, the VCCC
allows for targeting of cell type-specific signaling via the addition of an agonist or antagonist to the specific cellular compartment. For example,
loading the EC with BAPTA-AM to chelate calcium, and stimulating the SMC with phenylephrine ™. ' In contrast to other descriptions of co-culture
models'®16.17:1819.20.21 g provides instructions on isolating the distinct fractions for mMRNA and protein, including the distinct MEJ fraction W|th|n
the filter pores. The addition of this technique to the VCCC allows for specific investigation of changes in mRNA localization or transcr|pt|on
protein phosphorylation 1223 , and protein activity 2 This article WI|| describe plating of EC on top of the filter and SMC on the bottom, although it is
possible to culture the two ceII types in different conformations 11824,
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1. Plating Cells for the VCCC

1.

Culture large 225 cm? flasks of EC and SMC under sterile conditions at 37 °C, until 70-90% confluent. Ensure that more EC than
SMC are used; if using primary human EC and SMC, typically 3 large flasks of EC to 1 large flask of SMC.
1. Use primary cells at lower passages and do not use past passage 10. Choose the culture media based upon cells to be co-cultured.
For primary human coronary artery EC, use EBM-2 EC basal media with EGM2 MV growth factors. For primary human coronary SMC,
use SmBM SMC basal media with SmGM-2 growth factors. Prior to use with cultured cells, add growth factors to the media.

Construction of the VCCC Day 1: Spray large (150 mm) Petri dishes and lids with disinfectant (e.g., Cavicide) and wipe away with a paper
towel or lint-free wipes. Then spray the Petri dishes with 70% ethanol (EtOH) and place them in the hood to air dry.

Open the plate of filter inserts (see the Table of Materials) under sterile conditions, and coat the SMC side (bottom side of filter) of the insert
with fibronectin solution. Keeping the insert in the provided 6-well plate, pipet the fibronectin solution through the side slits to the bottom of the
plate, making sure that the bottom half of the filter is covered (no more than 1 mL).

After 30 min of treatment with fibronectin solution at room temperature in the cell culture hood, take inserts out of the plate, vacuum any
excess solution, and invert, placing into the bottom half of the clean Petri dish. Set aside. Be sure not to disturb the filter insert membrane
when suctioning excess solution; this can be avoided by gently tilting the plate, and vacuuming the solution off the edge of the insert.
Trypsinize a 225 cm? flask of SMC with 3 mL of pre-warmed 2X Trypsin-EDTA solution, and once the cells have lifted off the plate,
add 9 mL SMC media to neutralize the trypsin (3:1, media:trypsin). Transfer to a conical tube, mix well, and pipet 10 uL onto a
hemocytometer to determine cell number.

1. Count the number of cells in 5 x 5 boxes (i.e., 18), multiply this by 10,000 to get the number of cells in 1 mL (180,000). Then multiply by
12 mL (total volume of cell suspension, 2.16 million SMC). Ensure that there are enough SMC to plate the desired number of wells.
NOTE: For example, 1 well should have 75,000 SMC and thus 18 wells would have 1.35 million total SMC. Divide 1.35 million cells
needed by 180,000 cells per 1 mL and this results in 7.5 mL of the cell suspension that will be needed for plating. Then calculate the
final volume needed (18 wells x 750 pL = 13.5 mL). Thus, take 7.5 mL of cell suspension, bring the volume up to 13.5 mL with pre-
warmed SMC media, and mix well.

Plate 750 uL of the cell suspension containing approximately 75,000 SMC onto the bottom side of each filter, being careful to not spill any of
the media and cell solution. Place the lid on top and carefully transfer the Petri dish with the inserts into the incubator at 37 °C overnight.
NOTE: The optimum cell density for other cell types will need to be empirically determined.
On day 2, fill clean 6-well dishes with 2 mL of fresh, pre-warmed SMC media. Remove the plates from the incubator. Take the inserts out one
at a time and remove the media by suction, then place into the 6-well dish with SMC media.
Coat the opposite side of the filter (EC side) with 1 mL of a 0.5% bovine gelatin solution for at least 30 min at 37 °C.
Trypsinize the 225 cm? flask(s) of EC with 3 mL of pre-warmed 2X Trypsin-EDTA (10x diluted in sterile Dulbecco’s PBS) solution,
with gentle tapping of the flask in order to lift the cells off the plate.
NOTE: It may be necessary to place the flask back into the incubator at 37 °C for 1-3 min.

1. Once the cells have lifted off the plate, add 9 mL EC media to neutralize the trypsin (3:1). Transfer to a conical tube, pool together, mix

well, and pipet 10 pL onto a hemocytometer to determine cell number.

1. Count the number of cells in 5 x 5 boxes (i.e., 60), multiply this by 10,000 to get the number of cells in 1 mL (600,000). Then
multiply by 12 mL (total volume of cell suspension, 7.2 million EC). Ensure that there are enough EC to plate the desired number
of wells.

NOTE: Approximately 360,000 EC are required per well. For example, 18 wells require 6.48 million EC. Divide 6.48 million cells
needed by 600,000 EC per 1 mL and this results in 10.8 mL of the cell suspension that will be needed for plating. Then calculate
the final volume needed (18 wells x 1 mL = 18 mL). Thus, take 10.8 mL of cell suspension, bring the volume up to 18 mL with
pre-warmed EC media, and gently resuspend.

10. Plate 1 mL of 360,000 EC onto the top side of each insert filter. Let the cells incubate undisturbed at 37 °C for 24 h. Replace medium on Day

4. Harvest on Day 5.

2. Harvesting Fractions from the VCCC

N =

Perform the isolation in a 4 °C room and keep all instruments on ice.

Keep in mind the number of individual inserts being isolated and add lysis buffer to a 50 mL tube labeled MEJ (for the isolated filters). Then
label two 10 mm dishes; one for EC and one for SMC.

Adjust the volume of lysis buffer depending on how concentrated the lysate needs to be; for 15 inserts, 500 pL of lysis buffer for the MEJ tube
and 250 pL per Petri dish is recommended.

Work with one 6-well plate of inserts at a time. Suction off the medium in the cell culture hood and then transport to a cold room on ice.
NOTE: The following instructions are for 1 insert isolation.

Pipet 10 pL of 1x PBS onto the SMC side of the insert.

Use the cell lifter to scrape down the cells to one end of the insert, and transfer the cells from the lifter to the SMC Petri dish that has lysis
buffer in it.

Once the cell lifter has touched the lysis buffer in the dish, do not allow it to touch the insert filter until it has been completely wiped and dried
off on paper towels. Repeat the scraping of the SMC filter at least one to two times to fully remove the remaining SMC cell debris.

Turn the insert over and pipet 10 uL of 1x PBS into the upper/EC side of the insert filter. Repeat steps 2.6 and 2.7 with a cell scraper and the
EC Petri dish.
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9.

10.

1.
12.
13.

14,

15.
16.

Collect the remaining cell and PBS slurry from the EC side of the filter with a pipette and transfer to the EC Petri dish with lysis buffer. Be very
thorough in scraping the cells off both sides of the filter as to leave minimal EC/SMC contamination in the MEJ fraction.

Carefully use the scalpel to cut out the filter from the plastic insert. Do this by cutting 70-80% of it away from the plastic and use forceps to
pull the filter completely off the plastic insert structure. Put the filter in the 50 mL conical tube labeled MEJ with lysis buffer, and ensure it sits
in the lysis buffer and remains wet.

Repeat the isolation steps, in groups of 6, until all of the inserts have been processed.

Ensure that different treatment groups are kept in separate tubes and dishes.

Vortex the 50 mL MEJ conical tube on full strength for 15 s or until mixed well. Remove the filters from the MEJ conical with forceps, dragging
them along the side walls of the tube as to leave the maximum amount of proteins and liquid in the tube. After this point, discard the filters.
Once all the filters have been removed from the MEJ conical tube, do a quick spin (10-15 s at max speed ~16,000 x g) in a centrifuge to pull
all the liquid and proteins to the bottom of the tube. Transfer the contents of the MEJ tube and the EC and SMC Petri dishes into separate,
smaller centrifuge tubes.

Optional: Sonicate the contents of the MEJ/SMC/EC tubes on setting 4 for three 10 s pulses on ice or homogenize gently by hand.
Centrifuge at max speed (~16,000 x g) 15 min at 4 °C. Pipet out the supernatant and assay the lysate for protein content using the
bicinchoninic assay method.

3. Harvesting the VCCC for En Face Immunofluorescence

On Day 5 of VCCC incubation, remove the inserts from the incubator. Working in the cell culture hood, suction off the SMC media from each
of the lower wells of the insert filter and rinse two times with 1x PBS. Repeat with the EC side.

Keeping the inserts intact and in the plate, add 4% paraformaldehyde (PFA) for 10-20 min in a walk-in 4 °C room on a gentle shaker. Wash
both sides of the insert filter with 1x PBS for 5 min and repeat two times.

CAUTION: PFA is toxic and must be handled carefully.

Perform the blocking, primary and secondary antibody incubations in the plate, ensuring that both sides of the filter are kept in the antibody +
blocking solution (9 mL PBS, 25 yL Triton X100, 50 mg bovine serum albumin, 500 yL normal serum)

To mount the filter on a slide, cut the filter out of the plastic insert with a scalpel mounted on a handle and place on a microscope slide with
mounting medium.

4. Harvesting the VCCC for Transverse Immunofluorescence

On Day 5 of VCCC incubation, remove the inserts from the incubator. Suction off the media from both sides of the insert filter in the cell
culture hood and rinse each side of the filter two times with 1x PBS.

Keeping the inserts intact and in the 6-well plate, add 4% PFA and incubate overnight in a walk-in 4 °C room on a gentle shaker.
CAUTION: PFA is toxic and must be handled carefully.

5. Embedding the VCCC for Transverse Inmunofluorescence

N =

After filter inserts have been fixed approximately for 24 h in 4% PFA, transfer to 70% EtOH for at least 24 h, but up to several weeks.
Process the filters on a long (overnight) run on an automated tissue processor. Use the program as follows: 70% EtOH for 30 min, 85% EtOH
30 min, 95% EtOH 30 min, 100% EtOH 30 min, 100% EtOH 45 min, 100% EtOH 45 min, Xylene 30 min, Xylene 30 min, Xylene 45 min, 60
°C paraffin 30 min, 60 °C paraffin 30 min, 60 °C paraffin 45 min.

After processing, transfer the harvested filters to the embedding station into liquid paraffin, keeping the filter in the cassette.

Remove the filter from the cassette, carefully using forceps to hold it just at the edge. With scissors, cut the filter in half, forming two semi-
circular shaped halves. Lay each of the 2 halves on the cold plate portion of the embedding station just long enough to fill the embedding
mold with liquid paraffin.

Once filled with liquid paraffin, very briefly touch the embedding mold to the cold plate, then embed each half of the filter into embedding mold
(cut side down); this ensures that during sectioning, one will be cutting from the center of the filter towards the edge.

During embedding, use forceps to hold the filter in place to prevent the halves from falling into each other until the paraffin is cool enough for
them to stand alone. Move the embedding mold to a cold plate until completely solidified.

NOTE: Cooling blocks on ice trays helps to prevent wrinkled sections.

6. Sectioning and Staining the VCCC for Transverse Immunofluorescence

For the paraffin blocks sectioning and slide mounting: cut 5 ym sections, place the sections into a 42 °C water bath, and pick up the sections
using positively charged slides. Then keep slides overnight in a 42 °C oven to dry.

Before beginning the rehydration steps, bake the slides at 60 °C to melt the paraffin and help adhere the VCCC sections to the slide. Cool
briefly, then rehydrate the slides through two changes of xylene, 100% EtOH, 95% EtOH, one change of 70% EtOH, and two changes of
distilled water.

Avoid antigen retrieval methods that involve microwaving or heating as sections may fall off the slide.

Perform the standard blocking for 1 h at room temperature, then the overnight incubation with the primary antibody at 4 °C, followed by
washing steps and secondary antibody for 1 h at room temperature. Mount with the mounting media and coverslip.
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Representative Results

The filter inserts used for the VCCC have small, 0.4 ym holes. Figure 1A, an en face view of the VCCC filter inset, shows the pores in which

the MEJ can form in vitro. The schematic depicts the smooth muscle cells plated on the lower side of the filter one day before the endothelial
cells are plated on the opposite side (Figure 1B). Once the cells are plated, the EC, MEJ, and SMC fractions can be isolated three days later. An
example of this is shown in Figure 2A, whereg)lasminogen activator inhibitor 1 (PAI-1) is highly expressed in the MEJ fraction relative to the rest
of the EC, which is also seen at in vivo MEJs®. These data demonstrate the utility of the VCCC in recapitulating the intact arteriolar blood vessel
wall.

Next the VCCC in immunofluorescence and electron microscopy is demonstrated. The VCCC is left intact and fixed with PFA for transverse

immunofluorescence. Figure 3A shows the smooth muscle specific alpha-1 adrenergic receptor and the endothelial specific bradykinin receptor.
Phalloidin staining of F-actin shows the actin bridges in the MEJ (white arrow) between the two cells, which replicates the expression seen in an
intact artery26. In Figure 3B, a cross-section of the VCCC as viewed by transmission electron microscopy is demonstrated, which is rendered in
3D in Figure 3C. These views of the VCCC demonstrate the ability to specifically localize proteins, receptors, and ultrastructure to in vitro MEJs.

Smooth Muscle Endothelial
Cells Cells

individual holes. (B) Schematic of plating the VCCC. Day 1 shows inversion of the filter insert and plating SMC on the bottom. On day 2, the EC
are plated on the opposite side of the filter and the VCCC remains in this conformation in a 6-well plate until harvest. White arrows indicate the
side of the filter where the cells are plated and will grow. Scale bar = 1 mm. Please click here to view a larger version of this figure.

A Electron micrograph
of in vivo MEJ |

Endothelium | B & Plastic
PAI-1
MEJ actin
Smooth
Muscle

Figure 2: Protein enrichment in the MEJ. (A) Immuno-transmission electron microscope image of mouse artery with expression of alpha globin
at the MEJ (gold beads which appear as black dots). (B) Western blot showing plasminogen activator inhibitor 1 (PAl-1) expression is enriched

in the MEJ fraction versus the EC or SMC fractions. Plastic EC indicates EC grown on a plastic dish, which do not form MEJ. Scale bar =1 ym.
Please click here to view a larger version of this figure.
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Figure 3: Transverse immunofluorescence and electron microscopy in transverse sections of the VCCC. (A) Staining for smooth muscle
and endothelial specific proteins. F-actin staining is throughout both cell types and the in vitro MEJ (white arrow). An example of electron
microscopy used to study ultrastructure of the in vitro MEJs both in 2D (B) and 3D (C). Scale bar = 10 ym (A); 2.5 pm (B); and approximately 2.5
um vertical and 0.5 uym horizontal (C). Please click here to view a larger version of this figure.

The VCCC has a number of advantages in terms of recapitulating MEJs in vitro, but there are points of discussion when determining if the VCCC
can be utilized for specific application. For example, if different cell types are to be used with this model, it will need to be optimized. We have
used primary human cells but it is possible to isolate cells from bovine aorta324, or wildtype or knockout mice, and use them in the veec!s e,

If using the VCCC for MEJ isolation, the most important technique to master is thorough scraping of the filter to ensure that the purity of the
MEJ fraction is not altered by excess endothelial or smooth muscle cells. We have shown via Western blotting that alpha hemoglobin is the
best marker of a "pure" MEJ isolation', as it should be strongly expressed in the MEJ fraction versus the endothelial cell fraction. Another is
PAI-1, which regulates the formation of MEJ (Figure 2)25. We feel these may be especially good markers for a robust MEJ isolation. For extra
confidence in the harvest technique, the filters may be kept after scraping for harvest, and stained for EC/SMC markers®.

Imaging protein expression in the VCCC can be performed in two main ways: en face (Figure 1A) or transverse (Figure 3). Both preparations
allow for the visualization of proteins within the holes of the filter from two different perspectives. The en face technique involves arteries that

are cut open longitudinally and then pinned out flat, with the EC facing up, to visualize both the EC monolayer and the holes in the IEL, the only
place where MEJ can form. A fluorescent signal within the holes of the IEL indicates localization of the protein within the MEJ'®?_ This same
principle can be translated to the VCCC by imaging the EC monolayer from above, without needing to embed it in paraffin or make sections. The
transverse method is more complex to master but is critical for distinct visualization of proteins in the EC versus the SMC monolayers (Figure 3).

The lack of flow or stretch in the system is a potential limitation, but it is possible to add flow in an endothelial-smooth muscle cell co-culture'®"°,

It appears that the static conditions still allow for physiologically accurate protein expression and activation, so it may be that the heterocellular
contact is the most important factor in dissection of MEJ signaling pathways.
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There are multiple applications of this technique beyond resistance artery signaling as the VCCC is not necessarily limited to specific cell types.
Other co-culture models have utilized outgrowth endothelial cells and osteoblasts'’, or modeled the blood brain barrier with endothelial and
pericyte/astrocyte co-cultures?'. Metastasis of tumor cells through the endothelium can also be quantified using this model®". It is also possible
to grow cells on the filter and culture another cell type in the bottom of the 6-well dish to test paracrine signaling, or grow endothelial cells on the
upper part of the membrane to look at polarization of the cell (our unpublished observations). Leukocytes or other circulating cells can be added
to the EC media and the adhesion of cells can be quantified12. In addition, the VCCC can be used to investigate pathologies such as smooth

muscle migration24 and proliferation in response to endothelial injury15'18.

In conclusion, we have presented a method to isolate MEJ from an in vitro cell culture system, which allows for the investigation of signaling
processes between two coupled cell types. Importantly, the co-culture system is not limited to the study of the MEJ and can be valuable to
answer a number of questions, especially those involving heterocellular communication.

The authors have nothing to disclose.
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