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Abstract

Throughout the body, the maintenance of homeostasis requires the constant supply of oxygen and nutrients concomitant with removal of
metabolic by-products. This balance is achieved by the movement of blood through the microcirculation, which encompasses the smallest
branches of the vascular supply throughout all tissues and organs. Arterioles branch from arteries to form networks that control the distribution
and magnitude of oxygenated blood flowing into the multitude of capillaries intimately associated with parenchymal cells. Capillaries provide a
large surface area for diffusional exchange between tissue cells and the blood supply. Venules collect capillary effluent and converge as they
return deoxygenated blood towards the heart. To observe these processes in real time requires an experimental approach for visualizing and
manipulating the living microcirculation.

The cremaster muscle of rats was first used as a model for studying inflammation using histology and electron microscopy post mortem1,2. The
first in vivo report of the exposed intact rat cremaster muscle investigated microvascular responses to vasoactive drugs using reflected light3.
However curvature of the muscle and lack of focused illumination limited the usefulness of this preparation. The major breakthrough entailed
opening the muscle, detaching it from the testicle and spreading it radially as a flat sheet for transillumination under a compound microscope4.
While shown to be a valuable preparation to study the physiology of the microcirculation in rats5 and hamsters6, the cremaster muscle in
mice7 has proven particularly useful in dissecting cellular pathways involved in regulating microvascular function8-11 and real-time imaging of
intercellular signaling12.

The cremaster muscle is derived from the internal oblique and transverse abdominus muscles as the testes descend through the inguinal
canal13. It serves to support (Greek: cremaster = suspender) and maintain temperature of the testes. As described here, the cremaster muscle is
prepared as a thin flat sheet for outstanding optical resolution. With the mouse maintained at a stable body temperature and plane of anesthesia,
surgical preparation involves freeing the muscle from surrounding tissue and the testes, spreading it onto transparent pedestal of silastic rubber
and securing the edges with insect pins while irrigating it continuously with physiological salt solution. The present protocol utilizes transgenic
mice expressing GCaMP2 in arteriolar endothelial cells. GCaMP2 is a genetically encoded fluorescent calcium indicator molecule12. Widefield
imaging and an intensified charge-coupled device camera enable in vivo study of calcium signaling in the arteriolar endothelium.

Video Link

The video component of this article can be found at https://www.jove.com/video/2874/

Protocol

1. Mouse board, muscle pedestal, body wedge and superfusion solution

1. Mouse board: A transparent rectangular Plexiglas board (6" wide X 8" long X 3/16" thick) is made to fit on the stage of the microscope. The
"mouse board" is where the anesthetized mouse is secured during surgical preparation of the cremaster muscle.

2. Muscle pedestal: A transparent silastic rubber pedestal is prepared from Sylgard 184, which is mixed according to the manufacturer°s
instructions. A convenient mold is a 15-mm thick x 50-mm diameter diameter disposable Petri dish. The Sylgard block is cut to the desired
shape with a razor blade (see Figure 1C.). A thin layer of clear waterproof silicone adhesive is used to secure the Sylgard block to the mouse
board. Helpful tips: After pouring the Sylgard into the Petri dish, degassing in a vacuum chamber for an hour removes air bubbles and
improves clarity. Following degassing, curing time for Sylgard is shortened by placing the dish in a laboratory oven at 50 °C for several hours.

3. Body wedge and heating platform: A wedge (2" X 4" X 15°) positioned underneath the mouse and against the pedestal tilts the body
forward which facilitates extending the cremaster muscle over the pedestal from its origin. Incorporating an aluminum platform onto the
surface provides conductive heat. The platform is heated by resistors connected to a DC power supply (Figure 1A). Calibrating the platform
temperature to ˜40 °C maintains esophageal temperature at ˜37 °C. Otherwise, radiant heat from a lamp is used.

4. Pins. To secure the cremaster muscle on the pedestal, pins are prepared from 0.15 mm insect pins that have been bent into an "L" shape.
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5. Physiological salt solution (PSS). Preparations are superfused (irrigated) continuously with bicarbonate-buffered PSS prepared in ultrapure
(18.2 MΩ) H2O. Stock solutions are prepared at 20X final working concentration and sterilized through a 0.2 μm filter. Stock solutions remain
good for several weeks when stored at 4°C. Preparing salts separately from the bicarbonate and mixing them with dilution on the day of the
experiment prevents the precipitation of calcium bicarbonate. The stock salt solution is comprised of (in mmol/L): 2638 NaCl, 94 KCl, 40
MgS04, 23.4 CaCl2. The stock bicarbonate is 360 NaHCO3. On the day of an experiment, respective solutions are brought to a final volume
(typically 2 L for a given experiment) in a volumetric flask and placed in a water bath at ˜37°C. Equilibrating the PSS with 5% CO2 / 95% N2
for ˜15 minutes using a gas disperser adjusts the pH to ˜7.4 and prevents precipitation. The PSS is bubbled continuously with 5% CO2 / 95%
N2 throughout experiments. The final working solution composition (in mmol/L) is: 132 NaCl, 4.7 KCl, 1.2 MgS04, 2 CaCl2, 18 NaHCO3.

2. Anesthesia and preparation for surgery

1. Following approval from the Institutional Animal Care and Use Committee, male mice at least 12 weeks old are used. The mouse is
anesthetized with pentobarbital sodium (60 mg/kg) via intraperitoneal (i.p.) injection. A restraining tube proves useful for securing the mouse
during the initial injection. Throughout surgical procedures and experimental protocols, anesthesia is maintained by supplements (10-20% of
initial injection, i.p.) as needed (every 30-60 minutes; indicated by withdrawal response to toe or tail pinch). Tip: Diluting the pentobarbital 10
mg/ml in sterile saline before injection reduces the possibility of overdose.

2. Anesthesia compromises temperature regulation so the mouse must be kept warm immediately after the first injection. Placing the mouse in
a metal carrier (ventilated aluminum basket) on top of a heating plate (calibrated to ˜37 °C) works well. Alternatively, a heat lamp can be used
taking care to position it at an appropriate distance from the mouse. The mouse should be monitored every 5-10 minutes until the appropriate
level of anesthesia is achieved (lack of withdrawal to toe or tail pinch). A supplementary dose may be required after 15-20 minutes. It is best
to be patient and proceed with caution to avoid overdose, especially with obese or aged animals.

3. Hair is removed from the lower abdomen, lower back, scrotum and legs by carefully shaving respective regions. Particular attention should
be taken to avoid trauma to the scrotum and testes, which will otherwise injure the cremaster muscle. Remove loose hair with a fresh alcohol
swab.

4. If the bladder is full it will feel like a small grape through the abdominal wall. Empty the bladder using gentle pressure to prevent the mouse
from urinating on the cremaster preparation during experiments. A Kimwipe is an effect sponge to collect the urine.

5. Position the mouse on its back, lying on the wedge with its legs straddling the pedestal. A silk suture (4-0 or 5-0) tied to each foot provides a
tether for securing the mouse with its crotch against the pedestal. A piece of tape placed loosely across the chest and secured to the wedge
maintains overall body position. Surgical procedures are performed while viewing through a stereomicroscope using microdissection scissors
and angled forceps.

3. Surgical preparation of the open cremaster muscle

1. A pin is placed through the apex of the scrotal sac (either the left or right side) and secured in the pedestal to place tension on the skin.
Superfusion with PSS (34-35 °C) is initiated over the surgical field and maintained throughout dissection to keep the exposed tissue warm
and moist. A wick (made from Kimwipe) positioned with one end next to the scrotal sac and the other next to a vacuum line removes the
effluent PSS. A bead of silicone sealant adhered to the Plexiglas board and completely encircling the wedge and pedestal serves as "moat"
to collect any PSS that is not aspirated, serving as an effective precaution to prevent PSS leakage onto the microscope.

2. An incision is made along the ventral surface of the scrotal sac. If the testicle has been retracted by the cremaster muscle into the abdominal
cavity, gentle pressure on the lower abdomen directs the testicle into the sac. The surface of the cremaster muscle overlying the testicle
should be identified at this time. Connective tissue between the scrotal skin and the cremaster muscle is carefully removed to free the
cremaster muscle from surrounding tissue.

3. The scrotal skin is gently retracted behind the proximal edge of the pedestal and secured on each side with a pin. The exterior surface of
the cremaster muscle surface is then cleared of connective tissue. Continuous superfusion during dissection hydrates the connective tissue,
facilitating visibility and removal.

4. A pin through the apex of the cremaster muscle is used to place it under longitudinal tension. A longitudinal incision is made through the
ventral surface of the muscle with great care taken to minimize disruption of the vascular supply. Blood flow dynamics near the periphery of
the preparation are altered by this tissue damage14. Therefore, to minimize these affects on data collection, blood vessels near the center of
the preparation are used for imaging and physiological studies.

5. The cremaster muscle is connected by a thin ligament to the epididymis underneath the testicle. Reflecting the testicle to one side exposes
this ligament, which is carefully separated from the epididymis. Near the apex of the cremaster muscle is small artery and vein which connect
it to the epididymis. Occluding these vessels between forceps and pulling them apart minimizes bleeding. The testicle, epididymis, testicular
artery and vein are ligated proximally (4-0 or 5-0 silk suture), severed and discarded (orchiectomy) along with the associated inguinal fat
pad. Alternatively, the testicle can be gently pushed back into the abdominal cavity and retained with a piece of cotton or Kimwipe. The
orchiectomy serves to avoid possible trauma to the tissue when pushing the testes back into the abdominal cavity. We have not found
noticeable differences in the quality of the cremaster microcirculation preparation (see Section 3.8) using either procedure7,15.

6. The external surface of the cremaster muscle is cleared of remaining connective tissue and then spread radially on the surface of the
pedestal. The edges are secured with pins (see Section 1.4) in 5-6 places to create a flat sheet of striated muscle with intact microcirculation.

7. The completed preparation is transferred to the stage of an intravital microscope, superfused continuously (3-5 ml/min, 34 °C) and
equilibrated for 30 minutes.

8. Integrity of the cremaster preparation is evaluated according to several criteria. Spontaneous vasomotor tone with minimal surgical trauma
is indicated by brisk flow in arterioles and lack of adherent leukocytes in venules. The most sensitive index of a responsive preparation is
constriction of arterioles to raising the superfusion solution oxygen content for 5-10 minutes. This is done by equilibrating it with 21% O2
(vs. 5% O2; see Section 1.5; all with 5% CO2, balance N2). The presence of leukocytes in arterioles, the absence of red blood cells flowing
through capillaries, and/or leukocytes accumulating in venules and surrounding tissue are signs of tissue damage and inflammation.
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4. Intravital imaging of the cremaster muscle microcirculation

1. Intravital imaging is performed on a custom microscope based upon an Olympus MVX10 Stereo Zoom platform. The MVX10 microscope
body is mounted to a MVX10 hybrid stand equipped with transillumination (halogen lamp) for brightfield (Köhler) imaging and with epi-
illumination (mercury lamp) for fluorescence imaging. Using epi-illumination, GCaMP2 is excited at 472/30 nm with emission collected at
520/35 nm. Images are acquired through a MV PLAPO 2XC lens (numerical aperture = 0.50; Olympus) using an XR/Mega-10 intensified
digital camera (Stanford Photonics, Inc.; SPI) via Piper Control Software (SPI) on a personal computer. With this system, the observed field of
view (FOV) can be varied from 553 μm X 442 μm to 22 mm X 18 mm.

2. Upon completion of intravital imaging experiments, the anesthetized mouse is euthanized with overdose of pentobarbital followed by cervical
dislocation.

5. Representative Results

 

Figure 1. Mouse board for intravital imaging of the mouse cremaster preparation. A) Body wedge with aluminum platform (insulated with yellow
plastic) viewed from the bottom. Heating resistors secured to the underside of the platform provide conducted heat. B) The heating platform
rests on a plastic wedge. C) The body wedge is placed on a Plexiglas board for surgery and subsequent transfer to the stage of the intravital
microscope. Sylgard pedestal is indicated with red arrow. A bead of waterproof silicone surrounds the entire preparation to contain any solution
that may leak during the intravital procedure, preventing it from dripping onto the microscope.
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Figure 2. Custom MacroZoom microscope for widefield imaging. A) MVX10 microscope body (Olympus) with XR/Mega-10 ICCD camera
(Stanford Photonics) mounted on trinocular port. B) Close-up view of the microscope body. (a) zoom control (0.63 to 6.3X); (b) filter wheel; (c)
image doubler (NA = 0.50 with 25X optical magnification). C) Substage condenser for brightfield (Köhler) illumination (Condenser NA = 0.55,
Working Distance = 27 mm).

 

Figure 3. Completed mouse cremaster preparation. Anesthetized mouse in supine position on warm plastic-coated aluminum platform (yellow).
Body position is secured with tape. The cremaster muscle is spread radially on the transparent silastic rubber pedestal and pinned at the edges.
Superfusion solution is introduced at the proximal end through a plastic dripper (white arrow). A vacuum line (white arrowhead) removes the
solution via a Kimwipe wick. Two micropipettes are shown positioned with their tips in the tissue. A reference electrode (silver wire) is secured at
the lower edge of the cremaster muscle.
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Figure 4. Illustrating the magnification range for visualizing arteriolar networks expressing GCaMP2 in endothelium. A) Fluorescent and B)
brightfield image taken at an optical magnification of 3.2X for a total magnification = 42X on the video monitor. [Field of view (FOV) = 4,375 x
3,470 μm]. Scale bar = 500 μm. Working at this magnification facilitates placement of micropipettes at desired locations. C) Fluorescent and
D) brightfield image taken at optical magnification of 6.4X for total magnification = 83X (FOV = 2,200 x 1,759 μm). Scale bar = 200 μm. E)
Fluorescent and F) brightfield image taken at optical magnification of 12.6X for total magnification = 165X (FOV = 1,100 x 885 μm). Scale bar =
100 μm. G) With image doubler, optical magnification = 25.2X. Scale bar = 50 μm.

Discussion

Here we describe the open cremaster muscle preparation in the mouse for observing the microcirculation in vivo. This procedure is modeled
after the "open" cremaster preparation first described in the rat4. With practice the entire surgical procedure can be completed in less than 1 hour.
The versatility of this preparation allows for a variety of experimental manipulations and is readily adapted to hamsters as well as rats, enabling
a variety of experimental models to be studied in similar fashion. The preparation is limited to male animals and measurements should be made
towards the center of the tissue, avoiding damaged regions near the edges of the muscle14. It should also be recognized that, while pressure and
flow distributions are altered when interconnecting vessels of the cremaster muscle are cut16, microvessels remain responsive and suitable for
reproducible data collection. The primary limitation to visualizing the microcirculation in the cremaster muscle is the buildup of connective tissue
as animals mature and increase in size, particularly in rats but also in hamsters. Further, as animals get fat, it becomes more difficult to control
anesthesia because pentobarbital is lipophilic and can be absorbed in adipose tissue. The best way to proceed is by being patient while ensuring
that the animal°s body temperature is maintained at ~37 °C while exposed tissue is irrigated continuously with PSS.
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