
Journal of Visualized Experiments
 

Isolating and imaging live, intact pacemaker regions of mouse renal pelvis by
vibratome sectioning

--Manuscript Draft--
 

Article Type: Invited Methods Article - JoVE Produced Video

Manuscript Number: JoVE62040R1

Full Title: Isolating and imaging live, intact pacemaker regions of mouse renal pelvis by
vibratome sectioning

Corresponding Author: Bernard Drumm
Dundalk Institute of Technology
Dundalk, Louth IRELAND

Corresponding Author's Institution: Dundalk Institute of Technology

Corresponding Author E-Mail: bernard.drumm@dkit.ie

Order of Authors: Nathan Grainger

Kenton Sanders

Bernard Drumm

Additional Information:

Question Response

Please specify the section of the
submitted manuscript.

Biology

Please indicate whether this article will be
Standard Access or Open Access.

Open Access (US$4,200)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Reno, Nevada, United States

Please confirm that you have read and
agree to the terms and conditions of the
author license agreement that applies
below:

I agree to the Author License Agreement

Please provide any comments to the
journal here.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation

https://www.jove.com/files/Author_License_Agreement.pdf


 

1 
 

TITLE:  1 
Isolating and Imaging Live, Intact Pacemaker Regions of Mouse Renal Pelvis by Vibratome 2 
Sectioning  3 
 4 
AUTHORS AND AFFILIATIONS:  5 
Nathan Grainger1,2, Kenton M. Sanders1, Bernard T. Drumm1,3 6 
 7 
1Department of Physiology & Cell Biology, University of Nevada, Reno School of Medicine, Reno, 8 
NV, USA 9 
2Department of Physiology & Membrane Biology, University of California School of Medicine, 10 
Davis, CA, USA 11 
3Department of Life & Health Sciences, Dundalk Institute of Technology, Co., Louth, Ireland 12 
 13 
Email addresses of co-authors: 14 
Nathan Grainger  (ngrainger@ucdavis.edu) 15 
Kenton M. Sanders   (ksanders@med.unr.edu) 16 
 17 
Corresponding author:  18 
Bernard T. Drumm  (bernard.drumm@dkit.ie) 19 
 20 
KEYWORDS:  21 
Renal pelvis; pacemaker; interstitial cell; smooth muscle; urinary tract; Ca2+ imaging; urogenital; 22 
kidney; PDGFRα; Ano1 23 
 24 
SUMMARY: 25 
The goal of this protocol is to isolate intact pacemaker regions of the mouse renal pelvis using 26 
vibratome sectioning. These sections can then be used for in situ Ca2+ imaging to elucidate Ca2+ 27 
transient properties of pacemaker cells and other interstitial cells in vibratome slices. 28 
 29 
ABSTRACT:  30 
The renal pelvis (RP) is a funnel-shaped, smooth muscle structure that facilitates normal urine 31 
transport from the kidney to the ureter by regular, propulsive contractions. Regular RP 32 
contractions rely on pacemaker activity, which originates from the most proximal region of the 33 
RP at the pelvis-kidney junction (PKJ). Due to the difficulty in accessing and preserving intact 34 
preparations of the PKJ, most investigations on RP pacemaking have focused on single-cell 35 
electrophysiology and Ca2+ imaging experiments. Although important revelations on RP 36 
pacemaking have emerged from such work, these experiments have several intrinsic limitations, 37 
including the inability to accurately determine cellular identity in mixed suspensions and the lack 38 
of in situ imaging of RP pacemaker activity. These factors have resulted in a limited understanding 39 
of the mechanisms that underlie normal rhythmic RP contractions. In this paper, a protocol is 40 
described to prepare intact segments of mouse PKJ using a vibratome sectioning technique. By 41 
combining this approach with mice expressing cell-specific reporters and genetically encoded 42 
Ca2+ indicators, investigators may be able to more accurately study the specific cell types and 43 
mechanisms responsible for peristaltic RP contractions that are vital for normal urine transport. 44 
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 45 
INTRODUCTION:  46 
The renal pelvis (RP) is a funnel-shaped, smooth muscle structure that transports urine from the 47 
kidney to the ureter. The RP transports urine by generating regular rhythmic contractions 48 
(peristalsis)1-5, which propels a bolus of urine from the kidney distally to the ureter and ultimately 49 
to the bladder, where it is stored until micturition occurs6,7. Loss of this regular activity has dire 50 
consequences, including hydronephrosis and kidney failure1,3,8; hence, there is a critical need to 51 
study the mechanisms underlying regular, rhythmic RP contractions. Peristaltic contractions 52 
originate from the most proximal region of the RP—in the pelvis-kidney junction (PKJ)9-15 (Figure 53 
1A–C)—and propagate distally to push urine from the papilla into the RP (Figure 1B). Electrical 54 
pacemaker activity is recorded in the PKJ as spontaneous transient depolarizations10-13,15-17, 55 
which are thought to arise from specialized pacemaker cells. These pacemaker cells, previously 56 
called atypical smooth muscle cells (ASMCs), are thought to generate or coordinate pacemaker 57 
activity and drive the contractions of “typical” smooth muscle cells (SMCs)9-11,18-23. 58 
 59 
ASMCs are most abundant in the proximal RP, at the PKJ (Figure 1A–C), where peristaltic 60 
contractions and electrical pacemaker activity originates5,7–9,12–14,16–22. A recently published study 61 
by this group identified platelet-derived growth factor receptor-alpha (PDGFRα), in combination 62 
with smooth muscle myosin heavy chain (smMHC), as a unique biomarker for these interstitial 63 
cells (ICs)24, a finding that has been corroborated by other groups25. Based on their morphology 64 
and protein expression pattern, these cells were called PDGFRα+ IC type 1 (PIC1)24,26. PIC1s reside 65 
in the muscle layer of the PKJ where they display high-frequency, short-duration Ca2+ transients, 66 
thought to underlie the generation of pacemaker potentials24. However, other cell types exist in 67 
the PKJ, including non-smMHC-expressing PDGFRα+ ICs (PIC2s) in the adventitial layer. Previous 68 
reports have suggested that non-smMHC ICs may participate in the regulation of pacemaker 69 
activity19. However, further study of non-smMHC ICs is hindered by poor distinction during Ca2+ 70 
imaging studies. Typically, heterogeneous cell types within the RP preparations are 71 
indiscriminately loaded with Ca2+-sensitive dyes (e.g., Fluo-4). To overcome these challenges and 72 
to study a variety of cell types in the RP, genetically encoded Ca2+ indicators (GECIs) can be utilized 73 
to selectively express Ca2+-sensitive fluorophores in cell types of interest. 74 
 75 
The majority of studies elucidating Ca2+ transient properties in PIC1s/ASMCs were achieved by 76 
imaging flat-sheet RP tissue preparations19,21,27. As PIC1s are the only cell type in the PKJ to 77 
express smMHC, conditional expression of the GECI, GCaMP, in smMHC+ cells is appropriate to 78 
study PIC1s in this configuration. However, as PIC1s and PIC2s both express PDGFRα, conditional 79 
expression of GCaMP variants in PDGFRα+ cells prohibit cell distinction in flat-sheet preparations. 80 
To circumvent this issue, a vibratome sectioning approach was used to distinguish PIC1s and 81 
PIC2s across the PKJ tissue wall24. To reveal these discrete cellular populations, the RP was 82 
sectioned coronally, making it possible to identify PIC2s in the adventitia and PIC1s in the muscle 83 
wall based on known immunohistochemical labeling and GECI expression patterns. As a result of 84 
this novel PKJ imaging approach, PIC1s and PIC2s were found to display distinct Ca2+ signaling 85 
properties24. Furthermore, by isolating the most proximal sections of the PKJ region (Figure 2), 86 
the pacemaker region of the RP was preserved in a way that had not been accomplished 87 
previously. Here, a protocol is described to show how to isolate PKJ preparations from the mouse 88 
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kidney using vibratome sectioning, how to set up these preparations for Ca2+ imaging 89 
experiments, and how to distinguish the different cell types across the PKJ wall.  90 
 91 
PROTOCOL: 92 
All mice used and the protocols described in this study were in accordance with the National 93 
Institutes of Health Guide for the Care and Use of Laboratory Animals, and the Institutional 94 
Animal Use and Care Committee at the University of Nevada, Reno, NV. Experiments and animal 95 
use also conformed to the principles and regulations as described by Grundy28. 96 
 97 
1. Generate PDGFRα-GCaMP6f and SMCGCaMP3 mice 98 
 99 
1.1. Cross GCaMP6flox/+ mice (B6; 129S-Gt(ROSA)26Sortm95.1(CAG-GCaMP6f)Hze/J) with PDGFRαCre 100 
mice (C57BL/6-Tg(Pdgfra-cre)1Clc/J) to generate PDGFRα-GCaMP6f mice.  101 
 102 
1.2. Cross GCaMP3lox/+ mice (B6.129S-Gt(ROSA)26Sortm38(CAG-GCaMP3)Hze/J) with male 103 
smMHCCreERT2 mice (B6.FVB-Tg(Myh11-cre/ERT2)1Soff/J) to generate SMC-GCaMP3 mice. 104 
 105 
NOTE: Only male mice of the cross (GCaMP3lox/+ mice and smMHCCreERT2 mice) can be used as Cre 106 
expression is driven from the Y chromosome. smMHCCreERT2 mice can also be crossed with 107 
GCaMP6flox/+ mice for improved Ca2+ signal-to-noise ratio and faster Ca2+ signal temporal 108 
properties.  109 
 110 
2. Prepare and inject transgenic mice with tamoxifen to induce conditional expression of 111 
GCaMP 112 
 113 
2.1. Activate inducible Cre recombinase for cell-specific GCaMP expression in specific cell 114 
types, as previously described29. 115 
 116 
3. Prepare solutions 117 
 118 
3.1. Prepare 1 L of Krebs-Ringer bicarbonate (KRB) solution containing 120.35 mM NaCl, 5.9 119 
mM KCl, 15.5 mM NaHCO3, 1.2 mM Na2HPO4,1.2 mM MgCl2, 11.5 mM glucose, and 2.5 mM CaCl2. 120 
On the day of use, maintain the KRB solution on ice.  121 
 122 
NOTE: KRB can be stored at 4 °C for up to one week and should be pre-bubbled with a mix of 97% 123 
O2 and 3% CO2 for at least 10 min prior to use. 124 
 125 
4. Prepare silicon elastomer-coated dissection and microscope imaging dishes 126 
 127 
4.1. Mix silicon elastomer components according to the manufacturer’s instructions. Fill a 35 128 
mm x 10 mm Petri dish and a 60 mm x 15 mm Petri dish approximately one-fourth full of liquid 129 
silicon elastomer for imaging experiments and dissection, respectively. Polymerize the silicon 130 
elastomer at 37 °C for 1 day prior to use. 131 
 132 



 

4 
 

NOTE: To enhance the contrast of thin kidney sections, apply a small, black circle of paper to the 133 
base of the imaging Petri dish before filling with silicon elastomer. 134 
 135 
5. Kidney dissection 136 
 137 
5.1. Anaesthetize mice by inhalation of 3–4% isoflurane in a ventilated hood. Confirm the 138 
induction of deep anesthesia by loss of toe and/or tail pinch reflex, and then euthanize the mice 139 
by cervical dislocation. 140 
 141 
5.2. Apply 70% ethanol to the chest to dampen the fur. Using external dissection scissors, 142 
open the abdominal cavity via a longitudinal incision, with scissor blades angled away from the 143 
animal to prevent damage to the internal organs. 144 
 145 
5.3. Using internal tissue forceps and internal dissection scissors, pinch the intestines and lift 146 
them away from the abdominal wall. Whilst lifting the intestines, cut the underside of the 147 
intestines free from the body at the proximal duodenum and distal colon to gain access to the 148 
retroperitoneal space containing the kidneys.  149 
 150 
5.4. Once the kidneys are exposed, extract them individually. Gently pinch and lift the distal 151 
end of the ureter (~4mm away from the kidney) with tissue forceps. Using the dissection scissors, 152 
cut underneath the pinched ureter towards the kidney. Continue to cut underneath the kidney 153 
until it has become liberated from the surrounding connective tissue. 154 
 155 
NOTE: To maximize tissue integrity and cutting consistency during vibratome sectioning, the 156 
kidney must be as intact as possible. To ensure this, avoid pinching or cutting of the kidney with 157 
forceps and dissection scissors. 158 
 159 
5.5. Place the kidney with attached ureter in ice-cold KRB solution. Repeat steps 5.4 and 5.5 160 
with the contralateral kidney. Maintain the kidneys in KRB solution on ice.  161 
 162 
NOTE: Immediately proceed to the next section of the protocol to preserve PKJ tissue viability. 163 
Because of its anatomical location deep in the kidney parenchyma, the PKJ is deprived of contact 164 
with KRB solution. 165 
 166 
6. Prepare the kidney for vibratome sectioning 167 
 168 
6.1. Transfer the kidney to a silicon elastomer-coated dissection dish (60 mm x 15 mm), and 169 
fill it with ice-cold KRB solution until the kidney is completely submerged. 170 
 171 
6.2. Under a dissecting microscope, anchor the kidney to the base of the dish by inserting 172 
minutien pins into the proximal ureter and through the thin anterior renal capsule or surrounding 173 
adipose tissue.  174 
 175 
NOTE: Take care not to puncture the kidney parenchyma tissue. 176 
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 177 
6.3. Use fine spring scissors and internal forceps to remove adipose tissue from the base of 178 
the kidney to expose the distal RP and proximal ureter. 179 
 180 
6.4. Remove the proximal ureter and a portion of the distal RP from the base of RP using fine 181 
spring scissors.  182 
 183 
NOTE: Take care not to cut the surrounding kidney parenchyma. The black dashed line in Figure 184 
1A indicates the approximate position of this cut. This cut creates a flat base on the kidney for 185 
more uniform tissue sectioning. When dissecting the kidney, one must be aware of the 186 
anatomical position of the PKJ region. Figure 1B shows that the intact kidney can be cut along a 187 
sagittal plane to expose the medulla, papilla (distal medulla where collecting ducts converge) and 188 
proximal and distal RP. If the papilla were to be exposed completely, as in Figure 1C, the PKJ and 189 
proximal RP (prox RP) can be visualized. However, this should not be done for the vibratome 190 
technique; this description is to orientate the reader to the PKJ location generally, emphasized in 191 
the anatomical difference shown in the transmitted light images of the PKJ region and mid-RP 192 
region in Figure 1D,E.  193 
 194 
6.5. Pierce the outer renal capsule with fine-tip forceps, angling the tips away from the kidney 195 
body. Using forceps with each hand, pinch the loose ends of the capsule and peel them apart. 196 
Continue to peel back the remaining renal capsule membrane until it is removed entirely. 197 
 198 
NOTE: The renal capsule is a tough, fibrous layer that surrounds the kidney. It must be removed 199 
prior to vibratome sectioning for optimal cutting. 200 
 201 
7. Prepare and calibrate the vibratome instrument 202 
 203 
7.1. Insert a razor blade into the blade holder of the vibratome instrument, and adjust the 204 
blade clearance angle to ~18°.  205 
 206 
NOTE: As an optional step for higher quality sectioning, a calibration block (provided with some 207 
vibratome instruments) should be used to adjust the blade position for each new blade used 208 
according to the manufacturer’s instructions. This will ensure optimum positioning of the blade 209 
and minimize vertical vibration.  210 
 211 
7.2. Adjust the blade advancement speed to 0.2 mm/s, the horizontal vibration/sheering of 212 
the blade to an amplitude of 2.00 mm, and the Z-step size of the blade to ~100–150 μm. Ensure 213 
that kidney section thickness does not exceed 150 μm as this will negatively impact Ca2+ imaging 214 
experiments (because the PKJ wall will often roll and fold on itself if it is too thick). 215 
 216 
NOTE: The user should fine-tune these cutting parameters because settings will vary between 217 
individual kidney preparations and vibratome instruments. Fine-tuning should take place during 218 
sectioning when the user can visually inspect sections under a microscope, as described in step 219 
7.2. 220 
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 221 
7.3. Install an ice bath and buffer tray onto the vibratome instrument. Fill the ice bath with 222 
crushed ice, and fill the inner stage area with ice-cold KRB solution (fill to approximately half-full). 223 
During vibratome sectioning, monitor and replace the crushed ice that has melted. 224 
 225 
8. Vibratome sectioning the kidney 226 
 227 
8.1. Use blunt-ended forceps to gently grasp and remove the prepared kidney from ice-cold 228 
KRB solution. Immediately place the kidney on absorbent paper for ~2–4 s to remove excess 229 
external moisture. Gently roll the kidney across the absorbent paper to ensure that all sides of 230 
the parenchyma have dried so that there is optimal adhesion of the kidney to the vibratome 231 
stage.  232 
 233 
NOTE: As the RP is located inside the kidney and therefore protected by the outer parenchyma, 234 
this short drying period would not be detrimental to tissue integrity.  235 
 236 
8.2. Immediately apply a thin layer of cyanoacrylate glue (~1 cm2) to the base of the vibratome 237 
specimen plate, and use blunt-ended forceps to place the kidney, ureter side down, on the area 238 
covered in glue. Gently apply downward pressure to the top of the kidney with the flat edge of 239 
the forceps for approximately 10–20 s to dry the glue. 240 
 241 
NOTE: To stabilize the kidney during this procedure, use an additional pair of forceps to keep the 242 
kidney upright as the glue dries. It is critical that the kidney adheres to the specimen plate in an 243 
upright position so that sections are cut straight. To ensure that the kidney has successfully 244 
adhered to the specimen plate, gently push the side of the kidney. If the kidney has successfully 245 
adhered to the plate, the base of the kidney should stay secured to the plate. 246 
 247 
8.3. Firmly secure the specimen plate to the bottom of the buffer tray. Adjust the level of KRB 248 
solution so that the top of the kidney is fully immersed. During sectioning steps, as the vibratome 249 
blade moves deeper into the buffer tray, remove KRB solution so that the blade holder does not 250 
become immersed in solution.  251 
 252 
NOTE: If the glue has not completely dried before proceeding with this step, the glue will often 253 
move up from the base and on to the kidney parenchyma. This excess glue will make sectioning 254 
more variable. If this does happen, remove the kidney from the plate and proceed with a fresh 255 
kidney preparation. 256 
 257 
8.4. For automatic vibratome sectioning, select the start and end positions of the vibratome 258 
blade-cutting cycle. Verify these positions are ~0.5–1 cm clear of the kidney to ensure that with 259 
each blade advancement, the entire kidney plane is sectioned. 260 
 261 
8.5. Prepare a multi-welled plate (24- or 48-well) by filling wells with KRB solution and place 262 
the plate on ice.  263 
 264 
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NOTE: When generated, individual sections should be placed into separate wells to keep track of 265 
section depth. 266 
 267 
8.6. Start the automatic cutting process. During the initial pass of the blade, ensure that the 268 
blade makes contact with the very top of kidney. If contact is not made, adjust the starting Z-269 
position of the blade. 270 
 271 
8.7. Using forceps, collect sections that are liberated from the kidney. Immediately transfer 272 
the sections to individual wells, and note the Z-depth of the sections to gauge the approximate 273 
PKJ location within kidney sections. 274 
 275 
NOTE: Depending on the cut parameters, some sections may not be cut free from the kidney 276 
block. If this occurs, carefully use fine spring scissors to cut sections from the kidney block. Users 277 
are also encouraged to actively visualize sections under a light microscope whilst free-floating in 278 
individual wells to ensure optimal cut settings and tissue location. Sections containing the PKJ 279 
will typically be derived ~ 1000–1500 μm from the top of the kidney. 280 
  281 
8.8. Continue the sectioning protocol until the PKJ regions become more apparent. Refer to 282 
the representative results section for description of the PKJ regions as sectioning proceeds.  283 
 284 
8.9. At this point, optimize the sectioning parameters to ensure that sections are liberated 285 
from the kidney block uniformly and are intact. Additionally, make sure that the PKJ regions are 286 
continuous and unbroken because broken PKJ walls will not allow adequate imaging of cells 287 
within the wall due to collapse. If walls become broken, decrease the sectioning speed and 288 
increase the section thickness, and continue to observe sections under a light microscope to fine-289 
tune the cutting parameters. 290 
 291 
8.10. Store sections at 4oC in KRB solution until experimentation begins.  292 
 293 
9. Kidney slice Ca2+ image acquisition 294 
 295 
9.1. Transfer an individual kidney slice to a silicon elastomer-coated imaging dish (35 mm x 10 296 
mm), and immediately fill the dish with fresh, ice-cold KRB solution. 297 
 298 
9.2. Insert minutien pins around the periphery of a kidney slice to secure the section to the 299 
base of the imaging dish. 300 
 301 
NOTE: This step is critical to prevent the section from moving around when physiological 302 
solutions are perfused over the slice during imaging. 303 
 304 
9.3. Place the imaging dish on the stage of an upright spinning-disk confocal microscope and 305 
immediately start perfusing with KRB solution.  306 
 307 
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NOTE: In this protocol, an upright microscope equipped with a high-speed Nipkow spinning disk 308 
confocal scanner unit was used. 309 
 310 
9.4. Maintain the perfusion rate at 3 mL/min and KRB solution temperature at 36 ± 1 °C. Prior 311 
to imaging, allow the slice to equilibrate for 1 h. 312 
 313 
9.5. Select the appropriate dichroic imaging cube and lasers. Acquire images with an electron-314 
multiplying charge-coupled device (EMCCD) or scientific complementary metal-oxide-315 
semiconductor camera.  316 
 317 
NOTE: The confocal system in this protocol is equipped with a 488 nm laser to excite GCaMP6f 318 
or GCaMP3. Images were acquired using a 512 pixel x 512 pixel EMCCD camera. 319 
 320 
9.6. Use a low magnification, water-immersion objective lens (4x or 10x) to locate the kidney 321 
slice. Center the imaging field on areas of the slice where the PKJ is present. Identify landmarks, 322 
as depicted in Figure 2D, to locate the PKJ (i.e., semicircles of muscular tissues suspended 323 
between parenchymal tissue).  324 
 325 
9.7. Once the PKJ is located, use a higher magnification water-immersion objective lens (20x, 326 
40x, or 60x) to magnify the area of interest.  327 
 328 
NOTE: In this protocol, the 20x objective numerical aperture (NA) was 1.0, the 40x objective NA 329 
was 0.8, and the 60x objective NA was 1.0. 330 
 331 
9.8. Distinguish different cells of interest in the PKJ wall using transgenic mice expressing 332 
GCaMP6f or GCaMP3 in PDGFRα+ cells or SMCs, respectively. Observe the different types of Ca2+ 333 
transient durations in PDGFRα+ cells in the PKJ wall in PDGFRα+ GCaMP6f+ kidney slices (Figure 334 
3C, see representative results for description) and in GCaMP3+ SMCs in SMC GCaMP3+ kidney 335 
slices (Figure 3D, see representative results for description).  336 
 337 
9.9. Once cells of interest in PKJ wall have been identified, adjust the laser intensity to yield a 338 
good signal-to-noise ratio. Record images at a temporal sampling frequency between 16 Hz and 339 
32 Hz using appropriate acquisition software.  340 
 341 
NOTE: Depending on laser intensity used during imaging, it is recommended to limit the number 342 
of recordings owing to the bleaching effects on Ca2+ fluorophores. The user should choose 343 
recording length based upon the specific experimental objectives. 344 
 345 
10. Ca2+ imaging analysis 346 
 347 
10.1 Perform Ca2+ imaging analysis of different cell types in PKJ pacemaker regions by 348 
spatiotemporal mapping as previously described for other intact pacemaker preparations in the 349 
gastrointestinal tract29,30. 350 
 351 
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REPRESENTATIVE RESULTS:   352 
 353 
In situ Ca2+ imaging of the PKJ can reveal important cellular activity of RP pacemaker cells. By 354 
using mice that express genetically encoded Ca2+ indicators (such as GCaMP), driven by cell-355 
specific promotors, information about RP pacemaking can be obtained with accuracy and detail 356 
that is not possible from Ca2+ imaging experiments from flat-sheet RP preparations. The 357 
beginning of the PKJ is distinguished by the sudden appearance of semi-circles of muscle 358 
suspended between kidney parenchymal tissue (Figure 2C; proximal PKJ enclosed in dashed box). 359 
During subsequent rounds of sectioning, the inner medulla becomes distinguishable from the 360 
surrounding cortical tissue. Under a light microscope, the inner medulla appears striated in 361 
regions, lighter in color compared to cortical tissue and discontinuous on its long axis with the 362 
rest of the kidney (Figure 2B,D). At this point, more PKJ regions will start to appear. Examples of 363 
this are shown in Figure 2D (dashed rectangles, H and G) where 3 semi-circles of muscle are 364 
suspended by parenchymal tissue. These muscle bands will be closely apposed to the inner 365 
papilla and will typically neighbor a renal arteriole (Figure 2D, dashed rectangles; Figure 2F–H, 366 
black arrowheads). As more distal sections are derived, these bands of muscle will integrate to 367 
form a more complete, unified structure, indicating the end of the PKJ region (Figure 2E). 368 
Figure 3A,B shows a PKJ section at low power (4–10x) from a mouse expressing GCaMP in 369 
PDGFRα+ cells (GCaMP6f expressed by inducible Cre-recombinase driven by Pdgfra). Using 370 
landmarks such as the renal arteriole (Figure 3A; asterisk), experimenters should be able to 371 
readily distinguish the thin PKJ wall suspended between parenchymal tissue (Figure 3B; 372 
asterisks). The expression of GCaMP6f in this specific transgenic tissue is spread across the entire 373 
width of the PKJ, across both the muscle and adventitial layers (Figure 3C).  374 
 375 
In PDGFRα+ GCaMP6f+ kidney slices, a network of cells that typically extends over the width of 376 
the PKJ wall will be fluorescent (Figure 3C) and display oscillating Ca2+ transients of various 377 
durations and frequencies. PDGFRα+ cells in the PKJ wall display two different types of Ca2+ 378 
transient durations. In the adventitial layer (orientated closer to cortex), PDGFRα+ cells present 379 
as a network of cells and their processes are defined. Adventitial PDGFRα+ cells exhibit low-380 
frequency (4 ± 2.7 Hz) and long-duration (1 ± 0.67 s) Ca2+ transients. The second layer of PDGFRα+ 381 
cells, present in the muscle layer (orientated closer to the medulla), exhibit similar Ca2+ transient 382 
frequencies and durations as SMC GCaMP3+ cells (described below) as they are the same cell 383 
type. 384 
 385 
In SMC GCaMP3+ kidney slices, a layer of GCaMP3+ cells is present in the muscle layer (Figure 386 
3D). There will be no fluorescent signal in the adventitial layer (Figure 3D; asterisk). GCaMP3+ 387 
SMCs in the muscular layer typically exhibit high-frequency (10 ± 4 Hz) and short-duration (632 ± 388 
74 s) Ca2+ transients. PDGFRα+ cells located in the PKJ adventitia elicit long-duration, low-389 
frequency Ca2+ transients (Figure 3E, Video 1). However, Ca2+ imaging experiments from tissue 390 
expressing GCaMP3 driven by the Myh11 promotor is restricted to the muscular aspect of the 391 
PKJ (Figure 3D). Compared to PDGFRα+ cells in the adventitia, SMCs fired shorter duration Ca2+ 392 
transients more frequently (Figure 3F, Video 2). 393 
 394 
In addition to understanding signaling properties in PKJ PDGFRα+ ICs, the application of this 395 
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technique to study other cell types in the vibratome-sectioned kidney has been demonstrated in 396 
this paper. Upon close examination of the renal medulla (in mice expressing GCaMP6f in PDGFRα+ 397 
cells), an array of fluorescent Ca2+ signals within and surrounding collecting ducts (Video 3) was 398 
observed. Medullary PDGFRα+ cells fired spontaneous Ca2+ transients of variable frequency and 399 
duration. These Ca2+ imaging studies of kidney vibratome sections could also be expanded to 400 
studying renal arterioles (~50–80 mm diameter) that often neighbor PKJ muscle segments (Figure 401 
2F,G; white arrows). Ca2+ imaging of renal arterioles (from tissue expressing GCaMP in smooth 402 
muscle cells) demonstrates oscillating Ca2+ transients in SMCs (Video 4). 403 
 404 
FIGURE AND TABLE LEGENDS:  405 
 406 
Figure 1: Basic kidney anatomy and location of PKJ pacemaker region. (A) Diagram of the intact 407 
kidney showing the orientation of the RP and ureter. The renal artery and renal vein are displayed 408 
in red and blue, respectively. (B) The intact kidney can be cut along a sagittal plane to expose the 409 
inner aspect of the kidney, including the medulla, papilla (distal medulla where collecting ducts 410 
converge), and proximal and distal RP. (C) The medulla and papilla can be excised to completely 411 
expose the PKJ and prox RP. (D and E) represent transmitted light images from the PKJ pacemaker 412 
region and distal RP, respectively. Sequential sectioning towards the distal end of the pelvis 413 
results in the semicircles of muscle in the PKJ region (Di) combining into one, thicker muscular 414 
ring (Ei) that encapsulates the entire papilla. Black, dashed rectangles in Di and Ei show 415 
approximate areas in coronal kidney sections where transmitted light images were acquired. 416 
Orientation of images D and E are 90° anti-clockwise to respective insets (Di and Ei). Scale bars 417 
in D and E = 20 μm. Abbreviations: RP = renal pelvis; prox RP = proximal renal pelvis; PKJ = pelvic-418 
kidney junction; PICs = platelet-derived growth factor receptor-alpha-positive interstitial cells; 419 
SMC = smooth muscle cell.  420 
 421 
Figure 2: Vibratome sectioning of whole kidneys to generate thin sections. (A) Kidneys are 422 
mounted ureter side down to the base of the vibratome instrument, and a standard blade 423 
(attached to the vibratome head) is used to cut sequential sections from the proximal to distal 424 
end of the kidney. (B) Diagrammatic representation of a thin section cut from the whole kidney 425 
with annotated landmarks. PKJ muscle segments (black dashed rectangle) are often found 426 
suspended between parenchymal tissue. (C) Light microscopic image of a proximal kidney 427 
section. The appearance of muscle bands suspended between parenchymal tissue indicates the 428 
beginning of the proximal PKJ projections (indicated inside white dashed rectangle). (D) Light 429 
microscopic image representing the optimal region where multiple (2–3) PKJ segments can be 430 
found (areas within white dashed rectangles). Thin PKJ muscle strips are suspended between the 431 
kidney parenchyma and align closely with renal arterioles and medulla. (E) Light microscopic 432 
image of a distal kidney section. Individual muscle segments have merged to form a single, 433 
continuous muscle band (white dashed rectangle) that surrounds the inner papilla (not present 434 
in this image). Scale bars C–E = 500 μm. F–H Zoomed (20x) regions from panel D indicate the 435 
location of the PKJ (black arrowheads), renal arterioles (white arrowheads), and cut sites for 436 
isolating the PKJ (dashed white lines). Scale bars F–H = 100 μm. Abbreviation: PKJ = pelvic-kidney 437 
junction. 438 
 439 
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Figure 3: Ca2+ imaging of vibratome sections. (A) Representative low-power image (4x) of a 440 
vibratome section denoting location of the renal arteriole (asterisk). Scale bar = 200 μm. (B) 441 
Zoomed (20x) representative image of the PKJ (labeled) suspended between kidney parenchymal 442 
tissue denoting locations of the PKJ muscle (white arrowhead), renal arteriole (asterisk). Scale 443 
bar = 50 μm. (C) High-power (40x) image of the PKJ expressing GCaMP in PDGFRα+ cells. Scale bar 444 
= 20 μm. (D) High-power (20x) image of the PKJ expressing GCaMP in smooth muscle cells. Scale 445 
bar = 20 μm. (E) Spatiotemporal map of Ca2+ transients sampled from a GCaMP+ PDGFRα+ cell 446 
indicated in panel C. Look up table coded for F/F0. (F) Spatiotemporal map of Ca2+ transients 447 
sampled from a GCaMP+ PDGFRα+ cell indicated in panel D. Look up table coded for F/F0. (G) 448 
Representative data for Ca2+ transient frequency (Hz) for GCaMP+ PDGFRα+ cells and GCaMP+ 449 
smMHC cells. (H) Representative data for Ca2+ transient duration (s) for GCaMP+ PDGFRα+ cells 450 
and GCaMP+ smMHC cells. Abbreviations: PKJ = pelvic-kidney junction; PDGFRα+ = platelet-451 
derived growth factor receptor-alpha-positive; smMHC = smooth muscle myosin heavy chain. 452 
 453 
Video 1: Spontaneous Ca2+ transients in GCaMP+ PDGFRα+ cells in PKJ vibratome sections. 454 
Abbreviations: PKJ = pelvic-kidney junction; PDGFRα+ = platelet-derived growth factor receptor-455 
alpha-positive. 456 
 457 
Video 2: Spontaneous Ca2+ transients in GCaMP+ smooth muscle cells in pelvic-kidney junction 458 
vibratome sections. 459 
 460 
Video 3: Spontaneous Ca2+ transients in GCaMP+ PDGFRα+ cells in renal medullary vibratome 461 
sections. Abbreviation: PDGFRα+ = platelet-derived growth factor receptor-alpha-positive. 462 
 463 
Video 4: Low-amplitude Ca2+ transient activity in the vibratome sections of the renal arteriole. 464 
 465 
DISCUSSION: 466 
The RP consists of a heterogeneous population of cells with differential cell densities observed in 467 
various RP regions. PIC1s (previously referred to as ASMCs) are most abundant in the PKJ, where 468 
pacemaker activity originates24. The protocol, described here, allows investigators to isolate the 469 
pacemaker region from the rest of the mouse kidney. By cutting sections of PKJ using a 470 
vibratome, the pacemaker regions of the RP (identified as muscle bands attached to parenchyma) 471 
are kept intact, thus affording the use of in situ imaging to accurately study RP pacemaker cells 472 
when combined with cell-specific fluorescence reporters. 473 
 474 
While this approach can provide new insights into RP pacemaking, there are some considerations 475 
that experimenters should be familiar with to improve imaging outcomes and sectioning 476 
efficiency. For an untrained user, this method of PKJ isolation and imaging is easier to learn than 477 
typical sharp dissection of flat-sheet RP preparations. Sharp dissection of RP from whole kidneys 478 
requires weeks of consistent practice to successfully isolate viable tissues for physiology 479 
experiments. As this vibratome sectioning protocol requires little sharp dissection knowledge, it 480 
is accessible to users who do not have experience dissecting other smooth muscle structures. 481 
 482 
However, there are some critical points to note for this protocol. Successfully adhering kidneys 483 
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to the vibratome specimen plate requires dexterity and patience. If the kidney is orientated 484 
incorrectly and leans to one side, oblique rather than straight sections will be cut. Due to the 485 
delicate nature of the PKJ, the oblique angle can often destroy the muscle bands of the 486 
pacemaker region. Furthermore, imaging of oblique sections results in poor imaging acquisition 487 
as cell networks are not typically in the same focal plane. The procedure is also time-consuming, 488 
with sectioning of a single kidney often taking up to an hour to complete, during which time the 489 
setup requires monitoring.  490 
 491 
While the movement of the vibratome can be sped up, if the speed is increased too much (>20% 492 
than what is recommended in the protocol), the blade will shred rather than cleanly cut the 493 
kidney, resulting in loss of delicate PKJ structures. Similarly, a cutting speed that is too low can 494 
cause the section to become jagged. Optimization of cutting speed and blade amplitude is 495 
essential. Care must also be taken in handling vibratome sections. Due to their delicate nature, 496 
PKJ muscles are easily disrupted during handling and can tear. A well-trained user will be able to 497 
harvest approximately 1–2 PKJ regions per 4 kidney slices that are suitable for Ca2+ imaging 498 
experiments. Typically, PKJ sections that do not meet Ca2+ imaging criteria have: 1) poor GCaMP 499 
expression, 2) a contorted PKJ wall, or 3) a broken PKJ wall. For data analysis, approximately 3–4 500 
cells per field of view (FOV) could be sampled.  501 
 502 
Whilst there are many cells in the FOV of PDGFRα-GCaMP6f and SMC-GCaMP3 PKJ sections, small 503 
tissue movements often exclude cells from analysis. This can usually be resolved by applying a 504 
stabilization protocol to images. Under conditions where preparations do not move, at least 3–5 505 
cells can be sampled from PDGFRα-GCaMP6f sections and 5–6 cells from SMC-GCaMP3 sections. 506 
Typically, the time taken from animal sacrifice (optimum age for mice is 8–16 weeks) to 507 
performing Ca2+ imaging experiments is 2–3 h, which is adequate to ensure tissue integrity, if 508 
tissues are incubated in ice-cold solutions throughout the procedure when required. In summary, 509 
a vibratome cutting protocol has been described here to generate intact preparations of RP PKJ 510 
regions from the mouse kidney. This technique allows the preservation of RP pacemaker regions 511 
for in situ Ca2+ imaging studies to investigate RP pacemaker mechanisms. 512 
 513 
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Name of Material/ Equipment Company Catalog Number

24-well culture plate

ThermoFisher 

Scientific 142485

35 mm x 10 mm Petri dishes Sigma Aldrich CLS430165

48-well culture plate

ThermoFisher 

Scientific 152640

60 mm x 15 mm Petri dish Sigma Aldrich P5481

Absorbent paper Fisher Scientific 06-666A

B6;129S-Gt(ROSA)26Sor/J

The Jackson 

Laboratory 13148

B6;129S-Gt(ROSA)26Sor/J

The Jackson 

Laboratory 24105

B6.FVB-Tg(Myh11-cre/ERT2)1Soff/J

The Jackson 

Laboratory 19079

C57BL/6-Tg(Pdgfra-cre)1Clc/J

The Jackson 

Laboratory 13148

Cyanoacrylate glue Amazon B001PILFVY

Ethanol Phamco-Aaper SDA 2B-6

Extra-Fine Bonn Scissors Fine Science Tools 14083-08

Fine scissors Fine Science Tools 14060-09

Fine-tip forceps Fine Science Tools 11254-20
Gillette Silver Blue double-edge 

blades Amazon B009XHQGYO

ImageJ NIH

Isoflurane Baxter

NDC 

1001936060

Minutien pins Fisher Scientific NC9677548

Silicon elastomer Fisher Scientific NC9285739

Student Adson Forceps Fine Science Tools 91106-12

Student Dumont Forceps Fine Science Tools 91150-20

Vannas spring scissors Fine Science Tools 15000-03
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Vibrocheck Leica 14048142075

VT1200 S Vibrating Blade Microtome Leica 14912000001



Comments/Description

To store kidney slices in

Kidney slice calcium imaging dish

To store kidney slices in

Kidney sharp dissection dish

To dry the kidney before applying glue

GCaMP3 Mice

GCaMP6f Mice

smMHC-CRE Mice

PDGFRa-CRE Mice

For adhering the kidney to the specimen plate

For dissection

Used for internal dissecting scissors

Used for external dissecting scissors

Used for fine dissection of kidney

For insertion into blade holder of vibratome

For calcium imaging analysis

For anesthesia

Pins were cut in half to reduce their length

Sylgard 184

For gently holding and moving the kidney

Used for internal dissecting forceps

For sharp dissection and cleanup of isolated kidney



Optional component for calibrating blade movement during cutting

Configuration 1 is used in our protocol
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Editorial Comments: 

 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling 

or grammar issues. Please define all abbreviations at first use. 

 

We have thoroughly proofread the manuscript and corrected any errors. 

 

2. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols 

(™), registered symbols (®), and company names before an instrument or reagent. Please remove all 

commercial language from your manuscript and use generic terms instead. All commercial products 

should be sufficiently referenced in the Table of Materials and Reagents. 

For example: Sylgard; VT1000S (Leica, Germany); VibroCheck; etc 

 

We have removed all commercial language from the manuscript and referenced products in the Table of 

Materials and Reagents. 

 

3. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", "you", 

“they”,"our" etc.). 

 

We have avoided the use of any personal pronouns. 

 

4. Please note that your protocol will be used to generate the script for the video and must contain 

everything that you would like shown in the video. Please add more details to your protocol steps. Please 

ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add references to 

published material specifying how to perform the protocol action. Please add more specific details (e.g. 

button clicks for software actions, numerical values for settings, etc) to your protocol steps. There should 

be enough detail in each step to supplement the actions seen in the video so that viewers can easily 

replicate the protocol. 

 

We have added more details to our protocol steps and referenced published materials throughout the 

protocol to explain how steps are performed. 

 

5. Lines 231-232: Especially because you have highlighted this step (no. 14 in section 2), please specify 

how in situ Calcium ion imaging, immunolabelling, and selective dissection will be done. Alternatively, if 

this will not be a part of your video, please remove the highlighting from this text and cite a reference so 

that readers can replicate the protocol. 

 

We have improved the explanation of the calcium imaging protocol but removed protocols for 

immunolabeling and selective dissection for molecular studies. 

 

6. Please move the Figure and Table legends section up to follow representative results, before the 

discussion section. 

 

We have moved these sections up to the appropriate location in the manuscript. 

 

7. Please sort the Materials Table alphabetically by the name of the material. 

 

The Materials Table has been sorted alphabetically. 
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Reviewer #1 Comments: 
 

Major Concerns: 

 

1. Authors had spent most effort in describing the vibratome technique, but the calcium imaging 

technique using isolated kidney slices is an equally important part of the manuscript, as the title of the 

manuscript also emphasize "intact pacemaker regions". However, authors only used two bullet points to 

describe this calcium imaging experimental technique and procedures to record pacemaker activity. This 

part should be written as detail as it was written for the vibratome-sectioning part, which should include 

set-ups and machines used, dyes used, settings of confocal microscope, lasers, filters, etc., How dyes were 

applied? Perfusion rate? The criteria to locate the correct cells for recording or analysis? Frame rates? It 

would be better if the details for data analysis to create the spatial temporal maps are also provided, 

although this was referenced to a paper published. The minimum detail should be provided, such as 

software used? and it is unclear on whether the spatial temporal maps are created by region of interest 

through a line or averaging the area labelled. Besides, it is unclear about the timeframe for these 

recordings made, e.g. suggested recording duration and duration after 1 h stabilization at 37oC. 

 

We thank the reviewer for their comments and agree that the calcium imaging technique using isolated 

slices is an equally important part of the manuscript. Therefore, we have described the calcium imaging 

technique in more detail so readers can distinguish between cell layers and make fluorescent recordings. 

We have also provided reference to a previous JoVE publication from our group that explains calcium 

imaging analysis in more detail. 

 

2. Besides, although immunohistochemistry and molecular analysis are not the focus of the manuscript. 

However, written procedures of these two techniques should at least meet the normal requirement of a 

non-methodology targeted scientific manuscript. 

 

We have chosen to remove descriptions for the immunohistochemistry and molecular techniques and 

instead put more emphasis on the vibratome sectioning and calcium imaging and analysis of kidney 

sections.  

 

3. In the results, the authors suggested that they found a longer duration and lower frequency recording 

from PDGFRa+ cells in PKJ, while PDGFRa+ cells in smooth muscles fired at a higher frequency. 

Although raw data videos are provided for one experiment output, the statistical aspects of these 

measurements are completely missing, e.g. number of experimental repeats and rate of firing in charts. 

Scientific conclusion cannot be made without statistical analysis. Besides, without any proper data 

provided with errors range, e.g. firing rate, it is impossible to determine whether this technique can 

generate reliable data that is comparable to other experimental techniques. Also, these data are important 

to allow a reference data range for readers to follow. 

 

We agree with the reviewer and have been able to demonstrate that this protocol is capable of generating 

reliable data in our recent publication (Grainger et al. 2020 J. Physiology). To make results more 

accessible for the reader, we have now included some limited data in the representative results (Fig. 4G-

H) for expected Ca2+ transient frequency and duration for each cell type. However, we do not feel it is 

important to show statistical analysis in this paper. 

 

4. In the discussion, please describe the success rate of the procedures for good recordings. The 

discussion mentioned that the procedures is extremely difficult to control and monitor. What is the 

success rate of preparation for a well-trained user? Will this technique reach an acceptable level for 

reproducibility in general experiment purpose? E.g. The number of slices with successful calcium 

recording from one mouse, and approximate number of cells (specific cell type) can be picked up for data 
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analysis. This information would help readers to plan their experiment. Also, please suggest the duration 

from killing the mouse to recording to ensure integrity of tissues and successful recording; suggested age 

range of mice used, if not > 16-20 wks. 

 

We appreciate the reviewer bringing this to our attention and have therefore provided the reader with 

experimental expectations based on our experiences with the technique in the discussion section. 

 

Minor Concerns: 
 

1. The figure order is very messy. It is difficult for readers to follow. It is better to order and label each 

figures and sub-figures in the order of 1A1B1C2A2B2C3A3B3C etc. as they were mentioned 

in the text. For Figure 1, Figure 1A-C were referenced in the text, but Figure 1D and 1E were not 

mentioned anywhere in the text. For Figure 1D and 1E, please also indicates the orientation of the DIC 

image taken relative to the image "i" to improve clarity. 

 

Figure order and callouts have been edited to better flow. We have indicated the orientation of images in 

Fig 1D and 1E to improve clarity. 

 

2. Please also clarify the following: 

 

Line 83 delete "as well as" and clarify the sentence. 

 

Deleted and clarified 

 

3. Line 294 what do you mean by whole mount tissue, the whole kidney? 

 

This sentence has been removed during editing 

 

Reviewer #2 Comments: 

 

Major Concerns: 
 

1. The paper should focus on the technique more 

 

Although we are not certain which technique the reviewer suggests we focus on more, we assume that it 

is the calcium imaging technique based on reviewer 1’s comments. Please see above (Reviewer comment 

#1 major concerns) for modifications to this section. 

 

Minor Concerns: 
 

1. Line 38: Question nominating the renal pelvis as "smooth muscle organ …" 

 

Changed to “smooth muscle structure” 

 

2. Line 38: Check the appropriateness of …organ "accommodate" in this sentence. 

 

Changed “accommodate” to “facilitate” 

 

3. Line 46. The aim and extend of the sentence should be double checked. 

 



Grainger et al. JoVE 

4. "These factors have resulted in a lack of understanding of the proper identity of RP pacemaker cells 

and the mechanisms that underlie normal rhythmic RP contractions." 

 

This sentence has been edited significantly to better reflect the state of the field. The understanding of 

pacemaker cell identity is limited by heterogenous cell populations in tissue and isolations. 

 

Sentence now reads: “These factors have resulted in a limited understanding of the mechanisms that 

underlie normal rhythmic RP contractions” 

 

5. Lines 48-51: "By combining this approach with mice expressing cell specific reporters and genetically 

encoded Ca2+ indicators, investigators may be able to more accurately study the specific cell types and 

mechanisms responsible for peristaltic RP contractions that are vital for 51 normal urine transport". 

indicates rather specific indication of use, should be checked especially for …encoded ca indicators. 

Whereas statement in 351-353.. is more appropriate. 

 

The protocol we describe in this manuscript requires a specific combination of techniques in order to 

adequately address the issue of accurately studying specific cell types in the renal pelvis. Since the renal 

pelvis is a syncytium of various cell types including smooth muscle, interstitial and fibroblast-like cells, it 

necessary to use a combinatorial approach to decipher cell types in the tissue. 

 

6. Line 172: The methods could be described without naming a specific commercial tool? 

 

We have edited the manuscript to remove any mention of specific commercial tools. These are included 

in the Materials and Reagents list. 

 

7. Line 206: Check the grammar and writing style "In this paper, we will describe protocols to isolate 

similar PKJ preparations from the mouse using 114 vibratome sectioning" 

 

Grammar and writing style have been updated. 

 

8. Lines 297-298: Check grammar "In this paper, we will describe protocols to isolate similar PKJ 

preparations from the mouse using 114 vibratome sectioning. 

 

Grammar and writing style have been updated. 

 

9. Line 301: …We commonly found renal arterioles.. 

 

Grammar and writing style have been updated. 

 

10. Question using Fig 1.C, instead of A? As first appearance in the text. 

 

Figure callout order has been modified to reflect figure numbering. 


