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SHORT ABSTRACT:  20 
Here we describe methods using spinning disk confocal microscopy to image single phagocytic 21 
events by mouse resident peritoneal macrophages. The protocols can be extended to other 22 
phagocytic cells. 23 
 24 
LONG ABSTRACT:  25 
Phagocytosis plays a key role in host defense, as well as in tissue development and maintenance, 26 
and involves rapid, receptor-mediated rearrangements of the actin cytoskeleton to capture, 27 
envelop and engulf large particles. Although phagocytic receptors, downstream signaling 28 
pathways, and effectors, such as Rho GTPases, have been identified, the dynamic cytoskeletal 29 
remodeling of specific receptor-mediated phagocytic events remain unclear. Four decades ago, 30 

two distinct mechanisms of phagocytosis, exemplified by Fc receptor (FcR)- and complement 31 
receptor (CR)-mediated phagocytosis, were identified using scanning electron microscopy. 32 

Binding of immunoglobulin G (IgG)-opsonized particles to FcRs triggers the protrusion of thin 33 
membrane extensions, which initially form a so-called phagocytic cup around the particle before 34 
it becomes completely enclosed and retracted into the cell. In contrast, complement opsonized 35 
particles appear to sink into the phagocyte following binding to complement receptors. These 36 
two modes of phagocytosis, phagocytic cup formation and sinking in, have become well 37 
established in the literature. However, the distinctions between the two modes have become 38 
blurred by reports that complement receptor-mediated phagocytosis may induce various 39 
membrane protrusions. With the availability of high resolution imaging techniques, phagocytosis 40 
assays are required that allow real-time 3D (three dimensional) visualization of how specific 41 
phagocytic receptors mediate the uptake of individual particles. More commonly used 42 
approaches for the study of phagocytosis, such as end-point assays, miss the opportunity to 43 
understand what is happening at the interface of particles and phagocytes. Here we describe 44 
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phagocytic assays, using time-lapse spinning disk confocal microscopy, that allow 3D imaging of 45 

single phagocytic events. In addition, we describe assays to unambiguously image Fc receptor- 46 
or complement receptor-mediated phagocytosis.  47 
 48 
INTRODUCTION:  49 
Twenty years before Metchnikoff’s observation of phagocytic mesenchyme cells in starfish 50 
larvae, in 1882, and subsequent development of his theory of phagocytosis1, Ernest Haeckel 51 
described, in 1862, the engulfment of insoluble dye particles by blood cells of Thetis fimbris 52 
(Tethys fimbria), a species of predatory sea slug (Ernest Haeckel. Die Radiolarien (Rhizopoda 53 
radiaria): Eine Monographie; Druck und Verlag von Georg Reimer, Berlin, 1862). He explicitly 54 
described membrane protrusions enveloping the particles, which were subsequently taken up 55 
into the cytoplasm and accumulated around the cell nucleus. More than 100 years later, a 56 
pioneering study by Kaplan suggested that there were at least two morphologically distinct 57 
mechanisms of phagocytosis2. Kaplan showed by means of scanning electron microscopy that 58 
mouse peritoneal macrophages ingested an IgG-opsonized sheep red blood cell using thin 59 
membrane extensions which reached up and tightly enveloped the particle, initially giving rise to 60 
a cup-like structure. Phagocytic cup formation required actin polymerization since it was 61 
abrogated by the cell-permeable fungal toxin cytochalasin B, known to block actin dynamics3. In 62 
contrast, sheep red blood cells opsonized with complement appeared to sink directly into the 63 
macrophage without the generation of membrane extensions, although, in some images, 64 
membrane ruffles can be seen in the immediate vacinity of the sinking particles. Unlike 65 
phagocytic cup formation, complement receptor-mediated sinking in was insenstive to 66 
cytochalasin B treatment2. In the experiments described by Kaplan, complement opsonization 67 
was performed by incubating immunoglobulin M (IgM) labeled sheep red blood cells with serum 68 
from complement C5-deficient mice, which circumvents hemolysis by the complement C5-69 
dependent terminal complement complex.  70 
 71 
The two modes of phagocytosis, phagocytic cup formation and sinking in, identified by Kaplan 72 
have become established opinion in the field4-9. However, the ultra-high resolution images used 73 
in the original study by Kaplan2, as well as a similar study by Munthe-Kaas et al.10, only provide 74 
snapshots of phagocytic events. In a recent review, Rougerie et al.11 stressed that morphological 75 

differences between FcR- and CR-mediated phagocytosis remain to be clarified, and, moreover, 76 
membrane ruffles have been observed during complement receptor-mediated particle uptake2. 77 
Live-cell imaging of single phagocytic events spanning from particle capture to internalization, 78 
combined with genetically modified mouse models, could greatly improve our understanding of 79 
how phagocytes capture and ingest particles. One approach could be to use fast atomic force 80 
microscopy (AFM) which allows ultra-high resolution (10-20 nm) topographical imaging of living 81 
cells. Recently, a fast AFM system12 has been developed, which is suitable for imaging cell 82 
surfaces rapidly with low noise. This technique has the advantage that high-resolution, 83 
topographical and mechanical parameters of living cells can be measured at short intervals 84 
(seconds), unlike scanning electron microscopy, which necessitates the fixation and critical point 85 
drying of cells. Another approach is time-lapse 3D confocal microscopy, which is widely available, 86 
although phototoxicity and bleaching are limiting factors during recordings. This approach is 87 
highly versatile and allows optical sectioning with high spatial resolution and enables 88 



  

 
 

extraordinary flexibility in labeling with a staggering range of fluorescent probes, including 89 
genetically encoded fluorescent proteins. Here we describe phagocytosis assays using time-lapse 90 
spinning disk confocal microscopy that allow high spatiotemporal resolution of specific receptor-91 
mediated phagocytic events.  92 
 93 
PROTOCOL:  94 
 95 
The protocols follow the guidelines of our local human research ethics committee, as well as the 96 
animal care guidelines.  97 
 98 
1. Isolation of Resident Mouse Peritoneal Macrophages 99 
 100 
1.1. Sacrifice the mouse (3-4 months of age (either sex); e.g. C57BL/6 strain) using an overdose 101 
of the volatile anesthetic isoflurane (> 5% in air) or carbon dioxide13, followed by cervical 102 
dislocation. Induction of anesthesia can be readily assessed by loss of righting reflex14, as well as 103 
by loss of paw withdrawal reflex.  104 
 105 
1.2. After cleaning the belly of the mouse with 80% ethanol in water, make a midline skin incision 106 
and expose the underlying abdominal wall.  107 
 108 
1.3. Place a 24-G plastic catheter into the peritonium and lavage the cavity with 2 x 4.5 mL ice-109 
cold Hank’s buffered salt solution (HBSS), without Ca2+ and Mg2+ via a 5 mL plastic syringe. While 110 
injecting, leave about 0.5 mL residual HBSS (5 mL – 4.5 mL (injected) = 0.5 mL) in the syringe in 111 
case tissue is sucked into the tip of the catheter and needs to be expelled. Transfer the aspirated 112 
suspension into a 14 mL polypropylene round-bottom tube and centrifuge at 300 x g for 6.5 min 113 
at room temperature. 114 
 115 
Note: The tip of the plastic catheter is blunt, which, compared to a needle, minimizes injury to 116 
the abdominal contents. Typically, following gentle abdominal massage, 8 mL peritoneal cell 117 
suspension can be retrieved from the peritoneal cavity.  118 
 119 
1.4. Discard the supernatant and resuspend the peritoneal cells in 1 mL bicarbonate-free RPMI 120 
1640 medium containing 20 mM Hepes, 10% heat-inactivated fetal bovine serum and antibiotics, 121 
such as penicillin (100 units/mL) and streptomycin (100 µg/mL), prepared by diluting 100x 122 
penicillin/streptomycin 1:100. This typically gives a concentration of around 6 x 106 cells/mL.  123 
 124 
Note: About 30% of isolated peritoneal cells are macrophages, whereas the other (smaller) cells 125 
are lymphocytes, predominantly B cells.  126 
 127 
2. Seeding of Peritoneal Cells in Channel Slides 128 
 129 
2.1. After pipetting the cell suspension up and down to reduce clumping, pipette 100 µL 130 
suspension into the prefilled channel (volume, 100 µL) of a fibronectin-coated channel slide (a 131 
100 µL channel has the dimensions (length x width x height): 50 mm x 5 mm 0.4 mm).  132 



  

 
 

 133 
2.1.1. Prefill the chamber by adding 1 mL serum-supplemented RPMI 1640 (Hepes) medium to 134 
one of the two reservoirs of the channel slide, tilting the slide, and then aspirating the medium 135 
from the downstream reservoir (Figure 1).  136 
 137 
2.1.1.1. Remove unwanted air bubbles, or long strips of air, in the channel by adding 1-2 mL 138 
medium to one of the two reservoirs, tightly applying a reservoir cap and then pumping out the 139 
air through rhythmic thumb pressure on the cap and, where necessary, tilting the slide. After 140 
expelling air, tilt the slide with the uncapped reservoir (and containing medium) downward 141 
before removing the cap to avoid air being sucked back into the channel.  142 
 143 
2.2. Incubate the channel slide, seeded with cells, in a moist chamber for 2 h at 37 °C in the 144 
absence of CO2 (CO2 is not required since the HCO3-/CO2 buffer system is replaced by Hepes). The 145 
channel slides can be conveniently placed on a rack, which holds eight slides. Typically, 6-8 slides 146 
are prepared from one mouse, although up to 10 or more is possible. 147 
 148 
2.3. Remove the rack and exchange the RPMI 1640 (Hepes) medium in each slide for RPMI 1640 149 
medium containing bicarbonate, supplemented with 10% fetal bovine serum, as well as 150 
penicillin/streptomycin: 151 

 152 
2.3.1. Tilt the slide and aspirate medium first from the lower reservoir and then from the upper 153 
reservoir. Next, add 1 mL of the new medium to one of the reservoirs, tilt the slide and aspirate 154 
medium from the downstream reservoir, after it has flowed through the channel. 155 
  156 
2.3.2. After this wash (medium exchange) step, fill the channel slide by adding 1 mL medium to 157 
one of the reservoirs. 158 
 159 
Note: Washing steps using channel slides is very simple and effective in terms of solution 160 
exchange and removing non-adherent cells. Note that the RPMI 1640 (bicarbonate) medium is 161 
normally pre-incubated with 5% CO2 overnight to ensure thermal and pH equilibrium.  162 
 163 
2.4. Incubate the cells overnight at 37 °C in a humidified incubator with 5% CO2. Perform 164 
experiments on the following day.  165 
 166 
3. Isolation of Human Red Blood Cells 167 
 168 
3.1. On day 2 (second day of experiments; after overnight incubation of the isolated peritoneal 169 
macrophages), collect 1-2 mL peripheral venous blood from a healthy donor, into a heparinized 170 
tube. Transfer 1 mL into a round bottom 2.0 mL (polypropylene) microcentrifuge tube, centrifuge 171 
at 300 x g for 5 min at 18 °C (empirical setting), and remove the supernatant (plasma and buffy 172 
coat).  173 
 174 
3.2. Gently aspirate 100 µL of the sedimented red blood cells and mix this volume 1:1 with 175 
modified RPMI 1640 (Hepes) medium (described below) in a round bottom 2.0 mL 176 



  

 
 

microcentrifuge tube. Label the tube “1:1”.  177 
 178 
Note: The RPMI 1640 (Hepes) medium used on day 2 (for assays) after isolating cells contains, in 179 
addition to 10% heat-inactivated fetal bovine serum, penicillin (100 units/mL), streptomycin 180 
(100 µg/mL), and 1 mM N-(2-mercaptopropionyl)glycine (to reduce phototoxicity). Hereafter, 181 
this medium is referred to as “modified” RPMI 1640 (Hepes) medium. 182 
 183 
3.3. Pipette 4 µL of the 1:1 diluted red blood cell suspension into 2 mL modified RPMI 1640 184 
(Hepes) medium, pre-pipetted into a 2.0 mL microcentrifuge tube (repeat this step, i.e. prepare 185 
2 tubes). Label each tube “4:2000”. Place the “1:1” and “4:2000” tubes on ice.  186 
 187 
4. Labeling of the Macrophage Plasma Membrane 188 
 189 
4.1. Remove the seeded channel slides from the CO2 incubator and exchange the RPMI 1640 190 
(bicarbonate) medium in each slide for modified RPMI 1640 (Hepes) medium. Next, place the 191 
cells in a moist chamber at 37 °C in the absence of CO2.  192 
 193 
Note: After overnight incubation and washing, most of the lymphocytes are removed from the 194 
channel. The majority of the remaining adherent cells are macrophages, which can be identified 195 
either morphologically or by immunofluorescence staining using anti-F4/80 antibody. Around 196 
95% of mouse resident peritoneal macrophages are F4/80 positive.  197 
 198 
4.2. Dilute fluorescently green labeled anti-mouse F4/80 antibody (stored at 4 °C) 1:40 in 199 
modified RPMI 1640 (Hepes) medium. Take a slide, tilt it, and pipette (drop by drop) 100 µL of 200 
the antibody mixture into the opening of the 100 µL channel of the slide (see Figure 1). Aspirate 201 
medium that flows into the downstream reservoir. Incubate the cells for 20 min at 37 °C 202 
(humidified environment, without CO2). During the incubation period, label the human red blood 203 
cells (see Section 5). 204 
 205 
Note: As alluded to above, CO2 is not required since the HCO3-/CO2 buffer system is replaced by 206 
Hepes.  207 
 208 
4.3. After 20 min incubation time (during which human red blood cells are stained and 209 
opsonized), wash the slide by adding 1 mL modified RPMI 1640 (Hepes) medium to one of the 210 
reservoirs and aspirating the medium after it has flowed through the channel, facilitated by tilting 211 
the slide. Add 1 mL medium for short-term storage or proceed to an experiment (i.e., pipetting 212 
in particles (opsonized red blood cells) and imaging phagocytosis by time-lapse spinning disk 213 
confocal microscopy).  214 
 215 
5. Labeling the Plasma Membrane of Human Red Blood Cells 216 
 217 
5.1. Begin the labeling of human red blood cells immediately after incubating a slide of 218 
macrophages with green fluorescently labeled anti-F4/80 antibody (after Section 4.2). After 219 
gentle mixing, take 400 µL from one of the “4:2000” tubes (see Section 3.3) and dispense it into 220 



  

 
 

a (round bottom) 2.0 mL microcentrifuge tube. Allow time for the suspension to warm to around 221 
37 °C (see paragraph below). Add 0.4 µL orange/red fluorescent plasma membrane stain 222 
(aliquots stored at -20 °C), mix and incubate at 37 °C for 5 min.  223 
 224 
Note: A heated aluminium block, placed inside the laminar flow hood, is useful for minimizing 225 
heat loss while preparing slides. Tubes can be placed into bore wells of the heating block and a 226 
separate, or integrated, heated aluminium plate can serve as a working space.  227 
 228 
5.2. After the 5 min incubation period, prepare the first wash step by adding 1600 µL modified 229 
RPMI 1640 (Hepes) medium (to fill the 2.0 mL microcentrifuge tube).  230 
 231 
5.3. Centrifuge the tube at 300 x g for 5 min at 18 °C (empirical setting). A compact red pellet 232 
should be visible on the wall (i.e., off-center) at the bottom of the tube. Rotate the tube so that 233 
the pellet is facing upwards and carefully remove all of the supernatant successively (in two steps) 234 
using a 1-1.5 mL pipette tip.  235 

 236 
5.4. After aspirating the supernatant, add 2000 µL modified RPMI 1640 (Hepes) medium, mix (to 237 
resuspend the cells), and repeat the above centrifugation and supernatant aspiration steps.  238 

 239 
5.5. Resuspend the pellet (of plasma membrane stained and 2 x washed red blood cells) with 240 
400 µL of modified RPMI 1640 (Hepes) medium. Label the tube PMS (abbreviation for plasma 241 
membrane stain).  242 

 243 
Note: Alternatively, the succinimidyl ester of a pH-sensitive rhodamine derivative, which 244 
becomes more strongly fluorescent at acidic pH, could be used to label human red blood cells. In 245 
this case, the fluorescence intensity additionally serves as a measure of phagosome maturation 246 
after particles have been internalized.  247 
 248 
6. Opsonization (Labeling) of Human Red Blood Cells with Mouse Immunoglobulin G (IgG) 249 
 250 
6.1. Add 1 µL mouse (IgG2b) monoclonal (clone HIR2) anti-human CD235a (1 mg/mL) antibody 251 
(stored at -20 °C) to the tube labeled PMS (see Sections 5.2-5.5), containing plasma membrane 252 
stained human red blood cells suspended in 400 µL medium. CD235a (also known as 253 
glycophorin A) is an erythroid lineage-specific membrane sialoglycoprotein.  254 
 255 
6.2. Incubate at 37 °C for 8 min. Note that opsonization of human red blood cells with IgG causes 256 
agglutination (cell clumping). Although agglutination can serve as a visual indicator of 257 
opsonization, it is undesirable for the imaging of single phagocytic effects. To circumvent 258 
agglutination, repeatedly mix the cell suspension (every 1 min) using, for example, a variable 20-259 
200 µL volume pipette set to 200 µL.  260 

 261 
6.2.1. Towards the end of the 8 min incubation period, if desired, wash the macrophage slide, 262 
incubated with green fluorescently labeled anti-F4/80 antibody, with 1 mL modified RPMI 1640 263 
(Hepes) medium. Ensure that both reservoirs of the channel slide are free of medium after the 264 



  

 
 

washing steps.  265 
 266 
7. Imaging the Phagocytosis of Plasma Membrane Stained and IgG-coated Human Red Blood 267 
Cells 268 
 269 
7.1. After the 8 min incubation with anti-CD235a antibody (Section 6.2), pipette 100 µL 270 
suspension containing plasma membrane-stained and IgG-opsonized human red blood cells into 271 
the channel of a slide containing macrophages labeled with green fluorescent anti-F4/80 272 
antibody (Step 4). Thus, red fluorescent, IgG-opsonized human red blood cells are added to green 273 
fluorescent phagocytes (macrophages).  274 
 275 
7.2. As soon as human red blood cells have been added, mount the channel slide on a spinning 276 
disk confocal microscope (with the stage incubator set to 37 °C) for imaging, for example, via a 277 
60x/1.49 oil-immersion objective lens. Start imaging as soon as possible, since particles begin to 278 
settle within 1 min.  279 

 280 
Note: Using fluorescent beads with a diameter of 100 nm, we measured, by analysis of point 281 
spread functions, XY resolutions of x = 0.22 µm, y = 0.23 µm (488 nm laser) and x = 0.27 µm, y = 282 
0.27 µm (561 nm laser). However, to reduce photobleaching and phototoxicity during time-lapse 283 
3D imaging of living cells, we compromise spatial resolution using 2 x 2 binning. Binning increases 284 
sensitivity (improves the signal-to-noise ratio) and the allowable frame rate, but at the expense 285 
of spatial resolution.  286 
 287 
7.3. Use a perfect focus (or similar) system to prevent focus drift during recordings. After 288 
activating the perfect focus system, use the offset control to focus onto macrophage 289 
lamellipodial protrusions immediately above the coverslip (see note below) of the channel slide. 290 
This focus level corresponds to Z = 0 µm. Obtain Z-stacks from -1 µm to +16 µm at 0.8 µm steps, 291 
which amounts to 22 Z-slices. Z-stacks can, for example, be obtained at a rate of 1 stack (for each 292 
channel) every 15 s for a total of 16 min.  293 
 294 
Note: Longer recording periods suffer from losses of image quality, mainly due to 295 
photobleaching. Z-stacks are acquired for each of the two channels: macrophages are imaged 296 
using a 488 nm laser (green channel) and human red blood cells are imaged using a 561 nm laser 297 
(red channel). Using this approach, various views of macrophages ingesting IgG-opsonized human 298 
red blood cells at different timepoints can be obtained (for example, see Figure 2).  299 
 300 
Note: Typical settings of the system (with 2x2 binning) are: green channel (20.5% laser (50 mW; 301 
488 nm) power, 101 sensitivity (range, 0-255) and 200 ms exposure time); red channel (10.5% 302 
laser (50 mW; 561 nm) power, 101 sensitivity (range, 0-255) and 98 ms exposure time).  303 
 304 
Note: The bottom of the channel slide is a polymer with the same thickness as a #1.5 glass 305 
coverslip and the same optical properties of glass, but, notably, the material has the advantage 306 
of gas permeability.  307 
 308 



  

 
 

8. Imaging the Phagocytosis of Plasma Membrane Stained and Complement-Coated Human 309 
Red Blood Cells 310 
 311 
8.1. Complement-opsonize plasma membrane stained and IgG-opsonized human red blood cells 312 
similarly to Sections 5 and 6, except, instead of pipetting 4 µL of the 1:1 diluted red blood cell 313 
suspension into 2 mL modified RPMI 1640 (Hepes) medium, as described in Section 3.3, pipette 314 
4 µL into 1 mL modified RPMI 1640 (Hepes) medium, and accordingly label the tube 4:1000. Thus, 315 
the human red blood cells are 2x more concentrated. 316 
 317 
8.2. Proceed with the steps in Sections 4 and 5, but starting out with the 4:1000 rather than the 318 
4:2000 diluted stock of human red blood cells (4:1000 and 4:2000 refer to the subsequent 319 
dilutions of the initially 1:1 diluted human red blood cells described in Sections 3.1 and 3.2).  320 
 321 
8.3. Sacrifice a C5 null mouse (e.g., B10.D2-Hc0 H2d H2-T18c/oSnJ; Jackson Laboratory) by (> 5% 322 
in air) isoflurane inhalation followed by decapitation, and collect the blood. We usually drip about 323 
0.8 mL of blood into a round bottom 14 mL plastic tube immediately following isoflurane 324 
inhalation and decapitation.  325 

 326 
8.4. After 1 h, when the blood is fully coagulated, transfer the residual fluid into a 2.0 mL 327 
microcentrifuge tube and centrifuge at 300 x g for 5 min at room temperature. Subsequently, 328 
carefully collect the yellowish serum. Typically, we recover at least 200 µL C5 null serum. Place 329 
the C5 null serum on ice.  330 
 331 
8.5. After 4 min incubation of plasma membrane stained human red blood cells with IgG, add 332 
another 1 µL of anti-CD235a antibody (giving 2x concentrated), and then take 50 µL of the cell 333 
suspension and mix it in a separate 2.0 mL microcentrifuge tube containing 50 µL C5 null serum. 334 
Continue to repeatedly mix (every 1 min) by pipetting up and down, as in Section 6.2, for another 335 
4 min. Thus, after this step, the human red blood cells have been incubated with anti-CD235a 336 
antibody for a total of 8 min.  337 
 338 
Note: The 4 min incubation period with C5 null serum is sufficient to activate the classical 339 
complement cascade and opsonize the human red blood cells with C3b, which is cleaved by 340 
Factor I to iC3b.  341 
 342 
9. Confirmation of IgG- and C3b-opsonization of Human Red Blood Cells 343 
 344 
9.1. Confirm opsonization of human red blood cells with mouse anti-CD235a IgG (IgG2b; see 345 
Section 6.1) antibody by incubating the cells with goat anti-mouse (secondary) IgG antibody 346 
conjugated to a green or red fluorescent fluorophore.  347 
 348 
9.1.1. Add 1 µL mouse anti-CD235a IgG antibody and 1 µL fluorescently labeled anti-mouse 349 
secondary antibody to a 400 µL suspension of human red blood cells, and incubate at 37 °C for 350 
8 min. Subsequently, wash twice (as in Sections 5.2-5.5).  351 
 352 



  

 
 

9.1.2. Resuspend the cell pellet with 400 µL modified RPMI 1640 (Hepes) medium and pipette 353 
100 µL of the suspension into a channel slide (see Figure 1C) for confocal fluorescence imaging. 354 
 355 
Note: The cells will clump (agglutinate) following washing and resuspension, but washing is 356 
necessary to reduce background fluorescence due to unbound secondary antibody.  357 
 358 
9.2. Confirm opsonization of human red blood cells, pre-labeled with mouse IgG and incubated 359 
with C5 null mouse serum, with C3b/iC3b using, for example, rat anti-mouse C3b/iC3b/C3c 360 
antibody and a secondary antibody, for example, goat anti-rat IgG antibody conjugated to a green 361 
fluorescent fluorophore.  362 
 363 
9.2.1. Repeat the steps in Section 8 using unstained human red blood cells.  364 
 365 
9.2.2. Add 0.25 µL fluorescently labeled anti-mouse C3b/iC3b/C3c antibody to the 100 µL 366 
mixture (50 µL IgG-labeled human red blood cells + 50 µL C5 null mouse serum) and incubate at 367 
37 °C for 8 min.  368 

 369 
9.2.3. Wash twice, resuspend the pellet in 100 µL modified RPMI 1640 (Hepes) medium and 370 
pipette the suspension into a channel slide (see Figure 1C) for confocal fluorescence imaging.  371 
 372 
REPRESENTATIVE RESULTS:  373 
 374 
A schematic diagram of the channel slide used for the imaging of phagocytosis by time-lapse 375 
spinning confocal microscopy is shown in Figure 1. Human red blood cells (hRBCs) are stained 376 
with the red fluorescent plasma membrane marker CellMask Orange, whereas isolated mouse 377 

resident peritoneal macrophages (Ms) are labeled with green fluorescent Alexa Fluor 488-378 
conjugated anti-F4/80 antibody (Figure 2), which serves both as a specific marker of mouse 379 
macrophages and as a plasma membrane label. Human red blood cells can be opsonized with 380 
mouse IgG (mIgG), or mouse IgM (mIgM), by incubating the cells with IgG (or IgM) anti-CD235a 381 
antibody (CD235a, also known as glycophorin A, is a protein specifically expressed on human red 382 
blood cells). Time-lapse 3D imaging of green fluorescent macrophages presented with red 383 
fluorescent human red blood cells enables visualization of single particle phagocytic events 384 
(Figure 2). Close observation of single phagocytic events allows details of particle capture and 385 
ingestion to be delineated. For example, the capture of a mIgG-opsonized human red blood cell 386 
by a macrophage filopodium, a thin, finger-like projection, can be observed (Figure 3A; see also 387 
Horsthemke et al.15). Moreover, the squeezing of a human red blood cell during phagocytic cup 388 
formation can be observed (Figure 3A). Upon introduction of fresh mouse serum, mIgG-389 
opsonized, or mIgM-opsonized, human red blood cells trigger the classical complement cascade, 390 
which culminates in the formation of a hemolytic membrane attack complex. The kinetics of 391 
complement-mediated hemolysis can be measured by imaging cells dual-stained with CellMask 392 
Orange and Calcein. Green fluorescent cytosolic Calcein is rapidly released from cells during 393 
hemolysis (Figure 3B).  394 
 395 
FIGURE AND TABLE LEGENDS:  396 



  

 
 

 397 
Figure 1: Handling of fibronectin-coated channel slides. A) A channel slide consists of two 398 
reservoirs connected by a channel with the dimensions 50 mm x 5 mm 0.4 mm. Channel slides 399 
are initially prefilled by applying 1-2 mL medium to one of the two reservoirs and tilting the slide. 400 
B) Caps can be placed onto the reservoirs prior to incubation. The caps can be conveniently used 401 
to pump out unwanted air bubbles prior to seeding the channel with cells. C) The air bubble-free 402 
100 µL channel can be filled by directly pipetting medium into the mouth of a channel. This step 403 
is used, for example, to seed macrophages into a slide or to add gfluorophore (green fluorescent)-404 
conjugated anti-F4/80 antibody, which serves as a membrane label, as well as a mouse 405 
macrophage marker. D) After pipetting particles, such as opsonized human red blood cells, into 406 
a channel seeded with fluorescently stained macrophages, the slide can be placed on the stage 407 
of an inverted microscope, and time-lapse spinning disk confocal microscopy can be performed.  408 
 409 
Figure 2: Time-lapse 3D imaging of phagocytosis. A) Schematic diagram showing the 410 
opsonization of plasma membrane stained (red fluorescent) human red blood cells (hRBCs) with 411 
mouse (m) anti-CD235a immunoglobulin G (mIgG) antibody, and presentation of labeled hRBCs 412 

to mouse macrophages (Ms), labeled (green fluorescent) with green fluorescent fluorophore-413 
conjugated anti-F4/80 antibody. B) Time-lapse images (XZ views), obtained by spinning disk 414 
confocal microscopy, showing phagocytic cup formation and ingestion of mIgG-opsonized hRBCs. 415 
Scale bar, 10 µm. C) 3D reconstructions showing macrophages ingesting mIgG-opsonized hRBCs. 416 
Corresponding XZ views (for 3 of the timepoints) are shown in B. Grid spacings represent 5.07 µm.  417 
 418 
Figure 3: Capture of a particle by a filopodium. Time-lapse images, obtained by spinning disk 419 
confocal microscopy, showing a mouse macrophage capturing a mouse immunoglobulin G 420 
(mIgG)-opsonized human red blood cell (hRBC) via a filopodium (arrows in upper panel), a finger-421 
like projection. Note that the red blood cell loses its crenations early during phagocytic cup 422 
formation. Furthermore, the phagocytic cup appears to squeeze the enveloped red blood cell 423 
(indicated by arrows in lower panel). Scale bar, 10 µm.  424 
 425 
DISCUSSION:  426 
 427 
The vast majority of phagocytosis assays, especially end-point and high-throughput assays, do 428 
not provide visualization of how particles are actually captured, enveloped and ingested. 429 
Pioneering studies by Munthe-Kaas et al.10 and Kaplan2 in the 1970s suggested that strikingly 430 
different cytoskeletal reorganizations were involved in the phagocytosis of IgG-opsonized versus 431 
complement-opsonized particles (sheep red blood cells). Here we describe phagocytosis assays 432 
using spinning disk confocal microscopy which allow high-resolution, real-time imaging of single 433 
phagocytic events. Our model phagocyte is the the mouse resident peritoneal macrophage, 434 
which can be isolated with minimal handling, and we use freshly isolated human red blood cells 435 
as particles. However, the phagocytosis assays could be applied to other phagocytes, such as 436 
mouse bone marrow-derived macrophages or neutrophils, mouse macrophage cell lines, human 437 
monocyte-derived macrophages or human peripheral blood neutrophils. In the case of human 438 
phagocytes or mouse neutrophils, alternative fluorescently labeled antibodies would be 439 
required, such as fluorescently labeled anti-CD14 antibodies (human monocytes/macrophages)16 440 



  

 
 

or anti-Gr-1 (Ly-6G) antibodies (mouse neutrophils).  441 
 442 
Unopsonized human red blood cells, like traditionally-used sheep red blood cells, are inert in the 443 
sense that these cells are not (or, at least, very rarely) ingested by mouse peritoneal 444 
macrophages. This ensures, in contrast to polystyrene beads, low background activity. Human 445 
red blood cells can be conveniently opsonized with immunoglobulins using mouse IgG or IgM 446 
monoclonal antibodies against CD235a (glycophorin A), a specific marker of human erythrocytes 447 
(red blood cells) and erythroid precursors17,18. In parallel assays, fluorescently labeled anti-mouse 448 
IgG or IgM secondary antibodies can be applied to confirm opsonization. The IgG and IgM 449 
antibody classes are hemagglutinins, substances (antibodies) that cause red blood cells to 450 
agglutinate. To avoid agglutination, we intermittently mix the cell suspension during the 8 min 451 
incubation period with anti-CD235a antibody, and then we add the mixed suspension directly to 452 
a macrophage-containing channel slide (fibronectin-coated slide) without a wash step. Wash 453 
steps involve sedimentation of red blood cells by centrifugation, which strongly promotes 454 
agglutination. Before opsonizing human red blood cells, we label the plasma membrane with a 455 
lipophilic orange/red fluorescent probe. This probe is brightly fluorescent at the beginning of 456 
time-lapse recordings, but the signal gradually fades, probably largely due to photobleaching19. 457 
In addition, macrophages and the fibronectin coating of the slide may become weakly orange/red 458 
fluorescent during recordings. This problem is presumably due to insufficient washing of human 459 
red blood cells after labeling. Instead of using a lipophilic fluorescent plasma membrane marker, 460 
human red blood cells could be labeled with a pH-sensitive rhodamine derivative using its amine 461 
reactive succinimidyl ester15,20. This has the advantage of allowing visualization of phagosome 462 
maturation since fluorescence intensity increases with decreasing pH15,20, but this approach has 463 
the disadvantage that reactive ester preparations are currently expensive and unstable after 464 
reconstitution in aqueous medium.  465 
 466 

IgG-opsonized human red blood cells are ingested via FcRs, which can be confirmed using 467 
peritoneal macrophages isolated from NOTAM21 or Fcer1g-/- (Fcer1g knockout) mice. NOTAM 468 
macrophages bind IgG-opsonized human red blood cells, but lack ITAM (immunoreceptor 469 
tyrosine-based activation motif)-mediated signaling required to induce phagocytosis, whereas 470 

Fcer1g knockout macrophages do not express surface FcRs. IgG- or IgM-opsonized human red 471 
blood cells can be additionally opsonized with C3b (which is cleaved to iC3b) by incubating the 472 
cells with freshly isolated serum from a complement C5 null mouse (wild-type serum causes 473 
hemolysis). The opsonins IgG and IgM activate the classical complement cascade, which leads to 474 
formation of pores (membrane attack complexes) and cell lysis. In mice lacking complement C5, 475 
the complement cascade proceeds to complement C3 cleavage, but C5 convertase lacks the 476 
substrate required to catalyze the terminal pathway. We developed simple assays to measure 477 
the kinetics of the complement cascade. In short, human red blood cells can be co-labeled with 478 
a red fluorescent, plasma membrane marker and the green fluorescent, cytosolic fluorophore. 479 
Upon formation of the membrane attack complex, formed by complement components C5-C9, 480 
the cytosolic fluorophore is rapidly (in seconds) lost from the cytosol. Visualization of the end-481 
effector (cytolysis) function of the complement cascade indicated that 4 min incubation time is 482 
sufficient for C3b/iC3b opsonization of human red blood cells. In parallel assays, C3b/iC3b coating 483 
of human red blood cells can be easily assessed after applying a mixture of anti-mouse C3b and 484 



  

 
 

fluorescently labeled secondary antibodies. In this case, a wash step is required to remove 485 
unbound fluorescent antibodies. Although the wash step involves cell sedimentaion by 486 
centrifugation, which promotes agglutination, successful opsonization can be readily assessed by 487 
confocal microscopy. Complement receptor-mediated phagocytosis can be imaged by either 488 
applying IgG-/iC3b-opsonized human red blood cells to NOTAM or Fcer1g-/- macrophages or by 489 
introducing IgM-/iC3b-opsonized human red blood cells to wild-type macrophages. IgM-490 

opsonized blood cells are not recognized by the ITAM-containing FcRs (FcRI, FcRIII and FcRIV) 491 
required for the phagocytosis of IgG-opsonized particles22.  492 
 493 
To image phagocytic events, the plasma membrane of macrophages can be labeled with green 494 
fluorescent fluorophore conjugated anti-F4/80 antibody, which also serves as a specific marker 495 
of mouse macrophages. Human red blood cells can be rendered red fluorescent by incubation 496 
with an orange/red fluorescent plasma membrane marker, as discussed above. This lipophilic 497 
plasma membrane marker avoids potential confounding effects of antibody-based labels. Red 498 
fluorescent human red blood cells, with or without opsonization, can be directly pipetted into 499 
the 100 µL channel of a channel slide and 3D time-lapse imaged via a 60x/1.49 oil immersion (or 500 
similar) objective lens performed using the 488 nm and 561 nm laser lines, respectively, of a 501 
spinning disk confocal (or similar) microscope. It is tempting to optimize the system for high-502 
resolution imaging, but the acquisition of repeated Z-stacks over 16 min or so may cause 503 
considerable photobleaching and phototoxicity. We chose to use 2x2 binning to promote good 504 
signal-to-noise ratios and allow reductions in excitation intensity and/or exposure times, but at 505 
the expense of optical resolution. In addition, to reduce phototoxicity, we add a scavenger of 506 
reactive oxygen species to the medium. In future studies, the assays could be modified to image 507 
the phagocytosis of apoptotic human red blood cells. Application of a Ca2+ ionophore, such as 508 
A23187, can be used to induce phosphatidylserine externalization23, an “eat me” signal and 509 
hallmark of early apoptosis24,25.  510 
 511 
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Name of Material/ Equipment Company

24-G plastic catheter B Braun Mesungen AG, Germany

Hank’s buffered salt solution without Ca2+ and Mg2+ Thermo Fisher Scientific

14 ml polypropylene round bottom tubes BD Falcon

RPMI 1640 medium containing 20 mM Hepes Sigma-Aldrich

Heat-inactivated fetal bovine serum Thermo Fisher Scientific

100x penicillin/streptomycin Thermo Fisher Scientific

Fibronectin-coated µ-Slide I chambers Ibidi, Martinsried, Germany

µ-Slide (anodized aluminum) rack Ibidi, Martinsried, Germany

RPMI 1640 medium containing bicarbonate Sigma-Aldrich

N-(2-mercaptopropionyl)glycine Sigma-Aldrich

Alexa Fluor 488-conjugated rat (IgG2a) monoclonal (clone BM8) anti-mouse F4/80 

antibody

Thermo Fisher Scientific

CellMask Orange Thermo Fisher Scientific
Succinimidyl ester of pHrodo Thermo Fisher Scientific

Mouse (IgG2b) monoclonal (clone HIR2) anti-human CD235a Thermo Fisher Scientific

Alexa Fluor 594-conjugated  goat anti-mouse (secondary) IgG antibody Abcam

Rat anti-mouse C3b/iC3b/C3c antibody Hycult Biotech

Alexa Fluor 488-conjugated goat anti-rat IgG antibody Thermo Fisher Scientific

Calcein/AM Thermo Fisher Scientific
UltraVIEW Vox 3D live cell imaging system Perkin Elmer, Rodgau, Germany

Nikon Eclipse Ti inverse microscope Nikon, Japan

CSU-X1 spinning disk scanner Yokogawa Electric Corporation, Japan

14-bit Hamamatsu C9100-50 Electron Multiplying-Charged Couple Device (EM-

CCD) peltier-cooled camera

Hamamatsu Photonics Inc., Japan

488 nm solid state laser, 50 mW Perkin Elmer, Rodgau, Germany

561 nm solid state laser, 50 mW Perkin Elmer, Rodgau, Germany

Materials Table Click here to download Materials Table JoVE_Materials_R1.xls 

http://www.editorialmanager.com/jove/download.aspx?id=803538&guid=cd74c6c4-0718-40b0-8851-f33857665ba5&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=803538&guid=cd74c6c4-0718-40b0-8851-f33857665ba5&scheme=1


Catalog Number Comments/Description

4254503-01 Used for peritoneal lavage

14170120 Used for peritoneal lavage

352059 Used to collect peritoneal cells

R7388 Basis medium for assays

10082139 Used as supplement for RPMI 1640 media

15140122 Used as supplement for RPMI 1640 media

80102 Channel slides used for assays

80003 Autoclavable stackable rack for channel slides

R8758 Medium for overnight culture

M6635 Scavenger of reactive oxygen species

MF48020 Mouse macrophage marker and plasma membrane label

C10045 Red fluorescent plasma membrane stain
P36600 Amine-reactive succinimidyl ester of pHrodo

MA1-20893 Used to opsonize human red blood cells with IgG

Ab150116 Used to confirm opsonization of human red blood cells with mouse IgG

HM1065 Used to confirm C3b/iC3b opsonization of human red blood cells

A-11006 Used as secondary antibody to confirm C3b/iC3b opsonization

C3100MP Used to load human red blood cells with Calcein
Spinning disk confocal microscope system

Inverted microscope

Nipkow spinning disk unit

EM-CCD camera of the spinning disk confocal microscope system 

Laser (488 nm) source of spinning disk confocal microscope system

Laser (561 nm) source of spinning disk confocal microscope system



ARTICLE AND VIDEO LICENSE AGREEMENT 

Title of Article: 

Author(s):  

Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.

1 
612542.6 

Time-lapse 3D imaging of phagocytosis by mouse macrophages

Markus Horsthemke, Janine Wilden, Anne C. Bachg and Peter J. Hanley

X

X

Author License Agreement (ALA) Click here to download Author License Agreement (ALA)
Author_License_Agreement_signed.pdf

http://www.jove.com/author
http://www.editorialmanager.com/jove/download.aspx?id=803537&guid=99b2d222-6ec6-4583-a764-21152ba1b8d7&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=803537&guid=99b2d222-6ec6-4583-a764-21152ba1b8d7&scheme=1


ARTICLE AND VIDEO LICENSE AGREEMENT 

4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 

11. Indemnification.  The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein.  The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE.  The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 

12. Fees.  To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE.  If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law.  This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees.  This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder.  This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement.  A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

CORRESPONDING AUTHOR: 

Name:  

Department:  

Institution: 

Article Title: 

Signature:   Date: 

Please submit a signed and dated copy of this license by one of the following three methods: 
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;
2) Fax the document to +1.866.381.2236;
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051 
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Response to Editorial comments 

 

Re: Revisions Required for Your JoVE Submission JoVE57566R2 

 

1. The direct quotations from Kaplan (1977) have been converted to indirect quotations. 

 

2. CO2 would be a suitable alternative to isoflurane. I have included both options in the revised 

manuscript, as well as a relevant reference (Valentim, A. M., Guedes, S. R., Pereira, A. M. & Antunes, 

L. M. Euthanasia using gaseous agents in laboratory rodents. Laboratory animals 50, 241-253, 2016). 

Induction of anesthesia was assessed by loss of righting reflex and (paw) withdrawal reflex. This is now 

included in the revised manuscript. 

 

3. The text in Section 1.2 has been modified for clarity. 

 

4. The text in Section 4.3 has been modified for clarity. 

 

Rebuttal Letter Click here to download Rebuttal Letter Response to Editorial
comments_R3.pdf
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