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SUMMARY: 30 
This protocol describes the generation of mixed murine bone marrow chimeras with 31 
spontaneous autoimmune germinal centers, in which autoreactive lymphocytes carry a 32 
photoactivatable green fluorescent protein (PA-GFP) reporter. This provides the ability to link 33 
cellular location in tissues with downstream molecular and functional analyses. 34 
 35 
ABSTRACT: 36 
Autoimmune diseases present a significant health burden. Fundamental questions regarding the 37 
development and progression of autoimmune disease remain unanswered. One requirement for 38 
advancements in our understanding of the underlying disease mechanisms and cellular dynamics 39 
is the precise coupling of the microanatomical location of cell subsets with downstream 40 
molecular or functional analyses; a goal that has traditionally been difficult to achieve. The 41 
development of stable photoactivatable biological fluorophores and their integration into 42 
reporter strains has recently enabled precise microanatomical labeling and tracking of cellular 43 
subsets in murine models. Here, we describe how the ability to analyze autoreactive lymphocytes 44 
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from single germinal centers may help to provide novel insights into autoimmunity, using the 45 
combination of a novel chimeric model of autoimmunity with a photoactivatable reporter as an 46 
example. We demonstrate a procedure for generating mixed chimeras with spontaneous 47 
autoreactive germinal centers populated by lymphocytes carrying a photoactivatable green 48 
fluorescent protein reporter. Using in vivo labeling strategies, single germinal centers can be 49 
visualized in explanted lymphoid tissues and their cellular constituents photoactivated by two-50 
photon microscopy. Photoactivated lymphocytes from single germinal centers can then be 51 
analyzed or sorted flow cytometrically, as single cells or in bulk, and may be subjected to 52 
additional downstream molecular and functional analyses. This approach may directly be applied 53 
to provide renewed insights in the field of autoimmunity, but the procedure for generating bone 54 
marrow chimeras and the photoactivation procedure may additionally find broad application in 55 
studies of infectious diseases and tumor metastases. 56 
 57 
INTRODUCTION: 58 
The incidence of autoimmune disease has risen rapidly in the past decades, particularly in 59 
Western societies. Today, autoimmune disease ranks third on the list of most prevalent causes 60 
of morbidity and mortality in the Western world1. Fundamental questions regarding the 61 
development and progression of autoimmune disease remain unanswered. One requirement for 62 
advancements in our understanding of the underlying disease mechanisms and cellular dynamics 63 
is the precise coupling of the microanatomical location of cell subsets with downstream 64 
molecular or functional analyses. In the past decade, the development of a number of stable 65 
photoconvertible, photoactivatable, or photoswitchable biological fluorophores and their 66 
integration into reporter strains has enabled the precise microanatomical labeling and tracking 67 
of cellular subsets in murine models. 68 
 69 
Kaede, a photoconvertible fluorescent protein originating from a stony coral, undergoes 70 
irreversible photoconversion from green fluorescence to red fluorescence upon exposure to 71 
violet or ultraviolet light2. Initially employed to follow the dynamic behavior of individual cells in 72 
developing organotypic brain slices3, generation of a Kaede knock-in mouse subsequently 73 
allowed monitoring cellular movement in vivo, and the system was applied to analyses of 74 
immune cell migration to and from lymph nodes4. This approach was subsequently refined with 75 
a second-generation reporter5. A similar reporter is Dendra6, which was recently used to track 76 
lymph node metastases in vivo7. 77 
 78 
The first photoactivatable protein developed was a green fluorescent protein (GFP) engineered 79 
with a single point mutation (T203H), leading to a very low absorbance in the wavelength region 80 
from 450 to 550 nm8. After photoactivation by violet light, this photoactivatable green 81 
fluorescent protein (PA-GFP) switches its absorption maximum from ~400 to ~500 nm, yielding 82 
an approximate 100-fold intensity increase when excited with a wavelength of 488 nm. The 83 
generation of transgenic mice in which all hematopoietic cells express PA-GFP allowed, for the 84 
first time, in-depth analyses of B cell selection in anatomically defined light and dark zones of the 85 
germinal center9. 86 
 87 



   

 
 

Whereas photoactivation is an irreversible conversion from a non-fluorescent state to a 88 
fluorescent state, and photoconversion is a one-way transition from one wavelength to another,  89 
photoswitchable proteins are able to shuttle between both conditions10. This latter capacity was 90 
recently harnessed to engineer optical control of protein activity11. 91 
 92 
Utilizing the PA-GFP reporter, we recently characterized the B cell repertoires of single germinal 93 
centers in a novel model of spontaneous lupus-like autoimmunity12. This model is based on mixed 94 
chimeras with 1 part bone marrow harboring an autoreactive B cell receptor knock-in with 95 
specificity for ribonuclear-protein complexes (564Igi 13, 14) combined with 2 parts bone marrow 96 
from any desired donor. At approximately 6 weeks post reconstitution, homeostatic conditions 97 
are achieved in which spontaneous autoreactive germinal centers are present in the spleen and 98 
the cutaneous lymph nodes. Notably, the germinal center B cell population is almost exclusively 99 
(~95%) composed of cells derived from the non-564Igi compartment, and these wild-type-100 
derived B cells have become autoreactive. Therefore, the model allows a ‘plug-and-play’ 101 
approach to analyses of autoreactive germinal center B cells using various transgenes, knock-102 
outs and reporters. Here, we describe the procedure for generating mixed chimeras with 103 
spontaneous autoreactive germinal centers populated by lymphocytes carrying the PA-GFP 104 
reporter. Using in vivo labeling strategies, single germinal centers can be visualized in explanted 105 
lymphoid tissues and their cellular constituents photoactivated using a two-photon microscope. 106 
Photoactivated lymphocytes from single germinal centers can subsequently be analyzed by flow 107 
cytometry or sorted by fluorochrome-activated cell sorting (FACS) and subjected to additional 108 
downstream molecular and functional analyses. The ability to analyze autoreactive lymphocytes 109 
from single germinal centers may directly be applied to provide renewed insights in the field of 110 
autoimmunity, but the techniques and approaches described may additionally find relevant 111 
applications in studies of infectious diseases and tumor metastases. 112 
 113 
PROTOCOL: 114 
 115 
All animal use conformed to the European Community guidelines and was approved by the 116 
Danish Animal Research Inspectorate (2017-15-0201-01348). 117 
 118 
1. General mouse husbandry and preparation of buffers and tools 119 
 120 
1.1. House mouse lines under specific pathogen free (SPF) conditions, with periodic monitoring 121 
of health status according to standard guidelines. 122 
 123 
1.2. Optional: verify the absence of spontaneous germinal centers in naïve mice due to non-124 
monitored adventitious infections. This can be done either by immunofluorescence microscopy 125 
(presence of germinal center structures) or flow cytometry (frequency of germinal center B cells) 126 
as previously described12. 127 
 128 
NOTE: Either females or males can be used. Generally, it is ideal to sex match donors and 129 
recipients, as a mismatch of sex can theoretically lead to alloreactivity towards the male Y-130 
antigen by female recipients/donors15. 131 



   

 
 

 132 
1.3. Use CD45.1 recipients (B6.SJL-Ptprca Pepcb/BoyJ) at around 6-10 weeks of age. Use 564Igi 133 
(B6.Cg-Ightm1(Igh564)TikIgktm1(Igk564)Tik/J) and PA-GFP (B6.Cg-Tg(UBC-PA-GFP)1Mnz/J) donors at 6-12 134 
weeks of age. 135 
 136 
1.4. Sterilize the surgical tools (straight fine scissors and Dumont forceps #5 and #7) by 137 
autoclaving them according to routine sterilization guidelines. 138 
 139 
1.5. Prepare 500 mL of bone marrow (BM) buffer containing phosphate-buffered saline (PBS), 2% 140 
Fetal Bovine Serum (FBS), 1 mM ethylenediaminetetraacetic acid (EDTA) at pH 7.4. To prepare 141 
BM buffer, add 10 mL of heat-inactivated (1 hour in a 56 °C water bath to inactivate the 142 
complement) FBS and 1.25 mL of a 400 mM EDTA solution (adjusted to pH 7.4) to 500 mL of PBS, 143 
pH 7.4, and mix well. Filter the buffer using a 0.2 µm filter flask. 144 
 145 
1.6. Prepare 10 mL of red blood cell (RBC) lysis buffer (155 mM NH4Cl, 12 mM NaHCO3, 0.1 mM 146 
EDTA) by diluting 1 mL of a 10x stock to 10 mL of total volume with reagent grade water. Prepare 147 
50 mL of PBS with 5 mM EDTA, pH 7.4. 148 
 149 
2. Establishment of mixed bone marrow chimeras 150 
 151 
2.1. Irradiation of recipients (Day 0) 152 
 153 
2.1.1. Place the CD45.1 bone marrow recipients in an appropriate irradiation container and 154 
irradiate with 1,100 Rad in a gamma irradiator. 155 
 156 
NOTE: Alternative irradiation sources can be used. Regardless of the source, the dose/timing has 157 
to be optimized to yield maximal myeloablative effect with minimal collateral tissue damage to 158 
the animals. 159 
 160 
2.1.2. Place on antibiotic water ad libitum (1 mg of sulfadiazin and 0.2 mg of trimethoprim/mL 161 
drinking water). 162 
 163 
2.2. Extraction of bones (Day 1) 164 
 165 
2.2.1. Anesthetize the 564Igi bone marrow donors by continuous flow of 4% isoflurane in air, and 166 
euthanize by cervical dislocation. Spray down the donors with ethanol and place them on sterile 167 
surgical pads in the flow hood. Proceed to work maintaining sterile, using sterile buffers and 168 
equipment. 169 
 170 
2.2.2. To extract the femur and tibia, first make an incision around the ankle and extend upwards 171 
all the way to the hip using straight fine scissors. Using a heavy-duty forceps or thumb and index 172 
fingers, pull the skin up and off the leg towards the body. Similarly pull the skin down and off the 173 
foot. 174 
 175 



   

 
 

2.2.3. Pop out the knee and ankle joints by grabbing the leg at the hip and pulling the foot 176 
forcefully. Proceed to break the ankle joint and pull the foot towards the body while holding on 177 
to the tibia, thereby stripping the tendons and muscles off the tibia. 178 
 179 
2.2.4. Break the knee joint to release the tibia, and similarly pull this towards the body while 180 
holding on to the femur, thereby stripping tendons and muscles off the femur. Make an incision 181 
at the hip joint and cut the tendons, then pull the femur out from the hip socket. Repeat steps 182 
2.2.2 – 2.2.4 for the contralateral side. 183 
 184 
2.2.5. Clean the bones carefully by rubbing them with a coarse paper towel in order to remove 185 
all remaining muscle and connective tissue. Then rinse them in ice-cold BM buffer before finally 186 
transferring them to fresh cold BM buffer on ice using a pair of Dumont #7 forceps. Repeat step 187 
2.2 for the PA-GFP donors. 188 
 189 
NOTE: The number of bone marrow cells from a single donor varies according to sex and age. 190 
Scale the number of donors according to desired input bone marrow ratios and numbers and the 191 
desired number of recipients. If donors are scarce, the front limbs can be included for bone 192 
marrow extraction. This typically yields an additional 1/3 to ½ of the cells obtained from the hind 193 
limbs. Typically, anywhere from 50-200 million cells can be recovered per donor, depending on 194 
age, sex, background and whether only hind or both hind and front limbs are included. 195 
 196 
2.3. Bone marrow cell extraction 197 
 198 
2.3.1. Prepare the mortar by rinsing in ice-cold BM buffer. Drain the rinse buffer and use an 199 
electric pipette controller with a 10 mL serological pipette to add 10 mL of fresh ice-cold BM 200 
buffer. 201 
 202 
2.3.2. Transfer the bones from the 564Igi donors to the mortar using a pair of Dumont #7 forceps 203 
and use the pestle to crush and grind the bones to release the bone marrow. Aspirate the bone 204 
marrow extract with a 10 mL serological pipette and pass it through a 70 µm cell strainer into a 205 
50 mL tube on ice. 206 
 207 
2.3.3. Add an additional 10 mL of fresh ice-cold BM buffer to the mortar and repeat to ensure 208 
complete recovery of cells. Remove bone material from the mortar with a paper towel, discard 209 
appropriately, and rinse the mortar carefully with 70% ethanol, followed by BM buffer. Repeat 210 
step 2.3 for the PA-GFP bone marrow donor group. 211 
 212 
2.4. Counting bone marrow cells 213 
 214 
2.4.1. Using a micropipette, place a droplet containing 40 µL of RBC lysis buffer on a piece of 215 
plastic paraffin film. Invert the 564Igi bone marrow tube a few times and take out a 10 µL aliquot 216 
using a micropipette. Mix it with the 40 µL of RBC lysis buffer drop. 217 
 218 



   

 
 

2.4.2. Subsequently add 50 µL of Trypan blue (0.4% in aqueous solution) to the drop. Immediately 219 
load 10 µL of the resulting mix in a Burker-Türk hemocytometer and count under the microscope. 220 
Calculate the number of cells per mL, using the 10x total dilution factor. Confirm adequate cell 221 
viability >90%. Repeat step 2.4 for the PA-GFP bone marrow donor group. 222 
 223 
2.5. Preparing donor suspensions 224 
 225 
2.5.1. Based on the counts obtained in step 2.4 and the desired number of recipients, calculate 226 
the volume of donor bone marrow from each of the two donor groups to be mixed in the donor 227 
mix tube. 228 
 229 
NOTE: For example, for setting up one group of 1:2 mixed 564Igi:PA-GFP chimeras with 6 CD45.1 230 
recipients: each recipient requires 20 x 106 donor cells total, 1 part 564Igi and 2 parts PA-GFP. 231 
Thus, this requires 6 x 1/3 x 20 x 106 = 40 x 106 564Igi donor cells and 6 x 2/3 x 20 x 106 = 80 x 106 232 
PA-GFP donor cells. 233 
 234 
2.5.2. Mix the appropriate amounts of PA-GFP and 564lgi donor marrow  in a 50 mL conical tube. 235 
Centrifuge the bone marrow mixture at 200 x g and 4 °C for 10 minutes using a swinging bucket 236 
rotor.  237 
 238 
2.5.4. Decant the supernatant and resuspend the cells in ice-cold BM buffer at a density of 1 x 239 
108 cells per mL. Transfer to a precooled 1.5 mL microcentrifuge tube on ice. 240 
 241 
2.6) Reconstituting bone marrow recipients with donor bone marrow 242 
 243 
2.6.1. Anesthetize recipients using induction with continuous flow of 4% isoflurane in air, 244 
followed by maintenance at 3.75%. Verify adequate plane of anesthesia by absence of toe-pinch 245 
reflex.  246 
 247 
2.6.2. Carefully flick the tube containing bone marrow mix to ensure adequate resuspension of 248 
bone marrow cells, then aspirate 200 µL of bone marrow mix (~20 x 106 cells), in a 0.3 mL, 30 249 
gauge insulin syringe. 250 
 251 
2.6.3. Place the recipient on its side, gently stretch the skin above and below the eye to slightly 252 
‘pop the eye out’, and gently insert the tip of the syringe approximately at a 30° angle into the 253 
front of the eye socket, taking care to avoid the eye and the surrounding tissue. When the tip of 254 
the needle is felt to touch the bone underlining the eye socket, retract slightly (~0.5 mm) and 255 
slowly inject the donor bone marrow using steady pressure. 256 
 257 
NOTE: There should be no bleeding, no leakage of fluid and no to very minor bulging of the eye 258 
upon injection. 259 
 260 
2.6.4. Return the mouse to the cage with ad libitum antibiotic water and verify immediate 261 
recovery from the procedure. Repeat step 2.6 for each recipient. 262 



   

 
 

 263 
NOTE: Tail-vein injection can be used in lieu of retroorbital injection with similar results, however, 264 
in our hands it is considerably slower, which may be a concern when working with large groups 265 
of recipients.  266 
 267 
2.7. Removing antibiotic water (Day 14) 268 
 269 
2.7.1. Remove the antibiotic water from the cage(s) and replace with fresh regular drinking water. 270 
 271 
3. Checking successful reconstitution and verifying appropriate degree of chimerism (Week 6) 272 
 273 
3.1. Retroorbital bleeding of chimeras and controls 274 
 275 
3.1.1. Prepare blood collection tubes by labelling 1.5 mL microcentrifuge tubes according to 276 
recipient ear tag numbers and adding 50 µL of PBS containing 5 mM EDTA. 277 
 278 
NOTE: Include appropriate controls for PA-GFP, CD45.1 and CD45.2, and 9D11 (idiotype). This can 279 
be done by including 1 PA-GFP+ mouse, 1 CD45.1 mouse, 1 B6 mouse and 1 564Igi mouse. 280 
 281 
3.1.2. Anesthetize mice and verify adequate plane of anesthesia as in step 2.6.1. Place the 282 
chimera on its side, gently stretch the skin above and below the eye to slightly ‘pop the eye out’. 283 
 284 
3.1.3. Gently insert a BoPET-wrapped heparinized capillary tube (60 µL internal volume) 285 
approximately at a 40° angle into the front of the eye socket, taking care to avoid damaging the 286 
eye and the surrounding tissue. Gently twist/rotate the tube until it begins to fill with blood. 287 
 288 
3.1.4. Allow the blood to passively fill the tube by capillary action, until almost completely full, 289 
then retract the tube and place it into the corresponding pre-labelled collection tube, while at 290 
the same time immediately relaxing the grip around the eye to allow the eye to settle back into 291 
position. Bleeding should stop immediately. 292 
 293 
3.1.5. Ensure that the capillary tube has emptied into the collection tube and discard it in a sharps 294 
container. Close the tube and invert three times to ensure complete mixing with the PBS/EDTA. 295 
 296 
3.1.6. Return the mouse to the cage and verify immediate recovery from the procedure. Repeat 297 
step 3.1 for each experimental mouse and the appropriate controls. 298 
 299 
NOTE: Take caution when using the submandibular vein puncture as this method may pose a 300 
greater risk for adventitious infection in irradiated recipients before these are fully reconstituted. 301 
Furthermore, in our experience, we find that the volume of blood collected and the amount of 302 
blood lost due to excessive bleeding is more variable. Both of these considerations are important, 303 
as the bone marrow chimeras are sensitive in the reconstitution phase, before the new bone 304 
marrow is fully engrafted and hematopoiesis has resumed normal levels. 305 
 306 



   

 
 

3.2. Peripheral blood mononuclear cell (PBMC) purification 307 
 308 
3.2.1. After completion of blood collection, briefly (10 s) centrifuge the tubes at low speed (<200 309 
x g) to collect the diluted stabilized blood at the bottom of the tubes. 310 
 311 
3.2.2. Fill a 10 mL syringe with lymphocyte separation medium and attach an 18 G needle. Insert 312 
the needle to the bottom of the first tube and underlayer the blood sample with 1 mL of 313 
lymphocyte separation medium. Carefully withdraw the needle and wipe it with a paper towel 314 
to prevent cross-contamination of the next sample. 315 
 316 
3.2.3. Proceed through all the samples, then centrifuge for 25 minutes at 800 x g, at room 317 
temperature, in a swinging-bucket centrifuge, with the brakes set to low/off. 318 
 319 
3.2.4. Prepare a set of correspondingly labeled 1.5 mL microcentrifuge tubes containing 1 mL of 320 
ice-cold BM buffer each. 321 
 322 
3.2.5. Following centrifugation, for each sample, enter the upper (serum) layer with a 200 µL 323 
micropipette and aspirate the mononuclear cell (MNC) layer just above the interface. Transfer 324 
the cells to the correspondingly labeled tube containing 1 mL of BM buffer. Close the lid and 325 
invert to mix. Discard the lymphocyte separation medium-containing tube. 326 
 327 
3.2.6. Proceed through all the samples and then centrifuge at 200 x g for 5 min, 4 °C in a swinging 328 
bucket rotor. Aspirate and discard the supernatant, and resuspend the pellet in 200 µL of ice-329 
cold BM buffer. The samples are now ready for antibody-staining and flow cytometric analysis. 330 
 331 
3.3. Staining for flow cytometric evaluation 332 
 333 
NOTE: Suggested panel: CD45.1-FITC, B220-PerCP-Cy5.5, 9D11-A568, CD45.2-APC. Non-activated 334 
PA-GFP is detected in the Pacific Orange (or equivalent) channel. No viability dye is required as 335 
the lymphocyte separation gets rid of dead cells. 336 
 337 
3.3.1. Using a micropipette, add 100 µL of cell suspension per well for each chimera and control 338 
sample, to a 96-well plate. 339 
 340 
3.3.2. For the 3 non-PA-GFP control samples, pool the remaining 100 µL of each sample (300 µL 341 
total). Add 50 µL of this material for unstained control and single stained control wells. For the 342 
PA-GFP single-stained control additionally add 50 µL of unstained PA-GFP sample. 343 
 344 
3.3.3. To each well, add 100 µL of buffer (unstained), single antibody (single-stained 345 
compensation controls, except for PA-GFP compensation control) or antibody mix (samples). 346 
Incubate on ice for 20 minutes. 347 
 348 



   

 
 

3.3.4. Centrifuge at 200 x g for 5 minutes at 4 °C. Flick out the buffer. Add 200 µL of BM buffer to 349 
each well and centrifuge again to wash. Flick out the buffer and resuspend cells in each well in 350 
200 µL of BM buffer. The samples are now ready for analysis on a flow cytometer (Figure 1). 351 
 352 
NOTE: Germinal center responses in the chimeras can be analyzed at any point from 6 weeks 353 
onwards. 354 
 355 
4. In vivo labeling of the marginal zone/subcapsular sinus to aid identification of single germinal 356 
centers 357 
 358 
NOTE: The present protocol is demonstrated for footpad/hock (popliteal lymph node) and 359 
intravenous (i.v., spleen) injections, but can be varied according to target site. 360 
 361 
4.1. Bilateral footpad injection for popliteal lymph node labeling 362 
 363 
4.1.1. Anesthetize the mice as in step 2.6.1. 364 
 365 
4.1.2. In a 1.5 mL microcentrifuge tube, dilute 2 µL of PE-labeled rat anti-mouse CD169 antibody 366 
in 18 µL of PBS, pH 7.4. Place two droplets of 10 µL each of the mixture on a piece of plastic 367 
paraffin film. Aspirate each droplet using a 0.3 mL insulin syringe with a 30 gauge needle. 368 
 369 
4.1.3. Inject the 10 µL of labeling mix in either the footpad (enter with the needle at a 5-10° angle 370 
in the central part of the footpad, proximal from the beginning of the toes, and insert the needle 371 
approximately halfway toward the heel) or the hock (enter with the needle at a 5-10 degree angle 372 
just above the heel and insert about halfway of its length along the axis of the Achilles tendon in 373 
the direction towards the knee). Return the mice to their cages and wait approximately 15 374 
minutes before proceeding with step 5. 375 
 376 
4.2. Intravenous injection for spleen labeling 377 
 378 
4.2.1. Anesthetize the mice as in point 2.6.1. 379 
 380 
4.2.2. In a 1.5 mL microcentrifuge tube, dilute 10 µL of PE-labeled rat anti-mouse CD169 antibody 381 
in 90 µL of PBS. Aspirate the mixture with a 0.3 mL insulin syringe. 382 
 383 
4.2.3. Perform retroorbital i.v. injection as per step 2.6. Return the mice to their cages and wait 384 
approximately 15 minutes before proceeding with step 5. 385 
 386 
NOTE: As an alternative to isoflurane, injection anesthetic such as Ketamine/Xylazine mix can be 387 
used; however, this typically leads to slower recovery times. Since lymphatic drainage is generally 388 
influenced by skeletal muscle movement, this is expected to lead to slower drainage time. 389 
 390 
5. Explanting spleen and lymph nodes and preparing for photoactivation 391 
 392 



   

 
 

5.1. Preparing a double-sided imaging and photoactivation chamber 393 
 394 
5.1.1. Remove the plunger from a 20 mL syringe and back-load it with vacuum grease by inserting 395 
the nozzle of a tube of vacuum grease into it. Then remove the plunger from a 5 mL syringe and 396 
use the 20 mL syringe to back-load it with vacuum grease. 397 
 398 
5.1.3. Use the vacuum-grease loaded 5 mL syringe to prepare an imaging and photoactivation 399 
chamber by placing a square coverslip on a flat surface and tracing along the edges of the 400 
coverslip with vacuum grease (about 1-2 mm in from the edges). 401 
 402 
NOTE: Take care to avoid vacuum grease contamination of any and all surfaces that subsequently 403 
come into contact with the microscope lens, as microdroplets of vacuum grease emulsified in the 404 
immersion water can contaminate the lens. 405 
 406 
5.1.4. Fill up the cover-slip vacuum grease chamber with ice-cold BM buffer and place on a cold 407 
flat surface. 408 
 409 
5.2. Harvesting lymph nodes and spleen 410 
 411 
5.2.1. Euthanize the in vivo labeled chimeric mouse to be analyzed as per step 2.2.1. Spray down 412 
the carcass with 70% ethanol. 413 
 414 
5.2.2. To access the popliteal lymph nodes, use straight fine scissors to make an incision in the 415 
skin just below the knee pit, and extend the cut upwards along the hamstring-line almost until 416 
the hip joint. Using Dumont #5 or #7 forceps, pull each of the exposed flaps of skin outwards, to 417 
expose the tissue in the popliteal fossa (Figure 2A). 418 
 419 
5.2.3. Using a pair of Dumont #5 forceps, carefully enter the popliteal fossa just medial to the 420 
popliteal vein and dissect open the fat by inserting and opening and closing the forceps along the 421 
axis of the leg, in order to expose the underlying popliteal lymph node. 422 
 423 
5.2.4. Pop the lymph node out of the fossa by pinching the quadriceps muscle from the front side 424 
proximal to the knee using the thumb and index finger (Figure 2B). Grab the lymph node from 425 
below with the forceps to liberate it from the surrounding tissue (Figure 2C) and then place it in 426 
the vacuum grease chamber prepared in step 5.1. 427 
 428 
5.2.5. Repeat steps 5.2.2 – 5.2.4 for the contralateral side. Multiple lymph nodes can be fitted in 429 
a single chamber if desired. 430 
 431 
5.2.6. Finally close the chamber by placing a second coverslip on top of the vacuum grease rim 432 
and pressing gently down, taking care to extrude all air bubbles. 433 
 434 



   

 
 

NOTE: Some of the buffer may be pushed out as well, but the vacuum grease should form a tight 435 
seal, preventing leakage of fluid (Figure 2D). The lymph nodes are now in a double-sided imaging 436 
chamber. 437 
 438 
5.2.7. To access the spleen, using a pair of straight fine scissors make an incision through the 439 
abdominal wall on the left side of the mouse, proximal to the anterior medial line, just below the 440 
ribcage, and extend it around the body to the posterior axillary line. The tip of the spleen should 441 
be visible (Figure 3A). 442 
 443 
5.2.9. Pull out the spleen with a pair of Dumont #7 forceps and cut the adhesions on the 444 
underside to release it. Use the pair of straight fine scissors to cut ~2 mm thick, cross-sectional, 445 
slices. 446 
 447 
5.2.9. Place the slice in the vacuum grease chamber prepared in step 5.1. Multiple spleen slices 448 
can be fitted in a single chamber if desired. 449 
 450 
5.2.10. Finally close the chamber by placing a second coverslip on top of the vacuum grease rim 451 
and pressing gently down, taking care to extrude all air bubbles. Keep all imaging chambers on 452 
ice at all times, except for during the imaging and photoactivation. 453 
 454 
NOTE: Some of the buffer may be pushed out as well, but the vacuum grease should form a tight 455 
seal, preventing leakage of fluid. The spleen slices are now in a double-sided imaging chamber 456 
(Figure 3B). 457 
  458 
6. Photoactivation 459 
 460 
6.1. Identifying single germinal centers 461 
 462 
NOTE: This protocol is described for the spleen, but is entirely analogous for the lymph nodes. 463 
 464 
6.1.1. Place the imaging chamber on the microscope stage. Using a 3.5 mL plastic transfer pipette, 465 
place a drop of distilled water on top of the upper coverslip and lower the objective until the 466 
point of contact. Focus on the top of the tissue using the transmitted light. 467 
 468 
6.1.2. Switch to dark mode and two-photon excitation, and tune the laser to 940 nm.  469 
 470 
NOTE: With the appropriate filter sets, this wavelength permits excitation and detection of 471 
second harmonics generation in collagen-containing structures associated with major vessels and 472 
structural elements, as well as the CD169-PE injected in step 4.2, which identifies the marginal 473 
zone. However, 940 nm excitation does not photoactivate PA-GFP. 474 
 475 
6.1.3. Localize individual white-pulp areas (bounded by CD169-PE staining) near the surface of 476 
the tissue, and identify the periarteriolar lymphoid sheath (PALS, T cell zone) by the second 477 
harmonics generation associated with the central arteriole. In the zone between the PALS and 478 



   

 
 

the marginal zone, look for the presence of highly autofluorescent, activated tingible-body 479 
macrophages (strong autofluorescent signal in all channels, blob-like appearance with dark 480 
vacuoles) (Figure 4A). 481 
 482 
NOTE: If necessary, due to undesirable orientation of the tissue, the imaging chamber can be 483 
flipped and imaging can be performed from the other direction. 484 
 485 
6.1.4. Based on hallmarks identified in step 6.1.3., draw a region of interest identifying a single 486 
germinal center area. Set up a Z-stack of around 100-150 µm depth, starting from the surface of 487 
the tissue, and using a step size of ~3 nm. 488 
 489 
6.1.5. Switch to 830 nm excitation wavelength. Shut off or dim all channels to prevent 490 
photodamage to detectors (as laser power and output fluorescence is typically dramatically 491 
higher at this wavelength), and then ‘image’ the stack. 492 
 493 
NOTE: Specific settings, such as laser power and pixel dwell time, depend on the depth in the 494 
tissue, the specific tissue used, and the imaging system. Each application has to be optimized for 495 
the specific imaging system used. While it is essential to get efficient photoactivation throughout 496 
the stack, care should be taken not to photodamage the cells. 497 
 498 
6.1.6. Switch back to 940 nm excitation wavelength and reopen channels. Scan through the stack 499 
to confirm efficient photoactivation throughout (Figure 4B) and absence of photodamage 500 
(diffuse, non-cell-bounded PA-GFP signal, dark spots or high-degree autofluorescence in 501 
photoactivated area). 502 
 503 
6.1.7. Proceed to photoactivate all relevant tissues in the imaging chamber, then promptly return 504 
it to ice until further processing. Proceed with photoactivation of additional imaging chambers. 505 
 506 
NOTE: Tissue explanting, mounting and particularly photoactivation are time-consuming 507 
processes, but the total turn-around time should be restricted to 4-6 hours, to prevent a dramatic 508 
decrease in cell viability. 509 
 510 
7. Recovery and analysis of photoactivated cells 511 
 512 
7.1. Extraction of lymphocytes from lymph nodes and spleen 513 
 514 
7.1.1. For each photoactivated sample, prepare an accordingly labeled 1.5 mL microcentrifuge 515 
tube containing 500 µL of BM buffer on ice. Include samples from a non-PA-GFP control and a 516 
non-activated PA-GFP mouse. This can be accomplished by including one B6 control and one PA-517 
GFP control mouse. 518 
 519 
7.1.2. Carefully remove the upper cover slip from the imaging chamber, taking care to maintain 520 
the position of the samples (if multiple samples are present in a single chamber), and place each 521 
sample into its respective sample tube. 522 



   

 
 

 523 
7.1.3. Using a pestle homogenizer, squeeze the tissue and twist the pestle in the tube to release 524 
the lymphocytes. Using a micropipette, aspirate the lysate and filter through a 70 µm cell strainer 525 
into a fresh, pre-cooled 1.5 mL microcentrifuge tube. For lymph node samples, skip to step 7.1.6. 526 
 527 
7.1.4. For spleen samples, centrifuge at 200 x g for 5 min at 4 °C in a swinging bucket rotor. 528 
Discard the supernatant and resuspend the pellet in 200 µL of RBC lysis buffer. Incubate for 5 min 529 
at room temperature, then add 800 µL of ice-cold BM buffer and proceed to step 7.1.6. 530 
 531 
7.1.6. Centrifuge at 200 x g for 5 min at 4 °C in a swinging bucket rotor. Discard the supernatant 532 
and resuspend in 100 µL of ice-cold BM buffer. The samples are now ready for staining for flow 533 
cytometric evaluation and sorting, if desired. 534 
 535 
7.2. Staining for flow cytometric evaluation 536 
 537 
NOTE: Suggested panel: CD169-PE, B220-PerCP-Cy5.5, 9D11-A647, CD38-PE-Cy7, Fixable Viability 538 
Dye Efluor-780, GL7-Pacific Blue. Non-activated PA-GFP is detected in the Pacific Orange (or 539 
equivalent) channel. Photoactivated PA-GFP is detected in the GFP channel. Any co-purified 540 
macrophages (which may or may not have been in vivo labeled with CD169-PE) can be excluded 541 
by staining with CD169-PE and using this as a dump gate. 542 
 543 
7.2.1. Using a micropipette, add 100 µL of cell suspension per well for each chimera and control 544 
sample, in a 96-well plate. 545 
 546 
7.2.2. For the B6 control samples, add 50 µL of this material for unstained control and single 547 
stained control wells. For the non-activated PA-GFP single-stained control additionally add 50 µL 548 
of unstained non-activated PA-GFP sample. For the activated PA-GFP single-stained control, pool 549 
the remaining material for all photoactivated samples. 550 
 551 
7.2.3. To each well, add 100 µL of buffer (unstained and PA-GFP compensation controls), single 552 
antibody (single-stained compensation controls) and antibody mix. Incubate on ice for 20 553 
minutes. 554 
 555 
7.2.4. Centrifuge at 200 x g 5 minutes at 4 °C. Flick out the buffer. Add 200 µL of BM buffer to 556 
each well and centrifuge again to wash. Flick out the buffer and resuspend cells in each well in 557 
200 µL of BM buffer. The samples are now ready for analysis on a flow cytometer or sorter 558 
(representative results in Figure 5). 559 
 560 
REPRESENTATIVE RESULTS: 561 
 562 
Generation of mixed bone marrow chimeras 563 
The present protocol robustly achieves mixed bone marrow chimeras with a near-complete 564 
chimerism in the B cell compartment as shown in the representative result in Figure 1 (for 565 
statistical significance please refer to 12). The serotyping reveals normalized B cell numbers at 6 566 



   

 
 

weeks post reconstitution (Figure 1A), with a low frequency of 9D11 (idiotype) positive circulating 567 
B cells deriving from the 564Igi compartment (Figure 1B). Within the total lymphocyte gate, there 568 
is a low frequency of residual recipient-derived cells, ~6% CD45.1 (Q1), indicating an overall 569 
degree of chimerism of ~94% (Figure 1C). Within the donor compartment (CD45.1-, Q4+Q3) the 570 
ratio of 564Igi (Q4) to PA-GFP (Q3) is around 23% to 77%. This slightly lower than input 33% to 571 
66% ratio is explained by the heavy negative selection of B cells derived from the 564Igi 572 
compartment 12. As seen in Figure 1D, there is virtually complete chimerism in the B cell 573 
compartment (99.9% CD45.1-) and dominance of PA-GFP bone marrow-derived B cells (Q3), 574 
which is a consequence of the heavy negative selection of 564Igi-derived B cells. 575 
   576 
Harvest of tissues, processing and flow cytometric evaluation 577 
Figure 2 and Figure 3 demonstrate procedures for and results of explanting freshly isolated lymph 578 
nodes and spleen slices. Figure 4 presents a representative result for in vivo labeling and 579 
photoactivation of a single germinal center area in an explanted spleen slice. As can be seen 580 
(Figure 4A), the in vivo labeling with CD169-PE has robustly labeled the marginal zone (red, 581 
indicated by “MZ”). The second harmonics signal is apparent in collagen-containing structural 582 
elements and major vessels (blue), including the central arteriole of the periarteriolar lymphoid 583 
sheath (PALS). Highly autofluorescent, activated tingible-body macrophages are associated with 584 
germinal center activity (arrowhead). Taken together, the identification of the marginal zone, the 585 
PALS, and tingible-body macrophages, allows identification of a region of interest which likely 586 
contains a single germinal center. The region of interest is photoactivated as illustrated in Figure 587 
4B. As demonstrated, photoactivation is microanatomically precise9, yielding a defined area of 588 
activation. The presented results additionally serve as confirmation of a high density of PA-GFP+ 589 
lymphocytes in the reconstituted chimeras and presence of spontaneous germinal centers. 590 
Downstream flow cytometric evaluation further confirms normalized B cell compartment 591 
numbers (Figure 5D), a spontaneous germinal center population (Figure 5E), and the presence of 592 
a subset of germinal center B cells which have been photoactivated (Figure 5F). 593 
 594 
Thus, the present protocol presents a robust method for generation of mixed bone marrow 595 
chimeras with spontaneous autoreactive germinal centers, which are predominantly composed 596 
of wild-type derived B cells carrying a photoactivatable reporter. This in turn allows for 597 
downstream analyses of individual germinal centers (graphical overview in Figure 6). 598 
 599 
FIGURE AND TABLE LEGENDS: 600 
 601 
Figure 1: Flow cytometric evaluation of degree of chimerism in blood of 564Igi (CD45.1-, PA-602 
GFP-):PA-GFP (CD45.1-, PA-GFP+) mixed chimeras in lethally irradiated CD45.1 recipients 603 
(CD45.1+, PA-GFP-), 6 weeks post reconstitution. A) Plot showing gating of B220+ B cells, pre-604 
gated on singlet lymphocytes. B) Subgate from plot A, showing 9D11+ (idiotype) frequency within 605 
the B cell population. C) Plot of PA-GFP versus CD45.1, pre-gated on singlet lymphocytes. D) Plot 606 
of PA-GFP versus CD45.1 in the B cell subgate from plot A. 607 
 608 
Figure 2: Procedure for harvesting and mounting popliteal lymph nodes for imaging and 609 
photoactivation. A) An incision is made below the knee and extended up to the hip joint, and the 610 



   

 
 

edges are retracted to the sides, in order to expose the popliteal fossa (arrowhead). B) The 611 
overlying fatpad is opened and the popliteal lymph node is exposed (arrowhead). C) The popliteal 612 
lymph node is retrieved from the fossa. D) The procedure is repeated for the contralateral side 613 
and both nodes are mounted in a double-sided coverslip/vacuum-grease chamber filled with BM 614 
buffer. 615 
 616 
Figure 3: Procedure for harvesting and mounting the spleen for imaging and photoactivation. 617 
A) An incision is made at the anterior medial line just below the ribcage and extended around the 618 
body to the posterior axillary line, and the edges are retracted to expose the tip of the spleen 619 
(arrowhead). B) The spleen is retracted and excised, and cut into thin (1-2 mm) slices, which are 620 
mounted in a double-sided coverslip/vacuum-grease chamber filled with BM buffer. 621 
 622 
Figure 4: Photoactivation. A) Two-photon micrograph of a germinal center in the spleen before 623 
photoactivation. In vivo labeling with anti-CD169-PE was performed before harvest of the spleen 624 
to label the marginal zone (red, indicated by “MZ”). The second harmonics signal is apparent in 625 
collagen-containing structures associated with the integument and major vessels (blue). 626 
Arrowheads identify highly autofluorescent, activated tingible-body macrophages associated 627 
with germinal center activity. Imaging was performed at 940 nm excitation. The scale bar in the 628 
top left-hand corner indicates 200 µm. B) As for A, but after photoactivation at 830 nm. 629 
Photoactivated cells are now visible (green) in a defined region of interest bounded by the 630 
marginal zone and encompassing the previously identified tingible-body macrophages. 631 
 632 
Figure 5: Flow cytometric analysis of photoactivated germinal center B cells. A) Plot of forward 633 
versus side scatter and lymphocyte gate. B) Plot of forward scatter area as a function of forward 634 
scatter height within the lymphocyte gate, and resulting singlet gate. C) Viability dye exclusion 635 
plot within the singlet gate, and resulting live cell gate. D) Gating of B220+ B cells. E) Gating of 636 
germinal center B cells, identified as CD38lo GL7hi cells within the B220+ gate. F) Gating of 637 
photoactivated cells within the GC B cell population, identified as the subset of cells co-expressing 638 
non-activated and photoactivated PA-GFP. 639 
 640 
Figure 6: Graphical overview of the protocol. 641 
 642 
DISCUSSION: 643 
A large number of murine models of autoimmunity are available, many of which present with 644 
spontaneous germinal centers16. However, many of the available models harbor complex genetic 645 
backgrounds or mutations in central regulators of lymphocyte proliferation or activation, 646 
rendering them poorly suited to intercrossing with reporter lines and studies of normal 647 
lymphocyte behavior in autoimmunity, respectively. The present model, on the contrary, allows 648 
a ‘plug-and-play’ approach to in-depth analyses of autoreactive wild-type-derived germinal 649 
center B cells using any desired combination of transgenes, knock-outs and reporters, in the 650 
present case represented by photoactivatable GFP. Using in vivo labeling strategies, single 651 
germinal centers can be visualized in explanted lymphoid tissues and their cellular constituents 652 
photoactivated using a two-photon microscope. Photoactivated lymphocytes from single 653 
germinal centers can then be analyzed or sorted flow cytometrically, as single cells or in bulk. 654 



   

 
 

These cells may subsequently be subjected to additional downstream molecular and functional 655 
analyses to provide renewed insights in the field of autoimmunity. 656 
 657 
There are some critical steps for successful performance of this procedure. As demonstrated by 658 
the representative results, the irradiation (1,100 Rad) and donor bone marrow reconstitution 659 
successfully replace the recipient bone marrow compartment yielding near-complete chimerism 660 
in the B cell compartment. This is an important point, as residual recipient-derived B cells would 661 
render a subset of the germinal center population ‘dark’. Regardless of the source used for 662 
irradiation, the dose/timing of irradiation has to be optimized to yield maximal myeloablative 663 
effect with minimal collateral tissue damage to the animals. For reconstitution, the bone-crush 664 
protocol and reconstitution with 20 million total donor cells has been found to robustly yield high 665 
reconstitution degrees. Working sterile and cold/on ice for the bone marrow extraction ensures 666 
high viability of the donor marrow. To reach the desired donor bone marrow ratios, it is essential 667 
to exercise great care when counting aliquots of the cells, both for the counting itself and when 668 
taking out the subsample of the bone marrow for counting. Mixing and co-pelleting the donor 669 
marrows, instead of centrifuging and resuspending separately and then mixing, serves to prevent 670 
any skew in donor ratios following the cell counting. 671 
 672 
The mixed bone marrow chimera generation of the protocol can stand alone, and it enables 673 
generation of chimeras with autoreactive germinal centers with any desired reporter, transgene 674 
or knock-out. However, one limitation to this is the need to use histocompatible donors. The 675 
564Igi strain is on a C57Bl/6J congenic background, and as a consequence, the other donor(s) and 676 
the recipients should have an H-2b congenic background (or alternatively, the 564Igi strain 677 
should be backcrossed to the desired strain and the autoimmune phenotype verified on the new 678 
background). The irradiation procedure tends to favor a tolerogenic environment17, and 679 
mismatches in some minor histocompatibility antigens may be tolerated. However, this aspect 680 
should be thoroughly considered, particularly if mixing male and female donors and/or 681 
recipients, due to the potential for female reactivity with male-restricted Y-antigens. 682 
 683 
Similarly, the photoactivation aspect of the protocol can stand alone, and may be used in many 684 
different contexts. However, the PA-GFP reporter is currently only available with the UBC 685 
promotor, which is active in all hematopoietic lineage cells, but not in stromal cells. As mentioned 686 
in the Introduction, other photoactivatable, photoswitchable, or photoconvertible reporter 687 
strains are available, and may be substituted for PA-GFP, with appropriate adjustment of 688 
experimental conditions. 689 
 690 
It is important to avoid inadvertent photoactivation of undesirable areas, by maintaining the laser 691 
well above 900 nm when imaging, as this wavelength will not photoactivate PA-GFP. For the 692 
photoactivation itself, specific settings, such as laser power and pixel dwell time, will depend on 693 
the depth in the tissue, the specific tissue used, and the imaging system, and each application 694 
has to be optimized for the specific imaging system used. Care should be taken not to 695 
photodamage the cells, but it is at the same time essential to get efficient photoactivation 696 
throughout the stack, in order to get a sufficient representation of activated cells for downstream 697 
analyses. Germinal center B cells generally constitute anywhere from 0.5% to ~2% of splenic or 698 



   

 
 

cutaneous lymph node B cells, and as can be seen from the representative results (Figure 5), 699 
photoactivated single germinal center B cells may make up ~1% of the total population present 700 
in a single spleen slice. Therefore, successful analysis or sorting of a significant number of cells 701 
requires processing a large number of events. 702 
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Name of Material/ Equipment Company
Catalog 

Number
Antibody, 9D11-A568 In-house generated

Antibody, 9D11-A647 In-house generated

Antibody, FITC anti-mouse CD45.1 Biolegend 110705
Antibody, Pacific Blue anti-mouse/human GL7 Antigen (T and B cell Activation 

Marker) Biolegend 144613

Antibody, PE anti-mouse CD169 (Siglec-1) Biolegend 142403

Antibody, PE/Cy7 anti-mouse CD38 Biolegend 102717

Antibody, PerCP/Cy5.5 anti-mouse/human CD45R/B220 Biolegend 103235

Capillary tube, Mylar-wrapped, heparinized Fisher Scientific 211766

Cell strainer, 70 µm Falcon 352350

Conical tubes, 50 mL Falcon 352235

Cover slip, square, 22x22 mm, 0.13-0.17 mm Thermo Fisher Scientific 22X22-1

EDTA Merck 1,084,180,250

Ethanol, 70% VWR 8301.360

Fetal bovine serum Life Technologies 10270106

Flow cytometer, FACS Canto II BD Biosciences 338962

Flow cytometer, LSRFortessa SORP BD Biosciences -

Grease, high vacuum, Dow Corning VWR DOWC1597418

Hemocytometer, Burker-Türk VWR 630-1544

Isoflurane, IsoFlo vet. Orion Pharma 9658

Lymphocyte separation medium (Lympholyte-M Cell Separation Media) Cedarlane CL5035

Microcentrifuge tube, 1.5 mL (Eppendorf) Sarstedt 72.690.550

Microscope, Two-photon

Prairie Technologies (now 

Bruker) -

Mortar w. lip, unglazed, 75 ml VWR 410-0110

NaHCO3 Merck 1063290500

Needle, 18 gauge BD Medical 304622
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NH4Cl VWR 87,769,290

PBS Sigma d8537

Pestle homogenizer VWR 47747-358

Pestle, unglazed, 175 mm VWR 410-0122

Pipette, Serological, 10 ml VWR 612-3700

Pipette, transfer, plastic Sarstedt 861,172,001

Plastic paraffin film (Parafilm M) Bemis PM996

Plate, 96-well Falcon 353910

Surgical forceps, Student Dumont #5 Forceps FST - Fine Science Tools 91150-20

Surgical forceps, Student Dumont #7 Forceps FST - Fine Science Tools 91197-00

Surgical scissors, Student Fine Scissors, Straight FST - Fine Science Tools 91460-11

Syringe, 10 mL Terumo SS-10ES1

Syringe, 20 mL Terumo SS-20ES1

Syringe, 5 mL Terumo SS-05S1

Syringe, Insulin, 0.3 cc BD Medical 324827

Tribrissen vet. 24% inj., containing 200 mg sulfadiazin and 40 mg trimethoprim/mlMSD Animal health 431577

Trypan blue solution, 0.4% VWR K940-100ML

Viability dye, eBioscience Fixable Viability Dye eFluor 780 Thermo Fisher Scientific 65-0865-14



Comments/Description

9D11 hybridoma, kindly provided by MC Carroll, labeled with kit: Biotium 92255

9D11 hybridoma, kindly provided by MC Carroll, labeled with kit: Nordic Biosite ABD-1031

Special order product with 4 lasers (405 nm, 488 nm, 561 nm and 640 nm)

Special order Ultima In Vivo Two Photon Microscope
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 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. 

 

 

Interrogating individual autoreactive germinal centers by
photoactivation in a mixed chimeric model of autoimmunity

Thomas R. Wittenborn, Cecilia Hagert and Søren E. Degn
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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. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. 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. 
10. 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. 
11. 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 
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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 
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.  
12. 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. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of 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. 
14. 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 is required per submission. 

 
CORRESPONDING AUTHOR 
Name:    
 
Department:   
 
Institution:  
 
Title:   
 

Signature:  
 

Date:  

Please submit a signed and dated copy of this license by one of the following three methods: 
1. Upload an electronic version 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 02140 

 

 

 

 

 

 

 

 

Søren E. Degn

Department of Biomedicine

Aarhus University

Assistant Professor, Group Leader

November 15th, 2018



Point-by-point response to editorial comments 
 
First of all, we would like to thank the editorial team for the thorough corrections and 
suggestions to our manuscript. We have provided a point-by-point response below. 
 
Editorial comments: 

Changes to be made by the author(s) regarding the manuscript: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 
there are no spelling or grammar issues. 
We have proofread the manuscript, and to the best of our knowledge, there are no 
spelling or grammar issues. 
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. You may use the generic term followed by “(see table of 
materials)” to draw the readers’ attention to specific commercial names. Examples of 
commercial sounding language in your manuscript are: Tribrissen, Eppendorf, Lympholyte, 
Parafilm, etc. 
We have gone through the manuscript and replaced the trade names of reagents with 
generic alternatives, but continue to reference the specific reagents employed in the 
studies presented in the Table of Materials and Reagents. 
3. Please define all abbreviations before use. 
We have gone through the abbreviations and ensured that they are defined at first usage. 
4. Please abbreviate liters to L to avoid confusion. 
We have changed the abbreviation of liters to capital L. 
5. Please add more details 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. 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. See examples below. 
6. 1.2: Please describe how to verify absence spontaneous germinal centers in naïve mice. 
A note has been added with reference to appropriate procedures to verify absence of 
spontaneous germinal centers in naïve mice. 
7. 1.3: What are the genders of the recipients and donors? 

A note has been added regarding genders of donors and recipients. 
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8. 1.6 and 1.7: Please list an approximate volume to prepare. 
Volumes have been added. 
9. 2.1.1: Are the recipients anesthetized before irradiation? 
No, the recipients are not anesthetized before irradiation. Although the procedure is 
somewhat stressful to the animals due to enclosure in a confined space for the duration of 
irradiation, the irradiation itself does not cause any pain or discomfort. Therefore, 
anesthesia is never used for whole body irradiation as it would actually cause a greater 
cumulative degree of stress. 
10. 2.2.2: Please describe how to remove the hind limbs and extract the femurs and tibia. 
We have extended the description of how to remove the hind limbs and extract the 
femurs and tibia. 
11. Please specify all surgical tools used throughout the protocol. 
We have specified surgical tools used at appropriate places in the text and they are 
additionally listed in the materials table. 
12. 5.2.1: Please specify the euthanasia method. 
We have specified the euthanasia method with a reference to the previously described 
procedure in step 2.2.1. 
13. 5.2.9: Please revise the Protocol steps so that individual steps contain only 2-3 actions 
per step and a maximum of 4 sentences per step. Use sub-steps as necessary. 
Step 5.2.9 has been split into steps 5.2.9-5.2.12. 
14. After you have made all the recommended changes to your protocol (listed above), 
please highlight 2.75 pages or less of the Protocol (including headings and spacing) that 
identifies the essential steps of the protocol for the video, i.e., the steps that should be 
visualized to tell the most cohesive story of the Protocol. 
We have, to the best of our ability, complied with this request. 
15. Please highlight complete sentences (not parts of sentences). Please ensure that the 
highlighted part of the step includes at least one action that is written in imperative tense. 
Notes cannot usually be filmed and should be excluded from the highlighting. Please do 
not highlight any steps describing anesthetization and euthanasia. 
Again, we have to the best of our ability complied with this. 
16. Please include all relevant details that are required to perform the step in the 
highlighting. For example: If step 2.5 is highlighted for filming and the details of how to 
perform the step are given in steps 2.5.1 and 2.5.2, then the sub-steps where the details 
are provided must be highlighted. 
As we understand this, we have complied, but please advise if inadequate. 
17. References: If there are six or more authors, list the first author and then “et al.”. 



We have corrected the reference list to abbreviate author lists with et al. in references 
with six or more authors. 
18. Table of Materials: Please remove trademark (™) and registered (®) symbols. Please 
sort the items in alphabetical order according to the name of material/equipment. 
We have removed the symbols and sorted the list alphabetically according to the name of 
material/equipment. 
 
 

Point-by-point response to Reviewers' comments 
 
We would like to start by thanking the Reviewers for their thorough evaluation of our 
manuscript. We were happy to read the positive response. Below we address the minor 
points raised by the review. 
 
 

Reviewer #1: 
 

Manuscript Summary: 
 

In the manuscript by Wittenborn et al a state of the art method is described that allows 
specific isolation of lymphocytes that are isolated from specific areas in tissues. In the 
manuscript germinal center B cells can be isolated. Basis of the method are several 
protocols that are described in great detail: 
 

1. generation bone marrow chimeric mice to allow the colonization of photo-activatable 
lymphocytes. 
2. identification of the region of interest, here the germinal center regions in spleen or 
lymph nodes 

3. Photoactivation of the GFP in the region of interest 

4. recovery and analysis of photoactivated cells. 
 

All procedures are described very well. The method is very helpful for a series of questions 
that needs detailed molecular analysis about cells in which the spatial distribution in 
tissues is important. 
I have no major or minor concerns. 
 

Major Concerns: 
I have no major concerns 



 

We thank Reviewer #1 for the positive and constructive reception of our manuscript. 
 

Reviewer #2: 
 

Manuscript Summary: 
Generation of autoantibodies through dysregulated spontaneous germinal centers is one 
of the major mechanism contributing to autoimmunity. Understanding the generation, 
signaling and regulation of autoreactive B cells could lead to the development of a new 
selective class of therapeutics targeting specifically autoreactive B cells. Towards this, 
visualization of autoreactive B cells and their isolation could be the first step in 
understanding the biology behind their generation. This protocol describes the 
identification and isolation of autoreactive germinal center B cells. The authors describe 
the procedure for generating mixed bone marrow chimeric mice to analyze spontaneous 
autoreactive germinal centers reconstituted with lymphocytes carrying a photoactivatable 
green fluorescent protein. Importantly, the germinal center cells are photoactivatable 
using a two-photon microscope which can subsequently be analyzed by flow cytometry or 
sorted and analyzed further by several techniques. 
 

The study is well presented and the protocol is described clearly. The following question 
should be addressed by the authors. 
 
 

Minor Concerns: 
 

The authors describe the use of retro-orbital injection and bleeding as the prototype 
method for intravenous injection of BM cells and blood collection for analysis of 
reconstitution, respectively. Does intravenous injection through tail-vein yield similar 
results? If not, the authors should mention that giving reasons. However, if both the 
methods of i.v. injection (retro-orbital and tail-vein) work equally well then the authors 
should clearly mention in the manuscript. Similarly, submandibular vein puncture method 
is commonly used for collection of small volume of blood. The authors should mention if it 
has been used and works well for this protocol or not. 
 
We thank Reviewer #2 for the positive reception of the manuscript and for the good 
questions regarding potential use of i.v. injection and submandibular vein puncture. 
 



Tail-vein i.v. injection works equivalently to retroorbital i.v. injection, although we 
personally prefer using retroorbital i.v. injection as it is significantly faster than tail-vein 
injection, in our hands. We have added a note specifying that tail-vein injection can be 
used interchangeably. 
Regarding submandibular vein puncture, we also routinely employ this technique in other 
settings. However, we find that the volume of blood collected is more variable and the 
amount of blood lost due to excessive bleeding is more variable. In contrast, in our 
experience retroorbital bleeding, when performed by an experienced researcher, allows 
collection of precise volumes with minimal bleeding. Additionally, collecting blood from 
the virtually sterile eye cavity using a sterile capillary tube prevents adventitious 
infections, something that is a potential concern when breaking the skin with a lancet in 
an immunosuppressed (reconstitution phase) animal. As the bone marrow chimeras are 
quite sensitive in the reconstitution phase, before the new bone marrow is fully engrafted 
and hematopoiesis has resumed normal levels, we prefer to use retroorbital bleeding. We 
have added a note with these considerations to the text. 
 
Once more, we would like to thank the Reviewers for taking the time to evaluate our 
manuscript and for providing valuable feedback. 
 


