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SUMMARY:  23 
Here we describe an in vitro live-imaging method to visualize intracellular transport of organelles 24 
and trafficking of plasma membrane proteins in murine astrocytes. This protocol also presents 25 
an image analysis methodology to determine cargo transport itineraries and kinetics. 26 
 27 
ABSTRACT:  28 
Astrocytes are among the most abundant cell types in the adult brain, where they play key roles 29 
in a multiplicity of functions. As a central player in brain homeostasis, astrocytes supply neurons 30 
with vital metabolites and buffer extracellular water, ions, and glutamate. An integral component 31 
of the “tri-partite” synapse, astrocytes are also critical in the formation, pruning, maintenance, 32 
and modulation of synapses. To enable these highly interactive functions, astrocytes 33 
communicate among themselves and with other glial cells, neurons, the brain vasculature, and 34 
the extracellular environment through a multitude of specialized membrane proteins that 35 
include cell adhesion molecules, aquaporins, ion channels, neurotransmitter transporters, and 36 
gap junction molecules. To support this dynamic flux, astrocytes, like neurons, rely on tightly 37 
coordinated and efficient intracellular transport. Unlike neurons, however, where intracellular 38 
trafficking has been extensively delineated, microtubule-based transport in astrocytes has been 39 
less studied. Nonetheless, exo- and endocytic trafficking of cell membrane proteins and 40 
intracellular organelle transport orchestrates astrocytes’ normal biology, and these processes are 41 
often affected in disease or in response to injury. Here we present a straightforward protocol to 42 
culture high quality murine astrocytes, to fluorescently label astrocytic proteins and organelles 43 
of interest, and to record their intracellular transport dynamics using time-lapse confocal 44 
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microscopy. We also demonstrate how to extract and quantify relevant transport parameters 45 
from the acquired movies using available image analysis software (i.e., ImageJ/FIJI) plugins.  46 
 47 
INTRODUCTION:  48 
Astrocytes are the most abundant cells in the adult central nervous system, where they perform 49 
unique developmental and homeostatic functions1. Astrocytes modulate synaptic development 50 
through direct contact with pre- and postsynaptic terminals as part of the tri-partite synapse, 51 
which contains neurotransmitter receptors, transporters, and cell adhesion molecules that 52 
facilitate synapse formation and neuron-astrocyte communication2. In addition, astrocytes 53 
actively control synaptic transmission and prevent neuronal excitotoxicity by rapidly removing 54 
excitatory neurotransmitters from the synaptic cleft, recycling neurotransmitters, and 55 
participating in synaptic pruning3-6. To enable these highly interactive functions, astrocytes 56 
communicate among themselves, with other glial cells, and with neurons through specialized 57 
membrane proteins, including cell adhesion molecules, aquaporins, ion channels, 58 
neurotransmitter transporters, and gap junction molecules. Astrocytes actively change the 59 
surface levels of these proteins in response to fluctuations in their intra- and extracellular 60 
environment7. Furthermore, changes in the levels and distribution of mitochondria, lipid 61 
droplets, and degradative and recycling organelles modulate energy supply, metabolite 62 
availability, and cellular clearing processes that are essential for astrocyte function and survival.  63 
 64 
The dynamic changes in membrane protein and organelle trafficking and positioning in astrocytes 65 
are facilitated by the concerted function of motor proteins and adaptors that promote cargo 66 
motility8,9. Similarly, surface levels of membrane proteins are modulated through internalization 67 
and recycling events10. These cargos are transported via an intricate network of actin, 68 
microtubules, and possibly intermediate filaments tracks8. Studies based on 69 
immunofluorescence staining of end-binding protein 1 (EB1), which accumulates at the growing 70 
microtubule plus ends, suggest that in astrocytes bundles of microtubules radiate out from the 71 
perinucleus and extend their plus end towards the periphery11. However, a comprehensive 72 
examination of the organization and polarity of microtubules and other cytoskeletal elements 73 
using live-cell imaging is still lacking. While many of the mechanisms underlying the dynamics of 74 
organelles and membrane proteins have been extensively studied in neurons and other cell 75 
types, cargo motility in astrocytes is less well understood. Most of our current knowledge about 76 
changes in protein and organelle distribution in astrocytes is based on traditional antibody-based 77 
labeling of fixed preparation, which precludes precise spatial and temporal examination of cargo 78 
dynamics7,12. 79 
 80 
Here, we describe a method to label membrane proteins and organelles for live imaging in high 81 
purity primary mouse astrocyte cultures. Using this protocol, we provide examples in which we 82 
track the dynamic localization of green fluorescent protein (GFP)-tagged membrane proteins in 83 
transfected astrocytes, including the gap junction protein connexin 43 (Cx43-GFP) and the 84 
excitatory amino acid transporter 1 (EAAT1-GFP). We also describe the use of a fluorescent 85 
acidotropic probe to visualize acidic organelles and follow their trafficking dynamics in live 86 
astrocytes. Finally, we demonstrate how to analyze the time-lapse data to extract and evaluate 87 
transport parameters for individual cargos.  88 



   

 89 
PROTOCOL:  90 
 91 
All animal procedures were performed with the approval of the University of North Carolina at 92 
Chapel Hill Animal Care and Use Committee (IACUC). 93 
 94 
1. Brain dissection and culture of primary mouse astrocytes 95 
 96 
NOTE: The following protocol was adapted from published methods, which follows the original 97 
procedure developed by McCarthy and deVellis13,14,15. Mixed cell cultures of McCarthy/deVellis 98 
(MD) astrocytes are prepared from postnatal day 2−4 (P2−P4) mouse cortices, treated with an 99 
anti-mitotic factor, and purified to yield the final enriched astrocyte culture. Four cortices from 100 
mouse pups of either sex are sufficient to generate one T75 tissue culture flask culture.  101 
 102 
1.1. Coat the bottom of T75 flasks (100% angled neck access, 0.22 µm hydrophobic vented filter 103 
cap) with poly-D-lysine (1 mg/mL in 0.1 M Tris buffer, pH 8.5) and incubate at 37 °C for 24 h prior 104 
to start of dissection. 105 
 106 
1.2. Before beginning the dissection procedure, warm 30 mL of astrocyte culture media 107 
(Dulbecco’s modified Eagle’s medium [DMEM] high glucose, 10% heat-inactivated fetal bovine 108 
serum, 1% penicillin/streptomycin) at 37 °C and thaw a 5 mL aliquot of 2.5% trypsin on ice. 109 
Prepare two dissecting dishes (60 mm diameter) on ice filled with 6 mL of Hank’s balanced salt 110 
solution (HBSS) without Ca2+ or Mg2+. 111 
 112 
1.3. Disinfect all surgical tools (fine tip tweezers, dissecting scissors, Vannas scissors straight, 113 
Graefe forceps with curved tips) in 70% ethanol prior to and in between each dissection.  114 
 115 
1.4. Spray the head and neck of the P2−P4 mouse pups with 70% ethanol before quickly 116 
euthanizing them by decapitation with surgical scissors. Perform a posterior to anterior midline 117 
incision along the scalp to expose the skull. Carefully cut the skull from the neck to the nose.  118 
 119 
1.5. Perform two additional lateral incisions superior to the eyes. Using fine tip tweezers gently 120 
flip the skull flaps to the side. Remove the brain and place it in the first dissecting dish filled with 121 
ice-cold HBSS without Ca2+ or Mg2+. Keep the dish on ice and continue harvesting the rest of the 122 
brains. 123 
 124 
NOTE: Perform the remainder of the dissection procedure under a dissecting scope.  125 
 126 
1.6. Remove the olfactory bulbs using Vannas scissors or fine tweezers (Figure 1Ai). With the 127 
curved tip forceps at the intersection of the transverse and interhemispheric fissures, gently 128 
insert a second pair of curved tip forceps between the cortex and diencephalon, slowly opening 129 
the forceps to separate the cerebral hemispheres from the rest of the brain (Figure 1Aii,Aiii). 130 
Remove the unwanted tissue (Figure 1Aiv).  131 
 132 



   

1.7. For each cortical hemisphere, carefully remove the meninges with fine tip tweezers. 133 
Optionally, remove the hippocampus from the cortices. Transfer the dissected mouse cortices 134 
into a second dish filled with ice-cold HBSS without Ca2+ or Mg2+ and keep it on ice while 135 
dissecting the remaining brains. 136 
 137 
NOTE: Conduct the next steps under aseptic conditions in a laminar flow hood. 138 
 139 
1.8. Cut the dissected cortices into small pieces (approximately 2−4 mm) using sterile sharp 140 
surgical scissors or a scalpel. Transfer the dissected tissue to a 50 mL conical tube containing 141 
enzyme solution (22.5 mL HBSS without Ca2+ or Mg2+, 2.5 mL 2.5% trypsin). Incubate at 37 °C for 142 
30 min with gentle inversion every 10 min. 143 
 144 
1.9. Collect the digested tissue by centrifugation at 300 x g for 5 min and remove the enzyme 145 
solution by decantation (do not use a vacuum aspirator). Add 10 mL of astrocyte culture media 146 
and dissociate the tissue into single cells by pipetting the solution 20−30x using a 10 mL 147 
serological pipette.  148 
 149 
1.10. Filter the cell suspension through a 70 µm cell strainer to minimize cell clumps and 150 
undigested tissue. Collect the filtrate in a clean 50 mL conical tube and adjust the total volume 151 
to 20 mL with astrocyte culture media. At this point, evaluate the efficiency of the cortical 152 
dissociation by mixing 10 µL of the cell suspension with 10 µL of trypan blue and counting cells 153 
with a hemocytometer. 154 
 155 
NOTE: One preparation from four P2−P4 mouse cortices yields 10−15 x 106 single cells. 156 
 157 
1.11. Aspirate the poly-D-lysine coating solution from the T75 culture flasks and wash twice with 158 
sterile water. Plate the 20 mL cell suspension and incubate at 37 °C and 5% CO2. 159 
 160 
2. Purification and maintenance of astrocyte cultures 161 
 162 
NOTE: Perform all media changes under aseptic conditions in a laminar flow hood using sterile 163 
filtered (0.22 µm filter membrane) astrocyte media warmed to 37 °C. 164 
 165 
2.1. Replace the cell media 48 h after plating (day in vitro 2, DIV2). 166 
 167 
2.2. At DIV5, replace the media with fresh astrocyte culture media supplemented with 10 µM 168 
cytosine arabinoside (AraC). 169 
 170 
NOTE: This step facilitates the removal of contaminant cells, including fibroblasts and other glial 171 
cells. It is important to treat the cultures with AraC no longer than 48 h as longer incubation 172 
times will reduce astrocyte viability.  173 
 174 
2.3. At DIV7, change media to astrocyte culture media without AraC and start to check the culture 175 
confluency daily. Once cells have reached 80% confluence, coat two-T75 flasks for each 176 



   

unpurified astrocyte culture flask with poly-D-lysine and incubate at 37 °C for at least 8 h to 177 
overnight.  178 
 179 
2.4. The following day, begin the astrocyte purification by shaking the culture flasks at 180 rpm 180 
for 30 min in a 37 °C orbital shaking incubator. Remove the media and replace it with fresh 181 
astrocyte culture media. Shake cells at 240 rpm for 6 h in a 37 °C orbital shaking incubator. 182 
Prewarm 1x phosphate-buffered saline (PBS), astrocyte culture media, and 0.25% trypsin-EDTA 183 
to 37 °C 20−30 min before the end of the shaking period. 184 
 185 
NOTE: CO2 incubation is not required during the shaking steps. If desired, the media collected 186 
after the 30-min and 6-h shaking steps may be used to culture microglia and oligodendrocytes, 187 
respectively. AraC treatment of the mixed culture will, however, reduce the abundance of the 188 
other glial cells. 189 
 190 
2.5. Remove the culture flasks from the shaker and immediately replace the media with 10 mL 191 
of warm 1x PBS per flask. Remove PBS and add 3 mL of 0.25% trypsin-EDTA per flask. Incubate at 192 
37 °C and 5% CO2, checking every 5 min for detachment.  193 
 194 
2.6. Once cells have detached from the flask, stop trypsinization by adding 10 mL of astrocyte 195 
culture media. Transfer detached astrocytes to a 50 mL conical tube and pellet cells by 196 
centrifugation at 300 x g for 5 min. Aspirate supernatant and re-suspend the cells in 40 mL of 197 
astrocyte culture media.  198 
 199 
2.7. Wash the poly-D-lysine-coated T75 flasks twice with sterile water and plate 20 mL of the 200 
purified astrocyte suspension. Return to the 37 °C and 5% CO2 incubator. Change the astrocyte 201 
culture media every two days for an additional 10 days until astrocytes mature.  202 
 203 
NOTE: Each T75 flask of purified astrocytes should be sufficient to produce 2 new T75 flasks with 204 
3 x 105 cells each at plating.  205 
 206 
2.8. Repeat steps 2.5−2.7 for subsequent passes or to plate astrocytes for microscopy. 207 
 208 
NOTE: The purity of the astrocyte cultures after the addition of AraC and following purification 209 
can be assessed qualitatively through brightfield microscopy, or more precisely by quantifying 210 
the percentage of glial fibrillary acid protein (GFAP)-positive cells per field of view in fluorescent 211 
images (Figure 1B,C). 212 
 213 
3. Transfection of fluorescently tagged plasmids 214 
 215 
3.1. The day prior to transfection or labeling, seed astrocytes at desired density for imaging 216 
24−48 h post-transfection. A recommended density for 24-well plates or 14 mm glass bottom 217 
wells is 2 x 104 cells/well. 218 
 219 
NOTE: This protocol is optimized for transfection of astrocytes plated on 12 mm glass coverslips 220 



   

on 24-well plates or 14 mm glass bottom wells using a lipofection-based method. Reagents 221 
should be scaled depending on the size of the culture dish in which the astrocytes are growing.  222 
 223 
3.2. Dilute the lipofection reagent (Table of Materials) in reduced-serum media (Table of 224 
Materials). To optimize the ratio of lipofection reagent to DNA, test a range of adequate 225 
dilutions. For example, if using the reagent employed in this protocol (Table of Materials), dilute 226 
2, 3, 4, and 5 μL of the lipofection reagent in 50 μL of reduced-serum media.  227 
 228 
3.3. Dilute 5 μg of high purity DNA in 250 μL of reduced-serum media. Add 5 μL of lipofection 229 
enhancer reagent (Table of Materials). Combine the tube containing the lipofection reagent with 230 
an equal volume of the DNA-lipofection enhancer mix. Mix by pipetting and incubate at room 231 
temperature (RT) for 15 min. 232 
 233 
3.4. Remove astrocyte culture media and add transfection mix (step 3.3) to cells dropwise. After 234 
a 6-h incubation at 37 °C and 5% CO2, replace the transfection complex with an appropriate 235 
volume of astrocyte culture media (2 mL for 14 mm glass bottom dishes). Incubate for an 236 
additional 24−72 h before proceeding to the image acquisition. Closely monitor the duration of 237 
the incubation step to achieve the best balance between protein expression and cell viability. 238 
 239 
4. Labeling of late endosomes/lysosomes using fluorescent probes 240 
 241 
NOTE: Some cargos can be labeled using fluorescent dyes with high affinity for cargo-specific 242 
proteins. The following example permits the labelling of late endosomes/lysosomes with a 243 
fluorescent acidotropic probe.  244 
 245 
4.1. Dilute the lysosomal-labeling probe (Table of Materials) in 200 µL of astrocyte culture media 246 
to a working concentration of 1 μM and apply to astrocytes from step 3.1 at a density of 2 x 104 247 
cells/well. Incubate for 30 min at 37 °C.  248 
 249 
4.2. Wash the cells once with warm astrocyte culture media and replace with imaging media 250 
(Table of Materials). Proceed to live imaging immediately. 251 
 252 
5. Image acquisition using a time-lapse imaging system 253 
 254 
NOTE: Time-lapse live imaging should be done using a fluorescence microscope equipped with a 255 
high-speed camera, definite focus, incubation chamber, and a 40x oil objective with a high 256 
numeric aperture (e.g., Plan-Apochromat 1.4NA). A variety of acquisition software is available for 257 
time-lapse imaging. Selection of the microscopy system and acquisition software should be based 258 
on their availability and suitability for the goals of the particular study. Some general guidelines 259 
are provided below.  260 
 261 
5.1. Place the culture chamber or dish in the proper adaptor on the microscope stage. Using 262 
epifluorescence light, select the cell(s) that express fluorescent proteins or probe to record. 263 
Adjust the fluorescent sample illumination to visualize the selected cell(s) using the digital 264 



   

camera. Avoid using high illumination that might cause photobleaching and phototoxicity. Adjust 265 
focus and zoom. 266 
 267 
5.2. Acquire single Z-stack time-lapse series at a frequency of 1 frame every 2 s for time intervals 268 
ranging between 300 s and 500 s using the zoom and definite focus functions.  269 
 270 
NOTE: Trafficking dynamics (velocity, frequency of motion, etc.) will vary depending on the 271 
protein of interest, thus, the time course of acquisition may require adjustment. For instance, 272 
mitochondria are less motile than lysosomes and exhibit frequent pauses. In this instance, it is 273 
more appropriate to adjust the acquisition parameters to 1 frame every 5 s for 800 s.  274 
 275 
5.3. Save time-lapse images and export them as AVI or TIFF stack files. 276 
 277 
6. Image analysis 278 
 279 
NOTE: Image analysis was performed using the KymoToolBox plugin for ImageJ/Fiji16. Detailed 280 
step-by-step written instructions are available online17. The following abbreviated steps should 281 
be sufficient to create the kymographs and extract the particle transport parameters.  282 
 283 
6.1. Open time-lapse image sequence in ImageJ/Fiji software. Import images from the File menu 284 
as AVI or TIFF stack files. Convert the images to 8-bit or 16-bit by selecting one of these image 285 
types using the Type tool from the Image menu. If working with RGB files, split channels using 286 
the Split Channel tool available under the Color feature in the Image menu. 287 
 288 
6.2. To generate a kymograph (representation in position and time of particle trajectories), draw 289 
each track in which particles are moving by tracing a line along the trajectories of the particles 290 
using the segmented line tool. To correctly assign directionality of the movement, draw the 291 
polyline using the same desired directional convention for all movies so that the polarity is 292 
consistent within and across all cells being studied. For instance, draw the polyline from the 293 
center of the cell towards the periphery or vice versa. Adjust the line width to match the thickness 294 
of the track by double clicking the Line tool. 295 
 296 
6.3. Run the Draw Kymo macro of the KymoToolBox plugin using a line width of 10. A prompt 297 
asking to calibrate the image in time (number of frames, frame rate) and space (x,y resolution) 298 
will appear. Once calibrated, the kymographs are generated and can be saved as TIFF files for 299 
data presentation or further particle analysis. 300 
 301 
6.4. Assign particle trajectories by manually tracking each particle in the kymograph using the 302 
segmented line tool for the full duration of the acquisition. Record each particle trajectory as a 303 
region of interest (ROI) using the ROI manager tool found in the Analyze/Tools menu. Save all 304 
ROIs per each time-lapse video for further analysis.  305 
 306 
NOTE: It is critical to assign the correct trajectory for individual particles on the kymograph to 307 
achieve the most accurate calculation of transport parameters. 308 



   

 309 
6.4.1. Run the Analyze Kymo macro of the KymoToolBox plugin. A window will open asking to 310 
define the “outward” direction of particle motion (from left to right or vice versa) from the drop-311 
down menu. This selection depends on the position of the fluorescent cargos imaged relative to 312 
the nucleus or the cell periphery, as established in step 6.2. For instance, if the nucleus is 313 
positioned to the left of the cargos, and the polyline in step 6.2 was drawn away from the nucleus, 314 
define the outward particle motion as “from left to right”.  315 
 316 
6.4.2. Define the limit speed (minimum speed at which a cargo is considered motile) in the 317 
Analyze Kymo window. For cargos that move at fast intracellular transport speeds, 0.1 318 
µm/second is an appropriate choice. Modify this value to adjust the software’s sensitivity to each 319 
cargo of interest. Adjust the line width to match the thickness of each particle trajectory. 320 
 321 
6.4.3. Select the Log all data and Log extrapolated coordinates options in the Analyze kymo 322 
window. This will calculate various cargo transport parameters, including mean speed, inward 323 
speed, outward speed, cumulative distance traveled, distance traveled in either the inward or 324 
outward direction, number of switches for each particle, percentage of time moving in each 325 
direction or paused, etc. Data calculated for individual tracks are then pooled per kymograph and 326 
saved in text files specific to each image.  327 
 328 
NOTE: The Show Colored Kymo option of Analyze Kymo macro generates a color-coded overlay 329 
of the path over the original kymograph. Particles traveling outward are colored in green, inward 330 
in red, and stationary particles in blue. The Report Coordinates on Original Stack option of the 331 
Analyze Kymo macro generates a color-coded overlay of the extrapolated object’s position on 332 
the original time-lapse video and kymograph.  333 
 334 
REPRESENTATIVE RESULTS:  335 
The protocol for establishing primary mouse MD astrocytes outlined above should yield 336 
reproducible, high quality cultures. Although cultures initially contain a mix of astrocytes, 337 
fibroblasts, and other glial cells, including microglia and oligodendrocytes (Figure 1Bi,Biv; red 338 
arrowheads), the addition of AraC to the mixed culture between DIV5-DIV7 minimizes the 339 
proliferation of these contaminant cells. The combined AraC treatment and shaking-based 340 
purification strategy enriches the purity of the astrocyte cultures (Figure 1Bii) over traditional 341 
protocols that only include the purification steps (Figure 1Bv; blue arrowheads)13. The expected 342 
morphology and composition (assessed by GFAP and 4′,6-diamidino-2-phenylindole [DAPI] 343 
staining) of the purified astrocyte cultures treated with AraC or left untreated is shown in Figure 344 
1Biii,Bvi. Quantification of the percentage of the GFAP+ cells per field of view (ratio of number of 345 
cells with GFAP staining to total number of cells identified by DAPI staining) shows an increase of 346 
over 27% in purity with AraC supplementation (Figure 1C). This high-purity mouse astrocyte 347 
culture is suitable for evaluation of RNA and protein expression, cell morphology, and other 348 
functional assays. 349 
 350 
We used lipofection-based transfection to express GFP-tagged versions of the gap junction 351 
protein Cx43 and the EAAT1 transporter in murine astrocytes. This methodology allows transient 352 



   

expression of proteins at levels that are optimal for live cell imaging without causing toxicity or 353 
affecting astrocyte viability (Figure 2A,E). Similarly, the use of a fluorescent probe permitted 354 
rapid and efficient labelling of acidic endo-lysosomal organelles (Figure 2I) to track their dynamics 355 
in astrocytes.  356 
    357 
Figure 2 shows representative results of the analyses of cargo dynamics in astrocytes transiently 358 
transfected with EAAT1-GFP, Cx43-GFP, or labeled with a selective dye that recognizes acidic 359 
endolysosomal vesicles. Each of these cargos appeared as a fluorescent punctum decorating the 360 
perinuclear region, cytosol, and processes of astrocytes (Figure 2A,E,I, left panels). The time-361 
lapse data was used to generate kymographs that track cargo motion in time and space (Figure 362 
2A,E,I, right panels). In these kymographs, anterograde and retrograde movement of the 363 
indicated cargo is represented by trajectories with negative (green lines) and positive (red lines) 364 
slopes, respectively. Stationary vesicles are shown as vertical trajectories (blue lines). Kymograph 365 
analysis revealed that the three types of cargo analyzed undergo bidirectional transport with 366 
occasional fast, processive runs in both directions. Furthermore, quantification of the flux of a 367 
cargo through an area of the astrocyte (red box) revealed differences in the percentage of motile 368 
particles among cargos. For example, while 70% of EAAT1-GFP puncta are stationary (Figure 2B), 369 
less than 20% of Cx43-GFP (Figure 2F) and 45% of probe-labeled endolysosomal cargos (Figure 370 
2J) are non-motile. These differences in motility among cargos are likely representative of their 371 
normal, baseline motility in the region of the astrocyte where the movies were acquired.  372 
 373 
The precise mapping of the change in X-Y position along the full time scale for each particle 374 
obtained from the kymograph can also be used to evaluate other motion parameters, such as 375 
cargo velocity (Figure 2C,G,K) and run length (distance traveled) (Figure 2D,H,L). Motion 376 
parameters can be further analyzed for individual cargos to determine changes in directionality 377 
of movement (anterograde vs retrograde motion) as well as reversals in particle direction of 378 
motion, number of pauses, etc. The results from these types of analyses can provide meaningful 379 
quantitative information regarding changes in the cellular distribution of organelles and 380 
membrane proteins in astrocytes under basal or abnormal conditions in the intra- and 381 
extracellular environment.  382 
 383 
FIGURE LEGENDS:  384 
 385 
Figure 1: Establishment of primary mouse astrocyte cultures. (A) Schematic representation of 386 
steps required for dissection of P2−P4 mouse brains to collect cortical hemispheres. (B) (i,iv) 387 
Representative brightfield images of mixed glial cultures treated (i) and non-treated (iv) with 388 
AraC. Red arrowheads indicate contaminant microglia. (ii,v) Representative brightfield images of 389 
purified astrocyte cultures treated (ii) and non-treated (v) with AraC. Blue arrowheads indicate 390 
contaminant cells, including oligodendrocytes. (iii,vi) Representative confocal images of purified 391 
astrocyte cultures treated (iii) and non-treated (vi) with AraC for two days prior to purification. 392 
Green shows astrocytes labeled by GFAP staining. DAPI (blue) staining labels nuclei of all cells. (C) 393 
Quantification of percentage of GFAP-positive cells per culture dish treated (n = 6) or not (n = 4) 394 
with AraC. Data represents mean ± SEM. ***p < 0.001, unpaired t-test.  395 
 396 



   

Figure 2: Quantitative analyses of cargo dynamics in astrocytes. (A,E,I) Left panels: 397 
Representative images of astrocytes expressing EAAT1-GFP (A), Cx43-GFP (E) or treated with a 398 
probe that labels late endosomes and lysosomes (I) acquired by confocal time-lapse microscopy 399 
at a rate of 1 frame every 2 s. Red boxes indicate regions used to analyze particle dynamics. Right 400 
panels: Original and color-coded kymographs showing trajectories for the indicated cargos within 401 
the area demarked by red boxes. Red lines represent retrograde-moving cargos, green lines 402 
denote anterograde-moving cargos, and blue lines show non-motile cargos. (B,F,J) Quantification 403 
of percentage of stationary and motile particles for each cargo. (C,G,K) Quantification of 404 
anterograde and retrograde velocity for each cargo. (D,H,L) Quantification of anterograde and 405 
retrograde run length for each cargo. For all graphs, data represents mean ± SEM.  406 
 407 
DISCUSSION:  408 
Here, we describe an experimental approach to express, visualize, and track fluorescently tagged 409 
organelles and membrane proteins of interest using time-lapse video microscopy in high-purity 410 
primary mouse cortical MD astrocytes. We also outline a methodology for measuring particle 411 
dynamics. Direct visualization of protein and organelle dynamics in primary astrocytes provides 412 
a powerful tool to study the regulation of intracellular transport in these cells in vitro.  413 
 414 
The methodology for establishing mouse MD astrocyte cultures described above combines steps 415 
from other published protocols13,14,15, which results in both a simpler method and in higher purity 416 
and quality cultures. The combination of AraC15 treatment and shaking-based purification13,14 can 417 
yield astrocyte cultures with a purity as high as 98% (assessed by the ratio of GFAP+ cells total 418 
cells), which in our example results in a 27% increase in purity over cultures subjected to the 419 
purification steps only (Figure 1B,C). The high purity cultures of mouse astrocytes obtained with 420 
this method is similar to the values reported for rat astrocyte cultures (assessed by enzymatic 421 
assays and electron microscopy) by McCarthy and deVellis14. However, the McCarthy/deVellis 422 
method, which does not include AraC treatment, requires a longer shaking step (15−18 h) and 423 
two additional rounds of purification14.  424 
 425 
In our example, we show that this protocol is sufficiently sensitive to capture differences in 426 
motility among various membrane proteins and organelles in astrocytes, which are likely 427 
representative of their individual intracellular itineraries and cellular function. Although our 428 
example demonstrates the utility of this protocol at basal conditions, this methodology can be 429 
easily adapted to measure transport parameters within a broad range of research questions. For 430 
example, similar protocols with minor modifications could be used to characterize transport 431 
events in astrocytes in vitro in response to intra- or extracellular environment, such as cellular 432 
damage, toxicity, pathogenic mutations, synaptic activity (in mixed cultures of neurons and 433 
astrocytes), etc. Likewise, co-expression and visualization of multiple cargos or organelles, each 434 
individually tagged with different fluorophores, can also be used to assess dynamic changes in 435 
co-localization and complex formation, transient interactions between organelles, and endocytic 436 
and membrane recycling transport events.  437 
 438 
The success of the methodology presented here primarily relies on the ability to obtain high-439 
quality astrocyte cultures and in the efficient labeling of cargo(s) of interest. When utilizing this 440 



   

procedure for live imaging, it is important to closely monitor fluorescent expression to determine 441 
the optimal post-transfection incubation time. On average, we found that for the cargos analyzed 442 
a 24-h incubation period results in good signal intensity for live imaging acquisition. Prolonged 443 
incubation of transfected astrocytes can result in high expression of fluorescently tagged 444 
proteins, which can induce protein aggregation, thus changing cargo localization and dynamics, 445 
and diminishing the health of the cultures. Astrocytes are very vulnerable to physical damage and 446 
changes in the culture environment, which can lead to induction of transcriptional and cellular 447 
responses, including reactivity. Therefore, it is critical to reduce the time intervals between 448 
washing steps, and to minimize exposure of the cultures to air and to significant changes in 449 
temperature or light intensity over the incubation and acquisition periods.  450 
 451 
In summary, the methods presented here can be used to evaluate and quantify dynamic changes 452 
in protein and organelle localization in astrocytes. They provide valuable tools that permit the 453 
examination of changes in astrocytic responses under physiological and pathological conditions. 454 
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Name of Material/Equipment Company Catalog Number Comments/Description

2.5% Trypsin (10x) Gibco 15090-046

Benchtop Centrifuge Thermo Scientific 75-203-637 Sorvall ST8 Centrifuge

Cell Culture Grade Water Gen Clone 25-511

Cell Culture Microscope Zeiss WSN-AXIOVERT A1 Vert.A1 inverted scope, Inverted tissue culture microscope with fluorescent capabilities

Cytosine Arabinoside Sigma C1768-100MG (AraC) Dissolve lyophilized powder in sterile cell culture grade water to make a 10mM stock, aliquot and freeze for long term storage

DAPI Sigma D9542-5MG Dissolve lyophilized powder in deionized water to a maximum concentration of 20 mg/ml, heat or sonicate as necessary. Use at 300 nM for counterstaining. 

Dissecting Microscope Zeiss Stemi 305

Dissecting Scissors F.S.T 14558-09

Dulbecco's Modified Eagle Medium Gen Clone 25-500

Fetal Bovine Serum Gemini 100-106 Heat-Inactivated

FIJI (Fiji is Just Image J) NIH Version 1.52i

Fine Tip Tweezers F.S.T 11254-20 Style #5

Fluorescence light source Excelitas 012-63000 X-Cite 120Q

GFAP antibody Cell Signaling 3670S GFAP (GA5) mouse monoclonal antibody

Glass Bottom Dishes Mattek corporation P35G-1.5-14-C 35 mm Dish | No. 1.5 Coverslip | 14 mm Glass Diameter | Uncoated

Graefe Forceps F.S.T 11054-10 Graefe Iris Forceps with curved tips

Green fluorescent dye that stains acidic 

compartments (late endosomes and lysosomes)
Life Technologies L7526

LysoTracker Green DND 26. Pre-dissolved in DMSOS to a 1mM stock solution. Dilute to

the final working  concentration in the growth medium or buffer of choice.

Hank's Balanced Salt Solution (10x) Gibco 14065-056 Magnesium and calcium free

Imaging Media Life Technologies A14291DJ Live Cell Imaging Solution

Inverted Confocal Microscope Zeiss LSM 780 

KymoToolBox https://github.com/fabricecordelieres/IJ_KymoToolBox

Lipofection Enhancer Reagent Life Technologies 11514015 Plus Reagent

Lipofection Reagent Life Technologies 15338100 Lipofectamine LTX reagent

Orbital shaking incubator New Brunswick Scientific 8261-30-1008 Innova 4230 , orbital shaking incubator with temperature and speed control

Penicillin/Strepomycin solution (100x) Gen Clone 25-512

Phosphate Buffered Saline (10x) Gen Clone 25-507x

Poly-D-Lysine Hydrobromide Sigma P7405 Dissolve in Tris buffer, pH 8.5, at 1mg/mL. Freeze for long term storage. Avoid cycles of freezing and thawing

Reduced serum medium Gibco 31985-062 OPTI-MEM

Tissue Culture Flasks Olympus Plastics 25-209 75 cm^2. 100% angled neck access, 0.22um hydrophobic vented filter cap

Tissue culture incubator Thermo Scientific 51030285 HERAcell VIOS 160i, tissue culture incubator with temperature, humidity, and CO2 control

Tris-Base Sigma T1503 8.402 g dissolved to one liter in water with 4.829 g Tris HCl to make 0.1 M Tris buffer, pH 8.5

Tris-HCl Sigma T3253 4.829 g dissolved to one liter in water with 8.402 g Tris Base to make 0.1 M Tris buffer, pH 8.5

Trypsin-EDTA (0.25%), phenol red Gibco 25200072

Vacuum-Driven Filter Systems Olympus Plastics 25-227 500 ml, PES membrane, 0.22 µm

Vannas scissors straight Roboz RS-5620
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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.


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Visualizing and Analyzing Intracellular Transport of Organelles and other Cargo in 
Astrocytes 

Blake A. Creighton, Theodore W. Ruffins, Damaris N. Lorenzo
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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
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June 7, 2019 
 

 

Journal of Visualized Experiments 

 

Re: Revised manuscript, JoVE60230  

 

Dear editor: 

 

Thank you for considering our manuscript "Visualizing and Analyzing Intracellular Transport of 
Organelles and other Cargo in Astrocytes" for publication in JoVE and for your guidance on how to 
revise our manuscript. We appreciate the positive feedback and useful recommendations to improve 
the manuscript by the reviewers. Below we address the reviewers’ comments point-by-point by 
incorporating new figures and by modifying the text in the revised manuscript. 

We hope that the revised manuscript will now be acceptable for publication in the JoVE. 

 

Sincerely, 

 

Damaris Lorenzo  

 
Editorial comments: 
 
Changes to be made by the author(s): 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that 

there are no spelling or grammar issues. The JoVE editor will not copy-edit your 
manuscript and any errors in the submitted revision may be present in the published 
version. 

 
     The document has been proofread.  
 
2. Please revise lines 124-133, 226-228 and 234-235, and 239-241 to avoid textual 

overlap with previously published work. 
 
 The language has been modified.  
 
3. Please abbreviate liters to L (L, mL, µL) to avoid confusion. 
 
    The suggested abbreviations have been incorporated.    
 
4. Please revise the Protocol text to avoid the use of personal pronouns (e.g., I, you, 

your, we, our) or colloquial phrases. 
 
 Personal pronouns have been removed from the protocol text.  
 
5. Please adjust the numbering of the Protocol to follow the JoVE Instructions for 

Authors. Step 1 followed by 1.1, followed by 1.1.1, etc. Please refrain from using 
bullets, dashes, or indentations. 

 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal letter 06-
07-19.docx

https://www.editorialmanager.com/jove/download.aspx?id=1058447&guid=f39c54d6-ff4e-4a76-bdd6-001d9c6a9946&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1058447&guid=f39c54d6-ff4e-4a76-bdd6-001d9c6a9946&scheme=1


The appropriate numbering has been incorporated.  
 
6. 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. You may use the generic term followed by 
“(Table of Materials)” to draw the readers’ attention to specific commercial names. 
Examples of commercial sounding language in your manuscript are: Trizma, 
lipofectamine, Opti-MEM, PLUS Reagent, LysoTracker, etc. 

 
 The commercial names have been removed from the protocol and the reader has been 

referred to the Table of Materials when appropriate.  
 
7. Please include single line spacing between each numbered step or note in the 

protocol. 
 
    The suggested spacing has been incorporated.  
 
8. 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.   

 
9.    Line 103: Please specify the age, gender and type of the animal. 
 
10. Please specify all surgical tools used throughout the protocol. 
 
11. Line 122: How small are the pieces? 
 
12. Line 165, etc.: Please list all centrifugation speeds in terms of centrifugal g-force 

instead of rpm: 100 x g. 
 
13. Line 182: Please provide some guidance on desired density. 
 
14. Line 191: Please specify incubation temperature. 
 
15. Section 5: For actions involving software usage, please provide all specific details 

(e.g., button clicks, software commands, any user inputs, etc.) needed to execute 
the actions. 

 
16. Please combine some of the shorter Protocol steps so that individual steps contain 

2-3 actions and maximum of 4 sentences per step. 
 

The suggested clarifications and/or additions (points 8-16 above) have been incorporated. 
 
17. After you have made all the recommended changes to your protocol section (listed 

above), please highlight in yellow up to 2.75 pages (no less than 1 page) of protocol 
text (including headers and spacing) to be featured in the video. Bear in mind the 
goal of the protocol and highlight the critical steps to be filmed. Our scriptwriters 



will derive the video script directly from the highlighted text. 
 
18. Please highlight complete sentences (not parts of sentences). Please ensure that 

the highlighted steps form a cohesive narrative with a logical flow from one 
highlighted step to the next. The highlighted text must include at least one action 
that is written in the imperative voice per step. Notes cannot usually be filmed and 
should be excluded from the highlighting. 

 
19. 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. 

 
20. Figure 2: Please include a space between number and its corresponding unit (20 

µm). 
 
      This has been fixed.  
 
21. References: Please do not abbreviate journal titles; use full journal name. 
 

Full names of journal titles have been incorporated in the references.  
 
Reviewer #1: 
 
Manuscript Summary: 
Creighton et al is a very detailed and timely manuscript on live-cell imaging of cargos in 
astrocytes. It is very refreshing to see this topic being addressed, because as the authors 
state, the transport field has mostly focused on neurons. The text of the protocol is easy to 
follow and clear and the primary data are of very high quality and clearly presented. I very 
much look forward to future work from this lab on transport in astrocytes. 
 
Major Concerns: 
None. 
 
Minor Concerns: 
 
The manuscript is already very polished and should be accepted without additional 
experiments and only text changes. I would like to re-review it, because I am curious and 
really want to read the revised version before it is published! I have very few minor comments 
and they are: 
 
1. In the intro, please discuss whether the polarity of microtubules in astrocytes is 

known, either through classic EM experiments or through live-cell imaging. If it is 
not known, please just state that; the authors do not need to do any additional 
experiments. 

 
The limited literature addressing the question of microtubule polarity in astrocytes suggests 
that bundles of microtubules radiate out from the surrounding area of the nucleus, 
extending their plus end towards the periphery, as shown by Chiu et al. using 
immunofluorescence staining of EB1. We have included a brief discussion addressing this 
point in the introduction.   



 
2. The sentence on Lines 69-72 needs a reference. I assumed it refers to the references 

cited earlier in the paragraph, but please re-cite them if that is the case. 
 

The appropriate references have been added.  
 
3. On Line 89, please reference the original 1980 JCB McCarthy and deVellis paper that 

this JoVE citation is adapted from. It is important to also state in the text here that 
these are McCarthy/deVellis (or commonly referred to in the glial field as MD) 
astrocytes.  

 
The McCarthy and deVellis reference has been added, along with a reference to 1986 JCB 
Tedeschi et al., as one of the original papers using the antimitotic treatment in astrocytes 
cultures.  

 
As a piece of unsolicited advice (and not a point to address for the revision) the authors 
may consider switching to the immunopanning method for purifying astrocytes in the 
absence of serum; under these conditions, astrocytes extend processes that can be 
hundreds of ums long and would be a better model for transport. 
 
Thank you for the advice. We are aware the methodology developed by Foo et al., which we 
may use in future experiments to address some specific questions in our studies.  
 
4. Line 215, acquisition. The authors should discuss if they imaged 1 z-stack or 

multiple. 
 
We have added additional details to the acquisition protocol including the specification of 
the number of z-stacks imaged.  

 
5. The KymoToolBox plugin is not one that I've used before so I tried it, but received 

many error messages. Thus, I think it would useful to add the following details: 
a. How to open files initially (as a TIFF stack I presume). 
b. How to set the parameters and a brief description of what they mean. 
c. What line width value was entered to generate the kymograph. 
 

We have added additional details and specification to software analysis portion of the 
protocol.  

 
Completely optional comments that the authors can choose to address or ignore: 
 
1. Line 274 refers to these 3 cargos are being transported "bidirectionally". I typically 

think of bidirectional transport as cargos simultaneously engaged with plus-end and 
minus-end directed motors with jiggly back-and-forth movement (fast switches and 
low net displacement). I would describe what the authors observe as "bidirectional 
transport with occasional fast, processive runs in both directions". 

 
This is a subtle but important distinction. To avoid confusion, we have modified our 
description, as suggested by the reviewer.  
 

2. The intro and/or discussion could benefit from a few sentences talking about the 
function of Cx43 and EAAT1 and why they are important for overall astrocyte 



maintenance. 
 
For the sake of brevity, we did not discuss the function of the selected molecules in our 
examples. A few of the cited reference do a good job at covering the function of some of 
these molecules and organelles in astrocytes.    

 
 

Reviewer #2: 
  

In this manuscript, Creighton and co-authors provided a protocol for culturing murine 

astrocytes and investigating intracellular transport  dynamics. This protocol focuses on 

cell culture, novel astrocyte purification method using AraC, transfection, labeling of 
late endosome/lysosome, and time-lapse imaging, and data analysis. Overall, the 
protocol provide enough information on the experiments. 
 

The major concern on this protocol is whether this novel astrocyte purification protocol 
using AraC is as efficient as the protocol described previously (Schildge et al. 2013 J Vis 
Exp. 71, pii: 50079). The immunocyte chemistry data (GFAP/DAPI) of purified astrocytes 
presented in Fig 1Biii includes GFAP negative (DAPI positive) cells in the center of this 
image, causing doubts about the purity of this culture. The method to characterize the 
purity of astrocyte should be described. 
 
This is an important point and certainly relevant to users of the protocol. As we now show, with 
the modified protocol we describe here, the purity of our astrocytes culture can be as high as 
98%. In contrast, the purity we obtain using the protocol outlined by Schildge et al. result in 
purities below 70%, new Fig 1B and C.   
 
Following are concerns/suggestions regarding this manuscript: 
 
1. In Table of Materials, some material and equipment are provided by commercial 

name, which some readers cannot access (e.g. HERAcell VIOS 160i , Innova 4230, 

Mattek glass bottom dishes, Sorvall ST8 Centrifuge, LSM 780 Inverted Confocal 
Microscope). Please provide generic name. 

 
The suggested changes have been incorporated.  

 
2. Surgical instruments should be fully described in Table of Materials 

(Comments/Description section). 
 

The new Table of Materials includes a better description of the surgical instruments.  
 
3. Please provide detailed specification for culture flask, if it is critical. Should the cap 

of the flask be with filters? canted neck flasks or straight neck flask? The reviewer 
think the cap and neck is critical, as this protocol includes long (6 h) incubation in 
the shaking incubator. 

 
All the relevant information regarding the suggested culture flasks is now included in the 
protocol.  

 
4. Please describe the preparation protocol for the stock solution of AraC, LysoTracker 

Green DND 26, Trizma Base, Poly-D-Lysine Hydrobromide, etc... in Table of 



Materials (Comments/Description section). 
 

Details about the preparation of the stock solutions have been added to the Table of 
Materials.   

 
5. P3. L137: "PDL" should be poly-D-lysine or defined at the first appearance (P2 L94). 

 
PDL is now spelled out when first mentioned.   

 
6. Step 2-2) and 6) (P3): Is it necessary to control the CO2 concentration during the 

incubation in the shaking incubator? Only temperature control is sufficient? Please 
specify. 

 
No. We have now made it clear in the document.   

 
7. The AraC incubation is the novelty of this protocol, therefore readers may require 

more information. Please provide the phase contrast microscopic images (like the 
one in Fig 1Bi, ii) of cells before (step 2-2) and after (step3) AraC application in the 
REPRESENTATIVE RESULTS section, because it would be very informative to 
readers to confirm whether the experiment is going well or not. 

 
This is indeed an important point. Please read our first comment above.  

 
8. "Step 4. Image acquisition using a time-lapse imaging system" should be described 

step by step. At least, imaging step should include 1) placing of the specimen on the 
microscopic table, 2) adjustment of focus, 3) finding the cell to record, 4) recording, 
and 5) saving of recorded data. 

 
We have added additional relevant steps to the image acquisition portion of the protocol.  

 
9. The authors mention that "the time course of acquisition may require adjustment" 

(P5 L215). It would be informative if the authors describe more details on recording 
parameter adjustment. 

 
We have added more details on recording parameter adjustment.  

 
10. The file format acceptable for the KymoToolBox should be described in "Step 4. 

Image acquisition using a time-lapse imaging system", so that the readers can save 
the recording data in appropriate format. 

 
We have now specified the file format acceptable for the KymoToolBox.  

 
11. The representative single astrocyte morphology will be informative. 

Immunocytochemistry with GFAP labeling with lower cell density would help the 
authors to present nicer data. 

 
We have incorporated examples of representative single astrocyte morphologies (Fig. 2Biii 
and vi). 

 
12. FIGURE LEGENDS for figure 2: Please provide the recording frequency (0.5 Hz?). 

 



We have indicated the recording frequency in frames/second in the legend of Fig. 2.   
 

 
Reviewer #3: 
  
Manuscript Summary: 
 

The present manuscript describes a protocol to obtain primary cultured murine 
astrocytes and to analyze trafficking of fluorescently-labelled transmembrane proteins 
and intracellular organelles within these cells by using time-lapse confocal microscopy. 
A method to extrapolate and quantify transport parameters from the records is also 
reported. 
 

Major Concerns: 
 

Advantages and weaknesses of the protocol described in the manuscript in comparison 
to the alternative approaches actually available should be discussed in the manuscript. 
 
The methodology we described here combines different methodologies to streamline the 
production of high-quality mouse MD astrocytes cultures and the acquisition and extraction of 
intracellular transport data, all in one protocol. For example, we adopted the cell culture method 
of Schildge et al. because of its simplicity compared to other alternative protocols. However, as 
we now discussed, the purities we obtained using that method without the addition of 
antimitotic agents is below 70% (new Fig 1B and C). In contrast, addition of AraC, a commonly 
used antimitotic agent in the field improves the astrocytes culture purity to levels as high as 
98% (new Fig 1B and C). We have added comments to note those points, along with 
cautionary notes about potential limitations of the method.    
 

 Minor Concerns: 
 
1. Please, specify if HBSS is with or w/o Ca and Mg every time it is mentioned. 

 
The suggested specification has been added.  

 
2. Check centrifugation speed in section 2.10 (rpm or g). 

 
All centrifugation speeds are now expressed in g.  

 
3. In section 3.1, indicate which astrocyte density is better or describe how this 

parameter could affect the quality of the results. 
 

The astrocyte density is now specified.   
 
4. Applicability of the present protocol to other cell types (i.e. oligodendrocytes) 

should be discussed. 
 

We have added some comments about the potential use of the protocol to culture other 
glial cells at the appropriate steps, including the avoidance of antimitotic agents, which 
might compromise the health of those cultures.  

 
5. When necessary, for each experimental step, underline critical points and propose a  



possible contingency plan. This would greatly help researchers in the set-up of the 
procedure. 

 
Critical points in selected steps are now bolded.  

 
6. Authors should also carefully proof-read the manuscript to minimize typographical 

errors. 
 

The manuscript has been carefully proofread.  
 
 
 
 
 
 
 
 
 
 
 
 


