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SUMMARY: 28 
This protocol describes a cell sorting based method for the purification and culture of 29 
fluorescent GABAergic or glutamatergic neurons from the neocortex and hippocampus of 30 
postnatal mice or rats.  31 
 32 
ABSTRACT: 33 
The overall goal of this protocol is to generate purified neuronal cultures derived from either 34 
GABAergic or glutamatergic neurons. Purified neurons can be cultured in defined media for 16 35 
days in vitro and are amenable to any analyses typically performed on dissociated cultures, 36 
including electrophysiological, morphological and survival analyses. The major advantage of 37 
these cultures is that specific cell types can be selectively studied in the absence of complex 38 
external influences, such as those arising from glial cells or other neuron types. When planning 39 
experiments with purified cells, however, it is important to note that neurons strongly depend 40 
on glia-conditioned media for their growth and survival. In addition, glutamatergic neurons 41 
further depend on glia-secreted factors for the establishment of synaptic transmission. We 42 
therefore also describe a method for co-culturing neurons and glial cells in a non-contact 43 
arrangement. Using these methods, we have identified major differences between the 44 
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development of GABAergic and glutamatergic neuronal networks. Thus, studying cultures of 45 
purified neurons has great potential for furthering our understanding of how the nervous 46 
system develops and functions. Moreover, purified cultures may be useful for investigating the 47 
direct action of pharmacological agents, growth factors or for exploring the consequences of 48 
gene manipulations on specific cell types. As more and more transgenic animals become 49 
available, labeling additional specific cell types of interest, we expect that the protocols 50 
described here will grow in their applicability and potential. 51 
 52 
INTRODUCTION: 53 
Cell sorting is a powerful tool for the isolation of living cells of interest from a heterogeneous 54 
mixture of cells. Cells can be sorted based on size and shape criteria, as well as the expression 55 
of fluorescent markers1,2. Often, fluorophore-conjugated antibodies are used to label distinct 56 
cell types by targeting cell-specific surface antigens3,4. Alternatively, transgenic animals or viral 57 
delivery systems have been engineered to express fluorophores under cell-specific 58 
promoters5,6. Historically, the development of transgenic tools and animals was costly and time 59 
consuming. More recently, decreasing costs and fewer technical difficulties have led to a 60 
dramatic increase in the number of available reporter lines. As the availability of transgenic 61 
tools and reporter animals continues to grow, so too should the usefulness and applicability of 62 
fluorescence-based cell sorting methods.  63 
 64 
We recently demonstrated that cell sorting from transgenic animals can be routinely applied to 65 
purify primary neurons in preparation for cell culture7. By sorting cells from either rats or mice, 66 
we were able to isolate and culture fluorescent neurons, which express fluorescent reporter 67 
proteins specifically in either GABAergic or glutamatergic neurons6,8,9. By studying these 68 
purified neuronal cultures, we were able to identify an important difference in the way 69 
GABAergic and glutamatergic neurons depend on glia-secreted factors for the establishment of 70 
synaptic transmission7. Additionally, by co-culturing glial cells with purified neurons, we were 71 
able to extend on previous observations demonstrating the critical role that glial cells play in 72 
the growth and survival of neurons10,11. Thus, through a combination of cell sorting and cell 73 
culture, we were able to study not only the development of specific neuron types in isolation, 74 
but were able to investigate the influence of glial cells on their function. 75 

 76 
We present here a protocol for the purification and culture of GABAergic and glutamatergic 77 
neurons from the cortex and hippocampus of transgenic mice or rats. We also present a 78 
method for the non-contact co-culture of purified neurons and glial cells, adapted from Geissler 79 
et al.12. In order to generate purified GABAergic cultures, we have sorted fluorescent neurons 80 
from VGAT-Venus-A Wistar rats8 or VGAT-Venus mice13, which selectively express an enhanced 81 
yellow fluorescent protein variant (Venus) in >95% of cortical GABAergic neurons. To generate 82 
purified glutamatergic cultures, we have sorted fluorescent neurons from NexCre;Ai9 mice6,9, 83 
which express tdTomato in cortical glutamatergic neurons. The entire sorting and culture 84 
procedure can be performed within 3-4 h and can be used to generate hundreds of replicate 85 
cultures suitable for electrophysiological, morphological and cell survival analysis. The method 86 
is simple, reproducible and can produce purified neuronal cultures that are greater than 97% 87 
pure for the cell type of interest.  88 



   

 89 
PROTOCOL: 90 
All procedures and animal maintenance were performed in accordance with institutional 91 
guidelines, the German Animal Welfare Act and the European Council Directive 86/609/EEC 92 
regarding the protection of animals, in the presence of permissions from local authorities 93 
(LaGeSo Berlin, T-0215/11). 94 
 95 
NOTE: This protocol describes the culture of purified neurons from a single transgenic mouse or 96 
rat pup (postnatal day 0–2). All techniques should be performed under sterile conditions. All 97 
solutions should be sterilized using a 0.2 µm filter (see Table of Materials). Glass coverslips and 98 
dissection tools should be heat sterilized for 3 h at 185 °C. 99 
 100 
1. Coating glass coverslips with poly-L-lysine 101 
 102 
1.1. Prepare glass coverslips by defrosting a 5 mL aliquot of 200 µg/mL poly-L-lysine (PLL) 103 
solution. Dilute this stock solution to 20 µg/mL by adding 45 mL of pure injection grade water. 104 
Filter-sterilize the solution into a new 50 mL conical tube. Label this tube as “PLL Sterile”. 105 
 106 
NOTE: Use water stored at room temperature to speed up the defrosting process. 107 

 108 
1.2. Add 100 sterile, round, 12 mm glass coverslips to the sterile PLL solution. Agitate the 109 
tube every 5–10 min, for 2 – 3 min, to ensure even coating. Coat the coverslips in this way for 110 
1 h.  111 

 112 
NOTE: German-manufactured round glass coverslips (diameter = 12 mm) are preferred, as they 113 
provide a reliable culture surface and fit easily into the wells of a 24-well cell culture plate. 114 

 115 
1.3. After 40 min of PLL coating, take 2 pieces of tissue paper and lay them flat in the flow 116 
cabinet. Sterilize the paper using 70% ethanol, then flatten to remove creases and leave to dry.  117 

 118 
1.4. After coating the glass coverslips for 1 h with PLL, remove excess PLL solution and add 119 
sterile injection grade water. Gently agitate the coverslips for 2–3 s to allow removal of excess 120 
PLL. Repeat this rinsing step 2 additional times. 121 
 122 
1.5. Remove excess water, and then transfer the coverslips to the sterile tissue paper. 123 
Carefully separate each coverslip using curved forceps and leave to dry.  124 
 125 
NOTE: Coverslips that do not easily separate can be discarded. Alternatively, a small amount of 126 
water can be added to help separation.  127 

 128 
1.6. Once dry, transfer the coverslips to a 24-well culture plate.  129 

 130 
NOTE: Coverslips should be made ready approximately 30 min–1 h before starting the 131 
dissection process. Plates can be stored in an incubator at 37 °C and 5% CO2 until required. 132 



   

 133 
2. Dissociation of hippocampal and cortical tissue 134 
 135 
2.1. Preparation of cell culture solutions 136 
 137 
2.1.1. For the dissociation of neural tissue, first defrost a 40 mL aliquot of cell culture buffer 138 
(composition [in mM]: 116 NaCl, 5.4 KCl, 26 NaHCO3, 1.3 NaH2PO4, 1 MgSO4·7H2O, 1 139 
CaCl2·2H2O, 0.5 EDTA·2Na·2H2O and 25 D-glucose, pH = 7.4). Measure out 12 mL of cell culture 140 
buffer to a 15 mL conical tube; label as “BSA”. Measure out 5 mL of cell culture buffer to a 141 
different 15 mL tube; label as “papain”. Incubate both tubes in a water bath for 15 min at 37 °C. 142 
 143 
2.1.2. Filter-sterilize the remaining cell culture buffer, label as “Buffer - Sterile” and store at 4 144 
°C until required.  145 
 146 
2.1.3. Weigh out 120 mg of Bovine Serum Albumin (BSA) and add to the tube labeled “BSA”. 147 
Weigh out 7 mg of papain and add to the tube labeled “papain”. Return both tubes to the water 148 
bath for 15 min.  149 

 150 
NOTE: It is helpful to add a small amount of buffer to the weigh boat to facilitate transfer of the 151 
papain powder.  152 

 153 
2.1.4. Once all powders have dissolved, filter-sterilize each solution to a fresh 15 mL conical 154 
tube. For tube papain, label the filtered solution as “papain - Sterile”. For tube BSA, divide the 155 
sterile BSA solution into 3 tubes, each containing 4 mL of BSA solution. Label each tube as “BSA 156 
- Sterile” and either “1”, “2” or “3”. Return all tubes back to the water bath and continue to 157 
incubate at 37 °C until required.  158 
 159 
2.2. Preparation for tissue dissection 160 
 161 
2.2.1. Take a single piece of 35 mm filter paper (see Table of Materials) and sterilize with 70% 162 
ethanol; leave to dry in the lid of a 100 mm Petri dish, in a flow cabinet. 163 

 164 
2.2.2. Lay out the scissors, forceps, scalpel and spatula (see Table of Materials) required for 165 
the dissection of the hippocampus and cortex. 166 

 167 
2.2.3. Place two 35 mm Petri dishes and a 100 mm Petri dish containing sterile filter paper in 168 
an accessible location in center of the flow cabinet. 169 

 170 
2.2.4. Collect transgenic NexCre;Ai9 and VGAT Venus mouse pups that are to be dissected. Use 171 
a fluorescent lamp with appropriate excitation and emission filters (see Table of Materials) to 172 
discriminate fluorescent pups from wild type littermates. 173 

 174 
2.2.5. Immediately before dissecting animals, fill each 35 mm Petri dish with chilled, sterile cell 175 
culture buffer. 176 



   

 177 
NOTE: One Petri dish is for cleaning the tools between dissections, and the other is for 178 
collecting the hippocampus and cortex.  179 

 180 
2.3. Tissue dissection 181 
 182 
2.3.1. As soon as the cell culture buffer is poured, decapitate a postnatal day 0–2 transgenic 183 
mouse or rat pup using large, sharp scissors and use a sterile 100 mm Petri dish to transfer the 184 
head into the flow cabinet. Use forceps, scissors and a spatula to carefully transfer the brain of 185 
a transgenic pup to sterile filter paper. 186 

 187 
2.3.2. Use a type 22 scalpel to dissect away the cerebellum and to separate the 2 188 
hemispheres. Use a small spatula to roll the hemispheres laterally. On each hemisphere, press 189 
down gently so that the cortex comes into contact with the filter paper. Gently move midbrain 190 
regions to reveal the hippocampus and cortex. 191 

 192 
NOTE: Be careful not to apply too much pressure when pressing down on the hemispheres or 193 
cells can become crushed.  194 

 195 
2.3.3. Use a scalpel or spatula to separate the hippocampus and cortex from each hemisphere. 196 
Transfer dissected tissue to a 35 mm Petri dish containing chilled cell culture buffer. 197 

 198 
NOTE: If dissecting multiple animals, store sterile cell culture buffer in a 50 mL conical tube on 199 
ice. After each dissection, transfer dissected tissue to the chilled cell culture buffer.  200 

 201 
2.3.4. After successful dissection of cortico-hippocampal tissue, transfer the sterile papain 202 
solution from the water bath to the flow cabinet. Use a 3 mL Pasteur pipette to transfer the 203 
dissected hippocampus and cortex to the lid of a sterile 35 mm Petri dish. Chop in a criss-cross 204 
motion, using the flat part of a type 22 scalpel, until the tissue is in small pieces. 205 

 206 
2.3.5. Use a small amount of papain solution to transfer the chopped tissue from the lid of the 207 
Petri dish to the sterile papain tube. Return the papain tube to the water bath and incubate the 208 
tissue at 37 °C for 25 min.  209 

 210 
2.3.6. During papain incubation, make up complete fluorescence media solution. Defrost a 211 
1 mL aliquot of B27, a 0.5 mL aliquot of Glutamax and a 0.5 mL aliquot of Pen-Strep. Aliquot 212 
48.5 mL of low fluorescence media to a 50 mL conical tube. Add B27, Glutamax and Pen-Strep 213 
to the solution. Shake the solution well, then filter-sterilize and label as “complete media” (with 214 
date and initials). Incubate at 37 °C in a water bath.  215 
 216 
2.3.7. After papain incubation, transfer the papain-tube and sterile BSA-tubes to the flow 217 
cabinet. Use a 1 mL Pasteur pipette to remove only the cortico-hippocampal tissue from the 218 
papain tube into BSA-tube 1.  219 
 220 



   

NOTE: Take care to minimize the transfer of excess papain solution. 221 
 222 

2.4. Dissociation of cells 223 
 224 
2.4.1. In order to break up any large clumps of tissue, triturate the tissue several times using a 225 
1 mL Pasteur pipette. Following this, triturate the tissue 7 times using a fine tip Pasteur pipette. 226 
Leave the tissue to stand for 30 s, allowing larger pieces of tissue to sediment.  227 

 228 
2.4.2. After 30 s, transfer the lower 1 mL of solution and tissue from BSA-tube 1 to BSA-tube 2. 229 
Triturate the tissue in BSA-tube 2 several times using a fine tip Pasteur pipette.  230 
 231 
2.4.2.1. After trituration, transfer again the lower 1 mL of tissue and solution from BSA-tube 1, 232 
but now to BSA-tube 3. Triturate the tissue in BSA-tube 3 several times using a fine tip Pasteur 233 
pipette.  234 
 235 
2.4.2.2. After trituration, transfer all solution and tissue from tubes 2 and 3 into BSA-tube 1. 236 
Triturate a further 2-3 times and centrifuge at 3,000 x g for 3 min.  237 

 238 
2.4.3. During centrifugation, make up complete Neural Basal A media (NBA media). Aliquot 239 
48.5 mL of NBA media to a 50 mL conical tube and incubate at 37 °C in a water bath. Label this 240 
tube “NBA only”. In addition, defrost a 1 mL aliquot of B27, a 0.5 mL aliquot of Glutamax and a 241 
0.5 mL aliquot of Pen-Strep at room temperature.  242 

 243 
2.4.4. Following centrifugation, carefully remove the supernatant from the pelleted tissue and 244 
re-suspend the cells in 2 mL of complete media. Use a P1000 pipette to triturate the tissue up 245 
and down 20 times.  246 

 247 
NOTE: Take care not to pipette the cells too vigorously. If too much pressure is applied, the cells 248 
may become damaged.  249 

 250 
2.4.5. Use a 1 mL Pasteur pipette to filter the cell suspension through a 30 µm cell sieve into a 251 
polystyrene sample tube.  252 
 253 
NOTE: If the cell suspension does not pass immediately through the cell sieve, it may be 254 
necessary to press on top of the sieve with a sterile glove to start the flow.  255 
This important step prevents clogging of the cell sorter. 256 
 257 
2.4.6. Prepare collection tubes by pipetting 300 µL of complete media to the required number 258 
of polypropylene tubes.  259 

 260 
2.4.7. The cell suspension is now ready to be taken to the cell sorter for sorting. Take the cell 261 
suspension, extra collection tubes and spares complete media in case dilution of the sample is 262 
required. 263 

 264 



   

3. Cell sorting of purified GABAergic or glutamatergic neurons. 265 
 266 

NOTE: To minimize the chance of bacterial contamination during sorting rinse the sample 267 
tubing of the sorter with 70% ethanol for at least 5 min prior to sorting. Detailed sorting 268 
parameters vary among instruments, fundamental considerations are as follows. 269 
 270 
3.1. During the first cell sort, establish levels of background fluorescence from unlabeled 271 
cells by sorting and comparing cells from a wild type animal.  272 
 273 
3.2. For each fluorescent cell type to be sorted, choose the appropriate excitation and 274 
emission filters. Excite Venus and TdTomato proteins using 488 nm or 531 nm excitation 275 
wavelengths, respectively. Detect emitted light through 530/40 and 575/30 emission filter sets, 276 
respectively.  277 

 278 
3.3. Add polypropylene collection tubes, containing 300 μL of complete media, to the cell 279 
sorter for cell collection. 280 

 281 
3.4. For high purity, sort brightly labeled fluorescent cells (see Figure 1B for example dot 282 
plots of sorted cells).  283 

 284 
3.5. Following sorting, for optimal results, perform a purity test of the sorted cells to 285 
estimate purity levels. Note that the typical recovery rate of cells following sorting is between 286 
70–80%. 287 

 288 
3.6. Note down the number of cells sorted in each collection tube. This value is given by the 289 
cell sorting instrument.  290 
 291 
NOTE: Cell sorting can be performed using a 70 µm nozzle (70 psi sheath fluid pressure) or a 292 
100 µm nozzle (20 psi sheath fluid pressure). 293 
 294 
4. Culturing of sorted neurons 295 
 296 
4.1. Following cell sorting, transfer collected cells to 2 mL round bottom centrifuge tubes, 297 
using a 1 mL Pasteur pipette. Centrifuge the cells at 3,000 x g for 3 min to form a cell pellet.  298 

 299 
NOTE: To help identify the location of the cell pellet, orientate the round bottom centrifuge 300 
tubes with the hinge of the lid facing outward, which allows the cell pellet to form on the back 301 
of the centrifuge tube (i.e., on the same side of the tube as the hinge). 302 

 303 
4.2. During centrifugation, add 1 mL of B27, 0.5 mL of Glutamax and 0.5 mL of Pen-Strep to 304 
the 48.5 mL of pre-warmed NBA media. Shake the solution well, then filter sterilize and label as 305 
“NBA complete media” (with date and initials). Return to water bath until required.  306 

 307 
4.3. Following centrifugation, use a 1 mL Pasteur pipette to transfer the supernatant to a 308 



   

different centrifuge tube (retain the supernatant incase the cell pellet was disturbed). Re-309 
suspend the cell pellet in the required amount of pre-warmed complete NBA media to achieve 310 
a cell density of 1,000 cells/µL. Re-suspend the cells by pipetting up and down with a P200 or 311 
P1000 pipette. 312 
 313 
4.4. To confirm the presence of dissociated cells, check the cell solution under a microscope, 314 
using a 4x or 10x objective lens. Alternatively, pipette a small amount of cell solution onto a 315 
coverslip and check under the microscope. If large numbers of cells are present, the 316 
supernatant from step 4.3 can be discarded.  317 

 318 
4.5. Before plating the cells, vortex on a medium speed for 2-3 s to ensure an even cell 319 
suspension. Following vortexing, quickly pipette 10 µL of the cell suspension to the center of 320 
each coverslip. After pipetting the cells, quickly return each plate to the incubator (5% CO2/37 321 
°C) and incubate for 1 h.  322 

 323 
NOTE: If adding cells to multiple 24-well plates, ensure even cell densities by vortexing cells 324 
between plates.  325 

 326 
4.6. After 1 h, feed the cells with 500 µL of pre-warmed complete NBA media and return to 327 
the incubator.  328 

 329 
NOTE: When feeding the cells, it is important to pipette the media gently down the side of the 330 
well to avoid cell detachment. For short experiments (<16 days), feeding at the above density is 331 
not necessary. When plating more cells more frequent feeding, intervals may be required (see 332 
discussion).  333 
 334 
5. Astrocyte enriched glial support cultures 335 
 336 
NOTE: The production of glial cultures14 and the use of cell culture inserts has been described 337 
previously12. In brief, astrocyte enriched glia cultures are derived from cortico-hippocampal 338 
tissue (with meninges removed; P2 – P5), which have been cultured for one week on a 339 
20 µg/mL PLL-coated 6-well plates, in serum supplemented DMEM media. 340 
 341 
5.1. To co-culture purified neurons and glial cells, passage confluent glial cells to the 342 
required number of cell culture inserts (0.4 µm pore size – see Table of Materials). To passage 343 
the cells, remove a 6-well plate containing confluent glial cells from the incubator and wash 2 344 
wells, 2 times, with 2 mL of pre-warmed (37 °C) phosphate buffered saline (PBS).  345 

 346 
5.2. Aspirate the PBS solution and use a P1000 pipette to add 1 mL of pre-warmed (37°C) 347 
Trypsin (1:250) / EDTA (0.25%/0.02%) solution to each well. 348 

 349 
5.3. Return the 6-well plate to the incubator and check every 2–3 min for cell detachment. 350 

 351 
5.4. Once significant cell detachment has occurred, pipette the cells and cell solution gently 352 



   

up and down using a fine tip Pasteur pipette, to help further detachment and separation of 353 
individual cells.  354 

 355 
5.5. Transfer the cell solution to a 15 mL conical tube and centrifuge at 3000 x g for 3 min.  356 

 357 
5.6. Re-suspend the cells using a P1000 pipette in 5 mL of pre-warmed (37 °C) NBA complete 358 
media by gently pipetting up and down until the cell pellet is in solution.  359 

 360 
5.7. Perform a cell count using a haemocytometer or an automated cell counter. 361 
 362 
NOTE: After 7 days in culture, approximately 750,000 – 1,000,000 cells can be harvested from 363 
each well of a 6-well plate.  364 

 365 
5.8. Plate 40,000 glial cells to each cell culture insert in a 500 µL droplet (80 cells/µL). 366 
 367 
5.9. After allowing the cells to adhere for 1 h, use sterile forceps to transfer glial-covered cell 368 
culture inserts to 24-well plates containing purified neurons. Remove excess media from the 369 
surface of the cell culture inserts (approximately 300 µL). 370 
 371 
NOTE: As air bubbles can often get trapped below the cell culture inserts, it may be necessary 372 
to gently tilt the inserts to dislodge these bubbles. If more glial cells are added to the cell 373 
culture insert, further washing and centrifuge steps may be required to remove excess trypsin, 374 
which can be detrimental to cell survival. 375 
 376 
REPRESENTATIVE RESULTS: 377 
The dissociation and cell sorting of fluorescent neurons from transgenic mouse or rat cortico-378 
hippocampal tissue can be performed in approximately 3–4 h. The result is a population of 379 
highly pure fluorescent neurons, which can be grown in culture for 16 days.  380 

 381 
To generate purified cultures, transgenic animals were first identified using a fluorescent lamp 382 
with appropriate filter sets (examples of fluorescent neonatal VGAT Venus and NexCre;Ai9 383 
mouse pups are shown in Figure 1A). Following the identification of transgenic animals, 384 
dissected tissue was dissociated, and the most strongly fluorescent neurons were sorted to 385 
produce a purified cell population. Example fluorescence intensity dot plots for NexCre;Ai9 and 386 
VGAT Venus mouse neurons, obtained during FACS, are shown in Figure 1B. When optimized, it 387 
is possible to harvest between 500,000 and 800,000 cells from the cortex and hippocampus of 388 
individual P0 – 2 NexCre;Ai9 or VGAT Venus mice. Cells can be sorted at a speed upwards of 389 
600 events/s. Estimates of cell purity were performed using DAPI as a nuclear marker (Figure 390 
1C). By sorting strongly positive cells, a purity of more than 97% can be routinely achieved7. 391 

 392 
Following successful sorting, plated neurons should appear round in shape, have a smooth 393 
membrane and should be seen to sprout neurites after approximately 1 h in vitro (Figure 2A, 394 
B). By 7 days in vitro, although some cell death may be apparent, viable cells should be present 395 
in all culture conditions (Figure 2C, D). At 12–16 days in vitro, using whole-cell patch-clamp 396 



   

recordings and biocytin-filling15, it is possible to investigate the morphological and 397 
electrophysiological development of purified neurons (Figure 3). Analysis of purified cultures 398 
reveals that both glutamatergic and GABAergic neurons were able to extend axons and 399 
dendrites from their cell bodies (Figure 3A, B) and retain the ability to generate action 400 
potentials in response to suprathreshold depolarizing current injections (Figure 3C, D). Notably, 401 
however, following purification, only GABAergic neurons received significant amounts of 402 
spontaneous synaptic transmission, and glutamatergic neurons receive very little synaptic 403 
transmission in the absence of glial cells (Figure 3E, F)7.  404 

 405 
As we have previously reported, cells in purified cultures tend to survive more poorly than 406 
those in unsorted cultures and have significantly smaller dendrites and axons7. To overcome 407 
these deficits, we have adapted and applied methods for supporting the development of 408 
purified cultures with glial cells12,14. The cellular composition of our glial support cultures (DIV7) 409 
is shown in Figure 4A. These cultures contained predominantly glial fibrillary acidic protein 410 
(GFAP) positive astrocytes, but also contained some cluster of differentiation molecule (CD11b) 411 
positive microglia and myelin basic protein (MBP) positive oligodendrocytes. After DIV 7, these 412 
cells can be passaged to cell culture inserts to provide non-contact support of purified neurons 413 
(Figure 4B, C). Analysis of glia-neuron co-cultures reveals that approximately 40,000 glial cells 414 
were sufficient to improve the long-term survival and growth of both purified glutamatergic 415 
and GABAergic neurons (Figure 4D, E)7. Furthermore, electrophysiological analysis reveals that 416 
glutamatergic neurons, co-cultured with glial cells, were highly active and had strongly 417 
increased network activity (percentage of glial supported glutamatergic neurons firing bursts of 418 
action potentials: 62%; n = 28; Figure 4F, G). Glial support is therefore important not only for 419 
promoting neuron growth and survival, but also for promoting synaptic transmission and the 420 
establishment of network activity in glutamatergic cultures.  421 
 422 
FIGURE AND TABLE LEGENDS: 423 
 424 
Figure 1: Purification of glutamatergic and GABAergic neurons. (A) Images showing 425 
fluorescent signal from the transgene expression of TdTomato in NexCre;Ai9 mice (top) and 426 
Venus in VGAT Venus mice (bottom). Scale bars: 5 mm. (B) Intensity scatter plots of the 427 
TdTomato and Venus fluorescence of cortico-hippocampal dissociated cells from NexCre;Ai9 428 
mice (top) and VGAT Venus mice (bottom). Strongly fluorescent TdTomato or Venus neurons 429 
were selected for sorting (indicated by the gating boxes). (C) Left: Confocal images of sorted 430 
TdTomato (top) and Venus (bottom) positive neurons. Right: Merged image showing cells co-431 
stained with DAPI (in blue pseudocolour). TdTomato fluorescence is endogenous and remains 432 
strong despite fixation (in magenta pseudocolor). Venus expression is enhanced using a 433 
combination of a primary antibody directed against GFP and Alexa Fluor-488-conjugated 434 
secondary antibody (in green pseudocolor). 435 
 436 
Figure 2: Cell culture of purified glutamatergic or GABAergic neurons. (A) Combined infrared 437 
(bright field) images and superimposed fluorescent signal from TdTomato (left) and Venus 438 
(right) positive neurons cultured for 1 h in vitro. White arrows indicate the location of growing 439 
neurites. (B) Confocal images of TdTomato (left) and Venus (right) positive neurons cultured for 440 



   

1 h in vitro. (C, D) Bright field (top) and combined bright field and fluorescent images (bottom) 441 
of TdTomato (C) and Venus positive neurons (D) cultured for 7 days in vitro (DIV). White arrows 442 
show the location of condensed nuclei from dead cells. Colored arrows identify fluorescently 443 
labeled neurons. 444 
 445 
Figure 3: Morphological, electrophysiological and synaptic properties of purified neurons. (A, 446 
B) Confocal images of TdTomato (A) and Venus positive neurons (B) at DIV 13 and DIV 14, 447 
respectively. Cells are presented in black using an inverted look-up table to aid neurite 448 
visualization. Insets show the fluorescent signal expressed by the identified neurons. (C, D) The 449 
voltage response from a TdTomato (C) and Venus positive neuron (D) to hyperpolarizing (-200 450 
to -20 pA, in 20 pA steps) and depolarizing (200 pA) current pulses, obtained by whole-cell 451 
patch-clamp recordings. Insets show the corresponding recorded neurons. The resting 452 
membrane potential of each cell is indicated to the left of the recording trace. (E, F) 453 
Representative voltage-clamp recordings (10 s) obtained from TdTomato (E) and Venus positive 454 
neurons (F). Spontaneous excitatory postsynaptic events (EPSCs) were recorded from 455 
TdTomato positive neurons, maintained at a holding potential of -50 mV. Spontaneously 456 
occurring inhibitory postsynaptic events (IPSCs) were recorded from Venus positive neurons 457 
maintained at a holding potential of 0 mV.  458 
 459 
Figure 4: Supporting neuron development with glial co-culture. (A) Confocal images of glial 460 
cultures immunolabeled for glial fibrillary acidic protein (GFAP, left), cluster of differentiation 461 
molecule (CD11b, middle) and myelin basic protein (MBP, right). Glial cells were cultured for 462 
DIV 7. (B) Images of cell culture inserts used to co-culture glial cells with purified neurons in a 463 
non-contact arrangement. (C) A schematic of the spatial arrangement used to co-culture 464 
neurons and glia. (D, E) Confocal images of TdTomato (D) and Venus positive neurons (E), 465 
grown for 14 days, in the absence (left) or presence (right) of glial support. (F, G) Current-clamp 466 
recordings (60 s) from TdTomato (F) and Venus positive neurons (G) cultured for 14 days in the 467 
absence (top) or presence (bottom)of glial support. Neurons were recorded at their resting 468 
membrane potential (presented to the left of each recording trace).  469 
 470 
DISCUSSION:  471 
We describe here a method that combines the sorting and culturing of primary neurons to 472 
generate purified neuronal cell cultures. This method takes around 1 h longer than a typical 473 
primary dissociated neuronal culture protocol yet allows for the generation of hundreds of 474 
replicate cultures containing specific neuronal types with a defined neurochemical identity. 475 
Purified neurons, which can be grown in isolation for at least 16 days, extend axons and 476 
dendrites and can fire repetitive trains of action potentials (Figure 2 and Figure 3). Importantly, 477 
these cells are amenable to the same experimental analyses as regular primary dissociated 478 
neuronal cultures, including electrophysiological, morphological and survival analyses. A major 479 
benefit of working with these purified cultures is that the development of specific cell types can 480 
be studied in isolation. To support the development of purified cultures, we also present a 481 
protocol for co-culturing purified neurons with glial cells. As shown previously, co-culturing 482 
purified neurons with glial cells improves their survival, growth and can promote network 483 
formation7 (Figure 4). Thus, we present here a combination of methods that should further the 484 



   

study of glia-neuron interactions and may prove useful for studying the development and 485 
interaction between of other cell types of interest.  486 
 487 
Studies on cultures of purified glutamatergic neurons have revealed fundamental insights into 488 
the way glial cells secrete factors that promote the development of neuronal networks and 489 
synapse formation16-18. In general, methods for purifying specific neuron types have been more 490 
successfully applied to studying the development of glutamatergic neurons rather than 491 
GABAergic neurons. This has led to a disparity in our understanding of how these two cell types 492 
develop. Given that GABAergic and glutamatergic neurons differ significantly in terms of their 493 
anatomy, physiology and developmental origins, it is vital that we study GABAergic neurons in 494 
their own right, to better understand their function and physiology. Using the protocol 495 
presented here, we have previously identified important differences in the way GABAergic and 496 
glutamatergic neurons depend on glia-secreted factors for the establishment of synaptic 497 
transmission7. Our hope is that by publishing a protocol, that others can follow, further insights 498 
can be made into how neurons and glia interact to promote the formation of neuronal 499 
networks. 500 
 501 
In this protocol, we describe a flow cytometry based cell sorting method, which we have used 502 
to purify GABAergic or glutamatergic neurons from different transgenic rodent lines. Venus 503 
positive GABAergic neurons were sorted from VGAT Venusmice13 or rats8 and TdTomato 504 
positive glutamatergic neurons were sorted from NexCre;Ai9 mice (bred originally from 505 
NexCre9, and Ai9 reporter lines6, see Turko et al., 20187). In recent years, due to technological 506 
advancements, the generation of transgenic animals has become significantly easier. As such, 507 
the availability of animals expressing fluorescent molecules, in many different cell types, has 508 
grown rapidly. This has, in turn, increased the use and applicability of fluorescent activated cell 509 
sorting. While alternative methods for isolating cells of interest currently exist16,19,20, they are 510 
somewhat hindered by their dependence on the availability of suitable antibodies to naturally 511 
occurring surface antigens. This limits their versatility when compared with fluorescence-based 512 
cell sorting methods, which can already be used to sort cells from the many cell specific 513 
transgenic reporter animals that are already available. Nevertheless, when optimized, antibody-514 
based sorting methods can be rapid and high yielding, and may even better preserve cell 515 
anatomy, by allowing purification of cells with their axons and dendrites intact21. Antibody 516 
sorting methods should therefore still be considered when deciding on a sorting strategy. 517 
Ultimately, the cell type of interest, the age at which cells are to be sorted, the availability of 518 
transgenic animals or surface antigens and the number of cells needed will be the determining 519 
factors when choosing the most suitable sorting strategy.  520 
 521 
Although fluorescence-based cell sorting is a simple and reproducible method for purifying 522 
cells, care should be taken during certain steps of the protocol to preserve cell quality. For 523 
instance, following each centrifugation step, it is important to make sure that the cell pellet is 524 
re-suspended as quickly as possible and that cells have been successfully recovered. 525 
Occasionally, the cell pellet can be disturbed when removing the supernatant. It is therefore 526 
advised, between centrifugation steps, to check the presence of cells under the microscope to 527 
rule out any extensive cell loss. Following cell plating, cells should be allowed to adhere for at 528 



   

least 1 h before feeding. If cells are fed too soon, some cells may become dislodged from the 529 
coverslip, thereby reducing the culture density. After 1 h in culture, it is prudent to assess cell 530 
health. If cells do not appear healthy (an example of healthy cells is shown in Figure 2A), or 531 
there is significant cell death, then this may be an indication of a problem during the 532 
dissociation or sorting procedure. A further important consideration, when culturing any cell 533 
type, is to take care when managing the cell culture media. NBA media contains phenol red, 534 
which acts as a pH indicator22. If the media becomes too yellow in color, then this indicates that 535 
the pH is too acidic; if the media becomes too pink, then this indicates that the solution is too 536 
alkaline. Stock solutions open for long periods or media, aliquoted into conical tubes, tend to 537 
become more alkaline over time. It is therefore advised to make up fresh complete NBA media 538 
each week and complete media every two weeks (the medium buffers under atmospheric 539 
conditions and should therefore be more stable). Taking these points into consideration it 540 
should be possible to establish purified cell cultures in any laboratory with access to cell sorting 541 
and cell culture equipment. 542 
 543 
In the majority of our experiments, we produced purified cultures from a single animal. 544 
However, when purifying cells for biochemical analyses, it may be necessary to pool together 545 
multiple animals for sorting. We have successfully sorted up to 8 embryonic mice (embryonic 546 
day 13 animals) using the above protocol (data not shown). However, if more animals are to be 547 
sorted, it may be necessary to increase the volume of both papain and BSA solutions (described 548 
in steps 2.1.1 – 2.1.4) to accommodate the increase in tissue amount. Additionally, if more cells 549 
are plated in culture, then a more frequent feeding schedule may be required. As a starting 550 
point, cells can be fed every 7 days by removing 100 µL of conditioned media and adding 200 µL 551 
of fresh complete NBA media. For the sake of neuron viability, if sorting more animals, thought 552 
should be given to minimizing the sort time as much as possible. This often requires the careful 553 
optimization of downstream analyses for the efficient use of purified cells. We have routinely 554 
sorted mouse neurons at rates of 600 events/s, up to 500,000–800,000 cells per animal 555 
(postnatal day 0–2). However, this was without exhaustive optimization of sorting speeds and 556 
conditions. Therefore, further improvements in sorting speed and yield should be possible.  557 
 558 
Purified neurons require glia-conditioned media for their survival. This has been demonstrated 559 
previously by culturing neurons and glial cells separately, before treating neurons with glial 560 
conditioned media10. In our experiments, we chose to support purified neurons by culturing 561 
glial cells on semi-permeable cell culture inserts, which are placed inside the cell culture plate. 562 
This method has been successfully applied to study glia-derived extracellular matrix proteins 563 
and their interaction with neurons12. The non-contact, but continuous support provided by this 564 
method has a number of advantages when compared to the separate culture of cells. Most 565 
notably, the co-culture of glial cells with neurons allows for the continuous regulation and 566 
conditioning of the cell culture media, which more closely resembles the in vivo situation. In 567 
addition, continuous co-culture of cells allows for potential feedback signaling between 568 
neurons and glia, which is not possible in separated cultures. In our protocol, if required, the 569 
continuous co-culture method can be easily omitted and a classical treatment of neurons with 570 
glia-conditioned media can be performed.  571 
 572 



   

In summary, the protocol presented here aims to provide the reader with a solid foundation 573 
from which they can establish their own purified cell culture experiments. We predict that the 574 
availability of transgenic animals and viral constructs will continue to increase for the 575 
foreseeable future. Therefore, cell sorting techniques based on fluorescence are likely to 576 
become even more widely used and valuable.  577 
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Name of material/ equipment Company Catalog Number Description

Neural Basal A media (NBA) ThermoFisher Scientific 10888022 Cell Culture Buffer

B27 ThermoFisher Scientific 17504001 Culture supplement

Glutamax ThermoFisher Scientific  35050-038 Culture supplement

Penicillin Streptomycin (10,000 U/mL) ThermoFisher Scientific 15140-122 Antibiotic 

Poly-L-Lysine SIGMA P1399  Coverslip coating

Papain SIGMA P4762-1G Enzyme

Bovine Serum Albumin SIGMA A3294-100G Serum

Hibernate A low fluorescence media Brain Bits Ltd HALF Cell Transport media

 Dulbeccos Modified Eagles Medium (DMEM) Biochrom F0435 Glial Culture Buffer

Fetal Calf Serum (FCS) Biochrom S0115 Serum

Trypsin / EDTA Biochrom L2163  Enzyme

Fine Tip Pasteur Pipette Neo Labs - Used for trituration of cells

24-well plates BD 353047  Culture plate

50 mL Falcon tubes BD  352070  -

15 mL Falcon tubes BD 352096  -

Glass coverslips: 12 mm round Roth P231.1 -

35 mm Petri dish Corning 353001  -

100 mm Petri dish Corning 353003 -

30 µm CellTrics Cell Sieve sysmex 04-004-2326 To remove cell clumps before cell sorting

Round bottom polystyrene tubes BD 352054  Transport tube for sorted cells

Round bottom polypropylyne tubes BD 352063  Collection tube for sorted cells

Cell culture inserts – 0.4 µm transparent PET Falcon 353 095 For the co-culture of neurons and glia

Extra fine Bonn Scissors Fine Scientific Tools 14084-08 To remove overlying skin and bone of mice 

Extra narrow Scissors Fine Scientific Tools 14088-10 To remove overlying skin and bone of rats 

Forceps Fine Scientific Tools 11242-40 To hold the head in place

Spatula (130 mm long / 5 mm tip width) Fine Scientific Tools 3006.1 To remove the brain to filter paper

Scalpel Blades Swan-Morton #0308 To mechanically dissociate neural tissue

Haemocytometer (Neubauer Imroved) Optik Labor - To cell count dissociated cells

Fluorescent Miners Goggles (excitation light)

Biological Laboratory Equipment 

Maintenance and Servce Ltd (BLS) FHS/LS-1G To excite TdTomato

Fluorescent Miners Goggles (emission filter)

Biological Laboratory Equipment 

Maintenance and Servce Ltd (BLS) FHS/EF-4R2 Td Tomato compatible emission filter

Fluorescent Miners Goggles (excitation light)

Biological Laboratory Equipment 

Maintenance and Servce Ltd (BLS) FS/ULS-02B2 To excite Venus

Fluorescent Miners Goggles (emission filter)

Biological Laboratory Equipment 

Maintenance and Servce Ltd (BLS) FS/TEF-3GY1 Venus compatible emission filter 

Mouse-Anti-GFP primary antibodies UC Davis 75-132 To enhance Venus signal following fixation

Mouse-Anti-GFAP primary antibodies SIGMA G-3893 The identification of reactive astrocytes

Rabbit-Anti-CD11b primary antibodies Southern Biotech 1561-15 The identification of microglial cells

Rabbit-Anti-MBP primary antibodies Millipore AB980 The identification of oligodendrocyes 
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Editorial comments: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. 

We have taken care to thoroughly check for spelling and grammar issues. 

 

2. Please do not highlight notes for filming. 

Notes are now no longer highlighted for filming.  

 

3. Step 2.1 is missing. 

Thank you for identifying this omission. It was part of a “number” formatting error. This 

formatting error has now been corrected and all steps of the protocol now run in sequence. 

 

4. 5.8: Please write it in the imperative tense. 

This step has now been written in the imperative tense.  

 

5. The highlighted protocol steps are over the 2.75 page limit. Please highlight fewer steps 

for filming. 

We have now taken reduced the number of highlighted steps in order to adhere to the 2.75 

page limit.  

 

6. Please ensure that the references appear as the following: 

Lastname, F.I., LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), 

FirstPage – LastPage, (YEAR). 

The references have now been corrected to conform to this style.  

 


