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SUMMARY: 19 
Here, we present a simple approach using specific culture media that allows the establishment 20 
of neuron- and astrocyte-enriched cultures, or neuron-glia cultures from the embryonic cortex, 21 
with high yield and reproducibility. 22 
 23 
ABSTRACT:  24 
Ischemic stroke is a clinical condition characterized by hypoperfusion of brain tissue, leading to 25 
oxygen and glucose deprivation, and the consequent neuronal loss. Numerous evidence suggests 26 
that the interaction between glial and neuronal cells exert effects after an ischemic event. 27 
Therefore, to explore potential protective mechanisms, it is important to develop models that 28 
allow studying neuron-glia interactions in an ischemic environment. Herein we present a simple 29 
approach to isolate astrocytes and neurons from the rat embryonic cortex, and that by using 30 
specific culture media, allows the establishment of neuron- or astrocyte-enriched cultures or 31 
neuron-glia cultures with high yield and reproducibility. 32 
 33 
To study the crosstalk between astrocytes and neurons, we propose an approach based on a co-34 
culture system in which neurons cultured in coverslips are maintained in contact with a 35 
monolayer of astrocytes plated in multiwell plates. The two cultures are maintained apart by 36 
small paraffin spheres. This approach allows the independent manipulation and the application 37 
of specific treatments to each cell type, which represents an advantage in many studies. 38 
 39 
To simulate what occurs during an ischemic stroke, the cultures are subjected to an oxygen and 40 
glucose deprivation protocol. This protocol represents a useful tool to study the role of neuron-41 
glia interactions in ischemic stroke. 42 
 43 
INTRODUCTION:  44 
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According to data from the World Health Organization, about 5.5 million people die every year 45 
from ischemic stroke1. This condition is characterized by the interruption of blood flow to a 46 
certain brain region, resulting in a reversible or irreversible loss in the supply of oxygen and 47 
nutrients to the tissue, which alters tissue function and leads to mitochondrial dysfunction, 48 
calcium dysregulation, glutamate excitotoxicity, inflammation and cell loss2,3.  49 
 50 
Apart from vascular cells, neuronal and glial cells are involved in the pathophysiology of the 51 
ischemic stroke4. In particular, astrocytes are essential to the maintenance of neurons and 52 
recently were shown to play a critical role in the response to the ischemic lesion5. This type of 53 
glial cell performs functions of structural support, defence against oxidative stress, synthesis of 54 
neurotransmitters, stabilization of cell-cell communication, among others6. Along with neurons, 55 
astrocytes play a direct role in synaptic transmission, regulating the release of molecules such as 56 
adenosine triphosphate, gamma-aminobutyric acid and glutamate7. Part of the injury induced by 57 
ischemia is caused by the excessive release of glutamate and its accumulation at the synaptic 58 
cleft, leading to the overactivation of N-methyl-D-aspartate receptors, activating downstream 59 
signalling cascades, ultimately resulting in excitotoxicity8. Since astrocytes are able to remove 60 
glutamate from the synaptic cleft and convert it into glutamine, they are crucial in defending 61 
against excitotoxicity, thereby exerting a neuroprotective effect on ischemia. These cells also play 62 
a role in ischemia-induced neuroinflammation. After the ischemic insult, activated astrocytes 63 
undergo morphologic changes (hypertrophy), proliferate, and show an increase in glial fibrillary 64 
acidic protein (GFAP) expression. They can become reactive (astrogliosis), releasing pro-65 
inflammatory cytokines such as tumour necrosis factor-α, interleukin-1α and interleukin-1β, and 66 
producing free radicals, including nitric oxide and superoxide, which in turn can induce neuronal 67 
death9,10. In contrast, reactive astrocytes may also play a neuroprotective effect, since they 68 
release anti-inflammatory cytokines, such as transforming growth factor-β, that is upregulated 69 
after stroke11. Moreover, they can generate a glial scar, which can limit tissue regeneration by 70 
inhibiting axonal sprouting; however, this glial scar can isolate the injury site from viable tissue, 71 
thus preventing a cascading wave of uncontrolled tissue damage12,13. 72 
 73 
Thus, it is imperative to establish models that allow studying neuron-glia interactions under an 74 
ischemic injury in order to find therapeutic strategies that limit or reverse the effects of ischemic 75 
injury. Compared to other models used to study ischemic injury, namely in vivo models14-16, 76 
organotypic cultures17-19 and acute brain slices20-22, primary cell cultures are less complex, which 77 
makes possible the study of individual contributions of each cell type in the pathophysiology of 78 
ischemic stroke and how each cell type responds to possible therapeutic targets. Typically, in 79 
order to study the interactions between neuron-enriched cultures and astrocyte-enriched 80 
cultures, neurons and glial cells of postnatal origin are used23,24, or postnatal glial cells and 81 
embryonic neurons25,26. Herein is proposed a simple approach to establish neuron- or astrocyte-82 
enriched cultures and neuron-glia cultures from the same tissue. These primary cells are obtained 83 
from rat embryonic cortex, a region frequently affected by stroke27,28. Moreover, the dissociation 84 
of the tissue is performed only by a mechanical procedure. Therefore, this protocol allows 85 
isolating cells in the same stage of development, in a fast and inexpensive way, and with high 86 
performance and reproducibility. 87 
 88 



   

The crosstalk between astrocytes and neurons can be explored using a co-culture system in which 89 
neurons cultured in coverslips are maintained in contact with a monolayer of astrocytes seeded 90 
in multiwell plates. Small paraffin spheres can be used to ensure the separation of the two cell 91 
cultures. This approach allows independent manipulation of each cell type before they are 92 
brought into contact. For example, it is possible to silence a specific gene in astrocytes and see 93 
how it can influence the neuronal vulnerability or protection against ischemic-induced damage. 94 
An established method to induce ischemic-like conditions in vitro is oxygen and glucose 95 
deprivation (OGD)3, which consists in replacing the regular atmosphere (95% air and 5% CO2) by 96 
an anoxic atmosphere (95% N2 and 5% CO2), associated with the omission of glucose.  97 
 98 
The method described is suitable for studying the interactions between neurons and astrocytes 99 
in the context of ischemic stroke, in a simple, fast, reproducible and inexpensive way. 100 
 101 
PROTOCOL:  102 
 103 
All animals used were bred at the CICS-UBI Health Science Research Centre in accordance with 104 
the national ethical requirements for animal research and with the European Convention for the 105 
Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes (Directive 106 
2010/63/EU).  107 
 108 
1. Rat embryo cortex primary cell culture 109 
 110 
1.1. Culture medium preparation 111 
 112 
1.1.1. Prepare the Neurobasal Medium (NBM) by adding the following supplements: 2% B27, 113 
0.5 mM glutamine, 25 µM glutamate and 120 µg/mL gentamicin. Homogenize, adjust the pH to 114 
7.2 and sterilize the medium with a vacuum filtration step, using a 0.22 µm filter. For the neuron-115 
glia cell culture, supplement the NBM cell culture medium with 10% of Heat-Inactivated Fetal 116 
Bovine Serum (HI-FBS). 117 
 118 
1.1.2. Prepare the Minimum Essential Medium Eagle (MEM) medium with the following 119 
supplements: sodium hydrogen carbonate 2.2 g/L, insulin from bovine pancreas 5 mg/L, D-120 
glucose anhydrous 3.4 g/L, penicillin (12 U/mL) /streptomycin (12 µg/mL) and 10% HI-FBS. 121 
Homogenize, adjust the pH to 7.2 and sterilize the medium with a filtration step. 122 
 123 
1.2. Preparation of materials and equipment 124 
 125 
1.2.1. Puncture the terminal part of a 1 mL plastic micropipette tip from side to side, using a 126 
needle with a specific diameter (0.5 mm for S; 0.6 mm for M; 0.8 mm for L) and seal the opening 127 
of the tips using a flame. 128 
 129 
1.2.2. Sterilize all the glassware. Throughout the dissection keep the tools used (e.g., scissors, 130 
tweezers, scalpel) immersed in 70% ethanol. Spray the materials with 70% ethanol before 131 
entering them in the laminar flow chamber.  132 



   

 133 
1.2.3. Set the water bath temperature to 37 °C and place the cell culture medium in the water 134 
bath before starting the procedure. 135 
 136 
NOTE: For immunocytochemistry assays, poly-D-lysine coating should be performed in multiwell 137 
plates containing coverslips.  138 
 139 
1.3. Rat embryonic cortex culture 140 
 141 
1.3.1. Remove the rat embryos from a female Wistar rat with 15-16 days of gestation (the end 142 
of the mating, which should last 24 h, is considered the 1st day of the embryonic development). 143 
For that purpose, anaesthetize the female with ketamine (87.5 mg/kg) and xylazine (12 mg/kg) 144 
and remove the embryos. Then euthanize the female rat by cervical dislocation, following 145 
standard protocol.  146 
 147 
1.3.2. Place the embryos in a 50 mL sterile tube, add phosphate buffer saline (PBS) until it covers 148 
the embryos and quickly take them to the culture room.  149 
 150 
1.3.3. Still inside the yolk sac, place the embryos in a Petri dish containing 25 mL of cold PBS. 151 
With the help of scissors and tweezers, break the yolk sac, remove the embryo and transfer it to 152 
another Petri dish containing also cold PBS. The PBS in the Petri dish should be enough to cover 153 
the entire embryo. 154 
 155 
NOTE: Be careful when opening the yolk sac to avoid damaging the embryo. In 1.3.3 and 1.3.4 156 
we used 90 mm diameter Petri dishes placed on top of ice packs covered with absorbent paper 157 
to keep the PBS at low temperature. 158 
 159 
1.3.4. For dissection of the embryo, transfer it to another Petri dish containing 30 mL of cold 160 
PBS. Place the embryo under a dissecting microscope and immobilize it using a tweezer. Make 161 
the initial incision parallel to the cortex, going from the ocular cavity to the end of the muzzle 162 
and be careful not to decapitate the animal. 163 
 164 
1.3.5. Carefully remove the scalp and the meninges using tweezers, in order not to damage the 165 
cortical brain tissue. Make the next incision to separate the cortex. Transfer the cortical tissue to 166 
a 15 mL tube containing 5 mL of PBS using a Pasteur pipette. 167 
 168 
1.3.6. Perform the mechanical digestion of the cortical brain tissue using the 1 mL plastic tips 169 
prepared in 1.2.1. Triturate 10 times with a regular pipette and repeat the process using pipettes 170 
with progressively smaller holes (L, M and S), until the chunks have fallen apart.  171 
 172 
1.3.7. After the mechanical digestion, centrifuge the suspension at 400 x g for 3 min. Discard 173 
the supernatant and resuspend the sediment with the appropriate cell culture medium 174 
previously warmed at 37 °C. 175 
 176 



   

1.3.8. Determine the total number of cells present in the cell suspension (cell density) using a 177 
Neubauer chamber, make the appropriate dilutions and plate the cells. The initial cell density 178 
was defined based on a previous study5.  179 
 180 
1.3.8.1. For a neuron-enriched culture, use 0.21 x 106 cells/cm² as the initial cell density 181 
and maintain the cells in NBM culture medium without HI-FBS.  182 
 183 
1.3.8.2. For the neuron-glia cultures use 0.14 x 106 cells/cm² as the initial cell density and 184 
maintain the cells in NBM culture medium supplemented with 10% HI-FBS.  185 
 186 
1.3.8.3. For an astrocyte-enriched culture, use 0.26x106 cells/cm² as the initial cell density 187 
and maintain the cells in MEM supplemented as previously indicated.  188 
 189 
1.3.8.4. Place the cells in an incubator set at 37 °C, 95% O2 and 5% CO2.  190 
 191 
NOTE: For longer culture periods, an anti-mitotic such as 27 μM 5-fluoro-2′-deoxyuridine with 68 192 
μM uridine should be added to suppress cell growth. 193 
 194 
2. Co-culture system 195 
 196 
2.1. Preparation of materials 197 
 198 
2.1.1. Heat the paraffin at 150 °C in a heating block for approximately 7 min. Keep at 150 °C until 199 
finishing the procedure. Then, with the help of a 1 mm diameter sterile glass Pasteur pipette, add 200 
a small drop over sterilized and PDL-coated coverslips. The paraffin spheres are irregular, but 201 
they have approximately 2 mm diameter. The spheres will allow the two cultures to be separated 202 
by approximately 1.25 mm. 203 
 204 
2.1.2. As the paraffin is not sterile, place the multiwell with the paraffin spheres under 205 
ultraviolet radiation for 15 min. 206 
 207 
2.1.3. To establish the co-culture, transfer the coverslip with the paraffin spheres using a 208 
tweezer previously immersed in 70% ethanol for 15 min. 209 
 210 
2.2. Co-culture 211 
 212 
2.2.1. When the two cultures are ready to use (i.e., after 7 days in culture under the conditions 213 
mentioned in step 1.3.8), transfer the neurons seeded in the coverslips with paraffin spheres to 214 
the wells containing the astrocytes. 215 
 216 
2.2.2. 24 h before the two cultures are brought in contact, change the culture medium of 217 
neurons and astrocytes to NBM supplemented, or not, with HI-FBS, depending on the purpose of 218 
the experiment. 219 
 220 



   

2.2.3. After placing both cell types in contact, wait 8-12 h before starting the different stimuli 221 
and procedures. 222 
 223 
NOTE: The schematic representation of the co-culture system is shown in Figure 1. 224 
 225 
3. Oxygen and glucose deprivation 226 
 227 
3.1. Culture Medium Preparation 228 
 229 
3.1.1. For the OGD experiments, use Hank's Balanced Salt Solution (HBSS). Prepare the HBSS 230 
medium with the following reagents: 1.26 mM CaCl2, 5.36 mM KCl, 0.44 mM KH2PO4, 0.49 mM 231 
MgCl2, 139.9 mM NaCl, 4.17 mM NaHCO3, 3.38 mM Na2HPO4. Homogenize and adjust the pH to 232 
7.2. Sterilize the medium by filtration. 233 
 234 
NOTE: If appropriate, supplement the HBSS solution with glucose (HBSSglu+), by adding 5.56 mM 235 
glucose. For cultures submitted to OGD do not supplement the HBSS medium with glucose 236 
(HBSSglu-).  237 
 238 
3.2. OGD procedure 239 
 240 
3.2.1. 7 days after seeding the cells, remove the culture medium and wash two times with 241 
HBSSglu-. After washing add the HBSSglu- cell culture medium and place the multiwell in the 242 
hypoxia chamber. 243 
 244 
3.2.2. Seal the hypoxia chamber and add a gas mix containing 95% N2/5% CO2 for 4 min with a 245 
flow of 20 L/min to remove the oxygen present inside the chamber. After this, stop the flow and 246 
place the hypoxia chamber in an incubator at 37 °C for 4 h or 6 h, depending on the extent of the 247 
intended ischemia. 248 
 249 
3.2.3. After the period of OGD, replace the HBSSglu- medium with the appropriate culture 250 
medium for the remaining procedures. 251 
 252 
NOTE: The OGD experiment aims to simulate the in vitro conditions that the cells suffer during 253 
an ischemic event, so it is important to certify that all the media used previously is removed.  254 
 255 
4. Immunocytochemistry assay 256 
 257 
NOTE: Perform the immunocytochemistry assay as previously described5.  258 
 259 
4.1. Briefly, to characterize the different cortical cultures, incubate the cells overnight at 4 °C 260 
with rabbit anti-GFAP (1:2000) and mouse anti-microtubule-associated protein 2 (MAP2; 1:500); 261 
and then 1 h at room temperature with the following secondary antibodies: anti-rabbit 262 
conjugated to Alexa Fluor 546 and anti-mouse conjugated to Alexa Fluor 488, both at 1:1000 263 
dilution.  264 



   

4.2. Label the cell nuclei by incubation with 2 µM Hoechst 33342 for 10 min at room 265 
temperature.  266 
 267 
4.3. Mount coverslips in fluorescence mounting medium and acquire images on an 268 
epifluorescence microscope with a 63x magnification. 269 
 270 
5. Statistical analysis 271 
 272 
5.1. Express data as percentage of number of total cells or as a percentage of control 273 
conditions and presented as ± standard error of the mean (SEM) of at least 3 independent 274 
experiments performed in triplicate.  275 
 276 
5.2. Perform statistical analysis with software (GraphPad Software Inc., San Diego, CA), using 277 
the unpaired Student’s t test. The results were considered significant when values of p < 0.05.  278 
 279 
REPRESENTATIVE RESULTS:  280 
To characterize the cultures, immunocytochemistry to assess the number of cells that expressed 281 
GFAP or MAP2, widely used markers of astrocytes and neurons (Figure 2), was performed in each 282 
type of cortical culture. This analysis revealed that astrocyte-enriched cultures presented 97% of 283 
the cells expressing GFAP (Figure 2A). Regarding the neuron-enriched culture 78% of the cells 284 
expressed MAP2, 4% of the cells expressed GFAP, and 18% of the cells were both GFAP and 285 
MAP2-negative (Figure 2B). In relation to the neuron-glia cortical culture, 49% of the cells were 286 
MAP2-positive, 31% were GFAP-positive and 20% were negative for both markers (Figure 2C).  287 
 288 
7 days after establishing the cortical culture, the neuron-glia culture and the neuron-enriched 289 
culture were subjected to the OGD procedure, for 4 h or 6 h. After this procedure, the number 290 
of MAP2 and GFAP-positive cells was assessed by immunocytochemistry. In the neuron-glia 291 
culture, the loss of MAP2-positive cells was 30% and 60% after 4 h and 6 h of OGD, respectively 292 
(Figure 3B), while the loss of GFAP-positive cells was 9% and 17% after 4 h and 6 h of OGD, 293 
respectively (Figure 3C). Regarding the neuron-enriched culture, there was a decrease of 41% 294 
and 64% in the number of MAP2-positive cells after 4 h and 6 h of OGD, respectively (Figure 3A). 295 
Moreover, in the neuron-enriched culture, there was a slight increase in the injury extension 296 
induced by 4 h of OGD when compared to the neuron-glia culture (Figure 3A).  297 
 298 
FIGURE AND TABLE LEGENDS: 299 
Figure 1: Schematic representation of the co-culture system. (A) Astrocytes were seeded in a 300 
multiwell containing PDL-coated coverslips and neurons were seeded in a multiwell with PDL-301 
coated coverslips containing 3 paraffin spheres. (B) When the two cultures were ready to use, 302 
the neurons in the coverslips with the spheres were transferred to the wells containing the 303 
astrocytes. 304 
 305 
Figure 2: Characterization of neuron-glia cortical culture, neuron-enriched cortical culture and 306 
astrocyte-enriched cortical culture. Percentage of neurons (MAP2-positive cells), percentage of 307 
astrocytes (GFAP-positive cells), and percentage of double-negative cells (MAP2-negative/GFAP-308 



   

negative cells) at the 7th day in culture in (A) astrocyte-enriched culture (B) neuron-enriched 309 
culture and (C) neuron-glia culture and representative images showing the immunostaining for 310 
MAP2 (green) and GFAP (red). The total number of cells was assessed by quantifying Hoechst 311 
33342-labelled nuclei with non- pyknotic morphology (blue). Due to the low number of neurons 312 
in the astrocyte-enriched cortical culture, the representative image does not show MAP2-313 
positive staining. The data are presented as mean ± SEM of 3 independent experiments (A) and 314 
6 independent experiments (B, C) performed in triplicate. Images were acquired with a 63x 315 
objective. 316 
 317 
Figure 3: Assessment of neuronal loss following an OGD period. (A, B) Number of neurons/field 318 
(MAP2-positive cells) in a neuron-glia culture and neuron-enriched culture and (C) number 319 
astrocytes/field (GFAP-positive cells) and representative image of MAP2 (green) and GFAP (red) 320 
immunostaining in a neuron-glia culture. The total number of cells was assessed by quantifying 321 
Hoechst 33342-labelled nuclei with non- pyknotic morphology (blue). The neuron-glia and 322 
neuron-enriched cultures were submitted to oxygen and glucose deprivation (OGD) for a period 323 
of 4 h and 6 h, presented as mean ± SEM of at least 3 independent experiments performed in 324 
triplicate. The total number of cells was assessed by quantifying Hoechst 33342-labelled nuclei. 325 
**p < 0.01, ***p < 0.001 and ****p < 0.0001 compared to OGD 0 h (unpaired Student’s t test) 326 
 327 
DISCUSSION: 328 
The method here described consists of the astrocyte and neuron isolation from rat embryonic 329 
cortical tissue, allowing the establishment of neuron- or astrocyte-enriched cultures or neuron-330 
glia cultures. It was adapted from a previous study of our group5, where the cortical neuron–glia 331 
and neuron-enriched embryonic cultures isolation were described and the two cultures 332 
characterized. Using these cultures, Roque et al. found that astrocytes play a key role in 333 
responding to an ischemic damage and suggests that communication between astrocytes and 334 
neurons is essential to occur neuroprotection5. In the present protocol, in addition to the 335 
isolation of neuron–glia and neuron-enriched cultures, we are also able to obtain astrocytes-336 
enriched cultures, which allows us to study the effect of an ischemic environment on the neurons 337 
and astrocytes isolated or together. 338 
 339 
Analysis of the immunocytochemistry data showed that 18% of the cells in the neuron-enriched 340 
culture and 20% in neuron-glia cultures were negative for both MAP2 and GFAP. These cells 341 
presented nuclei with non-pyknotic morphology. Given that the cultures were prepared from 342 
embryonic tissue, part of the cells may not yet express the neuronal marker, needing further 343 
maturation. This is in line with previous studies indicating that MAP2 expression increases with 344 
neuronal maturity and that the number of MAP2-positive cells increased with the time in culture 345 
and with the age of the embryos at the time of dissection29,30. We have previously demonstrated 346 
that in neuron-glia culture only 0.7% of cells were positive for the microglial marker ionized 347 
calcium-binding adapter molecule 15. Although the culture medium used in neuron-glia cultures 348 
has the nutritional support necessary for glial cell growth, the amount of microglia in the cortex 349 
of embryos with 15-16 days is reduced and as the culture time is reduced, the growth of this cell 350 
type is limited. The same applies to neuron-enriched cultures, but in this case the growth of glial 351 
cells is even more limited due to the absence of HI-FBS in the culture medium. 352 



   

 353 
In addition to allowing different types of cultures to be obtained from the same preparation, the 354 
protocol here described has other advantages. The single-cell suspension is obtained simply by 355 
mechanical digestion, unlike other methods that use both enzymatic and mechanical 356 
digestion24,25,31,32; therefore, it is faster and cheaper. Another advantage is that this protocol can 357 
also be used to prepare cells from other brain regions, such as the hippocampus or the midbrain, 358 
allowing the study of pathologies affecting different areas of the brain. Moreover, the alternative 359 
procedure described, that allows the establishment of co-cultures, allows the analysis of 360 
biochemical and morphological changes that occur in specific cell types present in the co-culture 361 
by using methods such as immunocytochemistry. A common model for the establishment of co-362 
cultures is transwell systems24,25,33,34. Contrary to what occurs with a co-culture system using 363 
small spacers, such as the paraffin spheres, transwell co-culture models do not allow to perform 364 
immunocytochemistry on both cells types present in the co-culture. In addition, the co-cultures 365 
using spacers such as the paraffin spheres are simple and low cost. 366 
 367 
Subjecting neuron-enriched or neuron-glia cultures to OGD is a common in vitro model for 368 
ischemia, nonetheless other in vitro methods have been used, namely chemical and enzymatic 369 
methods or induction of excitotoxicity by glutamate3,35. Compared to other methods, OGD allows 370 
the simulation of the two phases that occur during the ischemic stroke, namely the deprivation 371 
of oxygen and glucose and the reperfusion, which is an advantage because it mimics what occurs 372 
in vivo. Moreover, although chemical and enzymatic methods may be useful due to its quick 373 
response and ease of application, there is a concern with the relevance to the in vivo pathological 374 
state, because chemical hypoxia leads to more free radical generation than anoxia, surpassing 375 
what is observed in vivo35. Regarding the OGD protocol, we observed that it leads to neuronal 376 
loss and that the extension of the lesion can be adjusted by altering the duration of the OGD 377 
period, in order to reach the experimental requirements. The differences observed in neuronal 378 
loss after the OGD period in neuron-enriched cultures and neuron-glia cultures might be due to 379 
the protective role played by astrocytes, thereby attenuating the neuronal death.  380 
As expected, OGD damage to astrocytes in neuron-glia cultures was lower at both 4 h and 6 h 381 
when compared to neurons. The higher resistance of astrocytes to OGD is attributed to multiple 382 
aspects. They are able to maintain ATP levels longer than neurons during ischemia, and severe 383 
ionic dysregulation proceeds more slowly36: firstly because neurons have higher density of ionic 384 
channels and a consequent greater energy demand to maintain ionic gradients; and secondly 385 
because most of the glycogen stores in the brain is found in astrocytes36. Additionally, astrocytes 386 
express lower levels of ionotropic glutamate receptors than neurons, and have better ionic 387 
buffering and antioxidant capacity36. These attributes presumably underlie the well-known 388 
selective loss of neurons over astrocytes36. 389 
 390 
Concerning the limitations of the protocol proposed here, the most significant is that it is based 391 
on an in vitro model that lacks the complexity of the interactions that occur in an in vivo system, 392 
which can cause translatability issues to an in vivo situation. However, it presents the advantages 393 
associated with cell cultures, namely simplicity, ease of manipulation, the capability to provide 394 
basic detailed information about how a determined cell population responds to a certain insult3. 395 
In vitro models of disease are less time consuming and less expensive to maintain than in vivo 396 



   

models. More specifically, for the modelling of the ischemic stroke, an in vitro model also 397 
possesses the advantage of being easier to control the glucose and oxygen levels when compared 398 
with the in vivo alternatives34. Furthermore, we also propose the use of co-cultures, which can 399 
give a higher level of complexity, allowing to study the interaction between different cell types 400 
present in a tissue.  401 
 402 
There are some critical steps that require further attention when executing the protocol. Due to 403 
the nutritional requirement of astrocytes, the NBM used for obtaining neuron-glia cultures 404 
should be supplemented with 10% of HI-FBS-containing growth factors, amino acids and fatty 405 
acids. This supplementation is what differentiates the neuron-glia culture from the neuron-406 
enriched culture. To prepare an astrocyte-enriched culture a medium devoid of supplements 407 
required for neuronal growth, such as B27, should be used. In the current protocol, the medium 408 
of election for the astrocyte-enriched culture was MEM. It is also very important that the needs 409 
of the different cell types are ensured when they are brought into contact. For this purpose, a 410 
culture medium compatible with both astrocytes and neurons, namely the NBM supplemented 411 
with B27 and HI-FBS, should be used. Regarding the OGD protocol, the main critical steps are the 412 
removal of all the O2 from the chamber before starting the OGD period, and the proper washing 413 
of the cells with HBSS without glucose, in order to eliminate all the glucose present in the 414 
medium.  415 
 416 
In conclusion, here we present an in vitro model to study the ischemic stroke established in a 417 
simple, fast, inexpensive and reproducible way. Additionally, the method described also allows 418 
to implement neuron- and astrocyte-enriched primary cultures but also neuron-glia cultures, 419 
thus providing a great in vitro model for modelling several brain diseases, with a higher level of 420 
complexity than immortalized cell lines and pure neuronal or glial cultures. 421 
 422 
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Name of Material/Equipment Company Catalog Number/ model
24 -well culture plates Thermo Fischer Scientific 142475

95% N2/5% CO2 gas cylinder ArLíquido

Anti-mouse conjugated to Alexa Fluor 488 Invitrogen A11001

Anti-rabbit conjugated to Alexa Fluor 546 Invitrogen A11010

B27 supplement (50x) Gibco 17504-044

Dako Fluorescence Mounting Medium Dako S3023

D-glucose anhydrous Fisher Scientific G/0450/60

Epifluorescence microscope  Zeiss AxioObserver Z1x

Fetal Bovine Serum (FBS) Biochrom S0615

Gentamicin Sigma-Aldrich G1272

Glutamate Sigma-Aldrich G8415

Glutamine Sigma-Aldrich G3126

Hoechst 33342 Invitrogen H1399

Hypoxia incubation chamber Stemcell Technologies 27310

Insulin from bovine pancreas Sigma-Aldrich I5500

Ketamine Sigma-Aldrich K-002

Minimum Essential Medium Eagle medium Sigma-Aldrich M0268

Mouse Anti-MAP2 Santa Cruz Biotechnology Sc-74421

Neurobasal medium Gibco 21103-049

Paraffin pastilles for histology Sigma-Aldrich 1.07164

Paraformaldehyde Sigma -Aldrich P6148

Penicilin/Streptomycin Biochrom  A 2213

Poly-D-lysine Sigma-Aldrich  P1024

Rabbit Anti-GFAP DAKO Z0334

Sodium hydrogen carbonate Fisher Scientific S/4240/60

Xylazine Sigma-Aldrich X1126
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Comments/Description

1/1000 dilution; incubation period - 1 h at room temperature

1/1000 dilution; incubation period - 1 h at room temperature

3.4 g/L

63x objective

10%

120 µg/mL

25µM

0.5 mM

2 µM; incubation period - 10 min at room temperature

Chamber used for OGD induction

5 mg/L

87.5 mg/Kg

warm up to 37 °C before use

1/500 dilution; incubation period overnight at 4 °C

warm up to 37 °C before use

Solidification point  56-58°C 

4% in PBS

penicillin (12U/mL) /streptomycin (12µg/mL) 

1/2000 dilution; incubation period overnight at 4 °C

2.2g/L

12 mg/Kg



Dear Dr. Nguyen, 

We thank the reviewers for the detailed analysis of the manuscript. We now present a 

revised version of the paper, which we believe fulfils the reviewer’s comments and 

suggestions. The changes suggested by the editorial coordinator were also included in 

the revised manuscript. All changes are highlighted in yellow.  

 

Point-by-point reply to Manuscript with Ref. No. JoVE61388 

Editorial and Production comments 

Regarding the written manuscript: 

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. 

Reply: We revised the manuscript and corrected both spelling, grammar errors and 

other typos found. 

2. Please add more details to your protocol steps. Please ensure you answer the 

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

to published material specifying how to perform the protocol action. 

Reply: We completely agree with the Reviewer’s comment and added references that 

specify, for instance, how the immunocytochemistry protocol was performed. The 

manuscript was altered to include other details that were mentioned by the editorial 

team bellow. 

 1.1: Please specify the filtration step. What is actually done here? 

Reply: The medium was sterilized with a vacuum filtration step using a 0.22 µm filter. 

3. 1.2.1: Make small holes? What do you mean by perform? How many holes are 

made? 

Reply: To prepare the micropipette tips for the mechanical digestion of the tissue we 

seal the opening of the tips using a flame and punctured the terminal part of a 1mL 

micropipette plastic tip from side to side, using a needle with specific diameter (0.5 mm 

for S; 0.6 mm for M; 0.8 mm for L). 

4. 1.3.2: How much PBS is in the tube? Falcon tube is 50 mL? 

Reply: The embryos removed from the female Wistar rat were placed in a 50 mL Falcon 

tube and PBS was added until it covered the embryos. 

5. 1.3.3: How much PBS is added? What size Petri dishes? 
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Reply: We used Petri dishes with approximately 90 mm of diameter and the amount of 

PBS added to these Petri dishes is discriminated in the 1.3.3. of the methods section. 

6. 1.3.4: Gently fix the embryo how? 

Reply: For the dissection, the embryos were immobilized using a tweezer. 

7. 2.1.1: How at what temperature for how long approximately? 

Reply: We heated the paraffin at 150 °C in a heating block for approximately 7 min until 

it melted, and kept it at 150 °C until the end of the procedure. 

8. 2.2.1: What are the culture conditions here? 

Reply: The culture conditions here are the same as previously described in the protocol 

for the rat embryonic cortex culture. Cells were plated with different cell densities and 

maintained in different culture medium depending on the type of culture: 

 Neuron-enriched culture: initial cell density was 0.21𝑥106 cells/cm² and we 

used NBM culture medium without FBS;  

 Neuron glia culture: initial cell density was 0.14𝑥106 cells/cm² and we used NBM 

culture medium supplemented with 10% FBS;  

 Astrocyte-enriched culture: initial cell density was 0.26𝑥106 cells/cm² and we 

used MEM culture medium supplemented with 10% FBS. 

The different culture types were maintained in an incubator set at 37 °C, 95% O2 and 5% 

CO2. 

9. Please do not abbreviate journal titles. 

Reply: We corrected the reference list in accordance to the JoVE reference style. 

 

Changes to be made by the Author(s) regarding the video: 

1. Please add a slide before the protocol in the video saying that ethics approval 

was obtained. 

Reply: A slide with the ethics approval for the animal studies under the national ethical 

requirements for animal research and the European Convention for the Protection of 

Vertebrate Animals Used for Experimental and Other Scientific Purposes (Directive 

2010/63/EU) was added. 

2. Please increase the homogeneity between the video and the written manuscript. 

Ideally, all figures in the video would appear in the written manuscript and vice 

versa. The video and the written manuscript should be reflections of each other. 



Reply: We did not fully understand this comment and kindly ask if the situations that do 

not satisfy this requirement can specified. 

3. Video Quality & Editing: 

• 01:00 There is video glitch right here on the word "system". It may be a glitch created 

during video export or it could be in the original footage. If it's in the original footage 

and you cannot reshoot this part, then it is okay to leave it in, otherwise an effort to fix 

it should be made. 

Reply: This glitch was in the original footage but we decided to record again the 

introduction in a single take. 

• 00:09-01:36 (Introduction) There are three different shot transition types used here. 

Consider using a simple dissolve for this section instead of the "cube spin" and fade to 

black. The jump cuts @01:10 and 01:29 should at the very least be replaced with a 

dissolve. 

Reply: To eliminate cuts and transitions the introductory section was recorded in a single 

take. 

• "Jump cuts" are not appropriate for JoVE videos, as they tend to distract the viewer 

away from the presentation. Jump cuts are edit points where the outgoing and incoming 

clips are similar enough where the subject seems to "jump" in the frame. Consider 

converting these jump cuts into dissolves: 

• 02:12 

• 02:15 

• 02:32 

• 02:42 

• 03:11 

Reply: We substituted these jump cuts into dissolves. 

4. Music: 

• The music seems to jump around at the following places. The music should not distract 

the audience from the presentation. Here are the times where there are noticible music 

edits: 

• 07:55 

• 08:11 

• 08:20 

• 08:29 



• 08:40 

• 08:45 

• 08:50 

• 10:01 

• 10:18 

• At the end of the video, fade the music out instead of abruptly ending it. 

Reply: We have corrected the music track and included it as a single file without any 

edits and with the same volume throughout the video. We followed the editorial team 

suggestion and faded the music out at the end of the video. 

 

 

Reviewer #1: 

Manuscript Summary: 

The authors describe a method to co-culture neuron and glia, separated by paraffin 

spheres, to study neuron-glial interactions in the context of ischemic injury. The method 

provides an alternative method to using transwell inserts, a common approach to 

studying cell-cell interaction without the physical contact. Overall the article is well 

written and suited for publication in JOVE, provided that the authors address the 

comments below. 

 

Major Concerns: 

- Major comment #1: The authors describe the use of mechanical dissociation of brain 

tissue to isolate primary cells for three cell culture preparation: 1) neuron-enriched 

culture, 2) glial culture, and 3) astrocyte-enriched culture. However, more details should 

be added on how they achieved the enriched cultures. Is it a well-establish method? And 

if so, it should be referenced. 

Reply: The method described in this manuscript to achieve enriched cultures is adapted 

from a previous study of our group1. In this study, cortical neuron-glia and neuron-

enriched embryonic cultures procedure are described, and both cultures were 

characterized. We clarified this point in the revised manuscript, in the first paragraph of 

the discussion.  

o For example, for neuron-enriched cultures, was an anti-mitotic agent added (e.g., Ara-

C). This is a common method for achieving pure neuronal cultures. 



Reply: It was not necessary to add an anti-mitotic agent to achieve an enriched neuronal 

culture - we identified only 4% of astrocytes in these cultures due to the absence of FBS 

supplementation and the short culture period (7 days). For longer culture periods we 

suggest the addition of 27 μM 5-fluoro-2′-deoxyuridine with 68 μM uridine to suppress 

cell growth. This information was included in the methods section of the revised 

manuscript. 

o For astrocyte-enriched cultures, was this done using MACs beads, or the 'shake-off' 

Flask method. The method of purification is important to mention for astrocyte-

enriched cultures since the media composition stated (10% HI-FBS in MEM) can also 

support microglia and OPC growth and viability in culture. 

Reply: Since the astrocyte-enriched culture is obtained using the cortex of embryos with 

15-16 days of gestation, the contamination with microglia and OPC is very limited. In a 

previous study done by our group we demonstrated that, in neuron-glia cultures, only 

0.7% of the cells expressed the microglial marker ionized calcium-binding adaptor 

molecule 1 (Iba1)1. We concluded that, although the culture medium used in neuron-

glia cultures has the nutritional support for glial cell growth, the amount of microglia in 

the cortex of embryos at this stage of development is reduced. Moreover, since the time 

in culture is reduced (7 days), the growth of microglia is limited. In neuron-enriched 

cultures, we used a cell culture medium without FBS, which limits even more glial cells’ 

growth. 

The results presented in this manuscript confirm the information mentioned above: in 

the astrocyte-enriched culture, less than 1% of the cells were negative for MAP2 and 

GFAP, therefore the percentage of other glial cell types present in the astrocyte-

enriched culture was less than 1%. 

We added this information in the discussion section of the revised manuscript. 

- Major comment #2: The method of co-culturing using the paraffin sphere. It would be 

useful to visualize the co-culture method with a schematic to describe the seeding of 

cells in the system. It is not clear whether the neurons are seeded on PDL-coated 

coverslips containing the paraffin spheres and if so, is there neuronal attachment to 

their spheres. When the coverslip is placed over the astrocyte monolayer, is the paraffin 

spheres in direct contact with the astrocytes? Also, what is the spacing between cultures 

using the spheres? How uniform are the spheres? These should be addressed in the 

methods and discussion section. 

Reply: We agree with the Reviewer’s comment and added a scheme that enlightens the 

seeding of the cells and co-culture system using paraffin spheres (Figure 1 of the revised 

manuscript). 



 

Figure 1 (of the revised manuscript) – Schematic representation of the co-culture system 

using paraffin spheres. 

The astrocytes were seeded in a multiwell containing PDL-coated coverslips, as usual. 

On the other hand, the neurons were seeded in a multiwell with PDL-coated coverslips 

containing 3 paraffin spheres. 

The paraffin spheres were prepared using heated paraffin (approximately 150 °C) and 

were made with a small drop of paraffin using a sterile 1mm diameter Pasteur pipette. 

The paraffin spheres had approximately 2 mm of diameter and maintained the two 

cultures separated by 1.25 mm. Due to the manual nature of this technique, the paraffin 

spheres can be irregular. The neurons were then seeded on top of these PDL-coverslips 

with the spheres. There is no neuronal cell growth on top of the paraffin spheres 

because the PDL coating of the coverslip was done prior to the spheres.  

When the two cultures were ready to use, we transferred the coverslips containing the 

monolayer of neuronal cells (that have the paraffin spheres) to wells containing the 



astrocyte-enriched culture. The paraffin spheres were in direct contact with the 

monolayer of astrocytes, but the two different cultures were maintained apart. 

We added these clarifications in the methods sections of the revised manuscript. 

- Major comment #3: While the data shows the effect of OGD on neurons, was there an 

expected response for astrocytes following OGD? This should be discussed. It is also 

suggested, to complement the analysis in figure 2, showing immunocytochemical 

staining of neurons and astrocytes after OGD. This would complement the ability to 

analyze the respective cell type after injury with this method of co-culture. 

Reply: We followed the Reviewer’s suggestion and added a graph in Figure 3 showing 

the number of astrocytes in the neuron-glia culture, after 4 and 6 hours of OGD. We also 

added representative images of the immunocytochemical stainings of the co-culture 

before (OGD 0 h) and after 4 hours of OGD (Figure 3 of the revised manuscript). 

 

Figure 3 (of the revised manuscript) - Assessment of neuronal loss following an OGD 

period. 

 



As expected, OGD damage to astrocytes in neuron-glia cultures was lower at both 4 h 

and 6 h when compared to neurons. The higher resistance of astrocytes to OGD is 

attributed multiples aspects. Astrocytes are able to maintain ATP levels longer than 

neurons during ischemia, and severe ionic dysregulation proceeds more slowly2. Firstly 

because neurons have higher density of ionic channels and a consequent greater energy 

demand to maintain ionic gradients, and secondly because most of the glycogen stores 

in the brain is found in astrocytes2. Additionally, astrocytes express lower levels of 

ionotropic glutamate receptors than neurons, and have better ionic buffering and 

antioxidant capacity2. 

Minor Concerns: 

- Minor comment #1: Figure 2, please add the statistical test used for the analysis. 

Reply: We performed the statistical analysis of the data presented in Figure 3 (Figure 2 

of the original manuscript) using the unpaired Student’s t test and we considered the 

results significant when values of p < 0.05. All statistical analysis was performed using 

the software GraphPad Prism v.7. We added this information in the Methods section 

and in the legend of Figure 3 of the revised manuscript; we also corrected a typo (*** p 

< 0.001 instead of *** p < 0.005). 

- Minor comment #2: More so curiosity. Can the co-cultures be imaged as 1 unit or does 

the co-culture have to be taken apart and imaged separately?  

Reply: To our knowledge, with the system that we present in this manuscript it is not 

possible to image the co-culture as a unit, it is necessary to take apart the two cultures 

and acquire the images separately. 

 

 

Reviewer #2: 

1. This method raises more questions than answer to neuro-glial interaction 

Reply: To address this criticism, we kindly ask if the questions can be specified.  

2. There are some typographical and grammatical errors in the text 

Reply: We used this opportunity to correct the typographical and grammatical errors in 

the manuscript. 

3. All abbreviations should be used full name in first using in introduction, and … 

Reply: We thoroughly reviewed the revised manuscript and corrected this aspect. 

4. How did you determine the 15 embryonic day (E15)? 



Reply: We removed the rat embryos from a female Wistar rat with 15-16 days of 

gestation. The end of the matting period, which lasted for 24 hours, was considered the 

first day of the embryonic development. We added this information to the methods 

section of the revised manuscript. 

5. As your primary cell culture was a mixed culture (neurons, astrocytes, microglia 

and …), it was better to remove the other cells such as oligodendrocytes in the 

early stages of study. 

Reply: Since the astrocyte-enriched culture is obtained using the cortex of embryos with 

15-16 days of gestation, the contamination with microglia and OPC is very limited. In a 

previous study done by our group we demonstrated that, in neuron-glia cultures, only 

0.7% of the cells expressed the microglial marker ionized calcium-binding adaptor 

molecule 1 (Iba1)1. We concluded that, although the culture medium used in neuron-

glia cultures has the nutritional support for glial cell growth, the amount of microglia in 

the cortex of embryos at this stage of development is reduced. Also, due to the reduced 

time in culture (7 days), microglia’s growth was limited. In neuron-enriched cultures we 

used a cell culture medium without FBS, which limits even more glial cells’ growth. 

The results presented in this manuscript confirm the information mentioned above: in 

the astrocyte-enriched culture, less than 1% of the cells were negative for MAP2 and 

GFAP, therefore the percentage of other glial cell types present in the astrocyte-

enriched culture was less than 1%. 

We added this information in the discussion section of the revised manuscript. 

6. Statistical analysis should be added. 

Reply: We performed the statistical analysis of the data presented in Figure 3 using the 

unpaired Student’s t test and we considered the results significant when values of p < 

0.05. All statistical analysis was performed using the software GraphPad Prism v.7. We 

added this information to the methods section and to the legend of Figure 3; we also 

found and corrected a typo (*** p < 0.001 instead of *** p < 0.005). 

7. Immunocytochemistry (ICC) method must be added to the protocol. 

Reply: For the ICC we followed the protocol previously described in a study by our 

group1. We added this information to the methods section of the revised manuscript, 

including the antibodies used and correspondent dilutions and incubation periods. 

8. In lines 209 and 210 the authors mentioned that in the neuron-enriched culture, 

78% of cells expressed MAP2, whereas 18% of cells were both GFAP and MAP2 -

, what about the remaining 4%? 

Reply: As presented in Figure 1 panel B (correspondent to Figure 2 of the revised 

manuscript), the last bar shows that approximately 4% of the cells in the neuron-



enriched culture were GFAP positive. We included this detail in the representative 

results section of the revised manuscript. 
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