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SUMMARY: 25 

Here we present a protocol, designed to use chemogenetic tools to manipulate the activity of 26 

cortical interneuron progenitors transplanted into the cortex of early postnatal mice.  27 

 28 

ABSTRACT: 29 

Neuronal development is regulated by a complex combination of environmental and genetic 30 

factors. Assessing the relative contribution of each component is a complicated task, which is 31 

particularly difficult in regards to the development of γ-aminobutyric acid (GABA)ergic cortical 32 

interneurons (CIs). CIs are the main inhibitory neurons in the cerebral cortex, and they play key 33 

roles in neuronal networks, by regulating both the activity of individual pyramidal neurons, as 34 

well as the oscillatory behavior of neuronal ensembles. They are generated in transient 35 

embryonic structures (medial and caudal ganglionic eminences ― MGE and CGE) that are very 36 

difficult to efficiently target using in utero electroporation approaches. Interneuron progenitors 37 

migrate long distances during normal embryonic development, before they integrate in the 38 

cortical circuit. This remarkable ability to disperse and integrate into a developing network can 39 

be hijacked by transplanting embryonic interneuron precursors into early post-natal host 40 

cortices. Here, we present a protocol that allows genetic modification of embryonic 41 

interneuron progenitors using focal ex vivo electroporation. These engineered interneuron 42 

precursors are then transplanted into early post-natal host cortices, where they will mature 43 

into easily identifiable CIs. This protocol allows the use of multiple genetically encoded tools, or 44 

Manuscript Click here to access/download;Manuscript;59568_R1_RE.docx

mailto:denaxa@fleming.gr
mailto:guilherme.neves@kcl.ac.uk
mailto:juan.burrone@kcl.ac.uk
https://www.editorialmanager.com/jove/download.aspx?id=992606&guid=d6af4ef0-bc73-4a0e-8a19-aa07e5b0dca3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=992606&guid=d6af4ef0-bc73-4a0e-8a19-aa07e5b0dca3&scheme=1


   

the ability to regulate the expression of specific genes in interneuron progenitors, in order to 45 

investigate the impact of either genetic or environmental variables on the maturation and 46 

integration of CIs. 47 

 48 

INTRODUCTION: 49 

The function of neuronal networks relies in the existence of a balanced complement of 50 

excitatory projection neurons and inhibitory interneurons. Although cortical interneurons (CIs) 51 

only represent 20% of all neurons in the mammalian cortices, deficits in their number or 52 

function are thought to play a key part in the pathogenesis of neurodevelopmental disorders1,2. 53 

The study of CI development is challenging because CIs are generated in transient embryonic 54 

structures that are hard to access, and they follow a long tangential migration before they 55 

reach the pallium and develop their mature anatomical and physiological properties3. Both 56 

genetic and environmental mechanisms are known that regulate CI development4, but it has 57 

proven difficult to study the relative contribution of multiple factors. 58 

  59 

Many insights in CI development were obtained using in vitro culture systems after isolation of 60 

progenitors from the ganglionic eminences5,6. One of the great advantages of these methods is 61 

the potential to label and genetically modify the isolated progenitors and follow their 62 

differentiation in detail, to detect cell-autonomous changes. However, these methods are 63 

unable to offer information regarding the interactions between developing interneurons and an 64 

active network. We have adapted these protocols, by transplantation of the modified 65 

precursors into early post-natal cortex. Interneuron progenitors isolated from embryonic 66 

ganglionic eminences are able to survive, disperse and integrate into the host network upon 67 

transplantation into the cortex7,8. This method has been used to reduce the severity of epileptic 68 

seizures in genetic mouse models, and has been proposed as a possible new therapy for 69 

different neurodevelopmental disorders9,10. A previous protocol describes a procedure to 70 

transduce these precursors with viral vectors prior to transplantations11. The protocol we 71 

describe here also allows the genetic modification of interneurons, but does not require the 72 

creation of a viral vector, requiring only plasmid DNA, which greatly increases its flexibility. 73 

Some studies reported success in using in utero electroporation to genetically modify 74 

interneuron progenitors in the caudal ganglionic eminences (CGE)12, but this method has 75 

proven very difficult to reproduce. 76 

 77 

In the representative results section, we illustrate the use of this method to express designer 78 

receptors exclusively activated by designer drugs (DREADDs13) in the transplanted CIs, a method 79 

we used in a recent publication14. We expressed hM3D(Gq), an engineered receptor based on 80 

the human cholinergic receptor CHRM3, which does not affect neuronal function unless it binds 81 

its specific ligand clozapine-N-oxide (CNO). CNO administration selectively triggers activation of 82 

hM3D(Gq) expressing cells. We used this method to show that cell autonomous and transient 83 

depolarization is sufficient to prevent apoptosis of CIs during development14. Combined with 84 

different genetically encoded tools, this protocol has the potential to up- or down-regulate 85 

gene expression, and visualize or manipulate cell activity during different stages of interneuron 86 

differentiation. 87 

 88 



   

PROTOCOL: 89 

Animals were bred and housed in accordance with the United Kingdom Animals (Scientific 90 

Procedures) Act (1986). 91 

 92 

NOTE: For the generation of the pCAGGs-hM3D(Gq)-IRES-RFP construct, a SalI-StuI fragment, 93 

containing the hM3D(Gq) sequence, has been isolated from plasmid 50463 (Addgene), and 94 

inserted into the expression vector pCAGGs-RFP (gift from F. Guillemot) digested with XhoI-95 

EcoRV. 96 

  97 

1. Preparation of mouse embryo cortical slices 98 

 99 

1.1. Sterilize lab equipment (e.g., stereo microscopes) and surfaces (e.g., benches) with an 100 

appropriate detergent solvent and 70% ethanol (EtOH) solution in water (H2O). 101 

  102 

1.2. Use dissection tools that have been autoclaved and keep them all the time in 100% EtOH.  103 

 104 

1.3. Prepare three 20 mL aliquots of 4% low-gelling temperature agarose in 1x phosphate 105 

buffer solution (PBS), in 50 mL tubes, and keep them at 55 °C. 106 

 107 

1.4. Sacrifice pregnant mice by cervical dislocation at 13.5 or 14.5 days of gestation (embryonic 108 

day E13.5−E14.5). 109 

 110 

1.5. With a pair of dissection scissors, open the abdomen of the pregnant mice, remove the 111 

uterine horns (with the embryos) and place them in ice-cold Krebs solution (Table 1), in a 90 112 

mm Petri dish. 113 

 114 

1.6. With a pair of straight student fine forceps, open the amniotic sacs, remove the embryos 115 

and transfer them in fresh ice-cold Krebs solution, in a new 90 mm Petri dish. Dissect the mouse 116 

embryo brain (forebrain, midbrain, hindbrain) from the rest of the embryo body. 117 

 118 

1.7. Holding the dissected brains from the hindbrain, transfer them in ice-cold Krebs solution in 119 

a new 90 mm Petri dish, and keep them on ice. 120 

 121 

1.8. With a waterproof pen, draw a straight line at the outside surface, in the middle of the 122 

bottom part of six 35 mm Petri dishes. 123 

  124 

1.9. Place one 4% low-gelling agarose/PBS 20 mL aliquot at 37 °C for 5 min. Immediately 125 

afterwards poor 10 mL in two 35 mm Petri dishes and embed the dissected brains. 126 

 127 

NOTE: The olfactory bulbs should face downwards (bottom of the Petri dish). Embed 4 brains 128 

per Petri dish, align them in the straight line previously drawn. Leave 3−5 mm space between 129 

each two brains. 130 

 131 

1.10. Repeat steps 1.8 and 1.9 until all dissected brains have been embedded. 132 



   

  133 

1.11. Place the embedded brains at 4 °C, in order for the agarose to solidify, and subsequently 134 

carve the four brains into a single block of appropriate size and orientation. 135 

 136 

NOTE: Leave approximately 3 mm around the edges of the brain samples. Change the 137 

orientation of the brains, with the olfactory bulbs on the top. 138 

 139 

1.12. Glue the block on the surface of a microtome base and using a surgical blade cut all the 140 

way through the bottom of the block, between each two brains, in order to create 4 141 

independent blocks (each mini block containing one brain). 142 

 143 

1.13. Section the blocks, in ice-cold Krebs solution, into 250 μm thick slices, using a vibrating 144 

blade microtome. 145 

 146 

1.14. With a bended flat-ended micro-spatula collect only the slices containing the medial or 147 

caudal ganglionic eminences (MGE or CGE; Figure 1) and individually transfer them onto filter 148 

membranes (13 μm diameter, 8.0 µm pore size), floating on minimal essential medium (MEM, 149 

Table 1) in polystyrene center-well organ culture dishes (60 mm x 15 mm). 150 

 151 

1.15. Place the dishes in a CO2 tissue culture incubator, at 37 °C, for 1 h, and prepare for the 152 

focal electroporation. 153 

  154 

2. Acute brain slice electroporation 155 

 156 

2.1. Before beginning the electroporation procedure, prepare 50 mL of 1% agarose gel in a 100 157 

mm Petri dish. Leave the agarose gel to solidify at room temperature (RT) for approximately 30 158 

min. 159 

 160 

2.2. Prepare tiny agarose columns (1 mm diameter and 10 mm length), punched with a glass 161 

pipette (225 mm length; 2 mL capacity) and transfer them in ice-cold Krebs solutions. 162 

 163 

NOTE: A rubber dropper bulb suitable for 2 mL pipettes is attached to the pipette, and by 164 

pressing it the column can be released from the glass pipette to the Krebs solution. 165 

  166 

2.3. With a surgical blade, cut small agarose blocks of two sizes: a small one that will fit on the 167 

surface of the electrode (see below) and a bigger one, which will be used as a base for 168 

performing the focal DNA injections into the brain slices. Transfer the agarose blocks in ice-cold 169 

Krebs solution as well. 170 

 171 

2.4. Prepare the set-up for the focal injections and the acute electroporation (Figure 2). 172 

 173 

NOTE: For the injections, the following equipment is needed: 1) a bright field dissection stereo-174 

microscope, 2) a pneumatic pico-pump injector, 3) a micromanipulator, 4) a magnetic stand, 175 

and 5) a steel base plate. For the acute slice electroporation, the following equipment is 176 



   

needed: 1) one square platinum 10 mm Petri dish electrode, 2) one square platinum 10 mm 177 

cover electrode, 3) a micromanipulator, and 4) an electroporator. 178 

 179 

2.5. Focal DNA injections  180 

 181 

2.5.1. Prepare a DNA mixture of expression vectors: pCAGGs-IRES-GFP (control vector) + 182 

pCAGGs-hM3D(Gq)-IRES-RFP, at a concentration of 1 µg/µL for each vector and add fast green 183 

solution (stock 25 mg/mL) in a 1/10 dilution.  184 

 185 

2.5.2. Fill a pulled glass micropipette (0.5 mm inner diameter and 1 mm outer diameter) with 10 186 

µL of the DNA mixture and inject small amounts (on the 25−50 nL range) into the selected 187 

region (MGE/CGE) of the slice (Figure 1 and Figure 2).  188 

 189 

2.6. Acute electroporation  190 

 191 

NOTE: The electroporation should be performed immediately after the focal DNA injection. 192 

  193 

2.6.1. Place the small agarose block on the Petri dish electrode and attach the agarose column 194 

to the mobile cover electrode with the help of a flat-ended micro-spatula. 195 

  196 

2.6.2. Transfer the slice with its supporting membrane onto the agarose block and place the top 197 

electrode with the agarose column on top of the selected region (MGE/CGE) of the slice.  198 

 199 

NOTE: Charging voltages of 125 V (two pulses of 5 ms each, interval 500 ms) will yield a 200 

successful electroporation (Figure 3). 201 

 202 

2.7. After the electroporation, place the slice with its supporting membrane into the dish and 203 

transfer the dish in a CO2 tissue culture incubator, at 37 °C. 204 

 205 

2.8. After 1 h, exchange the MEM medium for a basic medium appropriate for primary 206 

neuronal cultures (neuron basic medium; Table 1) and incubate the slices overnight, for 207 

approximately 18−24 h. 208 

 209 

3. Preparation of cell-grafts 210 

 211 

3.1. Check the efficiency of the electroporation in all slices. Select only the slices where an 212 

acceptable number of fluorescent cells is observed (Figure 3).  213 

 214 

NOTE: Electroporate approximately 30 slices/per experiment in order to acquire the 215 

appropriate number of cells for grafting (see below). 216 

 217 

3.2. Dissect the selected region (MGE/CGE) from each slice and cut the tissue into small pieces 218 

in ice cold Krebs solution, under a fluorescent dissection stereo-microscope. 219 

 220 



   

3.3. Meanwhile, place a 1.5 mL tube with 900 µL neuron basic medium in a water bath at 37 °C. 221 

 222 

3.4. Transfer the tissue pieces with a P1000 micropipettor to a 1.5 mL tube containing 500 µL of 223 

L15/DNase medium prepared by adding 100 µL of 1 mg/mL DNase stock in DMEM/F12 medium 224 

into 900 µL of L15 medium. Wash the tissue pieces by tapping. 225 

 226 

3.5. Add 100 µL of DNase (stock 1 mg/mL in DMEM/F12 medium) into the 900 µL neuron basic 227 

medium. 228 

  229 

3.6. Discard the L15/DNase medium and resuspend the tissue pieces in 200 µL neuron 230 

basic/DNase medium prepared in step 3.5. 231 

 232 

3.7. Set a P200 micropipettor to 180 µL and mechanically dissociate the tissue pieces by 233 

pipetting up and down gently, 20−30 times, until a smooth and “creamy” suspension is 234 

obtained. 235 

 236 

3.8. Add 200 µL of neuron basic/DNase medium (final total volume 400 µL) and resuspend.  237 

 238 

3.9. Take a 4 µL aliquot of cells, dilute appropriately and mount on a haemocytometer. 239 

  240 

3.10.  Under a bright field microscope, check the efficiency of the dissociation and count the 241 

number of cells. 242 

 243 

NOTE: If the dissociation is successful, bright (alive) single cells and not cell-aggregates will be 244 

observed. 245 

 246 

3.11. Centrifuge cell suspension from step 3.8, at 1000 rpm, at RT, for 5 min, and subsequently, 247 

remove the supernatant from the tube and add the appropriate L15/DNase medium (usually 248 

5−7 µL) so that the final concentration of cells will be 8 x 105−1.2 x 106 cells/µL.  249 

 250 

NOTE: During the resuspension, it is extremely important to avoid air bubbles. 251 

 252 

3.12. Place the cell aliquot on ice and have additional L15/DNase medium for the injections. 253 

  254 

4. Intracranial injections 255 

 256 

NOTE: The following procedures take place in a procedure room within the Animal House 257 

Facility. Since the cells will be injected directly to the brain of newborn pups without exposing 258 

the brain, aseptic conditions are kept by sterilizing the working space with 70% EtOH solution 259 

and using autoclaved glass needles. The following equipment is needed for the intracranial 260 

injections: 1) a bright field dissection stereo-microscope, 2) a micro-injector, and 3) a heating 261 

pad for mouse recovery. 262 

 263 



   

4.1. Prepare a glass needle by pulling needles according to the manufacturer’s 264 

recommendations. Glass needles with an 80 µm outer diameter, 40 µm inner diameter, and a 265 

30° bevel are used in this protocol. 266 

 267 

NOTE: As mentioned above, needles should be autoclaved before use. 268 

 269 

4.2. Backfill manually the needle with biologically inert oil using a 30 G 2-inch needle and a 270 

syringe. 271 

 272 

4.3. Assemble and insert the needle to the injector unit according to the manufacturer’s 273 

instructions. 274 

 275 

4.4. Determine the injection settings at maximum volume (69 nL) and a relative slow rate (23 276 

nL/s). 277 

 278 

4.5. Empty the needle until the plunger is fully extended. 279 

  280 

4.6. Fill the needle. 281 

 282 

4.6.1. Cut a small piece from a grafting tape and place it under a bright field dissection stereo-283 

microscope. With a P10 micropipette, transfer 5 µL from the sample (cell aliquot) onto the 284 

tape, so that a spherical drop is formed. 285 

 286 

4.6.2. Place the tip of the needle into the sample and fill the needle (the plunger retracts and 287 

draws the sample with it). 288 

 289 

NOTE: Since the sample should be quite viscous, fill the needle in small steps so that the sample 290 

will equilibrate, and at a slow rate that prevents bubbles from forming. The sample should be 291 

smooth and homogeneous within the needle. If the sample is too viscous and it is not possible 292 

to fill the needle, add as much L15/DNase medium as it is required to obtain the correct 293 

viscosity. Nevertheless, this will change the concentration of the sample, and ideally should be 294 

avoided. 295 

 296 

4.7. Anaesthetize new born pups (postnatal day 0−2 [P0-P2]) on ice for 2−5 min.  297 

 298 

NOTE: Make sure that the pup is not moving. 299 

  300 

4.8. Place the anaesthetized pup under the bright field dissection stereo-microscope. 301 

  302 

4.9. Perform 3−4 injections of 69 nL each in each hemisphere.  303 

 304 

NOTE: The injection sites are located approximately 1 mm lateral to the midline, and between 1 305 

mm caudal to bregma and 1 mm rostral to the interaural line. The tip of the needle should be 306 



   

placed approximately 1 mm deep to the pial surface. After each injection, the needle is left in 307 

place for approximately 30 s and withdrawn in periods. 308 

 309 

4.10. Immediately after the injections, place the pup on a heating pad with the heating at its 310 

lowest setting (37 °C). When the pup recovers transfer it to the cage with its mother. 311 

 312 

NOTE: Never leave the mother with no pups in the cage. The whole procedure (from removing 313 

the pup from its littermates, until it is returned) should last less than 10 min. 314 

 315 

5. Clozapine-N-oxide injections 316 

 317 

5.1. Prepare the DREADD ligand, CNO stock solution by diluting 1 mg of CNO in 50 µL of 318 

dimethyl sulfoxide (DMSO) until the solution is translucent. Top-up to 10 mL with saline so that 319 

the final concentration of CNO is 0.1 mg/mL. 320 

 321 

NOTE: DMSO is toxic. Avoid using it to a concentration higher than 0.1%. Use as a control a 322 

saline solution containing the same DMSO concentration as the CNO containing solution. 323 

 324 

5.2. From postnatal day 14 and for 3 constitutively days (P14−P16), in each mouse perform two 325 

intraperitoneal (I.P.) injections of CNO (CNO concentration: 1 mg/kg) or 0.05% DMSO in saline, 326 

per day, 12 h apart. 327 

  328 

5.3. On the last day (P17), perform a single injection and sacrifice mice by cervical dislocation 329 

within a time window of 30 min−1 h.  330 

 331 

REPRESENTATIVE RESULTS: 332 

Using the procedure presented here, we tested whether the survival of cortical interneurons 333 

during early postnatal stages is regulated by activity in a cell autonomous manner. We 334 

performed 3 brain slice electroporation experiments (12−16 embryos [E14.5 embryos] per 335 

experiment) with the pCAGGs-IRES-GFP (control) and pCAGGs-hM3D(Gq)-IRES-RFP expression 336 

vectors, at a concentration of 1 µg/µL for each construct. In our electroporation experiments, 337 

only a fraction (approximately 50%; Figure 3) of the GFP+ neurons co-expressed hM3D(Gq) 338 

(RFP+) and therefore the GFP+RFP- population served as an internal control for the effect of 339 

DREADD ligands. Transfected cortical embryonic interneurons were mechanically dissociated 340 

and the resulting cell suspension (8 x 105 cells/µL) grafted in the cortex of P0−P1 wild type mice. 341 

We had performed 6 injections per brain. In each experiment, a minimum of 6 new born pups 342 

were injected. Administration of CNO selectively increased the activity of transfected RFP+ cells, 343 

as demonstrated by the expression of the activity-dependent protein cFos (Figure 4). CNO 344 

treatment according to the described protocol (administer twice daily P14−P17) resulted in an 345 

increase in the proportion of GFP+RFP+ relative to GFP+RFP- cells, in comparison to vehicle (0.5% 346 

DMSO in saline) administered littermates (Figure 5). 347 

 348 

FIGURE AND TABLE LEGENDS: 349 

 350 



   

Figure 1: Representative telencephalic slices used for acute electroporation experiments. (A-351 

C) Telencephalic slices obtained at three distinct sequential rostro-caudal levels, stained with 352 

4′,6-diamidino-2-phenylindole (DAPI). LGE: lateral ganglionic eminence; MGE: medial ganglionic 353 

eminence; CGE: caudal ganglionic eminence. Scale bars: 200 µm. The yellow asterisks indicate 354 

the electroporation site in each slice. The white line marks the edge of the ganglionic eminence.  355 

 356 

Figure 2: Schematic representation of the experimental workflow. (A) Mouse brain slices are 357 

electroporated with appropriate constructs, and (B) after 12 h modified cortical interneuron 358 

(CI) precursors are isolated and (C) transplanted in the pallium of newborn mouse pups 359 

(P0−P2). In order to modify the activity of immature CIs, P14 pups that had received cell 360 

transplantations were injected with CNO or vehicle for four constitutive days according to the 361 

presented protocol. (A’) Photograph of the acute mouse brain slice electroporation set-up. 362 

 363 

Figure 3: Representative successful acute slice electroporation experiment. (A) Representative 364 

coronal section from an E14.5 embryo brain transfected in the CGE with both pCAGGs-IRES-GFP 365 

(GFP) and pCAGGs-hM3D(Gq)-IRES-RFP (RFP) plasmids and cultured for 12 h. The section has 366 

been immunostained for GFP (A, B, C) and RFP (A, B, D). The boxed area in panel A is magnified 367 

to show the expression of both fluorescent reporters (B), GFP (C) and RFP only (D). The white 368 

line marks the edge of the ganglionic eminence. B-D: same photo, different channels or 369 

combination of the two different channels. Scale bars: A = 200 µm, B-D = 100 µm. This figure 370 

has been modified from Denaxa et al.14.  371 

 372 

Figure 4: Cell autonomous increase in the activity of M3D(Gq)-expressing transplanted CIs 373 

upon CNO administration. (A-D) Representative confocal images of a coronal section of a P17 374 

mouse transplanted at P1 with CI precursors transfected with both pCAGGs-IRES-GFP (GFP) and 375 

pCAGGs-hM3D(Gq)-IRES-RFP (RFP) plasmids and treated with CNO. The section has been 376 

immunostained for GFP (A), RFP (B), and cFos (C). (D) The combined image of A, B and C 377 

immunofluorescence (combo). Note that only CIs co-expressing both plasmids (white arrows in 378 

A-D) are also cFos+ compared to CIs expressing only the control-GFP plasmid (yellow arrows in 379 

A-D). (E) Quantification of cFos+RFP+ cells found in the pallium of P17 mice transplanted at P1 380 

(normalized to the total RFP+ population) and treated with vehicle or CNO (N = 2). A-D: same 381 

photo, different channels, or combination of the three different channels. Scale bars: 50 µm. 382 

 383 

Figure 5: Cell autonomous increase in the activity of CIs enhances survival. (A-D) 384 

Representative confocal images of somatosensory cortex coronal slices of P17 mice 385 

transplanted at P0−P2 with CI precursors transfected with both pCAGGs-IRES-GFP (GFP) and 386 

pCAGGs-hM3D(Gq)-IRES-RFP (RFP) plasmids and treated with vehicle (A-B) or CNO (C-D). (E) 387 

Quantification of RFP+ cells found in the forebrain of P17 mice transplanted at P0−P2 388 

(normalized to the total GFP+ population). RFP+(vehicle) = 47% ± 3%, CNO = 61% ± 3%, p = 0.01, 389 

Student’s paired sample t test, n = 3 vehicle and 3 CNO, a minimum of 150 cells counted per 390 

brain. A and B: same photo, different channels. C and D: same photo, different channels. Scale 391 

bars: 50 µm. This figure has been modified from Denaxa et al.14.  392 

 393 

Table 1: Additional information concerning media used in this protocol. 394 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/paired-sample-t-test


   

 395 

DISCUSSION: 396 

Here we describe a widely accessible methodology to genetically modify the activity of CI 397 

precursors to study the impact of intrinsic activity on CI maturation, and/or the effect of activity 398 

modulated CIs on the assembly/function of the integrated cortical circuits. 399 

 400 

In the past, several labs, including ours, had performed in utero electroporation experiments in 401 

order to genetically modify projection neurons6. However, in utero electroporation into 402 

ganglionic eminences that include CI progenitors is very difficult, due to electrical conduction 403 

path problems. In order to solve this problem, a small number of labs are performing 404 

ultrasound guided injections followed by electroporation, which is a demanding technique that 405 

requires expensive equipment. This protocol provides an alternative to these methodologies 406 

which is accessible to the majority of the scientific community.  407 

 408 

One of the most challenging aspect of this protocol is to maximize the number of cells that 409 

survive in the host cortex to mature stages, when phenotypic analysis is usually performed 410 

(very dependent on the experiment design, but typically older than P17). There are three key 411 

steps that the investigator should pay attention: (1) The efficiency of the electroporation. This 412 

can be maximized by ensuring the purity of DNA plasmids. Only high-quality DNA plasmids (an 413 

A260/A280 ratio of 1.9−2.0) should be used for this procedure. We obtain such high-quality DNA 414 

preparations by employing cesium chloride DNA purification. Another crucial factor is the 415 

promoter that drives the expression of the gene of interest. We found that the pCAGGs vector, 416 

which consists of the chicken -actin promoter, is extremely powerful and can dramatically 417 

increase the electroporation efficiency. (2) The number of starting donor embryos. It is 418 

important to make sure that a large number (12−16) of embryos of the same stage are 419 

electroporated. This number can be increased, if more experimenters are performing embryo 420 

dissections and sectioning together, as it important that embryonic cortical slices are obtained, 421 

electroporated and transferred to the incubator as soon as possible. (3) It is important to make 422 

sure that a great number of cells are injected in each pup to ensure a high chance of 423 

transplanted cell survival until mature stages. In addition, this will dramatically improve the 424 

likelihood of successful transplants since low density cell preparations will result in uneven 425 

mixing of the cells with the medium, which will produce significant variability in the 426 

transplanted brains15. 427 

 428 

The protocol described here was tailored for investigating the role of activity in regulating CI 429 

survival in a cell-autonomous manner. The P14−P17 time window for performing the CNO 430 

injections was specifically chosen according to published data, which show that the peak of 431 

transplanted CI progenitors’ cell death occurs during this period16. Therefore, this time frame or 432 

the frequency of CNO injections might not hold true for other cell types or brain regions, and 433 

the investigator should adjust these parameters according to the specific experimental 434 

purposes. Finally, the methodology described here for the intracranial injections of CIs is only 435 

feasible for P0−P5 pups (depending also on the mouse line background). In principle, any 436 

injections over P5 will require thinning or removing of the skull15. 437 

 438 



   

One of the key advantages of this protocol is the ability to use new genetically encoded tools to 439 

visualize or manipulate the activity of CIs during different stages of differentiation as they 440 

integrate into a developing network. With the pace of discovery of new genetically encoded 441 

voltage and calcium sensors, as well as new chemogenetic and optogenetic tools, this protocol 442 

allows researchers to use them within weeks of release into plasmid repositories, such as 443 

Addgene. 444 

 445 
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MEDIA

KREBS Chemicals Concetration

10x KREBS (stock)

500 mL NaCl 1.26 M

KCl 25 mM

NaH2PO4 12 mM

MgCl2 12 mM

CaCl2 21 mM

dH2O (sterile) 500 mL

1x KREBS

500 mL 10x KREBS 50 mL

Glucose 0.99 gr

NaHCO3 1.05 gr

dH2O (sterile) 450 mL

MEM

50 mL MEM with glutamine 43.5 mL

FCS (Fetal Bovine Serum) 5 mL

25% Glucose in dH2O (sterile) 1 mL

100x Penicillin/Streptomycin (Pen/Strep) 0.5 mL

Neuron Basic Medium

50 mL Neuron Basic Medium 47 mL

B-27 supplement 1 mL

25% Glucose in dH2O (sterile) 1 mL

100x Pen/Strep 0.5 mL

100x Glutamine 0.5 mL
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Name of Material/ Equipment Company

Medium/Supplements

B-27

GIBCO (ThermoFisher 

Scientific)

DMEM/F12 

GIBCO (ThermoFisher 

Scientific)

DNAse SIGMA

FBS

GIBCO (ThermoFisher 

Scientific)

100x Glutamine

GIBCO (ThermoFisher 

Scientific)

L15

GIBCO (ThermoFisher 

Scientific)

MEM alpha, GlutaMAX

GIBCO (ThermoFisher 

Scientific)

Neurobasal medium

GIBCO (ThermoFisher 

Scientific)

100x P/S

GIBCO (ThermoFisher 

Scientific)

Equipment

Electroporator BTX

Injector for acute slice electroporation Eppendorf

Injector for cell transplantation (I) Visual Sonics

Injector for cell transplantation (II) WPI

Magnetic Stand WPI

Kite Manual Micromanipulator WPI

Platinum Elecrode (I) Protech International Inc.

Platinum Elecrode (II) Protech International Inc.

Steel Base Plate WPI

Vibratome Leica
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Other Material

Glass capillaries for electroporation VWR

Glass capillaries for cell transplantation Visual Sonics

Nuclepore 8 µm whatman membrane SLS

Organ tissue culture dishes BD Biosciences (Falcon)



Catalog Number Comments/Description

175040-044

21331-020

DN15-100MG

10270-098

35050-061

11415-049

32561-029

21103-049 Neuron basic medium

15140-122

ECM 830 generator

FemtoJet Microinjector

Vevo Injector System

NANOLITER2010

M10L Magnetic Stand

KITE-M3-R

CUY-700-1

CUY-700-2

5479

VT1200S



1B100-4

provided by  Visual Sonics

110414

353037



Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);JoVE_Denaxa_Author_License.pdf

https://www.editorialmanager.com/jove/download.aspx?id=992609&guid=55c3adaa-2c65-4349-8636-0b3f81bfbcd9&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=992609&guid=55c3adaa-2c65-4349-8636-0b3f81bfbcd9&scheme=1






We would like to thank the reviewers for their comments. Below we answer the minor points raised 
(reviewers’ comments are printed in italics). Changes to the manuscript main text, included the ones 
indicated by the JoVE editorial team, are now marked in red type for clarity. 
 
Reviewer #2: 
 
More details needed on sterile technique: use of 70% ethanol, how do they sterilize their tools, which 
steps were performed in a biosafety cabinet, how the surgical procedure was kept asceptic. 
 
We provide these details in the following paragraphs/lines of the manuscript: 
Paragraph 2, Preparation of mouse embryo cortical slices: 2.1, 2.2, Lines: 98-101 
Paragraph 5, Intracranial injections: Note 1, Lines: 213-216 
 
More detail on the agarose columns. What is the diameter? What is the length? How are they 
handled given their small size? 
 
We provide this information:  
Paragraph 3: Acute brain slice electroporation: 3.2, 3.7, Lines: 145-148, 171 
 
More detail required to define which telencephalic slices are deemed suitable for electroporation. 
What were the criteria used by the authors? A photograph or diagram would be very helpful here. 
 
To address this comment, we added a new figure, Figure 1. 
 
Figures in general need more annotations: For instance, in 2C, explicitly state that this is GFP on the 
figure itself. This needs to be done throughout. 
 
We added more annotations in all our figures. 
 
Figure 2, A: the resolution is too low to appreciate the localization of the electroplated cells. Is that 
CGE? E14.5? 
 
We have added the appropriate annotation on the figure and provided the required information in 
the figure legend. 
 
Figure 3E: Absence of error bars. Also, x axis label is very difficult to understand. Please consider re-
labelling with something clearer. 
 
We have made the suggested changes and provided the missing information by adding more 
samples in our quantification. 
 
Since the authors highlight the importance of the DNA quality, they should suggest a protocol or a 
commercial kit to achieve it. 
 
We provided this information in Discussion, Line: 351. 
 
What does they mean by "the identity of the plasmid itself can also affect the electroporation 
efficiency". Is it simply the size of the hM3D(Gq) CDS? The length of the plasmid is an important 
factor for the efficiency. 
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It is true that the size of a construct is important for the efficiency of the electroporation, the bigger 
the size of the construct the less the efficiency. Nevertheless, we believe that this is not what is 
happening in our case, since the pCAGGs-hM3D(Gq)-IRES-RFP construct is not very long. We really 
have no explanation about the fact that only 50% of our GFP electroporated population also express 
hM3D(Gq)-IRES-RFP. We wanted to make this note, but we understand that it might be confusing, 
therefore we have removed this comment from our discussion. 
 
- Is it a typo for the Glass capillaries for electroporation WVWR, should it be VWR? 
 
We have corrected the typo. 
 
JoVE comments 
 
We have made all changes suggested by the JoVE editorial team. 
 
Concerning the scale bars of the images, these are indicated for different images only. If the image is 
the same but shows a different fluorescent channel we don’t have a scale bar. Sufficient explanation 
is provided in each figure legend. 
 
Concerning the copyright permission to reuse any figures from our previous publication: 
“Modulation of Apoptosis Controls Inhibitory Interneuron Number in the Cortex. Cell Reports 22 (7), 
1710-1721, Denaxa et al., 2018”, we provide the following statement from Cell Reports: 
 

Creative Commons Attribution License (CC BY) 

This article is available under the terms of the Creative Commons Attribution License (CC BY).  

You may copy and distribute the article, create extracts, abstracts and new works from the article, 

alter and revise the article, text or data mine the article and otherwise reuse the article 

commercially (including reuse and/or resale of the article) without permission from Elsevier. You 

must give appropriate credit to the original work, together with a link to the formal publication 

through the relevant DOI and a link to the Creative Commons user license above.  

You must indicate if any changes are made but not in any way that suggests the licensor endorses 
you or your use of the work.  
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