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Understanding the mechanisms guiding interneuron develapent is a central aspect
of the current research on cortical/hippocampal internewns, which is highly relevant
to brain function and pathology. In this methodological stdy we have addressed
the setup of protocols for the reproducible culture of dissciated cells from murine
medial ganglionic eminences (MGES), to provide a culture stem for the analysis of
interneuronsin vitro. This study includes the detailed protocols for the prepargon of

the dissociated cells, and for their culture on optimal subsates for cell migration or
differentiation. These cultures enriched in interneuronmay allow the investigation of
the migratory behavior of interneuron precursors and theidifferentiationin vitro, up

to the formation of morphologically identi able GABAergicsynapses. Live imaging of
MGE-derived cells plated on proper substrates shows that by are useful to study
the migratory behavior of the precursors, as well as the behaor of growth cones

during the development of neurites. Most MGE-derived preasors develop into polarized
GABAergic interneurons as determined by axonal, dendritiand GABAergic markers.
We present also a comparison of cells from WT and mutant mice aa proof of principle for
the use of these cultures for the analysis of the migration ahdifferentiation of GABAergic
cells with different genetic backgrounds. The culture enched in interneurons described
here represents a useful experimental system to examine in latively easy and fast
way the morpho-functional properties of these cells under pysiological or pathological
conditions, providing a powerful tool to complement the stdies in vivo.

Keywords: GABAergic interneurons, medial ganglionic eminen ces, neurites, growth cones, Rac GTPases

INTRODUCTION

The g-aminobutyric acid (GABA)-ergic interneurons are modwded of brain function essential
to keep the balance between excitation and inhibitiGre(man and Marin, 20)0If these cells or
their functions are altered during development, the balais@ected, and this may cause various
cognitive and neurological diseases such as schizophrgpilapsy, and hyperactivity disorders
(Kitamura et al., 2002; Lewis et al., 2005; Orekhova et &l7,,2Gwrence et al., 2010; Brooks-Kayal,
2011; Sebe and Baraban, 2011; Won et al.,)2@ABAergic interneurons represent about 20%
of cortical/hippocampal neurons. Most cortical and hippocampalB2&rgic cells originate from
ganglionic eminences, transitory embryonic structurethefventral telencephalonv\(onders and
Anderson, 2006 The medial ganglionic eminence (MGE) is one of these regthat gives rise to
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important classes of cortical and hippocampal GABAergic cells Although some studies have used MGE explants or short-term
(Tricoire et al., 2011; Wamsley and Fishell, 201aterneurons cultures of MGE-derived cells to address the role of di erent
born in the MGE subsequently migrate tangentially alongextracellular cues and their receptors in the migration and
the marginal zone, the subventricular zone, and the subplatelevelopment of interneuronsPzas and Ibanez, 2005; Cobos
Switching from tangential to radial migration, they reachda et al., 2007; Zimmer et al., 2008; Rudolph et al., 2010; Li
populate di erent layers within the cortex and the hippocampuset al., 2012; Villar-Cervifio et al., 201 %etailed protocols and
(Guo and Anton, 201} In their migration interneuron optimization of conditions to obtain longer term culturesy o
precursors are guided to reach their nal destination byto transfect these cells are not available. The methodsttp se
extracellular cues including motogenic factors and newaphins  cultures of MGE—derived interneurons described here maynall
(Hernandez-Miranda et al., 20).00nce they have reached their the morpho-functional analysis of GABAergic celisvitro, and

nal destination, they make synaptic connections with eatiry  the exploration of the machinery underlying their developrhen
and other inhibitory neurons. The di erentiation and matwian  and function.

of interneurons therefore involve sequential processdsidtiieg The detailed procedures described in this methodological
migration, the outgrowth, and branching of axons and detekj study have been optimized to speci cally culture MGE-derived
and nally the formation of inhibitory synapses. cells. The study includes the de nition of the conditions

We have recently set up an vitro system highly enriched for interneuron cultures by using the optimized combination
in interneurons obtained by dissociated MGEs isolated fronmof specic substrates and BDNF, and the practical detailed
E14.5 mice. The di erentiation of the dissociated MGE-dedive indication of the protocols needed to obtain viable cultures
precursors is evident already after 6 daysvitro (DIV6). By  The study also includes the description of cultures on digtinc
DIV6 virtually all the MGE-derived precursors develop into speci ¢ substrates adapt to investigate either the migration
neurons positive for the neuronal markers TuJ1, MAP2, andhe maturation of interneurons, and shows the development
Taul, and 70% of these cells are already positive for GABA. Thof di erent types of GABAergic cellsn vitro, as de ned by
in vitro system has been recently successfully utilized for thine use of markers specic for distinct interneuron subtypes.
morphological analysis of the di erentiation, neuritogeieand We have identi ed the procedures that allow to reproducibly
synapse formation in GABAergic celfsvitro, in the context of obtain longer-term interneuron cultures, which are relav#&o
the study of the implication of Rac proteins and an associatethe study of later events in interneuron development, such as
protein network in these processes, by evaluating e ects afynaptogenesis and synaptic function. Moreover, we have setup
silencing and of mutant overexpression on various parameterand described in details the conditions for proper transfatif
including neuritic length and branching, the morphology and the cultured MGE-derived cells. This is an important aspect of the
dynamics of growth cones, and the subcellular distributibthe  study, since we found that the application of previously reported
endogenous proteins under studyrénchi et al., 2016 transfection procedures were inappropriate for the transéercti

Here we describe in details the protocols set up taf MGE-derived cells, due to either insu cient transfection
reproducibly obtain cultures of MGE-derived cells, by present e ciency, or to the heavy loss of cells following the trandfen
the optimization of these cultures in terms of substrate andgrocedures that are in use with other types of cells and neurons.
conditions for the transfection of plasmids.

We have organized this methodological study in di erent MATERIALS AND METHODS

sections within the Results and Discussion. For each section

we rst describe and discuss the issues addressed during the iis section are listed reagents and solutions, and desdr
setup of the method, and th_e_n describe the _deta|leq r]al'zecé)asic techniques, while the development and description ef th
protocol. Reagents, compositions of the main solutions, anfetajled protocols speci ¢ for the preparation and use of MGE-

general methods are included in Materials and MethodSye jyed cultures are described at the end of each sectioheof t
The results include the description of the setup of theResults and Discussion

mouse MGE—derived cultures: dissociation of MGE-derived
cells, plating aqd optlmlzatlpn of the exFra_ceIIuIar substgat Reagents and Solutions
for morpho-funtional analysis of di erentiation and for cell . . -

Lo o . All solutions are prepared with double distilled (dd) water.rii¢e
migration; characterization of the MGE-derived cultures, . . .
. - . . o materials are used for dissections and cell cultures.
including methods for immunochemical analysis; examples
of the use of the MGE—derived dissociated cell cultures for 69% nitric acid (VWR, highly corrosive, to be used under a
the analysis of the dierentiation and migration of a strain  fume hood; avoid pouring/mixing with water).
of KO mice; eects of BDNF; setup of the transfection— round 13 mm diameter glass coverslips (Zeus super).
protocol. — 10 cm petri dishes, Sterilin (Thermo Scienti c).
— Poly-L-lysine (PLL, Sigma, P2636). Prepare a stock solation
— — _ _ _ 1 mg/mlin 0.1 M borate bu er pH 8.5; lter solution with a
Abbreviations: DAPI, 4°6-Diamidine-2-phenylindole dihydrochloride; dd, syringe through a 0.8m pore lter; aliquot and store the stock

double distilled; DIV, daysn vitro; ECM, extracellular matrix; FN, bronectin; solutionat 20 C. Thaw each aliquot two times. then discard
GABA, g-aminobutyric acid; GAD, glutamic acid decarboxylase; HBSS, slank ' q ! '

Balanced Salt Solution; LN, laminin-1; MGEs, medial ganglionic enties; PLL, — PBS; PBS with C&© (ImM) and Mgzc (0.5mM).
poly-L-lysine; RT, room temperature. — TBS: 150 mM NaCl, 20 mM Tris-HCI pH 7.5.
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— Laminin-1 (LN) stock (mg/ml range concentration) in (Abcam), anti-FLAG IgGl (Sigma), anti-GAD67 IgG2a
100 mM MOPS, 80mM Cagl| stored in 25m aliquots at (Chemicon Millipore), anti-Gephyrin IgG1 (Synaptic Systems),
80 C. Thaw each aliquot two times, then discard. anti-GIT/PKL (BD Bioscience); anti-MAP2 IgG1l (Sigma);
— 1M HEPES bu er solution (Life Technologies, 15630-056). anti-NeuN IgG1 (Millipore), anti-Taul IgG2a (Chemicon
— HBSS/HEPES: 100 ml Hanks' Balanced Salt Solution (HBS@illipore), anti-tubulin (Sigma); anti-TuJ1 IgG2a (Covance);
Life Technologies, cod. 14175-137) supplemented with 1 ml dhe rat mAb anti-somatostatin (Millipore); the rabbit pAbs

1M HEPES (10 mM nal). anti-calbindin (Swant), anti-FLAG (Sigma), anti-GABA{8ia);
— Leibovitz's L-15 medium (Life Technologies, 21083-027).  anti-GFP (Molecular Probe, Invitrogen), anti-HA (BioLegbn
— Neurobasal Medium (Life Technologies, 21103-049). anti-HA (BABCO), anti-liprin-al (ProteinTech), anti-MAP2

— 10 mg/ml DNase (Calbiochem, DN25) stock solution, storedSanta Cruz), anti-parvalbumin (Swant), atRIX si255 Paris
at 20 Cin 300m aliquots; can be thawed several times. et al.,, 2003; Za et al.,, 20Q0€nti-Rac3 (Proteintech), anti-

— 2.5% trypsin solution (Gibco, 15090-046) to be stored im0 VGAT (Synaptic Systems), anti-neuronal nitric oxide syrsha
aliquots at 20 C; discard excess after thawing. (Millipore), anti-calretinin (Millipore); chicken pAb anti-GFP

— 10mg/ml BDNF (PeproTech, 450-02) in PBS, 0.1% BSA; stor@bcam); goat pAbs anti-GIT1 (Santa Cruz), anti-PAKBAK
20ml aliquots at 80 C; freeze and thaw twice, then discard. (Santa Cruz), anti-parvalbumin (Swant).

— 4%6-Diamidine-2-phenylindole dihydrochloride (DAPI, from Secondary antibodies for immuno uorescence are Alexa

Sigma). Fluor  A488/568/647-conjugated antibodies (Invitrogen)
. including: donkey anti-goat IgG; donkey anti-rabbit IgGarikey
Culture Media anti-rat 1gG; goat anti-rabbit IgG; goat anti-chicken IgGoat

— Maintenance medium: to 50ml of Neurobasal mediumanti-mouse IgG; goat anti-mouse IgG1; goat anti-mouse G2
(Life Technologies, 21103-049) add 1ml B-27 supplementRr|TC-conjugated phalloidin (Sigma).
(Life Technologies, 17504044) and 0.5ml GlutaMAX (Life Secondary antibodies used for immunoblotting include
Technologies, 35050-061). donkey anti-rabbit IgG HRP-conjugated (GE Healthcare)eghe
— Plating medium: to 22.5ml of Neurobasal medium (Lifeanti-mouse IgG HRP-conjugated (GE Healthcare); rabbit-anti
Technologies, 21103-049) add 2.5ml fetal bovine serugjoat igG HRP-conjugated (Southern Biotech).
(10% nal; Gibco/Invitrogen, 10270), 0.5 ml B-27 Supplement
(Life Technologies, 17504-044), 0.25ml GlutaMAX (Lifqmaging and Migration Assays
Technologies, 35050-061). For the analysis of random migration, dissociated MGE-
derived cells were plated on Matrigel-coated coverslips,(000

Animals . . cells/well), and analyzed for migration at DIV2. During ineag
The MGE-derived cultures were obtained from C57BL/6J (WT)acquisition, cells were maintained at &in a CO-controlled

or from Rac3KO mice Corbetta et al,, 2005, 20DAll animal hamber, and time-lapse images were acquired at a Zeiss Aixiove

phrocsedur;s Welrespe.rfor.meld n accgrdfarl}ce Wlﬂﬂ the lA(.:':C 95100 microscope equipped with 20x lens. Cell tracking on images
the San Ra aele Scientl ¢ Institute, in full complance withet was performed with the Manual Tracking plugin of ImageJ.

national regulations (D.L. n 116, G.U. suppl. 40, 1992 Februarﬁéandomly chosen well-isolated cells were tracked for 149Gt

18, circular Nr. 8, G.U., 1994 July 14) and with the internaéibn .. : o ;
time points (about 9—min intervals). The analysis was perfatme
agreements in force (EEC Council directive 86/609, OJ L 1358,With tFr)le Chémotaxis Tool plugin 02 ImageJ y P

DEC 12, 1987; NIH Guide for the Care and use of Laboratory For high resolution time-lapse imaging, cells were maintdine

Animals, U.S. National Research Council, 1996). at 37 C in a CO—controlled chamber, and images acquired at

Cell Lines the indicated intervals at a confocal Leica SP8 using a 834

COS-7 cells were cultured in Dulbecco's Modied Ea\gleg\l'A‘FOII m;]mersmn pb]ept|ve.f h . ¢ | and
Medium containing 4.5 g/l glucose, 10% FetalClone I“GAB(?Ar\t e quar'ltl cat_lon of the expression o n(iurona Ian
(Euroclone). NIH-3T3 and Hela cells were cultured in ergic markers, Immuno uorescence images from culture

Dulbecco's Modi ed Eagle's Medium containing glucose 4.5 g/IWith WT and Rac3KO MGEs at di erent DIVs were acquired

10% fetal bovine serum (Euroclone). MDA-231 cells were gTIOWtat a Zeiss microscope with 20x lens, and analyzed with ImageJ.

in Dulbecco's Modi ed Eagle's Medium:F12 at 1:1 with 10% fetagOr each image, the background signal was subtracted @ivgu
bovine serum ackground from negative controls from coverslips treateith w

secondary antibodies only).

Plasmids .

Plasmids pEGFP-N1 and RFP-LifeAct are from ClontechoNOll Analysis

Laboratories. The pSUPER.neo—GFP plasmid (VEC-PBS-0008)" Sholl analysis images are acquired on an upright Zeiss
used as vector system for the expression of the control shoMicroscope with a 20x NA 0.50 objective and analyzed using

interfering RNA shLuc was as describédgnchi et al., 2016 the public domain NIH Image software ImageJ. Transfected
_ ) GABAergic interneurons identi ed by GFP staining are ol
Antibodies by a mask consisting of 11 concentric circles of gradually

The primary antibodies used for immuno uorescence orincreasing radius (from 20 to 12im), centered at the centroid
immunoblotting include the mouse mAbs anti-ERC1 IgG2aof the cell body, drawn with the dedicated ImageJ plugin. The
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number of intersections between the rings and the neurites i- Transfer the head to a 6 cm dish with 4 ml of L-15 medium;

scored manually. Only neurites with a length of at leasinfidare move the dish under a stereomicroscope and work at room
considered. Data are analyzed by the Studestést. Di erences temperature (RT)Kigure 1A); remove the layers surrounding
were considered signi cant fgu< 0.05. the brain tissue avoiding to damage the brain structures

(Figure 1B. The two MGEs lie under the two cerebral
Immunochemical Analysis hemispheresHigure 10.

Cell lines, E14.5 mouse MGEs, and MGE-derived cultures Hold the brain by the pons with tweezers, to manipulate more
were lysed with 0.5% Triton X-100, 150mM NaCl, 20mM easily the tissue during the dissection.

Tris-HCI pH 7.5; 2mM MgC}, 1 mM sodium orthovanadate, — Using a second pair of tweezers:

10mM sodium uoride and anti-proteases (1x Complete,
Roche). Lysates were claried by centrifugation, and protein
concentration was determined through the Bradford protein
assay (BIO-RAD Laboratories). Lysates were subjected & SD
PAGE on acrylamide gels and used for immunoblotting. Primary
antibodies were detected with HRP-conjugated secondary
antibodies and revealed by ECL (Amersham Biosciences).

(a) lift and move to the side one of the cerebral hemispheres
(Figure 1B), to expose the underlying GEs. A heart-like
structure with two lobes (including MGE and LGE) will
appear Figure 1D): the MGE is the lobe closer to the
midline between the two hemispherdsdure 1E).

(b) With a microscalpel, make a rst cut along line 1
(Figure 1F line 1).

Statistical Analyses (c) Make a second cut parallel to the rst one, between the
Data are presented as the mearSEM throughout experiments. MGE and the LGEFigure 1F line 2);

All statistical analyses were performed using Excel or Prism (d) then make a third cut perpendicular to the rst two cuts

Di erences were tested using Studentgest;p < 0.05 was (Figure 1F line 3); _

considered signi cant. Statistical signi cance was préedrin (e) ?nd a nal spoon-like cut passing under the MGE
gures and throughout the text in the following mannerp < (Figure 1F, bent arrow), to separate it from the rest of the

0.05; p< 0.01; p< 0.001. cortex Figures 1G-H.

(f) Transfer the isolated MGE to the 3.5 cm dish with 3 ml of
ice-cold HBSS/HEPES.
(g) Repeat steps (a—f) to remove the MGE under the second

RESULTS AND DISCUSSION

Dissection of E14.5 MGEs and hemispherefigure 11).
Optimization of the Culture Conditions of — Use a new 6 cm petri dish with 4 ml of L-15 medium for the
Dissociated Cells dissection of each embryo.

Here we describe the conditions tested and the protocols

to obtain reproducible cultures of developing GABAergicProtocol for the Dissociation and Culture of

interneurons up to the formation of morphologically idengble  MGE-Derived Cells

GABAergic synapses. In this section we rst describe theonditions for the development of cells with neuronal
protocol for the isolation of MGEs from E14.5 mouse embryosmorphology were identied by culturing MGE—derived
then present the detailed protocols required to set up theells on PLL— and LN-coated substrates. Here below
cultures on coverslips for morphological and functional as&dy we describe the detailed protocol to obtain reproducible
or on tissue plastic for biochemical analysis; and nally wecyltures.

describe the conditions tested to optimize the culture of

MGE-derived dissociated cells by using di erent extracetlula

substrates. Preparation of glass coverslips

— 13 mm round glass coverslips are loaded in porcelain racks.
Protocol for the Dissection of the MGEs from E14.5 — Place racks in a glass container.
Mouse Embryos — Under afume hood, pour 69% nitric acid in the glass container

— Prepare: two 10cm diameter cell culture dishes with 15 by using a pipettor with 25 ml glass pipette, until the racks with
ml/dish of HBSS/HEPES to collect the embryos (in the rst coverslips are fully covered.
dish), and the heads (in the second dish; see below); 6 cm Cover the container with a glass cover and leave overnight
dishes (one per head dissection) with 4 ml of L-15 medium under the fume hood on.
for the dissections; a 3.5cm dish with 3ml of HBSS/HEPES The next morning lift the racks with tweezers, and immerse

to collect the MGEs. them into a glass container already lled with dd water
— All steps, with the exception of dissection itself, are penied (caution: do not pour water on the racks wet with nitric acid,
onice. it may cause explosion).

— Extract the embryos from the placenta and rinse them in the- Continue the washings by using a total of 2 It of dd water:

rst of the two 10 cm cell culture dishes with HBSS/HEPES on about 10 washes of 200 ml water, 40 min per wash.

ice. Then transfer the embryos to the second 10 cm dish with The nitric acid left in the rst glass container can be used for

HBSS/HEPES onice. a second round of coverslips up to the next day, otherwise
Separate the head from the rest of one embryo with tweezers. discard it properly.
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right

hemisphere

FIGURE 1 | Dissection of MGEs from E14.5 mouse embryos(A) View from the top of a E14.5 head.(B) View from the top of a E14.5 brain,(C) Scheme of a coronal
hemisection of E14.5 mouse brain showing the lateral ganglhic eminence (LGE) and medial ganglionic eminence (MGE)POdorsal pallium; LP, lateral pallium; MP,
medial pallium.(D—F) The same image is represented to remark different aspects deribed in the main text:(D) MGE exposed after lifting and moving aside the left
cortical hemisphere;(E) Heart-like subcortical structure including MGE and LGEF) dotted lines 1 to 3 indicate in order the cuts made with the micoscalpel to isolate
the MGE; the bent arrow indicates the side for the last cut{(G) Brain as in(D-F) after removal of the MGE. The area where the MGE was presentisdicated by the
asterisk. (H) Isolated MGE.(l) Same brain as in(G) after lifting on the side the right cortical hemisphere to gose the second MGE.

— After the last wash, the coverslips are transferred to an gmpt- The morning of the dissection coverslips are transferred
2 It beaker and dried for 2 h on a hot plate (do not heat above to 10cm Sterilin petri dish (up to 12 coverslips of 13mm

150 C), or overnight at RT. diameter per petri dish). This type of dishes favors the
— Coverslips are stored in a 10 cm glass petri dish, and s&tiliz  washing of coverslips by surface tension of the liquid on the
inan oven at 180C. coverslips, avoiding dispersion of solutions that may cause
uneven treatment and drying of the surface of the coverslips.
Coating of glass coverlips with PLL and LN — Prepare 206g/ml PLL (100m/coverslip, by diluting 1:5in dd

Coating of coverlips with PLL and LN, which is the best sulistra ~ water the 1 mg/ml stock of PLL).

identi ed by us to culture dissociated mouse E14.5 MGE—dativ — Place 100r of PLL on each coverslip, paying attention to
cells, as described in details in the next section. Importente: cover the whole surface; incubate the coverslips in the petri
a particular care has to be placed to avoid that coverslips dry with the lid for 2hin a 37C incubator.

after coating with PLL and LN. For this, removal of solutions— Remove the PLL by aspiration with a P1000 pipette; wash
has to be made rapidly before addition of the next solutionisTh ~ each coverslip for 5min with 301 of PBS; pay attention

is important to avoid that proteins like LN lose their biologica to distribute the PBS over the whole surface, avoiding
activity. over owing of the solution out of the coverslips.
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with TBS, in preparation of the coating with LN prepared in—
MOPS/Cadl. If the LN stock is in a bu er without calcium,
PBS instead of TBS can be used for the second wash.
Prepare a humidied chamber by using a 15cm plastic
petri dish with wet absorbent paper coated by para Im, and
sterilized by leaving it overnight under UV light in a laminar
ow hood.

Place 30n drops of 20mg/ml LN (stock diluted with TBS) on
the sterilized para Im in the humidi ed chamber.

Draw the washing solution from the coverslips with a P1000
pipette; use a vacuum set for suction prepared under the
laminar ow hood to remove excess liquid from coverslips (to
avoid dilution of the LN solution).

After removing the excess washing bu er, place each copersli
upside down on one of the 301 drops of 20mg/ml LN on
paralm in the humidi ed chamber and cover with the lid;
incubate for 2 h in 37C incubator.

By using a P200 pipette, gently inject 28@f PBS under each
coverslip to lift them, and move them back with tweezers to-
the Sterilin petri dish; wash each coverslip 3 times for 5min-
each with 300r/coverslip of PBS.

Remove the PBS with a P1000 pipette after each wash.

At the end of the last wash, aspirate the liquid by vacuum
under the laminar ow hood from the uncoated side of each

Remove the PBS with a P1000 pipette; wash once for 5 mBissociation of cells from isolated MGEs

Under a laminar ow hood, collect the MGEs from the 3.5cm
dish with 3ml of ice-cold HBSS/HEPES (see Protocol for
the Dissection of the MGEs from E14.5 Mouse Embryos
Above) with a pipettor and a 2ml stripette, by aspirating
them with the smallest possible liquid volume, and transfer
them to a 15 ml sterile Falcon plastic tube (BD Biosciences).
It is important to keep the MGEs concentrated within the tip
of the stripette, since they tend to stick to its wall, making
their recovery very di cult if not impossible when they stick
away from the tip. Then transfer the remaining HBSS/HEPES
from the dish to the 15ml falcon tube to a nal volume
of 3ml.

Add to the 3ml MGE suspension, 3@ of 10 mg/ml DNase
(200mg/ml nal), and 60m of 2.5% trypsin (0.05% nal).
Incubate 15 min in 37C incubator, with the 15 ml Falcon tube
standing.

The enzymatic digestion is stopped by adding 5ml of warm
plating medium.

Centrifuge for 5min at 90 g, RT.

Aspirate the supernatant with a 5 ml pipette; add 2 ml (for cells
from 6-12 MGEs) or 3 ml (for cells from more than 12 MGES)
of maintenance medium; mechanically dissociate the tissue
with 20 passages (i.e., 10 times up and down) through a P1000
pipette tip; resuspend gently, without friction against theaub

coverslip, while using a P200 pipette to gently remove excesswall; continue by resuspending with 12 passages (i.e., 6 times

liquid from the edge of the coated side of each coverslip,
so that most liquid is removed from the coverslips, but
avoiding drying of the coated surface. This is important

up and down) with a pipettor with a 2 ml stripette carrying
a pipette yellow tip at the end, with moderate friction during
pipetting, obtained by placing the yellow tip against the wéll o

for two reasons: on one side the procedure avoids loss of the 15 ml tube without pressing.

biological activity by the coating molecules that may be-
induced by drying the coated surface; on the other side
careful removal of excess bu er avoids small variations in
the composition of the culture medium that may a ect the
cultures.

Move each coverslip to a well with 30@ of maintenance
medium in a 24-well dish. Leave the plate in the G7
incubator until cell plating.

Coating of glass coverslips with matrigel

Count the cells: mix 8&1 of maintenance medium with 161

of cell suspension and 1@ of Trypan Blue; put 10n of this

mix on each of two sides of a Neubauer chamber to count cells.
As an indicative example, from a dissection from 2 pregnant
mice with a total of 11 E14.5 embryos and the collection of
22 MGEs, 7.2 1P cells resuspended in 3 ml of maintenance
medium were obtained. On average, we calculated that
approximately 400,000 cells per MGE can be obtained after
dissociation with trypsin. These cells can be used for morpho-
functional or biochemical analysis, as detailed in the next

Matrigel appears to be the best coating substrate on glass S€ctions.

coverslips to follow migration in DIV2/DIV3 cultures
of dissociated MGE-derived cells.

The development ofell plating

interneurons on Matrigel seems to occur more slowly withPlate cells according to the di erent requirements. For plgtin
respect to PLL/LN. Although at early DIVs Matrigel is not ascells on PLL/LN coated coverslips prepared in 24-well dishes (a
ecient as PLL and LN in promoting neurite outgrowth, we described above):

found that it facilitates long-term cultures compared to Pahd
LN. Interneurons are maintained in culture on Matrigel uhnti
DIV15-DIV20 without BDNF.

for morphological analysis: between 25.000 to 50.000 cells per
coverslip in 800m of maintenance medium.

— for transfection: not less than 100.000 cells per coversBo0

— Place coverslips on 34 drops of 2.5 mg/ml Matrigel diluted

ml of maintenance medium.

in L15 medium, on sterilized para Im (by UV o.n.) inahumid — for biochemistry: typically 1.5-3 10° dissociated MGE—

chamber.

— After 1.5h at RT coverslips are lifted by adding L15 medium,
and transferred to a 24-well plate with 369 of maintenance
medium/well.

— Wait for at least 1 h to hydrate before adding the cells.

derived cells (obtained from about 4-7 E14.5 MGESs) are plated
in each 3.5cm diameter dish with a total of 1.5 — 2.5ml of
maintenance medium per dish. Dishes can be coated with
100mg/ml PLL for 2 h and then washed twice for 5 min each
with PBS before adding the cells.
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Cultures PLL alone. Analysis at DIV3~gure 2B) showed that cells plated
When required (see next sections), add BDNF at DIV1 followingon PLL and LN developed a more extended neuritic network
this procedure: compared to cells on Matrigel or on PLL alone, where cells tdnde

to form large clusters. Time-lapse imaging on DIV5 cultures
showed motility of both cells and growth cones on PLL and
LN, both contributing to the formation of the neuritic neunal
network (Figure 20).

Since cells on Matrigel appeared more motile (not shown),
we next tested some combinations of Matrigel with or without
PLL to optimize the substrate for the analysis of MGE-derived
cell migration fFigure 2D). Although the presence of PLL with
a higher concentration of Matrigel (2.5 mg/ml) appeared to
improve early adhesion of cells at DIV1 compared to DIV1 cells
on Matrigel alone, no obvious di erences were detectablelsD
and DIV3. On the other hand, decreasing the concentration
For cultures prepared in 3.5 cm diameter dishes to be used forz. Matrlzggl %25 fmg/ml:l))lvczallgT\(?g mgga;eq C;” aillggrtlegagon
biochemical analysis, at DIV1 remove 1.75ml of the 2.5m igure 2D). There ore, ~aerived cetls plate .

. . . on 2.5 mg/ml Matrigel can be useful for the analysis of their
of medium from each dish, dilute BDNF to 100ng/ml of motility (Figure 2B, while plating on PLL and LN represents
conditioned medium, and add back 0.75ml of conditioned y

medium with BDNF to each dish, to a nal volume of 1.5 ml of tnheeur?[%tlgr?tla;;n\?iltt:grzsaezzzgt g;c::s;;rtz)sted for the analysis of
medium with 50 ng/ml BDNF. 9 '

Remove 60@1 of medium, leaving 20&n1 of medium in each
well of the 24-well plate.

Pool the aliquots of medium from di erent wells in a 15ml
sterile Falcon tube.

Dilute the stock of BDNF (16g/ml) in the collected
conditioned medium, to a nal concentration of 100 ng/ml.
It is important to avoid substituting the old medium with
fresh non-conditioned medium, since this may remove fagtor
secreted by interneurons that are important for their long-
term survival.

Add to each well 2081 of medium with BDNF, to have a nal
volume of 400m of medium with 50 ng/m| BDNF.

Morphological and Biochemical Analysis of

Optimization of the Extracellular Substrates for MGE—Derived Cultures

Culturing E14.5 MGE—-Derived Cells

Di erent cell types express on their surface distinct sets o
adhesive receptors for di erent extracellular ligands. Teritify
conditions that would allow the adhesion and development o
interneurons with a di erentiated neuritic network, we have

Fissociated MGE-derived cells may be used for either morpho-
unctional analysis, or for immunochemical analysis. Follagyv

re the protocols for immuno uorescence and immunoblotting
ﬁn cultures of dissociated MGE—derived cells, as well as some
examples relative to the use of either approach.

tested a number of common extracellular matrix (ECM) proteins
as substrates for the cultures. Protocol for the Morphological Analysis of

puri ed ECM components at concentrations taken from avai@bl

Tests were performed by coating glass coverslips Witp/IGE—Derived Cells by immuno uorescence
Solutions

rotocols commonly used to culture non-neuronal cells or
p y — PBS; PBS

other types of neurons. The rst set of tests included coating
of coverslips with collagen | (58g/ml), collagen IV (20 and
40mg/ml), bronectin (FN, 2.5mg/ml), or laminin 1 (LN, 20
and 40mg/ml). In addition we tested coatings with PLL (up to _
200mg/ml), PLL and LN (200ng/ml PLL coated with 2ég/ml
laminin-1), or Matrigel™ (1.25 mg/ml), a complex extracellular
matrix that supports growth and di erentiation of di erent cell
types Kleinman and Martin, 2006 Cells were analyzed for
their morphology after 24 h in culture (DIVIigure 2A). MGE-

1.44 M sucrose, aliquots stored a20 C.

— 100mM EGTA, aliquots stored at20 C.

— 500 mM MgCh} stored at 4C.

240mM Na-phosphate buer pH 7.4, prepared as follow:

to 400 ml of 240 mM NaHPO4 add slowly about 100 ml of

240 mM NaHPO4 up to pH 7.4.

— High salt solution: 500 mM NaCl, 20 mM Na-phosphate bu er
pH 7.4.

— Permeabilization bu er 2x; for 3 ml mix:

derived cells did not attach or attached poorly on some subsdra

including collagens | and IV, FN, and LN. On LN cells were 1 ml of goat serum (heat inactivated by 30 min incubation
motile but tended to form aggregates, probably due to poor in 56 C waterbath).
cell-substrate adhesion. 180m 10% (w/v) Triton X-100 ( nal 0.6%).

On 1.25 mg/ml Matrigel MGE-derived cells attached andwere 500 ml of 240mM Na-phosphate buer pH 7.4 (nal
motile; cells often formed clusters with a tendency to dethg 40 mM).
DIV2-DIV3 (not shown). When adhesion to the substrate was 54m of 5M NaCl ( nal 90 mM).
insu cient, MGE—derived cells adhered to each other by a=lt 1266m of dd water.

mediate mechanismsS(pplementary Figure ], as detected by

Goat serum dilution bu er 2x; for 3 ml mix:

an aggregation assay\on et al., 2000

On 200mg/ml PLL interneurons attached well and were 1 ml heat inactivated goat serum.

poorly motile at DIV1. On substrates coated with a combinatio 500 ml of 240mM Na-phosphate buer pH 7.4 (nal
of PLL (200mg/ml) and LN (20mg/ml) MGE-derived cells 40 mM).
attached and spread. At DIV1 cells were more motile that on 54m 5M NacCl ( nal 90 mM).
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Collagen | (50 ug/ml) Collagen IV (20 pg/ml)

Fibronectin (2.5 ug/ml)

DIV1

Poly L Lysine (200 pg/ml) + Laminin (20 ug/ml)

27

FIGURE 2 | Extracellular substrates for MGE—derived culturegA,B) Images from living MGE-derived cells plated on coverslips @ed with the indicated substrates
and cultured for 24 h(A) or 5 days (B). Coatings of coverslips were as follows: Matrigel (1.25 mg/itin L-15 medium, 40 ml/coverslip), bronectin (2.5mg/ml), or
laminin (20mg/ml in TBS) o.n. at 4 C; poly L lysine (200ng/ml) o.n. in 37 C incubator. Collagen | (5ang/ml in 0.02 N acetic acid) or collagen IV (20 or 4éng/ml in

Laminin 1 (20 pg/ml)
9]

Poly L Lysine (200 pg/ml)

Matrigel (1.25 mg/ml) + Laminin (20 pyg/ml)
Y \ pe

Poly L Lysine (200 pg/mi)

?

Poly L Lysine (200 pg/ml)

Poly L Lysine (200 pg/ml) + Laminin (20 pg/mi)

135 189’

(Continued)
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FIGURE 2 | 0.05N HCI) 3h at RT; poly L lysine (20éng/ml) 0.n. in 37 C incubator followed by coating with laminin (20ng/ml in TBS) for 3h at RT. After washing the
coverslips three times with PBS, 30,000 cells per coverslpwere plated. (C) DIV5 MGE-derived cells plated on poly L lysine and laminin; peof the eld in the right
panel of (B) is shown. Cells were imaged by phase contrast with Zeiss Axi@rt S100 microscope equipped with 32x lens. Arrows and arrewheads point to two motile
cells and a growth cone, respectively(D) Test to set up conditions for MGE-derived cell migration. Imges are snapshots from time-lapses of living MGE-derived dis
at DIV1-DIV3 plated on coverslips coated with the indicated sustrates. (E) Time-lapse analysis of MGE—derived cell migration. Covéipgs were coated for 1.5h at RT
with 30 ml of 2.5 mg/ml Matrigel, placed in 24-wells dish and rehydrate for 1 h with 300 ml of maintenance medium (see Experimental Procedures). K0 E14.5
MGE—derived cells were added to each well. At DIV2 migrationas followed by phase contrast with a Zeiss Axiovert S100 mioscope Zeiss microscope with 20x
lens. Images are frames from the time lapse. Arrow and arrowta&l point to two migrating cells. Bars, 50mm.

1446m of dd water.
— Anti-bleaching solution; for 10 ml:

1 ml of 10x PBS (from Gibco or made in the lab).

2ml dd water. coolto 0-4C.

Dissolve with the help of a P1000 pipette 7 mg of phenyt
ethylenediamine (Sigma, P6001) in a darkened 15 ml Falcon
plastic tube.

Add 7 ml glycerol to 20 ml nal volume.

Mix on a rotating wheel in the cold room for 15 min.
Store the solution at 20 C; discard when it turns brown.

— Alternatively, the Dako Fluorescent Mounting Medium
(Dako, Agilent Technologies) can be used. This mounting
medium does not have glycerol and needs to be added
carefully to avoid displacing the cells on coverslips. No@wid

di erences between the two mounting agents have been
observed on the preservation of the neuronal morphology
and on the uorescent signal after immunostaining with the
antibodies that have been tested.

Paraformaldehyde stock solution (16%), to be prepared under
afume hood as follows: add 16 g of paraformaldehyde to 90 mi
of dd water in a beaker; heat to55 C; add 100m of 1N
NaOH to complete the solubilization of paraformaldehyde.
Once the paraformaldehyde is dissolved, neutralize the pH
with 100ml of 1 N HCI, then add 10 ml di 10x PES Cool and
Iter through 0.46mm bottle Iter; make 3 mlaliquots in 15 ml
Falcon plastic tubes and store a0 C.

Fixation of interneurons
To prepare a 4% paraformaldehyde solution for xation, thaw an~
aliquot of 3 ml of 16% paraformaldehyde and add:

1ml of 1.44M sucrose (from stock stored a0 C; nal
120 mM).

360m of 100 mM EGTA (from an aliquot stored at 20 C;
nal 3mM).

48m of 500 mM MgC} (from stock stored at 4C, nal 2 mM).
Bring to 12 ml nal volume with PBS.

Heat the 4% paraformaldehyde at & add to the cells and
continue xation for 15 min at RT. Wash twice with PBSThe
4% paraformaldehyde solution left can be stored & 4nd used
for up to 7 days from preparation.

Immuno uorescence on interneurons plated on PLL and LN

— Remove culture medium from wells by using a P1006-
pipette, then immediately add 1 ml of prewarmed (€) 4%
paraformaldehyde.

Fix 15 min at RT.

Wash delicately twice with PBby using a P1000 pipette to
slowly add solutions along the side of the wells). If necessary
the procedure can be interrupted at this point by storing the
cellsinPBS at4 C.

Prepare a humidi ed chamber as described above. From now
on all procedures are at RT, unless speci ed di erently.

To permeabilize the membranes of the neurons, use tweezers
to remove 13 mm coverslips from the wells, and place them
with cells facing down on 3@n drops of Permeabilization
Bu er (2x Permeabilization Bu er diluted 1:1 with dd water)
placed on para Im in a humidi ed chamber; incubate 4 min at
RT.

Gently inject 200m of PBS under each coverslip to lift them,
and move them back to the wells with tweezers. Wash once
with PBS.

Dilute primary antibodies as required in 1x goat serum
dilution bu er (prepared by dilution of a 2x stock with dd
water); place 3@ drops of diluted antibodies on para Im in
humidi ed chamber.

Remove excess bu er from each 13mm coverslip and put
it with cells facing the drop; incubate overnight atGlin

the humidi ed chamber, or for the required time at RT (as
required for the speci ¢ primary antibodies).

— Transfer coverslips to wells by gently injecting 2680®f PBS

under each coverslip to lift them, and move them back with
tweezers to the wells.

Wash 3 times for 10 min each at RT with 1 ml/well of high salt
solution.

Prepare dilutions of secondary antibodies and uorescent
phalloidin (if required), by diluting uorescent probes in 1x
goat serum dilution bu er; if necessary, for nuclear stamin
dilute in the same solution also DAPI (stock solution diluted
1:500).

— Remove excess bu er from each 13 mm coverslip and put it

with cells facing a 3én drop of diluted uorescent probes in
the humidi ed chamber; incubate 1 h at RT.

Transfer coverslips to wells by gently injecting 200f PBS
under each coverslip to lift them, and move them back with
tweezers to the wells.

Wash once for 10 min with 1 ml high salt solution, then wash
once for 5 min with PBS.

Mount coverslips on glass slides by using Dako Fluorescent
Mounting Medium and let dry for at least 2 h at RT.

If the anti-bleaching solution with glycerol is used, pay
attention not to use the oxidized solution (see preparation
procedure above); with this medium the excess liquid has to
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be removed after mounting the coverslip on the slide, and the to precooled 1.5ml Eppendorf tube. Mix with rotation for
edge of the coverslip heed to be sealed with nail polish. Wait 15min at 4C. Spin 10 min at 18,000,gx at 4 C. Transfer

until sealing is dry. the supernatant in precooled Eppendorf tube. If not used
— Store coverslips at20 C. immediately, the lysates can be frozen quickly and stored at
80 C.

Immuno uorescence on cells plated on matrigel-coated . ) ) .
coverslips Typically, 1.5-3 10° dissociated E14.5 MGE—derived cells

— Immuno uorescence on Matrigel—coated coverslips is eatri @€ plated in each 3.5cm dish. As an example, analysis by
out avoiding to ip the coverslip over the drop of diluted immunoblotting _revealed_ that proteins r_equwed for cell fsmd
antibodies, since this procedure may disrupt the coating geg,rowth cone motility are highly expressed in DIV2 MGE—der.|ved
causing detachment of the Matrigel with cells from the glas<cells compared to a number of di erent non-neuronal cell lines
Instead, 50m of diluted antibodies are gently added on the (Figure 44). The possibility to collect enough cells to perform
coverslip placed on para Im in a humid chamber, with cellsimmunochemistry allows to compare protein expression in cell
facing up. The procedure works well for incubation with cultures with protein expression in isolated intact MGEs from
antibodies for up to 4 h at RT, or for up to 24 h at@. wildtype and kr}ocko'ut miceR’igure 4B), and also to compare

— After removing the antibodies with a yellow tip, cells areCultures from mice with di erent genotypes{gure 4G).
washed by delicately adding 2@® of the required solution MGE-~derived cells cultured on PLL and LN with or without
on each coverslip, and removing them with a yellow tip. BDNF form morphological synapses de ned by juxtaposition of

— Secondary antibodies and following washes are added affi Pre- and postsynaptic markers VGAT and gephyiiigsoe-
removed as the primary antibodies. Pognetto et al., 20)0respectively. Synapses can be observed
— Solutions and number of washings are the same as describdgder these conditions at DIV9-DIVIGHgure 5B. Generally at
for Immuno uorescence on interneurons plated on PLL and LNRter time-points neurons tend to form clusters.
— After the nal wash, excess liquid is removed, and covpssli

are mounted as described for cells on PLL and LN. Deve|opment of Interneurons in Cultures

The development of neurites and the behavior of growth coneMGE~derived cells plated on PLL and LN induce the formation

in dissociated MGE—derived cells on coated coverslips capf neurites that can be followed in time by analyzing cells xed
be followed in living cells, for example at lower resolutiond! €rént DIVs (Franchi et al., 206 Once they have migrated

by time-lapse analysis in phase contrasEiggre 3A te their_ nel destination i_n the cortex end hippocampus, the
Supplementary Movie J, or by higher resolution imaging di erent|at|oe program ef |nterne.u.rons involves the outgrdiv
(Figures 3B,G after transfection of cells with cDNAs for @nd patteming of their dendritic and axonal arbors. The
the expression of uorescently-tagged proteins (see be|o\gevelopment ofd|ssoc_|ated MGE—derived cillgitro re_sultsm
Transfection of MGE-derived cells). Interestingly, the ratgry the polarized expression of the axonal marker Tau in the long

behavior of dissociated MGE—-derived cells preserves tf?@d b.ranch.ed axon, and of MAP2 restricted to the soma and
characteristics observed during the migration of thesdsceld€ndrites Figure 5A). Most cells become GABAergic already by

in vivo, including the nucleokinesis and the splitting of the PIV6/DIV7, as determined by their positivity for GABA and
leading process in branches that can be manipulated to modi he GADG67 isoform of the enzyme glutamic acid decarboxylase

their migratory trajectory Figure 3D; Luxton et al., 2010; Marin GAD) that catalyzes the decarboxylation of glutamate to

etal., 201 GABA, and is di used in the cellKigure 5B). At DIV6 some
cells already show markers for specic subtypes of MGE-

Protocol for the Preparation of Lysates from derived interneurons, as shown for somatostatin. In deveigpi

MGE-Derived Cultures interneurons the presynaptic marker VGAT (vesicular GABA

Solutions transporter) is found concentrated along the longest neyrits

— TBS expected for the accumulation of this transporter during the

— Thaw aliquots of the following stocks stored at20 C: development of the axonal presynaptic terminafsglre 5C).
Complete (cocktail of anti-proteases, from Roche); 1Mn longer term cultures on Matrigel (2.5 mg/ml) a dense
sodium orthovanadate: 1 M sodium uoride: 0.3M PMSF.  heuritic network including Tau-positive axons and MAP2-

— Prepare lysis bu er: 0.5% Triton X-100, 150 mM NaCl, 2 mMmPpositive dendrites is observed, with virtually all cells espieg
MgCl,, 20 mM Tris-HCI pH 7.5, 1 mM sodium orthovanadate, high levels of GABAKigure 5D). Neurons on Matrigel develop

10 mM sodium uoride, 0.3 mM PMSF, 1x Complete. morphological synapses identi ed by the juxtaposition of the
axonal presynaptic marker VGAT and the postsynaptic marker
Procedures gephyrin Figures 5E-G, a major sca old protein of inhibitory
— All procedures are carried out at 0-@. synapses linking postsynaptic receptors including GABAergic
— Place on ice one or more 3.5cm dishes with DIV2 MGE+eceptors to the cytoskeletorifagarajan and Fritschy, 2014
derived cells isolated from E14.5 embryos. Although Matrigel has shown to be a more reliable substrate f

— Remove medium by aspiration, and wash cells twice with TB®ng-term cultures compared to PLL and LN (tested up to 20
After the last wash remove well excess liquid and adan30 DIVs), morphological synapses can be detected also in cultures
lysis bu er. Use precooled scraper to collect lysate and teansf on PLL and LN already by DIV9, suggesting that this substrate
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c t=0 t=5min t=10 min Merge

nucleokinesis

FIGURE 3 | Characterization of MGE—derived cultureg/A) Frames (fromSupplementary Movie 1 ) of live MGE—derived cells (50,000 cells/coverslip) imaged DIV2.
Bar, 25mm. (B) DIV6 MGE-derived cell transfected with GFP-LifeAct. Bar, 28m. (C) Three confocal frames and their color-coded merge from a tir-lapse of growth
(Continued)
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FIGURE 3 | cones from a DIV5 interneuron expressing RFP-LifeAct. Bar0lnm. See alsoSupplementary Movie 1 . (D) Frames from movies of live MGE—derived
cells (50,000 cells/coverslip) imaged at DIV2. In the top sesearrows point to a migrating cell, arrowheads to the tips of banches of the leading edge. Nucleokinesis is
especially evident in the cell shown in the lower panel. Bay20 mm.
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FIGURE 4 | Immunochemical analysis on MGEs and MGE—derived cultureéA) Immunoblotting to compare the expression of endogenous PIX, @, and PAK3
proteins in lysates of DIV2 MGE-derived cells, NIH-3T3, COSRIDA-MB-231, and Hela cells. Each lane was loaded with 100ng of protein lysate. Filters were
incubated with Abs for the indicated antigens(B) Blots for comparison of protein expression in E14.5 MGEs idated from WT or Rac3KO mice (60mg protein lysate
per lane).(C) Blots for comparison of protein expression in DIV3 dissociad cell cultures from E14.5 MGEs isolated from WT or Rac3KO e (50 mg of protein lysate
per lane).

may induce a relatively rapid development of GABAergic cells i100 ng/ml BDNF. Therefore, 50 ng/ml BDNF added at DIV1

culture. is chosen as the standard condition for culturing MGE-
derived cells. Quanti cation shows that both the total exg®n

BDNF Improves the Development of of MAP2-positive and Tau-positive neurites is signi cantly

Neurites in Dissociated MGE—-Derived Cells increased in BDNF-treated cells compared to control untreéate

We observed a certain degree of variability in the survivial ocells Figure 6B). Sholl analysis has been used to quantify
the dissociated cells among di erent preparations, especifity ~ dendritic (MAP2-positive) and axonal (Tau-positive) branchin
transfection (see next sections). The neurotrophin BDNRigor in DIV6 cells immunostained with anti-MAP2 and anti-Tau
derived neurotrophic factor) is known to promote neuritogsige  Abs. Sholl analysis con rmed the increased number of MAP2-
in neocortical interneuronsJin et al., 2003 and cell viability, positive dendrites per cell and Tau-positive axonal branching
neuritic branching, and the development of the GABAergic(Figure 6Q).
phenotype in MGE-derived cultures?¢zas and |bafnez, 2005 We next tested if the described culture system allowed the
We therefore tested the e ects of BDNF on the cultures bydevelopmentin vitro of speci c GABAergic subtypes. For this
quantifying its e ects on neuritic development. BDNF was adide we analyzed MGE-derived cells plated on glass coverslips coated
at 50 ng/ml to DIV1 cultures and kept until xation of cells at with PLL and LN, and cultured with BDNF for di erent times in
DIV6. Qualitative observation of several cultures indézhthat ~ culture. The cultures were analyzed by immuno uorescenite w
BDNF improved the reproducibility of MGE—derived cultures. Abs against neuronal nitric oxide synthase (NNOS), parwvailiou
Moreover, BDNF visibly enhanced the growth of neurites. (PV), and somatostatin (STT), since cortical interneurons
In cultures without BDNF the staining for MAP2 was expressing these markers are expected to originate largety fro
less pronounced, and the staining for Tau showed axons thdie MGE, and with anti-calretinin antibodies that should b
appeared less preserved and developed compared to cultufgterneurons derived from the caudal ganglionic eminences
with BDNF (Figure 6A). Cultures with 50 ng/ml BDNF showed (Wonders and Anderson, 2006; Tricoire et al., 2011; Inan et al
morphologically preserved neurons with stronger MAP2 signal019. We observed a strong speci ¢ signal in these cultures with
and intact, more extended Taul-positive axons. No eviderthe anti-somatostatin Ab, which detected somatostatin-{pesi
dierence could be detected between cultures with 50 ofGABAergic neurons already in DIV@-{gure 7A). Positive cells
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Map2 (green)

Tuj1 (red) + Somatostatin (green) + DAPI (blue) GADG67 (red) + DAPI (blue)

DIV3

C DIV5 F-actin (red) + VGAT (green)

F-actin

E Dbiv20 (Matrigel)

VGAT (green) + Gephyrin (red)

F

DIV9 (PLL +LN)

no BDNF

G DIV10(PLL + LN)  VGAT (green) + Gephyrin (red) + Tuj1 (blue)

+ BDNF

FIGURE 5 | Dissociated MGE—derived cells develop into GABAergic inteeurons. (A) DIV9 cells stained for axonal marker Tau and dendritic marké1AP2. (B,C)
Cells at the indicated DIVs immunostained for different maeks of GABAergic interneurons(D) Left: DIV13 MGE—derived cells cultured on Matrigel were stad for

(Continued)
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FIGURE 5 | Tau and MAP2. Examples of Tau—positive axons (arrows) and NPR-positive dendrites (arrowheads) are shown. Right: DIV1&ells on Matrigel
immunostained for GABA and DAPI(E) DIV20 interneurons on Matrigel immunostained for GABAergjaresynaptic terminals (VGAT) and inhibitory postsynaptic
terminals (gephyrin). Arrows indicate sites of juxtapogin of the two markers. (F,G) DIV9 (F), and DIV10(G) cells cultured on PLL and LN with or without BDNF.
Arrows in (E-G)indicate examples of juxtaposition of VGAT and gephyrin. Ba: 60 mm (A,B); 40 mm (D); 20 mm (C,E,F); 12 nm (G).

were detected also with anti-nNO&igure 7B), while anti-PV ~ with 200mg/ml PLL and 20ng/ml LN. Cells were lipofected
Abs gave quite a high non-speci ¢ background in these cukure at DIV1 and xed at either DIV4 or DIV6 to evaluate
like the anti-CR Ab (not shown). These results indicate thatransfection e ciency. Transfection was evaluated by lmgkat

di erent GABAergic subtypes can develop in these MGE-derivedhe presence and morphology of GFP-positive cells, considering

cultures. the formation of neurites by transfected cells, and evalggttire

. . preservation of the network of non-transfected neurons diete
Set Up of Transfection of MGE-Derived by immunostaining with the mAb TuJ1 recognizing neuronal
Cells tubulin b3 or with anti-MAP2 Abs.

One advantage of using MGE-derived cells is the possibility Transfection of primary neurons is expected to cause loss of
to transfect developing interneurons with plasmids to addrescells, but a good transfection should result in the maintere
the function of endogenous or overexpressed proteins duringf a good neuronal network that is expected to help supporting
the development of GABAergic cells. Various conditions wergeuronal survival and development. Almost no transfectedscell
tested to optimize the protocol for the transfection of disatbed = were detectable at DIV4 in cultures transfected with either
MGE-derived cells. 0.1 mg or 0.2mg DNA and 0.35m transfectant, while some
We tested dierent electroporation programs with an transfected cells with good morphology were found under ¢hes
AMAXA electroporator with dissociated MGE-derived cellstransfection conditions in cultures xed at DIV6 (not shown
before plating (DIVO0). In the best condition among those ézkt  Several transfected cells were observed both at DIV4 and DIV
using 16 cells and Img DNA per transfection, the e ciency of in cultures transfected with Orbg DNA and 0.5m lipofetamine,
transfection after electroporation was 16%2(1 SEMn D 10 while very few cells with poor morphology were visible in
elds per condition) at DIV2. The apparent increase of e ciency samples transfected with Ondy DNA and 0.5ml Lipofectamine
at DIV3 and DIV7 cultures (18% 2.1 and 24% 3.3, (Figure8A). Under these conditions, the network of non-
respectively) was indeed accompanied by a clear increase tiansfected cells was also more strongly a ected compared to
cell loss. Moreover, the levels of expression of transfected G cultures transfected with Orhg DNA and 0.5m Lipofectamine.
were lower than in cells transfected with lipophilic agentsj a The addition of 50ng/ml DBNF after transfection at DIV1
transfected cells appeared poorly developed in terms of neuritéesulted in more consistent results in terms of preservatbn
(not shown). the neuronal network and development of neurites in DIV4
Next, transfection on adherent cells was tested using ligiphi and DIV6 cultures transfected with 0.hg DNA and 0.5ml
reagents with plasmids for either GFP or GFP-LifeAct. Wd.ipofectamine. While neuronal morphology remained poorer in
compared the use of E ectene (Qiagen) and Lipofectamine-200¢ultures transfected with 0129 DNA and 0.5ml Lipofectamine
(Thermo Fisher Scienti c). Transfection with either 0.1@2mg  (Figure 8B).
DNA with 0.6 m E ectene for 4 h at DIV1 resulted in low toxicity In conclusion, optimal conditions for transfection and
but also low e ciency of transfection at DIV6. No transfecte immuno uorescence on MGE-derived cells were observed by
cells were detected after transfection with E ectene at DIV3plating 100,000-120,000 cells on glass coverslips coated with
Transfection with Lipofectamine-2000 gave better reswigh ~ 200mg/ml PLL and 2Gng/ml LN, transfecting at DIV1 with 0.1
higher transfection e ciency, although it may result in mer mg of DNA and 0.5m of Lipofectamine-2000, in the presence of
evident e ects on the cultures, as detected by the tendency &0 ng/ml BDNF added after transfection at DIV1.
the cells to form clusters. Transfection with Lipofectamite To check whether these were the optimal conditions for
DIV1 generally resulted in a good transfection of the cal  coating with PLL and LN, we went back trying six di erent
therefore set to optimize the conditions for transfectionttwi conditions obtained by coating the coverslips with soluson
Lipofectamine-2000 by considering di erent parameters: celbf either 100, 200, or 506g/ml PLL, followed by coating
density; substrate for attachment; time of transfectianpants ~ with either 20 or 4Gng/ml LN. At DIV1 cells on the di erent
and ratio between DNA and transfectant in the transfectionsubstrates were transfected with the pEGFP-N1 plasmid, and
mix; incubation time with transfection mix; use of BDNF afte cells were then xed at DIV4, DIV5, and DIV6 for analysis.
transfection. Analysis of the transfected cultures wasegaly  Qualitative morphological analysis of the network con rmit
performed at DIV4-DIV6. 100,000-120,000 dissociated pelts the combination of 200ng/ml PLL with 20mg/ml LN represented
13 mm diameter coverslip were plated in 24-well dish. an optimal condition to obtain good transfection with nice
Cells were tested for transfection at DIV1. We tried di erent neuronal morphology.
combinations of DNA (pEGFP-N1 plasmid) and Lipofectamine-  Although some variability was observed among di erent
2000: either 0.1 or 0.2g of DNA were combined with either experiments, transfection with the plasmid pEGFP-N1 for GFP
0.35 or 0.5M of Lipofectamine-2000. We plated 100,000 MGE+anged between 7.5% 2.1 to 16.5 4.3 (means SEM,;
derived cells per well (24 wells plate) with coverslips coated D 4-10 elds) of transfected cells at DIV6. For larger
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FIGURE 6 | BDNF promotes neurite outgrowth from dissociated MGE—devid cells. (A) DIV6 neurons incubated without or with BDNF (50 ng/ml) and immostained
for MAP2 and Tau. Nuclei are revealed by DAPI staining. Eaclolumn shows the three stainings of the same eld. Bar, 40mm. (B) Quanti cation of the total length of
(Continued)
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FIGURE 6 | neurites per cell. Bars are mean values of the average totarigth of MAP2-positive and Tau-positive neurites per celtédm DIV6 cultures. Bars are mean
values SEM from 20 elds per experimental condition, with a total of 85 BDNF—treated cells, and 308 untreated cells. 1D 0.00525 (MAP2-positive neurites); *1¥
D 0.00083 (Tau-positive neurites)(C) Left: examples of inverted images of DIV6 MGE—derived cellsittured with or without BDNF. Bar, 40mm. Right: Sholl analysis
on DIV6 MGE-derived neurons cultured with 50 ng/ml BDNF; bars are mean values SEM from 17 cells per experimental condition.fF < 0.05; **p < 0.01; **p <
0.001.

proteins, the percentage of transfected cells was generahipte: one e ect of the incubation of the cells with the transfec
lower: as one example, transfection with the plasmid pEGFRnix is their partial detachment and formation of aggregates
GIT1 for the expression of the GFP-GIT1 (110 kDa) gave &Supplementary Figure 2. Tendency to aggregation during
transfection e ciency of 5.6% 0.6 (mean SEM;nD 5 elds; transfection can be decreased by shortening the incubditoe
Figure 80). While these transfection e ciencies are not suitableof cells with the transfection mix. On the other hand, if the
for biochemical analysis, they are optimal for morpho-funatl  transfection e ciency is poor and the neuronal network stilbd-
analysis, since they allow to isolate the transfected et the  preserved, the time of transfection can be extended from 20 mi
dense network of non-transfected cells present in the calur up to 45 min. Given the complexity of the procedure, variabilit
(Figure 8D). The conditions established may be used eithewith optimal transfection times (between 20 and 45min) has
to overexpress proteins or protein fragments, or to transfecbeen observed by di erent operators.
plasmids for shRNA to obtain protein silencing.
Starting from the conditions established for the transi@ct . . .
of a single plasmid, we have tested co-transfection to altew t EfféCts of Gene Deletion on Migration of
coexpression of two di erent proteins, but also to silence ondIGE—Derived Cells
endogenous protein by shRNA and at the same time overexpreBacl and Rac3 GTPases are important for the development
a protein. We found that a good cotransfection was achievedf functional MGE-derived cortical/hippocampal GABAergic
with 0.1 mg of total DNA (0.05mg per plasmid) and 0.51 of interneurons (le Curtis, 2014; Vaghi et al., 2014; Tivodar
Lipofectamine-2000Kigure 8B). et al.,, 201} and deletion of either GTPase negatively a ects
GABAergic synapses, with cognitive/behavioral consequence
and impairment of inhibitory circuits Pennucci et al., 20)6
Protocol for the Transfection of Dissociated Here, we have used the comparison of MGE—derived cells from
MGE-Derived Cells WT vs. Rac3KO mice as one example of the use of the MGE—
— MGE-derived cells are seeded at 100,000-120,000 cells derived culture system to address the behavior of interaesir
well on glass coverslips placed in 24-well culture dishes, witfrom mutant micein vitro. The Rac3 GTPase is increasingly
0.6-0.8 ml of maintenance medium per well. expressed in developing MGE—-derived interneuransvitro
— Transfection is performed at DIV1. (Franchi et al., 2006 and analysisn vivo of Rac3KO mice has
— For each well prepare in separate tubes:riglof DNA in  revealed speci c defects in the development of GABAergic cells
50 m of Optimem/well, and 0.5 of Lipofectamine-2000 in as well as behavioral phenotyp&(betta et al., 2008; Pennucci
50 m Optimem/well; incubated the two solutions separatelyet al., 201 Moreover, Sholl analysis on dissociated Rac3KO
for 5min a RT. For co-transfection of two plasmids, thecells revealed that the endogenous Rac3 protein promotes the
same total amount of DNA (in a nal volume of 561) and  development of the neuritic tree of MGE—derived cells in cudtur
Lipofectamine-200 (in a nal volume of 5@1) is used. A rst  (Franchi et al., 2006 On the other hand, Rac3KO cells do not
test can be done by using 0.08 of DNA for each plasmid. If show defects in the di erentiation of the GABAergic phenotype
one plasmid is transfected more easily that the other, ngati in vitro, since the percentage of cells positive for the axonal
amounts can be adjusted in favor of the less e cient plasmidmarker Tau and for the GABAergic markers GABA and GAD67

keeping the total of 0.fng of DNA. were similar in WT and Rac3KO cellssigure 9A). In both
— DNA and Lipofectamine solutions are then mixed, and thisWT and Rac3KO cells BDNF did not a ect the percentage of
transfection mix is incubated 20 min at RT. cells with neurites positive for axonal and dendritic mark@&au

— 200m of maintenance medium are left in each well (400-600and MAP2. Moreover, Rac3KO cells polarized normally, since
ml are removed from each well, pooled, and stored in a sterilat DIV9 they show a distinct Tau-positive axonal network and

15 ml tube at 37C). MAP2-positive dendritesKigure 9B).

— Add 100 mi/well of transfection mix to the 200m of We have then tested the eects of Rac3 KO on cell
maintenance medium left in each well, and incubate cells fomigration, by comparing the motility of dissociated DIV2
20 min in 37 C incubator (see note below). cells derived from Rac3KO and WT mice on Matrigel-

— Remove the transfection medium from wells, and add back 40€bated coverslips Supplementary Movies 2 3; Figure 90).
ml of conditioned maintenance medium previously collectedQuanti cation showed that while the fraction of motile cells
from the cultures, to which BDNF to a nal concentration of was similar in WT (63% motile cellsy D 355) and Rac3KO
50 ng/ml has been added. To avoid drying of the coverslips, t(67% of motile cellsn D 355) MGE-derived cultures, their
change the medium remove it with a P1000 pipette from 1-3nigratory behavioiin vitro was di erent. Rac3KO cells showed
wells at a time. reduced velocity and increased directionality compared t&@ W
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FIGURE 7 | Expression of markers for different types of interneuronsiMGE-derived cultures. MGE-derived cells were plated on Rl- and LN-coated coverslips and
cultured up to DIV6-DIV12 before xation for immunostaining wth the indicated antibodies.(A) A subset of GABA-positive cells are STT-positive (arrows)B) Some

GADG67-positive cells are nNOS-positive (arrows). Bar, 50m.

STT (green) + GABA (red)

Frontiers in Cellular Neuroscience | www.frontiersin.org

17

January 2018 | Volume 11 | Article 423


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Franchi et al. Cultures of MGE-Derived Interneurons

FIGURE 8 | Setup of transfections of MGE-derived cells(A,B) Test of different conditions of MGE—derived cells plated 0800 mg/ml PLL and 20mg/ml LN,
transfected at DIV1, and xed at either DIV4 or DIV6 for immuno u@scence. After transfection cells were cultured withoufA) or with 50 ng/ml BDNF (B).

(C) Quanti cation of the percentage of cells transfected at DIV1 vth 0.1 mg of the indicated plasmid DNA and 0.5m of Lipofectamine-200, and xed at different DIVs
for immuno uorescence. Bars are means SEM of percentage of DAPI-positive cells expressing GFED) Immuno uorescence of a culture transfected with GFP
grown in the presence of BDNF, stained with Abs for GFP (gregnfor MAP2 (red), and with DAPI (bluefE) DIV6 cells cotrasfected at DIV1 with 0.05ng of each
plasmid (total of 0.1mg of plasmid DNA), to express GFP and HA-tagged guanine nuatgide exchange factor PIX.

cells Figure 9D). These results support the hypothesis that Ractterneurons observed in the cortex and hippocampus of
promotes together with Racl the migration of MGE—derivedRac3KO mice Vaghi et al., 2014 Moreover, the results
precursors, and may explain the reduction in MGE—derivedepresent a proof of principle for the use of these cultures
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FIGURE 9 | Comparison of Rac3KO and WT MGE-derived cell§A) Top panel: quanti cation of the expression of neuronal and GBAergic markers. The analysis was
performed on images acquired on DIV1, DIV3, and DIV6 cultures MGE-derived cells from E14.5 WT or Rac3KO mice immunostaimkefor the axonal marker Tau, and
the GABAergic markers GABA and GAD67. The graph shows the peentage of MGE-derived cells positive for the indicated mé&ers quanti ed at DIV1, DIV3, and
DIV6. The percentage of positive cells for each marker was callated as the ratio between the number of marker-positive ells  100/the number of DAPI-positive
nuclei fi D 566—1620 cells per marker per genotype). Lower panel: exarmps of DIV6 MGE-derived cells immunostained for GAD67 (leéthd Tau (right); DAPI in blue.
Bar, 40mm. (B) DIV9 MGE—derived cells immunostained for MAP2 (green) anduéred); DAPI staining in blue. Bar, 46m. (C,D) Analysis of cell motility reveals
defects in Rac3KO random migration. MGE—derived cells frotV T and Rac3KO E14.5 mice were plated on Matrigel-coated glascoverslips (2.5 mg/ml), and imaged
at DIV2 for 14 h.(C) Top: examples of migrating WT cells from time-lapses. Botim: plots of cell motility from time-lapsesif D 120 cells per plot). See also
Supplementary Movies 2 , 3. (D) Quanti cation of cell motility: bars are means SEM;n D 223 motile cells per genotype, from three different experients. **p D
0.00214 (velocity); **p D 0.00002 (directionality).

for the analysis of the migration of GABAergic precursorsdissociation of mouse embryonic MGEs. Most cells in these

in vitro. cultures developn vitro into GABAergic interneurons, which
can be reproducibly obtained by the set of protocols that we
CONCLUSION have carefully tested and described in details. Althoughtsho

term MGE-derived cultures have been used befétez@s and
Understanding the mechanisms that guide interneuronlbafiez, 2005; Cobos et al., 2007; Zimmer et al., 2008; Rudolph
development and maturation represents a central aspect ef al., 2010; Li et al., 2012; Villar-Cervifio et al., JD1his is
the current research on cortical/hippocampal GABAergicto our knowledge the rst detailed description of the culture
interneurons. This type of analysis is highly relevant toitora and transfection conditions for primary murine interneursn
function and to the pathology of various neuropsychiatricincluding conditions that allow both short-term culturesrfthe
diseases. In this methodological study we have described tanalysis of the migration of the precursors, as well as longrter
setting up and optimization of primary cultures obtained by cultures. We have shown that in these cultures MGE-derived
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cells may develop into polarized GABAergic interneuronsCare and use of Laboratory Animals, U.S. National Research
and can form morphologically identiable inhibitory Council, 1996). The protocol was approved by the IACUC of the
synapses. San Ra aele Scienti c Institute.
Optimal conditions have been achieved by combining the use
of proper extracellular substrates, with the use of BDNF toenakAUTHOR CONTRIBUTIONS
the development of these calsvitro more consistent. Moreover,
we have established conditions to transfect the dissatM®E- SF, RM, VA, and IdC contributed to the conception and
derived cells for protein expression or downregulation. A2 ondesign of the work; SF, VA, RM, DT, ES, KS, and MB
example, we have also shown here the comparison of some @veloped the experimental design; SF, FV, and 1dC wrote the
the properties of cultures from dissociated MGEs from WT vsmanuscript.
Rac3KO mice.
To the best of our knowledge, no re ned description isSFUNDING
available in the literature of this type of cultures, which
present several advantages for the analysis of interneurdrhis work was supported by the Telethon Foundation, Italy
developmentin vitro with respect, for example, to the mixed (grant GGP12126) and by AIRC (grant 15530).
cortical or hippocampal cultures often used in the literature.
The availability of cultures of interneurons allows to adss ACKNOWLEDGMENTS
both the extracellular and intracellular mechanisms drgyi
the development and maturation of these cells in a simpli edThis work was supported by the Telethon Foundation, Italy
system, in the absence of the complex intercellular intesasti (grant GGP12126) and by AIRC (grant 15530). We thank Gaia
presentin vivo. For example, it is possible to compare theColasante for help with the isolation of MGEs to be used for
development of neurites and inhibitory synapses by isoldtieg the preparation of cultures. The authors declare no competing
precursors from the MGE of WT vs. mutant animals. This is annancial interests.
extremely important aspect to complete and expand the analysis
of the phenotypes of relevant transgenic/KO animal models, alsSUPPLEMENTARY MATERIAL
considering the high relevance of interneuronopathies wvesal
neural and psychiatric diseases. The Supplementary Material for this article can be found
Among their possible uses, the culture system describeghline at: https://www.frontiersin.org/articles/10.388cel.
here has the potential to allow: (i) the identi cation of cell 2017.00423/full#supplementary-material
autonomous molecular mechanisms relevant to interneuroryypiementary Figure 1| Aggregation assay; 400m aliquots with 300,000
development and function; (ii) the comparative analysis Ofiissociated MGE-derived cells resuspended in a lter-stelized solution containing
the development/maturation of WT vs. mutant interneurons 125 mM NaCl, 2.5mM KCI, 33mM D-glucose, 2.6 mM CaCl2, 25 mM Hejes pH
from transgenic/knockout mice: (iii) the study of the e ects 7-4 were plated on coverslips coated with 2.5 mg/ml Matrigeland incubated at

37 C on a rotatory shaker at 80 rpm. At the indicated times rotatin was

of the expression of shRNAs and plasmlds on di erent aspec%terrupted and images were taken by phase contrast at a Zessinverted

of GABAergic cell development; (iv) reconstitution studi®s  microscope with 20 lens. Bar, 100mm.
ing interneuron lassical preparations of hi m

add g lte eurons to C anS ca p. epa .a}:[lo . S0 ppoca paéupplementary Figure 2| Transfection-induced cell aggregation. Cells were
or cortica rleurons, starting from mlce with di erent geanys plated on coverslips coated with PLL and LN (120,000 cells/cwerslip), and
(e.g., WT interneurons and KO hippocampal neurons,wite transfected at DIV1 with the transfection mix indicated on ezh panel. Incubation
Versa_ at 37 C with the transfection mix including 0.1mg DNA and 0.5ml

In conclusion. we believe that the detailed protoco|§_ipofectamine-2000 was for either 45 or 20 min. Cells were xd at DIV6 to

. S - luate transfection and cell tion. In this test a deease of ti

described in this study may be useful to several neurobislgg °©/2!2 Tansiection and cet aggregauon. in fs fest & ease ol aggregation

. . . . K < with good transfection was observed after incubating cellsor 20 min with the
interested in various aspects of interneurons biology, SiNC&nsfection mix. Bar, 40mm.

they provide a powerful experimental tool to complement , ! )
Supplementary Movie 1| Time-lapse of a DIV5 MGE-derived cell plated on PLL

studies 'n. \{IVO on the morpho-fur!ctlor!al properties (?f and LN and transfected at DIV1 with RFP-LifeAct. Images for tiealapse were
GABAergic interneurons under physiological or pathologicalacquired with a confocal TCS SP8 microscope (Leica) equipgkwith 63 1.4 NA

conditions. oil-immersion objective. During image acquisition cells @e maintained in a
temperature- and CO,-controlled chamber at 37 C.
ETH |CS STATEM ENT Supplementary Movie 2 | Time-lapse of DIV2 cells derived from MGE of WT

mice plated on coverslips coated with Matrigel. Phase conaist images for

. . . . time-lapse were acquired in a temperature- and C@-controlled chamber at 37 C,
This StUdy was carried out in accordance with theat 9 min per frame, with a Zeiss Axiovert S100 microscope witl20 objective.

recommendations of the national reQUIationS (D'L' n 116 upplementary Movie 3| Time-lapse of DIV2 cells derived from MGE of Rac3KO
G.U. suppl. 40, ]:992 Fepruary 18, C|rcular. Nr. 8, G.U., 1994 Julyee plated on coverslips coated with Matrigel. Phase contst images for

14) and with the international agreements in force (EEC Qulin  time-lapse were acquired in a temperature- and C@-controlled chamber at 37 C,
directive 86/609, OJ L 358, 1 DEC 12, 1987; NIH Guide for thet 9 min per frame, with a Zeiss Axiovert S100 microscope witl20 ~objective.
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