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33  ABSTRACT:
34  The overall goal of this protocol is to generate purified neuronal cultures derived from either
35  GABAergic or glutamatergic neurons. Purified neurons can be cultured in defined media for 16
36 days in vitro and are amenable to any analyses typically performed on dissociated cultures,
37 including electrophysiological, morphological and survival analyses. The major advantage of
38 these cultures is that specific cell types can be selectively studied in the absence of complex
39 external influences, such as those arising from glial cells or other neuron types. When planning
40 experiments with purified cells, however, it is important to note that neurons strongly depend
41  on glia-conditioned media for their growth and survival. In addition, glutamatergic neurons
42  further depend on glia-secreted factors for the establishment of synaptic transmission. We
43  therefore also describe a method for co-culturing neurons and glial cells in a non-contact
44  arrangement. Using these methods, we have identified major differences between the
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development of GABAergic and glutamatergic neuronal networks. Thus, studying cultures of
purified neurons has great potential for furthering our understanding of how the nervous
system develops and functions. Moreover, purified cultures may be useful for investigating the
direct action of pharmacological agents, growth factors or for exploring the consequences of
gene manipulations on specific cell types. As more and more transgenic animals become
available, labeling additional specific cell types of interest, we expect that the protocols
described here will grow in their applicability and potential.

INTRODUCTION:

Cell sorting is a powerful tool for the isolation of living cells of interest from a heterogeneous
mixture of cells. Cells can be sorted based on size and shape criteria, as well as the expression
of fluorescent markers2. Often, fluorophore-conjugated antibodies are used to label distinct
cell types by targeting cell-specific surface antigens®*. Alternatively, transgenic animals or viral
delivery systems have been engineered to express fluorophores under cell-specific
promoters>®. Historically, the development of transgenic tools and animals was costly and time
consuming. More recently, decreasing costs and fewer technical difficulties have led to a
dramatic increase in the number of available reporter lines. As the availability of transgenic
tools and reporter animals continues to grow, so too should the usefulness and applicability of
fluorescence-based cell sorting methods.

We recently demonstrated that cell sorting from transgenic animals can be routinely applied to
purify primary neurons in preparation for cell culture’. By sorting cells from either rats or mice,
we were able to isolate and culture fluorescent neurons, which express fluorescent reporter
proteins specifically in either GABAergic or glutamatergic neurons®®°. By studying these
purified neuronal cultures, we were able to identify an important difference in the way
GABAergic and glutamatergic neurons depend on glia-secreted factors for the establishment of
synaptic transmission’. Additionally, by co-culturing glial cells with purified neurons, we were
able to extend on previous observations demonstrating the critical role that glial cells play in
the growth and survival of neurons'®!, Thus, through a combination of cell sorting and cell
culture, we were able to study not only the development of specific neuron types in isolation,
but were able to investigate the influence of glial cells on their function.

We present here a protocol for the purification and culture of GABAergic and glutamatergic
neurons from the cortex and hippocampus of transgenic mice or rats. We also present a
method for the non-contact co-culture of purified neurons and glial cells, adapted from Geissler
et al.’2. In order to generate purified GABAergic cultures, we have sorted fluorescent neurons
from VGAT-Venus-A Wistar rats® or VGAT-Venus mice'3, which selectively express an enhanced
yellow fluorescent protein variant (Venus) in >95% of cortical GABAergic neurons. To generate
purified glutamatergic cultures, we have sorted fluorescent neurons from NexCre;Ai9 mice®?,
which express tdTomato in cortical glutamatergic neurons. The entire sorting and culture
procedure can be performed within 3-4 h and can be used to generate hundreds of replicate
cultures suitable for electrophysiological, morphological and cell survival analysis. The method
is simple, reproducible and can produce purified neuronal cultures that are greater than 97%
pure for the cell type of interest.



89

90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

PROTOCOL:

All procedures and animal maintenance were performed in accordance with institutional
guidelines, the German Animal Welfare Act and the European Council Directive 86/609/EEC
regarding the protection of animals, in the presence of permissions from local authorities
(LaGeSo Berlin, T-0215/11).

NOTE: This protocol describes the culture of purified neurons from a single transgenic mouse or
rat pup (postnatal day 0-2). All techniques should be performed under sterile conditions. All
solutions should be sterilized using a 0.2 um filter (see Table of Materials). Glass coverslips and
dissection tools should be heat sterilized for 3 h at 185 °C.

1. Coating glass coverslips with poly-L-lysine

1.1. Prepare glass coverslips by defrosting a 5 mL aliquot of 200 ug/mL poly-L-lysine (PLL)
solution. Dilute this stock solution to 20 pg/mL by adding 45 mL of pure injection grade water.
Filter-sterilize the solution into a new 50 mL conical tube. Label this tube as “PLL Sterile”.

NOTE: Use water stored at room temperature to speed up the defrosting process.

1.2. Add 100 sterile, round, 12 mm glass coverslips to the sterile PLL solution. Agitate the
tube every 5-10 min, for 2 — 3 min, to ensure even coating. Coat the coverslips in this way for

1h.

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

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

1.4.  After coating the glass coverslips for 1 h with PLL, remove excess PLL solution and add
sterile injection grade water. Gently agitate the coverslips for 2—3 s to allow removal of excess

PLL. Repeat this rinsing step 2 additional times.

1.5. Remove excess water, and then transfer the coverslips to the sterile tissue paper.
Carefully separate each coverslip using curved forceps and leave to dry.

NOTE: Coverslips that do not easily separate can be discarded. Alternatively, a small amount of
water can be added to help separation.

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

NOTE: Coverslips should be made ready approximately 30 min—1 h before starting the
dissection process. Plates can be stored in an incubator at 37 °C and 5% CO; until required.
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2. Dissociation of hippocampal and cortical tissue
2.1. Preparation of cell culture solutions

2.1.1. For the dissociation of neural tissue, first defrost a 40 mL aliquot of cell culture buffer
(composition [in mM]: 116 NaCl, 5.4 KCl, 26 NaHCOs, 1.3 NaH.POs;, 1 MgS047H.0, 1
CaCly-2H;0, 0.5 EDTA-2Na-2H,0 and 25 D-glucose, pH = 7.4). Measure out 12 mL of cell culture
buffer to a 15 mL conical tube; label as “BSA”. Measure out 5 mL of cell culture buffer to a
different 15 mL tube; label as “papain”. Incubate both tubes in a water bath for 15 min at 37 °C.

2.1.2. Filter-sterilize the remaining cell culture buffer, label as “Buffer - Sterile” and store at 4
°C until required.

2.1.3. Weigh out 120 mg of Bovine Serum Albumin (BSA) and add to the tube labeled “BSA”.
Weigh out 7 mg of papain and add to the tube labeled “papain”. Return both tubes to the water
bath for 15 min.

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

2.1.4. Once all powders have dissolved, filter-sterilize each solution to a fresh 15 mL conical
tube. For tube papain, label the filtered solution as “papain - Sterile”. For tube BSA, divide the
sterile BSA solution into 3 tubes, each containing 4 mL of BSA solution. Label each tube as “BSA
- Sterile” and either “1”, “2” or “3”. Return all tubes back to the water bath and continue to
incubate at 37 °C until required.

2.2. Preparation for tissue dissection

2.2.1. Take a single piece of 35 mm filter paper (see Table of Materials) and sterilize with 70%
ethanol; leave to dry in the lid of a 100 mm Petri dish, in a flow cabinet.

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

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

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

2.2.5. Immediately before dissecting animals, fill each 35 mm Petri dish with chilled, sterile cell
culture buffer.
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NOTE: One Petri dish is for cleaning the tools between dissections, and the other is for
collecting the hippocampus and cortex.

2.3. Tissue dissection

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

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

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

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

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

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

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

2.3.6. During papain incubation, make up complete fluorescence media solution. Defrost a
1 mL aliquot of B27, a 0.5 mL aliquot of Glutamax and a 0.5 mL aliquot of Pen-Strep. Aliquot
48.5 mL of low fluorescence media to a 50 mL conical tube. Add B27, Glutamax and Pen-Strep
to the solution. Shake the solution well, then filter-sterilize and label as “complete media” (with
date and initials). Incubate at 37 °C in a water bath.

2.3.7. After papain incubation, transfer the papain-tube and sterile BSA-tubes to the flow
cabinet. Use a 1 mL Pasteur pipette to remove only the cortico-hippocampal tissue from the
papain tube into BSA-tube 1.
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NOTE: Take care to minimize the transfer of excess papain solution.
2.4. Dissociation of cells

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

2.4.2. After 30 s, transfer the lower 1 mL of solution and tissue from BSA-tube 1 to BSA-tube 2.
Triturate the tissue in BSA-tube 2 several times using a fine tip Pasteur pipette.

2.4.2.1. After trituration, transfer again the lower 1 mL of tissue and solution from BSA-tube 1,
but now to BSA-tube 3. Triturate the tissue in BSA-tube 3 several times using a fine tip Pasteur
pipette.

2.4.2.2. After trituration, transfer all solution and tissue from tubes 2 and 3 into BSA-tube 1.
Triturate a further 2-3 times and centrifuge at 3,000 x g for 3 min.

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

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

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

2.4.5. Use a 1 mL Pasteur pipette to filter the cell suspension through a 30 um cell sieve into a
polystyrene sample tube.

NOTE: If the cell suspension does not pass immediately through the cell sieve, it may be
necessary to press on top of the sieve with a sterile glove to start the flow.
This important step prevents clogging of the cell sorter.

2.4.6. Prepare collection tubes by pipetting 300 pL of complete media to the required number
of polypropylene tubes.

2.4.7. The cell suspension is now ready to be taken to the cell sorter for sorting. Take the cell
suspension, extra collection tubes and spares complete media in case dilution of the sample is
required.
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3. Cell sorting of purified GABAergic or glutamatergic neurons.

NOTE: To minimize the chance of bacterial contamination during sorting rinse the sample
tubing of the sorter with 70% ethanol for at least 5 min prior to sorting. Detailed sorting
parameters vary among instruments, fundamental considerations are as follows.

3.1. During the first cell sort, establish levels of background fluorescence from unlabeled
cells by sorting and comparing cells from a wild type animal.

3.2. For each fluorescent cell type to be sorted, choose the appropriate excitation and
emission filters. Excite Venus and TdTomato proteins using 488 nm or 531 nm excitation
wavelengths, respectively. Detect emitted light through 530/40 and 575/30 emission filter sets,
respectively.

3.3.  Add polypropylene collection tubes, containing 300 uL of complete media, to the cell
sorter for cell collection.

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

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

3.6. Note down the number of cells sorted in each collection tube. This value is given by the
cell sorting instrument.

NOTE: Cell sorting can be performed using a 70 um nozzle (70 psi sheath fluid pressure) or a
100 um nozzle (20 psi sheath fluid pressure).

4, Culturing of sorted neurons

4.1. Following cell sorting, transfer collected cells to 2 mL round bottom centrifuge tubes,
using a 1 mL Pasteur pipette. Centrifuge the cells at 3,000 x g for 3 min to form a cell pellet.

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

4.2.  During centrifugation, add 1 mL of B27, 0.5 mL of Glutamax and 0.5 mL of Pen-Strep to
the 48.5 mL of pre-warmed NBA media. Shake the solution well, then filter sterilize and label as

“NBA complete media” (with date and initials). Return to water bath until required.

4.3. Following centrifugation, use a 1 mL Pasteur pipette to transfer the supernatant to a
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different centrifuge tube (retain the supernatant incase the cell pellet was disturbed). Re-
suspend the cell pellet in the required amount of pre-warmed complete NBA media to achieve
a cell density of 1,000 cells/pL. Re-suspend the cells by pipetting up and down with a P200 or
P1000 pipette.

4.4. To confirm the presence of dissociated cells, check the cell solution under a microscope,
using a 4x or 10x objective lens. Alternatively, pipette a small amount of cell solution onto a
coverslip and check under the microscope. If large numbers of cells are present, the
supernatant from step 4.3 can be discarded.

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

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

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

NOTE: When feeding the cells, it is important to pipette the media gently down the side of the
well to avoid cell detachment. For short experiments (<16 days), feeding at the above density is
not necessary. When plating more cells more frequent feeding, intervals may be required (see
discussion).

5. Astrocyte enriched glial support cultures

NOTE: The production of glial cultures'* and the use of cell culture inserts has been described
previously?. In brief, astrocyte enriched glia cultures are derived from cortico-hippocampal
tissue (with meninges removed; P2 — P5), which have been cultured for one week on a
20 ug/mL PLL-coated 6-well plates, in serum supplemented DMEM media.

5.1. To co-culture purified neurons and glial cells, passage confluent glial cells to the
required number of cell culture inserts (0.4 um pore size — see Table of Materials). To passage
the cells, remove a 6-well plate containing confluent glial cells from the incubator and wash 2

wells, 2 times, with 2 mL of pre-warmed (37 °C) phosphate buffered saline (PBS).

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

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

5.4.  Once significant cell detachment has occurred, pipette the cells and cell solution gently
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up and down using a fine tip Pasteur pipette, to help further detachment and separation of
individual cells.

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

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

5.7. Perform a cell count using a haemocytometer or an automated cell counter.

NOTE: After 7 days in culture, approximately 750,000 — 1,000,000 cells can be harvested from
each well of a 6-well plate.

5.8.  Plate 40,000 glial cells to each cell culture insert in a 500 pL droplet (80 cells/uL).

5.9. After allowing the cells to adhere for 1 h, use sterile forceps to transfer glial-covered cell
culture inserts to 24-well plates containing purified neurons. Remove excess media from the
surface of the cell culture inserts (approximately 300 puL).

NOTE: As air bubbles can often get trapped below the cell culture inserts, it may be necessary
to gently tilt the inserts to dislodge these bubbles. If more glial cells are added to the cell
culture insert, further washing and centrifuge steps may be required to remove excess trypsin,
which can be detrimental to cell survival.

REPRESENTATIVE RESULTS:

The dissociation and cell sorting of fluorescent neurons from transgenic mouse or rat cortico-
hippocampal tissue can be performed in approximately 3—4 h. The result is a population of
highly pure fluorescent neurons, which can be grown in culture for 16 days.

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

Following successful sorting, plated neurons should appear round in shape, have a smooth
membrane and should be seen to sprout neurites after approximately 1 h in vitro (Figure 2A,
B). By 7 days in vitro, although some cell death may be apparent, viable cells should be present
in all culture conditions (Figure 2C, D). At 12-16 days in vitro, using whole-cell patch-clamp
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recordings and biocytin-filling!>, it is possible to investigate the morphological and
electrophysiological development of purified neurons (Figure 3). Analysis of purified cultures
reveals that both glutamatergic and GABAergic neurons were able to extend axons and
dendrites from their cell bodies (Figure 3A, B) and retain the ability to generate action
potentials in response to suprathreshold depolarizing current injections (Figure 3C, D). Notably,
however, following purification, only GABAergic neurons received significant amounts of
spontaneous synaptic transmission, and glutamatergic neurons receive very little synaptic
transmission in the absence of glial cells (Figure 3E, F)’.

As we have previously reported, cells in purified cultures tend to survive more poorly than
those in unsorted cultures and have significantly smaller dendrites and axons’. To overcome
these deficits, we have adapted and applied methods for supporting the development of
purified cultures with glial cells?%, The cellular composition of our glial support cultures (DIV7)
is shown in Figure 4A. These cultures contained predominantly glial fibrillary acidic protein
(GFAP) positive astrocytes, but also contained some cluster of differentiation molecule (CD11b)
positive microglia and myelin basic protein (MBP) positive oligodendrocytes. After DIV 7, these
cells can be passaged to cell culture inserts to provide non-contact support of purified neurons
(Figure 4B, C). Analysis of glia-neuron co-cultures reveals that approximately 40,000 glial cells
were sufficient to improve the long-term survival and growth of both purified glutamatergic
and GABAergic neurons (Figure 4D, E)’. Furthermore, electrophysiological analysis reveals that
glutamatergic neurons, co-cultured with glial cells, were highly active and had strongly
increased network activity (percentage of glial supported glutamatergic neurons firing bursts of
action potentials: 62%; n = 28; Figure 4F, G). Glial support is therefore important not only for
promoting neuron growth and survival, but also for promoting synaptic transmission and the
establishment of network activity in glutamatergic cultures.

FIGURE AND TABLE LEGENDS:

Figure 1: Purification of glutamatergic and GABAergic neurons. (A) Images showing
fluorescent signal from the transgene expression of TdTomato in NexCre;Ai9 mice (top) and
Venus in VGAT Venus mice (bottom). Scale bars: 5 mm. (B) Intensity scatter plots of the
TdTomato and Venus fluorescence of cortico-hippocampal dissociated cells from NexCre;Ai9
mice (top) and VGAT Venus mice (bottom). Strongly fluorescent TdTomato or Venus neurons
were selected for sorting (indicated by the gating boxes). (C) Left: Confocal images of sorted
TdTomato (top) and Venus (bottom) positive neurons. Right: Merged image showing cells co-
stained with DAPI (in blue pseudocolour). TdTomato fluorescence is endogenous and remains
strong despite fixation (in magenta pseudocolor). Venus expression is enhanced using a
combination of a primary antibody directed against GFP and Alexa Fluor-488-conjugated
secondary antibody (in green pseudocolor).

Figure 2: Cell culture of purified glutamatergic or GABAergic neurons. (A) Combined infrared
(bright field) images and superimposed fluorescent signal from TdTomato (left) and Venus
(right) positive neurons cultured for 1 h in vitro. White arrows indicate the location of growing
neurites. (B) Confocal images of TdTomato (left) and Venus (right) positive neurons cultured for
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1 hin vitro. (C, D) Bright field (top) and combined bright field and fluorescent images (bottom)
of TdTomato (C) and Venus positive neurons (D) cultured for 7 days in vitro (DIV). White arrows
show the location of condensed nuclei from dead cells. Colored arrows identify fluorescently
labeled neurons.

Figure 3: Morphological, electrophysiological and synaptic properties of purified neurons. (A,
B) Confocal images of TdTomato (A) and Venus positive neurons (B) at DIV 13 and DIV 14,
respectively. Cells are presented in black using an inverted look-up table to aid neurite
visualization. Insets show the fluorescent signal expressed by the identified neurons. (C, D) The
voltage response from a TdTomato (C) and Venus positive neuron (D) to hyperpolarizing (-200
to -20 pA, in 20 pA steps) and depolarizing (200 pA) current pulses, obtained by whole-cell
patch-clamp recordings. Insets show the corresponding recorded neurons. The resting
membrane potential of each cell is indicated to the left of the recording trace. (E, F)
Representative voltage-clamp recordings (10 s) obtained from TdTomato (E) and Venus positive
neurons (F). Spontaneous excitatory postsynaptic events (EPSCs) were recorded from
TdTomato positive neurons, maintained at a holding potential of -50 mV. Spontaneously
occurring inhibitory postsynaptic events (IPSCs) were recorded from Venus positive neurons
maintained at a holding potential of 0 mV.

Figure 4: Supporting neuron development with glial co-culture. (A) Confocal images of glial
cultures immunolabeled for glial fibrillary acidic protein (GFAP, left), cluster of differentiation
molecule (CD11b, middle) and myelin basic protein (MBP, right). Glial cells were cultured for
DIV 7. (B) Images of cell culture inserts used to co-culture glial cells with purified neurons in a
non-contact arrangement. (C) A schematic of the spatial arrangement used to co-culture
neurons and glia. (D, E) Confocal images of TdTomato (D) and Venus positive neurons (E),
grown for 14 days, in the absence (left) or presence (right) of glial support. (F, G) Current-clamp
recordings (60 s) from TdTomato (F) and Venus positive neurons (G) cultured for 14 days in the
absence (top) or presence (bottom)of glial support. Neurons were recorded at their resting
membrane potential (presented to the left of each recording trace).

DISCUSSION:

We describe here a method that combines the sorting and culturing of primary neurons to
generate purified neuronal cell cultures. This method takes around 1 h longer than a typical
primary dissociated neuronal culture protocol yet allows for the generation of hundreds of
replicate cultures containing specific neuronal types with a defined neurochemical identity.
Purified neurons, which can be grown in isolation for at least 16 days, extend axons and
dendrites and can fire repetitive trains of action potentials (Figure 2 and Figure 3). Importantly,
these cells are amenable to the same experimental analyses as regular primary dissociated
neuronal cultures, including electrophysiological, morphological and survival analyses. A major
benefit of working with these purified cultures is that the development of specific cell types can
be studied in isolation. To support the development of purified cultures, we also present a
protocol for co-culturing purified neurons with glial cells. As shown previously, co-culturing
purified neurons with glial cells improves their survival, growth and can promote network
formation’ (Figure 4). Thus, we present here a combination of methods that should further the
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study of glia-neuron interactions and may prove useful for studying the development and
interaction between of other cell types of interest.

Studies on cultures of purified glutamatergic neurons have revealed fundamental insights into
the way glial cells secrete factors that promote the development of neuronal networks and
synapse formation¢8, In general, methods for purifying specific neuron types have been more
successfully applied to studying the development of glutamatergic neurons rather than
GABAergic neurons. This has led to a disparity in our understanding of how these two cell types
develop. Given that GABAergic and glutamatergic neurons differ significantly in terms of their
anatomy, physiology and developmental origins, it is vital that we study GABAergic neurons in
their own right, to better understand their function and physiology. Using the protocol
presented here, we have previously identified important differences in the way GABAergic and
glutamatergic neurons depend on glia-secreted factors for the establishment of synaptic
transmission’. Our hope is that by publishing a protocol, that others can follow, further insights
can be made into how neurons and glia interact to promote the formation of neuronal
networks.

In this protocol, we describe a flow cytometry based cell sorting method, which we have used
to purify GABAergic or glutamatergic neurons from different transgenic rodent lines. Venus
positive GABAergic neurons were sorted from VGAT Venusmice®® or rats® and TdTomato
positive glutamatergic neurons were sorted from NexCre;Ai9 mice (bred originally from
NexCre®, and Ai9 reporter lines®, see Turko et al., 20187). In recent years, due to technological
advancements, the generation of transgenic animals has become significantly easier. As such,
the availability of animals expressing fluorescent molecules, in many different cell types, has
grown rapidly. This has, in turn, increased the use and applicability of fluorescent activated cell
sorting. While alternative methods for isolating cells of interest currently exist!®1%20, they are
somewhat hindered by their dependence on the availability of suitable antibodies to naturally
occurring surface antigens. This limits their versatility when compared with fluorescence-based
cell sorting methods, which can already be used to sort cells from the many cell specific
transgenic reporter animals that are already available. Nevertheless, when optimized, antibody-
based sorting methods can be rapid and high yielding, and may even better preserve cell
anatomy, by allowing purification of cells with their axons and dendrites intact?!. Antibody
sorting methods should therefore still be considered when deciding on a sorting strategy.
Ultimately, the cell type of interest, the age at which cells are to be sorted, the availability of
transgenic animals or surface antigens and the number of cells needed will be the determining
factors when choosing the most suitable sorting strategy.

Although fluorescence-based cell sorting is a simple and reproducible method for purifying
cells, care should be taken during certain steps of the protocol to preserve cell quality. For
instance, following each centrifugation step, it is important to make sure that the cell pellet is
re-suspended as quickly as possible and that cells have been successfully recovered.
Occasionally, the cell pellet can be disturbed when removing the supernatant. It is therefore
advised, between centrifugation steps, to check the presence of cells under the microscope to
rule out any extensive cell loss. Following cell plating, cells should be allowed to adhere for at
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least 1 h before feeding. If cells are fed too soon, some cells may become dislodged from the
coverslip, thereby reducing the culture density. After 1 h in culture, it is prudent to assess cell
health. If cells do not appear healthy (an example of healthy cells is shown in Figure 2A), or
there is significant cell death, then this may be an indication of a problem during the
dissociation or sorting procedure. A further important consideration, when culturing any cell
type, is to take care when managing the cell culture media. NBA media contains phenol red,
which acts as a pH indicator??. If the media becomes too yellow in color, then this indicates that
the pH is too acidic; if the media becomes too pink, then this indicates that the solution is too
alkaline. Stock solutions open for long periods or media, aliquoted into conical tubes, tend to
become more alkaline over time. It is therefore advised to make up fresh complete NBA media
each week and complete media every two weeks (the medium buffers under atmospheric
conditions and should therefore be more stable). Taking these points into consideration it
should be possible to establish purified cell cultures in any laboratory with access to cell sorting
and cell culture equipment.

In the majority of our experiments, we produced purified cultures from a single animal.
However, when purifying cells for biochemical analyses, it may be necessary to pool together
multiple animals for sorting. We have successfully sorted up to 8 embryonic mice (embryonic
day 13 animals) using the above protocol (data not shown). However, if more animals are to be
sorted, it may be necessary to increase the volume of both papain and BSA solutions (described
in steps 2.1.1 — 2.1.4) to accommodate the increase in tissue amount. Additionally, if more cells
are plated in culture, then a more frequent feeding schedule may be required. As a starting
point, cells can be fed every 7 days by removing 100 pL of conditioned media and adding 200 pL
of fresh complete NBA media. For the sake of neuron viability, if sorting more animals, thought
should be given to minimizing the sort time as much as possible. This often requires the careful
optimization of downstream analyses for the efficient use of purified cells. We have routinely
sorted mouse neurons at rates of 600 events/s, up to 500,000-800,000 cells per animal
(postnatal day 0-2). However, this was without exhaustive optimization of sorting speeds and
conditions. Therefore, further improvements in sorting speed and yield should be possible.

Purified neurons require glia-conditioned media for their survival. This has been demonstrated
previously by culturing neurons and glial cells separately, before treating neurons with glial
conditioned media®. In our experiments, we chose to support purified neurons by culturing
glial cells on semi-permeable cell culture inserts, which are placed inside the cell culture plate.
This method has been successfully applied to study glia-derived extracellular matrix proteins
and their interaction with neurons®?. The non-contact, but continuous support provided by this
method has a number of advantages when compared to the separate culture of cells. Most
notably, the co-culture of glial cells with neurons allows for the continuous regulation and
conditioning of the cell culture media, which more closely resembles the in vivo situation. In
addition, continuous co-culture of cells allows for potential feedback signaling between
neurons and glia, which is not possible in separated cultures. In our protocol, if required, the
continuous co-culture method can be easily omitted and a classical treatment of neurons with
glia-conditioned media can be performed.
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In summary, the protocol presented here aims to provide the reader with a solid foundation
from which they can establish their own purified cell culture experiments. We predict that the
availability of transgenic animals and viral constructs will continue to increase for the
foreseeable future. Therefore, cell sorting techniques based on fluorescence are likely to
become even more widely used and valuable.
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Name of material/ equipment

Company

Catalog Number

Description

Neural Basal A media (NBA) ThermoFisher Scientific 10888022 Cell Culture Buffer
B27 ThermoFisher Scientific 17504001 Culture supplement
Glutamax ThermoFisher Scientific 35050-038 Culture supplement
Penicillin Streptomycin (10,000 U/mL) ThermoFisher Scientific 15140-122 Antibiotic
Poly-L-Lysine SIGMA P1399 Coverslip coating
Papain SIGMA P4762-1G Enzyme
Bovine Serum Albumin SIGMA A3294-100G Serum
Hibernate A low fluorescence media Brain Bits Ltd HALF Cell Transport media
Dulbeccos Modified Eagles Medium (DMEM) [Biochrom F0435 Glial Culture Buffer
Fetal Calf Serum (FCS) Biochrom S0115 Serum
Trypsin / EDTA Biochrom 12163 Enzyme
Fine Tip Pasteur Pipette Neo Labs - Used for trituration of cells
24-well plates BD 353047 Culture plate
50 mL Falcon tubes BD 352070 -
15 mL Falcon tubes BD 352096 -
Glass coverslips: 12 mm round Roth P231.1 -
35 mm Petri dish Corning 353001 -
100 mm Petri dish Corning 353003 -
30 um CellTrics Cell Sieve sysmex 04-004-2326 To remove cell clumps before cell sorting
Round bottom polystyrene tubes BD 352054 Transport tube for sorted cells
Round bottom polypropylyne tubes BD 352063 Collection tube for sorted cells
Cell culture inserts — 0.4 um transparent PET |Falcon 353 095 For the co-culture of neurons and glia
Extra fine Bonn Scissors Fine Scientific Tools 14084-08 To remove overlying skin and bone of mice
Extra narrow Scissors Fine Scientific Tools 14088-10 To remove overlying skin and bone of rats
Forceps Fine Scientific Tools 11242-40 To hold the head in place
Spatula (130 mm long / 5 mm tip width) Fine Scientific Tools 3006.1 To remove the brain to filter paper
Scalpel Blades Swan-Morton #0308 To mechanically dissociate neural tissue
Haemocytometer (Neubauer Imroved) Optik Labor - To cell count dissociated cells
Biological Laboratory Equipment
Fluorescent Miners Goggles (excitation light) [Maintenance and Servce Ltd (BLS) |FHS/LS-1G To excite TdTomato
Biological Laboratory Equipment
Fluorescent Miners Goggles (emission filter) [Maintenance and Servce Ltd (BLS) [FHS/EF-4R2 Td Tomato compatible emission filter

Fluorescent Miners Goggles (excitation light)

Biological Laboratory Equipment
Maintenance and Servce Ltd (BLS)

FS/ULS-02B2

To excite Venus

Fluorescent Miners Goggles (emission filter)

Biological Laboratory Equipment
Maintenance and Servce Ltd (BLS)

FS/TEF-3GY1

Venus compatible emission filter

Mouse-Anti-GFP primary antibodies UC Davis 75-132 To enhance Venus signal following fixation
Mouse-Anti-GFAP primary antibodies SIGMA G-3893 The identification of reactive astrocytes
Rabbit-Anti-CD11b primary antibodies Southern Biotech 1561-15 The identification of microglial cells
Rabbit-Anti-MBP primary antibodies Millipore AB980 The identification of oligodendrocyes
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L. The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

.. The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No  Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video{s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JOVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual {for the full term of copyright in the Article,
including any extensions thereto} license {a} to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b} to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works {including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
{c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Authot’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in ltem
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise . assist with the Video, the Author - hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. - Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
ltem 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual {for the full term of copyright in the
Article, including any extensions thereto) license {a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, {(b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in {(a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do-any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Ggvernment Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not viclate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JOVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. [If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have



full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JOVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author's or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author's

expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of

JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but ali of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Rebuttal Letter

Click here to access/download;Rebuttal Letter;turko-2019-
rebuttal-jove-190121.doc

Dear Dr. Wu,

Thank you very much for your email as of the 04.01.2019 informing us of your editorial
review of our JOVE submission entitled "Primary Cell Culture of Purified GABAergic or
Glutamatergic Neurons Established Through Fluorescence-Activated Cell Sorting"
(JoVES58974R1) by Paul Turko, Keenan Groberman,Toralf Kaiser, Yuchio Yanagawa and
Imre Vida.

We have taken care to address each comment that was raised. Please see below for a point
by point breakdown of how each one has been addressed.

We thank you again, sincerely, for your constructive comments and for taking the time to edit
our manuscript.

With best regards,

Imre Vida Paul Turko
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Editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there
are no spelling or grammar issues.

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

2. Please do not highlight notes for filming.

Notes are now no longer highlighted for filming.

3. Step 2.1 is missing.

Thank you for identifying this omission. It was part of a “number” formatting error. This
formatting error has now been corrected and all steps of the protocol now run in sequence.

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

This step has now been written in the imperative tense.

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

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

6. Please ensure that the references appear as the following:
Lastname, F.I., LastName, F.l., LastName, F.I. Article Title. Source. Volume (Issue),
FirstPage — LastPage, (YEAR).

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



