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Dopaminergic neurons represent less than 1% of the total number of neurons in the brain. This low amount of neurons regulates important brain
functions such as motor control, motivation, and working memory. Nigrostriatal dopaminergic neurons selectively degenerate in Parkinson's
disease (PD). This progressive neuronal loss is unequivocally associated with the motors symptoms of the pathology (bradykinesia, resting
tremor, and muscular rigidity). The main agent responsible of dopaminergic neuron degeneration is still unknown. However, these neurons
appear to be extremely vulnerable in diverse conditions. Primary cultures constitute one of the most relevant models to investigate properties
and characteristics of dopaminergic neurons. These cultures can be submitted to various stress agents that mimic PD pathology and to
neuroprotective compounds in order to stop or slow down neuronal degeneration. The numerous transgenic mouse models of PD that have
been generated during the last decade further increased the interest of researchers for dopaminergic neuron cultures. Here, the video protocol
focuses on the delicate dissection of embryonic mouse brains. Precise excision of ventral mesencephalon is crucial to obtain neuronal cultures
sufficiently rich in dopaminergic cells to allow subsequent studies. This protocol can be realized with embryonic transgenic mice and is suitable
for immunofluorescence staining, quantitative PCR, second messenger quantification, or neuronal death/survival assessment.

Video Link

The video component of this article can be found at https://www.jove.com/video/51751/

Introduction

Dopamine, one of the essential brain neurotransmitters’2 |s mainly released by midbrain dopaminergic (DA) neurons. The majority of DA
neurons reside in the ventral part of the mesencephalon Schematlcally, midbrain DA neurons can be divided in three anatomically and
functionally distinct projection systems: mesostriatal, mesolimbic, and mesocortical pathways2 The nigrostriatal pathway is involved in motor
behavior, the mesolimbic pathways play an important role in relnforcement motivation, and learning, whereas the dopaminergic pathways
projecting to the prefrontal cortex are implicated in cognltlon

DA neurons are involved |n several human neurological disorders such as schizophrenia, attention deficit, hyper activity disorder, and
Parkinson’s disease (PD) . PD is characterized by a progressive and selective degeneration of DA neurons connecting substantia nigra pars
compacta (SNc) to the striatum. The loss of nigro-striatal DA neurons results in severe dopamine depletion in the striatum that is responsible of
the motor symptoms of PD (bradykinesia, resting tremor, and rlgldlty) The initial cause of the idiopathic PD has not been established and the
current treatments are only symptomatic, aiming at restoring dopamine level in the striatum. The most prescribed drug is L-Dopa (Levodopa), the
natural precursor of dopamine. Though administration of Levodopa compensates for the loss of dopamine for a certain time, motor complications
occur after long-term treatments (dyskinesia and on/off states)™ 8o,

Research on dopaminergic neurons and PD is in constant progression and intense efforts are being made to develop treatments based on
cell transplantation, gene therapy, or neuroprotective agents10 " However, a major issue remains non-elucidated: what is the cause of the
extreme vulnerability of DA neurons? Part of the answer can be found in the act|V|ty of DA neurons. A reduction in the electrical activity and of
the excitability of DA neurons seems to augment their propensity to degenerate . Nevertheless, the complexity of PD pathogenesis requires
further studies to identify the mechanisms involved in DA neurons degenerahon1

Primary cultures are espemally relevant to study DA neuron propertles ®and to challenge these neurons to various stresses for evaluation
of neuroprotective agents 2024 Rat culture models are most often used, as the dissection of rat embryo mesencephalon is easier, compared
with the mouse, and higher amounts of neurons can be obtained in the rat. However, generation of transgenic mouse models of the disease®
has considerably increased the interest of the neuroscientist community for primary cultures from the mouse®®% . Although cultures prepared
from newborn animals can be used, it is better to prepare them from embryos at the post-mitotic stage (E13.5 for mesencephalon neurons),
when neurons have retained their capacity to differentiate. The following protocol presents isolated mesencephalon neurons in primary culture
from mouse embryos (E13.5), which are the most difficult to prepare. Notably, we provide a protocol using serum-free culture medium for a
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better reproducibility. The two most critical steps in culture preparation (dissection and mechanical dissociation) will be carefully detailed in the
associated video.

The mice used in this work were cared for and handled in accordance with the guidelines of the European Union Council (86/609/EU) for the

use of laboratory animals.

1. Preparation of Required Solutions

1.

Stock Solutions

1. 10x Poly-L-Ornithine (PLO) Solution: weigh out 10 mg of PLO hydrobromide (molecular weight = 30,000-70,000) and dissolve in 70 ml
of sterile water. Filter the solution using 0.2 um syringe filter, aliquot, and store at -20 °C.

2. 30% Glucose Solution: weigh out 30 g of D(+)-Glucose and dissolve in sterile water to a total volume of 100 ml. Filter, aliquot, and store
at4 °C.

3. 5x Dulbecco’s Modified Eagle’s Medium (DMEM)/Nutrient Mixture F-12 Ham: weigh out 6 g of DMEM/F-12 Ham powder and dissolve in
sterile water to a total volume of 100 ml. Filter, aliquot, and store at 4 °C.

4. 7.5% Sodium Bicarbonate (NaHCO3) Solution: weigh out 7.5 g of NaHCOj3 and dissolve in sterile water to a total volume of 100 ml.
Filter, aliquot, and store at 4 °C.

5. 1 M HEPES Solution: Weigh out 23.8 g of HEPES and dissolve in sterile water to a total volume of 100 ml. Filter, aliquot, and store at 4
°C.

6. 70% (v/v) Ethanol: Dilute 70 ml of absolute ethanol with 30 ml of sterile water.

Phosphate Buffered Saline with Glucose and Antibiotics (PBS-GAB): add 10 ml of 30% glucose solution and 5 ml of penicillin-streptomycin
solution to 500 ml of Dulbecco’s Phosphate Buffered Saline. Store at 4 °C.
Inactivated Fetal Bovine Serum (iFBS): Thaw bovine serum overnight at 4 °C and inactivate at 56 °C for 30 min. Aliquot into 50 ml and store
at-20 °C.
Culture Medium: In sterile water, mix successively 40 ml of 5x DMEM/F12-Ham, 1 ml of 1 M HEPES, 2 ml of 200 mM L-Glutamine, 2 ml of
penicillin-streptomycin, 4 ml of 30% glucose and 3 ml of 7.5% NaHCOj to a final volume of 180 ml. Filter and use the same day.
Hormone Mix
1. Prepare 180 ml of culture medium. Dissolve 200 mg of apo-transferrin in this medium.
Weigh out 50 mg of insulin and dissolve in 2 ml of 0.1 M HCI. Add slowly 8 ml of sterile water while mixing gently. Dilute this solution in
the culture medium.
3. Weigh out 19.3 mg of Putrescine dihydrochloride and dissolve in 10 ml of sterile water. Add the 10 ml solution to the hormone mix.
4. Prepare a 3 mM sodium selenite solution in sterile water and a 2 mM progesterone solution in absolute ethanol. Add 20 pl of each
solution to the hormone mix.
5. Filter the hormone mix, aliquot into 10 ml and store at -20 °C.

2. Preparation of Culture Plates and Instruments

FBS Coating of the Culture Plates: The day prior the dissection, prepare 180 ml of culture medium. Add 10 ml of iFBS to 90 ml of culture
medium. Add 300 pl/well of culture medium/10% iFBS into poly-D-lysine precoated 24-well plates. Incubate overnight at 37 °C. Store the
remaining media (with and without iFBS) at 4 °C.

Sterilize the instruments and Pasteur pipettes. Gather the equipment listed in Materials table as well as a Class Il laminar flow hood and a
CO, incubator.

3. Dissection of Mouse Mesencephalon

Sacrifice an E13.5 pregnant mouse (according to institutional guidelines). Clean the abdomen of the mouse with 70% ethanol and open the
abdomen wall. Collect the uterine horns, open them using delicate scissors, dissect each embryo from the uterine horns, and remove the
amniotic membranes. Place the embryos in a 100 mm Petri dish containing sterile PBS-GAB and wash them by transfer in 3 successive
identical baths using forceps. For dissection, place the embryos by 3 in a 60 mm sterile Petri dish.
Move the final Petri dish under the stereomicroscope. Do not behead the embryos. Using Vannas scissors, excise the brains.
1. Carefully remove and discard the fore- and hindbrain regions. To the rostral side, cut close to the thalamic region, to the caudal side cut
at the isthmus region, remove the superior colliculus.
2. Once the ventral midbrain is isolated, carefully remove meninges using ultra fine forceps. Collect the dissected segments, without the
meninges, in a sterile 13 ml tube filled with PBS-GAB.

3. Clean the tube containing the mesencephala thoroughly with 70% ethanol and bring it under the hood.

4. Cell Dissociation

1.

Wash mesencephala 3x with sterile PBS-GAB. Allow brain fragments to settle between each wash and avoid disrupting the tissue. After the
last wash, remove carefully as much solution as possible and incubate brain segments in 3 ml of Trypsin/EDTA for 15 min at 37 °C in a CO,
incubator.
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2. Fire-polish the Pasteur pipettes to maximize the survival of the neurons as the end of a non-polished glass pipet is sharp and can damage the
cells during the dissociation steps. Slightly reduce the extremity diameter (up 0.5 mm) of the Pasteur pipette while fire-polishing it.

3. Carefully remove as much Trypsin/EDTA solution as possible and add 10 ml of culture medium/10% iFBS. Wash brain segments 3x with
culture medium/10% iFBS.

4. Using the fire-polished Pasteur pipette, begin dissociation of mesencephala in 6 ml of culture medium/10% iFBS. Triturate 10x (avoid air
bubbles), allow the chunks to settle, then collect the medium in a new sterile 13 ml tube.

5. Add 6 ml of culture medium, repeat the previous step once and collect the medium containing dissociated cells in the same 13 ml tube.

6. Centrifuge cells at 160 g for 5 min. Discard the supernatant and resuspend the cells in culture medium supplemented with 10% hormone mix.

5. Cell Plating

1. Count cells in suspension in a Malassez cell and adjust the volume of medium to a concentration of 600,000 cells/ml. Around 1,700,000 cells
can be obtained from one mouse mesencephalon.

2. Remove FBS-containing coating medium from 24-well plates and add in each well 1 ml of cell suspension (600,000 cells/well, 2-4% of TH+
cells).

3. Incubate the plate at 37 °C and 5% C0O,/95% air. No medium change is necessary. Dopaminergic neurons are mature after around 5-7 days
in vitro (consistent expression of the dopamine transporter). Keep cells in culture up to 15 days without medium replacement.

6. Immunofluorescence Protocol

1. Cleaning of the Coverslips
1. The day before the dissection, add 10 ml of 1 M HCI into a Petri dish. Lay at the surface of the liquid 12-15 glass coverslips and wait 15
min.
Sink the coverslip into the liquid and wait for 15 min.
Remove HCI and wash 3x with water.
Wash the coverslips quickly with pure ethanol once, then add pure ethanol to the dish and wait for 30 min.
Under the hood, remove cleaned coverslips from ethanol and add 1 coverslip per well of a 12-well cell culture plate using sterilized
forceps.
6. Wash coverslips twice with sterile water (1 ml/well). Then, wash them once with sterile PBS.

arwn

2. Coating of the Coverslips
1. Remove PBS and add 500 pl/well of 2x PLO (diluted in PBS). Incubate for 4 hr at 37 °C in the CO, incubator.
2. Remove the PLO solution and wash 3x with sterile PBS.
3. Remove PBS and add 500 pl/well of 20% iFBS/1 g/ml Laminin. Incubate overnight at 37 °C in the CO, incubator.

3. Plating the Cells for Immunofluorescence
1. Remove coating medium from 12-well plates.
2. Add 900,000 cells/well in 2 ml volume and grow the cells at 37 °C in the incubator. Cells can be kept in culture up to 15 days without
medium replacement.

4. Immunostaining

1. Remove medium from 12-well plates and wash with 500 pl/well DMEM preheated at 37 °C.

2. Add 500 pl/well of DMEM preheated at 37 °C, then add gently 160 ul/well of 8% paraformaldehyde (PFA, 2% final concentration) and
incubate for 10 min at 37 °C.

3. Remove PFA and wash 3x with PBS/0.1 M glycine for 10 min.

4. Remove PBS, add 300 pl/well of PBS/0.05% Triton X-100/20% Goat serum and incubate for 30 min at room temperature.

5. Remove medium, add 300 pl/well of primary antibody diluted in PBS/0.05% Triton X-100/1% Goat serum and incubate for 2 hr at room
temperature. Primary antibodies that can be used for the detection of dopaminergic neurons and characterization of the culture are
indicated in the Materials table. Keep 1 well without primary antibody to assess for background of the different secondary antibodies.

6. Remove medium and wash 3x with PBS/0.2% gelatine for 10 min.

7. Remove medium, add 300 pl/well of secondary antibody diluted in PBS/0.05% Triton X-100/1% Goat serum and incubate for 1 hr at
room temperature, in the dark. Secondary antibodies used are indicated in the Materials table.

8. Remove medium and wash 3x with PBS/0.2% gelatine for 10 min.

9. Remove medium and wash 3x with PBS.

10. Mount the coverslips on glass slides cell side down in a drop of VECTASHIELD. Keep the slides at room temperature overnight to let
the mounting medium dry, then store them at 4 °C.

11. Acquire images using a confocal microscope or a phase-contrast microscope equipped for epifluorescence. Representative images
were acquired with a Leica SP2 UV confocal microscope.

Representative Results

An illustrated flow chart of the mesencephalon culture steps is shown in Figure 1. Briefly, after collecting E13.5 embryos from a pregnant Swiss
mouse, ventral mesencephalon is dissected from the entire embryo. The isolated brain fragments are successively submitted to enzymatic
digestion and mechanical dissociation. Dissociated cells are pelleted by centrifugation, resuspended in culture medium and plated in pre-coated
12- or 24-well plates. Cells are maintained up to 15 days without medium replacement.
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A detailed flow chart of the ventral mesencephalon dissection, corresponding to step 3.2, is shown i |n Figure 2. Dashed red lines indicate the 3
main cutting lines on a schematic representation of E13.5 mouse brain (adapted from Prestoz et al® ) and cutting steps are illustrated.

Phase contrast images of the culture after 1, 4, and 7 days in vitro (DIV) are shown in Figure 3. Neurons quickly develop extensions and
sprouting (Figure 3A). Branching and ramifications are more extended at DIV4 and DIV7 (Figures 3B-3C).

Dopamlnerglc neurons are detected by immunocytochemistry using an anti-TH antibody (Figure 4A). The number of TH+ cells is expressed per
2.5 cm? coverslip (Figure 4B). We do not express the number of TH+ cells per well as the density of cells is much higher on the borders of the
coated plastic well than on the coated glass coverslip, that is on the center on the well. DA neurons (TH+ cells) represent 2-4% of the whole cell
population on the coverslip. TH-positive (TH+) cells appear as early as DIV1 and their number increases rapidly to reach a maximum at DIV6.

The relative proportion of cells is assessed by immunofluorescence labeling of DA cells with an anti-DAT antibody (Figure 5A) or an anti-TH
antibody (Figure 5B) and concomitant staining of neuronal cells with anti-MAP2 antibody. Representative immunostaining of several neuronal
populations present in the culture is also shown in Figure 5. GABAergic neurons are stained using an anti-GAD67 antibody (Figure 5C) and
represent around 50% of the cells. Serotonergic neurons are detected with an anti-serotonin antibody (Figure 5D) and represent less than 1% of
the cells in the culture. The mesencephalon cell culture also contains glutamatergic neurons (40% of the culture), cholinergic neurons, and rare
glial cells (around 2-3%). Proportion of of glial cells is determined using glial fibrillary acidic protein (GFAP) staining (Figure SEZ Unambiguous
identification of mesencephalon dopaminergic neurons can also be achieved using specific markers such as Pitx3 or Foxa2®

Higher magnification immunostaining of several neuronal populations present in the culture is shown in Figure 6. Dopaminergic neurons

are detected using an anti-DAT antibody (Figure 6A). DAT staining reflects DA neuron maturation state. DAT expression begins at DIV3-4.
GABAergic neurons and serotonergic neurons are stained using an anti-GAD67 antibody (Figure 6B) or an anti-serotonin antibody (Figure 6C),
respectively.

A‘ Mouse E13,5 embryos ‘ B‘ Dissection ‘ C‘ V. mesencephalon ‘

Mechanical
dissociation

D

Cell plating ‘ E

Enzymatic digestion

Figure 1. lllustrated flow chart of the mesencephalon culture. Main culture steps are indicated. (A) Sacrifice a pregnant Swiss mouse, collect
E13.5 embryos in Petri dishes and wash them by successive PBS baths. (B-C) Under dissection microscope, dissect ventral mesencephalon
from the entire embryos and place them in a tube. (D) Add Trypsin-EDTA to the dissected brain fragments and digest at 37 °C for 15 min. (E)
Remove trypsin, add serum containing-culture medium and perform mechanical cell dissociation (10 trituration movements, repeated twice). (F)
Pellet the cell, resuspend them in serum-free medium supplemented with hormones and plate them in precoated 12- or 24-well plates. Please
click here to view a larger version of this figure.
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Figure 2. Detailed flow chart of the mesencephalon dissection. Main dissection steps are indicated. (A) Mouse embryo at E13.5 after
removal from the uterine horns. (B) Without beheading the embryo, excise the brain. (C) Schematic representation of embryonic mouse brain
at E13.5. Red dashed lines indicate where the brain should be cut to isolate ventral mesencephalon (R, rostral cut; C, caudal cut; D, dorsal
cut). The cephalic vesicles telencephalon, diencephalon, mesencephalon, and rhombencephalon are delimited in blue, purple, pink, and gray,
respectively. Aq, aqueduct; Hypoth, hypothalamus; LGE, lateral ganglionic eminence; LV, lateral ventricle; MFB, medial forebrain bundle; MGE,
medial ganglionic eminence; sc, superior colliculus; Thal, thalamus; VM, ventral mesencephalon; 4V, fourth ventricle (adapted from3°). (D)
Cutting lines are indicated by red dashed lines on an E13.5 mouse brain. (E) Mouse brain after removal of the fore- and hindbrain regions (i.e.
after cut R). (F) Mouse brain after removal of the superior colliculus (i.e. after cuts R and D). (G) Ventral view of an isolated mesencephalon (i.e.
after cuts R, C, D). Please click here to view a larger version of this figure.
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A DIV 1 |

>

Figure 3. Phase contrast images of the culture at different stages of development. (A) DIV1, (B) DIV4, and (C) DIV7 images of the same
culture are shown. Images were acquired on live cells with an inverted microscope. Please click here to view a larger version of this figure.
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Figure 4. Tyrosine hydroxylase staining of dopaminergic neurons. (A) At DIV8, DA neurons were detected using anti-TH antibody.
Revelation was performed using a 3,3'-Diaminobenzidine (DAB) kit. The image was acquired with an inverted microscope. (B) Number of TH*
neurons in mesencephalon cultures as a function of the age of the culture. Please click here to view a larger version of this figure.
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Figure 5. Representative proportion of neurons and astrocytes in the culture. At DIV4, DA neurons (in magenta) were detected using anti-
DAT (A) or anti-TH antibody (B) and GABAergic neurons, serotonergic neurons and astrocytes (in magenta) were detected using anti-GAD67
(C), anti-serotonin (D), and anti-GFAP (E) antibodies, respectively. Neuronal cells (in cyan) were stained with an anti-MAP2 antibody (A-E).
Images were acquired with an inverted microscope. Please click here to view a larger version of this figure.
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A Dopaminergic neuron

DAT - MAP2

B Gabaergic neurons

GADGE7 - MAP2

5-HT — MAP2

Figure 6. Representative staining of several cell populations of the mesencephalon culture. (A) Dopaminergic neuron detected by DAT
staining at DIV9 (in red). (B) GABAergic neurons visualized by GAD-67 staining at DIV9 (in green). (C) Serotonergic neuron stained with an
anti-serotonin antibody at DIV9 (in green). Neurons are identified by MAP2 staining (in blue, A-C). Images were acquired with a UV confocal
microscope. Please click here to view a larger version of this figure.
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This protocol presents the procedures and reagents necessary to prepare a primary culture of mesencephalic neurons from the embryonic
mouse and the immunofluorescence procedure to detect dopaminergic neurons. Critical steps of the procedure are the dissection of the embryos
and the mechanical dissociation of the collected brain fragments. High quality dissection instruments helps to master the dissection technique.
DA neurons constitute a small proportion of mesencephalon. Accordingly, collecting the right part of the ventral mesencephalon is essential to
obtain a culture that contains 2-4% of DA neurons. Mechanical dissociation should be performed carefully and gently. If the culture contains
clusters of non-dissociated neurons, add one or two more trituration steps.

This protocol uses serum-free medium for neuron culture. However, coating with serum is necessary to enhance attachment of the cells.
Hormone mix, which replaces the serum, is defined to allow neuron growth and to minimize glial cells survival and proliferation. Consequently,
non-neuronal cells represent around 2-3% of the culture (quantification using GFAP-staining). Alternatively, the cultures can be grown in the
presence of serum with the addition, two-days after seeding, of cytosine-B-D-arabinofuranoside (ara-C, 5-8 uM) to suppress the proliferation of
glial cells®. Another alternative to the hormone mix is the use of defined media and supplements®.

This technique is suitable to perform immunofluorescence staining, quantitative PCR, second messenger quantification and various types of
toxicology/survival screens. It should also be possible to conduct electrophysiological studies on these preparationsa3’34. These cultures can
identify pre-candidate neuroprotective molecules and help to characterize DA neurons properties, while minimizing the number of animals used.
However, final confirmation using in vivo models is requested, as cultured neurons do not receive inputs from other brain regions, which might
strongly influence their maturation.

This technique is not widely used, compared with rat culture models, despite its first descriptions in the early eighties16’17. The lack of images

presenting the delicate dissection may restrain researcherzs to develop this mouse culture model. However, due to the generation of numerous
transgenic mouse models of neurodegenerative disorders' ® with specific gene invalidation or labeling of specific neuron types, DA neuron
cultures from mouse are now of great interest.

Mastering this technique allows the study of DA neurons isolated from any type of transgenic mouse and to explore the perturbation induced by
gene modification. Moreover, these cultures can be used as reference models to be compared with DA neurons derived from mouse stem cells®
or from induced pluripotent stem cells®.
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