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Abstract

Converting resident glia in the brain into functional and subtype-specific neurons in vivo provides a step forward towards the development of
alternative cell replacement therapies while also creating tools to study cell fate in situ. To date, it has been possible to obtain neurons via in vivo
reprogramming, but the precise phenotype of these neurons or how they mature has not been analyzed in detail. In this protocol, we describe a
more efficient conversion and cell-specific identification of the in vivo reprogrammed neurons, using an AAV-based viral vector system. We also
provide a protocol for functional assessment of the reprogrammed cells’ neuronal maturation. By injecting flip-excision (FLEX) vectors, containing
the reprogramming and synapsin-driven reporter genes to specific cell types in the brain that serve as the target for cell reprogramming. This
technique allows for the easy identification of newly reprogrammed neurons. Results show that the obtained reprogrammed neurons functionally
mature over time, receive synaptic contacts and show electrophysiological properties of different types of interneurons. Using the transcription
factors Ascl1, Lmx1a and Nurr1, the majority of the reprogrammed cells have properties of fast-spiking, parvalbumin-containing interneurons.

Video Link

The video component of this article can be found at https://www.jove.com/video/59465/

Introduction

The overall goal of this method is to efficiently convert brain resident glia in vivo into functional and subtype-specific neurons such as
parvalbumin-expressing interneurons. This provides a step forward towards the development of an alternative cell replacement therapy for brain
diseases without the need for an exogenous cell source. It also creates a tool to study cell fate switches in situ. 

The brain has only a limited capacity for generating new neurons. Therefore, in neurological diseases, there is a need of exogenous cell sources
for brain repair. For this, different sources of cells have been subjected to intense research over the years, including cells from primary tissue,
stem cell-derived cells and reprogrammed cells1,2,3. Direct reprogramming of resident brain cells into neurons is a recent approach that could
provide an attractive method for brain repair as it uses the patient’s own cells for generating novel neurons inside the brain. To date, several
reports have shown in vivo reprogramming through viral vector delivery in the brain4,5,6,78,9 in different brain regions such as the cortex, spinal
cord, striatum and the midbrain5,10,11, as well as in intact and lesioned brain5,8,11,12. Both inhibitory and excitatory neurons have been obtained4,8,
but the precise phenotype or functionality of these cells has not yet been analyzed in detail. 

In this protocol, we describe a more efficient reprogramming and cell-specific identification of in vivo reprogrammed neurons. We provide a
protocol for functional assessment of the neuronal maturation and phenotype characterization based on functionality and immunohistochemical
traits. 

We used a Cre-inducible AAV vector and a GFP reporter to identify the in vivo reprogrammed neurons. This choice of viral vectors has the
advantage of infecting both dividing and non-dividing cells of the brain, increasing the number of targeted cells, as an alternative to the use of
retrovirus7,8. A neuron-specific synapsin-driven FLEX reporter (GFP), enabled us to specifically detect the newly generated neurons. Previous
studies have used subtype-specific promoters for in vivo reprogramming7,9, that also allow the expression of reprogramming genes and reporters
in specific cell types. However, that method requires further identification of reprogrammed neurons by postmortem analysis of the co-expression
of reporter and neuronal markers. The use of a neuron-specific reporter, such as the one described herein, allows for a direct identification. This
provides a direct proof of a successful conversion and allows a live cell identification that is required for patch-clamp electrophysiology.
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Protocol

All experimental procedures were carried out under the European Union Directive (2010/63/EU) and approved by the ethical committee for the
use of laboratory animals at Lund University and the Swedish Department of Agriculture (Jordbruksverket). Mice are housed in a 12 h light/dark
cycle with ad libitum access to food and water.

1. Viral Vectors

1. Cloning of AAV vectors
1. To create Cre-inducible AAV5 vectors, insert cDNA for GFP, Ascl1, Lmx1a and NR4A2 (Nurr1) in a reverse orientation flanked by two

pairs of heterotypical, antiparallel LoxP flip-excision (FLEX) sequences (Table of Materials). For the cDNA insertion, use a backbone
like pAAV-Cba-FLEX or one with a similar structure, containing FLEX sequences and a chicken beta actin (CBA) promoter.

2. Insert each single cDNA (e.g., Ascl1) in the backbone by polymerase chain reaction (PCR) and restriction enzymes. Express GFP
under the control of a synapsin promoter and Ascl1, Lmx1a, Nurr1 under the control of a ubiquitously expressed CBA promoter.
 

NOTE: Ensure to have endotoxin free DNA using specific Endotoxin-Free Plasmid DNA Isolation Kits.
3. Perform sequencing and restriction analysis on the constructs before use, in order to check the success of the cloning step.

2. AAV5 viral vector production
 

CAUTION: Refer to local biosafety guidelines when handling adeno-associated virus (AAV). In Sweden, the AAV used in this protocol
requires Biosafety Level 2 (BSL-2).

1. Seed HEK293T cells with standard culture media (DMEM+Glutamax + 10% FBS + penicillin (100 U/ml) streptomycin (100 μg/mL), see
Table of Materials) in T175 flasks at a density of 3 x 106 cells per flask. Account for 5 flasks per batch of AAV and plan for 6 batches at
a time.

2. When the cells reach 50-70% confluency, prepare the following mix for transfection (per 175 cm2 flask).
1. In a 50 mL centrifuge tube, add equimolar amounts of vector plasmid and pDG series helper plasmid (pDP5, pDP6), with a total

amount of 72 µg per 175 cm2 flask.
2. Add Tris-EDTA buffer (TE buffer, 10 mM Tris-HCl, 1 mM EDTA) to a final volume of 144 μL.
3. Add ultrapure water so that the total volume becomes 1296 μL and mix.
4. Add 144 μL of 2.5 M CaCl2 and mix. Add 1.92 μL of HEPES Buffered Saline (HBS) (1.5 mM Na2HPO4 ,140 mM NaCl, 50 mM

HEPES) to the DNA solution and mix immediately by vortexing.
5. Incubate at room temperature (RT) for exactly 60 s. Transfer the solution to 28 mL fresh cell culture media and mix.

3. Replace the medium in the flasks with cell culture medium containing transfection mix.
4. Three days after transfection, harvest the cells by pouring off thr medium from the flasks into a disposable container for waste and add

5 mL of harvest buffer (EDTA added to Phosphate-Buffered Saline, see Table of Materials, DPBS to a final concentration of 5 mM) to
a concentration of 5 mM) in each flask to allow cell detachment.

5. Pour the cell solution in a 50 mL centrifuge tube. Add another 4 mL of DPBS to each flask to rinse the remaining cells and pool with
first cell solution. Centrifuge the harvested cells at 1,000 x g for 5 min at 4 °C.

6. After centrifugation, remove the supernatant and dissolve the pellets in 15 mL of lysis buffer (50 mM Tris-HCl pH 8.5, 150 mM NaCl, 1
mM MgCl2) by vortexing.

7. Freeze them in CO2-ice/ethanol bath for 15 min and store in a -20 °C freezer. Thaw the harvested cell lysate in a 37 °C water bath
before use.

3. AAV5 viral vector purification
1. Perform AAV Purification by Iodixanol Gradient Ultracentrifugation13 and use ultracentrifuge sealing tubes with centrifugation at

350,000 x g for 1 h and 45 min at RT.
2. Use a 10 mL syringe with an 18G needle and insert about 2 mm below the 40/60% phase border with the bevel facing upwards in order

to extract the AAV-containing phase. Make sure to stop before reaching the protein band after 5-6 mL has been extracted.
3. Store the gradient extracts in autoclaved glass bottles at 4 °C. Avoid storing times longer than overnight.
4. Dilute the Iodixanol gradient extract 3-fold by slowly pipetting in 12 mL of Iodixanol Elution (IE) buffer (20 mM Tris-HCl pH 8.0, 15 mM

NaCl) while swirling.
5. Purify and concentrate the diluted Iodixanol gradient through an anion exchange filter. Push it through slowly with a speed no faster

than 1 drop/s. Push 3 mL of IE buffer slowly through the filter to wash it.
6. Elute into a centrifugal filter unit with 1-2 mL of elution buffer (20 mM Tris-HCl pH 8.0;250 mM NaCl). Add DPBS to the device to a final

volume of 4 mL. Centrifuge at 2,000 x g at RT until less than 0.5 mL is left in the filter. Remove the liquid from the bottom of the tube,
refill with 4 mL of DPBS and centrifuge again. Repeat this step two more times. Make sure that the volume of concentrated vector on
the filter is about 200 µL after the last centrifugation step.

7. Remove the 200 µLconcentrated vector using a pipette and push the concentrate through a 0.22 μm filter to sterilize it. Aliquot 200
µLinto a 9 mm glass vial with interlocked insert (Table of Materials).
 

NOTE: The AAV5 vectors stocks can be stored in -80 °C freezers for long storage, or at 4 °C if used within 2 weeks.

4. AAV5 viral vector titer determination
1. Determine AAV5 titer using standard quantitative polymerase chain Reaction (qPCR) with primers for Inverted Terminal Repeat (ITR)

sequence and a 5´FAM / 3´BHQ1 probe for ITR sequence (Table of Materials). Use a standard curve achieved with known amounts of
ITR containing plasmid. Each AAV vector should have a range of 1E+14 – 1E+15 genome copies per milliliter if ITR sequence is used for
titer determination.
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NOTE: A successful AAV5 virus production gives stocks with titers in the minimum range of 3E+13 – 7E+13 Units/mL.

2. Injection of Reprogramming Factors into the Brain

1. Animal setup, stereotaxic placement and drilling
 

NOTE: This protocol focuses on the use of Ascl1, Lmx1a and Nurr1 (ALN) for the reprogramming of NG2 glia into interneurons. In our
experience, interneurons of a similar phenotype can be obtained using other factor combinations11.

1. Prior to surgery, prepare the viral mix containing the vectors Cba-FLEX-Ascl1, Cba-FLEX-Lmx1a, Cba-FLEX-Nurr1 and the reporter
vector Syn-FLEX-GFP. Add each one of the stocks prepared in section 1 to the final mix, so that the final viral solution has 5% of each
one of the reprogramming factors (Ascl1, Lmx1a and Nurr1) and 10% of the reporter construct (5% A, 5% L, 5% N and 10% GFP).
 

NOTE: The AAV5 vector mixes can be stored at 4 °C and kept for future use in vivo.
2. Anaesthetize the mouse using 2% isoflurane in a mix of air and nitrous oxide (N2O) at a 4:1 ratio. Monitor the animal’s breathing by

observing the movements of the diaphragm. During the surgery, maintain anesthesia using 1–1.5 % isoflurane.
 

NOTE: The mouse model hereby described consists of a mouse strain that specifically expresses Cre in NG2 glia. In vivo
reprogramming can be achieved using different mouse strains that express Cre in other populations of glial cells (e.g., astrocytes14).

3. Once the animal is completely anesthetized (e.g., complete muscle relaxation and no response to a pinch in the foot pad), shave the
area around the incision site and bring the animal to the stereotaxic frame.

4. To maintain animal’s body temperature during surgery, attach a heating pad to the base of the stereotaxic frame. Place the mouse on a
clean, dry paper towel.

5. Carefully place the mouse’s head into the ear bars. If correctly placed, no lateral movement of the head should be observed. Set the
left ear bar to 4 mm, prior to starting placing the mouse in the stereotaxic frame.

6. Secure the tooth bar in place, and then tighten the nose bar. Make sure that the head does not move in any dimension and point
straight ahead (the midline being perpendicular to the plane of the ear bars). Apply ophthalmic ointment for eye protection.

7. Before the beginning of surgery, administer the appropriate analgesia (e.g., 0.05 mg/kg of Buprenorphine, sub-cutaneous).
8. Clean the incision area with a cotton gauze or a wipe soaked with 70% EtOH, without approaching the eye area.

 

NOTE: For intracerebral viral injection, a 5 or 10 μL syringe adapted with a pulled glass capillary is used. Glass capillaries are pulled
using a micropipette puller, resulting in a capillary with a very fine tip, which will minimize the invasiveness of the procedure. To adapt
the capillary into the syringe, use a piece of rubber tubing over the connection between the needle of the syringe and the glass capillary
and melt it using a heat source (e.g., a lighter). A tight connection between the two pieces will make sure there are no fluid leaks during
the injection. Before starting the surgery, test this by filling the syringe with saline and pushing the liquid out of the syringe.

9. Make an incision of approximately 0.5-0.8 cm along the midline of the head. Cut through both cutaneous and sub-cutaneous layers,
with a scalpel.

10. Widen the skin flaps on each side of the incision. Clean the incision of any blood and scrape back the subcutaneous layers with a
cotton bud.

11. Move the M/L-D/V arm of the stereotaxic frame into place (above the animal) and secure it.
 

NOTE: The stereotaxic frame allows adjustment of the syringe along the Anterior/Posterior (A/P, Y axis), Medial/Lateral (M/L, X axis)
and Dorsal/Ventral (D/V, Z axis) axis.

12. Move the syringe along the different axis of the stereotaxic frame, to bring the tip of the glass capillary just above bregma (the junction
point where the different skull plates meet).

13. Make sure the capillary tip is perfectly straight in both A/P and M/L planes. In case of an ambiguous bregma, take the average of the
lateral and midline sutures.

14. When the tip of the capillary is correctly placed above bregma, reset both the M/L and A/P values to 0.0 on the digital coordinate
counter.

15. To make sure the head of the animal is in a perfectly flat position, use the digital coordinate counter to measure the D/V coordinate
value, when the A/P arm is at +2.0 and -2.0 (M/L = 0.0), as well as when M/L arm is at +2.0 and -2.0 (A/P = 0.0). Adjust the height of
tooth bar and ear bars accordingly.

16. Move the syringe to the desired coordinates for injection of viral vectors in the striatum (A/P = +1.0; M/L = -2.0, relative to bregma).
17. Raise the syringe slightly and, by looking at the injection site through the microscope, drill a hole using a dental drill at the injection

coordinates. Start to drill at the site, working in circular and gentle manner.
 

NOTE: Do not put too much downward pressure, as the drill-bit should be sharp enough to go through the bone without additional
force. Avoid long, sustained drilling as this creates heat.

18. At the end of the drilling, check that the dura mater remain intact and exposed for injection.

2. Syringe setup preparation
1. Place a piece of cotton gauze over the open incision and flush the syringe with saline solution.
2. After flushing, take up an air bubble of 1–2 μL, followed by 1 μL of solution containing the viral vectors, avoiding any unintentional

bubbles. Make sure that the viral solution can easily be visualized below the air bubble, whilst being injected.

3. Viral injection
1. Remove the cotton gauze from over the incision site, and lower the syringe using the D/V arm of the stereotaxic frame. As the surface

of the skull is approached, carefully look through the microscope and measure the D/V level of dura mater — it should bulge slightly
under gentle pressure.

2. While touching the dura mater with the tip of the capillary, set the D/V coordinate to 0.0.
3. Lower the syringe, progressing slowly to the desired depth (D/V = -2.7, relative to dura mater). Make sure that the trajectory is clear of

bone fragments, so that no bending of the needle/capillary is observed.
 

NOTE: The presented coordinates refer to an injection of the reprogramming factors into the striatum of NG2-Cre mice. Coordinates
corresponding to other brain regions may be used. Always test the coordinates for injection first using a dye (e.g. Trypan Blue), colored
bead injection or a reporter viral vector prior to injection of reprogramming factors into the brain of a new mouse strain. If injecting
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Trypan Blue, the animals need to be sacrificed immediately after surgery and the brain dissected out. Fresh brains can be cut using
a microtome, while frozen, and the site of injection determined by visualization of the dye position in the brain. If testing coordinates
using colored beads, it is possible to determine the site of injection on perfused and cut brains a week after injection. Alternatively, an
injection with a viral vector carrying a reporter gene can be used, and the site of injection determined in perfused cut brains.

4. Inject 1 μL of the viral solution at a rate of 0.4 μL/min. When the whole volume is injected, allow for a diffusion period of 2 min before
syringe withdrawal.

5. After diffusion, slowly retract the syringe until the tip of the capillary is completely out of the brain.
6. Place a piece of cotton gauze over the wound and flush the syringe with saline solution.
7. Move the M/L-D/V arm of the stereotaxic frame out of the working area.

4. Wound closing and post-operative procedures
1. Carefully suture the incision using suture thread.

 

NOTE: All suture threads used in injected animals should be disposed in a cup/vial containing anti-viral detergent solution. The same
solution is used to clean all surfaces surrounding the surgery area that have been in contact with surgical materials. All surgical tools
are thoroughly washed and autoclaved at the end of each surgery day.

2. Remove the animal from the stereotaxic frame and place it in a post-operative station, which includes a clean, heated cage, access
to food and water, and where the animal stays until fully awake. During this period, monitor the animal closely until consciousness is
regained.

3. Do not house operated animals with non-operated animals until the former have fully recovered from surgery.
4. Supervise operated animals daily. Depending on the sutures used, make sure they are removed if necessary. All animals were given

Bupenorphinum (Temgesic at 1ml/kg) subcutaneous as post operative care.
 

NOTE: If operating using the same syringe in two consecutive days, flush it with water, followed by ethanol 70% and water again.
Leave the syringe filled with water over-night, to allow dissolution of any possible residues.

3. Electrophysiological Recordings

1. Tissue slice preparation for electrophysiology
 

CAUTION: A well-executed tissue preparation is necessary in order to achieve good electrophysiological recordings. Prepare the room
carefully and place tools for perfusion and dissection on ice.

1. Prepare ice-cold and oxygenized (95% O2 and 5% CO2) Krebs solution for perfusion, dissection and cutting (prepare this on the
same day from the 10x stock by diluting the stock solution in ultrapure water and adding NaHCO3 and glucose). The components in
the Krebs solution in mM (after dilution to 1x) are: 126 NaCl, 2.5 KCl, 1.2 NaH2PO4·H2O, 1.3 MgCl2·6H2O, and 2.4 CaCl2·6H2O, 22
NaHCO3, 10 glucose. Adjust the pH of the solution to 7.4.

2. Perform a calibration (Vibracheck) for the vibratome with a new razor blade.
3. Start the cooling block of the vibratome (or fill the surrounding chamber with ice), fill the cutting chamber with Krebs solution for

oxygenation with 95 % O2 and 5 % CO2 at least 30 min before use.
4. Put a Petri dish on ice and fill it with oxygenized Krebs solution. Place the blade, scissors and mounting plate on ice.

 

CAUTION: Bring the cage containing the mouse to the room at least 1 h before starting the procedure for acclimatization. Stress has a
negative effect on the condition of the brain tissue sections.

5. Terminally anesthetize the mouse by injecting an overdose of Pentobarbital and let the animal fall asleep.  When the blink reflex is out
and animal do not respond to pain stimuli, transcardially perfuse the animal with ice-cold Krebs solution for 2-3 min (at a rate of 10-20
mL/min).

6. Rapidly, but carefully, dissect out the brain and put it upside down in the Petri-dish that is placed on ice (containing Krebs solution).
 

NOTE: In order to compare the functional maturation of the reprogrammed neurons, sacrifice the animals for recordings at different
time-points post-viral injection. Assess the firing properties of distinct subtypes of neurons based on existing literature15 .

7. Make a coronal cut along the mid cerebellum and glue this side onto the mounting plate (also ice-cold) for vibratome cutting.
8. Dip the glued brain carefully into the buffer chamber in the vibratome.

 

CAUTION: Be careful not to touch the razor blade for your own safety, and so that the blade will remain calibrated.
9. Cut from the most rostral part of the brain down to the striatal level at a high speed. Then cut the striatum coronally at 275 μm at slow

speed (0.10 mm/s).
10. After each cut, carefully remove the non-injected striatal side (e.g., with a bended needle) and transfer the injected side into another

vial in a water bath, containing a bottom net (oxygenized Krebs at RT) placed in a water bath. Keep this at RT until all sections are cut.
11. Slowly increase the temperature of the water bath to 37 °C and leave it for 30 min. Then turn off the heater and let cool down until RT.

 

NOTE: At this point, you can pause until you start recording. The sections last for 4-6 h.

2. Whole-cell patch-clamp recordings
1. Transfer the first tissue section to the recording chamber submerged in a continuous flow of Krebs solution. Mount the section using

light weights and submerge the objective.
2. Identify the striatal region in the microscope and search for GFP-positive (reprogrammed) neurons. Select a neuron that is extensive in

morphology and not covered by fiber bundles or blood vessels.
3. Prepare borosilicate glass pipettes (3–7 MΩ) for patching and fill with the following intracellular solution (in mM): 122.5 potassium

gluconate, 12.5 KCl, 0.2 EGTA, 10 HEPES, 2 MgATP, 0.3 Na3GTP and 8 NaCl, adjusted to pH 7.3 with KOH.
4. For biocytin filling, add 1 mg of biocytin salt to 1 mL of internal solution and vortex.

 

CAUTION: Make sure to filter the internal solution with biocytin as this can otherwise clog the electrode.
5. Attach the glass pipette to the recording electrode and dip into the solution. Double-check the resistance of the electrode. Then slowly

approach the cell with the pipette, keeping a slight positive pressure in the electrode to avoid plugging the tip.
 

CAUTION: Be careful to keep track of your cell while descending the electrode and not to bleach the fluorescence in the cell (i.e., turn
off the fluorescence lamp when you do not need it).
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6. Rinse the surrounding tissue carefully using positive pressure of the electrode and approach the cell with the electrode. Locate the
electrode right on top of the cell and descend until the electrode touchd the membrane. Make a Giga-Ω seal between the electrode and
cell membrane, and with negative pressure pulses, rupture the membrane to create a whole-cell patch.
 

CAUTION: Reprogrammed neurons are sensitive. Be careful when patching and do not put too much negative pressure when reaching
a Giga-Ω seal or opening the cell membrane. Also, patching onto animals that are older requires practice and patience as their
connective tissue is thicker and it is harder to visualize the neurons.

7. Check the resting membrane potentials immediately after breaking-in in current-clamp mode and write down for analysis.
8. In current clamp, maintain the cell between -60 mV to -80 mV and inject 500 ms currents from -20 pA to +90 pA, with 10 pA increments

to induce action potentials.
9. Transfer into voltage-clamp and measure the inward sodium and delayed rectifying potassium currents at depolarizing steps of 10 mV.

 

NOTE: Voltage-clamp recordings are better assessed using a different internal solution, composed of chemicals that more efficiently
clamp the membrane. However, for reprogrammed neurons, the number of cells that you can record from is few and the number of
tissue sections with these neurons is limited. Hence, it is an advantage to record both in current-clamp and voltage-clamp from the
same cell.

10. In voltage-clamp mode, record spontaneous postsynaptic activity at -70 mV. Distinguish inhibitory postsynaptic events at a membrane
potential of 0 mV from excitatory events at -70 mV.

11. After reaching a stable baseline, add Picrotoxin, the GABAA receptor antagonist, to the Krebs solution that flows into the recording
chamber, to extract excitatory events (add a stock solution of Picrotoxin to a final concentration of 50 mM in separate buffer syringe that
is connected to the chamber perfusion. Connect the outflow of buffer from the chamber to a vacuum bag for safe disposal).

12. After 20 min, add CNQX (20 mM), an AMPA antagonist, to the Krebs solution that flows into the recording chamber, to block the
inhibitory events (using the same procedure as for Picrotoxin). Leave in for another 20 min and then wash out with Krebs solution.
Remove the tissue section from the chamber.

13. After finishing the recordings, do an offline analysis of spontaneous excitatory post-synaptic currents (EPSC) and inhibitory post-
synaptic currents (IPSC) using a threshold-event detection (>5 pA) in the analysis program.

14. During the whole recording, the cell will be slowly filled with the biocytin-containing internal solution. Keep the patch for at least 20 min
before slowly removing the electrode in order to achieve complete filling of the cell.
 

CAUTION: Be careful not to have any positive pressure in the electrode that could destroy the consecutive morphological analysis of
the cells afterwards.

15. For biocytin-visualization, put the tissue section in 4 % paraformaldehyde (PFA) overnight at 4 °C. Rinse the section in 0.02 M
potassium phosphate buffer (KPBS) with 0.1 % Triton. Then, stain for streptavidin- Cy3 (1: 600 in KPBS-T, 2 h), for identification of the
biocytin-filled cell and morphological visualization of the reprogrammed neuron.
 

NOTE: Biocytin filling can be used for morphological analysis and illustrations of the patched neurons.

4. Immunohistochemistry, Stereology, and Quantification

NOTE: Dedicate a specific group of mice for immunohistochemistry, as tissue sections used for electrophysiology are not optimal for
immunohistochemistry.

1. Anaesthetize mice with an i.p. injection of an overdose of pentobarbital and mount the animal for perfusion.
2. Transcardially perfuse the mice, first with a saline solution to remove blood, and then with ice-cold 4% PFA.
3. Dissect the brains and post-fix for at least 12 h in 4% PFA.
4. Put the brains in 25% sucrose solution (for cryoprotection) for approximately 12 h.

 

NOTE: The brains are ready to be cut when they sink in the 25% sucrose solution, indicating that the sucrose has penetrated the entire
mouse brain.

5. Make a coronal cut across the cerebellum, use the flat, most caudal part of the brain to place the brain on a microtome and fix it in place
using optimal cutting temperature compound (OCT).

6. Cut the brain into coronal slices with a thickness of 35 μm and divide the brain into consecutive series placed in vials or wells containing 0.02
M KPBS.

7. Process the sections for immunohistochemistry using antibodies against GFP and interneuron markers such as GAD65/67, PV, Chat (choline
acetyltransferase) and NPY (Neuropeptide Y), according to standard protocols16, 17.
 

NOTE: Brain slices can be kept at 4 °C or -20 °C in anti-freeze solution for long periods.
8. After staining is complete, mount the sections on a glass slide and cover with a glass coverslip, using a mounting solution to fix it in place.

Leave the coverslipped slides to dry over-night.
 

NOTE: For our studies, whole brains are cut in 1:8 series (i.e., each vial containing sections will hold one eighth of the mouse brain11).
9. Analyze the sections using an inverted fluorescence and/or confocal microscope.

 

CAUTION: Fluorescent microscopy is useful for a general overview of results and capturing images for calculating reprogramming efficiency.
For a more detailed analysis of phenotypic identity by observation of double-positive cells, confocal imaging should be used.

10. For quantification of different markers expressed in GFP+ neurons in the striatum, count the number of double-positive cells in relation to the
total number of GFP+ cells (i.e., the reprogrammed neurons), in at least two fields of each striatal section.

11. For determining the approximate extrapolated total number of reprogrammed neurons per brain, count the GFP+ neurons present in the
striatum of one of the brain series cut earlier, and then multiply by the total number of series.
 

NOTE: Different methods of quantification can be used to express reprogramming efficiency, number of reprogrammed neurons per animal
and percentage of neurons that express certain phenotypic markers. For more information, see previous publication11.

12. Analyze the differences between conditions using Graph Pad Prism or similar.
 

NOTE: For efficiency calculation, we injected NG2-Cre mice with the CRE-dependent ALN conversion vectors and the GFP reporter. To
estimate the conversion efficiency, we also injected animals with a Cre-dependent GFP under the ubiquitous cba promoter, rendering all
targeted cells GFP+. Using this comparison, we estimated that 66.81% ± 38.38% of targeted cells converted into neurons. For validation of
expression of each one of the genes, complementary double immunofluorescent-staining can be performed for GFP/Ascl1, GFP/Lmx1a and
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GFP/Nurr1. Additionally, genome sequencing such as single cell RNA sequencing can reveal the presence of each one of the genes in the
reprogrammed cells.

Representative Results

The injection of AAV vectors is used to successfully reprogram resident NG2 glia cells into neurons in the NG2-Cre mouse striatum (Figure 1A).
To specifically target NG2 glia, FLEX vectors with reprogramming/reporter genes, are inserted in an antisense direction and flanked by two pairs
of antiparallel, heterotypic loxP sites (Figure 1B). Each of the three reprogramming genes (Ascl1, Lmx1a and Nurr1) is placed under the control
of the ubiquitous cba promoter on individual vectors. In order to make sure GFP expression is restricted to reprogrammed neurons originating
from a Cre-expressing cell, GFP is placed under the control of the neuron-specific synapsin promoter, (also in a FLEX vector).

The use of the combination of reprogramming and reporter constructs allows for the generation of GFP-positive neurons in the mouse striatum
(Figure 1C,C’). The use of the reporter construct without the presence of reprogramming genes does not yield GFP-positive neurons (Figure
1D).

The reprogrammed neurons that are biocytin-filled are visible after post-mortem immuno-staining (Figure 2A). If conversion is successful,
there should be extensive neuronal morphology. The electrophysiological recordings of reprogrammed neurons show presence of postsynaptic
functional connections with spontaneous activity measures (Figure 2B,C). This can be blocked with either ionotropic GABAergic or glutamatergic
blocker (Picrotoxin or CNQX), suggesting both excitatory and inhibitory synaptic input to the reprogrammed neurons. The occurrence of
spontaneous activity increases with time post viral injection (Figure 2D), indicating a gradual maturation.

Current-induced action potentials are present in functional neurons. The action potentials increase in number over time after conversion (Figure
2E). This further indicates maturation in neuronal function. In an immature neuron, current will induce either none or very few action potentials
(Figure 2F).

The firing patterns of a neuron is cell type specific as it depends on factors such as the morphology of the cells and channel expression15.
The recorded patterns in the in vivo reprogrammed neurons can be distinguished into groups and compared to that of endogenous neuronal
subtypes, e.g. fast-spiking interneurons (Cell Type B, Figure 3B) or other cell types (Figure 3A,C,D). The observed electrophysiological
differences can be confirmed by the presence of specific subtype markers and co-expression with GFP (Figure 3E-H). Altogether, this data
indicates that the reprogrammed neurons present in the striatum have properties of different types of interneurons, such as Parvalbumin-, ChAt-
and NPY- expressing interneurons, as well as striatal medium spiny neuron identity (DARPP32+) (Figure 3E-H).

 

Figure 1: In vivo reprogramming of resident NG2 glia into neurons. (A) Schematic representation of AAV virus-mediated in vivo
reprogramming of striatal NG2 glia. (B) Schematic representation of AAV5 FLEX constructs used for in vivo reprogramming, in which gene
expression is regulated by Cre expression in the targeted cells. (C and C’) In vivo reprogrammed neurons, resulting from Syn-GFP + ALN
injection into the Striatum. (D) Absence of reprogrammed neurons when no reprogramming factors are added into the viral cocktail, and only
reporter construct is injected in vivo. Scale bars = 100 μm (C),25 μm (C'), 25 μm (D). Please click here to view a larger version of this figure.

https://www.jove.com
https://www.jove.com
https://www.jove.com
https://www.jove.com/files/ftp_upload/59465/59465fig1large.jpg


Journal of Visualized Experiments www.jove.com

Copyright © 2019  Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

June 2019 |  148  | e59465 | Page 7 of 9

 

Figure 2: In vivo reprogrammed neurons are functional and show maturation over time. (A) Biocytin-filled reprogrammed neuron, shows
mature neuronal morphology, including dendritic spines. Traces shows (B) inhibitory (GABAergic) activity that is blocked with picrotoxin, a
GABAA receptor antagonist and (C) excitatory activity that is blocked with CNQX, an AMPA receptor antagonist. (D) The number of neurons with
postsynaptic activity increases over time. (E) Patched neurons show repetitive firing already at 5 weeks post-injection (w.p.i.) and continue to
show that at 8 and 12 w.p.i. (F) Current-induced action potential and postsynaptic activity of an immature neuron, showing few synaptic events
and few action potentials compared to B and D. Scale bar = 25 μm Please click here to view a larger version of this figure.
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Figure 3: In vivo reprogrammed neurons show immunohistochemical and electrophysiological properties of striatal interneurons.
(A-D) The firing patterns of in vivo reprogrammed neurons can be of distinct types: (A) Type A is similar to endogenous medium spiny neuron
(DARPP32+); (B) similar to fast-spiking (PV+) interneurons; (C) similar to low-threshold spiking neurons with prominent sag (NPY+); (D) neurons
firing with large after-hyperpolarization (Chat+). (E-H) Confocal images showing co-localization of GFP and the interneuron markers PV (E),
ChAT (F), NPY (G), and projection neuron marker DARPP32 (H). All scale bars = 50 μm. Please click here to view a larger version of this figure.

Discussion

In vivo direct reprogramming can be achieved using AAV FLEX vectors in Cre-expressing mouse strains. It is important to note that differences
between mouse strains with regards to reprogramming efficacy have been observed. For in vivo reprogramming in the striatum, the NG2-Cre
mouse line has proved to be the more efficient when compared with other strains. Prior to starting to use a new animal strain, it is important
to check the mouse provider guidelines regarding Cre expression over time, as the age of animals often impacts the specificity of this protein
expression. In our studies, animals older than 12 weeks were not used for in vivo reprogramming as there was a risk for Cre expression in cells
other than NG2 glia. The constant presence and monitoring of control animals injected only with Synapsin-FLEX-GFP construct is advised. This
allows monitoring of the animals for GFP-positive cells that should not be present if no reprogramming genes (ALN) are used.

To identify the newly reprogrammed neurons, a neuron-specific identification method such as the one described in this protocol is of utmost
importance. This allows for a proper identification and distinction of the reprogrammed neurons from the endogenous surrounding cells that is of
particular relevance when the reprogramming in a homotopic region.

It is also important to target the correct structure for viral injection. Therefore, the stereotaxic surgery for viral injection is important and needs to
be approached with accuracy, especially when targeting smaller structures of the brain.

We have previously shown11 that it is not reliable to predict the outcome of in vivo reprogramming based on in vitro reprogramming experiments
using the same reprogramming factors. All factors of interest therefore need to be tested in vivo. In our hands, many different factor combinations
give the same subtype of neurons (i.e., interneurons11 in vivo) despite the fact that these genes have been implicated in the development of
other neurons.

Whole-cell patch clamp for reprogrammed neurons is a delicate technique and tissue processing is important for a good outcome. Perfusion with
ice-cold Krebs solution improves tissue quality. Also, patched neurons need to be treated carefully. Even if maturation and phenotypic identity
of reprogrammed neurons can be somewhat assessed using whole-cell patch clamp, these cells are not fully comparable to their endogenous
counterparts. Additional types of analysis, such as genome sequencing (e.g., RNA sequencing) should be used to further confirm reprogrammed
cell identity.

The technique described herein is could be considered for the development of future therapies where neuronal replacement is needed in the
brain. Although in vivo reprogramming is still at its early stages and the translation into humans is not yet foreseen, this technique could provide
a method to assess exogenous gene function in the brain and study cell maturation in vivo.
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