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Abstract

NG2 expressing cells (polydendrocytes, oligodendrocyte precursor cells) are the fourth major glial cell population in the central nervous
system. During embryonic and postnatal development they actively proliferate and generate myelinating oligodendrocytes. These cells have
commonly been studied in primary dissociated cultures, neuron cocultures, and in fixed tissue. Using newly available transgenic mouse lines
slice culture systems can be used to investigate proliferation and differentiation of oligodendrocyte lineage cells in both gray and white matter
regions of the forebrain and cerebellum. Slice cultures are prepared from early postnatal mice and are kept in culture for up to 1 month. These
slices can be imaged multiple times over the culture period to investigate cellular behavior and interactions. This method allows visualization
of NG2 cell division and the steps leading to oligodendrocyte differentiation while enabling detailed analysis of region-dependent NG2 cell
and oligodendrocyte functional heterogeneity. This is a powerful technique that can be used to investigate the intrinsic and extrinsic signals
influencing these cells over time in a cellular environment that closely resembles that found in vivo.

Video Link

The video component of this article can be found at https://www.jove.com/video/51835/

Introduction

Organoytpic slice cultures of the central nervous system have proven to be extremely useful for studying neuron and glial cell biology in
a semiintact system1–4. These cultures are relatively simple to adopt and retain many benefits of primary dissociated cell cultures such as
manipulation of the extracellular environment and easy access for repeated long-term live cell imaging and electrophysiological recordings5–9. In
addition, slice cultures maintain 3-dimensional tissue cytoarchitecture, regional neural connectivity, and most major cell types are present in the
system. These properties make these cultures a unique and convenient system to investigate single cell behavior and physiology with cellular
and environmental interactions.

NG2 cells are a population of glial cells in the mammalian central nervous system that continue to proliferate and generate myelinating
oligodendrocytes during embryonic and postnatal development10. They have been extensively studied in dissociated primary cell cultures, and
recent development of transgenic mouse lines with NG2 cell-specific expression of fluorescent proteins has facilitated in vivo fate mapping
and electrophysiological recordings in acute slice preparations. Even with these studies, little is known about the temporal dynamics of NG2
cell proliferation and oligodendrocyte differentiation. Although dissociated cell culture is widely used for the relative facility in pharmacological
and genetic manipulations, it is not suitable for interrogating functional differences of these cells in different brain regions particularly when it is
desirable to maintain the context of the cellular microenvironment. Slice cultures provide a simple alternative that is amenable to pharmacological
manipulations and have been used to investigate oligodendrocyte myelination11,12, cellular response after lysolecithin (LPC) or antibody induced
demyelination13,14, and induction of remyelination via pharmacological treatment15.

A method to investigate and perform live imaging and fixed tissue (or postfixation) analysis of NG2 cell proliferation and oligodendrocyte
differentiation in organotypic slice cultures taken from both the forebrain and cerebellum is described. This is a powerful method that can be
used to study the cell fate of single NG2 cells after division16 and to discover region- and age-dependent differences in growth factor induced
NG2 cell proliferation17. This relatively simple technique is widely accessible to further investigate cell intrinsic and/or environmental mechanisms
regulating the physiology of these glial cells and their response to neuronal activity or myelin damage.
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Protocol

NOTE: All animal procedures are following the guidelines and have been approved by the Institutional Animal Care and Use Committee (IACUC) at
the University of Connecticut.

NOTE: For these experiments constitutive NG2cre18 (JAX#008533) and inducible NG2creER16 (JAX#008538) transgenic mice crossed to Z/EG19

(JAX#003920) or gtRosa26:YFP reporter20 (JAX#006148) lines respectively were used to image NG2 cells and their progeny. To image mature
oligodendrocytes, PLPDsRed transgenic mice21 were used. For consistent survival, slices can be isolated from mice up to postnatal day 10 from
both the forebrain and cerebellum.

1. Slice Preparation

1. In a culture hood, place tissue culture inserts in six well plates and add 1 ml slice culture medium (recipe in reagents section). Put the plates
in the cell culture incubator at 37 °C with 5% CO2 at least 2 hr prior to dissection.

2. Sterilize all tools and tissue chopper with 70% ethanol.
3. Bubble dissection buffer (recipe in reagents section) with 95%  O2, 5% CO2 on ice for at least 15 min prior to the start of dissection.
4. Anesthetize mouse pups by placing them on ice for 5-10 min according to approved animal protocols. Ascertain the appropriate depth of

anesthesia by confirming that the mice do not respond to tail and toe pinching.
5. Decapitate animals using sharp scissors following animal protocols. Quickly remove the skull over the forebrain and cerebellum by first

making a sagittal cut followed by lateral incision, using sterilized tools. Cut cranial nerves from the ventral surface of the brain and cerebellum
by carefully rolling the tissue to the side.

6. Place tissue in a sterile 35 mm dish containing ice-cold oxygenated dissection buffer.
7. Using a razor blade, sever the cerebellum and forebrain. Then make a mid-sagittal cut through the forebrain and cerebellum, separating the

hemispheres.
8. Cut 300 μm-thick coronal and sagittal sections of the forebrain and cerebellum with a manual tissue chopper. NOTE: A manual tissue

chopper allows rapid processing from dissection to culture incubation without the need for agarose embedding. A vibratome can also be used
as described previously9.

9. Transfer separated slices into freshly bubbled cold dissection buffer on ice.
10. Use small dissecting or weighing spatulas to separate individual sections and transfer them to preincubated six well dishes with culture

inserts.
11. Remove any excess dissection buffer from the surface of the culture insert using a disposable transfer pipette or a P 200 pipet tip. Two to

three forebrain or three cerebellar slices can be placed on one culture insert.
 

NOTE: For consistent results with forebrain cultures, it is ideal to take slices spanning the anterior one-third of the corpus callosum (Figure
1A) in order to study both gray and white matter regions in the same slice. Each animal usually yields 6 forebrain slices and 6 cerebellum
slices.

12. Place the six well plates in the incubator and replace the slice medium with 1 ml of slice medium 1 day after slice preparation and then every
other day until slice fixation.

13. Depending on the experiment, use slices after 5-7 days in culture. Use only slices that become transparent after the first few days and
discard those that have uneven opaque regions. NOTE: Opaque regions within slices are visible by eye and appear as a clump of dark cells
under phase contrast. After the technique has been mastered, dead opaque slices occur rarely, in less than 1-5% of slices.

2. Time-Lapse Imaging of NG2 cell Division and Oligodendrocyte Differentiation

NOTE: To perform time lapse imaging of NG2 cell proliferation and differentiation we use NG2cre:ZEG mice16 which express EGFP in NG2 cells
and their progeny (Figure 1C-E). Reporter expression in this line is sufficiently robust to obtain live images of GFP+ cells in slices immediately after
sectioning for a time period of at least four weeks. The clearest images are obtained after the initial thinning period of the slice, which occurs over
the first 3-5 days in culture.

1. Throughout the experiment, keep the slices in a cell culture incubator at 37 °C and remove only for brief periods of time (less than 15 min per
slice), keeping the lid on the six well plate while imaging.

2. Using an inverted fluorescence microscope equipped with a digital camera, capture images at the first time point using a 10X objective.
NOTE: First time points will vary by experiment and can be the day when the slices were prepared or any time point after.

3. Capture images from multiple regions at time point one in both gray and white matter areas of the slice. Note the region imaged by specific
landmarks within the slice and by mapping the image location on a schematic that can be used for subsequent imaging sessions. Useful
landmarks can include edges of the slices and/or orientation of white matter tracts. Image four to eight locations on each slice at each time
point.

4. Capture subsequent images at an interval of 4-6 hr if examining NG2 cell division and oligodendrocyte differentiation, ideally over 5-7 days.
5. Capture a final image of all regions and fix the slices immediately. Add 1 ml of fixative (4% PFA with 0.1M l-lysine 0.01 M sodium meta-

periodate) to the bottom of the culture insert, then add another 1 ml on top of the slices. Take care not to squirt the fixative directly on the slice
as it can detach from the membrane. Fix the tissue for 30 min  and proceed with immunohistochemistry using developmental stage-specific
markers as described in section 4.

6. Wash slices with 0.2 M sodium phosphate buffer 3 x 10 min. If necessary, store slices at 4 °C in 0.2 M sodium phosphate buffer for 1-3 days
before immunostaining but ideally perform staining within 24 hr. Proceed with immunohistochemistry as described below in section 4 to
determine the proportion of cells that have differentiated into oligodendrocytes (Figure 2D-F).
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3. Fate Mapping of NG2 cell Progeny Using Inducible Reporter Transgenic Mice in Slice
Cultures

NOTE: To track the fate of NG2 cells from a particular time point in the culture, inducible NG2creER:YFP transgenic mice can be used.

1. Induce Cre recombination and reporter expression by adding 100 nM 4OHT dissolved in ethanol to the culture medium. NOTE: Reporter
positive cells should appear within 1-2 days at an induction efficiency of ~20-25% YFP+NG2+/NG2+ cells and at this time point will all be
cells at the NG2 cell stage (Figure 2A-C)

2. Fix and wash the slices at different time points after various manipulations (described in sections 2.5 and 2.6).

4. Slice Immunohistochemistry

1. Cut the membranes with the slices attached out of the inserts using a scalpel.
2. Transfer slices to individual wells of a 24 well plate containing phosphate buffered saline (PBS) using a set of tweezers, taking care not to

disrupt the composition of the slice when picking up the membrane.
3. Transfer the slices to a 24 well plate with blocking solution containing 5% normal goat serum (NGS) and 0.1% Triton-X100 in PBS for 1 hr.
4. Incubate the slices in primary antibody O/N in 5% NGS in PBS at 4 °C. For identifying cells in the NG2 cell stage, use antibodies to NG2 and

PDGFRα. For identifying differentiated oligodendrocytes, use an antibody to the adenomatous polyposis coli antigen (APC; clone CC1).
5. On the second day wash slices in PBS 3 x15 min, then incubate in secondary antibodies in 5% NGS in PBS for 1 hr at RT. Wash slices in

PBS 3 x15 min and mount on slides. Mount with slices up and membrane facing the slide so that the membrane will not be between the
objective and the tissue.

Representative Results

Examples of representative data are given below that have been obtained using slice cultures from both the forebrain and cerebellum of P8
NG2cre:ZEG, NG2creER:YFP and PLPDsRed transgenic mouse lines. NG2 cells can be imaged over days in forebrain and cerebellum slices
(Figure 1B-D, Video 1) and the phenotype of these cells can be determined after fixation and immunostaining with NG2 and CC1 antibodies
(Figure 1E). In addition to live imaging, cell proliferation can also be assessed using immunohistochemical staining for cell proliferation markers
such as Ki67 (Figure 1F). These data allow for detailed analysis of the temporal dynamics of oligodendrocyte differentiation after NG2 cell
division on an individual cell basis. Fate mapping of NG2 cells can be carried out after induction of cre recombination in slices with 4OHT in
NG2creER:YFP mice (Figure 2). YFP reporter-expressing NG2+ cells were found in the cultures two days after addition of 4OHT to the culture
medium (Figure 2A). Six days after 4OHT induction, a proportion of the YFP+ cells had differentiated into CC1+ oligodendrocytes (Figure 2B).
These data show the feasibility of performing fate mapping of NG2 cells in slices where the extracellular environment can be manipulated to
test the effects of pharmacological agents or various insults on the fate of NG2 cells. Different concentrations of 4OHT can be used to achieve
different degrees of cre recombination. For example, exposure to 100 nM 4OHT for 2 days causes reporter expression in approximately 20-25%
of all NG2 expressing cells while 1µM 4OHT results in approximately 60-70% recombination efficiency. Finally, extensive myelin is present in
these cultures and myelinating oligodendrocytes can be imaged in live and fixed slices using PLPDsRed transgenic mice (Figure 3, Video 2).
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Figure 1. Slice culture method for long-term imaging of NG2 cell proliferation and differentiation (A-B) Schematic depicting the isolation
of forebrain and cerebellum slices (A) and subsequent culturing and time-lapse imaging using slice culture inserts (B). (C) Depiction outlining
NG2 cell division and subsequent oligodendrocyte differentiation in NG2cre:ZEG transgenic mice. (D) Example images acquired from cortical
regions of NG2cre:ZEG mice showing a single GFP+ cell (arrows) dividing twice over a period of 122 hr, time depicted in top right corner as
hours after the start of the imaging experiment. (E) Fixation and immunostaining with anti-NG2 and CC1 antibodies of the same slice reveals that
the imaged dividing cells resulted in three NG2+ cells (arrows). (F) Example image showing two Ki67+NG2+ cells in a cortical slice culture. (G)
Example image showing NG2+ cells (arrowheads) and their processes intertwined with NeuN+ neuronal nuclei in a cortical slice culture. Scale
Bars 25 μm Please click here to view a larger version of this figure.

 

Figure 2. Induction of YFP expression to track the fate of NG2 cells in forebrain slice cultures (A-B) Images taken of the corpus callosum
region of forebrain slice cultures from NG2creER:YFP mice treated with 4OHT for 24 hr and then left in culture for 2 days (A) or 6 days (B).
Slices were fixed and immunostained for NG2 and YFP (A) or CC1 and YFP (B) demonstrating the differentiation of reporter positive NG2 cells
into oligodendrocytes while in culture 6 days after cre recombination (arrow). Scale Bars 25 μm Please click here to view a larger version of this
figure.
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Figure 3. Imaging oligodendrocytes in slice cultures from PLPDsRed transgenic mice. (A) Schematic depicting the isolation, culturing
and imaging of cerebellum slices from PLPDsRed transgenic mice. (B) Image taken from a fixed cerebellum slice after 5 days in vitro showing
calbindin+ (cyan) purkinje neurons with myelinated myelin basic protein+ (MBP) (green) axons projecting into white matter regions of the slice.
Scale Bar 25 μm. (C) Low magnification images captured from the same region every other day at the times indicated in hours in cerebellum
slice cultures from PLPDsRed mice. Scale Bar 100 μm. (D) Low magnification image taken from a fixed PLPDsRed slice culture showing MBP
expression in white matter regions where DsRed+ cells are concentrated. Scale Bar 100 μm. (E) High magnification image taken from a fixed
PLPDsRed slice culture showing single DsRed+ oligodendrocytes with MBP+ processes. Scale Bar 20 μm. (F) Time-lapse sequence taken from
a PLPDsRed cerebellum slice showing relatively stable cell bodies over the 48 hr imaging session, time indicated in upper right in hours. Scale
Bar 25 μm. Please click here to view a larger version of this figure.

Video 1. Live Imaging of NG2 cell division in a cortical slice culture. Representative time lapse-sequence showing multiple cell divisions in a
cortical slice culture taken from an NG2cre:ZEG transgenic mouse. Video displayed at 5 frames per second, montage of images shown in Figure
1. (See "Video_1.mov" under Downloads)

Video 2. Live imaging of oligodendrocytes in cerebellum slice cultures Representative time lapse-sequence showing small changes in
oligodendrocyte morphology (arrow) imaged over 48 hr in a cerebellum slice taken from a PLPDsRed transgenic mouse. Video displayed at 3
frames per second , montage of images shown in Figure 3. (See "Video_2.mov" under Downloads)

Discussion

Myelination in the central nervous system is essential for efficient neuronal communication and axonal survival22. NG2 cells continuously
generate myelinating oligodendrocytes into adulthood while maintaining a resident population in most brain regions16,23–25. Some genetic and
molecular mechanisms regulating the differentiation of these cells have been described but much remains to be discovered. Organotypic slice
cultures are a convenient tool to investigate these mechanisms due to their unique characteristics of maintaining anatomical regions, easy
manipulation of the extracellular environment, robust myelination, and the presence of all major cell types. These characteristics facilitate
investigation of short and long-term interactions between NG2 cells, oligodendrocytes and axons11,26. In addition, cell transplantation is relatively
easy to perform and can be used to investigate region-dependent differences in cell behavior17. Furthermore, pharmacological treatments can
be added to the culture medium to investigate molecular mechanisms influencing NG2 cell proliferation and/or differentiation in normal17,27,28 and
demyelinated cultures15,29. Finally, it is technically feasible to use slice cultures to perform screens for high throughput analysis of compounds
that direct NG2 cells to proliferate or differentiate, possibly even after a demyelinating insult30.

Current methods to investigate oligodendrocyte lineage cells and their interactions with axons in a controlled culture setting include co-cultures
with dissociated dorsal root ganglion (DRG) or embryonic cortical neurons and NG2 cells31,32, which were based on original preparations
developed to investigate DRG-Schwann cell interactions33. These cultures have been used to investigate fundamental properties of axon and
oligodendrocyte lineage cell interactions including neuronal activity-dependent signaling to induce differentiation and myelin production32,34–36

in addition to other questions such as the dependence of axon diameter and NG2 cell density controlling proliferation and the onset of
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differentiation37. While these coculture systems are ideal to address such questions, direct correlation and application to the in vivo situation
is not always clear. As mentioned previously, organotypic slice cultures provide a unique condition of maintaining many of the local neuronal
connections and three dimensional cytoarchitecture that are lost in co-culture preparations of dissociated cells. Furthermore unlike organotypic
slice cultures, co-culture systems of dissociated cells often do not include other glial cells and extracellular matrix molecules which have shown
to play key roles in the development, maintenance and physiology of NG2 cells, oligodendrocytes, and myelin. With the dramatic growth in the
variety of tools available for specific labeling and manipulation of distinct cell populations with viral vectors and transgenic animals, long-term
imaging and fate mapping in organotypic slice cultures should prove to be a powerful technique for the investigation of NG2 cell proliferation,
differentiation and oligodendrocyte myelination.

Several critical steps should be carried out when performing these experiments to ensure slice survival and data reproducibility. First, in order to
generate healthy slices, sectioning and isolation of slices should be performed as quickly as possible and in ice cold dissection buffer. Second,
while automated image position acquisition with a motorized stage on the fluorescence microscope can be useful, there are many factors that
can disrupt the precise relocation of the regions imaged and manual repeated acquisition is necessary to get consistently reliable images over
multiple days. This is particularly necessary if the slices are kept in a cell culture incubator between imaging sessions and not in a stage-top
incubator. Third, during slice fixation, staining, and mounting it is extremely important to handle the slices gently as any disruption of the tissue
will result in the inability to relocate live imaged regions and cells. There are no specific modifications to traditional methods used for slice culture
preparations that are used for studies of neurons and astrocytes.

There are several limitations to the slice culture method that must be considered. Astrocytes, microglia and NG2 cells are known to respond
to CNS damage with increased proliferation at the site of injury and the formation of a glial scar. The process of preparing the slices results in
some reorganization and an initial reactive glial response from these cells. NG2 cell proliferation rates return to levels similar to those reported in
vivo for matched stages of development after several days in culture however the increased proliferation rates and initial reactive phenotype of
these cells must be considered when interpreting the data. The presence of horse serum in the culture medium could alter NG2 cell proliferation
and should be considered when interpreting the findings of any experiment. In addition to this, while there is spontaneous neuronal activity,
sensory input and long range connections between neurons are lacking, which could lead to altered neuronal activity within the slice. Finally,
without the use of specific promoter driven viral vectors or transgenic mice, cell type-specific genetic manipulations within slice culture systems is
challenging. While these limitations should be considered when designing experiments, slice cultures are a unique system which can be utilized
to gain novel insight into questions that cannot be answered with dissociated cell cultures or in the intact animal.
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