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Isolation of Schwann Cell Precursors from Rodents
Rhona Mirsky and Kristjan R. Jessen

Abstract

Schwann cell precursors are the first defined stage in the generation of Schwann cells from the neural crest
and represent the glial cell of embryonic nerves. Highly pure cultures of these cells can be obtained by
enzymatic dissociation of nerves dissected from the limbs of 14- or 12-day-old rat and mouse embryos,
respectively. Since Schwann cell precursors, unlike Schwann cells, are acutely dependent on axonal signals
for survival, they require addition of trophic factors, typically B-neuregulin-1, for maintenance in cell cul-
ture. Under these conditions they convert to Schwann cells on schedule, within about 4 days.
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1 Introduction

In rodent embryos, the sciatic nerve invades the hind limb between
embryo day (E) 14/15 (rat) and E12/13 (mouse) (Fig. 1). In
these early embryonic nerve axons, glia and connective tissue relate
to cach other in a way which is radically different from that seen in
late perinatal or older nerves. These early nerves consist of tightly
packed axons, mostly without individual glial ensheathment, and
sparsely distributed, flattened glial cell processes (Fig. 2). There is
no significant extracellular space, matrix, or basal lamina. The glial
cell bodies lie among the axons inside the nerve or at the nerve
surface. These cells represent Schwann cell precursors, the first
stage of the Schwann cell lineage [1-4].

Schwann cell precursors are generated from neural crest cells
and, in turn, generate the immature Schwann cells of perinatal
nerves (Fig. 3). Schwann cell precursors show multiple phenotypic
differences from neural crest cells on the one hand and immature
Schwann cells on the other. They differ from crest cells because
they express glial differentiation genes, including myelin protein
zero (Po), and other factors not expressed by crest cells, because
they are found in association with axons in nerves, a characteristic
glial feature, rather than migrating through extracellular matrix,
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Fig. 1 Nerves in the mouse hind limb visualized using TuJ1antibodies and immunohistochemistry. The immu-
nostaining was carried out on whole embryos which were subsequently sectioned transversely in the region
of the hind limbs. Note that nerves appear essentially confined to the trunk at E11, whereas at E12 they are
present in the upper and middle part of the limb. Arrows point to DRG %20 (Reproduced from ref. 8.)

Fig. 2 The ultrastructure of embryonic nerves showing Schwann cell precursors, axons, and connective tissue.
An electron microscopic image of a transverse section of anerve in the hind limb of a rat embryo at embryonic day
(E) 14. Schwann cell precursors branch among the axons inside the nerve and are also found in close apposition to
axons at the nerve surface (vertical arrows). One precursor cell is undergoing mitosis (horizontal arrow). Extracellular
connective tissue space (blue), which contalns mesenchymal cells, surrounds the nerve but is essentially absent from
the nerve itself. These nerves are also free of blood vessels, and the axons are of smaller and more uniform diameter
than those seen in mature nerves. Magnification, 2000 (Reproduced with modifications from ref 2)

and because they respond differently to survival, proliferation, and
differentiation signals [2, 3, 5]. A large number of differences in
molecular expression between Schwann cell precursors and crest
cells are also revealed in gene array analysis [6, 7]. In turn, Schwann
cell precursors and immature Schwann cells differ substantially in



Fig. 3 The Schwann cell precursor in a developmental context.
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molecular expression, including upregulation of $100 in immature
Schwann cells [6, 7]. Further, immature Schwann cells, but not
Schwann cell precursors, relate to basal lamina and connective
tissue containing blood vessels. But perhaps the most striking
difference concerns survival regulation, since Schwann cell precur-
sors are acutely dependent on the axon-associated survival signal
p-neuregulin-1 (BNRG1) type lll, while immature Schwann cells
survive in culture without addition of survival factors due to secretion
of autocrine survival signals [8-10]. Autocrine survival mechanisms
are not present in Schwann cell precursors. For this reason Schwann
cell precursors are routinely cultured in medium containing

BNRGI (Fig. 4).

In late embryonic nerves, Schwann cell precursors convert to
immature Schwann cells. But this is not their only developmental
option, since they also give rise to endoneurial fibroblasts, mela-
nocytes in the skin, parasympathetic neurons, and tooth pulp
cells [11-14]. Schwann cell 1root ganglion (DRG) neurons and

motoneurons [2, 4, 10].
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Rat Schwann cell precursors Rat Schwann cells
E14 New-born

Fig. 4 Developmental changes in the morphology and cellular relationships between Schwann cell pre-
cursors and Schwann cells. The cells were dissociated from either E14 or newborn rat nerves. They were
immunolabeled with p75 NTR antibodies and photographed with fluorescence optics (lower panels) and
phase contrast (upper panels) 20 h after plating; the cells were maintained in neuron conditioned
medium. Radical changes in shape accompany precursor to Schwann cell conversion. The precursors are
flattened, whereas the immature Schwann cells from newborn nerves are bi- or tripolar and have tapered
processes that often arise relatively abruptly from a rounded perinuclear area. Magnification, 1065x
(Reproduced from ref. 1.)

2 Materials

For all procedures, use autoclaved, ultrapure (UP) water.

2.1 Enzyme Cocktail 1. 10x Krebs solution (without Ca?* and Mg*): 14 g NaClL, 0.7 g
for Digestion of Nerves KCl, 0.325 g KH,PO,. Make up to 200 ml with UP water.
Autoclave to sterilize. Store at 4-8 °C.

2. Ca**/Mg?* free medium: Mix 80 ml UP water, 10 ml 10x
Ca®/Mg?* free 10x Krebs solution, 2 ml 50% essential amino
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acid solution, 2.5 ml 7.5% NaHCO,, 0.5 ml 0.3% phenol red
solution, 0.4 ml 50% glucose sterile. Filter mixture through
0.22 pm filter to sterilize and store at 48 °C.

. Collagenase (Worthington collagenase type 2 LSO 041472).
. Hyaluronidase (type IV-S: from bovine testes, Sigma-H

3631).

. Trypsin inhibitor (Trypsin inhibitor from Glycine max (soybean)

Sigma-T 6522).

. Enzyme cocktail: Prepare 15 ml of Ca?*/Mg? free medium

containing 2 mg/ml collagenase (sez Note 1), 1.2 mg/ml
hyaluronidase, and 0.3 mg,/ml trypsin inhibitors. The solution
will give 30x 600 pl aliquots. Filter mixture through 0. 22 pm
filter and aliquot into 1 ml Eppendorf tubes. Snap freeze in
liquid nitrogen and store at —20 °C,

. DMEM/Ham’s F-12 solution: Make 1:1 mixture of DMEM

and Ham’s F-12 plus Glutamax (Gibco life technologies
31331-028) and add penicillin/streptomycin  (penicillin
100 IU/ml, streptomycin 100 IU/ml).

. Transferrin stock solution (10 mg/ml): Weigh out 500 mg

transferrin (transferrin, bovine Sigma T8027 ) powder and add
to 50 ml 1x PBS, stir to dissolve, and then filter sterilize using
a 0.22 pm filter. Make 1 ml aliquots and snap freeze in liquid
nitrogen and store at ~20 °C,

- Putrescine stock solution (1.6 mg/ml): Weigh out 80 mg of

putrescine powder and add to 50 ml PBS, stir to dissolve, and
then filter sterilize using 0.22 pm filter. Make 1 ml aliquots,
snap freeze in liquid nitrogen, and store at =20 °C.

. Bovine serum albumin (BSA) stock solution (3.5%): Prepare

35% BSA solution in PBS then dilute 1:10 in PBS. Make 1 ml
aliquots then store at 4-8 °C.

. T4 (L-thyroxine) stock solution (400 ug/ml): Weigh out

50 mg of T4 powder, dissolve in 10 ml of 1 M NaOH to make
a 5 mg/ml solution, and then dilute this 1:12.5 in 1x PBS to
make a 400 pg/ml stock solution. Make 100 pl aliquots, snap
freeze in liquid nitrogen, and store at -20 °C.

. Progesterone stock solution (0.006 mg/ml): Weigh out

0.6 mg progesterone powder and dissolve in 10 ml of 100%
analytic grade ethanol. Store at 4-8 °C; reseal stock tube with
cling film after each use.

. Insulin stock solution (5.7 mg/ml, 10-3 M): Add 2.5 ml of

10 mg/ml insulin solution (Sigma 19278-5 ml) to 1.89 ml UP
water to make a total of 4.39 ml. Store both insulin solutions
at 4-8 °C. Make up fresh insulin stock every 6 weeks.

. Dexamethasone stock solution (0.05 mg/ml): Weigh out

0.5 mg dexamethasone (Sigma D4902, MW 392.46) and
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dissolve in 10 ml 100% analytic grade ethanol. Keep stock at
4-8 °C; reseal with cling film after each use.

. T3 (L-thyronine) stock solution (0.101 mg/ml): Weigh out

1.01 mg T3 (3,3',5-Triiodo-L-thyronine sodium salt, Sigma
T6397), dissolve in 10 ml of 100% analytic grade ethanol, and
store at —20 °C. Do not aliquot. Store in 15 ml Falcon tube at
=20 °C; reseal with cling film after each use.

Selenium stock solution (1.6 mg/ml): Weigh out 8 mg of
sodium selenite (Sigma §5261), dissolve in 5 ml of UP water,
filter sterilize using a 0.22 pm filter, aliquot into 10 pl aliquots,
snap freeze in liquid nitrogen, and store at —20 °C,

Defined medium: To make 100 ml of defined medium, take
96 ml of 1:1 DMEM/Ham’s F-12 solution and add stock
solutions of each component as the following (final concentra-
tion of each component is shown in parenthesis): 1 ml trans-
ferrin (100 pg/ml), 1 ml putrescine (16 pg/ml), 1 ml BSA
(0.035%), 100 pl T4 (400 ng/ml), 100 pl progesterone
(60 ng/ml), 100 pl insulin (5.7 pg/ml), 77 ul dexamethasone
(38 ng/ml), 10 pl T3 (10.1 ng/ml), and 10 pl selenium
(0.16 ng/ml) (Meier et al. [9]). Store defined medium at
4-8 °C and use within 2 weeks.

Since Schwann cell precursors die without added PNRGI (or FGF
plus IGF, see ref. [10]), we routinely resuspend the cells after cen-
trifugation and maintain them in culture, using defined medium
supplemented with 10-20 ng/ml pNRG.

2.

PBS/1% BSA solution: Dilute 1 ml of 35% BSA prepared in
PBS in 34 ml of PBS.

High-concentration BNRGI1 stock solution (50 pg/ml):
Resuspend lyophilized pNRG1 EGF domain (RD systems
396-HB-050) in 1 ml of PBS/1% BSA to make a 50 ng/ml
solution. Vortex thoroughly to ensure the entire pellet is
resuspended, make 200 pl aliquots from this solution in 1.5 ml
Eppendorf tubes, snap freeze in liquid nitrogen, and store at
-80 °C (high-concentration stock).

. Low-concentration BNRG1 stock solution (10 pg/ml): Mix

800 pl of PBS/1% BSA solution with one aliquot (200 pl) of
high-concentration 50 pg/ml BNRGI1 stock to obtain a
10 pg/ml solution. Make 50 pl and 10 pl aliquots of this in
0.5 ml Eppendorf tubes, snap freeze in liquid nitrogen, and
store at —80 °C (low-concentration stock).

. Defined medium supplemented with PNRGI1: Mix one 10 pl

aliquot of low-concentration (10 pg/ml) BNRGI stock with
10 ml of defined medium to give a final BNRGI concentration
of 10 ng/ml.
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. Deep glass Petri dishes.
. 13 mm glass coverslips: Place approximately 100 coverslips in

a deep glass Petri dish and bake in an oven for 4 h at 140 °C
to sterilize. Use silica gel to keep them dry after baking unless
they are to be coated immediately.

. Tissue culture dishes.
- 1 mg/ml poly-L-lysine prepared in UP water.
- 1 mg/ml laminin stock solution: Store at 80 °C until ready to

use, then thaw slowly on ice over several hours, aliquot into
50 pl aliquots, snap freeze in liquid nitrogen, and store ali-
quots at —20 °C.

. Timed pregnant rats (embryonic day [E] 14.5) or mice

(E12.5): Use female rats of mice aged optimally from 2 months
to 5-6 months old. Males can be older than this. Count the
day that a vaginal plug is observed at noon as E0.5.

. Sylgard-coated Petri dishes: Make up Sylgard 184 according

to the manufacturer’s instructions (10 parts elastomer to 1
part hardener) in a disposable plastic container with a dis-
posable stirring stick. Pour it into several plastic 9 cm Petri
dishes to approximately 0.5-1 cm depth, and then allow to
set at high temperature. When set the Sylgard will be trans-
parent and embryos can be pinned to the surface of the dish
using fine dissecting pins for dissection of the embryo
nerve. The dishes should be sterilized with 100% analytic
grade ethanol and washed with purified water and dried
before use.

. 9 cm plastic Petri dish.

. L15 medium.

. 70% ethanol.

- Coarse scissors, sterilized using 70% ethanol.

. Forceps, sterilized using 70% ethanol.

- Finer forceps, sterilized using 70% ethanol.

. Fine iridectomy scissors, sterilized by 100% analytic grade

ethanol.

Fine-tipped forceps (No. 5), sterilized by 100% analytic grade
ethanol.

Dissecting microscope with fiber optic lighting,.
Two 3 cm plastic Petri dishes.

L15 medium supplemented with 5% horse serum (for mouse
dissection) or 10% fetal calf serum (for rat dissection).

Defined medium supplemented with BNRGI.
PLL and laminin-coated coverslips or dishes (see Subheading 3.1).
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2.6 Antibodies

1.
- P75SNTR polyclonal rabbit antibody (Merck Millipore).
. L1 ASCS4 mouse anti-rat Ll antibody (Developmental

$100 polyclonal rabbit antibody (DAKO).

Studies Hybridoma Bank).

4. 324 rat anti-mouse L1 antibody (Merck Millipore).

. Alexa 488 or Cy3 secondary antibodies.

3 Methods

3.1 Preparation

of Coated Coverslips
and Dishes for Cell
Plating

3.2 Embryo
Dissection
and Schwann Cell

Precursor Preparation

. Poly-L-lysine coating of coverslips: Add 25 ml of 1 mg,/ml|

poly-L-lysine in UP water to coverslips, seal with cling film
(Nescofilm), put on a shaker for 24 h, remove poly-L-lysine,
wash with six changes of water over 3 days on the shaker,
leave to air-dry thoroughly by standing each coverslip on end
around large sterile Petri dishes or in sterile mini-racks, store
desiccated at room temperature in a sterile Petri dish sealed
with cling film, and if possible do not use until 24 h after dry-
ing. They will keep for months.

- Poly-L-lysine coating of dishes: Tissue culture dishes are

treated with a 100 pg/ml solution of poly-L-lysine in UP
water. Dilute 1 mg/ml solution 1:10 in UP water to make a
100 pg/ml solution. Treat dishes for 2 h at room temperature,
then remove the solution, and leave the dishes to dry without
washing. Seal them with cling film and store desiccated at
room temperature. They will keep for months.

- Laminin coating of poly-L-lysine-coated coverslips or dishes:

Thaw an aliquot of stock laminin solution slowly (do not
refreeze), and dilute this stock solution to a final concentra-
tion of 20 pg/ml in DMEM or L15 medium in the case of
coverslips and wells and 10 pg/ml for tissue culture dishes,
Do not adjust the pH of the solution as laminin binds better
at an alkaline pH. Pipette the laminin solution on to the cen-
ter of a PLL-coated coverslip sitting in a 4- or 24-well tissue
culture plate. We routinely use 10-20 ul for rat cells and
5-10 pl for mouse cells. For culturing larger cell number in a
well without coverslip or in 3 c¢m tissue culture dishes, use
50-100 ml! of laminin. Leave the solution on for at least 1 h
at room temperature, and remove immediately prior to plat-
ing cells; do not allow to dry.

Schwann cell precursors are prepared essentially according to the
methods described previously [1, 8, 15].

i &

Sacrifice pregnant female rat at E14.5 or mouse at E12.5 using
an approved procedure.
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Fig. 5 Diagram showing a rodent embryo, pinned on a Sylgard surface with three
dissection pins. The appropriate position of the forceps for removing the sciatic
nerve without visual guidance is indicated

2. After killing the pregnant animal, pin it out on a cork dissect-
ing board covered with aluminum foil. Spray the fur with 70%
ethanol to sterilize, open up the abdominal cavity with appro-
priate size sterile scissors, and gently remove the uterine sac
with embryos which will be clearly visible. Place this sac in a
9 mm plastic Petri dish containing L15 medium. Place the lid
on the Petri dish and keep it on ice.

3. Using fine scissors carefully open up the sac to liberate one embryo
to establish correct dating, This is easily judged by observing the
digits of front and hind limbs. Excellent illustrations are available
at: https://embryology.mcd.unsw.cdu.au/embryology/indcx.
php/Rat_Development. This website shows both rat and mouse
embryos. Comparable illustrations are also in ref. 16,

4. Having established that the embryos are of the correct age
(~E14.5 rat, ~E12.5 mouse), remove an embryo for dissection.
Remove only one embryo for dissection at a time, and leave the
others in the embryonic sac on ice. Remove the embryo from
the amniotic sac with fine forceps and iridectomy scissors.
Decapitate and pin the embryo out with the ventral side down
using three metal pins on a Sylgard-coated Petri dish that has
been sterilized with 100% analytic grade ethanol and then
washed with UP water and briefly with L15 medium (Fig. 5).

5. The sciatic nerves are removed from the hind limb using a dis-
secting microscope and fine (No. 5) dissecting forceps. The
forceps need to be “as new,” namely, completely straight and
without scratches. First, the skin needs to be removed from
the hind leg and a little way up the back. 15 medium can be
added to the dish as needed to prevent drying. There is a quick
and perhaps surprisingly easy way to liberate the nerves (nota
single nerve at this developmental stage but a delicate plexus)
from the leg. To do this, insert the number 5 forceps at the
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juncture of the developing limb and the torso (Fig. 5) holding
the forceps at about 45° angle relative to the surface of the lab
bench. Push the forceps toward, but not quite to, the midline
(spine) of the embryo. Now close the forceps firmly and pull
out the nerves, which, with a little practice, come out intact as
a single entity, a small plexus of nerves. To decrease the risk of
the nerves slipping out of the forceps as they are pulled out of
the leg, it is helpful to lower the forceps a little (decrease the
45° angle) after the forceps are closed but before they are
pulled out (sze Note 2).

. Place the dissected nerve in 3 cm plastic Petri dish containing

L15 medium, which is kept on ice, until sciatic nerves from all
embryos have been collected. When the nerve is released from
the forceps into the medium, it is sometimes obvious that tissue
fragments adhere to the nerve. They should be gently cleaned
away. It is important to prevent the nerves from reaching the
surface of the medium, where they can be pulled apart by the
surface tension. The best way of doing this is to entwine each
nerve, after cleaning if this is needed, with the nerve(s) already
there, seeking to form one ball of tangled nerves. As a rough
guide, one litter should give 100,000 cells after dissociation.

. For enzymatic dissociation, use forceps to transfer the nerves

to 600 pl of enzyme cocktail in a 3 cm Petri dish, and place it
in 5% CO, and 95% air incubator at 37 °C for 1 h. Tilt the
dish so that nerves are fully immersed. At the end of the incu-
bation time remove the dish from the incubator and place in
a tissue culture hood.

- Triturate 5-15 times through a 1 ml blue Eppendorf-type

pipette tip and then 10-15 times through a yellow 200 pl
pipette tip. If the cells are not fully dissociated, re-incubate for
a further 10-15 min before being triturating a further ten
times with a blue 200 pl pipette tip.

. Transfer the cell suspension to a 15 ml Falcon centrifuge tube

and make the volume up to 10 ml with L15/5% HS (mouse)
or L15/10% FCS (rat), in order to dilute out the enzymes.
Centrifuge for 10 min at 162.4 x g in a Heraeus Primo R
Centrifuge with swinging bucket rotor or equivalent.

Carefully remove the medium, leaving the pellet behind.
Resuspend the cell pellet gently with trituration (yellow pipette
tip) in 0.5-1 ml of defined medium typically supplemented
with BNRGI.

Count the cells in a hemacytometer or other counting device.
Adjust to the desired cell concentration using the resuspension
medium. The number and concentration of cells to be plated
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can obviously be varied. For plating on coverslips, we routinely
use 2000 cells per 10-20 pl for rat cells and 2000 cells per
5-10 pl for mouse cells,

Plate the cells on PLL- and laminin-coated glass coverslips in
wells in a 4- or 24-well tissue culture plate (or directly on PLL-
and laminin-coated tissue culture well or on a 3 cm tissue cul-
ture dish) using a volume of cell suspension equal to the volume
of the laminin solution used to laminin-coat the coverslip, well,
or tissue culture dish (see Subheading 3.1, step 3).

After 1.5 h for mouse cells and 2.5 h for rat cells, top up each
well with 400 pl of the same medium used for resuspension
and plating. Schwann cell precursors do not express autocrine
survival loops and, unlike Schwann cells, they die by apoptosis
within 24 h in vitro, unless the medium is supplemented with
survival factors [ 1]. By far the most potent of these is (PNRG1)
[15], although the combination of FGFs and IGE2 also sup-
ports precursor survival [17]. For routine culturing, the
defined medium we use for resuspension, plating, and top-up
contains 10-20 ng/ml of BNRG1 EGF domain (Fig. 4).
Schwann cell precursor purity can be monitored by immuno-
labeling cultures with L1 antibodies or alternatively antibod-
ies to p75NTR which label a slightly higher percentage of
cells [15] (see Note 1).

The survival assay described here is essentially that described
previously ([1, 8, 171, see also [9]).

1.

Schwann cell precursors are plated in drops on coverslips as
described above. The choice of culture media will depend
on the question under investigation (sez Subheading 3.1,
step 13 above). After 3 h at 37 °C and 5% CO,, one set of
coverslips is fixed, without top-up, for immunolabeling with
L1 or p7SNTR antibodies (sc¢ Note 3). The number of
immunolabeled cells on these coverslips (typically about
95% of total cells present) is counted. This number js inter-
preted as the number of cells that plated successfully and is
used as a reference point for the quantification of survival at
later time points.

Sister coverslips are topped up to 400 pl with appropriate
medium and cultured for the desired length of time, typically
24 h. The cells are then fixed for immunolabeling with L1 or
P75NTR antibodies and stained with Hoechst dye, and the
number of surviving Schwann cell precursors counted. Survival
percentage is the number of cells present at a certain time
point, such as 24 h, as a percentage of the number of cells that
had plated successfully at 3 h (sec Note 4).
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4 Notes

1.

2,

The concentration can vary between 2 and 4 mg,/ml depending
on the batch but is typically used at 2 mg,/ml final concentration.

Note that using this method, the leg tissue is not dissected
away to visualize the nerves. Rather, it relies on inserting the
forceps into the leg in the correct location so that the nerves
come to lie between the two tips of the forceps before they are
closed. This is not as difficult as it may sound. Practicing on
one litter (~10 embryos) should be sufficient to achieve a
good success rate. Although the method is described here for
the hind leg, with practice it can be used equally to obtain
brachial plexus nerves from the forelimb. As an alternative to
this approach, it is possible to dissect the nerves out under
visual guidance. In our experience this is achievable, but more
difficult than the method described above.

. Schwann cell precursor purity can be monitored by immuno-

labeling cultures with L1 antibodies (ASCS4 anti-L1 antibody
or 324 anti-L1 antibody for rat or mouse, respectively) or
alternatively antibodies to p75NTR which labels a slightly
higher percentage of cells [15]. Rat precursor cultures are
about 95% pure at 3 h after plating when labeled with antibod-
ies to p75NTR [1, 15]. Mouse precursor cultures are >93%
pure when labeled with L1 antibodies after 20 h in culture in
the presence of BNRGI [8, 15].

In contrast to Schwann cells [9], where cells that die during
the culture period stay attached to the coverslips, Schwann cell
precursors that die during the culture period detach from the
coverslips and float into the medium, from which they can be
collected and shown to have laddered DNA indicative of
apoptotic death [1, 16]. Thus >98% of the cells present at
24 h under various culture conditions are living cells. It fol-
lows that the number of L1- or P75NTR-positive cells present
on the coverslips at any given time point accurately reflects the
number of cells that have survived up to that point.

Acknowledgment

The work in the laboratory of the authors was supported by the
Wellcome Trust (grants 042257 /Z/94 /7 and 036963,/1.5) and
the Medical Research Council of Great Britain.



References

- Jessen KR, Brennan A, Morgan L, Mirsky R,
Kent A, Hashimoto Y, Gavrilovic J (1994) The
Schwann cell precursor and its fate: a study of
cell death and differentiation during gliogen-
esis in rat embryonic nerves. Neuron
12:509-527

- Jessen KR, Mirsky R (2005) The origin and
development of glial cells in peripheral nerves.
Nat Rev Neurosci 6:671-682

. Woodhoo A, Sommer L (2008) Development
of the Schwann cell lineage: from the neural
crest to the myelinated nerve. Glia
56:1481-1490

. Jessen KR, Mirsky R, Lloyd AC (2015)
Schwann cells: development and role in nerve
repair. Cold Spring Harb Perspect Biol
7(7):a020487

- Jessen KR, Mirsky R (2008) Negative regula-
tion of myelination: relevance for development,
injury, and demyelinating disease. Glia
56:1552-1565

- Buchstaller J, Sommer L, Bodmer M,
Hoffmann R, Suter U, Mantei N (2004)
Efficient isolation and gene expression profil-
ing of small numbers of neural crest stem cells

and developing Schwann cells. J Neurosci
24:2357-2365

. D'Antonio M, Michalovich D, Paterson M,
Droggiti A, Woodhoo A, Mirsky R, Jessen KR
(2006) Gene profiling and bioinformatic analy-
sis of Schwann cell embryonic development
and myelination. Glia 53:501-515

. Dong Z, Sinanan A, Parkinson D, Parmantier
E, Mirsky R, Jessen KR (1999) Schwann cell
development in embryonic mouse nerves.
J Neurosci Res 56:334—334

. Meier C, Parmantier E, Brennan A, Mirsky R,
Jessen KR (1999) Developing Schwann cells
acquire the ability to survive without axons by
establishing an autocrine circuit involving insu-
lin-like growth factor, neurotrophin-3, and
platelet-derived growth factor-BB. ] Neurosci
19:3847-3859

10.

11.

12.

13.

14,

15.

16.

17.

Schwann Precursors 15

Birchmeier C, Nave KA (2008) Neuregulin-1, a
key axonal signal that drives Schwann cell growth
and differentiation. Glia 56:1491-1497

Joseph NM, Mukouyama YS, Mosher JT,
Jaegle M, Crone SA, Dormand EL, Lee KF,
Meijer D, Anderson DJ, Morrison SJ (2004)
Neural crest stem cells undergo multdlineage
differentiation in developing peripheral nerves
to generate endoneurial fibroblasts in addidon
to Schwann cells. Development
131:5599-5612

Dyachuk V, Furlan A, Shahidi MK, Giovenco
M, Kaukua N, Konstantinidou C, Pachnis Vv,
Memic F, Marklund U, Miiller T et al (2014)
Parasympathetic neurons originate from nerve-
associated peripheral glial progenitors. Science
345:82-87

Espinosa-Medina I, Outin E, Picard CA,
Chettouh Z, Dymecki S, Consalez GG,
Coppola E, Brunet JF (2014) Parasympathetic
ganglia derive from Schwann cell precursors.
Sdence 345:87-90

Kaukua N, Shahidi MK, Konstantinidou C,
Dyachuk V, Kaucka M, Furlan A, An Z, Wang
L, Hultman I, Ahrlund-Richter L, Blom H,
Brismar H, Lopes NA, Pachnis V, Suter U,
Clevers H, Thesleff I, Sharpe P, Ernfors P, Fried
K, Adameyko I (2014) Glial origin of mesen-
chymal stem cells in a tooth model system.
Nature 513:551-554

Dong Z, Brennan A, Liu N, Yarden Y,
Letkowitz G, Mirsky R, Jessen KR (1995) Neu
differentiation factor is a neuron-glia signal and
regulates survival, proliferation, and matura-
tion of rat Schwann cell precursors. Neuron
15:585-596

Kaufman MH (1998) The atlas of mouse
development. Elsevier, Amsterdam

Gavrilovic J, Brennan A, Mirsky R, Jessen KR
(1995) Fibroblast growth factors and insulin
growth factors combine to promote survival of
rat Schwann cell precursors without induction
of DNA synthesis. Eur ] Neurosci 7:77-85



