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SUMMARY
The transcription factors Krox-20 and SCIP each play
important roles in the differentiation of Schwann cells.
However, the genes encoding these two proteins exhibit
distinct time courses of expression and yield distinct
cellular phenotypes upon mutation. SCIP is expressed
prior to the initial appearance of Krox-20, and is
transient in both the myelinating and non-myelinating
Schwann cell lineages; while in contrast, Krox-20 appears
~24 hours after SCIP and then only within the
myelinating lineage, where its expression is stably
maintained into adulthood. Similarly, differentiation of
SCIP−/− Schwann cells appears to transiently stall at
the promyelinating stage that precedes myelination,
whereas Krox-20−/− cells are, by morphological
criteria, arrested at this stage. These observations
led us to examine SCIP regulation and Schwann cell

phenotype in Krox-20 mouse mutants. We find that in
Krox-20−/− Schwann cells, SCIP expression is converted
from transient to sustained. We further observe that both
Schwann cell proliferation and apoptosis, which are
normal features of SCIP+ cells, are also markedly
increased late in postnatal development in Krox-20
mutants relative to wild type, and that the levels of cell
division and apoptosis are balanced to yield a stable
number of Schwann cells within peripheral nerves. These
data demonstrate that the loss of Krox-20 in myelinating
Schwann
cells
arrests
differentiation
at
the
promyelinating stage, as assessed by SCIP expression,
mitotic activity and susceptibility to apoptosis.

INTRODUCTION

which are sometimes referred to as ‘premyelinating Schwann
cells’ (Zorick and Lemke, 1996), are still capable of division,
whereas the onset of myelination is associated with final but
not irreversible withdrawal from the cell cycle (Friede and
Samorajski, 1968).
Recently, we and others have demonstrated that the
promyelinating phase is also characterized by Schwann cell
apoptosis, which is most evident in rodent peripheral nerves
during the first two weeks after birth, and which markedly
declines in the adult (Grinspan et al., 1996; Nakao et al., 1997;
Syroid et al., 1996). This apoptosis is controlled by axonal
contact and is in part regulated by neuregulin-1 that is supplied
by the ensheathed axons (Grinspan et al., 1996; Syroid et al.,
1996; Trachtenberg and Thompson, 1996). The
promyelinating-to-myelinating
transition
is
therefore
characterized by changes in mitotic activity and susceptibility
to apoptosis that together match the number of Schwann cells
in a given peripheral nerve to the number of existing axons.
Two transcription factors have been shown to be important
regulators of the promyelinating-to-myelinating transition. The
first of these is the POU domain protein SCIP (Oct-6/Tst-1).
SCIP expression in Schwann cells is transient: it is induced by
contact with axons, is maximal in promyelinating cells that

Myelination of peripheral nervous system (PNS) axons is
carried out by Schwann cells, whose origins in the neural crest
and subsequent differentiation in peripheral nerves have been
extensively studied at both the morphological and molecular
levels (for reviews, see Mirsky and Jessen, 1996; Zorick and
Lemke, 1996; Taylor and Suter, 1997). It is now appreciated
that Schwann cell precursors migrate and proliferate along preexisting axon tracts during development and progress through
distinct developmental stages that are marked by the
acquisition of new, or the loss of pre-existing, molecular
markers (Blanchard et al., 1996; Jessen et al., 1994). By the
time of birth in rodents, Schwann cells destined to myelinate
can be distinguished by a ‘promyelinating’ morphology, in
which individual cells have synthesized a basal lamina and
have established a 1:1 relationship of Schwann cell to axon,
but have not yet initiated myelin membrane biosynthesis,
wrapping or compaction (Friede and Samorajski, 1968; Martin
and Webster, 1973; Webster et al., 1973). The number of
promyelinating Schwann cells is greatest on the day of birth in
the rat, and subsequently declines as these cells differentiate
(Friede and Samorajski, 1968). Early promyelinating cells,
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retain the capacity to divide, is gradually extinguished as cells
begin to elaborate the myelin organelle and is nearly
undetectable in rodent peripheral nerves by the end of the
second postnatal week (Monuki et al., 1990; Scherer et al.,
1994; Zorick et al., 1996). The protein is also strongly and
rapidly upregulated in cultured Schwann cells by agents that
elevate intracellular cAMP (e.g., forskolin, cAMP analogs;
Monuki et al., 1989, 1990), a manipulation that in many
respects yields cultured cells with the molecular phenotype of
promyelinating cells in vivo. The second transcription factor
of demonstrated importance to the onset of myelination is the
zinc finger protein Krox-20 (Egr-2). In contrast to SCIP,
Schwann cell expression of Krox-20 is evident in
promyelinating cells only ~24 hours after these cells first
become SCIP+. This expression is thereafter maintained
throughout the course of myelination (which extends for more
than a week in rodent nerves) and into adulthood (Blanchard
et al., 1996; Zorick et al., 1996). Within the myelinating
Schwann cell lineage, the progression from early
promyelinating to late promyelinating to myelinating cells
therefore corresponds to the phenotypic progression
SCIP+Krox-20− to SCIP+Krox-20+ to SCIP−Krox-20+. This
applies only to the myelinating lineage, since Krox-20
expression is restricted to this lineage, whereas transient SCIP
expression is a developmental feature of both myelinating and
non-myelinating Schwann cells (Blanchard et al., 1996; Zorick
et al., 1996).
Preliminary studies of the Schwann cell phenotypes in mice
carrying engineered mutations in the SCIP and Krox-20 genes
have highlighted the importance of these differential patterns
of developmental regulation to Schwann cell differentiation.
Schwann cells in the peripheral nerves of SCIP−/− mice, for
example, exhibit a striking defect in differentiation. This defect
was thought to reflect an arrest of myelination at the
promyelinating stage (Bermingham et al., 1996), but extended
analysis showed that only a transient stalling of differentiation
at this stage actually occurs (Jaegle et al., 1996). During the
first postnatal week in large peripheral nerves (e.g., the sciatic
nerve), mutant Schwann cells that would normally be destined
for myelination are markedly retarded in their development
relative to their wild-type counterparts. During subsequent
weeks, however, increasingly normal myelination is observed
in these mutants, which eventually leads to remarkably robust
levels of myelin and nearly normal appearing nerves in young
SCIP−/− adults (Jaegle et al., 1996). Interestingly, targeted
expression in mouse Schwann cells of a dominant-negative
truncation mutant of SCIP (∆SCIP), using the late-acting
myelin-specific promoter of the protein zero (P0) gene (Lemke
et al., 1988; Messing et al., 1992), results in Schwann cell
differentiation that is accelerated rather than delayed, such that
myelin organelles in these ∆SCIP animals are elaborated days
prior to their appearance in wild-type mice (Weinstein et al.,
1995).
In contrast to the transient Schwann cell phenotype seen in
the SCIP knock-outs, mice homozygous for a loss-of-function
Krox-20 mutation exhibit a complete and apparently
permanent block in myelinating Schwann cell differentiation
at the promyelinating stage, as assessed both morphologically
and by dramatically reduced expression of myelin-specific
gene products (Murphy et al., 1996; Swiatek and Gridley,
1993; Topilko et al., 1994). Together with the above-mentioned

expression data, these observations implicate Krox-20 as a
later-acting global regulator of myelination-related gene
expression. The peripheral nerves of Krox-20 mutants have
also been reported to contain an apparently higher number of
Schwann cells relative to wild type, suggesting that this
transcription factor may in addition regulate cell cycle exit
within the myelinating Schwann cell lineage (Topilko et al.,
1994).
The differential expression profiles of SCIP and Krox-20
during the course of late Schwann cell differentiation, together
with the differential Schwann cell phenotypes seen in the SCIP
and Krox-20 mouse knock-outs, led us to ask whether
expression of these two transcription factors is independently
regulated during PNS development. More specifically, we ask
whether Krox-20 activity is required for the timely
downregulation of SCIP expression in the myelinating
Schwann cell lineage, by analyzing Krox-20−/− sciatic nerves
in the second postnatal week (at postnatal day 12), when the
vast majority of cells within the myelinating lineage in normal
nerves are already actively myelinating and are SCIP−. We
observe markedly elevated SCIP expression at postnatal day 12
(P12) in the Krox-20−/− cells, and a corresponding lack of
myelin gene expression, with respect to both protein and RNA.
Furthermore, we find that these mutant Schwann cells continue
both to proliferate and to be subject to apoptotic cell death at
rates even higher than those seen for normal promyelinating
cells. In spite of the increased proliferation observed at P12 in
the peripheral nerves of Krox-20 mutants, we find that the
concomitantly elevated apoptosis is sufficient to maintain a
nearly normal number of Schwann cells in these nerves.

MATERIALS AND METHODS
Animal husbandry and genotyping
C57Bl/6 Krox-20+/− founder males were crossed into 129SV wildtype females to increase the litter size of subsequent matings by
outbreeding. All procedures were carried out in accordance with the
Salk Institute guidelines for animal handling. Genomic DNA was
extracted from 1 cm sections of mouse tails using standard techniques
(Sambrook et al., 1989). Mutant and wild-type Krox-20 alleles were
identified by PCR genotyping as previously described (Swiatek and
Gridley, 1993).
Immunohistochemistry, BrdU labeling and TUNEL staining
For anti-SCIP and anti-P0 immunohistochemistry, whole litters of
Krox-20+/− matings were killed and the sciatic nerves were immersed
into 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS)
at 4°C for 2 hours. Subsequently, the nerves were stored separately in
0.1% PFA/PBS at 4°C for several days until genotyping was complete,
at which time they were infiltrated in 20% sucrose ON at 4°C before
freezing in OCT medium. Otherwise, the cryosectioning was
performed as described previously (Zorick et al., 1996).
BrdU injections, anti-SCIP-, anti-P0- and anti-BrdUimmunohistochemistry were conducted essentially as described
previously (Zorick et al., 1996). Donkey anti-mouse and goat antirabbit secondary antibodies (conjugated to Cy3 and FITC
fluorophores, respectively) were obtained from Jackson
ImmunoResearch Laboratories (West Grove, PA) and used as
described (Zorick et al., 1996). TUNEL staining to detect DNA
fragmentation was performed as described previously (Syroid et al.,
1996). All sections were counterstained with bisbenzamide (Zorick et
al., 1996).
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Quantitative immunohistochemical analyses
All immunolabeled sections were viewed with a Bio-Rad MRC
1024UV confocal scanning laser microscope running Lasersharp
software, graciously provided by Dr Fred Gage of the Salk Institute.
Adjacent longitudinal sections from pools of several animals of the
same genotype were scanned first for bisbenzamide staining and then
for either Cy3 or FITC fluorescence. Cy3 and FITC fluorescence scans
were done such that only the brightest signals were detected and the
confocal settings were kept the same for each immunohistochemical
stain, to ensure that the relative signal intensities were recorded
accurately, even between different preparations and different
genotypes.

provided by D. Wen of Amgen Corp., Thousand Oaks, CA) and
forskolin. Schwann cells in 12-well plates were then transfected with
0.5 µg of 915 bp P0 promoter-luciferase reporter plasmid (Brown and
Lemke, 1997), 0.1 µg of an RSV-β-gal construct to measure
transfection efficiency and increasing amounts of a CMV-driven
Krox-20 expression vector. CMV vector without Krox-20 cDNA
insert was used to keep the total amount of DNA transfected the same
for each well. Cells were cultured for 2 days following transfection.
Luciferase units were normalized relative to β-gal expression to
control for transfection efficiency and data within an experiment were
measured as induction by Krox-20 compared to background vector
alone.

Ribonuclease protection analysis
Total cellular RNA was isolated as described previously
(Chomczynski and Sacchi, 1987). Ribonuclease protection assays
(RPA) were performed using 1 µg total RNA and 10 µg tRNA much
as described (Krieg and Melton, 1987), using the Maxiscript in vitro
transcription kit (Ambion) from templates containing the following
inserts: a 489 bp mouse cyclophilin cDNA fragment (nucleotides 247736; Hasel and Sutcliffe, 1990), a 260 bp mouse SCIP cDNA fragment
(generously provided by John Bermingham, nucleotides 445-705;
Suzuki et al., 1990), and a 131 bp mouse P0 cDNA fragment
encompassing 3′-untranslated sequences (nucleotides 429-598 of P0
exon 5+6 sequence; You et al., 1991). RPA blots were imaged and
analyzed using a Molecular Dynamics (Sunnyvale, CA)
phosphoimaging device running ImageQuaNT 3.3 software. For
densitometry calculation, band intensities for SCIP and P0 probes
were normalized to the band intensity for the cyclophilin control in
order to compare relative band intensities between lanes.

Sciatic nerve modeling
We are indebted to Dr Mike DeWeese of the Sejnowski laboratory at
the Salk Institute for mathematical advice. To model the fraction of
cells undergoing cell death during postnatal development as a function
of time, we used a sigmoid function with fitted constants to fit the
experimental data and assumptions made (see Results) using MathCad
7 professional software (MathSoft, Inc.). Numerical integration of
Schwann cell growth with and without death was performed using the
same program. Numerical data from these calculations was imported
into Microcal Origin 4.1 (Microcal, Inc.) to graph, and the graphs
subsequently modified using Canvas 3.5 and 5.0 (Deneba Systems,
Inc.).

Unbiased quantitative stereology
All equipment used for the unbiased stereology was provided by the
laboratory of Dr Fred Gage, under the guidance of Dr Dan Peterson.
The optical dissector procedure used for unbiased quantitation of cell
number has been previously described (Peterson et al., 1994, 1996,
1997). Sciatic nerves from P12 Krox-20+/+, Krox-20+/− and Krox20−/− littermates (from 2 different litters) were fixed in situ for 5
minutes at room temperature (RT) in 4% PFA/PBS. The nerves were
then excised 2 mm distal to the sciatic notch, extending distally and
postfixed 2 hours at 4°C in 4%PFA/PBS, and subsequently processed
for cryosectioning as above. 25 µm cryostat sections were cut as
described (Zorick et al., 1996) and collected onto Fisherbrand
Superfrost Plus microscope slides (Fisher Scientific, Pittsburgh, PA).
Sections were collected, dried ON at RT, immersion fixed in 4%
PFA/PBS for 5 minutes at RT, then bisbenzamide stained and mounted
in anti-fade mounting media as described (Zorick et al., 1996). After
processing, the true thickness of the sections had been reduced to 16
µm, based upon measurement with the computer-driven Z-axis of the
stereology stage (data not shown). The relative reference area for each
section was calculated by applying a computer-generated grid to the
video image of the section, and counting the number of boxes of
defined box size (50 µm per side) that overlapped with the nerve.
Quantitative estimates of cell number and volume of sciatic nerve
samples from each genotype were made using the optical fractionator
principle (West, 1993) and the Cavalieri point count estimator (West
and Gundersen, 1990), respectively. Either every sixth serial section
(Krox-20+/+, Krox-20+/−) or every twelfth serial section (Krox-20−/−)
was examined under appropriate filter sets on an semiautomated
stereology system (StereoInvestigator, MicroBrightField, Inc.). Cells
were sampled in a 1:16 area subfraction and a 1:1.33 thickness
subfraction.
Transfection and luciferase assays
Rat Schwann cells were cultured from neonatal pups, and grown and
transfected as described previously (Brown and Lemke, 1997; Zorick
et al., 1996) in the presence of recombinant neuregulin-1 (graciously

RESULTS
SCIP expression is maintained in postnatal Krox20−/− Schwann cells
During the normal development of rodent sciatic nerves, the
percentage of SCIP+ Schwann cells declines from a peak near
the day of birth to less than 1% by P13 in the rat (~P11 in the
mouse), while the percentage of Krox-20+ cells rises during the
first two postnatal days and is stable thereafter (Zorick et al.,
1996). Using Krox-20−/− mice, we asked whether the
pronounced downregulation of SCIP in the myelinating lineage
is dependent upon Krox-20. We decided to closely examine the
P3 and P12 time points, since at P3 most sciatic nerve Schwann
cells destined for myelination are still SCIP+, many are capable
of cell division and only a few are actively myelinating;
whereas at P12, nearly all of these cells are SCIP−, most are
actively myelinating, and very few are dividing. In addition,
the high mortality rate of Krox-20−/− mice at birth and their
short life span thereafter made P12 the latest practical time at
which we were routinely able to obtain homozygous knockouts for analysis (Schneider-Maunoury et al., 1993; Swiatek
and Gridley, 1993).
Using a specific, high-affinity SCIP antibody (Zorick et al.,
1996), we examined P12 Krox-20−/− sciatic nerves, along with
those of heterozygous and wild-type littermates, for SCIP
immunoreactivity (Fig. 1A). We observed SCIP expression in
the majority of P12 Krox-20−/− Schwann cell nuclei, compared
to the rare SCIP+ nuclei that were detectable in the P12 nerves
of control (Krox-20+/− and Krox-20+/+) littermates. Since
previous reports indicated that Krox-20−/− sciatic nerves
contain a higher density of Schwann cells than unaffected
littermates (Topilko et al., 1994), observed increases in the
incidence of SCIP immunoreactivity might in part reflect this
increased density. We therefore quantitated the proportion of
SCIP+ cells at P3 and P12, in Krox-20−/−, Krox-20+/− and Krox20+/+ sciatic nerves, by comparing SCIP expression to the total
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number of nuclei as visualized by bisbenzamide staining (Fig.
1B). We found that 52% of Schwann cells were intensely
SCIP+ at P12 in Krox-20−/− sciatic nerves, whereas only 2%
and 1% still strongly expressed this transcription factor at P12
in heterozygous and wild-types nerves, respectively.
Interestingly, the percentage of SCIP+ cells visualized with the
antibody at P12 in the homozygous Krox-20 knockouts was
very similar to the percentage observed at P3 for all genotypes
(Fig. 1B). We further found that the failure of Krox-20−/−
Schwann cells to downregulate SCIP at P12 was accompanied
by a corresponding failure to upregulate expression of the P0
gene, whose high level expression is normally tied to the onset
of overt myelination (Fig. 1A,C). Antibody expression data
(Fig. 1A,B) were complemented by
ribonuclease protection assay, using
probes specific for SCIP, P0 and the
ubiquitous cellular marker cyclophilin
(Fig. 1C). These data demonstrate that
the increased SCIP expression and
reduced P0 expression of P12 Krox-20−/−
sciatic nerves is effected at the RNA
level. Densitometry revealed that P0
mRNA levels were decreased ~15-fold
and SCIP mRNA levels increased ~6 fold
in P12 Krox-20−/− sciatic nerves as
compared to wild-type and heterozygous
littermates (Fig. 1C; data not shown).
These observations demonstrate that
Krox-20 activity is essential for the
timely extinguishing of SCIP expression
in the myelinating Schwann cell lineage,
and that SCIP and Krox-20 are not
regulated independently. They further
demonstrate that, in the absence of Krox20, SCIP is not able to downregulate its
own expression.

Krox-20−/− Schwann cells do not
withdraw from the cell cycle
The control of Schwann cell proliferation
during peripheral nerve development has
been the subject of several previous
studies (Brown and Asbury, 1981; Friede
and Samorajski, 1968; Martin and
Webster, 1973; Stewart et al., 1993;
Webster et al., 1973). In particular, it has
been shown that Schwann cell mitotic
activity in the mouse peaks during late
embryogenesis and declines thereafter,
such that by the second postnatal week
very little cell division can be detected in
major peripheral nerves (Friede and
Samorajski, 1968; Stewart et al., 1993).
We asked whether this progressive loss of
cell division, which is concomitant with
the onset of myelination, is also
dependent on Krox-20 activity. We
performed short BrdU pulse-labelings in
vivo, followed by immunohistochemical
detection of BrdU+ nuclei, to acutely
label Krox-20−/− Schwann cells in the S

phase of the cell cycle, relative to Krox-20+/− and Krox-20+/+
littermates (Fig. 2A). We again focused on P3 and P12, for the
reasons outlined above. We found that, while P3 Krox-20−/−
sciatic nerves do not exhibit any significant differences in the
pattern or apparent fraction of mitotic cells relative to control
nerves, P12 Krox-20−/− nerves contain many more Schwann
cells that are undergoing DNA synthesis than do nerves from
control littermates (Fig. 2A). We measured this fraction by
double labeling with bisbenzamide, and performed appropriate
statistical comparisons between cells of each genotype at P3
and P12 (Fig. 2B). Fig. 2 demonstrates that the fraction of
Schwann cells in the mitotic cycle in P12 Krox-20−/− mice is
increased more than 5-fold relative to heterozygous and wild-

Fig. 1. SCIP expression in wild-type and Krox-20 mutant sciatic nerves. (A) Longitudinal
sections of P12 Krox-20+/+, Krox-20+/− and Krox-20−/− sciatic nerves, double
immunolabeled for SCIP (red) and P0 glycoprotein (green). Bar represents 50 µm.
(B) Quantitative analysis of SCIP expression in P3 and P12 Krox-20+/+, Krox-20+/− and
Krox-20−/− sciatic nerves. Data represent the fraction of nuclei labeled with bisbenzamide
that also strongly express SCIP. Note that the same confocal settings were used throughout
the experiment. Data are presented as the mean±sep. For P3: +/+, n=727; +/−, n=551; −/−,
n=913. For P12: +/+, n=694; +/−, n=603; −/−, n=805, P<0.001 by chi-squared analysis.
(C) Ribonuclease protection assay of sciatic nerve RNA from P12 animals of Krox-20+/+,
Krox-20+/− and Krox-20−/− genotypes, compared to a wild-type P6 control sciatic nerve and
a P7 liver, hybridized with probes to SCIP, cyclophilin and P0 RNA.
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Fig. 2. BrdU pulse labeling of wild-type and Krox-20 mutant sciatic nerves.
(A) Longitudinal sections of P12 Krox-20+/+, Krox-20+/− and Krox-20−/− sciatic
nerves, immunolabeled for anti-BrdU immunoreactivity (red) after 2 hour pulse of
BrdU in vivo. Bar represents 50 µm. (B) Quantitative analysis of BrdU labeling in
P3 and P12 Krox-20+/+, Krox-20+/− and Krox-20−/− sciatic nerves. Data represent
the fraction of nuclei labeled with bisbenzamide that label for anti-BrdU immunoreactivity for each time. Labeling was carried out for 2 hours
at P12 to ensure an accurate estimate of the very low number of +/+ and +/− Schwann cells still capable of dividing at this time. Data are
presented as the mean±sep. For P3: +/+, n=1328; +/−, n=1226; −/−, n=1782. For P12: +/+, n=1565; +/−, n=1069; −/−, n=1521, P<0.001 by chisquared analysis.

Fig. 3. TUNEL labeling of wild-type and Krox-20 mutant
sciatic nerves. (A) Longitudinal sections of P12 Krox20+/+, Krox-20+/− and Krox-20−/− sciatic nerves, labeled
for DNA fragmentation by TUNEL staining (red) and
bisbenzamide (green). Bars represent 50 µm.
(B) Quantitative analysis of TUNEL labeling in P3 and
P12 Krox-20+/+, Krox-20+/− and Krox-20−/− sciatic nerves.
Data represent the fraction of nuclei labeled with
bisbenzamide that label for TUNEL stain for each time.
Note that the same confocal settings were used throughout
the experiment. Data are presented as the mean±sep. For
P3: +/+, n=1337; +/−, n=1135; −/−, n=1100. For P12: +/+,
n=1714; +/−, n=1930; −/−, n=1798, P<0.001 by chisquared analysis.

type littermates and is approximately the same as that seen for
P3 Schwann cells of all genotypes. Krox-20 activity is
therefore required for the normal withdrawal of myelinating
Schwann cells from the cell cycle.

Krox-20−/− Schwann cells exhibit dramatically
increased apoptosis at P12
Recently, we and others have demonstrated the importance of
apoptosis as a mechanism to regulate Schwann cell number
during PNS development (Grinspan et al., 1996; Nakao et al.,
1997; Syroid et al., 1996; Trachtenberg and Thompson, 1996).
Schwann cell apoptosis is evident during the first two postnatal
weeks and declines thereafter (Nakao et al., 1997; Syroid et
al., 1996).
Based on our finding that Krox-20−/− Schwann cells
proliferate abnormally within peripheral nerves, we examined
Krox-20−/− sciatic nerves for the number of cells undergoing
apoptosis, using the TUNEL histochemical staining method to
visualize DNA fragmentation (Syroid et al., 1996). We
observed that P12 Krox-20−/− sciatic nerves have a large
apparent increase in the number of TUNEL+ cells (Fig. 3A).
We quantitated this increase by determining the fraction of
Schwann cells positive for the TUNEL stain at a given age, to
account for differences in cell density seen between genotypes
(Fig. 3B). At P3, Krox-20−/− Schwann cells exhibit no

statistically significant difference in the level of apoptosis as
compared to heterozygous and wild-type littermates (although
a non-significant trend is evident). Moreover, the amount of
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Krox-20 transactivates the P0 promoter in cotransfection experiments
The loss of Krox-20 activity results in an apparent block to
Schwann cell differentiation at the promyelinating-tomyelinating transition and a marked reduction in the level of
myelin-specific gene expression, as exemplified by P0
expression (Fig. 1A,C; Topilko et al., 1994). This observation,
together with the fact that Krox-20 is expressed throughout
myelination and into adulthood, has suggested that Krox-20
acts as a positive regulator of myelin gene expression (Zorick
et al., 1996). To address this possibility, we conducted transient
transfection experiments using purified and cultured rat
Schwann cells (Monuki et al., 1990, 1993). A CMV-driven
Krox-20 expression plasmid and a reporter plasmid containing
915 bp of 5′ flanking DNA from the P0 promoter linked to a
luciferase reporter gene (Brown and Lemke, 1997; Lemke et
al., 1988) were cotransfected at varying concentrations into rat
Schwann cells grown in the presence of forskolin. These cells
were incubated for 2 days and then assayed for luciferase
activity. A representative experiment is shown in Fig. 4. Even
in the face of endogenous Schwann cell expression of Krox20 (Zorick et al., 1996), we observed that transfected Krox-20
is capable of a 2-fold transactivation of the cloned P0 promoter
with as little as 50 ng transfected Krox-20 expression plasmid,
and that roughly 4-fold transactivation is possible with higher
levels of this plasmid. Although these data do not address the
issue of whether Krox-20 binds to the P0 regulatory region,
they do demonstrate that this transcription factor is, either
directly or indirectly, capable of transactivating through a set
of DNA regulatory elements that are only active in myelinating
Schwann cells. This observation supports the hypothesis that
Krox-20 serves as a global transactivator of myelin gene
expression in the Schwann cell lineage.
Total Schwann cell number is relatively conserved in
Krox-20−/− sciatic nerves
Given our surprising results with regard to elevated mitotic
activity and apoptosis in Krox-20-deficient Schwann cells, we
became interested in the control of total cell number within the
myelinating lineage. The initial description of the peripheral
nerve phenotype of Krox-20−/− mutant mice reported a higher
density of Schwann cells at P15 as compared to wild-type
littermates (Topilko et al., 1994). However, measurements of
cell density are highly susceptible to processing-based errors
caused by shrinkage artifacts, resulting in quantitative errors
(for discussions, see Peterson et al., 1994, 1996, 1997). We
therefore employed unbiased quantitative stereology on cross
sections of P12 Krox-20−/−, Krox-20+/− and wild-type sciatic
nerves to accurately estimate the number of cells in a defined
length of nerve, in addition to the cellular density (Peterson et
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Fig. 4. Cultured rat Schwann cells were transfected with 0.5 µg of a
luciferase plasmid in which reporter gene expression is driven by 915
bp of 5′ flanking DNA from the rat P0 gene (Lemke et al., 1988),
together with increasing amounts of a CMV-Krox-20 plasmid, or with
the empty CMV vector alone. Data are shown as mean±s.e.m. n=4.

al., 1997). The results are illustrated in Table 1. In agreement
with Topilko et al. (1994), we find that the cellular density of
late postnatal Krox-20−/− sciatic nerves is indeed increased, by
roughly 3-fold compared to heterozygous and wild-type
littermates, with a concomitant 4-fold decrease in the average
cross-sectional area (Table 1). However, the measured total cell
number of a 300 µm length of P12 Krox-20-deficient sciatic
nerve was only ~45% higher than the corresponding number
for wild-type and heterozygous littermates. Apoptosis is
therefore apparently able to compensate for the increased
proliferation present throughout postnatal development.
Models of Schwann cell proliferation
Given these observations, we decided to model Schwann cell
population dynamics within the sciatic nerves of both wildtype and Krox-20−/− mice (Fig. 5). First, we used a formula
proposed by Brown and Asbury (1981) for estimating the
fraction of Schwann cells in the mitotic cycle as a function of
postnatal age in wild-type mice: y=1/(2+x), where y=fraction
of dividing Schwann cells, and x=postnatal day. We integrated
this equation over the first two weeks of postnatal life, given
the previously published estimate for Schwann cell cycle
duration of 1 day (see Stewart et al., 1993 for a discussion). In
Table 1. Unbiased quantitative stereology on P12
Krox-20−/−, Krox-20+/− and Krox-20+/+ sciatic nerves
Krox-20
allele

Vref (µm3)

Nfv

Total cells
(Nabs)

Cell density
(cells/µm3)

+/+
+/−
−/−

1.55E+08
1.56E+08
4.33E+07

358
349
502

4.55E+04
4.47E+04
6.50E+04

2.9E−04
2.9E−04
1.0E−03

Calculated total reference volume (Vref), number of cells counted per
fractional volume (Nfv), calculated total cells (Nabs) and calculated cell
density are reported, based upon measurements taken by the optical dissector
method for each genotype (Peterson et al., 1997).
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the absence of cell death, these parameters yield a Schwann
cell population that increases linearly with time (upper curve,
Fig. 5A), but with a rate of increase that exceeds estimates
derived from experimental data (Nakao et al., 1997; Peters and
Muir, 1958). We therefore added an estimate of apoptotic death
before integration, by setting the steady-state percentage of
apoptotic cells throughout the first two postnatal weeks at a
constant 0.18%, in accordance with our previous
measurements (Syroid et al., 1996). To calculate the fraction
of cells lost per day, we estimated that apoptotic Schwann cells
might have a clearance time ranging anywhere from 30 minutes
to 6 hours, based on measurements of the clearance time for
apoptotic oligodendrocytes in the developing optic nerve
(Barres et al., 1992; Barres and Raff, 1994), and for newly born
embryonic neurons (Thomaidou et al., 1997). By integrating
these varying estimates of apoptotic cell loss (normalized to
day length) with the formula for cell growth, we derived the
lower curves in Fig. 5A. The curve generated using a 1 hour
clearance time most closely approximates the experimentally
determined dynamics of the postnatal Schwann cell population
within wild-type peripheral nerves (Nakao et al., 1997; Peters
and Muir, 1958).
Next, we asked whether our experimentally derived data for
proliferation, apoptosis and Schwann cell number in Krox20−/− sciatic nerves could, if incorporated into the above
modeling equation, account for the fact that the dramatically
different proliferative and apoptotic rates observed in Krox20−/− mutant nerves result in only a modest (~45%) increase
in cell number relative to wild type. To facilitate this analysis,
we made additional measurements of cell death at P7 in Krox20−/− nerves (Table 2). Based on earlier observations, we
assumed that: (a) the apoptotic rates at P0 and P3 in the Krox20 mutants were identical to that for wild type and mutants at
P3 and (b) the Krox-20−/− apoptotic rate between P12 and P15
was constant at the rate measured for P12. These parameters
were used to fit a sigmoid curve that describes the incidence
of apoptotic cell death occurring in Krox-20−/− Schwann cells
as a function of postnatal age (Fig. 5B). We also used a constant
value of 25% for the fraction of Krox-20−/− Schwann cells in
mitosis between P3 and P12 (Fig. 2B), which is similar to that
Table 2. Summary of data and assumptions used to model
the change in apoptosis over time in Krox-20−/− sciatic
nerves
Timepoint
(postnatal day)
0
3
7
12
15
20

Apoptotic nuclei
(%)

Source

0.2
0.2
0.7
1.1
1.1
1.1

assumption
experiment
experiment
experiment
assumption
assumption

Following the reasoning described in the text, estimates for the percentage
of apoptotic nuclei at a given time for P3, P7 and P12 are derived from
experimental data in this work. For P0, we assume that the fraction of
apoptotic nuclei is essentially the same as reported previously in the rat for
the average fraction over the first postnatal week (Syroid et al., 1996). For
P15 and P20, we assume that the fraction of apoptotic nuclei is essentially the
same as experimentally determined for P12, which provides for a stable
Schwann cell population in the sciatic nerve given the experimentally
determined estimate of cell proliferation and apoptotic clearance time (see
Results).

previously reported for P2/3 wild-type cells (Brown and
Asbury, 1981; Friede and Samorajski, 1968; Nakao et al.,
1997). Our measured fraction of cells pulse-labeled at P3 with
BrdU in the mouse (Fig. 2) is approximately 3-fold lower than
this percentage because the S phase of the cell cycle is
approximately 8 hours long, as compared to the 24-hour-long
cell cycle (Stewart et al., 1993). This 3-fold conversion factor
normalizes our experimental data to the fraction of cells in
mitosis per day.
Given (a) this cell density estimate, (b) the equation that we
derived that models the change in the rate of apoptosis in the
Krox-20 mutants over the same period (Fig. 5B), and (c) the
assumption that the lack of Krox-20 activity did not affect
either the cell cycle length (24 hours) or clearance time of
apoptotic cells, we then performed a series of numerical
integrations (Fig. 5C). Without allowance for apoptosis, a
constant 25% proliferation rate would quickly result in a
severely hypertrophic sciatic nerve in the mutant (Fig. 5A,C,
upper curves). When the derived equations for apoptotic rate
change in the mutants are added to the integration, only in the
case of the 1 hour clearance time does the resulting cell number
approach a stabilized level by P12 (Fig. 5C, lower curve).
Remarkably, when the modeled curve for wild-type growth
with apoptosis is compared directly to the modeled Krox20−/− curve with apoptosis with the 1 hour clearance time, it
can be seen that the mutant sciatic nerve is predicted to exhibit
a ~40% increase in Schwann cell number relative to wild type
at P12 (Fig. 5D). Although this modeling relies on
interpolations, it is in exceptionally close agreement with the
observed value of ~45% (Table 1).
DISCUSSION
SCIP as a transitional regulator
Our results demonstrate that the striking downregulation of
SCIP expression that normally follows the onset of myelination
is completely dependent on Krox-20 and that, in the absence
of this transcription factor, SCIP is incapable of autoregulation
(self downregulation). We therefore predict that any transgenic
manipulation that results in the aberrant maintenance of a
promyelinating Schwann cell morphology – even one not
directly related to a transcription factor, such as the
overexpression or mutation of a myelin structural protein (see
for example Adlkofer et al., 1995; Sereda et al., 1996) – will
lead to a cell that continues to express SCIP. The fact that SCIP
and Krox-20 are not independently regulated, together with the
observation that the Krox-20 and SCIP mouse knock-outs
exhibit obvious differences in the severity and permanence of
Schwann cell dysmyelination, provides the basis for a clearer
appreciation of the distinct roles that these two proteins play
during myelination.
Since apparently all SCIP−/− Schwann cells that would
normally be destined to myelinate eventually do so if given
adequate developmental time (Jaegle et al., 1996), SCIP is not
an essential forward driver of the promyelinating-tomyelinating transition. Rather, we propose that this
transcription factor provides a mechanism through which
Schwann cells smoothly transit between markedly different
states of gene expression and cellular phenotype, by transiently
binding to and thereby disabling a subset of the cell’s
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wild type
clearance
time (h)
no death
0.5
1
2.3
6

20
15
10
5

C
15
10

clearance
time (h)
no death
0.5
1
2.3
6

5
3

1.0
0.8

12
7
postnatal age (days)

Krox-20 -/cell death

0.6

expt. data
assumptions
fitted curve

0.4
0.2
0

12
7
postnatal age (days)

mutant
20

percent cell death

1.2

3

Schwann cells (units)

B

7

3

12

15

postnatal age (days)

D
1 h clearance time

Schwann cells (units)

Schwann cells (units)

A

20

Krox-20
alleles

15

-/+/-, +/+

10
5
3

transcriptional apparatus. We envision that SCIP could play
this role through the demonstrated ability of its POU domain
to interact with non-histone chromatin proteins such as HMGI/Y, and with other nuclear scaffolding proteins (Herr and
Cleary, 1995; Leger et al., 1995) and thereby disable
transcription. In this respect, SCIP function would be
analogous to that of a clutch pedal in an automobile
transmission: in order to smoothly change from the expression
of early genes not related to myelination, such as the p75 gene,
to late genes required for myelination, such as the P0 gene, i.e.,
to smoothly shift developmental ‘gears’, SCIP expression
would first be activated and then subsequently deactivated
during Schwann cell differentiation just as an automobile
clutch pedal is first depressed and then subsequently released
in moving from one gear to another. Such a mode of action
would allow for the timely and coordinated assembly of
transcription factors, such as Krox-20, which are essential for
activation of end-stage myelination genes, and would prevent
the premature expression of these genes in the same way that
an automobile’s engine does not yet drive a selected gear when
the clutch pedal is depressed.
This hypothesis has several appealing features with regard
to the interpretation of previously puzzling aspects of SCIP and
Krox-20 expression, activity and mutant phenotypes. First, it
accounts for all of the observed mutant phenotypes. SCIP−/−
Schwann cells have difficulty entering the myelinating phase,
but are not permanently blocked in their forward
differentiation, just as it is possible to change automobile gears
without a clutch pedal – given sufficient effort, time and
grinding of the transmission. P0-∆SCIP Schwann cells, on the
other hand, differentiate prematurely because the dominantnegative SCIP antagonist in these mice is activated by the P0

12
7
postnatal age (days)

Fig. 5. Models of the postnatal growth
kinetics of sciatic nerve Schwann cells.
(A) Model of the growth kinetics of
Krox-20+/+ and Krox-20+/− sciatic nerve
Schwann cells, using the equation
y=1/2+x, with and without the estimates
of cell death and varying clearance times
for apoptotic nuclei, as detailed in the
text. Y axis units (cell number) are
arbitrary, assuming a starting point of 1
at postnatal day 0. (B) Curve fitting for
the change in the incidence of Schwann
cell apoptosis occurring in the sciatic
nerve as a function of time during
postnatal development. Using MathCad
software, a sigmoidal curve was
generated to best fit the data as presented
in Table 2. The best fit curve has the
formula y=(0.477x2)/(100.4+1.6x2).
(C) Model of the growth kinetics of
Krox-20−/− sciatic nerve Schwann cells,
with and without the sigmoidal estimate
of cell death, and varying clearance
times for apoptotic nuclei, as derived in
5B. (D) Overlay of wild-type and Krox20−/− curves with an estimated 1 hour
clearance time from A and C,
respectively, on the same graph.

promoter only after the cells have already entered the
promyelinating phase, just as prematurely releasing
(‘popping’) the clutch pedal forces an automobile to lurch into
the selected gear. And Krox-20−/− Schwann cells are
permanently dysmyelinating because this transcription factor
acts as a forward gear to drive differentiation. Second, the
hypothesis that SCIP disables transcription factors that drive
differentiation is consistent with both its transient expression
in normal development (Monuki et al., 1989, 1990) and with
its transient re-appearance when Schwann cells reverse course
and de-differentiate following nerve injury (Monuki et al.,
1990; Scherer et al., 1994; Zorick et al., 1996). Third, this
hypothesis accounts for the observation that SCIP acts as an
exceptionally potent repressor of myelin gene expression when
analyzed in cultured Schwann cells (Monuki et al., 1990,
1993). Co-transfected SCIP expression constructs strongly
repress transcription of reporter constructs that are linked to
myelin (P0 or myelin basic protein) gene promoters, and are,
on a molar basis, approximately 10-fold more potent as
repressors of these constructs than they are as activators of
octamer-driven reporters. Again, this repressor activity can be
envisioned to result from POU-domain-dependent binding to
nuclear scaffolding proteins and can be analogized to the
‘repressor activity’ exerted over the gears of an automobile
transmission when the clutch pedal is depressed. In principal,
this model is not substantially different from other recently
proposed theories for SCIP function, including the suggestion
that SCIP acts as a so-called ‘competence factor’ for
myelination (Jaegle and Meijer, 1998).
Both transient expression and repressor activity against endstage differentiation genes are also exhibited by SCIP during
the development of mammalian keratinocytes (Faus et al.,
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1994). Furthermore, transient expression of SCIP and other
POU domain genes during both neural and non-neural
development is the rule rather than the exception (e.g.,
Collarini et al., 1992; Schreiber et al., 1997; Frantz et al.,
1994). Expression of the POU proteins miti-mere and pdm2
during the development of the Drosophila neuroblast 4-2
lineage, for example, is strikingly similar – with regard to
onset, timing and transience – to that of SCIP in the
mammalian Schwann cell lineage, and the neuronal
differentiation phenotypes of loss-of-function and dominantnegative mutations in these Drosophila genes closely parallel
those seen for SCIP in Schwann cells (Bhat et al., 1995; Bhat
and Schedl, 1994).
Transcriptional control of Schwann cell number
The results presented above illustrate that loss of an essential
forward gear for Schwann cell differentiation, the transcription
factor Krox-20, results in aberrations in both cell cycle
regulation and the apoptotic control of cell number. In terms
of SCIP expression, morphology (Topilko et al., 1994) and
proliferation rate, Krox-20−/− Schwann cells appear locked into
a promyelinating differentiation state. Overall, the Schwann
cell population of Krox-20-deficient peripheral nerves in the
second postnatal week is exceptionally dynamic, despite
approaching steady-state in terms of cell number: this
population remains SCIP+, proliferative, apoptotic and nonmyelinating at a time when the Schwann cells of normal nerves
are SCIP−, quiescent and actively myelinating.
Since SCIP expression is normally activated near the end of
the proliferative period for developing Schwann cells and
since POU proteins have been demonstrated to promote cell
division in other circumstances, it is possible that the
maintained SCIP expression in Krox-20−/− Schwann cells
itself drives their continued proliferation. The fact that these
cells also exhibit an extraordinary increase in the rate of cell
death during the second postnatal week – more than five times
greater than that seen at P3 – may be a downstream
consequence of increased Schwann cell competition for
limiting amounts of axon-supplied survival factors. Among
the several candidates that have been implicated as trophic
factors for developing Schwann cells, the case is strongest for
neuregulin-1 (NRG-1; Grinspan et al., 1996; Syroid et al.,
1996; Trachtenberg and Thompson, 1996), a neuronal, axondisplayed product whose levels in a given peripheral nerve are
thought to be determined at least in part by the number of
axons that the nerve contains. This growth factor has been
shown to rescue Schwann cells from programmed cell death
in a variety of experimental settings. If the supply of NRG-1
is truly limiting and if Schwann cells depend on axonal contact
for survival, then continued proliferation would directly lead
to elevated apoptosis. It should be noted that maintained SCIP
expression is by itself unlikely to cause apoptosis, since
Schwann cells cultured in the presence of cAMP-elevating
agents and NRG-1 are strongly SCIP+, but are not apoptotic
(Syroid et al., 1996).
The compound phenotypes of Krox-20 and SCIP mutant
Schwann cells, and the differential yet dependent regulation of
SCIP and Krox-20 in developing peripheral nerves, together
demonstrate that these transcription factors exert distinct
activities at different points in Schwann cell differentiation.
While the initial activation of SCIP function in Schwann cells

appears to be important for entry into the promyelinating
phase, the subsequent extinguishing of SCIP function appears
to be essential for exiting this phase. In the absence of
promyelinating phase activation of Krox-20, SCIP
downregulation never occurs and Schwann cells are arrested in
their differentiation. We anticipate that the developmental
expression and activity of other transcriptional regulators of
myelination will prove to be equally dynamic.
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