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used ina PCR. As templates for the IP,R3 and IP,R1
antisense and sense constructs, cODNA for the IP;R3
and rat brain cDNA for the IP;R1 were used, respec-
tively. For creation of the constitutive constructs, the
amplified DNA fragments were digested with Not |
and subcloned into pOPRSVI (Stratagene) that had
been linearized with the same enzyme. pOPRSVI is
part of the LacSwitch Inducible Mammalian Ex-
pression System. The constitutive expression of
pOPRSVI was turned off by cotransfection of the
eukaryotic Lac repressor—expressing vector p3’SsS.
Several clones were analyzed by DNA sequencing to
identify constructs with inserts in the antisense and
sense orientations. The dexamethasone-inducible
constructs were prepared in the same fashion ex-
cept that the amplified DNA fragments and vector
pMAMneo (Clontech) were digested with Nhe .
Dexamethasone treatment activated expression of
IP4R3 antisense in the dexamethasone-inducible
PMAM plasmid constructs and inhibited dexameth-
asone-induced increases in IP;R3 protein (Fig. 4A).
In the dexamethasone-inducible IP;R3 antisense-
transfected cells, immunoblot analysis with antiser-
um to IP;R3 revealed a reduction in amounts of
IP;R3 protein relative to noninduced control cells,
whereas amounts of IP;R1 in control and dexa-
methasone-treated IP;R3 antisense cells were sim-
ilar (Fig. 4A). S49 cells constitutively expressing
IP;R3 antisense had low resting amounts of IP;R3
that did not increase with dexamethasone exposure.
Relative amounts of DNA synthesis were measured
in transfected cell lines after dexamethasone treat-
ment by culturing 10° cells in 0.5 ml of medium with
1 uGi of [PH]thymidine. After 18 hours, celis were
lysed onto glass filters for scintillation counting. DNA
synthesis data represent the mean counts per
minute *= SD for triplicate determinations and are
representative of four experiments. DNA synthesis
was measured after 4 days of incubation in 10 nM
dexamethasone for cell lines transfected with the
dexamethasone-inducible plasmid pMAM and after
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2 days of incubation in 0.1 pM dexamethasone for
cell lines transfected with the constitutively express-
ing plasmid pOPRSVI.

Transfected S49 celis in culture medium (RPMI 1640
containing 10% heat-inactivated FBS), either untreat-
ed or treated with 0.1 pM dexamethasone for 2, 3, or
4 days, were loaded with 2 pM Indo-1 AM (Molecular
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NaCl, 5 mM KClI, 0.1 mM MgCl,, 1 mM CaCl,, 5.5
mM glucose, and 15 mM Hepes (pH 7.5). Indo-1
fluorescence was analyzed with a FACStarplus flow
cytometer (Becton Dickinson). The fluorescence data
were converted to [Ca?*]; values [P. S. Rabinovitch,
C. H. June, A. Grossmann, J. A. Ledbetter, J. Immu-
nol. 137, 952 (1986)]. Electric gates were drawn to
separate live and dead cells. The use of blue and red
to indicate cells containing low and high calcium con-
centrations was based on lines of demarcation be-
tween live and dead populations of cells that most
clearly resolved the low-calcium (78 nM) and high-
calcium (409 nM) groups of cells, and it highlights the
association between changes in light scatter and in-
creases in [Ca?"] after dexamethasone treatment.
Loss of membrane integrity occurs late in apoptosis.
[Ca?*], measurement in cells with changes in light
scatter reflects only those cells whose membrane in-
tegrity was still intact and excluded trypan blue.
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The POU Factor Oct-6 and Schwann
Cell Differentiation

Martine Jaegle, Wim Mandemakers, Ludo Broos, Ronald Zwart,
Alar Karis, Pim Visser, Frank Grosveld, Dies Meijer*

The POU transcription factor Oct-6, also known as SCIP or Tst-1, has been implicated
as a major transcriptional regulator in Schwann cell differentiation. Microscopic and
immunochemical analysis of sciatic nerves of Oct-6=/~ mice at different stages of
postnatal development reveals a delay in Schwann cell differentiation, with a transient
arrest at the promyelination stage. Thus, Oct-6 appears to be required for the transition
of promyelin cells to myelinating cells. Once these cells progress past this point, Oct-6
is no longer required, and myelination occurs normally.

Schwann cells are involved in the trophic
support and insulation of axons and are the
only glial cell type in peripheral nerve
trunks. The two types of Schwann cells,
myelinating Schwann cells associated with
axons greater than 1 pm in diameter and
nonmyelinating cells associated with multi-
ple lower caliber axons, both differentiate
from neural crest—derived Schwann cell
precursors. Myelination initiation correlates
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with axon diameter and is governed by
axonal signals that are as yet not under-
stood (1).

A number of transcription factors have
been proposed to be involyed in Schwann
cell differentiation and myelination (2).
Prominent among those is the POU domain
transcription factor Oct-6 (also known as
SCIP or Tst-1) (3). The Oct-6 protein is
expressed in the Schwann cells of the sci-
atic nerve and the sympathetic trunk from
embryonic day 16 (E16) onward (4). During
postnatal nerve development, the expres-
sion of Oct-6 mRNA is gradually down-
regulated and extinguished, with only spo-
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radic expression in Schwann cells of the
.adult nerve (5). In vitro and transgenic
mouse experiments have suggested that
Oct-6 acts as a negative transcriptional reg-
ulator and as a general repressor of myelin
genes in proliferating Schwann cells (6). By
inference, Oct-6 was postulated to be in-
volved in embryonic Schwann cell prolifer-
ation and to regulate the correct number of
Schwann cells in the peripheral nerves. In
the absence of Oct-6 gene function, one

prediction of this model is that Schwann
cells will differentiate prematurely and their
numbers will be reduced.

To elucidate the role of the Oct-6 gene in
Schwann cell differentiation, we interrupted
the DNA binding domain of the mouse
Oct-6 locus through homologous recombina-
tion in embryonic stem (ES) cells, with a
B-galactosidase-neomycin fusion gene (7)
(Fig. 1). Two different Oct-6"/~ ES cell
lines produced chimeric animals and had

Fig. 1. Targeted disruption of the A 1 kb
Oct-6 gene. (A) Target|r)g strategy. Targating AN A BES C iz B s sn B
Schematic representation of the

X vector H H+ 4 -
mouse Oct-6 gene (middle). The \ / .
thick black line represents the tran- . s \ |
scribed part of the Oct-6 locus, ““{I"?:V"e A N e b I 6.8~ - ,
which is encoded by a single exon. o f = ok 46~ -
The open box represents the open L i |
reading frame, and the hatched box ~ Mutant AN A WES el Ao A Probe 1
represents the POU domain. A  allele - =

Probe 1 Probe 2

DNA fragment containing a B-ga-

lactosidase-neomycin fusion gene preceded by an internal ribosome entry site (IRES) (7) (gray and
striped boxes) was inserted into the Xho | site of the Oct-6 gene, thereby disrupting the DNA binding
domain of the Oct-6 protein (top). A schematic representation is also shown of the mutant allele,
indicating the position of the probes that were used to identify homologous recombinant ES cell lines
(bottom). (B) Southern blot of Eco Ri-restricted DNA, showing a 4.6-kb mutant allele band and a 6.8-kb
wild-type allele band detected by probe 2. The mutant allele expresses a 6.9-kb bicistronic mRNA under
control of the endogenous Oct-6 promoter and its regulatory sequences. No full-length Oct-6 protein

can be produced from this mRNA.

Fig. 2. Immunohistochemical analysis of wild-
type versus Oct-6~/~ mutant sciatic nerves. Sci-
atic nerves of 18 days postcoitum embryos (A and
B) and P8 (C and D) and P14 pups (E and F) were
analyzed for the expression of the Oct-6 protein
(green fluorescent signal) and the myelin protein
P, (red fluorescent signal) (9). Wild-type and Oct-
67/~ nerves express basal levels of the P, protein
at E18 (A and B). A few cells express already high
levels of P, (A, white arrows). At P8 and at P14,
high levels of P, expression are seen in wild-type
nerve (C and E), whereas in mutant nerve, only a
small number of Schwann cells express high lev-
els of the P, protein (D and F, white arrows). Im-
munohistochemical analysis of paraffin sections
was as described (8). The bar represents 50 pm.

Fig. 3. Expression of early and late A P1
myelin markers in the sciatic nerves
of Oct-6=/~ and Oct-6*/~ animals.
(A) Protein immunoblot analysis of
protein extracts from mutant and
heterozygote sciatic nerves at P1,
P8, P11, and P14. The blots were Po-
probed with antibodies to P, CNP,
MBP, and NF-M. The amount of
protein is normalized for the NF-M

Oct-6*/~ and Oct-6—“

v I
v N -

i B el

signal. The relative molecular mass is indicated by M.. (B) Semiquantita-
tive PCR analysis of expression levels of MAG, PMP-22, and MBP in P14
sciatic nerves. For each gene, amplification of

P8 P‘I 1
4+ #-

P14 B 4 -+
Y M, (kD) :

walB
HPRT-| n‘ «‘
... HPRT - -

1234 5678

hypoxanthine phosphoribosyl-transferase (HPRT) cDNA was used as an internal control in every second
panel. Samples were taken at cycles 20 (lane 1 and 5), 22 (lane 2 and 6), 24 (lane 3 and 7), and 26 (lane

4 and 8).
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high frequencies of germline transmission.
Identical results were obtained from both
lines. Heterozygote animals were healthy
and had no readily apparent abnormalities.
Analysis of B-galactosidase activity in these
animals confirmed the previously described
Oct-6 expression pattern (3, 4, 8).

Mice homozygous for the mutated Oct-6
allele were produced at normal Mendelian
ratios and developed to term and showed no
gross anatomical abnormalities. Most Oct-
6=/~ pups died soon after birth, but 2 to 4%
survived for a longer period. From postnatal
day 5 (P5) onward, mutant animals could be
identified by their smaller size and occasion-
al tremors in the second postnatal week.

To determine whether Schwann cells
were affected in the Oct-6~/~ mice, immu-
nohistochemical analysis was performed (8).
Normally, myelinating Schwann cells coor-
dinately express myelin genes such as those
encoding protein zero (P,), peripheral mye-
lin protein (PMP-22), myelin basic protein
(MBP), and myelin-associated glycoprotein

o

Fig. 4. Microscopic cross sections of sciatic
nerves of Oct-6*/~ and Oct-6/~ animals at dif-
ferent stages of postnatal development. The left
panels were derived from Oct-6+/~ animals, and
the right panels were derived from Oct-6~/~ ani-
mals. Semithin sections (1 um) of Epon-embed-
ded material were stained with methylene blue.
The age of the animal is indicated on the right. The
bar in each panel represents 25 pm.



(MAG). Examination of E18 nerves showed

.that P, expression levels were normal, and
no abnormalities in either the number of
Schwann cells or the shape of their nuclei
were apparent (Fig. 2, A and B, and Fig. 4, A
and B). However, P8 and P14 sciatic nerves
of —/— animals appeared to be defective in
myelination. The nerves revealed reduced
levels of P, expression relative to the highly
P,-positive nerves of +/+ littermates (Fig.
2). Some Oct-6/~ Schwann cells express
normal, high levels of P, (Fig. 2D), but most
express little P,. At P14, the number of
Schwann cells that express high levels of P,
had increased (Fig. 2F).

Protein immunoblotting and semiquan-
titative reverse transcriptase—polymerase
chain reaction (RT-PCR) were used to ex-
amine the expression levels of a number of
early and late myelin markers in the sciatic
nerve at different stages of postnatal devel-
opment (9). Less than normal Py, and MBP
levels were found in the mutant nerve (Fig.
3A). Early expression of 2’,3’-cyclic nucle-
otide 3'-phosphodiesterase (CNP) protein
at P1 was not affected (Fig. 3A), but the
postnatal increase was less. We also exam-
ined the mRNA levels of the genes encod-
ing myelination markers PMP-22, MAG,
and MBP (Fig. 3B) and found them to be

Fig. 5. Ultrastructure of sciatic
nerves at different stages of postna-
tal development. Shown is the ultra-
structural appearance of an Oct-
6/~ (A) and Oct-6/~ (B) nerve at
P1. Ensheathing and promyelin cells
are visible in both nerves. The darker
cell in the upper right part of (A) has
made the first wrap around its axon.
(C)Oct-6*~ nerveat P16. (D and E)
Representative sections of an Oct-
6=/~ nerve at P16. Panel (D) illus-
trates the normal but immature ap-
pearance of an Oct-6~/~ nerve at
P16, and (E) illustrates the sporadic
abnormalities observed in mutant
nerves. The open arrow indicates
myelination in the absence of an
axon. The asterisks indicate large
axons associated with a myelinating
Schwann cell. (F) Mutant Schwann
cell that has produced a normal my-
elin sheath. The solid arrows indi-
cate an uncompacted periaxonal
membrane. The white arrow points
at an apparently normal basement
membrane. Also shown are repre-
sentative sections of adult heterozy-
gous (G) and mutant (H) nerves.

reduced. These expression data suggest that
in Oct-6~/~ animals, nerve myelination is
delayed but not completely blocked. Alter-
natively, it is possible that a number of
Schwann cells differentiate normally, where-
as the rest are blocked at an early stage of
differentiation.

To distinguish between these possibili-
ties, we examined the microscopic structure
of sciatic nerves at different stages of postna-
tal development (10). Normally, only a few
myelinating Schwann cells were observed at
birth, with extensive myelination visible at
P4 and P8 (Fig. 4, A, C, and E). At P16,
myelination was well advanced, with many
fully myelinated axons (Fig. 4, G and I).
However, in the Oct-6~/~ nerve, no evi-
dence of myelination was seen until the sec-
ond week of postnatal development (Fig. 4,
B, D, F, and H). In adult Oct-6~/~ nerves,
myelination appeared complete (Fig. 4]).

Electron microscopic analysis of 80-nm
sections of sciatic nerves from —/— and
+/— mice revealed no differences at P1.
Schwann cells were actively ensheathing
axons, and promyelin figures were observed
in which Schwann cells had acquired a 1:1
relation with an axon. There was a normal

deposition of collagen fibrilles, and Oct-
6=/~ and Oct-6*/~ Schwann cells produced
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a basement membrane (Fig. 5, A, B, and F).
In wild-type P16 nerves, most large-caliber
axons were myelinated, whereas Oct-6/~
P16 nerves showed an immature phenotype
with promyelin figures with only the larger
axons myelinated. Schwann cells that had
myelinated a single, large caliber axon ap-
peared normal, with an uncompacted peri-
axonal membrane and tightly packed mye-
lin membranes (Fig. 5F). Very sporadically,
abnormal myelin figures were observed that
showed several large axons associated with
a myelinating Schwann cell (Fig. 5E).
These Schwann cells showed severely dis-
rupted myelination, as evidenced by their
failure to wrap myelin around the axon,"
resulting in disorganized myelin sheaths.
Such Schwann cells started myelination be-
fore a 1:1 relation with an axon was estab-
lished. Sometimes myelination was ob-
served in the absence of an axon (Fig. 5E).
In adult Oct-6~/~ animals, nerve myelina-
tion was complete (Fig. 5, G and H).
These data demonstrate that in Oct-
67/~ mice there is a delay in the onset of
myelination and not a block in the differ-
entiation of Schwann cells. This delay is
characterized by a transient arrest of
Schwann cells at the promyelin stage. Once
cells progress past this stage, myelination
occurs normally, which indicates that Oct-6
is not involved in the execution of the
terminal differentiation program. These re-
sults are in contrast with transgenic studies
in which a dominant negative form of
Oct-6 under transcriptional control of the
P, promoter results in an early onset of
myelination and hypermyelination. This
discrepancy may suggest separate functions
for Oct-6 protein in early and late Schwann
cell development, as discussed by Weinstein
etal. (6, 11). Our results suggest that Oct-6
exerts its function in Schwann cell devel-
opment through the regulation of genes
that are involved in embryonic Schwann
cell axon interactions that govern the tran-
sition from a promyelin cell to a myelinat-
ing Schwann cell. Exactly which genes are
regulated by Oct-6 and how this process
mediates the progression of Schwann cell
differentiation require further study.
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Spinal Cord Repair in Adult Paraplegic Rats:
Partial Restoration of Hind Limb Function

Henrich Cheng,” Yihai Cao, Lars Olson

Complete spinal cord gaps in adult rats were bridged with multiple intercostal nerve
grafts that redirected specific pathways from white to gray matter. The grafted area was
stabilized with fibrin glue containing acidic fibroblast growth factor and by compressive
wiring of posterior spinal processes. Hind limb function improved progressively during
the first 6 months, as assessed by two scoring systems. The corticospinal tract regen-
erated through the grafted area to the lumbar enlargement, as did several bulbospinal
pathways. These data suggest a possible repair strategy for spinal cord injury.

Treatment that promotes functional re-
generation across a complete spinal cord
transection in humans does not exist. In
animal experiments (1), recovery after in-
complete spinal cord lesions has been
achieved in mature animals treated with
myelin-associated ~ protein  antibodies,
whereas recovery after complete lesions has
been shown in neonates (2). To avoid am-
biguity and to model the most severe clin-
ical scenario, we studied adult rats with
complete surgical transection of the spinal
cord, including removal of 5 mm of the cord
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at vertebra T8. Histology of excised pieces
of spinal cord demonstrated complete
transection (Fig. 1A). We then proceeded
with a repair strategy (3).

We used peripheral nerve implants (4)
to bridge the gap in the spinal cord (Fig. 1,
B and C, and Fig. 2B) and found that the
use of multiple fine nerve implants (18
nerves to bridge one gap) gave better pre-
cision than the use of fewer thicker nerves.
To evade oligodendroglial proteins that in-
hibit axon regeneration (5), we rerouted
regenerating pathways from nonpermissive
white to permissive gray matter (6). The
peripheral nerve bridges thus redirected de-
scending motor pathways from proximal
white to distal gray matter and ascending
pathways from distal white to proximal gray
matter (Fig. 1E), according to the specific
anatomy of rat descending and ascending
pathways (7). To stabilize the lesioned area
and the peripheral nerve bridges, we filled
the grafted area with a fibrin-based tissue
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glue that does not impair nerve fiber growth
(8) and fixed the vertebral column in dor-
siflexion by wiring (9).

Acidic fibroblast growth factor (aFGF) is
a normal spinal cord constituent (10). Be-
cause it lacks a signal sequence, aFGF is
thought to be sequestered within cells and
released only after damage. Consequently,
FGF may be involved in repair (11). It also
decreases gliosis and enhances nerve fiber
development in spinal cord grafts (12).
Mixing aFGF into fibrin glue allows slow
release of the factor (13).

Animals were followed over time for
signs of functional recovery and rated by
two independent, blinded observers using
the combined behavioral score (CBS) (14)
and the open-field walking score (OFWS)
(15). Key responses were videotaped. Hind
limb function in animals subjected to the
repair procedure improved significantly, be-
ginning 3 weeks after operation and con-
tinuing through the 1 year of observation
(Fig. 1D). Animals subjected to unilateral
treatment also improved, although to a less-
er degree. Animals in four different control
groups [transection only (n = 14), cord
removal only (n = 5), white matter—to—
white matter bridging (n = 3), and omis-
sion of aFGF (n = 2)] did not improve (Fig.
1D). Improvement was manifest as appear-
ance of a functional posture in hind limbs
(usually flexion at hips and then knees and
then dorsiflexion at ankles). In controls,
hind limbs remained extended and exter-
nally rotated. Improvement was symmetri-
cal in six cases (28%) and asymmetrical in
the rest. Locomotion involved four-limbed
stepping (Fig. 2, H through J). Hind limbs





