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Abstract

Peripheral nerves in dystrophic mice express multiple axon
ensheathment abnormalities. If an intrinsic deficiency ex-
pressed within the Schwann cells themselves were to ac-
count for this neuropathy, then such cells, existing in a
chimera preparation, would be expected to express the same
ensheathment abnormalities, whereas a coexisting popula-
tion of non-dystrophic Schwann cells should not be similarly
affected.

The genotype of myelinated Schwann cells in shiv-
erer—dystrophic chimera was established with immunocy-
tochemical techniques. Shiverer myelin lacks the P1 com-
ponent of myelin basic protein (MBP), whereas dystrophic
myelin appears to contain normal levels of MBP. No correla-
tion between the ensheathment characteristics of the chi-
mera spinal roots and the genotype of the local Schwann cell
population was found; both dystrophic Schwann cell popu-
lations expressing normalized ensheathment characteristics
and shiverer Schwann cells failing to respond to the local
presence of naked axons were observed. These results
require that a defective extra Schwann cell component is
involved in the pathogenesis of the dystrophic neuropathy.
Moreover, the normal realization of that component appears
to be a necessary prerequisite for shiverer Schwann cells to
achieve full ensheathment competence. Although a definitive
identification of the cell type(s) that expresses the dy gene
locus has not been achieved in this chimera preparation, the
observations are consistent with defective endoneurial fibro-
blast function.

In the mouse, Schwann cell multiplication normally persists
throughout the first week of postnatal life (Asbury, 1967; Bray et al.,
1977). This process of terminal Schwann cell division occurs within
multiple “Schwann cell families,” each recognized in nerve cross-
sections as a bundle of naked axons surrounded by immature
uncomitted Schwann cells (Peters and Muir, 1959; Webster et al.,
1973; Webster, 1975). Such axon bundles are progressively subdi-
vided by the increasing Schwann cell population such that axons
achieve their appropriate numerical relationships with Schwann cells.
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When appropriately innervated, each Schwann celi ceases division
and then proceeds to elaborate the particutar morphology comple-
mentary to the caliber andfor modality of its associated axon(s). In
turn, the Schwann cell exerts a local influence on the caliber (Raine
et al, 1969; Aguayo et al., 1979a, b) and possibly on the nodal
specialization of its innervating axon(s) (Bostock and Sears, 1978;
Aguayo et al., 19793, b; Bray et al., 1981). This exquisite develop-
mental interaction could only be realized if both the axons and
Schwann cells were competent to provide, recognize, and respond
to the appropriate molecular signals constituting cell-cell communi-
cation. Thus, for an inherited neuropathy in which Schwann cells fail
to achieve a normal phenotype, either a deficiency intrinsic to the
Schwann cell itself or a failure of the appropriate developmental
signals to reach an otherwise competent Schwann cell population
could equally describe the underlying pathogenetic mechanism.
For the Trembler, Quaking, and shiverer mutants, primary glial
abnormalities appear to be entirely responsible for the neuropathies
observed (Ayers and Anderson, 1973, 1976; Low, 1977; Suzuki and
Zagoren, 1977; Aguayo et al., 1979a; Cornbrooks et al., 1980;
Chernoff, 1981; Peterson and Marler, 1983; Roach et al., 1983).
However, in sharp contrast to mutants in which the process of
myelinogenesis per se is perturbed, the pathogenesis of the neuro-
logical deficiencies expressed within the dystrophic mouse (dy)
(Michelson et al., 1955) has defied comparable definition. In asso-
ciation with a progressive muscle disease (Butler and Cosmos,
1977), such mice reveal multiple, seemingly distinct, Schwann cell
abnormalities. Discrete locations in the PNS of dystrophic mice are
populated with Schwann cells that fail altogether to separate and
ensheath axons during primary development (Bradley and Jenkison,
1973, 1975). These susceptibie regions include the longer spinal
roots and cranial nerves and, to a lesser extent, certain locations
within the more peripheral mixed nerves (Jaros and Bradley, 1979).
Reminiscent of early primary development, these affected sites
reveal closely apposed “naked” axon bundles typically delineated by
undifferentiated, presumptive, Schwann cells. In addition, relatively
subtie ensheathment defects are expressed elsewhere (Jaros and
Bradiey, 1979); the nodal regions of otherwise typically ensheathed
axons are frequently elongated, and the basal laminas on both
myelinated and unmyelinated Schwann cells express multiple small
gaps such that approximately 29% of their plasma membranes
appears to be exposed directly to the extracellular fluid (Madrid et
al, 1975). Thus, the neurological deficiencies in dystrophic mice
present as a localized and persistent failure in one of the earfiest
interactions between Schwann cells and axons {axon separation
and ensheathment) and as morphologically subtle perturbations,
including one of the latest manifestations of individual Schwann cell
maturation (basal lamina formation). Moreover, the localized en-
sheathment disorder and/or the generalized basal lamina deficien-
cies associated with Schwann cells in dystrophic mice can be
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significantly altered in various tissue culture, transplant, regeneration,
and chimera preparations (Stirling, 1975; Bray et al., 1983; Comn-
brooks et al., 1983; Peterson and Bray, 1984b), indicating that some
influence originating outside the Schwann cell itself may have a
significant and, possibly, primary role in the pathogenesis of this
disease.

To further assess the role of the dystrophic Schwann cell in the
in vivo pathogenesis of this neuropathy, a chimera preparation
derived from dystrophic and non-dystrophic cells has been exploited.
If dystrophic Schwann cells are intrinsically defective, they should
similarly fail to ensheath axons in the nerves of these chimeras,
whereas normal Schwann cells should be unaffected and potentially
compensate for the dystrophic Schwann cell deficiency. Alterna-
tively, if the dystrophic neuropathy results as a secondary response
to an extra Schwann cell defect, no such correlation should be
observed.

A reliable means of identifying the genotype of the Schwann cells
present in such chimera nerves was provided by incorporating
shiverer cells as the non-dystrophic component of these chimeras.
The P1 component of myelin basic protein (P1 MBP) is not detect-
able in shiverer Schwann cells (Ganser and Kirschner, 1979;
Kirschner and Ganser, 1980; Roach et al., 1983), and although
shiverer Schwann cells do express minor morphological deficiencies
(Rosenbluth, 1980), particularly in myelin thickness (Peterson and
Bray, 19844, b), they appear to develop (Peterson and Marler, 1983)
and regenerate (R. L. Sidman, personal communication) normally.
The myelin synthesized by dystrophic Schwann cells contains nor-
mal levels of P1 MPB (this report). Therefore, immunocytochemical
detection of P1 MBP served to identify the genotype of all myelinated
Schwann cells existing in sections of these chimera nerves. Light or
electron microscopy of adjacent sections permitted a direct assess-
ment of the nerve morphology realized relative to the proportions
and particular locations of dystrophic and shiverer Schwann cells
within each nerve,

Materials and Methods

Chimera preparation

Mice. The shiverer colony was founded by shif+ mice generously pro-
vided by Dr. T. Bird, Veterans Administration Hospital, Seattle, Washington.
These mice were derived from multiple crosses between the SWV strain, in
which the shiverer mutation occurred, and the ICR strain. Since 1979, this
stock has been maintained as a closed colony in the animal facility of the
Montreal General Hospital Research Institute. The shi allele is maintained by
heterozygote (shif+) matings and by shif+ X shifshi matings (usually
successful if the male is approximately 3 months old).

Dystrophic embryos (dy*//dy®’) were obtained from timed matings be-
tween dy*'fdy*' mice of the C57BL/6J strain. Shiverer embryos were obtained
from timed matings between shifshi females and shif+ males; of the resulting
embryos, one half were expected to be shifshi homozygotes and the
remainder were expected to be shif+. Chimeras were produced by aggre-
gating pairs of eight-cell embryos in vitro, culturing these aggregates for 24
hr, during which time they differentiated into blastocysts, and subsequently
transplanting the chimera blastocysts to the uterus of a pseudopregnant
female to complete in utero development (Mullen and Whitten, 1971). To
identify dy™[dy* < shifshi chimeras, we relied upon the total absence of
immunocytochemically detectible P1 MBP in a portion of the myelinated
Schwann cells present in the mature chimera nerves. In total, seven chimeras
were produced. One with clinical symptoms of the shiverer syndrome died
naturally and was not analyzed. On the basis of immunocytochemistry (see
“Results”), three were determined to be shifshi « dy*[dy® and were
designated A, B, and C; the remaining three were identified as shi/+ <
dy*fdy®. All seven chimeras demonstrated both coat color mosaicism and
mosaicism within ear punch biopsies detected by GPI-1 isozyme analysis
(Peterson et al., 1978).

Sample preparation

Chimeras. At 4 months (chimera C) and at 12 months {(chimeras A and
B) of age, the chimeras were anesthetized with sodium pentobarbital and
systemically perfused with 1.5% glutaraldehyde and 1% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4). Spinal roots and mixed nerves were
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recovered within 1 hr and immersed in cold (4°C) 2% osium tetroxide in a
0.1 m phosphate buffer (pH 7.6) for an additional 18 to 24 hr. Each nerve
was then cutinto segments 5 to 10 mm long followed by routine embedding
in epoxy resin (Epon).

Control mice. Peripheral nerves from mature C57BL/6J +/+, shifshi,
C57BL/6J dy*[dy®, and a 1-year-old shifshi <> C57BL/6 +/+ chimera
{Peterson and Marler, 1983) were obtained and processed in the identical
manner.

Immunocytochemical procedures

Antiserum. The antiserum used throughout this study was raised in rabbits
against the 18,500-dalton species of bovine CNS MBP and cross-reacts with
all four bovine CNS basic protein species as well as the 18,500-dalton MBP
of rodent PNS. It was generously provided by Dr. P. Braun, McGill University.

Immunocytochemistry. For P1 immunocytochemistry the general proce-
dures outlined by others (Trapp et al., 1981) were followed. Briefly, 2-um-
thick sections were transferred to ethanol-washed coverslips and dried, first
at room temperature and subsequently at 60°C for a minimum of 4 hr. To
prepare the sections for immunocytochemistry, the Epon was removed by
immersing the coverslips in sodium ethoxide diluted 1:3 with absolute ethanol,
for 10 to 30 min. The coverslips were then washed in absolute ethanol four
times for 2 min, immersed in 0.1% HQ, for 5 min at room temperature, and
washed three times for 10 min with 0.5 m Tris-HCI, pH 7.6. The coverslips
were then drained, and each section was covered first with 100 gl of 3%
normal goat serum (NGS) (Sternberger Meyer) in 0.5 M Tris-HCI, pH 7.6, and
incubated for 30 min at room temperature followed by 50 ul of P1 antiserum
(1:1000 dilution, 0.5 m Tris-HCI, pH 7.6, containing 1% NGS) and then
incubated in a humidified chamber at 4°C overnight. Peroxidase-antiperoxi-
dase immunocytochemical detection of bound rabbit antibody was then

TOLUIDINE BLUE
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Figure 1. Peripheral nerves from a C57BL/6J dy™/dy* mouse. Adjacent
cross-sections reveal that all myelin identified in a sciatic nerve (A and B)
and an affected L3D spinal root binds antisera with specificity for MBP P1
(C and D). Calibration bar = 100 um for A and B, and 73 um for C and D.
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Figure 2. P1 immunocytochemistry of chimera spinal roots. A, Left L4D spinal root of chimera B reveals P1-positive (dy*'/dy®) and P1-negative (shi/shi)
myelin sheaths identifying a chimera of shifshi <> dy*/dy* genctype. A*, Toluidine blue-stained preparation of an adjacent section. B, In the left L4D spinal
root of ancther chimera, all myelin is P1 positive but the presence of myelin with an intermediate immunocytochemical reaction identifies the genotype of

this chimera as shif+ < dy*'[dy*'. Calibration bar = 100 um.

performed by standard procedures (Stemberger et al., 1970), and the
sections were subsequently viewed with a Leitz Orthoplan microscope.

In all cases, adjacent 0.5-um sections were obtained and stained directly
with toluidine blue for correlative histological analysis by light microscopy. In
certain circumstances adjacent ultrathin sections were obtained for correla-
tive ultrastructural analysis. Ultrastructural preservation was considered ade-
quate, although the fixation protocol was optimized for immunocytochemistry.

Results

Immunocytochemical control experiments. Peripheral myelin in
shiverer mice reveals no observable reaction product when proc-
essed with the immunocytochemistry techniques described. The
myelin in genotypically normal mice stains intensely and uniformly
(see Peterson and Marler, 1983).

P1 immunocytochemistry revealed intensely stained myelin
sheaths in the PNS of dystrophic mice. Myelinated Schwann cells
within either normally ensheathed nerves (Fig. 1, A and B) or
immediately adjacent to naked axon bundles within affected spinal
roots (Fig. 1, C and D) are consistently P1 positive. However,
relatively rare hypomyelinated fibers in dystrophic spinal roots typi-
cally revealed less reaction product than was observed in normally
myelinated fibers, a result most likely directly related to the thinner
myelin in such fibers. Throughout the remainder of the PNS of
dystrophic mice, the intensity of the P1 immunocytochemical reac-

tion was indistinguishable from that observed when nerves from
genotypically normal mice are similarly processed. This result indi-
cates that P1 biosynthesis is not perturbed within genotypically
dystrophic Schwann cells, and, therefore, a fundamental prerequisite
of applying P1 immunocytochemistry as the genotype marking
systern was fulfilled.

Chimera genotype. The P1 expression in nerves from the six
potential shifshi « dy®[dy> chimeras available for this study was
examined to define the genotype of cells derived from shifshi x
shif+ matings. In three chimeras designated A, B, and C, both P1
positive {dy*/dy®) and P1 negative (shifshi) myelin sheaths were
observed (e.g., Fig. 24). In the remaining three chimeras, although
all myelin was P1 positive, there were two distinguishable classes of
myelin sheaths; intensely labeled myelin typical of dystrophic nerves
and myelin revealing an intensity of staining approximately interme-
diate between shiverer (no staining) and that observed in dystrophic
myelin (e.g., Fig. 28), and such weakly stained cells were presumed
to be shif+. The further analysis of the presumed shif+ < dy®/
dy® chimeras was limited to histological preparations avoiding any
possibility of ambiguity in Schwann cell genotype assessment.

The proportion of shifshi <> dy®[dy®* and shij+ <> dy*[dy*
chimeras recovered fits the predicted ratio of shifshi and shif+
chimeras that should be derived from embryos obtained from shif
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shi/shi-=dy2J/dy2J (A)
LL4V RL4V

Figure 3. The left (L) and right (R) L4V roots of chimera A contain small bundles of naked axons. In the most proximal level (P) all axons were ensheathed
in both. The middle (M) and distal (D) levels of the left L4V were affected, whereas only the most distal level of the right L4V was similarly affected. Total
length of the left L4V was 10.2 mm and of the right L4V was 10.1 mm. Numbers indicate distance in millimeters from the spinal cord. Calibration bar = 100
pm.
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Figure 4. The distribution of shifshi and dy®[dy* Schwann cells at the midroot level of the left L4D (&) and L4V (b) and the right L4V (c) and L4D (d) of
the control chimera and the three shifshi <> dy®//dy® chimeras (A, B, and C). Calibration bar = 100 um.
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TABLE |
Proportions of shiverer and normal (control chimera) and shiverer and dystrophic (chimeras A, B, and C) Schwann cells existing in cross-sections
obtained from the middle (i.e., the second block face (2)) of both dorsal and ventral spinal roots at L3 to L6

Left Right
Normal Shi Normal Shi
Total Total
No. % No. % No. % No. %
Control:
Shiverer < Normal
L3 Dorsal (2) 169 9.6 1590 90.4 1759 53 3.2 1622 96.8 1675
L3 Ventral (2) 419 485 445 515 864 441 56.6 338 434 779
L4 Dorsal (2) 374 147 2173 85.3 2547 190 8.4 2070 91.6 2260
L4 Ventral (2) 701 60.3 462 39.7 1163 302 319 644 68.1 946
L5 Dorsal (2) 337 331 680 66.9 1017 212 16.4 1082 83.6 1294
L5 Ventral (2) 285 338 558 66.2 843 249 32.8 510 67.2 759
L6 Dorsal (2) 712 46.0 836 54.0 1548 398 315 864 68.5 1262
L6 Ventral (2) 115 323 241 67.7 356 77 249 232 751 309
Sciatic n. (2) 2700 62.6 1615 374 4315 1776 399 2677 60.1 4453
Dys Shi Dys Shi
Total Total
No. % No. % No. % No. %
Chimera A
L3 Dorsal (2) 475 31 1070 69 1545 887 73 320 27 1207
L3 Ventral (2) 306 44 382 56 688 544 80 135 20 679
L4 Dorsal (2) 1178 59 827 41 2005 1705 89 208 11 1913
L4 Ventral (2) 618 62 264 27 992¢ 797 78 225 22 1022
L5 Dorsal (2) 428 45 525 55 953 571 58 420 42 991
L5 Ventral (2) 263 50 266 50 529 372 68 175 32 547
L6 Dorsal (2) 517 58 367 42 884 673 83 135 17 808
L6 Ventral (2) 126 58 90 42 216 143 75 47 25 190
Sciatic n. (2) 3287 79 851 21 4138 3322 79 896 21 4218
Chimera B
L3 Dorsal (2) 399 23 1353 77 1752 597 43 796 57 1393
L3 Ventral (2) 185 34 363 66 548 324 41 462 59 786
L4 Dorsal (2) 462 26 1348 74 1810 730 35 1342 65 2072
L4 Ventral (2) 184 16 932 84 1116 456 41 654 59 1110
L5 Dorsal (2) 621 60 409 40 1030 494 54 429 46 923
L5 Ventral (2) 100 22 345 78 445 118 24 382 76 500
L6 Dorsal (2) 324 46 386 54 710 199 22 716 78 915
L6 Ventral (2) Not embedded 124 56 96 44 220
Sciatic n. (2) 1485 42 2042 58 3527 1998 50 2031 50 4029
Chimera C
L3 Dorsal (2) 225 12 1570 88 1795 317 17 1569 83 1886
L3 Ventral (2) 338 44 436 56 774 282 39 437 61 719
L4 Dorsal {2) 225 9 2177 91 2402 94 5 1868 95 1962
L4 Ventral (2) 106 11 858 89 964 313 27 828 73 1141
L5 Dorsal (2) 236 22 829 78 1065 228 22 788 78 1016
L5 Ventral (2) 65 13 436 87 501 103 22 355 78 458
L6 Dorsal (2) 825 51 788 49 1613 185 18 839 82 1024
L6 Ventral (2) 53 24 169 76 222 13 6 217 94 230
Sciatic n. (2) 2038 50 2048 50 4086 2516 62 1549 38 4065

@ This total includes 110 (11%) unensheathed axons.

shi X shif+ matings; i.e., 50% shifshi:50% shi/+ expected versus
4 of 7 shifshi:3 of 7 shi/+ observed. The chimera exhibiting the
shiverer clinical phenotype prior to death was classified as shifshi
> dy*[dy¥; the remaining six chimeras exhibited a generally normal
clinical phenotype. Subtle abnormalities were observed in the pos-
ture assumed by the hindlimbs of chimera A when it was suspended
by the tail.

Morphology of spinal roots: Light microscopy. Cross-sections
from the proximal, middle, and distal segments of both dorsal and
ventral spinal roots (L3, L4, L5, and L6) were prepared from all six

chimeras and examined for the presence of naked axons. Bundles
of naked axons were observed in only 2 of the 96 roots examined
(the left and right L4 ventral (L4V) roots of chimera A; Fig. 3). The
remaining 94 roots generally expressed a normal morphology, al-
though, rarely, both isolated axons, apparently without appropriate
Schwann cell ensheathment, and a variety of subtle myelin abnor-
malities were observed. Multiple levels of the affected L4V roots
were examined to determine the longitudinal extent of these naked
axons; in both, naked axons were observed at the most distal levels,
whereas only the left L4V was affected at the midroot level.
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Figure 5. Comparisons of total Schwann cell populations in the left (L)

and right (R) spinal roots (L3 to L6) and sciatic nerves of shifshi «> +/+
control and shifshi < dy®[dy® chimeras A, B, and C. If dystrophic Schwann
cells fail to populate the spinal roots of shifshi <> dy®[dy? chimera, such
roots should contain a majority of shiverer Schwann cells. Sciatic nerves
should not be subject to the same selection pressure. Although every chimera
(including the control) has a relatively greater proportion of shiverer Schwann
cells in spinal roots than in sciatic nerves, no consistent selective advantage
of shiverer Schwann cells in spinal roots is revealed. In particular, the left
spinal root samples of chimera A were composed of an equal proportion of
both Schwann cell genotypes, whereas the right spinal root samples were
dominated by dystrophic Schwann cells.

Genotype of Schwann cells in normal and affected chimera roots.
The general amelioration of ensheathment defects could be ac-
counted for by a simple numerical compensation conferred directly
by the coexisting shiverer Schwann cells. If shiverer Schwann cells
expressed a relative developmental advantage, or if they were
secondarily recruited to ensheath axons in nerves where dystrophic
Schwann cells had failed during primary development, the normally
ensheathed roots in these chimeras should contain a predominance
of shiverer Schwann cells. Therefore, the relative proportions of
shiverer and dystrophic cells existing in all spinal roots at 1.3 to L6
levels were estimated by counting shiverer (P1 negative) and dys-
trophic (P1 positive) Schwann cells present in cross-sections ob-
tained from the middle of each root. Examples of the immunocyto-
chemical preparations of L4 roots are presented in Figure 4. The
quantitative results obtained for spinal roots and sciatic nerves from
the three shifshi <> dy*/dy® chimeras and the shifshi < +/+
control chimera are presented in Table I.

Comparisons of the proportion of the Schwann cell population
composed of shiverer cells in roots versus sciatic nerves is presented
in Figure 5. Within each chimera a refative deficiency of dystrophic
Schwann cells is observed in the spinal root samples. However, this
apparent shiverer advantage does not appear to result from a failure
of the dystrophic Schwann cell populations, as a similar shiverer
Schwann cell advantage was also observed in the shifshi < +[+
control chimera. Moreover, certain unaffected roots within the shi/
shi <> dy®[dy? chimera samples contained a marked preponder-
ance (highest, 89%) of dystrophic Schwann cells, and in some
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chimeras, differences between the equivalent left and right samples
were as large as the differences observed between the sciatic and
root samples (e.g., control chimera, chimera A, and chimera C).
Thus, no consistent deficiency in the relative ability of dystrophic
Schwann cells to populate and appropriately ensheath spinal roots
in these chimeras is detected by this quantitative analysis.

Every chimera spinal root analyzed was found to contain Schwann
cells of both genotypes at the midroot level. (The right L4 dorsal
(L4D) root from chimera B was composed of two branches, and in
this unique case, only shiverer Schwann cells were present in one
branch (Fig. 4)). If a developmental failure affecting only dystrophic
Schwann cells had occurred, it should have been revealed in the
spatial organization of the shiverer and dystrophic Schwann cell
populations coexisting in these chimera spinal roots. A visual ex-
amination of the mosaic patterns expressed in the middie of L4V
and L4D roots (that typically express the maximum proportion of
unensheathed axons in dystrophic mice) did not reveal any excep-
tional mosaic patterns indicative of such a compensation (Fig. 4).
Although the mosaic patterns are highly variable and apparently
complex, no indication of larger than normal groups of shiverer
Schwann cells is discernible. Rather, roots in which only small
patches of shiverer Schwann cells are present (e.g., the right L4V
and L4D roots of chimera A), roots with equivalent proportions and
mixtures of the two cell lines (e.g., right L4V, chimera C), and roots
in which only small clusters of dystrophic Schwann cells are present
(e.g., left L4D, chimera B) were observed. This apparent variability
is also represented in the roots from the control chimera, further
indicating that no special developmental compensation by the shiv-
erer cell line had occurred in the shifshi <> dy®{dy®’ chimera.

Spatial distribution of dystrophic and shiverer Schwann cells
relative to naked axons. The quantitative results presented above
indicated that the relative proportions of dystrophic and shiverer
Schwann cells in chimera roots could not account for the generally
normal development observed. However, it remained possible that,
within the two affected roots, dystrophic Schwann cells were distrib-
uted in such a way that shiverer Schwann cells were physically
isolated from the naked axons. To determine whether such a unique
spatial relationship existed within these roots, more detailed exami-
nation of the cross-sectional and longitudinal relationships between
naked axons and the adjacent Schwann cell population was per-
formed. Cross-sections of both affected roots revealed numerous
clear examples of shiverer Schwann cells situated in relative prox-
imity to naked axon groups (e.g., Fig. 6). Thus, no evidence of a
unique spatial distribution of dystrophic Schwann cells in the lateral
dimension appeared to account for the presence of naked axons in
this analysis. To determine the longitudinal relationships existing
between naked axon segments and the genotype of Schwann cells
at the first heminode, a reconstruction obtained from skip serial
sections was prepared. Two hundred micrometers of the left L4V
root were serially sectioned and the ensheathment characteristics of
300 axons (outlined in Fig. 6) along this length were determined.
The results are summarized in Figure 7 and Table Il. Both shiverer
and dystrophic Schwann cells are found very close to the longitudinal
terminations of unensheathed portions of naked axons. Within the
cross-sections containing many of these heminodes, additional cy-
toplasmic processes were discernible and, in some cases, such
additional processes, compietely ensheathing or partially surround-
ing the axon, persisted for several micrometers from the junction

Figure 6. Schwann cell genotype on myelinated fibers adjacent to naked axons in the left L4V root of chimera A. Toluidine blue (A) and P1
immunocytochemistry (B) of adjacent section reveals both shiverer and dystrophic Schwann cells in close proximity to naked axons. C shows detail of
naked axon bundles; the square identifies the area represented in the electron micrograph montage (£). D, Detail of immunocytochemical preparation. The
outlined area contains the 300 axons reconstructed from skip serial sections obtained from the 200 um distal in the root. E, Electron micrograph montage
revealing the typical appearance of naked axons (left side) as expressed in dystrophic mice. In addition, small groups of naked axons partially ensheathed
by cytoplasmic processes and isolated axons lacking ensheathment, as well as typically ensheathed fibers, are observed. Those fibers ensheathed by
dystrophic Schwann cells are labeled dy; all other myelin is derived from shiverer Schwann cells. The relative hypomyelination observed on fibers ensheathed
by shiverer Schwann cells is typical of the shiverer phenotype (myelinated fibers in the spinaf roots of shiverer mice and myelinated fibers ensheathed by
shiverer Schwann cells in shiverer <> normal chimera are relatively hypomyelinated).
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Figure 7. Longitudinal distribution of ensheathment changes determined for 300 fibers by reconstruction of skip serial sections traversing 200 um of the
left L4V spinal root of chimera A. Fibers originating without ensheathment (A), with shiverer myelin (8), and with dystrophic myelin (C) at the most proximal
level of the reconstruction are presented separately. Only those fibers demonstrating ensheathment changes are included in the figure. The left-to-right
ranking of the fibers indicates only the relative proximity of the first ensheathment change (involving a myelinated region) to the most proximal level of the
reconstruction. All possible combinations of ensheathment changes were encountered throughout this 200-um segment. Black fibers, shiverer myelin; cross-
hatched fibers, dystrophic myelin; light gray fibers, naked axons; dark gray fibers, cytoplasmic processes associated with axon; white areas, axon no

longer observed.

between the myelinated region of the fiber and the naked axon.
Such a cytoplasmic process presumably emanated from uncommit-
ted Schwann cells in the area, and, therefore, it remained possible
that no myelinated Schwann cells were immediately adjacent to
completely unensheathed axons. As there is no means of determin-
ing the genotype of these unmyelinated, presumptive Schwann cells,
it remains unknown whether the cells giving rise to these cytoplasmic
processes were of dystrophic or shiverer genotype.

To define more precisely the longitudinal relationships existing
between naked axons and the shiverer or dystrophic Schwann cells,
serial longitudinal sections from the right L4V root of chimera A were
examined (Fig. 8). This analysis revealed further examples of hemi-
nodes ensheathed by Schwann cells of both genotypes. Moreover,
naked axon segments apparently terminating directly at the myelin-
ated Schwann cells were observed. If cytoplasmic processes ema-
nating from additional cells were present, they either faied to com-
pletely surround the axon or they were not resolvable by light
microscopy. Thus, no unigue spatial distribution among the laterally
or longitudinally oriented dystrophic Schwann cell populations is

evident within these affected roots—a result that appears to defy
implication of only the Schwann cell genotype in the primary patho-
genesis of the naked axon phenotype.

The dystrophic neuropathy is also characterized by subtle, more
generalized abnormalities of ensheathment in nerves in which all
axons have been successfully isolated by glia during primary devel-
opment. If this aspect of the dystrophic neuropathy were to arise
exclusively in response to a Schwann cell abnormality, then it should
also be observed in chimera nerves containing dystrophic Schwann
cells. Cross-sections were examined for the presence of isolated,
abnormally ensheathed axons. Several examples of such fibers were
observed, and serial cross-sections revealed that, at the first myelin-
ated heminodes, Schwann cells of either genotype could be present
(Fig. 9). Thus, the ensheathment abnormalities expressed on axons,
apparently separated appropriately during primary development,
also fail to be strictly correlated with the genotype of the Schwann
cells immediately bordering these sites.

Discussion

The quantitative portion of this study has revealed that no con-
sistent developmental advantage is realized by Schwann cells of
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TABLE |l
Summary of ensheathment characteristics of 300 fibers followed for 200
um in the left L4V of chimera A
All possible combinations of ensheathment changes were observed but
not at the same frequency. In particular, 91% (107 of 118) of heminodes
adjacent to naked or partially ensheathed axon segments involved shiverer
Schwann cells.

No. and Percentage
75 (25.0%)
101 (33.6%)
)

)

Ensheathment Characteristic

Fibers naked throughout
Fibers myelinated throughout

Sm# 54 (18.0%
Dm 31(10.3%
Sm — Dm 7 (2.3%)
Dm — Sm 9 (3.0%)
Fibers with ensheathment 118 (39.4%)
changes
Sm—n 17 (5.7%)
Dm —n 4 (1.3%)
n— Sm 41 (13.7%)
n— Dm 5(1.7%)
Sm — n — Dm 5 (1.7%)
Sm —n - Sm 22 (7.3%)
Dm —n — Sm 4 (1.3%)
n— Sm— Dm 1 (0.3%)
n — Dm — Sm 2(0.7%)
n—Sm—n 17 (5.7%)
Axons terminating 6 (2.0%)
Sm—o 1(0.3%)
Sm—-n—-o 2 (0.7%)
n—o 3 (1.0%)

#8m, Shiverer myelin; Dm, dystrophic myelin; n, naked axons; o, axon
terminates; —, change of ensheathment.

either the shiverer or dystrophic genotype in chimera spinal roots. If
either dystrophic Schwann cell progenitors were missing or specific
clones had failed to proliferate and appropriately segregate and
ensheath the axons in susceptible roots, a numerical compensation
by the coexisting shiverer clones was predicted. Whereas two shi/
shi < dy®[dy® chimeras (B and C) did have a preponderance of
shiverer Schwann cells in susceptible spinal roots, the other (chimera
A) had roots dominated by the dystrophic Schwann cell population.
These results suggest that the random selection of the progenitor
Schwann cells originally allocated to each nerve accounts for these
quantitative differences rather than any later perturbation in the
relative developmental competence of one cell line. Moreover, the
naked axons in the spinal roots of dystrophic mice are usually
arranged in large groups, and no indication of relatively larger
domains of shiverer cells was evident, a result anticipated if shiverer
cells had “filed in” the axonal territories not occupied due to a
developmental failure of dystrophic Schwann cells. Although the
patterns of Schwann cell mosaicism observed in both shiverer «»
normal (Peterson and Marler, 1983) and Trembler < normal (Ray-
burn et al., 1980; Rayburn, 1983) chimera nerves are varied and
frequently complex, no striking patterms of mosaicism appear to
differentiate the Schwann cell distribution patterns in shifshi <> dy®//
dy? nerves from those observed in either of the above two cases
in which dystrophic cells are not present.

In the one chimera in which small groups of naked axons were
observed, no indication of any special distribution of dystrophic
Schwann cells in these roots was found. Rather, Schwann cells of
both genotypes were found adjacent to naked axons in cross-
sections, and examples of both shiverer and dystrophic heminodes
were observed both in the reconstruction study and in tongitudinal
preparations. Similar results were observed for abnormally en-
sheathed but individually segregated axons. However, in the serial
cross-section study, 91% (107 of 118) of the fibers that changed
from naked or partially ensheathed to myelinated did so at a shiverer
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heminode. This result may indicate that shiverer Schwann cells were
selectively recruited to this region and partially succeeded in en-
sheathing previously naked axon segments. Alternatively, the
Schwann cell population deployed to this site during primary devel-
opment may have been similarly dominated by cells of shiverer
genotype. In either case, in the immediate vicinity of myelinated
shiverer Schwann cells, naked axon segments persisted in these
chimera roots. Thus, the combined quantitative and qualitative re-
sults indicate that the genotype of the Schwann cell populations in
chimera roots does not correlate with the developmental expression
of the naked axon phenotype. Moreover, the presence of shiverer
Schwann cells in affected roots is not of itself adequate to correct
this abnormality. Shiverer Schwann cells are competent to ensheath
regenerating nerves in transplant experiments (R. L. Sidman, per-
sonal communication), but their presence within the two affected
roots, presumably during the entire lifetime of the mature chimeras,
and their apparently ideal location did not lead to the effective repair
of the primary development failure.

Uncommitted, presumably undifferentiated Schwann cells contin-
uously undergoing mitotic division is another striking feature of
dystrophic spinal roots (Perkins et al., 1980). Such undifferentiated
cells were also observed in the affected spinal roots of chimera A.
If the primary genetic defect underlying the dystrophic ensheathment
abnormality were expressed exclusively by some cell type other
than the Schwann cell itself, the presumptive uncommitted Schwann
cells in the chimera could be either shiverer or dystrophic. However,
as no means of identifying the genotype of such uncommitted cells
in Epon-embedded nerves is known, it remains possible that, within
the affected chimera roots, all presumptive uncommitted Schwann
cells are genotypically dystrophic. Theoretically, the particular distri-
bution of their cytoplasmic processes could interfere with the normal
developmental or regenerative capabillities of the shiverer Schwann
cell population. However, Schwann cell division in primary develop-
ment is associated with retraction of cytoplasmic processes (Web-
ster, et al., 1973; Webster, 1975), and if the uncommitted Schwann
cells in the chimera nerves similarly continued to divide, any physical
barrier preventing competent Schwann cells from proliferating and
invading naked axon bundles would be a transitory phenomenon.
Furthermore, the localized ensheathment abnormalities present on
isolated axons indicates that other physical barriers, such as direct
adhesion between naked axons, cannot account for the ensheath-
ment abnormalities observed. Thus, the ongoing block to successful
axon separation and ensheathment that exists in dystrophic spinal
roots appears to be reiterated in the chimera roots without regard to
the genotype or location of those myelinated Schwann cells popu-
lating the remainder of the root. A pathogenetic mechanism involving
more than the genotype of the dystrophic Schwann cell is therefore
suggested by these findings.

The dystrophic or shiverer genotype of the neurons sending
axons through the chimera spinal roots is unknown; therefore, the
role, if any, of the dystrophic neuron in the ensheathment defect
could not be directly assessed in the present investigation. Nonethe-
less, the extent of the abnormalities observed in these chimeras is
not consistent with that predicted if an axonal defect were respon-
sible. In particular, the maximal expression of the ensheathment
failure expressed in dystrophic mice is typically found in the middle
of the longer spinal roots; a greater proportion of the axons are
typically ensheathed in both the more proximal and distal regions of
the root (Stirling, 1975). However, in the affected right L4V root of
chimera A, naked axons were observed only in the most distal
segment; some additional restriction in the longitudinal susceptibility
to ensheathment failure independent of the continuous axon popu-
lation is therefore indicated. Moreover, Schwann cells, melanocytes,
and dorsal root ganglion neurons are all neural crest derivatives, and
as both the pigmentation of these chimeras and the Schwann cell
populations in every root contained derivatives of both shiverer and
dystrophic cells, the neurons populating dorsal root ganglia might
also originate from progenitors of both genotypes. However, no
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gross ensheathment defects in any of the chimera dorsal root
samples were detected, leading to the conclusion that either a
mosaic axon population did not exist in these sites, or, more likely,
dystrophic axons were present, but the axon genotype is not of
significance.

The relatively small size and location and the restricted distribution
of the naked axon bundles observed in these chimeras demon-
strates that the in vivo expression of the dystrophic ensheathment
abnormality is not an all-or-none phenomenon either at the single
root level or for the mouse. Nonetheless, the L4V roots of dystrophic
mice are severely affected, with only a very small proportion of the
axons typically ensheathed at the midroot level; it is therefore striking
that within these chimeras, the only grossly affected nerves were
L4V roots. This apparent correlation suggests that the local environ-
ment in such roots may be a particularly relevant feature of the
pathogenesis. This circumstance further suggests that the axon
genotype is not involved, as there is no a priori reason to predict
that motor neurons would be segregated during development such
that only the L4V roots of one chimera would contain axons origi-
nating from dystrophic cells. Moreover, the absolute length of the
spinal root is not indicated as a factor related closely to the primary
pathogenetic mechanism as the L4D roots in chimera A were not
similarly affected.

Several in vitro experiments have indicated that the realization of
normal extracellular matrix is a prerequisite of normal axon-Schwann
cell interaction (Bunge et al.,, 1982; Cornbrooks et al., 1983). The
general amelioration of the dystrophic ensheathment deficiency in
chimera nerves should therefore indicate an improved ability of the
dystrophic Schwann cells to elaborate intact basal laminas. In a
quantitative ultrastructural study, the basal lamina phenotype ex-
pressed by the myelinated Schwann cells in these chimera nerves
has been determined (Peterson and Bray, 1984b); and as predicted
by this hypothesis, ultrastructurally normal basal laminas were ex-
pressed on all Schwann cells examined, regardless of their genotype
or particular location within the chimera PNS.

The normalized phenotype expressed by dystrophic Schwann
cells in the chimera nerves must be achieved by an extracellularly
mediated influence emanating from the shifshi cells coexisting within
these mice. Some unknown type of shiverer cell must either provide
the normal gene product directly to the dystrophic Schwann cells or
serve to remove a primary extra Schwann cell abnormality. Although
the source and nature of this normalizing influence have not been
identitied, the present results indicate that neither the axons nor the
shiverer Schwann cells are involved. However, an intriguing possi-
bility has been advanced by Bunge et al. (1980), who have exploited
an elegant tissue culture system in which pure populations of
neurites, Schwann cells, and fibroblasts from both dystrophic and
normal mice can be co-cultured in various combinations. In co-
cultures of normal neurites and Schwann cells, axons become
typically ensheathed by Schwann cells that subseqguently produce
myelin and elaborate intact basal laminas. However, in comparabie
dystrophic co-cultures, some of the more subtle neurological defi-
ciencies expressed in the dystrophic PNS are reiterated, including
inappropriately long nodes of Ranvier and patchy basal laminas.
These deficiencies are not corrected in co-cultures where dystrophic
Schwann cells are innervated by normal neurons, and they are not
expressed by normal Schwann cells innervated by dystrophic neu-
rites. Thus, in contrast to the present findings, a deficiency ex-
pressed within the dystrophic Schwann cell itself appears to be
defined. However, if normal fibroblasts are added to co-cultures of
nerves and Schwann cells obtained from dystrophic mice, the
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Schwann cell basal lamina deficiencies are eventually ameliorated.
On the basis of this result, a hypothesis implicating a primary genetic
defect expressed within the endoneurial fibroblasts in dystrophic
mice was advanced (Bunge et al., 1982; Cornbrooks et al., 1983).
In support of this possibility, there is a naturally occurring paucity of
endoneurial fibroblasts in the spinal roots of normal mice, and a
parallel difference exists in the endoneurial collagen content of roots
and sciatic nerves (Micko and Schlaepfer, 1979). Thus, a direct
relationship between those sites typically expressing the lowest
density of endoneurial fibroblasts and the maximal expression of the
dystrophic ensheathment defect is suggested. In addition, for
Schwann cells to effectively recognize and ensheath axons in vitro,
they must contact both the axon and a collagen-containing substrate
(Bunge and Bunge, 1978).

The seemingly confiicting results from the in vitro experiments
that implicate both a primary Schwann cell defect and a primary
fibroblast defect are reconcilable by the suggestion that molecules
secreted by normal fibroblasts may substitute for an intrinsic defi-
ciency of dystrophic Schwann cells (Bunge et al., 1982; Cornbrooks
et al., 1983). Ths hypothesis suggests that the dystrophic Schwann
cell population can overcome an intrinsic deficiency by sharing a
gene product secreted by genotypically normal fibroblasts. Of par-
ticular interest, dystrophic fibroblasts may not be totally deficient in
their ability to confer such an influence. First, in dystrophic mice, the
distribution of major ensheathment defects is restricted to only those
sites in which endoneurial fibroblasts are rare. Second, both the
spinal root ensheathment and Schwann cell basal lamina deficien-
cies are substantially ameliorated in nerves that have regenerated in
response to local crush injury, and such regenerated nerves contain
higher concentrations of collagen (Bray et al., 1983) and an in-
creased density of endoneurial fibroblasts (Thomas, 1975). Third,
dystrophic Schwann cells maintained in pure Schwann cell neurite
co-cultures have more severe basal lamina deficiencies than do
those maintained in the additional presence of dystrophic fibroblasts
(Okada et al., 1980; Bunge et al., 1982; Cornbrooks et al., 1983).
Thus, the dystrophic fibroblast appears to maintain at least partial
ability to promote normal Schwann cell axon interactions both in
vivo and in vitro.

The present results do not exclude a pathogenetic mechanism
defined as a deficiency shared by dystrophic Schwann cells and
fibroblasts. In chimera spinal roots demonstrating normal ensheath-
ment, the dystrophic Schwann cells at those sites could achieve
their normalized ensheathment capabilities in direct response to the
local presence of shiverer endoneurial fibroblasts. However, to be
consistent with the chimera findings, this hypothesis must be ex-
tended. In affected chimera roots, both dystrophic and shiverer
Schwann cells failed to ensheath naked axons. If a local paucity of
shiverer fibroblasts were responsible for this ensheathment failure,
that deficiency not only would fail to rescue the dystrophic Schwann
cells but would also inhibit the normal developmental and/or regen-
erative potential of the shiverer Schwann cells. Thus, normal endo-
neurial fibroblast function as a prerequisite of successful axon
Schwann celt interaction in vivo is suggested. Although this apparent
in vivo requirement is not revealed by the successful axon ensheath-
ment observed in co-cultures containing only Schwann cells and
neurons, the in vivo role indicated for endoneurial fibroblasts may
be conferred in culture by factors already present in the culture
media. In support of this possibility, normal Schwann cells, although
capable of division in chemically defined media, do not ensheath
the neurites they contact (Moya et al., 1980). Thus, in the dystrophic
mouse, the Schwann cells populating spinal roots may fail to en-

Figure 8. Genotype of Schwann cells at myelinated heminodes immediately adjacent to unensheathed axon segments. Sections stained with toluidine
blue are presented on the /eff and the adjacent sections, stained by P1 immunocytochemistry, are presented on the right. A, Serial cross-sections of the
distal segment of the chimera A right L4V root. Although dystrophic Schwann cells (P1 positive} are most prevalent in this affected region of the root, some
fibers ensheathed by shiverer (P1 negative) Schwann cells are found adjacent to naked axons. The block was realigned, and serial longitudinal sections, in
a sequence of 0.5 um for toluidine blue and 2.0 um for P1 immunocytochemistry, were cut parallel to the axis indicated in A. Examples of shiverer heminodes
are presented in B and C, and examples of dystrophic heminodes are shown in D and E.
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Figure 9. Reconstruction of 222 um of an abnormal ensheathed single fiber surrounded by nomally ensheathed axons. At the proximal level this fiber
was myelinated by a dystrophic Schwann cell (indicated by stippled myelin on the diagram). The processes of two cells either partially or completely
surround the axon for 38 um in the middle segment. The fiber again became myelinated in the most distal segment but by a shiverer Schwann cell (indicated
in black).
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sheath axons only as a consequence of the localized extra Schwann
cell deficiency existing at those sites. In the chimeras where this
same deficiency exists due to the combined site-specific paucity of
fibroblasts and the intrinsic deficiency of the dystrophic fibroblasts
populating those sites, neither dystrophic nor shiverer Schwann cells
express normal ensheathment characteristics.

The severe expression of ensheathment defects in dystrophic
L4V roots and the occurrence of similar defects within only the L4V
roots of one chimera further suggest that L4V roots may normally
contain a fibroblast density very close to the minimum required to
confer an adequate substrate for ensheathment to proceed. Thus,
an approximately equivalent proportion of dystrophic and shiverer
fibroblasts could exist in all spinal roots of chimera A, but the
absolute number of shiverer Schwann cells would fall below the
threshold required to promote normal ensheathment only within the
L4V roots. The laterally and longitudinally restricted distribution of
the naked axons groups observed in the affected chimera roots
suggests that such an extracellular influence is effective only in close
proximity to its origin.

The results of previous chimera experiments addressing the role
of the muscle genotype in the pathogenesis of the muscle disease
in dystrophic mice might also be consistent with some features of
the pathogenetic mechanism suggested above for the dystrophic
neuropathy. In particular, the genotype of the muscle fibers them-
selves does not correlate with the expression of a healthy or diseased
phenotype defining an important role for some component extrinsic
to the muscle fiber itself (Peterson et al., 1979). It is, therefore,
possible that the muscle disease is also a response to some subtle
perturbation in the immediate extracellular environment of the muscle
fiber.

Finally, the mosaicism expressed in chimera peripheral nerves
highlights one further feature of normal Schwann cell differentiation.
All chimera nerves and spinal roots examined had mosaic Schwann
cell populations, defining the presence of multiple Schwann cell
progenitors for each nerve. If the smaller cross-sectional patches of
Schwann cells of like genotype represent the clone of Schwann
cells derived from single progenitors, then a relatively large popula-
tion of such progenitors must populate each developing nerve.
Consistent with this probability is the fact that all chimera nerves
contain both Schwann cell types; if a very small number of progen-
itors is allocated to each nerve, the chance selection of cells of only
one genotype should be a common occurrence.
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