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Myelin has pronounced effects upon the morphology, func- 
tion, and growth of axons in the mammalian CNS. Conse- 
quently, oligodendrocyte development and myelination have 
been investigated using a wide variety of histological, im- 
munocytochemical, ultrastructural, and biochemical tech- 
niques. While many of the spatial and temporal features of 
myelin appearance have been characterized, for any one 
species only limited regions of the CNS have been investi- 
gated. To address this limitation, we have derived transgenic 
mice in which the bacterial Lac Z gene is regulated by pro- 
moter elements of the myelin basic protein gene. When dif- 
ferentiating oligodendrocytes begin to elaborate recogniz- 
able myelin, they initiate expression of the MBP-Lac Z 
transgene and accumulate readily detectable levels of 8- 
galactosidase. Here, we exploit the sensitivity, resolution, 
and ease of @-galactosidase histochemical assays to char- 
acterize the temporal and spatial patterns of CNS myelina- 
tion in the mouse. Many features of the myelination program 
revealed by this approach were predicted by the immuno- 
cytochemical and ultrastructural data derived from other 
species. Nonetheless, previously undocumented patterns 
were also encountered. D-Galactosidase was expressed first 
by oligodendrocytes in the ventral spinal cord, 1 d prior to 
birth. There, myelination proceeded in a strictly rostral-cau- 
dal direction, whereas in the dorsal cord, myelination initi- 
ated in the cervical enlargement and proceeded in both ros- 
tral and caudal directions. In the cerebellum, deep regions 
myelinated first, and in the optic nerve, myelination initiated 
at the retinal end. In contrast, the lateral olfactory tracts, 
pons, and optic chiasm initiated myelination along their en- 
tire course. The @-galactosidase marking system used here 
has several features that should complement the present 
methods by which myelinating oligodendrocytes can be 
identified in both in vivo and in vitro preparations. 
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A means of rapidly conducting action potentials over long dis- 
tances is essential for normal nervous system activity. In ver- 
tebrates, this function is achieved by large-caliber axons that 
are invested with myelin, a structure elaborated by oligoden- 
drocytes in the CNS and by Schwann cells in the PNS. As the 
acquisition of myelin signifies a major step in nervous system 
maturation, it has been investigated extensively by a wide array 
of techniques. As a result, the cellular processes and many of 
the molecules involved in myelin elaboration have been iden- 
tified and extensively characterized. 

Despite the fact that oligodendrocyte precursors can differ- 
entiate in vitro into cells that express many myelin-specific com- 
ponents (Zeller et al., 1985; Collins and Seeds, 1986; Dubois- 
Dalcq et al., 1986), various factors including those derived from 
neurons and astrocytes can exert a strong influence on this pro- 
cess (David et al., 1984; Shanker et al., 1987; Chen and DeVries, 
1989; Giulian et al., 199 1). Therefore, myelin elaboration in 
vivo is likely regulated by a number of diffusible and membrane- 
associated molecules present in the local environment of oli- 
godendrocytes. In support of this view, myelin initiation is known 
to occur in different regions of the developing nervous system 
at widely different times. In an effort to characterize the major 
components contributing to this aspect of nervous system mat- 
uration, the temporal and spatial characteristics of oligoden- 
drocyte differentiation have been investigated in several species 
using ultrastructural, immunocytochemical, and in situ methods 
(Vaughn, 1969; Knobler and Stempak, 1973; Skoff et al., 1976a,b; 
Tennekoon et al., 1977; Skoff et al., 1980; Dixon and Eng, 1984; 
Kristensson et al., 1986; Trapp et al., 1987). While such tech- 
niques can yield high-resolution preparations, they are difficult 
to apply to large regions of the nervous system and to appreciate 
in three dimensions. To circumvent these technical limitations, 
we have developed lines of transgenic mice bearing a fusion 
construct in which a modified Lac Z reporter gene has been 
ligated to 3.2 kilobases (kb) ofthe 5’ sequence flanking the mouse 
myelin basic protein (MBP) gene. This construct encodes a par- 
tially attenuated SV40 large T nuclear localization signal se- 
quence causing p-galactosidase to be distributed in both nuclear 
and cytoplasmic compartments (Kalderon et al., 1984). 

Mice bearing this construct express P-galactosidase in oligo- 
dendrocytes at or near the time that MBP synthesis and myelin 
compaction occur, providing the basis of a sensitive in situ 
marker of myelination. The ease with which P-galactosidase 
activity can be detected in histochemical preparations provided 
an opportunity to track myelin acquisition throughout the de- 
veloping CNS, and here we describe the major temporal and 
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spatial patterns of transgene expression during the first 4 weeks Transgene expression and the initiation of myelination 
ex utero. To determine the stage of oligodendrocyte maturation at which 

Materials and Methods 
Construction of MBP-Lac Z clones. The mouse MBP clone pM2 was 
provided by A. Roach (Mount Sinai Hospital, Toronto). pM2 contains 
3.2 kb of MBP 5’ flanking sequence, with a Bsp MI1 restriction site that 
lies 12 base pairs upstream of the gene’s start codon. pM2 was digested 
with Bsp MI1 and Xba I (which represent the 5’ most end of the clone) 
and inserted into the Xma I and Xba I sites of Bluescript SK-, respec- 
tively. 

Modified Escherichia coli Lac Z genes were obtained from B. Roberts. 
The genes L7 and d 10 contain a short stretch of SV40 large T-antigen 
signal sequence that targets P-galactosidase to the cell nucleus or nucleus 
and cytoplasm, respectively (Kalderon et al., 1984). These were digested 
with Barn HI, followed by a partial (2 min) digestion with Hind III. 
The larger (complete) Hind III/Barn HI insert was cloned into the Hind 
III and Barn HI sites of Bluescript SK-. This clone was digested with 
Xba I and Sal I, and the insert was ligated into the same sites of pUC 
18. The pUC clone was digested with Sal I and Kpn I, releasing the Lac 
Z insert that was ligated into the same sites, immediately downstream 
of the MBP promoter in Bluescript SK- described above. 

Preparation of transgenic mice. For injection into zygotes, MBP-Lac 
Z clones were digested with Not I and Kpn I, and the inserts were 
purified from low-melting-point agarose. Transgenic mice were gener- 
ated by microinjection of this fragment into the male pronucleus of 
B6C3F2 zvaotes. Positive mice were identified bv PCR analvsis of ge- 
nomic DNA isolated from tail biopsies, using primers specific to rhe 
Lac Z gene. Copy number estimates were made from Southern blots of 
aenomic DNA. 

Detection of p-galactosidase activity. Mice were anesthetized with 
avertin intraperitoneally and perfused transcardially with 0.5% para- 
formaldehvde. 2.5% dutaraldehvde in 0.1 M uhosohate buffer (DH 7.4). 
Spinal cord, optic n&es, and brain were recovered and postfixed for 
an additional 45 min. In older mice, the brain was cut into 1 mm sections 
using a rodent brain matrix. The samples were rinsed in 0.1 M phosphate 
buffer and incubated overnight at 37°C in the same buffer containing 
3.1 mM potassium ferricyanide, 3.1 mM potassium ferrocyanide, 1 mM 
MgCl,, and 0.4 mg/ml Bluo-gal (Bethesda Research Laboratories). 

Microscopy. After staining for P-galactosidase activity, samples were 
viewed and photographed using a Leitz M5A microscope. Labeled spi- 
nal cords were also frozen, and 12 pm cryostat cross sections were 
examined by light microscopy and labeled cells counted. Spinal cords 
from day of birth samples were postfixed in 2% osmium tetroxide (4°C) 
in 0.1 M phosphate buffer for an additional 24 hr. The tissues were then 
trimmed and embedded in Epon and sections for light and electron 
microscopy were prepared with a Reichert Jung Ultracut microtome. 
Samples were viewed and photographed with either a Zeiss Axiophot 
photomicroscope or a Phillips CM-10 Electron Microscope. 

Results 
Generation of transgenic mice 
One hundred and sixty-six potential founder mice were derived: 
86 from zygotes injected with an MBP-Lac Zconstruct encoding 
an intact nuclear localization signal (L7 lines) and 80 from zy- 
gotes injected with a construct encoding an attenuated version 
of the nuclear localization signal (d 10 lines). From these, 10 L7- 
and 7 d 1 O-bearing mice were identified. In two of the d 10 lines, 
designated dlO- 1 and dlO-80, in which the transgene loci con- 
tained low numbers (one to four) of construct copies, all oli- 
godendrocytes appeared to express @-galactosidase at high levels 
during active myelinogenesis. Four further lines were found to 
express @galactosidase in unexpected patterns. In two, P-galac- 
tosidase activity was detected only in a small number of oli- 
godendrocytes, while in the other two, it was expressed only in 
ectopic sites. Mice from both the dlO- 1 and dlO-80 lines were 
examined at 1, 2, and 4 weeks of age, and at several older ages. 
No differences between their expression patterns were noted, 
and for this developmental study, homozygotes from the d lo- 
80 line were analyzed. 

@-galactosidase was first expressed, spinal cord samples from 
neonatal transgenic mice were examined by electron micros- 
copy. On the day of birth, the ventral spinal cord contained 
labeled cells in the most rostra1 portion. Spinal cord samples 
obtained both from this region and from more caudal, unstained 
segments were processed for electron microscopy. Caudal sam- 
ples revealed neither compact myelin nor reaction product (re- 
sults not shown). In contrast, sections from the rostra1 cord 
contained numerous profiles of large-caliber axons ensheathed 
with compacting myelin, and the oligodendrocyte cell bodies 
associated with such profiles were invariably labeled (Fig. 1). 
While the @-galactosidase expressed within these cells should 
be distributed in both the nuclear and cytoplasmic compart- 
ments, the reaction product is associated primarily with nuclear 
and plasma membranes. No reaction product was found in cells 
that were not also elaborating compact myelin. As MBP is re- 
quired for the compaction of CNS myelin, these results dem- 
onstrate that readily detectable &galactosidase activity was ex- 
pressed by oligodendrocytes at or very near the time that they 
expressed the endogenous MBP gene (Stemberger et al., 1978). 

Development of /3-galactosidase-positive oligodendrocyte 
populations 

On the basis of the above results, we undertook a developmental 
study with the objective of determining the major spatial and 
temporal patterns of myelin initiation throughout the CNS. The 
substrate used in the P-galactosidase histochemical assay pen- 
etrates fixed tissues to a moderate extent, leading to successful 
cell labeling several hundred micrometers from the tissue surface. 
Therefore, to reveal the labeling patterns associated with su- 
perficial tracts, whole-mounts of the CNS were stained and ex- 
amined either directly or after subsequent cryostat sectioning. 
To reveal the @-galactosidase-positive cells in the more internal 
tracts, 1 -mm-thick, matrix-guided, razor blade sections were 
prepared and incubated as floating sections. 

CNS surface: spinal cord 

@-Galactosidase activity was detected first in scattered, faintly 
labeled cells on the ventral aspect of the cervical spinal cord of 
day 17 fetuses. One day later, on the day of birth, the dorsal 
aspect of the spinal cord also contained a small number of 
labeled cells sequestered adjacent to the mid-line at the level of 
the cervical enlargement (Fig. 2, panel 1). In contrast, the ventral 
cord had labeled cells distributed more uniformly across its 
entire width, extending caudally from its junction with the me- 
dulla oblongata to the upper thoracic level (Fig. 2, panel 2). 

One day after birth (P. l), the dorsal aspect of the cord con- 
tained labeled cells extending over the rostra1 three-quarters of 
the cord (total length, 2 1 mm). In the rostra1 half, labeled cells 
formed a continuous line tightly sequestered in a narrow band 
adjacent to either side of the medial sulcus, while farther cau- 
dally they were scattered. In the ventral cord, an increase in 
both the number of labeled cells and their intensity of staining 
was observed. Labeled cells extended, in a relatively homoge- 
neous pattern, over the rostra1 one-half of the cord. In the next 
one-quarter of the ventral cord, only scattered cells were ob- 
served, while in more caudal regions, no labeled cells were de- 
tected. 

During the next 2 d, labeled cells on the dorsal cord extended 
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rons. By P.7, junctions between dorsal spinal roots and their 
labeled extensions in the CNS were becoming defined, and by 
P.8, cells flanking the medial sulcus, from the rostra1 limit of 
the medulla oblongata through the lumbar enlargement, were 
intensely labeled (Fig. 2, panels 8 and 9). Labeled cells were 
present on the central projections of all dorsal roots. Ventrally, 
from the medulla oblongata through to the middle of the lumbar 
enlargement, labeling had increased to such intensity that in- 
dividual cells could not be distinguished. 

By P. 11, the general pattern of subsequent spinal cord labeling 
was emerging. The junctions of dorsal roots with the cord were 
demarcated. In the cervical cord, the tracts of each root were 
clearly separated (Fig. 2, panel 11; see panel 26 for higher mag- 
nification), while over the lumbar enlargement they assumed a 
more continuous herringbone pattern (Fig. 2, panel 12). On the 
ventral surface, with the exception of the most caudal 5 mm, 
the entire cord was uniformly labeled at a density that obscured 
details of individual cells (Fig. 2, panels 14 and 15). Sharp 
demarcations of labeled spinal cord and unlabeled ventral spinal 
roots were found immediately adjacent to the spinal cord sur- 
face. This pattern of spinal cord labeling became progressively 
sharper and was maintained through P.23. Tracts of P.23 dorsal 
roots were intensely labeled and sharply defined (Fig. 2, panel 
17), while tracts of lumbar dorsal roots formed a continuous 
sheet of labeled cells (Fig. 2, panel 18; see panel 27 for higher 
magnification). 

Figure 1. Ultrastructuml appearance of j3-galactosidase reaction prod- 
uct in a spinal cord oligodendrocyte on the day of birth. A, Low-mag- 
nification profile demonstrating reaction product deposited along nu- 
clear and cytoplasmic membranes. B and C, Higher magnifications 
revealing compacting myelin around the three ensheathed axons and 
further reaction product deposited along the outside of the myelin. Scale 
bar: 0.2 pm for A; 0.07 Frn for B and C. 

into the medulla oblongata following the sulcus limitans of the 
fourth ventricle, becoming continuous by P.3 (Fig. 2, panel 3). 
At the cervical enlargement, where labeled cells were first ob- 
served, a denser labeling pattern was apparent. Caudally, labeled 
cells were present at a uniform density until the lumbar enlarge- 
ment was reached; there, an increase in density, comparable to 
that observed at the cervical enlargement, was found (Fig. 2, 
panel 4). The caudal-most quarter of the cord remained unla- 
beled. Ventrally, an increase in the number of labeled cells was 
apparent, with the more rostra1 portions uniformly labeled (Fig. 
2, panels 5 and 6). 

Over the next 3 d, the cord elongated to approximately 28 
mm. On its lateral surface, a boundary between the ventrolateral 
tracts and the more dorsal gray matter became sharply defined. 
On its dorsal surface, labeled cells appeared in the relatively 
late-myelinating central projections of dorsal root ganglia neu- 

CNS surface: ventral medulla oblongata and pans 

On the day of birth, labeled cells were observed in the most 
rostra1 course of the trigeminal nerve tracts. Extension of la- 
beling from the ventral spinal cord into the medial longitudinal 
fascicle of the medulla oblongata was also evident. Over the 
next 3 d, the density of labeled cells in the trigeminal tracts 
progressively increased (Fig. 2, panel 5) and scattered cells as- 
sociated with additional tracts emerged; for example, 15 labeled 
cells could be detected in the P.3 trapezoid body. This theme 
continued with apparently all superficial tracts containing la- 
beled cells by P.8 ( Fig. 2, panel 7). The density of labeling 
increased substantially by P. 11 (Fig. 2, panel 13), and both the 
number of labeled cells and the intensity of staining appeared 
to peak during the fourth week (Fig. 2, panel 16). 

CNS surface: midbrain and forebrain 

Two further tracts, the lateral olfactory tracts and the optic 
chiasm, course on or near the surface of the brain and were 
obvious in the whole-mount preparations (Fig. 2, panels 7, 13, 
and 16). The lateral olfactory tracts and the optic chiasm re- 
mained completely unlabeled through P.6. However, 1 d later, 
positive cells were present in both tracts. In the optic chiasm, 
labeled cells were initially distributed, apparently randomly, 
along its full lateral extent and progressively increased through 
P.23. The lateral olfactory tracts displayed a similar pattern of 
labeling beginning with a few labeled cells scattered along their 
entire course on P.7. The number of labeled cells increased 

Figure 2. Developmental appearance of &galactosidase-positive oligodendrocytes throughout the CNS of MBP-Lac 2 dlO-80 mice, from birth 
through the peak of myelin elaboration. Panels 1-21 display surface features of oligodendrocyte labeling, including dorsal (0) and ventral (v) views 
of day of birth (D.B.) spinal cords, P.3 brainstem and spinal cord, as well as representative photos of brains and regions of the spinal cord during 
active myelinogenesis. An adult (P.120) nervous system is also shown. Panel 22 displays the labeling gradient expressed by optic nerves of a P.7 
mouse. Panels 23-25 show sag&al sections of developing cerebellum revealing an internal to external progression of myelination. Panels 26 and 
27 show dorsal spinal cords with details of dorsal root tracts in the thoracic region and in the lumbar enlargement, respectively. Panel 28 is a 
representative 1 mm mid-sagittal section of a brain from a P.23 mouse, at the peak of myelination. 
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sharply through P. 11, and, as for the optic chiasm, the intensity 
of label peaked during the fourth week ex utero. 

Optic nerves 
Prior to P.6, no labeled cells were found in optic nerves. A few 
labeled cells were detected in the optic nerves of one mouse 
analyzed late on P.6, while samples from a littermate that were 
prepared earlier in the day were negative. However, labeled cells 
were typically detected on P.7, concentrated in the region of the 
nerve proximal to the retina (Fig. 2, panel 22). Label associated 
with these cells appeared most concentrated in the nuclear and 
perinuclear compartments, while labeled processes were short 
(on the order of one or two cell body diameters). On P.8, the 
density of labeled cells in the retinal end had increased to such 
an extent that most cellular detail was obscured. However, la- 
beling there terminated abruptly approximately 200 pm from 
the eye. Dense labeling was present in one-third of each nerve, 
while a progressive decline in both the number and intensity of 
labeled cells occurred toward the optic chiasm. Over the next 
several days, progressively more labeled cells were observed 
toward the chiasmal end. By P. 10, optic nerves were 4 mm in 
length and only the 1 mm immediately adjacent to the chiasm 
failed to label intensely. By P. 11, this region was reduced to less 
than 0.5 mm, and by P. 15 labeling was uniformly intense from 
the lamina cribosa through the optic chiasm. 

Internal tracts: spinal cord 
After examining the spinal cord surface, the region containing 
the cervical enlargement was processed for cryostat sectioning. 
Sections 12 km thick obtained from the C2-C3 spinal cord 
level were analyzed to determine the number and distribution 
of labeled cells (data not shown). From the day of birth through 
P.6, at least four sections were obtained and the average number 
of labeled cells calculated. In both the dorsal funiculus and 
ventral lateral tracts, a linear increase in cell number was ob- 
served during the first week. For the cuneate and gracile tracts 
in the dorsal funiculus, the average number of labeled cells per 
section increased from a single cell on the day of birth to 8 cells 
onP.1, 130nP.2, 19onP.3,29onP.5,and33onP.6.Forthe 
ventral cord, a similar if slightly more variable progression was 
observed with an average of 5 labeled cells present on day of 
birth, 39 cells on P.l, 36 on P.2, 61 on P.3, 147 on P.5, and 
141 on P.6. Extrapolating from these values, the number of 
myelinating cells within a 1 mm length of cervical cord rose 
from approximately 500 on the day of birth to 14,500 on P.6. 

During the second week of development, the rate at which 
labeled cells appeared moderated, but the intensity of the la- 
beling associated with their processes and myelin sheaths in- 
creased. A notable exception was the late-myelinating cortical 
spinal tract (CST), where lightly labeled cells first appeared on 
P.ll. 

Internal tracts: cerebellum 
On P.6, a few labeled cells were sequestered in the depths of 
the cerebellar hemispheres (Fig. 2, panel 23). Over the next few 
days, a pronounced increase in the density of labeled cells oc- 
curred in the caudal-most lobules. By P.10, the more dorsal 
lobules also contained labeled cells, and by P. 12 all but the most 
rostra1 lobules were labeled (Fig. 2, panel 24). By P.23, uniform 
and intense labeling was observed throughout the cerebellum 

(Fig. 2, panel 25). Intense label was also observed in a small 
number of fibers coursing laterally in the superior medullary 
velum (Fig. 2, panels 23 and 24). While these fibers were few 
in number, they were distinguished by their intensity of labeling, 
evident from the first stage at which sagittal sections were ob- 
tained (P.6). 

Internal tracts: extracerebellar 
On P.6, tracts coursing through the medulla and the pons con- 
tained labeled cells. By P.8, intense labeling was also observed 
throughout the tegmentum of the medulla oblongata, pons, and 
mid-brain extending into the diencephalon, indicating that most, 
if not all, of the ascending and descending tracts were becoming 
myelinated. 

On P.9, a few labeled cells were present in the genu and 
splenium of the corpus callosum, and by P. 10 the entire tract 
contained labeled cells. Also on P. 10, the medial olfactory bulbs 
contained several heavily labeled cells, and in both the anterior 
commissure and the stria medullaries a few lightly stained cells 
were visible. On P. 11, labeled cells appeared in the ventral 
commissure of the fornix and in the caudate-putamen (internal 
capsule). By P. 12, all tracts destined to be myelinated appeared 
to contain some labeled cells. An increase in the density of 
labeled cells occurred through to P.23, when labeling in most 
tracts appeared to be maximal (Fig. 2, panel 28). 

With advancing age, the entire CNS in both dlO-80 and dlO- 
1 mice underwent a precipitous decline in the number of oli- 
godendrocytes that labeled. The beginning of this decline was 
apparent in some locations as early as P.23-P.27, and the phe- 
nomenon was obvious in all regions of the CNS in mice 2 
months of age or older. In the P. 120 samples (Fig. 2, panels 19- 
21), tracts were no longer demarcated by ,&galactosidase reac- 
tion product. Nonetheless, when viewed at high magnification, 
rare but seemingly well-labeled cells could be observed. 

Discussion 
Numerous mutants that perturb myelinogenesis exist in the 
mouse, and many of these have been characterized at the mo- 
lecular level (Campagnoni, 1988). Nonetheless, few studies of 
the normal sequence of CNS myelin acquisition have been re- 
ported for this species. Here, we have exploited transgenic mice 
and the facts that /3-galactosidase histochemical assays can be 
carried out on well-fixed tissues, are remarkably easy to perform, 
and are exceedingly sensitive, to study the developmental ap- 
pearance of myelinating oligodendrocytes. We examined the 
CNS of mice from birth through the stage at which the highest 
levels of MBP message is achieved and the maximum rate of 
myelination occurs, and therefore the present results can be 
compared to all previous investigations of myelinogenesis in 
the rodent CNS. 

In general, spinal cord myelination is known to proceed in a 
rostral-to-caudal gradient (Matthews and Duncan, 197 1; Knob- 
ler et al., 1974; Meier et al., 1974; Rozeik and Von Keyserlingk, 
1987; Schwab and Schnell, 1989; Remahl and Hildebrand, 
1990a,b). While the pattern of myelination that has been ob- 
served in the spinal cords of a number of species is quite con- 
sistent with the pattern we describe here, we have observed 
several previously unnoted features. These include: the initiation 
of myelination in the dorsal cervical enlargement followed by 
spreading in both the rostra1 and caudal directions; the higher 
labeling intensity transiently observed in the cervical and lum- 



The Journal of Neuroscience, December 1992, 72(12) 4895 

bar enlargements relative to the intervening segment of the spi- 
nal cord; the medial-to-lateral gradient apparent on the tracts 
of the dorsal roots; and the long delay in myelination caudal to 
the lumbar enlargement (Fig. 2, panels 1-21, 26, and 27). 

Neither myelin (Matthews and Duncan, 197 1) nor MBP ep- 
itopes (Schwab and Schnell, 1989) are expressed in the CST of 
the rat spinal cord until the second ex utero week. In these 
transgenic mice, @-galactosidase was also expressed relatively 
late in the CST (P. 11) whereas the adjacent cuneate and gracile 
tracts began to label on the day of birth. It will be of interest to 
determine if the late-labeling CST reveals any gradient of my- 
elination and, if so, whether it displays a simple, unidirectional 
pattern or reiterates the bidirectional spreading pattern observed 
within the earlier-myelinating cuneate and gracile tracts. 

In the optic nerves, a dramatic retinal-to-chiasmal gradient 
was obvious from the first appearance of labeled cells on P.6- 
P.7 (Fig. 2, panel 22) through the second week of development. 
Both the origin ofglia and the pattern of myelinogenesis in optic 
nerves have been investigated extensively in several species 
(Gyllensten and Malmfors, 1963; Gyllensten et al., 1966; Nar- 
ang and Wisniewski, 1977; Perry et al., 1983; Sefton and Lam, 
1984). In a detailed histological analysis of myelinogenesis in 
developing rat optic nerves, Skoff et al. (1980) also observed a 
general retinal-to-chiasmal gradient, albeit with many peaks and 
troughs encountered along the way including a specific delay at 
the optic foramen. In the mice examined here, a seemingly 
smooth progression toward the chiasm was typical and no delay 
at the level of the optic foramen was detected. This retinal-to- 
chiasmal gradient contrasts with the apparent sequence ofevents 
thought to occur during earlier stages of glial differentiation 
(Skoff et al., 1976a,b). Specifically, in rat optic nerves, oligo- 
dendrocyte progenitor cells can be recovered initially from optic 
nerve segments at the chiasmal end and only as development 
proceeds from segments obtained closer to the retina. David et 
al. (1984) interpreted this observation to indicate that progenitor 
cells invade and populate the optic nerve from the chiasmal 
end. In light of this, the present observations require that the 
first cells to exit the oligodendrocyte progenitor pool and to 
initiate myelin synthesis be those that have migrated the far- 
thest. 

In optic nerves of mature rats, MBP immunocytochemical 
staining also has been observed in a narrow band on the retinal 
side of the lamina cribosa. Dixon and Eng (1984) concluded 
that such epitopes originated within oligodendroglial processes 
that had traversed the lamina cribosa. In the mice examined 
here, the majority of the P-galactosidase activity also stopped 
abruptly at the lamina cribosa but, at most ages examined, 
labeling was also observed in a narrow band on the retinal side. 
Despite the presence of these few positive processes, the con- 
sistent lack of @-galactosidase-positive nuclei in this more ret- 
inal course of the optic nerve clearly defines a domain in which 
myelinating oligodendrocytes either do not arise or fail to sur- 
vive. This result is consistent with the suggestion that myelin 
encountered within the retina is elaborated by Schwann cells 
(Jung et al., 1978). 

In the cerebellum, labeling initiates in the deepest regions and 
spreads toward the external surface (Fig. 2, panels 23-25) sug- 
gesting one of two myelin acquisition programs. Axons origi- 
nating from Purkinje cells in the deepest regions of the cere- 
bellum could become ensheathed and myelinated before any 
portion of those axons originating from cells located closer to 
the tips of the cerebellar lobules. Alternatively, axons originating 

from both deep and superficial Purkinje cells could become 
myelinated first in the deepest regions of the cerebellum. 

The mice examined here, in addition to revealing the major 
temporal and spatial patterns of myelinogenesis, also provide 
evidence supporting the view that the length of the internodes 
maintained by oligodendrocytes varies inversely with the num- 
ber of axons each ensheathes (Matthews and Duncan, 1971). 
For example, in tracts coursing in the spinal cord, long and 
continuously labeled processes are frequently seen originating 
from individual cell bodies (Fig. 2, panels 26 and 27). Assuming 
that the entire cytoplasm of these cells is labeled, few myelin 
sheaths are elaborated by each cell. In contrast, oligodendrocytes 
in the optic nerve (Fig. 2, panel 22) are distinguished by a 
labeling pattern in which much of the reaction product is located 
close to cell bodies, each of which appears to support a large 
number of short processes. 

MBP expression in the mouse, and in particular the devel- 
opmental regulation of the mouse MBP gene, has been subject 
to extensive analyses (reviewed by Campagnoni, 1988). These 
investigations have revealed a complex pattern of alternate 
mRNA splicing that results in several size classes of MBP. In 
the brain, 21.5 and 17 kDa isoforms dominate at early ages 
while 18.5 and 14 kDa isoforms dominate in more mature mice 
(Carson et al., 1983). Differences in this pattern have been ob- 
served in the mouse spinal cord, leading Newman et al. (1987) 
to propose that the program of isoform switching may not be 
equivalent in all regions of the CNS. However, as seen here, in 
each region of the CNS labeled cells arise over a distinct and 
protracted period. Therefore, without in situ methods, the pre- 
cise pattern and schedule of isoform switching that occurs within 
individual cells may be difficult to discern. 

The promoter fragment included in the MBP-Lac 2 construct 
appears to contain a significant portion of the elements used to 
confer developmental and cell-type specificity to the MBP gene. 
Similar MBP promoter elements have been used successfully to 
drive expression of the intact MBP gene, its derivatives, or a 
variety of heterologous sequences in glial cells (Miura et al., 
1989; Allinquant et al., 1991). In addition, the similarity of the 
expression pattern we observed in two independently derived 
lines of mice indicates that regulatory elements within the con- 
struct we employed act independently of further elements ad- 
jacent to the site of transgene insertion. Moreover, MBP syn- 
thesis in rodents peaks during the third week of ex utero 
development, thereafter declining to reach the lower steady state 
level observed in the mature nervous system (e.g., Zeller et al., 
1984); the temporal features of this expression pattern are 
followed faithfully by dlO- 1 and dlO-80 transgenic mice. 

Despite all of the similarities observed between transgene and 
MBP expression, no MBP promoter-driven construct convinc- 
ingly follows the exact expression profile expected of the en- 
dogenous MBP gene. The transgenic mice used in the present 
study did not show expression in Schwann cells, or in most 
oligodendrocytes of mature animals. In addition, in the present 
and all previous transgenic preparations, many oligodendro- 
cytes in mature mice fail to express detectable levels of the 
transgene-encoded product, leading to a mosaic expression pat- 
tern. In those investigations that employed MBP coding se- 
quences themselves, analysis of transgene expression on the 
MBP-deficient shiverer background resulted in a mosaic rescue 
ofthe hypomyelinated phenotype (Popko et al., 1987; Readhead 
et al., 1987) while an MBP-driven antisense construct caused a 
mosaic hypomyelinating disease in otherwise normal mice (Kat- 
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suki et al., 1988). Similarly, mice bearing an MBP-H-2K con- 
struct displayed a mosaic pattern of demyelination (Tumley et 
al., 1991; Yoshioka et al., 1991). 

All CNS myelin appears to contain abundant MBP, and there- 
fore it seems highly improbable that the mosaicism expressed 
by transgenes also typifies the endogenous MBP locus. We sug- 
gest that one of two mechanisms may account for this difference. 
The mosaic patterns expressed in the mature mice bearing these 
diverse constructs may identify unexpectedly large differences 
in the relative levels of MBP expression in stable oligodendro- 
cyte subpopulations. In those cells that express low levels of 
MBP, the transgene encoded product may be expressed below 
detectable levels. Alternatively, as the promoter we have used 
drives transgene expression to detectable levels during active 
myelinogenesis, those few cells expressing the transgene in ma- 
ture mice could also be those that are actively elaborating myelin 
or had recently done so. Consistent with the latter possibility, 
oligodendrocyte progenitors have been identified in the adult 
human CNS (Armstrong et al., 1992) and autoradiographic ex- 
periments have revealed a slow recruitment of new oligoden- 
drocytes to the mature mouse brain (McCarthy and Leblond, 
1988). In either case, the 3.2 kb sequence 5’ of MBP exon 1 
apparently does not contain the regulatory elements necessary 
to result in detectable /I-galactosidase activity in the majority 
of fully mature oligodendrocytes present in the differentiated 
mouse CNS. It is formally possible that the construct used in 
the present experiment also fails to follow the exact MBP ex- 
pression pattern that occurs during development. However, in 
comparisons between the present observations and all those 
derived from previous investigations of MBP developmental 
expression, no discrepancies have yet been encountered. 

In this investigation, we have used expression of P-galacto- 
sidase in the dlO-80 line of transgenic mice to obtain a com- 
prehensive overview of oligodendrocyte maturation in different 
regions of the CNS. This marker should also be useful in further 
experiments, including those seeking to isolate the components 
involved in the regulation of the MBP gene as well as those 
requiring an effective in situ marker of active myelinogenesis in 
both developing and regenerating preparations. Finally, the cy- 
tological detail preserved in /3-galactosidase histochemical prep- 
arations may contribute to a greater appreciation of the full 
diversity of oligodendrocyte morphologies expressed in different 
CNS regions. 
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