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In neonatal mammals, newly grown optic axons are uniformly 
small in diameter. In the adult, in contrast, axons within the 
optic nerve can be classified into distinct groups according 
to their diameter. Because axon diameters are also related 
to the thickness of the myelin sheath, which in turn deter- 
mines the velocity of action potential propagation, the ques- 
tion of what determines the axon diameter is of critical im- 
portance. 

In a project aimed at determining the influence of the en- 
sheathing cell on axon maturation, oligodendrocyte devel- 
opment was prevented by eliminating their precursors by 
unilateral x-irradiation at birth. Axon diameters in both the 
normal and the myelin-free optic nerves were then measured 
at varying stages of development. 

The results demonstrate that axon diameter growth re- 
mained substantially reduced in the absence of oligoden- 
drocytes. Interestingly, by x-irradiating the optic nerve and 
tract on one side of the brain, fibers crossing the chiasm 
became larger as they went from an unmyelinated nerve to 
a myelinated tract; fibers on the nonirradiated side became 
smaller as they went from a myelinated nerve and crossed 
into the nonmyelinated tract. These results clearly point to 
a local regulation of axon diameter by oligodendrocytes. 
Moreover, ganglion cells measured 9 d after the initiation of 
myelination (postnatal day 6, P6) were of similar size within 
normal retinas and retinas whose axons were x-irradiated, 
suggesting that ganglion cell growth occurs in spite of the 
lack of myelin and axon diameter maturation. Finally, we 
showed, through both section staining with antibodies to 
myelin basic protein (MBP) and Northern blot analysis using 
a probe to MBP, that the x-irradiated nerve began a delayed 
myelination period (in a gradient from chiasm to eye) at P15 
and reached an almost normal myelin pattern at P26. Axons 
from these nerves grew to seemingly normal diameter con- 
comitant with this delayed myelination. 
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One aspect of the electrical property of a neuron that helps 
determine its function is the speed at which an action potential 
is conducted from the soma to the axon terminals. This char- 
acteristic of the neuron is determined by morphological features 
of its axon, such as its diameter and the presence of a myelin 
sheath. Although the factors that regulate the axon caliber are 
not precisely known, axonal size can be positively correlated to 
intrinsic factors associated with the neuron, such as cell volume 
and cytoskeletal element numbers (Friede and Samorajski, 1970; 
Hoffman et al., 1988; Lasek, 1988) and to extrinsic factors 
associated with ensheathing cells, in particular Schwann cells 
and myelin (Windebank et al., 1985; Pannese et al., 1988; see 
also review, Pannese, 199 1). 

Ascribing the individual contribution of any one of these 
factors to axon maturation is complicated by the fact that their 
influence on the axon, in many instances, overlaps in time. In 
the mammalian visual system, for example, axons within the 
optic nerve start to mature to their distinct axon diameter classes 
at a time when retinal ganglion cells are differentiating to their 
adult sizes (Boycott and Wassle, 1974; Perry and Walker, 1980; 
Maslim et al., 1986) and axon myelination commences (Moore 
et al., 1976; Skoff et al., 1980). Likewise, in the PNS, dorsal 
root ganglion (DRG) axons mature at a time when their neurons 
differentiate into populations of large and small cells and axon 
myelination begins (Lawson et al., 1976). 

Efforts have been made to dissociate the influence of these 
factors by examining axon development in pathways where gli- 
ogenesis was altered by an antimitotic drug (Ransom et al., 1985; 
Black et al., 1986). Although this technique has provided insight 
into axon-glial interactions, the toxicity of the compound limits 
the time course of its application and little is known of its effect 
on the normal development of neurons. An alternative method 
of eliminating the influence of oligodendrocytes on the devel- 
opment of axons is by x-irradiation treatment of the tissue (Gil- 
more, 1963). The advantage of this method is that the treatment 
can be confined to a specific region of an axon pathway, sparing 
the neurons of those fibers and their target areas. 

In the following study, we have adapted this technique for 
use in the rat retinofugal pathway to examine the influence of 
oligodendrocytes on optic axon maturation. Eliminating oli- 
godendrocyte precursor cells from this pathway is facilitated by 
the fact that the general source of oligodendrocytes (Small et al., 
1987) and the time course of optic axon myelination (Skoff et 
al., 1980) are known. Furthermore, by restricting the treatment 
to one side of the brain we can compare, in the same animal, 
the normal maturation of optic axons with the maturation of 
axons in the absence of oligodendrocytes. Ganglion cell soma 
size can also be determined in these animals to get a second, 
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independent parameter for the differentiation of retinal ganglion 
cell classes and effect on axon maturation. 

The results of this study demonstrate that axonal maturation, 
as reflected by the up to 20-fold increase in its diameter with 
time, is dependent on the combinatorial effect of extrinsic factors 
associated with oligodendrocytes and, to a lesser extent, intrinsic 
factors associated with the neuron. Moreover, the growth po- 
tential of an axon is not restricted to a specific developmental 
time window but can be greatly protracted in the absence of 
oligodendrocytes. 

Materials and Methods 
X-irradiation treatment. In order to deplete the developing optic nerve 
of oligodendrocytes, newborn Lewis rat pups were treated with x-irra- 
diation at postnatal day 0 (PO), P2, and P4, which represent the period 
of oligodendrocyte precursor proliferation (Skoff et al., 1976a,b). The 
method of x-irradiating the retinofugal pathway was similar to that 
previously described for other tissue (Gilmore, 1963; Savio and Schwab, 
1989). Briefly, PO rats were ice-anesthetized and a lead shield was placed 
over the body, exposing only a small slit on the surface of the head 
overlying one optic nerve. The pup was placed 20 cm from an x-ray 
source set at 50 kV and 15 mA and was administered a 5500 rad dose 
of x-rays. The x-irradiation treatment was repeated at P2 and P4. In 
three animals, the x-irradiation treatment was given at P8, PlO, and 
P12. As many differentiated oligodendrocytes were present in these 
nerves before x-irradiation (Miller et al., 1985), this latter treatment 
helped us determine what effect the x-irradiation treatment alone has 
on axon growth. Some of the initial results of this procedure have been 
published elsewhere (Colello et al., 1992). 

Northern blots. To determine the effect of x-irradiation on the glial 
cell population of the rat optic nerve, a Northern blot analysis was made 
on both x-irradiated and normal nerves at the following stages of de- 
velopment: P2, P5, P9, P14, and P28. Ribonucleic acid (RNA) was 
isolated from 10 optic nerves of each of the various developmental 
stages and 0.2 pg of the samples was denatured in the presence of 
ethidium bromide. The RNA samples were run on 1.5% agarose/form- 
aldehyde gels and photographed after transfer to nylon membranes. The 
effect of x-irradiation on the oligodendrocyte population was examined 
using a 0.6 kilobase (kb) antisense riboprobe derived from a rat myelin 
basic protein (MBP) cDNA. The effect of x-irradiation treatment on the 
astrocyte population was determined using a 1.3 kb antisense riboprobe 
from a mouse glial fibrillary acidic protein (GFAP) cDNA. The ribo- 
probes were synthesized in the presence of digoxigenin (Dig)-labeled 
UTP according to protocol (Boehtinger-Mannheim). Hybridization was 
performed with approximately 100 &ml of the labeled riboprobe at 
68°C in 50% formamide, 5 x SSPE buffer, 2% blocking reagent, 0.1% 
N-lauroylsarcosine, and 0.02% SDS overnight. After hybridization the 
membranes were washed 2 x 5 min in 2x SSPE, 0.2% SDS at room 
temperature and 2 x 20 min in 0.2~ SSPE. 0.2% SDS at 68°C. The 
hybridized Dig-labeled probes were detectedwith an anti-Dig alkaline 
phosphatase-coupled antibody. The alkaline phosphatase reaction was 
performed with the chemiluminescence substrate AMPPD (protocol of 
Boehringer-Mannheim). The reaction product was visualized by ex- 
posure to Hyperfilm-ECL (Amersham) for a few minutes. 

Myelin basic protein (MBP) immunohistochemistty. MBP expression 
was determined in the retinofugal pathway of unilaterally x-irradiated 
rats at P12, P15, P 18, and P20 using a mouse monoclonal antibody to 
MBP. Rats at these stages were ether-anesthetized and perfused with 
4% paraformaldehyde in 0.1 M phosphate buffer and 5% sucrose. The 
optic nerves were then dissected free, immersed for 3 hr in phosphate- 
buffered 20% sucrose, frozen in Tissue-Tek, and cut in the horizontal 
plane at 20 pm. Sections were collected on 2.5% gelatin-coated slides 
and immunostained for MBP (Omlin et al., 1982) in the following 
manner: sections were immersed for 30 min in ice-cold 95% ethanol, 
5% acidic acid, rehydrated in phosphate buffer containing 5% sucrose 
and 5% bovine serum albumin, and subsequently incubated overnight 
at 4°C with a 1:500 diluted mouse monoclonal antibody against MBP 
(Boehringer-Mannheim, Germany). The primary antibody was detected 
with a biotinylated anti-mouse secondary antibody (Vector). The avi- 
din-biotin-peroxidase complex (Vector, Burlingame, CA) was used to 
localize the biotinylated antibody. Histochemical detection of the per- 
oxidase activity was carried out in 0.1 M phosphate buffer containing 

0.025% 3,3-diaminobenzidine (Sigma, St. Louis, MO) and 0.02% hy- 
drogen peroxide. Sections were dehydrated, coverslipped, and viewed 
with a Olympus Vanox T microscope. 

Axon measurements. The diameter of optic axons located in both 
normal and x-irradiated optic nerves was determined in rats at the 
following stages of postnatal development: PO, P4, P8, P15, and P28. 
Three animals were examined in each age group. Optic axons were also 
measured in P15 normal pups and compared with those found in the 
untreated nerve of unilaterally x-irradiation treated pups to ensure that 
the axons were developing at a normal rate. At each stage described 
above, both the control and treated optic nerves from each animal were 
prepared for electron microscopy (EM) in the following manner. Briefly, 
ether-anesthetized pups were perfused with 4% paraformaldehyde and 
1% glutaraldehyde in 0.1 M phosphate buffer. The optic nerves were 
dissected free, postfixed, dehydrated, stained, and embedded in Epon/ 
araldite. Ultrathin sections cut transverse to the nerve were taken at the 
midnerve region. These sections were collected on Formvar-coated grids, 
stained with uranyl acetate and lead citrate, and viewed and photo- 
graphed with a Zeiss 902 electron microscope. The regions of the nerve 
analyzed in this study were determined by superimposing a regularly 
spaced grid (16 intersects) upon a composite photograph of the whole 
nerve and taking higher-magnification (4000 x) photomicrographs un- 
derlying the intersects. From these 16 photomicrographs, the internal 
diameters of all optic axons underlying the intersects of a regularly 
spaced grid (100 intersects) were then measured on each micrograph 
using the Sigmagraphics bit pad and SIGMASCAN 3.1 software. 

Morphology of ganglion cells. The morphology of ganglion cells on 
the x-irradiated side was compared with that of ganglion cells on the 
nonirradiated control side to evaluate whether ganglion cells differen- 
tiate into their distinct size classes in the absence of normal conduction. 
As a population of displaced amacrine cells reside in the retinal ganglion 
cell layer (Perry, 1981) this evaluation was made on cells that were 
retrogradely filled from optic tract injections of HRP to ensure mea- 
surement of retinal ganglion cells exclusively. 

At P13, rat pups (n = 3) that received unilateral x-irradiation of the 
optic nerve were anesthetized with 0.1-0.3 ml of 3.5% chloral hvdrate 
and placed into a stereotaxic apparatus. After the coordinates f& the 
lateral geniculate nucleus and the optic tract were obtained from coronal 
sections of a normal P13 rat pup, four injections of horseradish per- 
oxidase (HRP) were made along the extent of this region in the exper- 
imental animals. Each injection was 0.15 ~1 of a 40% HRP (Sigma) 
solution in 2% dimethyl sulfoxide. The total injection series was per- 
formed on both sides of the brain, within a 60 min period. Forty-eight 
hours later, the pups were again anesthetized and perfused with phos- 
phate-buffered saline followed by 1% paraformaldehyde in 0.1 M phos- 
phate buffer at pH 7.3, and the retinas were dissected and whole-mount- 
ed (see Stone, 1983). The retinas were then reacted for HRP by the 
Hanker-Yates method (Hanker et al., 1977). Finally, the soma area of 
HRP-labeled retinal ganglion cells, both on the control and treated sides, 
were measured using the Sigmagraphics equipment described earlier. In 
particular, a soma-size comparison was made of the largest ganglion 
cells, presumably cells of the type I ganglion cell class (Perry, 1979). 

Results 

In order to determine the influence of oligodendrocytes on optic 
axon maturation, the retinofugal pathway of newborn rat pups 
was unilaterally x-irradiated at PO, P2, and P4; this represents 
the time of maximal oligodendrocyte proliferation in the optic 
nerve (Skoff et al., 1976a,b). The normal and x-irradiated optic 
nerves from at least three animals per group were then examined 
at the following stages of postnatal development: at PO and P4, 
prior to myelination; at P8, during the initial period of myeli- 
nation; at P15, during the period of maximal myelination; and 
at P28, just before the end of myelination. The following char- 
acteristics of the x-irradiation treated nerve were assessed: (1) 
the effects of x-irradiation on the glia cell population, (2) the 
growth in size of axons in the absence of oligodendrocytes, (3) 
the effect on ganglion cell differentiation in the absence of myelin 
ensheathment of the axons, and (4) the ability of the x-irradiated 
nerve to initiate myelination. These features of treated nerves 
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Figure 1. Electron micrographs showing the differentiation of optic nerve axons that occurs between PO (a) and adult (b). Notice the uniformly 
small axons within the optic nerve at PO in contrast to the varying axon diameters present in the adult nerve. Three size classes of axons can be 
distinguished in the adult, corresponding to the type I, II, and III ganglion cells of the retina. Scale bar, 2.0 pm. 

were compared to those present in the contralateral untreated 
nerve or in age-matched normal nerves. 

General observations on axon maturation 
The overall growth in diameter of axons within the rat optic 
nerve can best be apprcciatcd by comparing axons in the ncw- 
born (PO) pup with those found in a young adult (2 months) 
animal (Fig. 1). The axon population within the newborn nerve 
was relatively uniform in size, having diameters that range be- 
tween 0.2 and 0.6 grn, whereas the adult axon population was 
composed of fiber diameters ranging from 0.35 to 4.0 pm in 
diameter. This represented a minimum 2-fold to a maximum 
20-fold increase in diameter with axon maturation. 

Another feature of axon maturation was that virtually all 
axons within the adult nerve were myelinated, except for a small 
population of the finest-caliber axons with diameters less than 
0.4 pm. This was in contrast to the PO optic nerve where all 
axons were unmyelinated (Fig. 1). 

X-irradiation treatment 
The effectiveness of the x-irradiation treatment at preventing 
oligodendrocyte development in the optic nerve was first made 
apparent by the completely translucent and thin appearance of 
the x-irradiated nerve compared to that of the normal nerve at 
P15 (Fig. 2). This observation was verified at the EM level by 
the conspicuous absence, in the x-irradiated nerve, of myelin 
ensheathment and of cells with cytological characteristics of 

oligodendrocytes (Fig. 3). At the ultrastructural level these P15 
axons of the x-irradiated nerve appeared intact and resembled 
perinatal axons with the cytoskeletal elements and the axonal 
membrane intact and clearly delineated. One obvious difference 
to the normal nerve was that the axons in the treated nerve had 
smaller diameters. This was particularly evident in the axon 
population ensheathed with myelin. A quantitative analysis of 
this phenomenon is presented below. 

Northern blot analysis 
A further indication that the x-irradiation regimen specifically 
affected the oligodendrocyte population was shown by Northern 
blot analysis of optic nerves using probes to genes selectively 
expressed by differentiated oligodendrocytes or astrocytes (Fig. 
4). The varying developmental stages examined again represent 
periods preceding, during, and nearing the end of myelination. 

The mRNA for MBP was first expressed some time after P5, 
which corresponds to the time course of myelination, as shown 
by EM, in the nerve (see below). This expression steadily in- 
creased throughout the first postnatal month and correlated with 
the time span ,of myelination in the nerve. Optic nerves x-ir- 
radiated at PO, P2, and P4 showed a virtual absence of MBP 
mRNA at P 14. Interestingly, MBP mRNA became reexpressed 
sometime after P 14 in the x-irradiated nerve and reached near- 
normal levels by P28. This result suggested a delayed myeli- 
nation in these nerves, a process that was confirmed by mor- 
phological observations (see below). 
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Figure 2. Ventral view of a P15 rat 
brain with an optic nerve unilaterally 
x-irradiated at PO, P2, and P4. The x-ir- 
radiated, myelin-free nerve (right side) 
appears translucent and thin, in con- 
trast to the thick, opaque nonirradiated 
nerve. 

The mRNA for the astrocyte marker GFAP was expressed expression in both P14 x-irradiated and normal nerves, sug- 
throughout all developmental stages examined and correspond- gesting that the astrocytic population was little affected by the 
ed to the known prenatal proliferation of astrocytes (Miller et x-irradiation treatment. This is unlike what is seen for oligo- 
al., 1985). Striking was the comparable levels of GFAP mRNA dendrocytes and is compatible with the view that the vast ma- 

Figure 3. Electron micrographs taken from a region within the normal (a) and x-irradiated (b) nerves shown in Figure 2. Note the absence of 
myelin ensheathment in the x-irradiated nerve. Axon diameters in this P15 x-irradiated nerve are less uniform and slightly larger than at PO (Fig. 
la). Scale bar, 2.0 pm. 
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Figure 4. Northern blot analysis of rat 
optic nerve RNA isolated at varying de- 
velopmental stages using Dig-labeled 
antisense riboprobes to the oligoden- 
drocyte marker myelin basic protein 
(MBP), and to the astrocyte marker glial 
fibrillary acidic protein (GFAP). In the 
two Northern blots shown, the normal 
developmental expression of these two 
markers is compared with the expres- 
sion of these two markers in the optic 
nerves of P 14 and P28 rat pups, which 
were unilaterally x-irradiated at PO, P2, 
and P4. Arrowheads represent the 18s 
and 28s ribosomal RNA bands, re- 
spectively. The ethidium bromide- 
stained 28s RNA is shown in the lower 
portzon of the panels to demonstrate that 
comparable amounts of total RNA (0.2 
pg) were loaded in each lane. MBP 

jority of astrocytes are generated before oligodendrocytes (also of this event and the factors influencing it, the population of 
see Skoff, 1990). Moreover, GFAP mRNA expression levels did optic axons in both normal and x-irradiated nerves was mea- 
not change during the presumptive delayed myelination period sured and compared at the stages of postnatal development 
occurring sometime between P14 and P28 (Fig. 4). mentioned above. 

Ganglion cell d@erentiation 
To investigate whether the x-irradiation treatment had an in- 
fluence, by the absence of myelination along the fibers of the 
treated nerves, on the differentiation of retinal ganglion cells 
into their distinct size classes, ganglion cells within the retinas 
of unilaterally x-irradiated pups (n = 3) were retrogradely labeled 
with HRP and analyzed at P15 (Fig. 5). As described in Materials 
and Methods, every effort was made to ensure that the retina 
was not exposed to x-rays by keeping it outside of the irradiation 
field. 

Optic axons at PO were relatively uniform in size, having 
diameters ranging from 0.2 to 0.6 pm (not shown). The absence 
of larger-diameter fibers, which could be accounted for by the 
presence of growth cones (Colello and Guillery, 1992) or axons 
maturing to their adult sizes, suggests that PO represents a tran- 
sition period between axonal outgrowth and maturation. The 
mean axon diameter in a normal nerve at this stage is 0.32 pm 
(see Fig. 7). 

Histologically, the retinas of x-irradiated nerves were of nor- 
mal size and thickness. Further, all layers of the retinas were 
well defined and identifiable. On the normal side, ganglion cell 
sizes corresponded to the three known ganglion cell classes (Fu- 
kuda, 1977; Perry, 1979). Since the largest-diameter axons were 
the ones most affected by the x-irradiation of the nerve (see 
below), we quantitatively assessed the corresponding population 
of large size ganglion cells (type I). Using a camera lucida setup 
attached to the microscope, the retinas were examined over their 
area1 extent and the four largest labeled cells in each visual field 
were drawn and measured. As shown in Figure 5c, large cells 
of comparable size were found in normal retinas and retinas 
whose axons remained unmyelinated. One noticeable difference, 
however, was that ganglion cells on the treated side (Fig. 5b) 
appeared less intensely labeled than those on the normal side 
(Fig. 5a), suggesting a lower retrograde transport capacity by the 
thinner axons. 

At P4, the axon population in the normal nerve showed a 
slight, nevertheless statistically significant, overall increase in 
size from PO (Fig. 7). There was a fourfold difference in size 
between the largest and smallest axons, which approximates the 
differences measured at PO (see above) and suggests that axon 
differentiation had not yet begun (Fig. 6). Interestingly, the axon 
diameter range in the x-irradiated nerve closely matched that 
seen in the normal nerve. The mean axon diameter of the fiber 
population for the normal and treated nerve was virtually iden- 
tical at 0.37 pm and 0.36 pm, respectively (see Fig. 7). 

Maturation of optic axons 

At P8, the axon population in the normal nerve had increased 
noticeably in size. In particular, a “tail” representing the largest 
fibers with diameters up to 1.3 pm became evident (Fig. 6). This 
abrupt increase in a population ofaxons at this age, as compared 
to the preceding ages, suggests the presence of an additional 
influence on axon maturation. In contrast, axons in the treated 
nerve continued to grow in size at a slightly slower rate. Most 
conspicuous was the absence of axons greater than 1 pm. At 
this age (PS), the mean diameter of the fiber population for 
normal nerves was 7% greater than that of x-irradiated nerves 
(Fig. 7). 

As indicated in Figure 1, optic axons of identical size differ- 
entiate, during development, into the varying axon diameter 
classes found in the adult nerve. To determine the time course 

At P15, the diameter spectrum of axons within the normal 
nerve was no longer sharp and unimodal like at P4, but was 
widely spread and showed an increase in the number of large 
fibers (Fig. 6). The range of axon diameters, from 0.25 to 1.8 

GFAP 
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Figure 5. Photomicrographs of retrogradely labeled ganglion cells found in retinas on the normal (nonirradiated) side (a) or x-irradiated side (b) 
of P15 animals treated as above (Fig. 1). A soma size comparison (pm) of the largest ganglion cells (c) shows that these neurons are of similar sizes 
on both sides. Scale bar, 10.0 pm. 

km, suggests that many axons may have reached their adult 
sizes at this stage. Further, the axons found in P 15 nerves on 
the nonirradiated side of treated animals were similar in size 
and level of maturation as those found in a P15 normal, un- 
treated animal (not shown). In the x-irradiated nerves, the ma- 
jority of the axons remained small (0.4-0.6 pm), and axons with 
diameters larger than 1.3 Km were virtually absent. The size 
spectrum looked similar to that seen in P8 nerves (Fig. 6). The 
mean diameter of the fiber population at P15 for the normal 
nerve was 40% greater than that of the x-irradiated nerves (Fig. 
7). 

Interestingly, the optic axon population from P15 nerves 
treated with x-irradiation at PS, Pl 0, and P 12 had a comparable 
range of diameters as the axon population in P15 normal (un- 
treated) nerves (not shown). The axon population ranged be- 
tween 0.3 and 1.55 wrn in the nerves x-irradiated at P8, PlO, 
and P12; the range for the normal P15 nerves was 0.25-l .8 pm 

(Fig. 6). Moreover, the mean diameter of the axon population 
for the P15 nerves x-irradiated at P8, PlO, and P12 was 0.71 
pm. This figure is almost identical to the mean diameter of the 
axon population in P15 normal (untreated) nerves (Fig. 7). 

Fiber growth continued in the normal nerve through the first 
postnatal month and was more than 80% complete by P28 (for 
comparison to axon diameter spectrum in adult rat, see Hughes, 
1977). It was difficult to judge whether a bimodal distribution 
of axon diameters existed, due to the small sample number, but 
it was clear that there was a IO-fold difference in size between 
the smallest and largest axons (Fig. 6). Surprisingly, the axon 
diameter spectrum in the x-irradiated nerve now approximated 
that found in the normal nerve at P28. As suggested by the 
appearance of MBP mRNA (Northern blots), examination of 
this nerve at the EM level showed that the majority of axons 
had become ensheathed with myelin (see below). The mean 
diameter of axons for this age (P28) is shown in Figure 7. 
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Figure 7. Mean axon diameters (LSEM, from the three or four nerves within each age group and treatment, except P28, n = 1) of optic axons 
within either the normal (shaded columns) or x-irradiated (open columns) optic nerves. 

Regulation of axon caliber 
Our results strongly suggest that axon diameter maturation is 
very much influenced by myelination. We therefore set out to 
investigate whether this effect was local or extended along the 
entire length of the axon. To examine this, the x-ray exposure 
area was extended caudally to include the optic nerve and tract 
on the same side. Since the majority (approximately 97%) of 
axons in the rat nerve cross in the chiasm to the contralateral 
tract, this x-irradiation regimen enabled us to study whether 
axons change their diameter as they go from a myelinated to 
an unmyelinated environment and vice versa. 

The effectiveness of removing differentiated oligodendrocytes 
from the optic tract by x-irradiation is shown in Figure 8. An- 
tibody staining for MBP was greatly reduced in the x-irradiated 
tract at P15 as compared to the strong staining found in the 
nonirradiated tract. At the EM level, virtually all axons lacked 
a myelin sheath (not shown). The small number of axons that 
were myelinated (CO. 1%) had fewer myelin wrappings than nor- 
mal. 

As for the ganglion cells, we compared the population of the 
largest axons that were expected to be the most affected by the 
absence of myelin. Assuming that the largest axons in the nerve 
become the largest axons in the tract, we found that these axons 
increased in size by 40% as they went from an unmyelinated 
nerve to a myelinated tract (Fig. 9). Furthermore, axons that 
went from a myelinated nerve to an unmyelinated tract de- 

c 

creased in size by roughly 25% (not shown). The difference in 
these two numbers (40% vs 25%) is largely the result of the 
naturally occurring increase in diameter as an axon goes from 
the nerve to the tract (see Baker and Stryker, 1990); by mea- 
suring the same population of axons in the nerves and tracts of 
three normal P 15 pups, we found that axon caliber generally 
increases by 10% as fibers go from the nerve to the tract (Fig. 
9). This increase in size of an axon going from nerve to tract 
was also seen in one bilaterally x-irradiated rat (not shown). 

Delayed myelination 
Results from the Northern blot analysis and EM study indicated 
that the x-irradiated nerve was capable of a delayed myelination 
sometime after P14 (Fig. 4). This suggested that the capacity of 
an optic axon to myelinate was not restricted to a specific de- 
velopmental time window. In order to test the time course of 
this later phase of myelination, the optic nerves of rat pups 
unilaterally x-irradiated at birth were examined for MBP protein 
expression on P12, P15, P18, and P19 (Fig. 10). 

MBP staining was first detected by immunohistochemistry in 
the x-irradiated nerve at P15. Interestingly, unlike the normal 
rostral-to-caudal (eye-to-chiasm) gradient of MBP expression 
and myelination seen during normal development (Skoff et al., 
1980; Foran and Peterson, 1992), the x-irradiated optic nerves 
showed MBP expression in a gradient from the chiasm to the 
eye. EM sections taken from the intracranial segment of a P 15 
x-irradiated nerve verified that myelination had indeed begun 

Figure 6. Histograms showing the diameters (pm) of the axon population within the optic nerve at varying stages of development in the presence 
or absence of oligodendrocytes and myelin. In the control nerves, the first oligodendrocyte ensheathment and myelin formation is present from P6 
on. Note the small increase in axon diameter prior to this stage (PC-P4). In the myelin-free nerve, some axons have reached larger sizes at P15 
although the great majority of axons remained small. The great increase in axon diameter at P28 in the x-irradiated nerve is due largely to delayed 
myelination. Data show the means & SEM (n = 3-4) of the frequencies found in each axon diameter size class. 
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Figure 8. MBP staining of a horizontal cryostat section taken at the 
level of the optic tracts from a P15 rat unilaterally x-irradiated over the 
right optic nerve and tract (see Materials and Methods). Note the virtual 
absence of MBP-staining in the optic tract on the treated side (white 
arrow) as compared to staining in the untreated side (black arrow). Due 
to the almost complete crossing of optic axons in rats, the axon pop- 
ulation measured in, for example, the right nerve would be the same as 
that measured in the left tract. Scale bar, 2.0 mm. 

in this region. It should be noted that throughout our EM survey 
of these nerves we never observed the myelination of optic axons 
by Schwann cells. The front of MBP expression progressed ros- 
trally at a rate of 1 mm/d as the animal matured to P18 and 
P20 (Fig. 10). This front was not a clearly delineated line in the 
nerve but, rather, made up of a leading front of MBP-positive 
islets followed by MBP staining across the nerves area1 extent. 
By P20, MBP expression was found almost along the entire 
nerve, except for the rostralmost 1 mm. In contrast, the un- 
treated nerve showed MBP expression along its entire length at 
all stages observed. This expression increased in staining inten- 
sity with time. 

Discussion 

In this study we have adapted the technique of x-irradiation to 
eliminate oligodendrocyte progenitors selectively from part of 
the rat retinofugal pathway and, by virtue of their absence, 
evaluated the influence of these cells on the maturation of optic 
axons. Our results show that the growth of optic axons to their 
adult sizes is strongly influenced by oligodendrocytes ensheath- 
ing those fibers. This influence was shown to be locally regulated 
by the oligodendrocyte and was not restricted to a specific de- 
velopmental time window. Furthermore, we have shown that 
optic axons are capable of initiating myelination 1-2 weeks after 
this process normally commences. Axons from these nerves 
resumed seemingly normal diameters concomitant with this de- 
layed myelination. 

Technical considerations 
One inherent difficulty in interpreting the results obtained in 
this study is that any differences seen in the maturation of axons 
in the normal nerve versus axons in the x-irradiated, myelin- 
free nerve may be a result of a direct effect of x-irradiation on 
the axons. There are, however, a number of observations that 
contradict this view. First, the initial increase in diameter of 
axons seen between PO and P4 is comparable in normal and 

ION NOT NON NOT 

Figure 9. Mean axon diameter (pm) of a population of the largest 
axons within the optic nerve and contralateral optic tract in both normal 
P15 pups and PI5 pups unilaterally x-irradiated at PO, P2, and P4. 
Assuming that the largest axons in the nerve become the largest axons 
in the tract, axons in the untreated retinofugal pathway increase in 
diameter by 10% as they go from the normal optic nerve (NON) to the 
normal optic tract (NOT). This difference is increased significantly in 
the absence of oligodendrocytes in the nerve, such that axons within 
the irradiated optic nerve (ZON) increase in diameter by 40% as they 
go from the nerve to the normal untreated contralateral tract. 

x-irradiated nerves, suggesting that this period of growth has 
not been altered by the treatment. Second, retrograde labeling 
of ganglion cells in unilaterally x-irradiated animals showed that 
ganglion cells on the treated side differentiate into the adult 
ganglion cell types during the same developmental time period 
as ganglion cells on the normal nonirradiated side. Third, by 
x-irradiating the optic nerve and tract on the same side of the 
brain in a rat, a species where the majority of optic fibers cross 
at the chiasm (for review, see Polyak, 1957), it was shown that 
segments of an axon lying within a myelin-free region are smaller 
than segments of the same axon lying in a myelinating region. 
This demonstrates that x-irradiating a fiber along part of its 
length has little effect on the growth potential of the nonirra- 
diated portion of the same fiber. Fourth, optic axons within an 
x-irradiated nerve will reach near-normal calibers upon delayed 
myelination, suggesting that the growth potential of these axons 
was not altered. Finally, in an experiment specifically designed 
to determine the effect of x-irradiation treatment on optic axon 
growth, we found that the range of optic axon diameters and 
the mean diameter of the axon population were very similar for 
normal (untreated) P15 nerves and P15 nerves x-irradiated at 
P8, Pl 0, and P12. The absence of any affect on axon growth in 
these nerves is presumably because many oligodendrocytes are 
postmitotic by P8 and are unaffected by the late x-irradiation 
treatment (Miller et al., 1985). This experiment and the points 
raised above show that the delay in axonal growth is not a result 
of axon damage but rather the absence of oligodendrocytes. 

Axon maturation is dependent on the combinatorial influences 
of the neuron and oligodendrocyte 
The measurement of optic axons prior to myelination or in the 
absence of this event as seen in the x-irradiated nerves has 
allowed us to determine the extent of the intrinsic neuronal 
influence on axonal maturation. Of interest was the observation 
that optic axons will continue to grow, albeit at a reduced rate, 
in the absence of oligodendrocytes. This relates well to the in 
vitro observations of Windebank et al. (1985) on the growth of 
DRG axons in the presence or absence of ensheathing cells. We 
were surprised, however, at the extent to which the establish- 
ment of the distinct axon diameter classes was dependent on 
the oligodendrocyte. In the absence of oligodendrocytes, the 
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optic axon population showed an almost unimodal distribution 
of sizes throughout the ages studied (P4, P8, P15). This is in 
contrast to the size distribution present in the normal nerve 
where axon diameter classes were becoming established from 
P8 onward (see also Hildebrand and Waxman, 1984). It is im- 
possible to ascertain, using the experimental paradigm described 
here, whether optic axons could reach their adult sizes in the 
permanent absence of oligodendrocytes. However, measure- 
ments of axons within two regions normally free of oligoden- 
drocytes, the intraocular-most part of the optic nerve and the 
optic fiber layer, suggest that optic axons are unable to reach 
adult diameters in the absence of myelin (Perry and Hayes, 1985; 
Hernandez et al., 1989). 

By measuring axon calibers from P8, and onward, in the 
normal and x-irradiated nerve it was shown that optic axon 
growth rate increases sharply with the initiation of myelin en- 
sheathment. Although the mean diameter for the axon popu- 
lation in both the normal and treated nerves increased by rough- 
ly the same percentage from birth to P4, axons in the normal 
nerve were, on average, 40% larger than axons in treated nerves 
after the first week of myelination. The continued, albeit re- 
duced, growth rate of axons in the x-irradiated nerve to P15 
resembled the growth rate observed for axons in the normal 
nerve prior to myelination and supports the view that this growth 
represents the influence contributed by the neuron. 

The extent of oligodendrocyte influence on axon maturation 
was most evident during the delayed myelination period in the 
x-irradiated nerve. The rate of growth for the x-irradiated axon 

Figure 10. Longitudinal cryostat sec- 
tions (15 pm) through the retinofugal 
pathway ofanimals aged P12, P15, P18, 
and P20 that were treated unilaterally 
with x-irradiation at PO, P2, and P4. 
The progress ofdelayed myelination on 
the irradiated side (arrowheads) can be 
compared to the extent of myelination 
on the untreated normal side using an 
antibodv to MBP. Notice that. within 
the x-irradiated optic nerve, the gra- 
dient of delayed myelination begins at 
the chiasmatic region and moves eye- 
ward. Scale bar, 2.0 mm. 

population during this period (P15-P28) was comparable to that 
seen by the untreated normal axon population during normal 
myelination (P4-P15). As the ganglion cells in these x-irradiated 
animals were of normal size, it would appear that most of the 
axon growth after PI5 was the direct result of local oligoden- 
drocyte influences. 

In view of our findings, it could be argued that an axon’s 
diameter is simply the result of the additive influence of the 
nerve cell and the oligodendroglial cell on the axon. Altema- 
tively, oligodendrocytes may act as a trigger to allow the ex- 
pression of a maturational process, which in itself is largely or 
perhaps even entirely controlled by the nerve cell. Whether or 
not either of these interpretations is correct cannot be deter- 
mined by our present findings. 

Axon diameter is locally regulated by oligodendrocytes 
The results obtained by unilaterally x-irradiating the optic nerve 
and tract on the same side of the brain demonstrate that axons 
crossing the chiasm have a segment within a myelin-free zone 
that is smaller in diameter than the segment of the same axon 
within a myelinating zone, and vice versa. This observation is 
in agreement with the finding that axons increase in size from 
the unmyelinated region of the optic nerve to the myelinated 
domains (Hemandez et al., 1989) and suggests a local regulation 
of axon caliber by oligodendrocytes. 

This type of regulation would involve myelinating axons in- 
creasing in size either by focally depositing cytoskeletal com- 
ponents, membrane proteins, and lipids at oligodendrocyte con- 
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tact sites or by sequestering axonal constituents from the 
oligodendrocytes. Studies correlating axon diameter and cyto- 
skeletal component numbers in the optic (Hemandez et al., 
1989) and sciatic nerve (Friede and Samorajski, 1970), in fact, 
show that microtubules and neurofilaments increase in number 
in regions of an axon becoming myelinated. The underlying 
mechanisms regulating this process are still unclear; local mod- 
ifications, for example, phosphorylation and increased cross- 
linking of cytoskeletal components, have been suggested (de 
Waegh and Brady, 1990; de Waegh et al., 1992). 

In this study we have also shown that additional factors, other 
than those derived from oligodendrocytes, play a role in regu- 
lating axon caliber. By measuring segments of the same axon 
lying within either the nerve or tract environment, we found 
that axons increase in diameter postchiasmatically. Interesting- 
ly, this increase in size of an axon going from nerve to tract was 
also seen in one bilaterally x-irradiated rat (not shown) and 
suggests that it is in response to some difference between the 
nerve and tract environment that is not oligodendrocyte de- 
pendent. These findings support the observation that axon con- 
duction velocity increases from nerve to tract in adult ferrets 
(Baker and Stryker, 1990) and may be in response to yet un- 
known changes in astrocytic glia organization within these two 
regions. 

The ability of axons to mature in size and initiate myelination 
is not restricted to a specific developmental time window 
Our results on axon growth in the x-irradiated nerve during 
delayed myelination show that axons retain their ability to grow 
to their normal caliber even after much of the ganglion cell 
growth and differentiation has occurred. The appearance of my- 
elinated fibers in the x-irradiated nerve after P15 demonstrates 
another interesting facet of the axon, its ability to initiate my- 
elination long after the normal commencement of this process 
(P6 in rat). This is similar to what is seen in the dorsal funiculus 
after x-irradiation (Sims and Gilmore, 1983) and suggests, first, 
that optic axons retain their ability to be myelinated after x-ir- 
radiation and, second, that the process of myelination can be 
delayed. 

Interestingly, our results also show a reverse gradient of my- 
elination (from the chiasma to the eye) in the x-irradiated nerve 
as compared to the normal nerve (eye to chiasma; Skoff, 1980; 
Foran and Peterson, 1992). This suggests that oligodendrocytes 
are migrating into these nerves from the chiasm similarly to the 
situation in normal development (Small et al., 1987) and are 
immediately presented with an inducing signal for myelination, 
presumably present on the axon. 

Recently, we have found that during the initial events of 
myelination in the rat optic nerve, MBP mRNA synthesis and 
protein production occur in a reverse gradient to that of optic 
axon ensheathment (Colello et al., 1993). This would argue that 
an inducing signal for myelination is present along the devel- 
oping nerve in a reverse gradient to that of oligodendrocyte 
maturation. 

The regulation of oligodendrocyte properties by the axon is 
a well-known view and has been suggested for a number of 
developmental events. It is well established that myelin thick- 
ness is related to fiber size (Friede and Samorajski, 1967; Bishop 
et al., 197 1) and that this is, at least in part, under local control 
by the axon (Waxman and Sims, 1984). Moreover, the process 
of myelination may be initiated by the maturational state of an 
axon as characterized by its diameter (Peters and Vaughn, 1970) 

and changing conductive properties prior to myelination (Foster 
et al., 1982). Indeed, survival and mitosis ofthe oligodendrocyte 
precursors are dependent on the presence and physiological 
properties of the axons (David et al., 1984; Barres and Raff, 
1993). 

Ganglion cell d&erentiation is independent of normal activity 
From studies examining the developmental processes by which 
ganglion cells differentiate into their distinct cell types, it has 
become clear that the morphological development of ganglion 
cells is determined, in part, by postnatal intraretinal interactions 
with neighboring neurons (Perry and Linden, 1982; Leventhal 
et al., 1988) and by factors associated with the target (Vanselow 
et al., 1990). Little is known, however, about whether the dif- 
ferences in morphology seen for the varying ganglion cell types 
are a consequence. of the physiological state of their axons. In 
rat, the differentiation of ganglion cells into their adult soma 
sizes occurs at about the same time as the myelination of their 
axons (Perry and Walker, 1980; Skoff et al., 1980), suggesting 
that these events may be causally related. We have been able 
to test this by preventing myelination in the optic nerve, which 
presumably disrupts the development of the normal impulse 
conduction (Foster et al., 1982; Ransom et al., 1985) and sub- 
sequently evaluate ganglion cell development. Interestingly, we 
found that ganglion cells, the axons ofwhich were unmyelinated, 
continued to differentiate into the three distinct ganglion cell 
size classes present in the rat. This occurred during the same 
time course as for ganglion cells in the retina on the nonirra- 
diated side and suggests that ganglion cell differentiation is in- 
dependent of the physiological properties of its axon. 

Conclusion 
This investigation provides direct in vivo evidence that oligo- 
dendrocytes locally regulate the maturation of optic axons. 
Moreover, the growth and ensheathment of optic axons are 
events not confined to a specific developmental time period but 
can be substantially delayed and still yield axons of normal size 
and myelination. 
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