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Oligodendrocytes (OLs), the myelinating cells of the
central nervous system, have specialized morphologies
that subserve their function. Numerous qualitative stud-
ies suggest that OLs in different brain regions can differ
in their morphological characteristics, including number
of branches and internodes, internode length, etc.
However, progress in identifying and characterizing the
diverse types of OLs and their distribution in the brain
has been made difficult by several technical con-
straints. Here we report a new strategy to analyze OL
morphology with a high degree of quantitative power
and throughput. We used confocal microscopy and
three-dimensional cell tracing software to study OLs in
the frontal cortex of mice expressing enhanced green
fluorescent protein (eGFP) under the control of the pro-
teolipid protein (Plp) gene promoter. Three-dimensional
reconstructions were then used to analyze and quantify
cell morphology, including total process length, total
process surface area, total internode length, number of
primary processes, number of branch points, and num-
ber of internodes. In addition, these reconstructions
were subjected to Sholl analysis, which allows for the
quantitative measure of OL arbor complexity. By using
this approach, we identified and characterized a previ-
ously undescribed population of small OLs with a com-
pact but complex morphology that includes numerous
branching processes and a large number of short
internodes. Our data suggest that other populations of
OLs remain to be identified and characterized and that
the tools we have developed could help in the process
of characterizing them. VVC 2007 Wiley-Liss, Inc.
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Oligodendrocytes (OLs), the myelinating cells of
the central nervous system (CNS), have very specialized
morphology that subserves their biological function,
allowing the efficient transmission of electrical impulses
and support and maintenance of myelinated axons (Edgar
and Garbern, 2004). Though sharing many characteris-

tics, OLs are quite diverse, both at the biochemical and
at the morphological levels. For example, myelin com-
position differs between small- and large-diameter axons
(Sternberger et al., 1979; Hartman et al., 1982; Norton,
1984; Hildebrand et al., 1993), an observation that led
to the speculation that these biochemical variations could
underlie distinct classes of OLs (Norton, 1984). Like-
wise, OLs in different CNS regions can have signi-
ficantly distinct morphologies (Ogawa et al., 1985;
Friedman et al., 1989; Butt and Ransom, 1993; Bjartmar
et al., 1994; Butt et al., 1994; Weruaga-Prieto et al.,
1996; Kettenmann and Ransom, 2005). Thus, it is possi-
ble that OLs with different morphologies may have
specific influences on their associated neurons. These
observations also raise the possibility that alterations in
OL morphology could be implicated in neurological or
neuropsychiatric disorders (Sullivan and Pfefferbaum,
2003; Hajek et al., 2005; Cannistraro et al., 2006; Walter-
fang et al., 2006; Whiteside et al., 2006). However, iden-
tification and characterization of the different OL popula-
tions and their alterations in disease states has lagged for
technical reasons, such as the complexity of quantifying
the intricate morphological characteristics of OLs.

Here we show that mice expressing enhanced
green fluorescent protein (eGFP) under the control of
the proteolipid protein (Plp) promoter (Mallon et al.,
2002) can be used to study the morphology of large
numbers of OLs in the brain with great quantitative
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power. With the combination of confocal microscopy
and a computerized cell tracing system, we three-dimen-
sionally reconstructed OLs in the frontal cortex of adult
mice and thoroughly measured and analyzed morpholog-
ical parameters for which this was previously untenable,
including total process length, total process surface area,
total internode length, number of primary processes,
number of branch points, number of internodes, and
maximal branch order per cell. By using this technique,
we identified a previously unrecognized population of
OLs in the frontal cortex that is different from previ-
ously characterized OLs in having numerous highly
branched processes and large numbers of relatively short
myelin internodes. Our results suggest that specific pop-
ulations of OLs remain to be identified and that careful
analysis of their morphology may lead to the identifica-
tion of functional differences between OL populations.

MATERIALS AND METHODS

Plp-eGFP Transgenic Mice

Previously characterized mice expressing eGFP under
the control of the Plp gene promoter were used to identify
OL-lineage cells in the frontal cortex of adult mice (Mallon
et al., 2002). The Animal Care and Use Committee of Child-
ren’s Hospital Boston approved the use of these animals.

Tissue Collection and Confocal Imaging

Eight-week-old male mice were perfused intracardially
with 4% paraformaldehyde in 0.1 mM phosphate buffer. After
perfusions, tissue was dissected, and brains were postfixed in
4% paraformaldehyde overnight at 48C. Brains were trans-
ferred to phosphate-buffered saline (PBS) and stored at 48C
until vibratome sectioning. Coronal vibratome sections were
cut at 150 lm and mounted on Superfrost plus slides using
Gel-Mount. Tissue compression was avoided by building up
the slide around the edges with nail polish prior to placing the
coverslip over the tissue. Mature OLs were randomly selected
and identified morphologically by the presence of myelin
internodes. After OLs were selected, a laser scanning confocal
microscope was used to acquire z-stacks of whole tissue at op-
tical slices of 0.75 lm with a 363 objective (1.4 numerical
aperture).

Three-Dimensional Cell Tracing

Confocal z-stacks were used to trace 15 individual OLs
with the Neurolucida three-dimensional cell tracing system
(MBF Biosciences, Williston, VT). The optical slice at the
center of the soma was used to trace the circumference of the
soma in two dimensions. Next, each primary process was
traced as an individual dendritic arbor (Neurolucida requires
the labeling of each process as either an axon or dendrite)
until the entire branched process with myelin internodes was
traced. Myelin internodes were identified based on the pres-
ence of nodes of Ranvier, followed by another internode at
their ends. Some internodes were associated with visible nodes

of Ranvier only at one extreme. These were infrequent and
most probably represent internodes closest to the cell body or
the axonal terminal. Incomplete cells were excluded from
analysis if, during tracing, a process was observed to extend
beyond the volume of the z-stack in any axis (x, y, z). Analy-
sis of tracings, including Sholl analysis, was performed in Neu-
roexplorer software (MBF Biosciences, Williston, VT).

RESULTS

Identification and Tracing of OLs in
the Frontal Cortex

Randomly chosen eGFP-expressing cells in the
frontal cortex were selected for in-depth analysis based
on their morphological characteristics, for example, the
presence of at least one process forming a myelin inter-
node. Examination of these cells under confocal fluores-
cence microscopy resulted in some surprising qualitative
observations. First, the eGFPþ cells in this region had
multiple branched processes extending from their soma,
each having numerous myelin internodes (Fig. 1). The
branching pattern of OLs we analyzed appeared to be
more complex than the patterns described in previous
studies (Ogawa et al., 1985; Butt et al., 1994; Weruaga-
Prieto et al., 1996). Second, myelin internodes appeared
much shorter than expected based on previous reports
on optic nerve (Butt et al., 1994).

After OLs were identified and confocal z-stacks
acquired, cells were traced in the Neurolucida software
(Fig. 2). Because Neurolucida is designed for tracing
neuronal morphology, we had to make several adapta-
tions for OL analysis. For example, each OL primary
process was treated as an individual dendritic arbor, or
tree, in order to acquire all necessary measurements.
Neurons do not posses myelin internodes, so internodes
were traced as extensions of cellular processes, and meas-
urements specific to internodes were gathered post hoc.
As shown in Figure 2, the three-dimensional cell tracing

Fig. 1. Oligodendrocytes in the frontal cortex possess many branch-
ing processes and maintain numerous short internodes. A portion of a
representative oligodendrocyte is shown here as a maximum projec-
tion with a single processes containing at least three branch points
(asterisks). A short internode measuring approximately 45 lm in
length is also shown (arrows). Scale bar ¼ 10 lm.

Oligodendrocyte Morphology in the Adult Cortex 2081

Journal of Neuroscience Research DOI 10.1002/jnr



Fig. 2. The Neurolucida three-dimensional cell tracing system gener-
ates a detailed representation of oligodendrocytes in vivo. A: Maximum
projection image of the entire z-stack acquired via confocal microscopy
depicts the dense network of eGFPþ OL processes in slices of frontal
cortex. B: Maximum projection of a portion of the z-stack shown in

A demonstrates the level of detail that can be observed during cell trac-
ing. C: Two-dimensional representation of a three-dimensional tracing
of a cell shown in A and B illustrates the complexity of oligodendro-
cyte morphology in vivo; each color represents an individual primary
process and subsequent branches and internodes. Scale bar ¼ 20 lm.

Fig. 3. Two-dimensional representations of three-dimensional tracings for the 15 cells analyzed in
this study illustrate the similarity of cells within this population. All cells appear to be compact,
with many branching processes, and maintain numerous internodes. As expected, internodes do
not appear to be oriented in parallel arrays as they would be in major white matter tracts. Scale
bar ¼ 20 lm.
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system generates a clear and detailed representation of
the cell in vivo despite the large amount of fluorescence
present in the volume of tissue acquired in the z-stack.

Morphometric Analysis of OLs in
the Frontal Cortex

The population of traced cells appeared grossly ho-
mogeneous at the qualitative level (Fig. 3), and quantita-
tive analysis showed a low degree of variability in all
morphological parameters (Fig. 4). For example, the
mean process circumference (total process surface area
including internodes/total process length including inter-
node length) was quite constant at 3.11 6 0.06 lm. As
expected from the qualitative observations, internode
lengths were quite similar within each cell and between
cells, and they were normally distributed (Fig. 4). Simi-
larly, the number of internodes, primary processes, and
branch points per cell did not vary significantly between
the cells (Fig. 4A), and the maximal branch order, or
number of branch points on the single most complex
cell process, for this population of OLs was 5.47 6 0.26.
Together, these data suggest that this is a highly homo-
geneous population of OLs with distinct morphological
characteristics.

Sholl Analysis of OLs

Sholl analysis is a method for quantitative study of
radial distribution of arborization patterns around the

cell’s perikaryon and has been used primarily for analysis
of dendritic morphology and complexity. Here we used
this method to analyze OL morphology. Traced cells
were analyzed by centering nested spheres around the
cell body with each sphere spaced 10 lm apart. To mea-
sure the extent to which processes grow out from the
cell body, we identified the outermost sphere that each
cell intersected and determined that the mean maximal
shell radius for cells in this population was 68.0 6 2.0
lm. To define further the morphological characteristics
of these cells, we used Sholl analysis to determine the
distribution of cell processes, branch points, and myelin
internodes around the cell body. Approximately 80% of
branch points were located between 10 and 40 lm away
from the cell (Fig. 5A). Similarly, about 80% of inter-
node endings were located between 10 and 50 lm away
from the cell (Fig. 5B), and 80% of total process length,
regardless of branch order, was located between 10 and
40 lm away from the cell (Fig. 5C). Together these
data indicate that cells in this population of OLs are
small, compact cells that do not myelinate axons far
from their cell bodies.

DISCUSSION

Developing tools to quantify OL morphology is an
important step toward understanding the processes of OL
development, myelination, and remyelination after injury.

Fig. 4. The population of oligodendrocytes analyzed is highly ho-
mogenous. A: Morphometric profile of oligodendrocytes analyzed in
this study demonstrates the similarity of measurements within the
population (N ¼ 15). Each measure analyzed also had a normal dis-
tribution, suggesting that the group of cells is an individual popula-
tion and not a portion of a larger population (Kolmogorov-Smirnov

test for normality, P � 0.38, N ¼ 15). B: Frequency histogram of
internode lengths for the entire population of cells demonstrates the
normality of internode length distribution (N ¼ 500). C: Scatter dia-
gram of internode lengths per cell illustrates the similarity of inter-
node length distribution between cells.
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Here we define a method by which OL three-dimensional
morphology can be analyzed and quantified in vivo in
great detail and with high throughput. We have done this
with transgenic mice in which all OLs express eGFP under
control of the Plp promoter. In contrast, most previous
studies of OL morphology have used one of three
approaches: modified Golgi or dicyanoargentate stain
(Râio-Hortega, 1928; Ogawa et al., 1985), electron mi-
croscopy (Remahl and Hildebrand, 1990; Berger and
Frotscher, 1994; Bjartmar et al., 1994), or labeling individ-
ual cells using cellular injections or viral infection (Ransom
et al., 1991; Butt et al., 1994; Weruaga-Prieto et al., 1996;
McIver et al., 2005). Although these methods have been
useful, they have significant drawbacks. The modified
Golgi stain is a stochastic method that labels some but not
all OLs and can often result in incomplete staining of cellu-
lar processes and little or no staining of the myelin sheath.
Furthermore, this staining technique also labels other glial
cells, making the identification of cells more difficult.
Although EM can give the highest resolution imaging,
three-dimensional reconstruction of cells as complex as
OLs is a very labor-intensive approach not conducive to
the high throughput necessary for analysis of cell popula-
tions. Cellular injections of dyes and viral infections carry
the risk of altering cell morphology. Thus, eGFP-express-
ing mice provide an effective tool for studying OL mor-
phology. These mice can be subjected to treatments that
affect OLs or be crossed with genetically modified mice to
study OL morphology under different conditions.

Most prior studies of OL morphology have been lim-
ited to two-dimensional analysis (using camera lucida).
Here we show that a cell tracing system originally designed
to quantify neuronal morphology can be use to study OL
morphology in great detail. This cell tracing system requires
only that the processes and internodes of the cell being
traced be easily identified after confocal imaging. Therefore,
any method by which individual OLs are visualized, dye
filling of cells, RIP monoclonal antibody staining, or infec-
tion by virus, is compatible with the cell tracing system, and
future studies using these methods are likely to affect our
understanding of OL function in the CNS.

The original classification of OL morphology, using
a modified Golgi method (Penfield, 1932; Râio-Hortega,
1928), subdivided OLs into four types: type I OLs had
small cell bodies and five to 10 processes; type II cells had
larger cell bodies and three to five processes; type III and
IV OLs had large cell bodies, were associated with large-
diameter axons, and had only one or two primary proc-
esses. More recent studies using a variety of techniques for

Fig. 5. Sholl analysis of oligodendrocytes in the frontal cortex indi-
cates that cells in this population are highly compact. That distances
from the cell body for branch points (A), internode endings (B), and
process length (C) occur independently of the previous shell indicates
that the vast majority of the network of processes and internodes is
found very close to the soma and that oligodendrocytes in this popu-
lation do not myelinate targets far from the cell body. Error bars rep-
resent SEM.
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visualizing OLs have described a broader range of possible
OL morphologies that did not strictly adhere to the origi-
nal classification system (Ogawa et al., 1985; Butt and
Ransom, 1989, 1993; Friedman et al., 1989; Remahl and
Hildebrand, 1990; Jhaveri et al., 1992; Bjartmar et al.,
1994; Butt et al., 1994; Weruaga-Prieto et al., 1996), sug-
gesting that more than the original four types of OLs might
exist. By using new methods, we have now identified a
population of OLs in the adult frontal cortex with unique
morphological characteristics. The OL population we
characterized appears remarkably homogeneous in all mor-
phological parameters, much more so than reported in
previous studies (Râio-Hortega, 1928; Ogawa et al., 1985;
Berger and Frotscher, 1994; Butt et al., 1994). These cells
are also different from previously described OLs in several
ways. For example, the OLs described herein are at the
upper end of the distribution of the number of primary
processes and internodes found in previously characterized
OLs (Butt et al., 1994; Weruaga-Prieto et al., 1996). Fur-
thermore, the average internode length of the OLs
described herein is considerably less than that in previous
reports, in which internode length ranged from approxi-
mately 30 lm to 1 mm. Furthermore, many of the intern-
odes in this OL population were smaller than 20 lm. It is
interesting that OLs that have long internodes appear to
have fewer of them. Thus, our findings suggest that there
may be a trend toward an inverse relationship between the
number of processes and the number of internodes, as well
as support previous speculation on a similar inverse rela-
tionship between the number of internodes per cell and
the average internode length (Butt et al., 1994). Although
the cells described in this study were selected randomly,
some cells in the frontal cortex were excluded from analy-
sis because part of the arbors extended beyond the volume
contained in the z-stack. It is possible that populations of
OLs with other morphological characteristics exist within
the adult frontal cortex. Nevertheless, the fact that all mor-
phological parameters of the OLs that we have analyzed
have normal distribution indicates that this is truly an indi-
vidual and particular population. It is likely that differences
in OL morphology result from differences in the neurons
that they myelinate. Whether differences in the morpho-
logical characteristics of these neurons, for example, axonal
diameter, or differences in their molecular make-up are re-
sponsible for the variations in OL morphology remains to
be determined. Further analysis of OL morphology in dif-
ferent brain regions as well as comparisons of OL mor-
phology in mouse mutants with defects in molecules that
are expressed by neurons and are known to regulate OLs
should provide insights into these questions.

In summary, we developed a high-throughput tech-
nique that allows for the analysis of OL morphology to a
degree that was previously unattainable. Using this
method, we have identified and characterized a unique
population of small and compact OLs in the frontal cortex
of adult mice that have an unusually high number of proc-
esses and many short internodes. With the tools described
herein, it becomes possible to study how OL morphology
is altered under different conditions, e.g., mutations in spe-

cific signaling pathways, exposure to drugs or injury, or
experience. Furthermore, this method should facilitate
studies investigating how OL morphology impacts the
function of associated neurons and how morphology influ-
ences OL function during development and disease.
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