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Visualization of Nonstructural Changes in Early White
Matter Development on Diffusion-Weighted

MR Images: Evidence Supporting
Premyelination Anisotropy

Daniela Prayer, A. James Barkovich, Daniel A. Kirschner, Lukas M. Prayer, Timothy P.L. Roberts,
John Kucharczyk, and Michael E. Moseley

BACKGROUND AND PURPOSE: Previously, we showed that diffusion-weighted MR im-
aging depicts evidence of directionally preferential water motion in white matter structures of
developing rat brain before and after myelination, and considerably earlier than conventional
imaging strategies. Present data augment these imaging and corresponding histologic findings
with electron-microscopic corroboration. We additionally report the findings of a 10-day-old
rat pup tested functionally by administration of the sodium-channel blocker, tetrodotoxin.

METHODS: In two rat pups, drawn from the population reported previously, MR estimates
of diffusion anisotropy of the optic nerves and chiasm were compared with histologic and
electron microscopy results. To test the hypothesis that ‘‘premyelination’’ directional preference
of water motion in white matter structures relates to sodium-channel activity, MR imaging was
performed in a 10-day-old rat pup treated with the sodium-channel blocker, tetrodotoxin, and
findings were compared with data from an age-matched control.

RESULTS: Although diffusion anisotropy was present in optic structures of the youngest
animal, myelin-sensitive histologic staining did not show myelin before 12 days; electron mi-
croscopy confirmed lack of any myelin or its precursors during the earliest maturational stage.
Administration of tetrodotoxin to the 10-day-old rat-pup led to loss of diffusion anisotropy.

CONCLUSION: Our findings provide two pieces of supporting data for the hypothesis that
nonstructural changes are responsible for early anisotropic diffusion: electron microscopy
shows no evidence of myelin despite diffusion anisotropy, and inhibiting the sodium-channel
pump appears to remove the directional preference of water motion. Visualization of nonstruc-
tural ‘‘premyelination’’ consequences with diffusion-weighted imaging emphasizes its sensitivity
and potential in studying early processes of brain development.

The rate and direction of diffusion of water protons
in a tissue matrix reflect both osmotic forces and
molecular barriers or other hindrances encountered
during an experimental observation time. This re-
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lationship is approximated by the apparent diffu-
sion coefficient (ADC)-modified Einstein equation
that defines the components of the ADC along any
direction as L2 5 2(ADC)T, where L is the distance
traveled in a certain direction and T is the obser-
vation time. Diffusion of water protons causes spin
dephasing in an appropriate MR imaging experi-
ment (1). Such diffusion can be exploited in im-
aging studies, as the resultant spin dephasing leads
to signal loss proportionate to the amount of dif-
fusion. If the components of the ADC in different
directions are unequal (ie, there is a ‘‘preferred’’
direction of water motion), diffusion is termed ‘‘an-
isotropic.’’ Of particular relevance in white matter
tracts, diffusion parallel to the axons is relatively
‘‘free’’ (a high ADC value), whereas perpendicular
components of the ADC are lower.

The degree of diffusion anisotropy relates to the
development of myelination (2). Although it was
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FIG 1. Maturation score defined according to anisotropic diffu-
sion-weighted imaging and histologic sections, respectively, as a
function of rat pup postnatal age. Anisotropy of diffusion pre-
cedes, by about 1 week, histologic evidence of myelin in the optic
nerves, internal capsules, and corpus callosum.

postulated initially that the myelin sheaths are sole-
ly responsible for the hindrance of proton diffusion
across the axon (3), it recently has been shown that
diffusion anisotropy can be seen even in white mat-
ter tracts that appear unmyelinated on light mi-
croscopy (4). Our previous work suggested that
‘‘premyelination’’ processes, such as activity of the
sodium channel, might be responsible for the ob-
served anisotropic water diffusion in the white mat-
ter of the developing rat brain, despite the absence
of MR imaging or histologic evidence of myelin
itself.

The present communication reports two pieces
of data, relating to our previous studies of aniso-
tropic diffusion in the developing rat pup, which
support the nonstructural explanation of diffusion
anisotropy in early stages of white matter devel-
opment and point explicitly to the role of sodium-
channel activity in directionally preferential water
motion.

Methods

MR Imaging

The MR imaging studies were performed on a GE-Omega
CSI scanner (General Electric, Milwaukee, WI), operating at
4.7 T, as described (4). In brief, diffusion-weighted (TR/TE
2000/80 ms, b value ;1300 s/mm2) spin-echo images were
acquired (5). Two sets of images were obtained with diffusion
sensitizing gradients applied in orthogonal directions. The z
gradient was approximately parallel to the orientation of the
optic nerves and tracts; the y direction was perpendicular to
them. Diffusion anisotropy was assessed on a voxel-by-voxel
basis by constructing a ratio of intensities from images with
equal b values but orthogonal-direction sensitivities. The ratio
of intensity from each voxel was used to construct ratio images
that are spatial maps (‘‘diffusion anisotropy maps’’) represent-
ing the relative amount of diffusion anisotropy in each loca-
tion. This approach detects important manifestations of aniso-
tropic diffusion without the requirement for a more thorough,
full-matrix, tensor approach. This approach, commonly re-
ferred to as diffusion tensor imaging (DTI), has a substantial
time penalty, prohibiting application in our experimental mod-
el with neonatal rat pups. We speculate that a full DTI ap-
proach, had it been applied, would have been no less and likely
even more sensitive to anisotropy itself and thus would have
revealed evidence of anisotropy at an even earlier develop-
mental stage.

Evaluation

Anisotropy ratio images (anisotropy ‘‘maps’’) and histologic
sections were evaluated for signal intensity, degree of staining,
and proof of myelinated axons (6). Data from the other rat
pups in the cohort (4) were reevaluated according to the same
criteria.

Criteria for white matter maturation were signal increase on
calculated anisotropy maps, increasing diameter of the optic
nerve, or both. We adopted a four-stage classification of the
maturation process: maturation was considered to start at the
very time point of the first signal changes (first grade of mat-
uration); progress in maturation was defined by increasing
brightness on diffusion anisotropy maps or an increasing di-
ameter of the optic nerve (second grade). The presence of both
increased hyperintensity on anisotropy maps and increased di-
ameter characterized the third grade of maturation. When all
signal characteristics remained completely unchanged on all

further MR examinations, the maturation process was consid-
ered complete (fourth grade of maturation). For assessment of
histologic maturation, the intensity of staining and diameter of
the optic nerve were used as grading criteria.

Electron Microscopy

In two rat pups (7 days and 21 days old) from the previously
reported cohort (4), the optic nerves were fixed for electron
microscopy in 1.5% glutaraldehyde in 0.08 mol/L phosphate
buffer (Sorenson’s buffer) at pH 7.2 for 2 hours at room tem-
perature. After two 10-minute washes in buffer, the nerves
were post-fixed for 1 hour in 1% osmium tetroxide, dehydrated
in an alcohol series to propylene oxide, infiltrated overnight
with 50:50 propylene oxide:Epon, and embedded in pure Epon
resin at 708C under vacuum. Thick sections (2 mm) were cut
using a Reichert-Jung 2050 ultramicrotome and stained with
1% toluidine blue dissolved in 1% sodium borate and 70%
ethanol. Thin sections (60–90 nm) were cut using an LKB
8800 ultratome 111 with a diamond knife and stained with 5%
uranyl acetate in 50% ethanol for 5 minutes and Reynolds’s
lead citrate for 2 minutes. The sections were examined in a
JEOL 1200EX electron microscope operating at 120 kV.

Functional Testing

Specifically to investigate the influence of sodium-channel
activity on early diffusion anisotropy, the sodium-channel
blocker tetrodotoxin (TTX) (7, 8) was given intraperitoneally
at a dose of 0.1 mg/10 g to a 10-day-old rat pup. This treated
rat pup and an untreated sibling (age-, weight-, and sex-
matched) were then imaged and diffusion anisotropy maps
were constructed.

Results
Reevaluating the anisotropic diffusion maps and

histologic sections in terms of white matter matu-
rational stage (Fig 1) confirmed our previous find-
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FIG 2. Electron-microscopy preparation of the optic nerve of a 7-day-old rat pup (A) shows no evidence of myelin sheaths or significant
structural changes within the oligodendrocytes. Oligodendroglial cells have large nuclei (black arrow). Electron-microscopy preparation
of the optic nerve of a 21-day-old rat pup (B) shows myelin sheaths (black arrows) surrounding multiple axons.

FIG 3. Coronal diffusion anisotropy maps of 10-day-old rat pups, showing the effect of tetrodotoxin (TTX). The untreated animal (left)
shows high signal intensity in the slightly myelinated optic structures (white arrows), and the unmyelinated internal capsules (white
arrowheads) show diffusion anisotropy. In the TTX-treated animal (right), diffusion anisotropy is no longer visible in the unmyelinated
internal capsule. However, anisotropy (hyperintensity) still is present in the partially myelinated optic nerves, presumably because the
hydrophobic myelin sheath already constitutes a physical barrier to water diffusion. This suggests that the anisotropy present before
myelin results from a physiological phenomenon, such as sodium diffusion, that is paralyzed by the TTX. Note that the intensity of the
entire TTX-treated brain appears different from that of the untreated animal. This intensity change is attributed to TTX-induced global
cytotoxic edema, restricting water motion in gray matter as well as white matter.

ings (4) that anisotropy of diffusion precedes his-
tologic evidence of myelin in the optic nerves,
internal capsules, and corpus callosum.

Electron Microscopy Results

The optic nerve of the 7-day-old animal showed
no myelinated fibers, only oligodendroglial cells
with prominent nuclei surrounded by thin rims of
cytoplasm. Axons were poorly differentiated from
the surrounding tissue (Fig 2A). The optic nerve of
the 21-day-old showed numerous myelinated ax-
ons, with the smaller caliber axons having thinner
sheaths and the larger axons having thicker myelin
sheaths (Fig 2B).

Functional Results
Diffusion anisotropy was shown in the optic

nerves and tracts, but not in the internal capsule,
of the TTX-treated rat (Fig 3). In contrast, anisot-
ropy was shown in both the optic structures and the
internal capsules of the control pup, which was not
treated with TTX (Fig 3).

Discussion
When diffusion-weighted MR imaging first

showed anisotropic diffusion in white matter, it was
believed to result entirely from myelination (1).
However, an investigation comparing the onset and
progression of diffusion anisotropy of several white
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matter tracts with the evolution of myelination, as
assessed by light microscopy of rat pup brains
stained for myelin, revealed that the onset of dif-
fusion anisotropy preceded detection of myelin
stain by 5 to 12 days (4). In the present study, the
onset of diffusion anisotropy before myelination
was confirmed by electron microscopy; no evi-
dence of myelination was found on electron mi-
croscopy sections of the optic nerves of the 7-day-
old rat pup, although diffusion anisotropy had been
shown by MR imaging in rat pups as young as 5
days old. The axons in animals of this age are in
the so-called ‘‘premyelinating’’ state (9, 10).

At present, we can only speculate about the na-
ture of premyelination events within the axon that
cause anisotropic water diffusion. However, the mi-
crobiological changes that precede cerebral myeli-
nation have been the object of several detailed
investigations (9, 11–13). The structural and func-
tional alterations of axons and oligodendrocytes
that may contribute to diffusion anisotropy include
increase of the axonal diameter, increase in the con-
centration of microtubule-associated proteins and
microperoxisomes, membrane additions to the axo-
lemma, increasing density of sodium channels, and
onset of activity of Na1/K1-ATPase; these have
been discussed previously (4). It also has been
shown, by means of ion-sensitive microelectrodes
(14) and iontophoresis (15), that brain tissue be-
haves like an anisotropic, porous medium in which
the extracellular domain is a channel for diffusion
of different molecules and ions. A theoretical mod-
el for water diffusion in tissues has emphasized the
role of extracellular volume fraction and intracel-
lular diffusion in altering the ADC (16). These re-
sults and concepts form the basis for the following
discussion.

In our experiments, electron microscopy of the
7-day-old animal revealed no structural changes of
the axons or oligodendrocytes that are known to
characterize premyelination (4, 9–11, 17–23).
These findings support the hypothesis that aniso-
tropic diffusion at this stage is mainly due to func-
tional changes (4).

The fractional volume and tortuosity of the ex-
tracellular space (both of which reflect the presence
of microparticles and membranes known to hinder
diffusion) have been shown to remain constant in
the white matter of rat pups younger than 10 to 11
days (24). Dramatic reduction of the fractional vol-
ume occurs between postnatal days 10 and 21 (24).
These observations indicate a lack of accumulation
of structures in the extracellular space during the
first postnatal week; thus, ‘‘myelination gliosis’’ (4,
17) and other extracellular structural changes are
unlikely related to the generation of early diffusion
anisotropy.

Premyelination changes of the axon include an
increase in the density of sodium channels in re-
gions of astrocytic contact with the axon immedi-
ately before myelin ensheathment (11). Premyeli-
nated axons of the optic nerve possess a density of

sodium channels of 2/mm2, sufficient to support the
genesis of electrical action potentials, probably due
to the high-input resistance (13). It has been shown
that axonal electrical activity at this stage of de-
velopment controls the production or release of the
growth factors responsible for the proliferation of
oligodendrocyte precursor cells (25, 26). The same
mechanism has been implicated in the process of
axonal recovery in demyelinating diseases (27). As
a result of this observation, and the fact that sodium
channels increase by a factor of 4 in lesions of mul-
tiple sclerosis (28), some have suggested that re-
myelination might recapitulate the principal events
of developmental myelinogenesis (27). These sug-
gestions are emphasized by the fact that oligoden-
drocyte progenitors are present in the lesions of
multiple sclerosis in adults (29).

Factors that determine the rate of movement of
water molecules across a barrier include transbar-
rier concentration differences, the thickness of the
barrier, barrier permeability, and resistance to water
diffusion across the barrier. Moreover, electrochem-
ical differences across the barrier, caused by the
presence of ions such as Na1, K1, and Cl-, may
induce passive transbarrier water movement. In
myelinated axons, the Na1/K1-ATPase pump and
the Na1-H1 antiporter mechanisms keep the intra-
cellular compartments 60–90 mV negative relative
to the extracellular fluid (30). The parallel devel-
opment of intraaxonal macromolecules (20–22)
and functional ionic channels derives from the need
of the axon to maintain its volume. The osmotic
pressure of intracellular, impermeable anions at-
tracts positively charged cations, mainly sodium,
which must be balanced and compensated by active
sodium extrusion by the Na1/K1 pump (31). As
bulk water moves together with sodium, this mech-
anism favors the movement of water molecules
from intraaxonal to extraaxonal compartments and
thus will render the diffusion into or through (but
not along) the axon more difficult (4).

It has been shown that TTX-sensitive sodium
channels are responsible for the generation of ac-
tion potentials in myelinated and unmyelinated ax-
ons (26, 29). To test whether sodium-channel ac-
tivity contributes to early diffusion anisotropy,
TTX was given to a 10-day-old rat pup for selec-
tive blockade of the sodium channels (7, 8). Be-
cause the optic nerve, but not the axons of the in-
ternal capsule, are myelinated at 10 days (9), we
expected measurable anisotropy in the optic nerve
but none in the internal capsule after TTX admin-
istration. Diffusion anisotropy was indeed shown in
the optic nerve and tracts, but not in the internal
capsule of the treated rat (Fig 3). In comparison,
anisotropy was evident in both the optic structures
and the internal capsules of the untreated rat. The
absence of capsular anisotropy in the treated rat,
combined with the presence of anisotropy in the
untreated rat, supports our hypothesis that ionic
channel activity in the premyelination state contrib-
utes to diffusion anisotropy. Support also is added
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by the observation that reductions in the mean
ADC are measured in the optic radiations after pho-
tic stimulation; ie, increased activity within the
axon reduces diffusion (32, 33).

Sodium-channel blockade by antibodies recently
has been shown as the probable mechanism for ax-
onal dysfunction in demyelinating disorders such
as Guillain-Barré syndrome and multiple sclerosis
(27, 34), raising the index of suspicion that sodium
channels may be targets of immune attack in some
neurologic disorders (34). It also has been shown
that remyelination is not essential for remission in
demyelinating diseases such as multiple sclerosis
(28, 34, 35). Restoration of axonal function has
been ascribed to a normal Na1/K1 conductance ra-
tio (27).

Conclusion

Our findings suggest that diffusion anisotropy
during ‘‘premyelinating’’ states does not have a
morphologic correlate either in light microscopy or
in electron microscopy. In addition, evidence
strongly suggests that ionic fluxes secondary to ac-
tion potentials result in directional water diffusion
in the absence of myelination. The ability of dif-
fusion-weighted imaging to depict changes gener-
ated by these action potentials might be helpful in
the early detection of both myelination disorders
and axonal recovery and potential remyelination in
patients with demyelinating disorders, before the
presence of structural changes.
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