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Do Short-Term Changes in White Matter Structure Indicate
Learning-Induced Myelin Plasticity?
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Review of Hofstetter et al.

Learning and memory formation are
largely thought to result from structural
and molecular plasticity in neurons.
However, white matter, which is com-
posed of bundles of axons, all major types
of glia, and blood vessels, is rarely thought
to play a principal role in learning pro-
cesses. Depending on the developmental
stage, axon diameter, and specific tract,
axons within white matter may be myelin-
ated to different degrees or not at all. My-
elin is a fundamental component in many
mature neuronal circuits and alters con-
nectivity between different brain regions
through modulation of action potential
conduction velocity (Fields, 2008). There
is growing interest in understanding if
and how changes in myelination occur
during learning and whether or not my-
elin plasticity is an active player in these
processes (Zatorre et al., 2012).

Diffusion tensor imaging (DTI) is a
powerful magnetic resonance imaging
technique that noninvasively measures
the preferential diffusion of protons of
water molecules in tissue (Beaulieu, 2002;
Mori and Zhang, 2006). Because of the
highly ordered orientation of fibers in
white matter regions, water primarily dif-
fuses parallel to axonal bundles, enabling

DTI to provide details about the regional
microstructure and how this diffusion
changes during development, learning,
and disease. DTI data are primarily re-
ported as mean diffusivity (MD), a value
representing water diffusion in multiple
directions; fractional anisotropy (FA), a
fraction representing diffusion restricted
to a single direction; and radial diffusivity
(RD), diffusion perpendicular to barriers
such as cell membranes. Using these types
of measurements, multiple reports have
demonstrated long-term changes (from
weeks to years) in the volume of the
extracellular space (MD) and the linear
diffusion of water (FA) during human de-
velopment (Lebel et al., 2008) and in con-
junction with behaviors such as practicing
piano and learning to juggle (for review,
see Zatorre et al., 2012). What cellular
phenomena these changes in water diffu-
sivity represent is not entirely clear, and
how quickly these changes can occur in
white matter had not been investigated in
detail.

A recent study by Hofstetter et al.
(2013) used DTI to investigate whether
learning-induced structural changes in
white matter regions can be detected in a
timeframe of hours in humans and rats.
Detection of such changes could represent
a form of underappreciated short-term
white matter plasticity that may contrib-
ute to cellular mechanisms underlying
learning and memory. In the human
study, 70 young adults were split into
three experimental groups all receiving
MRI scans with DTI acquisition before

and after a 2 h testing period. Between the
scans, the learning group (LG) was re-
quired to navigate and learn a specific
racetrack within a computer driving sim-
ulation game. LG participants’ goals were
to learn the track and improve individual
lap times over the training session. The
first control group, termed the active con-
trol (AC), played the same game for the
same amount of time but the track for
each lap was different so spatial and
navigational learning did not occur. The
second control group, termed passive
control (PC), simply received two DTI
scans at an interval of 2 h. The authors of
the study compared the MD and FA
changes that occurred between the two
scans specifically in the fornix, a white
matter tract that connects the hippocam-
pus to the medial diencephalon and is
thought to transmit memory related
information.

The authors found that, unlike in the
two control groups, there were significant
changes in the MD values in the LG par-
ticipants, indicating that water diffusion
within the fornix was more spatially re-
stricted after only 2 h of learning in the
driving task. In addition, they found a
correlation between changes in MD in the
hippocampal gray matter and MD in the
fornix, suggesting a relationship between
short-term structural plasticity in gray
and white matter. Finally, Hofstetter et al.
(2013) demonstrated a correlation be-
tween behavioral performance (measured
by improvement in lap times and ability to
identify specific parts of the tracks) and
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the differences in the DTI parameters FA
or MD. Importantly, these results suggest
that the restriction of water diffusion to a
more singular direction within individual
voxels is connected to behavioral perfor-
mance and could possibly represent a cel-
lular change that facilitates enhanced
behavior.

To complement the human findings,
the authors performed a similar experi-
ment with rats, measuring the same DTI
parameters in the fornix 1 d after training
in a water maze task. Similar to the human
findings, the authors reported that MD
values were changed in LG but not control
groups. Furthermore, they found a corre-
lation between changes in MD in the hip-
pocampal gray matter and MD and radial
diffusivity in the fornix. Finally, they dem-
onstrated a correlation between improve-
ment in water maze performance and
changes in RD, once again suggesting that
the magnitude of change in certain DTI
indices positively relates in some way to
behavioral performance.

While these data provide convincing
evidence that learning induces structural
changes in both human and rat white
matter over short time periods, they raise
several important questions. First and
foremost: which cellular mechanisms
contribute to changes that are detected
with DTI specifically in this context? As
mentioned above, white matter is com-
posed of both myelinated and unmyeli-
nated axons, blood vessels, and all major
types of glia. While Hofstetter et al. (2013)
were careful and correct not to conclude
that the changes they observe are myelin-
specific, a likely first interpretation is that
the changes result from activity-depen-
dent changes to myelination, particularly
because DTI in white matter is generally
considered a measure of myelination.
Even in white matter, however, several
other cellular phenomena may contribute
to the changes observed with DTI and
other similar MRI modalities. One way to
infer which of these phenomena result in
changes to DTI indices in the experiments
described here is to consider the temporal
window in which various cellular events
have been reported to occur after changes
in neuronal activity and learning.

Long-term learning- or behavior-induced
structural changes have been reported previ-
ously in human white matter with DTI, and
specifically for myelin with histological tech-
niques inrodents(forreview,seeZatorreetal.,
2012). Furthermore, it is well established that
neuronal activity can influence myelin forma-
tion in cell culture systems. However, all
invitrostudiesdemonstratingeffectsofneuro-

nal activity on oligodendrocyte differentiation
and mature myelin sheath formation have
shown such events to occur over days to
weeks, not minutes to hours (Demerens et al.,
1996; Stevens et al., 1998). This distinction is
criticalasthechangesobservedbyHofstetteret
al. (2013) in the human study occurred over
2 h. It was recently reported that neuronal ac-
tivity could induce local translation of myelin
basicprotein invitro inatimeframeofminutes
tohours(Wakeetal.,2011).Whilethisfinding
is striking and is the closest demonstration of
activity-induced myelin-related changes oc-
curring over very short time periods, produc-
tionofmyelinbasicproteindoesnotdesignate
assembly of a mature myelin sheath. Further-
more, localized protein translation over 1 or
2 h does not seem likely to change water diffu-
sivity enough to be detected using millimeter
resolution DTI. Therefore, it seems unlikely
that alterations in myelin sheath assembly or
changes in the differentiation of oligodendro-
cyte progenitor cells would significantly con-
tribute to the altered DTI signals over such
short time frames. This is not to say that neu-
ronal activity does not influence myelin pro-
duction or that DTI cannot detect changes in
myelination in vivo (Beaulieu, 2002; Mori and
Zhang, 2006; Jones et al., 2013), but that these
events likely take longer to occur.

In addition to changes in the number
of myelinated axons or myelin thickness,
other cellular mechanisms account for
longer-term structural plasticity. In-
creases in axon diameter and even sprout-
ing can occur in response to neuronal
activity, all of which could be reflected by
changes in DTI measures. Importantly
however, these changes have only been
detected over weeks to months, so
changes in axon structure or organization
are unlikely to be responsible for the rela-
tively quick changes in diffusion mea-
sured by Hofstetter et al. (2013).

Studies investigating temporary struc-
tural changes report that on a time scale of
seconds, neuronal activity results in tran-
sient alterations in axon volume (Tasaki,
1999), local blood vessel diameter, and re-
gional blood flow (Iadecola and Neder-
gaard, 2007), all of which could modify
MD and FA values by shrinking extracel-
lular volume and restricting water diffu-
sion. Because these changes occur over
short time frames, however, they would
not likely be maintained over the tempo-
ral window analyzed in the study by Hof-
stetter et al. (2013). On a time scale of
minutes to hours, neuronal activity can
result in the extracellular accumulation of
K� in white matter tracts, and this can
cause sustained swelling of both astrocytes
and oligodendrocytes (Syková and Nich-

olson, 2008). Increases in cell volume
could result in a decrease in extracellular
space and a corresponding decrease in the
MD. Whether or not these changes would
result in increases in FA indices is not
clear, because, given the highly ramified
morphology of astrocytes, increased vol-
ume would not necessarily restrict water
diffusion to a single direction. Oligoden-
drocyte swelling, however, might result in
linear compression of the extracellular
space, because oligodendrocyte processes
are aligned with the axonal tracts. Direct
evidence for sustained cell swelling influ-
encing DTI parameters is not available;
however, the temporal dynamics resem-
ble those reported by Hofstetter et al.
(2013) in the human study. Therefore,
given the current available data present in
the literature, one might propose that the
short-term structural changes observed
by Hofstetter et al. (2013) could result
from increases in glial cell volume and not
changes in oligodendrocyte differentiation or
myelin production. Further study is necessary
to tease apart these possibilities.

Independent of the cellular mechanisms,
other important questions come from the
study by Hofstetter et al. (2013). Are the struc-
tural changes that occur after 2 h of training
sustained for days to weeks and do they corre-
late with the continued performance of the
learned behavior? Are these rapid changes
confined to young adults or can they occur in
elderly individuals? Do specific tasks cause
short-term changes in particular white matter
tracts and if so can these be used to elucidate
important behaviorally relevant connections
between brain regions?

In summary, care must be taken when
interpreting changes in white matter
structure measured with DTI and similar
MRI techniques. The rapid structural
changes in white matter observed by Hof-
stetter et al. (2013) are intriguing, but they
also highlight the need for detailed analy-
sis into the cellular mechanisms detected
by DTI and other noninvasive imaging
techniques. More importantly, these find-
ings emphasize the need for further cellu-
lar and molecular investigation and
understanding into the correlation be-
tween short- and long-term changes in
white matter regions and their relation-
ship to learning and memory formation.
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Syková E, Nicholson C (2008) Diffusion in brain
extracellular space. Physiol Rev 88:1277–
1340. CrossRef Medline

Tasaki I (1999) Rapid structural changes in
nerve fibers and cells associated with their ex-
citation processes. Jpn J Physiol 49:125–138.
CrossRef Medline

Wake H, Lee PR, Fields RD (2011) Control of
local protein synthesis and initial events in
myelination by action potentials. Science 333:
1647–1651. CrossRef Medline

Zatorre RJ, Fields RD, Johansen-Berg H (2012)
Plasticity in gray and white: neuroimaging
changes in brain structure during learning. Nat
Neurosci 15:528–536. CrossRef Medline

Hill • Journal Club J. Neurosci., December 11, 2013 • 33(50):19393–19395 • 19395

http://dx.doi.org/10.1073/pnas.93.18.9887
http://www.ncbi.nlm.nih.gov/pubmed/8790426
http://dx.doi.org/10.1016/j.tins.2008.04.001
http://www.ncbi.nlm.nih.gov/pubmed/18538868
http://dx.doi.org/10.1523/JNEUROSCI.4520-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23904619
http://dx.doi.org/10.1038/nn2003
http://www.ncbi.nlm.nih.gov/pubmed/17965657
http://dx.doi.org/10.1016/j.neuroimage.2012.06.081
http://www.ncbi.nlm.nih.gov/pubmed/22846632
http://dx.doi.org/10.1016/j.neuroimage.2007.12.053
http://www.ncbi.nlm.nih.gov/pubmed/18295509
http://dx.doi.org/10.1016/j.neuron.2006.08.012
http://www.ncbi.nlm.nih.gov/pubmed/16950152
http://www.ncbi.nlm.nih.gov/pubmed/9801369
http://dx.doi.org/10.1152/physrev.00027.2007
http://www.ncbi.nlm.nih.gov/pubmed/18923183
http://dx.doi.org/10.2170/jjphysiol.49.125
http://www.ncbi.nlm.nih.gov/pubmed/10393347
http://dx.doi.org/10.1126/science.1206998
http://www.ncbi.nlm.nih.gov/pubmed/21817014
http://dx.doi.org/10.1038/nn.3045
http://www.ncbi.nlm.nih.gov/pubmed/22426254

	Do Short-Term Changes in White Matter Structure Indicate Learning-Induced Myelin Plasticity?
	References


