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Abstract
Non-invasive assessment of white-matter functionality in the nervous system would be a valuable
basic neuroscience and clinical diagnostic tool. Using standard MRI techniques, a visual-stimulus-
induced 27% decrease in the apparent diffusion coefficient of water perpendicular to the axonal
fibers (ADC⊥) is demonstrated for C57BL/6 mouse optic nerve in vivo. No change in ADC||
(diffusion parallel to the optic nerve fibers) was observed during visual stimulation. The stimulus-
induced changes are completely reversible. A possible vascular contribution was sought by
carrying out the ADC⊥ measurements in hypercapnic mice with and without visual stimulus.
Similar effects were seen in room-air-breathing and hypercapnic animals. The in vivo stimulus-
induced ADC⊥ decreases are roughly similar to literature reports for ex vivo rat optic nerve
preparations under conditions of osmotic swelling. The experimental results strongly suggest that
osmotic after-effects of nerve impulses through the axonal fibers are responsible for the observed
ADC decrease.
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Introduction
Currently functional MRI (fMRI) studies are limited almost exclusively to gray matter, and
rely upon coupling of hemodynamic response to functional activation (Logothetis, 2008).
Signal modulations on the order of 1 – 5% are typical. The limited capacity for physiologic
modulation of blood flow and the inherently lower fractional blood volume probably
account for the difficulty in monitoring white-matter functional activation with standard
BOLD (Blood Oxygen Level Dependent) fMRI techniques (Gawryluk et al., 2009; Rostrup
et al., 2000). Thus, at present, white-matter MRI is largely restricted to probing the structural
integrity of fiber tracts using diffusion tensor imaging or variants thereof (Jones, 2010).
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Diffusion weighting has been investigated as a potential alternative to BOLD for monitoring
neuronal activity in gray matter of the human visual cortex (Le Bihan et al., 2006). An ~1 –
2% increase in diffusion weighted MRI signal intensity was reported (b = 1.8 ms/μm2),
suggested to arise from activity-dependent cell swelling. In a subsequent report, a similar
diffusion-weighted MRI signal intensity increase was elicited via hypercapnia-induced brain
blood flow enhancement without neuronal activation (Miller et al., 2007). Thus, the
specificity of diffusion fMRI signal change to neuronal activity may be confounded by a
sizeable vascular contribution.

In ex vivo rat optic nerve preparations, repeated electrical stimulation produces frequency-
and duration-dependent shrinkage of the extracellular space (ECS), with higher frequencies
and longer stimulus trains resulting in a more pronounced ECS reduction (Ransom et al.,
1985). A consensus has emerged that the observed ECS shrinkage results from an osmotic
shift of water into glial cells as part of a mechanism for maintaining extracellular ionic
balance and neuronal electrophysiologic competence (Ransom and Sontheimer, 1992; Rash,
2010; Schwartzkroin et al., 1998; Sykova and Chvatal, 1993).

To determine the feasibility of detecting diffusion weighted MRI signal changes in white
matter responding to functional stimulation, as well as the specificity of this signal change to
axonal activation, optic nerves from room-air-breathing and hypercapnic mice were
examined with and without the application of visual stimulus.

Materials and Methods
Animals

All experimental procedures were in compliance with the protocol approved by the
Washington University Animal Studies Committee. Female C57BL/6 mice, aged 10 – 12
weeks, obtained from Jackson Laboratory (Bar Harbor, ME) were used in the experiments.

Visual Acuity
Prior to MRI experiments, visual acuity of each mouse was measured with a Virtual
Optokinetic System (CerebralMechanics, Inc.) as previously reported (Prusky et al., 2004),
to ensure normal vision.

Animal Monitoring
Respiratory rate and rectal temperature of anesthetized mice were monitored during
experiments using an MR-compatible animal monitoring system (Small Animal Instruments,
Inc., Stony Brook, NY) to ensure physiologic stability. A body-core temperature of 37°C
was maintained via a circulating warm water pad placed underneath the animal and
thermostated warm air blown into the magnet bore.

Anesthesia
The anesthesia regimen employed has been shown to maintain fMRI-observable neuronal
response in mice (Adamczak et al., 2010). Anesthesia was induced with 2.5% isofluorane in
O2, and reduced to 1.5% for placement of the animal in the imaging cradle. After
positioning of the animal in a head holder and achieving a stable respiratory rate, a
subcutaneous 0.3 mg/kg bolus of medetomidine was administered. Beginning three minutes
after the bolus injection, isofluorane levels were reduced by ~ 0.2% per minute until the
inhaled gas consisted of 100% O2. At 10 minutes after the bolus injection, continuous
subcutaneous infusion of medetomidine was initiated at a rate of 0.6 mg/kg/hr, and the nose
cone for inhalant anesthetics was removed, leaving the animal breathing room air for the
duration of the MR experiment. In experiments investigating the effect of hypercapnia (air
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vs. 5% CO2/95% O2), the animal, head holder, and other equipment was placed in a closed
plastic tube that allowed control of the breathing gas composition.

Magnetic Resonance Imaging
MRI experiments were performed on a 4.7-T Agilent DirectDrive™ Small-Animal MRI
system (Agilent Technologies, Santa Clara, CA), equipped with Magnex/Agilent HD
imaging gradients (Magnex/Agilent, Oxford, UK). The gradient hardware, interfaced with a
set of IEC 300 A gradient power amplifiers (International Electric Company, Helsinki,
Finland), is capable of pulsed gradient strengths up to 58 G/cm with a gradient rise time ≤
295 μs. An actively-decoupled volume (transmit)/surface (receive) coil pair was used for
MR excitation and signal reception (Garbow et al., 2008). A diffusion-weighted, multi-echo
spin-echo imaging sequence (Tu et al., 2010) was employed for scout images and also for
the final targeted diffusion-weighted images (Fig. 1). To minimize partial volume effects in
optic nerve diffusion measurements, the image plan was adjusted to ensure that, as nearly as
possible, the optic nerve fibers were orthogonal to the image slice plane (Figs. 2b and 2c).
Image acquisition parameters included a slice thickness of 1.3 mm and a 20 × 20 mm2 (256
× 256) field-of-view. A sequence repetition time of 1.5 s was employed, thus the total
acquisition time for a pair of diffusion-weighted images (low and high b values) probing a
single diffusion direction was 12.8 minutes. To increase accumulated signal-to-noise ratio
for each phase-encoding step, a train of three echoes were co-added to form the final MR
images. The first echo time (which included a pair of diffusion-weighting gradient lobes
centered about the 180° refocusing pulse) was 37.1 ms, with a spacing of 23.6 ms between
the first and all subsequent echoes without diffusion gradients.

Some evidence for attenuated ADC response with repeated applications of visual stimulus
after the initial “on” block was seen (data not shown). This could possibly result from
accumulation of inactive forms of retinal rhodopsin during the rather lengthy 12.8-minute
stimulus block (Lee et al., 2010). To avoid potentially confounding results, ADC⊥ and
ADC|| were measured in separate cohorts of animals.

For each experimental condition (e.g., baseline, visual “stimulus on”, post- “stimulus off”,
etc.) a low and high b-value diffusion-weighted image was acquired from a single slice (Fig.
2c). For the cohort in which ADC⊥ was evaluated, b values of 0.10 ms/μm2 and 1.40 ms/
μm2 were used (δ = 5 ms, Δ = 18 ms, Gdiff = 6 G/cm or 22.6 G/cm for a pair of trapezoidal
diffusion-weighting gradients). Because of the much less restricted diffusion along the axis
of the optic nerve (Fig. 3), measurements in the ADC|| cohort were made based on a pair of
diffusion-weighted images having b values of 0.10 ms/μm2 and 0.70 ms/μm2 (δ and Δ were
the same as for ADC⊥ measurements, but Gdiff = 6 G/cm or 15.5 G/cm). It is worth pointing
out that, in the diffusion MR literature, b values reported in units of s/mm2 are not
uncommon, with ADC being reported in mm2/s units in that case. To convert to those units,
our numerical values for b should be multiplied by 1,000 and our ADC numbers divided by
1,000.

Visual Stimulation
Visual stimulation was achieved by repetitive flashing of a high-intensity, white LED (Cree,
Model C503C-WAS) fixed at a position 5 cm in front of the animal’s nose and aimed at one
of the animal’s eyes. Light was blocked out of the contralateral eye with two layers of black
electrical tape. A step-function signal of 1.4 Hz frequency (Ridder III and Nusinowitz,
2006), 200 ms on/514 ms off, with amplitude of 4 V/0 V (on/off) was provided by a Grass
Instruments S9 stimulator (Grass Technologies, West Warwick, RI). With a 100 Ω series
current-limiting resistor, the forward voltage across the LED is 3.2V. The circuit draws 8
mA of DC current in the “on” state, corresponding to a luminous intensity of ~ 14 candela.
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DC current was carried from the stimulator (outside the magnet) through the LED (inside
the RF-shielded bore of the magnet) by a pair of coaxial BNC cables. Additionally, a pair of
3-segment LC filters was placed on each BNC line where it fed into the magnet bore to
eliminate delivery of unwanted RF interference into the magnet. The outer conductor of
each BNC line was grounded to the magnet’s RF shield at the feedthrough into the magnet.
In MRI measurements with “stimulus on”, the flashing light stimulus was applied for the
entire 12.8-minute duration of the imaging acquisition.

While white matter tends to be less well-vascularized than gray matter structures, the
vascularization of the mouse optic nerve is not negligible, with retinal venous drainage
routed within close proximity to the ROI investigated (May and Lutjen-Drecoll, 2002). In
order to determine the effect of possible dilation of optic nerve vasculature and associated
changes in blood oxygenation level on the observed ADC⊥ decrease, “baseline” and
“stimulus on” measurements were also made in anesthetized mice breathing a mixture of 5%
CO2/95% O2 (n = 5). In cases where the breathing-gas composition was changed, a period
of 5 minutes was allowed prior to the commencement of MR measurements.

ADC Maps
The signal intensity, S(b), in the range of b values employed for ADC|| and ADC⊥
estimation is essentially a monoexponential decay, although the signal-decay behavior for
ADC⊥, it should be noted, is more complex than this over a wider range of b values (Fig. 3).
As is commonly done in measurements at only two b values, the following equation was
employed to estimate both ADC|| and ADC⊥:

(1)

ADC maps were generated according to Equation 1 using the pair (high-b and low-b) of
diffusion-weighted images.

Image Segmentation
For estimation of ADC⊥, optic nerve ROIs were prescribed based upon the normalized
diffusion-weighted (b = 1.40 ms/μm2) image and the ADC map as described below.

First, the mean signal intensity was determined for a 20 voxel × 20 voxel region-of-interest
drawn within the basal forebrain (a brain region not expected to be activated with visual
stimulation, but loacated within a reasonable proximity to the optic nerve). The basal
forebrain ROI’s mean intensity was employed in the denominator to normalize the b = 1.4
ms/μm2 diffusion-weighted images. In Figure 2c and 2d, it can be appreciated that the image
acquired with diffusion-weighting perpendicular to the optic nerve fibers provides fairly
clear definition of the optic nerve.

Two separate operators manually drew optic nerve ROIs on a set of five normalized
diffusion-weighted images (b = 1.4 ms/μm2). Based on statistical analyses (mean and
standard deviation) of the resulting collection of normalized voxel intensities, a lower-bound
normalized-intensity threshold was established (lower-limit intensity threshold = mean −2 ×
std). The first operator found a normalized lower-limit intensity threshold of 0.75 for the
optic nerve. The second operator determined a threshold of 0.86. In general, signal intensity
decreases and ADC increases at the periphery of the nerve in the diffusion-weighted images
as the partial-volume contribution of surrounding CSF increases. The more stringent
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normalized-signal-intensity cutoff of 0.86 was employed in all subsequent analyses as
described further below.

After having established the normalized-signal-intensity threshold, we determined an ADC
threshold for optic nerve voxels. On the same set of five images with a 512 × 512 image
matrix, optic nerve ROIs were defined that were reduced by one voxel away from the edge
of the 0.86 threshold on the normalized diffusion-weighted images. This was to further
reduce partial-volume contributions. It was found that 95% of the resulting voxels had
ADC⊥ < 0.31 μm2/ms. In general, more peripheral voxels had higher ADC⊥, presumably as
a result of increased CSF partial volume contributions. These results were used to establish
image-intensity and ADC-based criteria for determining whether or not a given voxel was
eligible for assignment to the optic nerve or not.

For routine analysis, the 512 × 512 diffusion-weighted image data and ADC maps were
interpolated to a 1024 × 1024 matrix in ImageJ software (U.S. National Institute of Health,
Bethesda, MD, http://imagej.nih.gov/ij/). On the diffusion-weighted (b = 1.40 ms/μm2)
image, a mask was generated encompassing all contiguous optic nerve voxels with
normalized signal intensity ≥ 0.86. On the ADC⊥ map (constructed from the b = 0.1 and b =
1.40 ms/μm2 diffusion-weighted images according to Equation 1) a second mask was
generated, encompassing contiguous voxels with ADC⊥ < 0.31 μm2/ms. As might be
expected, the ADC and normalized intensity masks had a very high degree of overlap.

The following prescription was used for defining the final optic nerve regions-of-interest.
The largest possible ROI was inscribed inside the normalized-signal-intensity and ADC⊥
masks adhering strictly to the guidelines that: (i) an ROI voxel lie within both masked
regions and (ii) that an ROI voxel could not touch the perimeter of the signal-intensity mask,
but could touch the perimeter of the ADC mask. For determining ROI membership in cases
of voxels on the periphery, wherein the definition of the ROI periphery (defined by
conditions i and ii, above) did not co-register perfectly, the more interior (less peripheral) of
the two boundaries was honored. This was favored in order to reduce the partial-volume
contributions to the optic-nerve ROI measurements as much as possible. Individual ROIs
ranged in size from 53–134 voxels from the 1024 × 1024 images (20,000 – 51,000 μm2).

The contrast in parallel-diffusion-weighted images does not readily reveal the definition of
the optic nerve. For measurements of ADC||, each pair of diffusion-weighted images was
preceded and followed by a single diffusion-weighted image with diffusion gradients
applied perpendicular to the nerve fibers and b = 1.40 ms/μm2. The definition of the ROI
was then prescribed referencing the images acquired with perpendicular diffusion weighting.

Statistical Tests
Repeated-measures ANOVA was performed to assess for differences between group data
using Statistica software (StatSoft, Tulsa, OK). Measurements on the contralateral and
ipsilateral optic nerves under the various experimental conditions were treated as repeated
intra-subject measurements. Statistically significant differences between repeated
measurements (e.g., ipsilateral optic nerve: “baseline” vs. “stimulus on” vs. “stimulus off”,
contralateral optic nerve: “baseline” vs. “stimulus on”, etc.) were identified via Fisher Least
Significant Difference post-hoc testing.

Results
The imaging protocol employed provides good quality images of the mouse optic nerve.
Signal-to-noise ratio varied across the study animals in the range from 22.3 to 30.3 with low
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diffusion weighting (b = 0.1 ms/μm2) and 17.2 to 25.1 for higher diffusion weightings (b =
1.4 ms/μm2).

In the cohort of animals for which ADC⊥ was measured (n = 5 mice), a sizeable and
statistically significant 27% decrease (p = 0.0008, Baseline vs. Stimulus On) from 0.176 ±
0.019 μm2/ms to 0.129 ± 0.013 μm2/ms (mean ± sem, see Fig. 4 and Table 1) was observed.
In individual animals, the range of ADC⊥ decrease with stimulation was between 9% and
35%. The change was reversible with cessation of visual stimulation. In the contralateral
control optic nerve, no systematic variation in ADC⊥ was detectable with application of
stimulus to the ipsilateral eye (Fig. 4). Additionally, the ADC measurements from within the
reference basal forebrain region were quite stable with variations no more than 3% both
intra- and inter-subject. From the inset in Figure 4, it can be appreciated that the inter-
subject variation in ADC⊥ is then largely a result of partial volume effects as the mouse
optic nerve is surrounded by CSF which, by comparison, has a relatively high diffusivity.

No statistically significant effect in optic nerve ADC|| was observed with the application of
visual stimulation [F(5,25) = 1.92, p = 0.13, Fig. 5 and Table 1, n = 6 mice]. Again, ADC in
the basal forebrain region was very stable across and within animals studied in this group.

Hypercapnia, by itself, produced no measureable changes in the optic nerve ADC⊥ (Fig. 6
and Table 2, n = 5 mice). An activation-induced reversible 19% decrease in optic nerve
ADC⊥ (p = 0.008) was observed in hypercapnic mice, roughly similar to that seen in room-
air-breathing animals. As can be appreciated from Figure 6, the measurements of ADC⊥ in
the cohort of animals in the hypercapnia experiments show more variability than that seen in
the air-breathing stimulus experiments depicted in Figure 4, but not in any systematic way.
This appears to be due to a variable shift in each animal’s posture during carbogen exposure.
During breathing of the 5% CO2/95% O2 gas mixture, the respiratory rate typically
increased from ~ 130 breaths-per-minute to ~ 150 breaths-per-minute. In serial images of
individual animals, the positions of some of the animals’ optic nerves appear to shift by as
much as 200 – 300 μm upon changing the composition of the gas mixture. Presumably this
shift in position can be accompanied by loss of orthogonality between the optic nerve axis
and the targeted image slice plane. Such a shift, of even a few degrees, can cause a variable
partial volume contribution from the CSF that surrounds the mouse optic nerve. Systematic
variations of similar magnitude in the measured ADC⊥ can be produced by intentionally
misaligning the slice plane by ~ 5° (data not shown). The stereotactic head holder provides a
three-point restraint. If it were practical, implementation of a five-point head restraint might
be capable of completely eliminating such small magnitude head motions.

Overall, the results of the hypercapnia + stimulation experiments strongly suggest that the
observed decrease in optic nerve ADC with visual stimulation does not arise from a vascular
effect (Miller et al., 2007) and is produced as a result of repeated axonal firing. The effect of
hypercapnia and hypercapnia + stimulation on ADC|| was not investigated.

Discussion
Our results show that in vivo diffusion MRI is capable of detecting the ADC⊥ decrease
(~27%) accompanying mouse optic nerve activation in medetomidine-anesthetized mice.
The activation-associated ADC⊥ decrease is independent of blood flow effects since
hypercapnia alone does not produce observable changes, and a similar activation-induced
decrement in ADC⊥ was seen in hypercapnic and air-breathing mice. The extent of in vivo
ADC⊥ change is comparable to that reported (31 ± 8% decrease) for depolarization and
osmotic swelling of ex vivo rat optic nerve at 21°C (Anderson, 1996) supporting the notion
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that decreased ECS (Sen and Basser, 2005) may be responsible for the detected ADC
change.

Decreased ADC is a hallmark of repeated, synchronous neuronal discharge in CNS. For
example, 11 – 35% decreases in ADC were observed in 10 patients with complex partial
status epilepticus (Szabo et al., 2005). Application of trains of electrical shocks,
administered via carbon electrodes placed on the surface the rat brain, have been shown to
result in an 8% decrease in gray-matter water ADC (Zhong et al., 1997). Spreading
depression also produces a transient ADC drop (Latour et al., 1994; Sotak, 1999). While all
of these conditions produce membrane depolarization and subsequent cellular swelling
(Sotak, 1999), it is likely the cellular swelling aspect that is directly responsible for the
observed changes in tissue water diffusion. For instance, membrane depolarization without
cell swelling was not sufficient to produce changes in ADC in ex vivo rat optic nerve
(Anderson, 1996).

In the current study, repetitive axonal firing within the optic nerve is expected to result from
the flashing light stimulus. The frequency of 1.4 Hz for the repetitive light flashing was
chosen since it is in the region of maximal response in the electroretinogram and visual
evoked potential (voltage amplitude vs. flashing-stimulus frequency), as reported previously
for measurements in C57BL/6 mice (Ridder III and Nusinowitz, 2006).

In the visual system, light intensity information is encoded by the excitation frequency of
retinal ganglion cells (Hartline, 1934) with faithful transmission of the photoreceptor action
potentials to the brain via the optic nerve. It is likely that during the 200ms-long pulses of
bright light (repeated at 1.4 Hz temporal frequency), the mouse optic nerves are repetitively
transmitting action potentials at frequencies of many tens of Hz (Nakamura et al., 2011;
Rothe et al., 1999). Ex vivo rat optic nerves have been shown to undergo an ECS shrinkage
that is more pronounced at higher rates of repeated electrical stimulation (Ransom et al.,
1985). While it was not investigated here, we would expect that the ADC response in optic
nerve should be graded in proportion to intensity of the applied stimulus. Earlier attempts to
measure changes in ADC|| and ADC⊥ in electrically-stimulated white matter of the ex vivo
frog spinal cord were unsuccessful (Gulani et al., 1999), possibly due to the low-frequency
(2.7 Hz average) of the applied electrical stimulus.

Taken together, our results for ADC⊥ and ADC|| predict an enhanced relative anisotropy for
activated white-matter fibers. Provided that stimulus paradigms can be devised for activating
specific white-matter pathways (Gawryluk et al., 2009), it may be possible to monitor brain
white-matter activation. A recent report was aimed at detecting white-matter diffusion
anisotropy changes in humans with visual and tactile stimuli (Mandl et al., 2008). The
conclusion reached in that study was that a large number of measurements would be
required for reliable detection of diffusion MRI signal changes. This lack of sensitivity may
reflect more on the need for higher spatial resolution (to avoid partial volume effects) than a
lack of robust physiological response.

In the current study, we have used two diffusion-weighted measurements to estimate the
ADC of optic nerve with and without visual stimulation, assuming diffusion-attenuated
signal decays as a single exponential. As can readily be seen from Figure 3, this is
approximately correct over the range of b values employed for estimation of ADC⊥ and
ADC||. Measurement with diffusion-weighting perpendicular to the optic nerve and b = 1.40
ms/μm2 results in a relative signal intensity change of ~ 6.6% with vs. without stimulation.

Hypercapnia, a potent vasodilator and modulator of CNS blood flow (Rostrup et al., 2000),
by itself did not elicit signal changes in the mouse optic nerve. A modulation in tissue ADC
is one conceivable consequence of vasodilation (increased delivery of oxygenated blood)
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with the same level of tissue oxygen consumption. The vascular network, especially the
venous network, contains some amount of relatively paramagnetic deoxyhemoglobin. The
confinement of this paramagnetic material to the venous network produces unintended
tissue-internal magnetic field gradients (in addition to the intentionally-applied diffusion-
weighting gradients). Reducing the tissue-internal field gradients, by reducing vascular
deoxyhemoglobin content, can produce an increased tissue ADC (Does et al., 1999; Zhong
et al., 1991). No such effects were observable in hypercapnic mice and essentially the same
relative decrease in ADC⊥ was seen with stimulation in hypercapnic and room-air-breathing
animals.

We believe that ECS shrinkage in the optic nerve with visual stimulation is the cause of the
observed ADC decrease. Interestingly, for both the rat optic nerve (Ransom et al., 1985) and
rat spinal cord gray matter (Sykova and Chvatal, 1993), the extent of activity-dependent
ECS shrinkage (from repeated electrical stimulation) is correlated with age of the animal.
Both sets of authors noted that a key developmental feature in the maturation of these tissues
is gliogenesis. Glial cells are often implicated as the dominant contributors to activity-
induced ECS shrinkage in neural tissue (Ransom and Sontheimer, 1992; Schwartzkroin et
al., 1998; Walz, 1989). As recently reviewed by Rash (Rash, 2010) the panglial syncytium
(involving gap-junction-interconnected astrocytes, epindymocytes and oligodendrocytes--
including direct involvement of myelin-bounded cytoplasmic spaces), is believed to provide
a dynamic mechanism for potassium siphoning. This means of moving K+ and osmotically
accompanying water away from the axonal exterior is believed to allow for re-establishment
of axonal membrane polarization required for the repeated propagation of action potentials.

It should be noted, that in addition to glial swelling, there is evidence for activity-dependent
swelling of neuronal processes. Long-lasting swelling of dendritic spines has been reported
following a 30-second period of in vivo electrical stimulation in mouse brain (Fifkova and
van Harreveld, 1977). Also, transient axonal swelling, coincident with passage of the
compound action potential has been observed in the non-myelinated garfish olfactory nerve
ex vivo (Tasaki and Byrne, 1992). Thus neuronal cells may make some additional
contribution to activity-dependent shrinkage of the extracellular space in white matter.
Regardless of the precise cellular origins, ECS shrinkage would be expected to result in an
overall reduction in tissue water diffusivity. Indeed, in mathematical modeling of diffusion
in white matter, the extracellular volume fraction is shown to be a dominant factor in
determining the overall tissue diffusion characteristics (Sen and Basser, 2005).

A number of neurological disorders originate with white-matter pathology. Hence, it is
envisioned that diffusion fMRI may provide information complementary to that provided by
structural/anatomical images and possibly a means to directly monitor the effects of disease
progression or treatment response on white-matter function in this context. From the
standpoint of basic investigations of distributed neural networks, white-matter diffusion
fMRI may provide interesting information that is not directly available by BOLD studies of
grey matter activation within these networks.
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Figure 1.
Pulse sequence diagram for the diffusion-weighted multi-spin-echo sequence. Timing
parameters include: δ = 5 ms, Δ = 18 ms, TE = 37.1 ms TE2 = 23.6 ms.
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Figure 2.
Typical scout planning images (a,b), final targeted images for diffusion measurements (c,d),
and ADC⊥ maps of an optic nerve without (e) and with visual stimulation (f). (a) A multi-
slice set of axial images of the mouse brain is acquired with a non-diffusion-weighted multi-
echo spin-echo image (only a single slice is shown here) are used to plan sagittal slices,
indicated by the white lines. (b) The center sagittal slice, acquired with diffusion-weighting
gradients applied in the slice-select direction, captures both optic nerves (arrow) and is used
to target the slice for measurements of ADC⊥ and ADC||. (c) A pair of diffusion-weighted
images with diffusion-sensitizing gradients applied in the phase-encode direction (left-to-
right in the images). The optic nerve fibers are perpendicular to the slice plane in this final
targeted slice. (d) Magnified view of the area within the red box of panel c. The left-hand
image was acquired with b = 0.1 ms/μm2, and the right-hand image with b = 1.4 ms/μm2.
Both optic nerves are clearly visible in the high-b image and the stimulated optic nerve
indicated by the red arrow. Color maps of ADC⊥ in an experimental optic nerve without (e)
or with (f) visual stimulation.
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Figure 3.
Diffusion attenuation curves for a set of mouse optic nerves (n = 3) with diffusion weighting
perpendicular and parallel to the nerve fibers (without visual stimulation), acquired with (δ =
5 ms, Δ = 18 ms). Parallel diffusivity is essentially mono-exponential. It is readily apparent
that diffusion perpendicular to the fibers is highly restricted and non-monoexponential. The
blue and red curves are constructed with ADC⊥ = 0.129 μm2/ms (blue curve, representative
of activated optic nerve) and ADC⊥ = 0.176 μm2/ms (red curve, representative of
unstimulated optic nerve). This figure is intended to emphasize that the large (27%)
stimulus-induced decrease in ADC⊥ results in a modest 6.6% signal increase at b = 1.4 ms/
μm2 with visual stimulation.
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Figure 4.
Application of visual stimulus produces a significant drop in ADC⊥ for the optic nerve of
the stimulated eye [Baseline: 0.176 ± 0.019 μm2/ms (mean ± sem), Stimulus On: 0.129 ±
0.013 μm2/ms, ++: p = 0.0008], but no change for the contralateral, unstimulated eye.
ADC⊥ in the ipsilateral optic nerves returns to baseline values once again with removal of
the stimulus. Quantities shown are the mean ± sem for image voxels within the optic nerve
ROI in a group of five experimental mice breathing room air. The insets depict the
measurements for the experimental/ipsilateral and control/contralateral optic nerves in
individual animals.
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Figure 5.
Stimulus and ADC|| in optic nerve of mice breathing room air. Quantities plotted are mean ±
sem). Stimulation produces no statistically-significant changes in ADC||.

Spees et al. Page 15

Neuroimage. Author manuscript; available in PMC 2014 January 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 6.
The effects of hypercapnia on measured ADC⊥ (mean ± sem) with and without stimulation
were investigated in a set of mice in order to investigate vascular contributions to the
observed phenomenon. The effects of stimulation on ADC⊥ (a 19% decrease) was similar to
changes seen in animals breathing room air.

Spees et al. Page 16

Neuroimage. Author manuscript; available in PMC 2014 January 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Spees et al. Page 17

Table 1

Measured ADC⊥ (mean ± sem, n = 5) and ADC|| (mean ± sem, n = 6) for In Vivo Mouse Optic Nerve in
Room-Air-Breathing Mice.

Condition Ipsilateral ADC⊥ (μm2/ms) Contralateral ADC⊥ (μm2/ms) Ipsilateral ADC|| (μm2/ms) Contralateral ADC|| (μm2/ms)

Baseline 0.176 ± 0.019 0.168 ± 0.018c 1.70 ± 0.02 1.69 ± 0.04

Stimulus On 0.129 ± 0.013a 0.162 ± 0.021d 1.73 ± 0.03 1.69 ± 0.05

Stimulus Off 0.166 ± 0.025b 0.169 ± 0.022e 1.69 ± 0.03 1.63 ± 0.04

a
p = 0.0008 vs. Ipsilateral “Baseline” group

b
p = 0.005 vs. Ipsilateral “Stimulus On” group

c
p = 0.004 vs. Ipsilateral “Stimulus On” group

d
p = 0.01 vs. Ipsilateral “Stimulus On” group

e
p = 0.003 vs. Ipsilateral “Stimulus On” group
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Table 2

Measured ADC⊥ (mean ± sem) for In Vivo Mouse Optic Nerve in Mice Breathing Air or 5% CO2/95% O2 (n
= 5).

Condition Ipsilateral ADC⊥ (μm2/ms) Contralateral ADC⊥ (μm2/ms)

Air, Baseline 0.184 ± 0.022 0.200 ± 0.016d

5% CO2, Baseline 0.192 ± 0.020 0.198 ± 0.007e

5% CO2 + Stimulus 0.155 ± 0.017a,b 0.192 ± 0.011f

Air, Stimulus Off 0.183 ± 0.025c 0.202 ± 0.019g

a
p = 0.03 vs. Ipsilateral “Air, Baseline” group

b
p = 0.008 vs. Ipsilateral “5% CO2, Baseline” group

c
p = 0.04 vs. Ipsilateral “5% CO2 + Stimulus” group

d
p = 0.002 vs. Ipsilateral “5% CO2 + Stimulus” group

e
p = 0.002 vs. Ipsilateral “5% CO2 + Stimulus” group

f
p = 0.007 vs. Ipsilateral “5% CO2 + Stimulus” group

g
p = 0.001 vs. Ipsilateral “5% CO2 + Stimulus” group
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