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Anisotropic and Restricted Diffusion of Water in the
Sciatic Nerve: A ?H Double-Quantum-Filtered NMR Study

Yoshiteru Seo,! Hadassah Shinar,? Yasushi Morita,3 and Gil Navon?*

The signals of water in the different compartments of rat sciatic
nerve are resolved in the 2H double-quantum-filtered NMR
spectrum, due to their different quadrupolar splittings and
relaxation rates. This resolution allowed the independent mea-
surement of the water diffusion coefficients in the different
compartments. The water diffusion in all three compartments,

the endoneurium, the epineurium and the axon was found to be
anisotropic. Parallel to the nerve fiber the average intraxonal
water diffusion coefficient was 1.11 % 105 cm%/sec, while in the
perpendicular direction the diffusion is heavily restricted. The
average perpendicular diffusion coefficient ranged from 0.29 X
10-5cm?/secto 0.05 x 10~°cm?/sec for diffusion times of 7 msec
and 50 msec, respectively. Assuming restricted diffusion in
nonpermeable cylinders, intra-axonal mean diameters of 6.0, 7.4
and 9.0 um were obtained for nerves taken from three different
rats. Magn Reson Med 42:461-466, 1999. © 1999 Wiley-Liss,
Inc.
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The NMR measurement of water diffusion coefficients in
various tissues, as well as in the central nervous system,
has proven to be of clinical value (1,2). The pulsed gradient
spin echo (PGSE) method provides, in addition to the
diffusion coefficients, also information of the dimension
and geometry of the compartment under study (3-6).
Recently, it has been clearly demonstrated that the appar-
ent water diffusion coefficients in the central and periph-
eral nervous systems are orientation dependent (7-10).

The nerve fiber of peripheral nerves consists of an axon
surrounded by a phospholipid bilayer membrane and
wrapped by many layers of the myelin sheath. Bundles of
nerve fibers are held together by the collagen network of
the endoneurium. A semipermeable membrane, the peri-
neurium, which serves as the blood-nerve barrier, encloses
hundreds of nerve bundles. Several of these are separated
from the rest of the tissue by an outer layer of collagen
fibers and fibrocytes—the epineurium.

In isolated nerves, the transverse magnetization decay
curve (11-13), as well as the diffusion magnetization decay
curves (13-16), measured by the PGSE sequence, are
multi-exponential, representing water populations in differ-
ent, noninteracting compartments. By resolving the magne-
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tization decay curve, Seo et al. (15) have found three
anisotropic water diffusion coefficients in rat sciatic nerve.
The major part of the signal which remained after the
addition of MnCl,, showed both anisotropic and restricted
diffusion and was assigned to the intra-axonal water. For
optic nerve, it was assumed that the water component with
the longest T, represents the intra-axonal water (16). The
apparent diffusion coefficient measured for diffusion paral-
lel to the nerve tract was found to be significantly larger
than that for diffusion perpendicular to nerve axis.

Double-quantum-filtered (DQF) NMR spectroscopy is a
sensitive technique which can reveal otherwise undetect-
able anisotropic motion of quadrupolar nuclei in biological
systems (17). Anisotropic motion of water molecules has
been detected by 2H DQF measurements in a variety of
biological tissues such as blood vessels (18), rat brain (19),
skin and connective tissues such as cartilage and tendon
(20,21). In blood vessels, the variations in the magnitudes
of the residual quadrupolar splittings and the creation
times of the second rank tensors enabled to differentiate
between water in the different layers of the vessel’s wall
and to assess the strain exerted on them (22).

We have recently shown that the 2H DQF NMR spectrum
of isolated rat sciatic nerve, equilibrated in deuterated
saline, is composed of three quadrupolar-split water sig-
nals (23). On the basis of the time course of their shift by
Co-EDTAZ?~ and CoCl,, the signals with quadrupolar split-
ting of approximately 120, 470 and 9 Hz were assigned to
water in the epineurium, endoneurium and the intra-
axonal compartment, respectively. The signal of the bulk
water, which experience isotropic motion, was eliminated
by the DQF pulse sequence.

Multiple quantum filtered diffusion measurements were
previously performed in anisotropic systems. Martin et al.
(24) have studied the translational diffusion of dichloro-
methane in various liquid crystals by DQF diffusion mea-
surements. The authors have stressed the fact that the
method is superior to analogous techniques, based on the
single quantum echoes because the double-quantum coher-
ence experience twice the applied field gradient. Zax and
Pines (25) have extended the method to higher coherences.
The diffusion of lithium ions, interacting with the macro-
scopically ordered collagen fibers of bovine Achilles ten-
don, was measured by triple quantum filtered diffusion
measurements and found to be both anisotropic and re-
stricted (26). Recently we have shown (27) that ?H DQF
diffusion measurements of 2H,0 are an efficient method for
looking at water interacting with ordered structures in
cartilage. The same method was used by Assaf and Cohen
(28) for the diffusion measurements of different water
population in brain tissue. DQF diffusion measurements
can also be performed in isotropic media in the presence of
J coupling. This was first demonstrated by Kay and Preste-

461



462

gard (29) for a fluorinated compound in viscous medium.
Sotak (30) used this method in in-vivo measurement of
apparent diffusion coefficients of lactic acid in the pres-
ence of large concentrations of water and interfering lipid
resonances. The same method, but this time utilizing the
heteronuclear DQ coherences of a 'H/3P system in a
phosphorous-containing solute, was used by Kuchel and
Chapman (31). A 3.5-fold reduction in magnetic field
gradient, relative to the PGSE experiment, was achieved.

In the present study, we take advantage of the fact that
the water 2H DQF NMR signals in the different compart-
ments of sciatic nerve are resolved. Thus the apparent
diffusion coefficients of each of the water populations can
be measured independently.

MATERIALS AND METHODS

Wistar Hamamatsu rats (250-350 g, 7-13 weeks) were
anesthetized with sodium pentobarbital (50 mg/kg body wt
intraperitoneally). Sciatic nerves were isolated and the
outer coat of adipose and connective tissue was carefully
removed. Each nerve was placed in a 100 uL capillary tube
and positioned with its long axis parallel to the magnetic
field. All samples were equilibrated in 150 mM NaCl D,0O
solution, for 40 min prior to the NMR measurements.

NMR measurements were carried out on Bruker AMX300
WB, AMX360 WB and ARX500 NMR spectrometers. The
first two spectrometers were equipped with a micro-
imaging accessory and a 200 G/cm gradient unit. The
ARX500 NMR spectrometer, was equipped with 20 G/cm
z-gradient unit.

2H DQF spectra were measured with the conventional
pulse sequence

90°- 7/2- 180°- 1/2- 90°- tpo- 90°- Acq (PS1)
where 7 is the creation time of the second rank tensors and
tpg is the evolution time of the DQ coherences. In the DQF
diffusion measurements, two gradient pulses were intro-
duced during the DQ evolution time, before and after the
180° refocusing pulse:

90°- 1/2- 180°- 1/2- 90°- ty- G- t,- 180% ty- G- t- 90°- Acq  (PS2)

where G denotes a gradient pulse of strength g and duration
3. The signal intensity as a function of the gradient strength
is given by (24)

In [1(@)/1(0)] = Dyppy?g*°p*(A — 3/3) [1]

where I(g) and 1(0) are the signal intensity in the presence
and absence of the gradient, respectively. The diffusion
time A is the time interval between the gradient pair (t; +
d +tg), thetimetoechois TE =t3 + t; + t5 + tg + 28, yisthe
gyromagnetic ratio, p is the coherence (2 for DQ), and t3 +
t, = ts + ts. The apparent diffusion coefficient Dgpp, is
obtained from the semi-logarithmic plot of the signal
intensity as a function of g2, keeping both A and 3 constant.

The gradient strength was calibrated using the known
diffusion coefficients of benzene and water at 22.5°C, i.e.,
2.17 X 1075 cm?/sec and 2.14 X 10-°5 cm?/sec, respectively
(32). The mean apparent diffusion coefficient of D,O under
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the same conditions was 1.71 *= .01 X 10-% cm?/sec, in
good accordance with the value reported in the literature
(32).

RESULTS

The 2H DQF NMR spectra of rat sciatic nerve equilibrated
in deuterated saline, at three values of creation times, 7, are
given in Fig. 1. Three pairs of satellites with splittings of
500, 150 and 10 Hz are apparent. Their assignment was
described in our previous publication (23) to be the water
in the endoneurium (a), the epineurium (b) and the axon
(c), respectively. As is evident from the spectra, the inten-
sity of each of the signals has a different dependence on the
creation time, v (PS1). Thus, by controlling this time
interval, each of the signals can be observed individually.
We utilized this fact in measuring the diffusion coefficients
of water in the three compartments independently. In the
DQF-PGSE sequence (PS2), the diffusion sensitizing gradi-
ents are placed during the DQ evolution time. In our
previous study of rat sciatic nerve (23) we have found that
the DQ relaxation time is long relative to the single
guantum (SQ) relaxation time: 41 msec as compared to 3.6
msec for the endoneurium water, 200 msec as compared to
9 msec for the water in the epineurium and 200 msec as
compared to 70 msec for the intra-axonal water. This
makes it feasible to perform diffusion measurements at
relatively long diffusion times, in order to detect possible
restricted diffusion. Another advantage of the DQF-PGSE
diffusion measurements is that during the DQ evolution
time, due to the double rate of the phase evolution the
effective gradient strength is doubled (24).

Representative 2H DQF spectra of water in rat sciatic
nerve, at a creation time of 0.6 msec, as a function of the
gradient strength, applied parallel to the nerve axis, are
given in Fig. 2. The quadrupolar-split signals of the water
in the endoneurium and the epineurium are observed. The
signal of the intra-axonal water is exclusively detected at
longer creation times (see Fig. 1). The measurements were
performed with the nerve immersed in its equilibrating

C
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FIG. 1. ?H DQF NMR spectra at 46.0 MHz of an excised rat sciatic
nerve equilibrated in deuterated saline at three values of the creation
time 7. a: Signal of the water in the endoneurium. b: Water in the
epineurium. c: Intra-axonal water. Number of accumulations = 128.



°H DQF Diffusion Measurements of Water in Sciatic Nerve

! 1
500 0 -500

Hz

FIG. 2. 2H DQF NMR diffusion-weighted spectra at 76.7MHz of an
excised rat sciatic nerve as a function of the gradient strength. The
gradients were applied along the axis of the nerve. Creation time, T =
1 msec; gradient pulse duration, 3 = 2 msec; diffusion time, A = 6
and time to echo, TE = 10 msec. Number of accumulations = 256. At
this value of T, only the signals of the water in the endoneurium and
the epineurium can be found.

solution, but the DQ filter eliminated the strong signal of
the bulk water. The gradient time, §, and the time to echo,
TE, were kept constant for the whole set of measurements.
The apparent diffusion coefficients for each diffusion time,
A, were calculated from the attenuation of the echoes
which were linear in the semi-logarithmic plot (Fig. 3).

In Fig. 4a and b the apparent diffusion coefficients
obtained from another set of measurements, performed
both parallel, Dy, and perpendicular, Dg, to the long axis of
the nerve are given. As can be seen the water populations
of the endoneurium, epineurium as well as the intra-
axonal water exhibits anisotropic diffusion. For a diffusion
time of 9 msec, the parallel and perpendicular diffusion
coefficients, Dy and Dgy, were 0.78 X 10-5 cm?/sec and
0.38 X 10°° cm?/sec for the water in endoneurium and
1.09 X 10-5 cm?/sec and 0.51 X 10-5 cm?/sec the water in
the epineurium. The anisotropic diffusion factor is 2.05 for
the endoneurium water and 2.13 for the water in the
epineurium. The diffusion coefficients remained the same,
within the experimental error, for diffusion times in the
range of 9-24 msec, indicating only a slightly hindered
diffusion in these two compartments.

The intra-axonal water exhibited much greater diffusion
anisotropy (Fig. 4a and b). Moreover, for this compartment,
the apparent diffusion coefficient perpendicular to the
nerve axis had a strong dependence on the diffusion time,
indicating heavily restricted diffusion. To interpret the
results obtained for the intraxonal water, we have used a
model for restricted diffusion in cylinders (33,34) where

463

0.0

epineurium
®  perinerium
1841 4 axon
0 10600 20000
g2 (G/cm)?

FIG. 3. 2H diffusion-weighted DQF NMR signal intensity at 46.0 MHz
as a function of g2. The gradients were applied along the axis of the
nerve. Gradient pulse, 8 = 3 msec; diffusion time A = 10 msec, and
time to echo, TE = 20 msec. Number of accumulations was 128. For
the endoneurium and the epineurium, creation time T = 0.6 msec,
and for the intra-axonal water = = 30 msec.

the perpendicular diffusion coefficient Dy, is given by
Dgo = 2[2[2D;a%8 — 2 + 2 exp (—Dsa2d)
+ 2 exp (~DsafnA) — exp (—Dyay(A — 3))
— exp (—Drogn(A + 3))VIDF o (RPa, — DIVIS*A — 8/3)]  [2]

where R is the radius of the cylinder and «,,, are the roots of
the derivative of the Bessel function of the first kind, order
one, J1(emR) = 0. Both Ds and Dy, are obtained from the
fitting procedure. The results obtained for Dy, were found to
be the same as the average value obtained from the measure-
ment of the diffusion coefficients parallel to the nerve fiber
as a function of A. The experiment was performed on three
sciatic nerves taken from three different rats. The results of
the fitting were 6.0, 7.4 and 9.0 um for the intra-axonal
diameter with D = 1.20 X 107°, 0.97 X 1075, and 1.17 X
1075 cm?/sec, respectively, yielding average values of 7.5
pum for the diameter and 1.11 X 10-° cm?/sec for Dy. The set
of experiments for one of the sciatic nerves is described in
Fig. 4.

A similar experiment was performed on the nonmyelin-
ated vagus nerve of the rat. Here again, the diffusion of the
intra-axonal water was found to be anisotropic. The appar-
ent diffusion coefficients for the parallel and perpendicu-
lar orientations, as a function of the diffusion time are
given in Fig. 5. As can be seen from the figure, the diffusion
perpendicular to the fibers is restricted yielding an intraxo-
nal diameter of 5.8 um with Ds of 1.34 X 10~5 cm?/sec.

DISCUSSION

In the present work the water diffusion coefficients, in the
different compartments of rat sciatic nerve were deter-
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FIG. 4. Diffusion coefficients of deuterated wa-
ter in an excised rat sciatic nerve equilibrated in
deuterated saline measured at 46.0 MHz as a
function of the diffusion time A. Parallel to the
nerve axis (a) and perpendicular to the nerve
axis (b). Eight gradient strengths, between 10
—150 G/cm were taken for each measurement.
The gradient duration time, 3, was 3 msec, and
the number of accumulations was 128. For the
o axon, creation time T = 30 msec and time to
echo TE = 60 msec. For the endoneurium and
epineurium, = = 0.6 msec and TE = 16 msec.

a b
DIFFFUSION TIME (ms)

mined by the 2H DQF diffusion sequence and were found
to be orientation dependent. The diffusion along the nerve
fiber is faster than the diffusion across the fiber, in all three
compartments. In the endoneurium and epineurium, the
thick collagen fibers and the myelinated axons may cause
anisotropic diffusion of water. These structures hinder the
diffusion of the water perpendicular to the axis of the
fibers.

For the intraxonal water, the diffusion perpendicular to
the fiber was found to be heavily restricted. A model for
restricted diffusion in cylinders was used to interpret the
results (33,34). This is a simplified model, which assumes
short gradient pulses and impermeable barriers. The last
assumption is valid in our case since we observe distinct
signals from different compartments, each characterized
by a distinct relaxation time (23). From the restricted
diffusion of the intra-axonal water the average inner diam-
eter of the axon, for three different rats, was estimated as
7.5 um. The outer diameter of the axons in rat sciatic nerve
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FIG. 5. Diffusion coefficients of deuterated water in the intra-axonal
compartment of an excised rat vagus nerve equilibrated in deuter-
ated saline, measured at 46.0 MHz as a function of the diffusion time
A parallel (®) and perpendicular (0) to the nerve axis. Eight gradient
strengths, between 10 —150 G/cm were taken for each measure-
ment. The creation time 7, was 14 msec, the gradient duration time, 3,
was 3 msec, and the number of accumulations was 512. The solid
line for the perpendicular direction is a fitted curve based on Eq. [4]
with a diameter 5.9 um and Ds = 1.34 X 10~° cm?/sec.
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The solid line for the axon in b is a fitted curve
based on Eg. [4] with a diameter of 6.0 pm and
D; = 1.20 X 1075 cm?/sec.

varies from 3 to 12 pm (35). The calculated effective
diameter of the assumed cylindrical diffusion barrier (7.5
pm) is in good agreement with the mean inner diameter of
the axons 6 = 1 um (35,36).

In our previous assignment of the different 2H DQF
signals in rat sciatic nerve, we did not find any evidence of
asignal that can be assigned to the water in the myelin (23).
This is probably because the amount of water in the myelin
is very small and the resonances, because of the enhanced
relaxation times, are expected to be very broad. The
estimation of the ratio of the relative amount of water in the
different compartments, based on single pulse experi-
ments, rules out the possibility that one of the signals arises
from the water in the myelin. The fact that the diffusion
distance is larger than 7 um, while the distance between
the layers of the myelin is of the order of 0.003 pm, is in
favor of the above conclusion.

Beaulieu and Allen (14) have measured the apparent
water diffusion coefficients in the myelinated optic and
trigeminal nerves as well as in the nonmyelinated olfactory
nerve of the garfish. For the three garfish nerves, the
diffusion was found to be anisotropic indicating that
myelin is not a necessary determinant of diffusion anisot-
ropy in axons. We have also obtained similar restriction of
water diffusion in the myelinated sciatic and the nonmy-
elinated vagus nerves. It should be pointed out that the
nonmyelinated axon is not a naked axon. The axon has its
own plasma membrane and is ensheathed by a pair of
membranes of the cytoplasm of the Schwann cells (neuri-
lemma). Therefore, there are three plasma membranes
between the interstitial space and the intra-axonal space.
In addition, no water channel was reported on the periph-
eral nervous system, in contrast to the central nervous
system. However, in the latter, the water channel (Aquapo-
rin-4) is highly localized in the astrocyte’s membrane in
direct contact with the capillaries and ependymal layer,
and is not observed in neural cells and axons (37,38). Thus
we suggest that the neurilemma of the nonmyelinated axon
is an effective diffusion barrier.

In previous 'H NMR experiments, the major water signal
remaining after the equilibration of rat sciatic nerve with
MnCI, was assigned to the intra-axonal water (15). Diffu-
sion anisotropy factors of 2.9 and 4.3 at diffusion times of 5
and 25 msec, respectively, were obtained. For frog sciatic
nerve (39,40), diffusion anisotropy factors of 2 and 5.3
at diffusion times of 2 and 28 msec, respectively, were
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obtained. Henkelman et al. (13) have recently reported
multi-component diffusion echo attenuation with signifi-
cant anisotropy for bovine optic nerve and white matter.
Stanisz and Henkelman (16) have used a diffusion-CPMG
experiment (41) to analyze the diffusion characteristics of
different T, relaxation components in bovine optic nerve.
The long T, component, assigned to the intra-axonal water
was found to have an anisotropy factor of 2.3 at a diffusion
time of 17 msec. The anisotropic diffusion factors obtained
from our results for the intra-axonal water in rat sciatic
nerve are in the range of 3-20 at diffusion times of 8-50
msec indicating a very strong dependency on the diffusion
time. The reason for this disparity between our results and
the measurements cited above (13,15,16,39,40) probably
arises from the fact that in the 'H measurements the
observed intra-axonal water signal is susceptible to contami-
nation from water in other compartments. We have shown
that the water in the epineurium and the endoneurium are
only slightly restricted. Thus contamination from water
signals of the epineurium and the endoneurium is ex-
pected to reduce the measured restriction for the intra-
axonal water.

The DQF method enabled us to measure the diffusion
constants of water in each of the compartments separately.
This is done on the basis of the different dependencies of
the DQF spectra on the creation time and the different
quadrupolar interactions experienced by the water in the
epineurium, endoneurium and axon. To the best of our
knowledge, this is the first report of independent diffusion
measurement of the different water population in nerves.
Each of the diffusion decay curves as a function of the
gradient strength was mono-exponential (Fig. 3), indicat-
ing contribution from a single compartment exclusively.

As has been mentioned in the introduction, the 2H DQ
relaxation time Tpq is long relative to the SQ relaxation
time. This enables the measurements of the diffusion
coefficients at relatively long diffusion times, so that
restricted diffusion could be observed and analyzed. Also,
since the signal of the bulk water was filtered out, the
measurements could be performed with the nerve im-
mersed in aqueous solutions that preserve the physiologi-
cal environment and also enable perfusion experiments.
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