MAGNETIC RESONANCE IN MEDICINE

Evaluation of Intracellular Diffusion in Normal and
Globally-Ischemic Rat Brain via **Cs NMR

Jetfrey J. Neil, Timothy Q. Duong, Joseph J. H. Ackerman

The question of whether the apparent diffusion coefficient
(ADC) of intracellular water changes after brain injury was
addressed by using '**Cs as an indicator to report on the state
of the intracellular environment. Cesium is an NMR-detect-
able potassium analog that accumulates in the intracellular
space and is detectable in rat brain after being added to the
animal’s diet. The ADC of cesium was measured before and
after the death of the rat. The cesium ADC fell from 0.91 = 0.05
x 1073 mm?/s (mean = SEM, n = 5) in the alive rat to 0.71 +
0.05 x 102 mm?/s within 20 min (the best time resolution of
the experiment) of the death of the animal and stayed at this
value for at least 3 h (P < 0.001). Assuming that the ADC of
cesium reflects motion in the intracellular environment, these
results support the idea that there are changes associated
with cell injury that would cause a reduction in the ADC of
intracellular water. Hence, one factor contributing to the de-
crease in water ADC after brain injury is a change in the ADC
of intracellular water.
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INTRODUCTION

It is widely recognized that the apparent diffusion coef-
ficient (ADC) of water in central nervous system tissue
changes rapidly after injury, particularly with stroke (1,
2), seizure (3-5), excitotoxic injury (6, 7), spinal cord
trauma (8), and spreading depression (9); yet the precise
mechanism(s) for these changes is not well understood.
The ADC is referred to as an “apparent” diffusion coef-
ficient because the water motion it describes is a complex
combination of Brownian motion, possibly cell stream-
ing, and/or movement of molecules across cell mem-
branes. It is also generally accepted that the ADC of water
in the intracellular space is smaller (“slower”) than that
of water in the extracellular space (1-3, 6). Under most
conditions, the ADC then reflects a weighted average of
the ADCs of water in the intracellular and extracellular
spaces (vide infra). Based on these assumptions, several
possible explanations for the rapid change in ADC after
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brain injury have been put forth. They include: (i) move-
ment of water from the extracellular space to the intra-
cellular space in association with cell injury and cyto-
toxic edema (1-3, 6), (ii} reduction in the movement of
water molecules across cell membranes after cell injury
(10), (iii) reduction in the ADC of extracellular water
because of increased restriction of diffusion in the extra-
cellular space associated with cytotoxic edema (11, 12),
and (iv) reduction of the intracellular ADC (3) due to
either a loss of intracytoplasmic macromolecular motion
or an increase in the viscosity of the intracellular milieu.
At present, most authors feel that the first explanation
given above is the correct one (1-3, 6). The second ex-
planation has been largely discounted because of evi-
dence that the movement of water molecules across
membranes is of insufficient magnitude to explain the
observed changes in ADC (3, 11, 13). Some data support-
ing the third explanation are derived from diffusion stud-
ies done at extremely short diffusion times (12), and this
explanation has yet to gain widespread acceptance. To
our knowledge, the study described herein is one of the
first designed to directly address the fourth possibility.
Herein, we describe experiments in which we used **3Cs
as an NMR-detectable indicator to report on the intracel-
lular environment and address the question of whether
the ADC of intracellular water changes with cell injury in
rat brain.

Cesium was chosen for this study because it is an
NMR-detectable potassium analog that accumulates in
the intracellular space (14, 15). Data from our laboratory
suggest that after long-term administration of cesium to
rats, there is roughly 40 times more cesium present in the
intracellular space than in the extracellular space of
brain (16). In addition, and in contrast to potassium,
cesium leaks rather slowly from cells after their death (16
and unpublished data, vide infra). These properties al-
low us to detect a signal that arises mainly from intracel-
lular cesium, both while the animal is alive, and also for
a short time after death.

It is likely that for a given compartment (e.g., the in-
tracellular space), the motion of cesium is related to that
of water. This is because in aqueous solution, cesium
exists as aquated Cs* ions (each with a first hydration
shell of six water molecules) that rarely encounter other
cesium ions in solution. As a result, cesium ions interact
not with other cesium ions, but mainly with water mol-
ecules and, to a certain extent, anions such as Cl~. Con-
sequently, the movement of cesium is linked to the
movement of the water in which it is contained. (Formal-
ly, the diffusion coefficient of aquated cesium is in-
versely related to the viscosity of the media in which it is
contained.) The diffusion coefficient of cesium in aque-
ous solution is similar to the self-diffusion coefficient of
water [1.9 X 107° mm?/s for **3*Cs in 2 M CsCl (17) versus
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2.1 X 107° mm?/s for water (18), both at 25°C] and, as
will be seen below, the ADCs for cesium in rat brain are
quite close to those for water. While it is clear that the
diffusion of cesium in aqueous solution is not exactly the
same as the self-diffusion of water, it is likely that
changes in the ADC of intracellular cesium reflect similar
changes in the ADC of intracellular water as both are
related to the motion of the intracellular milieu. In the
study described below, we evaluate the ADC for cesium
in rat brain before and after brain injury (death of the
animal) in an effort to obtain information regarding
changes in the intracellular environment.

MATERIALS AND METHODS
Animal Preparation

Five female Sprague-Dawley rats weighing between 80
and 100 g were fed a low-potassium diet (Purina Mills,
Inc., Richmond, IN) and drinking water containing 20
mM KCI plus 20 mM CsCl for 10 to 20 days before the
NMR experiment (15). Rats weighed 150 to 200 g at the
time of the NMR experiment. The animals were anesthe-
tized with 2.0 to 2.5% (v/v) halothane in 100% 0, A
catheter was placed in the femoral vein. The trachea was
cannulated and the animal was mechanically ventilated
using a Harvard Apparatus model 680 rodent respirator.
The animal’s body temperature was monitored via rectal
probe (Yellow Springs International, Yellow Springs,
OH), and body temperature was maintained near 37°C
with a feedback circuit and pad containing circulating
warm water. A small hole was drilled in the skull and a
fiberoptic temperature probe (Luxtron Corp., Santa Clara,
CA) was inserted into the anterior portion of the frontal
lobe of the brain to monitor “brain temperature.” This
was maintained near 37°C after the death of the animal
by either blowing warm, moist air over the animal’s head
or circulating warm water through plastic tubing
wrapped around the animal’s head.

NMR Spectroscopy

The animal’s head was placed in an NMR transmitter/
receiver set consisting of a Helmholtz transmitter and
surface coil receiver. Both coils could be tuned to the 'H
resonance frequency (200 MHZ) for shimming as well as
the **Cs resonance frequency (26.2 MHZ) for detection
of the cesium signal. The receiver coil consisted of a
14-mm diameter, two-turn surface coil positioned over
the animal’s head to maximize the signal from the brain.
A second, antisense coil was positioned equidistant from
the transmitter coil and was electrically connected to the
receiver (sense) coil so as to provide optimum radio
frequency isolation between transmitter and receiver
coils through induction of offsetting voltages in the sense
and antisense coils during operation of the transmitter
coil (19). The magnetic field gradient set used consisted
of a laboratory-built Maxwell pair oriented along the z
axis of the magnet (perpendicular to the coronal plane of
the animal).

The experiments were done using an SIS-200 (SISCO)
console and a 4.7-Tesla Oxford magnet with a 40-cm
bore. After the animal was placed in the magnet, mag-
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netic field homogeneity was optimized by maximizing
the 'H free induction decay lifetime. Typical ***Cs lin-
ewidths were 20—40 Hz. Measurements of cesium diffu-
sion were made with a standard Stejskal-Tanner se-
quence (20) that was gated to the R wave of the animal’s
EKG using an EKG unit manufactured by SISCO. The
echo time was 72 ms. The gradient pulses were each 28
ms in duration (8), and the time interval between gradi-
ent pulses (A) was 36 ms. The gradient strength (G) was
varied from 0 to 23 Gauss/cm, corresponding to b values
of 0, 87, 458, 743, 1086, and 1480 s/mm? (see Eq. [2]
below). Sixty-four transients were collected for each
spectrum. Transients were collected four at a time at each
gradient strength in an interleaved fashion to avoid sys-
tematic errors that could be introduced by drift in the
value for ADC, which would occur if the ADC were
changing after the animal’s death. The delay between
acquisitions was an optimal 2.35 s, which corresponds to
1.27 times the T, for ***Cs in rat brain (16, 21). The signal
from the first 10 scans was discarded to allow for equil-
ibration of spin-lattice relaxation before the acquisition
of data. Each individual measurement of diffusion coef-
ficient (i.e., acquisition of 64 transients at each of the six
b values) took approximately 20 min. After measure-
ments of the cesium ADC in the alive, anesthetized ani-
mal, the animal was killed with an overdose of Nembutal
administered intravenously. The mechanical ventilator
was left on and ADC measurements were made continu-
ously for 3 h after the death of the animal.

In addition, one further ADC measurement was made
with each of the alive, anesthetized rats with 32 tran-
sients and 10 s between acquisitions (fully relaxed) to
allow comparison between ADC values measured with
and without full spin-lattice relaxation.

Data Analysis

Cesium signal amplitudes were estimated using Bayesian
probability theory (22-25). These amplitudes were then
fitted to the following expression using a least-squares
method (RS/1 software system, BBN Software Products)
to determine the ADC (20).

Si/So = exp( — b;* D) [1]

where S, is the signal intensity at some value b,, S, is the
signal intensity with b = 0, and D is the diffusion coef-
ficient. The parameter b; is given by the equation:

b;= y26,.252<A - %5) [2]

where vy is the magnetogyric ratio, G; is the gradient
strength, & is the duration of each gradient pulse, and A is
the time between application of the two gradient pulses.
Evaluation of ADC values at different time points was
done using either analysis of variance (ANOVA) or Stu-
dent’s t-test.

RESULTS

Figure 1 shows representative data from a single deter-
mination of the ADC for cesium. When the ADC was
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FIG. 1. (TOP) A series of '33Cs spectra obtained from a live
animal. The spectra shown represent Fourier transforms of the
time domain data for which an exponential apodization filter was
used, resulting in 20 Hz line broadening (see the text for further
details on data acquisition). The numbers beneath each spectrum
represent the b value (in units of s/mm?) at which each spectrum
was obtained. Note that Fourier transforms are used here for
display purposes, but the signal amplitude estimations used for
data analysis and for the plot at the bottom of the figure were done
using Bayesian analysis as described in the text. (BOTTOM) A
semilog plot of normalized signal intensity (S/S,) versus b value
corresponding to the data shown in the top part of the figure. The
line represents the best nonlinear least squares fit to the data and
corresponds to an ADC of 0.86 X 103 mm?2/s.

measured in an alive rat under conditions of full spin-
lattice relaxation, the value obtained was 1.02 + 0.04 X
107° mm?/s (mean + SEM, n = 5). This was significantly
larger than 0.91 = 0.05 x 10™® mm?/s, which was ob-
tained with a 2.35-s delay between acquisitions (paired
t-test, P < 0.01).

As can be seen in Fig. 2, the ADC value fell within 20
min (the best temporal resolution of the experiment) after
the death of the animal and remained at a value roughly
30% less than that obtained from the live animal. The
ADC values from the live animals were significantly dif-
ferent from those obtained after the animals’ deaths
(ANOVA, P < 0.001), and the values obtained after death
were not significantly different from one another
(ANOVA, P > 0.1).
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FIG. 2. A plot of cesium ADC versus time. The first data point
represents measurements from live animals. Times were mea-
sured from the time of the animal’s death. Each data point was
collected over 20 min time and consists of 64 free induction
decays with a time interval between acquisitions of 2.35 s (see text
for details). The error bars represent standard errors of the means.
The asterisk denotes that data point that is significantly different
from the others by ANOVA (P < 0.001).

DISCUSSION

Before attempting to interpret the data from this study, it
would be useful to address the issues of: (i) temperature,
(ii) the diffusion time used for these experiments, (iii)
leakage of cesium from the intracellular to extracellular
space after the death of the animal, and (iv) the effect of
the acquisition parameters on the fraction of the detected
signal arising from intracellular (as opposed to extracel-
lular) cesium. With regard to temperature, we found that
the brain temperature of rats this size falls as much as 7°C
within the first 20 min after death despite maintaining
the animal’s rectal temperature at 37°C with circulating
warm water (unpublished data). While diffusion coeffi-
cients tend to decrease with temperature, decreased tem-
perature is generally not thought to be a significant factor
in the decrease of water ADC with brain injury (26-28).
Despite this, we chose to control brain temperature in
these studies to avoid any potential confounding effects
introduced by changes in brain temperature.

The “diffusion time” (i) represents the time during
which the ADC measurement is sensitive to movement of
the molecule under consideration, in this case cesium.
As one might expect, it is related to the time between the
first diffusion gradient, which dephases the spins based
on their position in space, and the second diffusion gra-
dient, which rephases the spins (to a degree dependent
on how far they have moved) before formation of the spin
echo. The diffusion time is given by the equation:

tyr= (A — 8/3) [3]

where A is the time interval between diffusion gradient
pulses and 8 is the duration of each pulse. This time
interval has an effect on the value obtained for ADC in
systems in which there are boundaries that restrict the
movement of the molecule under consideration (29). In
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general, the longer the diffusion time, the more likely
molecules are to encounter a restricting boundary. This is
because longer diffusion times allow molecules to move
over greater distances before the rephasing gradient is
applied. The distances over which molecules move dur-
ing a single-gradient-direction NMR diffusion experi-
ment can be expressed as the mean square displacement,
<x*>, in the direction of the applied gradient. This is
given by the equation (30):

<xt>=.p (ADC)t ;s [4]

where ADC is the ADC. (Note that the factor of \/5 be-
comes 6 if one considers three-dimensional movement.)
For infinitely short diffusion times, molecules are un-
likely to encounter restrictive barriers—the ADC mea-
sured is maximum and presumably represents unre-
stricted motion within the circumscribed (e.g.,
intracellular) space. For extremely long diffusion times,
all molecules will eventually encounter barriers and, un-
less this phenomenon is taken into account, the ADC
measured from the signal attenuation curve will be much
lower than that measured at short diffusion times.

For cesium, cell membranes likely represent a bound-
ary across which the molecules cross only very slowly
(vide infra). In the study described here, the diffusion
time was 27 ms. Using the ADC for cesium in live rat, this
gives a mean square displacement of about 7 um, which
is on the order of the size of a single cell body (remember
that the sensitive volume of the receiver coil included
both white and gray matter in these studies). To correct
for restrictions of diffusion requires that ADC measure-
ments be made at several diffusion times, which was
impractical for this study. But based on studies of motion
of N-acetyl aspartate, choline, and creatine (29), which
are intracellular constituents of neurons and glia, it is
likely that there was a component of restriction in the
ADC values reported in this study. This means that the
ADC values reported may be underestimates of the mo-
tion of cesium inside cells by a small amount.

With regard to leakage of cesium from the intracellular
to extracellular space after the death of the animal, this
leakage takes place rather slowly (16) in rat brain. In
addition, we estimate that for isolated, cesium-loaded
cardiac muscle less than 10% of the intracellular cesium
leaks out over the first 3 h after death of the tissue
(unpublished data). But however slowly cesium leaks
from dead or dying cells, some leakage must have taken
place over the time course of these experiments. If sig-
nificant leakage were taking place, it would tend to in-
crease rather than decrease the ADC of cesium in this
experiment. While it is possible that the ADC for extra-
cellular cesium decreases after the death of the animal as
aresult of increased restriction of the extracellular space,
it is likely that the ADC of molecules in the extracellular
space remains greater (“faster”) than that in the intracel-
lular space even after the death of the animal. Because we
observed a decrease in the cesium ADC after the animal’s
death, it is unlikely that the result is due to leakage of
cesium. In fact, the decrease observed might have been
even greater in the absence of leakage.
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It is likely that the acquisition parameters used had an
effect on the relative proportions of signal arising from
the intracellular and extracellular spaces. Both spin-spin
(T,) and spin-lattice (T,) relaxation should be consid-
ered. In this study, relatively long echo times were used.
This was done because the magnetogyric ratio for **3Cs is
roughly one eighth that of 'H. As can be seen from Eq. [2],
this decreases the value for b by roughly a factor of 64 for
a given gradient strength (G) and duration (A and 8) when
comparing 'H measurements to **3Cs measurements. To
compensate for this, long gradient pulses were used (in-
creasing the values for A and 8), requiring long echo
times. However, long echo times also favor signal from
spins with relatively long T, relaxation times. For rat
brain at 4.7 Tesla, we estimate that the T, relaxation time
for intracellular cesium is on the order of 53 ms (16),
while that for extracellular cesium is on the order of 1000
ms {unpublished data). Using these relaxation times, one
can calculate that the ratio of ~40:1 for intracellular to
extracellular signal would decrease to ~10:1 at an echo
time of 72 ms. The second consideration is T, relaxation.
When acquiring data under conditions that do not allow
for full spin-lattice relaxation, signal from spins with
relatively short T, relaxation constants tends to domi-
nate. We chose a time interval between data acquisitions
of 2.35 s to optimize the signal-to-noise ratio from intra-
cellular cesium (21), which has a T, relaxation time of
1.85 s under our experimental conditions (16). The T, of
extracellular cesium, on the other hand, is on the order of
3 s (unpublished data). Thus, the signal amplitude ratio
of ~10:1 would increase to ~12:1 when data are acquired
with a delay of 2.35 s. Overall, it is likely that over 90%
of the signal observed in these experiments arose from
intracellular cesium.

The finding that the cesium ADC measurements from
live animals differed depending on the acquisition pa-’
rameters is an intriguing one. The ADC measured under
conditions of full spin-lattice relaxation was greater than
that measured under conditions of partial saturation by
about 10%. By acquiring data under conditions of full
relaxation, the weighting described above for conditions
of partial magnetization saturation no longer applies.
Thus, signal acquired under conditions of full spin-lat-
tice relaxation would tend to have a greater contribution
from spins with a longer T, relaxation constants (i.e.,
extracellular cesium) than signal acquired under condi-
tions of partial saturation. If extracellular cesium has a
larger ADC than intracellular, one would predict that the
ADC measured under fully relaxed conditions would be
larger than that measured under conditions of partial
saturation, as was observed in this study. Hence, the
observed difference in ADC is consistent with estimates
of T, relaxation times and relative ADCs for intracellular
and extracellular cesium. On the other hand, it is also
possible that the intracellular cesium population is inho-
mogeneous with regard to T, and ADC, accounting for
the differences in ADCs measured. Based on the data
obtained in this study, there is no way to tell which
explanation is correct.

The values for the ADC of cesium in the live rat were
roughly half those for cesium in aqueous solution, which
is consistent with data from electron spin resonance
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studies that suggest that the diffusion coefficients of
small molecules in the intracellular space are about half
those for the same molecules in an aqueous solution (31).
Furthermore, the ADC value (corrected for restricted dif-
fusion) for inorganic phosphate in rat muscle (32) at 37°C
is ~1.0 X 10™° mm?/s, which is in good agreement with
the values reported in this study. However, measure-
ments of ADCs of other small molecules in the intracel-
lular space often give values that are somewhat lower
than what we obtained for cesium [for a review of these
studies, see reference (29)]. From studies of non-neural
tissues, for example, the ADC (corrected for restricted
diffusion) of lithium inside red blood cells at room tem-
perature is on the order of 0.5 X 107% mm?/s (33), while
that for sodium is about 0.05 X 10~ mm?/s (34). Calcium
in fish muscle cytoplasm at 25°C gives an ADC (mea-
sured with non-NMR methods) of 0.25 X 10~2 mm?/s
(35). On the other hand, the ADC value we report for
cesium in rat brain after injury, 0.6 X 1073 mm?/s, is
identical to that obtained in our laboratory for excised rat
heart at 37°C, from which cesium leaks very slowly after
cell death (unpublished data). From studies of neural
tissue, data from rat brain at 37°C have been obtained for
N-acetyl aspartate, choline, and creatine. Each of these
molecules gives a value (measured at very short diffusion
times of 17 ms) of ~0.3 X 107 mm?/s (36). Overall, there
is a moderate degree of variability in ADCs for different
molecules inside various cells, with the ADCs we report
for cesium in rat brain being at the high end of the
reported values. It is clear that ADC values depend, at
least in part, on the particular cell type and molecule
being studied.

There is no reason to expect, a priori, that the ADC
values for cesium obtained in this study should be the
same as those for intracellular water, although we are
interpreting the changes in cesium ADC as specific to the
intracellular space and as reflecting perturbations that
affect both water and cesium motion in parallel. On the
other hand, it is interesting to compare the ADC values
because, as noted previously, the true diffusion constants
are essentially equivalent in dilute aqueous solution
(perhaps fortuitously). The values obtained for cesium in
live rat (~0.9 X 10™* mm?/s) are higher than estimates of
diffusion coefficients for intracellular water in tumor
cells in culture, which are on the order of 0.2 X 1073
mm?/s (29). The water ADC estimates are derived from
biexponential fits of signal attenuation data. The biexpo-
nential fits give two diffusion coefficients for the system
under study; the larger is interpreted as corresponding to
“extracellular” water and the smaller to “intracellular”
water. However, it is possible that values obtained in this
fashion are an underestimate of the intracellular water
ADC. In the only study of neurons of which we are
aware—isolated neurons from Aplysia californica—dif-
fusion constants of 0.28 X 107° mm?/s and 1.5 x 10~°
mm?/s were obtained at room temperature for water in
the cytoplasm and the nucleus, respectively (37). This
study raises the possibility that, because of the multicom-
partmental nature of the system under study, biexponen-
tial fits of diffusion data from cell suspensions do not
properly separate out intracellular and extracellular dif-
fusion. For example, in this case water in the cell nu-
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cleus, having a relatively high diffusion coefficient, may
be misidentified as “extracellular.” In any event, these
values from the intracellular space of Aplysia neurons
are on the same order as those we obtained for cesium.

While we are using the results of this study of cesinm
to draw inferences about the changes in ADC of water, we
are assuming some important differences in the behavior
of the two molecules in brain tissue. Specifically, we
assume that cesium is in “slow exchange” between intra-
cellular and extracellular compartments during these ex-
periments. We make this assumption because cesium
ions are likely to pass through cell membranes much less
readily than water molecules. As a result, it is likely that
a given cesium molecule remains in a given compartment
(intracellular or extracellular} during the 27-ms diffusion
time of the ADC measurements of this study. For such a
system, it is theoretically possible to obtain a biexponen-
tial signal decay curve in which the two slopes represent
the ADCs of the two compartments (with the caveat dis-
cussed in the preceding paragraph). No attempt was
made to fit the data from this study to a biexponential
expression because it was unlikely that we would be able
to effectively detect a signal arising from such a small
extracellular population and because the signal-to-noise
ratio did not permit acquisition of enough data points for
a realistic biexponential fit. Hence we used a monoexpo-
nential fit and assumed that the ADC represents move-
ment of cesium in the intracellular space. Water mole-
cules, on the other hand, pass through membranes more
readily than cesium. As a result, it is possible that a given
water molecule has sampled both compartments, per-
haps even more than once, during the course of a water
ADC experiment. For such a system in “fast exchange,”
only a single ADC is detected and it represents a
weighted average of the ADCs of the two compartments.
{Note that the concept of “restricted diffusion” for water
is compatible with the idea that water can cross mem-
branes if one assumes that the membrane barriers still act
to slow the movement of water from one compartment to
the next.) To what extent this phenomenon takes place
for water depends on factors such as diffusion times,
relative membrane permeabilities of the cells under
study, and the relative volume fractions of the different
compartments. This effect would be more likely for those
experiments in which the diffusion time is longer, such
as in imaging studies done on human subjects. In any
event, by virtue of it's low membrane permeability, ce-
sium offers insight into the intracellular milieu without
the presence of confounding effects caused by sampling
the extracellular space.

The main finding of this study was a decrease in ce-
sium ADC after the death of the animal. While we feel
that this change in cesium ADC reflects changes in the
intracellular environment that affect cesium motion, an
alternative explanation relates to the active transport of
cesium across cell membranes. Cesium, being a potas-
sium analog, is transported across cell membranes from
the extracellular to intracellular space by the sodium-
potassium ATPase pumps (albeit with approximately
70% of the efficiency of potassium; unpublished data
from cardiac muscle). These pumps function to maintain
the ionic gradients necessary for resting membrane po-
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tential, and they are especially active in neurons because
the firing of an action potential leads to movement of
potassium out of cells. This potassium must then be
actively transported back inside the cell. For the sake of
discussion, cesium (or potassium) can be considered as
being in one of two pools during the diffusion measure-
ment. The first pool consists of cesium in the intracellu-
lar space that does not encounter the membrane pumps
during the diffusion measurement. The second pool is
made up of cesium that is actively transported by the
pumps during the diffusion measurement. It is conceiv-
able that the reason that the cesium ADC decreases after
the death of the animal is that when the cells die, the
sodium-potassium pumps stop functioning and the dis-
placement of cesium is reduced, causing a decrease in
ADC. The likelihood that this explanation is correct de-
pends on how great a proportion of the total cesium is
actually transported by the pumps during the diffusion
measurement. As we will see, the vast majority of cesium
molecules probably do not encounter a pump during the
diffusion measurement.

To illustrate this point, we will examine transport of
potassium across the axonal membrane of neurons as a
consequence of an action potential. The brain substance
within the sensitive volume of the receiver coil during
these experiments consists of both neurons and glia.
Neurons, because they are electrically active, lose potas-
sium at a greater rate than glia and must pump this
potassium back across the cell membrane to maintain the
necessary concentration gradient. In addition, the axon
of the neuron is very electrically active, as this is the
portion of the cell in which action potentials are propa-
gated. Furthermore, the axon has a relatively high surface
area to volume ratio as compared with a cell body; and
because the pumps are located in the cell membrane,
axons would be expected to transport a relatively large
proportion of their intracellular potassium. Taken to-
gether, this suggests that transport of potassium across
the axonal membrane is the “worst case” for ion transport
in a central nervous system cell. But even in this case, it
has been calculated that the change in intracellular po-
tassium that takes place with each action potential is
roughly 1/10,000,000 of the internal potassium content
(38). As aresult, even for axons firing action potentials at
1000 Hz [the maximal firing rate for mammalian axons
(39)], the amount of potassium transported during the
27-ms diffusion time of this study would be quite small.
Extending the argument to cesium, this cation is over-
whelmingly present in the pool that does not encounter
membrane pumps during the diffusion measurement.
Therefore, it is likely that the sodium-potassium pumps
play a very minor role in the overall motion of cesium,
and the ADC of cesium does not reflect pump activity to
any detectable degree. This makes it extremely unlikely
that the fall in cesium ADC associated with the death of
the animal is due to changes in sodium-potassium pump
activity.

As a result, the finding that cesium ADC falls quickly
after the death of the animal strongly suggests that there
are changes in the intracellular environment that affect
cesium motion. Active intracellular processes that could
possibly account for such changes include: cell stream-
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ing, axoplasmic flow, and organelle movement (40, 41).
As it has been shown that the fall in water ADC with
cerebral ischemia coincides with energy failure (42), it is
possible that energy failure brings about a loss of intra-
cellular motion that causes a decrease in intracellular
cesium ADC. Such a process would also affect the intra-
cellular water ADC, and hence the decrease in water ADC
observed with brain injury may in part be explained by a
decrease in the intracellular water ADC. Another possi-
ble explanation for the fall in cesium ADC is a change in
the viscosity of the intracellular contents, such as might
occur in conjunction with dissociation of microtubules
(43). It is important to note that the mechanism suggested
herein for the decrease in water ADC does not exclude
contributions from other mechanisms, such as shifts of
water from the extracellular to intracellular compartment
or trapping of extracellular water. In addition, the find-
ings in this study do not necessarily apply to other con-
ditions under which the ADC for water in the brain is
known to decrease, such as status epilepticus.

In studies done essentially coincident with the study
described here, two other research groups have obtained
data, which are consistent with our results. Wick et al.
(44) have evaluated the ADCs of the metabolites N-acety-
laspartate, myo-inositol, creatine, and choline using 'H
spectroscopy of rat brain during stroke and reperfusion.
They find that the ADC values of these metabolites fall
after stroke, suggesting a significant reduction in intra-
celtular mobility. In a similar but separate study, van der
Toorn et al. (45) also used 'H spectroscopy to evaluate
motion of N-acetylaspartate, creatine, and choline in rat
brain before and after cerebral ischemia. Their results are
qualitatively very similar to those of Wick et al., as they
report a reduction in the metabolite ADCs after stroke.
While these studies and ours strongly suggest that a
decrease in intracellular ADC occurs with brain injury,
confirmatory studies with other NMR-detectable markers
(using endogenous or exogenous molecules present in
the intracellular or extracellular space) are necessary.
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