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Evaluation of Extra- and Intracellular Apparent Diffusion

in Normal and Globally Ischemic Rat Brain via *°F NMR
Timothy Q. Duong, Joseph J. H. Ackerman, Howard S. Ying, Jeffrey J. Neil

The biophysical mechanism(s) underlying diffusion-weighted
MRI contrast following brain injury remains to be elucidated.
Although itis generally accepted that water apparent diffusion
coefficient (ADC) decreases after brain injury, it is unknown
whether this is associated with a decrease in intracellular or
extracellular water displacement, or both. To address this
question, 2-['*Flluoro-2-deoxyglucose-6-phosphate (2FDG-
6P) was employed as a compartment-specific marker in nor-
mal and globally ischemic rat brain. Through judicious choice
of routes of administration, 2FDG-6P was confined to the
intra- or extracellular space. There was no statistical differ-
ence between intra- and extracellular 2FDG-6P ADCs in nor-
mal or in globally ischemic brain (P > 0.16), suggesting that
water ADCs in both compartments are similar. However, is-
chemia did result in a 40% ADC decrease in both compart-
ments (P < 0.001). Assuming that 2FDG-6P reflects water
motion, this study shows that water ADC decreases in both
spaces after ischemia, with the reduction of intracellular wa-
ter motion being the primary source of diffusion-weighted
contrast.

Key words: apparent diffusion coefficient; ADC; stroke; de-
oxyglucose-6-phosphate; DWI.

INTRODUCTION

Diffusion-weighted magnetic resonance imaging (DWI),
in which contrast is based on water apparent diffusion
coefficient (ADC), is widely recognized as a useful imag-
ing modality because of its ability to detect central ner-
vous system (CNS) injury within minutes after its onset,
whereas other conventional imaging techniques (such as
T,-, T;-, p-weighted MRI and CT) fail to detect such
injury for at least a few hours (1~4). The ADC value of
water in brain decreases rapidly after many forms of CNS
injury, including stroke (4, 5), trauma (6), status epilep-
ticus (7-10), excitotoxic injury (11, 12), and spreading
depression (13-16). As a result, DWI is a potentially
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useful diagnostic tool for early detection and quantitative
identification of CNS injury as well as assessment of
therapeutic response. Despite this considerable clinical
potential, the biophysical mechanism(s) leading to diffu-
sion-weighted MRI contrast remains poorly understood.

In MRI, the smallest common volume element, typi-
cally a voxel with a volume of few ul, encompasses
millions of cells. Under most conditions, the measured
ADC values reflect a combination of ADC values in both
the extra- and intracellular compartments within the
voxel. Further, it is generally believed that the ADC of
water in the intracellular space is less than that of water
in the extracellular space (4, 9, 12). Based on these con-
siderations, several mechanisms have been postulated to
explain the decrease in ADC following CNS injury,
namely: (i} cell swelling associated with CNS injury,
causing a net migration of more rapidly diffusing extra-
cellular water into the more slowly diffusing intracellu-
lar space (4, 5, 9, 12, 17); (ii) reduction of intracellular
water ADC due to a loss of cytoplasmic motion and/or an
increase in viscosity of intracellular milieu (9, 18-20);
(iii) reduction in extracellular water ADC due to in-
creased restriction to diffusion in the extracellular space
because of cell swelling and loss of extracellular volume
(21-24); and (iv) reduction in transmembrane water
movement (25).

The hypotheses listed above are rational yet exceed-
ingly difficult to validate due to the complex nature of
the biological system under investigation. The CNS is a
multicompartment system, presumably with different
ADC values in different compartments, restriction of dif-
fusion within compartments, and exchange of water be-
tween compartments. After neuronal cell injury, any or
all of these factors, including compartment size, may
change and affect the overall brain tissue water ADC
values. Furthermore, the proposed mechanisms de-
scribed above are not necessarily mutually exclusive and
may depend on the model of cell injury. Defining which
mechanism(s) plays a role in DWI contrast may lead to a
better quantification of cell injury (perhaps salvageable
versus nonsalvageable) and to an improvement in exper-
imental design. This would lay the groundwork for more
effective use of this powerful imaging modality in clini-
cal as well as research settings.

We suggest that the first step in investigating such a
complex multicompartment system is to determine what
happens to ADC values in each compartment in the face
of cell injury—ideally, independent or cognizant of water
exchange between compartments. As part of a continuing
effort, we present herein the use of 2-[*°F]luoro-2-deoxy-
glucose-6-phosphate (2FDG-6P) as a compartment-spe-
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cific marker to report on the extra- and intracellular
ADCs in normal and globally ischemic rat brain via *°F
MR diffusion spectroscopy. Localization of 2FDG-6P to
the extracellular space results when it is administered
directly via intracerebroventricular infusion. The same
molecule can be confined to the intracellular space when
its nonphosphorylated metabolic precursor, 2-[*°F]luoro-
2-deoxyglucose (2FDG), is administered via intravenous
infusion (26, 27). In addition to these in sifu rat brain
experiments, neuronal tissue culture experiments were
performed to confirm the extra- and intracellular com-
partment specificity of 2FDG-6P under normal and isch-
emic conditions.

Although it is clear that the diffusion of 2FDG-6P is not
the same as that of water in biological tissues, it is likely
that changes in ADCs of compartment-specific 2FDG-6P
reflect similar changes in ADC of compartment-specific
water in the absence of transmembrane exchange (vide
infra). Thus, compartment-specific changes in ADCs of
water can be inferred from these measurements.

MATERIALS AND METHODS
Phantom Experiment

Experiments with test (phantom) samples were per-
formed to verify that the diffusion coefficient of 2FDG-6P
(molecular weight (MW) = 260) changes in parallel with
that of water. In these experiments, 2.5 mg of 2FDG-6P (D
& J Scientific) were dissolved in 0.5 ml of 0.9% saline or
20% bovine serum albumin (BSA) gel. The diffusion
coefficients in aqueous and gel phantoms were measured
using the Stejskal-Tanner diffusion sequence (28) with
eight b values ranging from 0 to 3000 s/mm? and 4 - T,
delay between acquisitions. The other diffusion measure-
ment sequence parameters were TE = 43 ms, A = 26.4
ms, § = 12.5 ms, and diffusion time ty, = 22.2 ms (see
Eg. [1b] for definitions). Longitudinal relaxation time
constants (T,s) were measured using the conventional
[delay—180°-r-90°-acquire] inversion-recovery pulse se-
quence (29, 30) with seven inversion delays (1) and a
delay of ~5 - T, between acquisitions. Transverse relax-
ation time constants (T,s) were measured using the Carr-
Purcell (Hahn) conventional [delay~90°~TE/2-180°—TE/
2-acquire] spin-echo pulse sequence (31, 32) with six TE
values and a delay of ~4 - T, between acquisitions.

In Vitro Neuronal Tissue Culture
Tissue Culture Preparation

Tissue culture experiments were performed to evaluate
the extra- and intracellular compartment specificity of
2FDG-6P. A general description of the tissue culture pro-
tocol used here can be found elsewhere (33, 34). Briefly,
mixed neocortical cultures containing both neurons and
glia were prepared from fetal mice at 14—17 days gesta-
tion. Approximately 1.5 X 10° cells per culture well were
plated in the presence of nutrient medium containing
Eagle’s minimal essential medium (Earle’s salts, supplied
glutamine-free, from Sigma), 10 mM glucose, 2 mM glu-
tamine, and 10% horse serum. Cultures were maintained
at 37°C in a humidified incubator containing 5% CO,
and atmospheric O,. Cell cultures were used for experi-
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ment between 14 and 16 days after plating. All experi-
ments were performed in quadruplicate.

2FDG-6P as an Intracellular Compartment-Specific
Marker

Experiments were performed to assess the intracellular
compartment specificity of 2FDG-6P under normal and
cell-injured conditions. Cells were incubated for 1 h in
400 ul of nutrient medium in the presence of 20 mM
2FDG for loading. The cells take up and convert 2FDG
into 2FDG-6P that is then trapped intracellularly (27). To
mimic the ischemic condition in vive, cultured cells
were exposed to oxygen-glucose deprivation (OGD) in
vitro. First, the culture medium was replaced by thor-
ough exchange with deoxygenated, glucose-free, 2FDG-
free medium containing Earle’s balanced salts. Cultures
were then placed in a humidified 37°C incubator within
an anaerobic chamber (Forma Scientific) containing a gas
mixture of 5% CO,, 10% H,, and 85% N, for1or2h
(lethal injury). As a control experiment, other cells were
incubated in the oxygen deprivation (OD) chamber with-
out glucose deprivation (i.e., with 10 mM glucose). Under
these experimental conditions, oxygen deprivation alone
does not induce cell injury; both oxygen and glucose
deprivation in vitro are necessary to mimic the effects of
ischemic conditions in vivo (33).

2FDG-6P as an Extracellular Compartment-Specific
Marker

Experiments similar in concept were performed to assess
the extracellular compartment specificity of 2FDG-6P un-
der normal and cell-injured conditions. Cells were incu-
bated for 4 h in 400 pl of nutrient medium in the pres-
ence of 2 or 20 mM 2FDG-6P (not 2FDG). First, the
culture medium was replaced by thorough exchange
with deoxygenated, glucose-free balanced salts contain-
ing 20 mM 2FDG-6P (for OGD condition) or, alterna-
tively, with an addition of 10 mM glucose (for OD con-
dition). The cells were then incubated under OD or OGD
conditions for 1 or 2 h as described above. For the exper-
iment in which 2FDG-6P is added to the extracellular
space, cells were exposed to 2FDG-6P, even during 0Xy-
gen deprivation.

Control Tissue Culture Experiments

As further control experiments, some cells were har-
vested immediately after 1 h of 2FDG intracellular load-
ing or 4 h of 2FDG-6P extracellular exposure without OD
or OGD treatment. In addition, to determine the extent of
nonspecific binding of 2FDG or 2FDG-6P to the plasma
membrane, cells were exposed to 20 mM of 2FDG or
2FDG-6P for 1 min, respectively.

Collection of Tissue Culture Samples

After 2FDG/2FDG-6P exposure and/or OGD/OD, the su-
pernatant (extracellular portion) was collected. The cells
were washed three times with Earle’s balanced salts so-
lution and lysed with 10 ul of 0.2% sodium dodecyl
sulfate. The cell-containing lysate (intracellular portion)
was then collected separately. For each well of culture



Evaluation of Extra- and Intracellular Diffusion via '°F NMR

cells, 375 ul (out of 400 ul) and 200 pl {out of 210 ul) of
supernatant and lysate were collected, respectively. Vol-
umes of 40 and 50 ul of D,O were added to supernatant
and lysate, respectively, providing NMR signal for field
homogeneity shimming and deuterium field/frequency
lock. All samples were frozen until quantitative high-
resolution *°F NMR experiments could be performed.

NMR Analysis of Tissue Culture Samples

Tissue culture samples were transferred to 5-mm NMR
tubes employing Shigemi inserts, yielding a volume of
240 pl. High-resolution NMR experiments were per-
formed on an 11.75 T Varian UNITY system with a
" F{*H} Nalarac probe. °F spectra under *H WALTZ
decoupling were obtained at 5°C using the following
quantitative parameters: TR = 1.5 s, 750 transients (total
acquisition time of ~20 min, including three dummy
scans). Receiver frequency tuning and impedance match-
ing, as.indicated by the reflected power of the radiofre-
quency (RF) coils, were essentially constant for all sam-
ples. Shimming was performed on the D,O lock signal,
and "°F linewidths (FWHM) of 2-3 Hz were typical of all
samples. Quantification of '°F signal amplitude em-
ployed an external reference signal from 40 uM 2FDG
acquired under the same conditions. NMR spectra of the
external reference sample were obtained at the start of,
three times during, and after *°F NMR examination of the
numerous tissue culture samples. Two other reference
samples, with concentrations of 10 and 60 pM, were used
to confirm the linear relationship between concentration
and '°F NMR signal amplitude. With high-resolution
NMR, 2FDG and 2FDG-6P *°F NMR signals can be dis-
tinguished from each other via chemical shift (35-37).

In Vivo Intravenous Administration of 2FDG (2FDG-6P as
an Intracelluiar Marker)

In this in vivo experiment, 2FDG-6P was used as an
intracellular marker after intravenous bolus infusion of
2FDG. Seven male Sprague-Dawley rats (260300 g) were
anesthetized with 2.0-2.5% (v/v) halothane in 100% 0,.
The femoral vein was catheterized. The trachea was can-
nulated, and the animal was ventilated mechanically
using a rodent respirator (Harvard Apparatus, Model 55—
2226). A fiber-optic thermal probe (Luxtron Corp.) was
inserted into the nasal cavity of the animal, and the
temperature was maintained at 36-38°C throughout the
MR experiment with a combination of a warm water pad
and/or warm air blowing over the animal’s head. Tem-
perature monitored in this manner follows the brain tem-
perature within 1°C (unpublished data). Part of the scalp
was removed such that surface coil could be placed
closer to the brain without undue RF loading. Ear and
tooth bars were used to reduce motion artifact. The EKG
was monitored throughout the MR experiment.

A bolus of 2FDG (500 mg/kg in 1 ml of saline solution)
was administered quickly via femoral vein while the rat
was inside the magnet. This dose, similar to that used by
Kotyk et al. (38), shows no gross physiological evidence
of toxicity. For each rat, three live ADC measurements
were made starting 1 h after the 2FDG bolus intravenous
infusion (38). The animal was then killed by pentobarbi-
tal overdose (160 mg/kg, IV) while in the magnet. ADC

measurements were continued for ~3 h after death. The
temperature of the rat brain was maintained at 36—38°C,
and the ventilator was left on after the death of the
animal.

In Vivo Intracerebroventricular Infusion of 2FDG-6P
(2FDG-6P as an Extracellular Marker)

In this in vivo experiment, 2FDG-6P was used as an
extracellular marker via intracerebroventricular infusion
of 2FDG-6P. Six male Sprague-Dawley rats (280-320 g)
were anesthetized with pentobarbital (35 mg/kg, IP). The
trachea was cannulated, and the animal was allowed to
breath unassisted during intracerebroventricular infu-
sion. The animal was placed in a stereotaxic head frame
(Kopf, Inc.) for intracerebroventricular infusion. Two
holes, 1.5 mm in diameter, were drilled into the skull to
target the lateral ventricles at coordinates of 1.4 mm
lateral to bregma, 0.9 mm posterior from bregma, and 3.5
mm deep from the dura. A total of 80 wmol of 2FDG-6P in
45 ul were infused into both lateral ventricles simulta-
neously via an infusion pump over 3 h. Pentobarbital
anesthesia was supplemented at 6 mg/kg every half hour
or when needed. After intracerebroventricular infusion
and throughout the MR experiment, the anesthetized an-
imal was mechanically ventilated with 1-2% (v/v) halo-
thane in 100% O,

For each rat, three live ADC measurements were made
starting 3 h after 2FDG-6P intracerebroventricular infu-
sion. The timing origin is taken as the middle of the 3-h
infusion. This timing was chosen, based on previous
experience (39}, to allow the infusate to distribute uni-
formly throughout the interstitial space in brain. The
animal was then killed, and ADC measurements contin-
ued as described above.

In Vivo MR Experiments

In vivo MR experiments employed a 4.7 T, 40-cm clear
bore diameter Oxford Instruments magnet equipped with
a 26-cm, 10-G/cm, actively shielded, Oxford Instruments
field gradient set and a Varian UNITY INOVA console.
The animal’s head was placed in a laboratory-con-
structed transmitter/receiver set consisting of a Helm-
holtz transmitter (inner diameter (ID) = 12 cm) and two-
turn surface coil receiver (ID = 1.7 cm) with electrical
isolation greater than 40 dB between transmit and receive
channels.

2FDG-6P as an Intracellular Marker

For diffusion measurements of intracellular 2FDG-6P,
magnetic field shimming and anatomical multislice gra-
dient-echo imaging were performed via 'H,0 MR at
201.6 MHz with the RF coils frequency tuned and im-
pedance matched to *°F at 189.6 MHz (40). STEAM vol-
ume-localized diffusion spectroscopy was employed
(41-44). A voxel of 8 X 10 X 10 mm® (0.8 ml) was
selected from the *H image for *°F acquisition, as shown
in Fig. 1. Volume selection was used in this case to avoid
possible signal contamination arising from 2FDG-6P lo-
cated outside the brain when 2FDG is administered in-
travenously. The *°F diffusion sequence parameters were
TR = 840 ms, TE = 43 ms, TM = 4 ms, A = 28.7 ms, 8 =
12.5 ms, diffusion time tys = 24.5 ms, b = 0, 2000, 4000,



FIG. 1. Atypical "H,0 anatomical (gradient-echo) image obtained
with the RF coils frequency tuned and impedance matched to 19F
acquisition. A voxel of 8 X 10 X 10 mm?3 (0.8 mi) selected for the
intracellutar 2FDG-6P experiment is shown.

6000 s/mm?. The contribution to b values (diagonal ele-
ments of the b matrix only) due to the interactions be-
tween diffusion and nondiffusion gradients, commonly
known as cross-terms, was negligible, ca. <1% as ob-
tained from calculation and verified by phantom exper-
iments. The number of transients was 600 or 1200, giving
a temporal resolution of 30 or 60 min, respectively (three
dummy scans included). Sixty min temporal resolution
was initiated 1 h after the death of the animal for better
signal-to-noise sensitivity, as dynamic effects were not
expected. Transients were collected at four b values in an
interleaved fashion to improve time course data averag-
ing, thus reducing systematic errors that can be intro-
duced by change in ADC values during a measurement
period.

2FDG-6P as an Extracellular Marker

For diffusion measurements of extracellular 2FDG-6P,
the high sensitivity of surface coil localization was used
instead of STEAM volume localization because signal
contamination arising from 2FDG-6P located outside the
brain is not an issue (vide infra). The '°F diffusion se-
quence parameters were TR = 843 ms, TE = 43 ms, A =
26.4 ms, 8 = 12.5 ms, tye = 22.2 ms, b = 0, 2000, 4000,
6000 s/mm?. The number of transients was 600 or 1200,
which gave a temporal resolution of 30 or 60 min, respec-
tively (three dummy scans included). Transients were
collected at four b values in an interleaved fashion to
reduce systematic errors. These parameters are almost
identical to those used in the intracellular 2FDG-6P ex-
periments described above so that direct comparison be-
tween the extra- and intracellular 2FDG-6P ADC values
could be made. The slight difference in parameters arises
from the presence of the mixing time (TM) in the STEAM
volume-localized sequence used in the intracellular
2FDG-6P experiments. This introduces a difference of 2
ms in diffusion time.
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Longitudinal relaxation time constants (T;s) of both
extra- and intracellular 2FDG-6P were measured using
the inversion-recovery pulse sequence described above,
with seven inversion delays (1) and a delay ~4 - T,
between acquisitions. Transverse relaxation time con-
stants (T,s) were measured using the spin-echo pulse
sequence described above, with four TE values and a
delay of ~3 + T, between acquisitions. T, and T, were
measured with surface coil localization only to maximize
signal-to-noise.

Experiments were also performed to confirm that sur-
face coil localization leads to little signal contamination
arising from 2FDG-6P located outside the brain. It is
expected that when administered via intracerebroven-
tricular infusion, 2FDG-6P is localized nearly exclusively
to the CNS because 2FDG-6P crosses the blood brain
barrier very slowly. To assess this hypothesis, 2FDG-6P
was administered to three rats via intracerebroventricu-
lar infusion. At 3—-4 h after infusion, blood (0.5 ml) was
withdrawn from the femoral artery, the animal was im-
mediately sacrificed, and cerebrospinal fluid (50-150 ul)
was' withdrawn from the cistern magna. Quantitative
analysis employing high-resolution *°F NMR was done
as described. The 2FDG and 2FDG-6P concentrations in
cerebrospinal fluid and blood were thus determined.

Halothane gives rise to a '°F signal that is ~128 ppm
away from the *°F 2FDG-6P resonance. With the spectral
width used in this study, the *°F halothane resonance is
strongly attenuated by the audio filters but is very weakly
detectable as a double alias at 12-16 ppm upfield of the
2FDG-6P resonance.

Data Analysis
Tissue Culture Data

The *°F NMR signal amplitudes were estimated using
Bayesian probability theory analysis of the time domain
data (45—49). The 2FDG-6P and 2FDG signals were quan-
tified using an external reference standard, as described
above. After dilution factors were taken into account and
nonspecific binding of 2FDG and/or 2FDG-6P was sub-
tracted {a minor effect), the 2FDG and 2FDG-6P concen-
trations in the lysate were calculated using an intracel-
lular volume of 3.3 pl/cell and 1.5 X 10° cells/well (33).
Statistical evaluation was done using analysis of variance
(ANQVA).

In Vivo *°F Diffusion Data

The "°F signal amplitudes were estimated using Bayesian
probability theory analysis of the time domain data (45—
49}). Amplitudes from *°F diffusion data were fit to the
Stejskal-Tanner equation (28) using nonlinear least
square fitting to the expression,

5i/S, = exp( — b;+ ADC) [1a]

where 5; is the signal amplitude at some value b,, S, is
the signal amplitude with b = 0, and ADC is the apparent
diffusion coefficient. The parameter b, is given by

b; = v*G28%(A — 8/3) [1b]
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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.
(A - 8/3) is also known as the diffusion time (t454r) during
which the ADC measurement is sensitive to motion. Sta-
tistical evaluation was done using repeated ANOVA,
ANQVA, or Student’s ¢ test.

RESULTS
Phantom Experiment

The diffusion coefficients (average of two measurements)
of 2FDG-6P and 'H,0 in aqueous and gel phantoms at
24°C and 37°C are summarized in Table 1. The diffusion
coefficients of 2FDG-6P and water change in parallel in
response to viscosity and temperature variation, as ex-
pected from the Stokes-Einstein diffusion equation

D = kT/(6mmRyp) [2]

where k is the Boltzman’s constant, T is temperature in
Kelvin, 7 is temperature-dependent viscosity of water,
and Ryp is the hydrodynamic radius of the spherical
particle. The degree of solvation of 2FDG-6P was briefly
explored by estimating the radius of the molecule in
isolation and comparing it with the hydrodynamic radius
derived from MR diffusion measurements in aqueous
solution via Eq. [2]. The radius of 2FDG-6P was estimated
by employing the molecular modeling software INSIGHT
{Molecular Simulation, CA) with the frictional coeffi-
cient of 2FDG-6P calculated for a prolate ellipsoid of
revolution (50). A 2.6 A radius was estimated for the
isolated molecule, whereas the experimentally derived
hydrodynamic radius was nearly twofold greater, 4.7 A.
These findings indicate that 2FDG-6P possesses an ap-
preciable hydration shell in aqueous solution.

In Vitro Neuronal Tissue Culture

Tissue culture experiments were designed to evaluate the
intra- and extracellular compartment specificity of
2FDG-6P. For the study in which 2FDG-6P was used as
an intracellular marker, pharmacokinetic experiments
show that optimal loading occurs with cells exposed to
2FDG for approximately 1 h (data not shown). These
findings are similar to those found in vitro (51) and in
vivo (38}, as reported elsewhere,

The intracellular compartment trapping of 2FDG-6P
was evaluated immediately after 1 h of 2FDG loading and
following 1 or 2 h of OD or OGD. The intracellular
2FDG-6P concentration as determined from cell-lysate
samples, ca. 650 uM, was statistically equivalent (P >
0.3) under all conditions (Fig. 2a). No 2FDG-6P signal
was detected in the supernatant (extracellular) samples,
regardless of the treatment conditions. Based on estima-

Table 1
Diffusion Coefficient (10~ mm?/s) of 2-'°FDG-6P and 'H,0.
H,0 2FDG-6P
Temperature
in saline  in 20% gel in saline in 20% gel
24°C 1.95 1.42 0.51 0.28
37°C 2.92 1.97 0.70 0.41
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FIG. 2. (a) Intracellular concentrations of 2FDG-6P under control,
oxygen deprivation (OD), and oxygen-glucose deprivation (OGD)
conditions in vitro after 1 h of 20 mM 2FDG loading. The error bars
represent the standard error of the means of four determinations.
The 2FDG-6P concentrations in the lysate (intracellular portion)
shown here were statistically the same (P = 0.3) for control, OD,
and OGD conditions. In all the supernatant (extracellular portion)
samples collected, no 2-"°FDG-6P NMR signal was detected
(data not shown). (b) Intracellular concentrations of 2FDG-6P un-
der control, oxygen deprivation (OD), and oxygen-glucose depri-
vation (OGD) conditions in vitro after 4 h of 20 mM 2FDG-6P
exposure. The error bars represent the standard error of the
means of four determinations. The 2FDG-6P concentrations in the
lysate (intracellular portion) shown here were statistically the same
(P > 0.8) for control, OGD, and OD conditions. No 2FDG-6P was
detected in lysates for 2 mM 2FDG-6P exposure. In addition, no
2-"9FDG signal was observed in either the lysate or supernatant
for either the 2 or 20 mM 2FDG-6P exposure.

tion of the MR sensitivity under these experimental set-
tings, the limit of detectable 2FDG-6P concentration was
estimated to be an intracellular concentration of ~30 M.
Some 2FDG (the precursor) was detected in the lysate
samples and could be entirely accounted for by nonspe-
cific binding to the plasma membrane surface (data not
shown).

Similarly, the extracellular compartment specificity of
2FDG-6P was evaluated immediately after 4 h of
2FDG-6P extracellular exposure and following an addi-
tional 1 or 2 h of OD or OGD. No 2FDG-6P signal was
detected in the lysate for the 2 mM 2FDG-6P extracellular
exposure, regardless of the treatment conditions. For the
20 mM 2FDG-6P extracellular exposure, the intracellular
2FDG-6P concentration as determined from cell-lysate



samples (not extracellular 2FDG-6P), ca. 550 uM, was
statistically equivalent (P > 0.8), regardless of treatment
conditions (Fig. 2b). Under these conditions, there is a
large 2FDG-6P concentration gradient between the extra-
and intracellular space (36:1). This corresponds to <5%
leakage of 2FDG-6P into the intracellular space. Using a
20:80 extracellular-to-intracellular volume ratio in vivo,
we estimate an amplitude ratio of at least 9:1 for extra-
cellular to intracellular 2-**FDG-6P signals. No NMR sig-
nal arising from 2FDG (representing dephosphorylated
2FDG-6P) was detected in the lysate or the supernatant
for either the 2 mM or 20 mM 2FDG-6P exposure. Non-
specific binding of 2FDG-6P to the plasma membrane
surface was subtracted for the 20 mM 2FDG-6P extracel-
lular exposure calculations. This nonspecific binding
constitutes ~10% of the total 2FDG-6P signal before sub-
traction.

In Vivo Experiments

In experiments designed to confirm the CNS localization
of 2FDG-6P administered via intracerebroventricular in-
fusion, blood and cerebrospinal fluid (CSF) samples were
taken 3—4 h after infusion. The 2FDG-6P concentration in
CSF was 2.6 * 0.9 mM (mean =+ SD, n = 3); no 2FDG was
detected. No 2FDG-6P was detected in the blood plasma;
however, 2FDG was found in blood at a level of ca.
0.07 = 0.02 mM (n = 3). This corresponds to a factor of
37:1 in concentration of CSF 2FDG-6P to blood plasma
2FDG. This observation supports the use of high signal-
sensitivity surface coil localization with little signal con-
tamination from regions outside the brain when 2FDG-6P
is administered via intracerebroventricular infusion.

The ADCs of extra- and intracellular 2FDG-6P were
measured in normal and globally ischemic rat brain.
Figure 3 shows representative extracellular 2FDG-6P and
intracellular 2FDG-6P *°F spectra. The signal amplitudes
decrease with increasing b values, as expected. The sig-
nal amplitude with b = 6000 s/mm? was attenuated to
40-50% of that with b = 0. Figure 4 shows a Stejskal-
Tanner semilog plot of normalized signal amplitude ver-
sus b value for the data shown in Fig. 3. The data are well
modeled by the Stejskal-Tanner equation (Eq. [1a]).

A summary of the rat brain ADC measurements of
2FDG-6P is graphically presented in Fig. 5. Three ADC
measurements were made for each live rat, as shown by
the first three data points in Fig. 5 (before and at time
zero). There was no statistically significant difference
between the extra- and intracellular 2FDG-6P ADC val-
ues at a given time point for normal or for globally isch-
emic rat brain (P > 0.16). However, both extracellular
2FDG-6P and intracellular 2FDG-6P ADC values fell
within 30 min after the death of the animal (P < 0.001)
and remained at a value roughly 35-40% below those
obtained from the live animal. There is no statistically
significant difference among the 2FDG-6P ADC values
after death (P > 0.4 for all). Though 2FDG-6P ADC values
in the two compartments are statistically indistinguish-
able at the 95% confidence limit, the ADC values of
extracellular 2FDG-6P tended to be lower than those of
the intracellular 2FDG-6P in the live animal and, in all
but the initial time point (30 min), after the death of the
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animal. The details of the results of Fig. 5 are given in
Table 2. Analysis of the three repeated ADC measure-
ments made on each live animal yields standard devia-
tions less than 0.01 X 10™® mm?/s, providing an intra-
animal precision of ca. 10%.

The *°F relaxation time constants for extra- and intra-
cellular 2FDG-6P, shown in Table 2, are statistically
identical for both live and dead animals. Also, the T,
relaxation time constant of intracellular 2FDG-6P is sta-
tistically identical in live and dead animals. However,
the T, relaxation time constant of extracellular 2FDG-6P
is 35% shorter after death of the animal. [This difference
has no direct effect on the ADC measured because the
Si/ S, ratio of signal amplitudes is used in the ADC cal-
culation. However, in ADC measurements, as in all spin-
echo based protocols, signal contributions are weighted
toward components with longer T,.]

DISCUSSION
2FDG-6P as a Compartment-Specific Marker

Relevant to experiments employing 2FDG-6P as an intra-
cellular marker, it has been well documented (27, 38)
that, when administered intravenously, 2FDG is taken up
by cells via hexose receptors. 2FDG is then converted to
2FDG-6P by hexokinase. Since 2FDG-6P resists further
enzymatic isomerization to a fructose-6-phosphate ana-
log, it remains trapped within cells as 2FDG-6P unless
dephosphorylated back to 2FDG by glucose-6-phospha-
tase. Glucose-6-phosphatase is essentially absent from
brain (52-54), so 2FDG-6P is trapped in the intracellular
space. This trapping process forms the basis for mapping
local cerebral glucose utilization rates (55-58). The in
vitro results reported herein confirm the intracellular
compartment trapping of pharmacological levels (mM) of
2FDG-6P in healthy brain cells. Sokoloff et al. (27) and
other researchers (26, 51, 59, 60) observed this trapping
previously using tracer concentration levels (uM). The
data presented here are also consistent with an in vivo
*C{*H} study by Kotyk et al. (38) employing [6-**C}2DG
at pharmacological levels. At approximately 1 h after
2DG (500 mg/kg) intravenous bolus infusion in rats, they
showed a prevalence of 2DG-6P over 2DG, with a ratio of
about 9:1. Also, overall trapping kinetics were similar for
pharmacological and tracer doses of 2DG in the study by
Kotyk et al. In the present study, we showed further that
2FDG-6P, once trapped inside the cell, leaks out very
slowly in vitro, at least for the first 2 h after lethal cell
injury.

Relevant to experiments employing 2FDG-6P as an extra-
cellular marker, we propose that when 2FDG-6P is infused
directly into the lateral cerebral ventricles (intracerebroven-
tricular infusion), it moves into the interstitial space of
brain but does not readily cross cell membranes to enter the
intracellular space. This is because this compound is hy-
drophilic and, therefore, unlikely to cross the plasma mem-
brane directly. Further, there is no transporter or receptor to
transport 2FDG-6P into brain cells. Consequently, 2FDG-
6P, when administered directly into the cerebroventricular
space, will primarily reside in the interstitial space. This
hypothesis was tested using neuronal tissue culture. Less
than 5% leakage from the extracellular to intracellular



Evaluation of Extra- and Intracellular Diffusion via **F NMR
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FIG. 3. (a) A series of Stejskal-Tanner diffusion '°F frequency-domain spectra obtained from the brain of a live rat 1 h after intravenous
infusion of 2FDG (intraceliular 2FDG-6P). The spectra shown represent Fourier transform of the time-domain data after application of an
éxponential apodization function, resulting in a 50-Hz line broadening. The number under each spectrum represents the b value in s/mm?.
The frequency-domain representation is used here for display purposes, but signal amplitude estimations used for data analysis were
obtained using Bayesian analysis of the time-domain data as described in the text. (b) Identical to above except that these spectra are
from a different rat 4 h after intracerebroventricular administration of 2FDG-6P (extracellular 2FDG-6P).
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FIG. 4. A Stejskal-Tanner semilog plot of normalized signal amplitude versus b value (see Eq. [1])
corresponding to the spectral data shown in Fig. 3. The open circles indicate intracellular 2FDG-6P
amplitudes, and the solid circles indicate extraceliular 2FDG-6P amplitudes. The solid lines
through the data points represent the nonlinear least squares fit of the data to Eq. [1].
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its precursor, 2FDG, under nor-
mal (control and OD) or cell-
injured (OGD) conditions.
Therefore, 2FDG-6P can be
used as an extracellular marker
when administered via intrace-
rebroventricular infusion. In ad-
dition, 2FDG-6P does not cross
the blood brain barrier readily.
Our analysis of blood and CSF
samples shows that the intra-
cerebroventricularly  infused
2FDG-6P is highly localized to
the CNS. This trapping of
2FDG-6P in the CNS also pre-
vents loss of signal-to-noise sen-
sitivity over the duration of the
full set of ADC measurements.
Furthermore, the compartmen-
tal localization permits the use
of high signal-sensitivity sur-
face-coil localization and detec-
tion with little signal contami-
nation arising from 2FDG-6P
located outside the brain.

We propose herein the use
of 2FDG-6P as a compartment-

space was observed. Based on these data, the extra- to  specific marker to reflect water motion. The diffusion
intracellular 2-**FDG-6P MR signal ratio was estimated to coefficients of 2FDG-6P in saline and gel aqueous phan-
be at least 9:1 for intact rat brain. No further leakage after 2 h toms (Table 1) are similar to those found for other bi-
of lethal cell injury was observed in tissue culture. More- omolecules of like size (61, 62). The diffusion coeffi-
over, our tissue culture results also show that 2FDG-6P  cients of 2FDG-6P and water change in parallel and to a
added to the extracellular space was not converted back to similar degree in response to viscosity and temperature
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FIG. 5. A plot of intracellular (open circle) and extracellular (solid circle) 2FDG-6P ADC versus time
immediately before and nearly 5 h after the death of the animals. The data points assigned -60, -30,
and 0 min represent measurements from live rat. Each data point is derived from spectra collected
over 30 min. The error bars represent the standard deviations. The ADCs for intra- and extracellular
2FDG-6P at a given time point were not statistically different under either normal or globally
ischemic conditions. The ADCs for both compartments decrease by ca. 35-40% within minutes of
the death of the animals.

change. Thus, the premise that
changes in the motion of
2FDG-6P, as reflected via !°F
MR determination of ADC
value, may be taken to infer
parallel changes in water mo-
tion seems reasonable. When
2FDG-6P is being used as a
compartment-specific probe, it
is important to consider the is-
sue of whether the compound
is contained within the aque-
ous compartment of the cell or
is bound to macromolecules.
The ratio of ADC values for
water and 2FDG-6P in phan-
tom and in brain can be used
to get a rough assessment of
whether intracellular 2FDG-6P
is bound to large macromole-
cules. The saline-phantom:
brain ADC ratios for *H,O (4.2)
and for intracellular 2FDG-6P
(5.3) are quite similar, suggest-
ing that 2FDG-6P is unlikely to
be bound. Thus, the ADC
value of the intracellular
2FDG-6P is likely to be reflec-
tive of motion in the aqueous
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Table 2a
Rat Brain In Vivo Extracellular 2FDG-6P ADCs and Relaxation
Time Constants at 4.7 T and 37°C (mean * SD, n = §)

T, () T. 6 ADC (1072 mm?/s)
Alive 1.31+0.14 0.155 = 0.017 0.144 = 0.018
Dead 1.40 £0.18 0.101 = 0.018 0.086 = 0.0122

2 Average of all measurements after death.

compartment of the cell. Glucose-6-phosphate is known
to be localized to the cytosol (63), and 2FDG-6P, being a
glucose-6-phosphate analog, is very likely localized to
the cytosol as well. Water is present in both cytosol and
subcellular compartments such as inside lysosomal or
mitochondrial spaces. It is unlikely that 2FDG-6P is con-
tained within these subcellular organelles.

2FDG-6P, as a compartment-specific marker, offers many
distinct advantages. First, the same molecule can be used
both as an extra- and intracellular marker. This allows
direct comparison of the motion within the extra- and in-
tracellular spaces. Second, no MR signal suppression
scheme is necessary because there is no tissue **F NMR
background signal. Third, the large magnetogyric ratio of
*SF affords considerable signal-to-noise sensitivity and al-
lows one to achieve b values close to those obtained with
*H. Fourth, and most importantly, the plasma membrane is
relatively impermeable to 2FDG-6P. In the time interval
during which the diffusion measurement is sensitive to
motion, the average 2FDG-6P molecule is very unlikely to
cross the plasma membrane. This affords the compartment-
specific ADC measurement in the absence of transmem-
brane exchange. Similar compartment-specific ADC mea-
surements using the *H,0O signal are very difficult because
compartment-specific signals for intra- and extracellular
"H,0 cannot be readily distinguished, and transmembrane
exchange of water may take place during the typical diffu-
sion measurement.

Compartment-Specific ADC Values of 2FDG-6P
Restricted Diffusion

The 2FDG-6P ADC values in the two cellular compart-
ments are statistically indistinguishable in either normal
or globally ischemic rat brain. This implies that ADC
values of water in both compartments are similar. The
ADC values of intracellular 2FDG-6F in vivo reported
here are similar to those found for other endogenous
intracellular biomolecules of like size, such as N-acet-
ylaspartate (NAA), creatine (Cr), and choline (Cho) (18,
19, 62, 64, 65). As of yet, there are no literature values for
diffusion of small molecules in the extracellular space of
brain with which to compare our values for extracellular
2FDG-6P (MW = 260 g/mole). We have made prelimi-
nary ADC measurements of extracellular mannitol

Table 2b
Rat Brain In Vivo Intracellular 2FDG-6P ADCs and Relaxation
Time Constants at 4.7 T and 37°C (mean = SD, n = 7).

T, (5) T, (s) ADC (10~2 mm?/s)
Alive 136+ 0.10 0.106 =0.010  0.157 = 0.028
Dead 1.43+0.11 0.101 =0.011  0.099 + 0.021°

2 Average of all measurements after death.
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(MW = 182 g/mole) by detecting the *H resonance at 3.7
ppm using PRESS volume-localized diffusion spectros-
copy. Mannitol has been well described as a marker for
the extracellular space (66, 67) and can be administered
via intracerebroventricular infusion. Our data, obtained
with a diffusion time of 20 ms, are quantitatively very
similar to the results obtained with extracellular
2FDG-6P (data not shown).

These data do not suggest that the ADC value of
2FDG-6P in the relatively large volume of the cerebro-
ventricular space (such as the lateral ventricles) is similar
to that in the intracellular or interstitial space. Based on
literature values (68), we estimate that the lateral and
third ventricles together constitute only about 7% of total
brain extracellular volume in rat. Further, with the use of
surface coil localization, the third ventricle lies in a
region of relatively low receiver coil sensitivity. There-
fore, the MR signal from extracellular 2FDG-6P arose

-primarily from the interstitial space where diffusion may

be highly restricted due to encounters with plasma mem-
branes. Assuming that 2FDG-6P ADC values reflect water
motion, the ADC values of water in the two compart-
ments are likely to be similar in magnitude.

The widely held assumption that the water ADC value in
the extracellular space is markedly greater than that in the
intracellular space is open to question. The assumption is
based on the notion that diffusion in the extracellular space
is more rapid because the extracellular space contains a
relatively low concentration of macromolecules, i.e., is
more like pure water, as compared with the intracellular
space. However, the average interstitial distance between
plasma membranes in brain, as estimated via microscopy,
is 10—30 nm (69, 70). These tightly-confining boundaries of
the extracellular space might well be expected to reduce the
ADC values for both extracellular 2FDG-6P and extracellu-
lar water due to restricted diffusion. It is important to note
that this distance may be somewhat greater following ad-
ministration of 2FDG-6P into the extracellular space be-
cause of osmotic effects that would tend to expand the
extracellular space. We expect this effect to be minor be-
cause the concentration of extracellular 2FDG-6P used was
~ 2 mM.

Diffusion in the presence of barriers is commonly re-
ferred to as restricted and/or hindered diffusion. The
likelihood of a molecule encountering a barrier in the
time interval (f4) during which the diffusion measure-
ment is sensitive to movement can be evaluated by cal-
culating the root mean square displacement, <x*>/2, for
a molecule in the direction of the applied gradient

(x)2 = \/z ADC(A — 8/3) = \/2 ADC tgg (3]

{Even though molecular motion is three-dimensional, the
application of a given diffusion-gradient pulse sensitizes
the experiment to molecular motion in one dimension.
The root mean square displacement has been computed
for one dimension; thus, the factor of /2 rather than /6.]
For the diffusion time of 22.2 ms employed in this study,
the root mean square displacement of a typical extracel-
lular 2FDG-6P molecule is ~2.5 pm. Given the short
distance between plasma membrane described above, the
typical extracellular 2FDG-6P molecule would encounter
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the plasma membrane many times during its ADC mea-
surement. As a consequence, the ADC value of extracel-
lular 2FDG-6P is likely to be reduced due to restricted
diffusion. Water molecules, which have a higher ADC
value, would be expected to have an even larger root
mean square displacement. Unlike 2FDG-6P, water mol-
ecules may pass through the plasma membrane after
some of their encounters with it, though the membranes
would still hinder diffusion. Thus, the ADC values of
molecules (including water) in the extracellular space are
likely to be significantly reduced due to restricted diffu-
sion and may be reduced to values similar to those found
in the intracellular space.

With regard to the intracellular space, the average cell
diameter in an adult rat brain is about 10 um (19), though
these cells have many processes, such as axons and den-
drites, with significantly smaller diameters. The mean
square displacement of intracellular 2FDG-6P for a diffu-
sion time of 24.5 ms is ~2.7 wm. This makes it likely that
some 2FDG-6P molecules do not encounter the plasma
membrane during the ADC measurement, though their mo-
tion may be restricted by encounters with the membranes of
intracellular organelles. Thus, the intracellular 2FDG-6P
ADC values may also reflect some degree of restricted dif-
fusion. Further, ADC values in the intracellular space may
be reduced by its relatively high viscosity caused by a high
concentration of macromolecules. Overall, these consider-
ations do not significantly alter the major observations of
this study—that the 2FDG-6P ADC values in both compart-
ments are similar and decrease after global ischemia. Fur-
ther, the diffusion times (and, hence, mean square displace-
ments) used here are, if anything, shorter than those
typically used in studies done on human subjects. As a
result, restricted or hindered diffusion is likely to be a factor
in the vast majority of clinical studies.

Biophysical Mechanisms of ADC Changes

The ADC value of intracellular 2FDG-6P decreases after
cerebral ischemia. This decrease is consistent with that
observed for intracellular **3Cs* (20} and endogenous
intracellular metabolites (18, 19). Similarly, the ADC
value of extracellular 2FDG-6P also decreases after cere-
bral ischemia. To our knowledge, this represents the first
MR measurement of “extracellular” diffusion following
brain injury.

The changes in the ADC of 2FDG-6P associated with
cerebral ischemia can, in principle, be a consequence of
changes in several factors, including (1) temperature, (2)
transmembrane molecular exchange, (3) macroscopic
bulk motion, (4) viscosity, (5) restrictive diffusion, (6) net
movement of compartmental water, and (7) cytoplasmic
motion. In this study, the rat brain temperature was care-
fully maintained at 37°C postmortem, and, thus, a change
in temperature could not account for the 35~40% de-
crease in ADC values of 2FDG-6P.

With regard to transmembrane exchange, the plasma
membrane is relatively impermeable to 2FDG-6P. As de-
scribed above, the average 2FDG-6F molecule is unlikely to
cross the plasma membrane in the time interval during
which the diffusion measurement is sensitive to motion.
Our observation of ADC decreases of extra- and intracellu-
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lar 2FDG-6P in the absence of transmembrane exchange
suggests that a change in membrane permeability, although
still a possible consequence of cerebral ischemia, is not
necessary to explain the decrease of water ADC value asso-
ciated with cerebral ischemia. It has been suggested by
others, using a red blood cell model, that a change in water
permeability cannot entirely account for the observed ADC
drop associated with cerebral ischemia (22). Similarly, it
has been demonstrated with a theoretical tissue model and
Monte Carlo simulation that ADC is relatively insensitive to
changes in membrane water permeability (71).

The reduction in 2FDG-6P ADC associated with cere-
bral ischemia could be the result of a decrease of bulk
motion on a macroscopic scale involving many cells.
This postulate is prompted by the observation that ADC
values of H,0, NAA, Cr, Cho, and 2FDG-6P decrease
about 30—-45% as a result of various cell-injury models
across different species. This observation suggests a com-
mon mechanism such as a reduction of brain macro-
scopic bulk motion associated with death. Such macro-
scopic bulk motion could be driven by or related to CSF
pulsation and/or blood perfusion. We think this expla-
nation is unlikely for two reasons. The first is that if this
type of motion played a dominant role in molecular
motion, then the ADC values for molecules in the brain,
regardless of size, would be similar. This is clearly not
the case, as the ADC value of "H,0O is roughly five times
greater than the values of larger molecular-size metabo-
lites. The second reason involves consideration of the
ADC changes associated with brain injury. If significant
bulk macroscopic motion were present, the ADC values
for extremely slowly diffusing molecules would be dom-
inated by this motion. The ADC values for more quickly
diffusing species (e.g., *H,0) would be comprised of
contributions from bulk motion as well as motion from
other causes such as true “diffusion” or molecular trans-
port. It is well documented that water ADC values de-
crease from a normal value of approximately 0.8 x 102
mm?/s in healthy rat brain to values of ~40% less after
injury. This corresponds to a decrease in water ADC of
0.32 X 107° mm?/s. If this decrease is due solely to
changes in bulk macroscopic motion, then bulk macro-
scopic motion must cause molecular displacements cor-
responding to the ADC decrease of 0.32 X 10™3 mm?/s.
This motion would set the lower limit of ADC values for
slowly diffusing metabolites in the brain to at least the
value provided by bulk macroscopic motion. However,
intracellular metabolites such as NAA have ADC values
considerably less than this lower limit {often less than
0.2 X 10™° mm?/s). This indicates that, at least for water,
bulk macroscopic motion makes at best a minor contri-
bution to overall motion. Thus, bulk brain motion on a
macroscopic scale is unlikely to be responsible for the
ADC decrease associated with cerebral ischemia.

Another factor that may lead to the reduction of water
ADC is an increase in cytoplasmic viscosity due to as yet
unknown changes at a subcellular level associated with
cerebral ischemia (19). The viscosity of water in the
cytoplasm of healthy cultured cells has been estimated to
be 1.2-1.4 (65, 72) or two to three times (73) that of bulk
water. The apparent diffusion coefficient of intracellular
2FDG-6P in rat brain is considerably lower than that in
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aqueous saline solution {Tables 1 and 2). This difference
may reflect the combined effects of high cytoplasmic
viscosity and hindrance of diffusion due to macromole-
cules in the cytoplasm and cell membrane barriers, such
as endoplasmic reticulum. If cytoplasmic environment
remains roughly the same after ischemia, the increase in
cell volume due to the shift of water from the extra- to
intracellular compartment associated with cellular
edema would tend to decrease viscosity and thereby
increase rather than decrease ADC values of intracellular
metabolites (19). Thus, for this postulate to hold, intra-
cellular viscosity must increase after cerebral ischemia
despite an increase in intracellular water content. One
possible mechanism by which this might occur is the
dissociation of intracellular macromolecules, such as mi-
crotubules, after cell injury. However, it has been shown
with fluorescence spectroscopy that disruption of the
microtubules and microfilaments of the intracellular ma-
trix with colchicine in human fibroblasts actually in-
creases the ADC values of a microinjected intracellular
marker threefold (74). A similar study using electron spin
resonance also showed that the diffusion of spin-labeled
molecules is increased by cytochalasin-induced micro-
filament disassembly in mouse fibroblasts (73). There-
fore, it is unlikely that an increase in cytoplasmic viscos-
ity due to the fragmentation of intracellular macro-
molecules is responsible for the water ADC decrease
associated with cerebral ischemia. An increase in cyto-
plasmic viscosity due to other unknown mechanism(s)
accompanying cell injury remains a possibility.

Another mechanism that may lead to a decrease in ADC
values is an increase in the tortuosity of the space in which
the molecule is contained. There is strong evidence that
this occurs in the extracellular space. It has been proposed
that cell swelling, which is associated with many forms of
cell injury, presses cell membranes closer together in the
extracellular space and thereby increases the tortuosity of
this space. For example, van der Toorn et al. (24) infused
tetramethylammonium (TMA*) into the extracellular space
of rat pup brain before and after ischemic injury. Diffusion
curves for TMA* were measured using ion-selective elec-
trodes and indicated a significant reduction in extracellular
volume and an increase in extracellular tortuosity after
ischemic brain injury. Based on their data, one can com-
pute a 35% ADC decrease for TMA ™ associated with cere-
bral ischemia. This is consistent with the hypothesis that
the 35-40% decrease in extracellular 2FDG-6P ADC value
measured in the present study after global ischemia is due
to an increase in tortuosity of the extracellular space. The
increase in tortuosity would be expected to have a similar
effect on the ADC of extracellular water, although, as men-
tioned above, water can pass through cell membranes. Nev-
ertheless, a 35-40% decrease of extracellular ADC values
cannot by itself completely account for the overall water
ADC drop associated with cerebral ischemia. This is be-
cause the extracellular volume after cell swelling consti-
tutes only ~10% of the total water brain signal. Given the
findings of this study that the intra- and extracellular ADC
values are statistically indistinguishable, a decrease in ex-
tracellular water ADC, even to a value of zero, for such a
small volume fraction would account for only ~4% of the
30-45% decrease in weighted-average water ADC. This
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would be true even in the presence of putative fast ex-
change between intra- and exfracellular compartments.

It has been proposed that the water ADC decrease is
due to the net migration of more rapidly diffusing extra-
cellular water into the more slowly diffusing intracellu-
lar space as a result of cell swelling associated with cell
injury (4, 5, 9, 12, 17). This hypothesis requires that
diffusion in the extracellular space be sufficiently faster
than in the intracellular space so that a <10% shift of
total water could account for a ~40% overall water ADC
decrease. Again, our data suggest that the water ADC
values in the two compartments are likely to be very
similar. Thus, such a shift of water would not signifi-
cantly change the weighted-average water ADC value. As
a result, we believe that a shift of water from the extra- to
intracellular space is not a relevant mechanism by which
water ADC values decrease after brain injury.

A final mechanism to be considered as a potential cause
for the reduction in the ADC value of intracellular 2FDG-6P
is cytoplasmic motion. It has been elegantly argued that an
intracellular circulatory system is necessary for metabolic
function in most cells and that simple diffusion cannot
provide an explanation for intracellular transport at the
molecular level (75-77). This motion perfuses the interior
of the cell by streaming of the fluid compartment of the
cytoplasm and is energy dependent. It has been postulated
to take place in both labile and transient channels within
the cell. Evidence for this motion includes the observation
that fluorescent-tagged protein introduced into a HeLa cell
by microinjection moves to all parts of the cell body (14-16
wm) within the time it takes to complete the injection, i.e.,
in approximately 1 s (76). If simple diffusion were the
primary mechanism for this distribution, it would take
about 26-27 min for the high molecular-weight fluores-
cent-tagged protein to distribute throughout the cytoplasm.
Further, motion of cellular contents (both saltatory and
streaming) can be directly observed in cells using laser
Doppler and interference microscopy. This observed mo-
tion can be interrupted by moderate increase in cellular
temperature and recovered by cooling after a short duration
of high-temperature exposure (77). We suggest that cyto-
plasmic motion is present in brain cells, is energy depen-
dent, and is interrupted by processes that cause cell injury
and associated energy disruption or depletion. This leads to
a reduction in the ADC values for molecules in the intra-
cellular space, including both 2FDG-6P and water. This
hypothesis is also consistent with data demonstrating a
reduction of the ADC values for intracellular cesium (20)
and intracellular metabolites (18, 19).

We propose that the loss of cytoplasmic circulation is
very likely to be the predominant mechanism responsi-
ble for the decrease of intracellular and, thus, overall
water ADC value (although an increase in cytoplasmic
viscosity or restriction by means other than macromolec-
ular dissociation remains a possibility and cannot be
excluded based on the present study). The decrease in
extracellular ADC value associated with cerebral is-
chemia is likely to make a relatively minor contribution
to the overall water ADC change. Though water mole-
cules, unlike 2FDG-6P molecules, are in exchange be-
tween these two compartments, the rapidity of this ex-
change (i.e., the average pre-exchange lifetime for a water
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molecule in the intracellular space) has not yet been
measured for brain cells. Nevertheless, whether this ex-
change takes place rapidly or slowly will not alter the
major conclusions of this study.

Finally, we reiterate the underlying premise in this
work, namely, that the motion of 2FDG-6P-as repre-
sented by the ADC measurement—may be taken to reflect
the motion of the aqueous media comprising either the
intra- or extracellular space. To the extent that this
premise is accurate, one is able to draw inferential con-
clusions regarding compartment-specific water motion.
However, should other factors, such as the binding or
sequestration of 2FDG-6P to the macromolecular matrix,
contribute significantly to the motional properties of
2FDG-6P, such inferential assessment is weakened. The
use of other compartment-specific probes different from
2FDG-6P will, by comparison, allow the consistency of
these findings to be evaluated and the possibility of in-
ferential “artifact” to be assessed.

CONCLUSIONS

This study confirms the extra- and intracellular compart-
ment specificity of 2FDG-6P in vitro. The extra- and
intracellular ADCs of 2FDG-6P are statistically indistin-
guishable in normal as well as in globally ischemic rat
brain and decrease 35-40% within 30 min after the onset
of global cerebral ischemia. Assuming that 2FDG-6P ADC
values reflect water motion in the two compartmental
spaces, these results support the hypothesis that there are
changes associated with cell injury that cause a reduction
of water ADC values in both the extra- and intracellular
compartments. They also suggest that the ADC values for
water in the two spaces are similar. We propose that the
predominant mechanism for the decrease in water ADC
associated with cell injury is a reduction in the ADC
value of intracellular water due to a decrease in energy-
dependent intracellular circulation, although an increase
in cytoplasmic viscosity or restriction by means other
than macromolecular dissociation remains a possibility.
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