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Hindered Diffusion of High Molecular Weight Compounds in Brain
Extracellular Microenvironment Measured with Integrative Optical
imaging

Charles Nicholson and Lian Tao
Department of Physiology and Biophysics, New York University Medical Center, New York, New York 10016 USA

ABSTRACT This paper describes the theory of an integrative optical imaging system and its application to the analysis of the
diffusion of 3-, 10-, 40-, and 70-kDa fluorescent dextran molecules in agarose gel and brain extracellular microenvironment. The
method uses a precisely defined source of fluorescent molecules pressure ejected from a micropipette, and a detailed theory
of the intensity contributions from out-of-focus molecules in a three-dimensional medium to a two-dimensional image. Dextrans
tagged with either tetramethylrhodamine or Texas Red were ejected into 0.3% agarose gel or rat cortical slices maintained in
a perfused chamber at 34°C and imaged using a compound epifluorescent microscope with a 10 X water-immersion objective.
About 20 images were taken at 2—10-s intervals, recorded with a cooled CCD camera, then transferred to a 486 PC for
quantitative analysis. The diffusion coefficient in agarose gel, D, and the apparent diffusion coefficient, D*, in brain tissue were
determined by fitting an integral expression relating the measured two-dimensional image intensity to the theoretical three-
dimensional dextran concentration. The measurements in dilute agarose gel provided a reference value of D and validated the
method. Values of the tortuosity, A = (D/D*)'2, for the 3- and 10-kDa dextrans were 1.70 and 1.63, respectively, which were
consistent with previous values derived from tetramethylammonium measurements in cortex. Tortuosities for the 40- and 70-kDa
dextrans had significantly larger values of 2.16 and 2.25, respectively. This suggests that the extracellular space may have local
constrictions that hinder the diffusion of molecules above a critical size that lies in the range of many neurotrophic compounds.

INTRODUCTION

Knowledge of the diffusion properties of brain extracellular
microenvironment (BEM) is essential to understanding many
mechanisms of brain function, as witnessed by the continued
interest in extrasynaptic communication (Nicholson, 1979;
Schmitt, 1984) or “volume transmission” (Fuxe and Agnati,
1991) and the obvious role of diffusion in delivering meta-
bolic or therapeutic agents to brain cells (Nicholson and Rice,

1986). Many molecules that are candidates as extracellular .

signals or trophic factors are large in size, for example nerve
growth factor is about 130 kDa (7S-NGF) and composed of
several subunits each of about 26 kDa (Thoenen and Barde,
1980). While the importance of factors of high molecular
weight in brain physiology is increasingly recognized (Fuxe
and Agnati, 1991), little is known about the time course and
spatial range of their actions, since adequate methods for the
study of macromolecular diffusion in brain tissue have not
been available.

During the last several years techniques have been devel-
oped for precisely determining the diffusion characteristics
of small molecules in local regions of the brain using mi-
croiontophoresis or pressure microejection of tetramethyl-
ammonium combined with ion-selective microelectrodes
(Nicholson and Phillips, 1981; Nicholson, 1992, 1993). This
technique has been applied in a variety of preparations
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(Nicholson et al., 1979, 1993; Nicholson and Phillips, 1981;
Nicholson and Rice, 1987; McBain et al. 1990; Svoboda and
Sykova, 1991; Cserr et al., 1991; Rice and Nicholson, 1991;
Lundbzk and Hansen, 1992; I.ehmenkiihler et al., 1993; Rice
et al., 1993). While the method is effective, it has two limi-
tations 1) it provides a measurement at only a single point in
the tissue so spatial patterns of diffusion are hard to deter-
mine 2) it can only be used with a few small ions (= 100 M,)
due to the nature of ion-selective microelectrodes. In an ear-
lier period of research on the BEM, radiotracers were the
probe of choice and this permitted other compounds to be
used (Fenstermacher and Patlak, 1975; Fenstermacher and
Kaye, 1988), but since these studies relied on postmortem
counting of particles in fixed and sectioned tissue they pro-
vided limited spatial resolution and no dynamic information.

To overcome the limitations of previous methods we have
developed an optical technique that enables precise deter-
mination of the diffusion characteristics of fluorescently la-
beled compounds of high molecular weight. Because the op-
tical signal arises from a diffusing cloud of molecules it is
necessary to deal with signals from a continuum of depths in
the preparation. To do this a method of integrative optical
imaging was devised to solve the problem without the need
to optically section the tissue. The method is based on a
re-evaluation of the theory of out-of-focus images. A full
theoretical description will be provided in another paper (Tao
and Nicholson, submitted). Our approach differs from pre-
vious attempts to derive an apparent diffusion coefficient
from digitized images (Wiederhielm et al., 1973; Nakamura
and Wayland, 1975; Fox and Wayland, 1979; Aggarwal,
1989; Nugent and Jain, 1984a, b; Henry et al., 1992) in that
we use a precisely defined source of fluorescent molecules,
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and accurately account for the contribution of out-of-focus
molecules to the image.

It is worth noting that we are dealing with a novel type of
imaging problem. Normally a microscopist is concerned with
the sharp rendition a two-dimensional structure in the in-
focus object plane (even if a subsequent three-dimensional
image is to be constructed), and this concern is exemplified
by confocal microscopy. But here we are not concerned with
sharpness, or even with an image in the conventional sense,
we are instead simply mapping a cloud of photons into the
memory of a computer. Because of this, many of the factors
that limit conventional optics are of less significance to us.
In this paper we first present and justify the method, then use
it in dilute agarose gel and in rat cortical slices to determine
the diffusion characteristics of dextran molecules as a func-
tion of molecular weight in control medium and in brain
tissue. An abstract of this work has appeared (Tao and
Nicholson 1992).

Diffusion in the BEM

A given compound, characterized by a free aqueous diffusion
coefficient D (cm? s~1), diffuses in the BEM according to a
generalization (Nicholson and Phillips, 1981; Nicholson,
1992) of the classic diffusion equation:
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Position is denoted by (x, y, z) (cm) and time by ¢ (s), while
V2 represents the second spatial derivative, and C (mM) is
the concentration of the diffusing molecules. A source-term
QO(x, y, 2, t) (mM s71) describes local iontophoretic or pres-
sure release of molecules. Uptake of material from the ex-
tracellular space, typically into cells, is defined by f(C) (mM
s™%). If this function is zero or proportional to C then Eq. 1
can be solved analytically for a variety of cases (Nicholson,
1992).

The generalized equation introduces two nondimensional
factors, A and «, that incorporate the structure of the tissue
(Nicholson and Phillips, 1981). The first factor, A, is the
tortuosity, which accounts for the hindrance to extracellular
diffusion that arises from the obstructions presented by cell
membranes. Because of this hindrance we refer to an ap-
parent diffusion coefficient, D*, in tissue. Then A is defined
by A = (D/D*)Y2. The second structural factor, a, is the
volume fraction, which is simply the ratio of the volume of
the BEM to the total volume of tissue averaged over some
small reference domain.

MATERIALS AND METHODS
Organization of the experiment

Fig. 1 shows the experimental setup. Our optical imaging system cohsisted
of a Zeiss Standard microscope equipped with a Nikon 10X water-
immersion objective with NA of 0.3. Illumination was provided by a 100-
watt tungsten-halogen epi-illuminator, powered by a DC stabilized power
supply (Type 990017; LEP, Ltd., Hawthorne, NY), and a standard Zeiss
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FIGURE 1 The IOI system, based on a Zeiss Standard compound mi-
croscope. The temperature-controlled recording chamber holds either aga-
rose gel or a cortical brain slice. Fluorescent dextran molecules are ejected
by pressure from a micropipette and diffuse through the sample. An epi-
illumination system with suitable filters excites the dye molecules and the
emitted signal is imaged directly on a cooled CCD camera using a 10X water
immersion objective. The image recorded by the camera is transferred to a
486 PC. The computer controls the camera, the ejection system, and a shutter
on the illumination source. See text for further details.

dichroic mirror system. The image was recorded by a CCD (charge-coupled
device) camera cooled to -40°C (Model CH250; Photometrics, AZ)
equipped with a Thompson CCD array with 576 X 384 pixels and 14-bit
resolution. In the experiments described here only an area of 256 X 188
pixels was used so as to reduce the time required to transfer the image to
the computer memory. The camera exposure time was 50 ms. To obtain
maximum light efficiency the camera was attached to the microscope at the
primary focus without any intermediate lens so that the objective formed a
real image on the CCD chip. The output of the camera was transferred
directly to the memory of a 486 PC. The computer also controlled a shutter
(Uniblitz shutter and driver; Vincent Associates, Rochester, NY) on the
illumination source, which was used to minimize photo-bleaching, and the
computer controlled the dextran ejection system (described below). The
software for data analysis and control of the equipment was written by Dr.
Lian Tao and made use of the C Library supplied by Photometrics.

The brain slice chamber was mounted on the stage of the microscope
using a custom-built assembly that permitted the independent or combined
movement of the chamber and two micromanipulators mounted on either
side. One manipulator held a microelectrode connected to a computer-
controlled pressure ejection system to deliver a brief pulse of dextran to the
preparation. The other manipulator held a stimulating electrode to evoke
electrical activity from the brain slice. The temperature of the chamber was
maintained at 34°C in all experiments by a custom-built Peltier device with
a feedback system connected to a temperature probe in the bath.

For control experiments agarose gel was made by dissolving 0.3% aga-
rose powder (NuSieve; FMC Corporation BioProducts, Rockland, ME) in
154 mM NaCl solution and heating while stirring until the solution became
clear. The solution was then poured into the chamber and allowed to gel.
This very dilute gel approximated a free solution but was not disturbed by
thermal convection currents.

To prepare cortical slices, Sprague-Dawley rats of either sex (approxi-
mately 150 g) were anesthetized with sodium pentobarbital (60 mg/kg) and
decapitated, and the brains were prepared for slicing as described elsewhere
(Rice and Nicholson, 1991). Coronal slices were cut at 400-pm thick from
the interaural 5-6-mm planes (Paxinos and Watson, 1986) and incubated at
room temperature in physiological saline (see below). The slices were main-
tained in the sample chamber under physiological saline flowing at a rate



Nichoison and Tao

of about 1 ml/min by means of a peristaltic pump. The physiological saline
had the following composition (in mM): NaCl 115; KCl1 5; NaHCO; 35;
NaH,PO, 1.25; MgCl, 1.3; CaCl, 1.5; p-glucose 10; 0.2 sodium ascorbate;
0.2 thiourea (the latter two compounds were used as antioxidants (Rice and
Nicholson, 1991)). The solution was gassed continuously with 95% 0,-5%
CO, to provide a pH of 7.5. In some experiments the viability of the slices
was checked by local stimulation through a bipolar-twisted wire electrode
which evoked local field potentials that were measured with a conventional
microelectrode, amplifier, and oscilloscope. The diffusion measurements
were made in cortical layers III, V, and VI but no significant differences in
the results for different layers were noted.

The ejecting microelectrode, with tip diameter of 3-5 wm and containing
an appropriate fluorescent dextran, was inserted into the slice at an angle
of 30° with respect of the surface until the tip was in the middle of the slice
(i. e., at a depth of about 200 pm). The electrode was connected to a nitrogen
pressure source of 10-30 p.s.i. through a computer-controlled fast-vent
valve (General Valve, Fairfield, NJ) with typical opening duration of 100~
200 ms. The ejection pressure and duration were adjusted so that the volume
of ejected dye was appropriate for the sensitivity and dynamic range of the
CCD camera. We did not routinely measure the quantity of dextran ejected,
but, in some experiments where the optical method was combined with
simultaneous tetramethylammonium measurements, we estimated a typical
release volume of 1 nl or less. After each ejection, a set of about 20 suc-
cessive images was taken to record the diffusion process. The time interval
between two successive images varied from 2 to 10 s, depending the mo-
lecular weight of the dextran and, therefore, its rate of dissipation. After
acquisition, the images were processed and analyzed to extract the diffusion
parameters as described below.

Choice of probe molecules and fluorescent tags

To study how large molecules move through the BEM we selected fluo-
rescent dextrans, for two major reasons. First, because there is precedent for
the use of such molecules to study diffusion in biological systems (e.g., Fox
and Wayland, 1979; Nugent and Jain 1984a, b; Luby-Phelps et al., 1986;
Jarnfelt et al., 1988; Aggarwal, 1989; Henry et al., 1992). Second, the struc-
tural properties of dextrans in solution have been investigated (Ogston and
Woods, 1953; Granath, 1958; Granath and Kvist, 1967). Dextrans are neu-
tral molecules that only acquire charge groups from the fluorescent mol-
ecules used to label them and are also very water-soluble. Consequently
dextrans do not interact significantly with membranes. Although dextrans
are flexible, branched random-coil structures that do not necessarily con-
form closely to a rigid sphere (Luby-Phelps et al., 1986), studies on the
cytoplasm of 3T3 cells have shown that dextrans behave in a similar way
to Ficoll molecules which do have a hard-sphere configuration (Luby-Phelps
et al., 1987).

Because the CCD that we used had 30-40% efficiency in the red wave-
lengths and much lower performance toward the blue, we used dextrans
tagged with red fluorophores. This choice had the further advantage that a
tungsten-halogen illuminator was adequate and this was easier to stabilize
than a mercury arc. We used dextrans with molecular weights of 3, 10, 40,
and 70 kDa (Types D3307, D1828, D1829, and D1830, respectively; Mo-
lecular Probes, Eugene, OR,). The 3-kDa dextrans were tagged with tet-
ramethylrhodamine (absorption maximum, 555 nm; emission maximum,
580 nm (Haugland, 1992)) and used at a concentration of 1 mM, dissolved
in 154 mM NaCl solution. The other dextrans were all tagged with Texas
Red (absorption maximum, 591 nm; emission maximum, 612 nm (Haug-
land, 1992)) and used at a concentration of 100 uM in 154 mM NaCl
solution. For tetramethyirhodamine we used a Zeiss filter set that allowed
excitation wavelengths of 510-560 nm, a beam splitter (dichroic mirror) at
580 nm and a barrier at 590 nm. For Texas Red we used excitation wave-
lengths of 530-585 nm, a beam splitter at 600 nm, and barrier filter at 615
nm. Since the diffusion properties of the dyes began to change after being
in solution for a few days at room temperature, fresh solutions were made
for each experiment.

Dextran Diffusion in Brain
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THEORY

To obtain the diffusion parameters of molecules moving in
a tissue it is necessary to measure the temporal and/or spatial
distribution of the molecules. Using the optical systerm de-
scribed above, however, the direct measurement of the mo-
lecular distribution in a three-dimensional sample is difficult.
Due to the diffraction of light, a point source does not gen-
erate a point image, even if the point is in focus. Instead, a
set of concentric rings, called the Airy pattern (Born and
Wolf, 1986), is generated. Furthermore, in a three-
dimensional sample, the fluorescent molecules in the out-
of-focus planes also contribute to the image intensity. Thus,
in principle, the intensity of each point in the image plane of
the CCD has contributions from the whole sample and there
is no simple one-to-one correspondence between the inten-
sity of a point in the image plane and a point in the sample
volume. Accordingly one cannot simply fit the recorded im-
age with the theoretical expression for the distribution.

The derivation of the three-dimensional concentration
from its two-dimensional image constitutes an inverse prob-
lem, which in general has no unique mathematical solution.
In principle one can partially solve this problem by taking
several images at different depths and then using appropriate
algorithms to remove the blurring produced by out-of-focus
molecules (Agard, 1984; Yae et al., 1992) to find the ap-
proximate concentration in the focal plane. In this method,
a set of images at different depths must be recorded mak-
ing it necessary to mechanically move the microscope
stage, or the focusing system. This slows the sampling pro-
cedure and the concentration distribution may change sig-
nificantly during the data acquisition so that data analysis
becomes complex.

Integrative optical imaging

Here we implement another approach that we call Integrative
Optical Imaging (I0I). We record a single two-dimensional
image of a three-dimensional concentration, using the fluo-
rescent microscope system described above. This image con-
tains not only the signal from the in-focus plane, but also
from the out-of-focus planes. Rather than trying to extract the
concentration from the image we fitted the recorded image
with a theoretical expression for the image to be expected
from a collection of molecules diffusing away from a point
source. From this fitting we obtain the diffusion parameters.

The defocused point-spread function

The image of a three-dimensional incoherent light source
formed by an aberration-free optical system with linearity
and shift-invariance is a convolution of the object with the
defocused point-spread function (DPSF) (Castleman, 1979).
To a good approximation, a modern microscope objective of
low numerical aperture (NA < 0.5) can be treated as an
aberration-free system with linearity and shift-invariance.
Moreover, when such a low-NA lens is used in epifluorescent
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mode, the illumination is essentially constant over the ef-
fective depth of field, to be calculated below. Note that
high-NA objectives (NA > 1.0) suffer from both significant
aberrations and may produce a a partial confocal behavior
because of their illumination properties (Hiraoka, 1990), but
these issues are not relevant to the objective used in the pre-
sent studies.

The fluorescent molecules in the sample constitute a three-
dimensional incoherent light source. For such an ideal optical
system, the two-dimensional image / (x', y’) of a three-
dimensional incoherent light source C(x, y, z) is given by the
following integral:

1x', y') o

= fff Clx, y, 2)Sx" — Mx,y' — My; 2) dx dy dz.

sample space

In this paper the nonprimed letters denote variables in the
object space, while the primed letters denote variables in the
image space. The integration is carried out over the whole
sample space, i. €., the space occupied by the sample. M is
the magnification of the objective. The function S
(x" — Mx,y" — My; z) is the DPSF, which weights the con-
tribution from a source point located at (x, y, z) in the sample
to the image point (x', y').

By definition, the DPSF, S(x’, y'; z), is the image intensity
of a point source located on the optical axis (x = 0 = y) with
a displacement z from the in-focus plane. For an optical sys-
tem with circular symmetry, the DPSF has the following
form (Tao and Nicholson, submitted):

S(x',y'; 2)
2 2
=S’ =13% f cos(kW' p*),(u'p)p dp 3)
0
2! 2
1w f sin(kW' p*), (' p)p dp
0
where W = —R' — Zz'cos® + (R'? + 2R'Z +

z'% cos?0')"/? (Stokseth, 1969), R' = L(M + 1)/M, L = op-
tical tube length of the microscope, 6 = tan~'(Rpupu/R’),
Rpupit = nR'/M)tan®, n = refractive index of object space, NA
= numerical aperture of objective, 2’ = LM?z/(nL + M?z),
k =27/Ay,, A, = wavelength in vacuum, Jy(g) = Bessel
function of first kind and zero order, v’ = kr'/R', r' =
(x'? + y'2)/2. In Eq. 3 all the lengths are expressed in such
a unit that the radius of the effective exit pupil of the ob-
jective, Ry, is unity: before evaluating the expression, it
is necessary to convert all the lengths into such units.

To examine the DPSF on the in-focus plane, we set z =
0 in Eq. 3 and carry out the integration. The expression re-
duces to

4
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S(r';z=0)= {
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where J;(u') is the Bessel function of the first kind and first
order. This is a well known result (Born and Wolf, 1986) for
the in-focus point-spread function.

As an example, the DPSF S(r’, z) of our IOI system
(M =10,NA = 0.3,L = 160 mm, n = 1.33, and A,, = 610
nm) has been computed using Eq. 3 and plotted in Fig. 2. In
the figure, each curve presents the DPSF at a different z
distance from the in-focus plane. We can see that only the
curves representing slightly out-of-focus image planes have
large amplitudes, and these curves tend to become zero after

1.0
N 0.8
0.6
0.4
0.2

0.0
o 1 2 3
r=r'/M (um)

z=0um

S(r;z)M

z=-5 z=5

z=10

T

z=-15 L z=15
b S oSS

2=-20 i z=20
[ S | S

| z=-25 i 2=25
e L 1 | S | 4 ]

FIGURE 2 The DPSF S(r'; z) of the IOI system. The DPSF is based on
the following objective parameters: M = 10, NA = 0.3,L = 160 mm, n =
1.33, and A,, = 610 nm. Each curve presents the DPSF at a different de-
focusing and all the plots use the same units. The radius in the image space,
r', has been converted into the radius in the object space, , to visualize the
effective radius of the field. Only the curves of small defocusing have large
amplitudes and these tend to become zero after their first minimum. The first
minimum of the in-focus (z = 0 um) curve occurs at r,, which is defined
as the effective radius of the field.



Nicholson and Tao

their first minimum. The minima for the curves of out-of-
focus planes occur at about the same radius as the in-focus
curve. From Eq. 4, the first minimum of the in-focus curve
occurs at the radius where the equation J;(u') has its first
root, namely u’ = kr'/R' = 1.22m. The corresponding radius
isr'e = 1.227@R'/k. Since ', is the radius in the image space,
it can be converted into the radius in the object space r, by
the simple relation r, = r' /M.

Since only the light sources located within a radius r, of
a point in the sample space make a significant contribution
to the corresponding image point, the parameter r, can be
defined as the effective radius of the field. For our IOI system
re is about 1.37 pm.

To examine the DPSF along the axis, we set 7' = 0 in
Eq. 3 and carry out the integration. The expression reduces
to

sin(kW’/Z} . o)

““=m”={nﬁwn

This is an even function with respect to W’(z) but not with
respect to z. As we have shown (Tao and Nicholson, sub-
mitted) for small z, we have W’(z) = az, where a = (M?/2n)
sin? @'. Then Eq. 5 can be written as

sin(kaz/Z}

S“_&”_{Mmm ©)
which is an even function with respect to z.

For our 101 system, the DPSF along the z axis has been
computed using Eq. 6 and plotted in Fig. 3. In the figure we
see that the curve S(r' = 0; z) tends to become zero after its
first minimum. From Eq. 6, the first minimum of S(+' = 0;
z) occurs when the equation sin(kaz/2) = O has its first root.
The corresponding values of z are * z, = * 2w/ka.

Since only the sources located between -z, and z. have
significant weights, the value z. defines the effective depth

of field which, for our IOl system, is about 17.1 pm.
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FIGURE 3 The DPSF along the axis, S(r' = 0; 2), of the IOI system. The
curve tends to become zero after its first minimum which occurs at * z,
which is defined as the effective depth of field.

Dextran Diffusion in Brain 2281

In summary: any objective has an effective radius of field
r. and an effective depth of field z., these two parameters
together define an effective cylinder of field in the object
space. Only light sources located within the effective cyl-
inder contribute significantly to the corresponding image
point. The effective cylinder is shown in Fig. 4.

Theoretical concentration distribution after
pressure ejection from a point source

For a given concentration, the image intensity can be com-
puted using Eq. 2. The actual form of the concentration
C(x, y, z) depends on how the diffusing molecules are ejected
into the sample and the composition of the sample. In this
paper we only consider the case where the molecules are
ejected by pressure into a homogeneous and isotropic
sample. We also assume that the large molecules considered
here do not leave the extracellular space, so that there is no
uptake i. e., f(C) = 0 in Eq. 1. We assume that the volume
U (liters) of material injected at concentration C; (mM) is
sufficiently small that the molecules can be regarded as dif-
fusing from a point source and forming a distribution with
spherical symmetry. If we write y? = 4D*t (cm?) then the
extracellular concentration distribution is (Nicholson, 1985;
1992)

uUc,
Co(x’ Y, 2, 'Y) = —e—(x2+y2+12)/72. .
a(y\/m)} (M

image plane xty’)
image point
objective
sample space
I
Ze
| in-focus plane
(xyz= O)/‘t’
- T~ effective cylinder
re of field

FIGURE 4 The effective cylinder of the field. For a given image point
only the light sources located within the effective cylinder with radius r, and
length 2z, make a significant contribution.
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Here we have used the nomenclature C° to indicate that the
concentration designated by Eq. 7 is defined with respect to
the extracellular phase alone, which is the quantity that is
measured with an ion-selective microelectrode or similar
sensor inserted into brain tissue. But the sample space im-
plicit in the integral defined in Eq. 2 is taken over the whole
tissue volume phase. To reconcile these two quantities we
note that

Clx,y,z,v) = aC’x,y,2, ). ®

This point is discussed in more detail elsewhere (Nicholson
and Phillips, 1981; Nicholson, 1985). A consequence in the
present approach is that the volume fraction («) cannot ap-
pear in the final expression for I(x, y, y), so it cannot be
obtained from the curve fitting. This is a result of the inte-
grative nature of the method, in contrast to microelectrode
techniques that sample the BEM in the vicinity of a point.

Substituting Eqs. 3, 7, and 8 into Eq. 2, one can compute
the image intensity for any given 7. Since the contribution
C(x, y, z) posses spherical symmetry, and as long as z < R
the DPSF is almost symmetric about the z = 0 plane, we need
only carry out the integration in the % space of y = 0 and
z = 0, and multiply the result by 4 to get the correct image
intensity.

Approximations to the DPSF

While the DPSF in Eq. 3 is more rigorous than the subsequent
approximations, it requires numerical computation of the in-
tegrals. Using this DPSF in the integrand of Eq. 2 will result
in a fourfold integral. In order to fit the measured image
intensity, all the fitting parameters will be adjusted many
times. Each time a parameter is adjusted, this fourfold in-
tegral will have to be computed and it may take a typical 486
computer many hours to find a set of best-fitting parameters.
Obviously this is too slow for practical use and we need
to find an approximation that will permit curve-fitting in a
realistic period of time.

Since the DPSF has a very small effective radius, com-
pared to the dimension of the sample, and a relatively large
effective depth, we suggest here an approximate expression
for the DPSF, which reduces the computation dramatically.
The approximation has the following form

S, y'; 2) = AK8(x', y")S(r' = 0; 2)

®

. | sin(kaz/2)?

= AK3(x', y ){ kazl2 }
where & (x', y") is the two-dimensional Dirac delta function,
and is used here to describe the x” and y’ dependencies of the
DPSF. That means that all the point sources along a line
parallel to the principal optical axis contribute to the same
point in the image plane, and all the point sources off the line
do not make any contribution to this image point. The func-
tion S(r' = 0; z) is the DPSF along the z-axis, which is used
here to weight the contributions of the point sources along
the line. The constant K normalizes the approximate DPSF
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so that it can generate the same image intensity as the one
produced by the rigorous DPSF for C(x, y, z, v) = 1, i.e.,

fffS(Mx,My;z)dxdydz

sample space

=K fff S(Mx, My)S(r' = 0; z) dx dy dz.

sample space

(10)

Using this approximate DPSF, Eq. 2 becomes

I(x’,y’,v)=AKfffC(x,y,z,v)

sample space (1 1)
8x' — Mx,y' — My)S(r' = 0;2) dx dy dz.
The entire optical system, including the CCD camera, will
have a calibration factor A that relates intensity to the values
appearing in the computer memory; this factor will be meas-
ured using a source of known intensity.

We are able to use S(r' = 0; 2) at locations for which
r’ # 0 due to the property of shift invariance that we have
assumed for the optical system. Then using the formal prop-
erties of the delta function, Eq. 11 reduces to

1,y y) =K (2 ny st = 69 d
(X,y,’)’)—w M,M,Z,'Y (r - ,Z) Z.

(12)
Inserting Eqgs. 7, 8, and 9 into Eq. 12, we have

I(r', v) (13)

3 AKUC, sin(kaz/2) : e — (MR
_{Mzw\/%yf[ kaz/2 ]e A

To emphasize the specific dependence of the image I(r’, vy)
on r' we write this as

I(r', ) = E(y)e™ ™", 14

Using Eq. 13, the theoretical image intensity can be
computed by a single integration, instead of a fourfold in-
tegration with consequent reduction in computation time.
In order to see how much error has been introduced into
the computed image by using the approximate DPSF, we
have computed the image intensity using Eq. 13 and plot-
ted the results in Fig. 5 for comparison with the intensity
computed with rigorous DPSF (Eqgs. 2, 3, 7, and 8). From
Fig. 5 we see that for -y < r,, using the approximate DPSF
to compute the image will result in large errors. For y >
10 r,, the images computed using the approximate DPSF
(Eq. 9) and using the accurate DPSF (Eq. 3) are essentially
the same. In our study y > 20 r, at all times so, the ap-
proximate DPSF is perfectly adequate. Therefore we have
used Eq. 14 as our the theoretical image intensity in the
fitting procedure.
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FIGURE 5 The theoretical image intensity. Each plot presents the image
intensity at a different value of +y and uses a different scale for the intensity
axis. The spatial axes use a rational unit r'/(Mr.), with different scales as
indicated. The dotted lines are the image intensities computed using the
accurate DPSF, Eq. 3, while the solid lines are the intensities computed using
the approximate DPSF, Eq. 9. For y < r., using the approximate DPSF to
compute the image will result in large errors. For y > 10r., the images
computed using the approximate DPSF and using the accurate DPSF are
essentially the same.

Determining the apparent diffusion coefficient
using the whole set of images

In the following we describe the extraction of D* in a tissue
slice, the procedure for obtaining D in agarose is, of course,
identical. Data is obtained by taking images at a sequence of
times ¢;. In these experiments we assume that D* is a constant
for a given tissue and molecular species, so for any given
image there is a y,2 = 4D*t; which is constant, hence from
Eq. 13 E(7) will also be constant for that image and vy; can
be obtained by fitting the spatial variation in Eq. 14 to the
measured intensity distribution

I(r, v) = Ee=""". (15)

Here we write the exponent in terms of r rather than r’ be-
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cause our practical measurements relate exclusively to the
sample space and measurements on the image are always
calibrated with respect to known distances in the sample
space. We note that, although E; is a function of v;, we do
not need to make use of that fact to obtain v; in this study.
This is equivalent to ignoring the absolute amplitude infor-
mation as a function of time, which is justified by the com-
plexity of E, involving as it does the need for numerical
integration. Another advantage is that we do not need to
calibrate the image intensity, we merely have to maintain
constant illumination during the image acquisition process.
If the intensity were calibrated in terms of a concentration
standard then we would be able to make use of the additional
information in E and further information could be extracted
from the image, such as the volume of dextran ejected.

We do, however, make use of the temporal information in
the sequence of images in the following way. First we rec-
ognize that there is uncertainty about the exact time when the
measurements begin due to the fact that the initial pulse of
dextran delivered to the tissue is brief (< 1 s) but still of finite
duration and there is a subsequent period during which the
dextran infiltrates the extracellular space of the tissue. It has
also been pointed out recently (Basser, 1992) that the simple
formulation embodied in Eq. 7 does not explicitly satisfy
basic laws of mechanics that would incorporate the elasticity
of the tissue. We can allow for these temporal uncertainties
by supposing that the apparent origin in time of the diffusion
process is at time ¢, before our actual time measurements
commence so that we should write

i = 4D*(t; + 1)) (16)

We then used a two-stage strategy to extract D*. First, for
each time at which we have a concentration distribution, i.e.,
at times ty, £, t; - * * t, we fit Eq. 15 using the nonlinear
Levenberg-Marquandt algorithm (Press et al., 1986). This
yields a sequence of estimates of <y; as a function of the ¢,.
The second step is to perform a linear regression on these data
to extract D* using Eq. 16. In this way the entire sequence
of images are used to refine the estimate of D*.

Finally we note that, in order to deal with any constant
background fluorescence, an image can be recorded before
each dextran ejection. This background signal is then sub-
tracted from the images taken after the ejection when the
images are subsequently analyzed.

RESULTS
Diffusion of dextrans in agarose

Measurement of D for the four dextrans in dilute agarose gel
provided a validation of the IOI method and essential ref-
erence data for the determination of A in brain tissue.
Results for the diffusion of 3-kDa dextran are shown in
Fig. 6. After the dextran solution was pressure-ejected into
the agarose gel, 16 images were recorded successively with
a time interval of 2 s. The four images shown in the figure
were recorded at 4, 8, 16, and 32 s after the ejection. As
expected, these images possess spherical symmetry about the
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FIGURE 6 The diffusion of 3-kDa
dextrans in agarose gel. After the
3-kDa dextran solution was injected
in the agarose gel, 16 images were re-
corded successively with a time inter-
val of 2 s. The four images shown here
were recorded at 4, 8, 16, and 32 s
after the nominal time of injection and
displayed in pseudo-colors. The color
coding of the image intensity is such
that white represents the lowest inten-
sity and blue the highest, as indicated
by the color bar in the figure. These
images possess spherical symmetry
about the injection point, reflecting
the homogeneity and isotropism of
agarose gel. The intensity profile
along the horizontal line intersecting
the injection point in each image is
plotted on the right.

ejection point, since the gel is homogeneous and isotropic.
The intensity profile along a horizontal line passing through
the ejection point in each image is plotted beside the image.

Using the two-step fitting procedure, we extracted the
value of D. On the left of Fig. 7 a, we plot the intensity curves
of images taken at 4, 8, 12, 16, 24, and 32 s with the best-
fitting theoretical curves (Eq. 15) superimposed. It is evident
that the theoretical curves give a virtually perfect fit. The
values of y?/4 obtained at each time are plotted in the right-
hand panel for this experiment. From the slope, D can be
obtained (Eq. 16). It is apparent that the line intersects the
time axis slightly to the left of the origin, i.e., £, has a small
negative value.

Fig. 7, b—d, show the results of similar curve fitting for the
diffusion of the 10-, 40-, and 70-kDa dextrans in agarose.
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These three curves, together with the one depicted in Fig. 7
a, all fit with similar precision and the value of ¢, is slightly
negative in all cases. ) .

Experiments like the ones depicted in Figs. 6 and 7 were
repeated about eight times for each type of dextran. The
means and the standard deviations of the measured diffusion
coefficients are given in Table 1.

Diffusion of dextrans in rat cortical slices

Our ultimate goal was to investigate how large molecules
move through the BEM of the cerebral cortex. To this end
we studied the diffusion of the four fluorescent dextrans of
different molecular weights in slices of rat cerebral cortex,
using the same methods as described for agarose. Fig. 8
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"FIGURE 7 Diffusion profiles in agarose gel. a, b, ¢, and d, show the
diffusion profiles, taken through the ejection point, of the 3-, 10-, 40-, and
70-kDa dextrans, respectively. On the left of each panel are six intensity
curves, which are among the series of 16 images taken after each ejection,
with their best-fitting theoretical curves (Eq. 15) superimposed. From fitting
the intensity curve of the image taken at time #; we obtained the function
value v;. The 16 function values y;>/4 vs. time ¢, are plotted on the right with
a best-fitting regression line. The slope of the straight line gives the required
apparent diffusion coefficient, D*, using Eq. 16.

shows the diffusion of the 3-kDa dextrans in a slice following
pressure ejection. The four images shown in the figure again
were recorded at 4, 8, 16, and 32 s after the ejection. These
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TABLE 1 Diffusion parameters for dextrans in agarose and

brain

Dextran Agarose gel Cortical slice Tortuosity

M, kDa D107 cm?s)  D* (1077 em?s7Y) A = (D/D*)?

3 233+ 2.1(8) 8.1+ 0.4(9) 1.70 = 0.04

10 135 +£0.9(11) 5.1 *0.7(10) 1.63 = 0.05
40 42*03(8) 0.91 £ 0.21(8) 2.16 * 0.11
70 3.8+0.2(8) 0.75 £ 0.16 (12) 2.25 +0.09

Errors for D and D* are standard deviations. Number of observation in
parentheses. Errors for A are calculated as +0.5A(Ds.c.m/D + D_, . /D*),
where Dy ¢ 1, D, are the standard errors of the means.

images demonstrate the spherical symmetry about the ejec-
tion point, perturbed only by the shadow of the injecting
microelectrode as it entered the tissue obliquely under the
microscope objective. The intensity profile along a horizon-
tal line through the ejection point in each image is plotted on
the right of the figure.

Again the two-step analysis process was applied to the
data (Fig. 9). The theoretical curve (Eq. 15) fitted well, but
some deviation was evident at the peak and on the falling
shoulders of the curves. The deviation at the peak was
probably due to tissue elasticity (Basser, 1992) or other
factors that were only relevant in the immediate vicinity of
the ejection site. The deviation on the shoulders is pres-
ently not accounted for, but neither deviation was enough
to be very significant. The values of y?/4 plotted as a
function of time are reasonably fitted by straight lines, so
that a reliable estimate of D* (Eq. 16) was obtained, al-
though there was more scatter as the size of the dextrans
increased. Again, in all cases, #, had a negative value but
became quite large for the bigger molecules.

The means and the standard deviations of the values of D*
are given in Table 1 together with the corresponding tortu-
osity values (A = (D/D*)'/?). 1t is evident that the values of
A for the two smaller dextrans were similar but that A in-
creased for the two larger molecules.

DISCUSSION
integrative optical imaging

Several previous studies have obtained estimates of the ap-
parent diffusion coefficient of large fluorescent molecules
from digitized images. The approach was demonstrated in an
early paper by Wiederhielm et al. (1973) using a nonfluo-
rescent dye, video camera, and microscope to study diffusion
in the vicinity of a capillary bed. More elaborate studies in
capillary beds and mesentery tissue of rats, using fluorescein
isothiocyanate, fluorescent dextrans, and fluorescent bovine
serum albumin were carried out by Nakamura and Wayland
(1975) and Fox and Wayland (1979). A further study of mi-
crovascular permeability and local diffusion in normal and
burn tissue was made by Aggarwal et al. (1989). Perhaps the
most precise experiments of this type were carried out by
Nugent and Jain (1984a, b) in normal and neoplastic tissues.
In a recent study, using the image approach, Henry et al.
(1992) exposed the end of a tube of gel to a constant con-
centration of fluorescent dextrans. Such an approach, how-
ever, is unsuitable for brain tissue.
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FIGURE 8 The diffusion of 3-kDa
dextrans in cortical slices. These data
were obtained in the same way as
those shown for the agarose gel in Fig.
6. Note the spherical symmetry and
clarity of the images in the brain
slices. The shadow of the injecting
microelectrode is apparent in some of
the images.

The previous studies in tissue sought to image fluorescent
molecules as they diffused away from the vicinity of blood
vessels. The complicated geometry of the source and inabil-
ity to precisely characterize the emitted flux, substantially
limited the quality of the results.

An optical method that provides a better defined source is
Fluorescent Recovery After Photobleaching (FRAP) where
a uniform distribution of fluorescent tracer is first established
in the sample and then a region is photobleached with a
strong laser. The diffusion characteristics are determined
from the exchange of surrounding tracer with the population
of bleached molecules. This technique has been widely ap-
plied to studies of cell membranes, which are essentially
two-dimensional, and to regions of intracellular cytoplasm

Volume 65 December 1993

t=4sec

t=16sec

t=32sec

PP

1 I I 1 1
-0.02 0.00 0.00 0.01 0.02

r=r’'/M (cm)

(e.g., Luby-Phelps et al., 1986). Chary and Jain (1989) ap-
plied the method to whole tissue to measure interstitial con-
vection and diffusion in the rabbit ear and Jarnefelt et al.
(1988) applied the method to suspensions of erythrocyte
ghosts. Several problems limit the use of this technique. The
laser beam has a geometry which extends throughout the
sample, even when adjusted to give a Gaussian profile, in-
troducing depth problems, and the need for precise alignment
of laser and recording optics makes the technique complex
and expensive. In addition the intense laser beam needed to
photobleach in a brief period can also damage tissue.

Our method has several advantages over those used in the
studies mentioned above. First the source is well-defined and
closely approximates a point source with an impulse release.



Nicholson and Tao

3kDa

a 4
8
D~
B 0.6
3 12 ~
™y ~
i E
=% 16 BURCE D
5 < o
o @ 24 -
EZ Tear
I
t=32sec S 03}
1 i L 1 1 1 1 3

1 i i 1 1 0.2
-0.02 0.00 0.00 0.01 0.02 0 5 10 15 20 25 30 35 40

r=e’/M (em) t (sec)

10kDa

0.30

i

0.25 |-
24 0.20
t=32sec 018 |-
*
1L 1 1 1 H 1 0“0 1 1 1 1 1 1 1 5
-0.02 0.00 0.00 0.01 0.02 0.03 0 S 10 15 20 25 30 35 40

o 20 40kDa

40

60
0.35 |

80 £
120 0.30 |
0.25 |- //
t=160sec Fy

0.20

0.40

>

1 1 1 L 1 1 0.15
-0.02 0.00 0.00 0.01 0.02 0.03 0 50 100

150 200

d 20 70kDa

40
60

*
80 0.20 [ $
L)
120 015
*

?

t=160sec

t ' \ 1 1 2 0.05
-0.02 0.00 0.00 0.01 0.02 0.03 o 50 100 150 200

FIGURE 9 Diffusion profiles in cortical slices. These data were ob-
tained as described in Fig. 7 for the agarose gel. The fitting of the theo-
retical curves to the images is not quite as good as for the agarose, re-
flecting the greater structural complexity of the brain samples. See text
for further discussion.
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(In preliminary experiments, not reported here, we have also
used an iontophoretic source). Second, none of the studies
mentioned have dealt with the problem of out-of-focus mole-
cules which can make varying contributions to the image.
Noting that the available theoretical treatments of this prob-
lem were inadequate, we developed our own solution (Tao
and Nicholson, submitted). Third, because our measure-
ments are made with weak illumination, there is no need to
correct for photobleaching. Low illumination is feasible be-
cause we are able to introduce a sufficient amount of fluo-
rescent marker using the pressure ejection technique. At the
same time, we do not see self-quenching effects at the con-
centrations employed. A fourth advantage of our method is
that it is relatively simple. We used a cooled CCD camera
which provided excellent dynamic range and linearity, fac-
tors which facilitate quantitative analysis, but less expensive
imaging devices could be used with suitable image intensi-
fiers and calibration.

The simplicity of our method does introduce limitations.
As presently implemented, the method assumes that the dye
molecules diffuse with a spherical distribution about the
point source. For the issue which we are presently exploring
(the way in which large molecules move in the BEM) this is
not a limitation. For the analysis of inhomogeneous diffusion
domains, however, the method would require further refine-
ment. We have not taken into account light scattering or
absorption. Perhaps the simplest and most convincing argu-
ment for assuming these effects to be insignificant with our
method, even in brain tissue, is the excellent agreement with
earlier data (discussed below) that we obtain for both dif-
fusion coefficient and tortuosity, using the two lower mo-
lecular weight dextrans.

Diffusion in agarose

The diffusion coefficient that we measured in 0.3% aga-
rose gel dissolved in isotonic saline should closely ap-
proximate the free diffusion value in the interstitial space
of the brain, which in turn should be close to the aqueous
value. At the low concentrations of agarose used, we do
not believe that the diffusion was significantly hindered.
Schantz and Lauffer (1962) indicated that large molecules
(other than charged proteins) have their diffusion coeffi-
cient reduced by about 3-5% in a 1.5% (w/v) agar gel.
This result was substantiated for small cations by Slade
et al. (1966) who found that D* = D/F where F = 1 +
0.023w and w is the weight percent of agar; thus again for
a 1.5% agar the measured D would be about 3% less than
that in free solution. Schantz and Lauffer also noted that
charged proteins are slowed down in agar gels. This was
confirmed by Ackers and Steere (1962) and Jain et al.
(1990) who showed that the apparent diffusion coefficient
of albumin in 2% (w/v) agar gel was about 70% of that in
aqueous solution. Since we used essentially neutral carbo-
hydrate molecules and 0.3% agarose gel, these data sug-
gests the error in our measurements of D due to agarose
obstruction would be less than 1%.
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We now compare the values of D that we obtained for the
dextrans in agarose with the values obtained with other
methods. One of the most extensive data sets is that of
Granath and Kvist (1967) where the molecular weights were
derived by gel filtration and light scattering, and the diffusion
coefficients by extrapolation from an earlier sedimentation
analysis (1958). Since those data were obtained at 20°C we
transformed them to 34°C using Einstein’s relation which
leads to D34 = D20 (T34/T20)(T]20/'n34), where T is the ab-
solute temperature and 7 is the viscosity of water (tabulated
in Philippoff, 1963). The data of Granath and Kvist could
then be accurately described by the relation D34 (cm?s7!) =
1.11 X 10™* X (M,)™°“® (see Nugent and Jain, 1984a). (It
may be noted that simple theoretical considerations (Rubi-
now, 1975) suggest that D(M,)"> = constant for M, < 1000
but D(M,)® = constant for larger molecules, such as those
used by Granath and Kvist). The relation that describes the
data of Granath and Kvist predicts values for D3, of 23.8 X
107 cm? s7! for the 3-kDa dextran and 13.3 X 107 cm?s~!
for the 10-kDa molecule, which are almost identical to those
that we measured (Table 1). In contrast the same relation
predicts values for D, of 6.86 X 10~7 cm? s™! for the 40-kDa
dextran and 5.24 X 1077 cm? s7! for the 70-kDa dextran.
These values are 63% (40 kDa) and 38% (70 kDa) greater
than those we obtained. Dextrans are polydisperse, but the
quality of the curve fitting (e.g., Fig. 7) does not suggest that
this is a factor and it would be peculiar for the distribution
of molecular weights to be so biased toward high values. At
this time it is not possible to account for the differences in
values of D for the two larger dextrans from those derived
from the data of Granath and Kvist.

The results that we obtained with agarose gels validate the
I0I method. There is almost perfect agreement between our
data and those obtained with totally different methods by
Granath and Kvist for 3- and 10-kDa dextrans. Because of
this agreement, the discrepancies at the higher molecular
weights probably can be attributed to physico-chemical fac-
tors rather than methodological ones.

For later discussion of the passage of dextrans though the
BEM it is useful to have an estimate of the size of the mole-
cules. Conventionally this would entail estimating the Stokes
radius from the formula rg;o s = RT/(67MDN), where R is
the gas constant and N is Avagadro’s number. Use of this
formula begs the question of whether the molecules can rea-
sonably be assumed to be spheres. Ogston and Wood (1953)
and Granath (1958) both conclude that dextrans become
more symmetrical with increase in molecular weight and
Luby-Phelps et al. (1986) noted that, although dextrans do
not have a well-defined configuration, because they are ran-
dom coil polymers, their size can be defined statistically by
the radius of gyration rg = rgokes/0.665. Most authors do
calculate the Stokes radius nonetheless. Such a calculation
indicates that the 3-, 10-, 40-, and 70-kDa dextrans that we
have used have radii of 13, 23, 73, and 81 A, respectively,
based on our values of D. If the Granath and Kvist data are
used instead for the two larger dextrans then their radii would
be 45 and 59 A.
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Diffusion in cortical slice

The tortuosities, A, that we obtained with the 3- and 10-kDa
dextrans (1.70 and 1.63, respectively) in the cortical slices
are consistent with other types of measurement in various
regions of brain and spinal cord (see Nicholson and Phillips
(1981) and Nicholson (1993) for reviews of earlier litera-
ture). What is unexpected is the larger value of A measured
with the two higher molecular weight dextrans. To explore
this result further we need to consider the validity of the data.

There have been several recent estimates of A for the cor-
tex using the tetramethylammonium method. The two most
detailed studies were by Cserr et al. (1991) who obtained a
value of 1.57 for the cortex in the intact, anesthetized rat. The
other detailed study by Lehmenkiihler et al. (1993), also on
the intact neonatal and adult rat concluded that the values of
Aranged between 1.51 and 1.65 for different layers and ages.
Three other studies obtained lower values for A. Lehmen-
kiihler et al. (1985) obtained 1.40 and Nicholson and Rice
(1987) obtained 1.34, but these were limited studies. Re-
cently Lundbzk and Hansen (1992) also obtained a A of 1.40.
In the latter study the tetramethylammonium method was
employed without taking into account the uptake of this small
molecule or attempting to fit the falling phases of the dif-
fusion curves; neglecting these factors may lead to an un-
derestimate of A, since the time course of the curve is modi-
fied by uptake.

The increased values of A seen with the two larger dextrans
in the present study is striking, with values of 2.17 and 2.26
for the 40- and 70-kDa dextrans, respectively. As noted
above, there is some discrepancy between our values of D
and those extrapolated from the data of Granath and Kvist
(1958) for the 40- and 70-kDa dextrans, however, if the ex-
trapolated values are used instead of ours for D, then the
values of A would be even larger, 2.75 and 2.64, respectively.
Thus we believe that the increase in hindrance with the larger
molecules is real and significant.

Two explanations can be offered for the increased hin-
drance in the diffusion of the larger molecules. The first is
that there is interaction between the carbohydrate branches
of the dextrans and similar groups on the surfaces of the brain
cells. This explanation is based on the data of Jirnefelt et al.
(1988) who found a large decrease in apparent diffusion co-
efficient of dextrans in suspensions of erythrocyte ghosts
compared to suspensions of latex spheres. Erythrocytes have
a dense carbohydrate layer attached to their outer surface
Jarnefelt et al. (1988), and it is known that dextrans are re-
tarded in concentrated solutions (Laurent et al., 1976). The
density of carbohydrate molecules associated with cells of
the brain is unlikely to be as high as those covering eryth-
rocytes, although data is much more sparse (Margolis et al.,
1986). Charge interaction cannot account for the increased
A, because the dextrans are neutral, the charge groups being
associated with the dye molecules. A second explanation,
which we favor, is that the size of the spaces between cells
varies, and that molecules above a certain size are excluded
from some intercellular passages. This limiting size can be
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approximated. Since 10-kDa dextrans (Stokes radius of 23
A) are hindered no more than much smaller molecules, the
diameter of extracellular space is probably larger than 50 A
Dextrans of 40 kDa (Stokes radius of either 73 or 45 A) are
more hindered suggesting there are regions that are narrower
than 150 A. It is interesting to note that the popular estimate
of the extracellular space diameter is 150-200 A, although
this may be an artifact of conventional fixation for electron
microscopy (Schmitt and Samson, 1969).

Somewhat similar constraints have been proposed for
diffusion in the brain intracellular microenvironment.
Luby-Phelps et al. (1988) studying the intracellular diffu-
sion of dextrans and Ficolls have found that the mobility
of the molecules is sharply curtailed above a certain size,
which is in the region of rg = 140 A for dextrans and rg
= 240 A for Ficolls. The authors of those studies tenta-
tively attributed their results to the size of the mesh struc-
ture of cytoplasm; they also noted that all molecules,
including small ones, diffuse at least three times slower
than in aqueous solution, suggesting that there is a similar
tortuosity in the intracellular microenvironment as in the
extracellular.

Implications for the movement of
macromolecules through the brain

There is currently considerable interest in the therapeutic
use of large molecules from families of neurotrophic fac-
tors to restore function in various neurologic diseases. To
be effective, such molecules must be able to reach their
targets. While dextrans differ structurally from some of
these potential therapeutic compounds, our data do indi-
cate that molecules as large as 70 kDa can pass through
the BEM. Significantly, however, our data indicate that
certain sites might not be accessible. On the other hand,
below some limit between 10 and 40 kDa, molecular dif-
fusion is not restricted any more than that seen with much
smaller entities. For particular molecules, however, charge
interactions and other forms of more specific binding
could greatly hinder movement. For that reason, it is es-
sential to study the behavior of individual molecular spe-
cies. The results presented here indicate that, so long as a
fluorescent label can be attached, our methods can provide
such information.
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