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The nature of brain interstitial fluid (ISF) has long been a subject of controversy. Most of the previous studies on brain ISF
were carried out in vitro. In the present study, a novel method was developed to characterize ISF in the living rat brain by
magnetic resonance (MR) imaging using gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA) as a tracer. Sprague
Dawley rats (n=8) were subjected to MR scanning before and after the introduction of Gd-DTPA into the caudate nucleus. A
one-way drainage of brain ISF was demonstrated on the dynamic MR images. According to the traditional diffusion model, the
diffusion and clearance rate constants of the tracer within brain extracellular space (ECS) were derived as (3.38+1.07)x10™*

m? s and (7.60+4.18)x107° s~!. Both diffusion and bulk flow contributed to the drainage of ISF from the caudate nucleus,
which demonstrated an ISF-cerebrospinal fluid confluence in the subarachnoid space at the lateral and ventral surface of the
brain cortex at 3 h after the injection. By using this newly developed method, the brain ECS and ISF can be quantitatively
measured simultaneously in the living brain, which will enhance the understanding of ISF and improve the efficiency of drug

therapy via the brain interstitium.
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Neurons are bathed by the interstitial fluid (ISF) within the
brain extracellular space (ECS) which forms the microen-
vironment of the central nervous system (CNS). The origin,
drainage and clearance of brain ISF have been the subject of
speculation and controversy for more than 100 years [1].
Most of the previous methods to study ISF drainage were
performed in vitro and could not provide the biophysical
properties of the brain ECS simultaneously. Comparatively,
with several in vivo quantitative methods, there is less con-
troversy on the biophysical structure of the brain ECS,
which has been recognized as a system of intercellular
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communication channels containing many bioactive sub-
stances including nutrients, metabolites, chemical ions, and
neurotransmitters [2]. Although the results obtained with
real-time iontophoresis (RTI) method have formed the basis
for much of our present understanding of the diffusion
properties of the brain ECS [3-5], they provided the data
only for very small volumes of living brain tissue [2] and
information on the spatial distribution and drainage process
of ISF was not available.

There is currently great potential to exploit knowledge of
the brain ECS and ISF so as to treat brain diseases more
effectively. Recently, with positive evidence for convection
enhanced delivery (CED) [6] and simple diffusion delivery
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(SDD) [7], local intracranial injection via the brain ECS has
become an appealing drug delivery method for the treatment
of CNS diseases [8]. The methodology to monitor the re-
al-time distribution and the clearance process after drug
administration via the brain ECS is essential to enhance
therapeutic efficacy [9]. Therefore, knowledge of the brain
ECS and ISF is urgently required for future clinical practice.
In the present study, a novel method is developed to quanti-
tatively measure both the brain ECS and ISF in the living
brain by magnetic resonance imaging (MRI) using gadolin-
ium-diethylenetriaminepentaacetic acid (Gd-DTPA) as a
tracer.

1 Materials and methods

1.1 Phantom experiments for establishing the linear
relationship between 4SI and Gd-DTPA concentration

Gd-DTPA (Magnevist; Bayer Schering Pharma AG, Berlin,
Germany) was diluted with double distilled water in tubes.
Eleven samples of a concentration gradient were prepared;
concentrations of sample solutions were over the range of
0-1 mmol L™'. Magnetic resonance (MR) scanning was
performed at 37°C by submerging tubes in a water bath
when they were placed in the scanner. Parameters for the
imaging sequence were as follows: echo time (TE)=3.7 ms,
repetition time (TR)=1500 ms, flip angle (FA)=9°, inversion
time (T1)=900 ms, slice thickness (SL)=1 mm, field of view
(FOV)=267 mm, voxel=0.5 mmx0.5 mmx0.5 mm. Signal
intensity (S7) was measured by selecting the region of inter-
est (ROI) of every tube in the center of the coronal image.
ASI was calculated from ASI=SIgmple—SIvaer, 4SI-C curve
was fitted using linear regression analysis in SPSS 13.0 sta-
tistical software.

1.2 Animal experiments

1.2.1 Solution preparation

Gd-DTPA was diluted with double distilled water into 10
mmol L7\,

1.2.2  Experimental animals

Eight mature age-matched male Sprague Dawley rats
weighing 250-300 g were used in the experiment. The ani-
mal protocols were approved by the Ethics Committee of
Peking University Health Science Center (Approval No. LA
2009-008).

1.2.3 MR pre-scanning

All the rats (n=8) were anesthetized by an intraperitoneal
injection of a combination of pentobarbital sodium, ethanol,
chloral hydrate, magnesium sulphate and propylene glycol
(3 mL kg™"), and placed in a wrist coil and scanned by the
MR system (Magnetom Trio, Siemens Medical Solutions,
Erlangen, Germany) with a T;-weighted three-dimensional
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magnetization prepared-rapid acquisition gradient echo (T,
3D MP-RAGE) sequence.

1.2.4  Introduction of Gd-DTPA

Skin overlying the calvaria was shaved and disinfected with
iodated alcohol. An incision was then made in the scalp
along the sagittal suture, from the interaural area to the in-
terocular area. The meninges were dissected and then the
bregma was exposed. The rats were fixed in the stereotactic
coordinate system (Lab Standard Stereotaxic-Single,
Stoelting Co, Illinois, USA). According to the results of MR
pre-scanning, a small trephine hole was made, 2 pL of solu-
tion with 10 mmol L™' Gd-DTPA was microinjected (over a
10 min period) into the caudate nucleus [10]. Core temper-
ature was monitored with a rectal thermometer and main-
tained with a heating pad at (~38+0.5)°C.

1.2.5 MR scanning

MR scanning was performed at different time intervals (1,
2,3,4,6,9 and 12 h) after the introduction of Gd-DTPA.
The imaging sequence and parameters were the same as
given before.

1.3 Image processing and quantitative calculation

A signal subtraction image was obtained by subtracting the
pre-scan images from the post-scan images with MATLAB
7.8 software (MathWorks, Natick, MA). The signal intensi-
ty measured on the signal subtraction image was the signal
intensity change (4SI). Then, all of the 4SI values were
converted into concentration values according to the ASI-C
standard curve. Measurements were taken along three per-
pendicular axes, with the x-axis defined in the mediolateral
direction, the y-axis as ventrodorsal, and the z-axis as ros-
trocaudal. A software program (unpublished), based on the
modified diffusion equation, was included in the computa-
tion of the diffusion parameters.

When the scale of interest extended over several cellular
dimensions in the brain ECS, extracellular diffusion was
often described macroscopically as follows [2]:

V3(C, +Q—V-VCECS—M. 1)
o a

ECS

0Cyes D

oo A

In eq. (1), the volume fraction o was defined as the ratio
of the extracellular volume available for molecular diffusion
in the compartment compared to the total tissue volume.
Tortuosity was defined as /I=(D/D*)”2, where D was the
apparent diffusion coefficient of a given molecule in the
brain ECS and D* was the diffusion coefficient of the same
molecule in a free solution. 4 was a measure of how much
the ECS structure hinders extracellular diffusion. Cgcg was
the actual ECS concentration, ¢ was the diffusion time, Q
was the source function of the concentration. v represents
the flow rate of the interstitial fluid in the ECS in mm s, V
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and V? symbolized respectively the first and the second
spatial derivatives in the appropriate coordinate system, and
Sf(Cgcs) described the concentration clearance processes.

As interstitial fluid in the ECS channels was
non-directional, the impact of bulk flow could be ignored.
Eq. (1) was transformed to

0Ccs 22 2 +2_f(CECS) )
o0 A2 %« a
In the following text the term ‘source’ refers to the initial
concentration available for diffusion or, in the case of an
exogenous tracer such as Gd-DTPA, it refers to the site of
the injection. Because there wasn’t a constant input to the
system and Gd-DTPA was assumed to have been adminis-
tered at the original time point, the source Q could be ig-
nored such that
oC

ECS _ D*VZCECS _ f(CECS) , (3)
ot a
where f(Cgcs) represented clearance of molecules out of the
ECS, loss via capillaries, nonspecific uptake into cells, pene-
tration backwards across the blood-brain barrier, drainage into
extracranial lymphatic system, degradation by enzymes and
other biochemical interactions with the extracellular matrix.

In the simplest case, diffusion of a substance in a medi-
um was totally dependent on the concentration gradient
between the source and surrounding medium, and f{Cgcs)
was proportional to the local concentration in the ECS. This

means that

f(CECS)z_k/CECS, (4)

where k' was a first-order clearance rate constant (s™).

According to the equation A4S/=kC=kCgcs - a (C referred
to the average concentration of Gd-DTPA in the brain tissue)
[20], Gd-DTPA in other spaces except ECS was assumed to
have no contribution to the 4SI measured on MR images.
The linear relationship between the MR signal increment
and Gd-DTPA concentration in the ECS was

AST
a-k’

Substituting Cgcs in eq. (3) with that in eq. (5), we ob-
tained

CECS = ©)

(=)
ok ) _ pry? [ﬂj +k (ﬂ) . (6)
ot ak ak

Dividing by ok, eq. (6) can be transformed to

B(ASI)

Y D*V*(ASI) + k'\(ASI) . @)

The effective diffusion coefficient (D*) and k' were es-
timated as follows.
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Assuming a radial distribution in a system with spherical
symmetry, eq. (7) becomes

o481 _ Dizi(r2 o4sn) )j+k'(ASI) , (8)
ot o or or

where r is the distance extending from the original injection
site to an arbitrary point along the direction used for the
measurement. If it is assumed that there was no leakage
through the boundary outlined by the edge of the diffusion
pattern, then the analytic solution of eq. (8) becomes [11]

ASI(t,7) = i;ﬂ SN -wprin ©9)
n=0
where the expansion coefficient £, is
2'7. ASI,, . (r)sin(, r)rdr
&= ; (1_sin2 (Unro)J ' (10
0 U’?rOZ

and ry is the radial size of the volume. The eigenvalue, v, ,
satisfied the eigenvalue equation, tan(v,7,)=v,7, , and
AST ,inn(r) was the initial radial concentration profile.

The initial radial concentration, ASLi(r), could be

measured by averaging the MR signal profile from several
different radial traces on the MR images acquired immedi-
ately after the injection. As time progressed, the model ra-
dial profile could be calculated using eq. (9). At time ¢; and
radius r, the MR signal increment is  ASI (¢, 7).

As a series of MR images were captured at predeter-
mined time intervals, #; (i=1, 2,...,n), the radial profile along
a given radial path for each MR image could be measured.
The measured radial profile at time 7, was denoted as
ASLw(t,,r) .

In principle, the diffusion parameters D* and k', can be
measured by matching the model and measured profiles
at time points #. Such “matching” processes were performed
by using the standard least square fitting technique, where
the sum of the squares of the differences between the mod-
el’s predicted profiles and the measured profiles was mini-
mized. For example, the following y was minimized to find
D*and k'.

N7
;{:Zf(ASJ(t,.,r)—ASI,m(t,.,r))zdr, (11
i=1 0
where the error of the measured profile was assumed to be
the same for all data points. In the computation of y, the
integration over radius, r, was replaced by a summation
along a given path, along which the measurements were
made from the injection site. A simplex-downhill method
was used to perform the numerical minimization.
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A software program (unpublished), based on the modi-
fied diffusion equation and the standard least square fitting
technique, was employed in the computation of the diffu-
sion parameters. The 3D MR series of images were import-
ed to the program after post-processing. It was essential to
choose a target point as the origin of diffusion, which was
generally set in the center of the distribution zone of
Gd-DTPA on MR images. Then the parameters were auto-
matically computed for each pixel located 1-3 mm from the
selected original site within the distribution area of Gd-
DTPA labeling on MR images. The results were shown
voxel-by-voxel on the converted images. Both the directions
parallel and opposite to the three perpendicular axes were
selected to present the diffusion parameters. The direction
along + y-axis was excluded because of the interference by
the needle track. For each direction, the diffusion parame-
ters were designated to be from the voxel situated in the
midpoint of the metrical radius (i.e., 2 mm from the original
point). Parameters measured in the above five directions
were then recorded for each rat.

1.4 The drainage, distribution and elimination process
of the tracer in ISF

Initial image post-processing operations such as motion cor-
rection and coregistration were performed by a software pro-
gram (unpublished) within MATLAB 7.8 based on an effi-
cient mutual information method [12,13]. Then the profile
of the diffusive pattern was automatically outlined on the MR
subtracted images at different time scales by the software.
The principle of the distribution and elimination for the
tracer was intuitively analyzed on the dynamic MR images.

1.5 Statistical analysis

Statistical analysis was performed by SPSS 13.0. One-way
analysis of variance (ANOVA) followed by individual
comparisons of means was used for the comparison of pa-
rameters acquired in distinct directions. A paired-samples ¢
test was used for the comparison of grouped data in the op-
posite directions.

2 Results

2.1 Linear relationship between A4Sl and Gd-DTPA
concentration

A good linear relationship between 4SI and Gd-DTPA con-
centration existed over the concentration range of 0—1 mmol
L™ (Figure 1). The linear equation was A4S/=1475.0C, and the
goodness of fit (R*) was 0.985.

2.2 Diffusion pattern of Gd-DTPA after introduction
into the rat brain

The MR signal of the caudate nucleus increased after
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Gd-DTPA was introduced into the brain (Figure 2).
Gd-DTPA molecules diffused to the ipsilateral frontotem-
poral cortex over a period of 1-2 h. The MR signal inten-
sity began to gradually attenuate at 2 h after the introduc-
tion of Gd-DTPA. The local deposition of Gd-DTPA in
the caudate nucleus did not disappear until 12 h. With the
enhancement area extracted on Figure 3, it was demon-
strated that the tracer was transported by the drainage of
CSF to the subarachnoid space around bilateral olfactory
bulbs.

2.3 The quantification of diffusion properties

The concentration versus time profile is shown in Figure 4.
The diffusive coefficient of Gd-DPTA molecules in the
cerebral ECS of caudate nucleus is (3.38+1.07)x10™* mm?
s (ANOVA, F=2.835, P=0.039<0.05). D* was (4.01% 0.60)
x 10 mm? s™' in the caudate direction, and was signifi-
cantly greater than the value measured in the cranial
direction ((2.54+1.27)x10™* mm? s™") (r=—3.159, P=0.016<
0.05). The clearance rate constant (k) calculated in various
directions was invariant: ((7.60+4.18)x107°s™") (ANOVA,
F=0.032, P=0.998>0.05). D* measured in the cortex was
(1.66+0.81)x10~° mm® s™".

1400 =
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\SI=1475.0C
R?=0.985

1200 A
1000 -
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600 :

400
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Figure 1 The ASI-C standard curve.

Pre-injection

Figure 2 The diffusion of Gd-DTPA is shown on MRI at different time
scales (coronary views). The enhancement in the rat brain is presented as
hyperintensity (white) on the images.
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Pre-injection 1h

Figure 3 MRI appearances of the rat brain at different times after the
injection of Gd-DTPA into the caudate nucleus. A, Sagittal views. B, Cor-
onary views. C, Transverse views. 1 h, the deposition of the tracer is local-
ized in a limited area around the injection spot; 2—-3 h, the tracer extended
to the ipsilateral cortex, then dispersed in the subarachnoid space close to
the vertical surface of the brain; 6 h, migration of the tracer molecules was
driven mainly by the flow of CSF in the cranial direction, and enhancement
was presented in the subarachnoid space around bilateral olfactory bulbs;
12 h, the tracer was drained out of the brain by the ISF and CSF.

0.4 4
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0.24
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0.0

Concentration of Gd-DTPA (mmol L)
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<0 -

10 12

Figure 4 The concentration time-courses of Gd-DTPA in the rat brain.

The measurement was performed in a voxel 2 mm to the original injection

point in the caudate nucleus along the mediolateral direction. Parameters
for the selected voxel were D*=3.05x10"*mm? s, k'=7.59x107° s

3 Discussion

An in vivo measurement should be the basic requirement for
any functional or physiological study of living organs, and
is the key to ending the speculation and controversy regard-
ing the nature of brain ISF. Although several techniques
have been developed to measure the biophysical properties
of the space around ISF (ECS), such as early studies with
the radiotracer method [14], the RTI method using small
ions [15,16] and integrative optical imaging (IOI) by mac-
romolecular fluorescent substance [17], the observation of
the drainage of ISF in living brain is not available and the
diffusion properties of brain ECS can be determined only
within a very short distance or a limited thickness [4].

The hydrophilic Gd-DTPA we used in the present study
cannot enter cells, and the gadolinium ion buried in the cage
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is unlikely to bind to donor groups in proteins and enzymes
[18,19]. Furthermore, a good linear relationship has been
established between the Gd-DTPA induced MRI signal in-
crement (4SI) and the concentration of Gd-DTPA below 1
mmol L™ [20]. The amount and concentration of Gd-DTPA
within brain tissue can therefore be accurately quantified.
Comparing with the RTI method, the Gd-DTPA based MRI
method provides not only an effective way of measuring the
diffusion properties in the whole brain on a time scale of
hours, the drainage of ISF was also visualized and discov-
ered dynamically in vivo. With the caudate nucleus as the
original injection point, a one-way drainage of brain ISF has
been demonstrated from caudate nucleus towards frontal-
temporal cortex.

Previous studies have suggested that ISF drains out of the
brain along blood vessel walls [21]. A study using I'* serum
albumin as a tracer verified that drainage of the ISF and so-
lutes continues along the tunica media and tunica adventitia
of the intracranial arteries [22]. The basement membranes in
the walls of capillaries and arteries act as an important com-
ponent of the pathway for drainage of ISF from the brain
[23]. However, our present study verified that the distribu-
tion of tracer in the ISF is not strictly confined to the territo-
ry of the brain artery supply. The tracer reached most of the
middle cerebral artery and part of the anterior cerebral artery
territory, while no tracer was found in the internal regions of
the frontal lobe and its distal olfactory bulbs (Figure 2).

The tracer injected into the brain cortex extended bilater-
ally and did not flow towards the caudate nucleus (the re-
sults were not shown). Also, the tracer did not flux back-
ward or inferiorly to the thalamus region, which demon-
strated that the ISF within the ECS drains in a one-way pat-
tern and the distribution is not confined to any known spe-
cialized anatomical division, such as the brain artery supply
territory [24,25] or fiber projection pathway [26,27].

The tracer drained to the subarachnoid space at 3 h as it
reached the brain cortex, after which it flowed towards the
frontal regions and finally surrounded bilateral olfactory
bulbs. Although the nasal region was not the imaging target
in our current study, the distribution of tracer within the
subarachnoid space was consistent with the study of Mul-
doon et al. [28], which verified the clearance pathway of
ISF to cervical deep lymph nodes via nasal lymphatics.

According to the fact that ECS occupies a much higher
volume fraction (20%) than the brain microvessels (3%) in
the whole brain [2], some researchers have developed inno-
vative drug delivery techniques via ECS channels to cir-
cumvent the blood-brain barrier, Bobo et al. proposed the
CED in 1994 [29] and more recently, Han et al. [7] pro-
posed and validated a less invasive delivery method named
SDD in 2011 [30]. By using CED and SDD, therapeutic
agents can distribute and achieve drug concentrations that
are orders of magnitude greater than systemic levels.

A study using confocal microscopy suggested that the
drainage of the solutes, 3-kD dextran and 40-kD ovalbumin
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included two phases: initially by diffusion through the ECS
and then by perivascular drainage along the basement
membranes of capillaries and arteries. Our results cannot
discriminate the micro-localization of the tracer, because the
basic unit of the MR image is the voxel with a minimum
size of 0.125 mm’. Although the derived diffusion parame-
ter was an average of diffusion parameters of all brain ECS
within one voxel, it could enable visualization of the drain-
age and distribution of brain ISF. In the present study, the
diffusion parameters of a voxel at 2 mm lateral to the origi-
nal injection point was derived as (3.38+1.07)x10™* mm” s\,
This means that the tracer will distribute within a radius of
(0.88+0.58) mm in 2 h, although the distance from the se-
lected voxel to the edge of the cortex is (1.66+0.51) mm.
Therefore, both diffusion and bulk flow contribute to the
drainage of ISF. By using a mathematical model, Schley ez
al. also deduced that perivascular transport of solutes out of
the brain was driven by the bulk flow of ISF [23].

Either diffusion or bulk flow (convection) can be used to
enhance the transport of drugs within the brain ECS. For
CED, a continuous positive-pressure infusion was used to
enhance the convection of drug delivery [9], while, with SDD,
the transport of drugs with a small molecular weight can be
realized only under the concentration gradient, by which the
drug diffuses within brain ECS and then is driven to the
target region along the drainage pathway by self-diffusion
and bulk flow of the ISF. With this newly developed quan-
titative imaging method, we believe that further under-
standing of the nature of ISF in vivo will be followed by a
full flourishing of drug therapy via the brain interstitium.
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