
Received: 2016.12.23
Accepted: 2017.03.01

Published: 2017.09.03

 4103   —   4   41

Quantitative Visualization of Dynamic Tracer 
Transportation in the Extracellular Space 
of Deep Brain Regions Using Tracer-Based 
Magnetic Resonance Imaging

 BCDEF 1 Jin Hou*
 CG 2 Wei Wang*
 D 3 Xianyue Quan
 DF 3 Wen Liang
 BC 1 Zhiming Li
 AG 2 Hongbin Han
 AFG 1 Deji Chen

  * Jin Hou and Wei Wang are co-first authors
 Corresponding Authors: Deji Chen, e-mail: chendeji2003@163.com, Hongbin Han, e-mail: 651464635@qq.com 
 Source of support: This project was funded by the National Natural Science Foundation of China (No.81471633), the Beijing Municipal Science and 

Technology Commission (No. Z161100000116041), the China Postdoctoral Science Foundation Grant (No. 2015M570901), and 
the Medical and Health Technology Project in Guangzhou (No. 20141A011008, 20151A011075), the National Science Fund for 
Distinguished Young Scholars (No.61625102)

 Background: This study assessed an innovative tracer-based magnetic resonance imaging (MRI) system to visualize the dy-
namic transportation of tracers in regions of deep brain extracellular space (ECS) and to measure transporta-
tion ability and ECS structure.

 Material/Methods: Gadolinium-diethylene triamine pentaacetic acid (Gd-DTPA) was the chosen tracer and was injected into the 
caudate nucleus and thalamus. Real-time dynamic transportation of Gd-DTPA in ECS was observed and the re-
sults were verified by laser scanning confocal microscopy. Using Transwell assay across the blood-brain barri-
er, a modified diffusion equation was further simplified. Effective diffusion coefficient D* and tortuosity l were 
calculated. Immunohistochemical staining and Western blot analysis were used to investigate the extracellu-
lar matrix contributing to ECS structure.

 Results: Tracers injected into the caudate nucleus were transported to the ipsilateral frontal and temporal cortices away 
from the injection points, while both of them injected into the thalamus were only distributed on site. Although 
the caudate nucleus was closely adjacent to the thalamus, tracer transportation between partitions was not 
observed. In addition, D* and the l showed statistically significant differences between partitions. ECS was 
shown to be a physiologically partitioned system, and its division is characterized by the unique distribution 
territory and transportation ability of substances located in it. Versican and Tenascin R are possible contribu-
tors to the tortuosity of ECS.

 Conclusions: Tracer-based MRI will improve our understanding of the brain microenvironment, improve the techniques for 
local delivery of drugs, and highlight brain tissue engineering fields in the future.
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Background

Brain tissue is anatomically composed of 3 compartments: neu-
ral cells, vascular system, and brain extracellular space (ECS). 
Although neural cells have long been considered as the most 
important functional element of the brain, they only occupy 70–
80% of the total brain volume [1,2]. The vascular system and 
ECS together form the brain microenvironment (BME), which 
takes up the rest of the brain volume and provides a living 
environment for neural cells. The ECS occupies 15–20% of the 
total brain volume and is an irregular, tortuous, and narrow 
space between the capillaries and neural cells, and between 
adjacent neural cells. The width of the ECS between cell bod-
ies mostly ranges from 38 to 64 nanometers and the space 
is about 20 nanometers between synapses [3]. The ECS con-
tains interstitial fluid and various molecules [4], and plays a 
number of active and positive roles in brain functions, includ-
ing cell-to-cell communication, information processing and in-
tegration, and coordinated responses to changes in the exter-
nal and internal environment of the brain [5,6]. Compared with 
the investigations into the other 2 compartments, the tech-
niques used to investigate the ECS are poor due to the narrow 
space. Most current knowledge on ECS in vivo is derived from 
research by Nicholson et al., who provided real-time iontopho-
resis (RTI) and integrative optical imaging techniques (IOI) [1]. 
Using advanced equipment, the structure (size and geometry) 
of the ECS in vivo can be determined, especially for ECS pa-
rameters around 200 μm in depth or width. However, the ad-
vanced techniques require ingenious design and have limited 
detection range. Based on their outstanding work, we propose 
a novel tracer-based magnetic resonance imaging (MRI) sys-
tem to evaluate the nanoscale ECS structure. The ECS can be 
considered to have an elastic porous structure, and a diffu-
sion equation can be applied for remodeling the transporta-
tion of substances in the ECS.

Using reasonable approximations and appropriate experimen-
tal protocols, the diffusion equation can be further simplified 
and the parameters (tortuosity and effective diffusion coeffi-
cient) can be calculated.

MRI has been widely used for in vivo imaging of biological tis-
sues and investigating brain anatomy at submillimeter level, 
because of its advantages such as non-ionization damage, ex-
cellent soft-tissue contrast, real-time monitoring, and multi-
view imaging [7,8]. Gadolinium-diethylene triamine pentaacetic 
acid (Gd-DTPA) is frequently used as a positive contrast agent 
in clinical applications to reduce the T1 time of water protons 
from an effective distance of 2.5 angstroms, and to increase 
signal intensity on MR images [9]. It has been used to simulate 
or trace substance transportation in brain ECS in previous stud-
ies [10,11]. Compared with other ions or fluorescence-labeled 
tracers, Gd-DTPA has many advantages, including biomedical 

inertness, thermal stability, and small molecular weight (938 
Da), and it rarely translates into nerve cells [12–14]. Moreover, 
Gd-DTPA at this concentration does not cause any distortion 
or artifacts of brain parenchyma on MRI. These advantages 
make Gd-DTPA well-suited for the measurement and imaging 
of brain ECS. Most importantly, a prior study indicated that the 
concentration of Gd-DTPA on MR images can be calculated in 
real time with the net increase of MRI signal [15]. Therefore, 
the MRI tracer-based method not only globally visualizes the 
dynamic transportation of tracers in the ECS of deep brain re-
gions (caudate nucleus and thalamus), but also quantifies their 
characteristics in tracer transportation (effective diffusion co-
efficients) and ECS structure (tortuosity).

The tortuosity of the ECS can be determined by boundary 
structures containing cell membrane and extracellular matrix 
(ECM) [16]. ECM is a highly hydrated mesh-like structure that 
mainly consists of several families in the brain, including gly-
cosaminoglycans, proteoglycans, glycoproteins (tenascin, ree-
lin, laminin, and fibronectin), and fibrous proteins [17–19]. The 
mesh-like structure of ECM can interfere with the brain inter-
stitial fluid (ISF) flow or substance transportation in the ECS. 
The side-chains of ECM floating inside ISF may further increase 
the friction and resist substance transportation in the ECS [20]. 
Moreover, negatively charged components in ECM may dis-
turb the movement of charged substances in the ECS. In the 
present study, we investigated the ECS by MR method, using 
Gd-DTPA as a tracer. Modified diffusion equation and imaging 
post-procession techniques were also used. Using immuno-
histochemistry and Western blotting, we investigated the ex-
pression of a spectrum of ECM molecules, including Tenascin 
C (TNC), Tenascin R (TNR), and Versican, to explain the differ-
ence in tortuosity between the caudate nucleus and thalamus.

Material and Methods

Reasonable approximations of diffusion equation

To describe the transportation of substances in ECS, Nicholson 
et al. provided a modified diffusion Eq (1) [21].

 

 

 )()( 22 CfCvQCDtC    (1)

Here, C (mM) represents the amount of substance concentra-
tion in the ECS, and it is a result of position and time (t) (s). 
The 

 

 

 )()( 22 CfCvQCDtC    represents the changes in concentration per time 
at a particular position. D (cm2/s) represents the free diffusion 
coefficient. l represents the characteristics of limitation to-
wards diffusion observed within the ECS in contrast to that in 
free solution. Because the brain tissue structure causes aniso-
tropic diffusion, l has become a tensor rather than a scalar. 
D/l2=D* is the effective diffusion coefficient. The symbols Ñ2 
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and Ñ indicate the first-order and second-order derivatives 
in the appropriate coordinate system. Q (mM/s) is the source 
term. a represents volume fraction. u represents the velocity 
of bulk flow. The last expression, f(C) (s–1), stands for the clear-
ance or removal of substances from the ECS directly into the 
cells, located transversely from the blood brain barrier (BBB), 
or by enzyme degradation. A direct linear relationship between 
the increment in signal intensity DSI and C was observed in 
a previous study [15]. The term Q/a reflects the fact that Gd-
DTPA injected into the brain is restricted in the ECS rather than 
diffusing to the entire brain. Q is determined by the releas-
ing method of Gd-DTPA into the ECS. In the present study, a 
total quantity of 2 μL solution of Gd-DTPA (10 mM) was au-
tomatically inoculated at a proportion of 0.2 μL per min dur-
ing a 10-min period. Typical value a is 20%. u (cm/s) can be 
neglected according to a previous study, if it involves tempo-
rary and close-distance diffusion happening all over the ECS 
medium rather than the perivascular space [22]. Above all, if 
an ideal brain model with known a can be developed, Q can 
be controlled, in addition of f(C)=0 can be verified, diffusion 
Eq (2) can be applied to calculate nanostructure parameters 
l and D*, in which 

 

 

 )()( 22 CfCvQCDtC    can be measured by the changes in 
signal enhancement (DSI).
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Transwell assay

The establishment and assessment methods for BBB were de-
rived from that described by Xie et al. [23]. To establish an in vi-
tro model of BBB, microvascular endothelial cells (BMVEC) were 
isolated from the cerebral cortex of BALB/c mice (Department 
of Laboratory Animal Science, Peking University, China) and pu-
rified using density centrifugation. Cells were re-suspended in 
Dulbecco’s modified Eagle’s medium holding a solution of 20% 
fetal calf serum, 100 mg/L streptomycin, 100 000 U/L penicil-
lin, 100 mg/L endothelial cell growth factor, 2 mM L-glutamine, 
40 mU/L insulin, and 20 mg/L heparin. Then, the cells were 
seeded into 1% gelatin-coated culture flasks and fed every 2 
days with fresh medium until the cells became a confluent 
monolayer. BMVEC were seeded on the bottom side of the gel-
atin-coated 24-well Transwell inserts (Corning Lim Sciences, 
MA) at the density of 200 000 cells/cm2. In a 37°C and 5% CO2 
humidified incubator, BBB models were established within 3 
days. The integrity of BBB was judged by a 4-h water-leaking 
test. Culture medium was added into the apical chamber to 
make the liquid level in the apical chamber higher than that in 
the basolateral chamber (>0.5 cm). If the fluid level was main-
tained (>0.4 cm) after incubation for 4 h, we considered that 
the BBB had been established. Based on the establishment of 
BBB in vitro, the standard sample containing Gd-DTPA was di-
luted into different concentrations (0.1, 1, and 10 mM) using 
5% serum and phenol red-free medium. The 460-mL dilution 

was added into the apical chamber and 1140 μL was added 
into the basolateral chamber to maintain the same level of liq-
uid surface in the Transwell inserts. The Transwell inserts were 
placed into the incubator. Then, 50 μL medium was transferred 
from the basolateral chamber for measuring the concentra-
tions using Inductively Coupled Plasma Mass Spectrometry at 
time points of 0, 1, 2, 4, 6, 9, and 11 h. The permeation rate 
of Gd-DTPA was derived from the concentration-time curve. 
The permeation rate of peroxidase crossing the BBB was also 
measured for the control group.

MR scanning

MR scanning was performed on a 3.0 Tesla MRI scanner 
(Magnetom Trio; Siemens Healthcare, Erlangen, Germany) The 
8-channel wrist array coil and T1 three-dimensional magneti-
zation-prepared rapid gradient echo (3DMP-RAGE) sequence 
were used. Scanning parameters included: repetition time 1500 
ms, echo time 3.7 ms, inversion time 900 ms, flip angle 12°, 
field of view 267 mm, spatial resolution 0.5×0.5×0.5 mm3, and 
scanning time 290 s. Using artificial cerebrospinal fluid, 10 mM 
Gd-DTPA was produced as the tracer by dilution.

MR images of the same subject were processed before and 
after the injection, as described in detail previously [24,25]. 
Briefly, a MATLAB-based analysis software was developed in-
dependently. With the aid of this software, all images were co-
registered using similarity detection, rigid transformation, and 
adaptive stochastic gradient descent algorithm. These pre-in-
jection images were then subtracted from the post-injection 
images. The acquired “bright pixels” in the post-processed 
images were considered as the areas where the tracer was 
present. The signal intensity of bright pixels was represented 
as DSI. In the agarose experiment, we propose the weighted 
DSI (DSI multiplied by bright pixels) as the term predicting the 
amount of Gd-DTPA. We propose DSI as the C, which were the 
key points to calculate the parameters of ECS. The time during 
which DSI was decreased to zero was evaluated.

Agarose experiment

Agarose gel was produced through dissolving 0.3 g agarose 
powder in 100 mL of 0.9% brine medium. The agarose gels 
were kept at 37±0.5°C and pre-injection MRI was performed. 
We infused 2 ul 10 mM Gd-DTPA solution into agarose gel at 
the speed of 0.2 μL/min and 0.4 μL/min, respectively, using a 
10 µl microsyringe (Hamilton, Bonaduz AG, Switzerland) and 
auto-infusing device (Harvard Apparatus, Holliston, MA). A se-
ries of MR T1 3DMP-RAGE were performed at after-injection 
time points of 5, 10, 30, 50, 70, and 90 min.
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Animals

Twenty male Sprague-Dawley rats (weight 250–300 g, ages 
6–8 weeks) were obtained from the Department of Laboratory 
Animal Science, Peking University Health Science Center, China. 
The rats were randomly divided into caudate nucleus-injected 
sets (n=10) and thalamus-injected sets (n=10). The rats were 
anesthetized via an intraperitoneal injection of a mixture of 
magnesium sulfate, ethanol, pentobarbital sodium, chloral 
hydrate, and propylene glycol. Its original dose was 3 mL/kg) 
and the maintenance dose was 0.7 mL/kg/h. We maintained 
body temperature of rats at 38±0.5°C by use of a heating pad 
and monitored body temperature using a rectal thermometer. 
MR scanning and post-processing were done according to the 
MRI tracer-based method described in detail previously [13]. 
In brief, the bregma sutures of rats were exposed and pre-in-
jection MR images of brains were acquired. Using the stereo-
tactic coordinate system (Lab Standard Stereotaxic-Single, 
Stoelting Co., Wood Dale, USA), and auto-infusing device, Gd-
DTPA was infused into the target positions. The injection site 
of the caudate nucleus was 1.0 mm (the anterior–posterior), 
–3.5 mm (the medial–lateral), and -6 mm (the dorsal–ventral), 
and that of the thalamus was -3.5 mm (the anterior–posteri-
or), -6.5 mm (the dorsal–ventral), and -2.0 mm (the medial–
lateral) [26[. The volume of 2 μL Gd-DTPA was infused into the 
target positions at the speed of 0.2 μL/min for a period of 10 
min, followed by a 5-min waiting period to reduce the reflux. 
Multi-period MR scanning was performed to acquire post-in-
jection images and the scanning time was 15, 30, 60, 120, 180, 
240, 300, 360, 420, 480, and 540 min. Experiments were ap-
proved by the Ethics Committee of Peking University Health 
Science Center (No. LA2012-016).

Laser scanning confocal microscopy (LSCM)

To verify findings demonstrated by MRI, in vitro fluorescence im-
aging was performed using LSCM (TCS SP8 MP, Leica, Germany). 
Lucifer Yellow (LY) (Sigma-Aldrich, St. Louis, MO), the extracel-
lular fluorescent tracer, was injected into the caudate nucleus 
and thalamus. Before the injection of LY into rat brains, MRI 
was performed in all rat brains to localize and determine the 
injection point and route, which also provided a reference for 
sample slices for LSCM images. The rats were sacrificed and 
cerebral tissues were freed every 1 h until 6 h after injection. 
The distribution areas of LY were confirmed using LSCM and 
compared with results shown in MRI.

Immunohistochemical analysis

The rats were anesthetized. Before the brains were removed, 
4% paraformaldehyde was transcardially perfused and fixed 
immediately. The tissues were post-fixed overnight at 4°C and 
paraffin-inserted and divided up in compliance with standard 

procedures. We de-paraffinized 5-μm sections from the cau-
date nuclei and thalamus, then treated them with hydrogen 
peroxide (0.3%). Immunohistochemical staining was performed 
using peroxidase antiperoxidase technique after heat antigen-
retrieval procedure. Three rabbit antibodies directed against 
TNC, TNR, and Versican (all from Abcam, Cambridge, UK) were 
diluted and incubated on sections overnight at 4°C. We then 
used secondary antibody (PV-6001; Zhongshan Goldenbridge 
Biotechnology Co. Ltd., Beijing, China) to treat the sections 
for 30 min at 37°C incubation. Lastly, the slides were stained 
through and incubated with 3, 3’-diaminobenzidine and he-
matoxylin and eosin.

Western blotting

ECM levels in caudate nucleus and thalamus were detected by 
Western blotting. Briefly, equivalent protein amount (50 μg) 
was separated by 12% Tris polyacrylamide salve and transport-
ed into polyvinylidene difluoride membrane (Bio-Rad, Hercules, 
CA), which was then stored for 1 h in TBST containing 5% de-
fatted milk and incubated with antibodies against TNR (R&D 
Systems, Minneapolis, MN) overnight at 4°C. Membranes were 
then incubated together with the secondary antibody. Bound 
antibodies were visualized by enhanced chemiluminescence.

Statistical evaluation

All the derived data were evaluated with the Windows version 
of SPSS 19.0 and are expressed by means ±SD. The differences 
in permeability of Gd-DTPA crossing the BBB and free samples 
were compared using paired t tests. The t tests were used to 
compare effective diffusion coefficient (D*) and tortuosity (l) 
between the caudate nucleus and thalamus. When the P value 
was <0.05, the disparity was statistically significant.

Results

Permeability of Gd-DTPA crossing the BBB in vitro is higher 
than that of POD, and is not affected by concentration

To test the permeability of Gd-DTPA crossing the BBB in vi-
tro, Transwell assay was performed. The fluid level was main-
tained (>0.4 cm) after incubation for 4 h, suggesting that the 
BBB had been established (Figure 1A–1D). The permeation 
rate of Gd-DTPA increased linearly with time and the concen-
trations did not significantly influence permeation rates (n=3; 
paired t test, t=0.763 vs. 0.379 vs. 0.848, P>0.05). The mean 
permeation rate of Gd-DTPA was less than 0.218±0.060%/h 
in 12 h, which was significantly higher than the mean perme-
ation rate of peroxidase (0.120±0.023%/h) (n=3; paired t test, 
t=0.020 vs. 0.030 vs. 0.015, P<0.05) (Figure 1E). The derived 
outcomes indicate that the permeability of Gd-DTPA crossing 
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the BBB in vitro was higher than that of POD, and was not af-
fected by concentration.

Weighted DSI was maintained longer with lower injection 
rate of Gd-DTPA

To determine weighed DSI, an agarose experiment was per-
formed. After Gd-DTPA was injected into agarose at different 
rates, weighted DSI was temporarily increased and reached 
peaks at different time points. In the high injection rate 
(0.4 μL/min) group, weighted DSI decreased quickly, but in 
the low injection rate (0.2 μL/min) group, weighted DSI was 
maintained for 90 min (Figure 2). The results suggest that 
weighted DSI was maintained longer with a lower injection 
rate of Gd-DTPA.

Transportation of Gd-DTPA and LY in the thalamus was 
quicker than that in the caudate nucleus

Gd-DTPA and LY injected into the caudate nucleus were trans-
ported to the ipsilateral frontal and temporal cortices away 
from the injection points, while both of them injected into the 
thalamus were only distributed on site. Although the caudate 
nucleus was closely adjacent to the thalamus, Gd-DTPA and 
LY transportation between them was not observed (Figure 3).

In addition, effective diffusion coefficients (D*) and tortuosi-
ty (l) of the ECS showed significant differences between the 
caudate nucleus and thalamus (D*=3.12±1.00×10–6 cm2/s and 
3.78±0.89×10–6 cm2/s, respectively; l=1.29±0.48 and 1.17±0.25, 
respectively; P<0.05). The time during which DSI was de-
creased to zero was significantly different between the cau-
date nucleus and thalamus (t=308±38 min and 228±41 min, 
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Figure 1.  Permeability of Gd-DTPA crossing the BBB in vitro. Microvascular endothelial cells on (A) day 2 (×40), (B) day 3 (×100), and 
(C) day 3 (×400). (D) Established membrane adherent to the bound of inserts indicated by white arrows. (E) Permeation rate 
of 0.1, 1, and 10 mM Gd-DTPA and POD at various time points in the BBB model in vitro.
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respectively; P<0.05). The results indicate that transportation 
of Gd-DTPA and LY in the thalamus was quicker than that in 
the caudate nucleus.

TNR and Versican are possible contributors to the 
tortuosity of ECS

To better explain the difference in tortuosity between the 
caudate nucleus and thalamus, immunohistochemistry and 
Western blotting were performed. Minor expression of TNC 
was observed in both the caudate nucleus and thalamus, but 
the expression of TNR in both caudate nucleus and thalamus 
was high, with that of TNR in the thalamus being higher than 
that in the caudate nucleus according to Western blot analysis. 
Versican expression was relatively higher in the patch (strio-
some) compartments of the caudate nucleus, which was re-
lated with myelinated fibers (Figure 4). This result suggests 
that both TNR and Versican are possible contributors to the 
tortuosity of ECS.

Discussion

The permeability rate of Gd-DTPA crossing the BBB in vitro is 
less than 0.218%/h and is almost twice as much as that of 
POD. Because the molecular weight of Gd-DTPA (938Da) is 
much lower than that of POD (44 kDa), Gd-DTPA can be con-
sidered as a substance that does not penetrate the BBB. Gd-
DTPA is biomedically inert and is free from enzyme degrada-
tion. Furthermore, Gd-DTPA rarely is quickly translated into 
nerve cells. Therefore, Gd-DTPA is strictly restricted in the ECS 
and the clearance term f(C) is approximately zero in Eq. (1).
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Figure 2.  Curves of weighted DSI in agarose. A volume of 2 μl 
Gd-DTPA solution (10 mM) was automatically injected 
into the center of gel phantom at different rates (0.2 
μl/min and 0.4 μl/min) using a 10-µl microsyringe and 
auto-infusing device. A series of MR T1 3DMP-RAGE 
were performed at after-injection time points of 5 min, 
10 min, 30 min, 50 min, 70 min, and 90 min.

Figure 3.  Transportation of Gd-DTPA and Lucifer 
Yellow in rat brain ECS. C-Gd, Gd-
DTPA in caudate nucleus; C-LY, Lucifer 
Yellow in caudate nucleus; T-Gd, Gd-
DTPA in thalamus; C-LY, Lucifer Yellow 
in thalamus.
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Figure 4.  Tenascin C (TNC), Tenascin R (TNR), and Versican expression in caudate nucleus and thalamus. (A) Representative sections 
of TNC, TNR, and Versican stained using immunohistochemistry in paraffin sections of caudate nucleus and thalamus. Scale 
bar=100 μm. (B) Representative Western blots of TNR in caudate nucleus and thalamus.
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The signal intensity of MR can be influenced by many factors, 
such as radio frequency pulse, magnetic field strength, and 
relaxation time. The increment in signal intensity (DSI), which 
can be calculated using self-developing software, is used as 
the quantitative basic data. In a prior study, a direct linear 
relationship between DSI and C was observed over the con-
centration range of 0-1 mM [15]. In the agarose experiment, 
weighted DSI predicted the amount of Gd-DTPA. Therefore, 
it is reasonable that the concentration of Gd-DTPA in ECS is 
transformed to DSI. Through reasonable approximations and 
variable transformation, Eq. (1) can be reasonably approximat-
ed to Eq. (2), and effective diffusion coefficient and tortuosi-
ty can be calculated.

To date, there are 3 approaches developed to investigate the 
ECS in vivo: RTI, IOI, and tracer-based MRI. RTI can calculate the 
parameters of the ECS within the distance range of approxi-
mately 100–200 µm, but it cannot provide the images. IOI can 
both measure the parameters of ECS and image the transport 
of tracer in ECS. However, IOI cannot investigate the ECS deeper 
than 200 µm due to excessive light scattering. Using the tracer-
based MRI technique, we have directly visualized tracer trans-
portation in global brain ECS in real time. It has been believed 

that the brain ECS is highly connected at any given point, and 
molecules like water can travel through multiple pathways to 
reach nearby locations. Nonetheless, our result does not sup-
port this hypothesis, and no random distribution of the trac-
er was shown from the thalamus and caudate nucleus. Gd-
DTPA in the caudate has presented eccentric ellipse diffusion, 
with its main axis being towards the ipsilateral frontotempo-
ral cortex. Little tracer was diffused into the nearby thalamus 
region. Gd-DTPA in the thalamus was diffused from the injec-
tion point and localized mainly within its anatomical division, 
with no distribution being found in the nearby caudate nu-
cleus. There seems to be a barrier that hinders the cross-re-
gional transportation between the caudate nucleus and thala-
mus. Moreover, the ability and rate of tracer transportation in 
the ECS of the 2 regions were different. Therefore, substance 
transportation in the ECS is sophisticated, presenting divisional 
characteristics. Transportation in the ECS is important in main-
taining physiological functions. For example, neurotransmitters 
are more quickly and effectively transported to target regions 
by the ECS rather than by blood circulation through the wall 
of capillaries [27]. Moreover, the investigation of transporta-
tion characteristics of drugs in the ECS is helpful for the de-
velopment of effective techniques for brain therapeutics; for 
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example, convection-enhanced delivery where the drug is di-
rectly delivered into the ECS to exert neuro-protective or an-
ti-cancer functions bypassing the BBB [28–30]. Theoretically, 
the delivery technique offers more advantages over conven-
tional drug delivery methods, including less severe adverse 
effects and higher effectiveness. More recently, the adminis-
tration of small-dose cytidine diphosphate choline using this 
technique has been proven to be more efficient in preventing 
brain ischemia than conventional methods [31].

There are several factors that can influence the transportation, 
including ECM, artery pulsing, and molecular and ISF properties 
(velocity, temperature, and viscosity). Because the ECS is en-
veloped by ECM, ECM can also influence tortuosity. Moreover, 
the components of ECM may interfere with water molecule 
or substances, influencing their movements [20]. The present 
study demonstrated that the expression of TNC was absent 
from the caudate nucleus and thalamus of mature brains and 
is present at low levels in the subventricular zone. Our results 
are consistent with a study reporting that the expression pat-
terns of TNC in the central nervous system depend on the de-
velopmental stage and the specific locations [32]. In the de-
veloping brain, TNC is expressed on embryonic day 10 and is 
prominently expressed by neural crest cells [32,33]. TNC is 
expressed in a disperse fashion and its remarkable features 
contribute to the development of boundary correlation with 
functional subdivision of neuroanatomy. Therefore, TNC is cor-
related with the process of cell migration and tissue remod-
eling [34]. At adult stage, TNC is absent from most regions of 
the normal brain and only persists in areas that permit con-
tinuous neuronal regeneration, such as stem cell niches of the 
subventricular zone and olfactory system [35,36]. Therefore, 
TNC should have a little influence on the transportation in ECS.

In contrast to TNC, TNR is another member of the Tenascin 
family that presents widespread expression throughout the 
caudate nucleus and thalamus. In the mature brain, TNR can 
interact with hyaluronan and chondroitin sulfate proteogly-
cans (Aggrecan, Neurocan, and Brevican) to form perineuronal 
nets. The mixture can protect neurons and stabilize synaps-
es [37]. TNR located peri-axon can also interact with Versican 
and Phophacan and participate in remyelination and axonal 
regeneration [38]. Some researchers found that the apparent 
diffusion coefficient increases in TNR knock-out rats and de-
creases in tumor tissues where the expression of TNR is ex-
tremely abundant [39]. However, the present study demon-
strated that the effective diffusion coefficient increased in 
the thalamus where the expression of TNR was more abun-
dant. Therefore, TNR should have a partly negative influence 
on tortuosity.

Versican is an enormous chondroitin sulfate proteoglycan lo-
cated in the ECM around the myelinated fibers and is most of-
ten found around the Ranvier nodes. Versican is also a strong 
inhibitor of axonal growth and is believed to play a role in the 
decline of fundamental plasticity associated with myelina-
tion [38,40]. The expression of Versican is scattered in the cau-
date nucleus and is absent from the thalamus. Interestingly, 
the expression of Versican is also located at the boundary be-
tween the caudate nucleus and thalamus. Because the bound-
ary seems to exert barrier functions hindering cross-regional 
transportation [41], Versican or its related tissues can restrict 
the diffusion of substances in the ECS.

The present study has several limitations. Firstly, more math-
ematical parameters, for example the maximal distribution 
volume and its time, need be calculated. Secondly, the phys-
iological mechanism that results in the partitioned transpor-
tation needs to be evaluated. Thirdly, there are many factors 
influencing the transportation, and ECM is only one of them. 
Fourthly, in Eq. (1), volume fraction (a) can be varied slightly 
in different brain areas and may influence parameter values.

Conclusions

We have recommended an innovative MRI tracer-based tech-
nique to globally visualize the dynamic transportation of trac-
er in the ECS of deep brain regions, and to quantify the trans-
portation (effective diffusion coefficients) in the ECS and ECS 
nanostructure (tortuosity). Our study demonstrates partitioned 
transportation of substances located in the ECS of deep brain 
regions and different capabilities of transportation in the par-
tition. The present study improves our understanding of the 
brain microenvironment, improves local drugs delivery, and 
highlights brain tissue engineering fields in the future, such 
as next-generation brain imaging and large-scale recording 
and modulation in the nerve center system.
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