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Abstract 

Background  The glymphatic system actively exchanges cerebrospinal fluid (CSF) and interstitial fluid (ISF) to elimi-
nate toxic interstitial waste solutes from the brain parenchyma. Impairment of the glymphatic system has been linked 
to several neurological conditions. Glioblastoma, also known as Glioblastoma multiforme (GBM) is a highly aggres-
sive form of malignant brain cancer within the glioma category. However, the impact of GBM on the functioning 
of the glymphatic system has not been investigated. Using dynamic contrast-enhanced magnetic resonance imaging 
(CE-MRI) and advanced kinetic modeling, we examined the changes in the glymphatic system in rats with GBM.

Methods  Dynamic 3D contrast-enhanced T1-weighted imaging (T1WI) with intra-cisterna magna (ICM) infusion 
of paramagnetic Gd-DTPA contrast agent was used for MRI glymphatic measurements in both GBM-induced and con-
trol rats. Glymphatic flow in the whole brain and the olfactory bulb was analyzed using model-derived parameters 
of arrival time, infusion rate, clearance rate, and residual that describe the dynamics of CSF tracer over time.

Results  3D dynamic T1WI data identified reduced glymphatic influx and clearance, indicating an impaired glym-
phatic system due to GBM. Kinetic modeling and quantitative analyses consistently indicated significantly reduced 
infusion rate, clearance rate, and increased residual of CSF tracer in GBM rats compared to control rats, suggesting 
restricted glymphatic flow in the brain with GBM. In addition, our results identified compromised perineural pathway 
along the optic nerves in GBM rats.

Conclusions  Our study demonstrates the presence of GBM-impaired glymphatic response in the rat brain and impaired 
perineural pathway along the optic nerves. Reduced glymphatic waste clearance may lead to the accumulation of toxic 
waste solutes and pro-inflammatory signaling molecules which may affect the progression of the GBM.
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Background
Glioblastoma multiforme (GBM) is a type of glioma that 
arises from astrocytes and is the most aggressive form 
of brain tumor, classified as grade 4 in malignancy by 
the World Health Organization [1]. In the United States, 
roughly 14,000 new instances of GBM are diagnosed 
each year. The average survival rate for people with GBM 
is about 14–16 months after diagnosis. Treatments after 
diagnosis include surgery followed by radiation therapy 
and chemotherapy with temozolomide [2]. With this 
form of tumor, fewer than 5% of patients survive for five 
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years or more [3]. The microenvironment in GBM facili-
tates the invasion of tumor cells into the surrounding 
healthy brain tissue [4].

The glymphatic system, discovered in 2012, provides a 
pathway for cerebrospinal fluid (CSF) to enter from the 
subarachnoid space into the brain parenchyma to inter-
act with the interstitial fluid (ISF) and interstitial waste 
solutes, using the perivascular spaces surrounding the 
blood vessels, and is facilitated by aquaporin-4 (AQP4) 
water channel proteins present at astrocyte end-feet. 
CSF-ISF mixture along with the interstitial waste solutes 
leave the brain parenchyma via the perivenous spaces 
to re-enter the subarachnoid space [5–7]. Waste solutes 
may then exit the cranium through newly discovered 
meningeal lymphatic vessels, perineural spaces along 
cranial nerves and spinal nerves to finally reach the deep 
cervical lymph nodes [8–11], or they may drain into the 
blood via the arachnoid granulations and specific trans-
port mechanisms present at the blood-brain barrier 
(BBB) [6, 9, 10, 12, 13].

The glymphatic system aids in clearing the brain of 
amyloid-beta (Aβ), a protein waste that is a characteris-
tic of Alzheimer’s disease (AD) [6, 14, 15]. Dysfunction 
of the glymphatic system and reduced waste clearance 
from the brain have been reported in various neurologi-
cal disorders including AD [16–18], small vessel disease 
(SVD) [19, 20], traumatic brain injury (TBI) [21–27], 
stroke [28–30], diabetes [31], migraine [32], microin-
farcts [33, 34], glaucoma [35], etc.

Recently, the dorsal meningeal lymphatic vessels have 
been demonstrated to be crucial for producing an effec-
tive immune response against brain tumors and draining 
glioma cells into cervical lymph nodes (CLNs), thereby 
playing a role in extracranial metastasis [36]. Another 
excellent study demonstrated that the basal meningeal 
lymphatic vessels serve as a major route as compared to 
dorsal meningeal lymphatic vessels in draining CSF mac-
romolecules to the extracranial lymphatics and that aging 
impairs the meningeal lymphatic vessels and CSF drain-
age [37]. Since the meningeal lymphatic vessels are the 
potential efflux pathway for the glymphatic system and 
further drain the interstitial waste solutes to the CLNs 
[38–41], we speculate that within the brain parenchyma, 
the glymphatic pathway may facilitate tumor invasion by 
providing a perivascular route for GBM cells to migrate 
away from the primary tumor location and invade 
healthy brain tissue. The highly invasive nature of GBM 
cells is a primary reason for the failure of conventional 
treatment methods [42]. Exploring tumor cell infiltra-
tion techniques and devising anti-invasive therapies are 
thus of great importance. Since the glymphatic system 
allows CSF to circulate within the brain parenchyma, it 
may also facilitate efficient drug delivery for GBM via 

intra-cisterna magna (ICM) injection. Thus, a better 
understanding of the functioning of the glymphatic sys-
tem with GBM may have important implications for both 
the progression and treatment of GBM.

Using dynamic contrast-enhanced magnetic resonance 
imaging (CE-MRI) and our kinetic modeling, the aim 
of the present study is to investigate the response of the 
glymphatic system in rats to GBM. Since within the brain 
parenchyma, the olfactory bulb is sensitive to the changes 
in the glymphatic system influx and efflux [5, 43], we 
assessed the olfactory bulb and the whole brain for 
changes in the glymphatic function in response to GBM. 
In addition to the glymphatic system response to GBM, 
we also examined the CSF tracer efflux pathway exter-
nal to the brain parenchyma, specifically, the perineural 
pathway along the optic nerves to evaluate if this path-
way was compromised in GBM rats. Our data suggest 
that GBM rats have an impaired glymphatic system path-
way within the brain parenchyma well as compromised 
perineural pathway along optic nerves. The glymphatic 
response to GBM may impact tumor cell migration, infil-
tration, and drug delivery administration via the ICM 
pathway.

Materials and methods
Animal tumor model and experimental methods
Rats
GBM-induced rats (3 months, male, Charles River’s 
immunodeficient Rowett Nude (RNU), n = 6) and age-
matched control rats without tumor implantation (male, 
n = 8, Charles River’s Wistar, Wilmington, MA, US) were 
subjected to the same experimental procedures, includ-
ing the ICM surgery for infusion of contrast agent and 
MRI measurements.

Cell culture
Primary human glioblastoma cells HF2354 were iso-
lated from resected GBM tissue at Henry Ford Hospital 
and maintained in DMEM/F-12 medium (11,330,032, 
Thermo Fisher Scientific, MA) containing 25 µg/ml Gen-
tamicin (G1272, Sigma-Aldrich, MA), Pen/Strep (1x, 
15640-055, Gibco, MA), 1×N2 supplement (17,502,048, 
ThermoFisher Scientific, MA), 50 µg/ml BSA (A4919-5G, 
Sigma-Aldrich, MA), 20 ng/ml EFG (AF-100-15, Pepro-
tech, NJ) and 20 ng/ml FGFb (100-18B, Peprotech, NJ).

Intracranial tumor Implantation
Nude rats were anesthetized with ketamine (80 mg/
kg) and xylazine (13 mg/kg) administered intraperito-
neally (IP). After being secured in a stereotaxic device, 
a 3–4 mm incision was made directly down the midline, 
the scalp was retracted, and the cranium was exposed. 
Using a drill, a 2 mm craniotomy was made on the right 
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hemisphere anterior to the coronal suture. Tumor cells 
were injected intra-parenchymally into the right hemi-
sphere using a 10 µl Hamilton syringe at 2.5 mm depth, 
1.5 mm to the right, and 1.0 mm anterior to the bregma. 
A volume of 5 µl of HF2354 glioblastoma cells (5 × 105) 
was injected intracerebrally. The craniotomy was sealed 
with bone wax and the incision was closed with a 4 − 0 
silk suture.

Catheter Implantation into the cisterna magna
Prior to the MRI investigations, all rats were surgi-
cally prepped for catheter implantation into the cisterna 
magna for infusion. Isoflurane (3.0%) and a gas combina-
tion of N2O (70%) and O2 (30%) were used to anesthetize 
the rats, and once the rats were stable, the isoflurane was 
maintained in the range of 1.0 − 1.5%. After fixing the 
head in a stereotactic frame, the dorsal skin and muscle at 
the midline of the neck were incised, exposing the occipi-
tal bone. A 1 mm diameter hole was drilled through the 
skull using a Micromotor (Foredom Electric Co., Bethel, 
CT, USA), lateral to the midline of the skull and about 1 
mm above the cisterna magna to expose the dura mater. 
A 27-gauge needle was used to puncture the dura mater. 
A part (approximately 2 mm long segment) of the poly-
ethylene catheter (PE-10 tubing; Becton Dickinson, MD, 
US), approximately 10 µL in a volume filled with saline, 
was inserted into the cisterna magna. After that, the dura 
mater opening was sealed with glue, and a section of 
outer tubing was superglued to the occipital bone. Finally, 
the skin and muscle incisions were sutured. In order to 
prepare for infusion, Gd-DTPA (21.7mM) was loaded 
into a PE-10 catheter tube and linked to the indwelling 
catheter as an extension out of the MRI machine.

MRI measurements
A 7 Tesla equipment (Bruker–Biospin, Billerica, MA, US) 
was used to acquire MRI measurements. A 2 × 2 surface 
array coil was utilized as the receiver, while a body vol-
ume birdcage-type coil was employed as the transmit-
ter. The catheterized animal was securely fastened to an 
MR-compatible holder outfitted with an adjustable nose 
cone for anesthetic gas delivery and stereotaxic ear bars 
to restrain the head movement. The holder was pushed 
into the magnet and positioned at the center at the 
beginning of the MRI scan. A fast gradient echo imag-
ing sequence was employed to assure the accurate posi-
tioning of the animal in the magnet. Animals’ respiration 
(50–65 breaths/minute) was monitored (Biopac Systems 
Inc., Goleta, CA, USA), and their anesthesia was main-
tained throughout MRI measurements using Isoflurane 
(1.0–1.5%) and a gas combination of N2O (70%) and O2 
(30%) (Piramal Inc., Bethlehem, PA, US). An air heating 
blower (Rapid Electric, Brewster, NY, US) with feedback 

control was employed to keep the animals’ rectal temper-
atures at 36 ± 1 °C.

To detect the tumor volume, coronal T2-weighted 
imaging (T2WI) with TE = 15, 30, 45, 60, 75, and 90 ms, 
TR = 3 s, FOV = 32 × 32 mm2, matrix = 256 × 256, thick-
ness = 0.8 mm, slices = 15 was performed. The volume 
of the GBM was estimated as the sum of the tumor area 
in each slice multiplied by the slice thickness. Upon the 
attainment of the tumor volumes in the range of 22–77 
mm3 (mean: 45.12 and standard deviation: 21.58) all rats 
were investigated using a dynamic CE-MRI technique 
as in previous investigations [5, 31]. Figure  1A shows 
the T2WI of the tumor enclosed in a red dashed line 
on the coronal section of the rat’s brain. To measure the 
dynamics of the CSF tracer through the glymphatic sys-
tem, 3D T1WI (TE = 4 ms, TR = 18 ms, flip angle = 12º, 
FOV = 32 × 32 × 16 mm3, matrix = 256 × 192 × 96 (reso-
lution of 0.125 × 0.167 × 0.167 mm) later interpolated to 
256 × 256 × 96 voxels (resolution of 0.125 × 0.125 × 0.167 
mm)) with paramagnetic contrast agent infusion of Gd-
DTPA was performed. The 3D T1WI sequences contin-
ued for 5 h, beginning with three baseline scans prior to 
infusion, followed by ICM administration of Gd-DTPA 
(85 µl, 21mM) as a CSF tracer at an infusion rate of 1.67 
µl/min for 50 min, using the indwelling catheter con-
nected to a 100 µl glass syringe (Hamilton Robotics, 
Reno, NV, US) mounted on an infusion pump (Harvard 
Apparatus, Holliston, MA, US).

Data analysis
Imaging was performed for up to 5 h after ICM infu-
sion to track the CSF tracer distribution in the brain over 
time. Motion correction for the brain was accomplished 
using algorithms in MATLAB and by co-registering all 
the volumes to the first-time point volume [44]. Further-
more, the average of all co-registered and brain-extracted 
T1WIs for each animal was aligned to the reference ani-
mal to create a common spatial space for all the animals. 
The intensity value at each time, Ix(t), was used to figure 
out the time signal curve (TSC), which shows how the 
density of the tracer changes over time in each voxel x.

where t0 is the time before infusion.
Voxels of each brain were then clustered into com-

parable areas based on the tracer’s propagation profile 
during the experiment. Following clustering, the aver-
age TSC of the voxels within each cluster was allocated 
to that cluster. Benefiting from clustering the tissues, 
we identified a local input function for any formed clus-
ter among the TSCs of its neighboring clusters. Com-
pared to the previous modeling with the global input 

(1)TSCx(t) =
Ix(t)− Ix(t0)

Ix(t0)
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function obtained from the TSC of the whole brain 
[45], our local input function selected for each cluster 
reduces errors for the modeling of CSF tracer dynamics 
and provides a more accurate estimation of the param-
eters of the glymphatic system.

To better determine the kinetics of tracer influx and 
clearance following Gd-DTPA infusion, four param-
eters were extracted from the TSC for each tissue clus-
ter. Arrival time (ta) is defined as the time at which 
the tracer enters each cluster location following infu-
sion. Each cluster’s arrival time was calculated from its 
TSC by identifying the time at which the signal begins 
to increase and remains elevated for at least three 

subsequent time points. The infusion rate (IR) is defined 
as the slope of TSC between the time of arrival (ta) and 
the time at which TSC reaches its highest value (tmax) 
throughout the accumulation phase for each cluster.

The clearance rate is defined as the slope of TSC for 
each cluster between the time at which TSC achieves 
its highest value and the time at which TSC relaxes at 
the end of the experiment. Residual (Res) is the quan-
tity of tracer that stays in the brain tissues at the end of 
an experiment.

(2)IR =

TSC(tmax)− TSC(ta)

tmax − ta

Fig. 1  A T2WI shows the location of the tumor at 2.5 mm depth, 1.5 mm to the right, and 1.0 mm anterior to the bregma on the right hemisphere 
of the coronal section of the rat brain. The red dashed line encloses the whole tumor. Regions of interest (ROIs) for the olfactory bulb and whole 
brain are shown as colored anatomical areas in (B, C) on the sagittal sections of the rat brain. The time signal curves (TSCs) (D, E) are acquired 
from the related ROIs. Compared to the control rats, the TSCs measured from the GBM rats show an initial signal increase at later time points, a lower 
percentage of signal change from the baseline, and a slow signal decrease after the peak signal
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where TSC(ta) is equal to zero.
After calculating the kinetic parameters in each cluster 

from its average TSC, parametric scalar maps of these 
parameters were generated as previously described [46].

Data quantification and statistical analysis
To evaluate the dynamics of CSF tracer distribution 
throughout the glymphatic system, regions of inter-
est (ROIs) for the olfactory bulb and whole brain were 
manually identified on 3D T1WIs (Fig. 1B, C). TSCs were 
extracted from these particular areas using ROIs, and 
their kinetic characteristics were then evaluated between 
control and GBM rats. TSCs for each tissue ROI were 
normalized using the bone TSC for each animal. Evalu-
ations of the parametric scalar maps and data quantifi-
cations were performed based on these ROIs. Results of 
each ROI for rats with and without GBM are shown as 
mean ± standard error (SE) (Fig.  1D, E). A two-sample 
t-test was conducted between two groups with a p < 0.05 
statistical significance level in order to identify the effects 
of GBM on the glymphatic system.

Results
Signal intensity plots based on TSCs alterations 
with glioblastoma
TSCs acquired from the same brain areas (olfactory bulb 
and whole brain (Fig. 1B, C)) exhibited different tempo-
ral profiles between control and GBM rats as shown in 
Fig. 1D, E. TSCs from GBM rats revealed an initial signal 
rise at later time points, a reduced percentage of signal 
change from the baseline, and a delayed signal reduction 
after the peak signal as compared to the control rats. The 
slower rate of signal rise before peak values with less per-
centage of signal change from the baseline and a slower 
rate of signal drop after peak values seen in these brain 
areas in GBM rats imply a reduced influx and delayed 
clearance of CSF tracer via the glymphatic system, 
respectively.

Impaired glymphatic influx and clearance of CSF tracer 
with glioblastoma
A comparison of CSF tracer transport through the glym-
phatic system over time in control and GBM rats is shown 
in Fig. 2. We investigated whether GBM has an impact on 
the glymphatic system influx and clearance mechanisms. 
During the 5-hour MR imaging session, the 3D dynamic 
T1WIs in representative control (Fig.  2B) and GBM 
(Fig.  2C) rats demonstrate the influx of Gd-DTPA con-
trast agent through time-dependent anatomical channels 
of perivascular spaces and other anatomical locations. 

(3)Res% =

TSC(tend)− TSC(ta)

TSC(tmax)
× 100

The anatomical regions for the glymphatic system are 
marked in Fig. 2A. As shown in Fig. 2B, T1WIs in a con-
trol rat show the kinetics of Gd-DTPA as the CSF para-
magnetic contrast agent enters the cisterna magna, the 
contrast agent enters the perivascular space of the basal 
artery, and the pituitary recess 15 min after infusion, the 
contrast agent movement along the olfactory artery, the 
olfactory bulb, and pineal recess 30 min after infusion, 
enhancement of contrast agent in the brain 90 min after 
infusion, clearance of contrast agent from the brain 3 h 
after infusion, and clearance of contrast agent from the 
brain at the end of the experiment (5 h after infusion). 
Within 15 min of infusion, the Gd-DTPA tracer was seen 
within the perivascular spaces around the arteries at the 
surface of the brain. Gd-DTPA entered the perivascular 
spaces of the penetrating arteries 30 min after infusion. 
Tracer entered the majority of brain regions and started 
to clear out 3 h after infusion, and most of the Gd-DTPA 
was cleared from the brain and olfactory bulb 5 h after 
infusion.

When compared to a control rat, the time-matched 
T1WIs in a GBM rat as shown in Fig. 2C show a different 
contrast agent distribution, including increased tracer 
intensity in the cerebellum (when a tracer is excessively 
intense, the signal saturates and appears as black area, as 
seen in the cerebellum of a GBM rat), decreased tracer 
intensity in the perivascular spaces around the arteries 
and the olfactory bulb, and increased tracer intensity at 
5 h after Gd-DTPA infusion. Together, these data show 
that in GBM rats, more CSF tracer is retained in the cere-
bellum and less is taken up by the brain with less influx of 
contrast agent through the periarterial spaces, pituitary 
recess, and pineal recess than in control non-GBM ani-
mals. Additionally, GBM rats exhibit a decline in tracer 
clearance over time in the olfactory bulb and other brain 
regions. These dynamic images (Fig. 2) and their quanti-
tative data (Fig.  1D, E) suggest the impaired glymphatic 
influx and clearance of CSF tracer in GBM rats.

Reduced glymphatic flow of CSF tracer with glioblastoma
Scalar maps of kinetic parameters were evaluated using 
our model of the glymphatic system [46] by calculating 
the TSCs of each cluster that represent the glymphatic 
flow of the CSF tracer in the brain. Figure 3 shows the sca-
lar parametric maps of representative control and GBM 
rats. When the arrival time maps of control and GBM 
rats (Fig. 3A, B) were compared, it was observed that the 
tracer took longer to reach the perivascular spaces along 
the arteries in the GBM rat, reflecting a slower bulk speed 
of CSF in the perivascular spaces. Additionally, it took 
longer for the tracer to reach the olfactory bulb and the 
whole brain of the GBM rat as demonstrated in Fig. 3B. 
In comparison to the control rat (Fig.  3C), the infusion 
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rate maps in Fig. 3D demonstrate delayed infusion in the 
perivascular spaces along the arteries in the GBM rat. 
Tracer infusion was also slower in the olfactory bulb and 
other brain regions of the GBM rat. Clearance rate maps 
indicate that the tracer was cleared more slowly from the 

olfactory bulb and whole brain of the GBM rat (Fig. 3F) 
than the control rat (Fig.  3E). Residual maps indicated 
that the GBM rat (Fig. 3H) retained more tracer than the 
control rat (Fig. 3G) throughout the brain and the olfac-
tory bulb at the end of the experiment.

Fig. 2  Dynamic tracer concentration changes in Control and GBM representative rats. A Visualization of key anatomical structures in the rat brain 
including the olfactory bulb, pituitary recess, pineal recess, ICM infusion site, and relevant arterial segments including the olfactory artery, lateral 
orbitofrontal artery, azygos of the anterior cerebral artery (azACA), and internal frontal artery (IFA). B, C shows the time evolution of contrast agent 
in control (B) and GBM (C) rats using CE-MRI, demonstrating influx (0-30 min) and anatomical glymphatic enhancement 90 min, 3 hours, and 5 
hours after ICM infusion of Gd-DTPA
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Figure  4 shows the quantitative comparison of arrival 
time, infusion rate, clearance rate, and residual of the CSF 
tracer in GBM and control group rats. Late arrival time of 
tracer (Fig. 4A; Olfactory Bulb: 43.15 ± 1.91 vs. 33.21 ± 2.10, 
p = 0.002; Whole Brain: 42.79 ± 4.59 vs. 47.95 ± 4.30, 
p = 0.21), significantly decreased infusion rate (Fig.  4B; 
Olfactory Bulb: 17.56 ± 2.88 vs. 49.23 ± 3.59, p < 0.001; 
Whole Brain: 12.23 ± 1.86 vs. 27.25 ± 2.01, p < 0.001), sig-
nificantly decreased clearance rate (Fig.  4C; Olfactory 
Bulb: 5.51 ± 1.10 vs. 10.54 ± 0.45, p < 0.001; Whole Brain: 

2.63 ± 0.36 vs. 4.17 ± 0.38, p < 0.001), and more tracer resid-
ual (Fig.  4D; Olfactory Bulb: 58.58 ± 2.80 vs. 47.24 ± 2.67, 
p = 0.06; Whole Brain: 72.70 ± 3.81 vs. 57.00 ± 5.76, 
p = 0.007) in the evaluated brain areas were found in the 
GBM rats compared to the control rats. Consistent with 
signal intensity plots (Fig. 1) and representative 3D T1WIs 
(Fig. 2), the scalar parametric maps (Fig. 3) and their quan-
tified data (Fig. 4) with statistical differences between con-
trol and GBM rats suggest a compromised glymphatic flow 
in the GBM rats.

Fig. 3  Scalar maps in Control and GBM representative rats. Hotter color (towards red) indicates quicker arrival time, faster infusion rate, faster 
clearance rate, and more residual of CSF tracer. A, B Arrival time maps suggest a lower bulk speed of CSF tracer in the periarterial spaces 
and olfactory bulb of GBM rats. C, D Infusion rate maps suggest a slower infusion of tracer in the periarterial spaces and olfactory bulb of GBM rats. 
E, F Clearance rate maps suggest slower clearance of tracer from the olfactory bulb and other brain regions of the GBM rats. G, H Residual maps 
suggest more tracer residual in GBM rats at the end of the experiment
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Impaired perineural pathway along optic nerves 
with glioblastoma
In rodents, macromolecular tracers from the subarach-
noid space are drained into the extracranial lymphatics 
through perineural pathways surrounding the departing 
cranial nerves, including the optic nerves [11, 47, 48]. 
We assessed the tracer intensity along the optic nerves in 
control and GBM rats to see if these perineural outflow 
channels were active in GBM rats. Figure 5 shows T1WIs 
of Gd-DTPA contrast along the optic nerves over time 
after ICM infusion. As shown in T1WIs, a representative 
GBM rat (Fig. 5B) exhibited less tracer along the perineu-
ral spaces of the optic nerves than a control rat (Fig. 5 A), 
indicating that this outflow pathway is compromised in 
GBM rats.

Discussion
GBM is an aggressive type of brain tumor that may have a 
substantial influence on the glymphatic system, which is 
responsible for eliminating toxic interstitial waste solutes 

from the brain parenchyma. The typical path of the CSF 
through the brain may be compromised by GBM as these 
tumors grow with an increasing volume within brain tis-
sue devoid of lymphatic vessels.

In this study, we investigated the response of the glym-
phatic system in rats with GBM using dynamic CE-
MRI and advanced kinetic modeling. To the best of our 
knowledge, this is the first study to assess the glymphatic 
response to human-derived GBM in a rat model. The 
MRI data indicate that GBM rats have decreased glym-
phatic transport in the brain, with evidence of impaired 
glymphatic influx and clearance in the presence of GBM. 
Consistent with T1WIs, our parametric scalar maps, 
and representative quantified data identified a decreased 
glymphatic flow of CSF tracer in the GBM rats compared 
to the control rats. Our data also revealed a compromised 
CSF tracer efflux via the perineural spaces along the optic 
nerves in GBM rats.

The olfactory bulb is sensitive to changes in the glym-
phatic system [5, 43]. In order to evaluate the glymphatic 

Fig. 4  Comparison of glymphatic flow in the investigated brain areas (olfactory bulb and whole brain). Slower arrival time (A), significantly reduced 
infusion rate (B), significantly reduced clearance rate (C), and increased residual of tracer (D) in corresponding brain regions were found in the GBM 
rats compared to the control rats with *p<0.05, ** p<0.01
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system function in rats with GBM, we designated the 
olfactory bulb and whole brain as ROIs. The signal inten-
sity plots evaluated using TSCs (Fig.  1D, E) showed a 
slower rate of signal increase before peak values with 
less percentage of signal change from the baseline and 
a slower rate of signal decline after peak values in GBM 
rats than in control rats, implying a reduced influx and 
delayed clearance of CSF tracer via the glymphatic sys-
tem. Consistently, the dynamic tracer concentration 
changes in T1WIs over time in GBM rats indicated 
reduced perivascular CSF flow along basal, olfactory, and 

other arteries (Fig. 2C), as well as increased tracer reten-
tion at the end of the experiment, indicating an impaired 
glymphatic influx and clearance in GBM rats. The glym-
phatic system’s performance may be affected by tumor-
associated inflammation, angiogenesis, and edema. Also, 
tumor growth may increase intracranial pressure (ICP), 
obstructing CSF flow and impairing the glymphatic 
system. AQP4 water channels are responsible for the 
periarterial influx of subarachnoid CSF into the brain 
parenchyma, the CSF-ISF exchange, and the perivenous 
efflux of CSF-ISF and interstitial waste solutes [5, 7]. 
Reduced glymphatic influx and clearance suggest altera-
tion of astrocyte function and downregulation of AQP4 
expression due to GBM. Reduced AQP4 expression with 
glioma has been demonstrated in a recent study [49].

Our study demonstrated the presence of Gd-DTPA 
tracer in the perivascular spaces along arteries and other 
anatomical routes that participate in the glymphatic sys-
tem. However, reduced amounts of tracer entered into 
the brain of the GBM rats compared to the control rats, 
and more tracer was retained in the cerebellum (Fig. 2C), 
possibly due to elevated ICP and edema present in GBM 
rats than in control rats. Elevated ICP has been demon-
strated in glioma rats [49]. This outcome is consistent 
with a recent study in glioma mice which demonstrated 
that after ICM infusion, less tracer entered the brain 
and was instead directed into the spinal space. They also 
demonstrated significant lymphatic outflow of CSF tracer 
from the sacral region in glioma versus control mice [50]. 
With cerebral edema and elevated ICP, CSF production 
also decreases in the brain [51, 52]. Reduced produc-
tion and decreased outflow of CSF may have a signifi-
cant impact on the glymphatic system, consistent with 
reduced glymphatic influx and clearance in the GBM 
rats observed in our study. In addition, the tumor and its 
microenvironment may hinder the glymphatic pathway 
which affects the influx and clearance of CSF tracer.

We employed advanced kinetic modeling to seek a bet-
ter understanding of the function of the glymphatic sys-
tem with GBM, and our efforts focused on the parametric 
scalar maps (Fig.  3) and quantitative analysis (Fig.  4). 
Scalar maps suggested slower arrival of CSF tracer in the 
GBM rats (Figs. 3B and 4A) than in the control rats, sug-
gesting a reduced bulk speed of CSF in the perivascular 
spaces as compared to the control rats. Scalar maps also 
suggested significantly slower infusion of tracer (Figs. 3D 
and 4B), significantly slower clearance of tracer (Figs. 3F 
and  4C), and more tracer residual (Figs.  3H and  4D) in 
the GBM rats than in the control rats. The paramet-
ric scalar maps and regional quantifications with sta-
tistical differences between control and GBM groups 
suggest a compromised glymphatic flow in the GBM rats. 
Reduced glymphatic flow and clearance may cause toxic 

Fig. 5  The perineural outflow pathway in Control and GBM rats. 
Red arrows point to the optic nerves. CE-MRI in representative 
Control (A) and GBM (B) rats show the dynamics of contrast agent 
in the perineural spaces along the optic nerves before infusion, 
15 min, 30 min, 90 min, 3 hours, and 5 hours after the infusion 
of Gd-DTPA in the cisterna magna. These images suggest 
compromised outflow of CSF tracer from the perineural spaces 
along the optic nerves in GBM rat
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solutes and pro-inflammatory signaling molecules such 
as cytokines and chemokines to accumulate in the brain, 
causing persistent inflammation and thereby possibly 
encouraging the growth of GBM.

Our data also demonstrated reduced CSF tracer efflux 
through the perineural spaces of optic nerves in GBM 
rats (Fig.  5B), indicating compromised perineural path-
way. These data are also consistent with a prior study 
demonstrating that glioma mice have impaired peri-
neural outflow channels [50]. Our data show that the 
Gd-DTPA signal in the olfactory bulb, as well as in the 
entire brain of control rats, significantly decreased over 
time after reaching peak intensity; however, in contrast, 
the signal intensity was relatively steady in GBM rats 
(Fig.  1D, E). This difference between GBM and control 
rat data is indicative of a reduced glymphatic clearance in 
GBM rats to further drain to the extracranial lymphatic 
vessels. Our results are consistent with earlier work, 
which showed that glioma mice exhibited reduced CSF 
drainage through the extracranial lymphatics and had 
significantly reduced signal intensity in the deep cervi-
cal lymph nodes and mandibular lymph nodes compared 
with control mice [50]. Reduced CSF outflow would likely 
result in less tumor-specific antigen being drained to 
cervical lymph nodes, resulting in reduced anti-tumoral 
T-cell activation and a weaker immunological response.

Basal meningeal lymphatic vessels have been dem-
onstrated as hotspots for CSF macromolecules drain-
age [37]. The dorsal meningeal lymphatic vessels, on 
the other hand, have been shown to provide a pathway 
for tumor cells to drain into deep cervical lymph nodes 
and potentially contribute to extracranial metastasis [36]. 
However, within the brain parenchyma, the tumor cells 
invade the brain tissue diffusely via active cell migration 
[53, 54] primarily driven by the attachment-detachment 
mechanism of glioma cells and the dynamic remodeling 
of extracellular matrix [42]. Tumor cells also invade other 
brain regions via the perivascular spaces and white-mat-
ter tracts [42]. While the precise association between the 
glymphatic system and GBM cell infiltration is unknown, 
the glymphatic system convective flux could play an 
important role in tumor cell migration. Future stud-
ies are required to determine the precise relationship 
between these processes. Understanding if and how the 
glymphatic system influences GBM growth may lead to 
the identification of new treatment strategies for inhibit-
ing GBM cell invasion and increasing the survival rate of 
patients.

A contributing factor to the essentially ineffective treat-
ment outcomes of GBM is that invading tumor cells are 
not exposed to the existing standard-of-care therapies. 
Generally, the therapeutic antibodies are administered 
by intravenous infusion [55, 56]. However, only a few 

antibodies enter the brain tissue due to the presence of 
the BBB [57]. While antibodies have restricted diffusive 
transport in the brain’s extracellular space [58, 59], glym-
phatic perivascular and intra-parenchymal convective 
flow may be used to improve their delivery into the brain. 
Increasing plasma osmolality by injecting hypertonic 
saline or mannitol intraperitoneally has been shown to 
lower the ICP while increasing the glymphatic influx of 
ICM-injected antibodies without disruption of the BBB 
[60]. This technique overcomes the impaired glymphatic 
influx seen in the brain of awake mice and has been 
shown to effectively improve the delivery of an Aβ anti-
body, achieving a 5-fold increment in antibody binding 
to Aβ plaques while using significantly fewer antibodies 
in an AD model [60]. Thus, utilizing the brain-wide sys-
tem of perivascular spaces and enhancing the glymphatic 
activity by increasing plasma osmolality and lowering the 
ICP may augment the delivery of anti-tumor drugs to 
the patients. Future research on utilizing the glymphatic 
pathway as a means to enhance drug delivery in GBM 
patients warrants investigation.

Additional studies measuring the glymphatic sys-
tem are required due to the heterogeneity of GBM and 
the impact that age, gender, tumor size, and stage of the 
disease may have on the CSF flow. The anatomical and 
physiological (such as brain mass, metabolic rate, vascu-
lar pulsatility, AQP4 density, etc.) distinctions between 
human and rodent brains should be kept in mind when 
translating animal experimental results to humans.

Conclusions
To assess the response of the glymphatic system to 
GBM, we employed GBM-induced RNU rats and CE-
MRI to dynamically monitor the Gd-DTPA contrast 
agent infused into the cisterna magna. 3D T1WI meas-
urements indicate reduced tracer entry into the brain of 
GBM rats with some of the tracer confined in the cer-
ebellum compared with control rats. Dynamic T1WIs 
and signal intensity plots reveal a delayed periarterial 
influx of CSF tracer and a reduced glymphatic clearance 
in GBM rats compared with control rats. Parametric sca-
lar maps and regional quantitative analysis derived using 
kinetic modeling demonstrate significantly slower tracer 
arrival, slower periarterial glymphatic influx, delayed 
glymphatic clearance, and more retention of tracer in the 
GBM rats than in control rats. Our study also indicates 
the compromised CSF tracer efflux through the perineu-
ral spaces of the optic nerves with GBM. Consideration 
should be given to utilizing the brain-wide perivascular 
glymphatic pathway along with increasing plasma osmo-
lality to increase drug delivery through ICM for the treat-
ment of GBM.



Page 11 of 12Kaur et al. Cancer Imaging          (2023) 23:107 	

Abbreviations
GBM	� Glioblastoma Multiforme
CSF	� Cerebrospinal fluid
ISF	� Interstitial fluid
CE-MRI	� Contrast-enhanced magnetic resonance imaging
T1WI	� T1-weighted imaging
ICM	� Intra-cisterna magna
AQP4	� Aquaporin-4
BBB	� Blood-brain-barrier
Aβ	� Amyloid-beta
AD	� Alzheimer’s disease
SVD	� Small vessel disease
TBI	� Traumatic brain injury
CLNs	� Cervical lymph nodes
TSC	� Time signal curve
ROIs	� Regions of interest
ICP	� Intracranial pressure
SE	� Standard error

Acknowledgements
Not applicable.

Authors’ contributions
JK, QJ, LZ, LL, MC, and ZZ contributed substantially to the concept and design 
of this study. LZ, HL, and MW performed the ICM surgical procedures. YL 
prepared the cell culture and implanted intracranial tumors. GD, JK, and QL 
acquired the MRI data. JK, QJ, and EB analyzed and interpreted the data. JK, 
QJ, LL, MC, and ZZ drafted the article and critically revised it for intellectual 
content. All authors read and approved the final manuscript.

Funding
This work was supported by grants from the National Institutes of Health 
(NIH): RF1 AG057494 (Quan Jiang & Li Zhang), RO1 NS108463 (Quan Jiang).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All experimental procedures were approved by the Institutional Animal Care and 
Use Committee of Henry Ford Health, and experimental guidelines of ARRIVE 
(items 8, 10 to 13). All procedures were carried out under the National Institutes 
of Health (NIH) Guidelines for the Care and Use of Laboratory Animals.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Neurology, Henry Ford Health System, Detroit, MI, USA. 
2 Department of Physics, Oakland University, Rochester, MI, USA. 3 Department 
of Radiology, Michigan State University, Lasing, MI, USA. 4 Department of Physi-
ology, Michigan State University, Lasing, MI, USA. 5 Department of Neurology, 
Wayne State University, Detroit, MI, USA. 

Received: 31 July 2023   Accepted: 19 October 2023

References
	1.	 Weller M, Wick W, Aldape K, Brada M, Berger M, Pfister SM, et al. Glioma. 

Nature Rev Disease Primers. 2015;1(1):15017.
	2.	 Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC, 

et al. Effects of radiotherapy with concomitant and adjuvant temo-
zolomide versus radiotherapy alone on survival in glioblastoma in a 

randomised phase III study: 5-year analysis of the EORTC-NCIC trial. 
Lancet Oncol. 2009;10(5):459–66.

	3.	 Mohammed S, Dinesan M, Ajayakumar T. Survival and quality of life 
analysis in glioblastoma multiforme with adjuvant chemoradiotherapy: 
a retrospective study. Rep Pract Oncol Radiother. 2022;27(6):1026–36. 
https://​doi.​org/​10.​5603/​RPOR.​a2022.​0113.

	4.	 Xia S, Lal B, Tung B, Wang S, Goodwin CR, Laterra J. Tumor microenvi-
ronment tenascin-C promotes glioblastoma invasion and negatively 
regulates Tumor proliferation. Neurooncology. 2016;18(4):507–17.

	5.	 Iliff JJ, Lee H, Yu M, Feng T, Logan J, Nedergaard M, et al. Brain-wide 
pathway for waste clearance captured by contrast-enhanced MRI. J Clin 
Investig. 2013;123(3):1299–309.

	6.	 Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A paravas-
cular pathway facilitates CSF flow through the brain parenchyma and the 
clearance of interstitial solutes, including amyloid beta. Sci Transl Med. 
2012;4(147):147ra11.

	7.	 Iliff JJ, Wang M, Zeppenfeld DM, Venkataraman A, Plog BA, Liao Y, et al. 
Cerebral arterial pulsation drives paravascular CSF-interstitial fluid 
exchange in the murine brain. J Neurosci. 2013;33(46):18190–9.

	8.	 Louveau A, Plog BA, Antila S, Alitalo K, Nedergaard M, Kipnis J. Under-
standing the functions and relationships of the glymphatic system and 
meningeal lymphatics. J Clin Investig. 2017;127(9):3210–9.

	9.	 Ueno M, Chiba Y, Murakami R, Matsumoto K, Kawauchi M, Fujihara R. 
Blood-brain barrier and blood-cerebrospinal fluid barrier in normal and 
pathological conditions. Brain Tumor Pathol. 2016;33(2):89–96.

	10.	 Hladky SB, Barrand MA. Elimination of substances from the brain paren-
chyma: efflux via perivascular pathways and via the blood-brain barrier. 
Fluids Barriers CNS. 2018;15(1):30.

	11.	 Ma Q, Ineichen BV, Detmar M, Proulx ST. Outflow of cerebrospinal fluid is 
predominantly through lymphatic vessels and is reduced in aged mice. 
Nat Commun. 2017;8(1):1434.

	12.	 Kaur J, Davoodi-Bojd E, Fahmy LM, Zhang L, Ding G, Hu J, et al. Magnetic 
Resonance Imaging and modeling of the Glymphatic System. Diagnos-
tics (Basel). 2020;10(6):344.

	13.	 Kaur J, Fahmy LM, Davoodi-Bojd E, Zhang L, Ding G, Hu J, et al. Waste 
Clearance in the brain. Front Neuroanat. 2021;15:53.

	14.	 Simon MJ, Iliff JJ. Regulation of cerebrospinal fluid (CSF) flow in neuro-
degenerative, neurovascular and neuroinflammatory Disease. Biochim 
Biophys Acta. 2016;1862(3):442–51.

	15.	 Tarasoff-Conway JM, Carare RO, Osorio RS, Glodzik L, Butler T, Fieremans E, 
et al. Clearance systems in the brain-implications for Alzheimer Disease. 
Nat Rev Neurol. 2015;11(8):457–70.

	16.	 Zarow C, Lyness SA, Mortimer JA, Chui HC. Neuronal loss is greater in the 
locus coeruleus than nucleus basalis and substantia nigra in Alzheimer 
and Parkinson Diseases. Arch Neurol. 2003;60(3):337–41.

	17.	 Reeves BC, Karimy JK, Kundishora AJ, Mestre H, Cerci HM, Matouk C, et al. 
Glymphatic System Impairment in Alzheimer’s Disease and idiopathic 
normal pressure Hydrocephalus. Trends Mol Med. 2020;26(3):285–95.

	18.	 Peng W, Achariyar TM, Li B, Liao Y, Mestre H, Hitomi E, et al. Suppression 
of glymphatic fluid transport in a mouse model of Alzheimer’s Disease. 
Neurobiol Dis. 2016;93:215–25.

	19.	 Mestre H, Kostrikov S, Mehta RI, Nedergaard M. Perivascular spaces, 
glymphatic dysfunction, and small vessel Disease. Clin Sci (Lond). 
2017;131(17):2257–74.

	20.	 Charidimou A, Pantoni L, Love S. The concept of sporadic cerebral small 
vessel Disease: a road map on key definitions and current concepts. Int J 
Stroke. 2016;11(1):6–18.

	21.	 Plog BA, Dashnaw ML, Hitomi E, Peng W, Liao Y, Lou N, et al. Biomarkers of 
traumatic injury are transported from brain to blood via the glymphatic 
system. J Neuroscience. 2015;35(2):518–26.

	22.	 Mondello S, Muller U, Jeromin A, Streeter J, Hayes RL, Wang KK. Blood-based 
diagnostics of traumatic brain injuries. Expert Rev Mol Diagn. 2011;11(1):65–78.

	23.	 Jessen NA, Munk AS, Lundgaard I, Nedergaard M. The Glymphatic System: 
a beginner’s guide. Neurochem Res. 2015;40(12):2583–99.

	24.	 Tsitsopoulos PP, Marklund N. Amyloid-beta peptides and Tau Protein as 
biomarkers in cerebrospinal and interstitial fluid following traumatic Brain 
Injury: a review of experimental and clinical studies. Front Neurol. 2013;4:79.

	25.	 Magnoni S, Esparza TJ, Conte V, Carbonara M, Carrabba G, Holtzman 
DM, et al. Tau elevations in the brain extracellular space correlate with 
reduced amyloid-beta levels and predict adverse clinical outcomes after 
severe traumatic brain injury. Brain. 2012;135(Pt 4):1268–80.

https://doi.org/10.5603/RPOR.a2022.0113


Page 12 of 12Kaur et al. Cancer Imaging          (2023) 23:107 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	26.	 Iliff JJ, Chen MJ, Plog BA, Zeppenfeld DM, Soltero M, Yang L, et al. Impair-
ment of glymphatic pathway function promotes tau pathology after 
traumatic brain injury. J Neuroscience. 2014;34(49):16180–93.

	27.	 Morris M, Maeda S, Vossel K, Mucke L. The many faces of tau. Neuron. 
2011;70(3):410–26.

	28.	 Gaberel T, Gakuba C, Goulay R, Martinez De Lizarrondo S, Hanouz JL, 
Emery E, et al. Impaired glymphatic perfusion after strokes revealed 
by contrast-enhanced MRI: a new target for fibrinolysis? Stroke. 
2014;45(10):3092–6.

	29.	 Goulay R, Flament J, Gauberti M, Naveau M, Pasquet N, Gakuba C, et al. 
Subarachnoid Hemorrhage severely impairs brain parenchymal cerebro-
spinal fluid circulation in Nonhuman Primate. Stroke. 2017;48(8):2301–5.

	30.	 Mestre H, Du T, Sweeney AM, Liu G, Samson AJ, Peng W, et al. Cer-
ebrospinal fluid influx drives acute ischemic tissue swelling. Science. 
2020;367(6483):eaax7171. https://​doi.​org/​10.​1126/​scien​ce.​aax71​71.

	31.	 Jiang Q, Zhang L, Ding G, Davoodi-Bojd E, Li Q, Li L, et al. Impairment 
of the glymphatic system after Diabetes. J Cereb Blood flow Metabol. 
2017;37(4):1326–37.

	32.	 Schain AJ, Melo-Carrillo A, Strassman AM, Burstein R. Cortical spread-
ing depression closes Paravascular Space and impairs glymphatic Flow: 
implications for Migraine Headache. J Neurosci. 2017;37(11):2904.

	33.	 Venkat P, Chopp M, Zacharek A, Cui C, Zhang L, Li Q, et al. White matter 
damage and glymphatic dysfunction in a model of vascular Dementia in 
rats with no prior vascular pathologies. Neurobiol Aging. 2017;50:96–106.

	34.	 Wang M, Ding F, Deng S, Guo X, Wang W, Iliff JJ, et al. Focal solute trap-
ping and global glymphatic pathway impairment in a murine model of 
multiple microinfarcts. J Neuroscience. 2017;37(11):2870–7.

	35.	 Wostyn P, Killer HE, De Deyn PP. Glymphatic stasis at the site of the lamina 
cribrosa as a potential mechanism underlying open-angle glaucoma. Clin 
Exp Ophthalmol. 2017;45(5):539–47.

	36.	 Hu X, Deng Q, Ma L, Li Q, Chen Y, Liao Y, et al. Meningeal lymphatic vessels 
regulate Brain Tumor drainage and immunity. Cell Res. 2020;30(3):229–43.

	37.	 Ahn JH, Cho H, Kim JH, Kim SH, Ham JS, Park I, et al. Meningeal 
lymphatic vessels at the skull base drain cerebrospinal fluid. Nature. 
2019;572(7767):62–6.

	38.	 Aspelund A, Antila S, Proulx ST, Karlsen TV, Karaman S, Detmar M, et al. 
A dural lymphatic vascular system that drains brain interstitial fluid and 
macromolecules. J Exp Med. 2015;212(7):991–9.

	39.	 Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al. 
Structural and functional features of central nervous system lymphatic 
vessels. Nature. 2015;523(7560):337–41.

	40.	 Da Mesquita S, Louveau A, Vaccari A, Smirnov I, Cornelison RC, Kingsmore 
KM, et al. Functional aspects of meningeal lymphatics in ageing and 
Alzheimer’s Disease. Nature. 2018;560(7717):185–91.

	41.	 Louveau A, Herz J, Alme MN, Salvador AF, Dong MQ, Viar KE, et al. CNS 
lymphatic drainage and neuroinflammation are regulated by meningeal 
lymphatic vasculature. Nat Neurosci. 2018;21(10):1380–91.

	42.	 Seker-Polat F, Pinarbasi Degirmenci N, Solaroglu I, Bagci-Onder T. Tumor 
Cell Infiltration into the brain in Glioblastoma: from mechanisms to clini-
cal perspectives. Cancers. 2022;14(2):433.

	43.	 Ratner V, Gao Y, Lee H, Elkin R, Nedergaard M, Benveniste H, et al. 
Cerebrospinal and interstitial fluid transport via the glymphatic pathway 
modeled by optimal mass transport. Neuroimage. 2017;152:530–7.

	44.	 Penny W, Friston K, Ashburner J, Kiebel S, Nichols T. Statistical Parametric 
Mapping: The Analysis of Functional Brain Images. 2007. https://​doi.​org/​
10.​1016/​B978-0-​12-​372560-​8.​X5000-1.

	45.	 Lee H, Xie L, Yu M, Kang H, Feng T, Deane R, et al. The effect of body 
posture on Brain Glymphatic Transport. J Neurosci. 2015;35(31):11034–44.

	46.	 Davoodi-Bojd E, Ding G, Zhang L, Li Q, Li L, Chopp M, et al. Modeling 
glymphatic system of the brain using MRI. Neuroimage. 2019;188:616–27.

	47.	 Kida S, Pantazis A, Weller RO. CSF drains directly from the subarachnoid 
space into nasal lymphatics in the rat. Anatomy, histology and immuno-
logical significance. Neuropathol Appl Neurobiol. 1993;19(6):480–8.

	48.	 Krishnamurthy S, Li J, Shen Y, Duncan TM, Jenrow KA, Haacke EM. Normal 
macromolecular clearance out of the ventricles is delayed in hydrocepha-
lus. Brain Res. 2018;1678:337–55.

	49.	 Xu D, Zhou J, Mei H, Li H, Sun W, Xu H. Impediment of Cerebrospinal 
Fluid Drainage through Glymphatic System in Glioma. Front Oncol. 
2021;11:790821.

	50.	 Ma Q, Schlegel F, Bachmann SB, Schneider H, Decker Y, Rudin M, et al. 
Lymphatic outflow of cerebrospinal fluid is reduced in glioma. Sci Rep. 
2019;9(1):14815.

	51.	 Sahar A. The effect of pressure on the production of cerebrospinal fluid 
by the choroid plexus. J Neurol Sci. 1972;16(1):49–58.

	52.	 Welch K. The principles of physiology of the cerebrospinal fluid in relation 
to hydrocephalus including normal pressure hydrocephalus. Adv Neurol. 
1975;13:247–332.

	53.	 Diksin M, Smith SJ, Rahman R. The molecular and phenotypic basis of the 
glioma invasive perivascular niche. Int J Mol Sci. 2017;18(11):2342.

	54.	 Montana V, Sontheimer H. Bradykinin promotes the chemotactic invasion 
of primary brain tumors. J Neurosci. 2011;31(13):4858–67.

	55.	 Calias P, Banks WA, Begley D, Scarpa M, Dickson P. Intrathecal delivery of 
protein therapeutics to the brain: a critical reassessment. Pharmacol Ther. 
2014;144(2):114–22.

	56.	 Prins ND, Scheltens P. Treating Alzheimer’s Disease with monoclonal 
antibodies: current status and outlook for the future. Alzheimers Res Ther. 
2013;5(6):56.

	57.	 Banks WA, Terrell B, Farr SA, Robinson SM, Nonaka N, Morley JE. Passage 
of amyloid β protein antibody across the blood–brain barrier in a mouse 
model of Alzheimer’s Disease. Peptides. 2002;23(12):2223–6.

	58.	 Wolak DJ, Pizzo ME, Thorne RG. Probing the extracellular diffusion of 
antibodies in brain using in vivo integrative optical imaging and ex vivo 
fluorescence imaging. J Controlled Release. 2015;197:78–86.

	59.	 Pizzo ME, Wolak DJ, Kumar NN, Brunette E, Brunnquell CL, Hannocks MJ, 
et al. Intrathecal antibody distribution in the rat brain: surface diffusion, 
perivascular transport and osmotic enhancement of delivery. J Physiol. 
2018;596(3):445–75.

	60.	 Plog BA, Mestre H, Olveda GE, Sweeney AM, Kenney HM, Cove A, et al. 
Transcranial optical imaging reveals a pathway for optimizing the delivery 
of immunotherapeutics to the brain. JCI Insight. 2018;3(20):e120922.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1126/science.aax7171
https://doi.org/10.1016/B978-0-12-372560-8.X5000-1
https://doi.org/10.1016/B978-0-12-372560-8.X5000-1

	Imaging glymphatic response to glioblastoma
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Animal tumor model and experimental methods
	Rats
	Cell culture
	Intracranial tumor Implantation
	Catheter Implantation into the cisterna magna

	MRI measurements
	Data analysis
	Data quantification and statistical analysis

	Results
	Signal intensity plots based on TSCs alterations with glioblastoma
	Impaired glymphatic influx and clearance of CSF tracer with glioblastoma
	Reduced glymphatic flow of CSF tracer with glioblastoma
	Impaired perineural pathway along optic nerves with glioblastoma

	Discussion
	Conclusions
	Acknowledgements
	References


