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Glymphatic transport is reduced in 
rats with spontaneous pituitary 
tumor
Lian Li 1, Guangliang Ding 1, Li Zhang 1, Hao Luo 1, 
Esmaeil Davoodi-Bojd 1, Qingjiang Li 1, Michael Chopp 1,2, 
Zheng Gang Zhang 1 and Quan Jiang 1,2*
1 Department of Neurology, Henry Ford Health, Detroit, MI, United States, 2 Department of Physics, 
Oakland University, Rochester, MI, United States

Background and objective: Pituitary tumor in patients induces adverse alterations 
in the brain, accompanied by cognitive deficits. Dysfunction of glymphatic waste 
clearance results in accumulation of neurotoxic products within the brain, leading 
to cognitive impairment. However, the status of glymphatic function in the brain 
with pituitary tumor is unknown. Using magnetic resonance imaging (MRI) and 
an advanced mathematical modeling, we investigated the changes of glymphatic 
transport in the rats carrying spontaneous pituitary tumor.

Methods: Rats (22–24  months, female, Wistar) with and without pituitary 
tumor (n  =  7/per group) underwent the identical experimental protocol. MRI 
measurements, including T2-weighted imaging and dynamic 3D T1-weighted 
imaging with intracisternal administration of contrast agent, were performed on 
each animal. The contrast-induced enhancement in the circle of Willis and in 
the glymphatic influx nodes were observed on the dynamic images and verified 
with time-signal-curves (TSCs). Model-derived parameters of infusion rate and 
clearance rate that characterize the kinetics of glymphatic tracer transport were 
evaluated in multiple representative brain regions.

Results: Our imaging data demonstrated a higher incidence of partially enhanced 
circle of Willis (86 vs. 14%; p  <  0.033) and a lower incidence of enhancement in 
glymphatic influx nodes of pituitary (71 vs. 100%) and pineal (57 vs. 86%) recesses 
in the rats with pituitary tumor than in the rats with normal appearance of 
pituitary gland, indicating an intensification of impaired peri-vascular pathway 
and impeded glymphatic transport due to the presence of pituitary tumor. 
Consistently, our kinetic modeling and regional cerebral tissue quantification 
revealed significantly lower infusion and clearance rates in all examined regions 
in rats with spontaneous pituitary tumor than in non-tumor rats, representing a 
suppressed glymphatic transport in the brain with pituitary tumor.

Conclusion: Our study demonstrates the compromised glymphatic transport in 
the rat brain with spontaneous pituitary tumor. The reduced efficiency in cerebral 
waste clearance increases the risk for neurodegeneration in the brain that may 
underlie the cognitive impairment commonly seen in patients with pituitary 
tumors.
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1. Introduction

As common intracranial neoplasms, pituitary tumors induce a 
broad range of adverse changes in the brain (1, 2). In addition to a 
mass effect on nearby brain tissue and cranial nerve structures (3, 4), 
pituitary tumor induced endocrine dysfunction plays an important 
role in affecting brain function (5–7). Cumulative data demonstrate 
that hormonal disorders caused by pituitary tumors contribute to 
structural alterations (7–10), metabolic abnormalities (11–14) and 
cerebrovascular disease (15–18) that are accompanied by a wide 
variety of adverse neuropsychological symptoms and neurocognitive 
consequences (1, 19–22) in patients. Although the underlying 
mechanisms leading to neurocognitive deficits in patients with 
pituitary tumors remain to be  fully elucidated, growing evidence 
suggests that aberrant hormone secretion may be a major factor for 
cognitive impairment (11, 22, 23). However, while the abrogation of 
abnormal hormone level is associated with the improvement of 
cognitive function (21, 23, 24), incomplete recovery from structural 
alterations (6, 7, 25) and partial restoration from cognitive deficits 
with diverse courses (6, 26, 27) are observed in patients with 
normalized hormone level after successful treatment. Moreover, 
cerebrovascular pathology (e.g., cerebral infarction) arising from 
non-functioning pituitary tumor is independent of hormone 
replacement therapy (28), and cerebrovascular mortality remains 
elevated in the treated patients regardless of post-treatment hormone 
levels (18, 29). These findings suggest that tumor-induced deleterious 
impact on the central nervous system (CNS) and cerebral vasculature 
that are linked to the decline of cognitive function (17, 30–32) persists 
after resolution of hormone abnormalities, and at the same time, 
indicate that factors other than hormone imbalance, that act 
particularly upon the cognitive impairment, are likely at work.

The glymphatic system is a brain-wide peri-vascular network, 
involving cerebrospinal fluid (CSF) recirculation throughout the brain 
and facilitation of interstitial solute clearance from the CNS (33, 34). 
The glymphatic transport consists of peri-arterial influx and peri-
venous efflux supported by astrocytic aquaporin-4 (AQP4) water 
channels (35). Dysfunction of glymphatic waste clearance results in 
accumulation of neurotoxic products within the brain parenchyma, 
leading to neurodegeneration and corresponding neurocognitive 
deficits (36–38). Pituitary tumors have been shown to cause systemic 
comorbidities such as cardiovascular and cerebrovascular disease that 
provoke diffuse and sustained impact on the brain (16–18, 39). The 
vascular pathologies associated with these comorbidities may disturb 
the glymphatic waste clearance which in turn, alters the neurocognitive 
performance. To our knowledge, however, little is known about the 
status of glymphatic function in the brain in the presence of this type 
of intracranial neuroendocrine tumor. Investigation of the alterations 
of glymphatic transport concurrent with the appearance of pituitary 
tumor may provide insight into the mechanisms underlying cognitive 
disorders widely experienced by patients and may facilitate 
development of treatment strategies for amelioration of 
cognitive impairment.

Glymphatic transport is characterized and monitored using 
intracisternal administration of CSF tracers, and the glymphatic 
function is evaluated by the kinetic features of the surrogate CSF 
tracer “waste” solutes as they pass through the brain (40–43). As an in 
vivo non-invasive tool, magnetic resonance imaging (MRI) plays an 
important role in revealing the glymphatic transport routes by 

visualizing spatiotemporal CSF tracer trajectory (42, 44) and in 
quantifying the glymphatic transport function by using tracer-induced 
dynamic signal information (40, 45–47). With dynamic contrast-
enhanced MRI (DCE-MRI), impaired glymphatic function has been 
detected in a wide range of neurological diseases in both the human 
(48, 49) and animal (50–53) studies. Using DCE-MRI and our 
advanced kinetic modeling, we have demonstrated that the glymphatic 
transport in the rat brain is suppressed under conditions of diabetes, 
traumatic brain injury and aging (41, 54, 55). With MRI and our 
corresponding analyses, the aim of present study is to investigate 
whether and how the glymphatic function changes in rats carrying 
spontaneous pituitary tumor. We then demonstrate that the presence 
of a pituitary tumor compromises glymphatic transport and thereby 
may contribute to the cognitive impairment commonly observed in 
patients with pituitary tumor.

2. Materials and methods

All experimental procedures were approved by the Institutional 
Animal Care and Use Committee of Henry Ford Health and carried 
out in accordance with the NIH Guide for the Care and Use of 
Laboratory Animals.

2.1. Animals and experimental procedures

Although tumors arising in the pituitary gland are found in both 
sexes at a wide range of ages, accumulating clinical (2, 56) and 
laboratory (57–59) data show that females are more likely to develop 
these tumors than males, and that the incidence rate of these 
neuroendocrine tumors increases with advancing age (60, 61). We, 
therefore, first focused on aged female rats in our 
experimental investigation.

Rats (22–24 months, female, Wistar, Charles River, Wilmington, 
MA, United  States) with and without spontaneously occurring 
pituitary tumor (n = 7/per group) were subjected to the identical 
experimental procedures, including the surgical preparation for 
contrast administration into the cisterna magna, and subsequent 
MRI measurements.

Catheter implantation (62) was performed for each animal before 
the MRI scan. Briefly, the rats were initially anesthetized with 
inhalation of 3% isoflurane and maintained in the range of 1.0–1.5% 
isoflurane in a mixture of N2O (70%) and O2 (30%) via a nose mask 
throughout the surgical period. Rectal temperature was controlled at 
37°C ± 1°C using a feedback-regulated water heating system. The head 
of the anesthetized rat was mounted in a stereotactic frame with care 
to permit spontaneous breathing. After the Atlanto-occipital 
membrane was exposed using a midline dorsal neck incision, a 
polyethylene catheter (PE-10 tubing; Becton Dickinson, MD, 
United States) filled with saline was inserted into the subarachnoid 
cisterna magna space via a small durotomy made with a 27gauge 
needle. The outside part of catheter was fixed onto the occipital bone 
with superglue and the skin incision was closed around the catheter.

Magnetic resonance imaging was performed with a 7 T system 
(Bruker–Biospin, Billerica, MA, United States) (62). A birdcage type 
coil was used as the transmitter and a quadrature half-volume coil as 
the receiver. The animal with catheter implantation was securely fixed 
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on a MR-compatible holder equipped with an adjustable nose cone for 
administration of anesthetic gases and stereotaxic ear bars to 
immobilize the head. For reproducible positioning of the animal in 
the magnet, a fast-gradient echo imaging sequence was used at the 
beginning of each MRI session. During image acquisition, anesthesia 
was maintained by a gas mixture of N2O (70%) and O2 (30%) with 
1.0–1.5% isoflurane (Piramal Inc., Bethlehem, PA, United States), and 
rectal temperature was kept at 37 ± 1°C using a feedback controlled air 
heating blower (Rapid Electric, Brewster, NY, United States).

Pituitary tumor provokes changes in signal intensity on MR 
images (63–66), and is often accompanied by volumetric and 
morphological alterations of the pituitary gland (65–67). To detect 
abnormal tissue (e.g., pituitary tumor) within the affected pituitary 
gland and calculate lesion volume (e.g., tumor size), multi-slice 
coronal T2-weighted imaging (T2WI; TE = 15, 30, 45, 60, 75, and 
90 ms, TR = 4 s, FOV = 32  ×  32mm2, matrix = 256  ×  256, 
thickness = 1 mm, 15 slices) was performed. To monitor the dynamic 
influx and clean-out process, 3D T1-weighted imaging (T1WI; 
TE = 4 ms, TR = 18 ms, flip angle = 12°, FOV = 32  ×  32  ×  16 mm3, 
matrix = 256  ×  192  ×  96) with contrast agent of Gd-DTPA was 
acquired. The time series of T1WI scanning continued for 6 h, starting 
with three baseline scans followed by intra-cisterna magna (ICM) 
Gd-DTPA (21 mM concentration) delivery at a constant infusion rate 
of 1.6 μL/min over 50 min (41, 62) via the indwelling catheter 
connected to a 100 μL syringe (Hamilton Robotics, Reno, NV, 
United States) mounted on an infusion pump (Harvard Apparatus, 
Holliston, MA, United States).

2.2. Magnetic resonance imaging data 
processing

The detailed procedures for DCE-MRI data processing and 
parametric map generation have been previously described (40). To 
correct for motion that occurs during the 6-h scan, the entire set of 
sequential images for each animal were co-registered to its initial 
volume. Then, 3D T1WIs for all animals were co-registered to a 
standard reference template so that the comparison between groups 
will be carried out in the common spatial space. With the changes of 
MRI signal that correspond to the time trajectories of CSF tracer 
concentrations, brain voxels were clustered into similar regions based 
on their dynamic responses to the infusion of contrast agent. 
We  chose the derivative of the time-signal-curves (TSCs) as the 
similarity criterion in order to cluster the voxels based on the tracer 
dynamics. In a hierarchical clustering scheme, the k-means clustering 
algorithm splits the voxels into two clusters. Then, it sequentially 
splits each of the resulting clusters into two new sub-clusters if a 
described criterion (40) is met (Details of this method are provided 
in Davoodi-Bojd et al. (40)). TSC for each cluster that represents the 
retention of infused tracer as a function of time in the tissue cluster 
was obtained, yielding the required information for our advanced 
kinetic modeling. Using a defined approach with specific criteria, a 
local input function (IF) for any formed cluster was found among the 
TSCs of its neighboring clusters. Compared to the previous modeling 
with IF obtained from the TSC of whole brain (45), our local IF 
selected for each cluster is an advance by which the errors arising 
from the global IF are largely reduced. For each tissue cluster, the 
parameters characterizing the kinetics of tracer uptake and clearance 

were derived from its own TSC. Herein, infusion rate is defined by 
the rate of signal increase from the point immediately after three 
baseline scans to the peak in the accumulation phase of the TSC, 
while clearance rate is defined by the rate of signal decrease from the 
peak to the end of experiment in the relaxing phase of the TSC. After 
calculating these kinetic parameters in each cluster from its average 
TSC, parametric maps of infusion rate and clearance rate for whole 
brain were then generated.

2.3. Quantification and statistical analysis

Pituitary tumor was detected by T2WI. Using ImageJ (https://
imagej.nih.gov/ij/, ImageJ1.51j8) (68), the abnormal tissue areas in the 
pituitary gland on contiguous coronal T2WI slices were measured. 
The T2WI-detected lesion volume (tumor size) was then calculated 
by adding all the abnormal tissue areas on individual slices and 
multiplying the total by the slice thickness.

To evaluate the kinetic features of contrast agent transport via the 
glymphatic system within the brain, regions of interest (ROIs) 
encompassing representative brain tissue areas (such as hypothalamus, 
olfactory bulb and whole brain) were created on the fixed coronal and 
sagittal sections of 3D T1WI (Figure 1). With these ROIs, regional 
TSCs were obtained and compared between groups. Based on these 
ROIs, evaluations were also conducted on the parametric maps. 
Group TSCs and parametric measurements for each ROI were 
presented as mean ± standard error (SE). To detect the effects of 
pituitary tumor on regional TSCs and on glymphatic transport 
function characterized by the kinetic parameters, a two-sample t-test 
was performed between groups with p < 0.05 inferred for statistical 
significance. Fisher’s exact test (statistical significance: p < 0.05) was 
employed to compare the difference in proportions of MRI-detected 
adverse events (i.e., partially enhanced circle of Willis, absence of 
enhancement in glymphatic influx nodes) between groups.

3. Results

3.1. Changes of regional TSCs in the rats 
with pituitary tumor

As shown in Figure 1, the TSCs obtained from the same brain 
regions differed between groups (Figures 1D–F). Compared to the rats 
with normal appearance of pituitary gland, the TSCs measured from 
the rats with pituitary tumor were characterized by delayed time 
points for initial signal increase, prolonged periods of time before the 
peak values, and reduced percentages of signal change for all examined 
brain regions. Consequently, a slower pace for both signal increase 
before the peak values and signal decrease after the peak values in 
these brain regions were present in the rats with pituitary tumor than 
in the rats without pituitary tumor, indicating the retarded influx and 
clean-out of CSF tracer via the glymphatic system. The details of 
statistical comparison of group TSCs are provided in Table 1, and 
significant differences in the features of TSCs that represent the 
glymphatic function were found between groups. These results 
demonstrate that with pituitary tumor, a reduced glymphatic transport 
and reduced amount of CSF passing through the glymphatic system 
are present in the brain.
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3.2. Impairment of glymphatic pathway in 
the rats with pituitary tumor

As verified with TSCs, our image data showed a lower incidence 
of contrast-induced enhancement in both pituitary (71 vs. 100%) and 
pineal (57 vs. 86%) recesses, the glymphatic influx nodes (42, 44), in 
the rats with pituitary tumor than in the rats without pituitary tumor.

A comparison of representative rats from two groups is shown in 
Figure 2. While the enhancement in pituitary recess (red arrow in 
Figure 2A) at the earlier time point (e.g., 60 min) and in pineal recess 
(red arrow in Figure 2B) at the later time point (e.g., 200 min) after 
ICM contrast injection was observed in the rat brain without pituitary 
tumor, this enhancement in both pituitary (Figure 2A vs. Figure 2C) 
and pineal (Figure 2B vs. Figure 2D) recesses was not detected in the 

FIGURE 1

Regions of interest (ROIs; colored anatomical areas in A, B, and C) on the coronal (A, Bregma − 3.00 mm) and sagittal (B, C, Lateral 0.40 mm) sections, and 
group time-signal-curves (TSCs; D–F) obtained from the corresponding ROIs. The red line in B indicates the location of the selected coronal section 
(A) on which the ROI of hypothalamus was created. ROIs of olfactory bulb and whole brain were made in two hemispheres of the brain symmetrically. 
Compared to the rats with normal appearance of pituitary gland, the TSCs measured from the rats with pituitary tumor were characterized by later time 
points for initial signal increase, longer periods of time before the peak values, and lower percentages of signal change (D–F).

TABLE 1 Group comparisons of time-signal-curves (TSCs) measured from the examined brain regions (mean  ±  SE).

Hypothalamus Olfactory bulb Whole brain

Aged Aged  +  Tumor Aged Aged  +  Tumor Aged Aged  +  Tumor

Time (min) before signal 

increase

36.50±3.86 56.00±3.70* 44.89±5.27 73.00±7.59* 43.75±5.43 62.00±5.74*

Time (min) before peak value 78.50±4.79 102.29±6.49* 117.75±4.23 138.80±7.66* 104.86±5.52 112.57±5.85

Peak value (% of signal change) 54.25±5.13 20.10±3.25* 28.25±4.68 11.96±4.25* 11.22±2.72 8.74±1.32

Signal accumulation (% of 

increase/min)

0.69±0.02 0.20±0.03* 0.24±0.05 0.10±0.04 0.13±0.03 0.08±0.02

Signal attenuation (% of 

decrease/min)

0.24±0.04 0.12±0.01* 0.11±0.02 0.08±0.02 0.08±0.02 0.05±0.004

*p < 0.05, aged rats with pituitary tumor vs. aged rats with normal appearance of pituitary gland in the same brain region.
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rat brain with pituitary tumor. The lowered incidence of enhancement 
in the glymphatic influx nodes in rats with pituitary tumor indicates 
a reduced efficiency in glymphatic transport.

A series of 3D images (Figure  3) further revealed a partially 
enhanced circle of Willis (Figures  3N–Q vs. Figures  3C–F) in a 
representative rat with pituitary tumor, suggesting that the peri-
arterial influx was blocked in part. It is worth noting that concurrent 

with this blockage was the absence of pineal recess enhancement in 
the brain (Figures 3J–K vs. Figures 3U–V; Figure 3A vs. Figure 3L). 
These dynamic image data demonstrate an impaired glymphatic 
pathway and the corresponding impeded glymphatic transport. A 
significantly larger proportion of partially enhanced circle of Willis 
was found in the rats with pituitary tumor than in the rats without 
pituitary tumor (86 vs. 14%, p < 0.033), indicating an association 

FIGURE 2

Comparison of enhancement in pituitary and pineal recesses (glymphatic influx nodes) between the representative rats with normal appearance of 
pituitary gland (A,B) and with pituitary tumor (C,D; Tumor: indicated by blue arrow). While the enhancement in the pituitary recess (red arrow in A) at 
the earlier time point (e.g., 60  min) and in the pineal recess (red arrow in B) at the later time point (e.g., 200  min) after intra-cisterna magna (ICM) 
contrast injection was observed in the rat brain without pituitary tumor, this enhancement in both pituitary (A vs. C) and pineal recesses (B vs. D) was 
not detected in the rat brain with pituitary tumor. Worthy of note, is the mass effect of pituitary tumor on adjacent gland tissue and brain structures 
(C,D).

FIGURE 3

A series of 3D images showing the transport of ICM-injected contrast agent in two representative rat brains with normal appearance of pituitary gland 
(A–K) and with pituitary tumor (L–V; Tumor: indicated by red arrow in M and R). Red and blue lines in A and L indicate the locations of axial and 
coronal images that cut across the circle of Willis (B–F, M–Q) and pineal recess (G–K, R–V), respectively. Compared to the rat without tumor, partially 
enhanced circle of Willis (N–Q vs. C–F) was found in the rat with pituitary tumor. Enhancement in the pineal recess occurred between 90  min and 
120  min (J–K) for the rat without tumor, while this contrast-induced enhancement was not detected during the same period (U–V) for the rat with 
tumor. This result was reflected correspondingly on the co-registered mean sagittal images (A,L), with the pineal recess enhancement present on one 
image (A) but not on the other (L).
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between the occurrence of pituitary tumor and disrupted peri-
vascular pathway in the circle of Willis.

3.3. Reduction of glymphatic transport in 
the rats with pituitary tumor

Figure  4 provides the group comparison of infusion and 
clearance rates, the important model-derived kinetic parameters that 
characterize the glymphatic transport function. Significantly 
reduced infusion rate (Figure  4A; Whole Brain: 15.49 ± 0.97 vs. 
22.99 ± 2.26, p < 0.01; Olfactory Bulb: 14.42 ± 3.10 vs. 26.51 ± 2.75, 
p < 0.03; Hypothalamus: 22.04 ± 2.97 vs. 59.75 ± 2.45, p < 0.001) and 
clearance rate (Figure 4B; Whole Brain: 2.86 ± 0.32 vs. 5.26 ± 1.55, 
p < 0.05; Olfactory Bulb: 3.04 ± 0.95 vs. 7.77 ± 2.28, p < 0.03; 
Hypothalamus: 5.19 ± 1.10 vs. 13.79 ± 2.48, p < 0.003) in the 
examined brain regions were found in the rats with pituitary tumor 
compared to the rats with normal appearance of pituitary gland. 
Consistent with our imaging observations (Figures  2, 3), these 
kinetic quantifications with statistical differences between groups 
demonstrated a compromised glymphatic transport in the rat brain 
with pituitary tumor.

3.4. Effect of pituitary tumor size

Our image data showed that the bigger pituitary tumor size, the 
higher incidence of unfavorable changes in the brain. Despite the 
presence of a partially enhanced circle of Willis (14%) and the absence 
of enhancement in glymphatic influx nodes (pineal recess: 14%; 
pituitary recess: 0%) in the rats without pituitary tumor, much higher 
proportions of these adverse outcomes were observed in the rats with 
pituitary tumor (86, 43, and 29%, respectively). In the tumor group, 
the majority of the cases with these consequences were found in the 
rats with tumor size larger than 3.4mm3. Correspondingly, our image 
data showed that a bigger tumor size was associated with a greater 
mass effect on the surrounding gland tissue and brain structures 
(Figure 2).

4. Discussion

Using DCE-MRI and mathematical modeling, we investigated 
the changes of glymphatic transport in the aged rats carrying 
spontaneous pituitary tumor. The current study demonstrated that 
with pituitary tumor, a reduced efficiency in glymphatic transport 
function was present in the brain. We, for the first time, provide 
MRI evidence of concurrently impaired glymphatic pathway and 
impeded glymphatic transport in the aged rat brain, exacerbated by 
the presence of pituitary tumor. Consistent with these imaging 
observations, our kinetic modeling and regional quantification 
revealed a more severe suppression of glymphatic transport in the 
rats with pituitary tumor than in the rats with normal appearance 
of the pituitary gland.

As depicted by the trajectory of ICM-injected CSF tracer  
on MRI (i.e., spatiotemporal pattern of contrast-induced 
enhancement), previous studies demonstrate that the glymphatic 
system moves solute from the subarachnoid space of the cisterna 
magna into the brain parenchyma via key glymphatic transport 
pathways (42, 44). The solute flows along the ventral surface of the 
brain and then towards the areas of olfactory bulb and pineal gland 
with the pituitary and pineal recesses serving as the influx nodes. 
Hypothalamus is directly connected to pituitary gland by the 
pituitary stalk (69). This specific brain region, therefore, seems 
more likely to be impacted by the gland pathology (e.g., pituitary 
tumor). Moreover, hypothalamus is immediately adjacent to the 
influx node of pituitary recess, while olfactory bulb is directly 
associated with the glymphatic transport pathway (42, 44). 
Regarding the glymphatic influx and efflux, both hypothalamus and 
olfactory bulb could be the sensitive brain regions which exhibit the 
changes in glymphatic transport, if any, due to the occurrence of 
pituitary tumor. To detect both regional and global alterations, 
we therefore selected these representative structural areas as well as 
whole brain as the regions of interest (ROIs) and evaluated the 
glymphatic transport function.

The TSCs measured from these examined ROIs (Figures 1D–F; 
Table  1) showed a reduced efficiency in glymphatic transport 
characterized by a slower pace for both signal accumulation and 
signal attenuation in the rats with pituitary tumor than in the rats 
with normal appearance of pituitary gland. Consistently, our dynamic 
images revealed the obstruction of peri-vascular CSF flow 

FIGURE 4

Group comparisons of glymphatic transport function characterized 
by kinetic parameters measured in the examined brain regions. 
Significantly reduced infusion rate (A) and clearance rate (B) in these 
brain regions were detected in the rats with pituitary tumor 
compared to the rats without pituitary tumor. *p  <  0.05, aged rats 
with pituitary tumor vs. aged rats with normal appearance of pituitary 
gland in the same brain region.
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concomitant with the absence of pineal recess enhancement in the 
tumorous rat (Figure  3), representing the impaired glymphatic 
pathway and retarded glymphatic transport. The partially blocked 
peri-vascular flow (14%) and non-enhanced pineal recess (14%) were 
detected in non-tumor rats probably owing to aging-related 
glymphatic deterioration (70–72). The incidence of these adverse 
events, however, was much higher in rats with pituitary tumor (86 
and 43%, respectively), indicative of a detrimental effect of pituitary 
tumor on the peri-vascular pathway and glymphatic transport 
function. Consequently, such an intensification of disrupted 
glymphatic system may further increase the burden of harmful 
metabolites and proteins (e.g., amyloid-β, tau) (34, 36, 38, 43) in the 
brain known to negatively affect the cognitive status (41, 43, 73).

Compared to rats without pituitary tumor, a higher incidence 
of impaired peri-vascular pathway in rats with tumor may 
be attributed to a higher prevalence of cerebrovascular disease 
associated with pituitary tumor (15, 16, 18). By causing abnormal 
hormone levels (74, 75) and metabolic derangements (5, 12, 76), 
pituitary tumor poses an excess risk of unfavorable alterations 
in the cerebrovascular network, structurally and functionally 
affecting both large and small vessels. The elevated 
cerebrovascular events include arteriosclerosis and 
atherosclerosis pathologies, high blood pressure, cerebral 
infarcts and cerebral microbleeds (17, 18, 77, 78) that diffusely 
disturb the proper functioning of vascular and peri-vascular 
transport. In line with these well-recognized changes in the 
cerebrovascular system, our image data revealed an occluded 
glymphatic influx pathway (e.g., partially enhanced circle of 
Willis; Figure 3) that obstructed CSF movement, representing 
damaged peri-vascular transport along the large arterial vessel. 
As captured by dynamic images and evaluated by kinetic 
parameters of infusion and clearance rates, this blockage of peri-
arterial influx was not only accompanied by the impeded CSF 
flow to the glymphatic influx node (Figure 3), but also coincided 
with the markedly reduced pace of CSF circulation throughout 
the brain (Figure 4), suggesting the involvement of both large 
and small cerebral vessels. In addition to the cerebrovascular 
pathologies that provoked systemic and durable impact on the 
glymphatic transport, our data also demonstrated that a mass 
effect (3, 4) of pituitary tumor on adjacent structures, capable of 
injuring the vasculature (79–81), was a factor that could not 
be  excluded. Our MRI data indicate that the pituitary tumor 
presses on the surrounding gland tissue and brain structures 
(Figure  2). The bigger the tumor size, the more severe the 
compression and injury of the surrounding areas. The mass 
effect of a large tumor may contribute to the higher incidence of 
damaged peri-vascular space (Figure 3) and retarded CSF flow 
(Figure 2). Thus, the pituitary tumor induced dysfunction of 
peri-vascular transport provokes the compromised cerebral 
waste clearance (Figure 4B), likely underlying the neurocognitive 
impairment (36–38).

Previous investigations demonstrated a higher incidence of 
intracranial aneurysms in patients harboring pituitary tumor than 
in the general patient population (82–84), with the circle of Willis 
being the most common location for aneurysm (83, 85). The 
increased incidence of aneurysms coexisting with pituitary tumors 

represents the tumor-induced degenerative modification of vessel 
wall (85–88). Adding to the present understanding of vascular 
alterations in the circle of Willis, the current study provides new 
evidence of impaired peri-vascular transport associated with the 
pituitary tumor in this important vascular structure (Figure 3). 
With the pituitary tumor, the circle of Willis appears as a 
particularly noteworthy site where the vascular and peri-vascular 
changes are manifest and detectable.

Due to the following limitations, the results obtained from the 
present study should be interpreted with caution. First, the number 
of animals in the experimental groups was small. Although the 
animals were approximately the same age, the spontaneous 
pituitary tumors carried by individual animals were at different 
stages and/or status (e.g., microadenomas, macroadenomas, and 
invasiveness). Thus, further investigations of the effects of tumor 
status on the glymphatic measures with additional animals and 
specific subgroups are warranted. Secondly, we recruited rats with 
pituitary tumor based on MRI detection, and therefore, both 
functioning and non-functioning pituitary tumors might 
be included. Regarding the vascular factors that mainly impact the 
glymphatic transport, nevertheless, cerebrovascular pathologies 
associated with either functional or non-functional tumors 
appeared not related to hormone levels (18, 28, 29). Extended 
study with diagnostic tests, such as blood and urine tests of 
hormone levels, would provide information about the effects of 
tumor types on the alterations of glymphatic function. Finally, the 
differences between the human and the animal in anatomical and 
other aspects should be kept in mind when applying the animal 
experimental results to the human. Olfactory bulb, occupying a 
large portion of the rat brain but a small portion of the human 
brain, is an example, although for both the human (89, 90) and the 
rodents (90–92), it serves as major efflux route for brain 
waste clearance.

In summary, this is, to our knowledge, the first study showing that 
suppressed glymphatic transport is present in the brain with 
spontaneous pituitary gland tumor. The impaired glymphatic pathway 
associated with the occurrence of pituitary tumor contributes to the 
reduced efficiency in glymphatic transport which in turn, suggests an 
increased risk for neurodegeneration in the brain. Our results, 
therefore, suggest an underlying role of glymphatic dysfunction  
in cognitive impairment commonly seen in patients with 
pituitary tumors.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding author.

Ethics statement

The animal study was reviewed and approved by the 
Institutional Animal Care and Use Committee of Henry 
Ford Health.

https://doi.org/10.3389/fmed.2023.1189614
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Li et al. 10.3389/fmed.2023.1189614

Frontiers in Medicine 08 frontiersin.org

Author contributions

LL wrote the manuscript and performed MRI data processing and 
analysis. GD and QL performed MRI experiments, data analysis and 
interpretation. LZ and HL conducted the specific surgery for MRI 
experiments and data acquisition. ED-B performed MRI data 
modeling. MC, ZZ, and QJ contributed to conception and design of 
the study, manuscript revision. All authors contributed to the article 
and approved the submitted version.

Funding

This work was supported by grants from National Institutes of 
Health (NIH): RF1 AG057494 (QJ and LZ), RO1 NS108463 (QJ).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
 1. Pertichetti M, Serioli S, Belotti F, Mattavelli D, Schreiber A, Cappelli C, et al. 

Pituitary adenomas and neuropsychological status: a systematic literature review. 
Neurosurg Rev. (2020) 43:1065–78. doi: 10.1007/s10143-019-01134-z

 2. Faglia G. Epidemiology and pathogenesis of pituitary adenomas. Acta Endocrinol. 
(1993) 129:1–5.

 3. Makarenko S, Alzahrani I, Karsy M, Deopujari C, Couldwell WT. Outcomes and 
surgical nuances in management of giant pituitary adenomas: a review of 108 cases in 
the endoscopic era. J Neurosurg. (2022) 137:635–46. doi: 10.3171/2021.10.JNS21659

 4. Drummond J. B., Ribeiro-Oliveira A., Soares B. S.. Non-functioning pituitary 
adenomas. In: K. R. Feingold, B. Anawalt, A. Boyce, G. Chrousos, HerderW. W. de and 
K. Dhatariyaet al. (eds.) Endotext. South Dartmouth, MA: MDText.com, Inc.Copyright 
© 2000-2023; (2000).

 5. Baba N, Kameda H, Nakamura A, Yong Cho K, Nomoto H, Mitsuhashi T, et al. 
Silent pituitary adenoma and metabolic disorders: obesity, abnormal glucose tolerance, 
hypertension and dyslipidemia. Endocr J. (2021) 68:195–200. doi: 10.1507/endocrj.
EJ20-0185

 6. Piasecka M, Papakokkinou E, Valassi E, Santos A, Webb SM, de Vries F, et al. 
Psychiatric and neurocognitive consequences of endogenous hypercortisolism. J Intern 
Med. (2020) 288:168–82. doi: 10.1111/joim.13056

 7. Andela CD, van Haalen FM, Ragnarsson O, Papakokkinou E, Johannsson G, Santos 
A, et al. Mechanisms in endocrinology: Cushing's syndrome causes irreversible effects 
on the human brain: a systematic review of structural and functional magnetic 
resonance imaging studies. Eur J Endocrinol. (2015) 173:R1–R14. doi: 10.1530/
EJE-14-1101

 8. Garg MK, Mittal M. Structural and functional consequences of hypercortisolism 
on brain: are the brain and psycho-neuro-cognitive manifestations reversible? Indian J 
Endocrinol Metab. (2020) 24:507–8. doi: 10.4103/ijem.IJEM_542_20

 9. Bauduin S, van der Wee NJA, van der Werff SJA. Structural brain abnormalities in 
Cushing's syndrome. Curr Opin Endocrinol Diabetes Obes. (2018) 25:285–9. doi: 
10.1097/MED.0000000000000414

 10. Zhang H, Zhao Y, Wang Z. Chronic corticosterone exposure reduces hippocampal 
astrocyte structural plasticity and induces hippocampal atrophy in mice. Neurosci Lett. 
(2015) 592:76–81. doi: 10.1016/j.neulet.2015.03.006

 11. Liu S, Wang Y, Xu K, Ping F, Li F, Wang R, et al. Voxel-based comparison of brain 
glucose metabolism between patients with Cushing's disease and healthy subjects. 
NeuroImage Clin. (2018) 17:354–8. doi: 10.1016/j.nicl.2017.10.038

 12. Zheng X, Li S, Zhang WH, Yang H. Metabolic abnormalities in pituitary adenoma 
patients: a novel therapeutic target and prognostic factor. Diabetes, Metab Syndr Obes. 
(2015) 8:357–61. doi: 10.2147/DMSO.S86319

 13. Crespo I, Santos A, Gómez-Ansón B, López-Mourelo O, Pires P, Vives-Gilabert Y, 
et al. Brain metabolite abnormalities in ventromedial prefrontal cortex are related to 
duration of hypercortisolism and anxiety in patients with Cushing's syndrome. 
Endocrine. (2016) 53:848–56. doi: 10.1007/s12020-016-0963-0

 14. Brunetti A, Fulham MJ, Aloj L, De Souza B, Nieman L, Oldfield EH, et al. 
Decreased brain glucose utilization in patients with Cushing's disease. J Nucl Med. 
(1998) 39:786–90.

 15. Jayasena CN, Comninos AN, Clarke H, Donaldson M, Meeran K, Dhillo WS. The 
effects of long-term growth hormone and insulin-like growth factor-1 exposure on the 
development of cardiovascular, cerebrovascular and metabolic co-morbidities in treated 
patients with acromegaly. Clin Endocrinol. (2011) 75:220–5. doi: 10.1111/j. 
1365-2265.2011.04019.x

 16. Erfurth EM, Hagmar L. Cerebrovascular disease in patients with pituitary tumors. 
Trends Endocrinol Metab. (2005) 16:334–42. doi: 10.1016/j.tem.2005.07.004

 17. Xie Z, Zhuang Y, Zhang Z, Liu J. Presence of cerebral microbleeds is associated 
with cognitive decline in acromegaly. Front Oncol. (2022) 12:948971. doi: 10.3389/
fonc.2022.948971

 18. Osorio RC, Oh JY, Choudhary N, Lad M, Savastano L, Aghi MK. Pituitary 
adenomas and cerebrovascular disease: a review on pathophysiology, prevalence, 
and treatment. Front Endocrinol. (2022) 13:1064216. doi: 10.3389/
fendo.2022.1064216

 19. Grattan-Smith PJ, Morris JG, Shores EA, Batchelor J, Sparks RS. 
Neuropsychological abnormalities in patients with pituitary tumours. Acta Neurol 
Scand. (1992) 86:626–31. doi: 10.1111/j.1600-0404.1992.tb05500.x

 20. Meyers CA. Neurobehavioral functioning of adults with pituitary disease. 
Psychother Psychosom. (1998) 67:168–72. doi: 10.1159/000012277

 21. Wang X, Tong X, Zou Y, Tian X, Mao Z, Sun Z. The impact on cognitive functions 
of patients with pituitary adenoma before and after surgery. Neurol Sci. (2017) 
38:1315–21. doi: 10.1007/s10072-017-2980-z

 22. Chen A, Cao C, Liu B, Wang S, Wu S, Xu G, et al. Hyperprolactinemia associated 
with attentional processing and interference control impairments in patients with 
prolactinomas. Brain Sci. (2022) 12, 1–14. doi: 10.3390/brainsci12081091

 23. Brzozowska MM, Kepreotis S, Tsang F, Fuentes-Patarroyo SX. Improvement in 
cognitive impairment following the successful treatment of endogenous Cushing's 
syndrome-a case report and literature review. BMC Endocr Disord. (2019) 19:68. doi: 
10.1186/s12902-019-0401-4

 24. Cao C, Huang Y, Chen A, Xu G, Song J. Improvement in attention processing after 
surgical treatment in functional pituitary adenomas: evidence from ERP study. Front 
Neurol. (2021) 12:656255. doi: 10.3389/fneur.2021.656255

 25. Jiang H, Yang W, Sun Q, Liu C, Bian L. Trends in regional morphological changes 
in the brain after the resolution of hypercortisolism in Cushing's disease: a complex 
phenomenon, not mere partial reversibility. Endocr Connect. (2021) 10:1377–86. doi: 
10.1530/EC-21-0385

 26. Butterbrod E, Gehring K, Voormolen EH, Depauw P, Nieuwlaat WA, Rutten GM, 
et al. Cognitive functioning in patients with nonfunctioning pituitary adenoma before 
and after endoscopic endonasal transsphenoidal surgery. J Neurosurg. (2019) 23:1–8. doi: 
10.3171/2019.5.JNS19595

 27. Martín-Rodríguez JF, Madrazo-Atutxa A, Venegas-Moreno E, Benito-López P, 
Gálvez M, Cano DA, et al. Neurocognitive function in acromegaly after surgical 
resection of GH-secreting adenoma versus naïve acromegaly. PLoS One. (2013) 
8:e60041. doi: 10.1371/journal.pone.0060041

 28. Hammarstrand C, Ragnarsson O, Bengtsson O, Bryngelsson IL, Johannsson G, 
Olsson DS. Comorbidities in patients with non-functioning pituitary adenoma: 
influence of long-term growth hormone replacement. Eur J Endocrinol. (2018) 
179:229–37. doi: 10.1530/EJE-18-0370

 29. Orme SM, McNally RJ, Cartwright RA, Belchetz PE. Mortality and cancer 
incidence in acromegaly: a retrospective cohort study. United Kingdom acromegaly 
study group. J Clin Endocrinol Metab. (1998) 83:2730–4.

 30. Akoudad S, Wolters FJ, Viswanathan A, de Bruijn RF, van der Lugt A, Hofman A, 
et al. Association of Cerebral Microbleeds with Cognitive Decline and Dementia. JAMA 
Neurol. (2016) 73:934–43. doi: 10.1001/jamaneurol.2016.1017

 31. Jo S, Cheong EN, Kim N, Oh JS, Shim WH, Kim HJ, et al. Role of white matter 
abnormalities in the relationship between microbleed burden and cognitive impairment 

https://doi.org/10.3389/fmed.2023.1189614
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1007/s10143-019-01134-z
https://doi.org/10.3171/2021.10.JNS21659
https://doi.org/10.1507/endocrj.EJ20-0185
https://doi.org/10.1507/endocrj.EJ20-0185
https://doi.org/10.1111/joim.13056
https://doi.org/10.1530/EJE-14-1101
https://doi.org/10.1530/EJE-14-1101
https://doi.org/10.4103/ijem.IJEM_542_20
https://doi.org/10.1097/MED.0000000000000414
https://doi.org/10.1016/j.neulet.2015.03.006
https://doi.org/10.1016/j.nicl.2017.10.038
https://doi.org/10.2147/DMSO.S86319
https://doi.org/10.1007/s12020-016-0963-0
https://doi.org/10.1111/j.1365-2265.2011.04019.x
https://doi.org/10.1111/j.1365-2265.2011.04019.x
https://doi.org/10.1016/j.tem.2005.07.004
https://doi.org/10.3389/fonc.2022.948971
https://doi.org/10.3389/fonc.2022.948971
https://doi.org/10.3389/fendo.2022.1064216
https://doi.org/10.3389/fendo.2022.1064216
https://doi.org/10.1111/j.1600-0404.1992.tb05500.x
https://doi.org/10.1159/000012277
https://doi.org/10.1007/s10072-017-2980-z
https://doi.org/10.3390/brainsci12081091
https://doi.org/10.1186/s12902-019-0401-4
https://doi.org/10.3389/fneur.2021.656255
https://doi.org/10.1530/EC-21-0385
https://doi.org/10.3171/2019.5.JNS19595
https://doi.org/10.1371/journal.pone.0060041
https://doi.org/10.1530/EJE-18-0370
https://doi.org/10.1001/jamaneurol.2016.1017


Li et al. 10.3389/fmed.2023.1189614

Frontiers in Medicine 09 frontiersin.org

in cerebral amyloid angiopathy. J Alzheimer's Dis JAD. (2022) 86:667–78. doi: 10.3233/
JAD-215094

 32. Ma J, Liu F, Wang Y, Ma L, Niu Y, Wang J, et al. Frequency-dependent white-matter 
functional network changes associated with cognitive deficits in subcortical vascular 
cognitive impairment. NeuroImage Clin. (2022) 36:103245. doi: 10.1016/j.
nicl.2022.103245

 33. Jessen NA, Munk AS, Lundgaard I, Nedergaard M. The glymphatic system: a 
Beginner's guide. Neurochem Res. (2015) 40:2583–99. doi: 10.1007/s11064-015-1581-6

 34. Plog BA, Nedergaard M. The glymphatic system in central nervous system health 
and disease: past, present, and future. Annu Rev Pathol. (2018) 13:379–94. doi: 10.1146/
annurev-pathol-051217-111018

 35. Mestre H, Hablitz LM, Xavier AL, Feng W, Zou W, Pu T, et al. Aquaporin-4-
dependent glymphatic solute transport in the rodent brain. elife. (2018) 7:7. doi: 10.7554/
eLife.40070

 36. Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A paravascular 
pathway facilitates CSF flow through the brain parenchyma and the clearance of 
interstitial solutes, including amyloid beta. Sci Transl Med. (2012) 4, 1–11. doi: 10.1126/
scitranslmed.3003748

 37. Dadas A, Washington J, Janigro D. Cerebral waste accumulation and glymphatic 
clearance as mechanisms of human neurological diseases. J Neurol Neuromed. (2016) 
1:15–9. doi: 10.29245/2572.942X/2016/7.1082

 38. 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. doi: 10.1016/j.nbd.2016.05.015

 39. Spille DC, Vorona E, Catalino MP, Reuter G, Beckers A, Holling M, et al. Vascular 
anomalies in patients with growth hormone-secreting pituitary adenomas: illustrative 
case report and systematic review of the literature. Pituitary. (2022) 26:132–43. doi: 
10.1007/s11102-022-01291-3

 40. 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. doi: 
10.1016/j.neuroimage.2018.12.039

 41. 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 Metab. (2017) 37:1326–37. doi: 
10.1177/0271678X16654702

 42. 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 Invest. (2013) 123:1299–309. 
doi: 10.1172/JCI67677

 43. Iliff JJ, Chen MJ, Plog BA, Zeppenfeld DM, Soltero M, Yang L, et al. Impairment 
of glymphatic pathway function promotes tau pathology after traumatic brain injury. J 
Neurosci. (2014) 34:16180–93. doi: 10.1523/JNEUROSCI.3020-14.2014

 44. 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. doi: 10.1016/j.neuroimage.2017.03.021

 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) 35:11034–44. doi: 10.1523/
JNEUROSCI.1625-15.2015

 46. Lee H, Choi SH, Anzai Y. Glymphatic MRI techniques in sleep and 
neurodegenerative diseases. Curr Opin Pulm Med. (2022) 28:499–510. doi: 10.1097/
MCP.0000000000000923

 47. Taoka T, Naganawa S. Glymphatic imaging using MRI. J Magn Reson Imaging 
(JMRI). (2020) 51:11–24. doi: 10.1002/jmri.26892

 48. Zhang W, Zhou Y, Wang J, Gong X, Chen Z, Zhang X, et al. Glymphatic clearance 
function in patients with cerebral small vessel disease. NeuroImage. (2021) 238:118257. 
doi: 10.1016/j.neuroimage.2021.118257

 49. Ringstad G, Vatnehol SAS, Eide PK. Glymphatic MRI in idiopathic normal 
pressure hydrocephalus. Brain. (2017) 140:2691–705. doi: 10.1093/brain/awx191

 50. 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) 45:3092–6. doi: 10.1161/
STROKEAHA.114.006617

 51. Christensen J, Wright DK, Yamakawa GR, Shultz SR, Mychasiuk R. Repetitive mild 
traumatic brain injury alters glymphatic clearance rates in limbic structures of adolescent 
female rats. Sci Rep. (2020) 10:6254. doi: 10.1038/s41598-020-63022-7

 52. Mortensen KN, Sanggaard S, Mestre H, Lee H, Kostrikov S, Xavier ALR, et al. 
Impaired glymphatic transport in spontaneously hypertensive rats. J Neurosci. (2019) 
39:6365–77. doi: 10.1523/JNEUROSCI.1974-18.2019

 53. Ben-Nejma IRH, Keliris AJ, Vanreusel V, Ponsaerts P, Van der Linden A, Keliris 
GA. Altered dynamics of glymphatic flow in a mature-onset Tet-off APP mouse model 
of amyloidosis. Alzheimers Res Ther. (2023) 15:23. doi: 10.1186/s13195-023-01175-z

 54. Li L, Chopp M, Ding G, Davoodi-Bojd E, Zhang L, Li Q, et al. MRI detection of 
impairment of glymphatic function in rat after mild traumatic brain injury. Brain Res. 
(2020) 1747:147062. doi: 10.1016/j.brainres.2020.147062

 55. Li L, Ding G, Zhang L, Davoodi-Bojd E, Chopp M, Li Q, et al. Aging-related 
alterations of glymphatic transport in rat: in vivo magnetic resonance imaging and 
kinetic study. Front Aging Neurosci. (2022) 14:841798. doi: 10.3389/fnagi.2022.841798

 56. Etxabe J, Gaztambide S, Latorre P, Vazquez JA. Acromegaly: an epidemiological 
study. J Endocrinol Investig. (1993) 16:181–7. doi: 10.1007/BF03344942

 57. van Nesselrooij JH, Kuper CF, Bosland MC. Correlations between presence of 
spontaneous lesions of the pituitary (adenohypophysis) and plasma prolactin concentration 
in aged Wistar rats. Vet Pathol. (1992) 29:288–300. doi: 10.1177/030098589202900403

 58. Nakazawa M, Tawaratani T, Uchimoto H, Kawaminami A, Ueda M, Ueda A, et al. 
Spontaneous neoplastic lesions in aged Sprague-Dawley rats. Exp Anim. (2001) 
50:99–103. doi: 10.1538/expanim.50.99

 59. Muraoka Y, Itoh M, Yamashita F, Hayashi Y. Spontaneous tumors in aged SD-JCL 
rats (author's transl). Jikken Dobutsu. (1977) 26:13–21. doi: 10.1538/
expanim1957.26.1_13

 60. Sass B, Rabstein LS, Madison R, Nims RM, Peters RL, Kelloff GJ. Incidence of 
spontaneous neoplasms in F344 rats throughout the natural life-span. J Natl Cancer Inst. 
(1975) 54:1449–56. doi: 10.1093/jnci/54.6.1449

 61. Nolan LA, Lunness HR, Lightman SL, Levy A. The effects of age and spontaneous 
adenoma formation on trophic activity in the rat pituitary gland: a comparison with 
trophic activity in the human pituitary and in human pituitary adenomas. J 
Neuroendocrinol. (1999) 11:393–401. doi: 10.1046/j.1365-2826.1999.00333.x

 62. Ding G, Chopp M, Li L, Zhang L, Davoodi-Bojd E, Li Q, et al. MRI investigation 
of glymphatic responses to Gd-DTPA infusion rates. J Neurosci Res. (2018) 96:1876–86. 
doi: 10.1002/jnr.24325

 63. Bette S, Butenschön VM, Wiestler B, von Werder A, Schmid RM, Lehmberg J, et al. 
MRI criteria of subtypes of adenomas and epithelial cysts of the pituitary gland. 
Neurosurg Rev. (2020) 43:265–72. doi: 10.1007/s10143-018-1049-7

 64. Rudin M, Briner U, Doepfner W. Quantitative magnetic resonance imaging of 
estradiol-induced pituitary hyperplasia in rats. Magn Reson Med. (1988) 7:285–91. doi: 
10.1002/mrm.1910070305

 65. van Nesselrooij JH, Bruijntjes JP, van Garderen-Hoetmer A, Tillapaugh-Fay GM, 
Feron VJ. Magnetic resonance imaging compared with hormonal effects and 
histopathology of estrogen-induced pituitary lesions in the rat. Carcinogenesis. (1991) 
12:289–97. doi: 10.1093/carcin/12.2.289

 66. van Nesselrooij JH, Szeverenyi NM, Ruocco MJ. Magnetic resonance imaging of 
estrogen-induced pituitary hypertrophy in rats. Magn Reson Med. (1989) 11:161–71. doi: 
10.1002/mrm.1910110204

 67. Mayer J, Sato A, Kiupel M, DeCubellis J, Donnelly T. Extralabel use of cabergoline 
in the treatment of a pituitary adenoma in a rat. J Am Vet Med Assoc. (2011) 239:656–60. 
doi: 10.2460/javma.239.5.656

 68. Schneider CA, Rasband WS, Eliceiri KW. NIH image to ImageJ: 25 years of image 
analysis. Nat Methods. (2012) 9:671–5. doi: 10.1038/nmeth.2089

 69. El Sayed SA, Fahmy MW, Schwartz J. Physiology, pituitary gland In: StatPearls. 
Treasure Island, FL: StatPearls PublishingCopyright © 2022, StatPearls Publishing LLC 
(2022).

 70. Benveniste H, Liu X, Koundal S, Sanggaard S, Lee H, Wardlaw J. The glymphatic 
system and waste clearance with brain aging: a review. Gerontology. (2019) 65:106–19. 
doi: 10.1159/000490349

 71. Zhou Y, Cai J, Zhang W, Gong X, Yan S, Zhang K, et al. Impairment of the 
glymphatic pathway and putative meningeal lymphatic vessels in the aging human. Ann 
Neurol. (2020) 87:357–69. doi: 10.1002/ana.25670

 72. Hawkes CA, Härtig W, Kacza J, Schliebs R, Weller RO, Nicoll JA, et al. Perivascular 
drainage of solutes is impaired in the ageing mouse brain and in the presence of cerebral 
amyloid angiopathy. Acta Neuropathol. (2011) 121:431–43. doi: 10.1007/s00401-011-0801-7

 73. Ren Z, Iliff JJ, Yang L, Yang J, Chen X, Chen MJ, et al. 'Hit & Run' model of closed-
skull traumatic brain injury (TBI) reveals complex patterns of post-traumatic AQP4 
dysregulation. J Cereb Blood Flow Metab. (2013) 33:834–45. doi: 10.1038/jcbfm.2013.30

 74. Castinetti F, Morange I, Conte-Devolx B, Brue T. Cushing's disease. Orphanet J 
Rare Dis. (2012) 7:41. doi: 10.1186/1750-1172-7-41

 75. Esposito D, Ragnarsson O, Granfeldt D, Marlow T, Johannsson G, Olsson DS. 
Decreasing mortality and changes in treatment patterns in patients with acromegaly 
from a nationwide study. Eur J Endocrinol. (2018) 178:459–69. doi: 10.1530/EJE-18-0015

 76. Ferraù F, Korbonits M. Metabolic comorbidities in Cushing's syndrome. Eur J 
Endocrinol. (2015) 173:M133–57. doi: 10.1530/EJE-15-0354

 77. Arslan MS, Topaloglu O, Sahin M, Tutal E, Gungunes A, Cakir E, et al. Preclinical 
atherosclerosis in patients with prolactinoma. Endocr Pract. (2014) 20:447–51. doi: 
10.4158/EP13173.OR

 78. Doğan BA, Tuna MM, Arduç A, Başaran MN, Küçükler K, Dağdelen I, et al. 
Increased risk of Unfavorable metabolic outcome in patients with clinically nonfunctioning 
pituitary adenomas. Horm Metab Res. (2015) 47:652–5. doi: 10.1055/s-0035-1547234

 79. Rey-Dios R, Payner TD, Cohen-Gadol AA. Pituitary macroadenoma causing 
symptomatic internal carotid artery compression: surgical treatment through 
transsphenoidal tumor resection. J Clin Neurosci. (2014) 21:541–6. doi: 10.1016/j.
jocn.2013.08.002

 80. Chokyu I, Tsuyuguchi N, Goto T, Chokyu K, Chokyu M, Ohata K. Pituitary 
apoplexy causing internal carotid artery occlusion -case report. Neurol Med Chir. (2011) 
51:48–51. doi: 10.2176/nmc.51.48

https://doi.org/10.3389/fmed.2023.1189614
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.3233/JAD-215094
https://doi.org/10.3233/JAD-215094
https://doi.org/10.1016/j.nicl.2022.103245
https://doi.org/10.1016/j.nicl.2022.103245
https://doi.org/10.1007/s11064-015-1581-6
https://doi.org/10.1146/annurev-pathol-051217-111018
https://doi.org/10.1146/annurev-pathol-051217-111018
https://doi.org/10.7554/eLife.40070
https://doi.org/10.7554/eLife.40070
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.29245/2572.942X/2016/7.1082
https://doi.org/10.1016/j.nbd.2016.05.015
https://doi.org/10.1007/s11102-022-01291-3
https://doi.org/10.1016/j.neuroimage.2018.12.039
https://doi.org/10.1177/0271678X16654702
https://doi.org/10.1172/JCI67677
https://doi.org/10.1523/JNEUROSCI.3020-14.2014
https://doi.org/10.1016/j.neuroimage.2017.03.021
https://doi.org/10.1523/JNEUROSCI.1625-15.2015
https://doi.org/10.1523/JNEUROSCI.1625-15.2015
https://doi.org/10.1097/MCP.0000000000000923
https://doi.org/10.1097/MCP.0000000000000923
https://doi.org/10.1002/jmri.26892
https://doi.org/10.1016/j.neuroimage.2021.118257
https://doi.org/10.1093/brain/awx191
https://doi.org/10.1161/STROKEAHA.114.006617
https://doi.org/10.1161/STROKEAHA.114.006617
https://doi.org/10.1038/s41598-020-63022-7
https://doi.org/10.1523/JNEUROSCI.1974-18.2019
https://doi.org/10.1186/s13195-023-01175-z
https://doi.org/10.1016/j.brainres.2020.147062
https://doi.org/10.3389/fnagi.2022.841798
https://doi.org/10.1007/BF03344942
https://doi.org/10.1177/030098589202900403
https://doi.org/10.1538/expanim.50.99
https://doi.org/10.1538/expanim1957.26.1_13
https://doi.org/10.1538/expanim1957.26.1_13
https://doi.org/10.1093/jnci/54.6.1449
https://doi.org/10.1046/j.1365-2826.1999.00333.x
https://doi.org/10.1002/jnr.24325
https://doi.org/10.1007/s10143-018-1049-7
https://doi.org/10.1002/mrm.1910070305
https://doi.org/10.1093/carcin/12.2.289
https://doi.org/10.1002/mrm.1910110204
https://doi.org/10.2460/javma.239.5.656
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1159/000490349
https://doi.org/10.1002/ana.25670
https://doi.org/10.1007/s00401-011-0801-7
https://doi.org/10.1038/jcbfm.2013.30
https://doi.org/10.1186/1750-1172-7-41
https://doi.org/10.1530/EJE-18-0015
https://doi.org/10.1530/EJE-15-0354
https://doi.org/10.4158/EP13173.OR
https://doi.org/10.1055/s-0035-1547234
https://doi.org/10.1016/j.jocn.2013.08.002
https://doi.org/10.1016/j.jocn.2013.08.002
https://doi.org/10.2176/nmc.51.48


Li et al. 10.3389/fmed.2023.1189614

Frontiers in Medicine 10 frontiersin.org

 81. Yang SH, Lee KS, Lee KY, Lee SW, Hong YK. Pituitary apoplexy producing internal 
carotid artery compression: a case report. J Korean Med Sci. (2008) 23:1113–7. doi: 
10.3346/jkms.2008.23.6.1113

 82. Manara R, Maffei P, Citton V, Rizzati S, Bommarito G, Ermani M, et al. Increased rate 
of intracranial saccular aneurysms in acromegaly: an MR angiography study and review of 
the literature. J Clin Endocrinol Metab. (2011) 96:1292–300. doi: 10.1210/jc.2010-2721

 83. Hu J, Lin Z, Zhang Y, Zheng X, Ran Q, Zhang D, et al. Prevalence of unruptured 
intracranial aneurysms coexisting with pituitary adenomas. World Neurosurg. (2019) 
126:e526–33. doi: 10.1016/j.wneu.2019.02.084

 84. Oh MC, Kim EH, Kim SH. Coexistence of intracranial aneurysm in 800 patients 
with surgically confirmed pituitary adenoma. J Neurosurg. (2012) 116:942–7. doi: 
10.3171/2011.12.JNS11875

 85. Mercuri V, Armocida D, Paglia F, Patrizia G, Santoro A, D'Angelo L. Giant 
prolactinoma embedded by pseudoaneurysm of the cavernous carotid artery treated 
with a tailored therapeutic scheme. J Neurosci Rural Pract. (2022) 13:358–69. doi: 
10.1055/s-0042-1749662

 86. Xu K, Yuan Y, Zhou J, Yu J. Pituitary adenoma apoplexy caused by rupture of an 
anterior communicating artery aneurysm: case report and literature review. World J Surg 
Oncol. (2015) 13:228. doi: 10.1186/s12957-015-0653-z

 87. Satyarthee GD, Raheja A. Unruptured internal carotid artery aneurysm associated 
with functional pituitary adenoma: a true association. Asian J Neurosurg. (2017) 
12:701–4. doi: 10.4103/1793-5482.215760

 88. Seda L Jr, Cukiert A, Nogueira KC, Huayllas MK, Liberman B. Intrasellar 
internal carotid aneurysm coexisting with GH-secreting pituitary adenoma in an 
acromegalic patient. Arq Neuropsiquiatr. (2008) 66:99–100. doi: 10.1590/
S0004-282X2008000100026

 89. de Leon MJ, Li Y, Okamura N, Tsui WH, Saint-Louis LA, Glodzik L, et al. 
Cerebrospinal fluid clearance in Alzheimer disease measured with dynamic PET. J Nucl 
Med. (2017) 58:1471–6. doi: 10.2967/jnumed.116.187211

 90. Rasmussen MK, Mestre H, Nedergaard M. The glymphatic pathway in neurological 
disorders. Lancet Neurol. (2018) 17:1016–24. doi: 10.1016/S1474-4422(18)30318-1

 91. Norwood JN, Zhang Q, Card D, Craine A, Ryan TM, Drew PJ. Anatomical basis 
and physiological role of cerebrospinal fluid transport through the murine cribriform 
plate. elife. (2019) 8:8. doi: 10.7554/eLife.44278

 92. Murtha LA, Yang Q, Parsons MW, Levi CR, Beard DJ, Spratt NJ, et al. Cerebrospinal 
fluid is drained primarily via the spinal canal and olfactory route in young and aged 
spontaneously hypertensive rats. Fluids Barriers CNS. (2014) 11:12. doi: 
10.1186/2045-8118-11-12

https://doi.org/10.3389/fmed.2023.1189614
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.3346/jkms.2008.23.6.1113
https://doi.org/10.1210/jc.2010-2721
https://doi.org/10.1016/j.wneu.2019.02.084
https://doi.org/10.3171/2011.12.JNS11875
https://doi.org/10.1055/s-0042-1749662
https://doi.org/10.1186/s12957-015-0653-z
https://doi.org/10.4103/1793-5482.215760
https://doi.org/10.1590/S0004-282X2008000100026
https://doi.org/10.1590/S0004-282X2008000100026
https://doi.org/10.2967/jnumed.116.187211
https://doi.org/10.1016/S1474-4422(18)30318-1
https://doi.org/10.7554/eLife.44278
https://doi.org/10.1186/2045-8118-11-12

	Glymphatic transport is reduced in rats with spontaneous pituitary tumor
	Authors

	Glymphatic transport is reduced in rats with spontaneous pituitary tumor
	1. Introduction
	2. Materials and methods
	2.1. Animals and experimental procedures
	2.2. Magnetic resonance imaging data processing
	2.3. Quantification and statistical analysis

	3. Results
	3.1. Changes of regional TSCs in the rats with pituitary tumor
	3.2. Impairment of glymphatic pathway in the rats with pituitary tumor
	3.3. Reduction of glymphatic transport in the rats with pituitary tumor
	3.4. Effect of pituitary tumor size

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

