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Abstract 

 

Characterization of Lymphatic Efflux of 

Cerebrospinal Space Fluid in Mouse Models by 

[64Cu]Cu-Albumin Clearance Imaging 

 
 

Azmal Kabir Sarker 

Department of Nuclear Medicine 

Seoul National University College of Medicine 

 

 

 

Purpose 

 
The methodology for evaluation of clearance of brain waste in the cerebrospinal fluid (CSF) 

through the meningeal lymphatic vessels (MLV) has remained largely dependent upon 

fluorescent imaging and magnetic resonance imaging (MRI). These modalities have some 

inherent limitations in the context of animal physiology and sustainable clinical translatability. 

Therefore, the experiment was designed firstly to establish a molecular imaging protocol for 

the evaluation of lymphatic efflux of CSF in adult mice and then to apply the protocol on aged 

mice to explore age related variation in the lymphatic efflux of CSF. 

Methods 

 
Radionuclide imaging after intrathecal (IT) injection was acquired in C57BL/6 mice where the 

adult group comprised of 2–9 months old mice. For establishment of the protocol, the 

distribution of [99mTc]Tc-diethylenetriamine pentaacetate (DTPA) and [64Cu]Cu-human serum 
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albumin (HSA) was comparatively evaluated on adult mice. Evans Blue and [64Cu]Cu-HSA 

were used to evaluate the distribution of tracer under various speed and volume conditions. 

Thereafter the protocol was applied on an aged group comprising of 15–25 months old mice. 

The clearance parameters were compared. 

Results 

 
[99mTc]Tc-DTPA was not a suitable tracer for evaluation of lymphatic efflux of CSF as no 

cervical lymph node uptake was observed while it was cleared from the body. A total volume 

of 3 to 9 μL at an infusion rate of 300 to 500 nL/min was not sufficient for the tracer to reach 

the cranial subarachnoid space and clear throughout the MLV. As a result, whole-body positron 

emission tomography (PET) imaging using [64Cu]Cu-HSA at 700 nL/min, to deliver 6 μL of 

injected volume, was set for characterization of the CSF to MLV clearance. Through this 

protocol, the mean (± SD) CSF clearance half-life in adult (n=7) and aged (n=6) mice were to 

be 93.4 ± 19.7 and 123.3 ± 15.6 min (p = 0.01). The CSF cleared slower with an overall higher 

retention %ID in the aged mice. 

Conclusions 

 
A nuclear imaging protocol was established for evaluation of lymphatic efflux of CSF using 

[64Cu]Cu-HSA and the lymphatic efflux of CSF was confirmed to be delayed in aging mouse 

model. This protocol can be used for evaluation of preclinical models of brain diseases 

associated dysfunctional lymphatic efflux of CSF and is expected to be used as a tool to 

evaluate relationship between lymphatic efflux of CSF and brain diseases in human. 

Keywords: Cerebrospinal fluid, Lymphatic efflux, Meningeal lymphatic vessels, Aging, PET, 

HSA 

Student Number: 2019-33343 
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Introduction 

 
Clearance pathways for brain waste materials 

 
The brain waste materials are being increasingly proven responsible for the aging process and 

the neurodegenerative diseases (1, 2). Those brain wastes materials particularly the 

macromolecular amyloid beta, extracellular tau, and alpha-synuclein originate from the 

neurons and glial cells, get disposed into the brain interstitial fluid (ISF), and then traverse the 

paravascular space to reach the cerebrospinal fluid (CSF) contained within the cerebral 

ventricles, spinal canal and the subarachnoid space (SAS) (3-6). The sole role of the cranial 

arachnoid villi for drainage of those macromolecular waste from the CSF directly into the blood 

of dural venous sinus was doubted with a decades-old assumption that there are alternative 

routes for clearance (7). The recent confirmations of the anatomic existence of the meningeal 

lymphatic vessels (MLV) around the venous sinus within the dura mater, and the functional 

continuity of those MLV to the lymph nodes (LN) in the cervical region suggest a distinct 

pathway for the clearance of macromolecular brain waste from the CSF (8-12). Similarly, MLV 

was found in the spinal cord meninges in addition to the spinal arachnoid granulation (13-15). 

The current understanding about clearance pathways are summarized in figure 1. 
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Figure 1. Current understanding about clearance pathways for brain waste material 
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The strands of evidence suggest that the brain wastes cross the arachnoid barrier cells for a 

transit through the arachnoid granulation-like dural gap to enter the MLV (14, 16-18). The 

MLV around the dural sinuses in the dorsal and basal intracranial aspects exits via the foramina 

and fissures to reach the interconnected superficial and deep cervical LN while the superficial 

nodes receive additional lymphatics from the nasal mucosa (19-21). The MLV surrounding the 

spinal cord are arranged in a sparsely interconnected modular fashion within the vertebral canal 

of each vertebra that exits bilaterally through the intervertebral foramen, circuit around and 

along the dorsal nerve roots as well as the sympathetic ganglia and then end up in the lymph 

nodes at the sacral, iliac, lumbar, mediastinal regions, as well as directly to the thoracic duct 

(22). Taken together, the clearance of CSF contained macromolecular waste via the intracranial 

and spinal MLV to the cervical and other regional LN can be expressed by the term ‘lymphatic 

efflux of CSF’. 

 

Relevance of clearance pathways in diseases 

 
Induction of experimental dysfunction in the lymphatic efflux either by mechanical ligation of 

cervical lymphatic conduits or by photoablation following a local administration of 

photosensitizer agent, lead to a backlog of macromolecular brain waste materials in the CSF 

and brain interstitial fluid with a concomitant deterioration of cognition in mice models of 

aging and Alzheimer’s (19, 23, 24). The age-related cognitive decline coincides and therefore 

suggested to be causally associated with the age-related alteration in the phenotypic and 

transcriptomic features of MLV that leads to a dysfunctional clearance of brain waste in animal 

models (19). This dysfunction is likely to be further worsened by age-related decline in the 

contractility of the peripheral lymphatic vessels (25). The dysfunctional lymphatic efflux was 

also found to play a key role in the pathologic progression of Parkinson’s disease (26), hepatic 
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encephalopathy(27), subarachnoid hemorrhage (28-30), ischemic stroke (31), traumatic brain 

injury (32, 33) and brain tumors (34, 35) 

The alleviation of macromolecular backlog with a concomitant improvement of spatial memory 

in the aging model undergoing lymphangiogenic treatment with vascular endothelial growth 

factor (19), along with the proof in human about the connection of MLV along the cranial 

nerves and cervical LN with age-related phenotypical change of cervical LN and MLV (36), 

suggest the clinical usefulness of modulation of lymphatic efflux pathways for the treatment of 

neurological diseases including the age-related neurodegeneration. Moreover, the reduction of 

amyloid deposition with an improvement of memory performance the Alzheimer’s model 

during blood-brain-barrier modulation even after mechanical ligation (24) supports the utility 

of lymphatic efflux through the spinal MLV. 

 

 

Issues in the investigations of clearance pathways 

 
The exploration of the lymphatic efflux of CSF have depended upon ex-vivo imaging with 

fluorescent-dye labelled macromolecules (19, 37, 38), in-vivo imaging with gadolinium- 

labelled magnetic resonance imaging (MRI) contrast agents (39, 40), count based (non-imaging) 

measurement of radioactivity after infusion of radio-isotope labelled protein (41, 42), and 

near-infrared imaging (43). Similarly, the clearance pathway through spinal MLV were 

evaluated with near-infrared imaging (44) as well as ex-vivo imaging of decalcified spinal 

segments with fluorescent-dye labelled macromolecules (22). 

The ex-vivo technique is advantageous because of the specific labelling of blood vessels and 

meningeal vessels allow accurate differentiation as well as detail evaluation of structures. 

However, the technique limits the evaluation within small field of view, although magnified. 

This precludes the simultaneous assessment of the entirety of lymphatic efflux that extends 
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throughout the skull and spines. Moreover, the ex-vivo technique is incapable of collecting data 

over multiple time-point from the same animal. Thus, the brain waste clearance being a 

dynamic physiological process is expected to be better handled by in-vivo longitudinal 

assessment. Moreover, the in-vivo method can verify for confounders like group differences 

and individual variations (45). 

The injection of gadolinium contrast into CSF for the magnetic resonance imaging (MRI) of 

lymphatic efflux, reportedly caused neurotoxicity in animals with an overall adverse event rate 

of 13% in humans (46). An MRI parameter called the ‘% change in signal unit ratio’ in the 

cervical LN was so indistinct in comparison to that in the CSF (40), that the requirement for 

administration of larger volume of gadolinium contrast is inevitable. Thus the interpretability 

of CSF-lymphatic efflux with contrast enriched MRI seems to be in a conflicting position with 

the safety recommendations of keeping the MRI contrast infusion at the lower end. 

Small animals are vulnerable to suffer from perturbation of their physiological milieu during 

administration of an exogenous tracer for in-vivo studies. The CSF volume and CSF production 

rate in mice generally known through studies is 36.6 μL and 370 nl/min (47, 48). The reported 

results for lymphatic efflux of CSF were based upon tracer-infusion volume and rates which 

were significantly higher than that of the physiological volume and rates of CSF-production (5, 

9, 19, 47-56). Reportedly, an infusion of tracer within the CSF compartment at a rate twice that 

of the physiological rate of CSF production had doubled the intracranial pressure (ICP) in rat 

models (57, 58). Whereas, an experiment on ovine model discovered a two-fold rise of ICP can 

cause the CSF efflux rate to rise by several-folds through both the lymphatic and arachnoid 

villi routes (59). Taken together, an infusion speed higher than the physiological rate of CSF 

production can lead to an increased CSF efflux resulting in an erroneous discovery of facts. 
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Applicability of the radionuclide imaging 

 
The translational research on neurodegenerative disease has relied mostly on the mouse models 

while the use of radionuclides remained confined within ex-vivo scintillation counting with the 

radionuclide imaging remaining noticeably underutilized (60-62). The single-photon emission 

computed tomography (SPECT) and positron emission tomography (PET) can offer and in- 

vivo assessment of unperturbed physiology in small animal because the injection of radiotracer 

is made at a sub-pharmacological dose with high specific activity. The SPECT or PET 

radionuclide cisternography can produce images with a high target-to-background ratio when 

the radiotracer is injected directly into the CSF compartment (3), which can be useful for 

qualitative evaluation of lymphatic efflux of CSF with no or minimum perturbation of animal 

physiology (63). The radionuclide imaging can also overcome the drawbacks of ex-vivo 

imaging by providing multiple time point, in-vivo overview of the whole body tracer 

distribution in small animal. 
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Purpose 

 
The purpose of this study was firstly to establish a protocol of molecular imaging for the 

evaluation of lymphatic efflux of CSF in adult mice; thereafter imaging protocol was applied 

to aged mice to verify the change of lymphatic efflux between young mice and aged mice. The 

qualitative and quantitative imaging data from both models were statistically compared. 
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Materials and methods 
 

Selection of radiotracer 

 
The [99mTc]Tc-diethylenetriamine pentaacetate (DTPA) with a molecular weight of 0.39 kDa 

was used for SPECT and the [64Cu]Cu-human serum albumin (HSA) with a molecular weight 

of 66.5 kDa was used for PET imaging. 

 

 
Radiolabeling of Human Serum Albumin 

 
The human serum albumin was radiolabeled with 64Cu (t1/2 = 12.7 hr, β+ = 655 keV 17.8%, β‒ 

 

= 579 keV 38.4%) by click chemistry based method (64) and the scheme for radiolabeling was 

depicted in Figure 2. Briefly 64Cu in HCl solution was dried with nitrogen flow of 5-10%. Then 

1M sodium acetate buffer was added to adjust the pH to 5.3 followed by performance of instant 

thin layer chromatography (ITLC) using 0.1 M Sodium citrate as the mobile phase. Then N3- 

NOTA 13 nml/L, 10 μL was added and the mixture was placed in heater block at 60-70ºC for 

10 minutes followed by performance of ITLC using acetonitrile as the mobile phase to check 

the purity. Then ADIBO-albumin (Human serum Albumin, 66.7 kDa) was added and the 

mixture was place in orbital shaker for 10 minutes. Thereafter the mixture was transferred to 

filter fitted tube followed by centrifugation at 15,000 rpm and 7.5ºC for 5 minutes. ITLC was 

performed once again for the residue and filtrate using acetonitrile as the mobile phase to check 

the purity of [64Cu]Cu-HSA to be over 99% (figure 3). 
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Figure 2. Schematic diagram of click chemistry-based radiolabelling of human serum 

albumin with 64Cu. 

PBS: Phophate buffer saline, NHS: 1 2,5-dioxopyrrolidin-1-y-l4-azidobutanoate, ADIBO- 

NHS: Azadibenzocyclooctyne NHS ester, N3-NOTA: 2,2',2''-(2-(4-(3-(3- azidopropyl) 

thioureido)benzyl)-1,4,7-triazonane-1,4,7 -triyl) triacetic acid 
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Figure 3. Instant Thin Layer Chromatography results of [64Cu]Cu-HSA 

The peak count distributions for free 64Cu, [64Cu]Cu-N3-NOTA and [64Cu]Cu -HSA are 

shown 
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Establishment of imaging protocol 

 
The works were carried out first on the basis of reported methods in the literature. An 

approach was retained or discarded according to perceived gap between observation and the 

expected results. 

 

 
Selection of route for administration of tracer 

 
Firstly, the injection was made through the intrathecal (IT) route following the example of 

clinical radionuclide cisternography using both the tracers. The intra cisterna magna (ICM) 

injection was also made using both the tracer following the example of majority of reports 

that were based on injection of tracer through ICM (5, 8, 9, 19, 22, 37, 49-52, 54, 55, 60, 65- 

67). The results were evaluated and a the more advantageous one was retained. 

 

 
 

Selection of infusion speed and volume for administration of radiotracer 

 
Both the [99mTc]Tc-DTPA and [64Cu]Cu-HSA were injected IT at an infusion speed of 2 

μL/min with the volume being 20 μL following the frequently reported infusion speed and 

volumes in the literature (table 1). For ICM injection, the [99mTc]Tc-DTPA was injected first 

at a rate of 300 nl/min with the volume being 3 μL. The results from the [99mTc]Tc-DTPA 

SPECT images guided for a decision to increase the infusion speed to 500 nl/min with the 

volume being 3 μL for a subsequent [64Cu]Cu-HSA PET imaging. 

The infusion speed of 2 μL/min being several fold higher than the physiological rate of CSF 

production is capable to cause an accelerated lymphatic efflux of CSF. On the other hand, an 

infusion speed lower than the physiological rate of CSF production can be inadequate to 

distribute the tracer throughout the SAS, particularly during an IT injection. The distance of 
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intracranial SAS from the IT injection site at L3-L4 inter-vertebral space may be too far for an 

infusion speed of 300 nl/min to distribute. Moreover, the lymphatic efflux of CSF that occur 

along the entire length of spinal cord, may lead to an underestimated quantification of 

lymphatic efflux if the tracer is not distributed adequately within the intracranial SAS during 

an IT injection. Thus, an ex-vivo experiment for inspection of distribution of IT injected tracer 

was done in order to find out the infusion speed and volume of injection as an optimum trade- 

off between the physiology and accuracy of quantification. 

Evans Blue dye (EBD) is known for avid binding with albumin thus capable of representing 

the kinetics of albumin in the SAS (68). EBD 2% was suspended in artificial CSF for IT 

injection for the ex-vivo experiment. The infusion speed and volume were set in consideration 

of the physiological CSF production rate of 350 nl/min in mice (48). Different experimental 

sets of infusion speeds and volumes were evaluated, 1) 300 nl/min, and 3 μL, 2) 500 nl/min 

and 3 μL, 3) 600 nl/min and 3 μL, 4) 700 nl/min and 3 μL, and 5) 700 nl/min and 6 μL. The 

time for EBD infusion varied according to the infusion speed and volume. Cardio-perfusion 

was started three-minutes after injection was completed and the cardio-perfusion lasted for 15 

minutes. Inspection for the distribution of EBD along the dorsal aspect of cervico-thoracic 

spine, cisterna magna, nasal bone and superficial cervical LN was done before opening the 

skull. Thereafter, the skull was opened and surfaces of brain, brain-stem and upper cervical 

spinal cord was inspected for the distribution of EBD. Transverse dissection of spine at cervico- 

thoracic and thoraco-lumbar regions were made in one case. Photographs were taken. 
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Table 1 Reported infusion speed and volumes for tracer infusion in the CSF of mice 
 

 

 

Publication Technique Route Total volume Rate 

   (μL) (μL/min) 

Wang 2020 Sci Transl Med (55) EVF ICM 15 1.5 

Aspelund 2015 J Exp Med (9), 

Hablitz 2019 Sci Adv (54) 

EVF ICM 10 2 

Iliff 2012 Sci Transl Med (5), Iliff 

2013 J Clin Inv (49), Kress 2014 

Ann Neurol (51), Smith 2017 eLife 

(52) 

IVTP ICM 10 2 

Iliff 2014 J Neurosci (50) EVF ICM 10 1 

Xue 2020 Sci Rep (65) MRI ICM 7 1 

Xie 2013 Science (60), Achariyar 

2016 Mol Neurodegener (66) 

IVTP ICM 5 1 

Louveau 2015 Nature (8) EVF    

Ma 2017 Nat Commun (37) NIR    

Da Mesquita 2018 Nature (19) MRI ICM 2-5 2.5 

Jacob 2019 Nat Commun (22) EVF ICM 2 0.5 

Gaberel 2014 Stroke (67) MRI ICM 1 1 

Wu 2018 J Nanobiotechnology (53) IVIS IT 10 Bolus 

Jacob 2019 Nat Commun (22) EVF IT 2 and 8 1 

This study RI IT 6 0.7 

EVF Ex-vivo fluorescent microscopy, IVTP In-vivo two photon microscopy, MRI Magnetic 

resonance imaging, NIR Near Infrared Imaging, IVIS In-vivo optical imaging, ICM Intra 

cisterna magna, IT Intrathecal, RI Radionuclide Imaging 
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Use of anaesthesia 

 
Injection of tracers and image acquisitions were done under inhalational anaesthesia. The 

animal was first induced with 3% isoflurane with Oxygen flow 500ml/min for ~3 minutes, then 

placed in a prone position and head away from the operator on a heating pad with its nose 

inside a gas mask providing 2.8% isoflurane with oxygen flow 500ml/min during the injection. 

The animal had remained under continuous inhalational anaesthesia during the injection, first 

session of image acquisition, and wound closure. Thereafter the animal was placed within a 

cage, placed in a warm place, having access to food and water, and allowed to wake up 

spontaneously. The animal was induced with anaesthesia for three minutes before each of the 

upcoming sessions of image acquisition. 

 
 

Access for tracer injection 

 
For the ICM injection, the palpation of atlanto-occipital joint was done. A 1 × 1 cm area of 

local skin was shaved, disinfected and then incised. Blunt dissection of the underlying muscles 

were done to expose the atlanto-occipital membrane. A 31 G needle was inserted. The other 

end of the needle was connected via a polyethylene tube to a syringe containing the tracer (69). 

Thereafter the needle was removed, a drop of glue was placed and the wound was closed with 

6-0 silk. 

For the purpose of IT injection, the L4 spine was palpated for localizing the site. About 1 × 1 

cm area of local skin was shaved, iodine-solution was applied and then a one cm long sagittal 

incision was made with scissors. Dissection of muscles was avoided with the idea that it helps 

to reduce the backflow. The needle was inserted through the muscles adjacent to the L4 spine, 

in to the space between the L3 and L4 spines up to an appropriate length, to feel a resistance that 

indicates passage through bone and watching for the tail to flick (70). The needle was kept in 
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place until the first imaging session was over. Thereafter the needle was removed, and the 

wound was closed with sutures. 

CSF injection was made by a syringe pump (Harvard Apparatus), calibrated for the rates and 

volumes using a 0.5 cc (500 μL) syringe with major graduations of 50 μL and minor 

graduations of 10 μL. Injection of [64Cu]Cu-HSA was done at the desired rate to deliver a 

certain volume of total tracer. 

 
 

Image acquisitions and reconstruction 

 
Whole-body SPECT/ computed tomography (CT) was done using NanoSPECT/CT plus 

(Mediso). Total 24 projections into an 80 × 80 acquisition matrix were obtained with the frame 

time being 15 seconds for SPECT acquisition. The SPECT reconstruction used a 3-dimensional 

ordered-subsets expectation maximum (OSEM) algorithm. The whole-body CT used 55 kVp 

x-rays with 180 projections, 500 ms of exposure time, and a 1.5 pitch. Genisys PET box (Sofie 

Biosciences) was used for whole-body PET acquisition of static PET in list mode for 6 minutes 

at each of the image acquisition time points. The image acquisition time points were at 9- 

minutes post-injection followed by 2, 4, 6, 12, and 24-hours post-injection for adult mice, 

whereas the time points for aged mice were at 9-minutes post-injection followed by 2, 4, 6, 17, 

and 24-hours post-injection. Reconstruction of PET images was automatically done with decay 

correction by the vendor-provided software that produced the DICOM files. 

 
 

Image analysis 

 
Analyses are done using the MIM software. A separate 3D region of interest (ROI) was drawn 

over the entire SAS and the other organs e.g. lymph nodes, heart, and liver. Moreover, the SAS 

ROI was divided into two parts according to the IT injection point: (a) caudal to injection site 
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and (b) cranial to injection site; in order to compare the activity in those two ROI in an attempt 

to understand if the clearance was different between those two regions. The radioactivity within 

the needle at the injection site was excluded in all cases. Estimated ROI counts were not 

corrected for the decay because the image was already decay corrected during the 

reconstruction. The all the ROI counts were normalized against the count from SAS ROI drawn 

over the image at 9-minutes post-injection (h0), as percentage of injected dose %ID. The %ID 

of each time point (hn/h0) was then plotted against the corresponding time points to generate 

the time-%ID curves. The mean and standard error of %ID at a particular time point (in minutes) 

for a particular ROI from a particular group was used for comparison between the groups. 

 
 

Statistical analysis 

 
Calculation of clearance half-life (t1/2) was done from the time-%ID plots using the GraphPad 

Prism. CSF clearance was fitted to an exponential function, using the least-squares method, 

and the coefficient of determination R2 was used as indicator goodness of fit, with R2 > 0.95 

considered to be a good fit. In order to make a comparison of halve lives for clearance of tracer 

from the SAS between the groups, the unpaired non-parametric Mann Whitney test was 

adopted. The comparison of the %ID between the groups at a particular time points were done 

using the same test. The 12-hour time point in adult mice and 17-hour time point in aged mice 

remained unmatched and therefore were not compared for %ID. However, those time points 

were used to construct the time-%ID curves. 

The CSF clearance parameters of the [64Cu]Cu-HSA were derived using a one phase decay 

equation: Y = (Y0 - Plateau)*exp(-K*X) + Plateau 

Where, Y0 is the Y value when X (time) is zero. Plateau is the Y value at infinite times. K is 

the rate constant, expressed in reciprocal of the X axis time units. Tau is the time constant, 
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computed as the reciprocal of K. Half-life is in the time units of the X axis. It is computed as 

ln(2)/K. Span is the difference between Y0 and Plateau along the Y axis. 

 
 

Animal models 

 
Male C57BL/6 mouse of 2 to 9 months of age was used as adult whereas mice of 15 to 25 

months of age were used as aging model (71). They were housed 2-5 per cage with free 

access to standard food and potable water. The housing room was maintained at a constant 

temperature of 22 - 24 °C with a 12/12-hour light and dark cycle. Behaviour test using Y- 

maze (figure 4) revealed difference (Mann Whitney p < 0.05) in the spatial memory among 

the mice belonging to the two groups. Images from seven adult mice and six aged mice were 

eligible for analysis. 

 

 

Assessment of in-vivo stability of [64Cu]Cu-HSA 

 
Samples of CSF, blood and urine were collected from adult mice one and four-hours after 

intrathecal injection of [64Cu]Cu-HSA and ITLC was performed. 
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Figure 4. Comparison between mice groups for spatial memory expressed as alterations 

(%) in a Y-maze 
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Results 

 
Establishment of imaging protocol 

 
Selection of radiotracer 

 

At first both the radiotracers [99mTc]Tc-DTPA and [64Cu]Cu-HSA were injected through IT. 

The [99mTc]Tc-DTPA was injected with the infusion speed of 2 μL/min for 10 minutes. 

[99mTc]Tc-DTPA distributed along the spinal to cranial SAS. However, no cervical lymph 

nodes uptake of [99mTc]Tc-DTPA was seen but it was cleared from the body through the urinary 

tract (Figure.5a). Next, an IT injection of [64Cu]Cu-HSA was made with the same infusion 

speed of 2 μL/min for 10 minutes. The spinal and cranial SAS was seen and the cervical LNs 

were visualized as proof of clearance of [64Cu]Cu-HSA from CSF through MLV (Figure. 5b). 

Thus, [64Cu]Cu-HSA was proven suitable over the [99mTc]Tc-DTPA for the purpose of 

evaluation of CSF efflux through lymphatics. The injected radioactivity for the tracers ranged 

from 0.74 to 1.85 Megabecquerel. 
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Figure 5. Eligibility of tracer for demonstrating the lymphatic efflux of CSF 

Image from [99mTc]Tc-DTPA fusion SPECT-CT in an adult mice, at 4-hours post-injection 

showing the tracer inside the spinal SAS and the needle at the injection site. There is a 

visualization of the urinary bladder, white arrow (a). Image from [64Cu]Cu-HSA PET in 

another mice, at 4-hours post-injection showing the cranial as well as the spinal subarachnoid 

space. There is visualization of the cervical lymph node on both sides (arrowheads) in addition 

to SAS in the basal cranium above and the SAS around spinal cord below (b). The tracer was 

infused at a rate of 2 μL/min for 10 minutes on both occasions. The colour bar indicates the 

activity concentration of the tracer. 
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Validation of injection route for ICM 

 

The injection through ICM route showed substantial back flow of tracer at the site injection 

with negligible tracer distribution in the SAS, when injected at rate of 300 nl/min with 3 μL of 

[99mTc]Tc-DTPA (figure 6a). This backflow was likely due to the pressure of infusion being 

surpassed of by the pressure and volume CSF at the cisterna magna. The CSF at cisterna magna 

is known to be continually being joined by the ventricular CSF flow through foramina of 

Luschka (72). 

The backflow persisted despite increment of ICM infusion speed to 500 nl/min with 3 μL of 

[64Cu]Cu-HSA (figure 6b). Quantification, done in three mice, showed (figure 6c) that the 

backflow reached up to 50% of %ID over the time. The wide standard deviation (SD) indicate 

high inter-individual variation. Asymmetrical visualization of cervical LN with rapid clearance 

from SAS was likely due to the backflow of tracer. The backflow during ICM injection was 

considered a confounder for accurate quantification of clearance of tracer from SAS. Therefore, 

the IT injection was chosen over the ICM injection for further experiments. 
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Figure 6. Substantial backflow of tracer at the site ICM injection 

Images showing the backflow of [99mTc]Tc-DTPA, outlined with white ring in the SPECT-CT 

MIP image in an adult mouse (a). The backflow of [64Cu]Cu-HSA is outlined with red rings in 

the PET MIP images with the cervical lymph nodes and lymphatic channels marked with blue 

rings and SAS with blue arrows (b). The quantification of backflow as %ID obtained from 

[64Cu]Cu-HSA PET in adult mice (n=3). 
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Selection of optimal infusion speed and volume of IT injection 

 

When EBD in 2% in artificial CSF was injected at an infusion speed of 300 nl/min and volume 

of 3 μL the EBD did not distribute above the lower thoracic SAS, leaving the cranial SAS 

devoid of tracer distribution (figure 7a). Therefore, 300 nl/min and 3 μL were considered 

unsuitable for visualization of lymphatic efflux of CSF through cranial MLV. Subsequently, 

when the infusion speed was arbitrarily increased to 500 nl/min and a volume of 3 μL was 

applied, the EBD could distribute up to upper cervical spinal cord with negligible staining of 

the ventral surface of brain stem (figure 7b). Therefore, 500 nl/min and 3 μL was used for the 

next [64Cu]Cu-HSA PET imaging. 

When [64Cu]Cu-HSA PET was done with IT injection at an infusion speed of 500 nl/min that 

delivered a total volume of 3 μL, the cranial SAS and the cervical LNs were not visualized 

until 4-hours post-injection. The heart was visualized (white arrowhead) reflecting clearance 

of tracer in the systemic circulation likely through lymphatic efflux route other than the one 

from intracranial MLV to cervical LN (figure 8). Although the infusion speed of 500 nl/min 

was capable to distribute the EBD within the SAS up to the upper end of cervical cord, the 

speed was found inadequate for visualization of cranial SAS and cervical lymph nodes during 

the PET imaging. Therefore, further inspection for ex-vivo regional distribution of EBD was 

done after IT injection at further increased infusion speed and volumes. When the EBD was 

injected at a speed of 600 and 700 nl/min with the volume of 3 μL, (figure 7c-d) the staining 

of intact cisterna magna was visible with visible distribution of EBD along the dorsal and 

ventral surface of brainstem was when the skull was opened. However, the staining of dorso- 

lateral and ventral surfaces of brain was only seen when the infusion was made a speed of 700 

nl/min with the volume increased to 6 μL (figure 7e). The staining of nasal mucosa (red 

arrowhead) without staining of the superficial cervical LN suggested unlikelihood of 

accelerated lymphatic efflux by the infusion speed. 
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Figure 7. Ex-vivo distribution of EBD after IT injection at different infusion speed and 

volumes 

EBD in 2% in artificial CSF was injected in adult mice; photographs were taken after cardio- 

perfusion with PBS. 
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Figure 8. Non-visualization of lymphatic efflux of CSF from cranial SAS with IT 

injection 

 

 
PET MIP images in an adult mice after IT injection [64Cu]Cu-HSA using infusion rate of 500 

nl/min with the volume being 3 μL, showing non-visualized cervical lymph node, cranial, and 

cervical SAS. Tracer was seen lower thoracic and upper lumbar SAS. Colour bar on right 

indicates activity concentration of the tracer 
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Imaging of lymphatic efflux of CSF in animal models 

 
With the infusion speed further increased to 700 nl/min and the total infused volume being 6 

μL, all adult mice showed a similar pattern of distribution of the [64Cu]Cu-HSA in the cranial 

and spinal SAS, with visualization of cervical (superficial and deep) and pelvic (iliac and sacral) 

lymph nodes. Figure 9 shows the representative images from 9-minutes as well as the 1, 2, 4, 

6, 12, and 24-hours image acquisition time points. At 9-minutes post-injection image, there 

was intense tracer concentration in the spinal SAS, particularly in the lumbar, thoracic, and 

cervical segments. The 1-hour image showed gradual dispersion of tracer in the cranial and 

sacral SAS as well as the superficial and deep cervical LN. The faint activity in the blood pool 

(heart) and significant activity in the liver was visualized. Activity in the bowel and bladder 

suggested systemic elimination of tracer through biliary and renal routes respectively. The 

images from 1 to 6-hours post-injection, showed clearance of activity from the thoracic and 

cervical SAS to the systemic circulation through cervical, iliac, and sacral LNs and 

accumulated in the liver. At 12-hours and 24-hours, [64Cu]Cu-HSA was mostly cleared from 

the SAS with retention of activity in the nasal mucosa, cervical and pelvic LNs, and the sacral 

SAS. 

This same infusion protocol of IT injection with [64Cu]Cu-HSA at speed of 700 nl/min with 

the infused volume being 6 μL was used to image the CSF to lymphatic efflux in a group of 

aged mice. Figure 10 shows the representative images from 9-minutes post injection as well as 

the 1, 2, 4, 6, 17, and 24-hours image acquisition time points. The activity is the SAS was found 

to be retained indicating slower clearance than the adult mice. The lower liver uptake in aged 

mice can be attributable to this slower clearance from the SAS leading to slower systemic 

elimination of the [64Cu]Cu-HSA. 
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Figure 9. Representative MIP images of whole-body [64Cu]Cu-HSA PET in adult mice 

An infusion rate of 700 nl/min was used to deliver a total volume of 6 μL through IT injection 

in adult mice. The cranial and spinal SAS are seen. The superficial and deep cervical lymph 

nodes, heart, liver, sacral and iliac lymph nodes are seen. Colour bar on right indicates activity 

concentration of the tracer. 
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Figure 10. Representative MIP images of whole-body [64Cu]Cu-HSA PET in aged mice 

The same infusion rate of 700 nl/min was used to inject a total volume of 6 μL through IT route 

in aged mouse. The cranial and spinal SAS are seen. The radiotracer uptake in the liver appears 

to be lower than that in the adult mice and the radiotracer retention in the SAS appears to be 

higher than that in the adult mice. Colour bar on right indicates activity concentration of the 

tracer. 
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Comparison of clearance profiles among animal models 

 
The time vs %ID line plots (figure 11) showed an overall temporal decline in the %ID from 

the entire SAS, representing the ‘lymphatic efflux of CSF’ in both groups of mice. The 

clearance parameters of the [64Cu]Cu-HSA , derived from the time-%ID curves are listed in 

table 2 along with the respective R squared values. 

The mean ± SD clearance halve-lives for adult and aged groups were 93.4 ± 19.7 (range 72.3 

 

– 122.2) and 123.3 ± 15.6 (range 97.9-141.4) minutes, respectively. The mean clearance half- 

life for ages mice were significantly higher than that for adult mice (Mann Whitney p < 0.05). 

The %IDs for aged mice at 4, 6 and 24-hours post injection were also significantly higher than 

that in adult mice (Mann Whitney p < 0.05). Taken together, there was slower clearance or 

higher retention of tracer in the SAS of aged mice in comparison to the adult mice. 
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Table 2 Clearance parameters of sub arachnoid space derived from one phase decay 

equation 

Half Life R2 Y0 Plateau Tau Span 
  

(min) 

  

(%ID) 
 

(%ID) 
 

K (min-1) (min) 
 

(%ID) 

Adult mice 

 

(n=7) 

 
 

106.6 

 
 

0.9866 

 
 

97.75 

 
 

15.28 

 
 

0.006501 153.8 

 
 

82.47 

 
87.14 0.9853 98.88 13.43 0.007954 125.7 85.45 

 
72.29 0.9735 96.94 16.16 0.009588 104.3 80.78 

 
77.36 0.9830 98.22 14.78 0.008959 111.6 83.44 

 
122.2 0.9873 101.5 14.46 0.00567 176.4 87.05 

 
111.2 0.9835 102.6 15.77 0.006232 160.5 86.85 

 
77.05 0.9990 99.96 13.78 0.008996 111.2 86.18 

Aged mice 

(n=6) 

 

 

 
115.2 

 

 

 
0.9660 

 

 

 
96.39 

 

 

 
24.47 

 

 

 
0.006017 166.2 

 

 

 
71.91 

 
141.4 0.9972 99.41 19.55 0.004903 204 79.86 

 
123.3 0.9880 100.2 21.22 0.005619 178 79 

 
97.97 0.9902 97.93 20.61 0.007075 141.3 77.32 

 
125.2 0.9907 101 23.65 0.005536 180.6 77.32 

 
136.9 0.9804 104.1 19.63 0.005062 197.6 84.48 
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Figure 11. Comparison between mice groups for clearance from entire SAS 

The line plot shows comparison of the time-%ID curves and the bar plots show comparison for 

clearance half-life and the comparison of %ID at the matched time-points. 
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Figure 12 shows that the difference in %ID between cranial and caudal SAS at 9-minute post 

injection, became nearly equal during the 1-hour post injection. This happened for both adult 

and aged mice, indicating an equal clearance of tracer from the SAS segments cranial and 

caudal to the IT injection site. 

Figure 13 shows that there was no difference between the adult and aged mice group when the 

initial %ID at their respective cranial and caudal segments of SAS were compared (p = 0.87 

for cranial segment SAS and p = 0.95 for caudal segment SAS). The time-%ID plot also shows 

similar trend for the clearance from the cranial and caudal segment of SAS between the groups. 

Figure 14 shows a higher uptake in superficial cervical LN in comparison to that in deep 

cervical LN at all the time points in both the groups. This may reflect the difference in their 

received amount of lymphatic efflux of CSF from their corresponding territories in addition to 

the difference in their sizes. In the adult mice, while %ID in the sacral LN reached an early 

peak at 2-hours and then started to decline, the %ID in the iliac LN continued to increase until 

12 hours. This may support the fact that the lymphatic efflux received by the sacral LN passed 

through the sacral LN before reaching the systemic circulation in adult mice. On the contrary 

the %ID in the iliac LN did not surpass the %ID of the sacral LN in aging mice. 
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Figure 12. Comparison within mice groups for clearance from the SAS cranial and 

caudal to the injection site 

The line plot shows comparison of the time-%ID curves and the bar plots show comparison 

for %ID at the initial time-points. 
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Figure 13. Comparison between mice groups for clearance from the SAS cranial and 

caudal to the injection site 

The line plot shows comparison of the time-%ID curves and the bar plots show comparison 

for %ID at an initial time-point. 
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Figure 14. Clearance through the cervical and pelvic lymph nodes 

The counts from right and left node from each group were combined to calculate the %ID at 

each time point for each of the lymph node groups. 
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The time-%ID curve for liver (figure 15) suggests slightly higher clearance through liver in the 

adult mice in comparison to the aged mice. However, the %ID remained similar at all the time 

points in both the mice groups. Similarly, the time-%ID curve for heart (figure 16) suggests 

slightly prolonged retention of blood pool activity in the aged mice concordant with the 

higher %ID in the SAS of aged mice at the later time points (figure 11), leading to a persistently 

elevated blood pool activity. However, no significant difference of the %ID for heart was found 

at any time point, in comparison to adult mice. 

The instant thin layer chromatograms (figure 17) for CSF, blood and urine at 1-hour and 4- 

hour following the IT injection with chromatograms for the [64Cu]Cu-HSA at the 

corresponding time-points show single peak for the CSF comprising of greater than 90% of the 

radioactivity at the origin that represented the intact [64Cu]Cu-HSA. On the contrary, two-peaks 

of radioactivity was seen in the chromatogram for the blood and the urine, in all the time points 

where the first peak near to the origin represents intact [64Cu]Cu-HSA, and the second peak 

toward the solvent-front may represent unbound [64Cu]Cu-N3-NOTA. 
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Figure 15. Comparison between mice groups for clearance from the liver 

The line plot shows comparison of the time-%ID curves and the bar plots show comparison 

for %ID at the matched time-points. 
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Figure 16. Comparison between mice groups for clearance from the heart 

The line plot shows comparison of the time-%ID curves and the bar plots show comparison 

for %ID at the matched time-points. 
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Figure 17. Instant Thin Layer Chromatograms for in-vivo stability of [64Cu]Cu-HSA 
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Discussion 

 
A molecular imaging method was established for the evaluation of lymphatic efflux of CSF 

using [64Cu]Cu-HSA with the infusion rate of 700 nl/min and the total infused volume of 6 μL. 

The CSF clearance of the HSA via MLV to LNs and systemic circulation was confirmed in 

normal mice through the longitudinal acquisition of PET images at multiple time points. An 

optimal infusion rate and volume for PET imaging was determined by considering the 

physiological production rate and volume of CSF in mice. The CSF volume and CSF 

production rate in mice generally known through studies is 36.6 μL and 370 nl/min (47, 48). 

Accordingly, the infusion rate used in this study was twice higher than the physiological rate 

of CSF production and the total injected volume reached 16% of the total CSF volume. On the 

contrary, some of the investigators have used infusion rates of 1-2 μL/min that is 2.9-5.7 times 

higher than the physiological rate of CSF production and infusion volume of 10-15 μL that 

reached 25-37.5% of the total CSF volume (5, 9, 19, 48-55) (Table 1). 

This was of particular concern because infusion at a rate twice that of the physiological rate of 

CSF production had doubled the ICP in the rat model (57, 58), while a two-fold rise of ICP in 

the ovine model caused the CSF drainage rate to rise several-fold higher through both the 

lymphatic and arachnoid villi routes (59). However, a 2.5 mmHg rise of ICP in mice during 

cisterna magna infusion using rate and volume of 1 μL/min and 10 μL resulted in about 160% 

of the ICP at 10 weeks, was claimed to be mild and transient based on the observation of the 

absence of pathological reflux to ventricles during infusion (56, 73). In addition to the 

dependence on rate and volume of infusion, the rise of ICP during an intrathecal infusion is 

subjected to homeostatic pressure-accelerated drainage of CSF into blood (74). Since the 

immediate post-injection images did not show any evidence of CSF to lymphatic outflow, the 

infusion rate is likely to have not raised the ICP to a point that would require compensation 

through pressure-accelerated drainage of CSF. This was concordant with the finding of 
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minimal stain seen in the nasal mucosa without staining of the superficial cervical lymph node 

during EBD infusion at 700 nl/min for 6 μL. Thus, the infusion rate and volume used in this 

study would at least induce less perturbation of the ICP and consequently, physiological 

changes are expected to be transient and insignificant. 

The in-vivo PET imaging found the average clearance half-life of HSA from CSF in the entire 

SAS to be 93.4 minutes when injected at a rate of 700 nl/min to deliver 6 μL of tracer in adult 

mice. Published data suggest a clearance half-life of 48 minutes using bovine serum albumin 

radiolabelled with I-125 which was injected IT at a rate of 2.26 μL/min delivering a total 

volume of 12 μL in adult mice by the ex-vivo scintillation counting of blood-free CSF (48). 

This 2.5 times higher clearance half-life in adult mice may be attributable to the 70% lower 

infusion rate and 50% lower infusion volume despite the similar molecular characteristic of the 

tracer delivered through the same route of administration in this experiment. 

The 1.3 times prolonged clearance half-life in aged animals suggested by this experiment is 

likely to be attributable to age-related alteration in the phenotypic features of MLV and 

comparable to the twice slower clearance of CSF from the ventricle, albeit with continuous 

intra-ventricular infusion of Gadospin D, in the aged mice compared to that in the adult mice 

(75). Similarly, the 2.5 times decline of MLV area coverage and 1.5-2.5 times reduction of 

tracer deposition in the cervical lymph node, noted after experimental ablation of MLV or 

ligation of cervical lymphatic conduits (19) can support the fact that an age related dysfunction 

in CSF to lymphatic clearance was responsible for the prolongation of clearance half-life seen 

in aged animals in this experiment. 

This PET imaging protocol may find further application for verifying the coincident 

dysfunctional lymphatic efflux of CSF (19) on the experimental models of glymphatic 

dysfunction in traumatic brain injury and ischemic stroke (50, 67). This protocol may also be 

applied for in-vivo evaluation of dysfunctional lymphatic efflux of CSF which is documented 
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as a hallmark for progression or exacerbation of neurodegenerative manifestations in the 

transgenic animals or the experimental animal models of lymphatic dysfunction or the models 

of other neurodegenerative and chronic systemic diseases (19, 24, 76). Since the clearance of 

CSF macromolecules through MLV has been a target for therapeutic strategies intended for 

alleviation of neurodegenerative conditions by locally delivered lymphangiogenic factor (77) 

or disruption of the blood-brain barrier (24, 78), the protocol reported in the current study may 

find a role for response evaluation after those novel therapeutic approaches. Click chemistry 

based radiolabelling of anti-CD4-antibody or cell surface protein of NK-cell, with 64Cu 

followed by their intrathecal delivery using the protocol, can be a theranostics implication to 

target the autoreactive CD4+ T-effector cells known for exacerbating the Alzheimer’s disease 

(79) or to study the interaction of exogenous NK cells in aging and transgenic mouse models 

(80). This protocol with appropriate modification can also have an extended application for the 

clinical diagnosis of spinal CSF leaks (81), which has diagnostic implication in spontaneous 

intracranial hypotension. The diagnosis of CSF leak in spontaneous intracranial hypotension 

has been dependent upon digital subtraction myelography (82, 83) that inadvertently requires 

two consecutive injections of contrast material and eight exposures of dual-energy CT that 

imparts a significantly higher effective radiation dose (84, 85) in comparison to the [64Cu]Cu- 

DOTA-PET cisternography combined with low dose CT (81). The amount of tracer required 

for intrathecal injection in [64Cu]Cu-DOTA-PET cisternography is significantly lower than 

the amount of gadolinium based contrast agent for intrathecal MR cisternography and the 

amount of 64Cu injected was reported to be equivalent to that contained in 0.001 mL of 

human serum (81). The [111In]In-DTPA cisternography already has a comparable diagnostic 

performance in comparison to CT or MRI while the [64Cu]Cu-HSA will yield images of 

higher resolution due the mean energy of 64Cu and the physical half-life of 64Cu will allow 

imaging at further delayed time-points. All these features will be particularly useful for the 

cases with slow or intermittent 
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leakage that are not detectable by digital subtraction myelogram (81) and the cases that requires 

exclusion of CSF leak because the increased compliance of lower CSF space is rather 

responsible for the orthostatic headache in patients (86). 

In the time-%ID plots from adult mice (figure 14), the %ID in the superficial cervical LN had 

a steeper rise but higher plateau than the deep cervical lymph nodes. The steeper rise of the %ID 

in the superficial cervical LN can be an indicator of its receiving lymph at a faster rate, 

particularly from the nasal mucosa where the CSF tracer is likely to be cleared through the 

olfactory-perineural route. The higher plateau of the superficial cervical lymph node is due to 

its much larger size than the deep cervical lymph node that allows accumulation of higher 

amount radioactivity at all the time points. On the contrary, the sacral LN which is positioned 

caudally, had a steeper rise but lower plateau that the comparatively cranially placed iliac LN. 

The steeper rise of the %ID in the sacral LN can be an indicator of its receiving lymph at a 

faster rate, likely from the lumbar cistern subarachnoid space through the regional vertebral 

dural and epidural lymphatic connection with the regional peripheral lymphatics conduits. 

Concordantly, the lower plateau of %ID for the sacral LN along with the less steep rise of %ID 

but higher plateau for the iliac LN may suggest that the iliac LN was receiving the lymph that 

contains the CSF tracer from the sacral LN. Taken together, this may point towards a fashion 

of CSF to lymphatic clearance that occur at the cervical and pelvic regions and hence may be 

expressed by the term ‘bi-regional clearance’. This bi-regional clearance may be compared 

with the CSF to lymphatic clearance observed by Ma et al (44) after intra-cerebro-ventricular 

injection of tracer that cleared through the cervical lymph nodes, moved caudally through the 

central canal to appear in the CSF of lumbar subarachnoid cistern and then cleared through 

sacral lymph nodes. 
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In the aged mice a similar steeper rise of %ID was seen for the superficial cervical LN as well 

as for the sacral LN. The higher plateau for the superficial cervical LN was also same for the 

aged mice. However, the plateau for iliac LN was lower in aged mice unlike adult mice, a fact 

that may indicate slower CSF to lymphatic clearance in aged animal. 

Contrarily, the Ma et al (44) have also observed comparable tracer-signal in the thoracic regions 

when they compared the intra-cerebro-ventricular and the intra-cisterna-magna injections 

groups, while the tracer-signal in the sacral region was higher in intra-cerebro-ventricular 

injection group compared to the intra-cisterna-magna injection group. This discrepant 

clearance can be interpreted as an excretion of the intra-cisterna-magna injected tracer through 

the thoracic and lumbar regional spinal MLV before it could reach the sacral region while the 

intra-cerebro-ventricular injected tracer was routed through the central canal to the lumbar 

cistern without being subjected to any excretion in the thoracic or lumbar regions. Moreover, 

the anatomical existence of metameric spinal lymphatic with regional connection was 

confirmed (22, 77) following the long known functional connection between spinal 

subarachnoid space and the regional perivertebral lymphatic conduits (87). Therefore, the data 

generated from this experiment cannot precisely differentiate if there was a so called bi- 

regional clearance or the CSF to lymphatic clearance have occurred through those numerous 

regional intervertebral outlets. Thus, in order to confirm the in-vivo functionality of such spinal 

MLV, injection of 64Cu labelled nano-particle that are larger than HSA or using 9.4T MRI with 

Gadospin D can be done in future. 

The time-%ID curves for liver indicated accumulation of activity in the liver while there was 

the appearance of activities in the urinary bladder and colon indicating separation of HSA in 

liver and kidneys (88, 89) followed by renal and hepatic excretion of [64Cu]Cu-N3-NOTA. 

However, the peak for [64Cu]Cu-HSA, in the chromatogram suggests an abnormal excretion of 

albumin through urine, a phenomenon which is comparable with the previously reported 
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incidences of albuminuria in mice after intraperitoneal overloading by heterologous albumin 

of human or bovine origin, at a dose of 250μg to 10 mg/gm body weight (90, 91). The 

underlying reason for such proteinuria is immune mediated renal ultrastructural inflammatory 

change that is in turn dependent on antigen-dose, strains and sex (92-97) 

The HSA rather than DTPA was selected as the radiotracer for radionuclide molecular imaging 

of lymphatic efflux. The exploration started with the use of DTPA inspired by its established 

utility in clinical radionuclide cisternography (3) that has been using intrathecally injected 

radiolabelled DTPA to visualize the flow of CSF. Moreover, the molecular structure and 

molecular weight of DTPA (487.2 Da) is similar to that of Gadobutrol (604.7 Da), an agent 

used for visualization of cervical lymph nodes following IT administration in human (40). In 

addition, the neurotoxic complication and narrow safety margin for intrathecally administered 

gadolinium based contrast agents in humans (46) necessitates the selection of DTPA over 

Gadolinium. However, in this study, no evidence was found for DTPA to pass through MLV 

until it is cleared from the CSF into the systemic circulation. This clearance of DTPA without 

visualization of the cervical lymph node can be also attributable to the molecular structure and 

size of the DTPA which may allow the passage of tracer via the MLV through LN without 

sequestration, in addition through the venous clearance to reach the systemic circulation (98, 

99). This also matches with the fact that cervical LN uptake of radiolabelled-DTPA has never 

been reported in humans (100, 101). Whereas HSA in addition to being biocompatible (102), 

has a molecular weight (66.5 kDa) nearly similar to that of 55-62 kDa tau proteins (103). 

The hydrodynamic diameter of the [64Cu]Cu-HSA was 8.8 ± 1.4 nm (64), which falls within 

the range of tau that can reach up to 14 nm (104, 105). Surface charge also affects the lymphatic 

clearance of the molecule and a denser negative surface charge can confer faster lymphatic 

clearance (106, 107). [99mTc]Tc-DTPA, HSA, and phosphorylated tau molecules bear negative 

surface charges at physiological pH (108-112). Since, the surface charge of HSA becomes more 
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negative with heightened degree of functionalization during the click chemistry based labelling 

 

(64) the net surface charge of [64Cu]Cu-HSA remains similarly negative. Therefore, the size 

effect is expected to be dominant, and the effect by surface charge is expected to be similar 

among the molecules. HSA labelling with 64Cu was done using click-based technology which 

is known for high radiochemical purity and serum stability (64). Moreover, the ITLC at one 

and four-hour after intra-thecal injection, that demonstrated an excellent in-vivo stability of 

[64Cu]Cu-HSA within the CSF compartment supports the accuracy of the estimated clearance 

parameters in this experiment. Availability of [64Cu]Cu-HSA in a high specific activity 

facilitated a high-quality image despite the low volume of tracer injection in this study. The 

12.7 hours of half-life of 64Cu allowed longitudinal observation of clearance through multiple 

time-point over 24-hours. 

Indeed, the HSA is known to be immunogenic in mice but the rapid catabolism of HSA in mice 

results in a rapid decline in the amount of immunogenic HSA after a single injection (113, 114). 

Given an HSA concentration of 1 μg/μL in the administered tracer, the total administered HSA 

could have reached 6 μg for one mouse whereas the dose-dependent anaphylactic response 

leading to death in mice due to xenogeneic albumin required re-injection of 25 μg or higher 

amount through intravenous route after three weeks of an initial subcutaneous immunization 

(115). Since a single injection of HSA was made, the issue of immunological reaction at a later 

time-point is beyond the scope of this study. Furthermore, the final goal being the clinical 

application of this imaging method the [64Cu]Cu-HSA should be a feasible candidate tracer. 

An infusion rate that was either lower or up to twice higher than the physiological rate was 

insufficient to facilitate the distribution of tracer throughout the SAS after a single injection 

through the intrathecal route. Concordantly, some investigators who used infusion rates of 0.5 

or 1 μL/min with infusion volumes less than 10 μL had a partial observation which was 

confined either around the cranial or the spinal SAS (8, 22, 37, 60, 65-67) (Table 1). 
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Contrary to the intra-cisterna magna, the widely used route for tracer delivery, the intrathecal 

route delivers the tracer at a site where the turbulence of CSF is known to be slow unlike the 

fast turbulence in the vicinity of cisterna magna owing to the vigorous speed of CSF in the 

fourth ventricle, ventral surface of the brain stem and cervical SAS (116-118). Therefore, the 

slow speed of delivery in this experiment could have pushed the tracer steadily towards the 

rostral direction without any significant regurgitation through the punctured dura at the 

injection site. Moreover, the resemblance of intrathecal route with that for clinical radionuclide 

cisternography may favour the translatability of the protocol used in this study. 

The use of multiple time points of static image acquisition for short durations under intermittent 

anaesthesia was preferred over a longer duration of dynamic imaging under continuous 

anaesthesia primarily because the CSF flow in the spinal SAS, the CSF clearance from spinal 

SAS to peripheral lymphatic and the contractility of peripheral lymph vessels are significantly 

inhibited by isoflurane in comparison to the awake condition (44, 119) which altogether can 

explain the 9-minutes post-injection image (figure 9 and 10) showing faint visualization of 

cranial and sacral SAS along with non-visualization of peripheral lymph nodes when the animal 

had been under continuous anaesthesia for intrathecal access followed by the injection and then 

the image acquisition. Moreover, a 60-minutes period of isoflurane inhalation may cause 

isoflurane hepatotoxicity (120) and hypothermia (121) leading to fatal cardio-respiratory 

dysregulation (122). 

This PET imaging could find an overall longer clearance half-life in aged mice (table 2 and 

figure 11) whereas the pre-imaging test for spatial memory showed a cognitive decline in aged 

mice (figure 4). Both the facts were concordant with the existing evidence for coincidence of 

cognitive decline and dysfunctional clearance of brain waste in aging (19). Thus the clearance 

halve-lives and the differences in %ID particularly at 4, 6 or 24-hours post injection can be 

considered as imaging biomarkers for dysfunctional lymphatic efflux of CSF. The lack of 
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statistical difference at 1-hour post injection %ID in the SAS caudal and cranial to injection 

site in both the adult and aged mice indicates attainment of a uniform distribution followed by 

a similar clearance which in turn supports the non-perturbation of CSF flow by the tracer 

infusion speed and tracer volume used in the protocol. The %ID in the SAS cranial to injection 

site was slightly higher throughout the period of evaluation (figure 12) because the volume of 

SAS cranial to injection site comprised the cranial SAS and the spinal SAS above the level of 

L3-L4 and therefore was larger than the volume of spinal SAS caudal to the level of L3-L4. 

Although there was a lack of statistical difference between the mice groups for the clearance 

from SAS cranial and caudal to the injection site, there was an apparent trend of slower 

clearance from the aged mice indicated by the slightly higher %D at the later time points on 

the time-%ID line plots (figure 13). 

Although the visualization of lymph nodes confirms the lymphatic efflux of CSF, there was no 

discernible difference between the groups for the %ID in the lymph nodes at any time point. 

Although the %ID in the liver of aged mice remaining lower than the adult as well as the %ID 

in the heart of aged mice remaining higher than the adult, particularly at the later time points 

tends to comply with the slower clearance from SAS in aging, the difference in the %ID of 

liver and heart did not reach a statistical significance between the groups at any time point. 

Limitations of this study include the inability to establish a protocol that uses tracer infusion at 

a rate that is lower than or equal to the physiological rate of CSF production and can claim zero 

perturbation of homeostasis. Since the ICP in mice was not measured, the change of ICP during 

infusion and the duration of ICP remaining changed cannot be documented. The diurnal 

variation of lymphatic efflux of CSF (123) could not be separately demonstrated in this study 

because the study lasted over 24 hours which confers consecutive inclusion of both the dark 

and light cycles. The results of this study could only suggest a difference of clearance halve 

lives between groups comprising of two particular ages. Thus, further study is needed to 
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determine age-specific cut-offs or ranges for the clearance half-life. No variation was found 

between the groups for clearance profile through the lymph nodes, liver and heart. 
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Conclusions 

 

 
In conclusion, a PET imaging protocol was established for the evaluation of lymphatic efflux 

in normal mice, and the protocol when applied in aged mice, a significant difference in the 

overall SAS clearance half-life between the two groups along with differences in the SAS %ID 

at the later time points were noted. This protocol may have utility in the evaluation of 

preclinical disease models and may evolve as a clinical modality with appropriate modification. 
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국문초록 

서론: 뇌척수액 림프 유출의 기능 장애와 그로 인한 뇌 노폐물 제거 감소는 노화 과정 

및 신경 퇴행성 질환의 원인이 되는 것으로 밝혀지고 있음. 뇌척수액 림프 유출 기능 

평가는 주로 형광 영상과 자기 공명 영상(MRI)에 의존했지만 이러한 방식은 생리 

 

변화를 최소화하고 임상적용에 있어 제한이 있음. 본 연구는 마우스에서 뇌척수액 

림프액 유출 평가를 위한 분자 영상 방법을 확립하고, 이를 활용하여 마우스 모델에서 

연령에 따른 뇌척수액 림프 유출 기능 변화를 평가하고자 함. 

방법: 분자 영상법 확립을 위해 우선 [99mTc]Tc-DTPA 와 [64Cu]Cu-HSA 를 비교 

 

평가하여 방사성 추적자를 선별함. 이후 대조(cisterna magna)와 척수강내(intrathecal) 

주사 후 분포를 비교 평가하여 투여 경로를 선정함. 마지막으로 다양한 속도 및 부피 

조건에서 추적자의 분포를 평가하여 최적의 투여 속도와 용량을 설정함. 최종 확립된 

영상법을 15-25 개월 된 생쥐로 구성된 노화 마우스 모델에 적용하여 뇌척수액 림프 

유출 기능을 정성적 및 정량적으로 평가함. 

결과: [99mTc]Tc-DTPA 는 척수강내 주사 후 제거되는 과정에서 경부 림프절 섭취가 

관찰되지 않음. [64Cu]Cu-HSA 를 대조에 주사하였을 때 지속적인 주사부위 역류가 

관찰되었으며 일관된 정량 평가에 제한이 있었음. Evans blue 및 [64Cu]Cu-HSA 를 300 ~ 
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500 nL/min 의 주입 속도(용량 3~9ul)로 투여하였을 때 추적자가 두개골 지주막하 

공간에 도달하지 않았음. 종합하여, [64Cu]Cu-HSA 를 척수강내에 700nL/min 의 주입 

속도(용량 6ul)로 투여 후 전신 양전자 방출 단층촬영(PET) 영상을 시간대별로 

획득하여 뇌척수액 림프 유출 기능을 평가함. 확립된 분자 영상법을 통해 성인(n=7) 및 

노화(n=6) 마우스의 평균(± SD) 뇌척수액 제거 반감기는 93.4 ± 19.7 및 123.3 ± 

15.6 분(p = 0.01) 이었음. 뇌척수액은 노화 마우스 모델에서 성인 마우스에 비해 

전반적으로 더 느리게 제거되었으며 더 많이 잔류함. 

결론: [64Cu]Cu-HSA 를 활용하여 뇌척수액 림프 유출을 평가하기 위한 분자 영상 

프로토콜을 확립하였으며 뇌척수액 림프 유출이 노화 마우스 모델에서 지연돼 있음을 

확인함. 본 연구를 통해 확립한 분자 영상법은 전임상 뇌질환 모델에서 뇌척수액 림프 

유출의 기능장애 평가를 위해 활용가능하며 향후 임상에서 뇌척수액 림프 유출 기능과 

뇌질환 사이의 관계를 평가하는 도구로 활용이 기대됨. 

주요어: 뇌척수액, 림프 유출, 수막 림프관, 노화, 양전자 방출 단층 촬영, 인간 혈청 

알부민 

학번: 2019-33343 
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