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SPECT/CT imaging reveals CNS-wide modulation

of glymphatic cerebrospinal fluid flow
by systemic hypertonic saline

Tuomas O. Lilius,?3%10 Marko Rosenholm, 210 Laura Klinger," Kristian Nygaard Mortensen,’
Bjorn Sigurdsson,’ Frida Lind-Holm Mogensen,’>¢ Natalie L. Hauglund,” Malthe Skytte Nordentoft Nielsen,’

Tomi Rantamaki,”® and Maiken Nedergaard’?1"*

SUMMARY

Intrathecal administration enables central nervous system delivery of drugs that
do not bypass the blood-brain barrier. Systemic administration of hypertonic sa-
line (HTS) enhances delivery of intrathecal therapeutics into the neuropil, but its
effect on solute clearance from the brain remains unknown. Here, we developed a
dynamic in vivo single-photon emission computed tomography (SPECT)/
computed tomography (CT) imaging platform to study the effects of HTS on
whole-body distribution of the radiolabeled tracer “™Tc-diethylenetriaminepen-
taacetic acid (DTPA) administered through intracisternal, intrastriatal, or intrave-
nous route in anesthetized rats. Co-administration of systemic HTS increased
intracranial exposure to intracisternal ““"Tc-DTPA by ~80% during imaging. In
contrast, HTS had minimal effects on brain clearance of intrastriatal °°™Tc-
DTPA. In sum, SPECT/CT imaging presents a valuable approach to study glym-
phatic drug delivery. Using this methodology, we show that systemic HTS
increases intracranial availability of cerebrospinal fluid-administered tracer, but
has marginal effects on brain clearance, thus substantiating a simple, yet effective
strategy for enhancing intrathecal drug delivery to the brain.

INTRODUCTION

Delivery of drugs to the central nervous system (CNS) is limited by the selective permeability of the blood-
brain barrier (BBB), which prevents over 98% of small-molecule drugs from reaching a therapeutically rele-
vant drug concentration in the brain after systemic administration (Banks, 2016; Begley, 2004; Calias et al.,
2014; Geary et al., 2015; Pardridge, 2005; Thorne and Frey, 2001). Various delivery strategies aimed at by-
passing the BBB have been developed, but their clinical applications remain scarce (Calias et al., 2014,
Chen and Liu, 2012; Kariolis et al., 2020; Ullman et al., 2020). An attractive approach for enhanced CNS
drug delivery is provided by the recently described brain-wide fluid transport pathway, termed the glym-
phatic system. The glymphatic system consists of bulk flow of cerebrospinal fluid (CSF) deep into the brain
along perivascular spaces (PVS) of pial and penetrating arteries, where it facilitates exchange of CSF and
interstitial fluid (ISF) through a fenestrated barrier of astrocytic endfeet and clearance of interstitial solutes
(liff et al., 2012; Nedergaard, 2013; Xie et al., 2013). Prior methods for imaging the glymphatic pathway in
the living brain are efficient for detecting the influx of CSF tracers to the brain parenchyma, but have limited
fitness to detect global changes in CSF distribution as well as efflux and elimination of the administered
tracer from brain. We thus perceive a need for novel in vivo imaging techniques to quantify CNS-wide
macromolecule distribution via glymphatic transport.

CSF flow in the periarterial spaces toward the brain parenchyma is facilitated by arterial pulsatility (Mestre
etal., 2018), and exchange of CSF with ISF is influenced by brain state (Hablitz et al., 2019; Xie et al., 2013). In
addition to physiological factors, certain pharmacological interventions can also enhance CSF influx and
promote glymphatic delivery of intrathecally administered agents. This phenomenon has been observed
with systemic and intrathecal administration of the ay-adrenergic agonist dexmedetomidine (Benveniste
etal., 2017, Lilius et al., 2019), but even more markedly by transient elevation of plasma osmolarity following
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2018; Plog et al., 2018). More specifically, systemic HTS induced a 5-fold increase in parenchymal delivery of
intrathecal amyloid-B (AB) antibody (Plog et al., 2018). This enhancement of CSF influx was driven by efflux
of fluid from CNS into the hyperosmolar plasma following along the osmotic gradient, which in turn accel-
erated periarterial influx of CSF along the altered pressure gradient within the rigid cavity of the skull. In
another study, intrathecal mannitol dose dependently increased the perivascular access of a co-infused
full-length 1gG antibody (Pizzo et al., 2018). These findings suggest that hypertonic solutions could be
suitable as an intervention to enhance brain delivery of intrathecally administered drugs. HTS has been
in clinical use for over a century, with a main application in osmotherapy for decreasing elevated intracra-
nial pressure of life-threatening cerebral edema (Todd, 2013). Hyperosmotic treatment is well tolerated
and readily available in the clinic without any requirement for concurrent anesthesia or sedation.

Here, we established an in vivo imaging platform based on dynamic single-photon emission computed
tomography/computed tomography (SPECT/CT) that enables quantitative whole-body imaging of
radiolabeled tracer distribution in rats. Using this platform, we tested the hypothesis thatincreasing plasma
osmolarity would enhance the parenchymal delivery of the low-molecular-weight tracer “™Tc-diethylene-
triaminepentaacetic acid (DTPA, 489 Da) administered through the intracisternal route in anesthetized rats.
Since the effects of HTS on glymphatic efflux are not known, we also addressed distribution and brain
clearance of intrastriatal "™ Tc-DTPA. In addition, we used magnetic resonance imaging (MRI) to quantify
HTS-induced changes in brain and CSF volumes and osmolality measurements of blood and CSF to deter-
mine the physiological mechanisms underlying HTS influence on fluid flow. Furthermore, we performed a
battery of behavioral tests to assess the safety of the used HTS dose in awake rats.

RESULTS

Systemic HTS dramatically increases intracranial availability of intracisternally infused *°™Tc-
DTPA

To assess the global effects of systemic HTS on intracisternally infused tracer distribution, we imaged anes-
thetized rats with SPECT/CT for 220 min. During the first 20 min the animals received an intracisternal infu-
sion of " Tc-DTPA (1.6 pL/min) immediately followed by administration of either HTS (1 M NaCl, 20 mL/kg,
40 mOsm/kg, intraperitoneally [i.p.], n = 7) or isotonic saline (ITS, 0.154 M NaCl, control group, 20 mL/kg,
6.16 mOsm/kg, i.p.,n=7) (Figure 1A). The HTS dose was selected based on a previous report, where similar
dosing evoked an increase in plasma Na* concentration comparable to that in clinical osmotherapy (Jar-
veldetal., 2003; Plog et al., 2018; Tallafsrud et al., 1998). Neither the monitored basic physiological param-
eters nor the infused radioactivity dose differed between treatment groups (Figure S1). Whole-body SPECT
image frames were acquired at 10-min intervals and reconstructed. The decay-corrected radioactivity con-
centration was quantified in regions of interest (ROIs) defined in the CT anatomic reference images ac-
quired directly after the SPECT scan (Figures 1B and 1C, Video S1). MTc-DTPA activity in the imaging field
of view (FOV) remained stable throughout the entire 220-min acquisition, confirming that the total
infused activity remained within the FOV (Figure 1D). As determined by area under the time-activity curve
(AUCq.200), the detected tracer activity in the intracranial region was ~80% higher in animals receiving HTS
(Figure 1E, p < 0.001, unpaired Student’s t test). The treatment with HTS also tripled tracer activity in the
striatum (Figure 1F, p < 0.001, unpaired Student's t test) and several other brain regions, with the largest
increase (5-fold) in the cortical volume of interest (p < 0.001, unpaired Student's t test), demonstrating
that tracer entry into widespread brain structures was dramatically enhanced by HTS (Figures S2A-S2D).
In contrast, spinal radioactivity was lower in the HTS group (Figure 1G, p < 0.01, unpaired Student's
t test). Outside CNS, the sum of total radioactivity was significantly lower after HTS administration (Fig-
ure TH, p < 0.05, unpaired Student’s t test). Correspondingly, the HTS group exhibited significantly lower
tracer radioactivity in several CSF efflux regions, including the nasal cavity (p < 0.001, unpaired Student’s
t test), deep cervical lymph nodes (DCLN, p < 0.05, unpaired Student’s t test), and mandibular lymph nodes
(MLN, p < 0.05, unpaired Student's t test) (Figures 11, S2E, and S2F). In accordance with the increased intra-
cranial availability, systemic excretion of the tracer was significantly reduced after HTS administration, as
indicated by significantly decreased radioactivity in heart, (p < 0.05, unpaired Student’s t test) and a small,
but non-significant activity decrease in the kidneys (Figures 1J and 1K). DTPA is eliminated exclusively
through the kidney, without active transport in the tubules (Taylor, 2014). After 220 min, approximately
40% of the administered radioactivity was found in urine in the control group, whereas only 20% was
excreted to urine in the group treated with HTS (Figure 1L, p < 0.001, unpaired Student’s t test). Overall,
HTS caused a substantial increase in brain availability of intracisternally administered “”™Tc-DTPA, whereas
tracer activity in regions relevant for CSF efflux and elimination was higher in the control group (Figure TM).
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Figure 1. Systemic HTS significantly increases cerebral influx of intrathecal **"Tc-DTPA

(A) Experimental timeline.

(B) Regions of interest (ROls) overlain on a rat CT image.

(C) Representative SPECT/CT images and coronal slices showing "™ Tc-DTPA distribution at selected time points of the scan.

(D) Decay-corrected time-activity analysis of total tracer activity in the imaging field of view.

(E-G) “™Tc-DTPA distribution in CNS regions. HTS treatment increases intracranial and striatal availability of cisterna magna-infused tracer, while
decreasing its distribution to spinal CSF.

(H) " Tc-DTPA has lower clearance outside the CNS after HTS administration.

(I-L) HTS slows tracer clearance from the brain and body, as demonstrated by decreased radioactivity in nasal cavity, heart, and urine.

(M) Difference in group-wise averaged “™Tc-DTPA radioactivity between treatment groups projected on a rat CT image. The data are presented as mean +
SEM; n =7 rats/group. ***p < 0.001, **p < 0.01, *p < 0.05, unpaired Student’s t test. ITS, isotonic saline; HTS, hypertonicsaline; ID, infused dose; DCLN, deep
cervical lymph nodes; MLN, mandibular lymph nodes.

The observations thereby support the hypothesis that HTS co-administration may serve to improve brain
delivery of an intrathecally administered tracer, in this case tripling the activity of "™ Tc-DTPA in the
striatum.
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Figure 2. Minimal effects of HTS on clearance dynamics of intrastriatally infused **™Tc-DTPA

(A) Experimental timeline.

(B) Regions of interest (ROls) overlain on the rat CT image.

(C) Representative SPECT/CT fusion image of 79MTc-DTPA distribution at selected time points of the scan.

(D) Decay-corrected time-activity analysis of total tracer radioactivity concentration in the imaging field of view.

(E=1) P Tc-DTPA distribution in the defined ROls. Systemic HTS increases intracranial availability of intrastriatally infused 99mTc-DTPA, decreases the
radioactivity in the nasal cavity, and directs the efflux toward the spinal compartment. Effects of HTS remained minimal on summed "™ Tc-DTPA activity in
peripheral tissues and in the urine. The data are presented as mean + SEM; n = 8 rats/group. ***p < 0.001, *p < 0.05, unpaired Student’s t test. ITS, isotonic
saline; HTS, hypertonic saline; ID, infused dose.

HTS treatment has minimal effect on clearance of intrastriatally infused ™ Tc-DTPA

Clearance of ISF and solutes is an essential functional aspect of the glymphatic system (lliff et al., 2012).
However, the effects of HTS on glymphatic solute clearance have not been previously characterized. To
test whether plasma hyperosmolality also impacts tracer clearance from the neuropil, we measured the ef-
fect of systemic HTS on tracer distribution in another cohort of rats that received ™ Tc-DTPA via a chron-
ically implanted cannula in the striatum (infused at a rate of 0.2 pL/min over 20 min, n = 8/group) during
whole-body SPECT/CT imaging for 220 min (Figures 2A-2C). Quantitation of total tracer activity in the
whole body and urine pad confirmed that we were able to recover the entire tracer radioactivity throughout
the scan (Figure 2D). Interestingly, HTS co-administration did not increase clearance of intrastriatally
infused " Tc-DTPA from the brain; in contrast, intracranial radioactivity as determined by AUCq.oo0 was
slightly increased after HTS (Figure 2E, Video S2, p < 0.05, unpaired Student'’s t test). This result may be
attributed to the slow clearance of radioactivity from the intracranial space in both groups, with more
than 50% of the infused dose remaining in the intracranial region after the 220-min scan. HTS decreased
9mTc-DTPA radioactivity in the nasal cavity (p < 0.001, unpaired Student’s t test), but increased spinal con-
centration (p < 0.05, unpaired Student'’s t test), indicating that HTS induced a switch in the direction of net
tracer efflux from the olfactory region to the spinal canal (Figures 2F and 2H). However, the tracer concen-
tration in these regions remained low (<10 %ID) throughout the scan. HTS had no effect on summed **™Tc-
DTPA activity outside the CNS regions (Figure 2G). A negligible fraction of the infused activity was
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Figure 3. HTS does not influence brain availability or renal elimination of intravenously administered *"Tc-DTPA

(A) Experimental timeline.

(B) Representative SPECT/CT image of “"Tc-DTPA distribution at selected time points of the scan.

(C) Regions of interest (ROIs) overlapped to the rat CT image.

(D-G) Decay-corrected time-activity analysis of ™ Tc-DTPA in the defined ROls. HTS causes negligible effects on the renal elimination of the tracer. The data
are presented as mean + SEM; n = 6 (ITS group), n = 5 (HTS group). Unpaired Student's t test.

observed in lymph node (DCLN, MLN) and heart regions in each imaging frame, detection of which was
limited by the small infusion volume and radioactivity used in the striatal infusion (Figure S1B). No differ-
ences between treatment groups were observed in these regions (data not shown). Also, the low molecular
weight of P"Tc-DTPA (489 Da) likely disfavored tracer accumulation in the lymph nodes. Elimination of
79MTc-DTPA in the urine was unaffected by HTS administration (Figure 21). Overall, HTS co-administration
had only minor effects on the clearance of intrastriatally infused 79mTc-DTPA, which stands in stark contrast
to its remarkable enhancement of tracer influx from the subarachnoid CSF.

Intravenous ™ Tc-DTPA administration shows that HTS does not influence BBB permeability
or glomerular filtration

To determine whether the observed effects of HTS on "™ Tc-DTPA distribution were influenced by poten-
tial HTS-induced alterations in BBB permeability or by altered glomerular filtration rate, we studied the dis-
tribution of intravenously administered tracer (200-pL bolus) in an additional cohort of rats after systemic
ITS (n = 6) or HTS (n = 5) administration (Figures 3A-3C). The distribution kinetics in the intracranial region
and heart ROl were identical between the ITS and HTS groups, indicating that “™Tc-DTPA did not access
parenchyma in either group and that HTS does not increase the BBB permeability to ™Tc-DTPA
(Figures 3D and 3E). HTS administration caused a slight, but non-significant decrease in average tracer
radioactivity in the kidneys (Figure 3F, p = 0.1, unpaired Student’s t test). However, HTS did not affect
7PMTc-DTPA activity in the urine, indicating that HTS administration may increase the rate of tracer transfer
from kidneys to urine (Figure 3G, Video S3). Overall, the results suggest that the decreased elimination of
?’mTc-DTPA to urine observed in intracisternal and intrastriatal experiments is not mediated by effects of
HTS on tracer excretion.

Systemic HTS causes a transient decrease in locomotion

In clinical use, HTS administration causes rapid dehydration of the brain, which is reportedly associated
with short-lasting headache, heat sensations, and a small risk of pontine demyelination in hyponatremic
patients undergoing rapid correction of plasma osmolarity (Himi et al., 1996; Jarvela et al., 2003; Kleinsch-
midt-DeMasters and Norenberg, 19871; Tallafsrud et al., 1998). No other serious complications of HTS have
been reported. To investigate the behavioral safety aspects of HTS, we next exposed rats to a battery of

iScience 25, 105250, October 21, 2022 5
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Figure 4. Systemic HTS administration provokes a transient reduction in locomotion

(A) HTS-administered rats express hypolocomotion and decreased rearing behavior in a 30-min open field test performed immediately after HTS
administration. The effects of HTS on locomotion and rearing in an open field test had normalized at 24 h after the treatment, but the HTS group persisted in
showing increased time at the center of the arena.

(B) HTS had no effects on the latency to fall from the rotarod platform.

(C) In an elevated plus maze test performed immediately after HTS treatment, rats showed a decrease in locomotor activity, but no change in time spent at
open or closed compartments of the maze. The data are presented as mean + SEM; n = 8 rats/group. **p < 0.01, *p < 0.05, unpaired Student’s t test. ITS,
isotonic saline; HTS, hypertonic saline.

acute behavioral experiments immediately after administering HTS or ITS (n = 8/group). The behavioral
tests included open field, rotarod, and elevated plus maze (EPM) tests. The open field test was repeated
24 h after treatments.

Inthe open field test, HTS caused a transient reduction in locomotion and decreased rearing behavior (Fig-
ure 4A). Both locomotion and rearing had returned to normal 24 h later. The HTS and ITS groups responded
with similar within-trial and inter-trial habituation to a novel environment. However, HTS-treated rats spent
more time at the center of the open field arena when compared with the control group. This effect was still
evident in open field test performed 24 h after administrations. The rotarod test, however, revealed no dif-
ferences between the treatment groups, indicating that motor coordination was unaffected by HTS treat-
ment, and therefore not responsible for the decreased locomotion observed in the open field (Figure 4B).

In the EPM, HTS-treated animals showed decreased locomotor activity in line with findings in the open field
test (Figure 4C). However, there were no major differences between the treatment groups in time spent in
the different compartments of the EPM. Overall, the behavioral assessment revealed modest and transient
effects of systemic HTS. Thus, we identified no major behavioral safety issues for the dose of HTS
administered.

Systemic HTS decreases brain volume and increases CSF volume and osmolality

To examine the mechanism causing increased glymphatic influx after systemic HTS, we acquired high-res-
olution T2-weighted magnetic resonance (MR) images before and after systemic HTS injection (n = 4). We
observed drastic dilation of large surface veins and superior sagittal sinus after the treatment, with little or
no dilation of surface arteries (Figure 5A). The ventricular system and CSF-filled subarachnoid space sur-
rounding the brain dilated visibly, whereas pial periarterial spaces were not visibly affected (Figure 5A).
Quantitation showed that the CSF volume increased on average by 4.4% of the intracranial space volume,
with an equal decrease in brain tissue volume (Figures 5B and 5C, p < 0.01, unpaired Student’s t test). To
examine the HTS-induced changes in plasma and CSF osmolality over time, we collected blood and CSF
samples from animals 30 and 120 min after systemic HTS/ITS administration (n = 4/group). HTS significantly
increased plasma and CSF osmolality at both time points (Figures 5D-5F). The increase in plasma osmo-
lality was reflected by a similar increase in plasma sodium concentration. Overall, the results indicate an
osmotically driven fluid movement that may explain the increased access of our low-molecular-weight
CSF tracer into the brain.
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Figure 5. Systemic HTS influences brain fluid compartment volumes and osmolality

(A) Representative MR images of a rat brain before and after systemic HTS administration. HTS dilates the superior
sagittal sinus (SSS), dorsal surface veins, and lateral ventricles (LV) visible in coronal slices. The CSF-filled subarachnoid
space (SAS) is also enlarged, whereas the effects on arterial blood compartment, such as middle cerebral artery (MCA)
size, remain minimal.

(B and C) Quantitation of CSF and brain volumes reveals an increase in CSF volume after systemic HTS administration and
an equal decrease in brain volume (n = 4).

(D-F) HTS quickly increases plasma osmolality and sodium concentration, and likewise CSF osmolality. The effects persisted at
120 min after administration. The data are presented as mean + SEM; n = 3 (baseline group), n = 4 ITS and HTS groups.
***p < 0.001, **p < 0.01, *p < 0.05, unpaired Student's t test (B—C: Pre-HTS versus post-HTS; D-F: Baseline versus HTS).
##”p <0.001, ##p <0.01, ”p < 0.05, unpaired Student'’s t test (ITS versus HTS). ITS, isotonic saline; HTS, hypertonic saline.

DISCUSSION

Using a dynamic SPECT/CT imaging platform, we revealed that systemic administration of HTS sharply
increased intracranial availability of CSF-administered ™ Tc-DTPA in anesthetized rats by ~80%, conse-
quently decreasing its egress from the intracranial space to systemic circulation and slowing its elimination
rate from the body. Importantly, HTS administration also increased ™ Tc-DTPA availability in several brain
structures: in various deep brain regions after intracisternal infusion it was increased 3-fold, whereas in
cortical regions near the dorsal surface of the brain the tracer availability increased 5-fold. HTS did not affect
renal elimination of intravenously administered 79MTc-DTPA, indicating that the decreased tracer elimina-
tion observed after intracisternal infusion arises from decreased *™Tc-DTPA egress from the brain to sys-
temic circulation. Previous studies have shown that systemic administration of hyperosmotic solutions en-
hances parenchymal distribution of intrathecally administered AB-targeted antibody (~100 kDa) and full-
length IgG-sized antibody (150 kDa) (Pizzo et al., 2018; Plog et al., 2018). We show here that a similar transient
elevation of plasma osmolality enhanced brain delivery of the low-molecular-weight tracer ™ Tc-DTPA.
Equally important in this study is the introduction of a dynamic in vivo imaging platform that enables
quantitation of whole CNS distribution and total clearance of radiolabeled tracer delivered systemically,
intrathecally, orinto the brain. The data presented in this study strongly support the idea that plasma hyper-
osmolality-driven CSF influx can be harnessed to improve delivery of intrathecal therapeutics to the CNS.

Prior in vivo studies have examined the glymphatic system via 2-photon microscopy (lliff et al., 2012;
Mestre et al., 2018, 2020; Xie et al., 2013), transcranial macroscopic imaging (Plog et al., 2018), and
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Figure 6. Mechanism of action for the increase in CSF influx driven by plasma hyperosmolality

Increased plasma osmolality draws fluid from the parenchyma into blood, thus decreasing brain volume. The consequent
decrease in interstitial pressure facilitates the perivascular influx of CSF into the brain, following along the pressure
gradient.

contrast-enhanced MRI (Benveniste et al., 2021; lliff et al., 2013; Stanton et al., 2021) to visualize CSF tracer
flow. Although these techniques provide high spatial detail about tracer distribution within the skull, they
are limited in their FOV, and therefore in their capacity to quantify tracer clearance kinetics and distribution
in the whole body of the experimental animal. Owing to these limitations, there exists only sparse informa-
tion regarding the impact of neurodegenerative diseases on glymphatic clearance (Rasmussen et al., 2018).
The SPECT/CT imaging platform established here has a major advantage in enabling quantitation of
the total clearance of the tracer from its site of injection, as well as tracer distribution throughout the
body and its subsequent elimination, enabling kinetic calculations of tracer distribution. In addition, the
high sensitivity of SPECT/CT enables the use of smaller tracer volumes than those required in contrast-
enhanced MR imaging. The method proved in our hands to be applicable for intracisternal, intrastriatal,
and intravenous routes of tracer administration. We were able to detect and account for the total amount
of administered tracer throughout the entire 220 min scans. This platform will be useful for imaging and
optimizing intrathecal CNS drug delivery and elimination in response to various interventions. In addition,
by utilizing the technique in advanced pharmacokinetic modeling, it could be possible to predict the CNS
penetrance of an intrathecally administered drug based on its dynamic concentrations in blood and urine
samples.

In the clinic, ™ Tc-DTPA is already administered intrathecally in conjunction with SPECT imaging to detect
CSF leaks (Lloyd et al., 2008; Novotny et al., 2009) and is a suitable tracer to visualize CSF flow due to its
small size, negligible BBB permeability and plasma protein binding, and complete elimination by renal
excretion (Hilson et al., 1976; Klopper et al., 1972). Since 79mTc.DTPA is fully excreted by the kidney and
has no active tubular transport, it is routinely used to quantify glomerular filtration rate (Andersen et al,,
2019; Rehling et al., 1984, 2001). In contrast to previous studies using large-molecular weight CSF tracers
(Pizzo et al., 2018; Plog et al., 2018), 79"Tc-DTPA has a molecular weight of only 489 Da, closely matching
that of many intrathecally administered compounds used in the clinic, notably analgesics (e.g., morphine,
285 Da) and chemotherapeutics (e.g., methotrexate 454 Da). As such, “™Tc-DTPA is an appropriate surro-
gate for low-molecular-weight pharmaceuticals.

The mechanisms driving increased tracer influx after HTS administration are well established, but the
effects of HTS on tracer clearance have remained elusive. The increased influx of CSF tracers after hyper-
osmolar challenge stems from an increased outflow of water from ISF to plasma across the intact BBB,
following along the altered osmotic gradient. Efflux of ISF lowers intracranial pressure (ICP) creating a pres-
sure gradient that drives CSF flow into the parenchyma, carrying CSF-administered compounds along with
it (Figure 6) (Plog etal., 2018; Pullen et al., 1987). Although HTS caused a significant decrease in ICP, relative
cerebral blood flow and mean arterial blood pressure remained unaltered (Plog et al., 2018). This model is
supported by our findings demonstrating a decreased brain volume, accompanied by notable increase
in plasma and CSF osmolality after HTS administration. Interestingly, despite these robust physiological
effects, we now report that tracer clearance from brain is only modestly affected by HTS. This may be
explained by findings reporting that plasma hyperosmolality primarily decreases the brain extracellular
volume, whereas intracellular volume remains relatively stable due to rapid ion uptake of the cells after
hyperosmolar stress (Cserr et al., 1991; Verbalis, 2010). The reduction in extracellular space volume may in-
crease the physical resistance of the tissue to tracer clearance. In addition, the negligible BBB permeability
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of " Tc-DTPA (Gilad et al., 2012; Lorberboym et al., 2003) may hinder its clearance to systemic circulation
in both iso-osmolar and hyperosmolar conditions.

The findings reported herein present an alternate approach to that reported in our prior study showing that
administration of the ay-adrenergic agonist dexmedetomidine increased CNS delivery of intrathecally
administered A antibody (as determined by fluorescence macroscopic imaging) and the low-molecular-
weight drugs naloxone and oxycodone (as determined by high-performance liquid chromatography-
mass spectrometry analysis of tissue samples) (Lilius et al., 2019). Unlike dexmedetomidine, however,
HTS administration does not induce heavy sedation, but rather has been shown to outweigh the suppres-
sion of perivascular influx associated with high arousal state (Plog et al., 2018; Xie et al., 2013), thus present-
ing a notable benefit compared with administration of sedative agents. Systemic HTS is widely used clin-
ically for the treatment of elevated ICP in traumatic brain injury (Bratton et al., 2007). Indeed, HTS is well
tolerated in humans, having minimal side effects at doses that maintain the plasma sodium concentration
below 150 mM (Himi et al., 1996; Jarvela et al., 2003; Tollzfsrud et al., 1998). The main limitation in the clin-
ical use of HTS is in patients with preexisting hyponatremia, in whom a rapid correction of plasma osmo-
lality has been associated with some risk for central pontine myelinolysis (Kleinschmidt-DeMasters and
Norenberg, 1981).

MRI demonstrated a consistent decrease in the brain volume after HTS administration that was accompa-
nied with an equivalent increase in CSF volume. These results together with observed increase in plasma
and CSF osmolality support earlier findings that systemic HTS dehydrates the brain by drawing fluid from
the brain parenchyma into blood and CSF following along the altered osmotic gradient (Jarvels et al., 2003;
Oembo et al., 2018; Plog et al., 2018). We hypothesized these notable physiological alterations to be re-
flected in the behavior of the animals, but found the behavioral effects of HTS to be modest, limited to
a transient decrease in locomotion. Minor behavioral effects are in line with clinical findings where HTS
administration has been well tolerated (Jarvels et al., 2003; Tollofsrud et al., 1998). Decrease in locomotion
may be associated with previously reported transient sedative effects caused by administration of hyper-
tonic solutions (Speck et al., 1988). Overall, our findings indicate no additional concerns for potential nega-
tive behavioral effects of systemic HTS administration.

Even though intrathecal drug delivery is a semi-invasive administration method, it has several benefits,
including the relatively CNS-specific drug distribution that limits adverse systemic effects, while affording
the possibilities to reach therapeutically relevant CNS concentrations with a smaller administered dose,
and to obtain extensive delivery of compounds to deep brain structures through the PVS of penetrating
arteries. HTS co-administration might be particularly beneficial in intrathecal administration requiring gen-
eral anesthesia, such as in pediatric patients, where the potential longer administration intervals attained
by co-administration of HTS would allow less exposure to anesthetics. In contrast to the intracisternal
administration route used in our preclinical study, intrathecal drugs are typically administered into the
lumbar subarachnoid space in humans. A prior rodent study showed that lumbar CSF tracers reach the
brain parenchyma through the glymphatic pathway, albeit with a significant delay when compared with
intracisternal infusion (Yang et al., 2013). That finding is supported by recent clinical studies demonstrating
that lumbar CSF tracers attain peak cisternal and intracerebral availability within 4 to 9 hours of administra-
tion, depending on the infusion volume (Eide et al., 2021; Ringstad et al., 2018; Verma et al., 2020),
indicating that hyperosmotic enhancement of intrathecal drug delivery in the clinic may require that HTS
administration is delayed relative to the intrathecal injection. Further support for the therapeutic benefits
of HTS-enhanced drug delivery is provided by a recent preclinical study demonstrating an increased
antinociceptive effect of intrathecally administered morphine, when administered in conjunction with
systemic HTS (Blomaquist et al., 2022). In addition to using lumbar intrathecal administration route, future
studies to determine the translational benefits of HTS would also include testing the efficacy of HTS-
enhanced delivery of intrathecal large-molecule therapeutics and in treatment of preclinical disease
models.

The need for novel drug delivery strategies will likely increase in the future upon the development of large-
molecule therapeutics that do not bypass the BBB, including monoclonal antibodies, recombinant pro-
teins, antisense oligonucleotides, and neurotrophic factors. Several innovative technologies to enhance
CNS delivery of therapeutics have been developed, including recruitment of transcytosis mechanisms,
where therapeutic compounds are labeled with ligands that are actively transported across the BBB,
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and the use of nanoparticulate systems or neurotropic viral vectors (Kariolis et al., 2020; Terstappen et al.,
2021; Ullman et al., 2020). Despite promising advances, many of these technologies require intricate mo-
lecular design and have not yet been established in the clinic. However, since HTS-induced enhancement
of CNS drug delivery is limited to intrathecally administered drugs, the BBB-based approaches are impor-
tant to aid in delivery of CNS drugs through other administration routes. We contend that the HTS admin-
istration regimen used in the current study presents a simple, safe, and effective intervention to promote
intrathecal drug delivery, thus supporting future studies to test the safety and efficacy of HTS in improving
therapeutic response to intrathecal drugs.

Limitations of the study

Limitations of rodent SPECT/CT include the spatial resolution of approximately 0.9 mm (Figure S2H), which
disfavors a detailed analysis of tracer distribution between blood, CSF, and ISF compartments within the
intracranial space. This necessitates the use of indirect measurements, such as the analysis of a heart
ROI to calculate the amount of tracer in systemic circulation. Owing to the low molecular weight and negli-
gible plasma protein binding of " Tc-DTPA, we did not find it feasible to measure its concentration and
kinetics in some peripheral structures such as the heart and lymph nodes after intraparenchymal delivery,
which entails a small infusion volume and consequently low radiochemical dose. For a more detailed spatial
distribution analysis, SPECT imaging can be combined with, e.g., ex vivo autoradiography of brain slices.
CT imaging provides an accurate reference for identification of structures outlined by bone such as the
intracranial space and spine, but its limited soft-tissue contrast makes the identification of non-osseous tis-
sues difficult. Whole-body imaging also requires that the rats are anesthetized during imaging, which can
introduce confounding effects on glymphatic flow (Hablitz et al., 2019; Xie et al., 2013). Our selection of
anesthetic regimen was based on avoiding suppressive effects on glymphatic activity and achieving suffi-
cient level of anesthesia for the whole imaging duration. Ketamine and dexmedetomidine improve the up-
take of CSF solutes to the brain, whereas wakefulness or volatile anesthetics such as isoflurane suppress
glymphatic CSF flow (Benveniste et al., 2017; Hablitz et al., 2019; Lilius et al., 2019). However, the influx-
enhancing effects of plasma hyperosmolality have been shown to be powerful enough to outweigh the sup-
pressive effect of wakefulness and Agp4 gene deletion on glymphatic fluid transport and may therefore
override the effects of different anesthetic regimens as well, but this remains to be tested (Plog et al.,
2018). Finally, the physical half-life (6.0 h) of 79MT¢ and rapid renal elimination of 79MTe-DTPA imposes a
practical limitation on the duration of imaging, thus encouraging the use of other radionuclides for assess-
ing slow distribution dynamics.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Sodium chloride Sigma-Aldrich S3014; CAS: 7647-14-5
Ketamine MSD Ketaminol Vet 100 mg/mL
Dexmedetomidine Orion Pharma Dexdomitor 0.5 mg/mL
Isoflurane ScanVet Attane Vet. 1000 mg/g
Lidocaine Accord Lidocain Accord 10 mg/mL
Carprofen Zoetis Rimadyl 50 mg/mL

Critical commercial assays

Technescan DTPA kit Curium Pharma

Technescan DTPA

Deposited data

Code for analysis of SPECT/CT data This paper
Code for analysis of MRI data This paper
Code for group-wise activity overlap This paper

and subtraction in Figure 1M

https://doi.org/10.6084/m9.
figshare.21150415
https://doi.org/10.6084/m9.
figshare.21150415
https://doi.org/10.6084/m9.
figshare.21150415

Experimental models: Organisms/strains

Rat: Sprague-Dawley Janvier

Sprague-Dawley rats

Software and algorithms

ImageJ https://imagej.nih.gov/ij/
ITK-SNAP http://www.itksnap.org/pmwiki/pmwiki.php
GraphPad Prism 7 https://www.graphpad.com/scientific-

software/prism/

ImageJ
ITK-SNAP

GraphPad Prism

MiILabs Reconstruction software 10.16 N/A

Matlab R2019a https://se.mathworks.com/products/matlab.html Matlab

Noldus EthoVision XT 10 https://www.noldus.com/ethovision-xt EthoVision XT

Paravision Bruker v6.0.1 https://www.bruker.com/en/products-and- N/A
solutions/preclinical-imaging/paravision-360.htm|

Advanced Normalization Tools v2.3.4 https://sourceforge.net/projects/advants/ N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact,
Maiken Nedergaard (maiken_nedergaard@urmc.rochester.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact on request.

@ Original code used in the analysis of SPECT/CT and MRI data, and for visualization of group-wised aver-
aged activity in Figure 1M has been deposited at Figshare and is publicly available as of the date of pub-
lication. DOls are listed in the key resources table.
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® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All the animal procedures were approved by the Danish Animal Experiments Inspectorate under the Danish
Ministry of Environment and Food, license 2015-15-0201-00535, apart from the behavioral experiments,
which were approved by the County Administrative Board of Southern Finland, license ESAVI/9697/
04.10.07/2017. Female Sprague-Dawley rats (10-13 weeks, 175-250 g) acquired from Janvier were used
in the experiments. Rats were group-housed in 12:12h light cycle with access to food and water ad libitum.
All efforts were made to minimize pain or discomfort of the animals used. The well-being of the animals was
monitored daily, indicated by grooming behavior and body posture. After implantation of a guide cannula
in the experiments that involved striatal infusions, the rats were moved to single housing overnight to pre-
vent detachment of the cannula. All experiments were performed at Zeitgeber time 2-10.

METHOD DETAILS
Tracers

To visualize the effects of HTS on glymphatic transport, clinical grade "™ Tc-labeled diethylenetriamine-
pentaacetic acid (12.5 mg/mL, TechneScan DTPA, Curium Pharma; MW 489 Da) was used as a radiotracer
for dynamic SPECT/CT imaging. For intracisternal and intrastriatal administration, the tracer was infused
with a Hamilton Gastight 1700 syringe in a micro infusion pump (cisternal: 32 uL, 1.6 uL/min, 10-60 MBgq;
striatal: 4 pl, 0.2 pl/min, 3-7 MBQ). Intravenously administered tracer was delivered as bolus dose
(200 pL, 20-40 MBgq). Radioactivity concentration of the infused dose was measured with a VIK-202 dose
calibrator (Comecer).

Treatments

The animals received either isotonic saline (ITS, 0.154 M NaCl in ddH,0, 6.16 mOsm/kg, control group) or
hypertonic saline (HTS, 1 M NaCl in ddH,0) intraperitoneally (20 mL/kg, 40 mOsm/kg; over one minute).

Tracer administration routes
Intracisternal

The animals were anesthetized with ketamine (100 mg/kg) and dexmedetomidine (0.5 mg/kg) adminis-
tered together subcutaneously (2 mL/kg) and, after a loss of toe-pinch reflex, were fixed to a stereotaxic
frame with the head slightly tilted forward (30°). The intracisternal cannula was placed as previously
described, with minor modifications (Xavier et al., 2018). In brief, the atlanto-occipital membrane overlying
the cisterna magna (CM) was surgically exposed and a cannula consisting of a 30G short-beveled dental
needle attached to PE10 tubing was carefully inserted into the intrathecal space, while avoiding any CSF
leakage outside CM. The cannula was fixed to the dura with cyanoacrylate glue and dental cement. The
animals were transferred to SPECT/CT imaging system immediately after cannula installation.

Intrastriatal

The intrastriatal cannulae were surgically placed on the day before the SPECT experiment. The animals
were anesthetized with isoflurane (3.5-4% induction, 1.5-2% maintenance in 100% O,) and, after a loss
of tail-pinch reflex, were fixed to a stereotaxic frame. At the beginning of the surgery, lidocaine (1 mg/
kg) was administered as a local anesthetic, while carprofen (5 mg/kg, s.c.) was administered as a postop-
erative analgesic. A small burr hole was drilled in the skull over the striatum of the right cerebral hemisphere
and a guide cannula was inserted in the striatum (M/L: 3.0 mm; A/P: 0.0 mm; D/V: —5.0 mm) and fixed to the
skull with cyanoacrylate glue and dental cement. The rats were allowed to recover for 16-24 h in single-
housing before SPECT/CT imaging.

Intravenous

The animals were anesthetized with a ketamine (100 mg/kg) and dexmedetomidine (0.5 mg/kg) adminis-
tered together subcutaneously (2 mL/kg). The tail vein was dilated by submerging the tail in warm water.
After a loss of tail-pinch reflex, a 24G intravenous cannula (BD Neoflon) was inserted in the tail vein and
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fixed in place with surgical tape. The animals were transferred to SPECT/CT imaging system immediately
after cannula installation.

SPECT/CT-imaging

For the duration of the scans, rats in all groups were anesthetized with a mixture of ketamine (100 mg/kg)
and dexmedetomidine (0.5 mg/kg) administered together subcutaneously (2 mL/kg). The respiratory rate
was monitored with a pressure pad to ensure a sufficient level of anesthesia. No supplemental anesthesia
was needed in any of the scans. A 24G venous cannula (BD Neoflon) was inserted into the intraperitoneal
cavity of the rats and glued on the skin for HTS/ITS administration. Dynamic whole-body SPECT/CT imag-
ing was performed with the Vector4dCT (MlLabs, Utrecht, Netherlands) system. Rats were randomized to
either ITS or HTS group and placed in the scanner in the prone position. SPECT images were acquired
with a high energy ultra-high-resolution rat 1.8 mm pinhole collimator (HE-UHR-RM 1.8 mm diameter). Im-
age data were acquired over 220 min (twenty-two 10-min scans). The rectal temperature of the animal was
monitored throughout the entire scan and normothermia was maintained with a thermostatically regulated
heating pad. The SPECT image was registered to whole-body CT images acquired directly after the SPECT
scans that served as anatomical reference images.

SPECT/CT analysis

Acquired images were reconstructed using Similarity-Regulated Ordered Subsets Estimation Maximiza-
tion (SROSEM) with a voxel size of 300 um and five iterations with correction for attenuation and tracer
decay in MiLabs Reconstruction software 10.16 (MlILabs, Utrecht, Netherlands). Regions of interest
(ROls) were defined in ITK-SNAP software (Yushkevich et al., 2006) with a combination of manual and auto-
mated segmentation using the acquired SPECT and CT images. The CNS ROlIs included intracranial space,
spine, and spherical volumes of interest (VOlIs) placed in different brain structures (striatum, cortex, hippo-
campus, ventricles, and olfactory bulbs) using an in-house template (Figure S2I). ROls relevant to CSF clear-
ance routes included nasal cavity, mandibular lymph nodes (MLN), deep cervical lymph nodes (DCLN), left
and right kidney, and urine, which consisted of the bladder contents and the surgical pad placed under-
neath the animal for urine collection. A heart ROl was segmented to represent the blood compartment.
The total injected activity was determined as the activity calculated in the whole animal — including urine
pad, but excluding the infusion cannula —in the first frame after the end of the tracer infusion. The fraction
of the total activity in the injected dose (%ID) in each ROl was calculated from the acquired SPECT images
using MATLAB R2019a (Mathworks). Soft tissue regions that were not clearly outlined in CT images,
including lymph nodes, kidneys, and heart were normalized to the volume of the corresponding ROI.

Behavioral tests

Open field test

The open field test was used to measure the effects of HTS on locomotor activity and exploratory behavior
of the animals. The rats were released in the corner of a transparent open field arena (50 x 50 cm, white
floor, Med Associates). Horizontal and vertical activities were recorded during a 30-min trial (light intensity
~100 Ix) beginning immediately after or 24 h after treatment administrations. The infrared photobeam in-
terruptions were registered at 5-min intervals. A peripheral zone was defined as a 7.5 cm wide corridor
along the wall to define by exclusion the time spent in the central area of the arena.

Elevated plus maze

The elevated plus maze (EPM) was used to measure anxiety-like behavior of the rats. The EPM consisted of
two open arms (50 x 10 cm) and two enclosed arms (50 x 10 x 30 cm) connected by a central platform
(10 x 10 cm). The maze configuration formed the shape of a plus sign, with the two open arms opposite
to each other. The maze was raised to 80 cm above floor level. The rat was placed on the central platform
immediately after treatment administration, always facing the same enclosed arm, and its behavior was
video tracked for five minutes. Time spent in the open and closed arms and the distance traveled were
quantified using the Noldus EthoVision XT 10 system (Noldus Information Technology).

Rotarod

To measure the effects of HTS on motor coordination, the accelerating Rotarod (Ugo Basile, Comerio, Italy)
test was performed four times in succession: 15, 30, 60 and 120 min after treatment administrations. The
rats received three days of training on the Rotarod before the experiment. For the training, the cylinder
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(diameter 6 cm) rotated at constant speed of 10 rpm and the animals were placed on the rod for 60 s. For the
testing, the cylinder rotated at 10 rom and accelerated to 40 rom over the duration of 60 s. A cut-off time of
60 s was chosen for each test.

MR imaging

The anesthetic regimen, physiological monitoring, and placement of HTS cannula was performed much as
described above for SPECT/CT imaging. MR images were acquired on a Bruker BioSpec 94/30 USR magnet
interfaced to a Bruker Advance Ill console, controlled by Paravision software (Bruker v6.0.1). Imaging was
carried out using an 86 mm volume RF-transmit coil and a 4-channel phased array RF-receive coil (Bruker).
Imaging sequences consisted of T2-weighted TurboRARE (TE: 24.1 ms, TR: 16 s, Echo spacing: 8.033, RARE
factor: 8, matrix: 375 x 250, FOV 30 x 20 mm, in-plane resolution: 0.08 x 0.08 mm, 128 slices, 220 pm slice
thickness, 110 um overlap, scan time per repetition: 6 min and 8 s). 8 frames (50 min) were acquired at base-
line and 12 frames (72 min) after HTS infusion, for a total of 20 frames.

MRI analysis

T2-weighted images were corrected for motion (Advanced Normalization Tools, v2.3.4), followed by per-
formance of bias field correction as follows: First, in-house software was used to remove a second-order
bias field in the ventral-dorsal direction arising from the use of a surface receiver coil. Second, local bias
fields were corrected using N4 (Tustison et al., 2010). The first eight frames and last eight frames, respec-
tively, were averaged to create pre- and post-HTS images. The four frames following HTS infusion consti-
tuted the transition period and were thus discarded. Pre- and post-HTS images were then segmented into
brain tissue and CSF as follows: ROls representative of white matter, gray matter and CSF were drawn
manually using ITK-SNAP software. Probability maps for each tissue type were then calculated for pre-
and post-HTS respectively, assuming a normal intensity distribution within each tissue type, with means
and variances calculated from the representative ROls. Each pixel in the brain was then labeled as the high-
est probability tissue type, whereupon white and gray matter labels were merged.

Osmolality and sodium measurements

A separate set of animals were decapitated 30 min or two hours after HTS/ITS administrations, and their
trunk blood was collected in EDTA tubes. The blood samples were centrifuged, and the separated plasma
was collected. Other set of animals were anesthetized with a mixture of ketamine (100 mg/kg) and dexme-
detomidine (0.5 mg/kg) administered together subcutaneously (2 mL/kg) 30 min or two hours after HTS/ITS
administrations, and CSF samples were collected via a cannula placed in the CM in a similar manner as
before intracisternal tracer administrations. The osmolalities of the plasma and CSF samples were
measured by the freezing-point method using a Type 15 Micro-Osmometer (Léser MeBtechnik). Sodium
concentration of the plasma samples were determined with ion-selective electrode-based method using
an ARCHITECT <8000 analyzer (Abbott Diagnostics).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical testing was performed using GraphPad Prism 7 (GraphPad Software). For SPECT/CT tracer
distribution analysis, area under curve (AUCq 220) was determined from time-activity plots of individual an-
imals and ROIs and the results were compared group-wise with unpaired Student’s t-test. In behavioral
tests, unpaired Student’s t-test was used to compare the behavioral effects between treatment groups.
All statistical tests were two-tailed. Details of each statistical test are described in the figure legend. p-value
of less than 0.05 was considered statistically significant.
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