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Altered p-glucose in brain parenchyma
and cerebrospinal fluid of early Alzheimer’s disease
detected by dynamic glucose-enhanced MRI
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Altered cerebral glucose uptake is one of the hallmarks of Alzheimer’s disease (AD). A dynamic glucose-enhanced
(DGE) magnetic resonance imaging (MRI) approach was developed to simultaneously monitor p-glucose uptake
and clearance in both brain parenchyma and cerebrospinal fluid (CSF). We observed substantially higher uptake
in parenchyma of young (6 months) transgenic AD mice compared to age-matched wild-type (WT) mice.
Notably lower uptakes were observed in parenchyma and CSF of old (16 months) AD mice. Both young and
old AD mice had an obviously slower CSF clearance than age-matched WT mice. This resembles recent reports of
the hampered CSF clearance that leads to protein accumulation in the brain. These findings suggest that DGE MRI
can identify altered glucose uptake and clearance in young AD mice upon the emergence of amyloid plaques.
DGE MRI of brain parenchyma and CSF has potential for early AD stratification, especially at 3T clinical field

strength MRI.

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia,
accounting for 60 to 70% of this disease. It affects the patients’ daily
life in many ways, including impairments in memory, speaking,
problem solving, and other basic life skills (1). Early AD stratifica-
tion remains challenging because changes in current biomarkers
often overlap with normal aging. Neuropathology of AD includes
the overexpression of amyloid precursor protein (APP) that results
in the deposition of B amyloid (Ap) plaques and tau neurofibrillary
tangles, thus leading to structural and functional brain abnormali-
ties in AD (I). Recent findings suggested that a reduction in cere-
brospinal fluid (CSF) transport is associated with elevated brain
AB, especially in young AD mice without visible AB plaques (2).
Moreover, a change in cerebral glucose uptake is one of the hall-
marks of AD (3). Glucose hypermetabolism or hypometabolism in
brain has been found in some AD mouse models in different stag-
es of AD (4-7). Luo et al. and Poisnel et al. (5, 6) both observed a
higher glucose utilization in brains of young APP mice but a lower
glucose utilization in aged APP mice compared to the age-matched
wild-type (WT) mice. Many AD drugs are being developed using
transgenic mouse models of amyloidosis-expressing mutant forms
of human APP and presenilin-1 (PS1) (8), which is well known to
reproduce some of the neuropathology observed in humans. Thus,
glucose utilization and CSF clearance serve as important imaging
biomarkers for early AD stratification.
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Currently, glucose uptake and metabolism can be assessed
spatially by administering a radioactive glucose analog, 2-deoxy-2-
('8F)fluoro-p-glucose (‘*FDG), and imaging with positron emission
tomography (PET) (9). Although BEDG-PET can detect the altered
glucose usage with great sensitivity, the high cost and still limited
availability in hospitals of PET-CT (computed tomography) hamper
its general clinical application. Moreover, the use of radioactive tracers
in combination with the additional ionizing radiation of CT detection
is not ideal for repeated measurements. Recently, it has become possi-
ble to image sugars with magnetic resonance imaging (MRI), ex-
ploiting the interaction between hydroxyl protons and water (10, 11).
The dynamic imaging of glucose uptake and utilization, named dy-
namic glucose-enhanced (DGE) MR], contains information regarding
glucose delivery, tissue transport, and metabolism (12-19). Tolomeo
et al. (7) used DGE MRI to monitor altered glucose uptake in AD
mouse brain with 2-deoxy-p-glucose (2-DG) at 7T. They found a
lower 2-DG uptake in one AD mouse model (APP23). To facilitate
translation to clinical AD diagnosis, however, it is necessary to im-
plement DGE MRI at a 3T clinical field strength (20, 21) and to use
nontoxic sugars. We therefore designed an adjusted on-resonance
variable delay multiple pulse (onVDMP) MRI (22) approach (see
Materials and Methods and fig. S1A) to dynamically detect p-glucose
delivery, uptake, and utilization in mouse brain on a 3T MRI
animal scanner. By adjusting the length of the saturation module of
onVDMP MRI, we were able to simultaneously monitor brain
parenchyma and CSF in the APP/PS1 and WT mouse brains for two
age groups [6 (6M) and 16 months (16M)]. Studying CSF is of inter-
est because recent findings have shown that abnormality of the
glymphatic system, a paravascular route for CSF flow through the
brain parenchyma, could be a possible feature of AD (23, 24). A
typical glymphatic system, which is shown in Fig. 1, is defined as a
brain-wide paravascular pathway for CSF and interstitial fluid
(ISF) exchange that facilitates efficient clearance of solutes
and waste from the brain. Therefore, in addition to brain pa-
renchyma, we studied the uptake and clearance of p-glucose in
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Fig. 1. Schematic diagram of the glucose transportation in the brain. Glucose from the artery enters parenchyma brain and CSF through glucose transporters in the
periarterial space, including glucose transporters in blood-CSF barrier (BCSFB) and blood-brain barrier (BBB). A large portion of CSF recirculates to the parenchyma brain

and finally drains interstitial fluid (ISF) clearance. Wiy, uptake rate; oy, clearance rate.

CSF as a potential approach to examine the functioning of the
glymphatic pathway.

RESULTS

Representative parenchymal and CSF brain images are shown in fig.
S2 (A and B). It can be seen from the CSF image that the parenchy-
mal signal is effectively suppressed. For all experiments, blood
D-glucose levels were ramped up from about 5 to 30 mM and kept
constant (figs. S5 and S6B).

Parenchymal DGE results for WT and APP/PS1 mice

The DGE images of brain parenchyma from young (6M) and old
(16M) WT and APP/PS1 mice are shown in Fig. 2 (A to D). The
corresponding whole-brain uptake curves show an initial sharp
peak of about 1% signal difference for all mice (Fig. 2, E and F). For
all four groups of mice, after this initial peak, the parenchymal DGE
signal increased gradually until it reached an approximate steady
state at about 40 min, which we fitted starting after the minimum
following the signal reduction of the initial peak. In young and old
APP/PS1 mice, DGE signal in parenchyma was quite stable after
this 40-min point. On the contrary, DGE signal decreased in the
later stage for parenchyma of 6M and 16M WT mice. While the
parenchymal DGE signal levels for younger and older WT mice
were comparable, those for older APP/PS1 mice were much lower
than in the corresponding young mouse groups (Fig. 2, E and F). In
the young groups, the DGE build-up curves of parenchyma showed
a high degree of overlap in the first 20 min for both APP/PS1 (6M)
and WT (6M) (at 20 min, 1.43 + 0.49% versus 1.57 + 0.76%,
P =0.741) while a difference became significant after that (at 60 min,
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2.15 + 0.32% versus 1.29 + 0.43%, P = 0.007). In the DGE kinetic
curve comparison for the old groups, the DGE signal of APP/PS1
was lower than that of age-matched WT (Fig. 2F) (at 60 min,
0.74 £ 0.08% versus 1.21 + 0.40%, P = 0.035).

The parameters extracted from fitting models can help us to
quantitatively assess the p-glucose uptake. Figure 2 (G and H)
shows the uptake rate (i) and maximal signal intensity (Smax)
extracted by applying the simple exponential model of Eq. 2 in
Materials and Methods. For parenchyma, the DGE signal at equilib-
rium (Smax) (Fig. 2G) showed differences between WT and APP/
PS1 in both 6M and 16M groups. In the 6M group, APP/PS1 mice
had a trend of slightly higher Spax than WT mice (2.16 + 0.38% versus
1.66 + 0.59%, P = 0.151). Comparing Smax to DGE signal differences
(Table 1), we see a significantly higher AS of APP/PS1 at 60 min
compared to that of WT, indicative of slower p-glucose clearance in
APP/PSI. On the other hand, APP/PS1 mice in the 16M group had
significantly smaller AS (0.74 + 0.08% versus 1.21 + 0.40%,
P =0.035) and S.x (0.87 £ 0.09% versus 1.62 + 0.51%, P = 0.012).
The Smax Was similar for both young and old WT mouse groups
(P =0.904), suggesting that the Sy,ax for WT mice is not strongly age
dependent. In contrast, Smax of D-glucose decreased significantly for
the 16M APP/PS1 group relative to the 6M group (P < 0.001). At
young age, while p;, of APP/PS1 mice was slightly lower than that of
WT mice (0.09 + 0.03 min~" versus 0.14 + 0.05 min ), this did not
reach statistical significance (P = 0.104). Similar to the Sp,y, the up-
take rate of WT mice did not show any clear age dependence
(P =0.729), but the rate i, for APP/PS1 mice was strongly age de-
pendent (P < 0.001). While the rate w;, of APP/PS1 mice was slight-
ly higher than those of WT mice in the 16M age groups, this was not
significant (0.18 + 0.02 min~! versus 0.15 + 0.05 min~}, P = 0.194).
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Fig. 2. DGE MRl results for brain parenchyma of WT and APP/PS1 mice. Dynamic difference images before and after o-glucose infusion for WT (A and B) and APP/PS1
(C and D) mice at 6M (A and C) and 16M (B and D). DGE images were averaged over sets of 15 for display (18 of 270). Experimental (solid line) and fitted (dashed line)
parenchymal DGE curves for WT (6M, n=5) and APP/PS1 (6M, n=5) mice (E), as well as WT (16M, n=5) and APP/PS1 (16M, n=5) mice (F). Comparison of fitted uptake
parameters Smax (G) and win (H) between WT and APP/PS1 mice for two age groups (6M and 16M). Significance levels: *P < 0.05 and ***P < 0.001.

Both Smax and Wi, suggest that the amount and rate of glucose
uptake in the parenchyma of APP/PS1 mice altered substantially
with age.

CSF DGE results for WT and APP/PS1 mice

The DGE images for CSF of young (6M) and old groups (16M) are
shown in Fig. 3 (A to D). In CSF, the DGE signal rapidly reached a
maximum and then gradually washed out, which was quite different
from that of parenchyma. In addition to the difference in clearance,
the DGE signal intensity was much higher in CSF than parenchyma.
The CSF DGE time courses for the WT and APP/PS1 mice are
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plotted in Fig. 3 (E and F), providing detailed dynamic information
about the glucose uptake and clearance. In Fig. 3E, it can be seen
that the p-glucose uptake in CSF was initially comparable in the two
groups of young mice (AS at 2 min, 14.56 + 2.86% in WT versus
12.70 £ 2.30% in APP/PS1, P = 0.291), while the washout phase
of WT was obviously faster than that of APP/PS1 (AS at 30 min,
3.18 +£2.95% versus 11.84 + 4.13%, P = 0.005). In the two old groups,
the curves of p-glucose in CSF in both WT and APP/PS1 (Fig. 3F)
visually resemble the corresponding young groups, except for three
features: (i) a somewhat longer plateau for the WT mice, (ii) a
reduced initial AS for the APP/PSI mice, and (iii) negligible AS
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Table 1. Comparison of Smax and the parenchymal DGE signal difference at 60 min. ns, not significant.

Smax (%) AS(60 min) (%) Smax — AS(60 min) (%)
wWT APP P WT APP P wWT APP P
6M 1.66 +0.59 2.16+0.38 ns 1.29+043 2.15+0.32 o 0.37+0.27 0.01+0.22 @
16M 1.62+0.51 0.87 +£0.09 3 1.21+0.40 0.74+0.08 @ 0.41+0.26 0.13+0.09 3
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Fig. 3. DGE MRl results for CSF of WT and APP/PS1 mice. Dynamic difference images before and after p-glucose infusion for WT (A and B) and APP/PS1 (C and D) mice

at 6M (A and C) and 16M (B and D). DGE images were averaged over sets of 15 for dis

play (18 of 270). Experimental (solid line) and fitted (dashed line) CSF DGE curves for

WT (6M, n=5) and APP/PS1 (6M, n=5) mice (E), as well as WT (16M, n=5) and APP/PS1 (16M, n = 5) mice (F). Comparison of fitted uptake and clearance parameters Syax (G), Win
(H), and oyt (I) between WT and APP/PS1 mice for two age groups (6M and 16M). Significance levels: *P < 0.05 and ***P < 0.001.

difference between the 5- and 60-min time points for APP/PS1. To
estimate quantitative parameters describing the uptake and clear-
ance, we tried to fit several mathematical models. None could accu-
rately fit the whole CSF curve, but using a y-variate model (see
Eq. 3 in Materials and Methods) with three unknowns (Smax» Min»
and Woyt), we were able to closely fit the uptake and get an initial
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rate estimate (Uout) for the clearance by fitting only the first 20-min
post-infusion. These estimated uptake and clearance parameters
are shown in Fig. 3 (G to I). When comparing CSF with parenchyma,
the Spax values of both WT and APP/PS1 mice were much higher
than in brain parenchyma, e.g., 9 to 18% versus 0.8 to 2.6%, respec-
tively, for 6M groups and 7 to 14% versus 0.7 to 2.4%, respectively,
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for 16M groups. Despite the higher values, the trend of age depen-
dence for Sy, was similar for CSF and parenchyma (Figs. 2G and
3G). The Sy for APP/PS1 mice was close to that of WT at 6M
(P =0.156) but became significantly lower at 16M (P = 0.019). Sim-
ilarly, there was a significant decrease of Sp,x for APP/PS1 mice at
16M compared to 6M (P < 0.001), indicating a clear age dependence.
There was no substantial difference in p-glucose uptake rate i,
between WT and APP/PSI mice in either young or old mouse
groups (Fig. 3H). The p;, appeared to decrease slightly for both WT
or APP/PS1 mice during aging, but this did not reach significance
(P =0.425 for WT and P = 0.141 for APP/PS1). For the washout
initial rates of p-glucose in CSF, poue was significantly slower in
APP/PS1 compared to WT at both 6M (P = 0.017) and 16M
(P =0.031). This indicates that p-glucose clearance becomes slower
in APP/PS1 mice compared to age-matched WT mice. For all mice,
the washout was never completed by 60 min, which is in line with
the blood glucose level remaining high (fig. S5B).

Regional comparison between APP/PS1 and WT mice

A regional comparison of the parenchymal DGE results for APP/
PS1 and WT mice is presented in Fig. 4, using the regions of interest
(ROIs) from cortex (CX; yellow frame), hippocampus (HC; purple
frame), thalamus (TH; pink frame), and entorhinal cortex (EC;
cyan frame) indicated in Fig. 4A. The p-glucose uptake curves in
different regions were quite distinctive. For APP/PS1 mice, D-glucose
uptake in all four regions at 16M was obviously lower than that at
6M, which is consistent with the overall results in Fig. 2. The DGE
curves of CX (Fig. 4B) and TH (Fig. 4D) were quite similar, while
the DGE curves of HC (Fig. 4C) and EC (Fig. 4E) showed lower
Smax- Simple exponential fitting with Eq. 2 showed that no signifi-
cant changes were found in Sy, for aging WT mice increase
(young, 2.30 £ 0.73% versus old, 2.53 + 0.79% in CX, P = 0.653; young,
1.84 + 0.63% versus old, 1.97 + 0.65% in HC, P = 0.750;
young, 2.49 + 0.71% versus old, 2.06 + 0.32%, in TH, P = 0.253; young,
1.15 + 0.36% versus old, 1.25 + 0.27% in EC, P = 0.621). When the
APP/PSI mice get older, alterations were observed uniformly across
the brain with a clear decrease of about 1.5% (P = 0.009 in CX,
P <0.001 in HC, P < 0.001 in TH, and P < 0.001 in EC) in the Syax
values (Fig. 4F). For the regional glucose uptake rate y;,, there was
no age dependence in WT mice (P = 0.945 in CX, P = 0.775 in HC,
P =0.738 in TH, and P = 0.396 in EC), but a clear age dependence
was observed in the CX (P = 0.038) and TH (P < 0.001) regions of
AD mice (Fig. 4G). The TH region of young AD mice showed a
significant lower W, compared to age-matched WT mice (P = 0.028).

Control experiments

The DGE results of control experiments without any injection (n = 3)
and with saline injection (= 3) are shown in figs. S3 and $4, respectively.
For mice without injection, while these time-dependent images showed
some small signal variations at tissue interfaces, during the whole
acquisition period in both parenchyma brain and CSF (fig. S3, A and B,
respectively), these are negligible compared to with infusion. The
dynamic time difference curves of parenchyma and CSF obtained
using Eq. 1 in Materials and Methods (fig. S3, C and D, respectively)
show signal remaining low over 60 min (0.08 + 0.38% for parenchyma
and 0.39 £ 0.83% for CSF). This indicates excellent scanner stability.
Similar results were found in the mice with saline injection
(fig. S4), where the dynamic signal differences were —0.15 + 0.25%
and —0.824 + 1.90% for parenchyma brain and CSF, respectively.
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Blood glucose concentration measurements and

chemical analysis

A vessel ROI was chosen in the sagittal sinus (yellow box in fig. S5)
and corresponding DGE results plotted. We can observe that the
p-glucose level in vessels stayed stable after reaching the maximum
level. Moreover, the DGE curves of all four mouse groups were
consistent, which basically implies that the p-glucose injections are
reproducible in these tested mice. Results from blood p-glucose
concentration measurements from blood samples taken during in-
fusion outside the magnet are shown in fig. S6A. It can be seen that
blood p-glucose reached a level of around 20 to 30 mM that stayed
constant within error for at least 60 min, similar to the vessel DGE
results. A chemical analysis result showed that some metabolites,
especially taurine, serine, and glycine, increased substantially after
glucose injection but remained at concentrations of 1 mM or less
(fig. S6B).

DISCUSSION

In this study, we demonstrated the feasibility of performing DGE
MRI at 3T by using an onVDMP MRI approach that simultaneously
measured dynamic p-glucose response curves for both brain paren-
chyma and CSF. For demonstration of the signal to be due to p-glucose,
we performed several validation experiments. Experiments without
infusion or saline infusion (figs. S3 and S4) showed negligible dy-
namic signal changes, indicating a stable setup. We also measured
the p-glucose time curve in the sagittal sinus, showing a continuous
increase and stabilizing of the signal for all four groups (fig. S5),
indicating a low glucose extraction fraction and the p-glucose staying
around for a prolonged period of time (at least 60 min at a constant
level). We also performed blood glucose concentration measure-
ments (fig. S6A), showing a blood glucose level of 20 to 30 mM for
at least 60 min. A low glucose extraction fraction and oxygen ex-
traction fraction are typical for anesthetized mice (25). Last, the
onVDMP signal, in principle, detects all fast exchanging protons.
We therefore also performed chemical analysis of the blood at a
time point of 20 min to see whether the slow signal increase could
be due to metabolic products of the body (fig. S6B). Several metab-
olites, especially taurine, serine, and glycine increased substantially
but remained at concentrations of 1 mM or less. However, this
small concentration, in addition to the level of glucose remaining
high in the blood, may explain why the CSF curves increases in in-
tensity at higher time points.

We compared the p-glucose uptake between WT mice and age-
matched APP/PS1 transgenic AD mice (6M and 16M), which re-
semble some of the AD pathology in humans, as well as a reduction
of brain glucose uptake (26). Notable differences in signal intensity
changes and p-glucose uptake were found between the two types
of mice for both brain parenchyma and CSF. For parenchyma, to
evaluate the rate differences of p-glucose uptake and utilization be-
tween AD and WT mice quantitatively, the DGE curve was fitted
with an exponential model that provided Syax(parenchyma) to
represent the maximum glucose uptake level after p-glucose in-
jection for a particular dose and ;,(parenchyma) to reflect the
glucose uptake rate. The glucose uptake rate from WT parenchyma
(Win = 0.14 + 0.05 min™" for 6M and pi, = 0.15 + 0.05 min ™' for 16M)
measured here with DGE MRI is notably comparable with the
D-glucose uptake rate measured by van Zijl et al. (27) in cat brain
using dynamic "’C nuclear magnetic resonance spectroscopy
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Fig. 4. Regional DGE MRI comparison between WT and AD. (A) T2 anatomical image with four regions indicated [yellow, cerebral cortex (CX); purple, hippocampus
(HC); pink, thalamus (TH); and cyan, entorhinal cortex (EC)]. DGE curves for both age groups and mouse types are compared for CX (B), HC (C), TH (D), and EC (E). Regional
Smax (F) and i, (G) comparison between WT (6M and 16M) and APP/PS1 (6M and 16M). Significance levels: *P < 0.05, **P < 0.01, and ***P< 0.001.

(ky + k3 = 0.136 + 0.011 min™"). This similarity, in addition to the
control experiment results, provides strong evidence that the dynamic
signal changes detected by here are due predominantly to p-glucose.
For the p-glucose uptake in the 6M mouse group, while we did not
find significant whole-brain changes for parenchyma (P = 0.151,
Fig. 2G) in APP/PSI mice, a regional comparison showed significant
differences in EC (P = 0.032, Fig. 4F). The first 20 min of parenchymal
DGE curves for these four regions are actually very similar for the
APP/PS1 (6M) and WT (6M) mice, as can also be seen in the whole-
brain results (Fig. 2E). A significant difference in AS became apparent
in the later 40 min (P = 0.007, Fig. 2E and Table 1). A similar increase
in glucose uptake in young APP/PS1 mouse has been reported using
other imaging modules (6, 28). The histology results in fig. S7 show
only limited AP plaque in AD mouse brain at this age (29). We pos-
tulate that the glucose transporter (GLUT) is not very impaired yet
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at this age in AD mice but that the metabolic rate of glucose has
begun to slow down. For the 16M groups, a significantly lower glu-
cose uptake was found in brain parenchyma of APP/PS1 mice
compared to the WT mice (P = 0.012, Fig. 2G). Moreover, four typical
regions studied here (Fig. 4F) also had significantly lower Sy val-
ues (CX, P = 0.045; HC, P = 0.023; TH, P = 0.001; EC, P < 0.001).
This could be the result of impaired glucose uptake in AD brain due
to the reductions of both GLUT1 and GLUT3 expression at the
blood-brain barrier (30). Our histology results also show an in-
creased number of plaques in the APP/PS1 mouse brain at age
of 16M (fig. S7), which indicates that severe protein aggregation has
occurred at this age (31).

For CSF, the results in Fig. 3 show that the p-glucose signal (AS)
is much higher than that in parenchyma and basically reflects the
concentration in blood. This can be confirmed from fig. S5B for the
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sagittal sinus, which shows a AS of about 10%. This slightly lower
number for blood compared to CSF is likely due to some partial
volume reduction for this small structure and the narrower satura-
tion spectrum for CSF, leading to larger signal differences. From
Fig. 3, the DGE CSF curves showed a fast uptake for all groups
followed by slow clearance for three groups and negligible clearance
for the old APP/PS1 group. We could not find an accurate mathe-
matical model to describe these full curves. However, to obtain a
first quantitative estimate of the rate differences of glucose uptake
and clearance between AD and WT mice, the DGE CSF curves were
fitted for the first 20 min using only a y-variate model that provided
a Smax(CSF), an uptake rate p;,(CSF), and an initial rate for clear-
ance, Uout(CSF). The y-variate model has been applied previously to
describe vascular input functions in dynamic contrast-enhanced
and dynamic susceptibility-contrast MRI (32). In those particular
applications for determining perfusion parameters, the kinetics for
tracer concentrations of the agent show a fast uptake and clearance.
However, the y-variate function is just a mathematical description
for an initial signal rise followed by an exponential decay (Eq. 3 in
Materials and Methods). For these mouse DGE MRI experiments,
we do not have tracer kinetics due to the initial large volume and the
average high concentration of 30 mM in blood (fig. S6), and the
signal is not cleared rapidly. However, the y-variate function was
suitable to closely fit the p-glucose uptake in CSF and to obtain an
estimate for the initial rate for signal changes following the plateau.
If there would be no clearance, then this would give a zero rate, while
a continuing increase would give a negative [Loy, so this is mathe-
matically straightforward and can describe the possible physio-
logical conditions. For the p-glucose uptake in CSF (Smax), we did
not find significant changes (P = 0.156, Fig. 3G) between WT and
APP/PS1 mice for the 6M group, but for the 16M APP/PS1 group, a
significantly lower p-glucose uptake was found for APP/PS1 mice com-
pared to the 16M WT mice (P = 0.019, Fig. 3G). While the p-glucose
uptake rate ;, for CSF did not differ between groups (Fig. 3H), the
clearance rate was slower in both young and old APP/PS1 mice (Fig. 31),
compared to WT. The clearance of the p-glucose from CSF could
be related to the glymphatic system, which is a paravascular route
for CSF flow through the brain parenchyma (23). After entering the
CSF through the blood-CSF barrier, p-glucose can be recirculated
to the parenchyma through the glymphatic pathway (24). The subs-
tantially reduced CSF clearance rates Woy for 6M and 16M APP
mice are consistent with the recent findings that the CSF clearance
rate is much smaller in AD mice (2, 33). This reduced CSF clearance
detected by DGE could serve as an imaging biomarker to indicate
early neuropathology in AD, especially with its distinctive features
apart from normal aging as shown in age-matched WT (6M and 16M).

In summary, we demonstrated the capability of onVDMP MRI
to detect p-glucose using a 3T MRI scanner, a common clinical
field strength. We were able to simultaneously obtain the DGE
curves of parenchyma and CSF within one injection. The parenchy-
mal DGE MRI results show a higher p-glucose uptake (AS, Table 1)
in young AD mice compared to age-matched WT mice, in line with
literature (6, 28), while a lower glucose uptake was found in old AD
mice, also supported by previously published data (7, 34). We inter-
preted this in terms of reduced metabolism at young age and re-
duced transport at old age. Moreover, the washout rate in CSF was
substantially lower in young AD mice as compared to age-matched
WT mice. Thus, by simultaneously imaging p-glucose kinetics in
both parenchyma and CSF, we can reveal glucose uptake, metabo-
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lism, and clearance in the brain. We applied a simple fitting in this
study to enable us to extract some key parameters for the uptake
and clearance trend of DGE curves. A comprehensive model is de-
sired to more fully describe the early neuropathology related to glucose
uptake and clearance in the brain. Our results suggest that use of
p-glucose as a natural biodegradable contrast agent for MRI has the
potential to be a noninvasive method to reveal altered glucose uptake
and utilization in both early and late stages of AD, together with
altered functioning of glymphatic system for p-glucose clearance.

MATERIALS AND METHODS

Animal preparation

All animal experiments were approved by the Animal Ethics
Committee and followed the institutional guidelines of Institutional
Laboratory Animal Research Unit of City University of Hong Kong.
Animals were housed under standard laboratory conditions, with
access to food and water. Ten AD mice (APP/PS1, 5 with an age of
6 months and 5 with an age of 16 months, male, the Jackson labora-
tory, Maine) and 10 age-matched WT mice (C57BL/6, male, the Jackson
laboratory, Maine) were used to study the cerebral glucose uptake
and clearance in AD. APP/PS1 mice are double transgenic mice
expressing a chimeric mouse/human APP (Mo/HuAPP695swe)
and a mutant human PS1 (PS1-dE9), both directed to neurons
of the central nervous system. Both mutations are associated with early-
onset AD. Another six 6M WT mice were used for the control
experiments.

MRI experiments

The onVDMP sequence diagram is shown in fig. S1A. The basic
composition of the saturation module is a train of high-power bino-
mial pulses (bp) with zero-bp interval and zero water resonance
offset (22, 35, 36). The pulse shape was two bp, and the number of
pulse pairs was four. The peak power strength was 3.1 uT. We used
a phase-cycling scheme for onVDMP to improve the resistance to
By and B inhomogeneities (37). The phase-cycling scheme is RRRR,
where R and R refer to the phase and alternate phase (+180°), re-
spectively. With this cycling, the acquired signal is robust in mini-
mizing the frequency shift that may be induced by glucose injection
(21, 38). The excitation profile in fig. S2C, measured with an
onVDMP sequence (60-ms saturation) on WT mouse brain (6M),
shows that the signal is stable over a range of about +50 Hz.
Frequency drift due to instability of the scanner (e.g., from heating
of the radiofrequency and gradients coils) or due to respiration or
glucose injection are typically on the order of 10 Hz and are thus
expected to have minimal impact on the onVDMP signal. By set-
ting a different bp number N, we can adjust the saturation length to
image the parenchyma and CSF, respectively. In this study, the sat-
uration length was set to 60 ms for imaging parenchyma and 900 ms
for imaging CSF. DGE experiments on both parenchyma and CSF
images can be acquired in interleaved during one acquisition, as shown
in fig. S1B. With the long saturation module, the parenchymal signal
can be effectively saturated, as well as enhance the sensitivity of CSF
detection. There are several reasons that favor the detection of
glucose in CSF at 3T compared to other field strengths. First, the T,
of CSF at 3T is on the order of 1.6 s and the Z-spectrum narrow,
which allows us to more sensitively detect variations. Second, the
scaling effect from semisolid magnetization transfer contrast will be
minimized since there are no solid-like tissue components.
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When carrying out the MRI experiments on mice, anesthesia was
induced and maintained using isoflurane at 2 and 1.5%, respectively.
The isoflurane was mixed with 90% oxygen generated by an oxygen
concentrator. The flow rate of oxygen generator was set to 2 liters/min
and kept unchanged during the whole experiment. Mice were
placed in a horizontal bore 3T Bruker BioSpec animal scanner
(Bruker, Germany). A 82-mm-diameter quadrature coil and a
23-mm-diameter mouse brain surface coil were used for transmit-
ting and receiving signal, respectively. A catheter was placed in the
tail vein for glucose administration before placing the animal in the
scanner. A bolus of 0.15-ml filtered 50% D-glucose was injected into
the mouse body through the tail vein over 1 min (speed, 0.15 ml/min)
using an MRI-compatible syringe pump (Harvard Apparatus). Mouse
body temperature was maintained at 37°C using a warming pad.
Respiration and body temperature were continuously monitored
using an MRI-compatible monitor system (SA Instruments Inc.).
Before DGE acquisition, the By field over the mouse brain was
shimmed using field mapping and second-order shimming. The
readout module was rapid acquisition with refocused echoes
(RARE) with repetition time (TR)/echo time (TE) = 2.5 s/4.7 ms, RARE
factor = 32, centric encoding, slice thickness = 2 mm, and a matrix
size of 96 x 96 within a field of view (FOV) of 20 x 20 mm?, resulting
in a time resolution of 15 s for each pair of images (7.5 s for parenchyma
and 7.5 s for CSF). A total number of 550 images were acquired
for each DGE module, thus leading to a total scanning time of
1 hour 8 min 45 s. The first 10 images were discarded during pro-
cessing. The glucose injection was started at 8 min 45 s and lasted
for 1 min. Hence, the baseline is 7 min 30 s (30 parenchymal im-
ages and 30 CSF images), and the monitoring time after glucose
injection is 1 hour (240 parenchymal images and 240 CSF images),
as shown in Fig. 1B. The image slice was positioned on the basis of
a collected sagittal image of the mouse brain with the position
of the coronal image slice set to —1.4 mm with respect to the ante-
rior commissure. For the control experiments carried on six 6M
WT mice, the MRI protocols and parameters are totally the same,
with the details mentioned above, while the injection part is differ-
ent. Three of them were scanned without any injection to study the
stability of the scanner, while the other three mice were injected
with saline with same volume, speed, and injection time compared
to that of glucose experiments.

Histology experiments

APP/PS1 and C57BL/6 mice were anesthetized with isoflurane and
intracardially perfused with phosphate-buffered saline. Whole brains
were extracted, fixed for 48 hours in 10% neutral-buffered formalin,
and dehydrated in 30% sucrose solution for 72 hours. Coronal slices
at 40-pum thickness were cryosectioned and mounted onto charged
slides. All amyloid plaques in the brain sections were labeled with
antibodies against AB (6E10 at 1:500, BioLegend), and the nuclei
were visualized by 4',6-diamidino-2-phenylindole (1 mg/ml) with
immunohistochemistry protocol as reported earlier (39). The coronal
brain sections were imaged with Nikon Eclipse Ti2-E Fluorescence
Imaging System at University Research Facility for Life Sciences at
The Hong Kong Polytechnic University.

Data analysis

All image processing and data analyses were performed using custom-
written code in MATLAB (R2018b, MathWorks, USA). When cal-
culating DGE kinetic curves, baseline signal Sp,sc Was generated by
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averaging the 30 baseline images. Since the total number of DGE
images was large (270 for each mouse), we averaged every set of
15 images to visualize the dynamic process of glucose changes. Then,
we used Eq. 1 for each time point to construct the DGE kinetic
curves after glucose administration

Sbase — S(t)
Sbase (1)
The parenchymal and CSF data were processed separately. For

the time monitored, after an initial input blip, the DGE uptake

curves in parenchyma showed an exponential increase that leveled
off around 40 min. We therefore applied an exponential model to fit
the DGE uptake after glucose injection

AS(t) =

ASpar (£) = Smax(40min ) - (1 — ¢ Hinli=10)) )

where fj indicates the time point of glucose injection, p;, is the
glucose uptake rate, and Sp,y is the max DGE signal reached. The
DGE data of CSF were different from the DGE curves of parenchyma
in showing uptake and clearance over the period measured. We
tested several models but could not completely describe the curves.
Therefore, we applied a simple y-variate model (32) to fit the DGE data
of CSF for only the first 20 min after glucose injection, giving an
accurate uptake rate and an estimate of the initial rate of clearance

ASer(t)=A - (t- to)ﬁ . ¢ Mou(t=to) )

where A is an amplitude modulation parameter, W, represents the
glucose uptake rate, and [,y represents the initial rate of clearance.
The maximum signal that CSF DGE reached can be directly extract-
ed after fitting as Syax = max(AS¢csp(f)). A schematic diagram about
the wip and poy for parenchyma and CSF is shown in Fig. 1. For both
parenchymal and CSF DGE curves, fitting was achieved using the
built-in nonlinear least-squares curve fitting function in MATLAB.
When doing the statistical analysis, comparisons were made between
groups of mice using the Student’s t test. Differences were regarded
as significant for a P value of <0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/20/eaba3884/DC1

View/request a protocol for this paper from Bio-protocol.
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