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Abstract

Glutamate is the primary excitatory neurotransmitter in the brain, and is implicated in
neurodegenerative diseases such as Alzheimer’s disease (AD) and several other tauopathies. The
current method for measuring glutamate in vivo is using proton magnetic resonance spectroscopy
(*H MRS), although it has poor spatial resolution and weak sensitivity to glutamate changes. In
this study, we sought to measure the effect of tau pathology on glutamate levels throughout the
brain of a mouse model of tauopathy using a novel magnetic resonance imaging (MRI) technique.
We employed glutamate chemical exchange saturation transfer (GIUCEST) imaging, which has
been previously validated as a complimentary method for measuring glutamate levels with several
important advantages over conventional 1H MRS. We hypothesized that the regional changes in
glutamate levels would correlate with histological measurements of pathology including
pathological tau, synapse and neuron loss. Imaging and spectroscopy were carried out on tau
transgenic mice with the P301S mutation (PS19, n=9) and their wild-type littermates (WT, n=8),
followed by immunohistochemistry of their brain tissue. GIUCEST imaging resolution allowed for
sub-hippocampal analysis of glutamate. Glutamate was significantly decreased by 29% in the CA
sub-region of the PS19 hippocampus, and by 15% in the thalamus, where synapse loss was also
measured. Glutamate levels and synapse density remained high in the dentate gyrus sub-region of
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the hippocampus, where neurogenesis is known to occur. The further development of GIUCEST
imaging for preclinical applications will be valuable, as therapies are being tested in mouse
models of tauopathy.
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1. INTRODUCTION

Tauopathy is a classification of neurodegenerative diseases with more than 20 phenotypes,
which include varying symptoms of impaired motor function and dementia (1), (2). The
defining pathology of tauopathy is the presence of neurofibrillary tangles (NFTs) comprised
of hyper-phosphorylated tau protein (HPtau). Tau is a microtubule binding protein where the
extent of phosphorylation at multiple sites regulates its binding to microtubules (3).
Pathological tau is found in the form of fibrillar aggregates, which accumulate in the
perikarya and dendritic spines of hippocampal neurons and, among other consequences,
disrupt the function of neurotransmitters (4). Adequate in vivo diagnoses and therapies for
tauopathy are being actively studied, primarily for Alzheimer’s disease (AD), and also for
corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), amyotrophic lateral
sclerosis/parkinsonism-dementia complex, Down’s syndrome, and several frontotemporal
dementias (5).

Alterations in glutamate levels have been observed in several tauopathies. The
neurotransmitter pool of glutamate is effected by decreased glutamate transporters and
receptors in the hippocampus and cortex of AD patients compared to healthy controls (6).
Glutamate transporters were also found to be associated with phosphorylated tau in
neurofibrillary tangles in patients with AD, PSP, and CBD (7). The metabolic pool of
glutamate is also affected in tauopathies. The TCA-cycle synthesizes glutamate from alpha-
ketoglutarate, which is in a state of hypometabolism in early stages of AD (8),(9),(10) and in
PSP (11).

Extracellular glutamate can be monitored using microdialysis methods (12), however to
measure brain glutamate concentration noninvasively in vivo, the current standard method is
proton magnetic resonance spectroscopy (*H MRS). Using IH MRS, Rupsingh et. al.
reported a decrease in glutamate in the hippocampus of AD patients compared with healthy
controls (13). Despite the biochemical evidence of reduced glutamate in human tauopathy
cases, transgenic mouse models of tauopathy have been only sparsely studied using *H
MRS. Mouse models of tauopathy with the P301L mutation have shown decreased
glutamate levels in the hippocampus (14) and in hippocampal extracts (10) by 1H MRS.
However, the spatial distribution of glutamate changes is impossible to measure using MRS
because of its limited spatial resolution.

We recently described an MRI technique that is sensitive to glutamate levels in the brain:
glutamate chemical exchange saturation transfer (GIUCEST) imaging (15). GIUCEST is
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complimentary to MRS in that it provides a measure proportional to glutamate concentration
([GIu]), at physiologic pH, but it is superior in several important factors. GIUCEST imaging
has higher spatial resolution than a spectroscopic method. Also, smaller changes in
glutamate levels can be measured by GIUCEST. Compared to the glutamate signal at
2.35ppm measured by 1H MRS, the measurable GIUCEST effect has two orders of
magnitude greater signal. In other words, a higher dynamic range of glutamate levels can be
measured using GIUCEST imaging compared to single-voxel spectroscopy. This proves to
be a valuable tool in diseases where glutamate changes are subtle, as may be the case for
early stages of dementia. In a recent publication, our group has demonstrated the feasibility
of measuring glutamate changes using GIUCEST and validated the measurement with 1H
MRS in a mouse model of AD with amyloid-beta pathology (16).

In this study, we have used GIuCEST imaging as well as 'H MRS to study the consequence
of tau pathology on glutamate in a P301S mouse model. In vivo measures of glutamate are
correlated with histological measurements of tau burden, including the severity of
pathological tau, neuron loss, and synapse loss. Given the translational opportunities of
GIUCEST, our findings in a mouse model of tauopathy have immediate potential application
to clinical studies.

2. METHODS
2.1 PS19 Transgenic Mouse Model of Tauopathy

The mouse model of tauopathy studied here was the PS19 line of the P301S transgenic
mouse, overexpressing the human P301S mutant tau found in FTDP-17 patients, developed
by Yoshiyama et. al. (17). The first sign of tau pathology in this mouse model is defective
axonal transport, followed by synapse loss and hyper-phosphorylated tau accumulation at
presynaptic terminals. As the animals age, pathological tau progresses along the perforant
pathway, from the entorhinal cortex into the hippocampus and pre-frontal cortex, while
severe neuron loss is apparent at later stages of disease (18). Behavioral studies show
decreased ability in spatial learning with the progression of disease (19). In this study, we
have imaged aged PS19 mice (n=9, mean age=20.7 months), and their age-matched wild-
type (WT) littermates (n=8, mean age=19.0 months). This study was approved by the
university’s IACUC. Note that the onset of pathology in this generation of mice is later than
originally published (see current generation (20).

2.2 MRS Acquisition

All spectroscopy and imaging studies were performed on a 9.4T using a 30 cm horizontal
bore magnet fitted with an 11 cm gradient insert and interfaced to a Varian spectrometer
(Agilent Technologies Inc., Santa Clara, CA), with a vendor-supplied, mouse volume coil
(M2M Imaging Corp., Cleveland, OH). Mice were anesthetized using isoflurane (1-2% in
1-2 L/min oxygen) for the duration of the scan. During the study animals were kept at 37°C
using a heater and air-pump to blow hot air into the bore of the magnet. These methods were
approved by the IACUC of the University Pennsylvania.
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1H MRS was performed on WT (n=8) and PS19 (n=7) mice using the PRESS pulse
sequence (TR/TE = 3000/14 ms, spectral width = 4 kHz, number of points = 4006). The
variable pulse power and optimized relaxation delays (VAPOR) water suppression
technique was used to acquire a water-suppressed spectrum (averages = 384), and another
spectrum was acquired without water suppression to obtain the water reference signal for
normalization (averages = 16). Unsuppressed water spectra had line widths of 20Hz or less
after localized shimming. Total acquisition time for spectroscopy was about 20 minutes.
Spectra were acquired from a voxel localized in the hippocampus (2x2.5x3mm3).

The integrals of the peaks of glutamate ([Glu]) and other metabolites of interest, including n-
acetyl-aspartate (NAA), were calculated from spectra using in-house written software
(MATLAB 7.9.0 R2009b). We are reporting the ratio of the integral of the metabolites with
that of creatine. Manual baseline correction and phasing were performed. Metabolite peak
locations and widths were identified manually, and combined with a pre-determined set of
macromolecule peaks. The peak-fitting routine performs a nonlinear, least squares fitting of
Lorentzian peaks to the spectra (MATLAB “Isgcurvefit”). The ratio of the integrals of [Glu]
and [NAA] peaks to the internal standard of total creatine (tCr) is reported.

2.3 GIUCEST Imaging

GIuCEST (glutamate chemical exchange saturation transfer) image contrast is based on
amine protons of glutamate that are in chemical exchange with protons on bulk water. The
amine protons are saturated by application of a frequency-selective radio frequency (RF)
pulse. As the saturated magnetization (zero net magnetization) of amine protons is
exchanged with bulk water protons, bulk water MRI signal is reduced in proportion to the
concentration of glutamate.

In the brain, the signal can be affected by direct water saturation and background
magnetization transfer effect. To account for these effects, two images are obtained, one
with saturation at the resonance frequency of amine exchanging spins (+3ppm downfield
from water for glutamate amine protons) and a second image with equal frequency offset on
the other side of the bulk water peak (—=3ppm). The CEST effect of the amine spins is given
by the difference in the asymmetry ratio (Eqn 1).

]"[sat(wa) - J\'[sat(Aw)

GUUCEST ysym(Aw=3ppm) = Mo (—Aw)
Lsat(—Aw

eqgn.(1)

The Mgy (Aw) are the magnetizations obtained with saturation at a ‘+” and ‘—* offset to the
water resonance; Am is equivalent to the resonance offset of the exchanging spins.

There are several important considerations in the pulse sequence design. Amine protons on
glutamate resonate at 3ppm offset downfield from water (Aw~7200 rad.s~1 at 9.4T), with an
exchange rate (k ~ 3000 s71) in the slow to intermediate regime (Ao>k). We have
implemented a saturation pulse of 1 second duration (four Hanning pulses at 250ms each,
with a 4ps inter-pulse-delay), with an amplitude Bq;ms 0f 5.9 uT, which has been optimized
in order to adequately saturate the amine protons on glutamate (16). A segmented, spoiled
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GRE readout is used, with 2 shots for each offset frequency. Each shot consists of one
saturation pulse and a 64 segment readout (segment TR/TE = 6.7/3.4 ms). The time between
shots is set to 8 s to allow for T1 recovery. The final image parameters are: matrix size =
128 x 128, FOV = 20 x 20mm, slice thickness = 1mm, voxel size = 0.16 x 0.16 x 1 mm3.
GIuCEST maps were acquired from one slice through the mid-hippocampus, with four
signal averages for each saturation frequency.

In interpreting the CEST effect, other factors that play a role are By inhomogeneities, and
the suboptimal amplitude and duration of the saturation pulse (15).

Any local By Inhomogeneity will cause the saturation pulse to miss the targeted glutamate
protons and results in spurious data. To account for this a By map is acquired based on
differences in phase accumulation in GRE images acquired at successive TE = 3.5, 4.0, 4.5
ms (2 signal averages each). Additionally, several images are acquired with the saturation
pulse applied over a range of offset frequencies (Aw = + 2.4-3.6ppm, steps of 0.2ppm),
which spans the variation in B (£0.6ppm) expected from the By map. By corrected CEST
weighted images at + 3 ppm are calculated from the local B value and the acquired CEST
weighted images from different offset frequencies using polynomial interpolation.

In addition, By maps are acquired in order to correct for inefficiencies in the saturation
pulse, as described previously (15). Specifically, B; maps were calculated from two images
acquired with a rectangular preparation pulse with varying flip angles (30°, 60°), (2 signal
averages each). A linear correction for B is applied to the CEST map using a ratio of the
actual Bq value to the expected value. The total scan time for GIUCEST, By, and B; maps
was under 12 minutes.

Regions of interest (ROIs) were segmented by hand from T2-weighted images, including the
hippocampus, thalamus, and cortex. Sub-regions of the hippocampus cannot be
distinguished using the in vivo image, and were segmented based on a threshold applied to
the GIUCEST maps: above 30% GIUCEST asymmetry was considered the dentate gyrus
(DG) region, below 5% as CSF and surrounding voxels with partial volume effects, and the
mid-range values as the cornu ammonis (CA). For comparison, a high-resolution ex vivo
image of the mouse brain shows that this threshold segments the DG from the CA region
adequately (Figure 3a). The high-resolution image was acquired based on the gadolinium
enhanced protocol developed by Johnson et. al. (21). The thalamus was segmented
excluding the cerebral peduncle, and the cortex was segmented excluding the superior
sagittal sinus.

2.4 Immunohistochemistry

After imaging, mice were sacrificed and brains were prepared for immunohistochemical
analysis. All mouse brains were prepared using standard methods of transcardial perfusion/
fixation as approved by the IACUC. Mice were deeply anesthetized by intraperitoneal
injection of a mixture of ketamine hydrochloride (1mg/10g) and xylazine (0.1mg/10g).
Animals were perfused with 10ml of phosphate-buffered saline (PBS) followed by 20mL of
4% paraformaldehyde (PFA) (19). The brains were removed from the skull and stored
overnight at 4°C in 4% PFA. Paraffin-embedded sections were sliced at 6pm thickness, and
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stained with an immunohistochemistry (IHC) protocol utilizing peroxide and streptavidin-
biotin pre-treatments, and a horseradish peroxidase developing system (BioGenex,
Hyderabad, AP India). Three different primary monoclonal antibodies (MADs) were used in
this study. The first MAb is AT8, an antibody specific for phosphorylated tau at residues
Ser202 and Thr205 (22) (1:7500 dilution in PBS, Thermo Scientific). This MAb is used to
localize pathological tau protein, which is hyperphosphorylated. Adjacent tissue sections
were immunostained with NeuN antibody for neuronal nuclei (1:200 dillution, Millipore),
and MAb SY 38 for synaptophysin localized to the pre-synaptic terminals (1:2000 dillution,
Millipore). Quantification of synaptophysin (WT n=4, PS19 n=7) and NeuN (WT n=5, PS19
n=6) immunostaining in the CA3 was performed on 20x images; synaptophysin in the DG
on 4x images, in the thalamus on 20x images, and in the entorhinal cortex on 20x images,
after setting an intensity threshold for all images. Percentages reported reflect the area
occupied by immunostaining, normalized with the area of the ROI (Image J).

2.5 Statistical analyses

Statistical analyses were performed using MATLAB (7.9.0 R2009b). Boxplots were
generated in MATLAB and represent the median in red, upper and lower quartiles within the
box, and the extremes at the whiskers. Outliers were considered those data points beyond
one times the interquartile range. Mean and standard deviations of all measures are reported
in mean = std format throughout. Student’s t-test was performed to determine significance of
differences between measures obtained in PS19 brains to that from WT animals.

3. RESULTS

3.1 1H MRS

Representative metabolite spectra from the hippocampus of a WT and PS19 mouse are
shown in Figure la. Differences in metabolite profiles were evident between WT and PS19
cohorts. The greatest difference was measured in glutamate at 2.35ppm, where the average
ratio of glutamate to total creatine [GIu]/[tCr] in PS19 mice was 1.0 £ 0.10 (mean = std)
compared to 1.3 + 0.13 in the WT cohort (p=0.11). The average concentration of tCr was not
different between PS19 and WT mice. The metabolite N-acetyl-aspartate (NAA, 2.01ppm),
as a ratio to [tCr], was also decreased in the PS19 mice (1.1 £ 0.10 vs. 1.2 £ 0.19, p=0.34).

3.2 GIuCEST

GIuCEST asymmetry in WT mice was higher in grey matter as compared to white matter
with very low glutamate levels in the CSF (Figure 2ii). The GIUCEST maps from PS19 mice
showed distinctively decreased glutamate across the majority of the brain slice (Figure 2bii,
2cii). These results are consistent with those previously observed from APP+PS1 mice (16).

Within the hippocampus, two sub-regions of GIUCEST contrast are distinguishable (Figure
3b, 3c). The first region includes the majority of the hippocampus, which has lower
GIuCEST signal in PS19 mice (15.9% + 0.76, mean GIUCEST asymmetry% = std);
compared to 22.4% + 1.1 for WT, p<0.001). This region corresponds to the anatomical sub-
region of the hippocampus called the cornu ammonis (CA) and the surrounding axonal
layers. The second region corresponds to the anatomical region of the dentate gyrus (DG,
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Figure 3c) and has consistently high GIUCEST signal in both WT (34.1% + 0.84) and PS19
(33.0% = 0.55, p=0.19). Significantly reduced GIUCEST levels were also measured in the
thalamus region of PS19 mice (23.5% + 0.89 vs. 27.7% + 1.4, p<0.05, Figure 5c). Average
GIuCEST asymmetry was not statistically different in the cortex of PS19 mice compared to
WT (22.8% + 1.2 vs. 23.3% + 1.1, p=0.72, Figure 6c).

3.3 Histological Measures of Tau Burden

We sought a neuropathological correlation to glutamate changes in the tauopathy mouse
brain. Brain tissue was processed by IHC for hyper-phosphorylated tau (AT8, Figure 2iii),
for neuron density (NeuN, Figure 2iv), and for synapse density (Syn38, Figure 2v). The
severity of tau pathology varied among PS19 mice. An example of a PS19 mouse with less
pathology is shown in Figure 2biii. The majority of PS19 mice demonstrated tau
immunostaining in the entire hippocampus and in several layers of entorhinal cortex, as in
Figure 2ciii.

Neuron density in the CA3 region of the PS19 hippocampus appears to be decreased in some
PS19 mice (Figure 2civ), but not in others (Figure 2biv.), compared to the consistently dense
band of neurons that are seen in WT mice (Figure 2aiv). Quantified neuron density reflects
this inconsistency, where no significant difference was measured between WT and PS19
NeuN immunostaining (Figure 2e).

Synapse density is diminished in the CA3 of PS19 mice as evidenced by fainter staining and
a thinning band of the pyramidal cell layer compared to WT mice (Figure 2bcv vs. 2av).
Quantification reveals significantly lower synapse density in the CA3 of PS19 mice
compared to WT (24.6 + 2.1 vs. 33.6 £ 2.6, p<0.01, Figure 2e). In the DG, there is no
significant difference in synapse immunostaining in PS19 mice relative to WT (74.2 + 7.5
vs. 79.6 + 1.2, p=0.25, Figure 4c). The thalamus region has a lower density of punctuate
immunostaining under high magnification, as depicted in the black and white (BW) insets
(Figure 5a-b). Quantification of the intensity in this region shows an 8% lower area
occupied in the PS19 thalamus (39.9 + 2.2 vs. 43.3 + 1.5, p=0.10, Figure 5d). There was no
difference in synapse density in the entorhinal cortex of PS19 mice (49.9 £ 1.5vs. 50.5 +
2.2, p=0.37, Figure 6d).

4. DISCUSSION

Here we have investigated the effect of tau pathology on glutamate levels in the brain of a
transgenic mouse model, using both in vivo MR techniques and immunohistochemistry. We
are reporting, for the first time, evidence that glutamate is decreased in the CA sub-region of
the hippocampus, and in the thalamus, where synapse loss also occurs.

Using spectroscopic methods, we have measured a decrease in the [GIu]/[tCr] ratio in the
hippocampus (Figure 1b). Glutamate differences were not significant according to 1H MRS
likely due to the all-encompassing voxel over distinct sub-regions of the hippocampus. The
hippocampus can be divided into two sub-regions, the CA and the DG, which have unique
connectivity and function, and which have distinct structural changes in AD patients (23).
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The GIUCEST imaging technique was able to distinguish these two sub-regions, as a result
of higher spatial resolution compared to conventional H MRS, as well as increased
sensitivity to glutamate. Specifically, using the GIUCEST method, the amine protons of
glutamate are saturated over a period of one second. During this time, the saturated amine
proton magnetization exchanges ~103 times and accumulates on the water pool. In theory,
this amplifies 1 mM glutamate signal to 1M signal. But in practice, other experimental
parameters such as suboptimal saturation and back exchange preclude the theoretical
maximum amplification. As has been shown previously (15), in practice, GIUCEST has at
least two orders of magnitude sensitivity advantage over 1H MRS.

Note that the absolute measures are not comparable between 1H MRS and GIUCEST in this
study; due to spectral quality, it was necessary to acquire spectra from a thicker voxel
(3mm) than GIUCEST images (1mm). Previously, we have validated the direct correlation of
the GIUCEST signal to the concentration of glutamate measured by IH MRS (see Haris et.
al. 2013).

The GIUCEST signal in the CA of the hippocampus was significantly reduced by 29%,
which is associated with a significant reduction in synapse density by 27% (Figure 4c). This
is in contrast to the DG sub-region, where glutamate was maintained even in the PS19 brain
where neurodegeneration occurs in the rest of the hippocampus (Figure 3d). Synapse
integrity was also intact in the DG of PS19 mice, with no significant differences measured
from immunostaining (Figure 4c). This is consistent with the fact that there is a continuous
turnover of neurons in the DG region compared to the other regions of the mouse brain (24),
(25), (26). In the DG of AD patients (27) and a mouse model of AD (26), there is evidence
that neurogenesis is increased. Therefore, it is important to distinguish the DG from the rest
of the hippocampus of tauopathy brains. To the best of our knowledge, these are the first
MRI results reporting neurogenesis in vivo.

Tau tangles are most abundant in the hippocampus of PS19 mice, which is where we
expected to find reduced glutamate. However, we found more wide-spread glutamate loss in
regions where pathological tau was not present, as in the case of the thalamus (Figure 5a-b).
Vice versa, pathological tau was present in the entorhinal cortex of most PS19 mice, yet
GIuCEST was not decreased in this region (Figure 6a—b). Therefore, lower glutamate cannot
only be explained by the occurrence of tau pathology.

Rather, synapse loss appears to be the closest neuropathological correlate to GIUCEST
imaging in this study. A thinning band of synapses were consistently observed in the CA3
region of the hippocampus of PS19 mice, unlike neuron loss which occured in only a few
cases (Figure 2e). Similarly, neuronal dysfunction was only slightly indicated by a decrease
in [NAA]/[tCr] in the PS19 hippocampus (Figure 1b). Also, synapse loss was measured in
the thalamus of PS19 mice, where GIUCEST decreases were significant, and yet
pathological tau was not yet present (Figure 5). Therefore, synapse loss, and not neuron loss
or pathological tau, correlates most closely with the location of glutamate loss measured by
GIuCEST maps in both the CA and thalamus.
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Specifically, the mouse in Figure 2b has mild tau pathology and intact neurons, however the
synapse band is weak. This case supports the hypothesis that decreased glutamate reflects
early stages of neurodegeneration, before neuron loss. In a more severe case in Figure 2c,
the GIUCEST map is greatly decreased from WT, and associated with severe pathology,
thinning neurons, and virtually no synapses in the CA3. This example supports the
hypothesis that GIUCEST will be decreased further as the severity of tau burden progresses
beyond synapse loss.

Synapses are an important location of early neurologic dysfunction (28). Synapse loss is also
the closest correlate to cognitive deficits in AD patients, rather than the amount of tangles
(29). Glutametergic synapse loss is among the earliest symptoms of disease found in AD
brain tissue (28). GIUCEST imaging, therefore, has the potential to monitor synapse loss in
vivo as an early marker of dementia symptoms.

In conclusion, relevant regions of glutamate loss in the P301S mouse model of tauopathy
include the CA sub-region of the hippocampus and the thalamus. Reduced synapse density
was also associated with these regions. Therefore, the further development of our novel
imaging method, GIUCEST MRI, for preclinical applications will be valuable as
microtubule-stabilizing therapies are being tested in the PS19 mouse model of tauopathy
(20). The DG sub-region maintains glutamate levels in tauopathy mice. Future studies
should consider using GIUCEST imaging to monitor the health of the DG as a potential
region for neurogenic therapy (30).
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Figure 1.
In the hippocampus, PS19 mice have decreased glutamate compared to WT according to H

MRS. a) Example spectra from a PS19 mouse compared to WT shows diminished peaks of
N-acetyl-aspartate (NAA, 2.01ppm) and glutamate (Glu, 2.35ppm). b) The average ratio of
glutamate to total creatine [Glu]/[tCr] was decreased in the majority of PS19 mice compared
to the WT cohort (n=7, 1.0 £ 0.10, mean + std/2, vs. 1.3 £ 0.13, p=0.11). There was also a
slightly lower group average of NAA in PS19 mice (1.1 £ 0.10 vs. 1.2 £ 0.19, p=0.34).
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Figure 2. GIUCEST maps and corresponding IHC
a—c i) Anatomical images corresponding to the GIUCEST slice through the mid-

hippocampus.

a—c ii) GIUCEST maps in a WT and two PS19 mice reveal lower glutamate levels
throughout the brain of tauopathy mice.

a—c iii) Corresponding slices of brain tissue stained for hyper-phosphorylated tau (AT8)
reveal varying severity of pathological tau protein within the PS19 cohort.

a—c iv. & v.) Neuron (NeuN) and synapse (Syn) immunostaining in the CA3 pyramidal cell
layer of the hippocampus. While neuron loss in this region is inconsistent, synapse loss is
apparent in PS19 mice, where immunostaining is fainter and reveals a thinning band of
synapses.

d) Detailed hippocampal anatomy for reference. CA1-3: cornu ammonis, P: pyramidal cell
layer of CA, DG: dentate gyrus, G: granule cell layer of DG.

e) Quantified NeuN and Syn staining in the CA3 of the hippocampus. Synapse density is
significantly reduced in PS19 mice (24.6 £ 2.1 vs. 33.6 + 2.6, p<0.01). Neuron density is
less-severely reduced in PS19 mice (55.4 £ 4.4 vs. 61.2 + 5.7, p=0.18).
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Figure 3. Average GIUCEST asymmetry in sub-regions of the hippocampus
a) For anatomical comparison, a high-resolution (42 um isotropic) image of the ex vivo brain

was acquired after infusion with gadolinium (Gd) according to the protocol by Johnson et.
al. for MR histology (18).

b—c) The hippocampus is a composite of two distinct sub-regions, the CA and the DG. The
DG was segmented based on a GIUCEST threshold above 30%, which corresponds to the
correct anatomical location as compared to the Gd-enhanced image.
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d) In the CA sub-region of the PS19 hippocampus, GIUCEST is significantly decreased by
29% (p<0.001). There is no significant difference between groups in the DG sub-region of
the hippocampus (p=0.19).
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Figure 4. Comparison of GIUCEST with synapse immunostaining in sub-regions of the
hippocampus
a—b) Synapse immunostaining and corresponding GIUCEST images of the hippocampus

region.

¢) Quantification of IHC and GIUCEST in the DG and CA show similar trends. Synapses are
maintained in the PS19 DG, where GIUCEST was also high. Both synapse density and
GIuCEST asymmetry are significantly reduced by 27 and 29%, respectively, in PS19 mice
relative to WT.
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Figure 5. Comparison of GIUCEST with synapse immunostaining in the thalamus
a—b) Synapse immunostaining and corresponding GIUCEST ROls in the thalamus. The black

and white inset shows less punctate staining in the PS19 thalamus.

¢) Average GIUCEST asymmetry of the thalamus (Thal) region is significantly decreased by
15% (p<0.05) in PS19 mice compared to WT.

d) Synapse density shows a similar trend, decreasing 8%, although significance was not
reached.
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Figure 6. Comparison of GIUCEST with synapse immunostaining in the cortex
a—b) GIUCEST ROIs in the cortex and corresponding immunostaining in the entorhinal

cortex showing no difference in synapse density even though pathological tau is present.
c) Average GIUCEST asymmetry was not statistically different in the cortex of PS19 mice
(22.8% + 1.2) compared to WT (23.3% * 1.1), p=0.72.

d) Quantified synapse density in the entorhinal cortex was not different between the two
cohorts.
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