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Abstract

The extracellular matrix (ECM) of the brain is comprised of unique glycan “sulfation

codes” that influence neurological function. Perineuronal nets (PNNSs) are chondroitin sulfate-
glycosaminoglycan (CS-GAG) containing matrices that enmesh neural networks involved in
memory and cognition, and loss of PNN matrices are reported in patients with neurocognitive
and neuropsychiatric disorders including Alzheimer’s disease (AD). Using liquid hromatography
tandem mass spectrometry (LC-MS/MS), we show that patients with a clinical diagnosis of AD-
related dementia undergo a re-coding of their PNN-associated CS-GAGs that correlates to Braak
stage progression, hyperphosphorylated tau (P-tau) accumulation, and cognitive impairment. As
these CS-GAG sulfation changes are detectable prior to the regional onset of classical AD
pathology, they may contribute to the initiation and/or progression of the underlying degenerative
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processes and implicate the brain matrix sulfation code as a key player in the development of AD
clinicopathology.
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1| NARRATIVE

Alzheimer’s Disease (AD) is the leading cause of progressive dementia worldwide and
accounts for an estimated 60-80% of all dementia cases. The progressive decline in
cognition, learning, and memory correlated with this disease is due to neurocircuit
dysfunction characterized by neuronal hyperactivation?3, which occurs in the early stages
of prodromal AD*. While extracellular B-amyloid (AB) deposition and intracellular
accumulation of hyperphosphorylated tau (P-tau) and associated neurofibrillary tangles
(NFTs) are the primary neuropathologic criteria for AD diagnosis®, therapeutic targeting
of these classical pathologies have continuously failed to provide clinical benefit’ and may
reflect in part a lack of consideration of non-neuronal factors that underlie neurocircuit
integrity. Among these non-neuronal factors includes the loss of perineuronal nets (PNNSs),
specialized extracellular matrix (ECM) structures that enmesh and regulate the activity of
key neurons in a circuit, which can in turn predispose to network hyperactivity characteristic
of early ADS. In the current work, we showed by mass spectrometry that changes in brain
chondroitin sulfate-glycosaminoglycan (GAG) sulfation patterns, which can destabilize
PNNs and predispose to their loss over time?, was an early-stage pathology observed in
demented AD patients compared to non-demented controls. Following a brief overview of
known associations of PNN matrix dysfunction with AD and other neurocognitive disorders,
we then detail differences in the brain matrix CS-GAG sulfation patterns between AD

and non-demented postmortem brain tissue. Changes in CS-GAG composition began prior
to the onset of AD clinicopathology and correlated with increasing Braak stage, P-tau
accumulation, and with reduced cognitive function. Alteration of the brain’s CS-GAG
‘sulfation code’ therefore represents an early-stage pathology that may predispose to PNN
dysfunction and defective neurocircuitry characteristic of AD. Based on these insights, we
discuss potential mechanisms directly linking changes in CS-GAG sulfation patterns with
the development of AD clinicopathology.

1.1 | PNNs and the CS-GAG ‘sulfation code’

PNNs are synapse-stabilizing ECM structures comprised of CS-GAG chains attached to CS
proteoglycans (CSPG) and assembled on hyaluronan (HA) glycosaminoglycan backbones1.
PNN function and stability are influenced by the composition of these sulfated CS-GAGs,
which consist of repeating disaccharide units of sulfated glucuronic acid (GIcA) and N-
acetylgalactosamine (GalNac)0. Five differentially-sulfated CS isomer units exist in the
human brain (CS-A, -C, -D, -E and -0), with their relative abundance comprising a matrix
‘sulfation code’ that controls key neurological functions!!. These include neuroplasticity
and synaptic stability (e.g., CS-A, CS-C9), protein-glycan binding interactions (e.g., CS-O,
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CS-D, CS-E12.13) and neuroinflammation and regeneration (e.g., CS-C, CS-E14). Changes
in PNN integrity and/or its CS-GAG sulfation code have been implemented in long-term
neurocircuit synaptic dysfunction, and as such, decoding changes in these CS-GAG sulfation
patterns so as to better understand the role of matrix remodeling in neurocognitive disorders
is now of intense interest to the biomedical community.

1.2| Reorganization of PNNs during aging, AD, and other neurocognitive disorders

Histochemical identification of brain PNN structures is accomplished by antibody detection
of the underlying CSPG lattice, formed primarily by the CSPG aggrecan, and Wisteria
floribunda agglutinin (WFA) lectin labeling of the incorporated CS-GAGs®-17. In humans
and rodents, stable PNN structures are absent early in development, presumably allowing
for enhanced neurocircuit plasticity and experience-dependent circuit organizationl”:18, The
lack of mature PNNSs in the juvenile brain also associates with a developmental CS-GAG
sulfation code high in CS-C isomer abundance, which prevents premature formation of
PNNSs during this timeframe?15.19, Meanwhile, the establishment of stable PNNs coincides
with closure of so-called “critical periods’ of brain development and is directed by the

adult CS-GAG sulfation code that is highly abundant in the CS-A isomer®12, which
stabilizes PNNs and limits the plasticity of the enmeshed neuron. Recent evidence in

mice suggests that overabundance of CS-A incorporation into PNNs during advanced aging
prevents plasticity of experience-driven circuitry, thus restricting new memory formation and
contributing to age-related cognitive decline2C.

In contrast, patients with AD exhibit a decrease in cortical PNNs, as measured by the loss
of lectin labeling of the PNN associated CS-GAGs?1:22, Paradoxically, abundance of the
PNN-associated CSPG, aggrecan, is reportedly unchanged in AD23:24, Notably, neurons
ensheathed by either WFA* (CS-GAGsS) or aggrecan* (CSPG) PNNs remain devoid of
intracellular P-tau accumulation and are believed to be ‘protected” from neurofibrillary
tangle formation, whereas extracellular Ap deposits show significant overlap with PNN
structures but exhibit no congruence with PNN loss in AD23:24, Decreased cortical PNNs
have also been described in other neurocognitive disorders including schizophrenia2>-27 and
bipolar disorder?8, and similar to AD, the magnitude of the reduction in WFA* PNNs was
reported to be much higher than aggrecan® PNNs2®. Since the negative sulfation charges

on the WFA™ PNN CS-GAGs are predicted to assist with rapid ion buffering intrinsic to

the fast-spiking neurons enmeshed within these matrices2, the disproportionate loss of
PNN CS-GAGs relative to the underlying CSPG protein lattice may disrupt cation buffering
and thus predispose to neurocircuit hyperactivity common to AD and other neurocognitive
disorders?-5:30,

Inconsistent with histochemical evidence of reduced PNN CS-GAG labeling, Huynh and
colleagues recently reported that the total abundance of hippocampal CS-GAGs remains
unchanged in AD3!, but that AD sulfated GAGs display altered binding capacities to
extracellular factors compared to non-demented controls. Specifically, whereas AD GAGs
exhibit decreased binding to endogenous growth factors (e.g., FGF2 and VEGF), binding
to AD-associated neuropeptides (e.g., Tau) was increased3L. Together, these findings raise
three key possibilities: 7)that changes in the PNN CS-GAG sulfation code, rather than total
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abundance, underlie preferential shifts in sulfated GAG binding activity in the AD brain, 2)
since WFA lectin labeling of PNNs depends upon the CS-GAG sequence®12:32_ the loss of
WFA* PNNs in AD involves changes in PNN CS-GAG sulfation patterns independent to the
loss of PNN matrices per se, and 3) that changes in PNN sulfation, rather than abundance,
promote AD pathology. Consistent with these possibilities is the persistence of aggrecan*
PNNs despite loss of WFA* PNNs in patients with AD%3:24, which offers a cautionary note
for studies that rely on histological labeling to quantify PNNs without addressing potential
changes in CS-GAG sulfation patterns.

1.3| Perineuronal net CS-GAG sulfation patterns are altered in AD

We previously validated the use of liquid chromatography—tandem mass spectrometry with
multiple reaction monitoring (LC-MS/MS + MRM) as a sensitive and accurate method for
quantifying the relative abundance of CS isomers extracted from mouse, rat, and human
brain tissuel>16, To determine if the PNN CS-GAG sulfation code is altered in AD, we
employed LC-MS/MS + MRM to quantify the relative abundance of each CS isomer

(AA, AC, AD, AE, AO) from the prefrontal neocortex (middle frontal gyrus — MFG) of
human subjects with and without AD neuropathologic change and associated dementia.
Compared to non-demented controls, our analysis revealed that CS-GAGs from AD brain
are consistently hypersulfated compared to non-demented controls, as evidenced by a
decrease in the nonsulfated AO content and corresponding increases in the sulfated AC

and AE. Notably, the total amount of CS-GAGs isolated during the glycan extraction did not
differ between AD and non-demented controls, consistent with previous reports that despite
evidence of PNN loss21:22, total CS-GAG abundance is unaffected in AD brain31,

1.4 | Alterations in CS-GAG sulfation patterns occur prior to the development of AD
clinicopathology

To further explore the relationship between changes in brain PNN CS-GAG sulfation code
and the development of AD clinicopathology, we correlated changes in each CS isomer to an
established, three-categorical Braak stage patient criteria classification scheme: Braak 0-1/11
(non-demented), Braak 111/1V (non-demented), and Braak V/VI (demented)33. Surprisingly,
changes in matrix CS-GAG sulfation were detectable in non-demented patients priorto

the development of AD clinicopathology, and they became more pronounced as the Braak
stage increased. Thus, although changes in CS-GAG sulfation patterns were detected before
the appearance of AD clinicopathology, the magnitude of these changes correlated with

the severity of the AD pathogenesis. These findings are in agreement with a recent paper
that identified genes involved in chondroitin sulfate glycan metabolism (including CS-C
biosynthesis) as a key biochemical pathway underlying vulnerability to P-tau accumulation
and neurodegeneration in AD34,

1.5| Accumulation of P-tau exacerbates changes in CS-GAG sulfation patterns

Previous work demonstrates that P-tau accumulation occurs exclusively in neurons devoid
of PNN structures?1:22 and that genes involved in CS-C biosynthesis associates with

brain regions vulnerable to P-tau accumulation34. Combined with our finding that the AD
neocortex associated with a significant increase in the CS-C isomer, we next considered
the possibility that changes in the PNN CS-GAG sulfation code may be intensified with
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the neuropathologic accumulation of P-tau in AD vulnerable brain regions. By comparing
changes in each CS isomer against the number of P-tau* inclusions, we found that in the
MFG, P-tau accumulation correlated negatively with AO and positively with AC, AE, AD
and with overall hypersulfation of CS-GAGs. To determine whether these changes in the
MFG CS-GAG sulfation code was a localized pathological event, or instead represented a
global feature of the AD brain, we performed the same CS-GAG analysis on the cerebellar
cortex (CER), a brain region largely devoid of neurofibrillary tangles in AD3®, from the
same AD and non-demented control patients. As no significant differences were observed
in the relative abundance of any CS isomer within the CER, we infer that altered CS-GAG
sulfation is a feature of brain regions vulnerable to AD neuropathology.

1.6 | Changes in CS-GAG sulfation patterns correlate with impaired cognitive function

In rodents, alterations in PNN CS-GAG sulfation patterns attenuates mature PNN formation
and alters neurocircuit activity of the enmeshed neurons®. Highlighting this relationship is
a study by Miyata, et al, showing that overexpression of the CS-C isomer in mouse brain
caused a decrease in the relative abundance of non-sulfated CS-O isomer in association
with increased CS-C and hypersulfation of CS-GAGs. Of note, this effect decreased PNN
labeling by WFA, enhanced experience-driven plasticity, and induced aberrant firing rates
in inhibitory parvalbumin neurons®. If changes in the PNN CS-GAG sulfation code in
patients with AD (e.g., decreased AQO; increased AC and AE) result in similar PNN matrix
reorganization and impaired synaptic processing, they can be predicted to correlate with the
degree of cognitive impairment. To investigate this hypothesis, we evaluated the relationship
between changes in each CS isomer within the MFG and cognitive function assessed by

the Mini-Mental State Examination (MMSE). Here, we found intact cognitive function was
found to correlate positively with AO, and negatively with CS-E and hypersulfation of
CS-GAGs .

1.7 | Limitations

Among several limitations of this study is that our findings do not account for pre-

mortem drug treatments that may have influenced brain PNN CS-GAG sulfation patterns
independent of clinical diagnosis. Second, we cannot account for brain matrix glycan
changes that occur between MMSE testing and time of death. Third, our identification

of P-tau accumulation within this study did not differentiate between glial and neuronal
P-tau inclusions. Finally, we acknowledge that our CS-GAG analyses may also be detecting
changes in CS sulfation patterns of non-PNN matrices in the brain including the interstitial
matrix and so-called “glial-scarring’.

1.8| Conclusions and directions for future research.

Reports of reduced histochemical labeling of PNNs by WFA in AD brain?1:22 can
potentially be explained either by reduced CS-GAG abundance or by altered CS-GAG
composition (or both). Thus, our finding that the AD brain is characterized by CS-GAG
hypersulfation (decreased non-sulfated CS-O and increased sulfated CS-C and CS-E) with
no difference in total CS-GAG abundance implicates changes in CS-GAG composition as
a main contributor to reduced histochemical detection of PNNs in AD. This conclusion

is consistent with evidence that show 1) CS-GAG abundance is unaltered in AD brain31,
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2) WFA preferentially binds PNN-associated CS-GAGs through the CS-O unit!2, and 3)
overexpression of the CS-C unit reduces both abundance of the CS-O isomer and WFA
labeling of PNNs®. Further studies are warranted to quantify the extent to which reduced
WFA histochemical labeling of PNNs in AD brain is driven by changes in the CS-GAG
sulfation code vs. reduced PNN matrix abundance itself.

Our findings also provide important implications for previous work showing preferential
loss of PNN labeling around P-tau™ neurons in AD%1:22 by linking this phenomenon to
changes in the CS-GAG sulfation code, rather than (or in addition to) PNN loss per se. What
is less clear is the causal relationship between these findings: does P-tau accumulation alters
CS-GAG sulfation patterns, or alternatively, does altered CS-GAG sulfation predisposes to
P-tau pathology? Although both scenarios are not mutually exclusive, given the evidence
that neurocircuit hyperexcitability induces neuronal P-tau accumulation36:37, our findings
support a model in which PNN matrix dysfunction arising from changes in the CS-GAG
sulfation patterns favor neurocircuit hyperexcitability that in turn then predisposes to P-tau
accumulation. This model is consistent with both our finding that changes in CS-GAG
sulfation patterns occur prior to the appearance of P-tau inclusions in non-demented Braak
I11/1V individuals, and with published evidence that sulfated glycans isolated from AD
tissue exhibit increased binding capacity to tau3l. Thus, changes in the CS-GAG sulfation
code and/or hypersulfation of CS-GAGs in AD brain may render PNNs ineffective in

their ability to control neuronal excitability and exacerbate P-tau accumulation, potentially
through altered protein-glycan binding interactions. Importantly, this model places changes
in CS-GAG sulfation patterns upstream of P-tau accumulation and/or ‘seeding’ events, and
therefore provides a novel therapeutic target for early-stage interventions with the potential
to reduce and/or prevent the formation of neurofibrillary tangles.

The surprising reduction of MMSE scores in association with increased AO and AE,

but not AC, raises the possibility that each CS isomer may play a differential role in
influencing cognitive function in AD. Further supporting this possibility is that the CS-C
and CS-E isomers exert opposing effects within the brain; whereas CS-E unit inhibits neurite
extension and axonal recovery38, the CS-C unit enhances glia-associated repair and neuronal
differentiationl4. As CS-GAGs are present in both PNN and interstitial glial-scar forming
matrices!®, we cannot exclude the possibility that changes in the CS-GAG sulfation patterns
are reflective in part of changes in non-PNN matrices that are also present in the tissue
samples. For example, CS-C and CS-E units are components of the “glial scar’38-41 that
function to seal off sites of CNS injury, which can be both beneficial and detrimental for
regeneration®2. Whereas these densely-packed CS-GAGs of the glial scar may separate toxic
AD neuropathology from the healthy neuropil, they also inhibit CNS regeneration, and as
such, glia-associated changes in the CS-GAG sulfation code through chronic glial scaring
may exacerbate the AD pathogenesis®3. Studies that clarify the relationship between changes
in PNN CS-GAG sulfation, neuroinflammation, and gliosis are therefore warranted.

In rodents, healthy aging associates with a progressive decrease in the CS-C isomer
throughout the brain20, but in contrast, we found increased abundance of the CS-C isomer in
the prefrontal cortex (MFG) of AD patients compared to non-demented controls. Moreover,
this increase was associated with degree of dementia, Braak stage, and P-tau inclusions.
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As such, the paradoxical increase in the CS-C isomer in AD suggests that this dementing
disease does not simply represent an accelerated aging phenotype but instead showcases

a maladaptive matrix response unique to the AD pathogenesis. In addition to CS-GAGs,
hyaluronan (HA) is another PNN associated glycosaminoglycan that is altered in the AD
brain; whereas CS-GAG abundance remains unchanged, HA abundance is increased in the
parietal** and temporal4® cortices of patients with AD. Since changes in HA molecular
weight is an underlying contributor to PNN destabilization32, alterations in both HA
molecular weight and CS-GAG sulfation patterns may be closely linked to PNN dysfunction
in the demented brain.

Consistent with this notion is growing evidence linking changes of PNN CS-GAG
composition and/or abundance to CNS disease states. For example, Brewton, et al linked
PNN loss in the auditory cortex to sensory processing deficits and age-related hearing loss*®.
Similarly, we recently reported that in a rodent model of type 2 diabetes, glucoregulatory
circuit dysfunction associates with PNN loss and changes in the CS-GAG sulfation code in
the mediobasal hypothalamus!®. These findings support the possibility that specific regional
changes in PNN CS-GAGs may manifestation into specific disease outcomes depending

on the inflicted brain region. Taken together, our findings highlight the importance of
future studies that Z) identify additional brain disorders associated with regional changes

in PNN CS-GAG composition, 2) determine whether these ECM changes are a cause or

a consequence of the underlying disease process, and 3) determine if clinical outcomes

in conditions such as AD can be improved by therapeutic strategies that restore proper

PNN composition and function. One such treatment may include central administration

of fibroblast growth factor-1 (FGF-1), which induces robust formation of PNN matrices
and normalizes brain CS-GAG sulfation in rodents'6. The translation of FGF-1 and

other compounds that modify brain matrix sulfation are of critical therapeutic interest for
individuals with AD and other neurocognitive disorders.

2. CONSOLIDATED RESULTS AND STUDY DESIGN
2.1|] Changes in the PNN CS-GAG sulfation code: a novel AD neuropathology

Perineuronal nets (PNNs) are unique ECM structures that stabilize circuit interactions
involved in memory and cognition (Figure 1A)10. They are comprised of chondroitin
sulfate proteoglycans (CSPGs) that are decorated with attached CS-glycosaminoglycans
(CS-GAGS) and attached to hyaluronan (HA) backbones (Figure 1B). The diverse biological
functions carried out by PNNs and other CS-GAG containing matrices are determined by
the incorporation of five differentially-sulfated CS isomer units (CS-A, -C, -D, -E and -O)
(Figure 1C)19, with their relative abundance to one another comprising a matrix sulfation
code’ that controls key neurological functions!l. LC-MS/MS + MRM analysis of CS-GAG
sulfation patterns in the MFG of patients with AD (Figure S1) showed hypersulfation of
PNN CS-GAGs (P < 0.001) compared to non-demented controls, evident by the decrease in
nonsulfated AO (P < 0.001) and corresponding increases in monosulfated AC and disulfated
AE (P=0.02 and P=0.07, respectively) (Tables 1,2 and Table S1). AD associated

changes in CS-GAG sulfation patterns did not correspond with a decrease in total CS-GAG
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abundance (Figure S2), consistent with previous reports that total CS-GAG abundance
remains unaltered in the AD brain3L.

We next determined if changes in MFG CS-GAG sulfation patterns associate with Braak
stage in AD by correlating changes in CS isomers between B0/1: Braak 0-1/11, B1: Braak
[11/1V, and B3: Braak V/VI stage classifications33. The progression of Braak stage associated
with CS-GAG hypersulfation (P< 0.001) driven by the decrease in nonsulfated AO (P <
0.001) and increases in sulfated AC (P=0.01), AE (P< 0.05), and AD (P = 0.09) (Figure
2A,B). Closer examination of the non-sulfated AO showed a Braak stage-dependent decrease
between the non-demented Braak 0-11 to non-demented Braak 111/1V populations (£ = 0.04),
which is further exacerbated between non-demented Braak 111/IV and demented Braak V/VI
populations (£ < 0.05) (Figure 2A). Complementing this effect was a Braak stage-dependent
increase in CS-GAG hypersulfation between the non-demented Braak 0-11 to non-demented
Braak 111/1V populations (P = 0.03) that also further increased between non-demented Braak
I11/1V and demented Braak V/VI populations (P= 0.009) (Figure 2B).

Based on the observation that P-tau accumulation occurs exclusively in neurons devoid
of PNN structures?1.22, we next correlated changes in CS-GAG sulfation patterns with
P-tau S396 labeling of the same tissue used in the CS isomer extraction (Figure 1D),
which showed robust accumulation of P-tau™ inclusions within layer V of the MFG of
AD patients (Figure 2C). P-tau inclusion number correlated negatively with the AO (P
= 0.002) and positively with AC (P= 0.004), AE (P=0.001), AD (P=0.02) (Figure
2D) as well as CS-GAG hypersulfation (< 0.001) (Figure 2E). In contrast to the MFG,
CS-GAG sulfation patterns in the cerebellar cortex (CER), a brain region largely devoid
of neurofibrillary tangles in AD3%, from the same AD and non-demented control patients
showed no significant changes in the relative abundance of any CS isomer (Table S3),
suggesting that altered CS-GAG sulfation is a regionally-distinct occurrence within AD
brain.

Braak stage and P-tau accumulation closely parallel the progressive decline of cognitive
function in AD#’, which can be assessed using the Mini-Mental State Examination
(MMSE). Consistent with the expected inverse relationship between P-tau accumulation

in the MFG and cognitive function*8, we found P-tau inclusion number within the MFG
correlated negatively with MMSE scoring (P < 0.001) (Figure 3A). MMSE scoring also
correlated positively with AO (P< 0.001) and negatively with CS-E (P = 0.006) (Figure 3B)
and CS-GAG hypersulfation (£< 0.001) (Figure 3C), while no significant association was
observed between MMSE score and AA, AC, or AD units (Figure S3). Taken together, our
findings revealed significant shifts in the PNN CS-GAG sulfation code both prior to and
after the development of AD clinicopathology (Figure 3D).

Human Participants

This postmortem cohort study utilized human brain tissue provided by the University of
Washington (UW) BioRepository and Integrated Neuropathology (BRalN) laboratory and
derived from research donors from the UW Alzheimer’s Disease Research Center (ADRC)
clinical core, the Adult Changes in Thought (ACT) Study, and the Seattle Longitudinal
Study (SLS) collected from years 2002 to 2018. The current study utilized both prefrontal
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cortex (middle frontal gyrus — MFG) and cerebellar cortex (CER) sections dissected from 16
subjects with dementia and neuropathologically confirmed high AD neuropathologic change
(CERAD frequent plaques (3) and Braak stage V-V1) and from 16 control (non-demented)
subjects with no or low AD neuropathologic change (CERAD none/sparse and Braak stage
0-111). A predetermined exclusion criterion of postmortem interval (PMI) >48 hours resulted
in the exclusion of 1 demented individual prior to data collection. The characteristics of

the AD and non-demented individuals including age, sex, PMI, age of tissue, Braak stage,
CERAD score, MMSE scoring, and study origins are outlined in Table 1 and Table S1.

2.3| Csdisaccharide isolation and quantification

CS disaccharide from formalin-fixed MFG and CER samples (30 um) were isolated

and quantified according to our previously published methods'®16, ChondroitinaseABC
(ChABC) enzyme, a combinatorial lyase/enolase that selectively degrades all CS-GAG
chains into their individual disaccharide units*®-51, was used to release CS isomers from
the fixed tissue for sequential LC-MS/MS + MRM analysis (Figure 1D). Quantification

of the total amount of glycans released after ChABC digestion was performed using
cetylpyridinium chloride (CPC) turbidimetry analysis®2 and normalized to total tissue area.
The isolation and quantification of CS isomers were completed blinded and twice from the
same cohort, and the quantifications for each analysis then averaged.

2.4 | Immunohistochemistry

After CS-GAG extraction, the same tissue sections were utilized for immunohistochemistry
analysis for P-tau S396 (Figure 1D). Brightfield microscopy was performed using a Keyence
BZ-X800 microscope. A compete tile-image of the entire tissue section was taken at 2

x magnification followed by six random images at 10 x magnification within cortical

layer V of the tissue, and these images consisted of three superficial and three deep

layer images each as previously described®3. P-tau positive cell number was quantified

by unbiased counting and averaging of positive inclusions from all six 10 x images

using Fiji open-source imaging software® specific for DAB-tau imaging analysis®® and

the Analyze Particles function (Size inclusion criteria: 0.00003-Infinity mm2; Circularity
inclusion criteria: 0.02-1.00). Quantitative histological analyses were performed blinded by
two independent investigators and results were then averaged.

3| DETAILED METHODS AND RESULTS

3.1| Patient tissue sampling

Sample size for this study was determined based on the differences of the means generated
from a pilot cohort of 4 non-demented and 5 demented (AD) MFG samples provided by

the OHSU Layton Aging and Alzheimer’s Disease Center and Oregon Brain Bank and
analyzed for the CS-O isomer. Statistically significant differences at alpha 0.05 (p=0.05)
specified n=14/group at 95% power, n=11/group at 90% power, n=8/group at 80% power
and n=4/group at 50% power. The three-categorical Braak stage criteria was created using
recommendation in the National Institute of Aging Alzheimer’s Association (NIA-AA)
guidelines for the pathologic assessment of AD neuropathologic change: BO/1 (Braak 0-1/11);
B2 (Braak 111/IV); B3 (Braak V/VI)33,
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To determine whether sampling location within the MFG influences CS-GAG sulfation, two
samples analyzed from within the same MFG region (/.e., AO1 and Al14) of a single donor
male, 73 years of age, PMI 4.5 h, with AD diagnosis (Table S3). CS-GAG sulfation patterns
were found to be reproducible across multiple different areas of the MFG collected from the
same patient and thus, differences in CS-GAG sulfation patterns in AD cannot be attributed
to variation in tissue sampling within the MFG.

3.2 | Braintissue processing

Brain tissue was fixed in 10% neutral buffered formalin (NBF) for 3 weeks, coronally
sectioned into whole-mount blocks, and stored in NFB until further processing. Human
brain sections were cryopreserved in 30% sucrose, frozen in O.C.T. compound, and
acclimated at —20°C overnight. Tissues were then cut with a Leica CM1950 cryostat at
30 um-thick serial sections and stored in 0.1 M phosphate buffered saline (PBS) + 0.02%
sodium azide at 4°C as free-floating sections before processing. Sections were washed 3
x in Optima LC/MS-grade water and 1 x in 50 mM ammonium bicarbonate (pH 7.6) at
room temperature. ChABC (Sigma, C3667) was reconstituted (500 mU/mL) in 50 mM
ammonium bicarbonate (pH 7.6) and incubated with free-floating brain tissue at 37°C in
a Thermo Scientific MaxQ4000 orbital shaker for 24 h. Supernatants were collected and
filtered through sterile 100k MWCO centrifugal filters to remove any tissue debris. The
supernatant was dehydrated using a SpeedVac Concentrator and the lyophilized product was
reconstituted in 30 uL of LC/MS-grade water for LC-MS/MS analysis.

Brain samples for intraregional analyses was provided by the Oregon Health & Science
University (OSHU) Layton Aging and Alzheimer’s Disease Center and Oregon Brain Bank.
Here, brain samples were frozen as fresh whole-mount blocks and then postfixed in 4%
paraformaldehyde (PFA) for 5 days before processing. All UW and OHSU donor brain
tissues were collected with informed consent and in ethical compliance with NIH guidelines
for the use of human subjects.

3.3| LC-MS/MS + MRM quantification of isolated CS disaccharides

The CS isomers isolated from the MFG and CER were analyzed using a triple quadrupole
mass spectrometer equipped with an electrospray ion source (Waters Xevo TQ-S)

operated in negative mode ionization. Liquid chromatography tandem mass spectrometry
(LC-MS/MS) was performed using a Waters Acquity I-class ultra-performance liquid
chromatographic system (UPLC) coupled to the same Waters Xevo TQ-S system. CS
disaccharides were resolved by porous graphitic chromatography (Hypercarb column; 2.1 x
50 mm, 3 pm; ThermoFisher) as described previously® and assigned the following multiple
reaction monitoring (MRM) channels: AA (4S), m/z 458 > 300; AC (6S), m/z 458 > 282; AD
(2S6S) and AE (4S6S), m/z 268 > 282; AO (0S), m/z 378 > 175. MassLynx software version
4.1 (Waters) was used to acquire and quantify all data. Under the conditions described
above, the ratios between peak areas produced from equimolar CS standard mixes were
normalized to the highest peak intensity and relative quantification of each CS isomer within
a sample was achieved using a modified peak area normalization function as previously
described!556:57 Each CS isomer was expressed as a percentage of the relative abundance
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of each CS isomer within a brain sample. CS sulfation was computed using the weighed
mean formula for the average number of sulfates per ACS:

Avg # SIACS= 3" (xj+w)l Y ) _qw; xj= #Sulfates 0 2)
w; = percent A CS

Immunohistochemical Labeling

Initial immunohistochemical labeling of phosphorylated tau was completed by the UW
ADRC to determine Braak score and a second immunohistochemical labeling was
performed during this study after the glycan extraction (Figure 1D) such that a direct
comparison of CS-GAG sulfation patterns and P-tau* inclusions from the same tissue could
be compared. 30 pm-thick sections of MFG underwent antigen retrieval in 10 mM trisodium
citrate (pH 8.5) at 92°C for 20 m and then washed in 0.1M PBS (PBS) for 10 m to

remove citrate. Tissues were permeabilized for 60 m at room temperature in PBS + 0.2%
Triton X-100 (PBS-T). After another PBS wash, the tissue slices were then incubated in
Vector® BLOXALL® (SP-6000-100; Vector Laboratories, Burlingame, CA) in PBS for 20
m and then washed in PBS. Tissue slices were blocked in 1.5% goat serum in PBS for 2

h at 37°C and incubated in primary antibody (1:1,000 dilution, rabbit P-tau S396; Anaspec
AS-54977) in 2.5% goat serum in PBS overnight at 4°C. In the morning, tissue slices were
then washed with PBS, incubated in 0.05% biotinylated goat anti-rabbit 1gG secondary
antibody in 1% goat serum in PBS for 0.5 h, incubated in Vector® VECTASTAIN® Elite
ABC Reagent (PK-6101; Vector Laboratories, Burlingame, CA) for 0.5 h, washed in PBS,
and then incubated with 3,3’-diaminobenzidine (DAB) peroxidase substrate. After washing
2 x in tap water, tissue slices were washed again in 0.1M PBS and cover slipped using
Fluoromount-G® (ThermoFisher, 4958-02).

Statistical analyses

Non-demented and demented (AD) individuals were matched by age, sex, PMI, and age of
the tissue (Table 1 and Table S1). A mixed-effects, repeated measures two-way ANOVA
with matched CS isomers and Geisser-Greenhouse correction was used to fit a full model
(isomer effect, dementia effect, and isomer/dementia interaction effect) for the primary
analyses comparing CS isomer changes between non-demented and demented groups, and
then secondary analysis corrected using Sidak’s multiple comparisons computed the mean
percent difference and 95% CI for each of the CS isomers changed in AD diagnosis. The
comparison of the three-group Braak stage CS isomer comparison utilized a mixed-effects,
one-way ANOVA for the primary analysis to compare changes in CS isomers between Braak
grouping, and then secondary analysis corrected using Tukey’s multiple comparisons and

a single pooled variance computed the mean percent difference and 95% CI for isomer
changes between each of the three Braak grouping. Linear regression with the 95% CI bands
of the best-fit line was used to compare CS isomers to P-tau, P-tau to MMSE score, and CS
isomers to MMSE score. Statistical analyses were completed using GraphPad Prism® 9.0
(Graph Pad Software, Inc., La Jolla, CA). Error bars represent the standard deviation (SD)
of the mean. Investigators were blinded to group conditions during the quantitative mass
spectrometry and histochemical analyses.
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3.6 | Data Availability.

The data that support the findings of this study are available from the corresponding author
upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic of perineuronal net chondroitin sulfate-glycosaminoglycan (CS-GAG) sulfation
patterns in the brain. A, Depiction of a neuron enmeshed by sulfated CS-GAG containing
perineuronal nets. B-C, The brain CS-GAG sulfation code is comprised of five CS isomers
(CS-0, -A, -C-, -D, -E) distinguished by their unique sulfation pattern (non-, mono-, and
di-sulfated), the relative abundance of which can influence perineuronal net stability and
biological function. D, Experimental workflow for the release, isolation, and purification

of CS disaccharides from formalin-fixed human brain tissue using chondroitinaseABC
(ChABC). Isolated CS isomers are quantitatively analyzed by liquid chromatography tandem
mass spectrometry (LC-MS/MS) and the remaining brain tissue is sequentially labeled for
protein expression using immunohistochemistry
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Fig 2.

Changes in brain matrix chondroitin sulfate-glycosaminoglycan (CS-GAG) sulfation
patterns correlate to Braak stage and phosphorylated tau (p-tau) accumulation. Demented
(Alzheimer’s disease) and non-demented controls were stratified by pathology according
to Braak stage: B0/, Braak 0-11 (blue); B2, Braak 111/IV (yellow); and B3, Braak V/VI
(red). A, The relative abundance of the five perineuronal net CS isomers (AO, AA, AC, AD,
and AE) isolated from the middle frontal gyrus (MFG) and (B) CS-GAG hypersulfation
were correlated to Braak stage. C, After CS-GAG extraction, the MFG tissue sections were
histochemically labeled for p-tau S396 (see Figure 1D). MFG p-tau+ inclusion number
was correlated against changes in (D), each ACS and (E), CS-GAG hypersulfation from
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CS-GAGs isolated from the same tissue sections. A-B, 1= 7-15 subjects per stage; mean

+ standard deviation (SD). Data were analyzed using a mixed-effects, one-way analysis of
variance model with Tukey’s multiple comparison (* £< .05, ** < .01, **** p<.0001).
C, Scale bar: 500 pm. MFG p-tau™ inclusions were correlated against the relative abundance
of each ACS isomers isolated from the same tissue sections. D, 7= 31 subjects; mean + SD.
Data were analyzed using linear regression with the 95% confidence bands shown in gray
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Fig 3.

Ci?anges in brain chondroitin (CS)-O, CS-E, and CS-sulfate-glycosaminoglycan (CS-GAG)
hypersulfation correspond to altered cognitive function. Demented (Alzheimer’s disease)
and non-demented individuals were stratified by pathology according to Braak stage: B0/1,
Braak 0-11 (blue); B2, Braak I11/1V (yellow); and B3, Braak V/VI (red). A, Mini-Mental
State Examination (MMSE) scores negatively associate with phosphorylated tau (p-tau)
inclusion number in the middle frontal gyrus (MFG). B, MMSE scores positively associate
with CS-O and negatively associate with CS-E and (C) negatively associate with CS-GAG
hypersulfation in the MFG. D, Model depicting changes in perineuronal net CS-GAG
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sulfation code in relation to AD clinicopathology. A-C, n= 29 subjects; mean * standard
deviation. Data were analyzed using linear regression with the 95% confidence bands shown

in gray
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Patient data by study group.

Table 1.

Non-demented

Demented (AD)

Demographic Features

Number 16 15
Age (years)
Mean (SD) 85.3 (6.0) 85.3 (6.0)
Median (IQR) 86.5 (81.8-89.8) | 86.0(81.0-90.0)
Sex (Male/Female) (8/8) (7/8)
Post-mortem Interval (hours)
Mean (SD) 4.6 (L.4) 7.4 (11.1)
Median (IQR) 45 (3.5-5.5) 43(3.3-5.8)
Alzheimer’s Pathology
Number 16 15
Braak Stage
B1: Braak O-11 9 0
B2: Braak I11/1V 7 0
B3: Braak V/VI 0 15
Mean (SD) 2(1) 6 (1)
Median (IQR) 2(2-3) 6 (5-6)
CERAD Score
0 16 0
3 0 15
Mean (SD) 0(0) 3(0)
Median (IQR) 0 (0-0) 3(3-3)
Age of tissue (years)
Mean (SD) 10.3 (4.3) 10.1 (4.0)
Median (IQR) 9.0 (7.0-14.0) 10.0 (7.0-13.0)
Cognitive Features
MMSE Score (points)
Number 16 13
Mean (SD) 276 (2.2) 18.8 (7.4)
Median (IQR) 28.0 (26.3-29.8) | 22.0 (14.0-24.0)

Abbreviations: AD, Alzheimer’s disease; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; MMSE, Mini-Mental State

Examination; IQR, interquartile range; SD, standard deviation.
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Table 2.
Relative percentages of CS isomers in the middle frontal gyrus.
Non- Demented | Difference | 95% CI of Pag; 100- P < 0.001
demented (AD) of means | difference T
(n=16) (n=15)
%CS (SD) 90- 0
AA 70.42 72.38 1.96 -2.17 to 0.67
4S (3.92) (4.39) 6.09 )
AC 7.51 9.69 2.19 0.22to | 0.02 |Q 807 !
6S (1.58) (2.27) 4.15 S
AD 2.15 2.67 0.53 -0.10 to 0.14 70-
256S (0.64) (0.63) 1.15
AE 2.65 3.01 0.36 -0.01 to 0.07
456S (0.35) (0.42) 0.75 604
AO 17.28 12.24 5.04 0.10to | <0.001 | ol .
0S (3.06) (2.77) 1.15 Control AD
Avg# S 0.88 0.93 0.06 0.04 to <0.001 EEAO BEEAA EEAC
Per ACS (0.03) (0.03) 0.08 EEAD EEAE

Abbreviations: AD, Alzheimer’s disease; SD, standard deviation; CS, chondroitin sulfate.

Stats: mixed-effects, repeated measures two-way ANOVA with matched CS isomers and Sidak’s multiple comparisons. Stacked bars are

represented with SD.
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