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ABSTRACT: Dendritic polyglycerols (dPG), particularly dendritic Normalized morphological plaStIC|ty

polyglycerol sulfates (dPGS), have been intensively studied due to
their intrinsic anti-inflammatory activity. As related to brain
pathologies involving neuroinflammation, the current study examined
if dPG and dPGS can (i) regulate neuroglial activation, and (ii)
normalize the morphology and function of excitatory postsynaptic
dendritic spines adversely affected by the neurotoxic 42 amino acid
amyloid-B (Af,,) peptide of Alzheimer disease (AD). The exact role of
neuroglia, such as microglia and astrocytes, remains controversial
especially their positive and negative impact on inflammatory
processes in AD. To test dPGS effectiveness in AD models we used
primary neuroglia and organotypic hippocampal slice cultures exposed
to AB,, peptide. Overall, our data indicate that dPGS is taken up by
both microglia and astrocytes in a concentration- and time-dependent
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manner. The mechanism of action of dPGS involves binding to Af,,, i.e., a direct interaction between dPGS and Af,, species
interfered with Af fibril formation and reduced the production of the neuroinflammagen lipocalin-2 (LCN2) mainly in
astrocytes. Moreover, dPGS normalized the impairment of neuroglia and prevented the loss of dendritic spines at excitatory
synapses in the hippocampus. In summary, dPGS has desirable therapeutic properties that may help reduce amyloid-induced

neuroinflammation and neurotoxicity in AD.
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B INTRODUCTION

Many neurodegenerative disorders, including Alzheimer disease
(AD), are characterized by alterations in both astrocytes and
microglia activation states that reflect underlying changes in the
brain’s innate immune system. Innate immune signaling is
thought to be not only altered in the early stages of AD, but is
also skewed toward an activated state during agin% of the brain
in the absence of a triggering proteinopathy.”” The self-
assembly of monomeric amyloidogenic proteins into oligomeric
species and their subsequent conversion into fibrils, is a
pathological hallmark of neurological disorders including AD.?
Both microglia and astrocytes are key players in the clearance of
protein aggregates, either by binding and phagocytosis of
protein aggregates or by attracting and activating nearby glial
cells.” Proinflammatory cytokines including IL-1 and IL-6
stimulate gliosis, thereby enhancing A phagocytosis in
transgenic mice.’ Phagocytic processes and the elimination of
internalized materials through lysosomal degradation are
dysregulated in aging.” With increasing age, amyloid transitions
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from nontoxic monomers to toxic oligomers, ultimately leading
to the deterioration of neural circuitries.” Emerging literature
suggests that “mild” activation of neuroglia for a limited time
could be beneficial since it facilitates microglia-mediated Af
clearance from the brain. If microglia are chronically or hyper
activated, however, they can turn astrocytes into reactive,
cytotoxic astrocytes (Al).” Indeed, Al/C3-positive reactive
astrocytes, which do not support neuronal functions, were
detected in AD postmortem brains.” A single-cell RNA-
sequencing in immune cells isolated from mouse models with
familiar AD mutations revealed subpopulations of microglia
named “disease-associated microglia” and “homeostatic micro-
glia”.'” These studies suggest a progression of microglia
transformation from homeostatic to diseased-associated micro-
glia in AD.
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Epidemiological studies have suggested long-term treatment
with nonsteroidal anti-inflammatory drugs (NSAIDs) can
confer protection, but clinical trials with celecoxib- and
naproxen-treated AD patients did not show any significant
improvements.'" Several studies suggest that treatment effects
with NSAIDS could vary depending on underlying clinically
silent AD pathology and initiation of NSAID therapy.'*~"

Recent studies have shown that a small NSAID, called
sulindac sulfide, can reduce A toxicity by altering the kinetics
of fibril formation."® Likewise, we have previously shown that
an Af,-oligomer Interacting Peptide (AIP) can interact with
low-order Af,, oligomers and reduce their deleterious cytotoxic
effects on dendritic spines in mouse organotypic hippocampal
neural cultures.'” If initiated at early stages during the clinical
management of AD, these and related studies suggest that
decreasing the level of soluble Af,, oligomers while increasing
the clearance of these highly toxic species from the brain will
help reduce neuronal deterioration in the cortex and hippo-
campus.

Considering that soluble Af,, oligomers and chronic
inflammation enhance AD pathogenesis, several clinical trials
have been initiated to examine anti-inflammatory candidates.
The first AD study with NSAIDs failed because trial
participants started these treatments when the disease was
too advanced.'"'® Subsequent trials with patients at earlier
stages of the disease, including presymptomatic stage patients,
are currently ongoing; results from these studies will clarify if
anti-inflammatory therapeutics can slow down or even prevent
AD in selected patient subpopulations where intervention is
started at an early, nonsymptomatic stage. Several nano-
technology-based drug delivery systems and nanoparticles have
also been studied for the treatment of AD.”"~*

Among the nanotechnological products with intrinsic anti-
inflammatory activity are dendrimeric polyglycerol sulfates
(dPGS, Figure 1A), with or without cleavable ester bonds.”*~*’
The architecture of dPGS affects inflammatory processes and
hemo-compatibility.”* The degree of branching and uniformity
plays a critical role in the multivalent interactions of dPGS with
biological macromolecules.”® One attraction of dendrimers is
their ease of production, reproducibility, and suitability for
clinical trials not only because of these technological
advantages, but also because they are active at a low nanomolar
concentrations and they can be optimized depending on the
degree of branching (60%).>® The distribution and anti-
inflammatory properties of highly biocompatible dPGS have
been tested in vivo and in vitro.”” !

We have previously shown that several anti-inflammatory
agents, with or without nanodelivery systems, can normalize the
status of hyperactive microglia.”* Using lipopolysaccharide
(LPS) to stimulate microglial activation, dPGS was able to
reduce cytokine release from hyperactive microglia and rescue
LPS-induced dendritic spine loss at the postsynaptic sites of
hippocampal pyramidal neurons.”> Since the role of reactive
astrocytes induced by Af,, was not addressed in these previous
publications, the current study was designed to establish if: (i)
dPGS binds to Af,, and reduces its deleterious effects on
spines; (ii) dPGS is internalized by neuroglia and exerts is
protective effects indirectly on neurons; (iii) dPGS modulates
lipocalin-2 (LCN2) previously suggested as a dendritic spine
disruptor. Our new findings suggest that the mechanism of
dPGS action involves direct binding to the neurotoxic Af,,
peptide. Moreover, we found a significant upregulation of
LCN2 in enriched astrocytes exposed to Af,, or the
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Figure 1. dPGS but not dPG normalizes the morphology of excitatory
postsynaptic dendritic spines exposed to Af,. (A) Molecular
structures of hydroxylated dPG and sulfated dPGS. (B) Representative
photomicrographs of dendritic spines exposed to 1 uM Af,,, dPG, or
dPGS alone or in combination for 48 h; 2 ym scale bar is indicated at
the bottom right. (C) Quantification of spine density and subtype
exposed to above conditions. n > 14 spine segments from at least four
independent samples. Statistical significance was assessed for each
spine subtype using ANOVA followed by Dunnett’s test. *p < 0.0S
compared to control.

proinflammagen LPS. We propose that the astrocytic cytokine
LCN2 is a regulator of synaptic circuitries in the central
nervous system when exposed to Af,,, and that dPGS can
modulate its deleterious effect mainly through the attenuation
of neuroglial activity.

B RESULTS AND DISCUSSION

Synaptic pathology has been linked to many neurological
disorders. For example, autopsy specimens have permitted the
quantification of synapses in human brain tissue of AD-afflicted
individuals. The progression of synaptic loss and testing of
candidate therapeutics have been followed in humanized
rodents or in vitro in transfected cells.””™*

Using complementary techniques, we investigated if dPGS
can prevent the deterioration of excitatory hippocampal
synapses in the presence of Af,,, and tested for direct binding
between dPGS and Af,,. Primary mouse cortical cultures as
well as organotypic hippocampal cultures were used to test
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Figure 2. dPGS directly binds to Af,,. (A) Representative extrinsic fluorescence in which fixed Af,,-HiLyte647 concentration (200 nM) was titrated
against itself (triangles, negative control), dPG (squares, negative control), and dPGS (circles, specific dose-dependent quenching); nonlinear
regression analysis (black line) predicts apparent equilibrium dissociation (Kp) constant of ~2 #M). (B) Representative SPR in which buffer (dashed
line), Af, (gray line), and Ap,, (black line) were titrated over dPGS sensors (specific dose-dependent binding after subtraction over matching dPG

reference surfaces).

nanotechnological dendrimeric structures as modulators of glial
activation and morphological changes of postsynaptic dendritic
spine subtypes.

Organotypic brain tissue cultures represent an attractive
approach to screen the effect of therapeutic candidates on
dendritic spines that are essential for human synaptic function.
In the context of neuroinflammatory processes in AD
pathogenesis, the cultures were exposed to neurotoxic Af,,
species in the absence or presence of dPGS to assess the
intrinsic anti-inflammatory properties of these dendrimers and
their ability to attenuate deleterious effects of hyperactive
neuroglia.

dPGS Prevents Ap-Induced Damage at the Hippo-
campal Excitatory Synapses. We hypothesized that dPGS
(Figure 1A) would rescue the loss of postsynaptic dendritic
spines in organotypic hippocampal slices exposed to toxic Af,,
through several mechanisms. We first imaged and quantified
excitatory synapses in organotypic cultures from transgenic
mice expressing green fluorescent protein (GFP) in a subgroup
of population of hippocampal neurons in CAl region.’® A
significant decrease in total dendritic spine number was
observed after 2 days of exposure to Af,,, with notable
sensitivity in the thin as well as larger, stronger “mushroom”
spine population (Figure 1B,C).

In organotypic hippocampal cultures, both the morphology
and organization of neural circuitries are retained, and direct
interactions between astrocytes and dendrites can be revealed.””
This astrocyte-dendrite interaction is of relevance because
neuroglia can modulate circuitry functions both positively and
negatively.”® It was shown that hyperactive microglia and
reactive astrocytes can adversely affect synaptic plasticity.
Considering that astrocytes and microglia internalize dPGS
(see Results and Discussion), we propose that reactive glia were
normalized by dPGS treatments, suggesting a switch from a
hyperactive (microglia) and reactive state (Al astrocytes) to
the spectrum of more physiologically active states (surveying
microglia and A2 astrocytes).” Our earlier studies showed that
dPGS was avidly taken up by microglia and prevented the loss
of spines after LPS exposure.”” In the present study, we
demonstrate that dPGS was able to rescue the loss of thin,
mushroom, and total spine density in cultures exposed to Af,,
(p < 0.05, ANOVA and post hoc Dunnett’s test) (Figure 1B,C).
This dPGS-mediated prevention of spine density loss is
consistent with our previous studies where an Af-oligomer
interacting peptide (AIP) was also able to neutralize toxic Af3,,
species and protect synaptic structure and function.”
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Interestingly, dPG was neither toxic to spines nor protective
against spine loss caused by Af,,.

dPGS Interacts Directly with A and Impairs Fibril
Formation. Since Af,,-induced spine loss can be prevented by
dPGS treatment, this prompted us to question if dPGS directly
binds to AB,,, and, if so, whether it affects its aggregation. We
employed a series of orthogonal biophysical techniques to
answer these questions.

Fluorescence Spectroscopy (Extrinsic). To first test for
direct binding between dPGS and Af in solution, the same
fluorescently labeled Af,, used in our cell-based assays was
then tested by extrinsic fluorescence measurement. A fixed
concentration of Af3,,-HiLyte647 (200 nM) was titrated in the
presence of increasing concentration of dPG or dPGS (Figure
2A). Fluorescence intensity of the extrinsic HiLyte647 label
decreased in a sigmoidal fashion as a function of dPGS
concentration with an inflection point at 10-fold excess of
dPGS to Af (2.1 uM). Using either the hydroxylated
polyglycerol dendrimer lacking the sulfate groups (dPG, with
similar M,,) or titrating 200 nM Af,,-HiLyte647 against itself
did not significantly alter the starting fluorescence signals
(Figure 2A). While dPGS did not cause any quenching using a
1:S ratio between Af,,-HiLyte647 and dPGS, significant signal
decreases were detected using molar ratios of 1:10 and higher
(ie, AP, -HiLyte647:dPGS). The specific, dose-dependent
reduction in fluorescence intensity with increasing dPGS
concentrations indicates direct binding between dPGS and
AB,,-HiLyte647.

Surface Plasmon Resonance (SPR). To then test for direct
binding between dPGS and Af peptides in the absence of
fluorescent tags, SPR experiments were performed with both
the less-toxic, less-aggregating Af,, and the more toxic,
aggregation-prone Af,,. There was little or no response when
both peptides were titrated over dendritic polyglycerols with
exposed hydroxyl groups (i.e, dPG reference surfaces,
Supplementary Figure 1A), as compared to the significant,
concentration-dependent binding over dendritic polyglycerols
with exposed sulfate groups (i.e., active dPGS surfaces)
(Supplementary Figure 1B). Across identical titration ranges,
the final reference-subtracted data (Figure 2B) showed that (i)
the signal responses with freshly dissolved Af,, (predominantly
4512 Da monomer with additional oligomeric species) were
significantly larger compared to freshly dissolved Af,, (4329
Da monomeric), and (i) the dPGS-Af complex is stable, as
evidenced by the slow dissociation rates observed. While the
micromolar titration ranges in the SPR (i.e.,, 10 ug mL™" Af =

DOI: 10.1021/acschemneuro.7b00301
ACS Chem. Neurosci. 2018, 9, 260—271


http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.7b00301/suppl_file/cn7b00301_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.7b00301/suppl_file/cn7b00301_si_001.pdf
http://dx.doi.org/10.1021/acschemneuro.7b00301

ACS Chemical Neuroscience

Research Article

oligomers

2200pN
180

20pm

160
140
120
100

00 05 1.0 15

20pm

2200pN D'
A "y 160 AB . .
el 140 monomers AB oligomers | AB fibrils
100 Si.N, i 1250.0 + 407 | 450 + 224 307 + 66
1 B P pN pN pN
z w dPGS tip 0+3pN 67 £ 11 pN 22 +4 pN

Figure 3. AFM determination of dPGS interaction with Af,, species. (A) Schematic of dPGS-coated AFM cantilever tips (BSA-biotin/streptavidin/
dPGS-biotin) and Af peptides deposited on Os-treated quartz surface. (B) AFM micrograph of Af,, oligomeric species imaged with dPGS-coated
cantilever tips and corresponding adhesion map. (C) Superimposition of the adhesion map (color) on top of topography of Af oligomer structures.
(D) Table of average adhesion forces measured between bare silica nitride cantilever tips or dPGS-coated tips and Af peptide populations (shaken

for 0, 8, or 24 h at 37 °C and 450 rpm).

approximately 2 uM, if predominantly 4512 Da monomer) are
consistent with our earlier fluorescence titrations (0—20 uM
dendrimer), we suspect that avidity effects likely account for the
slower than expected SPR dissociation kinetics. Thus, the
inherent heterogeneity in dPGS (multivalent) and/or Af,,
(mixture of monomers and low-order oligomers) hindered
our ability to determine a reliable equilibrium dissociation
constant (Kp) in the SPR experiments.

There is evidence that heparin sulfate (HS) of heparan
sulfate proteoglycans (HSPGs), a form of glycosaminoglycan
(GAG),”* play a role in amyloid plaque stability. In addition
to cell-anchored GAGs, soluble GAGs such as heparin are
distributed in the body. Heparin possesses anticoagulant and
anti-inflammatory properties that are mediated by the
interaction with distinct serum proteins, cell receptors, and
other heparin binding site-containing proteins, such as amyloid
precursor protein (APP). The heparin sulfate chain on HSPGs
binds to a diverse array of ligands, ranging from cytokines, to
growth factors and enzymes and can protect them against
proteolysis.41 HSPGs are abundant cell surface molecules, and
have been associated with A aggregation and deposition.
Amyloid fibrils can themselves behave as polyelectrolytes and
interact with such bearing the opposite charge.

The direct interaction between the histidine-rich region of
human Af (residues 12—18) and the trisaccharide sequence of
heparin, a highly sulfated form of HS, is mediated by
electrostatic interactions, and the strength of this correlates
with the size of the oligosaccharide.*” The strength and the
specificity of individual polyanion-protein interactions are
determined by multiple factors (e.g., charge density, character,
patterning, and size) and affect pathogen defense mechanisms,
tissue integrity, cell migration, protein folding, and neuro-
degenerative processes.

Blockage of the interaction of the different soluble Ap
peptide species that are prone to aggregation with polyanions is
supposed to interfere with amyloid formation, and thus, prevent
damage of neuronal tissue. Our results reveal that synthetic
dPGS polymer, in contrast to dPG, exhibits a particular

263

propensity to interact with Af,,, as compared to Af,,. Freshly
dissolved Ap,, peptides contain a larger amount of low-order
oligomers that show a higher avidity based on multimeric
interactions. This seems to be a general property displayed by
aggregated forms of proteins like muscle acylphosphatase and
human lysozyme in the interaction with biological polyelec-
trolytes.”* Such interpretation is further supported by our EM
results, showing that dPGS stabilize low-order aggregated states
of Ap, likely through compensation of electrostatic repulsion as
previously observed for heparin and the acylphosphatase.**

The ability of dPGS to directly interact with A may enable
dPGS to “trap” Ap oligomers and neutralize their toxic effects
by inhibiting toxic fibril formation (i.e., amyloidosis). This may
be therapeutically relevant considering the dPGS intrinsic anti-
inflammatory properties. Applying anti-inflammatory polyan-
ions to combat Ap-aggregation in the brain is especially
promising because reducing toxic oligomer buildup and local
inflammation may solve the root cause of AD.

Atomic Force Microscopy (AFM). To cross-validate the
dPGS-Ap,, interaction detected by fluorescence and SPR, we
also performed atomic force microscopy (AFM). Biotinylated
dPGS was captured to streptavidin-coated, BSA-blocked
cantilevers and Af,, was layered to custom-made quartz
surfaces through hydrogen bonding (Figure 3A). The samples
were first imaged in amplitude modulation mode in order to
spatially locate the Ap,, species and measure their spatial
dimensions (left inset of Figure 3B shows a height image of an
oligomer sample). A map of the adhesion between dPGS and
the surface for the same area was then obtained by performing
2048 force—distance curves (right inset of Figure 3B). From
these force—distance curves, the interaction between molecules,
or adhesion force, was calculated. The adhesion map
superimposed on the topography shows that when dPGS
interacts with oligomers, the adhesion force is relatively small
compared to dPGS interacting with quartz (Figure 3C). This
indicates that the measured force on oligomers is due to their
interaction with dPGS, and not that of the underlying surface.
The interaction is also not due to the underlying tip material
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Figure 4. Ap,, fibril formation is impaired by dPGS. Freshly resuspended Af,, monomers were allowed to aggregate for 24 h at 37 °C, prior to
negative staining and visualization by TEM (scale bar = 100 nm). (A) In the absence of dPG or dPGS, the Af,, aggregates are a homogeneous
population of long, mature fibrils with similar width (18.57 + 0.21 nm). (B) In the presence of equimolar dPG, the Af,, aggregates are a
homogeneous population of fibrils with similar length but moderately increased width (19.52 + 0.17 nm). (C) In the presence of equimolar dPGS,
the Af,, aggregates are a heterogeneous population of short and long fibrils with reduced width (13.55 #+ 0.14 nm). The representative TEM images
include white boxes that are further enlarged (corresponding A’, B/, and C’ panels) to highlight the sample fibrils (black arrows). (D) average fibril
widths were determined by taking three measurements along each fibril using Metamorph software. The following number of fibrils was analyzed for
each condition: Af,, (control) n = 143; Af,, + dPG n = 284; Af,, + dPGS n = 457. *¥p < 0.01, ***p < 0.001, Dunnett’s post hoc test). (E)
Proposed mechanism: dPGS interacts with A, aggregates during the oligomerization and/or elongation phases to ultimately impair mature fibril

formation.

since uncoated Si;N, tips showed a much larger adhesion force
with all Af species than the dPGS coated tips (see table in
Figure 3D).

The interaction between dPGS and Af,, oligomers (67 + 11
pN) is significantly larger than the interaction between dPGS
and Af,, fibrils (22 + 4 pN) and between dPGS and Af,,
monomers (0 + 3 pN).

Transmission Electron Microscopy (TEM). To complement
the AFM studies, we performed TEM analysis to characterize
fibril morphologies, particularly their width. Linked to the
progression and severity of AD, previous literature has detected
structural variations in the Af fibrils extracted from the brains
of AD patients.45 Moreover, our previous size-exclusion
chromatography (SEC) and TEM studies have shown that
the time-dependent formation of toxic Af oligomeric species
occurs 4—8 h following resuspension, and mature fibrilization
by 24 h.'7*

For freshly resuspended Apf,, peptides (ie., predominantly
monomeric) that were allowed to aggregate for 24 h at 37 °C
(physiologically relevant temperature), our TEM analyses
detected the formation of mature, long fibrils with similarly
consistent widths (Figure 4A and inset A’). Although equimolar
dPG did not appear to alter the length of Af,, fibrils, their
widths did appear to modestly increase in its presence (Figure
4B and inset B). Interestingly, the presence of equimolar dPGS
resulted in greater variability—fewer fibrils overall, including
many shorter and thinner ones (Figure 4C and inset C’). Since
many fibrils appeared twisted and in clusters, we could only
reliably quantify the widths of the fibrils and not the lengths
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(Figure 4D). Overall, significantly thinner fibrils were formed in
the presence of dPGS (13.55 + 0.14 nm) compared to dPG
(19.53 £ 0.17 nm) or A, alone (18.57 + 0.21 nm). Our TEM
data (Figure 4E) suggests that dPGS can interact with low-n
AP, oligomers (ie., consistent with direct binding in extrinsic
fluorescence, SPR, and AFM assays) and alter the formation of
higher-order aggregates (i.e., consistent with shorter, thinner
fibrils observed by TEM). Overall, these data are reminiscent of
our previous findings where a small molecule NSAID (sulindac
sulfide) could alter the self-association of Af,, ultimately
forming oligomeric aggregates with reduced neurotoxicity."® As
a novel strategy to prevent toxic amyloid formation, dPGS is a
desirable candidate if it can alter the aggregation of Af,, to
prevent the formation of mature fibrils.

dPGS Effects on Neuroglia. dPGS Is Internalized by
Astrocytes and Microglia. Considering that microglia and
astrocytes take up A species, communicate with neurons, and
can form multipartite synapses, we focused on neuroglia as
modulators of circuitry functions. We investigated whether
dPGS is internalized by neuroglia or if its effects are strictly in
the extracellular milieu. We treated primary enriched astrocytes
and microglia with 0.1 yuM and 1 uM dPGS-CyS for 2 and 24 h
and immunolabeled astrocytes with antibodies against glial
fibrillary acidic protein (GFAP) and microglia with antibodies
against jonized calcium-binding adapter molecule-1 (Iba-1).
While fluorescently labeled dPGS was detectable in both
primary astrocytes and microglia, there were striking differences
in the amount of dPGS taken up by these cells. Following 2 h
of treatment with either 0.1 or 1 yM dPGS-CyS, there was
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virtually no dPGS internalized by astrocytes, as evidenced by
the absence of intracellular CyS fluorescence (Figure SA). In
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Figure S. Uptake of dPGS-CyS in enriched astrocyte and microglia
cultures. (A) Representative photomicrographs of astrocytes and
microglia treated with 0.1 and 1 yM dPGS-CyS (shown in red) for 2
and 24 h. Astrocytes were immunolabeled for GFAP (shown in green)
and microglia with Iba-1 (shown in green). Nuclei were labeled with
Hoechst 33342 (shown in blue). (B) Quantification of dPGS-CyS
fluorescence/cell area in astrocytes and microglia. Quantified from
four independent experiments, data represents mean + SEM.

contrast, the 2 h treatment was sufficient to detect low levels of
0.1 and 1 yM dPGS uptake in microglia, concurring with our
previous findings that microglia are the first neural cells to
internalize dPGS.> Following a similar 24 h treatment, the
uptake of 1 uM dPGS was detectable in astrocytes (Figure SA).
Overall, these results (Figure SB) show (i) that both astrocytes
and microglia internalize dPGS, but at different rates, and (i)
that dPGS uptake by astrocytes is only significant with high 1
UM concentration. Similarly, dPGS uptake in organotypic slices
can only be detected following the treatment with 1 M dPGS-
CyS (Supplementary Figure 2).

Ap Content in Neuroglia Is Significantly Reduced in the
Presence of dPGS. Data from several studies have suggested
that the internalization of monomeric and oligomeric Af,,
species engages different uptake mechanisms including
pinocytosis (monomers) and may involve scavenger receptors
in microglia.47 As such, we wanted to determine whether dPGS
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could diminish or enhance the internalization of Af species. To
answer this question, we incubated primary astrocytes and
microglia with dPGS for 1 h and then added 1 ug mL™" Af,,-
HiLyte647 for 2 and 24 h (Figure 6). A fluorescent signal of
Ap,-HiLyte647 was significantly reduced, suggesting that (i)
interaction between Af,, and dPGS reduced its uptake in
neuroglia, (ii) dPGS promoted the elimination of Af,,-
HiLyte647, or (iii) it was an artifact due to the quenching.
We excluded the latter possibility since there was no significant
reduction of Af,,-Hilyte647 in the presence of S-fold higher
concentration of dPGS. The quenching phenomenon only
occurred with high molar ratios (>10-fold). In addition, there
was no change in the lifetime of HiLyte647 when Ap,,-
HiLyte647 was combined with equimolar concentration of
dPGS (Supplementary Figure 3). The finding that the content
of fluorescently labeled Af,, was reduced in neuroglia was
intriguing and the possibility that dPGS could have facilitated
elimination of Af,, merits further investigation. It was reported
that autophagic flux and lysosomal functions are reduced with
aging and that these impairments lead to an accumulation of
internalized materials and degradation products including Af,,
species.** ™

Proposed Model. Our data suggest that dPGS can prevent
the reduction of spines exposed to Af,, through direct
interaction with Af,, (mainly oligomeric species), and through
modulation of neuroglia. dPGS association with Af,, involves
weak, but multivalent interactions as assessed by complemen-
tary biophysical techniques. Both the astrocytes and microglia
take up Af,, and dPGS. dPGS reduces the content of Af,, in
neuroglia and modulates lipocalin-2 (LCN2) secretion from
reactive astrocytes.

Considering that reactive astrocytes produce proinflamma-
tory cytokines and lipocalins, we studied if LCN2 is produced
by astrocytes exposed to Af,,, and if dPGS could modulate its
synthesis and release. LCN2 is a secreted cytokine exhibiting
diverse cellular functions and it is an emergin% modulator of
dendritic spine morphology and maturation.” > It is induced
and upregulated by different stressful stimuli, e.g., inflammation,
stroke, and AB.>® Under physiological conditions and in neural
cultures not exposed to stimuli, LCN2 is not detectable. In
contrast, LCN2 is highly upregulated during trauma and CNS
infections.”” LCN2 release is linked to glial activation and
neuronal degeneration.”®” Recent studies by Dekens and co-
workers, suggest a brain region-specific upregulation of LCN2
in AD.” Individuals with AD show a significant increase of
LCN2 in the hippocampus and an even more dramatic increase
in the brain structure of depressed AD patients.

We measured intracellular and secreted LCN2 in primary
mouse cortical neural cultures. Af,, upregulated LCN2 in
primary astrocytes, in dissociated cultures as well as in
organotypic cultures (Supplementary Figures 4A and S).
Interestingly, coincubation of equimolar Af,, and dPGS
significantly reduced the percentage of astrocytes positively
labeled for LCN2 and LCN2 released into the media (Figure
7). Similarly, in hippocampal slice cultures, equimolar dPGS
and Ap,, coincubation reduces LCN2 produced compared to
Ap,, incubation alone (Supplementary Figure 4B). Earlier
observations suggest astrocyte secrete cytokines which are
crucial for the neurotoxic effects of Af,,."" We tested whether
recombinant mouse LCN2 (rLCN2) incubation would alter
spine morphology in hippocampal slice cultures. Treatment
with 100 ng mL™" rLCN2 significantly reduced the total spine
density and the thin, mushroom subtypes (Supplementary
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266

Figure 4C). Similarly, anti-LCN-2 antibody treatment partly
rescued spine loss due to Af,, (Supplementary Figure 4D).
Previously published experiments and our own data support the
disruptive role of LCN2 on dendritic spines.*

Therapeutic interventions which normalizes of LCN2 levels
and other disease biomarkers could be a viable strategy to
attenuate the severity of neurological disorders such as AD.
This study provides the first example of LCN2 regulation with
an anti-inflammatory dendritic macromolecule (Figure 8B) and
suggests that other (nano)therapeutic strategies warrant further
investigation in animal models and eventually in humans with
neurological disorders. Recently, exciting imaging data using
positron emission tomography (PET) tracers showed that
visualization of synaptic density is achievable noninvasively in
humans.®” This study creates new possibilities to evaluate the
progression of AD from presymptomatic early stages to full-
blown disease in humans, as well as the assessment of
therapeutic interventions at the synaptic level.

LCN2 alone and with other released proinflammatory
cytokines from reactive astrocytes upon Afj,, exposure, reduces
hippocampal spines density which can be prevented by dPGS
treatment. Considering anti-inflammatory properties and
biocompatibility of dPGS in vivo, testing of dPGS in animal
models of AD and for other neurodegenerative disorders is
warranted.

B METHODS

dPGS Synthesis. dPGS was synthesized according to Tiirk et al.®*
In brief, dendritic polyglycerol was dissolved in anhydrous DMF and
heated to 60 °C. Then SOj;-pyridine complex (1.3 equiv per OH
group) in dry DMF was added dropwise and the mixture was stirred
overnight at 60 °C. After cooling, water was added and the pH was
adjusted to 7 by adding aq. NaOH (10%). The solvent was removed,
and the crude product subjected to ultrafiltration in a sodium chloride
solution for three cycles and water for five cycles. The compound was
obtained as colorless solid after freeze-drying and characterized by 'H
NMR, and the sulfate content was determined by elemental analysis.

Synthetic Af Peptides. Unlabeled or HiLyte647-labeled human
Ap peptides were purchased from Bachem or Anaspec, respectively.
They were monomerized in formic acid and lyophilized into aliquots
(average ratio monomers/dimers/oligomers = 55:30:15).64 To enrich
for monomers just prior to experiments, aliquots were freshly
resuspended and sonicated in 0.13% ammonium hydroxide solution
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Figure 8. (A) Relationship between neuroglia and upregulation of LCN2 with Af,, treatment. (B) Interaction between dPGS dendrimer and Af

oligomeric species and anticipated outcomes.

(1 mg mL™" peptide, final concentration).65 Based upon our previous
size-exclusion chromatography (SEC) and transmission electron
microscopy (TEM) analyses, we have shown that the time-dependent
formation of toxic Af oligomeric species occurs 4—8 h following
resuspension, and mature fibrilization by 24 h.">*® For quality control,
each batch of Af peptides was pretested on an UltrafleXtreme
MALDI-TOF/TOF system (Bruker Daltonics, Bremen, Germany)
according to the manufacturer’s recommendations (intact mass
analysis in reflector-positive mode, as well as Top-Down Sequencing
(in-source decay) to verify the N-/C-terminal amino acid sequences).

Mouse Organotypic Hippocampal Slice Cultures and Spine
Quantification. Organotypic hippocampal slice cultures were
prepared as previously described by Gahwiler et al®® Briefly, the
slice cultures were prepared from P6—8 transgenic mice that expressed
membrane-targeted eGFP under the Thy-1 promoter in a
subpopulation of CA1 cells.”” Following decapitation, hippocampi
were dissected, and 400 pym thick transverse slices were made and
adhered onto glass coverslips with chicken plasma clot (Cocalico
Biologicals; Reamstown, PA). Cultures were maintained in a roller
drum incubator at 37 °C for 3 weeks prior to experimentation. Culture
medium consisted of 25% heat-inactivated horse serum (Invitrogen
GIBCO), 25% Hank’s balanced salt solution (Invitrogen GIBCO), and
50% Basal medium Eagle (Invitrogen GIBCO) and was replaced
weekly. Following culture preparation, synaptic connections were
allowed to re-establish for 3 weeks in vitro. After the initial 3 week
period, dendritic spine densities reach a steady state for up to 6 weeks
thereafter. Once the slice cultures are ready, they were incubated
overnight in serum-free medium and then treatments were applied. At
the treatment end point, cultures were fixed in 4% PFA overnight at 4
°C, washed extensively in PBS, and mounted onto microscope slides.
eGFP-expressing CAl pyramidal neurons were imaged. The images
were acquired using an upright Leica TCS SP2 confocal microscope
(Leica Microsystems, Heidelberg, Germany) equipped with a HCX PL
APO 63X NA 1.4 oil immersion objective. Image stacks were collected
at Z 025 pm and averaged three times. Image stacks were
deconvolved with Huygens Essentials software (Scientific Volume
Imaging, Hilversum, The Netherlands) using a full maximum
likelihood extrapolation algorithm. Three-dimensional rendering,
volume analysis, and dendritic spine quantification was carried out
using Imaris (Bitplane, Zurich, Switzerland). For dendritic spine
analysis, spines were classified into three main morphological subtypes:
stubby, mushroom, and thin-type spines using previously established
methods based on the measurements of spine head and neck
diameters.**

Fluorescence Spectroscopy. Extrinsic fluorescence experiments
were performed at 25 °C using a Cary spectrofluorometer (2 mL
cuvette with magnetic stir bar; excitation 4 = 610 nm; excitation slit
width S nm; emission slit width 10 nm; emission A = 637—800 nm;
photomultiplier tube (PMT) voltage = 600 V). Freshly resuspended
Ap,,-HiLyte647 (M, 54494 g mol™; 1 mg mL™ in 0.13%
ammonium hydroxide solution) was diluted to 200 nM in Milli-Q
water or HEPES (100 uM, pH 7.4, 0.02% (v/v) Tween-20) and placed
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in the cuvette (1 mL starting volume). Concentrated dPG and dPGS
stocks (120 uM each in water or HEPES buffer, also containing 200
nM Ap,,-HiLyte647 to avoid dilution effects) were added to the
cuvette in <20 uL increments (1.2 mL final cuvette volume). Relative
to the starting fluorescence measurement in each titration series, the
transformed intensities (I/I,) were plotted as a function of dendrimer
concentration and then subjected to nonlinear regression analysis
(one-site binding model in GraphPad).

Surface Plasmon Resonance (SPR). Opposite to the fluores-
cence assay, the binding between a fixed dendrimer concentration (S—
20 kDa dPG or dPGS) and increasing Af} concentration (0—10 ug
mL™") was examined using label-free, real-time SPR. The experiments
were performed using a BIACORE T200 system (GE Healthcare Bio-
Sciences AB, Upsala, Sweden; Control software v2.0 and Evaluation
software v1.0) at 25 °C using filtered (0.2 ym) and degassed PBS-T
buffer (10 mM phosphate, pH 7.4; 150 mM NaCl; 0.05% (v/v)
Tween-20).

Bare gold sensors (Biacore SIA Kit Au) were docked in the
instrument and the diluted dendrimers (with exposed thioctic acid
(TA) tags) were captured directly to adjacent flow cells (reference
surfaces = S00 RU dPG-TA; active surfaces = 500 RU dPGS-TA). In
single-cycle kinetics mode, freshly resuspended Af peptides (0—10 ug
mL™"; 2-fold dilution series) were titrated over the dPG (negative) and
dPGS (positive) surfaces at 25 uL min~" (60 s association +30—300 s
dissociation). Between titration series, the surfaces were regenerated at
50 yL min~" using two 30 s pulses of PBS-T buffer containing 1.0 M
NaCl and 0.05% (v/v) Empigen detergent (Anatrace). All double-
referenced data presented are representative of duplicate injections
acquired from at least three independent trials.*®

Atomic Force Microscopy. Relative binding strengths of the
peptide were evaluated using MFP-3D atomic force microscope from
Asylum Research, Santa Barbara, CA. Force measurements were taken
at constant loading rates (vertical piezo velocity of 1 ym s™'). The
spring constant of the cantilevers were calibrated in the presence of
PBS solution by the thermal fluctuation method. The spring constants
were found to be between 0.1—0.5 N m™". The cantilever tips were
coated with biotinylated polyglycerol sulfate (dPGS) dendrimers using
the following method: The AFM cantilever tips were incubated in 1 pg
mL™" biotinylated bovine serum albumin (BBSA; Sigma) solution in
PBS-T (PBS with 0.02% Tween-20), pH 7.0, at room temperature
overnight. The tip was incubated for 30 min in 100 pg mL™'
streptavidin in PBS-T, and in BSA (1%) for 1 h to block the
nonspecific binding sites. Finally, the tip was incubated in dPGS-biotin
(1 uM) for 1 h. All these steps were separated by thorough rinsing.
Biotinylated dPGS was fixed on the tip prior to each measurement.

The sample, monomerized Ap,, peptide, was freshly resuspended (1
mg mL™" in 0.13% ammonium hydroxide solution) and diluted five
times in PBS (10 mM, pH 7.4, NaCl 150 mM). The sample (10 uL)
was deposited on a clean quartz slide decontaminated by a 20 min
treatment in UVO-Cleaner 42 (Jelight company Inc., Irvine, CA).
AFM images were taken for Af,, which was deposited -either
immediately after dilution (majority are monomers), after 8 h of
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agitation at 450 rpm and 37 °C (majority are oligomers), or after 24 h
of agitation at 450 rpm and 37 °C (majority of fibrils).

Transmission Electron Microscopy (TEM) Analysis. Freshly
dissolved monomerized Af,, peptides were diluted in PBS pH 7.4 and
allowed to aggregate for 24 h at 37 °C in the presence and absence of
dPG or dPGS. Aliquots were taken and spotted onto Formvar film-
coated nickel electron microscopy grids for 1 min, excess was blotted
off and negatively stained for 1 min with uranyl acetate, as previously
described."” Samples were visualized via a Philips CM120 transmission
electron microscope. The average width of each fiber was determined
from three measurements taken at different locations along each fibril
using the line tool in Metamorph Microscopy Automation and Image
Analysis Software (Molecular Devices).

Primary Cultures. P0-P3 C57BL/6 pups were sacrificed and the
cortex or hippocampus placed in ice-cold HBSS. The brain tissue was
transferred to culturing media (Dulbecco’s modified Eagle’s medium
(DMEM) + 10% FBS + 1% penicillin-streptomycin), dissociated to
the single cell level by trituration with a fire-polished pipet, and plated
onto poly D-lysine coated T-75 culturing dishes. After 7—8 days in
culture, the mixed neural cells (neurons and glia) in culture were
shaken in a 37 °C shaker-incubator (G24 Environmental Incubator
Shaker, New Brunswick Scientific) for 2 h at 200 rpm to isolate the
microglia which were subsequently plated. Cells in the T-75 flask was
further shaken for 6—8 h at 260 rpm to remove the oligodendrocyte
progenitor cells, and trypsinized to isolate enriched astrocytes. Both
microglia and astrocytes were plated onto poly-p-lysine-coated
coverslips or seeded into 10 cm?* dishes and settle for at least 24 h
before use. All experiments were conducted in culturing medium
unless indicated otherwise. All animal use followed McGill animal use
guidelines and were approved by the McGill Facility Animal Care
Committees.

Uptake Assays. Primary astrocytes or microglia were treated with
0 (PBS vehicle), 0.1, or 1 uM dPGS-CyS for 2 and 24 h. Astrocytes
and microglia were fixed and immunostained for GFAP or Iba-1,
respectively, using the following immunocytochemistry protocol.
Briefly, cells were washed in PBS, then fixed with 4% PFA for 10
min at room temperature, permeabilized with 0.1% Triton-x100 for 10
min at room temperature, blocked for 1 h at RT with 10% goat serum,
and incubated with primary antibody overnight at 4 °C (rabbit anti-
GFAP (Abcam, 1:1000), rabbit anti-Ibal (Dako, 1:500). After the
primary antibody incubation, cells were incubated with AlexaFluor 488
goat antirabbit (ThermoFisher, 1:500) for 1 h at RT. Nuclei were
stained with 10 yM Hoechst 33342 for 10 min at room temperature.
Cell were mounted onto microscope slides using Aqua-Poly/Mount
(Polysciences, Inc.) and then imaged (Leica inverted fluorescence
microscope and/or Zeiss LCM confocal microscope). Using Image]
software, dPGS-CyS uptake was quantified as the total fluorescence
per cell normalized per cell area.

Hippocampal organotypic slice cultures were treated with PBS or 1
#M dPGS-CyS for 24 h. Slices were fixed with 4% PFA overnight at 4
°C and blocked and permeabilized in blocking buffer (phosphate
buffer (PB) + 1.5% horse serum (ThermoFisher) + 0.4% Triton-x100
(Sigma)) overnight at 4 °C. Slices were incubated in rabbit anti-GFAP
(Abcam, 1:200) diluted in blocking buffer at 4 °C for S days with
gentle shaking. Slices were next labeled with goat antirabbit
AlexaFluor-488 (ThermoFisher, 1:250) for 3 h at RT with gentle
shaking. Samples were mounted onto coverslips using Aqua-
polymount (Polysciences, Inc.) and imaged using fluorescence
microscopy.

In additional experiments, primary astrocytes or microglia were
treated with Af,,-HiLyte647 (1 ug mL™" for 2 or 24 h) in the absence
or presence of dPGS pretreatment (1 yM for 1 h). The cells were
fixed, immunostained, and quantified in the similar manner as noted
above.

LCN2 Assays. For LCN2 immunocytochemistry, cells were fixed
with 4% PFA for 20 min, blocked with PBS + 0.3% Triton-x100 +
0.5% BSA for 1 h at room temperature, and incubated in goat anti-
LCN2 (R&D, 1:40) plus rabbit anti-GFAP (Abcam, 1:1000) diluted in
blocking buffer for 1 h at RT. Cells were labeled with AlexaFluor-488
donkey antigoat (ThermoFisher, 1:500 diluted in PBS) for 1 h at RT
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followed by three washes with PBS, and incubated with AlexaFluor-
647 goat anti-rabbit (ThermoFischer, 1:500) diluted in PBS for 1 h at
RT. Nuclei were stained with 10 M Hoechst 33342 for 10 min at RT.
Cell were mounted onto microscope slides using Aqua-Poly/Mount
(Polysciences, Inc.).

For LCN2 immunohistochemistry, hippocampal organotypic slice
cultures were treated with PBS or 1 uM Af,, for 48 h. Slices were fixed
with 4% PFA overnight at 4 °C and block and permeabilized in
blocking buffer (phosphate buffer (PB) + 1.5% horse serum
(ThermoFisher) + 0.4% Triton-x100 (Sigma)) overnight at 4 °C.
Slices were incubated in goat anti-LCN2 (R&D, 1:100), rabbit anti-
GFAP (Abcam, 1:200), or rabbit anti-Ibal (1:200, Wako) diluted in
blocking buffer at 4 °C for S days with gentle shaking. Slices were
labeled with donkey anti-goat AlexaFluor-488 or donkey anti-goat
AlexaFluor-647 (ThermoFisher, 1:250) for 3 h at RT with gentle
shaking. If a cell marker stain was also used (GFAP/Iba-1) samples
were extensively washed in PB + 1.5% horse serum and were next
labeled with AlexaFluor 647 goat anti-rabbit (ThermoFisher, 1:250)
for 3 h at RT with gentle shaking. Samples were mounted onto
coverslips using Aqua-polymount (Polysciences, Inc.) and imaged
using fluorescence microscopy.

For LCN2 Western blot, primary astrocytes were seeded into 6-well
plates and grown to confluence. Cells were lysed in cold RIPA buffer
with protease inhibitor cocktail (1 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride, 1 pug mL™' aprotinin, 1 pg mL™!
leupeptin) and briefly sonicated. Protein concentration was
determined by BCA assay (Piece BCA Protein Assay Kit, Thermo-
Fisher). The cell culture medium was collected from the tissue culture
well and stored at —20 °C. Both cell lysate and cell media samples
were mixed in Laemmli sample buffer and heated to 95 °C for S min.
Samples ran in 10% gradient sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel for 90 min and transferred onto
PVDF membranes. Membranes were blocked with 10% milk TBS-T
for 1 h at RT and were incubated with primary antibodies (goat anti-
LCN2 (R&D, 1:500), rabbit anti-alpha-tubulin (Abcam, 1:5000))
overnight at 4 °C. Membranes were washed with TBS-T and blotted
with secondary antibodies (anti-goat HRP-conjugate (BioRad,
1:1000), anti-rabbit HRP-conjugate (BioRad, 1:1000)) for 1 h at
RT. The blot was developed with Clarity Western ECL Substrate and
developed exposed to film (HyBlot CL film, Harvard Apparatus).
Image processing was performed using Image].

Fluorescence Lifetime Measurements. For Supplementary
Figure 3, batch-mode fluorescence lifetimes of the Af,,-HiLyte were
measured by time-correlated single-photon counting (TCSPC) on a
Mini-Tau (Edinburgh Instruments, Kirkton campus, UK) and data was
analyzed with the F980 software. The excitation source was a 405 nm
emitting laser with a frequency set to 20 MHz. The emission for the
HiLyte647 dye was detected using filter 6 of the instrument. The
emitted photons were counted at 90° from the incident light. The
instrument response was determined using filter 1 and toluene in the
quartz cuvette. Measurements were stopped after the number of
emitted photons counted reached 10 000 photons.

Statistical Analysis. All data are shown as means + SEM. One-
way ANOVAs were combined with Dunnett’s post hoc analysis, using
the control sample as reference. Alternatively, if appropriate, Student’s
t test was used to identify significant differences. The changes were
considered significant when p < 0.05.
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