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ABSTRACT: Hyperactivity of microglia and loss of functional circuitry is a common feature of many neurological disorders
including those induced or exacerbated by inflimmation. Herein, we investigate the response of microglia and changes in
hippocampal dendritic postsynaptic spines by dendritic polyglycerol sulfate (dPGS) treatment. Mouse microglia and organotypic
hippocampal slices were exposed to dPGS and an inflammogen (lipopolysaccharides). Measurements of intracellular fluorescence
and confocal microscopic analyses revealed that dPGS is avidly internalized by microglia but not CAl pyramidal neurons.
Concentration and time-dependent response studies consistently showed no obvious toxicity of dPGS. The adverse effects
induced by proinflammogen LPS exposure were reduced and dendritic spine morphology was normalized with the addition
of dPGS. This was accompanied by a significant reduction in nitrite and proinflammatory cytokines (TNF-a and IL-6) from
hyperactive microglia suggesting normalized circuitry function with dPGS treatment. Collectively, these results suggest that dPGS
acts anti-inflammatory, inhibits inflammation-induced degenerative changes in microglia phenotype and rescues dendritic spine

morphology.

B INTRODUCTION

In recent years, various synthetic dendrimers and polymers
as well as their conjugates with bioactives have been proposed
for the manipulation and treatment of different neurological
disorders, for example, a cholesterol-loaded dendrimer to mod-
ulate inflammatory signalling and cytokine release from microglia
cells." The most widely explored dendritic architecture in this
context is poly(amido amine) (PAMAM) dendrimers, which can
be prepared in different generations either as neutral/cationic
charged full-generation dendrimers or as anionic, carboxylic
acid terminated, half-generation dendrimers.” These soft matter
nanoparticles were shown to target 1nﬂammatory cells in the
brain upon subarachnoid administration,® as exemplified by
multivalent, PAMAM-N- acetyl cysteine (NAC) conjugates
reported by the Kannan group.” Besides successful targeting of
neuroinflammation after intraveneous administration in patho-
logical states,”™” crossing the bIood brain barrier in healthy
animals still remains a challenge ? Nevertheless, the modifica-
tion of nanoparticles, for example, with apolipoprotein E
(ApoE), appears promising for overcoming this problem."
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Other approaches include the transport of methylprednisolone
to glial cells via surface-engineered carboxymethylchltosan/
polyamidoamine (CMCht/PAMAM) dendrimers'' or the
treatment of brain gliomas with a pH-sensitive, dual targeting
drug delivery system based on a complex assembly of PAMAM,
transferrin, doxorubicin, and tamoxifen.” Besides particulate
systems, surface modifications and 3D matrices of synthetic
dendrimers and polymers were applied to promote neuronal cell
adhesion and growth.'”"* Since most neurological disorders are
associated with inflammation, targeting inflammatory processes
is a viable approach to identify and manipulate such diseases.
Polysulfates and sulfonates are particularly attractive macro-
molecules for this purpose because they exhibit intrinsic anti-
inflammatory properties. Dendritic polyglycerol sulfate (dPGS)
is a hyperbranched polyether based on a highly biocompatible
polyglycerol scaffold"*~"” bearing multiple peripheral sulfate
groups. dPGS is a potent inhibitor of chronic inflammation
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through binding to L-selectin, P-selectin,"®" and the complement

factors C3 and C5.%° It is moderately anticoagulant, has strong
anti-inflammatory properties,”’ and has been successfully applied
in several in vivo models, for example, dermal inflammation,°
rheumatoid arthritis,” and allergic asthma.>* Other polysulfates,
for example, heparin and enoxaparin, have been proposed as
candidates for the diagnosis or treatment of Alzheimer’s disease,
as they have already been shown to decrease amyloid precursor
protein (APP) processing via a- and ff-secretase pathways in cell
cultures.”* Microglia, parenchymal tissue macrophages, which
constitute about 10% of cells in the central nervous system
(CNS),* are often named “sensors of the CNS” because they are
the first to respond to an insult.”**” Microglia modulate neural
circuits by facilitating, maintaining, or inhibiting their physio-
logical functions, thus, acting as “bad cop” or “good cop”.””**
During development, microglia eliminate inappropriate syn-
apses, thereby promoting the proper wiring in the CNS.**~*
Disruption of normal homeostatic functions of microglia in
diverse neuropsychiatric disorders leads to neuronal circuitry
impairments.””*> Functional excitatory circuitries are dependent
on normal structure and function of postsynaptic dendritic
spines.*™’ Spines have various shapes and sizes, and the larger-
head spines, the mushroom-type, are thought to be the stronger
synapse.*”*" In the present study we investigated the morphol-
ogical changes of the different subtypes of spines (mushroom,
thin, and stubby spines) after exposure to lipopolysaccharides
(LPS) and treatment with dendritic polyglycerol sulfate
(dPGS), previously shown to exert an anti-inflammatory effect
in various diseases.”””>’ LPS are products of Gram negative
bacteria, activate microglia, and convert them from surveyors to
hyperactive microglia secreting proinflammatory cytokines."*~*’
Depending on their concentration, these glycolipids can either
stimulate production of growth factors and protective cytokines
(M2 microglia phenotype) or inflammatory cytokines (M1
microglia phenotype).** Chronic inflammation is commonly
viewed as deleterious to neurological functions.*”*" In this study,
we investigated microglia and dendritic structures in hippo-
campal CAl region using organotypic in vitro cell cultures in the
presence and absence of dPGS. This experimental paradigm
allowed for the testing of dPGS by controlling the concentration
and duration of exposure of the neural cell culture to the
inflammogen and anti-inflammatory dPGS. The findings suggest
that dendritic polysulfates can effectively reduce cytokine
production characteristic of M1 phenotype and normalize neural
circuitries in the hippocampus. The results show that dPGS
modulates the ratios of mushroom, stubby, and thin postsynaptic
spines, thereby contributing to the synaptic strength, main-
tenance, and partial re-establishment of function in the CAl
region of the hippocampus, one of the particularly vulnerable
structures in the brain commonly affected in neurological
disorders.*>*!

B MATERIALS AND METHODS

Synthesis. Chemicals and reagents were obtained from Sigma-
Aldrich, Acros Organics, Fischer, and Merck, and were used as received
(reagent grade). Purification of the polymers was accomplished
by ultrafiltration in Amicon stirred cells with regenerated cellulose
membranes (MWCO = 1 kDa, Amicon/Millipore, U.S.A.). Alkyne-
functionalized CyS and CyS NHS-ester were commercially available
from mivenion GmbH (Germany). Size exclusion chromatography was
performed with Sephadex G-2S superfine (GE Healthcare), and RP
chromatography was performed with MPLC pumps and LiChroprep
RP-18 (Merck KG, Germany). Dendritic polyglycerol (dPG) was
synthesized by an anionic ring-opening multibranching polymerization
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(ROMBP) of glycidol using a trimethylolpropane (TMP) starter
according to a reported procedure.’** Dendritic polyglycerol sulfate
(dPGS) was prepared by sulfation of dPG with SO;—pyridine complex
in DMF,” and the fluorescent analog dPGS-Cy5 was synthesized by
click coupling of an alkyne-functionalized indodicarbocyanine (IDCC,
CyS) derivative to the polymer, which was equipped with a C; linker
bearing an azide.”> The control triglycerol-Cy5 was prepared by amide
coupling of CyS NHS-ester to a monoamino glycerol G1 dendron
(triglycerol).>**

Materials. 2,5-Diphenyltetrazolium bromide (MTT), cytochalasin
D, DMSO, filipin III, Griess reagent, Hoechst 33342, lipopolysacchar-
ides from E. coli 055:BS, methyl-$-cyclodextrin, monophosphoryl lipid
A from Salmonella enterica serotype minnesota Re 595, rat-tail collagen,
and sucrose were purchased from Sigma-Aldrich. TNF, IL-6, and IL-10
ELISA kits were purchased from Biolegend. CLI-095 and Trypan blue
was purchased from Invivogen. Dynasore was purchased from Enzo Life
Sciences. Anti-S-nitrosocysteine antibody was purchased from Abcam.
Antirabbit AlexaFluor 488 was purchased from Molecular Probes.

Cell Culture and Standard Treatment Protocol. N9 neonatal
murine microglia were cultured in Iscove’s modified Dulbecco’s medium
(IMDM; Gibco) supplemented with 5% (v/v) fetal bovine serum (FBS;
Gibco) and 1% (v/v) penicillin/streptomycin (P/S; Gibco).

N9 microglia were seeded at 2 X 10° cells/well in 24-well cell culture
plates (Sarstedt) and treated after 24 h. Polymers were diluted in culture
media to achieve working concentration. Cells were pretreated with
polymers for 3 h in low-serum media (N9:1%) before or after LPS-
containing media was added for 24 h.

Mouse Organotypic Hippocampal Slice Cultures. Organotypic
hippocampal slice cultures were prepared as previously described
by Gihwiler 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 CAl cells. Following
decapitation, hippocampi were dissected, 400 ym thick transverse slices
were made, and adhered onto glass coverslips with chicken plasma
clot (Cocalico Biologicals; Reamstown, PA, U.S.A.). Cultures were
maintained in a roller drum incubator at 36 °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 three-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. Treatments consisted of dPGS/dPGS-CyS
(100 nM) and LPS (100 ng/mL) for 24 h. dPGS/dPGS-CyS added 3 h
prior to the addition of LPS. All animal care and treatment procedures
were performed in accordance with guidelines set by the Canadian
Council on Animal Care and McGill University Animal Care.

Immunofluorescence Labeling of Microglia. Following treat-
ment, hippocampal slice cultures were fixed in 4% paraformaldehyde in
0.1 M phosphate buffer (PB) overnight at 4 °C. Following fixation, the
slices were washed in 0.1 M PB, permeablized in 0.4% Triton X-100, and
blocked with 1.5% heat-inactivated horse serum at 4 °C overnight.
Primary antibody against ionized calcium-binding adapter molecule-1
(Iba-1; Wako Chemicals U.S.A., Inc.,, Richmond, CA, U.S.A.) was
added to the permeablizing buffer for S days at 4 °C at 1:400 dilution.
Secondary antibody (Daylight 549; Jackson ImmunoResearch Labo-
ratories Inc., West Grove, PA, U.S.A.) was prepared at 1:250 dilution in
0.1 M PB with 1.5% heat-inactivated horse serum and incubated
overnight at 4 °C. Slices were then mounted onto glass slides with
DAKO Fluorescent Mounting Medium (Dako Canada, Mississauga,
ON, Canada) and imaged using confocal microscopy.

Confocal Microscopy and Quantification. Fluorescently labeled
microglia (Iba-1) and eGFP-expressing CAl pyramidal neurons and
astrocytes 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 = 0.25 ym and averaged four
times. Image stacks were deconvolved with Huygens Essentials software
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Figure 1. Chemical structures of the compounds tested in this study:
(A) dendritic polyglycerol (dPG), (B) dendritic polyglycerol sulfate
(dPGS) and its CyS-labeled analog (dPGS-CyS), and (C) triglycerol-
CyS (TG-CyS), as well as the chemical structure of indodicarbocyanine
(IDCC, CyS5). The structure of the dPG scaffold is idealized.

Table 1. Specification of the Tested Compounds

compound DS“ (%) NE” M,° (Da) dye loading?
dPG 0 67 5000

dPGS 95 64 11500

dPGS-Cys 93 62 15100 0.5
TG-Cys 0 4 914

“Degree of sulfation (DS) determined by combustion analysis.
bAverage number of functional groups (NF) per molecule. “Calculated
number-average molecular weight (M,) obtained from the DS or by
MALDI-ToF and GPC. dAverage dye incorporation per polymer
determined by UV spectroscopy.

(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 volume
analysis, the channel created from the fluorescently labeled cells
was used to create a surface volume using the Surpass function. The
generated three-dimensional objects were used to calculate the volumes
of the cells and used to isolate the dPGS-CyS (red) fluorescence signal
within the labeled green cell. Volumes for the dPGS-CyS contained
within the cells were also generated in the same manner. Volume
ratios were obtained from volumegpgs.cys/volume,; and displayed as
mean volume ratio + SEM in arbitrary units (AU). For dendritic spine
analysis, spines were classified into three main morphological subtypes,
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Figure 2. Exposure of organotypic cultures with fluorescently labeled
dPGS. (A) CAl pyramidal neuron, astrocyte, and microglia (green)
in organotypic hippocampal slice cultures incubated with dPGS-CyS
(100 ng/mL) for 24 h displays differential internalization of dPGS
(red). There is a lack of red fluorescent signal inside the labeled neuron
and astrocyte. However, there is a concentrated aggregation of red
fluorescence signal within the immune-labeled microglia, signifying that
dPGS is selectively internalized within microglia. Insets are showing
areas surrounded by dotted line that are magnified to indicate the
presence or absence dPGS-Cy$ colocalization within the different cells.
(B) Quantification of fluorescence signal overlap between the green and
the red channels. Volumes of the red and the green fluorescence
channels are calculated from the three-dimensional reconstruction of
the confocal image stacks. Ratio between the two channels are calculated
as volumegpgg/volume,y and is expressed as mean decimal values +
SEM AU. There is very little dPGS fluorescence signal within both the
neurons (0.0071 + 0.0011 AU; n = 18 cells from 15 cultures) and the
astrocytes (0.0078 + 0.0029 AU; n = 10 cells from 10 cultures)
compared to microglia (0.31 + 0.028 AU; n = 27 cells from 16 cultures);
%p < 0.05.

stubby, mushroom, and thin-type spines using previously established
methods based on the measurements of spine head and neck diameters
(McKinney 2010).

Mitochondrial Metabolic Activity. Mitochondrial metabolic
activity was assessed in N9 cells using the MTT assay. Following treat-
ment, medium was removed and replaced with serum-free medium
containing MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide; S mg/mL). Cells were incubated at 37 °C for 45 min after
which medium was removed. DMSO was then added to lyse the cells
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Figure 3. Uptake of dPGS into N9 microglia. (A) Confocal image of N9 microglia treated with dPGS-CyS (100 nM) for 1 h shows dPGS-CyS
association with the plasma membrane and inside the cell but mainly outside the nucleus. Scale bar: 20 um. (B) Time course of dPGS-CyS (100 nM)
internalization by N9 microglia. (C) Internalization of dPGS-CyS or TG-CyS (100 nM) by N9 microglia in the presence and absence of LPS
(100 ng/mL, 3 h). Cells were then fixed, and CyS fluorescence was measured by the Operetta high-throughput cell analysis system. Mean values and
standard error of the means for quadruplicate measurements from at least two independent experiments (1 > 8) are shown. (D) Polymer uptake
inhibition in N9 microglia. Cells were treated in IMDM supplemented with 1% FBS with 100 nM dPGS-CysS for 1 h following pretreatment with various
pharmacological inhibitors 80 M dynasore for 30 min; S M cytochalasin D (cytoch. D) for 30 min; S mM methyl-f-cyclodextrin (MBCD) for 30 min;
1 pg/mL filipin III for 30 min; 0.45 M sucrose for 1 h. Cells were then fixed, and CyS$ fluorescence was measured by the Operetta high-throughput cell
analysis system. A decrease of uptake in the presence of the pharmacological inhibitor is expressed as % inhibition relative to the values in the absence of
the inhibitor (considered a positive control, 100% uptake). All values were normalized to the cell numbers per well and expressed as mean values and
standard error of the means for quadruplicate measurements from at least two independent experiments (n > 8) are shown.

and dissolve the formazan produced. Triplicates from each well were imaging. Cell imaging was conducted using an automated microscopy
collected into a 96-well plate (Sarstedt), and the absorbance at S95 nm platform (Operetta High Content Imaging System; PerkinElmer).
of each well was measured using a Benchmark microplate reader Image analysis and cell counting was performed using the Columbus
(Bio-Rad, Mississauga, ON, Canada). Image Data Storage and Analysis platform (PerkinElmer).

NO Release. Nitric oxide (NO) release from N9 cells, and from Uptake Analysis. N9 microglia were seeded at 1 X 10* cells/well in a
hippocampal organotypic cultures was measured using the Griess black-well clear-bottom 96-well plate (Corning). Following treatment
Reagent (1% sulphanilamide, 0.1% N-(1-naphthyl)ethylenediamine (30 min to 24 h), cells were fixed in 4% paraformaldehyde for 15 min at
dihydrochloride, $% phosphoric acid). Following treatment, SO uL of room temperature and stained with Hoechst 33342 (10 uM). dPGS-Cys
the supernatant from each well was taken in triplicate into a clear- fluorescence was measured using the Operetta high-content screening
bottom 96-well plate (Corning), mixed with 50 uL of Griess reagent, systen.l (PerkinElmer) a'md analyzed with correspon.ding Harmony in%age
and incubated at room temperature for 15 min. Standard curves were agalysls softwa're (.Perkm].El'mer) - For ?aCh W?H’ 11 images were acc.lulred
prepared in triplicate with each experiment, and NO concentration was with a 20X objective. Individual nuclei were identified within each image
calculated by use of standard curve as reference. Absorbance at 540 nm based on the Hoechst channel, and per-cell CyS fluorescence was based

for each sample was measured using the microplate reader. on the Cy5 channel
. Statistical Analysis. All data are expressed as mean + SEM and
ELISA. TNF-a and IL-6 release from N9 cells and hippocampal o S .
ic cul d using ELISA (Biol d). Followi analyzed by ANOVA, as indicated. When significance was obtained by
organotypic cultures was measured using lolegend). Following ANOVA, Dunnett’s posthoc test was used to compare values between
treatment, samples were appropriately diluted and assessed according to treatmen,ts~ ¥ < 0,08, *¥p < 0.01
the manufacturer’s protocol. Standard curves were prepared in duplicate PP =B TP < B
with each experiment, and cytokine concentration was calculated by use
of standard curve as reference. B RESULTS AND DISCUSSION
Cell Counting and Trypan Blue Staining. Cell number and cell
death was quantified in microglial cells by trypan blue staining
and hemocytometry. Following treatment, cells were harvested with
their supernatant) and centrifuged at 4 °C for S min at 3000 rpm and

1. Synthesis. The compounds tested in this study were
prepared by applying previously reported synthetic procedures.
In brief, hydroxyl-terminated dendritic polyglycerol (dPG, aver-

resuspended in 4:1 PBS/trypan blue. The cell suspension was diluted age number molec.ular W'elght Mn' =350 kpa, Flgure 1A) was
and 10 uL was loaded into a hemocytometer (Hausser) and the prepared by an anionic ring-opening multibranching polymer-
cells were counted. Cell number was also assessed by labeling nuclei ization (ROMBP) of glycidol on a partially deprotonated
(Hoechst 33342). In short, microglia were fixed with 4% paraformalde- trimethylolpropar_le_ (TMP) starter by applying slow monomer
hyde for 15 min and labeled with Hoechst 33342 (10 zM) for 15 min. addition (SMA).”"** Nonlabeled dendritic polyglycerol sulfate

The cells were washed and kept in phosphate buffered saline (PBS) for (dPGS, M, = 11.5 kDa, Figure 1B) was prepared by sulfation
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Figure 4. Cell viability assays: dPGS toxicity in N9 microglia in IMDM supplemented with 1% FBS. Microglia are maintained in the presence of 5% FBS
(considered as control, 100% viability). Note: All experiments were performed with 1% FBS and all treatments were compared with viability and
metabolic activity in the absence of dPGS or dPG but with 1% FBS. Cells were treated (A) with dPG and dPGS (100 nM) for 24 h and (B) with dPG and
dPGS (100 nM) for 3 h followed by LPS (100 ng/mL) for additional 24 h. Mitochondrial metabolic activity was measured by the MTT assay; values are
expressed as a percentage reduction in mitochondrial metabolic activity relative to untreated control cells. (C) The cell viability was determined by
hemocytometry in N9 microglia treated with dPG and dPGS (100 nM) for 3 h followed by LPS (100 ng/mL) for an additional 24 h. Cell viability
percentage was calculated by dividing the live cell number (trypan blue-negative) by the total cell number. (D) Viability of microglia measured by high-
throughput analysis of labeled nuclei with Hoechst 33342. Mean values and standard error of the means for triplicate measurements from at least two
independent experiments (n > 6) are shown; 100% cell viability corresponds to 5% FBS. Significant differences: *p < 0.0S, **p < 0.01, ***p < 0.001.

with SO; pyridine complex in DMF*’ and the Cy$-labeled
analogue (dPGS-Cy$, 15.1 kDa, Figure 1B) was synthesized by
introducing an azide bearing C,; linker prior to the sulfation
process and click coupling of an alkyne-functionalized CyS
derivative in the last step.”” The low molecular weight control
triglycerol-CyS (TG-CyS, Figure 1C) was prepared by amide
coupling of an NHS activated CyS (CyS NHS-ester)*’ to a
glycerol G1 dendron (triglycerol) functionalized with an amine
group at the focal point.”* Purification of the compounds was
accomplished by ultrafiltration, size exclusion chromatography,
and reverse-phase column chromatography.

The prepared polymers dPG and dPGS are highly water-
soluble probes and have a hydrodynamic diameter of
approximately 5—6 nm in phosphate buffered saline.'” Average
number molecular weights and the number of peripheral
functional groups, as well as the average dye incorporation per
polymer is given in Table 1. For cellular uptake studies and
visualization, the CyS-labeled variant of dPGS (dPGS-CyS) was
used, whereas for the quantification of cytokine release and NO
production, as well as the impact on dendritic spines, unlabeled
dPGS was used.

2. Cellular Uptake and Cell Viability. First, we investigated
if the dPGS was internalized into pyramidal neurons and if it was
toxic to organotypic hippocampal brain slice cultures. Cellular
uptake was investigated using confocal microscopy on organo-
typic hippocampal slice cultures which were incubated with
dPGS-CyS for 24 h at a concentration of 100 nM (Figure 2).
Interestingly, when different cell types (CA1 pyramidal neurons,
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astrocytes, and microglia) were examined, neither dPGS-Cy$S
alone nor in the presence of LPS (Supporting Information,
Figure SI1) did appear to enter CAl pyramidal neurons. Rather,
there was a selective aggregation of dPGS-CyS positive signal
within microglia. This suggests that dPGS could be taken up in a
cell-specific manner.

When investigating the toxicity of dPGS toward CAl pyr-
amidal neurons after 24 h by measuring mitochondrial metabolic
activity (MTT) or cell death (propidium iodide labeling), no
detrimental effects on the health of the organotypic culture were
observed. Next we investigated if dPGS labeled with CyS (dPGS-
CyS) was taken up into microglia N9 cells (Figure 3). These cells
were selected because it is known that they have many properties
similar to primary microglia cultures, which was confirmed in a
previous publication.””>® Seeing that dPGS was nontoxic in
microglia at a concentration of 100 nM (MTT assay, trypan blue
exclusion assay and Hoechst 33342 labeling of cell nuclei, see
below), we investigated if this lack of toxicity could be explained
by their inability to enter the cells and only temporarily bind to
plasma membrane putative selectin receptors.20’53 For this we
used dPGS-CyS and the control triglycerol-CyS (TG-CyS) and
untreated cells (controls for autofluorescence). Imaging of
live cells by fluorescence microscopy (Figure 3A) and z-stack
analyses together with the measurements of relative fluorescence
intensities by high-throughput imaging (Operetta) and spectro-
fluorometry provided a clearly time-dependent course of inter-
nalization of the fluorescent compounds (Figure 3B and 3C).
The extent of internalization into microglia was significantly
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higher for dPGS-CyS than for the control TG-CyS and the extent
of their internalization (in the presence of 100 ug/mL LPS)
at this time point (24 h) was not significantly altered by LPS
(Figure 3C). The internalized dPGS-CyS could be clearly
detected inside the microglia as well as associated with plasma
membrane after 1 h of incubation and significantly more after
longer times (15—24 h, Figure 3A,B). We next investigated the
mode of dPGS entry into microglia. For this, we performed
several pharmacological manipulations to reveal which of the
internalization routes are the most likely ones. Unfortunately,
the selectin-specific antibodies are not commercially available.
Therefore, we used commonly studied uptake inhibitors, that is,
dynosore (to inhibit dynamin-mediated internalization), cyto-
chalasin D (Cytoch. D, to derange actin cytoskeletal structures
essential for several routes of internalization, including macro-
pinocytosis), methyl-fB-cyclodextrin (MSCD, to inhibit internal-
ization via lipid rafts by depleting cholesterol from the plasma
membrane), filipin III (to inhibit caveolin-mediated internal-
ization), and sucrose (to inhibit clathrin-mediated endocytosis;
Figure 3D). We found that dPGS-CyS utilizes several routes of
entry, except caveolin. The most pronounced inhibition was
measured when microglia were exposed to cytochalasin D. Since
cytochalasin D disrupts actin cytoskeleton and interferes with
several modes of internalization, macropinocytosis is likely one
of them; it is a common mode of internalization by macrophages
and it is associated with engulfment of extracellular fluid and
pathogens by actin-rich plasma membrane.””*® It was found that
other dendrimers are also internalized via this route of cell
entry (Anticancer drug nanomicelles formed by self-assembling
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amphiphilic dendrimer to combat cancer drug resistance.’”
In addition, dPGS-CyS did not aggregate to be taken up by
phagocytosis. Internalization by phagocytosis depends on LPS
but micropinocytosis does not. These findings are intriguing
and merit further examinations by changing the expression, for
example, knock-down and overexpression, of key internalization
proteins in microglia. An understanding of the roles of individual
proteins or other transporters involved in dPGS entry into the
neural cells is of interest in order to exploit them to achieve
optimal pharmacological effects by dPGS in the nervous system
and other tissues.

To further investigate the impact of dPGS on the metabolic
activity of N9 microglia in a normal and activated state, MTT
assays were performed (Figure 4). After an acute injury in vivo,
activated microglia exhibit a protective effect and promote tissue
repair.60 In contrast, if chronically stimulated by an inflammogen,
such as LPS, microglia become deleterious, thereby contributing
to the neuronal function impairment.®’ When exposing microglia
to dPG or dPGS at a concentration of 100 nM for 24 h, no
reduced mitochondrial activity and cell viability was observed
(Figure 4A). The exposure of microglia to dPGS even in high
micromolar concentrations (up to 1 mM) did not cause impair-
ment in mitochondrial function or cell death as confirmed by cell
number determination after 24 and 48 h (data not shown). This
confirms previous findings, suggesting that dPGS in different cell
types and even in vivo is not harmful.'*****~%* In addition,
microglia were preincubated with dPG or dPGS (100 nM) for 3 h,
respectively, and then exposed to LPS (100 ng/mL) for 24 h
(Figure 4B). A reduction of about 35% of the mitochondrial
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metabolic activity was measured when treated with LPS only
or when preincubated with the uncharged polymer dPG fol-
lowed by LPS. In contrast, pretreatment with dPGS inhibited
the reduction of mitochondrial activity to approximately 25%.
A quantitative determination of the cell viability via hemocy-
tometry or measurements of labeled nuclei with Hoechst 33342
in the presence of LPS confirmed the above-described results and
the lack of toxicity of dPGS (Figure 4C,D).

3. Cytokines and Nitric Oxide Release. Having seen that
dPGS is avidly internalized by microglia, we investigated dPGS as
regulators of nitric oxide and proinflammatory cytokines in
hyperactive microglia (Figure $). It was previously shown that
the N9 microglial cell line expresses CD14 and responds to LPS
by change in morphology, release of proinflammatory cytokines,
and phagocytic activity.”>*® First, microglia were either exposed
or unexposed to LPS (100 ng/mL) to establish the maximal NO
release after 24 h (Figure SA). There was a significant increase in
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nitrite concentrations in the media, consistent with inducible
nitric oxide synthase (iNOS) activation and an enhanced NO
release upon LPS exposure. When microglia were treated with
dPGS (100 nM) for 3 h followed by incubation with LPS
(100 ng/mL) for an additional 24 h, there was a reduced NO
release (**p < 0.01), whereas dPG treatment did not lead to
the significant change (Figure SA). Next, the extent of protein
S-nitrosylation was determined by immunocytochemical analyses
using primary antibodies recognizing nitrosilated protein species
(Figure SB). Similar to the nitrite measurements, a significant
reduction of nitrosylated proteins with both lower (10 nM) and
higher (100 nM) concentrations of dPGS was observed.
Consistent with these results, measurements of cytokines in
the media from LPS and dPGS-treated microglia showed a small,
but significant decrease of tumor necrosis factor alpha (TNF-q,
Figure SC) and interleukin 6 (IL-6, Figure SD); dPG was again
ineffective. These results suggest that the major mode of action of
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dPGS in hyperactive microglia stimulated by LPS was not by
inhibiting a specific cytokine release, but rather by attenuating
the release of several pro-inflammatory cytokines thereby
reducing a cell loss. It is also possible that dPGS stimulated a
secretion of some anti-inflammatory cytokines which opposed
the LPS-induced proinflammatory secretion. Among the likely
anti-inflammatory candidates are IL10 and TGF-f, which are
currently under investigation.

4. Effect on Dendritic Spine Morphology. Considering
that microglia are known modulators of dendritic spines, we also
investigated the effects of dPGS and LPS on dendritic spine
morphology in neuronal tissue cultures using similar treatments
as in experiments with microglia alone. The effects of both LPS
and dPGS alone as well as together in a sequential application
were made in the CAl region of hippocampal organotypic
cultures. First, potential toxic effects of dPGS were investigated.
Following dPGS treatment in various concentrations (10, 100,
and 1000 nM) for 24 h, there was no significant reduction in
dendritic spines by dPGS at a concentration of 10 and 100 nM.
However, at 1000 nM of dPGS, there was a decrease in dendritic
spine density (Supporting Information, Figure SI2 and Table SI12).
Based on this finding, we have chosen the medium concentration
of dPGS (100 nM) to test its ability to prevent LPS-induced
inflammation in the hippocampal preparations (Figure 6).
Cultures were treated with 100 nM of dPGS for 3 h prior to
the addition of LPS (100 ng/mL). The addition of LPS also did
not lead to internalization of dPGS into CAl neurons (n = 7;
Supporting, Figure SI1). LPS alone induced a significant decrease
in dendritic spine densities in all spine subtypes compared to
control condition. Three hours of dPGS pretreatment prevented
spine loss associated with LPS treatment (Figure 6AB). Having
established that dPGS (100 nM) prevents loss of spines in
organotypic hippocampal cultures exposed to LPS (100 ng/mL),
we next measured the ability of dPGS to reduce the biomarkers
NO, TNF-a, and IL-6, which are known to be increased in
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hippocampus following exposure to proinflammogen LPS. In
concert with prevention of morphological spine deterioration
upon LPS treatment in the presence of dPGS, there was a sig-
nificant increase of NO, IL-6, and TNF-a release (Figure 6C-E)
induced by LPS and a remarkable decrease of IL-6 release with
dPGS pretreatment (100 nM); this decrease was >85% (Figure 6D).
The reductions in TNF-a (Figure 6C) an NO (Figure 6E) were
less dramatic (25 and 10%, respectively) but still significant.
Taken together, the findings from the present studies suggest
that dPGS is selectively taken up by microglia, which significantly
improve their homeostasis during LPS-induced inflammation.
This is reflected by an improved mitochondrial metabolic
activity, normal cell viability, and reduced cytokine release. dPGS
also prevents the loss of dendritic spines during inflammation
helping to maintain and re-establish function in CA1 region, one
of the particularly vulnerable structures in hippocampus. Based
on our findings, we propose a simplified mechanism of dPGS for
the homeostasis in hippocampus (Figure 7). dPGS is internalized
by microglia and upon LPS treatment normal spine density and
levels of proinflammatory cytokines are maintained, whereas
treatment with LPS alone results in an inflammatory state.

B CONCLUSIONS

Dendritic polyglycerol sulfate (dPGS) is a particularly attractive
class of bioactive polymers that exhibits intrinsic anti-
inflammatory properties. The herein described studies were
performed with an established model of inflammation in
organotypic hippocampal cultures triggered with the commonly
applied proinflammogen LPS. Results from these studies show
that dPGS is internalized largely in microglia, does not impair cell
viability, normalizes microglia hyperactive state, reduces produc-
tion of proinflammatory cytokines, and does not adversely affect
the structure of dendritic spines. Hence, dPGS thereby indirectly
prevents deterioration and maintains excitatory CAl pyramidal
cell synapses when challenged with the inflammogen LPS.

DOI: 10.1021/acs.biomac.5b00999
Biomacromolecules 2015, 16, 3073—3082


http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5b00999/suppl_file/bm5b00999_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5b00999/suppl_file/bm5b00999_si_001.pdf
http://dx.doi.org/10.1021/acs.biomac.5b00999

Biomacromolecules

These findings suggest that dPGS could be a promising candidate
for the treatment of neurological disorders associated with
inflammation. The ability of dPGS as well as its conjugates and
supramolecular aggregates to cross biological barriers, for
example, the blood—brain barrier, is currently under investigation.
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