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Abstract

Increased polyamine production is observed in a variety of chronic neuroinflammatory disorders,
but in vitro and in vivo studies yield conflicting data on the immunomodulatory consequences of
their production. Ornithine decarboxylase (ODC) is the rate-limiting enzyme in endogenous
polyamine production. To identify the role of polyamine production in CNS-intrinsic
inflammatory responses, we defined CNS sites of ODC expression and the consequences of
inhibiting ODC in response to intracerebral injection of LPS+/— IFNy. In situ hybridization
analysis revealed that both neurons and non-neuronal cells rapidly respond to LPS+/— IFNy by
increasing ODC expression. Inhibiting ODC by co-injecting DFMO decreased LPS-induced CCL2
expression and macrophage influx into the CNS, without altering LPS-induced microglial or
macrophage activation. Conversely, intracerebral injection of polyamines was sufficient to trigger
macrophage influx into the CNS of wild-type but not CCL2KO mice, demonstrating the
dependence of macrophage influx on CNS expression of CCL2. Consistent with these data,
addition of putrescine and spermine to mixed glial cultures dramatically increased CCL2
expression and to a much lesser extent, TNF expression. Addition of all three polyamines to mixed
glial cultures also decreased the numbers and percentages of oligodendrocytes present. However,
in vivo, inhibiting the basal levels of polyamine production was sufficient to induce expression of
apolipoprotein D, a marker of oxidative stress, within white matter tracts. Considered together, our
data indicate that: (1) CNS-resident cells including neurons play active roles in recruiting pro-
inflammatory TREM1+ macrophages into the CNS via polyamine-dependent induction of CCL2
expression and (2) modulating polyamine production in vivo may be a difficult strategy to limit
inflammation and promote repair due to the dual homeostatic and pro-inflammatory roles played
by polyamines.
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INTRODUCTION

Putrescine, spermidine and spermine belong to a class of small polycationic molecules
termed polyamines (Bistulfi et al. 2009, Moinard et al. 2005, Pegg, 2009, Zhang et al. 2000).
In healthy mature brain tissue, polyamine levels are relatively low (hanomolar levels).
However, polyamine levels can reach micromolar and even millimolar levels during active
inflammatory responses as well as during periods with active cell proliferation such as
during CNS development (Bistulfi et al. 2009, Moinard et al. 2005, Pegg, 2009, Slotkin and
Bartolome 1986, Thomas and Thomas 2001, Zhang et al. 2000). Ornithine decarboxylase
(ODC) is the rate-limiting enzyme in the synthesis of all three polyamines in vivo,
catalyzing the conversion of ornithine to putrescine (figure 1a) (Bistulfi et al. 2009, Moinard
et al. 2005, Pegg, 2009). Increased CNS levels of ODC and polyamines are detected in
several animal models of neurodegenerative disorders including amyotrophic lateral
sclerosis, ischemia and Alzheimer's disease as well as in brain tissue from individuals with
Alzheimer's disease (Clarkson et al. 2004, Kim et al. 2009, Morrison et al. 1995, Morrison et
al. 1998, Virgili et al. 2006). Functionally, polyamines are best characterized for their effects
promoting cell proliferation during development and cancer, but they also regulate a broad
array of cellular functions in both neurons and inflammatory cells (Zhang et al. 2000).

Conflicting in vitro and in vivo data have hindered identifying whether elevated polyamine
levels have net neurotoxic versus neuroprotective consequences within the CNS. For
example, polyamines are postulated to promote neurodegeneration based on their ability to
bind and modulate the functions of inward rectifying K+ channels as well as nicotinic
acetycholine and glutamate neurotransmitter receptors (Doyle et al. 1996, Mony et al. 2009,
Rao et al. 1991, Shin et al. 2005, Slotkin et al. 2003, Williams 1997). Conversely,
polyamines are postulated to be essential for neural repair and regeneration. For example,
polyamines promote neurite outgrowth and neurite fasciculation in vitro, and stabilize
synapse formation in vivo (Cai et al. 2002, Deng et al. 2009, Georgiev et al. 2008, Khaing et
al. 2006, Schreiber et al. 2004). In addition, regeneration of dorsal root ganglion axons is
dependent on spermidine synthesis both in vitro and in vivo (Cai et al. 2002, Deng et al.
2009, Gao et al. 2004, Spencer et al. 1994).

Similarly, conflicting data also suggest that polyamines may have dual roles promoting anti-
and pro-inflammatory responses within the CNS. Anti-inflammatory actions of polyamines
are demonstrated by several in vitro studies. For example, increasing intracellular polyamine
levels by blocking polyamine export out of activated macrophages decreases their
expression of pro-inflammatory cytokines (Tjandrawinata et al. 1994, Szabo et al. 1994).
Treating cultured LPS-activated monocytes and macrophages with spermine both inhibits
production of pro-inflammatory cytokines while at the same time increasing expression of
anti-inflammatory cytokine, I1L-10 (Hasko et al. 2000, Bussiere et al. 2005). Conversely, the
pro-inflammatory actions of polyamines are demonstrated by an in vivo model of secondary
CNS inflammation. In this model, intraperitoneal (IP) injection of LPS triggers increases in
ODC expression throughout the murine CNS that precedes increases in expression of the
pro-inflammatory molecules, TLR-2 and TNF (Soulet and Rivest 2003). To prove that the
LPS-triggered increases in TNF and TLR2 expression were polyamine dependent, mice
were treated with a-di-fluoro-methyl-ornithine (DFMO), an irreversible and specific
inhibitor of ODC. DFMO treatment decreased LPS-induced TNF and TLR2 expression.
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Furthermore, intracerebral injection of spermine prior to IP injections of LPS increased the
numbers of cells in the CNS expressing both TNF and TLR2 (Soulet and Rivest 2003).

These data clearly identify pro-inflammatory consequences of polyamine production using
an in vivo model of secondary neuroinflammation (Soulet and Rivest 2003). However, two
different populations of myeloid cells serve to support CNS function: a largely self-
renewing population of CNS resident microglia and a short-lived blood-derived population
of macrophages that transiently infiltrate the CNS (Carson et al. 2007, Carson et al. 2009,
Ginhoux et al. 2010, Graeber et al. 2010). Even when found in the same CNS
microenvironment, microglia and infiltrating monocytes/macrophages have distinct
molecular profiles and effector functions (Carson et al. 1998, Carson et al. 2007, Ginhoux et
al. 2010, Schmid et al. 2009, Simard et al. 2006).

I1l-defined in the studies by Soulet and Rivest were the relative regulatory roles of
polyamines on inflammatory responses of CNS-resident microglia versus CNS-infiltrating
monocytes/macrophages. Furthermore, from the in vitro studies on cultured monocytes and
macrophages, it is unclear if the anti-inflammatory actions of polyamines also apply to
microglia and/or to monocytes and macrophages when found within the CNS
microenvironment. In the studies presented here, we test whether polyamines

a) promote or inhibit pro-inflammatory responses initiated from within the CNS
microenvironment, and

b) regulate differentially the responses of CNS-resident microglia versus CNS-
infiltrating macrophages.

In brief, we find that intracerebral injection of LPS +/— IFNy results in increased ODC
expression by CNS neurons and glia. Co-injection of the ODC inhibitor, DFMO with LPS
did not alter either microglial or macrophage activation, but did decrease LPS-induced CNS
expression of CCL2 and macrophage influx into the CNS. Furthermore, co-injection of all
three polyamines without LPS was by itself sufficient to recruit macrophages into the CNS
of wild-type but not CCL2KO mice. In sum, our data identify polyamines as one of the
CNS-intrinsic mechanisms regulating CCL2-dependent recruitment of macrophages into the
CNS following pathogenic insult.

MATERIALS AND METHODS

Preparation of mixed glial cultures

Mixed glial cultures were prepared as previously described (Carson et al. 1998, 1999,
Schmid et al. 2009). Briefly, brains from post-natal day 1-3 C57BI/6 mice were stripped of
meninges, and the cortices mechanically dissociated, seeded into T-75 flasks or 8 well
chamber slides and maintained in DMEM, supplemented with 10% FBS and insulin (5ug/
ml). Catabolic enzymes present in FBS rapidly convert putrescine, spermine and spermidine
to acrolein, a highly cytotoxic compound (Lee and Sayre 1998). Therefore, to analyze the
effects of polyamines, mixed glial cell cultures were maintained in serum-free media for 48
hours prior to polyamine addition. Immunchistochemical analysis of cells maintained in 8
well chamber slides was performed as previously described (Raible and McMorris 1993,
Sperber et al. 2001). The total cell number and percentages of oligodendrocytes were
identified as cells immunoreactive for 2',3' cyclic nucleotide phosphodiesterase (CNP) per
total hematoxylin-labeled nuclei in culture. To isolate purified microglia, mixed glial
cultures were trypsinized after being in culture for two weeks and single cell suspensions
were incubated in DMEM media without phenol red for 30 minutes at 37°C to allow for the
re-expression of trypsinized surface markers. Microglia were purified to >98% purity by
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flow cytometry using PE-conjugated antibodies directed against FcR/CD16/CD32 (BD
Bioscience, San Diego, CA) (Carson et al. 1998, 1999, Schmid et al. 2009).

RNA Extraction and Reverse Transcription

RNA was extracted from isolated cells immediately after isolation as previously described
(Schmid et al. 2002). RNA concentration was assessed by measuring the absorbance at 260
nm and was adjusted to 1 ug/ul. RNA integrity and absence of genomic DNA were verified
by fractionating samples by electrophoresis in denaturing gels. Gels were stained with
ethidium bromide and the ratio of 28S to 18S RNA was quantified using a UVP Biodoc it
imaging system. Two micrograms of RNA were reverse transcribed using first strand cDNA
synthesis kit according to manufactuers instructions (Amersham Biosciences,
Buckinghamshire, UK).

Quantitative Real time Polymerase Chain Reaction

Primers were chosen to anneal with a DNA template at a temperature of 60°C and to
encompass a coding fragment of 100-300 bp. All the primers used were designed in the 3'
UTR of the molecules tested so as to ensure specificity of amplification. Real time gPCR
was performed as detailed previously (Schmid et al. 2009). In brief, a constant amount of
200 ng cDNA from each reverse transcription, or each dilution of the appropriate standard,
was amplified in 25 pl of TagMan PCR Core Reagent (Applied Biosystems) according to
the manufacturer's instructions. The reaction mixture consisted of 0.5 U of AmpliTaq Gold
polymerase, each of the 4dNTPs (0.2 mM), with dUTP replacing dTTP, each pair of primers
(300 nM), and MgCl, (3 mM final concentration) in the above-described Tris buffer.
Amplifications were performed in an ABI Prism 7700 Sequence Detector System (Applied
Biosystems). The reaction was started with a step of 10 min at 50°C for the removal of
uracyl residues incorporated into the cDNAs with 1 U of uracyl-N-glycosylase (AmpErase
reagent). This was followed by an incubation of 10 min at 95°C, for AmpliTaqg Gold
activation, then 40 cycles each consisting of 15 sec at 95°C and 1 min at 60°C. At the end of
each experiment, amplification products were fractionated by gel electrophoresis to verify
that they migrated as a single band with the expected size. Each sample was analyzed in
duplicate. For the quantitative analysis, direct detection of PCR products was performed by
measuring the progressive increase in fluorescence emitted by the binding of SYBR Green
to double-stranded DNA. Data were normalized to endogenous expression of housekeeping
gene hypoxanthine phosphoribosyl transferase (HPRT). Using the comparative cycle
threshold (Ct) method, the amount RNA transcripts were expressed as a reference to
unstimulated microglia.

Induction of CNS inflammation and flow cytometric analysis of microglia

As previously described, microglia were isolated from the CNS of adult (8-12 weeks old)
C57BI/6J and CCL2KO mice following no treatment or 24 hours following intracerebral
injection with LPS (100 ng/ml) plus/minus IFNy(10 U/ml) plus/minus DFMO (0.25uM),
plus/minus 2 nmoles each of putrescine, spermidine and spermine. Total injection volume
for all injection conditions is 5 ul (Carson et al. 1998, Schmid et al. 2009). In brief, mice
were euthanized by halothane inhalation, and the brains of the mice rapidly removed and
mechanically dissociated. The cell suspension was separated on a discontinuous 1.03/1.088
percoll gradient and microglia/macrophages were collected from the interface as well as
from the 1.03 Percoll fraction. Microglia and CNS-infiltrating macrophages were purified by
flow cytometry using APC-conjugated antibodies against pan-CD45 and phycoerythrin-
conjugated antibodies against either CD11b or FcR (BD Biosciences, San Diego, CA).
Activated microglia were identified as CD45lo, and either CD11b-positive or FcR-positive
Macrophages were identified as CD45hi and either CD11b-positive or FCR-positive.
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In situ hybridization analysis

In situ hybridization was performed on free-floating cryosections as described previously
(Schmid et al. 2009). Briefly, coronal sections (25 um) were hybridized at 55°C for 16 h
with a 33P-labeled riboprobe (107 cpm/mL). Excess probe was removed by washing at room
temperature (23°C) for 30 min in 0.03 M NaCl, 0.003 M sodium citrate (2x SSC) containing
10 uM B-mercaptoethanol, followed by a 1 hour incubation with 4 ug/mL ribonuclease, 0.5
m NaCl, 0.5 m EDTA, 0.05 m Tris-HCI, pH 7.5, at 37°C. Sections were then washed under
high-stringency conditions for 1.30 hours at 55°C in 0.5x SSC, 50% formamide and 10 uM
B-mercaptoethanol, followed by a 1 hour incubation at 68°C in 0.1x SSC, 5 uM -
mercaptoethanol and 0.1% N-lauryl sarcosine. Myeloid cells and blood vessels were
identified by their ability to bind biotinylated tomato lectin (Sigma), while neuronal nuclei
were identified by labeling with biotinylated NeuN (Sigma). Bound biotinylated tomato
lectin or NeuN was visualized by standard strepavidin-horseradish peroxidase methodology.
Sections were mounted on to FisherBrand SuperFrost/plus slides (Fischer Scientific,
Pittsburgh, PA, USA) and dehydrated with ethanol and chloroform. Slides were exposed for
3 days to Kodak X-AR film and dipped in llIford K-5 emulsion (Polysciences, Warrington,
PA, USA). After 3 weeks, slides were developed with Kodak D19 developer (Fischer
Scientific), fixed and counterstained with Mayer's hematoxylin.

Quantification of CCL2 expression from in situ hybridized tissue sections

The degree of CCL2 expression in each tissue section was expressed as a function of
autoradiogram film exposure caused by tissue-bound 33P labeled riboprobe. To insure that
equivalent regions were being quantified in tissue sections from different animals,
quantification was performed in regions adjacent to the site of intracerebral injection. The
site of injection was identified histologically based on needle induced tissue damage and
microgliosis visualized by increased tomato lectin labeling. This area was then outlined on
the corresponding autoradiogram using the Adobe Photoshop software and film exposure
quantified using NIH image J software. Analysis was based on 16 tissue sections per
condition in two replicate experiments.

Detection of secreted cytokine with cytokine bead arrays

Protein concentrations of interleukin-6 (IL-6), Interleukin-10 (IL-10), CCL2, interferon-y
(IFN-v), tumor necrosis factor (TNF), and interleukin-12p70 (IL-12p70) in the supernatants
from replicate serum-free mixed glial cultures were measured using the BD™ cytokine bead
array (CBA) mouse inflammation kit according to the manufacturer's protocol. In brief,
500ul of collected supernatants were incubated for 2 hours with 50ul of mixed capture beads
and 50ul of the PE-detection reagent. The PE-detection reagent is a mixture of PE-
conjugated anti-mouse IL-6, IL-10, CCL2, IFN-y, TNF and IL-12p70 antibodies. The
samples were washed and resuspended in 300ul of wash buffer and analyzed immediately by
flow cytometry using a BD FACs Calibur and BD Cell Quest software (version 5.2.1). A
standard curve and individual capture beads for each cytokine are provided with the kit.
Cytokine protein concentrations were determined using BD cytometric Bead Array Software
per kit instructions.

RESULTS

LPS/IFNy induces cultured microglial expression of polyamine regulatory enzymes

Treating primary microglia derived from mixed glial cultures and peripheral macrophage
populations with LPS+IFNy leads to their rapid activation, characterized by increased
expression of pro-inflammatory molecules such as MHC class Il and CD40 (Carson 1998,
Schmid 2009). In addition, treating monocytes and peripheral macrophages with LPS
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increases expression of ODC, the rate limiting enzyme in polyamine production, (figure 1a)
(Salimuddin et al. 1999 Manni et al. 2004). However, it was unexamined whether direct
activation of microglia with pro-inflammatory stimuli would also increase microglial
expression of polyamine biosynthetic enzymes.

Therefore using quantitative real-time PCR (qPCR) and cDNA templates prepared from
mixed glial culture microglia, we quantified LPS/IFNy-regulated expression of three critical
modulators of polyamine production: (a) ODC, (b) antizyme, an endogenous inhibitor of
ODC that also promotes ODC degradation and (c) N1-spermine-spermidine acetyl
transferase (SSAT) which catalyzes the regeneration of putrescine from spermine (figure
1a). In response to 24 hours of LPS/IFNy treatment, ODC expression increased by more
than 5-fold over the basal level of expression (p < 0.001) (figure 1b). In addition, LPS/IFNy
treatment increased expression of SSAT and antizyme, 1.89 (p < 0.001) and 3.50 (p < 0.001)
fold over basal levels, respectively (figure 1b).

LPS/IFNy induces ODC expression in both neurons and glia in the adult murine CNS

We previously reported that cultured microglia are only in part predictive of microglial
responses in vivo (Carson et al 1998, Carson et al. 2008, Schmid et al 2009). Therefore, we
examined whether direct intracerebral injection of LPS/IFNy led to an increase in ODC
expression in the CNS as revealed by 33P-labeled riboprobe exposure of autoradiograms.
Basal levels of ODC expressed in the CNS of untreated specific pathogen-free (SPF) adult
mice were at the border of detection by in situ hybridization analysis and showed diffuse
expression in all CNS cells consistent with previous publications (figure 2a; Bernstein et al.
1999). However, as early as three hours post-injection of LPS/IFNy, increased ODC
expression was readily detected throughout the CNS, including sites distant from the site of
injection (figure 2b). The highest level of ODC induction was observed in the meninges
(downward arrow, figure 2b) and in the dentate gyrus (upward arrow, figure 2b). Within the
dentate gyrus, the induction of ODC was always higher on the hemisphere receiving the
intrastriatal injection of LPS/IFNy (upward arrow, figure 2b). A similar pattern and level of
ODC expression was detected at 6 hours post-injection of LPS+IFNy (figure 2c). By 24
hours post-injection, ODC mRNA expression was still elevated over that of untreated
controls but was much lower than the levels detected at 3 and 6 hours post-injection (figure
2d). No change in antizyme or SSAT mRNA expression was detected by in situ
hybridization following intracerebral injection of LPS/IFNy in contrast to our in vitro
observations with cultured microglia (data not shown, figure 1b).

To identify the cell types expressing ODC in brain sections from control and LPS/IFN-
injected mice, microglia, macrophages and blood vessels were visualized using tomato lectin
(figure 2e, ), while neurons were visualized using antibodies against NeuN (figure 2g, h).
The initial analysis of the autoradiograms suggested that ODC was upregulated in all regions
of the CNS and in hippocampal neurons. Analysis of grain density at the level of light
microscopy confirmed this initial observation. A global increase in riboprobe associated
grain density was observed throughout LPS/ IFNy-injected brain sections indicating that
ODC expression was increased in nearly all CNS cell types: neurons and glia (figure 2).
However, the highest level of LPS/IFNy-induced ODC expression was observed around the
vasculature (figure 2e, f) and in hippocampal neurons (2g, h).

Our initial gene profiling studies were designed to identify microglial responses to LPS
+IFNy treatment (Schmid et al. 2002, Carson et al. 2004 and Schmid et al. 2009, figure 1).
However, co-injection of IFNy with LPS was not necessary to induce ODC expression in the
CNS. Intracerebral injection of LPS in the presence or absence of IFNy induced similar
patterns of ODC expression in the CNS (supplementary figure 1 and data not shown). In
addition, intracerebral injection of LPS alone was sufficient to trigger macrophage influx
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into the CNS with similar kinetics as injection of both LPS and IFNy (Carson et al. 1998,
1999, Schmid et al. 2009 and figure 3). Therefore, IFNy was omitted from intracerebral
injections in subsequent studies testing whether ODC expression regulates microglial
activation and macrophage influx into the CNS.

Inhibiting ODC function in the CNS does not alter LPS-induced activation of microglia and
CNS-infiltrating macrophage

a-di-fluoro-methyl-ornithine (DFMO) is a highly specific suicide inhibitor of ODC that
binds ODC, inactivates its enzymatic activity and targets ODC for rapid degradation (Poulin
etal. 1992, Wallace and Fraser 2004). Thus DFMO treatment inhibits production and is
often used as an in vivo diagnostic to distinguish events that are consequences of ODC-
dependent polyamine production from events that are merely co-incident with ODC
expression (Deng et al. 2009, Manni et al. 2004, Slotkin et al. 2003, Soulet and Rivest 2003,
Wallace and Fraser 2004). We therefore, co-injected DFMO with LPS to test whether LPS-
induced ODC expression altered LPS-induced activation of microglia or macrophages.

In flow cytometric analysis of brain cell suspensions, both CNS-resident microglia and
CNS-infiltrating macrophages can be distinguished from non-myeloid cells (such as
macroglia and neurons) based on their labeling with antibodies against CD11b or FcR
(figure 3a and 3b, supplementary figure S2). CNS-resident microglia can be distinguished
from macrophages acutely infiltrating the CNS based on their different levels of CD45.
CNS-resident microglia are CD45lo (grey boxes, figure 3a and 3b), while CNS-infiltrating
macrophages are CD45hi (black boxes, figure 3a and 3b; and supplementary figure S2)
(reviewed in Carson et al 2008). Macrophages recruited to the CNS following LPS injection
display a highly activated pro-inflammatory phenotype greater than CNS-resident microglia
in the same brain preparations (figure 3c—e). Specifically, CD45hi macrophages express
high levels of TREML, a receptor that amplifies TLR4 mediated pro-inflammatory
responses (figure 3c), CD40, a receptor that triggers phagocytosis and IL-12 production
(figure 3d) and MHC class I1, a molecule required to present antigens to CD4+ T cells
(figure 3e). By contrast, CD45lo microglia express very low to negligible levels of TREM1,
CD40 or MHC class Il following intracerebral injection of LPS. Co-injection of DFMO did
not alter microglial or macrophage expression of any of these activation markers (note open
and filled histograms are co-incident (figures 3f—k).

In supplementary figure 2, we use irradiation bone marrow chimeric mice (CX3CR1-GFP
bone marrow donors into irradiated C57BI/6j recipients) to demonstrate that CNS-resident
CD45lo microglia do not significantly contribute to the CD4hi macrophage population
following LPS-induced activation. In LPS-injected chimeric mice, greater than 95% of
CD45hi microglia are GFP+ indicating they are bone marrow derived cells which have only
acutely infiltrated the CNS.

Inhibiting ODC function in the CNS decreases LPS-induced influx of CD45hi macrophages

into the CNS

Although DFMO had no effect on LPS-induced microglial and macrophage activation, it did
have an effect on macrophage influx (figure 3a, 3b and figure 4). Intracerebral sham
injections trigger very little influx of CD45hi macrophages into the CNS (figure 4a, 4¢). By
contrast, intracerebral injection of DFMO alone caused a small influx of CD45hi
macrophages greater than that of sham-only injections (figure 4b, 4e, *P < 0.05). However,
this influx was much less than the large influx of macrophages triggered by intracerebral
injections of LPS (figure 4c, 4e). Strikingly, co-injection of DFMO with LPS decreased the
LPS-induced macrophage accumulation in the CNS by 25% (figure 4d, 4e *P < 0.05). These
data indicate that LPS-induced, ODC-dependent polyamine production did not alter
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microglial or macrophage activation within the intact CNS microenvironment, but did
increase the numbers of pro-inflammatory macrophages recruited to the CNS.

Putrescine and spermine induce production of pro-inflammatory cytokines TNF and CCL2

in vitro

To identify how polyamines promoted and/or sustained LPS-induced CNS
neuroinflammation, we treated mixed glial cultures (comprised of astrocytes, microglia and
oligodendrocytes) with putrescine, spermidine or spermine. Mixed glial cultures were
maintained in serum free media for 48 hours prior to polyamine addition because
polyamines are rapidly converted to the highly cytotoxic compound acrolein in the presence
of serum (Lee and Sayre 1998, Tanako et al. 2005). We then quantified chemokine and
cytokine accumulation in culture supernatants using a flow cytometric bead assay following
24 hours treatment with individual polyamines. We found that at all concentrations tested
(1uM-1000uM), none of the three polyamines induced detectable accumulation of the anti-
inflammatory cytokine, IL-10 nor of pro-inflammatory cytokines IL12p70, IFNy, IL10 and
IL6 in culture supernatants (data not shown). By contrast, putrescine and spermine both had
dose-dependent effects on the accumulation of TNF (figure 5a) and CCL2 (figure 5b) in
culture supernatants. The lowest tested concentrations of these two polyamines (1uM) had
no effect on the accumulation of either TNF or CCL2 in cultures supernatants. However,
intermediate (100uM) and high (1000uM) concentrations of putrescine induced a 2- and 4-
fold increase respectively in TNF accumulation, while only the highest concentration of
spermine were sufficient to induce a 3-fold increase in TNF (figure 5a, P<0.001). The
effects of putrescine and spermine on CCL2 accumulation were more dramatic (figure 5b).
While low concentrations of each polyamine had no effect on the amount of CCL2 secreted
into mixed glial culture supernatants, intermediate (100uM) levels of both putrescine and
spermine caused more than a 100-fold increase in CCL2. Spermidine had no effect on TNF
or CCL2 production at all concentrations tested (figure 5b). These data indicate that
polyamines are more effective in inducing expression of a molecules involved in
macrophage recruitment (CCL2) than a molecules involved in activating microglia and
macrophages (TNF).

DFMO inhibits LPS-induced expression of macrophage chemoattactant CCL2 in the adult

CNS

Addition of polyamines to mixed glial cultures stimulated production of the macrophage
chemoattractant CCL2, supporting the hypothesis that polyamines play a critical role in
LPS-induced macrophage recruitment into the CNS. We therefore tested whether inhibiting
ODC in vivo would reduce LPS-induced CCL2 expression in brain regions directly adjacent
to the site of intracerebral injection (figure 6). The region in which CCL2 expression was
quantified (figure 6a) is identified as the boxed regions in figures 6b, 6f. and 6j).
Densitometric analysis of brain sections hybridized with 33P-labeled CCL2 riboprobes
demonstrated that intracerebral injection of LPS induced a 2.5-fold higher level of CCL2
expression than DFMO alone (figure 6a, P < 0.001). Strikingly, co-injection of both LPS
and DFMO dramatically limited LPS-induced CCL2 expression to nearly the same levels as
observed in mice receiving DFMO-only injections (figure 6a, P < 0.001).

Blood vessels, microglia and macrophages were visualized with tomato lectin in tissue
sections hybridized with 33P-labeled CCL2 riboprobes to identify the spatial relationship of
CCL2 expression with the vasculature (figure 6 b—m). Following intracerebral DFMO
injection, CCL2 expression was detected in only a small number of both tomato lectin
positive and negative cells, generally found closely adjacent to blood vessels (figure 6¢—e).
Following intracerebral injection of LPS, CCL2 expression was robustly induced in a large
number of lectin positive and negative cells (figure 6g-i). However, induced CCL2
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expression was not limited to cells directly adjacent to blood vessels. Co-injection of DFMO
with LPS dramatically reduced the numbers of cells with detectable CCL2 expression, as
well as the numbers of lectin-positive cells displaying an ameboid morphology (figure 6k—
m).

Polyamines trigger the influx of CD45hi macrophages into the CNS of wild-type but not
CCL2KO mice

The preceding data suggested that LPS-induced influx of macrophages is mediated in part
by polyamine-induced expression of CCL2. To test this hypothesis explicitly in vivo, we
tested whether polyamines by themselves were sufficient to trigger macrophage influx into
the mature murine CNS of wild-type and CCL2KO mice (figure 7). As previously observed
in figure 5, co-injection of DFMO reduced LPS-triggered macrophage influx into the CNS
of wild-type mice (figure 7a). Previous studies examining the functional consequences of
polyamines in the CNS have intracerebrally injected 1-150nmoles (Deng et al. 2009,Soulet
and Rivest 2003, Velloso et al. 2009). Here we found that co-injection of 2 nmoles each of
putrescine, spermine and spermidine simultaneous with LPS and DFMO was sufficient to
restore ~75% of the LPS-induced macrophage influx into the CNS. Strikingly, co-injection
of the three polyamines in the absence of LPS was also sufficient to trigger a macrophage
influx that was also ~75% of that observed in mice receiving LPS only injections (figure 7a).

To test the CCL2 dependence of macrophage influx into the CNS in our model of primary
neuroninflammation, we compared the LPS-triggered macrophage influx between wild-type
and CCL2KO mice (figure 7b). Few CD45hi macrophages can be detected in uninjected
wild-type mice (solid black line). Approximately 10-fold fewer CD4hi macrophages are
observed in LPS injected CCL2KO mice (dashed black line) than observed in LPS-injected
wild-type mice (grey filled histogram). Injection of all three polyamines into CCL2KO mice
also failed to trigger a large of an influx of CD45hi macrophages in CCL2KO mice (thin
grey line). These data indicate that LPS and polyamine triggered macrophage influx were
both largely CCL2 dependent and not a simple consequence of tissue damage.

We also compared the relative efficacy of each polyamine to trigger macrophage influx into
the CNS of wild-type mice (figure 7c). Individually, none of the three polyamines was able
to trigger as large of an influx of CD45hi macrophages (figure 7c) as when all three
polyamines were co-injected (figure 7a). Notably, spermidine (solid grey line) triggered a
greater influx of macrophages than spermine (dashed black line) or putrescine (solid black
line). It is important to point out that the relative potency of each polyamine in triggering
macrophage influx in vivo differed from their relative efficacy in inducing TNF and CCL2
expression in mixed glial cultures in vitro (figure 5)

Polyamine treatment leads to depletion of oligodendrocytes from mixed glial cultures

To test whether polyamine associated cytokine induction was associated with cell toxicity,
we quantified total cell numbers as a function of polyamine treatment in replicate
experiments. At all polyamine concentrations tested, no effect on total cell number per
culture was detected (figure 8a). Oligodendrocytes comprise only a small percentage of the
total cells in mixed glial cultures (>10%) but can be identified in mixed glial cultures by 2',
3'-cyclic nucleotide 3'-phophodiesterase (CNP) immunoreactivity. All three polyamines
including spermidine reproducibly decreased the numbers of CNP positive oligodendrocytes
present in these mixed glial cultures in a dose-dependent manner (figure 8b). The ability to
promote TNF production did not correlate with oligodendrocyte depletion. Putrescine was
the most potent polyamine in promoting TNF production, but it was the least potent in
reducing oligodendrocytes numbers in mixed glial cultures (figure 5 and figure 8b).
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Inhibiting basal ODC function induces apolipoprotein D expression in white matter tracts

Intracerebral injection of DFMO alone was sufficient to induce a small, transient
accumulation of CD45hi macrophages within the CNS (figure 3), but did not lead to
sustained micro- or astrogliosis (figure 6, and data not shown). Increased apolipoprotein D
(ApoD) is an early stage response to tissue damage and inflammation (Gangfornia et al.
2008). Its expression is associated with oxidative stress (Gangfornia et al. 2008). We
therefore, tested by in situ hybridization analysis whether elevated expression of ApoD
would be detected in brains receiving intracerebral injections of DFMO alone (figure 9).
ApoD expression was very low, but detectable in the meninges of brains receiving
intracerebral injections of vehicle alone (figure 9a). Injection of DFMO alone, LPS alone or
DFMO plus LPS, all led to similar increases in ApoD expression globally throughout the
CNS, but most prominently within white matter tracts such as the corpus collosum (figures
9b-d). These data indicate that white matter tracts show much greater signs of tissue damage
and stress in response to LPS induced inflammation and modulations of polyamine
metabolism than in response to the mechanical damage caused by vehicle only injections.

DISCUSSION

The endogenous polyamines (putrescine, spermidine and spermine) regulate a diverse array
of cellular functions and are essential for normal cell growth and survival (Moinard et al.
2005). Within the CNS, polyamines levels are high during early development and decrease
to low steady state levels after birth (Khaing et al. 2006, Malaterre et al. 2004). Polyamines
and/or expression of ODC increase dramatically in response to systemic inflammation
(Soulet and Rivest, 2003) and during the pathogenesis of several CNS neurodegenerative
diseases (Clarkson et al. 2004, Kim et al. 2009, Morrison et al. 1995, Morrison et al. 1998,
Virgili et al. 2006). In our current studies, we demonstrate that increased ODC expression is
an early response of nearly all CNS resident cells (neurons and glia) to neuroinflammation
induced from within the CNS via intracerebral injection of LPS +/— IFNy.

Previously published experiments aimed at determining the functional consequences of
increased polyamine production during CNS injury and disease have yielded conflicting
data. While very high levels of polyamines are toxic to neurons, in vitro and in vivo studies,
reveal that polyamines can promote critical repair processes required to support axonal
outgrowth and regeneration even in the presence of the inhibitory effect of intact myelin
(Cai et al. 2004, Gao et al. 2004, Spencer et al. 2004). With respect to inflammation, in vitro
data examining the effects of polyamines on macrophages cultured outside the CNS
microenvironment reveal an anti-inflammatory role of polyamines (Tjandrawinata et al.
1994, Szabo et al. 1994, Hasko et 2000). Notably, LPS and IFNy stimulated macrophage
activation is associated with specific export of putrescine from intracellular stores, while
pharmacologic inhibition of putrescine export inhibits LPS and IFNy triggered
proinflammatory cytokine production (Tjandrawinata et al. 1994, Szabo et al. 1994, Hasko
et al. 2000). These data demonstrate the neuroprotective potential of increased polyamine
levels, but many of these same studies also report that the anti-inflammatory effects of
polyamines are dependent on components present in serum added to cultures.

The potential contribution of polyamines toward pro-inflammatory responses has also been
clearly demonstrated. In response to LPS-induced systemic inflammation (Soulet and
Rivest, 2003), ODC activity transiently increases in the CNS concurrent with increased
expression of two pro-markers of pro-inflammatory responses: TNF and TLR2. Adding
DFMO, a suicide inhibitor of ODC to the drinking water of mice not only decreased ODC
expression and activity in the CNS, it decreased CNS expression of both TNF and TLR2.
One uncertainty from these experiments is whether the observed modulation in TNF and
TLR2 expression in the CNS was an indirect consequence of modulating systemic
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inflammation outside the CNS. In this model, systemic inflammation was initiated by
intraperitoneal injection of LPS and the authors carefully documented that LPS did not enter
the CNS.

Our current studies focused on CNS-initiated and CNS-intrinsic regulation of
neuroinflammation by polyamines. Here, we triggered a robust, transient activation of CNS-
resident microglia and influx of activated pro-inflammatory macrophages by intracerebral
injections of LPS +/— IFNy. Using this primary model of CNS neuroinflammation, we found
that acute DFMO-mediated inhibition of ODC within the CNS not only decreased LPS-
triggered expression of the macrophage chemoattractant CCL2 by neurons and glia. DFMO-
mediated inhibition of ODC within the CNS also decreased the influx of CD45hi blood-
derived macrophages into the CNS. Furthermore, co-injection of all three polyamines was
sufficient to restore macrophage influx even in the presence of DFMO or the absence of
LPS. Polyamine induced influx was not a consequence of non-specific damage to the CNS
or the blood-brain-barrier. Rather, the 10-fold reduction in macrophage influx in CCL2KO
mice revealed that polyamine triggered macrophage influx was largely CCL2 dependent.

Our data also suggest that polyamines may have concentration dependent effects within the
CNS. Addition of polyamines to mixed glial cultures reduced the percentage of
oligodendrocytes present, while injection of DFMO alone caused increased ApoD
expression indicative of tissue stress and oxidative damage in white matter tracts.
Constitutive production of low levels of polyamines is well-defined to play essential roles in
many cellular homeostatic functions (Bistulfi et al. 2009, Moinard et al. 2005). Thus
inhibiting basal ODC activity may have generated modest cytotoxic/proinflammatory
signals in the CNS. This type of tissue stress and/or damage may be the reason that injection
of DFMO weas by itself sufficient to induce low level expression of CCL2 and a small influx
of macrophages into the CNS in the absence of additional pro-inflammatory stimuli.

Although the activation states of microglia and macrophages were not decreased when
DFMO was co-injected with LPS into the CNS, the numbers of pro-inflammatory CNS-
infiltrating macrophages were reduced. Our data thus support the previous studies by Soulet
and Rivest (2003) indicating a pro-inflammatory role for polyamines within the CNS. In
addition, our studies identify a specific role for polyamines in facilitating immune cell
recruitment into the CNS that is in part driven by neuronal expression of ODC. Our data also
provide support for polyamines being differentially regulated and playing different pro- and
anti-inflammatory roles dependent on the microenvironment. For example, in our studies
microglia increase expression of ODC, SSAT and antizyme in vitro, but only increase
expression of ODC in vivo. Similarly, in vitro spermidine did not induce CCL2 expression,
but in vivo spermidine was the most potent of the three polyamines in promoting
macrophage influx into the CNS.

The consequences of neuronal expression of ODC might at first glance be viewed as
maladaptive if it ultimately results in chemokine-induced influx of macrophages into the
CNS. Chronic macrophage influx is associated with cytotoxicity. However, transient influx
of macrophages into the CNS that leads to rapid removal of pathogens and/or damaged CNS
tissue can be adaptive for CNS function. For example, decreased influx of blood-derived
macrophages into the CNS has been correlated with increased amyloid plaque deposition in
murine models of amyloid pathology (Simard et al. 2006). By contrast, chronic
overproduction of polyamines may ultimately serve to prevent resolution of inflammation
and thus promote neurodegenerative processes.
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Figure 1. Expression of key enzymes in polyamine biosynthesis is upregulated in primary
microglia treated 24 hours with LPS/IFNy

A: Selected substrates and enzymes in the polyamine biosynthesis pathway. B: qRT-PCR
quantification of enzyme expression over unstimulated control (ODC: ornithine
decarboxylase, AZ: antizyme, SSAT: spermine/spermidine N1-acetyl transferase).
Expression was calculated based on ddCTs normalized to the housekeeping gene, HPRT.
Microglial expression of all mMRNAs analyzed was increased in LPS/IFNy stimulated cells as
compared to unstimulated controls (P < 0.0002, two-tailed Student's t-test).
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Figure 2. ODC mRNA expression is robustly upregulated by perivascular cells and neurons
following intracerebral injection of LPS/IFNy

ODC expression was detected by autoradiogram analysis of brain sections hybridized

with 33P-labeled ODC riboprobes (A-D). Brain sections from uninjected control mice (A),
from mice 3 hours (B), 6 hours (C) and 22 hours (D) post-LPS/IFNy injection. Induced ODC
expression is indicated in meninges by large downward arrow and in the dentate gyrus by
small upward arrow panel in panel B. Panels E and F depict two high magnification focal
planes from the region indicated by the asterick in panel B. Panels G and H depict two high
magnification focal planes from region indicated by the small upward arrow in panel B.
ODC expression is visualized by black grains in film emulsion (panels F and H). Blood
vessels, microglia and macrophages are visualized in brown by tomato lectin (E and F).
Neurons are visualized in brown by NeuN (G and H). Nuclei are visualized in blue with
hematoxylin (E-H).
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Figure 3. DFMO does not alter LPS-induced microglia or macrophage activation

Microglia and macrophages were distinguished by flow cytometric analysis of cell
suspensions prepared from LPS injected (panel A) or LPS+DFMO (panel B) injected brains.
Microglia are identified as CD11b+, CD45lo cells (grey boxes, panels A and B),
macrophages are identified as CD11b+, CD45hi cells (black boxes, panels A and B).
Microglial (grey histograms) and macrophage (thick black histograms) levels of TREM1
(panel C), CD40 (panel D) and MHC class Il (panel E) in LPS injected brains. Non-specific
fluorescence of all CD11b+ cells is indicated by the isotype control, (thin black line
histogram in panels C-D). Microglial (panels F-H) and macrophage (panels 1-K) levels of
TREML1 (panels F and 1), CD40 (panels G and J) and MHC class Il (panels H and K) in
LPS-injected mice are depicted by thick line open histograms. Levels in LPS+DFMO
injected mice are depicted as grey filled histograms in the same panels.
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Figure 4. LPS-induced accumulation of CD45hi macrophages in the adult CNS is decreased by
co-injection of DFMO, an ODC inhibitor

Panels A-D depict a representative experiment of the percentages of CD45lo microglia and
CD45hi macrophages from the brains of mice 24 hours post-injection of A) vehicle control,
B) DFMO, C) LPS, D) LPS+ DFMO. CD45 levels are gated on CD11b+ cells. E. Depicts
the fold-increase in CD45hi macrophages as compared to the CNS of mice injected with
vehicle (n=3 replicate experiments; ***P < 0.05).
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Figure 5. Mixed glial cultures robustly upregulate concentrations of secreted TNF and CCL2

when exposed to putrescine

and spermine, but not spermidine

OpM 1uM, 100uM, or 1000uM concentrations of putrescine, spermidine, or spermine were
added to mixed glial cultures in the absence of FBS for 24 hours. Concentrations of TNF (A)
and CCL2 (B) (**P < 0.01, ***P < 0.001, two-tailed Student's t-test).
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Figure 6. LPS-induced expression of CCL2 in the adult CNS is decreased by co-injection of
DFMO

CCL2 expression was quantified using densitometric analysis (A) of autoradiograms
exposed to brain sections hybridized with 33P-labeled riboprobes 24 hours post-intracerebral
injections of DFMO (B-E), LPS (F-I) or LPS+DFMO (J-M); (3 replicate experiments;
***pP < 0.001, two-tailed Student's t-test). Boxed areas in panels B, F and J, represent the
areas quantified in panel A. In panels C-E, G-I, K-M, microglia, macrophages and blood
vessels are visualized in brown with tomato lectin. CCL2 expression is visualized by back
grains in film emulsion. Left pointing arrows in panels C, G, K indicate the site of injection.
Panels D, H, L and E, F, H respectively depict two different focal planes of boxed areas in
panels C,G, K. Large, upward right pointing black arrows identify CCL2 expressing, lectin-
negative cells. Small upward left pointing arrows identify CCL2 expressing lectin-positive
cells. Right pointing open headed arrows identify, CCL2-negative, lectin-positive cells.
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Figure 7. Polyamines restore the influx of CD45hi, TREM1+ macrophages independent of LPS
co-stimulation in wild-type but not CCL2KO mice

Panel A depicts the relative influx of CD45hi, TREM1+ macrophages in mice 24 hours
post-injection with LPS, LPS+DFMO (L+DFMO), LPS+DFMO+all three polyamines (L+D
+POLY) or all three polyamines (POLY only). Panel B depicts the relative proportion of
CD45lo FcR+ microglia and CD45hi, FcR+ macrophages in brain cell suspensions from
unmanipulated wild-type mice (solid black line), LPS injected wild-type mice (grey filled
histogram), in LPS injected CCL2KO mice (dashed line) and in CCL2KO mice co-injected
with 2 nmoles each of all three polyamines. Panel C depicts the relative proportion of
CD45lo, FcR+ microglia and CD45hi, FcR+ macrophages in brain cell suspensions from
LPS injected wild-type mice (grey filled histogram), putrescene-injected CCL2KO mice
(solid black line), in spermine-injected mice (dashed grey line) and in spermidine-injected
mice (solid grey line). (n=3 replicates; *P < 0.05, ***P < 0.001, one-tailed Student's t-test;
as compared to LPS+DFMO).
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Figure 8. High concentrations of all three polyamines decreased the percentage of
oligodendrocytes in culture

OuM 1uM, 100uM, or 1000uM concentrations of putrescine, spermidine, or spermine were
added to mixed glial cultures in the absence of FBS for 24 hours. Total number of cells per
slide chamber (A) and percentage of CNP+ cells per slide chamber (B) (*P < 0.05, ***P <
0.001, two-tailed Student's t-test).
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Figure 9. ApoD expression is induced in white matter tracts of mice receiving intracerebral
injections of LPS, DFMO and LPS+DFMO
ApoD expression was detected by autoradiogram analysis of brain sections
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