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p-arrestin protects neurons by mediating endogenous
opioid arrest of inflammatory microglia

X Feng', C-Y Wu', FH Burton', HH Loh' and L-N Wei*"'

Microglial activation worsens neuronal loss and contributes to progressive neurological diseases like Parkinson’s disease (PD).
This inflammatory progression is countered by dynorphin (Dyn), the endogenous ligand of the kappa-opioid receptor (KOR). We
show that microglial p-arrestin mediates the ability of Dyn/KOR to limit endotoxin-elicited production of pro-inflammatory
effectors and cytokines, subsequently protecting neurons from inflammation-induced neurotoxicity. Agonist-activated KOR
enhances the interaction of f-arrestin2 with transforming growth factor-beta-activated kinase 1 (TAK1)-binding protein 1 (TAB1),
disrupting TAK1-TAB1 mediated pro-inflammatory gene expression. We reveal a new physiological role for p-arrestin in
neuroprotection via receptor internalization-triggered blockade of signal effectors of microglial inflammatory neurotoxicity. This
result offers novel drug targets in the convergent KOR/g-arrestin2 and inflammatory pathways for treating microglial

inflammatory neuropathologies like PD.
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Increasing evidence suggests that the overactivation of
immune system-derived microglia in the substantia nigra
(SN) is a key causative factor in the pathogenesis of
Parkinson’s disease (PD), the most prevalent neurodegen-
erative disease in the population over 60 years old.
Pathologically, PD is characterized by the degeneration of
dopaminergic (DA) neurons of the SN pars compacta (SNpc)
in the midbrain, leading to disabled voluntary movements.
Immunohistochemistry research has indicated that activated
microglia accumulate around degenerating neurons in the SN
of patients with PD and related parkinsonian syndromes."
Although microglial activation in these diseases is not limited
tothe SN, the DA neurons in the SN are particularly vulnerable
to inflammatory insult owing to the larger population of
microglia in the SN.> As a sensor of brain injury and aging,
microglia’s state and activity are regulated through neuron-
microglia communication involving the stimulation of signal
transducing or phagocytic microglial receptors by neurotrans-
mitters.*® Deficiencies in this communication between neu-
rons and microglia as a result of stress or aging leads to
reactive microglia and prolonged inflammation and, as a
result, neuronal death. Similarly, stimulation of microglia by
bacteria or endotoxins results in outbursts of pro-inflammatory
cytokines such as interleukin 1 beta (IL-1/), tumor necrosis
factor-o. (TNF)-o,, and interleukin 6 (IL-6) through activation of
toll-like receptor 4 (TLR4). This can contribute to the death of
neurons in the SN because long-term inhibition of IL-1/ and
TNF-o has consistently been reported to attenuate tyrosine
hydroxylase (TH ") neuron loss in PD models.®” Meanwhile,

neuron degeneration itself leads to further secondary activa-
tion of microglia via increased production of matrix metallo-
proteinase 3 and neuromelaine and, as a result, further
neuronal death.2'® Thus, the activation of microglia by an
intracerebral injection of an endotoxin such as lipopoly-
saccharide (LPS) is sufficient to cause the loss of TH™
neurons."' However, it has remained elusive how microglial
activity is regulated.

The kappa-opioid receptor (KOR), which belongs to the Gi
(inhibitory) protein-coupled seven transmembrane receptor
(GPCR) superfamily, is one of the three major subtypes of
receptors mediating the effects of opioid neurotransmitters.
Functionally, KOR is activated by its endogenous agonist,
dynorphin (Dyn), which is abundantly released in the SN, as
well as by exogenous ligands.' Agonist binding to KOR
causes the receptor to be internalized, through the formation
of a KOR/p-arrestin2 complex, in the G-protein-coupled
receptor kinase 3 phosphorylation-dependent GPCR desen-
sitization pathway. Such internalization/desensitization pre-
vents further activation of KOR, thereby reducing receptor
signaling; however, other GPCR/f-arrestin2 complexes have
more recently been shown to regulate mitogen-activated
protein kinase and other intracellular signal transduction
pathways.'® KOR is predominantly expressed in neurons,
and particularly so in DA neurons of the central nervous
system where it modulates the release of glutamate,
acetylcholine, and dopamine. This supports KOR’s profound
effects on both brain’s reward and locomotor systems.'*
For example, the specific KOR agonist TRK-820 reduces

'Department of Pharmacology, University of Minnesota Medical School, Minneapolis, MN 55455, USA

*Corresponding author: L-N Wei, Department of Pharmacology, University of Minnesota Medical School, 6-120 Jackson Hall, 321 Church Street SE, Minneapolis, MN
55455, USA. Tel: +612 6259 402; Fax: +612 6258 408; E-mail: weixx009 @umn.edu

Keywords: f-arrestin; microglial inflammation; neurotoxicity; dynorphin; kappa-opioid receptor

Abbreviations: CM, conditioned medium; DA, dopaminergic; Dyn, dynorphin; GPCR, Gi (inhibitory) protein-coupled seven transmembrane receptor; IKK, | «-B kinase;
IL-1f3, interleukin 1 beta; IL-6, interleukin 6; INOS, inducible nitric oxide synthase; KOR, kappa-opioid receptor; LPS, lipopolysaccharide; NF-«B, nuclear factor-kappa B;
NorB, norbinaltorphimine; PD, Parkinson’s disease; PLA, proximal ligation assay; SN, substantia nigra; SNpc, SN pars compacta; TAB1, TAK1-binding protein 1; TAK1,
transforming growth factor-beta-activated kinase 1; TH, tyrosine hydroxylase; TLR4, toll-like receptor 4; TNF-c, tumor necrosis factor-o

Received 12.4.13; revised 12.8.13; accepted 13.9.13; Edited by L Greene; published online 25.10.13


http://dx.doi.org/10.1038/cdd.2013.152
mailto:weixx009@umn.edu
http://www.nature.com/cdd

- )

p-arrestin arrests inflammatory microglia
X Feng et a/

398

L-dopa-derived extracellular dopamine content, and as a
result ameliorates dopamine replacement drug-overdose
dyskinesia, in the striatal 6-hydroxydopamine-lesioned rat
PD model, although not worsening their basal level of
parkinsonism.'® Neurotransmitter release studies have simi-
larly revealed that synthetic KOR agonists U50,488H and
U69,593 decrease activity-stimulated dopamine release from
DA neurons but have no effect on their basal activity.'®'”
Moreover, the mRNA level of Dyn was reduced in the SN in
postmortem brain specimens of both PD patients and an
animal model of PD."®'® These suggest Dyn/KOR has a
presynaptic inhibitory role in DA neurotransmission and a
modulatory role in progressive PD pathogenesis. Until
recently, it was presumed that all such influences by
Dyn/KOR were mediated only through neuronal action.
However, interestingly, a recent study demonstrated that, in
MPTP-lesioned rodent PD models, Dyn deficiency exacer-
bates DA neuron loss, not as one might have presumed
through disinhibitory stress on residual DA terminals, but
apparently through the amplified activation of inflammatory
microglia.2° How Dyn/KOR signaling could regulate microglia-
mediated DA neuronal loss bears further investigation.

Although KOR’s predominant expression is within neurons,
there is emerging evidence that KOR is also highly expressed
and functional in immune system cells.?"?> For example, the
KOR agonist U50,488H blocks LPS-induced production of IL-14,
IL-6, and TNF-2 in the macrophage cell line P388D1, an effect
reversed by both opioid antagonist naloxone and the KOR-
specific antagonist norbinaltorphimine (NorB).2®> However,
U50,488H failed to modulate the production of pro-inflammatory
cytokines in a macrophage-derived cell line, RAW 264.7,%*
suggesting that different subpopulations of macrophages exist
with different sensitivities to KOR agonists. Microglia are
immune cells and express KOR.2® Studies show KOR activation
exerts immune protection: KOR agonists inhibit human immuno-
deficiency virus 1-mediated neurotoxicity in acutely infected
human microglia;?>2® and selective KOR agonists attenuate the
production of inflammation-mediating superoxide anions from
activated human fetal-derived microglia.?”

Because of the pivotal role microglial inflammatory activity
has in neuron loss such as in PD pathogenesis, it is critical to
know what intracellular signal pathway in microglia regulates
this inflammatory process, and how anti-inflammatory signals
like Dyn/KOR may regulate this process. Here we reveal
microglial f-arrestin to be a critical anti-inflammatory signal
mediator. Its signal input, microglial Dyn/KOR, activates
p-arrestin to sequester pro-inflammatory TAB1 (transforming
growth factor-beta-activated kinase 1 (TAK1)-binding protein 1)
away from TAB1’s molecular conspirators, thereby arresting
the downstream inflammatory pathway. In contrast, the loss of
microglial KOR or f-arrestin activity enhances pro-inflammatory
signaling, prolongs SN microglial reactivity, and aggravates
SN DA neuron loss in an endotoxin-induced PD model.

Results

Microglial KOR protects TH " -neurons from inflamma-
tion-induced cell death. KOR activation in DA neuronal
cells affects the state of the brain reward system and
behavior by regulating neuronal activity.?® However, the high
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level of KOR in adjacent non-neuronal cells, particularly in
immune-derived microglia such as those in the SN asso-
ciated with neurodegeneration in PD, has raised the question
of whether it has a regulatory role in inflammatory microglial
exacerbation of neurodegenerative disorders. To define what
cell types are responsible for endotoxin-mediated neurotoxi-
city in wild-type (WT) versus KOR knockout (Kor=’~)
animals, we explored the in vitro effects of LPS-treated
microglia and astrocytes derived from WT or Kor~’~ mice on
SN-derived TH™ neurons from both WT and Kor~/~ mice.
Figure 1a shows that the incubation of neurons with a
conditioned medium (CM) from LPS-treated Kor~/~ micro-
glia resulted in a nearly 40% greater decrease of neuron
viability than with such CM from WT microglia. Interestingly,
no difference in cell viability was detected between the WT
and Kor~/~ neurons after treatment with WT or Kor~/~
microglia-derived CM, indicating that microglia, not neurons,
are involved in the aggravation of endotoxin-induced
neurotoxicity in Kor~/~ animals.

A previous study reported that microglia-initiated neuro-
toxicity is amplified by astrocytes.?® To further define KOR’s
potential role in astrocytes to mediate inflammation-induced
neurotoxicity, we assayed the survival of TH™ neurons from
WT mice after incubating the neurons with CM from LPS-
treated cultures of either astrocytes alone, microglia alone, or
microglia-astrocyte mixture, from either WT or Kor—/~ mice.
The results (Figure 1b) indicate that the CM from LPS-treated
Kor~’~ microglia or a microglia-astrocyte mixture with Kor—”
~ microglia (M-Kor~’~), but interestingly not from astrocytes
alone or a microglia-astrocyte mixture with Kor=/~ astrocyte
(A-Kor~’~), decreased neuronal viability relative to the CM
from their WT counterpart LPS-treated cells. These results
demonstrate that KOR deficiency in astrocytes is not
responsible for the aggravation of endotoxin-induced
neurotoxicity.

To further define the neuronal protective potential of KOR in
microglia after exposure to endotoxins, TH™ neurons were
directly cocultured with WT or Kor~/~ microglia that had been
LPS- or treated with LPS plus Dyn (LPS + Dyn), Dyn being an
endogenous agonist of KOR protein. Consistent with the CM
studies, Figure 1c shows that after a 24-h coculture of neurons
with LPS-treated WT or Kor—/~ microglia, there was a greater
decrease in the number of TH™ cells in neurons cocultured
with Kor—/~ microglia. Similarly, Dyn co-treatment could only
reverse the decrease of TH™ cells cocultured with WT
microglia, not with Kor~/~ microglia. Further, pathological
morphology of TH* neurons — reduced or absent processes
and alterations in cell size and shape — was more prevalent in
the neurons cocultured with Kor~’~ microglia than with WT
microglia (Supplementary Figure S1ic). Similarly, this cocul-
ture of TH* neurons with LPS-treated Kor~/~ microglia also
resulted in increased apoptotic cells indicated by TUNEL and
pSIVA-PI staining (Figure 1d and Supplementary Figure S1d).
Thus, KOR in microglia has a critical and direct role in
protecting neurons from endotoxin-induced neurotoxicity.

Agonist-activated microglial KOR inhibits endotoxin-
induced neurotoxic factor production. On the basis of
described results that KOR in microglia protects neurons
from endotoxin-induced neurotoxicity, and given that
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Figure 1 Microglial KOR protects TH™ neurons from inflammatory neurotoxicity. (a) Cell viability assay of DA neurons from wild-type (WT) or KOR knockout (Kor—/~) mice,
cultured with condition medium (CM) from LPS-treated microglia from WT (CM-WT) or Kor—/~ (CM-Kor~’~) mice. (b) Cell viability assay of DA neurons cultured 24 h with CM
from LPS-treated microglia and astrocytes from WT or Kor~"~ mice, WT microglia (M-WT)-WT astrocyte (A-WT) mixture, Kor='~ microglia (M-Kor~’~)-WT astrocyte (A-WT)
and WT microglia (M-WT)-Kor~/~ astrocyte (A-Kor '~ ) mixture. The neuron cultured with normal medium was normal control (Ctrl). (¢) Image of TH™ neurons cocultured with
microglia (WT or Kor—/~) following LPS-only or LPS + Dyn treatment. Quantification of TH ™ cell number is indicated in right graphic panel. (d) DA neurons from WT mice were
cocultured with microglia (WT or Kor~~) treated with LPS-only or LPS + Dyn for 2 h. After 24 h coculture, the apoptotic neurons were indicated by TUNEL-positive staining or
pSIVA-PI staining. Values are the means + S.D. in separate experiments (n= 3) with significance *P<0.05, **P<0.01 versus respective WT group (Student’s ttest)

endotoxin-induced neurotoxicity is mainly mediated by the
increased production of pro-inflammatory cytokines,*® we
then determined how KOR affects microglial cytokine activity
in response to LPS treatment. Figure 2a shows that the gene
expression level of inflammatory mediators /IL-1f, TNF-o, and
inducible nitric oxide synthase (iINOS) was significantly
increased in Kor~/~ microglia compared with WT microglia
after LPS treatment. Dyn was able to reduce the LPS-
induced increase of the inflammatory mediators in WT
microglia; however, Dyn lost this ability in Kor~/~ microglia.

Dyn’s ability to inhibit the LPS-induced increase of TNF-«
protein was similarly abolished in murine microglial BV2 cells
upon transfection with KOR siRNA (Supplementary Figure
S2b). Moreover, the administration of NorB, a specific KOR
antagonist, rendered Dyn unable to reduce the LPS-induced
increase of IL-15 and TNF-« protein levels in WT mouse
microglia (Figure 2b). We also found that, like Dyn, many
synthetic, exogenous KOR agonists were able to inhibit the
LPS-induced increase of inflammatory = mediators
(Supplementary Figure S2a). In addition to altering the gene
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Figure2 Microglial KOR inhibits production of neurotoxic factors. (a) Expression level of IL-1f3, TNF-o and iNOS transcripts detected by gPCR in WT or Kor=/~ microglia
after 2h LPS, LPS + Dyn, or Dyn treatment. (b) Expression level of TNF-o: and IL-1/3 protein detected by ELISA in WT microglia after 2 h treatment with LPS +/ — Dyn (KOR
agonist) or NorB, a KOR antagonist. (c) Effects of prior KOR agonist/antagonist on LPS-induced IKK phosphorylation and kB degradation is indicated by western blotting in
WT microglia; f-actin was the loading control. (d) Expression level of IL-18, TNF-x and iNOS mRNA in Kor~’~ microglia transfected with KOR-IRES-GFP vector and then
treated with LPS-only or LPS + Dyn for 2 h. (€) KOR protein and mRNA level in Kor~’~ microglia transfected with KOR-IRES-GFP vector; f-actin and GFP were loading
controls. Values are the means + S.D. of separate experiments (n= 3) with significance *P<0.05, **P<0.01 versus respective control group (Student’s ttest)

expression of inflammatory mediators, treating microglia with
Dyn inhibits the LPS-induced increase of | k-B kinase (IKK)
phosphorylation and IxB degradation, with Dyn inhibition
abolished by both NorB treatment (Figure 2c) and, in BV2
cells, transfected KOR siRNA (Supplementary Figure S2c).
Further, expressing a KOR-expressing vector (KOR-
IRES-GFP) in Kor~’~ microglia restored Dyn’s ability to
inhibit pro-inflammatory mediator production (Figures 2d and
e), further demonstrating that the presence and activation of
KOR in microglia is essential to inhibit their endotoxin-
induced inflammatory response.

It is well established that nuclear factor-kappa B
(NF-xB) p65 nuclear translocation is necessary to activate
TLR4-mediated gene regulation in immune system cells
following endotoxin exposure. Supplementary Figure S3a
shows that Dyn treatment inhibits the LPS-induced p65
nuclear translocation in WT microglia but not in Kor=’~
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microglia. The same result is obtained in microglial BV2 cells
by siRNA-based KOR knockdown (Supplementary Figure
S3b) or by NorB treatment (Supplementary Figure S3c).

Agonist-activated KOR depends on p-arrestin2 to elicit
anti-inflammatory effects. As the major regulator and
adaptor of the GPCR signaling pathway, f-arrestins have a
critical role in the regulation of opioid receptor-mediated
function.®"*2 Interestingly, the expression level of -arrestin2
was found to be decreased as a result of TLRs activation,
through transcriptional and translational mechanisms,®® and
in mouse embryonic fibroblast cells p-arrestin2 has been
reported to negatively regulate TLR4-mediated NF-xB
activation.®* To investigate the potential involvement of
p-arrestin  signaling in KOR-mediated anti-inflammation
in microglia, we first checked the expression level
of f-arrestin proteins in BV2 cells at different time points



after Dyn treatment. Figure 3a shows a robust increase in
p-arrestin2 protein levels as soon as 10 min following Dyn
treatment, whereas f-arrestin1 remained the same before
and after Dyn treatment. Meanwhile, p-arrestin2 mRNA
levels showed no significant increase after Dyn treatment
(Supplementary Figure S4). The absence of Dyn-induced
transactivation of f-arrestin2 mRNA, together with the finding
in Figure 3b that blocking translation, instead of transcription,
prevents f-arrestin2 protein from being increased by
Dyn, demonstrated that KOR activation as a result of
Dyn stimulation increases the translation efficiency and
consequently the level of f-arrestin2 protein.

We then reduced microglia f-arrestin2 mRNA with siRNA
against f-arrestin2 (Sif-arr2; and thus any availability for later
translational induction by Dyn). As seen in Figure 3c, the
reduction of S-arrestin2 expression in microglia exaggerated
the gene expression of inflammatory mediators in response to
LPS and, interestingly, abolished the effect of Dyn. It is well
known that the increased expression of pro-inflammatory
cytokines induced by endotoxins depends on the activation of
TLRs signaling pathways, including the activation of TAKT,
IKK, and then NF-xB nuclear translocation upon IkB
degradation.® The present study indicates that Dyn can
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inhibit the activation of the TLR signaling pathway, including
upregulated phosphorylation of TAK1 and IKK, and enhanced
nuclear translocation of NF-xB, but not in f-arrestin2 knock-
down microglia (Figures 3d and €). These results demonstrate
that the anti-inflammatory function of KOR in microglia
depends on f-arrestin2.

p-arrestin2 interrupts the TLR4 signaling pathway by
interaction with TAB1. As the signal transduction of the
inflammatory response through the TLR4 pathway depends
on the activation of TAK1 by association of TAK1 with
TAB1,% we hypothesized that the p-arrestin2-dependent
anti-inflammation function of Dyn/KOR signaling could
involve disrupting this TLR4-mediated TAK1-TAB1 associa-
tion. Thus, we examined the in vivo association of TAB1 and
TAK1 with S-arrestin2 by in situ proximal ligation assay (PLA)
and co-immunoprecipitation assays. In Figure 4a, PLA
assays showed endogenous TAK1-TAB1 association was
significantly increased upon LPS treatment and further
enhanced in Kor~/~ microglia. Dyn inhibited the association
between TAK1 and TAB1 in WT microglia; however, Dyn lost
this function in Kor~’~ microglia. Notably, an association
between TAB1 and p-arrestin2 was detected in resting
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Figure 3 KOR inhibits LPS-induced inflammation via f-arrestin2. (a) Time course of expression levels of ff-arrestin1 versus f-arrestin2 in microglial BV2 cells after Dyn
treatment. The right graph represents the relative ratio of s-arrestin1 and f-arrestin2 protein level to -actin. (b) f-arrestin2 protein level in BV2 cells after Dyn treatment for 2 h
following treatment of cells with transcription inhibitor actinomycin D (Act.D) or translation inhibitor cycloheximide (CHX) for 1h. (¢) Expression of IL-1f, TNF-x and iNOS
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microglia and decreased in response to LPS treatment. No well-established method to study endotoxin aggravation of PD
association of p-arrestin2 with TAK1 was detected in either development. LPS +/ — Dyn was injected to activate microglia
resting or LPS-reactive states of microglia. Consistently, Dyn with or without parallel KOR activation. As increased TH™" cell
treatment increased the TAB1 and f-arrestin2 association death in the SN is the hallmark of PD, we examined the loss of
only in WT but not Kor ’~ microglia (Figure 4b). An TH™ neurons in the SN, 3 weeks after injection. The results
enhanced association of TAB1 with p-arrestin2 and showed a predictable decrease in the number of TH™ neurons
decreased association of TAB1 with TAK1 by Dyn treatment after LPS injection in WT mice but dramatically showed much
was further confirmed by co-immunoprecipitation in murine worse TH™ neuron loss in Kor~/~ mice. Tellingly, LPS + Dyn
microglial BV2 cells (Figure 4c), which likewise confirmed injections protected the TH™* neurons in the SN of WT mice
that KOR knockdown limited Dyn’s ability to increase the but failed to do so in Kor~’~ mice, showing the microglial-
association of TAB1 with f-arrestin2 or decrease the mediated neuroprotective function of Dyn is abolished by KOR
association of TAB1 with TAK1 in these microglia. These knockout (Figures 5a and b and Supplementary Figure S6,
findings confirm that the neuroprotective, anti-inflammatory Supplementary Table S1). Similarly, TUNEL-positive stained
function of microglial Dyn/KOR receptor stimulation is to apoptotic cells were increased in both LPS- and LPS + Dyn-

disrupt TAB1’s pro-inflammatory association with TAK1 injected Kor~’~ mice (Figure 5c).
by enhancing TAB1’s anti-inflammatory association with We then confirmed by quantitative real-time PCR (qPCR)
p-arrestin2. that the gene expression of the microglial inflammatory

cytokines IL-1f, TNF-x, and iNOS was increased in the SN
KOR-initiated microglial anti-inflammatory signaling of these animals 6h after stereotaxic LPS injection
protects TH"-neurons in animals. To confirm (Figure 5d). Again, compared with the WT group, the gene
KOR-initiated microglial anti-inflammatory signaling has a expression of these microglial inflammatory mediators was
neuroprotective role in vivo, we stereotaxically injected LPS greatly exaggerated in Kor~’~ animals. Dyn co-injection
into the SN of WT or Kor~’~ mice to induce inflammation, a inhibited this increase in WT mice but lost the ability to block the
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Figure5 Enhanced microglial activation and TH* neuronal lose in Kor~/~ mice after LPS administration. LPS or LPS plus dynorphin (LPS + Dyn, 5 nmol) diluted in 1 zl

normal saline (NS) were injected into wild-type (WT) or KOR knockout (Kor~’~) mice’s left SN; the same volume of NS was injected into the right SN as control (Ctrl). Six
hours later, three of the animals were killed to test gene expression and the other animals were killed after 21 days for immunohistochemistry. (a) IF staining of TH/TH ™ cells
(red) in mice’s brains, with nuclei labeled by DAPI (blue). (b) Quantification of cell survival indicated by TH ™ cell number obtained from unbiased stereological estimation. The
result shows the percentage of TH™ cell number from treated groups to the WT control group. (¢) Quantitative results of cell apoptosis indicated by TUNEL-positive cell
number in SN of different animals after 21 days of injection. (d) Expression level of relative pro-inflammatory cytokines IL-1f3, TNF-x and iNOS mRNA by detected by gPCR in
SN 6 h after LPS or LPS + Dyn injection. All statistical values are mean + S.D. in separate experiments (n = 3-5) with significance *P < 0.05, **P< 0.01 versus respective WT
group (Student’s t-test). (e) Model of anti-inflammation pathway of KOR/f-arrestin2 signaling in microglia. In the SN, Dyn is released by neurons and activates its receptor,
KOR, which is expressed in microglia as well as neurons. In contrast, endotoxins such as lipopolysaccharide (LPS) exert more selective action upon microglia. Left: exposure
of microglia to an endotoxin-like LPS causes microglial activation through the TLR4 signaling pathway, which triggers inflammatory (M1-phenotype) microglia differentiation
and results in DA neuronal death. Activation of KOR in microglia by the receptor’s endogenous agonist (Dyn) inhibits LPS-induced activation of downstream TLR4 signaling, by
competitive recruitment of ff-arrestin2-TAB1 interaction, reducing microglial overactivation and release of neurotoxic factors, thus protecting DA neurons from inflammation-
induced cell death. Right: lack of either KOR (via Kor~/~ gene knockout or SiRNA knockdown) or f-arrestin2 (via siRNA knockdown) in microglia disrupts the Dyn/KOR/f-
arrestin2 anti-inflammatory pathway to deregulate microglial activation, which now becomes superinflammatory in response to endotoxin exposure

Cell Death and Differentiation



increased production of the pro-inflammatory genes in Kor~/~

mice. Interestingly, the number of microglia, indicated by
CD11b-positive staining, was significantly increased 24 h after
LPS administration, and Dyn co-injection reduced this micro-
glial amplification (Supplementary Figure S5), confirming that
an essential in vivo neuroprotective role is had by KOR-initiated
arrest of microglial inflammatory signaling.
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Discussion

Evidence that inflammation is associated with PD neuro-
pathology includes the increased activation of microglia and of
pro-inflammatory mediators in the SNpc of PD patients,®3”
and the therapeutic benefit to PD patients of resolving
the inflammatory response.® Yet, the major regulatory factors
of inflammation-induced neurodegeneration in the SNpc
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remained unknown. In the present study, significant DA
neuronal loss was detected after injections of LPS into the
SN of mice, whereas coadministration of Dyn, the endo-
genous agonist of KOR, reduced the number of LPS-
induced neuronal deaths. However, this protective function
of Dyn on neurons in response to LPS-induced inflamma-
tion was abolished in Kor~/~ mice, demonstrating that the
Dyn/KOR system is required to protect SN DA neurons
from inflammation-induced neurotoxicity. We further show
that the Dyn/KOR system that exerts this neuroprotective
effect is an immune-derived microglial — not neuronal —
system, which acts through fp-arrestin ‘arrest’ of these
microglial cells’ pro-inflammatory signaling and cytokine
production.

Several other lines of evidence are consistent with our
finding that KOR’s neuroprotective role in the SN is its
function as an inhibitor of pro-inflammatory gene expression
in microglia, the brain macrophage. First, the neuroinflam-
matory response is predominately mediated by microglia,®®
and limitation of pro-inflammatory and cytotoxic microglia
through negative regulation of NF-xB activity protect DA
neurons in chronic neuroinflammatory conditions.*° LPS is
not effectively sensed by neurons. Second, as SN DA
neurons are especially vulnerable to inflammatory insult,
presumably because of the higher density of microglia in the
SN than in other regions,*' intracerebral injections of LPS
into the SN of mice have proven a well-established animal
model to study acute inflammation-induced DA neurodegen-
eration.?®*2 Supporting these contentions, we detected
significant neuronal death only in the neurons cocultured
with LPS-treated microglia instead of in the neurons directly
treated with LPS (Supplementary Figure S1b). Neuronal
death was further enhanced in neurons cultured with the CM
from LPS-treated microglia (or from LPS-treated microglia
plus astrocytes) derived from Kor~’~ mice. Although the
activation of astrocytes by reactive microglia could be
involved in the regulation of the inflammatory process, no
significant neuronal death was detected from neurons
cultured with CM from LPS-treated astrocytes alone, with
or without KOR (Figure 1b). These results show that KOR
protects neurons in response to inflammation derived from
microglia.

In neurons, the Dyn/KOR system’s effect on neurotrans-
mitter release and behavioral changes has been well
studied.*® KOR activation in DA neurons has been reported
to inhibit the activity of the DA system, which has a critical role
in the regulation of the brain reward system.** However, how
KOR functions in glial cells is still poorly understood. In this
study, treating primary microglia with Dyn inhibited the
LPS-induced increase of their inflammatory mediators IL-1f,
TNF-o, and iNOS, whereas in Kor~/~ microglia or mouse
microglial cell lines (BV2 cells) with KOR knocked down by
siRNA, the anti-inflammatory results of Dyn treatment were
abolished (Figure 2). Similar to our microglial data, an
exogenous KOR ligand, U50,488H, has been reported to
inhibit the production of pro-inflammatory cytokines from
primary murine macrophages.?®> Our present study also
confirms that exogenous KOR ligands (U50,488H, U60,593,
and salvinorin A) similarly confer an anti-inflammatory effect
(Supplementary Figure S2a). These results suggest that the
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anti-inflammatory role of Dyn is dependent on the KOR-
mediated microglial signal pathway. This was further sup-
ported by our finding that Dyn inhibition of LPS-induced
upregulation of pro-inflammatory cytokines, abolished in
Kor~’~ microglia, was rescued by transfecting them with
KOR-IRES-GFP vector (Figures 2d and e).

Countering brain inflammation largely mediated by immune
cell-derived microglia is a therapeutic goal to retard the
progression of neurodegenerative disorders like PD. Thus, it
is important to mechanistically explore those signals that
counter neurotoxic factors to develop such therapeutic
interventions. LPS, as an endotoxin, is the ligand of TLR4,
which has a central role in host cell recognition and immune
responses to microbial pathogens by regulating pro-inflam-
matory gene expression through recruiting and enhancing
TIRAP- and MyD88-dependent signaling pathways.®%¢ Our
results show that activation of microglial f-arrestin2, such as
by Dyn/KOR activation, blocks LPS-induced phosphorylation
of TAK1. Not only is ff-arrestin2 a critical adaptor and regulator
of internalization and desensitization of GPCRs like KOR, but
it can also serve as a signal effector itself, having been
previously reported to stabilize IkB by interacting with it, and
as a result, to inhibit NF-xB activation in HEK293 cells.*® The
expression of f-arrestin2 was previously reported also
necessary to mediate the anti-inflammation function of 2
adrenergic receptor in response to agonist stimulation.*®
These suggest diverse role of f-arrestin2 in the regulation of
GPCR signaling transduction. Thus, fS-arrestin2 may repre-
sent a new target for anti-inflammatory therapy. However, the
precise mechanism by which f-arrestin2 mediates GPCR-
related anti-inflammation role is still poorly understood. Our
present study found that, in microglia, -arrestin2 is normally
associated with TAB1 and that this association is disrupted by
pro-inflammatory TLR4 activation. This indicates diverse
effects of f-arrestin2 on the TLR pathway in different cell
types. Interestingly, we found that Dyn/KOR activation
stabilizes f-arrestin2’s association with TAB1. This competi-
tively blocks TAB1’s interaction with TAK1 and TAK1’s
subsequent phosphorylation, which attenuates the TLR4-
dependent signaling pathway (Figure 5e). Worthwhile, future
studies could include investigating how microglial KOR or
GPCR activation improves the translation efficiency of
p-arrestin2 and stabilizes its sequestration of TAB1, but the
present discovery of this novel microglial immuno-neuro-
protective pathway identifies new clinical targets for thera-
peutic intervention of PD and other inflammation-dependent
neurodegenerative diseases.

Materials and Methods

Animals and stereotaxic injection of LPS. All the animal experiments
have been approved by the IACUC committee of the University of Minnesota and
conform to the regulatory standards. The KOR-deficient (Kor™ ') mice was
reported previously.*” Male adult (8-9 weeks old) or pregnant C57BL/6 mice from
Charles River Laboratories (Chicago, IL, USA) were maintained and experimental
procedures were conducted according to the NIH guidelines and approved by the
University of Minnesota Institutional Animal Care and Use Committee (Protocol
number 1007A86332). To induce inflammation-induced DA neuron death, LPS
(10 ug per animal, equal to 1 x 10°EU endotoxin per animal) and LPS + Dyn
(5nmol, 1l in normal saline) were delivered to the right SN (bregma, 3.3 mm;
lateral, 1.2mm; vertical, 4.6 mm) using a stereotaxic injection apparatus.“® The
same volume of NS was injected to the left SN as control.



Cell cultures. Primary DA neurons were isolated as previously described.*®
Briefly, the SN tissues of embryo (E16-18) from WT or Kor™/~ mice were
dissociated with 0.25% trypsin and cultured on poly-d-lysine-coated coverslips or
Transwell polyester membrane inserts (3450, Corning, Tewksbury, MA, USA) in
12-well plates with neurobasal medium supplied with B27 and NGF. The plated cell
density was 1.2 x 10° per well. The experiments were carried out after 12 days of
culture (DIV 12). Primary microglia and astrocytes were separated from the brain of
PO pups. After day 14 of glial mixture culture, microglia were prepared by mild
trypsinization as previously described® and maintained in DMEM-F12 medium
supplemented with mouse M-CSF (5ng/ml), 10% FBS and 1% penicillin/
streptomycin. Primary astrocytes were separated from the cultured glial mixture
by shaking the flasks in the culture box for 15h at 250 r.p.m. and maintained in
DMEM-F12 medium supplemented with 10% FBS and 1% penicillin/streptomycin.
Murine microglial BV2 cells were maintained with DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin. To activate TLR4-dependent inflammatory
response, the cells were treated with 10 ng/ml LPS(100 EU endotoxin per ml) for 2 h.

CM treatment. Primary mouse microglia, astrocytes, or microglia-astrocyte
mixtures were cultured in DMEM-F12 and washed with DMEM medium before
treatment. The cells were then treated with 10 ng/ml (100 EU endotoxin per ml)
LPS for 2h and washed with DMEM extensively to avoid carryover of LPS to the
next step. The cells were cultured in DMEM medium (supplied with 100 U/ml
penicillin, 10% FBS) for an additional 14 h and then the medium was collected as
CM. CM was filtered through 0.45 um filters to remove dead cells. Neurons from
SN of Kor~/~ mice or WT mice were cultured with CM (supplied with 500 ng/m
insulin, 0.02% sodium pyruvate and 2mM L-glutamine) for 24 h, after which the
neurons’ survival was tested. The neuron cultured with DMEM was normal control.

Plasmid, siRNAs and cell transfection. The target sequences of siRNA
against KOR or f-arrestin2 were: 5'-GAGCACCAATAGAGTTAGAAA-3 and 5'-C
TGGCATCATCTGTTGGTATA-3 for KOR (NM_011011); 5'-CGGGACCAGGGTC
TTCAAGAA-3, 5'-CCCGTGGCTCA-GCTAGAACAA-3" and 5'-CGGCTTATCATC
AGAAAGGTA-3' for p-arrestin2 (NM_145429). KOR-IRES-GFP vector was made
by inserting KOR c¢DNA into the Notl/Spel site of pShuttle-IRES-hrGFP-1 plasmid
vector (Stratagene, Cambridge, MA, USA). Plasmid transfection was performed
with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), and siRNA transfection
was performed with Hyperfect reagent (Qiagen, Valencia, CA, USA).

IF and western blotting. Animals were anesthetized and perfused
transcardially with 0.9% saline followed by 4% paraformaldehyde. Brain samples
were post fixed with 4% paraformaldehyde overnight and equilibrated in 20
and 30% sucrose. Coronal sections of 40 um were prepared with a cryostat
(CM1950, Leica, Allendale, NJ, USA).

Cells were fixed by 4% paraformaldehyde for 10 min and permeabilized using
0.2% TritonX-100 for 5 min at 4 °C. Nonspecific binding was blocked by incubation
of cells with 0.1% BSA-PBS 1 h before incubation with primary antibodies.

Immunofluorescence (IF) was performed using as primary antibody rabbit
anti-TH 1gG (Abcam, ab112, Cambridge, MA, USA) or rabbit anti-NF-xB P65
(Santa Cruz Biotechnology, sc-372, Dallas, TX, USA) and as secondary antibody
Cy3-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology). Nuclei were
stained by DAPI (Sigma-Aldrich, St. Louis, MO, USA). Images were acquired with
an Olympus FluoView 1000 IX2 upright confocal microscope (OLYMPUS, New
York, NY, USA).

For western blotting, the cell lysates were prepared by sonication in RIPA buffer
with protease and phosphatase inhibitor cocktails. Proteins (60-80 1g) were
resolved by 8% SDS-PAGE gel electrophoresis and transferred to PVDF
membranes, blocked (in 5% milk) and incubated overnight in primary antibodies
(anti-phospho-IKK, anti-IKK, anti-phospho-TAK1, and anti-TAK1 from Cell Signaling
Technology, Beverly, MA, USA; anti-IkB, anti-p65, anti-laminA/C and anti-/-actin
from Santa Cruz Biotechnology; anti-KOR, anti-TAB1, anti-8 — arrestin1 and anti-
f — arrestin2 from Abcam) followed by respective anti-IgG secondary antibodies.
Membranes were developed for visualization and photography using ECL reagent
(Thermo, Rockford, IL, USA).

Immunoprecipitation and in situ PLA. Immunoprecipitation and in situ
PLA were performed as described previously?' using antibodies (anti-TAK1,
anti-TAB1; anti-f-arrestin1 and anti-f3-arrestin2 from Abcam) or Duolink PLA kit
(Olink Bioscience, Uppsala, Sweden) after fixation of cells with 4% parafor-
maldehyde. Images were acquired with an Olympus FluoView 1000 IX2 upright
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confocal microscope. Fluorescent punctae representing protein complexes in PLA were
counted using Image J image processing freeware (http:/rsbweb.nih.gov/ij).

Gene expression assay by gPCR. Total RNA was isolated from
microglial cells or the SN from the brain by TRIzol reagent (Invitrogen). RNA
samples’ cDNA was synthesized using Omniscript RT kit (Qiagen), and gqPCR was
performed with SYBR-Green QPCR reagent (Agilent, Santa Clara, CA, USA) and
detected by the Mx3005P QPCR system (Agilent). qPCR primer sequences used
for mRNA quantification were the following: forward 5'-TCAGGCAGGCAGTATCA
CTCA-3', reverse 5'-GGAAGGTCCACGGGAAAGAC-3' for IL-1f3; forward 5'-ATG
AGCACAGAAAGCATGATCCGC-3', reverse 5-CCAAAGTAGACCTGCCCGGAC
TC-3' for TNF-o; forward 5'- ACCCACATCTGGCAGAATGAG-3', reverse 5'- AGC
CATGACCTTTCGCATTAG-3' for iNOS; forward 5-GCAGCCTGAATCCTGTT
CTC-3, reverse 5'-TCATCCCTCCCACATCTCTC-3' for KOR and forward 5'-GG
CAAGCGCGACTTTGTAG-3, reverse 5'-GTGAGGGTCACGAACACTTTC-3' for
p-arrestin2.

Measurement of cell survival and apoptosis. The cell survival was
indicated by spectrophotometric measurement of cell viability using MTT-based In
Vitro Toxicology Assay Kit (TOX1-1KT, Sigma-Aldrich) according to the instruction
of protocol. Absorbance was measured at 544nm using FLUOstar Galaxy-
Multidetection Microplate Reader (BMG Labtech, Cary, NC, USA). The results
representing cell survival was analyzed to the percentage of control group.

Cell apoptosis was detected using the CytoGLO SIVA-IANBD kit (IMG-6701K,
IMGENEX, San Diego, CA, USA) and CF594 TUNEL apoptosis detection kit
(30064, Biotium, Hayward, CA, USA) according to their protocols. Images for
pSIVA, Pl and TUNEL were acquired with an Olympus FluoView 1000 IX2 upright
confocal microscope. The fluorescence-positive cells representing apoptotic cells
were quantified using Image J.

Stereological analysis of TH™ neurons in the SNpc. Systematic
random sampling and unbiased stereological estimates were performed for
quantification of TH* neurons and apoptotic cells as previously described.52%
For each animal, a total of 40 (40 um) sections containing the entire SN (between
—2.40 and — 4.20mm from the bregma) were cut and five of the sections were
sampled. The first section sampled was selected randomly and the sampling
interval thereafter was determined based on the number of sections within the SN
and was usually every eighth section. For each selected section, a low-
magnification ( x 2) image was captured. A grid was randomly cast over the image
and systematic random sampling was again used when choosing the grid
intersections to be evaluated. Once an intersection was chosen, a stack of images
was made at x 40 while focusing through the full thickness of the section.

Cells were counted as follows: a counting frame was superimposed on the stack
of images. The right boundary and the upper boundary of the counting frame were
used as acceptance lines; the other two boundaries were forbidden lines. The TH-
positive neurons were counted only if NeuN-labeled nuclei and TH-immunoreactive
profiles fell entirely inside the counting frame or if they crossed an acceptance line
without also crossing a forbidden line. NeuN-labeled neurons were counted when
the top of the nucleus was found within the thickness of the tissue section.

To estimate the total number of TH™ neurons (N) in the SN per animal, we used
the following equation: N=(Z(D x V))/n. Where Dis the neuronal density of the SN
and V'is the volume of the SN.

To estimate the neuronal density of the SN in each animal, we used the following
equation: D= N/(ax tx g). Where N is the number of neurons counted per
animal, a is the area of the counting grids sampled, {=40 um (the thickness of the
section sampled), and g = 20 (the number of counting frames sampled per animal).

To estimate the volume of the SN from each animal, we used the following
equation: V=X(A x | x f). Where A is the cross-sectional area of SN in which the
sections were sampled, /is the interval between adjacent sampled sections, and
t=40 um (the thickness of section sampled).

Statistical analyses. Statistical significance for multiple comparisons was
determined by Student's ttest using SPSS17.0 software (SPSS, Quarry Bay,
Hong Kong) and summarized as the mean + S.D. of repeated measures; P<0.05
was considered statistically significant at the 95% level.
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