
THE

JOURNAL • RESEARCH • www.fasebj.org

The regulation of proteostasis in glial cells by
nucleotide receptors is key in acute neuroinflammation
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ABSTRACT:Thedisturbancesof cellularproteostasis causedby thealteration in theubiquitin-proteasomesystem(UPS)
have been proposed as a common mechanism underlying several neural pathologies that involve a neuro-
inflammatory process. As we have previously reported that the nucleotide receptor P2Y purinoceptor 2 (P2Y2R)
regulates the proteasomal catalytic activities, we wonder whether this receptor is involved in the UPS disturbances
associatedwith the neuroinflammation process.With the use ofmice expressing a UPS reporter [mice expressing the
UPS reporter ubiquitinG76V-green fluorescent protein (UbGFP mice)], we found that LPS-induced acute neuro-
inflammation status causes aUPS impairment in astrocytes andmicroglial cells by amechanismdependent onP2Y2R.
In this line, LPS-treated double transgenicmice expressing aUPS reporter andP2Y2R-deficientmice did not present a
UPS impairment in astrocytes or a social interaction deficit as severe as that observed in LPS-treated UbGFPmice. In
vivo administration of selective P2Y2R agonist diuridine tetraphosphate reversed the UPS impairment completely in
astrocytes and partially in microglial cells, promoting increased expression of the proteasomal b5 subunit by a
mechanismdependenton thenonreceptor tyrosinekinases family/PI3K/ERKpathway.Altogether, our results suggest
that LPS induces unbalanced proteostasis in astrocytes byblockingP2Y2R. Finally, our findings point to the design of
selectiveP2Y2Ragonistdrugsasanewtherapeuticapproach to treat theneuroinflammatorystatus.—DeDiego-Garcı́a,
L., Sebastián-Serrano, Á.,Hernández, I.H., Pintor, J., Lucas, J. J.,Dı́az-Hernández,M.The regulation of proteostasis in
glial cells by nucleotide receptors is key in acute neuroinflammation. FASEB J. 32, 000–000 (2018). www.fasebj.org
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Cellular proteostasis encompasses the intracellular bi-
ologic pathways that control the biogenesis, folding, traf-
ficking, and degradation of proteins. Perturbation of
neural cell proteostasis has been associated with different
pathologic processes, including neurodegenerative dis-
eases or inflammatory disorders, although the underlying
mechanisms are still not sufficiently understood (1–3). The
ubiquitin-proteasome system (UPS) contributes to the
cellular proteostasis, degrading intracellular proteins.
After the covalent attachment of multiple ubiquitin
molecules, the target proteins are degraded by the 26S
proteasome complex (4–6). The 26S proteasome complex
is composed of 2 subcomplexes: a 20S core particle, where
proteolysis takes place, and a 19S regulatory particle that
prepares substrates to enter into the 20S. The 20S complex
consists of 4 heptameric rings composed by 2 types of
subunits:a andb subunits. Theb1,b2, andb5 subunitsare
associated with postglutamyl (PG-L)-, trypsin-, and chy-
motrypsin (CT-L)-like catalytic activities, respectively (7).
The26Sproteasomecomplex is continuallyassembledand
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disassembled, and mature proteasome is also directly
modified in response to environmental factors (8). Indeed,
theneuroinflammation inducedbyLPShasbeen related to
alterations in the expression of the 20S catalytic subunits
b5 and b5i, as well as in the catalytic proteasomal activity
(9–11). Additionally, the proteasome 20S complex subunit
b4 and the 19S complex subunit Rpn9 have been, re-
spectively, involved in the neuronal loss (12) and the
production of proinflammatory mediators (13) caused by
LPS-induced neuroinflammation. However, which molec-
ular mechanisms underlying the proteasomal alterations
are produced by the LPS-induced neuroinflammation, as
well as which neural lineages aremore susceptible to these
changes, are still unresolved questions.

Underpathologicconditions, suchasneuroinflammation,
togetherwith other proinflammatorymolecules, nucleotides
are also released from brain parenchyma (14). These
compounds act as extracellular signaling molecules in
the CNS, activating specific receptors—denominated P2
receptors—on the surface of the different lineages that
shape the brain tissue (14). In both cellular and animal
models of LPS-induced neuroinflammation, it has been
found that themetabotropic P2Ypurinoceptor 2 receptor
(P2Y2R)was upregulated (15–18) and suggested that this
receptor might play a key role in the cellular response to
neuroinflammation (19). With support for this hypoth-
esis, under LPS-induced neuroinflammation, P2Y2R ac-
tivation potentiates the transendothelial migration of
neutrophils (20), promotes the secretionofproinflammatory
factors frommacrophages (18), and regulates themigration
and phagocytic ability of microglia (21). However, other
groups have found that activation of P2Y2R attenuates the
microglial activation (22) and protects associations to LPS-
induced neuroinflammation from neuronal death (23).

In a recent work, we reported, for the first time, that
P2Y2Rmodulates theUPS activity in hippocampal cells by
regulating the expression of catalytic proteasome subunits
b1 andb5 (24). In the current study,we decided to explore
whether P2Y2R is involved in the changes suffered by
the proteasome of hippocampal neural cells in a neuro-
inflammatory environment. To address this question,
we induced an acute neuroinflammatory state by in-
traperitoneal administration of LPS, both in UPS reporter
mice (25) and in the double transgenic mice crossbreeding
the UPS reporter mice and mice deficient in P2Y2R [UPS
reporter ubiquitinG76V-green fluorescent protein (UbG76V-
GFP; UbGFP; P2Y2R2/2)] (26). With the use of this ex-
perimental approach, we found that P2Y2R is essential to
change the proteasome conformation in glial cells under
an LPS-induced acute neuroinflammation. In addition, we
foundthat invivoactivationofP2Y2Rprevents thedecreaseof
UPS activity in astrocytes associated to neuroinflammation.

MATERIALS AND METHODS

Animals

All animal procedures were carried out at the Universidad
Complutense of Madrid, in compliance with national and Eu-
ropean regulations (RD1201/2005; 86/609/CEE), following the

guidelines of the International Council for Laboratory Animal
Science. All animals were housed with food and water available
ad libitum and maintained in a temperature-controlled environ-
ment on a 12/12 h light/dark cycle with light onset at 8 AM.

P2Y2R
2/2 mice (26) were provided by The Jackson Labora-

tory, (Bar Harbor, ME, USA), and mice expressing UbGFP (25)
were provided by Dr. J. J. Lucas (CBMSO, Madrid, Spain).

Cell culture, transfection, and treatment conditions

Primaryastrocytesandmicroglia cultureswereprepared fromthe
hippocampus of wild-type (WT) or P2Y2R

2/2 mice at postnatal
4–5 d. The cultures were maintained in a 37°C incubator with a
humidified atmosphere of 5% CO2. The medium was replaced
every 3 d, and cells were maintained for 12–14 d in culture until
reaching confluence. To separate astrocytes and microglia, the
flaskswere shaken at 250 rpm for 2 h at 37°C in an orbital shaker,
and after that, the supernatant containing microglia and astro-
cytes was adhered to the culture surface. The astrocyte adherent
monolayer was detached with trypsin 0.05% and 0.2 mMEDTA.
Then, astrocytes and microglia cells were plated at 73 105 cells/
well in 6-well plates and cultured in supplementedDMEMmedia
(Thermo Fisher Scientific, Waltham, MA, USA).

Human glioblastoma astrocytoma cell line U87 was plated at
7.5 3 105 cells/well in 6-well plates and cultured in supple-
mented DMEM media (Thermo Fisher Scientific). For the ex-
perimentswherea transfectionwas required, cellswere transiently
transfected using Lipofectamine 2000 (Thermo Fisher Scientific),
24 h after being plated. The plasmids encoding UbG76V-GFP and
ubiquitin-M-yellow fluorescent protein were provided by J.J.L.
and Addgene (Cambridge, MA, USA), respectively.

Forty-eight hours after plating, cells were stimulated with
different drugs for the indicated periods. The selective inhibitors
for the different kinases and the proteasome inhibitors assayed
were preincubated for 20min before the addition of the selective
P2Y2R agonist, diuridine tetraphosphate (Up4U).

Chemical and antibodies

LPS, lactacystin,epoxomicin,andtheantibodiesanti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), anti-b-actin, and anti-
a-tubulinwere purchased fromMilliporeSigma (Madrid, Spain);
LY294002 and suramin were supplied from Tocris Bioscience
(Bristol, United Kingdom). Z-Ile-Glu(OtBu)-Ala-Leu-CHO (PSI),
4-amino-3-(4-chlorophenyl)-1-(t-butyl)-1H-pyrazolo[3,4-d]pyrimidine,
4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine
(PP-2), and anti-neuronal nuclei antigen (NeuN) antibody were
obtained fromMerckMillipore (Tullagreen, Ireland).Dinucleotide
Up4U (INS365) was provided from Inspire Pharmaceuticals
(Raleigh, NC, USA). The commercial antibody for P2Y2R was pur-
chased from Alomone Labs (Jerusalem, Israel). Antibodies against
b1, b2, b5, b1i, b2i, and b5i were obtained from Enzo Life Science
(Farmingdale, NY, USA). Antibodies against GFP were obtained
from Thermo Fisher Scientific and AvesLab (Tigard, OR, USA).
Antibodyagainst glial fibrillary acidic protein (GFAP)was supplied
by Santa Cruz Biotechnology (Dallas, TX, USA). Antibody against
ionizedcalcium-bindingadaptermolecule1(Iba-1)wasprovidedby
Wako (Richmond, VA, USA).

Stereotaxic injection

Six-month-oldmice were anesthetizedwith isoflurane (1-chloro-
2,2,2-trifluoroethyl-difluormethylether; Isovet; Braun, Rubi,
Barcelona, Spain), diluted in 50%O2. The scalpwas incised along
the midline, and 1 hole was made at the appropriate stereotaxic
coordinates from bregma (mediolateral, 1 mm; anteroposterior,
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0.5 mm; dorsoventral, 2.5 mm). Intracerebroventricular admin-
istration of 2 ml of 45 mM Up4U, 2 ml of PBS, or 2 ml of 1.5 mM
suramin was infused at a rate of �1 ml/min.

RT-PCR and quantitative real-time PCR

RNA isolation (from hippocampal tissue of UbGFP mice, cul-
tured microglia or astrocytes) and RT reactions were performed
as previously described (24). PCRs were carried out using
AmpliTaq Gold Master Mix (Applied Biosystems, Madrid,
Spain), 5 ml of the RT product, and specific commercial oligo-
nucleotide primers for P2Y2R (Mm02619978_s1 from Applied
Biosystems) or for UbG76V-GFP (24) and GAPDH (Applied Bio-
systems).AmplifiedPCRproductswereelectrophoresedona1%
agarose gel and visualized by SYBR Safe DNA gel stain.

Real-time quantitative PCRs were carried out using Lumi-
noCt qPCR Readymix (MilliporeSigma), 5 ml of the RT product,
and gene-specific primers and TaqMan minor groove binder
probes for P2Y2R, UbG76V-GFP, and GAPDH (Mm02619978_s1
andMm99999915_g1; Applied Biosystems). Fast thermal cycling
was performed using a StepOnePlus Real-Time PCR System
(Applied Biosystems). The results were normalized, as indicated
by the parallel amplification of the endogenous control GAPDH.

Western blotting

Cultured microglia or astrocytes cells, U87 cells, and hippocam-
pal samples fromWT, UbGFP, P2Y2R

2/2, or UbGFP; P2Y2R
2/2

mice were treated with lysis buffer containing 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, 100 mM NaCl,
50 mM NaF, 5 mM EDTA, 5 mM Na3VO4 (all salts from Milli-
poreSigma), 1% Triton X-100, okadaic acid, and Complete Pro-
tease Inhibitor Cocktail Tablets, pH 7.4 (Roche Diagnostics
GmbH, Berlin, Germany). Protein concentration was deter-
mined, and then, sampleswere boiled in gel-loading buffer and
separated by SDS-PAGE. Proteins were transferred to nitro-
cellulose membranes and probed with the following primary
antibodies: rabbit anti- P2Y2R (1:200), rabbit anti-GFP (1:1000),
mouse anti-b1 (1:1000), mouse anti-b2 (1:1000), rabbit anti-b5
(1:1000), mouse anti-b1i (1:1000), rabbit anti-b2i (1:1000),
mouse anti-b5i (1:1000), mouse anti-a-tubulin (1:10,000), mouse
anti-GAPDH (1:10,000), and mouse anti b-actin (1:10,000). Blots
were then washed in PBS-Tween and incubated with goat anti-
rabbit or goat anti-mouse IgGs, coupled with horseradish per-
oxidase (AmershamGEHealthcare,Amersham,UnitedKingdom),
used at 1:1000 and 1:5000, respectively. Protein bands were
visualized by chemiluminescence (Pierce Biotechnology, Rock-
ford, IL, USA) using ImageQuant LAS500 (GE Healthcare Life
Sciences) and analyzedusing ImageJ software (v.1, 47d;National
Institutes of Health, Bethesda, MD, USA).

Proteasome activity assays

To determine proteasome activity, we followed the procedure
previouslydescribed(27). Inbrief, samples fromculturedastrocytes
ormicroglia fromWTorP2Y2R

2/2miceorU87 cellswere adjusted
to 0.5 mg/ml total protein by dilution with extraction buffer.
CT-L and PG-L activities were determined using 100 mMSuc-
Leu-Leu-Val-Tyr-aminomethylcoumarin and 200 mM Z-Leu-
Leu-Glu-b-2-naphthylamine, respectively.Backgroundactivitywas
determinedbyadditionof theproteasomeinhibitorMG132ata final
concentration of 10 mM. All reagents were fromMilliporeSigma.

Behavior experiments: social exploratory test

Six-month-oldWTandP2Y2R
2/2 femalemice,weighing25–30g,

were randomly divided within each cage and handled 2 min

each day for 7 d before experimentation to accustom them to
routine handling. For all experiments, young adult mice were
intraperitoneally treatedwith either sterile PBS or LPS (5mg/kg,
Escherichia coli, serotype 055: B5; MilliporeSigma), 10 min before
behavioral testing. To assess the motivation to engage in social
exploratory behavior (28, 29), a novel, female juvenilemousewas
introduced into the test subject’s home cage for a 10-min period.
Behavior was videotaped, and the cumulative amount of time
that the subject engaged in the social investigation was de-
termined from the video records by a trained observer who was
blind to the experimental treatments. Social behavior was de-
termined as the amount of time that the experimental subject
spent investigating (e.g., anogenital sniffing, trailing) the juvenile.
Results are expressed as the percent decrease in time engaged in
social behavior compared with respective baseline measures.

Immunofluorescence studies

For confocal microscopy, animals were transcardially perfused
with 4% paraformaldehyde in Sorensen’s buffer for 10 min,
postfixed, and cryoprotected in sucrose before sectioning. Tissue
slices were washed in PBS and treated with blocking solution
containing 5% fetal bovine serum, 1% bovine serum albumin,
and 0.2% Triton-X 100 in PBS buffer. After that, samples were
incubated with primary antibodies, diluted in blocking solution.
After washing them, sections were incubated with fluorescent-
tagged secondary antibodies to be counterstained with DAPI
dihydrochloride (Thermo Fisher Scientific) and mounted in Flu-
orSave (MerckMillipore) later. The followingprimaryantibodies
were used at the indicated dilutions: rabbit anti-GFP 1:400,
chicken anti-GFP 1:400, rabbit anti-P2Y2R 1:200, mouse anti-
NeuN 1:100,mouse anti-GFAP 1:200, and rabbit anti-Iba-1 1:300.
Donkey anti-rabbit, -mouse, or -chicken secondary antibodies,
conjugatedwithAlexa 488, 594, or 647 (ThermoFisher Scientific),
were used at 1:500. Confocal images were acquired with a true
point-scanning, spectral system for fluorescence imaging (TCS
SPE) confocal microscope, equipped with 4 laser lines (405, 488,
561, and 653 nm), using a 320 or 40 dry objective (Leica Micro-
systems, Wetzlar, Germany) and using Leica software Leica
Application Suite Advance Fluorescence (LAS AF) v.2.2.1 (Leica
Microsystems). Green cells in dentate gyrus (GCDG) were con-
sidered those cells positively marked with antibodies against
GFP, with an identifiable cellular morphology, and whose nu-
cleus was positively stained with DAPI.

Statistical analysis

Results were analyzed by unpaired Student’s t test or ANOVA
test, followed by Bonferroni’s or Sidak’s multiple comparison
tests, usingGraphPadPrism6 (GraphPad Software, La Jolla, CA,
USA), and expressed as the means 6 SEM. Differences were
considered to be significant at P, 0.05.

RESULTS

Acute neuroinflammation alters the
functionality of UPS in glial cells from
hippocampal dentate gyrus

Initially,we investigatedwhether the inductionof anacute
neuroinflammatory state can alter the functionality ofUPS
in hippocampal dentate gyrus (DG) cells. To monitor the
UPS activity, we used the transgenic UbGFP mice. These
mice ubiquitously express the ubiquitin fusion degrada-
tion substrate UbG76V-GFP (25). This reporter protein will
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accumulate in those cells where there is an impaired UPS.
An acute neuroinflammatory state was induced in adult
UbGFPmice by a single intraperitoneal injection of LPS at
5 mg/kg of body weight. Control animals were injected
intraperitoneallywith the samevolumeof vehicle solution
(PBS). Forty-eight hours after injection, animals were eu-
thanized and their brains processed to analyze the hip-
pocampal DG by immunofluorescence techniques (Fig.
1A). Additional groups of UbGFP mice were intra-
cerebroventricularly treated for 48 h with 2 ml lactacystin
(10 mg/ml), a selective proteasome inhibitor, or with the
samevolumeofPBS.The initial analysis revealed thatPBS-
treatedUbGFPmice via intraperitoneal injection showed a
similar number of GCDG than those PBS treated intra-
cerebroventricularly (Fig. 1A, B). As expected, lactacystin
administration tripled the number of cells that accumu-
lated the UbG76V-GFP reporter in DG, in contrast to those
detected in PBS-treated mice (intracerebroventricularly;
lactacystin 35.06 3.8GCDGper 0.1mm3vs.PBS11.26 1.0
GCDG per 0.1 mm3; Fig. 1A, B). In a similar way, LPS-
treatedUbGFPmice (intraperitoneally) showedmore than
double GCDG than PBS-treated UbGFP mice (in-
traperitoneally;LPS25.462.4GCDGper0.1mm3;Fig. 1A,
B). It is to highlight that the increasedUbG76V-GFP protein
expression detected in LPS-treated UbGFP mice did not
correlate with alterations at a transcriptional (Fig. 1C) or
translational (Supplemental Fig. 1A, B) level. In addition,
double immunolabeling, using astrocyte (GFAP)-, micro-
glia (Iba-1)-, or neuron (NeuN)-specific markers (Fig. 1D),
revealed that the increased accumulation of the UbG76V-
GFP reporter took place mainly in glial cells. More pre-
cisely,whereasonlya fewGFP-positivecellswere identified
as microglial (0.16 0.1 GCDG/0.1 mm3 positively marked
with antibody anti-Iba-1) or as astrocytes (1.16 0.2GCDG/
0.1 mm3 positively marked with antibody anti-GFAP) in
PBS-treated mice (intraperitoneally), the number of both
cellular types significantly increased in LPS-treated UbGFP
mice (intraperitoneally;microglia 9.362.2GCDG/0.1mm3

and astrocytes 6.9 6 1.2 GCDG/0.1 mm3; Fig. 1E). Re-
garding the neuronal lineage, the number ofGCDG labeled
with the neuronal marker NeuN was similar in PBS- and
LPS-treated mice (intraperitoneally; 9.06 1.0 and 6.36 1.4
of GCDG/0.1mm3, respectively; Fig. 1E).With the support
that the neuroinflammatory environment influences the
proteasomal functionality, a significant reduction in con-
stitutive, catalytic, proteasomal b5 subunits, linked to a
significant increase of inducible, catalytic, proteasomal b5i
subunits, was observed in LPS-treated mice (Fig. 1F).
However, no changes in the others constitutive or inducible
catalytic proteasomal subunits were observed (Fig. 1F). All
of these results suggest that an acute neuroinflammation
alters theUPS functionality both in hippocampal astrocytes
and microglial cells.

Acute neuroinflammation increases
expression of P2Y2R in glial cells

In agreementwith previous studies,where itwas reported
that LPS-induced neuroinflammation upregulates the
P2Y2R expression (30), a significant increase in protein

levels of this receptor was detected in the hippocampus of
LPS-treated UbGFP mice (intraperitoneally; Fig. 2A). Ad-
ditionalanalysis, usingspecificglialmarkers, revealed that
LPS treatment did not alter either the number of astrocytes
expressing P2Y2R nor the total number of astrocytes,
with respect to those detected in PBS-treated mice (in-
traperitoneally; Fig. 2B–D). However, in the case of micro-
glial cells,despite thatLPSdidnotmodify their totalnumber,
a significant increase in thoseexpressingP2Y2Rwasdetected
in LPS-treated mice (intraperitoneally; Fig. 2B–D).

As astrocytes and microglial cells were the lineages
most sensitive to altering their UPS by the endotoxin, we
decided to evaluatewhether LPS induces an upregulation
of P2Y2R, specifically in these cells. To address this ques-
tion,we used primary cultures of astrocytes andmicroglia
cells from mouse hippocampus. These studies confirmed
that astrocytes treated with 0.3 mg/ml LPS for 48 h sig-
nificantly increased the messenger and protein levels of
P2Y2R compared with those detected when these were
treatedwithPBS (Fig. 2E,F).However, inmicroglial cells, a
significant increase of the messenger, but not the protein
levels of P2Y2R, was detected (Fig. 2E, F).

The P2Y2R is involved in the alteration of UPS
functionality in glial cells caused by the
LPS-induced acute neuroinflammation

In a next step, to elucidatewhether P2Y2R plays a relevant
role in the UPS alteration in glial cells under a neuro-
inflammation environment, we decided to crossbreed
UbGFP animals with P2Y2R

2/2 mice. At 6 mo old,
UbGFP; P2Y2R

2/2 mice were intraperitoneally treated
with LPS or PBS for 48 h before being analyzed. It is worth
noting that the initial analysis of UbGFP; P2Y2R

2/2

revealed that these mice showed a slight increase in the
total number of GCDG compared with that observed in
UbGFPmice. Surprisingly,LPS-treatedUbGFP;P2Y2R

2/2

mice did not show the increase in the number of GCDG
detected in UbGFP mice (PBS 16.96 1.4 GCDG/0.1 mm3

vs. LPS 13.86 1.4 GCDG/0.1mm3; Figs. 1A, B and 3A, B).
Cellular linage distribution analysis of GCDG in UbGFP;
P2Y2R

2/2 mice revealed that in a similar way to UbGFP
mice, most of the GCDG belonged to the neuronal lineage
in PBS-treated mice. Nevertheless, when these mice were
LPS treated, the GCDG were identified as neurons and a
reduced number of microglia cells but interestingly, none
as astrocytes (Fig. 3C), suggesting that P2Y2R plays a key
role inLPS-inducedproteolysis alteration inastrocytes. It is
also noteworthy that in UbGFP; P2Y2R2/2 mice, the LPS
treatment did not modify the levels of any constitutive or
inducible catalytic proteasomal subunit (Fig. 3D).

The LPS-induced neuroinflammation causes behav-
ioral alterations, such as anorexia, weight loss, as well as
decreased social interactions (28, 29). To confirm that
P2Y2R plays a relevant role in the LPS-induced neuro-
inflammatory process, we decided to subject the UbGFP
mice and UbGFP; P2Y2R

2/2 mice treated with LPS or
vehicle to a social behavioral interaction test (Fig. 4A). Our
results revealed that both UbGFP and UbGFP; P2Y2R

2/2

mice treated with PBS did not show any significant
variations in their body weight or in the basal social
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Figure 1. LPS-induced acute neuroinflammation impairs the UPS in hippocampal glial cells. A) Representative images of
hippocampal coronal sections from UbGFP mice treated with PBS or LPS [intraperitoneally (i.p.)] or with PBS or lactacystin
(Lact; intracerebroventricularly) and stained with antibody against GFP alone (upper) or with nuclear marker DAPI (lower).
Original scale bars, 200 mm. B) Quantification of GCDG/0.1 mm3 hippocampal DG (n $ 9 mice/treatment; sections $5/
mouse). Ns, nonsignificant using unpaired Student’s t test. C) Analysis of UbG76V-GFP mRNA levels by quantitative RT-PCR in
hippocampal samples from intraperitoneal PBS- or LPS-treated UbGFP mice (n = 4/treatment). One hundred percent value
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interaction. Nevertheless, although the LPS treatment in-
duced a comparable reduction in the body weight of both
UbGFP and UbGFP; P2Y2R

2/2 mice (Fig. 4B), we detect

statistically significant differences regarding the social in-
teraction test. Compared with PBS-treated mice, LPS in-
duced a statistically significant reduction of the social
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Figure 2. LPS-induced neuroinflammation increases P2Y2R expression in glial cells. A) Western blot analysis of P2Y2R expression
in hippocampal samples from intraperitoneal PBS- or LPS-treated 6-mo-old UbGFP mice. Membranes are probed with an anti-
tubulin (a-Tub) antibody to correct for any possible deviation on protein loading. One hundred percent corresponds to P2Y2R
protein expression detected in PBS-treated UbGFP mice (n $ 5 mice/treatment). B) Representative micrographs of astrocytes
(GFAP positive) and microglial cells (Iba-1 positive) in hippocampal sections from intraperitoneal PBS- or LPS-treated UbGFP
mice expressing P2Y2R. The localization of P2Y2R in GFAP- or Iba-1-positive cells is indicated by arrowheads. Original scale bars,
20 mm. C) Quantification of astrocytes and microglial cells expressing P2Y2R/0.1 mm3 in hippocampal sections from PBS- or LPS-
treated UbGFP mice. D) Total number of astrocytes and microglia cells/0.1 mm3 in hippocampal sections from PBS- or LPS-
treated UbGFP mice. E) Quantification of mRNA and (F) protein levels of P2Y2R, both in cultured astrocytes and microglial cells
from the hippocampus of WT mice. Cultures were treated with PBS or LPS 0.3 mg/ml for 48 h. Values represent, at least, the
means 6 SEM of 3 independent cultures run in duplicate. *P , 0.05, **P , 0.01 (unpaired Student’s t test).

corresponds to the UbG76V-GFP mRNA levels detected in UbGFP mice treated with PBS intraperitoneally. D) Representative
micrographs of hippocampal sections from 6-mo-old UbGFP mice treated with PBS or LPS and double-stained with antibodies
against GFP protein (green) and the specific astrocytic marker GFAP, the microglial marker Iba-1, or neuronal marker NeuN.
Colocalization is indicated by arrowheads. Original scale bars, 20 mm. E) Quantification of the number of GCDG positively
identified as astrocytes, microglial cells, or neurons per 0.1 mm3 hippocampal DG in PBS- or LPS-treated UbGFP mice (n $ 4
mice/treatment; sections $6/mouse). F) Representative images of Western blot using hippocampal samples from 6-mo-old
intraperitoneal PBS- or LPS-treated UbGFP mice and stained with antibodies against constitutive (b1, b2, and b5) or inducible
(b1i, b2i, and b5i) proteasome catalytic b subunits. Graphs show quantification of the protein expression of proteasome catalytic
b subunits (n $ 9 mice/treatment). Membranes are probed with an anti-tubulin (a-Tub) antibody to correct for any possible
deviation on protein loading. The value of 100% corresponds to the expression of the corresponding b protein detected in
intraperitoneally PBS-treated UbGFP mice. Data in bar graphs depict means 6 SEM. *P , 0.05, ***P , 0.001, ****P , 0.0001
[unpaired Student’s t test (E, F)], **P , 0.001, ****P , 0.0001 [1-way ANOVA, followed by Bonferroni’s test (B)].
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behavior in UbGFP mice at all times tested, whereas the
UbGFP; P2Y2R

2/2 mice presented similar social in-
teraction atT19andT49 (10minand24hpost-LPS injection,
respectively; Fig. 4B). Hence, the LPS-treated UbGFP;
P2Y2R

2/2 mice showed a higher social interaction than
LPS-treated UbGFP mice, both at T19 (10 min post-
injection; UbGFP 5.16 2.9% vs.UbGFP; P2Y2R

2/2 34.16
19.5%) andat T49 (24hpostinjection;UbGFP0.06 0.0% vs.
UbGFP; P2Y2R

2/2 29.36 17.1%; Fig. 4B).

As we have demonstrated in a previous study that
pharmacological inhibition of P2Y2R induced a significant
accumulation of UbG76V-GFP in neuroblastoma cells
expressing this UPS reporter (24), wewonder whether the
UbG76V-GFP protein accumulation in the LPS-treated
UbGFP mice may be a result of the endotoxin affecting
P2Y2R functionality. To address this question, UbGFP
mice were intracerebroventricularly treated with 2 ml of
1.5 mM suramin, a P2Y2R antagonist, after having the
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Figure 3. P2Y2R
2/2 mice did not show the UPS impairment in astrocytes induced by LPS. A) Representative images of

hippocampal coronal sections from treated UbGFP; P2Y2R
2/2 mice treated with PBS or LPS (intraperitoneal) and stained with

an antibody against GFP alone (upper) or with DAPI (lower). Original scale bars, 200 mm. B) The graph shows the quantification
of GCDG/0.1 mm3 hippocampal DG (n $ 6 mice/treatment; sections $7/mouse). C) Quantification of the number of GCDG
positively identified as astrocytes, microglial cells, or neurons/0.1 mm3 hippocampal DG from intraperitoneal PBS- or LPS-
treated UbGFP; P2Y2R

2/2 mice (n $ 4 mice/genotype and treatment; sections $6/mouse). D) Representative images of
Western blot using hippocampal samples from intraperitoneal PBS- or LPS-treated 6-mo-old UbGFP; P2Y2R

2/2 mice with
antibodies against constitutive (b1, b2, and b5) or inducible (b1i, b2i, and b5i) proteasome catalytic b subunits. Quantification of
the protein expression of proteasome catalytic b subunits (n $ 4 mice/treatment). Membranes are probed with an anti-tubulin
antibody to correct for any possible deviation on protein loading. One hundred percent value corresponds to the protein
expression of b subunits detected in PBS-treated UbGFP; P2Y2R

2/2 mice. Data in bar graphs depict means 6 SEM. *P , 0.05,
**P , 0.01 (unpaired Student’s t test).
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intraperitoneal injection of LPS or PBS. Forty-eight hours
after intraperitoneal injection, the animals were eutha-
nized to be analyzed (Fig. 5A). The results showed that
suramin caused a similar increase in the number ofGCDG
(34.66 1.9 GCDG/0.1 mm3; Fig. 5B, C) to that produced
by intraperitoneal LPS administration (Fig. 1A, B). How-
ever, when mice were treated with LPS plus suramin, no
additive effect in the total number ofGCDGwas observed
(22.76 3.9 GCDG/0.1 mm3; Fig. 5B, C). In a similar way,
no additive effect between either treatmentwas observed,
in the number of green microglia, green astrocytes, or
greenneuronal cells (Fig. 5D). Thesedata suggest that both
compounds, suraminandLPS,modulate theactivityof the
UPS through a common molecular mechanism.

Selective P2Y2R activation prevents the
LPS-induced UPS impairment in astrocytes

Our next step was to evaluate if a selective activation of
P2Y2R may counter the LPS-induced UPS impairment in
glial cells.Toanswer thisquestion,bothUbGFPandUbGFP;
P2Y2R

2/2 mice were treated intracerebroventricularly
with 2 ml of 45 mM Up4U, a selective P2Y2R agonist, or
with the same volume of PBS, 24 h after intraperitoneal
injection of LPS or PBS. Forty-eight hours after in-
traperitoneal injection, animals were euthanized to be
analyzed (Fig. 6A). As shown in Fig. 6B, UbGFP mice

treated with LPS plus Up4U presented statistically,
significantly lessGCDG thanUbGFPmice treatedwith
LPS plus PBS (LPS + PBS 25.46 2.4 GCDG/0.1mm3 vs.
LPS +Up4U 18.06 2.2 GCDG/0.1mm3). Moreover, no
significant differences in the number of GCDG be-
tween PBS + PBS-treated and LPS + Up4U-treated
UbGFP mice were observed (Fig. 6B, C). Involvement
of P2Y2R on effects mediated byUp4Uwas definitively
confirmed, observing that Up4U did not significantly
modify the number of GCDG in PBS- or LPS-treated
UbGFP; P2Y2R

2/2 mice (Fig. 6B, C). The lineage dis-
tribution analysis confirmed that proteostasis alter-
ation induced byLPS in astrocyteswas totally reversed
by P2Y2R activation (Fig. 6D). However, the Up4U
administration reduced the number but did not totally
abolish the microglial cells that presented an accu-
mulation of UbG76V-GFP protein (LPS + PBS 9.3 6 4.3
GCDG/0.1 mm3 vs. LPS + Up4U 5.0 6 2.1 GCDG/
0.1 mm3; Fig. 6D). Interestingly, when Up4U was
assayed in cultures of hippocampal microglial cells, a
significant increase in CT-L proteasomal activity, as-
sociated with an increased expression of the b5 sub-
unit,wasdetected (Supplemental Fig. 2A,B).However, as
in UbGFP; P2Y2R

2/2 mice, some microglial cells still
showed a significant accumulation of the UPS reporter,
we cannot rule out that other factors, besides P2Y2R, are
involved in the UPS alteration induced by LPS in this
lineage.
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Figure 4. P2Y2R contributes to altering the
social behavior associated with LPS-induced
neuroinflammation. A) Schematic representa-
tion of the followed protocol in social behavior
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Graphs represent the evolution of body weight
(upper) and the variations on social interaction
(lower) of UbGFP mice (black) and UbGFP;
P2Y2R

2/2 mice (gray) after the PBS (solid
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squares) administration. One hundred percent
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each genotype or the social interaction time at
the first day of social exploratory training,
respectively. The tests referred to as T19, T29,
T39, and T49 correspond to 10 min and 2, 4,
and 24 h after LPS injection, respectively. Data
in graphs represent the means 6 SEM from n $
7 mice/genotype and treatment. *P, 0.05, **P,
0.01 between PBS- and LPS-treated UbGFP
mice, †P , 0.05 between PBS- and LPS-treated
UbGFP; P2Y2R

2/2 mice, #P , 0.05 between LPS-
treated UbGFP mice and LPS-treated UbGFP;
P2Y2R

2/2mice (2-way ANOVA, followed by Sidak’s
test).
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Expression levels of b5 and b5i subunits were also an-
alyzed in UbGFP and UbGFP; P2Y2R

2/2 mice, treated or
not with LPS in the presence or absence of Up4U (Fig. 6E).
Results revealed that the reduction of b5 expression, in-
duced by LPS, was not observed in UbGFP mice treated
with LPS plus Up4U (Fig. 6E). In a similar way, the in-
creased expression of the b5i subunit, detected in LPS-
treated mice, was not observed in LPS + Up4U-treated
UbGFP mice (Fig. 6E). Independently of the treatment
applied, no significant modification in the levels of b5 or
b5i was detected in UbGFP; P2Y2R

2/2 mice (Fig. 6E).
To validate fully the involvement of P2Y2R in the al-

teration of UPS in astrocytes induced by LPS and to
identify the underlying intracellular pathway, we per-
formed additional studies using hippocampal astrocyte
cultures from WT and P2Y2R

2/2 mice and the human
glioblastoma astrocytoma cell line U87. These studies
confirmed that the UPS inhibition induced by LPS was
dose dependent (Supplemental Fig. 1C) and that stimula-
tion of astrocytes fromWTmice with 100mMUp4U for 24
h increased their proteasomal CT-L, as it induces the ex-
pression of the proteasomal catalytic b5 subunit on them
by a mechanism dependent on both the nonreceptor ty-
rosinekinases family (Src) andPI3K (Fig. 7A,B).Moreover

and in line with in vivo studies, the cotreatment of astro-
cytes with 0.3 mg/ml LPS plus 100 mMUp4U avoided the
decrease in CT-L activity caused by LPS 0.3 mg/ml (Fig.
7C). Up4U did not induce changes on CT-L activity in
cultured astrocytes from P2Y2R

2/2 mice, confirming the
involvement of P2Y2R (Fig. 7C). It is also worth high-
lighting thatUp4U-induced P2Y2R activation significantly
countered the inhibition of proteasomal CT-L activity but
not the PG-L activity induced by the selective and irre-
versible proteasome inhibitor, epoxomicin (Fig. 7D).

DISCUSSION

It has been proposed that a neuroinflammatory status
leads to an imbalance of cellular proteostasis by altering
the proteasome activity (8). Thereby, the cytokines or LPS-
induced neuroinflammation promote the proteasomal-
dependent production of proinflammatory mediators in
microglial cells (12) or cause an increase of proteasomal
CT-L activity in astrocytes (31). Based on these studies,
selectiveproteasomal inhibitors, suchas epoxomicin, have
been postulated as potent anti-inflammatory agents (32).
However, other groups haveprovided evidence indicating
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Figure 5. Suramin (Sur) and LPS
did not produce additive effects
on glial proteostasis. A) Schematic
representation of the followed
protocol. IF, immunofluorescence.
B) Representative images of hip-
pocampal coronal sections from
UbGFP mice treated with PBS +
suramin or LPS + suramin and
stained with antibody against GFP
alone (upper) or with the nuclear
marker DAPI (lower). Original scale
bars, 200 mm. C) The graph shows
the quantification of GCDG/0.1 mm3

hippocampal tissue from UbGFP
mice treated intraperitoneally with
PBS and intracerebroventricularly
with suramin (white-striped bar) or
intraperitoneally with LPS and in-
tracerebroventricularly with suramin
(gray-striped bar; n $ 4 mice/
treatment; sections $5/mouse).
D) Quantification of GCDG posi-
tively identified as astrocytes, micro-
glial cells, or neurons/0.1 mm3

hippocampal DG in UbGFP mice
treated as indicated in C (n $ 4
mice/genotype and treatment; sec-
tions$6/mouse). Statistical signifi-
cance was not detected using
unpaired Student’s t test. Data in
bar graphs depict means 6 SEM.
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Figure 6. Intracerebroventricula administration of Up4U reverted the UPS impairment induced by LPS in astrocytes. A)
Schematic representation of the followed protocol. B) Representative images of hippocampal coronal sections from UbGFP and
UbGFP; P2Y2R

2/2 mice treated with LPS or LPS + Up4U and stained with an antibody against GFP plus DAPI. Original scale bars,
200 mm. C) Quantification of GCDG/0.1 mm3 hippocampal tissue from UbGFP and UbGFP; P2Y2R

2/2 mice treated as follows:
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with Up4U (black bar), intraperitoneally with LPS and intracerebroventricularly with PBS (gray bar) or intraperitoneally with LPS
and intracerebroventricularly with Up4U (gray-striped bar; n $ 4 mice/treatment; sections $7/mouse). D) Quantification of
GCDG positively identified as astrocytes, microglial cells, or neurons/0.1 mm3 hippocampal DG in UbGFP and UbGFP; P2Y2R

2/2

mice treated as indicated in C (n $ 4 mice/genotype and treatment; sections $5/mouse). E) Representative images of Western
blot using hippocampal samples from 6-mo-old UbGFP and UbGFP; P2Y2R

2/2 mice treated as indicated in C with antibodies
against b5 or b5i proteasome catalytic subunits. Graphs show quantification of the protein expression of proteasome catalytic b5
or b5i subunits (n $ 4 mice/genotype and treatment). Membranes are probed with an anti-tubulin antibody to correct for any
possible deviation on protein loading. One hundred percent value corresponds to the protein expression of b5 or b5i detected in
PBS-treated UbGFP or UbGFP; P2Y2R

2/2 mice. Data in bar graphs depict means 6 SEM. *P , 0.05, **P , 0.01, ***P , 0.001,
****P, 0.0001 [1-way ANOVA, followed by Bonferroni’s test when compared with PBS/PBS (C–E)]) #P, 0.05, ##P, 0.01 [1-way
ANOVA, followed by Bonferroni’s test when compared with LPS/Up4U (C, D)].
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that the LPS-induced neuroinflammation causes UPS im-
pairment, and thereby, proteasome inhibitors would not
only revert but would actually potentiate the LPS-induced
neuroinflammation (10, 11). In the present work, with the
use of a UPS reporter mouse model (UbGFP mice), we
provide new evidences indicating that LPS-induced acute
neuroinflammation compromises the cellular proteolysis
in both astroglial and microglial cells by a mechanism in-
volving P2Y2R. Supporting this hypothesis, LPS-treated
UbGFP mice lacking P2Y2R did not present a significant
UPS impairment in astrocytes nor a social interaction def-
icit as severe as that observed in LPS-treated UbGFPmice.
Moreover, the in vivo administration of Up4U, a selective
P2Y2R agonist, reverted the UPS impairment in astrocytes
caused by an LPS-induced neuroinflammation. Our stud-
ies also revealed that the Up4U-induced P2Y2R activation
leads to the activation of Src/PI3K/ERK1/2. Mobilization
of this intracellular signaling pathway increases the ex-
pression of the proteasomal b5 subunit, offsetting the re-
ductionof thiscausedbyLPSandpreventing its replacement
by the b5i subunit.

LPS administration causes neuroinflammation status
through TLR4 activation (9). The molecular pathways in-
volved, including activation of proinflammatory tran-
scription factors, suchasNF-kB, synthesis, andprocessing,
and release of proinflammatorymediators, aswell asATP
release (18, 33). As NF-kB upregulates the P2Y2R tran-
scription under proinflammatory conditions (34), it was
postulated thatP2Y2Rplays a relevant role inLPS-induced
neuroinflammation. Indeed, the increased expression of
functional P2Y2R under inflammatory status allows the
alveolar cells to increase their secretory rate (33), potenti-
ates the LPS-induced neutrophil transendothelial migra-
tion (20), enhances themigration and phagocytosis ability
of microglial cells during postnatal brain development
(21), and facilitates the secretion of proinflammatory me-
diators induced by LPS (18). In line with the studies sug-
gesting that P2Y2R plays a proinflammatory role, our
results suggest that LPS induced a proteolysis impairment
in glial cells in WT mice but not in P2Y2R

2/2 mice. Nev-
ertheless, it should be noted that Up4U-treated mice did
not show a UPS impairment, but they present an increase
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Figure 7. P2Y2R activation reverted the LPS-
induced UPS impairment in astrocytes increas-
ing CT-L activity via inducing the proteasome
subunit b5 expression in a mechanism in-
volving Src/MEK. A) Proteasomal CT-L activity
measured in hippocampal astrocyte cultures
from UbGFP mice treated for 24 h with 100 mM
Up4U. Astrocytes were pretreated or not with
LY294002 (50 mM), a selective inhibitor of
PI3K, or PP-2 (2 mM), a selective inhibitor of
the Src tyrosine kinase, for 20 min before
adding the dinucleotide to the culture me-
dium. One hundred percent value corresponds
to the CT-L activity measured in hippocampal
astrocytes treated with PBS (n $ 4 independent
cultures run in triplicate). B) Representative
images of Western blot from astrocytes treated
with PBS or 100 mM Up4U for 24 h with
antibodies against b5 or b5i proteasome
catalytic subunits. Graphs show quantification
of the protein expression of proteasome
catalytic b5 or b5i subunits (n $ 4 independent
cultures run in duplicate). Membranes are
probed with an anti-GFAP antibody to correct
for any possible deviation on protein loading.
One hundred percent value corresponds to the
protein expression of b5 or b5i detected in
cultures treated with PBS. C) Proteasomal CT-L
activity measured in hippocampal astrocytes
cultured from WT mice and P2Y2R

2/2 mice.
One hundred percent value corresponds to the
CT-L activity measured in cultured hippocam-
pal astrocytes from WT and P2Y2R

2/2 mice
treated with PBS, respectively (n $ 4 indepen-
dent cultures run in quadruplicate). D) The
graphs show the proteasomal CT-L and PG-L
activities measured in cultured hippocampal
astrocytes, pretreated or not with epoxomicin
(Epoxo) 5 mM for 20 min and 100 mM Up4U
for 24 h. One hundred percent value corre-
sponds to the CT-L or PG-L activities measured

in hippocampal astrocytes treated with PBS (n $ 4 independent cultures run in quadruplicate). Data in bar graphs depict means 6
SEM. *P , 0.05 [unpaired Student’s t test. (B)], *P , 0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001 [1-way ANOVA, followed by
Bonferroni’s test when compared with PBS (A, C, D)], #P , 0.05, ##P , 0.01 [unpaired Student’s t test (A)].
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in CT-L activity and the concomitant upregulation of
proteasomal b5 subunits, as previously reported (24). Be-
cause we have demonstrated that LPS-induced acute
neuroinflammation compromises the cellular proteolysis
in astroglial cells, it seems reasonable to think that P2Y2R
activation in astrocytes would not contribute to the pro-
motion of a proinflammatory status.

Conversely, the anti-inflammatory role of P2Y2R has
also been suggested. Thus, it has been reported that nu-
cleotides attenuate the LPS-induced production of cyto-
kines and NO inmacrophages (23), reduced the release of
TNF-a, IL-6, and NO in microglial cells (22), and down-
regulated the gene expression of CD14 myeloid differen-
tiation primary response 88, caused by LPS-induced TLR4
activation (35). In addition, as ATP and UTP down-
regulated the gene expression of TLR4 and the phos-
phorylation of NF-kB induced by TLR4 activation, it was
postulated that P2Y2Rs can negatively regulate TLR4 (35),
although the underlying molecular mechanism remains
poorly understood. In line with the existence of a close
relationship between P2Y2R and TLR4, we observed that
the in vivo administration of Up4U avoided the UPS im-
pairment induced by the endotoxin in glial cells. Further-
more, we found that the decrease of cellular proteolysis in
glial cells, induced by inhibiting P2Y2R or by activating
TLR4 by LPS, is not an additive process, suggesting that
both receptors share a common molecular mechanism.
Basedonourpreviouswork, reporting that the blockingof
P2Y2R induces a UPS impairment (24), we can reason that
endotoxin alters the astrocytic proteolysis by inducing a
heterologous desensitization of P2Y2R. This hypothesis is
based on TLR4 activation triggers, among others, PKC
activation (36), which would induce phosphorylation of
the C-terminal tail of P2Y2Rs, causing the heterologous
desensitization of them (37). In line with this hypothesis,
we can reason that the lack of effect of LPS on P2Y2R

2/2

mice may be a result of LPS altering the astrocytic pro-
teolysis by blocking the tonic activity of P2Y2R.Moreover,
as Src, an essential kinase for the proinflammatory re-
sponse induced by TLR4 activation in astrocytes (38), has
been involved in the formation of the protein complex
between epithelial growth factor receptor and P2Y2R (39),
it is reasonable to think that a similar protein complex can
be formedbetweenTLR4 andP2Y2R,whichwould favor a
fine crossregulation between both receptors. On the other
hand, as the TLR4 activation by LPS also promotes the
transcription of P2Y2R (18), we postulate that de novo
synthesis of b5 subunits induced by activation of new
P2Y2R (24)may be themechanism bywhichUp4U reverts
the UPS impairment induced by LPS. Although we rec-
ommendadditional studies to confirm this hypothesis, the
studies carried out in astrocyte cultures showed that the
inhibitionofCT-Lactivitybyepoxomicinwassignificantly
countered by Up4U-induced P2Y2R activation. As the
epoxomicin is an irreversible proteasome inhibitor, it rea-
sonable to think that the effect induced by Up4U requires
the synthesis of new b5 subunits, as we have previously
reported (24).

In the present study, we have demonstrated that the
inhibition of P2Y2R by LPS is essential for this toxin to
induce an acute neuroinflammatory status. As a result of

this blockage, a proteasomal proteolysis impairment, es-
pecially in astrocytes, is induced,which leads them to alter
their cellularproteostasis, favoring, in thisway, the reactive
astrocytosis. Our results also suggest that the selective
P2Y2Ragonist,Up4U,a compoundalreadycommercialized
as diquafosol in Japan and South Korea for the treatment of
dry eye (40), might have anti-inflammatory properties, as it
is able to return the proteostasis balance to astrocytes.
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Alvarez-Castelao, B., Castaño, J. G., Hernández, F., and Lucas, J. J.
(2006) Inhibition of 26S proteasome activity by huntingtin filaments

but not inclusion bodies isolated from mouse and human brain.
J. Neurochem. 98, 1585–1596

28. Henry,C. J.,Huang, Y.,Wynne,A.,Hanke,M.,Himler, J.,Bailey,M.T.,
Sheridan, J. F., and Godbout, J. P. (2008) Minocycline attenuates
lipopolysaccharide (LPS)-induced neuroinflammation, sickness be-
havior, and anhedonia. J. Neuroinflammation 5, 15

29. Godbout, J.P.,Chen, J.,Abraham, J.,Richwine,A.F.,Berg,B.M.,Kelley,
K.W., and Johnson,R.W. (2005)Exaggeratedneuroinflammationand
sickness behavior in aged mice following activation of the peripheral
innate immune system. FASEB J. 19, 1329–1331

30. Kong,Q., Peterson,T. S., Baker,O., Stanley, E., Camden, J., Seye, C. I.,
Erb, L., Simonyi, A., Wood, W. G., Sun, G. Y., and Weisman, G. A.
(2009) Interleukin-1beta enhances nucleotide-induced and alpha-
secretase-dependent amyloid precursor protein processing in rat
primary cortical neurons via up-regulation of the P2Y(2) receptor.
J. Neurochem. 109, 1300–1310

31. Zhang, F. F., Morioka, N., Kitamura, T., Hisaoka-Nakashima, K., and
Nakata, Y. (2015)Proinflammatory cytokinesdownregulateconnexin
43-gap junctions via the ubiquitin-proteasome system in rat spinal
astrocytes. Biochem. Biophys. Res. Commun. 464, 1202–1208

32. Meng, L., Mohan, R., Kwok, B. H., Elofsson, M., Sin, N., and Crews,
C. M. (1999) Epoxomicin, a potent and selective proteasome
inhibitor, exhibits in vivo antiinflammatory activity. Proc. Natl. Acad.
Sci. USA 96, 10403–10408

33. Garcia-Verdugo, I., Ravasio, A., de Paco, E. G., Synguelakis, M.,
Ivanova, N., Kanellopoulos, J., and Haller, T. (2008) Long-term ex-
posure to LPS enhances the rate of stimulated exocytosis and sur-
factant secretion in alveolar type II cells and upregulates P2Y2
receptor expression. Am. J. Physiol. Lung Cell. Mol. Physiol. 295,
L708–L717
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