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4.1. Bloque 1

En este bloque de resultados se presentan los estudios realizados sobre los canales de
potasio dependientes de voltaje presentes en macrofagos y su regulacion ante distintos estimulos
de proliferacion y activacion celular.

En concreto, en la primera contribucidon que se adjunta se describe como los canales de
potasio Kv1.3, Kv1.5 y Kir2.1 son los responsables de las corrientes de salida dependiente de
voltaje y de rectificacion de entrada que se detectan en estas células. En este trabajo se muestra
como Kv1.3 y Kir2.1 estan altamente regulados tanto por el factor de crecimiento MCSF, como
por factores inductores de la activacién de los macrofagos como son el lipopolisacarido y la
citoquina TNFa. Los estudios de electrofisiologia realizados sugieren que el complejo funcional
generador de la corriente de salida de potasio podria diferir entre macréfagos proliferantes y
activados aunque Kvl1.3 seguiria siendo la principal entidad molecular responsable de esta
corriente. Por ultimo, estos estudios muestran cémo, no sélo Kv1.3 se ve regulado en los
procesos de proliferacion y activacidn, sino que se requiere su participacion en estos procesos.

La segunda contribucidon que se adjunta en este bloque muestra como la regulacion de
estos canales por LPS y TNFa, no se restringe unicamente a los macrofagos, sino que esta
modulaciéon es un mecanismo general que puede ser importante en diferentes patologias
sistémicas en las que estos mediadores estén presentes como caquexia, sepsis o inflamacion

cronica.

CONTRIBUCIONES

4.1.1. Differential voltage-dependent K channel responses during proliferation and
activation in macrophages.

4.1.2. The systemic inflammatory response is involved in the regulation of K channel

expression in brain via TNF-a-dependent and -independent pathways.
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Voltage-dependent K* channels (VDPC) are expressed
in most mammalian cells and involved in the proliferation
and activation of lymphocytes. However, the role of VDPC
in macrophage is not well established. This
study was undertaken to characterize VDPC in macro-
phages and determine their physiological role during pro-
liferation and activation. Macrophages proliferate until
an endotoxic shock halts cell growth and they become
activated. By inducing a schedule that is similar to the
physiological pattern, we have identified the VDPC in
non-transformed bone marrow-derived macrophages and
studied their regulation. Patch clamp studies demon-
strated that cells expressod outward delayed and in-
wardly rectifying K' currents. Pharmacological data,
mRNA, and protein analysis suggest that these currents
were mainly mediated by KvL3 and Kir2.1 channels.
Macrophage colony-stimulating factor-dependent prolif-
eration induced both channels. Lipopolysaccharide
(LPS)-induced activation differentially regulated VDPC
expression. While Kv1.3 was further induced, Kir2.1 was
down-regulated. TNF-o mimicked LPS effects, and stud-
ies with TNF-a receptor VI double knockout mice dem-
onstrated that LPS regulation mediates such oxpression
by TNF-a-dependent and -independent mechanisms This
modulation was dependent on mRNA and protein synthe-
sis. In addition, bone marrow-derived macrophages ox-
pressed KvL.5 mRNA with no apparent regulation. VODPC
activities seem to play a critical role during proliferation
and activation because not only cell growth, but also in-
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ducible nitric-oxide synthase expression were inhibited
by blocking their activities. Taken together, our results
demonstrate that the differential regulation of VDPC is
crucial in intracellular signals determining the specific

macrophage response.

Immune sy=tem responses to an antigen involve a complex
notwork of several cell types. Among them, the mononuclear
phagocyte family comprises numerous cell types, including tis-
aue macrophages, Kupffer cella, dermal Langerhans cells, os-
teoclasts, microglia, and perhaps some of the interdigitating
and follicular dendritic cells from lymphoid organs (1), Macro-
phages perform critical functions in the immune system, acting
as regulators of homeostasis and as effector cells in infection,
wounding, and tumor growth, In response to different growth
factors and cytokines, macrophages can proliferate, become
activated or differentiate, As monocytes differentiate into ma-
ture, non-proliferating macrophages they can produce a large
variety of responses, including chemotaxis, phagocytosis, and
secretion of numerous cytokines and other substances. To elicit
the appropriate phyziological rezponse plasma membrane pro-
tein expression changes dramatically from proliferation to
activation (2),

Voltage-dependent potazsium channels (VDPCY are a group
of plasma membrane ion channels with a key role in controlling
repolarization and resting membrane potential in electrically
excitable cells, K* channels are also involved in the mainte-
nance of vascular smooth muscle tone, glucose-stimulated in-
sulin release by g-pancreatic cells, cell volume regulation, and
cell growth (3). Leukocytes express a number of voltage-gated
and/or second messenger-modulated ion channels, and the elec-
trophysiological properties of many of these channels are
known (4-17). Despite considerable progress, important ques-
tions remain unsolved, the relationship of these proteins to cell
function being one of the most relevant (18-20). VDPC are
associated with macrophage functions such as migration, pro-
liferation, activation, and cytokine production (see Refs. 18 and
19 for reviews). Although microglia appears to express most
neuronal channels, circulating macrophages have a number of
VDPC yet to be defined (19), These proteins have been studied

! The abbreviations used are: VDPC, voltage-dependent potassium
channels; BMDM, bone marrow-denived macrophages; iINOS, inducible
mitric-oxide synthase; LPS, lipopolysacchande; M-CSF, macrophage-
colony stimulating factor; MgTx, rMargatoxin; TNF-a, tumor necrosis
factor o; IL, interleukin; RT, reverse transenptase; PBS, phosphate-
huffered saline; ANOVA, snalysis of variance,

46307

81



Resultados Bloque 1 Contribucion 1
46308 Differential K* Channel Regulation in Macrophages
50 mv
= Omv

f | 250pA|_ -60mv
50ms

1 A vw.% e

iy ,ﬂ

450 mv

% inhibition

1000

Toxin [pM]

- -60mV.
(a0

450 mV
Control
o

Fia. 1. Macrophages express outward delayed and inwardly rectifying K* currents. A, representative traces of K* currents, Cells were
held at ~60 mV and pulse potentials were applied as indicated. B, cumulative inactivation of outward eurrents. Currents were elicited by a train
of 8 depolarizing voltage steps (200 ms duration) to + 50 mV once every 400 ms, The current amplitude became progressively smaller from the first
trace to the last. C, dose-dependent inhibition curves of the outward curvent by MgTx (@) and ShK-Dap** (D), Currents were evoked at +50 mV
from a holding potential of — GO mV during a pulse potential of 200 ms. The percent of inhibition was calculated by comparing the curvent at a given
concentration of taxin versus that obtained in its absence. D, dose-dependent inhibition of the inwardly rectifying cwrrent by Ba*', E, dose-de-

pendent inhabition of the inwardly rectifying curvent by Cs”,

in various ¢ellular models, and outward delayed and inwardly
rectifying K* currents have been identified. Furthermore, the
presence of the shaker-like Kv1.3 and Kir2.1 channels has been
detected in some studies. However, the use of either activated
or transformed macrophage cell linex has led to controversial
results (4-20), Thus, while a high-conductance Ca**-depend-
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ent K* channel has been clearly identified as an early step in
transmembrane signal transduction in macrophages {(21), the
physiological role of VDPC in either proliferation or activation
is not known. Primary culture of bone marrow-derived macro-
phage= (BMDM) iz a unique non-tranzformed model in which
proliferation and activation can be studied separately, mimick-
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ing physiological processes that occur in the body (22). Macro
phages are generated in the bone marrow and, through the
bloodstream, reach all tissues, stop proliferation, and become
activated (2). Macrophage colony-stimulating factor (M.CSF) is
the specific growth factor for this cell type (23). On the other
hand, lipopolysaccharide (LPS) is a major component of the
outer Gram-negative bacteria membrane, which interacts with
monocytes/macrophages and induces a variety of intracellular
signaling cascades, finally leading to the release of endogenous
mediators such as TNF-«, IL-1, and IL-6 (24). Furthermore,
LPS triggers cellular activation and apoptosis by an early TNF-
a-dependent mechanism (25),
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Several VDPC candidates could be present in macrophages
and our first interest was to identify these channels in a pri-
mary culture of BMDM. Macrophages mainly expressed the
outward delayed Kv1.3 and the inwardly rectifying KirZ1 po
tasgium channels. Because VDPC could be involved not only in
proliferation but also in activation, our second goal was to
determine their specific role by inducing a schedule that is
similar to the physiological pattern in BMDM. M-CSF-depend
ent proliferation led to an up-regulation of VDPC generating an
increase in potassium current densities without changes in
current kinetics. When cells were further incubated with LPS
the electrophysiological properties changed dramatically.
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Thus, Kv1.3 was further increazed, whereaz Kir2.1 was down-
regulated. We also show that TNF-a partially mimicked the
response to LPS, suggesting that there are TNF-a-dependent
and -independent mechanizsms mediating LPS-induced VDPC
modulation in macrophages. Our results have physiological
relevance and indicate that VDPC expression is important. as
an carly regulatory step, and fine-tuning modulation of their
exprezzion iz crucial to the zpecific membrane zignaling that
triggers the appropriate immune response.

EXPERIMENTAL PROCEDURES

Animals and Cell Culture—BMDM from 8- to 10-week-old BALE/c or
C57/BLA mice (Charles River Laboratories) were used, Cells were iso-
lated and cultured as described elsewhere (22). Brieflly, animals were
killod by eervieal dislocation, and both femurs weore dissectod removing
adherent tissue, The ends of banes were cut off and the marrow tissue
was flushed by imgation with medium, The marvow plugs were passed
through a 25.gauge needle for dispersion. The cells were cultured in
plastic diehes (150 mm) in Dulbecco’s modified Eagle's medium contain-
ing 20% fetal bovine serum and 30% supernatant of L8929 fibroblast
(L-cell) conditioned media as a source of M-CSF. Macrophages were
obtained as a howoegeneous population of adherent cells after 7 days of
culture and maintained at 37 °C in o humidified 5% CO, atmosphere.
For experiments, they were cultured with the same tissue culture
differentiation medium (Dulbeceo’s modified Eagle's medium, 2006 fetal
hovine serum, 20% L.cell medium) or arvested at G, hy M.CSF depri.
vation in Dulbecco’s medified Eagle's medium supplemented with 10%
fetal bovine serum for at least 18 h. Gparrested cells were further
incubated in the absence or presence of recombinant murine M.CSF
(1200 units/ml), with or without LPS (100 ng/ml) or TNF-« (100 ng/ml),
for the indicated times. In some experiments, cells were exposed to
rMargatoxin (MgTx), BaCl, cycloheximide, and actinomycin D as pre-
viously described (26-30).

The TNF-« receptor 111 double knockout mice (CST/BLS) used in this
study were generated and characterized as previously reported (25, 31).
All ammal handling was approved by the ethies committee of the
University of Barcelona in accordance with EU regulations.

DNA Synthesis—DNA synthesis was measured as the incorporation
of (*Hlthymidine (Amersham Biosciences) to DNA, as described clse-
where (22). Briefly, maerophages (5 % 10%) were seeded in 24.well plates
in 1 ml of medium without M-CSF for at least 18 h. Cells were then
cultured for a further 24 h in the absence or presence of M-CSF witly/
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number M30441), forward, 5'-CTCATCTCCATTGTCATCTTCTGA-3'
(hase pairs 741-765) and reverse, 5 -TTCAATTGCAAACAATCAC-3'
(base pairs 1459 -1440); Kir2 1 (acoession number AFUZ1136), forward,
B TCCCTOTCTCTTTTCOTTOATAGC-3" (hase pairs 2087-320) and re-
verse, BCTTTGCCATCTTCGCCATGACTGC-3' (base pairs 655-532);
und 18 8 (aceession munber X0D888), forward, 5'-CCCACAATTCCCA-
CTCCCGACCCS' (base puirs 482-498) and reverse, 5-CCCAAGCTC-
CAACTACGAGC-3" (bape pairs 694 -675). Kv1.5 and other Kv mRNA
expression was analyzed by PCR as proviously deseribed (33). In all
cases negative controls were performed in the absence of the RT
reaction.

Once the exponential phase of the amplicon production had been
determined the specifieity of cach product was confirmed in test RT-
PCR using the appropriate ¢cDNA probe in a Southern bot analysis.
PCR-generated VDPC ¢cDNA probes from mouse brain were subeloned
using the pSTBlue-1 accoptor vector kit (Novagen) and the sequences
were confirmed using the Big Dye Termi Cycle seq ing kit and
an ABI 377 sequencer (Applied Biosystems). EcoRl-digested |- PJCTP
random primer-labeled cDNAs were used as probes as previously de-
seribed (34). At least three different filters were made from independent.
samples and representative blots are shown. Results were analyzed
with Phoretx software (Nonlinear Dynamics).

Protein Extracts and Western Blot—Cells were washed twice in cold
phosphate-buffered saline (PBS) and lysed on ice with lysis solution (1%
Nonidet P-40, 10% glyeerol, 50 mmolditer HEPES, pH 7.5, 150 mmol/
liter NaCl) supplemented with 1 gg/ml aprotinin, 1 g@/ml leupeptin, 86
pg/ml iodoacetamide, and 1 my phenylmethylsulfonyl Auoride as pro-
tease inhibitors. Sauwple protein concentration was determined by Bio-
Rad protemn assay. The protemns from cell lysates (100 pg) were boled at
85 °C in Laemmli 8DS-loading buffer and separated on 10% SDS.
PAGE. They were transferred to nitrocelluloee membranes (lmo-
bilon-P, Millipore), and blocked in 5% dry milk-supplemented 0.2%
Tween 20 PBS prior to immunoreaction. To monitor Kv1.3 and Kir2.1
expression, rabbit polyelonal antibodies (Al Labs) were used. To
study the expreniou of inducible nitric-oxide synthase (iNOS), a rabbit
antibody agamst mouse INOS (Santa Criz Biotechnology) was used,
The rabbit polyelonal anti-Kv1.8 antibady was & kind gift from Dr.
M. M. Tamkun (Colorado State University), As a loading and transfer
control, & monoelonal anti-B-netin antibody (Sigmn) was used.

Electron Microscopy—Cell monolayers on Petri dishes were scraped
and collected into PDS buffer. BMDM were cryofixed by highepressure
froczing uiing an EMPact (Leiea). Froeze subititution was performed in

‘Automuic Freeze Substitution system” (AFS) from Leica, using
w 0.5% of urany|l acetate, for 3 days at <50 “C. On the

without LPS, TNF-«, MgTx, or BaCl, (1 my). Finally, the was
removed and replaced with 0.5 ml of the same medium containing 1
pCvml (PHjthymidine. After three addit 1 hours of bation, cells
were fixed in 70% methanol, washed three times in iee-cold 1046 tri-
chlarcacetic acid, and solubilized in 1% SDS and 0.3% NaOH. The whole
cantent of the well was used for counting radicactivity.

RNA Isolation and RT-PCR Analysis—Total RNA from mouse
macrophages, brain, and liver wae isolated using the Tripure reagent
(Roche Diagnostics), following the manufacturer’s instructions. Sam-
ples were further treated with the DNA-free kit from Ambion Inc. to
remove DNA.

Rendy-to-Go RT-PCR beads (Amersham Biosciences) were used in a
one-step RT-PCR a8 described elsewhere (22, 32-34), Total RNA and
selected primers at 1 p were added to the beade. The RT reaction was
initiated by incubating the mixture at 42 °C for 30 min. Onee the
first-strand ¢DNA had been synthesized, the conditions were sot for
further PCR: 82 °C for 30 s, cither 55 °C (KvL.3 and 188) or 80 °C
(Ku2.1) for 1 min and 72 °C for 2 min. These settings were applied for
40 cycles, Every 10 cycleg, 10 ul of the total reaction was collected in a
separate tube for further electrophoresis and analysis, A range of dilu-
tions of RNA from each independent sample was performed to obtain an

tial phase of ," production (not shown) as described
pmtumly (32). The same independent RNA aliquot was used to ana-
Iyze the VDPC mRNA expression and the respective amount of 18 §
rRNA. Primer sequences and acocsaion numbers were Kv1.3 (acocssion

fourth day, the ttmptrnmm was slowly inereased, 5 *(Vh, to B0 °C. At
this tomperature sarmples were rinsod in acetono and then infiltrated
and embedded in Lowieryl HM20, Ultrathin sections were picked up on
Formvar-conted copper-palladium grids. For immunogold localization,
samples were blocked with 10% fetal calf serum in PBS for 20 min and
incubated at room temperature for 1 h with polyelonal anti-Kvl.3 or
anti-Kir2.1 (1:200). Washes were performed with PBS prior to adding
goat anti-rabbit conjugated to 10 nm colloidal gold (BioCCell Research
Laboratory) for 1 h at room tomperature. Finally, samples were washed
and contrasted with 2% uranyl acctate for 20 min and observed in a
Hitachi 600AB electron microscope.

Electrophysiologieal Recordings—Whole cell currents were meas-
ured using the pateh clamp technique. An EPC-8 (HEKA) with the
appropriate software was used for data recording and analysis, Cur-
rents were filtered at 29 kHz. Series resi tion was
always above 70%. Patch electrodes of 2-4 Mohms were fabricated in a
P97 puller (Sutter Instruments Co.) from borosilicate glass (outer
diameter 1.2 mm and inner diameter 0.94 mm; Clark Electromedical
Instruments Co.). Electrodes were filled with the following solution (in
mun): 120 KCL, 1 CaCl, 2 MgCl,, 10 HEPES, 11 EGTA, 20 p-ghicose,
adjusted to pH 7.3 with KOH, The extracellular solution contained (in
mn): 120 NaCl, 5.4 KCl, 2 CaCl,, 1 MgCL, 10 HEPES, 25 D-glucose,
adjusted to pH 7.4 with NaOH. After establishing the whole cell cone
figuration of the pateh clamp technigue macrophages were elamped to

were held at 60 mV and pulse potentials as described in the legend to Fig. 1 were npphod. Conducuncq was plotted against test potentials. C,

steady-state activation curves of the cutward current. Conductance above holding p

I to the peak current density at +50

mV. D, steady-state activation curves of the inwardly rectifving current. Condy:unce below hoidmg potentiale wen nnmnhzed to the current

densaty at =160 mV. Symbols for B- D panals are: O, =M-CSF; @, +M-CSF. £, Kv1.3 and KirZ.1 mRNA expr

wore colleeted after

the addition of M-CSF and RT-PCR analysis was pcrionued an described undc-r 'l-}xpenmemnl Procedures® at the indicated timnes. Values are the
mean = S.E. (n = 4). Sigmficant dafferences were found with Kv1.3 and Kir2.1 (p <= 0,001, ANOVA). F, Kv1.3 and Kwr2.1 protem expression in
BMDM cultured during 24 h in the absence () or presence (+) of M-C8F,
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a holding potential of =60 mV. To evoke voltage-gated currents all cells
were stimulated with 200-ms square pulses ranging from ~ 160 to + 50
mVin 10-mV steps, All recordings were routinely subtracted for leak
currents.

The pharmacolegical characterization of the inward rectifier K* cur-
rent was performed by adding to the external solution BaCl, and CeCl
at various concentrations (28), To block the owtward eurrent, MgTx and
ShK-Dap*® were added to the external solution (26, 27). Before exper-
iwents, toxine were reconstituted to 10 pa in Tris buffer (0.1% bovine
serum albamin, 100 my NaCl, 10 mu Tris, pH 7.5). All recordings were
done at room temperature (2029 *C),

Reagunts  Recombmant munine TNF-o was obtained from Propo-
Tech EC. Recombinant murine M.CSKF was from R&D Systems. Cyelo-
heximide, actinomyein D, LPS, C:Cl, and BaCl, were purchased from
Sigma, and MgTx from Alomone Labs. ShK-Dap** was from Bachem
Biosciences Inc. Other reagents were of analytical grade,

Analysis and Statistics— According to the solutions used, the caleu-
lated equilibrium potential for potassivn was =78 mV (E.) using the
Nermnst equation. The normalized G/G, . versus voltage curve was
fitted wang Boltzmann's equation: G/G,_, = N1 + exp™3-¥)
where Vi, is the voltage at which the current is halfactivated and & is
the slope factor of the activation curve.

Values are expressed as the mean £ S E. The signaficanee of differ.
ences was established by either Student’s ¢ test or ane way ANOVA
(Graph Pad, PRISM 2.0) far either two-group or two-factor comparison,
respectively. A value of p < 0.05 was consmadered sagmficant.

RESULTS

Macrophages Express Outward and Inward K* Currents:
Pharmacology and Molecular Characterization of Kvl.3 and
Kir2.1-Cells (n = 80) plated in the presence in L-cell-condi-
tioned medium expressed outward delayed and inward rectifier
potassium currents (Fig. 1A). Following a train of 200-ms de-
polarizing pulses to +50 mV at 400-ms intervals, the outward
current showed a characteristic eumulative inactivation phe-
nomenon (Fig. 1B). Fig. 1C shows the effect of MgTx and
ShK-Dap® on the outward conductance. The ICyq for inhibition
were ~5 and ~3 pu for MgTx and ShK-Dap®, reapectively.
These results indicated that Kv1.3 would be the main channel
respongible for the outward potassium current. On the other
hand, the high sensitivity to Ba”* (Fig. 10) and Cs™ (Fig. 1K),
together with the clozed state above 0 mV of the inward cur-
rent, indicated that the channel was Kir2.1. To identify K*
channels at the molecular level, we performed RT-PCR analy-
ses, Mouse brain and liver RNAs were used as positive and
negative controls, respectively. Fig. 24 shows that macro-
phages expressed Kvl.3 and Kir2.1 mRNA to a similar extent
to that obaerved in the brain, In addition, specifie Kv1.3 and
Kir2.1 signals were obtained by Western blot analysis in brain
and BMDM protein zamplez (Fig. 2B), The prezence of other
VDPC (Kv1.1, Kv1.2, Kv1.6, and Kv3.1) analyzed by RT-PCR
was negative (Fig. 2C). However, BMDM expressed Kv1.5
mRENA but the protein expression was below detection levels
analyzed by Western blot (Fig. 2C and data not zhown).

The expression of Kv1.3 and Kir2.1 pmtmnn m mncrophngm
was further confirmed by electron micros noeyto-
chemical detection studies with specific antibodies (Fig. 2, D
and F, reapectively). Taken together, theze data indicate that
BMDM have outward delayed and inward rectifier potassium
currents that are mainly conducted by Kv1.2 and Kir2.1 K*
channels,

M-CSF-dependent Proliferation Induces Kvl.3 and Kir2,1—
M-CSF ie the specific growth factor for this cell type. Macro-
phages incubated for about 18 h in the absence of this factor
stopped cell growth (>98%) and became quiezcent (22). The
addition of M-CSF triggered macrophage proliferation (not
shown) and outward and inward K* currents were induced
after 24 h of incubation (Fig. 3A). The current density (pA/pF¥
voltage relationships depicted in Fig. 2B showed that M-CS)K
increased currents up to 3-fold. The number and denzity of the
channels were increased during M-CSF-dependent prolifera-
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tion. Whereas at + 50 mV resting cell= expressed ~30 channels/
cell with a density of ~0.017 channeVpum?®, proliferating cells
showed ~90 channels/cell and ~0.05 channel/um®. A large
increase was algo observed in the inward current at — 150 mV.
Thus, M-CSF-treated macrophages increased from ~80 to
~-275 channels/cell and from ~0.044 to ~0.15 channel/um? for
the number and channel density, respectively. Normalized con-
ductance demonstrated that both groups showed similar pat-
terns, Thus, outward currents (Fig. 3C) indicated that channels
were open at. depolarizing potentials with a Vi of <1053 + 2.8
and =11.33 + 2.1 mV and k of 20 * 3 and 21 * 3 for resting
(~M-CSF) and proliferating ( + M-CSF) cellz, rezpectively (n =
20). Moreaver, the steady-state activation of inward currents
(Fig. 8D) was also similar, with Vi, values of ~1056 * 2 and
=109 = 2 mV and z2lopez k of <120 = 1 and ~124 = 1 for
~M-CSF and +M-CSF cells, respectively (n =« 20).

Fig. 3K illustrates the time course of Kv1.3 and Kir2.1 gene
expreszion after the addition of M-CSF. The expreszion of both
VDFC increased by up to 3-fold. However, whereas Kvl.3
reached the highest levels after about 6 h, KirZ.1 expression
increased asteadily throughout the study. Similar changes were
obtained in Kv1.3 and Kir2.1 protein abundance in EMDM
incubated during 24 h in the presence of M-CSF (Fig. 3F). No
differences were observed in the absgence of M-CSF throughout
the study. Taken together, these data indicate that M-CSF-de-
pendent proliferation leads to long term increaszes in current
dengities of outward and inward currents in accordance with
an induction in mRNA and protein expression.

LPS-induced Activation Regulates Differentially Kvl.3 and
Kir2. 1—Proliferating macrophages reach body tissues and are
activated by physiological processes. The addition of LPS for
24 h in the presence of M-CSF inhibited proliferation (99.5 =
0.5%, n =~ 12). LPS also increased the outward current concom-
itantly to a reduction in the inward current (Fig. 4A4). The
current density/voltage relationship depicted in Fig. 48 indi-
cates that at depolarizing potentials the current was increased
4-fold, whereas at hyperpolarizing potentials the inward cur-
rent was reduced about 5-fold. Thus, in the presence of LPS the
number of the outward delayed rectifier functional channels
and their density was 5 times larger that in its absence at +50
mV (~80 and ~420 channels/cell and ~0.05 and ~0.25 chan-
nel/um?, respectively). On the contrary, at — 150 mV, the num-
ber and density of the inward channels decreased, being ~40
and ~-275 channel#/cell and ~0.022 and ~0.15 channel/um” for
LPS-treated and untreated macrophages, respectively. In the
prezence of 10 nv MgTx outward currents were totally inhib-
ited, with no effect on the inward conductance (Fig. 4C). Fig. 4D
shows the steady-state activation curves of the normalized
outward current above the holding potential, Whereas Vi, val-
ues were 2imilar for both groupz (-12.8 = 1.1 and ~15.7 = 3.6
mV for —LPS and +LPS, reapectively, n = 10), k slope valuea
were significantly different (21.0 * 3 and 9.3 * 1.2 for —LPS
and +LPS, respectively, p < 0,001, n = 10), However, when the
steady-state activation curves of inward currents were ana-
lyzed (Fig. 4E), both groups showed similar characteristics,
Thus, Vi, values were —~108 = 2 and ~105.8 = 1 mV and &
values were =126 * 1and <119 * 1 for ~LPS and +LPS,
respectively (n = 10),

Fig. 5 zhowz Kv1.3 and Kir2.1 expreszion in the prezence of
M-CSF with or without LPS at different times. The presence of
LPS induced the expression of Kv1.3 mENA about 4-fold after
3 h (Fig. 5A). After 24 h, Kv1.3 mRNA still waz ~275% above
control. In contrast, Kir2.1 mRNA decreased steadily. Fig. 5B
shows that the mENA regulation observed for Kv1.2 and
Kir2.1 was mirrored by #similar changes in protein expreszion
levels,
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12, 4, LPS-induced activation regulates K* currents differentially in macrophages. BMDM were incubated with M-CSF for 24 hinthe
presence (+LFS) or abwence (~LFS) of the endotoxin. A, representative outwand amd inward traces were ehated as indicated. B, current density
versus voltage representation of K' currents. Macrophages were held at =80 mV and pulse potentuls were apphed as indieated i the legend to
Fig. 1. C, eurrent densaty / voltage relationship of the speeifie mhibition of outward K~ curvents by 10 me Mg'Tx. Cells were treated wath LPS and
currents were evoked in the presence (O) or absence (@) of MgTx. Pulse potentials were applied as indicated in the legend to Fig. 1. 1), steady-state
activation curve af the outward cwrrent. Conductance above the holding potentials were normalized to the peak current density at +50 mV. £,
steady-state aetivation eurves of the inwardly rectifying current. Conductanece below the holding potentials were normalized to the peak current
density at ~150 mV. Symbols for B-E panels: O, ~LPS; @, + LPS. Values are the mean = S.E, (r = 10),

TNF-« Regulates Kvl .3 and Kir2.1 Similarly to LPS, Evi- lymphocytes mediates a number of events induced by LPS,

dence for LPS Modulation by TNF.wdependent and -inde-  including activation, apoptosiz, and the nucleozide uptake (25,
pendent Mechanisms—TNF-a produced by macrophages and  35), To examine whether TNF-a mediates LPS regulation of
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VDPC, macrophages in the presence of M-CSF were incubated
for 24 h with (+TNF-«) or without (- TNF-«) TNF-«, and K*
currents were analyzed (Fig. 8). The cytokine increased the
outward current and decreased the inward (Fig. 6A). Current
density/voltage relationships (Fig. 6B) demonstrated that at
depolarizing potentials the outward current was 3-fold induced
while at hyperpolarizing potentials the inward was 6-fold
lower. In addition, at a potential of +50 mV, there was a
considerable increase in the number and density of outward
channels (~90 and ~240 channel&/cell; ~0.15 and ~0.22 chan-
nel/pm?® for TNF-« untreated and treated cells, respectively), at
=150 mV the number and density of the inward ones was lower
(~275 and ~40 channels/cell; ~0.15 and ~0.022 channel/um?).
The steady-state activation curves for outward and inward
currents are shown in Fig. 6, C and D, respectively. Outward
current Vi, values were gimilar for both groups (- 13.1 + 2.7
and -17.0 = 2.0 mV for —TNF-« and +TNF-«, respectively,
n = 9. However, & slope values were different (21.0 * 3 and
9.8 = 1 for ~TNF-« and +TNF-«, respectively, » < 0.001, n =
9. Inward currents were similar (Fig. 60), with Vi, values
~107.6 x 2and ~107.9 = 2 mV, and & values ~16.7 = 1.3 and
—-18.8 * 1.5 for —TNF-« and +TNF -, respectively (n = 9).

The expression of Kv1.3 and Kir2.1 mRNA and protein was
algo analyzed (Fig. 7). Kv1.3 mRNA induction peaked (~3-fold)
after 3 h of incubation (Fig. 7A) and remained high throughout
the study. Kir2.1 mRNA expression decreased for the first 6 h
and remained low (about 309 of basal) for a further 24 h.
Similarly to what was found with the mRNA, VDPC protein
abundance was differentially repulated (Fig. 78). Thus,
whereas Kv1.3 showed a significant increase (~180%) after
24 h, Kir2.1 protein expression decreased about 50%.

To further explore the role of TNF-« in the LPS signaling, we
used BMDM from TNF-« receptor I/II double knockout mice.
As expected, TNF -« triggered Kv1.3 up regulation and Kir2.1
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down-regulation only in wild type (+/+) but not in TNF-«
receptor I/II double knockout (~/—) celle (Fig. 8, C and D
Interestingly, LPS induced Kv1.3 and down-regulated Kir2.1
in both groups (Fig. 8, A and E). Taken together, these results
indicate that although the autocrine production of TNF-« reg-
ulates VDPC similarly to LPS, redundant pathways must be
involved.

Macrophage Froliferation and Activation Require VDFPC Ex-
prescion—Proliferation induced outward and inward K™ cur
rents in macrophages. However, LPS and TNF-« triggered an
induction of the outward current, whereas the inward current
decreased (Fig. 9A). Concomitantly, the mENA and protein
expression of both VDPC were regulated differentially. Ion
channels are under extensive regulation, and changes among
different expression levels have been reported. However, in
long term studies, VDPC mRNA mostly povems protein and
activity (13, 34, 36). The regulation of K* currents was depend-
ent on mRNA and protein de novo synthesis because it was
prevented by the presence of either actinomycin D or cyclohex-
imide (Fig. 94). To examine whether other VDPC, besides
Kv1.3, were involved in the M-CSF-dependent proliferation
and LPS- or TNF-«-induced activation, currents were evoked in
the presence or absence of MgTx (Fig. 98) and ShK-Dap™ (Fig.
90C). Similar results were obtained in all conditions, indicating
that Kv1.3 is the main channel responsible for the outward
currents. However, because Kvl.5 mRNA was detected in
BMDM by RT-PCR, we analyzed its expression in macrophages
cultured under distinet stimuli (Fig. 9D). Neither M-CSF .de-
pendent proliferation nor LPS- and TNF-«-induced activation
regulated Kv1.5 mRNA expression.

To further analyze the physiological role of VDPC during
macrophage proliferation, cells were incubated for 24 h in the
presence of M-CSF with or without MgTx and Ba®*. The addition
of MgTx inhibited BMDM proliferation in a dose-dependent man-
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F1G. 6. TNF.x regulates K' currents differentially in macrophages, BMDM were incubated with M.CSF for 24 hin the presence (+ TNF-«)
or absence (-TNF-«) of the cytokine, A, representative outward and inward traces were elicited as indicated. B, cwrent density/voltage
relationship of K™ curvents, Cells were held at =60 mV and pulse potentials were applied as indicated in the legend to Big. 1. C, steady-state
activation curves of the outward current, Conductance above holding potentials were normalized to the peak current at +50 mV, D, steady-state
activation cuwrves of the inwardly rectifving cwrrent. Conductance below the holding potentials were normalized to the peak curvent at ~150 mV,

O, =TNF-a; ®, TNF-4. Values are the mean = S.E. (n = 9),

ner with a IC, of 2.2 nu (Fig. 9E), Moreover, cell growth waz alzo
lower in the presence of 1 ma Ba®* (52 + 6%, n = 9) and the
addition of 10 nM MgTx further inhibited ["H]thymidine incorpo-
ration (89 + 4%, n = 6, p < 0.05 versus 1 mym Ba** or 10 nm MgTx
alone). Theze resultz indicate that Kv1.3 and Kir2.1 could be
involved in the BMDM proliferation in an additive way.

The role of TNF-« in the LPS-induced activation seems to be
partial, becauze not only the outward K* current but alzo the
proliferation were modulated to a lesser extent by TNF-a.
Thus, while LPS totally abolished cell growth (see above), the
inhibition of [""nllhymidino incorporation in the presence of
TNF-awas 61 * 5%, In addition, the pharmacological blockage
of VDPC was additive, becauze proliferation was further de-

creased when either 10 o MgTx or 1 mM Ba** was added to

TNF-« (91 = 10 and 80 = 4%, reapoctively, n = 6, p < 0,001
versus TNF-a alone).

The potential role of VDPC during proliferation and activa-
tion was further supported by the effects of MgTx on INOS
exprezzion in BMDM (Fig. 9F). INOS iz dependent on K*
channel activity in macrophage-like cell lines (37}, and simi-
larly to IL-2 in T-cell (38), could be considered as a marker of
macrophage activation (25, 35). LPS and TNF-a-induced acti-
vation triggered an increase in INOS expression and the pres-
ence of 10 nd MgTx inhibited iINOS induction (Fig. 9F).

DISCUSSION

Since the early 1980z 2everal laboratories have been charac-
terizing ion channels in red blood cells and leukoevtes, Several

&9
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types of voltage-dependent sodium, chloride, proton, and potas-
sium currents have been identified in macrophages of diverse
origin. Among them, voltage-gated outward and inward K*
currents have been the most studied. In leukocytes, whereas
outward K* currents contribute to reéstoring membrane poten-
tial after depolarization, inward K™ currents have a key role
after hyperpolarization (see Refe. 18-20 and 37 for reviews).

Voltage-dependent K* Channele in Bore Marrow-derived
Macrophages—The present study identifies for the first time
the VDPC expressed in non-transformed macrophages. BMDM
is a cell model that follows the physiological schedule within
the body (2, 22, 25). Mature cells may proliferate or become
activated after a gpecific stimulug. The use of dedifferentiated
cell lines (THP-1 or HL-80 among others) as well as thioglycol-
late-elicited peritoneal macrophages, blood monocytes, or mi-
croglia has yielded controversial results (420, 39-42). Those
data imply that K* channels expressed in macrophages depend
on the source and the differentiated status of the cells. Fur-
thermore, the presence of K' currents in BMDM had been
reported but the proteing responsible had not been identified
(42). Our results indicate that Kv1.3 is the main channel re-
sponsible for the outward current and Kir2.1 is responsible for
the inward.

The presence of other candidates was tested in our model.
Lymphocytes express several voltage.dependent K* currents
{n, n', and I-type channels). While Kv1.3 is associated with the
n-type channel and Kv3.1 accounts for the I-type, the protein
responsible for the n'-type is unknown (38). In addition, other
channels have been described in immune system cells. Thus,
KCNEI (algo named Igk) wag cloned from T-cells (43), Kv1.1
was found in CD4~CD8 ™ thymoceytes (44) and Kv1.5 was iden-
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tified in non-proliferating hippocampal microglia (45). We did
not find Kv3.1 and Kv1.1 in macrophages by RT-PCR. Other
related Kv1 channels such as Kv1.2 and Kv1.6 were also absent
in our model. This result is consistent with the specific block-
age of the outward current by MgTx and ShK-Dap®®, even
when cells proliferated or were activated. However, the expres-
gion of Kv1.5 indicates that heterotetrameric structures be-
tween Kv1.3 and Kv1.5 would be possible and should be
considered.

M.CSF-dependent Proliferation Versus LPS-induced Activa-
tion—VDPC are implicated in proliferation and activation.
Their role in G /S cell eycle progression has been reviewed, and
their function in IL-2 secretion by T-lymphocytes has been
demonstrated (38). However, different cell models produce con-
troversial results. Whereas in some cell lines the differentia-
tion is a prerequisite for VDPC expression, the macrophage
phenotype often determines the loss of specific ion channel
properties (18), Many studies have used B- and T-cells. How-
ever, lymphocyte activation leads to associated proliferation
via autoerine production of IL-2 (38). In this cellular scenario,
the physiological role of VDPC in the immune system remaing
to be determined.

We have found that M-CSF-dependent proliferation led to an
increase in the K* current conducted by Kv1.3. Links between
proliferation and VDPC expression are supported by the cell
frowth arrest in the presence of K* channel blockers (36, 46,
this study). M-CSF activates phosphorylation cascades that
involve Src homology 2 domains and induction of mitogen-
activated protein kinase (24). Kv1.3 shows tyrosine kinase
regulation and, in addition to its role as an ion channel, might
be involved in the activation of Sre-like tyrosine kinases that
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are important for cell growth (47, 48). However, our results go
further, because we demonstrate that the long term increase in
Kv1.3 activity is under de ncvo mRNA and protein synthesis,
similarly to what was observed with the inward K™ current and
Kir2.1. This is in contrast to what is described in phorbol
12-myristate 13-acetate-differentiated HL-60 cells or thiogly-
collate-elicited peritoneal macrophages (12). However, our re-
sulls are in agreement with studies in which Ba®*" inhibits
melanoma cell proliferation linked to a decrease in the mem-
brane depolarization (28).

The question arises as to why macrophages need both K*
channels to proliferate. Whereas the Kv1.3 current could set
the membrane potential at ~50 to ~ 60 mV, Kir2.1 would shift
the potential to more negative values, close to the Nernst
potassium equilibrium. A similar mechanism operates during
myogenesis. Kir2.1 forces the potential to more negative values
than hERG channels, leading to cell fusion mediated by Ca™
(49), The degree of membrane hyperpolarization determines
the extent of Ca®* influx (49, 50). In macrophages, MgTx and
Ba** inhibited proliferation and their combination was addi
tive. In addition, MgTx and Ba** partially block proliferation
in oligodendrocytes and melanoma cells (28, 38). These resulls
have physiological significance because an increase in intracel-
lular Ca®* activates calcineurin, the translocator of the tran-
seriptional factor NF-IL2A, the mitogen-activated protein IT
kinase, and the DNA synthesis promoting factor (38, 51). Con-
sequently, by inducing Kv1.3 and Kir2.1, macrophages would
maintain sufficiently negative potential to open Ca** channels
and thus initiate mitotic Ca** signaling pathways.

LPS-induced activation blocks macrophage proliferation (25,
35) and regulates Kv1.3 and Kir2.1 under mRNA and protein

synthesis control. Previous studies show that K™ currents can
be differentially regulated. Whereas granulocyte macrophage-
CSF and LPS induce the outward current, without changes in
Kv1.3 mRNA, the inwardly rectifying current decreased in
microglia (19). In addition, transforming growth factor-g, a
deactivating cytokine, induces Kv1.3 without any relevant ef
fect on the inward current (52). In contragt, THP-1 phorbol
12-myristate 13-acetate-differentiated macrophages decreased
Kv1.3 concomitantly to an increase in Kir2.1 (15). Our results
suggest that LPS-induced activation regulates VDPC differen-
tially, probably fine tuning the membrane potential and dis-
criminating them from proliferative gignals that require more
negative values,

By inducing Kv1.3 and repressing Kir2.1, macrophages re-
duce the Ca™* driving force, the intracellular K* concentration
([K*],), and the membrane potential hyperpolarization. While
an increase in Ca®" initiates the mitogenic pathway, LPS.
induced activation does not mobilize Ca in macrophages (53).
LPS activates macrophages and generates apoptogis in several
cell types (25). Kv1.2 functions relatively carly in the pro-
apoptotic cascade in T-cells and neurons (54, 55). In addition, a
decrease in [K*], is involved in the formation of the apoptosome
(56). This is consistent with the Kv1.3 and Kir2.1 regulation
that we observed. Thus, a loss of cytosolic K* is related to
thymocyte apoptosis and partially protected by blocking K*
channels (57). On the other hand, VDPC blockers and depolar-
izing agents cause p27"" and p21°77“¥ gecumulation and
G, arrest in oligodendrocyte progenitors (58). Furthermore, a
p219#7092£2) increase is associated with the cell growth inhibi-
tion in interferon-y-activated macrophages (59). However, al-
though p21“#7%#2 eould play a role in the inhibition of macro
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phage proliferation by K* channelz, other mechanizmsz may be
involved, Thus, cyelin D, essential for G,/S progression, is
regulated by extracellular signals (59). In this context, the
induction of Kvl.3 associated with a Kir2.1 decrease would
increase the extracellular K* concentration. Similar depolar-
ization activates T-cell 3, integrin moieties initiating T-cell
immune reactions (60).

Role of TNF-a—Most of the effects of LPS during endotoxic
gshock are associated with the secretion of TNF-« by tizzue
macrophages (25). TNF-a affects the growth and function of
many cell types, and is a major mediator of inflammatory
immune rezponzez upon the activation of p55 type I and p75
type I receptors (61). Several lines of evidence implicate
TNF-a in LPS-induced regulation of VDPC. First, TNF-«
blocks proliferation and iz involved in 2everal LPS-induced
mechanisms such as apoptosis and nucleoside transport (25,
3B). Second, the time course of VDPC regulation probably co-
incidez with the early induction of TNF-a mRNA expreszion
(25). Finally, the production of TNF-a requires K* channel
activity (62).

TNF-« mimicked the LPS differential regulation of VDPC.
However, this affirmation is only partially correct, Whereas the
effects on Kir2.1 were similar, Kv1.2 showed some differences.
Results on current densitice and knockout mice suggest that
LPS regulation involves TNF-a=dependent and -independent
mechanizms, Indeed, TNF-« inhibitz cell proliferation but the
further addition of either MgTx or Ba®* was additive.

In the bone marrow, TNF-« induces DNA fragmentation and
cell death by apoptosis (25, 35). The activation of caspase 8
initiates the cascade of caspases that leads to apoptosis, appar-
ently without any second messengers (25). However, alter-
ations in ion compo:ition regulate the activity of effector

and nucl , thereby regulating pro-apoptotic sig-
nnln (83). As indicated nhnw. differential regulation of VDPC
could modify this intracellular ion composition. Indeed, a +26
mV change modifies IL-2 production, thus reducing the activa-
tion and the antibody production by lymphoeytes (50). Thus,
differences between the LPS and TNF-« regulation of Kv1.3
and Kir2.1 currents could separate the two situations trigger-
ing the required and specific immune response,

Evidence for Post translational Control of Kvl.3 during Ac
tivation—lon channel: are under extensive regulation, and
changes among expression levels have been reported, However,
in long term studies, VDPC mRNA mostly governs protein and
activity (13, 34, 36). Although our results indicate that VDPC
are mainly regulated at the transcriptional level, which is
translated to protein abundance, which in turn would be re-
sponsible for changes in current amplitudes, other alternative
mechaniams, such as changes in mRNA stability, should not be
dizcarded.

While M-CSF-dependent proliferation did not modify the
steady-state activation curves for Kv1.3 and Kir2.1, LPS and
TNF-« reduced the & value of Kv1.3. Previous studies suggest
that K' channels are involved in T-cell activation and provide
evidence of post-translational processes. Thus, Kvl.8 could be
phosphorylated by several kinases (38, 47). In addition, confor-
mational changes of the K* channel structure are possible by
high K™ concentrations outside the T-cell (8(). Finally, the
heteromeric 2tructure of the Kv1.3 azsociated with Kv1.5 and
Kvj regulatory subunits could define a wide diversity of phys-
iological activities and immunological functions (84). Indeed,
LPS induces Kv31.1 and Kv32.1 in T-cellz and aplenocytes (65),
Changes in Kvg subunits during macrophage activation could
indeed modify the kinetics of the de novo synthesized K™ chan-
nels az obsgerved during myogeneszis (34). Work iz in progress
in our laboratory to elucidate the role of these modulatory

46319

#ubunitz and zome preliminary resultz have been recently
deseribed (66),

In summary, we provide strong evidence that proliferation
and activation require specific VDPC modulation that would
determine appropriate signals for each process. Furthermore,
VDPC regulation by LPS implies redundant pathways in which
the endotoxin participates by TNF-a-dependent and -independ-
ent mechanizms that would trigger differential rezponzez. Our
results have physiological significance because the channels
might control the cell physiology and their activity may also be
modulated by changes in the K* gradient, Thus, a loss of [K*],
occurs in immunologically relevant situations such as cellular
injury, stress, and inflammation (60). In this context, VDPC
could buffer K* and modulate cellular responses. Finally, our
results indicate that K* channels should be considered as
pharmacological targetz in anti-inflammatory and immuno-
modulation therapies.
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Page 46212, under “Results™ Lines 26 and 37 from the top,
Because margatoxin and ShK-Dap22 were 10 times more con-
centrated than originally described, the 1Cs, values for inhibi-
tion were ~-50 and ~30 pm for MgTx and ShK-Dap22,
respectively,
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Abstract  TNF-2, generated during the systemdc inflammarory
response, triggers a wide range of biological activities that
mediate the neurolopic manifestations associated with cancer
and infection, Since this cytokine regulates lon channels in vitro
(especinlly Kvi3 und Kir2 1), we wimed to stody Kvl.3 und
Kir2.l expression in brain in respomse to in vivo systemic
inflammation. Cancer-induced eachexia und LPS administration
incrensed plusma INFox, KvL.3 and Kir2.l expression was
impaired in brain during cancer cachexia. However, LPS
treatment induced Kv1.3 and downregulated KirZ.1 expression,
and TNF-a administration mimicked these results. Experiments
using TNF-x double receptor knockout mice demonstrated thut
the systemic infla ¥ resy mediates K° channel
regulation in brain via TNF-a-dependent and -independent
redundant pathways, In sommary, distinet nearological altera-
tions associated with systemic inflammation may result from the
interaction of various cytokine pathways tuning jon chunnel
expression in response to nearophysiological and neuroinmune-
logical processes.

© 20 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: K* channels; Cancer cachexin; Systemic
inflammatory response: Brain: TNF-i« Lipopolysaccharide

L. Introduction

.

Systermic nfl lion rey a pletotropie
generated in response to o number of body msults. Trouma,
AIDS, drug abuse, infection and cancer are often associated
with this pathological condition through the production of
inflammatory cytokines, TNF-a being one of the most rele-
vanl. The adminstiation of kpopolysaccharide (LPS) o1 pro-
inflammatory eytokines 1o animals mimics several catabolic
wspects of cancer-induced cachexin [1.2). Cytokines act in
paracrine, autocrine and intracrine manners, and are often

* Corresponding author. Fax: +31.934021559.
Emall address: nfelipeggub edu (A Febpe)

! These authors contributed equally to this study

difficult to deteet in the circulation. In fact, paracrine inter-
actions are a predominant cytokine mode of action within
arpans, including the brain In the central nervons system, the
direct action of eviokines in neuronal cells either increases or
decreases neuronal netivity, while 1n other nerve cell types, it
can activate an immunological/inflammatory response, In
certain pathophysiological conditions. cytokine cascades lead
to neurotoxicity and neurodegeneration [3].

LPS, a gram-negative bacterial endotoxin, has besn exten-
sively used for experimental induction of an mflammatory
response; i ciouses anorexia and fever, and inereases TNF-x
production in rodents {4,5). On the other hand, experimentally
induced cancer-cachexia is a pathological state also charac-
terized by a significant increase in TNF-x blood levels [6]. This
eytokine possesses a wide range of hiological activities. In the
nervous system, TNF-a exerts cytotoxic effects on oligoden-
drocytes and allects myehn functions [7), In addition, the
concentration of TNF-x in brain tissues or serum is enhanced
in neurodegenerative disorders such as Parkinson’s and Alz-
heimer's diseases [8.9]. Thus, the central nervous system (CNS)
i o clear target for eytokines involved in the mflammatory
response. In this context, in vivo characterization of the mo-
lecular mechanisms respoasible for the neurological manifes-
tations triggered by the systemic inflammatory response Is a
key issue. One such mechanism involves the modulation of ion
channels.

Newronal K* channels (KCh) form a large and diverse
group that governs many physiological functions, ¢.g., resting
membrane potential, action potential duration and frequency,
and neurotransmitter rekease [10]. Voltage-dependent currents
are mainly mediated by Shaker-like potassium channels (Kv),
whereas inward corrents are conducted by inward rectifier K*
channels (Kir). In CNS excitability, Kv repolanzes the mem-
brane potential following a depolarizing stimulus. However,
Kir stabilizes the resting membrane potential near the K*
equilibrium potential and mediates K* transport across
membranes |10].

The few in vitro studies that have analyzed the physiological
effects of TNF-x on KCh show controversial results [11-14). In
this regard, we have described how Kvl3 and Kir2.l are
regulated by LPS via TNF-a-dependent and -independent
mechanisms in macrophages [15]. We have also reported that

0014-5793/522.00 © 2004 Federation of Ewropean Diochemical Societies. Published by Elssvier BV, All rights reserved.
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the activity of both channels is needed for the fine waing ofthe
immunalogical response. Kvl 3 iz invalved in macrophape-
mduced activation by LPS and THNF-=«[15], It i5 also presenl n
brain and given itz biophysical activity, it has been related o
the comtrol of the neurcnal firing patem [16]. Moreover,
Kir2 s also widely expressed in nerve cells with a relevamt
role in neuronal excitability and glial K transport [17]. Al-
though experimental cancer-induced cachexia downregulates
the expression of Kv chaonnels (e, Kv1.3) in braam, there 15 no
information on Kir2.l nregulation or whether impaired Kv
expression is directly related 1o the generation of a systemic
miflammatory response |6].

Bearing all this in mind, we aimed to study the expressior of
the strongly inwardly rectifying potassium channel Kir2.l in
experimental cancer-induced cachexia and to evaluate whether
KCh regulation is related to the mse m Blood TNF-a levels
during the systemic inflammatory respoase in vive. In ihiz
context, since no in vive studies have been reported, we
followed several related approaches: (i) expenmental cancer-
induced cachexin by a rapidly growing mmor; (i) TNF=x
chronic administration and (i) LPS administration using
wild-type and TNF-2 double recepror knockout (TNF-2 RI/
I-KO) mice, We show that the svstemic imflammatory re-
sponse regulates Kvl 3 and Kir2. | channels differentially and
that thizs modulation is mediated via TNF-u-dependent and
-independent redundant pathways. Our results suggest that the
differential expresion of KCh subunits i the brain 15 crucial
10 achieving the correct mewral activity in the systemic
inflammatory response.

2, Materials and methods

25 Amimaly ard experimental design

Beveral experimental groups of at least five animals each were wed.
Animals from [fa-Credo (France) were fed ad libitum on a regular
chow diet with free accss to drinking watsr.

Experimental cancer-induwoad cachexia: Female Wistar rats {~200 g)
were injected intrapentonsally with o Yoshula AH-130 asates hepa-
boama cell mqtmu'nrl [lepml; 'II'I' aells im 2 ml). Contral mis sere
imjected with 0.5% (wiv) NaCl solution {(physiological saline) as de-
soribed [6], All extractions were performed 7 days after tumor trans-
plantation.,

THF-a treatment: Female Wistar rats (~200 g) were injocted iwice a
day with recombinant-derived buman TINFex (50 pglkg, i.p.) for & days
[18]). Control animals followsd the same schedule receiving salins,

LFS ireatment: C5TEBLG mice of aboul 10 weeks of age were wand.
T2 RUTELKC mce kmally provided by Hoffmann LaBoche wene
generated and chameterized ns reporied [19,20]. Purified LPE (Escve-
rickia colf endotoxin 0111:B4) was dissolved in pyrogen-free salime.
Animals were injocted intraperitoneally at & dose of 2.5 mghke. Ani-
mals kept at thermonsutral temperature (30 *C) developed fever 13 h
afler the LPS injection (dats not shown, [Z1]). Another set of wild type
andd TN EF-a RUT-KAO mice was wied lo adminsteate THE-o {100 pg/
kg, Lv.) as previnesly descnbed [22 24 In all cases, control mice re-
ceived sterile saline.

22 Bamples and TNF-u meamrentenis

Blood was collected from killed animals and the plasma was obe
tained by centrifugation and quickly frozen, In all cases, tissus samples
were pemroved amd weighad al the end of Use trealment. Tle brain and
the hearl were immedsdely frosen wath lgusd mirogen and mimisined
wt =800 “C until use. Animnl handling procedures were approved by ihe
Ethics committee of the University of Barcelona.

Plasma TNF-x was measured by using an ELISA test (Genzyme
Corp.) following the manafactersr's instnwctions.

R Vicemte et al. | FEBS Letters 372 (2004) 189 104

LA RNA extraction. cDNA probes, constracts, reverse
tramsoriptione-polymerase chain reaction { RT-PUR) and
Noruthern et

Total RMA oo beain and beart was isolabed wang Tripure {Rode
Dhngnosiics). Samples wens Parther irentel with the DN A-free kil from
Ambion Inc. to remove DMNA. RMNA from af least five animak was
analyzed per group.

Rzady-to-Go RT-PCR Beads (Amersham Pharmacia Biotech) wens
used in 4 ong-step RT-PCR. Total RNA and Kvl.3, Kirl.l and 185
primers were mdded to the beads a5 desonbed [15] A mnge of PCR
cyeles and RMA dilutions from each independent sample were per-
formed 1o obtain an exponential phase of amplicon production (data
nod shown) as described [25]. The same independent RNA aliquot was
used Lo analyzs the KOh mRNA expression and the nespective anount
of 185 rRMA.

Omee the exponentinl phose of the amplicon produection had been
determined, the specificity of each product was confirmed in test RT-
PCRs using the appropriste ¢cDMNA probe in a Souihern blot analysis
[26]. PCRegenerated KCh cDNA probes from mouse brain were used
as probss as described [15) At least theee filters wers prepared from
independent samples and representative blots are shown, The densi-
tometrie analysis of the blots wis performel wang Phoretis soliwiang
(Monlinenr Dynamics), Resulis ane the means £ 83 E M. of ech ex-
perimental group. Where indicated, statistical analysis by Student’s ¢

el was performed.

2.4 Mewhrane preparation and Wesfern blod analysis

Brain samples were homogenized in 320 mM sucrose, supplemented
with 1 pgfml aprotinin, 1 pgiml laupeptin, 86 pgfml iodoacetamids and
I mM phenylmethylsulfonyl fluonide as protzase inhibitors in a glass
honrogenizer. An enriched membrang preparation was oblained [27).
Briefly, homogenates were centrilfuged al 20005 g Tor 5 min and s
supernatiani wis further ceninfuged al = 100000 % g for 1 h. The pellei
was resuspended in the same soluiton and protein content was deter-
mined by Bio-Rad Protein Assay (Bio-Rad). Samples were aliquoted
and stored at =80 =C.

Crudé membrang protéin samples (30 pg) were boiléd in Lammli
RIS loacling bufer and separated on 108G 505 PAGE. They were
tramsferred o nitrocdluloss membranes (Immobilon-P, Millipore) and
blocked in 3% dried milk-supplemented 0.2% Tween 20 PBS before
immunorsaction. To moniter Kvl.3 and Kirl] expression, rabbit
polyclonal antibodies (Alomone Labs) were wsed. As a loading and
transler controd, o monochonad andi-fbactm antibody (Sigma) wic wed

3. Results and discussion

The generation and release of pronflammatory cylokines
are among the main featurez of the sysiemic inflammatory
response. In particular, TNF-a is a pleiotropic avtokine that
plavs a pivotal role i imflamumatory diseases of the central
nervous system [3.00,12], Tt is generated mosthy by macro-
phages in response 1o an insult and 15 8 major mediator of the
septic ghock syndrome induced by dther LPS or bacterial su-
perantigens [20]. In addition, high levels of TNF-2 have also
been detected in newrodegenerative disorders [8.9). Beaning this
in mind, the aim of the prezent work was to analyze the po-
tential role of TNF-u regulating KCh expression in wan
during a systemic inflammatory response.

The results presented in Fig. | show plasma TNF-2 con-
centration in two models of systemic inflammatory response, a
maodel of experimental induced cancer-cachexia and in another
model involving LPS adminiztration. Rats that efficiently de-
veloped the Yoshida AH-130 mmor showed an increase in
plisma cylokine concentration. On the other hond, LPSArea-
ted mice also showed high TNF-x levels in plasma, as reported
elzewhere [28,29]. During cancer cachexia, the syztemic TNF-x
concentralion increases concomitantly with tumor progres-
sion, while LPS mpudly incresses plasma TNF-x within (he
first 2-3 h with a progressive decay over the next 24 h (data oo
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shown, [2]. These resuls indicate that both zsimwanions share a
significant rize in circulating TNF-=a triggering the catabolic
mflammatory response,

Several newrodegenerative disorders, such as Parkinson's
and AbRheimer's diseases share a systemic inflammatory re-
sponse, Amilar to that we observed [8.9). In these pathologeal
conditions, nerve KCh are imphcated in the neural response,
Thus, framyloid peptide regulates the expression of KCh in
microgha by upregulating Kv1.3 and Kv1.5 with no effects on
Kir channels [20], Kv channels (i.c., Kv1.3) repolarize the
membrane potential afer depolarization. However, Kir
channels stabilize the resting membrane potential near the K*
equilibnium potential and mediate K* transporl scross mem-
branes. Thiz role iz crucial in the caze of the strongly inwamnd
rectifier Kir2. 1, which participates in the intrusion of K* jons
rebeased (rom nerve axons. An merease in extrooellular K*
may induce uncontrolled hyperexcitabiliny and abnommal
sychronization of neurons [17]. Experimental cancer cachexia
specifically downregulated Kir2.] as observed with Kvl .3 [6,
Fig. 2]. Kvl.3 mRNA expression 15 impaired m the bram of
tumor-beanng amumals [6]. Here, we conlim and extend ese
resulis by reporting o parallel decrease in Kvl.3 protein in
crude membrane gamples from braim (Fig. 20 The Kir2.l
downregulation observed i brion sems o be Ussue-speciic.
This result may scem purling, since cancer cachexia is char-
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Fig 2. Expresslon of Kv1.3 and Kir2.1 in braln and heart from animals under experimental aancer cachesba. At least five animals were inoculated
with either saline (Control) or the Yoshida AIT-130 asate hapatona cell suspension (Tumor) as deicnbed m Section I Total RNA and membrans
projein sampdes weie analyveed for K* chanoel eapressson aller T days of tumad growile (A) KirZ | and Kvl.3 mBRNA expression. Resalis (rom RT-
PUR o 025 pg aned 1 g Toe boon and head, respectevely, and 0 oyeles for Kol 1 angd Kv13, and 000 g ol 10 aycles for 188 are shown, Thess
condifions were ni the exponentind phuse of the nmplicon. production sy desenbed i Seciion 2 (8) Kird.1 and Kv1 5 Western blor smubysis. Rep-
reaeniniive blots nre shown, Arhitmry unin (AL values the menns = 5B M. of at least four animals. Clesed bars, Control (T open bars, mor-
beating animals (T). %M - 0.05; *=F < 0.01; s, no sgnificant v, control (Student’s r test),
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nmimals. Al lenst five animols were odministered inrnpermanelly vith
either saling (control) or recombinant-dzrived human TN Fea (TNF-2)
for4 days. Animals were admingstered in two daily injections of 50 pg!
kg (botal dose of 100 pgfky per day ) for 4 days as descnlaad in Section 2.
(A Kl and Kvl® mBENA expressaon, Resulls from B T-PCR on
.25 pg und 30 oycles for Kir2 Vo and Kv1 3, ond 007 pe ond 10 evzles
for 185 ure shown. These conditions were wt the exponential phas: of
amplicon production s described in Section 2 () Kir2.1 and Kr1.3
mRNA exprassion valus derived from panel A. (01 Kir2,] and Krl.2
Western bled analyiis. Representative blots are shown, (D) Kirl-1 and
KEvE? prodemn exprossion valuss devived T panel O Tn ol cwes,
arbirary wnids are dandonlzal o the sontrol saliee in the ahsenee of
ThF-x, Values nre means + 5 EM. of of leasi four onimnls. Closed
bars, control; opén bars, TNFoatrcated animals, =P < 005
o8P 000] va control (Stadant's £ 12t

petenzed by muscle wasting 2], However, the phyvsiologeal
role for Kir2 ] in muscle and bradn may differ. In this context,
the CNS respands 1o acute inflammation differently from other
body bissues, In (scl, colevum channels are regulited diflieren-
ually in cardize nnd neuronal cells [31]. Moreover, evideice
indicates that unkke other well-koown neuralogical disorders
(3], the hean dysfunction that imitiates with the syadiome may
be peripheral [1].

Since plasma THF-a levels inerensed dunng experimental
cancer cachexia and may be responsible for impaired KCh
expression in brain, we performed a zet of experiments in-
Jecting TNF-a 1o rals, Previous studies from our group have
clearly indicated that this chromic THF-x administration
mimics most of the metabolic alierations formed during ex-
perimental cancer cachexia. However, after 4 days of treat-
ment, animals develop tolerance 1o the cytokine (see [2] for
review), THF-x dilferentiolly regulated Kv1.3 and Kin2,]
channels in brain (Fig. 3). In coatrast to cancer cachexia, while
KirZl expression decreazed, Kvl.3 was upregulated. These
resulis may be interpreted taking into consideration certain
key differences between the two models. Thus, while experni-
mental cancer cachexia is a non-reversible situation in which
brain cells undergo apoptoss [6], the increase in plasma TNE-
a by chrome admimstration of the cylokine may be reversible,
as it 5 during infection. Morcover, K* channel expression is
impaired in the brain during experimental cancer cachexia, and

R Vicente of al. { FEBS Letters 372 (2004) 189 184

animals loge weight and develop anorexia [6]. In addiion.
some K channel gene knockout mice lost body weight and
showsld altered feeding behavior |32,33]. However, chronic
THF-2 administration does not affect food intake or body
mags [18]. Other factors may explain the discrepancy betveen
these two models. Thus, during expenimental induced cimeer-
cachexia, the long term increase in plasma TNF-x could de-
sengitize TNF-u receprors or upregulate the soluble forms of
the receptor (sTNFR). In fact, high plasma levels of sTNFR
have been found in patients with advanced gastrointestinul
cancer and sTHNEFR iz an agonist of TNF-x that could prevemt
some eviokine effects [34-37).

THF-u is produced by lvmphocyies and macrophages i
rezponse 1o an inzul [20]. Within the brain, not only microglia
but also activated leukocytes penerate THF-a locally [3], As a
resull, there s an inflammatory response similar (o thal de-
seribed in AIDS patieniz in which TNF-a expression correlates
with the degree of dementia [38). Few in vitro studies have
reporied differentinl K* channel regulation by THNEF-2 in nerve
cells, with controversial resulis, e.g., enhanced, unaliered and
reduced outward and inward K currenis [11-14]. However,
the proteing responsible have not been identified. In additon, a
differential Kvi.3 and Kir2. | regulation by TNF-2 in the brain
15 mol surpnisng. In fact, our results agree with those deseribed
in bone marrow and brain macrophages [13.39].

During an infection, LPS i one of the strongest activators of
macrophages and leads (o the secretion of THF-x, The gen-
eration of this and other cytokines such as [L-1§, IL-6 and [L-
12 leads 1o a rapid systemic inflammatory responze in the host,
As mentioned above, LPS administration increases the sys-
temic TNF-u concentration (Fig. 1). Despite the amount of
information on how LPS affects KCh in in vitre studies
[15,40,41], there are few in vivo studies, Exposure (o sub-lethal
doses of LP% evokes a systemic inflammatory responsc thal
includes fever and mereased oxypgen consumption similar 1o
that described in certain types of cancer [21]. In acute in-
flammatory response, KCh were differentmlly regulated
(Fig. 4). Kvl1.3 expression was induced, whereas Kirl.] was
downregulated as observed with THNF-w Several LPS effecis
are medisted by the production of TNF-x. Bearing this in
mind, we aimed to test whether this modulation depended on
the cyvtokine. For this purpose, we used TMF-2 RUI-KO mice,
which received an acute LPS jection a5 mentioned above.
While Kvl.3 upregulation was TMNF-w-dependent, Kir2.l
modulation was independent {(Fuig. 4). These results are in
agreement with those described wsing macrophages, which
indicate that the LPS modulation of Kir2.l iz independant of
TMF-r, wheress Kvl 3 regulation coubd be partially dependent
[15]. However, THF-a2 may ako promote phivsiological effects
by pathways independent of TNF-2 receplors via its lectin
binding domain [42,43). This possibility was teated by injecting
TMF-u into wild-type and THF-a RUTI-KO mice, This ireat-
ment, which generates important metabolic allerations [22-24),
did not madify KCh expression in the brain of TNF-a RUII-
KO mice. However, the effects in wild-type animals were
similar 1o those found with LPS (data not shown). Taken to-
gether, these data suggest that LPS involves TNF-a-dependent
and -independent redundant mechanisms in a number of cazes.
In Faet, not ondy KOCh but also nucleoside transport regulation
mary reguare this mode of action [44). In addition, LPS-nduced
apoplosis involves TNF-z as an early step followed by -
duction of nitric oxide synthase [20]. In thiz regard, cancer may
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4.2. Bloque 2

Los cambios electrofisiolégicos que se presentan en la corriente de salida de potasio
dependiente de voltaje, en proliferacion y activacion, pueden ser debidos a cambios en la
composicion del complejo funcional. Con el fin de explorar esta idea se han caracterizado las
subunidades Kvp presentes en estas células y se han realizado estudios sobre la posible
asociacion entre Kv1.5 y Kv1.3.

La primera contribucidén de este bloque describe la presencia en macréfagos de todas
las subunidades Kvp estudiadas menos la Kvp4. La proliferacion inducida por MCSF
incrementaria la expresion de todas las subunidades auxiliares mientras que distintos estimulos
de activacion, LPS y TNFp, regulan la expresion génica de estas proteinas de distinta forma.
Los parametros cinéticos de la corriente de salida de potasio sobre los que estas subunidades
actian, como son las constantes de activacion, inactivacion y deactivacion, han sido analizados
en un intento de relacionar cambios moleculares con cambios electrofisiolégicos en macrofagos
proliferantes y activados.

El segundo apartado de este bloque lo forma una publicacién en preparacion en la que
se describe como Kv1.5 es capaz de asociarse con Kv1.3 para formar un complejo funcional
generador de corrientes de salida de potasio. En este trabajo se muestran estudios de asociacion
por microscopia confocal y electronica junto con estudios de farmacologia que confirman la
formacion del complejo heteromérico. Los cambios en los pardmetros electrofisiologicos de las
corrientes, dependiendo de la composicion del complejo, se han analizado en distintos modelos
de expresion heterdloga. Por ultimo se sugiere que, los cambios en el gating que se producen en
esta corriente ante distintos estimulos, como el TNFp, podrian deberse a cambios en la
estequiometria de las subunidades que conforman el complejo generador de la corriente de

salida de potasio en macrofagos.

CONTRIBUCIONES
4.2.1. Pattern of Kv beta subunit expression in macrophages depends upon proliferation
and the mode of activation.

4.2.2. Association of Kv1.5 to Kv1.3 contributes to the major voltage dependent K
channel in macrophages.
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Pattern of Kvf3 Subunit Expression in Macrophages Depends
upon Proliferation and the Mode of Activation'

Rubén Vicente.”* Artur Escalada,”® Concepcio Soler,” Maribel Grande.* Antonio Celada.*
Michael M. Tamkun,” Carles Solsona,” and Antonio Felipe**

Voltage-dependent potassium channels (Kv) In leukocytes are Involved In the Immune response, In bone marrow-derived mac-
rophages (BMDM), proliferation and aclivation induce delayed rectifier K™ currents, generated by Kv1.3, via (ranscriptional,
translational, und postiranstational controls. Furthermore, modulatory Ky subunits coassociate with Kver subunils, increasing
channel diversity and function. In this study we have identified Kvf} subunits in mouse BMDM, studied their regulation during
proliferation and activation, and analyzed K* current parameters influenced by these proteins, BMDM express all Isoforms of
AvBI (RvBLL, KvB1.2, and KvB1.3) and Kv2 (KvB2.1), but not Avpd, the alternatively spliced murine AvfE3 variant, M-CSE-
dependent proliferation induced all Kyg isoforms. However, LPS- and TNF-a-induced activalion diferentinlly regulated these
subunits, Although LPS increased Kvf1.3, reduced Kvfl.2, and maintained KyvfL1 mRNA levels constant, TNFear up-regulated
KyvgL1, down-regulated Kvp1.2, and left Kvf1.3 expression unchanged. Moreover, In contrast 10 TNF-a, M-CSF- and LPS-
up-regulated KyB2.1 K* currents from M-CSF- and LPS-stimulated BMDM exhibited faster inactivation, whereas TNF-o
mereased T values. Although in M.CSF.stimulated cells the hallainactivation vollage shilted o more posilive polentiuls, the
incubation with LPS and TNF.ar resulted in a hyperpolarizing displacement similar to that in resting BMDM. Furthermore,
activation time constants of K* currents and the kinetics of the tall currents were different depending upon the mode of sctivation,
Our results indicate that differentinl Kvf# expression modifies the electrical properties of Ky in BMDM, dependent upaon prolifs
eration and the mode of activation. This eould determine physiologically appropriate surface channel complexes, allowing for

greater flexibility in the precise regulation of the Immune response.  The Journal of Immunology, 2005, 174: 47364744,

he activation and prohferation of cells 1 the wmmune sys-

I tem are modulated by membrane transduction of extra-
collular signals. Some interactions oconr via the regula-

tion of transmembrane on Hoxes, and several stadies suggest that
some signaling occurs through ion movements in macrophages,
Changes in the membrane polential are among the earliest events
after stimulation of macropbages, and fon chammels underlic the
Ca’ ' signal involved in the leukocyte activation (1), Potassium
clunuels indirectly detenmne the driving foree for Cu™* entry (2)
The resting membrane polential in leukocytesis about —50to 60
mV, and these chaneds serve 10 hyperpolanze the membrane even
further to 80 mV (2). This hyperpolarization accentuates Ca**
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mflux to promote Ca’ ~dependent sipmal trmsduchon patliways
that depend upon the sctivity of fon channels (1-4),

Voltage-dependent potassinm channels (Kv)* play a concial role
in excitable cells by determamng resting membreane potential and
controlling action potentials (5). [n addition, they are involved in
the activation and proliferation of leukocytes (1-4), The mamma-
lian Shaker family (Kv1) contains at least cight different genes
(Kvi.1 to KvLR) that can form functional homo- and heteroter-
rameric comploxes (6. Thus, Kv1 chmmels cun assemble pronms-
cuously, yielding a wide variety of biophysically and pharmaco-
Togically distinet chanoels (5) 1o addtion, assigmng speciic K*
channel clones to native curments is often difficult, because this
complexity is enhanced by the presence of Kv3 regulatory sub-
units (7). Up to four different forms of these cytoplasmic proteins
can form past of the heteromeric structure (ag B, ). Different Kvi
genes, mumely Kvig/, Kvia2, mxd Kvia3 gencrate op 1o six differem
Kvg proteins Although Kvial 1, KvaL2, and Kv31.3 are alter-
natively spliced forms from the AviZgene, KvjE21 is the only
variant known to be genesated from the KvA2 gene (7). In addition,
Avi33 geperates two alternatively spliced isoforms, Kvf3 and
KviH, expressed in mt and mouse brain, respectively (8, 9). All
subumts are ~300 a0 leongth axl share a4 conmmuon conserved
core (>83% amino acid identity ), with the highest degree of vari-
ability in the N termint, Their association with the Kve subunit
occurs via the conserved C-tenminal end. Furthermore, Kvj reg-
ulatory subunits generally assemble with channels from the Kvl
family (7)

We previously described the expression of Kvi.3 and Kv1L.5 in
bone mamrow-denved macroplages (BMDM) (10), Macroplage

* Abbrevistions waed in this paperr Ry, woltape dependent potsssium ehannel;
BMDM, bove murow derived maciophage, MeTx, 1 Ma patocm

QO2Z-1TOTRI2.00
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K™ chamnels are tightly regulated during M-CSF-dependent pro-
hiferation, and LPS- or TNF-a-induced activation and their func-
tonal activity are imponamt for cellular responses. Proliferation
and activation induce outward K * corrents under transcriptional
and translational control. Several lines of evidence led to the con-
clusion that LPS-induced activation regulates Kv via TNF-a-de-
pendent and -independent mechanisms (10). In addition, our re-
sults indicate that postranslational events are involved in the
differential Kv regulation in response to different stmuli (10). Kvj3
subunits confer rapid inactivation, alter current amplitude and gat-
ing, and promote Kv cell surface expression. In fact, both Kvi 3
and Kv1.5 are able 10 assemble with Kvg subunits 1o form func-
tional Kv chanoels, increasing the variety of elecincal responses
(11-13). Nevertheless, only a few studies have been undenaken o
identify Kvj3 subunits expressed in immane system cells. Thus, F5,
an IL-2-induced ¢cDNA in Th lymphocytes, turned out to be the
KvA2.1 subunit (14). In addition, Kvf1.1 and Kv£2.1 subumnits are
vp-regulated duning mitogen-stumulated activation of mouse T
cells (15). Furthermore, the heterologous expression of Kv1.3 and
KvL.5 together with Kvg subunits i Xenopues oocytes and mam-
malian cells, respectively, dramatically modifies the rate of inac-
tivation and the amplitude of the K* current (12, 13),

In this study we describe, for the first time, the expression of
Kvf subunits that may coassemble with Kv1.3 in BMDM to gen-
erate different functional Kv channel complexes. Macrophages ex-
press all izoforms of KvfA7l (Kvfl.l, -1.2, and -1.3) and Kvfi2
(KvE2.1), In contrast, Kv24, the murine isofonm of Kvj33 was
absent. Although M-CSF-dependent proliferation increased the ex-
pression of all Kvj@ subumts, it was differcntially regulated by
LPS- and TNF-a-induced activation. Kvji subunits triggered a
finely tuned modulation of macroplage electneal achivily depen-
dent upon proliferation and mode of activation. These data suggest
that by changing the heteromeric Kv channel strocture, macro-
phages could physiologically set the membrane potential (o
achieve precise immune RSpPONses.

Materials and Methods
Isolation of BMDM and cell culture

BMDM lmm 6- to 10-wk-old BALBA mice (Chardes River Laboratones)
werne d and cultured as desenibed previously (16). Bnefly, amimals
were killed by cervical dislocation, and both ferurs were dissocted, The
cnds of the bones were removed. and the masrow tissue was ﬂuhod out by
imgation with DMEM. Once dispersed by p hrough a 25 gauge
needle, the cells wese cultured in plastic Jinhu (HO mm) lu DMEM con-
taining 20% FBS and 30% L cell supematant of L-929 fibroblast (L. cell)-
conditioned medium & a source of M-CSF and kept al 37‘(. 1 a hunnd-
ified 5% CO, atmosphere. Macrophages were obtained as a b

population of adherent cells after 7 days of culture. l’orcxpcnmew. they
were cultured with the same tissue culture differentiation medium (DMEM.
20% FRS, and 30% L cell medium) or amested at G, by M-CSF depriva
tion in DMEM supplemented with 10°% FBS for at keast 18 h (basal).
Resting (Gramested) cells wore further incubated in the absence or the
presence of recombinant manne M-CSF (1200 Uful), with or withost LPS
(100 ng/ml) or 'INF-a (100 ng/ml), for the indicated times. All amimal
h-ndlm; was approved by the ethics commitiee of University of Barcel
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PCR: 92°C for 30 5, ¢ither 55°C (Kv1.3, Kv1.5, Kv§51.2, and 185) or 60°C
(rest of Kv3) for 1 min, and 72°C for 2 min, These settings were applied
for 40 ¢yeles. After every 10 ¢ycles, lO il of the total reaction were ¢ol-
levted 1 a sep tube for el P and fwither analysss. A range
of RNA dilstions from each independent sample was performed to obtain
an cxponential phase of amplicon production (data not shown), az de-
scnbed previously (19). The same ndependent RNA abquot was used to
analyze mRNA expression and the ma‘mliw amoant of 185 RNA In all
cases mg.n.i\v controls were pef d in the absence of the revense tran-
B )wB isof have a highly homologous core,
we densncd specific pamers to the N terminus for cach ssbunit. Pamer
o and ¢cDNA lengtls ase shown m Table [

‘Omce the exponential phase of amplicon pmdnclm- had been deter-
mined the specificity of each product was confirmed in test RT-PCRs using
the appropnate ¢<DNA probe in a Southern blot analysss. PCR-generated
¢DNA probes from mowse bmin were subeloned using the pSTBlue 1 ac
cepror vector kit (Novagen), and the sequences were confirmed using the
Big Dye 15 Cycle Sy kit and an ABI 377 sequencer (Ap-
plied Biosystems). EcoRl-digested [o- "PJCTP random primer-libeled cD-
NAs were used as probes, as dewabed p«nously (19) At kast theee
different filters were | d from ind and i,
tive blots are shown Remlu wenre nnlyred with Phnmlx nnﬁvrare (Non-
linear Dynamics).

Preparation of crude membrane fractions from BMDM and
Western blot analysis

Crude membrane prepamtions were obtzined 2 described previowsly (20)
Macrophages and HEK-393 cells were washed twice in cold PBS and lysed
on ice with lysis solution containing 0.32 M sucrose, 5 mM Na,HPO,, and
the following protease inhibitors: 031 mg/ml benzamidine, 062 mg/ml
N-cthylmadeimide, 1 mog/ml bacitracin (Sigma-Aldech), 1 pg/ml pepstatin,
1 pg/ml Jeupoptin, and 0.07 pg/md Pefablock (Roche). Brain samples were
also homogenized in the same lysis solation in a glass homogenizer. Ly-
saes weee centrifuged at 4°C at 3000 cpm for 10 min to emove lange
debns and nuecler. The sup was collected and further fuged for
I hat 4°C at 15,000 rpm. The resulting membrane pellet was resuspeaded
in icecold PBS and stored at —80°C. The sample protein comcentration
was determined by Bio-Rad protein assay. Crade membrane proteing (25
2) were bouded at 95°C i Laemmbh SDS loading bufter and separated by
10% SDS PAGE. They were transfemed 1o nitrocellulose membranes (Im
mobilon-P. Millipore) and blocked in 5% dry milk-supplemented 02%
Tween 20 PES before immunoreaction. To monitor Kvj3 subunits, the fol-
lowing Abs were donated by Dr. J. Tammer (University of Califomia,
Davis, CA): anti-Kvi51.1 rabbat polyclosal. anti-Kvig12 rabbal polyclonal,
anti-pan Kv3 mbbit polyclonal, and anti-Kv32.1 mouse monoclonal (11,
21-23). The anti-Kv51.3 rabbit polyclonal Ab was produced and charac-
| in the Tamkun lab y (20). An anls- ﬁ -actin MAD (Signs-Al-
dnch) wos wsed s o loading and 1

Electrophysiological recordings

Whole-cell currents were measured using the patch-clamp technique. An
EPC-9 (HEKA) with the appropriate software was used for data recording
and analysis. Currents were Altered al 2.9 kHz. Patch electrodes of 2-4
MOhm were produced from borosilicate glass (outer dimmeter, 12 mm;
inner diameter, 0.9 mm, Clark Electromedical Instruments) with a P-97
puller (Sutter lnstruments). Electrodes were filled with the following so-
lution: 120 mM KCL, 1 mM CaCl,, 2 mM MgCl,, 10 mM HEPES, 11 mM
EGTA. ud 20 mM o-glucose, adjusted to pH 7.3 with KOH. The extru-

d with European Union regulations.
HBk!Oicclhllu Leck exp of Kvg sul were used as neg-
alive 15 nmd cultured s desonbed previowsly (17).
RNA isolation and RT-PCR analysis

Total RNA from mouse macrophages, brain, and liver was isolated using
the Tripure reagent (Roche), acconding to the manufactures’s instructions.
Samples were also treated with the DNA free kt from Ambwa to
remove DNA

Ready-to-Go RT-PCR Beads (Amecsham Dioscicnces) were used in a
one-slep RT-PCR as descnbed previously (18). Total RNA and ada.ud
primers (1 ;M) were added to the beads. The revense

llul d the following: 120 mM NaCl, 5.4 mM KCl, 2
mM CaCl,, 1 mM MgCl,, 10 mM HEPES, and 25 mM o-glucose, ndjnnod
10 pH 7.4 with NaOH, After establishing 2 wtsolc-«ll configuration, rac

plages were clamped (o a holding p uf—bOmV ml.lnaalm
sistances of at least 2.5 GOhm, All recordings werne ely subtmeted for
leak cumemts online, Only cells with 2 serics mmancc compensation of
B0 -90% were selected foranalysis. U d senes were
4-8 MOhm, as currents evoked were < 1 nA; voltage errors from uncom
pensated senies resistance were <2 mV,

To evoke voltage-dependent currents, cells were stimulated with spe-
cific square pulscs ranging from ~60to + 30 mV in 10 mV steps. Proto
cols are deui)ed in the hgnm.

To ph ically ¢ the voltage-dependent outward K*

was initiated by incubating the mixture at 42°C for 30 min. Once first-
strand cDNA had beca synthesized, the conditions were set for additional
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current, n\lu§aom (PMgTx) and ShK-Dap* were added to the extemal
solution (24, 25). Toxias were econstituted & 10 uM in Tas buffer (0.1%
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Tabke 1. Geres, accesrion rumbers, asd requences of oligonncleotide primers, base pairs, and cONA length
Cene Accession No Saquence? Bage Pairs Length (op)
Kvl3 MId41 F: 5'-CTCATCTCCATTGTCATCTTICTGA~3' 741.765
Ri B'-TICRATTGRCAAACAATCAC-3! 1459-1240 7z
Bls AF302768 Fi 5'-CCATCACTCCATCACCAG-3' 3003-2020
Rt 5'=GGCTTCCTCCTCTTOCTTG-3! 3337.2320 334
Evpll XJ0662 F: 5'ATOCAACTCTCCATACCCTOCACA-3' 332.25¢
Ri 5'-CTATATTTCATSCCACTCTSCTTT-3! 552-528 220
Rvg12 L34833 F: 5'-ATGCATCTCTATRAACCTGCCTST-3' 83.113
Rt 5'-CTCTATGOCATCCCOSTCTCTGCT- 3! 330-208 21
Xvil3 LA7665 P: 5'-ATSCTOSCAOCCOOGATADO3ACA-3 " 413
R: 5'-CTGTGOGGCATGCCTOTGETGCAG-3' 328.204 ral
g2l Lage83 F: 5'-CAGGATTCCCCCTCTCTCARRAGS-3' 138.162
Ri 5'-CTCTAAAACTCCACCTCICTTTIC-2' 7-292 179
Kvfie Uasses Fi 5'=ATGTCAAGRIGGTATOGTCTGATA=- 2 1.24
R: 5'-TAGGTCATOCCTCTCACAATOTCC-3! 182.159 182
188 X00ses Pi 5'-COCAGMATTOCCACTCOOGACTC-3 482498
R: 5'-CCCRAGCTCCAACTROGAGC-3! 694.673 212

“F, feeward; B tevesse

BSA, 100 mM NaCl and 10 M Tris, pH 7.5), All moordings wars per-
farmed 4t room tempersture (20-23°C).

Analysis and statistics

Avarding to the solutlons used, the calculated equilitium potential for
potamim was =79 mV (Ex) wiing the Nernst equation, The namalized
GAT . Ve the voltige curve wa fitted using Boltzmann's equation!
Gl e = 1N 4 2xp{(V, 5 = VIK)) where Vg is the voltage & which the
curent {5 half-activased, and & s the slope factor of e activation curve

Stegdy-state ingctivation plots were fited to 4 Bctizmonn oquation a2
folkows: Jil ., = W1 — exp((Vy, — VR)).

Activation, ieectivation, and deactivation tims conutantx were adjusted
to zinple exponantial funtions: K1) = A(1 — sxp(~t/7)) for axkiverion v,
calculated from the end of the compensated capacitive ransient tothe peak
of the currert and /(1) & Aexp{—t/7) for inactivation and deactivatlon 1.
Tectivation sdjustment wag caloulsted from the peak of the azrent to the

FIGURE 1, M-CSF, LFS, and TNF-«
incream delayed rectifier K axmerts gen-
erated by Kvl3 in macophages. A, Rap-
reavntative traces of delayed rectifier K+
aurents. Regting calls were incubated for
24 hin the abesnoe (baml) or the preance
of M.CSF, with or witheut LFS o TNF.a.
Outward traces were elicited by a depolar-
izng ep 52 Indicated, B, Steady-state ac-
tivation curves. Cells were held &t —60
mY, aad pula potentials were applied
from =60 10 +50 mV in 10-mV steps of

MCSE P e s

steady-state insctivation, and desctivation was Btted from the pesk of the
fall crerem to seady ate; traces wers fitted with SigmaPlet (SPSS),

Vales are expressed as the mean = SEM. The significance of the dif.
ferences wae established oither by Stdent’s 7 st or one-wuy ANOVA
(PRISM 3.0, GraphPed) for sither two.group o two-factor comparisons,
respectively. Where indicated, @ Tukey post hoc test was performed. A
value of p < 0.05 was considerod significant,

Reagents

Recombinant murine TNF-«c was obtalned from PeproTech EC. recombi-
nant murine M-CSF was purchased from R&ED Sysems; LFS wase pur-
chasd from Sigma-Alrich, IMgTX was cbtuined from Alomone Labeora.
torses. Shil.| was purchased from Bachem, cther reagents were of
amlytical grade.
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Results

Delayed rectifier K™ currents were evoked m BMDM by depolar-
izing pulses (Fig. 14) as described previously (10). Resting mac-
rophages (1 = 40) exhibited an cutward conductance with ~40 pA
peak current amplitude. M-CSF enhanced K* currents ~2-fold
(90 pA; n = 120). Both LPS and TNF-« further mcreased the
current amplitude (600 and 350 pA, respectively; n = 60)
Resting and M-CSF-treated BMDM showed similar voltage de-
pendence (Fig. 12). Chammels opened at depolarizing potentials
(—40 1w ~30 mV) with V, , values of =122 * 13 and ~12.4 *
2.1 mV and ¥ slopes of 20.5 = 2.5 and 22.0 * 3.0 mV for resting
and M-CSF-treated macrophages, respectively (r = 30). Macro-
phages mcubated with LPS and TNF-« were activated (10), and
the steady-state activation curve of normalized conductances
changed substantially (Fig. 15). Although channels were open at
the same depolarizing pulse potentials with V, . values similar to
those observed with M-CSF (=143 +* 34 and —15.1 * 3.1 mV
for LPS and TNF-«, respectively; n = 12), k slope values were
significantly different (9.6 = 1.6 and 9.1 = 2.2 mV for LPS and
TNF-«, respectively; p < 0.001 vs M-CSF, by Student’s ttest; n =
12). RT-PCR experiments (Fig. 1) showed that Kv1.3 and Kv1.5
mRNAs are present in brain and BMDM but not in liver. More-
over, the MgTx- and ShK-Dap“*-mediated inhibition of K™ cur-
rents evoked in response (o different stimuli (Fig. 10) suggested
that cutward conductances were principally mediated by Kv1.3, a3
demonstrated previously (10).

The oligomeric structure of the Kv complex is a critical deter-
minant of electrical activity in mammalian neurons (26). Because
modulaticn by accessory 8 subunits has dramatic consequences on
Kvl functional activities (7), we studied the expression of Kvg
proteins in crude membrane preparations using several specific
Abs. Unfortunately, none of the anti-Kv21 subunit-specific Abs
produced a reliable signal (data not shown). Only the polyclonal
anti-pan-# subunit and the monockonal anti-Kv 2.1 were useful in
our BMDM samples. In macrophages, the anti-pan-8 subunit Ab
recognizes two polypeptide species of ~38 and ~41 kDa, similar
to those described by Trimmer and collegues (11, 22) in the brain,
Kv{32.1 protein correzponds to the lower band, and the higher band
comresponds to Kvi31 peptides sharing a common core (Fig. 24)
HEK 203 cells were negative. Although M-CSF and LPS induced

FIGURE 2. Maacphages express
Kvg subtanits. A, Frotein exprassion
of Kv3 subunks In response to dif-
ferest imuli in BMDM. Crude
membteane samples were obftained
from mouse brain, HEK-293 cells
and BMDM ag described in Mateniale
and Methods. Brain and HEK samples
wers us:d aspasitive and nagative con- it

trols, respectively. Expression of S-ac- “'“3: -

tin was usd as a loading control. Rep- .
resntative Western blot analyses are
shown In the wgper panels. Lower pan-
oix, The densitometric analysie of the
data. Vahes expreseed as whbitrary
units are the mean £ SEM of three in-
dependert experiments. B, Kv§ aub.
unit mRNA expression in braln, mac-
rophages, and liver from mouss. One- P e
step KT-PCR was performed on 1 pg Kt

of total RNA, and amplicons were

electrophoresed and analy2ed a5 de-

saded in Matenals and Methods.

Repessentative Rlters are shown,

artitrary wnits
"
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Kv 1 and Kv2.1 expression in macrophages, TNF-acdid not. The
anti-KvA2.1 mAb gave similar results (data not shown).

To further determine Kvj3 expression in BMDM, we designed
oligonucleotides to amplify the N-tenminal domain for each sub-
unit and generated specific Kv3 ¢cDNA probes (Table I). To con-
trol for undesirable cross-hybridizations, each Kv fragment was
run on a 2% agarose gel and further hybrdized against the rest of
the Kv2 ¢cDNAs. No signal was detected other than that expected
with the appropriate specific Kvg probe (data not shown), Fig, 22
demoenstrates that EBMDM expressed several Kv isoforms similar
to the brain. All splice variants of the Xv3J gene (Kvg1.1, Kv1.2,
and KvB1.3) were detected, as well a3 the only £v82 gene product
described to date, Kv32.1. In contrast, the murine izoform Kvi34,
identified in brain as a spliced mRNA from Kvg3, was absent in
BMDM. Liver was used a8 a negative control.

The addition of M-CSF to resting macrophages triggers cell
growth (10, 16), and under these conditicns the expression of Kvj3
subunits was induced (Fig. 34). The three splice variants of the
Kvgl gene (KvA1.1, Kv1.2, and Kv31.3) followed the same pat-
tem, with similar values. Thus, the expression peaked after 6 h
(~3-fold mduction), and remained high throughout treatment ( p <
0.001, by ANOVA). In contrast, Kv@2.1 increased steadily
throughout the study, and the level of induction after 24 h of n-
cubation was ~3-fold (7 < 0.001, by ANOVA).

When Kvf3 subunits are coexpressed heterologously with Kva,
proteins modulate the inactivation properties of Kv (7). The K*
current inactivation tume constants from BMDM mcubated with
M-CSF were slightly lower than those in its absence, but showed
similar voltage dependence (Fig. 32). The normalized steady-state
inactivation indicated that incubation with the growth factor re-
sulted in a 10-mV positive displacement in the V,,, (—19.6 * 0.6
and =100 £ 0.8 mV for without M-CSF and with M-CSF, re-
spectively; p < 0.001, by Student’s ¢ test) without changes in the
kslope (=60 x 0.7 and =69 X 1.0mV for without M-CSF and
with M-CSF, respectively).

LPS and TNF-« activate macrophages, leading to cell growth
arrest (10, 27). LPS-induced activation differentially regulated
Kv3 subunits in BMDM (Fig. 44). Under these conditions, the
three splice variants of the Xv3/ gene showed different expression
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FIGURE 3. M-CSF induces Kv8 subun mRNA expression and modulates K* current inactivation kinetics in macrophages. A, M-CSF induces KvB
subunit mRNA in macophages. Onestep RT-PCR was performed and analy2ed as described in Materials and Methods. Samples were collected 2t different
times after the addition of M-CSP. Total RNA wacatration and PCR cycles were as follows: KvB81.1 and KvB1.2, 1 ug and 40 cycles; KvB1.3, 0.1 ug
and 30 cycles; KvB2.1, 0.5 ug and 20 cycles; and 188, 0.1 ug and 10 cycles. Thase conditions reprasant the exponertial phase of ampilcon production.
Represeptative filters are shown. Values expressed as arbitrary units (AU) are the mean * SEM of four independent experiments. Significant differences
were found with KvBl.l, Kvgl.2, Kv8l.2, and KvB2.1 (p < 0.001, by ANOVA). B, Plot of inactivation time constant va test potesrial. Cells were
incubated for 24 h in the peesence (@) or the avsence (O) of M-CSF. Macroghages were hei at —60 mYV, and pulss potertials were applied from —&0
to +50 mV in 10-mV steps of 4 3. The et illustrates carrent waces at +50 mV for comparison. C, Steady-state inactivation levels of K+ camrents in the
presence (@) or the absencs (O) of M-CSF. Cells were treated as described in B. Pulse pratocols and current traces foe both situations are depicted on the
right. Currents were measwred by varying the holding potential from =50 1o 40 mV over 4 & then applying a 200-ms test pulse to 50 mV. To ensure
complets recovery from inactivation, calls wers rapolarized for 45 3 ot ~50 mV, Valuss ars the mean * SEM of at Jeast four indpendant 2 lls,

pattermns. Although Kv31.1 mRNA remained almost constant
throughout the study (not significant by ANOVA), both an addi-
tional Tukey post hoc test and Student’s f test indicated that
Kvgl1.1 levels were statistically higher at 6 h of incubation (1.0 =
0.1 vs 1.7 = 0.2 for 0 and 6 h, respectively; » < 0.05; n = 4).
KvA1.2 expression decreased during endotoxin treatment (p <
0.001, by ANOVA). In contrast, soon after LPS incubation,
KvA1.3 mRNA increased (p < 0.001, by ANOVA). In addition,
KvA2.1 mRNA increased steadily throughout the study (p <
0.001, by ANOVA). Inactivation of K™ currents in macrophages
incubated with or without LPS showed similar voltage dependence
(Fig. 42). However, the presence of the endotoxin further de-
creased = mactivation values, Fig. 4C shows that in LPS-reated
cells, the half-inactivation voltage shifted in the negative direction
by 10 mV, similar to that obtained with noaproliferating BMDM
(=100 * 1 and ~22.0 = 1 mV for without LPS and with LPS,
respectively; p < .01, by Student’s ¢ test) without changes in k
slope (=69 = 1.0 and ~6.6 £ 0.9 mV for without LPS and with
LPS, respectively).

Several lines of evidence indicate that LPS exerts Kv regulation
via TNF-aedependent and -independent mechanisms (10, 28)
Therefore, we analyzed the efiects of TNF-« on the expression of
Kv@ subunits (Fig, 5A) TNF-« induced an up-regulation of
KvBL1 mRNA (p < 0.001, by ANOVA), Kvj1.2 expression de-
creased steadily throughout the study (p < 0.001, by ANOVA),
and Kv31.3 and KvA2.1 remained constant. These results indicate
that in contrast to Kv1.3 and other plasma membeane proteins (10,
27, 28), LPS-mediated Kv{3 subunit regulation is TNF-« indepen-
dent in BMDM. Inactivation time constants of K™ currents evoked
in macrophages incubated with TNF-« were higher than those in
its absence, with a significant change in the pattem (Fig. 3 5). The
half-inactivation voltage in TNF-c-stimulated cells shifted o neg-
ative potentials, similar o those obtained with nonproliferating
macrophages in the absence of M-CSF (see above). Thus, V.
values were ~10.0 = 1 and ~22.2 * 1 mV for without TNF-« and
with TNF-« respectively (p < 0.001, by Student’s ¢ test), and &
values were ~6.9 £ 1.0 and ~7.0 £ 1.0 mV for without TNF-«
and with TNF-«, respectively (Fig. SO\
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FIGURE 4. Differential regulation of Kvjg isoforms and fusctional analysis of K current inactivation in LPS-treated macrophages. A. BMDM incubated
with M-CSF were treated with LPS, and RNA samples were collected at different times before RT-PCR analysis, performed as described in Materials and
Methods. Total RNA concentration and PCR cycles were as follows: Kvgl.1 and KvB1.2, 1 g and 40 cycles: KvB1.3, 0.1 pug and 30 cycles; Kvp2.l,
0.5 pug and 20 cycles; and 188, 0.1 ug and 10 cycles. These conditions represent the exponential phase of amplicon production. Repeesentative filters are
shown. Arbitrary unit (AU) values are the mean = SEM of four independemt expeniments. Significant differences were found with Kv1.2, KvB1.3, and
KvB2L1 (p < 0001, by ANOVA) and KvgL1 at 6 h vs O h (p < 0.05, by Stadent’s £ test and ANOVA plus Tukey post hoe test). B, Plot of inactivation
ime ¢ vs lest potential. Mac were incubated with M-CSF for 24 h in the presence (@) or the absence () of LPS. Cells were held at =60
mV, and pulse potentials were applied from =60 10 +50 mV in 10-mV steps of 4 5. The inset illustrates current traces at +50 mV for companison. €,
Steady-state inactivation levels of K currents in the presence (@) or the absence (2) of LPS, Cells were treated as described in B, Pulse protocols and
current traces for both situations are depicted on the right, Currents were measured by varying the holding potential from — 20 to 40 mV over 4 &, then
applying a 200-ms test pulse 1o 50 mV. To ensure complete recovery from inactivation, cells were repolarized for 45 s ar =60 mV. Values are the mean =
SEM of at keast four independent cells

In addition to mactivation, accessory Kvg subunits modulate
K™ current kinetics by altering activation and deactivation time con-
stants (7). Activation time constants showed voltage dependence
{(Fig. 6, A-E). However, although LPS exhibited a voltage depen-
dence similar o that obtained with resting and M-CSF-reated
macrophages, TNF-a meoreased 7 values al negative potentials
(=200 O mV: p < 005 vs M-CSF, by ANOVA Tukey post hoe

test and Student’s 1 test: 1 = 4: Fig. 6A). Analysis of the deacti-
vation time constant was performed as a function of the presence
of a tail current. Tail currents were only apparent when cells were
treated with activating agents, but not in resting or proliferating
macrophages (Fig. 6. F<H). Deactivation time constants (Fig. 6/7)
and normalized taml currents obtamed upon repolanzation from
+50 10 =50 mV (Fig. 6G), indicated that K™ currents deactivated
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FIGURE S5, INF-a dilferentially regulates Ky subumit mRNAs and alters the biophysical properties of K* current mactivation. A, BMDM incubated
with M-CSF were treated with TNF-a, and RNA samples were collected at different times before RT-PCR analysis, performed as described in Materials
and Methods. Total RNA concentration and PCR cycles were as follows: Kvg1.1 and KvB1.2, | ug and 40 cycles: Kvg1.3, 0.1 ug and 30 cycles; Kvp2.1,
0.3 g and 20 cycles: and 185, 0.1 ug and 10 eycles. These conditions repeesent the exponential phase of amplicon production. Repeesemtative filsers are
shown. Valucs are the mean = SEM of four independent experiments. Significam differences were found with Kyl and Kv1.2 (p < 0.001, by
ANOVA). B, Plot of inactivation time constant vs test potential. Macrophages were incubated with M-CSF for 24 b in the presence (@) or the absence ()
of TNF.ar. Cells were held at <60 mV, and pulse potentials were applied from =60 to 50 mV in 10-mV steps of 4 5. The inset illustrates current traces
al +50 mV for companson. C. Steady-state mactivation levels of K* currents in the presence (@) or the absence () of TNF-a. Cells were treated as
described in B, Pulse protocols and current traces for both situations are depicted on the aaght. Currents were mweasured by varying the holding potential
from =50 to0 40 mV over 4 5, then applying a 200-ms test pulse to 50 mV. To ensure complete recovery from inactivation. cells were repolanzed for 45 s
at =60 mV, Valves are the mean = SEM of st keast four independem cells.
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faster in LPS-activated BMDM (7 = 26 ms) than in TNF-ac-stim-
ulated cells (r = 140 ms). Furthermore, tail curent amplitudes
were significantly different upen the mode of activation (Fig. 6/7).

Discussion

Proliferation and activation regulate Kv expression in macro-
phages via transcriptional, translational, and posttranslational con-
trols (10). The cutward K current is mainly generated by Kv1.3.
However, similar to brain macrophages, a role for Kv1.5 should
not be discounted in BMDM. In fact, we observed that K™ current
Kinetics in macrophages are significantly different from those de-
scribed in T cells and heterologous expression systems. Activation
and inactivation of Kv1.5 exhibit more depolarized potentials than
Kv1.3 currents (29). Heteromeric formation of K channels has
been appreciated 3s 3 mechanism to increase channel functional
diversity, and hybrid channels show a mixture of characteristics of
homomeric subunits. Because Kv1.3 and Kv1.5 assemble in mac-
rophages (R, Vicente and A, Felipe, unpublizhed observations),
KvL3/Kv1.)5 heterotetramers may explain these discrepancies,

We report, for the first time, that macrophages express Kvj
subunits from Kv87 and KvB2, but not Kv33. This expression is
similar to that in muscle, but different from that in neural tissues,
becauze Kvi3 and Kv4 have only been described in brain (8, 9,
19). This represents another mechanism for regulating K current
diversity in BMDM. M-CSF.dependent proliferation does not
modify steady-state activation kinetics, but increases current
amplitude concomitant with an up-regulation of all Kv/3 subunits.
However, LPS and TNF-«, which further increased current am-
plitude, reduced the & slope factor. This could be in agreement with
changes in gating (30, 31). The expression level, gating, and con-
ductance properties of expressed channels are profeundly influ-
enced by the presence of auxiliary subunits (7, 17, 30, 31). Coex-
pression of Kv21.1 and Kv21.2 accelerate the rate of inactivation
of K" cumrents arising from Kvl channels (32-34). However,
Kvf2 exhibits little modulation of fast inactivation and mostly
facilitates surface expression (7, 35). The degree of channel inac-
tivation correlates with the charge density of the N terminus of
Kv1 subunite (34), In this context, it 1s surprising that, in contrast
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to M-CSF-dependent proliferation, Kvi3J gemne products are clearly
differentially regulated in BMDM upon the mode of activation
Thus, distinct Kv31 N-erminal domains could be responsible for
conferring the bheterogeneity of the modulatory activity that we
observed.

We found that, in contrast to TNF-«, K™ current inactivation in
M-CSF- and LPS-stimulated cells showed stmilar voltage depen-
dence. However, although resting and M-CSFareated macro-
phages exhibit inactivation time constants of between 250 and 400
ms at positive potentialg, Kv1.3 currents in LPS-stimulated cells
clearly inactivate much faster (7 = 100-200 ms). Kv1.3 expressed
in HEK 293 cells, in the absence of Kvjf3 subunits, inactivates
much more slowly (7 = 1800 ms at +40 mV) (36). In contrast, in
T lymphocyies, which express Ky proweins (15), Kvl.3 inact-
vates with a time constant of 150-200 ms at +40mV (37), similar
to that in LPS-stmulated BMDM. However, this could be as a
result of the moxdel because human T cells were activated with
PHA A to increase K™ channel expression (37, 38). Thus, Kv1.3
in BMDM and T cells inactivates faster than in HEK cells, sug-
gesting a role for Kvi8 subumts 1n the leukocyte membrane excit-
ahbility. In addition, Kv currents in M-CSF-stimulated cells exhib-
ited a shiftin V, imctivation (o more positive potentials, but upon
activation, valvues returned to more negative potentials, which are
charactenstic of K* currents in nonproliferating cells.

Macrophage activation also led to important modifications in
K™ current activation Kinetics and tail currents. These parameters
indicated epormous differences between proliferation and the
mode of activation and are in agreement with the cell growth arrest
tnggered by LPS and TNF-ac (10, 27). Our results are in agreement
with those described when Kvl proteins are coexpressed with in-
chvidual Kvig subumis in helerologous systems (32-35, 39, 40), A
possible interpretation, taking into account the fact that M-CSF
and LPS both induce Kvg2.1, is that KvB2.1 inhibits Kv31-me-
diated nactivation and promotes Kv surface expression (35, 41,
42). In fact. Kvj32 subunits self-associate, presumably forming a
tetramer (43). This suggests that in the presence of M-CSF and
LPS, the heteromeric structure of the charmel may contain mainly
KvA21 subunits. This structuse would highlight the complex sce-
nario in which the insertion of Kvj32.1 could change the electrical
properties of the Kv channel, leading to multiple physiological
effects on the mode of activation.

af ineractions may be additionally influenced by differental
posttranslatonal modifications, KvS subunits are oxidoreductases
that are under oxidative stress and protein kinase regulation (7, 30,
44), In contrast to that by M-CSF, LPS and TNF-a regulaton
activates different signal transduction pathways involving Ser/Thr
protein Kinases (45 47). In this context, the inactivation conferred
on Kvl.3 by Kvil could be modulated not only by « subunit
phosphorylation, but also by phosphorylation of the £ subunit it-
self, which is known to regulate B-mediated effects (7). Thus, in
the Kvf-negative HEK-293 cell line, Kv1.3 sensitivity 1o protein
Kinase C and protein Kinase A s sigmficantly redoced, in contrast
1o observations in Jurkat T cells (36). Moreover, protwein kinase C
is required for Kvj31 3 effects on Kv1.5 (48), and protein Kinase A
reduces Kvj31. 3-induced activation of Kv1.5 (49). This is in agree-
ment with our data in which LPS, but not TNF-av, induced Kvg1.3
and decreased Ux inactivation tme constant. Furthermore, LPS
induced Kv32.1 in BMDM, and in fibroblasts the presence of this
regulatory subunit resulted in a hyperpolanzing displacement of
the normalized inactivation curve similar to that we observed in
macrophages (17). Morcover, high levels of phosphorylation and
Kv32.1 up-regulation could trigger inhibition of the Kvj31-induced
inactivation, increasing current amplitudes, In addiion, Kvg1.2-
mediated inactivation is not altered by protein kinase A activation
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(48), and macrophage actvation by LPS and TNF-« triggered a no-
table decrease in Kvial.2 levels. In fact, this could be related (o the
decrease in peak current amplimdes of Kvl subunits in whole-cell and
macropatch recordings in the presence of Kvg1.2 (31, 34, 49)

As mentioned above, the cellular redox state represents another
important level of Kv posttranslational control. It has been dem-
omstrated that KvB oxidoreductase activity and the biophysics of
Kvg inactivating activity are coupled (32). LPS and TNF-a, but
not M-CSF, trigger NO production in BMDM through the induc-
ible NO synthase (10). However, the endotoxin is the most pow-
erful NO-stimulating agent (50). High intracellular concentrations
of NO would increase the oxidative stress of BMDM, thereby con-
tributing 1o the pathogenesis of septic shock (51). Thus, an in-
crease in oxidative stress generated by LPS and, to a lesser extent,
TNF-« could modulate Kvg activity, leading to a precise Kv func-
tional role. In this context, treatment of macrophages with the an-
toxidant N-acetylcysteine improves the immune response (52).
Furthermore, although Kvg1.2 and Kvjl.1 are sensitive to the
redox state, Kv1.3 is not (30, 34, 49). Such differential sensitivity
of Kvj subunits to the redox state may be wmportant in some
pathophysiological conditions, such as ischemia and endotoxic
shock, With an abnormal increase in cellular oxygen radicals, the
effects of Kvf1.2 and KvS1.1 would be lost, whereas Kvgl.3
could still modulate Kv1 currents (34). These results suggpest im-
portant changes in the functional activity of the Kv complex, be-
cause although M-CSF and LPS indoce Kvfil3 expression,
TNF-o does not. In addition, it is intriguing that both the growth
factor and the endotoxin exhibit similar inactivation behaviors and
show an increase in Kvg2.1 subumt expression. We suggest that
cifferent Kvj3 subunits extend the range of Kv1.3 mexlulation and
may provice a vanable mechamsm for adjusting K currents
response to alterations in cellular conditions.

In summary, Kv channels are important in BMDM, where they
contribute 1o diverse prooesses, such as proliferation and activa-
tion. We have described, for the first time, the characterization of
Kv g expressed in BMDM and studsed their regulation. Stonctnom-
etry may ultimately serve as a key detenminant in shaping the
repertoire of the Kv1 channels present in the plasma membrane of
leukocytes, These data will be critical for further detenmimation of
the molecular composition of individual Kv currents and the phys-
iological relevance of these o interactions. Investigation of the
mechanisms involved in the regulation of potassiom ion conduc-
ton 1s, therefore, essential for the understanding of potassiom
chanmel functions in the immune response to infection and
mflammaton.
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Resultados

Association of Kv1.5 to Kv1.3 contributes to the major voltage dependent

K" channel in macrophages

Summary

Voltage-dependent K' (Kv) currents in
macrophages are mainly mediated by Kv1.3
but electrophysiological recordings indicate
that the channel composition could be more
complex than that described in T-cells. K"
currents in bone marrow-derived and Raw-
264.7 macrophages are sensitive to Kvl1.3
blockers but, contrarily to T-lymphocytes,
macrophages expressed Kv1.5. Shaker
subunits (Kvl) form homo- and
heterotetrameric complexes, leading to
biophysically and pharmacologically distinct
channels. We aimed whether Kv1.5 has a role
in Kv currents in macrophages. Thresholds
for activation, half-activation voltages and
pharmacology indicate that K currents
could be accounted for by different Kv
complexes in macrophages. Furthermore
Kvl3 and Kvl.5 co-localize at the
membrane. Co-expression of Kv1.3 and
Kv1l.5 in HEK-293 cells showed that the
presence of Kv1.5 leads to a positive shift in
K" current half-activation voltages. Similarly
to Kvl1.3, Kv1.3/Kvl.5 heteromers are

Introduction

Voltage-dependent potassium channels
(Kv) play a crucial role in excitable cells by
determining resting membrane potential
and controlling action potentials (1). In
addition, they are also involved in the
activation and proliferation of leukocytes
(2). Functional Kv complexes are formed
by four transmembrane B subunits and up
to four cytoplasmic B subunits (3). The
mammalian Shaker family (Kv1l) contains
at least eight different genes (Kvl.1-
Kv1.8), coding for B subunits, that can
form functional homo- and heterotetrameric
complexes (4,5). Thus, Kvl proteins can

assemble promiscuously, yielding a wide

sensitive to r-Margatoxin in HEK-293 cells.
In addition, both proteins co-
immunoprecipitate and co-localize and
FRET studies further demonstrated that
Kvl.,S and Kvl1.3 form heterotetramers.
Electrophysiological and pharmacological
studies of different ratios of Kv1.3 and Kv1.5
co-expressed in Xenopus oocytes demonstrate
that different Kv1.3/Kv1.5 hybrids might be
responsible for K* currents in macrophages.
TNF-B-induced activation of macrophages
increased Kv1.3 with no changes in Kv.1.5, in
agreement with a hyperpolarized shift in the
half-activation voltage. Our results support
that Kvl1.5 co-associates with Kvl.3,
generating functional heterotetramers in
macrophages. In response to different
physiological stimuli, changes in the
oligomeric composition of functional Kv
channels could give rise to different
biophysical properties, which would lead to
the precise immune response.

variety of biophysically and
pharmacologically distinct channels.

However, while a number of
studies have demonstrated that specific Kv
heteromeric
complexes could predominate in nerve and
muscle, many other possible combinations
are not detected (6,7). Therefore, this
mechanism of channel assembly may
underlie some of the functional diversity of
potassium currents found in the brain and
the cardiovascular system.

Bone marrow derived macrophages
are cells fully differentiated, and proliferate
and activate separately. These cells play a

key role at inflammatory loci, where they
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arrive 24 to 48 hours after lesion and
remain until inflammation disappears.
However, the persistence of macrophages at
inflammatory loci is associated with the
pathogenesis of a wide range of
inflammatory diseases. Kv are tightly
regulated  during  proliferation  and
activation in macrophages and their
functional activity is important for cellular
responses (8). Proliferation and activation
trigger an induction of the outward K'
current that is under transcriptional and
translational control. Several lines of
evidence indicate that posttranslational
events are involved in Kv regulation. In this
context, assigning specific K' channel
clones to native currents is difficult, since
this complexity is further enhanced by
heteromultimeric assembly of different Kv
subunits. Lymphocytes express several
voltage-dependent K* currents (n, n” and /-
type channels). While Kv1.3, the major Kv
channel in leukocytes, is associated with the
n-type channel and Kv3.1 accounts for the
[-type, the proteins responsible for the »’-
type are  unknown  (2). The
electrophysiological properties of Kv1.3
expressed in T-cells and heterologous
expression  systems are significantly
different from those described in
macrophages (9). Furthermore, contrary to
T-lymphocytes, brain and bone marrow
macrophages also express Kvl1.5 (8,10).
Kv1.3 and Kvl1.5 differ in their biophysical
and pharmacological properties and show
differential regulation in a number different

cell types (8,11,12,13). Thus, different K"
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channel subunit composition could lead to
specific alteration of cellular excitability,
thus determining the specific cellular
response.

The aim of the present work is to
explore whether Kv1.5 play a role in the
major voltage dependent K™ current
generating  functional  heterotetrameric
Kv1.3/Kv1.5 complexes in macrophages.
Our results suggest that Kv1.5 co-associates
to Kvl1.3 generating functional
heterotetrameric channels in macrophages.
Upon different physiological stimuli,
changes in the oligomeric composition of
functional Kv could be crucial in

intracellular  signals  determining the

specific macrophage response.

Experimental Procedures

Animals and Cell Culture. Bone marrow
derived (BMDM) and Raw 264.7
macrophages, human embryonic kidney
293 (HEK-293) cells, EL-4 T-cell line and
Xenopus laevis oocytes were used. BMDM
from 6- to 10-wk-old either BALB/c mice
(Charles River laboratories) were isolated
and cultured as described elsewhere (8).
Briefly, animals were killed by cervical
dislocation, and both femurs were dissected
removing adherent tissue. The ends of
bones were cut off and the marrow tissue
was flushed by irrigation with medium. The
marrow plugs were passed through a 25-
gauge needle for dispersion. The cells were
cultured in plastic dishes (150 mm) in

DMEM containing 20% FBS and 30% L-
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cell conditioned media as a source of
Macrophage-Colony Stimulating Factor.
Macrophages were obtained as a
homogeneous population of adherent cells
after 7 days of culture and maintained at
37°C in a humidified 5% CO, atmosphere.
Raw 264.7 macrophages, EL-4 and HEK-
293 cells were cultured in DMEM culture
media, containing 10% FBS supplemented
with 10U/ml penicillin and streptomycin,
and 2mM L-glutamine. Cells were grown in
100 mm tissue culture dishes for sample
collection and onto non-coated glass cover
slips for electrophysiology and confocal
imaging. In some experiments, Raw 264.7
cells were incubated with 100ng/ml of
recombinant TNF-B (PrepoTech E) during
24  hours. All animal handling was
approved by the ethics committee of the
University of Barcelona in accordance with

EU regulations.

RNA isolation and RT-PCR analysis. Total
RNA from tissues (brain, liver) and cell
lines was isolated wusing the Tripure
isolation reagent (Roche Diagnostics).
Ready-to-Go RT-PCR Beads (Amersham
Pharmacia Biotech) were used in a one-step
RT-PCR reaction. Total RNA and Kvl.3,
and Kv1.5 primers were added to the beads
as described (14). Forward (F) and reverse
(R) oligonucleotide  sequences  and
accession numbers (AN) were as follows:
Kvl.3 (AN: M30441), F:5°-
CTCATCTCCATTGTCATCTTCTGA-3’

(base  pairs:  741-765) and R:5’-
TTGAAGTTGGAAACAATCAC-3" (base

pairs: 1459-1440); Kv1.5 (AN: AF302768),
F:5’-GGATCACTCCATCACCAG-3’(base
pairs: 3003-3020) and R:5’-
GGCTTCCTCCTCCTTCCTTG-3*  (base
pairs: 3337-3320). The RT reaction was
initiated by incubating the mixture at 42°C
for 30 min. Once the first-strand cDNA was
synthesized, the conditions were set for
further PCR: 92°C for 30 sec, 58°C for 1
min and 72°C for 1 min. These settings

were applied for 30 cycles.

Protein extracts, Immunoprecipitation and
western blot. Cells were washed twice in
cold phosphate-buffered saline (PBS) and
lysed on ice with lysis solution (1% NP40,
10% glycerol, 50 mmol/L HEPES pH 7.5,
150 mmol/L NaCl) supplemented with
lug/ml  aprotinin, lug/ml leupeptin,
86ug/ml  iodoacetamide and 1mM
phenylmethylsulfonyl fluoride as protease
inhibitors. In order to obtain enriched
membrane preparations homogenates were
centrifuged at 3000 g for 10 min and the
supernatant was further centrifuged at
~150000 g for 1,30 h. The pellet was
resuspended in Hepes 30 mM (pH 7.4), and
protein content was determined by Bio-Rad
Protein Assay (Bio-Rad). Samples were
aliquoted and stored at —80°C.

Crude membrane protein samples (50
ug) were boiled in Laemmli SDS loading
buffer and separated on 10% SDS-PAGE.
They were transferred to nitrocellulose
membranes (Immobilon-P, Millipore) and
blocked in 5% dry milk-supplemented 0.1%

Tween 20 PBS before immunoreaction.
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