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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 macrófagos y su regulación ante distintos estímulos

de proliferación y activación celular.

En concreto, en la primera contribución que se adjunta se describe cómo los canales de

potasio Kv1.3, Kv1.5 y Kir2.1 son los responsables de las corrientes de salida dependiente de

voltaje y de rectificación de entrada que se detectan en estas células. En este trabajo se muestra

cómo Kv1.3 y Kir2.1 están altamente regulados tanto por el factor de crecimiento MCSF, como

por factores inductores de la activación de los macrófagos como son el lipopolisacárido y la

citoquina TNF . Los estudios de electrofisiología realizados sugieren que el complejo funcional

generador de la corriente de salida de potasio podría diferir entre macrófagos proliferantes y

activados aunque Kv1.3 seguiría siendo la principal entidad molecular responsable de esta

corriente. Por último, estos estudios muestran cómo, no sólo Kv1.3 se ve regulado en los

procesos de proliferación y activación, sino que se requiere su participación en estos procesos.

La segunda contribución que se adjunta en este bloque muestra cómo la regulación de

estos canales por LPS y TNF , no se restringe únicamente a los macrófagos, sino que esta

modulación es un mecanismo general que puede ser importante en diferentes patologías

sistémicas en las que estos mediadores estén presentes como caquexia, sepsis o inflamación

crónica.

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- -dependent and -independent pathways.
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4.2. Bloque 2

Los cambios electrofisiológicos que se presentan en la corriente de salida de potasio

dependiente de voltaje, en proliferación y activación, pueden ser debidos a cambios en la

composición del complejo funcional. Con el fin de explorar esta idea se han caracterizado las

subunidades Kv presentes en estas células y se han realizado estudios sobre la posible

asociación entre Kv1.5 y Kv1.3.

La primera contribución de este bloque describe la presencia en macrófagos de todas

las subunidades Kv estudiadas menos la Kv 4. La proliferación inducida por MCSF

incrementaría la expresión de todas las subunidades auxiliares mientras que distintos estímulos

de activación, LPS y TNF , regulan la expresión génica de estas proteínas de distinta forma.

Los parámetros cinéticos de la corriente de salida de potasio sobre los que estas subunidades

actúan, como son las constantes de activación, inactivación y deactivación, han sido analizados

en un intento de relacionar cambios moleculares con cambios electrofisiológicos en macrófagos

proliferantes y activados.

El segundo apartado de este bloque lo forma una publicación en preparación en la que

se describe cómo 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 asociación

por microscopia confocal y electrónica junto con estudios de farmacología que confirman la

formación del complejo heteromérico. Los cambios en los parámetros electrofisiológicos de las

corrientes, dependiendo de la composición del complejo, se han analizado en distintos modelos

de expresión heteróloga. Por último se sugiere que, los cambios en el gating que se producen en

esta corriente ante distintos estímulos, como el TNF , podrían deberse a cambios en la

estequiometría de las subunidades que conforman el complejo generador de la corriente de

salida de potasio en macrófagos.

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.





Bloque 2 Contribución 1 Resultados

105



Resultados Bloque 2 Contribución 1

106



Bloque 2 Contribución 1 Resultados

107



Resultados Bloque 2 Contribución 1

108



Bloque 2 Contribución 1 Resultados

109



Resultados Bloque 2 Contribución 1

110



Bloque 2 Contribución 1 Resultados

111



Resultados Bloque 2 Contribución 1

112



Bloque 2 Contribución 1 Resultados

113





Bloque 2 Contribución 2 Resultados

115

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 Kv1.3

blockers but, contrarily to T-lymphocytes,

macrophages expressed Kv1.5. Shaker

subunits (Kv1) 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

Kv1.3 and Kv1.5 co-localize at the

membrane. Co-expression of Kv1.3 and

Kv1.5 in HEK-293 cells showed that the

presence of Kv1.5 leads to a positive shift in

K
+
current half-activation voltages. Similarly

to Kv1.3, Kv1.3/Kv1.5 heteromers are

sensitive to r-Margatoxin in HEK-293 cells.

In addition, both proteins co-

immunoprecipitate and co-localize and

FRET studies further demonstrated that

Kv1.5 and Kv1.3 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- -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 Kv1.5 co-associates with Kv1.3,

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.

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 subunits and up

to four cytoplasmic subunits (3). The

mammalian Shaker family (Kv1) contains

at least eight different genes (Kv1.1-

Kv1.8), coding for subunits, that can

form functional homo- and heterotetrameric

complexes (4,5). Thus, Kv1 proteins can

assemble promiscuously, yielding a wide

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 l-

type channels). While Kv1.3, the major Kv

channel in leukocytes, is associated with the

n-type channel and Kv3.1 accounts for the

l-type, the proteins responsible for the n’-

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 Kv1.5 (8,10).

Kv1.3 and Kv1.5 differ in their biophysical

and pharmacological properties and show

differential regulation in a number different

cell types (8,11,12,13). Thus, different K
+

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 Kv1.3 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

37ºC in a humidified 5% CO2 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- (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 using 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 Kv1.3,

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:

Kv1.3 (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 42ºC

for 30 min. Once the first-strand cDNA was

synthesized, the conditions were set for

further PCR: 92ºC for 30 sec, 58ºC for 1

min and 72ºC 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

1µg/ml aprotinin, 1µg/ml leupeptin,

86µg/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 –80ºC.

Crude membrane protein samples (50

µg) 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.


