
53

Original Paper

Cell Physiol Biochem 2009;24:53-64 Accepted: May 15, 2009Cellular PhysiologyCellular PhysiologyCellular PhysiologyCellular PhysiologyCellular Physiology

and Biochemistrand Biochemistrand Biochemistrand Biochemistrand Biochemistryyyyy

Copyright © 2009 S. Karger AG, Basel

Fax +41 61 306 12 34

E-Mail karger@karger.ch

www.karger.com

© 2009 S. Karger AG, Basel

1015-8987/09/0242-0053$26.00/0

Accessible online at:

www.karger.com/cpb

cAMP-Dependent Chloride Conductance Evokes

Ammonia-Induced Blebbing in the Microglial Cell

Line, BV-2

Nina Svoboda1,3, Sylvia Pruetting2,3, Stephan Grissmer2 and Hubert

H. Kerschbaum1

1Department of Cell Biology, University of Salzburg, 2Institute of Applied Physiology, University of Ulm,
3contributed equally to this study

Hubert H. Kerschbaum

Division of Animal Physiology

Department of Cell Biology, University of Salzburg

Hellbrunnerstr. 34, 5020 Salzburg (Austria)

Fax +43-662-8044-180, E-Mail hubert.kerschbaum@sbg.ac.at

Key-Words

Cell blebbing • Chloride conductance •cAMP •

Apoptosis • Microglia • Ammonium

Abstract

Cell blebbing is a key feature in apoptosis. Because

blebbing dynamically alters cell volume and regula-

tory volume changes have been linked to chloride

(Cl) channels, we evaluated an association between

blebbing and Cl channels activity. We used scanning

electron microscopy, confocal laser microscopy, and

cell sorting to quantify cell volume and blebbing and

whole-cell recording to characterize Cl- currents. We

found that blockade of Cl channel activity as well as

inhibition of adenylyl cyclase or protein kinase A (PKA)

activity suppressed ammonia-induced blebbing in the

microglia cell line, BV-2. In further experiments, we

elucidated the common mechanism of Cl channel

activity and cyclic adenosine 3’,5’-monophosphate

(cAMP)-dependent pathway on cell blebbing. These

experiments indicated that perfusion of cells with

cAMP or the catalytic subunit of PKA activated a Cl-

current under normotonic conditions. The pharma-

cological profile (sensitivity to 5-nitro-2-(3-

phenylpropylamino)benzoic acid [NPPB], flufenamic

acid, and [(dihydroindenyl)oxy]alkanoic acid [DIOA]),

outward rectification, and kinetic of the current were

identical to the swelling-activated Cl channel.

Superfusion of cells with ammonia elicited an out-

wardly rectifying current sensitive to Cl channel

blockers. We propose that ammonia induces a PKA-

dependent phosphorylation of Cl channels. Localized

influx of Cl- is followed by influx of water, required for

bleb expansion.

Introduction

Microglial, brain-resident monocyte-derived cells, are

polymorphic cells, which vary along a continuous gradi-

ent from an amoeboid to a ramified phenotype [1-3].

Ramified phenotypes continuously survey the environ-

ment with their cellular processes for the integrity of blood

vessels or presence of pathogens [4, 5], whereas amoe-

boid phenotypes migrate through brain parenchyma and

phagocyte pathogens as well as cell debris, which accu-

mulate during development of the brain or

neurodegenerative processes in the mature brain, like

multiple sclerosis [6, 7].
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Microglial cells employ local protrusions in several

cellular responses, like initialization of ramifications, ex-

tension of lamellipodia, formation of engulfment pseudopo-

dia upon phagocytosis, or blebbing in the early phase of

apoptosis [8-13]. A common denominator of cellular vol-

ume changes is the activation of swelling-activated Cl

channels. Accordingly, Cl channels have been found to

participate in ramification, lamellipodium formation, mi-

gration, and phagocytosis [8-13]. However, the sequence

of events is less clear. E.g., what is first, a volume in-

crease, which activates Cl channels or an increase in Cl-

conductance, which leads to a volume increase? Placing

an increase of Cl- conductance before volume increase

requires (1) an intracellular factor, which activates Cl

channels, and (2) an exogenous factor, which delivers a

signal for an increase in this intracellular factor.

In the present study, we propose that cyclic adeno-

sine 3’,5’-monophosphate (cAMP) facilitates activation

of Cl channels. A cAMP-dependent Cl- current has been

reported in rat carotid body type I cells [14] and rat

hepatocytes [15]. Because we have found that intracel-

lular cAMP is increased during ammonia-induced

apoptosis [10] and apoptosis is accompanied by intense

blebbing, we were interested, whether cAMP contrib-

utes to Cl- conductance and, consequently, water influx

and local swellings.

We suggest that blebbing is the result of dynamic

intracellular processes driven by local interactions between

cAMP generation, Cl channel activation and water in-

flux. This assumption is based on our identification of a

cAMP-dependent Cl- current and on the finding that in-

hibition of Cl channels by Cl channel blockers or preven-

tion of Cl channel activation by inhibition of adenylyl cy-

clase and cAMP-dependent protein kinase (protein ki-

nase A, PKA), respectively, minimizes ammonia-induced

bleb formation. As conventional in the literature, “ammo-

nia” will be used inclusively to mean the total of ammo-

nium, NH
4
+, and its conjugate base ammonia, NH

3
.

Materials and Methods

Cell culture and reagents

Cells of the murine microglial cell line, BV-2, were main-

tained in 25cm² culture flasks in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 2200mg glucose/L and

10% fetal calf serum (Gibco/BRL Life Technologies,

Gaithersbury, MD, USA) at 37°C in a humidified atmosphere of

5% CO
2
. BV-2 cells were sub-cultured twice a week. Cells were

replaced with fresh ones from frozen stocks of an early pas-

sage every three months. For experiments, BV-2 cells were

seeded into Petri dishes and initially incubated for 14 hours in

the presence of 10% serum to promote adhesion. Following

two washes in serum-free DMEM, cells were treated with dif-

ferent reagents in serum-free DMEM. Prior to the treatment of

cells with an inhibitor in the presence of ammonia, cells were

incubated for 30 minutes with the inhibitor only.

Unless otherwise stated, all reagents were purchased from

Sigma-Aldrich (St. Louis, Missouri, USA). The stock solution

of (1) ammonia (ammonium chloride, NH
4
Cl) (Merck kgaA,

Darmstadt, Germany) (1M) was prepared in distilled water, sterile

filtrated and stored at 4°C, (2) 8-Br-cAMP (10mg/ml) and Sp-

cAMP (1mg/ml) in sterile water and stored at -20°C, (3) SQ-

22536 (5mg/ml) in sterile water and stored at 4°C, (4) H-89 (5mg/

ml) in sterile water and stored at 4°C, (5) Rp-cAMPs (1mg/ml) in

sterile water and stored at -20°C, (6) DIOA (25mM) and

flufenamic acid (1M) in ethanol and stored at -20°C, and (7)

NPPB (25mg/ml) in dimethyl sulfoxide (DMSO) and stored at -

20°C.

All working solutions were made immediately before use,

diluted in serum-free DMEM and used at 37°C. To balance

osmolarity in extracellular solutions containing 10mM or 30mM

NH
4

+, serum-free DMEM was diluted with sterile water and

ammonia was added to obtain the desired ammonia concentra-

tion and an osmolarity of about 330mosmol.

Flow cytometry

Volume changes during membrane blebbing were investi-

gated via flow cytometry. Cells were seeded into uncoated Petri

dishes at a density of 1x105 cells/ml and collected by trypsini-

zation. After centrifugation at 200g for five minutes, cells were

resuspended in 500µl of distinct reagents. To avoid the forma-

tion of cell pellets during incubation, tubes containing cell sus-

pensions were shaken every 5 minutes. Finally, cell suspen-

sions were analyzed with the FACSCantoTM II Flow Cytometry

System (BD Biosciences, San Jose, CA, USA) by measuring

forward light scattering. Flow cytometric analysis was performed

with Win MDI 2.9 software (free ware).

Scanning electron microscopy

Cells were seeded on poly-D-lysine-coated glass

coverslips at a density of 1x104 cells/mL and cultured in Petri

dishes. Following incubation with various reagents, cells were

fixed in 2.5% glutaraldehyde in phosphate-buffered saline (PBS)

for one hour followed by at least three rinses for 15 minutes in

PBS and by dehydration in a graded series of ethanol. Thereaf-

ter, samples were critical point-dried with a Baltec Critical Point

Dryer LPD030 (eleven times for two minutes), coverslips were

glued on pins, and cells were sputter-coated with a 50nm layer

of gold using an Agar Sputter Coater (15 seconds). Specimens

were inspected and photographed with a CAMBRIDGE

stereoscan 250 scanning electron microscope. Electron micro-

graphs were digitalized and analyzed by Orion software

(ORIONTM, E.L.I. sprl. Brussels, Belgium).

Time-lapse videomicroscopy

Cells were seeded into Petri dishes on poly-D-lysine-

coated glass coverslips (Ø 32mm) at a density of 2x104 cells/ml.

Coverslips on which cells had been cultured were affixed onto
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the bottom of the laminar fluid flow chamber (Zeiss, Germany).

Laminar flow of serum-free DMEM into the flow chamber at a

constant rate was created using a syringe pump. A constant

fluid level was maintained by aspirating the supernatant via a

vacuum pump. The flow chamber was set at a constant tem-

perature of 37°C through an electrical warmer.

Visual evaluation of cells superfused with different rea-

gents was performed by time-lapse video microscopy using a

confocal laser scanning microscope (LSM 510 Meta, Zeiss,

Germany). Cells were visualized via a Helium Neon laser with

an excitation wavelength of 543nm and a plan-apochromat 63

x/1.4 oil DIC objective. Over a period of 30 minutes, every ten

seconds a differential interference contrast image was acquired.

Images were digitized and evaluation was performed with Zeiss

LSM Image Examiner.

Quantification and analysis of the blebbing process was

performed using a blebbing index modified from that devel-

oped by Charras et al. [16]. The blebbing index was computed

for each cell at certain points in time as follows:

 (1)

N
blebs

 is the number of blebs observed at a certain time

and I the perimeter (in µm) of the cell body excluding its blebs.

Thus, the blebbing index is the number of blebs divided by the

perimeter of the cell.

Electrophysiology

Cells were plated on poly-D-lysine (1mg/ml)-coated glass

coverslips. Cl- currents were monitored in a standard whole-

cell recording mode [17-19] with an EPC-9 patch clamp ampli-

fier (HEKA Elektrotechnik, Lambrecht, Germany) connected to

a Dell computer running Patchmaster/Fitmaster 2.0 data acqui-

sition and analysis software. All currents were filtered by a

2.9kHz Bessel Filter and recorded with a sampling frequency of

2.0kHz. At the beginning of the experiment, the cell was

superfused with standard external solution (see below) using a

syringe-driven permanent perfusion system. Swelling-activated

Cl- current was elicited by exposure of the cells to a hypoosmotic

solution (60% extracellular saline). Hypoosmotic external solu-

tion (60% external saline) was prepared by diluting the external

solution with distilled water. Cl- current was recorded during a

400ms voltage ramp from -120mV to +80mV. Voltage ramps were

elicited every 10 seconds. After break-in and formation of sta-

ble whole-cell recording mode, membrane and pipette capaci-

tance were compensated using an electronic feedback via the

patch clamp amplifier. The holding potential in all experiments

was 0mV. Electrodes were pulled from glass capillaries (Science

Products, Hofheim, Germany) in three stages and fire-polished.

Electrodes filled with internal solution had resistances ranging

between 2 and 4M . The internal solution contained (in mM):

150 K-aspartate, 1 CaCl
2
, 2 MgCl

2
, 10 HEPES, 10 EGTA, 3

Mg
2
ATP, 0.5 GTP; titrated to pH 7.2 with KOH. In some experi-

ments, the internal solution contained cAMP (0.3 or 1.0mM) or

the catalytic subunit of PKA (300 units). The external solution

contained (in mM): 164.5 NaCl, 2 CaCl
2
, 1 MgCl

2
, 5 HEPES;

titrated to pH 7.4 with NaOH. The osmolarity of both solutions

was adjusted to 300mosmol using distilled water. The external

symmetrical Cl- solution contained (in mM): 114 NaCl, 2 CaCl
2
,

1 MgCl
2
, 4 KCl, 1 BaCl

2
, 10 HEPES; 5mM NaCl were substituted

with 5mM NH
4
Cl; the internal symmetrical Cl- solution con-

tained (in mM): 120 CsCl, 11 EGTA, 1 CaCl
2
, 2 MgCl

2
, 10 HEPES,

4 NaATP; both solutions were titrated to pH 7.35 using NaOH

or CsOH, respectively, and the osmolarity was adjusted to

300mosmol using D(+)-sucrose. Liquid junction potentials be-

tween pipette and bath solution (< 5mV) were not corrected.

All experiments were done at room temperature. The membrane

capacitance was determined before each pulse during the meas-

urements by the patch clamp amplifier via C-slow recording of

the Patchmaster software. Further data analysis was performed

using the Igor Pro 3.1 (WaveMetrics, Oregon, USA) software

package.

Results

Inhibition of adenylyl cyclase or PKA activity

suppresses ammonia-induced cell swelling and

blebbing, respectively

Under physiological conditions, ammonia concentra-

tions in the rodent brain range from 0.1 - 0.3mM [20], but

under hyperammonemia, values in the 1 - 5mM range

have been reported [21]. Our previous study showed that

ammonia increased cAMP and blockade of a cAMP-

dependent pathway prevented ammonia-induced

Fig. 1. NPPB delays whereas SQ-22536 does not affect RVD.

After incubation of BV-2 cells in normotonic saline in the pres-

ence of NPPB (200µM) or SQ-22536 (300µM), respectively, for

ten minutes, the cells were exposed to a hypoosmotic solution

(60% saline). Cell volume was measured using cell sorting (see

Material and Methods). Cells exposed to NPPB showed a mod-

erate, but significant (p < 0.05) increase in cell volume under

normotonic conditions. In hypoosmotic solution, NPPB-treated

cells showed a larger cell volume increase and a delayed RVD

than control cells. SQ-22536-treated cells did not differ signifi-

cantly in cell volume and RVD from control cells. Each data

point represents the mean ± SD from four independent experi-

ments.

Membrane Blebbing in Microglia Cell Physiol Biochem 2009;24:53-64
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apoptosis in BV-2 cells [10]. Because membrane blebbing

is an apoptotic feature, we investigated the effect of the

cAMP-dependent pathway on membrane blebbing.

BV-2 cells responded to a hypoosmotic challenge

(60%) with an increase of their cell volume by 160 ± 3%

(four independent experiments; 10 000 cells each) (Fig.

1). They reached their maximum volume within three

minutes. Osmotic challenge in the presence of 5-nitro-2-

(3-phenylpropylamino)benzoic acid (NPPB) (200µM) elic-

ited a significantly larger swelling (167 ± 2%; p < 0.01)

and delayed the regulatory volume decrease (RVD) (Fig.

1). Exposure of BV-2 cells to NPPB in normotonic sa-

line increased their volume by 106 ± 2% (p < 0.05). This

effect was significant and indicated that Cl channels may

continually survey the cell volume. Next, we evaluated

the impact of the cAMP pathway on the RVD. Pre-ex-

posure of BV-2 cells to the adenylyl cyclase inhibitor,

SQ-22536 (300µM), did neither affect magnitude nor RVD

(Fig. 1).

Exposure of cells to ammonia (10mM) for 25 min-

utes increased cell volume by about 110 ± 2% (Fig. 2A).

Cell swelling could be a consequence of an intracellular

accumulation of ammonia [22]. However, in addition to

this global effect, ammonia promoted formation of nu-

merous blebs (Fig. 2B, 3A), indicating a localized impact

of ammonia.

Fig. 2. Ammonia increases cell volume. Cells were cultured in

serum-free medium in the absence (control) or presence of

ammonia (10mM) for 25 minutes. Cell volume was quantified

using cell sorting (see Material and Methods) (A) and cell

blebbing was visualized via scanning electron microscopy (B).

B: Scale bar, 10µm.

Fig. 3. SQ-22536 as well as NPPB suppresses ammonia-in-

duced bleb formation. Cells were cultured in serum free me-

dium containing 30mM ammonia for 25 minutes and then pre-

pared for scanning electron microscopy. (A) Representative

examples of cells cultured in the absence (a, b) or presence of

SQ-22536 (300µM) (c) or NPPB (200µM) (d). Note that cells

cultured in SQ-22536 or NPPB have smaller blebs than cells

cultured in the absence of these compounds. a: Scale bar, 10µm;

b, c, d: Scale bar, 2µm. (B) Frequency distribution of bleb diam-

eter of cells cultured in the absence or presence of SQ-22536

(300µM) or NPPB (200µM). Most ammonia-induced blebs had

a diameter of 1.8 ± 0.8µm (n = 10 cells). SQ-22536 (n = 10 cells)

and NPPB (n = 10 cells) decreased ammonia-induced blebs to a

diameter of 0.9 ± 0.3µm and 1.2 ± 0.5µm, respectively.

Each individual bleb was short-lived and lasted about

60 seconds. Assuming a hemisphere, most blebs arose to

a volume of 1.5fL (diameter 1.8 ± 0.8µm; 10 cells) (Fig.

3B) until they retracted and vanished. Although the cell

Svoboda/Pruetting/Grissmer/KerschbaumCell Physiol Biochem 2009;24:53-64
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Fig. 4. Blockade of adenylyl cy-

clase, PKA, and Cl channels sup-

press ammonia-induced bleb forma-

tion. Cells were superfused for 25

minutes with serum-free medium

supplemented with ammonia in the

absence or presence of adenylyl

cyclase, PKA, or Cl channel inhibi-

tors and visualized by time-lapse

confocal microscopy. (A) Inhibition

of adenylyl cyclase with SQ-22536

(300µM) (b) and PKA with H-89

(1µM) (c) and Rp-cAMPs (10µM)

(d) suppresses cell blebbing in-

duced by ammonia (30mM) (a). (B)

Blockade of Cl channels with DIOA

(100µM) (b), flufenamic acid

(200µM) (c), and NPPB (200µM) (d)

inhibits membrane blebbing induced

by ammonia (30mM) (a). Scale bar,

10µm.

body was covered with multiple protrusions, the blebs did

not fuse.

The latency between ammonia application and bleb

formation, number of blebbing cells as well as number of

blebs per cell depended on the concentration of ammo-

nia. Analysis of time-lapse movies revealed that 3mM

ammonia initialized blebbing after about 15 minutes, 10mM

after about 10 minutes, and 30mM after about 5 minutes

(Fig. 4). Following 25 minutes of superfusion with 3mM,

10mM, and 30mM ammonia, about 19 ± 3% (n = 44),

37 ± 3% (n = 46), and 60 ± 3% (n = 41) of the cells,

respectively, were blebbing (Fig. 5). The basal rate of

blebbing was about 1.5%. Evaluation of blebbing at the

single cell level via a blebbing index revealed a similar

temporal pattern (Fig. 5).

Next, we evaluated the impact of adenylyl cyclase

and PKA on ammonia-induced bleb formation (Fig. 4).

Superfusion of BV-2 cells with SQ-22536 (300µM), an

inhibitor of adenylyl cyclase, delayed bleb formation, de-

creased the number of blebbing cells, reduced the number

Membrane Blebbing in Microglia Cell Physiol Biochem 2009;24:53-64
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Fig. 5. Inhibition of adenylyl cy-

clase, PKA, and Cl channels sup-

press ammonia-induced bleb forma-

tion. Cells were cultured in serum-

free media supplemented with am-

monia for 5, 10, 15, 20, and 25 min-

utes. At each of these time points,

the number of blebbing cells was

determined and the blebbing index

(see Material and Methods) was cal-

culated and normalized. Each data

point represents the mean ± SD of

about 40 cells. (A) Increasing the

ammonia concentration from 3mM to

10mM and 30mM accelerates bleb

formation (a, b), increases the

number of blebbing cells (a) and en-

hances the number of blebs per cell

(b). (B) Inhibition of the adenylyl

cyclase with SQ-22536 (300µM) or

PKA with H-89 (1µM) or Rp-cAMPs

(10µM) slowed down bleb formation

(a, b), decreased the number of

blebbing cells (a), and reduced the

number of blebs per cell (b) induced

by 10mM ammonia. (C) Blockade of

Cl channels with DIOA (100µM),

flufenamic acid (FA) (200µM), or

NPPB (200µM) diminished the

number of blebbing cells (a) as well

as the number of blebs per cell (b)

induced by 30mM ammonia.

of blebs per cell, and the maximum volume of single blebs.

Cells exposed to SQ-22536 (300µM) postponed ammo-

nia-induced bleb formation by about five minutes. 25 min-

utes after application of 10mM and 30mM ammonia, re-

spectively, in the presence of SQ-22536, only 13 ± 2%

(n = 38) and 25 ± 3% (n = 33) of the cells, respectively,

showed bleb formation (Fig. 5). Cells treated with am-

monia in the presence of SQ-22536 did produce signifi-

cantly smaller protrusions than control cells exposed to

ammonia only (Fig. 3). The average volume of the bleb

was approximately 0.2fL (diameter 0.9 ± 0.3µm; 10 cells).

Similar to the experiments using SQ-22536, the in-

hibitors of PKA activity, Rp-adenosine 3’,5’-cyclic

monophosphorothioate triethylamine salt (Rp-cAMPs)

and N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinoline-

sulfonamide (H-89), delayed bleb formation, decreased

the number of blebbing cells, the number of blebs per cell

and the blebbing index as well as decreased the volume

of single blebs (Fig. 5). Cells that displayed blebbing

started to bleb later and blebbed only slightly. Rp-cAMPs

(10µM) in the presence of 10mM (n = 35) and 30mM

(n = 31) ammonia, respectively, suppressed ammonia-

triggered bleb formation to 19 ± 2% and 33 ± 3%, re-

spectively. Superfusion of BV-2 cells with H-89 (1µM)

showed similar suppressing effects (10mM: n = 32; 30mM:

n = 36).

Exposure of BV-2 cells to the cAMP analogues, 8-

bromoadenosine 3’,5’-cyclic monophosphate (8-Br-

cAMP) (300µM) or Sp-adenosine 3’,5’-cyclic

monophosphorothioate (Sp-cAMP) (30µM), induced

Svoboda/Pruetting/Grissmer/KerschbaumCell Physiol Biochem 2009;24:53-64
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Fig. 6. Swelling-activated Cl- current and

cAMP-dependent Cl- current. Current was

recorded during a 400ms voltage ramp

from -120 to +80mV separated by 5 seconds.

The holding potential was 0mV. In (A) and

(B), the current was evoked under hypot-

onic conditions (60% extracellular solution)

and in (C) and (D), the cell was dialyzed with

1mM cAMP under normotonic conditions.

Although the Nernst equation predicts

E
Cl

 = -71mV (assuming 60% extracellular so-

lution), the actual reversal potential is about

-41mV. Assuming that the Cl channel is

permeant to L-aspartate, the main anion in

the intracellular solution, the calculated re-

versal potential is -40mV (E
rev

 = 58 log {[6mM

+ (0.1 x 150mM)]/102.3mM}, where “0.1” is

the permeability ratio for L-aspartate and

“102.3mM” is the Cl- concentration of the

hypotonic extracellular solution). (A) Rep-

resentative ramp current traces recorded in

blebbing after about three hours. This long latency might

indicate that ammonia triggers several signalling pathways

and cAMP enhances at least one of them.

Taken together, bleb formation in BV-2 cells is pro-

moted by a cAMP-dependent pathway. These results

confirm our previous finding [10] that ammonia-induced

apoptosis is mediated via cAMP signalling pathway and

indicates that cAMP already plays a critical role in the

initial stages of this programmed cell death.

Blockade of chloride channels inhibits ammo-

nia-induced blebbing

In microglia, like in other cell types, Cl channels par-

ticipate in volume regulation [23-25]. Therefore, we stud-

ied the impact of the Cl- conductance blockers,

[(dihydroindenyl)oxy]alkanoic acid (DIOA), flufenamic

acid and NPPB, on bleb formation induced by ammonia.

BV-2 cells were superfused with DIOA (100µM),

flufenamic acid (200µM), or NPPB (200µM) in the pres-

ence of ammonia (30mM). Cells that showed bleb for-

mation started to bleb later, blebbed only slightly, and par-

tially stopped to bleb at the end of the experiment (Fig.

4). After 25 minutes of exposure to ammonia (30mM) in

the presence of DIOA (100µM), an inhibitor of KCl

cotransporters and swelling-activated Cl channels [13],

only 20 ± 3% of the cells (n = 37) displayed membrane

blebbing (Fig. 5). Flufenamic acid (200µM) and NPPB

(200µM), blockers of swelling-activated Cl channels, ex-

erted similar effects, suppressing ammonia-induced bleb

formation to 12 ± 2% (n = 40) and 11 ± 3% (n = 44),

respectively (Fig. 5). BV-2 cells exposed to ammonia in

the presence of NPPB formed significantly smaller blebs

than control cells treated with ammonia only (Fig. 3). The

average volume of the cell protrusion was about 0.5fL

(diameter 1.2 ± 0.5µm; 10 cells).

Taken together, blockade of Cl- conductance pre-

vented membrane blebbing in ammonia-treated BV-2 cells,

indicating that the formation of cell blebs is mediated by

Cl channel activity.

cAMP activates a chloride conductance

Because we found in the present study that inhibi-

tion of adenylyl cyclase and PKA activity, respectively,

as well as blockade of Cl channels suppressed bleb for-

mation and other studies indicated that intracellular cAMP

activates swelling-activated Cl channels [14, 15], we com-

pared electrophysiological and pharmacological proper-

ties of Cl- currents triggered either by cell swelling in a

hypotonic solution or by perfusion of the cell with cAMP

or the catalytic unit of PKA.

Whole-cell current was monitored either during volt-

age ramps from -120mV to +80mV or voltage steps. To

avoid contaminations from voltage-gated K channels, the

membrane potential was clamped to 0mV. Under

normotonic saline (a) and 60% saline (b) during a voltage ramp from -120mV to +80mV. (B) The current induced by 60% saline was

blocked with NPPB (200µM). (C) Cells dialyzed with cAMP showed already at the beginning of the recording a moderate Cl-

current (“a”). This current was not detectable when the cell was perfused with cAMP-free internal solution. The second trace

(“1mM cAMP”) visualizes the maximum current. (D) cAMP-dependent current was suppressed by NPPB (200µM).

Membrane Blebbing in Microglia Cell Physiol Biochem 2009;24:53-64
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normotonic conditions, we did not detect any current in

addition to the leak current. Superfusion of BV-2 cells

with a hypotonic solution elicited an outwardly rectifying

current (Fig. 6A, B). The current reversed at -41.1 ±

4.5mV (n = 7). This is about 30mV more positive than

expected from a perfect Cl- selective ion channel

(E
Cl

 = -71mV, assuming a hypotonic solution) and indi-

cates permeability of additional anions, like L-aspartate

(see figure legend; Fig. 6). The maximum current den-

sity at 80mV was 95.7 ± 31.1nA/pF. Stimuli with voltage

steps revealed a non-inactivating current (not shown).

Osmotically activated Cl channels were sensitive to NPPB

and flufenamic acid. Application of NPPB (200µM) and

flufenamic acid (200µM) completely suppressed the out-

wardly rectifying current (Fig. 6B).

Intracellular perfusion of BV-2 cells with cAMP

evoked an outwardly rectifying current under normotonic

conditions (Fig. 6C, D). Using 300µM, the current den-

sity was 30.3 ± 13.6nA/pA (n = 5) and using 1mM cAMP

the current density was 54.5 ± 41.7nA/pA (n = 10) at

80mV. The Cl- current did not inactivate during a 100ms

voltage step. Application of NPPB (200µM) and

flufenamic acid (200µM) completely suppressed the cur-

rent (Fig. 6 D). The membrane capacitance did not show

any detectable difference during the development of the

Cl- current. Increasing the extracellular osmolarity from

300 to 330mosmol prevented the development of a Cl-

current in cells perfused with cAMP (1mM; n = 6) or

superfused with the membrane permeable db-cAMP

(300µM: n = 8; 1mM: n = 10).

To distinguish outward rectification due to the Cl-

gradient (Goldman rectification) from intrinsic properties

of the ion channel, we did additional experiments using

isoosmotic symmetrical Cl- solutions. Isoosmotic sym-

metrical Cl- solutions favour activation of a Cl- conduct-

ance. In the absence of intracellular cAMP, some cells

showed a small outward current (0.9 ± 0.5nA at + 80mV;

n = 7). Perfusion of the cell with 1mM cAMP provoked

a non-linear current (Fig. 7) (3.3 ± 1.5nA at +80mV,

n = 10). Intracellular perfusion of the cell with cAMP not

only evoked a Cl- conductance but also increased mem-

brane capacitance (Fig. 7C). These experiments indicate

that the cAMP-dependent Cl- channel has intrinsic non-

linear properties and causes a small increase in cell vol-

ume.

Perfusion of the cell with the enzymatic subunit of

PKA (300 units) evoked an outwardly rectifying Cl- cur-

rent (Fig. 8). The current density ranged between 13.6

and 139.0nA/pA (52.2 ± 48.8nA/pA; n = 8). Further-

more, the current was suppressed by NPPB (200µM)

Fig. 7. Parallel development of cAMP-dependent Cl- current

and membrane capacitance. cAMP (1mM) was delivered via

the patch pipette. Recording was performed with isoosmotic

symmetrical Cl- solutions. (A) Representative current traces

collected 10 seconds (a) and 370 seconds (b) after break in. (B)

Development of cAMP-dependent Cl- current. A voltage ramp

was delivered every 10 seconds and the current amplitude at

+80mV was plotted versus time. (C) Membrane capacitance

increased and decreased, respectively, parallel to the Cl- cur-

rent from the cell shown in (B).

and flufenamic acid (200µM) (Fig. 8C, D).

The swelling-activated Cl- current and the cAMP-

dependent Cl- current behaved similarly, each showing

an outward rectification, time-independent gating, and sen-

sitivity to NPPB and flufenamic acid, respectively. The

ratio of the outward current at 80mV and the inward

current at -80mV was 28.7 ± 9.2 (n = 8) in swelling-

activated current, 33.4 ± 11.3 in cAMP-induced current

(1mM cAMP), and 12.8 ± 3.8 in PKA-dialyzed cells

using asymmetrical Cl- distribution.
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Fig. 8. Catalytic subunit of PKA

induces a Cl- current. Cells were

bathed in normotonic saline and

dialyzed with the catalytic subunit

of PKA (300 units). Currents were

either elicited during voltage ramps

from -120mV to +80mV or during

voltage steps from -120mV to

+60mV in 20mV increments deliv-

ered by 5 seconds. (A) Cl- ramp

currents at the beginning (“a”) and

maximum (“PKA”) of the current de-

velopment. Cells dialyzed with the

catalytic subunit of PKA showed a

moderate Cl- current already at the

beginning of the recording. (B) Cl-

currents during voltage steps of a

cell maximally activated with the

catalytic subunit of PKA. PKA-in-

duced current was suppressed by

NPPB (200µM) (C) as well as

flufenamic acid (FA) (200µM) (D).

Fig. 9. Ammonium activates a Cl- current. Exposure of a cell to

ammonium (5mM) in isoosmotic symmetrical Cl- solutions

caused an outwardly rectifying current. Ramp currents were

recorded every 10 seconds before (a) and after (b) superfusion

with 5mM ammonium. Flufenamic acid (200µM) in the pres-

ence of ammonium suppressed the current (c).

Ammonium evokes a Cl- current

The measurements were performed in isoosmotic

symmetrical Cl- solutions in the absence and presence of

5mM ammonium. Superfusion of the cell with ammo-

nium induced an outwardly rectifying current (1.7 ± 1.1nA,

n = 3) which had a reversal potential of 3.2 ± 2.9mV

(Fig. 9). The ammonium-induced current was partially

blocked by 200µM flufenamic acid. According to the out-

ward rectification, reversal potential close to 0mV, and

sensitivity to flufenamic acid, we assume that ammonium

activates a cAMP-dependent or swelling-activated Cl-

current similar to the one described in the previous sec-

tion of this study, although a flufenamic acid-insensitive

outward rectifying current could also be observed.

Discussion

Local cell protrusions are a common phenomenon

in a diversity of cellular responses, including formation of

engulfment pseudopodia upon phagocytosis of particles

[9], extension of lamellipodia to allow migration [13], and

formation of blebs during an early phase of apoptosis [10].

Although membrane blebbing is a familiar apoptotic fea-

ture, the mechanism of bleb formation has attracted less

attention. Some studies favour a hydrostatic model [16,

26], whereas other studies suggest an osmotic model in

bleb formation [27]. Regardless of the model, regulation

of the actin skeleton is in the focus of most studies on cell

blebbing [28, 29]. In the present study, we include cAMP-

dependent Cl channels to the actin model of bleb forma-

tion. Because BV-2 cells are electrophysiologically well

characterized [8, 30] and show biologically significant

aspects of local swellings, like formation of lamellipodia

and elongated cell processes, engulfment of particles or

cell blebbing during apoptosis [8-13], we selected this cell

type as a model for our study.

Microglial cells, including BV-2 cells, express swell-

ing-activated Cl channels [8, 13, 23, 30]. This Cl channel

is electrophysiologically characterized by a time- and volt-

age-independent gating, a single channel conductance of

1 - 3pS as well as an outwardly rectifying current and
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pharmacologically by its sensitivity to NPPB, 4-

acetamido-4V-isothiocyanatostilbene-2,2Vdisulfonic acid

(SITS), 4,4V-diisocyanatostilbene-2,2Vdisulfonic acid

(DIDS), flufenamic acid, the indanylalkanoic acid, IAA-

94, and DIOA [8, 13, 23].

In microglial cells, activation of Cl channels has been

associated with induction of ramification [8, 11], migra-

tion [31], formation of lamellipodia [13], formation of en-

gulfment pseudopodia [9], and formation of blebs (present

study). The temporal sequence in formation of local pro-

trusions and Cl channel activation can be seen either as

(1) a localized cell swelling followed by an activation of

Cl channels or (2) activation of Cl channels followed by

a localized swelling. Because suppression of adenylyl

cyclase activity suppresses bleb formation and cAMP

activates a Cl- conductance, we assume that exogenous

or endogenous factors trigger the formation of an intrac-

ellular messenger, like cAMP, which promotes Cl chan-

nel activation followed by an influx of water and local-

ized cell swelling.

The life cycle of a bleb consists of nucleation (de-

tachment of the plasma membrane from the

submembranal cytoskeleton), expansion, maturation, and

retraction [16, 26, 32]. Our study contributes experimen-

tally to the interpretation of the expansion phase and pro-

vides predictions to the retraction phase of bleb forma-

tion. Whereas in the filamin-deficient melanoma cell line,

M2, the endogenous continuous blebbing is attributed to

intracellular hydrostatic pressure and redistribution of

cytosol [16, 26], we assume that ammonia-induced bleb

formation in BV-2 cells is related to an osmotically driven

influx of water. We suggest that the expansion phase

correlates with an activation of Cl channels. An exog-

enous factor, like ammonia, ignites adenylyl cyclase, and,

consequently, promotes accumulation of cAMP. An in-

crease in intracellular cAMP concentration favours the

catalytic activity of PKA [10]. Phosphorylation facilitates

opening of Cl channels and an influx of anionic osmolytes.

Accordingly, activation of Cl channels is not a conse-

quence of global cell swelling, but is the consequence of

localized cell swelling. Actually, the contribution of Cl

channels to cell blebbing could go beyond the expansion

phase using the following argument. Influx and efflux of

anionic osmolytes through Cl channels depend on the rela-

tive position of E
Cl

 to E
M
. During the expansion phase,

E
Cl

 is more negative than E
M
 and opening of the Cl chan-

nels results in an influx of Cl- (equals an outward cur-

rent), whereas during the retraction phase, E
Cl

 is less

negative than E
M
, forcing Cl- out of the cell (equals an

inward current). At the moment, it is not known whether

Fig. 10. Contribution of Cl- conductance to expansion, matu-

ration, and retraction of a bleb. The cartoon shows distinct

phases of the life cycle of a bleb. We suggest that PKA-de-

pendent phosphorylation of a Cl channel facilitates opening of

this ion channel. Depending on the relative position of E
Cl

 to

E
M
, there is either an influx (E

Cl
 is more negative than E

M
) or

efflux of Cl- (E
Cl

 is less negative than E
M
). An influx of Cl- is

accompanied by an influx of water (expansion phase) and an

efflux of Cl- is accompanied by an efflux of water (retraction

phase). During maturation, we assume that E
Cl

 = E
M
 and, ac-

cordingly, the netto flux of Cl- and water, respectively, is zero.

a shift in the relative position of E
Cl

 to E
M
 is due to a

change in E
Cl

 or E
M
. An accumulation of intracellular ani-

onic osmolytes during the expansion phase predicts a shift

towards a more depolarized membrane potential. An al-

ternative possibility is an increase in K+ conductance dur-

ing blebbing. Accordingly, the membrane potential

hyperpolarizes and E
M
 is more negative than E

Cl
. In both

speculative scenarios, E
M
 is positioned below E

Cl
 and

anionic osmolytes diffuse out of the cell promoting re-

traction of the bleb. Our osmocentric view is intended to

complement models based on the actin skeleton. Because

ammonia modulates the intracellular pH, which in turn

affects actin polymerization and depolymerization as well

as Cl- conductance [33, 34], the cAMP-dependent ef-

fects reported in the present study may be accompanied

by pH-dependent mechanisms.

Whether cAMP-dependent Cl channels are identi-

cal to swelling-activated Cl channels is still a matter of

debate [14, 15]. Our preliminary comparison of swelling-

activated and cAMP-dependent Cl- currents in micro-

glial cells suggests similar properties in outward rectifi-

cation, kinetics of the current during voltage steps, and

sensitivity to Cl channel blockers. However, even if these
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Cl channels are identical, cAMP-dependent processes

do only facilitate opening of Cl channels because intrac-

ellular cAMP promotes Cl- current at an extracellular

osmolarity of about 300mosmol but not at 330mosmol. In

addition to directly modulating Cl channels via PKA-me-

diated phosphorylation of Cl channels, cAMP also modu-

lates actin polymerization and depolymerization [35],

which has an impact on Cl channel activation [36, 37].
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