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Abstract

Mastoparan, a polypeptide known to activate heterotrimeric GTP-binding proteins, enhances the transport of Ca®" and K™ across
membranes. In the present study we investigated the influence of mastoparan on transepithelial resistance (TER) and on short circuit current
(SCC) of the intestinal cell line T84. Mastoparan decreased the TER by 80% of baseline and induced a SCC of 8.34 4 1.38 pA cm 2. The
changes in paracellular conductance were estimated using the nystatin technique and showed that mastoparan increased the paracellular
conductance 4-fold. Basolateral Cl™-free medium, or blockade of the basolateral C1~ uptake via the Na™/K™/2Cl~ co-transporter with
bumetanide, reduced SCC of T84 cells, but did not abolish the effect of mastoparan on the TER. Luminal addition of the C1 ™ -channel blocker
DIDS or NPPB had no effect on the increase in SCC. In contrast, blocking the basolateral K™-channels by 2 mM Ba”" inhibited both the
resistance decrease and elevation of the SCC, and further inhibited the mastoparan-induced increase in intracellular free Ca>. This indicates
that mastoparan acts primarily via activating K+ channels with a secondary C1~ secretion and Ca*" influx. Reduction of intracellular free
Ca*" did not alter the effect of mastoparan on TER. Stimulation with mastoparan led to a biphasic rearrangement of actin filaments and
increased globular actin content in T84 cells. Depolymerization of actin filaments also correlated with inactivation of Rho-proteins, which are
known regulators of the cytoskeleton. Mastoparan induced a 2-fold increase in GDI-complexed Rho.

We conclude that mastoparan-induced changes in paracellular permeability are mediated via enhanced basolateral K™ conductance and
Rho-protein inactivation. A secondary increase in intracellular Ca®* or direct interaction of small GTPases with the cytoskeleton are likely
mediators of the remodeling of the cytoskeleton with subsequent changes in paracellular permeability.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction and thus limit the diffusion of molecules across epithelial
cell monolayers. Hydrophilic and charged drugs, given
perorally, are absorbed mostly via the paracellular route.
Some drugs alter intestinal permeability in animals and
humans [1]. Understanding the mechanisms of tight junc-
tion regulation is therefore of an utmost importance, both
in physiology and pharmacology. Several lines of evidence
suggest that tight junctions are dynamic rather than static
structures, undergoing continuous assembling and disas-
sembling. While it has been well-documented that a num-
ber of intracellular mediators (CAMP, cGMP, Ca2+, and G-

Intestinal tight junctions act as a barrier between the
mucosal and serosal compartments of intestinal epithelia
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proteins) are involved, the intracellular regulation of intest-
inal tight junctions is still not completely defined.
Mastoparan (mas), an amphiphilic tetradecapeptide iso-
lated from wasp venom with the structure Ile-Asn-Leu-
Lys-Ala-Leu-Ala-Lys-Lys-1Ile-Leu-NH,, has been reported
by several authors to specifically activate G-proteins and
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G-protein coupled potassium channels [2-9]. Winter et
al. first demonstrated alterations of paracellular perme-
ability resulting from direct activation of potassium and
chloride conductance by mastoparan in the renal epithe-
lial cell line MDCK [10]. Mastoparan also increases
intracellular Ca®" in several cell lines [11,12] and the
intracellular cAMP level [13]. A new evidence suggests
that small G-proteins are involved in the control of tight
junction permeability [14]. Koch et al. showed the inter-
action of mastoparan with low mass GTP-binding pro-
teins of the rho/rac family in porcine brain [15]. Further
observations indicated important links between tight
junctions and cytoskeletal elements, especially actin
filaments [16,17].

The objective of this study was to define whether
mastoparan influences paracellular permeability in the
human colon carcinoma cell line T84 and, if so, to eluci-
date intracellular signal transduction pathways involved.

2. Materials and methods
2.1. Materials

T84 cells were a generous gift of Prof. K.E. Barrett,
University of California. Cell culture media were obtained
from Pan systems (Aidenbach) and NCS from Serva. All
other cell culture supplements were from Gibco. Perme-
able supports for Snapwell™ diffusion chambers were
obtained from Costar. Fura-2 AM and rhodamine-phalloi-
din were purchased from Molecular Probes. Mastoparan
(mas) was obtained from Bachem, mas7, mas17, NPPB,
and bumetanide from Biomol (Plymouth Meeting). Glib-
enclamide, 4,4’-diisothiocyanato-stilbene-2,2’-disulfonic
acid (DIDS), nystatin, vasoactive intestinal peptide (VIP),
forskolin, bovine muscle actin, deoxyribonucleic acid I
from calf thymus and deoxyribonuclease I, type IV,
were purchased from Sigma. N-Phenylanthranilic acid
was obtained from Merck, and myo-[1,2-3H(N)]-inositol,
p-[2°H(N)]-inositol-1-phosphate,  p-[23H(N)]-inositol-1,
4-bisphosphate, p-[1*H(N)]-inositol-1,3,4-trisphosphate,
p-[13H(N)]-inositol-1,4,5-trisphosphate, p-[ 1>H(N)]-inosi-
tol-1,3,4,5-tetrakisphosphate, [23 H(N)]-myoinositolhexa-
kis-phosphate and 'Ziodine from NEN du Pont. All
chemicals were of the purest quality available.

2.2. Methods

2.2.1. Cell culture

T84 cells (passages 20—44) were grown in DMEM/F12
mix (1:1), supplemented with 5% NCS, 100 UmL™'
penicillin and 100 pg mL ™" streptomycin. The medium
was changed every other day. Cells were subcultured every
14 days (Dulbecco’s PBS containing 0.25% trypsin, 0.1%
EDTA). For electrophysiological measurement the cells
were seeded at a density of 5 x 10° cm 2 on permeable

supports (Snapwell ™, 1 cm? surface area) and grown until
total confluency.

To determine whether the effects of mastoparan influ-
enced cytolysis or cell detachment, T84 cells were seeded
on coverslips and cultured until confluent. The cells were
incubated in bicarbonate-buffered Ringer solution with
19 mM glucose with or without 10 pM mastoparan for
45 min. After incubation cells were washed three times
with PBS and the incorporated ethidium homodimer as a
marker of cell death was detected spectrophotometrically
(em = 590 nm).

2.3. Measurement of electrical parametres

The permeable supports bearing confluent monolayers
were mounted on Snapwell™ diffusion chambers 710
days after plating. Only T84 monolayer with initial resis-
tances >1000 Q cm® were used for experiments. Each
experiment was initiated after a 30 min equilibration period
with a stable baseline resistance present. Bicarbonate buf-
fered Ringer solution (115 mM NaCl, 1.2 mM MgCl,,
1.2 mM Caclz, 2.4 mM K2HPO4, 0.4 mM KH2PO4,
25 mM NaHCOj;) supplemented with 10 mM glucose
was used in apical and basolateral chambers and was
circulated by bubbling with 5% CO, in air. In some experi-
ments the basolateral but not the apical Ringer solution was
substituted with chloride-free Ringer (115 mM isethionate,
sodium salt, 1.2 mM MgSO,, 1.2 mM CaSO,4, 2.4 mM
K2HPO4, 0.4 mM KH2PO4, 25 mM NaHCO3, 10 mM glu-
cose). Open circuit transepithelial potential differences (V)
were measured by calomel electrodes immersed in saturated
KCl, connected with agarose bridges (4% agarose in 0.9%
NaCl solution) to the apical and basolateral reservoir. To
calculate TER pulses of 10 pA cm ™2, 0.9 s duration were
generated every 150 s (MCC6, Physiologic Instruments)
and TER was calculated from the resulting transepithelial
voltage deflections and the density of applied current.
Because of variation of initial resistances of the monolayer,
the data on TERSs are presented as a percentage of the mean
baseline resistance. SCC was calculated from V; and TER.

Paracellular conductance and the apical membrane con-
ductance of T84 cells were measured using the nystatin
technique, first described by Wills et al. (1979). The
resistance of the apical membrane was progressively
reduced by addition of 400 U mL ™" nystatin to the apical
reservoir. Transepithelial conductance was plotted as func-
tion of SCC and, paracellular conductance was calculated
as the intercept of the fitted linear function with the
conductance axis.

2.4. Isotopic flux studies

The paracellular transport was measured by a modifica-
tion of the method of Amelsberg et al. [18]. To determine
paracellular flux, the cells were seeded at a density of
4 % 10° cellscm > on Millipore filter inserts (0.45 pM
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pore size). To verify confluency of the monolayers, 0.5 pCi
['*Clmannitol together with unlabelled mannitol was
added to the apical chamber as an inert flux marker (final
concentration 5 mM). The filters were incubated on a
shaker to achieve constant stirring. At desired time points
the samples were taken from the basolateral chamber and
["*C]mannitol was measured in a PB-liquid scintillation
counter.

Activation of CI™ efflux pathways in response to mas-
toparan was measured as previously described by Ven-
glarik et al. using '?°1 as tracer [19]. Efflux rate constants
were expressed as percent per hour.

2.5. Measurement of cAMP

T84 monolayers were stimulated with mastoparan
(10 uM) for 5 min. The cells were rinsed with ice-cold
PBS, scraped from culture dishes and briefly sonicated at
4°. cAMP levels in the extracts were determined using a
commercially available enzyme-linked immunoabsorbant
assay kit. Samples and standards were prepared according
to instructions for nonacetylation assays.

2.6. Measurement of intracellular calcium

The levels of intracellular free calcium were measured
by the Fura-2 method. The cells were trypsinized with
0.25% trypsin, 0.1% EDTA, washed three times with
Dulbecco’s PBS and loaded with 10 uM Fura-2 AM in
PBS containing 1 mM Ca®" and Mg*", for 45 min at 37°.
To remove free Fura-2, the cells were washed three times
with PBS. Calcium was measured in PBS in a Hitachi
fluorescence spectrophotometer model f-2000. Excitation
wavelength was 340 and 390 nm, emission wavelength
was 510. The optimal excitation of the sample was esti-
mated by excitation wavelength scan from 300 to 400 nm.

2.7. Determination of inositol phosphates

To study the generation of inositol phosphates, confluent
T84 monolayers grown on filters (Millipore, 45 pum,
35 mm diameter) were preincubated for 72 hr with inosi-
tol-free DMEM/F-12 mix, supplemented with 5% dialyzed
NCS containing 20 pCi mL~" myo-[2*H]inositol. Before
stimulation, the medium containing radiochemicals was
removed and the cells washed three times with Ringer
solution containing 10 mM glucose. The cells were stimu-
lated in Ringer solution for 15 min at 37°. This was
terminated by aspiration of the buffer and addition
0.5 mL of ice-cold phytic acid (150 mM) containing 10%
trichloroacetic acid. After 45 min incubation at 4° the cells
were scraped from the filter transferred into Eppendorf cups,
briefly sonicated, then 1 mL ice-cold Freon/Tri-n-octyla-
mine (3:1) was added. The samples were mixed and the
solution was allowed to settle until two phases were sepa-
rated. The upper phase was transferred into centrifugal

filtration cups (Ultrafree-MC, 45 pm, Millipore) and cen-
trifuged at 500 g for 5 min. The inositol phosphates from the
filtrates were resolved by HPLC on a 4.6 mm x 250 mm
Absorbosphere SAX column (Alltech). Eluation was per-
formed with a linear gradient to 0.5 M ammonium dihy-
drogenphosphate (pH 3.8) over 100 min with a flow of
1 mL min~". To detect radioisotopes, scintillation cocktail
(Optiflow-safe, EG&G Berthold, Bad Wildbad) was added
at a rate of 3 mL min~'. Radioactivity in the effluent was
measured by a radioisotope detector equipped with a 1 mL
flow-through cell (EG&G Berthold, Bad Wildbad). Inositol
phosphates were identified by comparison with elution
times of radiolabeled standards.

2.8. F-actin/G-actin measurement

The F-actin and the G-actin content of the cells were
measured indirectly by the method of Goldblum et al. F-
actin was determined by its ability to bind rhodamine-
labeled phalloidin [20]. For both F-actin and G-actin
measurements, cells were grown on filters (0.45 pm, Milli-
pore) and were stimulated in bicarbonate buffered Ringer
solution, supplemented with 10 mM glucose. To determine
F-actin, samples were taken 5, 15, 30, 45 and 60 min after
stimulation. The stimulation was stopped by rinsing filters
with ice-cold PBS and subsequent incubation with 3.7%
formaldehyde solution in PBS for 15 min. The cells were
permeabilized with imidazole buffer (75 mM KCI, 3 mM
MgSOy, 0.2 mM EGTA, 0.2 mM DTT, 10 mM imidazole,
0.1 mM PMSF, 10 pg mL ™" aprotinin) for 10 min, three
times washed with PBS and incubated protected from light
with 5 U mL ™' rhodamine phalloidin in PBS for 30 min.
After washing three times with PBS the bound rhodamine
was extracted overnight with 1 mL ethanol per filter. After
centrifugation at 10,000 g for 1 min the rhodamine content
of the supernatant was measured at 563 nm with an excita-
tion wavelength of 542 nm with a fluorescence spectro-
photometer (Hitachi f-2000).

G-actin was determined indirectly by its ability to inhibit
DNAse. Cells were stimulated for 45 min and filters were
then rinsed twice with ice-cold PBS. Cells were permea-
bilized with lysis buffer (2 mM MgCl,, 2 mM EGTA,
0.5mM DTT, 0.2mM ATP, 0.1 mM PMSF, 1% (v/v)
Triton X-100 in PBS) for 1 min. The solution was cen-
trifuged for 5 min at 4000 g and 10 pL of the supernatant
used for the DNAse assay. One millilitre DNA solution
(0.2 mM Tris—HCI1 pH 7.5, 5 mM MgSO,, 1.8 mM CaCl,,
80 ug mL ™" calf thymus DNA, stirred at 4° for 48 hr) was
pipetted into a quartz cuvette and 10 pL of the samples or
the G-actin standard added. To start the assay 10 pL of
DNAse-solution (125 mM Tris—HC1 pH 7.5, 5 mM MgCl,,
2 mM CaCl,, 1 mM NaNjz, 0.1 mM PMSF, 10 mg mL~!
DNAse I, type IV; diluted 1:100 with 30 mM NacCl, 20 mM
imidazole pH 7.5, 15% (v/v) glycerol) were added and the
increase in extinction was measured for 1 min at 260 nm.
For G-actin standard bovine muscle actin was used in
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concentrations of 5-200 pg mL~". The G-actin content of
the samples was determined by comparing the change in
extinction (AE min ') of samples with the actin standards.

2.9. ADP-ribosylation assay and SDS/polyacrylamide gel
electrophoresis

The ADP-ribosylation was carried out as described by
Aktories [21]. Hundred micrograms of protein in 50 pL
H,0O was transferred to an Eppendorf vial; 45 pL ribosyla-
tion buffer containing 100 mM Tris—HCI pH 7.5, 10 mL
EDTA, 4 mM MgCl,, 2mM DTT, 20 mM thymidine,
2mM ATP, 0.2 mM GTP, 0,02% (w/v) SDS, 2 mM
PMSF, 20 pg mL™" leupeptin, 2% (v/v) aprotinin, and
20 uCi mL ™" [*?P] NAD were added. The reaction was
started by the addition of 5pL exoenzyme Cj
(100 pg mL~" in PBS) and the solution incubated at 37°
for 45 min. The reaction was terminated by adding 200 pL
of ice-cold trichloracetic acid. The precipitated protein
was gained by centrifugation (5000 g). The pellet was
dissolved in 25 pL Tris-Solution (1 M) and 25 pL of the
electrophoresis buffer was added. SDS/polyacrylamide gel
electrophoresis was performed according to Laemmli [22].
Gels were stained with Coomassie blue, destained and
subjected to autoradiography for 1248 hr.

2.10. Statistical analysis

Data given were means of at least three independent
experiments + standard error of the mean. Statistical sig-
nificance was calculated using the #-test for unpaired
values. P < 0.05 was considered significant.

3. Results
3.1. Effects and specificity of mastoparan

Mastoparan (mas) affected TER of T84 monolayers in a
range from 5 to 10 pM. TER did not change when mas-
toparan was applied in concentrations less than 5 pM,
whereas 10 pM mastoparan decreased the resistance to
approximately 20% of initial values (Fig. 1A). TER values
did not change when mastoparan was added in concentra-
tions lower than 5 pM. The half-maximum response was
obtained at a concentration of 7.8 uM and maximal effect
was achieved at 15 uM (Fig. 1A). The mastoparan-induced
SCC also increased in the same, dose-dependent, manner
(Fig. 1B). TER as well as short circuit remained unaf-
fected, when mastoparan was applied from the basolateral
side (data not shown). To exclude any unspecific effect of
mastoparan on TER, we compared effects of mastoparan
and its inactive analogon masl7. Unlike mastoparan,
mas17 did not affect TER or SCC indicating that the
positive charge of this molecule did not influence the
integrity of the monolayer (data not shown).
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Fig. 1. (A) Effect of mastoparan on the transepithelial resistance (TER) of
T84 monolayers. Concentrations <5 ptM had no effect on TER. The 1cso
was 7.8 uM (N =4-7, P < 0.01 vs. control). (B) Mastoparan in
concentrations higher than 5 pM induces a significant and transient
increase in short circuit current (/) (N = 3-12, P < 0.05).

Cytotoxity of mastoparan was assessed by ethidium
homodimer uptake (data not shown) and by the preservation
of carbachol- or forskolin-stimulated SCC at the end of each
experiment. We also verified the lack of leakage of lactate
dehydrogenase, a marker for damaged membranes, from the
cytosol in mastoparan-stimulated cells (data not shown).

Under control conditions the transepithelial conduc-
tance was G; = 0.51 mS cm 2. Paracellular conductance,
calculated from the linear regression of the G, vs. I after
addition of nystatin, amounted to G, = 0.495 mS cm 2
(Fig. 2). Thus, transcellular conductance, calculated as
difference between G, and G, was G, = 0.015 mS cm” 2,
Ninety minutes after stimulation with mastoparan, when
the SCC had already returned to baseline levels, the
stimulated cells revealed a paracellular conductance of
G, =2.08 mS cm_z, whereas the transcellular conduc-
tance again amounted to G, = 0.013 mS cm 2. In accor-
dance with the calculated increase in paracellular
conductance, measurements of the paracellular flux with
[**C]mannitol showed increased permeability after stimu-
lation with mastoparan (Fig. 3) as well. These data,
expressed as a percentage of donor reservoir, showed a
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Fig. 2. Transepithelial resistance in T84 cells. Nystatin-induced
(400 U mL™! nystatin) changes of /. and G, show linear relationship. The
closed circles (@) represent control experiments and the open circles (O)
experiments with continued mastoparan stimulation. From the transepithe-
lial conductance vs. [ plot, paracellular conductance was calculated to
values of G = 0.495 mS cm™!' before addition of mastoparan and
G, = 2.08 mS cm 2 (480 Q cm?) after stimulation (N = 3).
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Fig. 3. Paracellular permeability measured by flux of ['4C]mannitol
(N =4-5,"P < 0.05).

2-fold increase in permeability (control: 0.204 £ 0.023%,
mastoparan: 0.410 +0.113%). The ['*C]mannitol flux
rates increased slowly, reaching a maximum level
after 180 min. Preincubation with 2 mM Ba”" reduced
the mastoparan-induced mannitol flux to control levels
(0.193 £ 0.017%).

3.2. Effect of mastoparan on chloride secretion

To determine which ions are involved in the mastoparan-
induced increase in SCC, the possible involvement of CI™

Table 1

secretion was investigated. C1~ was expected to be taken
up from the basolateral solution via a Na*/K*/2Cl~ co-
transporter and to be secreted to the luminal bath via apical
Cl™ channels. Accordingly, a reduction in CI™ current was
expected either after blocking the Na*/K*/2Cl~ co-trans-
porter with bumetanide, after removal of Cl~ from the
serosal bath, or blocking apical Cl™ channels with specific
inhibitors. Blocking of the Na*/K"/2C1" co-transporter
with 100 uM bumetanide 10 min before stimulation
reduced the mastoparan-induced chloride secretion
from 8.34 +1.38 to 6.40£0.69 pAcm™? (P < 0.05).
Similarly, substitution of C1~ by isethionate in the baso-
lateral solution reduced the mas-stimulated peak value of
SCC from 8.34 & 1.38 t0 3.34 & 1.02 pA cm 2 (P < 0.01)
(Table 1). As a verification, bumetanide or basolateral C1™ -
free buffer also reduced the forskolin-induced CI™ current
from 18.05 £ 1.5 t0 9.90 &+ 1.0 pA cm 2 (P < 0.01) and
from 18.05+ 1.5 to 1.53+0.273 pAcm™ > (P < 0.01),
respectively (data not shown). Like bumetanide, basolat-
eral Cl™ -free buffer did not affect changes in TER induced
by mastoparan or forskolin significantly (data not shown).
Additional experiments with N-phenylanthranilic acid, a
specific inhibitor of bumetanide-insensitive C1 ™ transport,
showed no changes of the mastoparan or forskolin-induced
SCC (Table 1).

In agreement with the above data, mastoparan increased
iodide secretion of the cells preincubated with '?iodide
(data not shown), indicating that stimulation of chloride
secretion contributes to the increase in SCC. Prior to sti-
mulation, the secretion was 0.128 & 0.069 pCi min~' cm 2
and increased 2.9-fold to 0.376 £ 0.048 pCi min~' cm ™.
Nevertheless, inhibition of chloride secretion had no
effect on the changes in TER after stimulation with masto-
paran. In contrast to successful reduction of SCC by
reducing basolateral C1~ entry, blocking of the apical CI1™
channels by known CI™ channel blockers NPPB (100 uM),
DIDS (100 uM), and glibenclamide (100 pM) did neither
reduce chloride secretion significantly nor was the
mastoparan-induced change in TER affected (data not
shown). Thus, NPPB, DIDS or glibenclamide sensitive
CI channels seem not to be involved in the SCC induced
by mastoparan.

3.3. Inhibition of potassium efflux
To test whether the SCC remaining after inhibition of

basolateral C1™ uptake was partly generated by basolateral
K" efflux, the cells were incubated with the potassium

Bumetanide, as well as basolateral Cl-free medium decreased significantly the mastoparan-induced /. whereas N-phenylanthranilic acid had no inhibitory

effect on the mastoparan-induced I, (N = 3-8; P < 0.05).

mas + CI™ bl

mas + CI™ -free solution bl

mas + N-Phenylan-thranilic acid mas + bumetanide

Isep. (MA cm™?) 8.34 + 1.38 3.34 £ 1.02%

83+ 19 6.40 £ 0.69"
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Fig. 4. Effects of mastoparan are modulated by changes in K+ conductance of the plasma membrane. Ba®* (2 mM), a blocking agent for all K™ channels,

abolished the mastoparan-induced short circuit current (A) as well as changes in TER (B).

channel blocker Ba*" prior to stimulation with masto-
paran. The Ca®" concentration in the basolateral bath
remained hereby unchanged. Preincubation with 2 mM
Ba’" completely abolished the mastoparan-induced
changes in SCC. This indicates that basolateral efflux of
K™ ions is responsible for the mastoparan-induced changes
in SCC (Fig. 4A), most likely caused by an increased
driving force for apical chloride exit. Correspondingly,
elevation of K" concentration in the basolateral reservoir
from 2.4 to 10 mM reduced the mastoparan-induced SCC
from 7.77+1.18 to 2.124+0.47 pA cm_z, whereas
110mM K™ totally abolished the increase in SCC
(0.177 + 0.09 pA cm %) (Table 2). While reduction of
the basolateral C1~ uptake did not influence the TER
response, basolateral application of Ba*" abolished the
mastoparan-induced changes of TER (Fig. 4B). Similarly,
elevation of electrochemical K" concentration reduced the
mastoparan-induced decrease of TER. In the presence of
2.4mM K', TER decreased to 20% of control, in the
presence of 10 mM K™ to 59% while in the presence of
110 mM K no decrease was observed (110%) (Table 2).

Table 2
Increasing concentrations of basolateral K* reduced the mastoparan-
induced I, and the decrease in TER (N = 4-6)

mas + mas + mas +
24mM K" bl 10 mM K™ bl 110 mM K* bl
TER (% mean 20 59 110
of baseline)
e, (WAcm™) 777 + 1.18 2.12 + 047 0.18 £ 0.09"**

3.4. Effect of mastoparan on intracellular second
messengers

To elucidate the intracellular signal transduction path-
ways mediating the effect of mastoparan, we measured
intracelluar cAMP, cGMP and intracellular free Ca**
levels as well as inositol phosphates after the cells were
treated with mastoparan. Fig. 5 shows the intracellular
cAMP and cGMP levels under control conditions and
after stimulation with mastoparan: 10 mM mastoparan
had neither any effect on the cAMP level (5.85&+
0.121 pmol mg ™' protein) nor on the intracellular cGMP
level. Vasoactive intestinal peptide (10~ uM) increased
intracellular cAMP approximately 20-fold after 5 min.

*%

"= 7000 B control cAMP
© 5000 [ control cGMP
2 5000 V72 mastoparan cAMP
o 4000 SSY mastoparan cGMP
£ 3000 C1viP
S 2000 [ sta -
g 10001 —
o 80
g 60
3 ] .
= 40 -
% O : .
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Fig. 5. Effect of mastoparan, vasointestinal peptide (VIP) and St.a on
intracellular second messenger concentrations (cAMP and cGMP) in T84
cells. Values are given as pmol cAMP or cGMP per milligram protein.
Mean £+ SEM, N = 4. **P < 0.01; *P < 0.05, both vs. control.
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Mastoparan had no effect on the VIP-induced increase of
cAMP (data not shown). Stimulation with Staphylococcus
aureus toxin (St.a), a cGMP-dependent agonist, led to a
significant increase of intracellular cGMP (1036 £
177 fmol mg ™' protein, P < 0.01 vs. control). Stimulation
with mastoparan however even caused a decrease in intra-
celluar cGMP (1.8 4 0.1 fmol mg ™" protein, P < 0.05 vs.
control).

The changes in free [Ca®"); measured with Fura-2 AM,
are shown in Fig. 6. Addition of mastoparan resulted in a
rapid increase in fluorescence from 13.21 to 16.92
(Fig. 6A), which did not decline during the observation
period of 2 min, indicating that mastoparan induced a high
and sustained increase in [Ca2+]i from 214 nM to 728 uM.
The cells stimulated with mastoparan showed only a minor
additional increase in fluorescence when Triton X-100 was
added in order to permeabilize cell membranes, and show
maximum fluorescence (E.x = 1.2 mM). The inactive
mastoparan analogon masl7, a tetradecapeptide differing
from mastoparan only in two amino acids, did not alter
basal fluorescence except for a small initial decrease in
fluorescence probably due to quenching (Fig. 6B). Pre-
incubation in 2 mM Ba®" as well as extracellular 50 mM
K™ prevented an increase in fluorescence when the cells
were subsequently stimulated with mastoparan (Fig. 6C).
To distinguish between Ca®" release from intracellular
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stores and influx of extracellular Ca®" into the cells, the
cells were stimulated with mastoparan in Ca®"-free med-
ium. As illustrated in Fig. 6D, mastoparan caused a
decrease rather than an increase in fluorescence in
Ca”"-free buffer, showing that the increase in [Ca®'];
resulted mainly from influx of extracellular Ca*". Addition
of 2.4 mM Ca®" to the Ca’"-free buffer resulted in an
immediate increase in fluorescence in mastoparan-presti-
mulated cells, corresponding to a rise from 226 nM to
605 pM.

Although mastoparan increased intracellular Ca*",
experiments in basolateral Ca*"-free medium showed no
significant alteration of the mastoparan-induced effect on
TER (31.5 = 5.2% vs. 35 £ 9% of mean of baseline after
10 min stimulation). Preincubation of cells with 100 pM
BAPTA to complex intracellular free Ca** did also not
alter the mastoparan-induced change in TER (Fig. 7).

Stimulation with mastoparan did not alter the generation
of inositol phosphates. In comparison to controls, there was
no detectable increase of inositol-1,4,5-trisphosphate or
inositol-1,3,4-trisphosphate 1 min or 30 min after stimula-
tion (data not shown). Rapid metabolization of inositol
phosphates could be excluded, since there was also
no increase in other inositol phosphates such as InsP,,
InsP,4 or InsP¢. Carbachol-stimulated cells, used as positive
control, showed increased inositol-1,4,5-trisphosphate and
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Fig. 6. Effect of mastoparan on free cytosolic Ca>" concentrations ([Ca®*);) in T84 cells. [Ca**]; was monitored as ratio of fluorescence at excitation
wavelengths of 380 and 340 nm (/3g0/I340). Mastoparan and mas17 were added at the time indicated by the left arrows. Triton X-100 (0.1%) and EGTA
(2 mM) were added at the end of each experiment as positive and negative controls, respectively. (A) Apical addition of mastoparan (15 pM), (B) addition of
the mastoparan analogue mas17 (15 uM). (C) Both basolateral addition of Ba®>" (2 mM) and decrease in basolateral K™ concentration (50 mM) prevented the

mas-induced influx of Ca**. (D) In the presence of extracellular EGTA (2 mM) mastoparan failed to increase ([Ca®
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Fig. 7. Preincubation with 1,2-bis(2-aminophenoxy)ethane-N,N,N',N-tetraacetic acid (BAPTA) does not alter the ability of mastoparan to decrease resistance
of T84 cell monolayers. Cells were preincubated for 45 min with 0.5 mM BAPTA before the cells were mounted in Using chambers. Values are expressed as
resistance relative to base baseline and as means + SD for at least five experiments. Insert: effect of BAPTA on mastoparan increased free cytosolic Ca®"
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inositol-1,4,5,6-tetrakisphosphate levels and inositol-
1,3,4-trisphosphate, as a metabolite of Ins(1,4,5)P; and
InsP,4 turnover as well.

3.5. Effect of mastoparan on F- and G-actin and
influence of the actin cytoskeleton

Stimulation with mastoparan led to biphasic changes in
the amount of actin filaments. Within the first 20 min there
was an increase in F-actin to 122% as compared to controls
(Fig. 8A). The temporary increase in F-actin content was
followed by a rapid decrease: 30 min after stimulation, F-
actin content was reduced to 75%, declining further to 64%
after 60 min. Control cells showed a decrease in F-actin of
only 4% during 60 min incubation.

The F-actin pool was measured 45 min after stimulation
when TER was at a minimum. In contrast to F-actin, there
was an increase in G-actin content to 117.4 & 11% com-
pared to controls (99.9 + 6.8%) (Fig. 8B). Ba’" inhibited
the mastoparan-induced increase in G-actin (95.6 £+ 6%)
and the K" ionophore valinomycin as a positive control
also increased G-actin to 121.7 & 7.9%.

3.6. Interaction of mastoparan with GTP-binding
proteins

As the small GTPase Rho is known to be an important
regulator of tight junctions, the influence of mastoparan on

) in T84 cells. [Ca”]i was monitored as ratio of fluorescence at excitation wavelengths of 380 and 340 nm (/3g0/I340)-

Rho proteins was estimated by determination of the
Rho/Rho-GDI complex. Therefore, Rho-GDI was immu-
noprecipitated and the precipitates were [*>P]ADP-ribosy-
lated and visualized by autoradiography. After stimulation
with mastoparan (10 pM) significantly more Rho-GDI
complexes could be detected (174% =+ vs. control
P < 0.01) in T84 cells (Fig. 9).

4. Discussion

We provided several lines of evidence showing, first, that
mastoparan decreases the TER and increases the paracel-
lular conductance in T84 cell monolayers, the effect being
independent of the presence of chloride in the extracellular
medium, but completely abolished by blockade of baso-
lateral K-channels. Second, that mastoparan acts primar-
ily via activating K" channels with a secondary Cl~
secretion and Ca*" influx. And third, that this drug inacti-
vates RhoA and thereby causes a biphasic rearrangement
of actin filaments and increased globular actin content in
T84 cells. This study therefore elucidates the mechanisms
by which mastoparan may enhance intestinal absorption of
various drugs in humans, and is of importance both in
physiology and in pharmacology.

T84 cells have been widely used as a model system to
define regulatory mechanisms for both Cl1~ secretion and
barrier function [23-25]. By using these cells grown as
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Fig. 8. (A) Disassembling of filamentous actin after stimulation with
mastoparan. (B) The content of G-actin in the cells 45 min after
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monolayers, we were able to show that their stimulation
with mastoparan decreases TER and increases the SCC, the
decrease in TER being due to changes in paracellular
conductance. Even if this technique has its limitations

Rho-GDI —
(inactivated RhoA)

(A) K MP

(as described by Kottra and Fromter [26]), the observed
change in TER could not be due to a transcellular shunt for
Cl™ or K", since the SCC already returned to baseline after
nystatin treatment of the stimulated cells. Different poly-
cations, like poly-L-lysine, alter transepithelial permeabil-
ity unspecifically, likely by electrostatic binding to
membrane proteins constituting the tight junctions. As a
result, their functional properties are altered [24—27]. Since
mastoparan has several positive charges, we investigated
the possibility that it may affect transepithelial permeability
by some comparable mechanism. Stimulation of the cells
with its inactive analogue, masl7, with one additional
positive charge compared to mastoparan, did not affect
TER. These data imply that no essential change in mem-
brane integrity or other unspecific effect could be caused by
mastoparan and its charged analogues. The mastoparan-
induced decrease in TER was missing when the drug was
applied from the basolateral side, indicating that there was
no leakage of ions or molecules from the cells, as it was
supposed earlier [28]. In accord to this, no leakage of lactate
dehydrogenase from the cytosol, as a marker of membrane
damage, could be detected in mastoparan-treated cells.

Further experiments were aimed to clarify the modes of
action responsible for the mastoparan-induced increase in
SCC and the decrease in TER. In the first series of
experiments we observed that (i) blockade of basolateral
CI™ uptake inhibited a large part of SCC, but did not
influence TER reduction; (ii) blockade of basolateral K+
channels by Ba>" fully prevented both the increase in SCC
and the decrease in TER; (iii) the rise of [Ca®"] after
mastoparan was completely inhibited by Ba**. And finally
(iv) treatment with mastoparan induced an almost 2-fold
increase of GDI-complexed Rho.

Since the Cl™ secretion is not a prerequisite for the
decrease in TER, the increased paracellular permeability
did not result from cell shrinkage, as postulated by Winter
et al. [10]. The primary effect of mastoparan is an increase
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Fig. 9. Determination of the Rho/Rho-GDI complexes after stimulation with mastoparan. (A) Rho-GDI was immunoprecipitated and the precipitates were
[**P]ADP-ribosylated and visualized by autoradiography after electrophoresis. (B) After stimulation with mastoparan (10 uM) (174 + 19% vs. control

P < 0.01).
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in K™ conductance, which is inhibited by both K" channel
blocker Ba®" and by increasing concentrations of extracel-
lular K. This also shows that mastoparan does not directly
activate Cl™ channels. However, it remains unknown
whether CI™ channels were activated indirectly (due to
increased intracellular Ca2+), or whether the increased
CI™ carried SCC after mastoparan results from an increased
driving force for apical anion secretion due to basolateral
membrane hyperpolarization after opening K" channels.

The activation of basolateral K* channels also induced
an increased paracellular permeability which could be fully
prevented by Ba”". Thus, activation of these K™ channels
is likely to be the primary signal for the decrease in TER,
and may result in the activation of further signal transduc-
tion mechanisms. One subsequent effect of activated K"
channels was the activation of Ca®" channels, which led to
an influx of extracellular Ca®*. Both blocking of K*
channels with Ba®' as well as increased extracellular
K" concentration inhibited the rise in [Ca®>"];. However,
it seems unlikely that voltage-dependent Ca®" channels as
described by Leipziger et al. in HT29 cells regulate the
mastoparan-induced Ca®" influx, since preincubation of
cells with BAPTA-AM could not inhibit the mastoparan-
induced change in TER [29]. It has to be considered that
basolateral Ca®* channels may select Ba*" over Ca®" in
experiments where Ba”" was used to block basolateral K™
channels and subsequently block the influx of Ca®". How-
ever, addition of EGTA to the basolateral side could reverse
the mastoparan-induced influx of calcium, therefore pro-
viding a strong evidence that Ba®" acts as K" channel
blocker rather than being a substitute for Ca®" ions.

In spite of extensive research over the past decades, the
exact modes of action of mastoparan have not yet been
fully elucidated. The question that may arise is whether its
effects described in this study are indeed specific and if
they are due to distinct mastoparan-induced signal trans-
duction pathways in the cell. Our data indeed favour this
hypothesis, since mastoparan-induced change in paracel-
lular conductance required no rise in intracellular free
Ca*" or inositol phosphates and was not cAMP- and
cGMP-dependent (Figs. 5-6).

It appeared therefore likely that reorganisation of the
cytoskeleton due to mastoparan may be involved, at least in
part, in the effects of this drug we described. Similar was
described in human neutrophils [30] and also suggested by
Madara and co-workers [16,17] and Ries et al. [25]. Our
data showed that a possible regulator of the mastoparan-
induced effects on the cytoskeleton is the small GTP-
binding protein RhoA, which regulates the organization
of the actin filaments [31-34]. In confluent cell layers
opening of the tight junctions, e.g. by bacterial toxins
resulting in decreased barrier function can be explained
by inactivation of Rho proteins [35,36]. Associations of
RhoA with actin-binding proteins, e.g. members of the
ERM (ezrin-radixin-moesin) family in endothelial mono-
layers is known [37] as well as Rho driven interaction

between ERM proteins and the plasma membrane [38]. A
Rho kinase (ROCK) as a downstream effector of Rho
regulates tight junction function and is necessary for tight
junction assembly in T84 cells [39]. We showed that RhoA
is concentrated at the tight junction and adhesion plaques
of intestinal tight junctions and that it is co-localized with
Z0-1, a zonula occludens protein and E-cadherin, a zonula
adhaerens protein (unpublished data). Mastoparan has
been demonstrated to interact with small GTP-binding
proteins Rho and Rac in several cell types [15]. Although
mastoparan is a known activator of trimeric G-proteins
[5,40-43] in several cell types, Rho together with a trimeric
G-protein regulates changes in the actin cytoskeleton
observed in activated mast cells [44,45]. In chromaffin cells,
the mastoparan-induced inhibition of secretion can be par-
tially reversed by agents known to affect the assembly of
actin and by the Clostridium botulinum C3 ADP-ribosyl-
transferase, which specifically inactivates the small GTPase
Rho by ADP-ribosylation [46,47]. In agreement to these
studies, our experiments showed that mastoparan induced a
significant rise in Rho-GDI complexes in T84 cells, indicat-
ing the inactivation of Rho proteins, and this inactivation—
perhaps also involving trimeric G-proteins—may trigger the
above discussed cascade and result in an opening of tight
junctions/an increase in paracellular permeability.
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