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Electrophysiological Response
of Cultured Trabecular Meshwork Cells
to Synthetic Ion Channels

ion channels as potential drugs to modulate cellular
functions or to restore lacking ion channel activity.

We have chosen gramicidin A (gA) [5, 6] as a lead
structure for ion channel design (Figure 1) [11, 13–17].
gA, a bacterial antibiotic, acts in planar lipid bilayers as
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Our channel design is based on the covalent linkageKlinik und Poliklinik für Augenheilkunde
Bereich Experimentelle Ophthalmologie [11, 17–19] of the gA motif and the incorporation of

synthetic building blocks [13, 16, 20, 21], such as theMartinistrasse 52
20246 Hamburg cis tetrahydrofurane amino acid (H-THF-OH) [22], with

the goal to tune the channel function. Thus, in syntheticGermany
THF-gram the hydrophobic valine-rich motif (residues
1–8) is replaced by a tetra-THF sequence [13]. Since
monovalent cations show a high affinity to ether andSummary
polyether functionalities, the tetrahydrofurane moiety is
supposed to interact with monovalent cations and influ-The response of living cells of the trabecular mesh-

work to synthetic ion channels is described. The THF- ence the overall ion-conductance properties. Both N
termini in THF-gram are covalently linked by a C4-diacidgramicidin hybrids THF-gram and THF-gram-TBDPS

as well as a linked gA-TBDPS and gramicidin A were moiety in order to increase the efficiency of pore forma-
tion [11, 18, 19]. The introduction of a lipophilic cappingapplied to cultured ocular trabecular meshwork cells.

THF-gram application (minimal concentration, 10�8 M; of the hydrophilic gramicidin C terminus using the
t-Butyldiphenylsilyl (TBDPS) group leads to THF-gram-saturation, 10�7 M) led to an additional conductance

which displayed characteristics of weak Eisenman-I- TBDPS. The syntheses of THF-gram and THF-gram-
TBDPS were carried out by segment coupling in solutionselective cation channels, no cell destruction, an

asymmetric change of the inward/outward currents, as decribed earlier [13, 23]. All synthetic ion channels
were purified by RP-HPLC (Figures 2A and 2C) and char-and higher current densities using Cs� as charge car-

rier compared to Na� and K�. Linked-gA-TBDPS acterized by 1H-NMR and MS. In addition, a linked gA-
TBDPS was synthesized to explore the effect of theshowed at 10�12 M increases of the membrane conduc-

tance comparable to gA at 10�7 M and a much faster covalent linkage in more detail [23].
In this study, trabecular meshwork cells of the eyeresponse of the cells. Thus, THF-gramicidin hybrids

form a basis for the use of synthetic ion channels in were chosen as the biological target for the implantation
of the synthetic ion channels [24]. The trabecular mesh-biological systems, which eventually may lead to new

therapeutic approaches. work is a smooth muscle-like tissue which is involved
in the regulation of the intraocular pressure, a major risk
factor in the etiology of glaucoma [25, 26]. Our goal wasIntroduction
to study the response of the living cells to the different
synthetic ion channels, e.g., the effect on the nativeWith the development of the patch-clamp technique,

it became more and more clear that ion channels are membrane conductance or the response time. The func-
tional analysis of the synthetic ion channels in planarinvolved in the regulation of nearly all cell functions [1,

2]. Several severe hereditary diseases which are caused lipid bilayers was addressed first. Second, the response
of the trabecular meshwork cells to the synthetic ionby mutations in ion channel genes (channelopathies)

show the medicinal relevance of ion channels [1]. In the channels was studied by patch-clamp techniques.
recent past, substantial progress was made to correlate
structure and function of biological ion channels [3, 4].

ResultsAdditional understanding of ion channel function came
from studies of synthetic ion channels in artificial mem-

Single-Channel Recordings in Artificialbranes [5–11]. The investigation of synthetic ion chan-
Lipid Bilayersnels in living cells is a nearly unexplored field [12]. This
Conductance experiments with THF-gram were per-challenging task holds the potential to develop synthetic
formed in artificial phospholipid bilayers of the black-
lipid type prepared from soybean lecithin and n-decane.*Correspondence: o.strauss@uke.uni-hamburg.de
In these recordings, THF-gram showed characteristic4 Current address: Fachbereich Chemie, Philipps-Universität Mar-

burg, 35032 Marburg, Germany. single-channel events (Figure 2B). Several different sub-
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Figure 1. Structures of gA, THF-Gram, THF-Gram-TBDPS, and Linked gA-TBDPS

conductance levels were observed, indicating more Na� in a range of 2.6: 1 for the conductance and 10: 1
for the permeability between NH4

� and Na� (see Supple-than one-channel active conformation. The amplitude
histogram for K� currents of THF-gram shows that the mental Data). THF-gram-TBDPS showed a channel be-

havior similar to THF-gram. The channel-opening timestwo highest level (2.3 and 2.5 pA) contribute the most to
the overall membrane conductance (see Supplemental for THF-gram and for THF-gram-TBDPS were shorter

compared to linked-gA-TBDPS (see below). SeveralData). Thus, these levels were used for further evalua-
tion. Concerning ion selectivity, THF-gram showed a conductance levels (Figure 2D) and a weak ion selectiv-

ity NH4
� � Cs� � K� � Na� were observed for THF-weak ion preference in the order NH4

� � Cs� � K� �

Figure 2. HPL-Chromatograms and Single-Channel Recordings in Artificial Bilayers (BLM) of Synthetic Ion Channels

(A) HPL-chromatogram of THF-gram. Rainin Dynamax C-8 column: A, H2O; B, MeOH; 85%–100% B over 25 min.
(B) Single-channel current trace of THF-gram.
(C) HPL-chromatogram of THF-gram-TBDPS. Macherey-Nagel Nucleosil 100-5 C-8 column: A, H2O; B, MeOH; 85%–100% B over 25 min.
(D) Single-channel current trace of THF-gram-TBDPS. Single-channel currents were recorded in soybean lecithin membranes: 1 M KCl; 100
mV; 20�C; c � 10�8 M.
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92.2 � 9% of the values measured before application
of DMSO (n � 3), and the reversal potential was changed
by �1 � 1.5 mV (n � 3). After 10 min application of 0.5%
methanol to the bath solution, the current density was
97.3 � 11.3% of the values measured before application
of methanol (n � 3), and the reversal potential was
changed by �0.53 � 2.8 mV (n � 3). The values observed
after application of methanol or DMSO were not signifi-
cantly different from the control values.

Effects of THF-Gram and THF-Gram-TBDPS
on Trabecular Meshwork Cells
Application of 10�6 M THF-gram led to an increase in the
membrane conductance of trabecular meshwork cells
(Figure 4). This was observed in 80% of all investigated
cells. 103 � 26 s (n � 7) after beginning of the compound
application, the hyperpolarization-induced inward cur-
rents and the depolarization-induced outward currents
started to increase. Usually, after 10–15 min in the pres-
ence of the substance the current amplitudes reached
maximal values. At that point, the overall density of
membrane currents was increased by 5.8 � 2.0 pApF�1

(n � 7; Figure 5A) when using K�/Na� as charge carriers
Figure 3. Comparison of Single-Channel Properties from gA and (Ringer solution as bath solution and standard pipette
Linked-gA-TBDPS solution). Under these conditions, the reversal potential
Typical single-channel currents in BLM soybean lecithin membranes of the membrane currents was shifted by �12.1 � 3.4
in 1 M KCl at a membrane potential of 100 mV in the presence of gA

mV (n � 10) toward more positive values (Figure 5B).(10�12 M; [A]) and linked-gA-TBDPS (10�14 M; [B]). For an interesting
The effect of THF-gram was concentration dependentexplanation for the flickering observed with linked-gA-TBDPS, see [31].
between 10�8 M and 10�6 M. An asymmetric change of
the outward/inward current was observed (Figure 5C).
The increase in the outward current density (by 4.7 �gram-TBDPS. However, with THF-gram-TBDPS the val-

ues for the highest conductance levels were about 1.6 pApF�1; n � 7; 10�6 M of THF-gram) was larger than
the increase in the inward current density (by 1.1 � 0.410%–40% lower for the different cations and the perme-

ability ratios less pronounced than for THF-gram. In fur- pApF�1; n � 7; p � 0.049). The asymmetric behavior of
the synthetic channels in the living cells may result fromther experiments, we recorded the single-channel char-

acteristics of gA and linked-gA-TBDPS in black-lipid the asymmetry of the biological membrane. In symmetri-
cal bilayers, no asymmetry was observed. When usingmembranes (Figure 3). gA displayed the known, sto-

chastic appearance of single-channel currents, which Cs� as the main charge carrier (Cs-Ringer in the bath
and Cs-pipette solution in the pipette; Figure 5D) appli-correspond to the association/dissociation of channel-

active gramicidin dimers [5]. Linked-gA-TBDPS showed cation of 10�6 M of THF-gram increased the overall cur-
rent density by 17.5 � 2.6 pApF�1 (n � 5). The currenta completely different pattern of single-channel activity.

The single-channel events stayed in the open configura- density measured with Cs� as the main charge carrier
was significantly higher than with Na�/K� as chargetion for more than 30 min experimental time. Some very

short and incomplete closures were occasionally ob- carriers (p � 0.005).
Upon addition of THF-gram-TBDPS at a concentrationserved. However, the linked-gA-TBDPS showed a

smaller single-channel conductance resulting from the of 10�6 M, only 30% of all investigated cells reacted with
an increase in the membrane conductance in the 15–20local hydrophobic disturbance of the CH2CH2-linker and

the steric influence of the bulky TBDPS-group. min time frame for stable recordings in the whole-cell
configuration (Figure 6). We therefore prolonged the
substance exposure time of the cells. In these experi-Patch-Clamp Control Experiments

Patch-clamp recordings were performed in the whole- ments, the cells were incubated for 1 hr in Ringer con-
taining 10�6 M with THF-gram-TBDPS (Figure 6D). Thencell configuration. This patch-clamp configuration al-

lowed stable recordings of membrane conductance for we compared current density and reversal potential of
membrane currents of cells treated under these condi-15–20 min with cells of the trabecular meshwork. Under

control conditions (using Ringer bath solution and stan- tions with cells which had been incubated only with
DMSO. In cells treated with THF-gram-TBDPS for 1 hr,dard-pipette solution), the overall current density of the

membrane conductance of trabecular meshwork was 85% of cells showed a positive response regarding in-
crease of conductance. Using K�/Na� as charge carri-4.0 � 0.5 pA pF�1 (n � 69). The currents were character-

ized by the outwardly rectifying potassium currents ers, THF-gram-TBDPS increased the overall current
density by 6 � 2.4 pApF�1 (n � 7; see Supplementalthrough the maxi-K K� channel, which provides the main

membrane conductance in these cells [24, 25]. After 10 Data). The reversal potential was shifted by �21 � 4.5
mV (n � 7) toward more positive values. In the incubationmin application of 0.5% DMSO, the current density was
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Figure 4. Response of Trabecular Meshwork Cells to THF-Gram

(A) Whole-cell currents of a trabecular meshwork cell under control conditions. The cell was clamped to �40 mV and electrically stimulated
by the protocol that is shown below.
(B) Change in the membrane conductance of a trabecular meshwork cell by application of THF-gram (10�6 M). The membrane currents were
continuously recorded at a holding potential of �40 mV. To monitor the membrane conductance, the cell was stimulated every 2.5 s by the
protocol shown below. The black bar indicates the time for which the cells were exposed to THF-gram; the arrow indicates the moment when
application started.
(C) Membrane currents of the trabecular meshwork cell in the presence of THF-gram. The currents were stimulated by the protocol as shown
in (A). The recording was started after finishing the recording shown in (B).
(D) Current/voltage of the currents shown in (A) and (C). The steady-state currents (estimated in the frames shown in [A] and [C]) were plotted
against the potential of the electrical stimulation.

experiments, the cells showed an increase in overall tration range between 10�7 to 10�6 M. When comparing
the increase in depolarization-induced outward currentcurrent density of 4.7 � 1.7 pApF�1 (n � 35) versus the

DMSO controls and a reversal potential that was 14.6 � density with hyperpolarization-induced inward current
density, no significant difference was observed (outward6.3 mV (n � 35) more positive than the DMSO-treated

controls. All these effects were observed in the concen- 3.9 � 1.9 pApF�1, n � 7 versus inward 3.5 � 2.1 pApF�1,

Figure 5. Summary of the Effects of THF-
Gram on the Membrane Conductance of Tra-
becular Meshwork Cells

(A) Increase in the overall current density (c �

10�6 M).
(B) Effect on the reversal potential of trabecu-
lar meshwork cells.
(C) Comparison of increase in outward cur-
rent and inward current density.
(D) Comparison of induced increase in cur-
rent density when Na� and K� were used as
charge carriers (physiological intracellular K�

concentration and physiological extracellular
Na� concentration) with the increase in cur-
rent density when Cs� was used as main
charge carrier (intra- and extracellular solu-
tions contained mainly Cs� as monovalent
cations).
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Figure 6. Effect of Application of THF-Gram-TBDPS to Trabecular Meshwork Cells.

(A) Whole-cell currents of a trabecular meshwork cell under control conditions. The cell was clamped to �40 mV and electrically stimulated
by the protocol shown in the lower panel of Figure 4A.
(B) Change in the membrane conductance of a trabecular meshwork cell by application of THF-gram-TBDPS (c � 10�6 M) which has been
observed in 30% of all cells. The membrane currents were continuously recorded at a holding potential of �40 mV. To monitor the membrane
conductance, the cell was stimulated every 2.5 s by the protocol shown in the lower panel of Figure 4B. The black bar indicates the time for
which the cells were exposed to the synthetic ion channel; the arrow indicates the moment when application was started.
(C) Membrane currents of the trabecular meshwork cell in the presence of THF-gram-TBDPS. The currents were stimulated by the protocol
shown in the lower panel of Figure 4A; the recording was started after finishing the recording shown in Figure 4B.
(D) Results of 1 hr incubation of trabecular meshwork cells with THF-gram-TBDPS. The reversal potentials were measured and grouped into
the voltage ranges of �80–(�70) mV, �70–(�60) mV, �60–(�50) mV, following this pattern to 20–30 mV. The number of cells showing currents
with reversal potentials in these groups was plotted against the corresponding voltage ranges. Most cells showed a reversal potential
between �10 mV and �10 mV after 1 hr incubation.

n � 7; see Supplemental Data). Using Cs� as the main changes in the membrane conductance was always high
enough to lead to cell destruction after several minutes.charge carrier, THF-gram-TBDPS increased the overall

densityof membrane currents by 10.5 � 3.0 pApF�1 (n �4). Application of linked-gA-TBDPS gave a much faster
and more effective response of the trabecular meshwork
cells (Figure 7). Linked-gA-TBDPS started to show anEffect of Linked-gA-TBDPS and gA on Trabecular
effect at 10�14 M. Application of 10�12 M of linked-gA-Meshwork Cells
TBDPS increased the overall current density by 8.6 �In order to elucidate the influence of the covalent linkage
1.9 pApF�1 (n � 5) and shifted the reversal potential ofof the two gA motifs in more detail, the responses of
currents toward more positive potentials by �11.4 � 4the cells to gA and linked-gA-TBDPS were studied by
pApF�1 (n � 5). The effect was measurable 33.3 � 7.2patch-clamp analysis. 115 � 20 s (n � 6) after beginning
s (n � 6) after the beginning of exposure, and the mem-to expose the cells to gA (10�6 M), the membrane con-
brane conductance rose by 5.0 � 1.2 pA per secondductance started to increase (Figure 7). Maximum re-
(n � 6). Maximum response of the cells was observedsponse of the cells was observed after 10 min exposure
after 2 min of exposure time. Also, in this case the in-time. When using K�/Na� as charge carriers, gA in-
crease in the membrane conductance was high enoughcreased the overall current density by 23.8 � 3.7 pApF�1

so that the application led to a drift in the baseline of(n � 8) and shifted the reversal potential by �22.6 � 8
the holding current during the voltage-clamp experi-mV (n � 8) toward more positive values. With these ions
ment. No differences between increase in inward andas charge carriers, the overall conductance increased by
outward current density were observed with linked-gA-1.7 � 0.3 pA per s (n � 6). The increase in the membrane
TBDPS (see Supplemental Data). Using Cs� as mainconductance and shift in the reversal potential moved
charge carrier, the overall current density was increasedthe current to clamp the membrane potential on to more
by 18.4 � 2.4 pApF�1 (n � 3).negative values. This can be seen as drift in the baseline

during the voltage-clamp experiment. The outward cur-
rent density was increased by 13.5 � 1.9 pApF�1 (n � Discussion
8), whereas the inward current density was increased
by 10.2 � 1.9 pApF�1 (n � 8). Both values are not statisti- Both synthetic ion channels, THF-gram and THF-gram-

TBDPS, led to an increase in the membrane conduc-cally different (p � 0.24). The level of the gA-induced
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Figure 7. Response of Trabecular Meshwork
Cells to gA and Linked-gA-TBDPS

(A) Whole-cell currents of a trabecular mesh-
work cell under control conditions. The cell
was clamped to �40 mV and electrically stim-
ulated by the protocol shown in the lower
panel of Figure 4A.
(B) Change in the membrane conductance of
a trabecular meshwork cell by application of
gA (10�6 M). The membrane currents were
continuously recorded at a holding potential
of �40 mV. To monitor the membrane con-
ductance, the cell was stimulated every 2.5
s by the protocol shown in the upper panel
of Figure 4B. The black bar indicates the time
fir which the cells were exposed to gA; the
arrow indicates the moment when application
of was started.
(C) Membrane currents of the trabecular
meshwork cell in the presence of gA. The
currents were stimulated by the protocol
shown in the lower panel of Figure 4A; the
recording was started after finishing the re-
cording shown in (B).
(D) Whole-cell currents of a trabecular mesh-
work cell under control conditions. The cell
was clamped to �40 mV and electrically stim-
ulated by the protocol shown in the lower
panel of Figure 4A.
(E) Change in the membrane conductance of

a trabecular meshwork cell by application of linked-gA-TBDPS (10�14 M). The membrane currents were continuously recorded at a holding
potential of �40 mV. To monitor the membrane conductance, the cell was stimulated every 5 s by the protocol shown in the lower panel of
Figure 4B. The black bar indicates the time for which the cells were exposed to linked-gA-TBDPS; the arrow indicates the moment when
application was started.
(F) Membrane currents of the trabecular meshwork cell in the presence of linked-gA-TBDPS. The currents were stimulated by the protocol
shown in the lower panel of Figure 4A; the recording was started after finishing the recording shown in (E).

tance of cultured trabecular meshwork cells, which this interesting point. The current density in trabecular
meshwork cells was dependent on the type of cationadded to the membrane conductance provoked by natu-

rally expressed ion channels, assuming that the behav- used as the main charge carrier. When using Cs� instead
of Na�/K�, we observed significantly higher current den-ior of the biological channels remained mostly un-

changed. With THF-gram, the additional current density sities in the presence of THF-gram. This is in agreement
with the higher Cs� conductance (Cs�: K�: Na� � 2.0:was approximately two times higher than the current

density of naturally expressed ion channels under con- 1.4: 1) observed in the planar-lipid bilayer experiments.
The cell response of THF-gram-TBDPS was less pro-trol conditions. This response began at a concentrations

of 10�8 M and was saturated at a concentration of 10�7 nounced compared to THF-gram. One reason could be
the lower solubility of THF-gram-TBDPS in an aqueousM. This range is too small to reasonably estimate a

concentration dependence and should be taken into environment, which may impede the transport to the
cell. On the other side, the big lipophilic TBDPS groupsaccount for further studies. The increase in conductance

was compatible with the vital functions of the biological at the C termini of the compound may interact with the
biological membrane to delay the formation of channel-system. The cells could survive an incubation for 1 hr

with THF-gram-TBDS in its maximal effective concentra- active conformation. The changes in the overall current
density were in the same range as the changes inducedtion. In contrast, application of the same concentration

of gA led, after an initial increase in the membrane con- by THF-gram.
The comparison of the cell response to gA and linked-ductance, to the fast destruction of all cells.

The cells responded to the application of THF-gram gA-TBDPS shows that the covalent linkage, which re-
sults in the transition from a bimolecular to a monomo-with a shift of the reversal potential toward more positive

values but still remained in a negative voltage range. lecular channel, leads to a faster response time in the
biological system. With linked-gA-TBDPS, the effect onRemarkable is the asymmetry for the increase of the

inward/outward current density. The THF-gram cation the membrane conductance occurred at concentrations
beginning with 10�14 M, while comparable effects withchannel induced higher current densities in outward di-

rection than in inward direction. Possible explanations gA were observed at concentrations of 10�8 M. The
covalent linkage in linked-gA-TBDPS avoids the dimerare an asymmetric function of the compound in the

membrane in combination with an asymmetric incorpo- association step necessary for gA to form active chan-
nels, leading to a faster and more sensitive cell re-ration into the membrane or an influence of complex

ionic solutions. Further studies in planar lipid bilayers sponse. Linked-gA-TBDPS shows a larger effect on cells
than THF-gram and THF-gram-TBDPS. A possible ex-should distinguish between both possibilities and clarify
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planation is the conformational flexibility of the THF I selective cation channels. The additional membrane
conductance showed current densities comparable toamino acid, which can give rise to nonchannel active

conformations. This is the main reason for the smaller naturally expressed conductances and did not lead to
cell destruction. The asymmetry of the induced inward/dwell times and the existence of several conductance

levels for THF-gram. However, the mostly open channel outward currents points to an asymmetric function of
the THF-hybrid channels in the biological membrane.in linked-gA-TBDPS causes a control problem, while the

conformational flexibility of THF-gram offers the chance With these characteristics, THF-gramicidin-hybrid
cation channels represent a good basis for furtherfor conformational switching to gate the channel.
development in designing substances with defined
properties such as ion selectivity or tissue-specificPossible Applications of Synthetic Ion Channels
control of ion channel activity.Synthetic ion channels are not only valuable tools to

study the mechanism of biological ion transport. Cur- Experimental Procedures
rently, the use of gA-channel-based systems for nano-
sensors is an active field [27]. Our long-term goal is to Substances

Media and cell culture supplements were purchased from Biochromdevelop ion channels as drugs for therapeutical ap-
(Berlin, Germany). Chemicals were purchased from Sigma (Munich,proaches. The above-discussed observations demon-
Germany), Serva (Heidelberg, Germany), Merck (Darmstadt, Ger-strate that compounds such as THF-gram represent a
many). Gramicidin A (�90% HPLC) came from Fluka. THF-gram,

basis to develop synthetic ion channels as a drug for THF-gram-TBDPS, and linked-gA-TBDPS were synthesized as de-
therapy. The substances alter the membrane conduc- scribed before [12, 22].
tance without destroying the cell. Furthermore, the addi-
tional membrane conductance can be influenced by Purification and Purity Control of the Synthetic Ion Channels

The purification procedure for THF-gram and THF-gram-TBDPSstructural modifications. The next step should address
consisted of flash column chromatography (FC) on silica gel 60 (230-the change of the functional properties of the tissue.
400 mesh) from Merck (Darmstadt, Germany) or preparative thinFor this purpose, measurements of the contractility of
layer chromatography (TLC) on silica gel 60 F-245 glass plates,

trabecular meshwork strips under the influence of THF- 200 � 200 � 1 mm, Merck (Darmstadt, Germany), followed by pre-
gram are planned. In these experiments, one could ex- parative reversed phase HPLC (250 � 20 mm column, 15 mL/min)
pect an increase in the contraction force developed by and gel permeation chromatography (GPC) on Sephadex LH-20 from

Sigma (Munich, Germany), CHCl3/MeOH 1:1. THF-gram: preparativethe trabecular network tissue. THF-gram leads to a mild
TLC (CHCl3/MeOH 10:1), HPLC (Rainin Dynamax C-8 column, A �depolarization of the cells, which in turn should increase
H2O, B � MeOH, 85 to 100% B over 25 min), GPC. THF-gram-the contraction force of the trabecular meshwork, a
TBDPS: FC (CHCl3/MeOH 30:1 to CHCl3/EtOH 5:1), HPLC (Machrey-

smooth muscle-like tissue. Nagel Nucleosil 100-5 C-8 column, A � H2O, B � CH3CN/i-PrOH 2:1,
To further develop compounds such as THF-gram 80% B isocratic), GPC. Linked-gA-TBDPS was purified as described

toward therapeutical uses, two main problems have to before [22]. gA was used without further purification. All purification
steps were controlled by analytical HPLC (final purity: �95%, HPL-be solved. First, the substance must show a defined ion
chromatograms see Figure 2) and single-channel recordings on BLM.selectivity. In order to develop an antiglaucoma drug,

the ion channel should have a K� selectivity, which leads
Recordings with Artificial Bilayers of the Black Lipid Typeto hyperpolarization and a decrease of the contraction
Planar lipid membranes were prepared by painting a solution of

force. As we showed in previous studies, this effect soybean lecithin (40%; Avanti Polar Lipids, Alabaster, AL) in n-dec-
increases the outflow rate of the aqueous humor in the ane (25 mg/ml) over the aperture of a polystyrene cuvette with a

diameter of 0.15 mm [28]. All experiments were performed at ambi-eye with a subsequent reduction of intraocular pressure.
ent temperature. The electrolyte solutions at a concentration of 1The reduction of intraocular pressure is a priority goal
M each were unbuffered. The probes, dissolved in methanol, werein the treatment of glaucoma. The second problem is
added to the trans side of the cuvette (containing the referencethe cell-specific targeting of the drug. Basically, THF-
electrode), resulting in a bath concentration of 0.01–0.03 	M (THF-

gram will incorporate in every cell membrane which is gram and THF-gram-TBDPS) or 1 pM (linked-gA-TBDPS and gA).
exposed to the drug. This problem could be solved, e.g., Current detection and recording was performed with a patch-clamp

amplifier Axopatch 200, a Digidata A/D converter, and pClamp6by formation of an antibody-THF-gram conjugate.
software (Axon Instruments, Foster City, MA). The acquisition fre-
quency was 5 kHz. The data were filtered with an analog filter at 50

Significance Hz for further analysis.

Cell CultureThis study of synthetic channels in living cells is a
Primary cultures of bovine trabecular meshwork were establishedfirst step toward the long-term goal of the controlled
as described previously [24–26]. Bovine eyes were obtained from achannel implantation into specific tissues. So far, syn-
local slaughterhouse. Short, small pieces of trabecular meshwork

thetic ion channels were mainly used to study mecha- were isolated from the eyes and placed under a glass coverslip
nisms of ion transport in artificial lipid bilayer mem- lying in a Petri dish. The cultures were maintained in 5% CO2 in air at
branes [29, 30]. This is the first study that describes 37�C. Twice a week, the cultures were fed with Dulbecco’s modified

Eagle’s minimal essential medium (DMEM) supplemented with 10%effects of synthetic ion channels on membrane con-
fetal calf serum, 100 U/ml penicillin, and 100 	g/ml streptomycin.ductance of living trabecular meshwork cells. Applica-
The cultures were passaged using the trypsin/EDTA method andtion of THF-gramicidin-hybrid channels increased the
grown to confluent monolayers.

membrane conductance in association with a mild de-
polarization of the cell. This membrane conductance Patch-Clamp Recordings
adds to the naturally expressed membrane conduc- Membrane currents were measured using the whole-cell configura-

tion of the patch-clamp technique [2]. For recordings from singletance and displays characteristics of weak-Eisenman
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cells, monolayers of the third passage were dispersed by enzymatic various cations as charge carriers; changes in current density for
patch-clamp experiments with THF-gram-TBDPS; and changes intreatment with trypsin for 3 min into a single-cell suspension. The

cells were allowed to settle down on glass coverslips for 30 min. current density for patch-clamp experiments with gA and linked-
gA-TBDPS. Please write to chembiol@cell.com for a PDF.Glass coverslips with cells were then placed into a perfusion cham-

ber for patch-clamp recordings which is mounted onto the stage of
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