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Abstract. Chloride channels were reconstituted into
planar lipid bilayers isolated from a preparation of
growth cone particles (GCPs) isolated from fetal rat
brain. One type of channel was predominantly seen and
some of its biophysical and pharmacological properties
were studied. The single channel i-V relationship was
curvilinear with a chord conductance of 75 pS at +30
mV in symmetric 200 mM NaCl solutions buffered with
phosphate. The channel was inactivated by depolar-
ization, and this inactivation was reversed rapidly up-
on returning to —25 mV. The C1™ channel was signif-
icantly permeant to Na* ions (Py,/P = 0.26), and the
relative halide permeabilities were determined to be:
1(1.92) > Br(1.73) > CI(1.0) > F(0.34). The channel
was inhibited by the common stilbene compounds
(DIDS, SITS, DNDS), as well as by Zn?* ions and an
indanyloxyacetic acid derivative. A developmental role
for the GCP C1~ channel is suggested by the observa-
tion that adult rat brain synaptosomal membranes were
nearly devoid of this type of CI™ channel.
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Introduction

Although chloride channels have been described in most
cell types, their physiological relevance is just beginning
to be understood. Chloride channels may be broadly
categorized into three major groups; ligand-gated, Ca2*-
gated, and ligand-independent. The GABA- and gly-
cine-activated C1~ channels of the vertebrate nervous
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system (Krnjevic, 1974) and arthropod muscle (Takeu-
chi & Takeuchi, 1964, 1966; Franke, Hatt & Dudel,
1986) are examples of ligand-activated Cl~ channels. A
significant glutamate-activated C1~ current is also found
in arthropod muscle (Dudel et al., 1989; Sattele, 1992).
Calcium-activated C1~ currents have been described in
neurons, epithelial cells, and pituitary cells (Owen, Se-
gal & Barkers, 1984; Bader, Bertrand & Schlichter,
1987; Segal et al., 1987; CIliff & Frizell, 1990).

The third major class of C1™ channels is that of the
ligand-insensitive channels. These ion channels ap-
pear to be active spontaneously at most biologically
relevant membrane potentials in the absence of any ac-
tivating ligand (e.g., GABA, glycine) or ion (e.g., Ca®™)
and hence are sometimes referred to as “background”
or “leak” channels. Leak channels are widely distrib-
uted, being found in neurons (Franciolini & Nonner,
1987; Yamamoto & Suzuki, 1987; Lukacs & Moczyd-
lowski, 1990), skeletal muscle cells (Blatz & Magleby,
1983, 1985; Woll et al., 1987), and renal (Kolb et al.,
1985), respiratory (Frizzell, 1988) and enteric epithelial
cells (Bridges et al., 1987; Hayslett et al., 1987; Diener
et al., 1989) of mammals, amphibians, molluscs, and in-
sects. (Blatz & Magleby, 1983, 1985; Kolb, Brown &
Murer, 1985; Woll et al., 1987; Frizzell, 1988; Gogelein,
1988; Diener et al., 1989).

The ligand-insensitive chloride channels found in
mammalian skeletal muscle (Blatz & Magleby, 1985)
are thought to be involved in maintaining resting mem-
brane potential in the negative voltage range, and a
similar function has been proposed for the Cl1~ channels
found in mammalian neurons (Franciolini & Nonner,
1987). In the epithelial cells lining the digestive and
respiratory tracts, the transmembrane distribution of
Cl™ is known to affect profoundly the quality of the
glandular secretions (Frizzell, 1988). More recently, the



CI™ channels that control this distribution of Cl1~ ions
have been implicated as the site of the defect in the com-
mon inherited disease cystic fibrosis (Welsh et al., 1992).

While studying Na* channels reconstituted from
sheared off fragments of embryonic rat brain growth
cones (or growth cone particles, GCPs, Wood et al.,
1992), we noted that a prominent feature of growth
cone membranes is the abundance of C1~ channels of
the ligand-insensitive leak type described above. A de-
velopmental role for these channels was suggested by
the observation that, in contrast to GCPs, synaptosomal
preparations from mature brain were virtually devoid of
these C1™ channels. In response to this observation, a
study of the biophysical and pharmacological properties
of these channels was undertaken to understand their po-
tential significance for development. In this paper we
describe the gating properties, ion selectivity, and inhi-
bition by stilbenes and other common blockers, of the
C1~ channels derived from GCPs following reconstitu-
tion into planar lipid bilayers. Some of these results
have previously been reported in abstract form (DeBin
& Strichartz, 1990).

Materials and Methods

CHLORIDE CHANNEL RECONSTITUTION AND SINGLE
CHANNEL RECORDING

Chloride channels were reconstituted from fetal rat brain growth
cones into planar lipid bilayers as described previously for Na* chan-
nels (Wood et al., 1992). The pertinent details of the reconstitution
process are as follows: bilayers were formed across 0.25 mm diame-
ter round apertures using phosphatidylcholine and phosphatidyletha-
nolamine (2:1 ratio w/w, Avanti Polar Lipids, Alabaster, AL) at a to-
tal lipid concentration of 30 pg/ul decane. A volume of native mem-
brane vesicles containing 10-25 ug of protein was pipetted near the
aperture in the cis bath. Approximately 100 pl of solution was im-
mediately removed from the frans bath to create a flow of solution,
cis to trans, sweeping vesicles towards the aperture. A bilayer was
then quickly formed to trap vesicles near the aperture. If no channel
incorporation was seen within 10 min, stirring of the cis bath was ini-
tiated using a magnetic stir bar.

Cis and trans baths were connected through 1 M KCl-agar salt
bridges and Ag/AgCl electrodes to a PC-501 patch clamp amplifier
(Warner Inst., Hamden, CT). All experiments were performed in the
voltage clamp mode. Data were initially stored on VCR tape using
a Sony PCM-501 pulse code modulator. Select current traces were
subsequently analyzed using the single channel programs provided by
pCLAMP software (version 4.01 and 5.5, Axon Inst., Foster City, CA)
using a PC’s Limited AT/286 computer. All histograms shown are
probability density histograms and were fit with least-squares func-
tions using the Marquardt algorithm provided by pCLAMP.

All solutions during data acquisition (except for the determina-
tion of permeability ratios) were symmetrical NaCl 200 (in mm), 10
HEPES, 0.2 EGTA pH 7.4, or symmetric 200 NaCl, 10 phosphate, 0.2
citrate, pH 7.4 as indicated in the text and figure legends. A NaCl
gradient, 200 mM cis, 50 mM trans, used to enhance fusion rates, was
collapsed immediately after channel incorporation by adding con-
centrated NaCl to the trans bath.
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PREPARATION OF GCPS AND SYNAPTOSOMES

Membrane preparations from fetal rat brains were isolated by a mod-
ification of the technique of Pfenninger et al. (1983; ¢f. Pfenninger
et al., 1991). In brief, this procedure entails harvesting roughly six
dozen fetal rat brains and homogenizing them in 0.32 M sucrose, 1 mm
TES (N-tris(hydromethyl)methyl-2-aminoethane sulfonic acid), 1 mm
MgCl,, pH 7.3, with a tight-fitting Teflon pestle. The resulting crude
homogenate is centrifuged at 1,660 X g for 15 min after which the
supernatant (referred to as the low-speed supernatant or LSS) is re-
covered and loaded onto a discontinuous sucrose density gradient con-
sisting of 0.83 M sucrose on a 2.66 M sucrose cushion. After cen-
trifuging at 242,000 X g .. in a Beckman VTi50 rotor for 40 min, the
GCPs at the 0.32/0.83 M interface (referred to as the A-Band) are col-
lected, pelleted by centrifuging at 40,000 X g for 45 min and re-
suspended in 0.32 M sucrose for storage. B- and C-Band material is
recovered from the 0.83/2.66 M sucrose interface.

In some cases, the final pelleting of the A-Band was onto a bed
of Maxiden’s Oil to produce a suspension of intact GCPs (see Table
1). All preparations (whether derived from fetal rat brains or aduit
rat brains—see below) were stored at —80°C for up to six months pri-
or to use. The freezing-thawing process can be expected to cause
some degree of rupture of the vesicular membranes.

Extensive electron microscopic examination has demonstrated
that the A-Band material consists primarily of sheared off fragments
of neuronal growth cones or growth cone particles (GCPs). The mor-
phologic characteristics have been described in detail elsewhere (Pfen-
ninger et al., 1983) and include the presence of mitochondria, smooth
endoplasmic reticulum, and a variety of vesicular profiles. Stereologic
point counting assays have determined the purity of this preparation
to be upwards of 95% (Pfenninger et al., 1983).

Synaptosomes were prepared from the cortex of one or two
adult rat brains using a discontinuous sucrose density gradient as de-
scribed by Cohen et al. (1977).

INCORPORATION RATE STUDIES

The rate of incorporation of anion channels from various membrane
preparations into the lipid bilayer was assayed under a standard set
of conditions. All bilayers were of constant area (as assessed by ca-
pacitance measurements, 200~300 pF). The volume of vesicles (GCPs
or synaptosomal) added to the cis bath contained 120 pg protein as
determined by Lowry assay (Lowry et al., 1951). Bilayers were
formed in the presence of a 200 mum cis, 50 mMm trans, NaCl gradient,
and were subjected to square wave pulses of 50 mV, alternating in po-
larity at 0.015 Hz. The cis bath was stirred at a constant rate with a
small magnetic stir bar. If no channel activity was seen within 25 min,
the membrane was ruptured, a new bilayer formed in its place, and
the process continued.

Channels were identified as Cl~ selective based on the direction
of current rectification at 0 mV applied potential in the presence of
the 200 mm/50 mm NaCl gradient. All channels were briefly char-
acterized by determining E__ , measuring single channel currents at 0
mV, and by the observation of gating characteristics. Based on these
criteria, only channels which exhibited the characteristics of the GCP
anion channel were counted. This series of experiments was carried
out over the course of several weeks, with each fraction being ex-
amined on at least three different days.

OPEN CHANNEL PROBABILITY VS.
MEMBRANE POTENTIAL

For individual C1~ channels, open channel probability was expressed
as P, =1/(t, +t,). Mean open time (z,) and mean closed time (z,)
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were determined from the average dwell time for the population of
events, using pCLAMP software with 0.5 open current amplitude as
the closed/opened criterion. To eliminate the consideration of rapid
channel gating, a cut-off time of 100 msec was used for the detection
of closures. Only the first five minutes of a gating record after a
change in V, were analyzed and used to determine the £_vs. V, re-
lationship shown in Fig. 4.

DETERMINATION OF PERMEABILITY RATIOS

Values for P /P, were determined from E, measurements in the
presence of a 200 mm/50 mM NaCl gradient using Eq. (A1) of the Ap-
pendix. Activity coefficients (nor shown in Eqs. Al or A2) were ob-
tained from Robinson and Stokes (1959). The permeability ratio of
test anion to C1™ (P,/P,) was determined by collapsing the 200/50
NaCl gradient by adding a small volume of the concentrated Na* salt
of the test ion to increase the concentration of anions in the trans bath
(which was either the intracellular or the extracellular bath) by 150
mM to a final concentration of 200 mm (C1~ ion plus test anion). Re-
versal potentials were then measured in the presence of the test ion
and P,/P, was determined by substituting the value previously de-
termined for Py /P, into Eq. (A1) and solving for P,/P.,. The only
exception to this was with phosphate, in which case the NaCl gradi-
ent was partially collapsed by adding Na* phosphate to 75 mm. Per-
meability ratios were calculated first for HPO] assuming that H,PO
is impermeant, and then the converse was done for H,PO;. Because
of the equilibrium between H,PO; and HPO, at pH 7.4, a concen-
tration of 29 mM was used for H,PO7, and 46 mM for HPOj in Eqgs.
(Al) and (A2). Permeability ratios for divalent anions were calcu-
lated using Eq. (A2) of the Appendix.

CHLORIDE CHANNEL BLOCKERS

All drugs were added from concentrated stock solutions. DIDS (4,4’-
diisothiocyanostilbene-2,2’-disulfonic acid) was purchased from Re-
search Organics, Cleveland, OH, and DNDS (4,4’-dinitrostilbene-
2,2’-disulfonic acid) from Pfaltz and Bauer, Waterbury, CT. Aque-
ous stocks of DIDS and DNDS were prepared fresh each day for use.
The indanyloxyacetic acid derivative, 94-IAA, was added from
ethanol stocks and was a generous gift of Dr. Donald Landry, Dept.
of Medicine, Columbia University College of Physicians and Sur-
geons, NY. As a control, a volume of ethanol equal to that which was
used to deliver 94-IAA was tested and found to be without effect on
GCP anion channels.

For DNDS and 94-TAA, K s were defined by first determining
i, (single channel current amplitude in the absence of drug, i.e., con-
trol experiment), and i, (current amplitude in the presence of drugs).
Hill plots were constructed by defining the relative single channel cur-
rent amplitude, #,, as i /i, and setting fractional occupancy (Y) equal
to 1 — i.. Once a single binding site was established (from the Hill
coefficients near unity), K , was defined from occupancy vs. concen-
tration curves as in Fig. 7. Concentration vs. occupancy curves were
fit with hyperbolic functions using Sigmaplot software (version 3.1,
Jandel Scientific, Sausalito, CA).

Results

INCORPORATION RATE STUDIES

Studies were designed to test the assumption that the ori-
gin of the GCP Cl~ channel is, in fact, the GCPs and not

a contaminating membrane. If the GCP channel derives
from the GCPs, then with each step of the purification
process the C1™ channel activity, as assessed by the
rate of bilayer incorporation, should increase.

Chloride channels were identified as described in
Materials and Methods. Only one type of C1~ channel
was routinely reconstituted from the GCPs. Large con-
ductance CI~ channels were only rarely (roughly one in
every 50-100 incorporations) reconstituted from either
GCPs or synaptosomes and were not studied in detail.
The results of the incorporation rate studies are sum-
marized in Table 1.

From the homogenate to the low-speed supernatant
only a modest enhancement of C1~ channel activity was
seen. However, from the crude homogenate to the A-
Band (i.e., GCPs suspended in the high-speed super-
natant of the homogenate), an increase of nearly 10-fold
1s seen. Synaptosomes had virtually no Cl1~ channels;
in 890 min of observation only one small conductance
Cl1~ channel of the type described from GCPs was seen.
The synaptosomes used for these experiments were pel-
leted in plain tubes unlike the crude homogenate, LSS
and A-Band (GCP) material which were pelleted onto
Maxiden’s Oil. Therefore, to allow a comparison of
synaptosome C1~ channel activity with GCP C1~ chan-
nel activity, the incorporation rate of C1~ channels from
GCPs pelleted in plain tubes is included in Table 1.
These data indicate that Cl~ channel activity is 275
times greater in the GCPs than in the synaptosomes.

CHLORIDE CHANNEL GATING CHARACTERISTICS

Figure 1 shows current records from the same GCP CI~
channel at four different membrane potentials. Current-
voltage curves were constructed for GCP Cl1~ channels
in symmetric 200 mM NaCl HEPES/EGTA. The results
are shown in Fig. 2A. The i-V relationship is curvilin-
ear, indicative of current rectification. GCP Cl™ chan-
nels were reconstituted in the bilayers in either of two
possible orientations, i.e., current rectification from cis
to trans bath or trans or cis. For the sake of simplici-
ty of discussion, the channels were arbitrarily considered
to be outwardly rectifying based on the observation that
most rectifying C1~ channels in identified membranes
are outwardly rectifying (Gégelein, 1988; see also Dis-
cussion). Thus, with this assumption, chord conduc-
tances of 26.7 = 1.7 pS (n = 3) at —30 mV"and 36.0
+ 7.3pS (n = 4) at +30 mV were recorded (both val-
ues * sp). In Fig. 1 the current rectification is evident
from a comparison of the current amplitudes at —20 and
+20 mV and especially at —40 and +40 mV. Through-
out this paper, the assumption concerning the rectifica-
tion properties of the C1~ channel will be used to define
the intra- and extracellular channel surfaces. It should
be emphasized that the true direction of current rectifi-
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Table 1. Incorporation rate studies

Preparation Incorp. rate? (hr~1) Total observation time (min)
Crude homogenate 0.78 * 0.30 758
LSS 1.04 + 045 736
A-Band 6.29 * 2.56 393
B-Band 1.16 £ 0.53 469
Pelleted synaptosomes 0.05 = 0.11 890
Pelleted GCPs 13.79 = 7.71 121

This is a summary of the rates of anion channel incorporation into planar bilayers from mem-
branes at various stages during the preparation of GCPs from fetal brain. See Materials and
Methods for a description of each fraction listed under “preparation.” Crude homogenate,
LSS (low speed supernatant) and A-Band are the parent fractions of GCPs. The A-Band ma-
terial represents intact GCPs suspended in homogenate pelleted to remove soluble protein
and resuspended. The B-Band contains the (non-GCP) balance of LSS particulates. Synap-
tosomes prepared from adult brain are shown for comparison. In the rightmost column is
the total length of time spent waiting for channel incorporations from each preparation.
2 Means % seM. Protein (120 pg) in 4.0 ml of cis bath under all conditions of all membranes.

2pA
B 1 min.
+40 mV
<
<
2pA
1 sec.

Fig. 1. Current fluctuations from GCP chloride channels. These current traces are from the same GCP anion channel held at either =40 or £20
mV, as indicated, in 200 mm NaCl, 10 mm HEPES, 0.2 mMm EGTA. (4) Low time resolution current traces from strip chart records. (B) High
time resolution traces plotted from digital recordings using pCLAMP. In all cases the closed, zero current level is indicated by the arrowhead
at the right. Records at positive potentials run left to right, and at negative potentials right to left.
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Fig. 2. Current-voltage relationships for GCP chloride channels. (A)
The ionic conditions for the generation of this i-V curve were sym-
metrical: 200 mM NaCl, 10 mM HEPES, 0.2 mMm EGTA. Each data
point represents 3-8 determinations, and the scale bars represent stan-
dard deviations. The smooth curves drawn through the data points
were third order polynomials fit to the data by regression analyses per-
formed by Sigmaplot software. (B) Ionic conditions were symmetri-
cal: 200 mm NaCl, 10 mM phosphate, 0.2 mwm citrate, pH 7.4. Those
points with error bars represent the means of 3—5 determinations, and
those without error bars are the means of two determinations.

cation cannot be determined using channel reconstitu-
tion in bilayers.

When i-V curves were constructed in the presence
of 200 mm NaCl, phosphate/citrate buffer, the current
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rectification was equally pronounced but the current
magnitude was doubled at each voltage relative to that
measured in the zwitterionic buffer (Fig. 2B). This in-
dicates that C1~ channels may be blocked by HEPES/
EGTA buffer, as will be discussed below. The chord
conductances in the presence of phosphate/citrate were
55.7 £ 2.7pS (n =3 = SD) at —30 mV and 74.7 pS
(n =2)at +30 mV.

At all voltages, the C1~ channels continuously fluc-
tuate between the two well-defined open and closed
states (Fig. 1). Subconductance states are not seen in
the channel depicted in Fig. 1, and were rarely ob-
served in any channels which were studied. Occasion-
ally, some channels (roughly 1 in every 40 studied) did
exhibit sudden changes in current amplitude to a level
one-half the normal level. Such transitions to subcon-
ductance states were spontaneous, transient (lasting
<60 sec), and could not be elicited by any experimen-
tal manipulations (e.g., changes in V ) and therefore
were not studied.

A comparison of the records in Fig. 1 reveals the
greater frequency of short closings (<100 msec) at neg-
ative membrane potentials. Compared with channels
held at positive potentials, the greater frequency of brief
spontaneous closures at negative potentials could, in
principle, explain the observed current rectification. If
these closures are beyond the limits of detection at 50
Hz low pass (see figure legend), a reduction in mean
current level may instead be observed. This possibili-
ty was examined by increasing the corner frequency of
the filter to 200 Hz while examining several records. Up
to 200 Hz, there was no increase in single channel cur-
rent amplitude at any potential studied (+30 to —30
mV). Thus, it appears that the observed current recti-
fication is an intrinsic property of the open, ion-con-
ducting channel.

Closed time probability density histograms were
generated for several channels at various voltages. Ex-
amples of these are shown in Fig. 3. The closed dura-
tion distributions were dominated by rapid closures at
both +20 mV (Fig. 34) and —40 mV (Fig. 3B). Closed
time histograms were well fit by double exponential
functions, but in all cases (the two shown in Figs. 3A
and B, plus four other histograms from different chan-
nels) the faster of the two time constants was =10 msec.
Considering that all records were filtered at 50 Hz low
pass, the significance of this time constant is question-
able. Given the constraints imposed by the bilayer in-
strumentation, a more extensive kinetic analysis was not
attempted.

At positive membrane potentials, the frequency of
long (>10 sec) closures increased dramatically. This is
most clearly seen at +40 mV in Fig. I. The inactiva-
tion of a GCP C]™~ channel can be seen at the end of the
low time resolution current trace at +40 mV (Fig. 14,
top right). This inactivation with strong depolarization
was a feature consistently observed in Cl~ channels
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Fig. 3. Closed time histograms. (4) Probability density histograms were generated by pCLAMP software from data acquired from a GCP an-
ion channel held at +20 mV. The ionic conditions were 200 mm NaCl, 10 mm HEPES, 0.2 mMm EGTA. Records were filtered at 50 Hz, there-
fore the closed time histogram was fit from 20 msec on, with a double exponential function yielding time constants of 120.7 and 10.0 msec.
There are a total of 1,079 events. (B) This histogram was generated from the same channel held at —40 mV, therefore all conditions are the
same as stated for A. There are a total of 801 events, and the time constants for the fit of the closed time histogram were 51.9 and 7.2 msec.

isolated from the GCPs. The effects of this inactivation 1.0 + ; ' :
are evident in Fig. 4 which plots P, vs. V. From ~70 . I
through +30 mV, P, remains high, between 0.80 and 0.8 I [ ] ? 1 I [ )
0.60, but declines abruptly between +30 and +40 mV, ® ! ¢ ® l i
from ca. 0.75 o below 0.50. By the time +60 mVis —, ®° ] | l
reached, P, has dropped to near zero. ° 04 3
The kinetics of depolarization-induced inactivation ] 1
of a GCP CI1~ channel is demonstrated in Fig. 5. The 09 |
current record runs from left to right. The channel ini- ' '
tially resides primarily in the open state at —25 mV. 0.0 . i . . . i 4
Upon changing the membrane potential to +60 mV, the -70 -50 =30 ~10 10 30 50 70

channel remains open for nearly 10 sec before entering
into a prolonged closed period lasting >2 min. Upon
return of the membrane potential to —25 mV, the inac-
tivation is rapidly reversed. Although the time course
at the millisecond scale is obscured by the larger bilayer
capacitance transient, at the best determination the re-
versal of inactivation occurs within seconds. Some C1~
channels required pulses to potentials more negative
than —25 mV to reverse inactivation and all channels
could be re-activated by pulsing to —100 to —125 mV
for 5-10 sec.

ION PERMEATION

The GCP Cl™ channels were permeant to all halide
ions, multivalent anions, and at least one organic anion.
The permeability-selectivity ratios, summarized in Table
2, were determined as described in Materials and Meth-
ods. The most striking result from these determinations
is the remarkably high P, /P, ratio which indicates
that the channel does not discriminate well between

Membrane Potential, mV

Fig. 4. Open channel probability as a function of membrane poten-
tial. The determination of P is described in Materials and Methods.
Each data point represents the mean of 3-5 determinations from dif-
ferent GCP chloride channels. Error bars represent standard devia-
tions.

such widely divergent atomic species as anions and
Na* ions. However, because the P,/P, ratios were de-
termined under conditions in which a significant os-
motic gradient was present across the bilayer (200 mm
NaCl/50 mm NaCl, see Materials and Methods), the
possibility existed that the unusually high P /P, could
be due to a streaming potential as has been previously
proposed (Franciolini & Nonner, 1987). To test this hy-
pothesis, CI™ channels were reconstituted and £, mea-
surements were made from i-V curves in symmetrical
200 mM NaCl. By adding concentrated urea to one
side of the bilayer, osmotic gradients equivalent to 500
mOsm were generated. Reversal potentials were then
measured in the presence of urea and in two experiments
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Table 2. Permeability ratios for various anions and sodium

Test ion (A) PPy n
Na* 0.26 * 0.05 9
I~ 1.92 £ 0.07 3
Br- 1.73 £ 0.49 4
Cl~ 1

F~ 0.34 2
H,PO,~ 0.62 £ 0.20 3
HPO,~ 0.16 £ 0.04 3
Gluconate™ 0.24 2
$0,~ 0.57 % 0.024 3
Na~ 0.21 + 0.022 4
- 2.27% 2
Br~ 1.952 2

The ratios (£sp) for phosphate were calculated assuming that either
the divalent or the monovalent forms are alone permeant in each
case. (*) Ratios calculated from experiments performed in phos-
phate/citrate buffer; the other values are from HEPES/EGTA buffered
solutions. The activity coefficient for caporate was used in determin-
ing the permeability ratio for gluconate.

found to be 1.7 and 4.4 mV. According to the Goldman,
Hodgkin, Katz equation (Appendix), the E_ for a per-
fectly selective C1™ channel in 200/50 mm NaCl should
be 35 mV. However, in nine experiments with a NaCl
gradient in place, the mean E_ potential was 18.33 =
2.10 mV (n = 9 * SD). Thus, streaming potential can
at best account for only a small fraction of the observed
deviations from perfect C1™ selectivity.

Two values are given in Table 2 for P, /P_,. Be-
cause phosphate ion exists as an equilibrium between
H,PO; and HPOj at pH 7 4, either or both ionic species
could be permeant. The ratios given in Table 2 are for
the limiting conditions in which only one or the other
ion is assumed to be permeant.

It was noted above in Chloride Channel Gating

Fig. 5. GCP chloride channel inactivated by
depolarization. This is a continuous current
record from a GCP anion channel in symmetrical
200 mM NaCl, 10 mm HEPES, and 0.2 mm
EGTA. The current record, taken from a strip
chart recording, runs from left to right, and the
open state is indicated by the double arrowhead at
each voltage. Because this is a bilayer trace, a
closing transition is upward at positive potentials,
and downward at negative potentials. Applied
membrane potential is indicated by the thick
square wave above the current trace. Note the
rapid reversal of inactivation upon changing from

+60 to —25 mV.

Characteristics that the i-V relationship differs in the
presence of HEPES/EGTA as compared to phosphate/
citrate. Current amplitudes in the presence of HEPES
were half those in the presence of phosphate, indicating
that the HEPES/EGTA buffer in some way inhibits the
GCP CI™ channel. Indeed, reports indicate that sulfate-
containing buffering agents (e.g., HEPES and MOPS)
inhibit a wide variety of Cl~ channels (Yamamoto &
Suzuki, 1987; Hanrahan & Tabcharani, 1990).

To test for inhibition by HEPES, GCP CI~ channels
were reconstituted in the presence of phosphate/citrate
buffer and subsequently exposed to the concentration of
HEPES used during previous experiments (i.e., 10 mm).
After the addition of 10 mm HEPES to each side of a
bilayer, single channel current amplitudes were reduced
to 60% of control at all voltages tested. The frequen-
cy of brief closings (<0.1 sec) did not appear to increase
in the presence of HEPES and when the corner fre-
quency of the filter was increased to over 200 Hz, no in-
crease in single channel current amplitude was seen af-
ter the addition of HEPES. These results indicate that
the time constant for block of the GCP CI~ channel by
HEPES is less than 5 msec. Thus, as previously re-
ported (Yamamoto & Suzuki, 1987; Hanrahan & Tab-
charani, 1990), HEPES induces a short-lived block of
the open anion channel.

EGTA had little or no effect on single channel cur-
rents when present at the concentrations used for the ex-
periments described in this paper (i.e., 200 uM). How-
ever, at higher concentrations (1 mM both sides of the
bilayer), a modest reduction (ca. 20%) in current am-
plitude was seen.

The permeant phosphate anion (Table 2) caused
no reduction in current amplitude when raised from 3
to 35 mM in two experiments. Likewise, citrate was
without effect on current amplitude when present at up
to 7 mM on both sides of the bilayer. Thus, phos-
phate/citrate was chosen as the buffering system for
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some experiments to eliminate the blocking effects of
HEPES.

In light of the effects of HEPES/EGTA on ion per-
meation through the GCP CI™ channel, it was decided
to repeat the determination of certain permeability ra-
tios in the presence of phosphate/citrate buffer. At the
bottom of Table 2, it can be seen that the PNa/PCl was
not substantially different when measured in phos-
phate/citrate buffer vs. HEPES/EGTA. Furthermore, the
partial sequence I~ > Br~™ > CI~ confirms that the
GCP C1™ channel still follows sequence I of Wright and
Diamond (1977) when using phosphate/citrate as the
buffer instead of HEPES/EGTA.

INHIBITORS OF THE GCP CHLORIDE CHANNEL

The inhibition of GCP CI~ channels by extracellularly
applied DIDS is shown in Fig. 6. The block by DIDS
results from two distinct effects; a progressive diminu-
tion in single channel current with an associated in-
crease in flicker, and an increase in the frequency of
long closures. Although it is unclear whether these ef-
fects are mechanistically related, they have previously
been reported for the stilbene-induced block of C1™
channels from brain (Nomura & Sokabe, 1991), lobster
nerve (Lukacs & Moczydlowski, 1990), and fibroblasts
(Bear, 1988). A similar inhibition of the GCP channel
was seen in response to the application of 50 puwm SITS.

DNDS induced a rapid, reversible channel block
when applied to the extracellular surface of the GCP C1™
channel (Fig. 7A). Hill plots were constructed (not
showr) which yielded Hill coefficients of 0.88 and 0.92
at +25 and —25 mV, respectively (data from five ex-
periments). Given one site for DNDS binding, K s of
1.80 and 4.22 pm (at +25 and —25 mV, respectively)
were determined from occupancy vs. concentration
curves. Each of the stilbene inhibitors (DIDS, SITS, and
DNDS) gave approximately equal inhibition regardless
of the side of the GCP C1~ channel to which they were
applied. The implication is that either there are sites of
similar affinity on each side of the channel or that one
common site can be reached by drug molecules perme-
ating from either surface of the membrane.

When the membrane permeant inhibitor 94-IAA
(Landry et al., 1989) was applied to both sides of the
GCP C1~ channel simultaneously, a rapid channel block
was induced (Fig. 7B). Hill plots were generated as
shown in Fig. 7B (center panel at bottom; data from two
experiments) from which a Hill coefficient of 1.24 was
determined at +25 mV, consistent with a single bind-
ing site for 94-IAA. A K, = 5.90 um at +25 mV was
determined from the occupancy vs. concentration curve
(Fig. 7B; left panel at bottom). At —25 mV, a Hill co-
efficient of 1.06 was calculated and a K, = 5.13 pm.
This anionic blocker thus appears to have a voltage-in-
dependent affinity for the channel. As shown in Fig. 7B,
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the inhibition by 94-IAA was reversed when the cis
and trans baths were perfused with drug-free buffer.
Various divalent cations were examined for effects
on the GCP C1~ channel. Ca?* and Mg?* were with-
out effect when applied to either channel surface at
concentrations as high as 20 and 2 mm, respectively. In-
hibition by extracellular Zn?>* was tested and the results
are shown in Fig. 7C. Zn?* reduced single channel con-
ductance and induced an additional degree of flicker, as
described by Franciolini and Nonner (1987) for the
block of rat hippocampal neuron C1~ channel by Zn?*.

Discussion

The GCP CI™ channels are spontaneously active upon
reconstitution into planar lipid bilayers in the apparent
absence of any soluble activators. No GABA was added
to either solution, and the nominal Ca®?* concentration
was zero for all experiments which were performed in
the absence of added Ca", and in the presence of 200
um of either EGTA or citrate. Moreover, the addition
of Ca®* at up to 20 mM to the cytoplasmic surface of the
channel had no effect. Thus, the GCP C1~ channel can
be excluded from the GABA-activated and Ca2"-acti-
vated groups of Cl™ channels. This effectively places
them in the category of leak channels discussed in the
Introduction.

The GCP C1~ channels display properties typical of
other anion-selective leak channels: (i) spontaneous
gating characterized by frequent brief closures (Bridges
et al., 1987) and some modulation by voltage (Franci-
olini & Nonner, 1987; Reinhardt et al., 1987); (ii) an
outwardly rectifying current-voltage relationship (Goge-
lein, 1988); (iii) a permeability-selectivity sequence
that follows sequence I of Wright and Diamond (1977;
Franciolini & Petris, 1990); and (iv) inhibition by the
common stilbene inhibitors of C1~ channels (Gogelein,
1988). The GCP Cl™ channel was also blocked by
Zn?", as has been reported for neuronal Cl~ channels
(Franciolini & Nonner, 1987) and amphibian skeletal
muscle (Woll et al., 1987). Inhibition by the C1~ chan-
nel ligand 94-TAA (Landry et al., 1989) was also demon-
strated.

Two of these characteristics merit further comment.
First, the direction of current rectification was assumed
to be like that described for most small conductance C1™
channels. We believe that this assumption is valid for
the following reasons: in a review of the literature,
Gogelein (1988) reported on the rectification properties
of various C1~ channels. Out of a total of 17 different
Ci~ channels, 10 were outwardly rectifying, 6 did not
rectify, and only 1 was inwardly rectifying (Gogelein,
1988; cf. Table 2). Moreover, during our studies of Na*t
channels (whose sidedness can be defined using guani-
dinium toxins) reconstituted from this same preparation
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Fig. 6. DIDS block of GCP chloride channel. DIDS (100 pum) was applied to the external surface of a GCP C1~ channel held at —30 mV. The
two control records are consecutive current traces before the addition of 100 um DIDS. In the remaining four records, the time of exposure to
DIDS is given to the left of each trace. The zero current level is indicated by the single arrowhead in each instance. Ionic conditions were sym-

metric 200 mm NaCl, 10 mm HEPES, 0.2 mm EGTA.

(Wood et al., 1992), we noted that 13 of 18 channels
(72%) incorporated into the bilayer backwards (i.e.,
with the extracellular surface facing trans). In agree-
ment, for the C1~ channels we studied, 25/38, or 66%
incorporated with what we consider to be the extracel-
lular surface facing the frans bath. Finally, we have pre-
viously reported that both the venom of the scorpion
Leiurus quinguestriatus (DeBin & Strichartz, 1991) and
a peptide toxin purified from that venom (DeBin, Mag-
gio & Strichartz, 1993) inhibit rat colonic enterocyte
Cl™ channels but only when applied to the cytoplasmic
surface. This same venom was also found to inhibit the
GCP CI1™ channel, but only from what is considered to
be the cytoplasmic surface. For these reasons we be-
lieve that the GCP anion channel is outwardly rectify-
ing.

Although the high value obtained for P\, /P, might
at first seem unusual, several Cl™-selective channels
have been reported to have considerable permeability to

cations. Chloride channels from hippocampal neurons
(Pno/Pc; = 0.25; Franciolini & Nonner 1987) and rat
colon (PNa/PCI = (.11; Reinhardt et al., 1987) both
have demonstrated the ability to conduct cations to a sig-
nificant degree. Franciolini and Nonner (1987) have at-
tempted to explain these results by the copermeation of
cations and anions.

Given the prevalence of Cl1~ channels, the possi-
bility exists that the CI~ channel reconstituted from the
GCP preparation may in fact be derived from a non-neu-
ronal source. However, by morphological and bio-
chemical criteria, growth cone-derived elements are
highly enriched and glial material (based on the mark-
ers, glial fibrillary acidic protein and the RC2 antigen)
has been largely removed from the GCP preparation
(Pfenninger et al., 1991; K. Lohse et al., in preparation).
Therefore, CI™ channels should be enriched in the GCP
fraction if they are of growth cone origin. From the re-
sults of the incorporation rate studies (summarized in



16

A

J.A. DeBin et al.: Growth Cone Anion Channel

<
Control ‘
<

DNDS

2 MWMWWWWMWWWWWWWT
oo VYA PAPAPOOR TP

B

94-1AA

50 M Mm iﬂ ”

Washout Il ‘ " ’ |

1.0 100
a.8 . 12
a.6 g, iy
0.4 =
> o4
0.2 .
0.01
0.8 1 T T T T 1 !
L] 10 2'0 3'0 4D 50 &0 70 BC 1 10 100
[94-1AA], M [94-1AA], uM
2mM

Zntt ’W’

Table 1), it is clear that with each step of the purifica-
tion process anion channel activity increases, a result
consistent with the GCPs per se being the source of the
channel. Although these experiments alone do not rig-
orously exclude the possibility that the GCP C1™ chan-
nel derives from some other membrane source, consid-
ering the purity of the GCP preparation as it is de-
scribed in Materials and Methods, this possibility seems
unlikely. Furthermore, the most likely source of con-
taminating membranes in the developing brain would be
glia. Cultured glial cells are known to have large con-
ductance (>400 pS), ligand-insensitive C1~ channels
(Gray, Bevan & Ritchie, 1984; Sonnhof, 1987). One pa-
per reports small conductance Cl~ channels from cul-
tured glial cells of the rat optic nerve (Barres, Chun &

Fig. 7. GCP chloride channel inhibition by
DNDS, 94-IAA, and Zn?*. The control record
shows a single GCP Cl~ channel in symmetric
200 mm NaCl, phosphate/citrate buffer, voltage
clamped at +25 mV. Open channel and zero
current levels are indicated by double and single
arrowheads, respectively, to the right of each
record (Control and Pauvels A-C). All records are
filtered at 50 Hz low pass. Currents immediately
iy after 2 or 20 pm DNDS applied to the

A < extracellular channel surface, and after perfusion
of the extracellular bath with six volumes of fresh
buffer (washout). (B) Current traces from a
channel different from that shown in Panel 4,
immediately thereatter 94-IAA was supplied to
both sides of the bilayer to the concentrations

< indicated, and after perfusion of both the
intracellular and extracellular baths with 8
volumes each of fresh buffer. The current traces
at 5 and 50 uM were selected because they each
have closings of substantial duration which allow
the baseline, zero current level to be seen clearly.
The presence of the ligand did nor noticeably
increase the frequency of these long closures.
Ionic conditions were as in Panel A, and V| =
+25 mV. The Hill plot and occupancy-
concentration curve were constructed as described
in Materials and Methods using data from two
separate experiments. (C) Current trace from a
<« third GCP C1~ channel at +30 mV after the
addition of Zn?" to the extracellular channel
surface to a final concentration of 2 mmM.

Corey, 1988), but in these cells the small conductance
channels coexist with large C1™ channels. That no large
conductance Cl~ channels were reconstituted from the
GCP preparation argues against significant contamina-
tion from glial membranes of the type described by
Barres et al. (1988).

The question concerning the source of the GCP
Cl~ channel can be extended to the source of the chan-
nel within the GCP itself. The GCPs used for these re-
constitution studies contain a variety of subcellular or-
ganelles. In particular, they contain mitochondria,
agranular endoplasmic reticulum, and an abundance of
various membrane vesicles, mostly plasmalemmal pre-
cursor vesicles. The possibility thus exists that the
GCP CI™ channel might originate from an intracellular



J.A. DeBin et al.: Growth Cone Anion Channel

source. Anion channels from the endoplasmic reticu-
lum and from the inner and outer mitochondrial mem-
branes have been described (Schein, Colombini & Fink-
elstein, 1976; Sorgato, Keller & Sttiihmer, 1987; Schmid
et al., 1988; Wunder & Colombini, 1991). In each
case, however, regardless of the species from which the
channels derive, the single channel characteristics dif-
fer widely from those described here.

Small conductance (=20 pS) C1~ channels have
been reconstituted into planar lipid bilayers from the se-
cretory vesicles purified from the rat and bovine neu-
rohypophysis (Stanley, Ehrenstein & Russell, 1988; Le-
mos, Ocorr & Nordman, 1989). Barasch et al. (1988)
reported an increase in C1~ conductance in the vesicles
of thyroid parafollicular cells in response to thyrotropin.
Lemos et al. (1989) proposed that an increase in Cl™
current of the vesicular membrane increases C1~ con-
centration within these vesicles. The elevated [C17] in
turn is proposed to create an osmotic pressure drawing
H,O into the vesicle interior and thus causing it to
swell. This swelling then triggers the release of the con-
tents of vesicles adhering to the inside of the plasma
membrane.

This hypothetical secretory role for CI~ channels
may have an analog in neurite outgrowth. Growth
cones are involved in the dynamic process of plasma-
lemma expansion. Therefore, it can be expected that
they would rapidly incorporate membrane from internal
stores. Lockerbie, Miller and Pfenninger (1991) have
confirmed this by inducing the exocytosis of vesicles
from within the interior of intact GCPs. By measuring
wheat germ agglutinin binding, they were able to detect
an expansion of the GCP plasmalemma surface area, in
response to K* depolarization, concomitant with a re-
duction of the number of internal, large, clear vesicles.
The GCP C1~ channel may serve to increase [C17] in
these vesicles, and thus promote vesicle incorporation
into the growing plasmalemma of the growth cone anal-
ogous to the vesicular fusion/release model of Lemos et
al. (1989).

A different role for C1~ channels in neurite out-
growth is suggested by the observation of Franciolini
and Nonner (1987), who described an anion channel de-
rived from 18-day-old embryonic rat hippocampal neu-
rons. The single channel conductance, halide selectiv-
ity sequence, gating characteristics and sensitivity to
Zn?" observed for this channel were nearly identical to
those of the GCP Cl~ channel described here. These au-
thors proposed that this channel might be involved in re-
ducing excitability in these cells by stabilizing mem-
brane potential at or near E,. The GCP C1~ channel
may have the same function in growth cones. Cohan
and Kater (1986) have reported that repetitive stimula-
tion of neurons from Helisoma suppresses neurite out-
growth. Thus in suppressing excitability, the GCP an-
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ion channel located in the plasmalemma may promote
neurite outgrowth.
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APPENDIX

Equations Used for the Determination of
Permeability Ratios

Equation (A1) is the Goldman, Hodgkin Katz equation taken from
Hille (1992):

RT P [Na*] + P, [CI"]. + P,[A"]
V0=—ln Na[ o Cl - i A 7: (Al)
F P [Na*], + Po[CI7] + P,[A7],

Equation (A2) was adapted from Lewis (1979):

, BT PyINa*], + P[CI7], + 4P [A™];
=—1In
° F P [Na*], + Py[CI], + 4P, [A™] exp (—FV,/RT),

(A2)
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where P, = P,. (1 + exp (—FV /RTy)
V, = reversal potential (£_)

Py Pep Po- = permeability coefficients for Na™, Cl™, and test anion
[Na*][. = concentration of Na™ in internal solution

[Na*], = concentration of Na* in external solution

[CI7]; = concentration of CI~ in internal solution

[CI"], = concentration of C1~ in external solution

[A7]; = concentration of monovalent test anion in internal solution
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A7} concentration of monovalent test anion in external solution
A~]. = concentration of divalent anion in internal solution

AT], = concentration of divalent anion in external solution

F = Faraday constant

R = Gas constant

T = Absolute temperature

Note that activity coefficient terms are not shown in Egs. (Al) and
(A2) but, except where noted, are assumed equal to unity.



