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Abstract. Double whole-cell patch-clamp methods 
were used to characterize junctional membrane con- 
ductances in epidermal cell pairs isolated from the 
prepupal integument of the flour beetle, Tenebrio 
molitor. The mean initial junctional conductance in 
267 cell pairs was 9.5 - 1.0 nS (range 0-95 nS). Well- 
coupled cell pairs uncoupled spontaneously with a 
half-time of 7.6 min. Adding 5 mM ATP to the pipette 
solution stabilized coupling with less than a 50% 
drop occurring after 30 min. Nonjunctional mem- 
brane potential was the major determinant of junc- 
tional conductance with transjunctional potential 
playing a minor role. Junctional conductance ap- 
proached 0 pA at nonjunctional membrane poten- 
tials greater than 0 mV and increased with hyperpo- 
larization. The voltage at half-maximal conductance 
was -26  mV. The time course of the reversible 
changes in junctional conductance were slow (-<30 
sec) with time-dependent decay occurring faster and 
recovery occurring slower with increasing depolar- 
ization. Single gap junctional channel activity was 
recorded in uncoupling cell pairs and in poorly cou- 
pled ATP-stabilized cell pairs. One main single chan- 
nel conductance was observed in each cell pair. The 
mean single channel conductances from all cell pairs 
in this study ranged from 197-347 pS (mean 248 pS). 
Single channel conductance was linear over the -+ 60 
mV transjunctional voltage range tested. A broad 
range of subconductance states of the main state 
representing 5% of the total open time of measurable 
main state events was observed. Single channel ac- 
tivity was strongly dependent on the nonjunctional 
membrane potential, increasing with hyperpolar- 
ization. 
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Introduction 

A cellular monolayer, the epidermis, is responsible 
for the external morphological changes that occur 
during insect growth and metamorphosis (Wiggles- 
worth, 1984). To perform complex spatial tasks, the 
cells of the epidermis must coordinate their activities 
through some form of intercellular communication. 
As gap junctions are present in developing tissues, 
it has been suggested that they mediate cell-to-cell 
interactions during development (for reviews see 
Caveney, 1985; Guthrie & Gilula, 1989). Each insect 
epidermal cell is coupled to its immediate neighbors 
by tens of thousands of gap junctional channels (Ber- 
dan & Caveney, 1985) which allow the cells to share 
inorganic ions and small organic metabolites of up 
to 2,000 D (reviewed in Loewenstein, 1981; Bennett 
et al., 1991). These cytoplasmic metabolites could 
include signal molecules capable of coordinating cell 
function during development (Wolpert, 1978). 

Several observations on intact integument (epi- 
dermis plus cuticle) suggest that gap junctions play a 
significant role during epidermal growth. Junctional 
ionic conductance climbs as the segment grows in 
size (Caveney & Safranyos, 1989) and also fluctuates 
in a predictable pattern during the molt cycle (Ca- 
veney, 1978). Exposing the epidermis to the devel- 
opmental hormone 20-hydroxyecdysone in vitro 
caused an increase in junctional permeability to inor- 
ganic ions (Caveney & Blennerhassett, 1980) but not 
to fluorescent tracers (Caveney & Safranyos, 1989). 
Some of these developmental changes in junctional 
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permeability in the epidermal segment appear to in- 
volve the gating of gap junctional channels and not 
an increase in their synthesis or deployment in the 
plasma membrane (Berdan & Caveney, 1985; Ca- 
veney, Berdan & McLean, 1980). In addition, the 
gap junctions in strips of cells at segment boundaries 
have reduced permeability to fluorescent tracers but 
not to inorganic ions, and thus establish communica- 
tion compartments in the epidermis (Warner & Law- 
rence, 1982; Blennerhassett & Caveney, 1984; 
Ruangvoravat & Lo, 1992). These observations 
raise two questions that are difficult to address in 
the intact epidermis, namely (i) how are epidermal 
gap junctional channels gated, and (ii) how is the 
macroscopic permeability to ions and small organic 
molecules (permselectivity) regulated discoordi- 
nately? Are there channels with different permeabili- 
ties or channel substates with distinct permeability 
characteristics? 

In the present study, we have begun to address 
the first question using the double whole-cell patch- 
clamp method (Neyton & Trautmann, 1985; Veen- 
stra & DeHaan, 1986). When applied to small cells, 
this method allows the voltage dependence of gap 
junctions and the properties of single channels to be 
determined. The modulation of channel gating by 
cytoplasmic metabolites can be assessed by includ- 
ing them in the pipette solution (e.g., Neyton & 
Trautmann, 1986; Somogyi & Kolb, 1988). Only one 
patch-clamp study and two conventional voltage- 
clamp studies on insect cell pairs have been reported 
(Obaid, Socolar & Rose, 1983; Verselis, Bennett 
& Bargiello, 1991 ; Bukauskas, Kempf & Weingart, 
1991). In each case, junctional conductance was 
found to be strongly dependent on the nonjunctional 
membrane potential (VM). VM-dependent gating is 
rarely observed in vertebrate cell types in which 
voltage-dependent gating depends strictly on trans- 
junctional voltage (Vj) (extensively reviewed by 
Spray & Bennett, 1985; Spray et al., 1991a). Vj de- 
pendence is usually symmetric about Vj = 0 mV 
(e.g., Veenstra, 1990; Wang et al., 1992) but may 
be asymmetric as in the rectifying synapses of inver- 
tebrate giant axons (e.g., Giaume, Kado & Korn, 
1987). Another distinction between typical insect 
and vertebrate junctions is the larger apparent limit- 
ing pore size of the channels in insects (Flagg-New- 
ton, Simpson & Loewenstein, 1979; Schwarzmann 
et al., 1981; Zimmerman & Rose, 1985). 

We report here a patch-clamp analysis of disso- 
ciated epidermal cell pairs for the larva of the beetle 
T. molitor. The junctional membrane conductance 
in well-coupled cell pairs, its voltage dependence 
and stabilization by adding ATP to the pipette solu- 
tion are described. The properties of single gap junc- 
tional channels in poorly coupled cell pairs including 

voltage dependence, conductances of the main state 
(y j) and its substates are also presented. A prelimi- 
nary report based on some of these data has ap- 
peared elsewhere (Churchill & Caveney, 1993a). 

Materials and Methods 

CELL PREPARATION 

Cell preparation is as previously described in Churchill and Ca- 
veney (1993b). Abdominal segments were excised from 6-10 pre- 
pupae of the flour beetle T. molitor (anesthetized by submersion 
in 70% ethanol for 4 rain) following apolysis (natural detachment 
of the epidermis from the cuticle) and placed into Tenebrio bath 
saline ( 'TBS';  in mM: 80 NaC1, 43 KC1, 3 CaC12, 10 MgC12, 90 
sucrose, 10 glucose, 20 PIPES; pH 6.7 with 1 M NaOH). The fat 
body was teased away from the epidermis, which remained 
loosely attached to the cuticle through muscle attachments. Fol- 
lowing dissection, the tissue was placed into 1 ml of 0.2-0.4% 
collagenase (type IA) or 0.1% pronase E (type XXV; Sigma, St. 
Louis, MO; stored at -20~ as 1% stocks in TBS and diluted in 
TBS for use) and incubated for 10-20 or 1-5 rain for collagenase 
and pronase, respectively. This was then diluted with TBS, gently 
triturated 1-3 times with a pasteur pipette (4 mm diameter open- 
ing) and washed twice by centrifuging at 100 x g and resus- 
pending in TBS. Cells were then plated on a glass coverslip 
fixed in an acrylic superfusion chamber. The spherical (10-15 
/zm diameter) epidermal cells were allowed to adhere to the glass 
substrate for 30-60 min before use. Five to thirty healthy cell 
pairs were isolated using this procedure. Isolation was carried 
out at 24-28~ 

ELECTROPHYSIOLOGICAL METHODS 

Once adherent to the coverslip, the epidermal cells were super- 
fused with 5-10 ml of TBS and frequently superfused with TBS 
throughout the experiment. All experiments were performed on 
paired spherical epidermal cells at 24-28~ within 8-10 hr of 
isolation using standard double whole-cell patch-clamp tech- 
niques (Neyton & Trautmann, 1985; Rook, Jongsma & van Gin- 
neken, 1988; Veenstra & DeHaan, 1988; Giaume, 1991; Churchill 
et al., 1993). Patch pipettes of 2-8 MS'2 resistance filled with a 
conventional pH 6.7 Tenebrio pipette solution (in raM: 100 KCI, 
10 NaC1, 1 CaC12, 2 MgCI2, 10 EGTA/45 KOH (added from a 
50 mM EGTA/225 m u  KOH stock solution), 20 PIPES, 80 su- 
crose; pH 6.7 with 1 M KOH) were used. For ATP experiments, 
5 mM Naz-ATP was added to the pipette solution before adjusting 
the pH. Stray capacitance was reduced by coating pipette tips 
with pure white beeswax (Fisher Scientific, Toronto). Pipettes 
were attached to the head stages of two, independent List L/M 
EPC-7 patch-clamp amplifiers (Medical Systems, New York). 
Digital records were stored to VCR tape using a 4-channel pulse 
code modulator (PCM) with a sampling frequency of 22 kHz 
(Medical Systems, New York) and to the hard disk of an IBM 
compatible 386 computer using a 125 kHz TL-1 DMA AD/DA 
interface (Axon Instruments, Foster City, CA). In-house software 
designed for double whole-cell recording (Axobasic, Axon) or 
pCLAMP (Axon) was used to set stimulation and acquisition 
parameters. Data were filtered upon playback from VCR tape at 
0.2 x sample frequency using an analog 8-pole low-pass Bessel 
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filter (Frequency Devices, Haverhill, MA). Giga-ohm seals of 
5-60 Gf~ on the cell were formed with a success rate > 90% 
(n > 200). Upon rupture (mouth suction) of the membrane patch 
in each pipette (break-in) capacitive current spikes in both cells 
were monitored using simultaneous square voltage pulses to - 60  
mV from holding voltages (VH) of - 5 0  mV. Capacitive currents 
were stored to disk (sample frequency = 42 kHz) for off-line 
analysis using pCLAMP (Axon). Capacitance and series resis- 
tance (Rs) compensation circuitry was not used so that R s could 
be monitored rapidly throughout the experiment. Series resis- 
tance (Rs) was estimated by dividing the change in pipette voltage 
(10 mV) by the peak of the capacitive current. The values of  Rs ,  
whole-cell capacitances and membrane potentials just after break- 
in in 54 cell pairs (n = 108 cells) were 19.9 -+ 0.9 Mfl (10-38 
Mf~), 9.8 -+ 0.5 pF (5-16 pF) and - 2 0  to - 60  inV. All voltages 
are expressed as inside negative. 

All averaged data are expressed as mean _+ SEM unless 
stated otherwise. 

JUNCTIONAL CONDUCTANCE CALCULATION 

Measurement of macroscopic currents (1j), calculation of junc- 
tional conductance (Gs), and correction for series resistance er- 
rors have already been described in detail (Neyton & Trautmann, 
1985; Rook et al., 1988; Veenstra & DeHaan, 1988; Giaume, 
1991). In experiments in which Gs was not corrected for R s errors, 
Gs was calculated by dividing I s by Vs, where V s is the voltage 
difference between cell 1 and cell 2 during a square voltage pulse 
(V~ = V1 - V2) and I j  is the absolute change in current in the 
nonpulsed cell (i.e., 11 or/2). For R s correction Gj was calculated 
with the equation 

Gs : Is/{Vs - (Rsl * 11 - Rs2 * Iz)}, 

where Rsl and Rs2 are Rs for cell 1 and cell 2, respectively. R s 
in 14 cell pairs changed an average of 56% in 20 rain during 
voltage-dependence experiments. 

Open-close events of single gap junctional channels in poorly 
coupled cells (Gj < 1.5 nS) were recognized as spontaneous step- 
like transitions in the current signals of both cells which were 
equal in magnitude but opposite in polarity (with Vs held constant 
at 20 or 10 mV). Single channel conductances (7J) were measured 
for the trace with the higher signal-to-noise ratio. The magnitude 
of the single channel current (A/j) was measured by visually 
averaging the plateau of the current transitions using the vertical 
cursors of Axotape (Axon Instruments). Frequency histograms 
of these events were constructed by grouping the calculated con- 
ductances (YJ = AiJVj)  of all step-like transitions from one cell 
pair into bins. These distributions were fitted to single Gaussian 
curves using the Gaussian-Newton approximation algorithm of 
pCLAMP (Axon). Data were acquired from tape to disk for analy- 
sis by sampling at 500 Hz and filtering at 100 Hz. Series resistance 
errors for 7J measurements were ~10%. 

Results 

SPONTANEOUS UNCOUPLING AND STABILIZATION 
OF COUPLING BY A T P  

The mean initial Gs in 267 cell pairs was 9.5 -+ 1.0 
nS ranging from 0-95 nS. In 4% of these, single 
channel activity was observed immediately after 

break-in; 24% of the pairs were completely uncou- 
pled. For these measurements the potentials of both 
ceils were held at - 50  mV (i.e., VH = -50  mV) and 
depolarizing 20 mV pulses were applied to one cell 
or hyperpolarizing 20 mV pulses were applied alter- 
nately to both cells. Well-coupled cell pairs rapidly 
uncoupled following break-in when ATP-free pipette 
solution was used (Fig. 1A). As Ij dropped and the 
amplifier gains were increased, open-close events of 
single gap junctional channels were detectable as 
spontaneous and quantal changes in the recorded 
currents (I~ and 12) that were equal in magnitude but 
opposite in sign (Figs. 1A and 2). To observe single 
channel activity, the pulsing was stopped and V s set 
at a constant level. Channel activity lasted < 10 min 
once detected. The mean half-time to uncoupling (to 
the level of single channels) for 12 cell pairs (with 
initial Gs > 10 nS) was 7.6 min (Fig. IB). 

Since "rundown" of Gs (i.e., spontaneous un- 
coupling) has been explained in other cell types to 
be due to washout (Neyton & Trautmann, 1986; 
Somogyi & Kolb, 1988), the effect of ATP in the 
pipette on Gj was tested. Washout occurs when the 
pipette solution dilutes soluble cytoplasmic compo- 
nents (Pusch & Neher, 1988). ATP (5 raM) in the 
pipette solution substantially inhibited rundown 
with Gj, slowly decreasing to less than 50% in 30 
rain (Fig. 1B). Gj often increased within minutes of 
break-in, suggesting that 5 mM ATP may have been 
higher than endogenous levels in those cells. Gj in 
well-coupled ATP-loaded cell pairs never dropped 
to the single channel level. In four cell pairs the 
initial Gj was < 2 nS and single channel events were 
observable immediately after break-in. 

SINGLE CHANNEL PROPERTIES 

Poorly coupled ATP-loaded cell pairs were used for 
most of the analysis of unitary channel conductance 
(-/j) since more events were available for any single 
cell pair than from non-ATP-loaded cell pairs. The 
length of single channel recording and the number 
of events per cell pair for ATP-loaded and non-ATP- 
loaded cell pairs were, respectively: 16.25 -+ 1.57 
min (n = 4 cell pairs) vs. 6.05 -+ 0.93 min (n --- 14 
cell pairs) and 270 + 70 vs. 104 + 20 observable 
events per cell pair (not necessarily all events 
were measurable). 

Main Conductance State 

Upon visual inspection of channel data from any 
cell pair, it was clear that there was only one main 
conductance state (Figs. 2 and 3A). Also, during the 
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Fig. 1. Spontaneous uncoupling and stabilization of junctional 
conductance by 5 mM ATP in the pipette solution. (it) Current 
(I~ and 12) and voltage (V1 and V2) traces are shown (compressed 
time scale) from a cell pair without ATP in the pipette solution. 
Voltage pulses  (1 sec, 20 mV, 0.3 Hz) were applied to cell 1 with 
V,~ = - 5 0  mV for both cells. Bars between the current traces 
indicate changes in amplifier gain. Initial I j  = 180 pA (Gj = 9 nS) 
declined to the  5 pA current  (yj = 250 pS) representative of single 
channels within 10 min.  A constant Vj with a reversed polarity 
of 20 mV (V1 = - 5 0  mV, V 2 = - 3 0  mV) was used to monitor 
the spontaneous and quantal behavior of the single channel events 
at the end of the current traces. The data for the figure were 
sampled from tape at 15 Hz.  (B) Gj (Ij/Vj) from 12 cell pairs 
without ATP in the pipette were normalized to the initial Gj and 
graphed against time after break-in (11). Data points at one-min 
intervals are shown. Cell pairs rapidly uncoupled with a half- 
t ime to unitary channel events of 7.6 min. When 5 mM ATP 
was added to the pipette solution, spontaneous uncoupling was 
inhibited (IlL G~ gradually decreased with time but never to 
the conductance level at which unitary channels events were 
observed (n = 8 cell pairs). The initial Gj was > 10 nS in all 
cell pairs. 

40 

open period of the main state, substates of  smaller 
conductance were observed (Fig. 4A a and d). Main 
state and substate conductances  were analyzed sep- 
arately. To analyze main state conductance,  all main 
state transitions were measured from one cell pair 
and grouped into 7 pS bins on a frequency histogram 
(Fig. 3A). The distribution in Fig. 3A approximated 
a normal distribution and was fit with a single Gauss- 
ian curve with a mean -+ SD of 197.21 --+ 13.39 pS 
(n = 492 events). From two other cell pairs (with 
n > 100) the mean -+ sD for abes t  fit single Gaussian 
curve were 214.72 -+ 42.05 pS (n = 287 events) and 
293.46 -+ 24.24 pS (n = 166 events).  The arithmetic 
mean conductance for 169 single level channel 
events from 13 spontaneously uncoupled cell pairs 
was 288.68 -+ 2.42 pS (mean - SEM), ranging from 
individual cell pair means of 260.56 -+ 8.83 pS (n = 
9 events) to 347 - 3.84 pS (n = 4 events).  

The Vj dependence of  the single channel current 
(ij) was determined using spontaneously  uncoupled 
cells (ATP-free pipette) since it was easier to obtain 
data from several pairs. One cell was clamped at 
0 mV and the other at a range of voltages between 
0 to - 6 0  mV. Reversal of  is was obtained by alternat- 
ing the cell clamped at 0 mV. The single channel 
I-V relationship is shown in Fig. 3B for data obtained 
from six cell pairs. This was fit with a regression 
line of slope 271 - 0.01 pS (r 2 = 0.99) using a linear 
least-squares method. Typical single channel events  
from which these measurements were made are 
shown in Fig. 3C for Vj = +40  to - 4 0  mV. From 
these results we conclude that over the voltage range 
tested, and for the periods of time that channel activ- 
ity was observed at each Vj ( - 1  min), the main state 
ij vs. Vj is ohmic. 
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Fig. 2. Unitary currents from single gap junctional channels observed in a poorly coupled cell pair following spontaneous uncoupling. 
Current (11 and/2) and voltage (Vl and V2) traces are shown on an expanded time scale from a cell pair clamped with pipettes containing 
an ATP-free solution. A train of voltage pulses (l sec, 20 mV, 0.3 Hz) was initially applied to cell l with Vn = - 5 0  mV for both 
cells. A constant Vj with a reversed polarity of 20 mV (1/i = -60  mV, V2 = -40  mV) was used to monitor the spontaneous and 
quantal behavior of the unitary single channel currents. Each dotted line represents 4.6-5 pA (230-250 pS) of conductance. Baseline 
(closed) is indicated at C. O indicates the direction of channel opening. The data for this figure were sampled from tape at 100 Hz. 

In four ATP-loaded cell pairs the open duration 
of main state events was measured. Only single 
channel events opening from the baseline (closed) 
and uninterrupted by openings of other channels 
were selected for these measurements. Open dura- 
tions ranged from 14 msec to 13.3 sec for a mean of 
753 -+ 101 msec (n = 189 events). In one typical 
ATP-loaded cell pair the transition times between 
the fully open state and baseline were measured for 
52 smooth transitions (sample frequency = 5 kHz). 
Transition times ranged from 0.4-28.8 msec with a 
mean of 5.40 -+ 0.97 msec. The mean transition rate 
was 3.13 pA/msec. 

Single channel activity was sometimes ob- 
served to occur between cell pairs which, in the 
light microscope, did not appear to be in contact. 
Whether the fine filopodia (with gap junctions at 
their tips) occurred before recording or only formed 
when the cells were pulled apart (due to manipula- 
tor drift) is unknown. On several occasions, cell 
pairs that were purposely manipulated several cell 
diameters apart still maintained junctional commu- 
nication. 

Subconductance States 

Substates of the mainstate ,/j occurred as momen- 
tary shifts in channel conductance during main state 
events (arrowheads, Fig. 4A, a and d). In addition 
to this, substates occasionally appeared as steps or 
flickering during transitional periods of channel 
opening or closing (arrowheads, Fig. 4A, b), or as 
separate channel events of smaller than main ,/j (ar- 
rowhead, Fig. 4.4, c). 

Substates occurring within main state events 
as shown in Fig. 4A, a and d were analyzed by 
calculating each substate as a percent of the main 
state yj within which it was observed. All substate 
events were pooled from four ATP-loaded cell 
pairs and grouped into 6 pS bins on a frequency 
histogram (Fig. 4B). The substate frequency distri- 
bution was very broad. Events ranged from 
3.6-85.6% of the main state with an arithmetic 
mean 36.8 - 0.7% (n = 544 events). The non- 
normalized arithmetic mean was 90.2 --- 2.1 pS (n 
= 545 events). The mean duration of substate 
events measured within single level main state 
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Fig. 3. Main state conductance. (A) Frequency histogram of 492 
single channel events from one cell pair with ATP in the pipettes. 
Events were grouped into 7 pS bins and fit with a single Gaussian 
curve with mean -+ sD of 197.21 - 13.39 pS. Vj was maintained 
at 20 mV with the cells being held at a range of Vn from -30 to 
+ 10 mV. Vz-I was shifted twice to more depolarized potentials to 
reduce nonjunctional noise and keep channel activity on scale. 
(B) Dependence of unitary current (ij) on V I. One cell of the pair 
was clamped at 0 mV and the other at a range of voltages between 
0 to -60 mV. Channels were not active at depolarized voltages 
(Fig. 7), therefore the reversal of the single channel current was 
obtained by alternating the cell maintained at 0 mV. Averaged 
ij from 6 cell pairs are graphed against Vj. Single channel events 
(1-10) were recorded at each Vj. Measurements were made only 
on single level events. Standard error bars are obscured by data 
symbols. Results were fit with a regression line with slope 
271.0 - 0.01 pS ( r  2 = 0,99) using a linear least-squares method. 
(C) Typical single channel currents are shown for Vj = -40 
to +40 mV. Arrowheads denote baseline. Data for figure were 
sampled from tape at 500 Hz. 
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Fig. 4. Substate conductances. (A) Examples of single channel 
events are shown in a-d,  each from a different cell pair. Current 
traces from both cells of the pair are shown. Horizontal arrows 
(C) mark the baseline (closed). For a-c ,  Vj = 20 mV; for d, Vj 
= - 10 mV. Arrows denote examples of substate events. Substate 
conductances at the arrows in a and d were 43 and 235 pS, 
respectively. Main state conductances for a - d  were 286, 211, 
257, and 305 pS, respectively, b is an example of a noisy transition 
between baseline and main state. Sometimes distinct steps were 
discerned, c is an example of substate behavior that stopped 
when the channel opened to main state. The data for this figure 
were sampled from tape 300 Hz. (B) Frequency histogram of 
substate events occurring within main state events (i.e., as in A 
a and d). Each event was normalized as a percent of the main 
state in which it was observed; 544 events from four cell pairs 
with ATP in the pipette were pooled and grouped into 6 pS bins. 
The arithmetic mean of substate events was 36.81 -+ 0.74% of 
the main state, ranging from 3.6-85.6% of the main state. 

events was 42.1 + 2.0 msec (n = 536 events) 
ranging from 4-480 msec. These represent 5.5 + 
0.8% (n = 238 events) of the total open time of 
all main state events in which main state duration 
could be estimated. One hundred forty-five of the 
main state events, often lasting many seconds in 
duration, did not display substates. If these are 
removed from the calculation of substate open 
time then substates represented 14.2 -+ 1.6% (n 
= 93 events) of the main state open time. 

The other subconductance behavior of these 
channels appeared, upon initial visual inspection 
of the data records, as a smaller conductance 
channel. This was observed in three separate re- 
cordings of short duration (in both ATP-loaded 
and non-ATP-loaded cell pairs). Upon closer visual 
inspection, it was observed that the smaller flicker- 
ing channel activity was not present whenever the 
larger ")/j channel opened (note the very quiet 
plateau of the large open channel in Fig 4A, c). 
This suggests that only one channel with large 
main state 7s was present. The channel flickered 
between baseline and substate levels and only 
occasionally opened to the main state. Multiple 
main state channel openings (concurrent openings) 
were not observed in these recordings. It is there- 
fore likely that only one or very few channels 
were active in these cell pairs. In cell pairs in 
which multiple channels were clearly active, this 
smaller conductance flickering behavior was never 
observed, suggesting that this may just be a prop- 
erty of channels in destabilized junctions in very 
poorly coupled cell pairs. In a one-min recording 
from one ATP-loaded cell pair, the small conduc- 
tance activity had a mean conductance of 76.56 
- 3.12 pS (n = 118 events) representing 22% of 
the 348 + 6.28 pS (n = 22 events) main state. 
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VM Dependence o f  Gj 

The effects of VM on Gj were examined using the 
following protocol (Fig. 5A). V/_/was held at - 50 mV 
for both cells of a pair, and conditioning pulses of 
the same magnitude (+40 to -90 mV) and duration 
were supplied to both cells. G s was monitored by 
superimposing hyperpolarizing 20 mV test pulses 
(1 sec, 0.3 Hz) on the conditioning pulses. The test 
pulses alternated between cells to rule out one-sided 
artifacts. Conditioning pulse duration was under the 
experimenter's control so that VM was changed only 
when steady-state was reached. Gj was corrected for 
series resistance errors (see Materials and Methods) 
and by an uncoupling factor which was based on the 
ratio of the initial Gj at VM = -50 mV following 
break-in and Gj at VM -50 mVjust before the condi- 
tioning pulse. The long time required to reach each 
new steady-state caused these experiments to last 
from 15-30 min allowing substantial uncoupling to 
occur (Fig. 1B). 

Figure 5A is a sample set of traces showing the 
effect of VM on Gj. A conditioning pulse of +40 mV 
resulted in a decrease in steady-state Ij to near 0 pA 
with a time course of less than 6 sec. Upon restora- 
tion of VM to -50 mV recovery of steady-state Ij 
was slow, taking from 18-24 sec. Depolarization to 
+ 10 mV in this example resulted in a 30-40% drop 
in steady-state I s with a slower time course of 15-18 
sec. A - I 0  mV conditioning pulse resulted in only 
a slight decrease in steady-state Ij occurring with a 
slow time course (9-12 sec). In general, the restora- 
tion of steady-state Ij upon return of VM to -50 mV 
occurred more slowly than the decay with depolar- 
ization. The decay and recovery of steady-state Ij 
was faster and slower, respectively, with larger de- 
polarizing conditioning pulses. Hyperpolarizing 
conditioning pulses generally resulted in small in- 
creases in steady-state Ij with slow time courses 
(> 10 sec). The contribution of nonjunctional cur- 
rents during conditioning pulses was very small, as 
seen by the small upward deflections in the overall 
holding current of both cells with changes in VM in 
Fig. 5A. This is supported by recordings from single 
unpaired epidermal cells. The response of single 
cells to voltage jumps of ---100 mV was ohmic (Fig. 
5C). The input resistance in 29 single cells was 
14.1 --+ 2.6 GO. These data demonstrate that the 
nonjunctional membrane, under the conditions used 
in this study on cell pairs, has very high input resis- 
tance and lacks voltage-gated channel activity and, 
therefore, has minimal effect on the measurement 
of junctional currents. 

The mean steady-state Gj response for seven 
cell pairs was normalized to the maximal steady- 
state Gj (Gjmax) and plotted on a steady-state 

Gj/Gjmax os. V M curve (Fig. 5B). The steady-state 
Gj curve approached 0 nS at VM positive to 0 mV 
and increased sigmoidally at VM < 0 mV. The 
mean voltage at half-maximal steady-state G s was 
-26.2 -+ 4.2 mV (n = 7 cell pairs) ranging from 
-7.5 to -39 mV. For comparison to similar data 
from other insect cell pairs, this curve was fit to a 
previously described two-state Boltzmann relation- 
ship for two independent gates in series (Obaid et 
al., 1983; Verselis et al., 1991), 

G j  = Gjmax/{1 + exp[A(V M - Vo)]} 2, 

where Gjmax is the maximal steady-state Gj attain- 
able at negative membrane potentials (set to 1), Vo 
is the VM at which half the gates are open and A is 
a constant describing the steepness of the relation- 
ship. The data were graphed as  log[(Gjmax/Gj)  1/2 - 
1] vs. VM and fit using a linear least-squares method 
in order to find the best fit values for Vo (VM at 
(Gjmax/aj) 1/2 - 1 = 1) and A (slope = A/2.3). A 
curve was generated from the fit values for display 
(Fig. 5B, unbroken line). The fit values for the aver- 
aged curve were A = 0.05 and V o = -5.5  mV (r 2 = 
0.83). The best fit values (r 2 > 0.9) for the individual 
curves ranged from 0.047 to 0.083 for A (mean 
0.057 -+ 0.004) and -22 to +12.7 for Vo (mean 
-4.81 --- 4.51 mV). The average gating charge was 
z = 1.47 -+ 0.11, determined from z = ART/F, where 
R is the ideal gas constant, T the absolute tempera- 
ture in degrees Kelvin and F is Faraday's constant. 
These data suggest that Gj depends strongly on VM 
during steady-state conditions. 

V s Dependence o f  Gj 

The effects of Vj on Gj were examined using a volt- 
age protocol in which both cells of the pair were 
voltage-clamped at -50 mV and one of the cells was 
stepped through a series of voltage pulses. Square 
test pulses (30 sec) from +50 to -100 mV in 10 mV 
increments were randomly applied to one cell gener- 
ating transjunctional voltages of + 100 to -50 mV. 
Between the test pulses, which were from 30-60 
sec apart, the degree of coupling was monitored 
by applying hyperpolarizing -20 mV pulses (1 sec, 
0.3 Hz) alternately to either cell as in the above 
experiments on VM dependence. This also allowed 
monitoring of recovery of I s from the test pulse to 
the -50 mV holding potential so that the next test 
pulse was not applied until a new steady-state was 
reached. Instantaneous and steady-state Gj (at the 
beginning and end of the 30 sec test pulse, respec- 
tively) was calculated and corrected for R s errors 
and for uncoupling as described for Gj vs. VM experi- 
ments. 
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Figure 6A shows sample current traces from 
one cell of a pair at a range of Vj with the V~ = 
-50  mV for both cells of the pair. The voltage 
of cell 1 (V1) was changed during the test pulse. 
With strongly depolarizing pulses Ij decayed in 
a time-dependent manner. Decay was faster as 
depolarization increased. At Vj = -+ 20 mV little 
if any time-dependent decay was observed. At Vj < 
-30  mV a gradual and very small time-dependent 
increase in the l j  occurred (15-30 sec; in other 
cells this time-dependent increase was more pro- 
nounced). In this example, even with Vj > 
+90 mV, there remained a substantial steady-state 
Ij. In one cell pair in which Vj > +120 mV, a 
substantial residual steady-state I s still remained. 
We found that time-dependent decay of Gj with 
hyperpolarizing V s test pulses occurred when the 
overall holding potential (V,7) was more positive 
than -50  inV. In Fig. 6C an example of junctional 
currents from one cell of a pair are shown in 
response to a hyperpolarizing 40 mV Vj test pulse 
(7.5 sec duration) applied from three different V,~ 
(0, -20,  - 40  mV). Time-dependent decay in Ij 
was dependent on the overall V~ of the two cells 
with increased hyperpolarization decreasing the 
rate of decay. The same relationship was found 
for depolarizing Vj test pulses as hyperpolarization 
of the V,q of both cells decreased the rate of time- 
dependent decay (data not shown). 

Both the instantaneous and steady-state Gj were 
normalized to Gj~ax (instantaneous and steady-state 
Gsmax, respectively) and graphed against Vj. Figure 
6B plots the average instantaneous and steady-state 
Gj/Gjmax vs. Vj curves from seven cell pairs. The 
instantaneous Gj/Gjmax vs. Vs curve (Fig. 6B) was 
mostly linear, although a decreasing trend in 
Gj/Gjm,x at Vj > - l 0  mV was apparent. This may 
be due to the difficulty of estimating instantaneous 
current since the multiple and very slow time con- 
stants of the decay made curve-fitting difficult. We 
instead took maximum Ij as instantaneous Ij. The 
s t e a d y - s t a t e  Gj/Gjmax VS.  Vj curve (Fig. 6B) shows 
that, as seen in the response to VM, steady-state 
Gj increased upon hyperpolarization and decreased 
with depolarization of one cell. In this case, how- 
ever, Gjmax was reached at about Vj = 0 mV fol- 
lowed by a decline at Vj < -10  mV. This decrease 
in steady-state G j, coupled with the time-dependent 
decay of Ij with hyperpolarizing Vj test pulses when 
the overall VH was greater than -50  mV, suggests 
the presence of Vj-dependent gating. However, 
given the asymmetry of the steady-state Gs/Gsmax 
vs. Vj curve, the residual steady-state Gj at Vj > 
0 mV, and the loss of the time-dependent decay of l j  
with hyperpolarizing Vj test pulses when the overall 
hyperpolarization of both cells was less than -50  

mV, VM is the major voltage dependence determin- 
ing G s in these cells. 

Voltage Dependence of  Single Channel Activity 

The effects of voltage on single channel activity were 
examined using a pair of voltage protocols on cell 
pairs which had spontaneously uncoupled (ATP-free 
pipette). In the first protocol, both cells of the pair 
were clamped at holding voltages between +20 to 
-20  mV, creating a starting transjunctional voltage 
of 0 or 20 mV. The potential of only one cell was 
then hyperpolarized in a staircase of 10 mV steps 
every 20 sec, thereby increasing Vj with each step. 
Upon completing this protocol, we began a second 
one in which both cells were clamped at holding 
voltages between +20 and -20  mV, creating a trans- 
junctional voltage of 20 mV. Both cells were then 
hyperpolarized in 10 mV steps, maintaining a con- 
stant transjunctional voltage of 20 mV. Because the 
cell pairs were uncoupling during the recording, the 
number of active channels was slowly decreasing. 
Each protocol took 2-3 min with a 1-2 min break 
in between. 

Figure 7A shows sample traces from one cell 
pair. In the top set, only one cell (cell I) was hyper- 
polarized in staircase fashion, and in the bottom set 
both cells were hyperpolarized. When both cells of 
the pair were at more depolarized voltages, there 
was little or no channel activity. As either one (top 
set of traces) or both cells (bottom set of traces) 
were hyperpolarized, channel activity increased. 
The open channel probability in relation to cell volt- 
age was estimated by graphing the average NP o at 
each voltage level for eight cell pairs (Fig. 7B). To 
determine NP o (where N is the number of channels 
and Po the probability of opening), the mean current 
(I) during each 20 sec voltage step was calculated 
by averaging the total current above baseline current 
and dividing it by i j ,  the single channel current level. 
Each NPo value was normalized to the maximal NPo 
recorded for that cell pair and graphed against the 
voltage of the most hyperpolarized cell of the pair 
(V *). Hyperpolarization of one or both cell s re sulted 
in an increase in channel activity (Fig. 7B). These 
data also show that hyperpolarizing membrane po- 
tentials affect Gj in well-coupled cells by changing 
channel activity, with hyperpolarization of both cells 
increasing channel activity more than if only one 
cell was hyperpolarized. 

Discussion 

In this study double, whole-cell patch-clamp meth- 
ods were used to characterize junctional conduc- 
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Fig. 7. Voltage dependence of single channel activity. (A) Cur- 
rent traces from one cell of a pair without ATP in the pipette 
solution are shown. The voltages of each cell (VI and Vz) are 
shown at left. The top set of current traces were generated by 
holding both cells at 0 mV and then hyperpolarizing V1 in staircase 
fashion; the voltage dropped by 10 mV with each 20 sec step. 
The bottom set of traces was generated following the completion 
of the first set. Here, both cells of the pair were hyperpolarized 
while maintaining Vj = 20 mV. In both cases, channel activity 
increased with hyperpolarization. (B) Average NPo vs. voltage 
of most hyperpolarized cell of pair (V*) for eight cell pairs (nor- 
malized to the maximal NPo for each cell pair). Hyperpolarization 
of one (0)  or both cells (11) of a pair increased channel activity. 
Pairwise hyperpolarization increased channel activity more than 
one-sided hyperpolarization. 
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tances in isolated pairs of insect epidermal cells. 
ATP- and nonjunctional membrane potential-depen- 
dent gating have been described along with the sub- 
state gating behavior of a large conductance gap 
junctional channel. 

The range of initial Gs in isolated epidermal cell 
pairs was 0-95 nS. These values are much lower than 
that calculated for cell pairs in the intact epidermis. 
Berdan and Caveney (1985) estimated that there 
were 15,000 junctional channels between any two 
cells in the intact Tenebrio epidermis. Assuming all 
of the channels to be open with yj = 250 pS, a 
Gj = 3,750 nS is predicted. As the gap junctions in 
isolated cell pairs were < 2.5% the size of those in 
native junctions, extrapolation of the voltage depen- 
dence and single channel gating peculiarities de- 
scribed in this study to junctions in the intact epider- 
mis may be limited. 

ATP (5 mM) added to the pipette solution 
stabilized the rapid uncoupling of epidermal cell 
pairs that occurred during whole-cell recording. A 
similar ATP-stabilized uncoupling has been de- 
scribed in several vertebrate cell pairs (e.g., Somo- 
gyi & Kolb, 1988; Sugiura et al., 1990; Paschke, 
Eckert & Htilser, 1992) and is attributed to the 
dialysis of cytoplasm by the pipette solution occur- 
ring during recording. The rate of uncoupling is 
faster in Tenebrio compared to vertebrate cell pairs 
(half-time = 7.6 min vs. - 2 0  rain, respectively). 
Different dialysis rates or differences in the sensi- 
tivity of the junctions to the loss of cytoplasmic 
components may account for this. Since inorganic 
ions equilibrate in about 3-5 min and the loss of 
50% of soluble protein takes about 15 min during 
whole-cell patch-clamp (Pusch & Neher, 1988), 
the different kinetics of uncoupling may reflect 
different dependencies of ATP action on soluble 
ATP-hydrolyzing proteins such as protein kinases. 
As ATP clearly plays a major role in stabilizing 
epidermal gap junctions, we are presently investi- 
gating its mechanism of action. 

The variation in main state yj between epidermal 
cell pairs was large (197-349 pS, >18 cell pairs). A 
similar range has been reported for epidermal cell 
pairs uncoupled with octanol (Churchill & Caveney, 
1993b). This could indicate the occurrence of differ- 
ent channels with different yj or the ability of one 
channel type to assume different conductance 
states. In addition to the observation of only one 
main state Ys per cell pair, all other characteristics 
of the observed channels were the same including: 
the pattern of opening, transition times, substate 
behavior, and voltage and ATP dependence. It is 
also possible that only one channel type with the 
same yj was observed in all cell pairs. In this case, 
cell-to-cell variability could instead be attributed to 
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errors in estimating the effective transjunctional 
voltage at the junction because of series or cyto- 
plasmic resistance errors (Wilders & Jongsma, 1992) 
or, space clamp problems arising in the region of 
gap junctions occurring at the end of fine filopodia. 
We have calculated the errors due to series resis- 
tance to be ~10%. Space clamp errors would be 
difficult to estimate. However, it is unlikely that 
filopodia cause a problem since we have never ob- 
served obvious changes in Ys that might arise due 
to filopodia formation with manipulator drift during 
recording in one cell pair. Gap junctions at the end 
of filopodia in other cell types have been described 
(Loewenstein, Kanno & Socolar, 1978; Rook et 
al., 1988). 

Large conductance gap junctional channels 
have been described for three insect cell types. 
Apart from the epidermal channel, yj of 345 pS in 
cockroach hemocytes (Churchill et al., 1993) and 
133 pS in a mosquito cell line (Bukauskas et al., 
1991) have been reported. In one other invertebrate 
(earthworm giant axon) in which single channel con- 
ductance has been examined 30-40 pS and 90-110 
pS have been reported (Brink & Fan, 1989). In verte- 
brates more than 80% of the reported yj are below 
100 pS (e.g., Neyton & Trautmann, 1985; Burt & 
Spray, 1988; Rook et al., 1988; Somogyi & Kolb, 
1988; Veenstra & DeHaan, 1988; McMahon, Dow- 
ling & Knapp, 1989; Dermeitzel et al., 1991; Giaume 
et al., 1991; Moore, Beyer & Burr, 1991; Spray et 
al., 1991b; Paschke, et al., 1992) and only a few 
yj between 100-200 pS have been reported (e.g., 
Neyton & Trautmann, 1985; Chow & Young, 1987; 
Somogyi & Kolb, 1988; Veenstra & DeHaan, 1988). 
Only those in embryonic chick heart and lens are in 
the 200-300 pS range (Chen& DeHaan, 1992; Miller, 
Zampighi & Hall, 1992). The generally larger yj of 
insect vs. vertebrate cells is consistent with the find- 
ings of larger pore sizes in insects. Previous experi- 
ments with fluorescent tracer molecules have dem- 
onstrated the apparent limiting pore size in 
Chironomus salivary gland junctions to be between 
2 and 3 nm corresponding to a molecular weight cut- 
off of 1,200-2,450 D (Flagg-Newton et al., 1979; 
Schwarzmann et al., 1981; Zimmerman & Rose, 
1985). In contrast, junctions in cultured mammalian 
cells have a 1.6-2 nm pore size and 900-1000 D 
cut-off(Flagg-Newton et al., 1979; Schwarzmann et 
al., 1981). 

Three types of substate behavior were observed 
in the epidermis. These included: (i) a broad range 
of partially closed states that occurred during main 
state events; (ii) flickering or distinct steps that oc- 
curred during opening and closing transitional peri- 
ods of main state events; and (iii) flickering between 
the fully closed state and the substate interrupted 

by occasional complete openings to the main state. 
Following the substate criteria outlined by Fox 
(1987), these would be substates of the main state 
channel, since substates occurred infrequently, in- 
terconverting directly with the main state, and when 
occurring as apparent independent events, were al- 
ways observed in the presence of, but not at exactly 
the same time, as main state activity. The suggestion 
that gap junctional channels can assume substates 
is not new (Neyton & Trautmann, 1985; Veenstra 
& DeHaan, 1986, 1988; Somogyi & Kolb, 1988). It 
is unclear whether the conductance levels observed 
in these reports represented substates or the activity 
of different populations of channels. Evidence in 
a recent report strongly suggests the presence of 
voltage-dependent substates in chick heart gap junc- 
tions (Chen & DeHaan, 1992). 

Slow transition times for opening and closing 
of the main state epidermal channel were observed 
(1-28 msec). It was difficult to measure transition 
times at sample frequencies faster than 5 kHz 
because of increases in background noise. Al- 
though the 5 kHz sample frequency would be ex- 
pected to slow the measured transition times, tran- 
sitions > 15 msec would still represent very slow 
(msec) transitions at faster sample frequencies. 
Most nonjunctional ion channels and some gap 
junctional channels (Veenstra & DeHaan, 1988) 
have fast transition times (/xsec), reflecting the 
instability of the channel in any other but the 
opened and closed conformations. The slow transi- 
tion times of epidermal and some other gap junc- 
tional channels (Neyton & Trautmann, 1985; Chow 
& Young, 1987; Rook et al., 1988; R0dis01i & 
Weingart, 1989) suggest that these may have multi- 
ple stable conformations and hence can transit 
through those states more slowly. The observation 
of slow transition times, coupled with the multiplic- 
ity of substate conductances and flickering transi- 
tional gating properties in epidermal channels, sup- 
port a model of gating which states that gap 
junctional channels can open to any conductance 
between zero and their fully open state but usually 
have two or more preferential conducting states 
(Neyton & Trautmann, 1985; Rook et al., 1988; 
Young, Cohn & Gilula, 1987). 

Gj in Tenebrio gap junctions is strongly depen- 
dent on VM. A similar dependence has been reported 
in gap junctions in three other insect tissues, Chiro- 
nomus (Obaid et al., 1983) and Drosophila salivary 
gland cell pairs (Verselis & Bargiello, 1991 ; Verselis 
et al., 1991), and Aedes albopictus cultured cells 
(Bukauskas, et al., 1991). In all examples, Gj in- 
creased sigmoidally with hyperpolarization and ap- 
proached zero with depolarization. The VM at half- 
maximal conductance in Tenebrio was -26  mV. As 
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this lies within the normal range of membrane poten- 
tial in the intact epidermis (Caveney & Blennerhas- 
sett, 1980), V M could play a role in controlling the 
overall tone of junctional conductance. There is rea- 
son, however, for caution in making this extrapola- 
tion from whole-cell patch-clamped cell pairs to in- 
tact tissue with thousands of gap junction channels 
per cell. Obaid et al. (1983) have clearly demon- 
strated in Chironomus that cytoplasmic conditions 
affecting pH and pCa 2§ determine Vo of the VM- 
dependent response, suggesting that internal perfu- 
sion of cytoplasm during patch clamp could affect 
the measurement of Vo. In addition, Jongsma et al. 
(1990) have suggested that the size of gap junction 
plaques may affect the proportion of the electric 
field sensed by each channel, thereby explaining the 
loss of voltage dependence in large vs. small gap 
junctions in mammalian heart. 

VM dependence was suggested to be the primary 
means of voltage control in Chironomus cell pairs 
(Obaid et al., 1983). In Drosophila (Verselis & Bar- 
giello, 1991; Verselis et al., 1991) and Aedes, how- 
ever, both V M and Vj dependence were found. In 
both cell types strongly depolarizing and hyperpolar- 
izing Vj pulses resulted in a time-dependent decay 
in Ij. In addition, the steady-state Gj vs. Vj curve 
was bell-shaped but asymmetric about 0 mV, sup- 
porting the suggestion that both Vj- and VM-depen- 
dent gating mechanisms were operative during Vj 
pulses. A similar response was observed in Tenebrio 
cell pairs. In Tenebrio, time-dependent decay in Gj 
only occurred in response to hyperpolarizing Vj test 
pulses when VH -< -40 mV, suggesting that the VM- 
and Vg-dependent gates interact. Kinetic analyses, 
as have been done in Drosophila to demonstrate 
the presence and interaction of both Vj- and VM- 
dependent gates (Verselis & Bargiello, 1991; Verse- 
lis et al., 1991), must be done to differentiate be- 
tween the contributions of these two mechanisms 
in determining epidermal cell Gj. 

Our long-term goal in examining patch-clamped 
epidermal cell pairs is to gain insight into the com- 
plex gating mechanisms and unique permselective 
properties of insect gap junctions that may be im- 
portant during development. In addition, the pres- 
ence of strong VM- and ATP-dependent gating mech- 
anisms in the epidermis suggests that the large 
conductance gap junctional channels appear capable 
of assuming multiple subconductance states. These 
channel substates may have different relative perme- 
ability (Permselectivity) to inorganic and organic 
ions. This might explain how junctional permeability 
to inorganic ions and fluorescent tracers may change 
selectively in the segmented epidermis and at seg- 
ment borders during development (Caveney & Sa- 
franyos, 1989). Junctional permselectivity could re- 

suit from changes in the relative amounts of distinct 
channel types with different permeability properties 
or, as favored by this study, the option of a single 
channel type with different substate permeabilities. 
If it could be demonstrated that substates had perme- 
abilities distinct from the main state and were subject 
to differential regulation, then we would be one step 
closer to defining a role for gap junctions in insect 
development. Future patch-clamp studies of cells 
isolated from different regions of the epidermis, or 
exposed to metabolic intermediates in the patch pi- 
pettes, may help unravel the complexities of junc- 
tional communication in this tissue. 
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Note  Added  in P r o o f  

In a recent short communication Bukauskas and Weingart (1993) 
have reported a large conductance mosquito gap junctional chan- 
nel having subconductance states of 1/5 and 1/7 of the 365 pS 
main conductance state. 


