decide on the eventual behavior of the net-
work. The network was considered to have
settled into a fixed point when the total
activity on two consecutive iterations dif-
fered by less than the settling threshold e,
which was set to the value 0.001 in all these
experiments. An upper bound, B, deter-
mined when the network failed to settle.
Computation was stopped when the total
activity in the network either settled or
reached this bound. In practice, we used
relatively small networks and values of B,
thus limiting the number of iterations. Since
limiting the total number of iterations
smoothes the expected transition we varied
B in order to examine its effect.

The results of the first two experiments
are depicted in Fig. 2. They explore left-to-
right movement on the phase diagram as the
value of w increases. This path corresponds
to the trajectory labeled 1&2 in Fig. 1. For
both of these experiments o = 0.6 and
vy = 0.4, so a/y = 1.5. In experiment 1 (sol-
id curve), B=10 and in experiment 2
(dashed curve), B = 1000. Figure 2A shows
the extent of the spatial event horizon by
displaying the average fraction (over the 25
trials) of active nodes in the network at the
time the network either settles or reaches the
value B. As expected from the limited size of
our network, the transition is smoothed out.
To highlight the transition, we examined
the relative fluctuations in the network,
computed by dividing the standard devi-
ation of the fraction of active nodes by their
average. This quantity, shown in Fig. 2B,
peaks at approximately the predicted point
of 50 links (p = 1).

The results depicted in Fig. 3 are from the
remaining two experiments. We investigat-
ed movement in the vertical direction on the
phase diagram, as shown by transitions 3
and 4 of Fig. 1. In both of these cases, a and
v begin at 0.4 and 0.6, respectively; a is
increased by 0.02 while vy is decreased by the
same amount, until their ratio reaches the
value 1.5. The vertical transition was tried at
two different values of w, 0.4 and 1.4,
corresponding to 20 links (solid curve) and
70 links (dashed curve). Figure 3A shows
the total activity of the network when the
network either settles or reaches the bound
B = 100.0. One can clearly see the predicted
sudden growth in activity when a/y = 1.0.
Below this point the network always settles.
Above it, the activity continues to grow and
eventually reaches B. The difference in the
upper part of these curves (about 30 for the
solid curve and about 75 for the dashed
curve) is a result of the overall greater
number of connected nodes in the latter
case.

Figure 3B shows the time taken for the
network to either settle or reach the value B.
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In this figure we have separated each curve
into the settling region (left) and bounded
region (right). The peak is a result of differ-
ent phenomena on either side. On the left,
the curve results from the time required for
the network to settle to its fixed point,
whereas on the right instead of settling the
network continues to grow faster as a/y
increases, reaching the value B more rapidly.

The theory developed by Huberman and
Hogg (8) provides a way of understanding
the robust global features of a system. Such
features, which are hard to notice in small
systems, can play a large role in the behavior
of larger ones. Our results clearly show that
the predicted phase transitions can be ob-
served even in relatively small spreading
activation networks. Moreover, the exis-
tence of such transitions has immediate im-
plications for the predictions of memory
models and the behavior of artificial intelli-
gence systems which incorporate learning.
Specifically, instead of the fairly smooth
transitions in performance that have been
generally assumed in these situations, we
have shown that abrupt transitions can be
expected. More generally, these experiments
show that statistical models provide a useful
way to understand the behavior of large

systems. They also emphasize the dominat-
ing influence of topological properties.
These are particularly important implica-
tions for the behavior of any network with a
dynamic topology.
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Single-Channel and Genetic Analyses Reveal Two
Distinct A-Type Potassium Channels in Drosophila

CHARLES K. SoLc, WILLIAM N. ZAGOTTA, RICHARD W. ALDRICH*

Whole-cell and single-channel voltage-clamp techniques were used to identify and
characterize the channels underlying the fast transient potassium current (A current)
in cultured myotubes and neurons of Dresophila. The myotube (A,) and neuronal (A;)
channels are distinct, differing in conductance, voltage dependence, and gating
kinetics. The myotube currents have a faster and more voltage-dependent macroscopic
inactivation rate, a larger steady-state component, and a less negative steady-state
inactivation curve than the neuronal currents. The myotube channels have a conduc-
tance of 12 to 16 picosiemens, whereas the neuronal channels have a conductance of 5
to 8 picosiemens. In addition, the myotube channel is affected by Shaker mutations,
whereas the neuronal channel is not. Together, these data suggest that the two
channels are separate molecular structures, the expression of which is controlled, at

least in part, by different genes.

HE OPPORTUNITY TO COMBINE GE-

netic, molecular, and single-channel

analyses makes Drosophila an ideal
preparation for the study of ion-channel
function. By analyzing the effects of genetic
mutations on the gating behavior of single
ion channels, the influence of small changes
in structure on channel function can be
examined. A number of behavioral muta-
tions proposed to affect ion channels have
been isolated (I1-3). Mutations at the Shaker

‘locus alter or eliminate A-type potassium

currents in larval and adult muscle cells,
suggesting that the mutation lies in a struc-
tural gene for the A-current channel (4-7).
Shaker mutations also cause hyperexcitabil-
ity of larval presynaptic terminals (8, 9) and
abnormally long action potentials in the
adult giant axon (10), effects that are mim-
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icked by the application of 4-aminopyridine
(4-AP) to wild-type preparations (8, 10).
These results lead to the suggestion that the
A current is decreased in neurons from
Shaker flies (4). We have now characterized
single K* channels underlying A currents in
both cultured myotubes and neurons and
demonstrated that there are at least two
classes of A channels, one that is affected by
Shaker mutations and one that is not.

We were able to study the A currents i
both cell types in relative isolation. A large
fraction of the myotubes that had been in
culture for 10 to 14 hours and a subpopula-
tion of the neurons (regardless of culture
age) expressed primarily A currents. The
myotube and neuronal A currents differed in
the voltage dependence of both their kinetic
and steady-state properties. Whole-cell cur-
rents under voltage clamp from a Canton-S
wild-type myotube and neuron are shown in
Fig. 1A. The time courses of both macro-
scopic activation and inactivation of the
myotube current were voltage dependent.
The current turned on slowly at low volt-
ages. As the voltage was increased, it turned
on faster and developed a larger and more
rapidly inactivating component that decayed
to a steady-state value. These myotube cur-
rents are similar in both voltage dependence
and kinetics to the A currents recorded in
adult muscle (11) at a similar temperature
(20° to 23°C) and were similarly blocked by
5 mM external 4-AP. The neuronal A cur-
rent behaved differently. The macroscopic
activation rate was voltage-dependent only
at the lowest voltages, and the macroscopic
inactivation rate was largely independent of
voltage over the entire range studied. The
neuronal current inactivated completely
with a double-exponential time course that
was slower than the rate of decay seen in
myotube A current (note the difference in
time scales in Fig. 1). The two currents also
differed in their voltage dependence of acti-
vation and inactivation. The myotube cur-
rent began to turn on at more positive
voltages (Fig. 1C) and had a less negative
prepulse inactivation curve (Fig. 1D) than
the neuronal current. The myotube current
(Fig. 1B1) showed no reduction in ampli-
tude after a prepulse to —50 mV, a prepulse
voltage that almost completely inactivated
the neuronal current (Fig. 1B2). The slopes
of the Boltzmann distributions fitted to the
prepulse inactivation data (Fig. 1D) are
similar (e-fold for 6.4 mV), but the mid-
point of inactivation for the neuronal cur-
rent (—75 mV; range, —95 to =75 mV) is
more negative than the midpoint of inactiva-
tion for the myotube current (—30 mV;
range, —35 to —25 mV).

We also saw differences in the two cur-
rents at the single-channel level, confirming
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that the whole-cell measurements reflect dif-
ferences in the channels themselves and are
not due to different complications in neu-
rons and myotubes such as space clamp,
series-resistance error, current separation, or
ion accumulation. Representative traces and
ensemble averages of single A-current chan-
nels recorded at different voltages in out-
side-out patches from a myotube and a

neuron are shown in Fig. 2. Because the
currents were recorded in the presence of 10
nM internal free Ca*>* buffered with 11 mM
EGTA, it is improbable that either channel
corresponds to the transient Ca®*-activated
K* channel in adult and larval muscle (12,
13). Both of these channels can be identified
as A-type channels because of their rapid
rate of decay and negative prepulse inactiva-
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Fig. 1. Whole-cell transient potassium currents recorded from cultured Drosgphila embryonic myotubes
and larval central nervous system neurons. (A) A currents recorded from an embryonic myotube (Al)
and a larval neuron (A2) of Drosophila. The membrane voltage was held at a prepulse potential (Vp) of
—100 mV for 500 msec (1) or 300 msec (2) and successively depolarized to command potentials (V)
between —50 and 50 mV in 20-mV steps. Pulse duration was 80 msec (1) or 450 msec (2). (B) A
currents evoked by steps to 50 mV (1) or 20 mV (2) from prepulse potentials of —100, —50, and —20
mV (1) or =100 and =50 mV (2). (C) Peak current plotted as a function of voltage for the myotube
and neuronal A-current families in (A). (D) Prepulse inactivation curves for the myotube and neuronal
currents in (B). Normalized peak currents minus noninactivating currents are plotted as a function of
the prepulse voltage, and the data are fitted with Boltzmann distributions (I, current; I,,, current after
—100 mV prepulse; see text for parameters). The myotubes differentiate in cell cultures made by the
single-embryo protocol developed by Seecof (20). The cultures were incubated at 26°C for 10 to 14
hours before recording. Neuronal cultures were prepared from the brain hemispheres and ventral
ganglia of late third instar larvae by a method similar to that described by Wu et al. (21). The cultures
were incubated at 22°C for 3 to 6 days before use. We used standard whole-cell and single-channel
recording methods (22). The experiments were conducted at room temperature (20° to 23°C). The
solution used in the pipette was 70 mM KF, 70 mM KCl, 2 mM MgCl,, 11 mM EGTA, 1 mM CaCl,
(10 nM free Ca®*), 10 mM Hepes (KOH), pH 7.2 and in the bath 140 mM NaCl, 2 mM KCI, 4 mM
MgCl,, 2 mM CaCl,, 5 mM Hepes (NaOH), pH 7.1. The free Ca>* concentration in the pipette was
buffered at 10 nM with 11 mM EGTA. Linear leakage and uncompensated capacitive currents were
subtracted on-line. Current records were filtered at 2 kHz with an eight-pole Bessel filter and digitized
at 0.1 msec per point (myotube) or 3 msec per point (neuron).
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tion curves (I14-16). Therefore, we desig-
nate these channels as A; (myotube) and A,
(neuron). We have never seen the A; chan-
nel in neurons or the A, channel in myo-
tubes, but it is possible that either channel
may be found in the other tissue under
different experimental conditions, at differ-
ent developmental stages, or in other re-
gions of the cell membranes. The kinetics
and voltage dependence of the ensemble

A A, (myotube)

Ve =50 mv

T
N

=0.25

Py

=0.25

Py

VC =-20 mV

=0.25

P

<
o
2l

40 msec

awerages of both channels closely resembled
those of the whole-cell A currents shown in
Fig. 1A. The A, channel averages turned on
slowly at low voltages but became faster and
more transient at higher voltages, whereas
the A,-channel averages were transient over
the entire voltage range. The A,-channel
ensemble averages inactivated along a dou-
ble-exponential time course that is quantita-
tively similar to the neuronal whole-cell
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Fig. 2. Single A channels recorded in outside-out patches from a myotube (A) and a neuron (B). The
membrane was held at a negative prepulse potential (—100 to —120 mV) for 500 msec and then
stepped to V¢ for 240 msec (myotube) or 480 msec (neuron). Each panel shows three representative
sweeps generated by steps to the command potential shown and an ensemble average of many such
sweeps at the same potential. The ensemble averages are plotted as probability of the channel being
open (Po). They can be compared to whole-cell records in Fig. 4A (myotube) and Fig. 1A2 (neuron) at
a similar time scale. Vertical scale bar is 1.5 pA for the single traces and Py = 0.25 for the ensemble
averages. Experimental conditions were the same as in Fig. 1. The data were filtered at 1 kHz and
digitized at 100 psec per point (myotube) and 400 psec per point (neuron). Leak and uncompensated
capacitance currents were digitally subtracted by using leak templates constructed by fitting smooth
functions to sweeps with no openings. The records were then idealized with a 50% criterion method
(23), and ensemble averages were generated from the idealized data. The single-channel records shown
were digitally filtered at 500 Hz for display purposes.
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currents. The steady-state component appar-
ent in the A;-channel ensemble averages
suggests that some of the steady-state cur-
rent in the myotube whole-cell records (Fig.
1A) can be attributed to the A; channels.
The steady-state inactivation of the two
channels also agrees with the whole-cell A
currents in the two cell types. Figure 3A
shows that the A; channels are not inactivat-
ed after a prepulse to —50 mV but are
inactivated after a prepulse of —20 mV,
whereas the A, channels (Fig. 3B) are com-
pletely inactivated after a prepulse to —80
mV. The midpoint of inactivation for the A,
channels shown in this figure is more nega-
tive than the midpoint of inactivation for the
whole-cell currents shown in Fig. 1, but falls
within the range found for the neuronal A
channels. Taken together these results
strongly suggest that the A; and A, channels
underlie the whole-cell A currents in myo-
tubes and neurons, respectively.

The Ay and A, channels differ in single-
channel conductance and gating properties.
The single-channel current amplitude was
larger for the Ay channels than for A, chan-
nels (Fig. 2). Although neither single-chan-
nel current-voltage relation is strictly ohmic,
linear approximations give conductances of
12 to 16 pS for the A; channel and 5 to 8 pS
for the A, channel. The characteristic differ-
ence in gating between the two channels can
also be seen in the single traces in Fig. 2.
The A, channel opens quickly in short
bursts separated by long closed periods. The
mean burst duration corresponds to the
time constant of the rapid component of
inactivation, whereas additional bursts con-
tribute to the slow component. In contrast,
the A; channel reopened throughout the
voltage pulse without well-defined bursts,
although the frequency of reopening was
variable from patch to patch.

Because of previous reports of alterations
in A current in larval and adult muscle and
hyperexcitable ~presynaptic terminals in
Shaker flies, we have examined the effect of
Shaker mutations on the A; and A, channels.
The A, channel currents are eliminated in
myotubes carrying Shaker null alleles (» =
12), whereas the A, channel is not measur-
ably affected by Shaker mutations. Figure 4
(top) shows whole-cell myotube current
families from wild-type flies and from mu-
tants homozygous for S¥%5/33 an allele that
has been shown to eliminate A current in
larval and adult muscle (4, 9, 17). The
myotube A current is absent in cells homo-
zygous for either SK*5'* or SK*, another
Shaker null allele. The bottom panel shows
single A, channel currents and ensemble
averages in wild type and $¥%5%%. We found
no detectable difference between the A,
channels in wild type and S#%5'* or Sk, an
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single-channel data recorded during steps from three different prepulse potentials. The A; channel is
completely inactivated with a 500-msec prepulse to —20 mV (no openings in 12 sweeps, at least one
channel in the patch), and the A, channel is completely inactivated with a 500-msec prepulse to —80
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allele that changes the voltage dependence
and kinetics of the A current in larval and
adult muscle (4, 7), with respect to single-
channel current, voltage dependence, or ki-
netics.

Although we have found no effect of
SHES133 and Sh? on the A, channels, these
mutations can have a profound effect on
neuronal excitability (8—10). There are sev-
eral possible explanations for this seeming
discrepancy. (1) The A; channel may be
expressed in the soma of only a small popu-
lation of neurons from which we did not
record currents. (ii) The A, channels may be
present only in the processes of the neurons
and therefore do not show up in whole-cell
currents and patches. (ii1) The Shaker gene
product may affect an outward current chan-
nel different from A; in the neurons. Our
results do not distinguish between these
possibilities, but suggest that there is a locus
in addition to Shaker that codes for fast
transient voltage-dependent K* channels in
Drosophila. X

Recently, single A-current channels have
been described in mammalian sensory neu-
rons (18, 19). Their conductances are ap-
proximately 20 pS, and inactivation time
constants are in the range of 30 and 100
msec. Neither the A; nor the A, channels
closely resemble the mammalian A channels,
as the A, channel has a substantially smaller
conductance (5 to 8 pS), and the A; channel
has a similar conductance but a considerably
faster inactivation time course. We have,
however, characterized a class of 14- to 24-
pS channels in both neurons and myotubes
that inactivate more slowly than the A; and
A, channels, with a time course more similar
to the mammalian A channels. We also have
characterized several noninactivating chan-
nels in both preparations. The characteriza-
tion of each of these channel types provides
the groundwork for determining the alter-
ations in gating that result from structural
changes in the channels from mutant flies.
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Herbivory in Rocks and the Weathering of a Desert

MosHE SHACHAK, CLIVE G. JONES,* YIGAL GRANOT

Two species of snail, Euchondrus albulus and Euchondrus desertorum, eat endolithic
lichens growing under the surface of limestone rocks in the Negev Desert, Israel. This
unusual type of herbivory has the unexpected and major impact of weathering this
rocky desert at a rate of 0.7 to 1.1 metric tons per hectare per year. The biotic
weathering contributes to the process of soil formation at a rate that is similar to wind-
borne dust deposition. These findings demonstrate that herbivores can have a

significant regulatory impact on ecosystem processes, even in cases where the total
amount of primary production consumed is small.

LANTS HAVE MANY CHARACTERIS-

tics that make consumption by herbi-

vores difficult. Features of particular
importance are low availability of nutrients
and water, low digestibility, toughness, and
high concentrations of defensive chemicals
(1). Lichens possess all of the above charac-
teristics, and it has been suggested that
lichens should be difficult to consume (2).
Endolithic lichens that occur under the rock
surface should be an even more difficult
food to use than epilithic or surface lichens.
We report an unusual form of herbivory by
two snail species in the Negev Desert. These
animals feed on endolithic lichens in the
limestone rock. An unexpected consequence
of this consumption is that the snails are
major agents of rock weathering and soil
formation in this desert, despite the relative-
ly small amount of primary production that
they consume. The disproportionate impact

of the consumption of lichens by snails
arises because snails must physically disrupt
and ingest the rock substrate in order to
consume the lichens. These findings show
that herbivores can play an important regu-
latory role in ecosystem processes, even if
they consume small quantities of primary
production.

The Negev Desert Highlands, Israel, is a
hilly limestone rock desert 500 to 1000 m
above sea level with an annual rainfall of 90
mm/year. Seventy percent of the ground
area is covered by rocks of various sizes from
10" to 10® cm? (3). These rocks are partially
covered by epilithic lichens and contain ex-
tensive areas of endolithic lichens. Endo-
lithic lichens are the dominant cryptogamic
clements in limestone in extreme environ-
ments. They consist of a fungal cortex, algal
layer, and fungal medulla and occur at
depths between 1 and 7 mm in rock (4). We

Fig. 1. Euchondrus desertorum for-
aging on a limestone rock contain-
ing endolithic lichens. The snail
shell is 150 mm long; white feces
are on top right-hand side of the
rock. The feeding trails scraped in
the rock by the snail are the white
lines running down the rock be-
tween the snail and the feces. [Pho-
tograph by Alan Rokach]

observed snails of two species, Euchondrus
albulus Mousson and Euchondrus desertorum
Roch, foraging on these rocks. A close
examination of foraging areas showed white
trails that were the color of raw limestone
(limestone without any endolithic lichens);
we also saw small piles of feces of the same
color. We postulated that snails were feed-
ing on endolithic lichens, which occur with-
in the upper 1 to 3 mm of these rocks (4),
and were ingesting rock in the process of
obtaining food.

We videotaped the foraging behavior of
snails on rocks in the laboratory (Fig. 1).
Our findings showed that snails moved over
the rock surface in what appeared to be a
searching behavior, then stopped and
changed body orientation so that the shell
became almost vertical. They then began a
series of short, rapid, side-to-side motions.
Snails continued this activity for about 20
minutes per foraging period while moving
slowly along the rock, leaving a white mark
in the rock. We do not know what cues are
used by the snails in selecting a feeding area.
One of these white marks was a gouge in the
rock surface about 10.3 mm long, 1.1 mm
wide, and 0.4 mm deep (Fig. 2). The sides
of this gouge clearly showed layers of fungus
and algae in the rock, with the white lime-
stone beneath. The depth of the trail ap-
peared to depend on the number of times an
old trail had been re-browsed (Fig. 2). It is
possible that snails re-browse trails to con-
sume the fungal hyphae that grow into the
trail within 48 hours of initial browsing.
The radula of both snail species appears to
be typical of the family. Cutting teeth have a
large cusp with a blunted and curved tip.
Injuries and deformities to the teeth are
common, presumably as a consequence of
feeding. However, there is no evidence of
any special radula adaptations in these two
species. We presume that teeth are contin-
ually regrown to repair those that have been
damaged (5). We analyzed the calcium con-
tent of snail feces and compared the values
to those of samples from the top 1 mm of
the rock and lichen layer that was removed
by the snails. The calcium content was 0.33
mg of Ca?* per milligram of feces and 0.31
mg of Ca?* per milligram of rock and lichen
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