22Rn from interstitial waters by CH,
bubbles (18). Our data suggest that a sig-
nificant portion of the CH, released from
Cape Lookout Bight sediments during
the summer is derived from the fermen-
tation of acetate to CH, in the sulfate-de-
pleted sediments in the depth range from
8 to 35 cm.
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Membrane Conductance and Action
Potential of a Regenerating Axonal Tip

Abstract. The electrical membrane properties of axotomized and regenerating gi-
ant axons from the nerve.cord of the cockroach Periplaneta americana were studied.
Immediately after axotomy there was a decrease in resting potential, input resist-
ance, and action potential amplitude near the cut end. This decrease was followed by
the disappearance of the sodium-dependent action potential; an increase in the rest-
ing membrane conductance to K*, Na*, and Ca?*; and the appearance of a calcium-
dependent action potential.

In many neurons, axonal transection
leads to changes in morphology, metabo-
lism, and membrane properties (/).
Changes in input resistance, resting and
action potentials, afterhyperpolariza-
tion, and excitability have been demon-
strated in the somata and in dendrites re-
mote from the site of transection (2). At
the site of transection, a large injury po-

tential and loss of excitability have been
demonstrated (3). Recovery takes place
gradually within a few days (3). Several
investigators have suggested that ionic
fluxes through the injured region and the
ensuing change in intracellular ion com-
position may trigger the degenerative
and regenerative responses. Membrane
properties at the site of transection must
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kg\ Fig. 1. (A-E) Cobalt-injected giant axons at
different times after sectioning. The cut end
points to the left. The intracellular injections were made, in the connective between ganglia A,
and A,. (A) A normal giant axon [number Il in (/7)] emits a neurite in ganglion A; (in the middle
of the figure). (B) Twenty-four hours after sectioning, the cut end was sealed. (C) Forty-eight
hours after sectioning, the cut end showed a swelling. (D) Seven days after sectioning, sprouts
emerged from the bulging end. (E) Twenty-six days after sectioning, the sprouts elongated in a
retrograde direction. Some variability in the length, shape, and number of sprouts has been
observed in different preparations. Despite this, the figure is representative of the sequence of
growth. (F-H) Membrane properties of the giant axons at different times after axotomy and at
different distances from the cut end of the axon. Values of (F) resting potential, (G) input resist-
ance, and (H) action potential amplitude rapidly fell during the first hour and then gradually
recovered to normal by 8 to 10 days after sectioning. Intracellular recordings were made 0.2 to
0.3 mm caudal to the cut end, anterior to ganglion A, (closed circles), and more distant from it,
close to ganglion A, (triangles), 5 = 0.5 mm from the cut end. Each value is a mean * standard
deviation of results taken from 5 to 12 preparations. Input resistance was measured at mem-
brane potentials more negative than ~90 mV (7).
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play an important role in regulating the

ionic fluxes and possibly thereby the re-,

sponses of the neuron to injury. Except
for the study of Borgens ez al. (3), in
which the specific ionic fluxes through a
transected lamprey cord were deter-
mined by extracellular current record-
ings, this question had not been investi-
gated.

We examined passive and active mem-
brane properties at various distances
from the site of axonal transection during
the period of recovery and regeneration.
The giant axon system of the cockroach
Periplaneta americana 4) allows intra-
cellular recording near the cut end, so
that membrane properties can be studied
as a function of time after axotomy and
as a function of distance from the cut
end. The normal membrane properties
are well characterized in this system (5).
The axons, which are 20 to 40 um in di-
ameter and 2 to 3 ¢cm long, arise from so-
mata located at the last abdominal gan-
glion (Ag). They traverse the ventral
nerve cord and emit one to seven neu-
rites in each ganglion (6). In preparation
for transection of the giant axons, adult
cockroaches were anesthetized with
CO,. The ventral nerve cord was cut be-
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tween ganglia A, and A; by inserting fine
scissors between the sternites. The ani-
mals recovered from anesthesia quickly
and were able to walk and eat fairly nor-
mally. Most animals survived for months
after this surgical procedure.

To study short-term effects of ax-
otomy, we isolated the nerve cord and
cut it while we were recording intra-
cellularly from one of its axons. For the
study of long-term changes, the nerve
cord was cut in situ and animals were
killed at various times thereafter.

The morphology of the proximal re-
gion of the giant axon (the section con-
nected to the soma) was studied by intra-
cellular injection of cobalt ions (6) be-
tween A; and A, (Fig. 1). No cobalt
precipitate could be detected if the injec-
tion was made ! to 4 hours after ax-
otomy. We interpret this result to in-
dicate leakage of Co** through the open
cut end. Staining intensity gradually in-
creased as the interval between axotomy
and injection was prolonged. A sharp
boundary at the cut end was seen 20 to

. 24 hours after axotomy, an indication

that an efficient barrier to Co®>* was
formed by this time (Fig. 1B). By 48
hours, the cut end bulged, and by 7 days,

[m S
B Ca
B Na
B 17X
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& NS

Fig. 2. Resting ionic conductances measured at the tip of a giant axon at different times after
sectioning. For procedure, see text. The bars indicate the change (decrease) in membrane con-
ductance after sequential elimination of specific ionic conductances (see text). Note, however,
that in the control, reduction in the Ca®* concentration resulted in an increase in membrane
conductance (downward deflection), probably due to indirect effects on conductances of other
ions. One hour to 4 days after sectioning, conductance was decreased after removal of Ca?*,
indicating an increasing fraction of Ca* conductance from the total membrane conductance.
After 6 days, removal of Ca’* produced the same effect as in the control. (Inset) Experimental
setup. The nerve cord, from the cercal nerve to the caudal base of ganglion Az, was sucked into
a suction electrode S. This electrode was used to pass current and hyperpolarize the membrane
to about —80 mV (the normal resting potential) or more negative values. Input resistance was
measured with the intracellular electrode (M), which was used for passing current and for re-
cording voltage changes (WP-I microprobe system). The control electrode (C) was used for
measuring current flow directly from S to the indifferent electrode in the bath. Membrane poten-
tial (monitored by M) was changed by injection of current pulses 1 to 3 minutes in duration.
Hook electrodes (H) were used to stimulate the nerve cord with short pulses to produce action

potentials. TTX, tetrodotoxin; NS, nonspecific.
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three to five sprouts had emerged (Fig. 1,
A to D). The sprouts gradually elongated
in a retrograde direction (Fig. 1E) (7).
These changes took place within 0.2 mm
of the cut end; we could detect no
changes in the morphology of the rest of
the axon.

Resting potential and input resistance
of the fibers were studied by convention-
al electrophysiological techniques. The
following changes occurred 0.2 to 0.4
mm caudal to the cut end, a region ante-
rior to ganglion A,;. This region roughly
corresponds to the bulged sections in the
axotomized giant axon. During the first 1
to 2 hours, the resting potential was re-
duced from —80 to —10 mV (Fig. 1F).
The input resistance (8) dropped from
~ 4 to ~ 0.3 megohm (Fig. 1G). At the
same time, the amplitude of the action
potential produced by stimulation of the
connectives between ganglia A; and A,
was reduced from 120 mV to 1 to 4 mV
(Fig. 1H). The rate of these changes was
greatest during the first 5 minutes when
all values fell by about 50 percent. These
values continued to drop at a slower
pace during the first hour. It is reason-
able to assume that the changes seen
during the first 5 minutes resulted from
exposure of the interior of the axon to
the extracellular medium. The progres-
sive changes that appeared later may
have resulted from continuous diffusion
of ions along their gradients. The resting
potential repolarized slightly between 2
and 4 hours after axotomy, but there was
no further recovery during the ensuing
48 hours. Thereafter there was a gradual
recovery of membrane potential until
day 10 (Fig. 1F), when normal resting
potential values were achieved.

The input resistance began to recover
after about 2 hours and was normal
about 8 days after axotomy (Fig. 1G),
but then rose above normal between 10
and 19 days (9). Normal values were
again reached at 22 to 24 days (not
shown in Fig. 1). During the first 48
hours, the propagated action potential
failed to reach the cut end, and only a
small (5 to 10 mV) decremental potential
was recorded. Impulse conduction grad-
ually recovered and was normal on about
day 9 (Fig. 1H).

Similar changes in membrane proper-
ties were seen at a distance from the cut.
However, the effects of axotomy on ax-
onal membrane properties were more
pronounced close to the site of injury
than further away. Thus, at ganglion A,
(mean =* standard deviation of 5.5 = 0.5
mm from the cut end in seven experi-
ments), the changes were smaller (Fig. 1,
F to H), and at ganglion A; (12 = 0.7 mm
from the cut end in seven experiments),
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membrane properties were almost nor-
mal (not shown).

During the process of recovery, the
membrane at the cut end progresses
from a leaky, nonselective state to a new
ionic selectivity and then gradually re-
turns to normal. The resting membrane
conductance for Nat, K*, Ca**, and CI~
was determined near the cut end of the
axon at different times after the con-
nectives were sectioned. Values of the
membrane conductance to each of these
ions was determined in the following
way. The total conductance, g (Fig.
2) was measured in normal physiological
solution (/0) as 1/Rnpu. Potassium con-
ductance gg is defined, in this case, as
the difference between g1 and the con-
ductance in the presence of 107°M 4-
aminopyridine (4-AP) (I1). ‘‘Calcium
conductance,’’ gca, Was then computed
as the difference between the con-
ductance value measured after addition
of 4-AP and after reduction of extra-
cellular Ca®** concentration from 9 to 0.5
mM (12). Sodium conductance was mea-
sured as the difference between the value
obtained after reduction of external Ca**
and after replacing all extracellular so-
dium ions by tris [tris(hydroxymethyl)-
aminomethane]. Chloride conductance
was determined from the difference be-
tween gua and the conductance mea-
sured after propionate was substituted
for chloride. The remaining con-
ductance, after all of these conductances
were subtracted from giga, i defined
here as a nonspecific conductance gs.
These changes were reversed when nor-
mal ionic composition was restored.

In normal giant axons resting con-
ductance is mostly attributable to gx; g1
and gy, are low, and gc. is negligible
(Fig. 2). During the first hour after ax-
otomy, the axonal tip became highly per-
meable to all ions: gxs was 78 percent of
total membrane conductance. This value
probably represents the shunt by the
open end. At 4 hours after axotomy and
for a period of at least 24 hours, all ionic
conductances increased; gy, and gca in-
creased to 4 to 20 times normal, respec-
tively, and gk and g¢; increased to twice
normal. Membrane selectivity and con-
ductances gradually recovered and were
normal at 8 days.

Immediately after axotomy, the Nat*-
dependent action potential evoked by
stimulating the connective between A;
and A did not actively propagate into
the region near the cut end. This failure
resulted from membrane depolarization
and sodium inactivation (/3). Hyper-
polarization (Fig. 2, inset) of the mem-
brane to —80 mV restored full invasion
of the action potential, and it became

13 FEBRUARY 1981

Fig. 3. Demonstration of Ca**-dependent ac-
tion potentials 48 hours after axotomy. The
dotted line represents the resting potential at
the beginning of the experiment (—21 mV);
(panel a) stimulation of the cord produced a
small response; (panel b) after addition of 4AP
and substitution of 214 mM tris for sodium,
the membrane hyperpolarized to —80 mV and
stimulation produced an overshooting action
potential; (panel c) this action potential was
not blocked by 10~"M tetrodotoxin; (panel d)
addition of 9 mM Co?* abolished the action
potential, and only a small response re-
mained. Washing reversed these changes at
each stage.

possible to evoke a full-sized action po-
tential with direct intracellular stimula-
tion. However, between 3 and 48 hours
after axotomy it was impossible to re-
store the invasion of an action potential
into the region of the cut end, even with
prolonged hyperpolarizatior. Similarly,
it was impossible to evoke a full action
potential with direct intracellular stimu-
lation at this time. Full recovery oc-
curred about 8 days after axotomy.

The Ca?*-dependent action potential is
shown in the experiment of Fig. 3. Forty-
eight hours after axotomy, the resting
membrane potential was —21 mV, and
stimulation of the connective produced a
minor response (Fig. 3, trace a). Hyper-
polarization of the membrane to between
—60 and —80 mV did not alter the re-
sponse. After the addition of 4-AP and
replacement of sodium ions by tris (/4),
the membrane potential was repolarized
to —80 mV, and the input resistance in-
creased. Under these conditions, stimu-
lation of the connectives produced an
overshooting action potential (Fig. 3,
trace b). Addition of 10~"M tetrodotoxin
to this solution produced only a slight re-
duction of the action potential amplitude
(Fig. 3, trace c¢). This action potential
was blocked by the addition of 9 mM co-
balt, and only a small response remained
(Fig. 3, trace d). The amplitude of the ac-
tion potential was dependent on the ex-
ternal Ca*" concentration. In a plot of
amplitude versus the logarithm of the ex-
tracellular calcium concentration, the
slope of the line was 22.8 (between 3.6 to
36 mM extracellular Ca®*). This value is
in close agreement with the prediction
from the Nernst equation. The Ca-de-
pendent action potential appeared first
about 7 hours after axotomy and dis-
appeared about 60 hours after axotomy;
Ca’*-dependent action potentials were
recorded only near the cut end anterior
to ganglion A;. In more caudal regions,

the normal Na*-dependent action poten-
tial was preserved throughout this peri-
od. Similar experiments in intact cords
showed that the Ca?*-dependent action
potential was blocked by tetrodotoxin
and was insensitive to Co®*.

We have shown that the membrane
properties at the regenerating tip of an
axon differ from those of the normal
membrane. Electrophysiological meth-
ods do not allow precise localization of
the membrane responsible for these
properties, since the space constant of
the cut axon cannot be determined accu-
rately. However, it is safe to assume that
the changes occurred 0.2 to 0.4 mm from
the cut end (rostral to ganglion Ajy).

The events seen after axotomy can be
divided into four stages: (i) nonspecific
shunting and mixing of extracellular and
intracellular ions and molecules; (ii) for-
mation of a barrier to cobalt and possibly
to large molecules; (iii) differentiation of
the membrane at or near the cut end to
show resting selective ionic con-
ductances different from normal and a
Ca-dependent action potential; and (iv)
complete recovery of the ionic con-
ductances to normal. It should be em-
phasized that this recovery was mea-
sured at a recording site just proximal to
the transection and therefore cannot be
extended with certainty to the growing
tip, now at some distance from the re-
cording site. In fact, calculations of
membrane input resistance at the record-
ing site (9) suggest that the growing tip
retains the new or modified membrane
properties.

We have described changes in time
and space of axonal membrane proper-
ties after axotomy. It is not clear wheth-
er the new ionic conductances seen near
the region of the outgrowing tip are pro-
duced by alteration of previously exist-
ing ionic channels or whether new chan-
nels are introduced (or activated) near
the cut end. It is also not possible to dis-
tinguish at this stage whether these new
ionic properties are a consequence of the
insertion of new growing membrane or a
requirement for the insertion of new
membrane. However, our results sup-
port the general hypothesis of Llinas
(15), which links a local increase in the
intracellular Ca’* concentration to the
growth of a given region of a neuron. It is
also interesting that 24 to 48 hours after
axotomy, the membrane properties at
the site of transection resemble the prop-
erties of some embryonic tissues (/6).
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Gap Junctional Conductance Is a Simple and

Sensitive Function of Intracellular pH

Abstract. The pH of the cytoplasm (pH; measured with pH-sensitive micro-
electrodes in cleavage-stage blastomeres of amphibian (Ambystoma) and teleost
(Fundulus) embryos is about 7.7. In electrotonically coupled cell pairs, junctional
conductance is rapidly and reversibly reduced by acidification of the cytoplasm. The
relation between junctional conductance and pH ,is the same for increasing and de-
creasing pH and is independent of the rate of change over a wide range. The relation
is well fitted by a Hill curve with K = 50 nM(pK = 7.3) and n =4 to 5. The closure
of gap junction channels at low pH; appears to be a cooperative process involving
several charged sites. The absence of hysteresis and identity of effects for fast and
slow pH; changes implies that protons act directly on the channel macromolecules
and not through an intermediate in the cytoplasm.

Gap junctions are close appositions of
cell membranes where polygonal aggre-
gates of intramembrane particles are in
one-to-one correspondence in the ap-
posed cells (/). The particles are com-
posed of proteins that form hydrophilic
channels connecting the cytoplasms of
the two cells. The channels permit pas-
sage of molecules whose maximum mo-
lecular weight is near 1000 and whose di-
ameter can be somewhat greater than 1.0
nm (I, 2). In excitable cells, gap junc-

tions mediate intercellular transmission
of electrical signals. In tissues that are
not excitable, the junctions allow inter-
cellular spread of nutrients and metabo-
lites and may also transmit chemical
messages (3). For both excitable and in-
excitable cells, treatments that depress
junctional conductance would be ex-
pected to disturb coordinated physiologi-
cal functioning of the tissue.

In previously reported experiments on
various tissues, exposure of coupled
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cells to saline containing high CO, con-
centrations reduced electrotonic cou-
pling 4-7). Exposure of coupled cells to
membrane-impermeant acids was with-
out effect on coupling, suggesting that
the effect of CO, was mediated by acid-
ification of the cytoplasm. In some ex-
periments, cytoplasmic acidification by
CO, was confirmed by direct measure-
ment of intracellular pH (pH)y) (5, 6). Al-
though uncoupling was shown to be at
least partially due to decreased junction-
al conductance, the interpretation of
most of these experiments was com-
plicated by failure to measure junctional
conductance directly (4, 6).

We now report that p H; and junctional
conductance are strictly related during
cytoplasmic acidification with weak
acids. This relation suggests a direct in-
teraction of protons with the macromole-
cules that comprise the junctional chan-
nels. The same treatments produce
changes in nonjunctional conductance
that are not simple or consistent func-
tions of pH;. The coupling coefficients
(8), which depend on the conductances
of both junctional and nonjunctional
membranes, are therefore not strictly de-
pendent on pH;.

Embryos from Ambystoma mexi-
canum (late blastula stage) and Fundulus
heteroclitus (32- to 64-cell stage) were
used for these studies. Single cells or cell
pairs were mechanically dissociated in
saline (9) containing up to 0.05 percent
colchicine to inhibit mitosis. Within 30
minutes after the single cells were reas-
sociated as pairs, a steady-state level of
coupling developed. Each cell of a pair
was penetrated with separate current
and voltage microelectrodes (3M KCl, 5
to 20 megohms). In addition, one cell of
each pair was penetrated with a Thomas-
type recessed-tip pH microelectrode
(10). Current pulses were passed alter-
nately into each cell; measurements of
input and transfer resistances allowed
calculation of the junctional conductance
(gy) and of the nonjunctional con-
ductances of the two cells (g, and g;) by
application of the 7t transform (/1). Pul-
ses were sufficiently brief that the volt-
age dependence of g; in Ambystoma (12)
could be neglected.

An experiment typical of those per-
formed on pairs of blastomeres is shown
in Fig. 1. The coupling coefficients for
cell pairs were generally 0.8 to 0.9 at nor-
mal pH; [Ambystoma: pH; = 7.75 = 0.06
standard deviation (S.D.) I13), N = 9;Fun-
dulus: pH; = 7.67 £ 0.06 S.D., N = 9].
Brief application of physiological saline
equilibrated with 100 percent CO, (arrows,
Fig. 1, top) decreased the internal pH.
The coupling decreased and then dis-
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