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Abstract. Gap junctions between crayfish lateral axons
were studied by combining anatomical and elec-
trophysiological measurements to determine structural
changes associated during uncoupling by axoplasmic
acidification. In basal conditions, the junctional resis-
tance, R;, was ~60-80 kQ and the synapses appeared
as two adhering membranes; 18-20-nm overall thick-
ness, containing transverse densities (channels) span-
ning both membranes and the narrow extracellular gap
(4-6 nm). In freeze-fracture replicas, the synapses
contained >3 X 10° gap junction plaques having a to-
tal of ~3.5 X 10° intramembrane particles. “Single”
gap junction particles represented ~10% of the total
number of gap junction particles present in the syn-
apse. Therefore, in basal conditions, most of the gap
junction particles were organized in plaques.
Moreover, correlations of the total number of gap
junction particles with R; suggested that most of the

junctional particles in plaques corresponded to con-
ducting channels.

Upon acidification of the axoplasm to pH 6.7-6.8,
the junctional resistance increased to ~300 kQ and
action potentials failed to propagate across the septum.
Morphological measurements showed that the total
number of gap junction particles in plaques decreased
~]l-fold to 3.1 X 10* whereas the number of single
particles dispersed in the axolemmae increased
significantly. Thin sections of these synapses showed
that the width of the extracellular gap increased from
4-6 nm in basal conditions to 10-20 nm under condi-
tions where axoplasmic pH was 6.7-6.8. These obser-
vations suggest that single gap junction particles dis-
persed in the synapse most likely represent
hemi-channels produced by the dissasembly of chan-
nels previously arranged in plaques.

tween the plasma membranes of most cells. They

consist of plaques of channels which span both
plasma membranes and bridge the narrow intervening ex-
tracellular gap (2, 34, 38). Most gap junction channels are
dodecamers comprised of two opposing hexamers linked to-
gether through their extracellular domains (20, 21, 48-50,
55, 56, 59). Functionally, gap junction channels provide an
aqueous pathway for the passage of cations and small mole-
cules between cell cytoplasms. Single channel recordings
have demonstrated that gap junction channels appear to be-
have as independent units exhibiting both open and closed
states (4, 24, 51). Therefore, the junctional conductance (g;;
the electrical parameter used to quantify the easiness with
which the junction permits transfer of ions and/or charged
molecules between cells) is equal to the product of the single
channe] conductance (§;) times the mean number of open
channels (n.) (i.e., g = &; X n,). Changes in g; can be the
result of changes in the single channel conductance (§;), the
ratio of open to closed () channels (n./n.), or the total num-
ber of channels (n, = n, + n.). Experimental procedures

GAP junctions are specialized regions of contact be-
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that lead to changes in g; such as changes in transjunctional
or transmembrane voltages (25, 43, 44) increasing the intra-
cellular H* (42, 45, 46, 47) or Ca*™ (18, 19, 39) concentra-
tions, application of calmodulin inhibitors (29, 30), the local
anesthetics heptanol and octanol (13), second messengers
such as cAMP (10, 5, 16, 40), and diacylglycerol (53), can
be explained by any of the three mechanisms listed above.
To distinguish between these three mechanisms one needs
measurements of g; and &; and an independent measurement
of the total number of gap junction channels, n..

To measure n,, we have taken advantage of the special
structural and physiological characteristics of the synapses
between the lateral giant axons of the crayfish. Elec-
trophysiological studies provide values of g; both in basal
conditions (12) and at which action potentials fail to propa-
gate across the septa (uncoupled). This means that un-
coupling in crayfish lateral axons has both a well-defined
endpoint and a precise physiological interpretation (14).
Structurally, crayfish lateral axons have several advantages
that enable one to measure n,. First, gap junction plagues
are located in septa of distinct morphology rather than scat-
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tered throughout the cell surface as in most cells (8, 9, 26-28,
31, 35-37, 54). Second, in freeze-fracture replicas, the chan-
nels appear as ~12-nm-diam intramembrane particles lo-
cated on the E-face, the fracture face with fewer particles
(6, 9, 28). The particular location and diameter make the
particles that are not organized in plaques readily distin-
guishable from regular nonjunctional particles (of ~8 nm
diam). Thus, in crayfish lateral axons, n, (i.e., particles or-
ganized in plaques and single particles) can be quantified,
and by correlating these number to measurements of g, a
hypothesis of the mechanism(s) used by cells to uncouple gap
junctions can be formulated.

The results in this paper suggest (a) in basal conditions,
~90% of the gap junction particles are organized in plaques
(n: = ny); (b) plaques are comprised predominantly of open
channels (n, = n,); (¢) uncoupling by acidification decreases
the number of particles in plaques (r;) by ~1l-fold which
can account for the decrease in gj; and, (d) the single gap
junction particles dispersed into the axolemmae upon un-
coupling most likely correspond to hemichannels resulting
from the disassembly of the channels previously aggregated
in plaques.

Materials and Methods

Animals and Solutions

Experiments were performed on adult crayfish (Procambarus clarkii) of ei-
ther sex obtained from Western Scientific (Sacramento, CA) or through a
local supplier in Mexico City. The animals were maintained in well-
oxygenated tanks for up to 2-3 wk. Crayfish about to molt were not used
in these studies. All animals were sacrificed at 9 a.m. to avoid the normal
variations in the sensitivity of the gap junctions to acidification during a 24-h
cycle (23). Animals were sacrificed and their abdominal ventral cords were
excised and placed in a dish containing a modified van Harreveld (VH)!
solution of the following composition: 205 mM NaCl, 5 mM KCl, 13.5 mM
CaCl,, and 5 mM Hepes, pH 7.4. Increases in junctional resistance (R;)
were produced by replacing totally (205 mM) or partially (50 mM) the NaCl
in the VH solution with Na acetate. Na acetate in the external solution
decreases the intracellular pH (pH;) because acetate diffuses across the
membrane and it dissociates in the axoplasm into a proton and an acetate
anion. All VH solutions were adjusted to pH 7.4.

Anatomical experiments were performed in nerve cords exposed to VH
solution (basal conditioins) or to solutions in which 50 mM of the NaCl was
replaced with 50 mM Na acetate. The second and third abdominal ganglia
of over 100 animals were used in this study.

Electrophysiological Measurements

Nerve cords were desheathed and the lateral axons at the level of the third
abdominal ganglium were impaled with four microelectrodes, two on each
side of the septum, as described previously (32). Rectangular pulses of 100
nA were injected alternately into each axon with two electrodes while trans-
membrane voltages ¥, Vi", V3, V;") were measured with the two other
electrodes. The junctional and input resistances to each axon were calcu-
lated from these voltages’ responses, as described previously by Watanabe
and Grundfest (52). Briefly, ¥V, and V, are the recorded transmembrane
voltages from both axons after injection of current /;, and V;" and V> are
those when current £, is injected. Junctional resistance (R;) was calculated
from these voltage and current values by substituting in the equations
describing the equivalent circuit of two coupled axons (see Fig. 1).

In five experiments, pH; was measured with pH-sensitive glass micro-
electrodes inserted in one of the axons as described previously (23). These
microelectrodes were silanized, filled with a liquid ionic exchange resin
(Fluka 82500) and backfilled with 100 mM trisodium citrate dihydrate and
100 mM NaCl adjusted to pH 6.0. All microelectrodes were calibrated be-
fore and after the experiments and those with a slope <55 mV per decade
were rejected.

1. Abbreviation used in this paper: VH, van Harreveld.
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Electron Microscopy

Fixation. Crayfish abdominal cords were fixed as described previously (55,
57). Briefly, the abdominal nerve cords were successively fixed in (a) 3%
glutaraldehyde~H,0; in 0.2 M Na cacodylate at pH 7.3 for 30 min in the
dark; (5) 3% glutaraldehyde in 0.2 M Na cacodylate buffer for 30 min; and
(0) 3% glutaraldehyde in 0.2 M Na cacodylate buffer containing 0.3-0.5%
tannic acid for 1 h. After fixation the nerve cords were washed in 0.1 M
Na cacodylate buffer containing 4% sucrose. Postfixation was carried out
in 2% osmium tetroxide in 0.1 M Na cacodylate buffer for 90 min at room
temperature. The cords were wased in 0.1 M Na acetate, pH 5.2, and stained
en bloc with 0.5% uranyl acetate in 0.1 M Na acetate at 5°C for 12 h. De-
hydration was performed in ethanol, and infiltration and embedding were
performed in Epon 812.

Sectioning. Thick sections of the septal region were cut both perpendicu-
lar and parallel to the long axis of the axons. When sectioned perpendicu-
larly, the ganglia were oriented in the block such that the septum was always
sectioned in the rostral-to-caudal direction. Two complete septa from differ-
ent animals were serially sectioned (section thickness: 1-2 pm) to determine
their size, shape, and number of synaptic regions. These sections were col-
lected on glass slides stained with toluidine blue.

Thin sections were cut with a diamond knife on an ultramicrotome (Sor-
vall MT-5,000; DuPont Co., Wilmington, DE). Sections having gray inter-
ference colors were mounted on formvar-coated single hole grids stabilized
with carbon, double stained with 2% uranyl acetate dissolved in water for
10 min, and lead citrate solutions for 3-5 min. In all the ganglia, thin sec-
tions were collected first from the rostral portion of the septum and later
from the more caudal portions. In each septum, ribbons of thin sections
were obtained from a minimum of five different synaptic areas. Observa-
tions were made with an electron microscope (Zeiss EM-IDC; Carl Zeiss,
Inc., Thornwood, NY) at 80 kV.

Freeze-fracture. For the freeze-fracture experiments, nerve cords were
fixed using the fixation procedure described above (except that step ¢ was
omitted). To increase the probability that the fracture plane passed through
the septum, regions containing only septa were excised from the ganglia.
These isolated septal regions were first immersed in 10% glycerol in 0.2 M
Na cacodylate buffer, pH 7.3, and then in 25% glycerol prepared in the same
buffer. The pieces were placed on standard holders (Balzers, Hudson, NH)
and plunged into liquid propane cooled to —190°C in a liquid nitrogen bath.
Freeze-fracture was performed in a Balzers 400K at —150°C and at a
vacuum of 1077 mbar. Fracturing was done with a knife cooled to liquid
nitrogen temperature. The flat fractured surface was shadowed unidirection-
ally by evaporating Pt-C at 45°C immediately after the last pass of the cold
knife. Also, several fractured septa were rotary shadowed at 25°C using a
cryogenic rotary cold stage model TSR-1004D at 250 rpm (Wiltek Industries
LTD., Bedford, NH). Carbon was evaporated at 90°C.

The following technique was used to prevent fragmentation of the replicas
which complicates the collection of the data for quantitative analysis. The
fractured specimens were covered with a drop of 0.5% collodion in amyl
acetate while still frozen. The excess collodion was removed and the thin
remaining layer of plastic was allowed to dry. This layer of plastic main-
tained the replica as a whole during the subsequent digestion and washes.
The tissue was digested for 30 min in 5.25% Na hypochlorite (Purex bleach)
and the entire collodion-coated replica was released from the tissue in a sin-
gle piece. The replicas were then washed by transferring them to three suc-
cessive distilled water baths, ~10 min each. The plastic-coated replica was
picked up from below using a formvar-coated single hole grid (hole size 1
X 2 mm) and allowed to dry. The collodion was subsequently removed by
immersing the grid in amyl acetate for ~30 s. Therefore, in this study, each
replica represents a different septa.

Quantification of the Electron Microscopic
Observations

Septum. The shape of the septum is approximately elliptical. Its surface
area (As) was calculated from the equation As = nab/4, where a and b are
the major and minor axes, respectively. The lengths of the two axes were
obtained from thick serial sections. The major axis, oriented obliquely with
respect to the long axis of the axon, was obtained by multiplying the total
number of thick sections that contained septa by the section thickness. The
minor axis corresponds to the diameter of the axons at the region of the sep-
tum. This measurement was obtained by digitizing the length of the septum
in each one of the thick sections with a computer-aided morphometric sys-
tem consisting of an IBM-AT computer driven by an AUTOCAD (Autodesk,
Inc., Sausalito, CA) software package. The total septal area provided an idea
of the area of freeze-fracture replicas of the septum to be studied in axons
fixed in both basal and uncoupled conditions.
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Figure 1. (A) Diagram of the experimental set up indicating the po-
sition of the microelectrodes. Superimposed is the equivalent cir-
cuit. (B) Voltage (upper traces) and internal pH (lower traces) re-
sponses when 0.05 M NaCl in the VH solution was replaced by
005 M Na acetate (bar). The upper traces represent the voltage re-
sponse of both axons (/ and 2) to current pulses of 100 nA applied
alternately to each axon. The records show groups of three pulses
applied to each axon every 5 min. The progressive decrease in the
amplitudes of V, and ¥ * is indicative of the increase in R;. The
lower trace is a pH; recording from an internal electrode in one of
the axons. It contains small artifacts due to incomplete subtraction
of voltage between the voltage and pH amplifiers. The bar at the
top indicates the duration of the Na acetate application.

Synapse. The synaptic area (region of axolemmal contact) was measured
in freeze-fracture replicas covering extensive areas of septum (see Fig. 5 A).
Of the >100 freeze-fracture experiments performed in this study, only 16 (7
from axons basal conditions and 9 from uncoupled axons) were used. Each
replica represented a different septa. All the quantifications were performed
on E-faces because that is the fracture face in which gap junction particles
are located in arthropods (6, 28). Low magnification images (either 7,500
or 15000x) of large septal areas (each one of >2,000 pm?) were used to
assembie montages such as the one shown in Fig. 5 A. The areas and
perimeters of both synaptic regions and gap junction plaques were measured
using the computer-aided morphometric system.

Gap Junctional Plaques. The area of gap junction plaques (4;) was
measured in >1,500 pm? of synapse for each case. The number of particles
aggregated in plaques, n,, was calculated by assuming that the particles
formed a two-dimensional hexagonal crystal from the equation: n, = B
AgilAs. The correction factor, B, accounts for the fractional area of the
unit cell (the basic building of the hexagonal crystal which repeats infinitely
in two dimensions) that does not contain channels and A, is the area oc-
cupied by a single channel. A, was calculated from the diameter of the in-
tramembrane particles in the patches measured in freeze-fracture replicas
of specimens unidirectionally and rotary shadowed. p was obtained from
the ratio Aqw/Au, Where A, is the unit cell area estimated from the center-
to-center distance between particles (D [19.5 + 1.6 nm; mean + SD; n =
26]), measured by optical diffraction using the equation A,. = D? cos 30°.
This method of area integration has an error of ~5%, as estimated by count-
ing the exact number of particies by eye and comparing the counted number
with the number calculated from the gap junction area. Plaques containing
up to 10 particles were counted by eye. Thus the first bar of the histogram
in Fig. 6 is an exact number. Plaques were defined as clusters of 12-nm-diam
particles spaced ~20 nm apart. Clusters of six particles were the smallest
units to fit this definition.
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Figure 2. Plots of junctional resistance R; vs. time during substitu-
tion of 0.205 (0) and 0.05 M (e) NaCl for Na acetate solutions. R,
values were calculated from voltage records of the type shown in
Fig. 1. In the presence of 0.205 M Na acetate, R; increased from
its basal value of ~80 k<2 to 1.2 MQ in 20-25 min. In the presence
of 005 M Na acetate, R; increased from 80 to ~320 kQ in 20-25
min and action potentials failed to propagate across the septa.
Replacement of the acetate solutions with VH showed that the pro-
cess is reversible.

Plaque Particle-Single Particle Ratio. The ratio of particles contained
in plaques to single gap junction particles was estimated from micrographs
enlarged to 120000X (final magnification). The diameter of the gap junc-
tional particles (12.1 + 0.9 nm, mean + SD; n = 40) was measured from
25000 and 40,000 negatives using a Nikon Profile Projector model 6C
(Nikon Inc., Garden City, NY). Single gap junction particles were distin-
guished from regular intramembrane particles (80 + 0.1 nm diam, mean
+ SD; n = 72) on the basis of their diameter and location on the E-faces.
In septa uncoupled by axoplasmic acidification, the number of single junc-
tional particles greatly increased. No quantification was performed in this
condition because the particles were spread over much larger areas of the
septum and sampling of such large areas was beyond the scope of this study.

Results

Electrophysiology

Fig. 1 shows the voltage responses of both axons to rectangu-
lar current pulses of 100 nA injected alternately in each axon.
These traces are labeled V", V, (upper) and V>, V2" (lower)
as described in Materials and Methods. The traces at the ex-
treme left side show the relative magnitudes of the voltages
of the axons in basal conditions bathed in VH solution. At
the time indicated by the bar, 0.05 M NaCl of the VH solu-
tion was replaced by 0.05 M Na acetate. After a few
minutes, uncoupling was observed as a progressive decrease
in the ratios of V,*/V, and V>*/V>. The lower trace shows a
recording of the intracellular pH (pH;) for the same prepa-
ration described above. In basal conditions, pH; remained
constant at a value of ~7.0 whereupon it decreased to pH;
6.7-6.8 when the axons were uncoupled by the substitution
of 0.05 M NaCl for 0.05 M Na acetate in the VH solution.
Upon removal of the acetate, pH; recovered with a small
overshoot.

Fig. 2 shows a plot of R; against time obtained from two
experiments in which two different acetate concentrations
were applied for the time indicated by the bars. In one case
(open circles) 0.205 M NaCl in the VH solution was replaced
with 0.205 M Na acetate, while in the other (filled circles)
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Figure 3. (A) Dorsal view of a crayfish nerve cord in situ at the level of the second abdominal ganglion (rostral at top). In this animal,
the abdominal aorta was perfused with VH solution containing methylene blue. The four giant axons are seen as dark bands extending
longitudinally throughout the entire cord. The left lateral axon has a diagonal line that extends from rostral to caudal and from lateral to
medial directions. This line (arrow) corresponds to the septum. (B) Cross section of a third abdominal ganglion (dorsal at top). The darkly
stained band surrounding the entire ganglion is the perineurium. The four giant axons were located immediately below the dorsal perineu-
rium. The median giants were labeled M and the lateral giants are located laterally to these. The arrows point to the location of the septa

in this cross section.

only 50 mM of NaCl was replaced. Complete replacement
of NaCl induced a rapid increase in R; to ~1.3 MQ in 20
min, whereas replacement of 0.05 M of NaCl with 0.05 M
Na acetate increased R; to ~300 k€. In basal conditions,
the nonjunctional resistances were ~100-150 kQ. They did
not change appreciably upon replacement of 0.05 M NaCl
for Na acetate. However, they increased to ~200-250 kQ
during complete replacement of NaCl for Na acetate.

When the VH solution containing Na acetate was replaced
by normal VH, R; decreased to ~200 kQ, a resistance
significantly higher than the one recorded in basal conditions
(80 k). Recovery to basal values of R; was obtained by
washing the cords for longer times in VH (3).

Of the two acetate treatments described in Fig. 2,
quantifications of the total number of gap junction particles
were performed in axons uncoupled by replacement of
50 mM NaCl with 50 mM Na acetate (filled circles, Fig. 2).
An advantage of this procedure was that R; increased to rel-
atively constant value (250-400 k€2) over the same period of
time (20-25 min). Within this range of R; action potentials
did not propagate across the septa.

Anatomy of the Septum

The abdominal portion of the crayfish nerve cord consists of
six ganglia connected through interganglionic segments (11).
When viewed dorsally, the cord displays two pairs of giant
axons (Fig. 3, A and B) extending along its entire length. The
pair closest to the midline are the medial giants and the ones
placed laterally are the lateral giants. At the rostral third of
each ganglion (arrow, Fig. 3 A), the lateral giants are inter-
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rupted by an oblique line oriented from rostral to caudal and
from lateral to medial. This line is called the septum (11).

Fig. 3 B shows a cross section from the rostral portion of
the third abdominal ganglion. The medial giants (M) have a
smooth circular profile whereas the lateral giants are com-
prised of two profiles (the anterior and posterior segments)
separated by septa (arrows in Fig. 3 B). Thick serial sections
of two ganglia demonstrated that the septal region had an el-
liptical shape (a/b ratio of 4:1) and an area of ~v2-3 x 10
pm?2,

Structural Characteristic of Synapses Fixed
in Basal Conditions

The septum separating the segments of the lateral axons ap-
peared in thin sections as a 1.5-2-um-thick wall constructed
of laminae of extracellular material covered by thin, inter-
digitating slabs of glial cells (E and G in Fig. 4). The septum
also contained interruptions where the axolemmae of the two
axons come into close apposition. These specialized regions
are called synapses (Fig. 4, arrows) and correspond to the
places where the two axons became in direct contact.
Synapses occupied extensive regions of the septa. Fig. 5
A shows a montage of a freeze-fracture replica which
represents >7,000 pm? of the E-face of a septum (area be-
tween dark lines). The synapses (shown as blackened areas)
occupied 6-7% of the septal area (or 1.35 + 0.4 X 10° um?
mean + SD; n = 7; Table I). The synaptic region enclosed
in the rectangle and indicated by the arrow is presented at
higher magnification in Fig. 5 B. The E-fracture face of this
synapse was comprised of numerous gap junction plaques
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and nonjunctional axolemma (the smooth regions of the
E-face). Gap junction plaques contained 12 + 0.9-nm-diam
intramembrane particles (mean + SD; n = 40) located on
the E-face with complementary pits on the P-face (inset, Fig.
5 B). The gap junction particles and their complementary
pits on the P-face were spaced ~20 nm center to center (19.6
+ 1.6 nm, mean + SD; n = 23) and occupied 8-10% of syn-
aptic area (Table I). This fracture pattern displaying particles
in the E-face and pits in the P-face is the reverse of that de-
scribed for mammalian gap junctions (21), but characteristic
of the junctions of insects and crustaceans (6, 9, 28, 31).
Septa fixed in basal conditions contained over 3,000 gap
junction plaques of different sizes, occupying 0.4-07% of
the area of the septum (Table I). Loosely packed aggregates
containing 2-5 junctional particles were seldom observed.
These small aggregates were not included in the quantifica-
tions of particles in plaques or “single” (see Materials and
Methods). Fig. 6 shows a histogram of the distribution of the
number of particles per plaque. The histogram shows that
~45% of the plaques contained from 6 to 30 particles. Al-
though these small gap junction plaques were very numer-
ous, they contained ~12 % of the total number of gap junction
particles. Thus, the omission of loose aggregates comprised
of 2-5 particles does not introduce a significant error in the
total number of particles () in basal conditions. In addi-
tion, single gap junction particles (defined as 12-nm-diam
particles with a small deposit of metal at the center) repre-
sented ~10% of n,.. Therefore, the total number of gap junc-
tion particles in the synapse was approximately equal to the
number of particles forming plaques (i.e., m, = np).
Transverse thin sections of axons fixed under basal condi-
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Figure 4. Transverse section of
the septal region between anterior
(above) and posterior segments of
the lateral giant axons. The sep-
tum was constructed of laminae
(E) of amorphous and fibrillar
extracellular material surrounded
by projections of glial cells (G)
and interruptions (the synapses)
at those regions where the axo-
lemmae became in direct contact
(arrows). The arrows point to in-
terruptions of the septum where
the axolemmae are in direct con-
tact (the synaptic regions).

tions demonstrated that the axolemmae were in close apposi-
tion over most of the synaptic region (Fig. 7 A). The gap
junctional regions were comprised of two axolemmae sepa-
rated by a small, unstained, 4-6-nm-wide extracellular gap
(Fig. 7 B). In transverse sections, densities ~v12 nm in diam
and spaced ~20 nm apart, spanned the axolemmae and the
extracellular gap, and protruded 2-3 nm into the axoplasm.
All these structural characteristics distinguish the gap junc-
tions of crayfish from those between mammalian tissues.

A striking feature of crayfish lateral giant axon gap junc-
tions is the presence of 50-70-nm-diam vesicles associated
with the junctional axolemmae (8, 9, 26-28, 31, 35-37, 59)
(Fig. 7, A and B). Serial thin sections suggested that these
vesicles were attached exclusively to the cytoplasmic sur-
faces of the synaptic regions and absent from the rest of the
septa. Frequently, the vesicles were separated from the axo-
lemma by clear spaces 7-10 nm wide. Occasionally, these
vesicles were seen adhering (Fig. 7 B) or fusing (Fig. 8, A
and C) with the axolemmae. The axoplasm of the synaptic
region also contained large membrane-bound vacuoles with
clear lumens and, infrequently, some tubular profiles (Fig.
7 A).

Structural Characteristics of Synapses Fixed
while Uncoupled

Concomitantly with the increase in R; resulting from axo-
plasmic acidification (Figs. 1 and 2), the synapses in the sep-
tum underwent substantial structural changes. Quantification
of freeze-fracture replicas of axons fixed while uncoupled
showed that the total number of gap junction plaques de-
creased from >3,000 for basal conditions to ~600 after sam-

1671



The Journal of Cell Biology, Volume 106, 1988 1672



Table 1. Quantification of Structural Parameters of
Septa-connecting Crayfish Lateral Giant Axons Fixed in
Basal Conditions (R; = 60-80 k€2) and Uncoupled
Conditions (R; = 300 k)

Coupled Uncoupled

Area of septum

(um?) 2-3 X 10¢ (2) -
Area of synapse

(nm?) 1.35 + 0.4 x 10° (7) 1.6 £ 0.7 X 102 (9)
Area gap junc-

tion (um?) 1.3 +03 <102 (D) 12+209)
Particle spacing

(nm) 19.7 + 1.6 [23] 20.1 + 1.9 [18]
Diameter of

particle (nm) 12 + 0.9 [40] 11.7 + 1.3 [50]
Number of

particle 35 £02 % 10 (7) 3.1 £ 05 x 10 (9)
Number of

vesicles 1.3-1.5 X 10° (5) Decreased

The number in parenthesis corresponds to the number of freeze-fracture repti-
cas analyzed covering at least 2,000 pm? of septa (each replica corresponds to
a different septa). The numbers between brackets correspond to number of
measurements given as mean + SD. The number of particles and vesicles is
per septum.

pling the same septal area (~28,000 pm?). The synaptic
area decreased from 1.35 + 0.4 X 10° um? in basal condi-
tions to 1.6 + 0.7 X 10? pm? (Table I). The number of par-
ticles in plaques decreased ~v11-fold to 3.1 £+ 0.5 X 10* (Ta-
ble I). On the other hand, the frequency distribution of the
number of particles per gap junction plaque, the diameter of
the particles, and the center-to-center spacing of the particles
in plaques remained as in basal conditions (compare Fig. 8,
A and B). That is, upon uncoupling by axoplasmic acidifica-
tion the morphology of the plaques remained unchanged.
The two major structural modifications occurring during un-
coupling by acidification were (a) the total number of parti-
cles in plaques (n;) decreased by 90%, and (b) single junc-
tional particles greatly increased in the nonjunctional
axolemmae (Fig. 8, A and B).

Additional information regarding the structural organiza-
tion of synapses fixed while uncoupled was obtained by thin
sectioning. Synapses fixed after axoplasmic acidification
contained segments of gap junctions (Fig. 9, A and B) char-
acterized by transverse densities spaced 20 nm center-to-
center apart, a 4-6-nm-wide gap, and associated vesicles (as
in synapses fixed in basal conditions). However, the synapses
fixed while uncoupled also exhibited other types of axolem-
mal specializations not present in basal conditions (compare
Figs. 7 B and 9 A). These include regions where the axolem-
mae were separated by a much wider extracellular gap that
lacked transverse densities (Fig. 9) and the presence of dense
layers attached to the axolemma via slender projections
(shown at higher magnification in Fig. 9 C). In these re-

Percentage

120

240
Number of Particles

Figure 6. Histogram of the size distribution of gap junction plaques
constructed from the analysis of 1,287 plaques obtained from syn-
apses fixed in basal conditions. The abscissa represents the number
of particles per plaque and the ordinate represents their percentage
frequency of occurrence. Plaques containing over 500 particles oc-
curred with small frequency and consequently were not shown. The
first bar of the histogram included plaques containing between 6 and
10 particles and hence it is thinner than the others. A plague was
defined as an aggregate of six or more particles having center-to-
center spacings of ~20 nm.

gions, coated pits (Fig. 9 D) and vesicles fused with the axo-
lemma were observed (large arrow, Fig. 9, A and C). An-
other common feature of synapses fixed uncoupled was the
presence of regions where the extracellular gap decreased to
dimensions where it was barely resolved (region between the
arrowheads in Fig. 9 A). Similar observation was reported
by Peracchia and Dulhunty (31) in synapses uncoupled by
bathing nerve cords in VH solution containing 0.5-5 mM
1,4-dinitrophenol.

The characteristic vesicles associated with synapses were
also altered by axoplasmic acidification. The vesicles were
no longer associated exclusively with the cytoplasmic sur-
faces of the synapses. Most vesicles remained free or formed
clusters in the axoplasm. The regions of the junction de-
voided of vesicles also lacked transverse densities and the
characteristic 4-6-nm-wide extracellular gap. In addition,
the axoplasm of these synapses contained other membrane-
bound organelles such as multivesicular bodies of irregular
sizes and shapes containing vesicles (some of which were
“coated™), tubular profiles, and flattened cisternae. All these
structural changes show that large rearrangements of the syn-
aptic regions occur during uncoupling by acidification.

Discussion

This study shows that the increase in junctional resistance,
R;, resulting from axoplasmic acidification was accompa-

Figure 5. (A) Montage of a freeze-fracture replica of a septal region that followed the E-face for ~7000 pm? before deviating into the axo-
plasm. The dark lines with white arrows represent the points where the fracture plane jumped from the septum into the surrounding glial cells.
The artificially blackened regions of the septum corresponded to the synapses (see arrows in Fig. 4). The synapse enclosed by the rectangle
and pointed to by the arrow is presented at higher magnification in Fig. 5 B. (B) The synapse consists of gap junction plaques of different
diameters and nonjunctional axolemmae. The inset shows a higher magnification of a junctional plaque displaying the E-P transition with

particles on the E-face and complementary pits on the P-face.
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nied by large structural rearrangements of the synaptic re-
gions. These rearrangements included a decrease in the num-
ber of junctional particles in plaques (n,) and an increase in
the number of “single” gap junction particles in the axolem-
mae. These structural changes associated with uncoupling
are different from those described by Peracchia and Dul-
hunty (31) in the same synapse. These authors reported that
the main structural changes observed during uncoupling are
decreases in both the diameter of the junctional particles
(i.e., the channels) and their center-to-center spacing. In the
present study, the comparison of gap junction plaques fixed
in basal conditions and uncoupled showed that both the
center-to-center spacing and the diameter of particles re-
mained unchanged. These observations are consistent with
structural studies of junctional uncoupling performed in
other tissues (7, 22, 33). However, the failure to reproduce
the observations of Peracchia and Dulhunty (31) could be at-
tributed to the different experimental maneuvers used to un-
couple these axons. We have used axoplasmic acidification
by partial replacement of the external NaCl for Na acetate,
whereas Peracchia and Dulhunty uncoupled the axons by the
addition of DNP or EGTA to the external solution, com-
pounds which are expected to change the internal calcium
concentration. Therefore, the two studies might not be
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Figure 7. (A) Low magnifica-
tion view of a region of axo-
lemmal contact (synapse) fixed
in basal conditions. The axo-
lemmae are closely apposed
through most of the synapse
and vesicles are attached to
both cytoplasmic surfaces.
The axoplasms of both axons
normally contain large vacu-
oles, mitochondria, and cyto-
skeletal elements. (B) Higher
magnification view of a gap
junction. The two axolemmae
are separated by a small un-
stained gap and transverse
densities (channeis) span the
membranes, bridge the extra-
S cellular gap, and protrude into
o BN the axoplasms.

directly comparable and it may be that different uncoupling
methods affect the normal structure of the synapses in differ-
ent ways.

Crayfish gap junctions fracture differently than mamma-
lian gap junctions leaving particles on the E-face and pits
on the P-face (9, 28, 31). This characteristic, together with
the fact that single junctional particles can be distinguished
from regular intramembrane particles by their diameter and
morphology, permits one to obtain the total number of gap
junction particles in the synaptic regions (n, = particles in
plaques + single particles). Experiments in synapses fixed
in basal conditions indicated that ~90% of the gap junction
particles were aggregated in plaques (n, = n,). We will pro-
ceed to suggest that most of these junctional particles proba-
bly correspond to channels in the open state (n, = n,). This
is accomplished by calculating the single channel conduc-
tance (8; = I/[R; X n,]) from the experimental values of n,
(3.5 X 10% and R;, and showing that this calculated value is
similar to experimental values of &; obtained from whole
cell patch clamp measurements (4, 24, 51). Measured values
of junctional resistance depend on the distance between the
recording electrodes and the septa. In crayfish septa, John-
ston and Ramén (12) found that R, is linearly related to the
distance of the recording microelectrodes from the septa.
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Figure 8. (A) Freeze-fracture replica of
a synapse fixed in basal conditions dis-
played gap junction plaques and few
single junctional particles. (B) Freeze-
fracture replica of a synapses fixed un-
coupled. The E-fracture face contains
gap junction plaques and numerous “sin-
gle” junctional particles. The frequency
distribution, the diameter of the parti-
cles, and the center-to-center spacing of
the gap junction plaques in uncoupled
conditions was similar to the one de-
scribed in Fig. 6. Both panels are pres-
ented at the same magnification, and the
apparent differences were due to the lo-
cal angle of shadowing, which is far
more acute in the synapse fixed un-
coupled.



From this relationship they extrapolated to zero electrode
distance and obtained a value of R; of 16.6 kQ (12). Using
16.6 kQ for R; and, assuming that all the particles in plaques
(n, = 3.5 x 10°) were open channels, a value of 170 pS was
obtained for §; in basal conditions. This value is in good
agreement with single channel conductances between pairs
of cells (90-180 pS; 3, 21, 46) and in studies where gap junc-
tion proteins were reconstituted into planar lipid films (160-
240 pS; 54, 58). Therefore, the assumption that, in basal
conditions, most gap junction particles are in plaques and
most of these particles are open channels appears justified
(i.e., nc = np, = no).

Similar calculations were performed with data obtained
after uncoupling by axoplasmic acidification to pH; 6.7-6.8.
At this pH;, action potentials propagated in the axons but
were blocked at the septal region. Unfortunately, acidifica-
tion to pH; 6.7-6.8 produced a range of R; values (250-400
kQ) which depended on factors such as the position of the
electrodes with respect to the septum, time of the day at
which the animals were sacrificed, and hormonal conditions
of the animal (i.e., postmolt, intermolt, or premolt). For this
calculation, the value of R; used was 275 kQ, the mean of 11
experiments. The same correction for the input resistance in
basal conditions was used for uncoupled axons since R, and
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Figure 9. (4) Thin section electron micros-
copy of synapse fixed uncoupled. Note that

& \ (a) “typical” gap junctions are observed
# P g T limited to smaller region of the synapse; (b)
g %% the synaptic vesicles were mostly free in the

R 4 axoplasm; (c) the axolemmae were mostly

separated by wider extracellular gaps (~10
; nm in the region above the small gap junc-
bl W tion and ~20 nm in the region below) de-
void of transverse densities (compare with
Fig. 7 B); (d) the extracellular gap can col-
lapse (widths smaller than 4-6 nm) as
shown in the region between the arrow-
heads. (B-D) Sectors of the synapse shown
g 1 in A presented at higher magnification to il-
lustrate the different types of axolemmal
contact in the synapses fixed uncoupled. B
shows a typical gap junction displaying
most of their morphological characteristics
(i.e., overall thickness, transverse densities,
and associated vesicles). C shows the region
above the arrowheads in 4 to demonstrate
the increase in the width of the extracellular
gap and a dense layer associated with one of
the membranes. This layer may be involved
in maintaining the vesicles associated exclu-
sively to the junctional regions. D shows the
region indicated by the arrow in A. Here the
extracellular space was increased to ~20
nm wide and a vesicle is fused with the axo-
lemma.

Tumwn-

SRCE

R; did not change appreciably when at pH; 6.7-6.8 (275—50
= 225 kQ). If again it is assumed that all the particles in
plaques observed in the uncoupled axons (3.1 X 10%) cor-
respond to open channels, a value of 143 pS was obtained.
Thus, considering the experimental uncertainties in the val-
ues of R; and n,, the calculated values of 8; under basal and
uncoupled conditions were not only in good agreement with
each other but also within the range of values reported for
gap junction channels between other cells.

The above analysis suggests that when channels are in
plaques the probability of them being open is greater than
their probability of being closed. This conclusion is difficult
to test experimentally because single channel recordings be-
tween cell pairs do not provide direct information about the
total number of channels in the region of contact nor whether
they exist aggregated in plaques or single. Moreover, values
for the probability of the gap junction channel being open
seems to vary for different tissues. For example, in single
channel recordings between embryonic muscle cell pairs this
probability is < 0.9 (4). Similarly, recordings between lacri-
mal cell pairs (24) suggest that the channels spend more time
in the open than in the closed state. In contrast, studies in
isolated cardiac cells (51) show that the probability for the
channel being open is 0.16. Therefore, it appears that one of
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the properties of the channel, the mean open time, depends
on the type of cell being studied and perhaps on the ex-
perimental conditions.

That the number of particles in plaques (n,) is closely
related to the number of open channels (n,) has two impor-
tant consequences. One is that action potentials will fail to
propagate across the septa when 90% of the particles are dis-
persed into the axolemmae either as closed channels or as
hemi-channels. Therefore, the excess of gap junction chan-
nels present in basal conditions may represent a safety factor
in the escape reflex of the animal. The other consequence is
that the number of open channels (in plaques) when R,
reaches 1.3 MQ (Fig. 2) was calculated to be 4.5 x 10°.
This calculation suggests that, from the value of R, at which
the septa fail to propagate action potentials (250-400 kQ) to
its maximum value (1.3 MQ), only 8-10% of the total num-
ber of channels need to close.

These results also suggest that junctional particles in
plaques become dispersed upon acidification. Dispersion of
junctional particles has been previously reported to occur
upon uncoupling by cytoplasmic acidification in other cells
(15, 17). Thus, dispersion may be part of the normal mecha-
nism for gap junction channel renewal. These single gap
junctional particles resulting from dispersion from plaques
could correspond to closed channels or hemichannels. Thin
sections of synapses fixed while uncoupled demonstrated
that the width of the extracellular gap increased to 10-20 nm
upon axoplasmic acidification and that transverse densities
were absent from these regions (Fig. 8). Therefore, it seems
likely that the dispersed single particles represent hemi-
channels because their extracellular domains cannot span
such large gaps.

The presence of coated vesicles, coated pits, and primary
and secondary lysosmes strongly suggests that during un-
coupling by acidification, components of the synapse are be-
ing internalized by mechanisms similar to those described in
receptor-mediated endocytosis (41).
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