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ABSTRACT
An evaluation of electron micrographs of stimulated nerve
fibers used to investigate the effect of action potential gen-
eration on the structure–function relationship between
axons and its associated glial cells revealed that what was at
first thought to be stimulation-induced damage to the glia
was, in fact, limited to volume expansion and disaggregation
of the glial tubular lattice. All other structures appeared well
preserved and otherwise normal. Using a 4-point subjective
scale for evaluation by two investigators, 50-Hz stimulation
for 2 min was observed to cause a volume expansion and dis-
aggregation of the tubular lattice. Quantitatively, the inter-
nal diameter of the stimulated tubular lattice increased 65%
above the unstimulated control (50.96 6 2.09 nm and 30.81
6 0.87 nm, respectively, P � 0.001). Stimulation had its
greatest effect on tubular lattice volume and organization in
the adaxonal glial layer and a decreasing effect as distance
from the giant axon increased. These effects are reversible
since the tubular lattice diameter and degree of disaggrega-
tion preserved 10 min after the cessation of stimulation were
not found to be different from their unstimulated paired con-
trols. Axons injected with TEA, a voltage-gated potassium
channel blocker, prevented stimulation-induced volume
expansion and disaggregation of tubular lattice structure.
These results are consistent with an active uptake of K1

with obligated water or, alternatively, hyperosmotic K1

uptake and a fixation-induced increase in water permeation.
Either mechanism of K1 uptake would result in tubular lat-
tice volume expansion and disaggregation and suggests that
the tubular lattice serves a larger role than a simple trans-
glial diffusion pathway. ' 2005 Wiley-Liss, Inc.

INTRODUCTION

The role of the periaxonal glial cell layer in regulating
the K1 released by nerve axons during repetitive action
potential generation has been the subject of investigations
for decades. In their studies of the squid giant axon,
Frankenhauser and Hodgkin (1956) suggested that the
associated Schwann cell layer represented a passive bar-
rier that restricted diffusion of K1 from the adaxonal
space with a time constant for its clearance of 50–100 ms.
A decade later, Orkand et al. (1966) provided evidence,
using an amphibian optic nerve preparation, that small
quantities of extracellular K1 could be rapidly cleared

from the periaxonal space by a spatial buffering mechan-
ism. Spatial buffering depends on axonally released K1

inducing a depolarization of the adaxonal surface of glial
cells and K1 inward rectifier channels that rapidly trans-
ports ion from the adaxonal surface through the cell to be
released to more lateral extracellular spaces. Reinvestiga-
tions of K1 clearance from both squid and crayfish giant
nerve fibers (Shrager et al., 1983; Pichon et al., 1987;
Abbott et al., 1988) have shown that K1 clearance is, in
fact, quite rapid (10 ms) in carefully prepared and well-oxy-
genated nerve fiber preparations. Based on mathematical
models of the extracellular space that included the glial tub-
ular lattice as proposed by Brown and Abbott (1993), Inoue
et al. (1997) used pulsed voltage-clamp to evaluate K1 cur-
rent inactivation kinetics and K1 accumulation resulting
from propagated action potentials. Their results led them to
argue that diffusion alone can account for rapid clearance
of K1 from the adaxonal space of the squid giant axon.

In earlier studies of K1 accumulation and clearance in
crayfish medial giant nerve fibers (Brunder and Lieber-
man, 1988; Hassan and Lieberman, 1988; Lieberman and
Hassan, 1988), it was evident that much of the stimula-
tion-induced release of K1 from axons was taken up by the
associated glia in a quantity that resulted in glial cell swel-
ling when conditions favored accumulation of extracellular
K1 in the adaxonal space. When conditions did not favor
extracellular K1 accumulation (e.g., low resting membrane
conductance or low external K1 concentration) there was a
slight decrease or no change in glial volume. The K1 accu-
mulated by glia was presumably released back to the extra-
cellular space for uptake by the axon, as suggested by the
return of glial cell volume and the stimulation-induced
glial membrane hyperpolarization to normal values dur-
ing several minutes after the cessation of stimulation.
These findings lead to the hypothesis that the physiologi-
cally induced glial hyperpolarization, which reduced the
outwardly directed electrochemical gradient for glial K1,
participates in the process of ionic homeostasis of the
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perineural space (Hassan and Lieberman, 1988; Lieber-
man and Sanzenbacher, 1992).

Concurrent with these physiological studies, ultra-
structural studies of squid and crayfish adaxonal glial
cells (Hama, 1962; Paracchia and Robertson, 1971;
Shivers and Brightman, 1976; Lieberman et al., 1981),
Zwahlen et al. (1988) identified and described a network
of tubules, now referred to as the tubular lattice. The
tubular lattice appears to be derived from invaginations
of the glial cell membrane with openings to both adaxo-
nal and lateral extracellular space regions. It has been
proposed that the tubular lattice could serve as a
mechanism for shorter and multiple parallel diffusion
pathways across the glial layer than that provided by
the mesaxonal cleft pathways around glial cells (Shrager
et al., 1983, Brown and Abbott, 1993). Evidence provided
by Holtzman et al. (1970) and Lane et al. (1977) that
deposition of horseradish peroxidase (HPO) and La31

occurs in the tubular lattice is consistent with the
hypothesis that the lattice is open to diffusion.

Although a number of investigators have hypothesized
that the tubular lattice can serve to clear K1 from the
adaxonal space in a manner consistent with diffusion
across the glial layer, no experimental evidence has been
provided for such a mechanism. The purpose of the pre-
sent investigation was to combine ultrastructural with
physiological studies to shed light on the function of the
glial tubular lattice in crayfish medial giant nerve fibers.

MATERIALS AND METHODS
Materials

Gluteraldehyde, osmium tetroxide (OsO4), Epon 812
resin, propylene oxide, uranyl acetate, maleic acid, Kodak
4489 electron microscopy film, and Kodak Polycontrast III
RC photographic paper were obtained from Electron
Microscopy Sciences, Ft. Washington, PA. Ethanol, vero-
nal acetate (barbitol), tetraethylammonium salt (TEA),
and salts for physiological solutions were obtained from
Fisher Scientific.

Animals and Tissue Preparation

Crayfish, Procambarus clarkii, ranging in length from 4
to 6 inches, were obtained commercially from Wauban
Laboratories, Schreiver LA and Atchafalya Biological Sup-
ply (Raceland, LA). The ventral nerve cord was removed
from the animal and placed in a plexiglas chamber and con-
tinuously superfused with a normal physiologic crayfish
solution (NCS). NCS contains (in mM), 190 NaCl, 5.4 KCl,
13.5 CaCl2, 2.6 MgCl2, and 20 Tris-HCl, at pH 7.4. The
sheath surrounding the nerve cord (the blood-brain bar-
rier) was removed to allow individual giant nerve fibers to
be more easily visualized as well as to reduce diffusion
restrictions to the axons and associated glia, thereby ensur-
ing rapid access of morphological tracers (LaCl3), pharma-
cological agents, and fixatives for electron microscopy to
the axon and associated glial layer. All experiments were
performed at ambient room temperature (21–23�C).

Electrophysiology

Giant nerve fibers were impaled with glass microelec-
trodes for monitoring of resting and action potentials for
a period of �30 min following its isolation from the ani-
mal to ensure that the nerve fibers were not damaged
by nerve cord isolation and desheathing procedures.
Only axons that were capable of propagating action
potentials through the thoracic nerve cord for 2 min at
50 Hz were used in the experiments.

Depending on the experimental protocol, one or both
sides of the nerve cord were stimulated with external elec-
trodes in contact with the circumesophageal connectives
to generate propagated action potentials. For paired con-
trol experiments, one circumesophageal connective was
severed at the cephalic ganglion. The severed connective
was moved away from the external stimulation electrodes
to prevent its stimulation. The severed side was examined
electrophysiologically to ensure that it did not generate
APs when the intact side was stimulated.

Just before the beginning of each experiment, a phy-
siological saline containing veronal acetate as a buffer
was substituted for Tris-buffered NCS. Veronal acetate
had no short-term effects on the electrical or morpholo-
gical properties of the tissue but improved preservation
of the tissue as compared to normal Tris-buffered solu-
tions. At the end of the 2-min stimulation period the
nerve cord was superfused with 2% gluteraldehyde in
NCS with 40 mM veronal acetate, pH 7.4. Stimulation
continued during fixation until action potentials could
not be elicited (1–3 min). When membrane potential of
the axon fell to approximately 250 mV (�20 min) the
tissue was removed from the recording chamber after
dividing the cord into right and left hemiconnectives.
These tissue segments were placed in vials containing
2% gluteraldehyde and stored at 4�C overnight before
further preparation for electron microscopy.

For LaCl3 precipitation, the tissue was superfused
with 5 mM LaCl3 in NCS followed by superfusion with
2% glutaraldehyde in a solution containing in mM; 100
Na2SO4, 5.4 KCl, 1.0 CaCl2, 2.7 MgCl2, 40 vernal acet-
ate at pH 7.4, and 430 mOs.

Oil-filled glass micropipette cannulae, originally
described by Wallin (1967) for sampling of axoplasm from
crayfish medial giant axons, were used for the experiments
in which TEAwas injected into the medial giant axon.

Electron Microscopy Processing

After appropriate washing, postfixation was achieved
with 1% osmium tetroxide (OsO4) in veronal acetate buf-
fered NCS for 1 h at 4�C. En bloc staining was accom-
plished with 1% uranyl acetate in 0.05 M maleic acid
(pH 5.2) for 1 h. The tissue was then dehydrated in an
increasing series of ethanols, followed by propylene oxide.
Subsequently, the tissue was infiltrated and embedded
with Epon 812 resin. The blocks were then polymerized at
65�C for 48 h. Following this, blocks were trimmed and
thinly sectioned using a diamond knife. Grids were
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prepared and restained with 2% uranyl acetate and lead
stained in a traditional fashion. Grids were viewed using
a JOEL transmission electron microscope, and micro-
graphs were obtained on Kodak 4489 electron microscopy
film. Prints from negatives or the negatives themselves
were digitized and used to make the final figures.

Morphometrics

Stereological methods for quantification of ultrastruc-
tural characteristics of the crayfish medial giant nerve
fiber were used as described in Weibel (1979). Data in the
form of the number of intersections of a reference grid sys-
tem with structures seen in electron micrographs were
collected. Estimates of volume, surface area length, and
relative number of organelles determined mathematically
and statistically could be determined. The crayfish thoracic
nerve cord was cut into interganglionic segments. Two grids
of ultrathin cross sections were collected from each of three
interganglionic segments for each animal, i.e., a total of six
samples per animal. The field selected for morphometric
analysis was photographed at a primary magnification of
10,0003 and a photographic print enlargement totaling
25,0003. The grid used for the analysis was a 10 3 10-cm
transparent plate divided into 10.053 10.05-mm squares.

For evaluation of structure-function relationships of the
giant axon and its surrounding glial cell layers, as related
to K1 homeostasis, the periaxonal region of the medial
giant nerve fiber was located and photographed at an initial
magnification of 15,0003. Two methods were used to assess
the ‘‘quality of preservation’’ of the tubular lattice of unsti-
mulated and stimulated nerve fibers. For clarity, ‘‘quality of
preservation’’ is defined as the assessment of the cross-sec-
tional area (volume) of the tubules of the tubular lattice
and its degree of aggregation (structural organization).

The first method involved the qualitative evaluation of
electron micrographs from each experiment by two inde-
pendent investigators, one of whom was blinded to the
experimental protocol. The investigator examined and
assigned a subjective score to each experiment and its
control using a 4-point scale (1–4), where 4 represented a
high degree of aggregation and compactness (small cross-
sectional area) of tubular lattice structures. The second
method was quantitative and used computerized measure-
ments of the inner diameter of the opening of a tubule of
the tubular lattice. Electron micrographs were digitized
and displayed on a computer monitor at high magnifica-
tion. The number of pixels across the diameter of a tubular
lattice opening was recorded and entered into an Excel
spreadsheet. Only openings that had a near circular form
were used for these measurements. The inner diameter of
the tubular lattice was converted to nm by the equation:

TL diameter (nm) ¼ (TL diameter in pixels)/

ðpixels/cmÞ3ðmm=cmÞ31000

Statistical analysis was carried out by GraphPad Instat
using a paired or unpaired (two-tailed) t-test, as justified
by the experimental protocol. Numerical values were

given as population mean 61 SEM. Differences between
population means were considered significant at P � 0.05.

RESULTS
Normal Morphology

A collage of four electron micrographs (Fig. 1) illus-
trates the cross-sectional structure of the hemiconnec-
tive from the axolemma and cortical axoplasm of the
medial giant axon (upper left) to the dorsal surface of
the connective (lower right). It includes the medial giant
axon, adaxonal and more lateral periaxonal glial layer,
an outer layer of small nerve fibers with their associated
glia, blood-brain barrier, and perineurial sheath that
faces the body fluid compartment. Large numbers of tub-
ular lattice clusters are seen in the adaxonal and periax-
onal glial layers. By visual examination, the cross-
sectional area of tubules seen face-on or the diameter of
the tubules seen in longitudinal section were not differ-
ent between adaxonal and periaxonal glial layers.

The medial giant axon is surrounded by concentric
layers of glia separated by layers of collagen. The adaxo-
nal glial layer is composed of multiple glial cells interdi-
gitated to form a compact barrier that separates the
axon from the more lateral and loosely organized glial
cells and collagen layers. The extensive and highly orga-
nized tubular lattice is shown in higher magnification in
Figure 2A. More than one tubular lattice cluster may be
found in individual glial cells. As indicated by the
arrows, the adaxonal glial layer opens to the axonal-glial
space and the glia–collagen interface as well as glia–
glial interfaces (Fig. 2B,C). In the outer layers of glia,
the tubular lattice opens to glia–collagen interfaces on
both sides of the glial cell. Although the tubular lattice
is found throughout all layers of the nerve cord its fre-
quency of appearance decreases with distance from the
giant axon. No tubular lattice is seen in the perineurial
sheath lateral to the blood-brain barrier.

Stereology

Measurements of the various parameters of relevant
structures of the interganglionic connective are tabu-
lated in Table 1. Glial cells form 40 6 2% of the total
barrier volume associated with the medial giant axon
and the adaxonal layer accounting for 25% of the total
glial cytoplasm. Collagen makes up only 2% of the adax-
onal layer volume. Visual examination of the adaxonal
glia suggests that they are more tightly interdigitated
than the glia in the outer layers. This is confirmed by
measurement. Glial–glial interface surface density is
approximately 2 times greater in the adaxonal layer
than in outer glial layers (6.47 6 0.58 and 3.77 6 0.33,
respectively). Further evaluation of the glial membrane
facing the axon compared to that facing the collagen
space gave a 5 times greater surface density for the
glia–collagen interface.
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Consistent with the high metabolic activity of the
adaxonal glial layer and its postulated role in ion trans-
port and adaxonal space homeostasis (Hargittai and Lie-
berman, 1991; Lieberman et al., 1994) mitochondria, as
a volume fraction (percentage of total glial cytoplasmic
volume), was 3.8 6 0.5% and approximately 2 times that
found in the outer glial layers.

The tubular lattice was approximately 5 times more pre-
valent in the adaxonal glial layer than in the outer layers.
In the adaxonal layer, for each opening to the adaxonal
space, the tubular lattice opened to the adjacent glia 4 times
and to the adjacent collagen layer, 3 times. Overall there
were approximately eight openings to any surface for each
patch of tubular lattice. When the volume of the tubular

Fig. 1. Normal structure of a hemiconnective of the crayfish ventral
nerve cord. This electron micrograph is a collage of four photographs
representing a cross section through a hemiconnective spanning the
distance from the cortical region of the axoplasm of the medial giant
axon (MGA), through the associated adaxonal glial layer (Ad), periaxo-
nal glial layer with its multiple layers of collagen (Cn), small axons
(Ax), perineurial glia serving as the blood-brain barrier (BBB), and
neural lamella. Together, the perineurial glial layer and lamella serve

as the perineurial sheath. The arrows indicate the positions of glial tub-
ular lattice clusters. The numbers of clusters are greatest in the adaxo-
nal glial layer with a decreasing appearance in the perineural glial
layer. Tubular lattice clusters are found associated with small axons,
but not at the same frequency seen with the medial giant axon. Clus-
ters of tubular lattice are also seen in glial cytoplasm in the periaxonal
glial layer associated with collagen. There are no tubular lattice clus-
ters beyond the perineurial glial layer. Scale bar 5 5 mm.
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lattice is normalized to 1 mm3 of glial cytoplasm there were
30 tubular lattice openings to any surface in the adaxonal
glia and 15 in the outer layer. The mean length of the dis-
tance across the adaxonal glial barrier via the space
between glia (mesaxon) averages 4.32 mm. Assuming that
the tubular lattice opens to the adaxonal, glia–glial, and
glia–collagen spaces and permits free diffusion of sub-
stances into and through the tubules, the mean diffusion
length across the glia is reduced to 0.38 mmwhen the multi-
ple parallel pathways of the tubular lattice are included.
This represents a reduction in the diffusion path by an
order of magnitude (Table 1). The average internal dia-
meter of the tubules, as seen face on, is�31 nm (Fig 3, top).

Distribution of La3+ in the Inner Glial Layer

Following incubation of the intact desheathed nerve cord
with 5 mM LaCl3 and its precipitation with a Na2SO4

containing fixative solution, there was an appearance of
precipitated Lanthanum in the glial intercellular spaces,
within the tubular lattice and in the adaxonal space. This
result is consistent with earlier investigations of the tubu-
lar lattice by Lane et al. (1977). The intensity of La31

deposition increased with the time of incubation and stimu-
lation (Figs. 2C and 4). In nerve fibers examined without
LaCl3 precipitation there was no evidence of high-affinity
La31 binding sites. During the incubation and before

Figure 1. (Continued)
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precipitation resting and action potentials were monitored.
Action potential duration, which ranges from 0.5 to 0.8 ms
in untreated preparations, increased to 1.0–2.4 ms within 5
min, indicating that La31 reached the axon membrane
more rapidly than can be detected morphologically.

Stimulation with electrical pulses of 0.5 ms duration
at 50 Hz⁄2 min, to generate propagated action potentials
in the presence of LaCl3, led to an increase in the
appearance of precipitated La31 in the tubular lattice
and heavy staining of glia–axonal and glia–glial spaces.
Deposition of La31 by high-frequency propagated action
potential generation was accompanied by a swelling and
an apparent disaggregation of the tubular lattice (Fig.
4). It is also notable that the number of openings of the
tubular lattice to the interglial and adaxonal space
appear to be dramatically reduced with stimulation
(Figs. 4 and 5A) as compared with the tubular lattice of
nonstimulated nerve fibers (Fig. 2).

Depolarization of the giant axon (10 mV⁄100 ms at 2 Hz
for 30 s) by application of square pulse currents with an

intracellular axial wire caused a dense filling of the tubu-
lar lattice with La31 along with a disruption of both glial
and axonal membranes and vacuolization of the glial cyto-
plasm (not shown). Even in these extreme conditions glial
mitochondria and nuclei appeared to be relatively intact.

For all experiments involving nerve excitation, exter-
nal stimulation of the circumesophageal connective was
used to produce propagated action potentials. Effects of
stimulation and treatments were monitored in a distant
thoracic interganglionic connective to avoid the degree
of morphological disruption of the adaxonal glial layer
seen with axial wire stimulation.

Effect of Stimulation on Morphology of Glia
Associated With Medial Giant Axon

It is not clear from the above experiments whether sti-
mulation of the nerve tissue or its exposure to LaCl3
was the cause of the swelling and disaggregation of the

Fig. 2. Glial tubular lattice structure and its associations with adja-
cent glia, collagen, and medial giant axon. A: Morphology of the tubular
lattice cluster. Note numerous openings of the tubular lattice to both the
glial⁄axon, glial⁄glial, and glial⁄collagen interfaces (arrows). The organized
structure of the tubular lattice appears in several forms depending on the
orientation of the section. Note ‘‘string-of-beads’’ organization of the tubu-
lar lattice in the lower left tubular lattice cluster and the different but
regular patterns in B and C. It is clear from A and from B and C that the
tubular lattice effectively short circuits the tortuous mesaxonal (glial⁄-
glial) pathway from the axolemma to the collagen layer with multiple
parallel pathways that could serve as diffusion pathways to or from the

axolemma. B: High-magnification electron micrographs of an adaxonal
tubular lattice cluster. Arrows indicate the openings of the tubular lattice
to the glial⁄axonal and glial⁄glial interfaces. C: Tubular lattice also shows
a similar relationship to the glial⁄axonal, glial⁄glial, and glial⁄collagen
interfaces with numerous openings of the tubular lattice to the various
spaces. In addition, this nerve fiber was incubated with 5 mM LaCl3 for
15 min and precipitated with Na2SO4 simultaneously with the fixation
protocol. The La31 precipitate can be seen along the glial⁄axonal interface
and an increased density in the lumen of the tubular lattice indicating
that it is open to the extracellular space for entry by small ionic sub-
stances. Scale bars5 0.2 mm in A; 0.1 mm in B,C.
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tubular lattice in the glial layer. Examination of tissue
stimulated in the absence of LaCl3 demonstrated clearly
that stimulation was the major, if not the sole factor in
the morphological changes of the tubular lattice pre-
served by fixation, i.e., volume expansion and disaggre-
gation (Table 2, Fig. 3, middle). Of significance, there
was little change in nuclei or mitochondria (Fig. 5A).
Tubular lattice of glial layers more distant from the
axons indicated they were less affected by stimulation.
This finding is illustrated in Figure 5B and demon-
strates the tubular lattice furthest from the giant axon
is not distinguishable from the unstimulated controls.

To control further for the effects of stimulation on the
tubular lattice the tissue was stimulated at 50 Hz for
2 min with fixation delayed for 10 min. In this case, the
tubular lattice of control unstimulated nerve and nerve
stimulated but rested for 10 min before fixation and pre-
paration for electron microscopy could not be distin-
guished from each other with regard to the appearance
of the tubular lattice (data not shown). This result was
not be unexpected considering that the crayfish nerve
fiber can be stimulated at high frequency for tens of
minutes, even to exhaustion, and be stimulated again
after a short period of rest with no apparent physiologi-
cal damage (Hassan and Lieberman, 1988).

Effect of K+ Channel Blockade by TEA on
Stimulation-Induced Tubular Lattice

Morphological Changes

A primary function of glial cells in association with the
medial giant axon of the crayfish is regulation of the ionic
content of the adaxonal space. During action potential gen-
eration, significant efflux of K1 occurs and, unless rapidly
cleared from the adaxonal space, the signaling properties
of the axon may be compromised. The following experi-
ments were predicated on the hypothesis that the tubular
lattice is directly involved in K1 uptake, sequestration and
compartmentalization of K1 released during action poten-
tial generation resulting in tubular lattice volume expan-
sion and apparent disaggregation. Limiting K1 efflux from
the axon from the axon during excitation should prevent or
lessen the morphological change in the tubular lattice.

Fig. 3. Effects of stimulation and TEA on the internal diameter of
the tubular lattice. Top: Tubular lattice diameters in glia of resting
untreated unstimulated nerve fibers show a tight distribution of inter-
nal diameters around 30 nm. Middle: Stimulation at 50 Hz⁄2 min cause
a major increase in tubular lattice diameter (51 nm) with a much larger
internal diameter distribution range. Bottom: Following injection of
TEA in to the axon and stimulation at 50 Hz for 2-min diameters of the
tubular lattice are not statistically different from controls. The diam-
eter distribution range is similar to the control although a few larger
diameters are seen. Values for tubular lattice diameter given with each
panel are means 6 1 SEM; n 5 the number of tubules measured from
12 electron photomicrographs of three nerve cords (top two panels) and
10 electron photomicrographs from four nerve cords (bottom).

TABLE 1. Morphometry of the Crayfish Medial Giant Nerve Fiber

Structure Measurementa Range

Axon diameterb (mm) 169 6 4; n5130 91–315
Glial cell volume fraction (%) 40 6 2
Collagen matrix volume fraction (%) 56 6 2
Intercellular space volume fraction (%) 4 6 0.3
Mean barrier thickness (mm)

Adaxonal glial layer 0.29 6 0.02
Outer glial layer 2.44 6 0.21
Total 3.18 6 0.28

Mean no. of glial layers 11 6–16
Axon:Schwann cell membrane ratioc 1:11
Total glial cells⁄cross sectiond 19 12–28
Tubular lattice

Adaxonal volume fraction (%) 6.7 6 1.2
Outer layer volume fraction (%) 1.2 6 0.5
Mean tubular inner diameter (nm) 30.81 6 0.87 20–60
Mean openings per patch 8
Glia–glia interface lengthe

Without tubular lattice (mm) 4.32
With tubular lattice (mm) 3.79

aValues are given as mean 6 1 SEM.
bRandomly selected from axons used for experiments in this laboratory (1985–
1989).
cHargittai and Lieberman (1991).
dLieberman et al. (1981).
eThese values are estimated from the average three-dimensional pathway per unit
volume of glia by calculating the length density (14.9 6 2.5 mm22 and 13.1 6
2.2 mm22, respectively) and average barrier thickness.

TABLE 2. Effect of Stimulation and TEA on Quality of Preservation
of Tubular Lattice in Adaxonal Glia of the Crayfish Medial Giant

Nerve Fiber

Preservation Nonstimulateda Stimulated P

No drug 3.22 6 0.20 (15) 2.33 6 0.13 (15) �0.001b

TEA 3.00 6 0.08 (4)d 3.38 6 0.26 (4)c �0.05c; �0.09d

aAll values given as mean 6 1 SEM (n 5 number of individual axons examined).
bStimulation vs. nonstimulation for paired comparisons.
cStimulation with TEA vs. stimulation without TEA (unpaired).
dNonstimulation with TEA vs stimulation with TEA.
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A 4–8-nl bolus of 0.5–1 M tetraethylammonium (TEA),
a membrane impermeant voltage-gated K1 channel
blocker, was injected into the axon at the most caudal
double ganglion and allowed to diffuse into more cepha-
lic portions of the axon (�30–45 min). During this per-
iod, resting and action potentials (0.5–1-Hz stimulation)
of the medial giant nerve fiber were monitored in the
hemiconnective that was to be used for morphological
analysis.

When action potentials in this region become elongated
(2–4-ms duration), indicating that the voltage-gated K1

channels had been blocked by TEA, the nerve fiber was
stimulated at 50 Hz⁄2 min and was fixed for electron
microscopic analysis. The results of these experiments are
tabulated in Table 2 and Figure 3 (bottom).

By visual examination, the appearance of glial tubular
lattice clusters in stimulated TEA-injected nerve fibers
could not be distinguished from those injected with
TEA but not stimulated, nor were the former distin-
guishable from the untreated nonstimulated control
nerve fibers. Quantitative measurements of the cross-
sectional diameter of the glial tubular lattice of TEA
injected and stimulated nerve fibers demonstrated that
the average diameter was not statistically different from
the control. These results suggest that limiting K1 efflux
from excited axons reduced tubular lattice swelling and
disaggregation, as seen in untreated stimulated nerve
fibers.

DISCUSSION

Preliminary studies from our laboratory during the late
1980s that attempted to preserve electrically stimulated
crayfish medial giant nerve fibers for electron microscopic
examination was abandoned because of our perception
that the tissue appeared damaged by stimulation. A reex-
amination of these electron micrographs, with the investi-
gations by Wurtz and Ellisman (1986, 1989) of reversible
transient activity-induced swelling of the Schwann cell
folds of the vertebrate node of Ranvier in mind, revealed
that the morphological changes induced by stimulation of
the crayfish medial giant nerve fiber was limited to the
tubular lattice system of the adaxonal glia, leaving mem-
branes, mitochondria, and nuclei unchanged. This study
focused on a reexamination of the concept that the tubu-
lar lattice serves only as a simple ion diffusion pathway
with the goal to provide experimental evidence for a struc-
tural basis for K1 clearance from the adaxonal space of
axons stimulated at high frequency.

Inoue et al. (1997) using a pulsed voltage clamp protocol
and K1 current inactivation analysis suggests that K1

clearance from the adaxonal space can be accounted for by
passive diffusion through the inter-glial spaces and glial
tubular lattice structures in the squid giant nerve fiber.
There are two lines of evidence that make it unlikely that
diffusion, alone, can account for K1 clearance from the
crayfish medial giant nerve fiber. The first is seen in a
comparison of the resistance in series with the axon mem-
brane (Rs) of the squid giant nerve fiber with that of the
crayfish. Rs represents the electrical resistance of the
pathway for ionic movement through and around the glial
barrier that separates the axolemma from the bulk extra-
cellular space. Using a construct developed by Adelman
et al. (1977), Brown and Abbott (1993) developed a mathe-
matical model of the diffusion pathways through the squid
glial layer. They calculated an Rs for the inter-glial path-
way of �20 Ocm2. Including the tubular lattice in the
model reduced the calculated Rs to �2 Ocm2, a value con-
sistent with the electrically measured Rs of the squid glial
layer. In contrast the Rs of the crayfish glial layer is
9–12 Ocm2 (Hassan and Lieberman 1988). For a passive
diffusion model, the time constant for K1 clearance from
the adaxonal space of the squid nerve fiber should be up to
5-fold faster than that measured in the crayfish. In fact,
the opposite has been measured (Shrager et al., 1983;
Pichon et al., 1987). It appears that crayfish utilize highly
effective mechanisms, e.g., K1 uptake by the tubular lat-
tice, to overcome the potential for excessive K1 accumula-
tion that might occur with a high Rs and diffusion as the
primary or sole clearance mechanism.

The second line of evidence is found in the effect of glial
membrane transporters and glial receptor agonists and
antagonists on K1 uptake from the adaxonal space of
crayfish and squid. In the crayfish, ACh and d-TC acting
on the glial cholinergic receptor, shown to alter glial mem-
brane potential and K1-induced glial volume regulation, a
Na1-pump inhibitor (ouabain) and a Na1, K1, 2Cl2 co-
transporter inhibitor (bumetanide), altered glial volume
significantly in the presence of high-frequency stimula-

Fig. 4. Effect of the duration of incubation and stimulation on La31

precipitation in glial⁄axonal and glial⁄glial interfaces and in the tubu-
lar lattice. La31 precipitate seen in the glial⁄axonal, glial⁄glial inter-
face, as well as in the tubular lattice, is dramatically increased, as
compared with that seen in Fig. 2C, when the time of incubation with
LaCl3 is increased to 30 min. With stimulation (50 Hz, 1 min) the
tubular lattice appears swollen and structurally disorganized. Scale
bar 5 0.1 mm.
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tion or exogenous K1. These results are to be expected if
active transport and glial metabotropic receptors are
important in K1 clearance (Brunder and Lieberman,
1988; Hassan and Lieberman, 1988; Lieberman and
Hassan, 1988). In contrast, metabolic poisons or metabo-
tropic receptor agonists were reported to have no effect on
K1 clearance in the experiments reported by Inoue et al.
(1997). Since the experiments by Inoue et al. (1977) were
performed at 12�C on the giant fiber from the tropical
squid, Sepioteuthis, acclimatized to water temperatures of
�30�C, it is possible that glial metabolic processes were
slowed leaving them less responsive to metabolic poisons
and receptor agonists or antagonists.

Nonetheless, diffusion must be considered a partici-
pating K1 clearance mechanism operating in parallel
with active mechanisms of clearance in crayfish medial
giant nerve fibers. As shown by the results of the pre-
sent study, tubular lattice structures lateral to the adax-
onal space were less effected by stimulation the further

from the axon they were found. This indicates that K1

not taken up by the tubular lattice of the adaxonal glia
diffused laterally to be taken up by tubular lattice
further away. An earlier investigation (Pichon et al.,
1987) reported that high-frequency stimulation of a
crayfish nerve cord with an intact ion selective perineur-
ial sheath caused a change in the sheath potential that
was accounted for by K1 accumulation at its internal
face. The findings of this investigation and those of
Pichon et al. (1987) are consistent with diffusion as a
participant in K1 clearance from stimulated nerve.

The critical experiments that implicate the tubular lat-
tice as the K1 uptake site were those related to the effect
of the internal injection of the axon with TEA, a voltage-
gated K1 channel blocker (Shrager et al., 1969). The
results demonstrated that volume expansion of the tubu-
lar lattice, resulting from high-frequency stimulation,
was prevented by limiting the efflux of K1 that normally
accompanies action potential generation. There was little

Fig. 5. Effect of 50-Hz⁄2-min stimulation on the morphology of the
glial tubular lattice. A: Tubular lattice (TL) becomes swollen and losses
its typical high degree of organization following high-frequency stimula-
tion. Mitochondria (M) in both the adaxonal glial layer and the giant
axon (MGA) and plasma membranes adjacent to the swollen tubular
lattice appear normal. Similarly, the nucleus (Nu) of a glial cell in the
periaxonal glial layer appears unaffected by stimulation. B: Electron
micrograph illustrating that there is a gradient of stimulation-induced
morphological change in the glial tubular lattice related to distance

from the axon. The tubular lattice in the adaxonal glial cell (Ad) adja-
cent to the giant axon, identified by the arrow, is highly disorganized
and the lumina of the tubular lattice expanded. A tubular lattice in the
second layer of collagen (Cn) in the periaxonal glial layer, also marked
by an arrow, exhibits less volume expansion, although still somewhat
disorganized. The tubular lattice near the bottom of the panel, marked
by the arrow, is typical of tubular lattice clusters not exposed to a sti-
mulated axon. The tubular lattice is highly organized in a ‘‘string-of-
beads’’ formation, interconnected with uniform diameter tubules.
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likelihood that TEA, an impermeant ion, would have
directly affected the glia since the agent was injected into
the axon. Even in the event of TEA leakage from the down
stream injection site, the tissue taken for analysis was up
stream from that point and under constant superfusion in
TEA-free medium preventing exposure of the glial invest-
ment to TEA.

There are at least two possible mechanisms for a K1

uptake-induced volume expansion of the tubular lattice
during action potential generation. The first is consistent
with the findings of Wurtz and Ellisman (1986, 1989) that
the volume expansion seen in the tubular lattice is a nor-
mal morphological event is that could be caused by the
uptake of K1 and obligated water which is preserved by
gluteraldehyde fixation. A second possible explanation,
also put forth by Wurtz and Ellisman (1986, 1989), is that
the tubular lattice normally restricts free water move-
ment through its membranes and takes up and compart-
mentalizes hyperosmotic concentrations of K1. Tubular
lattice volume expansion in the latter case occurs as a
result of fixatives that cause the tubular lattice to lose
their ability to restrict water movement. Although the
presence or absence of aquaporins that could regulate
water movements into the glial tubular lattice has not
been investigated, it has been shown that the uptake of
K1 into crayfish glia occurs such that intracellular K1

can increase to a concentration well above normal resting
levels (Brunder and Lieberman, 1988).

The experiments described here do not differentiate
between these two possible mechanisms. Nonetheless,
either mechanism implicates a role for glial tubular lat-
tice in K1 uptake and its clearance from the adaxonal
space during action potential generation in the nerve.
The tubular lattice can accumulate ionic substances dur-
ing the generation of propagated action potentials at
high frequency, as seen with the accumulation of La31

in vesicles produced by the swelling and apparent disag-
gregation of the tubular lattice. We propose that these
vesicles represent the structure that sequesters and
compartmentalizes K1 released by the axon. The results
of these experiments also suggest that stimulation-
induced swelling of the tubular lattice and the nonuni-
form appearance of La31 precipitate raise the possibility
that some portion of the tubular lattice may not always
be open to the extracellular space, a requirement for
compartmentalization of K1 taken up.

The experiments reported here provide evidence that
the stimulation-induced swelling of the tubular lattice is
reversible and causes no long-term damage to the electri-
cal properties of the nerve. The tubular lattice of nerve
fibers allowed a 10-min rest period following a period of
high-frequency stimulation could not be distinguished
from the tubular lattice of unstimulated nerve fibers.

In summary, taking advantage of an activity-dependent
morphological change in the glial tubular lattice of the
crayfish, we believe we have obtained the first experimen-
tal evidence for an active role for the tubular lattice of
crayfish glia in adaxonal space K1 homeostasis.

It would not be unreasonable to ask if the findings
described here are limited to this particular invertebrate

model and thus not more widely applicable. In this
regard, there are significant parallels between the results
reported here and in earlier investigations from this
laboratory (Hassan and Lieberman, 1988; Lieberman and
Hassan, 1988) on the effects of activity and extracellular
K1 homeostasis in the crayfish medial giant nerve fiber
and that seen in nodes of Ranvier of frog peripheral
nerve (Wurtz and Ellisman, 1986, 1988) and in astrocytes
of the rat optic nerve (Ransom et al., 2000; MacVicar
et al., 2002).

In the first case, Schwann cell folds overlying the node
of Ranvier are highly interdigitated forming structures
analogous to the tubular lattice of crayfish glia. These
structures undergo volume expansion during repetitive
stimulation. Wurtz and Ellisman (1986) also reported
that when the node is fixed for electron microscopy
immediately following stimulation, the formation of
vacuoles within the nodal Schwann cell folds and
separation from the axolemma is also seen. As in the
present investigation, the microanatomical changes
described in this report and by Wurtz and Ellisman
(1986) were not seen following a short period of rest fol-
lowing the stimulation. They proposed that the activity-
induced swelling and vacuolization following fixation
was a consequence of the hyperosmotic accumulation of
K1 by the Schwann cell.

In the second case, Ransom et al. (2000) observed that
rapid K1 clearance from stimulated optic nerve was
dependent on glial K1 uptake via the Na pump while a
second sustained slower component was dependent on
axonal uptake. In an investigation that extended these
findings, MacVicar et al. (2002) observed a reversible
activity-induced volume change that could be mimicked
by small increases in extracellular K1 in an isolated
optic nerve model. Activity-induced optic nerve volume
changes could be reversibly inhibited by lowering extra-
cellular K1 or treating with TTX. Both activity- and
high K1-induced volume increases could be depressed by
inhibition of the glial associated Na-K-2Cl cotransporter.

Taken as a whole, there is high degree of correspon-
dence between K1 homeostatic mechanisms used by the
rat optic nerve, the frog peripheral nerve node of
Ranvier, and the crayfish medial giant nerve fiber
observed in the present and earlier investigations from
this laboratory. These similarities suggest that the meta-
bolic and structural mechanisms associated with activ-
ity-induced changes in glial volume, tubular lattice
morphology and extracellular K1 clearance observed in
crayfish are upwardly conserved into mammalian spe-
cies, thus providing an added level of confidence in the
crayfish medial giant nerve fiber as a model for elucidat-
ing general principles of the role of glia in preservation
of neural signaling.
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