95 percent oxygen and 5 percent car-
bon dioxide in an apparatus similar
to that developed by Gibson and Mc-
llwain (5). During the recording of
electrical activities, the surface of the
medium was lowered to the level of
the nylon mesh. A pair of stimulating
electrodes, consisting of ball-tipped
silver wires, was placed on the slice,
and stimulation was carried out with
5- to 15-volt square pulses, 0.4 to 0.7
msec in duration. A recording elec-
trode, also of ball-tipped silver wire,
rested on the surface of the slice; a
reference electrode was put in the
medium. The normal medium con-
sisted of (final concentrations): 124
mM NaCl, 5 mM KCl, 1.24 mM
KH,PO,, 1.3 mM MgSO,, 2.6 mM
CaCly, 26 mM NaHCOj;, and 10 mM
glucose. To replace all or part of
chloride ion, propionate or acetate
ions were used.

Record 1 of Fig. 1A depicts a po-
tential evoked in normal medium. A
single shock generated a negative wave
of about 20-msec duration with a
short negative deflection superposed
on it. When chloride ion was com-
pletely replaced by propionate ion
(record 3), the same stimulus pro-
voked a long train of seizure dis-
charges with a latency of 40 msec.
Individual spikes which composed the
seizure train were 3 to 10 msec in
duration and varied in size between
0.2 and 6.5 mv. One or two inflec-
tions were found on the ascending
phase of some of these spikes. In the
medium that contained a 13-mM con-
centration of chloride, amplitude of the
seizure discharge was much smaller
and its total duration was much short-
er than these were in a complete ab-
sence of chloride ion (record 2).
When chloride-free medium was re-
placed with normal medium, the seiz-
ure discharge disappeared immediately
(record 4). Besides the seizure dis-
charge described above, several bi-
phasic sharp deflections were gener-
ated with a short latency (arrows in
records 2 and 3). These deflections
also developed concomitantly with re-
duction of the concentration of chlo-
ride ion and were observed consistent-
ly in the experiment cited in Fig. 1,
but they could be elicited only occasion-
ally throughout the present series of
experiments. The stimulus artifacts
were larger in records 2 and 3 than
in records 1 and 4, though stimulus
strength was kept constant. This seems
to be due to the change in conduct-
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ance of the medium. In several experi-
ments, we tried to provoke the seizure
discharge in normal medium by in-
creasing stimulus strength up to five
times that used to evoke the seizure
discharge in chloride-free medium.
However, even with such strong stimu-
lation, the seizure discharge was not
provoked in normal medium.

A similar seizure discharge was ob-
served when chloride ion was re-
placed by acetate ion. The seizure dis-
charge was augmented by a 1-mM
concentration of sodium phenobarbi-
tone but suppressed at a concentration
of 3 mM. The discharge train had a
long refractory period and propagated
slowly through the slice at a speed of
approximately 1 cm/sec.

As discussed in the introductory
paragraph, generation of the seizure
discharge in chloride-free medium
may be ascribed to the lack of in-
hibitory processes in the neuronal net-
work. There remains the possibility,
however, that removal of chloride ion
decreases conductance of the medium,
thus reducing the short circuit of
stimulus current by the medium. This

might increase the- efficiency of stimu-
lation so that a single shock produces
a train of seizure discharges. This pos-
sibility may be excluded by the find-
ing that even with a strong stimulus
the seizure discharges could not be
provoked in normal medium.
CHOSABURO YAMAMOTO
NosurumMi Kawar
Behavior Research Institute,
University of Gunma Medical School,
Maebashi, Japan
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Axonal Delivery of Neuroplasmic Components to Muscle Cells

Abstract. Substances labeled with phosphate-32 and carbon-14 and applied
to hypoglossal nuclei in rabbits traveled down the hypoglossal nerves and after
several days began entering only the muscle cells of the tongue. Prevention
of axonal delivery on one side caused unilateral labeling of the tongue. Labeled
substances delivered by extracellular fluids labeled all cells indiscriminately. The
axonal conveyance of neuroplasmic components to peripheral cells may provide a
basis for trophic influences of neurons on other cells.

Maintenance of the axons in periph-
eral nerves depends on the continual
delivery of fresh cytoplasm elaborated
in the cell bodies (I). The cytoplasm,
apparently propelled in a peristaltic
manner by the axon (2), is continual-
ly moved out of the cell body and
along the entire length of the axon and
all of its branches, supplying them with
components that are used in axonal
maintenance and activity and that are
not (or are insufficiently) supplied by
other sources, such as blood or other
extracellular fluids and Schwann cells,
or by synthesis within the axon. The
total volume of neuroplasm may be
replaced several times each day ().

Interruption of axoplasmic continu-
ity results in Wallerian degeneration of
fibers separated from their cell bodies.
After an interval that varies with the
length of the distal stump (3), de-

generation or other trophic changes
begin in the muscle or other cells in-
nervated by the interrupted fibers; these
changes are clearly distinguished from
those induced by interruption of im-
pulses (3, 4). We have tested the hy-
pothesis that the trophic dependence
of a cell on its innervation is, as in the
case of the axon, also based on the
continual delivery, by the axon, of
substances that originate in the nerve
cell. We found that substances (labeled
with isotopes) in selected nerve-cell
bodies are conveyed down their axons,
across the junctions, and into the cells
that they innervate (5).

We labeled hypoglossal and vagal
neurons with P32-inorganic phosphate
or Cl%-amino acids by directly apply-
ing solutions of these substances to the
posterior tip of the floor of the fourth
ventricle in rabbits (1.4 to 2.5 kg) ac*

SCIENCE, VOL. 155



cording to the method of Miani (6).
The solutions were deposited in 1-ul
portions (each containing 3.5 to 32 uc
of radioactivity) at 10- to 20-minute
intervals. We assured ourselves that
good absorption occurred and that con-
tamination of the cerebrospinal fluid
(CSF) had been avoided. A total of
50 to 200 uc were applied to the nerve
nuclei in this manner. This report is
based on studies on 15 rabbits.

We demonstrated the specificity of
our technique in animals killed and
examined at various times after the
labeling. Scans of the intact animals
showed that diffuse labeling rarely oc-
curred and that, when it did, it was
slight and transitory. Three-dimensional
scanning (7) of various nerves excised
from the neck showed that, of these,
only the vagus and hypoglossal were
radioactive. When there had been
hemorrhage around the surgical site or
flooding of the ventricle with CSF dur-
ing application of the isotope, radio-
activity of the animal was diffuse and
specificity was lost.

Radioactivity, as an irregularly
shaped wavefront on the three-dimen-
sional scans, advanced along the vagal
and hypoglossal trunks at about 5 to
5.5 mm/day, a value comparable to
rates of 1 to 11 mm/day reported for
other mammalian nerves (I) and cor-
responding well to the rate (5.2 mm/
day) of regeneration of the vagus nerve
(8). Scans of whole organs and auto-
radiographs of sections (1 to 2 mm)
of tissue showed that radioactivity
reached the tongue after about 5 days
and the atria of the heart after 9 or
10 days. The proximal musculature of
the tongue became radioactive earlier
and more intensely than the tip. Crush-
ing of one hypoglossal nerve arrested
radioactive material at the site of the
crushing, where the substance accumu-

lated, and resulted in unilaterally radio--

active tongues.

Having shown that radioactive ma- |

terial had been transported to the pe-
ripheral tissues only by the nerves, we
then used microautoradiographic stud-
ies to determine the distribution in the
tongue of radioactive substances con-
veyed by the hypoglossal nerve. Our
methods were those described by Ko-
priwa and Leblond (9), in which slides
bearing thin sections of tissue fixed, em-
bedded, sectioned, and stained (hema-
toxylin and eosin) in the usual manner
were covered by a thin layer of East-
man liquid emulsion NTB-3. These
slides were stored in the dark at 5°C
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until periodic sampling showed them
ready to be developed and prepared for
microscopic study.

We dealt with extremely low con-
centrations of radioactive material in
the tongue, in contrast to the amounts
that can be introduced by parenteral

Fig. 1. Autoradiographs of hypoglossal
nuclei labeled with glycine-2-C*. The
rabbit was killed 9 days after the labeled
substance was applied. (a) Longitudinal
section of right hypoglossal nerve photo-
graphed in bright light (unlike the others,
all of which were taken in phase-contrast).
(b) Muscle from proximal portion of
tongue, right side. Labeling appears as
bright spots. Note other cells in same
section. (c) Muscle from distal portion of
tongue, right side. Note nonmuscle cells.
All magnified 512 times.

injection. We therefore cut tissue
sections thicker (6 u) than is desirable
for good resolution and still found ex-
tended exposure times (up to 5V
months) necessary. However, as we
belatedly discovered, we had recovered
only a small portion of the radioac-
tivity we had been able to introduce
into the nerve cells. Despite the rela-
tively thick sections we could, with
careful focusing of the microscope,
trace the tracks of silver grains to par-
ticular cellular structures, although
these relationships are not always dis-
tinct in the photographs taken at a sin-
gle focal level. In order to make the
sparse silver grains in the tongue more
conspicuous, we have photographed the
preparations through phase-contrast
optics, which cause the grains to appear
as somewhat enlarged bright spots.

Figure la shows that the radioactive
particles were densely packed in the
trunk of a hypoglossal nerve whose cell
bodies had been labeled 9 days earlier
with glycine-2-C!%; radioactivity in the
nerve sheath was virtually absent. This .
figure illustrates one of our experi-
mental errors; more time (between
labeling and killing the animal) should
have been allowed for the nerve to
“empty” itself into the tongue.

Figure 1, b and c, are sections from
the tongue of the same animal as in
Fig. la, Labeled molecules were dis-
tributed throughout the proximal mus-
cle cells (those in the vicinity of the
entry of the nerve), in the fibers, nu-
clei, and sarcoplasm. Radioactivity on
the tip at the same time was still
sparse and was apparently concentrated
mainly in the nuclei. This difference
between base and tip, apparently re-
lated to the length of the neural path-
way and, possibly, to the density of
innervation and to the greater attrition
of radioactive substances in the longer
passage, was a consistent feature,
whether the label was P32-phosphate
or Clt-amino acids. Labeling of cells
other than muscle cells (and, in some
sections, branches or axons) was, as
in Fig. 1, b and c, negligible or
absent.

When neural delivery of labeled sub-
stances was limited to one side, there
was unilateral labeling of tongue mus-
cle cells (Fig. 2). Sections shown in
Fig. 2, a and b, were taken from the
tongue of a rabbit in which the left
hypoglossal nerve had been cut imme-
diately before the hypoglossal nuclei
were labeled with glycine-1-C14, The
left side (Fig. 2a) showed early signs
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Fig. 2. Unilateral radioactivity of tongue when axonal delivery was prevented on one
side. (a and b) Muscle of tongue. Left hypoglossal nerve cut; hypoglossal nuclei
labeled with glycine-1-C*. The animal was killed on 8th day. (a) Left side; (b) right
side. (¢ and d) Muscle of tongue. Right hypoglossal nucleus labeled with P*-
phosphate. Left hypoglossal nucleus unlabeled. The animal was killed on the 8th day.
(c) Left; (d) right.

of degeneration and no radioactivity.
In the normal, innervated section (Fig.
2b) the muscle cells were strongly
labeled. (Figure 2b illustrates a fre-
quent finding in some of our prepara-
tions, the transverse alignment of ra-
dioactive substances in the muscle
fibers. Precise localization awaits auto-
radiographs of higher resolution.) The
results were the same in other experi-
ments in which a small segment of
nerve was crushed and axoplasmic con-
tinuity thereby interrupted while the
gross continuity of the trunk and, pre-
sumably, of endoneural fluid spaces
was preserved. No labeling of cells
other than muscle was found on either
side. In two experiments we were able
to label the hypoglossal (and vagus)
nerve only on one side, while leaving
intact the nerves to both sides, thereby
eliminating any question of altered
physiological state on the denervated
side. In one animal (Fig. 2, ¢ and d)
only the right hypoglossal nucleus had
been labeled (confirmed by microauto-
radiographs of the hypoglossal nerves)
and, correspondingly, only the right
side of the tongue was labeled.

Although the tongue consists of a
large variety of tissues and cells (mus-
cle, various sensory elements, connec-
tive and adipose tissues, epithelium,
glands, blood vessels, and so forth)
and is, correspondingly, innervated by
various nerves (hypoglossal, facial, tri-
geminal, glossopharyngeal, and sympa-
thetic), only the muscles of the tongue
are supplied by the hypoglossal, and
we have consistently found that only
the muscle cells are labeled in our
preparations, as shown by Figs. 1
and 2.

No labeling is evident in other
tissues of tongues in which muscle
cells were strongly labeled (Fig. 3, a—
c). In contrast, when the CSF of one
rabbit had become contaminated with
the radioactive material, the entire
body surface of the animal was radio-
active, and all the tissues of the tongue
were indiscriminately labeled (Fig. 3d).
Another significant feature of this prep-

Fig. 3 (a—). (a) Serous gland, (b) mu-
cous gland, and (c) vallate papilla from
tongue shown in Fig. 2d. Note there is
no labeling of these tissues. (d) Labeling
by way of the extracellular fluid. The cere-
brospinal fluid of the fourth ventricle was
contaminated with P*-phosphate and the
animal killed on the 9th day. Tissues oth-
er than muscle are labeled and the
pattern of radioactivity in muscle is
altered from that shown in Fig. 1-3.
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aration is that, unlike those shown in
Figs. 1 and 2, there was considerable
radioactivity in interstitial and appar-
ently intravascular spaces.

Our observations indicate that, when
radioactive substances were selectively
introduced into hypoglossal neurons,
these substances, or their derivatives,
were conveyed down the axons only to
the muscle cells of the tongue and that
they reached the muscle cells only via
these axons—or very nearly so. The
labeled molecules apparently crossed
the neuromuscular junction into intra-
cellular components of the muscle. We
suggest that the proximo-distal convey-
ance and intercellular transfer of sub-
stances from the nerve cell may under-
lie the so-called trophic and other
long-term influence not based on im-
pulses, of peripheral neurons on the
metabolism, function, development,
differentiation, growth, and regenera-
tion of the structures that they inner-
vate (10).

I. M. Korr
P. N. WILKINSON
F. W. CHorNoCKk
Departments of Physiology and
Biochemistry, Kirksville College of
Osteopathy and Surgery, Kirksville,
Missouri 63501
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Fungal Morphogenesis: ng
Formation and Closure by
Arthrobotrys dactyloides

Abstract. The formation and the
closure of constricting rings by a ne-
matode-trapping fungus were recorded
by means of time-lapse cinephoto-
micrography. Analysis of the film re-
vealed that hyphal rings resulted from
a sequence of morphological events
not previously described. Cell inflation
and ring constriction were induced by
touch, increased temperature, and elec-
trical stimulation. The inflation process
was not particularly sensitive to meta-
bolic inhibitors and appears to operate
without an expenditure of energy on
the part of the cell.

Fungi frequently display morpho-
logical change that can be analyzed
biochemically (), and nematode-trap-
ping fungi are typical examples. These
microorganisms produce specialized
structures that function as traps and
enable prey to be captured, killed, and
consumed (2). The most intricate and
remarkable type of trap is the so-
called “constricting ring.” Constricting
rings consist of three curved cells on
a short two-celled stalk. They are pro-
duced at intervals along a fungal fila-
ment and usually grow at right angles
to it. When a nematode enters, the
cells that comprise the ring inflate rap-
idly and obliterate the opening. The
nematode is trapped by occlusion and
is later penetrated by hyphae that
originate from the ring cells and spread
throughout the carcass, absorbing its
content.

We employed time-lapse cinephoto-
micrography to obtain a record of
growth, morphogenesis, and predation
by various species of nematode-trapping
fungi (3). The fungi were grown at
28°C on cornmeal extract agar, in mi-
crochambers on slides (4). They were
photographed at the rate of four frames
per minute, using a Reichert Zetopan
microscope and a 16-mm Bolex cam-
era that were synchronized and auto-
mated for time-lapse work (5). Analysis
of films depicting morphogenesis in
Arthrobotrys dactyloides (6) revealed
that the fungal form is under strict con-
trol and that constricting rings are pro-
duced by the sequence of events illus-
trated in Fig. 1.

Hyphal branches destined to differ-
entiate into organelles of capture were
highly refractile, robust, and readily
identified. As they extended, these spe-
cialized branches arched and appeared

hook-like (Fig. 1, A and B). Growth
and curling continued (Fig. 1C), but
in no case was a ring formed by the
anticipated, simple union of the tip
with its supporting branch. Instead,
a bud was consistently formed by the
more distal of the two stalk cells (Fig.
1D). It formed in opposition to the
advancing tip and the two converged
and fused to produce a closed ring
(Fig. 1, E-G). After anastomosis, the
three cells that comprised the ring in-
creased in size and refractility. They
attained an individual width of 5 to
8 u, a length of 20 to 28 ,, and
formed rings 20 to 32 y in diameter.
The biochemical basis for curling of
fungal filaments has not been ascer-
tained. It may involve localized differ-
ences in the rate of synthesis of cell
wall material or increased tension with-
in the structural polymer of the wall
because of modification of individual
components or linkages. The former
condition is responsible for the growth
toward light of green plants and some

Fig. 1. Ring formation and closure by
Arthrobotrys dactyloides recorded using
time-lapse cinephotomicrography. Rings
are initiated as branches that extend to

form curved hooks (A-C). The more
distal of the supporting cells gives rise
to a bud (D) in opposition to the ad-
vancing hyphal tip, and the two converge
and fuse to produce a closed ring (E-G).
Ring cells inflate to triple their normal
volume in approximately 0.1 second (H)
if induced to do so by touch, increased
temperature, or electrical stimulation. An
interval of 4 hours was required for this
morphological transformation (X 625).
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