Eyes Transplanted to Tadpole Tails Send Axons Rostrally

in Two Spinal-Cord Tracts

Abstract. Axons from eyes transplanted to the tail in Xenopus larvae enter the
caudal spinal cord and follow two adjacent tracts rostrally to the level of the cerebel-
lum. When eyes are transplanted to the ear area, optic axons enter the hindbrain and
follow the same tracts rostrally and caudally. These sensory pathways normally con-
tain the embryonic sensory system of the Rohon-Beard axons and the descending
and ascending tracts of nerve V. We propose that the transplanted optic axons have
followed a continuous substrate sensory pathway normally shared by a number of

different sensory tracts.

During development, two steps are
usually necessary for the formation of a
neural circuit. (i) An axon must grow

from its cell body to the vicinity of its

target population. (ii) The axon must find
the appropriate target cell on which to
synapse (/). Much is known about the
way axons apportion themselves among
their target cell populations (2), but little
is known about how an axon finds its
way to the vicinity of its target cell popu-
lation (3).

Constantine-Paton and Capranica ¢)
recently introduced an important tech-
nique for exploring in vivo long-distance
axon guidance. They transplanted eye
primordia to presumptive ear areas and
used autoradiographic axon tracing to
follow optic axons that grew into the ner-
vous system. They reported that trans-
planted optic axons traveled dorsocau-
dally in a single well-defined tract from

the hindbrain to the end of the spinal
cord.

Will optic axons travel dorsocaudally
in the nervous system regardless of their
level of entry, as Constantine-Paton and
Capranica have proposed? To answer
this question we have transplanted eye
primordia to the caudal end of the devel-
oping spinal cord and autoradiographi-
cally traced those optic axons which
grew into the cord. We have also trans-
planted eye primordia to the presump-
tive ear area. We have found that optic
axons will grow both caudally and ros-
trally in a specific set of pathways nor-
mally shared by three general somatic af-
ferent systems: the trigeminal tracts, the
tract of Lissauer, and the Rohon-Beard
cell tracts. We call these pathways the
substrate sensory pathways. (We use the
term pathway to mean embryonic route.)

We transplanted a third eye primor-

dium to host Xenopus embryos, Nieuw-
koop and Faber (5) stages 21-22 (after
the neural tube has closed), from donor
embryos of stages 24-26 (early tailbud).
Operations were done in sterile full-
strength Holtfreter’s solution (pH 7.5 to
7.6), which was supplemented with 2 x
10—*M MgCl, and antibiotics (6). The an-
imals were allowed to grow (at 22° to
23°C) into tadpoles, and after about 3
weeks (stages 48-50), the extra eyes
were injected with approximately 0.05 ul
of 20 to 30 wmc/ul L-[2,3-3H(N)]proline
(New England Nuclear). Three days af-
ter the injections, the animals were fixed
(7), embedded in paraffin, serially sec-
tioned at a thickness of 10 um, and pro-
cessed for autoradiographic axon tracing
(8) with nuclear track emulsion (Kodak
NTB-3). Slides were exposed for 6 days
at 4°C, developed with Dektol developer
(Kodak), and stained with gentian violet.

Identical processing of five control
tadpoles, in which one normal eye had
been injected, showed uniform labeling
of the optic nerve and the complete con-
tralateral optic tract. No ipsilateral optic
projections were evident at this age (9).
Other parts of the nervous system
showed only background labeling,
which, in the white matter of the rostral
spinal cord, was about four grains per
100 um?.

The results include three animals in
which optic fibers entered the caudal spi-

Fig. 1. Representative cross sections of the hindbrain and spinal cord of a stage-50 Xenopus tadpole E

showing the two tracts followed by optic axons traveling rostrally from an eye transplanted to the tail. (a
to e) Dark-field autoradiographs. (A to E) Outlines of the autoradiographs with the positions of the two

tracts indicated by hatched lines. (a, A) Hindbrain, caudal to nerve V and rostral to nerve VIII, x 70. (b,
B) Hindbrain, caudal level, x100. (c, C) Spinal cord, rostral level, x130. (d, D) Spinal cord, middle level,

x140. (e, E) Tail, showing caudal spinal cord (arrow) and adjacent transplanted eye, x 40.
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nal cord and four in which optic fibers
entered the hindbrain. Of six tadpoles in
which eyes developed on the tail, three
showed only background levels of radio-
active labeling throughout their nervous
systems. The three remaining tadpoles
had heavy radioactive labeling of two ad-
jacent, well-defined tracts running from
the spinal cord of the tail through the
hindbrain to the level of the cerebellum
(Figs. 1 and 2). In each animal, the tracts
were present on only one side of the ner-
vous system and never crossed the mid-
line. One tract, the external sensory
tract, was immediately adjacent to the
pial surface. The other, the internal sen-
sory tract, was more medial. In the spi-
nal cord both tracts were dorsolateral,
but near the spino-bulbar junction they
began to take a more ventral position.
Through the hindbrain the external tract
remained immediately adjacent and
slightly ventral to the entry zones of
most of the cranial nerves (notably
nerves X, VIII, and V). The internal sen-
sory tract ran about 60 um medial to the
external sensory tract; however, in the
region of the entry zone of nerve V, the
internal sensory tract moved laterally to
merge with or run immediately adjacent
to the external sensory tract. Both tracts
seemed to disperse in the region of the
midcerebellum. Preliminary grain counts
could not detect labeled optic fibers in
the stratum opticum of the tectum. Most
labeled fibers probably ended in the ip-
silateral cerebellum. There was a sugges-
tion that some of the dispersing fibers ran
along the ventral rim of the brain; how-
ever, the amount of label in that area was
not much above background levels.
Likewise, it is possible that there were
other minor fiber paths that were too
small or too dispersed to be distin-
guished from the background label. We
are still examining the question of where
transplanted optic fibers terminate.

In another set of tadpoles in which
eyes were transplanted to the presump-
tive ear area, four clearly showed optic
axons entering the caudal hindbrain
along nearby cranial nerves (notably
nerve X). (One of these tadpoles was
fixed at stage 46.) In each case the optic
axons followed two ipsilateral tracts
identical to those illustrated in Figs. 1
and 2. Here the axons traveled both ros-
trally and caudally.

Like Constantine-Paton and Caprani-
ca (4), we have found that transplanted
optic axons chose specific, consistent,
and circumscribed hindbrain and spinal-
cord pathways in which to travel. These
same pathways were followed regardless
of the level of entry of the optic axons,
and the position of these pathways in the
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Fig. 2. Camera lucida tracings of serial cross sections of the hindbrain and spinal cord of a stage-
50 Xenopus tadpole (the same animal as in Fig. 1). Lines illustrate the relative positions of the
two tracts taken by optic axons from an eye transplanted to the tail (beyond the drawing).
Arrow indicates the direction of travel of optic axons. The axons disperse suddenly upon reach-
ing the level of the midcerebellum rostral to the entry of nerve V between the second and third
serial cross sections of the figure. Labeled optic axons cannot be traced to the superficial white
matter of the tectum (space between serial cross sections, 200 wm).

Xenopus nervous system was identical
to their position in the Rana nervous sys-
tem.

However, unlike Constantine-Paton
and Capranica (4) we found that optic ax-
ons followed two adjacent pathways.
Another difference is our finding that op-
tic axons traveled both rostrally and cau-
dally in these pathways (10). This in-
dicates either that the two pathways do
not contain rostro-caudal directional
cues or that optic axons cannot read
those cues. Clearly, the answer to the
question posed at the outset is that optic
axons do not travel dorsocaudally in the
nervous system regardless of the level at
which they enter.

Optic axons that enter the hindbrain
and spinal cord appear to grow longitudi-
nally (both rostrally and caudally) in only
two ipsilateral pathways, the external
and internal sensory tracts. Are these
optic axons following preexisting path-
ways? In the hindbrain, the external sen-
sory tract coincides with the descending
tract of nerve V (/1), and in the spinal
cord, the two pathways follow the future
tract of Lissauer (/12). However, at the
time that these extra optic fibers enter
and grow within the central nervous sys-
tem (prior to stage 47) there are no dor-
sal-root ganglion fibers to form the tract
of Lissauer (/3). Instead, the only dorso-
lateral fiber tracts normally found in the
spinal cord are the longitudinal axons of
the Rohon-Beard cells (/3-15). Rohon-
Beard cells, the embryonic sensory sys-
tem in many vertebrates, compose the
entire spinal sensory system in Xenopus
tadpoles until stage 47 (13). Rostrally the
Rohon-Beard tracts extend into the de-
scending tracts of nerve V (14, 15).
There is some evidence that before nerve
V has entered the central nervous sys-

tem, Rohon-Beard cells and axons ex-
tend through the hindbrain along the fu-
ture descending tracts of nerve V (14).
Thus, optic axons growing in the hind-
brain and spinal cord follow the pre-
existing substrate sensory pathways of
the Rohon-Beard cells (16). These optic
axons show that the substrate sensory
pathways are continuous from the rostral
hindbrain to the caudal spinal cord. Two
important features of the substrate sen-
sory pathways are: (i) they are normally
shared by at least three different sensory
systems—the Rohon-Beard longitudinal
tracts, the descending tracts of nerve V,
and the tracts of Lissauer—and (ii) they
permit both rostral and caudal axon
growth as evidenced by the fact that
transplanted optic axons (/7), Rohon-
Beard axons (/3), axons of nerve V (I8),
and axons of the tract of Lissauer (/2)
can be found traveling in either direc-
tion. The substrate sensory pathways de-
scribed here provide the organization for
a number of sensory tracts during devel-
opment. We suggest that substrate path-
ways are a device for organizing the long
ascending and descending axon tracts
during development, and we predict the
existence of other substrate pathways
such as substrate motor pathways.
MicHAEL J. KATZ
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Intracellular Analysis of Trigeminal Motoneuron Activity

During Sleep in the Cat

Abstract. Intracellular recordings were made from trigeminal motoneurons of nor-
mally respiring, unanesthetized cats during naturally occurring sleep. The transition
Sfrom quiet to active sleep was accompanied by tonic motoneuron hyperpolarization.
Stimulation of the reticular formation induced a depolarizing potential in trigeminal
motoneurons during quiet sleep and a hyperpolarizing potential during active sleep.
The results provide a synaptic explanation for the phenomenon of reticular response
reversal and insights into the basic mechanisms controlling motor activity during the

sleep states.

Considerable effort has been made
over the last 20 years in obtaining in-
direct indications of the synaptic pro-
cesses that occur during the sleep states
(I). However, the mechanisms con-
trolling neuronal activity can be deter-
mined only by direct intracellular mon-

Fig. 1. Diagram of the basic
stimulation and recording
paradigm. The trigeminal
motor nucleus (Mot V) was
identified by monitoring its
extracellular field potential
(C) induced by stimulation
(A) of the mesencephalic nu-
cleus of the fifth nerve (Mes
V). Jaw-closer motoneurons
were identified by intra-
cellular recording of the
monosynaptic EPSP’s and
spike potentials of mesence-
phalic V origin (A, B, D). (E)
Stimulation of the nucleus
pontis oralis (Pons RF) (4).

itoring of neuronal processes. Unfortu-
nately, there has been, to our knowl-
edge, no intracellular recording in any
neuron during sleep (1).

We have developed a method of re-
cording intracellularly during sleep, and
we now report the results obtained by

(field potential)

10 mv
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1 msec
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recording the membrane potential of tri-
geminal motoneurons in cats during nat-
ural sleep. Since the animals were un-
anesthetized, completely undrugged,
and unrestrained (with the exception of
head fixation), we were able to study the
spontaneous synaptic influences exerted
upon these motoneurons during quiet
[that is, non-rapid eye movement
(NREM)] and active (REM) sleep. In ad-
dition, we will present evidence con-
cerning the synaptic mechanisms under-
lying the state-dependent control of the
trigeminal myotatic reflex by the reticu-
lar formation during sleep and wakeful-
ness (2). This phenomenon of reticular
response reversal is well suited for study
by intracellular methods during the sleep
states, for the pattern of reticular modu-
lation of the masseteric reflex that occurs
during quiet sleep and wakefulness (re-
flex facilitation) is diametrically opposite
that induced during active sleep (reflex
inhibition) (2). Thus, with the reticular
site and level of stimulation remaining
constant, the state of the animal deter-
mines the direction of effect. A resolu-
tion of the mechanisms underlying this
state-dependent response and the impor-
tance of this reticular site in the control
of motor activity during sleep must re-
side in an intracellular analysis of the
synaptic events that result in motor facil-
itation and inhibition.

Seven animals were anesthetized with
sodium pentobarbital (35 mg per kilo-
gram of body weight), and standard elec-
trodes were implanted for recording the
electroencephalogram (EEG), electro-
oculogram (EOG), and electromyogram
(EMG) (2). Stimulating bipolar strut
electrodes were permanently placed in
the mesencephalic nucleus of the fifth
nerve and in the nucleus reticularis pon-
tis oralis (2). A small circle (diameter, 5
mm) of occipital bone was removed by
trephination in order to permit the sub-
sequent penetration by a microelectrode
through the cerebellum to trigeminal mo-
toneurons. The trephined hole was filled
with bone wax, which was removed dur-
ing experimental sessions. The animals
were allowed at least 1 week to recover
from surgery (3).

During experimental sessions, after
the penetration and identification of a tri-
geminal jaw-closer motoneuron with a
micropipette filled with 3M KCI (tip re-
sistance, 8 to 20 megohms), the sponta-
neous membrane potential of the mo-
toneuron was correlated with polygraph-
ic data indicating the state of the animal
as one of quiet or active sleep. For cer-
tain cells, a short train of one to three
pulses (interpulse interval, 2 msec) was
delivered to the nucleus reticularis pon-
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