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Trophic Capacity of Experimentally Lengthened Gustatory Axons
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Long nerve stumps will maintain end-organs for a longer period of time than short nerve stumps. However, longer maintenance
might result not from a longer nerve stump per se but from uncontrolled factors such as less interference with the target’s blood supply
when transecting a nerve far from its target. To control for the site of nerve transection and to evaluate the trophic capacity of length-
ened axons, we extended the gerbil’s (Meriones unguiculatus) IXth nerve (glossopharyngeal) by splicing in a 5.0 mm segment of the
superior laryngeal nerve. Thus, when assessing nerve stump-length dependency 3-5 months later, both the control regenerated nerve
and the lengthened experimental nerve could be transected at the same site on the IXth nerve trunk. The peak magnitude of the sum-
mated taste discharges of the experimentally lengthened IXth nerve declined at a rate exactly predicted by an earlier study of nerve
stump-length dependency. We conclude that maintenance of synaptic transmission depends upon taste axon stump-length and not
upon factors uncontrolled in conventional experimental designs of stump-length dependency which transect nerves at different loca-
tions. Control regenerated and experimentally lengthened nerves maintained similar numbers of taste buds. Thus, neither the added
burden of maintaining longer axons nor the presence of Schwann cells of the superior laryngeal nerve splice degraded the IXth nerve’s

trophic performance.

INTRODUCTION

Transection of a nerve trunk causes profound ante-
rograde and retrograde changes. In the retrograde
direction the neuron’s soma may undergo chromato-
lysis while the synaptic boutons of other neurons
which contact the soma may retract, thereby disa-
bling the synaptic input to the injured neuron?. In
the anterograde direction isolated mammalian axons
are soon unable to activate their target synaptically
and subsequently, after 1-3 days, are unable to prop-
agate impulses?2834. Ultimately the distal portion of
the transected nerve undergoes Wallerian degenera-
tion.

Observations on the degeneration of isolated ax-
ons led Cajal to consider the cell body as the trophic
center of the neuron3?. In subsequent years a firm
foundation for Cajal’s formulation has emerged from
extensive studies on axonal transport which have re-
vealed a remarkable interchange between the soma
and the axon terminals of materials concerned with
maintenance of the cytoskeleton, metabolism and

synaptic transmission. Thus, in many neurons the
rapid anterograde transport of substances to the axo-
nal terminals includes macromolecules essential for
synaptic transmission®16. In addition to maintaining
nerve endings and synaptic transmission, neurons
also trophically maintain certain kinds of targets in-
cluding skeletal muscle, taste buds and the lateral ge-
niculate nucleus (LGN). Clearly, maintenance of ax-
onal endings, synaptic transmission and target cells
must involve some processes in common although the
term ‘trophic’ is often, but not invariably!?, reserved
for the last of these, namely, the maintenance of tar-
get cells.

The anterograde effects of axotomy upon transsy-
naptic signal transmission have been studied most ex-
tensively at neuromuscular synapses and LGN syn-
apses. Synaptic transmission from a freshly tran-
sected optic nerve to LGN neurons lasts for at least
2-3 days before deteriorating!331. It is only after the
failure of synaptic transmission at optic nerve-LGN
synapses that impulse propagation in the optic nerve
fails and, ultimately, the LGN neurons atrophy.
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Thus, a change in anterograde synaptic transmission
is one of the earliest functional effects of denerva-
tion. However, within seconds after optic nerve sec-
tion, the LGN cells become hyperexcitable, probably
because of reduced interneuronal inhibition!2. Thus,
in central structures such as the LGN and spinal
cord??, immediate physiological changes like disinhi-
bition may mask acute deterioration of afferent syn-
aptic transmission.

It is important to study a model system free of such
neural network complexities because early changes
in synaptic transmission may be part of the chain of
events leading to end organ degeneration. Actual
end organ degeneration measured days after nerve
transection may be so indirect a consequence of lost
neurotrophic influence that it is difficult from this de-
layed degenerative event to infer which specific
properties are directly neurotrophically maintained.

Studies of the peripheral nervous system have
more clearly revealed the rapid deterioration which
occurs after nerve section. In muscle, evoked end-
plate potentials are reduced within 9 h and miniature
endplate potentials decreased within 12 h after nerve
section’-24, Early changes in the target muscle cells
also occur; Albuquerque et al.Z reported reduced
muscle membrane resistance 2-3 h after nerve sec-
tion.

That the changes in denervated skeletal muscle re-
flect the loss of neurotrophic maintenance has been
challenged by evidence favoring a predominant role
for muscle activity in the maintenance of mus-
cle2t.224041 For example, electrical activation of
muscle can in large part replace the trophic influ-
ences of motor axons in establishing and maintaining
muscle properties. However, some evidence sug-
gests that muscle activity may not completely explain
the neural maintenance of muscle properties. First,
the restoration of muscle properties by electrical
stimulation is incomplete4!. Second, muscle degener-
ation can be induced by using colchicine to disrupt
axonal transport while leaving muscle activity in-
tact3.5.13.38, Similarly in the sense of taste, by control-
ling for the direct effects of colchicine upon the taste
buds, a neurotrophic role of axonal transport has
been indicated35. Third, many experiments indicate
that the length of the peripheral nerve stump influ-
ences the rate of development of denervation-in-
duced changes; deterioration of the end organ occurs

more rapidly with short nerve stumps. A longer
stump delays the appearance of physiological
changes such as the decrease in resting membrane
potential®, the appearance of extrajunctional acetyl-
choline sensitivity?3% and the decrease in miniature
endplate potential?$, and also delays biochemical
changes in endplate acetylcholinesterase activity!®,
RNA synthesis’2 and protein phosphorylation?4,

Degeneration which is dependent on the length of
the nerve stump might occur if shorter nerve stumps
degenerate more rapidly2+ and if the target is sensi-
tive to the degeneration by-products#-#!. To test this
proposition isolated nerve segments or short lengths
of thread were implanted directly onto the surface of
a normally innervated muscle. ‘Denervation” sensi-
tivity to acetylcholine (ACh) developed in the locally
disturbed region of the muscle!8. It is uncertain
whether this effect was mediated by nerve degenera-
tion by-products or by local damage to the muscle.
Thus, it is possible that a denervated target degener-
ates more rapidly not because short stumps produce
degeneration by-products more quickly nor because
short nerve stumps provide less axonally transported
trophic material but because operative trauma im-
pairs the local blood supply, injures the nearby tissue
or injures the target itself (vide infra).

The present study used mammalian taste buds as a
model of trophic dependence. Taste buds are com-
posed of clusters of slender, modified epithelial cells
which synapse with fine branches of axons innervat-
ing the gustatory epithelium. Taste buds in several
vertebrate groups have been shown to be trophically
dependent upon their nerve supply. In the most sen-
sitive mammalian preparations, transection of the
gustatory nerves can cause degeneration of the taste
buds within 3-7 days!9-35. The reappearance of taste
buds upon reinnervation by chemosensory axons
confirms the trophic dependence of the taste buds
upon their innervation (reviewed in ref. 25). Further
support for neural maintenance is provided by stud-
ies which have shown that the maintenance of both
taste responses?’ and taste buds3¢ depends upon the
length of the nerve stump.

We chose to examine acute and chronic antero-
grade changes in the peripheral taste system in re-
sponse to transection of a nerve trunk. The experi-
mental designs of previous studies on nerve stump-
length dependency of taste buds and muscle have not



included controls for the site of nerve transection.
While obviously producing shorter axon stumps, the
operative procedure to expose and transect the nerve
near to the target may in particular interrupt axons
joining the nerve trunk distally through small anasto-
moses or may cause local trauma and disruption of
the target’s blood supply. In addition to controlling
for such potential problems, we were also interested
in establishing whether the trophic capacity of gusta-
tory axons might be weakened as the result of either
nerve elongation or association with new Schwann
cells from a nerve splice. Hence, we extended the
IXth nerve of gerbils by causing the axons to regener-
ate through a segment of the vagus nerve. The troph-
ic capacity of these experimentally lengthened IXth
nerves was compared with that of control regener-
ated IXth nerves which lacked the nerve splice, but
were transected at the same locus as the experimen-
tal nerve. Thus, in addition to addressing general
concerns about the conventional design of nerve
stump-length dependency studies, we reasoned that
proportionally longer maintenance of taste responses
by experimentally lengthened nerves would argue
for flexible adjustment of functional maintenance by
lengthened axons, and argue against a requirement
for a specific type of Schwann cell along the entire
route of the nerve.

The taste system is notable as the only trophic sys-
tem under active investigation in which the axon ter-
minal is postsynaptic. It avoids problems encoun-
tered in the analysis of skeletal muscle because with
taste buds efferent impulse activity appears to be ir-
relevant to neurotrophic maintenance# 1.

MATERIALS AND METHODS

Male and female Mongolian gerbils (Meriones
unguiculatus), aged 4-12 months, were anesthetized
with ketamine hydrochloride (325 mg/kg body
weight, i.m.). In 5 control gerbils the right IXth
nerve was transected about 4 mm distal to the petro-
sal ganglion and the ends reunited with a suture.
Ethilon 11-0 black monofilament nylon (Ethicon,
Inc.) was used for all sutures in this study. In 10 ex-
perimental gerbils the right IXth nerve was tran-
sected in an identical manner but was extended by a
4.5-5.0 mm segment of the superior laryngeal nerve
branch of the left Xth nerve (SLN, vagus) spliced be-
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Fig. 1. Schematic drawing showing the method of lengthening
IXth nerve axons by having them regenerate through an isola-
ted segment of the autogenous superior laryngeal nerve (va-
gus) which was approximately equal to the IXth nerve in diam-
eter. In the control animals, the [Xth nerve was transected and
sutured together. Three to 5 months later, both the experimen-
tal and control regenerated IXth nerves were transected at the
same site for electrophysiological evaluation of the nerve
stump-length dependency of the taste discharges recorded
from the proximal end of the distal nerve stump.

tween the distal and the proximal cut ends of the IXth
nerve (Fig. 1). In the control animals the identical
portion of the left SLN was excised. To reduce the
possibility of regenerating IXth nerve axons escaping
via the stumps of lateral branches of the nerve splice,
the SLN was spliced in reversed orientation such that
one suture united the proximal end of the IXth nerve
with the distal stump of the SLN and another suture
united the proximal end of the SLN with the distal
stump of the IXth nerve. Thus, severed axons in the
proximal portion of the experimental IXth nerve re-
generated to the tongue through an approximately
equal-diameter SLN conduit containing Schwann
cells and degenerated axon fragments. If the regen-
erated IXth nerve axons had a maintenance action
that was proportional to their added length, the
5 mm splice length would clearly be long enough to
prolong the taste response.

After allowing a minimum of 3 months for nerve
regeneration, the gerbils were anesthetized with ket-
amine followed 30 min later by sodium pentobarbital
(12 mg/kg, i.p.) with supplementary doses of sodium
pentobarbital (8.5 mg/kg) as needed. A tracheal can-
nula was inserted, and the esophagus and upper por-
tion of the trachea ligated to prevent seepage of taste
solutions. The regenerated IXth nerve was exposed,
transected near the proximal suture and lifted onto a
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pair of 100 um diameter nichrome wire recording
electrodes. For all control and experimental animals
the I1Xth nerve was transected at the same location
(Fig. 1). The multi-unit impulse discharges were re-
corded from the transected nerve, and were ampli-
fied and displayed on an oscilloscope. The recorded
impulses were stored on magnetic tape and were
electronically summated (Grass 7P3A, 0.5s time
constant) for on-line registration with a polygraph.
The response measure was the peak amplitude of the
summated nerve discharge in excess of the pre-stimu-
lus baseline level of activity. With the gravity flow
system, each taste solution was applied to the tongue
for 20 s followed by 220 s of distilled water rinse. The
taste solutions, 0.3 M NH,Cl and 0.5 M sucrose,
were made from reagent grade chemicals dissolved in
glass-distilled water and were used in alternation
with distilled water rinse. The temperatures of the
gerbil’s body and of the taste solutions and rinse wa-
ter were maintained at 35-37 °C as monitored by
thermocouples. A further description of recording
methods may be found in ref. 28.

To determine the final length of the SLN splice af-
ter 3-5 months of recovery, the splice length was
measured at the close of electrophysiological record-
ing as the distance between the two sutures. The total
length of the control transected IXth nerve was ob-
tained from earlier measurements2?’. After the re-
cording session, the tongue was removed and im-
mersed in formalin—sucrose-NH,OH (10%:15%:
1%). Each tongue was embedded in paraffin and sec-
tioned serially at 10 #4m. The sections were stained in
Heidenhain’s iron hematoxylin to identify foliate and
vallate taste buds by the presence of a darkened taste
pore region. Vallate taste buds were counted in 7
normal gerbils.

RESULTS

The extended IXth nerves and control regenerated
[Xth nerves responded similarly to the taste solu-
tions. Apart from a lower level of spontaneous activ-
ity and a reduced signal-to-noise ratio, the responses
to NH,CI and sucrose in the regenerated nerves im-
mediately after nerve transection were as predicted
from a study of normal IXth nerves?®. Subsequent re-
sponses had progressively lower amplitudes, since
transection of the gerbil’s IXth nerve results in a
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Fig. 2. Following transection of the regenerated nerves, the la-
tency to a 50% decline in taste impulse discharges is a function
of the length of the IXth nerve stump remaining attached to the
tongue. Open circles: normal IXth nerves with stump-lengths
set by locus of transection?’. Filled circle, n = 4: control regen-
erated IXth nerves. Filled circle, n = 7: experimental regener-
ated IXth nerves extended by regrowth through a vagal nerve
splice. The thick line segment is a linear continuation of the line
fitted to the open circles by the least squares method. Stimulus:
0.3 MNH,CI, n = 52 IXth nerves (41 normal nerves and 11 re-
generated). Error bars = +1S.E.

rapid loss of taste responses several hours before im-
pulse propagation mechanisms are lost28, Earlier
studies of this phenomenon had shown that the laten-
cy of the response decline was proportional to the
length of the nerve stump remaining attached to the
tongue?’. The open circles in Fig. 2 were obtained
with this conventional experimental design of nerve
stump-length dependency?’. They indicate the time
required for taste response magnitudes to fall to 50%
of their initial value in gerbil IXth nerves transected
at the indicated distances from the vallate papilla.
The data show a linear nerve stump-length depend-
ency.

In the present study of extended IXth nerves, re-
cording difficulties prevented us from obtaining taste
responses from the initial preparations. Taste re-
sponses were obtained from 4 of 5 control and 7 of 10
experimental animals. The control regenerated IXth
nerves (the filled circle at 8.3 mm, Fig. 2) main-
tained taste responses for a time period which agreed
with the previously determined nerve stump-length
relationship. The experimentally extended IXth
nerves (the filled circle at 12 mm) maintained taste
responses for the longest period of time, in strict pro-
portion to their longer nerve stump-length. Hence,



the taste responses of the experimental animals de-
clined to 50% of their initial magnitude after a delay
significantly longer than in the control animals (mean
= 485 vs 294 min, P = 0.036 Mann—Whitney U-
test).

We counted foliate and vallate taste buds in nor-
mal, control and experimental gerbils. Because
the single vallate papilla lies on the midline of the
tongue, many of its taste buds received innervation
from both the intact left and regenerated right [Xth
nerves. However, the foliate taste buds, which lie at
the lateral margins of the posterior portion of the
tongue, are unilaterally innervated by the IXth nerve
with a small, stable contribution from the ipsilateral
chorda tympani nerve (Hosley and Oakley, unpub-
lished observations). Hence, the foliate taste buds (X
= 132) are the more appropriate assay system for the
trophic consequences of unilateral manipulations of
the IXth nerve. Although the 17% reduction of fo-
liate taste buds in the control and the 21% reduction
in the experimental animals imply incomplete nerve
regeneration, these percentage changes did not dif-
fer statistically from normal animals (P > 0.05,
Mann-Whitney U-test). Nor were there significant
differences between experimental and control ani-
mals in the number of: foliate taste buds on the oper-
ated side (P > 0.1), vallate taste buds (P > 0.05), or
vallate and foliate taste buds combined (P > 0.1,
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Fig. 3. Number of taste buds in vallate and foliate papiilae in-
nervated by normal (N), control regenerated (C, n = 5), and
experimentally lengthened (E, n = 10) IXth nerves. Normal fo-
liate counts are from the contralateral foliate papillae (n = 15),
and normal vallate counts are from normal gerbil tongues (n =
7). Error bars = +1S.E.
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Fig. 3). Vallate and foliate taste buds were also just
as numerous in those animals from which taste re-
sponses were not obtained due to recording difficul-
ties. In summary, the number of foliate and vallate
taste buds provided anatomical evidence that the
chronic trophic capacity of ‘the control and experi-
mental regenerated nerves was not diminished.

The electrophysiological tests and taste bud counts
were carried out after mean recovery periods of 128
days (range = 86 to 168) for the experimental ani-
mals and 135 days (range = 88 to 152) for the con-
trols. Neither the time to 50% response decline nor
the number of regenerated taste buds in the foliate
papillae was related to the duration of the recovery
period. This suggests that after a recovery period of 3
months or longer, we were examining stable prop-
erties of the system.

DISCUSSION

Taste bud morphology reflects the long-term neu-
rotrophic maintenance of the end organ, while taste
nerve impulse discharges reflect the shorter-term
physiological maintenance of the taste bud system,
including synaptic transmission. We used impulse
discharges of the whole IXth nerve as a convenient,
acute bioassay for physiological performance. In try-
ing to understand the nature of trophic dependence
in the taste system it is important to investigate the
carliest impairments.

In the present study the duration of maintenance
of taste discharges in both control regenerated and
experimentally extended IXth nerves agreed with
the previously determined nerve stump-length rela-
tionship?’. Both the experimental and control nerves
were transected at the same locus. Thus, the longer
maintenance of the taste responses observed for the
extended IXth nerves cannot be attributed either (i)
to a lesser disruption of the blood supply to the taste
buds or nerve trunk, (i) to intact nerve branches
which join the trunk distally or (iii) to reduced sali-
vary secretion into the clefts of the gustatory papil-
lae, thereby allowing better stimulation of the taste
buds. Rather, it is the experimental variable of the
added axon length which accounts for a prolonged re-
sponse in the transected experimental nerve.
Lengthened axons maintained taste discharges long-
er.
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Aguayo et al.! have shown by autoradiography
that sural nerve axons regenerating through a 5 mm
segment of the cervical sympathetic trunk become
myelinated by the Schwann cells surviving in the sym-
pathetic trunk. Thus, it is likely that the IXth nerve
axons were myelinated by Schwann cells of the 5 mm
SLN splice which we used. Nonetheless, such asso-
ciations of a portion of the extended axons with SLN
Schwann cells did not impair the trophic capacity of
taste axons in supporting taste buds. Thus, there is no
evidence to suggest that the supply of trophic materi-
als is normally derived from or stimulated by specific
Schwann cells associated with gustatory axons.

If one judges from the similar number of foliate
taste buds reformed and maintained by control and
by lengthened nerves, the necessity to maintain an
added 40% of axon length did not impair the trophic
capacity of the lengthened axons. Maintenance of
the extended axons themselves may be aided by feed-
back regulation of the supply of essential materials
from the cell body.

It is the axon terminals of transected nerves which
fail to support taste buds. That is, the degeneration of
taste buds must be secondary to some earlier altera-
tion of the postsynaptic axonal terminals. Presum-
ably, the taste bud is normally maintained either by
axonal release of a diffusible trophic chemical
agent(s) or by an interaction of membrane elements
of the axon and epithelial cell. Disruption in chemical
release or membrane interaction heralds the onset of
degenerative changes in the end organ. The soma of
taste neurons has the dual role of maintaining not
only the axon terminal but also the end organ. In cur-
rent usage the word trophic (Greek: nourishing) ref-
ers to neuronal maintenance of the normal morpho-
logical, physiological and biochemical features of an-
other cell or tissue. But the causal linkages make it
necessary to consider the neuron’s trophic role in
maintaining its own axon in the classic sense of Ca-
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