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The Effect of Halothane on Rapid Axonal
Transport in the Rabbit Vagus

Ross D. Kennedy, M.D.,* B. Raymond Fink, M.D.,i
Margaret R. Byers, Ph.D.i

The cffect of halothane on rapid axonal trans-
port of labeled protein in the rabbit vagus nerve
was measured using liquid scintillation counting.
Observations were made in vivo and in vitro. No
significant depression of the flow occurred with
high “clinical” concentrations of halothane. In
titro, with 4 per cent halothane, the flow rate was
slowed by 40 per cent, and with 10.4 per cent
halothane the flow ceased. Although almost com-
plete recovery of the flow could be obtained after
exposure to 7.8 per cent halothane, no recovery of
the flow was possible following 10.4 per cent halo-
thane. Persistence of the control rate of rapid
axonal transport with levels of halothane as high
as 3 per cent argues against inhibition of rapid
axonal transport per se as a factor in the mecha-
nism of general anesthesia. It further argues
against Allison and Nunn’s depolymerization the-
ory of anesthesia, since rapid axonal transport
probably depends on intact microtubules. (Key
words: Microtubul Axonal ¢t t; Rapid
axonal transport; Halothane; Vagus nerve iso-
lated; General anesthesia; Mechanism of anes-
thesia.)}

IT 1S BEEN sUCGESTED that the state of gen-
eral anesthesia Is dependent on depolymeriza-
tion of neuronal microtubules.r Accordingly,
if intact microtubules are necessary for the
rapid axonal transport of proteins, as many
suppose,® then this transport should be im-
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TasLe 1. Companson of Distributions of Radio-
activity in the Left and Right Vagus
Nerves (Mean = SD)*
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* Figures in parentheses represent numbers of
nerves examined.

paired during anesthesia. Fink and Kennedy 3
recently attempted to observe such impair-
ment in optic nerve fibers during halothane
anesthesia, but obtained generally negative re-
sults. The present study describes the effect
of halothane on rapid axonal transport in the
vagus nerve in vito and in vitro. In vitro it
was possible to use levels of halothane higher
than those compatible with survival of the
animal.

Methods

The general plan of procedure was to label
the rapidly-transported protein in rabbit vagus

20z ludy 0z uo 3senb Aq jpd'$0000-000502.6 L-Z¥S0000/665262/EEY/S/9E/HPd-01o1n1e/AB0|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



434

45 hrs.
(2)

o,
// AN

3.5 hrs.
(6)

2.5 hrs.
(8)

Relative aclivity
H
o

N
o
T

KENNEDY, FINK, AND BYERS

Anesthestology
v 36, No 5, May 1972

5.5 hrs.
(9}

Fic. 1. Radioactivity in
contro]l vagus nerves, in
vive, 2.5, 3.5, 4.5, and
5.5 hours following in-
jection of label. In fig-
ures 1, 2, 4, and 5, ac-

A tivity in the most radio-
1 active 3-mm_segment or
B “peak” is taken as 100.
Vertical bars represent
=1 SEM. Figures in pa-
rentheses are the num-
bers of nerves studied at
the various time intervals.

00 10 20 30 40
mm from Nodose Ganglion

nerves by injecting radioactive leucine into the
calamus scriptorius area. The cells in the vi-
cinity, including those of the dorsal nucleus
of the vagus, take up the labeled amino acid
and incorporate it into protein. Some of this
protein is propelled somatofugally in axons of
the vagus nerve. At various time periods fol-
lowing injection of label, the animals were
killed and the cervical vagus nerves removed
for incubation with or without halothane. Dis-
tribution of radioactivity in the vagus nerves
was then determined. Electron microscopic
observations were also made.

Male albino rabbits 11 weeks old, weighing
235 to 3.0 kg, were studied. Labeling of pro-

TapLe 2. Effect of Halothane on Rapid
Axoplasmic Flow in Vivo

Halothane Peak Teaks .
Partial | Time after] Distance Activity Number
Pressure | Injection from (Counts/Min)} 2
Inspired (Hours) Ganzlion +SD Nerves
(atm %) {mm)=SD =
0 2.5 520 |377 =248 8
0 3.5 203 |348x216| 6
0 4.5 35 x4 | 221 2
0 5.5 55+3 [312x122] 9
1.0 5 550 30848 2
1.5 5.5 50 =4 [255x:153] 8

teins transported in the vagus nerves was
effected according to a modification of the
method of Sjostrand.# Rabbits were anesthe-
tized in a metal hutch, receiving a gas flow of
3 per cent halothane, 50 per cent O, and ni-
trogen. The anesthetized animal was placed
prone on a plastic pan over a supporting tho-
racic pad and the head and neck fixed and
flexed by traction on the ears. Anesthesia was
maintained during the surgical procedure with
1.5 to 2.0 per cent halothane delivered through
a mask. Following exposure of the brain stem
through a midline suboccipital incision, the
roof of the fourth ventricle was removed. 30
of neutrzlized r-leucine-4,5-*H (specific radio-
activity 20 Ci/mM{, concentration 1 mCi/ml,
New England Nuclear) contained in a glass
pipet with a tip diameter of 30 to 50 p were
injected within a few seconds 2 mm beneath
the floor of the fourth ventricle in the median
sulcus 4 mm from the obex. The volume de-
livered was controlled with a microsyringe
connected to the pipet by polyethylene tubing.

StuptEs IN VIvo

Following injection of label, the 12 control
animals were allowed to awaken and the others
kept anesthetized with halothane. The con-
trol animals were killed 2.5, 3.5, 4.5, or 5.5
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hours after injection of label; the five anesthe-
tized animals were all killed 5.5 hours after
injection. Four of the second group inspired
1.5 per cent halothane, and one inspired 1 per
cent halothane. Anesthesia was maintained
with controlled ventilation, as previously de-
scribed.®  Blood gases were determined in ar-
terial samples obtained from the ear and ven-
tilation and oxygenation were adjusted to
maintain Pg, 100 to 130 torr and P¢o, 25 to
30 torr. Just prior to sacrifice, 5 ml of arterial

Tabie 3. Effect of Halothane on Rapid
Axoplasmic Flow in vitro

4 Pek | ek |
Ualoane | LRS00 Phones | PTEY [ Nater
/e (Min) Ganglion  [(Counts/)Min)[ Nerves
(mm) 5D = 8D

0 w0 | 3041 [306=107| 3

0 60 | 4543 (W10l 16
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52 | 160 | % +3 122240 | 1

78 | 160 | 204 |3mx3 | 2

104 | 160 | 5+0 |m9xlsl| 2

mm from Nodose Ganglion

blood were drawn from the ear and the con-
tent of halothane determined by the method
of Fink and Morikawa.® The temperatures of
both experimental and control animals were
measured rectally and kept at 39 = 0.5 C with
a heating pad.

STUDIES IN VrITRO

For these studies, anesthetized animals re-
ceived label as above and were allowed to re-
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Fic. 3. Slowing of rapid a ic flow by
halothane in vitro. The per cent of the contral
rate was obtained from figure 4 by dividing the
peak distance in nerves exposed to halothane by
the peak distance in conhofnerves. Vertical bars

D =1 SEM.
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awaken, and were killed 2.5 hours after the in-
jection. Preliminary experiments showed that
at this time radioactivity had entered the proxi-
mal cervical vagus. Vagus nerves were re-
moved for incubation and placed on a double
laver of Whatman #1 filter paper in 150-mm
Petri dishes containing 10 ml of Medium 199
(Earle’s £115 EECIX, Grand Island Biologi-
cal Company, Oakland, California), in a 2.5-
liter prewarmed humidified desiccator. The
desiccator was evacuated, filled with a mix-
ture of 95 per cent O, and 3 per cent COz;

re-evacuated, and finally refilled to 720 torr;
when halothane was added it was introduced
before the second £l by evaporating a weighed
amount from a vial connected to the desic-
cator. The amount required was calculated
from the ideal-gas laws. The desiccators were
incubated at 38.5 C. Tests showed that the
partial pressure of oxygen in the medium ex-
ceeded 350 torr within 5 minutes after the
final filling and that the temperature of the
atmosphere in the desiccator reached 38.5 C

Tanee 4. Reversal of Inhibition of Rapid Axoplasmic Flow

Peak Sexment
Dusation of
Esposure uration
Halont : Reincubati
(atm o llatothane | i Halothane | Distance trom Activity
> (Min) Ganglion (Conats/Sin) | Number of Nerves
(1nm) +SD
52 160 — 25 345 1
160 150 55 786 1
78 160 — 10 200 1
160 180 53 153 1
104 160 — 5x0 277 = 88 3
160 180 50 : 3
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Fic. 5. Reversibility of halo-
thane inhibition. The two curves
on the left of the figure show dis- X
tribution of radioactivity in vagus -2 60
nerves incubated with halothane 3
for 160 minutes, The two curves O
on the right of the figure show the
further advance of the radioac- .3 40
tivity in similarly-treated nerves §
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within 15 minutes after placement in the incu-
bator.

Control incubations were carried out for pe-
riods of 100 and 160 minutes to determine a
reference in-vifro rate of rapid axoplasmic
flow. The effect of halothane was studied in
paired nerves by incubating one nerve in a
halothane-free atmosphere for 160 minutes at
38.5 C and the other after addition of halo-
thane 2.0, 2.6, 3.3, 4.0, 5.2, 7.8, or 10.4 atm
per cent. Two to five nerves were studied at
each partial pressure.

Reversibility of the halothane effect was
studied in pairs of nerves incubated in halo-
tharne, 5.2, 7.8, or 10.4 atm per cent, for 160
minutes. At the end of this period the dis-
tribution of activity in one of the nerves was
determined, and the other was incubated for
an additional 180 minutes in an atmosphere of
95 per cent O.—3 per cent COa.

DistriBuTiON OF RaproacTiviTy
v Vacus NERVES
At the end of the period of treatment, the
vagus nerves were cut sequentially in 5-mm
segments, starting at the peripheral end of the
nodose ganglion. Each segment was placed ina
vial and digested overnight in 1 ml of Soluene
TM 100 (Packard Instrument Company, Inc.,

10 20 30 40 50 60
mm from Nodose Ganglion

Downers Grove, 1llinois 60515) at 50 to 60 C.
After digestion, the vials were cooled in dark-
ness to minimize chemiluminescence; 14 ml
of toluene-permafluor scintillation fluid were
added to each vial and the radioactivity mea-
sured in a Packard 3340 liquid scintillation
spectrometer.  Ten-minute counts were re-
peated until there was less than 5 per cent
difference between consecutive counts. Count-
ing efficiency determined by the external auto-
matic standard technique was 30-33 per cent
for all samples. Since quenching was uniform,
counts are reported uncorrected for quenching
at 30 per cent efficiency but corrected for
background activity (about 20 counts/min).

In order to normalize the results for graph-
ing, the relative activity in a segment of nerve
is reported as a percentage; the activity in the
most radioactive segment or “peak” segment
of the nerve is taken as 100 per cent. The
actual mean activity in the “peak” segment of
each nerve group is stated in the tables.

ErecTrOoN MIcroscory

Tissues for clectron microscopy were ob-
tained from vagus nerves incubated under con-
trol conditions or in the presence of halothane.
They were fixed for three hours in a solution
containing 3 per cent glutaraldehyde, 1 per
cent sucrose, and Millonig’s phosphate buffer
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at pH 7.4. Those exposed to halothane were
fived in presence of halothane. Subsequently
the tissues were rinsed in buffer plus sucrose,
postosmicated, dehydrated, and embedded in
Epon. Sections were stained with uranyl ace-
tate and lead citrate, and were examined in an
AEI S01 electron microscope at 60 kv.

Results
EXPERIMENTS IN VIVO

Comparison of radioactivity distribution in
left vagus nerves with those in right vagus
nerves 3.5 hours and 3.5 hours after injection
showed that distribution patterns on the two
sides were similar (table 1). Student’s t test
shows that differences between the relative ac-
tivity in corresponding segments on the two
sides are not statistically significant (P> 0.1).
Therefore, one nerve could be used as a con-
trol for the other in studying rates of rapid
axoplasmic flow. When plotted, the distribu-
tion patterns appeared as waves, each with an
obvious crest or peak (fig. 1). From the loca-
tions of the peaks in animals sacrificed 2.5
hours and 5.5 hours after injection, a normal
in-vico rate of 17 mm/hour was calculated

(table2)o .

In animals receiving halothane for 5.5 hours
the peak of radioactivity advanced a little less
far down the vagus than in the controls (table
2), but the difference was not significant (P
>0.1), indicating that the axoplasmic flow
rate was probably not slowed during halothane
anesthesia. It may be inferred that uptake of
leucine and incorporation into protein were
not significantly retarded by anesthesia either.
The virtual absence of effect occurred not-
withstanding blood levels of halothane reach-
ing 0.8 to 1.0 atm per cent, total absence of
response to noxious stimuli, and moderate to
marked depression of arterial blood pressure.

EXPERIMENTS IN VITRO

In the nerves examined after a period of in-
cubation under control conditions in vitro, a
wave of radioactivity located some distance
from the nodose ganglion was again found
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(Rg. 2). However, the wave was narrower
than the corresponding in-tivo control wave,
since continued movement of labeled protein
into the cervical vagus from the brain stem
was no longer possible. The wave retained
the same narrow configuration during 100 and
160 minutes of incubation, indicating that dis-
persion by diffusion was not significant. Dif-
fusion of label either intra- or extra-axonally
would have tended to flatten and broaden the
wave. From the location of the peak at 100
and 160 minutes, an in-vitro rate of travel of
15 mm/hour for the rapidly transported pro-
teins was calculated (table 3). Energy for
this movement must be supplied by the axon
and/or its Schwann cells, since the cell body
was disconnected from the axon.

By comparing the locations of peaks in
nerves exposed to halothane with those in con-
trol nerves, the average effect of halothane on
rate of transport may be calculated. There
was no significant effect on axoplasmic flow
rate when the partial pressure of halothane
was below 4 per cent. With 4.0 per cent halo-
thane vapor, the rate of flow decreased to 60
per cent of control, and with 10.4 per cent
vapor the flow ceased (table 3, fig. 3). The

--distribution of activity in the wave did not

change appreciably with the inhibiting doses
of halothane, suggesting that all components
of the flow were slowed to the same extent
(fig. 4).

Although slow diffusion of anesthetic into
the nerve could retard the onset of inhibition
and lead to an underestimate of the potency of
the drug, there are several reasons for think-
ing that this did not occur in the present ex-
periments.  First, tests showed that propaga-
tion of the compound action potential was

locked completely in one minute with 8 per
cent halothane. Second, if halothane were
diffusing slowly into the nerve, axoplasmic
transport in the outer nerve fibers would be
affected sooner than those near the center, re-
sulting in a flattened distribution curve. How-
ever, no change in the shape of the distribu-
tion curve was observed. Third, the almost-
complete recovery of axoplismic flow after in-

Fic. 6. Electron micrograph of vagus nerve incubated in Medium 199 and 95 per cent O—

5 per cent CO: for an hour.

In the normal myelinated and unmyelinated axons numerous

microtubules (mt), neurofilaments {nf). profiles of smooth endoplasmic reticulum (SER), and

mitochondria (M) are present. X45,000.
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hibition with 7.8 per cent halothane argues in
favor of ready diffusion out of the nerve.
Diffusion may, however, become a limiting
factor when using drugs of Jower lipid solu-
bility than halothane.

RevERsiBILITY OF HALOTHANE EFFECT
1N VITRO

Since inhibition of rapid axoplasmic flow
could have been due to irreversible cellular
damage or cell death, additional experiments
were carried out to test the reversibility of the
inhibition. Nerves were exposed to concentra-
tions of halothane which slowed the flow and
were then reincubated in a halothane-free at-
mosphere for a further 180 minutes. During
reincubation following 5.2 and 7.8 per cent
halothane, radioactivity continued to advance
distally in the vagus (table 4, fig. 5). How-
ever, after 10.4 per cent halothane no further
movement of activity occurred on reincuba-
tion. This suggests that damage to the trans-
port system had occurred, since it is unlikely
that sufficient halothane remained bound to
nerve tissue to maintain the inhibition.

ELecTrRON MICROSCOPY

Examination of the nerve ultrastructure after
exposure to 7.8 per cent halothane (fig. 7) re-
vealed no change in microtubular structure,
number, or distdbution from the control (fig.
6); axonal neurofilaments and smooth endo-
plasmic reticulum were also unaffected. Some
Schwann cells and mitochondria were swollen,
but most remained normal. After a three-hour
exposure to 10.4 per cent halothane, some
axons had reduced numbers of microtubules,
but most axons were unaffected (fig. 8).
Most Schwann cells and mitochondria, how-
ever, were swollen. The irreversibility of in-
hibition of rapid axomal transport after 10.4
per cent halothane could well be caused by
this damage to Schwann cells and mitochon-
drda.

Discussion
The cervical vagus of the rabbit offers a
convenient mammalian nerve model for the
study of rapid axonal transport (RAT). Trans-
ported protein in both vagus nerves can be

KENNEDY, FINK, AND BYERS
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labeled by means of a single midline injection
of L-leucine-4,5-*H in the vicinity of the vagal
motor nucleus, an area easily accessible. Both
vagus nerves can be quickly excised in ade-
quate length of uniform diameter, thin enough
to allow rapid penetration of drugs, nutrients,
and gases.

The results of the present experiments in
vivo confirm our previous findings with the
optic nerve, indicating that RAT is not ap-
preciably slowed by halothane anesthesia.
Since RAT is probably dependent on micro-
tubules, these results suggest that the micro-
tubular structure of the vagus nerve was in-
tact. It could be argued that certain central
nervous system microtubules behave differ-
ently during anesthesia and are more readily
depolymerized by anesthetics than those in pe-
ripheral nerve. However, available evidence
suggests that the CNS microtubules are re-
markably stable. During hexobarbital narco-
sis the normal number of microtubules appears
to be present in the neuronal processes of the
rat brain® Microtubular structure in human
brains is maintained for at least two hours
after death.®

In the rabbit vagus nerves studied in vitro,
the effects on rapid axonal transport occurred
with considerable consistency in both left and
right nerves and in different animals. Rates of
about 15 mm/hour were consistently found in
both nerves. This rate is 10 to 15 per cent
slower than the normal of 17 mm/hour found
by Sjostrand * and by us, indicating that the
ability to support axonal transport may be
somewhat impaired in vitro. Nevertheless, the
preparation appears quite suitable for the
study of dose—response relationship of volatile
anesthetics and rapid axonal transport.

In the experiments in citro axonal transport
was not affected in nerves exposed to 3.25 per
cent halothane, a lethal dose more than double
the highest measured in the blood of deeply
anesthetized rabbits.? As indicated above, the
persistence of RAT with this level of halothane
argues against any alteration in microtubular
function. Furthermore, the electron micro-
graphs show that the microtubules in the
vagus nerves exposed to 7.8 per cent halo-
thane for three hours were essentially normal

Fc. 7.
ence of 7.8 per cent halothane.

cept that some mitochondria (arrow) are swollen.

Electron micrograph of rabbit vagus nerve incubated for three hours in the pres-
The morphology is similar to that of the normal nerve, ex-

SC: Schwann cells.  X45,000.
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Fic. 8. Electron micrograph of rabbit vagus nerve incubated for three hours in the pres-

ence of 10.4 per cent halothane.
neurofilaments.

mitochondria and Schwann cells are severely swollen.

The microtubules are still present in most axons, as are the
A few axons (arrow) have lost most of their microtubules. In addition, most

X45,000.

in number. Thus, no alteration in function or
structure of the microtubules was demon-
strated even with supra-anesthetic doses of
halothane.

Experimental production of a graduated de-
crease in the rate of axonal transport has not
been reported previously. Although other in-
vestigators have shown that with increasing
doses of colchicine less material is transported,
they have not quantified their results in terms
of effect on rate. Kreutzberg,$ using the rat
sciatic nerve, found that at the crushed end of
the nerve 900 pg of colchicine produced less
acetylcholinesterase accumulation than 400 pg.
Dahlstrom ® found that the accumulation of
catecholamine granules in rat sympathetic gan-
glia was less with 20 per cent colchicine than
with 2 per cent colchicine. More recently,
James® injected colchicine into the ventral
horn of the spinal cord of the chicken and ob-
served a greater inhibition of the total amount
of protein flowing into the axons of the sciatic
nerve with 3 pg than with 1 pg. In such ex-
periments with colchicine, reversal of the drug
effect has not been shown, leaving open the
possibility that the effect was due to irreversi-
ble injury.

On the other hand, our results with halo-
thane indicate that 70 per cent inhibition of
rapid axoplasmic flow in vitro is compatible
with almost complete reversibility. This ap-
pears to be one of the first demonstrations that
inhibition of rapid transport can be reversed
by simple removal of the inhibiting drug. It
should be mentioned that Ochs (personal com-
muncation) has found that iodoacetate inhibi-
tion of the transport is reversed by addition of
pyruvic acid.

The mechanism by which halothane affects
the rapid axoplasmic flow is unknown. It is
possible that halothane acts to prevent the for-
mation of high-energy compounds needed for
maintenance of rapid axoplasmic flow. Ochs
has established that the flow is dependent on
oxidative metabolism,'*1* and it may be per-
tinent that halothane is an inhibitor of oxida-
tive metabolism in brain slices.’® However, the
Jevel of halothane necessary to inhibit the

rapid axoplasmic flow in peripheral nerve is
appreciably higher than the level that inhibits
oxidative metabolism in brain slices.

The authors thank Dr. A. Hendrickson for use
of electron microscope facilities and Mrs. M,
Middaugh and Mrs. G. Anderson for able technical
assistance.
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