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Abstract

Both extracellular and intracellular stimulation of single motoneurons were shown to be similarly effective and consistent in
eliciting contractile responses in single lateral rectus muscle motor units. The whole muscle was activated by stimulating the sixth
nerve in the brain stem. Both whole muscle and motor unit contractile characteristics, under isometric conditions, were found to
remain consistent regardless of whether this extraocular muscle was detached or left attached to the globe. In addition, whole
muscle twitch and maximum tetanic tension evoked by sixth nerve stimulation was significantly less than would be predicted by
the linear summation of individual motor unit twitch and maximum tetanic tensions. © 1997 Elsevier Science B.V.
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1. Introduction

Previous physiological studies of the extraocular
muscles and their motor units (Lennerstrand, 1974;
Goldberg, 1990; Shall and Goldberg, 1992, 1995; Gold-
berg et al., 1997; Shall et al., 1996) have been modeled
after studies of the spinal cord controlled limb muscula-
ture (Burke, 1981, 1990; Binder et al., 1996). Intracellu-
lar activation of single motoneurons was generally used
to elicit muscle responses so that the contractile charac-
teristics of extraocular single muscle units could be
studied (Goldberg, 1990; Shall and Goldberg, 1992,
1995; Goldberg et al.,, 1997; Shall et al.,, 1996), but
extracellular motoneuron activation has been used as
well (Lennerstrand, 1974).

The spinal cord innervated muscles that are often
studied with these procedures are pennate muscles (e.g.
medial gastrocnemius, soleus, biceps brachii, tibialis
anterior) that converge into relatively long tendons
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which attach to bone (Loeb and Richmond, 1994).
These muscles are generally detached with their tendon
intact and the tendon is then attached to a force
transducer in order to measure the contractile charac-
teristics of the muscle and its motor units. In contrast,
the eye muscles are comprised of muscle fibers in series
and in parallel (Mayr et al., 1975; Spencer and Porter,
1988) that insert into short, broad tendons that attach
to the globe. The muscles appear, in their natural state,
as flattened bands of fibers. A suture was placed
through the muscle tendon and the muscle was then
detached from the globe while maintaining its normal
orientation (Shall and Goldberg, 1992). This procedure,
however, causes the muscle tendon to converge to a
point, rather than remain as a wide band.

The gross anatomical architecture of the extraocular
muscles allows the possibility of examining muscle force
characteristics with the muscle still attached to the
globe (Miller and Robins, 1992), although this has
never been done at the level of the motor unit. This
would serve to leave the distal part of the muscle and
its insertion in a more normal position. In the present
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expcriments we have examined cat lateral rectus whole
muscle and muscle unit forces with the muscle tendon
attached to the globe, but appropriately loaded to
produce maximum isometric contractions as is done
when the muscle and tendon are detached from the
globe. We were then able to compare the forces pro-
duced in the same attached and then detached lateral
rectus muscle.

In addition, we studied the feasibility of using extra-
cellular stimulation of single motoneurons using glass
micropipettes (1.0 um tip diameter). We could then
determine whether both extracellular and intracellular
stimulation of the same motoneuron yielded identical
muscle unit contractile responses. Fine tungsten wires
of 3-10 u#m tip diameter have been used in the past to
stimulate single extraocular motoneurons (Lenner-
strand, 1974). The use of rehable extracellular, rather
than intracellular, stimulation could prolong the experi-
mental life of single motoneurons and allow the exami-
nation of many more cells per experimental animal.

2. Materials and methods

Two cats weighing 2.5 and 3.1 kg were anesthetized
with an intraperitoneal injection of sodium pentobarbi-
tal (40 mg/kg) prior to all procedures. Supplemental
doses were given intravenously throughout the experi-
ment to maintain deep anesthesia (defined as lack of
response to corneal reflex or paw pinch). Respiratory
rate and expiratory CO, were monitored and main-
tained within normal ranges. The animal’s body tem-
perature was maintained between 38 and 40°C using a
heating pad while the head was positioned in a
stereotaxic frame throughout the experiment. The globe
and extraocular muscles were exposed as previously
described (Shall and Goldberg, 1992). In these experi-
ments the superior medial and superior lateral slips as
well as the inferior lateral slip (Crandall et al., 1981;
Meredith et al., 1981) of the retractor bulbi muscle were
disinserted from the globe. This was done so that their
contractile force would not be a factor upon stimula-
tion of the sixth nerve in the brain stem.

A length of 5-0 silk was looped beneath the lateral
rectus muscle’s tendon and attached to the strain gauge
for the measurement of whole muscle and muscle unit
forces. The loop was tied to a semiconductor strain
gauge (Pixie Model 8108, Endevco) with a natural
frequency of 2 KHz and a compliance of approximately
2 pm/jg. The transducer was positioned to record the
maximal isometric response. Muscle force was also
examined with the muscle detached from the globe. The
muscle tendon was sutured with a 5-0 silk loop at its
distal end and detached from the globe, maintaining
anatomical orientation. Similar surgical procedures and
experimental setups have been previously described
(Shall and Goldberg, 1992, 1995).

The sixth nerve was stimulated in the brain stem with
0.1 ms duration pulses at 0.5 Hz to evoke contractions
of the lateral rectus muscle and to antidromically iden-
tify motoneurons in the abducens nucleus. These proce-
dures have been previously described (Shall and
Goldberg, 1992, 1995; Shall et al., 1996). The potassium
citrate filled electrodes, used for both stimulating and
recording, had impedances of 10-20 MQ and tip di-
ameters of = 1.0 gm (Shall and Goldberg, 1992, 1995:
Goldberg et al., 1997). The electrodes were driven using
a hydraulic microdrive into the area of the abducens
nucleus until a motoneuron was identified by its an-
tidromic response to abducens nerve stimulation. We
directly activated all motoneurons before intracellular
penetration using 0.3 ms duration stimuli applied
through the electrode to evoke muscle unit contractions
(Fig. 1).

Single stimuli and stimulation trains were delivered
using a programmable pulse generator (A.M.P.I. Mas-
ter-8). The twitch measurements were made before the
tetanic stimulation to avoid potentiation. Measures of
twitch and maximum tetanic tension, twitch contrac-
tion time, fusion frequency and fatigue were all done as
described previously (Shall and Goldberg, 1992, 1995;
Shall et al., 1996). Muscle unit kt value (the slope of the
relation between a series of single motoneuron stimula-
tion frequencies and the resultant single muscle unit
forces (Shall and Goldberg, 1992)) was also determined.

3. Results

The extracellular motoneuron stimulation protocol
effectively eliminated the activation of more than one
motoneuron in the following manner. When a twitch
was observed upon single pulse stimulation (Fig. la) it
immediately disappeared with a reduction of stimulus
current with no gradation of twitch response (Lenner-

Fig. 1. Muscle unit twitch responses (average of five traces) evoked
before (a) and after (b) penetration of the same motoneuron. (a)
Extracellular motoneuron response to direct stimulation is 15.4 mV
and twitch tension is 24.8 mg. (b) Intracellular motoneuron response
to direct stimulation is 70.3 mV and twitch tension remains 24.8 mg.
Horizontal bar = 5 ms for (a) and (b). Vertical bar = 30.0 mV for the
bottom trace in (a) and (b); and 62.0 mg for the top trace in (a) and
(b).
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Fig. 2. Whole muscle twitch (average of five traces) and 75 ms
duration tetanic responses. (a) Bottom trace is 13.8 g response with
muscle attached to the globe. Top trace is 13.8 g response with muscle
detached from the globe. (b) Tetanic traces from bottom to top are at
100, 150 and 190 Hz with a maximum tetanic tension of 109.7 g (at
190 Hz). Horizontal bar =5 ms for (a) and 50 ms for (b). Vertical
bar =9.0 g for (a) and 32.0 g for (b).

strand, 1974). Increases in stimulus current rarely
evoked a more powerful twitch or one of longer twitch
contraction time. Such twitch force or contraction time
increases would indicate that more than one motoneu-
ron was being activated; this occurred only rarely at
extremely high stimulation currents (= 15-20 times
threshold). We then could often penetrate the same
motoneuron for intracellular activation. We noted that
the antidromic latency was unchanged and that the
action potential steadily increased in amplitude as the
cell was approached and penetrated (Goldberg and
Clamann, 1977). Intracellular stimulation evoked iden-
tical mechanical responses (Fig. 1b) and insured that
our extracellular technique effectively activated one mo-
toneuron only. This methodology effectively increases
the long term viability and number of motor units
which can be studied in any one animal. Fewer animals
may then be necessary for future studies.

Stimulation of the sixth nerve evoked nearly identical
responses from the whole lateral rectus muscle either
when attached to the globe or not (Fig. 2a). The twitch
(214.0 g) and maximum tetanic tensions (=110 g,
Fig. 2b) we observed were similar to those previously
reported (Cooper and Eccles, 1930; Barmack et al.,
1971; Goldberg, 1990). In addition, single muscle unit
recordings could routinely be made with the muscle
attached to the globe (Fig. 3). The range of twitch and
tetanic tensions as well as twitch contraction times and
fusion frequencies seen in all 12 recorded twitch units
and 1 non-twitch unit were all within the ranges previ-
ously reported (Lennerstrand, 1974; Goldberg, 1990;
Shall and Goldberg, 1992, 1995; Shall et al., 1996).

4. Discussion

It is evident that extracellular stimulation of mo-
toneurons can be effective in eliciting contractile re-
sponses in single muscle units. The use of 1.0 um glass
micropipettes in the current study enabled us to stimu-
late the same cell both extracellularly and intracellu-
larly. This procedure confirmed the earlier study of
Lennerstrand (1974) in which fine tungsten electrodes
were used for the extracellular activation of single
motoneurons.

It appears that the standard surgical procedure of
detaching the lateral rectus muscle from the globe is no
longer necessary for the accurate recording of whole
muscle and motor unit contractile characteristics. How-
ever, detaching the lateral rectus muscle from its inser-
tion on the globe, as was routinely done in previous
studies (Meredith et al., 1981; Goldberg, 1990; Shall
and Goldberg, 1992, 1995; Goldberg et al., 1997; Shall
et al., 1996), did not significantly alter whole muscle or
muscle unit responses.

In addition, the whole lateral rectus muscle twitch
force we have reported in this and many other experi-
ments (Goldberg, 1990) is consistent with an earlier
finding (Barmack et al., 1971) and lower than would be
estimated based on a delineation of average twitch
tension related to motor unit type (Goldberg et al.,
1997). The estimate is determined as follows. First one
calculates the average force produced by each motor
unit type (e.g. fast fatigable units would yield 52.8 mg
(Shall and Goldberg, 1992)). It has been shown that
there are about 1189 lateral rectus motoneurons in the
cat abducens nucleus (Steiger and Buttner-Ennever,

Fig. 3. Muscle unit twitch (average of five traces), 150 ms duration
tetanic responses and 500 ms duration fatigue responses with whole
muscle attached to the globe. (a) 114.9 mg twitch response. (b)
Tetanic traces from bottom to top are at 120, 130, 140 and 150 Hz
with a maximum tetanic tension of 471.4 mg (at 150 Hz). (c) Bottom
trace is after 2 min of fatiguing stimulation (500 ms duration/sec at
150 Hz) and top trace is the initial response. Horizontal bar =5 ms
for (a), 50 ms for (b) and 100 ms for (c). Vertical bar = 134.0 mg for
(a) and 330.0 mg for (b} and (c).
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1978; Spencer et al., 1980). That force (52.8 mg in our
example) is then multiplied by the number of lateral
rectus motoneurons (404) which innervate fast fatigable
units yielding 21.3 g of force. (We have previously
shown that fast fatigable units make up 34% of the
lateral rectus motoneuron pool (Shall and Goldberg,
1992)). When all the unit types are then added together
one can predict what the whole muscle force should be
if the units add linearly. This computation is similar to
the one used by Burke et al. (1973) to predict whole
muscle tension in the medial gastrocnemius muscle. The
lateral rectus muscle units ‘should’ yield 29.0 g of
twitch force (Goldberg et al., 1997) rather than the
=~ 15.0 g actually seen. We suggested (Goldberg et al,,
1997) that the loss of predicted force may, in part, be
due to the serial arrangement and branching of muscle
fibers in the cat lateral rectus muscle (Katz, 1939; Mayr
et al., 1975; Demieville and Partridge, 1980). We now
report that the same lower than expected force is seen
with tetanic tension as well. The lateral rectus muscle
‘should’ show 237 g at maximum tetanic tension (Shall
and Goldberg, 1992) but only yields =110 g when the
abducens nerve is stimulated (Barmack et al., 1971).
Indeed, a similar maximum tetanic force (about 100 g)
has been observed in the cat medial rectus muscle upon
stimulation of the oculomotor nerve (Cooper and Ec-
cles, 1930).

The ability to accurately measure lateral rectus mus-
cle contractile force while it is still attached to the globe
will now permit, in future experiments, the correlation
of force measures with degree of evoked eye movement
in the same animal. Such correlative measures are
critical to our understanding of the eye movement
control system. Furthermore, it appears clear that the
observed twitch and tetanic forces of the lateral rectus
muscle, upon stimulation of the sixth nerve, are much
lower than would be predicted if one linearly added
motor unit tensions. The manner in which this non-lin-
ear force modification is managed by the eye movement
system also needs to be explored further.
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