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Hereditary canine spinal muscular atrophy (HCSMA) is an 
autosomally dominant disease of motor neurons that 
shares many pathological features with human motor neu- 
ron disease. A particularly striking feature of the affected, 
accelerated phenotype (homozygous HCSMA) is that pro- 
found weakness develops before appreciable motor neu- 
ron cell death occurs (Cork et al., 1989a), implying that mo- 
tor unit functional defects occur initially. The purpose of 
this study was to identify the site of these defects and char- 
acterize their nature. In most young homozygotes (2-3 
months postnatal), motor neurons were encountered that 
could support orthodromic action potential propagation to 
the muscle but did not activate muscle fibers. The tetanic 
forces of innervated motor units in young homozygotes 
tended to be smaller than those in closely age-matched 
clinically normal animals. In older homozygotes (-4.5 
months, postnatal), all motor neurons sampled were ca- 
pable of activating muscle fibers, but many motor units dis- 
played abnormal behavior including an inability to sustain 
force output during high frequency activation. Motor units 
exhibiting tetanic failure also showed proportionately 
greater twitch potentiation than nonfailing units of similar 
unpotentiated twitch amplitude. Tetanic failure and large 
potentiation tended to occur in motor units that possessed 
the slowest contraction speeds. These results indicate that 
motor neuron functional defects in HCSMA appear initially 
in the most distal parts of the motor axon and involve de- 
fective neurotransmission. The possible roles of distal 
nerve degeneration, motor terminal sprouting, and synap- 
tic transmission in causing these deficits are considered. 

[Key words: motor unit, motoneuron disease, neuromus- 
cular junction, muscle, electrophysiology] 

Hereditary canine spinal muscular atrophy (HCSMA) is an au- 
tosomal dominant disorder that selectively affects motor neurons 
(Cork et al., 1979, 1981; Sack et al., 1984). Individuals that are 
homozygous for the trait have a stereotyped clinical course. 
Weakness first appears at 6-8 weeks of age and eventually pro- 
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gresses to tetraparesis. Death may ensue as early as 2 l-22 weeks 
unless supportive methods are used. The distribution of muscular 
involvement is bilaterally symmetrical and progresses from cau- 
dal to rostra1 and from proximal to distal. Thus, the first indi- 
cations of involvement are observed in tail muscles. As in hu- 
man motor neuron disease, oculomotor muscles and vesicorectal 
sphincters are spared. Evidence of sensory or cerebellar involve- 
ment has not been detected. 

The neuropathologic features of HCSMA include proximal 
axonal swellings late in the clinical course of homozygous in- 
dividuals. The motor roots in HCSMA homozygotes and het- 
erozygotes fail to reach normal caliber and motor axons of adult 
HCSMA heterozygotes undergo atrophy, but there is no evi- 
dence of Wallerian degeneration in spinal roots (Cork et al., 
1989b). The transport of neurofilaments, a major determinant of 
axonal caliber (Hoffman et al., l984), and of tubulin is de- 
creased, but fast transport appears unimpaired (Griffin et al., 
1982). Quantitative in sirs hybridization reveals a selective de- 
crease in mRNA for one neurofilament subunit (NF-L) but not 
for other subunits (NF-M, NF-H) or polyA+ in homozygotes 
(Muma and Cork, 1993). The relationship of these changes to 
the primary genetic defect and its principal pathological mech- 
anism in HCSMA is unknown. 

An intriguing feature of homozygote individuals is that severe 
weakness develops well before any signs of significant motor 
neuron cell death appear (Cork et al., 1989a). This suggests that 
motor unit functional deficits must precede motor neuron cell 
death in HCSMA. We reasoned that identifying the locations of 
these functional deficits, as well as clarifying the timing of their 
appearance relative to the progress of the disorder, could provide 
additional clues about pathological mechanisms operating in 
HCSMA. To accomplish this, we have used intracellular record- 
ing from HCSMA spinal motor neurons to functionally isolate 
single motor units for study. We present in this report initial 
findings from young homozygous individuals demonstrating that 
motor unit functional deficits appear first in the most distal parts 
of motor axons that are otherwise electrophysiologically com- 
petent. We also show that motor unit deficits of a different type 
appear in somewhat older homozygotes and that the likely site 

of these deficits remains localized to the distal motor axon. 
A preliminary report of some of these results has appeared 

(Pinter et al., 1992). 

Materials and Methods 

Genotpe md phenotype 
All animals used in this study were obtained frotn an HCSMA breeding 
colony. The hotnozygous HCSMA (accelerated) phenotype has re- 
mained consistent for >I5 years and can be readily identitied by the 
appearance of weakness in the tail tnuscles beginning about 6-8 weeks 
of age. Prior to the onset of clinical signs (usually by I year of age), 
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HCSMA heterozygotes, which later develop intermediate or chronic 
disease, are usually clinically indistinguishable from their normal sib- 
lings (Sack et al., 1984). Thus, the littermates of the HCSMA homo- 
zygotes used in this study were all phenotypically clinically normal, but 
genetically were either homozygous normal or heterozygous HCSMA. 

Surgicul preparation 

Animals were initially anesthetized with 35 mg/kg intravenous sodium 
pentobarbital. Supplemental doses were administered during the exper- 
iment via an intravenous cannula to maintain an absence of withdrawal 
and cornea1 reflexes. A tracheal cannula was inserted to maintain a 
patent airway and provide for monitoring of end-tidal CO,. Blood pres- 
sure was continuously monitored via an arterial cannula. Rectal tem- 
perature was monitored and maintained at 37-38°C with a heating pad 
and infrared lamps. 

The left medial gastrocnemius (MG) muscle and its nerve were ex- 
posed, and the muscle and its tendon were dissected free of the accom- 
panying lateral gastrocnemius muscle and surrounding connective tissue 
as much as safely possible and prepared for attachment to a strain gauge 
for motor unit force recording. The strain gauge was capable of de- 
tecting forces of about 100-200 mg. All force recording was performed 
using a servo-operated device that maintained muscle preload at 100 
gm. The MG nerve was freed of surrounding tissue and mounted on a 
pair of bipolar stimulating/recording electrodes. Fine stainless steel 
wires (24 pairs) were inserted into the MG muscle and connected to 
high gain differential amplifiers for recording motor unit electromyo- 
graphic (EMG) activity. A laminectomy was performed to expose the 
lumbosacral spinal cord. The animal was then mounted in a frame that 
immobilized the vertebral column and the left hindlimb. Exposed tissues 
were covered with warm mineral oil or Vaseline. 

At the conclusion of surgical preparations, all animals received bi- 
lateral pneumothorax and were mechanically respirated to minimize re- 
spiratory-associated movements during intracellular recording. All ani- 
mals remained unparalyzed. 

Single MG motor neurons were identified by antidromic activation fol- 
lowing electrical stimulation of the MG nerve. Intracellular records 
were obtained using micropipettes filled with 3 M KCI and connected 
to a conventional amplifier. Following impalement of an MG motor 
neuron, data were collected for measuring and analyzing motor axon 
conduction velocity as well as several other motor neuron electrical 
properties as described previously for cat (Pinter et al., 1991). Detailed 
analyses of motor neuron electrical properties and their relationships 
with motor unit mechanical properties will be the subject of another 
report. 

Moror ~(flir proprrtirs. Single motor units were activated using 0.5 
msec depolarizing current pulses delivered through the micropipette. 
Motor unit twitch data (twitch contraction force and time to peak) were 
collected first. The twitch contraction was examined for posttetanic po- 
tentiation (PTP) by alternating single twitch contractions with short 
trains of stimuli delivered at I50 Hz. Fused tetanic contractions were 
then collected for stimulus trains of 100 and 200 Hz. Some HCSMA 
homozygote motor units failed to sustain fused contractions during te- 
tanic stimulation. Tetanic force in these units was measured as both the 
peak force and force present at the end of the stimulus train. Motor unit 
fatigue was tested with short trains of depolarizing pulses (I 3 pulses at 
40 H7) delivered at a frequency of I Hz for a 2 min period (Burke et 
al., 197.3). 

Some motor units failed to exhibit force following intracellular stin- 
ulation of MC motor neurons. In these cases, the motor neuron was 
first tetanized to insure the absence of measurable motor unit force. To 
detect the presence of motor unit EMG activity, the motor neuron was 
then stimulated at IL5 Hz and up to 300 sweeps of EMG signals from 
each of the two to four intramuscular electrode pairs were obtained and 
averaged. In some cases, simultaneous averaging of single motor axon 
action potentials was obtained from the peripheral stimulating electrode. 

Results 

A total of seven homozygotes from four inbred litters was stud- 
ied (Table I). Five of these animals were studied 66-X7 d post- 
natal (younger homozygotes), while the remaining two were 
studied about 130 d (128, 136) postnatal (older homozygotes). 
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1. Plot of mean motor unit tetanic force versus postnatal age. 
Filled and o,~n circles represent homozygotes and clinically normal 
animals, respectively. Note the presence of two mean values at 87 d 
postnatal. Because some units from older homozygotes (rightmost data) 
failed to maintain tetanic forces, two mean values are shown for each 
animal. These values represent the average peak tetanic force (,fillrtl 
trimgle, .squcrrt’) and the average tetanic force present at the conclusion 
of the stimulus train (opm triangle, squtrrr). Error bars indicate IT I 
SEM. 

The clinical status of all homozygotes included an inability to 
raise the head to an erect posture or stand for more than 30-60 
set due to paralysis of neck and pelvic girdle muscles, atrophy 
of lumbar paraspinal muscles, and marked paralysis of the tail. 
None of these animals had become tetraparetic. The appearance 
of these symptoms at this early age defines the homozygote phe- 
notype. We also studied seven clinically normal animals aged 
X4-101 d postnatal. Note in Table I that six of these animals 
were littermates of investigated homozygotes and were thus ei- 
ther HCSMA heterozygotes or homozygous normal. 

We encountered two types of motor neurons in younger homo- 
zygotes. Both types could be antidromically activated following 
electrical stimulation of the MC nerve about I cm proximal to 
its entry into the muscle. In the first type, observed in all five 
young homozygotes, intracellular stimulation produced measur- 
able motor unit forces. As shown in Figure I, mean motor unit 
tetanic forces from these animals (tilled circles, aged 66-X7 d) 
were smaller than those obtained from clinically normal litter- 
mates (open circles, aged X4-101 d). Restricting consideration 
to these two groups and using mean values only, both age and 
phenotype contribute to this difference since these factors were 
significantly correlated with unit tetanic force (vs age, r = 0.76; 
vs phenotype, r = 0.89; p < 0.01 in both cases) as well as with 
each other (r = 0.69, p < 0.01). To address the relative contri- 
butions of these factors, we performed a partial correlation anal- 
ysis on mean unit tetanic force in which the correlations of age 

or phenotype with force could be examined while holding the 
other factor constant (Hays, 1988). This analysis showed that 
phenotype was better correlated with tetanic force (,- = 0.78, p 
< 0.001; age held constant) than age (r = 0.43, p > 0.05; 
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Table 1. Summary of motor neuron connectivity 

Unconnected Connected Total’, 
Study Type Littel Age’ (days) units units units 

B134 Homozygote 1 h6 I’) 7 26 

Bl3’) HomoLygote 1 x7 4 x 12 

Bl4S Homozygote 2 x4 3 6 9 

Bl4X Homozypote 2 x7 4 13 17 

BlSh Homozygote 3 136 0 29 29 

BISX Homo~ygo’e 3 12X 0 20 20 

B 170 Homozygote 4 x0 0 II 11 

M20 Nomal na x4 0 8 8 

Bl3.5 Normal 1 10 1 0 19 I9 

HI.76 Normal 1 97 0 20 20 

HI.37 Normal 1 90 0 2.3 2.3 

Bl40 Normal 1 94 0 IS IS 

HI47 Normal 2 9X 0 14 14 

HIS1 Normal 2 91 0 11 11 

” AI thc\e ages. hctc~-o~ygo~~~ HCSMA antI norn~al at~itnals are clinically Intlistinguishahle. 

” IJnitb arc inclutlcd only if nwtor UIII~ lixce cw~ld hc tcstcd by sin$c pulse stinwlation d motor IIWIUII~ and unit 
EMG nverq~nf or single puldtctanic stin>ulation SKI unit l’~wce rewrtlinp. 

Aninlal M20 wits l’ron~ an IIIII.C~;IIC~ pcclipx 

phenotype held constant). These results demonstrate that MG 

unit forces are smaller in these young homozygotes than in the 

young clinically normal animals independent of age. Other unit 

mechanical properties from younger homozygotes were similar 

to clinically normal animals. 

The second type of antidromically identified motor neuron 

appeared not to be connected functionally to muscle fibers. Such 

motor neurons were encountered in four of tive young homo- 

zygotes but not in clinically normal animals or in older homo- 

zygotes (Table I). Single pulse stimulation of these motor neu- 

rons did not produce twitch responses, and high frequency 

stimulation also failed to provoke force output. Records from 

implanted EMG wires were also averaged while delivering in- 

A 
EMG 1 

EMG 2 

Nerve 

5 msec 
Figrrr-c, 2. Example of’ sinflc motor axon action potential in the ab- 
sence of EMG activity in ;I younc (7 homozygote. All signals obtained 
simtiltnneously during intracellular stimulation of a single motor neuron. 
A. 13. Averaged records (XX)) of motor unit EMG activity taken from 
fwo locations in the MC muscle. C. Averaged record of MC nerve 
activity. The recording site was about 1 cm proximal to the entry of 
the nerve into the muscle. The onset of intracellular stimulation of the 
MC motor neuron is indicated by the \~rric~r/ /in. 

tracellular stimuli, but these did not reveal evidence of muscle 

fiber activation that might have been too weak to detect with the 

strain gauge. We considered the possibility that some HCSMA 

axons might not be capable of supporting orthodromic propa- 

gation to the periphery despite being capable of supporting an- 

tidromic conduction from peripheral stimulation sites. Thus, in 

addition to EMG records, records were obtained from peripheral 

nerve stimulation sites while stimulating motor neurons intra- 

cellularly in the second pair of younger homozygotes we studied 

(litter 2, Table I). Figure 2 shows an example of averaged re- 

cords obtained from one of these animals. In this case, intracel- 

lular stimulation of the motor neuron caused a biphasic axonal 

action potential at a latency consistent with the conduction ve- 

locity of this neuron, but no associated muscle electrical activity 

appeared. The biphasic nature of the averaged axonal signal in- 

dicates that the action potential swept past the differential re- 

cording leads. Results such as these were obtained in six of 

seven antidromically identified MG motor neurons that did not 

produce motor unit force upon intracellular stimulation and in 

which conditions allowed a sufficient number (300) of records 

to be averaged. Table I shows that these “disconnected” motor 

neurons constituted 24-7396 of the sampled unit population 

among younger homozygotes. It should be noted that the animal 

(B 134) in which 73% of the population was “disconnected” was 

also the most severely affected young homozygote. These results 

demonstrate that some youn g homozygote motor neurons are 

incapable of activating muscle fibers despite being able to prop- 

agate action potentials to the periphery. 

A ,firilirrg r~wror mit. “Disconnected” motor neurons may bc 

cells that initially extend axons to the level of the muscle but 

for some reason form few or possibly no functional synaptic 

contacts with muscle fibers. Alternatively, these may be neurons 

that form neuromuscular contacts with muscle tibers but even- 

tually lose at least the functional capabilities associated with this 

contact. A case of a motor neuron from animal B I34 that was 

initially capable of activatin, 0 muscle tibers but lost this during 

high frequency stimulation supports the latter possibility. 

As shown in Table I, only seven of 26 identified motor neu- 
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l;‘i,y~o’c, 3. Failure of a single motor unit. The illustrated records were obtained from a motor unit that failed during tests for tetanic force and 
failed further during standardized fatigue test. A, Tetanic force. The motor neuron was stimulated intracellularly at 200 Hz for the duration indicated 
by the hrrr hrlor~ tlze rcwml. Note that force develops initially, but is not sustained. B, Each dot in the rasterplot indicates the occurrence of a 
motor unit contraction during trains of I3 depolarizing pulses (40 Hz) delivered to the motor neuron. (The topmost record in C illustrates how 
individual twitch contractions were identified.) The train number (120 total at I train/min) is plotted on the ordinate while the spike number for 
each train is plotted on the abscissa. Note increasing failure of motor unit response as fatigue test progressed. C, Sample records taken from the 
indicated train numbers. /I. Antidromic action potential obtained after completion of motor unit testing, demonstrating the presence of antidromic 
conduction 

tons in HI34 produced detectable motor unit force when stim- 

ulated intracellularly. While recording from one of these seven 
units, the motor unit began failing to follow the evoked activity 

and the failure seemed exacerbated by our testing. Force failure 
was first detected during the test for motor unit tetanic force in 
which the motor neuron was stimulated with 200 Hz trains of 
0.5 msec depolarizing pulses (Fig. 3A; intracellular pulse train 
duration is indicated by the 300 msec bar below the force trace). 

While the unit developed a fused tension profile initially, this 
was not maintained for the duration of the stimulus train. The 
possibility that the motor neuron itself failed to tire during the 
train was excluded by oscilloscope monitoring. 

The unit was next examined for fatigue, in which the motor 
neuron was stimulated for 2 min with trains of I3 pulses (at 40 
Hr, I train/set). The rasterplot in Figure 3B illustrates the be- 

havior of the unit during this test. Each dot in Figure 3B signilies 
the occurrence of a unit twitch contraction in response to a single 
motor neuron depolarizing pulse. The abscissa represents each 

of I3 pulses per train with the train number plotted on the or- 
dinate. Initially, little failure was evident with almost all (I2 of 
13) motor neuron stimuli producing unit contractions (Fig. 3C, 
trace I). The failure gradually increased and was complete at 
the conclusion of the test (Fig. 3C, trace 120). Figure 30 illus- 
trates an antidromic action potential obtained at the conclusion 
of the fatigue test, demonstrating that retrograde axonal action 

potential propagation remained intact. 
Averages of intracellular, unit force, and unit EMG signals 

show that the force failure observed during the fatigue test was 
associated with a corresponding failure of unit EMG but not 
with failure of motor neuron activation. For each of the I3 motor 

neuron spikes, the raster data of Figure 3B were used to identify 
trains in which unit force appeared or failed. The corresponding 
intracellular, unit force, and EMG signals were then combined 
into two groups and averaged separately. The resulting set of 
averages for the first spike in the train is illustrated in Figure 4. 
Column A shows intracellular (top row), unit EMG (middle), 
and unit force (bottom row) averages for sweeps in which unit 
force appeared in response to the first spike (indicated by arrow 
in top row), while column B shows corresponding records for 
sweeps in which unit force did not appear. The intracellular re- 
cords are clipped to show only the average afterhyperpolariza- 
tion (AHP). It may be seen that the absence of unit force related 
to the first spike in Figure 4B is associated with a complete 
absence of unit EMG. The averaged AHPs in each column are 
nearly identical, however, as would be expected if the motor 
neuron spike did not fail. Similar results were obtained for the 
remaining spikes in the train. 

These results indicate that force failed in this unit because of 
conduction failure in the motor axon and that the likely site of 
failure is the distal axon. This is supported by the fact that unit 
force and EMG failure were associated and that antidromic ac- 
tivation from the distal nerve stimulation site remained intact at 
the conclusion of the test. The data also suggest that this failure 
was increased by the imposed activity of our testing. It may be 
that such activity-related axonal conduction block is the crucial 
factor that leads to the phenomenon of “disconnected” motor 
neurons. 

Older HCSMA homozygote,s 
Results obtained from the pair of older homozygotes differed 
from those obtained from younger HCSMA homozygotes. In 
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I;i,y~r-c 4. Motor unit failure during 
fatigue test involves both EMG and 
force failure but not spike failure. A 
shows averages of intracellular (to/,). 
EMG (VI&//~), and force (horronr) re- 
cords for all fatigue test trains in which 
the tirst spike of the train (indicated by 
c~rror~k~r~tl in top record) produced a 
force response (N = 79). H shows cor- 
responding averaged records for all 
trains in which no twitch force ap- 
peared following the first spike (N = 
41). The intracellular averages are 
clipped to show motor neuron AHP 
only. The records demonstrate that unit 
force failure occurred independent of 
associated motor neuron spike occur- 
rence and that both unit force and EMG 
are absent when unit force failure oc- 
curs. 

this group, all antidromically identified MG motor neurons were 
capable of activating muscle fibers following intracellular stim- 
ulation. However, the functional properties of many motor units 
were abnormal, the principal defect being an inability to main- 
tain tetanic force output. An example of this is illustrated in 
Figure 5. In Figure 5A, the motor neuron was stimulated with a 
train (100 Hz) of depolarizing pulses, with the train duration 
indicated by the heavy bar. As can be seen, the initial level of 
evoked EMG activity is promptly followed by a decline of unit 
EMG amplitude and a corresponding decline of unit force. The 
association of force with EMG failure indicates that the number 
of active muscle fibers decreases as the train proceeds and sug- 
gests that a failure of neurotransmission is likely to be involved. 
The fact that a reduced level of unit EMG activity is sustained 
to the conclusion of the stimulus train demonstrates that trans- 
mission to some muscle fibers remains suprathreshold but that 
this capability is nonuniformly distributed among all initially 
active connections made by this motor neuron. Figure 5B shows, 
however, that failure of unit force and EMG was markedly in- 
creased at 200 Hz stimulus frequency, with EMG activity being 
indistinguishable from baseline noise at the conclusion of the 
stimulus train. 

Tetanic failure was quantified by taking the difference be- 
tween the initial peak tetanic force and force at the end of the 
tetanus (arrowheads, Fig. 5A,B) and normalizing the value to the 
peak force. The bar graphs in Figure 5C show that increasing 
motor neuron stimulus frequency from 100 Hz to 200 Hz in- 

creased failure on average by about 15% in one and about 17% 
in the other experiment. 

The occurrence of tetanic force failure was quite common, 
being present in 9/2l units in one experiment and IO/l4 in the 
other. Tetanic failure was also very selective for the older ho- 
mozygotes; the example illustrated in Figure 3 is one of only 
two cases observed in all five younger homozygotes, and such 
failure was not observed in clinically normal animals. 

The overall mean unit tetanic forces (200 Hz) for the older 
homozygotes are shown plotted against postnatal age in Figure 
I (four rightmost values). The upper data points (filled symbols) 
represent mean peak force of failing units, while the lower 
means (open symbols) include forces present at the end of the 
stimulus trains. It may be seen that when tetanic failure is taken 
into account, the population means are displaced into the range 
of younger, clinically normal animals. 

Motor unit twitch potentiation. A number of units that dis- 
played tetanic failure also exhibited relatively large potentiation 
of twitch amplitude following the first few delivered tetani. Sev- 
eral units that exhibited the largest tetanic failure and twitch 
potentiation provided evidence that the conditioning tetani acti- 
vated additional muscle fibers and that a single high frequency 
train could be sufficient to provoke the effect. An example of 
this is shown in Figure 6. The initial twitch contraction force of 
this unit, observed before any repetitive stimuli were used, was 
quite small but nonetheless detectable (Fig. 6A). The first high 
frequency (I 50 Hz) train of stimuli delivered to the motor neu- 
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Fig~r/-c~ 5. Failure of motor unit force in an older homozygote (B/56) during high frequency motor neuron activation. A, H, The to/, records are 
motor unit EMG signals while the hottorrl ~‘oL!’ illustrates force records. A shows records obtained during a tetanic stimulus of the motor neuron at 
IO0 Hz. while K is for 200 Hz. The duration of the stimulus train is indicated by the rirnr htrr shown beneath each force record. Note that the 
firilure is increased at the higher stimulus rate. C. Bar chart illustrating average tetanic failure at 100 and 200 Hz. Failure was measured as the 
difference between peak force and that present at the end of the intracellular train, normalized to the peak force and expressed as percent (measured 
points indicated by trr-~orr/rrtrt/.\ in A and H). 

ron I set later evoked a small tetanic force that failed (Fig. 6B). 
The twitch record and its associated EMG signal obtained after 
a I set delay, however, were considerably enhanced (Fig. K’). 
The subsequent peak tetanic force (Fig. 61)) was also increased, 
but this force failed, the failure being associated with a rapidly 
decrementing unit EMG (see inset, Fig. 61)). The increased 
twitch force and EMG were maintained for six subsequent 
twitch/tetanus cycles. Despite these effects on force amplitude, 
the time course of the enhanced twitch contraction did not differ 
from the initial twitch (Fig. 6E), demonstrating that the effect 
did not influence muscle fiber twitch properties. The enhanced 
tetanic force also continued to fail with a similar time course 
(Fig. 6F). Since both unit EMG and force were simultaneously 
increased, the conditioning effect of the first tetanus was most 
likely to increase the number of activated muscle fibers by en- 
hancing neurotransmission. Apparently, however, the additional 
neurotransmission is just as likely to fail at high activation fre- 
quency as that present before the conditioning tetanus. 

Twitch potentiation was quantified by taking the difference 
between the amplitude of the initial twitch and that following 
live to nine twitch/tetanus cycles and normalizing the differ- 
encc to the initial amplitude. The results (expressed as a per- 
cent of the unpotentiated amplitude) are illustrated in Figure 
7A, which shows postnatal age plotted against mean twitch 
potentiation for younger homozygotes and clinically normal 
animals. with potentiation of failing (open triangle and square) 
and nonfailing units (tilled triangle and square) from older ho 
mozygotes plotted separately. While mean twitch potentiation 
of nonfailing units is comparable to that observed in all youn- 
ger animals, mean potentiation of failing units is strikingly 
larger. Among those units exhibiting force failure at 200 Hz, 
the log of twitch potentiation was significantly correlated with 
the extent of failure (r = 0.74, p < O.OOl), as may be seen in 
Figure 7B. This correlation demonstrates that twitch potentia- 
tion and tetanic failure are related, the number of muscle fibers 

added by potentiation presumably corresponding to the number 
that is deactivated during the tetani. The common factor un- 
derlying these phenomena is thus likely to be abnormally labile 
neurotransmission. 

Further analysis demonstrated that the relationship between 
the potentiated and unpotentiated twitch forces differed between 
those units that displayed tetanic failure and those that did not. 
This is illustrated in the three-dimensional plot of Figure 8, 
which allows simultaneous consideration of the extent of tetanic 
failure, relative twitch potentiation, and absolute potentiated 
twitch amplitude all as a function of unpotentiated twitch am- 
plitude. Among units that showed tetanic failure (filled symbols), 
it may be seen that a trend for decreasing tetanic failure exists 
as unpotentiated twitch amplitude increases over a range of un- 
potentiated twitch amplitude that is comparable to nonfailing 
units. The extent of failure was significantly correlated with the 
unpotentiated twitch amplitude (r = -0.78, p < O.OOl), indi- 
cating that the failure was proportionately greatest among motor 
units with initially small twitch amplitudes. Figure 8 also shows 
that, over a similar range of unpotentiated twitch force, failing 
units produced proportionately greater twitch potentiation than 
nonfailing units, with the largest difference present in the lower 
part of the unpotentiated twitch range. Since no significant dif- 
ferences of mean potentiation existed between the two experi- 
ments (Fig. 7A), the data were combined into separate failing 
and nonfailing groups. The parameters of regression equations 
describing the linear relationship between the logs of potentiated 
and unpotentiated twitch amplitudes were compared with param- 
eters from younger homozygous and clinically normal experi- 
ments. The results, shown in Table 2, demonstrate that the pa- 
rameters of nonfailing units are indistinguishable from the mean 
parameters of younger homozygous and clinically normal ex- 
periments, while those of failing units are clearly different. 
These results show that the twitches of smaller-force, failing 
units potentiate substantially more relative to both small-force, 
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Figure 6. Potentiation of motor unit twitch force following a single tetanus. The U,I,D?T recort/.r in A-D are EMG activity; /o~t,rr ~rc~rt/.s show 
motor unit force output. The to/~ RUV shows twitch records and the hotro/~ IV~V shows tetanic force records. The duration of the motor neuron 
tetanic stimulus is indicated by the horizor7trrl htr,:s in H and I>. The records were obtained in series (separated by I set) while alternately delivering 
single and tetanic (IS0 Hz) stimuli to the impaled motor neuron. The first twitch (A) and tetanus (8) showed small forces. Note that the succeeding 
twitch (C) and tetanus (/I) were markedly potentiated by the first tetanus, although failure to maintain force persisted during the second tetanus 
(II) and was associated with a decrementing unit EMG response (ir~set. I)). E, Twitch records of A and C superimposed and normalized to identical 
maximum amplitude. F, Tetanic force records of H and I> superimposed and normalized to identical maximum amplitude. Time calibration in A is 
for A, C, and E. Time calibration in R is for B, II. and F. Force calibration in H is for A-D. 

nonfailing units and to larger-force, failing units. The results also 

show that those units with the largest twitch potentiation also 
exhibit the greatest extent of tetanic failure. 

Tetunic ,fiilure cud twitch speed. Another property of failing 
units in older homozygotes was that almost all had relatively 

long twitch times to peak. This may be seen in the three-dimen- 
sional plot of Figure 9. With the exception of two units from 

one experiment, all failing units had potentiated twitch times to 

peak greater than 55 msec. One possibility is that the involve- 

ment of units at this stage of the disorder tends to make affected 
units contract more slowly. It may be seen, however, that no 

failing units possessed times to peak longer than observed for 

nonfailing units. The mean potentiated twitch times to peak of 

all units (failing and nonfailing) from each older homozygote 
were quite comparable with those from all younger HCSMA 
animals (Fig. IOA). Moreover, the proportions of units with 
twitch times to peak greater and less than 55 msec in both older 
homozygotes were nearly identical to the mean proportions from 
younger homozygotes and clinically normal animals (Fig. I OB). 
These results indicate that tetanic failure and the associated dis- 

proportionate twitch potentiation tend to occur selectively 
among slowly contracting motor units. These data also show that 
HCSMA is not associated with alterations of muscle fiber con- 
traction speeds. 
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Figure 7. Plot of average unit twitch amplitude potentiation in response to preceding tetani. Solid and open circles represent homozygotes and 
clinically normal animals, respectively. For each of the two oldest homozygotes, two values are shown: the upper vnlues (open trinngle, square; 
Fail) represent the average for units that showed failure to maintain tetanic force at 200 Hz, while the lower values (fifillecl frinngle, square; Norz- 
fail) represent the average from units that did not show high frequency tetanic failure. B, Plot of twitch potentiation versus tetanic failure at 200 
Hz for all units that disolaved tetanic failure (r = 0.74. L) < O.OOlI Data from older homozygotes only (B156, B158). Vertical error bars indicate 

I  _ ‘ 
+ I SEM. 

Discussion 

The data reported here are the first descriptions of the functional 
properties of fully isolated motor units in any motor neuron dis- 
ease and demonstrate that HCSMA is a dynamic process that 
features several modes of motor unit dysfunction. In younger 
HCSMA homozygotes, some motor neurons fail to activate mus- 

cle fibers. Despite this, these motor neurons can be antidromi- 
tally activated by nerve stimulation near the muscle and are 
capable of propagating action potentials to the same region. The 
results indicate that the site of this “disconnection” is located 
distal to our peripheral stimulation sites, presumably in the ter- 
minal arbor. In older homozygotes, such disconnected motor 
neurons were not observed. Many motor units, however, exhib- 
ited anomalous behavior such as an inability to maintain force 
output during tetanic activation and abnormally large potentia- 
tion of twitch contractions following tetani. These results indi- 
cate that the manner in which homozygote motor units exhibit 
dysfunction, and thus contribute to evolving weakness, differs 
as a function of postnatal age and, presumably, disease progress. 
Below we consider some possible mechanisms that may underlie 

Table 2. Regression parameters for potentiated versus 
unpotentiated twitch amplitude 

Slope0 Intercept Regression Coefficient 

Homozygotes” 0.98 + 0.01 0.07 + 0.03 0.95 2 0.02 
Fail’ 0.48 0.73 0.94 
Nonfaip I .05 0.13 0.97 
Normals” I .02 + 0.02 0.03 k 0.03 0.96 k 0.03 

“Equation used: log(potentiated twitch amplitude) = constant + slope 
[log(unpotentiated twitch amplitude)]. 

R Values shown for homozygotes and normals are the means of five (mean N 
= 12) and seven (mean N = 7) individual experiments, respectively. 

’ N = I5 for failing units, and N = 22 for nonfailing units. 

these differences as well as factors that may contribute to the 
variable expression of HCSMA at the level of the motor unit. 

Younger homozygotes 

The main deficit observed in younger HCSMA homozygotes is 
an inability of some motor neurons to activate muscle. The find- 
ings are compatible with a complete absence of more distal com- 
ponents of the axon, conduction failure in the terminal arbor, 
and/or failure of transmitter release. On the basis of our data, 
we cannot exclude the possibility that these neurons lack a ter- 
minal arbor because they are in a growth or regenerative state 
and may eventually develop functional neuromuscular contact. 
However, several considerations argue that these neurons have 
in fact lost functional contact with muscle. In muscles of the 
tail, which are the first to become involved in HCSMA, degen- 
erating nerve fibers and corresponding denervation atrophy of 
muscle fibers have been observed in young homozygotes (Ald- 
erson and Cork, 1992). While it is important to remember that 
proximal muscles are more extensively involved at any partic- 
ular stage of HCSMA, it is probable that such degeneration 
eventually extends to more distally located muscles such as MG. 
Contributing to the notion that distal axonal degeneration is in- 
volved is the fact that some of the functional deficits we ob- 
served, as well as the apparent selectivity of distal motor nerve 
involvement, parallel events that occur during distal degenera- 
tion following nerve section (Lunn et al., 1990). Following 
nerve section in normal rats, degeneration and malfunction of 
motor terminals become evident before degeneration of myelin- 
ated axons (Miledi and Slater, 1971). Within hours after nerve 
section, evoked neurotransmission fails abruptly and this failure 
is associated with the onset of morphological changes in the 
motor terminals. Subsequently, action potential propagation fails 
and this is associated with morphological evidence of axonal 
degeneration. Our results indicate that the entire terminal arbor 
and/or intramuscular portion of some motor axons is functionally 
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F’~~uw 8. Plot of tetanic failure (z-axis) versus the logs of potentiated 
and unpotentiated twitch amplitude (x,y-axis) for older homozygotes 
(B 156, B 158). Filled symbols indicate failing units: O,W,I s,~~rho/.r in- 
dicate nonfailing units. The so/it/ I&r drawn through the diagonal in 
the xy plane represents unity slope or zero twitch potentiation. IItr.s/~c/ 
lirzr represents the least squares regression line for potentiated versus 
unpotentiated twitch amplitude for failing units only. Among units that 
display the most failure and possess smaller unpotentiated amplitudes, 
note disproportionately large potentiation relative to nonfailing units of 
similar unpotentiated amplitude. 

silent or absent or that neurotransmission has otherwise totally 

failed, since functional connectivity of some motor neurons with 
muscle is completely absent. The involved motor neurons, how- 
ever, remain capable of propagating action potentials in both 
directions along the axon at least to the level of nerve entry into 

muscle. The abrupt aspect of neurotransmission failure described 
for distal degenerating motor axons may also help explain the 
failure of one HCSMA motor unit during testing (Fig. 3). Over- 
all, it seems most likely that “disconnected” motor neurons have 
lost functional contact with muscle and that this represents an 
early stage of motor unit dysfunction in HCSMA. 

Several known features of HCSMA could conceivably con- 

tribute to a situation in which some of the functional aspects of 
nerve transection might be mimicked. Included are findings of 
a decreased rate of slow axonal transport (Griffin et al., 1982) 

and selectively decreased expression of NF-L mRNA (Muma 
and Cork, 1993). The latter findings may be of particular im- 
portance since recent results in transgenic mice that overexpress 

NF-L demonstrate that alterations in neurofilament economy can 
lead to some of the pathological signs of motor neuron disease 
(Xu et al., 1993). In HCSMA, we do not know whether these 
defects eventually cause motor neuron cell death or are only 
manifestations of a more generalized degenerative process. 

In contrast to younger homozygotes, all MG motor neurons sam- 
pled in the older homozygotes were capable of activating muscle 
fibers and “disconnected” motor neurons were not observed. 

There are two possible explanations for the absence of “discon- 
nected” motor neurons: either previously disconnected motor 
neurons have formed connections with muscle or they cannot be 

Figure Y. Plot of tetanic failure (z-axis) versus the log of potentiated 
twitch amplitude (y-axis) and twitch time to peak (x-axis) for older 
homozygotes (B 156, B 15X). Filled s~rnhols indicate units exhibiting 
tetanic failure; O,IW .v~r~rho/.s indicate units that did not fail. The .~o/id 
/Ike in the xy plane represents the least squares regression line for the 
log of potentiated twitch amplitude versus twitch time to peak for non- 
failing units only (1. = -0.67, 11 < 0.001). 

identified antidromically from the periphery because their axons 
have either “died back” or have otherwise become electrically 
inexcitable. As mentioned above, we cannot exclude the possi- 
bility that “disconnected” neurons eventually form or reform 
connections with muscle. Distal axon and motor terminal de- 
generation are known to occur in HCSMA, however, and the 
end result is complete denervation, at least among tail muscles 
(Alderson and Cork, 1992). It thus seems more likely that “dis- 
connected” motor neurons are not present in older homozygotes 

because their axons have either “died back,” or have become 
electrically inexcitable. Limited available evidence suggests that 
some human motor neuron diseases may be similar in featuring 
dying back of motor axons (Bradley, 1987). 

The principal motor unit dysfunction in older homozygotes 
was an inability to maintain tetanic forces. This effect (I) was 
proportionately greatest among units producing the least unpo- 
tentiated twitch forces, (2) occurred among the slowest contract- 
ing motor units, and (3) increased at higher activation frequen- 
cies and was associated with decrementing unit EMG signals 
similar to that described in human motor neuron disease (Denys 

and Norris. 1979). Many failing units also showed dispropor- 

tionately large potentiation of twitch contractions relative to non- 
failing units with comparable unpotentiated twitch amplitudes, 
and the extent of the potentiation was correlated with the extent 
of tetanic failure. The fact that both twitch potentiation and te- 
tanic failure involve marked changes of unit EMG activity sug- 
gests that alterations or defects of neurotransmission are in- 
volved. This is also indicated by the apparent frequency 

sensitivity of tetanic failure. The likely mechanism underlying 
potentiation is thus an increased number of active muscle fibers 
because of enhanced neurotransmission, while that of tetanic 
failure is a decreased number of active fibers because of failing 
transmission. 
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Fig~t/~ II). A. Plot of mean potentiated twitch time to peak for younger homozygotes, clinically normal animals, and older homozygotes, with 
symbols as indicated by i/zset. Multiple regression shows that neither age nor phenotype contribute significantly to the variation of mean time to 
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indicated by inser. Data for younger homozygotes (ko,~oz~~ore), clinically normal animals (rzovnfal), and older homozygotes (RI%, B/X’). Error 
bars represent + I SEM. 

Similar motor unit tetanic failure has been observed following 
partial denervation of the cat soleus muscle (Luff and Torkko, 
1990). In this situation, individual motor neurons increase the 
number of muscle fibers innervated via nodal and/or terminal 
sprouting (Brown et al., 198 I; Brown and Lunn, 1989), and 
available evidence indicates that the synapses formed by these 
sprouts are less reliable (Slack and Hopkins, 1982; Rachel and 
Robbins, 1988). Observations of unmyelinated terminal sprouts 
in proximal tail muscles of young homozygotes (Alderson and 
Cork, 1992) and in MG muscle (M. J. Pinter, R. E Waldeck, N. 
Wallace, and L. C. Cork, unpublished observations) of older 
HCSMA homozygotes provide support for the possibility that 
newly formed synaptic connections exist in HCSMA. Motor ter- 
minal sprouting has been observed in human motor neuron dis- 
ease as well (Alderson et al., 1989). In HCSMA, sprouting could 
be the result of previous muscle fiber inactivity due to the oc- 
currence of “disconnected” motor neurons or ongoing dener- 
vation of muscle fibers. Tetanic failure may thus be related to 
the functional properties of newly formed axon terminals or syn- 
apses (Edds, 1953) or conduction failure in unmyelinated axonal 
sprouts, as observed in human motor neuron diseases (Stalberg 
and Thiele, 1972). A complement of newly formed but initially 
inactive synapses might explain why some failing units exhibit 
such disproportionately large twitch potentiation. It is conceiv- 
able that the relative extent of twitch potentiation among failing 
units provides an indirect measure of the extent of sprouting that 
may have occurred. If  so, then our results indicate that motor 
neurons that have sprouted the most innervate units that fail to 
maintain tetanic force to the greatest extent. This possible as- 
sociation of motor unit failure with sprouting is of particular 
interest in view of speculation that sprouting of surviving neu- 
rons in human motor neuron disease might be a factor that ad- 
versely affects subsequent functional capabilities of motor neu- 
rons (Stalberg, 1982). Similar suggestions have been made 

regarding the role of previous sprouting in the postpolio syn- 
drome (Trojan et al., 1993). It would therefore be of interest to 
determine conclusively whether tetanic failure in HCSMA is 
specific for units innervated by motor neurons whose terminals 
have sprouted. 

Our results also showed that tetanic failure and large twitch 
potentiation tend to occur in motor units with the longest con- 
tractions times (Fig. 9). Analysis of unit contraction speed in 
relation to age, HCSMA phenotype, and the distribution of 
twitch time to peak demonstrates that this is not the consequence 
of any direct effect of HCSMA on motor unit contraction speed 
(Fig. IO). Possible explanations for this include a selective in- 
volvement of the motor neurons innervating these types of mus- 
cle fibers at this stage, a selective response of these motor neu- 
rons to other events provoked by the disorder, or a combination 
of factors. It may be, for example, that the terminals of these 
“slow-type” motor neurons sprout more readily in the presence 
of nearby denervated or inactive muscle fibers. This would be 
consistent with the disproportionate twitch potentiation dis- 
played by these units, with the large extent of tetanic failure 
providing additional evidence of disease involvement. Available 
evidence from normal cat MG indicates that motor axon sprout- 
ing either does not occur selectively among particular motor unit 
types following partial denervation (Rafuse et al., 1992) or oc- 
curs the most among type FR motor units (Luff et al., 1988). It 
is not known, however, to what extent such results can be ap- 
plied in the normal dog or in HCSMA, and further work will 
be needed to resolve this issue. 

HCSMA expression 

Several issues regarding the expression of HCSMA are raised 
by our findings. One concerns the fact that involvement of the 
MG nucleus is not complete at any postnatal age studied thus 
far. An extreme example of this is the young homozygote B 170 
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(Table I) in which no MC motor unit deficits were detected 

despite clear evidence for proximal musculature involvement. 

The fact that this animal was from a third litter suggests that 

some interlitter variability exists in how rapidly involvement ex- 

tends to motor nuclei innervating more distally located muscu- 

lature. The factors that determine such timing differences be- 

tween animals as well as the proximal to distal, caudal to rostra1 

pattern of muscular involvement within animals are unidentified 

but probably also play a role in determining the extent of in- 

volvement within motor nuclei. The existence of’ such temporal 

and spatial gradients of involvement imply, however, that in ad- 

dition to the single defective autosomal gene (Sack et al., 1984), 

other factors participate in controlling the expression of 

HCSMA. Such factors might include modifier or epistatic genes 

that influence transcription, translation, or activity of the defec- 

tive gene product. Similar arguments can be applied for under- 

standing why the character of HCSMA expression (i.e., “dis- 

connected” units vs tetanic failure) may vary at the level of’ the 

motor unit as a function of postnatal age. Consideration of this 

particular aspect of HCSMA expression should not, however, 

distract attention from the similarities of these motor unit dys- 

functions; both involve functional defects localized to the same 

region (distal axonal components) that leads to the identical 

symptom (weakness). Clarification of the mechanisms underly- 

ing these deficits in HCSMA will provide useful insights, par- 

ticularly into the more sporadically occurring varieties of human 

motor neuron disease and the postpolio syndrome, in which mo- 

tor unit performance similar to what we describe here has been 

observed and similar functional issues have been raised (Denys 

and Norris, 1979; Stalberg, 1982; Bradley, 1987; Maselli et al., 

I993: Trojan et al., 1993). 
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