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Denervation syndromes such as poliomyelitis, post-polio

syndrome and amyotrophic lateral sclerosis are some of

the neuromuscular diseases in which many motoneurones

die. Compensatory axonal sprouting increases the number

of muscle fibres per motoneurone, thereby enlarging the

size of motor units (MUs) to compensate for varying

degrees of partial denervation (Brown et al. 1981; Halstead &

Wiechers, 1987). A three- to five-fold limit in the sprouting

capacity of motoneurones accounts for progressive muscle

weakness when partial denervation removes more than 80 %

of the innervation of the muscles (Thompson & Jansen,

1977; Brown et al. 1978; Luff et al. 1988; Yang et al. 1990;

Rafuse et al. 1992; Rafuse & Gordon, 1996a, b). Even when

enlargement of surviving MUs sustains muscle function in

denervating syndromes, the muscle weakness experienced

by polio patients decades after the acute viral infection,

may be associated with an age-related loss of motoneurones

(Halstead & Grimby, 1995).

Attempts to optimize muscle function in denervation

syndromes has led to investigations of whether neural

activation promotes axonal sprouting in animal models of

partial denervation (Brown & Holland, 1979; Gardiner et

al. 1984; Gardiner & Faltus, 1986; Ribchester, 1988; Michel

& Gardiner, 1989; Einsiedel & Luff, 1994; Seburn &

Gardiner, 1996). The relatively small effects of neural

activity on sprouting that were reported were confirmed

by recent findings of relatively little effect of increased

neuromuscular activity on sprouting after moderate partial

denervation (Tam et al. 2001). However, when the partial

denervation of muscles was extensive, increased neuro-

muscular activity by either exercise or electrical stimulation

of the motor nerve significantly reduced sprouting within

1 month of partial denervation (Tam et al. 2001), and

compromised the stability of chronically enlarged MUs

(Tam et al. 2002). The corollary of these negative effects of

neuromuscular activity on sprouting is that reduced neuro-

muscular activity may be expected to have the opposite

effect of increasing sprouting and MU enlargement after

partial denervation. Experimental data that short-term

muscle paralysis induced either by tetrodotoxin (TTX) ora-bungarotoxin (a-BTX) evoked sprouting in normally

innervated muscles (Brown & Ironton, 1977; Holland &

Brown, 1980) support this corollary. However, findings

that postsynaptic blockade by a-BTX significantly reduced

MU enlargement in 2–10 month partially denervated soleus
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(SOL) muscles, does not (Connold & Vrbová, 1991).

Moreover, a-BTX blockade of muscle activity in partially

denervated neonatal muscles reduced the size of the enlarged

MUs (Connold & Vrbová, 1990). In the light of these

conflicting results of the effects of reduced neuromuscular

activity and the evidence that high daily neuromuscular

activity reduces MU enlargement and sprouting in partially

denervated muscles (Tam et al. 2001), the question remains

as to whether reduced neuromuscular activity would or

would not promote sprouting and MU enlargement in

partially denervated adult muscles.

To address this issue, we have undertaken the present

study to investigate the effects of neuromuscular activity

blockade by TTX on MU enlargement in adult rats during

the acute phase of sprouting. We (1) chose to examine the

effect of TTX on sprouting on four functionally different

muscles: tibialis anterior (TA), medial gastrocnemius

(MG), plantaris (PL) and SOL muscles and (2) used

complementary force measurement and histochemical

methods to respectively quantify MU enlargement and

sprouting. We demonstrated that neuromuscular activity

blockade by TTX significantly reduced MU enlargement and

sprouting within 1 month of extensive partial denervation.

METHODS 
All surgical and experimental procedures were in compliance with
the guidelines issued by the Canadian Council of Animal Care.

Surgery
A total number of 33 female Sprague-Dawley (body weight
180–200 g) rats were used in these studies. Either the L4 or L5 spinal
root was avulsed under surgical anaesthesia (sodium pentobarbital
administered intraperitoneally as 0.07 ml (g body weight)_1) and
using sterile procedure.

Avulsion of the L4 or L5 spinal root (Tam et al. 2001) resulted in
extensive denervation of TA and MG muscles, respectively, and a
range of partial denervation in the SOL and PL muscles. The
partially denervated muscles were then subjected to a four week
programme of (1) normal caged activity (n = 20) or (2) neuro-
muscular activity blockade by TTX (80 mg ml_1) administration
via an implanted ALZET osmotic minipump to the sciatic nerve at
the rate of 2.5 ml h_1 (n = 13). The unoperated muscles of the left
hindlimb of the rats used in the experiment served as contralateral
controls. All hindlimb muscles innervated by the sciatic nerve
were inactive during the entire month of delivery of the TTX via
the osmotic minipump. The controlled delivery was effective in
localizing the blockade of the sciatic nerve action potentials since
we did not detect any evidence of muscle weakening in the
contralateral limbs. We also did not detect any obvious systemic
effects, which are readily seen in cats where we detected changes in
the stability of the animals despite the localized delivery of TTX
via osmotic minipumps (T. Gordon & J. Munson unpublished
observations).

MU and muscle force recordings
At 1 month after partial denervation, muscle twitch and tetanic
forces were recorded in vivo in the final experiment. Rats were
anaesthetized using sodium pentobarbital and hydrated by hourly
intravenous injection of saline solution via an external jugular

cannula. The trachea was cannulated for mechanical ventilation.
TA, MG, SOL and PL muscles were isolated bilaterally by
denervating all other hip, tail, and hindlimb muscles (Tam et al.
2001).

Bipolar silver wires were placed on either side of the sciatic nerve
for stimulation. Braided silk threads, of size 2 gauge, were tied to
the distal muscle tendons for attachment to a force transducer and
the skin around the incision was loosely closed. A laminectomy of
L3 to L6 spinal processes was performed to isolate the L4 and L5
spinal ventral roots bilaterally. Isometric muscle twitch and
tetanic forces were measured in response to suprathreshold (2 w
threshold) stimulation of the sciatic nerve and each isolated
ventral root (L4 or L5). The ratio of muscle tetanic force elicited by
the stimulation of each spinal root to that elicited by stimulation
of the sciatic nerve determined on the contralateral side was used
to represent the extent of partial denervation of the muscles on the
experimental side (Tam et al. 2001).

Isometric MU twitch forces were recorded in response to supra-
threshold (2 w threshold) stimulation of teased filaments of L4
and L5 ventral roots. A single MU was isolated by the all-or-none
recruitment of a twitch contraction by increasing the stimulation
voltage applied to the rootlet. All MUs in each partially denervated
muscle, and at least 40 % of MUs in contralateral control muscles
were sampled to obtain a representative mean MU twitch force in
each case. The total number of MUs in each muscle was estimated
by dividing the whole muscle twitch force by the mean MU twitch
force. Procedures of muscle and MU force recordings have been
previously described in detail (Tam et al. 2001).

Histochemistry
After muscle and MU force recordings, 12 mm thick cryostat
cross-sections of fresh TA and MG muscles were stained for acid
or alkaline-myosin ATPase (Tötösy de Zepetnek et al. 1992b) and
cross-sectional area (CSA) was measured from these sections.

Plantaris and SOL muscles were fixed in 4 % formalin and
incubated in gum sucrose solution overnight. They were then cut
into 100 mm thick cryostat longitudinal sections on which
combined silver–acetylcholinesterase (Ag–AChE) histochemical
staining was carried out to visualize the motor axons, sprouts
and endplates (Tam et al. 2001). The number of sprouts and free
endplates was counted from the sections. After sufficient sprout
counts had been obtained from representative numbers of PL and
SOL muscles, the remaining PL and SOL muscles were sectioned
into 12 mm cross sections and were stained using 5 % toluidine
blue solution. Muscle fibre CSA was then measured from these
sections.

Normalization of MU forces for muscle fibre CSAs
In the light of the described effect of TTX-induced atrophy of muscle
fibres (Spector, 1985; Michel & Gardiner, 1990), we corrected the
measured MU forces for the reduced muscle fibre size. Motor unit
force is the product of innervation ratio (IR, the number of muscle
fibres innervated by one motoneurone), muscle fibre CSA and
specific force (force per unit area of muscle fibre). Several studies
have shown that MU force varies systematically with IR and CSA
in both normal and reinnervated muscles (Kanda & Hashizume,
1992; Tötösy de Zepetnek et al. 1992a) and specific force does not
change after reinnervation (Tötösy de Zepetnek et al. 1992a; Fu &
Gordon, 1995a, b). Hence, the MU force corrected for muscle
fibre CSA, reasonably reflects IR.

Measurements of CSA were made 1 month after TTX admin-
istration in randomly sampled innervated muscle fibres (at least
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40 % of the total number of innervated muscle fibres) in both the
partially denervated and contralateral TA, MG, PL and SOL
muscles. The measurements were made using a microcomputer
digitizing software program (JAVA, Jandel Scientific). The
denervated muscle fibres were obviously atrophic as compared
with the innervated muscle fibres despite the concurrent disuse
atrophy of the TTX-treated muscle fibres.

Motor unit twitch force of each single MU in each experimental
muscle was corrected for changes in CSA by multiplying the
recorded MU twitch force by the ratio of the mean muscle fibre
CSA of all contralateral control muscles to that of all experimental
muscles which belonged to the same experimental condition. The
forces corrected by CSA are referred to as ‘corrected motor-unit
twitch forces’ throughout the paper.

Sprout quantification
A total of 500 endplates from sections stained for combined
Ag–AChE histochemical staining were examined under light
microscopy at a total magnification of w 160 or w 400 and
classified as one of the following: (1) endplates having no visible
axonal attachment (free endplates), (2) axonal outgrowth coming
out from the last node of Ranvier to an endplate (intranodal
sprouts), (3) axonal outgrowth originating from the myelin-free
region of an axon at the entry point to the motor endplates to an
endplate (preterminal sprouts) or (4) axonal outgrowth from the
myelin-free axons within the motor endplate region to an
endplate (ultraterminal sprouts; Tam et al. 2001). We counted the
number of endplates reinnervated by each type of sprout and
expressed the number as a percentage of the total number of
innervated endplates sampled. The number of free endplates was
counted and expressed as a percentage of the total number of
endplates sampled.

Statistics
Throughout this paper, mean values with standard errors are
given. The statistical significance of differences in mean MU
numbers and numbers of different sprouts and free endplates
between control, partially denervated muscles with and without
TTX blockade was determined using one-way analysis of variance
(ANOVA) to determine any differences among the mean scores
between, and within, experimental groups and subsequently
using the Tukey’s HSD (Honestly Significant Difference) test to
determine the locus of the significance. ANOVA was also used to
determine differences between the mean values of the motor unit
twitch forces. The Kolmogorov-Smirnov test (Daniel, 1995) was
applied to examine the statistical significance of differences in
cumulative distribution of MU twitch forces between control and
partially denervated muscles with, and without, TTX blockade.
For all the above statistical analyses, P < 0.05 was regarded as
significant.

RESULTS
No significant differences were found in numbers of

sprouts and free endplates, and MU numbers and twitch

forces between the contralateral control muscles. Thus, the

results from the contralateral control muscles for different

experimental groups were grouped and used as overall

controls. All MU forces have been corrected for changes in

muscle fibre CSA after partial denervation and after  both

partial denervation and TTX blockade (Fig. 2), as described

in Methods.

Effect of TTX on MU enlargement in partially
denervated muscles
Sectioning of L4 or L5 root denervated > 80 % of MUs in

TA and MG muscles, respectively; a mean (± S.E.M.) of

7 ± 2 MUs remained in partially denervated TA and MG

muscles as compared with 133 ± 14 and 88 ± 8 MUs in

contralateral control TA and MG muscles, respectively

(Table 1). As the twitch forces of the few remaining MUs

were probably randomly distributed over a 10-fold range

of forces as they were in the normally innervated muscles

(Tam et al. 2001, 2002), the data of MUs in the partially

denervated muscles from different rats were collated and

compared with the collated data from the contralateral

control muscles as shown in Fig. 1.

As shown in the percentage histograms in Fig. 1A and B,

removal of > 80 % of motor innervation to TA and MG

muscles shifted the arithmetic distributions of MU forces

to the right to significantly larger values. When the data

were replotted as cumulative histograms (Fig. 1C and D), it

became clear that all MUs were enlarged by the same factor

as previously shown in cat muscles (Rafuse et al. 1992) and

in rat muscles (Tam et al. 2001). However, after 4 weeks of

daily TTX administration to the sciatic nerve via an osmotic

minipump, the MU forces in the extensively partially

denervated muscles were, on average, the same as the

normally innervated control muscles and not increased. In

fact, the TTX blockade of neuromuscular activity appeared

to completely prevent MU enlargement with the exception

of only the very large MUs (Fig. 1E and F). These very large

MUs which already have large IRs, normally experience

relatively low levels of daily activity because they are only

recruited at very high force levels. Because we measured

CSAs of the innervated muscles fibres only (Fig. 2), the

corrected MU force should reasonably reflect IR.

Even in the moderately denervated (~50 % partial

denervation) PL and SOL muscles, where mean MU twitch

forces increased significantly by 2-fold above normal

Muscle inactivity and motor unit enlargementJ. Physiol. 543.2 657

Table 1. Mean (± S.E.M.) MU numbers in contralateral
control TA, MG, PL and SOL muscles of rats experiencing
normal caged activity and in partially denervated TA, MG,
PL and SOL muscles of rats experiencing normal caged
activity or with tetrodotoxin (TTX) treatment

Muscle types Contralateral PD PD (with 
control (cage-activity) TTX treatment)

TA 133 ± 14 7 ± 2* 8 ± 1*
MG 88 ± 8 7 ± 2* 9 ± 1*
PL 48 ± 5 16 ± 2* 22 ± 2*

SOL 26 ± 2 12 ± 2* 12 ± 2*

For each muscle type, * denotes MU numbers in partially denervated
muscles with either cage activity or TTX treatment  which are
significantly smaller than those in contralateral control muscles
(P < 0.05). There is no significant difference in MU numbers
between partially denervated muscles with either cage activity or
TTX treatment.
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forces, neuromuscular blockade by TTX prevented this

increase (Fig. 3).

Thus TTX blockade of neuromuscular activity for 1 month

after partial denervation appeared to prevent the normal

MU enlargement in both the extensively denervated TA

and MG muscles and the moderately denervated PL and

SOL muscles. Since MU forces were corrected by the

changes in muscle CSAs (a decline due to muscle atrophy),

MU forces reflect IRs directly. Hence the effect of TTX in

S. L. Tam, V. Archibald, N. Tyreman and T. Gordon658 J. Physiol. 543.2

Figure 2 
Percentage frequency histogram plotted on a linear scale of
innervated muscle fiber CSAs in partially denervated TA
muscle of rats experiencing normal caged activity (4) as
compared with partially denervated muscles with TTX
treatment (5 ).

Figure 1. Frequency histograms of twitch force in partially denervated TA and MG muscles 
A and B, percentage frequency histograms plotted on a linear scale and C–F, cumulative frequency
histograms, plotted on logarithmic scale, of MU twitch force distributions in partially denervated tibialis
anterior (TA; A, C and E) and medial gastrocnemius (MG; B, D and F) muscles of rats experiencing normal
caged activity (1) as compared with control muscles (ª), and partially denervated muscles with tetrodotoxin
(TTX) treatment (0). With TTX treatment, MU twitch forces after normalization for muscle fiber CSA were
significantly reduced as shown by the leftward shift of the MU force distributions (P < 0.05). In A and B, the
vertical arrows denote the mean values of the motor unit forces of partially denervated muscles (4) and
partially denervated muscles with TTX treatment (5).
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preventing the normal increase in MU force after partial

denervation reflects the inability of the inactive MUs to

sprout and reinnervate denervated muscle fibres, with the

exception of larger and less active MUs.

It must be noted that the number of remaining MUs was the

same in the denervated muscles, which were inactivated by

TTX blockade, and those partially denervated muscles,

which experienced normal caged activity (Table 1). Hence,

the effect of TTX blockade in preventing MU enlargement

in partially denervated muscles cannot be explained by

differences in the extent of partial denervation between

TTX-induced inactive partially denervated muscles and

the partially denervated muscles which experienced normal

caged activity.

Effect of TTX and quantification of sprouting in
partially denervated muscles
Since (1) there was no significant differences in the relative

proportion of different sprout types between PL and SOL

muscles and (2) there was a similar range in the extent of

partial denervation in the PL and SOL muscles in each

experimental group, we grouped and considered the results

from PL and SOL muscles together for each experimental

group. We analysed sprouting in PL and SOL muscles that

were partially denervated (PD) by either less than 75 %

(PD < 75 %: moderate denervation) or more than 75 %

(PD > 75 %: extensive denervation) in the light of our

unpublished observations that maximum sprouting occurs

when the extent of partial denervation exceeds 75 %.

Muscle inactivity and motor unit enlargementJ. Physiol. 543.2 659

Figure 3. Frequency histograms of twitch forces in partially denervated plantaris and soleus
muscles 
A and B, percentage frequency histograms plotted on a linear scale and C–F, cumulative frequency
histograms, plotted on logarithmic scale, of MU twitch force distributions in partially denervated plantaris
(PL; A, C and E) and soleus (SOL; B, D and F) muscles of rats experiencing normal caged activity (1) as
compared with control muscles (ª), and partially denervated muscles with TTX treatment (0). The
detrimental effect of TTX treatment was seen as a leftward shift of the MU force (P < 0.05). In A and B, the
vertical arrows denote the mean values of the motor unit forces of partially denervated muscles (4) and
partially denervated muscles with TTX treatment (5).
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The number of sprouts expressed as a percentage of

innervated endplates was significantly increased after

partial denervation and normal caged activity, particularly

after extensive partial denervation (PD > 75 %; Fig. 4).

TTX did not appear to affect the number of sprouts in the

moderately denervated muscles (PD < 75 %); but in the

extensively denervated muscles (PD > 75 %) the number

of sprouts was dramatically reduced to almost normal

levels by TTX blockade. This is in agreement with the shift

of the cumulative histogram of MU twitch forces back to

normal values, as shown for the partially denervated TA

and MG muscles (Fig. 1).

Despite the significant change in the number of axonal

sprouts in the moderately denervated muscles, there were

obviously more free endplates in the extensively denervated

muscles (Fig. 4). Following TTX blockade, the percentage

of free endplates increased to almost 80 %, only ~10 %

being accounted for by a cutting artifact that was evident in

the contralateral muscles (Fig. 4). The dramatic effect of

TTX was clearly seen in longitudinal sections of the muscles

where the majority of endplates remained denervated, the

atrophic endplates being free of axonal terminals (Fig. 5).

DISCUSSION
Using both electrophysiological and histochemical

techniques, we demonstrate that TTX blockade of neuro-

muscular activity during the acute phase of sprouting

significantly reduces sprouting and almost completely

prevents MU enlargement in extensively denervated

muscles. Relatively smaller effects of TTX blockade on

moderately denervated muscles were detected as reduced

MU size. These findings do not support the hypothesis put

forward in the Introduction that the negative effects of

high daily neuromuscular activity on MU enlargement by

sprouting would be reversed by reducing neuromuscular

activity. Rather they support the findings of Vrbová and

her colleagues that a-BTX-induced postsynaptic blockade

of neuromuscular activity reduced MU enlargement in

partially denervated adult muscles as well as maintaining

the size of enlarged MUs in partially denervated neonatal

muscles (Connold & Vrbová, 1990, 1991). However, the

mechanisms by which TTX and a-BTX reduce sprouting

are likely to be different, in line with their pre- and

postsynaptic actions, respectively.

Connold & Vrbová (1991) suggested that a-BTX reduced

sprouting and MU enlargement by compromising the

ability of axonal sprouts to maintain their newly formed

synaptic contacts with muscle fibres. While it is unlikely

that neuromuscular activity blockade by either TTX ora-BTX would interfere with the release of sprout-inducing

ciliary neurotrophic and insulin-like growth factors from

the Schwann cells at denervated endplates (Caroni &

Grandes, 1990; Gurney et al. 1992; Kwon & Gurney, 1994;

Siegel & English, 1997; Thompson & Kopp, 1996), or the

formation of the extended glial processes in the perisynaptic

Schwann cells (Son & Thompson, 1995a, b), TTX and

not a-BTX, would reduce calcium influx into the nerve

terminals by blocking nerve conduction of action potentials.

Since adequate intracellular calcium concentrations are

critical for neurite outgrowth (Cohan et al. 1987; Mattson

& Kater, 1987; Mattson et al. 1988; Kater et al. 1988, 1989;

Connor et al. 1990; Collins et al. 1991; Kater & Mills, 1991;

Rehder & Kater, 1992), the TTX blockade of nerve terminal

S. L. Tam, V. Archibald, N. Tyreman and T. Gordon660 J. Physiol. 543.2

Figure 4. Numbers of sprouts and free endplates in partially denervated and control
plantaris and soleus muscles 
A, mean (± S.E.M.) number of sprouts per 100 innervated endplates, and B, number of free endplates per 100
endplates of contralateral controls (horizontal line; n = 38), moderately denervated (PD < 75 %), and
extensively denervated (PD >75 %) PL and SOL muscles after normal caged activity (4; n = 7 for PD < 75 %
and n = 4 for PD>75 %) and TTX treatment (fl; n = 7 for PD < 75 % and n = 5 for PD>75 %). The dotted
horizontal lines denote the S.E.M. values for the contralateral control data. TTX treatment did not have a
significant effect on sprouting for PD < 75 %, but dramatically reduced the number of sprouts and hence
increased the number of free endplates for PD >75 %.
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electrical activity may be sufficient to prevent or at least,

reduce the outgrowth of sprouts from electrically silenced

MUs, despite the availability of the sprout-inducing

factors and extended glial processes of the perisynaptic

Schwann cells. Hence it is likely that TTX prevents, or at

least substantially reduces, outgrowth of sprouts rather

than reduces the stability of contact between newly formed

sprouts and denervated muscle fibres. The latter explanation

that was proposed to explain the negative effects of a-BTX

on sprouting (Connold & Vrbová, 1990, 1991) remains

tenable because it is unlikely that the postsynaptica-BTX blockade prevents outgrowth of sprouts in partially

denervated muscles. This is in contrast to presynaptic

blockade with TTX, because a-BTX actually induces the

outgrowth of sprouts even in normally innervated muscles

(Brown & Ironton, 1977; Holland & Brown, 1980).

Our findings that TTX blockade was less effective in

reducing sprouting in moderately, as compared with

extensively, denervated muscles could be explained by the

short distances over which growth factors from denervated

muscles attract axonal sprouts, the distances being 200 mm

or less (Brown et al. 1978, 1980; Slack & Pockett, 1981;

Pockett & Slack, 1982). The few sprouts that may emerge

from the TTX-blocked nerve terminals could respond to

the sprout-inducing factors relatively more in moderately

denervated muscles where the sprouts negotiate relatively

small distances between denervated and innervated

endplates. In extensively denervated muscles, the axonal

sprouts that emerge from the few intact endplates would

access the growth factors within a 200 mm radius but would

fail to access the factors at the more distant denervated

muscle fibres. Hence the long distances required for

axonal sprouts to reinnervate many denervated fibres in

the extensively denervated muscles would negate the

effectiveness of the short-range diffusible sprout-inducing

factors in supporting the few sprouts that do emerge from

the inactive nerve terminals.

Muscle inactivity and motor unit enlargementJ. Physiol. 543.2 661

Figure 5. Higher power combined Ag–AChE
histochemical photomicrographs of 100 mm
thick cryostat longitudinal sections of partially
denervated and control muscles 
A, contralateral control and B and C, extensively
denervated PL muscles (>75 % PD) after normal caged
activity (B), and TTX treatment (C). TTX blockade of
neuromuscular activity dramatically reduced the
incidence of sprouts and further increased the amount
of free endplates. Both motor endplates and muscle
fibres became atrophic. Filled arrows indicate sprouts
and open arrows indicate free endplates.
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Irrespective of the mechanism by which TTX or a-BTX

blockade of neuromuscular activity reduces sprouting and

MU enlargement in partially denervated muscles, our

findings that both high levels of neuromuscular activity

induced by intensive running exercise or functional

electrical stimulation (Tam et al. 2001, 2002) and very low

levels of neuromuscular activity (present study and Connold

& Vrbová, 1990) interfere with sprouting mechanisms that

allow MU enlargement after partial nerve injuries, advocate

caution in designing rehabilitation strategies for partial

nerve injuries.
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