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Hindlimb unweighting for 2 weeks alters physiological
properties of rat hindlimb motoneurones
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We sought to determine whether decreased neuromuscular use in the form of hindlimb
unweighting (HU) would affect the properties of innervating motoneurones. Hindlimb
weight-bearing was removed in rats for a period of 2 weeks via hindlimb suspension by the tail.
Following this the electrophysiological properties of tibial motoneurones were recorded under
anaesthesia in situ. After HU, motoneurones had significantly (P < 0.05) elevated rheobase
currents, lower antidromic spike amplitudes, lower afterhyperpolarization (AHP) amplitudes,
faster membrane time constants, lower cell capacitances, and depolarized spike thresholds.
Frequency–current (f –I) relationships were shifted significantly to the right (i.e. more current
required to obtain a given firing frequency), although there was no change in f –I slopes.
‘Slow’ motoneurones (AHP half-decay times, > 20 ms) were unchanged in proportions in HU
compared to weight-bearing rats. Slow motoneurones had significantly lower minimum firing
frequencies and minimum currents necessary for rhythmic firing than ‘fast’ motoneurones in
weight-bearing rats; these differences were lost in HU rats, where slow motoneurones resembled
fast motoneurones in these properties. In a five-compartment motoneurone model with ion
conductances incorporated to resemble firing behaviour in vivo, most of the changes in passive
and rhythmic firing properties could be reproduced by reducing sodium conductance by 25%
and 15% in the initial segment and soma, respectively, or by increasing potassium conductance
by 55% and 42%, respectively. This supports previous conclusions that changes in chronic
neuromuscular activity, either an increase or decrease, may result in physiological adaptations
in motoneurones due to chronic changes in ion conductances.
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The rat model of hindlimb unloading (HU), also known
as hindlimb suspension, has proven to be a valuable
ground-based model of the weightlessness that occurs
during space flight (Morey-Holton & Globus, 2002).
Despite the wealth of information from studies using
HU on changes that occur in muscle following the
removal of weight-bearing, very little is known about
changes in the electrophysiological properties of the
innervating motoneurones. Reported changes in voluntary
recruitment and locomotor patterns following space flight
and HU are consistent with possible changes in the
excitability of motoneurones (Layne et al. 1997; Canu &
Falempin, 1997, 1998; Anderson et al. 1999; Edgerton
et al. 2000; Recktenwald et al. 2000; Hodgson et al.
2000; Canu et al. 2001). Changes have been reported
in hindlimb Hoffman reflex gain following 3 weeks of
HU; however, it is unknown to what extent motoneurone

excitability versus synaptic efficacy were involved in
this adaptation (Anderson et al. 1999). During various
models of decreased neuromuscular activity, including
joint immobilization, bed rest, ‘dry’ water immersion and
space flight, the ability to maximally activate muscles
voluntarily is compromised, and there is EMG evidence
that motor control is significantly altered (Duchateau
& Hainaut, 1990; Duchateau, 1995; Ploutz-Snyder et al.
1995; Berg et al. 1997; Zanette et al. 1997; Correia, 1998;
Koryak, 1998). However, direct evidence of changes in
motoneurone properties under these conditions is lacking.

There is some evidence that motoneurones are
influenced by decreased usage. Thus, decreased weight-
bearing results in decreased succinic dehydrogenase
activity in a subpopulation of lumbar motoneurones in
rat (Ishihara et al. 1997), and an attenuation of dendritic
development of motoneurones in growing rats raised in a
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weightless environment (Inglis et al. 2000). Sciatic nerves
of rats subjected to HU show an elevation in choline
acetyltransferase (Gupta et al. 1985). HU also results in
a reduction in GABA-immunoreactive cells and terminals
in the hindlimb representation of the rat somatosensory
cortex (D’Amelio et al. 1996).

We have demonstrated previously (Beaumont &
Gardiner, 2002, 2003) that increased chronic activity in
the form of daily voluntary or forced treadmill training has
demonstrable effects on several biophysical properties of
tibial motoneurones which would influence motoneurone
excitability and firing characteristics. Thus, motoneurones
do indeed ‘detect’ increased chronic activation, and adapt
to it. In a previous report, we (Cormery et al. 2000)
also demonstrated some effects on tibial motoneurones
resulting from 4 weeks of hindlimb paralysis induced by
chronic superfusion of the sciatic nerve with tetrodotoxin.
However, this latter model is difficult to interpret, because
muscle may be paralysed while the soma continues
to be activated by intact spinal circuitry. Similarly,
we (Beaumont et al. 2004) and others (Hochman &
McCrea, 1994a,b) have shown biophysical changes in
motoneurones distal to a spinal cord lesion, which are, for
the most part, in a direction opposite to those seen with
increased activity. However, these latter adaptations may
be due to more than merely an absence of weight-bearing.

Our purpose was therefore to determine whether the
absence of weight-bearing, as seen in the model of
HU in the rat, would have measurable effects on the
electrophysiological properties of motoneurones. This is
an especially interesting issue given that motoneurones
that innervate fast and slow muscle fibres also exhibit
‘fast’ and ‘slow’ properties (afterhyperpolarizations, input
resistance and rheobase current), and that muscle
fibres tend to change towards fast type with HU.
Thus, a change in motoneurone properties towards fast
characteristics after HU might reinforce the existence
of molecular mechanisms that allow such matching of
motoneurone–muscle fibre properties to occur under
normal circumstances.

Methods

Treatment of animals

Female rats weighing 200–225 g were obtained from
Charles River (St Constant, Québec, Canada), and initially
housed in groups of three in plastic cages situated in an
environmentally controlled room maintained at 23◦C and
kept on a 12 h light–12 h dark cycle. Rats were randomly
assigned to a hindlimb unweighted (HU, n = 24) or
weight-beariing (WB, n = 24) group within 7 days of
arrival. The rats were provided water and food ad libitum
throughout the experiment. Animals belonging to the HU
group were suspended in a head-tilt position at an angle

of approximately 30 deg from the horizontal plane via
a non-invasive apparatus affixed to the proximal end of
the tail as described by Morey-Holton & Globus (2002).
Briefly, the animal’s tail was washed, dried and wrapped
in breathable adhesive tape with a paper clip attached
to the end. The paper clip acted as a hook by which
the animal could be secured onto an elevated swivel
system built into the top of the cage. The hindlimbs were
prevented from touching any supportive surfaces of the
cage while the forelimbs maintained full contact with the
cage floor allowing free movement and access to food and
water. Daily inspection of the animals’ tail was performed,
to check for discolouration or lesions. Body mass was
evaluated every 48 h as an indication of tolerance to the
suspension condition. Any animal demonstrating signs
of distress or intolerance was immediately excluded from
the experimental protocol. Rats in the WB group did not
have their tails prepared as in the HU group (thus not
constituting true ‘controls’ for the HU rats), and were
not manipulated during the course of the experiment. All
procedures were approved by the animal ethics committee
of the Université de Montréal and were in accordance with
the guidelines of the Canadian Council of Animal Care.

Measurement of motoneurone properties

For the terminal experiment, WB rats were taken from
their cages and anaesthetized with ketamine/xylazine
(80/10 mg kg−1, i.p.). HU rats were anaesthetized while
still suspended. The terminal experiment proceeded as
described previously (Beaumont & Gardiner, 2002, 2003).
Briefly, the anaesthetized rat was surgically prepared for
impalement of spinal motoneurones following an incision
to allow stimulation of the tibial nerve of the left hind-
limb, and a laminectomy was performed from T12 to
S1. Anaesthesia was maintained by constant infusion
via a jugular vein catheter of a solution containing
ketamine/xylazine (8/1 mg h−1), in a physiological saline
solution which also contained plasma expander (Ficoll
70, Amersham Pharmacia, Uppsala, Sweden), delivered
at a rate of 40 mg h−1. The rat also received an intra-
peritoneal injection (2 ml) of saline containing 100 mg
dextrose and 0.05 mg kg−1 atropine. Depth of anaesthesia
was verified frequently using the ear pinch and eye
blink reflexes. Rectal temperature was monitored and
maintained near 37◦C using a heating blanket. The head,
thoracic and lumbar vertebrae, hips and left foot were
immobilized with clamps, and the open leg and back
incisions were filled with mineral oil. The intubated rat
was ventilated with pure oxygen-enriched room air, at a
volume of approximately 2 ml, and a rate of approximately
80–120 strokes min−1. The dura mater covering the spinal
cord was incised, and the large dorsal roots representing
afferents from the left hindlimb were cut and reflected

C© The Physiological Society 2005



J Physiol 568.3 Motoneurone physiological properties following hindlimb unweighting 843

over the right side of the cord. An opening was made
in the pia just lateral to the entry zone of these roots
into the cord, in preparation for introduction of the glass
microelectrode. Immediately before beginning the search
for motoneurones, a pneumothorax was performed by
making a 5-mm incision between ribs t5 and t6, on the
left side of the thorax.

Thin-walled glass microelectodes (o.d., 1.0 mm) were
pulled, and filled with 2 m potassium citrate. Electrode
impedances ranged from 2 to 10 M�. The tip of the
electrode was positioned at a hole in the pia, and was
lowered into the cord in steps of 10 µm. The tibial nerve
was stimulated with a bipolar silver microelectrode at a
frequency of 1 s−1, and the microelectrode driven into
the cord while monitoring the field potential. Evidence
of successful impalement of an α-motoneurone was a
sudden increase in potential to at least −55 mV, and
an antidromic action potential with a positive overshoot
and a reproducible latency of less than 2.5 ms from the
stimulation artifact.

When recording had stabilized for at least 2 min,
resting membrane potential was recorded. Subsequently,
the following were recorded: antidromic action potential
(average of 10), rheobase current (50-ms square-wave
current amplitude resulting in spikes 50% of the time),
action potential in response to a 1-ms current pulse of
supramaximal intensity (average of 40), and antidromic
spikes, with and without superimposition of a 150-ms
depolarizing current of 1 nA, a 150-ms hyperpolarization

Figure 1. f–I relationship for a typical motoneurone
Cell generates a single spike at a current intensity of 6.5 nA (A), and began firing during the entire 500-ms injection
period at an intensity of 7.6 nA (B). Frequencies increase with increasing current intensity (C–E). At a current intensity
of 20.7 nA (F), spiking is blocked before the end of the 500-ms current injection period. Minimum current for
steady-state firing and minimum steady-state firing frequency (from last three interspike intervals) were measured
for this cell from record B, and maximum steady-state firing frequency (from last three interspike intervals) from
record E.

of 1 nA (average of 100) and a series (100) of 1-nA
hyperpolarizing pulses lasting 50 ms, for measurement of
membrane time constant. Cells were then challenged with
a series of increasing and then decreasing amplitudes of
depolarizing current injections lasting 500 ms every 2 s.
Current was increased in steps until blocking occurred
before the end of the 500-ms period, after which current
steps of decreasing intensity were administered (see
Fig. 1). During recording, resting membrane potential
and time were frequently recorded. At the end of these
measurements, the microelectrode was backed out of the
cell in 5-µm steps, and the voltage outside the cell was
recorded. Typically, experiments yielded from four to
seven motoneurones with complete complements of data.
At the end of the experiment, the rat was killed by an
overdose of pentobarbital, and the muscles were removed
and weighed.

From these recordings we determined antidromic
spike height and timecourse, amplitude and half-decay
time of the afterhyperpolarization (AHP) following an
action potential evoked by a 1-ms current pulse, cell
input resistance using the spike-height method (Frank
& Fuortes, 1956), and membrane time constant, length
constant and total cell capacitance using the curve-peeling
method (Ito & Oshima, 1965). AHP half-decay time
was used to separate slow from fast motoneurones, as
we have done previously (Beaumont & Gardiner, 2002,
2003). Spike threshold was determined by subtracting the
rheobasic spike amplitude from the amplitude of the spike
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Table 1. Motoneurone passive and threshold properties

Weight-bearing Unweighted

Property Fast Slow Fast Slow Difference

Rheobase (nA) 8.0 ± 4.7 (88) 6.0 ± 3.8 (60) 10.6 ± 4.3 (52) 6.4 ± 4.2 (23) B
Input resistance (M�) 1.7 ± 1.5 (55) 2.7 ± 1.4 (51) 1.7 ± 1.3 (45) 2.6 ± 1.3 (20) A
Spike amplitude (mV) 77 ± 12.3 (91) 84 ± 12.1 (58) 73 ± 12.0 (51) 74 ± 11.5 (24) B
Rheobasic spike amplitude (mV) 58 ± 7.5 (89) 64 ± 7.7 (60) 52 ± 7.8 (51) 55 ± 7.2 (19) B
RMP (mV) −61 ± 7.4 (87) −63 ± 7.5 (57) −59 ± 7.5 (48) −63 ± 7.7 (24)
AHP half-decay time (ms) 14.4 ± 3.8 (93) 28.6 ± 3.9 (61) 14.6 ± 4.3 (52) 27.0 ± 3.8 (24) A
AHP amplitude (mV) 1.5 ± 0.9 (80) 2.9 ± 0.7 (57) 1.3 ± 0.7 (52) 2.0 ± 1.0 (24) B
Spike threshold (mV) −43 ± 9.1 (83) −42 ± 8.8 (55) −38 ± 9.3 (46) −45 ± 8.9 (19) C
Time constant (ms) 4.5 ± 1.3 (53) 5.4 ± 1.9 (46) 4.0 ± 0.9 (47) 4.4 ± 0.9 (22) B
Cell capacitance (nF) 3.5 ± 1.8 (30) 2.8 ± 1.8(34) 2.8 ± 1.5 (38) 2.1 ± 1.2 (20) B

Data are presented as means ± 1 S.D. Two-way ANOVA was used for analysis. In right-hand column, A indicates type (slow versus fast)
of significant main effect only (P < 0.01) and B indicates both group (weight-bearing versus unweighted) and type (fast versus slow)
significant main effects (P < 0.02), with difference due to group effect shown in bold, and C indicates a significant interaction effect
(P < 0.02), with mean which is different from all others shown in bold.

evoked by a short current pulse, and adding this value to
the resting membrane potential.

χ 2 analysis was used to determine the effect of HU on
the proportions of fast and slow motoneurones in the
sample. Data were analysed using two-factor analysis of
variance on the factors of treatment (WB versus HU) and
motoneurone ‘type’ (fast versus slow). Where significant
interaction effect emerged, Tukey’s post hoc test was used
to determine significance of differences among individual
means.

Results

Muscle and body weight responses

The 2-week period of HU evoked the classical
significant decrease (25%) in soleus muscle wet weight
(WB, 145 ± 5 g; HU, 109 ± 6 g, means ± 1 s.d.) (Roy et al.
1987; Talmadge et al. 1996), with a non-significant loss in
body weight of 2.7%.

Passive and threshold motoneurone properties

We recorded tibial motoneurone properties from 23
WB rats (154 motoneurones) and 15 HU rats (75
motoneurones). Experiments in which between four and
11 motoneurone recordings were taken were included in
the data set. This latter criterion eliminated one of the
original 24 WB rats, and six of the HU rats (less than four
motoneurones). Three HU rats were eliminated as a result
of detaching themselves from the HU apparatus (two) or
damage to the tail (one).

The effects of the 2-week period of HU are summarized
in Table 1. As expected, fast and slow motoneurones,
distinguished as in previous reports using 20-ms AHP

half-decay time, demonstrated significant differences in
rheobase (slow < fast) and input resistance (slow > fast).
Slow motoneurones also demonstrated a slightly larger
antidromic spike (by about 3 mV) compared to fast
motoneurones. Although there was a tendency for the
proportion of fast motoneurones to be larger in the HU
sample (68%) compared to the WB sample (60%), this
difference was not significant (P = 0.3) on χ 2 analysis.

The HU condition resulted in an increase in rheobase
(by about 16%, P = 0.021) in both fast and slow
motoneurones. This increase occurred in spite of no effect
of HU on cell input resistance (Table 1). HU also resulted
in a significant decrease in mean cell capacitance and
membrane time constant, which affected both slow and
fast motoneurones.

An additional effect of HU on motoneurones was a
reduction of the amplitude of the spike measured at
rheobase during a 50-ms current injection (‘rheobasic
spike’, Table 1). Such a reduction in rheobasic spikes with
unchanged antidromic spike amplitudes would normally
indicate a more depolarized spike threshold. In fact, HU
resulted in depolarization of the spike threshold in fast,
but not slow, motoneurones.

Rhythmic firing properties

A subset (n = 62) of the motoneurones shown in Table 1
was injected with current steps lasting 500 ms in order to
measure their rhythmic firing responses (Fig. 1). Examples
of steady-state frequency–current (f –I) slopes for three of
these motoneurones are shown in Fig. 2, and rhythmic
firing properties are summarized in Figs 3–5.

Slopes ranged from < 1 to 9 impulses s−1 nA−1. No
significant differences were noted in mean f –I slopes
between fast and slow motoneurones, or between WB and
HU conditions (Fig. 3A).
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Figure 2. Three examples of f–I relationships for steady-state firing

As would be expected from the results in Table 1, the
minimum current for steady-state firing (defined as the
minimum current evoking firing during 500 ms) was
significantly (P = 0.018) different between fast and slow
motoneurones (slow < fast, Fig. 3B). The HU condition
resulted in a significant increase (P = 0.027) in this
threshold current. This effect was similar in fast and
slow motoneurones, as evidenced by a lack of significant
interaction term in the two-way ANOVA. This was
reminiscent of the increased rheobase current that
occurred in both fast and slow motoneurones following
HU (Table 1). The minimum current for steady-state firing
was 50% higher than rheobase current, consistent with
previous reports (Granit et al. 1963).

Minimum frequency during steady-state firing (defined
as the lowest frequency evoked at the end of a 500-ms
current injection) was also altered in HU motoneurones.
However, in this case, the effect was seen only for
the slow motoneurones. For example, in WB rats,
slow motoneurones had a significantly (P < 0.001)

Figure 3. Effects of HU on F-I slopes and minimum currents for steady-state firing
A, slopes of steady-state firing. No differences were found in comparing fast versus slow motoneurones, or
unweighted versus weight-bearing conditions. B, significant main effects of minimum current required for
steady-state firing. Motoneurones of hindlimb unweighted (HU; •) rats had significantly higher minimum currents
than weight-bearing (WB) rats ( �, P = 0.027), and fast (•) had higher currents than slow ( �) motoneurones
(P = 0.018).

lower minimum steady-state firing frequency than fast
motoneurones; this difference was eliminated following
HU (difference between fast and slow, P = 0.9). Consistent
with this, slow motoneurones in HU rats had significantly
(P = 0.013) higher minimum firing frequencies than slow
motoneurones in WB rats (Fig. 4A).

As with minimum steady-state firing, maximum
steady-state firing was influenced by HU, such that slow
motoneurones, which had values significantly (P = 0.002)
lower than fast motoneurones in WB rats, were not
different from fast motoneurones following HU (P = 0.9,
Fig. 4B).

Figure 5 combines and summarizes information
concerning minimum and maximum steady-state firing
frequencies, minimum current thresholds for steady-state
firing and f –I slopes. Although slopes were not
significantly influenced by HU (Fig. 3A), the relationships
were shifted to the right, indicating loss in excitability.
This rightward shift in the f –I relationship for both fast
and slow motoneurones is supported by the increase in the
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Figure 4. Effects of HU on minimum and maximum steady-state firing frequencies
Significant interaction effects were found for minimum (A, P = 0.009) and maximum (B, P = 0.014) steady-state
firing frequencies. For both measures, slow motoneurones in weight-bearing rats had significantly lower
steady-state firing frequencies than all other groups; thus, slow motoneurones in unweighted rats had steady-state
firing frequency ranges similar to fast motoneurones.

minimum currents required for rhythmic firing, combined
with the lack of influence on the average slope. The
movement of the slow motoneurone f –I relationship in an
upward direction is evidenced by increases in minimum
and maximum steady-state firing frequencies. Thus, all
motoneurones became somewhat less excitable, and slow
motoneurones became more like fast motoneurones in
firing properties, with no effects of HU on motoneurone
‘gain’.

Figure 5. Synopsis of changes occurring in the f–I relationships
of fast and slow motoneurones as a result of HU
Slopes were not different between fast (continuous lines) and slow
(dashed/dotted lines) motoneurones, and HU had no effect on slope.
HU resulted in a shift of f–I relationship to the right (increased
minimum current necessary for rhythmic firing), with the relationship
for slow motoneurones also shifted upwards (higher minimum and
maximum frequencies).

Modelling

We made use of the five-compartment model presented
by Dai et al. (2002) for slow and fast motoneurones,
to attempt to determine possible ionic mechanisms
that might be involved in these chronic motoneurone
adaptations. Model fast and slow motoneurones were
of the properties described in Table 1 of their report.
Reducing the sodium conductance at the initial segment
by 25% and in the soma by 15% in the model resulted in
motoneurones with increased rheobase, unaltered input
resistance and AHP duration, reduced antidromic spike
amplitudes, slight changes in AHP amplitude, slightly
depolarized spike threshold and a rightward shift of the
f –I slope (Table 2); results that resemble in many respects
the measured changes (Table 1). Similar results were seen
by increasing delayed rectifier potassium conductance in
the initial segment by 55% and in the soma by 42%.

Discussion

In this paper we demonstrate for the first time
that elimination of weight-bearing for 2 weeks has
consequences on the passive, threshold and rhythmic
firing properties of motoneurones innervating the muscles
subjected to decreased use, in this case, primarily the ankle
extensors which are innervated by the tibial nerve. Some
of these effects are common, while some are specific, to
motoneurone types (fast versus slow). In general, it appears
that motoneurones become less excitable during reduced
weight-bearing, and slow motoneurones change in some
properties towards those of fast motoneurones.

The changes noted here may be caused by a decreased
weight-bearing, or may be due to a decrease in activation
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Table 2. Effects of altering ion conductances on motoneurone properties in a five-compartment
motoneurone model of Dai et al. (2002)

Condition 1 Condition 2
Agreement

Property Slow Mn Fast Mn Slow Mn Fast Mn with data

Rheobase (nA) +3 +3 +3 +3 A
Input resistance (M�) 0 0 0 0 A
Spike amplitude (mV) −14.1 −7.1 −3.2 −2.6 B
AHP width (ms) 0 0 0 reduced B
AHP amplitude (mV) −1.8 +0.4 −1.4 −0.4 B
Spike threshold (mV) +3.2 +4.0 +2.2 +2.4 A
f–I relationship shift right right right right A

Condition 1, reducing initial segment sodium conductance (gNa) by 25% and soma gNa by 15%.
Condition 2, increasing initial segment delayed rectifier potassium conductance (gKdr) by 55%
and soma gKdr by 42%. In right-hand column, A indicates very strong agreement, B indicates
somewhat in agreement (see Table 1).

of the motoneurone. For example, integrated EMG
recorded over 24 h from hindlimb muscles is significantly
reduced for a few days following the initiation of reduced
weight-bearing, after which it returns to near-control
values (Alford et al. 1987). Thus, motoneurones appear to
experience only a transient decrease in aggregate activity
which lasts only a few days, before resuming original
daily activation levels. This finding might suggest that
muscle changes resulting from reduced weight-bearing,
independent from a reduction in motoneuronal activity,
are the source of the motoneurone changes. However, a
subsequent report using a more detailed analysis of EMG
shows significant reductions and changes in patterns of
hindlimb EMG of HU rats (Blewett & Elder, 1993), which
might suggest that a reduction or change in pattern in
motoneurone activation alone could be the root of the
adaptations noted here.

The previous literature on hindlimb suspension
suggests that, after 4 weeks, there are considerable changes
in myosin heavy chains towards the fast phenotype,
especially in soleus muscle (Roy et al. 1987; Fitts et al.
1989; Talmadge et al. 1996). The finding that many
soleus motor units become heterogeneous in fibre type
composition (Picquet et al. 2000) would suggest that
muscle fibre changes most probably precede motoneurone
changes, which would in turn suggest that substances
produced by altered muscle fibres are influential in
bringing about motoneuronal changes, via a retrograde
influence. Reasonably strong evidence of the effects of
muscle substances on motoneurone properties exists in
the literature (Czeh et al. 1978; Foehring et al. 1987;
Gonzalez & Collins, 1997). An attractive hypothesis is that
an inactivity substance (or lack of an activity substance)
produced by unweighted muscles exerts an influence
on the synthesis and incorporation of ion conductance
channels via a retrograde mechanism. Of course, a change
in conductance could come about via modulation of
existing ion conductances, as seems to occur during fictive

locomotion (Krawitz et al. 2001). However, these latter
alterations are normally short-lived, as compared to the
longer-lasting (at least 48 h) adaptations that we have
witnessed.

A decrease in afferent information as a result of the hind-
limb unweighting condition may also play a role in some of
the changes seen in motoneurone properties. For example,
surgical deafferentation in the cat results in a decreased
motoneuronal excitability and decreased membrane time
constant (Gustafsson et al. 1982), similar to our results.

Many of the significant changes in motoneuronal passive
properties that we noted with decreased weightbearing
were opposite to those seen following chronically increased
neuromuscular activity (spike threshold, spike amplitude,
AHP amplitude, rheobase) (Beaumont & Gardiner, 2002,
2003). Changes seen in spike threshold (more depolarized)
and f –I relationships (less excitable) in the current study
were similar in direction to changes noted previously
in motoneurones following spinal cord transection
(Beaumont et al. 2004). In the latter study, the transection-
induced motoneuronal changes were prevented by daily
‘passive’ exercise of the paralysed hindlimbs. This signifies
that these properties are situated on a continuum based
on the level of chronic activity of the neurone. Our results,
suggesting that some properties of slow motoneurones
become more like those of fast motoneurones (AHP
amplitude, cell capacitance, membrane time constant,
minimum firing frequencies and currents, and shifting
of the f –I relationship to the right), are also consistent
with the interpretation that neurones experiencing the
largest change in their normal activity patterns change
the most in their properties (as is the case with muscles
such as soleus, but not gastrocnemius). For example, in
the increased exercise studies, motoneurone changes were
restricted to lower-threshold motoneurones when exercise
intensity was low, but were spread across the motoneurone
pool when exercise was intense (Beaumont & Gardiner,
2002, 2003).
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It was interesting to note that no significant change
in motoneurone type was evident when using AHP
half-decay time, which is normally a robust index for
distinguishing fast and slow motoneurones (Zengel et al.
1985; Bakels & Kernell, 1993; Gardiner, 1993). However,
f –I characteristics suggested a change in rhythmic firing
characteristics from slow to fast (f –I relationship shifted
upward and to the right in slow motoneurones). It
may be that conductances involved in determining active
properties are more sensitive than, and/or their adaptation
precedes, conductances involved in determining passive
properties, such as those which dictate the time course
of the AHP. However, it is worth noting that although the
time course of the AHP after a single spike was not changed
following HU, AHP amplitude was diminished in both fast
and slow motoneurones.

Such changes would be expected to have implications
for the manner in which motoneurones are recruited
to perform voluntary activity. For example, after
single-legged hindlimb unweighting in humans, the
normal pattern of motor unit recruitment changes, with
a portion of this change most probably reflecting the
loss in muscle mass that accompanied this intervention
(Ploutz-Snyder et al. 1995). The alternating patterns of
flexors and extensors during locomotion is disrupted as
well following HU (Canu & Falempin, 1997, 1998). As
a result of increased rheobase and a shift in the f –I
relationship to the right, one would expect an increase
in the effort required to recruit motoneurones, and
to increase their firing rates to maximal. A common
effect of decreased neuromuscular use is the reduced
ability to achieve high enough frequencies to generate
large voluntary forces. Indeed, several weeks of bed rest
(Duchateau, 1995; Berg et al. 1997; Koryak, 1998), 9 days
of wrist immobilization (Miles et al. 1994), 6–8 weeks of
immobilization (Duchateau & Hainaut, 1990) and 10 days
of lower limb unloading (Berg & Tesch, 1996) all result
in a decrease in maximal voluntary contraction which
cannot be explained totally by decreased muscle mass
(Berg et al. 1997). After 6–8 weeks of immobilization,
maximum firing frequencies are significantly reduced
(Duchateau & Hainaut, 1990). Although maximal firing
rates of motoneurones do not appear to be compromised
by unweighting, maximum firing rates would become
more difficult to achieve voluntarily due to the rightward
shift in the f –I relationship (i.e. more current needed for
the same frequency of firing).

All of these models (bed rest, immobilization, hind-
limb unweighting, spinal cord transection) involve
perturbations in normal neuromuscular activity that differ
with respect to muscle length excursions, degree and
patterns of activation of motoneurones, and afferent input
onto motoneurones. In addition, these perturbations
may not be the same across different species that
have been examined. Nonetheless, the commonalities of

muscle atrophy and muscle fibre conversions that have
been reported for these models across different species,
in conjunction with a clear pattern of neuromuscular
performance adaptations which accompany these changes,
suggest that the changes in basic motoneurone
properties reported here represent a common adaptation
of motoneurones to a decrease in neuromuscular
activation.

In a motoneurone model, reductions in sodium
conductance or increases in potassium conductance in
the soma and initial segment produced responses that
were similar to the observed changes. Manipulation of
other conductances could not reproduce the experimental
changes without producing other changes in spike
height and duration, altered resting potential, large
AHP amplitude and duration changes. This may suggest
that changes in the amount, density and/or location
of the ion channels responsible for these conductances
may occur as a result of chronic changes in activation
of the neuromuscular unit. Persistent inward currents,
carried by calcium and sodium ions, may be involved in
determining properties such as spike threshold rhythmic
firing properties (Heckman et al. 2005). In particular,
fast persistent inward sodium currents may be necessary
for rhythmic firing, as blocking them with prolonged
depolarization causes a deterioration of rhythmic firing
and a depolarization of the spike threshold (Lee &
Heckman, 2001). We are continuing our studies using
pharmacological blockers and gene expression tools, to
attempt to discern the molecular basis of these physio-
logical adaptations.
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