
ORIGINAL PAPER

Jacob L. Krans Æ William D. Chapple

Variability of motoneuron activation and the modulation
of force production in a postural reflex of the hermit crab abdomen

Received: 20 October 2004 / Revised: 15 March 2005 / Accepted: 16 March 2005 / Published online: 1 July 2005
� Springer-Verlag 2005

Abstract The tri-phasic reflex in hermit crab (Pagurus
pollicarus) abdomen is triggered by local mechanore-
ceptors and is essential for postural control. The reflex
consists of three stereotypical phases: a brief, high-fre-
quency burst, a transient cessation of firing, and a late-
discharge that is much lower in frequency than the initial
burst. To better understand the reflex generation of
force, variability of motoneuron discharge in each of five
parameters of reflex activation was assessed. An intra-
cellular current injection routine was used to correlate
each of these parameters with force production. Phase 3
motoneuron firing frequency showed the greatest cor-
relation with force production. Phase 3 spike rate in-
creased as a function of phase 2 duration, but the
relationship between phase 2 duration and force pro-
duced by the reflex was weak. Junction potential
amplitude decreased as phase 2 duration increased, and
we hypothesize that this trend counteracts the increased
phase 3 frequency, explaining the weak relationship of
phase 2 duration and force production. Surprisingly,
when phase 3 frequency was held constant and phase 2
was increased in duration, the concurrent decrease in
junction potential amplitude did not reduce force pro-
duction.

Keywords Crustacean Æ Postural control Æ
Reflex Æ Motoneuron Æ Force

Abbreviation VSM: Ventral superficial muscle Æ
VSMN: Ventral superficial muscle motoneurons Æ

pps: Pulses per second Æ SFA: Spike frequency
adaptation Æ PSDF: Probability spike density function

Introduction

We are interested in the neural mechanisms by which the
hermit crab, Pagurus pollicarus, controls its shell posi-
tion during normal behavior (Chapple 1973a, b). The
abdomen of Pagurus is de-calcified and wraps around
the inner columella of large gastropod shells. Shells serve
as protection from ocean predators and are carried, ra-
ther than dragged, during normal behavior (Kitabayashi
et al. 2002; Turra and Denadai 2002). The tonic motor
system of the abdomen has evolved to manage this rel-
atively specialized task of lifting a shell that exerts many
times the downward force of the animal itself. Recent
work has focused on a description of the tri-phasic reflex
activation of motoneurons that are important for this
postural control (Chapple and Krans 2004). The reflex
consists of three characteristic phases of spiking from
postural motoneurons and is triggered by mechanore-
ceptors of the abdomen. The first of these phases (phase
1) is a high-frequency burst of action potentials that lasts
about 100 ms. Spike frequency during phase 1 decays in
rate and transitions into phase 2. Phase 2 is a cessation
of firing that is generated by premotor inhibitory syn-
aptic events local to each abdominal ganglion and
intrinsic spike frequency adaptation of the motoneurons
(Chapple and Krans 2004; Krans and Chapple 2005).
The third and final phase is defined by a firing rate that
is greater than tonic spike frequency, but much less than
that of the initial burst. Investigations of the intact
animal and of reduced abdominal preparations have
shown that the force generated by the reflex can widely
vary (Krans and Chapple 2005). This variation in force
production has not yet been correlated to the sensory
spike rate that triggers it, to any of the parameters of
motoneuron spiking during the reflex, nor to changes at
the neuromuscular junction.
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The functional contribution of the second reflex phase
of motoneuron discharge, a transient cessation of firing,
has been particularly elusive in our characterization of
this reflex. In a recent report, we showed that this pause
in motoneuron firing attenuates intrinsic spike frequency
adaptation and may permit greater spike rates in the late-
discharge of the reflex: phase 3 (Krans and Chapple
2005). We hypothesized that this action on motoneuron
rate would modulate reflex force generation, perhaps
accounting for an important source of variability and
illustrating a functional implication of the intrinsic spike
frequency adaptation of the postural motoneurons.

A model preparation in which numerous variables are
well described and accessible for experimental manipu-
lation does not currently exist for the study of neural
networks involved in the tonic maintenance of posture.
Moreover, the behavioral consequence of specific mod-
ulation to individual components of these networks
continues to be difficult to quantify. It is useful to
examine preparations in which several, if not all, com-
ponents may be observed or experimentally controlled;
there are methodological restrictions in many mamma-
lian preparations that make studies of this type more
difficult (Magarinos-Ascone et al. 1999). This deficit has
been addressed by several investigators, but remains a
relatively poorly populated area of research (Beloozer-
ova et al. 2003; Fung and Macpherson 1999; Harris-
Warrick and Kravitz 1984; Horak and MacPherson
1996; Ma et al. 1992; Noah et al. 2004; Ridgel et al. 2000;
Zill 1987). The postural system of the abdomen of
Pagurus offers several advantages for investigating tonic
maintenance of posture. Normal Pagurus behavior re-
quires that the postural system compensate for con-
stantly changing torques of considerable magnitude, as
well as the static and dynamic loads exerted along the
abdomen-shell contact area. This is accomplished by the
superficial muscle layers of the abdomen in conjunction
with the fourth and fifth walking appendages of the
thorax (Chapple 1973a, b). Intracellular recording from
these muscles, as well as extracellular recording from
afferent and motor nerves is easily attainable. Intracel-
lular recording from superficial muscle motoneurons is
more difficult, but is reproducibly feasible.

We have investigated the variability present in the
duration and spike frequency of each of the three reflex
phases in an effort to identify portions of the reflex in-
volved in modulating force production. Previous inves-
tigations illustrated that a single afferent potential is
sufficient to trigger the reflex (Krans and Chapple 2005),
that spontaneous afferent potentials that occur during
reflex activation of the motoneurons do not reset the
reflex (Chapple and Krans 2004), and that the excitatory
synaptic potentials that depolarize postural motoneu-
rons during the initial reflex phase have relatively little
variability (Krans and Chapple 2005). These observa-
tions suggest that neither the variability of afferent
spiking, nor the synaptic depolarization of phase 1 are
primary sources of modulation in the reflex production
of force. In experiments reported here, a three-phase

intracellular depolarization protocol and an axonal
stimulation protocol were used to examine the action of
individual parameters of tri-phasic motoneuron firing on
force production.

Methods

Collection and dissection of P. pollicarus were modified
only slightly from a recent report, in which a schematic
of the preparation and recording sites is provided (Krans
and Chapple 2005). Modifications to those methods as
well as critical methods are described below.

The right first nerve was preferentially used for
afferent stimulation experiments; it is composed almost
entirely of sensory afferents. Two preparations were
used: (1) the semi-intact abdominal nervous system,
consisting of all five abdominal ganglia and typically just
one muscle segment. In this preparation, all nerves were
cut peripheral to the connectives except for one motor
nerve (the third nerve) that was left innervating muscle
for force recordings. The afferent nerve was cut distally
and drawn into a suction electrode for electrical stimu-
lation. In experiments where force measurements were
not necessary, the motor nerve was cut distally and
potentials were recorded with a suction electrode. (2)
The isolated ganglion preparation; the fourth ganglion
was physically isolated from the abdominal nerve cord
by severing the 3–4 and 4–5 connectives close to the
third and fifth ganglia. The recording and stimulation
procedures were the same in both preparations.

Spiking in the lateral superficial motoneurons was
avoided in some experiments because of its grossly
nonlinear force generation; lateral muscle fibers can
produce spikes. The right motor nerve of the ganglion
was used during electrical stimulation of motoneuron
axons because the threshold for the lateral, in this gan-
glionic nerve, is greater than the other motoneurons and
may thus be excluded. On the left side, the medial ven-
tral superficial muscle motoneuron (VSMN) shows the
largest extracellular potential, corresponding to the
largest axon diameter. Electrical stimulus intensity was
adjusted such that the medial, but not the lateral VSMN
was recruited. This was confirmed using two methods,
both of which are shown (e.g., Fig. 7a): (1) inspection of
an extracellular recording of the motor nerve, recorded
peripheral to the stimulus site, and (2) inspection of
excitatory junction potentials (ejps) in all longitudinal
muscle groups (medial muscle is shown; no ejps occurred
in other muscles).

Solutions and data acquisition

Preparations were maintained at 12.5�C in Cole’s solu-
tion during experiments (in mM/l): NaCl 460, KCl 15.7,
CaCl2 25.9, MgCl2Æ6H2O 8.3, Na2SO4 8.4, buffered with
HEPES to pH 7.4. A high Ca++, Mg++ saline (HCM)
was used in some experiments: NaCl 408.7, KCl 15.7,

762



CaCl2 64.75, MgCl2Æ6H2O 20.75, Na2SO4 8.4. HCM was
both applied to the nerve cord within the confines of a
Vaseline well atop a Sylgard (Dow Corning Corpora-
tion, NY, USA) pedestal within the recording chamber.
This arrangement minimized physical strain to the mo-
tor nerve as it exited the Vaseline barrier without
changing elevation to innervate the muscle; muscle seg-
ments were slightly elevated by the arrangement of
plastic tabs used for force measurements.

Extracellular potentials from the motor nerve were
recorded either with polyethylene or glass suction elec-
trodes. A hook electrode was used in some experiments
to record potentials in the afferent root during and after
electrical stimulation. Signals were amplified with a
differential AC amplifier with a passband of 10 Hz –
1 kHz and digitized at 5 kHz with user-composed rou-
tines and a CED Power 1401 Data acquisition system
(A-M Systems, Inc., Carlsburg, WA, USA; Spike5 and
Signal v.2 software, Cambridge Electronic Design
(CED), Cambridge, England). Intracellular recordings
were made from desheathed ganglia using 40–80 MX
glass micropipettes, filled with 2 M potassium acetate,
using an AxoClamp 2B amplifier (Axon Instruments,
Union City, CA, USA). All intracellular recordings were
made in either bridge or DCC mode of the AxoClamp.
Multistep current injection protocols were executed
using DAC outputs on the CED 1401 and the Axo-
Clamp 2B. Forces were recorded using a force trans-
ducer attached to plates that were glued to the cuticle of
the third and fifth right segments. The ventral superficial
muscle (VSM) and corresponding motor nerve were
used for experiments involving force measurements.
Muscle segments contralateral to the motor nerve being
observed were removed to eliminate confounding force
production. This permitted the correlation of force
production and motor nerve activity. A pseudorandom
number table was generated using Matlab (The Math-
Works, Inc., Natick, MA, USA) and used to vary the
order of current magnitudes injected to motoneuron.
There were between 10 and 30 repetitions of each
experimental manipulation. For these repetitions the
intertrial pause was varied randomly about a mean value
of about 57s. For a given motoneuron, during experi-
ments of depolarizing current injection, the number of
spikes per trial (whole tri-phasic discharge) was typically
greater than 20. After 10 or more repetitions, this pro-
vided spike counts well into the hundreds for any given
experimental condition and generally these counts were
in the thousands.

Criteria for intracellular identification of the ventral
superficial muscle motoneurons have been described in
detail (Chapple and Krans 2004; Krans and Chapple
2005).

Data analysis

Records of extracellular spike rate, intracellular mem-
brane potential (motoneurons and muscle fibers), and

force were displayed and analyzed using custom com-
posed routines in Matlab (The MathWorks, Inc, Natick,
MA, USA). Extracellular amplitude computation has
been described in detail (Krans and Chapple 2005). An
amplitude histogram of all the spike amplitudes ob-
served from the motor nerve was constructed. The upper
and lower boundaries of a chosen histogram peak were
then selected to define a single motor unit.

As described in previous reports (Chapple and Krans
2004), we have chosen to use the probability spike
density function (PSDF) as a means of providing a
continuous approximation of spike rate probability
computed from numerous repetitions of a particular
experimental design. Peristimulus time histograms and
rasters may be graphically preferable to the PSDF, but
do not permit simple computation of continuous vari-
ance/deviation. The width of the Gaussian kernel
(standard deviation) is typically five times that of the
sampling window and thus yields nonzero probabilities
preceding individual spikes, which may obscure graphi-
cal interpretation (Fig. 1b, bottom). In the present
experiments the function is used to provide a continuous
approximation so that variance may be computed.

Linear, exponential, logarithmic, and parabolic
equations used to fit data were generated using basic
fitting, polyfit, and exp routines in Matlab. These equa-
tions are given in figure legends rather than text and are
reported as general equations.

Results

An example of the initial second of afferent triggered
reflex activation of motoneurons and the resultant
junction potentials and force are shown in Fig. 1; reflex
discharge is typically several seconds. Reflex motoneuron
discharge can be recorded from all motoneurons simul-
taneously by recording en passant from the third nerve of
each abdominal ganglion (Fig.1a), or individually via
sharp electrode penetration within the ganglia (Krans
and Chapple 2005). The largest amplitude extracellular
potential in the example of Fig. 1a is from the medial
VSMN and exhibits the prototypical reflex firing se-
quence [only a portion of which is shown in Fig. 1a, (see
Chapple and Krans 2004) for more examples]. The
resultant change in membrane potential of the medial
muscle is shown just below the extracellular recording of
VSMN activity. In this example, phase 1 consisted of
three spikes from the medial motoneuron that generated
a compound ejp. The muscle depolarization generated by
the initial phase 3 spike (filled arrowhead) was only
slightly less than that of the compound potential of phase
1. This illustrates neuromuscular facilitation that is
common at the neuromuscular junction of Pagurus and
in general of crustacean tonic neuromuscular junctions
(Atwood 1967; Millar et al. 2002; Zucker and Regehr
2002). The force produced by the reflex consists of a
marked inflection at the onset of the third phase, which is
shown in the final panel of Fig. 1a.
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Variance intrinsic to each phase of reflex motoneuron
firing

Though phase 1 motoneuron spike rate changes little
across trials with varied afferent spiking, there is notable

variability in force production (Fig. 1b, c). A typical
example of phase 1 motoneuron spiking is depicted in
Fig. 1b. Ten traces of the initial motoneuron discharge,
which is triggered by equivalent single stimuli to the
afferent nerve, are superimposed onto one another in
Fig. 1b. The number of spikes that occur is fairly con-
sistent within a single preparation and at a given stim-
ulus intensity (Fig. 1b, Table 1). The PSDF computed
from all 30 trials of this experiment appears beneath the
overlaid extracellular potentials. Mean coefficient of
variance was computed from the PSDF near the phase 1
peak probability of motoneuron firing for comparison
with variance in force produced by the reflex. The mean
CoV during the time encapsulated by points shown in
Fig. 1b (crosses) was 0.108 (± 0.002). The force gener-
ated by reflex activation, in trials depicted in Fig. 1b, is
plotted in Fig. 1c on a longer time scale. The CoV of
peak force is about eight fold greater than that of phase
1 frequency (peak force: mean ± SD=1.48±1.31 mN,
CoV=0.88). This suggests that phase 1 frequency is not
a likely source of modulation of the final reflex force.

We quantified the variability present in each of the
five parameters of the tri-phasic activation of VSMN in
an effort to identify those parameters with the greatest
operational range as putative contributors to the vari-
ability in force production: (1) phase 1 frequency, (2)
phase 1 duration, (3) phase 2 duration, (4) phase 3 fre-
quency and (5) phase 2 duration. Phase 2 frequency was
not assessed; phase 2 is a cessation or gross reduction in
spiking. Each parameter was measured from data re-
corded from ten semi-intact abdominal preparations of
at least 20 repetitions each, after a single electrical
stimulus to the afferent nerve. The efficacy of single

Fig. 1 Afferent triggered reflex activation of motoneurons and
resultant peripheral action a From top to bottom: extracellular
recording from the afferent nerve (first) of the fourth abdominal
ganglion following electrical stimulus (filled arrow, throughout)
peripheral to the recording site. Simultaneously recorded extracel-
lular trace from the motor nerve of the fourth abdominal ganglion
is shown below. Four classes of extracellular potentials are present.
The largest of these is the medial VSMN. About one second of
motor activity is depicted. This period shows the brief burst of
phase 1 (P1), a relatively long duration phase 2 (P2), and the
beginning of phase 3 (filled arrowhead). The resultant depolariza-
tion in the medial muscle is shown beneath the motor nerve trace.
Note that the first depolarization consists of three neuromuscular
events (open arrowheads), and that the only phase 3 medial action
potential shown in panel B generates an ejp of comparable
amplitude to the initial compound potential (filled arrowhead).
Longitudinal force produced by the tri-phasic activation in the
previous three panels is shown in the bottom panel of a. Note the
inflection in the rise of force upon a single phase 3 motoneuron
spike. The force generated by that single spike (filled arrowhead) is
only slightly less than that produced by all three phase 1 potentials.
b Top ten individual records, superimposed, after single electrical
stimuli were delivered to the afferent nerve (filled arrow). Bottom
probability spike density function (PSDF) computed from 30 trials
of the motor spike trains shown above. Three points about the peak
are selected for further analysis (+). Probability of firing at these
points is 0.190±0.020, 0.192±0.021, and 0.189±0.021 (left to
right), and coefficients of variance are 0.105, 0.107, 0.111 (left to
right). Gray a continuous plot of deviation (PSDF + 1SD).
c longitudinal force produced by VSMN over 15 repetitions of
equivalent electrical stimuli to the afferent nerve (filled arrow).
These traces were recorded in a single series of stimulus repetitions
to the same preparation
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afferent potentials, recruited by electrical stimulation of
the afferent nerve, in triggering the reflex has been shown
to be comparable to reflexes driven by mechanical per-
turbation (Chapple and Krans 2004). The seven prepa-
rations that most closely resembled data gathered in
experiments of mechanical stimulus to semi-intact
abdominal preparations were chosen for analysis and
are shown in Table 1 and Fig. 2 (Chapple and Krans
2004). Table 1 lists the mean, standard deviation, and
CoV values of each reflex parameter in original units;
before normalization and concatenation for further
analysis. These data were normalized to the mean value
within each preparation, and each parameter or reflex
activation, so that variance could be analyzed across
preparations (histograms, Fig. 2).

We determined simple indications of the start and
stop times for a given phase because the phases of
VSMN reflex activation are not discrete; each gradually
progresses to the next. Tonic firing frequency was used
as a threshold value such that a deviation greater than
one standard deviation indicated the start or stop of a
phase (Fig. 2a, mean tonic frequency: dotted line, SD
solid line). For example, phase 3 start time is the upward
deviation from the envelope defined by the mean tonic
firing rate (computed in trials interspersed between
stimulus trials) plus one standard deviation, and its end
was the downward return. Figure 2a shows instanta-
neous frequency data computed from reflex activation of
VSMN in one preparation, over 20 trials, that is gen-
erally representative of the tri-phasic motoneuron dis-
charge (mean tonic rate: dotted, one SD solid). The
method of determining start and stop times that is de-
scribed above provided a consistent metric across all
preparations and motoneurons investigated.

Figures 2b–f are histograms of these data, and illus-
trate the general distribution and variance of each reflex
parameter investigated. The CoV values of phase 1
duration and frequency were 0.27 and 0.32, respectively,
and were the smallest observed values (Fig. 2b, c). Al-
though phase 1 frequency decays rapidly and substan-
tially, generating a wide range of instantaneous
frequencies in a short period (Krans and Chapple 2005),
the CoV was still less than those computed for phase 2
and 3 distributions. The parameter with the greatest
CoV was the duration of phase 2 (Fig. 2d; CoV=0.51).
The CoV of phase 3 frequency was 0.44, and duration:
0.49 (Fig. 2e, f). These measures of variance in afferent
triggered reflexes indicate that the reflex parameters with
the widest ranges, throughout which modulation of
force production may occur, are phases 2 and 3. We thus
directed our investigation toward the actions of phase 2
and phase 3 on final force production.

Reflex parameters, an intracellular current injection
protocol

A protocol to generate tri-phasic activation of VSMN,
via intracellular current injection, was designed for thisT
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investigation. This design permitted examination of the
relationships between each parameter of the tri-phasic
discharge and final force production, independently. A
three-step intracellular current injection paradigm was
used to drive motoneuron spike rates comparable to
those observed in the afferent triggered reflex (Fig. 3a).
We modeled the tri-phasic spike pattern by passing a
brief depolarizing current, then transiently repolarizing
the membrane to rest, and finally passing a longer pulse
of depolarizing current that was lesser in magnitude than

the first (Fig. 3a, bottom). The range through which we
varied each of the five parameters of tri-phasic firing was
determined by previous computations of CoV, which
were made from more behaviorally relevant values;
afferent triggered reflexes in the semi-intact abdominal
preparation. With the exception of phase 3 duration, the
experimental range of each parameter was designed to
account for the majority of values reported in Table 1.
In previous reports we have commented on the sporadic
presence of a very long lasting phase 3 discharge. This

Fig. 2 Variability within the tri-
phasic reflex a instantaneous
frequency of the medial VSMN
over 20 trials of single stimulus
to the afferent root (filled arrow,
t=1). P1, P2, and P3 indicate
the first, second, and third
phases, respectively. In two
trials of these 20, a later, after-
discharge (AD) of VSMN
spiking occurred (see text). The
initial portion of this after-
discharge occurs in the time
period that is plotted in
a. Dotted line: the mean spike
rate, computed in the absence
of afferent stimulus. Solid line:
one standard deviation above
mean spike rate. b histogram of
phase 1 frequency normalized
to the mean value per
preparation (n=7 preparations,
all panels; n=160 stimulus
trials). CoV of distributions is
plotted as dotted vertical lines
in b–f. Likewise, C–F are
histograms of normalized phase
1 duration (n=140 trials),
phase 2 duration (n=160
trials), phase 3 frequency
(n=150 trials), and phase 3
duration (n=180 trials),
respectively. Nonnormalized
data from these experiments are
given in Table 1
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late discharge from the postural motoneurons can last
several seconds, is generated by variable rate and
amplitude excitatory synaptic potentials, and shows er-
ratic variation in spike rate from trial to trial (Chapple
and Krans 2004); it does not occur with every presen-
tation of equivalent stimuli. In contrast to phase 3, this
discharge generally occurs after a brief return to tonic
spike rate in VSMN and is always substantially longer
than the preceding phase 3 duration (e.g., AD in
Fig. 2a). Based on these observations and to simplify
our analysis in these experiments, the duration of phase
3 was varied over only a short proportion of the range
observed in afferent triggered reflex discharges
(range=600–1000 ms, as shown in Fig. 3a).

The PSDF was used to confirm that the artificial tri-
phasic protocol described above approximated afferent
triggered reflex discharge (Fig. 3b; dashed: depolariza-
tion generated tri-phasic discharge, solid: afferent trig-
gered reflex discharge). PSDF mean and standard
deviation was computed at time points throughout
phase 2 and phase 3 to compare afferent triggered and
intracellular driven tri-phasic spiking. In the example
shown, these probabilities were: afferent phase
2=0.26±0.031, intracellular phase 2=0.28±0.021; and
afferent phase 3=0.66±0.079, intracellular phase
3=0.73±0.044 (mean PSDF ± SD; afferent trials
(n=30) versus intracellular trials (n=20) P > 0.05, each
phase). Phase 1 probability of firing observed in intra-
cellular driven tri-phasic discharge was always greater
than that computed from trials of afferent triggered
spiking (Fig. 3b). We attribute this difference to the
slight variability in depolarization generated by premo-
tor synaptic events triggered by afferent signals that is

not present when passing current directly to the moto-
neurons. In addition, decay in spike rate during the
phase 1 burst, when triggered by afferent potentials, is
more rapid than that generated by intracellular current
injection (Krans and Chapple 2005).

The relationship between force production and each
of the reflex parameters was examined using the above
current injection protocol and the simultaneous obser-
vation of changes in junction potential amplitude and
force generation. The activity of all VSMN was moni-
tored at the motor nerve’s exit from the nerve cord to
ensure that no spontaneous events contributed to force
production. Only one VSMN could be intracellularly
penetrated per preparation so we chose to eliminate
spontaneous discharge from the other VSMN by bath-
ing the central nervous system in a high Ca++ high
Mg++ saline (HCM). The action of this saline on
VSMN spike rate, membrane resistance, and premotor
activity was discussed in a previous report (Krans and
Chapple 2005). Briefly, membrane resistance was un-
changed, and spike rate and spontaneous psp rate ob-
served at VSMN were reversibly reduced. Data from
experiments using intracellular tri-phasic activation are
presented in Figs. 4 and 5.

Force production in tri-phasic versus mono-phasic
activation of motoneurons

An initial question was whether the VSMN spike fre-
quency–force relationship generated by tri-phasic dis-
charge was different from that a simpler mono-phasic
depolarization (single-square pulse of depolarizing cur-
rent). In the medial and central VSMN, peak force
generated by the tri-phasic experimental design was al-
ways greater than force generated by a single pulse
depolarization of comparable spike rate and duration
(Fig. 4a). Unlike the other longitudinal muscles, the
lateral VSMN innervates spiking muscles that generate
far greater force. Thus the frequency–force relationship
of the lateral is fundamentally different from that of the
other longitudinal muscles (Krans and Chapple 2005).
Data from experiments in which the lateral VSMN was
intracellularly penetrated were excluded from this anal-
ysis.

Fig. 3 Artificial tri-phasic experimental design a Top Intracellular
voltage recording from the medial VSMN during a trial of the
artificial tri-phasic waveform experiments. Bottom injected current
paradigm for this series of experiments. Changes in duration and
magnitude of each phase are depicted by thin lines. The voltage
recording in the top panel was generated by current injection
depicted by the thick line in the bottom panel. 1, 2 and 3 indicate the
approximated first, second, and third phases. b Comparison of
probability spike density function approximations of spike fre-
quency from afferent triggered tri-phasic reflex discharge (solid line)
and spiking generated by intracellular current injection (dashed
line). Arrowheads indicate the times at which mean and SD of the
PSDF (reported in Results) are computed
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The slope of the current-force relationship in tri-
phasic depolarization experiments was greater than that
generated by a single-square pulse of depolarization to
VSMN (Fig. 4a; tri-phasic data: circles; single depolar-
ization: triangles). In tri-phasic depolarization experi-

ments, the current magnitude of phase 3 was used for
comparison to the single current injected in monophasic/
single depolarization experiments (ANOCOVA,
P < 0.01). We chose to use current rather than spike
frequency as the independent variable of these

Fig. 4 Force generated by the tri-phasic reflex versus that from
single phase depolarization. Longitudinal force produced by the
abdominal segments increases with depolarizing current magnitude
to the postural motoneurons, as depicted by these examples from
the medial ventral superficial muscle motoneuron. Circles force
generated by the tri-phasic reflex, Triangles force produced by
single pulses of depolarizing current for a duration equivalent to
that of phase 3 of the artificial reflex. The intracellular tri-phasic
experimental design consists of two different current magnitudes,
that of phase 1 and of phase 3; phase 2 is a return to rest. The
current magnitude of phase 3 is used in these figures; the duration
and number of spikes in this phase greatly out-number those of the
first phase (10· duration and up to 4· number of spikes). The range
of currents used in the artificial tri-phasic experiments was lesser
than that in single depolarization experiments such that only
portions of the current–force and current–frequency relationships
overlap. Filled circles are total force produced by all three phases.
Open circles represent force produced by phase 3 spiking only.
a Using linear models to fit the current-force data, the two tri-
phasic functions are significantly different from the single depolar-
ization current-force function (filled circle: y=7.02x+6.01, open
circle: y=6.00x+2.81, vs. triangle: y=2.91x+8.21; ANOCOVA,
P=0.0002 and P=0.0018, respectively). b In contrast, linear
models of the current–frequency relationships for single depolar-
ization data and for artificial tri-phasic data are not significantly
different (filled circle: y=21.70x�1.67, vs. triangle:
y=17.91x+5.06 ANOCOVA, P=0.16). c Current-force data
plotted in panel A were also approximated by logarithmic fits.
d The residuals from linear and logarithmic fits are superimposed
(solid linear, hash logarithmic). The norm of the residuals was not
substantially different: linear norm of residuals = 1.058, and
logarithmic norm of residuals = 1.037. Neither of the two models
for these data provides a notably superior fit (F=1.19, P=0.79)

Fig. 5 Parameters of the intracellularly driven tri-phasic motoneu-
ron discharge. All data in Fig. 5 are from experiments using the
intracellular current injection to motoneurons (Figure 3) protocol.
Excluding panel a, all dependent axes are normalized so that data
from many preparations can be compared. Peak force is measured
over the entire tri-phasic discharge, rather than within the temporal
confines of a particular phase, unless specified. a Force, measured
shortly after the end of the initial burst, increases with spike rate
(n=5 preparations, triangles 400 ms after the phase 1 burst,
y=0.083x�0.056, r=0.95, P<0.01; circles 100 ms after the phase 1
burst, y=0.046x�0.16, r=0.87, P<0.01). Standard deviation and
standard error are plotted, the former bring greater than the latter.
b Peak force generated by the entire tri-phasic protocol does not
change with phase 1 frequency (n=3 preparations, linear model:
y=0.56x+0.32, r=0.39; and logarithmic model:
y=0.39Ln(x)+0.86, r=0.39; P>0.05, both). c Squares Peak force
generated by the protocol increases only slightly with phase 2
duration (n=6, y= 2.2Æ10�4 x+0.86, r=0.58, P=0.041). The
change in peak force is small and variable (standard error of the
mean is shown). Triangles: Force measured at 400 ms after the end
of the phase 2, and circles 100 ms after phase 2. The early measures
of force are fitted well by similar parabolic functions, the primary
difference between them being a shift in intercept (n=4, triangles:
y= �2.5Æ10�6 x2 +0.0013x+0.47, r=0.97, P<0.01, and circles
y= �2.7Æ10�6 x2 +0.0013x+0.37, r=0.94, P<0.01). d Phase 3
mean frequency increases with phase 2 duration (n=8,
y=0.11Ln(x)+0.34, r=0.77, P=0.008), but the magnitude of
change in mean frequency is not as notable as the range of initial
phase 3 frequency, as depicted in e The instantaneous frequency of
the first spike pair in phase 3 increases with phase 2 duration (n=8,
y=0.26Ln(x)�0.57, r=0.93, P<0.01). f Peak force generated by
the protocol increases with phase 3 frequency (n=8,
y=0.021x+0.22, r=0.96, P<0.01)

c
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experiments because this was the variable that we
experimentally modified (not frequency), and the cur-
rent–frequency relationship was not statistically differ-
ent in the two experimental designs (Fig. 4b). Mean
phase 3 spike rate was always slightly less than that
computed in trials of a single pulse of depolarization
alone, but a comparison of the current–frequency rela-
tionships of the two revealed that they were not statis-
tically different (Fig. 4b, ANOCOVA, P=0.16). Phase 3
spike rates in afferent triggered reflex discharge—in
contrast to depolarization generated discharge—rarely
exceed about 30 Hz (Table 1). Whereas this limited the
range of phase 3 current magnitudes investigated during

tri-phasic experiments (see description of the protocol
above), the range over which single pulses of depolar-
ization was tested was much greater (Fig. 4b).

The interpretation of current–force relationships
from the two experimental designs is confounded by the
phase 1 spiking that is present in tri-phasic experiments
but not in single pulse experiments. Among the con-
founding factors introduced by this inequality are: (1)
the brief but high frequency spiking of phase 1 acts to
facilitate ejp amplitude (Atwood and Johnston 1968;
Zucker and Regehr 2002); (2) spike-frequency adapta-
tion is elicited by phase 1 high-frequency spiking and
acts to reduce spike rate during following depolarization

769



(Krans and Chapple 2005); (3) the dynamics of muscle
shortening may change with motoneuron frequency and
over time when activated (Chapple 1989b; Hoyle 1983;
Josephson and Stokes 1994; Wakabayashi and Kuroda
1977). We were unable to directly control these factors
and thus could not quantify their contributions to force
production. In an effort to partially accommodate them
we chose to subtract the force generated over the first
500 ms of the tri-phasic depolarization experimental
design from the total (peak) force produced, deducting
phase 1 generated force (Fig. 4a, c, open circles).

The major result is that in tri-phasic depolarization
experiments, regardless of scaling or adjustment, the
slope of the current–force relationship was steeper than
in mono-phasic depolarization experiments. An analysis
of covariance was performed to determine if the adjusted
tri-phasic current–force relationship was statistically
different from that of the mono-phasic depolarization.
This was a particular concern because the models used
to fit the two experimental conditions intersect, regard-
less of whether linear or logarithmic/exponential models
were used. Both the non-adjusted and adjusted tri-phasic
current–force relationships were different from mono-
phasic depolarization data (ANOCOVA, P=0.0002 and
P=0.0018, respectively). It was difficult to predict what
the current-force relationship might be, so we evaluated
the fit of two models that gave the smallest norm of
residuals values: linear and logarithmic. Fig. 4c is a
logarithmic fit of the data that is fit by a linear model in
Fig. 4a. The residuals of the two functions were not
significantly different (Fig. 4d, F-stat=1.19, P=0.78).

Relationships of tri-phasic parameters
to force production

In previous work, we hypothesized that phase 1 fre-
quency would impact force greatly (Krans and Chapple
2005). The spike rate during phase 1 begins at about 20–
50 times that of tonic spontaneous output (�200–
250 pps and �5–10 pps, respectively). Depicted in
Fig. 5a are phase 1 frequency-force data from five
preparations in which the medial VSMN was manipu-
lated using the intracellular tri-phasic depolarization
protocol. There was a relationship between phase 1 spike
rate and force when force was measured 100 and 400 ms
after the termination of the initial burst (r=0.95 and
0.87, respectively, P < 0.01 each). That relationship was
lost when evaluating peak force generated by the entire
tri-phasic sequence (Fig. 5a and b). Neither linear nor
logarithmic models produced acceptable fits of the phase
1 frequency and peak force relationship, for which force
was measured upon completion of all three phases
(Fig. 5b, fit lines not shown, P>0.05, both). This loss of
correlation was expected; the second phase cessation of
firing and the spikes of the third phase further modify
force. In this and following panels of Fig. 5, frequency
values and total force were normalized to the mean
values for comparison across several preparations.

During investigation of each parameter of reflex spiking,
the other parameters were held constant at average
physiological values (Table 1).

The relationship between phase 2 duration and peak
tri-phasic force was variable and force increased very
little as phase 2 duration increased nearly ten fold
(Fig. 5c: squares, linear model, r=0.58, P=0.04). In
contrast, the relationship between phase 2 duration and
force measurements made shortly after the termination
of phase 2 showed a better correlation (Fig. 5v: triangles
and circles). This relationship was approximately para-
bolic. The parabolic change in force with phase 2
duration was anticipated; for a short period after the
termination of phase 1, force continues to grow, plateaus
momentarily, and then begins to decay with longer
phase 2 durations (e.g. Fig. 1a). Peak force and phase 2
duration did not follow a similar model; it was better fit
by a linear model (Fig. 5c: squares, r=0.94 and
r=0.97 at 100 and 400 ms after phase 2, respectively;
P < 0.01 each). The significance of these data being fit
by a linear model is not inherent to linearity, but in the
deviation from a parabolic function, as was shown when
force was measured closer to the termination of phase 2.
We did not expect that with long phase 2 durations, as
long as 700 ms with no motoneuron spiking, force
would remain constant or continue to grow.

Our recent characterization of spike frequency
adaptation intrinsic to VSMN led us to hypothesize that
the duration of phase 2 should be positively correlated
with increasing phase 3 frequency (Krans and Chapple
2005). The repolarization of VSMN by inhibitory syn-
aptic potentials, which is characteristic of afferent trig-
gered phase 2, acts to alleviate the spike frequency
adaptation initiated by high-frequency spiking of phase
1. Thus with increased phase 2 duration, greater spike
rates may be attained from comparable underlying
depolarization during phase 3. As predicted, the mean
frequency of phase 3 increased with phase 2 duration
(Fig. 5d, logarithmic r = 0.77, P < 0.01). However, the
monotonic increase of force persisted only to a phase 2
duration of about 300 ms. The relationship between
initial instantaneous frequency of phase 3 and phase 2
duration was more profound (Fig. 5e, r = 0.93,
P < 0.01), persisting through phase 2 durations of
about 400 ms. These results confirmed that, over a
limited range, phase 3 frequency increases as a function
of phase 2 duration when equivalent depolarizing cur-
rent magnitudes are passed. Finally, phase 3 frequency
was tightly correlated with peak force (Fig. 5f, r = 0.96,
P < 0.01), which was anticipated because phase 3 is
both the terminal portion of the experimental design and
the longest period of depolarization, accounting for the
majority of spikes during the tri-phasic routine. Peak
force was always observed during or shortly after the
third phase of VSMN spiking.

These results demonstrate the following paradox:
phase 2 durations up to about 400 ms are well correlated
with increased phase 3 frequency, and peak force can be
predicted from phase 3 frequency, but phase 2 is a poor
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predictor of peak force. What variable(s) reduces the
efficacy of the increased phase 3 frequency—an increase
that is at least partially dependent on the duration of
phase 2—on final force generation?

Changes at the neuromuscular junction

Facilitation or depression at the neuromuscular junction
was an initial prospect to resolve the paradoxical rela-
tionship described above. Concurrent with the increase
in phase 2 duration, and the resultant phase 3 frequency,
is the graded reduction of phase 3 initial ejp amplitude.
We hypothesized that the two actions, increased spike
rate and decreased ejp amplitude, might counteract one
another, yielding a phase 2-force relationship with a
slope of close to zero.

We measured ejp amplitude throughout the tri-phasic
discharge to examine this hypothesis. Ejp amplitude was
normalized to the maximum observed in each prepara-
tion for comparison across different individual muscle
fibers and animals, which showed variable magnitudes
of facilitation, a well documented phenomenon (Zucker
and Regehr 2002). Ejp amplitude is facilitated to maxi-
mal values within as few as three spikes of phase 1
(Fig. 6a) but decays during phase 2 (Fig. 6b). During
phase 1 bursts that consisted of more than four spikes,

ejp amplitude decayed after the first few events, which
we attribute at least partially to the action of synaptic
depression (Josephson and Stokes 1987; Zucker and
Regehr 2002). The initial ejp amplitude of phase 3 was
consistently about 60% of the maximum value observed
in phase 1 (Fig. 6b). Initial phase 3 ejp amplitude was
never less than the completely non-facilitated amplitude
observed upon a spontaneous neuromuscular event;
likewise, it was always greater than the initial amplitude
of phase 1 ejps (Figure 6a, b). The amplitude of the
initial phase 3 ejp decreased in an approximately linear
fashion as phase 2 duration increased (Fig. 6b).

Even at low frequency VSMN spiking during phase 3,
ejps continue to facilitate until saturating shortly after
the beginning of the phase. Figure 6c illustrates this; the
first six ejp amplitudes of phase 3 were recorded and
plotted as a function of time across varied phase 2
durations. The extrapolated curves are presented only to
distinguish data sets, each of which is a different phase 2
duration, ranging from 100 to 550 ms (Fig. 6c). As
phase 2 duration increased, so did the rate of ejp
amplitude facilitation. By the sixth ejp to occur during
phase 3, regardless of phase 2 duration, ejp amplitudes
were similarly facilitated. These results support that the
transient decrease in ejp amplitude might resolve the
relationship of phase 2, phase 3, and final force pro-
duction.

Fig. 6 Changes at the
neuromuscular junction during
reflex discharge a Ejp amplitude
facilitates, then depresses in
examples of phase 1 activation
consisting of more than four
motoneuron spikes (n=8
preparations). Data are
normalized to the maximum
amplitude observed in a given
experimental condition. b The
amplitude of the initial phase 3
ejp decreases as phase 2 duration
increases from �100 to 700 ms
(n=6, y= �0.0004x+0.62,
r=0.97, P<0.01). cAn example
of phase 3 ejp facilitation in the
medial ventral muscle. The
phase 2 duration used to
generate each of these series is
labeled at its beginning. In trials
with phase 2 duration greater
than about 200 ms the initial
phase 3 ejp amplitude decreased
substantially below that
measured in experiments with
phase 2 duration less than
200 ms. The rate of ejp
amplitude facilitation increases
with phase 2 duration. Dotted a
second-order logarithmic
approximation of the data.
These models are used only to
distinguish the different phase 2
durations. Error bars standard
error
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Elimination of central mechanisms by axonal stimulus

We have shown that ejp amplitude decreases as phase 2
duration increases, an expected result. It follows that if
the spike rate of phase 3 were fixed to a constant fre-
quency, and phase 2 was successively increased in
duration, the resultant force would decrease. As dis-
cussed, it is the attenuation of spike-frequency adapta-
tion that we believe increases the frequency of phase 3.
The time constant measured in previous experiments of

the attenuation of spike frequency adaptation, via
VSMN membrane repolarization, gave values around
250 ms (Krans and Chapple 2005) and thus could be
counteracting the phase-2-dependent reduction in ejp
amplitude (Fig. 6b).

To test this we chose to stimulate the motor root
directly, preventing the centrally located and intrinsic
spike-frequency adaptation from acting on phase 3 spike
rate. This experimental design permitted the precise
timing of spikes to the muscle such that phase 3 was
made to consist of constant frequency train (Fig. 7a).
Phase 1 was unchanged from a decaying rate pattern
that was shown in intracellular experiments to closely
model the afferent triggered pattern. At each of several
phase 2 durations, phase 3 frequency was varied
throughout the range established in the previous, intra-
cellular, experiments (Fig. 5F). The expectation was that
at equivalent phase 3 rates, but longer phase 2 durations,
the frequency–force relationship would be decreased due
to the decrease in ejp amplitude. It was essential to these
experiments that the lateral VSMN was not recruited
during stimulus of the motor root since it is a spiking
muscle that produces much more nonlinear frequency–
force relationship than the other postural muscles
(Krans and Chapple 2005).

Axonal stimulus results indicate that the above
postulate is not sufficient to explain the weak rela-
tionship between phase 2 and final force production.
Across equal spike rates of phase 3, but increasing
phase 2 durations, there was no decrease in peak force

Fig. 7 Axonal stimulus model of the reflex a Top extracellular
recording from the motor nerve, illustrating that only the medial
motoneuron is recruited by axonal electrical stimulus. Middle
junction potentials recorded from the medial muscle. Notice the
facilitation of phase 1 and phase 3. Bottom force generated by the
potentials depicted above. Although phase 3 frequency is about 10·
less than phase 1 frequency, rate of force generation is comparable
to that of phase 1. b There is no obvious change in peak
longitudinal force or rate of force generation when phase 2
duration is varied from 90 ms to 590 ms (no other parameter of the
reflex was changed). c Across a range of phase 2 durations there is
no change in the phase 3 spike frequency—force relationship.
Phase 2 durations: cross=90 ms, circle=190 ms, square=290 ms,
upward triangle=390 ms, star=490 ms, rightward trian-
gle=590 ms, leftward triangle=690 ms. No individual frequency-
force relationship is significantly different from the population
(n=4 preparations, ANOCOVA, population fit: y=0.51x+1.93,
P=0.63). d Similar to the case of afferent and intracellular current
injection driven tri-phasic activation (see Fig. 6b), the initial phase
3 ejp amplitude recorded in axonal stimulus experiments decreases
with phase 2 duration. Ejp amplitudes from one of five prepara-
tions are plotted (for all data, n=5, y= �0.0005x +0.63, r=0.91,
P<0.01)
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production. Phase 3 duration was held constant at
800 ms during these experiments (Fig. 7a). Figure 7b is
the overlaid force traces from 15 trials in which neither
phase 1 nor phase 3 spike rate was altered, but phase 2
was increased in duration. As shown, there was very
little if any change in the pattern of force recruitment,
and there was no change in peak force generated (t test,
P < 0.01). Figure 7c shows the results of further
analysis of these data; various phase 3 spike rates were
examined across different phase 2 durations. None of
the frequency-force relationships, sorted by phase 2
duration, was different from the population (Fig. 7c,
ANOVA, F=0.03, P=0.99). An initial concern was
that the amplitude of the initial ejp of phase 3 might
not have appreciably decreased with phase 2 duration
in these experiments. That concern was rejected upon
inspection of ejp amplitude across varied phase 2
durations (Fig. 7d); ejp amplitude decreased as a
function of phase 2 duration in a pattern similar to that
described in intracellular tri-phasic experiments. Re-
sults from this series of experiments indicate that al-
though ejp amplitude decreases with increased duration
of phase 2, this decrease is not translated to an ob-
servable decrease in peak force production. This sug-
gests that the phase 2 dependent increase in phase 3
spike rate is only coincidental with the decrease in ejp
amplitude, and that the two opposing variables in force
production do not directly counteract each other. We
propose that the dynamics of muscle shortening are
variable throughout the tri-phasic discharge (typically
�1 s), and that the future quantification of these vari-
ables may account for the absence of change in peak
force production.

Discussion

Rapid changes in motoneuron spike rate are trans-
formed by slow muscles during the tonic regulation of
stiffness in the postural system of the Pagurus (Chapple
1989a, b). We have been interested in identifying the
particular consequences of tri-phasic activation of the
motoneurons to this behavior. From results reported
here, and those in previous works (recent works of
particular importance to this report are: Chapple and
Krans 2004; Krans and Chapple 2005), we have adopted
the following conclusions: (1) The reflex generation of
force is profoundly nonlinear and the first phase may act
like a switch between states. (2) The precise transfor-
mation of motor discharge to force generation remains
unknown. Results suggest that further characterization
of nonlinear tension development is critical to describing
the transform. The general complexity of this transfor-
mation has proven difficult to quantify in several model
preparations (Josephson and Stokes 1987; Morris and
Hooper 1998), but remains an important and active area
of research (Brezina et al. 2004, 2003a, b). (3) In the
absence of an explicit transfer function, biomechanical
parameters of the abdomen during tension development,

and of the shell positioning system in general, must be
more clearly described in order to adequately place these
and similar results into a behavioral context.

The postural muscles of Pagurus have long time
constants (e.g. Figure 1; Chapple 1989b, 1997), and
these are undoubtedly a contributing factor in the lack
of relationship between phase 1 frequency and duration,
and tri-phasic force. Although phase 1 rarely exceeds
80–90 ms, we do not discount its importance. We
hypothesize that the purpose of the rapid burst of phase
1 is to initiate facilitation at the neuromuscular junction
and to initiate the increase in muscle activation in the
postural muscles themselves, possibly consisting of
changes in sarcomere length or phosphoralation state, as
posited in other invertebrate and vertebrate models
(Galler et al. 1999; Gunzel and Rathmayer 1994; Pet-
erson et al. 2004). These changes would then substan-
tially elevate gain in the frequency–force function for the
upcoming late reflex phases of spiking. The increase in
gain driven by tri-phasic firing is depicted in Fig. 4a,
which shows that the slope of the current-force rela-
tionship is greater in experiments of tri-phasic activation
than from single depolarizing step experiments. We have
not yet examined the mechanism(s) responsible for this
change quantitatively or mechanistically, nor can we
address it with these data.

A pertinent example of nonlinearity in force genera-
tion comes from the literature on catch-like tension
(Blaschko et al. 1931; Hoyle 1984), which remains a
topic of interest in vertebrates under the guise of residual
force enhancement (or force enhancement: (Gunzel and
Rathmayer 1994; Peterson et al. 2004; Rassier and
Herzog 2004)). Josephson and Stokes (1994) illustrate
that in the muscles of the maxilliped of green crab, force
generated by low-frequency discharge is greater when
preceded by a burst of greater frequency than when that
motoneuron frequency is elicited alone and they ascribe
the nonlinearity to hysteresis at the muscle. This phe-
nomenon is evident across diverse phyla [primate and
mammal: (Burke et al. 1970; Goldstein and Robinson
1986); crustaceans: (Blaschko et al. 1931; Josephson and
Stokes 1994; Wakabayashi and Kuroda 1977); mollusks:
(Castellani and Cohen 1992; Cohen and Castellani 1988;
von Uexkull 1912); cockroach: (Chesler and Fourtner
1981)]. Although the mechanism by which this tone is
maintained may be triggered by pharmacological chan-
ges (octopamine: (Hoyle 1984)), the precise intramus-
cular mechanism remains unclear. It is proposed in
many reports that an investigation of the cross-bridge
dynamics is necessary for further characterization, as is
it may be for Pagurus (Galler et al. 1999; Hoyle 1983;
Rassier and Herzog 2004).

In Pagurus, it appears that the tri-phasic reflex
operates in a way similar to the catch-like tension phe-
nomena, excepting the maintenance of tone in the
complete absence of motoneuronal activity that is re-
ported in some species (in Pagurus Fig. 8; maintained
tension in the absence of neuromuscular events (Hoyle
and Field 1983)). This increase in tension following a

773



brief burst of potentials has been reported to last from
several seconds to several minutes in other insects and
crustacea (Hoyle and Field 1983; Wilson and Larimer
1968). Those periods are longer than what we have ob-
served in Pagurus, but are similar within an order of
magnitude (elevated tone for �3.2 s, Fig. 8, re-scaled
from Krans and Chapple (2005). One possibility is that
reduced preparations reduce this time; recent investiga-
tions of phase 3 have been made in the isolated abdomen
or individual segments. Unlike the majority of prepa-
rations in which catch-like tension has been examined,
Pagurus is a tonic system involved in the execution of
slow postural tasks. Relative to the motor demands of
reaching or grasping, supporting a gastropod shell is a
continuous affair. However, one functional explanation
for the peripheral control of gain in the frequency–force
relationship is the ability to shift between states, such as
mobile and immobile, without change in premotor
integration. Recent observations of behaving Pagurus
support this hypothesis (unpublished videographic
studies performed by E.W. Kelly, J.L. Krans and W.D.
Chapple). The shape and size of the abdomen, when
examined in these behavioral experiments, change dra-
matically upon animal-induced movement, but other-
wise remain fairly consistent in the presence of light
mechanical disruption of the shell while at rest.
Changing gain of the frequency–force relationship at a
peripheral location would reduce the necessity for
changes made in centrally located integration elements
such that comparable premotor signals yield grossly
dissimilar force production.

In the final series of experiments reported here, we
show that a decrease in ejp amplitude, alone, does not
reduce force production in the third phase of reflex
discharge (Fig. 7). In addition to ejp amplitude, we
examined the temporal summation of these potentials.
The increase in membrane potential from which each
new ejp during phase 3 began was nominal in all
experiments and not significantly related to either phase
3 rate or force generated. In addition, integration of
VSM membrane potential from the start time to the end
time of phase 3 gave no correlation with either phase 3
rate or force generation. These results are not surprising;
in any given experiment, no two penetrations of VSM
gave equivalent ejp amplitudes (possibly a simple
product of length constants) or facilitation rates. Vari-
ation in neuromuscular junction size and efficacy from
junction to junction is a well-documented phenomenon
(Millar et al. 2002; Zucker and Regehr 2002). The global
change in membrane potential of the muscle is thus
difficult to assess from individual and local intracellular
penetrations.

The way that tonic motor systems compensate for
peripheral changes in the midst of intrinsic (motoneu-
ron) and extrinsic changes (hysteresis) to the system it-
self remains poorly understood. Future investigation of
the mechanisms by which gain in the frequency–force
relationship changes during reflex activation, and the
ways this phenomenon is modulated, may provide useful
comparative insight.
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