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Abstract BACKGROUND CONTEXT: In neutral spinal postures with low loading moments, the lumbar
spine is not inherently stable. Small compromises in paraspinal muscle activity may affect lumbar
spinal biomechanics. Proprioceptive feedback from muscle spindles is considered important for
control of muscle activity. Because skeletal muscle and muscle spindles are thixotropic, their length
history changes their physical properties. The present study explores a mechanism that can affect
the responsiveness of paraspinal muscle spindles in the lumbar spine.
PURPOSE: This study has the following two aims: to extend our previous findings demonstrating
the history-dependent effects of vertebral position on the responsiveness of lumbar paraspinal mus-
cle spindles and to determine the time course for these effects. Based on previous studies, if a cross-
bridge mechanism underlies these thixotropic effects, then the relationship between the magnitude
of spindle discharge and the duration of the vertebral position will be one of exponential decay or
growth.
STUDY DESIGN/SETTING: A neurophysiological study using the lumbar spine in a feline
model.
METHODS: The discharge from individual muscle spindle afferents innervating lumbar paraspi-
nal muscles in response to the duration and direction of vertebral position was obtained from teased
filaments in the L6 dorsal roots of 30 Nembutal-anesthetized cats. The L6 vertebra was controlled
using a displacement-controlled feedback motor and was held in each of three different condition-
ing positions for durations of 0, 0.5, 1, 1.5, and 2 seconds. Two of the conditioning positions
stretched or shortened the lumbar muscles relative to an intermediate conditioning position. Con-
ditioning positions for all cats ranged from 0.9 to 2.0 mm dorsal- and ventralward relative to the
intermediate position. These magnitudes were determined based on the displacement that loaded
the L6 vertebra to 50% to 60% of the cat’s body weight. Conditioning was thought to simulate a mo-
tion segment’s position that might be passively maintained because of fixation, external load, a pro-
longed posture, or structural change. After conditioning positions that stretched (hold-long) and
shortened (hold-short) the spindle, the vertebra was repositioned identically and muscle spindle dis-
charge at rest and to movement was compared with having conditioned at the intermediate position.
RESULTS: Lumbar vertebral positions maintained for less than 2 seconds were capable of evok-
ing different discharge rates from lumbar paraspinal muscle spindles despite the vertebra having
been returned to an identical locations. Both resting spindle discharge and their responsiveness
to movement were altered. Conditioning vertebral positions that stretched the spindles decreased
spindle activity and positions that unloaded the spindles increased spindle activity on returning
the vertebra to its identical original (intermediate) position. The magnitude of these effects in-
creased as conditioning duration increased to 2 seconds. These effects developed with a time course
following a first-order exponential reaching a maximal value after approximately 4 seconds of his-
tory. The time constant for a hold-short history was 2.6 seconds and for a hold-long history was
approximately half of that at 1.1 seconds.
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CONCLUSIONS: Thixotropic contributions to the responsiveness of muscle spindles in the low
back are caused by the rapid, spontaneous formation of stable crossbridges. These sensory alter-
ations because of vertebral history would represent a proprioceptive input not necessarily represen-
tative of the current state of intersegmental positioning. As such, they would constitute a source of
inaccurate sensory feedback. Examples are presented suggesting ways in which this novel finding
may affect spinal physiology. � 2008 Elsevier Inc. All rights reserved.
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Introduction

Repositioning accuracy of the lumbar spine is affected
by mechanical and clinical factors. For example, a slouched
sitting posture alters an individual’s ability to accurately re-
position their lumbar spine [1]. Clinically, low back pain
patients have less lumbar repositioning accuracy [2] and
need practice to reach accuracies similar to normal subjects
[3]. Altered paraspinal muscle spindles and central process-
ing were suggested to be the cause for the less refined po-
sition sense in low back pain patients [2]. The present study
explores the presence of a phenomenon in the lumbar spine
that can alter proprioceptive signaling from paraspinal mus-
cle spindles.

Skeletal muscle exhibits a rheological property termed
thixotropy (reviewed in Ref. [4]). This physical property
represents a time-dependent change in viscosity and can oc-
cur in polymers able to form weak, breakable bonds. At rest
thixotropic materials are stable; they become less viscous
when deformed by shear forces. Stiffness in extrafusal or
intrafusal skeletal muscle fibers is history-dependent. It is
affected by the length at which a muscle is passively held
and, in the case of intrafusal fibers, by the state of
gamma-motoneuron discharge [5–7]. It is thought that
when muscle is held at a constant length, relatively stable
actin-myosin crossbridges form spontaneously establishing
themselves at the prevailing muscle length. These cross-
bridges exhibit slower turnover rates compared with the
recycling crossbridges that form during active muscle con-
traction [4–6,8]. If muscle length is subsequently changed,
the stuck (cross-bridged) sliding filaments are unable to slip
past each other. If the muscle is shortened the sarcomeres
become slack and if lengthened they become taut. For intra-
fusal fibers, these history-dependent effects on stiffness
change the responsiveness of muscle spindle afferents. Ex-
periments in both humans and experimental preparations
demonstrate that the passive length history of limb muscles
alters the resting discharge and sensitivity of these proprio-
ceptive afferents [9] and in turn alters the amplitude of H
and monosynaptic reflexes [10,11]. In the human cervical
spine, head repositioning errors were caused by the imme-
diately preceding history of the posterior neck muscles and
were thought to arise from the thixotropic properties of
muscle spindles [12].

In resting hindlimb muscle of the cat, the effects of mus-
cle history on intrafusal fibers and spindle discharge

develop within 2 to 3 seconds [13]. In the lumbar spine
of the cat, we found that the immediately preceding me-
chanical history of a lumbar vertebra also affects paraspinal
muscle spindles; both their resting discharge and respon-
siveness to movement are altered in a manner determined
by the direction of vertebral movement [14]. Compared
with holding a lumbar vertebra in an intermediate position,
translating it by as little as 1.0 to 2.2 mm in a direction
which stretches the muscle spindle and then holding it in
that position for 2 to 8 seconds significantly decreases spin-
dle resting discharge and responsiveness on returning the
vertebra to an intermediate position. On the other hand, a
similar maneuver but in a direction that shortens the muscle
spindle consistently increases resting discharge and respon-
siveness. These effects fully develop within 2 to 4 seconds
of positioning [14]. Although these history-dependent
changes demonstrate the thixotropic properties of lumbar
paraspinal muscle spindles, they do not clearly address
the underlying mechanism because the time course for their
development using positioning durations less than 2
seconds has not been yet determined.

In human leg muscle, a quantitative analysis has been
used to determine whether a cross-bridge mechanism is con-
sistent with the increase in extrafusal stiffness ascribed to
muscle history [8]. The passive length-tension curve of the
triceps surae muscles contains an initially steep region fol-
lowed by a shoulder whose magnitude is dependent on the
duration over which the muscle group was previously held
at a shortened length. Hufschmidt and Schwaller [8] show
that the relationship between this interval and the shoulder’s
magnitude is an exponential function which approaches
a maximal or a saturating value. This first-order exponential
is consistent with an equilibrium model where cross-bridge
assembly is in a state of flux, the number of crossbridges be-
ing determined by the number which attach spontaneously
and the number which detach as a result of muscle move-
ment [8]. Maintaining a muscle at constant length shifts
the equilibrium toward attachment at the prevailing length.

The aim of the present study was to extend our previous
findings demonstrating the history-dependent effects of ver-
tebral position on lumbar paraspinal muscle spindle dis-
charge [14] and to determine the time course for these
effects. Vertebral positions that shortened muscle should
tighten and load the spindle, increasing resting spindle dis-
charge on return to an intermediate position. Conversely,
vertebral positions that lengthen muscle should slacken
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