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Vertebral position alters paraspinal muscle spindle
responsiveness in the feline spine: effect of positioning

duration

Weiqing Ge, Cynthia R. Long and Joel G. Pickar

Palmer Center for Chiropractic Research, Davenport, IA, USA

Proprioceptive information from paraspinal tissues including muscle contributes to
neuromuscular control of the vertebral column. We investigated whether the history of a
vertebra’s position can affect signalling from paraspinal muscle spindles. Single unit recordings
were obtained from muscle spindle afferents in the Lg dorsal roots of 30 Nembutal-anaesthetized
cats. Each afferent’s receptive field was in the intact muscles of the low back. The Ly vertebra
was controlled using a displacement-controlled feedback motor and was held in each of three
different conditioning positions for durations of 0, 2, 4, 6 and 8s. Conditioning positions
(1.0-2.2 mm dorsal and ventral relative to an intermediate position) were based upon the
displacement that loaded the Ls vertebra to 50-60% of the cat’s body weight. Following
conditioning positions that stretched (hold-long) and shortened (hold-short) the spindle, the
vertebra was repositioned identically and muscle spindle discharge at rest and to movement was
compared with conditioning at the intermediate position. Hold-short conditioning augmented
mean resting spindle discharge by +4.1 to +6.2 impulsess™'; however, the duration of
hold-short did not significantly affect this increase (F4 145 = 0.49, P = 0.74). The increase was
maintained at the beginning of vertebral movement but quickly returned to baseline. Conversely,
hold-long conditioning significantly diminished mean resting spindle discharge by —2.0 to
—16.1 impulses s ™' (F4 145 = 11.23, P < 0.001). Therelationship between conditioning duration
and the diminished resting discharge could be described by a quadratic (F 145 = 9.28, P = 0.003)
revealing that the effects of positioning history were fully developed within 2 s of conditioning.
In addition, 2 s or greater of hold-long conditioning significantly diminished spindle discharge
to vertebral movement by —5.7 to —10.0 impulses s~ (F4 145 = 11.0, P < 0.001). These effects
of vertebral positioning history may be a mechanism whereby spinal biomechanics interacts
with the spine’s proprioceptive system to produce acute effects on neuromuscular control of the
vertebral column.
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The vertebral column is a multijoint complex and
is inherently unstable when devoid of musculature
(Wilke et al. 1999; Crisco et al. 1992). Many studies
demonstrate the importance of the neuromuscular
system for generating spinal stability and for controlling
posture and movement of individual motion segments as
well as spinal regions (Bergmark, 1989; Crisco & Panjabi,
1991; Crisco et al. 1992; Wilke et al. 1995; Cholewicki &
McGill, 1996; Kong et al. 1996). Even small changes in
muscle force can induce large impacts on the behaviour of
individual motion segments. For example, low paraspinal
muscle forces (20N compared with 40N and 60 N)
increase segmental stabilization by producing the largest
decrease in intersegmental range of motion and neutral
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zone (Panjabi et al. 1989). Lumbar multifidus, longissimus
and iliocostalis muscles have the strongest influence on
these biomechanical characteristics (Wilke et al. 1995). In
addition, very small increases in muscle activity (1-3% of
maximal voluntary contraction) from lumbar multifidus,
iliocostalis and thoracic longissimus at L,—L, restore spinal
stability at the segmental level even when loading moments
are increased up to 75% of body weight (Cholewicki &
McGill, 1996).

Animportant contribution from these studies is the idea
that the risk of injury to spinal structures is greatest during
easy, non-demanding tasks (Cholewicki & McGill, 1996).
Non-demanding tasks do not require high muscle forces
and spinal segments appear most unstable at low levels of
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muscle activity. This would explain why leaning over to
pick up a seemingly benign object, such as a pencil may
lead to one’s back giving out. Changes in neuromuscular
control may allow disproportionately more movement at
a single intersegmental level compared with the regional
movement of the spine. Such a phenomenon has been
documented by videofluoroscopy (Cholewicki & McGill,
1992). The anomalous movement evoked both pain and
discomfort.

We are interested in factors that affect the responsiveness
of paraspinal muscle spindles because this sensory input
appears to play an important feedback role for position
sense (Brumagne et al. 1999; Brumagne et al. 2000) and
likely makes reflex contributions to muscle loading of the
vertebral joints (Swinkels & Dolan, 2000; Leinonen et al.
2003; O’Sullivan et al. 2003; Skotte et al. 2005). Previous
studies in the limbs of humans and cats demonstrate that
muscle history affects muscle spindle discharge and causes
errors in limb repositioning (Enoka et al. 1980; Morgan
et al. 1984; Gregory et al. 1986, 1987, 1988, 1990; Wood
et al. 1996; Hagbarth & Nordin, 1998). In particular,
muscle history can affect the magnitude of the stretch
reflex and, at the same time, produce converse effects
on the H reflex arising from changes in resting spindle
discharge (Gregory et al. 1990; Wood et al. 1996). These
proprioceptive effects led us to investigate a biomechanical
mechanism in the lumbar vertebral column that might
alter the responsiveness of paraspinal muscle spindles.
Small, sustained changes in segmental position might
influence spindle signalling.

In the lumbar spine of the cat our preliminary data from
asmall sample of muscle spindles suggested that the history
of vertebral positioning does affect paraspinal muscle
spindle discharge (Pickar & Kang, 2001). A vertebral
position that stretched lumbar paraspinal muscles for
5s decreased muscle spindle responsiveness by up to
12 impulses s~ (imps™') compared with a shortening
position. However, due to the study’s design only relative
changes in responsiveness could be determined because
two vertebral positions were compared. We now wanted
to know if the history and duration of vertebral positioning
could both increase and decrease spindle responsiveness.
Therefore, we have used an intermediate vertebral position
for comparison. In this study we have determined
(1) if vertebral positioning can both increase and decrease
spindle responsiveness, (2) how the duration of vertebral
positioning affects spindle responsiveness, and (3) how
an afferent’s dynamic index affects the history-dependent
responsive.

Methods
Preparation

Experiments were performed on 30 deeply anaesthetized
adult cats. All cats were treated in accordance with the
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ethical standards of the Institutional Animal Use and
Care Committee of Palmer College of Chiropractic. A
preparation was developed to keep as intact as possible the
tissues and innervation of the L¢—; lumbar spine and, at
the same time, expose the L¢ dorsal roots. The preparation
was originally described by Pickar (1999). Briefly, surgical
anaesthesia was initially maintained using a mixture of
O, (2Imin™') and halothane (3%). Deep anaesthesia
was maintained using Nembutal (1.v. 35 mgkg™') and
the cat was mechanically ventilated (model 681, Harvard
Apparatus Company, Inc., Millis, MA, USA). Additional
doses (5mgkg™') were administered when the cat
demonstrated a withdrawal reflex to noxious pinching
of the toe pad, when mean arterial pressure increased
above 120 mmHg, or when the cat exhibited a pressor
response to surgical manipulation. Arterial pH, Pco, and
Po, were monitored (i-STAT System, i-STAT Corporation,
East Windsor, NJ, USA). Arterial blood gas values were
maintained within the normal range (pH: 7.32-7.43; Pco,:
32-35 mmHg; and Po,: > 85 mmHg).

A surgical approach was used that kept the vertebral
column completely intact bilaterally from the L vertebra
caudalwards. In addition, all soft paraspinal tissue on the
right side at L, and Ls remained intact except for their
attachments to the posterior elements of the vertebrae.
This was accomplished by opening only the lumbodorsal
fascia from L, to Ls using a paramedial incision 3—4 mm
to the left of midline. Multifidus, longissimus and
lumbococcygeus muscles at Ly and Ls on the left were
removed. An L,—Ls hemi-laminectomy was performed on
the left side, and a sublaminar hemi-laminectomy was
used to remove the right half of L, and Ls thus exposing
the spinal cord entry level of the Ly roots. The lumbar
spine was anchored at L, and the pelvis by fixing the L,
spinous process and the iliac crests in a Kopf spinal unit.
The paraspinal tissues were bathed in warm mineral oil
(37°C) to prevent desiccation.

Recording nerve impulse activity
from the dorsal roots

Standard electrophysiological techniques were used to
record single unit activity from teased Le¢ dorsal root
filaments. The Ls root innervates the Ls—L; facet joint and
muscles attaching to the Ly vertebra (Bogduk, 1976). All
receptive fields were in the L¢—L; paraspinal muscles. Due
to the relatively small laminectomy, it was not possible
to access the L ventral roots without potentially injuring
the spinal cord. Therefore the ventral roots were not cut.
Because Nembutal anaesthesia was maintained at a deep
level, y -motoneurone discharge was considered depressed
and not labile (Collins et al. 1995). Nerve activity was
acquired at 22 kHz and single units were recognized using
a PCbased data acquisition system (Spike2, v4, Cambridge
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Electronic Design Limited, Cambridge, UK). Analysis was
performed off-line using Spike2.

Mechanical loading of the Lg vertebra

Mechanical loads were applied to the Ls vertebra in a
dorsal-ventral direction using a feedback motor system
(model 300B, Aurora Scientific Inc., Ontario, Canada).
The system was operated in displacement mode and
measured the applied length and force. The motor was
coupled to the Ls spinous process via a pair of adjustable
tissue forceps (1 x 2 teeth). The forceps were clamped
tightly onto the lateral surfaces of the L¢ spinous process
through a thin slit (approximately 2 mm long) along either
side of the Ly spinous process. Little of the multifidus
muscle was detached from the vertebra using this method
because most of the muscle fibres attach onto the caudal
edge of the spinous process via a tendon insertion. Only
a small portion of the multifidus muscle inserts onto the
lateral surface of the lumbar spinous processes (Bogduk,
1980).

Identification of muscle spindles

Putative paraspinal muscle spindle afferents were first
identified by their high frequency discharge in response
to gentle probing of the lumbar paraspinal muscles and to
manual movement of the Ls vertebra. Dynamic sensitivity
was assessed using ramp and hold movement of the L
vertebra. The vertebra was slowly translated (1 mms™')
in either a ventral- or dorsalward direction, whichever
direction stimulated the afferent. When the movement
produced a force load of 50-60% of the cat’s body weight
(BW), the vertebra was then held stationary for 20 s. Larger
loads often stretched the dorsal root filament and tore
it from the electrode. Afferent activity was resolved into
phasic and static components represented by the peak
instantaneous discharge frequency during the ramp, and
the mean discharge frequency 0.5-1.0 s after the end of
the ramp, respectively. A dynamic index was calculated by
subtracting the static from the phasic component.
Afferents were grouped based upon having a dynamic
index greater than or less than 20 imp s™'. The complexity
of the lumbar paraspinal muscles made it impossible
to isolate individual muscle tendons. While loading
to 50-60% BW provided a standardized reference,
controlling vertebral position along the dorsal-ventral
axis could not ensure the muscles or muscle spindles
were necessarily stretched parallel to their long axis.
Nonetheless, the dynamic index is thought to be
independent of the stretch magnitude (Matthews, 1972).

After the end of the experiment we opened the intact
lumbodorsal fascia and used a variety of approaches
to confirm that the single unit innervated a lumbar
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paraspinal muscle spindle. We removed the sacrocaudalis
dorsalis lateralis (lumbococcygeus) muscle lying between
the lumbar multifidus and longissimus muscles to improve
the mechanical isolation of the latter two muscles. First
and second sacral nerves innervate the lumbococcygeus
(Bogduk, 1983) muscle so that none of the afferent
recordings were lost by its removal. That the source
of neural activity was from a receptive ending in the
lumbar longissimus or multifidus muscles was confirmed
by using calibrated nylon filaments (von Frey-like hairs;
Stoelting, IL, USA) to determine the most sensitive area for
mechanically activating the afferent was in the low back.

Two methods were used to confirm that neural activity
was from a muscle spindle: decreased discharge to a
muscle twitch and increased discharge to succinylcholine
(100-400 ugkg™!, 1.a.). Because lumbar paraspinal
muscle nerves could not be isolated for direct electrical
stimulation the afferent’s response to muscle contraction
was determined by direct muscle stimulation (0.1-10 mA,
0.05-0.2 ms) using two needle electrodes inserted into the
muscle. Typically the electrodes were inserted into either
side of the most sensitive portion of the afferent’s receptive
field.

Conduction velocity was obtained by inserting two
stimulating needle electrodes in the vicinity of the
L¢—; intervertebral foramen. Conduction velocity was
determined by dividing the conduction distance by the
time for an impulse to reach the recording electrode
in response to stimulation. Conduction distance was
approximate and was determined by measuring the length
of a thin thread extending from the recording electrode
along the dorsal root and spinal nerve to its entrance at the
intervertebral foramen. Typically conduction times were
< 1ms and conduction distances 45 mm. Conduction
distances in error by 10 mm would over- or underestimate
conduction velocity by about 10-13 m s~ . Using the L¢—;
facet as landmark, we quite consistently were able to
position the tip of the stimulating electrodes in the vicinity
of the L¢ spinal nerve and repeatedly evoke identically
shaped action potentials with identical conduction times.

Cats were killed at the completion of the experiment
by the intravenous administration of Nembutal
(r.v., 60mgkg™!) followed by saturated potassium
chloride solution (1.v.) to fibrillate the heart.

Experimental protocol

At the start of each protocol the Ls vertebra was
held for 5s at an intermediate position defined by
the absence of a force load. The motion segment
was deconditioned by rapidly alternating the vertebra’s
position about the intermediate position (10 mms™).
The magnitude of these displacements loaded the
spine by 50-60% BW. The motion segment was then
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conditioned by holding the Ls vertebra in one of three
positions at a displacement that also loaded the spine by
50—-60% BW. Two of the three hold-positions represented
symmetrical vertebral displacements about the third
position, hold-intermediate. The vertebral position that
loaded the muscle spindle was called hold-long and
conversely the vertebral position that unloaded the muscle
spindle was called hold-short. Conditioning displacement
was maintained for 0, 2, 4, 6 and 8s, where 0s of
conditioning served as a control for the hold position by
evoking only the slow ramp up to and ramp down from
the hold position. At the end of hold-short and hold-long,
the Lg vertebra was returned to the intermediate position
(10mms™!'). Thus, 15 loading protocols were applied
(3 conditioning positions x 5 conditioning durations).
The presentation order of the three conditioning positions
and the five conditioning durations was randomized to
minimize ordering effects produced by the biomechanical
non-linearity of paraspinal soft tissues (Panjabi et al. 1994;
Wilke etal. 1995; Ogon et al. 1997). Changes in the response
measures could be ascribed to the conditioning position
and duration and not to the conditioning order.

The effects of conditioning direction and duration
on subsequent muscle spindle activity were identified
using two measures. The L¢ vertebra was returned to the
intermediate position and its resting discharge recorded
for 0.5 s. This response measure was termed the static test
(ST). The vertebra was then slowly displaced at a constant
velocity (0.2mms™") in the direction that loaded the
spindle and to a displacement magnitude that loaded the
spine to 50-60% BW. This response measure was termed
the dynamic test (DT).

Data analysis

The effect of conditioning on ST was quantified as mean
instantaneous frequency (MIF). The effect of conditioning
on DT was quantified as mean frequency (MF) because
each dynamic test lasted at least 5s. If large rapid
changes occurred over this 5s interval, the value of
MIF would be inappropriately skewed toward higher
values. Therefore we were conservative in the metric
we used for DT. The effect of conditioning history was
always determined with reference to hold-intermediate by
subtracting ST or DT for the hold-intermediate protocol
from the ST or DT for the hold-short (ASTg and
ADTjor) or hold-long protocol (ASTjeng and ADTigpg).
Consequently, when AST or ADT was positive, hold-long
or hold-short conditioning had increased muscle spindle
responsiveness relative to hold-intermediate conditioning.
Conversely when AST or ADT was negative conditioning
history had decreased muscle spindle responsiveness.
When AST or ADT equalled 0, the effect of hold-long
or hold-short conditioning was the same as the effect of
hold-intermediate conditioning.
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Primary analyses used one-way analysis of variance
(ANOVA) to compare each response across the five
conditioning durations. Based upon standard deviations
obtained from our preliminary data (Pickar & Kang, 2001)
a sample size of 30 provided 80% power to detect a
5imps~! difference between the conditioning durations
at the 0.05 level of significance. Position sensitivity of
the passive spindle is considered ~3.5-5imps~! mm™!
(Granit, 1958; Matthews, 1972). Normality and equal
variance assumptions were not violated. Measurements
taken during each of the 15 protocols were considered
independent of one another because deconditioning
initiated all protocols and established identical motion
segment histories across protocols in each cat.

Secondary analyses used two-way ANOVA to investigate
how the groupings based upon dynamic index affected
responses across the five conditioning durations and
included an interaction term if it was significant. Using
linear regression we also explored whether the range of
conditioning vertebral displacements needed to load the
cats’ spines to 50-60% BW affected either AST or ADT.
The secondary analyses were not necessarily powered
adequately because we did not control the selection of
spindles for their dynamic index or the magnitude of
conditioning displacement across preparations.

Data are reported as means (lower 95% confidence
limit, upper 95% confidence limit) unless otherwise
indicated. Statistical analyses were conducted using SAS
(version 8, SAS Institute, Cary, NC, USA). Significance
was determined at P < 0.05.

Results

Single unit recordings were obtained from 30 muscle
spindle afferents. Receptive fields were located in the
lumbar multifidus or longissimus muscles (Fig.1).
Longissimus muscle contained the receptive field of 27
afferents and the multifidus muscle contained the receptive
field of the remaining three afferents. Most of the fields
were located near the Ly, facet joint or on the medial
surface of the longissimus muscle. Mechanical threshold
obtained using nylon monofilaments ranged between
0.2 and 75.9¢g (7.0 (19.0) g; mean (s.p.)). Generally, the
afferents with low mechanical thresholds were found closer
to the facet suggesting the receptive endings were located
superficially. The receptive endings of afferents with high
mechanical thresholds were likely located deeper in the
paraspinal muscles.

Twenty-seven of the 30 afferents had a resting discharge
with the Lg vertebra positioned at the intermediate
position. Mean discharge was 25.6 (17.2; s.p.) imps~!
(range: 0.0-92.9 imp s ). Three afferents had either no or
a very low resting discharge at the intermediate position
(< 3imps™'). Most of the afferents (25 of 30) were loaded

© The Physiological Society 2005



J Physiol 569.2

when the L¢ vertebra was translated ventralward; five
were loaded during dorsalward translation. Across cats,
displacement of the Ls vertebra ranged between 1.0 and
2.2mm (1.6 (0.6) mm; mean (s.p.)) during the 50-60%
BW load. Thirteen spindle afferents had a dynamic index
>20imps~! and 17 had a dynamic index < 20imps~'.
Conduction velocities were obtained for 28 of the 30
afferents (Fig.2). Their distribution was unimodal and
ranged from 21.2 to 85.0 m s~'. There was no correlation
between conduction velocity and dynamic index.

Primary analysis: effect of conditioning
duration - all afferents

The history of vertebral position differentially affected the
discharge of lumbar paraspinal muscle spindles. Figure 3
is an example from one afferent showing its discharge after
holding the L vertebra at an intermediate position for 8 s

Multifidus

Longissimus

lliocostalis

Lumbococcygeus

Figure 1. The most mechanically sensitive area of a spindle
afferent’s receptive field is indicated by black perimeters

A, dorsal view; B, cross-sectional view collapsing across all vertebrae.
Note the sulcus between the multifidus and longissimus muscles after
removing the lumbococcygeus muscle which enabled us to probe
deeper in the back muscles.
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versus holding it in positions that lengthened or shortened
the paraspinal muscles. Hold-long diminished spindle
responsiveness and, conversely, hold-short augmented
spindle responsiveness.

Static test. Hold-short conditioning increased mean
ASTghor: by +4.1(2.0,6.2),4-6.2 (+4.0, +8.4),+6.2 (3.3,
49.1), +5.8 (+2.8, +8.7) and +6.2 (+3.1, +9.4) imp s~
at 0, 2, 4, 6 and 8s, respectively (Fig.4A). None of the
95% confidence intervals crossed 0 imp s~'. The duration
of hold-short conditioning did not significantly affect the
increase in mean ASTgor (Fy 145 = 0.49, P =0.74).

By contrast hold-long conditioning decreased mean
ASTiong by —2.0 (—3.4,—0.7) —12.4(—15.7,=9.1), —14.5
(—18.6, —10.5), —13.8 (—17.5, —10.1) and —16.1 (—20.0,
—12.1)imps™! at 0, 2, 4, 6 and 8s, respectively, and
none of the 95% confidence intervals crossed 0imps~'.
The duration of hold-long conditioning significantly
affected the decrease in mean ASTiy, (Fy s =11.23,
P <0.001). Preplanned comparisons demonstrated the
decrease evoked by the 8s hold-long duration was
greater than that evoked by the 0s hold-long duration
(F1.145 = 35.27, P < 0.001). In addition, the relationship
between the decrease in AST,, and conditioning
duration was quadratic (Fj 145 =9.28, P=0.003) as
evidenced by the sharp inflection near the 2 s conditioning
duration (Fig.4A). These comparisons suggested that
the conditioning effect of a vertebral position which
lengthened the lumbar paraspinal muscles was fully
developed by 2 s of conditioning.

IR Dynamic Index >20Hz

] Dynamic Index <20Hz

Mumber of Occurences
ra
i

D ¥ T T L T T T 1

10 20 30 40 50 60 70 80 80 10c

Conduction Velocity (m/s)

Figure 2. Distribution of conduction velocities based upon
dynamic index of muscle spindles in the lumbar paraspinal
muscles

DI, dynamic index. For DI > 20 imp s~', n = 13; for DI < 20 imp s~’,
n=17.
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Dynamic test. Figure4B shows that at least 2s of
hold-long positioning altered the dynamic response
paraspinal muscle spindles. Mean ADTj,,,; was diminished
by —5.7 (7.4, —4.1), —8.1 (—10.4, —5.7), —10.0 (—13.8,
—6.2) and —9.2 (—11.6, —6.8) imps~! at 2, 4, 6 and 8,
respectively, but not at 0s (—0.4 (—0.8, 0.1) imps™").
Conditioning duration had a significant effect on
mean ADT,g (Fy 145 =11.0, P <0.001). Preplanned
comparisons confirmed that the mean decrease was
greater after 8 s compared with 0 s hold-long conditioning
(Fy145 =28.61, P < 0.001) and that a quadratic described
the relationship (Fj 145 =8.55, P =0.004) between the
decrease in spindle responsiveness and conditioning
duration.

On the other hand, hold-short conditioning had
little, if any, effect on mean ADTg,, (Fig.4B). Spindle
discharge increased by +0.6 (—0.1, +0.7), +1.6 (40.7,
+0.8), +0.7 (-0.3, +1.0), +0.8 (1.0, +1.8) and +1.0
(—0.1, +1.1)imps~! at 0, 2, 4, 6 and 8s, respectively.
Conditioning duration had no effect on these small
changes in mean frequency (Fy 145 = 0.44, P=0.78).
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Secondary analysis: effect of conditioning
magnitude - all afferents

Because conditioning was based upon loading the spine
by 50-60% BW, the Ly vertebra translated between 1.0 and
2.2 mm across cats. We were concerned that such a range of
displacements might influence the effect of conditioning
history. Therefore, we regressed displacement against
ASTgors ADTgports ASTiong, and ADTj,ng. Mean slopes
were not significantly different from zero (P =0.05)
indicating the range of displacements we used did not
systematically affect the responses during the static or
dynamic tests.

Secondary analysis: effect of conditioning duration -
based upon dynamic index

Static test. Hold-short vertebral conditioning similarly
affected spindles with dynamic indices greater and less
than 20 imp s™! (F} 144 = 0.71, P =0.40). Examples of 0,
2 and 4 s conditioning durations are shown in Table 1,

0 Hold Short

Ll-: '
g
2 150 3 + Hold Intermediate
g ot i
2 100 SERSREEE] ——
w 50 LIS TR ETT
3 _.1 .
g 0 | .
T
g 150 s,
= ’ l 4 Hold Long
ST

50 ffesis e L e S _—__,.-M

® 8 8 5 % B 8 B 8 @ -

100 —
= | - aaatrtatee
g 50 ,_.'_:r'-.f.\"in.-_i_';LL'HM' oy
2 | bt ﬂ'#.-*,‘_'-f‘-,'(T_df,*._’rﬁ'{'r;-_h_'f_.f.;_*-.3':.41-';.,*_.-_'-._!_@*-"+'+‘-+*"'++

0 2 e
= 29 Hold Long
E 44
O — AT AT, Hold Intermediate _________ }_,///
g 14 Hold Short
C‘ 2 L] T L] U 1 L) T T T | L] L ¥ T | T L) T L) | L) L) L) L) I

0 5 10 15 20 25
Time (sec)

Figure 3. Representative response from a paraspinal muscle spindle afferent showing the effect of 8 s
conditioning on the test protocols

The spindle’s sensitivity to the static and dynamic test was diminished in response to holding the L vertebra in a
position that lengthened the paraspinal muscle, and conversely was augmented in response to holding the vertebra
in a position that shortened the muscle when compared to conditioning at the intermediate position. Symbols in
the 4th panel (mean IF) represent the average from 250 ms time bins. IF given in imp s~".
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columns 1 and 2 and the mean change in spindle
responsiveness for all conditioning durations is shown
graphically in Fig. 5 (filled symbols at ‘Static Test’ on the
X-axis).

In contrast, conditioning duration and dynamic index
interacted significantly when vertebral conditioning
lengthened the paraspinal muscles (Fy 140 =2.81,
P =0.03). The decreased responsiveness by spindles with
a DI > 20imps~! was more than twice that of spindles
with a DI < 20imps™! at the 2, 4, 6 and 8 s conditioning
durations but was similar at the 0s duration (Table 1
columns 3 and 4 and Fig. 5, open symbols at ‘Static test’).
The group of spindles with DI > 20 imp s™! contributed
largely to the decrease of mean ASTj,ng shown in Fig. 4A.

Dynamic test:.. Similar to the static test, hold-short
vertebral conditioning affected the two groups of muscle
spindles similarly at all conditioning durations for
the dynamic test (Fs 44 =0.13, P=0.72; see Tablel1,
columns 5 and 6). On the other hand, hold-long vertebral
conditioning had a larger effect on muscle spindles with
a dynamic index > 20 imp s~' compared to < 20 imp s~
across the five conditioning durations (interaction effect:
F4140=10.47, P < 0.001, see Table 1, columns 7 and 8).
The decreased responsiveness of primary spindle endings
was nearly four times greater than that of secondary
endings.

Figure 5 shows the trend in ADT over the course
of the dynamic test for muscle spindles with dynamic
indices > 20imps~! and <20imps~', respectively. In
addition the figure enables a contrast with the static
test. Due to hold-long vertebral conditioning, spindles
with a DI > 20 imp s~ were even less responsive during
the first 20% of the dynamic test than they had been
during the static test (Fig.5A, open circles). This did
not appear to occur in spindles with a dynamic index
<20imps~' (Fig. 5B, open circles). Compared to the
static test, responsiveness during the first 10% of the
dynamic test for spindles witha DI > 20 imp s~ decreased
by an additional —4.8 imp s~! compared to a 0.6 imp s~
increase for spindles with a DI <20imps~!, when
averaged over conditioning durations 2, 4, 6 and 8 s. As the
Lg vertebra was moved toward its maximal displacement,
the effects of the hold-long vertebral history persisted
longer for spindles with a DI > 20 imps™! relative to a
DI <20imps~'.

Hold-short conditioning had similar effects on both
groups of muscle spindles (Fig.5, filled symbols).
The increased responsiveness of spindles with a
DI >20imps~' during the static test was generally
maintained during the first 10-20% of the dynamic
test whereas the discharge of spindles with a
DI <20imps™' slowly declined toward the discharge
caused by hold-intermediate conditioning. However,
these trends represent small differences in discharge rates

1

© The Physiological Society 2005

Vertebral position changes proprioceptive input 661

(<3imps!'). At approximately 30-40% of maximal
vertebral displacement the responsiveness of both
groups of spindles had returned close to that caused by
hold-intermediate conditioning.

Discussion

The purpose of the present study was to investigate whether
passive changes in vertebral position can affect signalling
from muscle spindles, a consequence which could impact
neuromuscular control of the vertebral column. The
responsiveness of spindles in the lumbar longissimus and
multifidus muscles was altered by positional changes in a
lumbar vertebra ~1-2 mm in magnitude. Two seconds
of vertebral positioning that lengthened the lumbar
paraspinal muscles relative to the same duration at an
intermediate position significantly decreased both resting
spindle discharge (static test) and the spindles response
to vertebral movement (dynamic test). The magnitude of
the decrease (up to ~16imps~') was similar at longer
conditioning durations of 4, 6 and 8s. The decrease
was maintained during vertebral movement but became
diminished as the movement approached the hold-long
conditioning position. The magnitude of the decreased
responsiveness was greater for muscle spindles with a
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Figure 4. Effect of conditioning direction and conditioning
duration on muscle spindle responses to the static (A) and
dynamic (B) test

MIF, mean instantaneous frequency; MF, mean frequency; ST, static
test; DT, dynamic test. Subscripts long and short refer to whether the
vertebral position loaded or unloaded the muscle spindles,
respectively, during the conditioning protocol. Each symbol represents
the mean £ 95% confidence interval of 30 observations.
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Table 1. Difference in responsiveness of muscle spindles based upon dynamic index (DI)

Static test mean AST

Dynamic test mean ADT

Hold-short Hold-long Hold-short Hold-long
Conditioning DI > 20 DI < 20 DI > 20 DI < 20 DI > 20 DI <20s DI > 20 DI < 20
duration (n=13) (n=17) (n=13) (n=17) (n=13) (n=17) (n=13) (n=17)
Os 7.0 1.8 -2.6 -1.6 1.3 0.1 -0.7 0
(5.7) (4.4) (4.6) (2.9) (2.4) (1.4) (1.4) (0.9)
2s 6.8 5.7 —-18.3 -7.8 2.0 1.2 -9.7 —2.7
(8.6) (2.9) (9.2) (5.3) (2.9) (1.4) (3.7) (1.9)
4s 5.4 6.7 -21.9 -89 0.4 1.0 -13.6 -3.8
(10.8) 4.7) (10.8) (7.0) (3.6) (1.6) (4.8) (2.9)
Overall 6.3 5.3 -16.9 -7.8 1.0 0.9 -11.4 -3.0
(9.8) (4.2) (11.7) (6.9) (9.8) (4.2) (11.7) (6.9)

All values given in impulses s~! as mean (s.0.); n = number of afferents. AST change in spindle discharge during the static
test relative to the effect of hold-intermediate conditioning; ADT, change in spindle discharge during the dynamic test

relative to the effect of hold-intermediate conditioning.

dynamic index > 20imps~'. Conversely, conditioning

that shortened the lumbar paraspinal muscles increased
spindle discharge both at rest and to movement. These
increases were smaller in absolute magnitude compared
to the decrease caused by the hold-long vertebral
position and, unlike hold-long, were abolished with small
vertebral movements. Spindles regardless of their dynamic
index responded similarly to a history of hold-short
conditioning.

There were two reasons for grouping afferents relative
to a dynamic index of 20 imp s™'. The data of Matthews
(1963) suggest that secondary endings have a dynamic
index less than 25imps™' when stretch velocity is
10mm s~ or slower. Secondly, Richmond & Abrahams
(1979) used a dynamic index of 20 imp s~ to differentiate
primary from secondary endings in the cervical spine
of cats. Thus 20 imps™! provided a reference point for
comparison. However, we did not classify the sensory
endings as primary or secondary for two reasons. In the
cat hindlimb, the dynamic index for these endings strongly
correlates with afferent conduction velocity (Matthews,
1963). The distribution of dynamic indexes for lumbar
spindles did not segregate with conduction velocity in
our experiments. In addition, muscle spindle morphology
is different from that in the hindlimb (Richmond &
Abrahams, 1975), and to our knowledge the morphology
of lumbar paraspinal muscle spindles is not yet known.
How spindle morphology affects the relationship between
dynamic index and the type of ending has also not been
studied.

Changes in muscle spindle responsiveness induced by a
vertebra’s positional history were similar to changes caused
by passive length changes applied directly to a fusiform
leg muscle via its tendon (Morgan et al. 1984). It was
suggested the hold-long position decreases muscle spindle
responsiveness as opposed to the hold-short position

augmenting it. In the lumbar spine, Pickar & Kang (2001)
could not determine if the responses were augmented
and/or decreased. The present study’s design enabled us
to determine that vertebral positions that conditioned
in hold-short augmented and in hold-long decreased
muscle spindle responsiveness. However, two differences
between hold-long and hold-short in the present study
bear emphasis. First, the absolute magnitude of the
increased responsiveness was less than that of the decrease
regardless of the spindle’s dynamic index (see Fig. 4 and
Table 1). For hold-long conditioning, the effect of muscle
history during both the staticand dynamic tests was greater
for spindles with a dynamic index > 20 imp s™'. Second,
the augmentation occurred even when the hold-short
conditioning was simply ramped up without the vertebra
being held in position (i.e. 0 s conditioning duration). By
comparison, the decrease in spindle discharge occurred
only when the hold-long conditioning had been held for
at least 2 s. This response contrasts with muscle spindles
in the leg (Proske et al. 1992) where a simple ramp
stretch decreases spindle discharge. The conditioning
effects of lengthening compared with shortening of the
lumbar paraspinal muscles may be more dependent on
stretch velocity because the displacement rate we used to
condition the paraspinal muscles was substantially faster
than that used by Proske et al. (1992) to condition the leg
muscles (10.0 versus 0.2 mm s~ respectively).

In the cat soleus muscle, length history altered muscle
spindle responsiveness by up to 20 imp s~ (Morgan et al.
1984; Gregory et al. 1986). Muscle spindle afferents from
this fusiform muscle discharge at 3.5-5 imp s~! for every
1 mm of linear change in resting muscle length (Granit,
1958; Matthews, 1972). Soleus muscle cells are up to
26 mm long in cat (Walmsley & Proske, 1981) and thus
a 20imps~' decrease in soleus spindle responsiveness
could provide the central nervous system with an incorrect
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estimate (up to 20%) of muscle fibre length. In the present
study, hold-long conditioning depressed paraspinal
spindle responsiveness by up to 17 imp s~! and hold-short
conditioning increased it by up to 6 imp s~'. The length of

multifidus and longissimus muscle fibres is not known.
We recorded from the Lg dorsal root which innervates
the Ls multifidus and longissimus fascicles. These muscles
cross two vertebral segments at most and the distance
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Figure 5. Effect of conditioning direction and conditioning duration on muscle spindle responses over
the time course of the dynamic test in 10% increments

The x-axis is not in units of time because maximal displacement was unique for each spindle (based upon the
displacement that loaded the spine 50-60% of body weight). The rate of displacement during the dynamic test
was constant (0.2 mm s~') and displacements ranged from 1 to 2.2 mm:; therefore the duration of the dynamic
test ranged from 5 to 11 s. The static test is included for comparison. AST, change in discharge frequency during
the static test; ADT, change in discharge frequency during the dynamic test; DI, dynamic index. Each symbol

represents the mean of 30 observations.
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between two segments is substantially shorter compared
to the distance between soleus muscle’s calcaneal and
tibial attachments. The effects of vertebral position history,
especially a position that lengthened the paraspinal
muscles, could lead to a substantial underestimation of
paraspinal muscle fibre length.

In the appendicular skeleton, the effects of muscle
history on spindle responsiveness appear to have
proprioceptive consequences, affecting both position
sense and spindle-mediated muscle reflexes. In humans,
actively contracting a shortened biceps brachii muscle
leads to errors in forearm position (Gregory et al. 1988).
In animal experiments, passive shortening combined
with contraction of the soleus muscle increases muscle
spindle discharge when soleus is stretched. Changes in
muscle history produced by ankle joint positioning in
both humans and cats alter deep tendon and H reflexes
but in opposite directions. The size of the Achilles tendon
jerk reflex is larger after triceps surae contraction with
the foot plantarflexed (i.e. calf muscles held-short) than
with the foot dorsiflexed (Gregory et al. 1987, 1990;
Wood et al. 1996). Conversely, the H reflex is smaller
after triceps surae contraction with the foot plantarflexed
than with the foot dorsiflexed (Gregory et al. 1990; Wood
et al. 1996). These contrasting effects represent excitatory
influences on homonymous «-motoneurones and
presynaptic inhibition to homonymous muscle spindle
afferents, respectively (Wood et al. 1996; Gregory et al.
1998; Pinniger et al. 2001).

Functional perspective

Several investigators (Hutton & Atwater, 1992; Proske
et al. 1993) have suggested that the significance of
intrafusal fibre thixotropy for motor control lies in
the introduction of unpredictability for the timing
and magnitude of central neural responses. In the
spinal column there also appears to be biomechanical
unpredictability in vertebral position because inter-
vertebral motion contains a neutral zone, a region of the
force—displacement curve where the facet joints and inter-
vertebral disc produce little resistance to motion (Panjabi,
1992; Oxland & Panjabi, 1992; Thompson et al. 2003).
The appropriateness of a spindle’s response to changes in
posture or movement could depend on the direction of
movement relative to the vertebra’s positional history in
the neutral zone. Moreover, static postures that lengthen
the paraspinal muscles may reduce or delay spindle activity
during subsequent movement. Two seconds was sufficient
to condition the spindles into decreased responsiveness.
Although speculative, the effects of vertebral position, and
consequently muscle history, shown in this study may
be a mechanism whereby spinal biomechanics interacts
with the spine’s proprioceptive system to produce acute

J Physiol 569.2

effects on neuromuscular control of axial muscles. Spinal
manipulation as practiced by chiropractors, osteopaths
and physiotherapists may alter spindle sensitivity and help
avoid or resolve reflex action that contributes to muscle
spasm in the low back.
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