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displacement on somatosympathetic reflexes in the rat
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hin chiropractic proposes that vertebral subluxation
in the upper cervical region induces spinal cord compression sufficient to alter spinal cord efferent
output. We report on the feasibility of three different experimental approaches to test this theory.
METHODS: A high threshold electrical-evoked somatosympathetic reflex was recorded in adrenal
or renal nerves of 10 anaesthetized adult male rats before and after (1) graded pressure was applied
directly to the C1/C2 spinal cord segment in eight rats by the use of either direct compression or
inflation of an extradural balloon and (2) displacement, less than a dislocation applied posterior
to anterior, to the C2 vertebra in two rats. The latency and amplitude of the pre- and postinterven-
tion reflex responses were compared.
RESULTS: The reflex amplitude was not significantly changed by pressure (26 mmHg) from an
extra-dural balloon or direct compression of the dura mater onto the dorsal spinal cord. Additional
pressure, at least sufficient to occlude the dorsal vessels, induced a significant reduction in the am-
plitude of the reflex, and this reduction persisted for 20 minutes after removal of the pressure
(Dunn’s method for all pairwise multiple comparison Q stat53.437; critical value for k56 with
a50.05 is 2.936). Maximal vertebral (C2) displacement (4 mm), without dislocation did not induce
significant changes compared with the control period.
CONCLUSIONS: Although this feasibility study suggests it is unlikely that upper cervical verte-
bral subluxation, displacement less than a dislocation, compromises the sympathetic outflow in the
adrenal or renal nerves, further vertebral displacement studies are necessary to formally test
this. � 2013 Elsevier Inc. All rights reserved.
Keywords: Rat; Somato-sympathetic reflex; Spinal cord; Vertebral subluxation; Chiropractic
Introduction

Central to the use of spinal manipulative therapy by
chiropractors is the theory that vertebral subluxation, that
is, displacement of a vertebra less than a dislocation,
compromises health [1]. One proposed consequence of such
vertebral displacement, particularly in the upper cervical
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vertebral column, is alteration of the descending neural ac-
tivity from the brain caused by compression of the thecal
sac or spinal cord and thereby dysfunction in dependent or-
gans [2,3]. It is well established that compression sufficient
to damage the spinal cord can not only result in a loss of so-
matic sensation and voluntary motor function but also loss
11–2013 15:58:46
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of descending regulation of the autonomic outflow, resulting
in autonomic dysreflexia and significant disease [4]. In con-
trast, there is only indirect evidence that health is compro-
mised by cervical spinal cord dysfunction in the absence
of spinal cord damage or demonstrable pathoanatomical
lesions such as spondylotic spinal stenosis or ossification
of the posterior longitudinal ligament. It has been shown that
after some whiplash events in which there is an absence of
an identified pathoanatomical lesion, peripheral sympathetic
vasoconstriction reactivity may be reduced [5]. Interest-
ingly, although a causal relationship has not been estab-
lished, a more recent study has suggested that this reduced
cutaneous sympathetic reactivity is associated with posttrau-
matic stress disorder after the whiplash event [6].

The spinal cord compression component of the chiro-
practic vertebral subluxation theory, and consequent justifi-
cation for the use of spinal manipulative therapy of the
cervical vertebral column, would predict that (1) interfer-
ence with spinal cord function can occur with quite modest
degrees of compression, (2) such compression occurs with
displacement of vertebrae less than a dislocation, and
(3) the effects of spinal cord interference are ameliorated
by the removal of the vertebral displacement. We are un-
aware of any study that has specifically tested this paradigm.
Therefore, we have undertaken a feasibility study to deter-
mine the relative amount of spinal cord compression neces-
sary to modulate nerve activity from the spinal cord to
organs and to determine whether vertebral displacement,
less than a dislocation, can modulate nerve activity. Here
we define dislocation as a loss of apposition of the facet
surfaces of one or both zygapophysial joints of adjacent
vertebra.

We have chosen the rat as a model to investigate this chi-
ropractic paradigm because there is good evidence that the
vertebral canal in the upper cervical region of the rat is sim-
ilar to that of the human [7]. Furthermore, it is known that
electrical stimulation of peripheral nerves in anaesthetized
cats and rats elicits at least three reflex components in
sympathetic efferent peripheral fibers [8,9]. The first is
a short latency response involving spinal neural circuitry
and referred to as the ‘‘early A-reflex’’ because it is elicited
by relatively low (electrical) threshold stimulation that ac-
tivates Ab somatic afferents. This is followed by a longer
latency ‘‘late A-reflex,’’ resulting from increased electrical
stimulation that activates Ab and Ad somatic afferent
nerves and involves supraspinal projections and processing
in the medulla [10,11]. The third component has an even
longer latency and is referred to as the ‘‘C-reflex,’’ because
it is elicited by electrical stimulation of unmyelinated
C-fibers that have the greatest threshold for electrical stim-
ulation and the slowest conduction velocities [12]. A ‘‘very
late A-reflex’’ response, involving projections to even more
rostral centers, can also be elicited in lightly anaesthetized
animals [9,11]. In this study we explored the vertebral sub-
luxation ‘‘compression’’ hypothesis [2] by eliciting the late
A-reflex in anaesthetized rats. Then, we either compressed
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the upper cervical spinal cord in a controlled manner or dis-
placed the upper cervical vertebra to determine if these pro-
cedures modulate the evoked sympathetic efferent reflex
activity in adrenal and renal nerves. Preliminary data have
been published elsewhere [13].
Methods

Experiments were performed on 10 adult male Wistar
rats ages 10 to 13 weeks, weighing 445 6 54 g
(mean 6 SD). The study involved a nonrecovery protocol
in which the rats were anesthetized with urethane. All
procedures were performed in accordance with protocols
approved by the Institute’s Animal Care and Ethics Com-
mittee and conformed to the National Code of Practice
for the use of animals in experiments.

Surgical preparation

Each rat was anesthetized by intraperitoneal injection
of urethane (1.3 g/kg). Once anesthesia was achieved, as
judged by the absence of withdrawal and corneal reflexes,
a rectal probe was used to determined body temperature,
which was then maintained at 37 to 37.5�C with the use
of a heating blanket and infrared lamp. The right jugular
vein was catheterized for administration of additional anes-
thetic (1/10 of initial dose) and fluids as necessary. The left
carotid artery was catheterized to allow continuous mea-
surement of blood pressure (BP-1; World Precision Instru-
ments, Sarasota, FL, USA), and the rat’s trachea was
intubated and the rat allowed to breath spontaneously.
The rat’s head was then fixed in a stereotaxic frame (model
1730; Kopf Instruments, Tujunga, CA, USA). The spinous
process of the first thoracic vertebra was exposed and held
fixed in space with a clamp attached to the stereotaxic
frame. Signals from the blood pressure transducer were
passed to a data-acquisition system (A-D conversion 10
kHz, Spike 2; CED, Cambridge, UK) connected to a com-
puter for monitoring and recording.

Branches of the left sciatic nerve were exposed, isolated
from adjacent tissue, placed on silver-wire stimulating
electrodes, and covered with warm paraffin oil. A square
wave (duration 0.2 ms) stimulus was applied to determine
the voltage stimulus threshold for muscle twitch. The nerve
was then ligated and cut so only the central cut end re-
mained on the silver wire stimulating electrode, which
was then covered with warm paraffin oil. A left retroperito-
neal surgical approach was used to expose the adrenal or re-
nal nerves, which were gently teased apart with fine forceps
to allow recordings of whole nerve or filaments of these
nerves. The isolated nerves or filaments were ligated with
fine suture and cut, and their central cut ends were placed
on a bipolar silver-wire hook electrode and covered with
warm paraffin oil. Signals from these nerves were amplified
(�1000; model 1700 amplifier, A-M Systems, Carlsborg,
WA, USA), passed to an oscilloscope for online observation
–11–2013 15:58:46
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and to the data acquisition system (model 1401, A-D con-
version 20 kHz; CED) and computer for off-line analysis.
Thus, each animal was prepared so that sensory stimulation
could be provided through the sciatic nerve, and sympa-
thetic reflex responses could be recorded from the adrenal
or renal nerves.
Interventions to produce cord compression

Three separate interventions were used to induce
changes in spinal cord pressure. In each instance the dorsal
aspect of the neck was first dissected by making a midline
incision separating the neck muscles along the ligamentum
nuchae and then reflecting the superficial and middle layer
of neck muscles laterally. The deep upper cervical (C1–C4)
intervertebral muscles were removed to expose the caudal
region of the occiput, the posterior arch of C1, and the spi-
nous process and lamina of the C2 vertebra. In addition, in
two rats, the atlanto-occiptial ligament was exposed and
a 4-mm incision was made in the ligament. A deflated small
purpose-built balloon (3�4 mm), attached to a catheter
(PE10; Atom Medical, Tokyo, Japan) containing H2O,
was then inserted between the posterior arch of the C1 ver-
tebra and the dura mater. The surgical field was then filled
with warm paraffin and covered with gauze.

In the other six rats, a laminectomy was performed on the
C1 and C2 vertebrae to expose the spinal cord, leaving
the dura mater intact. A small (2.3�2.8 mm) rubber pad
attached to a force transducer (max 100 g; TBM 4M, World
Precision Instruments) was then positioned above the C2
spinal cord segment with the aid of a stereotaxic microdrive
(1760-61; Kopf). In two of these six rats, a clamp attached
to a microdrive (DCM3301R; World Precision Instruments)
was attached to the C2 spinous process, allowing posterior
to anterior displacement (60.1mm) of the C2 vertebra. A
small, warm, paraffin-soaked gauze was then placed over
the surgical site and kept moist throughout the experiment.
Fig. 1. (Top) Schematic of the experimental set up used to evoke and re-

cord the somatosympathetic reflex in this study. (Middle) Recording of

spontaneous nerve (spike) activity in an adrenal nerve filament of one

rat in this study. Note the bursting unitary (spike) activity typical of sym-

pathetic activity. (Bottom) Histogram (skyline plot) of the frequency

(values on left y-axis) of nerve spikes occurring in the adrenal nerve of

one rat averaged over 100 cardiac cycles shown as the averaged blood

pressure (bolded line) commencing with systole (t50; values on right

y-axis). Note the modulation of spike frequency and that the peak fre-

quency occurs as blood pressure begins to fall (0.04–0.06s) evidencing

the spike activity is cardiac (baroreceptor) modulated.
Nerve recordings and study protocols

Once the anesthetized rat was prepared and deemed
to be physiologically stable, as judged by stable blood
pressure (systolic pressureO80 mmHg), heart rate and reg-
ular ventilation with no breath sounds, a nonintervention
(control) recording was made of the electrically evoked
nerve activity. Somatosympathetic reflex activity was eli-
cited with trains of five square wave electrical pulses (pulse
duration 0.5 ms, interval 0.5 ms) delivered (1 Hz) to the sci-
atic nerve at constant voltages equivalent to 15 times the
threshold for muscle twitch as previously determined (as
described previously) for each respective rat. To ensure
nerve recordings were arising from sympathetic efferents,
we recorded activity in filaments of adrenal or renal nerves,
and whole nerves, during 100 to 500 consecutive sciatic
nerve stimuli (1–2 Hz). The adrenal and renal whole nerve
recordings obtained during sciatic nerve stimuli trials were
SPINEE55509_proof ■ 01–
averaged off-line using a computer-based data-analysis sys-
tem (Spike 2; CED). Fig. 1, Top depicts the experimental
set up used in this study.

In the two rats prepared for extradural balloon insertion
at C1, a control recording was made of left adrenal nerve
activity immediately before we inserted the balloon under
the C1 vertebra. A stimulus trial and recording were then
repeated after placement of the uninflated balloon, immedi-
ately after pressurizing the balloon by connecting it to
a 360-mm column of H2O (26.5 mmHg) and then immedi-
ately after deflating the balloon (0 mm H2O; 0 mmHg). A
11–2013 15:58:46



4 M.J. Bigland et al. / The Spine Journal - (2013) -
final stimulus trial and recording was performed 20 minutes
after removing the balloon.

A control recording was made during sciatic nerve stim-
ulation in each of the six rats (four adrenal and two renal
nerves) in which the dura-intact spinal cord had been
exposed by laminectomy. With the aid of a dissecting mi-
croscope, the pressure pad was then lowered over the C2
spinal cord segment to just touch the dura mater. Sciatic
stimulation trials and adrenal or renal nerve recordings
were repeated sequentially under the following conditions;
(1) with sufficient pressure to displace the dura mater onto
the dorsal surface of the spinal cord, and then either (2) suf-
ficient pressure applied to occlude the blood vessels on the
dorsal surface of the spinal cord without deforming the dor-
sal surface of the spinal cord (n52), (3) sufficient pressure
to occlude the dorsal blood vessels and visibly deform the
dorsal surface of the spinal cord (n52), or (4) sufficient
pressure to compress the spinal cord so all visible blood
vessels were occluded (n52). Each of these positions was
held for 30 seconds before stimulating the sciatic nerve
and recording the adrenal or renal nerve activity. The pres-
sure pad was then removed, and the sciatic nerve stimula-
tion and adrenal, or renal, nerve recordings were repeated
up to 20 minutes after the removal of the pressure foot pad.

After a recording of a ‘‘control’’ evoked response in the
left renal nerve of the rat in which the spinous process of
C2 vertebra had been clamped to the manipulator but not
displaced, and after we noted the stereotaxic coordinates
of the C2 spinous process, the spinous process (vertebra)
was displaced from posterior to anterior with the manipula-
tor (approx. 0.25 mm/s). This was done as we visually in-
spected the cervical vertebral column with a dissecting
microscope (10X; OPMI 11, Zeiss, Jena, Germany). The
displacement was stopped once the induced (coupled) mo-
tion between C3 and C4 vertebrae ceased. A sciatic nerve
stimulus trial was then repeated while we recorded the renal
nerve activity. Three minutes after inducing the displace-
ment, the spinous process was returned to its predisplace-
ment stereotaxic position. A sciatic nerve stimulus trial
and renal nerve recording was made and then repeated 10
minutes later.

In two animals, at the conclusion of the experiments, the
spinal cord was transected at the C1/C2 level, and sciatic
nerve stimulation and adrenal or renal nerve recordings
were repeated. All rats were euthanized at the end of the re-
spective recording sessions by anesthetic overdose (ure-
thane 3 g/kg intravenously).
Analysis

A threshold level detection analysis program (Levels,
Spike 2, CED) was used to detect single unit (spike) activ-
ity in recordings from nerve filaments. Peak systolic blood
pressure was used to automatically trigger counts and rela-
tive firing frequency of these units. Peristimulus histo-
grams, triggered by the sciatic nerve stimulus, were also
SPINEE55509_proof ■ 01
constructed. Whole nerve recordings were first analyzed
to determine the signal-to-noise ratio in each rat by dividing
the amplitude of the averaged prestimulus nerve recording
by the amplitude of the peak of the stimulus triggered av-
eraged evoked reflex response in the respective control re-
cording. Because a signal-to-noise ratio of less than 4:1
would have only allowed detection of a 50% modulation,
we only analyzed data from those rats in which the
signal-to-noise ratio was $4:1. The latency and peak am-
plitude of the stimulus-triggered averaged reflex response
were measured in each recording. For reasons inherent in
recording electrically evoked reflex responses in whole
nerve from different animals, such as differences in the
baseline recording (ie, DC offset) and differences in the
stimulating and recording electrode characteristics in each
experiment, the analysis in this study is limited to a descrip-
tive study as has been done by others recording the electri-
cally evoked somato-autonomic reflex [14]. In particular,
all amplitude (peak to peak) values of whole nerve record-
ings obtained during and following the three interventions
(vertebral movement, balloon pressure or pressure pad)
were normalized to the peak to peak amplitude of the
evoked reflex in the preintervention or ‘‘control’’ recording
obtained in the respective rat. This was done by dividing
the peak to peak amplitude of the intervention recording
by the peak to peak amplitude from the control recording.
However, a Kruskal-Wallis one-way analysis of variance
on ranks and a post hoc all pairwise multiple comparison
procedure (Dunn’s method) were performed using a com-
mercial statistical package (SigmaPlot, version 11; SYS-
TAT, Chicago IL) to test whether there was a statistically
significant (p!.05) difference in the median amplitude
of the evoked somatosympathetic reflex in experiments
using the pressure pad applied to the exposed but intact
dura. All descriptive group data sets are reported as
mean6SD.
Results

Nerve activity and evoked responses

Recordings from nerve filaments of adrenal and renal
nerves exhibited bursts of unitary spike activity (Fig. 1,
Middle). The peak systolic blood pressure-triggered histo-
grams of this activity evidenced that this bursting activity
was phase locked to blood pressure (Fig. 1, Bottom), as
is often characteristic of sympathetic motor neurons. The
electrical stimulus of the sciatic nerve at 15� threshold
for muscle twitch induced a pressor response (4.863.6
mmHg), which remained throughout the stimulus period.
The signal-to-noise ratio of the whole nerve-evoked re-
sponses from two rats, one involving renal nerve and verte-
bral displacement and the other involving adrenal nerve and
the use of an extradural balloon, had signal-to-noise ratios
of !4:1 and are therefore not included in the data set re-
ported here (see the Methods).
–11–2013 15:58:46



Fig. 3. The top panel shows the averaged (n5250) whole adrenal nerve

recording exhibiting the evoked (field) potential (somatosympathetic reflex

response) resulting from electrical stimulation of the sciatic nerve after spi-

nal cord compression. The bottom panel shows the loss of the evoked

(field) potential after complete transection of the spinal cord at the level

of C2. Note the amplitude of the evoked potential in upper trace (compared

with Fig. 2, Bottom) is relatively small as the recording was made after the

application of spinal cord compression.
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The poststimulus time histograms derived from adrenal
(n55) and renal (n53) nerve filaments revealed increased
spike activity with two peaks at latencies of 96.668 ms
and 175.4612.4 ms, respectively. There was also an appar-
ent increase in activity at a much longer latency (onset at
approx. 350 ms), although this did not have a clear peak
(Fig. 2, Top). In contrast to the nerve filament recordings,
the whole nerve averaged recordings exhibited a complex
response to the sciatic nerve stimulation with onset latency
of 101.5619.4 ms and duration of 112.2631.3 ms. Awhole
nerve averaged recording of an evoked response is shown
in Fig. 2, Bottom. The whole nerve evoked response was
immediately abolished in the two rats in which the C1/C2
spinal cord was transected, confirming its dependence on
supraspinal centers (Fig. 3).

Influence of vertebral displacement and cord
compression

In contrast to the response to electrical stimulation of
sciatic nerve, the blood pressure remained stable during
the vertebral displacement and cord compression trials.
The Table summarizes the relative amplitude of the whole
nerve evoked responses after each of the interventions
SPINEE55509_proof ■ 01–

Fig. 2. (Top) Histogram (skyline plot) of the spike frequency of the aver-

aged (n5100) somatic (sciatic nerve electrical stimulation)-evoked nerve

activity (spikes) in an adrenal nerve. Note the two early evoked responses

(approx. 98 and 180 ms) and the late (O300 ms) increase in activity after

the stimulus (arrow). (Bottom) Averaged (n5100) whole adrenal nerve re-

cording exhibiting the evoked (field) potential (somatosympathetic reflex

response) resulting from electrical stimulation (elicited at arrow) of the sci-

atic nerve.
performed on the eight rats in which the signal-to-noise ra-
tios were $4:1.

At autopsy, the small extradural balloon placed under
the posterior arch of C1 in one rat was found to be posi-
tioned at the lateral margin of the spinal cord, raising con-
cern that pressure was applied asymmetrically to the spinal
cord in this instance. Consequently the data from this rat
were excluded from the study. In the second rat in which
the small extra-dural balloon was successfully placed under
11–2013 15:58:46

Table

Relative amplitude of the whole nerve–evoked responses after each of the

interventions performed

Expt Nerve Control Dura on cord Pressure Recovery

B A 1 NA 0.93* 0.95þþþþ
P1 R 1 0.75 0.57y 0.65þ
P2 A 1 1.13 0.25z 0.32þ
P3 R 1 0.56 0.48x 0.63þþ
P4 A 1 0.40 0.31z 0.25þþþ
P5 A 1 0.71 0.60x 0.52þþþþ
P6 A 1 0.67 0.41y 0.18þþþþ
VD R 1 NA 0.41k 0.67þþ

Note: Normalized amplitude, relative to control, of the averaged

(nO100) evoked somatosympathetic reflex in each of eight rats (Expt) re-

corded from the adrenal (A) or renal (R) nerves without the application of

pressure (control) and then during the application of pressure at the level of

the C1–C2 vertebra with either an extradural balloon (B), direct applica-

tion of pressure to the surgically exposed, dura-intact, spinal cord with

a pressure pad (P1–P6) or vertebral displacement (VD), sufficient to dis-

place the dura onto the spinal cord (dura on cord), then during the appli-

cation of additional pressure (pressure) (see footnotes), and then again

up to 20 minutes after removal of the applied pressure (recovery) (see foot-

notes). Note a recording of an evoked reflex was not applicable (NA) when

performing the extradura balloon or vertebral displacement as the dura ma-

ter was not visualized in these preparations. Each þ represents 5 minutes

after removal of pressure.

* Pressure526.5 mmHg.
y Ischemic (all vessel occlusion on microscopic inspection during

compression).
z Pressure522 mmHg (2g).
x Pressure513.7 mmHg (1.2g).
k 4-mm anterior to posterior displacement.
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the posterior arch of C1, there was only a 7% reduction in
amplitude of the nerve response, even after a 20-minute ap-
plication of 26.5 mmHg of pressure to the spinal cord.
Twenty minutes after reducing the balloon pressure to
0 mmHg, the peak to peak amplitude of the evoked soma-
tosympathetic reflex was 5% less than that of the control
(prepressure) amplitude.

The application of direct pressure to the surgically ex-
posed dura mater sufficient to displace the dura mater onto
the dorsal surface of the spinal cord reduced (0.6260.14 of
the control) the amplitude of the evoked somatosympa-
thetic reflex in five rats relative to the amplitude of the con-
trol. In one rat, however, the amplitude increased by 13%.
Thus, the group changes (0.760.224 of the control) in the
amplitudes of the evoked somatosympathetic reflexes were
not found to be statistically different from the amplitudes
of the matched controls. In contrast, the application of
additional pressure to the dorsal surface of the spinal cord
that were, on visual inspection, sufficient to occlude the
dorsal vessels, induce deformation of the dorsal surface
of the spinal cord or compress the spinal cord (see the
Table footnotes: ischemic, 13 mmHg and 22 mmHg,
respectively) resulted in a significant reduction in the am-
plitude of the evoked somatosympathetic reflex that was
still apparent up to 20 minutes after the removal of the pres-
sure (Dunn’s method for all pair-wise multiple comparison
Q stat53.437; critical value for k56 with a50.05 is
2.936).

Inspection with a microscope during the ventral
displacement of the intact C2 vertebra in the one rat in
which this was attempted confirmed that coupled motion
of the two vertebrae caudal to C2 occurred with 4mm
of posterior to anterior displacement of the C2 spinous
process and without loss of facet apposition. This displace-
ment induced a 59% reduction in the peak to peak ampli-
tude of the electrically evoked somatosympathetic reflex.
Ten minutes after the return of the vertebra to its predis-
placement position the evoked somatosympathetic reflex
had recovered by 26%.
Discussion

In this study we conducted in vivo pilot experiments to
test the chiropractic theory that vertebral displacement, less
than a dislocation, induces sufficient pressure on the spinal
cord to alter its efferent output [2]. To determine the effect
of transient graded pressure on the efferent output from the
spinal cord distal to the applied pressure, we first evoked
a long loop somatosympathetic reflex in the renal or adrenal
nerves and determined the characteristics (latency and am-
plitude) of this evoked reflex response. We then tested
whether these characteristics were modulated by the appli-
cation of direct pressure to the dura matter in the upper cer-
vical spinal cord, in the same animal. That pressure was
applied either with a small balloon or a pressure pad. Then,
SPINEE55509_proof ■ 01
in one rat, we characterized the evoked somatosympathetic
reflex before and after transient displacement of the C2
vertebra.

The characteristics of the electrically evoked response in
our study were consistent with those reported by others
studying the somatosympathetic reflex in the splanchnic,
adrenal, lumbar white rami, and lumbar sympathetic nerves
in the cat and rat [9–12,15,16]. The high threshold electri-
cal stimulation consistently induced a pressor response, evi-
dencing activation of C-fiber afferents necessary for this
long loop (late) sympathetic reflex response [11]. Further-
more, the phase locking of the increase in unit (spike) ac-
tivity in the central cut ends of the adrenal and renal
nerve filaments during the falling phase of blood pressure
(Fig. 1, Bottom) evidenced that our unitary recordings rep-
resented sympathetic efferent nerve activity. Our reflex re-
sponses had latencies that were comparable to those
recorded by others in adrenal nerves and in the splanchnic
nerve from which the adrenal nerve arises [11,15]. That
these high threshold electrical evoked reflex responses were
then abolished by transecting the spinal cord above C2 at
the conclusion of the experiment was further evidence that
we had elicited long loop somatosympathetic reflexes
[9,11,14,16].

In this study, we have demonstrated in the rat that the
amplitude evoked somatosympathetic reflexes can be de-
pressed when direct pressure is transiently (!3 minutes)
applied to the dorsal surface of the spinal cord. In contrast
to others who have used a small balloon in the thoracic re-
gion of rats [17], we were unable to reliably apply pressure
symmetrically to the upper cervical spinal cord using an in-
flatable balloon. This was critical in the present study as it
is known, at least in cats, that the descending projections
from the rostral ventrolateral medulla, carrying the supra-
spinal component of the somatosensory reflex, course bilat-
erally in the dorsolateral and lateral funiculi of spinal cord
white matter [18,19]. Using an alternate approach, we were
able to apply known pressures directly to the dura mater
and the spinal cord in a controlled manner by using a direct
pressure pad method. Although compression of the dura
mater onto the cord induced a reduction in the amplitude
of the evoked reflex, this finding was not statistically signif-
icant. Additional pressure sufficient not only to occlude the
dorsal vessels of the spinal cord but also to deform the spi-
nal cord was necessary to induce a statistically significant
decrease in the amplitude of the somatosympathetic reflex.
This reduction in amplitude did not fully recover even 20
minutes after the pressure had been removed. These obser-
vations are consistent with previous studies in the dog that
have shown that mechanical compression of the neural tis-
sue, rather than ischemia, is responsible for reduction in
amplitude of evoked spinal cord (dorsum) potentials during
acute (!50 minutes) cord compression [20]. However, al-
terations in spinal cord function following chronic (weeks)
cord compression are likely to involve disturbances associ-
ated with reduced blood flow and ischemia [21].
–11–2013 15:58:47
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We modeled the chiropractor’s vertebral subluxation on
the basis that to ensure maximum vertebral displacement
without inducing a dislocation, we needed to displace the
vertebra (C2) sufficiently to induce coupled motion in the
adjacent vertebral motion segment (C3/C4). We confirmed,
by visual inspection with a dissecting microscope, that the
induced displacement of the C2 vertebra was sufficient to
produce coupled motion in the C3/C4 vertebral motion seg-
ment but not sufficient to dislocate the C2 vertebra. That is,
the facets of the zygapophysial joints remained in apposi-
tion. Interestingly, this induced a decrease in the amplitude
of the somatosympathetic reflex similar to that which oc-
curred with the application of direct pressure to the exposed
dura mater. It is important to note that although this dis-
placement did not dislocate the C2 vertebra, the 4-mm dis-
placement represents almost 100% of the anterior to
posterior diameter of the vertebral canal in upper cervical
region of young adult rats (3.6260.31 mm; mean6SD)
similar in age and weight to those used in this study [7].

Currently no data exist on the kinematics of the vertebral
column of the rat and the functional changes this induces
in the diameter of the vertebral canal. However, it is likely
that the imposed 4-mm displacement reduced the diameter
of the vertebral canal by much less than 4 mm because this
displacement includes that necessary to first induce the
coupled motion of the adjacent, freely moving, vertebral
motion segments. A previous study showed in humans that
approximately a 5% (1-mm) change in upper cervical
vertebral canal diameter measured during neck extension
could occur after a simulated whiplash event and that did
not dislocate the vertebral motion units [22]. This suggests,
by extrapolation, that the functional vertebral canal dia-
meter in the rats in this study may have been reduced in
the order of 0.2 mm in diameter. We have previously shown
in the rat that vertebral displacement less than a dislocation,
involving a static offset 20� rotational displacement of
the C2 vertebra, can induce a statistically significant in-
crease in mean cerebrospinal pressure from 6.160.7
to 6.660.7mmHg [23]. However, to induce significant
changes to the amplitude of the evoked somatosympathetic
reflex in the dura mater-exposed experiments in the current
study, we needed to apply much greater pressure (O13mm
Hg) after already compressing the dura mater onto the spi-
nal cord.

Although the vertebral displacement induced a 59%
decrease in amplitude of the evoked reflex in the renal
nerve of the single rat reported here, we also showed that
displacement of the dura mater onto the dorsal aspect of
the upper cervical spinal cord similarly modulated the am-
plitude of the evoked reflex in renal and adrenal nerves
(range 0.4–1.13). Importantly, however, these changes were
not statistically different from those recorded in the control
circumstance in which no pressure was applied. Only when
additional pressure was applied to the extent that it oc-
cluded the blood vessels on the dorsal surface of the spinal
cord and deformed the spinal cord itself was a statistically
SPINEE55509_proof ■ 01–
significant modulation of the evoked somatosympathetic
reflex induced in the dura-exposed experiments. These find-
ings suggest, at least in this one instance of C2 displace-
ment, which notably involved maximum displacement of
the C2 vertebra without dislocation, that the modulation
of the amplitude of the electrically evoked somatosympa-
thetic reflex was within the range shown to occur in control
(no extrinsically applied pressure) circumstances. This rai-
ses doubt about the biological plausibility of the compres-
sion hypothesis [2] that vertebral displacement less than
a dislocation (vertebral subluxation) in the upper cervical
spinal cord is likely to induce sufficient pressure to result
in significant modulation of the efferent outflow in the renal
nerve.

However, to formally test this it would be necessary to
undertake a pre- and post-C2 vertebral displacement study
involving at least 12 rats to ensure sufficient sensitivity
(power50.8 or 80% chance) in the study (assuming a paired
t test analysis) to detect at least a 20% change in amplitude
of the evoked somatosympathic reflex with 95% confidence
(a50.05) since this feasibility study has demonstrated that
even when no pressure is applied to the spinal cord the ex-
pected standard deviation of the amplitude of the reflex is
0.224.

This study has demonstrated that it is possible to under-
take an in vivo investigation of the role of compression in
the chiropractor’s upper cervical vertebral subluxation hy-
pothesis. Although the current study suggests it is unlikely
that vertebral displacement less than a dislocation in the up-
per cervical vertebral column compromises the sympathetic
outflow to the adrenal and renal nerves as measured by
changes in the amplitude of electrically evoked somato-
sympathetic reflex, further vertebral displacement studies
are necessary to formally test this.
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