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Abstract The aim of this study was to examine gastric

motility and blood flow during nociceptive hypertonic

saline injections (HS) in paraspinal muscles of urethane-

anaesthetised rats. Gastric pressure was not affected by HS

in intact or vagotomised conditions. After cervical spinal-

isation, it was decreased by injections at T13 or L6 but not

T2. Moreover, HS injections at T13 produced greater

gastric pressure decreases compared with L6 and T2 and

increased gastric sympathetic nerve activity. Blood pres-

sure and gastric blood flow were decreased by T13 injec-

tions in spinal cord intact but not spinalised rats. Besides,

isotonic saline injections (non-nociceptive) produced non-

significant or marginal effects. These results indicate that

gastric motility is decreased by nociceptive input from

paraspinal muscles in spinalised rats through activation of

the gastric sympathetic nerve. Although gastric blood flow

was also decreased by nociceptive stimulation at T13 in

spinal cord intact rats, these changes seem to depend on

blood pressure.
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Somato-autonomic reflexes � Gastric � Sympathetic

Introduction

Pain is associated with behavioural and physiological

responses. These include autonomic responses such as

reflex changes in gastric motility and cardiovascular

functions. It is well known that somatic stimulation,

including nociceptive muscle stimulation, can alter the

activity of autonomic nerves and the function of their

effector organs through so-called somato-autonomic

reflexes [1]. Some of these reflexes, such as those elicited

by limb stimulation, mainly rely on non-segmental path-

ways, while reflexes elicited by abdominal or back stimu-

lation depend on both non-segmental and segmental

pathways. The latter are sometimes masked by descending

inhibitory pathways, as evidenced by spinal transection at

the cervical level [1].

In anaesthetised rats, gastric motility is inhibited by

nociceptive somatic stimulation applied to the abdomen by

either pinching of the skin [2, 3] or needling of the skin and

muscles [4], irrespectively of spinal cord transection [3, 4].

However, the reported effects of back stimulation (thoracic

and lumbar regions) on gastric motility are variable.

Indeed, gastric motility is not affected by needling [4], not

affected or marginally inhibited by pinching [2], or clearly

inhibited by capsaicin injections into interspinous tissues

[5]. Therefore, gastric motility may be affected differently

by back stimulation depending on the type of peripheral

afferents that are activated and the stimulated tissue.

Acute back pain, including paraspinal muscle strain, is a

common condition. Considering that back pain is highly

prevalent in the general population [6–8] and that it may

potentially affect the stomach through somato-sympathetic

reflexes, it is essential to clarify the impact of paraspinal

muscle nociception on gastric motility. To our knowledge,

however, no study has investigated the modulation of
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Department of Chiropractic, Université du Québec à Trois-
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gastric functions by paraspinal muscle stimulation alone to

exclude the contribution of afferents from other tissues.

Besides, alteration of gastric blood flow (GBF) by back

pain may also be clinically relevant since it plays an

important role in tissue protection [9]. A few studies

indicate that gastrointestinal blood flow is also affected by

cutaneous heat stimulation on the abdomen through so-

mato-autonomic reflexes [10, 11]. However, no study has

examined the modulation of GBF by nociceptive input

from back muscles. Importantly, muscle stimulation may

have different effects on GBF compared to skin stimula-

tion, considering the distinct changes in blood pressure that

are associated with each stimulus. Indeed, nociceptive

cutaneous stimulation usually increases blood pressure in

the rat [1], while nociceptive stimulation of muscles is

usually associated with decreases in blood pressure [12]. In

turn, GBF may be affected by blood pressure changes

passively or by reflex changes of gastric vasomotor nerves

induced by somatic stimulation.

The aim of this study was to examine the impact of

nociceptive input from paraspinal muscles on gastric

motility and blood flow. Paraspinal muscles were stim-

ulated with hypertonic saline (HS), a commonly used

and potent chemical stimulus that reliably activates

nociceptors and produces muscle pain in human [13–16].

We anticipated that the activation of paraspinal muscle

nociceptors would be effective to alter gastric motility

and blood flow in urethane-anaesthetised rats with an

intact or a transected spinal cord through segmental

sympathetic reflexes.

Methods

Animals

Three experiments were performed on 20 adult male

Wistar rats (body weight 275–375 g) bred at the Tokyo

Metropolitan Institute of Gerontology. The study was

conducted with the approval of and in accordance with the

guidelines for animal experimentation prepared by the

Animal Care and Use Committee of the Tokyo Metropol-

itan Institute of Gerontology.

Experimental design

The study comprises three successive experiments to

examine gastric motility, GBF, and gastric sympathetic

nerve activity (GSNA) during nociceptive stimulation of

paraspinal muscles. Nociceptive stimulation was carried

out with a 20-ll injection of HS (6 %), while a 20-ll

injection of isotonic saline (IS) (0.9 %) was used as a non-

nociceptive control.

For experiment 1, HS and IS were injected in the T2,

T13, or L6 left paraspinal muscles (n = 8). In this

experiment, we specifically investigated whether gastric

motility would be decreased by nociceptive paraspinal

muscle stimulation and whether the reflexes were seg-

mentally organised (stronger when the stimulation was

delivered at T13) in central nervous system intact and

spinalised conditions. We also wished to confirm the

lack of contribution of the vagal nerve to these reflexes.

Concurrently, we also examined how blood pressure

would be affected by nociceptive input from the pa-

raspinal muscles. Stimuli were delivered once for each

condition and in random order for the two types of

injections (HS or IS) at the three injection sites. The

inter-stimulus interval was sufficiently long to allow

recovery to baseline values (over 2 min). Once the series

of six stimuli had been completed, vagotomy was per-

formed bilaterally at the cervical level and a second

series of six stimuli was delivered. Subsequently, rats

were spinalised at the first cervical level, and a third

series of six stimuli was delivered.

For experiment 2, GBF was examined in eight rats. For

this experiment, HS and IS were injected at T13 in vag-

otomised and spinalised conditions only, based on the

results from the first experiment. The order of nociceptive

and non-nociceptive stimuli was counterbalanced and

stimuli were delivered once for each condition. At the end

of the experiment, GBF was measured during rapid blood

withdrawal (0.7 ml) from the carotid artery in six of these

rats to examine the potential passive effect of blood pres-

sure changes on GBF.

For experiment 3, GSNA was monitored during HS and

IS injections at T13 in vagotomised and spinalised condi-

tions (n = 4) in order to examine the involvement of the

gastric sympathetic nerve in gastric pressure and GBF

changes. The order of nociceptive and non-nociceptive

stimuli was counterbalanced and stimuli were delivered

once for each condition.

General experimental conditions

Surgical procedures were initiated after animals had been

deeply anaesthetised with urethane (1.1 g kg-1 i.p.). The

right jugular vein was catheterised and additional ure-

thane doses were administered by bolus i.v. injections

(10 % of the initial dose) to maintain the depth of

anaesthesia. In addition to stable systemic arterial blood

pressure, the depth of anaesthesia was routinely con-

firmed by the absence of withdrawal (paw pinching) and

corneal reflexes. Systemic mean arterial pressure (MAP)

was monitored continuously from a cannula inserted into

the right common carotid artery and connected to a

pressure transducer (AT601-G, Nihon Kohden, Tokyo,
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Japan). Animals were artificially ventilated using a tra-

cheal cannula (model SN-480-7, Shinano, Tokyo, Japan)

and the end-tidal CO2 concentration was maintained to

3.0–3.5 % (Microcap, Oridion Medical, Jerusalem, Israel)

by controlling the respiratory rate and tidal volume.

Body temperature was monitored with a rectal probe and

was maintained at 37.5 ± 0.5 �C with a body tempera-

ture control system (ATB-1100, Nihon Kohden, Tokyo,

Japan). MAP as well as gastric pressure, GBF or gastric

sympathetic nerve activity was then recorded continu-

ously (Spike2, Cambridge Electronic Design, Cambridge,

UK). Before beginning with the stimulation protocol, the

depth of anaesthesia was confirmed and rats were im-

mobilised with gallamine triethiodide (20 mg/kg, i.v.).

For all experiments, rats rested for at least 20 min after

vagotomy and spinalisation, and the signals were stable

when the recordings started. At the end of the experi-

ment, rats received a lethal dose of sodium pentobarbital.

Gastric pressure recording

Gastric pressure was measured with the balloon method

[3] using a small balloon catheter (diameter around

1 cm). The balloon was inserted in the pyloric area of

the stomach through a small duodenal incision, 3 cm

away from the pylorus. Another catheter was placed in

the duodenum to drain digestive secretions. After sutur-

ing the abdominal incision, the rat was placed in a prone

position and the balloon catheter was connected to a

pressure transducer (AT601-G, Nihon Kohden, Tokyo,

Japan). The rat rested for approximately 1 h before any

recording to allow recovery from surgery and stabilisa-

tion. At the beginning of the experiment, gastric pressure

was increased between 100 and 150 mmH2O by injecting

warm saline in the gastric balloon (between 0.1–0.3 ml)

in order to induce typical peristaltic contractions. For

quantification purposes, the mean gastric pressure was

used (see data analyses below) because it provided a

reliable and stable signal.

Gastric blood flow recording

Gastric blood flow was measured using laser Doppler

flowmetry (ALF 2100, Advance, Tokyo). The probe (outer

diameter, 1.0 mm) was gently placed on the anterior sur-

face of the pyloric area of the stomach using a probe holder

fixed to a static pole anchored to the surgical table. The

holder could move freely in all movement planes to follow

the small stomach movements induced by respiration and

thus avoid large movement artefacts.

Gastric nerve recording

The gastric sympathetic nerve was exposed from opening

in the posterior aspect of the abdominal muscles. A branch

of the nerve was isolated by following the gastric branch of

the coeliac trunk and was cut close to the stomach. A pool

of warm paraffin oil was made and the proximal part of the

cut end of the gastric nerve was placed on bipolar plati-

num-iridium hook electrodes. Multiunit activity was

amplified (5,000 times), filtered (150–3,000 Hz), sampled

at 20 kHz (Spike2 software, Cambridge Electronic Design,

Cambridge, UK) and recorded on a personal computer for

offline analyses.

Intramuscular saline injections

Small incisions were made on the skin of the back to insert

26-gauge needles into T2, T13 or L6 paraspinal muscles.

Needles were connected to catheters and small syringes

containing either IS (0.9 %) or HS (6 %). The needles were

placed before any recording, including three for HS and

three for IS (for experiment 1) or one for HS and one for IS

(for experiment 2 and 3). After each series, needles were

removed to avoid injury during vagotomy and spinalisa-

tion. Needles were then replaced in the same area for

subsequent series. However, each site received only three

injections at the most (either HS or IS), each of which was

separated by at least 30 min. The 20-ll injections were

performed manually over 10 s and always began after

recovery from the needle insertion, when the signals were

stable.

Data analyses and statistics

Data were analysed with Spike2 (Cambridge Electronic

Design, Cambridge, UK). Gastric pressure and blood flow

were smoothed with a time constant of 6 s, while mean

arterial pressure was calculated with a time constant of 2 s.

For gastric nerve recordings, multiunit activity was dis-

criminated from background noise based on spike ampli-

tude. The spike rate was then displayed continuously with

5-s time bins. For all measures, a 20-s baseline period was

used to calculate the percent change induced by the stim-

ulation (response peak - maximum or minimum).

All data are expressed as mean ± SEM. Statistical

analyses were performed with Statistica v10.0 (Statsoft

Inc., Tulsa, OK, USA). The effects of saline injections

were assessed with paired t tests and repeated-measures

ANOVA as needed. Fisher post hoc test was used to

decompose significant effects. The significance threshold

was set to p B 0.05 for all analyses.
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Results

Modulation of gastric motility by paraspinal muscle

stimulation

An individual example of gastric pressure changes is

shown in Fig. 1a. In this example of the T13 HS injection,

gastric pressure did not show a clear response in the intact

and vagotomised conditions but was robustly decreased

after spinalisation. The response peaked within the first

minute followed by a slow recovery to the baseline value

after 2–3 min, but sometimes slightly later, as in this

example. The peak of gastric pressure changes induced by

paraspinal muscle stimulation (IS and HS injections) was

measured within the first minute post-stimulus and was

compared with baseline for each condition (intact, vagot-

omised and spinalised) and each region (T2, T13 and L6).

The group analysis of gastric pressure changes induced

by HS injections is presented in Fig. 1b. Paired t tests

indicated that gastric pressure was not affected by HS

compared with baseline in intact conditions or after

vagotomy (all p [ 0.05). After spinalisation, however,

gastric pressure decreased when HS was applied at T13

(-7.5 ± 1.8 %; p \ 0.01) or L6 (-3.1 ± 0.9 %;

p \ 0.05), but not T2 (-1.7 ± 0.8 %; p [ 0.05). To

determine whether HS had a segmental effect (greater

changes when injected at T13 compared with the other 2

regions), a one-way repeated measures ANOVA was con-

ducted using the percent change in gastric pressure in

spinalised conditions for the three regions. This analysis

confirmed that the effect of HS was different between

regions (main effect: p \ 0.01). As expected, Fisher’s post

hoc test revealed a greater decrease in gastric pressure for

T13 compared with L6 (p \ 0.01) and T2 (p \ 0.001).

As for the group analysis of gastric pressure changes

induced by IS injections (see Fig. 1c), paired t tests indi-

cated that intramuscular IS injection did not produce any

significant change in gastric pressure compared with

baseline for all conditions and all regions (p [ 0.05) except

for T2, for which a negligible but significant decrease was

observed after spinalisation (-1.2 ± 0.5 %; p \ 0.05).

Modulation of mean arterial pressure by paraspinal

muscle stimulation

An individual example of MAP changes is shown in

Fig. 2a. In this example of the T13 HS injection, MAP was

strongly decreased in the intact and vagotomised condi-

tions but not after spinalisation. The response peaked

within 30 s and MAP recovered to the baseline value

within 2 min. The peak of MAP changes induced by pa-

raspinal muscle stimulation (IS and HS injections) was

measured within the first minute post-stimulus and was

compared with baseline for each condition (intact, vagot-

omised and spinalised) and each region (T2, T13 and L6).

The group analysis of MAP changes induced by HS

injections is presented in Fig. 2b. Paired t tests indicated

that intramuscular HS injection strongly decreased

MAP compared with baseline for T13 and L6 in intact

conditions (-22.0 ± 1.7 %; p \ 0.001 and -8.7 ± 3.6 %;

p \ 0.05, respectively) and in vagotomised conditions

Fig. 1 Modulation of gastric motility by nociceptive input from

paraspinal muscles. a Individual example of mean gastric pressure (6-

s smoothing) recordings in intact, vagotomised and spinalised

conditions for the intramuscular HS injection at T13. Note that

spinalisation was always performed after vagotomy so spinalised rats

are also vagotomised. The vertical lines indicate the beginning of the

HS injection that lasted approximately 10 s. Gastric pressure was not

affected by HS in the intact and vagotomised conditions but was

decreased after spinalisation. Group analyses (paired t tests, n = 8)

are presented for HS (b) and for IS (c) injected in the paraspinal

muscles of three vertebral regions, including T2, T13 and L6.

*p \ 0.05, **p \ 0.01, ***p \ 0.001
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(-21.1 ± 2.8 %; p \ 0.001 and -11.1 ± 1.7 %;

p \ 0.001, respectively). The response was abolished by

spinalisation (both p [ 0.05). No significant change was

observed for T2 (all p [ 0.1). A one-way repeated-mea-

sures ANOVA indicated that MAP responses induced by

the HS injection differed across regions in intact conditions

(main effect: p \ 0.001) and after vagotomy (main effect:

p \ 0.01). Fisher’s post hoc test revealed a greater

decrease in MAP for T13 compared with L6 and T2 in

intact conditions (p \ 0.01 and p \ 0.001, respectively)

and after vagotomy (p \ 0.05 and p \ 0.001, respectively).

As for the group analysis of MAP changes induced by IS

injections (see Fig. 2c), paired t tests indicated that MAP

was slightly but significantly decreased relative to baseline

in the intact conditions for T2 (-3.2 ± 1.3 %; p \ 0.05)

and after vagotomy for T13 (-4.1 ± 1.3 %; p \ 0.05) and

L6 (-5.6 ± 1.6 %; p \ 0.05). No significant change was

observed for other conditions (p [ 0.05).

Modulation of GBF by paraspinal muscle stimulation

In experiment 2, GBF changes induced by HS and IS

injections were examined for T13 in vagotomised and

spinalised rats. An individual example is shown in Fig. 3a.

In this example, GBF was decreased by the T13 HS

injection in vagotomised conditions, while it was increased

in spinalised conditions. The response peaked within the

first minute (decrease or increase) and usually recovered to

baseline values within 3 min, as in this example. The peaks

of GBF changes induced by paraspinal muscle stimulation

(IS and HS injections) were measured within the first

minute post-stimulus and were compared with baseline for

both conditions (vagotomised and spinalised).

The group analysis of GBF changes induced by HS

injections is presented in Fig. 3b. Paired t tests indicated

that intramuscular HS injection decreased GBF in vagot-

omised conditions (-12.8 ± 2.7 %; p \ 0.01) but this

reflex was abolished by spinalisation (p [ 0.05), following

which a trend toward an increase was observed. As for the

group analysis of GBF changes induced by IS injections

(see Fig. 3c), paired t tests indicated that IS did not sig-

nificantly affect GBF compared with baseline in vagoto-

mised or spinalised conditions (p [ 0.05).

Mean arterial pressure changes recorded concurrently

with GBF were also analysed with paired t tests to examine

their potential contribution to GBF changes. HS decreased

MAP compared to baseline in vagotomised conditions

(-25.6 ± 2.7 %, p \ 0.05). In spinalised conditions, HS

did not significantly affect MAP compared to baseline,

although it was slightly increased (6.3 ± 2.4 %, p [ 0.05).

Besides, IS did not significantly affect MAP compared with

baseline in vagotomised (-9.2 ± 3.3 %, p [ 0.05) or

spinalised (0.0 ± 0.7 %, p [ 0.05) conditions. Consider-

ing that HS produced similar effects on GBF and MAP in

vagotomised conditions, MAP may contribute to GBF

changes. Consistent with this, GBF changes were strongly

associated with MAP changes in vagotomised conditions

(Pearson’s correlation: r = 0.73, p \ 0.05).

To confirm the possibility that GBF may be passively

driven by MAP, the effect of rapid arterial blood with-

drawal on GBF and MAP was examined (see Fig. 4). The

withdrawal of 0.7 ml of blood from the carotid artery

Fig. 2 Modulation of blood pressure by nociceptive input from

paraspinal muscles. a Individual example of mean arterial pressure

(MAP) in intact, vagotomised and spinalised conditions for the

intramuscular HS injection at T13. Note that spinalisation was always

performed after vagotomy so spinalised rats are also vagotomised.

The vertical lines indicate the beginning of the HS injection that

lasted approximately 10 s. MAP was strongly decreased in the intact

and vagotomised conditions but not after spinalisation. Group

analyses (paired t tests, n = 8) are presented for HS (b) and for IS

(c) injected in the paraspinal muscles of three regions, including T2,

T13 and L6. *p \ 0.05, **p \ 0.01, ***p \ 0.001
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produced a decrease in MAP (-21.4 ± 3.5 %; p \ 0.01)

accompanied by a decrease of very similar amplitude in

GBF (-21.6 ± 2.1 %; p \ 0.001).

Activation of the gastric sympathetic nerve

by stimulation of paraspinal muscles

Gastric sympathetic nerve activity was examined following

paraspinal muscle stimulation with IS and HS injected at

T13. An individual example is provided in Fig. 5a. In this

example, GSNA was slightly decreased by HS in

vagotomised conditions, while it was robustly increased

after spinalisation. Similarly to gastric pressure, MAP and

GBF, the response peaked within the first minute and

recovered slowly to baseline. The peaks of GSNA induced

by paraspinal muscle stimulation (IS and HS injections)

were measured within the first minute post-stimulus and

were compared with baseline for both conditions (vagoto-

mised and spinalised).

The group analysis of GSNA changes induced by HS

injections is presented in Fig. 5b. Paired t tests indicated

that intramuscular HS injection decreased GSNA compared

with baseline in vagotomised conditions but this effect was

not significant (-27.4 ± 10.8 %; p [ 0.05). In contrast,

gastric nerve activity showed a robust increase compared

with baseline after spinalisation (75.8 ± 32.7 %;

p \ 0.01). As for the effect of IS injections (see Fig. 5c),

GSNA was not significantly affected compared with

baseline in either vagotomised or spinalised conditions

(both p [ 0.05).

Discussion

This is the first study that investigates somato-gastric

reflexes induced by nociceptive input from paraspinal

muscles selectively. Three novel findings emerged from the

results. First, gastric motility was affected by nociceptive

input from paraspinal muscles but only when the influence

of descending inhibitory pathways was removed by spinal

transection. Second, GBF was affected by nociceptive

inputs from paraspinal muscles when the spinal cord was

intact, but these changes seemed largely dependent on

blood pressure. Third, HS injections produced a strong

decrease in MAP, as expected. Intriguingly, however, the

Fig. 3 Modulation of gastric blood flow (GBF) by nociceptive input

from T13 paraspinal muscles. a Individual example of GBF

recordings in vagotomised and spinalised conditions. Note that

spinalisation was always performed after vagotomy so spinalised rats

are also vagotomised. The vertical lines indicate the beginning of the

HS injection that lasted approximately 10 s. GBF was decreased by

HS in vagotomised conditions but was increased after spinalisation.

Group analyses (paired t tests, n = 8) are presented for HS (b) and for

IS (c) injected in the paraspinal muscles of T13. **p \ 0.01

Fig. 4 Passive changes in gastric blood flow (GBF) induced by

withdrawal of arterial blood from the carotid artery. Withdrawal of

0.7 ml of arterial blood produced a 21 % decrease in MAP associated

with a decrease of the same amplitude in GBF (paired t tests, n = 6).

Note that the MAP changes reported here are comparable to MAP

changes induced by HS injections at T13. **p \ 0.01, ***p \ 0.001
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amplitude of this supraspinal response depended on the

location of the stimulation.

Regulation of gastric motility

In the present study, gastric motility was decreased by HS

injections in paraspinal muscles, but only after spinalisa-

tion. This response was segmentally organised, with a

larger decrease observed for T13 compared with L6 or T2

injections, consistent with the central projections of T13

afferents [17, 18] and with the origin of preganglionic

sympathetic neurons innervating the stomach [19]. Gastric

motility was similarly unaffected by HS in the intact and

vagotomised conditions, and the gastric pressure decrease

induced by HS occurred in spinalised rats without con-

nections to the vagal nerves. Therefore, gastric pressure

changes induced by HS injections in paraspinal muscles

were independent of vagal activity. These results are

expected and consistent with previous studies showing the

segmental organisation of somato-gastric reflexes [3–5]. In

contrast to HS, the non-nociceptive IS injections at T13 did

not produce any significant response, indicating that auto-

nomic reflexes were elicited specifically by HS. Consid-

ering that HS activates group III and IV fibres and is one of

the most potent nociceptive stimuli for muscles [14, 20,

21], this indicates that nociceptive stimulation of paraspi-

nal muscles produces somato-gastric reflexes, while non-

nociceptive stimulations are ineffective.

Besides, gastric motility was not affected by HS when

the spinal cord was intact. This is consistent with previous

studies using pinching of the skin along the vertebral col-

umn or needling in the back [2, 4], but not with a more

recent study using capsaicin injections in interspinous tis-

sues [5]. The discrepancies between studies may be due to

several factors that seem to influence the response,

including the location of the stimulation, the stimulus

modality and the stimulus subtype (e.g. HS vs. capsaicin).

Concerning the stimulus location, it appears that the same

stimulation can produce different effects even when

applied in regions innervated by the same segments of the

spinal cord. For instance, pinching of the skin is either

ineffective at modulating gastric motility (along the ver-

tebral column), slightly inhibitory (more laterally in the

back) or produces strong inhibition (on the abdomen) [2].

In humans, it was also observed that HS injection into the

interspinous ligament produced pain that was longer in

duration and greater in intensity compared to HS injection

into the paraspinal muscles [22]. As for the stimulus

modality, mechanical stimuli are ineffective at modulating

gastric motility when applied along the vertebral column

[2, 4], but capsaicin injected in the same region induces

strong inhibitory effects [5]. Concerning the stimulus

subtype, capsaicin and HS are both chemical agents that

activate nociceptors, but produce different effects on gas-

tric motility, as evidenced by a previous study [5] and the

present results. Capsaicin strongly activates a subpopula-

tion of group III and IV fibres containing TRPV1 channels

[23–25]. HS also activates group III and IV fibres of the

skeletal muscle [14, 20, 21], but it may activate subpopu-

lations of fibres non-selectively, with or without TRPV1

channels. Thus, different responses may be observed with

HS and capsaicin.

Alternatively, the effect of the different stimuli on blood

pressure should be considered. In the study using capsaicin

injections, one remarkable difference compared with the

present study is that MAP was dramatically increased by

capsaicin [5] as opposed to the robust decrease induced by

Fig. 5 Modulation of gastric sympathetic nerve activity (GSNA) by

nociceptive input from T13 paraspinal muscles. a Individual example

of GSNA (spike rate) following HS injections at T13 in vagotomised

and spinalised conditions. The vertical lines indicate the beginning of

the HS injection that lasted approximately 10 s. HS tended to

decrease GSNA in vagotomised conditions, while robustly increasing

GSNA after spinalisation. Group analyses (paired t tests, n = 4) are

presented for HS (b) and for IS (c) injected in the paraspinal muscles

of T13. **p \ 0.01
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HS. The drop in MAP induced by HS in the present study is

consistent with the typical effect of deep structure stimu-

lation [12]. In contrast, capsaicin is more consistent with

the activation of nociceptors in superficial tissues [1]. As

opposed to the present study, capsaicin injections were

performed without removing the skin so it may be that

subcutaneous tissues were also strongly stimulated in

addition to the deeper interspinous structures [5]. Future

experiments are therefore needed to clarify the mechanisms

underlying the differences between studies by comparing

HS and capsaicin injections in the same tissues and at the

same location with peripheral afferent recordings.

In the present study, GSNA was recorded to confirm that

it was responsible for the inhibitory effect of HS injections

on gastric motility. Results indicate that GSNA was

robustly increased by HS in spinalised conditions, which

decreased gastric motility. This is consistent with the pre-

viously described mechanism of gastric motility inhibition

by somatic stimuli, involving segmental activation of the

GSNA by nociceptive input [3–5]. In contrast, GSNA was

not significantly affected in spinal cord intact vagotomised

rats, although there was a trend toward inhibition. This

result suggests that segmental somato-GSNA reflex acti-

vation is masked by descending inhibitory pathways.

Considering previous results showing different effects of

pinching and needling to the abdomen vs. back, our result

raises the possibility that descending inhibitory pathways

may be preferentially activated by back stimulation rather

than abdominal stimulation.

Regulation of gastric blood flow

In contrast to gastric motility, GBF was decreased in rats

with an intact spinal cord by nociceptive inputs from T13

paraspinal muscles. It has been shown that nociceptive

warming of the abdominal skin to 50 �C or above produced

a vasoconstriction in the gastrointestinal tract in both rats

with an intact central nervous system and rats with

Fig. 6 Schematic illustration of the proposed mechanisms underlying

somato-autonomic reflexes induced by nociceptive stimulation of

paraspinal muscles. a In intact conditions, stimulation of paraspinal

muscles with hypertonic saline inhibits tonic sympathetic activity in

the brainstem and activates descending inhibitory pathways. This

produces a generalised deactivation of sympathetic vasomotor

neurons of spinal origin, which in turn induces vasodilation and a

depressor response. Besides, descending pathways also inhibit spinal

reflexes involving the gastric sympathetic motor neurons, preventing

the inhibition of gastric motility by somatic-sympathetic reflexes

when the spinal cord is intact. b Nociceptive inputs from T2 and L6

project, in part, to spinal neurons that also receive inputs from the

limbs. This partial convergence of back afferents on spinal neurons

that receive limb afferents and project to pressor regions in the

brainstem may trigger a pressor response. In turn, this response may

compete with the depressor response induced by the inhibition of the

tonic sympathetic activity in the brainstem. The resulting response,

integrated in the brainstem, may then be smaller or abolished

compared with the depressor response induced by the HS injection at

T13, which nociceptors project to spinal segments devoid of neurons

that receive limb afferent inputs. c In spinalised conditions, descend-

ing pathways are interrupted, leading to no change in blood pressure.

However, the existing connection between somatic afferents from the

back and preganglionic sympathetic neurons is disinhibited and

allows somato-gastric reflexes to be evoked by hypertonic saline

injections. It should be noted that vasodilation was not measured

directly in this study, but was rather extrapolated from the GBF and

MAP responses. Considering that a strong depressor response was

produced by HS, it must be associated with some vasodilation,

although it was not monitored. CNS central nervous system, GSNA

gastric sympathetic nerve activity, MAP mean arterial pressure, GP

gastric pressure

b
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transected spinal cords [10]. However, the present GBF

decrease observed in parallel with changes in systemic

MAP was abolished by spinalisation, indicating that it is of

supraspinal origin, similarly to the MAP response. There-

fore, it appears to be a passive response induced by lower

tissue perfusion. This is consistent with (1) the strong

correlation between GBF and MAP changes following HS

injections, (2) the almost identical decrease of GBF and

MAP following rapid withdrawal of arterial blood in the

carotid artery, and (3) HS stimulation that decreased GBF

but did not activate (rather tended to inhibit) GSNA, which

contains a population of gastric vasoconstrictor fibres [26].

A similar blood flow response in the mesenteric micro-

vasculature was reported in a previous study showing that

the blood flow decrease induced by electro-acupuncture

applied to the back mainly depended on the systemic

arterial pressure [27].

One potential mechanism of the hypotensive response

is the inhibition of tonic activity in the rostral ventro-

lateral medulla (RVLM), which regulates the systemic

vasomotor tone [28]. Accordingly, inhibition of the

RVLM by HS injections may produce a withdrawal of

premotor sympathetic activity, leading to a generalised

deactivation of sympathetic vasomotor neurons in the

spinal cord (see Fig. 6a). Consequently, this would lead

to vasodilation and a depressor response. Besides,

descending pathways also inhibit spinal reflexes involv-

ing the sympathetic motor neurons, preventing the inhi-

bition of gastric motility by somato-sympathetic reflexes

when the spinal cord is intact.

Differences in the amplitude of the MAP response

depending on stimulus location

An intriguing finding of this study is the apparent seg-

mental effect of HS injections on the MAP response in

central nervous system intact conditions. Indeed, when

injected at T13, HS produced greater MAP changes

compared with T2 and L6. However, these responses

were abolished by spinalisation, indicating their supra-

spinal origin. This may reflect a difference in the con-

nectivity of nociceptors from different regions of the

spine (see Fig. 6). For instance, nociceptive inputs from

T2 and L6 project, in part, to spinal neurons that also

receive inputs from the limbs. Therefore, partial con-

vergence of back afferents on spinal neurons that receive

limb afferents and project to pressor regions in the brain

may trigger a pressor response. In turn, this response

may compete with the depressor response induced by

RVLM inhibition (see above). The resulting response,

integrated in the RVLM, may then be smaller or abol-

ished compared with the depressor response induced by

the HS injection at T13, which nociceptors project to

spinal segments devoid of neurons that receive limb

afferent inputs. However, this remains speculative and

future studies are needed to clarify the mechanisms of

segment-dependant differences in the amplitude of MAP

changes.

Speculations on clinical significance

Since gastric blood flow but not gastric motility was

affected by nociceptive input from back muscles in rats

with an intact central nervous system, we speculate that

muscle pain from the back may alter gastric function

possibly through a decrease in gastric blood flow in

patients with an intact spinal cord. Besides, based on the

results from the present study in spinalised rats, gastric

motility may be altered in patients with a complete

spinal cord injury presenting with a concurrent muscu-

loskeletal disorder affecting their thoracic spine, although

they do not feel or report pain. Consistent with this, it

has been reported that patients with complete high cer-

vical spinal cord injury may experience gastric dysmo-

tility following an abdominal surgery, as a manifestation

of active nociceptive processes and as a consequence of

autonomic hyperreflexia [29]. Considering that the

abdomen and the back share similar segmental innerva-

tion, a comparable surgery or lesion to back tissues may

produce similar effects, based on the present findings.

Conclusion

In conclusion, nociceptive input from the thoraco-lumbar

spine may not always produce somato-gastric reflexes

when the spinal cord is intact. The conditions for which

these reflexes may occur need to be clarified, but this study

indicates that in the case of HS injected in the paraspinal

muscles, descending pathways profoundly inhibit spinal

reflexes that evoke sympathetic responses, resulting in no

significant change in gastric motility. In addition, HS likely

produces a withdrawal of premotor sympathetic activity in

the brainstem. This leads to a generalised deactivation of

sympathetic vasomotor neurons of spinal origin that pro-

duces a large depressor response associated with a decrease

in gastric blood flow.
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