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Abstract Somatostatin and its receptors are expressed in

the spinal cord, but the functional roles of the peptide

remain unknown. In this study, we examined the coloki-

netic effect of somatostatin in the spinal defecation center

in anesthetized rats. Intrathecal application of somatostatin

into the lumbo-sacral cord caused propulsive contractions

of the colorectum. However, somatostatin administered

intravenously or intrathecally to the thoracic cord failed to

enhance colorectal motility. Transection of the thoracic

cord had no significant impact on the colokinetic action of

somatostatin. The enhancement of colorectal motility by

intrathecal administration of somatostatin was abolished by

severing the pelvic nerves. Our results demonstrate that

somatostatin acting on the spinal defecation center causes

propulsive motility of the colorectum in rats. Considering

that somatostatin is involved in nociceptive signal trans-

mission in the spinal cord, our results provide a rational

explanation for the concurrent appearance of chronic

abdominal pain and colonic motility disorders in IBS

patients.

Keywords Autonomic nervous system � Blood pressure �
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Introduction

Somatostatin, known as somatotrophin-releasing inhibitory

factor (SRIF), was originally discovered as a hypothalamic

neuroendocrine hormone that potently inhibits the secre-

tion of growth hormone from the anterior pituitary gland

[1]. Somatostatin is also produced throughout the central

nervous system and in peripheral organs such as the pan-

creas and gastrointestinal tracts [2, 3]. Somatostatin binds

to five subtypes (sst1-5) of receptors belonging to the

family of G protein-coupled receptors [3]. Activation of

somatostatin receptors mainly leads to inhibition of intra-

cellular adenylate cyclase via Gi [2, 4, 5].

Somatostatin and some of its receptors are also expres-

sed in the spinal cord [4, 6]. Endogenous somatostatin of

the spinal cord is derived from various neurons including

primary afferent neurons, spinal interneurons and

descending neurons from some regions of the brain [7–10].

Abundant somatostatin-immunoreactive nerve terminals

project to the spinal dorsal horn, where somatostatin is

involved in inhibitory regulation of nociceptive signal

transmission [6, 9, 11, 12]. Spinal somatostatin-im-

munoreactive nerve terminals as well as neurons

immunoreactive to its receptors have also been detected in

the intermediolateral cell column [6, 9, 13]. Since the

intermediolateral cell column consists of a mass of pre-

ganglionic neuronal cells of the autonomic nerves, spinal

somatostatin would be involved in regulation of the auto-

nomic nervous system at the spinal level.

In our previous study, we demonstrated that intrathecal

administration of ghrelin, a peptide acting on the growth

hormone secretagogue receptor 1a (GHSR1a), at the L6–S1

spinal level causes strong propulsive contractions of the rat

colorectum [14]. The effect of ghrelin on colorectal

motility is brought about by activation of GHSR1a-
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expressing neurons of the intermediolateral cell column at

the lumbo-sacral spinal cord, where the spinal defecation

center is located [15, 16]. Recently, we have tried to reveal

the characteristics of ghrelin-sensitive neurons of the

lumbo-sacral defecation center by comparing them with the

characteristics of NPY-containing hypothalamic ghrelin-

sensitive neurons [17]. Although our results demonstrated

that the characteristics of ghrelin-sensitive neurons are

different from those of hypothalamic neurons, the precise

characteristics of ghrelin-sensitive neurons in the spinal

defecation center remain to be clarified.

In the hypothalamus, somatostatin exerts an effect

opposite to that of ghrelin and reduces growth hormone

release [1, 18]. In addition, ghrelin-sensitive neurons are

directly inhibited by somatostatin in rat arcuate neurons

in vitro [19]. Thus, we hypothesized that somatostatin may

compete with the colokinetic effect of ghrelin in the spinal

defecation center. To test the hypothesis, we investigated

whether intrathecally administered somatostatin inhibited

colorectal motility. Contrary to our expectation, somato-

statin intrathecally administered into the L6–S1 region of

the spinal cord enhanced colorectal motility. Thus, in the

present study, we investigated the mechanisms of the effect

of somatostatin on colorectal motility.

Materials and methods

Animals

Male Sprague-Dawley rats (Japan SLC, Inc., Shizuoka,

Japan) were used. The rats were maintained in plastic cages

at 22 �C with a 12:12 h light:dark cycle (light on

07:00–19:00 h), and they were supplied with both labora-

tory chow (MF, Oriental Yeast Co., Ltd., Tokyo, Japan)

and water ad libitum prior to experiments. The experi-

mental procedures were performed according to the

guidelines for the care and use of laboratory animals

approved by the Animal Care and Use Committee of Gifu

University (Permission Nos. 14100, 15094). The total

number of animals used in this study was 45.

Recording of colorectal motility

The procedures for recording colorectal motility were

based on those described previously [14, 20]. Rats

(8–10 weeks old) were sedated with ketamine hydrochlo-

ride (50 mg/kg, intramuscular injection) and anesthetized

with alpha-chloralose (60 mg/kg, into the tail vein). The

femoral artery was cannulated, and anesthesia was main-

tained by intra-arterial infusion of alpha-chloralose

(10–20 mg/kg/h) combined with ketamine hydrochloride

(3–5 mg/kg/h) in 0.9% saline. The arterial cannula was

connected to a pressure transducer for monitoring arterial

blood pressure. Body temperature was maintained at

36–37 �C by a heating blanket (Homeothermic Blanket

System, Harvard Apparatus, Holliston, MA, USA)

throughout experiments. At the completion of the experi-

ments, rats were immediately killed by intraperitoneal

injection of a lethal dose of sodium pentobarbitone

(100 mg/kg) while they were still under anesthesia.

The colorectum of each anesthetized rat was cannulated

and tied around both in the region of the distal colon behind

the bladder and at the anus, and then the body wall was

closed around the oral cannula. The oral cannula was

connected to a Mariotte bottle filled with warm saline kept

at 37 �C, and the aboral cannula was connected to a

pressure transducer and a fluid outlet through a one-way

valve for measurements of intraluminal pressure of the

colorectum and expelled fluid volume, respectively. The

basal level of intraluminal pressure was maintained at

4–6 mmHg by adjusting the heights of the Mariotte bottle

and outlet tube. Expelled fluid from the aboral cannula was

collected in a cylinder positioned beneath the fluid outlet

and measured with a force transducer.

When the spinal cord was transected at T4 during the

recording session, the region of the T3 and T4 vertebrae

was exposed by laminectomy, and the spinal cord was

transected with micro scissors [21]. In some series of

experiments, the parasympathetic pelvic nerves or sympa-

thetic nerves (colonic and hypogastric nerves) were bilat-

erally cut before the colorectal cannulation [22, 23]. After

the surgical operation for recording colorectal motility, the

rats were kept for about 1 h to allow the basal colorectal

motility and blood pressure to stabilize.

Administration of somatostatin

For intrathecal application of somatostatin to the thoracic

or lumbo-sacral spinal cord, a 30-gauge needle connected

to a polyethylene tube was inserted between the T3 and T4

or L1 and L2 vertebrae from the dorsal surface. The L1–L2

vertebrae correspond to spinal cord level L6–S1 in the rat.

The cannula was secured in place with instant adhesive

(Aron Alpha Extra; Toagosei, Co., Ltd., Tokyo, Japan) to

create a tight seal at the point of cannulation. There was no

cerebrospinal fluid leak. For intravenous injection of

somatostatin, the femoral vein was cannulated.

Reagents

The following compounds were used: alpha-chloralose

(Nacalai Tesque, Inc., Kyoto, Japan), ketamine

hydrochloride (Daiichi Sankyo Co., Ltd., Tokyo, Japan)

and somatostatin (Peptide Institute, Osaka, Japan).

Somatostatin was dissolved in distilled water and stored in
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a freezer. Alpha-chloralose was solubilized with 10%

2-hydroxypropyl-beta-cyclodextrin (Wako Pure Chemical

Industries, Ltd., Osaka, Japan) and then made up with 0.9%

saline for infusion.

Statistics

Data are expressed as mean ± SD. We checked the nor-

mality of variance of our data by using the chi-square test

for goodness of fit and checked the homogeneity of vari-

ance of our data by using the F test. According to the

distribution of variance, either the paired or unpaired, two-

tailed Student’s t test or Wilcoxon signed rank sum test was

used for statistical analysis between two groups. Multiple

comparisons were performed by the Steel-Dwass test

(Figs. 3, 5). Multiple comparisons between related groups

were performed by two-way ANOVA followed by Sch-

effé’s F test (Fig. 2b, c). P values\0.05 were considered to

be statistically significant. Somatostatin-induced responses

were quantified using data obtained for an initial period of

20 min after the beginning of their appearance. When

responses did not appear, data calculation was started

5 min after drug administration. The data shown in Fig. 2d

were analyzed for each 10-min period after somatostatin

injection until 60 min to demonstrate time-dependent

change in the frequency of contractions. For counting the

number of contractions, we used the LabChart software

(ADInstruments, NSW, Australia). All pressure increases

of more than 2 mmHg above baseline were included.

Changes of blood pressure were calculated as the rate of

change corresponding to the mean arterial blood pressure

in a 10-min period prior to somatostatin injection.

Results

Effects of intrathecal injection of somatostatin

on colorectal motility

Spontaneous brief and small rises in intraluminal pressure

without accompanying fluid output from the anal cannula

were recorded in a resting state before intrathecal applica-

tion. When 0.9% saline was injected into the lumbo-sacral

spinal cord as a control, there was no significant difference

in either the expelled volume or frequency of contractions

before and after saline injection (n = 5, Figs. 1, 2b, c).

Subsequent injection of 0.6 nmol somatostatin transiently

enhanced colorectal motility and significantly increased the

expelled fluid volume compared with their respective vehi-

cle controls (n = 5, Fig. 2a, b). Frequency of colorectal

contractions was unchanged after the injection (n = 5,

Fig. 2c). A higher dose of somatostatin (6 nmol) caused

strong contractions of the colorectum (Figs. 1, 2a). Increases

in intraluminal pressure of more than 2 mmHg above

baseline, which were accompanied by expulsion of fluid

from the aboral cannula, were continuously observed for

nearly 1 h (54.6 ± 30.2 min; n = 5). The expelled fluid

volume and frequency of colorectal contractions were sig-

nificantly increased compared with their respective vehicle

controls (n = 5, Fig. 2b, c). Enhancement of the frequency

was evident until 30 min after intrathecal administration of

6 nmol somatostatin (Fig. 2d). Blood pressure was tran-

siently increased by intrathecal injection of somatostatin at

the L6–S1 level (n = 5, Figs. 1a, 3e). In two of the five rats,

a slight decrease in blood pressure was observed prior to the

increase (Fig. 1a).

Effects of thoracic or intravenous administration

of somatostatin on colorectal motility

To verify the action site of intrathecally injected somato-

statin, the peptide was administered into the thoracic spinal

cord. Intrathecal administration of somatostatin at the T3–4

level failed to enhance colorectal motility (Fig. 3a, c, d). In

addition, no changes in colorectal motility were observed

when somatostatin was administered intravenously

(Fig. 3b–d). Thoracic injection, but not intravenous injec-

tion, of somatostatin greatly increased blood pressure

(Fig. 3a, b, e). An initial drop of blood pressure was also

observed in all of the rats injected intravenously and in

three of the five rats injected into the thoracic cord.

Effects of T4 spinal transection on the somatostatin-

induced enhancement of colorectal motility

To examine whether activity of the supraspinal regions is

essential for the action of somatostatin, the thoracic spinal

cord was transected at the T4 level. T4 transection did not

affect spontaneous colorectal contractions (Fig. 4b). One

hour after transection of the thoracic spinal cord, 6 nmol of

somatostatin was injected into the spinal cord at the L6–S1

level. As shown in Fig. 4a, somatostatin caused marked

propulsive motility of the colorectum, the parameters (ex-

pelled volume and frequency of contractions) of which were

comparable to those observed in rats without transection of

the thoracic spinal cord (Fig. 4c). In rats in which the tho-

racic spinal cord was transected at the T4 level, blood

pressure did not increase after administration of somato-

statin into the L6–S1 spinal cord (data not shown).

Effects of surgical nerve severing

on the somatostatin-induced enhancement

of colorectal motility

To identify the neural pathway that mediates the action

of somatostatin, effects of nerve transection were
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Fig. 1 Responses of the

colorectum to intrathecal

somatostatin applied to the

lumbo-sacral spinal cord.

Representative recording traces

of intraluminal pressure change

(upper), expelled liquid volume

(middle) and blood pressure

(lower) before and after

intrathecal application of

somatostatin (6 nmol) are

shown. Vehicle denotes time of

0.9% saline (10 lL) injection as

a control

Fig. 2 Quantitative analysis of

the effect of somatostatin

applied to the lumbo-sacral

spinal cord. a Representative

recording traces of intraluminal

pressure change before and after

intrathecal administration of

somatostatin at a dose of 0.6

(upper) or 6 nmol (lower). Bar

graphs summarize b expelled

liquid volume (ml/20 min) and

c frequency of contractions

(contractions/20 min) before

saline injection, after saline

injection and after somatostatin

(0.6 or 6 nmol) injection. Each

value represents the

mean ± SD (n = 5).

*Significantly different between

two groups (P\ 0.05). d Time-

dependent changes in frequency

of contractions before and after

injection of 6 nmol somatostatin

(n = 5) are shown
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examined. Bilateral transection of the lumbar colonic

and hypogastric nerves did not affect the somatostatin-

induced enhancement of colorectal motility (Fig. 5a, c).

On the other hand, when the pelvic nerves were bilat-

erally transected, intrathecal administration of somato-

statin failed to increase the frequency of contractions,

amplitude of colorectal pressure changes or expelled

volume (Fig. 5b, c).

Discussion

The present study was undertaken to examine the possible

inhibitory effect of somatostatin on colorectal motility in the

lumbo-sacral spinal defecation center. Contrary to our

expectation, intrathecal application of somatostatin to the

L6–S1 region of the spinal cord enhanced colorectal motil-

ity. The major findings regarding the mechanisms of action

Fig. 3 Effect of thoracic

intrathecal or intravenous

administration of somatostatin

on colorectal motility.

Representative recording traces

of intraluminal pressure change

(upper) and blood pressure

(lower) before and after

a thoracic intrathecal and

b intravenous application of

somatostatin (6 nmol) are

shown. In both administration

routes, somatostatin failed to

enhance colorectal motility. Bar

graphs summarize c expelled

liquid volume (ml/20 min) and

d frequency of contractions

(contractions/20 min) after

saline injection and after

somatostatin (6 nmol) injection.

Each value represents the

mean ± SD (n = 5). Blood

pressure was greatly increased

by somatostatin injected into the

thoracic spinal cord but not by

somatostatin injected into the

vein. e Quantitative data of

increase of blood pressure

caused by somatostatin

(6 nmol) injection into the

lumbo-sacral spinal cord,

thoracic spinal cord and vein

(n = 5). *Significantly different

between two groups (P\ 0.05)
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are (1) intravenous and/or intrathoracic administration of

somatostatin had no effect on colorectal motility, (2)

somatostatin enhanced colorectal motility without neural

interaction with the supraspinal region and (3) somatostatin-

induced enhancement of colorectal motility was abolished

after cutting the pelvic nerves but not after severing sym-

pathetic nerves. These findings indicate that somatostatin

enhances colorectal motility because of activation of

parasympathetic preganglionic neurons of the pelvic nerves

in the spinal defecation center.

Since the intrathecally injected somatostatin would be

delivered to the defecation center in the brain stem through

cerebrospinal fluid circulation, neurons located in supraspinal

regions could be the action site of somatostatin. In addition,

receptors expressed in the enteric nervous system of the gas-

trointestinal tract would be responsible for the action of

somatostatin. In the present work, however, somatostatin had

no effect when the peptide was applied to the thoracic cord,

closer to the brain stem than the L6–S1 level. Also, intra-

venously applied somatostatin, which can directly act on the

enteric nervous system, had no effect on colorectal motility.

Thus, it is unlikely that stimulation of colorectal motility by

intrathecal administration of somatostatin at the L6–S1 level

is due to its diffusion to sites remote from the lumbo-sacral

defecation center, such as the supraspinal defecation center,

thoracic spinal cord and periphery.

The lumbo-sacral defecation center is controlled by

descending facilitatory and inhibitory pathways from

supraspinal regions [24]. Since somatostatin is known to be

a neurotransmitter of primary afferent fibers in the spinal

cord [7], it is possible that the neurons activated in

response to intrathecal application of somatostatin belong

to ascending pathways from the spinal cord to the brain. If

this is the case, transmission of signals to the supraspinal

defecation center would be essential to exert the coloki-

netic action. However, intrathecally injected somatostatin

at the L6-S1 level caused propulsive motility of the col-

orectum even after transection of the thoracic spinal cord at

the T4 level (Fig. 4a). Accordingly, intrathecally admin-

istered somatostatin can directly activate outflow pathways

Fig. 4 Colokinetic effect of somatostatin after surgical transection of

the thoracic spinal cord at T4. a Representative recording traces of

intraluminal pressure change (upper) and expelled liquid volume

(lower) before and after injection of somatostatin (6 nmol) under the

condition of neural disconnection between the brain and spinal

defecation center by transection of the thoracic spinal cord at T4 level

are shown. b Bar graphs summarize expelled liquid volume (ml/

20 min, left panel) and frequency of contractions (contractions/

20 min, right panel) before and after T4 transection. Somatostatin

caused propulsive contractions of the colorectum after T4 transec-

tion. c Bar graphs summarize expelled liquid volume (ml/20 min, left

panel) and frequency of contractions (contractions/20 min, right

panel) in control rats and T4-transected rats. Each value represents

the mean ± SD (n = 5). *Significantly different between two groups

(P\ 0.05)
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at the spinal defecation center without interaction with the

brain.

Somatostatin receptors have been classified into five

subtypes (sst1-5) that belong to the family of G protein-

coupled receptors [3]. Stimulation of somatostatin recep-

tors mainly results via Gi in suppression of adenylate

cyclase [2, 4, 5]. In agreement with this, electrophysiologic

studies have demonstrated that somatostatin suppresses

neuronal activity in the locus coeruleus, periaqueductal

gray and hypothalamic arcuate nucleus [19, 25, 26].

Accordingly, it is natural to assume that somatostatin

suppresses neuronal activity also in the spinal cord, and

therefore the peptide would directly suppress the activity of

sympathetic preganglionic neurons. Suppression of sym-

pathetic nerve activity can lead to enhancement of col-

orectal motility by removing tonic inhibitory influence

[23, 27]. However, this seems unlikely since surgical cut-

ting of the sympathetic lumbar colonic and hypogastric

nerves failed to block the effect of somatostatin (Fig. 5a).

Alternatively, we found that severing the parasympathetic

pelvic nerve prevents the colokinetic effect of somatostatin

(Fig. 5b). Taken together, the results suggest that somato-

statin activates sacral parasympathetic preganglionic neu-

rons indirectly via inhibitory interneurons. In support of

this, the sacral intermediolateral cell column, which con-

sists of a mass of preganglionic neuronal cells of the

parasympathetic nerves, was shown to be densely inner-

vated by somatostatin-immunoreactive terminals in rats

[6, 9, 13].

In our previous study, we demonstrated that intrathecally

injected noradrenaline or dopamine caused propulsive con-

tractions of the colorectum via activation of the lumbo-sacral

spinal defecation center [28, 29]. In the spinal cord, nora-

drenaline and dopamine derived from the supraspinal

regions modulate noxious signal transmission, which is

called descending pain inhibition [30, 31]. Based on these

facts, we hypothesized that descending pain inhibitory

pathways control not only pain but also the defecation reflex

Fig. 5 Colokinetic effect of

somatostatin after surgical nerve

severing. Representative

recording traces of intraluminal

pressure change (upper) and

expelled liquid volume (lower)

in response to intrathecal

injection of somatostatin

(6 nmol) after bilaterally

severing a the lumbar colonic

and hypogastric nerves or b the

pelvic nerves are shown.

Somatostatin-induced

enhancement of colorectal

motility was observed after

severing sympathetic nerves but

not after cutting the pelvic

nerves. c Bar graphs summarize

the expelled liquid volume (ml/

20 min, left panel) and

frequency of contractions

(contractions/20 min, right

panel) in control rats, in rats

with sympathetic nerves cut (SN

cutting) and in rats with pelvic

nerves cut (PN cutting). Each

value represents the

mean ± SD (n = 5).

*Significantly different between

two groups (P\ 0.05)
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[32, 33]. Similar to these monoamine transmitters, some of

the endogenous somatostatin in the spinal cord is derived

from the supraspinal regions, including the raphe pallidus,

raphe obscurus, A5 and the hypothalamus [9, 10]. Consid-

ering that A5 is themain origin of descending pain inhibitory

pathways, it is possible that somatostatin and noradrenaline

act as co-transmitters in the spinal defecation center.

Remarkably, blood pressure significantly increased when

somatostatinwas administered in the thoracic or lumbo-sacral

spinal cord (Fig. 3e). Since intravenous administration of

somatostatin did not increase blood pressure, somatostatin

would primarily act in the central nervous system. It has been

demonstrated that intracerebroventricular administration of

somatostatin increases mean arterial blood pressure by

increasing the plasma concentration of vasopressin in rats

[34, 35]. It is therefore possible that somatostatin administered

into the spinal cord promotes vasopressin release directly (i.e.,

diffusion to vasopressin neurons) or indirectly (i.e., activation

of neurons that make synaptic contact with the vasopressin

neurons). In agreement with this idea, somatostatin adminis-

tered into the L6–S1 spinal cord failed to increase blood

pressure after transectionof the thoracic spinal cord. It has also

been reported that somatostatin would evoke hypotension if

the peptide acts on bulbospinal neurons in the rostral ventro-

lateral medulla by reducing sympathetic vasomotor tone [36].

This mechanism might be related to the initial drop of blood

pressure observed in some rats in the present study. Further

study is needed to clarify the precise mechanism underlying

spinal somatostatin-induced increase in blood pressure.

Recently, interest has been shown in the relationship

between pain and bowel dysfunction. Irritable bowel syn-

drome (IBS) is a functional disorder of the gastrointestinal

tract characterized by abdominal pain or discomfort in the

absence of a structural basis for pathogenesis [37]. The

symptoms regarding noxious sensation usually appear in

combination with disturbed bowel habits [38, 39]. However,

the etiologic relationship among these symptoms remains

unclear. In IBS patients, it has been reported that the visceral

sensory threshold to noxious stimuli such as colorectal dis-

tention decreases, leading to visceral hypersensitivity

[40, 41]. Somatostatin is known as a neurotransmitter asso-

ciated with inhibition of noxious signaling in the spinal cord

[42–44]. Actually, somatostatin hyperpolarized dorsal horn

neurons and caused reduction or abolition of spontaneous

firing in a rat spinal cord slice preparation [42]. Furthermore,

intrathecal administration of somatostatin exerted antinoci-

ceptive effects in vivo in rats [43] and humans [44]. In this

study, we showed that spinal somatostatin might be involved

in the regulation of colorectal motility. Considering these

findings, diminution or dysfunction of the spinal somatostatin

system is a possible pathologic mechanism connecting the

abdominal pain and disturbed bowel habits in IBS patients.

Indeed, somatostatin-immunoreactive cells of the rat lumbar

dorsal root ganglia markedly increased after surgical removal

of the adrenal glands, suggesting that adrenal steroid hor-

mones reduce the synthesis of somatostatin in dorsal root

ganglion cells [45]. Since stress activates the HPA axis and

stimulates release of adrenal steroid hormones, it is possible

that stress-induced release of steroid hormones suppresses

somatostatin synthesis and disrupts the inhibition of noxious

signaling in the spinal dorsal horn, leading to visceral

hypersensitivity. Therefore, stress-induced disorder of

somatostatin function in the spinal cord could cause both

abdominal pain and disorder of colorectal motility in IBS

patients.

In summary,wehave shown that somatostatin actingon the

lumbo-sacral defecation center causes propulsive motility of

the colorectum in rats. Considering that somatostatin is a

neurotransmitter associated with noxious signaling in the

spinal cord, our results provide a rationale for the concurrent

appearance of chronic abdominal pain and colonic motility

disorder in IBS patients. Our results also provide a new insight

into the underlying mechanisms of central defecation control

and suggest a novel etiology of IBS.
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