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BACKGROUND AND PURPOSE
The neuromodulatory effects of the gut-neuropeptide neurotensin on sympathetic vasomotor tone, central respiratory drive
and adaptive reflexes in the spinal cord, are not known.

EXPERIMENTAL APPROACH
Neurotensin (0.5 mM–3 mM) was administered into the intrathecal (i.t.) space at the sixth thoracic spinal cord segment in
urethane-anaesthetized, paralysed, vagotomized male Sprague–Dawley rats. Pulsatile arterial pressure, splanchnic sympathetic
nerve activity (sSNA), phrenic nerve activity, ECG and end-tidal CO2 were recorded.

KEY RESULTS
Neurotensin caused a dose-related hypotension, sympathoinhibition and bradycardia. The maximum effects were observed at
3000 mM, where the decreases in mean arterial pressure (MAP), heart rate (HR) and sSNA reached -25 mmHg, -26 beats
min-1 and -26% from baseline, respectively. The sympathetic baroreflex was enhanced. Changes in central respiratory drive
were characterized by a fall in the amplitude of the phrenic nerve activity. Finally, administration of SR 142948A (5 mM), a
potent, selective antagonist at neurotensin receptors, caused a potent hypotension (-35 mmHg), bradycardia (-54 beats
min-1) and sympathoinhibition (-44%). A reduction in the amplitude and frequency of the phrenic nerve activity was
also observed.

CONCLUSIONS AND IMPLICATIONS
The data demonstrate that neurotensin plays an important role in the regulation of spinal cardiovascular function, affecting
both tone and adaptive reflexes.

Abbreviations
etCO2, end-tidal carbon dioxide; HR, heart rate; i.t., intrathecal; MAP, mean arterial pressure; NTS1, neurotensin receptor
1; NTS2, neurotensin receptor 2; NTS3, neurotensin receptor 3; PNamp, phrenic nerve amplitude; PNf, phrenic nerve
frequency; SR 142948A, 2-[[5-(2,6-dimethoxyphenyl)-1-(4-(N-(3-dimethylaminopropyl)-N-methylcarbamoyl)-2-
isopropylphenyl)-1H-pyrazole3-carbonyl]amino] adamantane-2-carboxylic acid, hydrochloride; sSNA, splanchnic
sympathetic nerve activity; T6, sixth thoracic spinal cord segment

Introduction
The sympathetic nervous system and kidneys are vital for the
tonic and reflex maintenance of arterial blood pressure and to

enable appropriate circulation of blood to different tissues
(Guyton, 1991; Guyenet, 2006). Disorders of either the sym-
pathetic nervous system, or kidneys, may cause hypertension
(DiBona, 2002; Chobanian et al., 2003; Hall, 2003; Katholi
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and Rocha-Singh, 2009; Schlaich et al., 2004). In central car-
diorespiratory regulation, several key brainstem nuclei
including the nucleus of the solitary tract and the rostral
ventrolateral medulla are critical for the integration of adap-
tive autonomic reflexes, such as baro- and chemoreflexes
(Pilowsky and Goodchild, 2002).

Neurotensin is a 13-amino-acid peptide originally isolated
from bovine hypothalamus (Carraway and Leeman, 1973).
Both the digestive system and the CNS synthesize neuro-
tensin (Carraway et al., 1982; Sarrieau et al., 1985; Kislauskis
et al., 1988). In vivo and in vitro activations of two neurotensin
GPCRs (NTS1 and NTS2) and a neurotensin non-GPCR (i.e.
NTS3) result in analgesia, inhibition of gastric acid secretion,
modulation of digestive tract peristalsis and stimulation of
growth in a variety of normal and cancer cells (Osumi et al.,
1978; Goedert et al., 1984; Mule et al., 1996; Dubuc et al.,
1999; Vincent et al., 1999; Tyler-McMahon et al., 2000; Sto-
lakis et al., 2010). In the CNS, neurotensin interacts with the
dopaminergic, cholinergic, 5-hydroxytryptaminergic and
noradrenergic systems (Binder et al., 2001; Nieoullon, 2002;
St-Gelais et al., 2006).

Although neurotensin and its receptors are localized to
nuclei in the spinal cord (Stanzione and Zieglgansberger,
1983; Faull et al., 1989; Sarret et al., 2005; Roussy et al., 2009),
little is known about the role of this peptide in modulating
sympathetic function. To investigate the role of neurotensin
in cardiorespiratory function in the spinal cord, we adminis-
tered neurotensin intrathecally (i.t.) in anaesthetized rats. We
aimed to examine the effect of neurotensin on resting sym-
pathetic tone, mean arterial blood pressure and other cardio-
vascular parameters. We also tested whether or not
neurotensin affects adaptive autonomic reflexes, the barore-
flex and central chemoreflex, since earlier studies suggest that
neurotensin can either suppress (Chen et al., 1990) or
enhance (Kubo and Kihara, 1990) barosensitivity in anaesthe-
tized rats. Effects on central inspiratory activity were deter-
mined by recording phrenic nerve discharge. Finally, we used
SR 149248A, to block the actions of neurotensin at neuro-
tensin 1 (NTS1) and 2 (NTS2) receptors (Schaeffer et al., 1998),
to determine if a tonic neurotensin input is present. The main
findings of this study are that i.t. neurotensin causes a dose-
related decrease in mean arterial pressure (MAP), heart rate
(HR) and splanchnic sympathetic nerve activity (sSNA). The
amplitude of phrenic nerve discharge (PNamp) was also
decreased by neurotensin. Adaptive reflexes were differen-
tially affected: barosensitivity was enhanced, while MAP
responses to hypercarbia were attenuated. SR 142948A, an
antagonist at NTS1 and NTS2 caused neurotensin-like effects
that manifest in hypotension, bradycardia, sympathoinhibi-
tion and a decrease in central inspiratory drive. The data
show that neurotensin plays an important role in the modu-
lation of cardiorespiratory functions and autonomic adaptive
reflexes at the level of the spinal cord.

Methods

All animal care and experimental procedures were approved
by the Macquarie University Animal Ethics Committee and
carried out under the guidelines of the Australian Code of

Practice for the Care and Use of Animals for Scientific Pur-
poses (http://www.nhmrc.gov.au/_files_nhmrc/publications/
attachments/ea16.pdf).

General preparation
Male Sprague–Dawley rats (n = 23; 400–600 g) were anaesthe-
tized with urethane (1.3 g·kg-1, 10% saline solution, i.p.).
Atropine (50 mg) was given initially to reduce bronchial and
gastric secretions. Sodium chloride anhydride, glucose, ure-
thane, sodium nitroprusside, phenylephrine hydrochloride,
potassium chloride anhydride and neurotensin were pur-
chased from Sigma-Aldrich (Sydney, Australia). SR 1492984A
was purchased from Axon Medchem (Groningen, The Neth-
erlands). Pancuronium and atropine were purchased from
Astra (Sydney, Australia). Changes in blood pressure
(>10 mmHg) or HR (>15 beats min-1) to painful stimuli (paw
pinch), or presence of corneal reflex, were assessed approxi-
mately every 15 min to test depth of anaesthesia. Supplemen-
tal urethane (30 mg in 10% solution i.v.) was given when
necessary. Temperature was monitored via rectal probe and
was regulated via a homeothermic blanket to values between
36.5 and 37.5°C. The right femoral artery was cannulated for
blood pressure recording and blood gas analysis (Idexx,
Sydney, Australia), while the left jugular external vein was
cannulated for i.v. drug administration (PVC tubing: OD,
0.96 mm, ID, 0.58 mm; Critchley Electrical Products, Castle
Hill, Australia). The trachea was exposed, and a catheter (from
a 14G i.v. catheter) was inserted through an incision below the
larynx. During tracheal exposure, the right carotid sheath was
identified, and the right vagus nerve was isolated and cut; 5%
glucose in saline was administered i.v. for maintenance of
normovolaemia. The left phrenic and greater splanchnic
nerves were approached from a dorsolateral incision and cut
distally. A silk tie (5/0; Pearalls Ltd., Taunton, UK) was placed
on the distal end of each nerve. The nerves were preserved
with soaked cotton wool. At the start of the experiment,
nerves were placed on electrodes and maintained and electri-
cally isolated, under paraffin oil. Nerve activity was recorded
with bipolar silver electrodes. Nerve activity was filtered (100–
3000 Hz) and amplified (500-2000 Hz; CWE, BMA, Ardmore,
OK). Data were recorded using a CED Micro1401Mark II. The
ECG was monitored, and the signal was filtered (100–
3000 Hz) and amplified (500-2000 Hz; CED Micro1401Mark
II). Rats were then positioned in a stereotaxic frame. The
muscles attached to the superior nuchal line were detached,
and the atlanto-occipital membrane was exposed. The sub-
arachnoid space of the thoracic spinal cord was identified via
an incision on the atlanto-occipital membrane, the dura and
arachnoid mater. An i.t. catheter (PVC tubing: OD, 0.5 mm,
ID, 0.2 mm; Critchley Electrical Products) was then inserted
from the cisterna magna caudally, so that the tip lay at T6.
Backflow of cerebrospinal fluid following incision of the
atlanto-occipital membrane and into the catheter following
insertion confirmed accurate placement in the subarachnoid
space. The left phrenic and left vagus nerves were cut imme-
diately before placement of the phrenic nerve on the elec-
trodes. Following completion of surgery, neuromuscular
blockade and artificial ventilation were commenced (pancu-
ronium i.v.; 0.4 mg initially, then 0.3 mg·h-1). Ventilation was
commenced at between 3.5 and 4 L min-1, with a frequency of
60 and 75 cycles min-1, depending on the weight of the rat
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(Capstar-100; CWE Inc., Ardmore, PA, USA). Depth and fre-
quency of ventilation were adjusted in order to maintain
end-tidal CO2 between 3.5% and 4.5%, arterial blood gases
were assessed immediately after commencing ventilation, and
at least two to three times subsequently, during the experi-
ment; changes in ventilation were made as needed in order to
achieve normal values. Manipulations were ceased during
data recordings to evaluate drug effects on breathing param-
eters. At the end of the experiment, rats were killed with i.v.
potassium chloride (3 M, 0.5 mL). Verification of i.t. catheter
tip position was achieved postmortem via application of India
ink and thoracic laminectomy.

Drugs
Neurotensin (NH2-pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-
Pro-Tyr-Ile-Leu-COOH; range: 0.5, 1, 10, 75, 250, 750 and
3000 mM) and urethane (ethyl-carbamate) were dissolved in
saline. SR 142948A (5 mM) was dissolved in dimethyl sul-
phoxide (~1%) and then diluted in saline to reach final con-
centrations. Dimethyl sulphoxide (~1%) in saline was used as
vehicle for SR 149248A. Vehicle (normal saline 15 mL), neu-
rotensin (10 mL flushed with 5 mL control) and SR 1492984A
(10 mL flushed with 5 mL saline; Sigma-Aldrich) were delivered
through a glass syringe (25 mL; Hamilton, Reno, NV, USA).
Sodium nitroprusside (5 mg) and phenylephrine hydrochlo-
ride (5 mg) were used to test the baroreflex. A hypercarbic gas
mix (10% CO2 in 90%O2, administered for 90 s; BOC, Sydney,
Australia) was used to test the central chemoreflex.

Experimental protocol
Rats were divided into three groups. In the first group (n = 8),
vehicle (15 mL) and neurotensin (increasing concentrations
starting from 0.5 mM) were tested. At the completion of
surgery, baseline data were recorded for at least 30 min.
Vehicle was then injected, and data were recorded for a
further 60 min. This was followed by administration of the
lowest neurotensin dose (0.5 mM). Data were then recorded
for another 60 min. At the end of this period, the same
procedure was repeated six times, except that a higher neu-
rotensin dose (1–3000 mM) was administered each time.

In the second group of animals (n = 8), baseline data were
again recorded for at least 30 min. This was followed by i.t.
application of vehicle. Data were recorded for at least 1 h. At
the end of this period, 75 mM neurotensin was administered
i.t., and data were recorded for a further 60 min. Finally,
3000 mM neurotensin was administered i.t., and data were
recorded for at least an hour. Around 20 min following the
administration of vehicle or neurotensin (75, 3000 mM), the
baroreflex was examined. Finally, the chemoreflex responses
were examined at 30 min and then 40 min after the i.t. appli-
cation of vehicle and neurotensin (75, 3000 mM).

In the third group of rats (n = 7), vehicle, SR 142948A
(5 mM) and SR 142948A (5 mM) + 75 mM neurotensin were
tested. Animals were given a period of at least 30 min to
recover from surgery, during which baseline data were
recorded. At the end of the recovery period, vehicle was
applied i.t., and data were recorded for 60 min. This was
followed by i.t. administration of SR 1492984A. Data were
then recorded for another 60 min. SR 1492984A was then

re-administered followed by neurotensin i.t. application
within 5–10 min. Data were recorded for at least an hour.

Data analysis
Data were analysed off-line with Spike2 software (v. 7.02a,
CED, Cambridge, England). Pulsatile blood pressure was inte-
grated (t = 10 s) to derive MAP. sSNA was rectified and inte-
grated (t = 1 s). Integrated sSNA was calibrated as percentage
activity, where baseline activity at the start of recordings was
designated as 100%, and the lowest stable baseline approxi-
mately 5 min after killing was designated as 0%. Central
respiratory drive was measured from PNamp and frequency
(PNf) of phrenic nerve activity. Phrenic nerve activity was
rectified, smoothed (t = 0.05 s), calibrated as an area under the
curve and normalized as a percentage. PNf was acquired as the
number of phrenic bursts, while PNamp represented the peak
values of each burst of phrenic nerve discharge. Peak end-tidal
CO2 (etCO2) was recorded. ECG parameters (PR interval, QRS
complex and ST interval) were derived from ECG recordings
and averaged over 5 min intervals. HR was derived from the
ECG. Cardiac contractility was estimated as the first derivative
of blood pressure (dP/dT) (Ifuku et al., 1994). Maximum
responses were expressed as absolute changes in MAP, HR and
PNf, and % changes in sSNA, PNamp, and etCO2 from baseline
values. Data were summarized, and statistical analyses were
conducted using Excel (Microsoft, Redmont, WA, USA) and
(GraphPad Prism, v. 5.03, La Jolla, CA, USA). In the first group
of animals, cumulative data for MAP were plotted as dose
versus time in 1 min intervals every 5 min. Two-way ANOVA

was used for statistical comparison. The IC50 for neurotensin
was derived from a log-dose–response curve. In the second
and third groups, maximal effects following drug administra-
tion were measured, averaged and compared with a one-way
ANOVA followed by Student’s t-test with Bonferroni’s correc-
tion. For baroreflex analysis, pulsatile arterial pressure and
integrated sSNA were plotted to a sigmoid curve, calculated
from the Boltzmann equation: Y = Lower + [(Upper -
Lower)/(1 + 10(MidPoint-X) - Gain Coefficient)]. In the equation, ‘Lower’ is
the value of the ordinate axis at the lower plateau, ‘Upper’ is
the value of the ordinate axis at the upper plateau, ‘MidPoint’
is the value on the abscissa axis midway between ‘upper’ and
‘lower’ and ‘Gain Coefficient’ represents the slope of the
curve. Responses in the top, bottom plateau, minimum gain,
the range of sSNA, the range of blood pressure, threshold and
saturation were analysed. Baroreflex and chemoreflex data
were analysed with a one-way ANOVA followed by Student’s
t-tests with Bonferroni’s correction. All values are mean �

SEM. P < 0.05 was considered statistically significant.

Results

I.t. neurotensin causes a dose-dependent
hypotension
I.t. neurotensin caused a dose-dependent decrease in mean
arterial blood pressure. The threshold dose at which hypoten-
sion was first observed was 75 mM (Figure 1). Hypotension
developed gradually over the first 5 min following i.t. injec-
tion of neurotensin. The maximum level of hypotension (-30
� 3 mmHg) was reached within 15–20 min following neuro-
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tensin administration (Figure 1B, P < 0.01). Hypotension then
persisted for at least 60 min. Subsequent, higher doses of
neurotensin (250, 750 and 3000 mM) caused further increases
in the hypotensive effect of neurotensin. At the highest dose
of neurotensin (3000 mM), MAP fell to -67 � 2 mmHg from
baseline (Figure 1B, P < 0.001). The IC50 calculated from the
MAP log-dose–response curve was 13 mM (Figure 1C).

Arterial blood gas parameters were recorded and, with the
exception of PaO2, were within the normal range: pH = 7.37
� 0.01, PaCO2 = 39 � 2 mmHg, PaO2 > 200 mmHg, HCO3

-

21 � 1 mEq·L-1 and anion gap 14 � 1 mEq·L-1.

Hypotension following administration of 75 and 3000 mM neuro-
tensin. In the second group of animals, 75 mM followed by
3000 mM neurotensin was administered (Figure 2A and 2B).
The hypotensive effects of neurotensin averaged -12 �

2 mmHg (P < 0.01; Figure 2A and 2C) and -25 � 5 mmHg
(P < 0.01; Figure 2A and 2C), for 75 and 3000 mM, respectively
(Figure 4). Both effects were significant, as was the difference
between the two doses (Figure 4).

Arterial blood gas parameters were also measured in this
group of animals: pH = 7.39 � 0.01, PaCO2 = 37 � 1 mmHg,
PaO2 > 200 mmHg, HCO3

- 21 � 1 mEq·L-1 and anion gap
13 � 1 mEq·L-1.

Sympathoinhibitory and bradycardic effects of
75 and 3000 mM neurotensin
sSNA was dose-dependently inhibited following i.t. adminis-
tration of neurotensin (Figure 3). sSNA inhibition fell from
22 � 3% to -2 � 5%, following administration of 75 mM (P <
0.05, Figure 3B and 3D). In the case of 3000 mM neurotensin,
sSNA was reduced to -26 � 9% (P < 0.01; Figure 3C and 3D).

The difference between the two neurotensin doses was also
significant (P < 0.05). HR, cardiac contractility and ECG
parameters were also assessed following application of 75 and
3000 mM neurotensin. HR decreased from 11 � 2 to -7 �

5 beats min-1 (75 mM neurotensin; P < 0.05, Figure 4A, B and
D) and -26 � 6 beats min-1 (3000 mM neurotensin; P < 0.01,
Figure 4A, C and D). A dose-dependent difference was noted
between 75 and 3000 mM neurotensin (P < 0.05). Cardiac
contractility was reduced dose-dependently from 2900 �

200 mmHg·s-1 to an average of 2200 � 170 mmHg·s-1 (75 mM
neurotensin, P < 0.05; Figure 5A) and 2100 � 160 mmHg·s-1

(3000 mM neurotensin, P < 0.05; Figure 5A). Evaluation of
ECG time parameters revealed a dose-dependent prolonga-
tion of the PR interval (75 mM = 1.3 � 0.3 ms, P < 0.05;
3000 mM = 2.5 � 0.4 ms, P < 0.01; Figure 5B) and ST segment
(75 mM = 1.8 � 0.2 ms, P < 0.05; 3000 mM = 2.0 � 0.2 ms, P <
0.05; Figure 5C). The QRS segment was not altered.

Effect on phrenic nerve discharge.
PNamp decreased markedly following 75 and 3000 mM neu-
rotensin; it was reduced from 76 � 5% to 56 � 2% (P < 0.05;
Figure 6A) and from 76 � 5% to 20 � 5% (P < 0.01;
Figure 6A), respectively. The difference between the effects of
the two neurotensin doses was also significant (P < 0.01;
Figure 6A).

There was no change in PNf at either dose. etCO2

decreased dose-dependently by 75 mM from 0.17 � 0.02% to
-0.3 � 0.07% (P < 0.05; Figure 6B). etCO2 fell from 0.17 � 2%
to -0.93 � 0.17% following administration of 3000 mM neu-
rotensin (P < 0.01; Figure 6B). Finally, the reduction in etCO2
was also greater in the case of the 3000 to 75 mM neurotensin,
-0.6 � 9% (P < 0.05; Figure 6B).

Figure 1
Effects of vehicle or neurotensin on blood pressure (BP), and MAP following i.t. administration at T6. (A) An example of cumulative neurotensin
dose–response (doses from 1 to 750 mM are shown). (B) Grouped data of the cumulative effect of neurotensin on MAP. Neurotensin concen-
trations are compared with control. (C and D) Dose–response curve and log-dose values corresponding to the cumulative concentrations of
neurotensin. ns, non-significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2
(A and B) Effects of i.t. applied neurotensin (75 and 3000 mM) on MAP (grey; pulsatile arterial pressure, black). (C) Grouped data of i.t. applied
neurotensin (75 and 3000 mM) on MAP. *P < 0.01, **P < 0.001.

Figure 3
(A–C) Effects of i.t.. administration of vehicle or neurotensin (75 and 3000 mM) on sSNA (raw recording, black; integrated, grey). (D) Grouped
data summarizing the effects of i.t. applied vehicle and neurotensin on sSNA. *P < 0.05, **P < 0.01.
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I.t. neurotensin increases the sensitivity of the
sympathetic baroreflex
Rapid changes in sSNA in relation to blood pressure following
administration of nitroprusside and phenylephrine were
plotted and fitted to a sigmoid curve. Neurotensin increased
the range of the baroreflex curve and shifted the curve
upwards and slightly to the right (Figure 7). The upper
plateau was increased from 119 � 12% to 172 � 14% follow-
ing 75 mM (Table 1; P < 0.001) and from 119 � 12% to 165 �

11% following 3000 mM (Table 1, P < 0.01). The lower plateau
of sSNA was reduced by 3000 mM, but not by 75 mM, neuro-
tensin (Table 1). Overall, the sympathetic baroreflex range

was increased by 51 � 12% (75 mM, P < 0.01; Table 1) and 67
� 15% (3000 mM, P < 0.01; Table 1). The threshold (192 �

13 mmHg, P < 0.01; Table 2) and blood pressure range (110 �

15 mmHg) were also increased following 3000 mM neuro-
tensin (Table 2). Finally, the gain of the sympathetic barore-
flex curve was enhanced markedly from -1.8 � 0.4
normalized arbitrary units (au) mmHg-1 to -2.5 � 0.5 nor-
malized arbitrary units mmHg-1 (75 mM, P < 0.01; Table 2)
and from -1.8 � 0.4 normalized arbitrary units mmHg-1 to
-2.3 � 0.4 normalized arbitrary units mmHg-1 (3000 mM, P <
0.05; Table 2).

Neurotensin reduces MAP response during
hypercarbia (central chemoreflex)
The actions of 75 and 3000 mM neurotensin on MAP, HR,
sSNA and PNamp were measured during hyperoxic hypercap-
nic stimuli (10% CO2 in O2 for 90 s). Neurotensin caused an
attenuation of the hypertensive effect on hypercarbia. After
administration of neurotensin, MAP was decreased by -3 �

1 mmHg (75 mM, P < 0.05) and -4 � 1 mmHg (3000 mM, P <
0.01) compared with -11 � 2 before neurotensin. The HR,
PNamp and sSNA responses to hypercarbia were unaffected
by either dose of neurotensin.

I.t. SR 142948A causes hypotension,
sympathoinhibition and central bradypnoea
SR 149248A (5 mM; an antagonist at both the NTS1 and NTS2

receptors) caused a significant decrease in MAP (Figure 8A-1–
4). Hypotension was greater when SR 149248A was adminis-
tered alone (-35 � 7 mmHg; P < 0.01, Figure 8A-4) than when
in combination with 75 mM neurotensin (-22 � 5 mmHg; P <
0.05; Figure 8A-4). The difference in MAP between SR
142948A and 75 mM neurotensin (-12 � 2 mmHg) was also
significantly greater (P < 0.05; Figure 8A-4). MAP values
returned to baseline approximately 30 min following i.t.
administration of SR 149248A. sSNA was decreased signifi-
cantly by SR 149248A to a mean value of -44 � 9% (P < 0.01;
Figure 8B-1–2) and to -72 � 14% (SR 142948A + 75 mM neu-
rotensin, P < 0.01; Figure 8B-2). As with MAP, sSNA returned
to baseline approximately 30 min following i.t. administra-

Figure 4
(A–C) Effects of i.t. administration of vehicle or neurotensin (75 and
3000 mM) on HR (recording). (D) Grouped data show the effects
of i.t. administered vehicle and neurotensin on HR. *P < 0.05,
**P < 0.01.

Figure 5
Grouped data summarizing the effects of 75 and 3000 mM neurotensin on (A) cardiac contractility (dP/dT), (B) PR interval and (C) ST segment.
*P < 0.05, **P < 0.01.
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tion of SR 149248A. A significant bradycardia was observed
following SR 142948A alone (-54 � 14 bpm; P < 0.05,
Figure 8C) and following SR 142948A + 75 mM neurotensin
(-42 � 5 bpm; P < 0.01, Figure 8C). SR 142948A reduced
cardiac contractility from 3500 � 200 to 2700 �

300 mmHg·s-1 (P < 0.05, Figure 8D). PNamp was reduced by
SR 142948A independently and when given in combination
with 75 mM neurotensin (Figure 8E). PNamp fell from 75 �

5% to 26 � 6% (P < 0.01; Figure 8F) and from 75 � 5% to
37 � 4%, respectively (P < 0.01; Figure 8F). A decrease in the

frequency of phrenic nerve discharge was observed following
administration of SR 142948A alone (P < 0.01, Figure 8G) and
in combination with 75 mM neurotensin (P < 0.05,
Figure 8G). Finally, SR 142948A caused a fall in etCO2 from
-0.11 � 0.06% to -0.38 � 0.05% (P < 0.01), while SR 142948A
given together with 75 mM neurotensin decreased etCO2 from
-0.11 � 0.06% to -0.41 � 0.06% (P < 0.01).

Arterial blood gas parameters were measured and aver-
aged: pH = 7.42 � 0.01, PaCO2 = 38 � 1 mmHg, PaO2 >
200 mmHg, HCO3

- 23 � 1 mEq·L-1 and anion gap 13 �

1 mEq·L-1.

Discussion and conclusions

The main findings of this study are as follows: firstly, neuro-
tensin dose-dependently decreased MAP when applied i.t. at
T6. Secondly, administration of 75 and 3000 mM neurotensin,
in a separate set of animals, caused a dose-related hypoten-
sion, sympathoinhibition, bradycardia and a decrease in
PNamp. Thirdly, baroreflex sensitivity was increased follow-
ing administration of 75 and 3000 mM neurotensin. Finally,
SR 142948A caused a neurotensin-like response that included
hypotension, sympathoinhibition, bradycardia and a
decrease in central inspiratory drive.

Autonomic nuclei in the ventrolateral medulla are essen-
tial for the central regulation of circulation and breathing
(Pilowsky and Goodchild, 2002; Guyenet, 2006; Smith et al.,
2009; Guyenet et al., 2010a). Rapid changes in blood pressure
(Pilowsky and Goodchild, 2002; Pilowsky et al., 2009) or

Figure 6
Grouped data showing the effects of 75 and 3000 mM neurotensin
on (A) PNamp and (B) etCO2. *P < 0.05, **P < 0.01.

Figure 7
Sigmoid curves for vehicle and neurotensin (75 mM and 3000 mM) responses to sympathetic baroreflex activation.

Table 1
Grouped data for vehicle and neurotensin responses to sympathetic baroreflex activation

Midpoint
(mmHg)

Upper plateau
(%baseline)

Lower plateau
(%baseline)

Range of sSNA
(%baseline)

Vehicle 128 � 5 119 � 12 76 � 11 43 � 18

75 mM neurotensin 126 � 5 175 � 14** 79 � 13 96 � 12**

3000 mM neurotensin 117 � 8 165 � 11** 56 � 9* 109 � 15**

Values are means � SEM.
*P < 0.05, **P < 0.01.
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blood pH (Abbott et al., 2009; Guyenet et al., 2010b; Spirovski
et al., 2011; Takakura et al., 2011) are controlled by barosen-
sitive and chemosensitive neurons in the brainstem. Recent
studies demonstrate the importance of neuropeptides such as

bombesin (Zogovic and Pilowsky, 2011) and somatostatin
(Burke et al., 2008) in cardiorespiratory neurotransmission.

In mammals, NTS1, NTS2 and NTS3 are neurotensin-
specific receptors (Vincent, 1995; Mazella and Vincent, 2006).

Table 2
Grouped data for vehicle and neurotensin responses to sympathetic baroreflex activation

Max gain
(norm·au mmHg-1)

Saturation
(mmHg)

Threshold
(mmHg)

Range of BP
(mmHg)

Vehicle -1.8 � 0.4 77 � 8 116 � 11 39 � 6

75 mM neurotensin -2.5 � 0.5** 71 � 11** 174 � 13 103 � 8**

3000 mM neurotensin -2.3 � 0.4* 42 � 16** 192 � 13** 150 � 21**

Values are means � SEM. Maximum gain is the steepest slope of the sigmoid curve.
*P < 0.05, **P < 0.01.
BP, blood pressure.

Figure 8
(A-1) Effect of intrathecally applied vehicle, (A-2) SR 142948A or (A-3) SR 142948A + neurotensin (75 mM) on blood pressure (MAP, grey, pulsatile
arterial pressure, black). (A-4) Grouped data of the effects of vehicle, SR 142948A, SR 142948A + neurotensin (75 mM) and neurotensin (75 mM)
on MAP. (B-1) sSNA (raw, black, integrated sSNA, grey). (B-2) Grouped data sSNA. (C-1) HR and C-2 Grouped data HR. (D) Cardiac contractility
(dP/dT), (E) PNamp and (G) PNf. ns, non significant, *P < 0.05, **P < 0.01.
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NTS1 and NTS2 are seven-transmembrane receptors coupled
to Gq/G11 (Mazella et al., 1996; Gailly, 1998; Gailly et al.,
2000). NTS3/sortilin 1 is a single-domain receptor that binds
promiscuously to many ligands including brain derived neu-
rotrophic factor, neurotensin and lipoprotein lipase (Mazella
et al., 1998; Nielsen et al., 1999; 2001). Neurotensin and neu-
rotensin receptors are found in many autonomic sites includ-
ing: the nucleus of the solitary tract, vagus nerve, the
paraventricular hypothalamic nucleus and pontine nuclei
(Jennes et al., 1982; Mai et al., 1987; Boudin et al., 1996;
Rostene and Alexander, 1997; Fassio et al., 2000; Binder et al.,
2001; Sarrieau et al., 1985; Sarret et al., 2003). In human, NTS1

and NTS2 are found in the spinal grey matter, with highest
density in the dorsal horns, and lowest in the ventral horns
(Faull et al., 1989). NTS3 gene and protein are also expressed
in the spinal cord (Petersen et al., 1997; Hermans-Borgmeyer
et al., 1998). In cat, neurotensin-like immunoreactivity
co-exists with somatostatin, and substance P, in sympathetic
pre-ganglionic neurons (Krukoff, 1987). In rat, neurotensin-
immunoreactive axons are found in dorsal horn (Ninkovic
et al., 1981; Todd et al., 1992; 1994). I.t. neurotensin causes
analgesia and hypothermia in rat (Martin and Naruse, 1982;
Spampinato et al., 1988). Altogether, the results suggest that
neurotensin can affect spinal sensory and autonomic path-
ways to influence phrenic and sympathetic nerve activity.

In the current study, i.t. neurotensin caused a gradual
dose-dependent hypotension evident approximately 5 min
following administration. In previous studies, neurotensin
application in the nucleus of the solitary tract (Ciriello and
Zhang, 1997) or the lateral ventricles (Rioux et al., 1981)
caused a prompt effect on blood pressure. The discrepancy
may be a property of the pharmacokinetics of neurotensin
and the site of administration. Tachyphylaxis was also
observed in these experiments, as previously reported follow-
ing i.v. neurotensin administration in rat (Rioux et al., 1981;
Di Paola and Richelson, 1990). Administration of higher con-
centrations of neurotensin after the threshold dose (75 mM)
resulted in a further increase in the hypotensive effect, but
the maximum effect of each higher neurotensin dose (250–
3000 mM) was lower than the maximum effect of 75 mM neu-
rotensin. For this reason, 75 and 3000 mM neurotensin were
administered in separate groups of animals and caused a true
dose-dependent hypotension, sympathoinhibition and
bradycardia. In the current study, baroreflex sensitivity was
enhanced in the case of both 75 and 3000 mM neurotensin.
Similar observations were reported following neurotensin
microinjection into the nucleus of the solitary tract (Kubo
and Kihara, 1990). In contrast to the study by Kubo and
Kihara (1990), the study by Chen et al. (1990), which differed
in rat strains, type of anaesthetic and mode of triggering of
the baroreflex, suggested a suppression of barosensitivity.
Neurotensin only attenuated the pressor responses in MAP to
acute hypercapnic hyperoxia, but not PNamp, sSNA and HR.

I.t. neurotensin reduced the amplitude of phrenic nerve
discharge, probably by activating spinobulbar pathways that
act upon respiratory pattern generators in the brainstem.
Postmortem verification of the injection site showed dye
spread of only few segments rostro-caudally from the tip of
the i.t. catheter, as previously documented (Yaksh and Rudy,
1976). In addition, spinal anaesthesia (Shahid et al., 2011) or
transection (Rahman et al., 2011) at C8 completely inhibits

the effects on PNamp induced by i.t. drugs delivered at tho-
racic spinal segments.

SR 142948A is a synthetic NTS1 and NTS2 receptor antago-
nist of many neurotensin actions (Gully et al., 1997; Schaeffer
et al., 1998). SR142948A is more effective at preventing
neurotensin-induced hypotension than SR48692 (Schaeffer
et al., 1998), an antagonist that preferentially binds NTS1 but
is an agonist at NTS2 (Gully et al., 1996; Botto et al., 1997). For
these reasons, SR 142948A was chosen to determine if the
actions of i.t. neurotensin could be prevented, or if SR
142948A has any effects on its own, that might suggest a
tonic release of neurotensin. In a previous study, pretreat-
ment with oral SR 142948A prevented the hypotensive effects
of i.v. neurotensin in anaesthetized rats but had no effects of
its own (Schaeffer et al., 1998). Here, we found that pretreat-
ment with i.t. SR 142948A is profoundly hypotensive
(~35 mmHg). This finding suggests agonist effects of SR
142948A in the spinal cord since the actions of SR 142948A
were similar to the actions of neurotensin. The hypotension
developed gradually, reaching a trough after ~15 min and
returned to baseline around 30 min following administra-
tion. The effect of SR 142948A on MAP was greater than the
effects caused by SR 142948A given together with 75 mM
neurotensin. Although the hypotensive effects on MAP were
unexpected, they were not entirely surprising. SR 142948A is
known to act as an agonist on CHO cells transfected with
NTS2 (Vita et al., 1998). The MAP effects of SR 142948A were
accompanied by a sympathoinhibition. Interestingly, the
sympathoinhibition that followed administration of SR
142948A together with 75 mM neurotensin was synergistic.
The sympathoinhibitory effects were associated with a reduc-
tion in HR and contractility, as well as central inspiratory
inhibition. Effects on PNf were presumably mediated by
actions on spinobulbar pathways since PNf changes cannot
be explained by a direct action on phrenic motoneurons.

The observed actions of SR142948A are probably a result
of combined effect of route of administration and agonist
effects. It is not likely that the pharmacokinetics of
SR142948A play a crucial role in the observed actions. In
contrast to the short half-life of neurotensin (Checler et al.,
1986; Barelli et al., 1994), SR142948A inactivation does not
happen immediately (Gully et al., 1997; Schaeffer et al., 1998;
Casti et al., 2004). Nevertheless, in this study, SR142948A was
delivered i.t. so as to act directly and avoid immediate
sequestration/inactivation. The mechanisms underlying the
actions of SR142948A are speculative. In the periphery, it was
suggested that effects of neurotensin or SR142948A were a
result of activation, or inhibition of the release of histamine
in mast cells via specific neurotensin receptors respectively
(Schaeffer et al., 1998). I.t. SR142948A might act, as a direct
agonist at NTS1 and/or NTS2 or the hypotensive effects might
be a result of heterodimerization between NTS1 and NTS2 in
the presence of SR142948A. In particular, it was shown that
in COS-7 transfected cells NTS2 influences the intracellular
trafficking and membrane expression of NTS1 (Perron et al.,
2007). Finally, an interaction of SR142948A with the NTS3/
sortilin 1 receptor or other neurotensin receptor subtype,
such as the recently identified fourth neurotensin receptor (Li
et al., 2005), in the spinal cord cannot be excluded.

In summary, we showed that i.t. neurotensin causes dose-
dependent hypotension and sympathoinhibition. I.t. neuro-
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tensin affects central inspiratory drive via a reduction in the
amplitude of phrenic nerve. I.t. SR 142948A does not antago-
nize the actions of neurotensin but elicits neurotensin-like
effects that cause hypotension, sympathoinhibition, brady-
cardia, a reduction in cardiac contractility and central respi-
ratory drive. Taken together, these findings demonstrate an
important role for neurotensin receptors in the CNS tonic
and reflex regulation of central cardiorespiratory control
mechanisms.
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