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Abstract
Microinjection of neurotensin (NT) into the rostral ventromedial medulla (RVM) produces dose-
dependent antinociception. Here we show that antinociception produced by intra RVM
microinjection of neurotensin (NT) or the selective NT receptor subtype 1 (NTR1) agonist PD149163
can be partially blocked by intrathecal (i.t.) yohimbine, an α2-adrenoceptor antagonist and by
methysergide, a serotonin receptor antagonist. Antinociception produced by the NTR2 agonist beta-
lactotensin (β-LT) is blocked by intrathecal (i.t.) yohimbine, but not by methysergide i.t.. It is not
known which noradrenergic cell group is involved in this newly identified noradrenergic component
of NTR-mediated antinociception.

These experiments provide the first evidence that selective activation of NTR2 in the RVM produces
antinociception. These results also provide evidence that activation of NTR1 in the RVM produces
antinociception through spinal release of norepinephrine (NE) and serotonin, and that activation of
NTR2 in the RVM produces antinociception mediated by spinal release of NE.

INTRODUCTION
Microinjection of neurotensin (NT) into the rostral ventromedial medulla (RVM) has biphasic
effects on nociception; facilitation is produced by low doses (0.03 pmol – 0.03 nmol) and
inhibition by greater doses (1.3 – 30 nmol) (Behbehani and Pert 1984;Fang et al. 1987;Urban
and Smith 1993;Urban et al. 1996;Sarhan et al. 1997;Urban et al. 1999;Holmes et al. 1999),
but see (Neubert et al. 2004). It has been shown that the facilitatory effect of intra-RVM NT
is mediated through release of cholecystokinin in the spinal dorsal horn (Urban et al. 1996),
while at least part of the antinociceptive effect is mediated through activation of NTR1 and
release of serotonin in the spinal dorsal horn (Buhler et al. 2005). It has been suggested that an
imbalance of facilitation and inhibition may play a role in some chronic pain states (Urban and
Gebhart 1999;Porreca et al. 2002).

Of the three cloned NT binding proteins, NTR1 and NTR2 are G-protein coupled receptors
(Tanaka et al. 1990;Chalon et al. 1996), while the NTR3 (gp95/sortilin) induces
phosphorylation of Erk1/2 and Akt kinases and induces the expression of several chemokines/
cytokines, including TNFα and IL-1b (Trudeau 2000). Both NTR1 and NTR2 are expressed
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in the RVM (Sarret et al. 2003;Buhler et al. 2005) and several studies have shown that NTR1
is involved in antinociception (Wustrow et al. 1995;Urban and Gebhart 1997;Smith et al.
1997;Buhler et al. 2005). There is, however, substantial evidence that non-NTR1 receptors
also play a role in RVM NT-mediated antinociception. Thus, block of NT-induced
antinociception by the selective NTR1 antagonist SR48692 is incomplete (Dubuc et al.
1994;Smith et al 1997;Buhler et al. 2005), and receptor knock-down strategies utilizing
antisense oligonucleotide treatment suggest a role for other NT receptors (Dubuc et al.
1999b;Remaury et al. 2002;Yamauchi et al. 2003a).

Although it is possible that NTR2 may mediate part of the antinociception produced by intra-
RVM NT, an NTR2-mediated component has not been directly demonstrated. Previous
attempts to identify NTR2-mediated effects in the RVM (Smith et al. 1997) have utilized
levocabastine (> 1,000x selectivity NTR2 vs. NTR1; Kitabgi et al. 1987 which has been
characterized as a functional agonist at the rat NTR2 (Yamada et al. 1998;Sarret et al.
2002;Gendron et al. 2004). However, levocabastine has several disadvantages including
inverse agonist/antagonist activity at the human and mouse NTR2 (Dubuc et al.
1999a;Yamauchi et al. 2003b) and substantial antagonist activity at the histamine H1 receptor
(Schotte et al 1986), which is both highly expressed in the rat RVM (Palacios et al. 1981) and
modulates nociception (Mobarakeh et al. 2002), but see (Tyler et al. 1998). Further,
levocabastine is a functional antagonist of NT effects in rat (Tyler et al. 1998). Because the
use of levocabastine to determine NTR2-mediated effects on nociception is likely to produce
equivocal results, we used the NTR2-selective agonist β-lactotensin (β-LT) to provide more
definitive evidence for the role of NTR2 in RVM-elicited antinociception.

This report describes a series of experiments that examine the neurotransmitters which mediate
NTR2- and NTR1-induced antinociception in vivo.

MATERIALS AND METHODS
Nociceptive Testing

Adult male Sprague-Dawley rats (Charles River Sasco, Portage, MI; 250–350 g) were
anesthetized with pentobarbital (40 mg/kg; i.p.) for preparation and testing. Animals were
maintained at a constant body temperature of 35.5°C using an electronically controlled heater
and a thermistor probe inserted 2 cm into the rectum. While deeply anesthetized, a 26 gauge
stainless steel guide cannula was guided stereotaxically to a site above the midline RVM (AP
– 2.7 mm; ML 0.0 mm; DV −0.7 mm). When anesthesia had lightened, baseline nociceptive
tail and paw withdrawal latencies to a noxious thermal stimulus were determined at three time-
points before intra-RVM drug administration. Rats were used only if the baseline tail flick
latency was between 1.4 and 4.0 sec; animals had an average baseline tail flick latency of 2.9
± 0.1 sec (n = 178) and there was no significant difference in baseline latencies between groups.
Drugs were made up in preservative-free sterile saline, pH 7.4, and delivered in a volume of
0.5 µl via a 33 gauge stainless steel injector inserted into the guide cannula. Movement of a
small air bubble in the PE 10 tubing (Intramedic, Becton Dickinson, Sparks, MD) connecting
a Hamilton microsyringe to the injector was monitored to ensure accurate delivery of drug.
Drug solutions were injected using an electronic syringe pump to drive the microsyringe. Rats
were used only once and received only a single dose of drug except when noted. Tail and paw
withdrawal response latencies were determined 5, 10, 20, 30, 40, and 50 min after intra-RVM
injection of the drug to be studied. Radiant thermal stimulation from a 250 W projection bulb
was applied to one of three points on the dorsal surface of the tail and to the plantar surface of
each hindpaw, and was terminated at 10 sec to minimize tissue damage. At each time point the
three tail response latencies were averaged, as were the two hindpaw latencies. Tail and paw
withdrawal response latencies in vehicle-treated rats were stable during the 50 min course of
testing, indicating that the plane of anesthesia did not change significantly.
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In some experiments, intrathecal catheters were placed in deeply anesthetized rats
(pentobarbital, 50 mg/kg, i.p.). Catheters made from PE10 tubing were inserted through an
incision in the cisterna magna and threaded 7.5 cm caudally in the intrathecal space. A 10 µl
volume of drug was injected through the catheter over 30 sec, and washed through with 10 µl
of sterile saline.

After testing, animals were decapitated and the brains rapidly removed and immersed in 10%
formalin for 24 hours. The microinjection site was determined using microscopic examination
of tissue sections and plotted on drawings of the brainstem section. Previous studies have shown
that intracerebral microinjections of 0.5 µl diffuse approximately 0.5 mm from the site of
injection (Myers 1966).

Testing of motor performance
Adult male Sprague-Dawley rats (as described above) were anesthetized with pentobarbital
(40 mg/kg; i.p.) for surgery. A 26 gauge stainless steel guide cannula (Plastics One, Roanoke,
VA) was implanted stereotaxically (AP −2.5 mm; ML 0.0 mm; DV −0.7 mm), secured to the
skull by acrylic dental cement and stainless steel screws, and fitted with a solid 25-gauge
stainless steel obturator (Plastics One). Animals were allowed to recover for 4–5 days and then
tested on the inclined plane 10 min before, and 10 and 20 min after intra-RVM drug
administration. Microinjections were performed on loosely restrained animals by lowering a
33-gauge infusion needle (Plastics One) through the guide cannula and delivering 0.5 µl of
drug over a 30 sec time period. As above, movement of a small air bubble in the injection
tubing was monitored to accurately deliver drug. Rats were placed on a rubber-coated plane
and the angle of inclination was increased gradually until the rat could no longer maintain its
position on the plane (Rivlin and Tator 1977). Each animal was given three trials on the plane
at each of the three testing intervals. After testing, animals were deeply anesthetized with
pentobarbital (50 mg/kg, i.p.) and the brains were removed and immersed in 10% formalin for
24 hours. The microinjection site was determined using microscopic examination of tissue
sections and plotted on drawings of the appropriate brainstem section.

β-LT Binding Assay
The selectivity of β-LT binding to NTR2 was determined using radioligand-binding assays at
cloned or endogenously expressed receptors, performed as previously detailed (Shapiro et al.
2003) through the NIMH-PDSP. Detailed protocols are available for all assays at the NIMH-
PDSP web site http://kidb.cwru.edu/nimh/binding.php. For non-human receptors, binding
assays were performed with cDNA expressed in CHO cells (rat 5-HT1A), NIH-3T3 cells (rat
5-HT2A, rat 5-HT2C), HEK-293 cells (rat D3, rat KOR receptors, mouse α2A) or assayed
from guinea pig brain membrane (guinea pig H3) or rat brain membrane (rat BZD). Binding
assays on cloned human receptors were performed in CHO cells (α1A, α1B, α2B, α2C, m1,
m2) or HEK-293 cells (all others). All assays were performed in quadruplicate with 10 µM β-
LT (Chemical Synthesis Branch of NIMH, NIH). Ki was calculated using GraphPad Prizm
(GraphPad Software, San Diego, CA) for each ligand that had an affinity of ≤ 10,000 nM.

Statistical analysis
Data are plotted as the mean ± SEM of maximum percent effect (MPE) values at each time
point (MPE = [(test latency - baseline latency)/(10 sec - baseline latency)]×100). MPE values
greater than 20% at 10 min were considered to indicate antinociception. The area under the
curve (AUC) was determined by the trapezoidal method (Sigma Plot 9.0; SPSS Science,
Chicago, Ill.). Statistical analyses of differences between groups were determined with a two-
way analysis of variance (ANOVA) for repeated measures (treatment and time) and were
performed on MPE values as baseline latencies did not differ significantly between groups.
When ANOVA results were statistically significant, post hoc analysis (Student-Newman-
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Keuls test) was performed, and F values with P ≤ 0.05 were considered to be statistically
significant. Percent reduction of antinociception was determined from the area under the curve
between the 20 and 50 minute time points (post-i.t. injection) by the following formula [1 –
(AUC after i.t. drug/AUC after i.t. saline) ] * 100; no reduction in antinociception would be
considered 0% block, while an AUC of zero would be considered 100% block

Animal care and use
The experimental protocols were approved by The University of Iowa Animal Care and Use
Committee and were in accordance with the guidelines of the International Association for the
Study of Pain Committee for Research and Ethical Issues (Zimmermann 1983).

RESULTS
β-LT is a selective agonist for NTR2 in the RVM

Previous studies have characterized β-LT as selective for NTR2 over NTR1 (Yamauchi et al.
2003a;Yamauchi et al. 2003b) and having marginal inhibitory activity at the angiotensin-I
converting enzyme (IC50= 1153.2 µM) (Mullally et al. 1996). A more thorough investigation
of its binding properties indicates that, with the exception of the α2B adrenergic receptor (Ki
= 401.5 nM), which is not expressed in the RVM (see discussion), β-LT displayed negligible
binding to all receptors tested (Ki >10,000 nM; Table 1), including NTR1. Because of the
binding to the α2B adrenergic receptor, this compound cannot generally be considered a
completely selective NTR2 agonist, but is functionally selective in the RVM.

β-LT in the RVM produces thermal antinociception that is blocked by a mixed NTR1/2
antagonist, but not by a selective NTR1 antagonist

Microinjection of β-LT in a range of doses (2 pmol - 1 nmol; n = 4–16) into sites in the RVM
(similar to those illustrated in Fig. 1C) produced dose-dependent increases in tail-withdrawal
responses to a noxious thermal stimulus (Fig. 2A & B). In the tail-withdrawal test the
antinociceptive effects of intra-RVM microinjection of β-LT did not vary depending on the
site of injection (within the range of −11.5 mm to −10.0 mm caudal to bregma). The duration
of the antinociception produced by β-LT was typically shorter (recovery to near baseline values
by 50 min) than that produced by NT (minimal recovery by 70 min; Buhler et al. 2005).

Microinjection of the NTR1 antagonist SR48692 (3 fmol) into the RVM 5 min before
microinjection of β-LT (1 nmol) at the same site did not reduce the antinociceptive effects of
β- LT (n = 4) compared to animals in which saline vehicle was microinjected in the RVM 5
min before β-LT (n = 9; P = 0.616; Fig 3A).

We also tested the effects of pre-treatment with the NTR1/2 mixed antagonist SR142948 (0.3
fmol) on β-LT-produced antinociception. The 0.3 fmol dose of SR142948 microinjected into
the RVM 5 min before microinjection of β-LT (1 nmol) at the same site significantly reduced
the antinociceptive effects of β-LT (n = 9) compared to animals in which saline vehicle was
microinjected in the RVM 5 min before β-LT (n = 9; P = 0.045; Fig.3B). The 3 fmol dose of
SR142948 was not tested against β-LT because the antagonist given alone, at this dose,
produced significant increases in response latencies (32.54 % ± 0.09% MPE at 10 min, n = 5).

Because the antinociceptive effects of β-LT could be confounded by motor effects, we
examined the effects of β-LT on motor performance. There was no statistically significant
difference (Student’s t-test, P = 0.36) in motor performance at 10 and 20 min (the time of peak
antinociceptive effect) after microinjection of 1 nmol β-LT (n = 3; −1.67 ± 2.03 degree change
in maximum angle of inclination before and after drug injection) compared with saline (n = 5;
−0.60 ± 1.33 degree change). However, at greater doses (2 nmol), all animals exhibited
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statistically significant (Student’s t-test, P = 0.01) motor deficits (n = 3; −12.5 ± 4.5 degree
change). Accordingly, the antinociceptive effect of β-LT doses ≤1 nmol are not confounded
by potential effects on motor performance.

Microinjection of β-LT in the RVM produces injection-site specific thermal antinociception
in the paw

The antinociceptive effect of β-LT was also determined using paw-withdrawal responses to a
noxious thermal stimulus. As opposed to the effects seen in the tail flick assay, only minor
effects were observed at doses that did not produce motor effects: the mean MPE ± SEM at 10
minutes was 14.5 ±4.3% for 0.2 pmol, 11.9 ± 9.8 % for 2 pmol, 1.9 ± 10.8% for 20 pmol, 20.1
+/− 14.7% for 200 pmol, and 25.3 ± 11.0 for 1 nmol (n = 3 – 15). These smaller effects were
due primarily to the fact that while microinjection of β-LT in all regions of the RVM (bregma
levels −11.5 to −10.0) consistently produced strong antinociception in the tail flick test, strong
antinociception in the paw withdrawal test was not seen at all levels within the RVM. Only
10% (2/20) of β-LT microinjections (0.02-1 nmol) between −10.8 and –10.0 caudal to bregma
resulted in antinociception of >40% MPE in the paw withdrawal test, compared to 46% (13/28)
in the tail flick test. However, microinjections between −11.5 and −10.8 caudal to bregma
produced similar analgesia in both tests, with 43% (10/23) of microinjections producing strong
antinociception for paw withdrawal and 57% (16/28) for tail flick. Because of the smaller
number of animals responding with antinociception in the paw withdrawal test, intrathecal
antagonist experiments were performed using the tail withdrawal test.

β-LT-produced antinociception is blocked by yohimbine, but not by methysergide
I.t. injection of yohimbine (30 µg/10 µl = 76.7 nmol) significantly reduced the increase in tail
withdrawal responses by 53% (n = 4; P = 0.05; Fig. 4B) at 15 min after microinjection of β-
LT (1 nmol) in the RVM. In contrast, i.t. injection of saline 15 min after microinjection of β-
LT (1 nmol, n = 7) in the RVM did not significantly reduce the antinociceptive effect of β-LT
(Fig. 4A–C). Significant reversal of β-LT-produced antinociception was also achieved with i.t
injection of a combination of methysergide and yohimbine (64% reduction; 30 µg/10 µl each;
n = 4; P = 0.022; Fig. 4A), although i.t. injection of methysergide alone (30 µg/10 µl = 63.9
nmol) did not reduce the antinociception produced by β-LT (n = 7; P = 0.653; Fig. 4C).
Similarly, i.t. injection of methysergide or the α2-adrenoceptor antagonist yohimbine alone or
in combination did not affect tail withdrawal latencies (n = 4–6; P = 0.191; Fig 4–6). Intrathecal
antagonist doses were chosen as described in Fang and Proudfit, 1996. Sites in the medulla at
which 1 nmol β-LT (Fig 1C) was injected are indicated on illustrations of transverse-sections
through the brainstem between −11.5 and −10.0 mm caudal to bregma.

A selective NTR1 agonist produces antinociception that is blocked by methysergide and
yohimbine

We previously reported that i.t. injection of the serotonin antagonist methysergide partially
antagonizes the antinociceptive effect produced by RVM microinjection of NT and the
selective NTR1 agonist PD149163 (Buhler et al. 2005). Because this antagonism is not
complete, we investigated whether spinal release of norepinephrine contributes to the
antinociceptive effect of NTR1 agonists. Sites in the medulla at which 0.5 pmol PD149163
(Fig 1B) was injected are indicated on illustrations of transverse-sections through the brainstem
between −11.5 and −10.0 mm caudal to bregma.

Statistically significant reversal of PD149163-produced antinociception was achieved with i.t.
injection of methysergide (30 µg/10 µl; n = 7; P = 0.038; Fig. 5C), yohimbine (30 µg/10 µl; n
= 9; P = 0.015; Fig. 5B), or a combination of methysergide and yohimbine (30 µg/10 µl each;
n = 5; P = 0.001; Fig. 5A), given15 min after microinjection of PD149163 (0.5 pmol) in the
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RVM. By contrast, i.t. injection of saline 15 min after microinjection of PD149163 (0.5 pmol;
n = 9) in the RVM did not reduce the antinociceptive effect of PD149163 (Fig. 5A–C).

NT produces antinociception that is blocked by i.t. methysergide and yohimbine
The possibility that spinal cord release of serotonin and/or norepinephrine mediate the
antinociception produced by microinjection of NT in the RVM was examined using i.t.
injection of selective antagonists of serotonin and/or α2-adrenoceptors. Sites in the medulla at
which 3 nmol NT (Fig 1A) was injected are indicated on illustrations of transverse sections
through the brainstem between −11.5 and −10.0 mm caudal to bregma. “Statistically significant
reversal of NT-produced antinociception was achieved with i.t. injection of yohimbine (30 µg/
10 µl; n = 7; P = 0.008; Fig. 6B). In these experiments i.t. injection of methysergide (30 µg/
10 µl), 15 min after microinjection of NT (3 nmol) did not produce a significant reversal when
measured up to 50 minutes (n = 9; P = 0.125; Fig. 6C). Previous studies have shown, however,
that when followed up to 70 minutes, this reversal does reach significance (Buhler et al.
2005). A combination of both methysergide and yohimbine produced a slightly greater reversal
of NT-induced antinociception (30 µg/10 µl each; n=6; P = 0.010; Fig. 6A) than yohimbine
alone. In contrast, i.t. injection of saline 15 min after microinjection of NT (3 nmol, n = 10) in
the RVM did not reverse the antinociceptive effect of NT (Fig. 6A–C).

Methysergide block of the antinociception induced by intra-RVM NTR agonists is not site-
dependent

I.t. injection of the serotonin antagonist methysergide reduced the antinociception produced
by microinjection of the selective NTR1 agonist PD149163 in the RVM (Fig. 5C), but had no
significant effect on the antinociception produced by similar injections of NT (Fig. 6C) or the
selective NTR2 agonist β-LT (Fig 4C). It is possible that the differences in methysergide-
sensitivity seen for the three NTR agonists tested in the tail-withdrawal test were a result of
small differences in the sites in the RVM at which these agonists were microinjected. This
possibility was examined by determining the percent inhibition by methysergide of the
antinociception produced by microinjection of NTR agonists in different regions of the RVM.
The percent inhibition of NTR agonist-induced antinociception was plotted against the level
of each injection site (within the limits of bregma −11.5 and −10.0). There was no correlation
between site of NTR agonist injection within the RVM and the percent reduction in the agonist-
induced responses (R2 = 0.014), which suggests that the location of RVM microinjection sites
is not a factor in determining the effectiveness of i.t. methysergide.

DISCUSSION
This study provides evidence that selective agonists of either NTR1 or NTR2 in the RVM both
produce antinociception in the thermal tail-withdrawal test, and that while selective activation
of NTR1 produces antinociception through pathways that release both serotonin and NE in the
spinal cord, selective activation of NTR2 produces antinociception that is predominately
mediated by a pathway(s) that releases NE in the spinal cord. These conclusions are supported
by anatomical evidence that NTR1, but not NTR2, is expressed on spinally-projecting
serotonergic neurons in the RVM (Buhler et al. 2005). These results also suggest that the NE
release produced by NTR2 agonists strongly modulates cutaneous nociception in the tail, but
only weakly modulates that in the paw, which suggests that nociception in some cutaneous
receptive fields can be modulated independently by descending pathways from the brainstem.

β-LT is a selective NTR2 agonist in the RVM
While previous studies have characterized β-LT as selective for NTR2 relative to NTR1
(Yamauchi et al. 2003a;Yamauchi et al. 2003b) and a weak inhibitor of angiotensin-I
converting enzyme (IC50= 1153.2 µM) (Mullally et al. 1996), a more thorough investigation
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of its binding properties has not been undertaken. This study reports that β-LT has no significant
binding affinity (Ki <10,000 nM) at any receptor tested other than the α2B adrenoceptor.
However, it is unlikely that the antinociceptive actions of β-LT reported here are mediated by
α2B adrenoceptors because: 1) multiple mRNA studies have reported that α2B adrenoceptors
are not expressed in the rat RVM [see (Winzer-Serhan and Leslie 1997)] and 2) the
antinociceptive effect is blocked by an NTR2 antagonist (Zeng and Lynch 1991;Nicholas et
al. 1993;Scheinin et al. 1994). However, in the absence of a selective α2B adrenoceptor
antagonist, it is not currently feasible to directly disprove the involvement of α2B adrenoceptors
in these experiments. Clearly, one must be cautious when attributing NTR2 selective effects
to this agent when using systemic administration. For example, it is possible that at least part
of the hypertensive effect of intravenous βL (Yamauchi et al. 2003b) is mediated through the
α2B adrenoceptor, which mediates the postjunctional pressor response in rodents (Guimaraes
and Moura 2001). Although binding studies indicate that β-LT at the concentration used in
these studies (1 nmol), has some affinity for the hNTR1, there are several lines of evidence
that argue against a role for the adult rNTR1 in the antinociceptive effect of β-LT reported
here. First, pretreatment with the selective NTR1 antagonist SR48692 (3 fmol) did not reduce
the effect of β-LT, while pretreatment with the NTR1/2 mixed antagonist SR142948A (0.3
fmol) did, suggesting that β-LT-induced antinociception is mediated by NTR2, not NTR1.
Second, the antinociceptive effect of β-LT is not altered in NTR1 antisense knock-down mice,
but is completely lacking in NTR2 antisense knock-down mice (Yamauchi 1273). Third, if the
antinociceptive effect of β-LT is mediated in part by NTR1, such effect should have been
reduced by i.t. injection of the serotonin antagonist methysergide, since the antinociception
produced by the selective NTR1 agonist PD149163 was reduced by methysergide.

Activation of NTR2 in the RVM produces thermal antinociception in the tail withdrawal test
Microinjection of β-LT into all levels of the RVM produced dose-dependent antinociception
in the thermal tail-withdrawal test. The conclusion that NTR2 agonists can produce
antinociception is consistent with several previous studies that demonstrated NTinduced
antinociception is mediated in part by NTR2: 1) The antinociceptive effect of
intracerebroventricular (ICV) injection of β-LT is lost in NTR2 antisense-treated mice with
reduced expression of NTR2 (Yamauchi et al. 2003a); 2) Mice deficient in NTR2 expression
exhibit reduced NT-mediated antinociception using a noxious chemical stimulus writhing test
(Dubuc et al. 1999b;Remaury et al. 2002); and 3) intra-RVM microinjection of the non-
selective NTR2 partial agonist levocabastine produces antinociception in the tail flick test
( Smith et al. 1997).

β-LT produces thermal antinociception in the hindpaw only when microinjected in the caudal
RVM

The antinociceptive effect of β-LT in the thermal paw-withdrawal test was significantly less
than that in the tail withdrawal test and significant antinociception in the hindpaw was evident
only when β-LT was microinjected into the caudal RVM. This result is consistent with the
report that ICV injection of the non-selective NTR2 partial agonist levocabastine does not
produce significant antinociception in the hot plate test (Dubuc et al. 1999a). Similar
differences in the modulation of nociceptive responses in the tail and hindpaws have been
previously documented. For example, morphine microinjected in the PAG produces substantial
antinociception measured by the tail withdrawal test, but only weak antinociception measured
by the foot withdrawal test (Fang and Proudfit 1998). These observations were attributed to
differences in the modulatory effects of spinally-released norepinephrine on nociceptive
responses of the tail and the hindpaws. More specifically, spinal α2–adrenoceptors mediate the
antinociceptive effect of morphine injected into the PAG in the tail-withdrawal, but not in the
paw-withdrawal test (Brodie and Proudfit 1986;Fang and Proudfit 1996). Similarly, the
antinociceptive effect of microinjecting the cholinergic agonist carbachol (Brodie and Proudfit
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1986) or morphine (Jensen and Yaksh 1986) into the RVM is mediated by spinal α2–
adrenoceptors when the tail withdrawal test is used, but not the hot plate test. Finally,
intrathecally injected α2–adrenoceptor agonists are much more efficacious in reducing
nociceptive responses from the tail than those from the hindpaws (Graham et al. 1997). These
observations indicate that nociceptive responses from cutaneous tissue of the hindpaws are not
as effectively modulated by the release of norepinephrine in the spinal cord dorsal horn as those
responses from tail skin (Graham et al. 1997). That NE-mediated antinociceptive circuits have
minimal effect on paw withdrawal latencies may explain why the (mainly yohimbine sensitive)
NTR2 tail antinociception reported here does not generally coincide with paw antinociception.

The antinociception produced by activation of both NTR1 and NTR2 in the RVM is mediated
by the spinal cord release of norepinephrine

We previously reported that the antinociception produced by NTR1 activation in the RVM is
mediated at least in part by release of serotonin in the spinal cord, but the incomplete block by
the serotonin antagonist methysergide suggested that additional spinal transmitters may be
involved. While the neurotransmitter identity of NTR2-expressing neurons is still unclear, the
results reported here suggest that activation of both NTR1 and NTR2 results in activation of
descending noradrenergic neurons and spinal release of NE, as previously suggested by
Naranjo (Naranjo et al. 1989).

The source of the NE released by NTR1 and NTR2 agonists is unknown, but since the RVM
does not contain noradrenergic neurons, microinjection of NTR agonists in the RVM must
activate neurons that project either directly or indirectly to brainstem noradrenergic nuclei such
as the A7, A5, or locus coeruleus (Proudfit 2002). Several lines of evidence indicate that
spinally-projecting NE neurons in the A7 catecholamine cell group most likely mediate part
of the antinociception produced by microinjection of NTR agonists in the RVM. The
antinociception produced by stimulation of neurons in the RVM has been proposed to be
mediated in part by neurons that project to, and activate, spinally-projecting noradrenergic
neurons in the A7 catecholamine cell group (Proudfit HK 1992). More recent anatomical and
pharmacological evidence provides additional support for this conclusion. First, anterograde
tracer studies combined with immunocytochemical identification of noradrenergic A7 neurons
demonstrate that a large number of neurons in the RVM, including the nucleus raphe magnus
and the nucleus reticularis gigantocellularis pars α project to the A7 cell group and the
surrounding area of the dorsolateral pontine tegmentum (Holden and Proudfit 1998; Clark and
Proudfit 1991). Second, electrical (Barbaro et al. 1985;Aimone and Gebhart 1987) or chemical
(Jensen and Yaksh 1984;Jensen and Yaksh 1986;Brodie and Proudfit 1986;Iwamoto and
Marion 1993) stimulation of neurons in the RVM produces antinociception that can be blocked
by intrathecal injection of α2-adrenoceptor antagonists. Finally, the antinociception produced
by stimulating sites in the RVM can be reduced by microinjecting tetracaine, a local anesthetic,
or cobalt chloride, a divalent cation that blocks synaptic transmission, into the A7 cell group
(Nuseir et al. 1999).

The finding that NTR1, but not NTR2-mediated antinociception is in part mediated through
serotonin release in the spinal cord is consistent with our previous report that NTR1 is expressed
almost exclusively on serotonergic neurons in RVM, about 50% of which project directly to
the dorsal horn of the spinal cord, and NTR2 is expressed on non-serotonergic RVM neurons
(Buhler et al. 2005). Furthermore, NT excites serotonergic NRM neurons in culture (Li et al.
2001) and NTR agonists would be expected to activate spinally-projecting serotonergic
neurons in vivo.
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Conclusions
These experiments characterized the antinociceptive activity of the NTR2 agonist β-LT in the
RVM and investigated the spinal transmitters involved in NTR1 and NTR2-mediated
antinociception. We report that NTR1-mediated antinociception is mediated by spinal release
of serotonin and NE, while NTR2-mediated antinociception involves spinal release of NE only.
This suggests that while both NTR1 and NTR2 in the RVM can produce thermal
antinociception in the tail withdrawal assay, activation of both NTR receptors by non-selective
agonists such as NT produces antinociception mediated by at least two distinct descending
inhibitory pathways.
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Figure 1.
The distribution of microinjection sites in the RVM for A) NT (3 nmol, n = 32), B) PD149163
(0.5 pmol, n = 30), and C) β-LT (1 nmol, n = 22). Sites are plotted between −11.6 mm and
−10.0 mm caudal to bregma and the numbers above each section represent the distance caudal
to bregma in mm. The intrathecal drug administered after each agonist is indicated by different
symbols: circle = saline; diamond = yohimbine; square = methysergide; triangle = yohimbine
& methysergide. Diagrams of representative sections were taken from the atlas of Paxinos and
Watson, 1997. Abbreviations: 7, facial nerve nucleus; Gi, gigantocellular reticular nucleus;
GiA, gigantocellular reticular nucleus, alpha part; LPGi, lateral paragigantocellular nucleus;
NRM, nucleus raphe magnus; py, pyramidal tracts. The scale bar = 1 mm.
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Figure 2.
Tail-flick latencies (mean MPE ± SEM) were determined before (−15, −10 and −5 min) and
after (5, 10, 20, 30, 40 and 50 min) RVM microinjections. A) Time course of effects produced
by saline or β-LT (2 pmol, 20 pmol, 0.2 nmol, or 1 nmol; n = 4–16). B) Dose-response
relationship for the effects of β-LT in the tail-flick test represented by mean area under the
curve (AUC) between 5 and 50 min.
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Figure 3.
Tail-flick latencies (mean MPE ± SEM ) before (−20, −15 and −10 min) and after (5, 10, 20,
30, 40 and 50 min) pretreatment with A) the NTR1 antagonist SR48692, 3 fmol (n = 4), or B)
the mixed NTR 1/2 antagonist SR142948, 0.3 fmol (n = 9), microinjected in the RVM followed
by microinjection of β-LT (1 nmol). Pretreatment with saline (n = 9), SR48692 alone (n = 8)
and SR142948 alone (n = 4) are also shown.
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Figure 4.
Effect of i.t. injection of selective monoamine antagonists on β-LT-induced antinociception.
Mean MPE ± SEM tail-flick latencies before (−15, −10, −5 min) and after (5 – 50 min)
microinjection of saline or β-LT (1 nmol) in the RVM and intrathecal administration of saline
(n = 7), A) methysergide and yohimbine (n= 4), B) yohimbine (n = 4), or C) methysergide (n
= 7). Intrathecal agents were given in a dose of 30µg/10µl each and as intrathecal controls (n
= 4–6).
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Figure 5.
Effect of i.t. injection of selective monoamine antagonists on PD149163-induced
antinociception. Mean MPE ± SEM tail-flick latencies before (−15, −10, −5 min) and after (5
– 50 min) microinjection of saline or PD149163 (PD, 0.5 pmol) in the RVM and intrathecal
administration of saline (n = 9), A) methysergide and yohimbine (n = 5), B) yohimbine (n =
9), or C) methysergide (n = 7). Intrathecal agents were given in a dose of 30µg/10µl each and
as intrathecal controls (n = 4–6).
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Figure 6.
Effect of i.t. injection of selective monoamine antagonists on NT-induced antinociception.
Mean MPE ± SEM tail-flick latencies before (−15, −10, −5 min) and after (5 – 50 min)
microinjection of saline or NT (3 nmol) in the RVM and intrathecal administration of saline
(n = 10) A) methysergide and yohimbine (n = 6), B) yohimbine (n = 7), or C) methysergide (n
= 9). Intrathecal agents were given in a dose of 30µg/10µl each and as intrathecal controls (n
= 4–6).
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Table 1
Affinities of β-LT and Reference Compounds at Various Receptors,

Receptor 3H-ligand Ki β-LT (nM)
NTR1 NT >10,000
r5-HT1A 635 8-OH-DPAT >10,000
5-HT1B GR125743 >10,000
5-HT1E 5HT >10,000
5-HT2A Ketanserin >10,000
5-HT2B LSD >10,000
r5-HT2C Mesulergine >10,000
5-HT5A LSD >10,000
5-HT6 LSD >10,000
5-HT7 LSD >10,000
D1 SCH23390 >10,000
D2L N-methylspiperone >10,000
rD3 N-methylspiperone >10,000
α1A Prazosin >10,000
α1B Prazosin >10,000
mα2A Clonidine >10,000
α2B Clonidine 401.5*
α2C Clonidine >10,000
m1 QNB >10,000
m2 QNB >10,000
rBZP (A1) RO 15-1788 >10,000
MOR Diprenorphine >10,000
DOR DADLE >10,000
rKOR U69593 >10,000
H1 Pyrilamine >10,000
H2 Tiotidine >10,000
gH3 α-methyl-histamine >10,000
H4 Histamine >10,000
Experiments were performed as described in Materials and Methods, using the radioligands listed above. Data represent the mean of at least four separate
experiments. All studies were performed with human cloned cDNAs except where specified; r=rat cloned cDNA, m=mouse cloned cDNA, g=guinea pig
cloned cDNA.
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