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Abstract
Substance P (SP) is thought to play a cardinal role in emesis via the activation of central tachykinin
NK1 receptors during the delayed phase of vomiting produced by chemotherapeutics. Although the
existing supportive evidence is significant, due to lack of an appropriate animal model, the evidence
is indirect. As yet, no study has confirmed that emesis produced by SP or a selective NK1 receptor
agonist is sensitive to brain penetrating antagonists of either NK1, NK2, or NK3 receptors. The goals
of this investigation were to demonstrate: 1) whether intraperitoneal (i.p.) administration of either
SP, a brain penetrating (GR73632) or non-penetrating (e.g. SarMet – SP) NK1 receptor agonist, an
NK2 receptor agonist (GR64349), or an NK3 receptor agonist (Pro7-NKB), would induce vomiting
and/or scratching in the least shrew (Cryptotis parva) in a dose-dependent manner; and whether these
effects are sensitive to the above selective receptor antagonists; 2) whether an exogenous emetic dose
of SP (50 mg/kg, i.p.) can penetrate into the shrew brain stem and frontal cortex; 3) whether GR73632
(2.5 mg/kg, i.p.)-induced activation of NK1 receptors increases Fos-measured neuronal activity in
the neurons of both brain stem emetic nuclei and the enteric nervous system of the gut; and 4) whether
selective ablation of peripheral NK1 receptors can affect emesis produced by GR73632. The results
clearly demonstrated that while SP produced vomiting only, GR73632 caused both emesis and
scratching behavior dose-dependently in shrews, and these effects were sensitive to NK1-, but not
NK2- or NK3-receptor antagonists. Neither the selective, non-penetrating NK1 receptor agonists, nor
the selective NK2- or NK3-receptor agonists, caused a significant dose-dependent behavioral effect.
An emetic dose of SP selectively and rapidly penetrated the brain stem but not the frontal cortex.
Systemic GR73632 increased Fos expression in the enteric nerve plexi, the medial subnucleus of
nucleus tractus solitarius, and the dorsal motor nucleus of the vagus, but not the area postrema.
Ablation of peripheral NK1 receptors attenuated the ability of GR73632 to induce a maximal
frequency of emesis and shifted its percent animals vomiting dose-response curve to the right. The
NK1-ablated shrews exhibited scratching behavior after systemic GR73632-injection. These results,
for the first time, affirm a cardinal role for central NK1 receptors in SP-induced vomiting, and a
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facilitatory role for gastrointestinal NK1 receptors. In addition, these data support the validation of
the least shrew as a specific and rapid behavioral animal model to screen concomitantly both the
CNS penetration and the antiemetic potential of tachykinin NK1 receptor antagonists.
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1. INTRODUCTION
Although emetic circuits are not yet fully defined anatomically, control of vomiting appears
to involve both central and peripheral mechanisms [58]. The medullary dorsal vagal complex
(DVC) in the brain stem, including the nucleus tractus solitarius (NTS), the dorsal motor
nucleus of the vagus (DMNX), and the area postrema (AP) are involved in the central mediation
of emesis. Emetic afferents to the DVC arise from diverse brain nuclei, and from peripheral
structures via the vagus nerve, including the gastrointestinal tract (GIT).

Neurochemically, recent evidence implicates Substance P (SP) in modulating emesis. SP, and
neurokinins A and B, are members of the tachykinin neuropeptide family, which preferentially
interact with three related G-protein-coupled receptors, the NK1, NK2, and NK3 receptors
respectively [50]. SP has been implicated as a primary afferent neurotransmitter via NK1
receptors in various noxious stimuli including some emetogens [1]. NK1 receptors are found
on neurons throughout the brain and in the gut and are densely expressed in a number of brain
nuclei including the DVC [28,29,34,65]. Indeed, SP-like immunoreactivity and high
concentrations of the peptide are found in several anatomical substrates of emesis: 1) the DVC,
2) the peripheral enteric nervous system, and 3) the enterochromaffin cells (EC) of the intestinal
mucosa [1,52]. The latter is of particular importance since serotonin and SP release by EC cells
could play important roles in the induction of the immediate and delayed phases, respectively,
of emesis produced by chemotherapeutic drugs [58]. Also, administration of SP induces emesis
in awake dogs or ferrets [8,21], while application to the AP elicits retching even in anesthetized
ferrets [1]. While many animal studies have demonstrated a potent antiemetic effect for NK1
receptor antagonists against diverse emetogens, in clinical studies such antagonists lack full
efficacy, and can only potentiate the ability of traditional antiemetics in cancer patients
receiving chemotherapy [1,35,42,51,58].

The antiemetic action of NK1 receptor antagonists appears central because: 1) brain penetration
is required for activity [49]; 2) central injection of CNS penetrant or non-penetrant NK1
receptor antagonists prevents emesis produced by the peripheral administration of cisplatin
[21,54]; and 3) there is strong correspondence in the rank order of potency between NK1
receptor antagonists’ ID50s for their antiemetic activity in ferrets, and their ability to suppress
foot tappings in gerbils induced by centrally injected NK1 receptor selective agonists [35,49,
51]. These models have been used concomitantly as indices for CNS penetration, antagonist
activity, and CNS-mediated antiemetic potential of NK1 receptor antagonists. Significant
differences between rodent and human NK1 receptors forced the use of alternative animal
models such as gerbils, whose NK1 receptors have a tissue receptor affinity profile similar to
that of humans [13,49].

Darmani et al. Page 2

Brain Res. Author manuscript; available in PMC 2009 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Despite this evidence, the question of a central and/or peripheral emetic action for tachykinins
is clouded by inconsistent data from current animal models. SP is a potent emetogen in the
dog, but only when administered i.v. [8,63]. However, in ferrets the opposite effect was noted
[21,32]. Intravenous administration of the NK1 receptor antagonist RPR100893 was effective
against cisplatin-induced emesis in ferrets, but did not reduce foot-tapping in gerbils [49].
These disparate findings suggest a peripheral component in addition to the proposed central
action. Indeed, centrally- and/or peripherally-acting NK1 receptor antagonists can both prevent
emesis produced by systemic administration of cisplatin [1,37,60], and reduce vagal afferent
discharge produced peripherally [37,38].

A major factor that has hampered further progress in understanding of clinical aspects of
vomiting and their application to chemotherapy-induced vomiting is the lack of a rapid and
specific animal model for both the study of the emetogenic potential of SP and related NK1
agonists, and for teasing out the contribution of peripheral NK1 receptor activation. One such
possible model is found in the emesis model species, the least shrew (Cryptotis parva) [10].
In rodent models, central administration of NK1 receptor agonists induces a specific behavior
analogous to foot-tapping in gerbils called scratching [43]. We had previously observed in the
least shrew that the serotonergic 5-HT2A receptor agonist DOI also induced centrally-mediated
head-twitch and scratching behaviors analogous to those seen in DOI-treated rodents [11,62],
which were sensitive to both 5-HT2A and NK1 receptor antagonists [11,12,62], and our
preliminary studies indicated that i.p. injection of the NK1 receptor agonist GR73632 can
rapidly induce both emesis and scratching behavior in the least shrew.

When coupled with initial observations of SP-induced emesis [8], and GR73632-induced
emesis and scratching, and with the need for a better animal model of emesis, we hypothesized
that the least shrew could be used not only as a model for emetic behaviors, but also as a model
for behaviorally distinguishing between CNS-penetrating and non-penetrating drugs. Thus, the
intent of this study was to validate the least shrew as the model system described above, and
to address some of the discussed questions in current emesis-related literature. This was
accomplished by: 1) investigating whether peripheral administration of SP, or of brain
penetrating and non-penetrating NK1 receptor agonists, can induce emesis and scratching dose-
dependently; 2) pharmacologically deciphering which tachykinin receptor is responsible for
the induction of these behaviors via the utilization of selective receptor agonists and
antagonists; 3) determining whether intraperitoneally-administered SP at emetic doses can
enter the brain by analyzing the tissue levels of exogenous SP in the brain stem and frontal
cortex; 4) examining Fos-measured neuronal activity in the DVC and GIT enteric neurons
following systemic administration of GR73632; and 5) demonstrating the possible role of
peripheral NK1 receptors in emesis following their selective peripheral ablation in the gut.

2. RESULTS
Dose-response emesis and scratching studies with tachykinin receptor agonists and
antagonists

Intraperitoneal administration of SP (0, 10, 25, 50 and 100 mg/kg) increased the frequency of
vomiting [(KW (4, 40) = 25.7, P < 0.0001)] (Fig 1A). Dunn’s multiple comparisons posthoc
test showed that relative to the vehicle-treated control group, significant increases in the
frequency of vomiting occurred in groups injected with the 50 (382%, P < 0. 01) and 100
(322%, P < 0.05) mg/kg doses of SP. The 10 and 25 mg/kg doses of SP were inactive. The
onset of first emesis was rapid, within 1–2 min of SP injection, and the majority of episodes
occurred within the first 5 minutes, except one animal which vomited at 25 minutes. Fisher’s
exact test showed that the percentage of shrews vomiting in response to SP administration
increased in a dose-dependent manner [(χ2 (4, 40) = 27.7, P < 0.0001)] (Fig. 1B). Significant
increases (82 and 78%, respectively) in the number of shrews vomiting were seen at 50 (P <
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0.001) and 100 mg/kg (P < 0.001) doses of SP. Although in our initial dose-response studies
not all shrews vomited in response to either 50 or 100 mg/kg doses of SP, in our subsequent
drug interaction studies, all vehicle-pretreated animals vomited in response to 50 mg/kg SP
injection. At the doses tested, SP caused no other overt behavioral effect (e.g. scratching).

The brain penetrating and selective NK1 receptor agonist GR73632 (0, 1, 2.5 and 5 mg/kg)
increased the frequency of vomiting in a dose-dependent manner [(KW (3, 32) = 24.9, P <
0.0002)] (Fig 1C). Significant increases in emesis frequency occurred at 2.5 (438%, P < 0.01)
and 5 mg/kg (575%, P < 0.001) doses. The percentage of shrews vomiting also increased in a
dose-dependent fashion [(χ2 (3, 32) = 26.5, P < 0.0001)] and significant increases in the number
of shrews vomiting were observed at 2.5 (87.5%, P < 0.001) and 5 mg/kg (100%, P < 0.001)
doses (Fig. 1D). The onset of first emesis was rapid and generally occurred within 3–4 minutes
of GR73632 administration and the remaining episodes occurred in the next 15 minutes.
Although SP failed to cause scratchings, intraperitoneal injection of GR73632 also caused
dose-dependent increases in the frequency of scratching behavior (KW [(3, 30) = 24, P <
0.0001)] (Fig. 2A). Significant increases were seen at 2.5 (P < 0.001) and 5 mg/kg doses (P <
0.001) (Fig. 2A). The CNS non-penetrating NK1 receptor agonists produced minimal emetic
and scratching behaviors which were not significantly different from their corresponding
vehicle-treated controls. Thus, ASMSP caused emesis in 37% (3 of 8 shrews vomiting), 50%
(4 of 8), and 50% (3 of 6) of tested shrews at its 5, 10, and 20 mg/kg doses, respectively. The
ASMSP-induced vomiting frequencies (mean ± SEM) were 0.75 ± 0.4 (5 mg/kg dose), 1.23 ±
0.73 (10 mg/kg), and 1.8 ± 0.83 (20 mg/kg) vomits. It also caused 10–15 scratchings, but the
effect was neither significant nor dose-dependent relative to the vehicle-treated control group
(4.9 ± 2 scratchings, N=10). The third selective NK1 receptor agonist, SarMet-SP, at doses of
1, 5, and 10 mg/kg, caused emesis in 20% (1 of 5 shrews vomiting), 33% (2 of 6), and 0% (0
of 4) of shrews, respectively. SarMet-SP induced vomiting frequencies of 0.6 ± 0.6 (1 mg/kg
dose), 1 ± 0.8 (5 mg/kg), and 0 ± 0 (10 mg/kg) vomits, respectively. Likewise, it induced 4–
10 scratches which were not dose-dependent. The saporin analog of the latter agent was tested
at a 1.2 mg/kg dose and caused emesis in 11% (1 of 9) of tested shrews.

In Figure 3, graphs A and B demonstrate the antivomiting activity of the NK1 receptor
antagonist CP99,994 (0, 5 and 10 mg/kg, i.p.) against a 50 mg/kg (i.p.) emetic dose of SP.
CP99,994 significantly attenuated (84%, P < 0 .01) the frequency of induced emesis [(KW (2,
26) = 13.6, P < 0.001)] as well as protecting (70%, P < 0.003) shrews from emesis [(χ2 (2, 26)
= 14, P < 0.001)] at a dose of 10 mg/kg (Fig. 3A, B). CP99,994 (0, 5, 10 and 20 mg/kg) also
dose-dependently reduced both the frequency (61, 87 and 97% respectively) [(KW (3, 42) =
21.2, P < 0.0001)] and the percentage of (2.9, 60 and 73% respectively) shrews vomiting
[(χ2 (3, 42) = 26.41, P < 0.0001)] in response to a 5 mg/kg dose GR73632 (Fig. 3C, D). Indeed,
significant reductions in both GR73632-induced emetic parameters were seen at its 10 (P <
0.01) and 20 mg/kg (P < 0.001) doses. Although CP99,994 (0, 5, 10 and 20 mg/kg) also caused
up to 49% reduction in the frequency of scratching, the reduction failed to attain significance
(Fig. 2B). Likewise, the second tested NK1 receptor antagonist, L733060 (0, 5, 10 and 20 mg),
attenuated both the frequency of vomiting [(KW (3, 40) = 14.4, P< 0.002)] and the percentage
of shrews vomiting [(χ2 (3, 40) = 14.1, P < 0.02)] in response to GR73632, at 5 (62%, P > 0.05;
33%, P > 0.05), 10 (74 %, P > 0.05; 53%, P < 0.01) and 20 mg/kg (95%, P < 0.01; 73%, P <
0.001), respectively, (Fig. 3E, F). Both CP99,994 and L733060 only delayed the onset of first
emesis induced by GR73632 at their highest tested effective antiemetic doses. L733060 also
reduced (63, 69 and 54%, respectively) the GR73632-induced scratchings [(KW (3, 40) = 3,
P < 0.043)], and a statistically significant reduction was seen at its 10 mg/kg dose (P < 0.05)
(Fig. 2C).

Pretreatment with either the NK2 - (GR159897; 20 mg/kg i.p.) or the NK3- (SB218795; 20 mg/
kg, i.p.) receptor antagonists did not significantly affect the frequency of either emesis (Fig.
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4A) or scratching (Fig. 4C) behaviors induced by a 5 mg/kg dose of the NK1 receptor agonist
GR73632. These antagonists also failed to affect (P > 0.05) the percentage of shrews vomiting
in response to GR73632 (Fig. 4B). Moreover, these antagonists did not produce any behavioral
effect by themselves at a 20 mg/kg dose. In addition, neither the vehicle (N=10), nor the
selective NK2- (GR64349) or NK3- (Pro7-NKB) receptor agonists, produced emesis or
significant scratchings at 5 or 10 mg/kg doses. Indeed, 1 out of 8 animals vomited in response
to either dose of GR64349, while none vomited (0 out of 6) in response to doses of 5 or 10 mg/
kg Pro7-NKB.

Analysis of SP in shrew serum, gut and brain
Intraperitoneal administration of a 50 mg/kg dose of exogenous SP initially significantly
increased the basal level of brain stem SP in a time dependent manner [(F (3,21) = 13.8 P <
0.0001)] (Fig. 5A). Indeed, significant increases occurred at 5 (P < 0.05) and 15 minutes (P <
0.01) post-injection, which returned to basal tissue level by 30 minutes. On the other hand, the
basal frontal cortex SP concentration concomitantly decreased (P > 0.05, P < 0.05, and P <
0.01 at 5, 15, and 30 minutes respectively) in a time-dependent fashion [(F (3,21) = 5.3, P <
0.01)] (Fig 5A). Both duodenal (P < 0.01) and jejunal (P < 0.01) tissue levels significantly
increased within 5 minutes of exogenous SP injection, which then either remained unchanged
or decreased by 15 minutes post-administration, but still were significantly (P < 0.01 and P <
0.05, respectively) higher than their basal values by several fold [(F (2,17) = 8.3, P < 0.003)]
and [(F (2, 17) = 8.9, P < 0.002)], respectively (Fig. 5B). Likewise, the basal SP blood serum
level dramatically increased at 5 minutes post-injection and rapidly declined towards baseline
values by 10 minutes [(F (3,15) = 29.7, P < 0.0001)] (Fig. 5C).

Fos-immunoreactivity following GR73632 injection
Intraperitoneal injections of the NK1 receptor agonist GR73632 (2.5 mg/kg) induced vomiting
in 5 of 6 shrews and retching in the sixth shrew, whereas saline-injected controls (N = 6) did
not vomit or retch at all. Photomicrographs of Fos immunoreactivity (Fos-IR) in GR73632 and
saline-injected shrews are shown in Fig. 6. Table 1 enumerates the mean number of Fos-IR
nuclei (mean ± SEM) per region of interest in GR73632-injected or saline-injected shrews, and
of Fos-IR nuclei per 1 cm sliced length of enteric nervous system (i.e. small intestine, see
Methods). Significant differences between GR73632 and saline injected control group were
found in the NTS, the DMNX and the enteric nervous system. No significant effect was
observed in the AP between the control and treated shrews.

Histological analysis of SSP-Saporin lesions
Results of immunolabeling following saporin-based immunolesion are presented in Fig. 7.
There was a clear loss of NK1 receptor-IR in the gut (Fig. 7C’), but not the brain (Fig. 7A’),
of the SSP-saporin injected shrews versus corresponding saline-treated controls (Fig. 7C, A).
SP-IR in the brain appeared similar to that of controls (Fig. 7B/B’), but intestinal SP-IR (Fig.
7D’) was reduced relative to saline-treated controls (Fig. 7D). Although somata in the nerve
plexi were generally intact, fibers and terminal-like structures normally penetrating the villi
and crypts of the intestinal wall appeared less dense to varying degrees. Fos-positive nuclei
following GR73632 administration were found in saline-preinjected controls in the nerve plexi
and the medullary DVC (Fig. 6 B/D), but only in the DVC in SSP-saporin-preinjected shrews
(Fig. 7B’ inset). NK1 receptor-IR and SP-IR in shrews injected with saporin or blank-saporin
were not different from that found in control shrews (data not shown). SP-IR in the brain
appeared similar to that of controls (Fig. 7B/B’).
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Emesis and scratching studies following NK1 receptor immunotoxic lesions with SSP-
saporin

Challenge administration of different doses of GR73632 (0, 1, 2.5, and 5 mg/kg) in different
groups of NK1 receptor-intact control shrews pretreated with a single injection of saline 4 days
prior to the challenge test procedure caused dose-dependent increases in the frequency of
emesis [(KW (3, 31) = 20.4, P < 0.00014)] and scratchings [(KW (3, 31) = 18.2, P < 0.0004)]
as well as the percentage of shrews vomiting (0, 44, 62.5 and 100%) [(χ2 (3, 31) = 18.5, P <
0.0001)] (Fig. 8A, B, C). Post hoc analysis indicated that the emesis frequency, the percentage
of shrews vomiting and the number of scratches were respectively increased at 1 (P < 0.02, P
< 0.05, P < 0.001), 2.5 (P < 0.006, P < 0.013, P < 0.001), and 5 mg/kg doses (P < 0.001 for all
cases). GR73632 challenge in saporin-pretreated NK1 receptor-ablated shrews also
significantly increased the frequency of emesis [(KW (3, 26) = 19.4, P < 0.0001)], the
percentage of shrews vomiting (0, 0, 28 and 100%, respectively) [(χ2 (3, 26) = 22.7, P <
0.0001)], and the number of scratchings [(KW (3, 26) = 13.2, P < 0.004)] (Fig. 8A, B, C).
However, post hoc analysis indicated while the frequency of emesis and the percentage of
shrews vomiting increased significantly only at 5 mg/kg (P < 0.001 in both cases), the number
of scratches increased in a significant manner at all tested doses of GR73632 (P < 0.02, P <
0.001 and P < 0.001, respectively). In addition, significant differences were observed among
the NK1 intact control and NK1- ablated shrews for some doses of GR73632 in emesis
parameters but not in the scratching behavior. Indeed, the 1 mg/kg GR73632 dose caused about
2 vomits in 44% of normal shrews, but was unable to induce emesis in any of the NK1 ablated
shrews (P < 0.041 and P < 0.04, respectively) (Fig. 8A, B). Although relative to normal shrews
a smaller proportion of NK1-ablated shrews vomited in response to 2.5 mg/kg GR73632, the
difference did not attain significance and both groups produced nearly identical mean
frequencies of emesis. On the other hand, the 5 mg/kg dose caused emesis in all of the tested
animals, however, the NK1 ablated shrews exhibited significantly less bouts of vomiting (P <
0.046). Overall, the percent shrew vomit dose-response curve in NK1 ablated shrews seems to
be shifted to the right of its corresponding control curve in normal shrews (Fig. 8B).

The most dramatic effect of NK1 receptor ablation on GR73632-induced emesis was
qualitative. Indeed, in the NK1 receptor-intact animals, the duration of emesis with
corresponding rhythmic abdominomuscular retching movements in a cephalad direction and
accompanying opening of the mouth to expel gastrointestinal contents was approximately 2–
4 seconds. On the other hand, in NK1 receptor-ablated shrews, the process of expulsion of
food/liquid was much more prolonged lasting 15–30 seconds. Thus, the discussed retching
movements with corresponding ondulatory mouth openings were continuously present until
emesis occurred but these animals seemed unable to initiate a significant retroperistaltic
gastrointestinal movement to expel the vomit.

3. DISCUSSION
In the absence of a suitable animal model, the emetic ability of SP and the role of brain stem
NK1 receptors in vomiting has mainly been based upon indirect evidence. This study is the
first report to systematically characterize the direct emetic effects of systemic SP, and to
correlate brain penetrance and central vs. peripheral NK1 receptor activity with emesis in a
vomiting species.

BEHAVIORAL EFFECTS OF SUBSTANCE P RELATE TO CNS PENETRATION
Intraperitoneal administration of SP caused dose-dependent increases in emesis, confirming
published data that i.v.-administered SP is a robust emetogen [8]. There is evidence that
peripheral peptides can influence the brain directly in that systemically-administered SP
induces centrally-mediated effects in rodents [6,27,46]. Although unlikely to pass the blood-
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brain-barrier under physiological conditions, SP may gain entrance rapidly by a specific
transport mechanism [9,18], through the AP or other circumventricular organs (CVO’s) in the
CNS. The AP is located dorsal to the NTS, outside the blood-brain and cerebrospinal fluid
barriers, and possesses active influx and efflux transport proteins [3] and sensitivity to
bloodborne chemicals [17]. Furthermore, capillaries from the AP make vascular links with the
NTS, which itself has fenestrated capillaries with high permeability [23,47]. Exogenously
administered SP can be degraded rapidly in larger species [19,41] and particularly quickly in
the least shrew, given that a large emetic dose (50 mg/kg, i.p.) attained maximal blood serum
concentration within 5 minutes of injection, and quickly declined towards basal levels within
5 more minutes. Although maximal duodenal and jejunal tissue concentrations occurred within
5 minutes of injection, levels remained significantly above baseline for up to 15 minutes.
Baseline concentrations of brain tissue SP (8.5-55 pg/mg protein) were similar to those seen
in rat brain (8–80 pg/mg protein) [14]. Brain stem SP-tissue levels required a longer time to
reach maximum (15 minutes) as well as to decline to basal levels (also 15 minutes), likely due
to brain penetration being limited by access to CVO’s. SP levels increased time-dependently
in the brain stem, but not in the frontal cortex, indicating SP entry was selectively confined to
the DVC area, a result also seen following intracarotid injection in rats [33]. These findings
correspond well with SP-induced emesis, in that the onset of emesis occurred within 1–2
minutes of injection, and the remaining episodes mainly occurred within 5 minutes of injection.
These data support a rapid entry of SP into the brain stem without conflicting with published
data [3,9,18,33] describing a specific, carrier-mediated transport mechanism for SP.

Since SP can be rapidly transported into the brain, we investigated the emetic effects of NK1
receptor selective agonist analogs of SP whose varied compositions alter their CNS-penetrating
abilities. SarMet-SP is an undecapeptide, while ASMSP is a modified hexapeptide, and
GR73632 is a modified pentapeptide. The first two agonists caused no more than a couple of
vomiting episodes, in 30–50% of tested shrews, and with few scratchings. None of these effects
were statistically significant or dose-dependent. While there may be species differences
involved because of NK1 receptor differences, the inability of the latter compounds to
significantly induce such behaviors appears to be due to poor penetration into the brain stem
[9], a mechanism supported by the fact that such agonists must be centrally administered to
induce motor behaviors [16,64]. Indeed, species differences do not appear to affect the potency/
efficacy of NK1 receptor agonists [16]. Despite the likely low affinity for the SP active transport
system, small amounts of the relatively non-penetrant agonists could still pass into the brain
at large doses, and this leakage could produce the weakly emetic response seen in some shrews.
In the current study, in addition to emesis, systemic administration of the brain-penetrating
NK1 receptor agonist GR73632 [25] in the least shrew concomitantly produced scratching
behavior in a dose-dependent manner. This behavior, analogous to mouse ear-scratching, is
mediated centrally in both rodents and shrews via the stimulation of NK1 or serotonergic 5-
HT2A receptors [11,12,16,62]. The crosstalk between the two neurotransmitter systems is
demonstrable, in that blockade of NK1 receptors prevents serotonergically induced scratching
and head-twitching behavior in mice [12]. Foot tapping in gerbils, a similar centrally-mediated
behavior, can be induced by systemic GR73632 as well [49]. Since SP is metabolized primarily
in the liver [1], the amount reaching the brain from the periphery is limited. Three lines of
evidence support the cardinal role of brain penetration in correlating NK1 receptor activity and
behavior: 1) systemic GR73632 caused dose-dependent emesis at less than 5% of the dose of
systemic SP; 2) systemic SP failed to induce scratching; and 3) the measured basal SP
concentration in shrew frontal cortex (a possible locus for scratching behavior [62]) actually
decreased, indicating exogenous SP did not penetrate the telencephalon. One possible cause
for a decrease in telencephalic SP is activation of inhibitory somatodendritic NK1 receptors
on serotonergic dorsal raphe neurons [48]. It is possible that the high levels of exogenous SP
in the brainstem/midbrain activated these receptors, and thus reduced endogenous SP levels in
the frontal cortex via a negative feedback mechanism similar to that described for serotonin
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[22]. Indeed, NK1 receptor antagonists seem to potentiate serotonin tissue levels in the frontal
cortex via such a mechanism [24].

NK1 RECEPTORS MEDIATE EMESIS AND SCRATCHING
Since SP can simultaneously activate all three neurokinin receptors at the doses used here, we
investigated the emetic effects of selective agonists for all three NK receptor subtypes. Our
results demonstrate that SP appears to induce vomiting via the activation of NK1 receptors.
The NK1 receptor selective agonist GR73632 caused significant emesis and scratching at 1
and 2.5 mg/kg, and maximal effects at 5 mg/kg, while the NK2- and NK3-receptor agonists
(GR64349 and Pro7-neurokinin B, respectively) were without effect at 10 mg/kg (see figure
1, figure 4, and figure 8). Emesis induced by SP itself was sensitive to the selective nonpeptide
NK1 receptor antagonist, CP99,994. Only selective NK1 receptor antagonists (CP99,994 and
L733060) fully prevented GR73632-induced emesis (10 –20 mg/kg) in a dose dependent
fashion, while a 20 mg/kg dose of selective NK2- and NK3-receptor nonpeptide antagonists
(GR159897 and SB18795, respectively) failed to affect the induced vomiting. The antiemetic
effects of some NK1 receptor antagonists (e.g. GR205171 and CP99,994) have also been
confirmed against other emetogens in a larger species of shrews, Suncus murinus [20,55].
Although only a single dose of NK2 or NK3 antagonist was used in this study, this dose was
based on literature and pilot studies, and was chosen on the basis of being a relatively high
dose, but not so high as to induce nonselective effects. Thus, these results for the first time
affirm a direct role of NK1 receptors in SP-induced emesis.

Although both of the tested NK1 receptor antagonists were fully effective against vomiting,
these agents reduced but did not completely prevent GR73632-induced scratching. CP99,994
tended to attenuate the scratching frequency but the reduction just failed to attain significance,
while L733060 significantly reduced scratchings. Several factors can account for the
difference: 1) scratching is a highly variable behavior and the large standard error within groups
would influence the statistical outcome; and 2) the duration of CNS action of CP99,994 is very
short due to rapid metabolism and brain efflux [49,59]. Indeed, CP99,994 can prevent foot
tapping in gerbils when administered i.v. just before, but not when administered p.o. one hour
prior to, centrally-administered GR73632 [49]. Neither of the tested NK2- or NK3- receptor
agonists induced scratching behavior, nor did their selective antagonists modify GR73632-
induced scratching. Thus, the induced scratching behavior is also mediated by NK1 receptor
activation in the least shrew.

CENTRAL AND PERIPHERAL MECHANISMS CONTRIBUTE TO EMETIC BEHAVIOR
Although the effect of an NK1 receptor agonist on emesis-related Fos induction in the DVC
of an emetic species has not yet been reported, other emetic stimuli induce strong Fos
expression in neurons in the medial subnucleus of the NTS, and less robustly but significantly
in the DMNX, of vomiting species including the house musk shrew [4,31,36,45,57]. Analysis
of Fos-IR demonstrated that systemic administration of an emetic dose of GR73632 produced
a similar expression pattern in the medial subnucleus of the NTS and in the DMNX of the least
shrew. The NTS as a whole is not functionally related to emesis, and in least shrews the entire
NTS is approximately 240 µm long [44]. Thus, in coronal sections, only rarely did more than
one section contain the medial NTS. However, the differences in Fos-IR between vomiting
and non-vomiting control groups in those sections were both visually clear and statistically
significant. Not surprisingly, the absolute numbers of nuclei are not large, given the small size
of the brain. However, the magnitude of the increase in DVC Fos-IR following GR73632
injection was comparable or nearly so to that following cisplatin in the ferret [57]. The minor
differences are likely due to the different emetogens used. The discussed studies also indicate
that while some emetic stimuli induce Fos expression in the AP, others don’t [31,36]. In the
current study, GR73632 had no significant effect on Fos-IR in the AP. This apparent lack of
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stimulation suggests that GR736332 is acting directly in the NTS and/or DMNX, or on afferent
terminals within these nuclei, to induce vomiting following its penetration into the brain stem.
One drawback to Fos-based studies is the broad range of Fos-activating stimuli, which can
leave unanswered the question of whether the Fos-IR is related to the induction, or to the
expression (e.g. motor output), of the behavior. This question is not easily resolved without
alternate methodologies (e.g. electrophysiological recording), but hypotheses can be drawn
based on previous data regarding the function of the area in question. The NTS is impacted by
numerous emesis-mediating afferents (e.g. vagal afferents) and serves as a major integrating
site for diverse emetic stimuli [2,5,31,57], but does not directly generate motor activity. Thus,
increased Fos-IR in the NTS is more likely to be related to induction of emesis rather than the
motoric expression of vomiting. The DMNX, however, has both motor output and local circuit
neurons, and thus Fos-IR in the DMNX could be due to either the motor output or to stimulation
of local circuit neurons.

The GIT can be another potential anatomical substrate of GR73632-induced emesis. NK1
receptors are present on vagal afferents, in the enteric nervous system (ENS), and in intestinal
tissue [1,26,28,30], and may directly or indirectly stimulate intestinal motility [7,15,28,29].
Indeed, Fos-IR was frequently noted in the ENS independent of emesis. However, in vomiting
shrews, a modest but significant increase in Fos-IR in the ENS was found. These findings,
combined with the ability of SP to generate retroperistalsis [40], and to relax the lower
esophageal sphincter (an event occurring in emesis) via NK1 receptors [53], are compelling
evidence for involvement of peripheral NK1 receptors in vomiting.

In addition to quantifying Fos-IR, we used i.p.-administered SSP-saporin to specifically lesion
the gastrointestinal NK1 receptor system. Previous studies have shown both the effectiveness
and specificity of this immunotoxin when injected directly into the CNS in other animal models
[39,56,61]. Our results show that peripherally-administered SSP-saporin does not penetrate
the blood-brain barrier, even via the AP, as evidenced by the completely normal
immunoreactivity for both NK1 receptor and SP in the DVC. The 1.2 mg/kg dose used is a low
dose, but large enough to eliminate NK1 receptor-IR within at least the segment of small
intestine harvested at perfusion. Peripheral NK1 receptor ablation caused profound quantitative
and qualitative changes in the ability of GR73632 to induce emesis. In addition to a reduction
in the number of shrews vomiting in response to varying doses of GR73632, the NK1 receptor-
ablated shrews also exhibited significantly smaller mean frequencies of vomits. Interestingly,
while the largest tested dose (5 mg/kg) still induced emesis in all ablated shrews, these animals
were unable to execute each vomit normally. Rather, the rhythmic retching movements with
corresponding mouth openings, which normally required 2–4 seconds to expel the vomit in
naive shrews, required 15–30 seconds for the completion of each ejection, possibly because
these animals were unable to generate a significant retroperistaltic intestinal movement [40]
to expel the vomit. Despite the demonstrable peripheral lesion, i.p. SSP-saporin neither
eliminated brain SP-IR, nor completely eliminated GR73632-induced emesis. Furthermore,
scratchings in ablated shrews were similar in number to those in saline-injected control shrews.
One exception was the 5 mg/kg dose in ablated shrews, which tended to cause fewer scratchings
than expected, albeit not significantly fewer (P > 0.05). These animals spent extensive periods
of time trying to vomit, which may have interfered with the expression of scratching behavior.
Thus, these results provide solid evidence for a mixed central/peripheral activity for SP on the
emetic reflex. They also indicate that activation of gastrointestinal NK1 receptors is not required
for the initiation of the vomiting process, but they are required to rapidly execute vomit
expulsion (i.e. for normal emesis-related intestinal motility).

Darmani et al. Page 9

Brain Res. Author manuscript; available in PMC 2009 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CONCLUSIONS
In summary, via the utilization of diverse behavioral, biochemical and immunohistochemical
techniques this study has demonstrated: 1) production of emesis via the activation of NK1
receptors using SP and the brain penetrating tachykinin NK1 receptor selective agonist
GR73632; 2) a cardinal role for the induction of emesis for central NK1 receptors, presumably
in the NTS and DMNX emetic nuclei of the DVC, as well as a facilitatory role for the
gastrointestinal NK1 receptors to rapidly expel the vomit; and 3) the validation of the least
shrew as a specific and rapid NK1 receptor behavioral model, to screen concomitantly both the
CNS penetration and the antiemetic potential of tachykinin NK1 receptor antagonists.

4. EXPERIMENTAL PROCEDURES
Animals and drugs

Shrews (C. parva) were bred and maintained in our animal facilities. Both male and female
shrews (4–5g, 35–60 days old) were used. The feeding and maintenance of shrews are fully
described elsewhere [10]. All animal protocols were approved by the Western University
Institutional Animal Care and Use Committee, and followed the current guidelines
recommended by NIH.

Substance P and ASMSP were purchased from Sigma/RBI (St. Louis, MO). The following
drugs were purchased from Tocris Cookson Inc. (Ellisville, MO): GR73632, GR159897,
GR64349, L733060, SB218795, and SarMet-SP. CP99,994 was obtained from Pfizer. Inc.
(Groton, CT). The water-insoluble drugs GR159897, CP99,994, L733060, and SB218595 were
initially dissolved to twice the stated concentrations in a 1:1:18 solution of ethanol:emulphor:
0.9% saline, and this solution diluted with an equal volume of saline. The rest were dissolved
in H2O and diluted in saline prior to administration. All drugs were administered at a volume
of 0.1 ml/10g of body weight.

Dose-response emesis and scratching studies with tachykinin receptor agonists and
antagonists

The present protocols were based upon our preliminary dose-response studies as well as
published findings in the least shrew [10]. Shrews were acclimated to the laboratory for at least
one hour prior to experimentation, then offered four mealworms (Tenebrio sp.) 30 min prior
to experimentation, to help identify ejection of food. Different groups of shrews were injected
with varying doses of either SP (0, 10, 25, 50 or 100 mg/kg, N = 7–11 shrews per group),
GR73632 (0, 1, 2.5 or 5 mg/kg, N = 8–12 shrews per group), ASMSP (0, 5, 10 or 20 mg/kg,
N = 6–10 per group), SarMet-SP (0, 1, 5 or 10 mg/kg, N = 4–10 per group), GR64349 (0, 5,
or 10 mg/kg, N = 8–10 per group), or Pro7-NKB (0, 5, or 10 mg/kg, N = 6–10 per group).
Immediately following injection, each shrew was placed in an observation cage and the
frequencies (mean ± S.E.M.) of both vomiting (oral ejections of food or liquid, or the act of
vomiting which did not result in actual ejection of food or liquid due to an empty stomach) and
scratching behaviors were recorded for the next 30 min. Scratches within a bout were counted
and scored cumulatively, with a new bout starting either: 1) after a 2 sec interval without
scratching; or 2) after the shrew would switch to scratching with the opposing limb no matter
how long an interval had passed since the previous bout (see also [11]). Based on these results,
i.p. administration of 50 mg/kg SP or 5 mg/kg of GR73632 caused a maximal frequency of
emesis, and in the case of GR73632 numerous scratchings, so these doses were chosen for
subsequent antagonist interaction studies.

For the drug interaction studies, different doses (i.p.) of either the specific NK1 receptor
antagonists CP99,994 (0, 5, 10 or 20 mg/kg, N = 10–14 shrews per group) or L733060 (0, 5,
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10 or 20 mg/kg, N = 10–14 shrews per group); the specific NK2 receptor antagonist GR159897
(0 or 20 mg/kg, N = 8 per group); or the specific NK3 receptor antagonist SB218795 (0 or 20
mg/kg, N = 7–8 per group) were administered to different groups of shrews. Each shrew was
offered four mealworms immediately following antagonist (or vehicle) injection and 30 min
later received an emetic dose (5 mg/kg, i.p.) of GR73632. The frequencies of both emesis and
scratching behaviors (mean ± S.E.M.) were recorded for 30 min immediately following
GR73632 administration as described above. The antiemetic effect of CP99,994 (0, 5 or 10
mg/kg, N = 9–10 animals per group) was also investigated in a similar manner against SP (50
mg/kg, i.p.)-induced emesis.

Quantification of SP in serum, gut and brain tissues following injection (i.p.) of an emetic
dose of SP

Groups of shrews were injected with 50 mg/kg SP (i.p.) and were euthanized at 5, 15 or 30
min (N = 5–6 animals per group) post injection. Samples of serum, forebrain tissue at the level
of prefrontal cortex, brain stem, duodenum, and jejunum were collected for the determination
of SP levels relative to a saline-treated shrew control group (N = 6). Brain SP concentration
was determined for all exposure times, whereas gut and serum SP concentrations were analyzed
for the 5 or 15 min exposure periods. An additional 10 min exposure group was analyzed for
serum SP.

To collect blood, shrews were euthanized with an overdose of isoflurane (Vedco, St. Joseph,
MO) one at a time. Each shrew was laid on its back and taped to a metal tray, and the ribcage
cut off and lifted away. Blood was drawn intraventricularly until the descending aorta cleared
(50–100 µl volume), and rapidly transferred to a non-heparinized tube for centrifugation to
remove erythrocytes. Other tissue samples were rapidly dissected following blood collection.
Brain and serum samples performed normally with the enzyme immunoassay (EIA) detection
kit. However, gut samples spiked with known levels of SP showed degradation resistant to
several cocktails of protease inhibitors (pP8340 from Sigma-Aldrich or #04693116001 from
Roche Applied Science, Indianapolis, IN). Thus, following dissection the entire intestine was
immediately immersed in a 70° C preheated solution of normal saline containing 10 mm EDTA
at pH 8.0 to neutralize protease activity. After a 5 min exposure, each gut was thrice flushed
and rinsed with the saline-EDTA solution, then allowed to return to room temperature. As
measured beginning 2 cm away from the pyloric sphincter, two 1 cm-long gut samples
(duodenum and jejunum, respectively) were excised and placed separately in test tubes
containing 1 ml assay buffer. Frontal cortex and brain stem samples were dissected in test tubes
containing 0.5 ml assay buffer. Each sample was homogenized using a tissue tearor (Biospec)
at level 5 for 15 sec. Homogenates were centrifuged at 17,000g for 15 min at 4° C. Supernatants
were collected and saved at −80° C until used for the EIA. SP concentrations were determined
by “Correlate-EIA” kit (Assay Designs, Ann Arbor, Michigan) per manufacturer’s instructions,
using a Bio-tek microplate reader.

Immunohistochemistry of Fos and tachykininergic systems
Shrews were given four mealworms each and then injected with either GR73632 (2.5 mg/kg
i.p., N = 6) or vehicle (saline, N = 6). For emesis-related Fos visualization, a shrew was
transcardially perfused 65–75 min after vomiting occurred, typically 25–35 min post-injection.
Thus, shrews that vomited were perfused 90–110 min post-GR73632 injection. Animals that
didn’t vomit were observed and then perfused 90–100 min post-GR73632 injection.

After the appropriate time period, shrews were anesthetized with pentobarbital (100 mg/kg)
and perfused transcardially via peristaltic pump with a 25 gauge blunted needle. The shrew
was perfused with ice cold heparinized saline (0.9% NaCl, 60–90 s), followed by ice cold 4%
paraformaldehyde/5% picric acid in pH 7.4, 0.1M phosphate buffer (PB, 10 min). Brains were
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cryoprotected overnight in 30% sucrose and embedded in blocks of 12% gelatin in 30%
sucrose/PB. The brain block was cut on a freezing microtome (Leica) at 30 µm into 5 series,
and stored in PB with 0.03% sodium azide. Gut blocks were processed similarly (i.e. 30 µm
thickness), but segmented into 0.5 cm long pieces before embedding. Due to the very thin walls
of the intestine in the least shrew, the gut cannot be pinned completely flat for embedding, nor
can the nerve plexi of the enteric nervous system be excised from the intestinal mucosa as is
done for larger animals [30]. Thus, intestine blocks were cut at oblique angles containing
several layers of the intestinal mucosa, smooth muscle, and ENS.

Immunohistochemistry was performed as described previously [44]. Tissue was blocked with
normal horse serum (NHS) to reduce nonspecific staining, then reacted overnight with sheep
anti-Fos polyclonal (Chemicon, Temecula, CA 1:600) with 0.3% Triton X-100 and 5% NHS
in PB. With 3 PB rinses between each step, tissue was then reacted in donkey anti-sheep
antibody (Jackson Immunoresearch, West Grove, PA, 1:600) in the above antibody diluent for
75 min. This was followed by 60 minutes in HRP-conjugated avidin-biotin complex (Vector
Labs, Burlingame, CA, diluted 1:2), and visualization in nickel-enhanced diaminobenzidine
(2% nickel, 0.05% DAB) with 0.0006% hydrogen peroxide for 6 minutes.

After reacting, the tissue was rinsed thoroughly in PB and mounted onto gelatin-subbed slides.
Air-dried slides were dehydrated through ascending ethanols and cleared in xylene (Fisher),
then coverslipped with DEPEX (Electron Microscopy Sciences, Hatfield, PA).

Photomicrographs of regions of interest were taken with a SPOT digital camera (Diagnostic
Instruments, Sterling Heights, MI) mounted to a Nikon Eclipse E600 microscope. A calibrated
scale bar was added and the photos exported to Adobe Photoshop 7, where a translucent, 55%
threshold-filtered image was superimposed. Fos+ nuclei, defined as a cluster of connected
pixels above the threshold, were then manually counted. This threshold was chosen based on
pilot photomicrographs used to correlate counts of above-threshold and visually-counted
nuclei. Fos+ nuclei were counted using straightforward counting by an analyst blind to the
source animal. Relevant structures were identified using an atlas produced in lab [44]. To
minimize counting errors from areas outside of the medial NTS, the mild cellular background
“counterstaining” generated during IHC processing was used to identify the point where the
medial longitudinal fasciculus essentially contacts the floor of the 4th ventricle. From this
reference point, the medial NTS (as seen in atlas Nissl sections) lies caudally 0.65 - 0.8 mm.
Only the section(s) from this range was counted.

SSP-Saporin NK1 receptor ablation behavioral studies
Dose-response curves were generated for shrews pretreated either with the NK1 receptor
immunotoxin SSP-saporin or saline, and challenged 4 days later with varying doses of
GR73632 (0, 1, 2.5 or 5 mg/kg, i.p., N = 8–10 per group). Thirty shrews were injected i.p. with
1.2 mg/kg SSP-saporin in sterile saline, and 35 shrews were injected with sterile saline alone.
In addition, 2 more shrews were injected with 1.2 mg/kg unconjugated saporin (saporin; ATS,
San Diego, CA) and 2 more with 1.2 mg/kg of saporin conjugated to a nonspecific peptide
sequence (Blank-saporin; ATS). Shrews were returned to home cages for 3 days and supplied
with food and water ad lib. Saporin-injected and Blank-saporin-injected shrews were perfused
four days post-injection, and brain and gut harvested as described for immunohistochemical
staining. The SSP-saporin and saline-injected shrews were divided into different groups on
day 4 post-injection, and each group injected i.p. with doses of 0, 1, 2.5, or 5 mg/kg GR73632.
Each shrew was monitored for 30 min post-injection and vomiting and scratching behaviors
quantified. Three shrews from each group were then perfused 90–120 min post-injection as
described previously for Fos immunohistochemistry, and brain and gut harvested. IHC was
performed for either 1) rat anti-Substance P monoclonal antibody (Chemicon, 1:400), 2) rabbit
anti-NK1 receptor polyclonal (Santa Cruz Biotech, Santa Cruz, CA, 1:500), or 3) sheep Fos,
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using the avidin-biotin-peroxidase method described above. IHC for SP and NK1 receptor was
done on the saporin- and Blank-saporin-injected shrews to determine the extent of lesion and
verify the specificity of SSP-saporin and was not quantified.

Statistical analyses
The data on the frequency of emesis and scratchings were analyzed by Kruskal-Wallis (KW)
nonparametric one-way analysis of variance (ANOVA) and post hoc analysis by Dunn’s
multiple comparisons test or Mann-Whitney test. A P value of < 0.05 was considered statistical
significance. The incidence of emesis (number of shrews vomiting) was analyzed by Fisher’s
Exact test to identify differences between groups. When appropriate, pairwise comparisons
were also made by this method. Two-way ANOVA using the Kruskal-Wallis or Fisher’s Exact
tests were initially utilized to respectively analyze the dose-response results of GR73632 on
emesis and scratching behaviors, and percentage of shrews vomiting in saporin- and saline-
pretreated control shrews. However, the data did not converge, so the described one-way
ANOVA statistical methods were used to analyze the data. For some emesis data, the two-
tailed Mann-Whitney test was used. The SP tissue concentration data were analyzed by a one-
way ANOVA followed by post hoc Dunnett’s t-test. Fos-IR was quantified by counting
immunopositive nuclei within each hemisection containing the region of interest (ROI). The
number of nuclei within the ROI for each animal was obtained, and the group mean and standard
error calculated. Variance was checked by one way ANOVA to ensure the groups were not
statistically different, and a 2-tailed Student’s t-test was used for significant differences
between group means.
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ABBREVIATIONS
SP, Substance P; ASMSP, acetyl- [Arg, Sar9, Met (O2)11] – SP (6–11); GR73632, [delta Ava
[L – Pro9, N-MeLeu10] SP (7–11)]; GR159897, [5-Flouro- 3- [2-[4-methoxy -4- [[(R) –
phenylsulphinyl] methyl] – 1 – piperidinyl] ethyl] – 1H – indole]; GR64349, [[Lys3, Gly8-R-
gamma-lactam-leu9] Neurokinin-A (3–10)]; L733060 hydrochloride, [(2S, 3S) – 3- [[3,5 - bis
(Trifluoromethyl) phenyl] methoxy] – 2- phenylpiperidine hydrochloride]; SB218795, [[[2-
(Phenyl -4- quinolinyl) carbonyl] amino] – methyl ester benzeneacetic acid]; SarMet-SP,
[Sar9, Met (O2)11] – Substance P; CP99,994, [(2S, 3S) – Cis – 3 - (2-methoxybenzylamino -2-
phenylpiperidine)]; Pro7-NKB, Pro7-Neurokinin-B.
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Figure 1.
The dose-response emetic effects of varying doses of intraperitoneally-administered substance
P (Graphs A and B) and the brain penetrating NK1 receptor selective agonist GR73632 (graphs
C and D), during the 30 min post-injection observation period in the least shrew. Graphs A
and C depict increases in the frequency of emesis (mean ± S.E.M.), whereas graphs B and D
show the percentage of shrews vomiting. Significantly different from corresponding vehicle
control (0 mg/kg) at P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***).
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Figure 2.
The ability of varying doses of intraperitoneally administered GR73632 (a selective NK1
receptor agonist) to induce dose-dependent increases in the frequency of scratching behavior
(mean ± S.E.M.) during a 30 minute observation period in the least shrew (Graph A). Graphs
B and C show the ability of varying doses of two structurally diverse but selective NK1 receptor
antagonists (CP99,994 and L733060) in suppressing the scratching behavior produced by a 5
mg/kg intraperitoneal dose of GR73632. Significantly different from corresponding vehicle-
pretreated control at P < 0.05 (*) and P < 0.001 (***).
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Figure 3.
The antiemetic effects of the neurokinin NK1 receptor selective antagonist CP99,940 against
substance P (graphs A and B)- and GR73632 (graphs C and D)-induced emesis in the least
shrew. Graphs E and F show the ability of another NK1 receptor selective antagonist L733060
to suppress emesis produced by GR73632. Different groups of shrews received i.p. vehicle (0
mg/kg), or varying doses of CP99,994 (5, 10 or 20 mg/kg) or L733060 (5, 10 and 20 mg/kg),
30 min prior to an emetic dose of either substance P (50 mg/kg) or GR73632 (5 mg/kg). Emetic
parameters were recorded for 30 min post emetic injection. Graphs A, C and E depict
attenuations in the frequency (mean ± S.E.M.) of emesis, whereas graphs B, D and F show
reductions in the percentage of shrews vomiting. Significantly different from vehicle control
at P < 0.01 (**) and P < 0.001 (***).
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Figure 4.
The lack of effect of either a selective NK2 receptor antagonist GR159897 (20 mg/kg, i.p.), or
a selective NK3 receptor antagonist SB218795 (20 mg/kg, i.p.), on the ability of a 5 mg/kg
intraperitoneal dose of the selective NK1 receptor agonist GR73632 to produce emesis and
scratching behavior. Graph A represents the frequency of emesis (mean ± S.E.M.), graph B
depicts the percentage of shrews vomiting, and graph C shows the frequency of scratching
(mean ± S.E.M.).
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Figure 5.
Demonstrates time-dependent distribution of exogenously administered substance P (50 mg/
kg, i.p.) in: A) brain stem (▬) and frontal cortex (----), B) duodenum (▬) and jejunum(----),
and C) blood serum. Significantly different from corresponding basal level at P < 0.05 (*) and
P < 0.01 (**).
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Figure 6.
Fos Immunoreactivity (Fos-IR) in the DVC of GR73632 injected shrews and controls. A)
Coronal hemisection of the dorsal vagal complex (DVC) area of a non-vomiting least shrew
(saline control) stained for Fos-IR. B) Fos-IR stained coronal section of the DVC in a shrew
which vomited after being given 2.5 mg/kg (i.p.) GR73632. Insets in A and B diagrammatically
represent the coronal level studied, and asterisks represent the central canal in the image and
corresponding inset. The NTS shows a strong induction of Fos-IR, the DMNX exhibits weaker
induction, while the AP is devoid of it following either saline or GR72632 injection. Scale bar
for A and B = 100 µm. C) Fos-IR in the myenteric plexus and intestinal wall of a control shrew.
Cells in crypts and villi did not produce Fos-IR, but scattered Fos-IR nuclei were found in the
myenteric plexus of shrews following either saline (C) or GR73632 (D) injection. D) Fos-IR
is greatly enhanced in the myenteric layers (arrowheads) of the GR73632-injected shrew. Scale
bar for C and D = 40 µm. Abbreviations: 12 – 12th (hypoglossal) cranial nerve nucleus; AP –
area postrema; Cr - intestinal crypts; Cu – cuneate nucleus and fiber tract; DMNX – dorsal
motor nucleus of the vagus nerve; Gr – gracile nucleus; MP – intestinal wall layers including
myenteric plexus; NTS – nucleus of the solitary tract; V – intestinal villi.
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Figure 7.
Immunohistochemical analysis of immunotoxin lesion. SSP-SAP (1.2 mg/kg, i.p.) was injected
to lesion NK1 receptor-containing cells in the gut. Immunolabeling for NK1 receptors and
Substance P (SP) was used to assess the lesion. A–B) Labeling in the dorsal vagal complex
(DVC) of saline-(A/B) or SSP-SAP-injected (A’/B’) shrews appeared normal for both NK1
receptor (A/A’) and SP (B/B’). C–D) Relative to saline control (C), labeling in the small
intestine showed a distinct and extensive loss of NK1 receptor (C’) containing cell bodies and
fibers in the myenteric plexus, crypts, and villi, although the loss was not complete. SP-
containing cell bodies in the intestinal nerve plexi were present in both saline (D) and SSP-
SAP (D’) treated shrews, but fibers extending into the intestinal villi and crypts appeared to
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be reduced in number relative to controls. The inset in B’ shows the presence of Fos-IR within
the DVC following i.p. injection of GR73632 and vomiting in a SSP-SAP-injected shrew,
demonstrating that the NTS is still functionally responsive to emesis. Scale bars (Except inset)
= 50 µm.
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Figure 8.
The emetic and scratching dose-response effects of intraperitoneally administered doses of the
brain penetrating selective NK1 –receptor agonist GR63762 in normal (O) and in peripherally
NK1-receptor ablated (•) shrews during the 30 min observation period immediately following
NK1 agonist injection. On day 1 groups of shrews were treated i.p. either with saline (control)
or 1.2 mg/kg SSP-saporin (peripheral NK1 receptor-ablated shrews) and on day 4 were
challenged with varying doses of GR73632. Graph A shows dose-dependent increases in the
frequency of emesis (mean ± S.E.M.), whereas graph B depicts the percentage of shrews
vomiting. Graph C presents dose-dependent increases in the frequency of (mean ± S.E.M.)
scratching behavior. Significantly different from corresponding vehicle control at P < 0.01 (**)
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and P < 0.001 (***); or significantly different from corresponding dose in NK1 receptor -intact
shrew control group (normal, O) at P < 0.05†.
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Table 1
Comparison of Fos-IR Nuclei per Region of Interest Following Injection of GR73632 or Saline. Data is presented
(mean ± SEM) for each group and each region of interest. Significance level was determined by two-tailed Student’s
T-test between groups, and was considered statistically significant when p ≤ 0.05. Significant differences between
GR73632 and saline injected groups (N=6 per group) were found in the NTS, the DMNX, and the ENS.

Region of Interest GR73632 Saline Significance level
PFC 116.8 ± 27.9 173 ± 26.4 0.25
NTS 20.5 ± 2.8 8.1 ± 2.9 0.004
AP 4.8 ± 1.7 2.0 ± 1.2 0.178
DMNX 4.9 ± 1.2 1.8 ± 0.7 0.047
ENS 11.8 ± 3.2 5.2 ± 2.6 0.05
Abbreviations: AP – area postrema; DMNX – dorsal motor nucleus of the vagus nerve; ENS – enteric nervous system; NTS – nucleus of the solitary tract;
PFC – prefrontal cortex.
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