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Neurokinin NK1 receptor antagonists may have therapeutic
potential in the treatment of anxiety and depression. Species
variants in the NK1 receptor result in reduced affinity of
NKT1 receptor antagonists at rat and mouse NK1 receptors,
making it difficult to test NK1 antagonists in traditional
preclinical models of anxiety and depression. Gerbil NK1
receptors are similar in homology to the human NK1
receptor. In a companion article, we described the anxiety-like
behavioral profile of gerbils on an adapted elevated plus-maze,
and the ability of anxiolytic drugs to produce anti-anxiety
effects in the gerbil elevated plus-maze. The aim of the present
study was to determine whether oral (p.o.) administration of
the NK1 receptor antagonists MK-869, L-742,694,
L-733,060, CP-99,994, and CP-122,721 produced anxiolytic-
like effects in the gerbil elevated plus-maze. Upon testing, all
five NK1 antagonists produced anxiolytic-like effects. MIK-
869 (0.01-3 mg/kg) was the most potent NK1 antagonist,
producing anxiolytic-like effects on percentage of open arm

time, percentage of open arm entries, stretch-attend postures,
and head dips at 0.03-0.3 mg/kg doses. L-742,694 (1-30 mg/
kg) and L-733,060 (1-10 mg/kg) produced anxiolytic-like
effects on percentage of open arm time and stretch-attend
postures at 3—-10 mg/kg doses. CP-99,994 (3-30 mg/kg) only
produced an anxiolytic-like effect on stretch-attend postures.
CP-122,721 (3-30 mg/kg) produced an anxiolytic-like effect
on percentage of open arm time at 30 mg/kg. The order of
potency of the NK1 antagonists to increase percentage of
open arm time was very similar to their potency to block NK1
agonist-induced foot-tapping. These studies demonstrate that
neurokinin NK1 receptor antagonists produce anxiolytic-like
effects in a novel gerbil elevated plus-maze, and suggest that
this is an appropriate model to test NK1 antagonists for
preclinical anxiolytic activity.
[Neuropsychopharmacology 27:371-379, 2002]
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The tachykinin system, particularly the neurokinin
NK1 receptor, may represent a new target for the treat-
ment of a number of psychiatric disorders. Of greatest
significance to the field, Kramer et al. (1998) described
the anxiolytic and antidepressant effects of the NK1 an-
tagonist, MK-869, in a 6-week clinical trial in patients
diagnosed with co-morbid anxiety and depression. In
the few studies that have assessed the anxiolytic-like
and antidepressant-like effects of NK1 receptor antago-
nists in preclinical tests, results support the hypotheses
that NK1 receptor blockade may have a role in the treat-
ment of affective disorders. For example, the NK1 an-
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tagonists, FK-888 and WIN51,708, were shown to have
anxiolytic-like effects in the mouse and rat elevated
plus-mazes, respectively (Teixeira et al. 1996; Nikolaus
et al. 1999). Further, some recent publications have de-
scribed the anxiolytic-like effects of the NK1 antagonist,
NKP-608, in the rat social interaction assay (File 2000;
Vassout et al. 2000), and the antidepressant effects of
NKP-608 in the rat chronic mild stress paradigm (Papp
et al. 2000).

Interestingly, WIN51,708, FK-888, and NKP-608 are
three of a small number of non-peptide NK1 receptor
antagonists that have comparable affinity at the rat and
human NKI1 receptors. Due to species variants in the
NK1 receptor (see Pradier et al. 1995), the majority of
NK1 antagonists are significantly less potent at rat and
mouse NKI1 receptors, compared with human NKI1 re-
ceptors (Beresford et al. 1991; Gitter et al. 1991; McLean
et al. 1993; Saria 1999). Therefore, it is difficult to assess
the effects of many NK1 antagonists in traditional rat
and mouse models of anxiety. In contrast to rats and
mice, NK1 receptors in guinea pigs and gerbils are
closer in homology to the human NKI1 receptor. Fur-
thermore, NK1 antagonists bind with similar affinity to
gerbil, guinea pig, and human NK1 receptors (Beres-
ford et al. 1991; Gitter et al. 1991). In guinea pigs, a
pharmacologically validated behavioral model of acute
separation stress has been described. Specifically, ma-
ternal separation of guinea pig pups produces intense
audible vocalizations that are reduced by standard anx-
iolytic drugs such as diazepam, and antidepressant
drugs such as fluoxetine (Molewijk et al. 1996). Based
on this, Kramer et al. (1998) used this behavioral assay
to test the anxiolytic-like/antidepressant-like effects of
the NK1 antagonists MK-869 and L-733,060, both of
which have reduced affinity at the rat and mouse NK1
receptors. Both of these NK1 antagonists reduced the
number of vocalizations with similar efficacy to fluoxet-
ine and diazepam.

In the NKI1 research field, gerbils have most fre-
quently been used in a pharmacodynamic assay to as-
sess how well NK1 antagonists penetrate the CNS fol-
lowing peripheral administration. Briefly, pretreatment
with CNS penetrant NK1 antagonists blocks the rhyth-
mic hind foot-tapping produced when the selective
NK1 receptor agonist, GR-73632 (Hagan et al. 1991), is
administered into the CNS via intracerebroventricular
(icv) injection (Bristow and Young 1994; Rupniak and
Williams 1994; Rupniak et al. 1997).

There are few reports, however, describing the be-
havior of gerbils in traditional in-vivo models of anxi-
ety. In recent publications that adapted rat anxiety
models for gerbils, Sandra File and colleagues de-
scribed the anxiolytic-like effects of diazepam and the
NK1 antagonist L-760,735 in the gerbil social interaction
test (File et al. 2001; Cheeta et al. 2001), while Ballard et
al. (2001) described the anxiolytic-like effects of diaz-
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epam and the NK1 antagonists MK-869 and CP-99,994
in a fear-conditioning paradigm. To expand on these
findings, and based on the success of the rat and mouse
elevated plus-mazes, we recently described the charac-
terization and pharmacological validation of the gerbil
elevated plus-maze as a model to screen anxiolytic
compounds (Varty et al. 2002). Briefly, using an ele-
vated plus-maze designed specially for the gerbil, we
demonstrated that gerbils displayed a behavioral pro-
file that was suitable for testing anxiolytic drugs. In-
deed, standard anxiolytic drugs including diazepam
and buspirone, as well as tricyclic and SSRI antidepres-
sant drugs produced acute anxiolytic-like effects in the
gerbil elevated plus-maze.

The aim of the present studies was to confirm that
NK1 antagonists exhibit preclinical anxiolytic-like ac-
tivity using a traditional anxiety model adapted for the
gerbil. To this end, five selective NKI1 antagonists,
namely MK-869, L-742,694, L-733,060, CP-99,994, and
CP-122,721, were tested in the gerbil elevated plus-
maze. These antagonists are representative of com-
pounds that have been described in the NK1 preclinical
and clinical literature (McLean et al. 1993; Rupniak and
Williams 1994; McLean et al. 1996; Rupniak et al. 1997;
Kramer et al. 1998). Specifically, we first assayed the re-
ceptor binding profile of these five NK1 antagonists at
gerbil, rat, and human NKI1 receptors, to confirm that
these NK1 antagonists have reduced affinity at rat NK1
receptors. The NK1 antagonists were then tested in the
gerbil NK1 agonist-induced foot-tapping assay follow-
ing oral administration to established orally active
doses. Finally, the compounds were tested in the gerbil
elevated plus-maze paradigm and their potency in this
behavioral assay was compared with their ability to in-
hibit foot-tapping behavior.

MATERIALS AND METHODS
In-vitro NK1 Binding Studies

Chinese hamster ovary (CHO) cells expressing the hu-
man NKI1 receptor were obtained from Professor James
Krause (Washington University School of Medicine, St.
Louis, MO). Rat and gerbil striatal tissues were ob-
tained from the brains of animals sacrificed under CO,
anesthesia. Membrane fractions from both rat and ger-
bil tissues, and CHO cells, were prepared by homoge-
nizing in 50 mM Tris HCl buffer (pH 7.4) followed by
centrifugation at 40,000 X g for 30 min. The pellet was
then re-suspended in the same buffer and the protein
concentration determined using the BCA reagent kit
(Pierce, Rockford, IL, USA). After a second centrifuga-
tion (conditions as above), the pellet was re-suspended
in buffer containing protease inhibitors (Roche Bio-
chemicals, Indianapolis, IN, USA) and stored at —80°C
until use.
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Binding studies were based on the methods of Ca-
scieri et al. (1985). Competition binding assays were
performed in 96-well plate format by incubating mem-
branes (4-20 ug pro.) with Bolton Hunter labeled '*I-
Substance P (!%I-SP), at a concentration of 0.1 nM, and
concentrations of drug ranging from 0.0001-3 wM. For
saturation studies, concentrations of '*I-SP ranging
from 2 to 1000 pM were incubated with membranes
from each species. Non-specific binding for both assays
was defined in the presence of 1 pM of the NK1 antago-
nist, CP-99,994. All assays were terminated by rapid fil-
tration, using a Tomtec cell harvester, onto GF/C filter
plates that had been presoaked in 0.5% polyethylena-
mine. The plates were then dried and the bound radio-
activity quantified using a Topcount scintillation counter
(Packard Instruments, Meriden, CT, USA)

Animals and Housing

Female Mongolian gerbils (Meriones unguiculatus) (Charles
River Laboratories, Kingston NY) weighing 30-50 g were
used for all studies. On arrival at the holding facility,
gerbils were housed three per cage, with food and wa-
ter available ad-libitum, in a room maintained under
constant temperature (22 = 1°C) and humidity (50%).
Gerbils were maintained on a 12 h light/dark cycle
(lights on 7:00 A.M.) and all behavioral testing was con-
ducted during the light phase (between the hours of 10
AM. and 4 p.M.). Gerbils were allowed one week to accli-
mate to the change in environment before any testing
began, and testing occurred during all phases of the es-
trous cycle. All studies were carried out in accordance
with the National Institute of Health ‘Guide for the
Care and Use of Laboratory Animals’ and were con-
ducted at AAALAC (Association for Assessment and
Accreditation of Laboratory Animal Care)-accredited fa-
cilities under guidelines established by the Schering-
Plough Animal Care and Use Committee.

NK1 Agonist-induced Gerbil Foot-tapping

To determine the potency of NK1 receptor antagonists
to inhibit NK1 agonist-induced foot-tapping in gerbils,
the pharmacodynamic assay described by Rupniak and
Williams (1994) was used. Gerbils were anesthetized
using an isoflurane/oxygen mixture and an incision
was made to expose the skull surface. Once bregma was
located, a 9-mm, 26-gauge needle was inserted through
bregma to a depth of 5 mm (a 4 mm plastic sheath was
placed over the shaft of the needle to ensure the correct
depth). From previous histology studies, a depth of 5
mm was found to position the needle tip within the
ventricles of the gerbil brain. Following insertion of the
needle, 3 pmoles (5 ul dose volume) of the NK1 agonist
GR-73632 was injected into the ventricles. The needle
remained in the ventricle for approximately 30 s to al-
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low diffusion of the solution away from the site of injec-
tion. The incision was closed with two wound clips and
a topical anesthetic (Xylocaine, Astra, Westborough,
MA) was applied to the wound. The gerbil was then
placed into a Plexiglas box and allowed to recover from
the anesthesia. Immediately upon recovery of the right-
ing reflex (approximately 1-2 min), the amount of time
spent foot-tapping during a 5 min observation period
was recorded. For antagonism studies, NK1 receptor
antagonists were administered orally (p.o.) 120 min be-
fore the i.c.v. injection of GR-73632. In a separate study,
CP 99,994 was administered intraperitoneally (i.p.) 30
min prior to GR-73632 administration.

Gerbil Elevated Plus-maze

Testing was carried out on a specially-designed Plexi-
glas plus-maze with the floor of the maze constructed
of black Plexiglas with 6.5 mm diameter holes incorpo-
rated into the floor, approximately 1 cm apart. Details
of the apparatus, experimental procedure, and behav-
ioral analysis are described in Varty et al. (2002).

Drugs

The NK1 receptor antagonists tested were MK-869
(0.01-3 mg/kg), L-742,694 (1-30 mg/kg), L-733,060 (1-10
mg/kg), CP-99,994 (3-30 mg/kg), and CP-122,721 (3-30
mg/kg). The NK1 agonist GR-73632, and the NK1 an-
tagonist L-733,060 were purchased from RBI/Sigma
(Natick, MA). MK-869, 1-742,694, CP-99,994, and CP-
122,721 were synthesized by the Chemistry Research
Department of the Schering-Plough Research Institute
(Kenilworth, NJ). GR-73632 (approximately 97% purity)
was dissolved in distilled water to a stock concentration
of 1 nmole/pl. The stock was then diluted to a 0.6
pmole/pul concentration and 100 ul aliquots were
stored at —80°C. The NKI1 antagonists were adminis-
tered via oral gavage (p.o.) or intraperitoneal (i.p.) ad-
ministration in 0.4% methylcellulose at a volume of 5-10
ml/kg (depending on solubility), 30-120 min before
testing. Doses and pretreatment times were determined
using data from pharmacokinetic studies in rats, and
NK1 agonist-induced foot-tapping studies in gerbils
(see discussion and Bristow and Young 1994; Rupniak
and Williams 1994).

Data and Statistical Analysis

For the in-vitro binding studies, the dissociation con-
stant (Kd) of '*I-SP in each species was determined by
plotting the specific bound at each concentration of ra-
dioligand and performing non-linear regression analy-
sis (GraphPad Prism, San Diego, CA). For competition
studies, the ICs, for each drug to inhibit the binding of
I2I-SP in each species was determined by plotting the
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specific bound at each concentration of drug, after
which non-linear regression analysis was performed.
Affinity constants (Ki) were then calculated using the
equation derived by Cheng and Prusoff (1973), where
Ki =1C5/1 + (Conc(ligand)/Kd(ligand)).

In the elevated plus-maze studies, arm time, arm en-
tries, and stretch-attend postures were analyzed using
one-way analyses of variance (GraphPad InStat, San Di-
ego, CA) with drug treatment as the between-subjects
factor. The head dips measure was analyzed using a
Kruskal-Wallis non-parametric test. The accepted level
of significance was p < .05, and where appropriate,
post-hoc analyses were carried out using Dunnett’s f-test.
For comparison to the foot-tapping data, a minimum ef-
fective dose (MED) was defined as the lowest dose that
produced a significant increase in percentage of open
arm time, compared with vehicle control.

In the foot-tapping studies, the MED was defined as
the dose that produced greater than 50% inhibition of
the foot-tapping response in the vehicle control group.

RESULTS
In-vitro NK1 Binding Studies

Table 1 summarizes the in-vitro binding affinity of the
five NK1 antagonists at cloned human NK1 receptors,
and rat and gerbil NK1 receptors from striatal tissue.
All five NK1 antagonists exhibited similar binding to
human and gerbil NK1 receptors; however, the binding
affinity of each antagonist was greatly reduced at the
rat NK1 receptor, compared with gerbil and human.

Effects of NK1 Receptor Antagonists on
GR-73632-induced Foot-tapping

Following oral administration, all five NK1 antagonists
attenuated the foot-tapping behavior induced by i.c.v.
injection of the NK1 agonist GR-73632 (see Table 2).
MK-869 and L-742,694 were the most potent of the NK1
antagonists with greater than 50% inhibition at a dose
of 0.3 mg/kg. The MED doses for L-733,060 and CP-

Table 1. Binding Affinity of MK-869, L-742,694, L-733,060,
CP-99,994, and CP-122,721 at Gerbil, Rat, and Human
NK1 Receptors

NK1 Receptor Binding (Ki: nM)

NK1 Antagonist Gerbil Rat Human
MK-869 0.08 1.92 0.28
L-742,694 0.06 19.34 0.13
L-733,060 0.08 93.13 0.20
CP-99,994 0.13 30.52 0.25
CP-122,721 0.02 1.22 0.08
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122,721 were 3 mg/kg and 10 mg/kg, respectively. CP-
99,994 had the lowest potency with significant inhibi-
tion at an oral dose of 30 mg/kg. The reduced potency
of CP-99,994 probably reflects the poor oral bioavail-
ability of this compound, for when the compound was
administered i.p., the MED dose of CP-99,994 decreased
to 1 mg/kg (see Table 2).

Effects of NK1 Receptor Antagonists in the Gerbil
Elevated Plus-maze

MK-869 was the most potent of the NK1 antagonists
with significant increases in percentage of open arm
time (F 35 = 10.4, p < .0001) at doses from 0.03-3 mg/kg
(Figure 1). MK-869 also increased percentage of open
arm entries (0.3 mg/kg; Fy 35 = 4.8, p < .01, Figure 1) and
head dips (0.3-3 mg/kg; p < .0001, Table 3), and de-
creased stretch-attend postures (0.03-3 mg/kg; Fy35 =
7.9, p < .0001, Table 3). There was no effect of MK-869
on closed arm or total arm entries.

L-742,694 increased percentage of time spent in the
open arm at a dose of 10 mg/kg (F,.5 = 3.5, p < .05, Fig-
ure 1). L-742,694 increased the percentage of open arm
entries (Fy,; = 3.5, p < .05) at the 3 mg/kg dose, com-
pared with the vehicle control (Figure 1). L-742,694 sig-
nificantly reduced the number of stretch-attend pos-
tures (F;,5 = 5.5, p < .01, Table 3) at doses of 3-30 mg/
kg, and there was a trend toward an increase in head
dips (p = .07). There was no effect of L-742,694 on
closed or total arm entries.

L-733,060 increased percentage of time spent in the
open arm (F;,y = 2.8, p < .05) at the 10 mg/kg dose,
compared with vehicle (Figure 1). L-733,060 reduced
stretch-attend postures (F;, = 4.8, p < 0.05) at the 3
and 10 mg/kg doses, and increased head dips at doses

Table 2. The Potency of NK1 Receptor Antagonists to Inhibit
NK1 Agonist-induced Foot-tapping and Increase Percentage
of Open Arm Time in the Elevated Plus-maze in Gerbils

Minimum Effective Dose (MED: mg/kg)

Percentage of Open

Gerbil Foot- Arm Time in Gerbil
NK1 Antagonist* Tapping Assay’ Elevated Plus-Maze®
MK-869 0.3 0.03
L-742,694 0.3 10
L-733,060 3 10
CP-122,721 10 30
CP-99,994 30 >30
CP-99,994 (IP route) 1 30

'MED calculated as the lowest dose that produced at least a 50% inhi-
bition of NK agonist-induced foot tapping vs. vehicle group.

®MED calculated as the lowest dose that produced a significant in-
crease in percentage of open arm time from the vehicle group.

*Administered orally unless stated otherwise.
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Figure 1. Effects of the NK1 antagonists MK-869 (0.01-3 mg/kg p.o.), L-742,694 (1-30 mg/kg p.o0.), and L-733,060 (1-10
mg/kg p.o.) on percentage of open arm time and percentage of open arm entries of the gerbil elevated plus-maze. X-axes:
Dose (mg/kg); Y-axes: percentage of Open Arm Time (upper panels), percentage of Open Arm Entries (lower panels). Val-
ues are mean + SEM. ** p < .01, * p < .05 vs. vehicle. n = 6 per dose group.

of 1 and 3 mg/kg (p < .01). There was no effect of L-
733,060 on open, closed, or total arm entries.

CP-99,994 had no effect on the percentage of open
arm time, percentage of open arm entries, closed and
total arm entries, or head dips (Figure 2 and Table 4).
There was however, a significant effect of CP-99,994 to
reduce the number of stretch-attend postures (F;, =
4.5, p < .05) relative to vehicle, at doses of 3 and 30 mg/
kg (Table 4).

CP-122,721 increased percentage of open arm time
(F320 = 6.3, p < .01) at 30 mg/kg (Figure 2). There was
no effect of CP-122,721 on open or closed arm entries,
stretch-attend postures or head dips (Table 4).

Finally, the rank order of potency of the five NK1 an-
tagonists in the gerbil foot-tapping assay was similar to
the potency order in the gerbil elevated plus-maze (Ta-
ble 2). With the exception of MK-869, NK1 antagonists
were less potent in the gerbil elevated plus-maze.

DISCUSSION

The main aim of these studies was to test five selective
NK1 receptor antagonists for anxiolytic-like activity us-
ing the elevated plus-maze, a traditional rodent model
of anxiety recently adapted for the gerbil (see Varty et
al. 2002).

We first confirmed, using in-vitro binding studies,
that all five NK1 antagonists had comparable affinity
for gerbil and human NK1 receptors, and reduced affin-
ity for the rat NK1 receptor. These data corroborate pre-
vious findings that the majority of the selective NK1 an-
tagonists have reduced affinity at rat and mouse NK1
receptors (Beresford et al. 1991; Gitter et al. 1991;
McLean et al. 1993; Saria 1999). However, despite hav-
ing a reduced affinity at the rat NK1 receptor compared
with gerbil, two of the NK1 antagonists tested, namely
MK-869 and CP-122,721, still exhibited 1-2 nM affinity
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Table 3. Effects of the NK1 Receptor Antagonists MK-869, L-742,694, and L-733,060 on
Behavioral Measures from the Gerbil Elevated Plus-maze

Drug Dose Open Arm  Closed Arm  Total Arm  Stretch-Attend

(mg/kg) n  Time (sec) Entries Entries Postures Head Dips

MK-869
Vehicle 6 61 £6 202 32+3 27 £2 2*x1
0.01 6 69 £ 12 24 *2 342 20£2 1*+03
0.03 6 121 x6* 23+2 42 +2 11 £ 2% 8+1
0.1 6 140 = 17+ 17 =3 32%5 7 * 3 11*=2
0.3 6 139 = 13** 22+1 45+ 4 14 + 3% 13 £ 2%
1.0 6 187 = 24* 143 29+7 7 £ 2% 22 &= 4%
3.0 6 126 = 6% 20 =2 36 +3 9 + 3% 16 + 4%

L-742,694
Vehicle 6 62 =11 18 £3 27+5 15+3 3+1
1.0 6 73 18 204 31%5 132 6+3
3.0 6 124 + 34 14 £3 28+5 7+ 2% 16 £6
10.0 6 165 = 26* 16 + 4 29+6 5+ 2% 13+3
30.0 6 123 =12 16 =3 30%5 5 & 2% 153

L-733,060
Vehicle 6 41 =11 192 27+ 4 23+2 00
1.0 6 73+ 11 18 =2 28 *£2 16 =2 2+ 2%
3.0 6 7311 16 £2 26 £2 12 £ 3% 0.5 *=0.3*
10.0 6 104 + 26* 18 £ 4 27+ 4 10 £ 3** 3+3

Values are mean + SEM
*p < .05.
**p < .01 vs. vehicle.

for the rat NK1 receptor. This data suggests that MK-
869 and CP-122,721 may be suitable for testing in tradi-
tional rat models of anxiety and depression. Further
studies are warranted to test this hypothesis, as the
main aim of these studies was to compare five NK1 an-
tagonists in the gerbil, a species in which the NK1 an-
tagonists had equivalent NK1 receptor affinity.

Following in-vitro testing, the NK1 antagonists were
tested in the NK1 agonist-induced foot-tapping assay,
used routinely to measure the ability of NK1 antago-
nists to cross the blood-brain barrier, bind to the gerbil
NK1 receptor, and block the central actions of a NK1
agonist (Bristow and Young 1994; Rupniak and Will-
iams 1994; Rupniak et al. 1997). The five NK1 antago-
nists attenuated NK1 agonist-induced foot-tapping, al-
beit with differing potencies, confirming that these NK1
antagonists had oral bioavailability and brain penetra-
tion.

In the gerbil elevated plus-maze, all five NK1 antag-
onists produced anxiolytic-like effects following oral
administration. The finding that these NK1 antagonists
were able to modify elevated plus-maze behavior con-
firms that these compounds have oral bioavailability,
and the ability to cross the blood-brain barrier and bind
to gerbil NK1 receptors. Of the five NK1 antagonists,
MK-869 was the most potent in the elevated plus-maze,
with anxiolytic-like effects at doses as low as 0.03 mg/
kg. Additionally, MK-869 reduced stretch-attend pos-
tures, and increased head dips and open arm entries,
further indications of anxiolytic-like activity. This anxi-

olytic-like profile for MK-869 was similar to the effects
of the benzodiazepine, diazepam (see Varty et al. 2002).
Both MK-869 and diazepam produced approximately
40% increases in open arm time, as well as significant
increases in open arm entries and head dips, and de-
creases in stretch-attend postures. Thus, it appears that
blockade of the NK1 receptor can mimic the anxiolytic-
like efficacy observed by the benzodiazepine, diaz-
epam, on both the open arm and ethological measures.
Furthermore, comparing the effects of MK-869 to the
published effects of antidepressant drugs in the gerbil
elevated plus-maze (Varty et al. 2002), MK-869 pro-
duced a broader range of effects, compared with the an-
tidepressants, which were limited to either effects on
open arm time (fluoxetine and paroxetine) or stretch-
attend postures (imipramine).

L-742,694 and L-733,060 had very similar profiles,
while CP-122,721 was the least potent of the NK1 antag-
onists with an increase in open arm time at the highest
dose (30 mg/kg) being the only measurable anxiolytic-
like response. These anxiolytic effects were not due to
changes in locomotor activity as MK-869, L-742,694,
L-733,060 and CP-122,721 did not affect closed or total
arm entries. CP-99,994 was the only compound that did
not demonstrate anxiolytic-like activity on the percentage
of open arm time measure following oral administra-
tion, although an anxiolytic-like effect on stretch-
attend postures was observed. The reduced anxiolytic-
like effects with CP-99,994 (and possibly CP-122,721, as
it is structurally related to CP-99,994) may be due to
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Figure 2. Effects of the NK1 antagonists CP-99,994 (3-30 mg/
kg p.o.) and CP-122,721 (3-30 mg/kg p.o.) on percentage of
open arm time and percentage of open arm entries of the gerbil
elevated plus-maze. X-axes: Dose (mg/kg); Y-axes: percentage
of Open Arm Time (upper panels), percentage of Open Arm
Entries (lower panels). Values are mean + SEM. ** p < .01, vs.
vehicle. n = 6 per dose group.

low oral bioavailability. CP-99,994 potently blocked
NK1 agonist-induced foot-tapping when administered
i.p. at a dose of 1 mg/kg, but was only active orally at a
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30 mg/kg dose (see Table 2). Similarly, when CP-99,994
was administered i.p. to gerbils tested on the elevated
plus-maze, there was a significant increase in percent-
age of open arm time at a 30 mg/kg dose (Table 2), an
effect that was not observed following oral administra-
tion.

The rank order of potency of the NK1 antagonists to
produce an anxiolytic-like increase in open arm time
(MK-869 > 1-742,694 = 1-733,060 > CP-122,721 > CP-
99,994) on the elevated plus-maze was almost identical
to the order of potency of these drugs to reduce NK1
agonist-induced foot-tapping (MK-869 = L-742,694 >
L-733,060 > CP-122,721 > CP-99,994). Since the gerbil
NK1 receptor binding values were similar for all five
compounds, differences in pharmacokinetics and brain
penetration most likely account for the rank order. The
rank order finding suggests that the gerbil foot-tapping
assay may predict the potency of compounds in the ger-
bil elevated plus-maze assay, and vice versa. To con-
firm this, a correlation analysis of the potencies of NK1
antagonists in the two assays should be performed
when further selective NK1 receptor antagonists are
available for testing.

Interestingly, with the exception of MK-869, the NK1
antagonists were less potent in the gerbil elevated plus-
maze than the foot-tapping assay. It is difficult to spec-
ulate on the reason for the lower potency, but it may
simply reflect the different nature of the tests. The foot-
tapping assay uses a pharmacologically driven behav-
ior that is stimulated directly by a selective neurokinin
NK1 agonist. The gerbil elevated plus-maze exploits an
animal’s fear of open, aversive environments in the ab-
sence of any agonist challenge. Another possible expla-
nation may be that the i.c.v. injection procedure utilized
in the foot-tapping assay compromises the permeability
of the blood-brain barrier. While this may not alter the
potency of the NK1 antagonists that have good blood-
brain barrier permeability, it may increase the penetra-
tion of those NK1 antagonists that normally would not

Table 4. Effects of the NK1 Receptor Antagonists CP-99,994 and CP-122,721 on Behavioral

Measures from the Gerbil Elevated Plus-maze

Drug Dose Open Arm  Closed Arm  Total Arm  Stretch-Attend
(mg/kg) n  Time (sec) Entries Entries Postures Head Dips
CP-99,994
Vehicle 6 41 £11 20+ 2 28 =4 23 =2 0=x0
3.0 6 51 =12 192 29+4 10 £ 2** 00
10.0 6 55 + 11 192 28+2 16 £3 03+03
30.0 6 51 £11 20+ 2 282 14 = 3% 1.5+0.8
CP-122,721
Vehicle 6 38+38 17 £3 23+ 4 13£5 02*02
3.0 6 43 £10 20+ 4 347 196 02=*02
10.0 6 75+ 8 16 3 28=*5 14 £ 4 05%+0.3
30.0 6 111 = 22% 21+3 315 8+6 22+x11

Values are mean + SEM
*p < .05.
**p < .01 vs. vehicle.
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permeate an intact blood-brain barrier to the same de-
gree. This increased diffusion of the less penetrant NK1
antagonists into the gerbil CNS may account for the re-
duction in the minimum effective dose in foot-tapping,
compared with elevated plus-maze activity. Further
studies examining the effect of compromising the
blood-brain barrier on the effects of drugs on behavior
are needed to test this hypothesis.

In summary, all five selective NK1 antagonists pro-
duced anxiolytic-like effects in the gerbil elevated plus-
maze, effects similar to the benzodiazepine anxiolytic
drugs (see Varty et al. 2002). These findings corroborate
the anxiolytic-like activity of NK1 antagonists in pre-
clinical models that have been reported previously in
mouse and rat elevated plus-mazes (Teixeira et al. 1996;
Nikolaus et al. 1999), the guinea pig pup vocalization
assay (Kramer et al. 1998), and the gerbil shock-induced
foot-tapping assay (Ballard et al. 2001). Given the recent
encouraging data from the clinical trials with MK-869
(Kramer et al. 1998), these findings further support the
anxiolytic potential of selective NK1 receptor antago-
nists and suggest that the gerbil elevated plus-maze
may be appropriate animal model for predicting clini-
cal anxiolytic efficacy.
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