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The tachykinin neuropeptide substance P and its receptor neu-
rokinin 1 have been implicated in the regulation of many phys-
iological and pathological processes, including the control of
emotional behaviors. The present study examines mice with a
targeted deletion of the Tac1 gene, which encodes the neu-
ropeptides substance P and neurokinin A, in animal models
relevant to depressive illness and anxiety. In depression-related
paradigms, Tac1-deficient mice were more active in the Por-
solt’s forced-swimming test and the tail-suspension test, and
they did not become hyperactive after bulbectomy. Tac1 mu-
tant mice were also less fearful in several animal models of
anxiety. They were more active and less affected by the light

conditions in the central area of the open-field arena; they
showed more social interactions in an aversive environment,
they were more active in the open areas of an elevated zero-
maze, and they had a reduced latency to feed in the Thatcher-
Britton conflict paradigm. These results demonstrate that
tachykinins are powerful mediators of depression-like or
anxiety-related behaviors in mice. The tachykinin system there-
fore may play an important role in the regulation of emotional
states and the development of anxiety disorders and
depression.
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Tachykinins are a family of structurally related neuropeptides
sharing the C-terminal sequence Phe-X-Gly-Leu-Met-NH2. In
mice, they are encoded by two genes, Tac1 and Tac2. Differential
splicing of the Tac1 gene gives rise to three distinct precursor
proteins, which are further processed into several related pep-
tides. Of these, substance P (SP) and neurokinin A (NKA) are
the best characterized and perhaps the most important peptides.
Only one neuropeptide, neurokinin B (NKB), is encoded by the
Tac2 gene.

Tachykinins selectively bind and activate the G-protein-
coupled receptors NK1R, NK2R, and NK3R. SP is the most
potent ligand for NK1R, whereas NKA has the highest affinity
for NK2R. However, the receptor-selectivity of these peptides is
relatively low. Because NK1R is abundantly expressed in the
CNS and NK2R is virtually absent, many of the effects of SP and
NKA on the brain therefore may be mediated by NK1R. NKB is
a more potent agonist for the NK3R than SP or NKA, and may
be its natural ligand.

Because SP is synthesized by nociceptive neurons and released
after nociceptive stimulation, SP has been implicated in the
modulation of nociceptive signaling. Indeed a vast body of liter-
ature from studies using diverse approaches has generally sup-
ported a role of SP in spinal nociception (Cao et al., 1998;
Zimmer et al., 1998). Nevertheless, attempts to develop NK1R
antagonists as antinociceptive drugs have been successful.

More recently, SP has also been implicated in the modulation
of emotional behaviors. Limbic structures contain a high density

of SP terminals and NK1 receptor sites (Honkaniemi et al., 1992;
Hurd et al., 1999; Ribeiro-da-Silva and Hokfelt, 2000), and ex-
perimental stressors of various types can trigger changes in the
content or release of SP and internalization of the NK1R in
discrete brain regions. These changes may be involved in behav-
ioral stress responses, because several studies have demonstrated
anxiety-like behaviors and conditioned place aversion after the
central administration of neurokinin receptor agonists. Antago-
nists can produce anxiolytic (Teixeira et al., 1996) or anxiogenic
(Zernig et al., 1993) effects, depending on the animal species and
the location of the injection site. Mice with selective deletion of
the gene coding NK1R also showed reduced aggressive behaviors
(Rupniak et al., 2001), impaired stress-induced analgesia, and
behavioral alterations in several animal models of anxiety and
depression.

Support for an involvement of the tachykinin system in the
pathophysiology of mood disorders was obtained recently by the
demonstration that the NK1R antagonist MK869 had antidepres-
sant effects in a placebo-controlled clinical trial (Kramer et al.,
1998). Preclinical studies have shown that the concentration of SP
was elevated in the cerebrospinal fluid of depressed patients
(Rimon et al., 1984) and in the brain of a rat model of depression
(Husum et al., 2001). In the latter model, SP levels were normal-
ized by treatment with lithium, which is used in clinical practice
as a mood stabilizer for the treatment of bipolar depression.

We have previously described the generation of a mouse strain
with a targeted mutation in the Tac1 gene (Zimmer et al., 1998).
Tac1-mutant animals cannot produce SP or NKA. They develop
normally, are fertile, and care for their offspring. Behavioral
studies with these mice have demonstrated that they are less
sensitive to nociceptive stimulation in acute and tonic pain mod-
els. This phenotype is consistent with a proposed role of SP in
nociceptive signaling. In this study, we have used mice with a
targeted deletion of the gene Tac1 to further investigate the role
of the tachykinin system in stress-related behaviors. We demon-
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strate that Tac1� / � animals display characteristic alterations in
animal models of anxiety and depression, which is consistent with
a function on tachykinin peptides as modulators of emotional
behaviors.

MATERIALS AND METHODS
Animals. The generation of mice with a targeted mutation of the Tac1
gene on a mixed genetic background has been described previously
(Zimmer et al., 1998). To obtain Tac1 mutant mice on an inbred
congenic genetic background, we mated heterozygous (Tac1 �/ �) mice
with wild-type C57BL/6J (The Jackson Laboratory, Bar Harbor, ME)
animals for 10 generations. Heterozygous mice from the F10 generation
were then intercrossed to generate animals in which both copies of
the Tac1 gene were deleted (homozygous Tac1 � / � mice). Tac1 � / �

mice for behavioral studies were derived from these homozygous ani-
mals. To avoid a genetic drift, we routinely cross out mutants back to
wild-type C57BL/6J animals after three generations of homozygous
breeding. Animals used in this study were bred in our animal facility. In
addition, some wild-type C57BL/6J control animals were purchased from
The Jackson Laboratory. These mice were acclimated for at least 2
weeks before testing. We tested male mice (3–4 months old) housed in
groups of three to five. Animals were kept in a room with a reversed
light /dark cycle (lights on: 9 P.M., off 9 A.M.) for at least 2 weeks before
testing. Every experimental group contained 10 mice, unless stated
otherwise. The animals were naive to the test situation, they were used
only once, and all tests were conducted between 1 and 5 P.M. Food and
water was available ad libitum, except for the group of mice tested in the
Thatcher-Britton paradigm. These animals were food deprived for 24 hr.
Care of the animals and conduct of all experiments followed the guide-
lines of the German Animal Protection Law (issued in 1998).

Drugs. Amitryptiline HCl, imipramine HCl, fluoxetine HCl, diaze-
pam, and buspirone HCl were purchased from Sigma-Aldrich and solved
in saline. Diazepam (Sigma-Aldrich) was dispersed with one drop of
Tween 60 in saline. Ethanol (Merck) was diluted with saline.

Forced-swimming test. Animals were treated (10 in each group) intra-
peritoneally in a volume of 10 ml/kg with vehicle (saline) or antidepres-
sant. Amitryptiline (10 mg/kg), imipramine (5 mg/kg), and fluoxetine
(20 mg/kg) were used as positive control. Thirty minutes later, mice were
placed in a Plexiglas cylinder (10 cm internal diameter, 50 cm high) filled
with 25–26°C water (10 cm height). Duration of the experiment was 6
min; the behavior of the animals was evaluated between the first and
sixth minute for 5 min. The immobility time was measured by an
observer, who was unaware of the genetic background or drug treatment,
using a stopwatch. A mouse was judged to be immobile when it remained
floating in the water, making only those movements necessary to keep its
head above the water (Porsolt et al., 1977a). Groups were compared
using one-way ANOVA; the Dunnett’s test was used for post hoc
comparisons.

Tail-suspension test. Mice were suspended individually by their tail
from a metal rod. The rod was fixed 50 cm above the surface of a table
covered with soft cloth in a sound-isolated room. The tip of the tail was
fixed using adhesive Scotch tape; the duration of the test was 6 min. The
immobility time was determined by an observer, using a stopwatch, who
was unaware of the strain (Steru et al., 1985). Mean values and SEs were
calculated for each group and compared using the Student’s t test.

Bulbectomy-induced hyperactivity. The experiment was performed with
slight modifications as described previously (Otmakhova et al., 1992).
Mice were anesthetized with Avertine (2.5%, 20 ml/kg). An incision was
made in the skin overlying the skull, and a 2 mm hole was drilled in the
skull through the frontal suture. Olfactory bulbs were removed by gentle
aspiration. The same procedure was performed on sham-operated ani-
mals, except that the olfactory bulbs were not removed. Each animal was
housed singly after surgery. Locomotor activity of animals was studied
14 d after the operation in a dimly lit, sound-attenuated room. The
animals were placed in an open-field arena (45 � 45 � 22 cm). The
distance traveled and the number of rearings were recorded for 4 min
(Actimeter, TSE). After completion of the behavioral experiments, mice
were decapitated, brains were removed, and the success of the bulbec-
tomy was evaluated. Groups were compared using two-way ANOVA
(surgery � genotype) followed by Student’s–Newman–Keuls (SNK) test.

Open-field test. Mice were placed in the center of a brightly lit (650–700
lux) or dimly lit (20–30 lux) chamber of the open-field apparatus (44 �
44 � 30 cm). Movements of the animals were tracked by an automatic
monitoring system (MED Associates) for 20 min. Horizontal motor

(distance traveled) and central activity (distance traveled in central
area/total distance traveled) were evaluated. Mean value and SE was
calculated in each group, which contained 10 animals. Groups were
compared using two-way ANOVA (genotype � illumination) followed by
SNK test.

Elevated zero-maze. Mice were kept for at least 1 hr in the normally
illuminated room where the treatment and experiment were performed.
Animals were treated with saline (Tac1� / � mice and the control Tac1 �/�

mice) or reference compound (buspirone 1 mg/kg, diazepam 1 mg/kg, or
ethanol 2 gm/kg) intraperitoneally in a volume of 10 ml/kg; 9–10 animals
were tested in each group. Thirty minutes later their activity on the
zero-maze was measured for 5 min. The maze consisted of an annular
white platform (inner diameter 46 cm, 5.6 cm width) elevated 40 cm
above ground level and divided equally into four quadrants. The two
opposite quadrants were enclosed by white walls (24 cm high) on both
edges of the platform. The behavior of mice was videotaped using a
camera fixed above the maze and analyzed with a video-tracking system
(Videomot; TSE GMbH). The number of stretching postures was deter-
mined by an experienced observer who was unaware of strain or treat-
ment. Time spent in the open area, distance traveled in the open and
closed parts, and number of stretching postures were evaluated (Shep-
herd et al., 1994; Konig et al., 1996). Mean value and SE were calculated
in each group, and groups were compared using one-way ANOVA
followed by Dunnett’s test.

Thatcher-Britton paradigm. Ten wild-type and 10 knock-out mice were
food deprived for 24 hr before testing. During testing, animals were
placed individually along one wall of the open-field apparatus lit by
normal house lighting (light intensity 300–400 lux in the center of the
box). Six pellets (2.8–3.3 gm) of standard mouse chow were placed in the
center of the open field. The latency to eat (not sniffing or manipulating
the pellets) was recorded by an observer who was unaware of the
genotype (Rochford et al., 1997). One week later the experiment was
repeated, but in this session the food pellet was presented in the home
cage. Mean value and SE were calculated in each group, and groups were
compared using Student’s t test.

Social interaction test. Social activity of male mice that were naive to
each other was tested in a brightly lit, unfamiliar environment. The
animals were placed in the opposite areas of a transparent box (44 �
44 � 30 cm) and separated by a removable wall. After 5 min of habitu-
ation, the wall was removed, and the activity of the animals was recorded
on videotapes for 10 min. Time spent with social interactions was regis-
tered and evaluated by an observer who was unaware of the genotype (de
Angelis and File, 1979). Mean values and SEs were calculated and
compared using Student’s t test.

Smelling test. Male wild-type and knock-out animals were placed
individually into an open field with one female urine-stained and one
water-stained filter paper (3 � 3 cm each) in opposite corners. The
number of contacts with each paper was evaluated for 5 min. The data
were analyzed by two-way ANOVA (genotype � odorant).

RESULTS
In the first set of experiments, we tested the behavior of knock-
out and wild-type mice in animal models commonly used in
depression research. We first used the forced-swimming test
(Porsolt, 1997; Persolt et al., 1977b) and the tail-suspension test
(Steru et al., 1985). Both models are based on the observation that
rodents, when forced to an aversive situation from which they
cannot escape, will rapidly cease attempts to escape and become
immobile. Many antidepressants reduce the immobility time in
these tests (Steru et al., 1987; Porsolt, 2000).

In the forced-swimming test, active escape periods alternated
with periods in which the animals were completely inactive or
made only the movements necessary to keep their head above
water. As shown in Figure 1A, Tac1� / � mice spend less time
immobile in this test than Tac1�/� animals. Treatment of wild-
type animals with antidepressant drugs, including the tricyclic
uptake inhibitors imipramine and amitryptiline, as well as the
selective serotonin reuptake inhibitor fluoxetine, significantly re-
duced immobility time (F(4,45) � 6.99; p � 0.001; one-way
ANOVA) (Fig. 1A). There was no difference in immobility time
between Tac1� / � mice and Tac1�/� animals treated with anti-
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depressants. In the tail-suspension test, the immobility time in
Tac1� / � mice was also reduced significantly (�18.2%; t(1,18) �
3.737; p � 0.01; Student’s t test) (Fig. 1B).

We further investigated Tac1� / � mice in another animal
model related to depression that is fundamentally different from
the behavioral despair models. For this purpose, we chose the
bulbectomy test (Leonard and Tuite, 1981; Otmakhova et al.,
1992). Bulbectomy induces behavioral and neuroendocrinal
changes, similar to those observed in depressive patients, that can
be reversed with antidepressant treatment (Jesberger and Rich-
ardson, 1988). There was a significant interaction between strain
and surgery in horizontal motor activity (F(1,38) � 4.246; p � 0.05;
ANOVA) and in vertical activity (F(1,38) � 5.929; p � 0.05;
ANOVA) (Fig. 2. Post hoc analysis revealed that horizontal and
vertical activity were significantly increased after bulbectomy in
Tac1�/� animals (horizontal activity: �53.8%, p � 0.001; vertical
activity: �130.3%, p � 0.05; SNK test). In contrast, neither
horizontal nor vertical movements were significantly increased in
bulbectomized versus sham-operated Tac1� / � animals. Because
differences in the ability to smell might affect the animals’ behav-
ior in this and other tests, we analyzed the responses of Tac1� / �

mice to olfactory cues. When male Tac1� / � and Tac1�/� mice
were presented with a (female) urine-stained or a water-stained
filter paper in an open field, both genotypes investigated the
urine-stained paper more frequently (F(1,17) � 21.6; p � 0.001).

There was no difference between the two genotypes (F(1,17) �
1.37; p � 0.25), and also no interaction was detected (F(1,17) �
0.85; p � 0.36), indicating that ability to smell was not impaired
in Tac1� / � mice.

We next studied the behaviors of Tac1�/� and Tac1�/� mice in
the open field under aversive (450 lux, white light) and less
aversive (2 lux, red light) conditions (Fig. 3). Analysis of the total
horizontal activity showed that Tac1�/� mice were slightly
(15.6%) but significantly less active than Tac1�/� animals (geno-
type effect: F(1,36) � 6,687; p � 0.05). However, there was no
significant effect of the lighting condition (F(1,36) � 2.479; p �
0.124) and no significant interaction with the genotype effect
(F(1,36) � 1.121; p � 0.297)).

It is thought that the activity of mice in the central area of an
open field is inversely correlated to their level of anxiety. We
therefore analyzed the activity of our animals in the central field.
We found a significant interaction between genotype and illumi-
nation (F(1,36) � 5.077; p � 0.05). Post hoc analysis revealed that
the activity of Tac1�/� mice was higher in the central area under
high-light conditions ( p � 0.0001), despite the fact that their
overall activity was lower. Under low-light conditions, there was
no difference between the two genotypes, because Tac1�/� mice
were not affected by the lightning conditions ( p � 0.97), whereas
the activity of wild-type mice was increased ( p � 0.05).

Because the results of the open-field experiment suggested that

Figure 1. Behavior of Tac1 �/� and Tac1 � / � male mice in behavioral
despair models of depression. A, Forced-swimming test. **p � 0.01;
***p � 0.001 (one-way ANOVA followed by Dunnett’s test). B, Tail-
suspension test. **p � 0.01 (Student’s unpaired t test). Each error bar
represents the mean time spent in immobility (�SEM) of 10 animals.

Figure 2. Horizontal (distance traveled) and vertical (number of rear-
ings) motor activity of sham-operated and bulbectomized Tac1 �/� and
Tac1 �/� mice in the open-field apparatus. Each value represents the
distance traveled or number of rearings (mean � SEM; n � 10–11).
**p � 0.01; ***p � 0.001 according to two-way ANOVA (surgery �
genotype) followed by SNK test.
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anxiety-related behaviors may be affected by the Tac1 mutations,
we tested Tac1�/� and Tac1�/� mice in additional animal models
of anxiety.

We first used the zero-maze, which consists of an elevated
annular platform divided into two open and two enclosed com-
partments. High levels of anxiety are thought to be associated
with a reduced activity of mice in the open compartments and an
increased number of stretch-attend postures (Shepherd et al.,
1994). Indeed, one-way ANOVA showed a significant difference
between groups in the number of stretching postures (F(4,44) �
9.46; p � 0.001) and in the open-part activity (F(4,44) � 18.99; p �
0.001). Treatment of wild-type animals with the anxiolytic agents
ethanol, buspirone, and diazepam significantly reduced the num-
ber of stretch-attend postures (all drugs) and increased the activ-
ity in the open areas (ethanol and diazepam only) (Fig. 4).
Activity in the enclosed compartment did not differ significantly
between Tac1�/� and Tac1�/� or drug-treated mice. Tac1�/�

mice were also more active in the open areas than Tac1�/�

animals ( p � 0.01) and also showed fewer stretch-attend postures
( p � 0.001). Testing of an independent group of animals for time

spent in the open areas also revealed a significant genotype effect
(F(1,18) � 13.88; p � 0.01) for this parameter.

Next, the Thatcher-Britton novelty conflict paradigm (Roch-
ford et al., 1997) was used to evaluate the effect of an aversive
environment on feeding behavior. In this paradigm, food-
deprived mice are placed at the periphery of a well lit and
unfamiliar open-field apparatus in contact with the enclosing
walls, with food pellets in the center. The latency until the
animals begin to eat is thought to be an indicator of anxiety. It
was significantly lower (�33.1%; t(1,18) � 3.31; p � 0.01; Student’s
t test) in Tac1� / � mice (Fig. 5A). In contrast, when the same
animals were tested after 24 hr of starvation in their home cage,
there was no difference between the two genotypes (t(1,18) �
0.895; p � 0.38; data not shown). Thus, the decreased latency in
the first experiment is also likely to reflect a reduced state of
anxiety in Tac1�/� mice and not an increased drive to eat.

Finally, a social activity paradigm (File, 1985) was used to study
the interactions of male mice that were naive to each other in an
aversive environment. Time spent with social interactions was
significantly higher (�81%; t(1,18) � 2.802; p � 0.05; Student’s t
test) in Tac1� / � mice (Fig. 5B), again indicating reduced levels

Figure 3. Locomotor activity of Tac1 �/� and Tac1�/� mice in the
open-field apparatus. A, Total horizontal activity. B, Activity in the
central part. Each value represents the mean distance traveled (�SEM) of
10 animals. **p � 0.01; ***p � 0.001 according to two-way ANOVA
(genotype � illumination) followed by SNK test.

Figure 4. Activity of Tac1 �/� control, reference compound-treated, and
Tac1�/� knock-out mice in zero-maze test. Error bars represent mean
distance traveled in the open part (A) and number of stretching postures
(B) (� SEM) of 10 animals. **p � 0.01; ***p � 0.001 (one-way ANOVA
followed by Dunnett’s test).
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of anxiety in these animals. The social behavior of the animals
was friendly and exploratory; antagonistic behaviors were not
observed. Altogether these results strongly suggest that Tac1� / �

mice were less anxious in these animal models than Tac1�/�

animals.

DISCUSSION
The murine Tac1 gene encodes the tachykinin peptides SP,
NKA, neuropeptide K, and neuropeptide �. SP binds preferen-
tially to the NK1R, which is abundantly expressed in many
regions of the CNS. The primary target of the other Tac1-derived
peptides is the NK2 receptor, which can only be found at low
levels in some restricted brain areas (Saffroy et al., 2001).

In this article, we have analyzed Tac1�/� mice in animal
models related to anxiety and depression. On the basis of the
clinical association of depressive episodes and stressful life
events, many of the animal models for the evaluation of antide-
pressant drug activity assess stress-precipitated behaviors. The
two most widely used animal models for antidepressant drug
screening are the forced-swimming and tail-suspension tests. Al-
though the relationship between immobility, a posture thought to
reflect a state of “behavioral despair” in which animals have given
up the hope of escape, and depression remains controversial
(Gardier and Bourin, 2001), drugs with antidepressant activity
reduce the time during which the animals remain immobile (Por-
solt et al., 1977a; Borsini and Meli, 1988). A significantly de-
creased immobility time in the forced-swimming test was also
observed in genetically modified mouse strains, for example with
a deletion of monoamine oxidase (MAO) A (Cases et al., 1995),
MAO B (Grimsby et al., 1997), or the NK1 receptor gene
(Rupniak et al., 2001). Several studies using inbred mouse strains
have also shown that genetic factors contribute to the behavior of
rodents in these tests (Lucki et al., 2001; Cryan et al., 2002) and
to the efficacy of antidepressant drug treatment (Vaugeois et al.,
1997; Liu and Gershenfeld, 2001).

In our present study we found a significantly reduced immobil-
ity time for Tac1� / � mice in both tests. These behavioral effects
of the Tac1� / � mutation are similar to those that we and other
investigators have observed after treatment with antidepressant
drugs, including MAO inhibitors, tricyclic antidepressants such as

imipramine and amitryptiline, or selective serotonin reuptake
inhibitors like fluoxetine (Porsolt et al., 1977a; Borsini and Meli,
1988). Tac1� / � and Tac1�/� mice showed characteristically uni-
form responses with only a small overlap between the two geno-
types. Thus, the Tac1 gene is an important determining factor in
these behavioral despair models. A recent quantitative trait loci
(QTL) study has identified several genetic links to the propensity
of behavioral despair using the same assays (Yoshikawa et al.,
2002). Unexpectedly, only a small number of QTLs were shared,
and one common QTL on chromosome 8 displayed opposite
effects in the two tests. Thus, although the test paradigms appear
to be similar, distinct genetic pathways may underlie the despair-
like behaviors in these tests. This idea is supported by the com-
mon observation that most antidepressant drugs have different
pharmacological profiles in the forced-swimming and tail-
suspension tests. Nevertheless, the Tac1 mutation significantly
reduced the immobility time in both tests, although to a smaller
extend in the tail-suspension test (�42.29 vs �18.2%).

Further evidence for a role of the Tac1 gene in depression-
related behaviors comes from the lack of bulbectomy-induced
hyperactivity in Tac1� / � mice. The bulbectomy test is funda-
mentally different from the forced-swimming or tail-suspension
tests. It does not involve the concept of behavioral despair, but
rather relies on the observation that bulbectomy will induce
behavioral changes in rodents that can be reversed by chronic
antidepressant treatment (Otmakhova et al., 1992).

Our results strongly support the idea that the tachykinin system
is involved in the pathophysiology of depression. Such a role was
suggested by a clinical study that demonstrated the efficacy of the
NK1 receptor antagonist MK869 in patients with a major depres-
sive disorder (Kramer et al., 1998). In this clinical study, MK869
showed an efficacy similar to that of paroxetine.

There is evidence to suggest that some antidepressant drugs
lead to a downregulation of SP biosynthesis (Shirayama et al.,
1996), although it has been difficult to establish a direct relation-
ship between the level of SP expression and depression. In
Flinders Sensitive Line rats, an animal model of depression,
Husum and coworkers (2001) found that brain levels of SP were
reduced in the striatum and elevated in the frontal cortex. These
levels were normalized after treatment with lithium (Husum et
al., 2001). In humans, one study indicated that SP levels are
elevated in the CSF of depressed patients (Rimon et al., 1984).

The behavior of Tac1� / � mice was also analyzed in several
animal models of anxiety. In the open-field test (lit environment),
Tac1�/� mice spent only 6.5% of their total activity in the central
part, which represents 11% of the total area. In contrast, Tac1
� / � mice spent 13.6% of their activity in the central area. These
results indicate that the testing conditions were anxiogenic for
Tac1�/� animals but not for Tac1�/� mice. Tac1�/� mice were
more active in the open part of the zero-maze and showed fewer
stretching postures. Knock-out mice spent more time with social
interactions in an aversive environment, and the latency time
until eating was reduced in the Thatcher-Britton paradigm. In
summary, all of our results from the four different animal models
indicate that Tac1-deficient mice were generally less emotional
than control animals.

These findings are in general agreement with the recent dem-
onstration that pharmacological blockade of the SP receptor NK1
influenced emotional responses in animals (File, 1997, 2000;
Cheeta et al., 2001; Rupniak et al., 2001). However, the pharma-
cological analysis of NK1 receptor functions has been compli-
cated by the fact that small differences in the amino acid sequence

Figure 5. A, Thatcher-Britton novelty conflict paradigm. Error bars
represent mean latency time until eating in the center of the lit open arena
(�SEM) of 10 animals. B, Social interaction test. Each column represents
time spent with social activity in unfamiliar and aversive (high light)
environment (�SEM) of 10 animals. *p � 0.05; **p � 0.01 (Student’s
unpaired t test).
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between human and mouse or rat receptors dramatically alter
antagonist binding affinity (Fong et al., 1992). Thus, antagonists
with a high affinity for human receptor cannot be evaluated in rats
or mice. Although a few antagonists with nanomolar affinities for
the rat and mouse receptor, such as RP67580, GR205171, and
SR140333, have been developed (Fong et al., 1992; Emonds-Alt
et al., 1993; Gardner et al., 1996), the usefulness of these com-
pounds in vivo suffers from their short half-life and poor brain
penetration. At bioactive doses these compounds can exhibit
unspecific pharmacological effects, including the blockade of ion
channels. Therefore it was often difficult to ascertain whether
behavioral effects of these drugs were caused by NK1 receptor
blockade or some unspecific effect. For example, high doses of
GR205171 (30 mg/kg), which is probably the best available an-
tagonist for the murine NK1 receptor (Bergstrom et al., 2000),
increased the attack latency in the resident-intruder test, reduced
stress-induced neonatal vocalization, and increased the duration
of struggle in the forced-swimming test (Rupniak et al., 2000,
2001). These effects were similar to those observed after treat-
ment with antidepressant drugs such as fluoxetine or desipramine
(Lucki et al., 2001; Rupniak et al., 2001; Schramm et al., 2001).
However, it is not clear whether these behavioral effects of
GR205171 were mediated by the NK1 receptor, because animals
responded similarly after treatment with the low-affinity enantio-
mer GR22620600 (Rupniak et al., 2000). Also, in the rat forced-
swimming test, GR205171 (40 mg/kg) remained ineffective
(Rupniak et al., 2001).

Separate laboratories produced mice with targeted NK1 recep-
tor gene deletions with different genetic background (De Felipe et
al., 1998; Santarelli et al., 2001). A role for the NK1 receptor in
the modulation of emotional states was also suggested by the
analysis of these knock-out animals. NK1� / � animals from both
strains emitted fewer ultrasonic calls after maternal separation
(Rupniak et al., 2000; Santarelli et al., 2001), and they were more
active in the forced-swimming test (Rupniak et al., 2001). De
Felipe et al. (1998) also found that NK1� / � animals were less
aggressive than wild-type littermates. In the elevated plus maze,
however, the results were contradictory. Murtra et al. (2000) and
Rupniak et al. (2001) saw no difference between NK1� / � and
NK1�/� animals, whereas Santarelli et al. (2001) found that
NK1� / � mice have a decreased level of anxiety according to this
model. The reason for this discrepancy can be that the genetic
background of the knock-out mice was different in these studies
[pure 129/sv in the studies of Santarelli et al. (2001), whereas
129/sv and C57BL/6J were used in the studies of Murtra et al.
(2000) and Rupniak et al. (2001)]. Pharmacological studies also
produced conflicting results with this test, with RP67580 being
effective but not GR205171. Although it is unclear whether these
differences are attributable to different experimental procedures
or strain background, we show here that the Tac1 gene deletion
had a clear behavioral effect in a similar animal model of anxiety,
the zero-maze.

Considering (1) the similarity of the Tac1 mutant phenotype
with the behavioral effects of the genetic deletion or pharmaco-
logical blockade of the NK1R and (2) the fact that NK1R is
widely expressed in the CNS whereas NK2R expression is weak
and restricted, many of the functions of Tac1-derived neuropep-
tides on the brain may be mediated by NK1R. However, SR48968,
a selective antagonist of NK2 receptor, had an enantioselective
effect in specific models related to anxiety (Griebel et al., 2001) or
depression (Steinberg et al., 2001). Thus, both receptors may
serve as targets for Tac1-derived neuropeptides in the brain.

The serotonergic system has been suggested as a potential
target for effects of tachykinins on depression-related behaviors.
Indeed, NK1R antagonism resulted in an increased firing of
serotonergic neurons and attenuated presynaptic 5-HT1A recep-
tors, similar to what has been observed after long-term antide-
pressant treatment (De Felipe et al., 1998; Santarelli et al., 2001).
A recent analysis of inducible 5-HT1A receptor knock-out mice
demonstrated that the absence of this receptor during early
postnatal development had similar effects on anxiety-related be-
haviors as the unconditional mutation (Gross et al., 2002). This
result suggests a critical developmental period in the manifesta-
tion of anxiety-related phenotypes. Further studies are necessary
to determine whether developmental or compensatory mecha-
nisms also contribute to the phenotypic changes observed in Tac1
mutant animals.

Together these experiments support the idea that SP and other
Tac1-derived neuropeptides play a major role in anxiety and
depression. Therefore, modulation of the SP–NK1 system may
have therapeutic value in the treatment of stress-related neuro-
psychiatric disorders.
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